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Changes in nascent chromatin structure regulate

activation of the pro-fibrotic transcriptome

and myofibroblast emergence in organ fibrosis

Morgan D. Basta,'-® Svetlana Petruk,®® Ross Summer,* Joel Rosenbloom,” Peter J. Wermuth,> Edward Macarak,”

Alex V. Levin,®’ Alexander Mazo,>?* and Janice L. Walker!.2.7.10.*

SUMMARY

Cell reprogramming to a myofibroblast responsible for the pathological accumu-
lation of extracellular matrix is fundamental to the onset of fibrosis. Here, we
explored how condensed chromatin structure marked by H3K72me3 becomes
modified to allow for activation of repressed genes to drive emergence of myofi-
broblasts. In the early stages of myofibroblast precursor cell differentiation, we
discovered that H3K27me3 demethylase enzymes UTX/KDM6B creates a delay
in the accumulation of H3K27me3 on nascent DNA revealing a period of decon-
densed chromatin structure. This period of decondensed nascent chromatin
structure allows for binding of pro-fibrotic transcription factor, Myocardin-
related transcription factor A (MRTF-A) to nascent DNA. Inhibition of UTX/
KDM6B enzymatic activity condenses chromatin structure, prevents MRTF-A
binding, blocks activation of the pro-fibrotic transcriptome, and results in an inhi-
bition of fibrosis in lens and lung fibrosis models. Our work reveals UTX/KDM6B
as central coordinators of fibrosis, highlighting the potential to target its deme-
thylase activity to prevent organ fibrosis.

INTRODUCTION

Fibrosis or scarring can affect nearly all tissues of the body, ' and it is the result of a pathological accumu-
lation of extracellular matrix (ECM), leading to a disruption in tissue architecture and critical organ func-
tions. The major cellular culprit of organ fibrosis is the myofibroblast that expresses alpha smooth muscle
actin (@SMA) and whose dysregulation and continued persistence is largely responsible for excess ECM
production, such as collagen 1."-° While the origin of myofibroblasts is varied and site-specific,"*®
are essential features of myofibroblast differentiation regardless of precursor cell type. Over many de-
cades, it has become abundantly clear that transforming growth factor B (TGF) is a central regulator of
myofibroblast formation.”" In conjunction with TGFB activity, the mechanical microenvironment is key
in driving myofibroblast emergence through changes in tissue stiffness.'”"'* Changes in stiffness of the
microenvironment can be communicated through integrin cell surface receptors linked to intracellular
mechanosensing focal adhesion proteins to impact the actomyosin cytoskeleton.'® Changes in the actin
cytoskeleton can trigger release of myocardin-related transcription factor A (MRTF-A) to allow for translo-
cation of MRTF-A to the nucleus to drive expression of fibrotic genes.'*'® Despite our increasing knowl-
edge of the fundamental features of organ fibrosis, we have an incomplete understanding of the molecular
mechanism for how precursor cells reprogram to aSMA-expressing myofibroblasts responsible for fibrosis.

there

Regardless of tissue origin, all reprogramming of a precursor cell to a myofibroblast cell type requires the
adoption of a new transcriptional program. This depends on binding of pro-fibrotic TFs, such as MRTF-A, to
DNA for the activation of repressed genes.”'%'%"® It is well-established that the regulatory regions of all
repressed genes have the most condensed arrays of nucleosomes in the genome, which contain histone
H3 tri-methylated at Lys-27 (H3K27me3)."*"” This condensed structure of nucleosomes creates a barrier
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Figure 1. DNA replication is required for transition of CD44" precursor cells to a fibrotic phenotype and
H3K27me3 recruitment to nascent DNA is delayed in highly replicative CD44" precursor cells

(A) Mock cataract surgery on isolated lenses produces a star-shaped explant. In response to mock cataract surgery
wounding, proliferating (Edu, green) CD44" leader cells (red) migrate to sites of injury (leader cells marked by red lines) as
well as serve as aSMA+ myofibroblast progenitor cells.?*??

(B-D) Post-cataract surgery ex vivo lens explants were treated with +/— thymidine on day 1 - day 3 post-injury. (B)
Representative images of 30min EdU incorporation in DNA of leader cells. Cultures were counterstained with DAPI (4',6-
diamidino-2-phenylindole) (blue). (C) Representative confocal immunofluorescence images of FN-EDA (green) or Pro-
Collagen | (green), aSMA (red) and cultures were counterstained with DAPI (blue). (D) Representative immunoblots

2 iScience 26, 106570, May 19, 2023

iScience



iScience

Figure 1. Continued

of aSMA and GAPDH (loading control) with graph depicting relative intensity of *SMA/GAPDH. (E) Representative
CAA images of H3K27me3 (red) recruitment to 30min EdU-labeled DNA (green) in nuclei (blue) of leading-edge cells
at 28h, 48h, and 72h post-injury. PLA is shown in red and in split channel (black and white). Graph depicts relative
amount of PLA per EdU labeled nuclei. Scale bar: 10pum.

(F) Representative CAA images of H3K27me3 (red) recruitment to 30min EdU-labeled DNA (green) in nuclei (blue) of
leading-edge cells at 28h and 28h + 1h chase post-injury. PLA is shown in red and in split channel (black and white). Graph
depicts relative amount of PLA per EdU labeled nuclei. Scale bar: 10 um. Data are expressed as average +SEM of three
independent experiments (D-F ). Data is relative to GAPDH and normalized to control (-thymidine) (D).

Data is normalized to 72h (E) and 28h +1h (F). **p < 0.01, ***p < 0.001, ****p < 0.0001 by one-way ANOVA (E) or unpaired
t-test (D and F). Scale bar: 20um (A-C).

accessibility just after DNA replication were shown to facilitate TF binding and alterations in gene expres-
sion, leading to cell differentiation.?%*%*

H3K27 methylation and chromatin structure is regulated by the interplay of the opposing H3K27-specific
histone modifying enzymes. Ubiquitously transcribed tetratricopeptide repeat, X (UTX), the major
H3K27me3 demethylase (KDM), and Lysine demethylase 6B (KDMé6B) are responsible for demethylating
H3K27 to induce a more decondensed structure of chromatin amenable to TF binding. Whereas, enhancer
of zeste homolog 2 (EZH2) is a histone methyltransferase (HMT) enzyme that is primarily responsible for tri-
methylating H3K27 to create a condensed structure of chromatin which creates a barrier to TF binding.”
Here, we investigated whether DNA replication may present the opportunity for the association of UTX/
KDM6éB to oppose EZH2 HMT activity on repressed genes leading to a decondensed structure of chromatin
to allow for binding of pro-fibrotic TFs with DNA to activate an array of pivotal genes associated with the
myofibroblast phenotype. Using the lens as our primary model of organ fibrosis along with classic in-vitro
and in-vivo models of lung fibrosis, we explored this hypothesis to expand our molecular understanding of
how precursor cells reprogram to disease-causing myofibroblasts and to uncover a potential new thera-
peutic target for the prevention of fibrosis.

RESULTS

DNA replication is necessary for CD44" precursor cell reprogramming to an «SMA-
expressing myofibroblast and fibrotic matrix production

To explore the molecular underpinnings of precursor cell reprogramming to a myofibroblast we used our
previously developed ex vivo post-cataract surgery chicken lens model which recapitulates the major
features of the lens fibrotic disease, posterior capsule opacification (PCO).?>?’ In the ex vivo post-cataract
surgery lens model proliferating CD44" leader cells serve as a source for myofibroblast precursor cells?®?”
and transition to aSMA-expressing myofibroblasts on day 3 post-injury”” (Figure 1A, model). Previously, we
have shown that the CD44" derived aSMA-expressing myofibroblasts are the main producers of the fibrotic
ECM proteins, fibronectin extra domain A splice variant (FN-EDA) and type | collagen (Figure 1A, model).*
Since cell division is essential for most cell reprogramming,?'*' we determined if DNA replication is neces-
sary to drive CD44" precursor cell transition to a myofibroblast and production of fibrotic ECM. To test this,
we used thymidine from 24h to 72h post-injury to arrest cells in the S-phase of the cell cycle and to deter-
mine what effect this would have on myofibroblast emergence and the fibrotic phenotype at 72h post-
injury. Thymidine treatment successfully inhibited leader cells from undergoing replication as evidenced
by the block in EJU incorporation (Figure 1B). Preventing leader cells from undergoing replication blocked
production of major fibrotic ECM proteins, FN-EDA and pro-collagen | (Figure 1C). Furthermore, thymidine
treatment prevented the emergence of aSMA-expressing myofibroblasts (Figure 1C, D, p = 0.0016),
confirming a key role for DNA replication in regulating the developing fibrotic phenotype.

Post-replicative nascent chromatin structure is transiently decondensed in myofibroblast
precursor cells

Given the above findings and that nucleosomes are disassembled and then re-assembled at the time of
DNA replication, we mapped the state of post-replicative chromatin structure during differentiation of pre-
cursor cells into myofibroblasts using the chromatin assembly assay (CAA).*” The CAA allows for the exam-
ination of the recruitment of any protein to the EdU-labeled (post-replicative) DNA in-situ in single cells.*”
Since CAA is performed in non-synchronized cells, the results in multiple nuclei reflect firing of all replicons
throughout the genome. Using H3K27me3 as a marker for the most condensed arrays of nucleosomes in
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the genome'®""” and using this marker to map the structure of chromatin during cell reprogramming to a

myofibroblast (28hr-72h post-injury), we investigated the recruitment of H3K27me3 to nascent DNA in
replicating leader cells using CAA. We found minimal accumulation of H3K27me3 on the 30min EdU-
labeled nascent DNA at 28h post-injury, while it greatly accumulates at 48h with further increase at 72h
post-cataract surgery wounding (Figure 1E) hr vs. 48 h P = 0.0021, 48h vs. 72 h P = 0.0006, 28h vs.
72 h P <0.0001). The increase in H3K27me3 recruitment to nascent DNA at 72h coincides with emergence
of aSMA expressing myofibroblasts.”” The delay in accumulation of H3K27me3 on nascent DNA at 28h and
rapid accumulation of H3K27me3 after 48h post-injury demonstrates that the structure of chromatin is tran-
siently decondensed during early transition period of the myofibroblasts precursor cells to aSMA+ myofi-
broblasts and that later stages of reprogramming are characterized by condensed structure of post-repli-
cative chromatin structure. To further define the period of the decondensed structure of chromatin after
DNA replication at 28h post-injury, we performed 30min EdU-labeling followed with a 1h chase. We
observed a significant increase in H3K27me3 accumulation on nascent DNA after chase (Figure 1F,
p < 0.0001). This suggests that decondensed structure of chromatin is a transient event that occurs for a
short period of time after DNA replication. Therefore, our data reveals a potential window of opportunity
for cell reprogramming to a myofibroblast to be initiated when nascent chromatin is decondensed at 28h
post-injury.

UTX/KDM&éB activity is required to decondense nascent chromatin in myofibroblast
precursor cells

Transient delay in accumulation of H3K27me3 on nascent chromatin during the window of decon-
densed chromatin structure in myofibroblast precursor cells at 28h after injury may be the result of
the enhanced activity of the KDM enzymes UTX/KDMéB, or reduced activity of the HMT EZH2, or
both. To investigate this, we examined the kinetics of expression and association of UTX, KDMéB,
and EZH2 with nascent DNA during the window of decondensed chromatin structure in myofibroblast
precursor cells. We found that UTX and KDMé6B are localized to the nuclei of both CD44" and
CD447cells at 28h and 48h post-injury prior to myofibroblast emergence (Figure 2A p = 0.294596,
p = 0.004657 and Figure 2B p = 0.901146, p = 0.860609). The H3K27 HMT enzyme, EZH2, is expressed
in the nuclei of all cells and with greater intensity within the nuclei of CD44" precursor leader cells (Fig-
ure 2C p = 0.064037, p = 0.015347). Given that CAA shows that all enzymes are associated with DNA at
28h post-injury (Figure 2D p < 0.0001, E p = 0.0026, F p = 0.0105), we speculated that KDM activity of
UTX/KDM6B is predominant over the EZH2 HMT activity at this time. To examine this and to determine
if UTX/KDM6B KDM activity is responsible for the period of decondensed nascent chromatin structure,
we used GSK-J4, a small molecule inhibitor selective for both KDM enzymes UTX and KDM6B.>® Treat-
ment with GSK-J4 during the window of decondensed chromatin structure at 28h post-injury now al-
lowed for EZH2 HMT activity to lead to a significant increase in accumulation of H3K27me3 to nascent
DNA compared to vehicle (DMSO) alone (Figure 2G, p = 0.0396). This suggests that UTX/KDMé6B de-
methylases are primarily responsible for low accumulation of H3K27me3 on nascent DNA at 28h post-
injury, likely masking EZH2 HMT activity. Thus, our results suggest that UTX/KDMéB are essential for
the observed decondensation of nascent chromatin during early stages of myofibroblast differentiation
and that pharmacological inhibition of these enzymes cause condensation of the post-replicative chro-
matin structure in the myofibroblast precursor cells.

Recruitment of MRTF-A to nascent DNA of the myofibroblast precursor cells is dependent on
decondensed structure of post-replicative chromatin

We next aimed to determine whether decondensed nascent chromatin is essential for recruitment of the
major pro-fibrotic TF, MRTF-A, to DNA of the myofibroblast precursor cells. By immunofluorescence
staining we found that MRTF-A is localized to the nuclei of cells on day 1 post-injury (Figure 3A). Using
CAA, we detected robust accumulation of MRTF-A to nascent DNA of the myofibroblast precursor cells
at 28h post-injury (Figure 3B), the time when nascent chromatin is decondensed (Figure 1E). We further
examined whether decondensed nascent chromatin is essential for recruitment of MRTF-A to DNA.
To this end, we inhibited the enzymatic activity of UTX/KDM6B with GSK-J4, which condenses nascent
chromatin (Figure 2G). We found that GSK-J4 treatment during the window of decondensed chromatin
structure at 28h post-injury prevented recruitment of MRTF-A to nascent DNA of the myofibroblast
precursor cells compared to vehicle alone (Figure 3C, p = 0.0008). These results suggest that decon-
densed nascent chromatin structure induced by UTX KDM activity is essential for recruitment of
MRTF-A to DNA.
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Figure 2. UTX KDM activity is required to decondense nascent chromatin in myofibroblast precursor cells

(A-C) Representative confocal immunofluorescence images of UTX, KDM6B, and EZH2 expression (red) within CD44" (green) compared to

CD44 cells on day 1 and day 2 post-injury. Graph depicts relative intensity of UTX, KDMéB, or EZH2 in DAPI labeled nuclei (blue). Scale bar:
20pm. (A) Post-cataract surgery culture labeled for UTX or shown as an overlay for UTX, CD44, and DAPI. (B) Post-cataract surgery culture labeled
for KDMé6B or shown as an overlay for KDMéB, CD44, and DAPI. (C) Post-cataract surgery culture labeled for EZH2 or shown as an overlay for EZH2,
CD44, and DAPI.

(D-F) Representative CAA images of UTX, KDMé6B, and EZH2 (red) recruitment to 30min EdU-labeled DNA (green) in nuclei (DAPI) of leading-edge cells at
28h and 48h post-injury. Graphs depict the relative amount of PLA per EdU labeled nuclei. Scale bar: 10um.

(G) Representative images of H3K27me3 recruitment (red) to 30min EdU-labeled DNA (green) in leader cell nuclei (blue) measured by CAA in the absence (—)
and presence (+) of GSK-J4 treatment at 28h post-injury. The graph depicts the relative amount of PLA per EdU labeled nuclei. Scale bar: 10 pm. Data are
expressed as average +SEM of three independent experiments (A-G). Data is normalized to CD44 cells (A-C). Data is normalized to 48h (D-F) or control
(-GSK-J4) (G). *p < 0.05, **p < 0.01, ****p < 0.0001 by unpaired t-test (A-G).

Since we have hypothesized that these events are occurring specifically at the time of DNA replication,
we then wanted to determine if MRTF-A recruitment to nascent DNA only occurs during S-phase. For
these experiments, DNA replication was blocked using thymidine. In control experiments, we confirmed
that treatment with thymidine effectively blocked DNA replication and that release of thymidine block for
4h resumed DNA replication (Figure 3D). Blocking DNA replication with thymidine completely inhibited
MRTF-A recruitment to nascent DNA (Figure 3E). Thymidine treatment also led to an increase in
the global level of H3K27me3 (Figure S1), which is also in line with inhibition of binding of MRTF-A.
However, release from thymidine block for 4h to resume DNA synthesis led to abundant association
of MRTF-A with nascent DNA (Figure 3E, p = 0.0002). These data provide evidence that MRTF-A
is recruited to nascent DNA in myofibroblast precursor cells only during S-phase consistent with our
earlier findings that cell reprogramming to a fibrotic phenotype is dependent on DNA replication
(Figures 1C-1D).

iScience 26, 106570, May 19, 2023 5
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Figure 3. Recruitment of MRTF-A to nascent DNA of the myofibroblast precursor cells is dependent on decondensed structure of post-replicative
chromatin

(A) Representative confocal immunofluorescence images of MRTF-A (red) localization as well as an overlay of MRTF-A (red), CD44 (green) expression with
DAPI counterstain (blue) on day 1 post-injury. Scale bar: 20um.

(B-C) Representative CAA images of MRTF-A (red) recruitment to 30min EdU-labeled DNA (green) in nuclei (DAPI) at 28h post-injury. PLA is shown in red and
in split channel (black and white). Scale bar: 10um. (C) MRTF-A recruitment to nascent DNA in the absence (—) and presence (+) GSK-J4. Graph depicts
relative amount of PLA per EdU labeled nuclei.

(D) Representative images of EdU-incorporation (green) in myofibroblast progenitor cells after cultures were treated in the presence of thymidine for 24h and
thymidine block was removed for Oh and 4h. Cultures were counterstained with DAPI (blue). Scale bar: 20pm.

(E) Representative CAA images of MRTF-A (red) in myofibroblast progenitor cells after cultures were treated in the presence of thymidine for 24h

and thymidine block was removed for Oh and 4h. Scale bar: 20 pm. Graph depicts relative amount of PLA signals per EJU labeled nuclei. Data are
expressed as average +SEM of three independent experiments (C, E). Data is normalized to -GSK-J4 (C) or 4h thymidine release (E). ***p < 0.001 by
unpaired t-test (C, E).

Condensing chromatin structure with GSK-J4 leads to downregulation of specific gene sets
associated with fibrosis

The above proof-of-concept experiments demonstrating that MRTF-A recruitment to nascent DNA is
blocked with inhibition of UTX/KDMéB KDM activity using GSK-J4 suggests there would be an alteration
in subsequent gene expression events when chromatin structure is condensed. To assess this, RNA
sequencing (RNA-Seq) analysis was performed on day 3 post-cataract surgery lens explants treated with
GSK-J4 or vehicle control to discover differentially expressed genes (DEGs) (p <0.05, Figure 4). Hierarchical
clustering map for differential gene expression from samples treated with GSK-J4 compared to samples
treated with vehicle showed distinct clustering between groups (Figure 4A). To explore the impact of
condensing chromatin with GSK-J4 on gene repression, we focused our subsequent analyses on the
1,407 significantly downregulated DEGs (Figure 4B, p < 0.05). We discovered major fibrosis-related genes
such as ACTA2, collagen type | alpha | chain (COL1A1), collagen type | alpha Il chain (COL1A2), FN1, and
TGFBI1, are all downregulated with GSK-J4 treatment (Figure 4B).
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Figure 4. Condensing chromatin structure with GSK-J4 leads to downregulation of specific gene sets associated with fibrosis

(A) Hierarchical clustering map of differential expression genes from samples treated with GSK-J4 (+) and vehicle control (-).

(B) Volcano plot showing the number of upregulated and downregulated DEGs between —-GSK-J4 and +GSK-J4. Representative downregulated DEGs are
shown.

C-E) Representative top GO processes of downregulated genes from —~GSK-J4 vs. +GSK-J4. (C) Fibrosis-related GO processes.

D) Cell cycle-related GO processes.

F) Representative cell cycle and cell migration-related downregulated DEGs from selected GO processes.

G) Representative fibrosis-related downregulated DEGs from selected GO processes.

H-1) Chromatin was immunoprecipitated with MRTF-A antibody and IgG isotype control +/— GSK-J4. gPCR was performed for MRTF-A-containing genes:
ACTAZ2 and COLTAT. *p < 0.05 by unpaired t-test (H).

(
(
(E) Cell migration-related GO processes.
(
(
(

Gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG) independent analyses were
performed to determine the biological impact of downregulated DEGs (Figures 4C-4F and S2B). GO anal-
ysis revealed that GSK-J4 treatment downregulated major biological processes (BP), cellular components
(CC), and molecular functions (MF) associated with fibrosis, including ECM and actin cytoskeleton-related
processes (Figure 4C). The major GO MFs downregulated with GSK-J4 are represented in a directed acyclic
graph (DAG) to display relationships between MFs (Figure S2A). The narrower functional terms displayed in
the DAG show downregulation of structural constituent of the cytoskeleton, ECM structural constituent,
actin binding, and integrin binding (Figure S2A). These MFs are all key to driving fibrotic ECM accumulation
and the mechanical signaling between the ECM and the cell to drive myofibroblast emergence and fibrosis.

In addition to fibrosis-related processes, GO analysis found that GSK-J4 treatment downregulated major

cell cycle processes. These included the mitotic cell cycle, replication fork, and DNA replication origin bind-
ing (Figure 4D). This reveals an interesting role for UTX KDM activity in the regulation of DNA replication in
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response to injury. GSK-J4 treatment also resulted in a downregulation of migration processes related to
wound repair (Figure 4E). Because fibrosis can be the result of an aberrant wound healing process, identi-
fying any implications on normal wound repair is an important finding when considering GSK-J4 as a po-
tential therapeutic. This included the downregulation of positive regulation of cell migration, actomyosin,
and cell adhesion molecule binding process (Figure 4E). Independent KEGG analysis revealed downregu-
lated pathways that mirrored the processes identified in GO analysis (Figure S2B) that included genes asso-
ciated with DNA replication, ECM-receptor interaction, and regulation of actin cytoskeleton (Figure S2B).

Together, these results prompted us to explore the specific DEGs associated with these major GO analysis
enrichment gene sets in greater depth. Representative DEGs found to be downregulated with GSK-J4
treatment in addition to the earlier ones discussed are cell cycle related DEGs that include many genes
that constitute the minichromosomal maintenance protein complex (MCM) and origin recognition com-
plex (ORC) that are essential for DNA replication34 (Figure 4F). GSK-J4 treatment also downregulated
DEGs associated with cell migration including TMSB4X, MYO1C, AMOTL1, and CALR (Figure 4F).

Importantly, we discovered the downregulation of many fibrosis-related DEGs with GSK-J4 treatment
including those essential to TGFp activation and signaling including TGFBR2, ITGBé, ITGB3, LTBP1
(Figure 4G). Downregulated DEGs were associated with formation, regulation and signaling from the fibrotic
ECM include CTGF, COL5A1, COL5A2, COL3A1, LOXL1, PLOD2, FBLN1, FBLN2, FBLN5 ITGAS, ITGA11 (Fig-
ure 4@G). Specific DEGs involved in regulating mechanosensitive focal adhesion complexes include DLCT,
COROI1C, NRP1, and THY1 (Figure 4G), and genes associated with the formation and function of the stress
fiber contractile machinery of cell include RHOB, ACTN1, FSCN1, TPM1, MYH9, and MYL? (Figure 4G). These
genes are essential to create the mechanosensing machinery of the cells to promote fibrosis.'* As expected,
many of the genes affected by GSK-J4 treatment are MRTF-A target genes, such as COLTAT and ACTA2
(Figures 4B and 4G) and many structural and regulatory constituents of the actin cytoskeleton, including
ACTN1, FBLN5, MYL9, and MYH®9. To determine whether MRTF-A binding to pro-fibrotic genes is dependent
on decondensed chromatin structure, we inhibited UTX/KDMéB KDM activity with GSK-J4 and performed
chromatin immunoprecipitation (ChIP) at 72h. ChIP confirms that the binding of MRTF-A to major pro-fibrotic
target genes, ACTA2 and COL1A1, is dependent on a decondensed structure of chromatin (Figure 4H p =
0.0187, I). However, it is likely that the 1,407 downregulated DEGs by GSK-J4 treatment are not all regulated
by MRTF-A. This indicates that condensing chromatin with GSK-J4 can prevent binding of multiple TFs to
block the activation of the fibrotic transcriptome. Therefore, we looked at the expression and recruitment
to nascent DNA of another mechanosensitive pro-fibrotic TF, Yes-associated protein 1 (YAP), at 28h when
chromatin structure is decondensed. These experiments revealed that YAP was localized to the nuclei and re-
cruited to nascent DNA in the CD44" myofibroblast progenitor cells (Figure S3). Collectively, other TFs may
have important roles alongside MRTF-A in driving activation of the pro-fibrotic transcriptome.

GSK-J4 prevents establishment of the pro-fibrotic phenotype in lens post-cataract surgery
models

Since we discovered that GSK-J4 treatment leads to downregulation of the gene sets associated with
fibrosis, we investigated the effect GSK-J4 has on the fibrotic phenotype. First, we confirmed using
RT-gPCR that mRNA expression of the two major fibrotic genes, aSMA (ACTA2) (p = 0.0067) and
COL1AT (p = 0.0120) were significantly reduced on day 3 following daily GSK-J4 treatment (Figures 5A
and 5B). Importantly, daily GSK-J4 treatment blocked the emergence of the aSMA-expressing myofibro-
blasts (Figure 5C, p < 0.0001; Figure 5D, p = 0.0004), deposition of FN-EDA matrix (Figure 5E,
p < 0.0001), and production of type | pro-collagen (Figure 5F, p = 0.0006). We also found that adding
GSK-J4 only during the window of decondensed chromatin structure for a 24h period blocked production
of type | pro-collagen (Figures S4A, and B p = 0.0001) and aSMA-expressing myofibroblast emergence on
day 3 post-injury (Figure S4A; C, p = 0.0014; D, p = 0.0131). The downregulated cell cycle-related gene sets
we discovered in our RNA-seq analysis (Figures 4C and 4G) prompted us to determine whether replication
is impacted in leader cells. Indeed, daily GSK-J4 treatment blocked leader cells from undergoing replica-
tion on day 3 (Figure 5G, p < 0.0001). Altogether, these results demonstrate that treatment with GSK-J4
effectively blocked reprogramming of precursor leader cells to the fibrotic phenotype.

Therapeutic potential of GSK-J4 for lens fibrosis

We also assessed the effect of GSK-J4 on fibrotic disease development in the clinically relevant®>~* human
lens pediatric post-cataract surgery model.”® For these studies, we obtained anterior lens capsule tissue
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Figure 5. Condensing chromatin with GSK-J4 prevents cell reprogramming to a pro-fibrotic phenotype in the post-cataract surgery model
(A-B) Relative gene expression (normalized to GAPDH) in the absence (—) and presence (+) of GSK-J4 on day 3 in lens post-cataract surgery cultures. Data is
normalized to -GSK-J4 as control.

(A) ACTAZ2 (aSMA) relative gene expression.

(B) Col1AT1 (Collagen | a. | chain) relative gene expression (C, E, F) Representative confocal images of day 3 lens post-cataract surgery cultures treated +/—
GSK-J4. Scale bar: 20 um. Graphs depict quantification of fluorescence intensity normalized to control (-GSK-J4).

(C) Post-cataract surgery culture labeled for aSMA (red) and counterstained for DAPI (blue).

(D) Representative immunoblots (right) for asSMA and GAPDH (loading control). Graph (left) depicts relative intensity of SMA/GAPDH of day 3 +/— GSK-J4
treated lens cultures.

(E) Post-cataract surgery culture labeled for FN-EDA (green) and counterstained for DAPI (blue).

(F) Post-cataract surgery culture labeled for Pro-collagen | (green) and counterstained for DAPI (blue).

(G) Post-cataract surgery culture treated +/— GSK-J4 labeled for 30min EdU (green) and counterstained for DAPI (blue). Graph depicts % of EdU+ cells. Scale
bar: 20 pm. Data is expressed as average +SEM of at least three independent experiments. Data is normalized to ~GSK-J4 (A-G) *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001 by unpaired t-test.

with associated cells from human pediatric cataract surgery patients that were cultured ex vivo as explants.
Explants were treated with either vehicle or GSK-J4 through day 6, a time when a robust number of aSMA+
myofibroblasts are usually present. Treatment with GSK-J4 significantly reduced the appearance of aSMA-
expressing myofibroblasts (Figure S4A, p=0.0069), corroborating the above findings in the chicken post-
cataract surgery model.

The downregulation of cell migration-associated genes discovered in our RNA-analysis (Figures 4E and 4F)
suggests that GSK-J4 could impact wound healing. Because our studies highlight GSK-J4 as a potential
therapeutic target for the treatment of injury-induced fibrosis, we wanted to determine whether GSK-J4
would impact normal wound healing. The ex vivo post-cataract surgery model allows us to study both
fibrotic and normal wound repair simultaneously.””*>* To test whether GSK-J4 has any effect on
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Figure 6. The chromatin-based mechanism facilitated by UTX KDM activity is paralleled in primary lung fibroblasts

(A-D, G) Representative CAA images of primary HLF. Cells were labeled with EdU (green) for 20min and counterstained with DAPI (blue). PLA is shown in red
and in split channel (black and white). Graphs depict the number of PLA per EdU labeled nuclei. Scale bar: 10um. (A) Representative CAA images of
H3K27me3 (red) at Oh and 5h post-treatment with 5 ng/mL TGF-B in primary lung fibroblasts that were pretreated for 12h with GSK-J4 prior to the addition of
TGF-B. (B) Representative CAA images of UTX (red) at Oh and 5h post-stimulation with 5 ng/ml TGF-B in primary HLF. (C) Representative CAA images for
KDM6B (red) at Oh and 5h post-treatment with 5 ng/ml TGF in primary lung fibroblasts. (D) Representative CAA images of MRTF-A (red) at Oh and 24h post-
stimulation with 5 ng/ml TGF-B in primary HLF that were pretreated for 12h with GSK-J4 prior to addition of TGF-B.

(E and F) Chromatin was immunoprecipitated with MRTF-A antibody and 1gG isotype control +/— GSK-J4. gPCR was performed for MRTF-A-containing
genes: ACTAZ2 and COL1AT.

(G) Representative CAA images of MRTF-A (red) at Oh and 4h from thymidine release following 24h thymidine treatment in HLF.

(H) Representative images of EdU (green) labeling at Oh and 4h after thymidine release following 24h thymidine treatment in HLF. Cultures were
counterstained with DAPI (blue). Scale bar: 10 pm. Representative data are expressed as average +SEM. ****p < 0.0001 *p < 0.05 by one-way ANOVA with
multiple comparisons (A, D) and unpaired t-test (B, C, E, F, G).

non-fibrotic wound repair, we treated ex vivo post-cataract surgery explants with GSK-J4 or vehicle imme-
diately at the time of surgery until wounds in the center of the lens capsule heal, which typically occurs on
day 3 post-injury.**© We measured the wound area daily using methods previously described®*'® and
found that GSK-J4 treatment slowed but did not block normal wound healing (Figure S5B). To determine
if cell proliferation is a contributing factor in slowed wound healing following GSK-J4 treatment, explants
were also EdU-labeled on day 3. While a downward trend in EJU incorporation was observed with GSK-J4
treatment, cells in the center of capsule did not show a significant decrease in replication when treated with
GSK-J4 (Figure S5C, p = 0.3820). These findings along with the block of the fibrotic phenotype (Figures S5
and 5) suggests that UTX/KDM6B KDM activity has potential as a therapeutic target for preventing injury-
induced fibrosis without a major impact on normal wound healing.

The chromatin-based mechanism facilitated by UTX KDM activity is paralleled in primary lung
fibroblasts

We next explored whether the chromatin-based mechanism driven by UTX/KDM6B KDM activity to decon-
dense nascent chromatin structure to allow for pro-fibrotic TF binding in lens fibrosis is paralleled in lung
fibrosis. For these studies, we used primary human lung fibroblasts (HLF) stimulated with TGF-B1 to induce
transition to a myofibroblast. In uninduced primary HLF, we found that H3K27me3 recruitment to nascent
DNA is quite robust, suggesting a highly condensed structure of nascent chromatin in proliferating lung
fibroblasts (Figure 6A). However, when lung fibroblasts are induced with 5 ng/mL TGF-B1 for 5h to initiate
transition to a myofibroblast fate, H3K27me3 association with nascent DNA is strongly decreased (Fig-
ure 6A, p <0.0001). These results suggest that the highly condensed structure of nascent chromatin in unin-
duced fibroblasts becomes significantly decondensed after 5h of TGF-B induction toward a myofibroblast
cell fate.

Similar to differentiating myofibroblast precursors in the lens fibrosis model (Figure 2C), we found that
UTX is associated with nascent DNA at 5h post-treatment of primary HLF with TGF-B (Figure 6B,
p < 0.0001), which occurs at the same time H3K27me3 recruitment to nascent DNA is decreased (Fig-
ure 6A). Interestingly, UTX is not associated with nascent DNA prior to treatment with TGF-B (Figure 6B,
p < 0.0001), suggesting that TGF-B treatment is needed to promote UTX binding to nascent DNA post-
replication and to induce decondensed chromatin structure. We found that KDMé6B is associated
with nascent DNA prior to TGF-B stimulation; however there is a large increase in recruitment of
KDM6B following TGF-B induction (Figure 6C, P= <0.0001). These data suggest that KDMé6B KDM ac-
tivity alone might not be sufficient to induce a decondensed structure of nascent chromatin but rather
may have a cooperative role alongside UTX (Figure 6A). Matching our findings in the ex vivo post-cata-
ract surgery lens model, we found that inhibiting UTX/KDMéB KDM activity with GSK-J4 led to a robust
increase in H3K27me3 recruitment to nascent DNA (Figure 6A, p < 0.0001). The results in both models
imply that the UTX and/or KDM6B enzymatic activity is required to promote the decondensed state
of post-replicative chromatin structure at early stages of reprogramming of the myofibroblast precursor
cells.

Next, we determined whether MRTF-A binding to nascent DNA in HLF requires decondensed chromatin struc-
ture at the time of replication. In un-stimulated lung fibroblasts with condensed chromatin structure (Figure 6A),
MRTF-A is not associated with nascent DNA (Figure 4D). Following treatment with TGF-B, which leads to a
decondensed structure of nascent chromatin, MRTF-A is abundantly recruited to the nascent DNA of lung
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fibroblasts (Figure 6D, p < 0.0001). Treatment with GSK-J4 to inhibit UTX/KDMéB KDM activity and condense
nascent chromatin structure prevented the recruitment of MRTF-A to nascent DNA and to specific gene
promoters of ACTA2 and COL1AT in the HLF (Figure 6E, p < 0.0230, F p = 0.0437). In further support that
MRTF-A is specifically recruited to nascent DNA during S phase, thymidine treated human primary lung fibro-
blasts blocked EdU incorporation (Figure 6H) and recruitment of MRTF-A (Figure 6G, p < 0.0001). Upon thymi-
dine release, replication resumed (Figure 6H) and MRTF-A rapidly accumulated to nascent DNA (Figure 6G,
p < 0.0007).

Taken together, our findings indicate that MRTF-A is recruited to decondensed nascent chromatin struc-
ture of myofibroblast precursors in both the lens and lung models exclusively during the early stages of
DNA replication. Pharmacological inhibition of UTX/KDMéB KDM activity to condense H3K27me3-marked
nascent chromatin blocks recruitment of MRTF-A to DNA.

GSK-J4 prevents progression of pulmonary fibrosis in lung experimental models

We tested whether targeting UTX/KDM6B demethylase activity would also be effective in preventing lung
fibrosis. To do so, we examined the effects of GSK-J4 treatment in two experimental models: the TGF-
B-stimulated primary HLF and the bleomycin-induced pulmonary fibrosis model, a clinically relevant mouse
model for idiopathic pulmonary fibrosis (IPF) and other chronic fibrosis lung diseases.”’ First, we examined
if GSK-J4 treatment could block pro-fibrotic gene expression following TGF-B treatment to induce lung fi-
broblasts to differentiate into myofibroblasts. As expected, following 48h of TGF-B treatment expression of
pro-fibrotic genes was increased, including aSMA (acta?) (Figure 7A, p < 0.0001), COLTAT (Figure 7B,
p < 0.0001), collagen type lll alpha | chain (COL3AT) (Figure 7C, p < 0.0001), and collagen type IV alpha
1 chain (COL4A1) (Figure 7D, p < 0.0001) compared to untreated controls (Figures 7A-7D). However,
compared to vehicle controls, GSK-J4 treatment of primary lung fibroblasts effectively suppressed TGF-
B-induced fibrotic gene expression of all tested fibrotic genes (Figures 7A-7D).

To validate these findings in vivo, mice were administered bleomycin into the lungs and 7 days later, sub-
dermal osmotic pumps, containing either GSK-J4 or vehicle control, were implanted (Figure 7E, model &
Table S1). Lung tissue was harvested 14 days post-implantation of pumps, i.e., 21 days post-bleomycin
treatment, to investigate expression of pro-fibrotic genes by RNA analyses, to detect collagen fibers
and lung morphology using Masson's trichrome, to assess quantitative changes in collagen content by
measuring hydroxyproline (Figure 7E, model & Table S1). GSK-J4 treatment prevented bleomycin-induced
upregulation of fibrotic genes including TGF-B1 (TGFBT) (Figure 7F. p < 0.0001), aSMA (ACTA2) (Figure 7G,
p < 0.0001), COL3A1 (Figure 7H, p < 0.0001), and FN-EDA (FNT) (Figure 71, p < 0.0001). In the absence of
bleomycin, lungs of vehicle-treated mice stained with Masson’s trichrome showed no structural abnormal-
ities or signs of fibrosis and exhibited the typical “lacy” lung structure (Figure 7J). In contrast, the lungs of
mice treated with bleomycin alone (no GSK-J4) had large abnormal areas with dense cellular infiltration and
intense areas of collagen accumulation, a heterogenic response, which is typical of this model*? (
and S6). Most importantly, mice that received bleomycin and were then treated with GSK-J4 showed little
or no abnormal lung structure and no apparent fibrotic collagen deposition (Figure 7J); resembling the
lungs of normal mice. Collagen content was further assessed by measuring hydroxyproline, a key feature
of collagen that is critical for stabilizing the collagen triple helix. Animals exposed to bleomycin alone
showed a trend toward an increase in hydroxyproline content (Figure 7K). The addition of GSK-J4 reduced
the amount of hydroxyproline in the lung, which was similar to the control levels (Figure 7K), indicating a
trend toward a decrease in collagen | content. Additionally, we determined the impact of GSK-J4 treatment
on the pro-inflammatory response linked to promoting fibrosis.** Major differences in T cell numbers were
not detected between bleomycin and GSKJ4 treatment even though there was a paucity of cells (data not
shown). While immunofluorescence revealed no major changes in macrophage infiltration (Figures S7A and
S7B), it was found by RT-qPCR that the pro-inflammatory response was decreased by GSK-J4 (Figures S7B-
S7E, p < 0.0001). Furthermore, genes related to suppressing an inflammatory response were upregulated
following GSK-J4 treatment (Figures S7F and S7G, p < 0.0001). Altogether, these findings show that treat-
ment with GSK-J4 effectively prevented the development of lung fibrosis in mice.

Figures7J

DISCUSSION

Despite our knowledge of the key features governing the initiation of fibrosis, the core molecular events
driving reprogramming of precursor cells to disease-causing myofibroblasts are less understood. In this
study, we identified a nascent chromatin-based mechanism driven by UTX/KDMéB KDM activity that
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Figure 7. GSK-J4 prevents progression of pulmonary fibrosis in lung experimental models

(A-D) Relative gene expression (normalized to GAPDH) of pro-fibrotic genes for HLF either untreated, treated with GSK-J4 for 12h, induced with 5 ng/ml of
TGF-B for 48h, or treated with both GSK-J4 and TGF-B.

(E) Schematic diagram of timeline depicting treatment and analyses for in vivo bleomycin mouse model studies.

(F-I) Relative mRNA expression of pro-fibrotic genes (normalized to 8-Actin) from mice with bleomycin-induced pulmonary fibrosis and control treated with
or without GSK-J4.

(J) Representative images of Masson's trichrome stained lungs divided into 4 treatment groups: saline control, GSK-J4 control, bleomycin-treated mice, and
GSK-J4 and bleomycin treated mice.

(K) Hydroxyproline content obtained from left lobes of mice from 4 treatment groups: saline control, GSK-J4 control, bleomycin-treated mice, and GSK-J4
and bleomycin treated mice. Representative data are presented as average +SEM from 2 independent experiments (A-D). ****p < 0.0001 by one-way
ANOVA with multiple comparisons. Data is expressed as average +SEM from using multiple mice for each condition performed in triplicate (F-I).

**4%n < 0.0001 by one-way ANOVA with multiple comparisons. Data is expressed as average +SEM from using multiple mice for each condition performed
in triplicate (see table for n).

underlies reprogramming of CD44" progenitor cells and lung fibroblasts to myofibroblasts. Additionally,
we determined whether manipulation of this mechanism by pharmacologically targeting UTX/KDM6B
KDM activity would prevent myofibroblast emergence and the fibrotic phenotype. Our results show that
UTX/KDM6B KDM activity is fundamental to driving the fibrotic process and demonstrate that UTX/
KDM6B KDM activity is an attractive target for the prevention of organ fibrosis.

While lineage-specific TFs must bind to repressed genes to activate new transcriptional programs, it is not
clear mechanistically how it occurs, since most TFs, including pioneer factors, cannot bind to condensed re-
gions of chromatin, which are marked by H3K27me3.”> Our work in myofibroblast precursor cells shows
that at early stages following induction of fibrosis, condensed, H3K27me3-marked chromatin undergoes de-
condensation during DNA replication. This mechanism is driven by the activity of the H3K27me3 KDM en-
zymes UTX/KDM6éB, which remove this histone mark, thus leading to transient decondensation of nascent
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chromatin, and creating an opportunity for the pro-fibrotic TF MRTFA to bind and activate repressed genes.
This discovery is in line with our previous findings that UTX KDM activity is necessary to induce decondensed
nascent chromatin structure to allow for differentiation of hematopoietic and embryonic stem cells.”*** Simi-
larly, it was previously shown that embryonic stem cell differentiation into endoderm lineages is facilitated by
UTX and KDM6B.** It was more recently reported that H3K27me3 demethylation by UTX is required for
germinal center B cell differentiation.*> Our work here, in support with the previous studies, illustrates a period
of decondensed nascent chromatin structure created by UTX/KDM®B that facilitates TF binding to drive pre-
cursor cell reprogramming to myofibroblasts responsible for fibrotic disease.

TGF-B is classically considered a master regulator of myofibroblast differentiation and fibrosis.*® Previously,
using the ex vivo post-cataract surgery model, we demonstrated that CD44" leader cell transition to an
aSMA-expressing myofibroblast is under the control of endogenous TGF-B.*° Similarly, the primary HLF
used in this study here require TGF-p treatment to undergo transition to a myofibroblast which is a common
aspect of many in vitro fibrosis models. Our findings in CD44" progenitor cells and primary HLF reveal that
during the TGF-B-induced transition to a myofibroblast cell type, UTX/KDMéB facilitates decondensation of
the post-replicative chromatin structure. TGF-B1 treatment in HLF induces recruitment of UTX and increased
KDMéB recruitment to nascent DNA coincident with a decrease in H3K27me3 accumulation on nascent DNA.
In support of our work here, a study of diabetic-induced fibrosis in renal mesangial cells found that TGF-B
treatment upregulated UTX and KDMé6B mRNA levels via RT-gPCR and suppressed H3K27me3 levels on
pro-inflammatory genes by ChIP.*’ This study provides support for our work here revealing that TGF-
B-induced transition to a myofibroblast increases UTX and KDM6B recruitment to nascent DNA to decon-
dense chromatin structure making it amenable for the adoption of a new pro-fibrotic transcription program.

Our RNA-seq analysis using the ex vivo post-cataract surgery lens explants treated with GSK-J4 establishes
UTX/KDM6B KDM activity as fundamental to acquisition of the pro-fibrotic transcriptome. We propose that
condensing chromatin structure with GSK-J4 prevents pro-fibrotic TF binding, such as MRTF-A, to down-
regulate gene sets associated with creating and driving the fibrotic phenotype. While it was outlined above
that TGF-B has the potential to influence UTX/KDM6B expression/recruitment, we discovered that inhibi-
tion of UTX/KDMé6B KDM activity results in downregulation of TGF-B1, TGF-B receptor Il and genes
associated with mechanisms that activate latent TGF-B.'>*® Furthermore, treatment with GSK-J4 led to a
downregulation of TGFB mRNA levels in the bleomycin lung model. These data identify a noteworthy abil-
ity for UTX/KDM6B KDM activity to control TGF- activation and signaling. Similarly, in an aging study using
hematopoietic stem-progenitor cells, UTX deficient mice resulted in a significant downregulation of the
TGF-B signaling pathway gene set.”” Moreover, knockdown of KDM6B in lung carcinoma epithelial cells
impaired TGFB induced phosphorylation of downstream TFs, Mothers against decapentaplegic 2 and 3
(Smad2/Smad3).”° Contrary to our work and the study above, it was found that UTX knockout in human em-
bryonic stem cell-derived neurons led to increased enrichment of the TGF-B signaling pathway gene set.”"
We speculate that while UTX/KDMé6B appears critical for regulating TGF-p activation and signaling in our
models, there might be key differences in their regulation in some tissues.

In addition to the downregulation of TGF-B activation and signaling, we also found that GSK-J4 treatment
downregulated genes that would impact stiffness-dependent mechanisms critical to driving fibrosis. GSK-
J4 directly impacted changes in rigidity of the microenvironment by blocking genes involved in the de
novo expression, fibrillogenesis, and cross-linking of matrices. Importantly, we found that GSK-J4 leads to
downregulation of expression of COLTAT and COLTA2, while also downregulating genes necessary for
collagen synthesis like PLOD2 and structural organization such as LOXL1, which is key to the crosslinking
of collagen fibers.> Furthermore, GSK-J4 treatment downregulated genes involved in integrin mediated
stiffness-dependent signals from the ECM microenvironment to the cytoskeleton of the cell. These include
downregulation of specific fibronectin and collagen | binding integrin receptors and regulators of the
mechanosensitive focal adhesion protein complexes through which integrins signal. Additionally, genes
that compose constituents of the actin cytoskeleton and regulators of actin cytoskeletal organization,
including assembly of the actomyosin stress fiber-mediated contractile machinery were downregulated. These
findings show that UTX/KDM&B regulate activation of genes that are essential to the exchange of information
between the stiff microenvironment and mechanosensing machinery of the cell to drive fibrotic disease.
Together these studies reveal UTX/KDMé6B master regulators of the fibrotic phenotype and strongly support
the UTX/KDM6B KDM activity as an attractive all-encompassing therapeutic target to block acquisition of the
fibrotic transcriptome.
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Our studies reveal an interesting relationship between UTX/KDM6B KDM activity and DNA replication. We
found that a chromatin decondensation-based mechanism controlled by UTX/KDMé6B occurs at the time of
DNA replication to drive the fibrotic process in both lens and lung fibrosis models. Importantly, we show
that recruitment of TFs, specifically MRTF-A, only happens to decondensed chromatin structure just after
DNA replication in the S-phase. Accordingly, inhibiting UTX/KDMéB KDM activity condenses chromatin
structure and prevents binding of MRTF-A on nascent DNA. These key experiments reveal that UTX/
KDMé6B KDM inhibition quickly results in condensed chromatin structure and blocks TF binding in repli-
cating precursor cells. While our experiments reveal that DNA-replication is necessary for allowing this
UTX/KDMé6B-facilitated chromatin-based mechanism to occur, our RNA-seq analysis in the ex vivo post-
cataract surgery lens model also reveals an ability for UTX/KDMéB to regulate DNA-replication.
UTX/KDM6B KDM inhibition resulted in a downregulation of ORC and MCM genes that are essential for
DNA replication®* and prevented leader cells associated with the fibrotic phenotype from proliferating
on day 3 post-injury. These findings are in line with previous studies showing that UTX and/or KDMéB
has an important role in regulating proliferation but whether it promotes or blocks proliferation depends
on the cellular context.”** Our findings here expand our understanding of how UTX/KDMéB KDM activity
can regulate gene expression through both blocking TF binding by condensing chromatin structure on
replicating DNA while preventing new opportunities for TF binding by interrupting DNA replication.

In summary, our work reveals that differentiation of myofibroblast precursor cells is dependent on a decon-
densed structure of post-replicative chromatin induced by UTX/KDMé6B KDM activity to allow for pro-
fibrotic TF binding to initiate the fibrotic phenotype. There are some interesting observations in our studies
that open up new areas of potential investigation. One finding is the relationship between UTX/KDMé6B and
TGF-B that shows an ability for TGF-B to induce H3K27 KDM enzyme recruitment and conversely that H3K27
KDM enzymes regulate genes of the TGF-B pathway. Future studies are needed to fully understand the
relationship between KDM enzymes and TGF-B1 and how they operate in fibrosis including whether the
anti-fibrotic impact of GSK-J4 could be due in part to its effects on blocking TGF-B signaling as well as
effects on primary fibrotic gene targets of UTX/KDM6B. Overall, our findings in two distinct fibrotic tissue
types provide a new molecular understanding for how fibrosis is initiated and features a new potential ther-
apeutic target, UTX/KDM6B, for prevention of organ fibrosis.

Limitations of the study

While our findings identify a new chromatin-based mechanism that underlies the initiation of fibrosis, there
are a few limitations of our study. We pinpoint a major role for UTX/KDMé6B to demethylate H3K27me3 and
decondense chromatin structure to allow for MRTF-A recruitment to nascent DNA to drive pro-fibrotic
gene expression. However, we do not know what other TFs are recruited to decondensed nascent
chromatin to activate other genes involved in fibrosis. Our studies use CAA to investigate association of
proteins on short nascent DNA in all regions of the genome, which cannot be detected in bulk chromatin.
These studies require very specific nascent chromatin-targeted assays, which cannot be accomplished by
conventional techniques that assess bulk chromatin.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Actin, alpha-smooth muscle (1A4) antibody Sigma Aldrich Cat# A2547, RRID:AB_476701
Anti-Actin, alpha-smooth muscle antibody Abcam Cat# ab5694, RRID:AB_2223021
Anti-MKI1/MRTF-A antibody Abcam Cat# ab49311, RRID:AB_2235171

Anti- MRTF-A (H-140) antibody
Anti-Fibronectin ED-A domain (IST-9) antibody
Anti-Collagen, Type | pro-

peptide (SPI.D8) antibody

Anti-UTX (D3Q1l) antibody

Anti-KDM6B antibody

Anti-EZH2 antibody

Anti-Biotin antibody

Anti-Biotin antibody

Anti-CD44 (1D10) antibody

Anti-Histone H3, Trimethyl
(Lys27) (C36B11) Antibody

Anti-GAPDH antibody
Anti-CD68 antibody

Anti-YAP1 antibody

Alex Fluor 488 — conjugated
AffiniPure goat anti-mouse IgG
Alex Fluor 488 - conjugated
AffiniPure goat anti-rabbit IgG
Alex Fluor Rhodamine (TRITC) —
conjugated goat anti-mouse 1gG
Alex Fluor Rhodamine (TRITC) —
conjugated goat anti-rabbit IgG
HRP goat anti-rabbit

HRP goat anti-mouse

Santa Cruz Biotechnology

Santa Cruz Biotechnology

Developmental Studies Hybridoma

Bank - Furthmayr, H.

Cell Signaling Technology
Thermo Fisher Scientific
Cell Signaling

Jackson ImmunoResearch
Vector Laboratories
DSHB

Cell Signaling Technology

Invitrogen
BioLegend
Thermo Fisher Scientific

Jackson ImmunoResearch

Jackson ImmunoResearch

Jackson ImmunoResearch

Jackson ImmunoResearch

BioRad
BioRad

Cat# sc-32909, RRID:AB_2142495
Cat# sc-59826, RRID:AB_783389
Cat# SP1.D8, RRID:AB_528438

Cat# 33510, RRID:AB_2721244
Cat#PA5-22974; RRID:AB_11151839
Cat#5246; RRID:AB_10694683

Cat# 200-002-211, RRID:AB_2339006
Cat# SP-3000, RRID:AB_2336111
Cat# 1D10; RRID: AB_2244424

Cat# 9733, RRID:AB_2616029

Cat# PA1-997; RRID:AB_2107311
Cat# 137012; RRID:AB_2074846
Cat# 13584-1-AP; RRID:AB_2218915
Cat# 115545003; RRID:AB_2338840

Cat# 111545003; RRID:AB_2338046

Cat# 115025003; RRID:AB_2338478

Cat# 111025003; RRID:AB_2337926

Cat# 1706515; RRID:AB_11125142
Cat# 1706516: RRID: AB_11125547

Biological samples

Pediatric patient-derived anterior lens capsule

Wills Eye Hospital

https://www.willseye.org/research-2/

Chemicals, peptides, and recombinant proteins

Recombinant human TGF-beta 1 protein (240-B)

R&D Systems

Cat# 240-B-002/CF, GenPept: P01137

GSK-J4 inhibitor Millipore Sigma Cat# SMLO701, CAS: 1373423-53-0
Thymidine Millipore Sigma Cat# T1895, CAS: 50-89-5

EdU (5-ethynyl-2'-deoxyuridine) Invitrogen Cat# A1004

DMSO Thermo Fisher Scientific Cat# AAA1328036

DAPI BioLegend Cat#422801

Critical commercial assays

RNeasy Mini Kit Qiagen Cat# 74104

NucleoSpin RNA/Protein, Mini Kit
High Pure RNA Isolation Kit

Macherey-Nagel

Roche Life Sciences

Cat# 740933
Cat# 11828665001

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
iScript Reverse Transcription Supermix Bio-Rad Cat# 1708840
Super-Script IV First-Strand Synthesis System Invitrogen Cat# 18091050
Sso Fast EvaGreen Supermix Bio-Rad Cat# 172-5200
PowerUp SYBR Green Master Mix Applied Biosystems Cat# A25741
Masson'’s Trichrome Stain Kit Polysciences Cat# 25088
Click-iT EdU Cell Proliferation Kit Invitrogen Cat# C10337
for Imaging, Alex Fluor 499 dye

Deposited data

Raw and analyzed data This paper GEO: GSE213480

Experimental models: Cell lines

Human: pulmonary fibroblasts ScienCell Research Laboratories Cat# 3300
Experimental models: Organisms/strains

Gallus Gallus Charles River N/A
Gallus Gallus Poultry Futures N/A

Mouse: C57BL5/J

The Jackson Laboratory

RRID:IMSR_JAX:000664

Oligonucleotides

For primers see Table S2

This paper

N/A

Software and algorithms

ImageJ

GraphPad Prism

NIS-Elements Basic Research

ZEN Microscopy Software

Schneider et al.”

GraphPad Software

Nikon

ZEISS

https://imagej.nih.gov/ij/
https://www.graphpad.com/
scientific-software/prism/
https://www.microscope.healthcare.nikon.com/
en_EU/products/software/nis-elements
https://www.zeiss.com/microscopy/

en/products/software/zeiss-zen.html

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Janice L. Walker (Janice.Walker@jefferson.edu).

Materials availability

All materials generated in this study are available upon request from the lead contact, Janice L. Walker.

Data and code availability

® The RNA-sequencing data has been deposited at Gene Expression Omnibus (GEO) and is publically
available as of the date of publication. The accession number is GSE213480. All other original data re-
ported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Ex vivo post cataract surgery cultures

Chicken embryonated eggs were procured from Charles River (Wilmington, MA, USA) and Poultry Futures
(Lititz, PA, USA). Ex vivo post-cataract surgery cultures were prepared on lenses isolated from embryonic
day 14/15 chicken embryos of randomized sex. Mock cataract surgery was performed on isolated lenses
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as previously described.*® Explants were cultured in complete media containing Media 199 (Thermo Fisher
Scientific, Waltham, MA, USA), 1% penicillin/streptomycin (Mediatech-Cellgro, Manassas, VA, USA), 1%
I-glutamine (Mediatech-Cellgro, Manassas, VA, USA) with 10% fetal calf serum (Thermo Fisher Scientific,
Waltham, MA, USA). Inhibitor treatments were added at indicated times to culture media. All studies using
chicken embryos comply with the Association for Research in Vision and Ophthalmology Statement for the
Use of Animals in Ophthalmic and Vision Research and all procedures were conducted in accordance with
Thomas Jefferson University Institutional Animal Care and Use Committee.

Pediatric human lens explants

Pediatric human lens explant model was developed using tissue from patients undergoing manual anterior
curvilinear capsulorrhexis (all >4 years old) at Wills Eye Hospital (Philadelphia, PA, USA). Other identifying
information of patients including ethnicity, sex, and gender were not disclosed. Explants consisting of ante-
rior lens capsule and associated cells were torn into two samples. Using Corning Cell-Tak Cell and Tissue
Adhesive (Millipore Sigma, St. Louis, MO, USA) each sample was attached to separate 35 mm tissue culture
dishes. Explants were cultured in complete media as described above for the chicken embryo model and
were maintained in a humidified incubator at 37°C in 5% CO,. The studies with human pediatric samples
were Institutional Review Board (IRB) approved though Will's Eye Hospital (IRB #13-365). Pediatric patients
undergoing cataract surgery were recruited consecutively through Wills Eye Hospital (Philadelphia, PA,
USA). Informed consent was obtained after the nature of the study was explained.

Primary human lung fibroblasts

Primary HLF were purchased from Sciencell Research Laboratories, Carlsbad, CA, USA. The sex of primary
HLFs is not reported by Sciencell Research Laboratories. Primary HLFs were authenticated by Sciencell
Research Laboratories which stated cells were characterized by immunofluorescence using an antibody
specific to fibronectin and tested negative for HIV-1, HBV, HCV, mycoplasma, bacteria, yeast, and fungi.
HLFs were cultured in DMEM supplemented with 10% FBS, L-glutamine, ascorbic acid 2-phosphate, peni-
cillin/streptomycin and grown in a humidified incubator at 37°C in 5% CO,. Fibroblasts were stimulated
with 5 ng/ml TGF-B1 (R&D Systems, Minneapolis, MN) to induce transition to myofibroblasts.

Bleomycin mouse model

Bleomycin (0.05U/kg) was instilled into the lungs to 15 8-week-old male C57BL6/J mice (Jackson Labora-
tory, Bar Harbor, ME) using the “tongue-pull” methods.”” Seven days later, subdermal osmotic pumps
were implanted (Alzet No. 1004) containing either vehicle control (DMSO) or GSK-J4 dissolved in DMSO
released at a rate of 3 mg/kg/day. Five mice that did not receive bleomycin served as controls. At
twenty-one days post-instillation of bleomycin and fourteen days post-implantation of pumps, mice
were sacrificed. Lungs from three mice were inflated with 4% buffered formalin to preserve lung structure.
Lung lobes from remaining mice were isolated and processed for isolation of total RNA and for measure-
ment of hydroxyproline content. All procedures using mice were conducted in accordance with Thomas
Jefferson University Institutional Animal Care and Use Committee.

METHOD DETAILS

Immunofluorescence staining and confocal imaging

Ex vivo mock cataract surgery cultures were prepared in 35 mm dishes and fixed at room temperature with
4% paraformaldehyde in PBS for 15min. Cultures were then washed with DPBS, permeabilized with 0.25%
Triton X-100 in DPBS for 10min, and incubated in block buffer made of 0.5% goat/donkey serum in DPBS for
30 min. After blocking buffer incubation, cultures were incubated in primary antibody diluted in 0.1%
Tween 20 in DPBS for 30 min at 37°C. Primary incubation was followed by 30 min incubation in secondary
antibody diluted in 0.1% Tween 20. Primary antibodies for the chick lens study used included: aSMA
(ab2547, Sigma Aldrich, St. Louis, MO, USA or Abcam, Cambridge, MA, USA), MRTF-A (ab49311, Abcam,
Cambridge, UK), FN-EDA (IST-9, Santa Cruz Biotechnology, Dallas, Texas, USA), YAP1 (13584-1-AP,
ThermoFisher Scientific, Waltham, MA, USA). The following primary antibodies were obtained from Devel-
opmental Studies Hybridoma Bank, created by the NICHD of the NIH: CD44 (1D10, DSHB, lowa City, lowa,
USA), FN-EDA (IST-9, Santa Cruz Biotechnology, Dallas, Texas, USA), Collagen, Type | pro-peptide (SPI1.D8,
DSHB, lowa City, lowa, USA) To detect F-actin and nuclei respectively, cultures were counterstained with
fluorescent conjugated Phalloidin (ThermoFisher Scientific, Waltham, MA, USA) and/or DAPI (Biolegend,
Sand Diego, CA). Fluorescently labeled samples were imaged using a Zeiss LSM800 confocal microscope.
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For confocal images, confocal z-stacks with 0.33 uM optical sections were collected and analyzed using Zen
software. Fluorescence intensity of images were quantified using ImageJ software.

Hydroxyproline

Entire right superior lobes from three mice were weighed and completely hydrolyzed in 6N HCl overnight
at 110°C. HCl was evaporated and hydrolyzed samples were resuspended in 1 mL dH,0O and stored at 4°C.
Hydroxyproline in the hydrolyzate was oxidized by chloramine T, the resulting chromagen was coupled with
Erhlich’s aldehyde in a strong perchloric acid solution and the absorbance of the solution measured at
557 nm. The total content of hydroxyproline was determined from a standard curve prepared by dissolving
hydroxyproline in distilled H,O and calculated based on the initial volume of each hydrolyzate sample. The
hydroxyproline content was expressed as total ug hydroxyproline per mg of the lung lobe hydrolyzed.

Masson'’s trichrome

Lungs inflated with 4% buffered formalin were dehydrated, embedded in paraffin, and sectioned. Sections
were deparaffinized in graded ethanol series and stained using the Masson’s Trichome Staining Kit
(PolySciences, Warrington, PA, USA). Photographs were taken with a Zeiss light microscope equipped
with a Nikon digital camera.

Western blot analysis

Samples were lysed in RIPA buffer (5 mM EDTA, 150 mM NaCl, 1% NP40, 1% sodium deoxycholate, 1% SDS,
50 mM Tris-HCI, pH 7.4). Protein concentrations were determined with Pierce BCA assay. Proteins were im-
munoblotted using primary antibodies and secondary antibodies listed in the key resources table. ECL re-
agents were used for detection on ProteinSimple Fluorchem M system. Protein Simple software was used
to quantify mean intensity of proteins.

Chromatin assembly assay and analysis

Ex vivo post-cataract surgery cultures and primary HLF were pulse-labeled with 5 pM EdU for 30 or 20min,
respectively, and followed with a chase where indicated before being fixed at room temperature with 4%
paraformaldehyde in PBS for 15min, washed with PBS, and permeabilized with 0.3% Triton for 15min. Click-
iT reaction with biotin-azide was performed for 30min. The PLA reactions (Sigma Aldrich, St. Louis, MO)
between the anti-biotin antibody and antibodies to other proteins were performed according to manufac-
turer’s instruction (key resources table: Duolink): after primary antibody incaution, secondary antibodies
conjugated to oligonucleotides (Duolink PLA probes PLUS and MINUS) were incubated for 1h and the
ligase and two oligonucleotides that hybridize to PLA probes if in close proximity were added. Then,
PCR amplification solution containing the fluorescently labeled oligonucleotides that hybridize was added.
Following PLA, cells were immunostained with anti-biotin Alexa Fluor 488 antibody to control the specificity
of CAA. The results of CAA experiments shown in the figures were quantified by counting the number of
PLA signals per EdU-labeled nuclei in each independent experiment. Antibodies used for CAA: UTX
(33510, Cell Signaling, Danvers, MA, USA), H3K27me3 (Cell Signaling, MA, USA), MRTF-A (sc-32909, Santa
Crugz, Dallas, TX, USA), YAP1 (13584-1-AP, ThermoFisher Scientific, Waltham, MA, USA), mouse anti-biotin
(Jackson ImmunoResearch, West Grove, PA), goat anti-biotin (Vector Laboratories, Burlingame, CA). CAA
images were captured with a Nikon Eclipse Ni microscope and analyzed using NIS elements software. Im-
ages were taken at single optical sections and merged using NIS elements software to obtain one image.

Treatment with thymidine

To block DNA replication, the ex vivo post-cataract surgery cultures and primary HLF were labeled with
EdU for 30min and treated with 5 mM or 2 mM thymidine (T1895, Sigma Aldrich, St. Louis, MO, USA),
respectively, for 24h. To release into S phase, thymidine was removed by washing, and cells were grown
for Oh and 4h and fixed. To assess the binding of MRTF-A CAA was performed with antibodies against
biotin (to detect EdU-labeled DNA) and MRTF-A. To ensure efficacy of the thymidine block and release,
cells were labeled for 30 min with 5 uM EdU after 24h thymidine treatment or 24h thymidine treatment
and 4h release. To determine whether DNA replication is required for the fibrotic phenotype in the lens,
ex vivo post-cataract surgery cultures were treated with 5 mM thymidine from Day 1 through Day 3 and
analyzed by IF and/or WB analysis. Cells were fixed with 4% paraformaldehyde and Click-iT reaction was
performed using Click-iT EJU Cell Proliferation Kit for Imaging, Alexa Flour 488 dye.
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Proliferation

To assess replicative potential of leader cells cultures were labeled with EAU were labeled for 1h or 30 min.
Click-iT reactions were performed using Click-iT EJU Cell Proliferation Kit for Imaging, Alexa Flour 488 dye
according to manufacturer’s directions.

Inhibition of H3K27 KDMs by GSK-J4

To inhibit H3K27me3 KDM activity in lens fibrosis models, ex vivo post-cataract surgery cultures and human
lens pediatric cultures were treated with 7.5 pM or 2.5 uM GSK-J4 (Sigma Aldrich, St. Louis, MO, USA),
respectively, dissolved in DMSO. Post-cataract surgery explants were treated +/— GSK-J4 at 20h post-
injury and grown in the presence of this treatment for 8h or until day 3 post-injury. The vehicle DMSO
was added in control experiments. Human pediatric lens explants were given 48h to recover in culture
and then were treated with 7.5 pM GSK-J4 dissolved in DMSO or appropriate DMSO vehicle control. Cul-
tures were treated continuously for 6 days before being fixed with 4% paraformaldehyde and processed for
analysis. To inhibit H3K27me3 KDM activity in lung fibrosis models, primary HLF were pretreated with
2.5 uM GSK-J4 for 12h prior to induction with 5 ng/ml TGF-B1 for Oh and 48h. DMSO without GSK-J4
was added in control wells. Mice were treated with bleomycin for 7 days, given pumps containing 3 mg/
kg/day GSK-J4 on day 8 and were harvested on day 22 (14 days post-implantation). Control mice without
bleomycin or GSK-J4 were harvested at the same time. All experimental samples were processed for CAA
(MRTF-A and H3K27me3), extracted for western blot analysis, fixed for immunofluorescence studies, Mas-
son'’s Trichrome, hydroxyproline, or collected for gene expression analysis.

RNA-seq analysis

Total RNA from 3 individual experiments were isolated directly from ex vivo mock cataract surgery cultures
treated with GSK-J4 or vehicle control (DMSO) on day 3 post-injury using Qiagen RNeasy Mini Kit. A total of
12 GSK-J4 treated lenses (4 lenses per experiment) and 12 DMSO (4 lenses per experiment) treated lenses
were used for library preparation for transcriptome sequencing and analysis performed by Novogene Co.,
LTD (Beijing, China). An adjusted p-value <0.05 and absolute foldchange of 2 were set as the threshold for
significant DEGs. GO and KEGG enrichment analysis of DEGs were then performed.

Chromatin immunoprecipitation

ChIP was performed with MRTF-A antibody and values represent means of three independent experi-
ments. For ChIP assay, HLF were grown on 100 mm dishes and cross-linked for 10 min in 1% formaldehyde.
The lenses were also cross-linked for 10 min in 1% formaldehyde. Cells or lenses were lysed and homog-
enized in RIPA buffer (1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 0.15 M NaCl, 10 mM Tris-
HCI, pH 8.0, 1 mM EDTA, pH 8.0 with protease inhibitor) following sonication to share chromatin to an
average length of about 200-500 bp. Aliquots of chromatin were incubated overnight with 10ug of
MRTFA antibody (Santa Cruz Biotechnology) or 10 pg of rabbit IgG. The protein G magnetic beads were
added for 1 h. Beads were sequentially washed for 3-5 min 2 times with RIPA buffer, followed by washes
with LiCl wash buffer (0.25 M LiCl, 1% NP40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCI pH 8.1) and
then twice with TE (10 mM Tris-HCI pH, 8.0, T mM EDTA). Immunoprecipitated material was removed by
incubation in elution buffer (1% SDS, 0.1 MNaHCO3) for 30 min. Samples were incubated overnight at
65C to reverse crosslinking and treated with proteinase K for 2 h at 45C. DNA was purified by phenol/chlo-
roform extraction and precipitated with ethanol. All PCR reactions were performed with an Applied Bio-
systems StepOne Real-Time PCR system. The sequences for primers for ChIP analysis for human and
chicken ACTA2 and COLTAT are located within Table S2.

Wound healing

For wound healing studies, ex vivo post-cataract surgery cultures were treated with GSK-J4 immediately at
the time of injury and each subsequent day until wound closure. The wound area was imaged using an
AZ100 Nikon microscope. The wound area was measured by NIS elements software to calculate the
percent of wound closure.

Gene expression analysis by RT-qPCR

Total RNA was isolated directly from ex vivo mock cataract surgery cultures day 3 post-injury with or without
GSK-J4 treatment using Qiagen RNeasy Mini Kit and from left lobes of three mice using Macherev-Nagel
Nucleospin RNA/Protein Kit (TakaraBio #740933). Total RNA from Human primary lung fibroblasts was
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isolated using High Pure RNA isolation Kit (Roche Life Science, Penzberg, Germany). cDNA was synthe-
sized using iScript Reverse Transcription Supermix (1708840, BIO-RAD, Hercules, CA, USA) or Super-
Script IV First Strand ¢cDNA Synthesis Kit (Invitrogen, Waltham, MA). After reverse transcription was
complete, real-time PCR was carried out on a BIO-RAD CFX96 Real Time System or QuantStudio 12k
Flex system (ThermoFisher) using either Sso Fast EvaGreen Supermix (172-5200, BIO-RAD, Hercules,
CA, USA) or 2x Power SYBER green PCR master mix (4309155, Thermo Fisher, Waltham, MA, USA). GAPDH
or B-Actin was used as an internal control. PCR analyses were conducted in triplicate for each sample. The
sequences for primers for mouse and chicken pro-fibrotic genes and markers of the pro- and anti-inflam-
matory immune response are located in Table S2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism software. For all experiments, data are expressed
as average tstandard error of mean (SEM). Statistical significance was calculated using unpaired t test or
using one-way analysis of variance (ANOVA) with multiple comparisons. Results were considered signifi-
cant when p < 0.05. Statistical analysis details of all experiments can be found in the corresponding figure
legend and specific p values are stated with each figure reference in the results.
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