1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Dev Cell. Author manuscript; available in PMC 2022 September 27.

-, HHS Public Access
«

Published in final edited form as:
Dev Cell. 2021 September 27; 56(18): 2547-2561.€8. d0i:10.1016/j.devcel.2021.08.006.

UV-induced reduction in Polycomb repression promotes
epidermal pigmentation

Meng-Yen Lil, Pooja Floral, Hong Pu2, Carmit Barl, Jose Silva3, Idan Cohen?, Phillip M.
Galbo Jr.3, Hequn Liu®>10, Xufen Yu®, Jian Jin®, Haruhiko Koseki’:8, John A. D’Orazio?,
Deyou Zheng®?, Elena Ezhkoval11l*

1Black Family Stem Cell Institute, Department of Cell, Developmental, and Regenerative Biology,
Icahn School of Medicine at Mount Sinai, 1 Gustave L. Levy Place, New York, NY 10029, USA

2The Markey Cancer Center, Department of Toxicology and Cancer Biology, Department of
Pediatrics, University of Kentucky College of Medicine, Lexington, KY 40506, USA

SDepartment of Pathology, Icahn School of Medicine at Mount Sinai, 1425 Madison Avenue, New
York, NY 10029, USA

4The Shraga Segal Department of Microbiology, Immunology and Genetics, Faculty of Health
Science, Ben-Gurion University of the Negev, Beer Sheva 84105, Israel

SDepartment of Genetics, Albert Einstein College of Medicine, 1300 Morris Park Avenue, Bronx,
NY 10461, USA

6Mount Sinai Center for Therapeutics Discovery, Departments of Pharmacological Sciences and
Oncological Sciences, Tisch Cancer Institute, lcahn School of Medicine at Mount Sinai, New York,
NY 10029, USA

“Laboratory for Developmental Genetics, RIKEN Center for Integrative Medical Sciences (RIKEN-
IMS) 1-7-22 Suehiro-cho, Tsurumi-ku, Yokohama, 230-0045, Japan

8AMED-CREST, 1-7-22 Suehiro-cho Tsurumi-ku, Yokohama, 230-0045, Japan

°Departments of Genetics, Neurology, and Neuroscience, Albert Einstein College of Medicine,
1300 Morris Park Avenue, Bronx, NY 10461, USA

10Current address: Institut National de la Santé et de la Recherche Mécale (INSERM), U1036,
38000 Grenoble, France

11| ead Contact

"Correspondence should be addressed to Elena Ezhkova, PhD, Icahn School of Medicine at Mount Sinai, 1428 Madison Avenue, Atran
7-10B, New York, NY 10029, Tel: (212) 241-7184, elena.ezhkova@mssm.edu.

AUTHOR CONTRIBUTIONS

M-Y.L. and E.E. conceived and designed the experiments. M-Y.L., P.F., and I.C. performed the experiments. M-Y.L., E.E., H.L., P.G,,
and D.Z. performed the bioinformatic analyses. H.K. provided the RingZa-null and Ring1b-floxed mice. J.S. provided the lentiviral
overexpression constructs. W.A.B. provided the Ring1b153A mice. M-Y.L., P.G., C.B., I.C., J.S., D.Z., and E.E. analyzed the data.
H.P. and J.d’O. performed UVB irradiation experiments on mice and provided skins. M-Y.L., P.F., and E.E. wrote the manuscript with
input from all other authors.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 2

SUMMARY

Ultraviolet (UV) radiation is a prime environmental stressor that our epidermis is exposed

to on a daily basis. To avert UV-induced damage, epidermal stem cells (EpSCs) become
pigmented via a process of heterotypic interaction between melanocytes and EpSCs, however

the molecular mechanisms of this interaction are not well understood. In this study we show

that the function of a key chromatin regulator, the Polycomb complex, was reduced upon UV
exposure in human and mouse epidermis. Genetic ablation of key Polycomb subunits in murine
EpSCs, mimicking depletion upon UV exposure, results in an increased number of epidermal
melanocytes and subsequent epidermal pigmentation. Genome-wide transcriptional and chromatin
studies show that Polycomb regulates the expression of UV-responsive genes and identify type 1l
collagen (COL2AL1) as a critical secreted regulator of melanogenesis and epidermal pigmentation.
Altogether, our findings show how UV-exposure induces Polycomb-mediated changes in EpSCs to
affect melanocyte behavior and promote epidermal pigmentation.

In brief

Li et al. demonstrate that low-dose UVB exposure leads to a drastic reduction in Polycomb levels
in the epidermis. Furthermore, ablation of Polycomb function in the epidermis results in epidermal
pigmentation via a p53-independent pathway. They identify Polycomb-regulated protein, type Il
collagen, as a critical regulator of melanogenesis.

Graphical Abstract

Dev Cell. Author manuscript; available in PMC 2022 September 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lietal. Page 3

Low UVB

~~~ Collagen Il
@ Epidermal stem cells
Melanocytes

@ Melanocyte stem cells

:Epidermal stem cells

N

p53-independent

Col2a1

Keywords
Polycomb; UV; epidermis; stem cell; melanocyte; pigmentation; type Il collagen

INTRODUCTION

The epidermis provides the body essential protection from external stressors. Solar UV
irradiation, particularly its UVB component, is a key environmental stressor that can induce
DNA damage in EpSCs which can lead to cancer (Dakup and Gaddameedhi, 2017; de Gruijl
et al., 2001; Martens et al., 2018; Valejo Coelho et al., 2016). To combat the damaging
effects of UV irradiation, EpSCs become pigmented in a process of transfer of melanin
from melanocytes to EpSCs (Brenner and Hearing, 2008). Much of the knowledge about
epidermal pigmentation came from studies of high doses of UV irradiation that cause DNA
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damage in epidermal cells resulting in stabilization of p53 (Abdel-Malek et al., 2010; Chang
etal., 2017; Cui et al., 2007; D’Orazio et al., 2006; Hachiya et al., 2001; Murase et al., 2009;
Nguyen and Fisher, 2019). However, how EpSCs sense and respond to physiological low
doses of UV that our body is exposed to on a daily basis and how this leads to epidermal
pigmentation are not well understood.

Chromatin regulators are known to be sensitive to environmental agents (Aguilera et al.,
2010; Alegria-Torres et al., 2011; Benayoun et al., 2015; Gronniger et al., 2010; Katiyar

et al., 2012; L&mke and Bdurle, 2017). They can thereby serve as sensors through which
UV irradiation mediates changes in gene expression leading to epidermal pigmentation.
Polycomb repressive complex 1 (PRC1) and 2 (PRC2) are key chromatin repressors
considered to be part of the paradigm for chromatin gene regulation (Simon and Kingston,
2009). Mammalian PRC2 complex contains the core subunits EED, SUZ12, and EZH1/2,
which function together to establish trimethylation on histone H3 lysine 27 (H3K27me3)
(Cao et al., 2002; Czermin et al., 2002; Dauber et al., 2016; Margueron and Reinberg,
2011; Simon and Kingston, 2009). The canonical mammalian PRC1 complex recognizes
H3K27me3 and is recruited to chromatin (Bernstein et al., 2006; Lee et al., 2007; Wang

et al., 2004). PRC1 contains an E3 ubiquitin ligase subunit, RING1A or RING1B, which
catalyzes monoubiquitination on histone H2A lysine 119 (H2AK119ub) (de Napoles et al.,
2004; Wang et al., 2004), a histone mark critical for Polycomb-mediated gene repression
(Blackledge et al., 2020; Cohen et al., 2020; Cohen et al., 2018; Endoh et al., 2012).
Together, PRC1 and PRC2 facilitate chromatin compaction and gene repression (Cao et al.,
2002; Cohen et al., 2020; Cohen et al., 2021; Cohen et al., 2018; Schuettengruber et al.,
2017). Polycomb-mediated gene repression is a tightly regulated process, and mutations in
Polycomb group proteins have been shown to contribute to human diseases, including cancer
(Perdigoto et al., 2012; Wang et al., 2015).

Here, we show that the levels of Polycomb proteins and Polycomb-dependent histone marks
decrease in human and mouse epidermis exposed to a low dose of UV that does not

induce extreme DNA damage or p53-stabilization. We show that ablation of key Polycomb
subunits in adult mouse EpSCs, mimicking Polycomb depletion upon UV exposure, leads
to a drastic increase in the number of melanocytes in the interfollicular epidermis (IFE) that
are normally present only in hair follicles, causing epidermal pigmentation. By performing
high-throughput transcriptional and chromatin analyses combined with 7n vitroand in

vivo functional studies, we identified a critical regulator of melanogenesis and epidermal
pigmentation: the extracellular matrix (ECM) protein COL2A1. We showed that Co/Zalis a
Polycomb target gene that is upregulated in UV-exposed EpSCs and that is sufficient to drive
pigmentation production in melanocytes leading to epidermal pigmentation. Taken together,
our study elucidates a Polycomb-Co/2a1 transcriptional axis that is induced in EpSCs by
physiological exposure to UV to activate melanocytes and pigment the epidermis.

Loss of Polycomb repression in the epidermis results in epidermal pigmentation.

By performing immunohistochemical staining on UV-exposed (forearm) or UV-protected
(buttocks) human skin, we found that EZH2, a key PRC2 subunit, and its corresponding
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histone mark, H3K27me3, were significantly reduced in UV-exposed human epidermis
compared to UV-protected human epidermis (Figure 1A-D). To test if Polycomb function is
directly affected by physiological low doses of UV, we exposed mouse dorsal skin to a low
dose of UVB, 1KJ/m?2, because it does not cause DNA damage analyzed by y-H2AX foci

or p53 stabilization compared to a high UVB dose (4KJ/m?) (Figures 1E-F and S1A). We
observed a dramatic reduction in the levels of EZH2 and H3K27me3 in murine epidermis
one day after low dose UVB exposure (Figure 1G-J). The levels of RING1B, a key PRC1
subunit, and the H2AK119ub histone mark established by PRC1 were also reduced in
UVB-exposed murine epidermis compared to the control (Figure 1K—-N). Next, to dissect
the mechanism of UV-induced reduction of Polycomb proteins in the epidermis, we exposed
EpSCs to UVB /n vitro. RT-gPCR analysis of RNA extracted from UVB-protected and
UVB-exposed EpSCs showed that mRNA levels of both £zA2and Ring1b were significantly
reduced upon UVB exposure (Figure S1B). Western blot analysis revealed that EZH2 and
RING1B protein levels also decreased upon UVB exposure, and they were slightly increased
upon MG-132 treatment that blocks proteasomal degradation (Figure S1C). Together, these
results led us to conclude that transcription and protein stability of key Polycomb subunits
are reduced in the epidermis upon low dose UVB exposure.

To mimic the Polycomb depletion observed upon UV exposure, we generated an inducible,
skin-specific PRC2-ablation (£ediKO) mouse model. To do this, we crossed Eeqox/flox
mice with K74-CreERTZ mice (Li et al., 2000; Zhang et al., 2010), in which the ablation of
a key PRC2 core subunit, EED, was induced in EpSCs and hair follicles following topical
application of 4-hydroxyl-tamoxifen (4OH-Tam) onto the dorsal skin (Figure 2A). In Eed
iKO mice, K14-CreERTZ2 activation in postnatal (P) day 50 mice resulted in an efficient loss
of H3K27me3 in the epidermis and hair follicle regions (Figure 2C). Immunofluorescence
analysis showed no changes in cell death (Figure S1D), induction of DNA damage (Figure
S1E), or immune cell infiltration (Figure S1F-G) but showed an increase in the proliferation
of Eed-null EpSCs (Figure S1H). Interestingly, we observed drastic pigmentation of the
Eed KO skin, which was absent in the control dorsal skin (Figure 2B). Fontana-Masson
staining showed that melanin is present in the epidermis of £ediKO but not in the epidermis
of control mice (Figure 2D-E). The observed pigmentation and loss of H3K27me3 in

the Fed iKO mice persisted for at least 3 months after 4OH-Tam application and was

not influenced by treatments applied at different stages of the hair cycle (Figure S2).
Transmission electron microscopy (TEM) analysis showed the presence of isolated and
well-organized melanosomes in both keratinocytes and melanocytes of £ed iKO mice but
not in keratinocytes of control mice (Figure 2F). Taken together, these findings show that
loss of Eedresults in epidermal pigmentation.

To determine whether the observed pigmentation phenotype is caused by the loss of
canonical repressive Polycomb function, we generated conditional inducible PRC1-null
mice by crossing K14-CreERTZ mice with RingIla-null Ring1b-floxed mice (K14-CreERTZ;
Ringla™"; Ring1b™0X/flox = Ring1a/bi2KO) (Figure 2A). Topical application of 40H-Tam
in these mice resulted in the deletion of Ring1b, an essential PRC1 component, which led

to the loss of H2AK119ub (Figure 2G). Because recent studies have shown that catalytic
ubiquitylation activity of RING1B is required for Polycomb-mediated gene repression
(Blackledge et al., 2020; Cohen et al., 2020; Cohen et al., 2018; Endoh et al., 2012;
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Illingworth et al., 2015), we also generated conditional PRC1 catalytic-inactive mice (KZ4-
CreERTZ2; Ringla™~ Ring1b/>3A/flox = Ring1a/bi153A) in which the Ringl1b gene carries an
I53A point mutation that abrogates its E3-ligase activity, resulting in the loss of H2AK119ub
(Figure 2G). Following 40H-Tam application, we observed epidermal pigmentation and
melanin accumulation in Ringla/bi2KO and Ringla/bil53A epidermis, as observed in
EediKO mice (Figure 2B and 2H-1). Together, these results show that loss of canonical
Polycomb repression in the EpSCs leads to epidermal pigmentation.

Loss of Polycomb repression in the epidermis alters melanocyte behavior and localization.

In murine telogen skin, melanocyte stem cells (McSCs) are located in the bulge area of

hair follicles, where they remain quiescent (Qiu et al., 2019). Immunofluorescence analysis
of McSC/melanocyte markers dopachrome tautomerase (DCT) and receptor tyrosine kinase
KIT (c-KIT) showed that McSCs were present in the hair follicles of all three Polycomb
mutant skins (Figure S3A-B); however, compared to control skins, these cells became
activated and proliferative (Figure S3A-B). We next asked whether loss of Polycomb leads
to the presence of terminally differentiated pigment-producing melanocytes in the IFE
because these cells are normally absent in the epidermis of murine dorsal skin (Figure 3A).
Immunofluorescence analysis of DCT and c¢-KIT showed that melanocytes are present in the
EediKO, Ringla/bi2KO, and Ringla/bil53A IFE and confirmed their absence in control
IFE (Figures 3B—C and S3C-E). The observed melanocytes were positive for tyrosinase-
related protein 1 (TYRP-1), a marker of mature and fully differentiated melanocytes (Figure
3D-F) and were not proliferative (Figure S3F). We also generated mosaic £eg~null clones
by treating mouse dorsal skins with a single dose of 40H-Tam and observed that wild-type
epidermal clones remained nonpigmented, whereas Eed-null IFE clones were pigmented
and contained DCT-positive melanocytes (Figure 3G). Notably, levels of H3K27me3 did
not change in melanocytes (Figure 3G), confirming that the K74-CreERTZ ablation strategy
does not target melanocytes and loss of Polycomb repression was restricted to epidermal
cells. Overall, these observations show that loss of Polycomb repression in the epidermis
leads to activation of McSCs and translocation of melanocytes to the IFE, resulting in
epidermal pigmentation.

Given that reduction in Polycomb expression upon low UVB exposure occurs without
inducing p53 stabilization and DNA damage, we wanted to ascertain whether the epidermal
pigmentation phenotype observed in the Polycomb mutant epidermis was mediated through
a p53-independent pathway. Thus, we performed phospho-p53 staining in both Polycomb
mutant and control epidermis, which revealed no significant differences in phospho-p53
expression between them (Figure 3H). To further confirm that Polycomb-mutant-mediated
pigmentation is p53-independent, we generated conditional inducible Fedand p53 double
knockout mice by crossing K14-CreERTZ mice with Eed-floxed and p53-floxed mice (K14-
CreERT2; Eedox/flox - p53flox/flox = Fegn53i2KO) (Figure 31). Topical application of
40H-Tam in these mice resulted in the deletion of £ed and p53, leading to efficient loss

of H3K27me3 and p53 (Figure 3J-K). Consistent with the observation that melanocytes are
present in the epidermis and promote epidermal pigmentation in the Polycomb mutant mice,
we also observed epidermal pigmentation and the presence of TYRP-1-positive melanocytes
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in the Eed/p53i2KO epidermis (Figure 3L). Altogether, these results reveal that epidermal
pigmentation observed in Polycomb mutant mice occurs via a p53-independent pathway.

Hair follicle stem cells (HFSCs) are known modulators of McSC activation (Chang et

al., 2013; Lu et al., 2020; Tanimura et al., 2011). Because KZ4-CreERTZ2-mediated gene
ablation targets both the IFE and HFSCs, we asked whether the epidermal pigmentation
observed in Polycomb mutants is due to the loss of Polycomb in the EpSCs or in the
HFSCs. We therefore generated K15-CrePGR: Eed™f! (K15-Eed iKO) mice in which
topical application of RU-486, a progesterone agonist, resulted in efficient ablation of PRC2-
dependent H3K27me3 specifically in the HFSCs and not in the epidermis (Figure 4A-C)
(Morris et al., 2004). Remarkably, loss of Eedin HFSCs did not result in IFE pigmentation
(Figure 4D). We also did not observe melanocytes in the epidermis of K15-EediKO

mice, and the hair-follicle-associated McSCs remained non-proliferative (Figures 4E-F and
S4A). Alternatively, to determine whether loss of Polycomb function in the IFE alone can
cause epidermal pigmentation, we topically applied EZH2-specific inhibitors EPZ6438 and
UNC1999 on the back skin of wild type mice (Knutson et al., 2013; Konze et al., 2013).This
treatment caused selective loss of H3K27me3 in the epidermis and did not result in the

loss of H3K27me3 in hair follicles (Figures 4G—H and S4B). In this epidermal-specific
inhibition of EZH2, we observed an increased number of differentiated melanocytes in

the IFE, leading to epidermal pigmentation (Figures 4H and S4C-D). To monitor changes
in melanocyte behavior after the loss of Polycomb function in the EpSCs, we generated
TyrCreERT2:Rosa™ /MG mice in which intraperitoneal injection of tamoxifen leads to GFP
expression in McSCs. This allowed us to track the behavior of McSCs and melanocytes

in the IFE treated with EZH2-specific inhibitors (Figure S4E). Interestingly, we observed
that by day 14 of EZH2 inhibition, GFP+ melanocytes had begun to move away from the
bulge to the IFE and that many GFP+ melanocytes had migrated into the IFE by day 18
(Figure S4F). These findings suggest that selective loss of Polycomb function in the EpSCs
is sufficient to trigger melanocytes to migrate out of their homeostatic niche in the bulge
region and translocate to the IFE.

Finally, by performing /n vitro co-culturing of melanocytes with EpSCs, we observed an
increase in pigment production in melanocytes co-cultured with Eed- or Ringla/b-null
EpSCs compared with melanocytes co-cultured with control EpSCs (Figure 41). Taken
together, these studies show that loss of canonical Polycomb repression in the epidermis, not
in hair follicles, results in an increased number of melanocytes in the IFE, resulting in IFE
pigmentation.

Loss of Polycomb repression in the epidermis induces the expression of UVB-signature

genes.

To gain insight into the molecular mechanisms behind the observed IFE pigmentation
phenotype, we conducted RNA-seq analysis of fluorescence-activated cell sorting (FACS)-
purified EpSCs isolated from Ringla/bi2KO, Eed iKO, and control mice (Figure S5).

By performing differential gene expression analysis, we observed that the majority of
differentially expressed genes were upregulated in Polycomb-null EpSCs compared with
control EpSCs, with 117 genes upregulated in £ea-null EpSCs and 181 genes upregulated
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in Ringla/b-null EpSCs (Figure 5A and Table S1). We did not observe genes known

to promote melanogenesis and epidermal pigmentation, such as stem cell factor (SCF;
c-KIT ligand) or endothelin-3 (EDN3), among the genes upregulated in knockout cells
(Table S1) (Garcia et al., 2008; Hachiya et al., 2001). A total of 47 genes were

upregulated in both Ring1a/bi2KO and EediKO (Figure 5B). To determine the direct
targets of PRC1/2 in EpSCs, we performed chromatin immunoprecipitation followed by
high-throughput sequencing (ChlIP-seq) assay for PRC1-dependent H2AK119ub and PRC2-
dependent H3K27me3 histone marks (Bar et al., 2020). ChlIP-seq analysis revealed that 66%
of commonly upregulated genes were demarcated by both H2AK119ub and H3K27me3

in control EpSCs cells; therefore, these genes are direct targets of PRC1/2-mediated gene
repression (Figure 5C and Table S2). Notably, among these genes, we identified ones
known to be upregulated upon UVB irradiation, such as /gfbp2, HmgaZ2, Col5al, Sfrp2,
Fbinz, Chst11, and KenkI (Cho et al., 2018; Hachiya et al., 2009; Kim et al., 2016; Maier
etal., 2016; McGrath et al., 2012; Moon et al., 2017; Qutob et al., 2018). Moreover,
HmgaZis upregulated in UVB-irradiated epidermis and has been shown to promote McSCs
translocation, and SFRP2 is upregulated in UVB-induced pigmented skin where it activates
the WNT signaling pathway to promote melanogenesis (Kim et al., 2016; Moon et al.,
2017). Using RT-qPCR, we confirmed our RNA-seq data showing that these UVB-induced
genes are upregulated in PRC1/2-null EpSCs (Figure 5D). Together, our RNA-seq and
ChiIP-seq studies reveal that Polycomb functions in the EpSCs repress UVB-induced genes
linked to the control of melanocyte behavior and function.

Type Il collagen promotes epidermal pigmentation.

Gene ontology (GO) analysis of genes upregulated in both £ed iKO and Ringla/bi2KO
showed enrichment for pathways involved in protein secretion such as regulation of
signaling and extracellular matrix organization (Figure 5E). We hypothesized that the
de-repressed secretory proteins in Polycomb mutant EpSCs may function as paracrine
factors to contribute to the epidermal pigmentation phenotype. To test this hypothesis, we
selected the four candidates that were upregulated in PRC1-null and PRC2-null EpSCs:
secreted frizzled-related protein 2 (SFRP2), insulin growth factor 2 (IGF2), type 11 collagen
(COL2A1), and type V collagen 5 (COL5A1) (Figure 5F). We next established an /n

vitro system in which melanocytes were cultured in the presence of known melanogenesis-
promoting proteins (SCF or EDN3) or each of the selected secretory proteins. As expected,
when melanocytes were cultured in the presence of SCF or EDN3, we observed an increase
in pigment production by melanocytes (Figure 6A-B). We did not observe changes in
pigment production in melanocytes cultured with SFRP2, IGF2, or COL5A1. By contrast,
melanocytes cultured with COL2AL1 produced more melanin than negative controls (Figure
6A-B). ChlP-seq analysis of wild type EpSCs showed that Co/2al is demarcated by
H3K27me3 and H2AK119ub histone marks, indicating that this gene is directly repressed
by Polycomb complexes (Figure 6C). Western blot analysis also showed that loss of Eed
or Ringla/bin cultured EpSCs resulted in increased expression of COL2A1 compared with
control EpSCs (Figure 6D-E). Furthermore, /n situ hybridization and immunofluorescence
analyses showed that both Co/Zal mRNA and COL2AL1 protein were detected in £ediKO
and Ringla/bi2KO epidermis but not in the control epidermis (Figure 6F-G). Notably, we
observed that COL2AL1 protein was not only present in the epidermis but also in the dermis
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area near the upper hair follicle region (Figure S6A). Altogether, we concluded that loss of
Polycomb leads to Co/Zal expression in the EpSCs and that COL2AL1 is secreted into the
dermis region.

To test whether COL2A1 affects melanocyte behavior to promote epidermal pigmentation,
we set up an EpSC and melanocyte co-culture system. By utilizing lentivirus infection, we
generated EpSCs that ectopically express Co/Zal (KC-Col2al) and confirmed COL2A1
protein levels by Western blot (Figure S6B). Next, we co-cultured wild-type (KC) or
KC-Col2al EpSCs with melanocytes (KC+MC and KC-Col2al+MC, respectively) and
observed a significant increase in melanin production in the KC-Col2al+MC co-culture
compared with control KC+MC or melanocyte-only (MC) cultures (Figures 7A-B and
S6C). To test whether COL2A1 promotes expression of melanogenesis pathway-associated
proteins, we cultured melanocytes directly on a COL2Alcoated plate and non-coated or
type | collagen (COL1A1)-coated plates, which served as negative controls. Western blot
analysis showed that compared to melanocytes cultured on non-coated and COL1A1-coated
plates, melanocytes cultured in the presence of COL2A1 showed increased expression of
melanogenesis pathway-associated proteins such as TYRP-1 and tyrosinase (TYR) and
activation of pMAPK signaling, which is known to regulate the production of melanin
(D’Mello et al., 2016). Interestingly, the analysis of the AKT pathway that promotes
melanocyte proliferation (Palmieri et al., 2015) showed no changes (Figure 7C). Next,

we examined the effects of applying COL2A1 to wild-type skin 7n vivo. We performed
intradermal injection of recombinant COL2AL1 protein into the dorsal skin of wild-type
mice and collected the injected area and surrounding dorsal skin 3 weeks post-injection. By
performing Fontana-Masson staining, we observed that the COL2A1 injection resulted in a
marked increase in skin pigmentation near the injected area, which was also accompanied
by an increase in c-KIT(+) melanocytes (Figures 7D-E and S6D). These changes did not
occur in the dorsal skin of mice injected with PBS (vehicle) or COL1A1, which served as
negative controls (Figures 7D-E and S6D). Moreover, the migrated-melanocytes remained
non-proliferative in the COL2A1-injected skin (Figure S6E). Thus, we conclude that
COL2A1 induces changes in melanocyte behavior including migration, increased melanin
production, and epidermal pigmentation, but it does not affect melanocyte proliferation.

UVB exposure leads to a loss of Ezh2 expression and decreased H3K27me3 levels in human
and mouse epidermis (Figure 1). Because loss of Polycomb repression leads to COL2A1
expression in the dorsal skin of mice and results in the attraction of melanocytes and
pigmentation, we asked whether UVB irradiation leads to epidermal COL2A1 expression.
To test this, we exposed cultured EpSCs expressing scramble shRNA control (KC-sh-scr)
or 2 different Co/2a1 shRNAs (KC-sh-Col2al -1 and —2) to UVB irradiation (20 mJ/cm?)
and tested for COL2AL1 protein expression through Western blot analysis. We observed

that COL2A1 expression significantly increased upon UVB exposure in KC-sh-scr and was
reduced in KC-sh-Col2al cells, concluding that UVB induces the expression of COL2A1
protein (Figure 7F). To test whether UVB-exposed keratinocytes can induce changes

in melanocyte behavior and promote pigmentation in a COL2A1-dependent manner, we
exposed KC-sh-scr or KC-shCol2al EpSCs to UVB irradiation and then co-cultured them
with melanocytes (KCsh-scr+MC and KC-sh-Col2al+MC). We observed a significant
increase in melanin production in the UVB-exposed KC-sh-scr+MC co-culture condition

Dev Cell. Author manuscript; available in PMC 2022 September 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 10

and reduced pigmentation in the sh-Col2al co-culture condition (Figure 7G). Furthermore,
by performing immunohistochemistry staining, we found that COL2AL is increased in the
epidermis of human UV-exposed skin compared with UV-protected skin (Figure 7H). Taken
together, our study shows that UVB exposure leads to decreased Polycomb repression in the
epidermis and therefore activation of UV-dependent gene expression, including expression
of Col2al. Epidermal COL2A1 leads to changes in melanocyte localization and increased
melanogenesis, resulting in epidermal pigmentation.

DISCUSSION

Epidermal pigmentation, a mechanism by which melanocytes transfer melanin to epidermal
cells, is critical in protecting EpSCs from DNA damage induced by UV irradiation (Brenner
and Hearing, 2008). In this study, we uncover that the Polycomb- Co/Za1 axis in EpSCs
controls epidermal pigmentation upon physiological UVB exposure. We showed that the
expression of key Polycomb subunits, EZH2 and RING1B, and the levels of Polycomb-
mediated repressive histone marks decrease in human and mouse epidermis upon UVB
exposure. /n vivo genetic studies mimicking Polycomb decrease in the epidermis upon UV
exposure showed that ablation of Polycomb repression in murine EpSCs was sufficient to
induce activation of McSCs and translocation of melanocytes to the IFE, causing epidermal
pigmentation. High-throughput transcriptional and chromatin profiling revealed that many
UVB-induced genes are under direct Polycomb control in adult EpSCs and are upregulated
in Polycomb mutant EpSCs. Among these genes, we identified an ECM protein, COL2A1,
as a critical regulator of melanocyte melanogenesis. Finally, we showed that COL2A1

is upregulated in UV-exposed human epidermis. Together, our data reveal how UVB
irradiation directly alters Polycomb function in the epidermis to express Co/Zal and pigment
the epidermis.

Much of the knowledge about epidermal pigmentation came from studies where the
epidermis was exposed to high doses of UV irradiation equivalent to sunburn. These
studies have shown that high doses of UV cause DNA damage in EpSCs, leading

to p53 stabilization and p53-mediated transcription of paracrine factors, a-melanocyte-
stimulating hormone (a-MSH), adrenocorticotropic hormone (ACTH), and endothelin-1,
which stimulates melanocytes (Abdel-Malek et al., 2010; Cui et al., 2007; Murase et al.,
2009). Here, we show that a low dose of UVB irradiation, which does not cause severe DNA
damage or p53 stabilization, leads to a decrease in the level of key Polycomb components,
EZH2 and RING1B, and Polycomb-repressive histone marks. The loss of Polycomb in

the epidermis, mimicking Polycomb decrease upon UV exposure, was sufficient to trigger
melanocyte translocation to the IFE and epidermal pigmentation. Importantly, we did not
observe p53 stabilization in Polycomb mutant epidermis (Figure S1D) and the Pomc
(precursor of a-MSH and ACTH), and £anI genes were not upregulated in £ediKO or
Ringla/bi2KO EpSCs (Table S1). Moreover, we observed melanocytes are present in the
Eed/p53i2KO IFE, leading to epidermal pigmentation (Figure 3L). Therefore, our findings
provide evidence that melanocyte recruitment, increased melanogenesis, and epidermal
pigmentation can be induced by a p53-independent mechanism and identify a role for
Polycomb in these processes.

Dev Cell. Author manuscript; available in PMC 2022 September 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 11

In human skin, melanocytes reside in the epidermis and hair follicles. In response to UV
irradiation, melanocytes located in the epidermis interact with keratinocytes via physical
contact or secreted factors, which leads to the synthesis and transfer of melanin to the
neighboring keratinocytes. In adult murine skin, however, melanocytes are only located in
the hair follicle bulge region, which serves as a niche to control McSC proliferation and
differentiation to pigment the growing hair shaft (Qiu et al., 2019). Upon UVB irradiation,
melanocytes get mobilized and move to the epidermis where they produce and transfer
pigment to protect EpSCs from UV’s harmful effects (Moon et al., 2017). Our studies show
that the Polycomb-mediated pathway regulates each of these steps because loss of Polycomb
in the epidermis leads to activation of McSCs, the presence of melanocytes in the IFE,

and epidermal pigmentation without UV exposure. Analysis of RNA-seq data revealed that
loss of Polycomb in the EpSCs resulted in the expression of Co/Za1, an ECM protein that
we showed in this study to be critical for melanogenesis; /g2, a protein known to activate
melanocyte proliferation (Edmondson et al., 1999; Mull et al., 2015); HmgaZ, a regulator

of McSC localization to the IFE upon UVB irradiation (Moon et al., 2017); and SFRP2,

a secreted protein that promotes melanogenesis (Kim et al., 2016). Overall, the Polycomb
complex has emerged as a critical transcriptional regulator of the epidermal pigmentation
process. Moreover, we observed activation of genes known to control cell proliferation

and motility with known roles in human diseases such as melanoma, including /gfbp2,

a regulator of melanoma cell survival via the activation of insulin growth factor (IGF)
signaling pathway (Strub et al., 2018); Fb/nZ2, a secreted extracellular matrix glycoprotein
that is expressed in several tumor types and controls cell matility (Timpl et al., 2003);
Chst11, a chondroitin 4-O sulfotransferase involved in promoting metastasis in breast cancer
(Cooney et al., 2011); and Col5a1, a collagen that regulates cell proliferation and invasion in
ovarian cancer (Zhang et al., 2021). Future studies will uncover the roles of the Polycomb-
mediated pathway in controlling melanocyte behavior and melanoma formation.

Our studies identified COL2AL as an important regulator of melanogenesis. Whereas
COL2A1 is normally absent in the skin, it is upregulated in the epidermis upon UV
exposure, demonstrating the unique role of this protein in the UV-induced epidermal
response. Growing evidence indicates the importance of ECM proteins in response to UV
irradiation. In fibroblasts, UV irradiation has been shown to stimulate the expression of

the ECM protein CCN1, resulting in increased melanogenesis through activation of MAPK-
kinase signaling pathways in melanocytes (Xu et al., 2018). Another example is the ECM
protein laminin332, which interacts with the integrin a6p1 receptor present on melanocytes
to promote melanogenesis (Chung et al., 2014; Chung et al., 2011). Our studies showed
that COL2A1 promotes the melanogenesis via activation of MAPK pathway in melanocytes
to regulate the production of melanin (Figure 7C). However, further work is needed to
determine how COL2AL1 interacts with melanocytes to regulate pigment production.

The canonical model of Polycomb-mediated gene control postulates that PRC1 and
PRC?2 facilitate each other’s recruitment to chromatin to exert transcriptional repression
(Schuettengruber et al., 2017; Simon and Kingston, 2013). Although the role of PRC1
and PRC2 in the regulation of epidermal development has been well studied (Bar et al.,
2019; Cohen et al., 2018; Cohen et al., 2019; Dauber et al., 2016), the roles of the
Polycomb complex in the control of adult EpSCs during homeostasis or upon stress are
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unknown and are studied here. We show that loss of either PRC1 or PRC2 or expression
of a catalytically inactive form of RING1B (I53A) in the adult murine EpSCs results in

an identical phenotype of epidermal pigmentation. Upon UV irradiation, the level of key
Polycomb subunits, EZH2 and RING1B, and Polycomb-repressive histone marks decrease
in the epidermis, allowing for de-repression and activation of genes needed to avert the
effects of UV damage.

Our studies propose future avenues for investigating how uncovered molecular mechanisms
contribute to UVB-mediated skin disorders such as cancer. Polycomb proteins are often
mutated in skin squamous cell carcinoma (SCC) (Wang et al., 2015), and it will be
interesting to identify how these mutations cooperate with UVB-mediated processes to
promote SCC tumorigenesis. It will also be worth investigating how the uncovered processes
affect melanoma, one of the deadliest and aggressive skin cancers (Schadendorf et al.,
2018). Indeed, we show that changes in EpSCs affect the localization and function of
wild-type melanocytes. It will thus be interesting to identify whether changes in the
epidermis cooperate with mutations in melanocytes to lead to melanoma. Furthermore,
narrow-band UVB phototherapy is a prevalent treatment for vitiligo (Goldstein et al., 2015),
a depigmenting disorder that selectively destroys melanocytes. Although phototherapy

has been shown to be generally effective for treating vitiligo, it is not devoid of the

harmful effects of UVB. Hence, a UVB-independent melanogenesis-inducing treatment
would be highly beneficial for individuals with this disease. Here we have identified a
Polycomb-mediated process that is sufficient in increasing melanogenesis without inducing
DNA damage or an inflammatory response, which are side effects of UVB. Interestingly,
epidermal application of the EZH2-specific inhibitors, EPZ6438 and UNC1999, also
resulted in an epidermal pigmentation phenotype similar to that of Polycomb-null epidermis.
Therefore, developing products modeled after the EZH2-specific inhibitors used in this
study will be an attractive alternative to phototherapy for vitiligo patients.

Limitations of the study

We found that low-dose UV exposure leads to both transcriptional and translational
downregulation of key Polycomb proteins in the EpSCs. However, the mechanism by which
UV exposure leads to changes in Polycomb levels remains unclear and they will be studied
in the future.

STAR METHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact Elena Ezhkova,
(elena.ezhkova@mssm.edu)

Materials availability

Mouse EpSCs cell lines generated in this study are available from the lead contact’s
laboratory.
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Data and code availability

The accession number for the sequencing data reported in this manuscript is GSE159767.

This paper does not report original code.

METHOD DETAILS

Mice

Human skin

All the mice used in this study were housed at the Center of Comparative Medicine and
Surgery (CCMS) at Icahn School of Medicine at Mount Sinai (ISMMS) according to

the Institutional Animal Care and Use Committee (IACUC) guidelines (Protocol number
LA11-0020). KI14-CreERTZ mice were kindly provided by Dr. Tudorita Tumbar (Zhang

et al., 2010). K15-CrePGR1 mice (Stock number: 005249), p53-2%F mice (Stock number:
008462), Tyr-CreERTZ (Stock number: 012328), and Rosa™ ™G (Stock number: 007676)
were obtained from Jackson Laboratories. Fed¥flox mice were kindly provided by Drs.
Weipeng Mu and Terry Magnuson (Mu et al., 2014). Ringla™-and Ring1b"0X/flox mice,
kindly provided by Dr. Miguel Vidal, were previously described (Calés et al., 2008; del Mar
Lorente et al., 2000). Ring1bA mice were kindly provided by Dr. Wendy A. Bickmore
(INingworth et al., 2015). Mice were genotyped by PCR using tail DNA that was extracted
using DirectPCR Lysis Reagent (Viagen Biotech Inc.) according to the manufacturer’s
instructions. Both male and female mice were used in this study. Primer sequences used for
genotyping are listed in Supplemental Table S3.

samples

Paraffin-embedded (FFPE) human skin tissue sections were obtained from the University
of Pennsylvania Skin Biology and Disease Resource Center (SBDRC). UVB-protected and
-exposed samples from the buttocks and forearms of the same patient or a similar patient
matched for age and gender were used for IHC studies.

Cell cultures

Primary epidermal stem cells (EpSCs) were isolated from newborn mouse epidermis as
previously described (Cohen et al., 2018). Primary EpSCs were derived from PO newborn
K14-CreERT2; Eed"0X/floX| K14-CreERT; Ringla™~; Ring1b™*oX and control mice and
were cultured in E media (Nowak and Fuchs, 2009), supplemented with 15% fetal bovine
serum (FBS, R&D Systems) and 0.3mM CaCl, and plated on a feeder layer of mitomycin
C-treated 3T3 fibroblasts. EpSCs were dissociated with 0.25% Trypsin/EDTA (Corning) and
grown in E media with 15% FBS and 0.05mM CaCl,. Keratinocytes were cultured in 7.5%
CO, at 37°C. To conditionally delete Ringlbin K14-CreERT; Ringla™; Ring1box/flox

or to delete Fedin K14-CreERTZ2; EedX/floxin culture experiments, cells were treated
with ImM hydroxyl-tamoxifen (Sigma-Aldrich) once daily for 6 days. HEK293T (used

for lentivirus production) and B16FO0 (for keratinocyte-melanocyte co-cultures) cells were
cultured in DMEM with 10% FBS and 1% pen/strep solution (Corning) in 5% CO, at 37°C.
For co-cultures, melanocytes (B16F0) and EpSCs were plated in 1:5 ratio in E media with
15% FBS supplemented with 0.05mM CacCl, in 7.5% CO, at 37°C.
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Drug treatments

For hydroxyl-tamoxifen (4OH-Tam, Sigma-Aldrich) topical treatment to induce the
Polycomb ablation using K14-CreERT2, 40H-Tam was dissolved in absolute ethanol
(Sigma-Aldrich) to a final concentration of 10mg/ml. To induce recombination, 100pl (1mg)
of 40H-Tam was topically applied on shaved dorsal skin of postnatal day 50 (P50) mice
once per day for 4 days. Control mice were treated with the same amount of absolute
ethanol. For mosaic induction of £ediKO, 100ul of 40H-Tam was topically applied once
to shaved dorsal skin of P50 mice. To induce £edablation only in the hair follicle bulge
using K15-CrePGR, RU-486 (Cayman Chemicals) was dissolved in 100% ethanol (Sigma-
Aldrich) to a final concentration of 10 mg/ml. 100ul of RU-486 was topically applied

on shaved dorsal skin of P50 mice once per day for 7 days. For fate mapping of bulge-
associated McSCs, P50 7yr-CreERTZ2; Rosa™ /MG mice were injected intraperitoneally with
tamoxifen (Sigma-Aldrich) at doses of 100ug per gram of body weight for 3 consecutive
days. For intradermal collagen injection, type | and type Il collagen (Sigma-Aldrich) were
dissolved in sterile 0.2% acetic acid in 1XPBS to a final concentration of 1mg/ml. In
addition, 100ug of type | or type 11 collagen were injected intradermally into the dorsal
skin of P50 mice. Control mice were injected with an equivalent volume of 1X PBS.

The injection sites were marked using water-resistant ink. For the topical treatment of
EZH2 inhibitors, a 1cm? area of the dorsal skin of P50 mice was shaved, and 20pl of

5mM UNC1999, 10mM EPZ6438, or DMSO (Sigma-Aldrich) were applied to the shaved
skin area. Topical applications were performed once daily from P50 to P70. For MG-132
treatment, EpSCs were incubated with 4um MG-132 (Selleckchem) or DMSO (control) for
4 hours.

Lentivirus generation and infection

For ectopic type Il collagen (Col/2al) expression, HEK293T cells were transfected with
10ug of pLX304-Col2al lentiviral construct (Horizon Discovery lentiviral library), 10ug
packing plasmids (psPAX2, pMD2.G, and Addgene plasmids 12259 and 12260—a generous
gift from Didier Trono), and 20ul jetPEI transfection regent (Polyplus) according to

the manufacturer’s instructions. For Co/Za1 shRNA knockdown, HEK293T cells were
transfected with the 10ug pLKO-Col2al shRNA (sequences listed in Table S3) lentiviral
construct (Sigma-Aldrich), 10ug packing plasmids (psPAX2, pMD2.G), and 20ul jetPEI
transfection regent. Lentivirus-containing media were collected 48 hours post transfection
and filtered through a 0.45mm filter. EpSCs were then transduced with viral stock

and supplemented with 4ug/ml polybrene (Sigma-Aldrich). Virus-containing media were
replaced 8 hours post infection with fresh E media with 15% FBS and 0.05mM CaCl,, and
cells were cultured for an additional 48 hours. For ectopic Co/Zal expression, infected cells
were selected with 0.4ug/mL Blasticidin S (Sigma-Aldrich). For Co/2al shRNA, cells were
selected with 5ug/mL puromycin (Sigma-Aldrich) for 3 days.

Melanin content analysis

For Polycomb mutant co-culture experiments, Polycomb mutant EpSCs (£ed iKO or
Ringla/bi2KO) were co-cultured with B16F0 melanocytes in E media supplemented with
15% FBS and 0.05mM CaCl, in 7.5% CO5 at 37°C for 72 hours. For melanogenesis assays
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of candidate melanogenesis-promoting proteins, 50,000 B16FO0 cells were plated in 6-well
plates and were treated with 100ug/ml endothelin-3 (EDN-3) (R&D systems); 100ug/ml
stem cell factor (SCF) (R&D systems); 100ug/ml secreted frizzle-related protein 2 (SFRP2)
(R&D systems); 50ug/ml insulin-like growth factor 2 (IGF2) (R&D systems); and 10ug/ml
type I, I, and V collagen (COL1A1, COL2A1, and COL5A1) (Sigma-Aldrich) for 48 hours.
For UVB irradiation, UVB-irradiated keratinocytes were co-cultured with B16FO cells in E
media supplemented with 15% FBS and 0.05mM CaCl, in 7.5% CO5 at 37°C for 5 days.
For melanin content analysis, all culture conditions were washed with PBS, harvested in
1N NaOH containing 10% DMSQO, and then heated at 80°C for 90 minutes for melanin
extraction. The absorbance of extracted melanin was measured at 450nm using an ELISA
microplate reader (SpectraMax M5, Molecular Devices).

Transmission electron microscopy

Transmission electron microscopy (TEM) was performed in the Core Pathology Electron
Microscopy Facility, Icahn School of Medicine at Mount Sinai. Dorsal skin was collected
from P71 EediKO, and control mice were then immediately fixed in 3% glutaraldehyde
with 0.2M sodium cacodylate at pH 7.4. After overnight fixation, the fixative solution
was removed and replaced with a phosphate buffer followed by 1% osmium tetroxide
buffered with sodium cacodylate. After one hour, osmium tetroxide was replaced with
increasing concentrations of ethanol through propylene oxide and into Embed 812. The
plastic sections were cut in 1um, stained with methyl blue and azure 11, and observed by
light microscopy. The ultrathin sections were cut on a Leica Ultracut UCT ultramicrotome
and observed with a Hitachi H-7650 transmission electron microscope (Hitachi High—
Technologies Instrumentation, Tokyo, Japan) linked to an SIA (Scientific Instruments and
Applications) digital camera controlled by Maxim CCD software.

Fluorescence-activated cell sorting

FACS isolation of EpSCs from control, £FediKO, and Ringla/bi2KO were performed as
follows: Adult dorsal skin was collected from control, £ed iKO, and Ringla/bi2KO mice;
washed with 1x PBS; and incubated in 0.25% Trypsin/EDTA (Corning) at 37°C for one
hour. After incubation, cell suspensions were strained through 40um filters (Thermo Fisher
Scientific) and washed twice with 1x DPBS (Corning). The cells were stained with 1:200
PerCP-Cy5.5-Scal (Thermo Fisher Scientific), 1:200 FITC-a6-integrin (Thermo Fisher
Scientific), and 1:100 APC-EpCAM (Biolegend) for 30 minutes on ice and then washed
twice with 1x DPBS before cell sorting. Interfollicular epidermis, enriched for EpSCs, was
sorted as EpCAM(+), Scal(+), and a6-integrin (high). For ChlIP and ChIP-Seq analyses, cell
suspensions were stained for cell viability using Zombie violet (Biolegend), and cells were
cross-linked with 1% formaldehyde for 10 minutes at room temperature. Cross-linking was
stopped by adding 125mM glycine for 5 minutes at room temperature, followed by 2 washes
with 1x DPBS, before staining and FACS sorting as described above. All cell isolations were
performed on a FACS IMI5L instrument (BD) in the Flow Cytometry Core Facility at Icahn
School of Medicine at Mount Sinai.
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RNA purification, RT-gPCR, and RNA-seq library preparation

A total of 5 x 10* FACS-purified cells were collected directly into RLT Plus buffer
(QIAGEN), and total RNA was isolated with the RNeasy Plus Micro Kit (QIAGEN) and
DNasel treatment (QIAGEN) according to the manufacturer’s instructions. cDNA was
reverse-transcribed from total RNA using qScript cDNA SuperMix (Quanta Biosciences)
according to the manufacturer’s instructions. Samples were analyzed by RT-qPCR using
LightCycler® 480 SYBR Green | Master Mix (Roche) on a LightCycler 480 instrument
(Roche). Results were normalized to GAPDH mRNA levels. Primer sequences are available
in Supplemental Table S3. For RNA-seq library preparation, the total RNA quality was
measured using a Bioanalyzer (Agilent), and samples with RNA integrity numbers (RIN)

> 8 were used. Then 10ng of total RNA were reverse-transcribed and amplified using

the Ovation RNA-seq System V2 (NUGEN). Libraries were constructed from 100ng of
sonicated cDNA (Covaris M220) using the Ovation Ultralow system V2 (NuGEN). The
concentration and quality of the libraries were determined using Qubit (Invitrogen) and
Bioanalyzer (Agilent). Constructed RNA-seq libraries were sequenced at GENEWIZ on the
Illumina HiSeq platform, obtaining 150 nucleotide paired-end reads.

Chromatin immunoprecipitation (ChIP) and ChlP-seq library preparation

ChIP was performed on FACS-purified populations using materials and methods as
previously described (Bar et al. 2020). We used 3 x 10° FACS-purified cells per ChIP

to profile H3K27me3 and H2AK119ub histone marks. FACS-purified cells were incubated
in lysis buffer 1 (50mM HEPES pH = 7.5, 140mM NaCl, 1mM EDTA, 10% glycerol,

0.5% NP-40, 0.25% Triton X-100, protease inhibitor cocktail [Roche]) for 10 minutes

on ice, then incubated for 10 minutes with lysis buffer 2 (10mM Tris-HCI pH = 7.5,
200mM NaCl, 1mM EDTA, 0.5mM EGTA). Before ChlP, cells were resuspended in lysis
buffer 3 (10mM Tris-HCI pH = 8.0, 100mM NaCl, 1mM EDTA, 0.5mM EGTA, 0.1% Na-
deoxycholate, 0.5% N-laurolsarcosine, 1% Triton X-100) and sonicated using a Bioruptor
Sonicator (Diagenode, UCD-200) according to a 25x regimen of 30 seconds of sonication
followed by 90 seconds of rest at 4°C. The cell lysate was incubated overnight at 4°C

with antibodies as indicated in Supplemental Table S3. Dynal protein G magnetic beads
(Invitrogen) were added the next day and incubated for 6 hours at 4°C. The beads were
sequentially washed with low salt (20mM Tris-HCI pH = 8.0, 150mM NaCl, 2mM EDTA,
0.1% SDS, 1% Tritonx X-100), high salt (20mM Tris-HCI pH = 8.0, 500mM NaCl, 2mM
EDTA, 0.1% SDS, 1% Tritonx X-100), LiCl (20mM Tris-HCI pH = 8.0, 250mM L.iCl,
1mM EDTA, 1% Na-deoxycholate, 1% NP-40), and Tris-EDTA (50mM Tris-HCI pH =

8.0, ImM EDTA) buffers for 10 minutes each at 4°C. Bound chromatin was eluted, and
cross-linking was reversed by overnight incubation at 65°C, followed by 0.15mg/ml RNase
A (Sigma-Aldrich) and 0.3mg/ml proteinase K (Roche) treatments. Samples were purified
using a ChIP DNA Clean and Concentrator kit (Zymo Research). For high-throughput ChlP
sequencing, libraries were constructed from 5ng of purified DNA using the NEBnext Ultra 11
DNA Library Prep Kit (New England Biolabs) according to the manufacturer’s instructions.
Constructed ChlP-seq libraries were sequenced on Illumina NextSeq 500 platform with 75
single-end reads in the Oncological Sciences NextSeq Facility, Icahn School of Medicine at
Mount Sinai, and two biological replicates were used.
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Western blotting

Cells were collected and lysed by the addition of EZ lysis buffer (60mM Tris-HCI pH

= 6.8, 10% glycerol, 2% SDS) for 10 minutes at 95 °C. Samples were run on 10%
SDS-PAGE, transferred to PVDF membranes, and analyzed with the indicated antibodies
in Supplemental Table S3.

Immunofluorescence, in situ hybridization and microscopy

Dorsal skin tissues were collected from adult mice, embedded in OCT compound (Tissue-
Tek), and subsequently cut into 8um sections using a Leica Cryostat. Slides were then
pre-fixed in 4% PFA for 10 minutes at room temperature and blocked for one hour at

room temperature in blocking solution (1x PBS supplemented with 0.3% Triton X-100,

1% BSA, 0.25% normal donkey serum, 0.01% gelatin). Primary antibodies were diluted in
blocking solution and incubated overnight at 4°C. Slides were then incubated with secondary
antibodies for one hour at room temperature. Slides were counterstained with DAPI to
visualize nuclei. All antibodies and dilutions are available in Supplemental Table S3. /n
situ hybridization for Col2al was performed using RNAscope probes and a 2.5HD-RED
detection kit (Advanced Cell Diagnostics) according to the manufacturer’s protocol. Slides
were imaged using a Leica DM5500 slide microscope. For each immunofluorescence assay,
at least 3 animals from at least 2 independent litters were analyzed per mutant genotype.

Immunohistochemistry

Formalin-fixed, paraffin-embedded 5um sections of UVB-protected and -exposed human
skin were obtained from Penn SBDRC. Sections were deparaffinized in xylene and
rehydrated in decreasing concentrations of ethanol. Tissues were then subjected to antigen
retrieval with 10mM sodium citrate buffer pH = 6.0 and treated with 1% H,0O, in methanol
for 10 minutes. The slides were incubated with 2.5% normal horse blocking serum at

room temperate for 30 minutes and stained with 1:250 mouse anti-EZH2 antibodies (BD
Biosciences), 1:500 rabbit anti-H3K27me3 antibodies (MilliporeSigma), 1:200 rabbit anti-
COL2A1 (Abcam), or control 1:200 rabbit IgG antibodies (MilliporeSigma) overnight at
4°C. The slides were then incubated with secondary anti-rabbit HRP for one hour at room
temperature using the INnmPRESS Polymer Detection Kit according to the manufacturer’s
instructions (Vector Laboratories), and the staining was developed using the DAB
peroxidase substrate kit (Vector Laboratories). To identify nuclei, slides were counterstained
with hematoxylin. Fontana-Masson staining was performed using the Fontana-Masson Stain
Kit (Sigma-Aldrich) according to the manufacturer’s instructions.

UVB irradiation

For mouse dorsal skin, C57BL/6J mice were shaved, and topical depilatory cream (Nair©)
was used prior to irradiation. Mice dorsal skin was exposed to UV irradiation in a custom-
made Lucite chamber (Plastic Design Corporation) outfitted with a double bank of UVB
lamps (Analytik Jena). UV emittance was measured with a UV photometer (UV Products)
equipped with UVB measuring head. In addition, 1KJ/m? and 4KJ/m? was calculated as the
UV dose of radiation exposed on the dorsal skin. The skin was collected 24 hours post-UV
exposure. For /n vitro experiments, EpSCs were irradiated with 20mJ/cm? once using a
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UVB lamp (OSRAM), and the UV dose was calculated using a UV photometer (General
Tools). UV-irradiated cells were collected 4 days after exposure for western blotting or
co-culture experiments.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-seq data analysis

The RNA-seq reads were aligned to the mouse transcriptomes corresponding to the
GENCODE annotation (vM20) (Harrow et al., 2012) using the software Kallisto (v0.42.5)
(Bray et al., 2016). The protein-coding genes with an average TPM (transcripts per million
reads mapped) > 1 in control, £ediKO or Ringla/bi2KO, were used for differential gene
expression analysis with the software DESeq2 (Love et al., 2014) at a significance level

of adjusted p-value < 0.05 and more than 2-fold changes to compare the gene expression
changes across different genotypes and their controls (Eed iKO vs Ctrl, Ringla/bi2KO vs
Ctrl).

ChlIP-seq analysis and data visualization

Data processing, peak calling, and associating peaks to genes for the H3K27me3 and
H2AK119ub ChlP-seq data were previously described (Cohen et al., 2018; Zhao and Zheng,
2018). Peaks called in both replicates were used. For visualization, we used the Integrative
Genomics Viewer (IGV; http://software.broadinstitute.org/software/igv/) and TDF files from
the igvtools (v2.3.57; https://software.broadinstitute.org/software/igv/igvtools).

Gene ontology enrichment analysis

Identification of significantly overrepresented functional categories was done using the
DAVID tool on the default setting (Huang da et al., 2009). Selected GO terms were
considered significant with p < 0.05. Genes significantly upregulated in £ediKO vs. control
and Ringla/bi2KO vs. control epidermal cells were annotated using the same significance
parameters and selected GO terms are shown in Figure 5E and Supplemental Table S1.

Quantification of EZH2, H3K27me3, and COL2A1 in human skin

EZH2(+) or H3K27me3(+) cells in the basal layer of the epidermis were quantified using
ImageJ software. Hematoxylin staining was used to quantify the total number of nuclei in
the basal layer, and the data are shown as the percentage of EZH2(+) or H3K27me3(+)
nuclei in the basal layer of the epidermis. At least 10 random epidermal regions were
measured for each group from 5 UV-protected and 7 UV-exposed skin samples. COL2A1
signal intensity in the epidermis was quantified using ImageJ software. Briefly, for UV-
protected and UV-exposed skin epidermis, the channels of hematoxylin and DAB images
were separated to analyze the specific emission channel. The mean intensity of DAB signals
was calculated with ImageJ software. At least 5 random epidermal regions were measured
for each group from 8 UV-protected and 8 UV-exposed skin samples.
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Quantification of Polycomb function in UVB-protected or-exposed mice

EZH2(+), H3K27me3(+), RING1B(+), or H2AK119ub(+) cells in the basal layer of the
epidermis were quantified using ImageJ software. DAPI staining was used to quantify the
total number of nuclei in the basal layer, and the data are shown as the percentage of
EZH2(+), H3K27me3(+), RING1B(+), or H2AK119ub(+) nuclei in the basal layer of the
epidermis. At least 10 random epidermal regions were measured for each group from 3
UVB-protected and 3 UVB-exposed mice.

Quantification of DCT, TYRP-1, and c-KIT melanocyte

Melanocytes were quantified by the number of DCT, TYRP-1, or ¢-KIT(+) cells per
millimeter (mm) of skin. Sections had typical skin length ranging between 7 and 14mm. At
least 100mm of total skin length was analyzed per condition. At least 3 animals from at least
2 independent litters were used for each mutant genotype. Comparisons and statistics were
analyzed between matching Polycomb mutants and control mice or EZH2 inhibitor-treated
and DMSO-treated control skin.

Quantification of pigment epidermis area

Statistics

Melanin of the Polycomb KO and control skins were detected by Fontana-Masson staining.
Pigment areas were measured over the epidermal surface by using ImageJ software. The
area of epidermal pigmentation is depicted as a percentage of measurement of pigmented
area divided by total epidermal surface area. Skin pigmentation was analyzed per condition
from at least 3 animals from at least 2 independent litters per mutant genotype. Comparisons
and statistics were performed between matching Polycomb KO and control mice.

To determine the statistical significance between 2 groups, a Student’s #test was performed.
To determine the statistical significance among more than 2 groups, comparisons were made
using one-way ANOVA with the Tukey post-hoc test correction for multiple comparisons.
All data in bar graphs are presented as mean + SD. The number of biological replicates

used for comparison is indicated in each figure. For each comparison, at least 3 animals for
each group from 2 independent litters were used. Significance levels were defined as *p <
0.05, **p < 0.01, ***p < 0.001, or NS (not significant). For statistical analyses, GraphPad
Prism 8 was used. No randomization or blinding was performed in this study. Sample size

is indicated in figure legends, and statistical methods are indicated in the quantification and
statistical analysis paragraph.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Polycomb repression is reduced in the epidermis upon low-dose UV
exposure.
. Loss of Polycomb repression in the epidermis results in epidermal
pigmentation.
. Polycomb controls epidermal pigmentation via a p53-independent pathway.
. Type Il collagen promotes UV-induced epidermal pigmentation.
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Figure 1. Function of PRC1 and PRC2 diminishes upon UVB exposure in human and mouse

epidermis.

(A) Immunohistochemistry (IHC) analysis of EZH2 in UV-protected and UV-exposed

human epidermis. (B) Quantifications of EZH2 positive (+) cells in the basal layer of the
epidermis. ***p-value < 0.001; n = 5, UV-protected skin; n = 7, UV-exposed skin. (C) IHC
analysis of H3K27me3 in UV-protected and UV-exposed human skin. (D) Quantifications of
H3K27me3(+) cells in the basal layer. ***p-value < 0.001; n = 4, UV-protected skin; n =

5, UV-exposed skin. (E) UVB irradiation experimental design. See text and STAR methods
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for details. (F) Immunofluorescence (IF) analysis of phospho-p53 (red) and basal epithelial
marker keratin 14 (KRT14) (green) in UVB-protected, low UVB (1KJ/m?2)-exposed and high
UVB (4KJ/m?2)-exposed skins. (G-N) IF analysis of EZH2 (G; red), H3K27me3 (I; red),
RING1B (K; red), H2AK119ub (M; red) and basal epithelial marker KRT14 (green) in skins
of UVB-protected and UVB-irradiated mice. Quantifications of EZH2 (H), H3K27me3 (J),
RING1B (L), and H2AK119ub (N) positive cells in the basal layer. ***p-value < 0.001; n =
3, UV-protected mice; n = 3, UV-exposed mice. Scale bars of IF and brightfield images are
50 ym. Data in (B, D, H, J, L, N) are mean + SD.
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Figure 2. Loss of canonical PRC1 and PRC2 function leads to epidermal hyperpigmentation.
(A) Treatment strategy of inducing conditional PRC1 and PRC2 knockout mice. See text

and STAR methods for details. (B) Macroscopic skin hyperpigmentation phenotype (top)
and representative images of dermal side of back skin depicting hyperpigmentation (bottom)
in P71 control, EediKO, Ringla/bi2KO, and Ringla/bil53A mice. (C) IF analysis of
H3K27me3 (red) and basal epithelial marker KRT14 (green) in P71 control and £ediKO
back skin sections. (D) Fontana-Masson staining of P71 control and £ed iKO back skin
sections. Melanin pigment is in black. (E) Quantification of epidermal pigmentated areas
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in P71 control and £ed iKO back skin sections. ***p-value < 0.001; n = 3 animals per
genotype. (F) Transmission Electron Microscopy (TEM) analysis of melanosomes in P71
control and £ed iKO epidermis. Melanosomes (m) are presented in the keratinocytes (KC)
and melanocytes (MC). Scale bar, 10 pm. Magnified view of enclosed area is to the

right of each image. Scale bar, 1 pm. (G) IF analysis of H2AK119ub (red) and KRT14
(green) in P71 control, Ring1a/bi2KO, and Ringla/bil53A back skin sections. (H) Fontana-
Masson staining in P71 control, Ringla/bi2KO, and Ring1a/bil153A back skin sections. (1)
Quantification of epidermal pigmentated areas in P71 control, Ringla/bi2KO, and Ringla/b
i153A back skin sections. ***p-value < 0.001; n = 3 animals per genotype. Epi, epidermis;
Der, dermis; HF, hair follicle; BM, basement membrane. Scale bars in IF and bright-field
images, 50 um. White dashed lines outline the epidermis and the hair follicle areas. Data in
(E, 1) are mean £ SD.
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Figure 3. Loss of canonical PRC1 and PRC2 function results in the presence of differentiated
melanocytes in the interfollicular epidermis.

(A, D) Hlustration of the hypothesis that loss of canonical Polycomb function leads to

the presence of melanocyte marker DCT(+) (A) and TYRP-1(+) (D) melanocytes in the
interfollicular epidermis (IFE), which are normally present only in hair follicles. (B) Bright-
field and IF analysis of melanocyte marker DCT (red) and basement membrane marker
Integrin p4 (ITGB4; green) in P71 control, FediKO, Ringla/bi2KO, and Ringla/bil53A
back skins. White dashed lines outline the epidermis—dermis borders. (C) Quantification of
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DCT(+) melanocytes in the IFE of P71 control and Polycomb mutant skin. ***p-value <
0.001; n = 4 animals per genotype. (E) Bright-field and IF analysis of melanocyte marker
TYRP-1 (red) and basal epithelial marker KRT14 (green) of P71 control, £ed iKO, Ringla/b
i2KO, and Ring1a/bil53A. White dashed lines outline the epidermis—dermis borders. (F)
Quantification of TYRP-1(+) melanocytes in the IFE of P71 control and Polycomb mutant
skin. ***p-value < 0.001; n = 4 animals per genotype. (G) Bright-field and IF analysis of
H3K27me3 (red), KRT14 (green), and DCT (cyan) staining in the back skin of mice treated
with a single dose 40H-Tam to induce mosaic £ea-null clones in the epidermis. Dashed
lines outline the border of the £eatnull clone. White arrowheads indicate melanocytes in the
epidermis. (H) IF analysis of phospho-p53 (red) and KRT14 (green) in P71 control, Eed
iKO, and Ringla/bi2KO dorsal skin sections. (1) Experimental design for topical treatment
of P50 control and K14CreERT2: Eed™™: p53f (Eed/p53iKO) mice. See details in STAR
methods. (J-K) IF analysis of H3K27me3 (J; red), p53 (K; red) and KRT14 (green) in

P71 control and Eed/p53i2KO back skins. (L) Bright-field images (left) and IF analysis of
TYRP-1 (right; red) and KRT14 (green) of P71 control and Eea/p53i2KO back skins. Scale
bars, 50 um. Data in (C, F) are mean + SD.
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Figure 4. Loss of PRC2 in hair follicle stem cells does not induce epidermal pigmentation.
(A) Experimental design for topical treatment of P50 control and K15-CrePGR; Eed™

(K15-EediKO) mice with RU-486. See details in STAR methods. (B) IF analysis of
H3K27me3 (red) and hair follicle stem cell marker CD34 (green) in the bulge area of P71
control and K15-Eed iKO mice. (C) IF analysis of H3K27me3 (red) and basal epithelial
marker KRT14 (green) in the epidermis of P71 control and K15-EediKO mice. White
dashed lines outline the bulge—dermis border (B) and epidermis—dermis border (C). (D)
Fontana-Masson staining of P71 control and K15-£ed iKO back skin sections. Melanin
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pigment staining is black. (E) Bright-field and IF analysis of melanocyte marker c-KIT

(red) and KRT14 (green) staining in the hair follicles and epidermis of P71 control and
K15-Eed iKO mice. (F) IF analysis of c-KIT (red) and proliferation marker Ki67 (green)

in the bulge area of P71 control and K15-£ed iKO mice. (G) Experimental design for
topical treatment of back skin of P50 wild-type mice with EZH2 inhibitors. See details in
STAR methods. (H) Bright-field and IF analysis of H3K27me3 (red) and basal epithelial
marker keratin 5 (KRT5; green) of P71 back skin of mice treated with EZH2 inhibitors
(UNC1999 and EPZ6438). White dashed lines outline the epidermis—dermis border. (1) Left,
bright-field images of control EpSCs (KC), £ed-null EpSCs (KC-£ed KO), or Ringla/b-null
EpSCs (KC-Ringla/b 2KO) co-cultured with B16F0 melanocytes (MC) for 72 h. Right,
quantification of melanin content in control KC-MC, KC-£ed KO-MC, and KC-Ringla/b
2KO-MC co-cultures, *p-value < 0.05; n = 3 replicates per group. Data are mean + SD.
White arrowheads indicate melanocytes in the control co-culture. White arrows indicate
melanocytes in Polycomb mutant co-cultures. Asterisks indicate autofluorescence in the hair
shaft. Scale bars, 50 pm.
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Figure 5. Genes encoding extracellular matrix organization components are upregulated in
PRC1 and PRC2-null epidermis.

(A) Differentially expressed genes in FACS-purified £ediKO EpSCs (left) and Ringla/b
i2KO EpSCs (right) vs. corresponding controls. Genes with absolute fold change = 2 and
adjusted p-value < 0.05 were considered upregulated (red) or downregulated (blue). (B)
Venn diagram showing the overlap of significantly upregulated genes in £ediKO EpSCs
(117 genes) and Ringla/bi2KO EpSCs (181 genes). (C) Percentage of genes upregulated in
EediKO and Ringla/bi2KO (47 genes) demarcated by both H3K27me3 and H2AK119ub.
(D) gPCR analysis of UVB-induced genes that are directly targeted by PRC1 and PRC2
and upregulated in £ediKO and Ringla/bi2KO. n =3 in EediKO and n =2 in Ringla/b
i2KO. ***p-value < 0.001, **p-value < 0.01, *p-value < 0.05; Data are mean + SD. (E)
Gene ontology (GO) analysis of genes upregulated in £ediKO and Ringla/bi2KO EpSCs.
Selected GO terms are labeled in red. (F) Expression of selected genes in £ed iKO (red) and
Ring1a/bi2KO (green). Genes upregulated in both mutants are labeled in yellow.
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Figure 6. Loss of PRC1 and PRC2 leads to upregulation of type 11 collagen in EpSCs, resulting in
epidermal pigmentation.

(A) /n vitro pigmentation assay: melanocytes cultured on wells precoated with different
proteins to test melanin production. Cells cultured on wells precoated with PBS or type

| collagen (COL1A1) are negative controls (Ctrl-). Cells cultured on wells with SCF or
EDNS3 are positive controls (Ctrl+). (B) Quantification of melanin content normalized to
PBS controls. NS, not significant; ***p-value < 0.001; n = 3 replicates per group. Data are
mean + SD. (C) Integrative genomics viewer (IGV) tracks of H3K27me3, H2AK119ub, and
input for the ColZal locus. Arrows indicate the transcription start site (TSS). (D—-E) Western
blot analyses of control, £ediKO (D), and Ringla/bi2KO (E) EpSCs with antibodies as
indicated. (F) /n situ hybridization/IF analysis of Co/Zal RNA (red) and basal epithelial
marker KRT5 (green) of P71 control, £ed iKO, and Ringla/bi2KO back skin sections. (G)
Bright-field and IF analysis of type Il collagen (COL2A1; red) and KRT5 (green) of P71
control, £ed iKO, and Ringla/bi2KO back skin sections. White dashed lines outline the
epidermis—dermis borders. Scale bars, 50 pm.
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Figure 7. Type 11 collagen promotes epidermal pigmentation in vitro and in vivo.

KC- KC-sh-Col2a1

sh-scr _#1 _ #2
B - + - + - +

*

Ratio of Melanin content
o N 2 o o

K

T
%
*Q% %

K
T,

N —— N —

%
%,

TYRP-1

Ratio of Melanin content

KC-ColRal C  Collagen: - 1l |

{81111 1818

(A) Co-culturing assay of control EpSCs (KC) or EpSCs expressing type 1l collagen
(KC-Col2al) co-cultured with or without B16F0 melanocytes (MC). (B) Quantification of
melanin content in co-culture assays presented in (A). * p-value < 0.05, ***p-value < 0.001;
n = 3 replicates per group. (C) Western blot analysis of B16F0 melanocytes (MC) cultured
on control (=), type 11 collagen (1), and type I collagen (I)-coated plates with antibodies

as indicated. (D) Fontana-Masson staining of P71 mice intradermally injected with PBS,
COL2A1, or COL1AL. Melanin pigment is in black. (E) Bright-field (BF) and IF analysis of
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COL2A1 (red) or COL1AL1 (red) in the back skin of mice intradermally injected with PBS,
COL2A1, or COL1AL. (F) Western blot analysis of EpSCs expressing scrambled shRNA
control (KC-sh-scr) or 2 different shRNAs targeting Co/Zal (KC-sh-Col2al #1 and #2) 5
days post UVB irradiation with antibodies as indicated. (G) Representative images (left)
and quantification of melanin content (right) in KC infected with sh-scr, sh-Col2al-1, or
sh-Col2al-2 co-cultured with MC and with (lower panel) or without (upper panel) UVB
exposure. **p-value < 0.01, ***p-value < 0.001; n = 6 replicates per group. (H) IHC
staining of type Il collagen (COL2A1) and IgG (negative control) in UV-protected and UV-
exposed human skin (left). Quantification of mean DAB intensity of COL2A1 expression
in UV-protected and UV-exposed human skin samples (right). ***p-value < 0.001; n=8
replicates per group. Data in (B, G, H) are mean + SD. Scale bars, 50 um.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-H2AK119ub Cell Signaling Cat # 8240s

Rabbit anti-H3K27me3 MilliporeSigma Cat # 07-449, RRID: AB_310624
Chicken anti-Keratin 5 BioLegend Cat # 905901, RRID: AB_2565054
Chicken anti-Keratin 14 BioLegend Cat # 906001, RRID: AB_2565055

Rat anti-1tgb4 (CD104)

BD Biosciences

Cat # 553745, RRID: AB_395027

Rabbit anti-Ki67

Abcam

Cat # ab15580, RRID: AB_443209

Rabbit anti-EZH2

Cell Signaling

Cat # 5264s

Mouse anti-EZH2

BD Biosciences

Cat # 612667, RRID: AB_399911

Goat anti-DCT

Santa Cruz Biotechnology

Cat # sc-10451, RRID: AB_793582

Rabbit anti-TYRP1 Novus Cat # NBP1-88370, RRID: AB_11004292
Rabbit anti-TYR ABclonal Cat # A1254, RRID: AB_2759379
Mouse-anti-RING1B Active Motif Cat # 39663, AB_2615006
Rabbit-anti-RING1B Cell Signaling Cat # 5694s

Rabbit anti-c-KIT (CD117) Cell Signaling Cat # 3074s

Rat anti-c-KIT (CD117) BioLegend Cat # 135104, RRID: AB_1877057
Rabbit anti-COL2A1 Abcam Cat # ab34712, RRID: AB_731688
Rabbit anti-COL1A1 ABclonal Cat # A1352, RRID: AB_2760381
Mouse anti-ACTIN Sigma-Aldrich Cat # A5316, RRID: AB_476743
Rabbit anti-H3 Abcam Cat # ab1791, RRID: AB_30261
Rabbit anti-H2A Abcam Cat # ab18255, RRID: AB_470265

Mouse anti-CD34

Thermo Fisher Scientific

Cat # 14-0341-82, RRID: AB_467210

Rabbit anti-Caspase 3

R&D Systems

Cat # AF835, RRID: AB_2243952

Rabbit anti-yH2AX MilliporeSigma Cat # 05-636, RRID: AB_309864
Rabbit 1gG MilliporeSigma Cat # PP64, RRID:AB_97852
Rabbit anti-Phospho-p53 (Ser9) Cell Signaling Cat # 9288

Rabbit anti-p53 antibody Cell Signaling Cat # 9282

Rabbit anti-Phospho-MAPK Cell Signaling Cat # 9101S

Rabbit anti-MAPK Cell Signaling Cat # 9102S

Rabbit anti-Phospho-AKT (Ser473) Cell Signaling Cat # 4060

Rabbit anti-AKT Cell Signaling Cat #9272

Rabbit anti-CD3 BioLegend Cat # 100212, RRID: AB_493530
Rat anti-mouse Ly-6G BioLegend Cat # 127636, RRID: AB_2563207
APC anti-mouse CD326 (Epcam) BioLegend Cat # 118214, RRID: AB_1134102

PerCP-Cyanine5.5 anti-mouse Sca-1

Thermo Fisher Scientific

Cat # 45-5981-82, RRID: AB_914372

FITC anti-CD49f (Integrin alpha 6)

Thermo Fisher Scientific

Cat # 11-0495-82, RRID: AB_11150059

Anti-Rabbit Alexa Fluor 488

Jackson ImmunoResearch Labs

Cat # 711-545-152, RRID: AB_2313584
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Anti-Rabbit Alexa Fluor 594

Jackson ImmunoResearch Labs

Cat # 711-585-152, RRID: AB_2340621

Anti-Rat Alexa Fluor 488

Jackson ImmunoResearch Labs

Cat # 712-545-150, RRID: AB_2340683

Anti-Rat Alexa Fluor 594

Jackson ImmunoResearch Labs

Cat # 712-585-150, RRID: AB_2340688

Anti-Goat Rhodamine Red-X

Jackson ImmunoResearch Labs

Cat # 705-295-147, RRID: AB_2340423

Anti-Goat Alexa Fluor 647

Jackson ImmunoResearch Labs

Cat # 705-606-147, RRID: AB_2340438

Anti-Chicken Alexa Fluor 488

Jackson ImmunoResearch Labs

Cat # 703-545-155, RRID: AB_2340375

4’ 6-Diamidino-2-phenylindole dihydrochloride (DAPI)

Sigma-Aldrich

Cat # 32670

HRP anti-Rabbit 1gG

Jackson ImmunoResearch Labs

Cat # 711-035-152 RRID: AB_10015282

HRP anti-Mouse 1gG

Jackson ImmunoResearch Labs

Cat # 115-036-075 RRID: AB_2338526

Chemicals, Peptides, and Recombinant Proteins

Pierce 16% Formaldehyde (w/v), Methanol-free Thermo Fisher Scientific Cat # 28906
Glutaraldehyde 50%, EM grade Electron Microscopy Sciences Cat # 16320
Type 11 Collagen from chicken sternal cartilage Sigma-Aldrich Cat # C9301
Type | Collagen from rat tail Sigma-Aldrich Cat # C7661
Type V Collagen from human placenta Sigma-Aldrich Cat # C3657

Recombinant Human SCF Protein

R&D Systems

Cat # 7466-SC

Recombinant Human Endothelin-3 Protein

R&D Systems

Cat # NBP2-51961

Recombinant human sFRP-2 protein

R&D Systems

Cat # 6838-FR

Recombinant Mouse IGF-11/IGF2 Protein R&D Systems Cat # 792-MG
Dimethyl sulfoxide (DMSO) Sigma-Aldrich Cat # D4540
4-Hydroxytamoxifen Sigma-Aldrich Cat # H6278
Mifepristone (RU486) Cayman chemicals Cat # 10006317
EPZ6438 This paper N/A

UNC1999 This paper N/A
Tissue-Tek® O.C.T. Compound Sakura Cat # 4583
Trypsin EDTA (0.25%) phenol red Gibco Cat # 25200-056
DPBS (without Ca and Mg) Corning Cat # 21-031-CV
DMEM Corning Cat # 10-013-CV
Fetal Bovine Serum R&D Systems Cat # S11550
Donkey Serum Sigma-Aldrich Cat # S30
Penicillin-Streptomycin Solution, 100x Corning Cat # 30-002-Cl
Mitomycin C Roche Cat # 10107409001
E media Nowak and Fuchs, 2009 N/A
Penicillin-Streptomycin Corning Cat # 30-002-Cl
Dimethyl sulfoxide Sigma-Aldrich Cat # D4540
Polybrene Sigma-Aldrich Cat # H9268
Blasticidin S Sigma-Aldrich Cat # SBR00022
Puromycin Sigma-Aldrich Cat # P8833
RNase A Thermo Fisher Scientific Cat # EN0531
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REAGENT or RESOURCE SOURCE IDENTIFIER
Proteinase K Roche Cat # 3115879001
Propylene oxide Electron Microscopy Sciences Cat # 20412

The Taab 812 Resin TAAB laboratory and microscopy | Cat # T022
Osmium Tetroxide-2% solution Electron Microscopy Sciences Cat # 19150

Hair remover lotion Nair© N/A

Ethanol, Absolute (200 Proof)

Thermo Fisher Scientific

Cat # BP2818

RNAscope® Probe - Mm-Col2al Advanced Cell Diagnostics Cat # 407221
MG132 Selleckchem Cat # S2619
Critical Commercial Assays

Zombie Violet Fixable Viability Kit BioLegend Cat # 423113
RNeasy Plus Micro Kit QIAGEN Cat # 74034
RNase-free DNase Kit QIAGEN Cat # 79254
gScript cDNA SuperMix Quanta Cat # 95048
LightCycler® 480 SYBR Green | Master mix Roche Cat # 04707516001
Ovation® RNA-Seq V2 plus Ultralow NuGEN Cat # 0505NB
Agencourt AMPure XP Beckman Coulter Cat # A63880
Dynabeads protein G Invitrogen Cat # 10004D
ChIP DNA Clean and Concentrator kit Zymo Research Cat # D5205

NEBNext® Multiplex Oligos for Illumina®

New England Biolabs

Cat # E7335S

NEBNext® Ultra™ |l DNA Library Prep Kit for Illumina®

New England Biolabs

Cat # E7645S

IMmMPRESS® HRP Anti-Mouse 1gG (Peroxidase) Polymer
Detection Kit

VECTOR Laboratories

Cat # MP-7402-15

IMmMPRESS® HRP Anti-Rabbit IgG (Peroxidase) Polymer
Detection Kit

VECTOR Laboratories

Cat # MP-7401-15

ImmPACT® DAB Peroxidase (HRP) Substrate

VECTOR Laboratories

Cat # SK-4105

Fontana-Masson Stain Kit Sigma-Aldrich Cat # HT200
DirectPCR (yolk sac) Viagen Biotech Cat # 202-y
cOmplete™ Protease Inhibitor Cocktail Roche Cat # 11697498001
UVB lamp OSRAM Cat # P10650009

UVP Blak-Ray Lamp XX-15MR

Analytik Jena

Cat # 95-0042-08

UV513AB Digital UVA/UVB Meter

General Tools

Cat# UV513AB

JetPEI®, HTS DNA transfection reagent

Polyplus-transfection

Cat # 89129-916

RNAscope® 2.5 HD Reagent Kit-RED Advanced Cell Diagnostics Cat # 322350
RNAscope® Protease 111 and 1V Reagents Advanced Cell Diagnostics Cat # 322340
Experimental Models: Organisms/Strains

Mouse: C57BL/6J Jackson Labs 000664
Mouse: K14-CreERT2 Li et al., 2000, Zhang et al., 2000 N/A

Mouse: K15-CrePR Jackson Labs 005249
Mouse: Eegfox/flox Mu et al., 2014 N/A

Mouse: Ringla™’= del Mar et al., 2000 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Mouse: Ring1bfox/flox Calés et al., 2008 N/A

Mouse: Ring1b'%A Illingworth et al., 2015 N/A

Mouse: p53-xF Jackson Labs 008462
Mouse: 7Tyr-CreERTZ2 Jackson Labs 012328
Mouse: Rosa""mC Jackson Labs 007676

Recombinant DNA

pLX304-Col2al

Horizon Discovery lentiviral
library

CCSB-Broad Lentiviral Expression
Clones (OHS6085)

pMD2.G Addgene #12259

psPAX2 Addgene #12260
Experimental Models: Cell Lines

I(:{IJ(IJtlljJer: K14-CreERT: Ringla”~Ring1tfox¥/flox EpSCs Cohen etal, 2018 N/A
oace e £ This paper NiA

B16F0 ATCC® Cat # CRL-6322
Deposited Data

ChlP-seq data This paper GEO: GSE159767
RNA-seq data This paper GEO: GSE159767
Oligonucleotides

Primers for mouse genotyping, see Table S3 This paper N/A

Primers for RT-gPCR, see Table S3 This paper N/A
pLKO-Col2al-shRNA#1 Sigma-Aldrich TRCNO0000090773
pLKO-Col2al-shRNA#2 Sigma-Aldrich TRCNO0000090775

Software and Algorithms

DAVID v6.8 Huang et al., 2009 https://david.ncifcrf.gov/
Bowtie v1.1.1 John Hopkins University mng)/(/gﬁ\t/me-blo.sourceforge.net/
Bowtie v2.2.3 John Hopkins University http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

Samtools v0.1.19

Li etal., 2009

http://www.htslib.org/

Integrative Genomics Viewer (IGV)

Broad Institute

http://software.broadinstitute.org/
software/igv/

igvtools v2.3.57

Broad Institute

https://software.broadinstitute.org/
software/igv/igvtools

Tophat v2.0.13

John Hopkins University

https://cch.jhu.edu/software/tophat/
index.shtml

cufflinks v2.2.1

Trapnell Lab

http://cole-trapnell-lab.github.io/cufflinks/

HTSeq v0.6.1

Anders et al., 2015

https://github.com/simon-anders/htseq

DESeq2 v1.6.3

Love et al.,, 2014
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