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Preventing hypocontractility-induced fibroblast expansion
alleviates dilated cardiomyopathy
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Cardiomyocyte hypocontractility underlies inherited dilated cardiomyopathy (DCM). Yet, whether fibroblasts modify DCM
phenotypes remains unclear despite their regulation of fibrosis, which strongly predicts disease severity. Expression of a
hypocontractility-linked sarcomeric variant in mice triggered cardiac fibroblast expansion from the de novo formation of
hyperproliferative-mechanosensitized fibroblast states, which occurred prior to eccentric myocyte remodeling. Initially this
fibroblast response reorganized fibrillar collagen and stiffened the myocardium albeit without depositing fibrotic tissue. These
adaptations coincided with heightened matrix-integrin receptor interactions and diastolic tension sensation at focal adhesions
within fibroblasts. Targeted p38 deletion arrested these cardiac fibroblast responses in DCM mice, which prevented
cardiomyocyte remodeling and improved contractility. In conclusion, p38-mediated fibroblast responses were essential
regulators of DCM severity, marking a potential cellular target for therapeutic intervention.

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 (1-3). 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 (3-6). 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 (2, 7, 8). 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 (9).

Common to most severe DCM phenotypes is fibrosis, which
often precedes and exacerbates cardiac structural remodeling
(10-12). Remodeling of the heart’s extracellular matrix (ECM),
such as during the fibrotic response to stress, is primarily regu-
lated by resident fibroblasts of the Tcf21 and Pdgfra lineages (13—
16). While cardiac fibroblasts can be activated chemically to se-
crete fibrotic ECM, these cells are also highly sensitive to mechan-
ical signals including substrate stiffness, alignment, and stretch
(17). Fibroblasts are posited to function within mechanical feed-
back loops by structurally and biochemically tuning the
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extracellular environment’s material properties to maintain a tis-
sue’s preferred mechanical state (18). Given fibroblasts are phys-
ically coupled to cardiomyocytes via the ECM (19), 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 re-
model the extracellular environment to maintain mechanical ho-
meostasis. We further propose that these adaptive fibroblast
responses are essential secondary drivers of DCM phenotype and
disease severity.

Results

Prior to myocyte growth, hypocontractile sarcomeres induce
myocardial stiffening related to collagen reorganization.
Sarcomeric hypocontractility was modeled in mice by expressing
an experimentally-derived 161Q variant of cardiac troponin C
(cTnC) specifically in cardiomyocytes using a doxycycline-repress-
ible a-myosin heavy chain promoter [fig. S1A (1)]. The 161Q mu-
tation lowers cTnC’s Ca?* binding affinity and hence reduces force
production on a beat-to-beat basis (20, 21). This change is appar-
ent by echocardiography, which showed reduced ejection frac-
tion in the hearts of 161Q transgenic mice by 2 months of age
relative to the control (CON) group, which consisted of non-trans-
genic and tetracycline transactivator (tTA) transgenic littermates
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(fig. S1B). These two genotypes were merged into a single control
group, because previous studies showed no effects of the tTA
transgene (1). The time frame of dilated remodeling was defined
by morphologic measurements of isolated CON and 161Q myo-
cytes in the presence of a myosin inhibitor blebbistatin, which en-
sures the cellular dimensions represent structural changes rather
than sarcomere elongation from 161Q cTnC-dependent desensiti-
zation of the myofilaments to Ca?* (1). At 2 months of age 161Q
myocytes had normal lengths and length:width ratios when com-
pared to CON indicating a lack of structural remodeling (Fig. 1, A
and B). However, by 4 months 161Q myocytes were longer and
had greater length:width ratios- a structural hallmark of eccentric
hypertrophy and DCM [Fig. 1, A and B (22, 23)]. Consistent with
this progressive increase in 161Q myocyte length from serial sar-
comere addition (24), heart weight to body weight ratios were
similar to CON at 2 months of age but significantly increased by 4
(Fig. 1C; P < 0.001). By contrast, diastolic chamber dimensions as
measured by echocardiography were increased at both ages (Fig.
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 sar-
comere lengths in isolated myocytes from 2-month-old 161Q and
CON mice at diastolic [Ca%*] (1). As expected 161Q myocytes had
longer resting sarcomere lengths (Fig. 1E). Organ level dilation
could also be caused by myocardial stiffness, considering geno-
type positive cardiomyopathy patients can have stiffer hearts
prior to the onset of structural remodeling (9—11). Indeed, a he-
modynamic index of cardiac stiffness, end diastolic pressure-vol-
ume relationship (EDPVR), was elevated in 2-month-old 161Q
mice and worsened with age (Fig. 1F). To determine if myocardial
or ECM stiffness caused heightened EDPVR in 161Q mice, the pas-
sive mechanical properties of intact and decellularized hearts
were measured using a Langendorff working heart preparation
that lacked electrical stimulation (fig. S1, C and D). Here, intact
hearts from 161Q transgenic and CON mice were subjected to ret-
rograde perfusion with Krebs-Henseleit buffer containing blebbi-
statin 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 (Fig. 1G and fig.
S1C). 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 (Fig. 1G). Following intact measure-
ments, hearts were decellularized and the assay repeated to
measure passive mechanical properties of the ECM in the same
preparation. Both intact and decellularized preparations from
161Q mice required higher maximal pressures per inflation, indi-
cating both the myocardium and ECM are stiffer relative to CON
(Fig. 1, H and |, and fig. S1, C and D).

Titin isoforms and post-translational modifications were
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surveyed by Western blot given their regulation of myocyte pas-
sive stiffness in the physiologic range (25). The stiffer N2B isoform
was up-regulated in 161Q hearts (Fig. 1J and fig.S1E), whereas post
translational modifications of titin that enhance myocyte compli-
ance were reduced as shown by the lack of phosphorylation at
serine residues in the N2B-specific sequence (5267P) and PEVK
region (S26P) when compared to CON [Fig. 1, Kand L, and fig. S1E
(26, 27)]. While titin composition was altered in 161Q cardiomyo-
cytes, the modest effect size prompted examination of the ECM’s
biochemical composition, quantity, and organization to deter-
mine additional causes of stiffness in 161Q hearts (20). Label-free
data-independent acquisition (DIA) mass spectrometry (MS) of
decellularized cardiac ECM from 161Q cTnC transgenic and CON
mice was performed (Fig. 1M and fig. S2, A to P) and recovered
~72% of core collagens, ECM glycoproteins, and proteoglycans
(28). The relative abundance of primary ECM constituents was
largely unchanged between genotypes (~6% of the matrisome;
Fig. 1M and fig. S2A). Only 22 core matrisome proteins were dif-
ferentially expressed between CON and 161Q mice, including sev-
eral laminin subtypes and type 6 collagen (Fig. 1M), an
established biomarker of heart failure not yet linked to ECM stiff-
ening (28-30). 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 (fig. S2B). This
matches histologic analysis of fibrosis by picrosirius red staining,
in which no differences were detected between groups at this age
(Fig. 1, N and 0). By 4 months, 161Q transgenics began accruing
interstitial cardiac fibrosis concomitant with the structural length-
ening of myocytes (Fig. 1, Ato Cand N and O). The MS data were
also used to detect covalent and non-covalent crosslinking of fi-
brillar collagens as a mechanism for ECM stiffness. Of the few gly-
cation sites identified, none were different between genotypes
(fig. S2, C to E). By contrast, we found that a smaller proportion
of 161Q fibrillar collagens had hydroxylated proline and lysine res-
idues, with the biggest decrease being reduced abundance of hy-
droxylated lysines in COL1A1 (fig. S2, F to ). Reduced proline and
lysine hydroxylation on fibrillar collagens is typically associated
with ECM instability and immaturity (31-33), and collagen bire-
fringence imaging showed a greater proportion of collagen fibers
were immature in 161Q versus control ECM (fig. S2Q). No differ-
ences in ECM crosslinking enzyme abundance were detected (fig.
S2, J to 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 (34).
Second harmonic generation (SHG) microscopy and imaging of
decellularized 161Q and CON hearts below the epicardial surface
identified increased collagen fiber alignment in the circumferen-
tial-longitudinal plane (Fig. 1, P to S), which is consistent with find-
ings linking collagen fiber alignment to heightened anisotropic
strength and stiffness (35, 36). There was no significant difference
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in collagen fiber length between controls and 161Q ECM prepara-
tions (Fig. 1R), indicating the observed topographical changes
were not simply a product of collagen elongation. Because
smaller collagen fibril diameter and increased packing also en-
hance ECM strength and passive stiffness (37-39), transmission
electron microscopy (TEM) was used to examine collagen fiber ul-
trastructure. Indeed, 161Q collagen fibrils had smaller diameters
and cross-sectional areas with a greater packing density relative
to controls (Fig. 1, Tto V, and fig. S2R). The proteoglycan decorin,
which restrains collagen fibril diameter and creates denser net-
works similar to these findings (40, 41), was more abundant in
161Q ECM (Fig. 1W). These data suggest the structural organiza-
tion of fibrillar collagen rather than quantity, composition, or
crosslinking underlies the passive ECM stiffness in 161Q hearts.

Fibroblast expansion promotes early cardiac stiffening and col-
lagen reorganization.

Typically, tissue stiffness initiates cardiac fibroblast activation and
transition to a myofibroblast state, a cellular process required for
fibrotic ECM production (42, 43). Activated myofibroblasts were
measured in myocardial sections from 2-month-old 161Q cTnC
and CON mice by quantifying the number of cells that were posi-
tive 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 con-
version was evident even after the onset of fibrosis in 161Q hearts
(Fig. 2, A and B). The competence of 161Q cardiac fibroblasts to
activate was also examined in vitro by stimulating them with re-
combinant TGFB1 and calculating the percentage of the popula-
tion that had formed aSMA-positive stress fibers (4). This assay
revealed no differences between genotypes at baseline or in re-
sponse to TGFB1, suggesting cardiac fibroblasts from 161Q trans-
genics are capable of differentiating into myofibroblasts and
possess equal sensitivity to activating ligands as CON (fig. S3, A
and B). Previous single-cell RNA sequencing (RNA-seq) studies
have demonstrated that aSMA positive fibroblasts comprise only
a small fraction of the activated myofibroblast population,
whereas periostin (Postn) expression marks all activated myofi-
broblast states (44). To determine if 161Q fibroblasts are canoni-
cally activating but not transitioning to mature aSMA* states,
Postn lineage tracing was performed in 161Q transgenic and CON
mice using a Cre-regulated dual color fluorescent reporter and ta-
moxifen (TAM) inducible Postn-Cre-driver (Postn*-mT/mG, (15,
45, 46)). Postn lineage 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 decompensa-
tion [Fig. 2, A (right) and C, and fig. S3, C and D] (2). These results
suggest that (i) the typical fibrotic process of myofibroblast for-
mation only occurs in hypocontractility-induced DCM once the
heart is failing and that (ii) fibroblast activation to an intermediate
or fully matured myofibroblast state is not essential for ECM and
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myocardial stiffening.

To determine the basis for this myofibroblast-independent
cardiac stiffening, single-nuclei RNA-seq (snRNA-seq) of 2-month-
old CON and 161Q hearts were analyzed for the emergence of
atypical fibroblast states (Fig. 2D). Five fibroblast substates were
identified by hierarchical clustering of differentially expressed
genes with each cluster expressing Collal and Colla2 at varying
levels (Fig. 2, D to F). Cluster 1 and 3 fibroblasts were rare in con-
trols but expanded in 161Q hearts (Fig. 2, D and E, and fig. S3E).
These clusters were defined by transcripts involved in mecha-
notransduction (ECM-receptor, focal adhesion, and adherens
junctions) and cell cycle/chromatin segregation, respectively (Fig.
2G and table S1). Independent bulk RNA-seq analysis of PDGFRa
purified cardiac fibroblasts validated these findings with greater
sequencing depth. Here 363 up-regulated genes and 449 down-
regulated genes were identified in 161Q fibroblasts (Fig. 2H, fig.
S3F, and data S1). Genes with the largest change in expression
included a variety of cell cycle regulators such as cyclin genes
(Cenb1, Ccnb2, Ccndl1, Ccne2, Ccnf), cyclin-dependent kinase 1
(Cdk1), marker of proliferation Ki67 (Mki67), and aurora kinase
(Aurka) (Fig. 2H, fig. S3F, and data S1). To assess whether altered
levels of cell cycle markers led to heightened proliferation and ex-
pansion 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;
Fig. 2, | to M), which demonstrated that fibroblasts in 161Q myo-
cardial sections had heightened proliferation signals beginning at
2-months when CON fibroblasts are quiescent (47). 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, | and J, and fig. S3G), suggesting steady-
state was reached with regards to fibroblast expansion. To deter-
mine if immune cell activation was associated with cardiac fibro-
blast 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 im-
mune cells wasn’t driving proliferation (fig. S3, H to K). This 161Q
cTnC-dependent expansion of the fibroblast population coincided
with up-regulated Collal, 1a2, and 3al transcripts and down-
regulation of key ECM degrading enzymes like metalloproteinases
(Mmp and Adamts) and cathepsins (Cts), which together should
have promoted fibrotic tissue deposition (fig. S3, L to Q). As this
was not observed in 161Q hearts (Fig. 1, M to O, and fig. S2B), we
reasoned that post-transcriptional fibrillar collagen immaturity
(fig. S2, F to I and Q) restrained the fibrotic response despite the
expanded fibroblast population.

While fibrillar collagen deposition is a common fibroblast-de-
pendent mechanism underlying tissue stiffening, increased cell
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density and cumulative traction forces exerted by the expanded
fibroblast population in 161Q could also contribute myocardial
stiffening and circumferential ECM alignment, as observed with
progressive volume overload linked to DCM (48). Indeed, hy-
perproliferative 161Q fibroblasts compacted the surrounding ECM
to a greater extent than those from CON hearts following encap-
sulation in free-floating collagen gels (Fig. 2, N and O). 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 prolifer-
ation of cardiac fibroblasts from both genotypes to similarly low
levels and blocked genotype-dependent gel compaction (Fig. 2, N
to 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 metallo-
proteinases, which had no effect on 161Q fibroblast proliferation
or gel compaction for either fibroblast genotype (fig. S3, R to T).
Similar to the collagen gels, fibrin tissues seeded with cardiac fi-
broblasts from 161Q transgenic hearts had increased compaction
and generated more passive tension than those seeded with CON
cardiac fibroblasts as measured by polydimethylsiloxane (PDMS)
after deflection (Fig. 2, Q to S). Concomitant with the heightened
passive tension, 161Q fibroblasts were more aligned within the tis-
sues, suggesting fibroblast proliferation contributes to myocar-
dial stiffness and alignment (Fig. 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 cTnC on tissue alignment and stiffening in the ab-
sence of hemodynamic load, naive neonatal rat cardiomyocytes
were seeded into engineered heart tissues (EHTs) mounted on
PDMS posts and adenovirally transduced with FLAG-tagged 161Q
cTnC (AdI61Q) or wild-type cTnC (AdWT) as a control. After 2
weeks of culture, Ad161Q EHTs functionally phenocopied the 161Q
transgenic mice (2), including reduced twitch force and hypocon-
tractility (Fig. 2, U and V). Notably absent from the 161Q EHT phe-
notype was any difference in passive tension generation or tissue
alignment (Fig. 2, W and X), which differs from tissues engineered
with cardiac fibroblasts from 161Q transgenic mice (Fig. 2, Q to T).
Taken together these experiments demonstrate that in the ab-
sence of fibroblast-generated passive tension and/or hemody-
namic loading, 161Q cTnC expression by the cardiomyocyte alone
is insufficient to align and stiffen myocardial tissues in vitro.

Sarcomere hypocontractility—induced ECM interactions and
heightened diastolic tension sensation promote fibroblast pro-
liferation.

Cellular crosstalk that might drive the hyperproliferative pheno-
type of 161Q cardiac fibroblasts was interrogated by performing
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ligand-receptor analysis of myocyte and fibroblast clusters identi-
fied by snRNA-seq (Figs. 2D and 3A). Seventeen ligand-receptor
pairs of varying strengths were identified where receptors were
expressed by fibroblasts and ligands expressed by myocytes (Fig.
3A). Ligand-receptor analysis of immune cell-fibroblast and endo-
thelial cell-fibroblast pairs showed minimal overlap with myo-
cyte-fibroblast interactions except for Ccni/Sdc4 and
Adam39/Itgb1 (Fig. 3A and fig. S4, A and B), suggesting myocyte-
fibroblast communicate via discrete signals. Of those myocyte-fi-
broblast interactions 6 were strongly altered in 161Q hearts (Fig.
3A). Most of these communication pathways involved ECM-
receptor pairs that included Col4a5/Ddrl, Col4a2/Ddrl,
Col4a3/Itgall+itgbl, Col4a3/Itgal+itgbl, and
Adam39/Itga3+Iitgb1 (Fig. 3A). To examine whether these ECM in-
teractions induced fibroblast proliferation in equivalent mechan-
ical environments, cardiac fibroblasts were encapsulated in
poly(ethylene glycol) (PEG)-based hydrogels (~2 kPa storage mod-
ulus) that were covalently decorated with pepsin-digested ECM
from CON or 161Q hearts and functionalized with 4-azidobutyric
acid N-hydroxysuccinimide ester (36, 37). CON ECM hydrogels
lowered 161Q cardiac fibroblast proliferation to CON levels,
whereas hydrogels containing 161Q ECM maintained the height-
ened proliferation of 161Q fibroblasts but also increased CON cell
cycle activity to 161Q levels (Fig. 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 great-
est increase in proliferation relative to other ECM substrates (Fig.
3C). COL6A was enriched in 161Q ECM proteomics (Fig. 1M and
fig. S2B) and Col4a was identified as a ligand-receptor pair exclu-
sively in 161Q hearts (Fig. 3A), suggesting matrix signals are ad-
vancing the DCM phenotype. Since some modestly enriched
secreted factor-receptor pairs were identified in 161Q hearts (Fig.
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 differ-
ence in the number of proliferating fibroblasts with any of the
treated or control conditions (fig. S4C). Similarly, collagen gels
seeded with CON cardiac fibroblasts and treated with conditioned
media from 2-month-old CON or 161Q myocytes had slightly en-
hanced collagen gel compaction, but no genotype-dependent dif-
ferences (fig. S4D). These data support ECM-ligand interactions
rather than myocyte secreted factors as drivers of fibroblast ex-
pansion in 161Q hearts.

Because these findings pinpoint ECM-receptor interactions, a
coculture assay was developed to determine whether cardiac fi-
broblast 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
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myocyte monolayers that were adenovirally transduced with ei-
ther 161Q or wild-type cTnC (Fig. 3D). Fibroblast focal adhesion
FRET efficiency was measured as a surrogate for force when the
myocytes were under fully relaxed (+blebbistatin), diastolic [CaZ*
concentration (pCa) 6.0], or submaximally activated (pCa 5.2)
conditions (Fig. 3, E to G). Fibroblasts sensed heightened focal ad-
hesion tension in the 161Q myocyte environment when the cardi-
omyocytes were either completely relaxed (Fig. 3E) or in diastolic
Ca?* conditions (Fig. 3F). Notably, focal adhesions tension sensa-
tions were similar between genotypes in submaximally activated
conditions despite the presence of 161Q-expressing myocytes
(Fig. 3G), indicating cardiac fibroblast focal adhesions differen-
tially sense passive tension in 161Q myocytes that results from hy-
pocontractility and stiffer titin isoforms rather than the forces
generated during active contraction. This elevated passive ten-
sion sensation is consistent with (i) up-regulated ECM-
receptor/focal adhesion genes in fibroblast states unique to 161Q
hearts (clusters 1 and 3; Fig. 2, D and G, and table S1) and (ii)
larger and more elongated focal adhesions identified in cardiac
fibroblasts from 161Q transgenics (Fig. 3, H to J). As proof of prin-
ciple that increased diastolic tension induces cardiac fibroblast
proliferation, engineered heart tissues (EHTs) were generated
with CON cardiac fibroblasts and neonatal myocytes adenovirally
transduced with wild-type or 161Q cTnC and subjected to chronic
preload in culture [fig. S4, E and F (49, 50)]. While preload in-
creased the percentage of actively proliferating fibroblasts inde-
pendent of genotype, 161Q cTnC expression had stronger effects
(Fig. 3K). The interaction between 161Q cTnC expression and pre-
load also increased tissue and collagen alignment (Fig. 3L), which
more accurately modeled the 161Q transgenic phenotype than
unloaded 161Q EHTs (Fig. 2X).

Genetically disabling p38-mediated cardiac fibroblast respon-
siveness reduces DCM severity.

While several mechanotransduction pathways exist within fibro-
blasts, including those mediated by focal adhesions, ligand-recep-
tor pair analysis of snRNA-seq data also predicted stronger TGF(3
signaling via TgfBrl overexpression in 161Q cardiac fibroblasts
(fig. S5, A and B). Since the response of 161Q cardiac fibroblasts to
TGFB in culture was similar to CON (fig. S3, A and B) other mech-
anotransduction pathways that could underlie cardiac fibroblast
expansion in 161Q mice were examined. YAP, a well-established
index of mechanotransduction and regulator of proliferation (51—
53), had higher activity in 161Q cardiac fibroblasts as identified by
nuclear translocation assay (fig. S5C). Our previous findings
demonstrated that in cardiac fibroblasts both TGFp signaling and
strain-dependent increases in YAP-TEAD mechanotransduction
require p38 activity (46, 54). 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 nu-
clear translocation assays (fig. S5, D to F). Given these data
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conditional p38 deletion in cardiac fibroblasts (p38 KO) was used
to determine if p38 was essential for fibroblast expansion in re-
sponse to 161Q-cTnC and ultimately the DCM phenotype. So, 161Q
cTnC transgenics were crossed with cardiac fibroblast-specific
p38 KOs, giving rise to four experimental genotypes (Fig. 4A): con-
trols (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 (Fig. 4B), which elicits ~85% recombination efficiency and
nearly complete loss of p38 by 2 weeks in Tcf21* fibroblasts (46).
snRNA-seq of whole heart nuclei demonstrated that cardiac fibro-
blast-specific p38 deletion reduced the proportion of fibroblasts
that transition to states 1 and 3, which were unique to mice ex-
pressing 161Q cTnC and defined by the up-regulation of tran-
scripts involved in cell cycle activity and mechanotransduction
(Figs. 2G and 4, Cand D; 161Q and CON Uniform Manifold Approx-
imation and Projections (UMAPs) are also shown in Fig. 2D and
fig. S5, Gto J). p38 deletion also lowered the expression of Collal,
Colla2, and Col3al (fig. S3, L to N) and restored several myocyte-
fibroblast crosstalk pathways to control levels (fig. S5, A and B).
Myocardial sections immunostained with PDGFRa and pHH3 an-
tibodies validated the snRNA-seq findings, as p38 KO-161Q myo-
cardium had reduced numbers of actively proliferating
PDGFRa*,pHH3* fibroblasts when compared to 161Q alone (Fig.
4E). Concomitant with lower cell cycle activity PDGFRa* fibroblast
density was reduced in p38 KO-161Q mice (Fig. 4F). Deeper bioin-
formatic analysis of cell cycle regulatory signals that were overex-
pressed in 161Q but down-regulated in p38KO-161Q fibroblasts
identified early growth response gene 1 (Egrl), which is a tran-
scription factor downstream of integrin receptor signaling in-
volved in proliferation, fibrosis, and pro-regeneration fibroblast
senescence (55-57). RT-gPCR confirmed Egr1 is up-regulated in
161Q cardiac fibroblasts (fig. S5K). EGR1 was also found in the nu-
clei of PDGFRa* fibroblasts in 161Q myocardium, but was non-ex-
istent in age matched CON and p38 KO-161Q cardiac sections (Fig.
4G). To determine if Egr1 is sufficient to induce cardiac fibroblast
proliferation, 2-month-old CON and 161Q cardiac fibroblasts were
retrovirally transduced with human EGR1 and the percentage of
proliferating fibroblasts quantified by EdU positivity (Fig. 4H and
fig. S5L). EGR1 overexpression increased CON fibroblast prolifer-
ation to the same level as 161Q fibroblasts transduced with dsRed
(control), whereas EGR1 overexpression had no additive effects
on proliferation in 161Q fibroblasts (Fig. 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
EGR1 overexpression in tandem with p38 inhibition restored pro-
liferation to normal 161Q levels (Fig. 4H). These data demonstrate
that Egr1 initiates fibroblast proliferation and acts downstream of
p38.

Four-month-old myocardial sections stained with picrosirius
red-fast green showed that fibroblast-specific p38 deficiency in
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161Q transgenics (p38 KO-161Q) blocked interstitial fibrosis at this
later timepoint (Fig. 4, | and J, and fig. S5M). Analysis of collagen
fiber alignment by SHG imaging of decellularized hearts demon-
strated that in most of the p38 KO-161Q cohort collagen fibers
were less aligned and more like controls (Fig. 4K). To confirm that
alterations in cardiac fibroblast proliferation and matrix pheno-
type were due to p38-dependent changes in fibroblast function
rather than altered primary sarcomere contractile defects from
161Q cTnC, Ca®*-activated force generation was measured in de-
membranated trabecula from all of the experimental genotypes.
As represented by a marked rightward shift in the isometric car-
diac muscle force—Ca?* relationship (Fig. 4L), the 161Q cTnC
transgene-dependent decrease in force generation at half-maxi-
mal Ca?* concentrations (pCaso) was retained in p38 KO-161Q car-
diac muscle when compared to CON and p38 KO (Fig. 4, L and M),
demonstrating fibroblast-specific p38 deficiency fails to correct
the desensitization of the myofilaments to Ca®* in 161Q mice. Un-
expectedly, intact cardiac muscle from p38 KO-161Q generated
higher twitch forces with improved contractility when compared
to 161Q (Fig. 4N and fig. S6, A and 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 re-
covery in ejection fraction (Fig. 40; P < 0.05). Invasive hemody-
namics 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 lev-
els (Fig. 4, P and Q, and fig. S6, C to E). We've ascribed this resto-
ration of twitch force and pressure development in p38 KO-161Q
hearts to reduced fibroblast numbers that should prevent early
myocardial stiffening (Fig. 4, F, I, and J), although Starling effects
from the increased preload in p38 KO-161Q cannot be ruled out
as a factor (Fig. 4P). This is in contrast to 161Q mice that operate
at much higher end diastolic volume but with reduced stroke vol-
ume indicating 161Q hearts are stretched beyond their preload
reserve (Fig. 4P and fig. S6D).

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 (Fig. 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
(Fig. 4S). To determine if fibroblast-specific p38 deletion also cor-
rected 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 161Q cTnC (Fig. 4T),
which we ascribed to 161Q-dependent reduction in diastolic tone
(Fig. 1E) rather than bona fide eccentric hypertrophy from serial
sarcomere addition (24). Indeed, assessments of cardiomyocyte
morphology in relaxed conditions (+blebbistatin) indicated p38
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KO-161Q cardiomyocytes had significantly reduced cell lengths
and areas when compared to 161Q (Fig. 4, U and V; P < 0.001).
These data collectively demonstrate disabling p38-mediated fi-
broblast responsiveness to sarcomere hypocontractility alleviates
much of the adaptive remodeling and reduces the severity of the
DCM phenotype.

Discussion

This study explored the function of fibroblasts as mechanical rhe-
ostats within the heart capable of adaptively remodeling the ECM
to preserve cardiac function and mechanical homeostasis in re-
sponse 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 guid-
ing organ structure-function in which cells exhibit dynamic reci-
procity with their extracellular mechanical environment (58-61).
In DCM, fibroblasts are well-equipped to respond to the contrac-
tile insufficiencies of cardiomyocytes, as they are necessarily
mechanosensitive to fulfill their role of maintaining tissue integ-
rity (62). It is likely that reduced cardiomyocyte tension leads to
strain overload as hemodynamic loads on the myocardial wall in-
crease throughout development and disease progression (63).
Here, both cardiomyocytes and fibroblasts adapted to the patho-
genic cTnC variant to preserve the heart’s mechanical integrity
and systolic function, where cardiomyocytes altered their mor-
phology 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 re-
sistant to cell death and lack regulatory mechanisms for restrict-
ing cell number (64-66). 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 (46,
54), which was achieved in this study by targeted genetic deletion
of p38. This result is supported by a recent report that develop-
mental ablation of cardiac fibroblasts softens myocardial tissue
(66). 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 (17),
given activated myofibroblast states are transient, and unlike
changes in fibroblast number, these state transitions could re-
verse in response to myocyte-specific therapeutics for DCM (64).
Promising therapeutic strategies for DCM like myosin activators
may not correct fibroblast proliferation, which could explain their
modest effects on tissue stiffening (7, 8). It is therefore unlikely
that correcting myocyte tension generation alone could reduce
fibroblast numbers in the DCM heart unless given at the earliest
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stage of the disease process. Lastly, this study challenges the par-
adigm that ECM remodeling is secondary to eccentric hypertro-
phy of the myocyte and instead supports an essential role for
fibroblasts and the extracellular environment in shaping cardiac
form and function in DCM (67), indicating effective therapeutics
for this disease will need to address collective cell behaviors ra-
ther than singularly restore myocyte function.

Materials and methods

Mice

All animal experiments were approved by the University of Wash-
ington Institutional Animal Care and Use Committee. 161Q mice
were generated as previously described, by mating to a tetracy-
cline transactivator (tTA) line on the FVB/NJ genetic background
(2). The 161Q cTnC transgene is under the control of an a-myosin
heavy chain promoter which has a small window of expression
from day 8-10 post coitum, shuts off, and then is robustly ex-
pressed in the ventricle and atria starting at postnatal day 2
through the lifetime of the animal (1, 68). These 161Q tTA mice
were further bred onto a line containing LoxP-targeted Mapk14
(p38%) mice and a tamoxifen regulated Cre recombinase that
was knocked into the Tcf21 locus (Tcf21°¢) to generate 161Q
cTnC-p38™"f-Tcf21/C mice (p38 161Q), which were on mixed ge-
netic background (46). This cross yielded the following experi-
mental groups (Fig. 4A): control (CON, genotypes: p387/f-tTA or
Tcf21°¢-tTA), fibroblast-specific p38 KO (genotypes: p38™/f-
Tcf21/ or p3871/f-Tcf21/¢-tTA), 161Q (genotypes: 161Q cTnC-tTA-
p38™" or 161Q cTnC-Tcf21°*-tTA), and 161Q cTnC with fibroblast-
specific p38 KO (genotypes: 161Q-tTA-p387/-Tcf21°"¢). For exper-
imental groups that contain 2 different genotypes, t tests were
performed to determine whether they were statistically different.
Tamoxifen (TAM) was administered to mice by intraperitoneal in-
jection for 5 consecutive days (400 mg/kg body weight in peanut
oil), followed by tamoxifen citrate chow ad libitum until a 2 or 4
month experimental endpoint (Fig. 4B). This tamoxifen dosing
regimen elicits ~¥85% recombination efficiency and ensures that
we are maximally recombining all resident cardiac fibroblasts
throughout the course of the study, as proliferation of any non-
recombined Tcf21 fibroblast could reduce the effect size. Echo-
cardiography was performed on a Vevo2100 or Vevo3100 under
inhalation isoflurane at heart rates exceeding 350 beats per mi-
nute (bpm). Invasive hemodynamics on isoflurane-anesthetized
mice was performed under heart rates of 420-500 bpm using a
high-fidelity pressure-volume catheter (1.2F, Transonic) inserted
into the left ventricle via the right carotid artery. All mouse stud-
ies are performed with cohorts from multiple inbred pairs with
randomized interventions and littermates as controls. To avoid
bias, genotypes and experimental groups remain blinded until
data are analyzed. Biological replicates are equally comprised of
animals/cells from both sexes.
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Histology

Fixed cardiac tissues were either processed into paraffin and sec-
tioned or cryosectioned in optimum cutting temperature (OCT)
compound for histologic assessment. Picrosirius red-fast green
stained slides were imaged across 6 fields of view at 20x magnifi-
cation per heart and segmented for collagen content using the
color thresholding tool in Imagel. Whole-heart cross-section im-
ages were generated from slide scans obtained by a Hamamatsu
NanoZoomer digital pathology system. For fibroblast prolifera-
tion and activation, slides were stained with antibodies for aSMA
(Sigma A2547, 1:500), phospho-histone H3 (abcam, 1:200), and
PDGFRa (1:100 abcam) overnight in staining buffer (1X PBS, 1%
BSA, 1% fish skin gelatin), then stained using Alexa Fluor-conju-
gated secondaries (1:1000 Thermo Fisher) and Hoechst (1:2000
Thermo Fisher) for 90 min in staining buffer at room temperature.
Stained slides were imaged on a Leica Stellaris 5 confocal micro-
scope 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 FlJI
(55).

Cardiac Perfusion Decellularization

Freshly harvested hearts were retrograde perfused with a 1% so-
dium 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 15 mL deionized water, which was refreshed daily
for 5 days to ensure complete removal of detergent.

Multiphoton ECM imaging and structural analysis

Hearts were perfused with 1% agarose and mounted ona 100 mm
petri dish with the left ventricular free wall facing up, then imaged
in whole mount on an Olympus FV1000MP microscope using 860
nm excitation from a Mai-Tai HP laser (Spectra Physics, 59%
power) and a Violet/Green emission filter cube. Z-stacks consist-
ing 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 Imagel,
then the SHG channel (violet) was quantified for fiber alignment
and length using CurveAlign 4.0 beta in CT-FIRE fiber mode (69,
70).

Transmission Electron Microscopy (TEM)

To examine changes in individual collagen fiber architecture,
hearts from CON and 161Q mice were excised and 2 mm tissue
cubes were cut out of the myocardium and prepped for electron
microscopy. Samples were immediately fixed in 4% Glutaralde-
hyde in 0.1M sodium cacodylate buffer, then stored overnight at
4C. The tissues were washed 5 x 5 min in buffer at room temper-
ature and post fixed in buffered 2% osmium tetroxide on ice for 1
hour. The tissues were subsequently washed 5 times in ddH20,
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then en bloc stained in 1% uranyl acetate (aqueous) overnight at
4C. The next day the tissue was washed for 5 min in ddH20 then
dehydrated in ice cold 30%, 50%, 70%, and 95% ETOH. Samples
were then allowed to come to room temperature. This was fol-
lowed 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 em-
bedding molds and polymerized at 60°C overnight. Thin sections
of 80 nm were 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 Cellpose-SAM (71) and fibril density, diam-
eter, and cross-sectional area was quantified using FlJI. Analysis
was performed on 20 images from each genotype.

Cardiac muscle and ECM mechanics

For passive mechanics studies, a Langendorff balloon was in-
serted into the left ventricle and the heart was perfused with
Krebs-Henseleit buffer containing blebbistatin (25 uM, Toronto
Research Chemicals). The balloon was inflated in 5 L steps to 35
pL with 2 min 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 decellu-
larized 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 as described above, and di-
gested in solution as previously described (58). Samples were first
denatured for 2 hours at 37°C in urea (8 M, Fisher) and dithio-
threitol (10 mM, Thermo Fisher) under continuous agitation. Fol-
lowing 30 min of alkylation with iodoacetamide (25 mM,
supplier), samples were then diluted with ammonium bicar-
bonate (100 mM, pH=8.0, Sigma Aldrich), and 2 uL PNGase F (500
U/uL, New England Biolabs) was added to deglycosylate the sam-
ples over a 2 hour incubation at 37°C. Samples were then digested
by adding 2 puL LysC (500 ng/uL, Pierce) for 2 hours, then 6 pL tryp-
sin (100 ng/uL, New England Biolabs) overnight, both at 37°C.
Trypsin (4 pL) was added the next day for 2 hours of additional
digestion at 37°C, then inactivated through addition of 50% triflu-
oracetic acid (Sigma Aldrich) before samples were clarified
through centrifugation (16,000 x g, 5 min) and cleaned for liquid
chromatography on an MCX column (Waters). For proteomics by
data independent acquisition (DIA) mass spectrometry, samples
were analyzed on a Q Exactive HF Hybrid Quadrupole-Orbitrap
Mass Spectrometer (Thermo Fisher) with a Nanoacquity HPLC
(Waters). Total ion currents were normalized between samples
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using the PowerTransformer function of the scikit-learn package
in Python, then differential expression between groups was
tested by one-way analysis of variance (ANOVA) (59). Figures
were generated using Seaborn and matplotlib (60).

Cardiac fibroblast isolation and culture

Primary cardiac fibroblasts were isolated as described previously
(30). Fibroblasts for RT-PCR and Western blot analyses were neg-
atively sorted on Cd11b microbeads and positively sorted for anti-
feeder microbeads through LS columns on a QuadroMACS mag-
net (Miltenyi Biotec). Fibroblasts for RNASeq, proliferation assays,
and engineered tissues were plated on 60 mm 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 EdU (10 uM, Thermo Fisher), dinaciclib (5 uM, ApexBio), or
ilomastat (10 uM, MedChemExpress) were added where indi-
cated. After 24 hours, cells were fixed in 4% paraformaldehyde
and stained using a Click-It EAU proliferation kit (Thermo Fisher)
per manufacturer’s instructions. To screen ECM components,
250,000 control cardiac fibroblasts were seeded onto an ECM Se-
lect 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 (29, 61), with fibroblasts
seeded into 1% collagen type | (Advanced Biomatrix) hydrogels at
a density of 80,000 cells/mL in a 24-well plate for 24 hours in
DMEM with 2% FBS.

PEG-ECM hydrogels

4-armed PEGaokpa-BCN, NHS-Azide, and the MMP-degradable
crosslinking peptide N3-RGPQGIWGQLPETGGRK(Ns)-NH2 were all
synthesized as previously described (37, 62). To generate soluble
ECM peptides, 4 hearts per genotype were pooled, snap frozen
and homogenized by mortar and pestle under liquid nitrogen, ly-
ophilized to a powder, then resuspended at 10 mg/mL in a pepsin
solution (1 mg/mL in 0.1 M hydrochloric acid) for 48 hours at
room temperature, and stirred. Digested ECM was neutralized
with the addition of NaOH and re-lyophilized. Digested ECM was
resuspended at 25 mg/mL in PBS. To azide-functionalize ECM, 2
pL of NHS-Azide (60 mM in DMSO) was added to 118 plL of ECM
solution and reacted for 1 hour on ice. Primary cardiac fibroblasts
were encapsulated at 10 million cells/mL in gels composed of 3
mM PEG-BCN, 6 mM crosslink, 1 mM N3-GRGDS, and 5 mg/mL az-
ide-modified ECM, which were then cultured in DMEM containing
10% FBS and 10 uM 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.
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Bulk RNA Sequencing and Analysis

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 refer-
ence genome using RNA-STAR (72), assigned to genes using fea-
turecounts (73), and gene transcript counts tested for differential
expression using DESeq2 (74). Differentially expressed genes
were tested for pathway enrichment using G:Profiler (75), and
heatmaps were generated in python using the Seaborn package.
RT-PCR was performed as previously described using the Super-
script Ill First-Strand Synthesis System (Thermo Fisher), iTag uni-
versal SYBR Green Supermix (Bio-Rad), and the primers listed in
table S2 (44).

snRNA-seq of whole hearts

Whole heart samples were prepared using the sci-RNA-seq3 com-
binatorial indexing method as described previously with the fol-
lowing modifications (76, 77). 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, lys-
ing the powdered tissue in hypotonic lysis buffer B, and dissociat-
ing 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 min at 4°C. The nuclear
pellet was then resuspended in 0.3 M sucrose, phosphate buff-
ered saline (PBS), Triton X-100 MgClz (SPBSTM) buffer (76, 77),
which was filtered through a 20um filter. The nuclei were subse-
quently fixed in methanol/DSP for 5 min at room temperature.
Fixed nuclei were rehydrated with 0.3 M SPBSTM, centrifuged at
500xg for 5 min at 4°C, and resuspended in 0.3 M SPBSTM. Se-
guencing was performed at the Northwest Genomics Center on a
Novaseq 6000 flow cell. Cleaned reads were aligned to the refer-
ence genome (GRCM38/mm10) using STAR (72). Doublets were
identified using scrublet and subsequently filtered out (78). Fur-
ther analysis and quality filtering was performed using the Seurat
package in R (79). Nuclei were filtered out if they contained fewer
than 200 UMI, over the top 1% quantile of UMI, or over 5% mito-
chondrial reads. Overall, 41,014 singlets across all cell types were
sequenced with a mean UMI of 687. Clustering was then per-
formed 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. Mitochon-
drial mapping rate was regressed out using the vars.to.regress ar-
gument. Principal component analysis was performed on the
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scaled data, and then cells were clustered on the first 5 principal
components using the FindNeighbors function and the FindClus-
ters function with resolution 0.3. To visualize the data, non-linear
dimensional reduction via 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 Expres-
sion 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 (80). To ensure cell-type specificity in the communication
analysis, each cell type within a pair was specifically subsetted
based on identity from the larger global Seurat object and com-
bined 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 fi-
broblasts between fibroblast-cardiomyocyte, fibroblast-endothe-
lial, fibroblast-immune cell, and fibroblast-fibroblast intercellular
communication networks. The intercellular interaction scores
generated by the ICELLNET analysis were subsequently normal-
ized 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 pL of
Laemmli Buffer with DTT, of which 30 plL was loaded onto a 10%
acrylamide gel for SDS—polyacrylamide gel electrophoresis (SDS-
PAGE) and wet transfer to a polyvinylidene fluoride membrane
for immunodetection. Membranes were blocked and im-
munostained 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 min 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 titin gel. For the phosphospecific antibodies, the titin sig-
nal on the Western blot was normalized to the corresponding sig-
nal on the Coomassie-stained stained blotting membrane, to
account for differences in loading. The antibodies and protocols
used were derived in the Linke lab (26). The list of antibodies is in
Table S3.
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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 NadCl,
4.7 mM KCl, 0.6 mM KH2PO4, 0.6 mM NazHPO4, 1.2 mM MgSOs,
20 mM HEPES, 10 uM BDM, and 30 mM taurine) as previously de-
scribed (81). Ventricular cardiomyocytes were mechanically dis-
persed and filtered through a 200 um nylon mesh then allowed
to sediment for 5-10 min. Sedimentation was repeated three
times using increasing [Ca®*] 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 KCl, 0.5 mM MgCl,, 1.2
mM CaClz#2H20, 10 mM HEPES, and 5 mM Glucose, pH 7.4) for 1
hour at 37°C prior to functional measurements. For myocyte mor-
phology measurements, cardiomyocytes were similarly isolated
and plated with buffers containing 25 uM blebbistatin and subse-
quently fixed with 4% PFA at room temperature for 15 min.

Measurements of cardiomyocyte contractility and calcium tran-
sients

Sarcomere measurements were obtained from isolated cardio-
myocytes using the lonOptix SarcLen Sarcomere Length Acquisi-
tion Module with a MyoCam-S3 digital camera (lonoptix Co.)
attached to an Olympus uWD 40 inverted microscope. For these
measurements, cardiomyocytes were bathed in 1.2 mM Ca?
Tyrode’s solution and kept at 37°C. To jumpstart pacing, cardio-
myocytes were stimulated with frequencies varying from 0.5, 1.0,
and 1.5 Hz at 10 V for a minimum of 10 contractions at each fre-
guency. 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 uM Fura-2—acetoxyme-
thyl 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 us-
ing Student’s t test. For myocyte geometry quantification, ap-
proximately 50 cells per mouse were manually traced using FlJI.

Rat cardiomyocyte isolation and EHT experiments

Freshly isolated neonatal rat cardiomyocytes and fibroblasts were
seeded into 100 pL 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 previ-
ously described (82). EHTs were polymerized for 85 min, then
demolded and immersed in plating media [4:1 DMEM:Medium
199 (M199), 10% horse serum, 5% FBS, 100 U/mL penicillin strep-
tomycin (pen-strep)] containing AAGFP or AdI61Q at a multiplicity
of infection of 200. After 24 hours, EHTs were switched to mainte-
nance medium consisting of 1:1 DMEM:M199 containing 5% FBS,
100 U/mL pen-strep, 5 g/L 6-aminocaproic acid, 1X insulin-trans-
ferrin-selenium, and 0.1% chemically defined lipid concentrate,
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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 de-
scribed (82). Briefly, EHTs were paced at 1 Hz by a custom 24-well
plate pacing apparatus with carbon electrodes biphasically stim-
ulated (5V/cm, 10ms duration) with a medical stimulator (Astro
Med Grass Stimulator, Model S88X) while imaged. Brightfield vid-
eos of PDMS post deflection during EHT contraction were taken
at 66.67 frames per second on a Nikon TEi epi-fluorescent micro-
scope. Deflection of the flexible post relative to the rigid post was
tracked using a custom MATLAB script in order to calculate pas-
sive force, twitch force, and the area under the twitch curve (ten-
sion 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 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 oxy-
genated modified Krebs buffer containing 118.5 mM NaCl, 5 mM
KCl, 1.2 mM MgSOs, 2 mM NaH2PO4, 25 mM NaHCO3, 1.8 mM
CaClz, and 10 mM glucose. Hearts were then perfused and dis-
sected 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 tissue mechanics, dissected hearts were
permeabilized in a glycerol relaxing solution containing 100 mM
KCl, 10 mM MOPS, 5 mM K2EGTA, 9 mM MgClz 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 be-
tween a force transducer and motor, and sarcomere length (SL)
was set to ~2.3 um, as previously described (5). Experiments were
conducted in a physiological solution (15°C, pH 7.0) containing a
range of pCa (= —log[Ca?*]) from 9.0 to 4.0. Force and k (rate of
tension redevelopment) were collected at each pCa and analyzed
with custom using LabView software.

For intact twitch measurements unbranched, intact trabecu-
lae 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 (5). The tissue was
then submerged in a custom experimental chamber that was con-
tinuously perfused with oxygenated modified Krebs buffer (1.8
mM CaClz) at 33°C. After a ~20 min equilibration and washout at
0.5 Hz pacing, optimal length was set to ~2.3 um SL and tissue was
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paced at 1 Hz. 30 s traces were recorded on custom LabView soft-
ware and were analyzed with custom code written using MATLAB
software (Mathworks).
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Fig. 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 to body weight ratio by
gravimetrics and (D) left ventricular diastolic chamber diameter by echocardiography at 2 (161Q 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 161Q and CON
hearts [CON n=399/402 (2/4 month), 161Q n=357/399 (2/4 month)]. (F) Quantification of EDPVR by invasive hemodynamics [CON
n=5/9 (2/4 month), 161Q n=5/8 (2/4 month)]. (G) Representative developed pressure traces from stepwise inflation of a balloon
inside a blebbistatin-treated intact (black line) and decellularized (dotted line) heart. Pressure-volume curves of (H) intact and (1)
decellularized mouse hearts at 2 months (n=7 both genotypes). Quantification of titin (J) isoforms N2B and N2BA, (K) N2B S267
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 differentially expressed matrisome proteins color coded by z-score identified
by MS in 2-month-old decellularized ECM (CON n=3, 161Q n=4). (N) Representative images and (O) quantification of fibrosis in
cardiac sections stained with picrosirius red-fast green (PSR/FG, scale bar = 1 mm (left and middle panel), scale bar = 50 um (right
panel)). (P) Representative two-photon max intensity projection images of SHG (left panel, scale bar = 100 um) and (Q) masking
of the collagen fibers (scale bar = 20 um) 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) and CON (n=11) hearts. (T) Representative TEM images of collagen fibrils
in 2-month-old 161Q and CON hearts. Quantification of (U) fibril diameter and (V) density from TEM images (n=20 ROIs/mouse, 3
mice per genotype). (W) Quantification of decorin abundance identified by MS. [(A), (B), and (E)] Four biological replicates per
genotype were used for isolated myocyte experiments. Data are mean + SEM. ns, not significant; **P < 0.01; ***P < 0.005; ****p
< 0.001 by two-way ANOVA with Holm-Sidak’s multiple comparisons test [(A) to (D), (F), and (O)] or two-tailed unpaired t test [(E),
() to (L), (R), (S), (V), and (W)].
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Fig. 2. Hyperproliferative fibroblast states drive fibrosis-independent tissue stiffening in 161Q hearts. (A) Representative images
of (Left) 2-month-old CON and 161Q cardiac sections stained for aSMA and platelet-derived growth factor receptor a (PDGFRa)
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 aSMA (2 month n=14 CON, n=7 161Q, 4 month n=10 CON, n=9 161Q). (C)
Quantification of Postn* cell density in 161Q (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 five
expressed genes that define each fibroblast cluster. (G) Kegg pathways and gene ontology biological processes (GO:BP) identified
by differentially regulated genes in fibroblast clusters 1 and 3 that are specific to the 161Q 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+,
PDGFRa+ cells as a percentage of the total number of PDGFRa+ cells in 161Q and CON cardiac sections. (M) Quantification of pHH3+
non fibroblasts in 161Q [n=8 (p14), 9 (1 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, dinaciclib, 5 uM); n=5 per genotype. (P)
Quantification of cardiac fibroblast proliferation by EdU incorporation * cell cycle inhibitor (CDKi, dinaciclib, 5 uM). (Q)
Representative images of fibrin tissues seeded with cardiac fibroblasts mounted between posts (scale bar = 1 mm). Quantification
of (R) length and (S) passive force production by tissues seeded with cardiac fibroblasts from 2-month-old 161Q cTnC transgenic or
CON mice (n=11 per genotype). (T) Quantification of cellular and ECM alignment in fibrin tissues seeded with cardiac fibroblasts
derived from 161Q cTnC transgenic and CON hearts by wheat germ staining (n=11 CON, n=8 161Q). (U) Average twitch forces
generated by engineered heart tissues (EHTs) 2 weeks after cardiomyocytes were adenovirally transduced with either control
(AdWT, n=8) or 161Q mutant cTnC (AdI61Q, 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 significant; *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001 by
two-way ANOVA with Holm-Sidak’s multiple comparisons test [(B), (J) to (M), (O), and (P)] or two-tailed unpaired t test [(C), (R) to
(T), and (V) to (X)]. All scale bars are 50 um unless otherwise noted.
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Fig. 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 snRNA-seq of 2-month-old CON and
161Q 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 I161Q hearts. (C) (Top) Representative
images of cardiac fibroblasts seeded onto the ECM screening array stained for EdU to mark proliferating cells (scale bar = 100 um)
and (bottom) quantification of EdU+ 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 with 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 (top scale bar =100 um, bottom scale bar = 30 um) of CON and
161Q cardiac fibroblasts stained for vinculin and filamentous actin (F-actin) and quantified for focal adhesion (1) area and (J)
eccentricity (n=681 CON and 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-161Q, n=15
preloaded-161Q) 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 161Q cTnC. *P <
0.05; **P < 0.01; ***P < 0.005 by either two-way or one-way ANOVA with Holm-Sidak’s multiple comparisons test [(B), (C), (K),
and (L)], or two-tailed unpaired t test [(E) to (G), (1), and (J)].
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Fig. 4. Fibroblast-specific p38 deficiency corrects cardiac dilation and systolic dysfunction in 161Q cTnC transgenic mice. (A)
Schematic showing the generation of 161Q cTnC transgenic mice with tamoxifen-inducible fibroblast-specific p38 deletion and the
experimental genotypes derived from the described breeding scheme. Here, 161Q cTnC and tTA transgenic animals were bred with
a mouse line containing conditional p38a loss of function (p38"f) and a tamoxifen-inducible Cre recombinase knocked into the
Tcf21 locus (Tcf21°"®). (B) Experimental desigh schematic showing that the 161Q mutant ¢cTnC was 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 161Q, p38-161Q, and CON hearts. Each color
represents distinct fibroblast clusters (states) based on differential gene expression. UMAPs for 161Q and CON were also shown in
Fig. 2 for clarity, but all three 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 PDGFRa in 2-month-old myocardial sections
(CON n=13, p38K0O n=13, 161Q n=12, p38K0-161Q n=12). (G) Representative images of EGR1 (green) and PDGFRa (magenta) in
myocardial sections. White arrows indicate EGR1* nuclei (Hoescht stain, CON n=8, p38KO n=8, 161Q n=7, p38K0-161Q n=7; scale
bar = 100 um). (H) Quantification of the percentage of proliferating CON or 161Q cardiac fibroblasts + dsRed (control) or human
EGR1 retroviral vectors + p38 inhibitor as determined by EdU positivity (EdU*). (I) Representative PSR/FG stained myocardial
sections (scale bars = 50 um) and (J) quantification of collagen (red) (CON n=7, p38KO n=11, 161Q n=8, p38KO-161Q n=8). (K)
Quantification of collagen fiber alignment from decellularized CON (n=11), p38KO (n=11), 161Q (n=9), and p38KO0O-161Q (n=7) hearts.
(L) Representative relationship between normalized tension and Ca®* concentration (pCa) and (M) Ca?* sensitivity of tension
generation (pCaso) in membrane permeabilized trabeculae of CON (n=19), p38KO (n=15), 161Q (n=10), and p38K0-161Q (n=6) mice.
(N) Mean twitch forces from intact trabeculae of 4-month-old CON (n=5), p38KO (n=5), 161Q (n=5), and p38K0-161Q (n=4) mice.
(0) Quantification of left ventricular ejection fraction measured by echocardiography from CON (n=17), p38KO (n=20), 161Q (n=12),
and p38KO-161Q (n=23) mice. (P) Representative pressure-volume loops and (Q) quantification of stroke work from invasive
hemodynamic measurements at 4 months (CON n=9, p38KO n=9, 161Q n=7, p38K0-161Q n=6). (R) Quantification of unloaded
sarcomere shortening amplitude (CON n=85, p38KO n=87, 161Q n=45, p38K0-161Q n=85 cardiomyocytes) and (S) Ca?* transient
amplitude (CON n=75, p38K0O n=81, 161Q n=54, p38K0-161Q 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 was the same as in (O)]. (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), and (V)], the following biological replicates per genotype were
used: CON n=4, p38KO n=5, 161Q n=4, and p38K0-161Q n=5. Data are mean + SEM. ns, not significant; *P < 0.05; **P < 0.01; ***p
< 0.005; ****P < 0.001 by two-way ANOVA with Holm-Sidak’s multiple comparisons test.
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