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Abstract

Rationale—Cardiac fibroblasts do not form a syncytium but reside in the interstitium between
myocytes. This topological relationship between fibroblasts and myocytes is maintained
throughout post-natal life until acute myocardial injury occurs, when fibroblasts are recruited to,
proliferate and aggregate in the region of myocyte necrosis. The accumulation or aggregation of
fibroblasts in the area of injury thus represents a unique event in the life cycle of the fibroblast but
little is known about how changes in the topological arrangement of fibroblasts following cardiac
injury affect fibroblast function.
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Objective—The objective of the study was to investigate how changes in topological states of
cardiac fibroblasts (such as following cardiac injury) affect cellular phenotype.

Methods and Results—Using two and three-dimensional (2D vs 3D) culture conditions, we
show that simple aggregation of cardiac fibroblasts is sufficient by itself to induce genome wide
changes in gene expression and chromatin remodeling. Remarkably, gene expression changes are
reversible following the transition from a 3D back to 2D state demonstrating a topological
regulation of cellular plasticity. Genes induced by fibroblast aggregation are strongly associated
and predictive of adverse cardiac outcomes and remodeling in mouse models of cardiac
hypertrophy and failure. Using solvent based tissue clearing techniques to create optically
transparent cardiac scar tissue, we show that fibroblasts in the region of dense scar tissue express
markers that are induced by fibroblasts in the 3D conformation. Finally, using live cell
interferometry, a quantitative phase microscopy technique to detect absolute changes in single cell
biomass, we demonstrate that conditioned medium collected from fibroblasts in 3D conformation
compared to that from a 2D state significantly increases cardiomyocyte cell hypertrophy.

Conclusions—Taken together, these findings demonstrate that simple topological changes in
cardiac fibroblast organization are sufficient to induce chromatin remodeling and global changes
in gene expression with potential functional consequences for the healing heart.
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Remodeling; fibrosis; gene expression and regulation; cell biology; hypertrophy; fibroblasts; stem
cell plasticity
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INTRODUCTION

Cardiac fibroblasts develop from epithelial-mesenchymal-transition (EMT) of epicardial
cells during cardiac developmentl!]. Following adoption of the mesenchymal phenotype,
they migrate into the developing myocardium and as the myocardium compacts, they get
trapped between the myocyte interstitium to become resident cardiac fibroblasts. This
topological arrangement of fibroblasts and myocytes persists throughout post-natal life.
However, this spatial relationship is disrupted following acute myocardial necrosis, when
fibroblasts are recruited to, proliferate and aggregate in the region of injury, resulting in a
much higher density of fibroblasts in the region of necrosis[?l. Aggregating fibroblasts in the
region of injury are known to express gap junctions that facilitate intercellular
communication between physically apposed fibroblasts[3l. Tumor cells and cancer cell lines,
when cultured in 3D conditions to promote aggregation exhibit altered phenotypic features
such as migration, proliferation and chemo resistance associated with changes in gene
expression profilest4l. However, little is known about how spatial rearrangement of
fibroblasts such as that occurs after acute myocardial injury affects the cellular and genetic
outputs of the fibroblast and the cardiac wound healing response.
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All data and supporting materials are within the article and online supplementary files. In
addition, RNA-seq and ATAC-seq data for the study are available in NCBI’s Gene
Expression Omnibus and have been made publicly available through GEO series accession
number GSE113277 at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE113277.

Cardiac fibroblasts were isolated from adult wild type mice (both male and female) as well
as Col1a2CreERT:R26R!0Mat0 and TCF21MerCreMer:R26RM0OMA0 a5 described[®].
Isolated cardiac fibroblasts (< 3 passages) were grown on standard polystyrene coated tissue
culture plates (2D) (plates not coated with collagen or other matrix proteins) or seeded onto
ultra-low attachment plates (not coated with any extracellular matrix protein), whereby they
formed spheres within 24 hours of seeding (3D). Subsequently, the cardiac fibroblasts were
again transferred back to regular tissue culture plates, on which the spheres attached and
fibroblasts migrated out of the spheres to form monolayers within 4-5 days (3D-2D).
Reseeding of the fibroblasts onto ultra-low attachment plates again resulted in formation of
spheres within 24 hours (3D-2D-3D). Fibroblasts in 2D or 3D maintained for 5 days served
as temporally adjusted controls for 3D-2D states. 3D-2D fibroblasts trypsinized and
reseeded onto 2D states served as additional controls for 3D-2D-3D states. RNA-seq and
ATAC-seq was performed at each topological state of the cardiac fibroblast and on
temporally adjusted controls for each time point. Transcripts upregulated in 3D states were
correlated to clinical traits across a mouse population (HMDP) following isoproterenol
infusionl®l. Cardiac fibroblasts were also seeded onto tissue culture plates of varying
stiffness (0.5kPa, 8kPa and 64kPa elastic moduli) to determine whether 2D-3D gene
expression changes were recapitulated by modulating substrate stiffness. Optical
transparency of the heart was performed with solvent based tissue clearing[”! and imaging
performed with a Nikon C2+ confocal microscope. Immunofluorescent staining was
performed using standard methodsl®]. Conditioned medium was collected from 2D or 3D
cardiac fibroblasts exactly 24 hours after initial seeding. LCI was performed to track
changes in cell biomass of single neonatal rat ventricular cardiomyocytes with 2D or 3D
conditioned medium.

To determine whether aggregation of cardiac fibroblasts affects the cellular phenotype, we
first created a scaffold-free 3D system using ultra-low attachment tissue culture dishes where
a covalently bonded hydrogel layer on the surface of the dish prevents cell attachment[€l.
Cardiac fibroblasts were isolated from adult mice, and cells that had not undergone more
than 3 passages were used for experiments. Seeding of primary adult mouse cardiac
fibroblasts onto ultra-low attachment dishes resulted in fibroblasts aggregating together
within 24 hours to form 3D spherical clusters (Fig 1A, B). To confirm that cardiac
fibroblasts alone were capable of forming these spherical clusters, we next isolated cardiac
fibroblasts from uninjured hearts of TCF21MerCreMer:R26RtdTomato gng
Colla2CreERT:R26R!dTomato micel5. 9. 101 e and others have shown that the inducible Cre
drivers are specific for genetic labeling of cardiac fibroblasts following tamoxifen
administration. Similar to cardiac fibroblasts from wild type animals, genetically labeled
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cardiac fibroblasts within 24 hours of seeding onto ultra-low attachment plates also formed
spherical clusters confirming the ability of cardiac fibroblasts to form 3D spherical
aggregates under defined conditions (Fig 1C). Imaging Flow cytometry[11] demonstrated
that aggregation into a 3D state resulted in significantly smaller small cell size (cell
diameter: 22.45+0.30um in 2D versus 18.41+0.26; mean+S.E.M; p<0.001) and surface area
(449.85+3.05um? in 3D versus 297.97+8 um?Z; mean+S.E.M; p<0.001) (Fig 1D) suggestive
of cellular remodeling as fibroblasts adopt the 3D state. To determine whether a switch from
a 2D to a 3D state changes fibroblast phenotype, we first compared global gene expression
changes by RNA-seq between cardiac fibroblasts cultured under standard 2D conditions on
regular tissue culture dishes and 3D conditions as mentioned above (Fig 1A). For this
purpose, cardiac fibroblasts were seeded onto standard tissue culture plates or ultra-low
attachment plates with similar seeding density and identical cell culture medium and cells
were harvested 24 hours later for gene expression analysis. To ask whether observed changes
were reversible, we transferred 3D cardiac fibroblasts to regular tissue culture plates to put
them back in 2D conditions (group termed 3D-2D) (Fig 1A). Spherical clusters of 3D
fibroblasts attached to regular tissue culture plates and the fibroblasts migrated from
spherical cluster to a monolayer within 4-5 days. We again determined gene expression of
3D-2D fibroblasts (following transition from 3D to a monolayer) to determine whether the
gene expression pattern reverted to that of the 2D state (Fig 1A). Finally, cardiac fibroblasts
which had been grown under 3D conditions and then transferred to 2D conditions (3D-2D)
were put back under 3D conditions (group termed 3D-2D-3D). Sphere formation occurred
within 24 hours of reseeding on ultra-low attachment plates and RNA-seq was performed to
determine whether re-adoption of the 3D state was associated with gene expression
signatures flipping back to the 3D state (Fig 1A). These experiments would thus determine
whether changes in topological states or spatial arrangement of cardiac fibroblasts are
associated with reversible and dynamic changes in gene expression. RNA-seq was
performed for all the different topological states of the cardiac fibroblast and clustering of
sample correlations demonstrated a grouping of all 2D fibroblast states, and a separate
grouping of 3D fibroblast states (Fig 1E). The gene expression profile of 2D cardiac
fibroblasts was like that of the 3D-2D fibroblast group while the gene expression profile of
3D fibroblasts was like that of the 3D-2D-3D group (Fig 1E). We observed a remarkable
dynamic and reversible plasticity between the 2D and 3D states (Online Table I, Fig 1F, G).
Out of 997 genes that were upregulated in 3D fibroblasts, expression of 996 genes reverted
back when the 3D fibroblasts were transitioned back to the 2D state (3D-2D group) and re-
induced following transition to 3D (3D-2D-3D group) (Fig 1F). Similarly, genes
downregulated in 3D state exhibited increased expression following transition to the 2D state
(3D-2D group) and silencing upon transitioning back to 3D (3D-2D-3D group) (Fig 1G). To
adjust for potential temporal changes in gene expression, the gene expression pattern of the
3D-2D group was also compared to that of 2D and 3D fibroblasts cultured for 5 days. A
cluster analysis demonstrated distinct clustering of 2D and 3D states (Online Fig 1A). In
addition, for the 3D-2D-3D group, temporally adjusted controls of 3D-2D cells lifted and
reseeded back onto 2D instead of 3D conditions was also used (Online Fig I1B). Again,
cluster analysis demonstrated distinct 2D and 3D states making it unlikely that differential
gene expression was simply secondary to temporal dependent changes in gene expression of
cardiac fibroblasts in culture.

Circ Res. Author manuscript; available in PMC 2019 June 22.
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We next examined whether dynamic changes in gene expression in different topological
states can be simply explained by sudden changes in substrate stiffness as the fibroblasts
transition from a 2D adherent state to a 3D spherical non-adherent state. To answer this
question, we seeded cardiac fibroblasts onto tissue culture plates coated with biocompatible
silicone controlled elastic moduli recapitulating environments similar to tissuel12]. We
seeded cardiac fibroblasts on tissue culture plates with stiffness of 0.8kpA, 8kPa and 64kPa
(Online Fig 11A) and following 24 hours of seeding, harvested the cells to compare changes
in gene expression to that of 2D and 3D topological states. Analysis of global gene
expression demonstrated a clustering of 2D states with that of cells seeded at different
substrate stiffness (0.5, 8, 64 kpA) and were distinct from gene expression signature of
cardiac fibroblasts in 3D states (Online Fig 11B). We specifically examined the set of genes
that displayed the highest degree of differential expression between 2D and 3D states and
observed that the expression pattern of such genes was similar between cells seeded at 0.8,8
and 64kPA and 2Dstates and distinct from that seen in 3D states (Online Fig IIC, D). Taken
together, these observations suggest that topological changes in cardiac fibroblasts drive
gene expression patterns and changes in substrate stiffness are unlikely to underlie
differences in gene expression between 2D and 3D states. We next examined the pool of
genes that were the most upregulated (Fig 1F) or downregulated (Fig 1G) in 3D versus 2D
fibroblast states. Gene ontology (GO) analysis demonstrated that genes downregulated in the
3D state mainly comprised cell cycle processes such as DNA replication, chromosomal
condensation/segregation and cytokinesis (Fig 1H). Transcripts differentially upregulated in
the 3D state involved pathways regulating extracellular matrix metabolism/proteolysis,
surface proteins, chemotaxis and immune response. (Fig 1H, Online Table I1). We next
specifically examined several genes which were highly differentially expressed between 3D
versus 2D fibroblasts and that are also known to regulate extracellular matrix such as
metalloproteinases/metallopeptidases, [Metalloproteinase (MMP11, MMP2), ADAMTS15
(metallopeptidase with thrombospondin motif 15)], connective tissue growth factor (CTGF)
and fibroblast contractility, alpha smooth muscle actin 2 (Acta2), Calponin (Cnn2) and
modulators of inflammatory response (Glycoprotein non metastatic b, GPNMB). Based on
RNA-seq patterns, expression of these genes was reversible and highly dependent upon the
topological state of the fibroblast (Fig 2). For instance, MMP11 and MMP2 were highly
induced following aggregation and sphere formation of fibroblasts but expressions declined
to 2D levels when the 3D fibroblasts were allowed to attach and grow out as a monolayer for
a few days (Fig 2A, B). However, reseeding the cells back to a 3D conformation led to rapid
re-induction of MMP2/MMP11 expression illustrating the dynamic plasticity of the system
(Fig 2A, B). Gene expression of Acta2, Cnn2, ADAMTS15, GPNMB and CTGF, which are
thought to play a role in fibroblast contractility and regulation of inflammation and
extracellular matrix, demonstrated similar patterns of changes of gene expression dependent
upon the topological state (Fig 2C-G).

To determine whether such gene expression changes are associated with changes in
phenotype, we first determined changes in cardiac fibroblast proliferation in the 3D versus
2D state. For this purpose, cardiac fibroblasts either in the 2D or 3D state were treated with
EdU for 4 hours followed by determination of EdU uptake by flow cytometry. Consistent
with decreased expression of cell cycle genes in the 3D state, we observed that 5.47+1.4% of
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cardiac fibroblasts in the 2D state were cycling (EdU uptake) versus 0.15+£0.05% in the 3D
state (p<0.05) (Fig 3A). Similarly, the fraction of cells expressing Ki67 (marker of
proliferation) significantly decreased from 10.94+3.0% of cardiac fibroblasts in the 2D state
to 1.0+0.08% in the 3D state (p<0.05) (Fig 3B). Western blotting with quantitative
densitometry demonstrated that fibroblasts in the 3D state exhibit decreased expression of
contractile proteins alpha smooth muscle actin (88+6% decrease in 3D versus 2D, p<0.001)
and calponin (54+6% decrease in 3D versus 2D; p<0.001) (Fig 3C), consistent with gene
expression data demonstrating decreased expression of myofibroblast proteins. Differentially
expressed genes between the 2D and 3D states included genes affecting extracellular matrix
catabolism. Collagen is the most common abundant extracellular matrix protein secreted by
cardiac fibroblasts and we next determined how adoption of the 3D state affects collagen
production. We measured total collagen using the Sircoll assay in 2D and 3D fibroblasts and
observed that the total cellular collagen content significantly decreased from 8.40+2.8ug/10°
cells in 3D states to 1.32+0.71/108 cells in 2D states (p<0.05) (Fig 3D). Cardiac fibroblasts
secrete extracellular matrix proteins but are also known to express matrix degrading
enzymes and can undergo de-differentiation as well(13], These data suggest that a transition
from a 2D to a 3D state leads to a switch of cardiac fibroblast phenotype from a matrix
synthetic to a non-synthetic de-differentiated state. Recent evidence suggests that
aggregation of cardiac fibroblasts in the area of myocardial injury is associated with
fibroblasts exhibiting evidence of polarization[4]. Polarization or alignment of cardiac
fibroblasts is thought to play a critical role in appropriate cardiac wound healing!*®]. We thus
examined whether 3D cardiac fibroblasts exhibited any evidence of polarization compared to
2D fibroblasts. To address this question, we examined expression of genes that are members
of the Frizzled (Fzd), Van Gogh (Vanglin vertebrates) and Flamingo (Celsrin vertebrates)
(Fig 3E). These families of genes initially identified in drosophila are now known to play
critical role in planar cell polarity and cellular orientation in epithelial and mesenchymal
cells of vertebrates as well(16], Within this subset of genes known to regulate cellular
polarity, we observed that Frizzled 1 (Fzd1) expression was significantly higher in 3D
compared to 2D states (Fig 3E). Fzd1 is a cell surface receptor and we performed flow
cytometry to demonstrate that Fzd 1 expression was significantly up-regulated in 3D
fibroblasts (Fig 3F) consistent with gene expression changes. Members of the frizzled family
are known to be expressed in fibroblasts in the area of injury following myocardial injury
and thought to contribute to cardiac remodeling and have been considered as therapeutic
targets for augmenting cardiac repairll4 7. 181 |n this regard, cardiac fibroblasts in 3D states
recapitulate to a certain extent the expression of polarity genes known to be important for
wound healing /n vivo. Taken together, these observations demonstrate that aggregation and
changes in spatial arrangement of cardiac fibroblasts can drive rapid, dynamic and reversible
expression of genes affecting a panoply of processes regulating wound healing such as
fibroblast proliferation, activation, collagen content and cell polarity.

We next investigated the mechanistic basis of such rapid and reversible changes in gene
expression. We hypothesized that dynamic changes in chromatin structure may contribute at
least in part to the rapid changes in gene expression seen following the transition of
fibroblasts from a 2D to 3D state. Therefore, changes in chromatin organization and DNA
accessibility (open and closed chromatin) were examined between cardiac fibroblasts in 2D
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versus 3D states by performing an assay for transposase accessible chromatin (ATAC-seq)
[19], ATAC-seq enables identification of open and closed regions of chromatin across the
genome and provides insights about regions of the genome that are more (open) or less
accessible (closed) to transcription factors[19]. We observed that there were significant
changes in global chromatin organization (Fig 4A). Approximately 23% of the genes
differentially upregulated in fibroblast 3D states and 18% of the genes downregulated in
fibroblast 3D state (i.e. upregulated in 2D states) underwent significant changes in chromatin
accessibility (Fig 4A) with remarkable concordance with their RNA-seq profiles. Both these
values were significantly enriched over background levels as we observed that only 10% of
all genes had differential ATAC-seq peaks upon transition from a 2D to 3D state (Fig 4A).
We next examined differential ATAC-seq peaks for specific genes such as MMP2 and CTGF
that demonstrated significant induction and silencing of gene expression respectively in the
3D state and observed significant differences in ATAC-seq peaks in their respective genomic
loci, correlating with changes in gene expression (Fig 4B, C). These observations suggest
that fibroblast aggregation and changes in spatial arrangement of cardiac fibroblasts are
sufficient to induce changes in chromatin structure or organization that contributes to the
global changes in genes expression between the 2D and 3D state.

Having demonstrated that changes in fibroblast aggregation and spatial arrangement are
associated with concordant changes in the epigenome and gene expression, we next
investigated the functional connotations of such global changes in gene expression for
cardiac wound healing. Like humans, genetically diverse strains of mice differ in the degree
of fibrosis or cardiac remodeling following pathological cardiac stressors and offer the
advantage of tissue availability and experimental manipulation. The Hybrid Mouse Diversity
Panel (HMDP) is a collection of genetically diverse mouse strains and allows sufficient
power for genome wide association analysis to determine how genetic architecture impacts
phenotypic traits [20-231. A single pathologic stressor can be thus applied across all strains
within the HMDP to perform genome wide association studies and determine how genetic
and environmental interactions contribute to global gene expression and clinical
phenotypes(?4]. In these studies, 96 strains of mice were administered a three-week
continuous infusion of isoproterenol via osmotic pumpl®l. Throughout the study, various
physiological characteristics including cardiac functional indices (e.g. ejection fraction, left
ventricular internal dimensions in end systole and diastole), metabolic parameters and tissue
weights (61 traits in all) were measured (Online Table 111) and the left ventricle of each
mouse strain was subjected to global expression arrays(® 241, In this study, the mice
responded dramatically to isoproterenol, as nearly every individual showed increased left
ventricular mass following treatment. This dataset enabled us to assess whether differentially
expressed genes between 3D and 2D states of cardiac fibroblasts could inform phenotypic
traits known to predict outcomes or disease severity in isoproterenol induced cardiac
hypertrophy and failure.

Initially we asked whether significantly upregulated transcripts in all 3D fibroblast states
(compared to 2D) were correlated with heart failure traits in the HMDP. By simply
correlating individual 3D up-regulated genes from our RNA-sequencing experiment across
clinical traits in the mouse population (Online Fig I11), we observed striking patterns of
significance (Fig 5A). Since these patterns are difficult to interpret on a gene by-gene basis,
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we used a data reduction method to establish vectors which represent 3D specific gene
signatures. Principle component (PC) approaches provide a means of data-reduction
whereby variation across any number of dimensions can be aggregated into single or
multiple vectors. Similar approaches utilizing a principle component to represent large gene
sets are commonly utilized in population-based studies [6: 251, These produce a series of
vectors which represent a given pattern of variation, referred to as eigenvectors. Here, we
applied this approach to gene expression, where the genes identified from the 2D vs 3D
analysis were analyzed across a mouse population. We generated principle component (PC)
eigengenes which captured 14.4% (PC1) and 6.8% (PC2) of the variation of all 3D-
upregulated transcripts within the HMDP expression arrays (Fig 5B). It is worth mentioning
that these values are fairly typical when performing principle component analysis on
population-wide data (here, we use ~600 genes within ~100 strains of mice), especially
given the significant variation observed in gene expression profiles. Using these eigengenes
(PC1 & PC2) as signatures of 3D fibroblast genes, we plotted the position of each strain
against various cardiac and non-cardiac clinical traits. Cardiac fibroblasts are known to
affect cardiac hypertrophy and play a major role in adverse cardiac remodeling and
dilatation of the cardiac chambers, clinically determined by the left ventricular dimensions
in end systole and diastole. Consistent with this notion, we observed highly significant
positive correlations between 3D fibroblast derived gene signatures and left ventricular
dimensions in both end diastole (Fig 5C, D) and end systole (Fig 5E, F) as well as cardiac
mass (Fig 5G, H). Notably these 3D fibroblast eigengene signatures did not correlate with
either heart rate (Fig 51, J) or non-cardiac traits such as plasma glucose (Fig 5K, L)
demonstrating specificity of these eigengene signatures to cardiac remodeling traits.
Collectively, these data show that 3D fibroblast enriched transcripts show striking patterns of
correlation with adverse cardiac indices such as cardiac hypertrophy and chamber dilatation
across the murine population following isoproterenol infusion.

So far, our data demonstrates that cardiac fibroblasts exhibit a high degree of dynamic
plasticity with induction and silencing of genes following transition from a 2D to 3D state.
Genes induced in the 3D state significantly correlated with clinical indices of adverse
ventricular remodeling. Therefore, we next determined whether genes differentially
expressed in the 3D state were also upregulated in regions of fibroblast aggregation in vivo
at the time of wound healing. For this purpose, we performed cryo-injury on hearts of
Col1a2CreERT:R26RoMal0 and TCF21MerCreMer:R26R0Ma0 mice following tamoxifen
mediated labeling of cardiac fibroblasts. Tamoxifen was administered for 10 days to label
the cardiac fibroblasts and stopped 5 days prior to cryo-injury. We chose cryo-injury as cryo-
injury unlike ischemic myocardial injury creates a highly well-defined compact transmural
scar on the left ventricle and the tdTomato labeling of cardiac fibroblasts can easily identify
regions of compact scarring. Hearts were harvested at 7 days following cryo-injury and
immunofluorescent staining performed to determine whether genes highly upregulated in 3D
fibroblasts /in vitro were expressed by labeled cardiac fibroblasts or expressed in abundance
in the region of fibroblast aggregation. We observed abundant expression of MMP11 by
tdTomato labeled cardiac fibroblasts but minimal MMP11 expression in uninjured regions
(Fig 6A-D). ADAMTS15, a secreted protein that regulates extracellular matrix, is expressed
in the developing heart and highly induced in the 3D fibroblast state (Supplementary Table
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1), was also found to be abundantly present in the injured region and expressed by tdTomato
labeled fibroblasts (Fig 6E-H). To study the expression of 3D enriched transcripts in
aggregating fibroblasts in regions of injury in greater detail, we subjected the harvested heart
to solvent based tissue clearing techniques to make the heart optically transparentl”]. This
allows the entire 3D structure of the scar to be visualized in detail without having to
extrapolate and reconstruct a 3D structure from conventional analysis of histological
sections. We again performed cryo-injury on Col1a2CreERT:R26R!omalo mice following
fibroblast labeling. We harvested the heart 7 days after cryo-injury and made them optically
transparent and a non-absorbable suture (placed at the time of injury) was used to identify
area of cryo injury in the heart after tissue clearing (Fig 61-K). The region of injury could be
identified easily as an area with accumulation of tdTomato labeled cardiac fibroblasts (Fig
6L). On the optically cleared heart, we performed immunostaining for another marker
GPNMB, a gene upregulated in the 3D state, involved with immune response pathways and
that strongly correlated with adverse cardiac remodeling indices in our murine model of
isoproterenol induced heart failure. Analysis of Z stacked confocal images taken
sequentially through the whole depth of the scar demonstrated expression of GPNMB by
tdTomato labeled fibroblasts throughout the depth of the scar (Fig 6M). These observations
demonstrate that genes expressed by aggregating fibroblasts in the region of injury at least
partially recapitulate the gene expression signatures of 3D fibroblasts.

Fibroblasts are known to affect cardiac hypertrophy[26] and the gene expression signatures of
3D fibroblasts strongly correlated with clinical indices of heart mass and remodeling across
mouse strains. We next investigated whether fibroblasts in 3D exert pro-hypertrophic effects
on cardiomyocytes compared to fibroblasts cultured in 2D. For this purpose, we collected
conditioned medium from fibroblasts grown in 3D or 2D conditions for 24 hours. We treated
neonatal rat cardiomyocytes with 3D or 2D conditioned medium to determine effects on
cardiomyocyte hypertrophy over the next 48 hours. Live cell interferometry (LCI), a
validated version of quantitative phase microscopy [27 28] is an extremely sensitive tool for
determining changes in total cellular biomass. LCI is based on the principle that light slows
as it interacts with matter. As light traverses through a cell that has greater biomass (i.e.
hypertrophied), the light slows and its waveform shifts in phase compared to light not
passing through the cell [29](Fig 6N). The change in phase shift over time is directly related
to the change in biomass of the cell over time and this quantitative phase shift has been used
to precisely and reproducibly determine the dry biomass of cells including T cells, stem
cells, cancer cells and fibroblasts [27: 28], Neonatal rat ventricular cardiomyocytes (NRVM)
were treated with conditioned medium as above and each cardiomyocyte was subjected to
repeated measurements by LCI to obtain a growth rate. We observed that 2D conditioned
medium significantly increased the rate of cardiomyocyte biomass accumulation compared
to non-conditioned medium (0.4 picogram/hr for 2D compared to —0.12 picogram/hour for
growth medium, p=0.04) (Fig 60). However, treatment with 3D conditioned medium tripled
the rate of growth versus treatment with 2D conditioned medium (1.25 pg/hr for 3D versus
0.4 pg/hr for 2D, p=0.0001) (Fig 60). As cardiomyocytes after isolation can exhibit
significant difference in cell size, we normalized the growth rate of each cardiomyocyte to
initial cell biomass. Again, we observed a significant 34% increase in cell biomass of
NRVM following treatment with 2D conditioned medium compared to ‘non-conditioned’
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growth medium (0.34% for 2D vs —0.01% for growth medium, p=0.02) (Fig 6P). However,
3D fibroblast conditioned medium significantly increased the cell biomass accumulation rate
of NRVM by a further 88% compared to NRVM treated with 2D conditioned medium
(0.64% for 3D versus 0.34% for 2D, p=0.002) (Fig 6P). These observations demonstrate that
the secretome of fibroblasts in 3D is sufficient to induce cardiomyocyte hypertrophy and are
broadly consistent with the genome-wide association data shown earlier demonstrating high
correlation between genes induced in the 3D state and indices of cardiac hypertrophy and
remodeling after isoproterenol infusion. Our observations also suggest that the gene
expression signatures adopted by aggregating fibroblasts may have a direct causal effect on a
hypertrophic response after cardiac injury.

We next analyzed our RNA-seq data to obtain insight into transcription factors or
transcriptional regulators that could be contributing to changes in gene expression between
the 2D and 3D states and affecting myocyte hypertrophy. Genes differentially upregulated in
the 3D versus 2D state were assayed for enrichment of upstream transcriptional factors or
regulators using TRRUSTV2[3%. This analysis queries hundreds of published Chip-Seq
and/or open chromatin data to infer regulatory elements from gene expression patterns. The
3D upregulated genes were used to identify enrichment of regulation by specific
transcription factors or DNA binding elements known to regulate expression. We observed
significant representation of several transcription factors predicted to regulate 3D-specific
genes (Online Figure 1V) and some of these are also known to regulate or be associated with
the cardiac hypertrophic response such as Microphthalmia associated transcription factor
(MITF), Beta catenin (CTNNB1) and serum response factor (SRF)[31-33]. Next, to obtain
insight into secreted factors present in 3D conditioned medium that induced or contributed
to myocyte hypertrophy, we filtered the differentially upregulated genes in the 3D state for
secreted factors and observed expression of proteins known to affect the myocyte
hypertrophic response such as angiotensinogen, pyrophosphatases affecting purinergic

signaling (ENPP3) and members of the Wnt signaling family (Dkk3) (Online Table 1V)
[34-36]

DISCUSSION

Cardiac fibroblasts are known to be highly plastic and our study suggests that simple
aggregation of fibroblasts may be sufficient to induce genome wide changes in chromatin
reorganization and gene expression. We show that gene expression signatures adopted by
aggregating cardiac fibroblasts at least in part recapitulates changes in gene expression in the
injured region /n vivo and that such altered genetic outputs may have functional
consequences for cardiac wound healing and remodeling. Cardiac fibroblasts are the
principal contributors towards deposition of extracellular matrix but are also known to
secrete metalloproteinases and extracellular proteases that leads to degradation of
extracellular matrix[37]. Acute myocardial injury is associated with significant upregulation
in metalloproteinase activity[38] and MMP expression significantly increased in 3D cardiac
fibroblasts mirroring such /n vivo changes. A balance between the synthetic and proteolytic
phenotype of the fibroblasts determines extracellular matrix content or burden of scar tissue
in pathologic states. Augmented matrix synthetic and matrix degrading properties of cardiac
fibroblasts can lead to high turnover of extracellular matrix, as seen in heart failure. Such
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fibroblast phenotypes with opposing effects on matrix synthesis and degradation, as seen in
our 2D and 3D model could determine the burden of scar after acute and chronic injury and
serve as a model for obtaining further mechanistic insight [3°1. Although little is known
about signaling mechanisms that regulate resolution of fibrosis, de-differentiation of
contractile elements of fibroblasts with decreased expression of alpha smooth muscle actin is
thought to represent a key event for fibrosis resolution!%l. In this regard, our model of
fibroblast aggregation with decreased expression of smooth muscle actin and induction of
various matrix degrading enzymes demonstrates phenotypic features consistent with
myofibroblast de-differentiation and a proteolytic rather than a synthetic phenotype. The
expression of alpha smooth muscle actin and other contractile proteins in fibroblasts in the
injury region allows for wound contraction /n7 vivo, a mechanism that enables reduction in
the area of injury. Conversely, impaired expression of fibroblast contractile proteins or
defects in fibroblast polarization in vivo can cause impaired wound contraction, dysregulated
wound healing and lead to expansion of the infarcted region, a dreaded complication after
myocardial infarction. Our model that demonstrates a rapid and reversible expression of
contractile proteins in fibroblasts could serve as a platform for investigating the molecular
events that abruptly can switch a cardiac fibroblast from a synthetic and contractile
phenotype to a proteolytic and de-differentiated phenotype. Hypertrophy of surviving
cardiac myocytes at the edges of the injured region occurs after myocardial infarction and
the 3D fibroblasts can serve as a platform for interrogating the paracrine effects of cardiac
fibroblasts on myocyte hypertrophy. Given the global changes in gene expression and
substantial changes in the 3D cardiac fibroblast secretome, it is likely that rather than a
single driver, activity of multiple transcription factors and secreted proteins synergistically
affect gene expression changes and the myocyte hypertrophic response.

Study of cells in spheroids have been performed for cancer cells and cells with progenitor
potential. Our study suggests that studying fibroblasts in a 3D state in contrast to
conventional analysis of 2D fibroblasts may be more informative of cellular changes in the
injury region /n vivo. Potentially, our model could also be used as a tool or a primary
screening system to determine how drugs or small molecules affect changes in expression of
specific genes that are upregulated in the 3D state or affect phenotypic transitions between
matrix synthetic (2D) and matrix degrading (3D) states of a cardiac fibroblast.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance
What Is Known?

. Unlike cardiac myocytes, cardiac fibroblasts do not form a syncytium but
reside in the interstitium among myocytes.

. This topological relationship is altered after heart injury when fibroblasts are
recruited to and aggregate at the area of injury.

. Aggregation of fibroblasts after injury thus represents a unique event in the
life cycle of the cardiac fibroblast but whether such topological rearrangement
affects fibroblast function is not clear

What New Information Does This Article Contribute?

. Aggregation of cardiac fibroblasts leads to global changes in gene expression
and chromatin reorganization.

. Changes in the transcriptome are reversible upon aggregation, disaggregation
and reaggregation of cardiac fibroblasts.

. Genes induced by fibroblast aggregation are expressed in the injured heart
and correlate with poor cardiac outcomes in mouse models of hypertrophy
and heart failure.

. The secretome of aggregated cardiac fibroblasts can induce hypertrophy of
cardiac myocytes.

Cardiac fibroblasts reside in the interstitium of the heart and do not form a syncytium.
Following injury, they however are recruited to aggregate in the area of injury, but the
physiological significance of fibroblast aggregation remains unknown. Here, we
demonstrate that simple aggregation of cardiac fibroblasts induces wide spread changes
in gene expression and chromatic reorganization. Such transcriptional changes are
reversible when cardiac fibroblasts are disaggregated or subsequently reaggregated.
Genes upregulated in the aggregated state are expressed in the region of injury and
correlate with indices of adverse cardiac remodeling in murine models of cardiac
hypertrophy and failure. Finally, we demonstrate that the secretome of aggregated cardiac
fibroblasts induces hypertrophy of cardiac myocytes. Taken together these observations
demonstrate that topological changes in the spatial organization of cardiac fibroblasts
drives chromatin reorganization, gene expression patterns and has functional
consequences for cardiac wound healing.
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Figure 1. Cardiac fibroblasts exhibit dynamic changes in gene expression in different topological
states

(A) Schematic of how fibroblasts were transitioned from a 2D to 3D state and then back to
2D and 3D respectively. For each topological state, fibroblasts were harvested for RNA-seq.
(B) Bright phase image of cardiac fibroblasts in 2D and 3D (Scale bar: 50um) (C) Pure
population of genetically labeled (tdTomato) fibroblasts isolated by flow cytometry from
hearts of TCF21MerCreMer:R26Rt0mato or Col1a2CreERT:R26RMOMA0 mice were
subjected to sphere formation (3D) and spheres stained with wheat germ agglutinin (WGA),
that stains cell membranes (Scale bar: 20um). (D) Cardiac fibroblasts in 2D or 3D states
dissociated and subjected to image flow cytometry showing representative image of
fibroblast from 2D or 3D state (3000 cells imaged in each group, scale bar:10um) and
corresponding mean diameter and surface area of fibroblasts in 2D or 3D states (*p<0.001,
mean £ S.E.M., n=3) (E) Heat map demonstrating clustering of sample correlations of
fibroblasts (shown by Z scores) in different topological states (F,G) Heat map comparing (F)
expression of the most upregulated 3D genes in different topological states and (G) 3D
downregulated genes in different topological states (H) GO analysis showing cellular
pathways most affected by genes upregulated or downregulated in 2D/3D states.
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Figure 2. Dynamic changes in expression of myofibroblast and extracellular matrix genes
between 2D and 3D cardiac fibroblast states

(A, B) normalized gene counts on RNA-seq demonstrating rapid changes in gene expression
of (A) MMP11 (B) MMP2, (C) Acta2 (D) Calponin (E) Connective tissue growth factor
(CTGF) (F) ADAMTS15 and (G) GPNMB in cardiac fibroblasts in different topological
states.
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Figure 3. Changes in fibroblast phenotype in 3D versus 2D topological state
(A, B) Flow cytometry to determine fraction of proliferating fibroblasts in 2D and 3D states

by (A) EdU uptake (5.48+1.4% in 2D versus 0.15+0.05% in 3D, mean + S.E.M, p<0.05,
n=3) or (B) Ki67 expression (10.14+3.0% in 2D versus 1.02+0.01% in 3D, mean = S.E.M,
p<0.05, n=3). (C) Western blotting and quantitative densitometry of expression of Alpha
smooth muscle actin and calponin expression by cardiac fibroblasts in 2D or 3D states
(mean £ S.E.M, *p<0.001, n=3). (D) Estimation of total collagen content of cardiac
fibroblasts in 2D or 3D state (8.40+2.8ug/106 cells in 3D versus 1.32+0.71/106 cells in 2D,
mean £ S.E.M, *p<0.05, n=3). (E) Heat map demonstrating expression of members of the
Frizzled, Vangl and Celsr family in different topological states of cardiac fibroblasts. (F)
Flow cytometry demonstrating Fzd1 expression in 3D versus 2D cardiac fibroblasts
(2.07£0.33% in 2D versus 5.63+0.24% in 3D, mean * S.E.M, p<0.05, n=3).
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Figure 4. Chromatin changes underlie altered gene expression of fibroblasts in 3D versus 2D

states

(A) ATAC seq performed to demonstrate fraction of genes demonstrating differential ATAC-
seq peaks in either 2D or 3D cardiac fibroblast states (B, C) ATAC-seq peaks and RNA-seq

showing expression of (B) MMP2 and (C) CTGF in 2D and 3D states demonstrating

differential ATAC-seq peaks in loci of MMP2 and CTGF genes (numbers listed refer to

scales of enrichment).
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Figure 5. Genes enriched in 3D fibroblast states show significant correlation with indices of
adverse ventricular modeling in HMDP studies following isoproterenol infusion

(A) Correlation heat map (yellow: positive and blue: negative correlation) of top 15
differentially upregulated genes in 3D/2D states versus clinical traits of left ventricular
dimensions, heart mass, plasma glucose and heart rate following infusion of isoproterenol
(B) Individual gene contribution to eigengene signatures PC1 and PC2 using transcripts
enriched in 3D states. (C—H) Correlation of both eigengene signatures against cardiac and
non-cardiac traits with significant correlation between both eigengenes and (C, D) LVID at
end diastole (E, F) LVID at end systole and (G, H) total heart mass with no significant
correlation between either eigengene and (1-J) heart rate and (K, L) plasma glucose (LVID:
left ventricular internal diameter; bicor: bicorrelation coefficient).
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Figure 6. Genes enriched in 3D fibroblasts are expressed in vivo in regions of fibroblast
aggregation after heart injury and affect cardiomyocyte hypertrophy

(A-D) Immunofluorescent staining for MMP11 on uninjured and cryo-injured hearts of (A,
B) TCF21MerCreMer:R26ROMa0 and (C, D) Colla2CreERT:R26R!OMA0 mice (B, D)
area of injury shown in higher magnification demonstrating tdTomato labeled fibroblasts
expressing MMP11 (arrows). (E-H) Immunofluorescent staining for ADAMTS15 on
uninjured and cryo-injured hearts of (E, F) TCF21MerCreMer:R26RMal0 ang (G, H) area
of injury shown in higher magnification demonstrating tdTomato labeled fibroblasts
expressing ADAMTS15 (arrows) (Scale bars: 20pum). (I, J) Cryo-injured heart of
Col1a2CreERT:R26R!oMato mayse (1) prior to and (J) following optical clearing
(arrowhead points to suture for identifying injured region, arrow points to green dye to
identify area adjacent to injury; note the wire mesh on which the heart lies is now visible
through the transparent heart; red arrow) (K) tdTomato fluorescence observed on cryo-
injured Col1a2CreERT:R26ROMal0 heart and (L) confocal image through area of injury
showing intense tdTomato fluorescence (Scale bar: 500um) (M) Immunofluorescent staining
for GPNMB on optically cleared Col1a2CreERT:R26R!1Ma0 heart after injury. The entire
depth of the scar was imaged with a confocal microscope and sequential Z stack images
demonstrating distribution of tdTomato (red), GPNMB (green) and merged (yellow) image
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demonstrating distribution of fluorophores across the depth of the scar (asterisk corresponds
to position of suture). (N) Set up of live cell interferometry with phase shift of light being a
read out for changes in cell biomass (O) Absolute and (P) normalized single cell
cardiomyocyte (NRVM) biomass accumulation rates determined by serial measurements
with interference microscopy over 48 hours following treatment of NRVM with growth
medium (non-conditioned) or conditioned medium from fibroblasts in 2D or 3D state (each
circle represents a single cardiomyocyte; Number of single cardiomyocytes tracked: 103 for
growth medium, 142 for 2D medium and 231 for 3D medium).
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