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Identifying signaling and gene regulatory mechanisms of pathologic cardiac
remodeling and heart failure pathogenesis
Austin Hsu

Abstract

Heart failure is a highly prevalent and costly disease, accounting for the number one
source of hospitalization and healthcare expenditures in the United States. This massive
unmet medical need is further underscored by the fact that there have been no new
classes of heart failure therapeutics developed in the past twenty years, highlighting the
urgent need for novel biological insights to pave the groundwork for drug development.
The majority of existing therapies are largely targeted at cell surface neurohormonal
pathways, but fail to completely alter disease progression. Interdicting downstream
signaling and gene regulatory pathways may provide an alternative and complementary
therapeutic strategy. My dissertation explores the roles of two family of kinases, salt-
inducible kinases (SIKs) and cyclin dependent kinases (CDKSs), in the setting of heart
failure pathogenesis. The data generated in this body of work implicate two salt-inducible
kinase isoforms, SIK1 and SIK3, as positive and negative regulators of pathologic cardiac
remodeling, respectively, that can be pharmacologically targeted with small molecule
inhibitors. | also uncover a role for CDK7, 12 and 13 as positive regulators of pathologic
transcription and demonstrate proof-of-concept targeting of these kinases as an effective
strategy for attenuating maladaptive cardiac remodeling in heart failure. Collectively,
these findings advance our fundamental understanding of mechanisms that underlie the
pathogenesis of heart failure and establish novel therapeutic entry points that may be

exploited for the development of drugs to treat human heart failure.
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Chapter 1: Introduction



Heart Failure

Heart failure is a highly prevalent and lethal disease that carries an average 5-year
mortality rate of ~40%", reflecting an incomplete understanding of the molecular
pathogenesis of this disease and an urgent need for novel therapeutic strategies. Heart
failure is characterized by a progressive interplay of structural and functional
perturbations that ultimately render the heart unable to adequately pump blood to the rest
of the body?. Existing therapies have largely targeted cell surface neurohormonal
pathways (e.g. inhibition of beta adrenergic and angiotensin signaling), which often fail to
completely alter disease progression. In many cases, patients are refractory to current
therapies and are treated using palliative measures as they ultimately progress to a
premature death. In light of this massive unmet medical need, identification of novel
molecular mechanisms underlying heart failure pathogenesis is desperately needed as a

foundation for new therapeutic approaches.

Cardiac hypertrophy and remodeling

In response to diverse cardiac insults, the heart undergoes pathological remodeling, a
process characterized by hypertrophic cardiomyocyte growth, fibrosis, inflammation,
electrical remodeling, metabolic dysfunction and transcriptional activation of a
maladaptive gene program that all converge on compromised cardiac function?.

The remarkable plasticity of the heart is well exemplified by its ability to undergo
pathologic cardiac hypertrophy, a phenomenon in which cardiac myocytes in the heart
initiate a maladaptive anabolic program in the absence of cell division — leading to gross

enlargement of cellular mass and thickening of the myocardium*. Classically, cardiac



hypertrophy has been long considered as a beneficial and compensatory response to
increased wall stress on the ventricular myocardium, following the Law of LaPlace®.
However, a mounting body of literature derived from preclinical studies have
demonstrated that inhibition of myocardial hypertrophy in setting of pressure overload in
animal models is beneficial rather than detrimental®’. Even in the context of persistent
stress, mitigation or prevention of hypertrophic growth is well-tolerated in these animal
models and surprisingly does not lead to the development of ventricular dilation or
reduced cardiac function. To further add to this evidence, clinical data of patients with
heart failure®'° have consistently concluded that left ventricular hypertrophy is associated
with poorer outcomes in patients with an increased risk of heart failure and arrhythmias.
These data suggest that cardiac hypertrophy may actually represent a maladaptive
cellular stress response and underscore the need to better understand the underlying
mechanisms that govern cardiomyocyte growth and plasticity. A stronger understanding
of the fundamental molecular events that drive the onset of pathologic remodeling may
uncover novel therapeutic entry points that can be leveraged for the development of
urgently needed heart failure drugs. This work presented in this thesis sheds light on two
family of kinases, salt inducible kinases (SIKs) and cyclin dependent kinases (CDKs), as
potential therapeutic targets for the treatment of heart failure and regulators of the

maladaptive cardiac stress response.

Class lla histone deacetylases (HDACS)
A major molecular link between cytosolic signaling cascades and the nuclear gene control

machinery in cardiac myocytes are the class lla histone deacetylase (HDAC) family of co-



repressor proteins'’'2. The mammalian epigenome consists largely of two broad
components: the structural features of the chromatin landscape and the molecules that
alter these marks'3. Histone deacetylases belong to the latter and are a class of enzymes
that classically remove acetylation marks from histones to influence changes in chromatin
accessibility and gene activation. These proteins are often divided into two distinct
families: the (1) histone deacetylase family and the (2) sirtuin family’. The histone
deacetylase family consists of class I, lla, lIb, and IV HDACs and share a large degree of
sequence homology within their conserved deacetylase domains. The sirtuin family
proteins are demarcated as a unique subset of HDACs (class IIl) due to their dependence
on nicotinamide adenine dinucleotide (NAD) as a cofactor to carry out their enzymatic

function.

Class | HDACs, which represent HDAC1, 2, 3, and 8, have been shown experimentally
to function as positive effectors of cardiac hypertrophy through regulation of fibrosis'>:'6,
inflammation'’, and autophagy'®. In contrast class Ila HDACs, which represent HDAC4,
5, 7, and 9, are largely considered to function as signal responsive co-repressors of
cardiomyocyte transcription in the heart. Despite their nomenclature, class Ila HDACs
have been demonstrated to exhibit very minimal enzymatic activity nearly 1000x less so
than their class | HDAC counterparts. This discrepancy has been mapped to a significant
functional amino acid change from the class | HDAC sequence: a tyrosine to histidine
mutation located in the deacetylase domain of class lla HDACs'®. Class lla HDACs are
also further differentiated from class | HDACs due to the elongated N-terminal domains

presentin HDAC4, 5, 7, and 9. Rather than functioning through deacetylase activity, class



Ila HDACs are considered to function predominantly through protein-protein interactions
facilitated by this elongated N-terminal region. One of the most well-studied interacting
partners of class lla HDACs in the heart is the transcription factor myocyte enhancer
factor 2 (MEF2)'2. Under basal states in cardiac myocytes, class lla HDACs are localized
primarily to the nuclear compartment where they actively bind to and repress MEF2
transcriptional activity. In response to various neurohormonal or biomechanical stimuli,
class lla HDACs are phosphorylated on highly conserved and specific serine residues.
This phosphorylation event creates a phospho-motif that is recognized by the nuclear
export family of 14-3-3 proteins, which in turn bind to phosphorylated class lla HDACs
and facilitate their nuclear export into the cytoplasmic milieu. This event leads to
functional de-repression of MEF2 and unbridled transcriptional activation of downstream
MEF2 target genes, many of which have been extensively implicated as drivers of

pathologic cardiac remodeling and hypertrophy.

The experimental evidence establishing this working model for class lla HDACs was
initially conceptualized from data derived from global mouse knock out studies of HDAC5
and 92° (HDAC4 and 7 global knockout mice are embryonic lethal?"22). In these studies,
HDACS and 9 knockout mice exhibited dramatic postnatal hypertrophic growth in the adult
mouse heart, cementing the notion that class lla HDACs function and negative regulators
of cardiac growth in the mammalian heart. Conditional alleles of HDAC4 were later
generated and yielded similar results?. Despite the lack of experimental evidence
implicating HDACY as a negative regulator of cardiac hypertrophy, it was largely assumed

based on sequence homology and protein classification that it must function in a similar



MEF2 co-repressor manner. However, as discussed in chapter 2 of this thesis, our work
demonstrated for the first time that HDAC7 functions uniquely as a positive driver of
hypertrophic remodeling in the heart — highlighting a functional departure from the
classical class lla HDAC model that was originally built across the last 20 years of

experimental data.

Due to the unique manner in which class lla HDACs function and the implications of their
positive influence in promoting cardiac hypertrophy — these proteins represent attractive
therapeutic targets for heart failure therapy. However, as their primary identified function
relies on direct protein-protein interaction rather than enzymatic activity — this interface
represents a challenging target to develop small molecule inhibitors for, as there are no
deep hydrophobic binding pockets that are amenable for targeting. Therefore,
identification of upstream kinases that control the nuclear/cytoplasmic shuttling of these
class Ila HDACs represent novel targets for therapeutic consideration and may expand
our ability to therapeutically manipulate nuclear gene control pathways in cardiomyocytes.
Chapters 2 and 3 of this thesis focuses on such a family of kinases called Salt-Inducible

Kinases that had not yet been explored or implicated in the context of cardiac biology.

Salt-inducible kinases in cardiac biology
Salt-inducible kinases (SIKs) are serine/threonine kinases belonging to the AMP-
activated protein kinase (AMPK) family of proteins?*. These kinases were first identified

in 199925 after the first isoform, salt-inducible kinase 1, was cloned from the adrenal



glands of rats fed high-salt diets. Two additional mammalian isoforms have since been

identified, salt-inducible kinase 2 and 3.

As part of the AMPK family, SIKs retain several similar features to other AMPK-related
kinases including an N-terminal serine/threonine kinase domain and a ubiquitin
associated domain?*. The SIK consensus substrate motif (LX(R/K/H)(S/T)XSXXXL) is
also remarkably similar to that of AMPK ((L/M/I)X(R/K/H)XXSXXX(L/V/IIF)?®, yet SIKs
have been demonstrated to phosphorylate unique substrates that are not known to be

direct targets of AMPK signaling (CRTC/CREB, PME-1, HDACs)?"-%°.

SIKs are thought to be subject to multiple layers of regulation, including phosphorylation
and spatial localization. Similar to AMPK, SIKs have been demonstrated to be direct
targets of Liver Kinase B1 (LKB1) signaling®’. LKB1 can phosphorylate SIKs on their T-
loop domains, leading to SIK activation. However, it is unclear whether this
phosphorylation event by LKB1 is necessary for SIK activity, as multiple SIK isoforms
have been demonstrated to harbor autophosphorylation activity independent of LKB1
signaling. SIKs are also subject to regulation by calcium/calmodulin dependent kinase
(CaMK)3":32 and protein kinase A (PKA)33. Phosphorylation of SIKs by CaMK similarly
leads to kinase activation, however, phosphorylation by protein kinase A has been
demonstrated to lead to repression of SIK activity. PKA phosphorylation of SIKs results
in phospho-motifs that are recognized by the 14-3-3 nuclear export family of proteins.
When bound to 14-3-3, SIKs are rendered inactive and shuttled into the cytoplasmic

space.



It is becoming increasingly appreciated that this family of relatively understudied kinases
harbors multifaceted and pleiotropic functions across many cellular and biological
processes. Several SIK targets have been identified to date, including proteins involved
in various cellular processes such as metabolism, cell growth, inflammation, and gene
regulation. Among these targets include CREB, CRTC, HDACs, SREBP1-c, and

p30027,28,34,35_

The role that SIKs can play as class Illa HDAC kinases was intriguing, as this phenomenon
had been previously demonstrated in the context of the drosophila fat body?’, but SIKs
had not yet been shown to play any functional role in the mammalian heart. Chapters 2
and 3 of this thesis establish the first known roles of SIK1 and SIK3 in cardiac myocytes,
demonstrating that these kinases act as positive and negative regulators of pathologic

cardiac remodeling, respectively.

Transcription in heart failure

In addition to salt-inducible kinases, a portion of this thesis focuses on kinases involved
in gene activation and transcription in heart failure. Chapter 4 focuses on how targeting a
subset of cyclin dependent kinases (CDK) involved in RNA polymerase Il initiation can

confer protection against the establishment of heart failure.

For pathologic hypertrophy of the heart to occur, the organ must undergo a state of growth
and remodeling that is supported by initiation of an anabolic cellular program?®. As part of

this process, there is a detectable increase in transcriptional activity that is required to



support the dramatic cellular plasticity and remodeling exhibited by cardiac myocytes.
Concordant with this notion, in human patient samples derived from patients with heart
failure, there are higher detectable levels of phosphorylated RNA polymerase 113637 — a

proxy measurement that is suggestive of greater transcriptional activity.

The process of transcription can be broken down into three broad phases: initiation,
elongation, and termination. The progression and transition from one phase of
transcription to the next is a highly regulated process facilitated in large part by
phosphorylation of the C-terminal domain (CTD) of Rpb138, the largest subunit of RNA
pol Il. The RNA Pol Il CTD consists of a unique heptapeptide repeat of the sequence Tyr-
Ser-Pro-Thr-Ser-Pro-Ser (Y1S2P3T4SsP6S7)%°. Each of the three serine motifs present in
the CTD have been demonstrated to be involved in regulating distinct phases of the
mammalian transcription cycle, although serine 2 and 5 have been most extensively

studied.

Initiation encompasses the first steps of transcription in which RNA pol Il is properly
loaded on to the respective regions of the genome and is poised to begin transcribing its
target sequence. This step of initiation is often associated with phosphorylation of serine
5 and can be facilitated by the transcription factor IIH (TFIIH) complex. The core catalytic
component of the TFIIH complex is CDK74%41, one of the kinases of focus in chapter 4 of
this thesis. Elongation represents the next stage of this process in which RNA Pol Il is
allowed to processively transcribe across the gene body. Often after initiation, RNA pol Il

will transcribe for a brief period of time, prior to stalling. In the stage of promoter proximal



pausing, RNA pol Il requires phosphorylation on serine 2 of the CTD to trigger productive
elongation and release of RNA poll Il from a paused state®. Several CTD kinases have
been demonstrated to play a role in this process, including CDK124? — another kinase of
focus in chapter 4. The final stage of transcription is coined termination, during which
serine 5, but not serine 2, of the CTD is dephosphorylated by various phosphatases near

the end of the transcription cycle.

The roles of transcriptional CDKs in the pathogenesis of heart failure and cardiac
hypertrophy are not well understood. The most notable of study of CDKs in this process
has focused on CDK9%6:3", the core catalytic component of the positive elongation factor
B (PTEFB) complex that can facilitate RNA pol Il serine 2 phosphorylation and
subsequent productive elongation. In this study, the authors demonstrate that inhibition
of CDK9 with a chemical inhibitor (DRB) or overexpression of a dominant negative CDK9
in cultured cardiomyocytes confers protection against neurohormonal agonist induced
cardiac hypertrophy. These findings were quite striking and demonstrated for the first
time, that inhibition of the transcriptional kinases could have beneficial effects on disease
progression. However, a caveat associated with this study was the degree of off target
effects associated with the DRB chemical inhibitor which was not uniquely specific to
CDKS9 activity, complicating the interpretation of the data. Due to the overlapping
sequence homology among many CDKs, designing inhibitors specific to individual CDKs

has historically been a challenging feat.

10



Recently, a small molecule inhibitor called THZ14® was developed that demonstrates
unique specificity for a subset of CDKs (CDK7, 12 and 13). This probe leverages a unique
accessible cysteine in the CTD of these kinases remote from the active site, allowing for
increased specificity via allosteric covalent binding. The development of this probe
permitted a unique exploration into pharmacologically targeting specific RNA Pol Il CTD
kinases during heart failure pathogenesis to establish proof of concept that inhibition of
transcription could be a viable approach for heart failure therapy. This study is discussed

in further detail in Chapter 4 of this thesis.

11



Focus of Dissertation: Signaling and gene regulatory mechanisms of pathologic
cardiac remodeling and heart failure pathogenesis.

My dissertation focuses on expanding our fundamental understanding of the molecular
mechanisms that underlie heart failure pathogenesis. In chapter two, | present data that
establishes a novel role for the salt-inducible kinase family of proteins in regulating
cardiac remodeling and hypertrophy. Specifically, these data implicate SIK1 as a positive
regulator of cardiac hypertrophy and establish an unexpected pro-hypertrophic role for
the last uncharacterized class lla HDAC in the heart, HDACY. In chapter three, | expand
on these initial studies of SIKs in the heart to demonstrate a role for another SIK isoform
in the regulation of cardiac remodeling. These data implicate SIK3 as a negative regulator
of pathologic remodeling, in part through the regulation of small Rho GTPase signaling
and actin dynamics. In chapter four, | present data demonstrating that inhibition of
transcription during early stages of heart failure pathogenesis potently attenuates disease
establishment and progression, providing proof of concept that targeting transcription may

be a viable approach for heart failure therapy.

12
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Abstract

Salt inducible kinases (SIKs) are key regulators of cellular metabolism and growth, but
their role in cardiomyocyte plasticity and heart failure pathogenesis remains unknown.
Here, we showed that loss of SIK1 kinase activity protected against adverse cardiac
remodeling and heart failure pathogenesis in rodent models and human iPSC-derived
cardiomyocytes. We found that SIK1 phosphorylated and stabilized histone deacetylase
7 (HDACY) protein during cardiac stress, an event that is required for pathologic
cardiomyocyte remodeling. Gain- and loss-of-function studies of HDAC7 in cultured
cardiomyocytes implicated HDAC7 as a pro-hypertrophic signaling effector that can
induce c-Myc expression, indicating a functional departure from the canonical MEF2 co-
repressor function of class lla HDACs. Taken together, our findings reveal what we
believe to be a previously unrecognized role for a SIK1-HDAC7 axis in regulating cardiac

stress responses and implicate this pathway as a potential target in human heart failure.

Background

In response to cardiac insults, the heart undergoes stress-dependent pathologic
remodeling, a process that features hypertrophic cardiomyocyte growth and
transcriptional activation of a gene program that can chronically compromise cardiac
function (1). A major regulator of stimulus-coupled transcription in cardiomyocytes is the
class lla histone deacetylase (HDAC) protein family (HDAC4, 5, 7, 9), which lack
significant catalytic activity and are generally thought to function as potent allosteric co-
repressors of MEF2 transcriptional activity (2). In response to stress signals, a subset of

intracellular kinases directly interact with class Ila HDACs and phosphorylate them on
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specific, conserved serine residues — an event that promotes nuclear export of these
HDACs and consequent de-repression of MEF2 transcriptional function. Consistent with
this model, genetic deficiency of HDAC4, 5 or 9 is each associated with excessive
myocardial MEF2 activity and heart failure in mice (2-4). In this manner, phosphorylation
of class lla HDACs by specific kinases (e.g., CaMKII, PKD) functions as a signal
responsive mechanism that directly couples cytosolic stress signaling cascades with the
nuclear gene control machinery. Therefore, identification of upstream kinases that
regulate HDACs in the heart is essential for our mechanistic understanding of cardiac
stress responses, knowledge that may inform novel therapeutic strategies for human

heart failure.

Salt Inducible Kinases (SIKs; SIK1, 2, 3 in mammals) are a family of serine/threonine
protein kinases that have been shown to regulate skeletal muscle homeostasis and the
hepatic fasting response by modulating HDAC4 and HDACS function (5, 6). However, the
role of SIKs in the heart is largely unknown. In this study, we establish SIK1 as an
essential positive regulator of pathologic cardiac remodeling. Leveraging complementary
gene-specific SiIRNA knockdown and chemical inhibition approaches, we demonstrate
that inhibition of SIK1 blocks cardinal features of pathologic remodeling in vitro. Similarly,
global SIK1 deficient mice are protected from pressure overload induced heart failure.
Mechanistically, we uncover HDAC7 as a major downstream target of SIK1
phosphorylation and demonstrate that loss of this phosphorylation event leads to
proteasome-mediated degradation of HDAC7. Specific sSiRNA mediated knockdown of

Hdac7 in cultured cardiomyocytes reveals that it functions as a positive regulator of
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cardiomyocyte hypertrophy and stress-gene transactivation. This mechanism represents
a function that is distinct from that of HDAC4, 5 or 9, which act as MEF2 co-repressors
and negative regulators of cardiomyocyte hypertrophy and heart failure pathogenesis. In
addition, we find that HDACY7 activates c-Myc, a well-established transcriptional driver of
cardiomyocyte stress responses (7, 8), further supporting a distinct mechanism of action
for HDAC7 compared to other class Ila HDACs. Taken together, these findings identify
SIK1 as a critical effector of cardiomyocyte stress responses and heart failure
pathogenesis and implicate HDAC7 as a major downstream target of SIK1 signaling

during cardiomyocyte hypertrophy.

Results

Pan-SIK inhibition attenuates hallmark features of pathologic cardiomyocyte
remodeling in vitro

To our knowledge, the role of SIKs in heart failure has not been previously explored. As
SIKs have been implicated as a link between cytosolic signaling cascades and the nuclear
gene control machinery in hepatocyte metabolic adaptation (6), we hypothesized that this
family of kinases might regulate cardiomyocyte plasticity during heart failure related
stress. We began by testing whether broad inhibition of all three SIK isoforms would have
any effect on the cardiomyocyte stress response. We leveraged the neonatal rat
ventricular myocyte (NRVM) cell culture model, which has been well-established to mount
a stereotypic response to hypertrophic stimuli such as phenylephrine (PE), featuring an
increase in cell size (hypertrophy) and activation of a heart failure related gene expression

program (9). We tested the effect of two structurally distinct, potent, and relatively specific
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chemical inhibitors of the SIK family (HG-09-091 and YKL-05-099) (10) on NRVMs treated
with and without PE. Treatment with either SIK inhibitor potently attenuated hallmark
features of pathologic cardiomyocyte remodeling in a dose-dependent manner, including
cellular hypertrophy (Figure 2.1, A and B) and induction of canonical heart failure
associated marker genes such as Nppa, Nppb, Ctgf, and Il6 (11, 12) (Figure 2.1C and
Supplemental Figure 2.1A). The effects of these inhibitors on cardiomyocyte hypertrophy
and gene expression in the baseline state are shown in Supplemental Figure 2.1, B-E.
To provide human relevance to our findings, we tested the effects of SIK inhibitors in an
established model of Endothelin-1 (ET-1) induced hypertrophy in human iPSC-derived
cardiomyocytes (13). Treatment with either SIK inhibitor suppressed ET-1 induced
cellular hypertrophy, upregulation of NPPB mRNA, and secretion of proBNP protein into

the media, in a dose-dependent manner (Figure 2.1, D-F).

SIK1 is a positive regulator of pathologic cardiomyocyte remodeling in vitro

Pan-SIK chemical probes, such as YKL-05-099, also have activity against Src kinases
and cannot discriminate which SIK isoform is critical for driving cardiomyocyte
hypertrophy (10) . We therefore used gene-specific siRNAs in our NRVM system to
assess which SIK isoforms might be mediating the pro-hypertrophic effect. Three
mammalian SIK isoforms have been identified to date: SIK1, 2, and 3 (14). In NRVM, we
were unable to detect Sik2 transcripts by gqRT-PCR at baseline or after PE stimulation.
Sik1 transcripts were readily detected and strongly induced by PE stimulation, suggesting
that SIK1 may play a role in the early cardiac stress response. Sik3 transcripts were also

detected in NRVM but did not change with PE stimulation (Figure 2.2A). We used specific
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siRNA probes to knockdown Sik71 or Sik3 in NRVM and assayed for the effect of
knockdown on cardiac hypertrophy. Sik1 knockdown had no appreciable effect on cardiac
myocytes under basal conditions, but potently attenuated PE-induced hypertrophy and
gene induction (Figure 2.2, B-D and Supplemental Figure 2.2, A and B). In contrast,
knockdown of Sik3 induced spontaneous hypertrophy and activation of heart failure
associated genes under basal conditions and further exacerbated the PE-induced stress
response (Figure 2.2, B, C, and E, Supplemental Figure 2.2, A and B, and Supplemental
Figure 2.4D). Taken together, these data demonstrate that SIK1 is the specific isoform

that positively regulates cardiomyocyte hypertrophy and stress gene activation.

Global loss of SIK1 protects against pathologic cardiac remodeling in vivo

Prompted by these observations in cultured NRVM, we hypothesized that SIK1 would
also be required for pathologic cardiac remodeling and heart failure pathogenesis in vivo.
Global Sik717- mice (15) and wild-type littermate controls were subject to cardiac pressure
overload by transverse aortic constriction (TAC) (16). After 6 weeks of TAC, Sik717 mice
had less cardiomegaly and cardiac hypertrophy (Figure 2.3, A and B and Supplemental
Figure 2.2C). Serial echocardiography demonstrated that Sik1 deficiency attenuated the
progressive decline in LV systolic dysfunction seen in wild-type mice (Figure 2.3C). In
addition, Sik717- mice exhibited attenuated features of heart failure, such as reduced LV
fibrosis (Figure 2.3D), reduced cardiomyocyte hypertrophy (Figure 2.3E), and blunted
induction of stereotypical heart failure related genes (Figure 2.3F). Sik1 deficiency did not

alter cardiac structure or function in the sham treated group (Figure 2.3C). These data
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implicate SIK1 as a critical regulator of stress-induced pathologic cardiac remodeling and

heart failure progression in vivo.

HDACY?7 stability is dependent on SIK1 kinase activity

In other cellular contexts, SIK1 has been shown to phosphorylate and regulate HDAC4
and HDACS (5, 6). To test whether SIK1 targets class Ila HDACs in cardiomyocytes, we
harvested whole cell lysates from NRVM treated with Sik7 siRNA +/- PE and performed
western blot analysis using a phospho-specific antibody that can discriminate orthologous
phosphorylation status of HDAC4 (serine 246), HDACS (serine 259), and HDACY (serine
155). Sik1 knockdown did not significantly affect phospho-HDAC4 or phospho-HDAC5
abundance in NRVM (Figure 2.4A). However, phospho-HDAC7 abundance was
significantly depleted with Sik7 knockdown. We assessed for total protein abundance of
class lla HDAC isoforms and found that total HDAC7 protein abundance was robustly
and specifically decreased with Sik7 knockdown, implicating an unexpected role for SIK1
in maintaining total HDAC?7 protein concentration (Figure 2.4A). Hdac7 transcript levels
remained unchanged in the setting of Sik7 knockdown (Figure 2.4B), indicating that SIK1-
mediated regulation of HDAC7 occurs in a post-transcriptional manner. To test whether
this mode of regulation is dependent on the intrinsic kinase activity of SIK1, we performed
western blot analysis on NRVM treated with pan-SIK chemical inhibitors HG-09-091 and
YKL-05-099. Both inhibitors phenocopied the effects of the Sik7 siRNA on HDAC7,
depleting total and phosphorylated HDAC7 abundance under both baseline and PE-
stimulated conditions (Figure 2.4, C and D). Furthermore, western blot analysis on cardiac

tissue samples from global Sik7”- mice also revealed decreased total and phospho-
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HDACY7 protein at baseline and post-TAC (Figure 2.4E), demonstrating that this SIK1-
HDACY7 axis is preserved in vivo and across species. The effect of SIK1 deficiency on
HDACY protein abundance was less pronounced in the TAC treated group compared to
the sham group, suggesting that pressure overload may induce the expression or activity
of additional kinases or alternative mechanisms that can modulate HDAC?7 stability in the

adult mouse heart.

To further test whether this effect was due to a direct kinase-substrate interaction between
SIK1 and HDAC7, we performed an in vitro kinase assay using recombinant SIK1 and
HDACY protein. As expected, HDAC7 alone did not exhibit basal phosphorylation signal.
However, addition of both SIK1 and HDAC?7 induced phosphorylation of Ser155, which
was lost upon addition of the SIK inhibitor YKL-05-099 (Figure 2.4F). We also found that
SIK1 could phosphorylate Ser318 and Ser488 in this assay, two residues that have been
implicated in the interaction of HDAC7 with 14-3-3 (Supplemental Figure 2.2D) (17). This
evidence supporting a direct kinase-substrate interaction led us to hypothesize that loss
of SIK1 kinase activity decreases phosphorylation of HDAC7, leading to proteasome-
mediated HDAC7 degradation. Consistent with this hypothesis, treating NRVM with the
proteasome inhibitor bortezomib rescued the SIK-inhibitor dependent depletion of
HDACY protein (Figure 2.4G). In addition, treatment of NRVM with the SIK inhibitor YKL-
05-099 increased the ratio of ubiquitinated-HDACY to total HDAC7 (Supplemental Figure
2.4A and B). Bortezomib also led to a relative increase in the ubiquitinated-HDAC?7 to
total HDACY ratio compared to baseline, although this ratio was not further augmented

by YKL-05-099 co-treatment, possibly because potent proteasome inhibition by itself may
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lead to saturating levels of ubiquitinated-HDAC?7 in this context (Supplemental Figure
2.4A and B). Additionally, mutagenesis of serine 155 to alanine on HDAC7 diminished
the stabilizing effects of SIK1 (Supplemental Figure 2.2E), specifically implicating Ser155
as an important residue in HDACY stabilization. Previous work has shown that HDAC7
can be stabilized by 14-3-3 proteins in human embryonic kidney (HEK) 293 cells (18). To
test whether 14-3-3 protein also participates in HDAC7 stabilization in cardiomyocytes,
we infected NRVM with adenovirus expressing full length 14-3-3 followed by treatment
with SIK inhibitor YKL-05-099. Overexpression of 14-3-3 increased HDAC7 protein
abundance compared to empty virus infected control (Supplemental Figure 2.4C).
However, this effect was lost upon addition of the SIK inhibitor YKL-05-099, suggesting
that 14-3-3 proteins may play a role in the stabilization of HDAC7, but are dependent on
SIK activity to exert their stabilizing effect. Taken together, these results demonstrate that
HDACY protein abundance in cardiomyocytes is dependent on SIK1 kinase activity and

support that direct phosphorylation of HDAC7 by SIK1 is critical for HDAC7 stability.

Loss of HDAC7 protects against pathologic cardiac remodeling

Previous studies of class lla HDACs in the heart have demonstrated roles for HDAC4, 5
and 9 as MEF2 co-repressors that function as negative regulators of cardiomyocyte
hypertrophy and the transcriptional response to cardiac stress (2-4). However, to our
knowledge, the role of HDACY in the heart has not been previously explored. As our data
shows that SIK1 is a positive regulator of pathologic cardiac remodeling and can stabilize
HDAC7, we hypothesized that HDAC7 may also function as a positive regulator of this

response, suggesting a role that deviates from the other class Illa HDAC isoforms. We
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found that siRNA-mediated knockdown of Hdac7 in NRVM robustly attenuated PE-
induced cardiac hypertrophy and induction of canonical heart failure related genes (Figure
2.5, A-C). In contrast, siRNA-mediated knockdown of Hdac5 led to a robust induction of
Nppa and Nppb transcripts at baseline and after PE stimulation (Figure 2.5C), consistent
with the role of HDACS as a transcriptional co-repressor. Transduction of a MEF2 reporter
construct into NRVM revealed that Hdac7 knockdown had no effect on MEF2
transcriptional activity while Hdac5 knockdown increased MEF2 activity (Figure 2.5D and
Supplemental Figure 2.4E and F), further supporting that HDAC7 functions differently

than other class lla HDACs.

We have shown that SIK1 inhibition attenuates cardiomyocyte hypertrophy and heart
failure pathogenesis, and is associated with loss of HDAC?7 protein abundance. We have
also demonstrated that HDACY is a positive regulator of cardiomyocyte hypertrophy. To
establish a causal link between SIK1 and HDAC7, we tested whether reconstitution of
HDACY in the setting of SIK1 inhibition would blunt the anti-hypertrophic effects of SIK1
inhibition. We generated adenoviruses expressing GFP-HDAC7 (Ad-HDAC?7) or GFP
alone (Ad-GFP) and infected NRVM followed by treatment with or without SIK inhibitors
and PE. Under non-stimulated conditions, overexpression of HDAC7 was sufficient to
induce cardiomyocyte hypertrophy and Nppa, Nppb, and Myh7 expression compared to
Ad-GFP control (Figure 2.5, E-G). SIK inhibition inhibited cardiomyocyte hypertrophy
(Figure 2.5, E-G) and depleted HDACY7 protein abundance (Supplemental Figure 2.3A).
Reconstitution of HDAC7 (Western blot of HDAC7 reconstitution shown in Supplemental

Figure 2.3B) partially reversed the protective effects of SIK inhibition during PE-mediated
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stress (Figures 2.5, E-G). To test the converse, we infected NRVM with an adenovirus
expressing SIK1 followed by transfection of siRNA probes against Hdac?.
Overexpression of SIK1 increased Nppa and Nppb expression in PE stimulated
conditions, but had no appreciable effect at baseline. (Supplemental Figure 2.2, F and
G). Knockdown of Hdac7 robustly attenuated the effect of SIK1 overexpression
(Supplemental Figure 2.2, F and G). These results support a model in which SIK1
promotes cardiomyocyte hypertrophy and stress-gene induction, in part, via activation of

HDACY.

HDACY?7 indirectly regulates c-Myc expression

Our data show that HDACY is a pro-hypertrophic transcriptional regulator (Figure 2.5) and
suggests that HDAC7 does not function as a MEF2 co-repressor (Figure 2.5D). These
findings support the contention that HDAC?7 functions in a manner that is different than
other class lla HDACs. Emerging studies have described non-canonical roles for HDAC7
in other biological contexts, including a role as an activator of c-Myc in cancer (19). Given
the importance of c-Myc in establishing pathologic remodeling in the heart (7, 8, 20), we
tested whether c-Myc expression was altered with HDAC7 perturbation in
cardiomyocytes. Silencing of Hdac7 led to a decrease in c-Myc RNA and robustly
depleted C-MYC protein in NRVM (Figure 2.6, A and B). Conversely, overexpression of
HDAC?7 induced c-Myc expression at both the RNA and protein levels (Figure 2.6, C and
D). Similarly, treatment with SIK inhibitor YKL-05-099, which robustly depletes HDAC7
(Figure 2.4D), led to a marked decrease in c-Myc mRNA and protein expression (Figure

2.6, E and F). Cardiac tissue samples from SIK1 KO mice also exhibited lower c-Myc
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RNA and protein expression levels compared to WT control mice (Supplemental Figure

2.3,Dand E).

To determine whether HDACY directly or indirectly regulates c-Myc expression, we first
assessed the nuclear/cytoplasmic distribution of HDAC7 in NRVM. Other class lla HDACs
have been shown to shuttle between the nuclear and cytoplasmic compartments and it is
thought that control of their spatial localization is a central mechanism for regulating their
function. We performed nuclear/cytoplasmic fractionation on NRVM lysates treated with
SIK inhibitor YKL-05-099 +/- PE stimulation. Under all conditions, total and
phosphorylated HDAC7 protein was found exclusively in the cytoplasmic fraction and was
notably absent in the nuclear fraction (Figure 2.6G). Treatment of NRVM with the
proteasome inhibitor bortezomib, which causes accumulation of HDAC7 protein, also did
not reveal any detectable levels of HDAC7 protein in the nuclear fraction (Supplemental
Figure 2.3C). In contrast, HDACS5 protein was detected in both nuclear and cytoplasmic
fractions as previously reported (Figure 2.6G and Supplemental Figure 2.3C) (21). The
lack of detectable HDACTY in the nuclear fraction of NRVM indicates that HDAC?7 is
unlikely to regulate c-Myc expression via direct enrichment on DNA regulatory elements

in cardiomyocytes.

Overexpression of HDAC7 in NRVM induces hypertrophy and c-Myc expression (Figure
2.5E-G and Figure 2.6C and D). To test whether HDAC7-mediated hypertrophy is
dependent on c-Myc induction, we infected NRVM with Ad-HDAC7 followed by

transfection of siRNA probes against c-Myc (Supplemental Figure 2.3, F and G). c-Myc
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knockdown had no effect on cell size in empty virus infected NRVM, but attenuated
HDAC?7 induced cardiomyocyte hypertrophy and Nppa and Nppb expression (Figure 2.6,
H-J). Taken together, these data indicate that HDAC7 acts as a positive upstream
regulator of C-MYC during cardiomyocyte hypertrophy, further suggesting that the SIK1-
HDACY7 axis functions in a manner that is different from the signal-responsive MEF2 co-

repressor role of related class lla HDAC isoforms.

Discussion

Our results implicate the SIK family of kinases as key regulators of cardiac plasticity in
rodent models and human cardiomyocytes, significantly expanding our fundamental
understanding of how stress-signaling cascades are coupled to the cardiomyocyte gene
regulatory machinery. In contrast to previously known cardiac class Ila HDAC kinases
such as CaMKIl and PKD, which function primarily via HDAC nuclear-cytoplasmic
shuttling, we establish a unique role for SIK1 as a critical effector of HDAC7 stabilization.
Our data demonstrates a mechanistic link between SIK1 and HDAC7, implicates this axis
as part of a pro-hypertrophic signaling node, and provides new insights into the function
of HDACY - one of the least well characterized HDAC family members in cardiac biology

(Figure 2.7, summary diagram).

SIK1 mediates HDAC?7 stability
Established cardiac class Ila HDAC kinases in the heart, such as CaMK and Protein
Kinase C/D (21-23), directly phosphorylate class Ila HDACs, leading to their nuclear

export and subsequent de-repression of MEF2 transcriptional activity. In contrast, our
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data on SIK1 support a differentiated mode of regulation that uncovers a new layer of
control at the level of HDAC7 protein stabilization. In the heart, SIK1-mediated
stabilization of HDACY is robust and appears to be specific for HDAC7 over other class
lla family members. Why HDACY7 stability is particularly sensitive to SIK1 inhibition is
unclear, especially in light of the fact that other class Ila HDAC kinases (CaMK, PKD) can
phosphorylate similar epitopes. Previous studies have shown that CaMKIIl signals
exclusively to HDAC4 through a unique CaMKIl docking sequence present only on
HDAC4 and is absent in other class lla HDACs (23). It is possible that the specificity of

SIK1 signaling could be achieved through a similar docking domain within HDAC7.

How exactly SIK1-mediated phosphorylation of HDAC7 promotes increased HDAC7
stability also remains unclear. Our data implicate Ser155 on HDAC7 as an important
determinant of SIK1-mediated stabilization, although other serine residues may also play
a role in this process. We speculate that phosphorylated HDAC7 may have increased
affinity for binding to 14-3-3 proteins, protecting HDAC7 from targeted proteasomal
degradation, as has been suggested from previous studies in HEK293 cells (18). In
support of this mechanism, we find that overexpression of 14-3-3 in NRVM can increase
HDAC?7 protein abundance. Our observation that this stabilizing effect of 14-3-3
overexpression is abrogated by SIK inhibition suggests a model in which SIK-mediated
phosphorylation of HDAC7 is a dominant trigger for protein stabilization, while 14-3-3
further facilitates the protection of HDAC7 from the protein degradation machinery. While
our study identifies HDAC7 as an important downstream target of SIK1 activity, there are

likely additional substrates of SIK1 signaling that play a role in cardiac remodeling. Future
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studies leveraging unbiased approaches, such as phospho-proteomics, may identify
additional downstream effectors of SIK1 signaling that participate in cardiac homeostasis

and stress responses.

HDACY?7 is a pro-hypertrophic HDAC

The contention that class Illa HDACs in the heart function primarily as transcriptional co-
repressors of MEF2 are derived from studies focused exclusively on HDAC4, HDACS,
and HDACS9. This prior work has shown that loss of function of these HDACs leads to
excessive MEF2 activity and heart failure (2, 3), consistent with the role of these HDAC
isoforms as transcriptional repressors and negative regulators of cardiomyocyte
hypertrophy. In contrast, the role of HDACY in the heart has been largely unexplored.
Using cultured cardiomyocytes, we find that HDACY functions as a positive regulator of
cardiomyocyte hypertrophy, suggesting major mechanistic differences with the other
class lla HDACs. Recent studies have demonstrated highly specific roles of HDAC4
signaling, including the identification of a proteolytically cleaved N-terminal fragment of
HDAC4, suggesting that significant functional specificity exists even between proteins as
closely related as HDAC4 and 5 (4, 24). Consistent with this deviation in function, we also
find that HDAC?7 can strongly induce c-Myc expression — a robust and established driver
of stress-dependent cardiac gene expression and pathologic remodeling. Surprisingly,
we find that HDACY resides exclusively in the cytoplasm of NRVM and is notably absent
in the nuclear compartment. It will be important to understand the precise mechanisms
by which HDACY7 regulates c-Myc expression, as such regulation is unlikely to involve

direct enrichment of HDAC7 on c-Myc regulatory loci in cardiomyocytes. The absence of
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detectable HDACY in the cardiomyocyte nucleus implicates that class lla HDACs may
have many functions outside of direct regulation of gene expression (19, 25-27). Further
studies to explore the HDAC7-dependent transcriptome and protein interactome in

cardiomyocytes will shed important light on the detailed mechanisms of HDAC7 function.

The role of SIK1 in non-myocyte cells

Our studies using chemical probes and siRNAs in cultured cardiomyocytes supports a
cell-autonomous role for SIK1 in these tissues. While we have shown that SIK1 null mice
are protected from pressure overload-induced heart failure, it remains possible that SIK1
expression in non-cardiomyocyte cell types are influencing the phenotype in vivo. Similar
to our observations in cultured cardiomyocytes, we find that the hearts of SIK1 null mice
are depleted in HDACY protein, implicating that the SIK1-HDACY7 axis in cardiomyocytes
is also operative in vivo. Silencing of HDAC7 has also been shown to inhibit myofibroblast
differentiation (28), suggesting that SIK1 expression in fibroblasts may also contribute to
heart failure pathogenesis. While our current work establishes a role for SIKs in heart
failure pathobiology, in the future it will be informative to annotate the role of SIK1 in other
relevant cellular compartments that populate the stressed myocardium using a conditional

gene-deletion approach.

In summary, we show that SIK1 is a previously unrecognized effector of stress-mediated
hypertrophic remodeling and gene induction in rodent and human cardiomyocytes, in part
through its ability to regulate HDAC?7 protein stability. We establish a new role for HDAC7

as a pro-hypertrophic effector, a target of SIK1, and an upstream regulator of c-Myc

33



expression in cardiomyocytes, reflecting functions that are distinct from those of related
class lla HDAC family members. Our findings in rodent models and human iPSC-derived
cardiomyocytes suggest that interdicting the SIK1-HDAC7 signaling cascade may be a

therapeutic approach in human heart failure.
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Figure 2.1. Pan-SIK inhibitors attenuate hallmark features of cardiomyocyte
hypertrophy in vitro. (A) NRVM immunostained for a-actinin (green) and nuclei (blue)
Scale =40um. (B) Cell area of NRVM treated with 100uM phenylephrine (PE) for 48 hours
+ pan-SIK small molecule inhibitors, HG 9-91-01 (HG) and YKL-05-099 (YKL) (nM
concentrations) (n=100-130). Bars designate mean + SD. (C) qRT-PCR expression for
canonical heart failure associated genes. (n=4-6). (D) iPSC-cardiomyocytes (CM)
immunostained for a-actinin (green) and nuclei (blue) Scale = 40um. (n=48-59). (E) qRT-
PCR expression of NPPB in iPSC-CM. (n=7-8). (F) Elisa for proBNP protein secretion
into culture medium of iPSC-CM. (n=7-8). Data are shown as means + SEM unless noted.
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by one-way ANOVA with Tukey’s multiple
comparisons test.
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Figure 2.2. SIK1 is a positive regulator of cardiomyocyte hypertrophy. (A) gqRT-PCR
expression of Sik transcripts in NRVM treated + PE (100uM, 48hrs). (n=4). (B) NRVM
treated with siRNAs against Sik1 or Sik3 and immunostained for a-actinin (green) and
nuclei (blue) Scale = 40um (C) Cell area of NRVM (n=30-50). Bars denote mean + SD.
(D,E) qRT-PCR expression for canonical HF-associated genes. (n=4-6) Data are shown
as means + SEM unless noted. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by one-way
ANOVA with Tukey’s multiple comparisons test.
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Figure 2.3. Global loss of SIK1 protects against pathologic cardiac remodeling in
vivo. (A) Representative photos of freshly excised hearts. Scale=3mm. (B) Heart weight
to tibial length ratio. (n=6 for sham, n=12 for TAC). (C) Echocardiographic measurements
of fractional area change. (n=6 for sham, n=12 for TAC). *P<0.05, ***P<0.001 for SIK1KO
TAC vs WT TAC by two-way ANOVA with Tukey’s multiple comparisons test. (D)
Picrosirius red staining of heart sections. (n=5) Scale=300um. (E) Wheat germ agglutinin
staining of heart sections. (n=5). Scale=20um. (F) qRT-PCR expression for canonical
heart failure associated genes. (n=5) Data are shown as means + SEM unless noted.
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by one-way ANOVA with Tukey’s multiple
comparisons test.
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Figure 2.4. HDAC7 protein stability is dependent on SIK1 kinase activity. (A)
Western blot for total and phosphorylated HDAC4, 5, and 7 in NRVM treated + siRNA
against Sik1 + PE (100uM, 24hr). a-tubulin used as loading control (n=5). (B) qRT-PCR
expression for Hdac7. (n=6). Bars designate mean + SEM. (C,D) Western blot for total
and phosphorylated HDAC4, 5, and 7 in NRVM treated + HG-9-91-01 (1uM) or YKL-05-
099 (1uM). a-tubulin used as loading control (n=4). (E) Western blot for total and
phosphorylated HDAC7 in WT and SIK1 KO sham/TAC left ventricular cardiac tissue.
Vinculin used as loading control (n=4). (F) In vitro kinase assay with recombinant HDAC7
and GST-tagged SIK1 + YKL-05-099 (1uM). SIK1 consensus sequence shown below
(representative western blots, n=3). (G) Western blot from NRVM treated with YKL-05-
099 (1uM) and proteasome inhibitor bortezomib (BZ) (5nM, 16 hours) (representative
western blots, n=3). All box plots show minimum, maximum, and median with 25th to 75th
percentile range. ***P<0.001, ****P<0.0001 by one-way ANOVA with Tukey’s multiple
comparisons test.
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Figure 2.5. Loss of HDAC?7 protects against pathologic cardiac remodeling in vitro.
(A) NRVM treated with siRNA against Hdac7 and immunostained for a-actinin (green)
and nuclei (blue) Scale = 40um. (B) Cell area of NRVM. (n=108). Bars denote mean +
SD (C) gRT-PCR expression for Nppa and Nppb. (n=6). (D) MEF2 dual luciferase reporter
assay. Values normalized to renilla luciferase control. (n=6). (E) NRVM infected with
adenovirus harboring GFP-HDAC7 or GFP alone and immunostained for a-actinin (red)
and nuclei (blue). Scale = 40um. (F) Cell area of NRVM. (n=58-63). Bars denote mean +
SD (G) gRT-PCR expression for canonical HF-associated genes. (n=6). Data are shown
as means + SEM unless noted. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by one-way
ANOVA with Tukey’s multiple comparisons test.
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Figure 2.6. HDAC7 indirectly regulates c-Myc expression. gqRT-PCR (n=6) and
western blotting (n=4) for c-Myc expression in NRVM treated with (A and B) siRNA
against Hdac7, (C and D) Ad-HDACY7, or (E and F) YKL-05-099 (1uM). All box plots show
minimum, maximum, and median with 25" to 75™ percentile range. (G) Western blotting
of cytoplasmic (C) and nuclear (N) fractions of NRVM treated with TuM YKL-05-099 +
100uM PE. TATA-box binding protein (TBP) and GAPDH used as nuclear and
cytoplasmic markers, respectively (representative western blots, n=3). (H) NRVM treated
with adenovirus harboring GFP-HDAC7 or GFP alone, followed by transfection of siRNA
probes against c-Myc or scramble control. Immunostained for a-actinin (red) and nuclei
(blue). Scale = 40um. (I) Cell area of NRVM. (n=100). Bars denote mean + SD (J) qRT-
PCR expression for Nppa and Nppb. (n=6). Data are shown as means + SEM unless
noted. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by one-way ANOVA with Tukey’s
multiple comparisons test.
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Figure 2.7: Proposed working model. Our proposed working model implicates a pro-
hypertrophic SIK1-HDAC?7 signaling axis in cardiac myocytes and a departure from the
canonical model of class Il HDAC function.

45



D

.Y

Fold Change

HG (nM) -

- -
n
Y 5

Fold Change

0_
YKL (nM)

Control

Nppa

*kkk

- 10100 1000

PE

Nppa

ns ns ns

10 100 1000
Nppa

ns nNs ns

10 100 1000

HG10

YKL10

1.5+

*kkk
Iﬂl*ll‘

Nppb

* %k %k

- - 101001000

PE

Nppb

1.5+

i

Ctgf

- 10 100 1000

Nppb

- 10 100 1000

HG100

YKL100

HG1000

YKL1000

46

- 10100 1000

PE

Ctgf
% % %k
ddkkk
dkkk
(]

- 10 100 1000

Ctgf

ns ns ns

1.5+

1.0

0.5+

0.0-

116

Fkk

10100 1000

PE

116

*k%k%
* k%%

*

10 100 1000
116

- 10 100 1000 - 10 100 1000

E
4_

o) ns

o2 o

S 3 :

N o

O NS NS NS NS e® ns

© g .. o ®

O 2- ¢ Se &

L g o eo

= , e i

() 1

ST E:

o ' ' %
0 I I 1 I | | |
@go\z\o@o\go@@ &\Q\:\QQ\QQQ



Supplemental Figure 2.1: (A-C) gRT-PCR expression for canonical heart failure
associated genes. (n=4-6). Bars denote mean + SEM. (D) NRVM treated with HG or YKL
(nM doses pictured) and immunostained for a-actinin (green) and nuclei (blue) Scale =
40um. (E) Cell area of NRVM. (n=100 per condition). Bars denote mean + SD *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001 by one-way ANOVA with Tukey’'s multiple
comparisons test.
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Supplemental Figure 2.2: (A) NRVM treated with siRNAs against Sik1 or Sik3 and
immunostained for for a-actinin (green) and nuclei (blue) Scale = 40um. (B) qRT-PCR
expression for Sik1 and Sik3 in setting of siSik1 or siSik3 transfection. (C) Representative
H&E staining on cardiac tissue from WT or Sik717 mice. Scale=3mm. (D) In vitro kinase
assay with recombinant HDAC7 and GST-tagged SIK1 + YKL-05-099 (1uM). (E) Cos7
cells were co-transfected with either WT HDAC7 or S155A HDAC7 + WT SIK1 plasmid
or empty carrier plasmid. Cells were lysed 48 hours post transfection and assayed by
western blotting. (F, G) gRT-PCR from NRVM infected with adenovirus expressing SIK1
followed by transfection of siRNA probes against Hdac7 or scramble control. (n=6 per
condition). Data are shown as means + SEM unless noted. **P<0.01, ***P<0.001,
****P<0.0001 by one-way ANOVA with Tukey’s multiple comparisons test.
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Supplemental Figure 2.3: (A, B) Western blotting for total and phosphorylated HDAC7
in NRVM treated with adenovirus expressing HDAC7 or GFP control. a-tubulin used as
loading control. (C) Western blotting of cytoplasmic (C) and nuclear (N) fractions of NRVM
treated with 1uM YKL-05-099 + 5nM bortezomib (BZ). TATA-box binding protein (TBP)
and GAPDH used as nuclear and cytoplasmic markers, respectively. (D) qRT-PCR
expression for c-Myc (n=5) in WT and SIK1 KO sham/TAC left ventricular cardiac tissue.
(E) Western blot for C-MYC in WT and SIK1 KO sham/TAC left ventricular cardiac tissue.
(F) gRT-PCR (n=6) and (G) western blotting (n=4) for c-Myc expression in NRVM infected
with Ad-GFP or Ad-HDACY7 followed by transfection of siRNA against c-Myc or scramble
control. Data are shown as means + SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001
by one-way ANOVA with Tukey’s multiple comparisons test.
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Supplemental Figure 2.4: (A) Immunoprecipitation of NRVM lysates with ubiquitin
affinity beads followed by immunoblotting of HDAC7. NRVM were treated with YKL-05-
099 (1uM) and bortezomib (5nM). (B) Ratio of ubiquitinated-HDAC?7 to total-HDAC?7. (C)
Western blot for HDAC7 in NRVM infected with Ad-14-3-3 or Ad-GFP followed by
treatment with YKL-05-099 (1uM). (D-F) Western blot for verification of SIK3 (D), HDAC5
(E), and HDACY (F) knockdown. Data are shown as means + SEM. *P<0.05, **P<0.01
by one-way ANOVA with Tukey’s multiple comparisons test.



Methods

NRVM isolation and culture

NRVM were isolated from hearts of 2 day old Sprague-Dawley rat pups (Charles River)
under aseptic conditions as previously described (29). Cells were pre-plated for 2 hours
on tissue culture plates followed by 48 hours of exposure to BrdU in culture medium to
remove contaminating non-myocytes. NRVM were plated in growth media (DMEM, 5%
FBS, 100U/mL penicillin-streptomycin) for 48 hours and switched to serum free media
thereafter (DMEM, 0.1% BSA, 1% insulin-transferring-selenium, 100U/mL penicillin-
streptomycin). Prior to stimulation with PE, NRVM were maintained in serum free media
for 48-72 hours. NRVM were treated with SIK inhibitors at the indicated concentrations

for 16 hours prior to PE stimulation (100uM).

For siRNA treatments, NRVM were transfected with RNAiMax (Invitrogen) and 50nM of
siRNA in serum free media for 48 hours prior to PE stimulation (100uM). siRNAs were
purchased from Sigma-Aldrich (Scramble control siRNA; SIC001, Sik7 siRNA;
SASI_Rn01_00053040, Sik3 siRNA; SASI_Rn02_00326476, Hdacb siRNA;
SASI_Rn02_00372147, Hdac7 siRNA; SASI_Rn02_00277288, c-Myc siRNA;

SASI_Rn01_00089127).

Western Blotting
To prepare whole cell extracts, NRVM were lysed in RIPA buffer supplemented with
protease and phosphatase inhibitors (Roche). Protein concentrations were quantified by

BCA assay (Thermo Fisher 23225). Lysates were diluted in 4x reducing Laemmli buffer,
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boiled at 95 °C for 5 minutes and resolved on a 4-12% Bis-Tris SDS PAGE gel. Resolved
proteins were transferred onto a PVDF membrane. Membranes were then blocked with
5% milk in TBST for 1 hour at room temperature followed by primary antibody incubation
overnight at 1:1000 dilution in 5% BSA or milk. After overnight incubation, secondary HRP
conjugated antibody was added for 1 hour at a dilution of 1:1000-1:5000 in 5% milk in
TBST. Membranes were incubated with Amersham ECL Prime Western Blotting
Detection Reagent (GE Life Sciences RPN2232) and exposed to autoradiography film at

various time intervals.

Catalog numbers for antibodies used in this study: phospho-HDAC4(Ser246) /
HDAC5(Ser259) / HDAC7(Ser155) (CST, 3443), phospho-HDAC4(Ser632) /
HDAC5(Ser661) / HDAC7(Ser486) (CST, 3424), phospho-HDAC7(Ser318) (Novus
Biologicals, NBP2-03978), HDAC4 (CST, 7628), HDACS5 (CST, 20458) , HDAC7 (CST,
33418), alpha-tubulin (Sigma, 05829), vinculin (Sigma, V9131), c-Myc (CST, 5605), GST
(CST, 2625), SIK3 (MRCPPU, DU39537), 14-3-3 (CST, 8312), GAPDH (CST, 5174), TBP

(Abcam, ab51841).

qRT-PCR from NRVM and mouse tissue

Total RNA was extracted from NRVM using the High Pure RNA Isolation Kit (Roche)
according to manufacturer’s instructions. For cardiac tissue, a 10- to 20-mg piece of
mouse LV tissue was collected and preserved in RNAlater (Qiagen) followed by
mechanical disruption/homogenization in PureZOL (BioRad) on a TissueLyser II

(Qiagen). The RNA containing aqueous phase was extracted with chloroform and further
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purified using the Aurum Total RNA Fatty and Fibrous Tissue Kit (BioRad). First-strand
cDNA synthesis was performed using iScript Reverse Transcription Supermix (BioRad).
TagMan based qRT-PCR was performed using SsoAdvanced Universal Probes
Supermix (BioRad), labeled probes from the Universal Probe Library (Roche), and gene
specific oligonucleotide primers on a CFX384 Touch Real-Time PCR Detection System

(BioRad). A list of QRT-PCR primers and TagMan probes are provided in Supplemental
Tables 1 and 2. Relative expression was calculated using the 222¢t method with

normalization to Ppib.

Mouse model of cardiac hypertrophy and heart failure

All mice were aged 8-10 weeks prior to surgery. Sham and TAC surgeries were performed
as previously described (29). Briefly, mice were anesthetized with isoflurane,
mechanically ventilated, and subjected to thoracotomy. For TAC surgery, the aortic arch
was constricted between the left common carotid and the brachiocephalic arteries using
a 7-0 silk suture and a 25-gauge needle. In sham surgeries, thoracotomy was performed

as above and the aorta was surgically exposed without further intervention.

Transthoracic echocardiography

Mice were anesthetized with 1% inhalational isoflurane and imaged using the Vevo 770
High Resolution Imaging System (FujiFilm VisualSonics Inc.) and the RMV-707B 30-MHz
probe. Measurements were obtained from M-mode sampling and integrated
electrocardiogram-gated kilohertz visualization (EKV) images taken in the LV short axis

view at the mid-papillary muscle level as previously described (29).
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Histology and immunofluorescence

For cellular immunofluorescence studies, NRVM were seeded on glass coverslips coated
with 0.1% gelatin. NRVM were fixed in 2% paraformaldehyde for 20 minutes at room
temperature followed by permeabilization with PBST + 0.1% Triton X. NRVM were
incubated in PBST + 5% horse serum for 1 hour and then stained with primary antibody
against alpha-actinin at 1:800 (Sigma, A7811) for 1 hour. NRVM were washed with 3x
with PBST followed by staining with secondary antibody at 1:1000 for 1 hour. Cells were
washed 3X with PBST and mounted with Vectashield Hardset mounting media with DAPI.
For cardiac tissue samples, mid-ventricular short axis cross sections were fixed in 10%
neutral buffered formalin overnight at 4 °C and transferred to 100% ethanol for 24 hours.
Samples were embedded in paraffin blocks, sectioned, and stained with Picrosirius Red
(Polysciences) or Wheat Germ Agglutinin 488 (Thermo Fisher, W11261) according to
manufacturers’ instructions. Fibrosis area and cardiomyocyte cross sectional area were

quantified as previously described (29).

Luciferase Assay

NRVM were infected with adenovirus harboring MEF2 firefly luciferase and renilla
luciferase (Seven Hills Bioreagents) at MOI of 1 for 2 hours, followed by PBS wash and
culture in serum free media. 24 hours post infection, NRVM were transfected with siRNAs
against Hdacb, Hdac7, or scramble control. 48 hours post siRNA transfection, cells were
then treated with PE (100uM) for 48 hours and harvested using the Dual Luciferase
Reporter Assay (Promega) according to manufacturer’s instructions. MEF2 luciferase

reporter values were normalized to internal renilla luciferase signal.
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Adenovirus

Adenoviruses were generated by cloning target fragments into the Gateway entry vector
pENTR2B, followed by LR recombination into Gateway destination vector pAd-CMV-V5
DEST and transfection into 293A cells according to manufacturer’s protocol. We thank
Jeroen Roose (UCSF, San Francisco CA) for providing the GFP-HDAC7 plasmid. Cells
plaques were observed as early as 1 week post transfection and were fully lysed no later
than 2 weeks post transfection. 293A cells were then infected with serially diluted crude
adenoviral lysate and overlaid with SeaPlaque Agarose to allow for plaque formation.
Single plaques were isolated and tested for protein expression. Validated plaques were
amplified on 293A cells and titered using a standard plaque formation assay to calculate
plaque forming units (PFU). Ad-14-3-3 and Ad-SIK1 viruses were purchased from Vector
Biolabs. To infect NRVM, cells were incubated in low volume of serum free media
containing adenoviral particles (MOI of 1) for 2 hours in 37 °C 5% CO2, rocking every 30
min. NRVM were washed with PBS without Ca?* or Mg?* and cultured in fresh serum free

media.

qRT-PCR and BNP ELISA from iPSC cardiomyocytes

iPSC cardiomyocytes were purchased from Cellular Dynamics and maintained according
to manufacturer’s protocols. Cells were seeded on 96 well culture plates coated with
5ug/mL of fibronectin and maintained in William’s E Media supplemented with 1:25 of Cell
Maintenance Cocktail B (Thermo Fisher, CM4000). For hypertrophic stimulation, cells
were pre-treated with SIK inhibitors for 16 hours, followed by stimulation with 10nM of

endothelin-1 for 18 hours. RNA was isolated and reverse transcribed using the Tagman
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Cells-to-CT kit (Life Technologies, AM1278) according to manufacturer’s instructions.
gRT-PCR was performed using Life Technologies TagMan assays for human NPPB and
B2M (housekeeping) (NPPB, Hs00173590_m1; B2M, Hs000984230_m1). ELISA for
BNP protein was performed using 6uL of spent media from each well of a 96 well plate
as previously described (29) using the following antibodies: anti-proBNP capture antibody
(Abcam, ab13111), anti-proBNP detection antibody (Abcam, ab13124) and N-term pro-

BNP peptide standard (Phoenix Pharmaceuticals, 011-42).

Cell area measurements for iPSC cardiomyocytes

For cell size assays, cells were plated on Ibidi 8 well chamber slides and pre-treated with
SIK inhibitors for 16 hours, followed by stimulation with 10nM ET-1 (Sigma, E7764) for 18
hours. Cells were fixed in 2% paraformaldehyde for 20 minutes, permeabilized with PBST
+ 0.1% Triton X-100 for 20 minutes, and blocked with PBST + 5% horse serum for 1 hour
at room temperature. Primary antibody against sarcomeric alpha-actinin was used at a
dilution of 1:800 in PBST +5% horse serum for 1 hour at room temperature. Secondary
anti-mouse antibody was used at a dilution of 1:1000 in PBST + 5% horse serum for 1

hour at room temperature. Cells were imaged and quantified as previously described (29).

In vitro kinase assay
10ng of recombinant SIK1 (Thermo Fisher) and 100ng of recombinant HDAC7 (Origene)
were incubated in a final volume of 40uL containing 1X kinase buffer (CST) supplemented

with 100uM ATP. 1uM of YKL-05-099 was added for inhibition of SIK1 activity. Reactions
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were incubated for 30 minutes at 30 °C, followed by addition of 4X Laemmli buffer.

Samples were boiled at 95 °C for 5 minutes and resolved by SDS-PAGE.

Nuclear/Cytoplasmic Fractionation
Nuclear and cytoplasmic fractions were prepared from NRVM using the NE-PER Nuclear
and Cytoplasmic Extraction Reagents (Thermo Fisher, 78833) according to

manufacturer’s instructions.

Statistics
Data were evaluated by one-way and two-way ANOVA with Tukey’s multiple comparisons
test. Differences with a P value of less than or equal to 0.05 were considered statistically

significant.

Study Approval

All protocols concerning animal use were approved by the Institutional Animal Care and
Use Committees at the University of California, San Francisco and conducted in strict
accordance with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals (30). Mice were housed in a temperature- and humidity-controlled
pathogen-free facility with 12-hour light/dark cycle and ad libitum access to water and

standard laboratory rodent chow.
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Chapter 3: Salt-inducible kinase 3 maintains ARHGAP21 stability to repress

cardiac hypertrophy
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Abstract

Salt-inducible kinase 3 is the last uncharacterized SIK isoform expressed in the
mammalian heart. Here, we show that loss of SIK3 expression led to induction of adverse
cardiac remodeling and hypertrophy in cultured neonatal rat cardiomyocytes and adult
mouse hearts. Through unbiased proteomic profiling, we found that ARHGAP21 protein
levels were greatly depleted in the setting of Sik3 knockdown and that loss of ARHGAP21
led to spontaneous induction of hypertrophy under basal conditions. Loss of SIK3 and
ARHGAP21 expression led to nuclear enrichment of MRTF-A and downstream activation
of hypertrophic gene programs. Taken together, our findings reveal a previously
unrecognized role for a SIK3-ARHGAP21 signaling axis in regulating cardiac

homeostasis and repression of pathologic cardiac remodeling.

Background

Salt-inducible kinases (SIKs; SIK1, 2, and 3 in mammals) are a class of threonine/serine
kinases that have become increasingly appreciated as emerging regulators of key
processes such as metabolism, signaling transduction, and cellular homeostasis'. Our
group has previously uncovered the first demonstrated role for SIKs in regulating
pathologic cardiac remodeling in the mammalian heart?>. We showed that salt-inducible
kinase 1 (SIK1) functions as a pro-hypertrophic effector and drives remodeling events in
part through stabilization of a class lla HDAC, HDAC7. However, whether any of the
remaining SIK isoforms also play a role in regulation cardiac hypertrophy and remodeling

remains unknown.
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In the mammalian heart, only SIK1 and SIK3 appear to be expressed whereas SIK2
expression is notably undetectable?. In this study, we characterize the last remaining SIK
isoform to be interrogated in the mammalian heart. Surprisingly, we find that SIK3
functions in the opposite manner to SIK1 — acting as a negative regulator and repressor
of cardiac hypertrophy and remodeling in both cultured cardiomyocytes and adult mouse
hearts. Mechanistically, we found that SIK3 maintains cardiac homeostasis in part
through the stabilization of ARHGAP21 protein which in turn tightly requlates MRTF-A
spatial localization and activation. Taken together, our results uncover a new SIK3-
ARHGAP21 signaling axis that implicates SIK3 as a critical repressor of hypertrophic
events — highlighting the diverging and complex roles of the SIK family in the regulation

of cardiac remodeling and homeostasis.

Results

SIK3 represses pathologic cardiac remodeling in vitro and in vivo

We previously demonstrated a novel role for the salt-inducible kinase protein family in
regulating pathologic cardiac remodeling. Specifically, we showed that one isoform called
salt-inducible kinase 1 (SIK1) functions as a positive driver of cardiac remodeling and
hypertrophy. We now sought to test whether the other SIK isoform expressed in the heart,
salt inducible kinase 3 (SIK3), also harbors a functional role in regulating cardiac
remodeling. To test the role of SIK3 in the heart, we leveraged a well-established in vitro
model utilizing primary neonatal rat ventricular myocytes (NRVM), which features a well-
characterized hypertrophic response and induction of a stereotypic heart failure

associated transcriptional changes in response to neurohormonal agonists®. We used a
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siRNA probe to knock down Sik3 mRNA in NRVM and assayed for characteristics of
hypertrophy, with and without hypertrophic stimulation with the alpha 1 adrenergic
agonist, phenylephrine (PE). Knockdown of Sik3 in the absence of PE stimulation resulted
in spontaneous induction of cellular hypertrophy and concomitant induction of two
canonical heart failure associated transcripts, Nppa and Nppb* (Figure 3.1A). PE
stimulation alone was sufficient to induce a hypertrophic response which was
exacerbated with the addition of Sik3 knockdown (Figure 3.1B), suggesting the existence

of SIK3 specific hypertrophic pathways which are not fully activated by PE stimulation.

We next wanted to test whether Sik3 also represses cardiac hypertrophy in vivo. We
generated cardiomyocyte restricted conditional Sik3 knockout mice by crossing alpha-
MHCMerCreMer mice with Sik3Mo¥flox mice. Peritoneal injection of tamoxifen led to efficient
depletion of SIK3 protein in the cardiomyocyte fraction of the murine heart, as measured
by western blotting. alpha-MHCMerCreMer:  Gjg3floxiflox  (Sjk3 ¢KO) and control alpha-
MHCMerCreMer. Sjk3** (Cre) mice were subjected to either sham surgery or pressure
overload induced heart failure by transverse aortic constriction (TAC). Using non-invasive
serial echocardiography, we did not observe a significant change in left ventricular systolic
function, as measured by fractional area change, between Cre and Sik3 cKO cohorts in
either sham or TAC conditions across the 6 week period following surgical intervention.
After 6 weeks of banding, Cre and Sik3 cKO mouse hearts were harvested and assayed
for hallmarks of pathologic remodeling and hypertrophy. Sik3 cKO mice exhibited
significant cardiomegaly (measured as a ratio of heart weight to tibia length) compared to

their Cre controls under both sham and TAC conditions (Figure 3.1C and D). Concordant
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with increased heart weight, Sik3 cKO mice exhibited additional enhanced features of
heart failure compared to Cre controls, such as increased cardiac hypertrophy (Figure
3.1E), and increased LV fibrosis (Figure 3.1F). Taken together, these data support the
assertion that SIK3 functions as a negative regulator of cardiac hypertrophy in vitro and

in vivo.

Unbiased transcriptional and proteomic profiling of Sik3 knockdown cells

To determine the mechanism by which Sik3 represses hypertrophy, we turned to
unbiased transcriptional profiling by bulk RNA sequencing in siSik3 treated NRVMs. In an
effort to dissect Sik3 specific transcriptional effects from transcriptional changes
associated with a general hypertrophic cell state, we performed clustering analysis to
ascertain clusters where the directionality of transcriptional changes were concordant in
both siSik3 and siSik3 + PE treated conditions but remained unaffected in the scramble
conditions. We identified two clusters, cluster 4 and cluster 7, that represented genes
uniquely downregulated and upregulated with Sik3 knockdown, respectively. (Figure
3.2A) Transcripts downregulated by Sik3 knockdown in cluster 4 were determined by
Gene Ontology analysis to be enriched for genes involved in protein ubiquitination
whereas transcripts enriched by Sik3 knockdown in cluster 7 were involved in
hypertrophic cardiomyopathy. We interpret these Sik3 specific transcriptional changes to
be to concordant with the anabolic, hypertrophic phenotype observed in both cultured

cardiomyocytes and Sik3 cKO mice.
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We then performed abundance and phospho-enriched proteomics on lysates generated
from siSik3 treated NRVMs (Figure 3.2B and C). Given that SIK3 harbors intrinsic kinase
activity and function, we reasoned that identifying targets which lose phosphorylation
status in the setting of Sik3 knockdown may represent novel substrates of SIK3 kinase
activity. Importantly, abundance proteomics would also allow us to determine whether the
changes in protein phosphorylation status reflect a specific loss of phosphorylation versus
general depletion of total protein levels. After clustering analysis we focused our attention
on cluster 5 of the phospho-enriched proteomics dataset, which represents proteins which
lost phosphorylation in the setting of Sik3 knockdown. In this cluster, the most highly
differential phospho-protein signal was due to lower detection of phosphorylated
ARHGAP21 at Serine 621 in the Sik3 knockdown condition compared to scramble control
(Figure 3.2D). This finding was particularly striking, as a prior study interrogating the
interactome of wild-type and a constitutively active mutant of SIK3 in the mouse brain
identified ARHGAP21 as an interacting partner of SIK3°. Notably, we were unable to
detect ARHGAP21 in the abundance proteomics dataset. This is likely due to the
relatively low abundance of ARHGAP21 protein in the total cellular lysate. Enrichment of
phosphorylated peptides reduces the sample complexity, allowing for lower abundance

phosphorylated proteins, such as ARHGAP21, to become readily detectable.

To determine whether the loss of ARHGAP21 pSer621 signal resulted from a decrease
in phosphorylation status or in total protein abundance levels, we performed western
blotting using an antibody against ARHGAP21 in NRVM lysates treated with Sik3 siRNA

(Figure 3.3A). We found that ARHGAP21 protein levels were dramatically depleted in the
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setting of Sik3 knockdown, suggesting an unexpected role for SIK3 in regulating
ARHGAP21 protein abundance. Arhgap21 transcript levels were slightly decreased in
Sik3 knockdown conditions but were not concordant with the magnitude of effect
observed at the protein level, suggesting that SIK3-mediated regulation of ARHGAP21
may predominantly occur in a post-transcriptional manner (Figure 3.3B). To test whether
SIK3 regulates protein stability, we concomitantly treated NRVM with siRNA against Sik3
and a proteasome inhibitor, bortezomib (BZ). Treating NRVM with bortezomib rescued
the Sik3 knockdown mediated depletion of ARHGAP21 protein levels, indicating that SIK3

plays a critical role in maintaining stability of ARHGAP21 protein (Figure 3.3C).

ARHGAP21 is a negative regulator of cardiac hypertrophy

To our knowledge, the role of ARHGAP21 in regulating cardiac hypertrophy and
remodeling has not been previously explored. As our data demonstrate that SIK3 is a
negative regulator of cardiac hypertrophy and plays a critical role in stabilizing
ARHGAP21 protein levels, we hypothesized that ARHGAP21 may also function as a
negative regulator of pathologic cardiac remodeling. We found that siRNA-mediated
knockdown of ARHGAP21 induced significant hypertrophy and expression of heart failure
associated genes, Nppa and Nppb (Figure 3.3D and E). To establish a causal link
between SIK3 and ARHGAP21, we tested whether reconstitution of ARHGAP21 in the
setting of Sik3 knockdown would blunt the hypertrophic effects of Sik3 loss of function.
To this end, we generated adenovirus overexpressing ARHGAP21 (Ad-21) or GFP (Ad-
GFP) and infected NRVM followed by treatment with Sik3 or scramble siRNAs.

Reconstitution of ARHGAP21 was sufficient to significantly blunt the hypertrophy induced
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by Sik3 knockdown (Figure 3.3F and G), supporting a model in which SIK3 functions to
repress hypertrophy and maintain cardiac homeostasis in part through stabilization of

ARHGAP21 protein levels.

Loss of ARHGAP21 leads to nuclear enrichment of MRTF-A

Our data show that ARHGAP21 is a negative regulator of cardiac hypertrophy. Extensive
studies have demonstrated that ARHGAP21 functions as a Rho GTPase activating
protein, functioning as a molecular switch to inactivate the Rho family of small GTPases®
8 One of the well-established functions of the Rho GTPases is to promote actin
polymerization, serving as a tight regulator of monomeric G-actin levels in the cytoplasmic
milieu. Previous studies have demonstrated that the activity of a unique transcription
factor called myocardin related transcription factor A (MRTF-A) is regulated through a
nuclear-cytoplasmic shuttling mechanism that is sensitive to the levels of free monomeric
G actin in the cytoplasm®'°. In basal conditions, monomeric G actin levels exist at a
steady state and bind to MRTF-A in the cytoplasm, preventing its translocation into the
nuclear compartment. When actin polymerization is triggered, G actin levels are depleted
as the actin monomers are converted into filamentous F actin. This drop in monomeric G
actin levels consequently permits the nuclear translocation of MRTF-A into the nuclear,
where it can bind to cardiac co-factors such as serum response factor (SRF) to
transactivate a subject of hypertrophic cardiac gene programs''-'2. We hypothesized that
cardiac hypertrophy induced by Arhgap21 knockdown may be a result of altered actin
dynamics and MRTF-A localization. To test whether MRTF-A may be implicated in this

process, we started by interrogating the spatial localization of MRTF-A in NRVMs in Sik3
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or Arhgap21 knockdown settings. After treating NRVMs with siRNAs against Sik3 or
Arhgap21, we performed nuclear/cytoplasmic fractionation of the cellular lysates and
probed for MRTF-A protein levels by western blotting. Consistent with our hypothesis, we
observed nuclear enrichment of MRTF-A in both Sik3 and Arhgap21 knockdown
conditions (Figure 3.4A and B). To further test whether this nuclear enrichment of MRTF-
A contributed to the hypertrophic phenotype, we performed concomitant knockdown of
Mrtf-a with Sik3 or Arhgap21 using siRNA probes. We found that knockdown of Mrtf-a
was sufficient to robustly blunt Sik3 and Arhgap21 knockdown-mediated hypertrophy and
induction of Nppa and Nppb (Figure 3.4 C and D), suggesting a causal link between

MRTF-A and SIK3/ARHGAP21.

Discussion

Our previous study implicated a novel role for the SIK family of kinases in regulating
cardiac plasticity and demonstrated that SIK1 functions as a positive regulator of cardiac
hypertrophy and remodeling?. Our current study builds on our initial findings and has
elucidated an antithetical role for another SIK family member in the regulation of cardiac
homeostasis, implicating SIK3 as a repressor of hypertrophy and remodeling. Through
unbiased phospho-proteomic profiling, we uncovered ARHGAP21 as an effector of SIK3
signaling that, in part, serves to tightly regulate actin dynamics and downstream
hypertrophic transcriptional programs. Our data demonstrate a role for SIK3 in regulating
ARHGAP21 protein stability, implicate this axis as part of an anti-hypertrophic signaling
node, and provide new insight into the last uncharacterized SIK isoform expressed in the

mammalian heart.
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SIK3 represses cardiac hypertrophy

Specific knockdown of Sik3 in cultured cardiomyocytes or condition genetic deletion in
the adult mouse led to the induction of cardiac hypertrophy and canonical features of
heart failure. This is a clear departure from the pro-hypertrophic effects of SIK1 we
previously observed. Despite sharing near identical kinase domains and consequence
target sequences’-'3, the functional effect of Sik1 and Sik3 knockdown are in opposition
to one another. To what extent SIK1 and SIK3 share overlapping or distinct targets would
be interesting to explore and would be best facilitated by the engineering of SIK1 and
SIK3 mutants capable of utilizing radiolabeled bulky-analog ATP'. Additionally, epistatic
experiments involving dual knockout or knockdown of Sik1 and Sik3 would shed light on
the mechanistic relationship between these two proteins and whether therapeutic
targeting of salt-inducible kinases for heart failure therapy would require generation of

isoform specific SIK inhibitors.

SIK3 regulates ARHGAP21 stability

Our unbiased phospho-proteomic profiling uncovered a subset of proteins which lost
phosphorylation status in the setting of Sik3 knockdown. It is possible that novel direct
substrates of SIK3 activity are represented in this subset of identified proteins. As the
consensus sequence for SIKs has been mapped'®, we had sought to determine whether
ARHGAP21 contained any putative SIK3 motifs that could be candidate for direct
phosphorylation. Interestingly, we were unable to detect any motifs that matched the

kinase consensus sequence, which raise two possibilities: (1) SIK3 does not directly
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phosphorylate ARHGAP21 or (2) SIK3 phosphorylates ARHGAP21 on a non-consensus
motif. Future studies utilizing biochemical approaches and in vitro kinase assays would
be important to understanding the mechanistic biochemical link between SIK3 and
ARHGAP21. It is also unclear whether phosphorylation of ARHGAP21 is critical for its
stability. While we have shown that knockdown of Sik3 leads to degradation of
ARHGAP21 in a proteasome dependent manner, it is unclear whether the loss of a
phosphorylation event is responsible for driving the destabilizing effect. Generation of
phospho-deficient point mutants of ARHGAP21 would shed light on the importance of

phosphorylation for maintaining ARHGAP21 stability.

ARHGAP21 represses cardiac hypertrophy

The Rho family of small GTPases encompassing Rho, Rac, and Cdc42 have been well
established as molecular switches of many key cellular processes such as cytoskeletal
organization, muscle contraction, cell cycle progression, proliferation, and
differentiation’®. Of the three, RhoA has been most extensively studied in the context of
cardiac hypertrophy and remodeling, yet its definitive role in regulating pathologic
remodeling in the heart has been difficult to ascertain due to conflicting results from
various studies that demonstrate both cardioprotective'” and detrimental’®20 effects.
Cdc42 has previously been noted as an antihypertrophic regulator?’ whereas Rac1 has
been demonstrated to be a pro-hypertrophic regulator in the heart?2. One of the proteins
of focus in our study, ARHGAP21, has been shown to negatively regulate all three
members of the Rho family’. While our data have demonstrated a link between

ARHGAP21 expression levels and MRTF-A localization, it will be important to interrogate
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the activation levels of Rho, Rac, and Cdc42 to better understand which Rho GTPases
are most sensitive to ARHGAP21 depletion. These data also raise the question of why
depletion of ARHGAP21 has such a dramatic effect on cardiac hypertrophy, when there
exists over 60 identified mammalian RhoGAP containing proteins. The lack of functional
redundancy observed in our NRVM model suggests specialized roles for each RhoGAP
protein, despite the shared sequence homology. These data pointing to ARHGAP21 as
a negative regulator of hypertrophy also suggest that its functionally antithetical family of
proteins, Rho guanine nucleotide exchange factors (RhoGEFs) may function as positive
regulators of this process. Indeed, evidence implicating RhoGEF 12 as a positive driver of
cardiac remodeling have been published and suggest that targeting of regulators
upstream of Rho GTPases may be a source of potential novel therapeutic targets in the

treatment of heart failure.

In summary, we have uncovered a role for the last uncharacterized SIK isoform
expressed in the mammalian heart and demonstrated its function as a negative regulator
of cardiac hypertrophy and pathologic gene induction in rodent cardiomyocytes, in part
through its ability to regulate ARHGAP21 protein stability. We establish a new role for
ARHGAP21 as an antihypertrophic effector in cardiomyocytes and an important upstream
regulator of MRTF-A localization and activity. These data uncover a SIK3-ARHGAP21
signaling axis that is necessary for proper maintenance of cardiac homeostasis in both

cultured cardiomyocytes and adult mice.
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Figure 3.1. SIK3 represses pathologic cardiac remodeling in vitro and in vivo. (A)
NRVM immunostained for a-actinin (green) and nuclei (blue) Scale = 40um. Cell area
quantification on right, n=30. (B) gRT-PCR expression for canonical heart failure
associated genes. (n=4). (C) Four chamber heart sections stained with H&E. Scale =
1mm. (D) Heart weight to tibial length ratio. (n=5-8 for sham, n=8-14 for TAC). (E) Wheat
germ agglutinin staining of heart sections (n=50). (F) Picrosirius red staining of heart
sections (n=3 for sham, n=4-7 for TAC). Data are shown as means + SEM unless noted.

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by one-way ANOVA with Tukey’s multiple
comparisons test.
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Figure 3.2. Global transcriptional and proteomic profiling of Sik3 knockdown in
NRVM. (A) Heatmap showing clustered, row normalized genes from bulk RNA-sequencing
of NRVM treated with siRNA against Sik3 (n=5 per condition). (B) Total abundance
proteomics and (C) Phospho-enriched proteomics of NRVM treated with siRNA against
Sik3. n=3 for all conditions except for siSik3 + PE, phosphoproteomics. n=2). (D) Top
phophospho peptide hits from cluster 5 in (D), ranked by ascending logFC.
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Figure 3.3. SIK3 regulates ARHGAP21 stability to repress pathologic cardiac
remodeling. (A) Western blotting of ARHGAP21 from NRVM lysates treated + siRNA
against Sik3 and + PE. Densitometry on right. (B) logCPM values of Arhgap21 derived
from bulk RNA-seq in Figure 3.2A. (C) Western blotting of ARHGAP21 from NRVM
lysates treated + siRNA against Sik3 and + bortezomib (BZ, 5nM for 16 hours). (D) NRVM
immunostained for a-actinin (green) and nuclei (blue) Scale = 40um. Cell area
quantification on right, n=50. (E) gRT-PCR expression for canonical heart failure
associated genes. (n=3). (F) NRVM immunostained for a-actinin (red) and nuclei (blue)
Scale = 40um. Cell area quantification on right, n=50. (G) gRT-PCR expression for
canonical heart failure associated genes. (n=4-5). Data are shown as means + SEM
unless noted. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by one-way ANOVA with

Tukey’s multiple comparisons test.
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Figure 3.4. Nuclear enrichment of MRTF in siSik3 and siArhgap21 NRVMs. Western
blotting of MRTF-A in cytoplasmic (C) and nuclear (N) fractions of NRVM treated with
siRNA against (A) Sik3 or (B) Arhgap21. (C) NRVM immunostained for a-actinin (green)
and nuclei (blue) Scale = 40um. Cell area quantification on right, n=50. (D) qRT-PCR
expression for canonical heart failure associated genes. (n=6). Data are shown as means
+ SEM unless noted. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by one-way ANOVA
with Tukey’s multiple comparisons test.
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Methods

NRVM isolation and culture

Neonatal rat ventricular myocytes (NRVM) were isolated as previously described?. Briefly,
hearts from 1-2 day old Sprague-Dawley Rat pups were harvested, atria removed, and
mechanically digested into 1-2 mm sized pieces of tissue. Tissue was digested in 0.25%
Trypsin-EDTA overnight at 4C. After overnight digestion, cardiomyocytes were isolated
using 10 minute serial digestions with 300U/mL Collagenase |l (Worthington) until no
tissue remained. Cells were preplated on 15cm plates for 2-3 hours to remove fibroblasts.
The remaining NRVM were seeded in feeding medium (DMEM, 5% FBS, 100U/mL
Pen/Strep, 100uM BrdU) for 48 hours. NRVM were then washed with PBS w/o Ca?* or
Mg?* and replaced with fresh starving media (DMEM, 0.1% BSA, 100U/mL Pen/Strep,

1:100 ITS, 10uM BrdU).

Conditional deletion of SIK3 with tamoxifen
Tamoxifen (Sigma) solution was dissolved overnight at 37C in corn oil at a concentration
of 20mg/mL. Mice were injected intraperitoneally with 75mg/kg of tamoxifen at 28 weeks

of age, for 3 consecutive days.

Mouse Echocardiography
Mice were anesthetized with 1% inhalational isoflurane and imaged using the Vevo 770
High Resolution Imaging System (FujiFilm VisualSonics Inc.) and the RMV-707B 30-MHz

probe. Measurements were obtained from M-mode sampling and integrated
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electrocardiogram-gated kilohertz visualization (EKV) images taken in the LV short axis

view at the mid-papillary muscle level as previously described?3.

Histology and Immunofluorescence

For NRVM studies, cells were plated on glass coverslips coated with 0.1% gelatin. Cells
were fixed in 2% paraformaldehyde for 20 minutes at room temperature, with gentle
rocking. Fixed cells were permeabilized in PBST + 0.1% Triton X for 20 minutes, blocked
in PBST + 5% horse serum for 1 hour, and incubated with primary antibody against alpha
actinin (Sigma, A7811) diluted at 1:800 in PBST + 5% horse serum for 1 hour at room
temperature with gentle rocking. Cells were washed 3X with PBST followed by incubation
with secondary antibody diluted to 1:1000 in PBST + 5% horse serum at room
temperature for 1 hour. Cells were washed 3x with PBST and mounted with Vectashield

Hardset mounting media with DAPI.

For cardiac tissues samples, mid-ventricular short axis cross sections were fixed
overnight in 10% neutral buffered formalin at 4C with gentle rocking. Samples were
washed with PBS and transferred to 70% ethanol for 24 hours. Samples were embedded
in paraffin blocks, sectioned, and stained with wheat germ agglutinin 488 (Thermo Fisher,
11261) or Picrosirius Red (Polysciences) according to manufacturers’ instructions.
Quantification of cardiomyocyte cross sectional area and fibrosis area were quantified as

previously described?3.
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Adenovirus generation and titering

Adenoviruses were generated as previously described?. Briefly, full length Arhgap21
containing plasmid was obtained from Origene (NM_020824). Arhgap21 was cloned into
the Gateway Entry vector pENTR2B using the Gibson Assembly strategy, followed by LR
recombination into the Gateway destination vector pAd-CMV-V5-DEST. Sequence
verified plasmid was linearized and transfected into 293A cells according to
manufacturer's protocol. Cells were incubated for up to 2 weeks to allow for plaque
formation and complete lysis of the culture plate. Crude lysate was harvested and sterile
filtered using a 0.22uM syringe filter (Millipore EMD). 293A cells were plated in 6 well
plates, infected with serial dilutions of crude lysate, and overlaid with SeaPlaque Agarose
to allow for localized plaque formation. Individual plaques were observed, isolated, and
amplified prior to testing for ARHGAP21 protein expression. Plagues demonstrating
strong expression were further amplified using 293A cells and titered using a plaque
formation assay.

To infect NRVM, cells were incubated with ARHGAP21 adenovirus or GFP control at an
MOI of 1 in low volumes of serum free media for 2-3 hours with gentle rocking every 30
minutes. NRVM were washed with PBS without Ca2+ or Mg2+ and cultured in fresh

serum free media.

RNA Sequencing
A bioinformatics tool, Nextflow version 20.04.1 and nf-core/rnaseq version 1.4.2, was
used to preprocess and perform sequence alignments

(https://doi.org/10.5281/zenodo.1400710 ). The input sequence was formatted as FASTQ
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and gene-level counts were estimated using NCBI GTF gene annotation. Trim-galore
(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) was used to remove
contaminated adapters and low-quality regions and the sequence quality was calculated
and controlled with FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc).
Then sequence reads were aligned to the Rnor6 reference assembly using STAR 2.6.1d%*
and gene-level counts were measured using "featureCounts" 25, part of the Subread suite
(http://subread.sourceforge.net/). Gene filtering was performed based on a threshold of
atleast 5 (raw) reads in at least 2 samples prior to performing differential expression gene
analysis. After filtering, the expression values were re-normalized using calcNormFactors

in EdgeR.

The design matrix modeled for Sik3 siRNA treatment, PE stimulation, and the interaction
of these two, and additionally we controlled for batch effect was controlled by including a
batch variable in the model. Gene-wise dispersion values for the DEG model were
estimated using a quasi-likelihood (QL) method implemented in gimQLFit in EdgeR?® then
an empirical Bayes quasi-likelihood F-based test (gImQLFTest) was used to find DEGs?’.
Significant DEGs were determined based on an FDR threshold of 0.05.

To visualize the genes’ expression patterns, genes that passed the 0.05 FDR threshold
were clustered using the R package hopach and log2(Counts Per Million + 1) values were
used to make a heatmap using the pheatmap package (https://CRAN.R-
project.org/package=pheatmap). Principal Component Analysis was performed using the

R function prcomp.
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Cell lysis and digestion for proteomics

Cells were lysed in 6M Guanidine HCI in 100mM Tris-HCI (pH = 8) followed by heating at
95 degrees for 5 min. DNA was sheared via probe sonication, on ice, at 20% amplitude

for 20 seconds, followed by 10 seconds of rest. This process was repeated three times.

Following sonication, protein concentration was determined using Bradford assay.
Disulfide bond reduction and carbamidomethylation of cysteines was performed by the
additon of a 1:10 volume of reduction/alkylation buffer (100 mM tris(2-
carboxyethyl)phosphine (TCEP) and 400 mM 2-chloroacetamide (CAA)) to the lysate.
Samples were then incubated for 5 min at 45 °C with shaking (1500 rpm). Samples were
then diluted with 100mM Tris-HCI (pH = 8) to a final urea concentration of 1M Guanidine
HCI. Trypsin (Promega) and LysC (xx) were added at a 1:100 (enzyme:protein w:w) ratio

and digested overnight at 37°C with rotation.

Following digestion, 10% trifluoroacetic acid (TFA) was added to each sample to a final
pH ~2. Samples were desalted under vacuum using Sep Pak tC18 cartridges (Waters).
Each cartridge was activated with 1 mL 80% acetonitrile (ACN)/0.1% TFA, then

equilibrated with 3 x 1 mL of 0.1% TFA.

Following sample loading, cartridges were washed with 4 x 1 mL of 0.1% TFA, and
samples were eluted with 4 x 0.5 mL 50% ACN/0.25% formic acid (FA). Samples were
dried by vacuum centrifugation and resuspended in 0.1% TFA in 80% ACN. 50 ug of each
sample was kept for protein abundance measurements, and the remainder was used for

phosphopeptide enrichment.
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Phosphopeptide enrichment

Phosphopeptide enrichment was performed on the Kingfisher Flex in 96-well plate format.
For each sample, 75 pL of 5% IMAC bead slurry (QIAGEN) was added to a 2 mL bio-spin
column. Beads were incubated with 4 x 500 yL of 100 mM EDTA for 30 s, washed with 2
x 500 pyL H20, incubated 4 x 500 pL with 15 mM FeClI3 for 1 minute, washed 3 x 500 uL
H20, and washed once with 500 pL of 0.5% FA to remove residual Fe. Beads were
resuspended in phosphopeptide binding solution to create a 5% IMAC bead slurry and
75 pL were aliquoted into corresponding wells on a 96-well plate. Additional 75 pL of
0.1% TFA in 80% ACN were added to each well. Digested peptide mixtures in 0.1% TFA
in 80% ACN were incubated with beads followed by 3 washes of the beads with 150 pL
0.1% TFA in 80% ACN. Phosphopeptides were eluted by incubating the beads with 50
uL elution buffer (50:50 Acetonitrile: (1:20) ammonium hydroxide/water). The eluted
phosphopeptides were then mixed with 30 ul of 10% FA in 75% ACN solution and the
peptide mix was transferred to C18 spin columns (Nest group), centrifuged for 1 min to

elute the peptides and dried by by vacuum centrifugation.

Mass spectrometry data acquisition

Digested samples were analyzed on an Orbitrap Exploris 480 mass spectrometry system
(Thermo Fisher Scientific) equipped with an Easy nLC 1200 ultra-high pressure liquid
chromatography system (Thermo Fisher Scientific) interfaced via a Nanospray Flex
nanoelectrospray source. For all analyses, samples were injected on a C18 reverse
phase column (25 cm x 75 um packed with ReprosilPur 1.9 ym particles). Mobile phase

A consisted of 0.1% FA, and mobile phase B consisted of 0.1% FA/80% ACN. Peptides
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were separated by an organic gradient from 5% to 30% mobile phase B over 112 minutes
followed by an increase to 58% B over 12 minutes, then held at 90% B for 16 minutes at
a flow rate of 350 nL/minute. Analytical columns were equilibrated with 6 yL of mobile
phase A. Data-independent analysis (DIA) was performed on all samples. An MS scan at
60,000 resolving power over a scan range of 390-1010 m/z, a normalized AGC target of
300%, an RF lens setting of 40%, and a maximum injection time of 60 ms was acquired,
followed by DIA scans using 8 m/z isolation windows over 400-1000 m/z at a normalized

HCD collision energy of 27%. Loop control was set to All.

For phosphopeptide enriched samples, data were collected using a resolving power of
30,000 and a maximum ion injection time of 40 ms. Protein abundance samples were
collected using a resolving power of 15,000 and a maximum ion injection time of 22 ms.
DIA data analysis was performed using the Pulsar search engine integrated into
Spectronaut by searching against a database of Uniprot Rat sequences, including
reviewed Swiss-Prot and unreviewed TrEMBL entries (downloaded July, 2020). For
protein abundance samples, data were searched using the default BGS settings, variable
modification of methionine oxidation, static modification of carbamidomethyl cysteine, and
filtering to a final 1% false discovery rate (FDR) at the peptide, peptide spectrum match
(PSM), and protein level. No data normalization was performed. For phosphopeptide
enriched samples, BGS settings were modified to include phosphorylation of S, T, and Y
as a variable modification and the Significant PTM default settings were used, with no
data normalization performed, and the DIA-specific PTM site localization score in

Spectronaut was applied.
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Mass spectrometry data analysis

Peptide ion intensities from Spectronaut were summarized and processed to detect
significant differences between treatments using the R (version 3.6.1) packages artMS
(version 1.5.3) and MSstats (version 3.19.5 ,
https://pubmed.ncbi.nim.nih.gov/24794931/). For abundance proteomics, log
transformed intensities from all peptides were first normalized between samples using a
standard equalize-medians procedure modified so that normalizing factors were
calculated using only the peptides with no missing value in any samples. The normalized
peptide intensities were then grouped and summarized per protein. For
phosphoproteomics, peptides were grouped according to the standard artMS procedure
which combines peptides with matching phosphorylated site(s). The summarized
intensities (per protein or per combination of intra-peptide phosphorylations) were
analyzed by MSstats, which performs linear regressions on each protein or
phosphorylation combination treating the conditions as independent categorical variables
and log transformed intensity as the response variable. P values were adjusted for
multiple tests using the Benjamini-Hochberg procedure for estimating the false discovery
rate. Proteins and phosphorylations were considered significantly regulated between
conditions if their adjusted p value was less than 0.05 for at least one pairwise contrast,
and absolute log2 fold change was greater than 1.0. The per-replicate intensity patterns
of significantly regulated phosphorylations and proteins were clustered using the kmeans
function in R on linearly scaled intensities (max per protein/phosphorylation = 1.0) and
100 random starts per number of clusters (k) less than 15, with the final k chosen through

visual inspection of the explained-variance per k curve.
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Chapter 4: Targeting transcription in heart failure via inhibition of CDK7/12/13
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Abstract

Heart failure with reduced ejection fraction (HFrEF) is associated with high mortality,
highlighting an urgent need for new therapeutic strategies. As stress-activated cardiac
signaling cascades converge on the nucleus to drive maladaptive gene programs,
interdicting pathological transcription is a conceptually attractive approach for HFrEF
therapy. Here, we demonstrate that CDK7/12/13 are critical regulators of transcription
activation in the heart that can be pharmacologically inhibited to improve HFrEF.
CDK7/12/13 inhibition using the first-in-class inhibitor THZ1 or RNAi blocks stress-
induced transcription and pathologic hypertrophy in cultured rodent cardiomyocytes.
THZ1 potently attenuates adverse cardiac remodeling and HFrEF pathogenesis in mice
and blocks cardinal features of disease in human iPSC-derived cardiomyocytes. THZ1
suppresses Pol Il enrichment at stress-transactivated cardiac genes and inhibits a
specific pathologic gene program in the failing mouse heart. These data identify
CDK7/12/13 as druggable regulators of cardiac gene transactivation during disease-
related stress, suggesting that HFrEF features a critical dependency on transcription that

can be therapeutically exploited.

Background

Despite current standard of care, heart failure with reduced ejection fraction (HFrEF)
remains associated with excessively high mortality and morbidity, highlighting an urgent
need for new therapeutic strategies. Several pharmacotherapies for HFrEF that have
been proven to improve outcomes, such as beta-adrenergic receptor antagonists and
inhibitors of the renin-angiotensin system, typically interdict signaling at or near the

plasma membrane. Ultimately, these stress-activated signaling cascades converge on
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the nucleus to drive maladaptive changes in gene transcription, which can chronically
compromise cardiac function and fuel the vicious cycle of adverse cardiac remodeling
and HFrEF pathogenesis’. As the gene regulatory machinery functions as a nodal
integrator of upstream stress signals, drugging specific components of the transcription

apparatus represents a conceptually attractive approach to treat HFrEF.

Previous studies have shown that hyperphosphorylation of RNA Polymerase Il (Pol Il) by
multiprotein kinase complexes such as PTEFb (positive transcription elongation factor b)
is a hallmark of pathological cardiac stress in rodent models of heart failure and in failing
human hearts?3, prompting us to hypothesize that inhibition of additional upstream Pol Il
C-terminal domain (CTD) kinase complexes such as TFIIH could attenuate pathologic
transcription during HFrEF pathogenesis. THZ1 is a first-in-class small molecule inhibitor
of CDK7 (Cyclin dependent kinase 7), a core kinase in the eukaryotic TFIIH complex
upstream of Pol Il CTD phosphorylation. THZ1 covalently binds Cysteine-312 on CDK7
at a site spatially distinct from the catalytic pocket, resulting in potent allosteric inhibition
of CDK7 kinase activity*. THZ1 also inhibits two related Pol Il CTD kinases, CDK12 and
CDK13, by covalently binding accessible cysteine residues that are homologous to C312
of CDK74. Preclinical studies across a broad array of tumor types have demonstrated that
THZ1 can potently suppress transcription of gene programs that drive cancer
progression*'%. These studies prompted us to explore the role of CDK7/12/13-dependent
transcription in HFrEF pathogenesis. Here, we show that inhibition of CDK7/12/13-

dependent transcription confers protection against the establishment of HFrEF in cultured

93



cardiomyocytes and adult mice, providing proof of concept that pathologic transcription

activation may be therapeutically exploited to attenuate heart failure.

Results

CDKZ7/12/13 inhibition in cultured cardiomyocytes inhibits the hypertrophic stress
response

We began by studying the effects of inhibiting CDK7/12/13-dependent Pol Il CTD
phosphorylation via THZ1 (structure shown in Figure 4.1A) in cultured neonatal rat
ventricular myocytes (NRVM), a well-established in vitro system to probe adverse
cardiomyocyte remodeling''. THZ1 treatment potently attenuated a1-adrenergic agonist
(phenylephrine, PE)-induced cellular hypertrophy (Figure 4.1B) and induction of Nppa
and Nppb, two hallmark markers of pathological cardiomyocyte stress (Figure 4.1C). To
determine a specific role for cardiomyocyte CDK7/12/13 activity on phosphorylation of
specific serine residues in the C-terminal heptapeptide repeats of Pol 11'%13, we performed
Western blots using phospho-serine specific Pol Il antibodies. We observed increased
levels of Ser2P, Ser7P and Ser5P Pol Il phosphoforms during PE-mediated hypertrophic
stress (Figure 4.1D), consistent with increased Pol Il CTD phosphorylation in this setting.
THZ1 attenuated the PE-dependent increase in Ser2P and Ser7P (Figure 4.1D). We did
not observe a significant effect on bulk abundance of Ser5P in cardiomyocytes, which
may reflect redundant regulation of this phosphoform by other Pol Il CTD kinases'#"".
The 1Cso of THZ1 in these cardiomyocyte assays was 5-10nM, which reflects a sensitivity
to THZ1 that is higher than what has been observed in studies of growth inhibition of

several cancer cell types®?1826 (Supplemental Figure 4.1A). Under baseline conditions,
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THZ1 showed no significant effect on NRVM size, Nppa/Nppb expression, or cell death
(Figures 4.1B-D and Supplemental Figure 4.1B). As a critical negative control, we used
THZ1-R, an inactive structural analog of THZ1 with minimal kinase inhibitory activity*.
THZ1-R did not affect cellular hypertrophy, Nppa/Nppb induction, or Pol Il CTD
phosphorylation (Supplemental Figures 4.1C-E). To validate for our findings using THZ1,
we also assessed the anti-hypertrophic effect of the small molecule probe YKL-1-116%"
(Supplemental Figure 4.2A), which has substantially lower potency against CDK12/13.
YKL-1-116 inhibited cellular hypertrophy and Nppa/Nppb induction but required
concentrations 50-100 fold higher than THZ1 (Supplemental Figures 4.2B-C)?’. These
data suggest that potent and combined inhibition of CDK7/12/13 is required for maximal

suppression of the hypertrophic stress response in cardiomyocytes.

To provide orthogonal validation for the on-target molecular pharmacology of THZ1 in our
experimental system, we utilized specific sSiRNA probes to individually knockdown Cdk?7,
Cdk12, or Cdk13 as well as triple-knockdown (TKD) of all three kinases (Supplemental
Figure 4.3). We found that individual knockdown of Cdk7, 12, or 13 did not consistently
attenuate cardiomyocyte hypertrophy, Nppa and Nppb induction, and Pol Il CTD
hyperphosphorylation with the same potency of THZ1, indicating that depletion of a single
kinase did not fully recapitulate the robust effects of THZ1 (Supplemental Figure 4.3E-F).
In contrast, triple knockdown of Cdk7/12/13 potently attenuated PE-induced hypertrophy,
Nppa/Nppb expression, and Pol |l CTD hyperphosphorylation in a manner that more
closely approximated the effects of THZ1 (Figure 4.1E-H). The increased abundance of

these specific Pol Il phosphoforms during agonist stimulation and its decrease with
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CDK7/12/13 inhibition using THZ1 or siRNA confirms that the combined activity of these
kinases is specifically increased during hypertrophic stress in cardiomyocytes. Together,
our complementary data using chemical probes and RNAi establish a role for CDK7/12/13
as druggable transcription co-activators and positive regulators of pathological

cardiomyocyte hypertrophy.

To enhance relevance to human HFrEF, we ascertained whether CDK7/12/13 inhibition
with THZ1 could also block pathologic remodeling in human cardiomyocytes. We tested
the effects of THZ1 in human induced pluripotent stem cell-derived cardiomyocytes
(iPSC-CMs), a well-validated in vitro experimental platform to study human
cardiomyocyte stress signaling, using an iPSC line derived from a healthy human donor
[iCell Cardiomyocytes, Cellular Dynamics International Inc. (CDI)]?. Previous studies
have demonstrated that these cells mount a hypertrophic response to 10nM endothelin-
1 (ET-1)?%29, We found that THZ1 attenuated ET-1-mediated hypertrophic growth in
human iPSC-CMs in a dose-dependent manner (Figures 4.1I-J) with an ICso ~10nM, a
potency that paralleled our rodent cardiomyocyte data. Consistent with the effects on
cellular hypertrophy, qRT-PCR demonstrated that THZ1 suppressed transactivation of
NPPB/BNP (Figure 4.1K) and other typical marker genes induced in human iPSC-CMs
during ET-1 stimulation (Supplemental Figure 4.4A)?%. Quantitative enzyme-linked
immunosorbent assay (ELISA) confirmed that THZ1 attenuated the ET-1-stimulated
secretion of N-terminal pro-BNP protein, a widely used clinical biomarker for human

HFrEF (Figure 4.1L).
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THZ1 alters gene expression and transcription in NRVM during hypertrophic stress
We next performed RNA-Seq in NRVM to profile the genome wide transcriptional
mechanisms underlying the protective effects of THZ1 (Figure 4.2A, Supplementary Data
1). Hierarchical clustering revealed six distinct gene expression patterns, with
approximately one-fourth of all expressed genes falling into cluster 5, representing genes
induced by PE stimulation and robustly suppressed with THZ1 co-treatment, such as
Nppa, Nppb, and Xirp2/Myomaxin (Figure 4.2B). THZ1 also attenuated the PE-mediated
downregulation of a subset of genes (cluster 2), further suggesting that primary inhibition
of stress-gene transactivation can shift the transcriptome towards the basal state. While
THZ1 had no major effect on cardiomyocyte growth or viability at baseline (Figures 4.1B-
D and Supplemental Figure 4.1B), there was a subset of genes for which THZ1 altered
baseline expression (clusters 1 and 3). Gene ontology analysis for each cluster is

provided in Supplementary Data 2.

Given the role of CDK7/12/13 as activators of Pol Il and the robust ability of THZ1 to
suppress stress-induced cardiomyocyte hypertrophy, we focused our attention on PE-
mediated gene transcription by performing ChIP-Seq for total Pol Il in NRVM after 48
hours of PE-stimulation. Representative gene tracks for the Nppa/Nppb locus (Figure
4.2C) showed that PE-stimulation increased gene body enrichment of Pol Il, consistent
with stress-activated transcription of these genes. THZ1 attenuated enrichment of Pol |l
at the Nppa and Nppb loci, consistent with inhibition of gene transcription. Genome-scale
quantification of Pol Il density at this 48-hour time point revealed that THZ1 led to a

modest increase in Pol || accumulation at transcription start sites (Figure 4.2D), a finding
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that suggests a net effect of impaired transcription elongation at this late time point. We
assessed the Pol Il traveling ratio (defined here as the ratio of Pol Il occupancy at the
TSS over the gene body; Figure 4.2E), a widely used indicator of genome-scale
transcription elongation3%3', for genes regulated by THZ1 during PE-mediated stress.
THZ1 elicited a rightward shift in the Pol Il traveling ratio curve, also suggesting a net
effect of THZ1 in attenuating Pol Il elongation in pathologically stressed cardiomyocytes
after 48 hours of PE stimulation (Figure 4.2E). These ChlIP-Seq data are consistent with
the biochemical data demonstrating CDK7/12/13 inhibition blocks stress-dependent
accumulation of bulk Pol Il Ser2P abundance (Figure 4.1D and F), a post-translational

modification indicative of elongating Pol Il.

We note that Pol Il ChIP-seq in primary cultured neonatal cardiomyocytes, which was
performed under experimental conditions that are required for robust agonist-induced
hypertrophic responses (low plating density and prolonged serum starvation), did not
provide signal robustness that would allow us to make reliable correlations between
locus-specific Pol 1l enrichment and differential gene expression by RNA-seq.
Furthermore, we cannot exclude a primary and rapid effect of THZ1 on Pol Il initiation,
which can influence subsequent rates of Pol Il elongation and is an event in the
transcription cycle that likely occurs at much earlier timepoints after agonist stimulation
compared to the 48-hour time point used in this experiment. Together, these in vitro data
support that CDK7/12/13 are cell-autonomous effectors of transcription activation during
cardiomyocyte stress and that CDK7/12/13 inhibition attenuates hallmark features of

pathologic cardiomyocyte remodeling.
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THZ1 improves cardiac function and inhibits a maladaptive gene expression
program in a mouse model of heart failure

Our findings in cultured cardiomyocytes prompted us to test whether interdicting
CDK7/12/13-dependent transcription using THZ1 could block HFrEF pathogenesis in
vivo. We subjected mice to transverse aortic constriction (TAC), a widely used surgical
model of left ventricle (LV) pressure overload and progressive HFrEF3?, with
administration of THZ1 (20 mg/kg/day, intraperitoneally) or vehicle for 60 days (Figure
4.3A). This THZ1 dose has been validated to provide target coverage and efficacy in
murine tumor xenograft studies and is generally well tolerated in mice*®25, allowing us to
test for proof-of-concept in vivo in the context of HFrEF, with the caveat that detailed
toxicological analysis has not yet been reported for this chemical probe. We found that
THZ1 attenuated several hallmark features of adverse cardiac remodeling and HFrEF
pathogenesis including LV systolic dysfunction (Figures 4.3B-C and Supplemental Figure
4.4B), cardiomegaly (Figures 3D-E), LV wall thickening (Supplemental Figure 4.4C), LV
cavity dilation (Supplemental Figure 4.4D), cardiomyocyte hypertrophy (Figure 4.3F), and
LV fibrosis (Figure 4.3G). THZ1 had no significant effect on cardiac mass, cardiac
structure or LV function in the sham group (Figure 4.3E, Supplemental Figures 4.4 B-D).
In addition, THZ1 had no effect on body weight (Supplemental Figure 4.4E), consistent
with the general tolerability of this compound that has been observed in mouse cancer
xenograft studies. THZ1 did not affect systolic or diastolic blood pressure in mice
(Supplemental Figures 4.4E-G), suggesting that its salutary effect in HFrEF pathogenesis

was not simply due to modulation of systemic blood pressure.
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To confirm on-target bioactivity in vivo, we performed Western blotting for Pol Il CTD
phosphorylation from LV tissue samples. TAC led to increased abundance of Pol || Ser2P
and Ser7P, which were both attenuated by THZ1 (Supplemental Figure 4.4H), supporting

that cardiac CDK7/12/13 activity is increased during stress and blocked by THZ1 in vivo.

Next, we performed RNA-Seq from LV tissue in each experimental group (Figure 4.4A).
PCA clustering showed an overlap of Sham-Veh and Sham-THZ1 groups (Figure 4.4B),
revealing that intermittent THZ1 exposure at the doses used here had minimal effect on
the transcriptome of non-diseased hearts. This finding is consistent with the observation
that THZ1 treatment did not alter cardiac mass, cardiac structure or LV systolic function
in the sham group (Figure 4.3). TAC-mediated stress shifted the cardiac transcriptome
along PC1, and the major effect of THZ1 treatment during TAC was to revert the gene
expression profile back towards the sham group along PC1 (Figure 4.4B). These shifts
along PC1 encompassed a broad program of stress-induced genes whose upregulation
was blunted by THZ1 (Figure 4.4C), including canonical markers of human HFrEF such
as Nppa, Nppb, Ctgf, and Rcan1 (Figure 4.4D). We identified a set of 800 genes that
were upregulated during TAC, of which 401 genes (50%) were significantly suppressed
by THZ1 (Figure 4.4E and Supplementary Data 4.3). This gene set showed strong
enrichment for functional terms representing several pathological processes that are
hallmarks of human HFrEF (Supplemental Figure 4.5A)%, including cellular
growth/anabolism, matrix remodeling, inflammation/fibrosis, and reactivation of striated
muscle developmental programs. These findings were corroborated by gene set

enrichment analyses, which showed that the THZ1-suppressed gene program was
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strongly enriched for targets of EGFR, IL6 and TGF-B signaling (Supplemental Figure
4.5B). Together, these data demonstrate that THZ1 can blunt stress-dependent
transcription in the heart and suppress hallmark features of pathologic cardiac remodeling

and HFrEF progression in vivo.

Systemic THZ1 administration affects gene expression in multiple cell
compartments in the failing mouse heart

While our in vitro data in primary rodent and human iPSC-derived cardiomyocytes support
a cardiomyocyte-intrinsic effect of CDK7/12/13 inhibition, we recognize that
administration of THZ1 in vivo may simultaneously act on multiple cell compartments that
populate the stressed heart, including cardiomyocytes. Our bulk RNA-seq from adult
mouse LV tissue suggests that THZ1 affects genes expressed in both cardiomyocytes
and non-cardiomyocyte compartments during TAC. To better understand the relative
responsiveness of various myocardial cellular compartments to THZ1 treatment during
TAC, we curated two published single cell transcriptomic datasets from adult mouse
hearts®*3 to generate a cellular atlas (Figure 4.4F-G) that allows for compartment-
specific “fingerprinting” of our bulk RNA-seq data from LV tissue. Using the set of 401
genes identified to be upregulated in TAC and suppressed with THZ1 treatment in our
bulk LV tissue RNA-seq, we cross-referenced these transcripts against our clustered
single cell reference dataset to extrapolate the specific cellular compartments from which
these dynamically responsive transcripts originated (Figure 4.4G; cell compartment
specific heatmaps shown in Supplementary Figure 4.6). Consistent with our cell culture

studies, we observed a clear cardiomyocyte signature demarcated by canonical HF-
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associated genes (Ankrd1, Xirp2, Nppa, Nppb). We also detected a robust signature of
genes that were differentially expressed during TAC and sensitive to THZ1 that originated
from resident cardiac fibroblasts, particularly the group of Periostin-positive cells that
demarcate the myofibroblast subpopulation. Other cell compartments in the adult mouse
heart that were sensitive to THZ1 included epicardial, endothelial and endocardial cells.
Taken together, these results suggest that THZ1 exerts protective effects in the TAC
model by inhibiting CDK7/12/13-dependent cell state transitions across cardiomyocyte

and non-cardiomyocyte cellular compartments.

Discussion

Collectively, the data presented here demonstrate that CDK7/12/13 activity is a critical
effector of stress-dependent cardiac transcription and HFrEF pathogenesis. Using the
first-in-class inhibitor THZ1, we provide proof of concept that transcription inhibition can
exert effects on the heart during HFrEF pathogenesis in vitro and in vivo. Our in vitro data
using chemical inhibitors and siRNA are consistent with a mechanism where CDK7, 12
and 13 have non-overlapping functions in the transcription cycle in cardiomyocytes. In
this manner, multi-CDK inhibition of CDK7, 12 and 13 using THZ1 or siRNA is likely
exerting additive or synergistic effects on cardiac stress responses by impairing their
multiple, non-overlapping functions in the transcription cycle, supporting the concept that
inhibition of all three kinases is required to consistently and potently suppress adverse
cardiac remodeling. Future studies using cardiovascular cells harboring a CDK7 cysteine
substitution allele (Cys312Ser) that is resistant to covalent chemical inhibitors like THZ1

(or equivalent cysteine substitution alleles for CDK12/13), will also help dissect the non-
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overlapping functions of these three kinases in cardiac stress responses. While THZ1
can suppress agonist induced hypertrophy in cultured cardiomyocytes, our transcriptomic
profiling of adult mouse hearts demonstrates that the protective effects of THZ1 in vivo
are associated with dynamic gene expression changes in both cardiomyocyte and non-
cardiomyocyte compartments. Often, dissecting the causality of cell-specific contributions
during heart failure pathogenesis can be interrogated using conditional gene deletion
approaches. However, modeling the pharmacology of THZ1 in vivo using conditional
gene-deletion approaches will be particularly challenging because it would likely require
simultaneous postnatal deletion of multiple loci (Cdk7, Cdk12 and Cdk13). Furthermore,
it is expected that gene deletion in any one cellular compartment would only give a partial
protection from heart failure pathogenesis and that simultaneous CDK7/12/13 inhibition
in multiple cell types, as occurs with THZ1, is required for full therapeutic effects. Finally,
in contrast to the intermittent and dose-titratable effects of a chemical probe like THZ1,
permanent gene deletion of these 3 kinases may not be as well tolerated. While there
are certainly caveats to interpreting the cell compartment and gene-specific effects of
THZ1 in vivo, this study highlights some of the advantages of probing disease

pathobiology using chemical biological tools.

Previous studies demonstrated that the CDK9/P-TEFb complex played an important role
in cardiac hypertrophy?. Using pleiotropic chemical inhibitors such as 5,6-dichloro-1-B-D-
ribofuranosylbenzimidazole (DRB) or flavopirodol or via adenoviral overexpression of a
dominant-negative CDK9 construct, CDK9 inhibition was shown to attenuate

cardiomyocyte hypertrophy and Pol Il hyperphosphorylation in cultured neonatal rat
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cardiomyocytes in vitro. In addition, cardiomyocyte-specific transgenic overexpression of
Cyclin-T1, a key component of the CDK9-activating complex, was sufficient to drive
pathological cardiac hypertrophy in mice in vivo. These seminal findings suggested a role
for the CDK9/PTEF-b transcriptional complex in cardiac hypertrophy, although the
therapeutic potential of Pol Il kinase inhibition could not be assessed due to lack of potent
and specific chemical probes that were suitable for in vivo administration. Interestingly,
adenoviral overexpression of a dominant negative CDK7 construct was also shown to
modestly attenuate agonist-induced protein synthesis in cultured cardiomyocytes?,
suggesting parallel approaches to interdict transcription during cardiomyocyte stress
responses. Our study demonstrates that simultaneous inhibition of CDK7-, 12- and 13-
dependent transcription is required for potent and consistent antihypertrophic responses
and establishes proof-of-concept that CDK7/12/13 inhibition using THZ1 can ameliorate

pressure overload induced heart failure in adult mice.

Our finding that THZ1 can also suppress pathologic remodeling in human iPSC-CMs at
low nanomolar concentration supports the concept that manipulating stress-mediated
transcriptional signaling might be an approach to limit adverse cardiac remodeling during
human HFrEF pathogenesis. However, we acknowledge that systemic exposure to
molecules such as THZ1 may have on-target toxicity in extracardiac organs, including
effects on neuronal plasticity®® and possibly in highly proliferative tissue compartments
such as the intestinal epithelium or bone marrow. Given the generally high bar for safety
required for chronically dosed cardiovascular therapeutics, future studies detailing the on-

target liabilities of CDK7/12/13 inhibition and the precise cell compartments mediating
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therapeutic efficacy will be required to refine such a strategy in the treatment of heart
failure. In contrast to several cancer drugs that cause cardiotoxicity®’, our data suggest
that molecules like THZ1 may be a privileged class of anticancer therapeutics that have
cardioprotective properties. More broadly, this work supports the contention that HFrEF
pathogenesis, like cancer, features a general dependency on transcription that might

be therapeutically exploited.
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Figure 4.1. CDK7/12/13 inhibition attenuates hallmark features of pathologic
cardiomyocyte remodeling in vitro (A) Chemical structure of THZ1. (B) Representative
image of NRVM treated + THZ1 (at indicated concentrations) and PE (100 uM) for 48h
with cell area quantification (n=50-55 randomly selected cells per condition). Scale bar:
30 ym. Bars denote mean £ SD. ***p = .0002. (C) Quantification of expression levels of
indicated genes from real-time PCR (n=3 for THZ1 1nM+PE, and THZ1 10nM+PE groups;
n=2 for THZ1 OnM+PE and THZ1 1nM -PE). Experiment was repeated three independent
times with similar results. (D) Representative Western blots of NRVM with indicated
treatment for specific targets. N=3 independent experiments. Pol Il phosphoforms and
total Pol Il were each probed from a separately run gel and membrane, with each lane
loaded with an equivalent amount of total protein and lysate volume, derived from a
common master stock of protein lysate for each designated condition. The loading control
(a-tubulin) was probed on the same blot with Pol Il Ser7P. For these Western blots, NRVM
were harvested 30 min after exposure to PE. (E) Representative images of NRVM treated
+ si-control (si-cntrl) or si-Cdk7/12/13 (TKD) and PE (100 puM) for 48h with cell area
quantification (n=55 randomly selected cells per condition). Scale bar: 30 ym. Bars
denote mean £ SD. *p = 0.0127. (F) Representative Western blots of NRVM with indicated
treatment for specific targets. Pol Il phosphoforms and total Pol || were each probed from
a separately run gel and membrane, with each lane loaded with an equivalent amount of
total protein and lysate volume, derived from a common master stock of protein lysate for
each designated condition. The loading control (TBP) was probed on the same blot with
Pol Il Ser7P. For these Western blots, NRVM were harvested 30 min after exposure to
PE. Experiment was repeated three independent times with similar results. (G)
Densitometry of Western blots in Figure 1F. (n=4 per condition). Box plots show center
line as median, whiskers show maxima and minima, and box limits show upper and lower
quartiles. ***p = 0.0002 for Ser2P: scr vs. PE, ***p = 0.0004 for Ser2P: PE vs. siTKD +
PE, **p = 0.0048 for Ser5P: scr vs. PE, *p = 0.0131 Ser5P: PE vs siTKD + PE, ***p =
0.0006 for Ser7P: scr vs PE, ***p = 0.0005 for Ser7P: PE vs siTKD + PE. (H)
Quantification of expression levels of indicated genes from real-time PCR (n=4). (I and
J) Representative hiPSC-CM images (alpha-actinin staining in green and DAPI in blue)
and quantification of cell size for indicated treatments (n=10 for all conditions except ET-
THZ1-250nM for which n=9). Each data point represents the mean cell area for a single
cell-culture chamber. For each chamber, 25 cells were randomly selected for area
quantification. Scale bar: 30 um. Bars denote mean * SD. Significance values represent
comparisons against the group that was exposed only to ET-1 (10nM). *p = 0.0395 for
ET vs. ET-THZ1-5nM, *p = 0.0133 for ET vs. ET-THZ1-10nM. (K) Gene expression levels
of NPPB in hiPSC-CM with indicated treatments (n=10). Significance values represent
comparisons against the group that was exposed only to ET-1 (10nM). (L) Protein
concentration of secreted NT-proBNP in hiPSC-CM in the culture medium (n=10).
Significance values represent comparisons against the group that was exposed only to
ET-1 (10nM). *p = 0.0281 for ET vs ET-THZ1-10nM. Data are shown as means + SEM
unless otherwise noted. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for all indicated
comparisons. One-way ANOVA with Tukey’s multiple comparisons test was used for all
statistical analyses. Exact p values are noted when possible.
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Figure 4.2. THZ1 blocks stress-responsive gene programs and Pol Il enrichment in
cultured cardiomyocytes. (A) Schema of the experimental design. ChlP-seq for total
Pol Il was performed for 3 conditions: baseline, PE, and PE+THZ1. (B) A heatmap
showing clustered, row-normalized global gene expression profile in each sample in the
indicated treatment group (n=3) with representative gene callouts. (C) Representative
gene tracks of Pol Il enrichment for canonical hypertrophic marker genes (Nppb and
Nppa). (D) Accumulative Pol Il occupancy on all promoters. (E) Empirical cumulative
distribution plots of Pol Il traveling ratios (TR) for genes that are differentially expressed
in response to PE stimulation (PE vs baseline). TR is defined as the ratio of (Pol Il signal
at TSS) / (Pol Il signal at gene body). ****p < 0.0001 for indicated comparisons.
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Figure 4.3. THZ1 ameliorates cardinal features of adverse cardiac remodeling and
HFrEF pathogenesis in mice. (A) Schema of the experimental design. (B) Two-
dimensional echocardiographic quantification of left ventricle area fractional shortening in
indicated groups (n=8). Echocardiography for the sham groups (Sham-Veh and Sham-
THZ1) were performed at the end of the study (week 8) and are plotted alongside the
week 8 TAC data in Supplemental Figure 4A-C. *p = 0.0339, **p = 0.0039. Two-way
ANOVA with Holm-Sidak multiple comparisons correction was used for statistical
analysis. (C) Representative M-mode echocardiographic images obtained at mid-
papillary muscle level from parasternal short-axis view (8 weeks post-TAC). (D-E)
Representative heart images and quantification of heart weight/tibial length (HW/TL) ratio
at 8 weeks post-TAC. Scale bar: 3 mm. (F) Representative images of myocardium
visualized by wheat germ agglutinin staining (red) and quantification of cardiomyocyte
cross sectional area in indicated groups at 8 weeks post TAC (pooled analysis of 150
individual cardiomyocytes randomly selected from hearts of 3 independent animals per
experimental condition). Scale bar: 20 ym. Data presented as standard box-and-whisker
plots showing median cardiomyocyte area (horizontal line). Upper and lower quartiles are
designated by the box and whiskers designate upper and lower extremes. (G)
Representative heart cross sections stained with picrosirius red with quantification of
fibrosis area in indicated groups (n=5; 8 weeks post-TAC). **p = 0.0027. Scale bar: 200
um. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for all indicated comparisons. Data
are shown as means + SEM unless otherwise noted. One-way ANOVA with Tukey’s
multiple comparisons test was used for all statistical analyses unless noted. Exact p
values are noted when possible.
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Figure 4.4. THZ1 ameliorates specific pathological gene programs in diverse
cardiac cellular compartments in failing mouse hearts. (A) Schema of the
experimental design. (B) Principal component (PC) analysis showing global gene
expression in indicated samples. (C) A heatmap showing clustered, row-normalized
stress induced gene expression profile in each sample in indicated group (n=4). (D) Gene
expression levels of indicated representative genes (n=4) calculated from normalized
DeSeq2 counts. Significance levels were based on the adjusted p-values reported by
DeSeqg2. Bars denote mean + SD. *p = 0.0171 for Nppb: TAC-Veh vs TAC-THZ1, *p =
0.0178 for Ctgf: TAC-Veh vs TAC-THZ1. (E) Venn diagram demonstrating number of
differentially expressed genes in each indicated compartment (cutoffs are specified in
Methods section). *p < 0.05, ****p < 0.0001 for all indicated comparisons. (F) UMAP
(Uniform Manifold Approximation and Projection) projection of cardiac cell compartments
in mouse heart identified by integrating two public mouse heart datasets (n = 32,407
cells). Each dot represents a single cell. Different cell-type clusters are color-coded. (G)
Gene expression distribution of cell-type enriched genes whose expression is increased
with TAC and suppressed by THZ1 (in E) across cell compartments in adult mouse heart.
Genes that were induced with TAC and suppressed by THZ1, as determined by bulk RNA
sequencing, were cross-referenced with the integrated single cell dataset (in F) to
determine the most likely cell type compartment from which each transcript originated.
The size of the dot indicates the percentage of cells with at least one compartment-
defining transcript detected and the color of the dot represents the scaled average
expression level of expressing cells. Representative heatmaps for differentially expressed
genes emanating from each identified cell compartment are shown in Supplementary
Figure 6. One-way ANOVA with Tukey’s multiple comparisons test was used for all
statistical analyses. Exact p values are noted when possible.

112



Supplementary Figure 4.1. Effects of THZ1 and THZ1-R. (A) Summary of THZ1
concentrations causing 50% cell growth inhibition (Glso) for indicated cancer cell types.
These data have been curated from published literature and summarized here. (B)
Trypan blue staining for indicated doses of THZ1 (n=3). (C) Representative NRVM image
(a-actinin in green) and quantification of cell size with indicated treatments (n=59 cells for
control, n=51 cells for PE, n=58 cells for THZ1R-1nM + PE, n=100 cells for THZ1R-10nM
+ PE). Scale bar: 30 um. Bars denote mean + SD. (D) Quantification of expression levels
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of representative genes (Nppa and Nppb) with indicated treatments (n=3). (E)
Representative Western blots of NRVM with indicated treatments for specific targets. Pol
Il phosphoforms and total Pol Il were each probed from a separately run gel and
membrane, with each lane loaded with an equivalent amount of total protein and lysate
volume, derived from a common master stock of protein lysate for each designated
condition. The loading control (a-tubulin) was probed on the same blot with Pol Il Ser7P.
For these Western blots, NRVM were harvested 30 min after exposure to PE. Experiment
was repeated three independent times with similar results.****p < 0.0001, not significant
(n.s., p > 0.05) for indicated comparisons. Data are shown as means + SEM unless
otherwise noted. One-way ANOVA with Tukey’s multiple comparisons test was used for
all statistical analyses. Exact p values are noted when possible.
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Supplementary Figure 4.2. YKL-1-116 inhibits agonist-induced hypertrophy in
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< 0.0001 for indicated comparisons. One-way ANOVA with Tukey’s multiple comparisons
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Supplementary Figure 4.3. Effects of si-Cdk7, si-Cdk12, si-Cdk13, and si-TKD (triple
knock down) (A) Representative images of NRVM treated * si-control (si-cntrl) or si-
Cdk7 and PE (100 puM) for 48h with cell area quantification (n=40 cells for si-cntrl, n=51
cells for si-cntrl+PE, n=57 cells for si-Cdk7, n=53 cells for si-Cdk7+PE). Scale bar: 30 ym.
Bars denote mean + SD. (B) Quantification of expression levels of indicated genes from
real-time PCR (n=3-4). Scale bar: 30 ym. (C) Representative western blot of NRVM with
indicated treatments for the specific targets and quantification of CDK7/GAPDH ratio
(n=2). The loading control (GAPDH) was probed on a separate blot from CDK?7.
Experiment was repeated three independent times with similar results. (D)
Representative images of NRVM treated * si-control (si-cntrl), si-Cdk12, or si-Cdk13 and
+PE (100 uM) for 48h with cell area quantification (n=55 randomly selected cells per
condition). Scale bar: 30 um. Bars denote mean + SD. The experiment for single
knockdown of Cdk12+PE and Cdk13+PE shown here was performed as part of the same
experiment for triple knockdown (TKD) of Cdk7/12/13+PE that is shown in main Figure
1E. Therefore, these experiments share the exact same control groups for si-cntrl+PE.
The representative image and area quantification for the si-cntrl+PE conditions are
duplicated here from Figure 1E, as they appropriately serve as the same control groups
for these two figures. The panels for triple knockdown were separated and placed into the
main Figure 1E to provide clarity during the description of the Results section. (E-G)
Representative Western blots of NRVM with indicated treatment for specific targets.
Quantification is shown on the right (N=4) with data shown as box plots with error bars
representing SD. Pol Il phosphoforms and total Pol Il were each probed from a separately
run gel and membrane, with each lane loaded with an equivalent amount of total protein
and lysate volume, derived from a common master stock of protein lysate for each
designated condition. The loading control (TBP or a-tubulin) was probed on the same blot
with Pol |l Ser7P. For these Western blots, NRVM were harvested 30 min after exposure
to PE. Box plots show center line as median, whiskers show maxima and minima, and
box limits show upper and lower quartiles. **p = 0.0017 for siCdk7 (Ser5P): Scr vs. siCdk7
+ PE, **p = 0.0033 for siCdk7 (Serb5P): PE vs siCdk7 + PE, ***p = 0.0008 for siCdk7
(Ser7P): PE vs siCdk7 + PE. **p = 0.0016 for siCdk12 (Ser7P): scr vs PE, ***p = 0.0005
for siCdk13 (Ser2P): scr vs. PE, ***p = 0.0004 for siCdk13 (Ser5P): scr vs PE, **p =
0.0067 for siCdk13 (Ser5P): scr vs siCdk13+PE, *p = 0.0151 for siCdk13 (Ser7P): scr vs
PE, *p = 0.0232 for siCdk13 (Ser7P): PE vs siCdk13 + PE. Experiments were repeated
three independent times with similar results. (H-K) Quantification of expression levels of
indicated genes from real-time PCR (n=6). **p = 0.0021 for Cdk12: scr vs siTKD, **p =
0.0016 for Cdk12: PE vs siTKD + PE. Data are shown as means + SEM unless otherwise
noted. One-way ANOVA with Tukey’s multiple comparisons test was used for all statistical
analyses. Exact p values are noted when possible. *p < 0.05, **p < 0.01, ***p < 0.001,
****n < 0.0001, not significant (n.s., p > 0.05) for all indicated comparisons.
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Supplementary Figure 4.4. Effects of THZ1 on hypertrophic marker gene
expression in hiPSC-CM and physiological parameters in mice. (A) Expression
levels of representative genes (SERPINE1 and RCAN1) in hiPSC-CM with indicated
treatments (n=12 independent samples for RCAN1: baseline, ET1, THZ1-1nM, THZ1-
5nM, THZ1-100nM, THZ1-250nM, n=8 independent samples for RCAN1: THZ1-10nM,
n=9 independent samples for RCAN1: THZ1-30nM, n=12 independent samples for
SERPINE1: baseline, THZ1-1nM, THZ1-5nM, THZ1-100nM, THZ1-250nM, n=11
independent samples for SERPINE1: ET1, n=10 independent samples for SERPINE1:
THZ1-10nM, n=9 independent samples for SERPINE1: THZ1-30nM). ***p = 0.0002. (B)
Two-dimensional echocardiographic LV area fractional shortening at week 8 post-TAC
(n=5 sham; n=8 TAC). **p = 0.0018 for Sham-Veh vs TAC-Veh, **p = 0.0064 for TAC-
Veh vs TAC-THZ1. (C) Wall thickness as expressed as sum of interventricular septum
(IVS) and posterior wall (PW) thickness at week 8 post-TAC (n=5 sham; n=8 TAC). **p
= 0.0064 (D) Left ventricular (LV) end-diastolic area at mid-papillary muscle level at
week 8 post-TAC (n=5 sham; n=8 TAC). (E) Body weight at week 8 post TAC (n=5
sham; n=8 TAC). (F) Systolic blood pressure in mice treated chronically with THZ1
(n=6). (G) Diastolic blood pressure in mice treated chronically with THZ1 (n=6). (H)
Representative Western blot of heart ventricle tissue with indicated treatment for
indicated targets. Samples were harvested 60 days after TAC. Pol Il phosphoform and
total Pol Il were each probed from a separately run gel and membrane, with each lane
loaded with an equivalent amount of total protein and lysate volume, derived from a
common master stock of protein lysate for each designated condition. Experiment was
repeated three independent times with similar results. **p < 0.01, ****p < 0.0001, not
significant (n.s., p > 0.05) for indicated comparisons. Data are shown as means + SEM
unless otherwise noted. One-way ANOVA with Tukey’s multiple comparisons test was
used for all statistical analyses. Exact p values are noted when possible.
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Category Term % List |[FDR (%)

UP_KEYWORDS Extracellular matrix 13.70 | 5.91E-32
mmu04151:PI3K-Akt signaling

KEGG_PATHWAY pathway 4.96 |[1.54E+00

GOTERM_MF_DIRECT |G0:0005178~integrin binding | 3.79 |3.08E-03
G0:0008083~growth factor

GOTERM_MF_DIRECT |activity 4.66 |4.19E-05
IPR015615: Transforming
INTERPRO growth factor-beta-related 1.75 | 7.69E-02

GOTERM_MF_DIRECT |G0:0005125~cytokine activity | 3.21 | 4.22E-01
mmu04350: TGF-beta

KEGG_PATHWAY signaling pathway 2.33 |2.20E+00
G0:0030199~collagen fibril
GOTERM_BP_DIRECT [organization 3.21 |1.33E-05
G0:0001501~skeletal system
GOTERM BP DIRECT |development 2.92 | 2.35E-01
metalloproteinases-like, OB-
INTERPRO fold 1.46 |2.10E+00
B
© Downregulated in TAC-THZ1 Downregulated in TAC-THZ1 Downregulated in TAC-THZ1
§ 0.004= ] 0.00 ~] 0.004 T
A TGFB1 EGFR ~ IL6 |
2_0_35 G -0.35 < -0.35+ ‘
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Supplementary Figure 4.5. THZ1 inhibits specific gene programs in the adult mouse
heart. (A) Gene ontology analysis using DAVID for the set of 401 genes that were TAC-
inducible and suppressed by THZ1. A false discovery rate (FDR; shown as percent) of <
5% was considered statistically significant. (B) Gene set enrichment analysis (GSEA)
showing down-regulation of TGFB1, IL6 and EGFR signatures in the set of genes that
were upregulated by TAC and suppressed by THZ1.
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Supplementary Figure 4.6. Differential gene expression from bulk RNA-seq for TAC
vs. sham conditions, binned into indicated cellular compartments (related to Figure
4F-G.). Gene signatures of various cellular compartments determined by curating
published single cell RNA-seq datasets from the adult mouse heart. Heatmaps show the
expression of genes differentially expressed in TAC-veh vs. sham-veh for all four
experimental conditions (sham-veh, sham-THZ1, TAC-veh, TAC-THZ1). Heatmaps are
generated for each of the following cellular compartments: fibroblasts, Periostin-positive
fibroblasts  (Fibroblasts.Postn), cardiomyocytes, endothelium, myeloid cells,
endocardium, perivascular cells, epicardium, T cells, B cells, lymphatics, and cardiac
neurons (fold change less than 0.67-fold or more than 1.5-fold, Benjamini-Hochberg
adjusted p < 0.05).
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Materials and Methods

All research studies performed in this study were compliant with the Institutional Animal
Care and Use Committees at University of California San Francisco and Case Western
Reserve University and conducted in strict accordance with the National Institutes of

Health Guide for the Care and Use of Laboratory Animals®

Animal models

Studies were conducted with age matched male C57BI/6J mice (The Jackson Laboratory,
catalog no. 000664). Mice were housed in a temperature- and humidity-controlled
pathogen-free facility with 12-hour light/dark cycle and ad libitum access to water and

standard laboratory rodent chow.

Chemical Probes

THZ1, THZ1-R and YKL-1-116, all of which have been previously described*?’, were

generously provided by Nathanael Gray’s lab.

Mouse models of cardiac hypertrophy and heart failure

All mice were male C57BI/6J mice aged 10 to 11 weeks from The Jackson Laboratory.
Mice were placed on a temperature-controlled small-animal surgical table to help maintain
body temperature (37°C) during surgery. Mice were anesthetized with 1-3% isoflurane,
mechanically ventilated (Harvard Apparatus), and subjected to thoracotomy. To perform

transverse aortic artery constriction, aortic arch was exposed and constricted between
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the left common carotid and the brachiocephalic arteries using a 7-0 silk suture and a 27-
gauge needle as previously described?®. Mice in sham group were subjected to the same
procedures except the placement of constriction. Daily intraperitoneal injections of vehicle
solution (0.15 mL of 10% DMSO and 5% dextrose in water)®® or 20mg/kg THZ1 (dissolved
in 0.15 mL of the same vehicle solution) were started on postoperative day 1 until

postoperative day 60.

Neonatal rat ventricular myocyte isolation and culture

Neonatal rat ventricular myocytes (NRVMs) were isolated from the hearts of 2-3 day old
Sprague-Dawley (Strain #001) rat pups from Charles River and maintained under
standard conditions as described previously*?. After overnight digestion with 0.25%
trypsin at 4°C, cells were dissociated from tissue through series of digestion with 300
U/mL collagenase Il (Worthington Biochemical Corporation, Lakewood, NJ). The
dissociated cells were then pre-plated for 1.5 hours in cell culture dishes followed by 24
hours exposure to BrdU in culture medium to remove contaminating nonmyocytes and
inhibit any residual cellular proliferation. Unless otherwise stated, NRVM were plated at
a density of 10° cells/mL. Cells were initially plated in growth medium (DMEM
supplemented with 5% FBS, 100 U/ml penicillin-streptomycin and 2 mM L-glutamine) for
48 hours. Prior to stimulation with agonists or chemical probes, NRVM were maintained
in serum-free medium (DMEM supplemented with 0.1% BSA, 1% insulin-transferrin-
selenium supplement (Sigma 13146), 100 U/ml penicillin-streptomycin, and 2 mM L-

glutamine) for additional 48 hours.
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For individual CDK knockdowns, Cdk7, 12, and 13 mRNA were targeted by specific
siRNAs (Sigma SASI_Rn02_00333956, SASI_Rn01_00106147, and
SASI_Rn02_00272683 respectively) at final concentration of 50nM. For combinatorial
triple knockdown of Cdk7/12/13, equal concentrations of each siRNA probe were adjusted
to maintain a final siRNA concentration of 50nM. Transfection was performed with
transfection reagent RNAIMAX (Invitrogen) according to manufacturer’s instruction.
Control groups were transfected with MISSION siRNA Universal Negative Control #1

(Sigma) at the same final concentration.

For testing effects of small molecule probes in the hypertrophic response, NRVM were
incubated with vehicle (DMSO) or inhibitors at indicated concentrations for 3 hours
followed by stimulation with phenylephrine (PE) (100 uM) for various durations. For
MRNA level and cell size measurements, NRVMs were stimulated with PE for 48 hours.
For evaluating phosphorylation level of RNA polymerase II, NRVMs were incubated with

PE for 30 minutes before harvesting.

Human iPSC-CMs culture, gRT-PCR, and BNP enzyme-linked immunosorbent

assay (ELISA)

Human induced pluripotent stem cell-derived cardiomyocytes (iCell cardiomyocytes)
were purchased from FUJIFILM Cellular Dynamics, Inc. and maintained according to
manufacturer’s instructions. IRB review was not required. Cells were seeded on 96-well
culture plates coated with 5 ug/mL of fibronectin and maintained in Williams’ E Medium
supplemented with 1:25 of Cell Maintenance Cocktail B (Thermo Fisher Scientific,

CM4000). For subsequent hypertrophic stimulation, quiesced iPSC-CMs were treated
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with or without THZ1 at indicated concentrations versus DMSO for 3 hours followed by
stimulation with either vehicle or 10 nM endothelin-1 (Sigma) for 18 hours. The
complementary DNA was directly synthesized from RNA in cell lysate using the TagMan
Gene Expression Cells-to-CT kit (Thermo Fisher Sci AM1728) according to the
manufacturer’s instruction. qRT-PCR for human NPPB and B2M (normalizer) was
performed with the Life Technologies TagMan assays (NPPB, Hs00173590_m1; B2M,
Hs000984230_m1). qRT-PCR for other human genes was performed using TagMan
chemistry including FastStart Universal Probe Master (Roche), labeled probes from the
Universal ProbeLibrary (Roche), and gene-specific oligonucleotide primers (list of qRT-
PCR primers and TagMAN probes are provided in Supplementary Data 4). Relative
expression was calculated using the 2AACt method with normalization to B2M
expression. ELISA for NT-proBNP protein was performed on 6 ml of medium from each
well of a 96-well plate as previously published?® using the following antibodies: anti-
proBNP capture antibody (clone 5B6; Abcam ab13111), anti-proBNP HRP conjugate
detection antibody (clone 16F3; Abcam ab13124), and purified NT-proBNP (Phoenix

Pharmaceuticals, catalog no. 011-42) as a standard.

Western blotting

To extract total cellular protein, cells were lysed in RIPA Buffer (Sigma R0278)
supplemented with protease inhibitor (Roche cat. no. 4693132001) and phosphatase
inhibitor (Phos-STOP; Roche, 04 906 845 001) tablets. Nuclear protein was isolated using
the NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific, 78833)

according to manufacturer’s instructions. For each sample, 20-50 (g protein extracts

125



were separated by 8-12% Bis-Tris gels (Fisher Sci, NW04122BOX), transferred to
nitrocellulose membranes. To ensure uniform protein loading for each antibody signal, all
protein samples were prepared as a single batch that was adjusted to the same total
protein concentration and pre-boiled in loading buffer. Western blots were run by loading
equal volumes of this lysate prep to achieve uniform total protein mass and volume
loading in each lane. As we were detecting multiple RNA Pol Il phosphoforms which run
at overlapping mobility from the same sample, determination of signal by serial stripping
and reprobing of each membrane did not provide appropriate fidelity for reliable signal
discrimination. Therefore, in most cases, Westerns were performed for the various Pol Il
phosphoforms on individually run gels and membranes. The specific membrane from
which the loading control was run is designated for each Western panel in the figure
legend. Specific targets were detected with following antibodies: CDK7 Antibody (C-19)
(Santa Cruz sc-529) or CDK7 Antibody (C-4) (Santa Cruz sc-7344), alpha-tubulin (Sigma
T9026), RNA Polymerase Il (1F4B6) (Active Motif 61667), Ser2P RNA Pol Il (Abcam,
ab5095) or Ser2P RNA Pol Il (3E10) (EMD Millipore, 04-1571), Ser5P RNA Pol 1l (3E8)

(EMD Millipore, 04-1572), Ser7P RNA Pol Il (4E12) (EMD Millipore, 04-1570).

Immunocytochemistry and immunohistochemistry

Cultured cells: NRVMs were seeded on glass coverslips coated with 0.1% gelatin and
fixed in 2% paraformaldehyde for 20 minutes at room temperature followed by
permeabilization with PBST plus 0.1% Triton X. NRVMs were incubated in PBST plus 5%
horse serum for 1 hour and then stained with primary antibody against a-actinin at 1:800

(Sigma-Aldrich, A7811) for 1 hour. NRVMs were washed 3 times with PBST followed by
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staining with secondary antibody at 1:1000 for 1 hour. Cells were washed 3 times with
PBST and mounted with Vectashield Hardset mounting medium. For human iPSC-
derived cardiomyocytes, cells were plated on Ibidi 8-well chamber slides. Cells were fixed
in 2% paraformaldehyde for 20 minutes, permeabilized with PBST plus 0.1% Triton X-
100 for 20 minutes, and blocked with PBST plus 5% horse serum for 1 hour at room
temperature. Primary antibody against sarcomeric a-actinin was used at a dilution of
1:800 in PBST plus 5% horse serum for 1 hour at room temperature. Secondary anti-
mouse antibody was used at a dilution of 1:1000 in PBST plus 5% horse serum for 1 hour
at room temperature. Cell area for NRVM and human iPSC-derived cardiomyocytes was

quantified from immunofluorescent images as previously described?®.

Mouse heart tissue samples: Mouse hearts were harvested, dried and weighed. Tissue
was fixed in 10% neutral-buffered formalin overnight at 4°C and transferred to 100%
ethanol for 24 hours. Samples were embedded in paraffin blocks, sectioned, and stained
with Picrosirius red (Polysciences) or Wheat Germ Agglutinin 488 (Thermo Fisher
Scientific, W11261) according to the manufacturers’ instructions. Images were captured
by fluorescence microscopy, bright field microscopy or high-content imaging platform (IN
Cell Analyzer, GE Healthcare Systems) as previously described?®. For cardiomyocyte
cross sectional area from WGA-rhodamine stained LV tissue samples, we quantified area
of 50 randomly selected cardiomyocytes per heart from 3 randomly chosen fields at 200x
magnification (from tissue sectioned from the mid-papillary region in the LV short-axis),
using Image J. This was repeated in 3 different hearts for each experimental group,
leading to a total of 150 individual cardiomyocyte cross-sectional area measurements that

were pooled for each experimental condition. Quantification of LV fibrosis from picrosirius
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red stained heart tissue sections was performed in 5 independent hearts per experimental

group as previously described?®.

Echocardiography and blood pressure measurements

For transthoracic echocardiography, mice were anesthetized with 1-2% isoflurane and
imaged using Vevo 770 Imaging System (Visual Sonics, Inc.) with RMV-707B probe.
Measurements were obtained from M-mode sampling and integrated electrocardiogram-
gated kilohertz
visualization (EKV) images taken in the LV short axis at the mid-papillary level to generate
high spatiotemporal resolution two-dimensional images. LV areas and ejection fraction
were obtained from high-resolution two-dimensional measurements at end-diastole and

end-systole®.

Non-invasive blood pressure was measured using the BP2000 Blood Pressure Analysis
System (Visitech Systems, Inc.) according to manufacturer's instruction. Mice received
chronic injections of vehicle or THZ1 (20 mg/kg/day) injections for 1 week. During this
period, mice were trained on the Visitech system to enable accurate, standardized BP
measurements. Blood pressure was recorded at 24 hours after the most recent injection

on 3 different days for each mouse. Data were then pooled and analyzed.

RNA isolation and qPCR

Total RNA was isolated from NRVM using the High Pure RNA isolation kit (Roche

11828665001) with on-column DNAase treatment according to manufacturer’s

128



instruction. For RNA isolation from mouse tissue, a 10—20 mg piece of mouse heart
ventricles was mechanically homogenized in PureZOL RNA isolation reagent (Bio-Rad
7326890) on a TissueLyser Il (QIAGEN 85300) using stainless steel beads (QIAGEN
69989). Total RNA was purified using the Aurum total RNA purification kit (Bio-Rad 732-
6830). The purified total RNA was then reverse transcribed to complementary DNA with
iScript RT supermix (Bio-Rad 170-8841) according to manufacturer’s instruction. A list of
gRT-PCR primers and TagMAN probes are provided in Supplemental Table 3. Relative
expression was calculated using the 2AACt method with normalization to constitutive

genes. Mouse data were normalized to Ppib.

Library preparation and next-generation sequencing for RNA-Seq

RNA isolated from tissue and cells were quantified using Qubit fluorometric quantitation
and assessed for quality using Agilent Bioanalyzer Nano RNA Chip. Samples with RNA
integrity

number larger than 8 were considered high-quality and suitable for RNA-seq. Library
preparation was performed using the lllumina TruSeq Stranded mRNA kit or KAPA mRNA
HyperPrep Kit (Roche), and the library was sequenced on an lllumina HiSeq 2500 at the
Genomics Core Facility of Whitehead Institutes (single-end, 40 base pairs, >50 M reads

per sample).

RNA-seq data processing and quantification

Each RNA-Seq sample was aligned independently. Specifically, the raw RNA-Seq reads

from each sample were aligned with TopHat v2.1.1 with options “-p 8 -r 300 --library-type
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fr-firststrand --no-coverage-search”. Each sample was aligned either against the mm9 or

rn5 reference genome as appropriate for the sample.

After alignment, the number of mapped reads per gene per sample using htseq-counts
was quantified. Each application of htseq-counts was run with the following options: "-s
reverse —f bam”. Each sample was quantified against the GENCODE mm9 transcript

reference or the UCSC rn5 transcript reference, depending on the source of the sample.

The differentially expressed genes were identified by DeSeqg2. The quantifications from
htseqg-count were imported into DeSeq2, and all samples from the same organism were
analyzed together in one analytical run. Replicate samples were grouped by their type
(e.g., baseline, THZ1-treated) in order to better estimate the sample-level variance for
comparison across samples. The standard DeSeq2 workflow followed without
modifications, and Benjamin-Hochberg correction was used to control false discovery of

differentially expressed genes.

Principal component plots were generated from a matrix of the normalized counts from
DeSeq2. Normalized counts were re-centered and scaled per sample prior to the analysis
in order to standardize each sample. Heatmaps were generated from the normalized
DeSeq2 counts. After row-scaling, individual rows were clustered using hierarchical
clustering using a Euclidean distance metric and Ward’s clustering. Bar graphs were
generated using calculated fold changes of expression of representative genes from
DeSeq2 and the adjusted p-values reported by the software. The numbers of genes in
the Venn diagram were generated using adjusted p-value < 0.05 (5% FDR) and Log2 fold
change = 1 for comparison between TAC-Veh group vs Sham-Veh group, and adjusted

p-value < 0.05 (5% FDR) and Log2 fold change < -0.89 for comparison between TAC-
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Veh group vs TAC-THZ1 group. For the TAC samples, the fold change cutoff of < -0.89
was chosen to capture differential expression of Nppb between TAC-veh vs. TAC-THZA1
in this n=4 sample set, so as to maintain a threshold that appropriately captured a known

positive control gene.

DAVID (v.6.8)*" was used to identify enriched functional annotations in differentially
expressed gene ID lists relative to the set of "expressed" genes, defined as having
sufficient normalized counts for DESeq2 to calculate a differential expression p value, or

versus all annotated genes.

For gene set enrichment analysis (GSEA), command line GSEA2 (v.2.2.2, ref.5) was
used with MSigDB v.6.1 gene sets*’. Values were pre-ranked by log2 fold change,
retaining the absolute maximum change per gene where multiple transcripts were
assessed. Significance was expressed as family-wise error rate (FWER). FWER p <

0.250 represents statistically significant enrichment.

Chromatin immunoprecipitation, library preparation and next-generation

sequencing

For ChIP experiments, NRVM were plated in 15 cm dishes at 4 x 1076 cells/dish.
Chromatin derived from a total of 15 million cells were used for each immunoprecipitation.
After indicated treatments, cells were crosslinked with 1% formaldehyde for 10 min at
room temperature followed by quenching with 0.125M glycine for 5 min. Cells were then
lysed and chromatin was extracted. Isolated chromatin was subjected to shearing with
Bioruptor (Diagenode) for 16 cycles (30sec on and 30 sec off/cycle) at high intensity.

Small volume of sheared chromatin (50 uL) from each was stored at -80 °C as input. The
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rest of sheared chromatin was then incubated with 5mg RNAPII antibody (clone 8WG16,
BioLegend 920102 lot B217159) with 50uL Dynabeads (Invitrogen) overnight at 4 °C.
Chromatin was washed, eluted and reverse crosslinked overnight at 65 °C. Genomic DNA
was purified from both immunoprecipitated samples and input samples. The library was
prepared with TrueSeq ChIP kit (lllumina), and the library was sequenced on an Illlumina
HiSeq 2500 at the Genomics Core Facility of Whitehead Institutes (single-end, 40 base

pairs, >50 M reads per sample).

ChlIP-Seq data processing

Each ChIP-Seq sample was processed and aligned using bowtie 1. Each sample was
aligned against the rn5 reference genome using bowtie with options “-k 1 -m1”. All gene
track and ChIP-seq quantifications were normalized by the number of (uniquely) mapped
reads to estimate the “reads per million” (rpm) quantity. Gene track displays were made

with Integrative Genome Viewer (IGV).

All density plots for Pol Il were made using all rn5 gene promoters based on the rn5 UCSC
transcription annotation. Each density plot estimated the average Pol Il ChlP-seq signal

per promoter within a +/- 5kb window.

Traveling ratios for genes that are differentially expressed genes were estimated as
previously decribed®'. The PE-responsive differentially expressed genes used in traveling
ratio analysis were identified in RNA-Seq data analysis by comparing the PE group to

baseline group with an adjusted p-value cut-off of 0.1 (10% FDR).
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Dissecting the gene expression changes elicited by THZ1 in diverse cardiac
cellular compartments by comparing our bulk RNA-seq data with published

scRNA-Seq datasets.

To dissect compartment-specific gene expression changes from our bulk RNA-seq data
from LV tissue of THZ1-treated mice in the TAC model, scRNA-Seq data performed
independently by our group in the mouse TAC model (TAC and sham groups were used)
using 10X Genomics were curated from Alexanian et al.3*. To recover more
comprehensive cardiac cell types, including adult cardiomyocytes, and to increase the
sensitivity of gene detection, we also downloaded and curated mouse heart sScRNA-Seq
by Smart-seq2 from the Tabula Muris cohort®>. These two scRNA-seq datasets were
filtered, normalized, and integrated by Seurat (v4.0.0) R package*? with canonical
correlation analysis. After performing dimensional reduction by Principal Component
Analysis (PCA), the top 30 PCAs were used in graph-based clustering based on Louvain
with resolution at 0.5, and cluster specific marker genes were identified using the
FindAlIMarkers function by Wilcoxon Rank Sum test in Seurat. Cell types were
determined by cross-referencing with source data papers and human heart atlas
references34354344  Uniform Manifold Approximation and Project (UMAP) was used to
visualize the high dimensional cell cluster distribution. Cell type enriched signature genes
were identified using the FindAllMarkers function by Wilcoxon Rank Sum test in Seurat.
Cell type enriched genes that were differentially expressed in TAC vs Sham by bulk
expression analysis were selected for downstream analysis. TAC altered cell type
enriched signature genes was visualized in a graphic heatmap using the

ComplexHeatmap (v2.6.2) R package*®.
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Statistical analysis

Measurements were taken from distinct samples. Data are reported as mean £+ SEM
unless otherwise indicated in the figure legend. Statistical analysis of LV fractional
shortening as a function of time was performed by ANOVA with Holm-Sidak correction
for multiple comparisons using GraphPad Prism. All other statistical analyses were
performed using ANOVA with Tukey’s honest significant difference test correction for
multiple comparisons using GraphPad Prism. For all analyses, p < 0.05 was considered
significant. The statistical methods used in the analyses of RNA-seq and ChlP-seq data

are detailed separately above.
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