Polycomb complexes redundantly
maintain epidermal stem cell identity
during development
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Polycomb repressive complex 1 (PRC1) and PRC2 are critical epigenetic developmental regulators. PRC1 and PRC2
largely overlap in their genomic binding and cooperate to establish repressive chromatin domains demarcated by
H2AK119ub and H3K27me3. However, the functional contribution of each complex to gene repression has been a
subject of debate, and understanding of its physiological significance requires further studies. Here, using the de-
veloping murine epidermis as a paradigm, we uncovered a previously unappreciated functional redundancy between
Polycomb complexes. Coablation of PRC1 and PRC2 in embryonic epidermal progenitors resulted in severe defects
in epidermal stratification, a phenotype not observed in the single PRC1-null or PRC2-null epidermis. Molecular
dissection indicated a loss of epidermal identity that was coupled to a strong derepression of nonlineage transcrip-
tion factors, otherwise repressed by either PRC1 or PRC2 in the absence of its counterpart. Ectopic expression of
subsets of PRC1/2-repressed nonepidermal transcription factors in wild-type epidermal stem cells was sufficient to
suppress epidermal identity genes, highlighting the importance of functional redundancy between PRC1 and PRC2.
Altogether, our studies show how PRC1 and PRC2 function as two independent counterparts, thereby providing a
repressive safety net that protects and preserves lineage identity.
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One of the main challenges in modern biology is to under-
stand the mechanisms by which stem cells and progenitor
cells control tissue development and homeostasis (Ge and
Fuchs 2018). Epigenetic factors are critical regulators of
stem cells, exerting their function through the modifica-
tion of DNA, histones, or nucleosome remodeling (Allis
and Jenuwein 2016; Atlasi and Stunnenberg 2017).

The Polycomb group (PcG) proteins are evolutionarily
conserved chromatin modifiers that function in diverse
systems ranging from plants to mammals and are consid-
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ered to be part of the paradigm for epigenetic regulation
(Simon and Kingston 2009; Aloia et al. 2013). PcG proteins
are present in two multi-subunit complexes, Polycomb re-
pressive complex (PRC) 1 and PRC2 (Simon and Kingston
2009; Schuettengruber et al. 2017). The canonical PcG
proteins function to repress transcription (Schuetten-
gruber et al. 2017), although PRC2-independent roles of
PRCI1 in promoting gene expression have been reported
(Frangini et al. 2013; Gao et al. 2014; Cohen et al. 2018,
2019). Mammalian PRC2 contains EED, SUZ12, and
EZH]1/2 core subunits and establishes trimethylation on
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histone H3 lysine 27 (H3K27me3) (Cao et al. 2002; Czer-
min et al. 2002; Kuzmichev et al. 2002; Healy et al.
2019). Mammalian PRC1 complexes are diverse in their
subunit composition (Gao et al. 2012). However, all
PRC1 complexes contain an E3 ubiquitin ligase, RING1A
or RINGI1B, which catalyzes monoubiquitination on his-
tone H2A lysine 119 (H2AK119ub) (de Napoles et al.
2004; Wang et al. 2004a), a histone mark critical for Poly-
comb-mediated gene repression (Endoh et al. 2012; Cohen
et al. 2018, 2020; Blackledge et al. 2020).

At silent genes, PRC1 and PRC2 largely overlap in their
chromatin binding in many developmental systems (Boy-
er et al. 2006; Tolhuis et al. 2006; Ku et al. 2008). This
overlap is thought to be a consequence of the ability of
PRCI1 to recognize the PRC2-mediated histone modifica-
tion and vice versa (Fischle et al. 2003; Min et al. 2003;
Wang et al. 2004a,b; Blackledge et al. 2014; Cooper et al.
2014). This interplay and mutual recruitment of Poly-
comb complexes suggest that loss of one of these com-
plexes would affect the stability of its counterpart’s
binding, yielding similar phenotypes of PRC1 and PRC2
mutants. Indeed, in flies, loss of either PRC1 or PRC2
leads to similar homeotic transformations through dere-
pression of homeotic genes (Simon et al. 1992). In the de-
veloping murine skin, loss of PRC2- or PRC1-mediated
H2AK119ub catalysis results in a similar phenotype of ec-
topic Merkel cell formation (Bardot et al. 2013; Dauber
etal. 2016; Cohen et al. 2018). However, studies in murine
embryonic stem cells (mESCs) have shown that PRC1 and
PRC2 may also possess redundant functions. Indeed, the
loss of both PRCI1 and PRC2 complexes impaired mESC
self-renewal and differentiation, phenotypes that were
not observed in single knockouts (Leeb et al. 2010). It is
not known whether functional redundancy between
PRC1 and PRC2 in transcriptional repression exists in
vivo. Also unknown is the physiological significance of
PRC1/2 corepression for the somatic stem cell identity
and tissue development.

Here, we used the developing murine epidermis as a par-
adigm for studying redundant functions between Poly-
comb complexes. The epidermis provides an essential
protective barrier against external insults and prevents
dehydration. To carry out these functions, a monolayer
of embryonic epidermal stem cells (EpSCs) must execute
a precise developmental program, resulting in epidermal
stratification. Using in vivo functional genomics com-
bined with genetic loss-of-function studies, we discovered
that PRC1 and PRC2 each provide a compensatory mech-
anism required for epidermal stratification by redundant-
ly repressing unwanted lineage genes.

Results

Repression of Polycomb targeted genes is largely
maintained in the absence of PRC1 or PRC2 activity

Immunofluorescence analysis showed that maintenance
of PRC1 or PRC2 histone marks is not mutually depen-
dent (Supplemental Fig. S1A,B). This observation prompt-
ed us to test whether PRC1 and PRC2 function

PRC functional redundancy in epidermal stem cells

redundantly in gene silencing, using the murine epider-
mis as a somatic stem cell developmental system. By an-
alyzing chromatin immunoprecipitation followed by
deep sequencing (ChIP-seq) data for H2AK119ub and
H3K27me3 in FACS-purified EpSCs from control new-
born skins (Cohen et al. 2018), we defined a total of 2652
genomic loci comarked by PRC1 and PRC2 (Supplemen-
tal Table S1), as well as loci negative to these marks (Sup-
plemental Fig. S1C, bottom). These regions varied in their
epigenetic profiles and were divided using k-means clus-
tering into four distinct clusters (Supplemental Fig. S1C,
top). Cluster 1 was characterized by abundant and broad
ChIP-seq signals for H2AK119ub and H3K27me3,
low and diffused signals for H3K4me3 and for assay for
transposase-accessible chromatin (ATAC)-seq, and no
H3K27ac signal (Supplemental Fig. S1C, top). Cluster 2
was similar to cluster 1 but had slightly narrower and low-
er H2AK119ub and H3K27me3 signals than cluster 1.
Overall, clusters 1 and 2 share an epigenetic signature of
transcriptionally silent loci. Cluster 3 had focal ChIP-
seq signals for H2AK119ub and H3K27me3, with moder-
ate H3K4me3 and ATAC-seq signals and low H3K27ac
signal, indicative of bivalency (Bernstein et al. 2006;
Zhou et al. 2011). Finally, cluster 4 had low and focal
H2AK119ub and H3K27me3 ChIP-seq signals, weak and
diffused H3K4me3 signal, and no H3K27ac or ATAC sig-
nals (Supplemental Fig. S1C, top). Transcriptional analy-
sis of control EpSCs using high-throughput RNA
sequencing (RNA-seq) showed that genes associated
with clusters 1-2 were typically silent with mean expres-
sion levels of less than one transcript per million (TPM).
Genes in cluster 3, despite bivalency, were also expressed
at low levels, but their expression levels were slightly
higher than that of genes of clusters 1 and 2. Genes in clus-
ter 4 were expressed at slightly higher levels than genes in
clusters 1-3, with mean TPM <2.5 (Supplemental Fig.
S1D). Gene ontology (GO) analysis revealed that clusters
1 and 2, in which H2AK119ub and H3K27me3 signals
were abundant, were mostly enriched for cell fate regula-
tors, nonepidermal lineage genes, and transcription fac-
tors (Supplemental Fig. S1E; Supplemental Table S2).
Clusters 3 and 4, however, were enriched for genes related
to cell communication, cell-cell signaling, and transport,
as well as nonepidermal lineage genes (Supplemental Fig.
S1E; Supplemental Table S2). Overall, PRC1 and PRC2
comarked genes in each cluster vary in their epigenetic
landscape and molecular pathways unique to each cluster.

We next performed functional studies of PRC1-null and
PRC2-null EpSCs. To do this, we used mice in which the
essential PRC1 core (RING1A and RING1B) or PRC2 core
(EED) subunits were conditionally ablated by Krt14-Cre, a
Cre recombinase expressed in epidermal progenitors start-
ing embryonic day (E) 12.5 (Krt14-Cre; Ringla™/~
Ring1b™¥/Mox _ Ring1a/b 2KO, and Krt14-Cre; Eed*¥/flox
=Eed cKO) (Dassule et al. 2000). ChIP-seq analysis of
PRC1/2 comarked loci showed that H2AK119ub mark
was reduced but overall maintained in Eed ¢cKO EpSCs
compared with control EpSCs (Fig. 1A,C; Supplemental
Fig. SIF). A similar trend was also observed for the
H3K27me3 mark in Ringla/b 2KO EpSCs compared
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Figure 1. Repressive marks of PRC1 and PRC2 are largely maintained in the absence of their counterparts in FACS-purified
EpSCs. (A) Read densities of H2AK119ub ChIP-seq peaks in PO control, Eed cKO, and Ringla/b 2KO FACS-purified EpSCs, =10 kb from
peak centers. (B) Read densities of H3K27me3 ChIP-seq peaks in PO control, Ringla/b 2KO, and Eed cKO FACS-purified EpSCs, +10 kb
from peak centers. (C) Integrative Genomics Viewer (IGV) browser view of ChIP-seq tracks for H2AK119ub and H3K27me3 in PO control,
Eed cKO, and Ringla/b 2KO FACS-purified EpSCs on the HoxA gene cluster. Y-axis normalized by sequencing depths.

with control EpSCs (Fig. 1B,C; Supplemental Fig. S1G). Collectively, these data show that in EpSCs, only a small
RNA-seq analysis revealed that <12% of PRC1/2 coregu- portion of PRC1/2 coregulated genes was derepressed in
lated genes were significantly up-regulated in Eed cKO the absence of either PRC1 or PRC2 function, further sup-
EpSCs, with subtle changes in their mean mRNA expres- porting the notion of functional redundancy in gene re-
sion levels (Supplemental Fig. S1H,J,K; Supplemental Ta- pression between PRCI1 and PRC2..

ble S3). We observed stronger derepression in Ringla/b
2KO EpSCs compared with PRC2-null EpSCs, with up-
regulation of ~25% of the shared PRC1/2 targets and a
slightly higher increase in the mean mRNA expression

Activity of PRC1 and PRC2 is required for epidermal
differentiation and tissue development

level, suggesting a dominant repressive role of PRC1 in To functionally test whether PRC1 and PRC2 play redun-
EpSCs (Supplemental Fig. S1I,L,M; Supplemental Table dant roles in epidermal development, we ablated both
S3). While genes up-regulated in Eed cKO and Ringla/b PRC1 and PRC2 functions in EpSCs (K14-Cre; Eed/o*/fox,
2KO showed a decrease in H2AK119ub or H3K27me3 sig- Ringla~'"Ring1b1*M°*_Eed, Ringla/b 3KO). Eed;
nal compared with control EpSCs, the retention of PRC1- Ring1la/b 3KO mice displayed a severely impaired skin ap-
dependent H2AK119ub in Eed cKO and PRC2-dependent pearance (Fig. 2A) and died shortly after birth. Using im-
H3K27me3 in Ringla/b 2KO did not strongly correlate munofluorescence (IF), we confirmed the loss of both
with the level of gene derepression in these mutants (Sup- H2AK119ub and H3K27me3 histone marks in the Eed;
plemental Fig. S1H,I). In addition, we did not observe any Ringla/b 3KO epidermis (Fig. 2B,C). Hematoxylin and eo-
marked differences between genes in the various PRC1/2 sin (H&E) staining revealed that the epidermis of Eed;
clusters, in terms of tendency for up-regulation Ringla/b 3KO mice was thin and poorly developed (Fig.
upon PRC1 or PRC2 loss (Supplemental Fig. S1J-M). 2D). IF analysis of the basal layer marker keratin 5

PO Control Eed cKO Ring1a/b 2KO Eed;Ring1a/b 3KO

i . 42 . g
Eed cKO Ring1a/b 2KO Eed;Ring1a/b 3KO

. PO Control Eed;Ring1a/b
3KO

PO Control Ring1a/b 2KO Eed;Ring1a/b 3KO
PO Co ol Eed;Ring1a/b
3KO

Figure 2. Epidermal development is arrested in PRC1/2-null mutants. (A) Gross appearance of newborn (PO) pups for all indicated geno-
types. Note that the Eed; Ring1a/b 3KO pup displays red skin, indicating epidermal defects. (B,C) IF staining for HLAK119ub (B; green) and
H3K27me3 (C; green) confirming complete loss of these marks in the Eed; Ringla/b 3KO epidermis. The basement membrane is labeled
by Integrin p4 (ITGB4). Scale bar, 50 pm. (D) Hematoxylin and eosin (H&E) analysis of newborn skins. Scale bar, 50 pm. (E) IF staining for
basal layer marker KRT5 (green) and suprabasal marker KRT10 (red). Scale bar, 50 um. (F) IF staining for the late differentiation marker
Loricrin (LOR,; red). Scale bar, 50 um.
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(KRT5) and the early suprabasal layer differentiation
marker of KRT10 showed weak and dramatically reduced
expression in the suprabasal layers (Fig. 2E). IF staining for
the late differentiation marker loricrin (LOR) was almost
absent in the Eed; Ringla/b 3KO epidermis (Fig. 2F), sug-
gesting that the epidermal differentiation program was im-
paired in the absence of both PRC1 and PRC2 functions.
These pronounced developmental defects were not ob-
served in the Eed cKO or Ringla/b 2KO epidermis, al-
though a slight reduction in differentiated layers was also
apparent in the Ringla/b 2KO epidermis (Fig. 2D-F). Cell
proliferation was reduced, but no aberrant apoptosis was
observedin the Eed; Ringla/b 3KO epidermis (Supplemen-
tal Fig. S2A-D). Interestingly, the Eed; Ringla/b 3KO epi-
dermis also completely lacked Merkel cells (Supplemental
Fig. S2E,F).

Transcriptional analysis of FACS-purified Eed; Ringla/
b 3KO EpSCs using RNA-seq showed increased transcrip-
tional dysregulation compared with Eed cKO and Ringla/
b 2KO EpSCs (Fig. 3A,B,D). Focusing on significantly up-
regulated genes, we observed 551 genes in Eed cKO,
1353 genes in Ringla/b 2KO, and 2492 genes in Eed;
Ring1la/b 3KO versus control EpSCs (Fig. 3B; Supplemen-
tal Tables S3, S4). The majority of genes up-regulated in
Eed cKO or Ringla/b 2KO EpSCs were also up-regulated
in Eed; Ringla/b 3KO EpSCs (Fig. 3A,B). The expression
levels of up-regulated genes were higher in Eed; Ringla/
b 3KO EpSCs compared with single complex knockouts,
suggesting that both Polycomb complexes contribute to
their repression (Supplemental Fig. S3A). Functional an-
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notation of Eed; Ring1a/b 3KO up-regulated genes showed
enrichment in GO terms related to nonepidermal lineage
developmental genes and transcription factors (TFs) (Fig.
3C; Supplemental Table S5). We observed a smaller over-
lap between the three different mouse lines for the down-
regulated genes. Only 89 genes were down-regulated in
Eed cKO EpSCs compared with 436 genes in Ringla/b
2KO EpSCs and 1129 genes in Eed; Ringla/b 3KO EpSCs
(Fig. 3D; Supplemental Tables S3, S4). The expression lev-
els of the down-regulated genes were lower in Eed;
Ringla/b 3KO compared with Eed cKO and Ringla/b
2KO (Supplemental Fig. S3B). Genes down-regulated in
Eed; Ringla/b 3KO EpSCs were related to cell prolifera-
tion and DNA repair, as well as skin and epidermis devel-
opmental processes (Fig. 3E; Supplemental Table S5).
Altogether, we conclude that coablation of both PRC1
and PRC2 activity in EpSCs exacerbates the molecular
and developmental phenotypes of the single PRC1-null
and PRC2-null EpSCs.

Indirect PRC1 and PRC2 functions preserve epidermal
identity

To gain insight into the observed PRC1/2-null epidermal
phenotype, we analyzed genes down-regulated in Eed;
Ringla/b 3KO EpSCs. By performing reverse transcrip-
tion followed by qPCR (RT-qPCR), we confirmed our
RNA-seq analysis and observed that deletion of both
Polycomb complexes had an additive effect on the expres-
sion levels of epidermal cell identity genes, epidermal
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Figure 3. Loss of both PRC1 and PRC2 in EpSCs exacerbates transcriptional changes in single complex mutants. (A) Heat map showing that
the DEGs from 3KO were significantly less affected in Eed cKO or Ringla/b 2KO. The DEGs from 3KO versus control were used. (B) Venn
diagram showing overlap of up-regulated genes in PO Eed cKO, Ringla/b 2KO, and Ringla/b; Eed 3KO epidermis. (C) Gene ontology (GO)
analysis of up-regulated genes in the Eed; Ringla/b 3KO epidermis. (D) Venn diagram showing overlap of down-regulated genes in PO Eed
cKO, Ringla/b 2KO, and Eed; Ringla/b 3KO epidermis. (E) GO analysis of down-regulated genes in the Eed; Ringla/b 3KO epidermis.
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TFs, and cell proliferation genes (Fig. 4A). Among epider-
mal genes significantly down-regulated in Eed; Ringla/b
3KO EpSCs, there were key epidermal lineage TFs such
as P63 and SATBI, as well as the signal transducer
FGFR2, essential for epidermal development (Fig. 4A-C;
Supplemental Fig. S4A; Mills et al. 1999; Petiot et al.
2003; Yang et al. 2010; Fessing et al. 2011). To test wheth-
er epidermal genes down-regulated in Eed; Ringla/b 3KO
EpSCs are directly coregulated by PRC1 and PRC2, we
analyzed our ChIP-seq data. There was practically no
overlap between PRC1/2 comarked loci and genes
down-regulated in Eed; Ringla/b 3KO EpSCs (Fig. 4D;
Supplemental Fig. S4B), and the vast majority of down-
regulated epidermal genes were not targeted by the
PRC1 subunit RINGIB (Fig. 4D; Supplemental Fig.
S4C). For the 18% of down-regulated genes that were
bound by RINGIB (Supplemental Fig. S4C), we did not
observe any significant changes in their expression be-
tween Ringla/b 2KO and Eed; Ringla/b 3KO EpSCs, sug-
gesting no additive effect between PRC1 and PRC2
complexes in promoting their expression (Supplemental
Fig. S4D,E). This is in line with previous observations
that noncanonical PRC1 promotes gene expression inde-
pendently of PRC2 (Gao et al. 2014; Cohen et al. 2018,
2019). Taken together, we conclude that the changes in
epidermal gene expression and the loss of epidermal

A Il Fed cKO WM Ring1a/b 2KO M Eed;Ring1a/b 3KO

cell identity in Eed; Ringla/b 3KO EpSCs most likely
stem from indirect mechanisms.

PRC1 and PRC2 act redundantly in transcriptional
repression

We next investigated whether the pronounced transcrip-
tional changes observed in Eed; Ringla/b 3KO EpSCs
could be direct consequences of the loss of functional
redundancy between PRC1 and PRC2 in transcriptional
repression. Integration between RNA-seq and ChIP-seq
data showed that >60% of the up-regulated genes were di-
rect targets of PRC1 and/or PRC2, with ~65% of direct
targets comarked by both complexes (Fig. 5A). Among
PRC1/2 demarcated genes up-regulated in Eed; Ringla/b
3KO EpSCs, >35% remained silent in both Eed cKO and
Ringla/b 2KO EpSCs (Fig. 5B), indicating that those genes
were redundantly repressed by PRC1 and PRC2. Further
analysis also showed a higher level of gene derepression
in Eed; Ringla/b 3KO EpSCs compared with Eed cKO or
Ringla/b 2KO EpSCs (Fig. 5C,D). Among PRC1/2
comarked genes, we observed enrichment for nonepider-
mal TFs that are normally silent in control EpSCs (Fig.
5E). ChIP-seq and ChIP-qPCR analysis showed that these
TF genomic loci maintained high levels of H2AK119ub in
Eed cKO and high levels of H3K27me3 in Ringla/b 2KO
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Figure 4. Indirect PRC1 and PRC2 functions preserve EpSC identity. (A) Fold change in epidermal gene expression in PO Eed cKO,
Ringla/b 2KO, and Eed; Ringla/b 3KO epidermis. (*) P<0.05, (**) P<0.01, (***) P<0.001. (B,C) IF staining of the epidermal markers
p63 (B) and SATBI1 (C) in PO control and Eed; Ringla/b 3KO epidermis. The basement membrane is labeled by Integrin 4 (ITGB4; green).
Scale bars, 50 pm. (D) IGV browser view of Polycomb marks and subunits for PRC1/2 down-regulated genes. Arrows indicate transcription

start sites (TSSs) and transcription direction.
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Figure 5. PRC1 and PRC2 redundantly repress nonlineage transcription factors in EpSCs. (A) Distribution of H3K27me3 and
H2AK119ub marks on the up-regulated genes in Eed; Ringla/b 3KO. (B) Distribution of PRC1 and PRC2 up-regulated direct target genes
among PO Eed cKO, Ringla/b 2KO, and Eed; Ringla/b 3KO EpSCs. (C) Expression levels of PRC1 and PRC2 direct target genes in PO con-
trol, Eed cKO, and Eed; Ringla/b 3KO EpSCs. (D) Expression levels of PRC1 and PRC2 direct target genes in PO control, Ring1a/b 2KO, and
Eed; Ringla/b 3KO EpSCs. (E) Proportion of up-regulated transcription factor (TF) genes marked by PRC1, PRC2, or PRC1/2. (F) Relative
expression levels of nonepidermal TFs in PO Eed cKO, Ringla/b 2KO, and Eed; Ringla/b 3KO EpSCs. (G) Relative expression levels of
epidermal genes in keratinocytes ectopically expressing combinations of nonepidermal TFs. Combination 1 included NR4A2, GATA?2,
FOXALI, TBX3, NKX2-9, and TBX5. Combination 2 included PITX2, SIX2, HOXD13, SIX3, OTX2, and SATB2.

EpSCs (Supplemental Fig. SSA-C). Consistent with the
ChIP data, loss of both PRC1 and PRC2 resulted in stron-
ger up-regulation of those TFs in Eed; Ringla/b 3KO
EpSCs than in single complex KOs (Fig. 5F). Taken togeth-
er, these data indicate that PRC1 and PRC2 function re-
dundantly to repress their cotargeted genes and that loss
of both PRC1 and PRC2 leads to a massive derepression
of nonlineage TFs in EpSCs.

Expression of nonlineage TFs suppresses epidermal cell
identity

Probing deeper into the molecular mechanisms of Poly-
comb functional redundancy, we tested whether dere-
pression of nonlineage TFs led to the changes in
epidermal identity phenotype observed in Eed; Ringla/b
3KO EpSCs. Many genes bound by PRCI1 and PRC2 are
central regulators of development, believed to be capable
of modifying cell fates on their own (Mattick et al. 2010).
To select the most prominent nonlineage TFs among a
list of ~300 TFs significantly up-regulated in Eed;
Ringla/b 3KO EpSCs, we performed motif enrichment

analysis on the promoter and DNA regulatory regions
with ATAC-seq and H3K27ac peaks present near epider-
mal genes that were down-regulated in Eed; Ringla/b
3KO EpSCs (Supplemental Fig. S5D,E). We used the HO-
MER software (Heinz et al. 2010) to find enriched tran-
scription factor binding motifs, and from the results, we
further selected a list of 19 transcription factors that
were up-regulated in Eed; Ringla/b 3KO EpSCs (Supple-
mental Fig. S5F; Supplemental Table S6). This analysis re-
vealed enrichment for TFs of the T-box (TBX) gene family,
the sine oculis homeobox (SIX) gene family, and several
additional TFs with known roles in the neural, cardiac,
or mesodermal lineages (Supplemental Fig. S5F; Oliver
et al. 1995; Bruneau 2002; Evseenko et al. 2010). To test
the role of these nonepidermal TFs, we ectopically ex-
pressed two different combinations of six TFs in wild-
type EpSCs and tested their effect on the expression of
epidermal genes. The combined expression of these non-
epidermal TFs was sufficient to suppress epidermal genes
(Fig. 5G), similar to the suppressed epidermal identity ob-
served in Eed; Ringla/b 3KO epidermis (Figs. 3E, 4A).
Thus, functional redundancy between PRC1 and PRC2
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in the repression of unwanted TFs preserves epidermal
transcriptional identity (Fig. 6).

Discussion

Maintenance of specific gene expression patterns has a
central role in the establishment of cell differentiation
programs during development. In this study, we provide
evidence for the importance of functional redundancy be-
tween repressive functions of PRC1 and PRC2 in the
maintenance of somatic stem cell identity, differentia-
tion, and tissue development. We show that genetic abla-
tion of both PRC1 and PRC2 in EpSCs impairs epidermal
stratification and tissue development, a phenotype that is
not observed upon ablation of individual complexes.
Analysis of gene expression indicates a loss of epidermal
identity in Eed; Ringla/b 3KO EpSCs that is coupled
with a strong up-regulation of nonlineage TFs that is re-
dundantly repressed by both Polycomb complexes. Ex-
pression of these nonlineage TFs drives loss of epidermal
identity, highlighting the importance of functional redun-
dancy between repressive functions of PRC1 and PRC2 in
preserving cellular identity in vivo (Fig. 6).
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Figure 6. Redundant repressive functions of PRC1 and PRC2
promote epidermal cell fate in EpSCs. (Top) In control EpSCs,
PRC1 and PRC2 repressive marks are present on the promoters
of nonepidermal genes. Epidermal genes are expressed. (Middle)
In Eed cKO or Ringla/b 2KO EpSCs, loss of either PRC complex
results in mild derepression of nonepidermal genes. Epidermal
gene expression is not suppressed. (Bottom) In Eed; Ringla/b
3KO EpSCs, loss of both complexes results in a robust derepres-
sion of nonepidermal transcription factor (TF) genes, highlighting
that PRC1 and PRC2 redundantly repress these genes. Epidermal
genes are suppressed in Eed; Ringla/b 3KO EpSCs, emphasizing
the physiological importance of PRC1 and PRC2 functional re-
dundancy in cell identity maintenance.
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Genome-wide studies of Polycomb occupancy have
shown that PRC1 and PRC2 binding largely overlaps (Boy-
er et al. 2006; Tolhuis et al. 2006; Ku et al. 2008). In line
with these observations, loss-of-function studies in Dro-
sophila have shown similar homeotic transformations in
PRC1 and PRC2 mutants, leading to a model of interde-
pendent function of PRC1 and PRC2, both genetically
and biochemically (Simon et al. 1992; Cao et al. 2002;
Min et al. 2003; Wang et al. 2004b). In contrast, studies
in mammalian tissues revealed surprising independent
and even opposing functions of PRC1 and PRC2 in multi-
ple tissues, including the skin, the tongue, the intestine,
and the hematopoietic system. In many of these studies,
the phenotype of PRC1 loss was often more severe than
that of PRC2 loss (Lessard et al. 1999; Majewski et al.
2010; Chiacchiera et al. 2016a,b; Koppens et al. 2016; Lou-
biere et al. 2016; Cohen et al. 2018, 2019; Bar et al. 2019;
Fursova et al. 2019), suggesting a dominant role for
PRCI1 in gene repression. Overall, mammalian Polycomb
loss-of-function studies indicate that Polycomb regula-
tion of gene expression is more complex than originally
suggested by the Drosophila studies.

Studies in mESCs started to explore functional redun-
dancy between PRC1 and PRC2 in gene repression. Indeed,
mESCs in which Ring1b and Eed were ablated failed to dif-
ferentiate into the three germ layers, a phenotype not ob-
served in the single Ring1b or Eed knockouts (Leeb et al.
2010). Moreover, developmental genes were strongly dere-
pressed in the double knockout cells compared with single
knockouts, where they largely remained repressed (Leeb
etal.2010). Similarly, a later study revisiting the function-
al redundancy between Polycomb complexes has shown
that deletion of both complexes results in a stronger up-
regulation compared with individual complex ablation
(King et al. 2018). However, the significance of functional
redundancy between Polycomb complexes in vivo re-
mains to be explored. Our studies in the epidermis show
that ablation of a single Polycomb complex (either PRC1
or PRC2) results in the retention of the other complex’s
histone mark. Also, ablation of single Polycomb complex-
es results in mild gene derepression of PRC1/2 core-
pressed genes, and robust derepression is achieved only
when both Polycomb complexes are ablated, in line
with the mESCs studies (Leeb et al. 2010; King et al.
2018). Furthermore, loss of both PRC1/2 complexes re-
sulted in a severely impaired epidermal stratification, a
phenotype not observed in single knockouts lacking ei-
ther PRC1 or PRC2 activity. To the best of our knowledge,
our results provide the first in vivo evidence of functional
redundancy between PRC1 and PRC2 in transcriptional
repression, which is required for proper development of
the epidermis, a tissue essential for our survival.

The observed functional redundancy between PRCI1
and PRC2 transcriptional repression in the epidermis rais-
es questions about the physiological significance of this
coregulation. Eed; Ringla/b 3KO EpSCs displayed down-
regulation in expression of key epidermal lineage identity
genes such as the TF Trp63 (Mills et al. 1999; Koster et al.
2004) and the chromatin regulator Satbl (Fessing et al.
2011), as well as the signaling pathway component



Fgfr2, which also plays a role in mechanosensory Merkel
cell formation (Nguyen et al. 2018, 2019). Interestingly,
these genes are not direct targets of Polycomb complexes,
indicating that the changes in epidermal gene expression
in Eed; Ringla/b 3KO EpSCs are likely indirect. We ob-
served a strong up-regulation of nonepidermal genes in
Eed; Ringla/b 3KO EpSCs compared with single knock-
outs or control cells, including many developmental mas-
ter regulator TFs that are direct targets of PRC1 and PRC2
in EpSCs. Remarkably, overexpression of small combina-
tions of these nonepidermal TFs resulted in significant
down-regulation of epidermal lineage genes, highlighting
the role of redundant PRC1 and PRC2 repression in pre-
serving lineage identity. Studies of Polycomb complexes
in multiple systems have shown that loss of either
PRCI or PRC2 leads to up-regulation of nonlineage genes
(Calés et al. 2008; Chiacchiera et al. 2016a; Ikawa et al.
2016; von Schimmelmann et al. 2016; Yakushiji-Kaminat-
sui et al. 2016; Vidal and Starowicz 2017; Jadhav et al.
2019). It would be intriguing to investigate whether func-
tional redundancy is similarly critical for preserving the
identity of those tissues. Notably, coablation of PRC1
and PRC2 in the tongue epithelium did not result in exac-
erbation of the phenotype of the PRC1-null tongue epithe-
lium as seen in the skin epidermis (Bar et al. 2019). This is
somewhat in line with the observation made in mESCs,
where nucleosome occupancy is controlled predominant-
ly by PRC1 (King et al. 2018). These variabilities suggest
that the importance of functional redundancy between
PRC1 and PRC2 may be tissue specific or context depen-
dent or both.

The discovery of functional redundancy between PRC1
and PRC2 in vivo has multiple translational implications.
First, proteins of both Polycomb complexes, in particular
EZH2 and BMI|, are often overexpressed in epithelial can-
cers, including skin cancers (Balasubramanian et al. 2008;
Eckertetal. 2011; Adhikary et al. 2015; Ferretti et al. 2016;
Fisher et al. 2016). These studies suggest specific roles of
Polycomb subunits in tumorigenesis; however, how their
overexpression affects the function of PRC1 and PRC2 re-
pression in cancer cells remains unclear. The therapeutic
use of EZH2 inhibitors has been clinically studied (Comet
et al. 2016), with one inhibitor recently approved for hu-
man use (Mullard 2020). Understanding whether function-
al redundancy between PRC1 and PRC2 exists in cancer
cells may help improve cancer therapy by simultaneous
targeting of both complexes. Second, functional redundan-
cy between PRC1 and PRC2 in the repression of develop-
mental genes may also be relevant for reprogramming.
Pluripotent cells can be isolated either from the inner
cell mass of the blastocyst or from the epiblast of a post-im-
plantation embryo (Marks et al. 2012; Gafni et al. 2013;
Weinberger et al. 2016). One molecular difference between
these two pluripotent cell types is deposition of H3K27me3
on lineage genes in the epiblast cells (Weinberger et al.
2016). The physiological significance of PRC1 and PRC2
functional redundancy raises the question whether loss of
both the PRC1 and PRC2 complexes can facilitate the re-
programming of somatic cells to a pluripotent state. Here
we show that functional redundancy between PRC1 and

PRC functional redundancy in epidermal stem cells

PRC2 has physiological significance in the protection of cel-
lular identity, which is essential for proper tissue develop-
ment, regeneration, and organ function.

Materials and methods

Mice

All mice used in this study were housed at the Center of Compar-
ative Medicine and Surgery (CCMS), Icahn School of Medicine at
Mount Sinai (ISMMS), according to the Institutional Animal Care
and Use Committee (IACUC) guidelines (protocol no. LA11-
0020). Eed™*/M°* mjce were kindly provided by Dr. Weipeng
Mu and Dr. Terry Magnuson (Mu et al. 2014). Ringla™~ and
Ring1b¥/M°% mice were previously described (del Mar Lorente
et al. 2000), and were kindly provided by Dr. Miguel Vidal. Both
male and female mice were used in this study. Primer sequences
used for genotyping are available in Supplemental Table S7.

Cell cultures

HEK293T cells were cultured in DMEM, supplemented with
10% heat-inactivated fetal bovine serum (R&D Systems) and
1% pen/strep solution (Life Technologies). Primary epidermal
progenitors were isolated from newborn mouse epidermis as pre-
viously described (Cohen et al. 2018) and cultured in E-media
(Rheinwald and Green 1977) supplemented with 15% serum
and 0.05 mM CaCl,.

Ectopic expression of nonepidermal TFs in primary epidermal progenitors

HEK293T cells were transfected with the 20 pg of lentiviral
construct (Horizon Discovery lentiviral library), 2.5 ng of packing
plasmids (pPAX2, pMD2.G, AddGene plasmids 12260 and 12259,
a kind gift from Didier Trono), 100 mM CaCl,, and 1x HBS
(2x HBS stock solution: 280 mM NaCl, 10 mM KCl, 1.5 mM Na,_
HPO,, 12 mM dextrose, 50 mM HEPES)in a total volume of 1 mL,
diluted into 7 mL of DMEM media supplemented with 10% heat-
inactivated fetal bovine serum (R&D Systems) and 1% pen/strep
solution (Life Technologies). Media were changed 8 h post trans-
fection, and cells were cultured for an additional 48 h to produce
lentiviral particles. Lentivirus-containing media were collected,
filtered with a 0.45-um strainer, and concentrated with Amicon
ultracentrifuge concentration units (Sigma-Millipore), producing
total of 2.5 mL of high-titer virus.

Fifty-thousand cells were plated for lentiviral combinations
(six viruses per combination). Plasmids used in this study include
pLVX304-Blast-LacZ (control) and TF-expressing vectors, all are
pLVX304-Blast, each expressing one TF. Combo 1 consisted of
pLX304-NR4A2, GATA2, FOXA1, TBX3, TBX5, and NKX2-9.
Combo 2 consists of PLVX304-SIX2, HOXDI13, SIX3, OTX2,
PITX2, and SATB2. Cells were infected twice with 100 puL of
each virus in a total volume of 3 mL of E-media and 5 pg/mL poly-
brene and spun for 30 min at 32°C. Media were changed 8 h after
each infection, and cells were cultured for an additional 48 hin E
media and were then were selected with 0.4 ng/mL blasticidin for
48 h. After selection, cells were cultured until confluent in E-me-
dia and collected in RLT plus buffer (Qiagen) for RNA extraction.

Fluorescence-activated cell sorting

Isolation of epidermal progenitors from control, Eed cKO,
Ringla/b 2KO, and Eed; Ringla/b 3KO mice was done as previ-
ously described (Cohen et al. 2019). PO back skins were collected
and incubated for 4-6 h in 1.26 U/mL dispase (Invitrogen) at 4°C.
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The epidermis was gently peeled from the underlying dermis, fol-
lowed by 0.25% trypsin treatment for 15 min at 37°C. The cell
suspension was washed twice with 1x PBS; stained with 1:200
Scal-PerCP-Cy5.5 (Biolegend), 1:100 a6-integrin-FITC (eBio-
sciences), and 1:200 EpCAM-APC (Biolegend) for 30 min on ice;
and washed twice with 1x HBSS before cell sorting. Interfollicular
epidermis, enriched for epidermal progenitors, was sorted as
EpCAM(+), Scal(+), and a6-integrinfhigh). For ChIP and ChIP-
seq analyses, cell suspensions were stained for cell viability and
cross-linked before staining and FACS sorting as described above.
All cell isolations were performed on a FACS Influx instrument
(BD) in the Flow Cytometry Core Facility at Icahn School of Med-
icine at Mount Sinai.

Chromatin immunoprecipitation, ChIP-qPCR, and library
preparation

Chromatin immunoprecipitation (ChIP) was performed on FACS-
sorted populations using materials and methods as previously de-
scribed (Bar et al. 2020). A total of 0.4 x 10° cells was used for each
histone mark per ChIP. Before cell sorting, cells were stained for
viability using Zombie violet (Biolegend) and then cross-linked
using fresh solution with a final concentration of 1% formalde-
hyde (Thermo Fisher Scientific) for 10 min at room temperature.
Cross-linking was stopped by the addition of glycine (final con-
centration 125 mM) for 5 min of incubation at room temperature,
followed by two washes with 1x PBS. Cells were incubated in ly-
sis buffer 1 (50 mM HEPES at pH 7.5, 140 mM Nacl, ] mM EDTA,
10% glycerol, 0.5% NP-40, 0.25% Triton X-100, protease inhibi-
tor cocktail [Roche]) for 10 min on ice and then incubated for
10 min with lysis buffer 2 (10 mM Tris-HCl at pH 7.5, 200 mM
NaCl, 1 mM EDTA, 0.5 mM EGTA). Before ChIP, cells were re-
suspended in lysis buffer 3 (10 mM Tris-HCI at pH 8.0, 200 mM
NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% Na-deoxycholate,
0.5% N-laurylsarcosine, 1% Triton X-100) and sonicated using
a Bioruptor sonicator (Diagenode UCD-200) according to a 25x
regimen of 30 sec of sonication followed by 90 sec of rest at
2.7°C. Chromatin was incubated overnight at 4°C with antibod-
ies as indicated in Supplemental Table S7. To detect changes in
H2AK119ub and H3K27me3 levels between control, Eed cKO,
and Ring1a/b 2KO samples, we used Drosophila spike-in chroma-
tin and antibody (Active Motif) as normalization controls, as pre-
viously described (Egan et al. 2016). DYNAL protein G magnetic
beads (Invitrogen) were added the next day and incubated for 4
h. The beads were sequentially washed with low-salt, high-salt,
LiCl, and Tris-EDTA buffers for 10 min each at 4°C. Bound chro-
matin was eluted, and cross-linking was reversed by overnight in-
cubation at 65°C, followed by RNase A (Sigma-Aldrich) and
proteinase K (Roche Diagnostics) treatments. Samples were puri-
fied using a ChIP DNA Clean and Concentrator kit (Zymo Re-
search). Samples were analyzed by qPCR using LightCycler 480
SYBR Green I master mix (Roche Diagnostics) on a LightCycler
480 instrument (Roche). Primer sequences are available in Sup-
plemental Table S7. For high-throughput ChIP sequencing, librar-
ies were constructed from 3 ng of purified DNA using the DNA
SMART ChIP-seq kit (Clontech) according to the manufacturer’s
instructions. Constructed ChIP-seq libraries were sequenced on
the Illumina HiSeq 4000 or the Ilumina NextSeq 500 platform,
and two biological replicates were used.

ATAC-seq and library preparation

Skin was harvested as previously described in “Fluorescence-
Activated Cell Sorting.” Sorted cells were collected in PBS
+10%FBS. ATAC-seq was performed as previously described
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(Buenrostro et al. 2015). Briefly, cells were precipitated by centri-
fugation and resuspended in lysis buffer (10 mM Tris-HCI at pH
7.4,10 mM NaCl, 3 mM MgCl,, 0.1% IGEPAL CA-630). Cell ly-
sate was precipitated, and pellets were incubated with a Tn5
transposase kit (Nextra) for 30 min at 37°C. The transposition re-
action was stopped by addition of ATAC clean-up buffer (900 mM
NaCl, 300 mM EDTA) and cleaned using Qiagen MinElute Kkit.
Transposed DNA fragments were amplified using a NEBNext
high-fidelity library construction kit (New England Biolabs).
The ATAC-seq library was prepared as previously described
(Buenrostro et al. 2015) with the following modifications: Trans-
posed DNA was amplified by PCR with a common forward prim-
er and barcoded reverse primer, using a NEBNext high fidelity kit,
for 10 cycles. The number of cycles required for final amplifica-
tion (N) was determined by a qPCR side reaction. Final amplifica-
tion was performed with N cycles, using 20 uL of each sample.
The amplified library was cleaned using AMPure XP beads ac-
cording to the manufacturer’s instructions.

RNA purification, RT-qPCR, and library preparation

FACS-purified cells were collected directly into RLT Plus buffer
(Qiagen), and total RNA was isolated with the RNeasy Plus micro
kit (Qiagen). Complimentary DNA was reverse-transcribed from
total RNA using qScript cDNA SuperMix (Quanta Biosciences)
according to the manufacturer’s instructions. Samples were ana-
lyzed by RT-qPCR using LightCycler 480 SYBR Green I master
mix (Roche Diagnostics) on a LightCycler 480 instrument
(Roche). Results were normalized to Ppib mRNA levels. Primer
sequences are available in Supplemental Table S7. Before library
construction, the sample quality was measured using an Agilent
Bioanalyzer, and samples with RNA integrity numbers greater
than eight were used. Ten nanograms of total RNA was reverse
transcribed and amplified using the Ovation RNA-seq system
V2 (Nugen). Libraries were constructed from 100 ng of sonicated
¢DNA (Covaris) using the Ovation ultralow DR multiplex system
(Nugen). The concentration and quality of the libraries were de-
termined using Qubit (Invitrogen) and Bioanalyzer (Agilent). Con-
structed RNA-seq libraries were sequenced at GENEWIZ on the
Mlumina HiSeq platform, obtaining 150-nt paired-end reads.

Immunofluorescence staining and microscopy

Back skin tissues were collected from newborn mice, embedded in
OCT compound (Tissue-Tek) and subsequently cut into 7-um sec-
tions using a Leica cryostat. Slides were then prefixed in 4% PFA
for 10 min at room temperature and blocked overnight at 4°C in
blocking solution (1x PBS supplemented with 0.1% Triton X-
100, 1% BSA, 0.25% normal donkey serum, 0.01% gelatin). Pri-
mary antibodies were diluted in blocking solution and incubated
for 1 h, followed by 1-h incubation with secondary antibodies.
Slides were counterstained with DAPI to visualize nuclei. For
FGFR2 staining, slides were incubated with 100% methanol for
15 min after PFA fixation for tissue permeabilization. TUNEL ap-
optosis detection assay was performed using the in situ cell death
detection kit, fluorescein (Roche). All antibodies and dilutions are
available in Supplemental Table S7. Slides were imaged using a
Leica DM5500 slide microscope using 10x or 20x objectives. For
each immunofluorescence assay, at least three animals from at
least two independent litters were analyzed per mutant genotype.

ChlIP-seq analysis and data visualization

The generation, data processing, and peak calling of the
H3K27me3, H2AK119ub, H3K4me3, H3K27ac, SUZ12, and
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RYBP ChlIP-seq data were described previously (Cohen et al. 2018;
Zhao and Zheng 2018). Those data were used to cluster the ChIP-
seq peaks shared between H3K27m3 and H2AK119ub by random-
ly sampling 15 million reads from each sample and using the soft-
ware seqMINER (v1.3.4)(Ye et al. 2011). The new H3K27me3 and
H2AK119ub ChIP-seq data were analyzed by the same method,
but the reads were also aligned to the fly genome, which was
used as a spike-in control (Active Motif) to adjust for potential
read-depth differences and other ChIP factors in different samples
as previously described (Egan et al. 2016). The H3K27me3 or
H2AK119ub peaks called in the CTL samples were sorted by
peak sizes and then used by the seqMINER to generate the read
density heat maps and aggregated profiles in Figure 1. For visual-
ization, we also 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).

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 genes with an average TPM (transcripts per million reads
mapped) > 1 in either control or 3KO were used for differentially
gene expression analysis with the software DESeq2 (Love et al.
2014) at the significance level of adjust P-value <0.05 and more
than twofold changes. To compare the gene expression changes
across different genotypes and their controls (Eed ¢cKO vs. CTL,
Ringla/b 2KO vs. CTL, and Eed;Ringla/b 3KO vs. CTL), we
used ComBat (v3.36.0) (Johnson et al. 2007) to remove batch
effects.

ATAC-seq data analysis and data visualization

The ATAC-seq reads were aligned to the mouse genome (mm10),
and peaks were called by the software MACS2 (Feng et al. 2012),
otherwise analyzed the same as ChIP-seq data.

Gene ontology enrichment analysis

Identification of significantly overrepresented functional catego-
ries was done using the DAVID tool with default setting (Huang
da et al. 2009). For PRC1/2-marked clusters, the combined gene
list of clusters 1+2 and the entire gene list for clusters 3 and
4 were functionally annotated for biological processes. Selected
GO terms were considered significant with P<0.05 and are
shown in Supplemental Figure S1E and Supplemental Table S2.
Genes significantly down-regulated or up-regulated in Eed;
Ringla/b 3KO versus control epidermal progenitors were anno-
tated using the same significance parameters, and selected GO
terms are shown in Figure 3, C and E, and Supplemental Table S5.

Cell proliferation analysis quantification

Ki67(+) cells in the basal layer of the epidermis were quantified
using the Leica LAS AF software. Nuclear DAPI staining was
used to quantify the total number of cells in the basal layer, and
the data are shown as the percentage of Ki67(+) cells in the basal
layer. At least 50 random epidermal regions were measured for
each animal group, from three animals (n = 3) of two independent
litters. Comparisons and statistics were performed between
matching knockout and control littermates.

PRC functional redundancy in epidermal stem cells

Quantification of KRT8(+) Merkel cells

Merkel cells were quantified by the number of KRTS§(+) cells per
millimeter of skin. Sections had a typical skin length ranging be-
tween 7 and 14 mm. At least 100 mm of total skin length was an-
alyzed per condition from at least three animals (n>3) of two
independent litters. Comparisons and statistics were performed
between matching knockout and control littermates.

Motif enrichment analysis

To perform motif enrichment analysis, the DNA sequences
within the +1-kb promoter region, ATAC-seq, or H3K27ac peaks
associated with differentially expressed genes that were down-
regulated in Eed; Ringla/b 3KO versus control EpSCs were ex-
tracted, and the HOMER software (v4.7, default parameters)
was used to find enriched transcription factor binding motifs.
From the results, 19 transcription factors were selected whose ex-
pression was up-regulated in Eed; Ringla/b 3KO EpSCs, and HO-
MER was rerun to obtain the enrichment scores shown in
Supplemental Figure S5F.

Statistics

To determine the statistical significance between two groups, a
two-sided t-test was performed. To determine the statistical sig-
nificance between more than two groups, comparisons were
made using one-way ANOVA with the Tukey post-hoc test cor-
rection for multiple comparisons. For box-and-whisker box plots
in Supplemental Figure S1, K and M and violin plots in Supple-
mental Figures S1D, S3, and S4D and Figure 5, C and D, the mid-
line represents the median. Box limits and colored dashed lines in
violin plots represent the 25th percentile (lower quartile) and
75th percentile (upper quartile). The upper whisker represents
the 75th-95th percentiles, and the lower whisker represents the
5th-25th percentiles. All data in bar graphs are presented as
mean + SEM. The number of biological replicates used for com-
parison is indicated in each figure. For each comparison, at least
three animals for each group from two independent litters were
used. Significance levels were defined as P<0.05 (*), P<0.01 (**),
P<0.001 (***), and not significant (NS). 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.

Data availability

The accession number for the sequencing data reported here is
GSE158324.
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