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ABSTRACT

MECHANISMS AND PROCESSES UNDERLYING THE REVERSIBILITY OF

HYPOCONTRACTILITY-INDUCED DILATED CARDIOMYOPATHY

Isabella M. Reichardt

Chair of the Supervisory Committee:

Jen Davis

Bioengineering, Lab Medicine & Pathology

Dilated cardiomyopathy (DCM) is a progressive heart disease driven by inherited mutations that
impair cardiomyocyte contractility, ultimately leading to systolic dysfunction, dilation, and
fibrosis. Current therapies, such as angiotensin inhibitors, -blockers, and left ventricular assist
devices (LVADs), are largely palliative and do not address the primary defect in myocyte force
generation. Myosin activators have emerged as a promising new class of small molecules that
can directly augment contractility at the myofilament level, however, despite encouraging
preclinical data, clinical trials have yielded only modest functional improvements for patients.
This gap highlights a longstanding assumption in the field that correcting the cardiomyocyte
defect alone should be sufficient to reverse disease. Given that DCM often progresses over years
to decades before diagnosis, it remains unclear whether targeted myocyte therapies can reverse

established remodeling. This dissertation interrogates this assumption by defining how



cardiomyocyte hypocontractility shapes fibroblasts behavior, ECM mechanics, and ultimately,
the capacity of the heart to recover. Using transgenic mouse models and engineered heart tissues,
we first demonstrate that fibroblasts act as early mechanosensitive rheostats that detect impaired
myocyte tension and initiate changes in the ECM. Hypocontractile cardiomyocytes triggered the
emergence of a hyperproliferative fibroblast state and increased myocardial stiffness well before
the emergence of overt fibrosis. Importantly, conditional deletion of p38 in fibroblasts prevented
fibroblast proliferation, ECM remodeling, and myocyte eccentric hypertrophy, demonstrating
that interrupting fibroblast signaling halts DCM progression even when the myocyte defect
persists. Next, we examined whether restoring myocyte contractility after disease onset is
sufficient for recovery. While genetic suppression of the sarcomeric mutation fully restored
cardiomyocyte structure, function, and chromatin accessibility, it did not reverse ECM stiffness
or reduce fibroblast number. Persistent fibrosis and fibroblast survival limited whole-organ
functional recovery. Full phenotypic reversal was achieved when myocyte correction was paired
with an inhibitor of ECM crosslinking, revealing that non-myocyte adaptations impose a durable
barrier to reverse remodeling. Finally, developmental studies demonstrated that transient
myocyte correction during the postnatal period delayed DCM onset and attenuated remodeling,
underscoring the importance of injury timing in determining recovery potential. Together, this
body of work demonstrates that: 1) fibroblasts and fibrosis are central drivers of DCM
progression, 2) adaptations within these compartments are far less amenable to reversal than
cardiomyocyte dysfunction, and 3) early-life myocyte hypocontractility shapes the long-term
severity of DCM, suggesting that pathological fibroblast and ECM states may be installed during

the postnatal window. More broadly, this work can be used to help design new combinational



therapeutic strategies and contextualize the performance of emerging myosin activators as they

begin clinical trials for efficacy.
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Chapter 1: Introduction and Significance

1.1 Prevalence and pathophysiology of familial dilated cardiomyopathy

Dilated cardiomyopathy is a disease characterized by systolic dysfunction and left
ventricle (LV) dilation, with a reported incidence of 118.33 per 100,000 people between 2017—
2019 (1, 2). DCM can be classified as acquired (due to ischemia, toxic exposure, infections, and
pregnancy) or idiopathic, where there is no clear cause for disease (3). Approximately 46% of
DCM cases are idiopathic, with a higher prevalence among adults over 65 years, males, and
African Americans (/). However, the true prevalence of idiopathic DCM is likely underreported,
with some estimates suggesting it affects up to 1:250 people (4).

The genetic basis for dilated cardiomyopathy was not appreciated until the mid 1980’s,
when several family-based studies reported that 20-50% of idiopathic DCM cases are familial
(5). Since then, Next Generation Sequencing has identified over 30 causal mutations in genes
across the cardiomyocyte:

1) Sarcomere: Mutations in contractile proteins account for approximately 30% of
idiopathic DCM cases. Truncating mutations in titin (77N) are particularly significant,
with 25% of familial DCM cases involving 77N mutations (6). Other mutations include
cardiac actin (ACTCI), myosin-binding protein C (MYBPC3), myosin heavy chains
(MYH6, MYH7), myosin light chains (MYL2, MYL3), tropomyosin (7PM]I), cardiac
troponin C (TNNC1), troponin I (TNNI3), and troponin T (TNNT2).

2) Sarcoplasmic reticulum: Mutations in genes regulating intracellular Ca’>* and
excitation-contraction coupling, such as ryanodine receptor (RYR2) and phospholamban

(PLN), have been identified (4, 7).
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3) Desmosome: Desmosomal protein mutations, which cause arrhythmogenic right
ventricular cardiomyopathy, have recently been identified in causing DCM, as well (§).
These include desmocollin-2 (DSC2), desmoglein-2 (DSG2), desmoplakin (DSP),
junction plakoglobin (JUP), and plakophilin-2 (PKP?2).

4) Nucleus: Mutations in nuclear envelope proteins, such as lamin A/C (LMNA) and
thymopoietin (TMPO), have been identified in DCM. Interestingly, LMNA mutations
were identified in 33% of familial DCM cases involving an atrioventricular block,
suggesting LMNA mutations are particularly enriched in patients experiencing conduction
abnormalities (9)

5) Membrane and extracellular proteins: Mutations in extracellular proteins and
membrane proteins, like desmin (DES), dystrophin (DMD), and laminin (LAMA4), have
also been identified in causing DCM (4, 7).

While many hoped that uncovering the genetic basis for DCM might enable more targeted
clinical approaches, there are significant limitations to using genotype to guide patient care.
Familial DCM has substantial phenotypic diversity; even patients carrying the same mutation can
differ dramatically in disease presentation, severity, and penetrance. For example, in one family
carrying a TTN truncating mutation, a girl presented with clinical DCM at 3 months of age
whereas her mother and grandfather presented in early adulthood at 23 and 36 years of age,
respectively (/0). This heterogeneity is exacerbated when evaluating patients with differing
genotypes and backgrounds, such as age, sex, or treatment history (/7). Evidence from one large
family study underscores this complexity. In a cohort of 211 families with DCM, 22% of
relatives were found to have clinically detectable disease. Among otherwise healthy relatives,

10% carried pathogenic or likely pathogenic variants, and of these, 42% developed clinically
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evident DCM within five years of follow up (/2). These findings highlight both the incomplete
penetrance of DCM mutations and the unpredictable timeframe of disease onset across patients.
One explanation for this heterogeneity is that the heart undergoes compensatory
remodeling to counteract the genetic mutations (/3). During this compensatory phase, patients
may be genotype-positive with no clinical signs of disease. It is only when compensation fails
and the heart pathologically remodels that DCM becomes clinically detectable (74, 15) (Figure
1.1). Within this framework, the interplay between the severity of the genetic mutation and a
patient’s clinical background likely determines how long the heart can sustain the compensatory
remodeling phase before progressing to heart failure. This model also reflects a broader
assumption in the field that compensatory remodeling is reversible and restricted to the
cardiomyocyte, whereas pathological remodeling is irreversible and propagates to other cellular
niches (/6). However, how the myocardium compensates, which cell types contribute, and the

extent to which these processes are reversible have not been systematically explored in DCM.
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Figure 1.1: Compensatory remodeling masks the disease phenotype in inherited DCM. Although
genetic mutations underlie inherited dilated cardiomyopathy (DCM), patients often experience a period
of compensatory remodeling where they are genotype positive but phenotype negative, ultimately masking
the pathology of disease. Once the disease progresses to pathological remodeling, the patient will become
symptomatic. This is often the stage at which patients are diagnosed and treated for DCM. (Figure made

with BioRender).

These uncertainties make it difficult to determine the best time to intervene. In principle,
treating during the compensatory phase, before irreversible remodeling has occurred, would be
ideal. However, in practice, early intervention is complicated by the fact that many genotype-
positive individuals may never develop disease and that mutations in the same gene can give rise

to hypertrophic cardiomyopathy (HCM), a diametric disease to DCM characterized by
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hypercontraction, LV hypertrophy, and diastolic dysfunction (/7). Despite advances in
identifying the genetic basis of DCM, genotype alone cannot reliably guide care or new
therapeutic design. To determine why mutations in the same gene can lead to divergent
remodeling outcomes, it is necessary to define the mechanistic basis of dilated and hypertrophic

cardiomyopathies.

1.2 Determining the mechanistic basis of dilated and hypertrophic cardiomyopathies

Although DCM and HCM arise from mutations in many of the same sarcomeric genes,
the way these variants alter contraction in the cardiomyocyte is quite different. Early
observations showed HCM-causing mutants generally sensitize the myofilament to Ca?",
prolonging contraction and delaying calcium reuptake into the sarcoplasmic reticulum.
Conversely, DCM mutations desensitize the myofilament to Ca®*, accelerating relaxation and
requiring higher cytosolic calcium for equivalent force generation (/8). Despite these well-
characterized biophysical differences, neither myocyte shorting nor calcium-transient amplitude
reliably predicts whether remodeling will be hypertrophic or dilated (/8). Some in the field have
proposed that sarcomere mutations cause inefficient ATP utilization and that energetic deficits
underly remodeling in cardiomyopathies (/9), although this may still be a secondary
consequence of altered force generation at the myofilament.

To develop a more comprehensive framework for understanding the molecular basis of
dilated and hypertrophic remodeling, Davis et. al established a tension index (TI) model to
predict cardiac growth. This model integrated myocyte-generated tension over time and
accurately predicted both the severity and direction of cardiac remodeling. Multiple DCM and

HCM murine models and induced pluripotent stem cell (iPSC)-derived cardiomyocytes (CM)
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from patients with cardiomyopathies were used to build and validate this model. Mutations that
decreased the overall TI, by reducing maximal force generation or shortening relaxation time,
produced dilated remodeling, whereas those that increased the TI led to hypertrophic growth
(Figure 1.2) (18). Ca*>" amplitude, decay, and integrated area were not predictive of any growth
outcomes (/8). Collectively, these findings suggest that cardiomyocytes sense and respond to
both the duration and magnitude of mechanical tension, rather than to changes in calcium cycling

alone.
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Figure 1.2: The tension index underlies cardiac growth in familial cardiomyopathies. The tension index
(TD) is the integral of twitch tension over time in a cardiomyocyte. Davis et al. postulated that if an
inherited mutation decreases the TI of a tissue, either by decreasing maximal force or increasing
relaxation time, that this would lead to eccentric remodeling (i.e., dilated cardiomyopathy). Conversely, if
an inherited mutation increased the TI, by increasing max force or slowing relaxation time, it would lead

to concentric remodeling (i.e., hypertrophic cardiomyopathy). Figure from (20).
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A follow up study by Powers et al. found that normalizing the TI prevented maladaptive
dilated remodeling. In this study, mice with a DCM-causing mutation (D230N) were crossed
with mice harboring an HCM-causing mutation (L48Q) to generate double transgenic (DTG)
mice. The opposing effects of the mutations, with D230N decreasing the TI and L48Q increasing
it, produced an overall normalized TI relative to controls. This normalization prevented DTG
mice from developing the dilation and systolic dysfunction observed in the D230N-only
littermates (20). These findings underscore the predictive and therapeutic potential of the TI
model, suggesting that balancing mechanical tension could serve as a strategy to prevent
pathological remodeling in both DCM and HCM. However, a key limitation of this study is that
DTG mice possess both mutations from birth, leaving it unclear whether normalizing the TI in
established disease can reverse remodeling once it has occurred.

Although the tension index model provides a unifying framework for determining how
sarcomeric mutations direct cardiac growth, it primarily describes remodeling intrinsic to the
myocyte. How changes in myocyte contractility influence non-myocyte populations, particularly
fibroblasts, and how these interactions contribute to disease progression remain poorly
understood. Moreover, whether restoring myocyte mechanical homeostasis is sufficient to
reverse established remodeling, or if persistent alterations in the fibroblast and extracellular
matrix compartments form a barrier to recovery, is not known. Addressing these questions is
critical for defining the mechanisms that distinguish reversible from irreversible remodeling in

dilated cardiomyopathy.
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1.3 Current treatments for DCM are insufficient

Despite major advances in understanding the genetic and cellular mechanisms underlying
DCM, current therapeutic strategies remain largely palliative. Existing treatments primarily focus
on halting disease progression and prolonging survival. Clinically, DCM patients are managed
similarly to those with heart failure with reduced ejection fraction (HFrEF). Short term
pharmacological treatments include angiotensin-converting enzyme (ACE) inhibitors and [3-
blockers, whereas severe cases often require surgical interventions, such as implantation of left
ventricular assist devices (LVADs) and heart transplants (/7).

While pharmacologic and mechanical treatments can induce LV reverse remodeling in
DCM, characterized by improved cardiac function and decreased dilation, these effects are often
transient and vary greatly among patients (2/-24). Treatment with ACE inhibitors and [-
blockers led to complete reverse remodeling in ~15% of the DCM patient cohort; however, one-
third of patients redeveloped DCM over time (27). Pediatric patients with DCM are particularly
unresponsive to ACE inhibitors and B-blockers (25). Mechanical unloading with LVADs in adult
DCM patients improved systolic function and reduced dilation in the short term, but cardiac
function declined months after device implantation (22). The inability of these treatments to
reverse the DCM phenotype may stem from their palliative nature, focusing on preventing
further adverse remodeling rather than correcting the underlying mechanical defect in myocyte

force generation (17, 18, 26).

1.4 Targeted myocyte treatments and challenges
Given that one-size-fits-all treatments have been ineffective in reversing DCM, the field

has worked to develop more targeted therapies to improve force generation in the myocyte.
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Notably, many of these “targeted” treatments for DCM are also being investigated to improve
systolic function in HFrEF patients, who have various underlying causes for disease. The
following section summarizes therapeutics that are under investigation for treating DCM, but an
important caveat is that much of the human clinical data has been performed in general HFrEF

patients.

1.4.1 Inotropes

Early attempts to create targeted therapies for DCM focused on positive inotropes, which
either elevate cytosolic Ca®" or sensitize the myofilament to Ca”* ions. Despite several promising
candidates, including levosimendan, pimobenden, bepridil, and MCI-154, many failed to
demonstrate clinical efficacy or exhibited pro-arrhythmogenic risks (27). Genetically engineered
mice with increased myofilament Ca®" sensitivity also showed an elevated risk for ventricular
tachycardia (28), suggesting that all Ca®" sensitizers have the potential to cause arrythmias in

patients.

1.4.2  Mpyosin Activators

To circumvent the off-target effects of increased cytosolic calcium, recent drug
development has focused on therapies that directly modulate tension at the myofilament.
Omecamtiv Mecarbil (OM) and Danicamtiv are two such drugs that have shown promise for
treating heart failure by enhancing force generation without altering calcium transients,
suggesting that they could bypass many of the pitfalls associated with positive inotropes (29, 30).
Given the primary defect in DCM is tension generation at the myofilament, myosin activators

have the potential to address the root cause of disease.
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Initially, OM was thought to increase force generation by increasing phosphate (Pi)
release (30). However, follow up studies revealed that OM also decreases myosin motility (37)
and slows the power stroke (32), prolonging the time myosin remains bound to actin. While
these characteristics are more in line with a myosin inhibitor, it appears force generation is
increased through enhanced thin filament cooperativity (33) and disruption of the super-relaxed
state (SRX) of myosin (34). Taken together, these studies demonstrate that OM is not a true
myosin activator but increases force primarily through thin filament activation and SRX
destabilization.

In vitro mechanics assays have demonstrated that OM can improve Ca*" sensitivity of the
myofilament in mice with a DCM-causing mutation in tropomyosin (E54K)(35). Despite this,
phase II and III clinical trials using OM to treat HFrEF patients have had modest results. Phase 11
clinical trials with OM on HFrEF patients demonstrated safety of the drug with no evidence for
increased rates of adverse events, like hypotension, myocardial infarction, or arrhythmias

(COSMIC-HF, NCT01786512). Efficacy of OM also showed promise with increased stroke

volume and decreased end-diastolic dimension and B-type natriuretic peptide (BNP) (36). In
phase III clinical trials in HFTEF patients, OM modestly but significantly reduced heart failure
events or cardiovascular death from 39.1% in the placebo group to 37% in the OM group

(GALACTIC-HF, NCT02929329) (37). A greater treatment effect was noted in patients with

severe heart failure (37, 38). Similar to the COSMIC Phase II trial, OM treatment decreased BNP
levels and had no effect on incidence of ischemic events and arrhythmias (37). Notably, recent
meta analyses of heart failure trials has demonstrated there is no correlation between reduced

BNP concentrations and mortality (39, 40) and a smaller Phase III clinical trial showed that OM
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did not alter exercise capacity in chronic HFrEF patients (METEORIC-HF, NCT03759392) (41),
calling into question whether OM meaningfully reverses disease in patients.

Danicamtiv is a new promising myosin activator that is believed to work by increasing
myofibril Ca®* sensitivity and ATPase activity. Danicamtiv treatment in a murine DCM model
increased the TI of the myocardium and substantially improve LVEF, although notably max
force and LVEF never recovered fully to wildtype levels (42). Danicamtiv has shown promise in
Phase I and II clinical trials. In dogs with heart failure, Danicamtiv improved LV stroke volume.
In HFrEF patients, Danicamtiv improved global longitudinal and circumferential strain but did

have an increase in mild adverse events (NCT03447990) (43). A phase II clinical trial evaluating

Danicamtiv in patients with familial DCM carrying MYH7 and TTN mutations was completed in
early 2024 and identified no new safety concerns. However, preliminary efficacy data
demonstrated limited clinical improvement, with 12 weeks of Danicamtiv treatment resulting in
a 1.77-2.44% increase in EF and 0.17-2.09% drop in LV end diastolic dimension

(NCT04572893) (44)

1.4.3  Troponin Activators

Troponin activators, such as CK-136 (formerly AMG 594) and TAIl, have recently
emerged as a new class of inotropes that selectively sensitizes the thin filament to Ca?" without
increasing overall Ca?" transients, similarly circumventing the negative consequences of excess
Ca’" from treatment with inotropes (45). However, these molecules are still in phase 1 and pre-
clinical trials, so their clinical efficacy is still unknown.

Despite the increasing mechanistic specificity of myocyte-targeted therapeutics, their

clinical impact in treating HFrEF and familial DCM has been modest. Together, these studies
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highlight a central limitation of current strategies: restoring myocyte contractility alone does not
guarantee robust recovery of the whole heart. Although DCM begins within the myocyte,
hypocontraction likely affects the myocardium as an integrated tissue, and myocyte correction
may be constrained by persistent remodeling in non-myocyte compartments. Understanding how
fibroblasts and the extracellular matrix respond to and interact with corrected myocytes will be

essential for identifying the barriers that prevent full functional reversal of disease.

1.5 Myocyte-fibroblast crosstalk in cardiac remodeling

Considering that the myocardium functions as a multicellular syncytium, adaptations in
non-myocytes may limit the reversibility of DCM. Crosstalk between cardiomyocytes and
fibroblasts is essential for coordinating tissue remodeling during both development and disease
progression (46). These interactions occur through multiple modes of communication, including

paracrine signaling, electrical coupling, and feedback through the ECM.

1.5.1 Paracrine signaling between myocytes and fibroblasts

Among paracrine factors, transforming growth factor  (TGFf) is one of the most
extensively studied mediators of myocyte-fibroblast communication. TGFf3 is widely recognized
as a master regulator of fibroblast activation, promoting proliferation, differentiation into
contractile myofibroblasts, and enhanced ECM deposition (47). In response to cardiac stress,
myocytes upregulate and secrete TGFB (48, 49). Fibroblast-specific deletion of the TGF[f
receptors Tgfbrl and Tgfbrl in a murine model of transaortic constriction (TAC) reduced
interstitial fibrosis, attenuated myocyte hypertrophy, and improved systolic function (50),
demonstrating that fibroblast responsiveness to TGFB directly feeds back on myocyte

hypertrophy and dysfunction. Conversely, TGF[ signaling also contributes to hypertrophic
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growth within myocytes themselves (57), and cardiomyocyte-specific deletion of Tgftbr2
mitigates both hypertrophy and fibrosis following TAC (24). Together, these findings highlight
the reciprocal role of TGFf in coordinating myocyte and fibroblast responses to stress and
underscores how intercellular signaling can perpetuate maladaptive remodeling.

Cytokines expressed by myocytes and fibroblasts are also common paracrine signals used
for crosstalk in disease. Interleukin 6 (IL-6) has been thoroughly studied in the context of
myocardial infarction (MI). In the short term, IL-6 is cardioprotective and prevents myocytes
from apoptosing due to oxidative stress, but chronic IL-6 decreases myocyte contractility and
induces maladaptive hypertrophy (52). In vitro co-culture experiments suggest that angiotensin II
(Angll) secreted by fibroblasts prompts IL-6 secretion by cardiomyocytes, which in turn causes
myocyte hypertrophy and fibroblast proliferation (53) Interleukin 33 (IL-33), which is primarily
expressed by cardiac fibroblasts, was found to be cardioprotective. Deletion of the receptor for
IL-33, ST2, worsened hypertrophy, systolic dysfunction, and fibrosis due to TAC. Moreover,
recombinant IL-33 treatment prevented myocyte hypertrophy and lessened the fibrotic response

in WT but not ST2 knockout mice (54).

1.5.2  Electrical coupling between myocytes and fibroblasts

Fibroblasts and cardiomyocytes can electrically couple through gap junctions. While
cardiomyocytes predominantly connect to one another via connexin-43 (Cx43), fibroblasts
primarily express of connexin-45 (Cx45) (55). Fibroblast-myocyte junctions exhibit intermediate
conductance compared to myocyte-myocyte and fibroblast-fibroblast pairs, suggesting they may
form Cx43:Cx45 hemichannels (56). Functional coupling between cardiomyocytes and

fibroblasts has been demonstrated using dye transfer assays in the rabbit sinoatrial node (57).
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However, most evidence for fibroblast-myocyte gap junctions is derived from in vitro studies,
where connexin expression is often upregulated, or from immunostaining data showing co-
localization of junctional proteins, which is not functionally relevant (58). The extent to which
such coupling occurs in vivo under physiological conditions remains uncertain. Notably,
fibroblasts upregulate Cx45 expression during long term recovery from MI (59), and it has been
proposed that these cells may help passively conduct electrical signals across fibrotic regions of

the myocardium (58).

1.5.3 Mechanical cross talk through the ECM

Perhaps one of the most critical signaling axes between fibroblasts and cardiomyocytes
is through the extracellular matrix. Fibroblasts build and remodel the ECM throughout
development and disease, and this dynamic network in turn transmits both mechanical and
biochemical cues to the cardiomyocyte (60). At the tissue level, the ECM integrates and
distributes contractile forces across the myocardium, and its stiffness directly impacts the amount
of work cardiomyocytes can generate. Contractile work is maximized when the elastic moduli of
the cardiomyocyte and its surrounding ECM are matched (67). If the ECM is too compliant,
cardiomyocyte tension generation deforms the matrix rather than transmitting the forces
intercellularly; conversely, if ECM 1is too stiff, contraction becomes largely isometric and
cardiomyocytes experience intracellular strain (6/). In the diseased heart, fibrosis is the primary
determinant of elevated ventricular wall stiffness (/4), which can increase up to three-fold
relative to healthy tissue (62). Multiple studies have demonstrated a linear relationship between
substrate stiffness and myocyte tension (63), suggesting that cardiomyocytes actively tune their

contractile output in an attempt to maintain equilibrium between intracellular and extracellular
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tension. Likewise, atomic-force microscopy (AFM) experiments have shown that fibroblasts
adjust their internal stiffness to match that of their substrate (64).

Conversely, fibroblasts can increase the stiffness of the ECM in several ways. Collagen
accumulation in the myocardium is strongly correlated with increased ventricular stiffness (/4)
and is a hallmark of DCM (65). One of the earliest compositional changes identified in DCM
was a shift in the collagen L:IIT ratio. While ECM from healthy hearts was enriched in the more
compliant collagen isoform, collagen III, DCM hearts had increased collagen I deposition, which
is known to be more rigid (66). Proteomic characterization of the cardiac ECM has revealed that
such compositional remodeling extends well beyond collagens I and III. In a murine model of
heart failure with preserved ejection fraction (HFpEF), changes across more than 100 ECM
proteins were shown to increase LV stiffness, even in the absence of overt increases in total
ECM (67). Structural modifications of existing ECM proteins can further contribute to stiffening.
For example, enhanced crosslinking of fibrillar collagens by lysyl oxidase (LOX) increases
matrix rigidity, and LOX expression is elevated in failing DCM hearts (68). Changes in
crosslinking can also affect collagen fibril organization and diameter, altering the nano-scale
architecture of the matrix (66). Taken together, these studies indicate that ECM remodeling in
DCM likely occurs across multiple structural scales, with each contributing to the progressive
stiffening of the heart.

It is clear that there is tight mechanical regulation between the fibroblasts, ECM, and
cardiomyocytes in the heart. However, the mechanisms coordinating this mechanical
homeostasis remain poorly defined in DCM. While fibrosis has largely been regarded as a
secondary, late-stage consequence to myocyte hypocontractility, it is unclear whether changes in

the ECM are passively reflecting or actively enforcing the altered mechanical loading of the
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heart. The extent to which cellular and extracellular stiffness can be reversed is also unknown,
especially considering the half-life of collagen is estimated to be 117 years in cartilage and 15
years in the skin (69). Moreover, if ECM remodeling is irreversible, it is possible that
biochemical or mechanical cues in the matrix may act as a positive feedback loop, keeping

fibroblasts and myocytes dysregulated in spite of a targeted treatment.

1.6 Fibroblast state space, anti-fibrotic therapies, and ECM reversibility

Until recently fibroblast biology in the heart was largely defined using ischemic models
(70). Recent work suggests that fibroblasts have a range of physiological responses depending on
the size of the disease or injury stimulus, and that non-ischemic heart diseases, like DCM, are
very different from MI. The following section reviews the current understanding of fibroblast
activation states and the potential for fibrotic regression, both in DCM and other forms of heart
disease, and discusses the therapeutic potential of antifibrotic strategies for reversing fibrosis and

improving cardiac function.

Excerpts from the following review have been provided for this section.

Controlling cardiac fibrosis through fibroblast state space modulation
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1.6.1 The Landscape Model of Cellular State Space

Previously, fibroblast cell states were defined rigidly, as quiescent un-activated
fibroblasts, activated proliferating fibroblasts, or matrix-secreting myofibroblasts (70).
Convention dictated that in response to a severe cardiac injury, cardiac fibroblasts would first
proliferate and then transdifferentiate into myofibroblasts, a cell type that is critical for
generating collagen-rich scar tissue and preventing cardiac rupture. As our understanding of
heart disease and progressive cardiac remodeling has evolved, the cardiac fibroblast has emerged
as a key target for heart failure therapeutics. Furthermore, recent genomic studies have greatly
expanded the known complexity of cardiac fibroblast phenotypes, underscoring that the linear
transdifferentiation model is insufficient to describe fibroblast fate (70—74). To evolve the field’s
understanding of injury-induced cardiac fibrosis, the complexity of the linear fibroblast
transdifferentiation paradigm must be expanded. By improving the understanding of the
dynamics of fibroblast state space, new therapeutic targets for treating maladaptive fibrotic
remodeling may be identified.

What is cellular state space? Cell state transitions such as development, growth,
maturation, senescence, and transdifferentiation are critical in both normal physiology and

disease. These cell transformations are driven by shifts in genetic profile, which can be described
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with a “state space” model. Classically, state space is a mathematical concept whereby dynamic
systems can be described using a set of variables that comprise every possible state of the
system. In the context of cell biology, this can be illustrated as a hilly landscape traversed by
cells as they differentiate or transition between states (75, 76). A marble analogy is often used to
think about cells moving dynamically through this landscape, where peaks and valleys represent
unstable and stable cell states, respectively. The position on the landscape (x/y-dimension) is
determined by a compressed set of multidimensional gene expression variables—essentially
representing the relative similarity of cell states. The overall height (z-dimension) of the
landscape represents the activation energy required to transition between stable cell states
(Figure 1). Mathematical modeling has shown that this idea of state space landscape is grounded
in mathematical theory (77). In the heart, cardiac injuries deliver strong pro-fibrotic signals to
cardiac fibroblasts. However, how signals modulate the cellular state of fibroblasts and the
relationship of these state changes to matrix organization, quantity, and composition is still
poorly understood.

Fibroblast cell state dynamics can inform overall matrix dynamics in the heart. Ideally,
after cardiac injury, therapeutic targeting would be able to tune the heart’s fibrotic response to
maintain structural integrity in the short term, preventing cardiac rupture, but reduce or abrogate
cardiac fibrosis and maladaptive remodeling in the long term (78). There is growing evidence to
suggest that tactically controlling fibroblast state via their state space landscape effectively
modulates the heart’s fibrotic response, and hence has therapeutic potential (79-82). For
example, if a therapeutic could reduce the activation energy for a myofibroblast to transition to a
state with lower matrix secretion, pathologic fibrotic remodeling could be lessened. However,

this goal requires identification of cardiac fibroblast state trajectories during injury, repair, and
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recovery, along with the regulators of those state transitions. Determining how modifying
fibroblast state transitions, either through pathway inhibition, activation, or reprogramming,
impacts fibroblast population dynamics will be vital towards understanding how therapeutic state
modulation alters the physiological role of fibroblasts in the heart.

Epigenetic and transcriptional analyses by high-throughput genome sequencing
technologies like RNAseq, ATACseq, and CHIPseq may be used to molecularly define the state
space occupied by cardiac fibroblasts. These new techniques enable unbiased and global
snapshots of cellular state space transitions. Since transcript sequencing at the single cell level
captures a snapshot of cells scattered along the differentiation or transdifferentiation trajectory;
nuanced or ephemeral cell populations can be identified. This can be achieved using pseudotime
analysis to understand how cells are moving through state space; however, pseudotime is best
corroborated by serial sampling (83) and RNA labeling (84) to allow for more definitive analysis
of how cells move through transcriptional space. This sort of analysis is exemplified in the field
of hematopoietic progenitor differentiation (85, 86), which showed that the differentiation of
hemopoietic progenitors into either erythroid or myeloid lineages required destabilizing the
progenitor state (86) and movement through metastable intermediate substates during the
differentiation process (85). Since state destabilization seems to be critical for state transition,
cardiac fibroblasts may undergo similar cell state destabilizations to form fibrosis-producing
myofibroblasts in the heart after injury. Approaching fibroblast transdifferentiation through the
lens of multidimensional state space is critical to developing the next generation of therapeutic

approaches for cardiac fibrosis.
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1.6.2 Cardiac fibroblast states

While it was previously believed that cardiac myofibroblasts originated from several
different sources, such as resident endothelial cells or circulating immune cells (87-92), genetic
lineage tracing studies have shown that the majority (>95%) of activated myofibroblasts in the
heart are derived from resident cardiac fibroblasts expressing Transcription Factor 21 (Tcf21)
and Platelet-derived Growth Factor Receptor o (Pdgfra) (93—97). In the uninjured myocardium,
quiescent Tcf21 and Pdgfra These developmental studies provide new insight into how
hypocontraction during the postnatal period shapes the trajectory of dilated cardiomyopathy in
adulthood. Transiently suppressing the pathogenic mutation during development substantially
delayed the onset of myocyte dysfunction and adverse remodeling. While these mice ultimately
developed DCM, the delayed phenotype suggests that pathogenic processes initiated during early
myocardial maturation exacerbate disease severity later in life. This finding aligns with the
broader conclusion of this dissertation, which is that timing and duration of transgene expression
critically influence both the severity of disease and the extent to which the myocardium can
recover.

We initially hypothesized that fibroblasts from the Postn® lineage might be a key driver
of the early fibroblast expansion in 161Q hearts, and that suppression of the mutant cTnC during
development would halt this proliferation and was the mechanism behind the delayed onset.
Although preliminary histological data suggested increased PDGFRa" fibroblasts in Postn-rich
regions, lineage tracing revealed that Postn™ fibroblasts themselves were not hyperproliferative in
DCM. In fact, their proportional contribution to the total fibroblast pool appeared to decline,
suggesting that other fibroblast subsets may be responsible for the expansion observed in this

model. Given that POSTN can initiate fibroblast proliferation (297). This data together could
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potentially indicate fibroblast proliferate in response to encountering POSTN in the matrix rather
originating from the Postn+ linecage. To further support that the Postn® population is not the
primary effector, development p38 MAPK deletion did not prevent dysfunction, dilation, or
hypertrophy. This suggests that the Postn®™ developmental fibroblast subset is not the primary
driver of early fibroblast expansion or disease initiation in this model, and that inhibiting this
pathway during development is not protective.

Overall, these results emphasize that the developmental period is a critical window for
shaping long-term cardiac outcomes. However, not all cell populations that are highly active
during this window are necessarily culpable in disease initiation, underscoring the need for
precise identification of pathogenic drivers before pursuing early-life interventions.

These developmental studies provide new insight into how hypocontraction during the
postnatal period shapes the trajectory of dilated cardiomyopathy in adulthood. Transiently
suppressing the pathogenic mutation during development substantially delayed the onset of
myocyte dysfunction and adverse remodeling. While these mice ultimately developed DCM, the
delayed phenotype suggests that pathogenic processes initiated during early myocardial
maturation exacerbate disease severity later in life. This finding aligns with the broader
conclusion of this dissertation, which is that timing and duration of transgene expression
critically influence both the severity of disease and the extent to which the myocardium can
recover.

We initially hypothesized that fibroblasts from the Postn® lineage might be a key driver
of the early fibroblast expansion in 161Q hearts, and that suppression of the mutant cTnC during
development would halt this proliferation and was the mechanism behind the delayed onset.

Although preliminary histological data suggested increased PDGFRa" fibroblasts in Postn-rich
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regions, lineage tracing revealed that Postn™ fibroblasts themselves were not hyperproliferative in
DCM. In fact, their proportional contribution to the total fibroblast pool appeared to decline,
suggesting that other fibroblast subsets may be responsible for the expansion observed in this
model. Given that POSTN can initiate fibroblast proliferation (297). This data together could
potentially indicate fibroblast proliferate in response to encountering POSTN in the matrix rather
originating from the Postn+ linecage. To further support that the Postn® population is not the
primary effector, development p38 MAPK deletion did not prevent dysfunction, dilation, or
hypertrophy. This suggests that the Postn™ developmental fibroblast subset is not the primary
driver of early fibroblast expansion or disease initiation in this model, and that inhibiting this
pathway during development is not protective.

Overall, these results emphasize that the developmental period is a critical window for
shaping long-term cardiac outcomes. However, not all cell populations that are highly active
during this window are necessarily culpable in disease initiation, underscoring the need for
precise identification of pathogenic drivers before pursuing early-life interventions.

expressing fibroblasts make up ~15% of the non-myocyte cardiac cell population,
whereas activated fibroblasts and myofibroblasts are extremely rare or non-existent (97). This
changes with injury or disease, as quiescent fibroblast progenitors begin transitioning to new
states (70). Fibroblast state transitions have been most characterized in the myocardial infarction
(MI) model where within two days of injury, a subset of cardiac fibroblasts become proliferative
and activated. These cells are marked by expression of the matricellular protein Periostin (Postn)
(79, 96, 98) and minor to moderate expression of alpha smooth muscle actin (4Acta2 or aSMA)
(79, 96, 98), which gives these cells new contractile function. Importantly, Postn deletion blocks

the formation of myofibroblasts (82), indicating that in addition to labeling the myofibroblast
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state it also regulates this transition. In the days following injury, these activated fibroblasts
mature into fully activated myofibroblasts, which boost secretion of matrix proteins and alter the
composition of the extracellular matrix (ECM) to form a rigid scar (99, 100). More mature
myofibroblasts are identified by their strong expression of collagens I and III, aSMA, and a
splice variant of fibronectin, Fibronectin Containing Extra Domain A (Fn-EDA) (79, 95, 96, 98,
101). These cells also exhibit reduced expression of Tcf21 and Pdgfra (79, 102).

Recent studies demonstrate that fibroblast cell state is more complex than previously
thought, suggesting that a dynamic state space model may more accurately depict fibroblast
transdifferentiation then the traditional linear model (Figure 1.3). This is supported by recent
findings regarding myofibroblast cell fate after injury resolution. Contrary to older studies, newer
data has identified that most myofibroblasts don’t undergo apoptosis after injury resolution (/03,
104), but rather transition to a new state or regress back towards quiescence depending on the
type of injury (71, 79). For example, around 14 days after myocardial infarction (MI)
myofibroblasts appear to transition to a matrifibrocyte state that is molecularly defined by the
expression of chondrocyte and osteogenic genes (7/). These matrifibrocytes are derived from
myofibroblasts of the Postn lineage and are found in mature scars using the markers
chondroadherin (Chad), cartilage oligomeric matrix protein (Comp), and CAP-Gly Domain
Containing Linker Protein 2 (Clip2) (Figure 1). This subtype of cardiac fibroblast is postulated to
chronically maintain the infarct scar. In contrast, Postn-traced myofibroblasts reverted to a less
activated state after only two weeks of recovery from chronic stimulation of the heart via
Angiotensin II (Angll) and phenylephrine (PE) (79). These data raise questions about what is a
“deactivated” myofibroblast, and how similar is this state to its original quiescent fibroblast

progenitor. Another possible myofibroblast state transition is senescence. Research in cancer
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biology identified that senescent myofibroblasts often secrete enzymes that proteolytically
degrade the extracellular matrix (/05). This state has also been identified in the heart and may be
essential for reversing cardiac fibrosis during the heart’s recovery from injury (/06). The
disappearance of myofibroblasts over time via transdifferentiation, deactivation, and senescence
suggests that the myofibroblast state is transient and likely unstable (71, 73). Using a state space
model, this could be described by positioning myofibroblasts in a very shallow “valley”,
indicating that this state requires minimal activation energy to move into a more stable state
(Figure 1.3). In the heart, myofibroblasts might transition back to the progenitor state or move
towards a more mature fibroblast injury phenotype, such as the matrifibrocyte. Although this
hypothesis has not been directly examined, it also opens up questions regarding where these
cellular states reside in multidimensional molecular state space and how different fibroblast
states can impact cardiac structure and function. The impact of redefining fibroblast
transdifferentiation as a multidimensional state space model provides a more complex and
comprehensive cellular and molecular road map that will be crucial for developing new targeted

antifibrotic therapeutics.

34



T z Un-activated Fibroblast

Activation - Pdgrf-a Matrifibrocyte
Energy o - Chad
------- S - Comp
1 LTl - R - Cilp2
* =~ N ~

Activated Fibroblast A

- Tef21

- Pdgrf-a Myofibroblast
- Postn - Collagens

- Cell cycle markers - a-SMA

- Fn-EDA

Figure 1.3: Cardiac Fibroblast Movement in Cell State Space. Cardiac fibroblasts have long been
thought to exist on a linear continuum between an inactivated state and a fibrotic matrix secreting
myofibroblast state. This figure depicts a more complete picture of cardiac fibroblast “state space.” State
transition may be reversible indicated by the bidirectional arrow heads, new fibroblasts cell states may
exist (e.g. matrifibrocytes), and transdifferentiation directly between these states might be possible
indicated by dotted lines. Importantly the third dimension of state space “activation energy” is critical to
understanding this concept. For example, the myofibroblast state could be unstable and not in a deep
valley, indicating that a small amount of activation energy could induce a state change. In contrast, a
more permanent cell state, like a cardiomyocyte, would have a much deeper valley to represent low
likelihood of state transition. Known gene expression markers of the fibroblast states shown are listed,
however it is important to note that a position in multidimensional state space is far more complex than a

small number of marker genes.

1.3 Cardiac fibroblast & myofibroblast heterogeneity
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Single cell RNA sequencing (scRNAseq) techniques have broadened the understanding
of fibroblast cell state and provided evidence for a more nuanced fibroblast heterogeneity in both
healthy and injured hearts. The general population of resident fibroblasts activate, proliferate,
and increase their matrix production as described previously, but the molecular heterogeneity
present in these populations suggests they consist of a diverse group of substates. However, these
new clusters of molecularly distinct fibroblasts have not yet been functionally validated by other
techniques. Three studies recently investigated the diversity of non-myocytes in murine hearts.
Skelly et al. were one of the first groups to identify new cardiac fibroblast states by performing
scRNAseq on cells isolated from uninjured hearts. A new fibrocyte population of cells was
identified, expressing transcriptional markers of both fibroblasts (collagen type I alpha 1 chain
(Collal), Pdgfra, and Tcf21) and immune cells (high affinity immunoglobulin gamma Fc
receptor I (Fcrgl), cluster of differentiation 14 (Cd14), and protein tyrosine phosphatase receptor
type C (Ptprc)). However, the functional role of these cells in the heart at baseline or in injury
was not investigated. Quiescent fibroblasts were also shown to produce growth factors for the
maintenance of other cardiac cells, including neurons, endothelial cells, and mural cells,
highlighting that cardiac fibroblasts play a larger role in cardiac homeostasis beyond matrix
secretion (74). These findings demonstrate cardiac fibroblast state is heterogenous and suggest
these unique fibroblast clusters may have different functional roles.

Farbehi et al. expanded on this work, identifying new quiescent and activated fibroblast
substates in response to MI. The quiescent fibroblast population segregated into two major
groups marked by relative expression of the surface marker spinocerebellar ataxia 1 (Scal).
Fibroblasts with strong expression of Scal had higher expression of cell adhesion genes, whereas

fibroblasts with low Scal expression had high expression of signal transduction genes. This
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would suggest that the quiescent fibroblasts have separate subpopulations involved in cell
adhesion and signal transduction. Farbehi et al. also used lineage tracing to isolate and
selectively sequence Pdgfra expressing cells. By deep sequencing a fraction of the cells, they
identified novel myofibroblast subtypes expressing both profibrotic and antifibrotic signatures.
They also showed the canonical changes in the proportions of cells falling into each of these
subtypes three to seven days post injury. In line with the established fibroblast state paradigm,
activated and cycling fibroblasts peaked 3 days post infarction and myofibroblasts peaked 7 days
post infarction (72), which is consistent with state change timelines established by other
approaches (77). Two novel fibroblast states were also identified. One was a transitory fibroblast
state, which cell trajectory analysis placed as an intermediate substate between Scal-low and the
second novel state defined by Wnt inhibitory factor 1 (Wifl) expression. These cells expressed
antifibrotic paracrine signaling and were present at all time points, persisting for at least 7 days
after infarction. This fibrosis inhibition cell state opposes all the activating fibroblasts in the
heart by expressing inhibitors of wingless-related integration site (WNT), cellular
communication network factor 2 (Ccn2) and transforming growth factor beta (TGFp) signaling
and seems to be important for the timing of heart repair (72). Farbehi et al. also reanalyzed the
data from Skelly et al. and were able to find all of the same baseline cell populations identified in
their work.

Most recently, McLellan ef al. completed a scRNAseq study looking at the fibroblast
populations present after an Angll infusion model. This study also found the Wifl expressing
cell population identified by Farbehi et al. Surprisingly, no aSMA expressing myofibroblast
population was detected. Instead they identified two fibroblast subpopulations expressing the

matricellular proteins Cilp and thrombospondin 4 (Thbs4) (73). Pseudotime analysis showed that
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Thbs4 expressing cells arose from Cilp cells. The Cilp and Thbs4 expressing fibroblasts also
expressed markers similar to the matrifibrocyte (Comp, secreted frizzled related protein 2
(Sfrp2), and cellular communication network factor 5 (CcnY)) indicating that these markers
could be important for post-injury fibroblast states. Additionally, Cilp expressing fibroblasts
expressed higher levels of matrix remodeling proteins. None of these groups expressed aSMA or
had the molecular components of canonical myofibroblasts (70). However, these cells did
express Postn and seemed to be responsible for extracellular matrix production in this Angll
infusion injury model. This suggests that different injury models may elicit a variety of fibroblast
states in order to modulate the composition and quantity of extracellular matrix (Figure 1.4A).
Notably, there are two types of fibrosis: replacement and reactive. Replacement fibrosis occurs
when there is significant cardiomyocyte death, such as with MI, ischemia reperfusion (I/R), or
cryoablation. The fibrotic response generated from these injuries is vital for preventing
ventricular rupture after massive myocyte loss. In contrast, reactive fibrosis usually results in
fibrosis that accumulates in the interstitial space. In animal models, reactive fibrosis is observed
in models of pressure overload or treatment with a cocktail of Angll and PE (/07). To date it is
unclear whether the same cellular and molecular mechanisms underlie these different types of
fibrosis. Thus, the results of these scRNAseq studies begin to elucidate the different substates
that fibroblasts might occupy in response to different injuries. Moreover, robust time course and
genetic perturbation studies will be needed in order to ascertain if the substates identified
represent novel cell states with discernable functions or are transition states and represent cells
undergoing transdifferentiation.

These scRNAseq studies have also determined that intercellular communication between

fibroblasts and other non-myocytes is critical for proper heart function (72-74). By mapping
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expression of ligands and cognate receptors, these sCRNAseq studies have started to elucidate
these interactions. Skelly et al. found that fibroblasts are the most promiscuous cell type in the
heart, with fibroblasts expressing ligands that target the other cardiac cell types and promote
survival of specific cardiac cell populations. In vitro coculture experiments showed that
fibroblast signaling is necessary but not sufficient for cardiac macrophage and endothelial cell
growth (74). McLellen et al. corroborated these results with their scRNAseq data set, showing
that fibroblast signaling is crucial in the uninjured heart. Their analysis of ligand/receptor
networks post Angll-induced hypertrophy showed an increase in communication signals between
all cell types and an upregulation of signaling pathways associated with amino acid synthesis and
collagen fibral organization. Downregulated signaling pathways in this study were enriched for
inflammation and leukocyte/monocyte trafficking, indicating a suppression of the inflammatory
response. In addition to direct signaling with other cell types, cardiac fibroblasts’ regulation of
matrix structure and composition is an important signaling modality for other cell types in the
heart. It has been shown that matrix composition—specifically the presence of the extracellular
heparan sulfate proteoglycan agrin—can promote cardiomyocyte proliferation even in adult
mammals (/08). Finally, fibroblasts can also interact with other cardiac cells through
mechanotransduction. Coculture of macrophages and fibroblasts on a fibrillar collagen matrix
showed that macrophages are attracted by the dynamic contraction of activated fibroblasts (/09).
This could mean that aSMA positive contracting fibroblasts play a role in initiating the immune
response post injury. Future work will need to continue elucidating the important role that
fibroblasts play in intercellular signaling, both at baseline and in response to injury. The role
cardiac fibroblasts play in signaling is at a nascent level of understanding. More in-depth reviews

of communication between cardiac fibroblasts and other cell types can be found here (170, 111).
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Collectively, these scRNAseq studies demonstrate the limitations of the historic view of
injury-induced fibroblast to myofibroblast transdifferentiation, underscoring the need for this
paradigm to be expanded to include fibroblast and myofibroblast population heterogeneity,
intermediate substates, and transient cell states. Each of these states have distinct patterns of gene
expression and, presumably, different responsibilities within the injured myocardium, yet most
of these studies lack true functional validation. This highlights a barrier in the field: integrating
high dimensional data from transcriptome sequencing with protein expression and measurements
of fibroblast structure and function. It is important to note that these scRNAseq experiments
were carried out in mice—with the exception of McLellen et al, where findings were
corroborated with human bulk RNAseq data (73). Therefore, while it seems likely that the
human fibroblast cell state landscape resembles that of the mouse fibroblast, the human

fibroblast landscape still remains poorly characterized.
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Figure 1.4: Models of Cardiac Fibroblast State Transitions. A) Differential Fibroblast Injury Response

in Myocardial Infarction and Angiotensin-Infusion Injury Models. Recent RNAseq studies suggest that

fibroblasts state transitions vary based on the injury stimulus. This figure summarizes what is known

about fibroblast transdifferentiation in response to myocardial infarction and angiotensin Il infusion, but

also illustrates unknowns regarding: the proliferation phase in an Angiotensin model, the genotype

(SCAI high or low) of resident fibroblast population that transitions to a myofibroblast identity, and

SCAI expression as fibroblast undergo state transitions. B) State Space Modulation of Myofibroblast

Identity. Perturbing genes in the fibrotic pathway can alter the fibroblast state space landscape, changing
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the number of a-SMA expressing myofibroblasts. lllustrations represent several hypothetical outcomes

from fibroblast state space modulation.

Robust lineage reporters for quiescent fibroblasts and myofibroblasts have dramatically
moved forward the field of cardiac fibroblast biology. (79, 93). The next step forward is to use
new single cell analysis tools to tease apart the genomic complexity behind any given lineage
reporter. This will allow cardiac fibroblasts substates to be placed relative to each other in
multidimensional state space (Figure 1.3). Lineage reporters permanently label a cell based on
the expression of a single gene. While they are important for tracking a cells history, these cells
can only be labeled once, limiting the identification of various molecular states a single cell
might occupy throughout its differentiation trajectory. Therefore, development of a multi-lineage
reporter may be useful for fully teasing apart fibroblast state dynamics. For now, scRNAseq
experiments on isolated lineage-traced cells can begin to elucidate some of the complexities that

underlie each cardiac fibroblast lineage (72, 73).

1.6.3  Modulating Fibroblast Cell State to Alter Myocardial Fibrosis

Many factors must converge to drive cell state transitions. Injuries in the heart often
involve several stimuli, such as ischemia, inflammation, or cell death, which overwhelmingly
push cardiac fibroblasts towards activated states. Enhancing or inhibiting key genes can reshape
the state space landscape, making it more or less likely to achieve a fibrotic fibroblast state.
Therefore, these pathways can be leveraged to shift cardiac fibroblasts into more desirable cell
states, mitigating fibrosis and halting maladaptive cardiac remodeling. The following section
summarizes in vivo studies defining fundamental regulators of cardiac fibroblast state and how

they have been therapeutically targeted to improve cardiac fibrosis and dysfunction.
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1.1.1.1 TGFp Pathway

TGFp is a master regulator of the fibrotic response. The TGFf} receptor has two subunits:
the type I and type II TGFp receptors (Tgtbr1/2). In the canonical signaling pathway, binding of
TGFB to Tgtbrl/2 results in phosphorylation of the transcription factors Smad2 and Smad3.
Once phosphorylated, these proteins complex with Smad4 in the cytoplasm, translocate to the
nucleus, and promote a profibrotic genetic profile (//2). Modulating the expression of these
proteins alters fibroblast cell state and, by extension, fibrosis in the heart due to injury.

In ischemic injuries, Smad3 expression is important for proper cardiac myofibroblast
function, but does not appear to be a driver of the myofibroblast state. Knockdown of Smad3
increased aSMA expressing myofibroblast density and proliferation, but resulted in reduced
(113) or disorganized collagen deposition (//4). Deletion in both the whole heart and Postn-
expressing fibroblasts resulted in increased myofibroblast number (773, 114), suggesting that
Smad3 is not involved in initiation or maintenance of the myofibroblast state. However,
myofibroblast morphology and alignment in the infarct area was impaired, and isolated
fibroblasts exhibited decreases in collagen I and III (//4), indicating that Smad3 is essential for
mounting a proper fibrotic response to ischemic injuries. The mechanism behind the proliferative
myofibroblast phenotype seen in these knockouts is unknown; it could be a direct effect of
Smad3 deletion or secondary due to poor collagen deposition. In pressure overload models,
Smad3 is also a critical regulator of myofibroblast function and state, with both global and
fibroblast-specific Smad3 knockdown resulting in decreased interstitial fibrosis (712, 115).
Smad2 knockout did not reduce fibrosis, suggesting Smad3 is the major driver of the fibrotic
response in the canonical pathway. Deletion of Smad2 and Smad3 together (Smad2/3) decreased

ECM gene expression, fibroblast proliferation, and aSMA positive myofibroblast number after
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transverse aortic constriction (TAC) (/72). These results suggest that Smad2/3 are important for
fibroblast function, expansion, and induction of the aSMA positive myofibroblast state in
pressure overload systems. The transcription factor Scleraxis has been identified as a key
downstream effector of the Smad3-induced myofibroblast phenotype, with Scleraxis knockdown
inhibiting the myofibroblast state (//6, 117). While not studied in a disease context, decreased
expression of Scleraxis may underlie the lack of myofibroblasts in Smad3 null mice. The
opposing proliferative response of fibroblasts in ischemic and pressure overload models has not
been studied. One possible explanation is the relative magnitudes of each injury: redundant
fibrotic signaling pathways may take over in ischemic injuries to prevent ventricular rupture.
This reiterates that fibroblasts likely have different cell states for responding to different injury
stimuli. Notably, deletion of Smad2/3 did not confer any functional benefits. However, upstream
knockdown of Tgfbrl/2 in fibroblasts decreased interstitial fibrosis, abrogated systolic and
diastolic function, and improved cardiac hypertrophy (//2). While fibroblast specific effects
were not investigated in this model, TGFpB signaling appears to affect heart function and
hypertrophy through Smad2/3-independent pathways.

TGFpB signaling is not restricted to just fibroblasts. In pressure overloaded hearts,
phosphorylated Smad3 has been found in the nuclei of cardiomyocytes and vascular cells, as
well. Myocyte-specific deletion of Tgfbr2 reduced both pathological hypertrophic remodeling
and interstitial fibrosis (//8). These data suggest that in pressure overload, myocyte TGFf
signaling also plays a role in defining fibroblast state, although exact fibroblast effects were not
studied. In contrast, myocyte specific deletion of Smad2/3 in TAC mice did not reduce reactive
fibrosis, indicating that the myocyte effect on fibroblast state may occur through secondary or

non-canonical pathways (/7/2). For example, cardiomyocyte specific Smad4 knockout in
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uninjured mice changed sarcomere calcium sensitivity, causing these mice to develop a fibrotic,
dilated cardiomyopathy (DCM) phenotype. This underscores how changes in myocyte health and

function can alter fibroblast state.

1.1.1.2 p38 Mitogen Activated Protein Kinase (MAPK)

TGFp can activate both canonical and non-canonical fibrosis signaling pathways. When
the TGFp ligand binds to its receptors, the MAPK pathways are also activated, including the p38
mitogen-activated protein kinase (p38), extracellular signal-regulated kinase (ERK), and c-Jun-
N-terminal kinase (JNK) (/72). While little work has been done in vivo with ERK and JNK in
the context of cardiac fibrosis or fibroblasts, p38 has been identified as a major regulator of the
fibrotic response in the heart (/00). In fact, increasing evidence is demonstrating that these non-
canonical pathways may play a significant role in mediating fibroblast state and the fibrotic
response to injury (100, 119).

p38 is a crucial regulator of the myofibroblast state. In ischemic injuries, targeted genetic
deletion of the p38a isoform from both Tcf21 and Postn-expressing fibroblasts drastically
decreased reparative fibrosis, leading to massive mortality due to ventricular rupture (82). In
contrast to Smad3 deletion in ischemic injuries (713, 114), knockdown of p38a in both fibroblast
cell states grossly decreased the number of aSMA expressing myofibroblasts in the infarct and
border zones (82). These results were replicated in an Angll/PE reactive fibrosis model. In a gain
of function experiment, p38 was activated by creating a transgenic mouse where the p38
regulator, mitogen activated kinase kinase 6 (MKK®6), was made constitutively active. This
model resulted in increased cardiac fibrosis and number of aSMA positive myofibroblasts at

baseline and in response to I/R and Angll/PE-induced injuries. These data suggest that p38a is a
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potent activator of the myofibroblast state, essential for both mounting and sustaining the matrix
secreting aSMA positive myofibroblast phenotype (82). In the context of state space, it is
possible that p38 deletion increases the activation energy required for myofibroblast
transdifferentiation, whereas p38 overexpression decreases this activation energy, accounting for
the respective changes in myofibroblast number (Figure 1.4B).

In addition to TGFB-driven signaling, recent work suggests that p38 incorporates spatial
cues in its determination of fibroblast state (/20). Integration of fibroblast lineage tracing and
matrix alignment analyses revealed that Postn and aSMA expressing myofibroblasts are most
commonly found in the border zone of MI hearts, where the ECM is most aligned. The center of
the scar, often characterized by disordered collagen organization (/27) exhibited lower
myofibroblast density. Myofibroblast morphology correlated with matrix alignment:
myofibroblasts found in the aligned border zone were highly elongated, while those found in the
disorganized scar were more circular. These results were recapitulated in vitro by culturing
isolated adult cardiac fibroblasts on biomimetic nanofabricated devices with random or aligned
patterns. Fibroblasts cultured on the aligned patterns showed increased myofibroblast
transdifferentiation and expression of matrix proteins than those cultured on random patterns.
TGFB failed to exacerbate the myofibroblast phenotype on aligned patterns, potentially
suggesting that chemical and mechanical cues converge onto a single pathway to induce
myofibroblast transdifferentiation. Deletion of p38 abrogated pattern-induced aSMA positive
myofibroblast transdifferentiation (/20). Moreover, alignment initiated p38-mediated
stabilization of the yes-associated protein (YAP), a pathway that is highly studied in the context

of cancer (/22). Transduction of a constitutively active nuclear YAP was sufficient to activate
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the myofibroblast cell state. These data suggest that p38 integrates both spatial and chemical

cues to mediate fibroblast cell state (/23).

1.1.1.3 Serum Response Factor (SRF), Transient Receptor Potential Channels (TRPC), and YAP

Multiple pathways have been found to converge or intersect with the p38 pathway,
including the myocardin-related transcription factors-serum response factor (MRTF-SRF) axis,
transient receptor potential cation channel subfamily C member 6 (TRPC6), and YAP. The
transcription factor SRF is essential for vascular smooth muscle cell (SMC) differentiation (/24)
and has been implicated in inducing the contractile, SMC-like genetic profile in myofibroblasts.
SRF binds to a promotor sequence known as the serum response element (also known as the
CArG box) with the help of mechanosensitive transcription co-factors, such as MRTF-A and
MRTF-B. The activity of these co-factors is highly dependent on actin dynamics, and is therefore
regulated by Rho GTPases (/25). This signaling axis is known to activate due to injury, changes
in mechanical forces and cell shape, or with TGFp signaling (reviewed in (/26)), highlighting its
connection to the Smad and p38 pathways.

MRTF-A and TRPC6 are downstream effectors important for induction of the
myofibroblast state. Global deletion of MRTF-A post-MI decreased fibrosis, non-myocyte
proliferation, and overall number of aSMA positive fibroblasts, indicating that MRTF-A is
necessary for the aSMA positive myofibroblast phenotype (/25). Transient receptor potential
canonical family member 6 (TRPC6) has been identified as an essential target of SRF through
the p38 pathway (/79). Previously linked to pathological hypertrophic remodeling, TRPC6
upregulation is known to activate calcineurin and nuclear factor of activated T cells (NFAT)

(127). Global knockout of TRPC6 in MI mice caused higher incidence of ventricular rupture,

47



decreased function, and reduced collagen deposition. Mechanistic studies in vitro with isolated
cardiac fibroblasts demonstrated that TRPC6 expression is directly upregulated by SRF and can
be inhibited with p38 inhibitors. Moreover, TRPC6 overexpression was a potent activator of
myofibroblasts, and TRPC6 knockout abrogated TGFB-mediated myofibroblast
transdifferentiation (//79). Together these data demonstrate that TRPC6 is a crucial downstream
effector of p38-dependent transitions of fibroblasts into fibrosis-producing myofibroblasts.

YAP inhibition is essential for fibroblast specification during development and
maintenance of the quiescent fibroblast cell state in adults. YAP is a transcriptional coactivator
in the Hippo pathway that is negatively regulated by the kinases Latsl and Lats 2 (Lats1/2)
(122). Deletion of Lats1/2 from the developing mouse heart prohibited epicardial differentiation
into mature cardiac fibroblasts (80). Deletion of Lats1/2 in adult cardiac fibroblasts destabilized
the quiescent fibroblast state, causing spontaneous myofibroblast transdifferentiation (Figure
1.4B). Lats1/2 knockout mice had gross increases in fibrosis, both at baseline and with MI injury
(122). These data suggest that Lats1/2-dependent YAP inhibition is crucial for maintaining the
quiescent fibroblast state. YAP signaling intersects with both p38 and SRF pathways. MRTF-A
mRNA and protein levels have been shown to directly correlate with YAP expression. In MI,
deletion of YAP from Tcf21 and Collal-expressing fibroblasts decreased collagen deposition,
fibroblast proliferation, and aSMA positive fibroblast activation. Similar decreases in fibrosis
were seen in Angll/PE-treated mice with loss of YAP function in Tcf21 fibroblasts. MRTF-A
levels were also attenuated in the YAP knockouts, suggesting that YAP is required for MRTF-A
activity (/28). These results demonstrate the importance of YAP/MRTF-A signaling in the
myofibroblast state transition in response to ischemic and chronic injuries. In the p38 pathway,

YAP appears to be a crucial component for transduction of mechanical signals via focal
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adhesions (123, 129). Notably, knockdown of YAP in fibroblasts did not increased mortality due
to ischemic injury (/28), indicating that other fibrotic signaling pathways may be responsible for
the reparative fibrosis response, although this may also be an artifact of increased myocyte
survival. In contrast, myocyte specific deletion of YAP resulted in dramatically increased
fibrosis and mortality post-MI (/30) and neonatal deletion of YAP in cardiomyocytes impaired
regeneration (/317). The differential effects of YAP signaling in myocytes and fibroblasts again
highlights how myocyte health can affect fibroblast cell state, but also underscores the level of
specificity required to target this pathway therapeutically.

Collectively, these studies demonstrate that manipulating the expression of key proteins
in the fibrotic cascade can alter fibroblast state space dynamics, resulting in altered global
fibrosis. However, how state space is altered is still a major unknown for the field. This section
reviewed how pathway manipulations can alter myofibroblast density in the myocardium. Based
on this data, there appear to be at least three potential mechanisms for state space modulation: (1)
a change in the activation energy required to reach a myofibroblast state, (2) a change in
quiescent or activated fibroblast state stability, or (3) a change in the rate of myofibroblast
transdifferentiation. With respect to the first mechanism, altered activation energy by p38
inhibition or enhanced activity likely alters the activation energy required to achieve a
myofibroblast state. Because p38 inhibition results in dramatically fewer myofibroblasts in
response to injury (/00), it’s postulated that loss of p38 function increased the activation energy
needed to achieve a myofibroblast state. In contrast, p38 activation by MKK6 resulted in
spontaneous myofibroblast transdifferentiation without an injury stimulus (/00), suggesting that
this perturbation to p38 signaling lowered the activation energy, making the myofibroblast

transition easier (Figure 1.4B). For the second mechanism (altered stability), we postulate that
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Y AP regulates fibroblast and myofibroblast state stability because models with increased YAP
activity (via Lats1/2 knockdown) caused a mass activation of myofibroblasts in both uninjured
and infarcted mouse hearts (/22). Conversely, YAP inhibition decreased myofibroblast
transdifferentiation (/28). Hence a reasonable hypothesis is that YAP inhibition stabilizes the
quiescent fibroblast state while YAP activity stabilizes the myofibroblast state. (Figure 1.4B).
With respect to the third mechanistic model (altered rates of transdifferentiation), there is
minimal evidence to support this mechanism in the cardiac literature, but dermal wound closure
which is mediated by myofibroblasts occurred much slower in TRPC6 knockout mice (/79).
This suggest that modulations of some molecular regulators only slow down or speed up the
transition to a myofibroblast state, without entirely inhibiting transdifferentiation (Figure 2b).
However, the mechanisms for these changes in state space landscape are hypothetical and of
course could include some combination of the mechanisms proposed here. Moreover, these
mechanisms are simplified to only the conversion of resident fibroblasts to myofibroblasts, and a
more robust analysis may need to examine the state transitions in between. For example,
Scleraxis and Pdgfra have been implicated in forming and maintaining resident cardiac
fibroblasts (/02, 116). This suggests that there are key regulators to every fibroblast state and
demonstrates that the complexity of fibroblast state space transcends myofibroblast
transdifferentiation. To truly begin elucidating how these regulators control state space, rigorous
scRNAseq experimentation must be incorporated into pathway manipulation studies, although
these experiments may be cost prohibitive. Adoption of analyses from the reprogramming field
may be beneficial; for example, free energy calculations may be helpful for determining relative
state stabilities (/32). RNA velocity and pseudotime calculations may be wuseful for

characterizing state transitions and differentiation rates (72, 73). Other experiments, analyses,
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and calculations may yet need to be developed to be able to make robust state space
determinations. For example, the field currently lacks methods for integrating multiomic
transcriptional and proteomic changes. While scRNAseq will begin to uncover information about
state space, these data must be validated with protein-based and physiologic assays. Ultimately, a
better understanding of the regulators of the various fibroblast states, and how their modulation
affects global cardiac fibrosis, will enable therapeutic targeting of specific states to inhibit

maladaptive cardiac remodeling.

1.6.4  Antifibrotic Therapeutics

Targeted genetic manipulation is essential for identifying the cell-specific role of a given
signaling pathway, and these data can be leveraged to develop antifibrotic therapies for patients.
In some cases, improvements in fibrosis do not always beget improvements in function. This
could be because the myocytes are damaged to a point of no return, where lessened fibrosis
cannot improve function. Alternatively, systems with less fibrosis could also have a
fundamentally different type of fibrosis, with different biochemical composition, architecture, or
organization resulting in an overall stiffer heart despite fibrotic attenuation. Hence alterations in
the quantity of fibrosis may not be the proper index for evaluating the impact of a given
therapeutic. To complicate matters further, human clinical trials don’t typically use fibrosis as an
endpoint, despite advancements in non-invasive assessments of fibrosis by magnetic resonance
imaging (MRI) with late gadolinium enhancement (/33, /34). Instead, studies often rely on
functional metrics as endpoints, even when testing antifibrotics. This makes it especially hard to
determine how a given treatment is directly altering human cardiac fibrosis, let alone fibroblast

state space. Therefore, the following section and Table 1 summarizes pre-clinical and clinical
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data from inhibiting two regulators, p38 and Y AP, that show promise for altering global fibrosis
and function through cardiac fibroblast state modulation. In addition, this section reviews

fibroblast reprogramming approaches as a therapeutic.

1.1.1.4 p38 Inhibitors

p38 inhibitors are a promising class of drugs for reducing fibrosis and improving heart
function. However, timing of p38-targeted therapeutics is crucial. In mouse models, early p38a
deletion in Tcf21 expressing fibroblasts post-MI resulted in more dramatic decreases in fibrosis,
improvements in function, and increases in mortality rates, compared to deletion from activating
Postn positive fibroblasts (/35). This suggests p38 inhibition could be a double-edged sword: if
administered too early, they may cause ventricular rupture, but if given too late, fibrosis and
dysfunction may not be adequately attenuated. In a DCM hamster model, chronic administration
of the p38 inhibitors SB203580 or FR167653 improved systolic function and decreased fibrosis
(136). Rats given the p38 inhibitor RWJ-67657 7 days after MI demonstrated decreased remote
fibrosis and aSMA protein expression, but only moderate improvements in function (/37).
Pirfenidone is a small molecule drug that has recently been approved to treat lung fibrosis. While
pirfenidone has several proposed mechanisms of action, it has also been implicated in targeting
TGFp signaling and inhibiting p38 phosphorylation (/38). In rodents, pirfenidone has decreased
cardiac fibrosis in response to MI (/39), pressure overload (738, 140), and Angll-induced
injuries (/47). While pirfenidone was able to halt fibrosis progression in a chronic pressure
overload model, it was not able to reverse existing fibrotic remodeling, highlighting the
importance of preventative treatment (/38). In humans, a couple of anti-inflammatory p38

inhibitors have started clinical trials. Despite promising phase II clinical data (NCT00910962)
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(142), a large phase III clinical trial testing the effects of Losmapimod, a competitive inhibitor of
p38, failed to improve adverse outcomes after MI (NCT02145468) (143). Array BioPharma, a
subsidiary of Pfizer, recently started a phase III clinical trial to investigate the effects of the anti-
inflammatory and p38-inhibitor ARRY-371797 on DCM patients with mutations in the laminin
A/C gene (NCT03439514), but this study will not be completed until 2024. This trial is
supported by preclinical data in a mouse model with this laminin mutation, where treatment with
ARRY-371797 decreased dilation and systolic dysfunction (/44). [Note: This trial was
terminated early following a mid-trial analysis that indicated ARRY-371797 was unlikely to

produce meaningful clinical benefits for patients (145)].

1.1.1.5 YAP Inhibitors

The YAP pathway has been identified as a key target for reducing cancer resistance to
chemotherapies. Therefore, YAP inhibitors have been investigated thoroughly in this context
(reviewed in (/46)). However, given recent data proposing YAP as a potent activator of the
fibrotic cascade (122, 128), it may be helpful to review promising YAP inhibitors that could be
applied to cardiac fibrosis. Verteporfin, a drug widely studied for treating macular degeneration,
was recently found to have YAP inhibition properties. In the kidney, verteporfin treatment of
mice with unilateral ureteral obstruction decreased interstitial fibrosis, aSMA expressing
myofibroblast number, and Smad2/3 nuclearization (/47, [48). In human isolated lung
fibroblasts, a high-throughput screen of >13000 small molecules identified statins as potent Y AP
inhibitors, potentially explaining why patients with interstitial lung disease had better outcomes
on statins. Simvastatin decreased established lung fibrosis in the bleomycin mouse model in a

Lats1/2 independent manner (/49). Inhibition of the dopamine receptor D1 (DRD1), which
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couples to G-protein receptors, via dihydrexidine (DHX) disrupted YAP signaling in isolated
fibroblasts and reduced lung and liver fibrosis in bleomycin and bile duct ligation models,
respectively. DHX was also found to inhibit YAP nuclearization in isolated cardiac fibroblasts,
although its use has not been tested in an in vivo cardiac fibrosis model (/50). Given that these

Y AP inhibitors have shown promise in other fibrotic systems, they may be useful for combatting

cardiac fibrosis, as well.

Paper/ Therapeutic(s) | Species | Injury Model Result

Clinical Trial

Kyoi et al., SB203580* Hamster | Dilated Decreased cardiac fibrosis,

2006 (136) FR167653* Cardiomyopathy | myocyte death, dilation,
and hypertrophy.

See et al., RWIJ-67657* Rat Myocardial Improved systolic function;

2004 (137) Infarction decreased dilation, aSMA
protein expression, and
collagen I deposition;
enhanced myocyte
hypertrophy.

Yamagami et | Pirfenidone* Mouse Pressure Improved systolic function;

al., 2015 (138) Overload decreased dilation and
interstitial fibrosis.

Nguyen et al., | Pirfenidone* Rat Myocardial Improved systolic function;

2010 (139) Infarction decreased fibrosis;
decreased frequency of
ventricular tachycardia;
decreased fibrosis in the
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infarct zone, border zone,

and non-infarct area of the

heart.

Wang et al., Pirfenidone* Mouse Pressure Decreased mortality and

2013 (140) Overload cardiac fibrosis.

Yamazaki et Pirfenidone* Mouse Angiotensin II Decreased hypertrophy and

al., 2012 (141) cardiac interstitial and
perivascular fibrosis.

Newby et al., | Losmapimod* | Human | Myocardial 535 patients: no increase in

2014 (142) Phase II | Infarction adverse cardiac reactions;

NCT00910962 decreased B-type natriuretic
peptide concentrations after
12 weeks.

O’Donoghue | Losmapimod* | Human | Myocardial 3503 patients: no

etal., 2016 Phase III | Infarction improvements in frequency

(143) of adverse cardiac events

NCT02145468 (e.g. sudden cardiac death,
recurrent MI).

Muchir et al., | ARRY- Mouse Dilated Improved fractional

2012 (144) 371797* Cardiomyopathy | shortening; decreased
dilation and aSMA gene
expression; no change in
Collal and Colla2 gene
expression.

[Garcia-Pavia | ARRY- Human | Dilated Ongoing- set to be

etal., 2024 371797* Phase III | Cardiomyopathy | completed in 2024.

(145)] [Note: Terminated early

NCT03439514

due to futility, no safety

concerns|
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Liang et al., Verteporfin® Mouse Unilateral Decreased renal interstitial
2017 (147) Ureteral fibrosis and number of
Obstruction aSMA expressing
myofibroblasts.
Szeto et al., Verteporfin® Mouse Unilateral Decreased renal interstitial
2016 (148) Ureteral fibrosis, number of aSMA
Obstruction expressing myofibroblasts,
and Smad2/3
nuclearization.
Santos et al., Simvastatin® Mouse Bleomycin- Decreased pulmonary
2020 (149) induced interstitial fibrosis and
Pulmonary collagen deposition.
Fibrosis
Haak et al., Dihydrexidine” | Mouse Bleomycin- Decreased pulmonary
2019 (150) induced fibrosis and aSMA
Pulmonary fluorescent intensity.
Fibrosis

Bile duct ligation

Decreased hepatic fibrosis
and aSMA fluorescent

intensity.

Table 1.1 Summary of pre-clinical and clinical studies on P38 and YAP inhibitors. The p38 inhibitors

summarized here are all from studies within cardiac systems, whereas the YAP inhibitors are from a mix

of renal, hepatic, and pulmonary systems. *p38 inhibitor,; # YAP inhibitor

Conclusion of Controlling Cardiac Fibrosis Through Fibroblast State Space Modulation by

Isabella M Reichardt*, Kalen Z. Robeson*, Michael Regnier, and Jennifer Davis. Cell Signal.

2021 Mar:79:109888. doi: 10.1016/j.cellsig.2020.109888. *equal contribution
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1.6.5 Reversibility of ECM remodeling.

Given the mixed results of fibroblast- and antifibrotic-targeted interventions reviewed
above, the following section revisits the concept of fibrotic regression in DCM and related
cardiac diseases, with a focus on its relevance to disease reversibility. Mechanical unloading via
LVAD in heart failure patients failed to reduce collagen quantity in the myocardium; although
collagen expression in fibroblasts was greatly decreased, potentially suggesting a halt in further
collagen deposition (/57). Similarly, removing cardiac pressure overload from mice initiated
some collagen degradation but failed to fully regress collagen deposition (/52). However,
pharmacological treatment of mice with diastolic dysfunction demonstrated the reversibility of
hidden fibrosis (67). This was corroborated by a separate study in removal of cardiac pressure
overload normalized Col3:Coll ratios, with Col3 regaining dominance over the recovery period
(23). These studies suggest that myocardial ECM content may be reversible even if overall
quantity is not.

The irreversible nature of cardiac fibrosis, in spite of mechanical unloading or removal
the disease trigger, remains a major source of confusion for the field. Recently, one approach for
removing fibrosis from the heart is to engineer chimeric antigen receptor (CAR) T cells to ablate
activated fibroblasts expressing fibroblast activated protein (FAP) (/53). However, these studies
often administer the CAR-T cells before substantial fibrosis has been laid down, which would
indicate prevention of fibrosis, not reversal. This approach also reflects a broader assumption
that fibroblasts are actively maintaining fibrosis in the heart, and that ablation of these fibroblasts
will naturally result in fibrotic regression. However, early collagen turnover studies indicate that
~70% of collagen is metabolically inert with an apparent half-life of 1000 years, while the

remaining 30% had a half-life on the order of 100s of days (/54). While fibrotic regression has
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been shown in the liver (/55), 92% of proteins found in the muscle have a longer half-life than
those found in the liver (/56). Considering the heart is less regenerative than the liver, it is
possible that fibrosis is more long-lived in the heart. If there are natural mechanisms for fibrotic
regression in the heart, the cell types involved and processes for breaking down and reabsorbing

the ECM has not been well characterized.

1.7 Epigenetic remodeling and reversibility

1.7.1 Reversibility of epigenetic remodeling.

While genetic mutations are the inciting stimulus in inherited DCM, there is growing
appreciation for the role of epigenetic remodeling plays in driving the disease phenotype. Many
types of epigenetic changes have been observed in DCM, including DNA methylation, histone
modification, chromatin remodeling, and variant noncoding RNA expression (/57). As DCM
progresses into heart failure, DNA methylation patterns in myocytes regress back to a fetal state,
causing re-expression of developmental isoforms of sarcomeric proteins (/58). Interestingly,
mechanical unloading using LVADs in DCM patients only partially reversed maladaptive
epigenetic remodeling, despite improvements in cardiac dilation, function, and hypertrophy.
Expression of some histone methylation markers were normalized with LVAD treatment, while
others were permanently dysregulated (22). Moreover, transcriptional dysregulation has been
shown to persist in murine heart failure models, even after total reverse remodeling with
improved dilation and ejection fraction (/59). These studies highlight the role of epigenetic
remodeling in DCM progression and suggest that the epigenome retains permanent markers of

mechanical remodeling.
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1.7.2  Epigenetic memories of mechanical stimuli.

Recent in vivo studies suggest that cells retain mechanical “memories” in their epigenome
that influence how these cells respond to future mechanical stimuli (/60-162). Human
mesenchymal stem cells (hMSC) were mechanically dosed using a novel hydrogel culture
platform that allows for precise control over hydrogel stiffness over time. Longer mechanical
dosing on stiff substrates caused irreversible histone acetylation, opening chromatin availability
and biasing future hMSC fate determinations even after the cells were removed from the stiff
mechanical microenvironment. Interestingly, this histone acetylation was reversible in cells that
experienced shorter bouts of mechanical dosing on the stiff substrate (/161, 162). In vivo,
mechanical dosing with cardiac pressure overload caused re-activation of the quiescent fibroblast
population. Interestingly, chromatin regions proximal to genes involved in controlling cardiac
hypertrophy and fibrosis were highly dynamic, with reversible accessibility across injury and
treatment; however, there were other regions in the genome that were persistently dysregulated
by cardiac injury (/63). These data suggest that the epigenome can store memories of
mechanical remodeling, altering cell fate and response to injury; although, the concept of
mechanical memories has not yet been examined in a terminally differentiated cell type, like

cardiomyocytes.

1.8 Summary

The following dissertation addresses several major gaps in the field surrounding
hypocontractility-induced DCM. Although the tension-index model provides a framework for
describing how sarcomeric mutations drive myocyte-intrinsic remodeling, how myocyte

dysfunction propagates to non-myocyte populations, particularly fibroblasts, remains poorly
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defined. Chapter 2 examines how the myocardium compensates for impaired myocyte tension
generation, with a specific focus on fibroblast behavior and ECM remodeling. Despite long-
standing assumptions that compensatory remodeling is reversible whereas pathological
remodeling is permanent, these concepts have not been rigorously evaluated in DCM. Moreover,
it is unknown whether restoring myocyte mechanical homeostasis is sufficient to reverse disease
progression, or whether persistent remodeling within fibroblasts and the ECM forms a barrier to
recovery. Chapter 3 investigates the time-dependent reversibility of adaptations across
cardiomyocytes, fibroblasts, and the ECM following suppression of the disease-inciting
mutation. Finally, it is unclear how early in life the disease trajectory of DCM is established,
specifically, whether dysfunction during postnatal maturation installs long-lasting pathological
states that later shape disease severity. Chapter 4 explores how developmental myocyte
correction influences long-term myocardial structure and function. Together, these studies define
how fibroblast remodeling contributes to DCM progression, how much of this secondary
remodeling is reversible, and how early-life mechanical cues may set the stage for DCM

pathogenesis.
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Chapter 2: Fibroblast proliferation drives ECM remodeling and disease

progression in DCM

While ECM remodeling is recognized as a major biomarker for poor outcomes, it is still
largely described as secondary to myocyte dysfunction in DCM. Cardiac fibroblasts are the
primary cell responsible for ECM deposition and remodeling in the heart. Canonical
understanding of the fibroblast has largely been defined in myocardial infarction models, but
recent studies suggest that diseases with interstitial fibrosis, as is the case with DCM, notably
lack myofibroblasts and instead exhibit their own unique pro-fibrotic fibroblast cell states (47,
163, 164). Given fibroblasts are highly mechanically sensitive and physically couple to myocytes
via the ECM (/6)5), it is likely that these shifts in fibroblast cell state occur early on in DCM
disease progression. The following section examines how fibroblasts 1) shift their cell state over
the course of DCM, 2) contribute to disease progression, and 3) can be targeted to prevent

elements of the DCM phenotype.

Excerpts from the following paper have been provided for this chapter.

Prevention of Hypocontractility-Induced Proliferative Fibroblast States Alleviates

Dilated Cardiomyopathy

Science. 2025 Sep. DOI: 10.1126/science.adv9157
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2.1 Summary

Introduction. Dilated cardiomyopathy (DCM), a major cause of heart failure, often stems
from inherited sarcomeric mutations that cause cardiomyocyte hypocontractility. While
therapeutics aimed at restoring cardiomyocyte function are showing positive clinical effects, they
often fall short of fully reversing the DCM phenotype. One likely obstacle is fibrosis, a
deposition of excess extracellular matrix (ECM), which strongly predicts disease severity and
remains largely intractable in preclinical models.

Rationale. Since fibroblasts orchestrate the production and remodeling of the heart’s
ECM, we reasoned that these cells regulate the severity of DCM phenotypes by sensing altered
mechanical signals from hypocontractile cardiomyocytes and adapting the material properties of
the extracellular environment to maintain the heart’s preferred mechanical state. We examined
this hypothesis using transgenic mice and engineered heart tissues in which cardiomyocytes
expressed a DCM-linked sarcomeric variant causal for hypocontractility.

Results. Genetically inducing cardiomyocyte hypocontractility increased myocardial and
ECM stiffness before the onset of eccentric hypertrophy, which is a defining feature of DCM.
Although we observed upregulation of titin isoforms and post-translational modifications that
stiffen cardiomyocytes, small effect sizes prompted investigation of fibroblast and ECM
contributions. During this early phase of DCM, hyperproliferative-mechanosensitive fibroblast
states formed and caused the fibroblast population to double. Yet, classic markers of cardiac
fibrosis such as increased collagen content, crosslinking, and maturity were absent. Consistent
with these findings, fibroblasts showed no signs of activation. Instead, increased fibroblast
density compacted myocardial tissues and structurally stiffened the ECM by enhancing collagen

fibril packing and collagen fiber alignment. To determine how hypocontractile cardiomyocytes
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drive fibroblast expansion, we analyzed cardiomyocyte-fibroblast crosstalk using single-nucleus
RNA sequencing. Ligand-receptor pair analysis identified ECM-receptor interactions as
dominant routes for cardiomyocyte-fibroblast communication. Indeed, naive cardiac fibroblasts
proliferated when embedded in hydrogels containing ECM peptides from our DCM mouse
model. Further screening revealed that collagen types 4 and 6, which were upregulated in cardiac
fibroblasts from DCM mice, promoted proliferation. A coculture assay engineered to measure
mechanosensations at ECM focal adhesions with a genetically encoded FRET-based tension
sensor identified heightened tension sensations in cardiac fibroblasts cultured on hypocontractile
cardiomyocytes in relaxed but not activated conditions when compared to wildtype, indicating
cardiac fibroblast differentially sense passive mechanical properties of cardiomyocytes.
Mechanotransduction analysis identified TGFB, YAP, and p38 signaling as key pathways driving
fibroblast proliferation. Since p38 regulates both TGFf and Y AP signaling in cardiac fibroblasts,
we examined whether disabling this pathway could blunt DCM disease progression and severity.
Conditional deletion of p38 in cardiac fibroblasts prevented their proliferation and completely
blocked ECM remodeling and eccentric cardiomyocyte growth. Despite persistent expression of
the hypocontractility-linked sarcomeric variant, fibroblast-specific p38 deletion substantially
improved both myocardial and cardiomyocyte function.

Conclusion. These findings revealed that p38-mediated fibroblast responses to myocyte
hypocontractility are essential regulators of DCM disease severity and progression owing to their
function as biomechanical rheostats that detect impaired myocyte mechanics and adaptively
remodel the material properties of the extracellular environment. This marks a potential untapped

cellular target for therapeutically intervening with non-ischemic DCM.
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2.2 Introduction

Dilated cardiomyopathy (DCM) is a leading cause of heart failure worldwide, which
arises from a cadre of insults including inherited mutations in contractile or structural proteins
expressed in cardiomyocytes (/8, 20, 166). The clinical hallmarks of DCM are reduced systolic
function, myocardial thinning, left ventricular chamber dilation, and fibrosis. Despite a robust
prevalence of DCM in the population, there are limited treatment options and, as of yet, no cure
(4, 7, 166, 167). Potential pharmaceuticals for DCM such as myosin modulators have
underperformed at fully correcting the DCM phenotype, especially established fibrosis in mice
and clinical trials, thus tempering their therapeutic value (20, 37, 168). This absence of fully
effective treatments may be due to a decades long struggle with mechanistically linking the
primary contractile defect to variable DCM phenotypes (/6).

Common to most severe DCM phenotypes is fibrosis, which often precedes and
exacerbates cardiac structural remodeling (65, 169, 170). Remodeling of the heart’s extracellular
matrix (ECM), such as during the fibrotic response to stress, is primarily regulated by resident
fibroblasts of the 7cf21 and Pdgfra lineages (93, 96, 171, 172). While cardiac fibroblasts can be
activated chemically to secrete fibrotic ECM, these cells are also highly sensitive to mechanical
signals including substrate stiffness, alignment, and stretch (/73). Fibroblasts are posited to
function within mechanical feedback loops by structurally and biochemically tuning the
extracellular environment’s material properties to maintain a tissue’s preferred mechanical state
(174). Given fibroblasts are physically coupled to cardiomyocytes via the ECM (165), it was
hypothesized that in DCM driven by myocyte hypocontractility cardiac fibroblasts act as tissue-
scale mechanical rheostats that sense impaired myocyte force generation and then adaptively

remodel the extracellular environment to maintain mechanical homeostasis. We further propose
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that these adaptive fibroblast responses are essential secondary drivers of DCM phenotype and

disease severity.

2.3 Results

2.3.1 Hypocontractile sarcomeres induce myocardial stiffening from fibrillar collagen
reorganization prior to initiating dilated modes of myocyte growth.

Sarcomeric hypocontractility was modeled in mice by expressing an experimentally-
derived 161Q variant of cardiac troponin C (¢TnC) specifically in cardiomyocytes using a
doxycycline-repressible a-myosin heavy chain promoter (Supplemental Figure 2.1A (/8)). The
161Q mutation lowers ¢TnC’s Ca®" binding affinity and hence reduces force production on a
beat-to-beat basis (175, 176). This change is apparent by echocardiography, which showed
reduced ejection fraction in the hearts of 161Q transgenic mice by 2 months of age relative to the
control (CON) group, which consisted of non-transgenic and tetracycline transactivator (tTA)
transgenic littermates ((Supplemental Figure 2.1B). These 2 genotypes were merged into a
single control group, because previous studies showed no effects of the tTA transgene (/8). The
time frame of dilated remodeling was defined by morphologic measurements of isolated CON
and 161Q myocytes in the presence of a myosin inhibitor blebbistatin, which ensures the cellular
dimensions represent structural changes rather than sarcomere elongation from 161Q c¢TnC-
dependent desensitization of the myofilaments to Ca®* (/8). At 2 months of age 161Q myocytes
had normal lengths and length:width ratios when compared to CON indicating a lack of
structural remodeling (Figure 2.1A-B). However, by 4 months 161Q myocytes were longer and
had greater length:width ratios- a structural hallmark of eccentric hypertrophy and DCM (Figure

2.1A-B (177, 178)). Consistent with this progressive increase in [61Q myocyte length from serial
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sarcomere addition (/79), heart weight to body weight ratios were similar to CON at 2 months of
age but significantly increased by 4 (Figure 2.1C, p<0.001). By contrast, diastolic chamber
dimensions as measured by echocardiography were increased at both ages (Figure 2.1D). This
discrepancy between myocyte and organ level dilation in 161Q mice could stem from altered
diastolic tone driven by Ca’" desensitized myofilaments that lower crossbridge attachment at
diastolic [Ca?"]. This hypothesis was examined by measuring sarcomere lengths in isolated
myocytes from 2-month-old 161Q and CON mice at diastolic [Ca®"] (18). As expected 161Q
myocytes had longer resting sarcomere lengths (Figure 2.1E). Organ level dilation could also be
caused by myocardial stiffness, considering genotype positive cardiomyopathy patients can have
stiffer hearts prior to the onset of structural remodeling (16, 180, 181). Indeed, a hemodynamic
index of cardiac stiffness, end diastolic pressure-volume relationship (EDPVR), was elevated in
2-month-old 161Q mice and worsened with age (Figure 2.1F). To determine if myocardial or
ECM stiffness caused heightened EDPVR in 161Q mice, the passive mechanical properties of
intact and decellularized hearts were measured using a Langendorff working heart preparation
that lacked electrical stimulation (Supplemental Figure 2.1C-D). Here, intact hearts from 161Q
transgenic and CON mice were subjected to retrograde perfusion with Krebs-Henseleit buffer
containing blebbistatin to negate any stiffness from attached crossbridges, and then a balloon was
inserted into the left ventricle for volumetric inflation of the chamber in a stepwise manner
(Figure 2.1G & Supplemental Figure 2.1C). The balloon pressure was recorded during each
inflation step, which exhibited a maximal pressure required to achieve the initial volume change
followed by a gradual decrease in pressure due to viscoelastic relaxation (Figure 2.1G).
Following intact measurements, hearts were decellularized and the assay repeated to measure

passive mechanical properties of the ECM in the same preparation. Both intact and
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decellularized preparations from 161Q mice required higher maximal pressures per inflation,
indicating both the myocardium and ECM are stiffer relative to CON (Figure 2.1H-I,
Supplemental Figure 2.1C-D).

Titin isoforms and post-translational modifications were surveyed by Western blot given
their regulation of myocyte passive stiffness in the physiologic range (/82). The stiffer N2B
isoform was upregulated in 161Q hearts (Figure 2.1J, Supplemental Figure 2.1E), whereas post
translational modifications of titin that enhance myocyte compliance were reduced as shown by
the lack of phosphorylation at serine residues in the N2B unique sequence (S267P) and PEVK
region (S26P) when compared to CON (Figure 2.1K-L, Supplemental Figure 2.1E (/83, 184)).
While titin composition was altered in 161Q cardiomyocytes, the modest effect size prompted
examination of the ECM’s biochemical composition, quantity, and organization to determine
additional causes of stiffness in 161Q hearts (/75). Label-free data-independent acquisition
(DIA) mass spectrometry (MS) of decellularized cardiac ECM from 161Q ¢TnC transgenic and
CON mice was performed (Fig. 2.1M & Supplemental Figure 2.2A-P) and recovered ~72% of
core collagens, ECM glycoproteins, and proteoglycans (/85). The relative abundance of primary
ECM constituents was largely unchanged between genotypes (~6% of the matrisome, Figure
2.1M & Supplemental Figure 2.2A). Only 22 core matrisome proteins were differentially
expressed between CON and 161Q mice including several laminin subtypes and type 6 collagen
(Figure 2.1M)- an established biomarker of heart failure not yet linked to ECM stiffening (/85—
187). Closer examination of collagen abundance with less stringent p-values (p<0.05) showed
several fibrillar collagens starting to increase in 161Q cardiac ECM but only network forming
collagens 6a and 8a were statistically different (Supplemental Figure 2.2B). This matches

histologic analysis of fibrosis by picrosirius red staining, in which no differences were detected
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between groups at this age (Figure 2.1N-O). By 4 months, [61Q transgenics began accruing
interstitial cardiac fibrosis concomitant with the structural lengthening of myocytes (Figure
2.1A-C & N-0O). The MS data were also used to detect covalent and non-covalent crosslinking
of fibrillar collagens as a mechanism for ECM stiffness. Of the few glycation sites identified,
none were different between genotypes (Supplemental Figure 2.2C-E). By contrast, we found
that a smaller proportion of 161Q fibrillar collagens had hydroxylated proline and lysine residues,
with the biggest decrease being reduced abundance of hydroxylated lysines in COL1A1
(Supplemental Figure 2.2F-I). Reduced proline and lysine hydroxylation on fibrillar collagens
is typically associated with ECM instability and immaturity (/88—790), and collagen
birefringence imaging showed a greater proportion of collagen fibers were immature in 161Q
versus control ECM (Supplemental Figure 2.2Q). No differences in ECM crosslinking enzyme
abundance were detected (Supplemental Figure 2.2J-P), suggesting crosslinking wasn’t
responsible for stiffer ECM in 161Q mice. Multiscale reorganization of collagen fibers was also
explored as a causal mechanism for ECM stiffness (/97). Second harmonic generation (SHG)
microscopy and imaging of decellularized 161Q and CON hearts below the epicardial surface
identified increased collagen fiber alignment in the circumferential-longitudinal plane (Figure
2.1P-S), which is consistent with findings linking collagen fiber alignment to heightened
anisotropic strength and stiffness (792, 193). There was no significant difference in collagen
fiber length between controls and 161Q ECM preparations (Figure 2.1R), indicating the
observed topographical changes were not simply a product of collagen elongation. Because
smaller collagen fibril diameter and increased packing also enhance ECM strength and passive
stiffness (/94—196), transmission electron microscopy (TEM) was used to examine collagen

fiber ultrastructure. Indeed, 161Q collagen fibrils had smaller diameters and cross-sectional areas
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with a greater packing density relative to controls (Figure 2.1T-V & Supplemental Figure
2.2R). The proteoglycan decorin, which restrains collagen fibril diameter and creates denser
networks similar to these findings (797, 198), was more abundant in [61Q ECM (Figure 2.1W).
These data suggest the structural organization of fibrillar collagen rather than quantity,

composition, or crosslinking underlies the passive ECM stiffness in 161Q hearts.
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Figure 2.1: Cardiomyocyte hypocontractility stiffens and aligns the myocardium prior to eccentric
hypertrophic remodeling and fibrosis. A) Quantification of isolated cardiomyocyte length and B)
length:-width ratio in relaxed conditions from the described genotypes (CON n=399/402 (2/4 month),
161Q n=357/399 (2/4 month). Quantification of C) heart weight (HW) body weight (BW) ratios by
gravimetrics and D) left ventricular diastolic chamber diameter by echocardiography at 2 (1610 n=12,
CON n=12) and 4 (161Q n=16, CON n=15) months of age. E) Quantification of diastolic sarcomere
length in intact cardiomyocytes from 1610 and CON hearts (CON n=399/402 (2/4 month), 1610
n=357/399 (2/4 month)). F) Quantification of end diastolic pressure-volume relationship (EDPVR) by
invasive hemodynamics (CON n=5/9 (2/4 month), 1610 n=5/8 (2/4 month)). G) Representative developed
pressure traces from stepwise inflation of a balloon inside a blebbistatin-treated intact (dark line) and
decellularized (straight line) heart. H) Pressure-volume curves of intact and I) decellularized mouse
hearts at 2 months (n=7 both genotypes). Quantification of titin J) isoforms N2B and N2BA, K) N2B
S267P phosphorylation site, and L) serine PEVK region S267 phosphorylation by Coomassie staining
and Western blot (n=3 both genotypes). N2B isoform is expressed relative to the total titin (N2B + N2BA)
and phosphospecific antibodies were normalized to the titin stain on the Coomassie gel. M) Heatmap of
significant differentially expressed matrisome proteins color coded by z-score identified by MS in 2 month
old decellularized ECM (CON n=3, 1610 n=4). N) Representative images and O) quantification of
fibrosis in cardiac sections stained with picrosirius red-fast green (PSR/FG, scale bar=1mm (left &
middle panel), scale bar=50um (right panel)). Q) Representative two-photon max intensity projection
images of SHG (left panel, scale bar=100um) and masking of the collagen fibers (scale bar=20um) in
decellularized hearts in which Z-stacks were taken starting 10 micron below the epicardial surface.
Fibrillar collagen (magenta) and ECM autofluorescence (green). CurveAlign quantification of collagen
fiber R) length and S) alignment from 2-month-old 161Q (n=10) hearts and CON controls (n=11). T)
Representative TEM images of collagen fibrils in 2-month-old 1610 and CON hearts. Quantification of

U) fibril diameter and V) density from TEM images (n=20 ROIs/mouse, 3 mice per genotype). W)
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Quantification of decorin abundance identified by MS. 4 biological replicates per genotype were used for
isolated myocyte experiments (A,B,&E). Data are mean =+ SEM, ns=not significant,
**p<0.01,***p<0.005, ****p<0.001 by 2-way ANOVA with Holm-Sidak’s multiple comparisons test (A-

D, F, O) or two-tailed unpaired t-test (E,J-L, R-S, V-W).

2.3.2  Hyperproliferative fibroblasts promote early cardiac stiffening and collagen

reorganization.

Typically tissue stiffness initiates cardiac fibroblast activation and transition to a
myofibroblast state- a cellular process required for fibrotic ECM production (47, 70). Activated
myofibroblasts were measured in myocardial sections from 2-month-old 161Q ¢TnC and CON
mice by quantifying the number of cells that were positive for both the myofibroblast marker
smooth muscle a-actin (aSMA) and quiescent fibroblast marker platelet-derived growth factor
receptor a (PDGFRa). No fibroblast-to-myofibroblast conversion was evident even after the
onset of fibrosis in 161Q hearts (Figure 2.2A-B). The competence of 161Q cardiac fibroblasts to
activate was also examined in vitro by stimulating them with recombinant TGFB1 and
calculating the percentage of the population that had formed aSMA-positive stress fibers (/67).
This assay revealed no differences between genotypes at baseline or in response to TGFp1,
suggesting cardiac fibroblasts from [61Q transgenics are capable of differentiating into
myofibroblasts and possess equal sensitivity to activating ligands as CON (Supplemental
Figure 2.3A-B). Previous single cell RNAseq studies have demonstrated that aSMA positive
fibroblasts comprise only a small fraction of the activated myofibroblast population, whereas
periostin (Postn) expression marks all activated myofibroblast states (/99). To determine if [61Q

fibroblasts are canonically activating but not transitioning to mature aSMA™ states, Postn lineage
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tracing was performed in 161Q transgenic and CON mice using a Cre-regulated dual color
fluorescent reporter and tamoxifen (TAM) inducible Postn-Cre-driver (Postn'“"*-mT/mG, (135,
171, 200)). Postn lincage tracing detected small pockets of activated Postn™ cells in the
interstitium and adventitia of 161Q hearts but only at 8 months of age, which matches the start of
decompensation (Figure 2.2A (right panels), 2C, Supplemental Figure 2.3C-D) (20). These
results suggest [1] the typical fibrotic process of myofibroblast formation only occurs in
hypocontractility-induced DCM once the heart is failing, and [2] fibroblast activation to an
intermediate or fully matured myofibroblast state is not essential for ECM and myocardial
stiffening.

To determine the basis for this myofibroblast-independent cardiac stiffening, single
nuclei RNAseq (snRNAseq) of 2-month-old CON and 161Q hearts were analyzed for the
emergence of atypical fibroblast states (Figure 2.2D). Five fibroblast substates were identified
by hierarchical clustering of differentially expressed genes with each cluster expressing Collal
and Colla2 at varying levels (Figure 2.2D-F). Cluster 1 and 3 fibroblasts were rare in controls
but expanded in 161Q hearts (Figure 2.2D-E, Supplemental Figure 2.3E). These clusters were
defined by transcripts involved in mechanotransduction (ECM-receptor, focal adhesion, and
adherens junctions) and cell cycle/chromatin segregation, respectively (Figure 2.2G, Table S1).
Independent bulk RNAseq analysis of PDGFRa purified cardiac fibroblasts validated these
findings with greater sequencing depth. Here 363 upregulated genes and 449 downregulated
genes were identified in 161Q fibroblasts (Data S1, Figure 2.2H, Supplemental Figure 2.3F).
Genes with the largest change in expression included a variety of cell cycle regulators such as
cyclin genes (Ccnbl, Ccnb2, Cendl, Ccne2, Cenf), cyclin dependent kinase 1 (Cdkl), marker of

proliferation Ki67 (Mki67), and aurora kinase (Aurka) (Figure 2.2H, Supplemental Figure
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2.3F, Data S1). To assess whether altered levels of cell cycle markers led to heightened
proliferation and expansion of 161Q fibroblasts, cardiac sections from postnatal day 14 (p14), 1
and 2 month old mice were stained for the fibroblast marker PDGFRa and cell cycle marker
phospho-histone H3 (pHH3, Figure 2.2I-M), which demonstrated that fibroblasts in 161Q
myocardial sections had heightened proliferation signals beginning at 2-months when CON
fibroblasts are quiescent (46). In accordance with heightened cell cycle activity PDGFRa"
fibroblast density doubled and remained at this level in 161Q hearts throughout the course of
disease despite a decline in cell cycle activity at 4 months of age (Fig 2.21-J, Supplemental
Figure 2.3G), suggesting steady-state was reached with regards to fibroblast expansion. To
determine if immune cell activation was associated with cardiac fibroblast proliferation,
myocardial sections were analyzed at the 2-month timepoint for cardiac-infiltrating CD11b*
myeloid and CD4" T cells, which have known pro-fibrotic roles in other etiologies of heart
failure. These histologic methods showed CON and 161Q hearts had similar immune profiles,
suggesting crosstalk with immune cells wasn’t driving proliferation (Supplemental Figure
2.3H-K). This 161Q cTnC-dependent expansion of the fibroblast population coincided with
upregulated Collal, la2, and 3al transcripts and downregulation of key ECM degrading
enzymes like metalloproteinases (Mmp and Adamts) and cathepsins (Cts), which together should
have promoted fibrotic tissue deposition (Supplemental Figure 2.3L-Q). As this was not
observed in 161Q hearts (Figure 2.1M-0O, Supplemental Figure 2.2B), we reasoned that post-
transcriptional fibrillar collagen immaturity (Supplemental Figure 2.2F-I, Q) restrained the
fibrotic response despite the expanded fibroblast population.

While fibrillar collagen deposition is a common fibroblast-dependent mechanism

underlying tissue stiffening, increased cell density and cumulative traction forces exerted by the
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expanded fibroblast population in 161Q could also contribute myocardial stiffening and
circumferential ECM alignment, as observed with progressive volume overload linked to DCM
(201). Indeed, hyperproliferative 161Q fibroblasts compacted the surrounding ECM to a greater
extent than those from CON hearts following encapsulation in free-floating collagen gels
(Figure 2.2N-0). To test whether proliferation was essential to gel compaction, a small-
molecule cyclin-dependent kinase inhibitor (CDKi) dinaciclib was delivered in the culture
media. CDKi treatment reduced proliferation of cardiac fibroblasts from both genotypes to
similarly low levels and blocked genotype-dependent gel compaction (Figure 2.2N-P),
demonstrating increased fibroblast numbers rather than greater cell contraction caused
compaction. To further confirm that gel compaction was due to proliferation rather than ECM
degradation, a set of cell-laden collagen gels were also treated with marimastat, a broad-
spectrum inhibitor of matrix metalloproteinases, which had no effect on 161Q fibroblast
proliferation or gel compaction for either fibroblast genotype (Supplemental Figure 2.3R-T).
Similar to the collagen gels, fibrin tissues seeded with cardiac fibroblasts from [61Q transgenic
hearts had increased compaction and generated more passive tension than those seeded with
CON cardiac fibroblasts as measured by polydimethylsiloxane (PDMS) post deflection (Figure
2.2Q-S). Concomitant with the heightened passive tension, [61Q fibroblasts were more aligned
within the tissues, suggesting fibroblast proliferation contributes to myocardial stiffness and
alignment (Figure 2.2T).

Stiffening of cardiomyocytes and altered preload from 161Q-dependent hypocontractility
could also produce the traction needed to align and lengthen collagen fibers. To study the acute
effects of 161Q c¢TnC on tissue alignment and stiffening in the absence of hemodynamic load,

naive neonatal rat cardiomyocytes were seeded into engineered heart tissues (EHTs) mounted on
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PDMS posts and adenovirally transduced with FLAG-tagged 161Q c¢TnC (AdI61Q) or wildtype
cTnC (AdWT) as a control. After 2 weeks of culture, AdI61Q EHTs functionally phenocopied
the 161Q transgenic mice (20), including reduced twitch force and hypocontractility (Figure
2.2U-V). Notably absent from the 161Q EHT phenotype was any difference in passive tension
generation or tissue alignment (Figure 2.2W-X), which differs from tissues engineered with
cardiac fibroblasts from 161Q transgenic mice (Figure 2.2Q-T). Taken together these
experiments demonstrate that in the absence of fibroblast-generated passive tension and/or
hemodynamic loading, [61Q ¢TnC expression by the cardiomyocyte alone is insufficient to align

and stiffen myocardial tissues in vitro.
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Figure 2.2: Hyperproliferative fibroblast states that fail to activate drive fibrosis-independent tissue
stiffening in 161Q hearts. A) Representative images of (Left) 2-month-old CON and 161Q cardiac
sections stained for smooth muscle a-actin (aSMA) and platelet-derived growth factor receptor o
(PDGFRo) and (Right) Postn lineage traced cell density in 8-month-old cardiac sections. B)

Quantification of immunofluorescent imaging for the percentage of fibroblasts (PDGFRa") expressing
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aSMA (2-month n=14 CON, n=7 1610, 4 month n=10 CON, n=9 1610). C) Quantification of Postn" cell
density in 1610 (n=5) and CON (n=8) hearts at 8§ months of age. (D) UMAP dimensionality reduction
plot for all sequenced cardiac fibroblast nuclei from 2-month-old 161Q and CON hearts. Each color
represents distinct fibroblast clusters (states) based on differential gene expression. E) Proportion
analysis showing genotype dependent changes in the percentage of the cardiac fibroblast population
residing in each of the defined cell clusters (states). F) Dot plot of the top 5 significantly expressed genes
that define each fibroblast cluster. G) Significant Kegg pathways and gene ontology biological processes
(GO:BP) identified by differentially regulated genes in fibroblast clusters 1 and 3 that are unique to the
1610 genotype. H) Heatmap showing expression levels of cell cycle genes. I) Representative images
(scale bar=20 um) and quantification of immunofluorescent staining for: J) phospho-histone H3 (pHH3)
and PDGFRa, K) pHH3+, PDGFRa+ cells per total nuclei (Hoechst), and L) pHH3+,PDGFRo+ cells as
a percentage of the total number of PDGFRa+ cells in 161Q and CON cardiac sections. M)
Quantification of pHH3+ non fibroblasts in 1610 (n=8 (p14), 9 (I month), 6 (2 month)) and CON (n=8
(p14), 15 (1 month), 6 (2 month)) cardiac sections. N) Representative images (scale bar=5 mm) and O)
quantification of the compaction of free-floating collagen gels seeded with cardiac fibroblasts (CFs)
isolated from 161Q and CON hearts + cell cycle inhibitor (CDKi) (n=35 per genotype). P) Quantification
of cardiac fibroblast proliferation by EdU incorporation + cell cycle inhibitor (CDKi). Q) Representative
images of cardiac fibroblast-seeded fibrin tissues mounted between PDMS posts (scale bar=1 mm).
Quantification of R) length and S) passive force production by tissues seeded with cardiac fibroblasts
from 2-month-old 1610 cTnC transgenic or CON mice (n=11 per genotype). T) Quantification of cellular
and ECM alignment in fibrin tissues seeded cardiac fibroblasts derived from 1610 cTnC transgenic and
CON hearts by wheat germ staining (n=11 CON, n=8 1610Q). U) Average twitch forces generated by
engineered heart tissues (EHTs) 2 weeks after cardiomyocytes were adenovirally transduced with either
control (AdWT, n=38) or 161Q mutant cTnC (Ad1610, n=6). Quantification of (V) twitch force, W) passive

tension, and (X) tissue alignment by wheatgerm staining in EHTs. Data are mean = SEM, ns=not
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significant, *p<0.05,**p<0.01,***p<0.005, ****p<0.001 by 2-way ANOVA with Holm-Sidak’s multiple
comparisons test (B,J-M,O-P) or two-tailed unpaired t-test (C, R-T,V-X). All scale bars = 50um unless

otherwise noted.

2.3.3 Sarcomere hypocontractility-induced ECM interactions and diastolic tension promote

fibroblast proliferation.

Cellular crosstalk that might drive the hyperproliferative phenotype of 161Q cardiac
fibroblasts was interrogated by performing ligand-receptor analysis of myocyte and fibroblast
clusters identified by snRNAseq (Figure 2.2D, 2.3A). Seventeen ligand-receptor pairs of varying
strengths were identified where receptors were expressed by fibroblasts and ligands expressed by
myocytes (Figure 2.3A). Ligand-receptor analysis of immune cell-fibroblast and endothelial
cell-fibroblast pairs showed minimal overlap with myocyte-fibroblast interactions except for
Ccnl/Sdc4 and Adam9/ltgbl (Figure 2.3A & Supplemental Figure 2.4A-B), suggesting
myocyte-fibroblast communicate via discrete signals. Of those myocyte-fibroblast interactions 6
were strongly altered in 161Q hearts (Figure 2.3A). Most of these communication pathways
involved ECM-receptor pairs that included Col4a5/Ddri, Col4a2/Ddrl, Col4a3/Itgall+Itgbl,
Col4a3/ltgal +1tghl, and Adam9/ltga3+Itgbl (Figure 2.3A). To examine if these ECM
interactions induced fibroblast proliferation in equivalent mechanical environments cardiac
fibroblasts were encapsulated in poly(ethylene glycol) (PEG)-based hydrogels (~2 kPa storage
modulus) that were covalently decorated with pepsin-digested ECM from CON or 161Q hearts
and functionalized with 4-azidobutyric acid N-hydroxysuccinimide ester (/93, 194). CON ECM
hydrogels lowered 161Q cardiac fibroblast proliferation to CON levels, whereas hydrogels

containing 161Q ECM maintained the heightened proliferation of 161Q fibroblasts but also
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increased CON cell cycle activity to 161Q levels (Figure 2.3B). To isolate which ECM ligands
drive proliferation 36 combinations of ECM proteins contained in soft (~10 kPa) polyacrylamide
gels were screened with naive CON cardiac fibroblasts. Here type 4 and 6 collagen caused the
greatest increase in proliferation relative to other ECM substrates (Figure 2.3C). COL6A was
enriched in 161Q ECM proteomics (Figure 2.1M, Supplemental Figure 2.2B) and Col4a was
identified as a ligand-receptor pair exclusively in 161Q hearts (Figure 2.3A), suggesting matrix
signals are advancing the DCM phenotype. Since some modestly enriched secreted factor-
receptor pairs were identified in 161Q hearts (Figure 2.3A), additional experiments were
performed to rule out myocyte secreted factors as causal for the 161Q fibroblast phenotype. Here,
naive CON cardiac fibroblasts cultured in conditioned media from 2- or 4-month-old CON or
161Q myocytes showed no difference in the number of proliferating fibroblasts with any of the
treated or control conditions (Supplemental Figure 2.4C). Similarly, collagen gels seeded with
CON cardiac fibroblasts and treated with conditioned media from 2-month-old CON or 161Q
myocytes had slightly enhanced collagen gel compaction, but no genotype-dependent differences
(Supplemental Figure 2.4D). These data support ECM-ligand interactions rather than myocyte
secreted factors as drivers of fibroblast expansion in [61Q hearts.

Since these findings pinpoint ECM-receptor interactions, a coculture assay was
developed to determine if cardiac fibroblast focal adhesions sense different mechanical signals in
an 161Q versus CON cardiomyocyte environment. For this assay CON cardiac fibroblasts were
genetically modified with a FRET-based vinculin tension sensor and sparsely seeded on top of
neonatal myocyte monolayers that were adenovirally transduced with either 161Q or wildtype
c¢TnC (Figure 2.3D). Fibroblast focal adhesion FRET efficiency was measured as a surrogate for

force when the myocytes were under fully relaxed (+blebbistatin), diastolic (pCa 6.0), or
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submaximally activated (pCa 5.2) conditions (Figure 2.3E-G). Fibroblasts sensed heightened
focal adhesion tension in the 161Q myocyte environment when the cardiomyocytes were either
completely relaxed (Figure 2.3E) or in diastolic Ca?" conditions (Figure 2.3F). Surprisingly,
focal adhesions tension sensations were similar between genotypes in submaximally activated
conditions despite the presence of 161Q-expressing myocytes (Figure 2.3G), indicating cardiac
fibroblast focal adhesions differentially sense passive tension in [61Q myocytes that results from
hypocontractility and stiffer titin isoforms rather than the forces generated during active
contraction. This elevated passive tension sensation is consistent with [1] upregulated ECM-
receptor/focal adhesion genes in fibroblast states unique to 161Q hearts (clusters 1 & 3, Figure
2.2D, 2.2G, Table S1) and [2] larger and more elongated focal adhesions identified in cardiac
fibroblasts from 161Q transgenics (Figure 2.3H-J). As proof of principle that increased diastolic
tension induces cardiac fibroblast proliferation, engineered heart tissues (EHTs) were generated
with CON cardiac fibroblasts and neonatal myocytes adenovirally transduced with wildtype or
[61Q c¢TnC and subjected to chronic preload in culture (Supplemental Figure 2.4E-F (202,
203)). While preload increased the percentage of actively proliferating fibroblasts independent of
genotype, 161Q c¢TnC expression had stronger effects (Figure 2.3K). The interaction between
[161Q cTnC expression and preload also increased tissue and collagen alignment (Figure 2.3L),
which more accurately modeled the 161Q transgenic phenotype than unloaded 161Q EHTs

(Figure 2.2X).
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Figure 2.3: Diastolic mechanosensations at fibroblast focal adhesions are accentuated by ECM-
receptor interactions that trigger proliferation. A) Ligand-receptor analysis of myocyte-fibroblast
interactions predicted from snRNAseq of 2-month-old CON and 1610 hearts where the ligand is
expressed in myocytes and receptor is expressed in fibroblasts. B) Proliferation by EdU assay of CON

and 161Q fibroblasts seeded within PEG gels decorated with ECM peptides from CON and 1610 hearts.
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(C, Top) Representative images of cardiac fibroblasts seeded onto the ECM screening array stained for
EdU to mark proliferating cells and (C, Bottom) quantification of EAdU+ fibroblast counts on ECM-
coated microspots. D) Schematic of cocultures with cardiomyocyte monolayers adenovirally transduced
with either CON or 161Q cTnC that were sparsely overlaid cardiac fibroblasts genetically encoded with a
FRET-tension sensor in the focal adhesion protein vinculin. Quantification of the average FRET
efficiency (correlates with tension) at fibroblast focal adhesions in E) relaxed (+blebbistatin), F)
diastolic [Ca’”], and G) submaximal activating conditions (n=25 fibroblasts per group). H)
Representative images (scale 100 um, inset scale 30um) of CON and 1610 cardiac fibroblasts stained for
vinculin and filamentous actin (F-actin)and quantified for focal adhesion I) area J) eccentricity (n=681
CON & n=622 161Q fibroblasts from 3 different mice per genotype). Quantification of K) the percentage
of proliferating cardiac fibroblast as measured by Ki67 positivity (n=15 unloaded-WT, n=15 preloaded-
WT, n=15 unloaded-1610, n=15 preloaded-1610) and L) collagen alignment (n=18 unloaded-WT, n=18
preloaded-WT, n=15 unloaded-161Q, n=14 preloaded-161Q) in unloaded or chronically preloaded EHTs
generated  with  cardiomyocytes  adenovirally  transduced with WT or 1610 cInC.
*0<0.05, **p<0.01,***p<0.005 by either 2-way ANOVA or one-way ANOVA with Holm-Sidak’s multiple

comparisons test (B-C, K-L), or two-tailed unpaired t-test (E-G, I-J).

2.3.4 Genetically disabling p38-mediated cardiac fibroblast responsiveness reduces DCM

severity.

While several mechanotransduction pathways exist within fibroblasts, including those
mediated by focal adhesions, ligand-receptor pair analysis of snRNAseq data also predicted
stronger TGFp signaling via Tgffrl overexpression in 161Q cardiac fibroblasts (Supplemental
Figure 2.5A-B). Since the response of 161Q cardiac fibroblasts to TGF[ in culture was similar to

CON (Supplemental Figure 2.3A-B) other mechanotransduction pathways that could underlie
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cardiac fibroblast expansion in 161Q mice were examined. YAP, a well-established index of
mechanotransduction and regulator of proliferation (204-206), had higher activity in 161Q
cardiac fibroblasts as identified by nuclear translocation assay (Supplemental Figure 2.5C). Our
previous findings demonstrated that in cardiac fibroblasts both TGF[ signaling and strain-
dependent increases in YAP-TEAD mechanotransduction require p38 activity (82, 123). In
accordance with these findings, p38 activity was increased in cardiac fibroblasts from 2-month-
old 161Q transgenics as measured by western blot and p38 nuclear translocation assays
(Supplemental Figure 2.5D-F). Given these data conditional p38 deletion in cardiac fibroblasts
(p38 KO) was used to determine if p38 was essential for fibroblast expansion in response to
[61Q-cTnC and ultimately the DCM phenotype. So, 161Q ¢cTnC transgenics were crossed with
cardiac fibroblast-specific p38 KOs, giving rise to four experimental genotypes (Figure 2.4A):
controls (CON), p38 KO, 161Q, and 161Q plus fibroblast-specific p38 KO (p38 KO 161Q). All
experimental weanlings received one week of TAM by intraperitoneal injection followed by 10
weeks of TAM chow (Figure 2.4B), which elicits ~85% recombination efficiency and nearly
complete loss of p38 by 2 weeks in Tcf21" fibroblasts (207). snRNAseq of whole heart nuclei
demonstrated that cardiac fibroblast-specific p38 deletion reduced the proportion of fibroblasts
that transition to states 1 and 3, which were unique to mice expressing [61Q cTnC and defined
by the upregulation of transcripts involved in cell cycle activity and mechanotransduction
(Figure 2.4C-D, 2.2G) 161Q and CON UMAPs are also shown in Figure 2.2D, Supplemental
Figure 2.5G-J). p38 deletion also lowered the expression of Collal, Colla2, and Col3al
(Supplemental Figure 2.3L-N) and restored several myocyte-fibroblast crosstalk pathways to
control levels (Supplemental Figure 2.5A-B). Myocardial sections immunostained with

PDGFRa and pHH3 antibodies validated the snRNAseq findings, as p38 KO-161Q myocardium
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had reduced numbers of actively proliferating PDGFRo",pHH3" fibroblasts when compared to
161Q alone (Figure 2.4E). Concomitant with lower cell cycle activity PDGFRo" fibroblast
density was reduced in p38 KO-161Q mice (Figure 2.4F). Deeper bioinformatic analysis of cell
cycle regulatory signals that were overexpressed in 161Q but downregulated in p38KO-161Q
fibroblasts identified early growth response gene 1 (Egrl), which is a transcription factor
downstream of integrin receptor signaling involved in proliferation, fibrosis, and pro-
regeneration fibroblast senescence (208—210). RT-qPCR confirmed Egrl/ is upregulated in 161Q
cardiac fibroblasts (Supplemental Figure 2.5K). EGR1 was also found in the nuclei of
PDGFRa" fibroblasts in 161Q myocardium but was non-existent in age matched CON and p38
KO-161Q cardiac sections (Fig. 4G). To determine if Egrl/ is sufficient to induce cardiac
fibroblast proliferation, 2-month-old CON and [61Q cardiac fibroblasts were retrovirally
transduced with human EGRI and the percentage of proliferating fibroblasts quantified by EdU
positivity (Supplemental Figure 2.5L & 2.4H). EGRI overexpression increased CON fibroblast
proliferation to the same level as 161Q fibroblasts transduced with dsRed (control), whereas
EGRI overexpression had no additive effects on proliferation in 161Q fibroblasts (Figure 2.4H).
The addition of a p38 inhibitor (SB203580, 10 umol/L) reduced proliferation in both CON and
161Q cardiac fibroblasts treated with dsRed virus, but EGRI overexpression in tandem with p38
inhibition restored proliferation to normal 161Q levels (Figure 2.4H). These data demonstrate
that Egr/ initiates fibroblast proliferation and acts downstream of p38.

4-month-old myocardial sections stained with picrosirius red-fast green showed that
fibroblast-specific p38 deficiency in 161Q transgenics (p38 KO-161Q) blocked interstitial fibrosis
at this later timepoint (Figure 2.41-J, Supplemental Figure 2.5M). Analysis of collagen fiber

alignment by SHG imaging of decellularized hearts demonstrated that in most of the p38 KO-
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161Q cohort collagen fibers were less aligned and more like controls (Figure 2.4K). To confirm
that alterations in cardiac fibroblast proliferation and matrix phenotype were due to p38-
dependent changes in fibroblast function rather than altered primary sarcomere contractile
defects from 161Q ¢TnC, Ca®"-activated force generation was measured in demembranated
trabecula from all of the experimental genotypes. As represented by a marked rightward shift in
the isometric cardiac muscle force—Ca®* relationship (Figure 2.4L), the 161Q ¢TnC transgene-
dependent decrease in force generation at half-maximal Ca®* concentrations (pCaso) was retained
in p38 KO-I61Q cardiac muscle when compared to CON and p38 KO (Figure 2.4L-M),
demonstrating fibroblast-specific p38 deficiency fails to correct the desensitization of the
myofilaments to Ca?>" in 161Q mice. Unexpectedly, intact cardiac muscle from p38 KO-I61Q
generated higher twitch forces with improved contractility when compared to 161Q (Figure
2.4N, Supplemental Figure 2.6A-B). Functional rescue of the 161Q cTnC phenotype was also
observed at the whole heart level by echocardiography in which p38 KO-161Q mice had a
significant recovery in ejection fraction (Figure 2.40, p<0.05). Invasive hemodynamics further
confirmed that p38 KO-161Q mice improved systolic function relative to 161Q transgenics, as
cardiac stroke work, ESPVR, and stroke volume were all restored to control levels (Figure 2.4P-
Q, Supplemental Figure 2.6C-E). We’ve ascribed this restoration of twitch force and pressure
development in p38 KO-161Q hearts to reduced fibroblast numbers that should prevent early
myocardial stiffening (Figure 2.4F & I-J), although Starling effects from the increased preload
in p38 KO-I61Q cannot be ruled out as a factor (Figure 2.4P). This is in contrast to 161Q mice
that operate at much higher end diastolic volume but with reduced stroke volume indicating 161Q

hearts are stretched beyond their preload reserve (Figure 2.4P, Supplemental Figure 2.6D).
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To determine how disabling p38 in cardiac fibroblasts could correct myocyte contractile
function, single myocyte contraction and Ca?" kinetics were assayed. Unloaded shortening
amplitude was reduced in 161Q cardiomyocytes but completely rescued in the p38 KO-161Q
group (Figure 2.4R). This rescue was likely driven by increased Ca?" transient amplitudes
measured in p38 KO-161Q cardiomyocytes that were higher relative to all other genotypes
(Figure 2.4S). To determine if fibroblast-specific p38 deletion also corrected myocardial
remodeling of the heart, echocardiography was used to measure diastolic chamber dimensions.
Here, p38 KO-161Q diastolic chamber dimensions were increased at 4 months of age similar to
mice expressing just [61Q c¢TnC (Figure 2.4T), which we ascribed to 161Q-dependent reduction
in diastolic tone (Figure 2.1E) rather than bona fide eccentric hypertrophy from serial sarcomere
addition (24). Indeed, assessments of cardiomyocyte morphology in relaxed conditions
(+blebbistatin) indicated p38 KO-161Q cardiomyocytes had significantly reduced cell lengths
and areas when compared to 161Q (Figure 2.4U-V, p<0.001). These data collectively
demonstrate disabling p38-mediated fibroblast responsiveness to sarcomere hypocontractility

alleviates much of the adaptive remodeling and reduces the severity of the DCM phenotype.
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Figure 2.4: Fibroblast-specific p38 deficiency corrects cardiac dilation and systolic dysfunction in
1610 cTnC transgenic mice. A) Schematic showing the generation of 1610 cTnC transgenic mice with
tamoxifen inducible fibroblast-specific p38 deletion and the experimental genotypes derived from the
described breeding scheme. Here, 1610 cTnC and tTA transgene were bred with a mouse line containing
conditional p38a loss of function (p38™) and a tamoxifen-inducible Cre recombinase knocked into the
Tcf21 locus (Tcf21°). B) Experimental design schematic showing the 161Q mutant cTnC is expressed
just after birth (~ postnatal day 2), mice were allowed to develop normally for 1 month, and then
tamoxifen was administered to induce fibroblast-specific p38 excision. Experimental endpoints were at 2-
and 4-months of age. C) UMAP dimensionality reduction plot and D) proportion analysis for all
sequenced cardiac fibroblast nuclei from 2-month-old 1610, p38-161Q, and CON hearts. Each color
represents distinct fibroblast clusters (states) based on differential gene expression. *UMAPs for 1610
and CON were also shown in figure 2 for clarity but all 3 groups were sequenced simultaneously as part
of the same experiment. Quantification of E) fibroblast proliferation and F) fibroblast density by
immunofluorescent staining for pH3 and PDGFRo in 2-month-old myocardial sections (CON n=13,
p38KO n=13, 1610 n=12, p38KO-1610 n=12). G) Representative images of Egrl (green) and PDGFRo.
(magenta) in myocardial sections. White arrows indicate Egrl” nuclei (Hoescht stain, CON n=8, p38KO
n=8, 161Q n=7, p38KO-161Q n=7, scale bar=100mm). H) Quantification of the percentage of
proliferating (EAU') CON or 161Q cardiac fibroblasts + dsRed (control) or human Egrl retroviral
vectors + p38 inhibitor as determined by positivity. 1) Representative PSR/FG stained myocardial
sections and J) quantification of collagen (red) (CON n=7, p38KO n=11, 1610 n=8, p38KO-161Q n=38§).
K) Quantification of collagen fiber alignment from decellularized CON (n=11), p38KO (n=11), 161Q
(n=9), and p38KO-161Q (n=7) hearts. L) Representative relationship between normalized tension and
Ca’" concentration (pCa) and M) Ca’* sensitivity of tension generation (pCasy) in membrane
permeabilized trabeculae of CON (n=19), p38KO (n=15), 1610 (n=10), and p38KO-1610Q (n=6) mice.

(N) Mean twitch forces from intact trabeculae of 4-month-old CON (n=5), p38KO (n=5), 1610 (n=>5),
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and p38KO-161Q (n=4) mice. 0) Quantification of left ventricular ejection fraction measured by
echocardiography from CON (n=17), p38KO (n=20), 1610 (n=12), and p38KO-1610 (n=23) mice. P)
Representative pressure-volume loops and Q) quantification of stroke work by from invasive
hemodynamic measurements at 4 months (CON n=9, p38KO n=9, 1610 n=7, p38KO-161Q0 n=6). R)
Quantification of unloaded sarcomere shortening amplitude (CON n=85, p38KO n=87, 1610 n=45,
p3SKO-1610 n=85 cardiomyocytes) and S) Ca’* transient amplitude (CON n=75, p38KO n=81, 1610
n=54, p38KO-161Q n=66) in isolated intact cardiomyocytes from the described genotypes. T)
Quantification of left ventricular diastolic diameter at 4 months of age by echocardiography (n same as
0). U) Quantification of isolated cardiomyocyte length and V) area from the described genotypes (CON
n=250, p38KO n=250, 161Q n=199, p38KO-161Q n=200). For isolated myocyte experiments
(R,S,U,&V) the following biological replicates per genotype were used: CON n=4, p38KO n=35, 1610
n=4, p38KO-161Q n=5. Data are mean =+ SEM, ns=not significant, *p<0.05,**p<0.01,

,F¥Ep<0.005, ****p<0.001 by 2-way ANOVA with Holm-Sidak’s multiple comparisons test.

2.4 Conclusions and Future Work
2.4.1 Conclusions

This study explored the function of fibroblasts as mechanical rheostats within the heart
capable of adaptively remodeling the ECM to preserve cardiac function and mechanical
homeostasis in response to a DCM-linked sarcomeric variant that causes myocyte
hypocontractility. These data suggest fibroblast function is one of a myriad of nested mechanical
homeostatic feedback loops guiding organ structure-function in which cells exhibit dynamic
reciprocity with their extracellular mechanical environment (2//-214). In DCM, fibroblasts are
well-equipped to respond to the contractile insufficiencies of cardiomyocytes, as they are

necessarily mechanosensitive to fulfill their role of maintaining tissue integrity (215). It is likely
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that reduced cardiomyocyte tension leads to strain overload as hemodynamic loads on the
myocardial wall increase throughout development and disease progression (2/6). Here, both
cardiomyocytes and fibroblasts adapted to the pathogenic ¢TnC variant to preserve the heart’s
mechanical integrity and systolic function, where cardiomyocytes altered their morphology and
tuned excitation-contraction coupling mechanisms. Both cardiomyocyte adaptations appear to be
highly reversible should the inciting disease stimulus be therapeutically blocked or removed. By
contrast, cardiac fibroblasts proliferated in response to the 161Q-dependent loss of myocyte
tension generation, which is likely a permanent modification given cardiac fibroblasts are
resistant to cell death and lack regulatory mechanisms for restricting cell number (277-219).
Hence, the tissue alignment, compaction, and stiffness resulting from fibroblast proliferation may
also prove irreversible without a fibroblast-specific therapy that blocks their response to
sarcomere hypocontractility (/20, 207), which was achieved in this study by targeted genetic
deletion of p38. This result is supported by a recent report that developmental ablation of cardiac
fibroblasts softens myocardial tissue (2/9). Our finding that the material properties of DCM
myocardium are shaped in part by cardiac fibroblast population growth rather than the fibrotic
process of fibroblast to myofibroblast transition is critically important to the treatment of non-
ischemic DCM (/73), given activated myofibroblast states are transient, and unlike changes in
fibroblast number, these state transitions could reverse in response to myocyte-specific
therapeutics for DCM (2177). Promising therapeutic strategies for DCM like myosin activators
may not correct fibroblast proliferation, which could explain their modest effects on tissue
stiffening (36, 168). It is therefore unlikely that correcting myocyte tension generation alone
could reduce fibroblast numbers in the DCM heart unless given at the earliest stage of the disease

process. Finally, this study challenges the paradigm that ECM remodeling is secondary to
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eccentric hypertrophy of the myocyte and instead supports an essential role for fibroblasts and
the extracellular environment in shaping cardiac form and function in DCM (220), indicating
effective therapeutics for this disease will need to address collective cell behaviors rather than
singularly restore myocyte function.

Wildtype
Sarcomere Variant

Time Hypocontractility
Altered Diastolic

Tension Sensation
% E} ¥ p38 KO
/ Fibroblast Proliferation
===

Increased
Stiffness Collagen Fibril Compactlon

Force

Figure 2.5: Cardiac fibroblast p38 deficiency blocks cardiomyocyte hypocontractility-induced
myocardial stiffening by structurally reorganizing collagen in a DCM model. In DCM mice generated
by the transgenic expression of a sarcomeric variant that causes cardiomyocyte hypocontractility, we
identified p38-mediated fibroblast responses that expand the fibroblast population, remodel fibrillar
collagen architecture, and stiffen the myocardium prior to morphological remodeling of cardiomyocytes

as essential determinants of DCM disease severity. Figure generated using BioRender.com.
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2.4.2  Summary and future work

This study helped establish the role fibroblasts play in the development and progression
of DCM. Furthermore, it showed that fibrotic remodeling is not merely a secondary effect of
myocyte dysfunction, but rather a major element of a multicellular negative feedback loop
whereby myocyte dysfunction and hypertrophy drives fibroblast proliferation and ECM

remodeling, which in turn worsens myocyte and whole organ remodeling (Figure 2.5).

2.5 Methods
Mice

All animal experiments were approved by the University of Washington Institutional
Animal Care and Use Committee. I61Q mice were generated as previously described, by mating
to a tetracycline transactivator (tTA) line on the FVB/NJ genetic background (/8). These 161Q
tTA mice were further bred onto a line containing LoxP-targeted Mapk14 (p3871) mice and a
tamoxifen regulated Cre recombinase that was knocked into the Tcf21 locus (Tcf21iCre) to
generate 161Q c¢TnC-p38V1-Tcf211¢ mice (p38 161Q), which were on mixed genetic
background (207). Tamoxifen was administered to mice by intraperitoneal injection for 5
consecutive days (400mg/kg body weight in peanut oil), followed by tamoxifen citrate chow ad
libitum until a 2- or 4-month experimental endpoint. Echocardiography was performed on a
Vevo2100 or Vevo3100 under inhalation isoflurane at heart rates exceeding 350bpm. Invasive
hemodynamics on isoflurane-anesthetized mice was performed under heart rates of 420-500bpm
using a high-fidelity pressure-volume catheter (1.2F, Transonic) inserted into the left ventricle
via the right carotid artery. All mouse studies are performed with cohorts from multiple inbred

pairs with randomized interventions and littermates as controls. To avoid bias, genotypes and
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experimental groups remain blinded until data are analyzed. Biological replicates are equally

comprised of animals/cells from both sexes.

Histology

Fixed cardiac tissues were either processed into paraffin and sectioned (161Q colony) or
cryosectioned in OCT for histologic assessment. Picrosirius red-fast green stained slides were
imaged across 6 fields of view at 20x magnification per heart and segmented for collagen content
using the color thresholding tool in Imagel. Whole-heart cross-section images were generated
from slide scans obtained by a Hamamtsu Nanozoomer digital pathology system. For fibroblast
proliferation and activation, slides were stained with antibodies for SMA (Sigma A2547, 1:500),
phospho-histone H3 (abcam, 1:200), and PDGFR (1:100 abcam) overnight in staining buffer (1X
PBS, 1% BSA, 1% fish skin gelatin), then stained using Alexa Fluor-conjugated secondaries
(1:1000 Thermo Fisher) and Hoechst (1:2000 Thermo Fisher) for 90 minutes in staining buffer at
room temperature. Stained slides were imaged on a Leica Stellaris 5 confocal microscope under
20x magnification. For quantification, images from six representative regions of interest were

obtained at 2x scanner zoom and counted manually blinded to mouse genotype using FIJI (221).

Cardiac Perfusion Decellularization

Freshly harvested hearts were retrograde perfused with a 1% sodium dodecyl sulfate
(SDS) solution for 12 hours to decellularize, followed by 1% Triton-X 100 for 1 hour to remove
SDS, then rinsed by perfusion with deionized water for 1 hour. Hearts were then transferred to
I15mL deionized water, which was refreshed daily for 5 days to ensure complete removal of

detergent.
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Multiphoton ECM imaging and structural analysis

Hearts were perfused with 1% agarose and mounted on a 100mm petri dish with the left
ventricular free wall facing up, then imaged in whole mount on an Olympus FV1000MP
microscope using 860nm excitation from a Mai-Tai HP laser (Spectra Physics, 59% power) and
a Violet/Green emission filter cube. Z-stacks consisting of 20 images with 1.5-micron step
within the left ventricular free wall starting 10 micron below the epicardial surface were
condensed into maximum intensity projections using ImageJ, then the SHG channel (violet) was

quantified for fiber alignment and length using CurveAlign 4.0 beta in CT-FIRE fiber mode

(222, 223).

Transmission Electron Microscopy (TEM)

To examine changes in individual collagen fiber architecture, hearts from CON and [61Q
mice were excised and 2mm tissues were cut out of the myocardium and prepped for electron
microscopy. Samples were immediately fixed in 4% Glutaraldehyde in 0.1M sodium cacodylate
buffer, then stored overnight at 4C. The tissues were washed 5 x 5 minutes in buffer at room
temperature and post fixed in buffered 2% osmium tetroxide on ice for 1 hour. The tissues were
subsequently washed 5 times in ddH20, then en bloc stained in 1% Uranyl Actetate, (aqueous),
overnight at 4C. The next day the tissue is washed 5 for 5 minutes in ddH20O then dehydrated in
ice cold 30%, 50%, 70%, and 95% ETOH. Samples were then allowed to come to room
temperature. This was followed by 2 changes of 100% ETOH and two changes of propylene
oxide. The tissue was then infiltrated in a 1:1 mixture of propylene oxide : Epon Araldite resin,
for 2 hours followed by two changes of fresh Epon Araldite, 2 hours each change, then placed in

flat embedding molds and polymerized in a 60 degree C overnight. Thin sections of 80nm were
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cut on a Leica EM UC7, post stained with Reynolds Lead Citrate, and imaged on a JEOL 1230 at
80KV. Individual fibrils were segmented using Cellkpose-SAM (224) and fibril density,
diameter, and cross-sectional area was quantified using FIJI. Analysis was performed on 20

images from each genotype.

Cardiac muscle and ECM mechanics

For passive mechanics studies, a Langendorff balloon was inserted into the left ventricle
and the heart was perfused with Krebs-Henseleit buffer containing blebbistatin (25uM, Toronto
Research Chemicals). The balloon was inflated in 5 microliter steps to 35 uL with 2 minutes of
stress relaxation time between each step. This regimen was performed once to precondition the
tissue, and then repeated in duplicate for measurements of developed pressure. Following passive
muscle measurements, the heart was decellularized as above with the balloon remaining inserted
in the left ventricle and the mechanical testing regimen was repeated for the ECM alone.
Pressure traces were acquired using LabView and exported to Excel for analysis of developed

pressure and curve slope.

ECM Proteomics

Hearts were perfusion decellularized above, and digested in solution as previously
described (211). Briefly, samples were first denatured for 2hrs at 37 °C in urea (8M, Fisher) and
dithiothreitol (10mM, Thermo Fisher), continuously agitated. Following 30 minutes of alkylation
with iodoacetamide (25mM, supplier), samples were then diluted with ammonium bicarbonate
(100mM, pH=8.0, Sigma Aldrich), and 2uL PNGase F (500 U/uL, New England Biolabs) was
added to deglycosylate the samples over a 2 hour incubation at 37 °C. Samples were then

digested by adding 2uL. LysC (500ng/uL, Pierce) for 2 hours then 6uL trypsin (100ng/ul. New
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England Biolabs) overnight, both at 37 °C. Trypsin (4uL) was added the next day for 2 hours of
additional digestion at 37 °C, then inactivated through addition of 50% trifluoracetic acid (Sigma
Aldrich) before samples were clarified through centrifugation (16,000 x g, 5 minutes) and
cleaned for liquid chromatography on an MCX column (Waters). For proteomics by data
independent acquisition (DIA) mass spectrometry, samples were analyzed at the Nathan Shock
Center for Aging proteomics core on a Q Exactive HF Hybrid Quadrupole-Orbitrap Mass
Spectrometer (Thermo Fisher) with a Nanoacquity HPLC (Waters). Total ion currents were
normalized between samples using the PowerTransformer function of the scikit-learn package in
Python (225), then differential expression between groups was tested by one-way ANOVA.

Figures were generated using Seaborn and matplotlib (226).

Cardiac fibroblast isolation and culture

Primary cardiac fibroblasts were isolated as described previously (227). Fibroblasts for
RT-PCR and Western blot analyses were negatively sorted on Cd11b microbeads and positively
sorted for anti-feeder microbeads through LS columns on a QuadroMACS magnet (Miltenyi
Biotec). Fibroblasts for RNASeq, proliferation assays, and engineered tissues were plated on
60mm tissue culture dishes and expanded to the first passage in Dulbecco’s Modified Eagle
Medium (DMEM) with 20% fetal bovine serum (FBS) and 1X penicillin/streptomycin solution.
Cells in culture were passaged with 0.25% trypsin-EDTA and seeded onto 24-well iBidi p-plates
at a density of 1000 cells/cm? for in vitro proliferation studies. The FBS concentration in the
media was dropped to 2% upon seeding, and EAU (10uM, Thermo Fisher), dinaciclib (5uM,
ApexBio), or ilomastat (10uM, MedChemExpress) were added where indicated. After 24 hours

cells were fixed in 4% paraformaldehyde and stained using a Click-It EdU proliferation kit
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(Thermo Fisher) per manufacturer’s instructions. To screen ECM components, 250,000 WT
cardiac fibroblasts were seeded onto an ECM Select Array Kit Ultra-36 (Advanced Biomatrix)
and cultured for 24 hours in EdU-containing media as above. Collagen gel compaction was
assayed as previously described (27/4), with fibroblasts seeded into 1% collagen type I
(Advanced Biomatrix) hydrogels at a density of 80,000 cells/mL in a 24-well plate for 24hrs in

DMEM with 2% FBS.

PEG-ECM hydrogels

4-armed PEGookpa-BCN, NHS-Azide, and the MMP-degradable crosslinking peptide Ns-
RGPQGIWGQLPETGGRK(N3)-NH; were all synthesized as previously described (228, 229).
To generate soluble ECM peptides 4 hearts per genotype were pooled, snap frozen and
homogenized by mortar and pestle under liquid nitrogen, lyophilized to a powder, then
resuspended at 10mg/mL in a pepsin solution (Img/mL in 0.1M hydrochloric acid) for 48 hours
at room temperature, stirred. Digested ECM was neutralized with the addition of NaOH and re-
lyophilized. Digested ECM was resuspended at 25mg/mL in PBS. To azide-functionalize ECM,
2uL of NHS-Azide (60mM in DMSO) was added to 118uL. of ECM solution and reacted for 1
hour on ice. Primary cardiac fibroblasts were encapsulated at 10 million cells/mL in gels
comprised of 3mM PEG-BCN, 6mM crosslink, ImM N3-GRGDS, and 5mg/mL azide-modified
ECM, which were then cultured in DMEM containing 10% FBS and 10uM EdU for 24 hours
prior to fixation. Gels were then blocked in PBS containing 0.1M sodium azide to quench any

remaining BCN groups in the polymer network and stained as above.

RNA Sequencing and Analysis
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Fibroblasts cultured to 80% confluency were lysed in Trizol (Thermo Fisher) and total
RNA was extracted using a Direct-zol RNA Microprep kit, including DNAse treatment (Zymo
Research). For RNAseq, RNA integrity was verified using RNA Screentape on a 2200
Tapestation (Agilent) and samples with high RNA integrity (RINe > 7) were submitted to BGI
Genomics for RNA sequencing (PE100). Resultant FASTQ files were aligned to the mm10
reference genome using RNA-STAR (230), assigned to genes using featurecounts (237), and
gene transcript counts tested for differential expression using DESeq2 (232). Differentially
expressed genes were tested for pathway enrichment using G:Profiler (233), and heatmaps were
generated in python using the Seaborn package (M. Waskom, Seaborn (2020)). RT-PCR was
performed as previously described using the Superscript III First-Strand Synthesis System
(Thermo Fisher), iTaq universal SYBR Green Supermix (Bio-Rad) and the primers in Table S2

(199).

Single nuclei RNA sequencing (snRNAseq) of whole hearts

Whole heart samples were prepared using the sci-RNA-seq3 combinatorial indexing
method as described previously with the following modifications (234, 235). Two hearts from
each group were snap frozen in liquid nitrogen. Nuclei were isolated from frozen tissues by
grinding the frozen tissue with a mortar and pestle, lysing the powdered tissue in hypotonic lysis
buffer B, and dissociating the tissue in a gentleMACS M tube run on the “Protein 001” program
followed by 50 strokes in a Dounce homogenizer with a type A/loose pestle. Lysates were
subsequently filtered through a 40 um filter and centrifuged at 500xg for 5 minutes at 4°C. The
nuclear pellet was then resuspended in 0.3 M sucrose, phosphate buffered saline (PBS), Triton

X-100 MgCl> (SPBSTM) buffer (234, 235), which was filtered through a 20um filter. The nuclei
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were subsequently fixed in methanol/DSP for 5 minutes at room temperature. Fixed nuclei were
rehydrated with 0.3 M SPBSTM, centrifuged at 500xg for 5 minutes at 4°C, and resuspended in
0.3 M SPBSTM. Sequencing was performed at the Northwest Genomics Center on a Novaseq
6000 flow cell. Cleaned reads were aligned to the reference genome (GRCm38/mm10) using
STAR (230). Doublets were identified using scrublet and subsequently filtered out (236). Further
analysis and quality filtering was performed using the Seurat package in R (237). Nuclei were
filtered out if they contained fewer than 200 UMI, over the top 1% quantile of UMI, or over 5%
mitochondrial reads. Overall, 41,014 singlets across all cell types were sequenced with a mean
UMI of 687. Clustering was then performed following the standard approach, with cell types
manually identified by canonical marker genes. For fibroblast subcluster analysis, fibroblast
reads were then normalized using the SCTransform function with the “glmGamPoi” method.
Mitochondrial mapping rate was regressed out using the vars.to.regress argument. Principal
component analysis was performed on the scaled data, and then cells were clustered on the first 5
principal components using the FindNeighbors function and the FindClusters function with
resolution 0.3. To visualize the data, non-linear dimensional reduction via Uniform Manifold
Approximation and Projection (UMAP) was used to project cells in 2D space on the basis of the
first 5 principal components. 5 fibroblast clusters were identified, and cluster markers were
identified using FindAllMarkers. The data have been deposited at Gene Expression Omnibus
(GEO) repository and have been assigned the GEO accession number: GSE294563.
GSM8911388-GSM8911399 were the accession numbers assigned to each of the individual data
files.

For ligand-receptor pair analysis the ICELLNET package was used following the

standard workflow described in the package vignette (238). To ensure cell-type specificity in the
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communication analysis, each cell type within a pair was specifically subsetted based on identity
from the larger global Seurat object and combined into a new object containing only the 2
specified cell types for analysis. The ICELLNET analysis was subsequently performed to
identify outgoing and incoming signals with respect to the fibroblasts between fibroblast-
cardiomyocyte, fibroblast-endothelial, fibroblast-immune cell, and fibroblast-fibroblast
intercellular communication networks. The intercellular interaction scores generated by the
ICELLNET analysis were subsequently normalized to wild-type values and averaged by

genotype for plotting. The process was repeated for each cell type pairing.

Western Blotting

Magnetically sorted fibroblast pellets were lysed in 120 pLL of Laemmli Buffer with DTT,
of which 30 pL was loaded onto a 10% acrylamide gel for sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and wet transfer to a polyvinylidene fluoride
membrane for immunodetection. Membranes were blocked and immunostained in tris-buffered
saline (20 mM Tris, 150 mM NaCl, pH 7.6) containing 0.1% Tween 20 and 5% nonfat powdered
milk. Primary antibodies for phospho-p38 MAPK (Cell Signaling 9211, 1:1000), total p38
MAPK (Cell Signaling 9212, 1:1000), and GAPDH (Fitzgerald 10R-2932, 1:10,000) were
incubated overnight at 4°C under gentle agitation. Rabbit or mouse primary antibodies were
detected using a horseradish peroxidase-conjugated anti-rabbit IgG (Sigma AP307P, 1:4000) or
anti-mouse IgG (Sigma AP308P, 1:4000) secondary antibody for 90 minutes at room
temperature, then developed using SuperSignal West Pico PLUS (Thermo Fisher)
chemiluminescence substrate. The titin N2B isoform was expressed relative to the total titin,

meaning the sum of the isoforms N2B and N2BA. This was measured on a Coomassie-stained
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titin gel. For the phosphospecific antibodies, the titin signal on the western blot was normalized
to the corresponding signal on the Coomassie-stained stained blotting membrane, to account for

differences in loading. The antibodies and protocols used were derived in the Linke lab (/83).

Mouse cardiomyocyte isolation and cell culture

For functional measurements, mouse ventricular cardiomyocytes were freshly isolated by
Langendorff perfusion with Liberase TM (0.225 mg/mL, Roche) in Krebs-Henseleit buffer (135
mM NaCl, 4.7 mM KCl, 0.6 mM KH2PO4, 0.6 mM Na2HPO4, 1.2 mM MgSO4, 20 mM
HEPES, 10 M BDM, and 30 mM taurine) as previously described (239). Ventricular
cardiomyocytes were mechanically dispersed and filtered through a 200 m nylon mesh then
allowed to sediment for 5-10 minutes. Sedimentation was repeated three times using increasing
[Ca2+] from 0.125 to 0.25 to 0.5 mmol/L. Cardiomyocytes were plated on laminin-coated
coverslips in Tyrode’s solution (137 mM NaCl, 5.4 mM KCI, 0.5 mM MgCI2, 1.2 mM CaCl2
2H20, 10 mM HEPES, and 5 mM Glucose, pH 7.4) for 1 hour at 37 °C prior to functional
measurements. For myocyte morphology measurements, cardiomyocytes were similarly isolated
and plated with buffers containing 25 M blebbistatin and subsequently fixed with 4% PFA at

room temperature for 15 minutes.

Measurements of cardiomyocyte contractility and calcium transients

Sarcomere measurements were obtained from isolated cardiomyocytes using the
IonOptixTM SarcLen Sarcomere Length Acquisition Module with a MyoCam-S3 digital camera
(Ionoptix Co.) attached to an Olympus uWD 40 inverted microscope. For these measurements
cardiomyocytes were bathed in 1.2 mM Ca2+ Tyrode’s solution and kept at 37 °C. To jumpstart

pacing, cardiomyocytes were stimulated with frequencies varying from 0.5, 1.0, and 1.5 Hz at 10
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V for a minimum of 10 contractions at each frequency. Sarcomere lengths were then measured in
real time at a frequency of 1 Hz and averaged across 10-15 contraction cycles. Separate
coverslips were treated with 1 M Fura-2—acetoxymethyl ester to measure calcium transients.
Blinded analysis was performed using the lonWizard software. Statistical analyses were
performed on individual myocyte measurements (n 20 cardiomyocytes/mouse; n=3-4).
Significance was determined using Student’s t-test. For myocyte geometry quantification

approximately 50 cells per mouse were manually traced using F1JI.

Rat cardiomyocyte isolation and EHT experiments

Freshly isolated neonatal rat cardiomyocytes and fibroblasts were seeded into 100 uL
fibrin EHTs containing 1 million cells per tissue between a pair of flexible and rigid PDMS posts
that were 12 mm in length and 1.5 mm in diameter within a 24-well plate, as previously
described (240). EHTs were polymerized for 85 minutes, then demolded and immersed in plating
media [4:1 DMEM:Medium 199 (M199), 10% horse serum, 5% FBS, 100 U/mL penicillin
streptomycin (pen-strep)] containing AdGFP or AdI61Q at a multiplicity of infection of 200.
After 24 hours, EHTs were switched to maintenance medium consisting of 1:1 DMEM:M199
containing 5% FBS, 100 U/mL pen-strep, 5 g/l 6-aminocaproic acid, 1X insulin-transferrin-
selenium, and 0.1% chemically defined lipid concentrate, which was thenceforth swapped every
other day until the 14-day experimental endpoint. EHTs were then bathed in Tyrode’s buffer
equilibrated to 37 °C for contractile analysis as previously described (240).. Briefly, EHTs were
paced at 1 Hz by a custom 24-well plate pacing apparatus with carbon electrodes biphasically
stimulated (5V/cm, 10ms duration) with a medical stimulator (Astro Med Grass Stimulator,

Model S88X) while imaged. Brightfield videos of PDMS post deflection during EHT contraction
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were taken at 66.67 frames per second on a Nikon TEi epi-fluorescent microscope under 2x
magnification. Deflection of the flexible post relative to the rigid post was tracked using a
custom MATLAB script in order to calculate passive force, twitch force, and the area under the
twitch curve (tension index). Following functional measurements, EHTs were fixed in ice-cold
4% PFA for 1 hour and stained with anti-FLAG (Sigma, 1:1000), Alexa Fluor 568-conjugated
wheat germ agglutinin (Thermo Fisher 1:1000), and Hoechst 33342 (Thermo Fisher, 1:1000).
For alignment, 8 ROIs per wheat-germ stained EHT were confocally imaged in whole mount at
20x magnification on a Leica Stellaris 5 confocal microscope and analyzed using the
Directionality plugin in FIJI. Alignment coefficient was calculated as the amount divided by the

dispersion of directionality.

Intact and skinned muscle mechanics

Hearts were quickly removed via thoracotomy and rinsed in oxygenated modified Krebs
buffer containing 118.5 mM NaCl, 5 mM KCI, 1.2 mM MgS0O4, 2 mM NaH2PO4, 25 mM
NaHCO3, 1.8 mM CaCl2, and 10 mM glucose. Hearts were then perfused and dissected in
oxygenated modified Krebs with 0.1 mM CaCl2 and 20 mM 2,3-butanedione 2-monoxime
(BDM) to limit contraction and damage during tissue dissection.

For demembranated tissue mechanics, dissected hearts were permeabilized in a glycerol
relaxing solution containing 100 mM KCI, 10 mM MOPS, 5 mM K2EGTA, 9 mM MgCI2 and 5
mM Na2ATP (pH 7.0), 1% (by vol) Triton X-100, 1% protease inhibitor (Sigma P8340), and
50% (by vol) glycerol at 4°C overnight then stored in fresh solution without Triton X-100 for
storage at - 20°C. Briefly, right ventricular trabeculae were dissected and mounted between a

force transducer and motor, and sarcomere length (SL) was set to ~2.3 m, as previously
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described.(5) Experiments were conducted in a physiological solution (15°C, pH 7.0) containing
a range of pCa (= —log[Ca2+]) from 9.0 to 4.0. Force and ktr (rate of tension redevelopment)
were collected at each pCa and analyzed with custom using LabView software.

For intact twitch measurements unbranched, intact trabeculae were dissected from the
right ventricular wall and mounted between a force transducer (Cambridge Technology, Inc.,
model 400A) and a rigid post, as previously described. The tissue was then submerged in a
custom experimental chamber that was continuously perfused with oxygenated modified Krebs
buffer (1.8 mM CaCl2) at 33°C. After a ~20min equilibration and washout at 0.5 Hz pacing,
optimal length was set to ~2.3 m SL and tissue was paced at 1 Hz. 30 second traces were
recorded on custom LabView software and were analyzed with custom code written using

MATLAB software (Mathworks).

Acknowledgements

We acknowledge the support of the proteomics and bioinformatics core of the Diabetes
Research Center NIDDK (DKO017047), the Vision Research Core at UW (P30EY001730), the
Brotman Baty Advanced Technology Lab (BAT-Lab) at UW, D. Hailey and the Garvey Imaging
core at the UW Institute for Stem Cell and Regenerative Medicine (ISCRM), and B. Johnson and
the UW Histology and Imaging Core. We thank R. Tian for use of critical instrumentation, S.
Mohran for insightful discussion, and E. Olszewski and other members of the Davis lab for their

insights and experimental assistance.

Funding
We acknowledge funding from ISCRM (fellowship to R.C.B.), the German Research

Foundation (Li 690/14-1 to W.A.L.), the National Science Foundation (DGE 1762114 to R.C.B.

105



and [.LM.R.), and the National Institutes of Health (FHL 165834A to .M.R.; P30 AR074990 to
N.J.S. and M.R.; RO1 HL149734 and RO1 HL146868 to N.J.S.; RM1 GM131981 to M.R.; R0O1
HL.157169 to F.M.-H.; R35 GM138036 to C.A.D.; RO1 HL142624, HL141187, and HL162229

to J.D.).

106



2.6 Supplemental Figures
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Supplemental Figure 2.1: 161Q cTnC transgenic hearts are hypocontractile and less compliant. A)
Schematic of the genetic crosses used to generate 161Q cTnC transgenic mice. Mice with cardiomyocyte-
specific expression of a FLAG-tagged 161Q mutant cTnC transgene driven by a tetracycline regulated Q-
myosin heavy chain (AMHC) promoter were crossed with tetracycline transactivator (tTA) mice which
elicits constitutive expression of the 161Q mutant cTnC transgene. B) Quantification of left ventricular
ejection fraction by echocardiography at 2 (1610 n=12, CON n=12) and 4 (1610 n=16, CON n=15)
months of age. C) Representative images of an intact (left) and decellularized (right) heart in a modified
Langendorff working heart preparation for passive mechanical measurements. D) Developed balloon
pressure (top) and passive stiffness measured as the slope of the pressure volume curve varying
balloon volume (bottom). n=7 both genotypes. ns = nonsignificant, *p<0.05,**p<0.01 by 2-way ANOVA
with Holm-Sidak’s multiple comparisons test. E) Titin Western blots detected with phosphorylation site-
specific antibodies (Top) and Coomassie stained gel (Bottom) of 2 month old 1610 and CON cardiac

lysates.
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Supplemental Figure 2.2: Determinants of increased ECM stiffness in 2 month old 161Q transgenic

hearts. A) Pie charts showing the relative abundance of matrisomal proteins (colorved by category)

detected by mass spectrometry (MS) of decellularized cardiac ECM from control and 1610 mice (CON

n=3, 1610 n=4). The top 10 most abundant proteins are labeled. B) Abundance of all collagen subtypes

detected by MS. Quantification of Collal glycation at residue C) M170, D) M569, AND C) R1055. F)

Quantification of the percentage of total fibrillar collagen that is unmodified (pink), hydroxylated at

lysine residues (purple), or hydroxylated at proline residues (blue). Quantification of the percentage of

all fibrillar collagen with hydroxylated G) prolines and H) lysines. 1) Quantification of the percentage of

hydroxylated lysines in Collal. The abundance of J) lysyl oxidase, K) lysyl oxidase 1, L) lysyl oxidase 2,
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M) lysyl oxidase 4, N) transglutaminase 1, O) transglutaminase 2, and P) transglutaminase 3 detected by
MS. Q) Percent composition of green (very immature), yellow (immature), and orange-red (mature)
birefringent fibers detected by polarized light microscopy of picrosirius red-fast green stained myocardial
sections from 2 month old CON and 1610 mice (Con n = 9, 1610 n = 10). R) TEM analysis of the
distribution of collagen fibril cross- sectional area (CSA) between genotypes (n=20 ROIs/mouse, 3 mice

per genotype). *p<0.05 two-tailed unpaired t- test.
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Supplemental Figure 2.3: 161Q fibroblasts are competent to activate but fail to transition to a
myofibroblast state in vivo. A) Representative images (scale 50um) and B) quantification of TGFS-

induced fibroblast-to-myocyte conversion by dSMA immunocytochemistry (CON n=5, 1610 n=6

biological replicates). C) Representative myocardial sections from tamoxifen-labeled Postan /mG 1610
TTA hearts and CON controls (left & middle columns, scale bar = 40um, right column scale bar =
20um). E) UMAP dimensionality reduction plot for all sequenced cardiac fibroblast nuclei from 2 month

old 1610 and CON hearts in which each nuclei is colored by genotype. F) Volcano plot of differentially
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expressed genes in bulk RNAseq analysis of cardiac fibroblasts isolated from 2 month old 1610 and CON

hearts. (G) Quantification of PDGFRa™" fibroblast density in cardiac sections from CON (n=11/10/15/13
: 2/4/8/12 months of age) and 1610 (n=10/8/11/10 : 2/4/8/12 months of age) mice at various timepoints.
Representative images and quantification of cardiac infiltrating (H, J) CD11b+ and (J,K) CD4+ cells in
2 month old 1610 (n=9) and CON (n=9) hearts. Violin plots showing the distribution of L) Collal, M)
Colla2, N) Col3al, O) Mmp2, P) Timp3 expression levels in the cardiac fibroblast population
segregated by genotype. Q) Volcano plot of differentially expressed genes that encode key ECM proteases
like matrix metalloproteinases (Mmps), cathepsins (Cts) and a distintegrin and metalloproteinase with
thrombospondin motifs (ADAMTS). R) Representative EdU-stained immunofluorescent images (scale
50um) and S) quantification of CON and 1610 fibroblasts treated with vehicle or ilomastat (MMPi),
(CON n=4, 1610 n=3 biological replicates). T) Collagen gel compaction after 24 hours of treatment with
either vehicle control or ilomastat (CON n=4 vehicle / 5 MMPi, 161Q n=6 vehicle/6 MMPi
biological replicates). ns = nonsignificant, *p<0.05,**p<0.01,***p<0.005 by either 2-way ANOVA
(B,S,T) or one-way ANOVA (L-P) with Holm-Sidak’s multiple comparisons test, or two-tailed unpaired t-

test (LK).
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Supplemental Figure 2.4: Mechanical and chemical crosstalk associated with cardiac fibroblast
proliferation. Ligand-receptor analysis of A) immune cell-fibroblast and B) endothelial cell-fibroblast
interactions predicted from snRNAseq of 2 month old CON and 161Q hearts where the ligand is
expressed by immune or endothelial cells and the receptor is expressed by fibroblasts. C) EAU staining of
CON cardiac fibroblasts treated with conditioned media from 2 and 4- month-old cardiomyocytes
indicated that secreted factors from 161Q myocytes do not induce fibroblast proliferation over CON
(Control n=6, 2 mo Con n=3, 4 mo Con n=35, 2 mo 1610 n=3, 4 mo 161Q n=5 biological replicates).
D) Conditioned media from 2-month cardiomyocytes of both genotypes slightly enhanced collagen gel
compaction by fibroblasts, but no genotype-dependent effects were observed (Unconditioned n=4, Con

Conditioned n=4, 161Q Conditioned n=4 biological replicates). E) Representative twitch from WT EHTs
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under normal or chronic preload and F) quantification of twitch force amplitude (n=18 unloaded-WT,

n=18 preloaded-WT, n=15 unloaded-161Q, n=14 preloaded-1610). *p<0.05,**p<0.01 by 1 or 2-way

ANOVA with Holm-Sidak’s multiple comparisons test.
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Supplemental Figure 2.5: Mechanotransduction signals and Egrl gene expression are increased in
cardiac fibroblasts from 161Q mice. A) Ligand-receptor analysis of myocyte-fibroblast interactions
predicted from snRNAseq where the ligand is expressed in myocytes and receptor is expressed in
fibroblasts. Red * = ligand-receptor interactions that weakened in the p38-161Q mice when compared to
1610 mice. B) Violin plot showing the distribution of Tgfbrl expression levels in cardiac fibroblast nuclei
segregated by genotype. C) Quantification of YAP nuclear translocation in 161Q and CON cardiac
fibroblasts, indicating YAP activity (n=3 biological replicates per genotype). D) Quantification of p38
abundance and phosphorylation by Western blot on lysates from purified cardiac fibroblasts isolated
from 1610 cTnC transgenic and CON hearts. E) Representative images from cardiac fibroblast
immunostaining for p38 MAPK (scale 50um) and F) quantification of p38 nuclear localization in 1610
and CON cardiac fibroblasts, indicating p38 activity (n=3 biological replicates per genotype).
*Ex%p<0.001 by unpaired t-test on n=3 biological replicates. Violin plots showing the distribution of G)
Mki67, H) Cdk6, 1) MyHY, and J) Piezo2 expression levels in cardiac fibroblast nuclei segregated by
genotype. K) RT-gPCR of murine Egrl expression in cardiac fibroblasts isolated from CON and 1610
hearts. *p<0.05 by unpaired t-test on n=3 biological replicates. L) RT-gPCR of human Egrl in CON
cardiac fibroblasts retrovirally transduced with either dsRed (control) or Egrl. M) Representative
cardiac cross-sections from 4-month-old mice stained with PSR/FG. (CON n=7, p38 KO n=11, 161Q

n=8, p38 KO I610 n=8).
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Supplemental Figure 2.6: Metrics of cardiomyocyte and whole heart systolic function and contractility.
Quantification of mean twitch A) contraction and B) relaxation rates in intact trabeculae of 4-month-old
CON (n=5), p38 KO (n=5), 161Q (n=5), and p38 KO 1610 (n=4) mice. Quantification of C) end systolic
pressure-volume relationship (ESPVR), D) stroke volume (SV), and E) rate of systolic pressure
development (dP/dT max) as measured by invasive hemodynamics. CON (n=9), p38 KO (n=9), 1610
(n=6), and p38 KO 1610 (n=6) mice *p<0.05,**p<0.01 by one- way ANOVA with Holm-Sidak’s multiple

comparisons test.
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GENE
Functional Clustering SYMBOL GENE NAME avg_log2FC  p_val_adj
FbxI7 F-box and leucine-rich repeat protein 7(FbxI7) 0.78453824 1.0698E-13
Hjurp Holliday junction recognition protein(Hjurp) 3.12941851 4.3353E-55
Stagl  STAG1 cohesin complex component(Stag1) 0.89730275 1
Tpx2 TPX2, microtubule-associated(Tpx2) 7.14696931 3.385E-201
Aspm  abnormal spindle microtubule assembly(Aspm) 8.02939971  7.62E-226
Anin anlllin, actin binding protein(Anin) 6.62340735 3.109E-173
Mki67  antigen identified by monoclonal antibody Ki 67(Mki67) 6.90094133 0
Cenpe  centromere protein E(Cenpe) 7.36756845 3.012E-257
Cdk14  cyclin dependent kinase 14(Cdk14) 1.3670676 2.7079E-08
Ckap5  cytoskeleton associated protein 5(Ckap5) 268151031 1.8849E-30
Cell Division Epb41l2  erythrocyte membrane protein band 4.1 like 2(Epb4112) 0.66447001 1
Foxn3  forkhead box N3(Foxn3) 057610164 1
Kif11 kinesin family member 11(Kif11) 9.17799621 1.893E-241
Kif20b  kinesin family member 20B(Kif20b) 6.62340735 1.037E-195
Knl1 kinetochore scaffold 1(Knl1) 764894245 4.338E-238
Nedd9  neural precursor cell expressed, developmentally down-regulated gene 9(Nedd9) 0.98413379 1.0118E-12
Pard3  par-3 family cell polarity regulator(Pard3) 0.53053778 1
Prkce  protein kinase C, epsilon(Prkce) 1.23373465 0.00253223
Prct protein regulator of cytokinesis 1(Prc1) 7.32384707 9.935E-223
Smc4  structural maintenance of chromosomes 4(Smc4) 3.22244504 4.5068E-72
Ttc28 tetratricopeptide repeat domain 28(Ttc28) 0.5785221 0.39539178
Hjurp  Holliday junction recognition protein(Hjurp) 3.12941851 4.3353E-55
Stag1 STAG1 cohesin complex component(Stag1) 0.89730275 1
Mki67  antigen identified by monoclonal antibody Ki 67(Mki67) 6.90094133 0
Cenpe  centromere protein E(Cenpe) 7.36756845 3.012E-257
cs’::::;:::: Cenpf  centromere protein F(Cenpf) 6.43076228 2.882E-265
Cenpp  centromere protein P(Cenpp) 3.74408884 1.5412E-94
Diaph3  diaphanous related formin 3(Diaph3) 6.49057167 0
Knl1 kinetochore scaffold 1(Knl1) 764894245 4.338E-238
Top2a  topoisomerase (DNA) Il alpha(Top2a) 7.6531547 0
Itgb1 integrin beta 1 (fibronectin receptor beta)(ltgh1) 0.83893886 0.03262762
Itgb5 integrin beta 5(ltgb5) 1.02771347 2.9834E-15
Itgbl1 integrin, beta-like 1(Itgbl1) 1.29018872 1.8659E-50
Svep1  sushi, von Willebrand factor type A, EGF and pentraxin domain containing 1(Svep1) 1.03858811 1.2048E-26
Fat1 FAT atypical cadherin 1(Fat1) 1.4739828 4.0007E-08
Lpp LIM domain containing preferred translocation partner in lipoma(Lpp) 0.45759207 0.00423184
Dig1 discs large MAGUK scaffold protein 1(Dig1) 1.22900962 4.0239E-05
Myh9  myosin, heavy polypeptide 9, non-muscle(Myh9) 1.78344777 1.4507E-12
Pard3  par-3 family cell polarity regulator{Pard3) 0.53053778 1
Mechanotransduction Diaph3  diaphanous related formin 3(Diaph3) 6.49057167 0
cell-matrix adhesion Cen2  cellular communication network factor 2(Cen2) 0.63414517 1
ECM-receptor interaction Dst  dystonin(Dst) 0.33220504 0.38990052
cel-calladhesion Fni  fibronectin 1(Fn1) 1.17643586 0.00264442
adherens junction
integrin signaling actin Collal  collagen, type |, alpha 1(Col1a1) 0.57703769 4.79E-297
focal adhesion Colla2  collagen, type |, alpha 2(Col1a2) 0.46872606 0.44179418
cytoskeleton Col5a2  collagen, type V, alpha 2(Col5a2) 0.93818073 3.2562E-07
Col8al  collagen, type VIII, alpha 1(Col8a1) 0.78928321 1.4571E-12
Eln elastin(Eln) 041137917 1
Ltbp2  latent transforming growth factor beta binding protein 2(Ltbp2) 1.35572888 5.3215E-08
Vean versican(Vcan) 0.50034194 0.28000086
Emp1  epithelial membrane protein 1(Emp1) 0.58238009 1
Igfir insulin-like growth factor | receptor(lgfir) 0.62809905 1
Prkca  protein kinase C, alpha(Prkca) 1.24958112 4.2648E-17
Tead1  TEA domain family member 1(Tead1) 1.36667752 6.6506E-09
Rock2  Rho-associated coiled-coil containing protein kinase 2(Rock2) 0.92794531 0.02960884

Supplemental Table 2.1: Transcriptional features defining fibroblast states 1 and 3 that are enriched in

1610 mice.
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Chapter 3: Persistent tissue stiffness prevents full reversal of

hypocontractility-induced dilated cardiomyopathy

Building on findings from the previous chapter, which demonstrated that fibroblast
proliferation and extracellular matrix (ECM) remodeling actively contribute to disease
progression in DCM, this chapter explores how this secondary remodeling impacts the
reversibility of the disease. While early interventions targeting either myocytes (24/) or
fibroblasts (242) can prevent the development of the full DCM phenotype, it remains unclear
whether the heart retains sufficient plasticity to recover once significant structural and
transcriptional remodeling has occurred.

In particular, this chapter examines the effectiveness of a precise myocyte-targeted
genetic correction strategy in reversing established DCM. It asks whether restoring myocyte
contractility is sufficient to reverse downstream consequences of disease, including fibroblast
expansion, ECM stiffening, and functional decline, or whether these features become refractory
to correction over time. Together, these studies aim to define the limits of myocardial
reversibility and to identify which features of dilated remodeling are responsive to therapeutic

intervention, and which may require separate, cell type-specific targeting.
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3.1 Introduction

Familial dilated cardiomyopathy (DCM) is a common heart disease caused by inherited
mutations in the cardiomyocyte that lead to hypocontractility (20). Molecular changes in
myofilament tension generation ultimately lead to left ventricle (LV) dilation, eccentric
hypertrophy, and collagen deposition (7, 17, 18). Existing treatments, such as ACE inhibitors, 3-
blockers, or left ventricular assist devices (LVADs), do not address the root cause of the disease
and often produce variable and short lived improvements for patients (2/—24). Recently, myosin
activators have emerged as a new class of drug that holds promise for directly augmenting
myocyte force production. However, despite promising pre-clinical results (35, 42), these drugs
have yielded only modest benefits in clinical trials (37, 38, 243). Considering that DCM is a
progressive disease that often causes decades of compensatory remodeling before it is diagnosed
and treated (/6), the inability to develop effective therapies is likely related to the field’s poor
understanding of myocyte plasticity and disease reversibility in the context of familial DCM
(244). While early interventions targeting either myocytes (20) or fibroblasts (242) can prevent
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the onset of DCM, it remains unclear whether the heart retains sufficient plasticity to recover
once significant pathological remodeling has occurred. Indeed, in vivo murine studies have
demonstrated that short-term cardiac hypertrophy is fully reversible, whereas chronic
hypertrophy can only be moderately improved (245). Reverse remodeling has been characterized
in acquired cardiac diseases, such as heart failure (23, /57), and there is increasing evidence
suggesting that maladaptive genomic and extracellular matrix (ECM) signals may persist despite
functional improvements (22, 151, 152, 159, 246). Given that aberrant chromatin (758, 247) and
ECM remodeling (242) underlie the progression of DCM, we hypothesized that permanent

changes in the myocyte, matrix, and chromatin landscape may limit the reversal of DCM.

3.2 Results

3.2.1 Repressing the inciting sarcomeric mutation partially reverses the DCM phenotype
Familial DCM was modeled in mice using a doxycycline-repressible, experimentally-
derived point mutation (I61Q) in cardiac troponin C (cTnC). The 161Q cTnC variant decreases
Ca?* binding affinity (175, 176), which induces hypocontractility and eccentric remodeling when
expressed in cardiomyocytes (/8). While previous studies characterized the pathological effects
of the 161Q variant in the heart (/8, 242), this study uniquely leveraged the repressible nature of
this model to assess whether genetic correction of a sarcomeric variant can reverse established
cardiac dysfunction and remodeling. In whole heart lysates from [161Q transgenic mice on
standard chow, approximately 50% of endogenous ¢TnC was replaced with the FLAG-tagged
[61Q variant. Administration of doxycycline chow (DOX) abrogated 161Q c¢TnC expression and
reduced FLAG expression 50-fold (Figure 3.1A). Skinned trabeculae isolated from 161Q mice

showed a rightward shift in the force versus calcium (pCa) relationship relative to control (CON)
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littermates (Figure 3.1B), which was quantified as a decrease in pCaso (Figure 3.1B). Seven
days of DOX restored the pCaso of 161Q trabeculaec back to CON levels (Figure 3.1B-C),
indicating the 161Q variant can be functionally suppressed within the timeframe of endogenous
c¢TnC turnover (~5.3 days (248)). Therefore, DOX can be used in this model as a treatment
mimetic to replace the variant with native cTnC at any time during the DCM disease progression.

To evaluate the heart’s capacity to recover from DCM, 161Q mice were aged to an
advanced stage of DCM preceding heart failure (6 months) and then given one month of DOX
(Figure 3.1D). Age matched 7-month-old CON and DCM mice that remained on standard chow
acted as controls. Untreated 161Q mice showed robust systolic and diastolic dysfunction (Figure
3.1E & G) and LV dilation (Figure 3.1F) relative to CON mice by echocardiography. One
month of DOX increased the EF of 161Q mice by 54%, but systolic function still remained
depressed compared to CON, indicating only partial recovery (Figure 3.1E). Pairwise
comparisons before and after treatment showed a 7% decrease in ventricle dilation of the 161Q
mice treated with DOX (p < 0.05, student’s t test), but diastolic dimension remained elevated
relative to age-matched CON mice (Figure 3.1F). Conversely, diastolic dysfunction and
increased ventricular mass, as measured by E/A ratio and ventricle weight/body weights, were
completely restored to CON values (Figure 3.1G-H). These findings suggest that genetic
correction in the myocyte is sufficient to reverse some, but not all, of the DCM disease
hallmarks. To examine whether additional recovery time would elicit greater reverse remodeling,
a second cohort of 161Q mice was given three months of DOX treatment, with age matched 9-
month-old mice on standard chow acting as controls (Figure 3.1D). Similar to the 1-month
treatment, the EF of [61Q mice was improved by 38% but remained depressed compared to CON

after 3 months of DOX (Figure 3.1I). Diastolic chamber dimension, diastolic dysfunction, and
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ventricle hypertrophy were all restored to CON levels (Figure 3.1J-L). These findings indicate

that prolonged treatment may permit further reversal of chamber dilation but does not enhance

functional recovery beyond what was achieved in a one-month treatment window.
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Figure 3.1: Repressing the inciting sarcomeric mutation partially reverses the DCM phenotype. A)

Western blot for ¢cTnC and FLAG after 1 month of DOX chow, demonstrating efficient repression of the

161Q cTnC (N=3 for all groups). B) Force PCA curve and C) pCasy from demembranated CON and 1610

tissues (6 months) +/- 7 days of treatment, demonstrating 161Q cTnC is rapidly cleared from the

sarcomere, restoring myofilament Ca*" sensitivity (CON n=9, 1610 n=8, CON DOX n=11, 1610 DOX

n=13 trabeculae from N=4 mice per group). D) Schematic of the experimental design, where 1610 mice

and their control littermates were aged out to 6 months before beginning treatment with DOX chow for
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one or three month(s), effectively replacing 161Q cTnC with WT cTnC. Left ventricular E) ejection
fraction (EF), F) diastolic dimension, and G) E/A obtained through echocardiography on WT and DCM
mice +/- 1 month of DOX (CON N=18, 161Q N=13, CON DOX N=13, and 161Q DOX N=13). H)
Quantification of ventricle hypertrophy measured by the ratio of ventricle weight (VW) to body weight
(BW) (CON N=15, 1610 N=13, CON DOX N=11, and 161Q DOX N=9 mice). Significance was
determined using a Two-way ANOVA + Tukey post-hoc. Left ventricular 1) EF J) diastolic dimension,
and K) E/A obtained through echocardiography on CON and DCM mice +/- 3 months DOX. L)
Quantification of VW/BW in CON and 161Q mice with 3 months of DOX. (CON N=12, 1610 N=12, CON
DOX N=8, and 1610 DOX N=10). All bar graphs are mean * SD, dots represent biological replicates,
and significance was determined using a Two-way ANOVA + Tukey post-hoc: *p<0.05, **p<0.01,

A <0.005, ****p<0.001.

By 12 months of age, the [61Q mice have a 65% survival rate due to heart failure
(Supplemental Figure 3.1A). To determine whether end-stage DCM is still reversible, [61Q
mice were aged to 12 months and then given one month of DOX (Supplemental Figure 3.1B).
13-month-old 161Q mice on standard chow have severe systolic dysfunction, with an average EF
of 20% (Supplemental Figure 3.1C). DOX treatment increased the EF of these mice by 111%,
although function still remained depressed relative to CON mice (Supplemental Figure 3.1C).
Surprisingly, 161Q mice that began treatment later in the disease progression experienced a 2-
fold greater increase in EF (Supplemental Figure 3.1D), suggesting that disease severity does
not limit recovery potential. Similarly, DOX treatment partially reduced ventricular dilation
(Supplemental Figure 3.1E), with a 7% decrease in diastolic dimension (Supplemental Figure
3.1F), and diastolic dysfunction (Supplemental Figure 3.1G). Ventricular mass was completely

reduced to CON levels (Supplemental Figure 3.1F-G), suggesting myocyte hypertrophy may
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be more plastic than function. These findings indicate that even at a very advanced stage of
disease, myocyte correction can yield meaningful improvements in cardiac function and

geometry.

3.2.2  Cardiomyocytes recover functionally, structurally, and epigenetically

Chronic cardiomyocyte hypertrophy has been shown to induce irreversible cardiac
remodeling, even after removal of the pro-growth stimulus (245). Given that familial DCM is a
chronic and progressive disease, we hypothesized that permanent changes in the cardiomyocyte
may be limiting the functional recovery of the heart. To examine function at the tissue level,
intact trabeculae were isolated from CON and 161Q mice at 7 months of age. Trabeculae from
[161Q mice on standard chow generated less force than CON, and one month of DOX only
partially improved force production (Figure 3.2A-B). Myocytes isolated from untreated 161Q
mice produced less force (Figure 3.2C), contracted slower (Figure 3.2D), and relaxed faster
(Figure 3.2E) than CON, consistent with a decrease in calcium affinity. In contrast to whole
organ and tissue scales, myocytes from DOX-treated 161Q hearts functionally recovered but also
had enhanced shortening relative to CON (Figure 3.2C). Contraction velocity and relaxation
time also returned to CON values (Figure 3.2D-E). 161Q myocytes presented classic features of
eccentric remodeling, including increased cell area, length, and width, which was also fully
normalized in the DOX-treated group (Figure 3.2F-H). DCM patients who receive LVADs have
persistent maladaptive epigenetic changes, despite improvements in myocyte hypertrophy and
function (22). To examine the genomic plasticity of the cardiomyocyte, we performed multiomic
single nucleus assay for transposase-accessible chromatin sequencing (snATACseq) with gene

expression on isolated nuclei from whole hearts. CON and 161Q mice were aged to 2 months and
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given one month of DOX. A secondary cohort were withdrawn from the DOX chow and
harvested at 5 months to examine how turning the 161Q c¢TnC back on affects gene transcription
and the epigenetic landscape (Figure 3.2I). 15,352 cardiomyocytes were identified and
segregated into 5 clusters based on chromatin accessibility (Figure 3.2J). Myocytes from CON
and 161Q DOX mice primarily localized to cluster 0, whereas myocytes from 161Q mice on
standard chow or whose DOX chow had been withdrawn shifted into cluster 2 (Figure 3.2K-L).
This pattern supports a clear on/off paradigm in which expression of the [61Q c¢TnC transgene
induces chromatin remodeling that resolves rapidly once the mutation is suppressed. To identify
the transcription factors underlying these state transitions, motif enrichment of differentially
accessible regions was integrated with differential gene expression, revealing factors that are
both upregulated and have accessible binding motifs in clusters 0 and 2. Cluster 2 exhibited
enhanced activity of GATA4 and NFATC2, which is consistent with hypertrophic remodeling
and reactivation the fetal gene program (249). ESRRA activity was diminished in cluster 2,
potentially reflecting a loss of maturate gene programs involving myocyte calcium handling, ion
transport, and metabolism (250). Moreover, cluster 2 also shifted from MEF2D towards MEF2C
activity, which aligns with a pro-proliferative gene program (257) (Figure 3.2M). Together these
findings indicate an epigenetic shift towards pathological hypertrophy and developmental

reprogramming in 161Q cardiomyocytes that is completely reversible.
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Figure 3.2: Cardiomyocytes recovery functionally, structurally, and epigenetically. A) Representative
traces and B) quantification of trabecula contraction. (N=4 for all groups). C) Isolated myocyte
fractional shortening, D) contraction velocity, and E) time to relaxation (90%). Bar graphs are mean
standard deviation (SD) and dots represent individual myocytes (N=4 mice for all groups). Significance

was determined using a One-way ANOVA with Tukey post hoc on myocytes (CON n=171, 161Q n=160,
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CON DOX n=176, 1610 DOX n=171). F) Isolated myocyte area, G) length, and H) width from CON and
161Q mice +/- DOX. Bar graphs represent mean + SEM and significance was determined using a One-
way ANOVA with Tukey post-hoc. (CON n=200, 161Q n=250, CON DOX n=200, 161Q DOX n=200
myocytes). 1) Experimental schematic showing doxycycline treatment and withdrawal timeline for
snATACseq. J) UMAP clustering 15352 myocytes based on open peaks. K) UMAP of clustering based on
accessible peaks separated by condition. L) Proportion of cells in each cluster. M) Heatmap showing
transcription factor activity of clusters 0 and 2, defined as the integrated AUC score combining RNA
expression of each transcription factor with enrichment of its corresponding motif in accessible

chromatin. *p<0.05, **p<0.01, ***p<0.005, ****p<(0.001.

3.2.3 Persistent tissue stiffness limits recovery of the heart

We previously demonstrated that I61Q mice have increased passive stiffness due to titin
phosphorylation and ECM remodeling (242). Considering that the myocyte functionally
recovered while the tissue did not, we reasoned that irreversible tissue stiffening could be
preventing full recovery of the heart. To determine the reversibility of this stiffening, papillary
muscles were isolated and passive stiffness measurements were repeated before and after
decellularization of the tissue. The tissues were serially stretched in a Krebs-Henseleit buffer
containing blebbistatin to disregard any stiffness contributions from active crossbridge formation
(Figure 3.3A). Preliminary data from this assay suggests that 161Q papillary muscles have
elevated passive stiffness compared to CON in both intact and decellularized preparations. DOX
treatment did not appear to reverse the stiffness of either compartment and maybe even worsened
the passive ECM stiffness of 161Q mice (Figure 3.3B-C). Staining with picrosirius red and fast
green (PSR/FG) showed that [61Q mice have increased interstitial fibrosis that does not reverse

with one or three months of DOX treatment (Figure 3.3D-F). Collagen birefringence was
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measured in PSR/FG-stained slides to examine the relative maturity of the fibrosis. Regardless of
treatment all 161Q mice exhibited an immature matrix, as seen by majority green-yellow
birefringence, and were not different than CON (Figure 3.3G-I). To assess whether the collagen
is competent to degrade, collagen hybridizing peptide (CHP) staining was used to detect regions
of unfolded collagen triple helices (252). 161Q mice showed increased CHP incorporation
relative to CON mice, which remained elevated with one month of DOX but returned to baseline
after 3 months of DOX (Figure 3.3J-L). Collectively, this data suggests that the fibrosis caused
by hypocontraction in the [61Q model is irreversible despite being relatively immature and
competent to degrade, which likely contributes to the persistent passive tissue stiffness.

To determine the extent to which this stiffness affects the reversibility of DCM, 161Q
mice were given a combined treatment of DOX and B-aminopropionitrile (BAPN), an inhibitor
of the collagen crosslinking enzyme lysyl oxidase (LOX), to correct the myocyte and help
alleviate residual stiffness (Figure 3.3M) ((253)). Compared to mice that had been treated with
BAPN alone, 161Q mice treated with DOX and BAPN experienced full recovery of EF (Figure
3.3N) and complete reversal of dilation (Figure 3.30), diastolic dysfunction (Figure 3.3P), and
ventricular hypertrophy (Figure 3.3Q). This data suggests that softening the myocardium is
necessary to achieve full recovery from DCM, although notably ECM quantity and stiffness still

need to be assessed in these mice.
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Figure 3.3: Persistent tissue stiffness limits recovery of the heart. A) Schematic showing papillary
muscle passive stretch testing with representative CON and 161Q traces before and after
decellularization. B-C) Passive stiffness for B) intact and C) decellularized papillary muscles (CON N=5,
1610 N=5, CON DOX N=4, 161Q DOX N=4). D) Representative 10% images of cardiac tissue sections
stained with picrosirius red / fast green (PSR/FG). Quantification of fibrosis at E) one month and F)
three months of DOX chow. G) Representative images of collagen birefringence in PSR/FG-stained
myocardial sections. Quantification of birefringence, with green/yellow and red fibers expressed as a

percentage of total birefringent fiber area, at H) one month and I) three months of DOX. J)
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Representative 20x images of sections stained with collagen hybridizing peptide (CHP, magenta) to
detect denatured collagen, and wheat germ agglutinin (WGA, gray) to label cell membranes.
Quantification of CHP area normalized to total tissue area at K) one month and L) three months of
treatment. M) Experimental timeline for myocyte correction with DOX chow plus global ECM softening
with daily p-aminopropionitrile (BAPN) injections. N-P) Echocardiographic analysis of N) EF, O)
diastolic dimension, and P) E/A ratio in CON and 161Q mice treated with BAPN only and DOX with
BAPN. Q) Ventricular weight to body weight ratio for CON and 1610 mice following BAPN or DOX +
BAPN treatment. One-month DOX groups: CON N = 15, I61Q N = 10, CON DOX N =11, 161Q DOX N
= 9 (PSR/FG, birefringence) and CON N = 13, 161Q N = 8, CON DOX = 8, 161Q DOX N = 9 (CHP).
Three-month groups: CON N = 12, I6I1Q N = 12, CON DOX N = 10, 161Q DOX N = 12 (all assays).
BAPN only: CON N = 12,1610 = 8; BAPN + DOX: CON N = 6, 161Q N = 10. All bar graphs are mean
+ SD, dots represent biological replicates, and statistical comparisons were made using two-way ANOVA

with Tukey post-hoc test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

3.2.4 Fibroblast number remains elevated despite transcriptional deactivation

To determine why myocyte correction does not cause fibrotic regression, we examined
fibroblast number and activation. Previously, we showed that fibroblast proliferation is the
primary mechanism by which ECM is deposited and remodeled in the 161Q model, although
lineage tracing studies showed that a small subset of 161Q fibroblasts begin to activate around 8
months (242). Interestingly, fibroblast number remained elevated in DOX treated 161Q hearts
(Figure 3.4A-B). To determine whether these fibroblasts remain transcriptionally active or
return to a quiescent state following myocyte correction, single-nucleus RNA sequencing
(snRNAseq) was performed on isolated fibroblasts. 211,301 fibroblasts with an average UMI

count of 714 were obtained (Figure 3.4C). As we saw previously (242), fibroblasts from [61Q
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mice with and without DOX treatment largely occupied the same quiescent clusters as control
fibroblasts (Figure 3.4D-E). However, a subset of fibroblasts in untreated DCM hearts shifted
into cluster 4 (Figure 3.4G). To determine which of these clusters was most involved in ECM
production, an ECM score was calculated by examining the relative mRNA expression of all
known collagens, glycoproteins, and proteoglycans. Cluster 4 had a higher ECM score than all
other fibroblast clusters (Figure 3.4E-F). Differential expression analysis revealed this as an
activated fibroblast cluster marked by elevated expression of Postn and Cilp, but lacking Acta?2
(aSMA) (Figure 3.4G), which resembles the activated fibroblast state observed in non-ischemic
models of heart disease (/64). Notably, this population was diminished in 161Q mice that had
received DOX (Figure 3.4E & H), indicating an overall deactivation of fibroblasts following
myocyte correction. Consistently, the ECM score of was reduced in fibroblasts from 161Q mice
that had been treated with DOX (Figure 3.4I). To determine which genes were reversibly
upregulated in 161Q fibroblasts, differential gene expression analysis was also performed by
genotype and treatment group to extract population level changes across all fibroblast clusters.
Many of the reversibly elevated genes included matrix-associated genes such as Collal, Colla2,
Fbnl, LoxI2, Postn, Sparc, and Vcan (Figure 3.4J), and were enriched for GO terms related to
ECM production, organization, and crosslinking (Figure 3.4K), suggesting reduced ECM
synthesis following DOX treatment. In contrast, a smaller set of genes, including NfkbI, Gab2,
and ltprl, remained persistently elevated despite treatment (Figure 3.4J). Gene ontology
analysis linked these transcripts to osteoclast differentiation and T cell receptor signaling (Figure
3.4K), raising the possibility that fibroblasts in DOX-treated 161Q hearts may be
transcriptionally primed for matrix degradation and immune signaling but remain unable to

resolve established fibrosis. Fibroblast size was increased in 161Q mice on standard chow but
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returned to baseline with DOX treatment (Figure 3.4L), lending further support to the
deactivation of these cells.

To determine whether reducing fibroblast number could reverse established remodeling,
p38 MAPK was genetically deleted in Tcf21-expressing fibroblasts from [61Q ¢TnC mice using
a Tcf21-MerCreMer. Mice were aged to 4 months, the age at which there is significant collagen
deposition, before initiating tamoxifen to induce p38 knockout (KO). The mice were then
allowed 2 months for recovery (Supplemental Figure 3.2A). Although early p38 knockdown in
Tcf21" fibroblasts completely abrogated fibroblast proliferation and was protective against DCM
progression (242), p38 KO after disease onset failed to reduce fibroblast number or fibrosis
(Supplemental Figure 3.2B-C). Moreover, EF and diastolic function remained impaired, LV
dilation was worsened, and myocyte and ventricular hypertrophy remained elevated
(Supplemental Figure 3.2D-H). These findings indicate that p38 modulation is only able to
prevent fibroblast expansion, but not contract the population.

Another approach for reducing fibroblast numbers was to genetically ablate them from
[61Q mice using a tamoxifen inducible diptheria toxin (DTA) driven by a Tcf21-MerCreMer.
Fibroblasts were ablated at 4 months of age, followed by one month of DOX treatment (Figure
3.4M). Preliminary results suggest that fibroblast ablation did not improve outcomes beyond
those achieved with DOX alone: EF and diastolic dimension improved only partially (Figure
3.4N-0). However, fibroblast number still needs to be quantified in order to determine if enough

fibroblasts were ablated with this strategy to see an effect.
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Figure 3.4: Fibroblast number remains elevated despite transcriptional deactivation. A) Representative

images and B) quantification of PDGFRo+ fibroblast number normalized to total nuclei number. C)

UMAP showing fibroblast clustering across all groups and D) separated by experimental group (N=2 for

all groups). E) Proportion of cells in each cluster. F) ECM score for relative expression of all known

collagens, glycoproteins, and proteoglycans across each fibroblast cluster. G) Top differential markers

for each cluster. H) Violin plot of Postn expression across each group. I) ECM score split by group. J)

Heatmap showing top differentially expressed genes that were reversibly or irreversibly elevated in 1610
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fibroblasts with DOX treatment. K) Top GO terms for reversible and irreversible gene sets. L) Mean
fibroblast area quantified using PDGFRa area per cell. M) Experimental timeline for cardiac fibroblast
(CF) ablation combined with DOX treatment. N-O) Echocardiographic analysis of left ventricular
ejection fraction (EF) and diastolic dimension in CON and 1610 mice before and after CF ablation plus
DOX. All bar graphs are mean + SD and dots represent biological replicates. Statistical comparisons in
B and M were made using two-way ANOVA with Tukey post-hoc test (CON N = 14, [61Q N = 10, CON
DOXN =09, 1610 DOX N = 9) and in O-P Fisher’s LSD test was used due to repeated measures (CON N

=15, 1610 N =9). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

3.2.5 Cell-intrinsic epigenetic cues may prime 161Q fibroblasts for survival

To determine why cardiac fibroblasts persist despite transcriptional deactivation and
injury resolution, we examined potential cell extrinsic and intrinsic survival mechanisms.
Signaling from the ECM to the cell, particularly through focal adhesions, has been shown to
initiate pro-survival gene programs involving AKT and ERK (254). Increased substrate stiffness
sustains these gene programs and enhances fibroblast persistence (254, 255). To examine
whether the diseased 161Q ECM was providing extrinsic cues to the fibroblasts through their
focal adhesions, naive induced pluripotent stem cell-derived fibroblasts (iPSC-FB) with a
Clover-mRuby2 FRET tension sensor heterozygously knocked into the vinculin gene (VinTS)
were cultured on thin slices of decellularized ECM from 7-month-old CON and 161Q mice given
standard or DOX chow. This in vitro assay allowed us to measure adhesion forces directly as a
result of which ECM the cells were cultured on, negating any potential confounding effects from
hemodynamics or other cell types. iPSC-FB cultured on 161Q matrix had decreased matrix-
adhesion force relative to those cultured CON ECM (Figure 3.5A-C). Interestingly, iPSC-CF
cultured on 161Q matrix from DOX-treated mice were stronger relative to CON (Figure 3.5C).
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The length of the adhesions on the matrix was similarly decreased in iPSC-CF cultured on [161Q
matrix and increased on DOX-treated ECM (Figure 3.5D). These data mirror the overshoot in
isolated myocyte function (Figure 3.2C) and suggest that adhesion signaling cues from the
matrix are dynamic.

Considering that focal adhesions are mechanically linked to the nucleus via the actin
cytoskeleton (256) and fibroblasts cultured on stiff substrates retain permanent epigenetic
memories (/62), 8592 fibroblasts were pulled out of the snATACseq dataset (Figure 3.2I) to
examine whether 161Q fibroblasts retained cell intrinsic cues that primed them for survival
despite normalization of adhesion forces. Fibroblasts from [61Q mice shifted into cluster 2, and
unlike cardiomyocytes, DOX treatment caused fibroblasts to shift into an entirely new cluster 1
rather than back to CON clusters. 161Q fibroblasts from mice where DOX was withdrawn shifted
back into cluster 2 (Figure 3.5E-F), highlighting that reintroducing 161Q cTnC causes
fibroblasts chromatin accessibility to shift back to a diseased state. Chromatin accessibility
analysis revealed that several survival-associated loci, including Yapl, Mapkl, Bcl2, Aktl, and
Pdgfra, were more accessible in 161Q fibroblasts and remained open after DOX treatment
(Figure 3.5G-K), indicating epigenetic priming for survival. Gene expression analysis from 7-
month fibroblasts isolated for snRNAseq (Figure 3.4C) showed expression of these genes were
also upregulated in 161Q fibroblasts and remained elevated despite DOX treatment, although
Mapkl and Bcl2 also appeared upregulated in CON mice treated with DOX (Figure 3.5L).
Finally, preliminary western blots suggest 161Q fibroblasts have a slight upregulation in BCL2
and total ERK protein relative to CON mice, although phosphorylated ERK was unchanged
(Figure 3.5M-P). Together, these findings suggest fibroblasts may be primed for survival in

161Q mice, potentially explaining their retention even after the myocytes have been corrected.
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Figure 3.5: Cell-intrinsic epigenetic cues may prime 161Q fibroblasts for survival. A-B) Representative

images of induced pluripotent stem cell-derived fibroblasts (iPSC-CFs) with a Clover-mRuby2 FRET

tension sensor knocked into the vinculin locus, cultured on decellularized extracellular matrix from 7-

month CON and DCM mice with and without DOX. A) Phalloidin staining (grey) and autoflorescent

ECM (green) showing where iPSC-CF overlap with ECM. B) Adhesion force calculated from the FRET
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tension sensor. Quantification of C) adhesion force and D) adhesion length in for adhesions overlapping
ECM. E) UMAP of fibroblast clustering based on accessible peaks separated by condition. F) Proportion
of cells in each cluster. G-K) Peak accessibility for Yapl, Mapkl, Bcl2, Aktl, and Pdgfra across all 3-
month conditions. L) Heatmap for Yapl, Mapkl, Bcl2, Aktl, and Pdgfra expression in 7-month
fibroblasts. M-P) Western blots and quantification for phosphorylated ERK (p-ERK), total ERK, and
BCL2 on freshly isolated CON and 161Q fibroblasts. For N-P, bars represent mean +/- SD and each
point represents fibroblasts pooled from N=2 mice (for a total of N=4 mice for each condition). For C-D,
bars represent mean +/- SE, where the points represent individual cells (CON n = 91, 1610 n = 80, CON
DOXn =72 1610 DOX n =93 iPSC-CFs cultured on ECM from N = 3 mice per group) and stats were

determined using a Two-way ANOVA with Fisher’s LSD test.

33 Discussion

This study set out to define the plasticity of the myocardium in the context of an inherited
sarcomeric mutation. Silencing the DCM-inducing mutation produced robust improvements in
cardiac function, even at advanced stages of disease. Strikingly, mice with the lowest starting
ejection fractions exhibited the greatest recovery, mirroring clinical findings with Omecamtiv
Mecarbil, in which patients with more severe heart failure saw larger treatment benefits
(GALACTIC-HF, NCT02929329) (37). The magnitude of functional improvement observed
here far exceeded preliminary efficacy reported for Danicamtiv. In our model, 161Q mice with a
starting LVEF of 34.6%16.1% saw a 38+20.4% (N=10) increase in function after 12 weeks of
DOX, whereas patients with gains, respectively, after 12 weeks of Danicamtiv (44). Although
the baseline LVEF of patients who completed that interval was not reported, the mean starting
LVEF for all patients with MYH7 and TTN entering the trial was 35.5+7.1% (N=12) and

30.848.2%, respectively (243). Given that an acute 10 minute treatment with Danicamtiv
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improved the LVEF of 161Q mice by 26.5% (N=11) (42), these findings suggest that genetic
correction may enable more durable reverse remodeling than pharmacologic myosin activation
or that the optimal Danicamtiv dosing regimen for humans has not yet been defined. Long-term
studies of Danicamtiv, or other myosin activators, with chronic infusion in animal models could
help clarify why clinical trials demonstrated only modest functional improvements. However,
such studies may be difficult to perform in mice given Danicamtiv’s short half-life (0.22 hours)
(257).

Surprisingly, cardiomyocytes appeared more plastic and amenable to correction than
fibroblasts. Cardiomyocytes not only recovered structurally and functionally in response to
genetic correction, but their epigenetic landscape also fully reverted to a healthy state. In
contrast, although fibroblasts downregulated ECM-related transcripts, they retained epigenetic
signatures consistent with a priming for survival. Unlike fibroblasts in other organs, such as the
skin (258, 259) or liver (260, 261), where myofibroblasts undergo senescence and apoptosis once
the injury has resolved, cardiac fibroblast numbers remained elevated even after myocyte
contractility was normalized. Multiple studies have suggested the heart lacks a mechanism for
sensing fibroblast depletion and replenishing fibroblast number (278, 219). Our data suggests the
inverse is also true: the heart lacks a mechanism for sensing fibroblast excess and reducing
fibroblast number once the injury has resolved. This finding is consistent with MI studies
showing that cardiac myofibroblasts deactivate after wound repair but are not cleared from the
myocardium (277). While fibroblast persistence after MI may be adaptive for maintaining the
scar and preventing cardiac rupture, it is unclear whether their persistence in DCM serves any
adaptive purpose or instead reflects a maladaptive failure to correct the fibroblast population.

Cardiac fibroblasts are known to be relative resistant to apoptosis, in part due to high expression
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of anti-apoptosis proteins such as BCL2 and cIAP-2 (262-264). We observed a baseline level of
BCL2 expression in CON fibroblasts and an increased epigenetic priming for Bcl2 in 161Q
fibroblasts, although it remains unclear whether this transient expression is actively blocking
apoptosis or if cardiac fibroblasts simply lack cues for cell death. Considering that Pdgfra
expression remained high in DOX-treated 161Q fibroblasts (Figure 3.5K-L) and that PDGFRa is
required for cardiac fibroblast survival (2/8), PDGFRa signaling may underlie the continued
survival of cardiac fibroblasts. PDGF signaling is well-known for promoting survival pathways,
including PI3K/AKT and MAPK/ERK, particularly in cancer biology and cancer-associated
fibroblasts (265). Given that tyrosine kinase inhibitors (TKIs) targeting PDGFRa are used
clinically to treat gastrointestinal stromal tumors (266), future work will explore whether
PDGFRa inhibition reduces cardiac fibroblast number and promotes full recovery of the heart.
Collectively, these findings challenge a long-standing assumption that cardiac fibroblasts are
more plastic than cardiomyocytes due to their ability to proliferate and transdifferentiate (60,
267), and instead suggest that in the absence of cell death, cardiomyocytes retain substantial
plasticity whereas fibroblasts remain persistently primed for survival and dysregulation.

Despite full myocyte recovery and robust LVEF improvements at the whole heart level,
silencing the sarcomeric mutation failed to fully reverse the DCM phenotype. Persistent tissue
stiffness, driven primarily by the ECM, emerged as a major barrier to complete functional
recovery. Concomitant with fibroblast survival, we observed persistent interstitial fibrosis in
DOX-treated 161Q mice. This result aligns with human (22, 715/) and murine studies (/52, 159,
245, 246) showing that mechanical unloading with LVADs or removal of the disease-inducing
stimulus prevents further collagen deposition but fails to reverse established fibrosis,

highlighting a critical gap in our understanding of whether cardiac fibrosis can be reversed.
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Targeted depletion of activated fibroblasts, via chimeric antigen receptor (CAR) T-cells targeting
fibroblast activated protein (FAP), has been proposed as a strategy to promote fibrotic regression
(153). However, we show that fibroblast proliferation, not activation, is the predominant source
of fibrosis in DCM, so FAP may not be a viable target in this context. Moreover, the DTA
fibroblast ablation strategy did not confer functional benefits beyond DOX treatment alone,
although ablation efficiency and fibrosis still need to be quantified before concluding whether
fibroblast clearance can meaningfully reverse cardiac ECM. Importantly, these approaches rest
on the assumption that cardiac fibroblasts are actively maintaining fibrosis and their removal will
naturally lead to ECM regression. Yet early collagen turnover studies indicate that ~70% of
collagen is metabolically inert, with an apparent half-life of 1000 years, while the remaining 30%
turns over on the order of hundreds of days (/54). This intrinsic ECM stability suggests that only
a limited fraction of collagen is actually competent to degrade, and thus fibroblast ablation may
halt further fibrosis but is unlikely to regress existing matrix. Indeed, we found that fibroblast-
specific p38 inhibition did not reduce fibroblast number or interstitial fibrosis, which is
consistent with prior studies showing that p38 inhibitors are effective prophylactically but cannot
dismantle established fibrosis (268—270). Notably, a recent clinical trial testing a p38 inhibitor in
DCM patients with LMNA mutations was terminated early for futility in improving the 6-minute
walk test (/45), aligning with our observation that late p38 inhibition in fibroblasts fails to yield
functional benefit. Together, these data illustrate that correcting myocyte contractile defects
alone does not initiate fibrotic regression. Given that fibrosis is a stronger predictor of sudden
cardiac death than systolic dysfunction in DCM patients (65), it remains uncertain whether a
myocyte-directed therapy that restores contractility but leaves fibrosis intact will reduce the

arrhythmia burden in these patients.
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Dual treatment with DOX and BAPN was the only intervention that fully restored cardiac
function. However, the mechanism by which BAPN enables complete recovery remains unclear.
Although BAPN can soften the ECM by inhibiting LOX-mediated collagen crosslinking (271),
these effects have primarily been demonstrated in preemptive or early-injury settings. In a model
with established fibrosis, such softening would require meaningful collagen turnover, which, as
discussed above, may not occur in the adult heart. Alternatively BAPN has also been shown to
blunt angiotensin II/phenylephrine (Angll/PE)-induced increases in blood pressure by reducing
vascular stiffness (272), raising the possibility that its benefit stems from lowering cardiac load
rather than directly altering interstitial fibrosis. Thus, future work will examine the effects of
BAPN on myocardial stiffness, fibrosis, and the vasculature to determine how it augments
functional recovery.

In conclusion, we demonstrated that sarcomeric correction reverses cardiomyocyte
structure, function, and epigenetics, yet full cardiac recovery is ultimately constrained by
persistent ECM stiffness and fibroblast survival. These findings establish that while
cardiomyocytes are remarkably amenable to repair, fibroblast-driven matrix pathology remains a
key barrier to full reversal of DCM. More broadly, this work can be used to help design new
combinational therapeutic strategies and contextualize the performance of emerging myosin

activators as they begin clinical trials for efficacy.
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34 Methods

Animal Models

All animal experiments were approved by the University of Washington Institutional
Animal Care and Use Committee. I61Q mice were generated as previously described, by mating
to a tetracycline transactivator (tTA) line on the FVB/NJ genetic background (78, 242). The
CON group consisted of both nontransgenic and tTA transgenic littermates because previous
studies showed no effects of the tTA transgene (/8). To suppress the 161Q-cTnC transgene,
doxycycline hyclate chow (625mg/kg Harlan Laboratories, TD.01306) was administered to mice.
To knockout p38 in Tcf21-expressing fibroblasts, we used a previously generated cross where
161Q tTA mice were bred onto a line containing LoxP-targeted Mapk14 (p387™) and a tamoxifen
regulated Cre recombinase that was knocked into the Tcf21 locus (Tcf21€) to generate 161Q
cTnC-p38"VT-Tcf211¢ mice (p38 161Q) (242). To initiate knockout, 25mg/kg tamoxifen (Sigma,
T5648) was delivered to mice by intraperitoneal (IP) injection in a 95% peanut oil and 5%
ethanol solution for 5 consecutive days, followed by tamoxifen citrate chow (400mg/kg Harlan
Laboratories, TD.130860) ad libitum for 10 days. To generate a line where Tcf21-expressing
fibroblasts could be conditionally ablated, 161Q tTA Tcf211° mice were crossed with a line
containing a floxxed diptheria toxin knocked into the ROSA26 (R26P™) locus (Jackson
Laboratory, Strain #:009669) (273). To initiate ablation, mice were given 80mg/kg of tamoxifen
via IP injection for 5 days, followed by 10 days of tamoxifen citrate chow. To inhibit lysyl
oxidase (LOX) activity, 161Q tTA mice were given IP injections of 500mg/kg 3-
aminoproprionitrile fumarate salt (Millipore Sigma, A3134) in sterile PBS for 14 consecutive

days as previously described (217).
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To assess whole heart structure and function, echocardiography was performed on a
Vevo 3100 (VisualSonics) using the MX550D probe under gaseous isoflurane with heart rates
exceeding 400bp. M-mode measurements were acquired from the short axis view and analysis
was performed using VisualSonics Vevo LAB software to acquire values for ejection fraction,
chamber dimensions, and L'V wall thickness. Tissue doppler and pulse wave measurements were
acquired from a four-chamber view and Vevo LAB was used to obtain diastolic parameters.
Analysis was performed blinded to genotype and DOX treatment. Statistics were performed in

GraphPad Prism.

Intact, skinned, and decellularized muscle mechanics

Intact and skinned mechanics were performed as previously described (242). Hearts were
rapidly excised via thoracotomy and rinsed in oxygenated modified Krebs buffer (118.5mM
NaCl, 5mM KCl, 1.2mM MgSOs, 2mM NaH>PO4, 25mM NaHCOs3, 1.8mM CaCl, and 10mM
glucose). Hearts were then perfused and dissected in oxygenated modified Krebs with 0.1 mM
CaCl; and 20 mM 2,3-butanedione 2-monoxime (BDM) to limit contraction and damage during
tissue dissection.

For demembranated (skinned) tissue mechanics, dissected hearts were permeabilized
overnight at 4°C in a glycerol-based relaxing solution (100mM KCIl, 10mM MOPS, 5SmM
K2EGTA, 9mM MgCl; and 5SmM Na;ATP, pH 7.0, supplemented with 1% Triton X-100 (by
vol), 1% protease inhibitor (Sigma P8340), and 50% glycerol (by vol)). Tissues were then
transferred to a fresh solution without Triton X-100 and stored at -20°C. Right ventricular
trabeculae were dissected and mounted between a force transducer and motor, and sarcomere

length (SL) was set to ~2.3 um, as previously described (20). Measurements were performed in a
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physiological solution (15°C, pH 7.0) containing a range of pCa (—log[Ca®']) from 9.0 to 4.0.
Steady-state force and the rate of tension redevelopment (ktr) were recorded at each pCa and
analyzed with custom using LabVIEW software.

For intact twitch measurements, unbranched trabeculaec were isolated from the right
ventricular wall and mounted between a force transducer (Cambridge Technology, Inc., model
400A) and a rigid post, as previously described (20). Tissues were immersed in a continuously
perfused, oxygenated modified Krebs buffer (1.8 mM CaCly) at 33°C. After a ~20 min
equilibration and washout at 0.5 Hz pacing, SL was adjusted to ~2.3 um and tissues were paced
at 1Hz. 30s traces were recorded on custom LabView software and were analyzed with custom
code written using MATLAB software (Mathworks).

To obtain passive stiffness measurements, papillary muscles were isolated and mounted
as described for intact twitch experiments. All buffers additionally contained 25uM blebbistatin
to inhibit cross-bridge formation. Measurements were performed in a modified Krebs buffer
containing 0.1mM Ca?" and 25uM blebbistatin. Tissues were set to a baseline length (Lo) just
above slack and subjected to a serial stretch protocol increasing Lo by 4%, 8%, 12%, 16%, 20%,
and 24%, with each step held for 30s. This protocol was repeated at least twice per tissue to
ensure mechanical stability. Papillary muscles were then decellularized by rocking overnight at
4°C in 1% sodium dodecyl sulfate (SDS), and passive stiffness measurements were repeated
starting from the same Lo. Force was normalized to cross-sectional area to account for size-
dependent differences in stiffness. Traces were recorded using custom LabVIEW software and

were analyzed using custom R code.

Mouse cardiomyocyte isolation and culture
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Mice were heparinized and ventricular myocytes were isolated using Langendorff
retrograde perfusion as previously described (235, 239) with Liberase TH (0.055 mg/mL, Sigma
5401151001) in Krebs-Henseleit buffer (113mM NaCl, 4.7mM KCl, 0.6mM KH>PO4, 0.6mM
Na;HPO4, 1.2mM MgSO4*7H20, 12uM NaHCOs, 12uM KHCOs3, 10.8mM HEPES, 10mM
BDM, 5.66mM D-Glucose, pH 7.46) and 25uM blebbistatin (Toronto Research Chemicals
AB592500). Digestion was aided by a mechanical dissociation step before being filtered through
a 200pm mesh. Myocytes were allowed to sediment for 5-10 minutes and the supernatant was
replaced with increasing concentrations of Ca®* from 0.125 to 0.25 to 0.5mM with BDM and
blebbistatin. Myocytes were plated onto laminin-coated coverslips (40ug/mL, Thermo Fisher) in
a modified DMEM (Fisher Scientific, 10-017-CV) plating medium with 5% FBS, 1% penstrep,
1% L-Glutamine, and 10mM BDM for at least 2 hours prior to fixation or functional
measurements. For myocyte morphology measurements, myocytes were relaxed in PBS with

25uM blebbistatin and fixed in 4% PFA.

Cardiomyocyte morphology tracing

For myocyte geometry measurements, plated myocytes were stained with Wheat Germ
Agglutinin, Alexa Fluor 488 Conjugate (1:100, Invitrogen W11261). 100 myocytes per animal
were manually traced and cell area, length, and width were quantified using Fiji (221). Cell
measurements were performed blinded to genotype and treatment. Statistical analyses were

performed on pooled myocyte measurements in GraphPad Prism.

Measurements of cardiomyocyte contractility

Cardiomyocyte functional measurements were performed as previously described (242)

with constant perfusion of warm M199 with Earle’s salts and L-glutamine (Corning 10-060-CV)
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and 10.25mM HEPES (pH 7.46). In brief, measurements were obtained using the IonOptix
SarcLen Sarcomere Length Acquisition Module with a MyoCam-S3 digital camera (Ionoptix
Co.) attached to an Olympus uWD 40 inverted microscope. To jumpstart pacing, myocytes were
stimulated with 0.5, 1.0, and 1.5Hz at 10V for a minimum of 10 contractions at each frequency.
Measurements were obtained with 0.5Hz pacing with a minimum of 10 beats per myocyte for
30-50 myocytes/mouse. Blinded analysis was performed using the IonWizard software.

Statistical analyses were performed on individual myocyte measurements.

Nuclei isolation from whole ventricles

Nuclei were isolated from whole ventricles using a modified version of the 10X
demonstrated protocol “Nuclei Isolation from Complex Tissues for Single Cell Multiome ATAC
+ Gene Expression Sequencing” (274). Ventricles were excised, flash frozen in liquid nitrogen,
and stored at -80C. To isolate nuclei, ventricles were lysed in an NP40 Lysis Buffer (10mM Tris-
HCI pH 7.4, 10mM NaCl, 3mM MgCl,, 0.25% NP40, ImM DTT, and 0.1U/uL RNase Inhibitor
in nuclease-free water). To assist with lysis, ventricles were put in an M tube (Miltenyi 130-096-
335) and mechanically homogenized using a gentleMACS™ Dissociator (Miltenyi 130-093-235)
“protein_01.01 protocol” before being dounced 50 times in a Type B “loose” douncer. Tissues
were incubated 2 minutes on ice, for a total lysis time of ~5 minutes. Nuclei were passed through
a 40um strainer, washed with PBS with 1% BSA and 0.1U/uL. RNase inhibitor and resuspended
in a 7-AAD Flow Sorting Solution (1X PBS, 0.5% BSA, 0.1U/uL) with 10mg/mL 7-AAD
Ready Made Solution (Sigma, SML1633). To remove sarcomere debris from lysed myocytes,
nuclei were flow sorted on an Aria IIl into a PBS solution with 2% BSA (for a final

concentration of 1% BSA) at a flow rate of 2-3, until 500k nuclei were collected. To
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permeabilize nuclei, the pellet was incubated in 0.1X Lysis Buffer (10mM Tris-HCI pH 7.4,
10mM NaCl, 3mM MgCl,, 1% BSA, ImM DTTA, 0.1U/uLL RNase Inhibitor, 0.01% Tween-20,
0.01% NP40, and 0.001% Digitonin in nuclease-free water) for 2 minutes on ice. Nuclei were
washed in Wash Buffer (10mM Tris-HCI pH 7.4, 10mM NaCl, 3mM MgCl,, 1% BSA, 0.1%
Tween-20, ImM DTT, and 0.1U/uL in nuclease-free water) and resuspended in Diluted Nuclei
Buffer (1X Nuclei Buffer Kit A, ImM DTT, 0.1U/uL in nuclease-free water) to a final
concentration of 4k nuclei/uL for a targeted nuclei recovery of 10k. Nuclei concentration was

determined using the ReadyCount™ Green/Red Viability Stain (Thermo Fisher A49905).

10x Single Cell Multiome ATAC + Gene Expression sequencing and analysis

Library preparation and sequencing were performed with assistance from the Institute for
Stem Cell and Regenerative Medicine (ISCRM) Genomics Core. Permeabilized nuclei were
loaded onto a Chromium Next GEM Chip J (10x Genomics, 1000230), and single-nucleus
droplet partitions were generated using the Chromium Next GEM Single Cell Multiome ATAC
+ Gex Reagent kit (10X Genomics, 1000285), following the manufacturer’s protocol (275).
Independent ATAC and Gene expression libraries were constructed according to the
recommended workflow. Final libraries were sequenced on an Illumina NextSeq 2000 using a
NextSeq 2000 P3 kit (Illumina, 20040559).

Raw sequencing output (BCL files) were processed using the 10x Genomics Cloud
Analysis platform. BCL files were demultiplexed with Cell Ranger ARC (v2.0.2) to generate
FASTQ files for both chromatin accessibility (ATAC) and gene expression (GEX) libraries.
Reads were aligned to the Mus musculus mm10 genome using the 10x Genomics ARC reference

build refdata-cellaranger-arc-mm10-2020-A-2.0.0. Gene expression was quantified with intronic
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reads included (include-introns = true), consistent with Multiome v1 chemistry requirements. For
each sample, Cell Ranger ARC (v2.0.2) performed initial quality control, barcode filtering, peak
calling, ATAC fragment processing, and UMI counting. After individual library processing,
samples were normalized and aggregated using the Cell Ranger ARC aggr pipeline with default
depth-normalization parameters. The resulting aggregated feature-barcode matrices for ATAC
and GEX modalities were exported for downstream analysis in R using Seurat and Signac (238,
276).

More stringent peak calling was performed using MACS2 (v2.2.8) (277) through the
Signac CallPeaks wrapper, using default parameters for single-nucleus ATAC-seq. Peaks were
filtered to remove nonstandard chromosomes and regions overlapping the ENCODE mm10
blacklist. Fragment counts were re-quantified over the MACS2 peak set using FeatureMatrix,
and a new ChromatinAssay was generated and added to the Seurat object for downstream
dimensionality-reduction and differential accessibility analyses. Nuclei were filtered out if they
had low or excessively high ATAC fragment counts (below 500 or above 100,000), low or
excessively high UMI (below 200 or above 2,500), elevated mitochondrial content (above 5%), a
nucleosome signal greater than 2, or insufficient TSS enrichment (below 1). Doublets were
identified and removed using DoubletFinder (278). After quality control, 30,020 nuclei
representing all cell types were retained, with a median of 813 UMIs, 5,904 ATAC fragments,
and a fraction of reads in peaks (FRiP) score of 0.39 per nucleus. Cell types were identified using
RNA-based clustering in Seurat. Gene expression counts were normalized using SCTransform,
with the “glmGamPoi” method, regressing out mitochondrial mapping rate using the
vars.to.regress argument. Principal component analysis (PCA) was performed on the scaled SCT

assay, and downstream analyses were carried out using the first 10 principal components. Nuclei
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were clustered using FindNeighbors and FindClusters with a resolution of 0.1, and visualization
was performed using UMAP computed from the same PCs. Cell types were manually annotated
based on canonical marker genes, identifying myocytes, fibroblasts, endothelial cells, immune
cells, pericytes, smooth muscle cells, and epicardial cells. Myocytes and fibroblasts were
individually subset and processed for downstream ATAC analysis. The myocyte subset
contained 14,533 nuclei (median 1,550 RNA UMIs and 9,652 ATAC fragments per nucleus),
whereas the fibroblast subset contained 8,848 nuclei (median 600 RNA UMIs and 4,032 ATAC
fragments per nucleus). The ATAC counts were normalized using TF-IDF, and dimensionality
reduction was performed using latent semantic indexing (LSI). Shared nearest neighbor graphs
and UMAPs were constructed from the informative LSI components, with components 2-30 for
myocytes and 2-5 for fibroblasts (reflecting the differences in cell number), and clusters were
identified using the smart local local moving (SLM) algorithm with resolutions of 0.1 for
myocytes and 0.2 for fibroblasts.

Five myocyte clusters were identified, with cluster 0 representing the predominant CON
myocyte population and cluster 2 representing the diseased-associated myocyte state.
Transcription factor (TF) activity analysis was performed by integrating gene expression and
chromatin accessibility. ATAC peaks were annotated with TF motifs from the JASPAR2020
vertebrate/core database using the mml0 genome (279), and motif deviation scores were
computed per cell using chromVAR (280). In parallel, differential gene expression and
differential motif activity between clusters 0 and 2 were quantified using the wilcoxauc
implementation in the presto package (287) on the SCT (RNA) and chromVAR (motif) assays,
respectively, yielding AUC statistics and adjusted p values for each TF. Five fibroblast clusters

were identified, but in contrast to the myocytes there was no single cluster that clearly
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represented a disease-specific state. To assess gene-level chromatin accessibility across
conditions, we computed a gene activity matrix from fibroblast ATAC peaks using Gene
Activity and stored it as a pseudoRNA assay. PseudoRNA counts were normalized with
LogNormalize in Seurat using the median pseudoRNA UMI count as the scale factor.
Normalized gene activity scores were then aggregated to the sample level using
AggregateExpression, grouping by fibroblast identity and sample to generate pseudo-bulk
accessibility profiles for each experimental condition. These pseudo-bulk profiles were used to

visualize accessibility of selected survival genes across conditions using boxplots.

Mouse cardiac fibroblast isolation and purification

Cardiac fibroblasts were isolated and enriched as previously described (/99). In brief,
mice were heparinized, and fibroblasts were isolated by Langendorff perfusion with type II
collagenase (2mg/mL, Worthington LS004176) and Liberase TH (0.4mg/mL) in Krebs-Henseleit
buffer (113mM NaCl, 4.7mM KCI, 0.6mM KH>PO4, 0.6mM Na;HPO4, 1.2mM MgSO4*7H>0,
12uM NaHCO3, 12uM KHCOs3, 10.8mM HEPES, 10mM BDM, 5.66mM D-Glucose). After 15
minutes of perfusion, ventricles were mechanically teased apart and put on a rocker in digestion
media at 37C until ventricles were fully dissociated (~15 additional minutes). The digestion
mixture was filtered through a 70pum filter and washed with DMEM with 20% fetal bovine
serum (FBS, Fisher Scientific SH30071.03) and 1% penstrep. To enrich the cell pellet for
fibroblasts, fibroblasts were magnetically sorted using a Miltenyi QuadroMACS magnetic cell
separation kit. Cells were resuspended in 180uL sorting buffer (1X PBS, 5% BSA, 2mM EDTA,
degassed) and 20uL of Cd11b microbeads (Miltenyi 130-049-601) and incubated for 15 minutes

at 4C. Samples were washed through the LS columns (Miltenyi 130-042-401) and the flow
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through was collected (Cd11b- fraction). The cells were spun down and resuspended in 160uL of
sorting buffer with 40uL MEFSK4 (anti-feeder) microbeads (Miltenyi 130-095-531). Cells were
again incubated 15 minutes at 4C and washed through the magnetic columns. The flow through
was discarded and magnetic columns containing MEFSK4+ fraction were removed and rinsed
with sorting buffer. Viability was assessed using trypan blue, with viability of greater than 90%
for each sample.

For western blots fibroblasts from two respective preps were pooled for each genotype
and condition in order to maximize protein per sample and minimize variability. After isolation,
fibroblasts were directly lysed in Laemmli buffer at a ratio of 10k cells/uL of buffer and stored at
-80C. For single nucleus RNAseq fibroblast pellets were spun down, supernatant was removed,

and cells were snap frozen in liquid nitrogen and stored at -80C.

Fibroblast single nucleus RNA sequencing and analysis

Nuclei were isolated from fibroblasts as previously described (234, 242) with the
following modifications. Cells were lysed at room temperature for Smins with cold hypotonic
lysis buffer solution B (6.8mM NaHPOs dibasic, 4mM NaH;PO4*H,0, 1.5\mM KH>PO4
monobasic, 2.4mM KCIl, 2.7 MgCl,, 0.67% Bovine Albumin Fraction V, 0.02% igepal, 0.9%
DEPC). Nuclei were passed through a 40um filter and fixed for Smins in room temperature
methanol with 1.25mg/mL DSP. Finally, nuclei were rehydrated in 0.3M SPBSTM (333mM
sucrose, 1X DPBS, 0.1% TritonX-100, 3mM MgCl, made up in nuclease free water) and passed
through 20um filter. Nuclei were counted and quality was evaluated using trypan blue. Nuclei
were spun down, supernatant was removed, and nuclei were stored at -80C. All spins were

performed at 500rcf at 12C for Smins to prevent crystallization of DEPC.
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Sequencing was performed at the Northwest Genomics Core on a Novaseq 6000 flow
cell. Cleaned reads were aligned to the reference genome (GRCm38/mm10) using STAR (234).
Further analysis, filtering, and visualization was performed using the Seurat package in R (237)
as previously described (242). In brief, nuclei were filtered out if they contained fewer than 200
UMLI, over the top 1% of UMI, or over 5% mitochondrial reads. Overall, 239,946 nuclei of all
cell types were sequenced with median UMI of 716. Clustering was performed following the
standard approach, with cell types manually identified by canonical marker genes. 211,301
fibroblasts with an average UMI count of 714 were subset, normalized using the SCTransform
function using the “glmGamPoi” method with the percent mitochondrial reads regressed out
using the vars.to.regress argument. Principal component analysis was performed on the scaled
data, the nuclei were clustered on the first 10 principal components using the FindNeighbors
function, and the FindClusters function was performed with a resolution of 0.4. To visualize the
data, non-linear dimensional reduction via UMAP was used to project cells in 2D space. 6
fibroblast clusters were identified, and cluster markers were obtained using FindAllMarkers. An
ECM Score was obtained as previously described (282) using the AddModuleScore function to
get a score for relative expression of all known ECM collagens, glycoproteins, and proteoglycans
obtained from MatrisomeDB 2.0 (283) Genes that were reversibly or irreversibly upregulated
with 161Q and DOX treatment were identified using the FindMarkers function between each

experimental group. GO terms were obtained using gprofiler2 (284).

Western blots
For whole ventricle western blots, ventricles were flash frozen in liquid nitrogen and

stored at -80C. To obtain protein pellets, frozen tissue was dissociated using a mortar and pestle
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and resuspended directly in concentrated Laemmli buffer (15% Glycerol, 1% SDS, 62.5mM Tris
HCI, pH 6.8, 0.05% bromophenol blue, 60mM DTT, and 1x complete protease inhibitor).
Lysates were further diluted in Laemmli buffer, incubated for Smins at 100°C, and sample
concentrations were normalized by total protein (Coomassie, Fisher Scientific, 50-212-965)
staining following SDS-PAGE electrophoresis. Equal amounts of protein were subsequently
loaded in 12% bis-acrylamide gels to allow separation of native cTnC from the FLAG-tagged
[61Q-cTnC transgene, which has a slightly higher molecular weight. The gels were transferred to
PVDF membranes for immunodetection. Membranes were blocked in 5% milk in tris buffered
saline containing 0.1% Tween-20 (TBST), pH 7.6. Primary antibodies were applied overnight at
4°C in blocking buffer: ¢cTnC (1:1000, Abcam ab137130), M2 Flag antibody (1:1000, Sigma
F1804). HRP-conjugated secondary antibodies (1:4000, Sigma) were applied the following day
for 1 hour at room temperature and blots were developed using SuperSignal West Pico PLUS
(Thermo Fisher, PI34580) chemiluminescence substrate.

For fibroblast westerns, samples were boiled at 95C for Smin and 180k fibroblasts worth
of lysate was loaded onto a 12% gel and run as described above. Primary antibodies: BCL2
(1:1000, BD Biosciences 610538), p-ERK (1:1000, Cell Signaling 4370T), ERK (1:500, Cell

Signaling 4695S).

Histology and immunohistochemistry

Hearts were cut in half on the transverse plane prior to processing and sectioning. Hearts
were fixed in 4% PFA overnight, run through a sucrose gradient (PBS + 5%, 10%, 20%, and
30% sucrose), and embedded in optimal cutting temperature (OCT) compound. Sum sections

were used for all histological and immunohistochemical analyses. Prior to Sirius Red/Fast Green
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staining (0.1% Direct Red 80, 0.1% Fast Green in Picric Acid) sections were additionally
incubated in bouin’s solution at 55-60°C for 10mins. This method stains muscle tissue in green
and fibrotic scar in red. Images of whole hearts were taken at 10x magnification and quantified
using HSB color thresholding in Fiji (Hue categories: fibrotic area 19-220 without pass, total
area 141-190 without pass). PDGFRa (1:100 R&D systems) staining was done on independent
OCT samples. These methods are previously described from our laboratory (7/99). OCT sections
were rinsed in 1X PBS and blocked 1hr (PBS, 1% BSA, 0.5% Triton-X100, 0.1% cold fish skin
gelatin). Primary antibodies were incubated overnight in blocking solution at 4°C. AlexaFluor
secondary antibodies (1:1000, Invitrogen) were used for 1.5 hours at room temperature to detect
the antigen and hoechst (1:2000, Thermo Fisher) was used to visualize nuclei. To obtain myocyte
cross-sectional area, OCT sections were stained with Wheat Germ Agglutinin, Alexa Fluor 488
Conjugate (1:100, Invitrogen) for 1 hour at room temperature. To examine collagen turnover,
OCT sections were stained with a biotin conjugated collagen hybridizing peptide (CHP, 10uM,
3Helix). The diluted CHP solution was incubated at 80°C for Smins and incubated 15-90 seconds
in an ice slurry to cool the solution down before being applied to the slides and incubated
overnight at 4°C. Streptavidin Alexa Fluor 647 conjugate was used as a secondary (1:1000,
Thermo Fisher) and Wheat Germ Agglutinin, Alexa Fluor 488 Conjugate was used as a
counterstain to obtain total tissue area. Secondaries were incubated for 1hr at room temperature.

All samples were mounted using Mowiol 4-88 (Sigma 81381).

Image analysis

To quantify PDGFRa" cells in tissue, whole cross-sections were imaged on an Olympus

slide scanner at 20X and segmented using a trained Ilastik pipeline (285). Cell counts were
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normalized to total number of nuclei to obtain fibroblast number as a percent of all cells. To
obtain myocyte cross sectional area (CSA), 50 endocardial and 50 epicardial myocytes were
manually traced per mouse in Fiji (227). CHP area was quantified using the thresholding
function in Fiji. Thresholds were stringently set using positive controls (such as myocardial
infarction samples) where there is known collagen turnover to avoid over-thresholding. CHP

area was normalized to total tissue area, which was obtained by thresholding WGA.

Analysis of collagen birefringence

Images of whole heart sections PSR/FG sections were taken at 10x magnification with
the polarizer rotated to 90 degrees. This produced images with a very black background and
bright collagen birefringence. Notably, not all red fibers from PSR/FG staining were birefringent
because the samples were not rotated at all angles. Analysis of collagen birefringence was
completed using HSB color thresholding in Fiji (Hue categories: Orange/Red/White 23-235
without pass, Yellow/Green 24—-82) (221). The Yellow-Green hue range was reduced compared
to previous methods (/99) to remove myocyte background in the green spectra. The percent area
of each color category was then normalized to the total birefringent fiber area and total tissue

arca.

Culturing iPSC-CM on decellularized mouse ECM

To generate an induced pluripotent stem cell line with a tension sensor, the Clover-
mRuby2 FRET tension sensor was heterozygously knocked into the vinculin gene following the
head protein domain in the WTCI11 iPS cell line (VinTS iPSCs) (Nagle et al., paper in review at
Biophys J.). This force sensor contains a linker with 7 GGSGGS repeats, translating to a force

range of 2-9 piconewtons in the FRET efficiency range of 45-5%13. The Clover-mRuby2
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tension sensor with a (GGSGGS)x7 linker was obtained from the Hoffman lab via Addgene
(#111764). The sensor construct was cloned into a donor plasmid containing homology arms on
either side of the sensor with 1000bp on either side of residue 883, amplified from WTCI11
genomic DNA.

VinTS iPSCs were cultured in mTeSR Plus (Stem Cell Technologies) and passaged after
reaching 60-80% confluency. Cells are passaged by 10-minute incubation with versene, followed
by centrifugation at 1000 rpm for 3 minutes. Cells are resuspended in mTeSR Plus with 10uM
ROCK inhibitor (Y-27632, Selleckchem), and plated onto tissue culture plates that had been
incubated at least 30 minutes in a 60X dilution of Matrigel (Corning) into DMEM:F12.

VinTS iPSCs were differentiated into cardiac progenitors as previously described (286)
On day -2, iPSCs were replated onto Matrigel coated plates in mTeSR with 10uM ROCK
inhibitor. On day -1, iPSCs were primed with 1uM CHIR-99021 (Cayman) in mTeSR Plus. On
day 0, stem cells were washed with HBSS and fed with a differentiation medium (base medium
RPMI-1640 (Gibco), SuM CHIR-99021, 500pug/mL BSA (Sigma), 213ug/mL ascorbic acid
(Sigma) to activate Wnt signaling and induce mesoderm fate. On day 2, Wnt signaling was
inhibited to induce cardiac fate by feeding cells with 2uM Wnt-C59 (SelleckChem) in RBA
medium. On day 4, cells were fed RBA medium only. Cardiac progenitors were further specified
into epicardial cells and finally differentiated into fibroblasts according to the Whitehead
protocol (287). At day 6, cardiac progenitors were replated at 60k cells/well to a pre-coated 0.1%
gelatin 12-well plate and fed Advanced DMEM/F12 (Gibco) with 100pug/ml ascorbic acid, 1.3X
Glutamax (Gibco) (LaSR medium), and 10uM Y-27632. On days 7 and 8, cells were fed LaSR +
3uM CHIR-9902. On days 9-11, cells were fed with LaSR only. On day 12, epicardial cells were

replated at 650k cells/well to a precoated 0.1% gelatin 6 well plate and fed LaSR with 10uM Y-
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27632 to begin fibroblast specification. Cells were fed daily out to day 33 with LaSR with
10ng/mL bFGF (R&D Systems).

To generate coverslips with dECM, CON and 161Q hearts were pinned and decellularized
on plates coated in Sylgard™ 184 (Electron Microscopy Services). Tissues were rocked at room
temperature in a 1% SDS solution for 4 days and subsequently washed with 1% Triton-X and
PBS solutions for at least 1hr. The dECM was then frozen in OCT and coverslips to obtain 10um
dECM slices. The coverslips with dECM were rinsed in PBS and UV-treated for at least 30
minutes to avoid contaminations. VinTS iPSC-FBs were replated onto dECM coverslips at day
33 in Promocell Fibroblast Growth Medium 3. After 24hrs, the media was switched to the Assay
Media (RPMI, 10% FBS, and 50uM ascorbic acid). The VinTS iPSC-FB were cultured on the
dECM for a total of 4 days before being fixed with 4% PFA. VinTS iPSC-FB were stained with
Phalloidin (Thermo Fisher A22287) and Hoechst to visualize the cells on the matrix.

To measure adhesion force, VinTS iPSC-FB were imaged on a Live-Cell Inverted
Widetield/Spinning Disk Confocal at 63x with z-stacks. Images of the donor (Clover), sensitized
emission (FRET) and acceptor (mRuby2) were inputted into a MATLAB script adapted from the
Hoffman group (288) using FRET analysis calculations outlined in Chen et al (289). Other inputs
required are the donor and acceptor bleedthrough constants and the G constant (ratio of
sensitized emission to quenched donor fluorescence). ECM was visualized through
autofluorescence in the FRET channel and segmented using an Ilastik pipeline (285). To avoid
confounding affects from adhesions bound to the hard coverglass, ECM-touching adhesions were

segmented and quantified based on whether they overlapped the ECM mask.
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3.5 Supplemental Figures
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Supplemental Figure 3.1: Mice with end-stage DCM are still capable of recovery. A) Survival curve
comparing CON and 161Q mice out to 13 months of age. Significance determined using the Gehan-
Breslow-Wilcoxon test. B) Schematic of the experimental design, where 1610 mice and their control
littermates were aged to 12 months before beginning treatment with DOX chow for one month, replacing
161Q c¢TnC with WT c¢TnC. C) Left ventricular ejection fraction (EF) in 12mo mice +/- 1 month of DOX
and D) percent change in EF in [-month treated mice beginning treatment at 6 and 12months. E)
Diastolic dimension and F) percent change in diastolic dimension. G) E/A. Bar graphs are mean +
standard deviation (SD) and dots represent biological replicates (CON N=15, 161Q N=9, CON DOX
N=14, 1610 DOX N=9). H) Ventricle hypertrophy measured by the ventricle weight (VW) to body weight
(BW) ratio (CON N=14, 1610 N=9, CON DOX N=14, 1610 DOX N=9). All bar graphs are mean + SD,
and statistical significance was determined using two-way ANOVA + Tukey post-hoc (*p<0.05,

©<(.01, ***9<0.001, ****p<0.0001).
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Supplemental Figure 3.2: Late p38 knockdown in fibroblasts fails to reduce fibroblast number or
improve function. A) Schematic of the experimental design: mice were aged to 3.5 months before
receiving 2 weeks of tamoxifen to knock out p38 in Tcf21-expressing fibroblasts, followed by a 2-month
incubation period to assess effects on 161Q-induced DCM. B) Quantification of fibroblast number
normalized by tissue area, showing p38 KO does not reduce fibroblast numbers in 1610 mice. C)
Quantification of fibrosis from PSR/FG-stained slides. D-F) Echocardiographic measurements of left
ventricular ejection fraction (EF), E’/A°, and diastolic dimension. G) Myocyte cross-sectional area (CSA)
from myocardial sections stained with wheat germ agglutinin (WGA). H) Ventricular hypertrophy
quantified as ventricle weight (VW) to body weight (BW) ratio. Bar graphs show mean + standard

deviation (SD), with dots representing biological replicates (CON N = 11, p38 KON =7, 1610 N = 10,
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P38 KO + 1610 N = 8 for G-H; CON N = 15, p38 KON = 10, I61Q N = 10, p38 KO + I61Q N = 11 for

D-H). One-way ANOVA + Tukey post-hoc. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Chapter 4: Impact of developmental timing on DCM onset and

progression

4.1 Introduction

While the central focus of this dissertation has been to define the reversibility of DCM
after the establishment of pathological remodeling, several experiments conducted during my
PhD addressed how developmental processes may shape disease onset and progression. Cardiac
development is a period of high cellular plasticity, characterized by dynamic changes in
cardiomyocyte maturation, fibroblast proliferation, and ECM organization. In particular,
postnatal fibroblasts are transiently proliferative and contribute substantially to ECM deposition
during myocardial maturation (46). Given the central role of fibroblasts and ECM stiffness in
limiting recovery in adult DCM, it is reasonable to hypothesize that the timing of disease onset
relative to developmental windows of fibroblast activity could influence the severity and

trajectory of disease.

4.2 Results
4.2.1 Developmental suppression of DCM mutation delays dysfunction

To determine whether hypocontractility during early postnatal life contributes to DCM
progression in adulthood, we transiently suppressed expression of the 161Q ¢TnC transgene by
administering doxycycline chow (DOX) from birth until one month of age. DOX was then
withdrawn to allow transgene re-expression during adulthood. Mice were harvested at 1, 2, 3, 4,
or 5 months after DOX removal to define the kinetics of transgene return (Figure 4.1A).
Western blot quantification of mutant-to-total cTnC revealed that expression began to reappear

between 2-3 months and reached full expression by 4 months (Figure 4.1B). In untreated 161Q
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mice maintained on standard chow (STD), contractile dysfunction and LV are detectable by 2
months of age (Supplemental Figure 2.1B, Figure 2.2D). Therefore, to assess whether
developmental suppression alters this trajectory, we examined control (CON) and 161Q at 6
months, allowing for at least 2 months of full transgene expression. Western blots for cTnC and
FLAG confirmed robust transgene expression at this timepoint (Figure 4.1C). 161Q mice that
were given DOX during development expressed ~35% mutant ¢TnC, compared in ~45% in
untreated 161Q mice, a level that modeling predicts is still sufficient to reduce the tension time
integral (290) (Figure 4.1D). Interestingly, isolated myocytes from developmentally suppressed
[161Q mice showed preserved contractile function at 6 months. Fractional shortening, time to
baseline relaxation, and cell size (area, length, width) were unchanged (Figure 4.1E-K). These
cells did display a modest reduction in departure velocity accompanied by a corresponding
increase in Ca?" release rate (Figure 4.1E-I). Echocardiography similarly demonstrated that
DOX-treated 161Q mice did not develop reduced ejection fraction, LV dilation, or ventricular
hypertrophy by 6 months (Figure 4.1M-N). To determine whether developmental suppression
prevented DCM entirely or simply delayed its presentation, we aged these mice further. By 8
months, isolated myocytes displayed reduced fractional shortening (Figure 4.1P). By 12 months,
DOX-treated 161Q mice exhibited decreased LVEF, increased LV diastolic dimension, and
increased ventricular mass, though these changes remained attenuated compared to age-matched
[61Q mice on standard chow (Figure 4.1Q-S). Together, these findings demonstrate that
transient suppression of the 161Q ¢TnC mutation during early development substantially delays
both the onset and severity of DCM. This suggests that key disease-initiating processes active
during the postnatal window, potentially including fibroblast expansion or ECM remodeling,

predispose the myocardium to more rapid and severe dysfunction in adulthood.
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Figure 4.1: Developmental suppression of DCM mutation delays dysfunction. All mice shown here

received doxycycline (DOX) during the first month of life to suppress 161Q cTnC expression, followed by

removal from DOX for the indicated durations. In panels M, N, Q, and R, an additional untreated 161Q

group on standard chow (STD) is included for comparison (blue). A) Representative western blot and B)

quantification showing recovery of 161Q cTnC expression over time after DOX withdrawal. C) Western

blots for total cTnC and FLAG, and D) quantification, confirming robust re-expression of 161Q c¢TnC by

6 months of age (5 months off DOX). E-I) Isolated myocyte measurements from 6-month-old CON and
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161Q mice: E) fractional shortening, F) departure velocity, G) time to 90% baseline, H) Ca** peak height,
and I) rate of Ca* release (CON N=4, 1610 N=3; CON n=68 myocytes, 1610 n=44; unpaired t-test). J—
L) Myocyte morphology: J) area, K) length, L) width (CON n=200 myocytes, 1610 n=150 from the same
mice as above,; unpaired t-test). M—N) Left ventricular ejection fraction (M) and diastolic dimension (N)
at 6 months (CON N=15, 161Q-STD N=14, 161Q0-DOX N=10; one-way ANOVA with Tukey post hoc). O)
Ventricle weight-to-body weight ratio at 6 months (CON N=6, 1610 N=5; unpaired t-test). P) Myocyte
fractional shortening at 8§ months (CON n=35, 161Q n=36 myocytes from CON N=2, 1610 N=I;
unpaired t-test). Q—R) Left ventricular ejection fraction (Q) and diastolic dimension (R) at 12 months
(WT N=12, 1610-STD N=14, 161Q-STD N=7; one-way ANOVA with Tukey post hoc). S) Ventricle

weight-to-body weight ratio at 12 months (CON N=13, 1610 N=9; unpaired t-test).

4.2.2 Targeting Postn® fibroblasts during development does not alter DCM onset

Given that a pro-proliferative population Postn® fibroblasts emerges during postnatal
myocardial maturation (46) and that 161Q mice show increased Postn protein expression by 2
months of age (Figure 2.2M), we hypothesized that this subset of cells may be responsible for
the fibroblast expansion observed in our DCM model. As a preliminary test, we stained P14
CON and 161Q heart sections for Postn and PDGFRa (Figure 4.2A). PDGFRa* fibroblasts
within Postn® regions were ~3-fold more abundant in 161Q hearts compared to CON (Figure
4.2B), prompting further investigation. To more precisely track Postn™ fibroblast dynamics, we
used a lineage tracing approach in Postn-MerCreMer;Rosa26-mTmG mice. Tamoxifen (12.5
mg/kg) was delivered intragastrically at P1, 3, 5, 7, and 9 to cover the proliferative window
identified by Hortells et al (Figure 4.2C). Mice were aged to P30, stained for PDGFRa, and
analyzed for fibroblast subset composition. While total PDGFRa* fibroblast numbers were

higher in 161Q hearts (Figure 4.2D-E), the number of Postn-lineage cells were unchanged
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(Figure 4.2F-G). If anything, the Postn® fraction trended smaller relative to total fibroblasts
(Figure 4.2H), suggesting that expansion occurs predominantly in the non-Postn® fibroblast
lineage. This potentially suggests that despite their developmental proliferative capacity,
fibroblasts from this Postn™ lincage may have limited proliferative potential later in life.

To determine whether targeting this fibroblast population during development could
mitigate disease progression, we genetically deleted p38 MAPK, a pathway previously
implicated in regulating fibroblast proliferation (Figure 2.5), during the postnatal period (Figure
4.2J). At 2 months, [161Q mice lacking p38 in Postn-lineage cells showed no improvement in
ejection fraction, ventricular dilation, and diastolic dysfunction (Figure 4.2K-M), and
ventricular hypertrophy was worsened (Figure 4.2N). These results indicate that Postn®
fibroblasts are not the primary drivers of hyperproliferation or disease progression in 161Q mice.

One potential caveat to this data is that although our tamoxifen dose was 25% higher than
Hortells et al., subsequent work in our lab suggests that labeling efficiency may be greater at 15-
17.5 mg/kg. Thus, incomplete labeling may have limited our ability to detect small changes in

this population.
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Figure 4.2: Targeting Postn* fibroblasts during development does not alter DCM onset. A)
Representative images and B) quantification of P14 CON and 1610 heart sections stained for Postn and
PDGFRa (N=1 mouse per genotypes). C) Schematic of the Postn-mTmG lineage tracing strategy and
tamoxifen dosing regimen. D-G) Quantification of PDGFRa" and Postn” lineage-traced fibroblasts,
normalized to area (D and F) or total nuclei number (E and G) at 1 month of age. H) Proportion of total
fibroblasts derived from the Postn' lineage. For panels D-H: CON N = 14, 1610 N =8; significance
determined by Student’s t-test. I) Schematic of p38"F x Postn-MerCreMer genetic cross and tamoxifen

dosing scheme for postnatal knockout. J-L) Echocardiographic measurements at 2months for left
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ventricular ejection fraction (J), diastolic dimension (K), and E/A ratio (L). M) Ventricle weight-to-body
weight ratio. For panels J-M: P38"F N = 6, P38"F Postn N = 5, P38"F 161Q TTA N=5, P38™F Postn

1610 TTA N=35, significance determined by one-way ANOVA with Tukey post hoc test.

4.3 Conclusions and Future Directions

These developmental studies provide new insight into how hypocontraction during the
postnatal period shapes the trajectory of dilated cardiomyopathy in adulthood. Transiently
suppressing the pathogenic mutation during development substantially delayed the onset of
myocyte dysfunction and adverse remodeling. While these mice ultimately developed DCM, the
delayed phenotype suggests that pathogenic processes initiated during early myocardial
maturation exacerbate disease severity later in life. This finding aligns with the broader
conclusion of this dissertation, which is that timing and duration of transgene expression
critically influence both the severity of disease and the extent to which the myocardium can
recover.

We initially hypothesized that fibroblasts from the Postn® lineage might be a key driver
of the early fibroblast expansion in 161Q hearts, and that suppression of the mutant cTnC during
development would prevent this expansion and thereby delay disease onset. Preliminary
histology appeared consistent with this idea, suggesting increased PDGFRa" fibroblasts in Postn-
rich regions. However, lineage tracing revealed that Postn® fibroblasts themselves were not
hyperproliferative in DCM. In fact, their proportional contribution to the total fibroblast pool
appeared to decline, implying that other fibroblast subsets account for the early expansion. Given
that POSTN in the matrix can stimulate fibroblast proliferation (2917), these findings raise the
possibility that fibroblasts proliferate in response to extracellular POSTN deposition rather than

arising from a Postn” lineage. Consistent with Postn®™ cells not being the primary effector
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population, development p38 MAPK deletion within this lineage failed to prevent dysfunction,
dilation, or hypertrophy. Together, these data indicate that the Postn™ developmental fibroblast
subset is not the primary driver of early fibroblast expansion or disease initiation in this model,
and that inhibiting this pathway during development is not protective.

Overall, these results emphasize that the developmental period is a critical window for
shaping long-term cardiac outcomes. However, not all cell populations that are highly active
during this window are necessarily culpable in disease initiation, underscoring the need for

precise identification of pathogenic drivers before pursuing early-life interventions.
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