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Abstract

Background: Multiple diseases, including hypertension, induce stress on the heatrt,
causing cardiac hypertrophy and eventually heart failure. Associated with these disease
states are altered protein interactions, which modify cardiac function. Hypertension is
estimated to affect 1.28 billion adults worldwide, with heart failure affecting 64 million
people. While preclinical models exist and are used in research, they often focus on late-
stage hypertension. This thesis presents a series of studies for which a standardised
echocardiography protocol was developed to assess the roles of different proteins in the
early stages of hypertension-induced cardiac pathology. Aims: To develop a robust,
standardised and reproducible in vivo assessment of the effect of early-stage
hypertension on the hearts of mouse models. This protocol must adhere to the principles
of replacement, reduction, and refinement in animal research. These studies aim to show
that it is possible to study the effects of early-stage hypertension on cardiac function and
protein signalling. This would provide insights into how alterations in protein signalling
contribute to the pathology before significant illness occurs. Methods: An in vivo
echocardiography protocol was developed and performed on genetically altered mouse
models (e.g., STRN, STRN3, PKN2) and their wild-type (WT) littermates, or through
pharmacological inhibition in C57BL/6J mice (e.g. the effect of dabrafenib targeting
BRAF). The protocol was used to assess the effect of Angll treatment on cardiac function,
cardiac dimensions and arterial blood flow. Angll-induced hypertension causes
haemodynamic overload of the heart which induces cardiac hypertrophy.
Echocardiography was performed twice before treatment (for baseline normalisation) and
sequentially post-Angll administration until the end of the experiment-specific timeline.
After the final echocardiography session, tissues were harvested for biochemical and
histological analysis. Results: Three papers are presented in this thesis, summarised by
the following results. Echocardiography provided insights into the differential roles of
STRN, STRNS3, and PKN2 genetically altered mice in the cardiac adaptation to Angll-
induced hypertension. For the STRN/STRN3 and PKN2 studies, the global heterozygote
offspring were successfully produced and appear phenotypically normal. However,
homozygote gene deletion was embryonic lethal, suggesting a compensatory mechanism
in the heterozygous mice. Consistent with this, the effects of gene deletion or inhibition
appeared to have a minimal effect at baseline. However, under stress, each study
demonstrated that the genes are required for the heart to adapt. Since the global model
affected all cardiac cells other than just cardiomyocytes, it was not clear if these genes
were significant in cardiomyocytes themselves. Conditional cardiomyocyte-specific

knockouts were successfully generated and applied to demonstrate that these genes play



a significant role in cardiomyocyte adaptation to Angll-induced hypertension.
Echocardiography also helped identify the cardioprotective effects of RAF inhibition by
dabrafenib against Angll-induced hypertrophy. Conclusion: Overall, this thesis
contributes to the understanding of protein kinase signalling pathways in cardiac
remodelling. It demonstrated that early-stage hypertension-associated cardiac
hypertrophy can be assessed, providing insights into potential novel therapeutic
interventions. Each chapter demonstrates the importance of echocardiography for the
non-invasive assessment of these models. Exploring echocardiography, histology and
biochemical analysis further will uncover the full implications of these pathways in the

heart.
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Chapter 1 - Introduction
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1.1 Aims of the Research

The primary aim of the research presented in this thesis was the development of a robust,
standardised and reproducible in vivo echocardiography protocol for non-invasive
visualisation and assessment of the lateral (PSAX) and longitudinal (PLAX) axes of the
heart in early-stage mouse models. The technique was to be applied across genetically
altered models with global gene deletion (e.g. STRN, STRN3 or PKN2 deletion; see
Chapters 3 (Cull et al., 2023) and 4 (Marshall et al., 2022), respectively) or gene deletion
or mutation in cardiomyocytes such as STRN (Chapter 3) (Cull et al., 2023) or BRAF
deletion (Alharbi et al., 2022) or BRAF(V600E) mutation (Clerk et al., 2022) using a
tamoxifen-inducible system for genetic modulation. The technique was also to be applied
in models of cardiac hypertrophy including hypertension induced by angiotensin Il (Angll)
and in the context of small molecule inhibitors of protein kinases that have been
developed for cancer as with dabrafenib (Chapter 5) (Meijles, Cull, et al., 2021) and other
drugs targeting BRAF (Clerk et al., 2022).

The methodology was initially developed to image the left ventricle in these mice,
measuring key cardiac parameters, including ejection fraction, fractional shortening, and
chamber dimensions, all of which are essential in gauging cardiac function. It was
extended to using Doppler flow methodologies to assess blood flow in the pulmonary
artery and aorta, and to capture images of the ascending aorta and aortic arch. This
research was conducted with the intention that a well-constructed, standardised approach
to mouse echocardiography could make a significant contribution to the scientific
community. A particular feature of the studies is the focus on early time points of
intervention (usually 3-7 days of treatment) when cardiac changes can be detected before
symptoms of heart failure develop. This contrasts with most other studies in which the
emphasis is on end-stage disease (Failer et al., 2022; Gubra, 2021; Haggerty et al., 2015;
Li et al., 2022).

1.2 Themes Between the Presented Studies

The primary focus of the research was initially to investigate the role(s) of STRN and
STRN3 in the heart generally and in cardiomyocytes specifically. However, this rapidly
expanded to incorporate other studies of BRAF and various BRAF inhibitors, ASK1
inhibitors and PKN2, leading to several publications as shown in Appendix | (Alharbi et
al., 2022; Clerk et al., 2022; Cull et al., 2023; Fuller et al., 2021; Marshall et al., 2022;
Meijles, Cull, et al., 2021; Meijles et al., 2020; Meijles, Fuller, et al., 2021). The papers

selected as the focus for this thesis are those for which the echocardiography played a
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substantial role and which demonstrate the robust nature of the methodology developed.

The particular themes between them are highlighted below.

(i) Effects of pathophysiological stress on the heart. All three papers in Chapters 3,
4 and 5, investigate the role of specific genes or pathways in cardiac hypertrophy under
basal conditions and in a context in which the heart was subjected to stress (infusion with
Angll). In all cases, effects of heterozygote gene deletion or inhibition appeared to have a
minimal effect at baseline, but they are required for the heart to adapt to stress. Therefore,
it can be determined that the heart has limited use of these pathways until there is

physiological stress.

(ii) Consideration of embryonic lethality. For STRN/STRN3 and PKN2 (Chapters 3
and 4, respectively), global homozygote gene deletion is embryonic lethal, while
heterozygote offspring are successfully produced and appear phenotypically normal. The
resilience suggests a compensatory mechanism such that haploinsufficiency does not
affect development. Consistent with this, when assessed using echocardiography, all
models demonstrated no significant difference in cardiac function or dimensions
compared with wild-type littermates. When stressed with Angll, however, there were
significant effects of gene haploinsufficiency.

(iii) Development of models for conditional gene deletion. Although information could
be obtained for heterozygote global gene deletion of STRN, STRN3 and PKN2, since the
heart contains cells other than just cardiomyocytes, it was not clear if these genes were
significant in cardiomyocytes themselves. For PKN2, conditional models had been
developed for constitutive cardiomyocyte-specific gene deletion to show that
cardiomyocyte PKN2 was important in the heart. A model of STRN gene deletion in
cardiomyocytes was also developed. This used an inducible system for conditional
deletion on the administration of tamoxifen to overcome the problems with embryonic

development.
(iv) Combinations of drug treatments. The study of dabrafenib (Chapter 5) (Meijles,

Cull, et al., 2021) demonstrates the use of small molecule inhibitors in combination with

Angll. This provides a useful contrast to the studies using genetic alteration.
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1.3 Experimental Design

The specific experimental design for each study will be discussed in the relevant chapters.
All of the studies presented in this thesis only used young (8-12 week) male mice. Female
littermates or a combination of both genders were not appropriate for these experiments
mainly because young female mice are resistant to Angll-induced hypertension due to
their oestrogen levels (Milner et al., 2008). Related studies of the role of BRAF in female
mice in phenylephrine-induced cardiac hypertrophy indicate that females also have a
reduced response in this model (Alharbi et al., 2022). It is also a consideration that we
used tamoxifen to induce genetic modification. Although this was a single injection,
because we were studying early-stage disease development, there could be some
additional effects due to interference with the hormonal status in female mice. While
tamoxifen typically leaves the body within 2-3 days (Sohal et al., 2001), how it behaves in
females and with strain-specific responses may be different. This means there is a chance
lingering effects from the drug could be present. Overall, although it is desirable and
important to also study females, such studies need to be undertaken independently to

account for the effect of fluctuating oestrogen levels, age and tamoxifen administration.

1.3.1 Experimental Controls for Genetic Modification

(i) Genetic modification. Genetically-altered mice, may exhibit variations in their
background genetics even with extensive in-breeding. These variations can introduce
additional confounding variables and make it challenging to distinguish the specific effects
of the genetic modification being studied. To avoid this (as in Chapters 2 and 3), when
genetically-altered animal models were used with germline gene modification, wild-type
littermates are needed as one of the controls. These share the same genetic background
as the experimental group, therefore by comparing experimental data obtained from wild-
type and genetically-altered animals, researchers can better isolate and attribute any
observed effects specifically to the genetic modification. For mice with tamoxifen-inducible
CRE (for cardiomyocyte-specific gene deletion), the genetic background is controlled for
by treating mice with tamoxifen or vehicle. However, it was important to ensure that the
CRE enzyme itself did not have toxic effects on the heart. To control for this, studies were
conducted using heterozygous CRE mice generated from the same lines of mice being
used to generate the model (Figure 9). Heterozygous CRE mice (rather than homozygous

CRE mice) were used to minimise the effects of CRE on the heart (McLellan et al., 2017).

(ii) Delivery of Angll and small molecule inhibitors. Osmotic minipumps were used to

deliver Angll or small molecule inhibitors with the drugs dissolved in an appropriate
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vehicle (Almoshari, 2022). Osmotic minipumps, while commonly used for controlled drug
delivery, may introduce confounding factors such as mechanical stress, local tissue
response, or direct effects on the mouse’s physiology. To control for the vehicle and
surgical procedure, along with any discomfort from the minipumps themselves, control
animals were implanted with minipumps containing the vehicle only. By comparing the
outcomes in the drug-treated group to those in the vehicle-treated group, any observed
effects can be attributed to the drug itself rather than other factors associated with the
delivery system or vehicle components. In the same sense, if any experimental outcomes
are observed in each treatment group, the effect may be attributed to the vehicle alone,

rather than an effect of the drug.

For Chapter 5, Angll was dissolved in an aqueous buffer system (acidified phosphate
buffered saline (PBS)) whilst the small molecule inhibitors were only soluble in a
DMSO/PEG mix (Meijles, Cull, et al., 2021). Consequently, it was necessary to deliver
them with separate minipumps. In these cases, two mini-pumps were also given to the
mice in the control group. By using multiple mini-pumps in both the control and treated
groups, this maintains consistency across the groups and takes into account these
confounding factors, minimising the potential impact of procedural variations on the study
outcomes. This ensures that any observed effects are specifically attributed to the
treatment being studied, rather than any unintended consequences of the mini-pump

delivery system.

1.3.2 The 3 Rs

The three R’s (Replacement, Reduction and Refinement) are essential principles to be
followed when planning and conducting animal research (Flecknell, 2002; Hubrecht &
Carter, 2019; MacArthur Clark, 2018; Prescott, 2017; Richmond, 2002). Each principle is
aimed at minimising the use of animals, reducing their suffering if avoidable, and refining

experimental procedures to ensure quality of life.

(i) Replacement. Replacement focuses on finding alternative methods that can
completely replace the use of animals in scientific experiments (MacArthur Clark, 2018).
This can include the use of in vitro models, in silico models, or other non-animal testing
methods. In the studies presented in this thesis, complete replacement of animal models
is not possible due to the biological complexity of hypertension and heart failure and the

lack of suitable models to fully assess these complexities (Richmond, 2002).
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(ii) Reduction. If animal models are required, reduction should be considered to minimise
the number of animals used in the experiments, while still obtaining reliable results
(MacArthur Clark, 2018; Richmond, 2002). For each study, power calculations were
performed based on previous experiments to determine the expected number of animals
necessary to obtain a representative cohort and obtain sufficient statistical significance. A
pilot study was then conducted as a smaller-scale version of each study and as proof-of-
concept. The pilot study aimed to evaluate the feasibility of the experimental design,
identify potential issues or challenges, and confirm the sample size estimated by the
power calculations (Muasya & Mulwa, 2023). The methodology and experimental
conditions were optimised, and any adjustments to the experimental procedure were
thought out and implemented before proceeding to larger-scale studies. The use of small
groups of animals for the experimental stage of the study allowed for analysis of the
datasets before the next experimental group was investigated. As each experimental
group were completed and analysed, the data were combined together to produce the
cohort for the entire study. If a greater response was obtained than originally predicted
and statistically significant changes detected with fewer animals, the study was halted.
This allowed us to obtain statistically significant results while using fewer animals. This
was the case for one particular group of animals treated with SB590885 (a BRAF
“inhibitor”) compared with SB590885 plus trametinib (a MEK inhibitor) (Clerk et al., 2022).

(iiij) Refinement. In the context of animal research, refinement involves reducing any pain,
suffering, or distress experienced by the animals during the experiments while enhancing
animal welfare during and outside of the experiments (MacArthur Clark, 2018; Richmond,
2002). Increasing animal welfare can be as simple as adapting the housing conditions to
improve interactivity or adopting tube-handling procedures to reduce the amount of stress
the animal experiences when interacting with humans (Wells et al., 2006). To refine our
procedures, | developed an SOP for sterile surgery for minipump implantation and for
echocardiography. In addition, | developed a comprehensive scoring system to assess
and monitor various aspects of the animal's welfare. The scoring system encompasses

the following factors.

= Appearance: Assess the general appearance of the animals, including coat condition,
grooming, and body posture. Note any signs of abnormal appearance, such as
piloerection, hunched posture, or abnormal skin coloration, which may indicate

potential health issues or distress.
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Food and water intake: Monitor the animals' consumption of food and water.
Decreased or increased intake can be indicative of health problems or changes in the
animals' well-being.

Temperature: Observe any significant temperature change, both increase or
decrease, during experimental procedures.

Provoked behaviour: Assess the animals' response to external stimuli or handling.
Observe if they display usual motility with and without stimulation.

Natural behaviour: Monitor the animals' engagement in their natural behaviours,
such as exploration, social interaction, or grooming. A decrease or absence of these
behaviours may indicate a decrease in overall well-being or the presence of external
environmental stressors.

Wounds: Inspect any surgical wounds, suture integrity, or other wounds that may
have occurred during the experimental timeframe. Monitor for signs of infection,
inflammation, or poor healing. Proper wound management is crucial to prevent pain,
infection, or other complications.

Ejection fraction: Assess the animals' cardiac function. Abnormalities in ejection
fraction may indicate cardiac dysfunction or compromised cardiovascular health.
Respiration: Monitor the animals' respiratory rate and pattern. Rapid or laboured
breathing can be indicative of respiratory distress or cardiovascular issues (side

effects of procedures or potential infection).

Each parameter is assigned a numerical score and graded using a standardised scoring

system. This system is summarised in Table 1. Assessments were conducted during

each procedure, as well as the days before and after surgery. Any abnormal scores or

significant changes triggered appropriate interventions, such as veterinary consultation,

analgesics, adjustments to the experimental procedures or full termination of the

experiment, to ensure the welfare of the animals.
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Table 1: Animal Monitoring Scoring System

Factor Score Criteria

Appearance {0 Normal

General lack of grooming

Coat staring, ocular and nasal discharge
Piloerection, grimace and hunched

No weight lost

Weight loss: <5% decrease in body weight
Decreased intake: 5-15% decrease in body weight
No food or water intake: >15% decrease in body weight
Normal

Minor changes

Less mobile and alert, isolated from group
Vocalisation, self-mutilation, restless or still
Normal

Subdued, but normal when stimulated

Subdued even when stimulated

Limited response to stimulation

Food and
water intake

Natural
behaviour

Provoked
behaviour

Wounds Normal, healing well
(Surgical, Inflamed, slow healing
Sutures etc) Open wound
Infected wound
Temperature No change
Minor changes
T +/-5°C
T +/- 10°C
Ejection = 40-50%
fraction < 40%
< 30%
Respiration Normal

Intermittent/abnormal
Intermittent/laboured
Persistently laboured
Extra point awarded for each score of 3

P WONRPOWMNOWNREFRPROWNRPFRPROWNRPFRPROWNRPOWNRPEPOWNDNPRE

Score
adjustment

0-<4 Normal

5-<9 Monitor carefully, consider analgesics or other treatment

10 - =14 Suffering, provide relief, observe regularly, seek
NACWO/NVS advice. Consider termination.

Table legend: Each factor has a score of 0 to 3, with 0 being “normal” and 3 being
the most severe. The total score is the sum of the scores for all factors. The
judgement is based on the total score and is adjusted according to the protocol.
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Another way to refine the experiments is by conducting and assessing sequential
echocardiograms. This is particularly important for the first pilot studies for any gene-
modification or drug treatment. For this, baseline echocardiograms were collected (prior to
treatment) followed by echocardiograms at 3 and 7 days post-treatment (or at intervals
thereafter if experiments were for longer duration; see Chapters 4 and 5). Assessment at
multiple time points post-treatment enables a comprehensive assessment of changes in
the animals' cardiac function and structure over time. The baseline measurements
provided the starting point for comparison, while subsequent echocardiograms allowed
changes in the development and progression of any cardiac responses to the
experimental interventions to be tracked, whether that be genotype or drug treatments.
Sequential echocardiograms also enable early detection of any adverse effects of the
experiment on normal physiological functioning. This allows for timely interventions and

adjustments to minimise any potential harm or distress experienced by the animals.
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1.4 Summary of Results Chapters

1.4.1 Chapter 3: Striatin, but not striatin 3, plays a major role in angiotensin
ll-induced cardiomyocyte and cardiac hypertrophy in mice in vivo.

Authors: Cull JJ, Cooper STE, Alharbi HO, Chothani SP, Rackham OJL, Dash PR,
Risto Kerkela, Ruparelia N, Sugden PH, Clerk A.

My primary focus for developing the mouse echocardiography in-house at University of
Reading was striatin (STRN) and striatin 3 (STRN3) and their impact on cardiac
adaptation to increased Angll. Additional details of striatin biology are provided in Chapter
2. The hypothesis was that decreased expression of STRN or STRN3 would disrupt
adaptation to hypertension by interfering with signalling cascades involved in cardiac
remodelling and cell death (Cull et al., 2023).

Contribution: | had full responsibility for and execution of the breeding strategies for the
experiments with the mice with global heterozygous STRN and STRN3 gene deletion. |
also developed the lines for cardiomyocyte-specific STRN homozygous gene deletion.
This included animal husbandry and ear-notching at the University of Reading (global
gene deletion studies) and genotyping for line development at St. George’s University of
London (cardiomyocyte-specific STRN gene deletion). | developed the SOPs for
echocardiography and for surgery for minipump implantation. | was also responsible for
training of assistants for surgery and echocardiography in both institutions, in addition to
taking the lead tissue harvesting, tissue processing (histology, DNA, RNA and protein
extraction), and data analysis for the aforementioned. Because of the large amount of
data, not all of it could be presented within the paper and additional imaging and analysis
were performed that were not included (e.g. pulmonary flow data). All images and

samples obtained during the project remain available for further analysis.

Project aims: The three aims were

= Aim 1: To investigate the effect of global heterozygous STRN deletion on Angll-
induced cardiac remodelling in mice.

= Aim 2: To investigate the effect of global heterozygous STRN3 deletion on Angll-
induced cardiac remodelling in mice.

= Aim 3: To investigate the effect of cardiomyocyte-specific STRN deletion on AnglI-

induced cardiac remodelling in mice.
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These aims were addressed through the generation of mouse models with either a global
knockdown or cardiomyocyte-specific knockout of STRN or STRN3. Tamoxifen was used
for inducible gene deletion of the cardiomyocyte knockouts using the CRE/LoxP system to
prevent embryonic lethality seen in global homozygote STRN/STRN3 mouse models (Cull
et al., 2023; Sohal et al., 2001). Analysis of the echocardiograms, histology, RNA, DNA
and protein expression were used to assess the effect of the genes on Angll induced

cardiac remodelling.

Outcomes of the Study

(i) Methodology. | developed and implemented a comprehensive SOP for in vivo mouse
echocardiography and osmotic minipump implantation surgeries. The success of the study
can be measured by the SOPs developed being transferred to and adopted by
collaborators at the University of Reading (ASK1 and BRAF associated projects), Francis
Crick Institute (PKN2 studies) and St. George’s University London (BRAF gene deletion
and PKN2 studies). For each institution, | had to gain approval on the procedures from
home office liaison contact (HOLC). | was responsible for the training and sign-off of post-
doctoral researchers and other PhD students at each of these institutions. Criteria
included competency to independently perform the procedures to the standards of the
named animal care and welfare officer (NACWO) and named training and competency
officer (NTCO).

During my PhD, | successfully trained and signed off the following for both procedures:
= Dr Hajed Alharbi

= Dr Susanna Cooper

= Dr Daniel Meijles

= Dr Feroz Ahmad

= Dr Tayab Afzal

= Dr Viridiana Alonso

(iij) Understanding of the role(s) of STRN and STRN3 in Angll-induced cardiac
hypertrophy. The study determined that the heterozygous knockout of STRN, but not
STRN3, reduces cardiac hypertrophy induced by Angll in mice. This suggests that STRN
plays a more important global role than STRN3 in the development of cardiac hypertrophy
in this context. Cardiomyocyte-specific deletion of striatin was also shown to inhibit AnglI-

induced cardiac hypertrophy and fibrosis, suggesting that striatin significantly influences
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the development of hypertension-induced cardiac hypertrophy acting within the contractile

cardiomyocytes.

1.4.2 Chapter 4: PKN2 deficiency leads both to prenatal ‘congenital’

cardiomyopathy and defective angiotensin Il stress responses.

Authors: Marshall JJT, Cull JJ, Alharbi HO, Zaw Thin M, Cooper STE, Barrington C,
Vanyai H, Snoeks T, Siow B, Sudarez-Bonnet A, Herbert E, Stuckey DJ, Cameron
AJM, Prin F, Cook AC, Priestnall SL, Chotani S, Rackham OJL, Meijles DN, Mohun
T, Clerk A, Parker PJ).

The main objective for this study overall was to investigate the role of PKN2 in
cardiomyocytes during embryogenesis and in the development adult heart diseases, with
my focus being on the adult. Additional information on PKN2 is in Chapter 2. The
hypothesis for this aspect of the work was that decreased expression of PKN2 interferes
with signalling cascades involved in cardiac remodelling and cell death, disrupting the

stress response of the heart to hypertension (Marshall et al., 2022).

Outcomes of the Study

(i) Transfer of protocols to other institutions. As discussed in relation to Chapter 3, |
developed and implemented a comprehensive SOP for in vivo mouse echocardiography
and minipump surgery. The success of the study can be measured by the SOPs
developed being transferred to and adopted by collaborators at St. George’s University

London and the Francis Crick Institute.

(if) Understanding of the role(s) of PKN2 in Angll-induced cardiac hypertrophy. The
study discovered that heterozygote PKN2 gene deletion compromises cardiac adaptation

to hypertension in adult mouse hearts. It also affects cardiac function in aged mice.

1.4.3 Chapter 5: The anti-cancer drug dabrafenib is not cardiotoxic and

inhibits cardiac remodelling and fibrosis in a murine model of hypertension.

Authors: Meijles DN, Cull JJ, Cooper STE, Markou T, Hardyman MA, Fuller SJ,
Alharbi HO, Haines ZHR, Alcantara-Alonso V, Glennon PE, Sheppard MN, Sugden
PH, Clerk A.
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This study investigated the effect of dabrafenib, a Type 1.5 BRAF inhibitor, and its
potential effects on cardiac hypertrophy in Angll-induced hypertension. BRAF is the
protein kinase that initiates activation of the extracellular signal-regulated kinase 1/2
(ERK1/2) cascade. This pathway plays a crucial role in cell cycle regulation and is
involved in cardiomyocyte hypertrophy and cell death in the heart. Dabrafenib is used
clinically to inhibit the ERK1/2 signalling in forms of cancer that result from BRAF(V600E)
mutations (primarily melanoma). Additional information on BRAF and ERK1/2 signalling is
in Chapter 2. The hypothesis was that dabrafenib inhibition of the ERK1/2 cascade would
inhibit cardiac hypertrophy and changes in cardiac function from Angll treatment, but that
this could be detrimental (Meijles, Cull, et al., 2021).

Contribution: | played a major role in conducting the in vivo studies for this project. This
involved the purchase of the mice (C57BI/6J) and subsequent monitoring, surgical
implants of minipumps, echocardiography and tissue harvest. My contributions extended
to training of Dr. Daniel Meijles to assist with these studies. | was also involved with data
analysis, review and editing of the publication. As for the study of STRN/STRN3 and
PKN2, because of the large amount of data, not all of it could be presented within the
paper and additional imaging and analysis were performed that were not included (e.g.
pulmonary flow data). All images and samples obtained during the project remain

available for further analysis.

Project aims: The project had two aims.
= Aim 1. To determine the effects of dabrafenib on heart failure resulting from AnglI-
induced hypertension.

= Aim 2: To determine if dabrafenib has cardiotoxic effects.

These aims were addressed using wild-type C57BI/6J mice treated with vehicle,
dabrafenib or Angll only, or Angll with dabrafenib. Cardiac function/dimensions were
measured using echocardiography. Analysis of the echocardiograms, histology, RNA,
DNA and protein expression were used to assess the effect of dabrafenib inhibition on

Angll-induced cardiac remodelling.

Outcomes of the Study
(i) Treatment and analysis. The study was conducted over a duration of either 7 or 28
days with the administration of Angll to assess the effects in both acute and chronic

settings. This was the first study in our research group to extend the duration of Angll
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treatment for 28 days which required more careful monitoring since (as expected) the
initial cardiac hypertrophy progressed towards a heart failure phenotype. It was also the
first study in which speckle-tracking and strain analysis was used to gain a more refined
and detailed characterisation of cardiac function and dynamics (see Chapter 2). This
methodology requires high quality brightness-mode (B-mode) images of the left ventricle
that had not been possible before the detailed SOP developed for the STRN/STRN study.

(ii) Effects of dabrafenib on Angll-induced cardiac hypertrophy. The study
demonstrated that dabrafenib itself is not cardiotoxic over the duration of the experiment.
Surprisingly, dabrafenib mitigated both the acute and chronic effects of Angll on the heart

having a particularly notable effect in reducing cardiac fibrosis.
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Chapter 2 - Background
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2.1 Hypertension and Heart Failure

The cardiovascular system is of vital importance to every cell in the body, delivering
oxygen and nutrients while removing waste. At the centre of this system lies the heart.
The heatrt is a resilient structure, physically adapting to physiological demands (e.g.
exercise) to maintain optimal blood flow and tissue perfusion. However, its resiliency is
tested when faced with pathophysiological stressors such as hypertension. The protective
mechanisms of the heart can gradually falter over time, resulting in heart failure. Heart
failure is characterised by the impaired ability of the heart to effectively pump blood
throughout the body, often resulting from damage to the heart muscle (e.g. following
myocardial infarction (Savarese et al., 2023). Hypertension and heart failure are closely
linked (Georgiopoulou et al., 2012). Sustained hypertension can damage the heart
muscle, making efficient blood flow and perfusion increasingly difficult, putting more strain
on the heart, eventually causing the heart to fail.

In the United Kingdom, it is estimated that heart failure cases exceed 900,000 individuals,
with 200,000 new cases reported each year (Conrad et al., 2018). It is of significant
concern that despite 40% of patients exhibiting symptoms that should trigger early
assessment, almost 80% of heart failure diagnoses in England occur during hospital
admissions (Bottle et al., 2018). These figures shed light on the significant impact of heart
failure within the UK. However, it is important to recognise that hypertension and heart
failure are global health challenges: hypertension affects approximately 1.28 billion adults
worldwide (Nadar & Lip, 2021; World Health Organization, 2023) and heart failure affects
around 64 million people (Savarese et al., 2023). Hypertension is the most common and
preventable risk factor for cardiovascular disease, contributing to one in five deaths
globally and affecting around 30% of adults. Approximately two-thirds of people with
hypertension are either unaware of the condition, have not received treatment, or their
treatment is not effective at controlling blood pressure (Parati et al., 2022). Managing both
hypertension and heart failure poses a substantial challenge due to the diverse array of
causes and underlying factors (Mills et al., 2020; Savarese et al., 2023). There is an
urgent need for further expansion of scientific discovery, therapeutic options and a
personalised medicinal approach. Achieving these goals will require further research into

the underlying mechanisms and improvements in preclinical models of heart failure.

2.1.1 Types of Heart Failure
Heart failure has been most commonly characterised as a reduction in contractile ability

(systolic function) associated with a reduction in ejection fraction (HFrEF) (Murphy et al.,
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2020; Simmonds et al., 2020). However, it is also recognised that heart failure also occurs
with preserved ejection fraction (HFpEF) (Miranda-Silva et al., 2021; Shimizu & Minamino,
2016). Despite both resulting in the reduced ability to pump blood to the body, they have
different causes and presentations. HFpEF generally occurs when the left ventricular (LV)
muscle loses the ability to relax fully, becoming stiff. As a result, the heart cannot fill
properly between each contraction. HFpEF is characterised clinically by an ejection
fraction 250% (Redfield & Borlaug, 2023). HFrEF, on the other hand, occurs when the left
ventricle demonstrates decreased efficiency of myocardial contraction. As a result, the
heart cannot pump with sufficient force to push enough blood into circulation. This is
displayed clinically by an ejection fraction <40% (Murphy et al., 2020; Simmonds et al.,
2020). HFrEF may also have impaired relaxation, although reduced contractility is the
primary concern. HFpEF is more commonly caused by conditions such as hypertension,
which can progress to ventricular stiffening and impaired relaxation (Miranda-Silva et al.,
2021; Redfield & Borlaug, 2023). HFrEF, on the other hand, is often a consequence of
damage to the heart muscle as occurs with myocardial infarctions or cardiomyopathies

(Banerjee, 2017). This leads to reduced contractile function of the heart.

The type of heart failure with which an individual presents is potentially influenced by
factors such as age and gender. HFpEF is more common in older adults and women,
while HFrEF is more common in middle-aged adults and men. It is also worth considering
that heart failure with mid-range ejection fraction (HFmrEF) also occurs (Redfield &
Borlaug, 2023). Characterised by ejection fraction between 40-50%, HFmrEF is
intermediate between HFrEF and HFpEF. It shares characteristics of HFrEF, such as

association with coronary artery disease (Simmonds et al., 2020).

2.1.2 Risk Factors for Hypertension and Heart Failure

Hypertension is the leading cause of heart failure (Maeda et al., 2023). Hypertension
and heart failure are both complex multifactorial conditions but share common risk
factors that contribute to their development. Age is one of the most significant risk
factors. As individuals get older, the likelihood of developing high blood pressure
increases, which, in turn, predisposes them to heart failure (Masenga & Kirabo,
2023). Over a lifetime, men have a higher risk compared to women for

cardiovascular diseases, although the risk for women increases after menopause
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(Lawson et al., 2020; Maas et al., 2021). Ethnicity plays a role in the occurrence of
cardiovascular diseases. For example, black ethnicities have elevated rates of
heart failure compared to white ethnicities (Georgiopoulou et al., 2012; Lawson et
al., 2020). This is likely due to the higher prevalence of conditions like

hypertension and diabetes in these groups (Lawson et al., 2020).

Family history is another important risk factor, and having a first-degree relative
with hypertension or heart failure can elevate the patient's risk by up to 70% when
compared to individuals without a familial history (Watson, 2023). Various medical
conditions also lead to both hypertension and, eventually, heart failure by
damaging the heart muscle. Examples include coronary artery disease, diabetes
and chronic kidney disease (Anthamatten, 2023; Damman et al., 2013; Lawson et
al., 2020; Parker & Wigger, 2023; Vidal-Petiot et al., 2018). Related to all of these
conditions, are lifestyle factors such as smoking, excessive alcohol use, obesity,
poor diet, and immobility (Masenga & Kirabo, 2023). These factors all contribute to
disease progression by promoting various cardiovascular diseases, such as

atherosclerosis and blood clots (Lawson et al., 2020).

2.2 Cardiac Anatomy and Physiology

2.2.1 Gross Anatomy

Anatomically, a healthy adult heart consists of four chambers: the left atrium LA), right
atrium (RA), left ventricle (LV), and right ventricle (RV) (Figure 1). The atria are separated
by the interatrial septum whilst the ventricles are separated by the interventricular septum
(IVS) (Boron & Boulpaep, 2012; Whitaker, 2018). Blood flow between the atria, ventricles
and connecting vessels is regulated by valves. The tricuspid valve lies between the right
atrium and right ventricle, the pulmonary valve is between the right ventricle and
pulmonary artery, the mitral or bicuspid valve is between the left atrium and left ventricle,
and the aortic valve is between the left ventricle and aorta (Mori et al., 2019). The septa
and valves ensure that blood flows through the heart in coordination with the cardiac cycle
as follows. The superior and inferior vena cava brings deoxygenated blood from the body
into the right atrium during diastole. From there, the blood enters the right ventricle and is
expelled through the pulmonary artery to the lungs (pulmonary circulatory system) during
systole. Oxygenated blood returns to the heart via the pulmonary veins, entering the left
atrium during diastole. The left ventricular wall propels the oxygenated blood into the aorta

during systole, distributing it to the rest of the body (Boron & Boulpaep, 2012; Pollock &
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Makaryus, 2024). It is worth noting that, the left ventricular wall is larger than the right
ventricular wall due to its requirement to circulate blood at increased pressure around the

systemic circulatory system (Whitaker, 2018).
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Figure 1: The Basic Structure of the Heart.

The diagram shows the relative positions of the major heart structures. Adapted from
(Boron & Boulpaep, 2012).
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The muscular wall of the heart is composed of three distinct layers: the epicardium (outer
layer), myocardium (middle muscular layer), and endocardium (inner lining) (Figure 2)
(Lin et al., 2012; Ovalle & Nahirney, 2013). The endocardium and epicardium are
composed of endothelial cells lining the inside and outside of the heart, respectively. The
endocardium protects the valves and heart chambers from damage by providing a barrier
to protect subsequent layers. The epicardium has the same protective function on the
heart’s surface. Sandwiched between these layers lies the myocardium, a thick layer
primarily composed of cardiomyocytes (cardiac muscle cells). Cardiomyocytes are
specialised muscle cells that produce coordinated contractions necessary to generate the

pressure required for systemic blood circulation (Boron & Boulpaep, 2012).
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Epicardium

Endocardium _{

Figure 2: The Structure of the Walls of the Heart.

The endocardium is situated within the heart’s internal structure with the epicardium on its
external surface. The myocardium is situated between these two structures. Adapted from
(Lin et al., 2012; Tanti et al., 2023).
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2.2.2 The Cardiac Cycle and Electrical Conduction System

The cardiac cycle is a series of sequential events that occurs during one complete
heartbeat. The electrical conduction system of the heart is essential for coordination of
these events, ensuring the synchronised contraction of the chambers of the heart,
allowing efficient circulation of blood. The system consists of specialised cells that can
generate and transmit electrical impulses, orchestrating the rhythmic beating of the heart.
The origins of the cardiac cycle begin with the generation of an electrical impulse by the
sinoatrial node. The sinoatrial node is a small cluster of cells located in the right atrium
near the superior vena cava (Figure 1) (Boron & Boulpaep, 2012; Chambers & Matthews,
2019). The sinoatrial node serves as the natural pacemaker of the heatrt, initiating the
cardiac cycle and consequently, each heartbeat. The sinoatrial node produces the
electrical signal, which spreads across the atria, depolarising the tissue, and stimulating
the contraction of the atrial cardiomyocytes. This is known as atrial systole.
Cardiomyocyte contraction propels the blood from the atria into the ventricles. This
depolarisation of the atria is represented by the P wave on the ECG (Figure 3) (Barros,
2019). Signal transduction continues until the electrical impulse reaches the interatrial
septum (the junction between the atria and ventricles). The interatrial septum prevents the

electrical impulse from continuing into the ventricle (Boron & Boulpaep, 2012).

The electrical signal is transferred into the atrioventricular node, residing within the Koch
triangle near the base of the IVS (Figure 1). The atrioventricular node briefly delays the
electrical signal. This pause allows the atria to contract fully, ensuring optimal blood flow
into the ventricles before ventricular contraction begins. This delay is represented by the
PR interval on the ECG (Barros, 2019). From the atrioventricular node, the electrical
impulse travels down a pathway of cells called the bundle of His, which then branches into
the right and left bundle branches (Boron & Boulpaep, 2012). These branches extend
along the interventricular septum, delivering the electrical signal to the Purkinje fibres. The
depolarisation of the interventricular septum is represented on an ECG by the Q wave
(Figure 3) (Barros, 2019). The Purkinje fibres are specialised conducting fibres that
distribute the electrical impulses rapidly and uniformly throughout the ventricles (Boyden
et al., 2010). This coordinated transmission causes simultaneous depolarisation of
ventricular myocytes. Consequently, depolarisation causes contraction of the ventricles,
expelling blood from the heart into circulation. This is known as ventricular systole. The
synchronised contraction maximises the force generated by cardiomyocyte contraction,

generating the high pressures required to circulate the blood systemically. The
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depolarisation of the left ventricle is represented on an ECG by the RS wave (Barros,
2019; Boron & Boulpaep, 2012).

After ventricular contraction, the ventricles enter a phase of relaxation known as
ventricular diastole. This relaxation period is represented by the ST segment on the ECG,
which occurs between the end of the QRS complex and the beginning of the T wave
(Figure 3). During this time, the ventricles repolarise, preparing for the next cycle.
Repolarisation of the ventricles is represented by the T wave on the ECG (Barros, 2019).
It represents the recovery phase of the ventricular muscle as the electrical activity returns
to the baseline (Boron & Boulpaep, 2012). The ventricles relax further during this phase,

allowing for the filling of blood from the atria in preparation for the next cardiac cycle.
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Figure 3: A Representation of an Electrocardiogram (ECG) Trace.

The ECG is a recording of the electrical activity of the heart. Each wave on the ECG
corresponds to a different part of the cardiac cycle. PR interval: the time taken for the
electrical impulse to travel from the sinoatrial node (the heart's pacemaker) to the
ventricles. QRS complex: the time for the ventricles to depolarise and contract. QT
interval: the time for the ventricles to repolarise and relax. PR segment: the time
between the end of the P wave and the beginning of the QRS complex. ST segment:
the time between the end of the QRS complex and the beginning of the T wave. T

wave: the time at which the ventricles to repolarise. Adapted from (Barros, 2019).
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2.2.3 Cellular Content of the Heart

The normal structure of heart wall (myocardium) contains three main cell types:

cardiomyocytes, fibroblasts and endothelial cells (Pinto et al., 2016).

Cardiomyocytes

Cardiomyocytes are the contractile cells of the heart, comprising of approximately 70% of
the heart’s cardiac cellular volume while (because they are large cells) only accounting for
approximately 30% of cardiac cells (Zhou & Pu, 2016). Cardiomyocytes are striated cells
that, in mammals, are usually mononucleated or binucleated and they have an optimised
ultrastructure for continuous contraction. The cytoplasm of cardiomyocytes (the
sarcoplasm) houses densely packed myofibrils, the contractile units of the cell. These
myofibrils are comprised of thick myosin filaments and thin actin filaments, arranged in a
highly organised sarcomeric pattern with Z-discs anchoring the thin filaments. Surrounding
the cell is the sarcolemma, the plasma membrane, which dips inwards at regular intervals
forming T-tubules. These T-tubules stretch deep into the cell, ensuring a rapid and even

distribution of electrical signals throughout the cardiomyocyte (Kartha, 2021).

Cardiomyocytes interconnect at intercalated discs to form myocardial fibres. The
intercalated discs are specialised junctions that facilitate the transmission of ions, enabling
simultaneous initiation or termination of muscle contractions (Kartha, 2021). Myocardial
fibres are arranged in a spiral pattern, allowing for a twisting motion during contraction.
This motion allows cardiomyocytes to generate the strong, involuntary and coordinated
contractions necessary for efficient blood circulation. Compared with skeletal muscle
fibres, cardiomyocytes are shorter in length and contain an increased number of calcium
ion channels, enabling enhanced calcium ion exchange, contributing to their exceptional
contractile capabilities. They are also highly resistant to fatigue. This endurance stems
from large numbers of mitochondria and a high myoglobin content. Together, these
adaptations ensure a constant supply of energy for cellular respiration and, in turn,

continuous muscle contraction (Saxton et al., 2023).

Cardiomyocytes are terminally-differentiated cells, lacking the ability to regenerate (Ahuja
et al., 2007). Therefore, once damaged, they cannot be replaced. In response to damage,
the surviving cardiomyocytes undergo a compensatory process known as hypertrophy,
where individual cells increase in size to compensate for the loss of contractile cells. This
hypertrophic response aims to sustain cardiac function. However, over time, this

compensatory mechanism may fail, leading to decompensation. Decompensation is
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characterised by an enlargement of the heart's internal diameter and the development of
fibrosis within the ventricular walls. These structural changes result in decreased pumping
power, ultimately leading to heart failure (Mangini et al., 2013).

Endothelial cells

The heatrt is a highly vascularised organ. The coronary arteries provide blood to the heart
via arterioles and the heart is perfused with a dense network of capillaries that allows for
efficient gaseous and waste exchange. Capillaries are composed of a thin layer of
endothelial cells and a basal lamina, which together form a diffusion barrier that separates
the blood from the surrounding tissue. Endothelial cells are not terminally-differentiated,
unlike cardiomyocytes. This means that they can grow and proliferate when required to
produce new capillary networks (angiogenesis) or to repair any damage to blood vessel
(Mufioz-Chapuli et al., 2004; Oka et al., 2014). For example, endothelial cells produce
vascular endothelial growth factor (VEGF), which is a potent stimulator of angiogenesis.
VEGEF is produced in response to a number of stimuli, including tissue hypoxia,
inflammation, and injury (Shibuya, 2011). The number and arrangement of endothelial
cells can also change depending on the environmental conditions. This plasticity is
essential for tissue repair, angiogenesis, growth, and development (Tombor & Dimmeler,
2022). When endothelial cells are permanently damaged, they lose the ability to
proliferate. This can lead to areas of the heart without capillary networks, which become
hypoxic (low in oxygen). As the tissue cannot exchange the materials it needs to function,
cells may die through stress-induced programmed cell death (apoptosis) (Alberts et al.,
2002).

Fibroblasts

Fibroblasts are non-excitable, mesenchymal cells that surround structures of the heart
and are responsible for forming and maintaining the connective tissue (Plikus et al., 2021).
This tissue acts as a scaffold for the cardiomyocytes and provides structure to the heart.
Fibroblasts achieve this by producing type 1 collagen and other extracellular matrix (ECM)
components, such as fibronectin (Kendall & Feghali-Bostwick, 2014). This creates an
intricate network of protein fibres that provide strength and structure to the heart,

stabilising the myocardial wall and aiding force transmission (Gourdie et al., 2016).

When the heart experiences injury, fibroblasts become activated and ramp up production
of collagen and other ECM components. Fibrosis occurs when fibroblasts produce

excessive ECM in response to damage (Kendall & Feghali-Bostwick, 2014). Although the
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aim of the fibroblasts is to heal the damaged tissue, fibrosis results in the thickening of the
affected area, forming scar tissue. Overtime, scaring stiffens the heart, hindering its ability
to contract and relax effectively, contributing to heart failure.

In hypertensive hearts, excess collagen and ECM is produced, causing an increased
stiffness of the myocardial wall and structural remodelling of the myocardium (Alberts et
al., 2002; Jiang et al., 2021). This can increase ventricular wall thickness, but not overall
heart size, causing decreased ventricular volume. As the scar tissue is unable to contract
effectively, normal diastolic and systolic function is prevented. This is because the heart is
unable to stretch to maximum capacity in response to changing blood volumes. As a
result, the heart must work harder to circulate the same blood volume as a healthy heart,
as a significant pumping force cannot be generated (Nakamura & Sadoshima, 2018;
Ruwhof & van der Laarse, 2000). Dysregulation of cardiac fibroblasts in disease can
cause excessive collagen deposition, resulting in fibrosis. Fibrosis is one contributor to the

development of heart failure (Moore-Morris et al., 2015) (Rog-Zielinska et al., 2016).

Other cardiac cells

Although cardiomyocytes, endothelial cells and fibroblasts are the key cells of the heart,
there are minor cell types including smooth muscle cells (e.g. in arterioles) and some
resident immune cells (Zhou & Pu, 2016). The proportion of immune cells in particular
changes in pathophysiology. There has also been debate about the presence of resident

stem cells known as cardiac stem cells (Zhang et al., 2015).

2.2.4 Cardiac Contractile Apparatus

Specialised Components

Cardiomyocytes are composed of muscle fibres (myofibers) constructed from cylindrical
bundles of proteins called myofibrils, the sarcolemma (plasma membrane) and the
sarcoplasm (cytoplasm). Intercalated discs are specialised junctions connecting adjacent
cardiomyocytes. Intercalated discs provide mechanical stability and ensure coordinated
contraction of the collective heart muscle. Myofibrils are further divided into repeating units
called sarcomeres, creating the striated appearance of heart muscle. Sarcomeres are the
fundamental units of muscle contraction containing two major protein types; actin and
myosin (Figure 4) (Kartha, 2021; Powers et al., 2021). Actin forms thin double-stranded
filaments containing binding sites for myosin (Henderson & Gregorio, 2015; Skwarek-

Maruszewska et al., 2009)). Myosin forms thick, rod-shaped filaments featuring globular
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heads. These heads contain ATP-binding sites which form cross-bridges to interact with
actin. This interaction allows myosin to bind to and "pull" on actin filaments, generating the
contractile force (Altman, 2020; Knight, 2023; Powers et al., 2021). The actin filament also
contains the proteins tropomyosin and troponin. Tropomyosin is a long, fibrous protein
located along the actin filament groove. In the relaxed state, it blocks the myosin binding
sites on actin (David, 2018). Troponin, a regulatory protein associated with tropomyosin,
binds Ca?* to initiate a conformational change in tropomyosin, exposing the myosin
binding sites on the actin filament (Gusev, 2013; Kartha, 2021).

Sliding Filament Theory

The sliding filament theory describes the cellular process that occurs to generate
muscular contraction. With cardiomyocytes in their relaxed state, contraction starts with an
electrical signal generated by the sinoatrial node. The electrical signal stimulates the
opening of voltage-gated Ca?* channels, causing an influx of Ca?* into the sarcoplasm (da
Silva & Reinach, 1991). This influx stimulates a Ca?*-induced Ca?* release system, where
the sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA) pumps Ca+ stored
within the endoplasmic reticulum into the sarcoplasm. This drastically increases Ca?*

concentration within the cardiomyocyte (Zhihao et al., 2020).

Once in the sarcoplasm, Ca?* binds to troponin, inducing a conformational change in
tropomyosin, which exposes the myosin binding sites on the actin filaments (Figure 4.1)
(Gordon et al., 2000). The exposed myosin binding sites attract the high energy myosin
heads, forming a cross-bridge between the two filaments and subsequently causing the
release of inorganic phosphate (Pi) in the process (Figure 4.2) (Powers et al., 2021;
Spudich, 2001). ADP (adenosine diphosphate) is then released, the energy of which fuels
the power stroke (Figure 4.3). A power stroke is a rapid change in the shape of the
myosin head that pulls the actin filament towards the centre of the sarcomere, shortening
the sarcomere and ultimately the entire cardiomyocyte. An ATP molecule binds the
myosin head, stimulating its dissociation from the actin binding site (Figure 4.4). An
ATPase within the myosin head then hydrolyses the ATP into ADP and Pi. With continued
electrical stimulation, Ca?* will remain in the sarcoplasm and the cycle repeats. The
myosin head attaches to a new actin binding site further along the filament, pulling it

again, producing further contraction.

Relaxation occurs with the cessation of signalling from the sinoatrial node. Ca?*is pumped

back into the sarcoplasmic reticulum, decreasing sarcoplasmic Ca?* concentrations and
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causing Ca?* to dissociate from troponin, which undergoes a conformational change
(Gordon et al., 2000; Powers et al., 2021). This causes a reversal in the conformational
change of tropomyosin, blocking the myosin binding sites on actin and preventing further
cross bridge formation. Unlike skeletal muscle, which relies on the large protein titin for
recoil, cardiac muscle utilises the inherent elasticity of its sarcomere. As cross-bridges
break and binding sites are covered, the elastic recoil of the protein filaments within the
sarcomere pulls the actin and myosin filaments back towards their original lengthened
positions. The myocyte is now in its relaxed state, ready for initiation at the start of the
next cardiac cycle (Spudich, 2001).
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2.3 Pathophysiological Stresses and Cardiac Hypertrophy

2.2.5 Cardiac Hypertrophy

The heart responds to physiological stresses to maintain optimal perfusion of blood to the
tissues of the body (e.g. to increase cardiac output during exercise). However,
pathophysiological stressors such as hypertension can, over time, cause the protective
responses to fail (Nakamura & Sadoshima, 2018). Such stresses induces remodelling of
the myocardium, increasing fibrosis, causing loss of capillaries and inducing
cardiomyocyte hypertrophy, consequently reducing the efficacy of heart function until it
fails entirely (Grossman & Paulus, 2013). Heart failure occurs when the heart cannot
supply the required blood volume for normal tissue and organ activity. Heart failure is the
terminal phase of many diseases, including hypertension, ischaemic heart disease and
diabetes (Kemp & Conte, 2012), which are multifactorial in their aetiology. Analogous to
these diseased states are altered protein-protein interactions, which affect cardiac

function.

Cardiac hypertrophy is an increase in heart size and may result from either physiological
or pathological hypertrophy (Dorn et al., 2003; Nakamura & Sadoshima, 2018; Tardiff,
2006). Physiological hypertrophy is a normal response of the heart to increased demand
for contractile ability. This occurs, for example, in athletes and during pregnancy in women
to accommodate the increased demand for oxygen (Shimizu & Minamino, 2016).
Physiological hypertrophy is generally reversible on removal of the stress. Pathological
hypertrophy is caused by an underlying disease or condition and can lead to serious
complications such as heart failure and an increased risk of heart attack (Dorn et al.,
2003; Nakamura & Sadoshima, 2018). In most cases, pathological hypertrophy occurs in
the left ventricle of the heart. However, right ventricular hypertrophy occurs in congenital
disorders and as a result of lung diseases (e.g. pulmonary hypertension) (Bartelds et al.,
2021; lacobazzi et al., 2016; Vonk Noordegraaf & Galie, 2011).

Cardiac hypertrophy is often described according to gross morphological changes as
concentric and eccentric hypertrophy (Miller & Dhalla, 2013). Concentric hypertrophy
occurs when the heart is subjected to an increased workload (as with hypertension),
requiring the heart to pump blood harder. This places stress on the heart, which
compensates by increasing the thickness of the myocardial walls, particularly in the left
ventricle (Muller & Dhalla, 2013; Tardiff, 2006). This form of hypertrophy is a
compensatory mechanism that enables the heart to pump more blood with each

contraction. Eccentric hypertrophy arises from the enlargement and dilation of the heart's
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chambers. This results in an increase in the size of the heart's chambers rather than the
increase in the thickness of the heart's muscle walls. This form of hypertrophy leads to
weaker heart function as more blood accumulates in the chamber and less is pumped out
(Shimizu & Minamino, 2016).

2.2.6 Effect of Hypertension on the Heart

High blood pressure requires increased pumping power of the heart, inducing stress on
the tissue (Ruwhof & van der Laarse, 2000). This stress can induce apoptosis of
cardiomyocytes and the endothelium. Elevated systemic arterial blood pressures
impacting the left ventricular wall cause further apoptosis by stressing and damaging
these cells (Georgiopoulou et al., 2012; Susic & Frohlich, 2000). As cardiomyocytes are
terminally-differentiated and therefore cannot proliferate, they undergo hypertrophy to
compensate for the reduced cardiomyocyte population and manage the workload. This
increases the left ventricular wall thickness, subsequently reducing the ventricular volume
and efficiency of muscle relaxation (Alberts et al., 2002; Nadar & Lip, 2021). Damaged
endothelial cells lose the ability to proliferate (termed senescence) or undergo apoptosis.
Consequently, the remaining capillary network cannot enable efficient exchange of
materials required for tissue function (Carmeliet, 2005). This, in combination with the
disproportionate increase in left ventricular wall thickness causes inadequate
microvasculature perfusion of the myocardium (Georgiopoulou et al., 2012), leading to
localised hypoxia and cell death. After removal of cell debris by surrounding cells,
fibroblasts then infiltrate the damaged tissue and induce fibrosis. Fibrosis occurs when
excessive ECM, particularly collagen, is produced in response to damage and the
resulting area forms stiff, poorly-contracting scar tissue (Rog-Zielinska et al., 2016). This
increases ventricular wall thickness, but not overall heart size, and contributes to the
decreased ventricular volume. If the increase in pressure is in the pulmonary artery
(feeding the lungs), the impact is initially on the right ventricle which hypertrophies (Vonk
Noordegraaf & Galié, 2011). However, this eventually has a secondary effect on the left

ventricle.

Collectively, the cellular response to hypertension prevents optimal blood circulation due
to a decreased diastolic and systolic volume, clinically defined as diastolic dysfunction
(Rog-Zielinska et al., 2016). Consequentially, the heart must "work™" harder to circulate the
same blood volume as an unstressed heart due to the significant loss in pumping force.
Increased fibrotic stiffness further exacerbates the decrease in functional cardiomyocytes

by impeding the electrical impulses required for cardiac contraction, which independently
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increases the risk of developing heart failure (Segura et al., 2014). The heart will stretch in
response to the reduced ventricular volume (decompensates), but the cardiomyocytes are
consequently weakened. This alongside the increased stiffness and remodelling of the
myocardium causes a decrease in myocardial contractility which progresses to heart
failure (Figure 5) (Georgiopoulou et al., 2012; Mangini et al., 2013).
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2.3 RAAS and Blood Pressure Regulation

The renin-angiotensin aldosterone system (RAAS) is a hormonal system responsible for
regulating blood pressure homeostasis in humans through electrolyte balance and fluid
retention (Figure 6) (Boron & Boulpaep, 2012; Nehme et al., 2019). Pressure sensitive
baroreceptors within the carotid sinus detect a drop in blood pressure and stimulate RAAS
via the sympathetic nervous system. RAAS is also stimulated by renal hypoperfusion
(decrease filtrate flow rate through the macula densa of the kidneys) or a decrease in
filtrate NaCl concentration (Nehme et al., 2019). In response to these signals,
juxtaglomerular cells release the enzyme renin into the bloodstream (Ames et al., 2019).
Angiotensinogen is also released from the liver in response to low blood pressure or NaCl
concentrations. Renin binds and cleaves angiotensinogen within the blood stream to form
angiotensin | (Angl). Angl is then converted into angiotensin Il (Angll) by angiotensin
converting enzyme (ACE) (Patel et al., 2017; Pugliese et al., 2020). ACE is produced in
the vascular endothelium of most tissues. However, it is highly expressed in tissues of the

cardiovascular and pulmonary circulatory systems.

Angll binds to and activates the type 1 Angll receptor (AT1R) present on the surface of
the endothelium within blood vessels (Ames et al., 2019). AT1R activation causes an
increase in intracellular calcium within the endothelial cells, inducing vasoconstriction
(Nehme et al., 2019). Vasoconstriction is the narrowing of the blood vessels, increasing
vascular resistance which in turn, increases blood pressure. In addition, ACE degrades
bradykinin, a peptide hormone that promotes synthesis of nitric oxide (NO) that causes
vasodilation (Ancion et al., 2019). Therefore, decreases in NO resulting from reduced
bradykinin promotes vasoconstriction. Angll binding to AT1R also impairs NO synthesis
(Ding et al., 2020). These mechanisms help to restore blood pressure and maintain
perfusion to vital organs in response to low blood pressure or blood volume. Once blood
pressure has been increased to an appropriate level, renin production is reduced in order

to maintain homeostasis.

Apart from its effects on vasoconstriction, Angll also stimulates aldosterone and
vasopressin production which further increases blood pressure (Mehta & Griendling,
2007; Nehme et al., 2019; Steckelings et al., 2017). Aldosterone is secreted from the
adrenal glands and acts on the renal tubules in the kidneys, promoting sodium
reabsorption and potassium excretion. With increasing blood aldosterone levels, the
kidneys become more efficient at reabsorbing sodium from the urine and excreting

potassium (Boron & Boulpaep, 2012; Nehme et al., 2019). Vasopressin acts on the

51



kidneys to promote water reabsorption. Vasopressin interacts with renal vasopressin V2
receptors, increasing the permeability of the collecting ducts within the nephrons.
Consequently, this stimulates the reabsorption of water from the urine back into the
bloodstream, increasing blood volume and in turn blood pressure (Boone & Deen, 2008).
Both hormones work in conjunction with one another to enhance sodium ion exchange
which is accompanied by increased water retention. Sodium ion retention consequently

increases blood volume and blood pressure.

The RAAS is precisely controlled through negative feedback mechanisms to prevent
overactivity (Figure 6). Once blood pressure and volume are restored to normal
physiological levels, negative feedback loops suppress further RAAS activation. On
detecting blood pressure and volume increases, the kidneys respond by inhibiting the
release of renin (Thomas & Tikellis, 2009). This normalisation promotes vasodilation,
preventing the further increase of blood pressure and volume. The RAAS is also balanced
by counter-regulatory hormone systems. Hormones like atrial natriuretic peptide (ANP)
and brain natriuretic peptide (BNP) act paradoxically to the RAAS (Pandey, 2021). ANP
and BNP promote vasodilation of blood vessels, increasing sodium and water excretion by
the kidneys as well as directly inhibiting renin release.

As described above, the RAAS is essential in maintaining homeostasis for the body's fluid
balance and blood pressure. Dysregulation of this system can lead to pathophysiological
conditions such as hypertension and the development of heart failure (Ames et al., 2019;
Sayer & Bhat, 2014). Due to this, the Angll hypertension model is one of the most widely
used preclinical in vivo mammalian models of hypertension. The Angll model involves
external administration of Angll to artificially increase systemic blood pressure. This model
is characterised by vasoconstriction, increased water and salt retention and subsequent
increase in blood volume and pressure (Humphrey, 2021). As Angll plays a significant
role in blood pressure homeostasis in humans, the effect of Angll on mammalian models
can be translated reasonably accurately to a clinical setting (reproducible across species).
In both humans and in vivo models, prolonged Angll-induced hypertension causes
haemodynamic overload of the heart, which induces hypertrophy of the ventricle walls
(section 2.2), as well as Angll causing myocardial dysfunction and fibrosis directly
(Rosenkranz, 2004).
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Figure 5: The Renin-Angiotensin-Aldosterone System (RAAS).

The RAAS is a complex hormonal system that helps regulate blood pressure, blood
volume, and electrolyte balance in the body. When blood pressure drops, the
RAAS is activated, leading to the release of renin. Renin cleaves angiotensinogen
(produced by the liver) to produce angiotensin I, which is converted to angiotensin
I, which stimulates vasopressin. Aldosterone is released by the kidney, and the
hormones work together to increase blood pressure by constricting blood vessels,
increasing blood volume, and reabsorbing sodium and water. Conversely, when

blood pressure rises, the RAAS is inhibited.
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2.4 Therapeutic Options for Hypertension Management

2.4.1 Lifestyle Modifications

Patients with a risk of or presenting with hypertension can adjust their lifestyle to actively
control their blood pressure levels (Appel et al., 1997; Georgiopoulou et al., 2012;
Goetsch et al., 2021; Parati et al., 2022).

= Diet: Maintain a healthy diet. This includes, limiting intake of sodium (Appel et al.,
1997), saturated fats and cholesterol while increasing consumption of fruits,
vegetables, whole grains, and lean proteins (Parati et al., 2022)

= Weight: Achieving and maintaining a healthy body weight. A BMI of 18-25 is
considered to be a healthy range for most adults or a body fat percentage of 20 to
30% (Goetsch et al., 2021; Narkiewicz, 2006). A healthy body weight is case specific
with healthy ranges dependant on height, age, sex, and overall body composition.

= Physical activity: Engaging in regular aerobic exercise, such as brisk walking,
swimming, or cycling, can contribute to lowering blood pressure levels. Patients have
an increased risk (30-50%) of developing hypertension with low physical activity and
fithess (Georgiopoulou et al., 2012). The recommended amount of physical activity
typically includes at least 150 minutes of moderate-intensity exercise per week
(Goetsch et al., 2021).

= Stress: Chronic stress can exacerbate hypertension. If the patient is unable to remove
themselves from the stress, techniques for stress reduction, such as mindfulness
meditation, deep breathing exercises, and yoga, can help patients manage their stress
and, in turn, their blood pressure (Dickinson et al., 2008; Goetsch et al., 2021).

= Alcohol consumption: Excessive alcohol intake can lead to elevated blood pressure.
Moderating alcohol consumption is advised, with guidelines suggesting no more than
one drink per day for women and two drinks per day for men (Goetsch et al., 2021;
Stranges et al., 2004).

= Smoking: Smoking increases risk of developing hypertension.

2.4.2 Antihypertensive Medications

Antihypertensive medications are commonly prescribed to control blood pressure. By
specifically targeting pathways and regulatory systems involved in regulating blood

pressure, antihypertensive medications exert a precise and modulated influence on blood
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pressure, thereby mitigating the risks associated with uncontrolled hypertension (Kannan
& Janardhanan, 2014). After failure to manage the condition through lifestyle
modifications, antihypertensive treatment generally starts as monotherapy (Khalil &
Zeltser, 2023). Table 2 displays the common medications used and how they function.
Combination therapy can be employed when one antihypertensive medication is not
sufficient to significantly reduce the effects of hypertension. Combination therapy involves
using multiple medications with complementary actions (Whelton et al., 2018).
Combination therapy not only enhances treatment effectiveness but also minimises any
adverse side effects. However, in ~10% of hypertension cases, hypertensive medications
are not successful in reducing blood pressure (Myat et al., 2012; Noubiap et al., 2019) and
new therapeutic approaches are needed. Thus, further research into mechanisms

associated with hypertension is needed.
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Table 2: Key Anti-Hypertensive Medications

Medication Effects Examples ‘
Diuretics Increase urine output, Hydrochlorothiazide
reducing fluid volume and (HCTZ), furosemide
blood pressure by helping (Lasix)

the body remove excess salt

and water
ACE inhibitors Inhibits the production of Lisinopril (Zestril),
angiotensin Il enalapril (Vasotec)
Angiotensin |l Antagonises the action of Losartan (Cozaar),
receptor angiotensin Il on blood valsartan (Diovan)

blockers (ARBs) vessels

Calcium Inhibit calcium entry into
channel smooth muscle cells, Amlodipine (Norvasc),
blockers (CCBs) leading to vasodilation diltiazem (Cardizem)

Table legend: This table summarises key anti-hypertensive medications, listing their
medication class, mechanism of action, and some common examples. Adapted from
(Khalil & Zeltser, 2023).
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2.5 Rodent Models of Hypertension

Rodent models play an essential role in advancing our understanding of the
pathophysiology of hypertension in humans. Rodent models can simulate the aetiology of
human hypertension, the induction of cardiac hypertrophy and the progression to heart
failure (Jama et al., 2022). This enables researchers to investigate the underlying
mechanisms of the diseases and evaluate the safety of new treatments. As discussed
previously, cardiac hypertrophy is characterised by an increase in the size of heart cells
and an increase in the thickness of the heart wall. There are several ways to assess
hypertrophy in animal models. This includes the following:

= Histological Analysis: Measure changes in the size and number of myocytes as well
as the extent of fibrosis in the heart at the end of the experiment after the heart has
been removed from the animal, fixed, cut into sections and stained. An increase in
myocyte size and fibrosis is indicative of cardiac hypertrophy.

= |n Vivo Echocardiography: Measure changes in the thickness of the heart wall, the
size of the heart chambers and the functional capacity of the heart in vivo using non-
invasive imaging. Echocardiography can be used to monitor changes in cardiac
hypertrophy over an extended time period. Other methods (e.g. small animal magnetic
resonance imaging (MRI) require more expensive equipment and more prolonged
periods of imaging (Phuah et al., 2023).

= Molecular Markers: Gene expression and protein levels can also indicate changes in
the heart associated with cardiac hypertrophy at the end of the study. While both
provide specific insights, gene expression is especially useful in early-stage
assessment of cardiac hypertrophy. Changes in mRNA levels often precede changes
in protein levels, providing an early indication of the cellular response to hypertrophy.
For example, changes in the mRNA expression of cell-specific genes (Myh7 is
upregulated whilst Myh6 is downregulated in rodent cardiomyocytes with hypertrophy)
(Forough et al., 2011), stress (Nppb) (Man et al., 2018) or fibrosis (Colla, Col3al -
collagen genes) (Hinderer & Schenke-Layland, 2019) can be indicative of the

development of cardiac hypertrophy.

There is a range of different types of rodent models that are commonly used in
hypertension research, as discussed below. The advantages of using animal models in
scientific research are numerous. However, serious consideration of ethical and moral
necessity should be raised before their involvement. The researcher should first explore

alternative methods, such as cell culture and computational models, in which the
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technology is improving year after year. Researchers should also consider that the results
obtained through these model organisms may not directly translate to humans, and thus,
additional validation may be required. Therefore, selecting the optimal model is essential
for a successful study. It is important to consider the specific research question, the
study's goals and the differing advantages and disadvantages of each model before
determining which model to select.

For the reasons explained below, the studies in Chapters 3, 4 and 5 were conducted
using the Angll model in mice with a C57BL6/J background coupled with genetic alteration
of specific genes (Chapters 3 and 4) or to assess the effects of an anti-cancer drug
(Chapter 5).

2.5.1 Inbred Genetic Models

Inbred models are created by breeding animals with desirable genetic characteristics, in
this case hypertension, over many generations to obtain offspring that reliably and
reproducibly present with these characteristics. Two common examples of inbred genetic
models for hypertension are the Dahl salt-sensitive rat and the spontaneously
hypertensive rat (SHR) (Jama et al., 2022).

The Dahl salt-sensitive rat strain is a well-established model. The model is hypersensitive
to the effects of dietary salt intake due to a genetic predisposition. An increased salt intake
results in an increase in systemic blood pressure (Kurtz & Morris, 1985). The Dahl salt-
sensitive strain is also prone to developing other hypertension-related complications. Such
complications include left ventricular hypertrophy and renal damage (Abais-Battad et al.,
2019; Dutta & Mukherjee, 2019).

The SHR strain is another established genetic model of hypertension. Originally derived
from Wistar rats, SHRs display a progressive rise in arterial blood pressure beginning at
around 6 weeks of age (Doggrell & Brown, 1998). By 4-6 months of age, SHRs have
severe hypertension with systolic blood pressures over 200 mmHg (Doggrell & Brown,
1998). This hypertension progresses with age and is accompanied by end-organ
damages similar to human hypertensive disease, such as left ventricular hypertrophy,
renal impairment, and vascular damage (Susic & Frohlich, 2011). Unlike most other
rodent models, the hypertension of SHRs does not require manipulation such as high-salt

diet or administration of exogenous chemicals. The spontaneous hypertension of SHRs
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consistently develops as the rats age, mimicking the development of primary hypertension
in humans. The SHR model has been extensively used to investigate the genetic and
molecular mechanisms underlying hypertension, as well as to evaluate the efficacy of
antihypertensive interventions (Jama et al., 2022).

2.5.2 Drug-Induced vs Surgical Models of Hypertension

Drug-induced models of hypertension utilise pharmacological agents to artificially elevate
blood pressure in laboratory animals. Common infusion models include the Angll and
phenylephrine models (Jama et al., 2022). As described previously (Section 2.4), Angll
promotes vasoconstriction, increasing vascular resistance and in turn, elevating blood
pressure. Therefore, the administration of exogenous Angll, either through regular
injections or using osmotic mini-pumps implanted under the skin for constant delivery,
artificially induces hypertension. Phenylephrine demonstrates similar vasoconstriction
properties. Phenylephrine is an ai-adrenergic receptor agonist which induces a cascade
of events that can result in vasoconstriction and in turn, raises blood pressure (Richards et
al., 2023). Drug-induced models allow researchers a rapid, yet controlled and specific
method of studying mechanisms involved in blood pressure regulation. This allows for the
assessment of these drug-related pathways in the development of hypertension.

There are several surgical models of hypertension which have been developed. These
models involve surgical interventions to replicate various aspects of hypertension,
allowing researchers to investigate the physiological and pathophysiological changes they
induce. The two-kidney, one-clip (2K1C) model of renal artery stenosis is another one of
the most commonly used surgical models of hypertension. In the 2K1C model, a surgical
clip is placed on one renal artery, inducing hypertension by reducing blood flow to one
kidney. This simulates the pathology of human renal artery stenosis. This surgical
technique has been applied in previous research to investigate the effects of hypertension
on various organ systems (Wiesel et al., 1997). A model of direct pressure overload on
the heart involves transverse aortic constriction (TAC). The TAC model involves
constricting the transverse aorta using a surgical clip or suture. This increases the
pressure required by the left ventricle to circulate the blood volume, leading to cardiac
hypertrophy and remodelling (Liu et al., 2020). It is also worth mentioning the abdominal
aortic banding (AAB) model, which partially constricts the aorta in the abdomen.
Compared to TAC, AAB creates a milder pressure overload on the heart. This typically

leads to compensated hypertrophy, where the heart muscle thickens (hypertrophy) but
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remains functional, unlike TAC, which can rapidly progress to heart failure (HF) (Seymour
et al., 2015).

Angll infusion and TAC surgical models are both widely used experimental methods in
cardiovascular research, both causing pressure overload on the left ventricle of the heart
as occurs in hypertension (Humphrey, 2021). Each model has its advantages and
disadvantages. The osmotic mini-pump implantation surgery required for the Angll model
is a simple procedure which is easy to implement, only entering into sub-cutaneous
structures (Lu et al., 2015). It is also reliable since a predefined dose can be administered
to vary the degree of hypertension. Finally, it is truly representative of the effects of
systemic hypertension. The TAC surgical model, however, requires more invasive and
technically challenging surgery, entering into the internal cavity of the animal (Liu et al.,
2020). TAC is more variable in terms of degree of pressure overload since this depends
on the tightness of the clip or suture. It is also not truly representative of systemic effects

of hypertension on the heart.

2.5.3 Genetically-Altered Mice

Genetically altered mice are often used as models in hypertension research to study the
underlying mechanisms, test potential treatments, and gain insights into the genetics of
the disease (Jama et al., 2022). These mice are usually used in combination with drug or
surgery-induced hypertension models. Alterations to the genome can be in the form of
additions or deletions which cause overexpression, knockdown (reduction in expression)
or knockout (complete removal) of the targeted gene. Overexpression approaches
generally use a system in which a gene of interest is inserted into the genome. Early
studies were non-targeted and effects could result from disruption of an alternative gene.
Moreover, the degree of overexpression was rarely controlled. More recent studies take
advantage of a “safe-harbour” locus where the gene is introduced into a part of the
genome known to not interfere with any other gene (e.g. ROSA26 locus in mice) (Ma et
al., 2022).

Gene deletion approaches have been developed to eliminate a crucial exon(s) causing a
frameshift mutation that results in introduction of a nonsense mutation and lack of
functional protein. This gene editing now often employs CRISPR/Cas9 for specific
targeting (El Marjou et al., 2021; Ma et al., 2014; Mufioz-Santos et al., 2020; Yang et al.,
2014). While gene deletion and overexpression can both be used to study the role of a

gene, gene deletion is generally considered to be more accurate. This is because gene
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deletion creates a loss-of-function mutation, usually producing a more severe phenotype
which is more likely to reflect the gene's true function. Overexpression may stimulate
compensatory mechanisms that counteract the effects of overexpression. As a result,
these mechanisms may conceal the true effects of the gene’s expression. Deleting the
gene may still produce compensatory mechanisms. However, the response produced due

to the deletion, will more precisely reflect the gene’s function.

Advanced models may use a knock-in approach to introduce a specific mutation. Here, a
coding sequence is usually introduced to replace the existing gene, leaving the new
sequence under control of the endogenous promoter (e.g. BRAFV600E model) (Landa &
Knauf, 2019). These targeted mutations offer advantages over non-specific mutations
when developing new genetically-altered models. Targeted mutations typically target the
coding region of the gene, disrupting the production of a functional protein product by
modifying the protein's amino acid sequence. The aim is to produce a protein of the
similar spatial arrangement, where the active or catalytic site is non-functioning, but allows
for the protein’s usual interactions with other molecules. Non-specific mutations while still
inactivating the enzyme, may cause more extensive alterations to the enzyme's structure.
These structural changes may disrupt the enzyme's usual interactions with other
molecules, complicating research aimed at understanding protein function and its role in

disease mechanisms.

Global Genetic Alterations

Global alteration of specific genes in mice is widely used and, in these mice, the genetic
alteration occurs in all cells at all stages of development. These models are useful for
studying the overall function of a gene, allowing researchers to observe the overall effects
of gene or protein manipulation before focusing on specific cell types or tissues. However,
if a gene product is essential for development, studies with global mutation become
problematical either because of serious malformations of the embryo that result in early or
premature death or because gene manipulation (e.g. gene deletion) results in the embryo
not developing at all (embryonic lethality). This thesis contains three examples of this.
Strn or Strn3 gene deletion (Chapter 3) and PKN2 gene deletion (Chapter 4) are all
embryonic lethal in the homozygous state (Cull et al., 2023; Danno et al., 2017; Marshall
et al., 2022; Quétier et al., 2016) and it is not possible to use homozygous global gene
knockout systems to study their role in the heart. In each case, the heterozygotes (with

reduced gene expression) are viable and fertile with no overt abnormalities. Thus,
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heterozygote mice were used to study the roles of these proteins in hypertension-
associated hypertrophy. However, it was not possible to confirm the exact roles of the
proteins in cardiomyocytes specifically from the consequences of loss of the gene in
cardiac non-myocytes. It was also not possible to be certain that there were no additional
influences from the knockout in other organs (e.g. kidney).

The use of mice with global genetic alterations is reasonably straightforward in terms of
strategy. My studies focused particularly on the Striatin project, where we generated
heterozygote Strn*" and Strn3*" mice. Strn*" and Strn3*" founder mice were obtained from
a cryopreserved repository (KOMP; STRN/STRN3MaKOMPWTs)y and backcrossed with
C57BI/6J mice (Charles River Ltd) for eight generations prior to experimentation. C57BI/6J
mice were used as C57BI/6N are not suitable for cardiac research. This is because of
inherent differences in the background genetics of C57BI/6N mice which makes their
hearts more sensitive to stressors (Garcia-Menendez et al., 2013; Moreth et al., 2014;
Williams et al., 2020; Zhou et al., 2021). The colony was maintained as heterozygotes and
outbred with C57BI/6J mice to generate heterozygote knockout mice with wild-type
littermates for the study. The model used a knockout first (promoter-driven) system
involving the insertion of LacZ/neo cassette between critical exons of the target protein
(exons 5 and 6) (Figure 7) ((IMPC), 2023). This insertion prevents the production of
Strn/Strn3 mMRNA, which (in the heterozygote) decreases global protein expression by
approximately 50% (Cull et al., 2023; Skarnes et al., 2011).
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Figure 6: Generation of the Strn and Strn Knockout Mouse Models.
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Conditional Genetic Alterations

To avoid the developmental problems associated with gene modification, systems have
been developed for conditional gene alteration. These usually employ a recombinase
enzyme (usually Cre, sometimes FLP), which targets specific sequences (LoxP or FRT,
respectively) for recombination. For cell-specificity, the enzyme is expressed under the
control of a cell-specific promoter (e.g. Myh6 is usually used for cardiomyocytes (Huang et
al., 2021; Yan et al., 2015)). In some cases, for inducible expression, the enzyme may be
modified so that it is only active in the presence of a drug or hormone (e.g. tamoxifen)
(Sohal et al., 2001). Thus, in mice with cell-specific genetic alterations, the other (non-
targeted) cell types in the organism will retain the original, unmutated gene. This targeted
approach allows for investigations into the impact of the mutations in a specific tissue or

cell type on biological mechanisms and the development of diseases.

Examples of cell-specific genetic alterations are presented in Chapters 3 and 4 for Strn
and PKN2 (Cull et al., 2023; Marshall et al., 2022). The breeding strategy for Strn is
explained here as an example. The model involves inducible cardiomyocyte-specific
knockout of Strn, on administration of tamoxifen. To achieve this, heterozygote Strn*"
mice from KOMP were used. These mice were generated as “knockout first” lines that can
be converted for conditional gene deletion using FLP recombinase (Figure 8).
Cryopreserved mice were resuscitated from sperm simultaneously with the introduction of
the FLP enzyme. This removed the lacZ STOP cassette, revealing the loxP sites
surrounding the targeted exon 5. Viable heterozygous floxed (fl) Strn (Strn'V™™) mice were
generated and backcrossed onto a C57BI/6J background, removing the FLP gene. The
Strn™ mice were then crossed with mice that were homozygous for tamoxifen-inducible
Cre (MerCreMer, MCM) under the control of an MYH6 promoter (Sohal et al., 2001). This
generated mice that were heterozygous for floxed Strn and Cre (Strn'V™/Cre"W MM mice)
(Figure 9.A).

One potential problem with the Cre enzyme is that it can cause cardiotoxicity itself if it is
expressed at high levels or for prolonged duration (Bersell et al., 2013). So, although it is
important to have homozygous gene deletion for Strn (i.e. Strn" mice are needed) it is
necessary to have mice heterozygous for CRE (McLellan et al., 2017). Thus, upon
generation of the StrnW™/CreW™™CM double heterozygous mice, further breeding was
required to obtain the Strn™/Cre"VMM genotype required for in vivo experimentation. First,
the StrnWT"/Cre"WT™CM mice were crossed again with CreMMMCM mice to generate mice

with the heterozygous Strn"™" and homozygous CreMMMEM genotypes (Strn™/CreMCcMMCM)
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(Figure 9.B). The Strn'WT/CreMCMMEM mice were then bred with other StrnWTf/CreMcMMEM
mice to generate double homozygous Strn"™/CreMMMCM mice (Figure 9.C).
Simultaneously, the StrnW™ mice were bred together to generate homozygous floxed Strn
(Strn™™) mice (Figure 9.D). The Strn"/CreMcMMCM mice were then crossed with Strn
mice to generate the experimental model, Strn™/CreWV™CM mice (Figure 9.E).

Heterozygous Cre mice were generated from the same colonies as a control.
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Figure 7: STRNMaKOMPWTsi Kngckout First (Promoter Driven) System for the

Generation of Cardiac Specific, Inducible Strn+/- Mice.
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generate floxed homozygote Strn mice (Strn"/ﬂ). The Strn"" mice possess FLP
recombinase which excised the lacZ/neo cassette at the FRT sites, inducing
recombination. (C). Tamoxifen-induced recombination using Cre recombinases
excises exon 6, inducing a frameshift and loss of cardiac gene expression.

Cardiac specificity is generated from breeding a Cre mouse with a myosin heavy

chain (aMHC) promoter (CreMHC/MHC). Adapted from (Skarnes et al., 2011) and
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based on the Allele map for Strn from ((IMPC), 2023).
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Figure 8: Summary of the Strn"/CreW"™CcM Mouse Breeding Program.

(A). Floxed Strn mice were crossed with Cre mice. (B). Generation of the heterozygous
Strn and homozygous Cre genotype. (C). Generation of the double homozygous
Strn/Cre genotype. (D). Generation of the homozygous floxed Strn mice. (E).

Generation of the test experimental mouse model.



2.6 Echocardiography

2.6.1 Overview

Ultrasound imaging utilises pulses of high frequency sound waves. The ultrasonic pulses
reflect off the tissues of the body, allowing the production of ultrasound images (Wong,
2014). Each tissue type has differing tissue densities and therefore reflection properties.
The varying reflection properties allow for the differentiation of tissues and structures
within the ultrasound image. Echocardiography applies ultrasound imaging to allow for
non-invasive real-time imaging of the heart’s structure and movement (Garbi et al., 2016).
In a clinical setting, echocardiography assists in the diagnosis and monitoring of
cardiovascular diseases. Diagnosis includes estimating heart function including cardiac
output (the amount of blood expelled from the heart per minute), ejection fraction (the
percentage of blood expelled with each contraction) and diastolic function (how efficiently
the heart can relax). It can also be used to locate any tissue damage or structural changes
in the heart. To understand how ultrasound can be used to accurately generate non-

invasive real-time images of internal structures, the following principles must be known.

Piezoelectric Effect

The Piezoelectric effect is how ultrasound pulses are generated. Within the ultrasound
probe resides a piezoelectric (electric accumulating) crystal (Wong, 2014). When an
electric current is applied to the crystal, the crystal structure is deformed, causing the
crystal to vibrate. The vibrations result in the production of high-frequency ultrasound
waves. The frequency of a sound wave is the number of wave cycles completed every
second. The frequency of the ultrasound wave is predetermined by the size and shape of
the crystal within the ultrasound probe. The higher the frequency of the ultrasound wave,
the higher the resolution of the image produced (Garbi et al., 2016). However, with a
higher frequency, the ultrasound wave has a shorter wavelength (they are inversely
proportional). The wavelength of a sound wave is the distance needed to complete one
wave cycle. Shorter ultrasound wavelengths cannot penetrate to deeper tissues before
being reflected. Therefore, the optimal frequency of the ultrasound wave must be
predetermined to ensure the highest resolution and penetrating power to image the area

of interest.

Pulse-Echo Principle

Because the same crystals are used to produce and interpret the reflected ultrasound
waves, the ultrasound waves are not continuously produced. The initial ultrasound wave

produced must first interact, reflect and return to the ultrasound probe’s crystal before the
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next ultrasound impulse is generated (Wong, 2014). The reflected ultrasound waves need
to interact and deform the crystals within the ultrasound probe to produce a new electrical
current which is relayed to and interpreted by a computer. The computer calculates the
distance from the probe to the tissue (based on the speed of sound through tissue) and
the time for the ultrasound to be produced and return to the probe (millionths of a second).
The machine then displays the distances and intensities of the echoes on a screen,
forming a two-dimensional image. Once the first ultrasound wave signal is interpreted, a
new ultrasound wave can be generated. Therefore, the ultrasound waves must be

generated in pulses.

The Doppler Effect

The Doppler effect is how moving objects interact and change the characteristics of sound
waves (Garbi et al., 2016). When an ultrasound wave reflects off an object moving
towards a detector (ultrasound probe), the crest of the reflected ultrasound wave is
produced at a position closer to the ultrasound probe compared to that of the previous
ultrasound wave. Therefore, as an object moves towards the ultrasound probe, each
ultrasound wave reflecting off that object takes less time to return to the ultrasound probe.
Resultantly, the arrival time of each successive wave crest gets subsequently smaller.
This causes the wavefronts to shorten and cluster together, increasing the frequency of
the ultrasound waves (Wong, 2014). On the other hand, if the object is moving away from
the ultrasound probe, the crest of the reflected ultrasound wave is produced at a position
further away from the ultrasound probe compared to that of the previous ultrasound wave.
Therefore, as an object moves away from the ultrasound probe, each ultrasound wave
reflecting off that object takes more time to return to the ultrasound probe. Resultantly, the
arrival time of each successive wave crests subsequently increases. This causes the
wavefronts to increase and spread out, decreasing the frequency of the ultrasound waves.
Therefore, it is possible to differentiate between objects moving towards or away from a
detector (Garbi et al., 2016).

In the context of echocardiography, the ultrasound probe emits a predetermined
frequency which reflects off red blood cells. The reflected ultrasound waves from red
blood cells return to the probe with a Déppler shift that is translated by a computer into a
positive (towards) or negative (away) velocity (Wong, 2014). There are two different types
of DAppler modes which were employed to assist in this study. Colour Doppler: blood
velocity is depicted as colour overlayed onto a B-mode image. The intensity of the colour

correlates to velocity. The more intense the colour, the higher the velocity. The red colour
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represents blood flowing towards the probe whilst the blue colour represents blood flowing
away from the ultrasound probe (Garbi et al., 2016). Pulsed-wave Doppler: short impulses
of ultrasound waves enable measurement of blood flow within a defined area of a two-
dimensional B-mode image. The pulsed-wave Ddppler allows measurements such as

blood acceleration and ejection time through the vessel.
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2.6.2 Imaging Methods

Echocardiography is an imaging technique that utilises ultrasound waves to create visual
representations of the heart structure and function. Different modes and orientations of the
echocardiography probe provide unigue views and details about cardiac structure and

motion.

PSAX vs PLAX Orientations

The parasternal short axis (PSAX) orientation offers a bird's-eye view of the heart,
showecasing the left ventricle in a clear circular format (Figure 10). To obtain the PSAX
view, a transducer is applied perpendicular at 90° to the mouse’s longitudinal axis,
capturing a cross-sectional image (VisualSonics, 2008b). PSAX allows for the visual
assessment of cardiac function and structures through various imaging modes and
techniques discussed below (B-mode and M-mode, 3D and speckle-tracking). To obtain
the parasternal long axis (PLAX) view, a transducer is applied parallel at 160° to the
mouse’s longitudinal axis (Figure 11), creating an image of the heart from a lateral angle
(VisualSonics, 2008b). The PLAX view displays the heart in a longitudinal orientation, as
the ultrasound beam is orientated parallel to the long axis of the heart. As with PSAX, the
resulting image obtained with PLAX reveals the left ventricle chamber (though as an
elongated view), but PLAX also allows views of the cardiac valves, pulmonary artery and
aorta. The PLAX view therefore allows for the Doppler imaging of these vessels
(VisualSonics, 2008a).

The PLAX view provides a wider perspective of the heart, giving a broader view of the left
ventricle and its motion. On the other hand, the PSAX view is generally considered to
provide a more specific assessment of chamber dimensions and structures as it assesses
a perpendicular cross-section of the heart at a single point (Garbi et al., 2016). In
combination, assessing both viewpoints provides the most representative perspective of
the heart and of any changes that may have occurred. By obtaining baseline
measurements of the heart prior to treatment, researchers can determine any change that

may occur over the course of an experiment (Garbi et al., 2016).
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(C) PSAX (B-Mode)

Figure 9: Schematic, Positioning and B-mode Image Demonstrating the PSAX
Cardiovascular Orientations.

(A). Schematic demonstrating the PSAX cross-sectional area. (B). Transducer
positioning for visualisation of a mouse PSAX. (C). PSAX B-mode image.
Echocardiograms of eight-week-old C57BI/6J mice were produced using a Vevo
2100 system with a 38 MHz MS400 transducer. The yellow line represents the axis
which the M-Mode trace is generated. Abbreviations: LV = Left ventricle, AW =
anterior wall, PW = posterior wall, IVS = Interventricular septum, Pap = papillary

muscle. Image (B) was taken from (VisualSonics, 2008b).
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Figure 10: Schematic, Positioning and B-mode Image Demonstrating the
PLAX Cardiovascular Orientation.

(A). Schematic demonstrating the PLAX cross-sectional area on a 3D-heart. The
yellow line represents the axis which the M-mode trace is generated. (B).
Transducer positioning for visualisation of a mouse PSAX. (C). PLAX B-mode
image. The yellow line represents the axis which the pulmonary artery doppler flow
is generated. Echocardiograms of eight-week-old C57BIl/6J mice were produced
using a Vevo 2100 system with a 38 MHz MS400 transducer. Abbreviations: LV =
Left ventricle, AW = anterior wall, PW = posterior wall, ID= Internal diameter. AA =
ascending aorta, PA = pulmonary artery, PV = Pulmonary vein. Image (B) was
taken from (VisualSonics, 2008Db).

73



B-mode (Brightness mode) Imaging

B-mode imaging produces two-dimensional cross-sectional images, entirely constructed
of white dots (Garbi et al., 2016). Each dot represents a reflected ultrasound wave.
Therefore, B-mode images are constructed of multiple ultrasound waves (Figure 12). The
brightness of the dot represents the density of the structure from which the ultrasound
wave is reflected. The brighter the dot, the higher the density of the structure. B-mode
images offer excellent spatial resolution, allowing for detailed visualisation of anatomical
features and abnormalities. For example, it can be used to quantify IVS wall thickness and

aortic diameter (VisualSonics, 2008a).
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Figure 11: Representative Mouse Cardiac B-mode Images.

(A). Parasternal short axis (PSAX) B-mode image of the heart. (B). Parasternal long
axis (PLAX) B-mode image of the heart. (C). Modified PLAX B-mode image of the aorta
during systole (left) and diastole (right). Echocardiograms of eight-week-old C57BIl/6J
mice were captured using a Vevo 2100 system with a 38 MHz MS400 transducer. The
yellow line represents the axis which the M-Mode trace is generated. Abbreviations: LV
= left ventricle, AW = anterior wall, PW = posterior wall, IVS= intraventricular septum,
Pap = papillary muscle, RV = right ventricle. PA = pulmonary artery, PV = pulmonary
vein, AA = ascending aorta, DA = descending aorta, AArch = aortic arch.
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M-Mode Imaging

For Motion Mode (M-mode) imaging, pulses of ultrasound waves are produced along a
single axis. The pulses produce multiple B-mode images, which are linked together to
create a live video, providing a one-dimensional representation of motion over time
(Figure 13) (Garbi et al., 2016). As the axis of the ultrasound beam remains the same,
any movement within the area of focus would correlate with structural displacement. This
displacement is detected as the structure moves in and out of focus of the single
ultrasound beam. In the context of this thesis, M-Mode imaging in echocardiography was
used to assess changes in left ventricle wall structure and function. As the left ventricle
contracts and relaxes, displacements in left ventricular size and shape can be observed.
These displacements enable calculations of systolic and diastolic function and
dimensions, including ejection fraction, and changes in left ventricular wall thickness
(anterior wall (LVAW) and posterior (LVPW)) (Lindsey et al., 2018; VisualSonics, 2008a).
M-mode imaging can, therefore, be used to evaluate any wall motion abnormalities of a

diseased heart.
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Figure 12: Representative Mouse Cardiac M-mode Images.

(A). Parasternal short axis (PSAX) B-mode image of the heart. (B). Parasternal long axis
(PLAX) B-mode image of the heart. (C). M-mode image of the heart can be done from
either PSAX or LSAX imaging. Echocardiograms of eight-week-old C57BI/6J mice were
produced using a Vevo 2100 system with a 38 MHz MS400 transducer. The yellow lines
on (A) and (B) represent the axes from which the M-Mode trace (C) is generated.
Abbreviations: LV = left ventricle, AW = anterior wall, PW = posterior wall, IVS=
intraventricular septum, Pap = papillary muscle, RV = right ventricle, PA = pulmonary
artery, PV = pulmonary vein, AA = ascending aorta, Dia = diastolic, Sys = systolic, ID =

internal diameter. Adapted from (VisualSonics, 2008a).
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3D Imaging

In recent years, technological advancements in medical imaging have led to
improvements in cardiac echocardiography. Although not used in this thesis, one such
innovation is three-dimensional (3D) echocardiography. Traditional two-dimensional (2D)
echocardiography has long been a cornerstone of cardiac imaging. However, it has
certain limitations, particularly for accurate visualisation and assessment of changes
across the whole heart. As previously described, 2D echocardiography involves capturing
2D cross-sectional images of the heart in real time using ultrasound waves. 3D
echocardiography combines multiple planes of 2D images to generate a live 3D model of
the heart (Garbi et al., 2016). So how does 3D echocardiography provide a more
comprehensive assessment of cardiac anatomy? In 2D echocardiography, measurements
of 2D cross-sectional images provide a perspective of the heart on a single plane. As the
heart is a dynamic organ that constantly moves and changes shape throughout the
cardiac cycle, this can lead to inaccuracies in measurements in a 2D plane. These
inaccuracies are especially prevalent when the heart has irregular shapes or complex
structures as a consequence of disease. 3D echocardiography, on the other hand, allows
for gating of the heartbeat and creates a 3D image of the entire heart. This allows for a
more precise quantification of parameters like cardiac volumes and ejection fraction, as
well as dimensions such as volume and wall thickness (Garbi et al., 2016). It accounts for
the entire cardiac structure rather than a single cross-section, reducing errors associated
with assumptions about shape and geometry. Capturing the entire heart with 3D
echocardiography may enable the detection of any subtle abnormalities that 2D
echocardiography may miss or even be able to identify these abnormalities earlier in their
development. However, the time for echocardiography is greater for 3D

echocardiography.

Pulsed-Wave Do6ppler

Pulsed wave Ddppler is widely used in sonography to assess blood flow in major vessels,
such as the aorta, pulmonary artery, carotid arteries, renal arteries, and peripheral vessels
(Garbi et al., 2016). In this thesis, the focus was the pulmonary artery (Figure 14A) and
the aorta (Figure 14B). Pulsed wave Doppler provides valuable information for diagnosing
and monitoring cardiovascular conditions. Pulsed wave Déppler enables measurement of
blood flow velocities at specific points along the vessel, enabling calculation of important
hemodynamic parameters, such as peak velocity and the velocity time interval

(VisualSonics, 2008a), so that researchers can identify any deviations from the norm.
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Pulsed wave Ddppler is highly effective in evaluating the presence and severity of
stenosis or other obstructions within vessels (Garbi et al., 2016). Detecting these issues
early is critical for diagnosis and ongoing monitoring of conditions that hinder blood flow.
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Figure 13: Representative Analysis of Aorta and Pulmonary Artery Function.

(A). Pulsed-wave Ddppler trace assessing aortic blood flow. (B). A pulse wave
Doppler trace assessing pulmonary artery blood flow. Echocardiograms of eight-
week-old mice were obtained using a Vevo 2100 system. VevoLab analysis was used
to assess the blood flow in the aorta and pulmonary artery and the effects of each
treatment. The yellow dotted line represents the single ultrasound beam which
generates the trace. Abbreviations: PA = pulmonary artery, AoV = aortic valve, VTI =
velocity time interval of blood flow, PAT/AAT = pulmonary/aortic acceleration time,

PET/AET = pulmonary/aortic ejection time. Adapted from (VisualSonics, 2008a).
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Mitral Flow

Although not used in this thesis, pulsed wave Doppler can be used to assess blood flow
across the mitral valve (separating the left atrium and left ventricle of the heart) (Madalina
Garbi et al., 2016). Mitral flow provides an insight into the performance of the left
ventricle’s diastolic function, e.g. E-wave/A-wave ratio and mitral deceleration time
(Kitzman & Little, 2012; Schirmer et al., 2000). Efficient blood flow is essential for proper
cardiac function, ensuring an adequate supply of oxygen-rich blood to be pumped out to
the body. Therefore, an assessment of mitral flow can help evaluate the efficiency of
ventricular filling and therefore identify any deviations in cardiovascular diseases, e.g.,

ischemia or heart failure (Madalina Garbi et al., 2016).

Speckle-Tracking and Strain Analysis

Speckle-tracking is an advanced echocardiographic method used to assess the
deformation of cardiac structures (such as the myocardium) during each cardiac cycle
(Garbi et al., 2016). It relies on the identification and tracking of "speckles"”, unique
patterns created within the cardiac tissue on interaction with ultrasound waves. As the
heart contracts and relaxes during the cardiac cycle, these speckles move. The speckle-
tracking technology precisely follows the displacement of these speckles over time (Kinno
et al., 2017). The quantitative measurement of this tissue deformation is known as strain,
expressed as a percentage change in length. Strain assesses the extent to which the
heart muscle stretches or contracts during each phase of the cardiac cycle, offering
detailed information about both regional and global myocyte contractility during both
diastole or systole (Garbi et al., 2016). Speckle-tracking allows for the assessment of
strain in multiple directions, including longitudinal, circumferential, and radial strain (Garbi
et al., 2016). Together, these techniques can detect subtle changes in myocardial
mechanics, enabling early detection of myocardial dysfunction even before traditional
measures of cardiac function are affected. This is because they provide a more
comprehensive evaluation of myocardial function compared to conventional
echocardiography. Speckle-tracking and strain analysis can be performed with 2D or 3D

echocardiograms.

2.6.3 Echocardiography vs Magnetic Resonance Imaging

Medical imaging plays a significant role in diagnosing and managing cardiovascular

diseases. Two of the most commonly used imaging methods are echocardiography and
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MRI, each offering distinct advantages. Both echocardiography and MRI play crucial roles
in cardiovascular disease diagnosis and patient monitoring in a clinical setting (Phuah et
al., 2023) (Aimo et al., 2021) (Kinno et al., 2017). Both can also be used for preclinical

assessment of cardiac function and dimensions.

Echocardiography has numerous advantages in comparison to cardiac MRI. Ultrasound
equipment is much cheaper in comparison to MRI equipment. Echocardiography also has
substantially lower maintenance and operational costs, which further reduces financial
investment in running the equipment. This affordability makes echocardiography more
accessible for medical facilities with lower financial support, particularly because it has
more portability and can be deployed rapidly. This portability enables usage at the
patient's bedside or in external hospital settings. For preclinical studies, echocardiography
can be performed much quicker in the context of in vivo experiments. This reduces the
time animals are under anaesthetic and therefore any complications which may arise from
prolonged anaesthetic exposure (e.g. deteriorating thermoregulation, lung and
cardiovascular function) (Tremoleda et al., 2012). The speed of echocardiography does
not compromise accuracy of the recorded data therefore can be used to reduce the

duration of time for which animals are under anaesthesia.

MRI equipment is much larger, stationary and requires lengthy technical setup procedure.
However, MRI has unhindered imaging capabilities compared with echocardiography
which is limited due to photoacoustic interference with dense structures such as bone.
Dense structures obscure acoustic access of the ultrasound waves to underlying tissue
(the ultrasound waves are reflected off the dense structure, rather than passing through),
preventing imaging of the underlying tissues (Grant et al., 2021). However, for preclinical
models, animals need to be anaesthetised for more prolonged periods of time for MRI and
small animal MRI is vastly more expensive, requiring specialised facilities that are not

available in all units.
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2.7 Regulation of Cellular Responses

The studies presented in this thesis use mouse echocardiography to assess the roles of
specific genes (Striatins in Chapter 3 and PKN2 in Chapter 4, respectively) or the effects
of a small molecule inhibitor of protein kinases (the RAF inhibitor dabrafenib in Chapter 5)
in cardiac hypertrophy resulting from Angll-induced hypertension. The context of the
signalling is described in the publications in each of the chapters. The main scientific
focus of my work was the Striatins (see Chapter 1), and these are explained in detail
below, with brief summaries for the chapters on PKN2 (Section 2.9.3) and the dabrafenib
(Section 2.9.4) projects.

2.7.1 Intra- and Inter-Cellular Signalling: General Concepts

Signalling pathways are dynamic networks of interconnected proteins and small
molecules that enable cells to communicate, interpret, and respond to stimuli from their
internal and external environments (Alberts et al., 2002; Kotob, 2021). Signalling
pathways play a fundamental role in regulating cellular processes. Without signalling
pathways, essential processes such as cell growth, differentiation, metabolism, and
apoptosis, would not be possible (Pan & Zhang, 2021). Conversely, deviations in
signalling pathways are responsible for the pathogenesis of various diseases (Alberts et
al., 2002). Signalling pathways consist of four fundamental components: receptors,
signalling molecules, transducers, and effectors (Figure 15) (Kotob, 2021). Receptors
detect and bind to specific signalling molecules, known as ligands, which convey
information from the intracellular or extracellular environment. Ligand-receptor interactions
trigger a cascade of intracellular biochemical events, initiated by transducers that amplify
the initial signal and regulate downstream signalling components. Finally, effectors
execute the ultimate responses, translating the amplified signal into changes in gene
expression, protein activity, cellular morphology, or metabolic processes (Alberts et al.,
2002; Kotob, 2021).

Protein kinases and phosphatases are essential for intracellular signalling, contributing to
a diverse number of cellular processes essential for human physiology. The human
kinome and phosphatome (all of the protein kinases/phosphatases encoded within the
genome) consists of ~530 protein kinases (Bhullar et al., 2018; Sergienko et al., 2022)
and ~200 phosphatases (Chen et al., 2017; Sergienko et al., 2022). Protein kinases
phosphorylate proteins by transferring the gamma phosphate from adenosine
triphosphate to the target protein. Protein phosphatases antagonise the effects of kinases,

dephosphorylating their substrates producing inorganic phosphate. These post-
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translational modifications alter protein conformation and, therefore, function. The effect
depends on the residue's function within the target protein (Shchemelinin et al., 2006) and
can mediate/disrupt signal transduction and the generation of signalling cascades (Alberts
et al., 2002; Kotob, 2021). This affects fundamental processes including mRNA
transcription and subsequent protein expression. The antagonistic role of kinases and
phosphatases enables cellular signalling to be regulated to ensure the correct responses
are generated from the initiating signalling molecules or stressors. Their importance in
modulating signalling cascades means they must be tightly regulated. This includes
phosphorylation/dephosphorylation by other kinases/phosphatases or themselves (i.e.
autophosphorylation). There are three main types of eukaryotic kinases, serine/threonine
(Ser/Thr) protein kinases, tyrosine (Tyr) protein kinases and dual-specificity kinases that

can phosphorylate Ser/Thr and Tyr residues (Bhullar et al., 2018).
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2.7.2 Striatins, PP2A and STRIPAK Complexes

PP2A is a heterotrimeric Ser/Thr protein phosphatase, ubiquitously expressed in human
cell types, which is responsible for a large proportion of eukaryotic phosphatase activity
(Hwang & Pallas, 2014). The common residue targeting of PP2A is essential for
intracellular signalling as it gives PP2A a broad substrate specificity, allowing influence
over a diverse number of cellular functions. The structure of PP2A is comprised of
structural (A), regulatory (B) and catalytic (C) subunits (Baskaran & Velmurugan, 2018;
Moreno et al., 2000). PP2A has a dimeric core consisting of PP2Ax and PP2Ac, which
further complexes with PP2Ag to form a heterotrimeric PP2A holoenzyme. PP2Ag directs
the dimeric core to specific substrates and/or required intracellular locations as well as
regulates the activity of PP2Ac (Gordon et al., 2011). The holoenzyme provides variability
upon association of the A and C subunits with B, producing unigue characteristics and

functions.

PP2Ax is essential to establish the heterotrimeric complex in order to alter the catalytic
activity of PP2Aca. This process occurs even in the absence of PP2Ag. PP2AA and PP2Ac
each comprise of only two isoforms (a, B) with sequence conservation within eukaryotes
(Gordon et al., 2011; Goudreault et al., 2009). PP2Ag is more heterogenic in comparison
and is classified into four classes: B, B', B" and B"’, with at least 16 genes contributing to
these subfamilies (Baskaran & Velmurugan, 2018; Hwang & Pallas, 2014). The striatin
family of proteins comprise the fourth (B””’) family, as they can bind to and alter the activity
of the dimeric core in the absence of other B-type subunits (Gordon et al., 2011; Moreno
et al., 2000). Therefore, the striatin family in complex with PP2A, and PP2A. are essential
for targeting proteins to PP2A for dephosphorylation. Further modifications either post-

translational or via accessory proteins, manipulate PP2A subunit association and activity.

The striatin family consists of striatin (Strn), Strn3 (originally referred to as S/G2 nuclear
autoantigens or SG2NA) and Strn4 (also known as Zinedin) (Tanti et al., 2023) (Hwang &
Pallas, 2014). The striatin family are homologous, characterised by four protein-protein
interacting domains: (1) the caveolin (CaV) binding domain, (2) a Ca?*- calmodulin (CaM)
binding domain, (3) a coiled-coil (C-C) domain and (4) a Tryptophan-Aspartate-repeat
(WD) domain (Sanghamitra et al., 2008) (Figure 16). In addition to forming the B’ subunit
of PP2A, striatins form a hub for protein kinase signalling by interacting with a range of

different proteins, thus forming STRiatin-Interacting Phosphatase And Kinase (STRIPAK)
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complexes each complex having striatins at the core (Figure 17). STRIPAK complexes
incorporates combinations of over 20 types of proteins from 10 protein families (Table 3),
producing over 100 different variants (Goudreault et al., 2009). The function of the
STRIPAK complex is determined by the proteins comprising the complex (Tanti et al.,
2023). The functional diversity of the STRIPAK proteins indicates that the STRIPAK
complex influences a variety of processes which contribute to maintain cardiac function.
Therefore, it can be assumed that abnormalities in PP2A/STRIPAK core would disrupt
usual cardiac function (Baskaran & Velmurugan, 2018; Hwang & Pallas, 2014; Nader,
2019; Sergienko et al., 2022).
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Strn3a

Strn3p

Strn4

C-C
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55-63 149-166 461
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83-131
392
77-136
71-79 166-183 478
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676

797

752

Figure 15: The Gene Structure of the Striatin Family Proteins.

The four highly conserved domains are annotated as follows: CaV = caveolin-binding

domain, C-C = coiled-coil domain, CaM = calmodulin binding domain and the WD-

repeat = Tryptophan-Aspartate-repeat domain. The data were obtained from Uniprot
codes: 043815 = Strn, K7TDCS6 = Strn3 alpha isoform, Q13033 = Strn3 Beta isoform,
Q9NRL3 = Strn4 (UniProt Consortium., 2018). Adapted from (Hwang & Pallas, 2014).
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A. Activation
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(CCM3 @‘

STRN or STRN3 or STRN4

( CCM3

STRN or STRN3 or STRN4

Calyculin A

Figure 16: STRIPAK Complexes and the Germinal Centre Kinase (GCK) Subfamilies.

(A) Activated PP2A: Striatin family proteins associate with PP2A,and PP2Ac, enabling
dephosphorylation of the GCKs in complex with the striatins. GCKs are either
bound with the striatins directly (e.g. GCKIV) or indirectly through adaptor proteins
(e.g. GCKIII). (B). Inhibited PP2A: Inhibition of PP2A (e.g. by Calyculin A) or
dissociation of GCK from the complex enables kinase autophosphorylation and
activation of GCK. Adapted from (Goudreault et al., 2009).
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Table 3: Components of the STRIPAK Complex

Protein | Protein

group

name
PP2Aca

P PZACB

PP2AAq

PP2Anag

Striatin

Striatin 3

Striatin 4

Mob3
STRIP1
STRIP2

CTTNBP2NL

CTTNBP2

SLMAP

Structural motif

Phosphatase catalytic

Phosphatase catalytic

PP2A scaffold, HEAT
repeats

PP2A scaffold, HEAT
repeats
Caveolin-binding, Ca2+-
CaM-binding, C-C, WD-
repeat
Caveolin-binding, Ca2+-
CaM-binding, C-C, WD-
repeat
Caveolin-binding, Ca2+-
CaM-binding, C-C, WD-
repeat

Mob domain

Proline-rich

Poly-Leucine

C-C, Proline rich

C-C, Proline rich

C-C, FHA, Leucine
zipper, hydrophobic
membrane anchor

Biological role

Multiple substrate protein
dephosphorylation
Multiple substrate protein
dephosphorylation

Phosphatase scaffold

Phosphatase scaffold

Scaffold protein which
modulates numerous
signalling pathways.
Scaffold protein which
modulates numerous
signalling pathways.
Scaffold protein which
modulates numerous
signalling pathways.
Vesicular trafficking
Cellular morphology and
migration through mediating
cytoskeletal organisation
Regulating cytoskeletal
organisation and transporter
activity
Regulates dendritic spine
distribution
Component of the cardiac

sarcolemma associated
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TRAF3IP3

SIKE

FGFR10P2

CCM3

MST3

YSK1

MST4

C-C

C-C

Lyase 2-enoyl-coa
Hydratase,
nucleotidyltransferases
Ste20 Kinase, Nuclear
localisation signal,

nuclear export signal

Ste20 Kinase

Ste20 Kinase

with myoblast fusion and
contraction

Modulates TRAF3-mediated
JNK activation associated
with stress response and
apoptosis induction
Negative regulator of the
interferon pathway
Contributes to wound
healing

Intermediate to stabilise
GCKIll and therefore
modulates GCKIII activity
Serine/threonine kinase
which promotes apoptosis
in response to stress stimuli
and caspase activation.
Oxidant stress-activated
serine/threonine kinase that
may play a role in the
response to environmental
stress

Modulates apoptosis and
cell growth

Table legend: The STRIPAK complex can be comprised of 20 different proteins from 10

different protein families, producing over 100 variants of the STRIPAK complex. This table

lists the structural motifs and biological functions for each protein within the complex. This

table was adapted from (Goudreault et al., 2009).
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The purpose of the STRIPAK complexes appears to bring PP2A into proximity of protein
kinases to keep them in a dephosphorylated and inactivated form of the enzyme (Hwang
& Pallas, 2014; Tanti et al., 2023). Inhibition of PP2A (e.g. with an inhibitor such as
Calyculin A) (Wakimoto et al., 2002) or removal of either the kinase or phosphatase from
the complex results in autophosphorylation and activation of the kinase that can then
phosphorylate downstream substrates (Hwang & Pallas, 2014).

The best characterised of the striatin-regulated kinases belong to the Germinal Center
Kinase superfamily (GCKs) (Hwang & Pallas, 2014). These are a family of 22 Ser/Thr
kinases composed of two domains: a conserved catalytic domain and a variable
regulatory domain. The regulatory domain is divided into eight subcategories, and the
STRIPAK complex predominantly interacts with GCKIII and GCKIV. GCKs are involved in
cellular survival/apoptosis and proliferation (Delpire, 2009). This suggests that they may
play a role in the hypertrophic response and heart failure. However, the mechanisms of
regulation and function of GCKs in cardiac myocytes are poorly understood, especially in

the context of heart failure aetiology.

The best characterised interaction between the Striatins and GCKs is the interaction of
GCKIII with Strn and Strn3. GCKIII interacts with Strn and Strn3 using cerebral cavernous
malformation 3 (CCM3) as an intermediate to stabilise GCKIII (Gordon et al., 2011,
Goudreault et al., 2009; Kean et al., 2011). PP2A then dephosphorylates residues such as
Thrt"® within the activation loop of MST3, inactivating MST3 (Gordon et al., 2011). PP2A
inhibition (e.g. by Calyculin A), or the modulation of STRIPAK components, causes MST3
to dissociate and become activated (Figure 17). This occurs through autophosphorylation
of Thrl’® within the catalytic domain followed simultaneously by cis-autophosphorylation of
Thr328 within the regulatory domain of MST3 (Fuller et al., 2012).

Other interactions of STRIPAK members with the striatin family are less well-
characterised. GCK activity is regulated within the STRIPAK complex by PP2A
dephosphorylation through various protein interactions (Hwang & Pallas, 2014). For
example, Strn4 has been shown to directly associate with GCKIVs. GCKIs, through
sarcolemmal membrane-associated protein (SLMAP) intermediates, can target any of the
Striatins. GCKIllIs and GCKIVs have been demonstrated to interact with the Striatins
through associations with CTTNBP2NL (cortactin—binding protein 2 (CTTNBP2) N-
terminal-like). STRIPAKSs have also been demonstrated to be involved in the Hippo (Kuck
et al., 2019; Ma et al., 2019), MAPK/ERK (Shi et al., 2016), cytoskeletal (Fletcher &
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Mullins, 2010) (Charrin & Alcover, 2006) and the oestrogen receptor pathways (Fuentes &
Silveyra, 2019; Shi et al., 2016).

As within many organ systems, there is a limited understanding on the role of the striatin
family and the STRIPAK complex in the heart. Evidence for STRIPAK and cardiac disease
was demonstrated first when the striatin gene was identified within one of 22 loci
correlating with recurrent variants of cardiac ventricular conduction and QRS interval
length (Sotoodehnia et al., 2010). This association correlated with findings from Meurs et
al., 2010 who identified an 8 base-pair deletion that decreased Strn mRNA in Boxer dogs.
This mutation increased the risk of developing arrhythmogenic right ventricular
cardiomyopathy (ARVC) (Meurs et al., 2010) and dilated cardiomyopathy (Meurs et al.,
2013). ARVC and sudden cardiac death commonly presents with a prolonged QRS

interval, the condition which the mutated Strn isoform is associated.

Nader et al., 2012 demonstrated that Strn interacts with caveolin-3 and calmodulin in the
presence of Ca?* to mediate spontaneous contraction rate of cultured cardiac myocytes
(Nader et al., 2012). Strn is localised to the intercalated discs (Meurs et al., 2010) where it
may influence cardiac contractility and intercellular communication. Nader et al., 2017
found that Strn overexpression increased the spontaneous contraction rate of cultured
cardiac myocytes 2-fold, whilst knockout Strn decreased contraction rate by 40% from the
control (Nader et al., 2017). This demonstrates that Strn plays a significant role in
moderating cardiomyocyte contraction rate and could be considered as a therapeutic

treatment for cardiac arrhythmias.

Heterozygote knockdown of Strn (Strn+/-) in mice causes a significant increase in salt-
dependent hypertension in comparison to wild-type mice (Garza et al., 2015). A single
nucleotide polymorphism (rs2540923) human Strn is also linked to salt-sensitive
hypertension, correlating with the relationship identified in mice (Garza et al., 2015;
Gholami et al., 2024; Gupta et al., 2017). Strn+/- mice are more sensitive to aldosterone-
induced injury, but the Strn+/- mice showed no significant modification of aldosterone
mediated cardiac and kidney damage when compared to their wild-type littermates (Garza
et al., 2020). A clinical trial (Stone et al., 2021) has recruited for a study investigating the
effect of a mineralocorticoid receptor antagonist on blood pressure in participants with the
Striatin rs2540923 SNP (i.e. the SNP identified previously (Garza et al., 2015)).

There appear to be no current studies published so far that have assessed the effect of

Strn3 on the heart. However, Strn3 is an important regulator in endoplasmic reticulum
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homeostasis, preventing cellular damage from oxidative stress and promoting cellular
survival. Depletion of Strn3 promotes cell death in BALB/c mice in response to
endoplasmic reticulum stress (Jain et al., 2017). Previous investigations have correlated
increased endoplasmic reticulum stress with cardiac hypertrophy and heart failure (Wang
et al., 2018). Therefore, it can be predicted that Strn3 may play a role in this process.

Many of the other components of the STRIPAK complex are associated with cardiac
dysfunction (Hwang & Pallas, 2014). This includes SLMAP, STRIP2, CCM3 and MAP4KA4.
SLMAP has many functions within the heart and heart disease, including organisation of
the excitation-contraction coupling complex, recruitment of STRIPAK components and in
the pathology of Brugada syndrome (Antzelevitch & Patocskai, 2016; Guzzo et al., 2005;
Ishikawa et al., 2012). STRIP2 knockdown in zebrafish causes structural heart defects
including ventricular stagnancy, an enlarged atrium and vascular defects (Wagh et al.,
2014). The studies also found associations with a reduction in STRIP2 expression with a
reduction of cardiac myosin light chain 2 and ventricular heavy chain expression.
Mutations within CCM3 have been associated with cerebral cavernous malformation, a
disorder associated with cardiac dysfunction (Kean et al., 2011; Retta & Glading, 2016).
MAP4K4 is regulated by STRIPAK complexes within cardiomyocytes. This regulation was
shown to influence the cytoskeletal dynamics, adhesion, differentiation and migration of
the cell. MAP4K4 may contribute to cardiac dysfunction when these systems go awry
(Fuller et al., 2021; Kim et al., 2020; Nicholls, 2019; Seo et al., 2020).

2.7.3 PKN2 in the Heart

The PKN (Protein Kinase N) family of Ser/Thr kinases is a subset of the protein kinase C
(PKC) superfamily. These kinases have an N-terminal regulatory domain and a C-terminal
catalytic domain and interactions between the N- and C-terminal regions maintains the
enzyme in an inactive form (Sophocleous et al., 2021). Unlike some other PKCs, the three
PKN isoforms (PKN1, PKN2, and PKN3) are not regulated by diacylglycerol or Ca?*. PKN
activation is tightly regulated by the Rho GTPase family of proteins, RhoA, RhoB, and
RhoC. PKNs are activated by binding GTP-bound Rho proteins to its Rho-binding domain.
This binding causes a conformational change, activating it by exposing its catalytic
domain. Activated PKNs phosphorylate various downstream targets, such as myosin light
chain kinase (MLCK), microtubule-associated proteins (MAPs), and transcription factors.
These phosphorylation events modulate cellular processes such as cell motility,
cytoskeleton dynamics, and gene expression. However, despite many years of

investigation, the details of PKN regulation and roles remain to be determined.
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Of the PKNs, only PKN2 is embryonic lethal (Danno et al., 2017). Homozygous PKN1 or
PKN3 knockout mice are viable and fertile with no overt abnormalities. Heterozygous
PKN2 knockout mice also appear normal, but homozygous PKN2 knockout mice die at
embryonic day E10.5 with cardiac defects indicating that PKN2 plays a significant role in
the development of the heart (as shown in Chapter 4). The publication shown in Chapter
4 demonstrated that, although PKN2 may not be required for functioning of the adult
heart, it is required for the heart to respond to a pathophysiological stress such as

hypertension.

2.7.4 The ERK1/2 Pathway and its Inhibitors

The ERK1/2 pathway (Figure 18) plays a pivotal role in regulating cell proliferation,
differentiation, and survival (Lavoie et al., 2020). As a consequence, the ERK1/2 pathway
is a key target for cancer (Ali et al., 2022; Lavoie et al., 2020; Marampon et al., 2019).
Anti-cancer drugs have been or are being developed to target each component of the
pathway with small molecule inhibitors of the small G protein Ras and the key protein
kinases of the pathway (RAF, MEK1/2 and ERK1/2).

Classically, the pathway is initiated by the binding of a peptide growth factor such as
epidermal growth factor (EGF) to its receptor, the EGF receptor (EGFR), leading to the
autophosphorylation of the tyrosine kinase domain of the receptor (Figure 18A). This
phosphorylation event creates docking sites for proteins like growth factor receptor-bound
protein 2 (GRB2), which contain Src homology 2 (SH2) domains capable of binding to the
phosphotyrosine residues on the activated receptor (Zarich et al., 2006). Once bound,
GRB2 brings SOS (son of sevenless), a guanine nucleotide exchange factor (GEF) to the
membrane. SOS catalyses the removal of guanosine diphosphate (GDP) from a member
of the rat sarcoma protein (Ras) subfamily (e.g., H-Ras or K-Ras) (Figure 18B). This
enables the binding of guanosine triphosphate (GTP) to Ras, activating the protein
(Figure 18C).

Activated Ras then initiates a downstream signalling cascade by recruiting RAF (rapidly
accelerated fibrosarcoma) kinase to the membrane for phosphorylation and activation
(Figure 18D) (Avruch et al., 2001). RAF kinase subsequently phosphorylates and
activates the mitogen-activated protein kinase kinase 1/2 (MEK1 and MEK2) (Figure
18E). MEK, in turn, phosphorylates and activates extracellular signal-regulated kinase 1/2
(ERK1/2) (Figure 18F). Activated ERK1/2 translocates to the nucleus, where it
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phosphorylates and regulates the activity of various transcription factors such as Myc,
Fos, Elk, and Ets (Figure 18G) (Ali et al., 2022; Kong et al., 2019; Lavoie et al., 2020;
Plotnik et al., 2014; Sears et al., 2000; Tanos et al., 2005). This phosphorylation
modulates the transcriptional activity of these factors, ultimately influencing the expression

of genes involved in cell proliferation, differentiation, and survival.

Vemurafenib, dabrafenib, and encorafenib are all approved anti-cancer therapies that
target RAF kinases (Bahar et al., 2023; Maik-Rachline et al., 2018). These therapies are
generally used in combination with a MEK1/2 inhibitor (e.g. dabrafenib is used with
trametinib) (Ullah et al., 2022). However, the ERK1/2 cascade is also important in cardiac
development and in cardiac pathology (Gallo et al., 2019), raising the question of the
effects of the anti-cancer drugs that target the pathway on cardiac function, and whether

they may be cardiotoxic.
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Figure 17: Activation of the ERK1/2 Signalling Pathway by EGF.

(A). EGF binds EGFR causing autophosphorylation of the associated tyrosine kinase. (B).
Activated SOS then promotes the removal of GDP from Ras. (C). Ras binds GTP and
becomes activated. (D). Activated Ras recruits RAF for phosphorylation. (E). RAF
phosphorylates and activates MEK1/2. (F) MEK1/2 phosphorylates and activates ERK1/2.
(G). ERK translocates into the nucleus where it regulates the activities of

several transcription factors. Dabrafenib targets BRAF but inhibits all RAF isoforms
(ARAF, BRAF and RAF1). Abbreviations: EGFR, epidermal growth factor receptor;
GRB2, growth factor receptor-bound protein 2; SOS, son of sevenless; MEK, mitogen-
activated protein kinase kinase; ERK, extracellular signal-regulated kinase. Adapted from
(Lavoie et al., 2020).
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The three striatins (STRN, STRN3, STRN4) form the core of STRiatin-Interacting
Phosphatase and Kinase (STRIPAK) complexes. These place protein phosphatase 2A
(PP2A) in proximity to protein kinases thereby restraining kinase activity and regulating key
cellular processes. Our aim was to establish if striatins play a significant role in cardiac re-
modelling associated with cardiac hypertrophy and heart failure. All striatins were expressed
in control human hearts, with up-regulation of STRN and STRN3 in failing hearts. We used
mice with global heterozygote gene deletion to assess the roles of STRN and STRN3 in
cardiac remodelling induced by angiotensin Il (Angll; 7 days). Using echocardiography, we
detected no differences in baseline cardiac function or dimensions in STRN*/~ or STRN3*/~
male mice (8 weeks) compared with wild-type littermates. Heterozygous gene deletion did
not affect cardiac function in mice treated with Angll, but the increase in left ventricle mass
induced by Angll was inhibited in STRN*/~ (but not STRN3*~) mice. Histological staining
indicated that cardiomyocyte hypertrophy was inhibited. To assess the role of STRN in car-
diomyocytes, we converted the STRN knockout line for inducible cardiomyocyte-specific
gene deletion. There was no effect of cardiomyocyte STRN knockout on cardiac function
or dimensions, but the increase in left ventricle mass induced by Angll was inhibited. This
resulted from inhibition of cardiomyocyte hypertrophy and cardiac fibrosis. The data indi-
cate that cardiomyocyte striatin is required for early remodelling of the heart by Angll and
identify the striatin-based STRIPAK system as a signalling paradigm in the development of
pathological cardiac hypertrophy.

Introduction

The development of heart failure is associated with significant morbidity and a poor prognosis despite
optimal medical therapy. It affects millions of people worldwide [1]. A leading cause of heart failure is
hypertension that affects ~30% of all adults [1,2]. Whilst the identification of patients suffering from
hypertension and their management has significantly improved in recent years, a number of patients
present acutely with end-organ damage or progress to complications of hypertension in spite of maxi-
mal therapy. Broader therapeutic options for individual patients to manage hypertensive heart disease are
clearly needed, but this requires greater understanding of the underlying mechanisms. Striatin (STRN) is
associated with salt-dependent hypertension in mice. Thus, mice that are heterozygotic for STRN gene
deletion have a similar blood pressure profile to wild-type littermates when provided with a low salt diet,
but have a greater increase in blood pressure with higher dietary salt [3]. This probably results from effects

(© 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution 1
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in endothelial cells and enhanced vasoconstriction [4]. These mice also have increased renal damage in response to
aldosterone [5]. Further evidence for a role for STRN in heart failure comes from boxer dogs with arrhythmogenic
right ventricular cardiomyopathy (ARVC) and heart failure, resulting from an 8 bp deletion in the 3’UTR of STRN
and reduced STRN expression [6,7]. In humans, SNPs in the STRN gene are linked to blood pressure regulation
[3,8,9], PR/QRS interval [10,11], hypertrophic cardiomyopathy [12] and heart failure [13]. SNPs in a second isoform,
striatin 3 (STRN3, also known as SG2NA) are also linked to hypertension [14]. STRN, STRN3 and the third isoform,
STRN4, are all expressed in the heart. Understanding the roles of these proteins may increase therapeutic options in
patients with hypertension to both reduce the risk and to manage the development of heart failure complications.

The heart mainly contains contractile cardiomyocytes, endothelial cells in the capillary network and fibroblasts pro-
ducing extracellular matrix [15]. Since adult mammalian cardiomyocytes are terminally-differentiated, they respond
to increased cardiac workload (e.g., resulting from hypertension) with hypertrophic growth to increase contractile
function [16]. The increase in cell size is associated with increased contractile apparatus and changes in gene expres-
sion (e.g., up-regulation of Myh?7, Nppa and Nppb mRNAs). Cardiomyocytes may undergo necrosis or programmed
cell death in situations of extreme or prolonged stress, compromising cardiac function and leading to heart failure
[17]. Loss of endothelial cells and capillary rarefaction is another feature of developing heart failure [18], along with in-
creased fibrosis in the myocardium (interstitial fibrosis) that compromises cardiac function by increasing ventricular
wall stiffness, and around the arterioles (perivascular fibrosis) [19,20]. Fibrosis is associated with increased numbers
of myofibroblasts which may derive from activation of resident fibroblasts or other cardiac cells (e.g., endothelial cells
may undergo endothelial to mesenchymal transition and increase numbers of myofibroblasts) [21,22].

Cellular changes associated with cardiac remodelling are regulated by protein phosphorylation/dephosphorylation.
Whilst much is known about protein kinase signalling cascades, specific roles of phosphatases and dephosphorylation
are less well understood. The Ser-/Thr- phosphatase PP2A is highly abundant and ubiquitously expressed [23]. It is
formed of one of two catalytic subunits (PP2A), one of two regulatory subunits (PP2A,) and one of many targeting
‘B’ subunits that direct PP2A to its substrates. Striatins form a class of B subunits (B””) for PP2A, but also interact with
protein kinases, particularly those of the Germinal Centre Kinase (GCK) family [24]. Because of this, striatin-based
complexes have been termed STRiatin-Interacting Phosphatase and Kinase (STRIPAK) complexes [25,26]. This sys-
tem places GCKs in close proximity to PP2A which maintains the kinase in a dephosphorylated (inactive) state.
Inhibition of PP2A or removal of the phosphatase or kinase results in kinase activation, most probably through
autophosphorylation. Striatins have an N-terminal domain that binds caveolins, potentially directing them to the
plasma membrane and a Ca**/calmodulin-binding domain. A coiled-coil domain and C-terminal WD repeats facil-
itate binding of other proteins. Interactome studies have identified many proteins in STRIPAK complexes, some of
which probably direct different complexes to different subcellular targets and/or subdomains [27-29]. Striatins, GCKs
and STRIPAKS regulate a diverse array of cellular processes including cell survival/proliferation/migration, key fea-
tures of cardiac remodelling. As described above, STRN is linked to various forms of heart failure and conductance
irregularities. Consistent with the latter, STRN is of significant importance in composite junctions between cells, and
immunostaining experiments place STRN at intercalated discs between cardiomyocytes, potentially regulating ion
fluxes between cells [6,30].

Our hypothesis is that STRIPAKSs play a significant role in cardiac remodelling associated with developing heart
failure. Here, we show that STRN, STRN3 and STRN4 are all dysregulated in human failing hearts compared with
normal controls, with up-regulation of STRN and STRN3. Our data in mouse models with heterozygote knockout of
STRN and STRN3 identified STRN, but not STRN3, as a potential mediator of the early phase of cardiac remodelling
(i.e., prior to heart failure development and cardiac dysfunction) induced by developing hypertension in mice result-
ing from angiotensin II (AnglI) infusion. Further studies using mice with inducible cardiomyocyte-specific STRN
deletion confirmed that cardiomyocyte striatin plays a key role in this early remodelling phase.

Methods

Ethics statement

Human heart samples

Human heart samples were from the University of Pittsburgh, U.S.A. Failing human heart samples were from pa-
tients who consented to a protocol reviewed and approved by the University of Pittsburgh Institutional Review Board.
Non-failing heart samples were collected under University of Pittsburgh CORID #451 (Committee for Oversight of
Research and Clinical Training Involving Decedents) and with consent being obtained by the local Organ Procure-
ment Organization (OPO), CORE (Center for Organ Recovery and Education).
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Mouse studies

Mice were housed at the BioResource Unit at University of Reading (colonies for STRN and STRN3 global knockout)
or St. George’s University of London (colonies for cardiomyocyte-specific deletion of STRN), both UK registered
with a Home Office certificate of designation. Procedures were performed in accordance with UK regulations and
the European Parliament Directive 2010/63/EU for animal experiments. All work was undertaken in accordance with
local institutional animal care committee procedures at the University of Reading and the U.K. Animals (Scientific
Procedures) Act 1986. Studies were conducted under Project Licences 70/8248, 70/8249 and PS8BAB0744.

Studies of striatin isoforms in human hearts

mRNA expression of STRN (ENSG00000115808), STRN3 (ENSG00000196792) and STRN4 (ENSG00000090372)
was determined using a previously published RNASeq dataset derived from left ventricular samples of patients with
end-stage dilated cardiomyopathy (1=97) taken at the time of transplantation or left ventricular assist device im-
plantation, compared with non-diseased controls (n=108) [31]. Differential expression analysis was performed with
DESeq2 (V1.18.1, Wald test) [32].

Human heart samples used in this study were previously used to study RAF kinases [33]. Transmural tissue at
the level of the anterior papillary muscle was collected at the time of cardiac transplantation from the left ventricle of
end-stage heart failure patients. Samples were collected in the operating room and transported in ice-cold St. Thomas’
cardioplegia solution, flash frozen within 20 min of excision, and stored at —80°C prior to utilisation. Control left
ventricular tissues were collected from hearts that were rejected for transplant for varying reasons. Tissues were col-
lected and stored in a similar manner as the failing hearts, with between 20 and 45 min of time elapsing between
cross-clamp and freezing of the tissue. Hearts were ground to powder under liquid N,, and samples taken for RNA
and protein preparation as described below.

Animal husbandry and randomisation

Housing conditions were as described in [33,34]. Animals were checked daily and breeding was conducted with mice
between 6 weeks and 8 months with a maximum of 6 litters per female. Mice undergoing procedures were monitored
using a score sheet and routinely culled if they reached a predefined endpoint agreed with the Named Veterinary
Surgeon. Weights were taken before, during and at the end of the procedures. Mouse weights from the start and end
of procedures are provided in Supplementary Table S1. These studies used only male mice because of the intention
to convert the line for conditional gene deletion using tamoxifen (see below), an approach which has not been fully
characterised for female mice. Furthermore, our recent studies of inducible deletion of BRAF indicated that males
and females responded very differently to this regime [35]. Mice were allocated to specific groups on a random basis
with randomisation performed independently of the individual leading the experiment. Four mice receiving AnglI
that died and all data for these were excluded from analysis (one wild-type from the STRN colony that died on day 2,
two STRN™/CreM ™/~ mice treated with corn-oil that died on day 7 and one STRN™/CreM™/~ mouse treated with
tamoxifen that died on day 7). Post-mortem analysis showed rupture of a major blood vessel in all cases. Otherwise,
no mice were excluded after randomisation. Individuals conducting the studies were not blinded to experimental
conditions for welfare monitoring purposes. Data and sample analysis (e.g., echocardiography and histology) was
performed by individuals who were blinded to intervention.

Mouse lines and gene deletion strategy

Mice for STRN or STRN3 knockout were from the Knockout Mouse Project (KOMP). Both lines (“Knockout first”
STRN!mI(KOMPWTs 51y q STRN3UmIa(KOMPIWTSH) ywere on a C57BI/6N background and, following resuscitation, were
backcrossed with C57Bl/6] mice (Charles River Laboratories) for at least eight generations prior to experimentation
and sperm preservation (at the Mary Lyon Centre, MRC Harwell, UK). Colonies were maintained as heterozygotes
with ongoing breeding with C57Bl/6] mice to generate heterozygote and wild-type (WT) littermates for experiments
(N.B. Global homozygous knockout of any striatin isoform is embryonic lethal).

Myh6-MERCreMER mice expressing tamoxifen-inducible Cre recombinase under control of a mouse Myh6 pro-
moter [Tg(Myh6-cre)1Jmk/], strain no. 009074] [36] were from Jackson Laboratories, imported into the UK and
transported to St. George’s University of London for breeding in-house. These mice are on a C57Bl/6] background.
Mice for cardiomyocyte-specific knockout of STRN were derived from the sperm banked at the Mary Lyon Cen-
tre from the STRN mice. The line was resuscitated and allele conversion using FLP recombinase to generate the
conditional ready floxed line was performed by the Mary Lyon Centre (MRC Harwell). Heterozygous floxed STRN
(STRNWTM) mice were transported to St. George’s University of London and backcrossed onto a C57Bl/6] background
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for four generations maintaining the line as heterozygotes before generating the homozygote line (STRN™T). They
were then crossed with homozygous Cre (Cre*/*) mice to generate mice that were heterozygous STRN and hem-
izygous for Cre (STRNWT/Cre*/~); these were used to generate double homozygotes (STRN™/Cre*/+). STRN#
mice were bred with STRN/Cre*/* mice to generate mice hemizyogous for Cre and homozygous for floxed STRN
(STRN™/Cre*).

Tamoxifen was dissolved in 0.25 ml ethanol which was then mixed with 4.75 ml corn oil. Male mice (8-9 weeks)
were treated with a single dose of tamoxifen (40 mg/kg i.p.; Sigma-Aldrich) to induce recombination or corn-oil
vehicle as a control at 4 days relative to mini-pump implantation (see below). Our previous studies of mice hemizygous
for CreM™/~ treated in this way demonstrated that this is sufficient to induce recombination but has no overt effect
on cardiac function or dimensions at baseline or on AnglI-induced cardiac hypertrophy [33,35].

Genotyping and confirmation of recombination

Ear notches were taken for identification using a 0.5 mm ear punch and used for genotyping. For confirmation of
recombination in the heart, hearts and kidneys were collected from mice treated with tamoxifen or corn-oil vehi-
cle, the tissues were ground to powder under liquid N, and samples were taken. DNA was extracted using Pure-
link genomic DNA (gDNA) mini-kits (Invitrogen) according to the manufacturer’s instructions. gDNA was purified
through Purelink spin columns and eluted in 30 pl of elution buffer. PCR amplification used GoTaq Hot Start Poly-
merase (Promega). PCR conditions were 95°C for 3 min, followed by up to 35 cycles of 95°C denaturations for 30
s, 30 s annealing, elongation at 72°C for 30 s, followed by a 7-minute 72°C final extension. Details of primers and
conditions are in Supplementary Table S2. PCR products were separated using gel electrophoresis (25 min, 80 V) on
2% (w/v) agarose gels and visualised under UV light.

Angll-induced cardiac hypertrophy

Alzet osmotic minipumps (supplied by Charles River Laboratories) were used for continuous delivery of 0.8 mg/kg/d
AnglI or vehicle for 7 d. Mice were anaesthetised in an induction chamber using vaporised 5% isoflurane in a constant
oxygen supply of 2 I/min. Anaesthesia was maintained at 2.5% isoflurane using a nose cone. Mice were positioned
on a heated mat in the prone position. Buprenorphine (Vetergesic, Ceva Animal Health Ltd.) (0.05 mg/kg, diluted in
sterile PBS) was administered subcutaneously for analgesia. The fur covering the mid-scapular region was removed
using an electric razor and the area was sterilised with HIBISCRUB® (VioVet). Under aseptic conditions, a 2 cm
incision was made at the mid-scapular region and blunt dissection generated a pocket towards the lower-left flank
of the mouse for the minipump to be inserted. The wound was closed with two simple interrupted sutures using
polypropylene 4-0 thread (Prolene, Ethicon) and then sterilised with HIBISCRUB®. Mice were recovered singly and
returned to a clean cage once fully recovered.

Mouse echocardiography

Echocardiography was performed using a high-frequency ultrasound system (Vevo 2100™, Visualsonics) equipped
with a 38 MHz MS400 transducer. Baseline echocardiograms were collected at 8 weeks (prior to tamoxifen treatment
and/or minipump implantation) with additional scans taken at the end of the study. Mice were anaesthetised in an
induction chamber using vaporised 5% isoflurane in a constant oxygen supply of 1 1/min. Anaesthesia was maintained
with 1.5% isoflurane using a nose cone. Mice were positioned on a heating physiological monitoring stage in a supine
position. Heart rate, respiration rate and body temperature were monitored. Chest fur was removed with an electric
razor and hair removal cream. Pre-warmed ultrasound gel was applied to the chest as a coupling medium for the
transducer. The transducer was orientated and lowered into the ultrasound gel until a clear image was centralised
on the monitor. Imaging was completed within a maximum time of 30 min, and usually within 15 min. Mice were
recovered singly and transferred to the home cage once fully recovered. Cardiac function and left ventricular wall
dimensions were measured from M-mode short axis images using VevoLab software with assistance from the autoLV
tool. Cardiac function and global longitudinal strain were measured from B-mode long axis images using VevoStrain
software for speckle tracking. B-mode images of the ascending aorta were also captured and the diameter of the aorta
measured using VevoLab software, before the beginning of the arch and perpendicular to the walls. Measurements
were collected at the end of ventricular contraction when the diameter was at its largest and following contraction
of the aorta when at its narrowest. At the end of the experiment, whilst still under anaesthesia, mice were culled
by cervical dislocation with severance of the femoral artery to ensure cessation of life. Hearts were excised quickly,
washed in PBS, dried and snap-frozen in liquid N, or fixed for histology.
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Histology and analysis

Histological sections for the global STRN and STRN3 knockout mouse studies were prepared and stained by His-
tologiX Limited. Sections for the cardiomyocyte-specific STRN knockout study were prepared and stained at St.
George’s University of London (as described in [37]). Haemotoxylin and eosin staining was used for analysis of my-
ocyte cross-sectional area. Cells around the periphery of the left ventricle (excluding epicardial layer) were chosen
at random (ensuring that the cells were in cross-section and with a clear, rounded nucleus) and outline traced using
NDP.view2 software (Hamamatsu). This approach was taken to ensure cells were captured in the same region of the
myocardium, to avoid issues relating to different levels of stress and orientation of cells across the myocardial wall,
along with interdigitation of individual cardiomyocytes. Because of the rigorous approach, limited numbers of cells
were available for selection and all, or up to 30 cells were measured per section by a single independent assessor and
the mean value taken for each mouse. To assess interstitial fibrosis, sections were stained with Masson’s trichrome or
picrosirius red and analysis used Image-] as in [37]. The collagen fraction was calculated as the ratio between the sum
of the total area of fibrosis (blue colour for Masson’s trichrome, red colour for picrosirius red) to the sum of the total
tissue area (including the myocyte area) for the entire image and expressed as a percentage. For perivascular fibrosis
(because there was not a constant number of vessels apparent in each section), picrosirius red staining was used and
the whole section was scored for perivascular fibrosis around arterioles (identified by a clear elastic layer). Values
were 1 (negligible increase in fibrosis around any vessel), 2 (mild-to-moderate fibrosis around 1 or more vessels), 3
(significant fibrosis permeating tissue around 1 or more vessels) and 4 (extensive fibrosis around multiple vessels,
penetrating into the myocardium).

RNA preparation and qPCR

Heart powders (10-15 mg) were weighed into safelock Eppendorf tubes and kept on dry ice. RNA Bee (AMS Biotech-
nology Ltd.) was added (1 ml) and the samples homogenised on ice using a pestle. RNA was prepared according to the
manufacturer’s instructions and dissolved in nuclease-free water. The purity was assessed from the A,49/A 5 mea-
sured using an Implen NanoPhotometer (values were 1.8-2.0) and concentrations determined from the A,4p. Quan-
titative PCR (qPCR) analysis was performed as described in [38]. Total RNA was reverse transcribed to cDNA using
High Capacity cDNA Reverse Transcription Kits with random primers (Applied Biosystems). QPCR was performed
using a StepOnePlus Real-Time PCR system (ThermoFisher Scientific) using 1/40 of the cDNA produced. Optical
96-well reaction plates were used with iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories Inc.) according
to the manufacturer’s instructions. See Supplementary Table S3 for primer sequences. Results were normalised to
GAPDH, and relative quantification was obtained using the ACt (threshold cycle) method; relative expression was
calculated as 2722, and normalised as indicated in the Figure Legends.

Immunoblotting

Heart powders (15-20 mg) were homogenised in 6 vol extraction buffer [20 mM Tris pH 7.5, 1 mM
EDTA, 10% (v/v) glycerol, 1% (v/v) Triton X-100, 100 mM KCI, 5 mM NaF, 0.2 mM Na;VO,, 5 mM
MgCl,, 0.05% (v/v) 2-mercaptoethanol, 10 mM benzamidine, 0.2 mM leupeptin, 0.01 mM trans-epoxy
succinyl-L-leucylamido-(4-guanidino)butane, 0.3 mM phenylmethylsulphonyl fluoride, 4 1M microcystin]. Samples
were extracted on ice with intermittent vortex mixing (10 min), then centrifuged (10,000 x g, 10 min, 4°C) to pellet
insoluble material. The supernatants were removed, a sample was taken for protein assay and the rest boiled with 0.33
vol sample buffer (300 mM Tris-HCl pH 6.8, 10% (w/v) SDS, 13% (v/v) glycerol, 130 mM dithiothreitol, 0.2% (w/v)
bromophenol blue). Protein concentrations were determined by BioRad Bradford assay using a 1/5 dilution (v/v) in
H,O of the dye reagent concentrate and BSA standards.

Proteins (100 pg for human heart samples, 40 pg for rat and mouse heart samples) were separated by SDS-PAGE
(200 V) using 8% (for striatin isoforms), or 12% (GAPDH) polyacrylamide resolving gels with 6% stacking gels until
the dye front reached the bottom of the gel (~50 min). Proteins were transferred electrophoretically to nitrocellu-
lose using a BioRad semi-dry transfer cell (10 V, 60 min). Non-specific binding sites were blocked (15 min) with 5%
(w/v) non-fat milk powder in Tris-buffered saline (20 mM Tris-HCI pH 7.5, 137 mM NacCl) containing 0.1% (v/v)
Tween 20 (TBST). Blots were incubated with primary antibodies in TBST containing 5% (w/v) BSA (overnight, 4°C),
then washed with TBST (3 x 5 min, 21°C), incubated with horseradish peroxidase-conjugated secondary antibod-
ies in TBST containing 1% (w/v) non-fat milk powder (60 min, 21°C) and then washed again in TBST (3 x 5 min,
21°C). Rabbit polyclonal antibodies to STRN and STRN4 were from Novus Biologicals Ltd (STRN: catalogue number
NB110-74571; STRN4: catalogue no. NBP2-36537) and were used at 1/1000 dilution. Goat polyclonal antibodies to
STRN3 (SG2NA) were from Santa Cruz Biotechnology Inc (catalogue no. E1704). Rabbit polyclonal antibodies to
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GAPDH were from Cell Signaling Technologies (catalogue no. 14C10). All primary antibodies were used at 1/1000
dilutions. Horseradish-peroxidase-conjugated goat anti-rabbit immunoglobulins (catalogue no. P0448) and rabbit
anti-goat immunoglobulins (catalogue no. P0449) were from Dako (supplied by Agilent) and were used at 1/5000
dilution. Bands were detected by enhanced chemiluminescence using ECL Prime with visualisation using an Image-
Quant LAS4000 system (Cytiva). ImageQuant TL 8.1 software (GE Healthcare) was used for densitometric analysis.
Raw values for phosphorylated kinases were normalised to the total kinase. Values for all samples were normalised
to the mean of the controls.

Image processing and statistical analysis

Images were exported from the original software as .tif or .jpg files and cropped for presentation with Adobe Photo-
shop CC maintaining the original relative proportions. Data analysis used Microsoft Excel and GraphPad Prism 9.
Statistical analysis was performed using GraphPad Prism 9. A Grubb’s outlier test was applied to the data, and outliers
excluded from the analysis. Statistical significance was determined using two-tailed unpaired Mann-Whitney tests,
or two-tailed one-way or two-way ANOVA as indicated in the Figure Legends. A Holm-Sidak’s multiple comparison
test was used in combination with ANOVA. Graphs were plotted with GraphPad Prism 9 or 10. Specific P values are
provided with significance levels of P<0.05 in bold type.

Results

Striatin and striatin 3 are up-regulated in human failing hearts

To assess which of the striatin isoforms is most likely to promote human heart failure, we mined an RNASeq
database of heart samples from patients with dilated cardiomyopathy (DCM; n =97) compared with normal con-
trols (n=108) [31]. STRN, STRN3 and STRN4 transcripts were readily detected, with a rank order of expression of
STRN4>STRN>STRN3 in control samples (Figure 1A). Expression of STRN4 declined in DCM hearts whilst ex-
pression of STRN and STRN3 increased. To establish if this reflects a broader spectrum of heart failure and determine
how mRNA expression correlates with protein expression, we also assessed expression of striatins in samples from
12 patients with heart failure of mixed non-ischaemic aetiology compared with normal controls (previously reported
in [33]). These showed a significant increase in only STRN3 mRNA expression in heart failure samples (Figure 1B),
although protein expression of all striatins was significantly increased in failing hearts (Figure 1C,D). Thus, although
STRN and STRN3 have a similar profile overall with up-regulation in disease, STRN4 may have more specific and
selective roles in different forms of heart failure.

Global heterozygous knockout of STRN in mice, but not STRN3, reduces

cardiac hypertrophy induced by Angli

Since STRN and STRN3 were up-regulated in DCM and human failing hearts of other aetiology, we focused on
these isoforms for further investigation. We used commercially-available knockout-first mice, engineered with a re-
movable STOP cassette to permit conversion for conditional gene deletion (Figure 1E; Supplementary Figure S1A).
Homozygous global deletion of any striatin isoform is embryonic lethal, so we assessed the effects of heterozygous
gene deletion (STRN*~ and STRN3*/~), comparing responses with wild-type littermates. We studied male mice tak-
ing baseline echocardiograms at 8 weeks and, using M-mode assessment of short axis images, or B-mode images
with speckle-tracking/strain analysis, we detected no differences in cardiac function or dimensions in STRN*/~ or
STRN3*'~ mice compared with the wild-types (Supplementary Table S4). Mice were then treated for 7 days with
acidified PBS (AcPBS) vehicle or with 0.8 mg/kg/d AnglI using osmotic minipumps (Figure 1F). This ‘slow-pressor’
dose gradually induces hypertension over 7-14 days [39-41]. We did not assess the effects in female mice because
premenopausal mice are resistant to AnglI-induced hypertension [42,43] (see Discussion).

We assessed protein expression of the three striatins in mouse hearts by immunoblotting. The only antibody for
STRN that we could identify detected STRN protein in mouse hearts as a band of ~110 kDa (the upper band on
the immunoblots), and this was reduced in hearts from STRN*~ mice (Figure 1G,H). Other bands were detected
below this but, since there is no evidence for alternatively spliced isoforms of STRN and we detected no difference
in expression of these bands in the STRN*/~ mice, we assume these are non-specific. STRN knockdown did not
significantly affect expression of STRN3 or STRN4. Angll increased expression of STRN in wild-type littermates
from the STRN colony, and this was accompanied by a significant increase in STRN3. STRN3 was reduced in hearts
from STRN3*/~ mice with no significant change in expression of STRN or STRN4 (Supplementary Figure 1C,D).
In contrast to the STRN colony, we did not detect an increase in any striatin isoform with AnglI in hearts from
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Figure 1. Expression of striatin isoforms in human failing hearts and global heterozygous STRN knockout in mice

(A) Data for mRNA expression of striatin isoforms in human hearts were from an RNASeq database of patients with dilated car-
diomyopathy (DCM, n=97) and normal controls (CON, n=108). Data for individual samples are shown with adjusted P values. (B-D)
Samples from control hearts (CON) or explanted hearts from patients with heart failure (HF) were used to prepare RNA for gPCR
analysis (B) or protein for immunoblots (C,D). Representative immunoblots (100 ug protein per lane) are in (C) with densitometric
analysis in (D). Individual values are shown with means + SD. Results are relative to GAPDH and normalised to the mean of the
CON hearts. Mann-Whitney tests were used for statistical analysis. (E) ‘Knockout-first’ strategy for global deletion of STRN in
mice involved positioning of a STOP cassette flanked by FRT sites upstream of a critical exon that was also flanked with LoxP
sites. (F) Experimental approach for assessment of effects of STRN deletion on cardiac function. Homozygous global knockout of
STRN is embryonic lethal, so heterozygote STRN*/~ male mice (8 weeks) were used in comparison with wild-type (WT) littermates
from each colony. Following baseline echocardiography (echo), minipumps were implanted for delivery of acidified PBS vehicle
(AcPBS) or 0.8 mg/kg/d angiotensin Il (Angll). Following echocardiography at 7 d, mice were killed. (G,H) Heart powders were used
for immunoblotting (40 ng protein per lane). Representative immunoblots of the striatin isoforms and GAPDH (G) are shown with
densitometric analysis (H). Results are relative to GAPDH and normalised to the means for WT mice treated with AcPBS. N.B. The
upper band of the STRN blot used for densitometry correlates with the predicted molecular weight of STRN protein (110 kDa).
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wild-type mice from the STRN3 colony, presumably reflecting differences in the background strain despite extensive
backcrossing onto the same C57BI/6] background.

We determined the effects of Angll on STRN*~ and STRN3*/~ mouse hearts using echocardiography, assessing
the changes induced at 3 and 7 d after minipump implantation. We analysed short axis M-mode images to obtain
information on cardiac function and left ventricle dimensions (wall thickness and internal diameter) as is usual, but
also employed the newer modality of speckle-tracking/strain analysis of long axis B-mode images. The latter offers
a significant advantage in monitoring changes around the entire ventricle wall rather than across a single point in
the myocardium. For cardiac function (heart rate, ejection fraction, fractional shortening and cardiac output), we
obtained similar measurements with either M-mode analysis or B-mode speckle-tracking software (Figure 2; Sup-
plementary Figure S2 and Supplementary Tables S5-7). We detected no significant changes in cardiac function with
AnglI treatment in STRN*'~ and STRN3*/~ mouse hearts or their wild-type littermates.

M-mode analysis was used to assess wall thickness and internal diameter at the level of the papillary muscle across
the left ventricle. AnglI induced a significant increase in left ventricle wall thickness in wild-type mice from both
STRN*~ and STRN3*'~ colonies at 3 d, together with a decrease in internal diameter, consistent with concentric
hypertrophy (Figure 2; Supplementary Figure S2 and Supplementary Tables S5-7). Wall thickness was also increased
in STRN*'~ mice treated with Angll, but this was significantly less than in the wild-type littermates (Figure 2A). By
7 d, the increase in wall thickness induced by AngIl in STRN*/~ mice was no longer significantly different from the
wild-type littermates (Figure 2B), presumably a consequence of further remodelling of the heart. B-mode imaging
confirmed this was likely to be the case since AnglI induced a significant increase in estimated left ventricle mass
in wild-type mice with a significantly reduced overall response in STRN*~ mice (Figure 2C). This was not associ-
ated with any differences in global longitudinal strain between wild-type and STRN*/~ mice which, along with the
absence of change in cardiac functional measurements, indicated that the hypertrophic response was still in a com-
pensatory phase. In contrast to STRN*/~ mice, the responses to AngIl of STRN3*/~ mouse hearts were similar to
those of wild-type littermates with increases in left ventricle wall thickness (using M-mode analysis) and estimated
left ventricle mass (with B-mode speckle-tracking) (Supplementary Figure S2). This was accompanied by a small in-
crease in global longitudinal strain suggesting there could be some gain of contractile function but, together with the
standard measures of cardiac function, the data indicate that these hearts were also in a compensatory phase.

Heart sections were stained with haemotoxylin and eosin and the cross-sectional area of myocytes at the periph-
ery of the left ventricle measured. AngllI increased cardiomyocyte cross-sectional area (indicative of cardiomyocyte
hypertrophy) in wild-type mice from both STRN and STRN3 colonies (Figure 3A,B and Supplementary Figure
S3A,B), and increased expression of hypertrophic gene markers (Figure 3C and Supplementary Figure S3C). The
AnglI-induced increase in cross-sectional area and expression of Myh7 mRNA (though not Nppa or Nppb) was
reduced in hearts from STRN*~ mice (but not STRN3"/~ mice) compared with their wild-type littermates. Other
genes associated with cardiac non-myocytes (Ng2 for pericytes, Tagln for smooth muscle cells, Ddr2 for fibroblasts,
Cdh1 and Cdh5 for endothelial cells) were not significantly changed with AnglI treatment or between wild-type and
STRN*'~ mice, suggesting the responses were not associated with significant changes in the proportions of cardiac
cell types at this stage (Figure 3C).

Heart sections were stained with picrosirius red to assess cardiac fibrosis (Figure 4A-E and Supplementary Figure
S3D-E). At this 7-day time point, AnglI induced only a small, non-significant increase in interstitial fibrosis and this
was most commonly detected in the area at the junction between the interventricular septum and the ventricular
wall. However, there was a greater, significant increase in perivascular fibrosis. The degree of fibrosis induced by
AnglI was similar in STRN*/~, STRN3*'~ and their wild-type littermates. AnglI also upregulated mRNAs encoding
fibrotic genes (Figure 4F,G). This was not significantly different in STRN*/~ or STRN3*~ mouse hearts compared
with their wild-type littermates, but there was an indication of reduced expression of some genes in the STRN*/~
mouse hearts.

Opverall, the data indicate that reduction of STRN3 does not substantially affect cardiac hypertrophy induced by
Angll, at least over the short term. In contrast, reduction of STRN compromises the cardiac response to AnglI, having
a clear effect on cardiomyocyte hypertrophy, though not cardiac fibrosis.

Cardiomyocyte-specific deletion of STRN inhibits Angll-induced cardiac
hypertrophy

To determine if the reduced hypertrophic response to AngIl in STRN*/~ mice was due to reduced expression of STRN
in cardiomyocytes rather than other cardiac cells, we converted the STRN knockout-first line for conditional gene
deletion using FLP recombinase (Figure 5A). These mice were used to generate homozygous floxed STRN mice with
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Figure 2. Heterozygous global deletion of STRN compromises the hypertrophic response to Angli

Male mice (8 wks) heterozygote for STRN knockout (STRN*~) and wild-type (WT) littermates from the same colony were treated
with acidified PBS (AcPBS) vehicle or Angll (0.8 mg/kg/d). Cardiac function and dimensions were assessed by echocardiography
using M-mode imaging of the short axis at 3 d (A) or 7 d (B), or B-mode imaging of the long axis at 7 d with speckle-tracking and
strain analysis (C). For M-mode imaging, diastolic values for left ventricle (LV) wall thickness (WT) or internal diameter (ID) are shown
and end diastolic LV mass and volume are provided for B-mode imaging. Cardiac function measurements are shown for M-mode
and B-mode analysis for comparison. Representative images are in the upper left of each panel. Individual datapoints are plotted
with means + SEM. Statistical analysis used two-way ANOVA with Holm-Sidak’s post-test (N.B.: All echocardiography data are
provided in Supplementary Tables S4, S5 and S7).
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Figure 3. Heterozygous global deletion of STRN, reduces cardiomyocyte hypertrophy and the increase in expression of
Myh7 induced by Angll

8 wk male STRN*/~ mice, plus their wild-type (WT) littermates were treated with acidified PBS (AcPBS) vehicle or 0.8 mg/kg/d Angll
(7 d). Hearts were fixed and sections stained with haemotoxylin and eosin. Representative images (A) show areas from the outer
perimeter of the left ventricular wall opposite the interventricular septum. (B) Cardiomyocyte cross-sectional areas are shown. (C)
RNA was extracted from mouse heart powders and analysed by gPCR for the mRNAs shown. Individual datapoints are plotted with
means + SEM. Results are relative to GAPDH and normalised to the means for WT mice treated with AcPBS. Statistical analysis
used two-way ANOVA with Holm-Sidak’s post-test.

a single allele for tamoxifen-inducible Cre under the control of a Myh6 promoter [36]. Male STRN™f/Cre*/~ mice (8
weeks) were treated with a single dose of tamoxifen (40 mg/kg) to induce recombination, an approach which is not
associated with significant cardiotoxicity from the Cre enzyme [33,35]. Recombination was detected in hearts but not
kidneys from STRNY/Cre*/~ mice treated with tamoxifen (Figure 5B), confirming cardiac-specific gene deletion.
Osmotic minipumps were implanted 4 days after tamoxifen treatment (by which time the tamoxifen has been cleared
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Figure 4. Heterozygous knockout of STRN does not reduce cardiac fibrosis induced by Angll

Eight-week male STRN*/~ mice, plus their wild-type (WT) littermates were treated with acidified PBS (AcPBS) vehicle or 0.8 mg/kg/d
Angll (7 d). Hearts were fixed and sections stained with picrosirius red. Representative short axis views of the whole heart are shown
for wild-type and STRN*/~ mice treated with AcPBS (A) or Angll (B). For Angll-treated hearts, an average (i) or maximum (i) response
is shown. Enlarged regions of the Angll-treated hearts in (B) are shown below for interstitial fibrosis (C) or perivascular fibrosis (D).
(E) Interstitial fibrosis was measured using Imaged and is presented as the % of the total area (excluding regions around the blood
vessels). Perivascular fibrosis was scored (1: negligible increase in fibrosis around any vessel; 2: mild-to-moderate fibrosis around
1 or more vessels; 3: Significant fibrosis permeating tissue around 1 or more vessels; 4: extensive fibrosis around multiple vessels,
penetrating into the myocardium). A scoring system was used for the latter because of the variation in numbers of vessels seen in
different heart sections. (F) RNA was extracted from mouse heart powders and analysed by gPCR for fibrosis mRNAs as indicated.
(G) The average value for each condition for each of the genes shown in (F) was taken. gPCR results are relative to GAPDH and
normalised to the means for WT mice treated with AcPBS. Individual datapoints are plotted with means + SEM. Statistical analysis
used two-way ANOVA with Holm-Sidak’s post-test.
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Figure 5. Cardiomyocyte-specific knockout of STRN inhibits cardiac hypertrophy induced by Angll

(A) Strategy for cardiomyocyte (CM) specific knockout of STRN in mice. STRN knockout first mice were converted to ‘condition-
al-ready’ using FLP recombinase, removing the STOP cassette between exons 5 and 6, whilst leaving the LoxP sites surrounding
exon 6 in place (STRN™ mice). These were bred with mice expressing tamoxifen- (Tx-) activated Cre to generate mice homozygous
for floxed striatin and hemizygous for Cre (STRNf/Cre*/~) for experiments. Treatment with tamoxifen induced recombination and
deletion of exon 6. (B) Hearts (H) and kidneys (K) from male mice were genotyped to confirm that the mice were conditional-ready
(upper panel) and that tamoxifen treatment (40 mg/kg) induced recombination in the heart but not kidney (lower panel). (C) Strategy
for experiments. Male STRN™#/Cre*/~ mice (8 weeks) were used. Following baseline echocardiography (echo), mice were treated
with corn-oil vehicle (COV) or Tx in COV (40 mg/kg; day -4) and minipumps were implanted (day 0) to deliver acidified PBS (AcPBS)
vehicle or 0.8 mg/kg/d Angll for 7 days, after which a final echocardiogram was taken before the mice were sacrificed. (D,E) Heart
powders were used for immunoblotting (40 pg protein per lane). Representative immunoblots of the striatin isoforms and GAPDH
are in (D) with densitometric analysis in (E). Results are relative to GAPDH and normalised to the means for mice treated with vehicle
only. The upper band of the STRN blot used for densitometry correlates with the predicted molecular weight of STRN protein.

from the body [44]) to deliver acidified PBS vehicle or 0.8 mg/kg/d AnglI for 7 days. Immunoblotting confirmed that
tamoxifen induced a significant and substantial decrease in STRN expression in the hearts of STRN™f/Cre*/~ mice,
and this was associated with a significant increase in expression of STRN3 (Figure 5D,E). As with global heterozy-
gous STRN*/~ mice (Figure 1EG), Angll increased expression of STRN, but there was no increase in the hearts of
cardiomyocyte STRN knockout mice (Figure 5D,E).

We used echocardiography to assess the changes in cardiac function and dimensions induced by AnglII 3 and 7 d
after minipump implantation in mice with and without cardiomyocyte STRN knockout (Figure 6 and Supplemen-
tary Tables S8,9). As with global heterozygous STRN gene deletion, we detected no significant differences in cardiac
function between any of the conditions at either of the times studied using either M-mode or B-mode analysis. AnglI
induced a significant increase in left ventricle wall thickness and decrease in internal diameter after 3 d in mice with-
out cardiomyocyte STRN knockout as assessed by M-mode imaging, but there was no increase in wall thickness in
mice with cardiomyocyte STRN knockout. As with the STRN*/~ colony, this hypertrophy was no longer detectable at
7 d using M-mode imaging. However, using B-mode imaging and speckle-tracking for the entire wall of the left ven-
tricle, at 7 d, AnglI induced a significant overall increase in estimated left ventricle mass in mice with cardiomyocyte
STRN that was lost with cardiomyocyte STRN knockout (Figure 6C).
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Figure 6. Cardiomyocyte-specific knockout of STRN compromises the hypertrophic response to Angll

Male STRN/Cre*/~ mice (8 weeks) were treated with corn-oil vehicle (COV) or tamoxifen (Tx; 40 mg/kg) and minipumps implanted
to deliver acidified PBS (AcPBS) or 0.8 mg/kg/d Angll for 7 days. Cardiac function and dimensions were assessed by echocardiog-
raphy using M-mode imaging of the short axis at 3 d (A) or 7 d (B), or B-mode imaging of the long axis at 7 d with speckle-tracking
and strain analysis (C). For M-mode imaging, diastolic values for left ventricle (LV) wall thickness (WT) or internal diameter (ID) are

shown and end diastolic LV mass and volume are provided for B-mode imaging. Cardiac function measurements are shown for
both M-mode and B-mode for comparison. Individual datapoints are plotted with means + SEM. Statistical analysis used two-way
ANOVA with Holm-Sidak’s post-test. (N.B. All echocardiography data are provided in Supplementary Tables S9 and S10).
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Figure 7. Cardiomyocyte-specific knockout of STRN inhibits the increase in cardiomyocyte cross-sectional area induced
by Angll

Male STRN"fI/Gre*’~ mice (8 wks) were treated with corn-oil vehicle (COV) or tamoxifen (Tx; 40 mg/kg) and minipumps implanted
to deliver acidified PBS (AcPBS) or 0.8 mg/kg/d Angll for 7 days. Hearts were fixed or snap-frozen in liquid N> before grinding to
powder. Representative images of sections stained with haemotoxylin and eosin (A) show areas from the outer perimeter of the
left ventricular wall opposite the interventricular septum. (B) Cardiomyocyte cross-sectional areas. (C) RNA extracted from mouse
heart powders was analysed by gPCR for the mRNAs shown. Results are relative to GAPDH and normalised to the means for mice
treated with vehicle only.

AngllI increased cardiomyocyte cross-sectional area and this was significantly reduced with cardiomyocyte STRN
knockout (Figure 7A,B). However, hypertrophic gene marker expression (Myh7, Nppa and Nppb) was similar with
or without tamoxifen treatment (Figure 6C) suggesting the cells continued to undergo pathological stress. As with
the STRN*" colony, gene markers for cardiac non-myocytes showed no significant change in expression. In contrast
with the effect of global heterozygous STRN knockout (Figure 4A-C), the increase in interstitial and perivascular
fibrosis induced by AnglI was significantly inhibited with cardiomyocyte STRN knockout and this was associated with
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reduced expression of fibrotic gene markers (Figure 8). We conclude that cardiomyocyte STRN plays an important role
in early adaptive remodelling of the heart induced by AnglI, with effects at the level of the cardiomyocytes themselves
to promote hypertrophic growth and to increase cardiac fibrosis.

Finally, to determine if there were likely to be secondary consequences of the compromised cardiac response to
AnglI in mice with cardiomyocyte STRN knockout, we assessed the responsiveness of the aorta, focusing on the
Windkessel effect [45]. This is seen in the large elastic arteries that distend when blood pressure increases with cardiac
contraction in systole and recoil as blood pressure falls during diastole. The Windkessel effect is a system that dampens
the large variation in blood pressure during the cardiac cycle and is lost with arterial stiffening resulting from aging or
atherosclerosis [46]. We measured the width of the ascending aorta (immediately after the aortic valve and before the
aortic arch) after systolic contraction when the aortic diameter is at its largest, and the narrowest diameter following
cardiac relaxation. At 7 d, AnglII had no significant effect on either measurement in mice treated with corn-oil vehicle
alone. However, with cardiomyocyte deletion of STRN, the width of the aorta following relaxation (i.e., the smallest
diameter) was significantly greater in mice treated with AnglI than the aortas from the vehicle treated mice (Figure
9). This resulted in a significant decrease in the width ratio, suggesting that the loss of striatin in the heart had a
secondary effect on the aorta with loss of compliance and reduction in the Windkessel effect.

Discussion

Eukaryotic cellular responses are regulated by vast numbers of protein phosphorylation reactions, catalysed by over
500 different protein kinases in the mammalian kinome [47,48] and countered by a range of protein phosphatases
[49]. We have detailed knowledge of how some key signalling pathways operate, but the regulation and roles of many
protein kinases remain to be unravelled. Here, we focused on a relatively uninvestigated system, the STRIPAK com-
plexes with a striatin isoform at the core, bringing together the most abundant protein phosphatase in the cell (PP2A)
with key protein kinases (e.g., GCKs) to regulate their activation [25,26]. Our data indicate that the three striatin
isoforms are all dysregulated in human failing hearts, but our studies with genetically altered mice place a particular
emphasis on STRN itself in the development of cardiac hypertrophy induced by AnglI treatment and, therefore, in
the broader context of hypertensive heart disease.

Our study was conducted in a context of the working model shown in Figure 10 in which STRN-based STRIPAKSs
operate in all cardiac cells. In addition to global effects of AnglI to increase blood pressure, there are local effects
of AnglI on cardiac cells. The primary effect of both is likely to be on the vascular cells within the heart that are in
direct contact with or close proximity to the blood, and which are highly responsive to this hormone (i.e., endothelial
cells, smooth muscle cells and/or pericytes). Amongst other effects, Angll stimulates release of pro-hypertrophic
factors (e.g., endothelin-1, Ednl [50]) that act on cardiomyocytes, inducing cardiomyocyte hypertrophy. In turn,
cardiomyocytes release factors that promote fibrosis (e.g., fibroblast growth factor 2, FGF2) and proliferation (e.g.,
EGF family ligands) in other cardiac cells. Our previous studies with BRAF knockout mice support this concept since
Ednl and FGF2 mRNAs are up-regulated in mouse hearts by AnglI, but manipulation of cardiomyocyte signalling
(with cardiomyocyte knockout of BRAF) selectively inhibit the increase in FGF2 [34]. We propose that the response
involves striatin-based STRIPAKSs with activation of GCKs in one or more of the cardiac cell types.

Cardiomyocyte-specific knockout of STRN (with potential dysregulation and mislocalisation of one or more GCK)
was sufficient to reduce cardiomyocyte hypertrophy (Figures 6-8). Pro-fibrotic cardiomyocyte-derived factors were
also reduced, resulting in inhibition of fibrotic genes and overall reduction in cardiac fibrosis. Thus, striatin-based
STRIPAKS are required for cardiomyocyte and cardiac hypertrophy in AnglII-induced hypertension. With heterozy-
gous global STRN knockout, there was no significant effect on interstitial or perivascular fibrosis induced by AnglI
compared with wild-type littermates, but there was greater suppression of cardiomyocyte hypertrophy (Figures 2-4).
This model is more complicated, with reduction of STRN-based STRIPAKs in all cardiac cells, potentially disrupting
the entire local cardiac response to AnglI. Furthermore, loss of STRN in vascular smooth muscle and endothelial
cells in peripheral resistance blood vessels carries a potential to affect blood pressure as discussed below. The loss of
cardiomyocyte hypertrophy could be a combination of reduced hypertrophic signals from other cells and reduced
cardiomyocyte hypertrophy signalling. The apparent lack of effect on fibrosis could be due to changes in pro- vs
anti-fibrotic factors that were counterbalanced. However, we can only speculate and further research is needed on the
role(s) of STRN in cardiac non-myocytes.

Previous studies in mice with global heterozygous STRN knockout used the same knockout-first system as we
used here. The earlier studies developed from prior work demonstrating up-regulation of STRN in mouse heart and
aorta by aldosterone, modulation of dietary salt or a combination of L-NAME (to inhibit NO production) and AngII
[51]. STRN*~ mice and their wild-type littermates have similar blood pressure when fed a restricted salt or normal
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Figure 8. Cardiomyocyte-specific knockout of STRN inhibits the increase in cardiac fibrosis induced by Angll

Male STRN™f/Cre*/~ mice (8 wks) were treated with corn-oil vehicle (COV) or tamoxifen (Tx; 40 mg/kg) and minipumps implanted
to deliver acidified PBS (AcPBS) or 0.8 mg/kg/d Angll for 7 days. Hearts were fixed and sections stained with picrosirius red.
Representative short axis views of the whole heart are shown for mice treated with AcPBS (A) or Angll (B). For Angll-treated hearts,
the average (i) or maximum (ii) response is shown. Enlarged regions of the Angll-treated hearts in (B) are shown below for interstitial
fibrosis (C) or perivascular fibrosis (D). (E) Interstitial fibrosis was measured using ImageJ and is presented as the % of the total
area (excluding regions around the blood vessels). Perivascular fibrosis was scored (1: negligible increase in fibrosis around any
vessel; 2: mild to moderate fibrosis around 1 or more vessels; 3: Significant fibrosis permeating tissue around 1 or more vessels; 4:
extensive fibrosis around multiple vessels, penetrating into the myocardium). A scoring system was used for the latter because of
the variation in numbers of vessels seen in different heart sections. (F) RNA was extracted from mouse heart powders and analysed
by gPCR for fibrosis mRNAs as indicated. (G) The average value for each condition for each of the genes shown in (F) was taken.
aPCR results in are relative to GAPDH and normalised to the means for WT mice treated with AcPBS. Individual datapoints are
plotted with means + SEM. Statistical analysis used two-way ANOVA with Holm-Sidak’s post-test.
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Figure 9. Loss of aortic elasticity in mice with cardiomyocyte-specific knockout of STRN

Male STRN™fI/Cre*’~ mice (8 wks) were treated with corn-oil vehicle (COV) or tamoxifen (Tx; 40 mg/kg) and minipumps implanted
to deliver acidified PBS (AcPBS) or 0.8 mg/kg/d Angll for 7 days. (A) B-mode images of the aorta at cardiac systole or diastole
(upper and lower panels, respectively; images from each condition are from the same mouse). Aortic width measured after the
aortic valve at its largest (i.e., immediately following cardiac contraction) and smallest diameter (with cardiac relaxation) as shown
by the yellow lines. (B) Analysis of aortic diameter at cardiac systole and diastole plus the ratio between the two values. Individual
datapoints are plotted with means + SEM. Statistical analysis used two-way ANOVA with Holm-Sidak’s post-test.

diet (0.03% or 0.3-0.5% NaCl, respectively), but have an exaggerated increase in blood pressure on a higher salt diet
(1.6% NaCl) along with enhanced contraction of aortic rings and reduced relaxation [3-5]. STRN*/~ mice also have
an enhanced response to aldosterone with increased renal (though not cardiac) damage [5].

Interestingly, there is no significant difference in the renal or cardiac responses of STRN*'~ and wild-type mice in
a hypertension model using L-NAME and Angll, despite an increase in blood pressure. This apparently contradicts
our data, but L-NAME inhibits NO production and compromises endothelial cell function and vessel relaxation [52].
In Garza et al. [4], mice were treated with L-NAME for 7 d, before implantation of minipumps for delivery of 0.7
mg/kg/d AngllI for 3 d in a regime that increased blood pressure. We used a similar dose of AnglI over 7 d without
L-NAME, a regime with a minimal effect on blood pressure over this time [39-41] and, arguably, a milder model.
It remains possible that the blood pressure response to AnglI alone (not measured in this study) could be affected
in STRN*~ mice if STRN-based STRIPAKSs are involved in AngII receptor signalling in vascular smooth muscle
and/or endothelial cells in peripheral resistance blood vessels. Deletion of type 1 AnglI receptors (AT, Rs) in vascular
smooth muscle cells in resistance vessels in mice reduces baseline blood pressure and inhibits the increase in blood
pressure induced by Angll by 30% [53,54]. Thus, although there is no baseline difference between STRN*'~ mice
and their wild-type littermates [3-5], the effect of AngIl on blood pressure in heterozygote STRN*'~ mice could
be compromised to some degree, possibly contributing to some of the effects on the heart that we detected (Figures
2-4). However, Angll increases NO production in endothelial cells [55], and expression of constitutively-active AT;Rs
in endothelial cells decreases basal blood pressure with increased production of NO [56], potentially countering the
effects in vascular smooth muscle cells. Further research is clearly important to assess the specific roles of STRN-based
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Figure 10. Working model of striatin signalling in cardiac hypertrophy induced by angiotensin Il and conclusions from this
study

Previous studies place striatin at the core of STRIPAK complexes in which PP2A is brought into the vicinity of protein kinases
(particularly those of GCK family). Here, PP2A dephosphorylates and inactivates GCKs. STRIPAKs are targeted to subcellular
domains where they modulate cell-cell and cell-matrix interactions, regulate cell death or influence cell growth, proliferation and
migration. In our working model, in addition to global effects of Angll to increase blood pressure, there are also local effects of
Angll on cardiac cells. The increase in blood pressure, along with Angll itself have a primary effect on endothelial cells that are
in direct contact with the blood and highly responsive to this hormone. In arterioles, there is additional interaction of Angll with
smooth muscle cells that are also directly affected by blood pressure. These cells release pro-hypertrophic factors to promote
cardiomyocyte hypertrophy. Cardiomyocytes release additional pro-fibrotic and pro-proliferative factors that affect other cardiac
cells. The response involves STRN-based STRIPAKs in one or more of the cardiac cell types with, potentially, protein kinases such as
GCKs being activated by reduced PP2A activity in the STRIPAK complex. The data from this study show that cardiomyocyte-specific
knockout of STRN in mice reduced cardiomyocyte hypertrophy and cardiac fibrosis resulting from Angll treatment. Angll-induced
cardiomyocyte hypertrophy was also inhibited in heterozygous global STRN knockout mice compared with wild-type littermates,
but there was no effect on interstitial or perivascular fibrosis.

STRIPAKS in vascular smooth muscle cells and endothelial cells not only in the heart but also in peripheral blood
vessels and the effects on blood pressure, alongside tissue pathologies.

Our studies assessed the effects of STRN deletion only in young male mice and in a context of AnglI-induced hy-
pertension using a dose of 0.8 mg/kg/d. The dosage was selected carefully because our pilot studies with a higher dose
(0.9 mg/kg/d) resulted in increased mortality (20-30% over 3-7 d) due to rupture of a major blood vessel (unpub-
lished data). The concentration of AnglI we used is recognised as a slow pressor dose [39-41] and induced features of
hypertensive heart disease in all three genetic models with cardiomyocyte hypertrophy and cardiac fibrosis even over
7 days. We have used the same dose in previous experiments including an assessment of the effects of dabrafenib (a
BRAF inhibitor) on AnglI-induced hypertension, in which we also demonstrated how the disease progresses towards
heart failure over 28 d [57]. Further studies of STRN over this longer period may be useful to determine whether
it plays a significant role in later stages of the disease. We have yet to assess the role of STRN or STRN3 in female
mice. Here, it is necessary to consider that hypertension develops in males at an earlier age than females, and females
have some protection against hypertension until after the menopause [58]. Thus, young female mice are resistant to

1 8 (© 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).



Clinical Science (2024) 00 1-25 °
https://doi.org/10.1042/CS20240496 '. (] ESE%ELAND
°

AnglI-induced hypertension and induction of menopause results in loss of this resistance [42,43]. Notably, protec-
tion is restored if mice continue to receive oestrogen. Overall, although there is emphasis on assessing and comparing
males and females in all studies, particularly for hypertension, it seems more appropriate and necessary to consider
the sexes separately allowing for menopausal status in females.

STRN3 was first identified as a nuclear antigen (S/G2 nuclear antigen, SG2NA) subject to cell cycle regulation
[59] and, consequently, there is greater emphasis on its role in proliferating cells and cancer (e.g., [60]). However, it
is expressed at significant levels in the heart and, of the multiple splice-variants, the dominant isoform is reported
to be 78 kD, lacking two exons from the full-length 87 kDa variant [61,62]. Although other variants are reported in
the heart, we detected a single dominant band above the 75 kDa marker, presumably corresponding to the 78 kDa
STRN3 isoform (Supplementary Figures S4-S7). We are not aware of other published studies of STRN3 in the heart
or of in vivo studies in STRN3 knockout mice. STRN3 was expressed in mouse and human hearts and was signif-
icantly upregulated in human failing hearts (Figure 1A-C). However, we did not detect any significant differences
in cardiac function or dimensions between STRN3*~ mice and their wild-type littermates, either at baseline or in
response to AnglI (Supplementary Figures S2,3, and Supplementary Tables S4, S6 and S7). The studies of STRN3*/~
and STRN*'~ mice were done in parallel and the negative results with STRN3*/~ mice emphasize the potential impor-
tance of STRN in the early adaptive response to Angll. However, STRN3 may play an important role in later phases
of hypertension-induced cardiac dysfunction and/or in other cardiac pathologies (e.g., myocardial infarction that re-
sults in acute injury). It also has to be considered that we studied mice with heterozygote rather than homozygote
gene deletion and study of homozygotes (not possible because of embryonic lethality) may have been more revealing.
Because of this, it was important to adopt a conditional deletion approach to avoid problems during development.

Immunostaining studies place STRN at the intercalated disc in the heart suggesting it may regulate ion fluxes [6,30].
Consistent with this concept, reduced expression of STRN in boxer dogs is associated with ARVC and heart failure
[6,7], both of which are associated with a higher risk of life-threatening ventricular arrhythmia and poor prognosis
[63]. In addition, studies in cultured cardiomyocytes indicate that overexpression of striatin enhances contraction and
STRN knockdown reduces contractility [64]. Human genome-wide association studies (GWAS) link the STRN gene
with QRS/PR interval [10,11], further suggesting a role in regulating ion fluxes and contractility in cardiomyocytes.
We did not detect any differences in cardiac function between STRN*'~ mice and their wild-type littermates, but it
is unlikely that we would have detected arrhythmias with echocardiography in the relatively young mice we studied
with a relatively low level of stress resulting from the dose and duration of AnglI treatment. Greater differences would
perhaps have been detected in older mice or with a more severe or prolonged stress (e.g., in a myocardial infarction
model, prolonged treatment with AnglI or with transverse aortic constriction).

Even though we saw no effect of heterozygous STRN knockout on cardiac function using echocardiography, the
overall hypertrophic response induced by AnglI was inhibited (Figure 2). This was due to a reduction in cardiomy-
ocyte hypertrophy rather than fibrosis (Figures 3 and 4), suggesting that the phenotype resulted from decreased STRN
expression in cardiomyocytes. To address this, we developed a model for homozygous cardiomyocyte-specific STRN
knockout adopting a system for inducible and conditional gene deletion. This used a well-established approach using
a tamoxifen-inducible Cre enzyme under the regulation of the MYH6 promoter [36], a system which avoids problems
associated with development but raises additional concerns of potential cardiotoxicity from the Cre enzyme. This was
minimised by only using mice hemizygous for Cre and by restraining temporal activation of the enzyme with just a
single dose of tamoxifen to induce recombination. In hemizygous Cre*/~ mice, we detect no cardiotoxicity with or
without AnglI for at least the duration of the experiments reported here [33,35]. Others have used a similar approach
and also report little cardiotoxicity [65]. Given the results with STRN*~ mice, we anticipated that the hypertrophic
response induced by AnglI would be compromised by cardiomyocyte STRN knockout, and the increase in predicted
LV mass estimated on echocardiograms was, indeed, reduced (Figure 6C). However, the degree of inhibition of car-
diomyocyte hypertrophy appeared less than with the STRN*/~ mice and, in contrast to the STRN*/~ mice, there was
substantial reduction in fibrosis (Figures 7 and 8). The mice were derived from sperm from our STRN*~ colony so
the difference is unlikely to be due to the genetic background. Thus, the effect on fibrosis is most probably a true
reflection of the knockout system.

SNPs in the STRN gene have been linked to regulation of blood pressure and the development of heart failure using
GWAS, but there are some difficulties with interpretation. The first SNP to be linked to QRS interval (rs17020136
[66]) was originally placed in the STRN gene, but is now linked to the adjacent HEATR5B gene in the EMBL-EBI
GWAS Catalog (https://www.ebi.ac.uk/gwas), along with others associated with increased systolic blood pressure
(rs146074994, 13408514 [9,67]). HEATR5B (HEAT repeat containing 5B) is a ubiquitously expressed protein-coding
gene of unknown function and further studies of its role in blood pressure regulation may be useful. Nevertheless,
SNPs in the STRN gene are also linked to increased blood pressure (rs2540923 [3], rs3770770 [9]) in addition to
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QRS/PRinterval (rs3770770 [10], rs17496249 [11]), hypertrophic cardiomyopathy and heart failure (rs2003585 [12]).
Many of the identified STRN SNPs associated with cardiac dysfunction are intronic, so the functional consequences
are not clear. Nevertheless, linkage of the STRN gene with blood pressure along with studies in STRN*'~ mice have
led to a clinical trial for use of mineralocorticoid receptor antagonists in hypertensive patients carrying STRN risk
alleles [68].

Our data implicate cardiomyocyte STRN in cardiac hypertrophy, but provide limited insight into the mechanism
of action. Striatin itself becomes hyperphosphorylated on inhibition of PP2A in cardiomyocytes [69], a modification
which may modify subcellular localisation and/or binding partners. It may also be subject to ADP-ribosylation [70],
although this has not been studied in the heart. The protein kinases identified in STRIPAK complex signalling belong
to the GCK family with the GCKII (MST1 and MST?2 [71]), GCKIII (MST3, MST4, YSK [60,72-74]), GCKV (SLIK
in Drosophila; SLK and LOK are mammalian homologues [73,75]) and GCKVI (MAP4K4, TNIK, MINK1 [76-78])
subfamilies being specifically implicated to date. MST1/2, MST3, SLK and MAP4K4 are relatively highly expressed
in adult rat cardiomyocytes [79], so these are the candidate kinases for cardiac adaptation to AngIl. MST1/MST2
are involved in HIPPO signalling and regulation of cell survival/cell death in the heart [80]. Since cardiomyocyte
MST1 knockout increases autophagic flux to alleviate AnglI-induced cardiac damage [81], dysregulation of MST1 asa
result of cardiomyocyte STRN knockout could have a similar effect and reduce cardiomyocyte hypertrophy. MAP4K4
associates with striatins in cardiomyocytes and is linked to human heart failure [69,82,83], so could also be involved.
MSTS3 plays an important role in cell migration and is regulated acutely by phosphatase activity in cardiomyocytes
[84,85], but there is little/no information on the role of SLK in heart. Whilst all of the kinases may interact with each of
the striatins in experiments conducted in vitro or using overexpression approaches, specificity in terms of STRIPAK
binding partners or subcellular targeting remains to be determined.

We tried to gain insight into which kinases may be involved in our study and whether global knockdown of STRN
or STRN3, or cardiomyocyte STRN knockout had any effect on GCKs by immunoblotting mouse heart extracts (data
not shown). Although the antibodies were adequate for studies of MST3 and MAP4K4 in rat cardiomyocytes [69,84],
we failed to obtain reliable signals for these kinases in mouse hearts. Of a range of other antibodies, only MST1
produced a band of an appropriate molecular weight, but the results were variable and the reliability of the data is
questionable. Even if we could detect these proteins, it would have been difficult to interpret the data because of the
interconnecting networks of STRIPAK complexes. Clearly further studies are required to determine the nature of
specific STRIPAK complexes in cardiomyocytes and the heart, along with their subcellular localisation, but in vivo
gene deletion studies are probably not the best approach. For this stage of the research, it may be more appropriate to
increase knowledge and understanding of the biochemical basis of the signalling pathway before trying to understand
the implications for heart disease. These studies may benefit from the use of genetically modified systems for direct
labelling of near-neighbour proteins that can then be identified and tracked. This technology is becoming available
(e.g., Bio-ID [86]) and will be invaluable for understanding multiprotein systems such as those involved in STRIPAK
signalling.

This study only considers the role of STRN and STRN3 in the early stages of cardiac remodelling induced by AnglI,
not the later stages associated with heart failure and decreased ejection fraction. Extending the study over a more
prolonged period would enable further assessment of whether STRN knockdown or cardiomyocyte deletion could
prevent this deterioration of cardiac function. Longer term studies would also help to determine if STRN3 plays an
important role in developing heart failure, as suggested by the minor abnormalities in longitudinal strain we detected
in STRN3"/~ mice treated with AnglI over 7 d. We also did not consider the possible effects of STRN on arrhythmias
and sudden death. We noted that the STRN mice under investigation in this study appeared more prone to sudden
death than other genetically altered mice (e.g., those associated with BRAF [33,35]) we studied in parallel. However,
there was no correlation with STRN expression (Supplementary Table S1), suggesting it was either coincidental or
related to the background strain. Given the link between STRN and ARVC in boxer dogs [6,7] and SNPs in the STRN
gene to hypertrophic cardiomyopathy, it will be important to conduct additional studies to assess possible arrhythmias
in mice with STRN knockdown. Probably the greatest limitation of this study is the lack of knowledge of the STRIPAK
complexes themselves. Thus, although the data suggest that inhibiting STRN will reduce cardiac hypertrophy induced
by AnglI, STRN potentially acts at the core of multiple complexes that regulate different GCKs, and one or more of
these GCKs may be involved. Knowing which GCKs are involved and how they are regulated will be a crucial element
for identifying specific targets for therapeutic manipulation of STRIPAK signalling.

In conclusion, our data indicate that STRN, but probably not STRN3, plays an important role in the early remod-
elling processes induced in the heart to AnglI. There is clearly much research on STRN still to be done to understand
its role in hypertensive heart disease, not only for cardiac pathologies (e.g., to understand the role of STRN in cardiac
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non-myocytes) but also for the rest of the cardiovascular system (e.g., STRIPAK complex involvement in blood pres-
sure regulation and the peripheral vasculature). In addition, STRN3 and STRN4 remain to be investigated, along with
the involvement of individual GCKs in specific STRIPAK complexes in each of the aforementioned cells. Neverthe-
less, the data in this study clearly identify striatin-based STRIPAKS as a novel signalling paradigm in the development
of pathological cardiac hypertrophy. Understanding this system may provide therapeutic options for modulating the
responses and managing progression of hypertensive heart disease.

Clinical perspectives

e Background: Striatins form the core of STRiatin-Interacting Phosphatase And Kinase (STRIPAK)
complexes that regulate crucial cellular processes such as those associated with heart failure.

e Summary: The three striatins are expressed in human hearts, with up-regulation of STRN and STRN3
in failing hearts, whilst studies in mice indicate that STRN is required in cardiomyocytes for early
remodelling of the hypertensive heart.

e Potential significance of results to human health and disease: STRN-based STRIPAKSs represent
a novel signalling paradigm in the development of pathological cardiac hypertrophy, and modulating
this system may provide therapeutic options for managing the cardiac effects of hypertensive heart
disease.
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Supplementary Table S1. Mouse weights. Male mice (8 weeks) were allocated to groups on a
random basis. STRN*" and STRN3"" heterozygous knockout mice and their wild-type (WT)
STRN** and STRN3"" littermates were treated with acidified PBS (AcPBS) or 0.8 mg/kg/d
angiotensin 1l (Angll). STRN"/Cre*" mice were treated with 40 mg/kg tamoxifen in corn-oil or with
corn-oil vehicle (COV) with or without AcPBS or Angll. Weights (g) were taken at the start of the
study with the first baseline echocardiogram (Start), immediately after minipump surgery, and
when mice were culled (End). Weights post-surgery and at the end included the minipumps. N
values are provided with exclusions due to mortality indicated in parentheses.

Study Condition Start Post-minipump End
Mean SD Mean SD Mean SD n

STRN study group

STRN** (WT) AcPBS 25.16 1.38 26.94 1.46 27.59 1.49 16
Angll 24.77 1.57 26.46 1.42 26.65 1.38 | 15(1)

STRN*- AcPBS 25.00 0.92 26.76 0.95 2752 | 0.78 10
Angll 24.78 1.38 26.49 1.26 26.85 1.57 17

STRN3 study group

STRN3** (WT) | AcPBS 23.62 2.11 25.44 1.71 26.07 1.66 16
Angll 24.31 1.46 25.79 1.44 26.41 1.69 14

STRN3*- AcPBS 23.26 2.20 24.85 2.01 25.76 | 2.15 11
Angll 23.32 1.68 25.64 1.43 25.78 1.21 11

STRN"f/Cre*- COV/AcPBS 22.21 1.53 24.58 2.06 25.27 1.76 10
Tx/AcPBS 22.82 1.70 25.79 1.73 26.40 1.31 10
COV/Angll 21.98 2.04 24.12 1.61 24.04 1.66 | 9(2)
Tx/Angll 25.38 1.70 25.38 1.70 25.48 1.86 | 8(1)

Supplementary Table S2. Primers for genotyping and confirmation of recombination.

Mouse Forward primer Reverse primer Size Annealing

strain (bp) temp.

Genotyping

STRN 296 51°C

knockout GAGATGGCGCAACGCAATTAATG GAAGTGCATGGGAAGTCAGTACACG

STRN3 334 51°C

knockout GAGATGGCGCAACGCAATTAATG ACCTGAGCCAAATTCACCCAAAACC

Cre TCTATTGCACACAGCAATCCA CCAACTCTTGTGAGAGGAGCA 305 52°C

Cre* TCTATTGCACACAGCAATCCA CCAGCATTGTGAGAACAAGG 285 52°C

Recombination

Post-FLP | TGAATTATTGGAGTTTTGTTTCAGACC GCACAGACAGACCTTCATGCTAACC 630 53°C

EOS:-ELP TGAATTATTGGAGTTTTGTTTCAGACC | GAAGTGCATGGGAAGTCAGTACACG | 666 53°C
ost-Cre




Supplementary S3. qPCR primers.

Gene Accession

Symbol No. Sense Primer (5'—3’) Antisense Primer (5°—3’)

Cdh1 NM_009864.3 | GTCTCCTCATGGCTTTGC CTTTAGATGCCGCTTCAC

Cdh5 NM_009868.4 | TCTTGCCAGCAAACTCTCCT TTGGAATCAAATGCACATCG
Col1a1 NM_007742 TCGTGGCTTCTCTGGTCTC CCGTTGAGTCCGTCTTTGC
Col2a1 NM_00111351 | GACGAGGCAGACAGTACCTTG GATGCTCTCAATCTGGTTGTTCAG
Col3a1 NM_009930.2 | GGAACCTGGTTTCTTCTCACC TAGGACTGACCAAGGTGGCT
Col4a1 NM_009931.2 | TGTGGGCCAGCCAGGCATTG CAGGGGGTCCGATCGCTCCA
Ctgf NM_010217 GCACACCGCACAGAACCA ATGGCAGGCACAGGTCTTG
Ddr2 NM_022563.2 | GCACTTGGTGAATTAATTAGAATCCTG | GGACAACTAAATGGTCCCTCCC
Fn1 NM_010233 AAGAGGACGTTGCAGAGCTA AGACACTGGAGACACTGACTAA
Gapdh NM_008084.2 | TCACCACCATGGAGAAGGC GCTAAGCAGTTGGTGGTGCA
Myh7 NM_080728 CATGCCAACCGTATGGCTG GTTCCACGATGGCGATGTTC
Ng2 NM_139001.2 | TTGGCTACGTGAAGATAGGG AGCACGATGACTCTGAGACC
(Cspg4)

Nppa NM_008725 GATGGATTTCAAGAACCTGCTAGA CTTCCTCAGTCTGCTCACTCA
Nppb NM_008726 TCCAGCAGAGACCTCAAAATTC CAGTGCGTTACAGCCCAAA
Postn NM_015784 TTCCTCTCCTGCCCTTATATGC CCTGATCCCGACCCCTGAT
Tagln NM_011526.5 | GACTGCACTTCTCGGCTCAT CCGAAGCTACTCTCCTTCCA
Timp1 NM_011593 TACGCCTACACCCCAGTCAT GCCCGTGATGAGAAACTCTTC




Supplementary Table S4. Baseline echocardiography data for STRN*" and STRN3*" male
mice and their wild-type (STRN** and STRN3**) male littermates. Short axis M-mode images
were analysed using Vevolab software. LV, left ventricle; ID, internal diameter; AW, anterior wall;
PW, posterior wall; d, diastole; s, systole; wall thickness (WT) = AW+ PW; SV, stroke volume; CO,
cardiac output; EF, ejection fraction; FS, fractional shortening. Long axis B-mode images were
analysed using speckle-tracking software. EDV, End diastolic volume; ESV, End systolic volume;
EDLVM, End diastolic left ventricle mass; ESLVM, End systolic left ventricle mass; GLS, global
longitudinal strain; GCS, Global circumferential strain.

STRN** STRN*- STRN3** STRN3*"
(n=31) (n=26) (n=27) (n=19)
Mean SD Mean SD Mean SD Mean SD

M-Mode

Heart Rate

(bpm) 483 28 471 44 502 38 498 19
SV (u) 42.16 8.83 42.31 6.27 40.68 4.94 41.36 7.78
CO (ml/min) 20.33 7.85 19.97 7.01 20.71 6.32 20.56 6.00
EF (%) 57.41 5.31 55.65 4.58 53.41 417 56.14 4.02
FS (%) 30.10 4.33 28.90 3.87 27.48 3.13 29.25 3.83
LVID; d (mm) 2.853 0.319 2.954 0.300 3.018 0.274 2.894 0.272
LVID; s (mm) 4.076 0.295 4.147 0.239 4,153 0.209 4.084 0.274

LVAW; d (mm) 1.043 0.099 1.039 0.094 1.072 0.079 1.078 0.077
LVAW; s (mm) 0.789 0.062 0.790 0.079 0.780 0.058 0.757 0.051
LVPW; d (mm) 0.999 0.116 0.991 0.093 0.986 0.081 1.007 0.083
LVPW; s (mm) 0.703 0.068 0.702 0.050 0.698 0.039 0.697 0.048

WT; d (mm) 2.042 0.201 2.030 0.150 2.059 0.148 2.085 0.141
WT; s (mm) 1.492 0.114 1.492 0.096 1.477 0.086 1.454 0.083
B-mode Mean SD Mean SD Mean SD Mean SD
Heart Rate

(bpm) 484 31 473 54 480 40 472 40
SV () 29.96 5.84 31.49 6.06 28.89 4.64 28.16 7.25
CO (ml/min) 14.46 2.85 14.99 3.82 13.87 2.47 13.13 2.71
EF (%) 57.54 6.86 58.14 6.45 56.26 8.10 57.38 7.83
FS (%) 30.73 5.68 30.71 4.96 28.34 6.38 30.24 5.82
EDV (ul) 52.07 9.17 54.17 9.96 51.57 8.40 48.86 9.88
ESV (ul) 22.12 5.61 22.68 5.88 22.68 6.52 20.70 5.43
EDLVM (mg) 53.90 543 54.21 5.83 53.24 5.20 50.75 5.79
ESLVM (mg) 56.03 5.76 56.11 6.20 55.99 5.94 52.99 6.01
GLS (%) -20.27 2.91 -19.80 3.44 | -20.76 4,97 -20.06 3.16
GCS (%) -20.84 3.48 | -20.83 3.40 | -20.30 4.01 -19.98 3.34




Supplementary Table S5. Echocardiography data for STRN*- male mice and wild-type
(STRN*™*) male littermates treated with acidified PBS (AcPBS) or 0.8 mg/kg/d Angll for 3 or 7
d: M-mode data. Short axis M-mode images were analysed using VevolLab software. LV, left
ventricle; ID, internal diameter; AW, anterior wall; PW, posterior wall; d, diastole; s, systole; wall
thickness (WT) = AW+ PW; SV, stroke volume; CO, cardiac output; EF, ejection fraction; FS,
fractional shortening.

STRN**/AcPBS | STRN*"/AcPBS | STRN**/Angll STRN*/Angll
(n=16) (n=10) (n=15) (n=16)
3d

Mean SD Mean SD Mean SD Mean SD
Heart Rate (bpm) 524 39 505 34 534 33 533 36
SV (ul) 41.62 9.01 | 42.19 6.64 | 36.18 6.95 | 38.00 7.92
CO (ml/min) 21.75 560 | 21.27 6.74 | 19.29 7.44 | 20.25 7.19
EF (%) 53.28 365 | 56.27 458 | 57.39 493 | 5853 4.89
FS (%) 27.30 467 | 29.28 3.48 | 29.88 3.72| 30.70 4.43
LVID; d (mm) 3.032| 0.192| 2913| 0270 2.675| 0254 | 2.691| 0.339
LVID; s (mm) 4174 | 0246 | 4116 | 0.225| 3.816| 0.245| 3.872 | 0.339
LVAW; d (mm) 1.052 | 0.081| 1.051| 0.112| 1.171| 0.099 | 1.103 | 0.090
LVAW; s (mm) 0.820 | 0.071| 0.805| 0.083| 0.919| 0.070| 0.856| 0.073
LVPW; d (mm) 0988 | 0.085| 0.999| 0.074| 1.193| 0.139| 1.164| 0.123
LVPW; s (mm) 0.698 | 0.058| 0.704| 0.041| 0.879| 0.126| 0.825| 0.098
WT; d (mm) 2040 | 0.146| 2.050| 0.157 | 2.364| 0.221| 2267 | 0.202
WT; s (mm) 1518 | 0.112| 1509 | 0.102| 1.799| 0.181| 1.681 | 0.151

7d Mean SD Mean SD Mean SD Mean SD
Heart Rate (bpm) 523 34 515 33 546 38 529 53
SV (ul) 42.54 7.43 | 4327 6.78| 39.74| 10.93| 41.09 7.74
CO (ml/min) 22.24 486 | 2227 517 | 21.61 6.47 | 21.84 6.75
EF (%) 57.95 329 | 56.38 346 | 59.12 455 | 61.36 4.87
FS (%) 30.28 423 | 29.33 3.89 | 31.10 570 | 32.71 5.19
LVID; d (mm) 2839 | 0226 2.941| 0228| 2698 | 0.343| 2641 | 0.314
LVID; s (mm) 4072 | 0261 4157 | 0228 | 3912 0413| 3919 | 0.311
LVAW; d (mm) 1.092| 0.068| 1.043| 0.064| 1.210| 0.088 | 1.206 | 0.100
LVAW; s (mm) 0.826 | 0.059 | 0.813| 0.133| 0.927| 0.078| 0.898| 0.074
LVPW; d (mm) 1.047 | 0.083| 1.052| 0.068| 1.184| 0.095| 1.234| 0.169
LVPW; s (mm) 0.713 | 0.075| 0.738| 0.042| 0.837| 0.085| 0.862| 0.158
WT; d (mm) 2139 | 0.123| 2.095| 0.082| 2394 | 0.171| 2440 | 0.259
WT; s (mm) 1539 | 0.100| 1.551| 0.143| 1.764| 0.110| 1.761 | 0.209




Supplementary Table S6. Echocardiography data for STRN3*" male mice and wild-type
(STRN3**) male littermates treated with acidified PBS (AcPBS) or 0.8 mg/kg/d Angll for 3 or
7 d: M-mode data. Short axis M-mode images were analysed using VevolLab software. LV, left
ventricle; ID, internal diameter; AW, anterior wall; PW, posterior wall; d, diastole; s, systole; wall
thickness (WT) = AW+ PW; SV, stroke volume; CO, cardiac output; EF, ejection fraction; FS,
fractional shortening.

STRN3**/AcPB STRN3*- STRN3*"*/Angll | STRN3*"/Angll
S /AcPBS (n=15) (n=16)
(n=16) (n=10)
3d

Mean SD Mean SD Mean SD Mean SD
Heart Rate (bpm) 520 31 508 37 528 39 525 52
SV (ul) 41.52 6.73 | 41.17 7.08 | 37.98 718 | 34.55 6.63
CO (ml/min) 54.83 6.73 | 60.16 528 | 61.65 9.40 | 56.03 8.25
EF (%) 28.36 429 | 31.77 3.69 | 33.02 6.70 | 28.98 5.30
FS (%) 21.48 3.05| 20.97 4.38 | 20.02 3.72 18.10 3.45
LVID; d (mm) 2973 | 0355 | 2699 | 0.210| 2.551 0.391 2703 | 0.371
LVID; s (mm) 4140 | 0.317 | 3.955| 0.231 3.795| 0.316 | 3.795| 0.331
LVAW; d (mm) 1.079 | 0.075 1.098 | 0.138 1.249 | 0.163 1.221 0.180
LVAW; s (mm) 0.772| 0.065| 0.773| 0.086| 0.890| 0.106 | 0.897 | 0.138
LVPW; d (mm) 1.034 | 0.052 1.070 | 0.109 1.259 | 0.185 1.220 | 0.230
LVPW; s (mm) 0.713| 0.035| 0.733| 0.083| 0.898| 0.127 | 0.923| 0.178
WT; d (mm) 2113 | 0119 | 2168 | 0.232| 2508 | 0.316 | 2.441 0.394
WT; s (mm) 1485 | 0.086 1.506 | 0.125 1.788 | 0.199 1.821 0.294

7d Mean SD Mean SD Mean SD Mean SD

Heart Rate (bpm) 533 42 521 35 539 48 534 34
SV () 42.79 5.38 | 4298 760 | 41.75 713 | 39.76 5.10
CO (ml/min) 59.23 6.87 | 61.24 7.05| 61.63 6.35| 65.24 3.46
EF (%) 31.25 476 | 32.70 528 | 3292 456 | 35.25 2.50
FS (%) 22.74 284 | 2243 463 | 22.50 415 | 21.23 3.24
LVID; d (mm) 2802 | 0.373| 2697 | 0.307| 2650| 0.273| 2445| 0.209
LVID; s (mm) 4,063 | 0.311 4002 | 0.276 | 3.944| 0.256| 3.770| 0.236
LVAW; d (mm) 1.130 | 0.085 1126 | 0.119 1.210 | 0.110 1.294 | 0.095
LVAW; s (mm) 0.789 | 0.068 | 0.781 0.071 0.876 | 0.089 | 0.913| 0.090
LVPW; d (mm) 1.113 | 0.084 1.071 0.139 1.258 | 0.151 1.290 | 0.164
LVPW; s (mm) 0.741 0.050 | 0.728| 0.058| 0.868| 0.108| 0.929 | 0.165
WT; d (mm) 2243 | 0160 | 2197 | 0243 | 2468 | 0.243 | 2583 | 0.243
WT; s (mm) 1.530 | 0.091 1.509 | 0.111 1.744 | 0.163 1.842 | 0.208




Supplementary Table S7. Echocardiography data for STRN*- and STRN3*" male mice and
wild-type (STRN** and STRN3**) male littermates treated with acidified PBS (AcPBS) or 0.8
mg/kg/d Angll for 7 d: B-mode data and speckle-tracking. Long axis B-mode images were
analysed using speckle-tracking software. EDV, End diastolic volume; ESV, End systolic volume;
EDLVM, End diastolic left ventricle mass; ESLVM, End systolic left ventricle mass; GLS, global
longitudinal strain; GCS, Global circumferential strain; SV, stroke volume; CO, cardiac output; EF,
ejection fraction; FS, fractional shortening.

STRN**/AcPBS | STRN*"/AcPBS | STRN**/Angll STRN*/Angll

(n=16) (n=10) (n=15) (n=16)
Mean SD Mean SD Mean SD Mean SD

Heart Rate (bpm) 507 35 502 38 541 45 526 49
SV () 29.23 517 | 28.53 5.11 25.68 5.62 27.55 5.01
CO (ml/min) 14.81 2.75 14.34 2.93 13.82 2.95 14.44 2.77
EF (%) 58.93 7.05| 58.94 563 | 58.19 6.84 | 61.99 6.51
FS (%) 31.68 728 | 30.46 510 | 30.96 465 | 33.88 5.27
EDV (ul) 49.58 8.16 | 48.05 6.21 44 .21 9.66 | 44.80 9.51
ESV (ul) 20.35 5.27 19.52 3.24 18.53 5.82 17.25 5.49
EDLVM (mg) 57.23 512 | 54.27 470 | 69.82 6.81 63.32 7.95
ESLVM (mg) 59.03 517 | 5547 494 | 72.29 7.61 65.45 9.16
GLS (%) -19.07 2.66 | -19.65 471 | -17.86 5.06 | -19.78 3.70
GCS (%) -21.45 3.73 | -21.47 2.15 | -19.61 3.25 | -22.01 5.01

STRN3** STRN3*- STRN3**/Angll | STRN3*"/Angll

/AcPBS /AcPBS (n=14) (n=10)

(n=13) (n=9)
Mean SD Mean SD Mean SD Mean SD

Heart Rate (bpm) 517 40 520 46 529 51 517 31
SV () 28.78 520 | 28.15 5.31 27.87 467 | 25.41 5.72
CO (ml/min) 14.85 2.72 14.80 4.11 14.69 2.59 13.08 2.75
EF (%) 58.04 6.77 | 61.92 3.13 | 58.94 7.01 62.44 6.16
FS (%) 31.61 749 | 34.72 4.31 31.84 756 | 33.24 7.33
EDV (ul) 50.60 13.75 | 45.20 7.87 | 47.45 8.97 | 40.79 9.88
ESV (ul) 21.82 9.25 17.05 3.08 19.57 6.22 15.38 5.34
EDLVM (mg) 53.99 6.23 | 53.83 542 | 68.06 748 | 69.43 7.30
ESLVM (mg) 57.12 7.14 | 56.01 5.81 71.12 746 | 73.15 7.28
GLS (%) -19.46 1.96 | -20.56 292 | -18.79 411 | -22.72 4.00
GCS (%) -20.39 3.51 | -23.53 3.81 | -22.95 246 | -22.80 3.68




Supplementary Table S8. Echocardiography data for STRN3""/Cre*- mice: M-mode data.
Male mice (8 wks) were treated with corn-oil vehicle (COV) or 40 mg/kg tamoxifen (Tx) 4 days amd
then with acidified PBS (AcPBS) or 0.8 mg/kg/d Angll in AcPBS. Short axis M-mode images were
analysed using VevolLab software. LV, left ventricle; ID, internal diameter; AW, anterior wall; PW,
posterior wall; d, diastole; s, systole; wall thickness (WT) = AW+ PW; SV, stroke volume; CO,
cardiac output; EF, ejection fraction; FS, fractional shortening.

COV/AcPBS Tx/AcPBS COV/Angli Tx/Angll

Baseline Mean SD Mean SD Mean SD Mean SD
Heart Rate (bpm) 481 27 479 30 485 22 492 26
SV () 44.48 6.53 44 .44 6.18 45.37 6.23 41.20 6.24
CO (ml/min) 57.28 6.55 57.40 4.50 60.48 5.30 59.01 5.51
EF (%) 30.04 4.54 29.99 2.94 32.16 3.72 31.11 3.64
FS (%) 21.44 3.72 21.31 3.68 21.94 3.02 20.15 2.38
LVID; d (mm) 2.929 0.279 2.932 0.328 2.793 0.164 2.767 0.325
LVID; s (mm) 4.180 0.241 4177 0.330 4.115 0.154 4.003 0.313
LVAW; d (mm) 0.949 0.055 0.974 0.038 0.990 0.056 0.978 0.047
LVAW; s (mm) 0.693 0.028 0.696 0.043 0.720 0.031 0.722 0.028
LVPW; d (mm) 0.954 0.072 0.930 0.060 0.959 0.049 0.961 0.049
LVPW; s (mm) 0.637 0.063 0.642 0.041 0.644 0.025 0.653 0.039
WT; d (mm) 1.904 0.107 1.904 0.087 1.949 0.097 1.939 0.091
WT; s (mm) 1.329 0.083 1.338 0.072 1.364 0.048 1.374 0.058

3d Mean SD Mean SD Mean SD Mean SD
Heart Rate (bpm) 502 28 496 29 506 21 505 45
SV () 46.38 8.99 47.36 7.12 39.34 5.58 40.99 8.15
CO (ml/min) 59.78 8.29 60.04 478 66.91 6.04 67.97 10.76
EF (%) 31.79 5.74 31.82 3.50 36.63 4.38 37.92 8.11
FS (%) 23.25 4.67 23.61 4.52 19.92 2.93 20.59 3.89
LVID; d (mm) 2.855 0.397 2.862 0.215 2.365 0.283 2.357 0.491
LVID; s (mm) 4.176 0.354 4,197 0.232 3.719 0.253 3.768 0.378
LVAW; d (mm) 1.033 0.080 1.043 0.058 1.180 0.112 1.138 0.119
LVAW; s (mm) 0.720 0.050 0.744 0.043 0.873 0.065 0.803 0.053
LVPW; d (mm) 0.993 0.067 1.005 0.076 1.210 0.115 1.139 0.123
LVPW; s (mm) 0.667 0.059 0.684 0.059 0.818 0.122 0.738 0.058
WT; d (mm) 2.026 0.132 2.048 0.112 2.390 0.214 2.277 0.233
WT; s (mm) 1.387 0.092 1.429 0.096 1.691 0.185 1.541 0.091

7d Mean SD Mean SD Mean SD Mean SD
Heart Rate (bpm) 531 52 506 36 508 54 527 45
SV () 44 .56 7.98 45.64 5.26 38.49 10.59 37.49 6.47
CO (ml/min) 57.67 8.51 59.35 5.18 61.65 8.59 60.91 9.30
EF (%) 30.33 5.69 31.34 3.65 33.00 6.04 32.47 6.72
FS (%) 23.87 5.79 23.21 3.91 19.33 5.00 19.63 2.90
LVID; d (mm) 2.900 0.249 2.860 0.235 2.562 0.408 2.586 0.469
LVID; s (mm) 4.164 0.148 4.161 0.199 3.801 0.428 3.804 0.390
LVAW; d (mm) 1.062 0.090 1.049 0.069 1.159 0.093 1.035 0.074
LVAW; s (mm) 0.764 0.058 0.747 0.043 0.851 0.078 0.755 0.049
LVPW; d (mm) 1.018 0.117 1.013 0.089 1.177 0.159 1.034 0.122
LVPW; s (mm) 0.697 0.083 0.693 0.061 0.873 0.151 0.684 0.040
WT; d (mm) 2.079 0.185 2.062 0.131 2.337 0.240 2.070 0.168
WT; s (mm) 1.461 0.131 1.440 0.099 1.723 0.222 1.439 0.085




Supplementary Table S9. Echocardiography data for STRN3""/Cre*" mice: B-mode data and
speckle-tracking. Male mice (8 wks) were treated with corn-oil vehicle (COV) or 40 mg/kg
tamoxifen (Tx) 4 days before minipumps were implanted for delivery of acidified PBS (AcPBS) or
0.8 mg/kg/d Angll in AcPBS for 7 d. Long axis B-mode images were analysed using speckle-
tracking software. Tx, tamoxifen; EDV, End diastolic volume; ESV, End systolic volume; EDLVM,
End diastolic left ventricle mass; ESLVM, End systolic left ventricle mass; GLS, global longitudinal
strain; GCS, Global circumferential strain; SV, stroke volume; CO, cardiac output; EF, ejection
fraction; FS, fractional shortening.

COV/AcPBS Tx/AcPBS COV/Angli Tx/Angll
Mean SD Mean SD Mean SD Mean SD

Baseline
Heart Rate (bpm) 460 27 465 25 468 32 476 26
SV () 33.26 5.25 34.35 4.56 32.10 2.68 32.60 4.42
CO (ml/min) 15.36 2.82 15.96 2.23 15.04 1.89 15.43 1.67
EF (%) 56.56 6.96 56.64 3.44 57.21 4.71 58.42 5.15
FS (%) 30.20 6.91 30.39 3.74 31.37 4.54 31.26 4.14
EDV (ul) 58.76 6.92 60.69 8.28 56.20 4.25 56.26 9.59
ESV (ul) 25.50 5.09 26.34 4.57 24 .11 3.79 23.65 6.47
EDLVM (mg) 54.62 3.78 53.42 3.39 52.82 2.94 52.05 3.08
ESLVM (mg) 57.36 3.85 56.82 4.77 54.63 3.53 54.95 3.08
GLS (%) -19.96 2.84 | -20.84 271 | -19.27 264 | -20.92 3.20
GCS (%) -21.19 3.27 | -21.68 251 | -21.65 271 | -21.15 2.96
7d
Heart Rate (bpm) 514 56 496 38 490 59 515 62
SV () 33.40 6.21 33.09 4.79 27.74 7.67 28.14 5.35
CO (ml/min) 17.26 3.90 16.34 2.16 13.45 3.74 14.30 212

60. 8.7 59. 5.6 56. 11. 59. 6.4
EF (%) 64 7 54 9 44 08 95 1
FS (%) 33.88 5.48 31.30 5.47 31.45 8.26 36.14 6.01
EDV (ul) 54.94 8.31 55.63 9.49 50.47 13.99 47.69 12.79
ESV (ul) 21.54 6.55 22.54 6.21 22.73 8.55 19.55 7.94
EDLVM (mg) 55.58 4.65 54.17 4.56 71.19 15.02 58.98 4.37
ESLVM (mg) 58.04 5.17 57.22 4.79 72.26 15.07 60.15 4.38
GLS (%) -20.57 6.10 | -20.37 3.09 | -16.90 3.76 | -16.74 3.10
GCS (%) -23.04 423 | -22.75 3.28 | -22.03 3.48 | -21.28 5.52




Supplementary Figure S1. Global heterozygous STRN3 knockout in mice. A, “Knockout-first”’
strategy for global deletion of STRN3 in mice involved positioning of a STOP cassette flanked by
FRT sites upstream of a critical exon that was also flanked with LoxP sites. B, Experimental
approach for assessment of effects of STRN3 deletion on cardiac function. Homozygous global
knockout of STRN3 is embryonic lethal, so heterozygote STRN3*" male mice (8 wks) were used in
comparison with wild-type (WT) littermates from each colony. Following baseline
echocardiography (echo), minipumps were implanted for delivery of acidified PBS vehicle (AcPBS)
or 0.8 mg/kg/d angiotensin Il (Angll). Following echocardiography at 7 d, mice were sacrificed. C-
D, Heart powders were used for immunoblotting (40 ug protein per lane). Representative
immunoblots of the striatin isoforms and GAPDH (C) are shown with densitometric analysis (D).
Results are relative to GAPDH and normalised to the means for WT mice treated with AcPBS.
Individual datapoints are plotted with means + SEM. N.B. The upper band of the STRN blot used
for densitometry correlates with the predicted molecular weight of STRN protein (110k Da).
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Supplementary Figure S2. Heterozygous global deletion of STRN does not affect the
hypertrophic response to Angll. Male mice (8 wks) heterozygote for STRN3 knockout
(STRN3") and wild-type (WT) littermates from each colony were treated with acidified PBS
(AcPBS) vehicle or Angll (0.8 mg/kg/d). Cardiac function and dimensions were assessed by
echocardiography using M-mode imaging of the short axis at 3 d (A) or 7 d (B), or B-mode imaging
of the long axis at 7 d with speckle-tracking and strain analysis (C). For M-mode imaging, diastolic
values for left ventricle (LV) wall thickness (WT) or internal diameter (ID) are shown and end
diastolic LV mass and volume are provided for B-mode imaging. Cardiac function measurements
are shown for both M-mode and B-mode for comparison. Individual datapoints are plotted with
means + SEM. Statistical analysis used 2-way ANOVA with Holm-Sidak’s post-test. (N.B. All
echocardiography data are provided in Supplementary Tables S4, S6 and S7).

11



12



Supplementary Figure S3. Heterozygous global deletion of STRN3 does not affect
cardiomyocyte hypertrophy or cardiac fibrosis induced by Angll. 8 wk male STRN*" mice,
plus their respective wild-type (WT) littermates were treated with acidified PBS (AcPBS) vehicle or
0.8 mg/kg/d Angll (7 d). A-B, Hearts were fixed and sections stained with haemotoxylin and eosin.
Representative images (A) show areas from the outer perimeter of the left ventricular wall opposite
the interventricular septum and cardiomyocyte cross-sectional areas are shown (B). C, RNA was
extracted from mouse heart powders and analysed by gPCR for Myh7 and Nppb mRNAs. D-E,
Hearts were fixed and sections stained with picrosirius red. Representative short axis views of the
whole heart are shown for wild-type and STRN*" mice treated with AcPBS or Angll (D). For AnglI-
treated hearts, the minimum or maximum response is shown in the middle and lower panels,
respectively. E, Interstitial fibrosis was measured using Image J and is presented as the % of the
total area (excluding regions around the blood vessels). Perivascular fibrosis was scored (1:
negligible increase in fibrosis around any vessel; 2: mild to moderate fibrosis around 1 or more
vessels; 3: Significant fibrosis permeating tissue around 1 or more vessels; 4: extensive fibrosis
around multiple vessels, penetrating into the myocardium). A scoring system was used for the
latter because of the variation in numbers of vessels seen in different heart sections. F, RNA was
extracted from mouse heart powders and analysed by gPCR for fibrosis mMRNAs as indicated.
Results for gPCR are relative to GAPDH and normalised to the means for WT mice treated with
AcPBS. Individual datapoints are plotted with means + SD. Statistical analysis used 2-way
ANOVA with Holm-Sidak’s post-test.
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Supplementary Figure S4. Full images for immunoblots in Figure 1C. Proteins were separated
on 10% polyacrylamide gels. Red boxes highlight the bands of interest.
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Supplementary Figure S5. Full images forimmunoblots in Figure 1G. Proteins were separated
on 8% and 12% polyacrylamide gels for striatins and GAPDH, respectively. Red boxes highlight the
bands of interest.
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Supplementary Figure S6. Full images for immunoblots in Supplementary Figure S1C.
Proteins were separated on 8% and 12% polyacrylamide gels for striatins and GAPDH, respectively.
Red boxes highlight the bands of interest.
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Supplementary Figure S7. Full images for immunoblots in Figure 5D. Proteins were separated
on 8% and 10% polyacrylamide gels for striatins and GAPDH, respectively. (N.B. Two half blots for
GAPDH from different experiments were imaged together giving upper and lower bands). Red boxes
highlight the bands of interest.
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The protein kinase PKN2 is required for embryonic development and PKN2 knockout
mice die as a result of failure in the expansion of mesoderm, cardiac development and
neural tube closure. In the adult, cardiomyocyte PKN2 and PKN1 (in combination) are
required for cardiac adaptation to pressure-overload. The specific role of PKN2 in con-
tractile cardiomyocytes during development and its role in the adult heart remain to be
fully established. We used mice with cardiomyocyte-directed knockout of PKN2 or global
PKN2 haploinsufficiency to assess cardiac development and function using high reso-
lution episcopic microscopy, MRI, micro-CT and echocardiography. Biochemical and
histological changes were also assessed. Cardiomyocyte-directed PKN2 knockout
embryos displayed striking abnormalities in the compact myocardium, with frequent myo-
cardial clefts and diverticula, ventricular septal defects and abnormal heart shape. The
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showed up-regulation of PKN2 in patients with dilated cardiomyopathy, suggesting an
involvement in adult heart disease. Given the rarity of homozygous survivors with cardio-
myocyte-specific deletion of PKN2, the requirement for PKN2 in adult mice was explored
using the constitutive heterozygous PKN2 knockout. Cardiac hypertrophy resulting from
hypertension induced by angiotensin |l was reduced in these haploinsufficient PKN2
mice relative to wild-type littermates, with suppression of cardiomyocyte hypertrophy and
cardiac fibrosis. It is concluded that cardiomyocyte PKN2 is essential for heart develop-
ment and the formation of compact myocardium and is also required for cardiac hyper-
trophy in hypertension. Thus, PKN signalling may offer therapeutic options for managing
congenital and adult heart diseases.
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Introduction

Heart disease, a major cause of death and disability worldwide, develops from numerous underlying causes.
These include genetic/environmental interactions causing congenital cardiac defects [1, 2], in addition to dis-
eases in later life resulting from various pathophysiological stressors (e.g. coronary artery disease, hypertension,
diabetes, obesity) [3-8]. The increasing prevalence of heart disease worldwide accounts for an expanding
patient cohort who go on to develop and die of heart failure. The heart contains three main cell types (cardio-
myocytes, endothelial cells, fibroblasts) with cardiomyocytes providing the contractile force. In the embryo/
foetus, cardiomyocytes proliferate whilst the heart develops, but then withdraw from the cell cycle in the peri-
natal/postnatal period, becoming binucleated and fully terminally differentiated [9, 10]. Further growth of the
heart to the adult size requires an increase in size and sarcomeric/myofibrillar apparatus of individual cardio-
myocytes (maturational growth). The adult heart experiences pathophysiological stresses (e.g. hypertension)
requiring an increase in contractile function. This is accommodated by cardiomyocyte hypertrophy (sarcomeric
replication in parallel or series) with associated cardiac hypertrophy (enlargement of the heart) [11]. This adap-
tation is initially beneficial, but pathological hypertrophy develops over prolonged periods with cardiomyocyte
dysfunction and death, loss of capillaries and deposition of inelastic fibrotic scar tissue [11]. These processes
are all regulated by a complex interplay of intracellular signalling pathways, driven by numerous protein
kinases that play central roles both in mammalian development and in adult tissue homeostasis [12]. These
regulatory proteins offer themselves as potential targets for intervention both in management of congenital car-
diomyopathies and in pathological states. Insight into the key regulatory players at each and every stage is
central for prevention, in addition to the development and delivery of improved treatments and outcomes.

The Protein Kinase N (PKN) family of kinases are emerging as potential therapeutic targets for heart disease [13].
Whilst PKN1 and PKN2 are ubiquitously expressed in tissues throughout the body, PKN3 is expressed in a smaller
subset of tissues, especially endothelial cell types [14, 15]. Of the three PKNs, only Pkn2 knockout is embryonic
lethal. This is due to failure in the expansion of mesoderm tissues, failure of cardiac development and compromised
neural tube closure [16, 17]. Further studies with conditional knockouts of Pkn2 employed cell-targeted Cre under
the control of a smooth muscle protein 220 (SM220:) promoter [17]. SM22a. (and therefore SM220.-Cre) is expressed
in the heart tube from embryonic day E7.5/8 [18], with expression declining from E10.5 and becoming restricted to
the right ventricle by E12.5. By E13.5, SM22a is undetectable in the heart [19] and expression is subsequently con-
fined to smooth muscle cells and myofibroblasts [18, 20-22]. Conditional gene deletion of Pkn2 results in sub-
Mendelian survival of SM22a-Cre”’~ Pkn2™ offspring, with ~1/3 of mice surviving to 4 weeks postnatally [17].
These data indicate that PKN2 is not only important in the heart during embryonic development, but (whilst the
phenotype is not fully penetrant in the SM22a-Cre model) is also required for maturational growth of the heart. This
raises the question of what is compromised and how loss of PKN2 manifests in the adult.

There are few studies of PKNs in the adult heart. PKN1 is activated in neonatal cardiomyocytes by hyperos-
motic shock [23] and reduces ischaemia/reperfusion injury in ex vivo perfused hearts [24]. In vivo studies
suggest there may be redundancy between PKN1 and PKN2 in cardiomyocytes, and double knockout of both
kinases simultaneously in cardiomyocytes inhibits cardiac hypertrophy in pressure-overload conditions induced
by transverse aortic constriction (TAC) or angiotensin II (AnglI) [25]. Fundamental questions remain concern-
ing the functional redundancy of PKN1 and 2 in cardiomyocytes. Here, we demonstrate that the loss of PKN2
in cardiomyocytes has a catastrophic effect on ventricular myocardial development, suggesting that alterations
in PKN2 signalling may contribute to congenital cardiac problems/cardiomyopathy. We also demonstrate that
PKN2 haploinsufficiency compromises cardiac adaptation to hypertension in adult mouse hearts. We conclude
that PKN2 plays a significant and non-redundant role in cardiac development and adaptation.

Results

Cardiac-specific knockout of Pkn2

Evidence from the SM22a-Cre conditional Pkn2 knockout indicates reduced survival (Table 1 and [17]), which
might reflect in part an impact on heart function but may also be determined by loss of Pkn2 expression in
smooth muscle. To dissect the functional contributions more selectively, we sought to refine the pattern of
knockout by using the XMLC-Cre line, where Cre expression is cardiac restricted [26]. Genotyping pups from
the Pkn2™" mice crossed with XMLC2-Cre*'~ Pkn2"* animals at 2-4 weeks of age identified only one
XMLC2-Cre*’~ Pkn2™" mouse (of 126), consistent with a severe phenotype with this Cre line (Table 1). This
potentially results from higher efficiency of XMLC2-Cre activity in cardiomyocytes (95% [26]) compared with
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Table 1 SM22aCre and XMLC2Cre mouse strain crosses are indicated in column 1, with numbers of experimentally determined

genotypes shown in rows for the age ranges defined

Cre negative Cre positive
Parent genotypes Age PKN2/* PKN2T PKN2/* PKN2™ Fisher’s test Representation
SM22a-Cre™~PKN2™+ x PKN2™1 E14.5-E18.5 54 43 33 46 >0.5 Mendelian
3 weeks 166 215 176 44 0.0001 under-represented
XMLC2-Cre*/~PKN2"* x PKN2M E14.5-E18.5 5 3 10 6 >0.5 Mendelian
3 weeks 37 41 47 1 0.0001 under-represented

The representation of the PKN2 knockout (i.e. PKN2""in the context of Cre expression) was analysed as a function of the all genotypes using Fisher’s test.

SM22a-Cre (75-80% [20]) and more specifically indicates that there are cardiac-associated phenotypes of
PKN2 loss. The single surviving male was small (11.2 g relative to 22.4 g for a XMLC2-Cre*’~ Pkn2"™ litter-
mate) and was culled at 5 weeks due to poor condition. Histological analysis of the heart from this animal
showed that it was highly abnormal. Both ventricles were dilated, with a hypertrophic right ventricle and thin-
walled (hypotrophic) and disorganised left ventricular myocardium and interventricular septum. There were
partial discontinuities in the cardiac muscle of the compact layer, and sections with highly disorganised cardio-
myocytes and fibrosis (Figure 1a). It was noted also that the lungs from the XMLC2-Cre*’~ Pkn2"" mouse
displayed grossly enlarged alveolar spaces (Figure 1b).

To explore this impact of PKN2 further, we genotyped gestational day 14.5 embryos from Pkn2"" mice
crossed with XMLC2-Cre*’~ Pkn2"" and found that 6 of 24 were XMLC2-Cre"~ Pkn2™" consistent with a
Mendelian distribution at this developmental stage. However, analysis of the hearts using high resolution epi-
scopic microscopy (HREM) showed various abnormalities (Figure 1lc; Video 1 see also Supplementary
Figure S1). Notably, hearts from these mouse embryos displayed multiple surface nodules (diverticula; see
below) distributed across both ventricles, unusually large perimembranous ventricular septal defects and thin
compact myocardium indicative of significant cardiac developmental complications.

Characterising the cardiac requirement of PKN2

Whilst the XMLC-driven knockout of Pkn2 clearly demonstrated a cardiac phenotype associated with PKN2
loss, the fatal consequences of the XMLC-driven knockout of Pkn2 led us instead to investigate in more detail
the more frequent survivors derived in the SM22a-Cre model. On re-derivation of the SM22a model into a
new facility and crossing the Pkn2™ with SM220-Cre”~ Pkn22™* animals, we found there remained a
sub-Mendelian distribution of the SM22a-Cre™~ Pkn2"" genotype (28% of expected numbers with no male/
female bias; Table 1). Crossing 10 of these mice with Pkn2"" animals produced 62 weaned pups but again a
sub-Mendelian representation of the SM22a-Cre™~ Pkn2"" genotype (32% of expected).

Typically, surviving SM22a-Cre”~ Pkn2""mice became overtly unwell as they aged, displaying a range of
adverse phenotypes including body weight differences compared with littermates, loss of condition, hunched
appearance or reduced activity. Amongst a cohort of 23 animals, there were 50% asymptomatic SM22a-Cre*’~
Pkn2™" mice at 24 weeks of age, with the oldest two mice reaching 72 weeks and only then started to display
phenotypes (echocardiography showed aortic valve stenosis and echo-dropout across the long-axis view of the
left ventricle in one, suggestive of mitral annular calcification; see below). A typical example of an aging
SM22a-Cre*’~ Pkn2"" animal was a 38-week-old fertile female which upon culling due to loss of condition dis-
played a heart weight: body weight ratio = 0.99% (compared with 0.37-0.48% for female littermates).

Similar to the single weaned XMLC2-Cre*’~ Pkn2"" mouse, histology of the SM22a-Cre*’~ Pkn2"" mice
showed hypertrophic ventricular walls with disorganised cardiomyocytes and extensive fibrosis, consistent with
a form of cardiomyopathy and heart failure (Figure 2a,b; Supplementary Figure S2). Histological assessment of
the lungs showed SM22a-Cre”~ Pkn2""mice culled with breathlessness had grossly enlarged alveolar spaces
(Figure 2c), corresponding to the anecdotal finding in the one XMLC-Cre™~ Pkn2"" survivor. The timing of
symptom onset is illustrated in Figure 2d. Functional cardiac MRI analysis of a further set of five surviving
SM22a-Cre”’~ Pkn2™" mice with initial symptoms of heart failure, indicated that they had reduced left ven-
tricular ejection fraction (Figure 2ef). Imaging did not identify a single unifying cause, with examples of
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Figure 1. PKN2 knockout in cardiomyocytes causes defective embryonic heart development leading to failure prior to
adulthood.

(a) H&E and Gomori’s Trichrome stained histological cardiac short-axis sections of the longest surviving XMLC2Cre*'~ Pkn2™"
genotype mouse (left; male), and two littermates (middle & right; male XMLC2Cre*’~ Pkn2"* & female XMLC2Cre*’* Pkn2™*,
respectively) all culled aged 5 weeks. Scale bars are 1 mm. In lower boxed regions, various sections are also shown at 20x
zoom relative to whole-heart cross-sections. (b) H&E sections of lungs of the same XMLC2Cre*'~ Pkn2"" genotype mouse
(Ieft), and its XMLC2Cre*'~ Pkn2™* littermate (right; both male). Scale bars are 200 pm. (c) Images of High-Resolution
Episcopic Microscopy (HREM) reconstructions of E14.5 embryo hearts for the genotypes indicated, showing surface and four
chamber views. Boxed regions of sections are shown at 4x zoom; a diverticulum is indicated by the yellow arrowhead.

reduced right ventricular mass, potentially associated with pulmonary hypertension (n =2 of 5), or completely
abnormal architecture with hearts exhibiting a bulbous shape (n=3 of 5) (see histology and HREM in
Supplementary Figures S2 and S3).
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Figure 2. SM22aCre*’~ Pkn2"* mice suffer cardiac failure on aging.

(a and b) Short-axis mid-ventricle sections of hearts of 39 week male littermates of the genotypes indicated, stained with H&E
(a), or Gomori’s Trichrome (b). (c) H&E stained sections of lungs, littermates as in (a and b). (d) Time course of symptom onset
for mice of genotype SM22aCre*’~ Pkn2™(n = 23). (e and f) Montage of time-series through the cardiac cycle recorded by
cine-cardiac-MRI through the short-axis plane at mid-ventricle from SM22aCre** Pkn2™" (e) and SM22aCre*’~ Pkn2™" (f) 32
week old female littermates. (g) micro-CT of the thorax of a 24 week SM22aCre*’~ Pkn2™" female shown as a projected image
and slice images in three planes. Scale-bars in histopathology images are 1 mm in whole heart sections (panels a and b) and
200 wm in zoomed sections (panels b and c¢). Scale-bars in MRI montages are 2 mm (panels e and f).
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Micro-CT imaging was used to assess disease in a further subset of survivors. This revealed variously: pul-
monary oedema and pleural effusion, and marked, unusual calcification in the centre of the rib cage
(Figure 2g). Subsequent micro-CT of fixed hearts showed that calcification appeared to be associated with both
the aortic and mitral valves (Supplementary Video S2). The evidence suggests that surviving SM22a-Cre*’~
Pkn2™" mice had congenital defects in the heart and/or lungs resulting in heart failure and as with human con-
genital heart disease, there was heterogeneity with respect to age of disease onset, severity of disease and spe-
cific cardiac phenotype.

Cardiomyocyte PKN2 is essential for normal cardiac development

Although previous studies reported that PKN2 is essential for embryonic development, E13.5 embryos were pro-
duced at a normal Mendelian ratio [17]. Data from surviving SM22a-Cre*’~ Pkn2™ mice (above) suggest the
cardiac defect is most likely the result of developmental cardiac abnormalities, however defects in lung develop-
ment resulting from loss of Pkn2 in smooth muscle cells would impact cardiac function and also lead to heart
failure. We therefore collected embryos at E14.5-E18.5 generated by crossing Pkn2"" and SM22a-Cre*’~ Pkn2"*
mice for further analysis to examine the Mendelian ratios at these later embryonic stages, and to enable patho-
logical examination of the developing hearts and lungs. Genotype distribution was Mendelian at both E14.5 and
E18.5 (Table 1). Notably, histological analysis failed to identify any difference between lungs from SM22a-Cre*’~
Pkn2™" embryos and those from littermates that were either Cre negative or heterozygous for the floxed Pkn2
allele or both (Figure 3a), suggesting normal lung development to E18.5 and implying that the enlarged alveolar
spaces in some of the rare surviving adults may be a secondary consequence of cardiac abnormalities.

Given that the E18.5 genotype distribution was Mendelian but only ~30% of SM22a-Cre*’~ Pkn2™" mice
survived to weaning, this suggested that lethality occurred in the perinatal period. Analysis of deceased pups
including part-cannibalised carcasses demonstrated that this genotype was selectively lost in this very early neo-
natal stage (Table 1). Veterinary pathologist characterisation of P1.5-P5.5 carcasses showed that all had normal
palates, lungs that floated and milk spots. There were no observations of pericardial bleeding, which might
have been observed if one of the cardiac diverticula had ruptured causing tamponade (see below).

Analysis of embryo hearts using HREM showed that of 16 SM22a-Cre*’~ Pkn2"" E14.5 embryos, 15 had
overt defects in cardiac development compared with littermates (exemplified in Figure 3b; see also
Supplementary Figure S3). Defects included perimembranous ventricular septal defects (pVSDs), small muscu-
lar VSDs (mVSDs), thin compact myocardium (right and left ventricle) and overt nodules on the external
surface of either or both ventricles. The degree of phenotype varied, with the most abnormal hearts showing
pVSD with overriding of the aorta (OA), and many showing an overall abnormally squat shape with an indis-
tinct apex. The nodules on the surface of the ventricles were examined histologically and identified as divertic-
ula with internal lumens connected to the ventricular cavities (Figure 3c).

Cardiac septation would expect to be completed by E15, however of 60 embryos analysed in crosses of
Pkn2™" and SM22a-Cre™’~ Pkn2"* mice, we obtained 18 SM22a-Cre*’~ Pkn2"" embryos of which seven had
persistent VSDs along with thin compact myocardium/ventricular walls. The nodules on the ventricle surfaces
apparent at E14.5 also persisted. There was additional abnormal development of the trabecular layer in the ven-
tricular walls — analogous to hypertrabeculation (Figure 3d).

The congruence of developmental defects in the SM22a-Cre and the XMLC-Cre strains indicates that the
dominant effect of tissue-specific Pkn2 loss relates to the shared aspect between these models, namely an
impact on cardiomyocytes rather than, for example any later embryonic stage stromal loss of Pkn2. Although
there is the potential for additional influences of the SM22a-Cre Pkn2 knockout model via vascular smooth
muscle, this is unlikely to have any profound impact given the phenotype of the XMLC-Cre strain is more
penetrant not less so. It is surmised that this reflects the higher efficiency of this latter promoter in cardiomyo-
cytes [26]. These observations of developmental abnormalities in the heart are consistent with the conclusion
that the failure of these Cre”~ Pkn2™" mice to thrive, and in particular the cardiac abnormalities in the rare
survivors, reflect congenital problems. The rarity of these survivors and the legacy of the developmental defects
compromise the assessment of the role of PKN2 in adults in these models and alternative strategies are
required.

Expression of PKN2 in the adult heart

Pkn2 is expressed in adult cardiomyocytes [12]. Although expression levels relative to total protein decline
during postnatal development, this is because cardiomyocyte size increases substantially, and the relative
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Figure 3. The heart-specific defects in SM22aCre*’-Pkn2™" mice.

(@) H&E stained sections of (E18.5) lungs of littermates with the indicated genotypes. Lower boxed panels are 5x zoomed;
scale bars indicate 200 wm in upper panels and 40 pm in lower zoomed panels. (b) Reconstructions of E14.5 hearts imaged by
HREM are shown in surface (top images) and slice (lower images) views. The genotypes are as indicated. (c) H&E stained
E14.5 heart sections featuring an outer ventricular surface nodule, identified as a diverticulum. Scale bars are 100 pm.

(d) Reconstructions of E18.5 hearts imaged by HREM shown as per panel (b). Genotypes are as indicated.

amount of PKN2 per cell increases in the adult (Supplementary Figure S4). To determine if variations in PKN2
expression may be associated with human heart failure, we mined an RNASeq database of patients with dilated
cardiomyopathy (n=97) vs normal controls (n=108)[27]. All PKN isoforms were detected in human hearts,
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but PKN2 expression increased in dilated cardiomyopathy (DCM) hearts relative to controls, whilst PKNI and
PKN3 declined (Figure 4a). To determine if PKN2 may be involved in disease aetiology, we assessed expression
in a mouse model of hypertension induced by angiotensin II (AngIl; 0.8 mg/kg/d, 7 days). Expression of
PKN2, but not PKN1, increased with AnglI treatment relative to vehicle-treated controls (Figure 4b). This sug-
gests that altered expression may contribute to the adaptive response to hypertension and/or may be associated
with progression towards a pathological state. To assess whether altered expression might impact this response
and in view of the impact of Pkn2 knockout as described above, we focused on the effects of haploinsufficiency
(global loss of a single allele, i.e. Pkn2Het mice). PKN2 protein expression was reduced in hearts from male
Pkn2Het mice relative to WT littermates (Figure 4c). There was no compensatory increase in PKN1 expression
although the relative level of phosphorylation of PKN2 was increased. Pkn2Het mice thus provide a model for
assessment of altered expression in the adult heart.

The role of PKN2 in the adult heart

We assessed the baseline dimensions and function of the hearts from Pkn2Het mice and WT littermates using
echocardiography (Figure 4d,e; Supplementary Table S1). M-mode imaging of the short-axis view revealed that
Pkn2Het mice had a small but significant reduction in left ventricle (LV) wall thickness compared with WT lit-
termates. Assessment of cardiac function using speckle-tracking strain analysis confirmed that overall LV mass
was significantly decreased in Pkn2Het mice and there was a small, albeit non-significant, increase in ejection
fraction (Figure 4e; Supplementary Table S1). We conclude that there are abnormalities in surviving Pkn2Het
mice and, although these changes appear relatively minor, they may compromise cardiac adaptation to patho-
physiological stresses such as hypertension.

To determine if the hearts from Pkn2Het mice can adapt to hypertension, adult male Pkn2Het mice or WT
littermates (aged 11-14 weeks) were treated with Angll or vehicle for 7 d and cardiac dimensions/function
were assessed by echocardiography (Figure 4f-h; Supplementary Table S2). As in previous studies[28, 29],
Angll promoted cardiac hypertrophy in WT mice, with decreased LV internal diameter and significantly
increased LV wall thickness (Figure 4f,h). Angll promoted similar changes in Pkn2Het mice, although ventricu-
lar wall thickening appeared reduced with no significant difference relative to vehicle-treated mice (Figure 4h).
Strain analysis of B-mode images confirmed that the increase in LV mass induced by Angll was attenuated in
Pkn2Het mice (Figure 4g,h). In addition, AngII significantly increased ejection fraction and fractional shorten-
ing in WT mice, but not Pkn2Het mice, indicating that cardiac adaptation to hypertension in response to
Angll was attenuated. Histological staining showed that AnglI increased cardiomyocyte cross-sectional area in
WT mice, but not in Pkn2Het mice (Figure 5a). AngllI increased cardiac fibrosis in interstitial areas of the myo-
cardium, particularly at the junctions between the outer LV wall and the interventricular septum, but this was
similar in both WT and Pkn2Het mice (Figure 5b). AngII also increased fibrosis in the perivascular regions of
arteries/arterioles, and this was reduced in Pkn2Het hearts compared with hearts from WT mice (Figure 5c¢).
Opverall, cardiac adaptation to hypertension was reduced in Pkn2Het mice compared with WT littermates, with
both reduced cardiomyocyte hypertrophy and perivascular fibrosis.

To gain mechanistic insight into the effects of PKN2 in the cardiac response to hypertension, we used
RNASeq to assess the transcriptional differences in the AnglI response of hearts from Pkn2Het mice compared
with WT littermates (Figure 5d). No differentially expressed genes (DEGs) were identified when comparing
Pkn2Het and WT hearts from mice treated with either vehicle or AngIl. Angll-treatment resulted in 2272
DEGs in hearts from WT or Pkn2Het mice (P <0.01): 699 were identified in both genotypes, 1371 were only
detected in WT hearts and 202 were only detected in Pkn2Het hearts (Figure 5d(i), Supplementary Tables S3-
S8). Clustering the DEGs according to function highlighted significant changes in a subset of genes for the
myofibrillar apparatus and cytoskeletal structures, particularly the actin cytoskeleton, but there were no overall
differences between the genotypes/treatment in these gene classes as a whole (Figure 5d(ii)). In contrast, genes
associated with fibrosis were significantly up-regulated by AnglIl (Figure 5d(iii)), particularly those associated
with collagen production (Figure 5d(iv)). The response in hearts from Pkn2Het mice was reduced relative to
WT littermates, consistent with a reduction in perivascular fibrosis seen by histology (Figure 5c). Another
notable feature of the Angll response was the reduction in the expression of genes for mitochondrial proteins
(Figure 5d(v)). The overall response was reduced in Pkn2Het mice, but the effect was more pronounced for
some genes, particularly those of the tricarboxylic acid (TCA) cycle (Figure 5d(vi)). AnglI cardiac hypertrophy
is associated with inflammation and we detected a clear interferon response (Figure 5d(vii)) with up-regulation
of the complement pathway (Figure 5d(viii)). Both of these responses were reduced in hearts from Pkn2Het
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Figure 4. PKN2 is associated with human heart failure and required for cardiac adaptation to hypertension in mice.

(@), Expression of PKN1, PKN2 and PKN3 in human hearts. Data were mined from an RNASeq database of patients with dilated
cardiomyopathy (DCM; n = 97) and normal controls (Con; n = 108). Data for individual samples are shown with false discovery rates
(FDR). (b and ¢) Immunoblotting of phospho-PKN1/2, total PKN1, total PKN2 and GAPDH in hearts from wild-type (WT) or Pkn2Het
mice treated for 7 days with vehicle (Veh, V) or 0.8 mg/kg/d angiotensin Il (Angll, A). Immunoblots are shown on the left with
densitometric analysis on the right (normalised to the mean of vehicle-treated controls). Individual data points are provided with
means + SEM. Analysis used two-way ANOVA with Holm-Sidak’s post-test. (d-h), Echocardiography of hearts from WT and Pkn2Het
mice at baseline (d and e) or treated with vehicle or Angll for 7 days (f-h). Representative short-axis M-mode images used for
assessment of cardiac dimensions are shown at baseline (d) and after treatment (f) (the same animals are shown). (g), Representative
long-axis B-mode images used for speckle-tracking and strain analysis to assess cardiac function are shown after 7 days treatment.
(e and h), Echocardiograms were analysed. Individual data points are provided with means + SEM. Additional data are provided in
Supplementary Table S1 and histology in S2. Analysis used unpaired, two-tailed t-tests (e) or two-way ANOVA with Holm-Sidak’s
post-test (g). LV, Left ventricle; ID, internal diameter; AW, anterior wall; PW, posterior wall; EDLVM, end diastolic LV mass.
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Figure 5. Pkn2 haploinsufficiency reduces cardiac adaptation to hypertension, affecting cardiomyocyte size,
perivascular fibrosis and gene expression.

WT or Pkn2Het mice were treated with vehicle or Angll (0.8 mg/kg/d) for 7 days. (a—c), Sections of WT and Pkn2Het mouse
hearts were stained with haematoxylin and eosin (H&E), picrosirius red (PSR), or Masson’s Trichrome. Representative images
are shown with quantification provided below. Individual data points are provided with means + SEM. Analysis used two-way
ANOVA with Holm-Sidak’s post-test. (d), RNASeq analysis of hearts from WT and Pkn2Het mice. (i) Summary of
differentially-expressed genes (P < 0.01 resulting from Angll treatment. (ii}—(viii) Clusters of DEGs according to function. Results
are the mean normalised count values with 95% CI for the n values indicated. Analysis used one-way ANOVA with Holm-
Sidak’s post-test. (€) Comparison of Tagin (SM22a) MRNA expression assessed by RNASeq and gPCR. Individual data points
are shown with means + SEM. Analysis used two-way ANOVA with Holm-Sidak’s post-test.

mice relative to WT littermates. Data for individual genes in each of the clusters are in Supplementary
Table S9. We mined the data for classical markers of cardiac hypertrophy and detected increased expression of
Mpyh7, Nppa and Nppb with Angll as expected [11], but expression was similar in Pkn2Het and WT mice
(Supplementary Figure S5). We also detected up-regulation of Tagln (SM22a) by Angll in WT, but not

1476 © 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).


https://creativecommons.org/licenses/by/4.0/

Biochemical Journal (2022) 479 1467-1486 o PORTLAND
https://doi.org/10.1042/BCJ20220281 ... PRESS

Pkn2Het mouse hearts (Figure 5e). SM22¢ is a marker of smooth muscle cells in the adult, and this is poten-
tially a reflection of the perivascular fibrosis induced by Angll around arteries/arterioles.

The importance of PKN2 in cardiac development and disease led us to investigate what the consequences might
be with aging, comparing echocardiography data for male mice with an average age of 12 weeks with those
obtained from mice with an average age of 42 weeks. As expected, hearts from the older mice had a significantly
greater LV mass than the 12 week animals, but there was no difference between WT and Pkn2Het mice
(Figure 6a). The largest diameter of the aortae (measured during cardiac systole) increased with age to some extent
in both genotypes, but the distensibility of the aorta was compromised in the older mice as shown by a reduction
in the ratio between the diameter measured at cardiac systole and after the aortic valve has closed when the diam-
eter is at its narrowest (Figure 6b). This appeared to be mitigated to some degree in the Pkn2Het mice. Pulsed-wave
Doppler was used to assess blood flow from the heart into the aorta and the pulmonary artery. We detected no dif-
ferences in blood flow in either vessel in the young mice (Figure 6¢c-f; Supplementary Table S1). Older WT and
Pkn2Het mice had reduced pulmonary velocity time interval (VTI), with a reduction in velocity and gradient, and
the degree of change was similar (Figure 6¢,d; Supplementary Table S1). In WT mice, the aortic velocity time inter-
val (VTI), along with the mean/peak velocity and gradient were all significantly reduced in older mice compared
with the young mice, but aortic VTI, velocity and gradients were relatively preserved in the older Pkn2Het mice
(Figure 6e,f; Supplementary Table S1). This may be a consequence of greater flexibility/elasticity of the aorta in
these mice compared with the WT animals (Figure 6b). This raises the possibility that some of the long survival of
a minor subset of SM22aCre™~ Pkn2™" mice may have been supported by loss of PKN2 in the aorta.

Overall, our studies of PKN2 in the adult heart indicate that it plays a significant role in cardiovascular adap-
tation to pathophysiological stresses, both in disease and as animals age, affecting both the contractile cardio-
myocytes themselves and the major vessels.

Discussion

This study addresses the role of PKN2 throughout development, from its importance in cardiomyocytes in the
embryo, through influence on cardiac remodelling in pathological cardiac hypertrophy in the adult heart and
to a potential role in aging. It shows that there can be a continuous spectrum between heart disease defined as
being ‘congenital’ and what might be considered as ‘acquired’ heart disease in adults. As previously reported
[16, 17], PKN2 is critical for embryonic cardiac development but our data demonstrate that PKN2 plays a
crucial role in cardiomyocytes, having a particular effect on development of the compact myocardium. PKN2
also supports cardiac remodelling in response to hypertension, but has apparently little impact on the aging
heart, potentially having a greater effect on the vasculature.

Previous studies using the SM22a promoter in mice suggested that PKN2 is required in cardiomyocytes for
embryonic cardiac development [17]. Our data, using the XMLC promoter for specific cardiomyocyte deletion
of Pkn2 reinforce this conclusion and XMLC-driven knockout of Pkn2 was of even greater severity, with only
one homozygote survivor from the XMLC-driven knockout. In both models, embryos were produced at a
normal Mendelian ratio, but the ventricular walls of the hearts in E14.5-E18.5 embryos were very thin, and the
integrity and contiguousness of these walls was compromised, impacting on the overall architecture of the heart
as it developed in utero. The heart is the earliest functioning organ to form in the embryo and, in mice, cardiac
looping is generally completed by E9.0 with chamber development apparent by E9.5 [30-32]. Although
looping may be delayed, cardiac development appears relatively normal through to E11.5 with SM22a-driven
Pkn2 knockout, with no evidence of any significant effect on cardiomyocyte proliferation or global cardiac
structure [17]. Here, we showed that by E14.5, there were significant effects of Pkn2 deletion in cardiomyocytes
(Figures 1 and 3): cardiac trabeculae had developed between E9.5 and E14.5, projecting into the ventricular
chambers as expected, but there was a failure in formation of the compact myocardium, resulting in thin walls.
Consistent with this, amongst other changes, there is a decrease in expression of the compact layer marker,
Hey2 [33] in these mutant embryos (unpublished observations). This phase of cardiac development is still
poorly understood, but cardiomyocytes required for compaction develop largely from a different pool of cells
from the base of the trabeculae that are less differentiated and have higher proliferative potential [30, 31]. The
compaction process requires proliferation of these cells and, although the trabecular cells contribute to the
compact myocardium, they also form part of the vasculature within the myocardium and the Purkinje fibre
network. PKN2 can control migration and influence intercellular adhesion in other cells (e.g. fibroblasts, epithe-
lial cells, skeletal muscle myoblasts [14, 17, 34, 35]), factors that potentially influence cardiac compaction in
embryonic development.
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Figure 6. Effects of aging on aortic and pulmonary blood flow in WT and Pkn2Het mice.

Echocardiograms were taken for Pkn2Het and WT littermates with an average age of 12 or 42 weeks. (a), End diastolic left
ventricular mass (EDLVM) was measured from long-axis B-mode images using speckle-tracking strain analysis. (b), The width
of the aorta was measured from B-mode images from the widest diameter taken at cardiac systole (upper panel) and assessing
the ratio of this to the narrowest diameter taken after the aortic valve closed (L/S). (c—f), Pulsed wave Doppler was used to
assess blood flow as it leaves the heart into the pulmonary artery (c and d) and the aorta (e and f). Additional data are provided
in Supplementary Table S1. Representative images are shown (c and e) and with the analysis (d and f). Individual data points
are shown with means + SEM. Analysis used two-way ANOVA with Holm-Sidak’s post-test.

Although mice with cardiomyocyte Pkn2 knockout had normal Mendelian ratios throughout embryonic
development, even with the milder SM22a-driven knockout model, only ~30% survived the perinatal phase.
This is probably because of myocardial developmental malformations, in particular the lack of an adequate
compact myocardium, compromising neonatal cardiac adaptation to an increased workload and oxidative
metabolism, along with cell cycle withdrawal of cardiomyocyte and a switch from hyperplasia to maturational
(hypertrophic) growth [32]. The data have clear implications for congenital heart disease both with respect to
PKN?2 itself and its downstream signalling, particularly in relation to a potential role in the formation of the
compact myocardium and left ventricular non-compaction. Although left ventricular hypertrabeculation or
non-compaction is a recognised genetic disease, it varies in presentation and severity. Cardiomyocyte Pkn2
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knockout appears to have the greatest similarity with the most severe form associated with fetal/neonatal
disease that is often lethal by or within the first year of life and which (as for the Pkn2 knockout mice) is often
associated with structural cardiac abnormalities [36, 37].

Mice with heterozygous PKN2 deletion have no obvious abnormalities and cardiac development appears
normal [17]. Moreover, we did not detect any profound differences in cardiac function/dimensions between
WT and Pkn2Het mice into middle/old age (42 weeks). This means that PKN2 is largely dispensable once the
heart has formed and is only required for cardiac remodelling in response to a severe stress such as that
induced by sudden imposition of pressure-overload in the Angll experiments. We did detect a difference in
aortic flow and the reduction in flow in the WT mice was largely prevented in the Pkn2Het mice. The meaning
of this is not currently clear, but there may be some adaptation of the aorta that preserved LV function. The
difference was not apparent in pulmonary flow suggesting that the effect was specific for the highly muscu-
larised aortic wall.

Even though it may have little role in a non-stressed heart, PKN2 is important in the adult cardiac response
to pathophysiological stressors since expression is increased in patients with DCM and in mouse hearts sub-
jected to pressure-overload resulting from Angll treatment. In our hands, PKN2 haploinsufficiency compro-
mised cardiac adaptation to Angll, with reduced LV hypertrophy and an overall reduction in the increase in
the LV mass, resulting from inhibition of cardiomyocyte enlargement and fibrotic ECM. This contrasts with a
recent study reporting that tamoxifen-inducible, cardiomyocyte-specific knockout of both PKN1 or PKN2 (not
either gene alone) in adult mice, reduced cardiac hypertrophy in models of pressure-overload, namely thoracic
aortic constriction (TAC) or Angll [25]. The most obvious difference is our use of global heterozygotes rather
than cardiomyocyte-specific knockout, and inhibition of fibrosis induced by Angll in our studies may result
from PKN2 haploinsufficiency in cardiac non-myocytes, causing a reduction in fibrosis that reduces cardiomyo-
cyte workload. Alternatively, the effect may be due to PKN2 haploinsufficiency in cardiomyocytes, and the dif-
ferences reflect the higher degree of stress imposed on the heart in our studies (0.8 mg/kg/d Angll) compared
with Sakaguchi et al., who used 0.1 mg/kg/d, a sub- or slow pressor dose [38]. Another difference is the dur-
ation of the experiment, here the study was conducted over 7 d, whilst the study by Sakaguchi et al. was over
28 d. It is possible that the heart may adapt such that differences in function/dimensions are no longer appar-
ent by 28 d, however, our experience is that the phenotype becomes more pronounced with prolonged duration
of treatment as heart failure develops [29]. With global knockout, there are also potential systemic effects on
the heart that influence cardiac adaptation to AnglIl. Although PKN2 does not appear to play a significant role
in endothelial cells during development [17], endothelial cell specific knockout in adult mice increases blood
pressure in vivo, potentially due to loss of phosphorylation of eNOS with consequent reduction in NO produc-
tion in the peripheral vasculature. There was no evidence for this in our studies of mice with global PKN2 hap-
loinsuffiency, with no increase in fibrosis or cardiomyocyte hypertrophy at baseline. Furthermore, we detected
no difference in phosphorylation of eNOS (data not shown). A final consideration relating to all of these
studies is the background strain of the mice. Our studies used mice with a C57Bl/6] background, rather than
C57Bl/6N and the cardiac responses of these two strains can differ substantially (see, for example, [39]).

The PKN family of enzymes remain poorly understood. PKN1 is the most well-investigated and is implicated
in protection against ischaemia/reperfusion injury in ex vivo models but, even for this family member, there is
little information on mechanism of action. For PKN2, there is less. It may influence gene expression directly via
interaction and phosphorylation of HDACS5 [40], preventing HDACS5 import into the nucleus and thus increasing
chromatin remodelling or it may act via MRTF to regulate hypertrophy-associated gene expression [25]. Our
RNASeq data are not consistent with this because, although AnglIl induced changes in gene expression as
expected with increases in classic hypertrophy-associated gene expression (e.g. Nppa, Myh7, Nppb), there was no
apparent effect of Pkn2 haploinsufficiency. Instead, Pkn2 haploinsufficiency had a more general effect to moderate
the changes induced by AnglI on collagen production, mitochondrial TCA genes, interferon response genes and
genes in the complement system (it is noted that mitochondrial TCA gene expression is also down-regulated in
embryonic hearts from SM22a-Cre”~ Pkn2"" mice; data not shown). The net effect would be to maintain
cardiac energetics, reduce inflammation and reduce fibrosis. The marked inhibition of the induction of Transgelin
(Tagln, or SM22¢;) upon Angll treatment of Pkn2Het mice compared with WT littermates, suggests a potential
mechanism. SM22a is an actin binding protein although its function is still obscure. In vascular smooth muscle
cells, SM22¢c. facilitates stress fibre formation and contractility [41] so, with reduced SM22a, the response to
Angll would be dampened in Pkn2Het mice, as observed. The mechanism for SM220. up-regulation may be due
to hypoxia and activation of HIF2a. [42].
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Irrespective of the mechanism of action, this study adds to an increasing body of work indicating that the
PKNs play an important role in cardiac remodelling in the adult; for PKN2, haploinsufficiency impacting the
reponse to Angll and on early knockout (driven by XMLC2 or SM220.) formation of the heart during develop-
ment. With further understanding of regulation, specific targets and functions, PKN signalling may offer thera-
peutic options for managing congenital and adult heart diseases. This undoubtedly requires further research
but, since the PKNs are not redundant and have specific roles in different cells/tissues, it will be essential to
develop specific tools for inhibition and manipulation of the different family members.

The ROCK inhibitor Fasudil is a known broad specificity PKN inhibitor [43], already in clinical use in Japan
and China as a vasodilator [44]. More discriminating inhibitors are necessary and, although it may prove chal-
lenging to target individual PKNs by small molecule approaches [43], other approaches may be useful. For
example, an siRNA against PKN3 (Atu027) has been in clinical trials as a novel chemotherapeutic agent for
solid cancers and pancreatic cancer (in combination with Gemcitabine) [45-47], and exogenous application of
the auto-inhibitory PLK peptide from PKN1 has been explored also [48]. Similar approaches might work for
PKN2 [49] and, as with other protein kinases, developing these inhibitory systems will not only form the basis
for novel therapeutics for the future, but their use as biochemical tools to elucidate mechanisms of action can
facilitate the identification of other targets in the pathway.

Materials and methods

Mouse strains, in vivo mouse imaging and experiments, and ex vivo imaging
Pkn2Het, floxed Pkn2 and SM22a-Cre mouse strains were maintained on a C57Blacké] background, and each
sourced as described in Quetier et al. [17]. The XMLC2-Cre mouse strain [26] was provided from within the
Francis Crick Institute and was on a mixed background, subsequently in this study back-crossed onto the
C57Black6] background. Most Cre mice in this study also carried the mTmG reporter allele at the Rosa26
locus, sourced as described previously [17]. Genotyping was carried out by Transnetyx using real-time PCR,
with methods based upon the PCR genotyping described in Quetier et al. [17].

In vivo imaging of mice from SM220-Cre and XMLC2-Cre crosses was carried out at UCL-CABI (up to 2017;
SM220.-Cre only) or the Francis Crick Institute (post 2017). MRI, micro-CT and ultrasound imaging technologies
were utilised. All in vivo mouse imaging was carried out under continuous inhalation anaesthesia using isoflurane
(1.5-5%) supplied with oxygen at 1-2 L/min, and with appropriate restraint. We note 5% isoflurane was used to
induce anaesthesia initially, and maintenance was typically at 1.5-2%, but some strongly phenotypic SM22a-Cre*’~
Pkn2™" mice required higher levels of isoflurane for successful maintenance. Procedures typically lasted only
20 min, with exception for cine-MRI, which necessitated longer non-recovery procedures. At UCL-CABI, the
micro-CT was performed on mice in the supine position in a nanoScanPET/CT scanner (Mediso, Hungray) with a
50 kVP X-ray source, with 300 ms exposure time in 720 projections with an acquisition time of 8 min. Ultrasound
of young PKN2Het mice (at St. George’s University of London) and of a subset of SM22a-Cre”’™ Pkn2™" mice (at
UCL-CABI) was performed using VEVO2100 ultrasound machines (VisualSonics Inc., Toronta, ON, Canada) with
MS400 18-38 MHz transducer mouse probes, whilst middle-aged mice were imaged using a VEVO3100 with a
MS-550D 25-55 MHz transducer. Mice were restrained on a heated VEVO Imaging Station, and cardiac scans of
the parasternal long-axis and short-axis were recorded in B mode and M mode, and flow velocity waveforms of the
aorta near the aortic valve were obtained with colour Doppler and then placing the pulsed wave Doppler sample
gate over the colour Doppler signals. The ultrasound used at the Francis Crick Institute was a VEVO3100, but
otherwise scans were performed as described above. At the Francis Crick Institute, cardiac cine-MRI was per-
formed using a 94T MRI (Bruker GmbH) equipped with a four-channel receive only mouse cardiac coil and
86 mm volume transmit coil, and Paravision 6.0.1 software. Mice were set up lying prone head-first with a heat
pad and breathing movement sensor pad. A series of fast low-angle shot (FLASH) scans used for localisation of
the heart and to determine the short-axis. Short-axis retrospectively-gated cine-MRI (intragate-FLASH sequence)
was performed using the following parameters: 0.8 mm slices covering the entire left and right ventricles; 128 x 128
pixels matrix and field of view of 25 x 25 mm, giving a resolution of ~195 wm; TR =5.5 ms, TE =2.233 ms, 10°
flip angle; 300x oversampling with 24 cine frames reconstruction.

MRI data was converted using in-house MATLAB scripts to obtain tiffs, followed by Image] for image ana-
lysis, following published procedures [50]. This entailed determining the area of lumen in each the LV and RV
in each slice at each systole and diastole, and calculating an approximate volume for the lumens of LV and RV
at each systole and diastole based on the slice thickness of 0.8 mm. Stroke volumes and the ejection fractions
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were determined by comparing diastolic and systolic chamber volumes. The relative volumes of the LV and RV,
and number of slices containing LV and RV enabled assessment of abnormalities of shape of the hearts, as
reported in Results.

Ex vivo imaging of 10% buffered formalin-fixed, and subsequently PBS-soaked (24 h) whole carcasses or
extracted plucks (heart and lungs) from a cohort of mice from the SM22a-Cre crosses was carried out at the
Francis Crick Institute by micro-CT using a SkyScan1176 CT scanner (Bruker MicroCT, Kontich, Belgium).
Three-hundred and ninty-four projections were acquired over a 180° trajectory with an exposure time of 65 ms,
frame averaging of 3, X-ray source voltage and current of 50 kV and 500 A, and a 0.5 mm Al filter. Scans
were reconstructed at a 34.2 um isotropic resolution using nRecon software (version 1.6.10.1, Bruker
MicroCT). Video 2 was generated by segmentation of heart, lungs and cardiac calcification using Analyze
(version 12.0, AnalyzeDirect, Overland Park, KS, U.SA.) using threshold based segmentation.

For in vivo basal and Angll-challenge studies with young mice, male Pkn2Het and wild-type (WT) litter-
mates (average age 11 weeks) on a C57Bl/6] background were imported into the BioResource Facility at
St. George’s University of London and allowed to acclimatise for 7 d. Mice were randomly allocated to each
treatment group; body weights are provided in Supplementary Table S10. Drug delivery used 1007D Alzet
osmotic pumps, filled according to the manufacturer’s instructions. Mice received minipumps for delivery of
0.8 mg/kg/d AnglI (Merck) or vehicle (acidified PBS) Minipumps were incubated overnight in sterile PBS (37°C),
then implanted subcutaneously under continuous inhalation anaesthesia using isoflurane (induction at 5%, main-
tenance at 2-2.5%) mixed with 2 I/min O,. A 1 cm incision was made in the mid-scapular region and mice were
given 0.05 mg/kg (s.c.) buprenorphine (Ceva Animal Health Ltd.) to repress post-surgical discomfort. Minipumps
were implanted portal first in a pocket created in the left flank region of the mouse. Wound closure used a simple
interrupted suture with polypropylene 4-0 thread (Prolene, Ethicon). Mice were allowed to recover singly and
returned to their home cage once fully recovered. Echocardiography was performed on anaesthetised mice using
the VEVO2100 imaging system equipped with a MS400 18-38 MHz transducer (Visualsonics). Mice were anaes-
thetised in an induction chamber with isoflurane (5% flow rate) with 1 1/min O, then transferred to the heated
Vevo Imaging Station. Anaesthesia was maintained with 1.5% isoflurane delivered via a nose cone. Baseline scans
were taken prior to experimentation (—7 to —3 days). Further scans were taken at intervals following tamoxifen
treatment or minipump implantation. Imaging was completed within 20 min. Mice were recovered singly and
transferred to the home cage once fully recovered.

For in vivo studies with middle-aged mice, male Pkn2Het and wild-type (WT) littermates (average age 42
weeks) were housed in the Francis Crick Institute and echocardiograms were taken with the VEVO3100
imaging system (Visualsonics).

Data analysis was performed using VevoLAB software (Visualsonics) by an independent assessor blinded to
any Angll intervention. Left ventricular cardiac dimensions were assessed from short axis M-mode images with
the axis placed at the mid-level of the left ventricle at the level of the papillary muscles. Data were gathered
from two M-mode scans at each time point, taking mean values across four cardiac cycles for each echocardio-
gram. The diameter of the aorta was measured with the calliper function from B-mode images at the end of
cardiac systole (with the aorta at its widest) and following aortic contraction, taking an average of measure-
ments across two cardiac cycles. Cardiac function and left ventricular mass were measured B-mode long axis
images using Vevo Strain software for speckle tracking. Blood flow was assessed using pulsed-wave Doppler.

Mice were killed either by cervical dislocation followed by exsanguination, or by CO, inhalation followed by
cervical dislocation. Hearts were excised quickly, washed in PBS and blotted to remove excess PBS. The apex of
the heart was snap-frozen in liquid N, and the remainder fixed in 10% buffered formalin for histology.

Ethics statement for adult mouse experiments

Animals were housed in the Biological Resource Unit (BRU) at Cancer Research UK’s London Research
Institute (LRI to 2016), University College London (UCL)’s Centre for Advanced Biomedical Imaging (for pilot
imaging experiments) and the Biological Research Facility (BRF) at the Francis Crick Institute (from 2016
onward), or the BioResource Facility at St. George’s University of London. Each site is UK registered with a
Home Office certificate of designation. Studies were performed in accordance with European Parliament
Directive 2010/63/EU on the protection of animals used for scientific purposes, institutional animal care com-
mittee procedures (CRUK’s London Research Institute, University College London, The Francis Crick Institute,
University of Reading and St. George’s University of London) and the UK Animals (Scientific Procedures) Act
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1986 (under Procedure Project Licences 77/8066, P166DEA98, 70/7474, 70/8248, 70/8249, 70/8709 and
P8BAB0744).

HREM, histology and assessment of myocyte size and fibrosis

Samples for high resolution episcopic microscopy (HREM) were fixed in Bouin’s for a minimum of 12 h fol-
lowed by extensive washing in PBS, dehydration in a graded methanol series, incubation in JB-4 (Sigma)
/Eosine (Sigma)/Acridine orange (Sigma) mix overnight to ensure proper sample infiltration and then embed-
ded in fresh mix by adding the accelerator (see [51]). Once polymerised the blocks were imaged as previously
described [52, 53]; details of the process can be found at: https://dmdd.org.uk/hrem/. Samples were sectioned
on a Leica sledge microtome at 1 or 2 wm or on a commercial HREM (Indigo Scientific) at 0.85 or 1.7 pm. An
image of the surface of the block was then acquired under GFP excitation wavelength light using Olympus
MVX10 microscope and a high resolution camera (Jenoptik). After acquisition the stacks were adjusted for
gray levels using Photoshop CS6 and then processed for isotropic scaling, orthogonal resectioning, 25% down-
scaling, using a mixture of commercial and homemade software (see Wilson R et al. NAR 2016, Vol. 44 D855-
D861). 3D volume renderings of the datasets were typically produced from the 25% downscaled stack using
OsirixMD or Horos.

Histological staining and analysis were performed as previously described [28], by board certified veterinary
pathologists, assessing general morphology by haematoxylin and eosin (H&E), general fibrosis by Masson’s or
Gomori’s trichrome (as indicated in figure legends and below) and collagen deposition using picrosirius red
(PSR). Images of heart sections were captured and stored digitally using a Hamamatsu slide scanner. For ana-
lysis of myocyte cross-sectional area, cells stained by H&E within the LV (excluding epicardial and endocardial
regions) were outline traced using NDP.view2 software (Hamamatsu). Only cells with a single nucleus that
were clearly in cross-section were included in the analysis, and all cells in a given area meeting these criteria
were measured. For assessment of interstitial fibrosis, PSR-stained sections were used and the areas of the myo-
cardium in the middle of the left ventricular free wall, plus the points of intersection between the left ventricle
and the interventricular septum were scored (0, no fibrosis; 1, limited fibrosis; 2, significant fibrosis; 3, extensive
fibrosis permeating the tissue) and the mean value taken for each mouse. To assess perivascular fibrosis,
Masson’s Trichrome images were used. All arteries/arterioles with a clearly defined elastic lamina in cross
section were measured across the diameter. Vessels >20 wm diameter were scored as for interstitial fibrosis. The
mean values for each mouse were taken. Data analysis was performed by an independent assessor blinded to
treatment groups.

RNASeq, gPCR and immunoblotting of adult mouse heart samples

The apex of each of the mouse hearts was ground to powder under liquid N,. Samples (10-15 mg) were homo-
genised with 1 ml RNA Bee (AMS Biotechnology Ltd). RNA was prepared according to the manufacturer’s
instructions and dissolved in nuclease-free water. The concentration and purity were assessed from the Ay
and A,/ Asgo values measured using an Implen NanoPhotometer.

The nf-core/rnaseq pipeline version 3.1 [54] was used to prepare quantified expression matrices. The pipeline
takes FastQ files as input and runs quality control checks on the data, trims reads for low quality nucleotides,
aligns reads and quantifies aligned data to gene models. The GRCm38 reference and Ensembl release-95 gene
models were provided. The ‘-aligner star_rsem’ option was specified to align the reads with STAR [55] and
quantify expression with RSEM [56] via RSEM version 1.3.1. Raw gene-level counts were imported into R
using tximport [57] and DESeq2 version 1.32.0 [58] used to test for differential expression with a FDR thresh-
old of 1%.

Quantitative PCR (qPCR) was performed as previously described [59]. Total RNA (0.5 pg) was reverse tran-
scribed to ¢cDNA using High Capacity cDNA Reverse Transcription Kits with random primers (Applied
Biosystems) according to the manufacturer’s instructions. qPCR was performed using an ABI Real-Time PCR
7500 system (Applied Biosystems) using optical 96-well reaction plates and iTaq Universal SYBR Green
Supermix (Bio-Rad Laboratories Inc.). GAPDH was used as the reference gene for the study. Results were nor-
malised to GAPDH, and relative quantification was obtained using the ACt (threshold cycle) method; relative
expression was calculated as 27", and normalised to vehicle or time 0. Primers were from Eurofins
Genomics; sequences are provided in Supplementary Table S11.

Samples of heart powders (10-15 mg) were extracted in 8 vol (relative to powder weight) Buffer A [20 mM
Tris pH 7.5, 1 mM EDTA, 10% (v/v) glycerol, 1% (v/v) Triton X-100, 100 mM KCl, 5mM NaF, 0.2 mM
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Na;VO, 5mM MgCl,, 0.05% (v/v) 2-mercaptoethanol, 10 mM benzamidine, 0.2 mM leupeptin, 0.01 mM
trans-epoxy succinyl-l-leucylamido-(4-guanidino)butane, 0.3 mM phenylmethylsulphonyl fluoride, 4 uM
microcystin]. Samples were vortexed and extracted on ice (10 min). Extracts were centrifuged (10000xg,
10 min, 4°C). The supernatants were removed, a sample was taken for protein assay and the remainder boiled
with 0.33 vol sample buffer [0.33 M Tris—-HCI pH 6.8, 10% (w/v) SDS, 13% (v/v) glycerol, 133 M dithiothreitol,
0.2 mg/ml bromophenol blue]. Protein concentrations were determined by Bio-Rad Bradford assay using
bovine serum albumin (BSA) standards.

Proteins were separated by SDS-PAGE using using a Bio-Rad mini-gel system with 8% (w/v) polyacrylamide
resolving gels and 6% stacking gels (200 V, 90 min) for PKN1/2 (40 pg total protein), or 12% polyacrylamide
resolving gels and 6% stacking gels (200 V, 50 min) for GAPDH (5 g total protein). Proteins were transferred
electrophoretically to nitrocellulose using a Bio-Rad semi-dry transfer cell (10 V, 60 min) and detected as previ-
ously described [59]. Bands were visualised by enhanced chemiluminescence using ECL Prime Western
Blotting detection reagents and using an ImageQuant LAS4000 system (GE Healthcare). ImageQuant TL 8.1
software (GE Healthcare) was used for densitometric analysis. Raw values for phosphorylated PKN1/2 were
normalised to the total kinase. Values for all samples were normalised to the mean of the controls. Primary
antibodies for total PKN2 (Cat. No. 2612), phospho-PKN1/2 (Cat. No. 2611) and GAPDH (Cat. No. 2118)
were from Cell Signalling Technology. Antibodies for PKN1 were from BD Transduction Laboratories (Cat.
No. 610686). Phospho- and total PKN antibodies were used at 1/750 dilution; GAPDH antibodies were used at
1/1000 dilution.

Bioinformatics analysis for transcript expression in dilated cardiomyopathy
mRNA expression of PKNI (ENSG00000123143), PKN2 (ENSG00000065243) and PKN3 (ENSG00000160447)
in control and diseased human hearts was determined using a published RNASeq dataset for left ventricular
samples of 97 patients with end-stage dilated cardiomyopathy taken at the time of transplantation or left ven-
tricular assist device implantation, and 108 non-diseased controls [27]. Differential expression analysis was
carried out using DESeq2 (V1.18.1, Wald test) [58].

Data Availability
The RNA sequence data generated in this study is available through GEO at GSE206779.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding

JJ.T.M, TS, B.S,, AS.-B., E.H., S.L.P., T.M. and P.J.P. were supported by the Francis Crick Institute which
receives its core funding from Cancer Research UK (CRUK) (FC001130), the UK Medical Research Council
(MRC) (FC001130), and the Wellcome Trust (FC001130). A.C. acknowledges support from the British Heart
Foundation FS/18/33/33621 (J.J.C.) and Qassim University, Saudi Arabia (H.O.A.). D.J.S. was supported by
British Heart Foundation Intermediate and Senior Basic Science Research Fellowships (FS/15/33/31608, FS/
SBSRF/21/31020), the BHF Centre for Regenerative Medicine RM/17/1/33377, the MRC MR/R026416/1, and the
Wellcome Trust 212937/2/18/Z. S.T.E.C. and D.M. were supported by BHF studentship FS/19/24/34262 and the
Wellcome Trust 204809/16/z.

CRediT Author Contribution

Peter J. Parker: Conceptualization, Resources, Formal analysis, Supervision, Funding acquisition, Writing — original
draft, Project administration, Writing — review and editing. Jacqueline JT Marshall: Conceptualization, Formal
analysis, Investigation, Writing — original draft, Project administration, Writing — review and editing.

Joshua J. Cull: Investigation, Writing — review and editing. Hajed O. Alharbi: Investigation, Writing — review

and editing. May Zaw Thin: Investigation, Writing — review and editing. Susanna TE Cooper: Investigation,
Writing — review and editing. Christopher Barrington: Formal analysis, Writing — review and editing.

Hannah Vanyai: Investigation, Writing — review and editing. Thomas Snoeks: Investigation, Writing — review

and editing. Bernard Siow: Investigation, Writing — review and editing. Alejandro Suaarez-Bonnet: Investigation,
Writing — review and editing. Eleanor Herbert: Investigation, Writing — review and editing.

Daniel J. Stuckey: Investigation, Writing — review and editing. Angus Cameron: Conceptualization, Supervision,

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

1483


https://creativecommons.org/licenses/by/4.0/

.. 2 PORTLAND
0O press

Biochemical Journal (2022) 479 1467-1486
https://doi.org/10.1042/BCJ20220281

Investigation, Writing — review and editing. Fabrice Prin: Investigation, Writing — review and editing.

Andrew C. Cook: Conceptualization, Writing — review and editing. Simon L. Priestnall: Investigation, Writing —
review and editing. Sonia Chotani: Investigation, Writing — review and editing. Owen JL Rackham: Investigation,
Writing — review and editing. Daniel Meijles: Conceptualization, Supervision, Investigation, Writing — review and
editing. Timothy Mohun: Supervision, Investigation, Writing — review and editing. Angela Clerk: Conceptualization,
Resources, Supervision, Investigation, Writing — original draft, Writing — review and editing.

Abbreviations

Angll, angiotensin Il; DCM, dilated cardiomyopathy; DEGs, differentially expressed genes; FDR, false discovery
rates; HREM, high resolution episcopic microscopy; LV, left ventricle; PKN, protein kinase N; PSR, picrosirius
red; TAC, transverse aortic constriction; TCA, tricarboxylic acid; VTI, velocity time interval.

References

1

2

10

il

12

13

14

15

16

17

18

19

20

21

22

23

Bouma, B.J. and Mulder, B.J. (2017) Changing landscape of congenital heart disease. Circ. Res. 120, 908-922 https://doi.org/10.1161/CIRCRESAHA.
116.309302

Hoffman, J.I. and Kaplan, S. (2002) The incidence of congenital heart disease. J. Am. Coll. Cardiol. 39, 1890—1900 https://doi.org/10.1016/
S0735-1097(02)01886-7

Jankauskas, S.S., Kansakar, U., Varzideh, F., Wilson, S., Mone, P., Lombardi, A. et al. (2021) Heart failure in diabetes. Metabolism 125, 154910
https://doi.org/10.1016/j.metabol.2021.154910

Messerli, F.H., Rimoldi, S.F. and Bangalore, S. (2017) The transition from hypertension to heart failure: contemporary update. JACC Heart Fail. 5,
543-551 https://doi.org/10.1016/j.jchf.2017.04.012

Ponikowski, P., Anker, S.D., AlHabib, K.F., Cowie, M.R., Force, T.L., Hu, S. et al. (2014) Heart failure: preventing disease and death worldwide. £ESC
Heart Fail. 1, 4-25 https://doi.org/10.1002/ehf2.12005

Savarese, G. and Lund, L.H. (2017) Global public health burden of heart failure. Card. Fail. Rev. 3, 7-11 https://doi.org/10.15420/cfr.2016:25:2
Walli-Attaei, M., Joseph, P., Rosengren, A., Chow, C.K., Rangarajan, S., Lear, S.A. et al. (2020) Variations between women and men in risk factors,
treatments, cardiovascular disease incidence, and death in 27 high-income, middle-income, and low-income countries (PURE): a prospective cohort
study. Lancet 396, 97-109 https://doi.org/10.1016/50140-6736(20)30543-2

Wenzl, F.A., Ambrosini, S., Mohammed, S.A., Kraler, S., Luscher, T.F., Costantino, S. et al. (2021) Inflammation in metabolic cardiomyopathy. Front.
Cardiovasc. Med. 8, 742178 https://doi.org/10.3389/fcvm.2021.742178

Ahuja, P., Sdek, P. and MacLellan, W.R. (2007) Cardiac myocyte cell cycle control in development, disease, and regeneration. Physiol. Rev. 87,
521-544 https://doi.org/10.1152/physrev.00032.2006

Broughton, K.M. and Sussman, M.A. (2019) Adult cardiomyocyte cell cycle detour: Off-ramp to quiescent destinations. Trends Endocrinol. Metab. 30,
557-567 https://doi.org/10.1016/).tem.2019.05.006

Dorn, I, G.W., Robbins, J. and Sugden, P.H. (2003) Phenotyping hypertrophy: eschew obfuscation. Circ. Res. 92, 1171-1175 https://doi.org/10.1161/
01.RES.0000077012.11088.BC

Fuller, S.J., Osborne, S.A., Leonard, S.J., Hardyman, M.A., Vaniotis, G., Allen, B.G. et al. (2015) Cardiac protein kinases: the cardiomyocyte kinome and
differential kinase expression in human failing hearts. Cardiovasc. Res. 108, 87-98 https://doi.org/10.1093/cvr/cw210

Marrocco, V., Bogomolovas, J., Ehler, E., Dos Remedios, C.G., Yu, J., Gao, C. et al. (2019) PKC and PKN in heart disease. J. Mol. Cell. Cardiol. 128,
212-226 https://doi.org/10.1016/}.yjmcc.2019.01.029

Lachmann, S., Jevons, A., De Rycker, M., Casamassima, A., Radtke, S., Collazos, A. et al. (2011) Regulatory domain selectivity in the cell-type specific
PKN-dependence of cell migration. PLoS ONE 6, 21732 https://doi.org/10.1371/journal.pone.0021732

Palmer, R.H., Ridden, J. and Parker, P.J. (1995) Cloning and expression patterns of two members of a novel protein-kinase-C-related kinase family.
Eur. J. Biochem. 227, 344-351 https://doi.org/10.1111/j.1432-1033.1995.tb20395.

Danno, S., Kubouchi, K., Mehruba, M., Abe, M., Natsume, R., Sakimura, K. et al. (2017) PKN2 is essential for mouse embryonic development and
proliferation of mouse fibroblasts. Genes Cells 22, 220—-236 https://doi.org/10.1111/gtc.12470

Quetier, 1., Marshall, J.J.T., Spencer-Dene, B., Lachmann, S., Casamassima, A., Franco, C. et al. (2016) Knockout of the PKN family of Rho effector
kinases reveals a Non-redundant role for PKN2 in developmental mesoderm expansion. Cell Rep. 14, 440-448 https://doi.org/10.1016/j.celrep.2015.
12.049

Lepore, J.J., Cheng, L., Min Lu, M., Mericko, P.A., Morrisey, E.E. and Parmacek, M.S. (2005) High-efficiency somatic mutagenesis in smooth muscle
cells and cardiac myocytes in SM22alpha-Cre transgenic mice. Genesis 41, 179-184 https://doi.org/10.1002/gene.20112

Li, L., Miano, J.M., Cserjesi, P. and Olson, E.N. (1996) SM22 alpha, a marker of adult smooth muscle, is expressed in multiple myogenic lineages
during embryogenesis. Circ. Res. 78, 188—195 https://doi.org/10.1161/01.RES.78.2.188

Malhowski, A.J., Hira, H., Bashiruddin, S., Warburton, R., Goto, J., Robert, B. et al. (2011) Smooth muscle protein-22-mediated deletion of Tsc1 results
in cardiac hypertrophy that is mTORC1-mediated and reversed by rapamycin. Hum. Mol. Genet. 20, 12901305 https://doi.org/10.1093/hmg/ddg570
Miano, J.M., Ramanan, N., Georger, M.A., de Mesy Bentley, K.L., Emerson, R.L., Balza, Jr, R.0. et al. (2004) Restricted inactivation of serum response
factor to the cardiovascular system. Proc. Natl Acad. Sci. U.S.A. 101, 17132—17137 https://doi.org/10.1073/pnas.0406041101

Zhang, J.C., Kim, S., Helmke, B.P., Yu, W.W., Du, K.L., Lu, M.M. et al. (2001) Analysis of SM22alpha-deficient mice reveals unanticipated insights into
smooth muscle cell differentiation and function. Mol. Cell. Biol. 21, 1336—1344 https://doi.org/10.1128/MCB.2001.21.4.1336-1344.2001

Takagi, H., Hsu, C.P., Kajimoto, K., Shao, D., Yang, Y., Magjima, Y. et al. (2010) Activation of PKN mediates survival of cardiac myocytes in the heart
during ischemia/reperfusion. Circ. Res. 107, 642—649 https://doi.org/10.1161/CIRCRESAHA.110.217554

1484 © 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).


https://doi.org/10.1161/CIRCRESAHA.116.309302
https://doi.org/10.1161/CIRCRESAHA.116.309302
https://doi.org/10.1016/S0735-1097(02)01886-7
https://doi.org/10.1016/S0735-1097(02)01886-7
https://doi.org/10.1016/S0735-1097(02)01886-7
https://doi.org/10.1016/S0735-1097(02)01886-7
https://doi.org/10.1016/j.metabol.2021.154910
https://doi.org/10.1016/j.jchf.2017.04.012
https://doi.org/10.1002/ehf2.12005
https://doi.org/10.15420/cfr.2016:25:2
https://doi.org/10.1016/S0140-6736(20)30543-2
https://doi.org/10.1016/S0140-6736(20)30543-2
https://doi.org/10.1016/S0140-6736(20)30543-2
https://doi.org/10.3389/fcvm.2021.742178
https://doi.org/10.1152/physrev.00032.2006
https://doi.org/10.1016/j.tem.2019.05.006
https://doi.org/10.1161/01.RES.0000077012.11088.BC
https://doi.org/10.1161/01.RES.0000077012.11088.BC
https://doi.org/10.1093/cvr/cvv210
https://doi.org/10.1016/j.yjmcc.2019.01.029
https://doi.org/10.1371/journal.pone.0021732
https://doi.org/10.1111/j.1432-1033.1995.tb20395.x
https://doi.org/10.1111/j.1432-1033.1995.tb20395.x
https://doi.org/10.1111/gtc.12470
https://doi.org/10.1016/j.celrep.2015.12.049
https://doi.org/10.1016/j.celrep.2015.12.049
https://doi.org/10.1002/gene.20112
https://doi.org/10.1161/01.RES.78.2.188
https://doi.org/10.1093/hmg/ddq570
https://doi.org/10.1073/pnas.0406041101
https://doi.org/10.1128/MCB.2001.21.4.1336-1344.2001
https://doi.org/10.1128/MCB.2001.21.4.1336-1344.2001
https://doi.org/10.1161/CIRCRESAHA.110.217554
https://creativecommons.org/licenses/by/4.0/

Biochemical Journal (2022) 479 1467-1486

PORTLAND

L)
https://doi.org/10.1042/BCJ20220281 ... PRESS

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

Francois, A.A., Obasanjo-Blackshire, K., Clark, J.E., Boguslavskyi, A., Holt, M.R., Parker, P.J. et al. (2018) Loss of Protein Kinase Novel 1 (PKN1) is
associated with mild systolic and diastolic contractile dysfunction, increased phospholamban Thr17 phosphorylation, and exacerbated
ischaemia-reperfusion injury. Cardiovasc. Res. 114, 138—157 https://doi.org/10.1093/cvr/cvx206

Sakaguchi, T., Takefuji, M., Wettschureck, N., Hamaguchi, T., Amano, M., Kato, K. et al. (2019) Protein kinase N promotes stress-induced cardiac
dysfunction through phosphorylation of myocardin-Related transcription factor A and disruption of Its interaction With actin. Circulation 140, 1737-1752
https://doi.org/10.1161/CIRCULATIONAHA.119.041019

Breckenridge, R., Kotecha, S., Towers, N., Bennett, M. and Mohun, T. (2007) Pan-myocardial expression of Cre recombinase throughout mouse
development. Genesis 45, 135144 https://doi.org/10.1002/dvg.20275

Heinig, M., Adriaens, M.E., Schafer, S., van Deutekom, H.W.M., Lodder, E.M., Ware, J.S. et al. (2017) Natural genetic variation of the cardiac
transcriptome in non-diseased donors and patients with dilated cardiomyopathy. Genome Biol. 18, 170 https://doi.org/10.1186/s13059-017-1286-z
Meijles, D.N., Cull, J.J., Markou, T., Cooper, S.T.E., Haines, Z.H.R., Fuller, S.J. et al. (2020) Redox regulation of cardiac ASK1 (Apoptosis
signal-Regulating kinase 1) controls p38-MAPK (mitogen-activated protein kinase) and orchestrates cardiac remodeling to hypertension. Hypertension 76,
1208-1218 https://doi.org/10.1161/HYPERTENSIONAHA.119.14556

Meijles, D.N., Cull, J.J., Cooper, S.T.E., Markou, T., Hardyman, M.A., Fuller, S.J. et al. (2021) The anti-cancer drug dabrafenib is not cardiotoxic and
inhibits cardiac remodelling and fibrosis in a murine model of hypertension. Clin. Sci. (Lond) 135, 1631-1647 https://doi.org/10.1042/CS20210192
Choquet, C., Kelly, R.G. and Miquerol, L. (2019) Defects in trabecular development contribute to left ventricular noncompaction. Pediatr. Cardiol. 40,
1331-1338 https://doi.org/10.1007/s00246-019-02161-9

D'Amato, G., Luxan, G. and de la Pompa, J.L. (2016) Notch signalling in ventricular chamber development and cardiomyopathy. FEBS J. 283,
4223-4237 https://doi.org/10.1111/febs. 13773

Tan, C.M.J. and Lewandowski, A.J. (2020) The transitional heart: from early embryonic and fetal development to neonatal life. Fetal Diagn. Ther. 47,
373-386 https://doi.org/10.1159/000501906

Koibuchi, N. and Chin, M.T. (2007) CHF1/Hey2 plays a pivotal role in left ventricular maturation through suppression of ectopic atrial gene expression.
Circ. Res. 100, 850-855 https://doi.org/10.1161/01.RES.0000261693.13269.bf

Lim, M.A., Yang, L., Zheng, Y., Wu, H., Dong, L.Q. and Liu, F. (2004) Roles of PDK-1 and PKN in regulating cell migration and cortical actin formation
of PTEN-knockout cells. Oncogene 23, 9348-9358 https://doi.org/10.1038/sj.onc.1208147

Zeng, R., Wang, Z., Li, X., Chen, Y., Yang, S. and Dong, J. (2020) Cyclin-dependent kinase 1-mediated phosphorylation of protein kinase N1 promotes
anchorage-independent growth and migration. Cell Signal. 69, 109546 https://doi.org/10.1016/j.cellsig.2020.109546

Udeoji, D.U., Philip, K.J., Morrissey, R.P., Phan, A. and Schwarz, E.R. (2013) Left ventricular noncompaction cardiomyopathy: updated review. Ther. Adv.
Cardiovasc. Dis. 7, 260-273 https://doi.org/10.1177/1753944713504639

Ursell, P.C. (2013) Noncompaction in the fetus and neonate: an autopsy study. Am. J. Med. Genet. C Semin. Med. Genet. 163G, 169—177 https://doi.
org/10.1002/ajmg.c.31367

Kawada, N., Imai, E., Karber, A., Welch, W.J. and Wilcox, C.S. (2002) A mouse model of angiotensin Il slow pressor response: role of oxidative stress.
J. Am. Soc. Nephrol. 13, 2860-2868 https://doi.org/10.1097/01.ASN.0000035087.11758.ED

Zi, M., Stafford, N., Prehar, S., Baudoin, F., Oceandy, D., Wang, X. et al. (2019) Cardiac hypertrophy or failure?: a systematic evaluation of the transverse
aortic constriction model in C57BL/6NTac and C57BL/6J substrains. Curr. Res. Physiol. 1, 1-10 https://doi.org/10.1016/j.crphys.2019.10.001

Harrison, B.C., Huynh, K., Lundgaard, G.L., Helmke, S.M., Perryman, M.B. and McKinsey, T.A. (2010) Protein kinase C-related kinase targets nuclear
localization signals in a subset of class lla histone deacetylases. FEBS Lett. 584, 11031110 https://doi.org/10.1016/j.febslet.2010.02.057

Xie, X.L., Nie, X., Wu, J., Zhang, F., Zhao, L.L., Lin, Y.L. et al. (2015) Smooth muscle 22c. facilitates angiotensin ll-induced signaling and vascular
contraction. J. Mol. Med. (Berl) 93, 547-558 https://doi.org/10.1007/s00109-014-1240-4

Zhang, R., Shi, L., Zhou, L., Zhang, G., Wu, X., Shao, F. et al. (2014) Transgelin as a therapeutic target to prevent hypoxic pulmonary hypertension.
Am. J. Physiol. Lung Cell. Mol. Physiol. 306, L574-1583 https://doi.org/10.1152/ajplung.00327.2013

Falk, M.D., Liu, W., Bolanos, B., Unsal-Kacmaz, K., Klippel, A., Grant, S. et al. (2014) Enzyme kinetics and distinct modulation of the protein kinase N
family of kinases by lipid activators and small molecule inhibitors. Biosci Rep. 34, €00097 https://doi.org/10.1042/BSR20140010

Zhao, J., Zhou, D., Guo, J., Ren, Z., Zhou, L., Wang, S. et al. (2006) Effect of fasudil hydrochloride, a protein kinase inhibitor, on cerebral vasospasm and
delayed cerebral ischemic symptoms after aneurysmal subarachnoid hemorrhage. Neurol. Med. Chir. (Tokyo) 46, 421-428 https://doi.org/10.2176/nmc.46.421
Aleku, M., Schulz, P., Keil, 0., Santel, A., Schaeper, U., Dieckhoff, B. et al. (2008) Atu027, a liposomal small interfering RNA formulation targeting
protein kinase N3, inhibits cancer progression. Cancer Res. 68, 9788-9798 https://doi.org/10.1158/0008-5472.CAN-08-2428

Santel, A., Aleku, M., Roder, N., Mdpert, K., Durieux, B., Janke, O. et al. (2010) Atu027 prevents pulmonary metastasis in experimental and
spontaneous mouse metastasis models. Clin. Cancer Res. 16, 54695480 https://doi.org/10.1158/1078-0432.CCR-10-1994

Schultheis, B., Strumberg, D., Santel, A., Vank, C., Gebhardt, F., Keil, O. et al. (2014) First-in-human phase | study of the liposomal RNA interference
therapeutic Atu027 in patients with advanced solid tumors. J. Clin. Oncol. 32, 4141-4148 https://doi.org/10.1200/JC0.2013.55.0376

Shiga, K., Takayama, K., Futaki, S., Hutti, J.E., Cantley, L.C., Ueki, K. et al. (2009) Development of an intracellularly acting inhibitory peptide selective
for PKN. Biochem. J. 425, 445-453 https://doi.org/10.1042/BJ20090380

Bauer, A.F., Sonzogni, S., Meyer, L., Zeuzem, S., Piiper, A., Biondi, R.M. et al. (2012) Regulation of protein kinase C-related protein kinase 2 (PRK2) by
an intermolecular PRK2-PRK2 interaction mediated by Its N-terminal domain. J. Biol. Chem. 287, 20590-20602 https://doi.org/10.1074/jbc.M111.
327437

Stuckey, D.J., Carr, C.A., Tyler, D.J., Aasum, E. and Clarke, K. (2008) Novel MRI method to detect altered left ventricular ejection and filling patterns in
rodent models of disease. Magn. Reson. Med. 60, 582-587 https://doi.org/10.1002/mrm.21677

Geyer, S.H., Maurer-Gesek, B., Reissig, L.F. and Weninger, W.J. (2017) High-resolution episcopic microscopy (HREM): simple and robust protocols for
processing and visualizing organic materials. J. Vis. Exp. 125, 56071 https://doi.org/10.3791/56071

Mohun, T.J. and Weninger, W.J. (2012) Embedding embryos for high-resolution episcopic microscopy (HREM). Cold Spring Harb. Protoc. 2012,
678-680 https://doi.org/10.1101/pdb.prot069583

Weninger, W.J., Maurer-Gesek, B., Reissig, L.F., Prin, F., Wilson, R., Galli, A. et al. (2018) Visualising the cardiovascular system of embryos of
biomedical model organisms with high resolution episcopic microscopy (HREM). J. Cardiovasc. Dev. Dis. 5, 58 https://doi.org/10.3390/jcdd5040058

1485


https://doi.org/10.1093/cvr/cvx206
https://doi.org/10.1161/CIRCULATIONAHA.119.041019
https://doi.org/10.1002/dvg.20275
https://doi.org/10.1186/s13059-017-1286-z
https://doi.org/10.1186/s13059-017-1286-z
https://doi.org/10.1186/s13059-017-1286-z
https://doi.org/10.1186/s13059-017-1286-z
https://doi.org/10.1161/HYPERTENSIONAHA.119.14556
https://doi.org/10.1042/CS20210192
https://doi.org/10.1007/s00246-019-02161-9
https://doi.org/10.1007/s00246-019-02161-9
https://doi.org/10.1007/s00246-019-02161-9
https://doi.org/10.1007/s00246-019-02161-9
https://doi.org/10.1111/febs.13773
https://doi.org/10.1159/000501906
https://doi.org/10.1161/01.RES.0000261693.13269.bf
https://doi.org/10.1038/sj.onc.1208147
https://doi.org/10.1016/j.cellsig.2020.109546
https://doi.org/10.1177/1753944713504639
https://doi.org/10.1002/ajmg.c.31367
https://doi.org/10.1002/ajmg.c.31367
https://doi.org/10.1097/01.ASN.0000035087.11758.ED
https://doi.org/10.1016/j.crphys.2019.10.001
https://doi.org/10.1016/j.febslet.2010.02.057
https://doi.org/10.1007/s00109-014-1240-4
https://doi.org/10.1007/s00109-014-1240-4
https://doi.org/10.1007/s00109-014-1240-4
https://doi.org/10.1007/s00109-014-1240-4
https://doi.org/10.1152/ajplung.00327.2013
https://doi.org/10.1042/BSR20140010
https://doi.org/10.2176/nmc.46.421
https://doi.org/10.1158/0008-5472.CAN-08-2428
https://doi.org/10.1158/0008-5472.CAN-08-2428
https://doi.org/10.1158/0008-5472.CAN-08-2428
https://doi.org/10.1158/0008-5472.CAN-08-2428
https://doi.org/10.1158/1078-0432.CCR-10-1994
https://doi.org/10.1158/1078-0432.CCR-10-1994
https://doi.org/10.1158/1078-0432.CCR-10-1994
https://doi.org/10.1158/1078-0432.CCR-10-1994
https://doi.org/10.1200/JCO.2013.55.0376
https://doi.org/10.1042/BJ20090380
https://doi.org/10.1074/jbc.M111.327437
https://doi.org/10.1074/jbc.M111.327437
https://doi.org/10.1002/mrm.21677
https://doi.org/10.3791/56071
https://doi.org/10.1101/pdb.prot069583
https://doi.org/10.3390/jcdd5040058
https://creativecommons.org/licenses/by/4.0/

<. = PORTLAND Biochemical Journal (2022) 479 1467-1486
Q.. PRESS https://doi.org/10.1042/BCJ20220281

54  Ewels, P.A., Peltzer, A., Fillinger, S., Patel, H., Alneberg, J., Wilm, A. et al. (2020) The nf-core framework for community-curated bioinformatics
pipelines. Nat. Biotechnol. 38, 276278 https://doi.org/10.1038/s41587-020-0439-x

55  Dobin, A., Davis, C.A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S. et al. (2013) STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29,
15-21 https://doi.org/10.1093/bicinformatics/bts635

56  Li, B. and Dewey, C.N. (2011) RSEM: accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC Bioinformatics 12,
323 https://doi.org/10.1186/1471-2105-12-323

57  Soneson, C., Love, M.l. and Robinson, M.D. (2015) Differential analyses for RNA-seq: transcript-level estimates improve gene-level inferences.
F1000Res. 4, 1521 https://doi.org/10.12688/f1000research.7563.1

58  Love, M.I., Huber, W. and Anders, S. (2014) Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550
https://doi.org/10.1186/s13059-014-0550-8

59  Marshall, AK., Barrett, 0.P.T., Cullingford, T.E., Shanmugasundram, A., Sugden, P.H. and Clerk, A. (2010) ERK1/2 signaling dominates over RhoA
signaling in regulating early changes in RNA expression induced by endothelin-1 in neonatal rat cardiomyocytes. PLoS One 5, 10027 https://doi.org/
10.1371/journal.pone.0010027

1486 © 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).


https://doi.org/10.1038/s41587-020-0439-x
https://doi.org/10.1038/s41587-020-0439-x
https://doi.org/10.1038/s41587-020-0439-x
https://doi.org/10.1038/s41587-020-0439-x
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.12688/f1000research.7563.1
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1371/journal.pone.0010027
https://doi.org/10.1371/journal.pone.0010027
https://creativecommons.org/licenses/by/4.0/

Figure S1. HREM images of XMLC2 knockout of Pkn2
HREM images are from a reconstruction of a 14.5d XMLC2Cre"~ Pkn2"*" embryo (left) and
of a XMLC2Cre"-Pkn2"" (right) from the same dam. The upper panels are surface images

and the lower panels illustrate sections.



Figure S2. Histology of sections from the SM22a knockout of Pkn2 in adult hearts

H&E (top rows) and Gomori’s Trichrome (lower rows) stained sections through the short-
axis of the heart, at 2-3 mm from the apex from littermates of (a) females culled at 8 weeks of
age, (b) males at 22 weeks, and (c) males at 64 weeks, with genotypes as labelled. For each
group, cull was triggered due to loss of condition of one littermate (left in each group). Scale

bars are (a,b) 1 mm or (¢) 2 mm.



Figure S3 Embryonic defects SM22a Pkn2 mice
HREM images are from reconstructions of embyros collected at (a) E14.5 and (b) E18.5 days
gestation. Genotypes are as indicated. (¢) H&E stained section of a SM22aCre™- Pkn2"1E14.5

heart with 100 pm scale, as labelled.
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Figure S4. Expression of PKN2 in neonatal rat ventricular myocytes (NVMs) compared
with adult rat ventricular myocytes (AVMs) relative to cell size. Expression data were from
Fuller SJ et al. (Cardiovasc Res. 2015; 108: 87-98) adjusted for cell size according to
membrane capacitance which increases from 13 pF in 1- to 2-day NVMs to 156 pF in AVMs

[60, 61].
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Supplementary Table S1. Echocardiography data for 12 and 42 week male mice with
heterozygous PKN2 gene deletion (PKN2Het) and wild-type (WT) mice: baseline data. AAT,
aortic acceleration time; AET, Aortic expulsion time; VTI, velocity time interval; PAT, pulmonary
acceleration time; PET, pulmonary expulsion time; PA, pulmonary artery; LV, left ventricle; ID,
internal diameter; AW, anterior wall; PW, posterior wall.

WT: 12 wk (n=10) | PKN2Het: 12wk | WT: 42 wk (n=8) PKN2Het: 42 wk
(n=15) (n=10)
Mean | SEM Mean | SEM Mean | SEM Mean | SEM

Aortic flow (Pulsed Wave Doppler)

AAT (ms) 23.80 0.82 23.59 0.72 18.98 0.72 20.03 1.08
AET (ms) 57.21 0.68 56.55 0.68 48.54 1.13 53.56 1.77
AAT/AET 0.42 0.01 0.42 0.01 0.39 0.01 0.37 0.01
Aorta VTI (mm) 61.95 2.47 60.71 2.86 40.31 3.09 55.47 3.77
Aorta Mean Velocity (mm/s) 821.32 29.33 800.96 29.24 620.71 36.58 800.88 54.81
Aorta Mean Gradient (mmHg) 2.81 0.23 2.65 0.19 1.59 0.18 2.69 0.33
Aorta Peak Velocity (mm/s 1632.92 58.53 | 1592.77 53.01 | 1271.29 82.00 | 1620.63 104.77
Aorta Peak Grad (mmHg) 11.08 0.93 10.46 0.65 6.69 0.83 10.94 1.32
Aorta Peak Pressure (mmHg) 10.85 0.86 10.31 0.65 6.64 0.82 10.81 1.31
Pulmonary flow (Pulsed Wave Doppler)

PAT (ms) 23.71 0.53 24.90 0.37 24.97 0.98 24.71 0.72
PET (ms) 60.47 0.92 61.43 0.65 56.74 2.15 58.94 2.42
PAT/PET 0.39 0.01 0.41 0.00 0.44 0.02 0.42 0.01
PA VTI 32.11 1.12 32.70 0.58 20.66 1.20 21.44 0.97
PA Mean Velocity (mm/s) -369.58 10.38 -360.73 12,93 | -262.10 8.32 | -264.84 9.79
PA Mean Gradient (mmHg) 0.56 0.03 0.56 0.02 0.28 0.02 0.29 0.02
PA Peak Velocity (mm/s -764.05 17.63 -740.28 23.98 | -551.01 13.94 | -558.99 25.85
PA Peak Grad (mmHg) 2.37 0.11 2.36 0.08 1.22 0.06 1.28 0.12
Aorta diameter (B-Mode)

Widest (mm) 151 0.01 1.54 0.02 1.59 0.03 1.60 0.03
Narrowest (mm 1.28 0.02 1.29 0.02 1.47 0.04 1.44 0.04
Wide/narrow 1.20 0.01 1.19 0.01 1.08 0.01 1.11 0.02

Left ventricle dimensions (short axis M-mode)

Heart Rate (bpm 522.13 11.06 508.26 11.26 473.62 17.63 448.95 18.55
LVID;s (mm) 2.97 0.05 2.92 0.05 2.59 0.07 2.71 0.05
LVID;d (mm) 4.18 0.05 4.14 0.05 3.80 0.06 3.95 0.04
LVAW;s (mm) 111 0.02 1.05 0.01 1.10 0.04 1.07 0.03
LVAW;d (mm) 0.84 0.02 0.77 0.01 0.84 0.02 0.81 0.02
LVPW;s (mm) 1.03 0.03 1.01 0.02 1.16 0.03 1.11 0.05
LVPW;d (mm) 0.72 0.02 0.69 0.01 0.78 0.04 0.77 0.02
Cardiac function (speckle-tracking strain analysis; long axis B-mode)

Heart rate (bpm 502.23 10.29 487.39 10.63 459.97 22.21 460.58 22.49
Stroke volume (ul) 25.51 1.35 26.23 0.76 24.18 2.71 24.17 251
Fractional shortening (%) 26.85 0.76 28.45 0.85 28.04 1.43 29.33 2.73
Ejection fraction (%) 50.11 1.93 53.31 1.20 53.38 2.76 54.07 2.95
Cardiac output (ml/min) 12.76 0.59 12.79 0.49 10.94 1.10 11.01 1.04
End diastolic LV mass 53.48 1.45 49.95 0.88 64.83 4.30 66.52 2.59
End systolic LV mass 56.46 1.57 52.34 0.75 66.08 4.28 67.84 2.70




Supplementary Table S2. Echocardiography data for 12 week male mice with heterozygous
PKN2 gene deletion (PKN2Het) and wild-type (WT) mice treated for 7 d with 0.8 mg/kg/d
angiotensin 2 or vehicle. AAT, aortic acceleration time; AET, Aortic expulsion time; VTI, velocity
time interval; PAT, pulmonary acceleration time; PET, pulmonary expulsion time; PA, pulmonary
artery; LV, left ventricle; ID, internal diameter; AW, anterior wall; PW, posterior wall.

WT: vehicle (n=5) | PKN2Het: vehicle | WT: Angll (n=5) PKN2Het: Angll
(n=8) (n=7)
Mean | SEM Mean | SEM Mean | SEM Mean | SEM

Aortic flow (Pulsed Wave Doppler)

AAT (ms) 23.50 1.19 22.76 0.86 24.42 1.23 22.53 144
AET (ms) 57.71 1.57 55.21 1.39 56.29 1.65 54.49 1.23
AAT/AET 0.41 0.03 0.41 0.01 0.43 0.02 0.41 0.02
Aorta VTI (mm) 61.67 5.44 58.84 4.05 58.82 3.16 61.60 5.13
Aorta Mean Velocity (mm/s) 780.00 63.10 819.21 59.70 811.40 45.61 864.12 57.41
Aorta Mean Gradient (mmHg) 2.53 0.41 2.80 0.37 2.68 0.30 3.08 0.42
Aorta Peak Velocity (mm/s 1583.20 | 128.93 1607.53 | 109.14 | 1498.86 29.58 | 1689.25 81.15
Aorta Peak Grad (mmHg) 10.32 1.68 10.71 1.32 9.01 0.35 11.60 1.08
Aorta Peak Pressure (mmHg) 10.20 1.68 10.61 1.30 8.91 0.35 11.50 1.09
Pulmonary flow (Pulsed Wave Doppler)

PAT (ms) 26.13 1.02 25.44 1.09 24.54 0.58 22.71 1.25
PET (ms) 62.38 1.29 63.13 147 58.68 2.93 56.67 1.72
PAT/PET 0.42 0.01 0.40 0.01 0.42 0.02 0.40 0.02
PA VTI 31.66 1.74 31.73 1.05 28.44 2.24 25.39 1.39
PA Mean Velocity (mm/s) -362.61 16.48 -363.12 13.26 | -333.86 18.50 | -310.38 10.82
PA Mean Gradient (mmHg) 0.53 0.05 0.53 0.04 0.45 0.05 0.39 0.03
PA Peak Velocity (mm/s -755.55 28.94 -744.09 26.15 -704.73 33.94 -682.22 25.60
PA Peak Grad (mmHg) 2.30 0.18 2.24 0.16 2.01 0.20 1.88 0.14
Aorta diameter (B-Mode)

Widest (mm) 151 0.02 151 0.01 1.63 0.06 1.69 0.08
Narrowest (mm 1.21 0.02 1.27 0.03 1.44 0.09 1.56 0.09
Wide/narrow 1.24 0.02 1.19 0.03 1.14 0.04 1.09 0.01

Left ventricle dimensions (short axis M-mode)

Heart Rate (bpm 501.28 13.71 506.12 12.71 528.57 15.67 521.25 17.10
LVID;s (mm) 2.96 0.11 3.01 0.07 2.59 0.08 2.68 0.11
LVID;d (mm) 4.17 0.10 4.15 0.05 3.86 0.13 3.80 0.14
LVAW;s (mm) 1.08 0.04 1.07 0.01 1.29 0.06 1.15 0.02
LVAW;d (mm) 0.82 0.03 0.81 0.02 1.00 0.05 0.91 0.02
LVPW;s (mm) 1.03 0.06 1.02 0.03 131 0.07 1.18 0.02
LVPW;d (mm) 0.72 0.05 0.72 0.03 1.02 0.09 0.85 0.04
Cardiac function (speckle-tracking strain analysis; long axis B-mode)

Heart rate (bpm 462.84 9.65 503.48 16.63 525.26 14.72 512.86 19.44
Stroke volume (pl) 28.52 2.63 28.07 1.03 27.49 3.19 21.12 2.08
Fractional shortening (%) 24.54 1.58 27.42 1.62 33.15 2.06 25.56 1.69
Ejection fraction (%) 49.85 1.59 53.86 1.99 60.29 3.22 52.70 1.28
Cardiac output (ml/min) 13.21 1.31 14.22 0.90 14.41 1.70 10.68 0.90
End diastolic LV mass 54.15 4.23 51.75 2.14 71.11 5.80 54.44 4.21
End systolic LV mass 57.33 5.02 56.87 2.64 76.33 5.51 57.72 4.56




Supplementary Table S3. RNASeq analysis of effects of angiotensin Il (Angll) on mRNA
expression in hearts from PKN2Het vs WT littermates: mRNAs significantly upregulated by Angll
in PKN2Het or WT hearts.

Gene Symbol Ensembl gene id WT Vehicle WT Angll PKN2Het Vehicle | PKN2Het Angll
Mean SD Mean | SD Mean SD Mean SD
Sept5 ENSMUSG00000072214 | 83 20 175 64 94 15 166 50
Sept9 ENSMUSG00000059248 | 865 99 1148 72 882 89 1148 182
Septll ENSMUSG00000058013 | 781 129 1170 161 705 99 998 196
1500009L16Rik | ENSMUSG00000087651 | 50 8 89 32 43 11 85 10
1700120C14Rik | ENSMUSG00000100599 | 84 4 153 41 76 23 122 23
2010111101Rik | ENSMUSG00000021458 | 946 73 1185 106 902 74 1185 115
Abcgl ENSMUSG00000024030 | 121 26 192 24 107 25 163 40
Acan ENSMUSG00000030607 | 4 3 66 49 3 1 32 34
Ace ENSMUSG00000020681 | 1467 152 2473 345 1594 190 2408 305
Actal ENSMUSG00000031972 | 6773 1395 | 24772 | 10833 | 8570 3863 | 28601 14894
Actnl ENSMUSG00000015143 | 522 79 925 273 524 61 761 132
Actr3 ENSMUSG00000026341 | 2536 120 3001 264 2399 43 2908 199
Adam12 ENSMUSG00000054555 | 55 9 167 53 41 13 115 49
Adam15 ENSMUSG00000028041 | 1010 154 1434 80 997 96 1364 151
Adamts12 ENSMUSG00000047497 | 91 12 261 100 100 8 204 80
Adamts2 ENSMUSG00000036545 | 499 49 1369 604 526 39 1080 305
Adamts8 ENSMUSG00000031994 | 16 4 76 21 15 2 57 28
Adamtsl2 ENSMUSG00000036040 | 230 49 554 141 251 43 511 150
Adcy7 ENSMUSG00000031659 | 355 49 714 204 342 76 589 111
Adgrel ENSMUSG00000004730 | 375 73 763 304 349 35 608 121
Al506816 ENSMUSG00000105987 | 463 36 655 41 454 52 676 86
Aifl ENSMUSG00000024397 | 63 12 133 73 51 11 95 13
Aldhla2 ENSMUSG00000013584 | 143 34 307 88 145 27 322 123
Ankrd1 ENSMUSG00000024803 | 20150 6483 | 57246 | 17002 | 19310 6244 | 49450 10874
Ankrd23 ENSMUSG00000067653 | 8223 1670 | 13521 | 3447 9104 579 14731 4085
Anln ENSMUSG00000036777 | 56 22 225 55 56 7 174 50
Anxal ENSMUSG00000024659 | 596 70 1111 254 555 84 919 152
Anxa2 ENSMUSG00000032231 | 1328 74 2290 204 1236 149 1957 280
Anxa5 ENSMUSG00000027712 | 1991 157 2628 137 1995 184 2495 432
Apbblip ENSMUSG00000026786 | 129 14 240 62 146 18 205 16
Apod ENSMUSG00000022548 | 115 26 229 22 122 16 198 30
Apoe ENSMUSG00000002985 | 3788 666 6913 2610 4103 455 5864 858
Arhgapl ENSMUSG00000027247 | 496 38 622 41 520 32 610 36
Arhgaplla ENSMUSG00000041219 | 76 15 183 32 69 9 158 44
Arhgap30 ENSMUSG00000048865 | 154 24 265 55 147 24 206 37
Arhgdib ENSMUSG00000030220 | 506 27 664 56 483 58 627 60
Arhgef40 ENSMUSG00000004562 | 530 50 747 111 504 59 674 68
Arid5a ENSMUSG00000037447 | 177 60 315 53 146 28 315 68
Arl4c ENSMUSG00000049866 | 257 44 447 45 299 36 401 52
Arl6ipl ENSMUSG00000030654 | 555 29 783 95 531 41 675 58
Arpclb ENSMUSG00000029622 | 814 81 1186 179 737 113 1071 150
Arpc3 ENSMUSG00000029465 | 1134 39 1490 168 1115 115 1392 88
Arpc5 ENSMUSG00000008475 | 864 45 1233 156 871 66 1121 40
Asap?2 ENSMUSG00000052632 | 656 118 829 131 621 58 818 121
Aspm ENSMUSG00000033952 | 46 20 147 29 43 10 129 39
Atad2 ENSMUSG00000022360 | 124 14 243 23 132 24 212 55
Atf4 ENSMUSG00000042406 | 1171 85 1374 69 1169 114 1319 150
Atpl0a ENSMUSG00000025324 | 58 4 114 20 63 11 98 18
Atp8a2 ENSMUSG00000021983 | 247 26 365 72 234 36 355 74
Atp8bl ENSMUSG00000039529 | 239 30 380 49 213 28 351 75
Aurka ENSMUSG00000027496 | 18 5 51 16 19 6 46 15
Aurkb ENSMUSG00000020897 | 18 6 47 18 16 5 39 13
AxI ENSMUSG00000002602 | 1982 499 2556 293 1813 317 2326 298
B3galntl ENSMUSG00000043300 | 50 8 82 21 50 8 80 7
Baspl ENSMUSG00000045763 | 41 7 103 33 42 3 76 15
BC028528 ENSMUSG00000038543 | 144 14 227 38 130 24 206 24
Bgn ENSMUSG00000031375 | 5175 520 12514 | 5386 5152 464 9491 2127
Birc5 ENSMUSG00000017716 | 20 10 66 13 18 6 66 24
Bmpl ENSMUSG00000022098 | 505 77 897 297 496 46 796 219




Bubl ENSMUSG00000027379 | 12 2 48 14 16 9 44 19
Bublb ENSMUSG00000040084 | 41 19 125 41 51 17 103 38
Clga ENSMUSG00000036887 | 895 96 1523 250 883 97 1362 183
Clgb ENSMUSG00000036905 | 826 111 1513 429 782 128 1330 245
Clqc ENSMUSG00000036896 | 886 106 1454 199 845 131 1290 171
Clqtnfé ENSMUSG00000022440 | 122 21 426 250 120 11 348 107
C4b ENSMUSG00000073418 | 231 28 604 141 295 41 861 703
Cald1l ENSMUSG00000029761 | 1649 323 2616 191 1624 256 2205 422
Capl ENSMUSG00000028656 | 1199 155 1633 55 1115 167 1503 127
Capg ENSMUSG00000056737 | 183 29 364 36 182 36 328 70
Capzal ENSMUSG00000070372 | 1251 78 1608 138 1166 148 1428 124
Carhspl ENSMUSG00000008393 | 592 69 889 70 517 68 796 96
Casp4 ENSMUSG00000033538 | 79 11 119 19 74 18 113 27
Casp8 ENSMUSG00000026029 | 191 12 303 44 192 23 274 37
Cavin3 ENSMUSG00000037060 | 300 26 506 43 295 23 430 88
Ccdc80 ENSMUSG00000022665 | 1816 295 3479 1261 1843 168 2847 551
Ccl8 ENSMUSG00000009185 | 11 7 75 31 17 9 73 59
Ccna2 ENSMUSG00000027715 | 65 39 245 89 48 9 184 81
Ccnbl ENSMUSG00000041431 | 24 11 73 20 14 4 71 30
Ccnb2 ENSMUSG00000032218 | 27 10 82 39 18 5 72 21
Cd109 ENSMUSG00000046186 | 101 22 257 86 92 18 181 52
Cd14 ENSMUSG00000051439 | 89 13 165 34 94 6 143 26
Cd248 ENSMUSG00000056481 | 285 55 497 49 278 22 431 86
Cd300c2 ENSMUSG00000044811 | 33 5 109 72 32 8 66 20
Cd300Id ENSMUSG00000034641 | 151 30 245 51 133 23 238 49
Cd34 ENSMUSG00000016494 | 3352 231 5107 337 3106 396 4820 637
Cd44 ENSMUSG00000005087 | 292 53 505 44 273 42 409 82
Cd48 ENSMUSG00000015355 | 78 10 145 48 67 12 120 19
Cd68 ENSMUSG00000018774 | 205 25 321 48 181 27 308 61
Cd72 ENSMUSG00000028459 | 30 9 159 128 27 7 92 56
Cds4 ENSMUSG00000038147 | 88 19 178 51 80 9 164 32
Cd9 ENSMUSG00000030342 | 590 47 756 24 581 71 670 65
Cda3 ENSMUSG00000027435 | 3708 657 5435 821 3856 571 5157 633
Cdc20 ENSMUSG00000006398 | 28 11 91 19 23 7 80 21
Cdca3 ENSMUSG00000023505 | 16 5 56 20 12 5 59 28
Cdcab ENSMUSG00000024791 | 5 2 21 8 5 3 21 10
Cdca8 ENSMUSG00000028873 | 14 3 49 5 13 6 38 18
Cdk1 ENSMUSG00000019942 | 33 11 194 49 35 17 130 47
Cdknla ENSMUSG00000023067 | 351 153 609 89 367 175 544 152
Cenpe ENSMUSG00000045328 | 62 41 172 56 38 21 116 38
CepS5 ENSMUSG00000024989 | 17 5 63 15 12 2 58 27
Cfb ENSMUSG00000090231 | 36 7 140 61 33 15 114 78
Cfll ENSMUSG00000056201 | 2052 87 2670 304 1872 236 2490 204
Ch25h ENSMUSG00000050370 | 11 6 32 14 13 5 34 17
Chd9 ENSMUSG00000056608 | 1089 68 1541 297 1030 53 1413 164
Cilp ENSMUSG00000042254 | 294 76 3092 3273 401 134 2249 1515
Ckap2 ENSMUSG00000037725 | 33 16 131 46 25 5 95 45
Ckap2l ENSMUSG00000048327 | 30 10 123 39 25 8 110 29
Ckap4 ENSMUSG00000046841 | 756 159 1094 75 815 103 1104 165
Cks2 ENSMUSG00000062248 | 13 1 50 13 9 2 35 11
Clec4d ENSMUSG00000030144 | 9 3 26 14 4 2 18 9
Clec4n ENSMUSG00000023349 | 32 6 110 48 34 9 86 29
Clec5a ENSMUSG00000029915 | 57 11 99 10 54 23 89 10
Clicl ENSMUSG00000007041 | 641 18 1053 159 606 66 943 94
Cmtm3 ENSMUSG00000031875 | 323 45 510 56 301 38 439 77
Cnn3 ENSMUSG00000053931 | 1009 125 1438 123 955 121 1319 119
Cnot6 ENSMUSG00000020362 | 832 68 999 41 747 64 909 122
Col12al ENSMUSG00000032332 | 47 12 495 623 42 10 315 288
Col14al ENSMUSG00000022371 | 466 75 1493 1179 377 75 1075 556
Col15al ENSMUSG00000028339 | 2833 383 5668 1135 3175 509 5335 1392
Col18al ENSMUSG00000001435 | 248 28 790 244 293 35 541 181
Col3al ENSMUSG00000026043 | 5494 744 25906 | 20347 | 5871 824 16747 9657
Col4al ENSMUSG00000031502 | 12856 2211 | 23909 | 1751 13123 855 20837 3837
Col4a2 ENSMUSG00000031503 | 9490 1105 | 15270 | 591 9814 526 14603 2361
Col4a4 ENSMUSG00000067158 | 345 73 497 114 364 54 494 37
Col5al ENSMUSG00000026837 | 1205 173 3410 1633 1238 85 2682 1054
Col5a2 ENSMUSG00000026042 | 878 65 4055 3237 927 105 2738 1563




Col6al ENSMUSG00000001119 | 2071 252 3943 1376 2047 155 3242 704
Col6a2 ENSMUSG00000020241 | 2038 291 3824 981 2062 139 3256 743
Col6a3 ENSMUSG00000048126 | 1170 165 2685 1137 1119 203 1895 452
Col8al ENSMUSG00000068196 | 704 96 3461 2170 747 153 2473 1081
Cotll ENSMUSG00000031827 | 234 40 369 66 208 50 335 22
Creb5 ENSMUSG00000053007 | 235 36 347 57 199 28 323 65
Cripl ENSMUSG00000006360 | 686 77 907 72 645 76 846 125
Crifl ENSMUSG00000007888 | 11 7 82 61 12 6 50 29
Csflr ENSMUSG00000024621 | 1029 156 1681 243 1120 141 1491 195
Csrp2 ENSMUSG00000020186 | 180 37 542 354 165 20 315 127
Cigf ENSMUSG00000019997 | 1416 407 4434 1114 1381 216 3773 916
Ctla2a ENSMUSG00000044258 | 445 55 611 63 463 136 614 55
Ctsc ENSMUSG00000030560 | 1077 100 1506 162 1055 115 1329 214
Ctsz ENSMUSG00000016256 | 454 61 730 152 421 29 666 78
Cxcl16 ENSMUSG00000018920 | 209 30 426 208 210 55 332 47
Dab2 ENSMUSG00000022150 | 1262 200 1666 115 1122 167 1571 239
Dbnl ENSMUSG00000034675 | 170 35 385 71 169 25 330 74
Dchsl ENSMUSG00000036862 | 677 75 906 45 647 56 875 104
Depdcla ENSMUSG00000028175 | 7 6 46 33 10 5 34 14
Diaph3 ENSMUSG00000022021 | 16 5 59 16 23 10 55 26
Dio2 ENSMUSG00000007682 | 59 18 224 44 57 23 165 64
Dlgap5 ENSMUSG00000037544 | 17 6 48 15 12 6 41 13
DpysI3 ENSMUSG00000024501 | 1022 66 1824 480 1008 79 1535 363
Ditl ENSMUSG00000037474 | 13 10 42 13 12 3 42 11
Dynll1 ENSMUSG00000009013 | 571 82 870 205 474 104 727 130
E2f1 ENSMUSG00000027490 | 21 5 59 13 23 8 56 20
E2f7 ENSMUSG00000020185 | 42 13 85 32 34 13 79 29
Ecml ENSMUSG00000028108 | 452 86 696 127 464 82 720 136
Ecscr ENSMUSG00000073599 | 254 10 366 51 246 20 337 40
Ect2 ENSMUSG00000027699 | 21 8 80 27 24 9 75 24
Edeml ENSMUSG00000030104 | 377 69 588 97 278 84 510 147
Eeflal ENSMUSG00000037742 | 19836 2225 | 28730 | 7994 17884 2426 | 23968 2075
Efhd2 ENSMUSG00000040659 | 427 47 656 180 426 31 620 78
Elf4 ENSMUSG00000031103 | 320 62 496 40 293 54 437 22
Emilinl ENSMUSG00000029163 | 473 106 835 204 519 28 812 91
Empl ENSMUSG00000030208 | 1538 159 4210 1587 1504 221 3295 791
Emp3 ENSMUSG00000040212 | 145 17 216 17 152 17 192 12
Enah ENSMUSG00000022995 | 2820 352 4077 860 3138 213 4243 467
Endodl ENSMUSG00000037419 | 225 35 387 85 188 20 328 98
Entpdl ENSMUSG00000048120 | 473 39 717 165 458 60 637 114
Ereg ENSMUSG00000029377 | 2 1 20 9 2 1 13 5
Esco2 ENSMUSG00000022034 | 12 5 43 10 11 6 36 16
Esytl ENSMUSG00000025366 | 578 37 738 64 571 38 697 35
F2r ENSMUSG00000048376 | 819 41 1217 181 861 54 1112 37
F2ri1 ENSMUSG00000021678 | 27 6 56 22 20 7 44 13
Fadsl ENSMUSG00000010663 | 476 36 619 11 473 39 586 42
Famllla ENSMUSG00000024691 | 311 25 543 98 278 57 446 66
Faml114al ENSMUSG00000029185 | 316 44 511 131 316 48 398 46
Fam129b ENSMUSG00000026796 | 610 83 785 85 572 21 715 78
Fam198b ENSMUSG00000027955 | 1065 183 1845 423 1058 202 1912 390
Fbin2 ENSMUSG00000064080 | 1827 201 3200 493 1966 214 3008 422
Fbnl ENSMUSG00000027204 | 2671 543 7690 2514 3011 303 6532 2277
Fcgr2b ENSMUSG00000026656 | 275 47 507 137 255 41 437 94
Fcgr3 ENSMUSG00000059498 | 355 58 659 143 324 56 543 112
Fcgrd ENSMUSG00000059089 | 20 9 70 53 17 3 41 16
Fcrls ENSMUSG00000015852 | 197 22 463 184 186 29 357 109
Fignl1 ENSMUSG00000035455 | 26 6 57 22 21 4 51 17
Filip1l ENSMUSG00000043336 | 880 82 1259 105 842 147 1084 69
Fkbp10 ENSMUSG00000001555 | 345 47 461 58 288 35 402 56
Flna ENSMUSG00000031328 | 4014 455 5769 673 3783 774 4951 309
Fmnl3 ENSMUSG00000023008 | 757 91 963 63 730 56 931 86
Fndcl ENSMUSG00000071984 | 473 60 1081 567 452 50 911 402
Foxml ENSMUSG00000001517 | 42 12 122 30 47 13 101 53
Frzb ENSMUSG00000027004 | 70 18 272 183 82 24 208 55
Fscnl ENSMUSG00000029581 | 817 47 1186 92 831 115 1140 241
Fstll ENSMUSG00000022816 | 2281 246 7581 4030 2354 314 5589 1854
Fstl3 ENSMUSG00000020325 | 58 10 114 21 45 10 101 24




Fuca2 ENSMUSG00000019810 | 4743 786 5774 464 4738 302 6270 543
Fxyd5 ENSMUSG00000009687 | 283 49 603 81 271 56 473 80
Gab2 ENSMUSG00000004508 | 804 49 1077 134 805 51 1017 130
Gas2I3 ENSMUSG00000074802 | 49 17 117 44 58 17 123 41
Gdf6 ENSMUSG00000051279 | 21 6 60 18 20 4 52 18
Glipr2 ENSMUSG00000028480 | 116 26 213 33 120 25 192 33
Gm42417 ENSMUSG00000109510 | 601 184 1052 250 572 93 1085 285
Gm47302 ENSMUSG00000105211 | 24 9 110 97 27 2 68 30
Gm4739 ENSMUSG00000112808 | 128 31 209 69 125 23 223 29
Gng2 ENSMUSG00000043004 | 106 30 205 31 90 14 161 60
Gpr153 ENSMUSG00000042804 | 289 39 472 87 284 32 390 64
Gprcsb ENSMUSG00000008734 | 417 88 644 60 371 45 622 68
Gpx1 ENSMUSG00000063856 | 1007 59 1482 189 1015 47 1424 176
Grb10 ENSMUSG00000020176 | 1827 116 2380 316 1880 141 2271 196
Grn ENSMUSG00000034708 | 1349 120 1891 216 1368 123 1853 161
Gtsel ENSMUSG00000022385 | 12 4 37 7 11 3 35 14
Gusb ENSMUSG00000025534 | 484 36 644 46 462 48 631 40
Haspin ENSMUSG00000050107 | 7 3 26 4 7 2 20 10
Hclsl ENSMUSG00000022831 | 234 38 352 48 191 20 308 52
Hectd2os ENSMUSG00000087579 | 181 28 259 45 192 32 288 75
Hells ENSMUSG00000025001 | 29 11 78 18 36 7 79 13
Hhipl1 ENSMUSG00000021260 | 67 22 127 40 63 22 109 33
Histlh2ap ENSMUSG00000094777 | 37 19 118 39 33 8 97 65
Hmmr ENSMUSG00000020330 | 21 9 98 40 21 6 82 33
Hspall ENSMUSG00000007033 | 134 25 210 54 130 20 216 41
Ifi204 ENSMUSG00000073489 | 206 34 433 95 196 40 334 43
Ifi2712a ENSMUSG00000079017 | 237 35 439 84 218 39 420 49
Ifitm2 ENSMUSG00000060591 | 875 131 1176 80 841 117 1097 135
Ifitm3 ENSMUSG00000025492 | 1226 258 1689 136 1126 147 1515 182
Ifngrl ENSMUSG00000020009 | 1109 126 1400 78 1101 128 1324 109
Ift122 ENSMUSG00000030323 | 278 32 496 94 309 39 488 78
Igfbp7 ENSMUSG00000036256 | 2248 254 4619 1238 2198 173 3722 608
Igsf6 ENSMUSG00000035004 | 49 7 92 27 46 7 79 10
1110ra ENSMUSG00000032089 | 138 27 237 86 108 21 194 46
11rl2 ENSMUSG00000070942 | 95 8 139 17 75 7 130 22
112rg ENSMUSG00000031304 | 249 26 354 25 214 37 325 48
Il4ra ENSMUSG00000030748 | 359 66 598 83 333 48 463 59
Incenp ENSMUSG00000024660 | 92 17 144 29 81 14 144 40
Inhba ENSMUSG00000041324 | 65 15 199 57 61 18 178 55
lqgapl ENSMUSG00000030536 | 1656 342 2416 368 1438 279 2181 405
lqgap3 ENSMUSG00000028068 | 31 20 115 32 27 10 119 46
Irf7 ENSMUSG00000025498 | 220 65 413 114 189 26 332 52
Itgab ENSMUSG00000000555 | 986 110 1409 68 945 123 1366 142
Itgad ENSMUSG00000039115 | 1864 139 2467 423 1953 131 2644 386
Itgam ENSMUSG00000030786 | 190 26 365 31 200 68 269 58
Itih5 ENSMUSG00000025780 | 368 63 749 273 377 54 597 122
Itpripl2 ENSMUSG00000095115 | 1256 118 1751 114 1222 89 1508 115
Kcne4 ENSMUSG00000047330 | 64 17 119 36 59 9 95 7
Kctd11l ENSMUSG00000046731 | 99 17 174 7 96 16 157 31
Kctd17 ENSMUSG00000033287 | 312 32 468 35 317 29 437 78
Kifll ENSMUSG00000012443 | 54 18 219 84 56 14 169 71
Kifl5 ENSMUSG00000036768 | 14 6 40 11 16 8 57 20
Kif18b ENSMUSG00000051378 | 13 3 50 17 14 3 49 16
Kif20a ENSMUSG00000003779 | 45 12 135 43 44 5 120 29
Kif22 ENSMUSG00000030677 | 26 8 61 17 19 10 51 20
Kif23 ENSMUSG00000032254 | 53 21 153 63 39 12 144 59
Kif2c ENSMUSG00000028678 | 15 5 39 8 8 2 33 12
Kif4 ENSMUSG00000034311 | 35 11 86 21 32 13 86 26
Kif5b ENSMUSG00000006740 | 4524 195 5272 357 4610 339 5543 496
Kifcl ENSMUSG00000079553 | 21 17 44 7 18 7 48 18
Knll ENSMUSG00000027326 | 29 18 66 14 21 8 59 16
Knstrn ENSMUSG00000027331 | 28 8 90 28 24 3 76 21
Kntcl ENSMUSG00000029414 | 13 8 61 43 19 11 63 21
Lama4 ENSMUSG00000019846 | 2464 138 3226 192 2291 264 3050 270
Lambl ENSMUSG00000002900 | 2656 308 3500 191 2690 265 3282 467
Lamcl ENSMUSG00000026478 | 4969 490 7157 380 5155 283 6688 486
Laptm5 ENSMUSG00000028581 | 500 82 885 205 478 56 708 122




Lcpl ENSMUSG00000021998 | 803 118 1421 200 781 112 1229 174
Lgals3 ENSMUSG00000050335 | 56 18 203 128 57 20 148 73
Lgals3bp ENSMUSG00000033880 | 711 128 1195 145 721 83 1079 113
Lgals9 ENSMUSG00000001123 | 575 96 870 73 533 82 766 58
Lhfpl2 ENSMUSG00000045312 | 121 17 351 198 128 21 269 96
Lilr4b ENSMUSG00000112023 | 154 32 309 106 138 41 252 97
Litaf ENSMUSG00000022500 | 341 97 525 67 315 74 445 72
Lmanil ENSMUSG00000056271 | 6 2 21 5 6 5 23 11
Lockd ENSMUSG00000098318 | 4 4 22 11 5 3 21 12
LoxI1 ENSMUSG00000032334 | 618 97 1447 604 687 57 1181 257
LoxI2 ENSMUSG00000034205 | 724 133 1635 127 683 84 1403 383
Lrpl ENSMUSG00000040249 | 4010 495 5574 985 4250 358 5472 456
Lrp8 ENSMUSG00000028613 | 9 5 40 13 13 7 51 44
Ly6e ENSMUSG00000022587 | 2929 530 3882 293 2782 305 3608 375
Ly86 ENSMUSG00000021423 | 93 6 221 112 92 20 181 43
Lyz2 ENSMUSG00000069516 | 4037 355 6768 1318 3852 675 5981 848
Mall ENSMUSG00000027377 | 160 25 233 27 157 20 226 33
Maplb ENSMUSG00000052727 | 582 102 873 51 444 82 777 113
Map4k4 ENSMUSG00000026074 | 3034 462 3619 383 2841 174 3784 234
Marcksl1 ENSMUSG00000047945 | 104 18 211 70 107 9 183 4
Maspl ENSMUSG00000022887 | 205 16 307 114 219 36 315 61
Mcam ENSMUSG00000032135 | 1064 99 1678 301 970 129 1515 234
Medag ENSMUSG00000029659 | 437 58 771 121 486 78 684 41
Melk ENSMUSG00000035683 | 19 16 45 19 13 4 40 14
Meox1 ENSMUSG00000001493 | 296 46 905 284 323 49 767 246
Mest ENSMUSG00000051855 | 193 22 598 325 156 26 417 154
Mfap4 ENSMUSG00000042436 | 202 18 1249 1153 245 36 712 324
Mfap5 ENSMUSG00000030116 | 411 43 1634 1033 404 45 1132 430
Mis18bpl ENSMUSG00000047534 | 15 3 59 20 16 6 44 14
MKi67 ENSMUSG00000031004 | 305 108 1186 340 284 62 1009 362
Mmp2 ENSMUSG00000031740 | 991 124 2606 1435 1013 93 2013 656
Mmp23 ENSMUSG00000029061 | 80 8 179 97 80 19 146 38
Mppl ENSMUSG00000031402 | 302 30 434 51 294 38 387 21
Mrcl ENSMUSG00000026712 | 1125 59 1641 55 1195 105 1622 319
Ms4a6b ENSMUSG00000024677 | 163 35 265 79 109 27 237 58
Ms4a6c ENSMUSG00000079419 | 117 24 273 106 108 30 198 50
Msn ENSMUSG00000031207 | 4381 327 6174 266 4286 400 5734 498
Msrl ENSMUSG00000025044 | 91 16 165 30 95 12 158 35
Mxd3 ENSMUSG00000021485 | 3 2 21 8 5 2 23 10
Mxra7 ENSMUSG00000020814 | 353 43 549 114 334 33 485 81
Mybl2 ENSMUSG00000017861 | 12 4 32 11 10 3 29 7
Mybpc2 ENSMUSG00000038670 | 292 36 901 354 321 110 773 309
Myh10 ENSMUSG00000020900 | 964 132 1462 186 988 96 1366 213
Myl1l ENSMUSG00000061816 | 777 84 1354 639 674 113 1186 282
MyI16 ENSMUSG00000090841 | 3039 174 4606 743 2959 365 4098 492
Myold ENSMUSG00000035441 | 367 44 489 47 360 56 474 39
Myolf ENSMUSG00000024300 | 97 11 170 34 88 10 163 43
Myof ENSMUSG00000048612 | 346 89 640 167 312 56 541 78
Nbl1 ENSMUSG00000041120 | 214 26 349 63 215 19 307 61
Ncapg ENSMUSG00000015880 | 17 11 88 26 18 10 55 17
Ncapg2 ENSMUSG00000042029 | 78 9 184 50 101 31 166 54
Ncaph ENSMUSG00000034906 | 32 7 80 27 35 11 78 26
Ncfl ENSMUSG00000015950 | 112 33 201 54 124 31 190 42
Nckapll ENSMUSG00000022488 | 260 42 511 159 240 40 412 73
Ndc80 ENSMUSG00000024056 | 18 8 69 23 19 4 56 15
Necap2 ENSMUSG00000028923 | 266 29 348 33 232 24 305 28
Nek2 ENSMUSG00000026622 | 16 10 60 22 15 3 46 11
Nes ENSMUSG00000004891 | 1779 216 2677 688 1621 280 2378 347
Nidl ENSMUSG00000005397 | 3926 530 6347 1387 3634 332 5323 725
Nid2 ENSMUSG00000021806 | 561 130 914 118 537 62 895 114
Nkd2 ENSMUSG00000021567 | 39 11 118 51 36 6 7 24
Nlrc3 ENSMUSG00000049871 | 58 17 139 45 66 12 140 43
Nppa ENSMUSG00000041616 | 2919 1471 | 17568 | 21348 | 2998 848 11493 6461
Nppb ENSMUSG00000029019 | 3896 1226 | 10218 | 3100 4287 995 11088 3450
Nuf2 ENSMUSG00000026683 | 21 9 86 40 16 4 77 34
Oaf ENSMUSG00000032014 | 264 7 399 146 208 41 331 55
OlfmlI3 ENSMUSG00000027848 | 303 52 492 108 323 21 470 29




Otulin ENSMUSG00000046034 | 372 28 492 30 374 38 498 73
P2ry6 ENSMUSG00000048779 | 103 15 191 33 95 15 152 28
P3h3 ENSMUSG00000023191 | 185 14 319 100 179 28 278 54
Pabpcl ENSMUSG00000022283 | 2750 396 4424 589 2940 313 3983 663
Pam ENSMUSG00000026335 | 13364 1232 | 16353 | 2118 13089 520 17039 1382
Pamrl ENSMUSG00000027188 | 50 16 271 244 44 23 183 117
Pbk ENSMUSG00000022033 | 18 15 71 30 16 9 69 28
Pcdhgc3 ENSMUSG00000102918 | 783 97 981 69 752 51 988 95
Pclaf ENSMUSG00000040204 | 20 11 70 26 13 4 61 24
Pcolce ENSMUSG00000029718 | 778 81 1236 178 675 91 1133 173
Peal5a ENSMUSG00000013698 | 2146 275 2690 102 2035 242 2530 274
Pfkp ENSMUSG00000021196 | 1083 101 1607 246 1116 108 1508 216
Pfnl ENSMUSG00000018293 | 2349 50 2712 75 2362 104 2642 191
Phflld ENSMUSG00000068245 | 263 46 403 78 242 30 341 41
Phlda3 ENSMUSG00000041801 | 128 18 222 62 128 4 216 43
Pil6 ENSMUSG00000024011 | 1042 154 1987 337 1030 148 1793 499
Picalm ENSMUSG00000039361 | 3682 311 4950 606 3495 243 4537 508
Pimreg ENSMUSG00000020808 | 18 10 79 24 18 4 67 18
Pirb ENSMUSG00000058818 | 142 22 283 84 134 30 266 92
Pla2g4a ENSMUSG00000056220 | 118 46 201 50 118 39 188 22
Pla2g7 ENSMUSG00000023913 | 171 21 280 45 172 34 252 45
Plat ENSMUSG00000031538 | 475 62 725 65 464 41 699 128
Plcg2 ENSMUSG00000034330 | 248 18 352 61 256 18 349 46
Plek ENSMUSG00000020120 | 194 26 382 104 207 35 336 73
Plekhg2 ENSMUSG00000037552 | 415 79 602 42 355 76 498 81
Plekhh2 ENSMUSG00000040852 | 172 20 250 25 168 11 228 26
Plekhol ENSMUSG00000015745 | 873 48 1229 109 927 54 1262 202
Plekho2 ENSMUSG00000050721 | 497 98 707 90 525 90 666 108
Pls3 ENSMUSG00000016382 | 1718 79 2436 255 1640 157 2091 235
Pmepal ENSMUSG00000038400 | 495 93 798 197 520 37 753 189
Pmp22 ENSMUSG00000018217 | 799 98 1125 49 732 79 1029 87
Postn ENSMUSG00000027750 | 1288 354 16369 | 19036 | 1325 317 10262 8108
Ppic ENSMUSG00000024538 | 424 29 954 416 413 41 706 107
Ppp1rob ENSMUSG00000038976 | 1114 96 1479 122 1143 53 1390 134
Praf2 ENSMUSG00000031149 | 91 14 155 27 90 17 137 19
Prcl ENSMUSG00000038943 | 59 10 277 77 74 20 211 83
Prcp ENSMUSG00000061119 | 378 31 583 113 369 43 525 62
Prelidl ENSMUSG00000021486 | 540 47 753 58 476 49 647 93
Prnd ENSMUSG00000027338 | 170 30 416 121 167 33 335 59
Prr1l ENSMUSG00000020493 | 26 9 79 21 18 6 65 19
Prrg3 ENSMUSG00000033361 | 304 49 476 60 309 45 455 53
Psatl ENSMUSG00000024640 | 65 15 115 35 66 18 116 28
Psrcl ENSMUSG00000068744 | 10 4 29 15 9 4 29 18
Ptgfrn ENSMUSG00000027864 | 1116 158 1460 136 1089 77 1442 156
Ptgis ENSMUSG00000017969 | 202 28 364 114 200 27 323 64
Ptma ENSMUSG00000026238 | 4087 376 5328 376 3885 518 4897 607
Ptprj ENSMUSG00000025314 | 404 60 631 75 427 56 571 83
Pxdn ENSMUSG00000020674 | 2049 186 2790 214 2026 252 2556 286
Qsox1 ENSMUSG00000033684 | 551 17 792 82 588 46 765 102
Rab13 ENSMUSG00000027935 | 64 9 113 32 60 13 95 9
Rab31 ENSMUSG00000056515 | 515 47 841 272 486 52 743 141
Rab7b ENSMUSG00000052688 | 114 17 216 47 113 25 187 28
Racgapl ENSMUSG00000023015 | 51 13 168 39 47 22 147 53
Rbl1 ENSMUSG00000027641 | 92 18 142 31 88 10 137 16
Rcanl ENSMUSG00000022951 | 2025 588 3577 1067 2237 187 3873 1294
Rcc2 ENSMUSG00000040945 | 364 24 453 17 354 21 462 57
Rcn3 ENSMUSG00000019539 | 304 49 526 177 289 35 431 74
Rgs16 ENSMUSG00000026475 | 42 13 97 25 41 22 76 17
Rhoc ENSMUSG00000002233 | 1016 82 1471 147 963 60 1399 180
Ripkl ENSMUSG00000021408 | 280 44 414 37 283 47 366 18
Rnase4 ENSMUSG00000021876 | 967 55 1292 169 990 104 1212 120
Rnd3 ENSMUSG00000017144 | 446 50 573 42 410 17 542 43
Rnf213 ENSMUSG00000070327 | 1921 265 2664 212 1732 232 2287 172
Rnf4 ENSMUSG00000029110 | 719 66 881 34 682 79 832 58
Rrm2 ENSMUSG00000020649 | 47 3 106 36 46 11 90 24
Rsad2 ENSMUSG00000020641 | 558 59 808 127 569 74 833 251
Rsul ENSMUSG00000026727 | 628 30 848 58 638 25 765 30




Runx3 ENSMUSG00000070691 | 15 6 40 18 11 6 33 8
S100a10 ENSMUSG00000041959 | 648 48 917 65 558 90 873 124
S100a11 ENSMUSG00000027907 | 541 79 1009 138 513 59 798 136
S100a4 ENSMUSG00000001020 | 101 23 185 48 95 20 157 48
S100a6 ENSMUSG00000001025 | 463 35 675 47 446 74 610 100
Samd9l ENSMUSG00000047735 | 766 77 1115 179 714 95 898 111
Scml4 ENSMUSG00000044770 | 68 22 133 24 73 13 155 38
Sdc3 ENSMUSG00000025743 | 1679 201 2152 200 1603 123 1955 125
Sec6lal ENSMUSG00000030082 | 772 59 1001 99 760 61 922 32
Sema3f ENSMUSG00000034684 | 281 62 437 37 248 21 450 63
Serpinblc ENSMUSG00000079049 | 2 1 40 44 2 1 21 10
Serpinfl ENSMUSG00000000753 | 424 109 1021 469 419 39 783 209
Sgol ENSMUSG00000023940 | 10 3 30 10 11 4 27 6
Sh3bgrl3 ENSMUSG00000028843 | 283 45 439 75 294 39 393 63
Sh3bp2 ENSMUSG00000054520 | 69 26 114 31 61 7 106 12
Sh3pxd2b ENSMUSG00000040711 | 249 93 530 157 247 52 411 85
Siglecl ENSMUSG00000027322 | 120 21 202 53 128 32 195 28
Slamf9 ENSMUSG00000026548 | 102 15 214 66 105 27 174 36
Slc7a5 ENSMUSG00000040010 | 92 11 140 11 101 4 149 21
Sifn2 ENSMUSG00000072620 | 233 30 361 80 223 50 310 16
SIfn9 ENSMUSG00000069793 | 117 11 264 62 100 26 248 59
Slmap ENSMUSG00000021870 | 4454 592 5686 709 4379 533 6028 274
Smc2 ENSMUSG00000028312 | 165 38 318 105 129 27 242 61
Snca ENSMUSG00000025889 | 79 27 187 57 121 41 270 139
Snth2 ENSMUSG00000041308 | 632 76 913 145 638 68 853 99
Socs3 ENSMUSG00000053113 | 83 19 176 67 83 9 171 89
Sox9 ENSMUSG00000000567 | 49 4 128 64 53 5 103 17
Spag5 ENSMUSG00000002055 | 26 31 54 13 19 10 55 17
Sparc ENSMUSG00000018593 | 7512 635 18831 | 6579 7355 933 14409 2942
Spc25 ENSMUSG00000005233 | 14 8 61 17 18 8 51 25
Spdll ENSMUSG00000069910 | 14 4 33 8 11 3 28 11
Speccl ENSMUSG00000042331 | 92 10 188 35 117 18 192 33
Sprrla ENSMUSG00000050359 | 2 1 59 85 1 1 31 38
Sptlc2 ENSMUSG00000021036 | 532 46 684 85 500 56 646 54
Sri ENSMUSG00000003161 | 820 36 947 43 794 58 937 33
Srpx2 ENSMUSG00000031253 | 164 22 353 215 151 23 300 80
Sschd ENSMUSG00000035279 | 158 37 405 221 163 32 347 116
Stabl ENSMUSG00000042286 | 1603 325 2076 219 1569 318 2072 151
Stcl ENSMUSG00000014813 | 72 10 132 17 71 21 124 24
Stil ENSMUSG00000028718 | 13 7 37 11 18 15 36 14
Stmnl ENSMUSG00000028832 | 255 12 400 110 218 34 386 85
Sulfl ENSMUSG00000016918 | 588 72 1266 375 636 106 916 142
Svepl ENSMUSG00000028369 | 454 54 1081 419 488 75 1015 246
Syk ENSMUSG00000021457 | 661 54 816 97 624 37 818 114
Synpo2l ENSMUSG00000039376 | 2429 160 4589 1397 2488 266 4960 1191
Tacc3 ENSMUSG00000037313 | 55 17 109 27 41 13 101 32
Tagin2 ENSMUSG00000026547 | 1222 205 1863 181 1131 206 1710 250
Tax1bp3 ENSMUSG00000040158 | 636 52 758 26 603 49 731 37
Tcf19 ENSMUSG00000050410 | 39 7 78 17 36 10 69 16
Tead2 ENSMUSG00000030796 | 87 19 131 19 76 18 119 12
Tofbl ENSMUSG00000002603 | 550 90 766 73 584 72 754 96
Tofbi ENSMUSG00000035493 | 530 77 732 148 489 68 651 78
Tgifl ENSMUSG00000047407 | 80 8 172 68 80 12 125 17
Thbsl ENSMUSG00000040152 | 409 149 2336 862 430 59 1679 388
Thbs3 ENSMUSG00000028047 | 103 23 225 128 92 40 196 95
Thbs4 ENSMUSG00000021702 | 98 24 980 1112 104 23 729 572
Thyl ENSMUSG00000032011 | 161 30 284 38 162 24 265 26
Timpl ENSMUSG00000001131 | 29 17 298 217 27 8 170 133
Timp2 ENSMUSG00000017466 | 2020 279 2851 462 2083 233 2707 361
Tk1 ENSMUSG00000025574 | 27 6 65 23 23 5 56 16
Tinl ENSMUSG00000028465 | 3433 355 4129 304 3528 301 4361 274
TIr13 ENSMUSG00000033777 | 67 17 156 73 54 17 129 34
Tir4 ENSMUSG00000039005 | 491 150 724 86 471 25 747 193
Tmem173 ENSMUSG00000024349 | 169 26 277 47 150 31 216 31
Tmem176b ENSMUSG00000029810 | 447 59 695 169 422 18 612 87
Tmem254b ENSMUSG00000021867 | 94 24 152 22 90 34 151 21
Tmsb10 ENSMUSG00000079523 | 1059 131 1943 416 1045 141 1515 201




Tmsh4x ENSMUSG00000049775 | 6492 390 9057 1900 6337 792 8278 983
Tnc ENSMUSG00000028364 | 43 6 544 443 40 8 407 402
Tnfaip6 ENSMUSG00000053475 | 16 7 49 21 15 3 40 15
Tnfaip8l1 ENSMUSG00000044469 | 59 9 106 14 51 10 88 20
Tnfrsfllb ENSMUSG00000063727 | 4 4 30 9 8 3 25 12
Tnfrsfl2a ENSMUSG00000023905 | 569 211 1115 309 580 83 1245 254
Tnfrsfla ENSMUSG00000030341 | 862 76 1114 56 808 94 1077 63
Top2a ENSMUSG00000020914 | 156 64 602 224 141 28 511 197
Tpm2 ENSMUSG00000028464 | 338 60 565 58 358 58 477 79
Tpm3 ENSMUSG00000027940 | 1515 192 2133 211 1390 166 1854 103
Tpm4 ENSMUSG00000031799 | 3181 181 4770 635 3020 369 4360 322
Tpx2 ENSMUSG00000027469 | 56 21 186 55 49 21 165 46
Trem2 ENSMUSG00000023992 | 35 6 92 48 34 8 74 19
Trim47 ENSMUSG00000020773 | 322 56 432 50 294 39 391 53
Trim59 ENSMUSG00000034317 | 45 13 121 42 39 10 82 19
Tspan6 ENSMUSG00000067377 | 201 18 351 99 188 36 291 45
Ttc9 ENSMUSG00000042734 | 48 13 109 12 46 8 91 22
Ttk ENSMUSG00000038379 | 11 6 50 21 9 2 35 14
Tubala ENSMUSG00000072235 | 1839 223 2349 176 1762 189 2229 379
Tubb5 ENSMUSG00000001525 | 1852 114 2383 316 1680 188 2353 298
Tyms ENSMUSG00000025747 | 54 5 125 33 37 11 97 35
Tyrobp ENSMUSG00000030579 | 196 25 385 134 191 36 314 57
Ube2c ENSMUSG00000001403 | 26 8 84 26 25 10 76 27
Uck2 ENSMUSG00000026558 | 821 87 1664 260 843 95 1668 393
Ugtla7c ENSMUSG00000090124 | 31 6 81 25 36 7 76 31
Uhrfl ENSMUSG00000001228 | 52 9 132 55 40 18 111 47
Ulbpl ENSMUSG00000079685 | 96 27 174 24 75 13 122 11
Unc93bl ENSMUSG00000036908 | 322 73 550 131 355 31 500 38
Vatl ENSMUSG00000034993 | 610 35 884 140 594 35 798 66
Vcan ENSMUSG00000021614 | 730 115 1503 151 665 105 1354 355
Vim ENSMUSG00000026728 | 3763 407 7380 1381 3521 520 6206 983
Xirp2 ENSMUSG00000027022 | 23026 1933 | 46990 | 12463 | 24085 3291 | 47862 16560
Xyltl ENSMUSG00000030657 | 76 8 167 19 86 14 139 34
Ywhaz ENSMUSG00000022285 | 2464 152 2960 156 2391 141 2749 56
Zyx ENSMUSG00000029860 | 896 129 1214 76 876 143 1120 93
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Supplementary Table S4. RNASeq analysis of effects of angiotensin Il (Angll) on mMRNA
expression in hearts from PKN2Het vs WT littermates: mRNAs significantly downregulated by Angll
in PKN2Het or WT hearts.

Gene Symbol Ensembl gene id WT WT PKN2Het PKN2Het

Vehicle Angll Vehicle Angll

Mean SD Mean SD Mean SD Mean SD
March6 ENSMUSG00000039100 | 4345 470 3364 215 4521 533 3717 463
A530016L24Rik | ENSMUSG00000043122 | 486 59 252 64 537 84 302 85
Abcal2 ENSMUSG00000050296 | 186 25 118 22 190 14 113 26
Abcc9 ENSMUSG00000030249 | 9613 652 6487 953 9739 961 7503 994
Acadll ENSMUSG00000090150 | 4332 376 3012 486 4068 456 3113 804
Acssl ENSMUSG00000027452 | 6051 350 3795 623 6116 511 4694 536
Adcy9 ENSMUSG00000005580 | 523 37 386 56 548 56 435 28
Adil ENSMUSG00000020629 | 777 43 587 41 770 25 625 82
Adrala ENSMUSG00000045875 | 454 44 309 38 449 28 324 43
Adrbl ENSMUSG00000035283 | 299 27 186 24 312 44 237 7
Aes ENSMUSG00000054452 | 8100 309 6557 669 8573 728 7022 440
Ak4 ENSMUSG00000028527 | 1110 101 673 88 1095 120 841 121
Aldh2 ENSMUSG00000029455 | 3628 278 2621 303 3753 239 3023 178
Aldh4al ENSMUSG00000028737 | 2051 114 1277 213 2215 312 1569 163
Aldh6al ENSMUSG00000021238 | 4712 450 3354 316 4858 561 3659 653
Aldob ENSMUSG00000028307 | 153 33 37 15 130 33 51 29
Angptl ENSMUSG00000022309 | 983 254 585 130 825 181 510 175
Anol0 ENSMUSG00000037949 | 698 182 344 58 669 131 405 96
Apbbl ENSMUSG00000037032 | 1485 207 973 270 1582 132 1096 145
Arell ENSMUSG00000042350 | 1385 91 997 117 1373 120 1084 87
Arfgefl ENSMUSG00000067851 | 4031 401 3145 313 4160 428 3482 356
Asb10 ENSMUSG00000038204 | 1171 63 812 130 1209 144 936 72
Ash14 ENSMUSG00000021898 | 1693 190 1270 203 1859 69 1299 90
Asb15 ENSMUSG00000029685 | 1620 111 997 132 1719 167 1139 111
Atp2a2 ENSMUSG00000029467 | 276075 | 9196 | 182185 | 30616 | 276406 28699 | 212684 20219
Bckdha ENSMUSG00000060376 | 3198 271 2027 281 3491 476 2369 149
Bckdhb ENSMUSG00000032263 | 843 53 580 105 820 64 644 127
Blcap ENSMUSGO00000067787 | 674 60 518 51 708 57 566 19
Cacnals ENSMUSG00000026407 | 289 41 167 50 318 106 207 31
Calcocol ENSMUSG00000023055 | 2244 90 1682 135 2260 208 1798 84
Camk?2a ENSMUSG00000024617 | 894 42 584 78 907 103 635 63
Chx7 ENSMUSG00000053411 | 375 36 283 55 434 66 306 28
Cdnf ENSMUSG00000039496 | 693 83 462 69 638 86 470 25
Claspl ENSMUSG00000064302 | 10042 1348 | 7016 1532 | 10721 1184 | 8158 674
Clasp2 ENSMUSG00000033392 | 1555 68 1255 49 1588 122 1315 122
Clenl ENSMUSG00000029862 | 122 31 56 16 126 19 52 17
Clpx ENSMUSG00000015357 | 2210 180 1776 257 2247 186 1932 167
Cmtm8 ENSMUSG00000041012 | 193 16 122 26 198 19 133 20
Cmya5 ENSMUSG00000047419 | 30807 1640 | 21498 | 2766 | 31721 3064 | 25206 2497
Cngh3 ENSMUSG00000056494 | 85 21 34 5 96 10 48 18
Cnst ENSMUSG00000038949 | 1417 109 1052 101 1496 138 1149 127
Cog8a ENSMUSG00000026489 | 8867 811 6241 1021 | 9606 1491 | 7168 332
Cpeb3 ENSMUSG00000039652 | 1712 172 1204 231 1874 247 1337 250
Cregl ENSMUSG00000040713 | 2146 83 1671 135 2006 90 1667 106
Crip2 ENSMUSG00000006356 | 12559 568 9239 1165 | 12739 1064 | 10202 689
D10Jhu8le ENSMUSG00000053329 | 4564 257 3218 428 4591 348 3636 306
Dcafll ENSMUSG00000022214 | 2685 174 1996 224 2643 170 2142 182
Dcaf8 ENSMUSG00000026554 | 3228 148 2835 139 3162 236 2954 198
Dcunld2 ENSMUSG00000038506 | 1528 101 1151 175 1592 86 1245 86
Dglucy ENSMUSG00000021185 | 1025 27 630 95 1021 154 706 146
Dhdh ENSMUSG00000011382 | 539 37 412 40 541 58 441 60
Dsg2 ENSMUSG00000044393 | 2214 147 1452 293 2105 275 1573 277
Ehhadh ENSMUSG00000022853 | 319 54 215 36 367 52 263 31
Entpd5 ENSMUSG00000021236 | 4587 555 2853 380 4318 388 3001 409
Epha4 ENSMUSG00000026235 | 1430 183 778 139 1532 195 924 149
Esrra ENSMUSG00000024955 | 1498 69 1122 160 1612 352 1242 55
Fam174b ENSMUSG00000078670 | 5146 309 3201 609 5011 412 3808 373
Fbliml ENSMUSG00000006219 | 4020 400 2963 478 4442 528 3364 287
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Fgfl ENSMUSGO00000036585 | 4273 125 2800 289 4103 316 3148 422
Fgfl3 ENSMUSG00000031137 | 912 28 624 84 957 100 687 122
Fgfl6 ENSMUSG00000031230 | 350 35 197 36 325 28 212 47
Fitm2 ENSMUSG00000048486 | 4343 253 2687 652 4389 466 3182 252
Fktn ENSMUSG00000028414 | 919 77 713 82 966 86 734 38
Fycol ENSMUSG00000025241 | 8256 626 6068 819 8149 1328 | 6602 1438
Gadd45a ENSMUSG00000036390 | 237 30 173 8 280 38 199 29
Gal3st3 ENSMUSG00000047658 | 235 33 123 31 253 42 156 27
Gcat ENSMUSG00000006378 | 139 15 88 16 122 23 81 20
Gcdh ENSMUSG00000003809 | 1192 92 826 152 1218 47 907 64
Ghr ENSMUSG00000055737 | 3256 90 2495 135 3239 69 2574 165
Gid4 ENSMUSG00000018415 | 1429 66 1151 186 1528 101 1208 39
Gm10435 ENSMUSG00000072902 | 350 47 240 57 374 40 256 85
Gm10635 ENSMUSG00000111765 | 62 15 26 11 57 10 29 5
Gm37691 ENSMUSG00000104348 | 120 14 62 18 123 24 83 16
Gpdil ENSMUSG00000050627 | 1532 131 1271 72 1610 184 1401 84
Gpt2 ENSMUSG00000031700 | 649 55 444 64 689 85 483 73
Gramd1b ENSMUSGO00000040111 | 802 117 546 52 929 115 696 158
Grecl0 ENSMUSG00000072772 | 1142 101 905 96 1137 51 918 108
Grml ENSMUSG00000019828 | 796 113 605 58 918 161 761 121
Gstm2 ENSMUSG00000040562 | 1088 63 815 54 1016 120 792 38
Hadha ENSMUSG00000025745 | 29451 2086 | 19576 | 3952 | 28687 2036 | 22309 1220
Hdac11 ENSMUSG00000034245 | 385 30 247 18 404 32 306 52
Hdlbp ENSMUSG00000034088 | 16562 1228 | 12760 | 1097 | 16946 1402 | 13742 294
Herpud1 ENSMUSG00000031770 | 2271 311 1495 173 2164 218 1572 242
Idh3g ENSMUSG00000002010 | 6376 459 4785 580 6418 422 4954 479
Ift81 ENSMUSG00000029469 | 1002 129 666 78 994 49 708 78
1115 ENSMUSG00000031712 | 439 60 265 38 422 29 277 62
Inmt ENSMUSG00000003477 | 120 30 62 9 125 27 60 31
Igsecl ENSMUSG00000034312 | 2343 237 1649 239 2475 375 1887 147
Isocl ENSMUSG00000024601 | 1090 72 835 76 1154 85 886 108
Ivd ENSMUSG00000027332 | 5467 219 3645 686 5738 467 4074 283
Kcnd2 ENSMUSG00000060882 | 633 53 397 84 534 96 384 46
Kcnj11l ENSMUSGO00000096146 | 2367 103 1635 312 2506 312 1913 137
Kcnj12 ENSMUSG00000042529 | 362 32 215 47 369 42 263 36
Kcnj3 ENSMUSG00000026824 | 1558 124 892 227 1560 194 966 194
Kcnj5 ENSMUSG00000032034 | 1526 103 978 122 1446 143 1137 106
Kcnv2 ENSMUSGO00000047298 | 217 40 101 27 221 15 94 19
KIf15 ENSMUSG00000030087 | 629 39 379 62 616 39 429 68
Klhdcl ENSMUSG00000051890 | 679 63 505 66 737 123 482 72
Klhdc7a ENSMUSG00000078234 | 208 40 115 26 215 51 132 33
Klhi24 ENSMUSG00000062901 | 8344 685 6893 406 8712 1112 | 7374 755
Kl1hi30 ENSMUSG00000026308 | 803 90 596 82 845 153 665 56
Klhi38 ENSMUSG00000022357 | 594 49 396 86 598 80 398 64
Ldhd ENSMUSG00000031958 | 690 79 434 51 734 70 479 49
Lgals4 ENSMUSG00000053964 | 258 38 159 45 261 30 142 30
Lrrc14b ENSMUSG00000021579 | 1627 72 1181 214 1726 119 1267 58
Lrtml ENSMUSG00000045776 | 10990 1420 | 7948 2173 | 9808 949 7556 656
Macrod1 ENSMUSG00000036278 | 1985 82 1475 206 2115 228 1644 157
Maob ENSMUSG00000040147 | 1029 117 683 136 1003 67 758 145
Mccc2 ENSMUSG00000021646 | 1044 126 719 104 1066 137 833 122
Me3 ENSMUSG00000030621 | 1244 36 938 86 1271 81 1046 52
Mfap3l ENSMUSG00000031647 | 512 38 351 27 511 51 378 15
Mgea5 ENSMUSG00000025220 | 2744 156 2258 103 2825 202 2463 245
Mitf ENSMUSG00000035158 | 1007 108 715 103 983 124 817 111
Mlycd ENSMUSG00000074064 | 1449 99 1002 186 1535 222 1119 122
Mmab ENSMUSG00000029575 | 681 48 453 44 638 56 508 62
Mrgprh ENSMUSG00000059408 | 120 15 59 19 121 13 67 15
mt-Rnr2 ENSMUSG00000064339 | 356240 | 61989 | 247940 | 69255 | 362883 53161 | 276407 38517
Mut ENSMUSG00000023921 | 2916 284 2169 324 2826 245 2373 210
Mylk3 ENSMUSG00000031698 | 13367 1180 | 7949 948 12901 1032 | 9303 1403
Nadk2 ENSMUSG00000022253 | 1247 102 792 168 1254 222 893 160
Ncehl ENSMUSG00000027698 | 4775 531 3631 517 4935 459 4158 196
Nipsnap2 ENSMUSG00000029432 | 12499 468 8522 1242 | 13021 796 9974 916
Osbp2 ENSMUSG00000020435 | 538 31 388 52 578 65 451 35
Oxrl ENSMUSG00000022307 | 1785 149 1475 130 1747 115 1456 95
Oxsm ENSMUSG00000021786 | 592 47 470 26 633 71 520 20
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Oxsrl ENSMUSG00000036737 | 1469 64 1253 72 1563 110 1374 101
P2ryl ENSMUSG00000027765 | 592 33 336 93 614 60 420 44
Pank1 ENSMUSG00000033610 | 1036 54 700 77 1098 87 753 63
Paqr9 ENSMUSG00000064225 | 1387 188 959 139 1468 178 1110 132
Pcca ENSMUSG00000041650 | 1754 109 1194 210 1808 136 1417 61
Pcnt ENSMUSGO00000001151 | 1516 71 1137 205 1490 140 1194 68
Pdeda ENSMUSG00000032177 | 1479 69 1032 200 1596 227 1163 137
Pde4d ENSMUSG00000021699 | 566 55 373 47 575 76 416 43
Pdhal ENSMUSG00000031299 | 24973 2883 | 19882 | 1983 | 24844 2183 | 21298 1610
Pdpl ENSMUSG00000049225 | 1052 157 827 97 1038 87 873 99
Pdp2 ENSMUSGO00000048371 | 822 182 433 87 839 116 560 111
Pdpr ENSMUSG00000033624 | 2409 176 1771 254 2523 330 2118 147
Pexl1la ENSMUSG00000030545 | 362 28 251 44 360 53 277 16
Pfkfbl ENSMUSG00000025271 | 181 54 76 15 125 29 76 31
Pink1 ENSMUSG00000028756 | 7908 460 5095 582 8315 930 5887 645
Pkia ENSMUSG00000027499 | 6489 587 5105 667 6499 450 5564 198
Pkig ENSMUSG00000035268 | 1911 58 1637 67 1943 106 1679 127
Pkm ENSMUSG00000032294 | 19295 1479 | 15108 | 1318 | 19558 1824 | 16780 652
Pla2g5 ENSMUSG00000041193 | 703 60 323 118 617 100 370 76
PIn ENSMUSGO00000038583 | 103669 | 9371 | 75161 | 8133 | 106163 7666 | 81558 8775
PIxnbl ENSMUSG00000053646 | 817 113 486 68 762 119 534 62
Pm20d2 ENSMUSG00000054659 | 458 21 337 55 500 64 387 32
Pnpla8 ENSMUSG00000036257 | 3505 336 2968 271 3603 216 3140 212
Ppargcla ENSMUSG00000029167 | 1975 310 1550 238 2310 255 1647 126
Ppfibp2 ENSMUSG00000036528 | 632 102 494 48 689 69 541 29
Ppip5k2 ENSMUSG00000040648 | 2823 288 1947 183 2670 258 1967 582
Ppmil ENSMUSG00000027784 | 1625 159 1031 184 1684 206 1260 149
Ppplrl4c ENSMUSG00000040653 | 3104 380 2506 85 3332 336 2807 364
Pptc7 ENSMUSG00000038582 | 3687 299 2559 451 3939 504 3081 324
Prkabl ENSMUSG00000029513 | 625 39 486 57 684 60 543 69
Raplgap2 ENSMUSG00000038807 | 2208 274 1592 353 2292 294 1806 108
Rbfox1 ENSMUSG00000008658 | 634 47 360 59 657 70 426 78
Reepl ENSMUSG00000052852 | 440 28 345 23 454 53 354 26
Reep5 ENSMUSGO00000005873 | 6212 260 4792 333 6407 427 5212 316
Rgs?2 ENSMUSG00000026360 | 831 133 501 64 860 81 573 166
Ric8b ENSMUSG00000035620 | 1056 84 764 88 1036 119 844 32
Rilpl1 ENSMUSG00000029392 | 2712 176 2148 322 2829 181 2289 127
Rmnd5a ENSMUSG00000002222 | 2488 67 2108 149 2641 123 2117 196
Rpl3l ENSMUSG00000002500 | 3330 271 1888 478 3250 187 2275 264
Rtn2 ENSMUSG00000030401 | 979 45 649 92 997 112 733 89
Sdha ENSMUSG00000021577 | 26565 1713 | 17836 | 2991 | 26775 2129 | 20539 1624
Sec31b ENSMUSG00000051984 | 190 12 140 15 206 17 142 18
Selenbpl ENSMUSG00000068874 | 1432 58 903 170 1401 157 1028 139
Sgcb ENSMUSG00000029156 | 2725 146 2351 41 2817 190 2512 150
Slc20a2 ENSMUSG00000037656 | 3299 120 2345 335 3156 313 2538 136
Slc22a5 ENSMUSG00000018900 | 515 48 392 19 513 45 415 24
Slc25a34 ENSMUSG00000040740 | 2458 124 1716 276 2459 202 1859 71
Slc25a42 ENSMUSG00000002346 | 919 100 557 97 966 156 583 82
Slc27al ENSMUSG00000031808 | 1220 145 877 126 1202 129 879 108
Sic4a3 ENSMUSG00000006576 | 2856 245 2018 244 3026 328 2319 297
Smim20 ENSMUSG00000061461 | 843 73 641 62 853 63 664 59
Stom ENSMUSG00000026880 | 2813 112 2237 204 2994 287 2470 159
Stum ENSMUSG00000053963 | 160 19 64 17 122 38 54 18
Syde2 ENSMUSG00000036863 | 475 95 306 46 437 39 305 68
Synj2 ENSMUSG00000023805 | 1330 103 1004 60 1390 140 1030 43
Tafla ENSMUSG00000072258 | 316 29 238 17 323 11 239 23
Thc1d10c ENSMUSG00000040247 | 79 13 45 9 80 16 46 8
Thcld16 ENSMUSG00000039976 | 1680 162 1163 183 1773 217 1329 136
Thcld4 ENSMUSG00000033083 | 2228 153 1576 167 2172 256 1634 160
Thx5 ENSMUSG00000018263 | 456 56 299 60 527 87 347 57
Tcea3 ENSMUSG00000001604 | 1429 35 1076 111 1549 116 1154 106
Tmem150c ENSMUSG00000050640 | 201 25 109 24 249 43 146 26
Tmem182 ENSMUSG00000079588 | 4532 444 3422 366 4747 305 3856 392
Tmem245 ENSMUSG00000055296 | 3203 419 2375 169 3028 247 2485 165
Tmem63b ENSMUSG00000036026 | 1741 102 1317 164 1858 169 1449 124
Tmem65 ENSMUSG00000062373 | 3732 474 2882 185 3814 575 3099 401
Tnfrsf19 ENSMUSG00000060548 | 97 27 54 15 91 22 56 12
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Tnni3k ENSMUSG00000040086 | 2347 262 1468 283 2247 145 1743 187
Trapl ENSMUSG00000005981 | 2287 176 1864 73 2431 195 1969 70
Trim7 ENSMUSG00000040350 | 466 53 297 42 440 107 331 53
Trip10 ENSMUSG00000019487 | 1361 60 1155 94 1369 30 1142 93
Ttl1 ENSMUSG00000022442 | 921 104 531 110 965 54 680 86
TxInb ENSMUSGO00000039891 | 15534 643 11828 | 883 16172 1476 | 12752 915
Uckllos ENSMUSG00000010492 | 61 16 21 7 56 24 31 10
Vidir ENSMUSG00000024924 | 9623 566 7598 786 10008 777 8275 415
Ybx2 ENSMUSG00000018554 | 158 19 86 33 158 21 98 24
Zfp612 ENSMUSG00000044676 | 301 27 215 18 304 9 201 39
Zygllb ENSMUSG00000034636 | 2665 223 2061 190 2682 291 2292 252
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Supplementary Table S5. RNASeq analysis of effects of angiotensin Il (Angll) on mMRNA
expression in hearts from PKN2Het vs WT littermates: mRNAs significantly upregulated by Angll

in WT hearts.
Gene Symbol Ensembl gene id WT Vehicle WT Angll PKN2Het Vehicle | PKN2Het Angll
Mean SD Mean | SD Mean SD Mean SD
Marchl ENSMUSG00000036469 | 56 11 114 66 64 15 90 21
1500011B03Rik | ENSMUSG00000072694 | 30 9 54 13 33 8 48 9
1500015010Rik | ENSMUSG00000026051 | 3 2 49 80 5 3 18 14
4930503L19Rik | ENSMUSG00000044906 | 133 18 213 40 136 22 156 26
9930111J21Rik2 | ENSMUSG00000069892 | 725 103 926 89 721 107 783 91
Abca9 ENSMUSG00000041797 | 849 55 1144 187 818 92 953 67
Abhd2 ENSMUSG00000039202 | 898 103 1060 61 933 139 1000 123
AC105304.1 ENSMUSG00000117110 | 1 2 19 19 2 2 11 8
Acp5 ENSMUSG00000001348 | 5 2 22 17 6 4 15 9
Actb ENSMUSG00000029580 | 7471 1804 | 10178 | 1677 7763 1384 | 9365 1200
Actgl ENSMUSG00000062825 | 6824 1047 | 8916 1194 7413 1015 | 8405 1266
Actg? ENSMUSG00000059430 | 11 6 37 14 12 6 20 12
Actn4 ENSMUSG00000054808 | 2213 272 2742 211 2012 203 2417 171
Actr2 ENSMUSG00000020152 | 2099 200 2493 267 2101 71 2352 201
Adam10 ENSMUSG00000054693 | 1295 82 1540 84 1289 31 1416 75
Adamts4 ENSMUSG00000006403 | 26 22 120 29 38 22 83 38
Adgra2 ENSMUSG00000031486 | 286 38 404 66 291 29 400 70
Adss ENSMUSG00000015961 | 296 25 391 63 284 33 321 15
Aebpl ENSMUSG00000020473 | 297 22 678 352 334 100 516 123
Agrn ENSMUSG00000041936 | 958 125 1295 154 947 79 1136 70
Ahnak2 ENSMUSG00000072812 | 300 55 611 330 327 47 473 130
Aida ENSMUSG00000042901 | 767 113 1024 80 877 107 902 132
Akr1b8 ENSMUSG00000029762 | 67 13 106 31 68 10 93 26
Akt3 ENSMUSG00000019699 | 651 50 856 71 640 112 760 47
Aldhla3 ENSMUSG00000015134 | 25 2 51 12 25 7 49 8
Amot ENSMUSG00000041688 | 452 43 612 111 514 116 652 97
Antxrl ENSMUSG00000033420 | 343 48 747 479 332 36 524 184
Anxa3 ENSMUSG00000029484 | 637 92 881 124 558 119 714 80
Anxad ENSMUSG00000029994 | 390 35 552 99 380 26 495 39
Anxa8 ENSMUSG00000021950 | 10 5 45 20 13 5 25 12
Aoah ENSMUSG00000021322 | 51 20 105 50 48 14 83 23
Ap2bl ENSMUSG00000035152 | 1179 64 1470 164 1223 59 1427 130
Ap3sl ENSMUSG00000024480 | 226 22 364 126 251 27 316 37
Apafl ENSMUSG00000019979 | 202 42 332 75 213 32 293 28
Apobecl ENSMUSG00000040613 | 119 28 241 144 120 8 163 31
Apobr ENSMUSG00000042759 | 32 3 70 17 32 9 51 18
Apolllb ENSMUSG00000091694 | 7 5 34 9 17 6 37 25
App ENSMUSG00000022892 | 3981 381 4939 605 3820 129 4513 126
Aqp8 ENSMUSG00000030762 | 83 23 156 68 106 26 182 68
Arf3 ENSMUSG00000051853 | 700 31 853 47 714 16 777 34
Arfipl ENSMUSG00000074513 | 425 63 585 108 425 15 463 26
Arhgap23 ENSMUSG00000049807 | 496 48 632 37 504 37 586 47
Arhgap45 ENSMUSG00000035697 | 124 18 203 68 131 23 172 35
Arhgdia ENSMUSG00000025132 | 2274 183 2741 90 2286 149 2537 205
Arhgef2 ENSMUSG00000028059 | 885 125 1137 110 951 83 1051 107
Arhgef39 ENSMUSG00000051517 | 7 3 25 5 7 4 18 6
Armcx2 ENSMUSG00000033436 | 204 22 300 52 209 17 270 18
Arpc2 ENSMUSG00000006304 | 2337 43 2757 185 2338 47 2652 121
Arpin ENSMUSG00000039043 | 239 19 299 19 258 25 280 26
Arrb2 ENSMUSG00000060216 | 182 31 313 100 186 36 253 55
Arsh ENSMUSG00000042082 | 304 35 427 70 298 13 358 32
Aspn ENSMUSG00000021388 | 750 159 3970 5012 798 171 1825 1043
Assl ENSMUSG00000076441 | 79 24 147 71 80 5 118 24
Atl3 ENSMUSG00000024759 | 741 53 1024 135 748 50 882 82
Atp6v0ad ENSMUSG00000038600 | 9 7 42 23 11 7 25 11
Atp6vilh ENSMUSG00000033793 | 486 36 596 56 470 28 561 47
Atp7a ENSMUSG00000033792 | 198 11 253 13 197 21 209 17
Atp9a ENSMUSG00000027546 | 1025 69 1233 124 1046 42 1120 130
AW551984 ENSMUSG00000038112 | 5 2 17 8 7 4 17 10
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B2m ENSMUSG00000060802 | 4421 1037 | 6550 1100 4422 785 4929 246
B3galt2 ENSMUSGO00000033849 | 372 49 542 57 383 37 471 157
B4galntl ENSMUSG00000006731 | 31 7 66 39 32 6 48 11
B4galtl ENSMUSG00000028413 | 1799 176 2095 181 1836 106 2087 131
Baalc ENSMUSG00000022296 | 20 5 38 10 18 4 29 7
Bax ENSMUSG00000003873 | 210 31 278 16 218 17 271 24
BC037034 ENSMUSG00000036948 | 67 7 102 13 66 9 74 11
Bcl10 ENSMUSG00000028191 | 379 38 473 26 405 34 468 34
Bcl2 ENSMUSG00000057329 | 294 11 378 46 307 30 367 43
Bcl2alb ENSMUSG00000089929 | 18 7 68 61 17 5 44 19
Bcl3 ENSMUSG00000053175 | 60 35 113 24 70 15 98 24
Bcl6b ENSMUSG00000000317 | 820 250 1194 317 923 223 1077 280
Biccl ENSMUSG00000014329 | 681 54 1034 279 743 66 924 94
Binl ENSMUSG00000024381 | 163 26 241 35 165 22 215 15
Bmp2k ENSMUSG00000034663 | 222 15 328 62 234 20 306 14
Bora ENSMUSG00000022070 | 17 4 37 7 18 8 30 4
Clqgtnf3 ENSMUSG00000058914 | 3 2 341 632 3 2 118 157
Clqtnf5 ENSMUSG00000079592 | 53 6 100 38 61 17 87 20
Clqtnf7 ENSMUSG00000061535 | 178 26 294 78 174 31 227 32
C3arl ENSMUSG00000040552 | 234 31 502 241 242 41 380 97
Cacnb3 ENSMUSG00000003352 | 53 8 108 38 53 6 75 17
Calhmb ENSMUSG00000049872 | 49 5 97 18 60 11 89 26
Calm2 ENSMUSG00000036438 | 2322 263 2921 526 2281 193 2735 103
Camka1d ENSMUSG00000039145 | 125 28 197 13 146 26 154 32
Camkk1 ENSMUSG00000020785 | 29 5 54 12 30 5 42 7
Capn6 ENSMUSG00000067276 | 8 3 42 52 12 8 24 13
Casp12 ENSMUSG00000025887 | 208 53 318 96 186 49 260 34
Casp3 ENSMUSG00000031628 | 113 29 191 45 108 17 171 41
Cbfb ENSMUSG00000031885 | 509 26 664 130 518 37 561 32
Ccdc88a ENSMUSG00000032740 | 355 54 511 63 310 60 391 78
Ccdc88b ENSMUSG00000047810 | 26 4 52 17 31 7 43 4
Ccl12 ENSMUSG00000035352 | 28 12 76 30 20 5 61 36
Ccr2 ENSMUSG00000049103 | 85 30 408 389 93 25 233 135
Ccr5 ENSMUSG00000079227 | 186 40 341 137 159 68 244 42
Cd180 ENSMUSG00000021624 | 33 12 77 31 53 18 71 11
Cd24a ENSMUSG00000047139 | 79 19 145 26 90 14 161 75
Cd2ap ENSMUSG00000061665 | 690 32 831 97 667 57 750 87
Cd33 ENSMUSG00000004609 | 150 35 242 42 149 35 189 29
Cd52 ENSMUSG00000000682 | 61 22 171 113 54 14 95 23
Cd53 ENSMUSG00000040747 | 129 18 286 154 144 34 221 59
Cd55 ENSMUSG00000026399 | 345 57 518 88 369 49 468 57
Cd63 ENSMUSG00000025351 | 1383 97 1809 371 1430 52 1693 169
Cdso ENSMUSG00000075122 | 19 7 60 17 24 9 47 22
Cd83 ENSMUSG00000015396 | 132 30 202 45 132 31 168 13
Cd86 ENSMUSG00000022901 | 75 19 139 14 88 32 109 23
Cdc25b ENSMUSG00000027330 | 92 22 163 19 92 22 150 40
Cdc42sel ENSMUSG00000046722 | 468 71 617 41 442 53 554 68
Cdc6 ENSMUSG00000017499 | 18 6 40 11 16 6 33 8
Cdc7 ENSMUSG00000029283 | 20 3 41 10 29 11 30 8
Cdca2 ENSMUSG00000048922 | 13 3 38 8 27 15 36 10
Cdca4 ENSMUSG00000047832 | 122 18 180 26 120 24 154 24
Cdk14 ENSMUSG00000028926 | 200 28 273 53 192 35 226 37
Cdkn3 ENSMUSG00000037628 | 13 6 27 8 12 2 21 5
Cdr2 ENSMUSG00000030878 | 234 28 362 52 247 34 334 25
Cdr2l ENSMUSG00000050910 | 97 21 164 22 96 12 136 9
Cdtl ENSMUSG00000006585 | 24 1 51 16 26 8 47 12
Cemip ENSMUSG00000052353 | 1 1 29 37 0 0 17 18
Cenpn ENSMUSG00000031756 | 14 5 38 13 16 3 27 10
Cep192 ENSMUSG00000024542 | 181 30 290 42 205 41 226 32
Cercam ENSMUSG00000039787 | 51 4 142 102 51 14 90 27
Cggbpl ENSMUSG00000054604 | 811 96 987 62 796 114 900 95
Chafla ENSMUSG00000002835 | 62 28 147 37 69 14 117 37
Chaflb ENSMUSG00000022945 | 12 2 37 18 18 4 36 9
Chst2 ENSMUSG00000033350 | 33 6 59 8 44 9 45 10
Chsy3 ENSMUSG00000058152 | 5 1 14 5 5 2 9 3
Cip2a ENSMUSG00000033031 | 56 15 113 30 63 19 81 15
Ckslb ENSMUSG00000028044 | 53 13 94 14 55 9 83 13
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Clca3al ENSMUSGO00000056025 | 11 2 33 21 15 8 17 9
Cldn15 ENSMUSG00000001739 | 49 9 95 9 66 28 67 17
Cleclla ENSMUSG00000004473 | 16 2 53 48 14 4 31 14
Clec12a ENSMUSG00000053063 | 76 11 211 106 102 28 134 18
Clec4al ENSMUSG00000049037 | 90 14 212 105 96 15 147 36
Clec4a2 ENSMUSG00000030148 | 46 12 104 63 40 6 79 23
Clec4a3 ENSMUSG00000043832 | 54 12 126 46 52 9 86 21
Clspn ENSMUSG00000042489 | 17 7 42 12 17 3 38 23
Cnnl ENSMUSG00000001349 | 37 23 130 75 42 17 53 24
Cnn2 ENSMUSG00000004665 | 793 93 1039 52 856 80 1002 98
Cnripl ENSMUSG00000044629 | 67 5 110 32 7 10 96 9
Cntln ENSMUSG00000038070 | 189 18 279 45 181 18 235 37
Cntrl ENSMUSG00000057110 | 277 35 379 18 284 40 270 21
Colllal ENSMUSG00000027966 | 2 3 52 76 2 2 12 11
Coll6al ENSMUSG00000040690 | 187 39 603 471 192 60 420 186
Collal ENSMUSG00000001506 | 1941 334 10243 | 9888 2115 63 5954 3420
Colla2 ENSMUSG00000029661 | 2657 250 11812 | 10867 | 2786 231 7551 4300
Col4a5 ENSMUSG00000031274 | 763 91 1159 304 773 91 971 147
Col5a3 ENSMUSG00000004098 | 576 178 985 63 666 103 847 222
Col7al ENSMUSG00000025650 | 4 6 26 21 5 4 11 6
Col8a2 ENSMUSG00000056174 | 9 5 180 298 14 4 86 85
Col9a2 ENSMUSG00000028626 | 6 1 31 38 7 4 21 11
Comp ENSMUSG00000031849 | 39 8 325 426 69 9 179 129
Copbl ENSMUSG00000030754 | 983 86 1212 193 1045 57 1076 62
Corola ENSMUSG00000030707 | 175 29 270 73 171 24 228 26
Corolb ENSMUSG00000024835 | 688 47 858 53 695 47 802 76
Cplx2 ENSMUSG00000025867 | 149 21 210 31 160 16 218 24
Cpne8 ENSMUSG00000052560 | 161 16 246 70 161 15 217 22
Creb3I2 ENSMUSG00000038648 | 1002 88 1355 234 1018 47 1231 121
Crtap ENSMUSG00000032431 | 384 57 511 72 379 32 471 67
Csf2ra ENSMUSG00000059326 | 56 11 101 28 65 12 82 17
Csrpl ENSMUSG00000026421 | 868 80 1281 109 889 121 1075 145
Cstb ENSMUSG00000005054 | 171 14 238 43 175 15 218 32
Cthrcl ENSMUSG00000054196 | 3 3 221 380 5 2 92 112
Ctsk ENSMUSG00000028111 | 95 23 247 204 90 21 156 59
Ctss ENSMUSG00000038642 | 458 93 1279 617 459 103 843 274
Cttn ENSMUSG00000031078 | 793 94 1056 113 811 56 962 95
Cttnbp2nl ENSMUSG00000062127 | 644 157 873 93 653 151 770 81
Cx3crl ENSMUSG00000052336 | 153 23 369 148 170 25 253 86
Cxcl10 ENSMUSG00000034855 | 12 4 57 37 12 8 27 6
Cybb ENSMUSG00000015340 | 327 42 648 221 360 106 406 69
Cysltrl ENSMUSG00000052821 | 54 23 122 68 67 22 119 47
Cyth3 ENSMUSG00000018001 | 939 142 1235 98 1006 115 1159 89
Cyth4 ENSMUSG00000018008 | 207 45 374 116 216 29 315 54
D1Ertd622e ENSMUSG00000044768 | 81 14 134 22 88 9 109 16
Dap ENSMUSG00000039168 | 262 38 433 140 293 35 371 55
Dbf4 ENSMUSG00000002297 | 39 11 81 24 39 8 63 4
Dbnl ENSMUSG00000020476 | 472 46 575 30 501 31 573 37
Dck ENSMUSG00000029366 | 104 18 188 15 109 4 138 16
Dhx58 ENSMUSG00000017830 | 37 15 76 24 54 15 63 11
Dkk3 ENSMUSGO00000030772 | 52 16 247 258 56 20 169 78
Dnml ENSMUSG00000026825 | 162 38 244 43 172 24 214 33
Dock11 ENSMUSG00000031093 | 198 35 312 74 204 30 252 29
Dock? ENSMUSG00000028556 | 383 56 520 72 415 36 422 61
Dok3 ENSMUSG00000035711 | 38 8 70 27 33 8 52 10
Dpep2 ENSMUSG00000053687 | 21 8 44 15 16 3 33 12
Dpp7 ENSMUSG00000026958 | 48 11 85 22 56 8 80 17
Dpy19I1 ENSMUSGO00000043067 | 214 23 340 91 229 13 276 30
Dram1 ENSMUSG00000020057 | 109 11 158 29 104 11 139 11
Dse ENSMUSG00000039497 | 182 24 294 74 230 55 247 27
Dsel ENSMUSG00000038702 | 152 30 302 163 181 17 233 34
E2f2 ENSMUSG00000018983 | 15 9 47 2 35 28 45 12
E2f3 ENSMUSG00000016477 | 259 22 315 27 280 21 306 28
E2f8 ENSMUSG00000046179 | 31 20 49 20 32 12 50 22
Egr2 ENSMUSG00000037868 | 32 17 104 54 67 11 86 35
Egr3 ENSMUSG00000033730 | 55 46 127 33 126 43 192 110
Eif2ak2 ENSMUSG00000024079 | 457 54 612 78 452 48 564 48
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Eif4ebpl ENSMUSG00000031490 | 600 42 768 49 633 27 785 117
Elfl ENSMUSG00000036461 | 427 66 547 56 479 70 499 46
Eln ENSMUSG00000029675 | 512 176 2249 1534 591 55 1327 606
Enppl ENSMUSG00000037370 | 187 9 495 317 181 24 350 178
Epb4112 ENSMUSG00000019978 | 1216 183 1533 194 1128 76 1296 65
Epstil ENSMUSG00000022014 | 40 10 90 32 45 8 66 11
Ercc6l ENSMUSG00000051220 | 19 8 48 17 17 6 34 13
Esml ENSMUSG00000042379 | 32 4 64 10 34 9 54 17
Etv4 ENSMUSG00000017724 | 8 5 29 5 8 3 26 18
Etv6 ENSMUSG00000030199 | 527 36 643 63 544 47 566 37
Evi2a ENSMUSG00000078771 | 85 15 172 58 103 15 147 30
Evi2b ENSMUSG00000093938 | 37 8 106 37 54 8 77 17
Ezh2 ENSMUSG00000029687 | 114 28 176 40 98 20 147 19
Fads2 ENSMUSG00000024665 | 75 13 108 13 83 14 97 12
Fam129a ENSMUSG00000026483 | 681 70 925 196 630 59 727 64
Fam167b ENSMUSG00000050493 | 7 3 20 8 8 4 17 5
Fam171b ENSMUSG00000048388 | 42 7 93 55 48 6 66 20
Faml177a ENSMUSGO00000095595 | 702 134 843 123 776 69 888 27
Fam83d ENSMUSG00000027654 | 6 3 27 7 5 2 17 9
Fam9lal ENSMUSG00000037119 | 520 42 707 99 525 28 606 35
Fancd2 ENSMUSG00000034023 | 13 4 33 8 13 6 28 18
Fap ENSMUSG00000000392 | 100 8 185 87 98 34 134 42
Farpl ENSMUSG00000025555 | 294 13 417 92 304 53 390 72
Fatl ENSMUSGO00000070047 | 995 230 1619 361 886 123 1302 330
Fbn2 ENSMUSG00000024598 | 25 8 112 120 38 10 67 32
Fcerlg ENSMUSG00000058715 | 141 25 259 105 135 20 195 28
Fcgrl ENSMUSG00000015947 | 58 17 140 69 68 8 103 30
Fermt3 ENSMUSG00000024965 | 71 21 121 22 7 11 108 24
Fes ENSMUSG00000053158 | 170 34 266 19 189 43 230 55
Fgd3 ENSMUSGO00000037946 | 46 14 84 22 51 10 76 20
Fgl2 ENSMUSG00000039899 | 863 65 1693 575 912 106 1331 391
Fgr ENSMUSG00000028874 | 10 5 30 20 9 4 17 11
Fhil ENSMUSG00000023092 | 1773 169 2590 350 1838 138 2464 537
Fibin ENSMUSG00000074971 | 181 32 511 420 193 39 346 121
FIt3 ENSMUSG00000042817 | 2 2 16 13 4 3 8 7
Fmod ENSMUSG00000041559 | 30 16 384 621 81 65 169 122
Fmrl ENSMUSG00000000838 | 269 36 431 176 300 35 342 37
Fnl ENSMUSG00000026193 | 1579 300 7830 6886 1494 199 4711 3367
Foxsl ENSMUSGO00000074676 | 34 11 64 13 46 5 62 22
Freml ENSMUSGO00000059049 | 8 10 51 68 8 4 31 24
Futll ENSMUSG00000039357 | 204 20 286 68 209 19 246 19
Fxyd6 ENSMUSGO00000066705 | 485 36 809 394 515 53 620 96
Fyb ENSMUSG00000022148 | 104 44 269 144 111 29 216 57
Fzdl ENSMUSG00000044674 | 164 18 259 65 173 23 223 25
G2e3 ENSMUSG00000035293 | 143 24 208 59 161 20 204 41
Gak ENSMUSG00000062234 | 517 39 618 25 529 64 553 30
Garem2 ENSMUSG00000044576 | 3 3 13 9 3 2 7 4
Gas7 ENSMUSG00000033066 | 461 108 644 104 455 58 590 51
Gatm ENSMUSG00000027199 | 79 9 129 34 80 14 103 20
Gentl ENSMUSG00000038843 | 85 7 138 43 89 8 117 12
Gentd ENSMUSG00000091387 | 3 2 26 31 3 1 14 10
Gem ENSMUSG00000028214 | 71 22 119 13 95 18 126 28
Genl ENSMUSG00000051235 | 17 8 43 15 30 19 41 16
Gjcl ENSMUSG00000034520 | 443 31 538 31 438 34 472 43
Gliprl ENSMUSG00000056888 | 19 3 61 50 17 5 34 19
Gm15675 ENSMUSG00000086825 | 23 4 56 23 34 12 43 15
Gm1966 ENSMUSG00000073902 | 34 9 90 39 50 9 72 22
Gm2026 ENSMUSG00000078886 | 29 10 71 41 64 45 50 32
Gm20559 ENSMUSG00000106734 | 158 25 249 51 169 19 173 37
Gm30873 ENSMUSG00000109341 | 6 4 25 10 11 7 20 4
Gm36161 ENSMUSG00000114608 | 18 6 51 47 19 6 34 17
Gm3636 ENSMUSG00000091754 | 16 5 43 19 24 10 23 5
Gm39214 ENSMUSG00000109754 | 252 32 351 45 256 25 363 83
Gm42047 ENSMUSG00000110631 | 86 19 248 70 75 22 169 103
Gm45705 ENSMUSG00000110481 | 13 3 29 7 14 4 21 3
Gm47761 ENSMUSG00000112478 | 9 2 26 8 7 2 17 10
Gm49342 ENSMUSG00000021871 | 79 19 135 20 95 11 98 23
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Gmb5431 ENSMUSGO00000058163 | 36 7 65 15 44 6 50 7
Gm6377 ENSMUSG00000048621 | 4 2 18 12 13 16 12 6
Gm8995 ENSMUSG00000063286 | 770 80 1033 133 749 121 889 142
Gmip ENSMUSG00000036246 | 79 23 131 23 79 20 106 20
Gnai2 ENSMUSG00000032562 | 4185 325 4943 197 4287 161 4768 360
Gnai3 ENSMUSG00000000001 | 721 11 942 133 676 66 788 53
Gnaol ENSMUSGO00000031748 | 446 40 615 131 524 114 584 73
Golim4 ENSMUSG00000034109 | 732 55 1009 144 790 46 896 57
Gpc6 ENSMUSG00000058571 | 240 29 347 74 228 14 308 59
Gpnmb ENSMUSG00000029816 | 23 2 58 33 25 12 38 17
Gprl76 ENSMUSG00000040133 | 6 3 37 26 7 1 23 18
Gpr34 ENSMUSG00000040229 | 63 25 126 68 77 29 101 26
Gpr39 ENSMUSG00000026343 | 4 2 28 20 6 3 21 14
Gpr65 ENSMUSG00000021886 | 44 9 108 76 42 12 70 21
Gpr68 ENSMUSG00000047415 | 3 3 18 4 8 2 10 7
Gpx8 ENSMUSG00000021760 | 491 35 682 134 493 63 644 76
Gria3 ENSMUSG00000001986 | 27 6 74 55 40 11 71 37
Gsap ENSMUSG00000039934 | 66 8 121 24 74 13 95 10
Gxylt2 ENSMUSG00000030074 | 171 37 519 541 157 23 308 184
Hacd4 ENSMUSG00000028497 | 224 6 334 92 257 33 288 32
Has2 ENSMUSG00000022367 | 27 6 50 13 28 8 42 6
Haus8 ENSMUSG00000035439 | 242 44 381 64 261 50 360 59
Havcr2 ENSMUSG00000020399 | 17 6 42 21 12 4 23 11
Hbb-bt ENSMUSG00000073940 | 3565 1643 | 6280 1861 4671 1644 | 8009 3238
Hck ENSMUSG00000003283 | 35 10 88 47 39 12 58 8
Hdacl ENSMUSG00000028800 | 455 34 557 48 447 37 529 38
Hexa ENSMUSG00000025232 | 1121 111 1417 213 1139 67 1382 81
Hexb ENSMUSG00000021665 | 487 58 816 323 492 50 666 110
Hjurp ENSMUSG00000044783 | 577 122 775 43 589 90 674 87
Hmgh2 ENSMUSG00000054717 | 115 21 211 30 135 37 202 60
Hmgn3 ENSMUSG00000066456 | 78 20 130 43 71 15 108 14
Hpgd ENSMUSG00000031613 | 182 26 300 44 240 31 258 32
Hpgds ENSMUSG00000029919 | 67 16 152 74 91 33 92 21
Hspg2 ENSMUSG00000028763 | 12506 1017 | 15279 | 1628 12610 707 14990 1190
Iffo2 ENSMUSG00000041025 | 210 56 296 34 208 41 260 55
Ifi203 ENSMUSG00000039997 | 891 161 1230 255 880 117 940 84
Ifi209 ENSMUSG00000043263 | 52 15 126 69 50 17 92 45
Ifi2ll ENSMUSG00000026536 | 185 36 351 104 178 18 256 21
Ifi30 ENSMUSG00000031838 | 101 27 193 76 87 20 127 31
Ifihl ENSMUSG00000026896 | 299 32 446 46 329 56 378 53
Ifitl ENSMUSG00000034459 | 187 43 329 102 161 24 234 21
Ifit2 ENSMUSG00000045932 | 547 92 934 140 539 58 669 52
Ifit3 ENSMUSG00000074896 | 336 93 626 210 311 45 430 29
Ifit3b ENSMUSG00000062488 | 122 30 208 57 123 22 150 9
Igfl ENSMUSG00000020053 | 384 78 1064 595 422 57 770 126
Igf2bp2 ENSMUSG00000033581 | 72 26 122 41 102 14 135 38
Igfbp2 ENSMUSG00000039323 | 1 1 24 20 0 1 4 4
Igfbp5 ENSMUSG00000026185 | 2981 305 5165 1633 3493 830 4402 921
Ighm ENSMUSG00000076617 | 206 22 302 49 234 29 292 34
Igsf10 ENSMUSG00000036334 | 145 33 315 123 162 38 247 69
Ikzfl ENSMUSG00000018654 | 64 21 119 32 75 10 86 10
1113ral ENSMUSG00000017057 | 1206 209 1526 234 1225 65 1443 213
1118rap ENSMUSG00000026068 | 5 4 17 7 3 2 6 4
I11b ENSMUSG00000027398 | 20 8 71 68 17 7 29 8
121r ENSMUSG00000030745 | 15 3 46 25 17 2 35 6
Ildr2 ENSMUSG00000040612 | 25 9 63 21 39 23 51 20
Irf5 ENSMUSG00000029771 | 73 13 148 22 78 12 119 35
Irf8 ENSMUSGO00000041515 | 118 13 229 76 128 21 193 26
Isg15 ENSMUSG00000035692 | 59 12 120 28 67 16 93 12
Isg20 ENSMUSG00000039236 | 86 30 130 16 102 27 144 32
Islr ENSMUSG00000037206 | 560 95 865 285 608 50 774 128
Itgad ENSMUSG00000027009 | 88 24 170 60 100 20 120 28
Itgav ENSMUSGO00000027087 | 584 81 920 293 645 110 863 204
Itgax ENSMUSG00000030789 | 14 13 49 40 11 3 41 38
Itghl ENSMUSG00000025809 | 10648 748 12926 | 1642 10469 431 12265 1179
Itgh2 ENSMUSG00000000290 | 175 40 280 60 156 29 225 46
Itgh3 ENSMUSG00000020689 | 55 19 135 26 74 35 101 24




Itgh8 ENSMUSG00000025321 | 44 17 94 45 58 14 57 7
Itghl1l ENSMUSG00000032925 | 238 42 795 674 281 46 513 150
Itih2 ENSMUSG00000037254 | 10 2 36 22 10 1 20 5
Itm2a ENSMUSG00000031239 | 204 26 483 405 214 32 305 66
Kcnel ENSMUSG00000039639 | 91 46 147 42 92 14 127 27
Kctd10 ENSMUSG00000001098 | 1166 95 1425 67 1193 154 1325 119
Kctd12 ENSMUSGO00000098557 | 889 110 1244 276 915 43 1073 34
Kctd12b ENSMUSG00000041633 | 620 130 959 330 830 137 891 240
Kctd15 ENSMUSG00000030499 | 38 5 65 13 39 8 54 12
Kdelr3 ENSMUSG00000010830 | 122 17 231 83 128 25 188 48
Kifl8a ENSMUSG00000027115 | 33 7 55 18 33 3 53 12
Kif20b ENSMUSG00000024795 | 44 17 104 56 35 19 80 25
Kirrel ENSMUSG00000041734 | 354 32 515 106 351 32 432 45
Kl1hi29 ENSMUSG00000020627 | 12 4 36 26 16 6 21 5
Krt18 ENSMUSG00000023043 | 11 4 41 28 17 8 20 7
Laccl ENSMUSG00000044350 | 110 10 170 40 111 18 129 16
Lairl ENSMUSG00000055541 | 93 25 193 59 88 18 152 37
Lbp ENSMUSG00000016024 | 114 14 211 51 141 27 174 37
Ldlrad4 ENSMUSG00000024544 | 207 23 293 57 198 24 230 26
Lhfp ENSMUSG00000048332 | 883 63 1348 372 958 40 1113 122
Lilrb4a ENSMUSG00000112148 | 184 42 406 123 195 44 266 91
Lix1l ENSMUSG00000049288 | 862 45 1020 63 903 22 948 26
Lmna ENSMUSG00000028063 | 1287 73 1552 83 1330 102 1508 161
Lmnbl ENSMUSG00000024590 | 122 21 210 37 129 15 185 47
Lox ENSMUSG00000024529 | 89 9 1050 1321 94 21 476 436
LoxI3 ENSMUSG00000000693 | 104 36 311 233 87 12 196 70
Lpcat2 ENSMUSG00000033192 | 36 10 94 53 31 6 64 11
Lpp ENSMUSG00000033306 | 1398 218 1794 95 1378 115 1689 226
Lpxn ENSMUSG00000024696 | 18 5 55 29 22 7 34 9
Lrmp ENSMUSG00000030263 | 36 7 68 14 45 10 53 5
Lrrc32 ENSMUSG00000090958 | 328 91 455 36 361 64 432 52
Lrrc59 ENSMUSG00000020869 | 766 27 883 28 772 44 888 71
Lspl ENSMUSG00000018819 | 614 136 984 350 600 112 808 176
Lstl ENSMUSGO00000073412 | 16 5 43 19 20 5 34 7
Lthp2 ENSMUSG00000002020 | 94 45 964 1120 126 62 578 514
Ltbp3 ENSMUSG00000024940 | 530 28 924 412 618 50 772 112
Lum ENSMUSG00000036446 | 1447 238 3824 2686 1553 192 2795 564
Lxn ENSMUSGO00000047557 | 65 9 139 25 70 19 104 26
Lyll ENSMUSG00000034041 | 75 11 111 12 85 3 91 4
Maf ENSMUSG00000055435 | 389 56 552 118 424 20 460 80
Maff ENSMUSG00000042622 | 133 18 220 64 128 36 187 43
Maltl ENSMUSG00000032688 | 196 29 270 27 193 17 212 27
Maprel ENSMUSG00000027479 | 1639 151 1876 92 1651 91 1859 64
Marcks ENSMUSG00000069662 | 819 115 1485 784 999 154 1070 121
Mastl ENSMUSG00000026779 | 21 19 58 17 22 7 58 28
Matn2 ENSMUSG00000022324 | 417 57 667 192 429 35 559 39
Mcm5S ENSMUSG00000005410 | 84 12 162 45 83 19 169 35
Mcm6 ENSMUSG00000026355 | 230 32 397 77 216 18 363 70
Mcub ENSMUSG00000027994 | 41 14 77 15 37 4 50 10
Mdk ENSMUSG00000027239 | 26 4 95 130 24 6 43 34
Meg3 ENSMUSG00000021268 | 123 46 231 107 121 17 140 38
Megf10 ENSMUSG00000024593 | 19 6 49 31 30 3 40 15
Mex3c ENSMUSGO00000037253 | 486 50 607 52 503 15 557 37
Mfap2 ENSMUSG00000060572 | 20 2 69 61 23 4 41 14
Mfap3 ENSMUSG00000020522 | 454 25 541 33 431 20 503 22
Mgam ENSMUSG00000068587 | 9 4 32 24 15 4 30 21
Mgat2 ENSMUSG00000043998 | 423 27 547 64 443 34 503 31
Mgp ENSMUSG00000030218 | 1671 257 3299 1832 1627 149 2424 267
Milrl ENSMUSG00000040528 | 16 6 43 18 16 4 35 10
Mis18a ENSMUSG00000022978 | 46 8 79 17 61 14 68 8
Mkrnl ENSMUSG00000029922 | 598 102 779 95 681 119 829 128
Mmp14 ENSMUSG00000000957 | 291 39 862 471 332 50 582 198
Mmp16 ENSMUSG00000028226 | 14 6 34 13 18 6 22 9
Mnsl ENSMUSG00000032221 | 9 2 49 8 14 7 28 16
Mobla ENSMUSG00000043131 | 1089 121 1399 155 1053 73 1248 99
Mpegl ENSMUSG00000046805 | 387 93 1323 966 395 7 809 361
MpzI1 ENSMUSG00000026566 | 252 38 353 54 258 43 287 41
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Mrc2 ENSMUSGO00000020695 | 462 41 913 394 473 31 716 159
Ms4al4 ENSMUSG00000099398 | 18 2 74 52 16 6 34 17
Ms4adb ENSMUSG00000056290 | 4 2 18 15 8 4 9 4
Ms4adc ENSMUSG00000024675 | 8 4 38 33 10 3 16 8
Ms4a6d ENSMUSG00000024679 | 61 21 136 54 54 15 109 45
Ms4a7 ENSMUSG00000024672 | 65 11 296 303 51 5 166 95
Mtfr2 ENSMUSG00000019992 | 4 2 15 5 3 1 10 2
Mthfd2 ENSMUSG00000005667 | 41 11 81 14 49 16 81 18
Mtmrll ENSMUSG00000045934 | 69 26 114 28 68 30 107 32
Mtpn ENSMUSG00000029840 | 1161 76 1505 277 1222 89 1380 115
Mx1 ENSMUSG00000000386 | 20 10 55 32 17 6 22 11
Mxra8 ENSMUSG00000029070 | 431 61 782 329 511 145 714 119
Myc ENSMUSG00000022346 | 48 8 98 19 58 7 95 39
Myef2 ENSMUSG00000027201 | 185 24 262 27 174 6 207 19
Myh7 ENSMUSG00000053093 | 1672 510 20844 | 27743 | 2490 1006 | 11438 8811
Myh9 ENSMUSG00000022443 | 4467 917 6229 813 4465 679 5733 609
Myl9 ENSMUSG00000067818 | 507 113 744 105 504 152 536 41
Myole ENSMUSG00000032220 | 382 52 541 82 377 40 487 59
Myolg ENSMUSG00000020437 | 50 9 89 21 55 12 90 33
Myo5a ENSMUSG00000034593 | 359 55 615 165 371 102 518 152
Naalad2 ENSMUSG00000043943 | 352 43 575 192 346 54 447 64
Nab2 ENSMUSG00000025402 | 178 29 277 7 177 31 248 30
Navl ENSMUSG00000009418 | 1498 290 1893 171 1457 90 1737 179
Ncapd2 ENSMUSG00000038252 | 298 45 437 112 363 44 394 55
Nedd9 ENSMUSG00000021365 | 728 336 1059 86 794 203 936 202
Neil3 ENSMUSG00000039396 | 10 3 35 11 13 11 23 8
Neurl3 ENSMUSG00000047180 | 159 33 303 74 176 25 246 35
Nfaml ENSMUSG00000058099 | 110 22 202 30 118 21 160 20
Nfkbie ENSMUSG00000023947 | 37 6 81 15 38 5 56 8
Nfkbiz ENSMUSG00000035356 | 92 25 164 59 103 9 151 32
Nhsl2 ENSMUSGO00000079481 | 276 31 399 49 272 39 339 24
Nkd1 ENSMUSG00000031661 | 22 8 42 10 25 6 30 7
Nlgn2 ENSMUSG00000051790 | 167 30 260 63 167 33 228 39
Nmrk2 ENSMUSG00000004939 | 73 9 158 71 68 15 132 76
Nmt2 ENSMUSG00000026643 | 286 28 378 59 277 25 339 48
Nnmt ENSMUSG00000032271 | 42 5 88 24 47 10 60 8
Nox4 ENSMUSG00000030562 | 31 5 162 173 29 9 64 30
Npdcl ENSMUSG00000015094 | 238 45 344 63 227 27 280 28
Npl ENSMUSG00000042684 | 26 8 47 8 28 8 51 12
Npnt ENSMUSG00000040998 | 22 7 57 25 31 14 28 9
Nptxr ENSMUSG00000022421 | 69 12 105 10 64 14 94 14
Nrep ENSMUSG00000042834 | 535 52 997 503 559 60 711 91
Nrros ENSMUSG00000052384 | 157 25 231 32 162 27 220 28
Nts ENSMUSG00000019890 | 21 8 42 6 25 4 33 13
Nuch2 ENSMUSGO00000030659 | 137 19 239 55 144 20 174 24
Nuprl ENSMUSG00000030717 | 60 10 196 120 74 8 130 33
Nusapl ENSMUSGO00000027306 | 48 17 132 40 45 9 116 36
Nxpe4 ENSMUSG00000044229 | 315 33 430 45 320 35 379 48
Nxpe5 ENSMUSG00000047592 | 11 6 35 8 9 4 28 15
Oasla ENSMUSG00000052776 | 82 18 149 24 88 14 121 8
Oas3 ENSMUSGO00000032661 | 6 1 34 18 9 3 18 9
Oasl1 ENSMUSG00000041827 | 32 9 56 13 38 7 48 5
Oasl2 ENSMUSG00000029561 | 269 62 498 109 332 69 402 43
Olfr558 ENSMUSG00000070423 | 167 26 236 25 154 13 204 33
Olfr56 ENSMUSG00000040328 | 6 3 19 7 8 2 10 5
Omd ENSMUSG00000048368 | 16 4 58 62 32 17 29 10
Otulinl ENSMUSG00000056069 | 53 9 133 67 61 15 119 66
P2rx7 ENSMUSG00000029468 | 140 30 223 46 141 24 188 49
P3hl ENSMUSG00000028641 | 217 25 313 43 242 18 308 55
P4ha3 ENSMUSG00000051048 | 2 2 23 32 1 1 11 10
Pakl ENSMUSG00000030774 | 34 10 89 41 49 20 57 18
Panx1 ENSMUSG00000031934 | 35 11 98 49 42 21 76 30
Parp9 ENSMUSG00000022906 | 467 40 651 71 484 24 548 44
Parpbp ENSMUSG00000035365 | 8 4 24 9 7 2 18 11
Pcdh17 ENSMUSG00000035566 | 299 64 458 76 316 37 426 89
Pcskb ENSMUSG00000024713 | 67 10 129 24 84 4 119 16
Pdgfrl ENSMUSG00000031595 | 48 13 182 194 44 4 108 62
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Pdk3 ENSMUSG00000035232 | 44 14 83 17 53 21 69 7
Pdlim2 ENSMUSG00000022090 | 106 9 175 59 121 17 153 29
Pdlim3 ENSMUSG00000031636 | 187 22 301 87 190 20 249 48
Pdpn ENSMUSG00000028583 | 91 16 188 37 105 17 159 30
Pgm2 ENSMUSG00000029171 | 116 24 174 30 127 15 159 19
Phfllb ENSMUSG00000091649 | 41 10 91 36 39 9 65 19
Phidb2 ENSMUSG00000033149 | 633 66 824 141 626 28 795 54
Pil5 ENSMUSGO00000067780 | 74 15 180 121 89 17 105 28
Piezol ENSMUSG00000014444 | 764 311 1009 184 762 82 868 67
Piezo2 ENSMUSG00000041482 | 24 11 103 100 27 10 60 26
Pifl ENSMUSG00000041064 | 7 7 20 9 7 4 13 5
Pik3apl ENSMUSG00000025017 | 55 12 132 58 64 10 102 14
Pik3c2a ENSMUSGO00000030660 | 644 90 821 49 571 41 614 49
Pik3cd ENSMUSG00000039936 | 104 25 184 49 123 16 148 46
Pik3cg ENSMUSG00000020573 | 96 11 139 24 110 14 125 19
Pik3r5 ENSMUSG00000020901 | 24 7 70 31 28 9 52 21
Pkd2 ENSMUSG00000034462 | 934 68 1341 308 928 43 1049 85
Pkhd1l1 ENSMUSG00000038725 | 113 45 211 84 195 90 172 61
Pkn3 ENSMUSG00000026785 | 143 28 220 23 138 15 195 21
Plac8 ENSMUSG00000029322 | 10 2 54 49 9 5 21 10
Plau ENSMUSG00000021822 | 120 25 172 15 122 29 160 33
Plaur ENSMUSG00000046223 | 36 7 71 21 37 23 64 15
Pld4 ENSMUSG00000052160 | 158 21 294 102 174 44 228 58
Plekha4 ENSMUSG00000040428 | 34 16 87 40 51 13 73 38
Plk1 ENSMUSG00000030867 | 19 10 48 16 17 7 40 14
Plk4 ENSMUSG00000025758 | 70 9 110 26 68 16 112 44
Plod3 ENSMUSG00000004846 | 475 118 658 87 472 51 605 62
Plp2 ENSMUSG00000031146 | 570 31 793 128 592 14 724 133
Plppl ENSMUSG00000021759 | 1000 50 1160 56 1013 21 1087 43
Plxdc2 ENSMUSG00000026748 | 599 71 840 221 565 51 696 96
Pou2f2 ENSMUSG00000008496 | 37 5 109 53 61 19 105 35
Ppfial ENSMUSG00000037519 | 773 148 999 166 867 163 931 191
Ppfibpl ENSMUSG00000016487 | 1707 135 2004 276 1903 142 1868 195
Ppib ENSMUSG00000032383 | 1085 51 1440 242 1046 78 1281 107
Ppplri5h ENSMUSG00000046062 | 750 74 889 76 775 49 880 44
Ppplrl8 ENSMUSG00000034595 | 415 70 651 61 435 37 557 57
Pqlc3 ENSMUSG00000045679 | 95 9 171 87 101 15 126 18
Prelp ENSMUSG00000041577 | 1273 232 1575 178 1325 81 1511 142
Prex1 ENSMUSG00000039621 | 261 20 427 60 278 27 341 38
Priml ENSMUSG00000025395 | 42 9 75 26 45 8 65 14
Prkcd ENSMUSG00000021948 | 246 36 398 115 245 27 325 36
Prr5l ENSMUSG00000032841 | 24 3 49 21 25 8 44 16
Prrt4 ENSMUSG00000079654 | 41 13 75 15 44 3 68 12
Prss23 ENSMUSG00000039405 | 314 52 488 126 314 35 361 78
Pstpipl ENSMUSG00000032322 | 21 5 54 31 21 3 37 15
Ptafr ENSMUSG00000056529 | 107 31 167 16 115 20 154 29
Ptbpl ENSMUSG00000006498 | 741 116 1045 159 740 51 886 127
Pthlh ENSMUSG00000048776 | 10 3 24 10 10 4 20 5
Ptk2b ENSMUSG00000059456 | 161 11 248 52 179 24 246 35
Ptk7 ENSMUSG00000023972 | 64 11 121 51 79 10 101 16
Ptms ENSMUSG00000030122 | 1096 180 1556 255 1175 69 1354 123
Ptn ENSMUSG00000029838 | 35 10 527 950 47 13 109 85
Ptpnl ENSMUSG00000027540 | 383 52 516 71 406 46 484 90
Ptpn12 ENSMUSG00000028771 | 720 48 925 82 719 64 779 35
Ptpn18 ENSMUSG00000026126 | 35 12 64 9 54 15 62 12
Ptpn6 ENSMUSG00000004266 | 114 27 202 70 107 24 164 25
Ptprc ENSMUSGO00000026395 | 246 49 533 285 234 45 382 129
Ptpre ENSMUSG00000041836 | 163 23 260 20 183 21 214 24
Ptprf ENSMUSG00000033295 | 111 21 196 66 107 19 177 20
Rab23 ENSMUSG00000004768 | 193 52 284 32 226 32 252 58
Rab32 ENSMUSG00000019832 | 40 12 85 42 46 3 70 12
Rab3ill ENSMUSG00000024663 | 211 18 296 51 216 26 283 32
Rab5c ENSMUSG00000019173 | 838 81 1059 21 918 29 1032 128
Rab8b ENSMUSG00000036943 | 406 32 589 93 439 43 531 48
Rad50 ENSMUSG00000020380 | 310 33 381 31 339 21 385 26
Rail4 ENSMUSG00000022246 | 173 18 300 114 173 15 241 57
Raplb ENSMUSG00000052681 | 1590 124 2099 385 1642 155 1892 156
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Rasa4 ENSMUSG00000004952 | 143 26 261 113 138 14 162 33
Rbbp8 ENSMUSG00000041238 | 177 8 233 32 161 22 196 17
Rbm3 ENSMUSG00000031167 | 1065 243 1408 328 1097 137 1294 160
Rbpl ENSMUSG00000046402 | 203 16 395 267 185 21 311 56
Reps2 ENSMUSG00000040855 | 67 11 117 35 105 41 101 23
Rflnb ENSMUSG00000020846 | 1333 290 1883 230 1446 172 1704 352
Rfx7 ENSMUSG00000037674 | 332 31 421 33 374 29 376 17
Rgs10 ENSMUSG00000030844 | 114 9 181 62 108 10 146 24
Rhoa ENSMUSG00000007815 | 4789 93 5216 118 4862 194 5112 92
Rhod ENSMUSG00000041845 | 59 10 92 15 68 16 66 10
Rhoj ENSMUSG00000046768 | 564 95 704 75 573 74 656 48
Rhou ENSMUSG00000039960 | 110 28 173 59 135 9 173 41
Rnase6 ENSMUSG00000021880 | 9 5 29 15 13 7 14 2
Robol ENSMUSG00000022883 | 56 11 110 44 68 14 97 13
Rpl10-ps3 ENSMUSG00000058443 | 1037 413 1554 348 1563 299 1415 424
Rpl3 ENSMUSG00000060036 | 3377 296 4471 607 3263 335 4320 344
Rps6kal ENSMUSG00000003644 | 155 10 219 28 140 11 177 26
Rtn4 ENSMUSG00000020458 | 1597 115 2738 963 1691 68 2291 384
Rtp4 ENSMUSGO00000033355 | 158 33 260 39 177 33 212 32
Runx1 ENSMUSG00000022952 | 63 29 176 93 54 10 115 46
Slpr2 ENSMUSG00000043895 | 122 33 225 28 161 13 210 36
Samd14 ENSMUSG00000047181 | 37 7 72 30 41 5 56 15
Samsnl ENSMUSG00000022876 | 14 3 34 12 17 4 26 8
Satl ENSMUSG00000025283 | 655 35 1037 357 699 101 854 124
Shno2 ENSMUSG00000035673 | 285 44 452 89 290 31 409 72
Scara3 ENSMUSG00000034463 | 56 13 114 45 58 2 87 26
Scd2 ENSMUSG00000025203 | 637 102 838 65 763 157 803 46
Scnlb ENSMUSG00000019194 | 235 13 365 140 268 19 330 60
Scpepl ENSMUSG00000000278 | 287 48 480 174 308 44 404 65
Scrnl ENSMUSG00000019124 | 212 35 302 33 202 45 226 61
Scube3 ENSMUSG00000038677 | 5 4 20 12 8 3 16 11
Sdcl ENSMUSG00000020592 | 116 15 220 98 124 18 164 39
Sdcbp ENSMUSG00000028249 | 2167 214 2679 438 2118 92 2530 189
Sdk1 ENSMUSG00000039683 | 24 3 57 13 40 21 57 22
Secl6b ENSMUSG00000026589 | 57 7 120 43 63 10 73 13
Sele ENSMUSG00000026582 | 35 8 70 23 43 4 63 17
Selplg ENSMUSG00000048163 | 63 15 127 38 67 10 99 16
Sema6d ENSMUSG00000027200 | 1026 136 1377 210 1090 137 1238 97
Serpl ENSMUSG00000027808 | 586 74 881 294 591 79 738 92
Serpina3g ENSMUSG00000041481 | 9 5 29 16 12 5 21 10
Serpina3i ENSMUSG00000079014 | 3 2 17 15 2 2 10 8
Serpina3n ENSMUSG00000021091 | 176 100 698 430 134 41 495 374
Serpinbla ENSMUSG00000044734 | 77 13 216 200 93 25 137 59
Serpinel ENSMUSGO00000037411 | 794 250 1688 848 832 284 1309 495
Serpine2 ENSMUSG00000026249 | 478 38 814 242 497 57 623 60
Serpingl ENSMUSG00000023224 | 1822 273 2473 457 1827 186 2279 296
Sertad4 ENSMUSG00000016262 | 105 17 221 144 112 18 169 32
Sfrpl ENSMUSG00000031548 | 345 30 981 861 365 40 683 270
Sfrp2 ENSMUSG00000027996 | 43 4 313 445 47 8 154 132
Sfxn3 ENSMUSG00000025212 | 216 19 310 29 224 5 272 31
Sgce ENSMUSG00000004631 | 294 28 387 53 287 38 342 18
Sh3bgrl ENSMUSG00000031246 | 918 89 1283 246 887 122 1015 78
Shc2 ENSMUSG00000020312 | 50 9 88 30 52 6 71 5
Shcbpl ENSMUSG00000022322 | 19 11 66 49 19 6 42 16
Shisa4 ENSMUSG00000041889 | 45 8 85 28 49 10 83 18
Shisab ENSMUSG00000025647 | 705 100 1028 56 749 29 862 118
Shtnl ENSMUSG00000041362 | 111 11 174 21 133 10 158 33
Siglece ENSMUSG00000030474 | 31 11 61 22 29 7 49 8
Sirpa ENSMUSG00000037902 | 816 78 1138 211 857 29 986 159
Skal ENSMUSG00000036223 | 3 3 16 11 2 2 11 8
Ska3 ENSMUSG00000021965 | 7 5 20 4 7 1 19 6
Skil ENSMUSG00000027660 | 581 92 881 203 556 78 727 130
Skp2 ENSMUSGO00000054115 | 26 2 53 9 32 9 43 12
Sla ENSMUSG00000022372 | 69 14 123 46 60 7 74 15
Slamf7 ENSMUSG00000038179 | 16 7 59 44 20 9 31 22
Slbp ENSMUSG00000004642 | 270 27 364 58 264 33 311 22
Sicl5a3 ENSMUSG00000024737 | 89 19 150 23 90 18 130 28
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Slc20al ENSMUSG00000027397 | 373 83 570 141 383 75 430 73
Slc25a24 ENSMUSG00000040322 | 184 16 278 63 197 22 246 35
Slc25a45 ENSMUSG00000024818 | 85 11 134 30 87 26 111 13
Slc39a6 ENSMUSG00000024270 | 135 18 213 64 147 13 187 32
Sic7a8 ENSMUSG00000022180 | 85 8 120 20 95 6 114 11
Slc9al ENSMUSG00000028854 | 394 28 509 56 454 36 435 54
Slc9a9 ENSMUSG00000031129 | 122 18 169 14 122 7 161 18
Slco2al ENSMUSG00000032548 | 79 12 158 76 109 32 151 52
Sifnl ENSMUSG00000078763 | 6 3 30 22 7 4 14 5
Sifn4 ENSMUSG00000000204 | 4 3 37 45 3 3 7 6
SIfn8 ENSMUSG00000035208 | 92 15 162 48 81 9 133 41
Smc4 ENSMUSG00000034349 | 507 95 871 221 482 64 678 208
Smgl ENSMUSG00000030655 | 1722 260 2176 77 1762 176 1909 93
Snhg18 ENSMUSG00000096956 | 105 9 186 61 111 26 157 23
Snx18 ENSMUSG00000042364 | 553 47 696 92 562 61 610 52
Snx20 ENSMUSG00000031662 | 19 11 47 15 23 2 34 9
Snx5 ENSMUSG00000027423 | 1439 125 1707 156 1541 86 1646 122
Soatl ENSMUSG00000026600 | 139 29 253 90 127 33 216 79
Sp3 ENSMUSG00000027109 | 1028 55 1219 141 1088 81 1139 66
Spil ENSMUSG00000002111 | 75 11 144 49 95 22 131 8
Spidr ENSMUSG00000041974 | 67 16 111 18 68 12 82 12
Spin4 ENSMUSG00000071722 | 30 7 51 5 34 7 38 7
Spn ENSMUSG00000051457 | 31 12 75 26 34 10 54 21
Sppl ENSMUSG00000029304 | 7 3 219 250 5 2 107 189
Spred1 ENSMUSG00000027351 | 771 71 991 172 810 79 960 76
Sprr2a2 ENSMUSG00000068893 | 5 4 45 45 7 3 19 6
Spty2d1 ENSMUSG00000049516 | 303 36 432 55 340 21 357 39
Sqle ENSMUSG00000022351 | 22 13 44 9 32 12 32 12
Srgapl ENSMUSG00000020121 | 122 17 179 21 119 24 155 30
Sshl ENSMUSG00000042121 | 389 56 482 27 429 54 403 41
St14 ENSMUSG00000031995 | 4 1 21 10 6 4 18 19
Star ENSMUSG00000031574 | 18 11 140 152 32 27 93 89
Stk26 ENSMUSG00000031112 | 14 4 39 26 33 20 26 15
Stk32c ENSMUSG00000015981 | 20 5 41 5 22 5 29 4
Stt3a ENSMUSG00000032116 | 850 44 1211 182 933 75 948 77
Stxbp2 ENSMUSG00000004626 | 39 12 87 17 33 5 50 10
Sulf2 ENSMUSG00000006800 | 1067 166 1425 253 1164 107 1386 119
Susd2 ENSMUSG00000006342 | 39 13 86 24 45 10 49 10
Susd5 ENSMUSG00000086596 | 20 9 62 31 26 9 31 13
Synpo ENSMUSG00000043079 | 2231 119 2747 352 2295 170 2766 301
Sytl2 ENSMUSG00000049303 | 54 21 128 28 50 24 89 45
Tagln ENSMUSG00000032085 | 483 160 931 216 458 122 542 128
Taok3 ENSMUSG00000061288 | 238 28 320 48 253 36 307 26
Thpll ENSMUSG00000071359 | 277 18 347 9 269 16 294 34
Thx15 ENSMUSGO00000027868 | 14 5 36 21 18 11 36 10
Thxasl ENSMUSG00000029925 | 62 14 104 27 75 23 89 12
Tcafl ENSMUSGO00000036667 | 298 59 423 88 292 16 368 39
Tceal9 ENSMUSG00000042712 | 276 42 454 184 290 28 356 21
Tcirgl ENSMUSG00000001750 | 143 21 252 50 181 41 211 53
Tent5a ENSMUSG00000032265 | 352 77 521 110 348 40 469 106
Tent5c ENSMUSG00000044468 | 180 62 415 151 316 121 530 280
Tepl ENSMUSG00000006281 | 281 10 425 52 275 19 343 44
Tgfblil ENSMUSG00000030782 | 331 73 487 33 326 41 417 38
Tgfh3 ENSMUSG00000021253 | 358 51 819 586 360 30 577 163
Tgfbrl ENSMUSGO00000007613 | 473 61 783 295 536 62 608 144
Tgfbr2 ENSMUSG00000032440 | 1323 221 1904 229 1360 84 1637 48
Tgif2 ENSMUSG00000062175 | 15 4 33 9 22 11 27 10
Themis2 ENSMUSG00000037731 | 94 14 167 25 103 12 120 24
Thocl ENSMUSG00000024287 | 393 27 507 81 425 40 457 36
Tifab ENSMUSG00000049625 | 51 11 93 26 49 6 72 19
Tirl ENSMUSG00000044827 | 25 12 79 59 23 4 49 22
TIr2 ENSMUSG00000027995 | 103 10 196 69 107 15 152 23
TIr6 ENSMUSG00000051498 | 15 4 36 10 18 9 18 10
TIr7 ENSMUSG00000044583 | 100 10 218 51 119 44 182 57
Tmé6sfl ENSMUSG00000038623 | 189 36 283 38 193 35 228 22
Tmem119 ENSMUSG00000054675 | 65 21 180 126 65 6 118 38
Tmem132a ENSMUSG00000024736 | 173 25 238 29 190 15 225 33
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Tmem165 ENSMUSG00000029234 | 367 42 504 119 398 39 467 29
Tmem184c ENSMUSG00000031617 | 277 31 380 62 313 36 352 23
Tmem198b ENSMUSG00000047090 | 101 18 156 32 99 12 129 16
Tmem273 ENSMUSG00000041707 | 12 5 33 15 17 6 24 6
Tmem45a ENSMUSG00000022754 | 60 25 158 66 68 11 112 16
Tmem51 ENSMUSG00000040616 | 54 4 82 7 68 8 69 12
Tnfrsflb ENSMUSG00000028599 | 240 51 378 73 263 41 340 52
Tnnt3 ENSMUSG00000061723 | 6 2 29 39 5 3 17 17
Tns3 ENSMUSG00000020422 | 616 54 885 194 633 54 721 71
Tor3a ENSMUSG00000060519 | 274 45 395 49 295 22 340 25
Tram2 ENSMUSG00000041779 | 231 36 333 42 225 59 272 55
Trf ENSMUSG00000032554 | 860 217 1129 103 862 83 1027 78
Trim30a ENSMUSG00000030921 | 325 27 481 93 321 43 427 50
Tripl3 ENSMUSG00000021569 | 9 5 30 12 10 2 26 8
Trp53ill ENSMUSGO00000068735 | 646 173 926 105 688 75 760 211
Tshz3 ENSMUSG00000021217 | 83 14 129 7 86 15 111 16
Tsku ENSMUSG00000049580 | 67 12 104 26 53 7 91 27
Tspanl8 ENSMUSG00000027217 | 290 49 403 41 317 28 366 89
Tspo ENSMUSG00000041736 | 297 21 484 201 308 28 397 63
Ttyh3 ENSMUSG00000036565 | 273 38 397 63 320 15 336 32
Tubb2b ENSMUSG00000045136 | 49 15 127 28 62 34 105 43
Txndc5 ENSMUSGO00000038991 | 889 51 1133 196 889 39 1068 85
Ube2I6 ENSMUSG00000027078 | 317 72 521 98 342 63 524 145
Uchll ENSMUSG00000029223 | 115 13 232 135 124 16 194 68
Ugdh ENSMUSG00000029201 | 332 33 438 36 370 92 419 88
Uppl ENSMUSG00000020407 | 78 13 127 37 87 15 115 29
Uspl8 ENSMUSG00000030107 | 82 19 133 27 74 13 106 20
Uspénl ENSMUSG00000039046 | 217 31 297 27 260 46 269 17
Vashl ENSMUSG00000021256 | 340 36 487 83 322 15 460 115
Vasn ENSMUSG00000039646 | 131 17 195 17 135 19 160 13
Vasp ENSMUSG00000030403 | 602 62 764 80 624 92 708 80
VgllI3 ENSMUSG00000091243 | 127 49 249 84 167 31 215 72
Vsir ENSMUSG00000020101 | 544 130 797 85 643 20 694 88
Was ENSMUSGO00000031165 | 34 9 71 17 40 6 48 12
Wipfl ENSMUSGO00000075284 | 572 54 783 47 562 70 635 43
Wispl ENSMUSG00000005124 | 27 8 174 241 30 12 82 66
Wnt9b ENSMUSG00000018486 | 9 5 34 16 8 4 21 10
Wsh1 ENSMUSG00000017677 | 413 65 588 117 430 59 499 86
Wwitrl ENSMUSG00000027803 | 1788 70 2201 189 1899 86 2118 63
Xafl ENSMUSG00000040483 | 194 44 280 32 185 32 215 10
Xcerl ENSMUSG00000060509 | 4 4 16 13 3 2 5 4
Yesl ENSMUSG00000014932 | 493 48 631 79 517 38 549 53
Yipf5 ENSMUSG00000024487 | 306 19 418 92 321 20 373 55
Ywhaq ENSMUSG00000076432 | 1324 72 1556 97 1256 62 1410 136
Zhpl ENSMUSG00000027514 | 37 19 92 33 37 4 63 13
Zdhhc20 ENSMUSG00000021969 | 297 35 512 168 404 125 438 107
Zfasl ENSMUSG00000074578 | 115 9 200 96 116 17 147 30
Zfp185 ENSMUSG00000031351 | 15 3 69 100 28 22 34 12
Zfp3612 ENSMUSG00000045817 | 834 75 1082 70 960 66 1042 116
Zfp385b ENSMUSG00000027016 | 105 21 153 38 106 21 148 29
Zfp948 ENSMUSGO00000067931 | 153 16 226 55 139 21 197 20
Zmat3 ENSMUSG00000027663 | 267 23 355 37 287 4 337 50
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Supplementary Table S6.

RNASeq analysis of effects of angiotensin Il (Angll) on mRNA

expression in hearts from PKN2Het vs WT littermates: mRNAs significantly downregulated by Angl|

in WT hearts.
Gene Symbol Ensembl gene id WT Vehicle WT Angll PKN2Het Vehicle | PKN2Het Angll
Mean SD Mean SD Mean SD Mean SD
0610040J01Rik | ENSMUSG00000060512 | 86 12 50 19 78 10 62 9
1600014C10Rik | ENSMUSG00000054676 | 741 15 595 54 669 41 652 77
1700123M08Rik | ENSMUSG00000085614 | 65 5 40 9 59 6 47 7
2010001K21Rik | ENSMUSG00000051606 | 55 21 18 7 54 24 32 15
2310015K22Rik | ENSMUSG00000101257 | 17 5 5 2 14 3 6 4
2700097009Rik | ENSMUSG00000062198 | 195 23 141 15 172 25 159 20
2900097C17Rik | ENSMUSG00000102869 | 6799 384 5461 338 6885 478 6050 659
5830417110Rik | ENSMUSG00000078684 | 1015 96 743 87 964 152 776 61
A330023F24Rik | ENSMUSG00000096929 | 201 38 119 33 138 27 115 44
Abch10 ENSMUSG00000031974 | 999 42 743 124 1019 76 871 93
Abch8 ENSMUSG00000028973 | 1023 86 729 145 1062 134 871 63
Abcd3 ENSMUSG00000028127 | 2749 274 2096 283 2698 193 2334 334
Abhd10 ENSMUSG00000033157 | 265 34 203 14 258 14 237 14
AC131339.2 ENSMUSG00000116656 | 8254 1201 | 5715 1421 7792 541 6468 972
Acaa2 ENSMUSG00000036880 | 13252 1380 | 8259 2391 12324 1059 | 9258 1215
Acach ENSMUSG00000042010 | 7443 571 5153 1077 7777 973 6190 276
Acadl12 ENSMUSG00000042647 | 1869 179 1262 208 1828 141 1493 156
Acad8 ENSMUSG00000031969 | 768 60 549 63 690 83 672 41
Acadm ENSMUSG00000062908 | 23340 1838 | 16479 | 3425 22611 922 17864 1871
Acads ENSMUSG00000029545 | 2580 67 1841 326 2630 310 2033 223
Acadsb ENSMUSG00000030861 | 2976 193 2400 192 2851 242 2623 299
Acadvl ENSMUSG00000018574 | 16703 1281 | 11802 | 3040 16035 839 13194 640
Acatl ENSMUSG00000032047 | 11595 1306 | 8601 2045 11394 1310 | 9863 770
Aco? ENSMUSG00000022477 | 41047 2512 | 30674 | 4778 41075 2487 | 35785 2269
Acot2 ENSMUSG00000021226 | 1314 144 912 240 1349 225 975 53
Acot7 ENSMUSG00000028937 | 819 45 640 57 804 63 691 52
Acox1 ENSMUSG00000020777 | 5964 375 4807 434 5983 629 5289 513
Acpb ENSMUSG00000028093 | 375 19 285 28 360 30 302 31
Acsll ENSMUSG00000018796 | 21401 1598 | 15516 | 3710 21505 1628 | 18159 1993
Acsl6 ENSMUSG00000020333 | 322 47 199 38 318 50 264 61
Acsmb5 ENSMUSG00000030972 | 83 17 31 11 61 9 36 8
Acy3 ENSMUSG00000024866 | 300 15 192 35 310 25 238 34
Adamts7 ENSMUSG00000032363 | 320 21 222 35 323 29 246 59
Adckl ENSMUSG00000021044 | 486 19 381 49 484 24 447 35
Adcyl ENSMUSG00000020431 | 128 33 66 23 142 11 108 33
Adhfel ENSMUSG00000025911 | 1463 160 926 241 1480 91 1152 46
Adipor2 ENSMUSG00000030168 | 2471 47 2151 151 2493 164 2345 116
Adralb ENSMUSG00000050541 | 489 73 272 64 473 98 320 63
Afgll ENSMUSG00000038302 | 1113 135 844 176 1027 95 958 51
Afg3l1l ENSMUSG00000031967 | 1302 67 991 162 1222 123 1128 81
Afg3l2 ENSMUSG00000024527 | 3400 269 2686 386 3367 188 3160 98
Agl ENSMUSG00000033400 | 6620 574 5262 429 6615 587 5784 471
Agtpbpl ENSMUSG00000021557 | 3401 239 2676 267 3243 152 2747 370
Agtrla ENSMUSG00000049115 | 735 120 525 56 733 94 602 75
Al464131 ENSMUSG00000046312 | 274 30 170 37 300 45 212 57
Akl ENSMUSG00000026817 | 8786 736 6676 1141 8306 245 7478 570
Ak3 ENSMUSG00000024782 | 2865 206 2428 194 2737 50 2646 143
Akapl ENSMUSG00000018428 | 3302 350 2545 516 3554 412 3012 130
Akrib3 ENSMUSG00000001642 | 4099 333 3107 569 4024 229 3471 308
Akrlel ENSMUSG00000045410 | 600 74 471 42 501 55 559 71
Akr7a5 ENSMUSG00000028743 | 466 29 337 42 459 49 383 48
Akt2 ENSMUSG00000004056 | 3610 431 2539 315 3460 299 2896 149
Aktip ENSMUSG00000031667 | 1230 73 958 87 1211 51 1043 104
Aldh5al ENSMUSG00000035936 | 1096 126 715 113 1087 105 893 121
Aldoa ENSMUSG00000030695 | 35858 1289 | 30804 | 2263 36705 2352 | 34386 2290
Alkbh5 ENSMUSG00000042650 | 2176 139 1835 156 2250 270 1962 35
Alkbh7 ENSMUSG00000002661 | 389 36 284 50 398 51 341 39
Amd1l ENSMUSG00000075232 | 2921 695 1957 248 2352 376 2046 448
Anapcl3 ENSMUSG00000035048 | 991 52 835 73 936 44 898 50
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Ank ENSMUSG00000022265 | 4065 84 3017 442 4145 294 3446 202
Ank2 ENSMUSG00000032826 | 3236 377 2426 262 3245 406 2934 430
Anksl ENSMUSG00000024219 | 1418 123 1011 201 1347 177 1118 141
Anxall ENSMUSG00000021866 | 1492 129 1141 185 1489 130 1259 107
Apba3 ENSMUSG00000004931 | 676 58 507 64 671 7?2 610 77
Apobec2 ENSMUSG00000040694 | 3232 195 2680 271 3255 84 2930 192
Arfgap2 ENSMUSG00000027255 | 1072 50 921 18 1095 72 979 38
Arhgap26 ENSMUSG00000036452 | 1156 166 889 88 1003 90 905 186
Arhgefl7 ENSMUSG00000032875 | 1622 105 1309 145 1648 171 1396 65
Arhgefl9 ENSMUSG00000028919 | 631 130 395 97 630 134 502 132
Arl2 ENSMUSG00000024944 | 429 20 345 25 432 32 371 18
Armc2 ENSMUSG00000071324 | 597 48 445 104 615 73 517 100
Art3 ENSMUSG00000034842 | 4846 519 3712 598 4603 497 4111 546
Art5 ENSMUSG00000070424 | 186 40 126 25 137 17 109 25
As3mt ENSMUSG00000003559 | 1028 40 757 113 983 51 838 64
Asb18 ENSMUSG00000067081 | 499 48 355 63 568 74 485 101
Asb8 ENSMUSG00000048175 | 1440 34 1106 130 1405 108 1243 39
Atp5al ENSMUSG00000025428 | 73890 5007 | 52519 | 8597 73310 4969 | 61155 3605
Atp5b ENSMUSG00000025393 | 81983 4027 | 60525 | 7907 80175 3926 | 68956 5579
Atp5d ENSMUSG00000003072 | 5810 313 4470 769 5730 539 5074 535
Atp5e ENSMUSG00000016252 | 4682 460 3624 408 4707 229 4130 508
Atp5g3 ENSMUSG00000018770 | 18004 1331 | 13448 | 2291 18271 996 15327 1271
Atp50 ENSMUSG00000022956 | 14204 841 11103 | 1882 13615 536 12332 665
Atrip ENSMUSG00000025646 | 240 48 178 13 214 7 169 22
Auh ENSMUSG00000021460 | 1320 84 937 128 1302 50 1114 103
B4gatl ENSMUSG00000047379 | 686 31 550 51 714 60 593 58
Banf2os ENSMUSG00000086384 | 37 10 18 9 34 8 23 6
Bapl ENSMUSG00000021901 | 906 50 726 88 873 45 830 87
BB218582 ENSMUSG00000085218 | 104 20 66 19 93 12 74 18
BC025920 ENSMUSGO00000074862 | 63 12 38 10 58 6 40 6
Bcas2 ENSMUSG00000005687 | 603 47 499 33 607 16 526 34
Bcat2 ENSMUSG00000030826 | 1208 96 917 126 1160 104 1012 77
Bcl2l13 ENSMUSG00000009112 | 1949 142 1520 239 2093 293 1695 182
Bsg ENSMUSGO00000023175 | 18883 1349 | 15208 | 1807 18987 778 17057 1251
Btbd2 ENSMUSG00000003344 | 522 41 395 30 524 83 414 33
Bzw2 ENSMUSG00000020547 | 2728 225 2062 260 2680 103 2352 189
C030006K11Rik | ENSMUSG00000116138 | 646 57 430 81 638 91 512 103
C530005A16Rik | ENSMUSG00000085408 | 50 10 25 6 47 2 34 5
Cacfdl ENSMUSG00000015488 | 733 54 563 73 706 29 560 60
Cacnb2 ENSMUSGO00000057914 | 1546 266 1014 149 1369 192 1040 154
Cacng6 ENSMUSGO00000078815 | 34 9 13 6 28 11 13 6
Cadm4 ENSMUSG00000054793 | 295 26 180 39 288 32 216 22
Calr3 ENSMUSG00000019732 | 237 30 185 7 218 18 193 10
Cars2 ENSMUSG00000056228 | 540 40 408 58 563 48 458 53
Ccdc85¢ ENSMUSG00000084883 | 758 52 536 118 780 117 613 80
Ccl11 ENSMUSG00000020676 | 47 16 18 6 28 8 22 12
Cd59% ENSMUSG00000032679 | 1574 127 1303 120 1547 105 1280 69
Cdo9I2 ENSMUSG00000035776 | 1839 81 1579 95 1863 109 1697 59
Cdh2 ENSMUSG00000024304 | 7013 593 5762 276 7154 806 6155 511
Cdipl ENSMUSG00000004071 | 1222 78 994 157 1254 99 1121 69
Cdkl5 ENSMUSG00000031292 | 275 46 190 15 246 19 225 37
Cdknlc ENSMUSG00000037664 | 381 66 236 40 329 26 256 83
Cds2 ENSMUSG00000058793 | 4266 154 3435 371 4238 261 3575 214
Cep128 ENSMUSG00000061533 | 288 24 199 59 257 34 220 53
Cep63 ENSMUSG00000032534 | 767 47 629 48 738 59 684 37
Cesld ENSMUSG00000056973 | 2184 133 1205 405 1975 180 1372 236
Chchd10 ENSMUSG00000049422 | 5597 303 4264 732 5732 395 4864 565
Chchd2 ENSMUSG00000070493 | 5866 649 4709 645 5829 370 5166 564
Chrm2 ENSMUSG00000045613 | 2913 381 2078 129 2822 350 2290 539
Chrna2 ENSMUSG00000022041 | 51 20 23 5 42 10 23 6
Cirbp ENSMUSG00000045193 | 506 100 381 38 528 31 425 70
Cisdl ENSMUSG00000037710 | 2524 194 2038 264 2499 82 2259 149
Clcn3 ENSMUSG00000004319 | 1219 147 945 108 1163 87 993 110
Clpp ENSMUSG00000002660 | 608 48 457 72 598 7 499 95
Clstnl ENSMUSG00000039953 | 1769 192 1482 75 1642 58 1584 93
Cluh ENSMUSG00000020741 | 5745 385 4121 818 6093 799 5032 263
Cmbl ENSMUSG00000022235 | 621 59 470 81 594 54 495 52
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Cobll1 ENSMUSG00000034903 | 1935 295 1391 206 1921 162 1717 245
Cog7 ENSMUSG00000034951 | 461 24 365 35 450 38 403 33
Colg ENSMUSG00000057606 | 238 48 142 30 274 25 195 33
Coql0a ENSMUSG00000039914 | 3593 171 2600 450 3601 150 3083 271
Coq2 ENSMUSG00000029319 | 1358 71 1066 109 1353 65 1154 62
Coq7 ENSMUSGO00000030652 | 1122 100 786 155 1106 99 884 88
Coq9 ENSMUSG00000031782 | 6190 445 4627 906 6154 410 5544 503
Corin ENSMUSG00000005220 | 3746 79 2720 217 3571 374 2889 594
Cox4il ENSMUSG00000031818 | 22284 812 17754 | 1611 22070 1141 | 19696 1055
Cox5a ENSMUSG00000000088 | 11595 608 8951 1587 11127 414 10060 740
Cox5b ENSMUSG00000061518 | 10424 672 8385 1343 10221 301 9039 577
Cox7al ENSMUSGO00000074218 | 8954 697 6119 1540 8610 451 7040 827
Cox8b ENSMUSG00000025488 | 6504 621 4961 1023 6394 477 5556 903
Cpt2 ENSMUSG00000028607 | 3334 182 2311 520 3272 298 2688 241
Crat ENSMUSG00000026853 | 8544 365 5905 1336 8462 672 6705 567
Cs ENSMUSG00000005683 | 24899 2214 | 17482 | 3393 24790 1691 | 20831 1885
Ctnnal ENSMUSGO00000037815 | 10146 341 7973 731 9700 499 8679 771
Ctsf ENSMUSG00000083282 | 632 56 508 41 584 26 503 28
Cul4a ENSMUSG00000031446 | 2213 84 1944 75 2181 132 2162 67
Cuta ENSMUSG00000024194 | 357 31 286 29 351 28 325 26
Cux2 ENSMUSG00000042589 | 305 54 194 43 272 63 232 37
Cxadr ENSMUSG00000022865 | 914 145 688 47 929 123 924 91
Cyb5d2 ENSMUSG00000057778 | 378 41 287 32 380 40 322 22
Cyfip2 ENSMUSG00000020340 | 4903 247 3825 494 5110 622 4425 316
Cyhrl ENSMUSG00000053929 | 1686 63 1426 122 1706 105 1462 118
Cyplal ENSMUSG00000032315 | 14 10 3 1 10 6 3 1
Cythl ENSMUSG00000017132 | 1083 120 785 146 1045 114 943 140
D17H6S53E ENSMUSG00000043311 | 205 17 148 28 206 24 200 19
D2hgdh ENSMUSGO00000073609 | 648 30 491 28 640 53 550 62
D5Ertd579e ENSMUSG00000029190 | 3086 284 2426 238 2994 183 2459 146
Dap3 ENSMUSG00000068921 | 1533 99 1172 166 1441 33 1291 61
Ddt ENSMUSG00000001666 | 477 14 371 59 468 31 410 47
Decrl ENSMUSG00000028223 | 8479 863 5924 1566 7835 344 6512 520
Delel ENSMUSG00000024442 | 2437 95 1683 363 2478 270 2004 115
Dgat2 ENSMUSG00000030747 | 4953 461 3276 860 4835 519 3984 545
Dhodh ENSMUSG00000031730 | 247 18 159 24 232 20 214 23
Dhrs11 ENSMUSG00000034449 | 676 56 455 62 690 48 551 73
Dhrs4 ENSMUSG00000022210 | 1099 57 894 97 1070 35 930 39
Diablo ENSMUSG00000029433 | 1178 83 980 91 1146 35 1105 48
Dip2c ENSMUSG00000048264 | 1657 88 1255 180 1673 186 1363 98
Dirc2 ENSMUSG00000022848 | 917 63 720 74 897 73 778 36
Dis3l ENSMUSG00000032396 | 666 19 538 31 657 38 594 19
Dlst ENSMUSG00000004789 | 11654 750 8617 1895 11270 555 10153 788
Dmpk ENSMUSG00000030409 | 5934 219 4888 565 5867 505 5423 498
Dnaaf3 ENSMUSGO00000055809 | 112 12 66 8 98 18 67 9
Dnajbh2 ENSMUSG00000026203 | 1197 57 1005 70 1211 30 1066 80
Dnajh9 ENSMUSG00000014905 | 945 82 775 43 973 79 828 109
Dnajc28 ENSMUSG00000039763 | 1292 140 949 125 1268 112 1025 90
Doc2g ENSMUSG00000024871 | 2878 347 2069 419 3127 217 2451 320
Drosha ENSMUSG00000022191 | 1389 86 1151 83 1380 106 1191 65
Dsc2 ENSMUSG00000024331 | 1098 132 758 132 1038 80 880 140
Dusp18 ENSMUSG00000047205 | 1193 123 695 186 1165 123 828 151
Dusp23 ENSMUSG00000026544 | 177 25 131 14 183 13 153 7
Dym ENSMUSG00000035765 | 1390 74 1135 99 1419 90 1253 76
DynlI2 ENSMUSG00000020483 | 8450 781 6147 789 8457 316 7374 749
E2f6 ENSMUSG00000057469 | 1947 96 1553 144 1933 82 1731 69
Echl ENSMUSGO00000053898 | 18987 2037 | 11742 | 3859 18009 1245 | 12749 1792
Echdc3 ENSMUSG00000039063 | 427 19 300 49 428 30 350 42
Echsl ENSMUSG00000025465 | 4828 268 3779 465 4896 284 4167 357
Ecil ENSMUSG00000024132 | 3819 262 2675 691 3634 65 3027 306
Ecpas ENSMUSG00000050812 | 5520 139 4646 405 5619 641 4989 290
Ecsit ENSMUSG00000066839 | 1352 92 1050 152 1386 47 1218 79
Eefla2 ENSMUSG00000016349 | 19816 1103 | 16353 | 1766 20590 904 18385 1605
Eefld ENSMUSG00000055762 | 2212 97 1867 139 2077 103 2044 101
Efcab2 ENSMUSG00000026495 | 2803 355 2211 241 2798 209 2383 245
Efnb3 ENSMUSG00000003934 | 1231 119 643 238 1266 236 811 246
Egflam ENSMUSG00000042961 | 374 53 240 63 279 55 262 40
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Eginl ENSMUSG00000031987 | 9248 229 6578 1044 9122 656 7541 559
Eid2b ENSMUSG00000070705 | 191 16 132 14 196 26 154 37
EmI2 ENSMUSG00000040811 | 379 40 285 35 408 44 337 30
Endog ENSMUSG00000015337 | 455 64 312 72 475 50 367 54
Eno3 ENSMUSG00000060600 | 20868 2272 | 14909 | 3162 20388 959 17554 1469
EnppS ENSMUSGO00000023960 | 482 40 367 31 452 24 401 59
Entpd4b ENSMUSG00000022066 | 1245 62 1009 104 1249 57 1115 37
Ephx2 ENSMUSG00000022040 | 5045 182 3683 568 4643 192 4079 372
Epm2a ENSMUSG00000055493 | 816 72 609 39 825 73 714 58
Ercl ENSMUSG00000030172 | 1343 106 1011 106 1205 149 1073 45
Esrrb ENSMUSG00000021255 | 570 46 424 7 607 56 500 36
Esrrg ENSMUSG00000026610 | 1115 169 852 111 1188 192 986 138
Etfa ENSMUSG00000032314 | 11167 800 7804 1484 10775 533 8929 812
Etfb ENSMUSG00000004610 | 8827 431 6069 1637 8450 419 6927 725
Etfdh ENSMUSG00000027809 | 13588 811 9757 2314 12812 772 10703 771
Extl1 ENSMUSG00000028838 | 505 28 354 91 508 68 427 38
Fam13la ENSMUSG00000050821 | 452 30 325 65 445 59 370 46
Fam20b ENSMUSGO00000033557 | 2462 33 2046 249 2441 169 2285 137
Fam210a ENSMUSG00000038121 | 5630 318 3910 672 5594 632 4548 152
Farp2 ENSMUSG00000034066 | 407 27 323 41 400 28 340 23
Fastkd2 ENSMUSG00000025962 | 921 102 730 94 816 39 814 51
Fbp2 ENSMUSG00000021456 | 422 72 243 83 363 23 250 9
Fbxo21 ENSMUSG00000032898 | 802 70 590 81 829 129 684 55
Fbxo31 ENSMUSG00000052934 | 1386 125 967 187 1389 148 1079 71
Fbx032 ENSMUSG00000022358 | 4438 248 3382 496 4609 317 3689 462
Fdftl ENSMUSG00000021273 | 812 58 545 97 811 49 633 82
Femla ENSMUSG00000043683 | 4314 280 3250 616 4473 492 3867 370
Fhl ENSMUSG00000026526 | 7500 576 5659 1050 7018 180 6388 586
Fhod3 ENSMUSG00000034295 | 6968 897 4787 812 6949 852 5943 560
Fign ENSMUSG00000075324 | 264 50 152 48 282 77 222 62
Fkbp4 ENSMUSG00000030357 | 7033 609 4753 1205 6950 342 5630 654
Fladl ENSMUSG00000042642 | 928 42 703 107 840 64 785 91
Fmcl ENSMUSG00000019689 | 622 55 458 87 580 55 484 71
Fn3k ENSMUSG00000025175 | 262 26 173 19 252 25 208 27
Fndc5 ENSMUSG00000001334 | 7755 469 5429 1330 7876 453 6619 559
Foxo3 ENSMUSG00000048756 | 1906 138 1489 235 1807 100 1507 232
Foxo4 ENSMUSG00000042903 | 1026 58 818 81 1020 106 883 76
Foxo6os ENSMUSG00000084929 | 123 20 70 22 91 13 97 30
Fsd2 ENSMUSG00000038663 | 7461 469 5809 1017 7438 469 6588 359
Fthl ENSMUSG00000024661 | 24620 1681 | 21525 | 749 25292 1474 | 22765 1350
Fuz ENSMUSG00000011658 | 154 17 113 4 143 29 114 25
Fxr2 ENSMUSG00000018765 | 2087 79 1668 103 2112 177 1949 154
Gart ENSMUSG00000022962 | 791 63 621 72 729 62 724 31
Gcsh ENSMUSG00000034424 | 1021 36 874 74 1000 34 954 42
Gfml ENSMUSG00000027774 | 4053 240 3035 442 3973 430 3372 259
Gfm2 ENSMUSG00000021666 | 1266 144 1001 118 1229 127 1128 100
Gfral ENSMUSG00000025089 | 261 28 179 47 276 25 195 40
Ghitm ENSMUSG00000041028 | 10888 1003 | 9249 687 10712 845 9689 126
Glol ENSMUSG00000024026 | 1952 124 1549 162 1830 76 1663 101
Gm10644 ENSMUSG00000074219 | 30 3 13 5 21 6 18 7
Gm20619 ENSMUSG00000093482 | 85 17 53 4 91 12 73 11
Gm29170 ENSMUSG00000100455 | 84 16 48 12 73 11 60 14
Gm33543 ENSMUSG00000110353 | 38 12 18 6 30 9 24 10
Gm36827 ENSMUSG00000112327 | 289 42 195 41 280 51 188 31
Gm37829 ENSMUSG00000104453 | 1373 82 1009 161 1372 115 1141 137
Gm40604 ENSMUSG00000112800 | 20 10 8 4 11 3 8 3
Gm43672 ENSMUSG00000106019 | 412 67 247 76 363 75 322 88
Gm45012 ENSMUSG00000109052 | 77 14 44 18 83 8 50 6
Gm47547 ENSMUSG00000114196 | 4410 804 3053 766 4397 589 3371 749
Gm49083 ENSMUSG00000115354 | 278 31 195 62 260 7 202 31
Gm49130 ENSMUSG00000115234 | 52 12 23 9 54 13 29 9
Gm49477 ENSMUSG00000116066 | 359 37 242 50 366 16 279 49
Gm826 ENSMUSGO00000074623 | 78 4 53 10 73 9 60 9
Gnal2 ENSMUSG00000000149 | 3048 223 2381 429 3083 284 2577 277
Gnpat ENSMUSG00000031985 | 4943 161 3883 434 4842 240 4332 164
Gotl ENSMUSG00000025190 | 12937 538 8755 1664 12760 639 10615 1253
Got2 ENSMUSG00000031672 | 15403 947 11510 | 1822 15607 1320 | 13207 1045
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Gpd2 ENSMUSG00000026827 | 401 24 334 32 392 48 398 25
Gpnl ENSMUSG00000064037 | 443 41 349 55 348 21 379 15
Gprl55 ENSMUSG00000041762 | 432 52 326 29 393 31 316 35
Gpr22 ENSMUSG00000044067 | 1368 315 717 244 1339 221 933 230
Gpr27 ENSMUSGO00000072875 | 177 17 110 8 189 36 153 20
Gpt ENSMUSG00000022546 | 376 38 239 62 389 47 298 58
Grb14 ENSMUSG00000026888 | 3020 238 2239 419 3074 220 2499 294
Gstad ENSMUSG00000032348 | 1102 100 835 91 1063 51 979 106
Gstkl ENSMUSG00000029864 | 1045 99 635 177 1034 85 737 172
Gstml ENSMUSG00000058135 | 2900 228 2007 410 2765 233 2247 280
Gstm?7 ENSMUSG00000004035 | 451 36 268 66 397 64 313 83
Gstpl ENSMUSG00000060803 | 1530 60 1249 118 1564 76 1343 113
Gsttl ENSMUSG00000001663 | 186 22 128 20 182 23 129 13
Gypc ENSMUSG00000090523 | 589 35 453 36 560 48 489 47
Gysl ENSMUSG00000003865 | 2308 136 1765 214 2462 310 2076 150
Gzmm ENSMUSG00000054206 | 67 4 40 12 60 12 51 9
H2-Ke6 ENSMUSG00000073422 | 624 79 486 54 621 40 499 38
H2afv ENSMUSG00000041126 | 582 47 479 48 560 29 511 53
Hadh ENSMUSG00000027984 | 9800 579 6798 1554 9433 502 7758 928
Hadhb ENSMUSG00000059447 | 37787 3939 | 27391 | 5861 37795 3637 | 30089 2124
Hbs1l ENSMUSG00000019977 | 1596 64 1363 99 1582 55 1431 99
Hcn4 ENSMUSG00000032338 | 215 29 145 22 226 22 167 29
Hdhd2 ENSMUSG00000025421 | 925 39 718 100 905 51 782 86
Heatr5b ENSMUSG00000039414 | 1026 107 806 74 965 134 837 66
Helt ENSMUSG00000047171 | 27 9 8 2 21 5 16 10
Herc3 ENSMUSG00000029804 | 1105 188 784 144 1110 191 995 112
Hibadh ENSMUSG00000029776 | 4598 354 3506 554 4704 186 4030 384
Hikeshi ENSMUSG00000062797 | 431 18 351 14 437 49 395 29
Hk2 ENSMUSG00000000628 | 7061 664 5062 953 7161 711 6174 483
HIf ENSMUSGO00000003949 | 702 180 377 124 587 150 396 181
Hmgcs2 ENSMUSG00000027875 | 274 33 184 30 225 17 152 50
Hnmt ENSMUSG00000026986 | 222 26 145 18 233 31 181 38
Hopx ENSMUSG00000059325 | 3360 233 2164 627 3438 319 2591 663
Hrc ENSMUSGO00000038239 | 19722 920 12511 | 2864 19104 720 15198 1393
Hsd17b10 ENSMUSG00000025260 | 1979 163 1487 242 1984 101 1624 232
HsdI2 ENSMUSG00000028383 | 5524 757 4049 946 5605 677 4510 583
Hspa5 ENSMUSG00000026864 | 12991 1134 | 9421 1954 11342 633 10018 1044
Hspa9 ENSMUSG00000024359 | 16027 1269 | 12152 | 2141 15522 684 14164 919
Hspd1 ENSMUSG00000025980 | 8960 680 6784 1395 8344 426 7562 640
Htral ENSMUSG00000006205 | 1381 97 1023 118 1387 133 1174 135
lars2 ENSMUSG00000026618 | 2409 99 1873 136 2398 100 2171 120
Idh2 ENSMUSG00000030541 | 25832 1566 | 18548 | 3665 26906 2049 | 21457 2197
Idh3a ENSMUSG00000032279 | 10211 1028 | 7707 867 10029 629 8753 799
Idh3b ENSMUSG00000027406 | 11455 1144 | 8621 1973 11227 459 9312 738
Ids ENSMUSG00000035847 | 844 113 686 22 705 81 678 78
Idua ENSMUSG00000033540 | 381 15 288 34 343 21 312 19
1110rb ENSMUSG00000022969 | 2740 90 2327 186 2766 76 2592 101
Immt ENSMUSG00000052337 | 11137 723 8672 1433 10924 555 9873 547
Imp3 ENSMUSG00000032288 | 386 37 293 37 353 24 333 39
Insynl ENSMUSG00000066607 | 332 30 244 41 353 22 296 17
Iscal ENSMUSG00000044792 | 5523 385 4556 545 5614 212 5191 315
Iscu ENSMUSG00000025825 | 1538 101 1296 84 1533 74 1368 132
Isoc2a ENSMUSG00000086784 | 619 51 458 90 619 73 511 50
Kars ENSMUSG00000031948 | 2130 77 1818 133 2087 64 1922 99
Kenbl ENSMUSG00000050556 | 1529 86 1149 198 1362 171 1226 75
Kcnd3 ENSMUSG00000040896 | 419 52 304 54 437 49 338 38
Kcng?2 ENSMUSG00000059852 | 1131 114 738 153 1222 266 957 140
Kcnip2 ENSMUSG00000025221 | 2873 266 2038 321 2700 318 2226 310
Kcnk3 ENSMUSG00000049265 | 4069 294 2872 660 4507 692 3530 463
Kctd9 ENSMUSG00000034327 | 1736 135 1293 231 1770 104 1588 97
Khdrbs3 ENSMUSG00000022332 | 876 67 638 92 898 73 738 119
Kifl6b ENSMUSG00000038844 | 1579 142 1284 141 1624 143 1458 52
Kiflc ENSMUSG00000020821 | 13040 401 10864 | 1290 13509 1540 | 11810 481
Kif2la ENSMUSG00000022629 | 911 67 703 90 899 40 823 111
KIf9 ENSMUSG00000033863 | 2073 327 1580 218 1929 244 1672 332
Klhi21 ENSMUSG00000073700 | 1596 96 1232 219 1629 106 1373 96
Klhi33 ENSMUSGO00000090799 | 489 94 262 86 446 37 313 87
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Kpna6 ENSMUSGO00000003731 | 2025 137 1642 186 1978 88 1813 64
Ky ENSMUSG00000035606 | 445 33 251 85 458 49 367 57
Kyatl ENSMUSG00000039648 | 379 27 294 42 380 16 314 20
L2hgdh ENSMUSG00000020988 | 1075 56 746 101 1069 51 876 104
Lclatl ENSMUSG00000054469 | 3111 302 2399 376 3091 319 2588 234
Ldhb ENSMUSG00000030246 | 22959 1639 | 15955 | 3136 22470 933 18647 1684
Letml ENSMUSG00000005299 | 2120 191 1513 340 2063 206 1803 214
Lias ENSMUSG00000029199 | 931 93 751 90 903 34 834 53
Limchl ENSMUSG00000037736 | 5052 422 3923 326 5049 205 4581 477
Lingo3 ENSMUSG00000051067 | 229 41 120 47 252 73 159 48
Lmbrdl ENSMUSG00000073725 | 1143 53 960 76 1105 87 1035 39
Lmo7 ENSMUSG00000033060 | 8272 652 6224 773 7881 612 7367 993
Lonpl ENSMUSG00000041168 | 2317 80 2025 163 2376 150 2252 87
Lonrf2 ENSMUSG00000048814 | 202 35 126 24 204 39 153 25
Lpinl ENSMUSG00000020593 | 4444 676 2968 594 4769 532 3724 386
Lpl ENSMUSG00000015568 | 90429 5374 | 71420 | 8174 93258 8317 | 80525 6094
Lrpprc ENSMUSG00000024120 | 4237 451 2986 400 4181 326 3537 377
Lrrc3b ENSMUSG00000045201 | 506 44 333 72 477 50 367 53
Lsm14b ENSMUSG00000039108 | 972 35 742 85 914 50 896 76
Lynx1 ENSMUSG00000022594 | 5026 322 3722 716 5034 369 4308 264
Mafl ENSMUSG00000022553 | 1093 59 891 57 1121 107 1002 47
Magi3 ENSMUSG00000052539 | 1616 181 1196 121 1556 176 1327 166
Magtl ENSMUSG00000031232 | 1232 137 942 126 1216 90 994 120
Malsul ENSMUSG00000029815 | 281 28 208 15 260 23 236 30
Map10 ENSMUSG00000050930 | 149 21 98 15 151 17 112 10
Mapllc3a ENSMUSG00000027602 | 4603 222 3864 305 4713 378 4049 447
Mapk8ip3 ENSMUSG00000024163 | 1609 148 1286 127 1571 128 1366 102
Mars2 ENSMUSG00000046994 | 370 47 284 34 364 34 304 25
Mcccl ENSMUSG00000027709 | 2112 94 1589 261 2026 95 1662 118
Mdgal ENSMUSG00000043557 | 283 40 180 25 255 46 211 43
Mdh2 ENSMUSG00000019179 | 16876 703 12970 | 2129 16369 1034 | 14499 734
Mel ENSMUSG00000032418 | 2846 130 2349 226 2697 138 2438 237
Med12I ENSMUSG00000056476 | 211 24 139 35 199 27 142 38
Med9 ENSMUSG00000061650 | 383 8 302 30 383 23 347 23
Mettl7al ENSMUSG00000054619 | 740 30 561 48 684 59 597 63
Mfnl ENSMUSG00000027668 | 8217 628 6382 1129 8242 170 7059 753
Mfn2 ENSMUSG00000029020 | 15414 955 11184 | 2042 15810 1644 | 13241 705
Mgmel ENSMUSG00000027424 | 350 28 255 46 337 12 267 30
Mgrnl ENSMUSG00000022517 | 3397 191 2489 420 3480 322 2787 167
Mhrt ENSMUSG00000097652 | 413 27 294 60 414 38 328 38
Migal ENSMUSG00000054942 | 412 61 323 8 409 40 383 35
Mipep ENSMUSG00000021993 | 1364 63 983 167 1394 126 1103 71
MIlt6 ENSMUSG00000038437 | 1839 74 1515 116 1801 105 1533 96
Mixip ENSMUSG00000038342 | 1090 98 876 108 1082 85 963 38
Mmaa ENSMUSG00000037022 | 603 23 460 70 572 47 517 37
Mmadhc ENSMUSG00000026766 | 1760 184 1400 199 1684 61 1526 84
Mov10I1 ENSMUSG00000015365 | 912 70 518 82 908 73 735 108
Mpi ENSMUSG00000032306 | 1513 105 1202 137 1517 24 1387 104
Mpped2 ENSMUSG00000016386 | 351 88 229 30 340 24 247 36
Mpst ENSMUSGO00000071711 | 347 22 269 21 344 35 280 23
Mpv17 ENSMUSG00000107283 | 1098 32 873 90 1118 80 934 104
Mrpl14 ENSMUSG00000023939 | 682 54 516 77 739 35 586 87
Mrpl16 ENSMUSG00000024683 | 961 36 784 75 930 52 848 97
Mrpl28 ENSMUSG00000024181 | 1210 39 882 132 1171 81 1020 121
Mrpl37 ENSMUSG00000028622 | 1184 43 904 135 1161 34 1046 74
Mrpl38 ENSMUSG00000020775 | 704 31 534 72 674 41 611 58
Mrpl39 ENSMUSG00000022889 | 1365 91 1053 180 1335 40 1087 56
Mrpl4 ENSMUSG00000003299 | 1028 38 792 138 1029 93 915 137
Mrpl45 ENSMUSG00000018882 | 1187 97 837 153 1100 58 1043 54
Mrps26 ENSMUSG00000037740 | 355 39 258 24 351 18 326 26
Mrps35 ENSMUSG00000040112 | 1312 76 991 219 1236 59 1132 63
Mrps6 ENSMUSG00000039680 | 361 20 285 16 354 19 300 4
Msrb2 ENSMUSG00000023094 | 1067 66 775 115 1023 25 865 63
Mtfpl ENSMUSG00000004748 | 1636 82 1103 322 1626 114 1320 90
Mtfrll ENSMUSG00000046671 | 2563 65 2169 189 2622 122 2390 105
Mtg2 ENSMUSG00000039069 | 366 31 275 26 387 9 312 16
Mtmr4 ENSMUSG00000018401 | 533 95 415 52 508 47 429 38
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Mtol ENSMUSG00000032342 | 481 27 368 46 450 40 405 41
Mtr ENSMUSG00000021311 | 3225 471 2012 528 2736 435 2132 259
Mtus2 ENSMUSG00000029651 | 2962 248 2267 102 3029 325 2381 425
MyadmlI2 ENSMUSG00000025141 | 267 6 178 37 256 34 227 25
Mybbpla ENSMUSG00000040463 | 1302 174 1041 48 1189 167 1099 79
Myh14 ENSMUSG00000030739 | 1825 190 1436 214 1992 381 1613 123
Myh6 ENSMUSGO00000040752 | 416670 | 31586 | 295124 | 67491 | 432469 60382 | 365274 31724
Mylip ENSMUSG00000038175 | 408 59 322 55 361 21 336 42
Myzap ENSMUSG00000041361 | 8078 741 6069 777 8163 545 7067 721
Nampt ENSMUSG00000020572 | 4880 529 3965 206 4631 388 3944 359
Nbas ENSMUSG00000020576 | 829 71 596 58 720 104 703 64
Ndrg2 ENSMUSGO00000004558 | 19416 536 16383 | 1310 19419 1235 | 17364 725
Ndufal0 ENSMUSG00000026260 | 9566 706 7436 1132 9920 331 8450 886
Ndufa8 ENSMUSG00000026895 | 4878 294 3771 635 4757 148 4279 331
Ndufa9 ENSMUSG00000000399 | 9480 996 7084 1337 9287 369 7867 703
Ndufsl ENSMUSG00000025968 | 15975 1815 | 11734 | 2163 15650 1579 | 13236 1027
Ndufs2 ENSMUSG00000013593 | 16031 729 11634 | 1773 15858 991 13476 1336
Ndufs3 ENSMUSGO00000005510 | 6047 349 4620 872 5917 121 5197 447
Ndufs7 ENSMUSG00000020153 | 3525 187 2485 513 3595 317 2923 370
Ndufvl ENSMUSG00000037916 | 9773 762 6974 1216 9669 615 8148 626
Nectin2 ENSMUSG00000062300 | 413 36 310 34 417 41 335 50
Nek9 ENSMUSG00000034290 | 4497 135 3774 292 4482 346 4215 107
Nfe2l1 ENSMUSGO00000038615 | 10454 393 8704 788 10418 916 9618 241
Nfsl ENSMUSG00000027618 | 1552 137 1235 133 1562 117 1353 125
Ngrn ENSMUSG00000047084 | 316 43 243 18 297 10 268 29
Nmnat3 ENSMUSG00000032456 | 318 32 227 37 294 26 237 22
Nomol ENSMUSG00000030835 | 2843 188 2392 196 2879 272 2584 198
Npepps ENSMUSG00000001441 | 2325 152 1944 99 2270 128 2110 152
Nprl2 ENSMUSG00000010057 | 233 23 177 25 218 16 188 17
Ngo2 ENSMUSGO00000046949 | 946 76 768 84 944 37 822 27
Nrldl ENSMUSG00000020889 | 2205 482 1594 392 2278 416 1686 114
Nr3c2 ENSMUSG00000031618 | 554 97 352 33 533 70 406 87
Nsmcel ENSMUSG00000030750 | 572 26 425 55 506 32 480 49
Nsun4 ENSMUSG00000028706 | 668 48 514 69 656 35 592 35
Nt5cla ENSMUSG00000054958 | 221 21 132 21 214 28 180 22
Nt5dc3 ENSMUSG00000054027 | 1591 190 1169 296 1701 183 1426 165
Ntnl ENSMUSG00000020902 | 1895 146 1435 153 2064 197 1793 251
Nudc ENSMUSG00000028851 | 1219 28 997 119 1222 68 1116 61
Nudt3 ENSMUSG00000024213 | 2420 197 1955 179 2428 117 2144 103
Nudt6 ENSMUSG00000050174 | 240 31 183 19 270 13 214 24
Oat ENSMUSG00000030934 | 4023 214 3428 322 3893 236 3570 97
Ogdh ENSMUSG00000020456 | 39640 2492 | 29734 | 4328 41635 5116 | 35518 902
Omal ENSMUSG00000035069 | 520 27 382 67 517 40 433 46
Opal ENSMUSG00000038084 | 5644 514 4210 706 5735 550 5001 562
Oplah ENSMUSG00000022562 | 803 117 550 66 755 147 645 45
Optn ENSMUSG00000026672 | 2167 261 1708 294 2308 86 2033 94
Osbp ENSMUSG00000024687 | 2871 112 2475 227 3049 216 2682 119
Osbpl2 ENSMUSG00000039050 | 924 46 750 55 906 59 792 22
Osbpl6 ENSMUSG00000042359 | 560 64 401 56 579 105 481 24
Osgep ENSMUSG00000006289 | 680 53 499 68 589 47 573 41
Otud4 ENSMUSG00000036990 | 1969 261 1551 87 1916 144 1630 131
Oxall ENSMUSGO00000000959 | 1341 57 1036 150 1356 195 1142 95
Oxctl ENSMUSG00000022186 | 26538 1570 | 20521 | 2412 25456 2358 | 23051 1272
Oxnadl ENSMUSG00000021906 | 1147 104 870 148 1159 96 1055 90
Pacsin2 ENSMUSG00000016664 | 4608 491 3453 568 4770 416 3975 269
Pcch ENSMUSG00000032527 | 1749 37 1306 178 1783 212 1458 93
Pcp4ll ENSMUSGO00000038370 | 3448 91 2643 293 3460 188 3005 313
Pde2a ENSMUSG00000110195 | 1585 126 1282 143 1439 108 1257 211
pdf ENSMUSG00000078931 | 565 42 418 72 575 29 492 19
Pdk2 ENSMUSG00000038967 | 7045 426 4922 991 7351 661 5815 537
Pdss2 ENSMUSG00000038240 | 428 19 288 48 415 44 365 47
Pdzd2 ENSMUSG00000022197 | 1958 240 1387 312 1714 300 1447 149
Peg13 ENSMUSG00000106847 | 1266 135 996 129 1259 67 1062 102
Perml ENSMUSG00000078486 | 6061 537 4239 948 6388 499 5164 309
Pex10 ENSMUSG00000029047 | 216 17 157 21 236 16 189 19
Pex6 ENSMUSG00000002763 | 536 39 383 52 543 100 441 44
Prkl ENSMUSG00000020277 | 1893 156 1558 139 1871 165 1710 80
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Pfkm ENSMUSGO00000033065 | 18225 1341 | 12907 | 1890 18352 1337 | 14993 396
Pgm5 ENSMUSGO00000041731 | 2496 117 1972 181 2577 106 2310 218
Phf20 ENSMUSG00000038116 | 645 141 463 64 547 79 484 111
Phkgl ENSMUSG00000025537 | 414 78 217 95 351 52 195 50
Phptl ENSMUSG00000036504 | 592 39 477 58 591 19 515 20
Phyh ENSMUSG00000026664 | 9819 550 7600 1012 9908 282 8331 547
Pigg ENSMUSG00000029263 | 357 15 277 13 360 32 317 44
Pigv ENSMUSG00000043257 | 190 34 113 16 185 35 150 33
Pik3r4 ENSMUSG00000032571 | 510 63 421 32 453 52 451 38
Pim3 ENSMUSG00000035828 | 1043 153 638 156 989 141 713 162
Pip4k2c ENSMUSG00000025417 | 839 38 718 27 859 49 781 35
Pitpncl ENSMUSG00000040430 | 2019 131 1451 306 1945 148 1677 225
Pitrm1 ENSMUSG00000021193 | 1183 91 917 87 1076 97 982 47
Plin4 ENSMUSG00000002831 | 3263 103 2596 321 3280 102 2808 366
Plpbp ENSMUSG00000031485 | 1297 158 1038 125 1269 103 1218 88
Pmpca ENSMUSG00000026926 | 2809 172 2292 228 2800 157 2538 100
Pnpla2 ENSMUSG00000025509 | 4617 330 3361 654 4556 476 3773 317
Poldip2 ENSMUSG00000001100 | 2037 140 1588 200 2103 131 1870 118
Polr2b ENSMUSG00000029250 | 1491 97 1240 88 1445 75 1325 88
Polr2e ENSMUSG00000004667 | 833 69 697 28 814 44 761 49
Polr2m ENSMUSG00000032199 | 4202 139 3527 289 4270 294 3840 106
Ppara ENSMUSG00000022383 | 730 69 463 119 639 7 525 69
Ppm1k ENSMUSG00000037826 | 2243 337 1519 318 2006 174 1607 419
Ppplri2b ENSMUSGO00000073557 | 7349 246 5778 1053 8073 1048 | 6703 244
Ppplr26 ENSMUSG00000035829 | 123 33 63 14 99 6 69 7
Ppplr3d ENSMUSG00000049999 | 323 31 243 23 344 39 274 29
Ppp5c ENSMUSG00000003099 | 1134 58 913 91 1135 59 1032 79
Ppt2 ENSMUSG00000015474 | 570 20 441 69 579 54 505 43
Prdx6 ENSMUSG00000026701 | 3412 145 2618 272 3250 102 2855 190
Prkaca ENSMUSG00000005469 | 4064 153 3118 405 4060 252 3598 192
Prkagl ENSMUSG00000067713 | 1480 97 1136 121 1449 53 1228 110
Prkce ENSMUSG00000045038 | 1038 123 798 114 1083 139 932 92
Prpf19 ENSMUSG00000024735 | 3570 220 2865 389 3749 422 3240 103
Prpf8 ENSMUSG00000020850 | 3805 235 3158 312 3806 301 3465 198
Psap ENSMUSG00000004207 | 20301 713 16734 | 1671 20510 1354 | 18075 1122
Psmd2 ENSMUSG00000006998 | 4504 254 3688 415 4294 293 4129 211
Ptcd3 ENSMUSG00000063884 | 3497 444 2527 522 3299 255 2951 253
Ptovl ENSMUSG00000038502 | 994 34 794 32 947 73 875 61
Ptpn3 ENSMUSG00000038764 | 1516 118 1158 191 1433 94 1204 64
Pttgl ENSMUSG00000020415 | 1218 104 917 152 1220 46 1000 82
Pxmp2 ENSMUSG00000029499 | 803 44 554 114 790 47 628 75
Pygm ENSMUSG00000032648 | 19355 1268 | 13869 | 2475 19815 1520 | 16110 975
Qdpr ENSMUSG00000015806 | 905 53 716 59 901 38 833 92
Qsox2 ENSMUSG00000036327 | 354 29 255 33 340 26 293 34
R3hdm4 ENSMUSG00000035781 | 843 29 689 82 840 52 717 45
Rab12 ENSMUSG00000023460 | 2932 232 2405 100 2976 158 2577 278
Rab28 ENSMUSG00000029128 | 1501 127 1261 120 1546 89 1421 64
Rab3a ENSMUSG00000031840 | 556 31 385 62 576 29 459 63
Rai2 ENSMUSG00000043518 | 607 58 481 89 647 60 562 52
Ralgapa2 ENSMUSG00000037110 | 2617 245 1978 383 2581 274 2195 200
Ralgapb ENSMUSGO00000027652 | 1478 136 1208 120 1466 153 1287 73
Rapsn ENSMUSG00000002104 | 164 14 112 16 166 20 118 21
Rasd2 ENSMUSG00000034472 | 85 16 52 8 87 5 67 16
Rbbp5 ENSMUSG00000026439 | 503 77 394 43 462 27 433 19
Rbfa ENSMUSG00000024570 | 537 27 421 57 552 37 476 23
Rbm20 ENSMUSG00000043639 | 4345 353 3333 538 4405 474 3671 314
Rbm24 ENSMUSGO00000038132 | 2769 152 2054 213 2701 211 2285 323
Rbpms ENSMUSG00000031586 | 2091 178 1725 171 2143 145 1933 119
Rdm1 ENSMUSG00000010362 | 355 44 260 27 395 55 308 50
Retnla ENSMUSG00000061100 | 77 26 28 12 70 10 47 28
Retsat ENSMUSG00000056666 | 937 102 713 90 893 134 765 34
Rgs7 ENSMUSG00000026527 | 36 12 15 6 19 3 25 6
Rhobtb2 ENSMUSG00000022075 | 496 77 385 66 531 42 452 21
Rhot2 ENSMUSG00000025733 | 3078 130 2175 480 3032 157 2480 193
Rmnd1 ENSMUSG00000019763 | 878 53 704 63 926 55 800 97
Rnf114 ENSMUSG00000006418 | 1224 48 1047 46 1232 102 1117 38
Rpal ENSMUSG00000000751 | 1034 51 817 60 1036 89 910 49
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Rpapl ENSMUSG00000034032 | 295 38 221 36 319 44 271 27
Rpusd4 ENSMUSG00000032044 | 283 14 221 31 291 18 238 21
Rragd ENSMUSG00000028278 | 3170 310 2413 232 3220 162 2839 371
Rrn3 ENSMUSG00000022682 | 1172 63 954 93 1149 64 1040 78
Rtn4ipl ENSMUSG00000019864 | 1524 104 1118 239 1538 112 1315 140
Rufyl ENSMUSG00000020375 | 709 60 558 43 649 12 610 48
Rxrg ENSMUSG00000015843 | 1040 79 760 162 1102 94 896 96
Samms0 ENSMUSG00000022437 | 4316 204 3494 463 4136 107 3926 74
Shk1 ENSMUSG00000042978 | 1288 124 1004 171 1329 89 1218 118
Scgblcl ENSMUSG00000038801 | 156 23 101 19 163 23 131 27
Scn4a ENSMUSG00000001027 | 691 157 407 125 675 132 480 75
Scn4b ENSMUSG00000046480 | 1055 187 607 202 976 267 669 172
Scrn3 ENSMUSG00000008226 | 772 46 634 36 772 89 686 45
Sdhb ENSMUSG00000009863 | 12188 749 9065 1722 11819 503 9978 990
Sdhc ENSMUSG00000058076 | 7127 66 5010 729 7101 434 5730 395
Sdr39ul ENSMUSG00000022223 | 1168 90 858 177 1171 36 977 118
Selll ENSMUSG00000020964 | 1913 94 1550 157 1805 94 1646 186
Sesnl ENSMUSGO00000038332 | 2443 189 2090 127 2405 179 2161 117
Sipall2 ENSMUSG00000001995 | 1430 165 1122 105 1540 153 1327 56
Sirt5 ENSMUSG00000054021 | 574 24 464 39 573 30 507 40
Sicl6a7 ENSMUSG00000020102 | 227 56 144 27 216 67 189 39
Slc25all ENSMUSG00000014606 | 8077 561 5928 1242 7992 341 6986 662
Slc25al12 ENSMUSG00000027010 | 4184 351 2893 395 4194 379 3611 151
Slc25al13 ENSMUSG00000015112 | 2989 324 2199 145 3029 276 2574 268
Slc25a20 ENSMUSG00000032602 | 3086 349 2262 477 3063 140 2521 210
Slc25a3 ENSMUSG00000061904 | 25015 1211 | 18063 | 2479 25124 1400 | 20806 1485
Slc25a33 ENSMUSG00000028982 | 271 36 196 32 254 25 214 18
Slc26a6 ENSMUSG00000023259 | 159 5 105 24 133 7 122 15
Slc2a4 ENSMUSG00000018566 | 6195 156 4116 759 6192 600 4937 362
Slc36a2 ENSMUSG00000020264 | 315 40 215 36 309 9 239 36
Slc38a3 ENSMUSG00000010064 | 939 97 638 211 1037 121 746 126
Sic4lal ENSMUSG00000013275 | 1492 118 1131 142 1374 124 1187 145
Slcda4 ENSMUSGO00000060961 | 964 160 696 87 861 146 774 132
Slc7al ENSMUSG00000041313 | 1469 249 990 213 1397 281 1151 217
Slc9a8 ENSMUSG00000039463 | 533 54 422 27 481 53 424 37
Slco3al ENSMUSG00000025790 | 1897 213 1577 239 1938 213 1809 168
Smcol ENSMUSG00000046345 | 280 33 173 42 270 15 222 35
Smg5 ENSMUSG00000001415 | 1134 42 904 93 1081 79 1020 136
Smim1l ENSMUSG00000051989 | 669 30 545 65 628 41 590 28
Snai3 ENSMUSGO00000006587 | 49 18 24 5 45 14 35 8
Snrpn ENSMUSG00000102252 | 939 55 661 136 989 67 760 142
Sod1 ENSMUSG00000022982 | 3578 226 3002 251 3367 134 3215 151
Sod2 ENSMUSG00000006818 | 12266 831 8665 1885 11982 506 9979 664
Sord ENSMUSG00000027227 | 4541 245 3023 680 4444 324 3516 336
Spr ENSMUSG00000033735 | 665 53 505 56 683 71 580 44
Spsbl ENSMUSG00000039911 | 519 41 383 46 499 68 431 61
Sptb ENSMUSG00000021061 | 3814 253 2892 391 4015 448 3358 226
St3gal3 ENSMUSG00000028538 | 1047 50 840 121 1048 65 941 63
St6galnac6 ENSMUSG00000026811 | 1129 64 895 132 1127 72 981 112
Stard10 ENSMUSG00000030688 | 330 75 189 43 297 12 242 66
Stard7 ENSMUSGO00000027367 | 3728 299 2766 387 3568 81 3253 316
Stk11 ENSMUSGO00000003068 | 1448 37 1205 94 1447 59 1293 70
Ston2 ENSMUSG00000020961 | 279 82 178 41 317 59 217 35
Stubl ENSMUSG00000039615 | 1096 59 905 66 1104 71 1014 92
Suclgl ENSMUSG00000052738 | 6364 514 4599 1021 6012 279 5327 363
Suclg2 ENSMUSG00000061838 | 4105 321 2961 428 4037 119 3294 228
Suox ENSMUSGO00000049858 | 473 53 354 36 448 32 405 21
Susd6 ENSMUSG00000021133 | 2324 150 1943 183 2364 108 2034 109
Svip ENSMUSG00000074093 | 948 93 733 96 873 98 769 67
Swsapl ENSMUSG00000051238 | 126 10 90 15 118 11 105 11
Syt7 ENSMUSG00000024743 | 873 100 595 126 831 116 700 57
Tango?2 ENSMUSG00000013539 | 2372 272 1812 121 2322 147 1927 149
Tango6 ENSMUSG00000041949 | 231 19 170 17 230 31 201 14
Tars2 ENSMUSG00000028107 | 667 59 489 66 606 23 549 66
Tarsl2 ENSMUSG00000030515 | 1088 105 839 102 1083 60 931 19
Taz ENSMUSG00000009995 | 683 45 574 36 641 57 573 45
Thrg4 ENSMUSG00000000384 | 909 70 673 136 897 113 763 112
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Tcaim ENSMUSG00000046603 | 1091 140 752 164 1078 129 865 134
Tcap ENSMUSGO00000007877 | 15023 5676 | 9524 3481 11808 3513 | 10365 2562
Tcplll2 ENSMUSG00000020034 | 2121 130 1478 128 2131 148 1765 222
Tecrl ENSMUSG00000049537 | 1305 197 1030 90 1191 128 1094 181
Tent4b ENSMUSG00000036779 | 610 55 482 40 562 52 508 45
Tesc ENSMUSG00000029359 | 1119 84 854 76 1160 95 937 103
Thrb ENSMUSG00000021779 | 495 72 351 62 440 76 311 43
Tmbim6 ENSMUSG00000023010 | 3804 173 3339 158 3817 189 3501 211
Tmc7 ENSMUSG00000042246 | 203 26 121 17 221 36 169 29
Tmem135 ENSMUSG00000039428 | 983 73 725 115 985 79 815 63
Tmem143 ENSMUSG00000002781 | 1504 67 919 258 1446 221 1083 117
Tmem177 ENSMUSG00000036975 | 283 12 189 34 271 12 216 21
Tmem250-ps ENSMUSG00000087679 | 1255 42 1017 136 1234 98 1140 53
Tmem38a ENSMUSG00000031791 | 7478 344 5801 950 7515 482 6828 346
Tmem50b ENSMUSG00000022964 | 927 63 728 73 909 32 769 105
Tmem70 ENSMUSG00000025940 | 1686 231 1310 188 1682 176 1404 135
Tmem82 ENSMUSG00000043085 | 271 51 168 43 257 20 187 17
Tmem94 ENSMUSG00000020747 | 1735 172 1255 258 1762 215 1313 178
Tmod1 ENSMUSG00000028328 | 6866 511 5456 542 6671 424 6180 413
Tmod4 ENSMUSG00000005628 | 378 37 254 60 361 43 317 59
Tnfaip8 ENSMUSG00000062210 | 1646 269 1190 267 1502 102 1310 232
Tnip3 ENSMUSG00000044162 | 52 11 27 13 47 4 42 4
Tnni3 ENSMUSG00000035458 | 63108 4479 | 42722 | 10485 | 61514 1321 | 48873 5226
Tnnt2 ENSMUSG00000026414 | 110161 | 8926 | 87055 | 9068 105408 3834 | 92241 8335
Tom1l2 ENSMUSG00000000538 | 2948 122 2426 287 2928 258 2694 186
Trabd2b ENSMUSG00000070867 | 3038 207 2320 372 3187 181 2778 256
Tsc22d1 ENSMUSG00000022010 | 4439 536 3676 350 4405 178 4019 379
Tspan3 ENSMUSG00000032324 | 2417 116 2074 132 2505 165 2302 52
Tspyl4 ENSMUSG00000039485 | 376 62 276 18 382 85 298 73
Ttcl9 ENSMUSG00000042298 | 902 120 684 71 896 69 748 78
Tufm ENSMUSG00000073838 | 3132 215 2311 479 3147 191 2714 265
Twnk ENSMUSG00000025209 | 604 21 452 67 607 59 505 23
Txnrd2 ENSMUSGO00000075704 | 527 35 362 47 464 30 431 49
Ubac2 ENSMUSGO00000041765 | 482 28 351 27 440 56 380 38
ubl7 ENSMUSG00000055720 | 695 84 565 67 663 44 641 37
Ubr2 ENSMUSG00000023977 | 2578 83 1942 289 2546 196 2215 196
Ucp3 ENSMUSG00000032942 | 1264 355 659 227 1281 331 698 271
Unc45b ENSMUSG00000018845 | 3432 81 2694 372 3138 382 2858 156
Uqccl ENSMUSG00000005882 | 3454 270 2476 553 3363 150 2909 228
Uqgcrcl ENSMUSG00000025651 | 15130 710 10190 | 2080 15168 907 12233 1293
Uqgcrfsl ENSMUSG00000038462 | 13197 914 10056 | 1838 12772 692 11183 890
Urod ENSMUSG00000028684 | 800 46 616 62 756 47 678 29
Usf2 ENSMUSG00000058239 | 1261 122 1046 81 1203 37 1081 60
Vcep ENSMUSG00000028452 | 9696 493 8255 496 9439 494 9118 332
Vdacl ENSMUSG00000020402 | 17517 801 13326 | 1578 17010 633 14751 342
Vdac3 ENSMUSGO00000008892 | 6247 446 4930 675 5939 119 5490 330
Vegfb ENSMUSG00000024962 | 2831 191 2209 301 2977 265 2434 179
Vps26a ENSMUSG00000020078 | 1810 210 1524 43 1767 104 1632 155
Vwa8 ENSMUSG00000058997 | 6184 159 4148 762 5901 635 4704 407
Whp2 ENSMUSG00000034341 | 1379 72 1162 115 1438 101 1294 92
Wdtcl ENSMUSG00000037622 | 1386 86 1042 217 1413 154 1245 104
Wisl ENSMUSG00000039474 | 1806 82 1416 252 1797 191 1634 135
Whrn ENSMUSG00000039137 | 481 110 307 100 542 79 382 97
Wnk2 ENSMUSG00000037989 | 1441 166 821 252 1510 204 1013 246
Ybx1 ENSMUSG00000028639 | 11917 513 10296 | 764 11978 639 10588 490
Ywhae ENSMUSG00000020849 | 5973 224 5142 422 5882 295 5570 239
Zadh2 ENSMUSG00000049090 | 1687 130 1330 146 1727 133 1433 161
Zfpll3 ENSMUSG00000037007 | 207 26 137 20 206 31 160 32
Zfp536 ENSMUSG00000043456 | 134 18 70 15 120 18 92 13
Zfp629 ENSMUSG00000045639 | 654 44 510 45 651 90 565 56
Zfyve2l ENSMUSG00000021286 | 406 15 295 34 394 31 309 42
Znrfl ENSMUSG00000033545 | 850 52 714 48 788 71 705 40
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Supplementary Table S7. RNASeq analysis of effects of angiotensin Il (Angll) on mMRNA
expression in hearts from PKN2Het vs WT littermates: mRNAs significantly upregulated by Angll
in PKN2Het hearts.

Gene Symbol Ensembl gene id WT Vehicle WT Angll PKN2Het Vehicle | PKN2Het Angll
Mean SD Mean SD Mean SD Mean SD
1500004A13Rik | ENSMUSG00000098912 | 28 5 38 8 20 7 48 20
4931406P16Rik | ENSMUSG00000066571 | 1213 197 1375 110 1210 171 1441 195
6430584L05Rik | ENSMUSG00000108228 | 2 1 7 2 3 1 69 99
AC165271.1 ENSMUSG00000116641 | 7 2 16 5 5 2 19 12
Adgrdl ENSMUSG00000044017 | 191 51 269 56 169 19 249 49
Akap2 ENSMUSG00000038729 | 3768 234 4279 435 3521 379 4095 258
Aldh18al ENSMUSG00000025007 | 242 27 280 13 215 33 299 35
Ano6 ENSMUSG00000064210 | 778 83 929 100 694 56 876 34
Anp32b ENSMUSG00000028333 | 1235 54 1423 104 1216 59 1418 76
Arhgef12 ENSMUSG00000059495 | 6349 600 6661 1008 6125 289 7218 254
Arrbl ENSMUSG00000018909 | 877 101 1086 152 816 90 1086 112
Atp8b2 ENSMUSG00000060671 | 531 139 704 103 413 28 673 34
Atxnll ENSMUSG00000069895 | 724 111 785 64 708 86 852 141
B3gnt3 ENSMUSG00000031803 | 234 39 304 15 213 12 289 30
C5arl ENSMUSG00000049130 | 107 17 173 40 78 18 156 56
Capn2 ENSMUSG00000026509 | 2021 126 2295 152 1873 94 2199 142
Ccl12 ENSMUSG00000035352 | 28 12 76 30 20 5 61 36
Ccl2 ENSMUSG00000035385 | 56 15 106 46 42 6 111 80
Cd302 ENSMUSG00000060703 | 206 18 297 71 176 17 266 37
Cdc42epd ENSMUSG00000041598 | 293 84 306 18 242 49 312 39
Cdc42sel ENSMUSG00000046722 | 468 71 617 41 442 53 554 68
Cebpa ENSMUSG00000034957 | 116 16 166 28 115 23 164 26
Cenpi ENSMUSG00000031262 | 14 6 28 12 6 3 28 9
Ces2e ENSMUSG00000031886 | 82 18 89 16 65 19 108 34
Clich ENSMUSG00000023959 | 7647 453 8817 809 7809 595 9603 708
Cmkirl ENSMUSG00000042190 | 507 144 618 103 422 100 579 89
Col4a3 ENSMUSG00000079465 | 203 49 299 93 199 27 307 35
Cyb561 ENSMUSG00000019590 | 237 62 314 54 200 32 299 78
Cyb5rl ENSMUSG00000026456 | 363 22 410 23 351 26 444 45
Dbndd?2 ENSMUSG00000017734 | 265 25 310 15 218 53 285 36
Ddah2 ENSMUSG00000007039 | 240 14 299 36 214 30 292 28
Ddr2 ENSMUSG00000026674 | 1034 140 1163 154 869 156 1130 83
Dpysl2 ENSMUSG00000022048 | 377 57 499 48 329 67 433 23
Dsnl ENSMUSG00000027635 | 32 10 50 10 25 6 47 8
Eif4al ENSMUSG00000059796 | 3380 300 3664 494 3084 168 3826 261
Elmol ENSMUSG00000041112 | 303 38 395 22 278 56 438 50
Elovil ENSMUSG00000006390 | 286 23 361 51 246 37 316 43
Encl ENSMUSG00000041773 | 293 76 382 15 273 69 390 41
Erf ENSMUSG00000040857 | 309 56 363 54 285 58 372 48
Fabp5 ENSMUSG00000027533 | 788 95 996 167 674 83 989 37
Fam102b ENSMUSG00000040339 | 516 79 657 85 447 67 598 79
Fgf6 ENSMUSG00000000183 | 19 11 37 18 16 6 40 17
Fkbp5 ENSMUSG00000024222 | 356 106 469 65 289 55 412 74
Gbha ENSMUSG00000028048 | 219 25 275 46 194 36 270 21
Gm10275 ENSMUSG00000069682 | 2119 213 2280 303 1958 234 2331 159
Gm14005 ENSMUSG00000074813 | 25 6 32 5 23 3 43 5
Gm15542 ENSMUSG00000083396 | 41 20 74 30 32 14 92 41
Gm21188 ENSMUSG00000095609 | 24 11 52 38 12 6 39 17
Gm8430 ENSMUSG00000055093 | 747 208 891 177 614 182 1041 66
Gngt2 ENSMUSG00000038811 | 179 19 226 24 170 41 224 28
Hbegf ENSMUSG00000024486 | 285 26 375 79 293 20 445 97
Hmox1 ENSMUSG00000005413 | 189 79 278 49 151 19 270 45
Hnrnpf ENSMUSG00000042079 | 2929 181 3120 203 2667 95 3177 258
Hnrnpk ENSMUSG00000021546 | 4424 263 4608 377 3979 132 4710 317
Hsp90aal ENSMUSG00000021270 | 4809 792 5821 774 4154 437 5635 799
1d3 ENSMUSG00000007872 | 547 96 629 46 503 70 613 81
ler5 ENSMUSG00000056708 | 536 123 783 105 482 61 803 298
Ik ENSMUSG00000030890 | 1549 39 1714 90 1475 117 1685 57
Itpr2 ENSMUSG00000030287 | 666 151 771 158 613 94 776 101
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Jptl ENSMUSG00000020737 | 841 76 987 49 790 37 1002 107
Jpt2 ENSMUSG00000024165 | 169 19 197 35 141 33 226 44
Lama2 ENSMUSG00000019899 | 3507 352 3968 325 3362 180 4015 379
Layn ENSMUSG00000060594 | 73 12 116 39 72 19 117 25
Limal ENSMUSG00000023022 | 869 137 1044 86 750 124 1003 145
Ly6a ENSMUSG00000075602 | 1892 294 2356 309 1658 287 2262 203
Mad2I1 ENSMUSG00000029910 | 111 20 150 33 90 23 154 23
Map6 ENSMUSG00000055407 | 108 31 142 36 87 9 129 34
Mcm10 ENSMUSG00000026669 | 14 6 30 10 8 7 26 18
Mcm3 ENSMUSG00000041859 | 156 21 214 41 148 27 240 53
Mcm5 ENSMUSG00000005410 | 84 12 162 45 83 19 169 35
Mcm6 ENSMUSG00000026355 | 230 32 397 77 216 18 363 70
Mgat5b ENSMUSG00000043857 | 8 5 23 15 9 5 31 24
Mmrn2 ENSMUSG00000041445 | 1117 202 1171 66 966 115 1226 136
Mob3a ENSMUSG00000003348 | 134 17 176 20 115 24 176 43
Mybl1 ENSMUSG00000025912 | 20 8 40 11 22 4 48 10
Myolc ENSMUSG00000017774 | 2939 140 3445 280 2807 136 3414 203
Ncf2 ENSMUSG00000026480 | 117 30 183 21 107 29 174 52
Nrp2 ENSMUSG00000025969 | 1954 236 2425 238 1836 224 2427 166
Nuakl ENSMUSG00000020032 | 841 90 1047 199 819 26 1165 278
Nudt18 ENSMUSG00000045211 | 271 21 330 55 259 36 362 63
Numb ENSMUSG00000021224 | 620 116 600 28 522 54 673 44
Nusapl ENSMUSG00000027306 | 48 17 132 40 45 9 116 36
Ophnl ENSMUSG00000031214 | 212 70 246 57 195 73 284 69
Paldl ENSMUSG00000020092 | 474 36 537 61 417 42 544 37
Paplin ENSMUSG00000021223 | 369 42 478 84 367 37 494 57
Parva ENSMUSG00000030770 | 1225 61 1409 154 1113 88 1320 96
Pcolce2 ENSMUSG00000015354 | 412 82 494 81 352 55 503 72
Pdlim1 ENSMUSG00000055044 | 1237 36 1524 182 1078 86 1607 176
Pecaml ENSMUSG00000020717 | 4184 537 5065 334 3964 407 4742 324
Pidl ENSMUSG00000045658 | 275 53 338 14 244 37 314 29
Pilra ENSMUSG00000046245 | 31 5 52 15 24 9 52 20
Pole2 ENSMUSG00000020974 | 16 7 31 8 12 5 33 6
Prg4 ENSMUSG00000006014 | 323 89 484 130 321 33 596 281
Ptx3 ENSMUSG00000027832 | 9 5 35 23 8 2 42 47
Rab15 ENSMUSG00000021062 | 19 12 25 4 11 5 30 8
Rad54l ENSMUSG00000028702 | 11 9 22 6 6 2 28 11
Ralb ENSMUSG00000004451 | 600 34 674 33 559 34 691 29
Raphl ENSMUSG00000026014 | 2057 244 2567 254 1871 214 2337 313
Rasa3 ENSMUSG00000031453 | 585 66 758 73 582 31 773 108
Rhog ENSMUSG00000073982 | 297 22 355 35 256 29 324 32
Ripk3 ENSMUSG00000022221 | 56 11 90 28 34 8 84 24
Rpl3 ENSMUSG00000060036 | 3377 296 4471 607 3263 335 4320 344
Rpl39 ENSMUSG00000079641 | 2170 187 2489 536 1860 274 2471 431
Rps271 ENSMUSG00000036781 | 985 107 1026 159 889 103 1140 141
Rras ENSMUSG00000038387 | 425 64 533 56 410 35 523 72
Semara ENSMUSG00000038264 | 731 163 865 32 659 93 882 92
Sh3gll ENSMUSG00000003200 | 234 18 296 44 217 29 272 16
Slc39al ENSMUSG00000052310 | 1324 29 1471 82 1256 48 1467 64
Slc3a2 ENSMUSG00000010095 | 496 50 522 83 462 51 597 75
Sorbs3 ENSMUSG00000022091 | 627 75 731 50 570 54 681 36
Spsh4 ENSMUSG00000046997 | 117 24 148 47 116 20 180 48
Srpx ENSMUSG00000090084 | 56 2 104 41 56 6 108 42
Thsdl ENSMUSG00000031480 | 201 35 239 30 176 24 246 27
Tinagll ENSMUSG00000028776 | 767 115 841 137 702 142 896 129
Troap ENSMUSG00000032783 | 9 3 20 8 5 3 20 13
Tspan9 ENSMUSG00000030352 | 1563 131 1947 401 1621 98 2180 218
Tubb2a ENSMUSG00000058672 | 572 55 703 94 505 25 707 148
Tubb6 ENSMUSG00000001473 | 337 29 445 93 318 39 459 50
Vsig4 ENSMUSG00000044206 | 33 11 57 21 28 10 77 29
Wadrl ENSMUSG00000005103 | 2521 253 2721 220 2501 131 3026 227
Widcl7 ENSMUSG00000069792 | 126 27 205 64 117 24 230 60
Ywhab ENSMUSG00000018326 | 2036 61 2287 69 1970 113 2268 129
Ywhah ENSMUSG00000018965 | 1422 86 1708 173 1342 151 1658 195
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Supplementary Table S8.

RNASeq analysis of effects of angiotensin Il (Angll) on mRNA

expression in hearts from PKN2Het vs WT littermates: mRNAs significantly downregulated by Angl|
in PKN2Het hearts.

Gene Ensembl gene id WT Vehicle WT Angll PKN2Het Vehicle | PKN2Het Angll
Symbol

Mean SD Mean | SD Mean SD Mean SD
Abcb7 ENSMUSG00000031333 | 1213 155 1016 47 1337 171 1067 172
AC161607.1 | ENSMUSG00000116903 | 73 23 44 12 85 11 52 12
Acaca ENSMUSG00000020532 | 559 140 447 82 557 121 494 41
Antxr2 ENSMUSG00000029338 | 3138 199 2527 322 3402 377 2661 386
Arl8b ENSMUSG00000030105 | 1872 115 1674 157 2035 143 1684 79
Artd ENSMUSG00000030217 | 412 21 326 68 438 37 298 89
Atl2 ENSMUSG00000059811 | 1046 62 921 131 1052 45 882 97
Atxn2 ENSMUSG00000042605 | 1186 207 1021 195 1395 65 1084 156
Bicra ENSMUSG00000070808 | 259 26 236 41 304 46 218 25
Carnmtl ENSMUSG00000024726 | 1249 241 1074 205 1403 244 1098 142
Carnsl ENSMUSG00000075289 | 373 32 286 27 383 53 289 49
Cited2 ENSMUSG00000039910 | 544 99 394 73 713 201 447 51
Cogb ENSMUSG00000035933 | 1358 209 1191 133 1404 218 1168 103
Dcafl12l1 ENSMUSG00000045284 | 80 13 49 12 91 12 54 16
Dgke ENSMUSG00000000276 | 588 81 456 38 628 87 483 103
Dhtkd1 ENSMUSG00000025815 | 67 13 46 8 98 24 53 13
EmI5 ENSMUSG00000051166 | 129 41 106 30 156 42 80 35
Fam84a ENSMUSG00000020607 | 17 9 9 4 31 21 9 5
Fam84b ENSMUSG00000072568 | 367 45 332 38 416 37 306 21
Fbxo3 ENSMUSG00000027180 | 1943 149 1714 52 1982 135 1735 155
Fgd4 ENSMUSG00000022788 | 952 82 788 50 1006 124 808 116
Fnipl ENSMUSG00000035992 | 1689 280 1464 146 1814 202 1491 143
Gabl ENSMUSG00000031714 | 1294 55 1103 118 1362 98 1139 128
Gm47283 ENSMUSG00000096768 | 121 68 133 40 164 81 81 49
Hbpl ENSMUSG00000002996 | 1726 184 1572 147 1798 134 1552 102
Hccs ENSMUSG00000031352 | 997 84 858 98 1041 148 890 60
Hspal2a ENSMUSG00000025092 | 841 91 689 87 938 90 730 91
Jmy ENSMUSG00000021690 | 1390 158 1200 90 1500 137 1234 114
Kcnh2 ENSMUSG00000038319 | 847 124 668 110 912 148 635 80
Kcnj2 ENSMUSG00000041695 | 1344 337 915 199 1453 205 945 234
Laptm4b ENSMUSG00000022257 | 953 46 801 57 990 41 803 90
Lysmd4 ENSMUSG00000043831 | 351 36 275 32 399 40 293 44
Mef2a ENSMUSG00000030557 | 4209 341 3602 223 4401 428 3617 183
Mef2d ENSMUSG00000001419 | 2886 195 2459 352 3285 449 2564 203
Mif4gd ENSMUSG00000020743 | 399 41 345 38 434 39 328 28
mt-Nd2 ENSMUSG00000064345 | 563587 | 132806 | 437281 | 99302 | 600917 101879 | 466929 126476
mt-Nd5 ENSMUSG00000064367 | 810634 | 162252 | 639879 | 106231 | 854483 106054 | 682450 132819
Myo5c ENSMUSG00000033590 | 102 18 90 31 150 35 66 21
Nnt ENSMUSG00000025453 | 5147 1691 3697 588 6332 1498 4488 661
Osbplla ENSMUSG00000044252 | 1430 127 1177 138 1477 68 1236 73
Pkd212 ENSMUSG00000014503 | 119 20 90 8 123 12 80 8
Plagl ENSMUSG00000003282 | 111 11 86 16 110 13 71 14
Plin5 ENSMUSG00000011305 | 1427 167 1055 258 1589 193 1116 132
PIxnb3 ENSMUSG00000031385 | 47 14 32 7 53 9 26 4
Pnrcl ENSMUSG00000040128 | 1394 186 1223 251 1670 151 1176 94
Prox1 ENSMUSG00000010175 | 2013 472 1483 298 2390 394 1685 308
Ptpru ENSMUSG00000028909 | 76 23 56 21 65 20 34 14
Pygol ENSMUSG00000034910 | 734 66 583 66 821 99 642 73
Retregl ENSMUSG00000022270 | 4914 645 4621 579 5580 346 4633 468
Rorc ENSMUSG00000028150 | 820 185 636 99 951 111 730 106
Rsbn1l ENSMUSG00000039968 | 486 32 495 68 547 61 451 62
Sall4 ENSMUSG00000027547 | 38 19 25 17 54 31 20 2
Sc5d ENSMUSG00000032018 | 453 51 403 59 480 34 405 25
Slc25a22 ENSMUSG00000019082 | 545 113 458 107 575 57 418 70
Slc25a46 ENSMUSG00000024259 | 1632 281 1428 165 1805 227 1528 184
Slc40al ENSMUSG00000025993 | 540 85 413 68 525 93 369 33
Slc5a6 ENSMUSG00000006641 | 210 13 153 42 237 30 148 21
Slc9a2 ENSMUSG00000026062 | 118 24 98 34 103 34 64 9
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SIfl ENSMUSG00000021597 | 700 128 591 68 734 132 561 98
Smarcdl ENSMUSG00000023018 | 561 16 444 69 610 82 467 65
Sobp ENSMUSG00000038248 | 528 23 434 59 594 52 453 47
Sorcs2 ENSMUSG00000029093 | 323 58 246 26 327 75 216 35
Sp4 ENSMUSG00000025323 | 262 26 223 14 286 22 209 16
Stk39 ENSMUSG00000027030 | 2038 169 1731 250 2027 268 1564 136
Tmeml6la | ENSMUSG00000002342 | 695 40 602 58 708 61 579 56
Tmem170b | ENSMUSG00000087370 | 544 52 444 44 603 78 462 26
Tmem238 ENSMUSG00000030431 | 17 16 16 5 31 9 10 4
Tobl ENSMUSG00000037573 | 692 101 631 35 830 74 668 42
Trmt2b ENSMUSG00000067369 | 1295 120 1099 134 1300 53 1109 91
Ttc30al ENSMUSG00000075271 | 133 38 110 17 165 28 117 20
Ttc30b ENSMUSG00000075273 | 431 88 337 29 476 71 363 72
Txnip ENSMUSG00000038393 | 13919 | 3376 11722 | 2478 18708 3486 12475 1810
Ubc ENSMUSG00000008348 | 13447 | 4055 10872 | 1508 16818 2949 12228 2263
Ube2b ENSMUSG00000020390 | 4614 513 4036 428 4668 348 4142 342
Ulkl ENSMUSG00000029512 | 1687 77 1424 156 1856 253 1452 92
Vpsl3a ENSMUSG00000046230 | 1184 126 1087 104 1354 142 1101 159
Ythdf3 ENSMUSG00000047213 | 1491 106 1342 61 1508 114 1305 117
Zbtb18 ENSMUSG00000063659 | 834 109 672 89 963 89 675 105
Zfp292 ENSMUSG00000039967 | 872 86 749 89 898 77 715 84
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Supplementary Table S9. RNASeq data: gene clusters.

Gene Ensembl gene id WT Vehicle WT Angll PKN2Het Vehicle | PKN2Het Angll
Symbol

Mean SD Mean SD Mean SD Mean SD
Complement
Clga ENSMUSG00000036887 | 895 96 1523 250 883 97 1362 183
Clgb ENSMUSG00000036905 | 826 111 1513 429 782 128 1330 245
Clqc ENSMUSG00000036896 | 886 106 1454 199 845 131 1290 171
Clqtnf3 ENSMUSG00000058914 | 3 2 341 632 3 2 118 157
Clqgtnf5 ENSMUSG00000079592 | 53 6 100 38 61 17 87 20
Clqtnfé ENSMUSG00000022440 | 122 21 426 250 120 11 348 107
Clqtnf7 ENSMUSG00000061535 | 178 26 294 78 174 31 227 32
C3arl ENSMUSG00000040552 | 234 31 502 241 242 41 380 97
C4b ENSMUSG00000073418 | 231 28 604 141 295 41 861 703
Charl ENSMUSG00000049130 | 107 17 173 40 78 18 156 56
Cfb ENSMUSG00000090231 | 36 7 140 61 33 15 114 78
Extracellular matrix
Acan ENSMUSG00000030607 | 4 3 66 49 3 1 32 34
Aspn ENSMUSG00000021388 | 750 159 3970 5012 798 171 1825 1043
Bgn ENSMUSG00000031375 | 5175 520 12514 | 5386 5152 464 9491 2127
Ccdc80 ENSMUSG00000022665 | 1816 295 3479 1261 1843 168 2847 551
Colllal ENSMUSG00000027966 | 2 3 52 76 2 2 12 11
Coll12al ENSMUSG00000032332 | 47 12 495 623 42 10 315 288
Coll4al ENSMUSG00000022371 | 466 75 1493 1179 377 75 1075 556
Col15al ENSMUSG00000028339 | 2833 383 5668 1135 3175 509 5335 1392
Coll6al ENSMUSG00000040690 | 187 39 603 471 192 60 420 186
Col18al ENSMUSG00000001435 | 248 28 790 244 293 35 541 181
Collal ENSMUSG00000001506 | 1941 334 10243 | 9888 2115 63 5954 3420
Colla2 ENSMUSG00000029661 | 2657 250 11812 | 10867 | 2786 231 7551 4300
Col3al ENSMUSG00000026043 | 5494 744 25906 | 20347 | 5871 824 16747 9657
Col4al ENSMUSG00000031502 | 12856 | 2211 23909 | 1751 13123 855 20837 3837
Col4a2 ENSMUSG00000031503 | 9490 1105 15270 | 591 9814 526 14603 2361
Col4a3 ENSMUSG00000079465 | 203 49 299 93 199 27 307 35
Col4a4 ENSMUSG00000067158 | 345 73 497 114 364 54 494 37
Col4a5 ENSMUSG00000031274 | 763 91 1159 304 773 91 971 147
Col5al ENSMUSG00000026837 | 1205 173 3410 1633 1238 85 2682 1054
Col5a2 ENSMUSG00000026042 | 878 65 4055 3237 927 105 2738 1563
Col5a3 ENSMUSG00000004098 | 576 178 985 63 666 103 847 222
Col6al ENSMUSG00000001119 | 2071 252 3943 1376 2047 155 3242 704
Col6a2 ENSMUSG00000020241 | 2038 291 3824 981 2062 139 3256 743
Col6a3 ENSMUSG00000048126 | 1170 165 2685 1137 1119 203 1895 452
Col7al ENSMUSG00000025650 | 4 6 26 21 5 4 11 6
Col8al ENSMUSG00000068196 | 704 96 3461 2170 747 153 2473 1081
Col8a2 ENSMUSG00000056174 | 9 5 180 298 14 4 86 85
Col9a2 ENSMUSG00000028626 | 6 1 31 38 7 4 21 11
Comp ENSMUSG00000031849 | 39 8 325 426 69 9 179 129
Crtap ENSMUSG00000032431 | 384 57 511 72 379 32 471 67
Cthrcl ENSMUSG00000054196 | 3 3 221 380 5 2 92 112
Ecml ENSMUSG00000028108 | 452 86 696 127 464 82 720 136
Egflam ENSMUSG00000042961 | 374 53 240 63 279 55 262 40
Eln ENSMUSG00000029675 | 512 176 2249 1534 591 55 1327 606
Fbln2 ENSMUSG00000064080 | 1827 201 3200 493 1966 214 3008 422
Fbnl ENSMUSG00000027204 | 2671 543 7690 2514 3011 303 6532 2277
Fbn2 ENSMUSG00000024598 | 25 8 112 120 38 10 67 32
Fgl2 ENSMUSG00000039899 | 863 65 1693 575 912 106 1331 391
Flna ENSMUSG00000031328 | 4014 455 5769 673 3783 774 4951 309
Fnl ENSMUSG00000026193 | 1579 300 7830 6886 1494 199 4711 3367
Freml ENSMUSG00000059049 | 8 10 51 68 8 4 31 24
Has?2 ENSMUSG00000022367 | 27 6 50 13 28 8 42 6
Hspg?2 ENSMUSG00000028763 | 12506 | 1017 15279 | 1628 12610 707 14990 1190
Lama2 ENSMUSG00000019899 | 3507 352 3968 325 3362 180 4015 379
Lama4 ENSMUSG00000019846 | 2464 138 3226 192 2291 264 3050 270
Lambl ENSMUSG00000002900 | 2656 308 3500 191 2690 265 3282 467
Lamcl ENSMUSG00000026478 | 4969 490 7157 380 5155 283 6688 486
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Lox ENSMUSG00000024529 | 89 9 1050 1321 94 21 476 436
LoxI1 ENSMUSG00000032334 | 618 97 1447 604 687 57 1181 257
LoxI2 ENSMUSG00000034205 | 724 133 1635 127 683 84 1403 383
LoxI3 ENSMUSG00000000693 | 104 36 311 233 87 12 196 70
Lum ENSMUSG00000036446 | 1447 238 3824 2686 1553 192 2795 564
Matn2 ENSMUSG00000022324 | 417 57 667 192 429 35 559 39
Mfap2 ENSMUSG00000060572 | 20 2 69 61 23 4 41 14
Mfap3 ENSMUSG00000020522 | 454 25 541 33 431 20 503 22
Mfap3l ENSMUSG00000031647 | 512 38 351 27 511 51 378 15
Mfap4 ENSMUSG00000042436 | 202 18 1249 1153 245 36 712 324
Mfap5 ENSMUSG00000030116 | 411 43 1634 1033 404 45 1132 430
Mgp ENSMUSG00000030218 | 1671 257 3299 1832 1627 149 2424 267
Mxra7? ENSMUSG00000020814 | 353 43 549 114 334 33 485 81
Mxra8 ENSMUSG00000029070 | 431 61 782 329 511 145 714 119
Nidl ENSMUSG00000005397 | 3926 530 6347 1387 3634 332 5323 725
Nid2 ENSMUSG00000021806 | 561 130 914 118 537 62 895 114
Ntnl ENSMUSG00000020902 | 1895 146 1435 153 2064 197 1793 251
P3h1 ENSMUSG00000028641 | 217 25 313 43 242 18 308 55
P3h3 ENSMUSG00000023191 | 185 14 319 100 179 28 278 54
P4ha3 ENSMUSG00000051048 | 2 2 23 32 1 1 11 10
Pcolce ENSMUSG00000029718 | 778 81 1236 178 675 91 1133 173
Pcolce2 ENSMUSG00000015354 | 412 82 494 81 352 55 503 72
Plod3 ENSMUSG00000004846 | 475 118 658 87 472 51 605 62
Postn ENSMUSG00000027750 | 1288 354 16369 | 19036 | 1325 317 10262 8108
Prg4 ENSMUSG00000006014 | 323 89 484 130 321 33 596 281
Sparc ENSMUSG00000018593 | 7512 635 18831 | 6579 7355 933 14409 2942
Vcan ENSMUSG00000021614 | 730 115 1503 151 665 105 1354 355
Interferon signalling

Ifi203 ENSMUSG00000039997 | 891 161 1230 255 880 117 940 84
Ifi204 ENSMUSG00000073489 | 206 34 433 95 196 40 334 43
Ifi209 ENSMUSG00000043263 | 52 15 126 69 50 17 92 45
Ifi2ll ENSMUSG00000026536 | 185 36 351 104 178 18 256 21
Ifi2712a ENSMUSG00000079017 | 237 35 439 84 218 39 420 49
Ifi30 ENSMUSG00000031838 | 101 27 193 76 87 20 127 31
Ifihl ENSMUSG00000026896 | 299 32 446 46 329 56 378 53
Ifitl ENSMUSG00000034459 | 187 43 329 102 161 24 234 21
Ifit2 ENSMUSG00000045932 | 547 92 934 140 539 58 669 52
Ifit3 ENSMUSG00000074896 | 336 93 626 210 311 45 430 29
Ifit3b ENSMUSG00000062488 | 122 30 208 57 123 22 150 9
Ifitm2 ENSMUSG00000060591 | 875 131 1176 80 841 117 1097 135
Ifitm3 ENSMUSG00000025492 | 1226 258 1689 136 1126 147 1515 182
Ifngrl ENSMUSG00000020009 | 1109 126 1400 78 1101 128 1324 109
Irf5 ENSMUSG00000029771 | 73 13 148 22 78 12 119 35
Irf7 ENSMUSG00000025498 | 220 65 413 114 189 26 332 52
Irf8 ENSMUSG00000041515 | 118 13 229 76 128 21 193 26
Isg20 ENSMUSG00000039236 | 86 30 130 16 102 27 144 32
Mitochondria

Acaa2 ENSMUSG00000036880 | 13252 | 1380 8259 2391 12324 1059 9258 1215
Aco2 ENSMUSG00000022477 | 41047 | 2512 30674 | 4778 41075 2487 35785 2269
Afgll ENSMUSG00000038302 | 1113 135 844 176 1027 95 958 51
Aldh2 ENSMUSG00000029455 | 3628 278 2621 303 3753 239 3023 178
Atp5al ENSMUSG00000025428 | 73890 | 5007 52519 | 8597 73310 4969 61155 3605
Atp5b ENSMUSG00000025393 | 81983 | 4027 60525 | 7907 80175 3926 68956 5579
Atp5d ENSMUSG00000003072 | 5810 313 4470 769 5730 539 5074 535
Atp5e ENSMUSG00000016252 | 4682 460 3624 408 4707 229 4130 508
Atp5g3 ENSMUSG00000018770 | 18004 | 1331 13448 | 2291 18271 996 15327 1271
Atp50 ENSMUSG00000022956 | 14204 | 841 11103 | 1882 13615 536 12332 665
Bcat2 ENSMUSG00000030826 | 1208 96 917 126 1160 104 1012 77
Cars2 ENSMUSG00000056228 | 540 40 408 58 563 48 458 53
Clpp ENSMUSG00000002660 | 608 48 457 72 598 7 499 95
Clpx ENSMUSG00000015357 | 2210 180 1776 257 2247 186 1932 167
Cluh ENSMUSG00000020741 | 5745 385 4121 818 6093 799 5032 263
Cog10a ENSMUSG00000039914 | 3593 171 2600 450 3601 150 3083 271
Cog2 ENSMUSG00000029319 | 1358 71 1066 109 1353 65 1154 62
Coq7 ENSMUSG00000030652 | 1122 100 786 155 1106 99 884 88
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Cog8a ENSMUSG00000026489 | 8867 811 6241 1021 9606 1491 7168 332
Coq9 ENSMUSG00000031782 | 6190 445 4627 906 6154 410 5544 503
Cox4il ENSMUSG00000031818 | 22284 | 812 17754 | 1611 22070 1141 19696 1055
Cox5a ENSMUSG00000000088 | 11595 | 608 8951 1587 11127 414 10060 740
Cox5b ENSMUSG00000061518 | 10424 | 672 8385 1343 10221 301 9039 577
Cox7al ENSMUSG00000074218 | 8954 697 6119 1540 8610 451 7040 827
Cox8b ENSMUSG00000025488 | 6504 621 4961 1023 6394 477 5556 903
Cs ENSMUSG00000005683 | 24899 | 2214 17482 | 3393 24790 1691 20831 1885
Decrl ENSMUSG00000028223 | 8479 863 5924 1566 7835 344 6512 520
Diablo ENSMUSG00000029433 | 1178 83 980 91 1146 35 1105 48
Dlst ENSMUSG00000004789 | 11654 | 750 8617 1895 11270 555 10153 788
Echsl ENSMUSG00000025465 | 4828 268 3779 465 4896 284 4167 357
Etfa ENSMUSG00000032314 | 11167 | 800 7804 1484 10775 533 8929 812
Etfb ENSMUSG00000004610 | 8827 431 6069 1637 8450 419 6927 725
Etfdh ENSMUSG00000027809 | 13588 | 811 9757 2314 12812 772 10703 771
Fhl ENSMUSG00000026526 | 7500 576 5659 1050 7018 180 6388 586
Fmcl ENSMUSG00000019689 | 622 55 458 87 580 55 484 71
Gfml ENSMUSG00000027774 | 4053 240 3035 442 3973 430 3372 259
Gfm2 ENSMUSG00000021666 | 1266 144 1001 118 1229 127 1128 100
Got2 ENSMUSG00000031672 | 15403 | 947 11510 | 1822 15607 1320 13207 1045
Gpd2 ENSMUSG00000026827 | 401 24 334 32 392 48 398 25
Hcces ENSMUSG00000031352 | 997 84 858 98 1041 148 890 60
lars2 ENSMUSG00000026618 | 2409 99 1873 136 2398 100 2171 120
Idh2 ENSMUSG00000030541 | 25832 | 1566 18548 | 3665 26906 2049 21457 2197
Idh3a ENSMUSG00000032279 | 10211 | 1028 7707 867 10029 629 8753 799
Idh3b ENSMUSG00000027406 | 11455 | 1144 8621 1973 11227 459 9312 738
Idh3g ENSMUSG00000002010 | 6376 459 4785 580 6418 422 4954 479
Immt ENSMUSG00000052337 | 11137 | 723 8672 1433 10924 555 9873 547
Lonpl ENSMUSG00000041168 | 2317 80 2025 163 2376 150 2252 87
Malsul ENSMUSG00000029815 | 281 28 208 15 260 23 236 30
Mars2 ENSMUSG00000046994 | 370 47 284 34 364 34 304 25
Mcub ENSMUSG00000027994 | 41 14 77 15 37 4 50 10
Mdh2 ENSMUSG00000019179 | 16876 | 703 12970 | 2129 16369 1034 14499 734
Me3 ENSMUSG00000030621 | 1244 36 938 86 1271 81 1046 52
Mfnl ENSMUSG00000027668 | 8217 628 6382 1129 8242 170 7059 753
Mfn2 ENSMUSG00000029020 | 15414 | 955 11184 | 2042 15810 1644 13241 705
Mgmel ENSMUSG00000027424 | 350 28 255 46 337 12 267 30
Migal ENSMUSG00000054942 | 412 61 323 8 409 40 383 35
Mipep ENSMUSG00000021993 | 1364 63 983 167 1394 126 1103 71
Mpv17 ENSMUSG00000107283 | 1098 32 873 90 1118 80 934 104
Mrpl14 ENSMUSG00000023939 | 682 54 516 77 739 35 586 87
Mrpl16 ENSMUSG00000024683 | 961 36 784 75 930 52 848 97
Mrpl28 ENSMUSG00000024181 | 1210 39 882 132 1171 81 1020 121
Mrpl37 ENSMUSG00000028622 | 1184 43 904 135 1161 34 1046 74
Mrpl38 ENSMUSG00000020775 | 704 31 534 72 674 41 611 58
Mrpl39 ENSMUSG00000022889 | 1365 91 1053 180 1335 40 1087 56
Mrpl4 ENSMUSG00000003299 | 1028 38 792 138 1029 93 915 137
Mrpl45 ENSMUSG00000018882 | 1187 97 837 153 1100 58 1043 54
Mrps26 ENSMUSG00000037740 | 355 39 258 24 351 18 326 26
Mrps35 ENSMUSG00000040112 | 1312 76 991 219 1236 59 1132 63
Mrps6 ENSMUSG00000039680 | 361 20 285 16 354 19 300 4
mt-Nd2 ENSMUSG00000064345 | 563587 | 132806 | 437281 | 99302 | 600917 101879 | 466929 126476
mt-Nd5 ENSMUSG00000064367 | 810634 | 162252 | 639879 | 106231 | 854483 106054 | 682450 132819
mt-Rnr2 ENSMUSG00000064339 | 356240 | 61989 | 247940 | 69255 | 362883 53161 | 276407 38517
Mtfpl ENSMUSG00000004748 | 1636 82 1103 322 1626 114 1320 90
Mtfril ENSMUSG00000046671 | 2563 65 2169 189 2622 122 2390 105
Mtg2 ENSMUSG00000039069 | 366 31 275 26 387 9 312 16
Mtol ENSMUSG00000032342 | 481 27 368 46 450 40 405 41
Nadk2 ENSMUSG00000022253 | 1247 102 792 168 1254 222 893 160
Ndufal0 ENSMUSG00000026260 | 9566 706 7436 1132 9920 331 8450 886
Ndufa8 ENSMUSG00000026895 | 4878 294 3771 635 4757 148 4279 331
Ndufa9 ENSMUSG00000000399 | 9480 996 7084 1337 9287 369 7867 703
Ndufsl ENSMUSG00000025968 | 15975 | 1815 11734 | 2163 15650 1579 13236 1027
Ndufs2 ENSMUSG00000013593 | 16031 | 729 11634 | 1773 15858 991 13476 1336
Ndufs3 ENSMUSG00000005510 | 6047 349 4620 872 5917 121 5197 447
Ndufs7 ENSMUSG00000020153 | 3525 187 2485 513 3595 317 2923 370
Ndufvl ENSMUSG00000037916 | 9773 762 6974 1216 9669 615 8148 626
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Ogdh ENSMUSG00000020456 | 39640 | 2492 29734 | 4328 41635 5116 35518 902
Opal ENSMUSG00000038084 | 5644 514 4210 706 5735 550 5001 562
Oxall ENSMUSG00000000959 | 1341 57 1036 150 1356 195 1142 95
Oxctl ENSMUSG00000022186 | 26538 | 1570 20521 2412 25456 2358 23051 1272
Oxsm ENSMUSG00000021786 | 592 47 470 26 633 71 520 20
Pdf ENSMUSG00000078931 | 565 42 418 72 575 29 492 19
Pdhal ENSMUSG00000031299 | 24973 | 2883 19882 1983 24844 2183 21298 1610
Pdk2 ENSMUSG00000038967 | 7045 426 4922 991 7351 661 5815 537
Pdk3 ENSMUSG00000035232 | 44 14 83 17 53 21 69 7
Pdpl ENSMUSG00000049225 | 1052 157 827 97 1038 87 873 99
Pdp2 ENSMUSG00000048371 | 822 182 433 87 839 116 560 111
Pdpr ENSMUSG00000033624 | 2409 176 1771 254 2523 330 2118 147
Pmpca ENSMUSG00000026926 | 2809 172 2292 228 2800 157 2538 100
Sdha ENSMUSG00000021577 | 26565 | 1713 17836 2991 26775 2129 20539 1624
Sdhb ENSMUSG00000009863 | 12188 | 749 9065 1722 11819 503 9978 990
Sdhc ENSMUSG00000058076 | 7127 66 5010 729 7101 434 5730 395
Sfxn3 ENSMUSG00000025212 | 216 19 310 29 224 5 272 31
Slc25a11 ENSMUSG00000014606 | 8077 561 5928 1242 7992 341 6986 662
Slc25a12 ENSMUSG00000027010 | 4184 351 2893 395 4194 379 3611 151
Slc25a13 ENSMUSG00000015112 | 2989 324 2199 145 3029 276 2574 268
Slc25a20 ENSMUSG00000032602 | 3086 349 2262 477 3063 140 2521 210
Slc25a22 ENSMUSG00000019082 | 545 113 458 107 575 57 418 70
Slc25a24 ENSMUSG00000040322 | 184 16 278 63 197 22 246 35
Slc25a3 ENSMUSG00000061904 | 25015 | 1211 18063 2479 25124 1400 20806 1485
Sod2 ENSMUSG00000006818 | 12266 | 831 8665 1885 11982 506 9979 664
Suclgl ENSMUSG00000052738 | 6364 514 4599 1021 6012 279 5327 363
Suclg2 ENSMUSG00000061838 | 4105 321 2961 428 4037 119 3294 228
Tars2 ENSMUSG00000028107 | 667 59 489 66 606 23 549 66
Tcaim ENSMUSG00000046603 | 1091 140 752 164 1078 129 865 134
Tufm ENSMUSG00000073838 | 3132 215 2311 479 3147 191 2714 265
Twnk ENSMUSG00000025209 | 604 21 452 67 607 59 505 23
Ucp3 ENSMUSG00000032942 | 1264 355 659 227 1281 331 698 271
Ugccl ENSMUSG00000005882 | 3454 270 2476 553 3363 150 2909 228
Ugcrcl ENSMUSG00000025651 | 15130 | 710 10190 | 2080 15168 907 12233 1293
Uqgcrfsl ENSMUSG00000038462 | 13197 | 914 10056 1838 12772 692 11183 890
Vdacl ENSMUSG00000020402 | 17517 | 801 13326 1578 17010 633 14751 342
Vdac3 ENSMUSG00000008892 | 6247 446 4930 675 5939 119 5490 330
Structural

Actal ENSMUSG00000031972 | 6773 1395 24772 10833 | 8570 3863 28601 14894
Actb ENSMUSG00000029580 | 7471 1804 10178 1677 7763 1384 9365 1200
Actgl ENSMUSG00000062825 | 6824 1047 8916 1194 7413 1015 8405 1266
Actg2 ENSMUSG00000059430 | 11 6 37 14 12 6 20 12
Actnl ENSMUSG00000015143 | 522 79 925 273 524 61 761 132
Actn4 ENSMUSG00000054808 | 2213 272 2742 211 2012 203 2417 171
Actr2 ENSMUSG00000020152 | 2099 200 2493 267 2101 71 2352 201
Actr3 ENSMUSG00000026341 | 2536 120 3001 264 2399 43 2908 199
Agrn ENSMUSG00000041936 | 958 125 1295 154 947 79 1136 70
Aifl ENSMUSG00000024397 | 63 12 133 73 51 11 95 13
Ank2 ENSMUSG00000032826 | 3236 377 2426 262 3245 406 2934 430
Ankrdl ENSMUSG00000024803 | 20150 | 6483 57246 17002 | 19310 6244 49450 10874
Ankrd23 ENSMUSG00000067653 | 8223 1670 13521 3447 9104 579 14731 4085
Anksl ENSMUSG00000024219 | 1418 123 1011 201 1347 177 1118 141
Anin ENSMUSG00000036777 | 56 22 225 55 56 7 174 50
Arpclb ENSMUSG00000029622 | 814 81 1186 179 737 113 1071 150
Arpc2 ENSMUSG00000006304 | 2337 43 2757 185 2338 47 2652 121
Arpc3 ENSMUSG00000029465 | 1134 39 1490 168 1115 115 1392 88
Arpc5 ENSMUSG00000008475 | 864 45 1233 156 871 66 1121 40
Arpin ENSMUSG00000039043 | 239 19 299 19 258 25 280 26
Caldl ENSMUSG00000029761 | 1649 323 2616 191 1624 256 2205 422
Capg ENSMUSG00000056737 | 183 29 364 36 182 36 328 70
Capzal ENSMUSG00000070372 | 1251 78 1608 138 1166 148 1428 124
Cfl1 ENSMUSG00000056201 | 2052 87 2670 304 1872 236 2490 204
Cilp ENSMUSG00000042254 | 294 76 3092 3273 401 134 2249 1515
Ckap2 ENSMUSG00000037725 | 33 16 131 46 25 5 95 45
Ckap2l ENSMUSG00000048327 | 30 10 123 39 25 8 110 29
Ckap4 ENSMUSG00000046841 | 756 159 1094 75 815 103 1104 165
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Cnnl ENSMUSG00000001349 | 37 23 130 75 42 17 53 24
Cnn2 ENSMUSG00000004665 | 793 93 1039 52 856 80 1002 98
Cnn3 ENSMUSG00000053931 | 1009 125 1438 123 955 121 1319 119
Corola ENSMUSG00000030707 | 175 29 270 73 171 24 228 26
Corolb ENSMUSG00000024835 | 688 47 858 53 695 47 802 76
Cotll ENSMUSG00000031827 | 234 40 369 66 208 50 335 22
Csrpl ENSMUSG00000026421 | 868 80 1281 109 889 121 1075 145
Csrp2 ENSMUSG00000020186 | 180 37 542 354 165 20 315 127
Cttn ENSMUSG00000031078 | 793 94 1056 113 811 56 962 95
Dbnl ENSMUSG00000034675 | 170 35 385 71 169 25 330 74
Dbnl ENSMUSG00000020476 | 472 46 575 30 501 31 573 37
Emilinl ENSMUSG00000029163 | 473 106 835 204 519 28 812 91
EmI2 ENSMUSG00000040811 | 379 40 285 35 408 44 337 30
EmI5 ENSMUSG00000051166 | 129 41 106 30 156 42 80 35
Enah ENSMUSG00000022995 | 2820 352 4077 860 3138 213 4243 467
Fscnl ENSMUSG00000029581 | 817 47 1186 92 831 115 1140 241
Ift122 ENSMUSG00000030323 | 278 32 496 94 309 39 488 78
Ift81 ENSMUSG00000029469 | 1002 129 666 78 994 49 708 78
Jptl ENSMUSG00000020737 | 841 76 987 49 790 37 1002 107
Jpt2 ENSMUSG00000024165 | 169 19 197 35 141 33 226 44
Map10 ENSMUSG00000050930 | 149 21 98 15 151 17 112 10
Maplb ENSMUSG00000052727 | 582 102 873 51 444 82 777 113
Mapllc3a ENSMUSG00000027602 | 4603 222 3864 305 4713 378 4049 447
Map6 ENSMUSG00000055407 | 108 31 142 36 87 9 129 34
Maprel ENSMUSG00000027479 | 1639 151 1876 92 1651 91 1859 64
Msn ENSMUSG00000031207 | 4381 327 6174 266 4286 400 5734 498
Mybpc2 ENSMUSG00000038670 | 292 36 901 354 321 110 773 309
Myh10 ENSMUSG00000020900 | 964 132 1462 186 988 96 1366 213
Myh14 ENSMUSG00000030739 | 1825 190 1436 214 1992 381 1613 123
Myh6 ENSMUSG00000040752 | 416670 | 31586 | 295124 | 67491 | 432469 60382 | 365274 31724
Myh7 ENSMUSG00000053093 | 1672 510 20844 | 27743 | 2490 1006 11438 8811
Myh9 ENSMUSG00000022443 | 4467 917 6229 813 4465 679 5733 609
Myll ENSMUSG00000061816 | 777 84 1354 639 674 113 1186 282
Myl6 ENSMUSG00000090841 | 3039 174 4606 743 2959 365 4098 492
MyI9 ENSMUSG00000067818 | 507 113 744 105 504 152 536 41
Mylip ENSMUSG00000038175 | 408 59 322 55 361 21 336 42
Myolc ENSMUSG00000017774 | 2939 140 3445 280 2807 136 3414 203
Myold ENSMUSG00000035441 | 367 44 489 47 360 56 474 39
Myole ENSMUSG00000032220 | 382 52 541 82 377 40 487 59
Myolf ENSMUSG00000024300 | 97 11 170 34 88 10 163 43
Myolg ENSMUSG00000020437 | 50 9 89 21 55 12 90 33
Myo5a ENSMUSG00000034593 | 359 55 615 165 371 102 518 152
Myo5c ENSMUSG00000033590 | 102 18 90 31 150 35 66 21
Myof ENSMUSG00000048612 | 346 89 640 167 312 56 541 78
Nes ENSMUSG00000004891 | 1779 216 2677 688 1621 280 2378 347
Pfnl ENSMUSG00000018293 | 2349 50 2712 75 2362 104 2642 191
Sgcb ENSMUSG00000029156 | 2725 146 2351 41 2817 190 2512 150
Sgce ENSMUSG00000004631 | 294 28 387 53 287 38 342 18
Smarcd1 ENSMUSG00000023018 | 561 16 444 69 610 82 467 65
Sntb2 ENSMUSG00000041308 | 632 76 913 145 638 68 853 99
Sptb ENSMUSG00000021061 | 3814 253 2892 391 4015 448 3358 226
Tagln ENSMUSG00000032085 | 483 160 931 216 458 122 542 128
Tagln2 ENSMUSG00000026547 | 1222 205 1863 181 1131 206 1710 250
Tcap ENSMUSG00000007877 | 15023 | 5676 9524 3481 11808 3513 10365 2562
Tinl ENSMUSG00000028465 | 3433 355 4129 304 3528 301 4361 274
Tmodl ENSMUSG00000028328 | 6866 511 5456 542 6671 424 6180 413
Tmod4 ENSMUSG00000005628 | 378 37 254 60 361 43 317 59
Tnni3 ENSMUSG00000035458 | 63108 | 4479 42722 | 10485 | 61514 1321 48873 5226
Tnnt2 ENSMUSG00000026414 | 110161 | 8926 87055 | 9068 105408 3834 92241 8335
Tnnt3 ENSMUSG00000061723 | 6 2 29 39 5 3 17 17
Tpm2 ENSMUSG00000028464 | 338 60 565 58 358 58 477 79
Tpm3 ENSMUSG00000027940 | 1515 192 2133 211 1390 166 1854 103
Tpm4 ENSMUSG00000031799 | 3181 181 4770 635 3020 369 4360 322
Ttll1 ENSMUSG00000022442 | 921 104 531 110 965 54 680 86
Tubala ENSMUSG00000072235 | 1839 223 2349 176 1762 189 2229 379
Tubb2a ENSMUSG00000058672 | 572 55 703 94 505 25 707 148
Tubb2b ENSMUSG00000045136 | 49 15 127 28 62 34 105 43
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Tubb5 ENSMUSG00000001525 | 1852 114 2383 316 1680 188 2353 298
Tubb6 ENSMUSG00000001473 | 337 29 445 93 318 39 459 50
Vim ENSMUSG00000026728 | 3763 407 7380 1381 3521 520 6206 983
Was ENSMUSG00000031165 | 34 9 71 17 40 6 48 12
Whrn ENSMUSG00000039137 | 481 110 307 100 542 79 382 97
Wipfl ENSMUSG00000075284 | 572 54 783 47 562 70 635 43
Wispl ENSMUSG00000005124 | 27 8 174 241 30 12 82 66
Xirp2 ENSMUSG00000027022 | 23026 | 1933 46990 | 12463 | 24085 3291 47862 16560
Zyx ENSMUSG00000029860 | 896 129 1214 76 876 143 1120 93

Supplementary Table S10. Body weights of adult mice.

P values are for body weight after

treatment with angiotensin 11 (Angll) for 7 d relative to baseline body weight (2-way ANOVA with
Holm-Sidak’s post-test) or for PKN2Het mice relative to wild-type (WT) mice at 42 weeks (t test).
There were no significant differences between WT and PKN2Het mice at 12 weeks.

12 weeks Baseline body weight (g) Body weight after 7 d Angll (g) P value

Mean SEM n Mean SEM n
WT/Vehicle 28.18 0.75 5 28.24 0.72 5 P=0.071
PKN2Het/Vehicle | 28.25 0.69 8 27.80 0.80 7 P<0.001
WT/Angll 28.96 0.72 5 28.74 0.56 5 P=0.6235
PKN2/Angll 29.42 0.76 8 28.47 0.72 7 P=0.1847
42 weeks WT PKN2Het

Mean SEM n Mean SEM n

35.10 1.40 8 37.24 0.67 11 p=0.151

Supplementary Table S11. gPCR primers.

Gene Sense Primer (5°—3°) Antisense Primer (5°—3’)
Gapdh TCACCACCATGGAGAAGGC GCTAAGCAGTTGGTGGTGCA
Myh7 CATGCCAACCGTATGGCTG GTTCCACGATGGCGATGTTC
Nppa GATGGATTTCAAGAACCTGCTAGA CTTCCTCAGTCTGCTCACTCA
Nppb TCCAGCAGAGACCTCAAAATTC CAGTGCGTTACAGCCCAAA
Tagln GACTGCACTTCTCGGCTCAT CCGAAGCTACTCTCCTTCCA
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Raf kinases signal via extracellular signal-regulated kinases 1/2 (ERK1/2) to drive cell divi-
sion. Since activating mutations in BRAF (B-Raf proto-oncogene, serine/threonine kinase)
are highly oncogenic, BRAF inhibitors including dabrafenib have been developed for can-
cer. Inhibitors of ERK1/2 signalling used for cancer are cardiotoxic in some patients, raising
the question of whether dabrafenib is cardiotoxic. In the heart, ERK1/2 signalling promotes
not only cardiomyocyte hypertrophy and is cardioprotective but also promotes fibrosis. Our
hypothesis is that ERK1/2 signalling is not required in a non-stressed heart but is required
for cardiac remodelling. Thus, dabrafenib may affect the heart in the context of, for exam-
ple, hypertension. In experiments with cardiomyocytes, cardiac fibroblasts and perfused rat
hearts, dabrafenib inhibited ERK1/2 signalling. We assessed the effects of dabrafenib (3
mg/kg/d) on male C57BL/6J mouse hearts in vivo. Dabrafenib alone had no overt effects
on cardiac function/dimensions (assessed by echocardiography) or cardiac architecture. In
mice treated with 0.8 mg/kg/d angiotensin Il (Angll) to induce hypertension, dabrafenib in-
hibited ERK1/2 signalling and suppressed cardiac hypertrophy in both acute (up to 7 d) and
chronic (28 d) settings, preserving ejection fraction. At the cellular level, dabrafenib inhibited
Angll-induced cardiomyocyte hypertrophy, reduced expression of hypertrophic gene mark-
ers and almost completely eliminated the increase in cardiac fibrosis both in interstitial and
perivascular regions. Dabrafenib is not overtly cardiotoxic. Moreover, it inhibits maladaptive
hypertrophy resulting from Angll-induced hypertension. Thus, Raf is a potential therapeutic
target for hypertensive heart disease and drugs such as dabrafenib, developed for cancer,
may be used for this purpose.

Introduction

The extracellular signal-regulated kinase 1/2 (ERK1/2) cascade promotes cell cycle entry and cell divi-
sion in proliferating cells [1]. In the heart, ERK1/2 signalling promotes cardiomyocyte hypertrophy and,
independently of this, is generally cardioprotective [2,3]. Activation of ERK1/2 requires phosphorylation
by mitogen-activated protein kinase kinases 1/2 (MKK1/2), which are phosphorylated/activated by the
upstream Raf kinases (ARAF, BRAF, RAF1) or (in inflammation) Cot/Tpl2 [4,5]. Activation of Raf ki-
nases requires interaction with activated, GTP-bound Ras, which brings the enzyme to the membrane
for activation by phosphorylation [4]. Raf kinases operate as homo- or heterodimers. They also require
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phosphorylation of specific residues to increase activity (e.g. Ser338/Ser341 in human RAF1) plus dephosphorylation
of other residues to permit activation (e.g. Ser43 in human RAF1).

Mutations that activate ERK1/2 signalling cause cancer. Activating mutations in BRAF are particularly prevalent,
being associated with ~30% of all cancers and ~60% of melanomas [6,7]. As such, efficacious BRAF inhibitors (e.g.
dabrafenib [8]) have been developed for clinical use. Whilst these inhibitors were designed to target oncogenic BRAF,
they also inhibit wild-type Raf kinases, and dabrafenib has ICs, values of 5.2 and 6.3 nM for BRAF and RAF1, respec-
tively [8]. The first generation of drugs to be developed are competitive inhibitors acting at the ATP-binding site (i.e.
Type 1 or Type 1.5 inhibitors), and these can lock the enzyme in an active conformation. This led to the discovery
of the ‘Raf paradox’ [9], where non-saturating concentrations of drugs can activate ERK1/2 signalling rather than
inhibit the pathway. However, not all Raf inhibitors have paradox-inducing abilities, and little is known about their
effects in ‘normal’ cardiac cells, so it is difficult to predict how Raf inhibitors such as dabrafenib affect the heart.

Hypertensive heart disease is a major cause of morbidity and mortality worldwide [10]. Elevated blood pressure in-
duces an initial adaptive response allowing the heart to maintain cardiac output resulting from an increased workload
[11]. Terminally differentiated contractile cardiomyocytes become hypertrophied (increase in size), with increases in
and adaptation of the myofibrillar apparatus. Over time, however, this adaptative response is unsustainable and con-
tractile function becomes compromised, leading to heart failure. At a cellular level, the switch to failure includes
increased cardiomyocyte cell death [12], myocardial inflammation and increased deposition of fibrotic material [13].
While strategies exist to combat elevated blood pressure (e.g. angiotensin-converting enzyme inhibitors [14]), strate-
gies to reduce cardiomyocyte cell death, improve cardiac contractility and reduce fibrosis are urgently needed to treat
hypertensive heart failure [15].

ARAF, BRAF and RAF1 are all expressed in human and murine hearts [16]. In cultured rodent car-
diomyocytes, RAF1 and ARAF are activated by hypertrophic stimuli such as endothelin-1 [17,18]. Mice with
cardiomyocyte-specific expression of a dominant-negative form of RAF1 and subjected to cardiac pressure-overload
exhibit increased cardiomyocyte apoptosis resulting in enhanced cardiomyopathy [19,20], consistent with reduced
cardioprotection. The role of BRAF in these processes is even less well understood. Here, we investigated the effects
of dabrafenib (a Type 1.5 Raf inhibitor) on the heart to determine whether it is likely to be cardiotoxic in hyperten-
sion, or if it may protect against hypertensive heart disease. We established that: (1) Raf paradox signalling induced
by dabrafenib in cardiac cells is limited; (2) dabrafenib inhibits ERK1/2 activity in isolated cardiac cells, in ex vivo
perfused adult rat hearts and in a murine model of hypertension induced by angiotensin II (AngII); and (3), inhibi-
tion of Raf kinases with dabrafenib reduced cardiomyocyte hypertrophy, cardiac inflammation and cardiac fibrosis
induced by AnglI in both acute (7 d) and chronic (28 d) treatment conditions. Thus, dabrafenib and, possibly, other
Raf kinase inhibitors may be therapeutically useful for treating hypertensive heart disease.

Materials and methods

Ethical statement for animal experiments

Procedures were performed in accordance with the European Parliament Directive 2010/63/EU on the protection of
animals used for scientific purposes, with local institutional animal care committee procedures (University of Read-
ing) and the UK. Animals (Scientific Procedures) Act 1986. C57Bl/6] mice, Sprague-Dawley rats and Alzet osmotic
minipumps were from Charles River U.K. Details of animal housing, husbandry and welfare are provided in [21].

In vivo mouse studies
Wild-type male (7 wk) C57Bl/6] mice were imported into the BioResource Unit at University of Reading and allowed
to acclimatize for 2 weeks before experimentation. Mice were randomly allocated to each treatment group; body
weights are provided in Supplementary Table S1. Drug delivery used Alzet osmotic pumps (models 1007D or 1004),
filled according to the manufacturer’s instructions. Mice received minipumps for delivery of 0.8 mg/kg/d angiotensin
II (Angll; Merck) or vehicle (acidified PBS) without/with DMSO/PEG mix [50% (v/v) dimethyl sulphoxide (DMSO),
20% (v/v) polyethylene glycol 400, 5% (v/v) propylene glycol, 0.5% (v/v) Tween 80] or 3 mg/kg/d dabrafenib (Sel-
leck Chemicals) dissolved in DMSO/PEG mix. Separate minipumps were used for Angll and dabrafenib delivery.
Minipumps were incubated overnight in sterile PBS (37°C), then implanted subcutaneously under continuous in-
halation anaesthesia using isoflurane (induction at 5%, maintenance at 2-2.5%) mixed with 2 I/min O,, as previously
described [22].

Echocardiography was performed with a Vevo 2100 imaging system using a MS400 18-38 MHz transducer (Vi-
sualsonics) as previously described [22]. Left ventricular cardiac dimensions were assessed from short axis M-mode
images with the axis placed at the mid-level of the left ventricle at the level of the papillary muscles. Cardiac function
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for acute treatments (up to 7 d) was assessed from these images on the basis that the stresses on the hearts are likely
to be relatively uniform resulting in minimal deformation of the heart. Thus, the algorithms used are appropriate
for comparative data. Data analysis was performed using VevoLAB software (Visualsonics) by independent assessors
blinded to intervention. Data were gathered from two M-mode scans at each time point, taking mean values across at
least three cardiac cycles for each echocardiogram. The diameter of the aorta was measured with the calliper function
from B-mode images at the end of cardiac systole (with the aorta at its widest) and following aortic contraction, taking
an average of measurements across three cardiac cycles. Cardiac function and global longitudinal strain were mea-
sured in studies with 28 d treatments from B-mode long axis images using Vevo Strain software for speckle tracking.
Global circumferential strain was measured using B-mode short axis images.

Mice were killed by CO; inhalation followed by cervical dislocation. Hearts were excised quickly, washed in PBS,
blotted to remove excess PBS and snap-frozen in liquid N, or fixed in 10% buffered formalin for histology.

Histology and assessment of myocyte size and fibrosis

Histological staining and analysis were performed as previously described [22], assessing general morphology by
haematoxylin and eosin (H&E) and fibrosis by Masson’s trichrome and picrosirius red (PSR). Sections for the study
of the effects of dabrafenib on Angll-induced cardiac pathology over 28 d were prepared and stained by HistologiX
Limited. Analysis was performed by independent assessors blinded to treatment groups.

Adult rat heart perfusions

Adult male (300-350 g) Sprague-Dawley rats were used for heart perfusions. Hearts were prepared and perfused in the
Langendorff mode as described in [21]. Hearts were perfused for 15 min with Krebs-Henseleit bicarbonate-buffered
saline (25 mM NaHCOs3, 119 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl,, 1.2 mM MgSOy, 1.2 mM KH,POy, pH 7.4,
containing 10 mM glucose and equilibrated with 95% O,/5% CO,) without or with dabrafenib (5 uM) or trametinib
(1 uM). Dabrafenib and trametinib were from Selleck Chemicals. Perfusions were continued for 10 min without/with
addition of human FGF2 (0.5 ug/ml; Cell Guidance Systems Ltd., U.K.). Hearts were ‘freeze-clamped’ between alu-
minium tongs cooled in liquid nitrogen and pulverized under liquid N,. Heart powders were stored at —80°C.

Cell cultures

Neonatal rat cardiomyocytes were prepared and cultured from 2 to 4 d Sprague-Dawley rats as described previously
[23]. Human cardiac fibroblasts (PromoCell) were grown in Fibroblast growth medium-3 (FGM3, PromoCell). Fi-
broblasts were seeded the day before experimentation (at a density to achieve 90% confluence after 24 h) and syn-
chronized overnight in M199 medium containing 0.1% (v/v) foetal calf serum and 100 U/ml penicillin and strep-
tomycin. Cells were exposed to the concentrations of dabrafenib and for the times indicated prior to harvesting for
immunoblotting.

RNA preparation and qPCR

Total RNA was prepared using RNA Bee (AMS Biotechnology Ltd) with 1 ml per 4 x 10° cardiomyocytes or 10-15
mg mouse heart powder as previously published [23]. Quantitative PCR (qPCR) was performed as previously de-
scribed [23], using primers from Invitrogen by Thermo Fisher Scientific. Details of primer sequences are provided in
Supplementary Table S2. Gapdh was the reference gene for the study, with relative quantification obtained using the
ACt (threshold cycle) method; relative expression was calculated as 2~ and normalized to vehicle.

Sample preparation and immunoblotting

Cells and heart powders were prepared for immunoblotting as published [22], with protein concentrations for equal
loading determined by BioRad Bradford assay using bovine serum albumin standards. Proteins were separated by
SDS-PAGE on 10% (w/v) polyacrylamide resolving gels with 6% stacking gels and transferred electrophoretically to
nitrocellulose using a BioRad semi-dry transfer cell (10 V, 60 min) as described [23]. Proteins were detected using an-
tibodies (1/1000 dilution) to phosphorylated or total ERK1/2 (Cell Signaling Technologies; Cat. Nos. 4377 and 4695,
respectively) or Gapdh (Cell Signaling Technologies: Cat. No. 2118). Bands were detected by enhanced chemilumi-
nescence using ECL Prime Western Blotting detection reagents with visualization using an ImageQuant LAS4000
system (GE Healthcare). ImageQuant TL 8.1 software (GE Healthcare) was used for densitometric analysis of the
bands.
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Image processing
Images were cropped and reorientated for presentation using Photoshop CC then resized in Adobe Illustrator, main-
taining the original proportions and using the same resizing factor for all images within a Figure.

Statistical analysis

Data analysis was performed using Microsoft Excel and GraphPad Prism. Statistical analysis was performed using
GraphPad Prism with two-tailed unpaired ¢ tests, two-tailed one-way ANOVA or two-tailed two-way ANOVA as
indicated. A multiple comparison test was used in combination with ANOVA as indicated in the figure legends.
Graphs were plotted with GraphPad Prism 9.0.

Results
Dabrafenib inhibits ERK1/2 signalling in cardiac cells and perfused aduit

rat hearts

Dabrafenib is a Type 1.5 Raf inhibitor that can activate (rather than inhibit) ERK1/2 signalling via the ‘Raf paradox’
in some cancer cells [9]. We first assessed if dabrafenib activates Raf signalling in primary cardiac cells (neonatal rat
cardiomyocytes; human cardiac fibroblasts) in vitro. In cardiomyocytes, 10 uM dabrafenib inhibited basal ERK1/2
phosphorylation (i.e. activation), with maximal inhibition at ~20 min (Figure 1A). Inhibition was sustained to ~40
min, but by 60 min the inhibitory effect was lost. This may be due to compensatory mechanisms or drug instability in
the conditions used. The concentration-dependency of the response was assessed at 20 min. ERK1/2 phosphorylation
was inhibited by 10 pM dabrafenib in both cell types (Figure 1B,C), with limited effects (activating or inhibitory) at
lower doses. We next determined if dabrafenib affects ERK1/2 signalling in intact Langendorff perfused adult male
rat hearts, comparing dabrafenib with trametinib, a MKK1/2 inhibitor [24]. Dabrafenib (5 pM) and trametinib (1
puM) each inhibited basal ERK1/2 phosphorylation (Figure 1D) and agonist-induced activation of ERK1/2 in hearts
perfused with FGF2 (Figure 1E). In conclusion, dabrafenib has limited ability to induce Raf paradox signalling in
primary cardiac cells, but inhibits at higher concentrations.

Dabrafenib alone does not significantly affect cardiac function,

dimensions or architecture in vivo

Since ERK1/2 pathway modulators can cause adverse cardiac events in cancer patients [25], and our data suggest that
it inhibits basal ERK1/2 signalling in the heart (Figure 1), we next assessed whether dabrafenib alone has any cardiac
effects at baseline in animals in vivo. In cancer patients, the recommended dose of dabrafenib is 150 mg, twice daily
[26]. With a body weight of 60-100 kg, the dosage would be 3-5 mg/kg/d. We selected a dose at the lower end of
this spectrum and male C57Bl/6] mice were implanted with osmotic minipumps for delivery of vehicle or 3 mg/kg/d
dabrafenib. The effects on cardiac function/dimensions were assessed by echocardiography. This concentration of
dabrafenib had no significant effect on any cardiac parameter studied, whether associated with function (heart rate,
cardiac output, ejection fraction, fractional shortening) or dimensions [e.g. left ventricular (LV) wall thickness or
internal diameter] (Supplementary Figure S1A and Supplementary Table S3). Dabrafenib also had no effect on cardiac
architecture assessed using standard histological staining methods, or any significant effects on mRNA expression of
hypertrophic marker genes (Myh7, Nppaand Nppb) assessed by qPCR (Supplementary Figure S1B,C). These findings
provide further evidence that dabrafenib is not overtly cardiotoxic and has no immediate adverse cardiac effects in
unstressed hearts.

Dabrafenib inhibits acute hypertensive cardiac remodelling induced by

Angll in mice in vivo

Although our data with dabrafenib at baseline suggest Raf signalling is not required for maintenance of normal car-
diac function, this may be different in the hypertensive heart that undergoes remodelling to maintain function. We
therefore treated male C57Bl/6] mice with AnglI (0.8 mg/kg/d) to induce hypertension and remodelling as in [22], in
the absence or presence of 3 mg/kg/d dabrafenib, initially assessing the effects over 7 d. AnglI (24 h) increased cardiac
ERK1/2 phosphorylation (i.e. activity) with a significant increase in ERK2 phosphorylation, an effect that was absent
with dabrafenib (Figure 2A). We assessed the effects on cardiac dimensions and function at 3 and 7 d by echocardiog-
raphy (Figure 2B-D; Supplementary Table S3). Angll increased fractional shortening at 3 d, but this was normalized
by 7 d (Figure 2C). Dabrafenib inhibited these increases at 3 d, but enhanced the response at 7 d. AnglI also signif-
icantly increased diastolic and systolic LV wall thickness (WT) as early as 3 d, with decreased LV internal diameter

(©) 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
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Figure 1. Dabrafenib inhibits ERK1/2 signalling in the heart

Neonatal rat cardiomyocytes or human cardiac fibroblasts (as indicated) were exposed to 10 uM dabrafenib for the times indicated
(A), or to the indicated concentrations of dabrafenib for 20 min (B and C). Adult male rat hearts were perfused in Langendorff-mode
under basal conditions (D) or with 0.5 ng/ml FGF2 (E) without/with 5 uM dabrafenib (Dab) or 1 uM trametinib (Tram) as indicated.
Proteins (extracts from 0.2 x 10° cells for cardiomyocytes; 20 ug for fibroblasts; 40 ug for hearts) were immunoblotted for phos-
phorylated (phospho-) or total ERK1/2. Representative blots are shown in the upper panels with positions of relative molecular
mass markers on the right of each image. Densitometric analysis is provided in the lower panels. Results are provided as means +
SEM for n = 3 or 4 independent cell preparations of hearts as indicated. For (D and E), individual data points are also shown and in-
dividual hearts are labelled for direct comparison (C, control; D, dabrafenib; DF, Dab+FGF2; F, FGF2; T, trametinib; TF, Tram+FGF2).
Statistical analysis used one-way ANOVA with Holm-Sidak’s post-test. In (A and B), significance is given relative to samples with
no dabrafenib.
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Figure 2. Dabrafenib inhibits cardiac hypertrophy induced in mice in vivo by acute treatment with Angll

C57BL/6J male mice were treated with vehicle, 0.8 mg/kg/d Angll or 3 mg/kg/d dabrafenib (Dab) with Angll for up to 7 d. (A)
Mice were treated for 24 h. Total proteins were extracted from the hearts and 25 g immunoblotted for phosphorylated (phospho-)
ERK1/2, total ERK1/2 or Gapdh. Representative immunoblots are on the left with densitometric analysis on the right. (B) Cardiac
function and dimensions were assessed using echocardiography. Representative short axis M-mode echocardiograms are shown
at baseline and at 3 and 7 d post-treatment. Quantitative assessment of echocardiograms are provided for fractional shortening
(C) and diastolic cardiac dimensions (D). All echocardiography data are provided in Supplementary Table S3. LV, left ventricle; ID,
internal diameter; PW, posterior wall; WT, wall thickness (anterior wall + posterior wall). Quantification data are individual points
with means + SEM. Individual P values are shown (one-way ANOVA with Holm-Sidak’s post-test).

(ID), resulting in significant increase in the WT:ID ratio (Figure 2D). This is consistent with an early compensatory
hypertrophy associated with pressure-overload [27]. Dabrafenib significantly inhibited this response. The increase in
wall thickness induced by Angll was sustained through to 7 d, but the change in LVID started to normalize so the
WT:ID ratio was reduced relative to 3 d, suggesting that the heart was starting to adapt. Dabrafenib still inhibited the
increase in wall thickness induced by AnglI at 7 d and the WT:ID ratio remained stable.

To understand the effects of dabrafenib on AngII-induced changes in the heart, we undertook detailed assessment
of the changes in gene expression and architecture of the heart after 7 d treatment with AnglIl. Dabrafenib signifi-
cantly inhibited the increased cardiac mRNA expression of Nppa and Nppb induced by AngllI at 7 d (Figure 3A),
although it did not affect the increase in expression of Myh7. At a cellular level, AnglI increased cardiomyocyte hy-
pertrophy (with increased cross-sectional area) and cardiac fibrosis (Figure 3B-E). Dabrafenib significantly inhibited
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Figure 3. Dabrafenib reduces cardiac fibrosis induced in mice in vivo by acute treatment with Angll

C57BL/6J male mice were treated with vehicle, 0.8 mg/kg/d Angll or 3 mg/kg/d dabrafenib (Dab) with Angll for 7 d. (A) mRNA
expression of Nppa, Nppb and Myh7 in mouse hearts was assessed by qPCR. (B) Cardiomyocyte size was assessed using H&E
staining (B) with quantification provided in (E) (left panel). Cardiac fibrosis was assessed using trichrome (C) and picrosirius red (D),
with quantification provided in (E) (right panels). mRNA expression in mouse hearts of markers of fibrosis (F) or pro-inflammatory
cytokines or pro-fibrotic factors (G) was assessed by gPCR. Quantification data are individual points with means + SEM. Individual
P values are shown (one-way ANOVA with Holm-Sidak’s post-test).
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AnglI-induced cardiomyocyte hypertrophy (Figure 3B,E), and almost eliminated both perivascular and interstitial fi-
brosis (Figure 3C-E). These effects most likely account for the reduction in cardiac hypertrophy and enhanced func-
tion detected by echocardiography (Figure 2C,D; Supplementary Table S3). The increase in expression of mRNAs for
fibrosis-associated enzymes (Lox, Timp1) and extracellular matrix genes (Collal, Col4al, Fnl, Postn) induced by
AnglI were not significantly inhibited by dabrafenib, although there was a trend to a reduced expression (Figure 3F).
In contrast, dabrafenib significantly inhibited the increase in mRNAs encoding proinflammatory cytokines and profi-
brotic factors (Ctgf, IL6, IL1[3, Tnfe, IL11) induced by AnglI at 7 d (Figure 3G). This suggests that one mechanism
for the maintenance of cardiac function in dabrafenib-treated hypertensive mice is via reduced myocardial inflamma-
tion that potentially impacts on fibrosis and, subsequently, cardiomyocyte hypertrophy. Overall, these studies indicate
that dabrafenib moderates cardiac hypertrophy induced acutely by hypertension, with a predominant overall effect
on cardiac fibrosis.

Dabrafenib inhibits hypertensive cardiac remodelling in chronic

Angll-infused mice in vivo

Given that dabrafenib inhibited cardiac remodelling and fibrosis in hypertensive mice over 7 d, we next assessed if
the effects could be sustained over longer periods. Experiments were conducted in male C57Bl/6] mice treated with 3
mg/kg/d dabrafenib or vehicle in the presence/absence of AnglI (0.8 mg/kg/d) for 28 d. Dabrafenib alone had no ef-
fect on cardiac dimensions/function over this time (Supplementary Table S4). Treatment with AnglII for 28 d resulted
in increased LV wall thickness whilst maintaining a similar internal diameter (Figure 4A,B; Supplementary Table
S5). The increase in wall thickness was inhibited by dabrafenib. To gain insight into the effects on cardiac function,
we used echocardiography with 2D speckle-tracking strain analysis of long axis views of the heart. AnglI induced
clear systolic dysfunction with reduced ejection fraction and fractional shortening, and increased end systolic (not
diastolic) volume (Figure 4C). Though not statistically significant, this was associated with an increase in predicted
end diastolic left ventricular mass. Functional measurements were supported by strain data (Figure 4D,E; N.B. global
longitudinal and circumferential strain measurements are negative values). AnglI caused a reduction in global longi-
tudinal and radial strain (measured from the long axis), a result of reduced cardiac contractility. This was associated
with reduced global circumferential strain (measured from the short axis view). Dabrafenib had a normalizing effect
on all of these parameters. At the cellular level (Figure 5), as with acute hypertension studies (Figure 3), dabrafenib
inhibited the increase in cardiomyocyte cross-sectional area induced by AnglI, with a significant reduction in Nppb
mRNA expression, and in perivascular and interstitial fibrosis.

In addition to assessing the cardiac effects of dabrafenib on the response to AnglI, we examined the effects on the
aorta. AnglI (7 d) induced an increase in the medial wall thickness, associated with increased fibrosis (Figure 6A).
Dabrafenib reduced the degree of fibrosis, but did not suppress the increase in thickness of medial layer suggesting
that the overall response of the aorta to hypertensive pressures was retained. The internal diameter of the ascending
aorta was measured in ultrasound images, comparing the difference at the end of cardiac systole (when the aorta is
most distended) and following aortic contraction. There was no difference in the diameter of the aorta at the end of
cardiac systole between vehicle-treated mice and mice treated with AngII with or without dabrafenib over 7 d (Figure
6B). However, the diameter following aortic contraction was larger in mice treated with Angll, resulting in a smaller
ratio between the widest and narrowest measurements. This is consistent with reduced flexibility of the aortic wall. By
28 d, the aortae in mice treated with AnglI appeared substantially more rigid than those of either the vehicle-treated
mice or mice treated with dabrafenib and Angll, with little change in aortic diameter through the cardiac cycle (Figure
6C,D). Thus, dabrafenib may have additional benefits on the heart by preventing hypertension-induced deterioration
of the elasticity of the aorta.

Discussion

The importance of ERK1/2 signalling in promoting cardiomyocyte hypertrophy and cardioprotection has been
known for many years [2,3], but the role of ERK1/2 signalling in promoting cardiac fibrosis has emerged more recently
[28-30]. This raises the question of whether it is better to inhibit ERK1/2 and prevent fibrosis or if we should activate
ERK1/2 to increase cardioprotection and cardiomyocyte hypertrophy. Furthermore, would inhibiting ERK1/2 to pre-
vent fibrosis be detrimental to cardioprotection and hypertrophy, and vice versa? This dilemma is difficult to resolve
at the theoretical level and can only be addressed experimentally. Here, as outlined in the schematic in Figure 7, we
show that dabrafenib, a drug which targets the ERK1/2 cascade for cancer and inhibits Raf—ERK1/2 signalling in
the heart (Figures 1 and 2), may be useful to reduce cardiac fibrosis in hypertensive heart disease and, although there
is concomitant suppression of cardiomyocyte hypertrophy (potentially because of the reduced workload imposed by
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Figure 4. Dabrafenib inhibits changes in cardiac dimensions and function induced in mouse hearts by Angll over 28 dP
C57BL/6J male mice were treated with vehicle, 0.8 mg/kg/d Angll or 3 mg/kg/d dabrafenib with Angll (28 d). Cardiac function
and dimensions were assessed using echocardiography. (A) Representative short axis M-mode echocardiograms from animals at
baseline and with 28 d treatment. (B) Quantitative assessment of M-mode echocardiograms showing heart rate and dimensions;
AW, anterior wall; LV, left ventricle; ID, internal diameter. All echocardiography data are provided in Supplementary Table S5. (C)
Quantification of strain data for B-mode long axis views; EDV, end diastolic volume; EDLVM, end diastolic left ventricular mass;
EF, ejection fraction; ESV, end systolic volume; FS, fractional shortening. (D) Representative 3D images showing longitudinal and
radial strain assessed from long axis B-mode images. (E) Global longitudinal strain (GLS) and global circumferential strain (GCS)
were measured from long and short axis B-mode images, respectively. Quantification data show individual points with means +
SEM. Individual P values are shown using one-way ANOVA with Holm-Sidak’s post-test in (C and E), and two-way ANOVA with
Holm-Sidak’s post-test in (B).
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Figure 5. Dabrafenib inhibits cardiomyocyte hypertrophy and cardiac fibrosis induced in mouse hearts by Angll over 28 d

C57BL/6J male mice were treated with vehicle, 0.8 mg/kg/d Angll or 3 mg/kg/d dabrafenib with Angll (28 d). (A) Representative
images from mouse heart sections stained with H&E (left panels) or Masson’s Trichrome (centre and right panels, showing interstitial
and perivascular areas, respectively). (B) Quantification of cardiomyocyte area from sections stained with H&E. (C) Quantification of
cardiac fibrosis from sections stained with Trichrome. (D) mMRNA expression of Nppb was measured by gPCR. Quantification data
are provided as individual points with means + SEM. Individual P values are shown (one-way ANOVA with Holm-Sidak’s post-test).

increasing cardiac fibrosis), this does not appear to be detrimental to the heart either in an acute (Figures 2 and 3) or
chronic (Figures 4 and 5) setting. The data not only establish Raf kinases as viable therapeutic targets for hypertensive
heart disease, but also identify an existing drug in clinical use in humans as a potential therapy.

The importance of BRAF in cancer is well-established, with a number of inhibitors in development or approved
for clinical use for an increasing variety of different cancers [6,31]. Dabrafenib is a Raf inhibitor that can activate
ERK1/2 via ‘Raf paradox’ signalling in cancer cells [32]. In contrast, we detected limited paradox-inducing effects of
dabrafenib in primary cardiac cells or perfused hearts (Figure 1). Moreover, dabrafenib was as potent as trametinib
(a MKK1/2 inhibitor also in clinical use for melanoma [33]) in inhibiting ERK1/2 activity. It is important to consider
that Raf inhibitors have generally been studied in cancer cell lines, prone to proliferation and gene mutations which
result in relatively fluid signalling pathways. This differs from ‘normal’ cells that are generally quiescent, possibly
highly differentiated and, in the case of cardiomyocytes, terminally differentiated. In these cells, signalling pathways
are potentially ‘hard-wired’ and responses cannot necessarily be extrapolated from those of cancer cells. Dabrafenib
did not have significant paradox-inducing effects in the cardiac system, presumably because of a difference in the
signalling pathways.

There are increasing problems with cardiotoxicity of anti-cancer drugs [25,34], including those which target the
ERK1/2 cascade at the level of MKK1/2 (e.g. trametinib, cobimetinib and selumetinib). Trametinib, alone or in com-
bination with dabrafenib, causes hypertension in up to 26% of patients with decreased ejection fraction in 7-11% of
patients [25], and meta-analysis of phase II/III trials of MKK1/2 inhibitors indicate these are on-target effects [33]. In
contrast, there are limited reports of cardiotoxicity with dabrafenib monotherapy. Assessment of the FDA’s Adverse
Event Reporting System for patients receiving either BRAF inhibitors alone or with an MKK1/2 inhibitor (2011-2019;
7712 adverse events), identified just 187 cases of cardiovascular-associated problems resulting from BRAF inhibitor
monotherapy [35]. For the monotherapy, 90% of adverse events related to vemurafenib which (unlike dabrafenib)
increases QTc interval [36,37].
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Figure 6. Effects of dabrafenib on the aorta in mice treated with Angll

C57BL/6J male mice were treated with vehicle, 0.8 mg/kg/d Angll or 3 mg/kg/d dabrafenib with Angll for 7 or 28 d as indicated.
(A) The aorta was fixed and stained with H&E or picrosirius red (PSR). Representative images are shown. (B) Ultrasound B-mode
images of the aorta following 7 d treatment were used to measure the internal diameter at the end of cardiac systole (s) with the
aorta at its widest diameter, and following aortic contraction (ac). (C) Representative images of the aorta at the end of cardiac systole
and following aortic contraction. (D) Ultrasound B-mode images of the aorta following 28 d treatment were used to measure the
internal diameter. Quantification data are provided as individual points with means + SEM. Individual P values are shown using
one-way (B) or two-way (D) ANOVA with Holm-Sidak’s post-test.

The difference in toxicity between targeting the ERK1/2 cascade at the level of Raf kinases versus MKK1/2 may
relate to alternative inputs at the level of MKK1/2. For example, Cot/Tpl2 activates MKK1/2 in some circumstances
and is particularly implicated in the inflammatory response [5], and it is clear that «;-adrenergic agonists and oxida-
tive stress use an alternative input to MKK1/2 in cardiomyocytes rather than Raf kinases [38,39]. These additional
inputs may mean that cardiomyocytes are not compromised by Raf inhibition to the same degree as inhibiting at
the level of MKK1/2. Consistent with this, dabrafenib had no significant effect on cardiac function or dimensions in
vivo in a normotensive setting or any effect on cellular architecture or gene expression (Supplementary Tables S3 and
S4; Supplementary Figure S1). In this context, given that a combination Raf plus MKK1/2 inhibitors (e.g. dabrafenib
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Figure 7. Schematic representation of the conclusions from this study

Angll-induced hypertension activates Raf kinases (BRAF and RAF1) in the heart whether directly (particularly in cardiac non-my-
ocytes such as fibroblasts) or indirectly (cardiomyocytes potentially respond to factors released by non-myocytes). Raf kinases
signal through the ERK1/2 cascade to promote changes in gene expression and induce phenotypic responses. In cardiomyocytes,
this promotes cardiomyocyte hypertrophy to combat increased workload. Angll also increases cardiac inflammation and activates
Raf signalling in cardiac non-myocytes promoting cell proliferation and fibrosis. Increased cardiac fibrosis increases the workload
on the heart causing further cardiomyocyte hypertrophy. Over time, this leads to pathological remodelling of the hearts that can
lead to hypertensive heart disease and failure. Raf inhibitors such as dabrafenib inhibit Raf signalling in both cardiomyocytes and
cardiac non-myocytes, reducing cardiac inflammation and fibrosis, reducing cardiomyocyte hypertrophy, and protecting the heart
from hypertensive heart disease; ERK, extracellular signal-regulated kinase; MKK, mitogen-activated protein kinase kinase.

with trametinib) is the preferred cancer therapy because of the Raf paradox, patients who experience cardiotoxic-
ity from this regime may still benefit from RAF-targeted monotherapy. Extrapolating further, could dabrafenib be
cardioprotective in patients with cancer, undergoing treatments with established cardiotoxicity (e.g. anthracyclines
[40])? Moreover, would a cancer environment compromise the cardioprotective effects of dabrafenib on the heart?
The answer to the former may depend on the type of toxicity and the underlying mechanism by which dabrafenib
exerts its effects; our data suggest the beneficial effects of dabrafenib are likely to be on longer term cardiac remod-
elling with fibrosis causing cardiac dysfunction rather than acute damage to the myocardium. Addressing the latter
question, it seems unlikely that early stage cancer associated with dabrafenib treatment in humans would be likely to
affect the cardio-protective effects of dabrafenib given that the heart itself is not prone to cancer (apart from in a very
few cases) and metastatic cancers do not (as far as we are aware) invade the heart. However, the systemic effects of
later stage cancer and the other treatments that patients receive could influence the responses. Clearly, these issues
need to be addressed in preclinical studies and/or the clinic.

Although dabrafenib had no obvious effect in an unstressed heart, it inhibited cardiac adaptation to AnglII-induced
hypertension suggesting BRAF signalling is important in disease development. We examined the effects of dabrafenib
on cardiac adaptation to both acute (up to 7 d) and chronic (28 d) hypertension induced by AnglI. Over 3 d, the heart
had compensated for the initial insult, with increased LV wall thickness and decreased LV internal diameter, with a
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concomitant increase in fractional shortening (Figure 2B-D). This was moderated by dabrafenib. By 7 d, the response
to AnglI had already changed. Fractional shortening and internal diameters had normalized, but LV wall thickness
was still enhanced and this was inhibited by dabrafenib. Dabrafenib also inhibited the increase in cardiomyocyte size
and both interstitial and perivascular fibrosis (Figure 3). With chronic AnglI treatment, the hearts were beginning to
fail, with a significant reduction in ejection fraction and increased LV wall thickness (Figure 4). This was associated
with a reduction in global longitudinal and circumferential strain. Notably, dabrafenib inhibited the reduction in
ejection fraction and global strain at 28 d. This was accompanied by a reduction in cardiomyocyte size and degree of
fibrosis (Figure 5). Thus, our data indicate that dabrafenib may be therapeutically useful for reducing cardiac fibrosis
and maintaining cardiac function in hypertensive heart disease. Clearly, further studies are required to establish if
this is sustained as the heart decompensates further in response to Angll. Additional studies in other models of heart
failure would also help to determine whether the effect of dabrafenib is specific to AnglI-associated hypertension or
if it is more generally useful in reducing cardiac fibrosis.

An important consideration in terms of potential mechanism is whether or not the effects of dabrafenib on
AnglI-induced maladaptive remodelling may simply be a consequence of reducing the increase in blood pressure
resulting from AnglI-treatment. We did not assess blood pressure in this study and this is clearly a limitation of our
work. There appears to be no information to suggest that dabrafenib monotherapy reduces blood pressure in patients.
Furthermore, trametinib and other MKK1/2 inhibitors promote hypertension in up to 26% of patients, irrespective
of whether patients are treated with the MKK1/2 inhibitors alone or in combination with a BRAF inhibitor [25],
suggesting that dabrafenib does not mitigate the hypertensive effects of trametinib. In addition, whilst histological
assessment of the aortae indicated that dabrafenib reduced fibrosis resulting from AnglI-treatment, the medial layer
showed a similar degree of thickening with or without dabrafenib (Figure 6A). This suggests that a similar degree of
hypertension was induced and the overall response of the aorta to hypertensive pressures was maintained. Neverthe-
less, although the weight of evidence is generally against the likelihood that dabrafenib reduced the increase in blood
pressure induced by AnglI-treatment, further studies are clearly required to confirm this experimentally.

Our data suggest that dabrafenib may be useful in treating cardiac fibrosis but, as with all drugs, there are consid-
erations of on-target versus off-target effects. In our studies, dabrafenib most probably inhibits all three Raf kinases,
so we cannot be certain which may be driving the ERK1/2 signal in response to AnglI (Figure 2A). Assuming the
signal is mediated via ERK1/2, the data are consistent with other studies indicating that ERK1/2 signalling in cardiac
fibroblasts contributes to cardiac fibrosis. For example, IL11 promotes extracellular matrix production from cardiac
fibroblasts via ERK1/2, acting in a post-transcriptional manner [29]. Here, it is necessary to consider the complexities
associated with fibrosis. ERK1/2 could influence the rate of synthesis and processing of extracellular matrix proteins,
the degree of post-translational modification and cross-linking of collagens, and also the rate of degradation. Our data
indicate that at least one of the matrix metalloproteinases (TIMP1) is transcriptionally up-regulated in response to
AnglI and this is reduced by dabrafenib (Figure 3F). However, for these enzymes, it is more important to assess their
overall activities and something which should be considered in the future. It must also be considered that dabrafenib
could exert its effects via another pathway (e.g. Rafl inhibits pro-apoptotic kinases [41,42]) or off-target effects such
as inhibition of the pro-apoptotic kinase, RIPK3 [43]. Further studies with different Raf inhibitors are clearly war-
ranted to control for these. Here, it is notable that the cancer field has moved towards development of a different class
of inhibitor, Type 2 inhibitors (e.g. PLX8394) that bind exclusively to an inactive conformation of the kinase and are
viewed as ‘Raf paradox’ breakers [44-46]. The cardiac effects of these drugs remain to be investigated.

Whether or not dabrafenib exerts its effects through Raf kinases themselves, it is important to consider the cel-
lular context of the overall response. Our mRNA data suggest that there was increased inflammation in our AnglI
model of hypertension in mice and this was reduced by dabrafenib (Figure 3G). This remains to be confirmed at
the protein level, but increased inflammation is likely to promote cardiac fibrosis [47]. Increasing cardiac fibrosis
adds to the workload on the heart, potentially causing further cardiomyocyte hypertrophy. This, in itself, is likely to
result in dysfunctional cardiomyocytes and cardiomyocyte death which will then lead to enhanced inflammation.
As indicated in Figure 7, dabrafenib may inhibit any of these processes, possibly acting on different target enzymes.
Apart from this, our data suggest dabrafenib may preserve the elasticity of the aorta (Figure 6), suggesting it could
have a beneficial effect on the vasculature, which would be predicted to benefit the heart. Irrespective of mechanism,
our data provide proof-of-principle that drugs such as dabrafenib may be therapeutically useful for reducing cardiac
tibrosis. In this respect, there may be competition with other kinase inhibitors, including ASK1 inhibitors that have
been in clinical trials for fibrotic diseases such as non-alcoholic steatohepatitis [48]. Our recent studies indicate that
the ASK1 inhibitor, selonsertib, does indeed reduce cardiac fibrosis resulting from AnglI-induced hypertension [22],
but dabrafenib appears at least as effective.
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There are, of course, limitations to this study. First, as mentioned above, further studies of the effects of dabrafenib
on the increase in blood pressure induced by Angll in our mouse models are necessary. Secondly, we used rat car-
diomyocytes and perfused hearts, but conducted the in vivo studies in mice. The reasons are technical: the rat systems
are well-characterized for ex vivo studies, whilst mice are the preferred model for in vivo studies. The results were
consistent across the species with dabrafenib inhibiting ERK1/2 activities in both, and suppressing cardiac hyper-
trophy and fibrosis in vivo. Thirdly, we only conducted experiments with male mice and these were juveniles. The
reasons were purely practical in that it is important to first obtain proof-of-principle data for a relatively focused study.
Future studies should consider assessing the effects of dabrafenib on hypertensive heart disease in female animals, in
addition to older mice. The latter is particularly important given that the responses are likely to change with age and
hypertension is associated with aging. A fourth consideration is the duration of our study. We only assessed the effects
of a single dose of dabrafenib on AnglI-induced cardiac hypertrophy over 4 weeks, during which time the hearts did
not fail whereas most cancer patients are treated for much greater lengths of time with different dosages. However,
we did select a dose which is relevant for humans, and cardiac dysfunction has been observed in patients receiving
trametinib/dabrafenib combination therapy within 13 days [49], so our data are relevant. Nevertheless, future studies
exploring different dosage regimes and more prolonged treatments would be useful. Apart from assessing potential
cardiotoxicity over prolonged periods, it will be important to assess whether dabrafenib could, indeed prevent hearts
from failing, and to determine if administration of the drug can prevent or even reverse cardiac fibrosis in a heart
which is already diseased, a situation more relevant to the human scenario.

The final considerations for our work are the potential implications of using drugs such as dabrafenib for cardiac
diseases. Dabrafenib itself does not appear to be cardiotoxic and is generally well-tolerated. There are side effects in
cancer patients which are generally managed by dose reduction. The most severe effect is probably an increase in
cutaneous squamous cell carcinoma (~12% of patients) [50]. Thus, if dabrafenib were to be used as a therapy for
hypertensive heart disease, it may be important to consider dosage monitoring and whether patients have a predispo-
sition for other diseases such as cancer (in the context, perhaps, of ‘onco-cardiology’). Nevertheless, reducing cardiac
fibrosis with a drug such as dabrafenib may be such a powerful tool in treating cardiac diseases that the benefits could
outweigh these costs.

Clinical perspectives

e Background: Inhibitors of the ERK1/2 cascade are used to treat cancer and some have cardiotoxic
effects. Oncogenic BRAF (that activates ERK1/2) is a prime target for cancer and dabrafenib was
developed as a BRAF inhibitor for melanoma. It is generally used in combination with other drugs,
the combinations being cardiotoxic in some patients.

e Results summary: Dabrafenib had no overt effects on cardiac function/dimensions (assessed by
echocardiography) or cardiac architecture when administered to mice in vivo, but inhibited cardiac
fibrosis and cardiac hypertrophy in hypertensive mice.

e Clinical significance: Since dabrafenib alone did not cause cardiac dysfunction, it may be preferable
for use as monotherapy (rather than in combination with other drugs that are cardiotoxic) in some
patients with BRAF directed cancers. In addition, dabrafenib (and other similar inhibitors) may be
therapeutically beneficial in preventing cardiac hypertrophy and fibrosis in hypertension, thus reduc-
ing heart failure development.
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Supplementary tables and figures

Supplementary Figure S1. Acute infusion of mice with dabrafenib had no significant
effect on cardiac function/dimensions. C57BL/6J male mice were treated with vehicle or
3 mg/kg/d dabrafenib for 28 d. (A) Echocardiograms were taken at baseline, 3 d or 7 d and
analysed, comparing effects of vehicle vs dabrafenib alone. Representative
echocardiograms are shown. (B) Hearts were fixed and sections stained with haemotoxylin
and eosin (H&E) or Masson’s Trichrome as indicated. Representative sections are shown.
(C) RNA was extracted from the hearts and mRNA expression measured by gPCR. Results
are expressed relative to the means of the vehicle-treated controls. Individual data points
are shown with means + SEM.
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Supplementary Table S1. Mouse body weights. Body weights (BW) are in g. Weights
were taken post-minipump insertion (Start) and when mice were culled (End); weights
included the minipumps. p values relative to starting weight (2-way ANOVA with Holm-
Sidak’s post-test).

BW:Start BW:End

Study Condition Mean SEM Mean SEM n

Acute Angll Vehicle only 26.44 0.60 27.34 0.60 12
Dabrafenib 26.26 0.40 26.87 0.45 10
Angll 25.99 0.47 25.82 0.44 13
Dabrafenib/Angll 25.56 0.26 25.09 0.37 10

Chronic Angll | Vehicle only 28.48 1.08 29.97* 0.84 6
Dabrafenib 28.33 0.73 29.43* 0.72 6
Angll 27.43 0.28 28.95* 0.39 4
Dabrafenib/Angll 26.68 0.69 30.18* 0.57 4

*p<0.05 relative to starting weight (2-way ANOVA with Holm-Sidak post-test)



Supplementary Table S2. qPCR primer sequences

Gene

Symbol | Sense Primer (5'—3') Antisense Primer (5'—3')

Collal | TCGTGGCTTCTCTGGTCTC CCGTTGAGTCCGTCTTTGC
Col4al | CTGGCACAAAAGGGACGAG ACGTGGCCGAGAATTTCACC
Ctof GCACACCGCACAGAACCA ATGGCAGGCACAGGTCTTG
Ddr2 GCACTTGGTGAATTAATTAGAATCCTG GGACAACTAAATGGTCCCTCCC
Fnl AAGAGGACGTTGCAGAGCTA AGACACTGGAGACACTGACTAA
IL1b CAACCAACAAGTGATATTCTCCAT GGGTGTGCCGTCTTTCATTA
IL11 TGACGGAGATCACAGTCTGGA CGGAGGTAGGACATCAAGTCTAC
IL6 TCCATCCAGTTGCCTTCTTG GGTCTGTTGGGAGTGGTATC
Lox GACATTCGCTACACAGGACAT AACACCAGGTACGGCTTTATC
Myh?7 GAGATCGAGGACCTGATGG TCATACTTCTGCTTCCACTCA
Nppa GATGGATTTCAAGAACCTGCTAGA CTTCCTCAGTCTGCTCACTCA
Nppb TCCAGCAGAGACCTCAAAATTC CAGTGCGTTACAGCCCAAA
Postn TTCCTCTCCTGCCCTTATATGC CCTGATCCCGACCCCTGAT
Timpl TACGCCTACACCCCAGTCAT GCCCGTGATGAGAAACTCTTC
Tnfa AGCCAGGAGGGAGAACAGA CAGTGAGTGAAAGGGACAGAAC




Supplementary Table S3. Echocardiography data: acute effects (baseline, 3 d and 7 d) of
dabrafenib in vivo. C57BL/6J male mice were treated with vehicle, 3 mg/kg/d dabrafenib,
0.8 mg/kg/d angiotensin Il (Angll) or dabrafenib/Angll for 7 d. Echocardiograms were taken
at baseline (BL), 3 d or 7 d. M-mode images from short axis views were taken at the level of
the papillary muscles. Data were analysed using VevolLab software. LV, left ventricular;
AW, anterior wall; ID, internal diameter; PW, posterior wall; WT, wall thickness (anterior +
posterior walls); d, diastole; s, systole.

Dabrafenib/Angll

Vehicle (n=12) Dabrafenib (n=10) Angll (n=13) (n=10)
Baseline Mean SEM Mean SEM Mean SEM Mean SEM
Heart Rate
(bpm) 462 8 478 45 458 7 458 8
Ejection
Fraction (%) 46.3 1.4 44.6 4.5 447 1.0 46.4 2.7
Fractional
Shortening (%) 23.0 0.9 22.0 2.3 22.0 0.6 23.1 1.7

LVAW;d (mm) 0.762 0.013 0.779 0.075 0.776 0.015 0.787 0.015

LVAW:;s (mm) 1.097 0.018 1.118 0.106 1.108 0.020 1.125 0.027

LVID;d (mm) 4.187 0.043 4.037 0.387 4.117 0.067 3.983 0.079

LVID;s (mm) 3.196 0.050 3.125 0.300 3.197 0.060 3.039 0.085

LVPW;d (mm) 0.713 0.014 0.706 0.068 0.718 0.017 0.704 0.014

LVPW;s (mm) 1.010 0.016 0.993 0.095 0.983 0.020 0.988 0.028

WT:ID; d 0.353 0.004 0.369 0.035 0.364 0.007 0.376 0.011
WT:ID; s 0.663 0.016 0.680 0.066 0.658 0.017 0.704 0.032
3d Mean SEM Mean SEM Mean SEM Mean SEM
Heart Rate

(bpm) 491 9 481 46 503 13 511 18
Ejection

Fraction (%) 48.5 1.7 46.9 5.1 58.5 1.9 52.1 2.4
Fractional

Shortening (%) 24.4 1.1 23.4 2.7 30.5 1.3 26.4 1.6

LVAW;d (mm) 0.787 0.018 0.793 0.077 0.967 0.013 0.956 0.032

LVAW:;s (mm) 1.118 0.018 1.141 0.109 1.316 0.018 1.287 0.046

LVID;d (mm) 4.126 0.059 3.987 0.382 3.388 0.121 3.570 0.085
LVID;s (mm) 3.128 0.077 3.028 0.293 2.359 0.119 2.625 0.090
LVPW;d (mm) 0.706 0.011 0.739 0.078 1.053 0.050 0.872 0.049
LVPW;s (mm) 0.993 0.020 1.045 0.107 1.454 0.045 1.161 0.069
WT:ID; d 0.363 0.009 0.386 0.039 0.610 0.035 0.517 0.029
WT:ID; s 0.681 0.025 0.731 0.076 1.222 0.084 0.951 0.066
7d Mean SEM Mean SEM Mean SEM Mean SEM
Heart Rate

(bpm) 481 12 486 47 488 12 495 12
Ejection

Fraction (%) 52.7 2.2 52.2 5.0 56.2 2.6 64.4 2.5
Fractional

Shortening (%) 27.0 1.4 26.6 2.6 29.2 1.9 34.9 1.9

LVAW;d (mm) 0.806 0.019 0.819 0.081 0.936 0.022 0.948 0.043

LVAW:;s (mm) 1.183 0.023 1.201 0.116 1.302 0.022 1.358 0.045

LVID;d (mm) 4.138 0.057 3.955 0.383 3.599 0.122 3.565 0.101
LVID;s (mm) 3.031 0.065 2.908 0.284 2.574 0.134 2.325 0.100
LVPW;d (mm) 0.736 0.019 0.769 0.075 0.992 0.034 0.841 0.041
LVPW;s (mm) 1.060 0.025 1.097 0.105 1.370 0.042 1.286 0.052
WT:ID; d 0.374 0.008 0.404 0.040 0.548 0.033 0.510 0.035
WT:ID; s 0.746 0.029 0.799 0.081 1.103 0.110 1.165 0.078




Supplementary Table S4. Echocardiography data: chronic effects (baseline and 28 d) of
dabrafenib in vivo. C57BL/6J male mice were treated with vehicle or 3 mg/kg/d dabrafenib
for 28 d. Echocardiograms were taken at baseline (BL) or 28 d. M-mode images from short
axis views were taken at the level of the papillary muscles. Data were analysed using
VevolLab software. LV, left ventricular; AW, anterior wall; ID, internal diameter; PW,
posterior wall; WT, wall thickness (anterior + posterior walls); d, diastole; s, systole.

Baseline vehicle Baseline 28 d dabrafenib
(n=6) dabrafenib (n=6) 28 d vehicle (n=6) (n=6)
Mean SEM Mean SEM Mean SEM Mean SEM
Heart Rate
(bpm) 491 13 519 11 568 22 585 8
Ejection
Fraction (%) 54.7 1.9 58.2 2.1 61.6 2.6 63.7 2.4
Fractional
Shortening (%) 28.3 1.3 30.5 1.3 32.8 1.8 34.3 1.8

LVAW;d (mm) 0.753 0.016 0.813 0.018 0.796 0.024 0.757 0.018

LVAW;s (mm) 1.001 0.027 1.120 0.022 1.055 0.031 1.053 0.037

LVID;d (mm) 4.208 0.117 4.129 0.178 4.026 0.150 3.994 0.112

LVID;s (mm) 3.028 0.131 2.881 0.180 2.711 0.149 2.629 0.131

LVPW;d (mm) 0.768 0.013 0.777 0.016 0.688 0.019 0.711 0.028

LVPW:;s (mm) 1.065 0.020 1.090 0.011 1.079 0.034 1.104 0.031

WT:ID; d 0.363 0.010 0.388 0.018 0.370 0.011 0.369 0.014

WT:ID; s 0.699 0.041 0.781 0.044 0.798 0.045 0.831 0.049




Supplementary Table S5. Echocardiography data: chronic effects (baseline and 28 d) of
dabrafenib in vivo. C57BL/6J male mice were treated with vehicle, 3 mg/kg/d dabrafenib,
0.8 mg/kg/d angiotensin Il (Angll) or dabrafenib/Angll for 28 d. Echocardiograms were taken
at baseline (BL) or 28 d. M-mode images from short axis views were taken at the level of
the papillary muscles. Data were analysed using VevolLab software. LV, left ventricular;
AW, anterior wall; ID, internal diameter; PW, posterior wall; WT, wall thickness (anterior +
posterior walls); d, diastole; s, systole.

Dabrafenib/Angll

Vehicle (n=4) Angll (n=4) (n=4)
Baseline Mean SEM Mean SEM Mean SEM
Heart Rate
(bpm) 491 13 519 11 532 12
Ejection
Fraction (%) 54.7 1.9 58.2 2.1 58.9 2.9
Fractional
Shortening (%) 28.3 1.3 30.5 1.3 31.0 1.9

LVAW;d (mm) 0.753 0.016 0.813 0.018 0.764 0.027

LVAW:;s (mm) 1.001 0.027 1.120 0.022 1.089 0.029

LVID;d (mm) 4.208 0.117 4.129 0.178 3.972 0.153

LVID;s (mm) 3.028 0.131 2.881 0.180 2.752 0.166

LVPW;d (mm) 0.768 0.013 0.777 0.016 0.758 0.023

LVPW:;s (mm) 1.065 0.020 1.090 0.011 1.075 0.037

WT:ID; d 0.363 0.010 0.388 0.018 0.385 0.013
WT:ID; s 0.699 0.041 0.781 0.044 0.807 0.059
28d Mean SEM Mean SEM Mean SEM
Heart Rate

(bpm) 511 19 557 24 551 16
Ejection

Fraction (%) 59.6 2.1 47.1 3.8 62.1 2.1
Fractional

Shortening (%) 31.6 1.4 23.6 2.3 33.1 1.4

LVAW;d (mm) 0.787 0.006 0.942 0.029 0.784 0.012

LVAW:;s (mm) 1.072 0.015 1.192 0.043 1.093 0.009

LVID;d (mm) 4.284 0.086 4.210 0.202 3.899 0.126

LVID;s (mm) 2.929 0.056 3.214 0.173 2.613 0.130

LVPW;d (mm) 0.807 0.018 0.907 0.015 0.739 0.017

LVPW:;s (mm) 1.182 0.021 1.143 0.042 1.081 0.026

WT:ID; d 0.373 0.010 0.443 0.019 0.397 0.010

WT:ID; s 0.771 0.013 0.735 0.043 0.846 0.042




Supplementary Table S6. Echocardiography data: measurements of aortic diameter for
effects of dabrafenib in vivo. C57BL/6J male mice were treated with vehicle, 3 mg/kg/d
dabrafenib, 0.8 mg/kg/d angiotensin 1l (Angll) or dabrafenib/Angll for 7 or 28 d.
Echocardiograms were taken at baseline (BL), 7 d or 28 d. B-mode images were taken of
the ascending aorta and the internal aortic diameter measured at the end of cardiac systole
(s) or during diastole (d). Data were analysed using VevolLab software using callipers.

Vehicle Dabrafenib Angll Dabrafenib/Angll
7d (n=8) Mean SEM Mean SEM Mean SEM Mean SEM
Aortic diameter;

s (mm) 1.450 0.026 1.446 0.023 1.490 0.046 1.480 0.040
Aortic diameter;
d (mm) 1.227 0.036 1.221 0.019 1.336 0.062 1.292 0.037
Aortic diameter;
s:d ratio 1.184 0.015 1.186 0.029 1.122 0.027 1.146 0.008
28 d (n=4) Mean SEM Mean SEM Mean SEM Mean SEM
Aortic diameter;
s (mm) 1.585 0.004 1.523 0.031 1.699 0.036 1.559 0.044
Aortic diameter;
d (mm) 1.352 0.011 1.262 0.038 1.605 0.058 1.368 0.073
Aortic diameter;
s:d ratio 1.173 0.011 1.209 0.018 1.062 0.021 1.147 0.033




Chapter 6 - Discussion and Conclusion
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6.1 Key Conclusions from the Research

The systems developed for echocardiography in mice have been used routinely at the
University of Reading and were adopted in other institutions (St. George’s University of
London; Francis Crick Institute, London). They have so far been reported in eight
publications (Appendix I: (Alharbi et al., 2022; Clerk et al., 2022; Cull et al., 2023; Fuller
et al., 2021; Marshall et al., 2022; Meijles, Cull, et al., 2021; Meijles et al., 2020; Meijles,
Fuller, et al., 2021)). Of these, the three to which | made the greatest contribution are

included in this thesis with the main conclusions as outlined below.

6.1.1 The Role of Striatins in the Heart (Chapter 3)

As stated in Chapter 1, my primary focus was the roles of striatin and striatin 3 in the
heart, the project which | drove to completion (Cull et al., 2023). The data identify the
STRIPAK complexes as a novel signalling system involved in the development of

pathological cardiac hypertrophy. Expanding our current understanding of this system

could provide new therapeutic targets for managing hypertensive heart disease.

The data demonstrate that heterozygous global knockout of STRN, but not STRN3,
reduces cardiac hypertrophy induced by Angll in mice, suggesting a role for STRN in the
early stages of cardiac dysfunction. With both studies being conducted in parallel, the
negative results of the STRN3+/- mice with the Angll model emphasise the importance of
the response displayed with the STRN+/- mice. The studies with cardiomyocyte-specific
deletion of STRN also demonstrate the inhibition of Angll-induced cardiac hypertrophy
and fibrosis showing the involvement of these cells specifically. As fibrosis was not
significantly impacted in the global STRN+/- mice, this indicates that global reduction of
STRN compromises the cardiac response to Angll by influencing cardiomyocyte
hypertrophy without impacting fibrosis. Contrary to this effect, cardiomyocyte STRN
knockout reduced Angll-induced fibrosis, as well as Angll-induced cardiac hypertrophy.
This suggests there is a compensatory mechanism for maintaining fibrosis when the
STRN protein is only partially depleted (global heterozygous model). However, this
compensation is lost when the entire STRN gene is deleted in the cardiomyocyte-specific

homozygous knockout mice.
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The potential cardiac function of STRN3 should not be disregarded. STRN3 is significantly
expressed and even upregulated in failing human hearts. In wild-type mice, Angll also
increases both STRN and STRN3 expression. Despite this, no significant change in
cardiac function or dimensions was detected between the STRN3+/- mice and their wild-
type littermates, either at baseline or in response to Angll. As our experimental timeline
represents the early stages of hypertension-induced cardiac dysfunction (up to 7 days),
STRN3 could play a more significant role in the later stages. STRN3 may also influence
other cardiac pathologies which have not been explored in this thesis (e.g. myocardial

infarction).

The clinical relevance of this study is highlighted by the identification of a novel signalling
paradigm, orchestrated by the striatin-based STRIPAK complex. As established in this
thesis, the STRIPAK complex seems to be involved in the development of
pathophysiological cardiac hypertrophy and, therefore, the progression to heart failure.
Therefore, the STRIPAK complex has promise for the development of novel therapeutic
targets against it to control cardiac diseases. With over 150 variants of the STRIPAK
complex, the challenge for targeting these complexes will be to understand which cells
contain which variants, its components and their unigue functions. Following this,
understanding how these cells independently regulate the STRIPAK variants to enable the
complexes to carry out their distinct functions. Clearly, a further understanding of the

striatin family and the components of the STRIPAK complex is needed.

6.1.2 The Role of PKN2 in the Heart (Chapter 4)

Previous work on this project was conducted at the Francis Crick Institute and this
focused on the role of PKN2 in embryonic development. My contribution to this study was
investigating whether PKN2 contributes to the development of hypertension-induced
cardiac dysfunction in the adult heart using heterozygous PKN2 global knockout mice
(since homozygous deletion of PKN2 is embryonic lethal (Marshall et al., 2022)). The data
showed that PKN2 plays a significant role in how the adult heart adapts to

pathophysiological (hypertension) but not necessarily physiological (ageing) stressors.

PKNZ2 clearly plays a crucial role in cardiac development, particularly in the formation of

the compact myocardium. Mice with PKN2 knockout in cardiomyocytes have thin
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ventricular walls and compromised cardiac function. This developmental disruption
presents with 100% of global homozygous PKN2 mice being embryonic lethal and only a
third of the cardiomyocyte-specific homozygous PKN2 mice surviving to 4 weeks
postnatally. Despite a significant role in development, the cardiac response to PKN2
depletion demonstrated no significant role in the ageing heart. This lack of response was
highlighted by no significant differences in cardiac function or dimensions between wild-
type and PKN2-deficient mice once they reached middle age (42 weeks). This suggests
that PKN2 is not crucial post-development for maintaining heart health under normal
conditions. However, when subjected to severe stress associated with hypertension-
induced cardiac hypertrophy, a more significant role is presented and PKN2
haploinsufficiency compromised cardiac adaptation to Angll. This is likely a result of the
inhibition of cardiomyocyte hypertrophy and fibrosis, presenting as reduced left ventricular
hypertrophy and an overall reduction in the increase in left ventricular mass. PKN2 may
also have a greater effect on the vasculature than the heart. PKN2 haploinsufficiency was
shown to reduce aortic flow, although not pulmonary flow, suggesting a role in regulating
blood vessel function. Altogether, these results suggest that PKN2 plays an important role

in the adult cardiac response to pathophysiological stressors.

The clinical relevance of this study is that the PKN family could offer therapeutic
modalities for both congenital and adult heart diseases. However, further research is
needed to develop and trial targeted therapies for the modulation of the PKN family

members, the pathways they influence and the consequences of their activation.

6.1.3 The Effects of Dabrafenib on the Heart (Chapter 5)

ERKZ1/2 signalling has previously been demonstrated to be cardioprotective and plays an
important role in the development of cardiomyocyte hypertrophy (Gallo et al., 2019; Kehat
et al., 2011). In contrast, the pathway has also been associated with promoting cardiac
fibrosis (Lindsey et al., 2018; Schafer et al., 2017; Sweeney et al., 2020), which can be
detrimental to cardiac function through excessive scar formation. ERK1/2 also promotes
cancer, and this has resulted in the development of several small-molecule inhibitors of
the pathway as cancer therapies (Kidger et al., 2020; Lee et al., 2020). However, before
applications of these inhibitors can be made clinically for the heart, further research must
be conducted to confirm the following uncertainties. Do we inhibit ERK1/2 to prevent

fibrosis, potentially compromising its cardioprotective effects? OR do we activate it to
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promote heart protection and hypertrophy, potentially risking the development of harmful

fibrosis? The only way to resolve these questions is experimentally.

Dabrafenib inhibits RAF family kinases, although it was developed to inhibit specifically
the oncogenic form of BRAF, BRAF(V600E). It is commonly used in combination with
other cancer treatments to inhibit overactive ERK1/2 signalling resulting from
BRAF(V600E) mutations (Eroglu & Ribas, 2016; Long et al., 2016; Robert et al., 2019).
Other inhibitors of the ERK1/2 pathway have cardiotoxic effects (Guha et al., 2021; Kloth
et al., 2015; Nebot et al., 2018; Peng et al., 2017), with the cardiotoxicity of dabrafenib
being unconfirmed. The data from our research suggests that dabrafenib is not cardiotoxic
and even has the potential to inhibit maladaptive hypertrophy and fibrosis resulting from
hypertension (Meijles, Cull, et al., 2021). The data show that dabrafenib reduces cardiac
fibrosis and inhibits maladaptive cardiac hypertrophy resulting from Angll-induced
hypertensive heart disease. This was demonstrated by dabrafenib reducing
cardiomyocyte hypertrophy, cardiac inflammation and cardiac fibrosis induced by Angll in
both acute (7 d) and chronic (28 d) treatment conditions. This finding not only validates
RAF kinases as promising therapeutic targets for hypertension-related diseases but also
identifies dabrafenib, a medication already in clinical use, as a potential treatment option.
This finding is potentially clinically significant. As it is already used in patients, the safety
profile is good which could render clinical application of dabrafenib in hypertensive
disease more rapid (Eroglu & Ribas, 2016; Long et al., 2016; Robert et al., 2019). Further
studies are needed to confirm its efficacy in relation to treatment for hypertension-related
cardiovascular diseases. It is also important to determine if dabrafenib can prevent or

reverse established fibrosis over an extended timeline.

6.2 Theoretical and Practical Implications of In Vivo Studies

The development of a standardised and reproducible protocol for in vivo
echocardiography is essential to ensure the reliability and comparability of data across
preclinical mouse studies of the heart. Investigating and uncovering the roles of genes in
signalling pathways, within tissues or even the organism as a whole, unlocks the potential
for new therapeutic targets for diseases. However, there are many considerations for such

research as discussed in this section.

105



6.2.1 Choice of Preclinical Model and Use of Genetically-Altered Mice

The studies all use mice with a single genetic background, the C57BI/6J background.
There can be significant differences between the substrains of C57BI/6 mice. For
example, C57BL/6N mice are not suitable for cardiac research because they respond
differently, generally more severely, to pressure overload compared to C57BL/6J mice
(Garcia-Menendez et al., 2013). Therefore, the C57BI/6J mice are used widely for

cardiovascular studies.

This is why both lines used in the striatin study (“Knockout first” STRN™aKOMP)WTsi gng
STRN3MaKOMPWTsi mjce), that were originally on a C57BI/6N background, were
transferred onto a C57BI/6J background through at least eight generations of
backcrossing. The goal was to replace the C57BI/6N genetics with C57BI/6J genetics
while retaining the traits of the Strn/Strn3 mice. The reason for backcrossing for at least
eight generations is to "purify" the genetic background. Each generation of backcrossing
introduces a 50% chance of inheriting the unwanted C57BI/6N genetics. By performing
multiple rounds of backcrossing, the proportion of C57BI/6N genetics decreases
exponentially with each generation. After eight generations, the resulting population will
have over 99% of its genetic makeup derived from the C57BI/6J background, reducing the

impact of any remaining C57BI/6N genome.

However, despite significant backcrossing the background genetics of these mice were
not identical to the C57BI/6J genome. This is demonstrated by comparing the global
heterozygous Strn/Strn3 strains (Cull et al., 2023) to the C57BI/6J mice obtained for the
Dabrafenib study (Meijles, Cull, et al., 2021). The backcrossed Strn/Strn3 mice
demonstrated notably higher mortality rates. A likely explanation is that despite the
extensive efforts, further rounds of backcrossing were necessary to fully eliminate

undesirable genetic influences from the original C57BI/6N background.

All of the studies in this thesis used the same model of hypertension, 0.8 mg/kg/d Angll.
As explained in Chapter 2, Angll is a peptide hormone involved in regulating blood
pressure and associated with heart failure (Nehme et al., 2019; Patel et al., 2017;
Pugliese et al., 2020; Sayer & Bhat, 2014) and is commonly used in research to induce
high blood pressure. For our studies, a moderate concentration of Ang Il (0.8 mg/kg/d)

(Patel et al., 2018) was utilised to induce hypertension, rather than a subpressor dose
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(e.g., 0.288 mg/kg/d) (Izumiya et al., 2003) or a dose more associated with sudden
cardiac death (e.g., >2.0 mg/kg/d). The 0.8 mg/kg/d Angll concentration was chosen
because it effectively triggers hypertension at our experimental timepoints, allowing us to
study early-stage mechanisms and associated pathophysiology without causing severe

side effects.

Having decided on the basic features of the model (background strain and disease model)
the next consideration was the gene/system in question and how to investigate the role of
individual genes. This decision depended on the research objectives as well as the
characteristics and establishment of the gene or pathway under investigation. Two of the
studies in this thesis used genetically-altered mice focusing on gene deletion to assess
the effects over an extended period (global knockout for STRN, STRN3 or PKN2) or in a
specific context (cardiomyocyte STRN or PKN2 in the adult heart) (Cull et al., 2023;
Marshall et al., 2022) as discussed more in the next section. Genetically-altered mice can
provide an assessment of the gene’s role throughout the developmental processes but

also into adulthood, determining the long-term consequences of the manipulated gene.

6.2.2 Selection of Genetically Altered Model for Gene Deletion

(i) Global Gene Deletion vs Cell-Specific Gene Knockout

As discussed in section 2.5, there are several options for gene deletion in mice. Global
gene deletion involves the elimination of a gene throughout the entire organism such that
the targeted gene is deleted or inactivated in all tissues of the body (Davey & MacLean,
2006). Mouse models with global gene deletion serve as a valuable tool for proof-of-
concept studies, but there can be problems with approach. A major problem with the
original system which relies on constitutive gene deletion is the possibility that
homozygous gene deletion of essential genes required for development may result in
embryonic lethality (Justice et al., 2011). This was the case for STRN and STRN3
(Chapter 3) (Cull et al., 2023) and PKN2 (Chapter 4) (Marshall et al., 2022). To avoid
this, global heterozygous STRN, STRN3 and PKN2 mice were utilised for the studies. In
all cases, the heterozygotes appeared normal compared with wild-type littermates but, for
STRN and PKN2, a cardiac phenotype was revealed when hearts were stressed by
treatment with Angll. However, since the knockout is applied systemically, any observed
changes in specific organs, such as the heart, cannot be definitively linked to the function

of that gene in that particular tissue. This is due to the possibility that the observed effect
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may be a secondary consequence of or influenced by the primary effect in another tissue
(e.g. the lungs), which could indirectly influence the tissue under investigation (e.g. the
heart) (Davey & MacLean, 2006). Thus, we cannot be certain from the studies in
Chapters 3 and 4 that the effects of STRN or PKN2 haploinsufficiency were due to
knockdown in cardiomyocytes or the heart as a whole and did not result from, for

example, hormonal effects or deficiencies in innervation.

Cell-specific gene deletion models can resolve this issue, allowing for the elimination of a
gene in a specific cell type, with the other cell types retaining the original gene (Davey &
MacLean, 2006; Huang et al., 2021; Yan et al., 2015). This allows for more accurate
assessment of the gene’s function within a particular tissue or organ, without the
confounding effects of systemic gene deletion. Such specificity allows for a more nuanced
understanding of a gene’s function and can help to identify potential therapeutic targets for
disease treatment. As cell-specific knockouts provide more precise information, they are
not as useful in evaluating the overall effect of a gene. For example, the cell-specific
model may determine that the gene has no role in the organ or disease being investigated
despite a significant role in other cell types within the organism relating to the disease. For

this reason, they are not ideal models for concept validation.

Cell-specificity is achieved by targeting the machinery for gene deletion to a cell type
using a cell-specific promoter. For cardiomyocytes, there are several that are used, the
most common being the promoter for Myh6 (alpha-myosin heavy chain) (Huang et al.,
2021; Yan et al., 2015). The advantage of this is that Myh6 is largely only expressed in the
adult ventricle from birth so gene deletion does not occur during embryonic development
avoiding the potential for embryonic lethality. The Myh6 promoter was used for
cardiomyocyte-specific STRN knockout (Chapter 3) (Cull et al., 2023). Other
cardiomyocyte specific promoters may be expressed during embryonic development as
with the study of PKN2 (Chapter 4) (Marshall et al., 2022). Here, SM22a and XMLC2
promoters were used for cardiomyocyte-specific PKN2 knockout mice. As previously
mentioned, this model was a constitutive model of gene deletion and the mice
demonstrated severe cardiac developmental defects from birth. Only ~1/3 of the offspring
of the SM22a-Cre+/- Pkn2"" mice survived to 4 weeks postnatally. Further studies using
the Myh6 promoter for cardiomyocyte-specific gene deletion of PKN2 may be more

revealing.
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(i) Method of Gene Deletion: The CRE Enzyme and Constitutive vs Inducible
Specific Knockouts

The Cre recombinase enzyme is generally used for genetic manipulation in mice.
However, it can have detrimental effects to the heart at high levels of expression (Bersell
et al., 2013; McLellan et al., 2017) and if enzyme activity is not controlled constitutive
expression of the enzyme results in constitutive gene knockout. Constitutive knockouts
involve the permanent and complete elimination of a gene's function, removing the activity
of the targeted gene throughout the time that the enzyme is expressed. This approach is
particularly useful when researchers aim to understand the fundamental, baseline
functions of a gene. Conversely, inducible knockouts offer researchers the ability to
modulate gene expression in a controlled manner (Saunders, 2011). Inducible systems
employ regulatory elements that respond to experimental interventions, allowing
researchers to control when the target gene is deleted. For Cre, an established method for
regulating enzyme activity is to use a form of the enzyme which is flanked by binding sites
for oestrogen from the oestrogen receptor which have been modified for binding of
tamoxifen (Sohal et al., 2001). Thus, the enzyme is only activated in the presence of
tamoxifen (i.e. it is used for tamoxifen-inducible gene deletion). If this form of Cre is placed

under control of the Myh6 promoter, it is also only expressed in cardiomyocytes.

Despite both being conditional models, the models used for the STRN (inducible gene
deletion) and PKN2 (constitutive gene deletion) projects demonstrate these differences
and their consequences. For STRN, a tamoxifen-inducible Cre system was used with
tamoxifen administered after baseline echocardiography at 7 weeks resulting in
conditional deletion not only after birth, but only in the adult (Cull et al., 2023). This
method bypassed the developmental issues and embryonic lethality present in the global
homozygous model. In contrast, the PKN2 model utilised a non-inducible form of CRE
resulting in constitutive knockout. Therefore, the PKN2 gene is absent throughout the
entire development and lifespan of the animal. Although the PKN mice survived through to
birth, they died around birth because the hearts could not undergo the necessary post-
birth remodelling (Marshall et al., 2022).

6.2.3 Use of Small Molecule Inhibitors

109



An alternative way to investigate the role of an enzyme in a response such as cardiac
hypertrophy is to use a selective small molecular inhibitor. Numerous inhibitors have been
produced to inhibit protein kinases, generally as potential therapies for cancer (Bhullar et
al., 2018). Apart from general problems with toxicity, one major problem is that the drugs
can have off-target effects due to a lack of specificity of the drugs. However, recently
produced inhibitors that are now in use for cancer such as those that inhibit the ERK1/2
cascade generally have great specificity (Ullah et al., 2022). Another problem can be
toxicity resulting from on-target effects in other tissues and several anti-cancer drugs can
be cardiotoxic in some patients (Bhullar et al., 2018). The publication in Chapter 5 took a
different approach from genetically-modified mice. This study investigated the effects of a
pharmacological inhibitor (dabrafenib) that was designed to target BRAF but which inhibits
the RAF family kinases in general (Meijles, Cull, et al., 2021; Rheault et al., 2013; Ullah et
al., 2022). This may be viewed as a more immediate and adaptable approach by enabling
the study of the acute responses to the drug or assessing the therapeutic potential of
targeting the drug-specific pathways. There are challenges in availability of small molecule
inhibitors including specificity for the target of interest, toxicity, and appropriate dosage.
However, as dabrafenib is already used clinically to treat cancer in patients, it is clearly

specific, safe for use in mice and information to establish an appropriate dosage.

In the cancer field, drug administration commonly involves oral dosing (Budha et al., 2012;
Cardoso et al., 2018; Fujita et al., 2017; Kim et al., 2017). Oral dosing requires multiple
administrations to maintain the therapeutic drug level. Consequentially, the drug
concentration in the blood fluctuates from high (upon dosing) to low (before dosing),
leading to inconsistent efficacy or side effects of the drug simply due to variation in drug
availability (Almoshari, 2022; Keraliya et al., 2012). Our research team uses osmotic
minipumps (as in (Alharbi et al., 2022; Clerk et al., 2022; Cull et al., 2023; Fuller et al.,
2021; Marshall et al., 2022; Meijles, Cull, et al., 2021; Meijles et al., 2020; Meijles, Fuller,
et al., 2021)). These provide a consistent and steady delivery of medication over a set
period (days to weeks dependant on the minipump), eliminating the need for frequent
dosing. This consistency ensures therapeutic thresholds are maintained, potentially
improving treatment efficacy and minimising side effects associated with peaks and
troughs of drug administration/withdrawal (Almoshari, 2022; Keraliya et al., 2012; Patel et
al., 2021). Minipumps also bypass the digestive system, ensuring optimal drug absorption
and enabling drugs with poor oral bioavailability to be utilised. Thus, dosing using
minipumps reduces variability in drug exposure, as the drugs are released at a constant,

predetermined flow rate, leading to more accurate research data. Moreover, although
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surgery is required for implantation, there is an overall reduction in animal stress and

handling associated with gavage, contributing to improved animal welfare.

Osmotic minipumps do have several limitations that need to be considered (Almoshari,
2022; Patel et al., 2021). Firstly, minipump implantation requires a surgical procedure,
adding to the complexity, potential risks, and stressors of the overall experiment.
Additional monitoring is therefore required to detect any side effects or malfunction of the
minipump implantation, adding to the overall management burden. Moreover, certain
pharmaceutical formulations are incompatible with the osmotic minipumps, restricting their
applicability. For example, many drugs are insoluble in water but dissolve in DMSO.
However, minipumps can only tolerate 50% DMSO so we needed to develop a process
for solubilisation of protein inhibitors in DMSO prior to mixing with other reagents and
detergents (40% polyethylene glycol, 10% propylene glycol, 1% Tween 80). In
comparison to oral dosing, the cost associated with osmotic minipumps is substantially
higher for the minipumps themselves and the surgery (Almoshari, 2022). These limitations
highlight the need for careful evaluation of the suitability and feasibility of minipump

application prior to experimentation.

6.3.2 Limitations of In Vivo Studies with Preclinical Models of Disease

Due to the inherent complexity and variability of living systems, in vivo studies face
significant challenges in controlling all potentially influencing factors both internal and
external to the animal (Voelkl et al., 2020). This difficulty makes it challenging to draw
definitive conclusions about the effect of the gene/drug/pathway being studied. While
comparisons to human genetics and disease aetiologies can be made, the innate
differences between species can limit the direct applicability of rodent findings to humans
(McGonigle & Ruggeri, 2014).

The potential for species-specific responses to treatments can complicate the translation
of results to humans. This is especially pronounced in complex diseases with multifaceted
genetic and environmental components (Voelkl et al., 2020). Despite these limitations, in
vivo models allow researchers to study specific diseases and their mechanisms in real-
time in a living organism, allowing for the chance to test the safety and efficacy of novel

treatments prior to human trials (Franco, 2013; Robinson et al., 2019). Nevertheless, to
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make the models most relevant to disease it is increasingly important to take into

consideration additional factors such as age and sex.

(i) Age. Classification of mice as a “young” or “old” depends on the context of the
research and the strain being used. For example, in C57BL/6 mice, “young” adults are
categorised as 3-6 months old, while “old” adults can be 18-24+ months (Yanai & Endo,
2021). As the lifespan of genetically-altered mice may be strain-specific (since mutations
may alter their lifespan), the definition of young or old mice is not straightforward. The age
of the mouse presents age-related challenges that should be considered prior to the
research. Younger mice are typically lean and gain weight steadily until reaching maturity.
Older mice may lose muscle mass and gain fat, leading to increased body weight despite
decreased lean tissue (Messa et al., 2020; Petr et al., 2021)

An increased fat-to-body weight ratio can lead to increased absorption of the drug from
the bloodstream into the adipose tissue, resulting in inaccurate dosing of the mouse (Cho
et al., 2013). As the mice age, they experience a decline in organ, metabolism, and stem
cell function (Liu et al., 2022; Petr et al., 2021) compared to younger mice, introducing
more confounding factors which may affect the variables being investigated. Maintaining
older animals comes with increased expense compared to younger mice. Similarly, the
older mice have a reduced experimental turnover as it takes much longer to obtain the

required age before the experiments even start.

For the studies in this thesis, hypertension was induced by pharmacological intervention
(using angiotensin Il) in young mice (8-10 weeks) to avoid problems with aging mice whilst
enabling the accurate and rapid assessment of the effect of genetic alteration or drug
administration on the heart. However, the studies with PKN2 heterozygous gene deletion
(Chapter 4) enabled a comparison of young and old (~1 year) mice. These data illustrated

the change in cardiac function.

(ii) Sex. Asreferenced in Chapter 1, the studies in this thesis used male mice only. The
oestrous cycle in female mice can introduce variability in data due to hormonal
fluctuations. These hormonal cycles affect various organ systems and responses to

treatment, and can add complexity to data interpretation and experimental design (Milner
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et al., 2008). In the study of STRN and STRN3, the intention was to convert the original
global constitutive line(s) into a model for cardiomyocyte-specific, tamoxifen-induced
conditional line. As an oestrogen receptor antagonist, tamoxifen has greater potential for

unanticipated effects in female mice than in males.

At the time the studies were initiated, the Myh6-CRE model with tamoxifen-inducibility had
not been characterised in female mice. Therefore, the study focused only on males.
However, in an ancillary study of cardiomyocyte BRAF knockout to which | contributed,
the effects of phenylephrine on male and female hearts were compared. Unlike male
hearts, tamoxifen administration in female mice led to a slight but significant decrease in
cardiomyocyte size (Alharbi et al., 2022). While tamoxifen generally clears within 2-3 days
(Sohal et al., 2001), its pharmacokinetics may differ in females or this specific mouse line,
potentially causing residual effects at the experiment's conclusion (11 days post-injection).
Given tamoxifen's antagonism to oestrogen and oestrogen’s known role in promoting
PKB/Akt signalling within female hearts (Camper-Kirby et al., 2001; Sugden & Clerk,
2001), it's possible that the observed decrease in cardiomyocyte size is consequential of

tamoxifen's interference with the hormone. Clearly, more research on females is needed.

6.3 Concluding Remarks

Cardiovascular diseases remain a significant global challenge, affecting billions of adults
every year, with hypertension and heart failure being two of the most common diseases.
With the future of treatments heading towards personalised medicine, developing protein-
specific treatments could improve the survival of patients affected by mutations in these
genes. The selection of appropriate mouse models is paramount to an accurate
assessment of the hypothesis associated with these genes. Echocardiography provides a
cheap and minimally invasive method of assessing the effect of these genes and the

novel treatments targeting them.
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