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Loss of PRC1 activity in different stem cell 
compartments activates a common transcriptional 
program with cell type–dependent outcomes
Silvia Pivetti1, Daniel Fernandez-Perez1, Alessandro D’Ambrosio1, Caterina Maria Barbieri1, 
Daria Manganaro1, Alessandra Rossi1, Laura Barnabei1*, Marika Zanotti1, Andrea Scelfo1, 
Fulvio Chiacchiera1,2†‡, Diego Pasini1,3†‡

Polycomb repressive complexes are evolutionarily conserved complexes that maintain transcriptional repression 
during development and differentiation to establish and preserve cell identity. We recently described the 
fundamental role of PRC1 in preserving intestinal stem cell identity through the inhibition of non–lineage-specific 
transcription factors. To further elucidate the role of PRC1 in adult stem cell maintenance, we now investigated its 
role in LGR5+ hair follicle stem cells during regeneration. We show that PRC1 depletion severely affects hair 
regeneration and, different from intestinal stem cells, derepression of its targets induces the ectopic activation of 
an epidermal-specific program. Our data support a general role of PRC1 in preserving stem cell identity that 
is shared between different compartments. However, the final outcome of the ectopic activation of non– 
lineage-specific transcription factors observed upon loss of PRC1 is largely context-dependent and likely related 
to the transcription factors repertoire and specific epigenetic landscape of different cellular compartments.

INTRODUCTION
Cellular identity is preserved by different layers of transcriptional 
control. Among the factors and molecular circuits involved in estab-
lishing and maintaining cell type–specific transcriptional profiles, 
epigenetic regulators play a pivotal role. Alterations in these mecha-
nisms are one of the leading causes of different pathologies, such as 
cancer (1, 2). Polycomb group (PcG) proteins are a class of evolu-
tionarily conserved molecules required to maintain transcriptional 
repression during development and differentiation (3). PcG proteins 
assemble into two major complexes named Polycomb repressive 
complex 2 (PRC2) and PRC1. PRC1 and PRC2 share the vast majority 
of their targets, characterized by CpG-rich regions at promoters, 
where they are recruited sequentially. The core of PRC2 is composed 
of the mutually exclusive catalytic subunits EZH1 and EZH2, which 
deposit the mono-, di-, and trimethylation on lysine 27 of histone 
H3 (H3K27me3), and of two structural proteins SUZ12 and EED, 
which are necessary for complex formation and stabilization (4, 5). 
PRC1 is responsible for the deposition of a single ubiquitin moiety on 
lysine 119 of histone H2A (H2AK119Ub1) through the catalytic sub-
units RING1A or RING1B. In addition, it has been described that 
PRC1 exists in several different forms characterized by the presence 
of different mutually exclusive Polycomb group ring finger (PCGF) pro-
teins (6). These different complexes have been defined as “canonical” 
or “noncanonical” depending on their ability to associate with chro-
mobox (CBX) proteins. While CBX-containing canonical PRC1 com-
plexes are tethered to chromatin by PRC2-dependent deposition of 
H3K27me3, the recruitment of noncanonical complexes remains 
independent of PRC2 activity.

The activity and biological function of PRC1 and PRC2 has been 
intensively investigated in the past 20 years during embryonic 
development and using embryonic stem cells (ESCs) (3, 5), while 
their role in adult stem cells and tissue homeostasis has only recently 
attracted attention (7–14). Adult tissues are constantly regenerated 
and maintained by a pool of stem cells, which are able to compen-
sate for cell loss and tissue damage while preserving stem cell pools 
(15). We recently uncovered the central role of PRC1 activity in pre-
serving intestinal stem cell (ISC) identity through the transcriptional 
repression of non–lineage-specific transcription factors (TFs), which 
are able to interfere with the transcriptional program stimulated by 
the Wnt pathway required for the maintenance of the ISC pool (9). 
With the aim to uncover whether this is a general PcG role in adult 
stem cells, we now investigated the consequences of PRC1 loss of 
activity in a stem cell compartment from a different tissue with a 
distinct developmental origin—hair follicle stem cells (HFSCs).

The skin is the largest organ of the body. It is the first barrier 
against external insults such as bacteria and virus infections, toxic 
agents, and ultraviolet radiation, preserving, at the same time, water 
and temperature homeostasis. In mammals, the epidermis comprises 
the interfollicular epidermis and the pilosebaceous unit composed 
of the hair follicle (HF) and the sebaceous gland. During morpho-
genesis, which begins after delivery, HFs grow downward in the 
dermal compartment of the skin from the hair bulge and its associ-
ated germ (16). Hair regeneration is fueled by two different stem cell 
pools located in the bulge and hair germ. The bulge contains both CD34+ 
and LGR5+ (Leucine Rich Repeat Containing G Protein-coupled- 
receptor-5) stem cells, while the hair germ is exclusively colonized by 
LGR5+ stem cells (17, 18). Throughout life, HFs cycle between prolifera-
tion (anagen), destruction (catagen), and resting (telogen) phases (19). 
Anagen onset is activated when WNT proliferative signals overcome 
a bone morphogenetic protein threshold (20, 21), and LGR5+ HFSCs are 
essential during anagen to sustain HF growth (22). These cells first prolif-
erate to form multipotent progenitors that briefly divide and give rise to 
matrix cells that will generate all the inner layers of the differentiating 

1European Institute of Oncology–IRCCS, Department of Experimental Oncology, 
Milan, Italy. 2University of Trento, Department of Cellular, Computational and 
Integrative Biology–CIBIO, Trento, Italy. 3University of Milan, Department of Health 
Sciences, Milan, Italy.
*Present address: Imagine Institute, Paris, France.
†These authors contributed equally to this work.
‡Corresponding author. Email: fulvio.chiacchiera@unitn.it (F.C.); diego.pasini@
ieo.it (D.P.)

Copyright © 2019 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

 on O
ctober 16, 2019

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://advances.sciencemag.org/


Pivetti et al., Sci. Adv. 2019; 5 : eaav1594     15 May 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 11

HF (23, 24). During anagen progression, LGR5+ stem cells expand 
downward to constitute the outer root sheet (ORS) that delimitates the 
follicle. During anagen phase, LGR5+ HFSCs appear to be functionally 
similar to LGR5+ ISCs, being actively proliferating stem cells supporting 
a renewing tissue. For these reasons, they represent a good system to 
uncover general, stem cell–specific PRC1 activities.

Here, we report that the activity of PRC1 is essential to sustain 
LGR5+ HFSC and general HF regeneration. We further characterized 
the direct molecular circuits triggered by PRC1 loss of function and 
found that, despite the fact that a large part of PRC1 activity is associated 
with active gene expression, the phenotypic outcome of its loss of func-
tion can be primarily ascribed to its canonical repressive functions. 
In this context, PRC1 is directly involved in suppressing an epidermal 
transcriptional program maintaining silencing of the master epidermal 
regulator Ascl2. Taking advantage of parallel data generated in ISCs, 
we further show that, despite the fact that PRC1 retains a general role 
in suppressing developmental programs across tissue and stem cell 
compartments, the molecular phenotypes triggered by PRC1 loss of 
function are strongly dependent on the cellular context, and there-
fore, by the repertoire of the expressed TFs in any given cell.

RESULTS
PRC1-dependent H2AK119Ub1 is required for HF regeneration
To uncover the general mechanisms by which PRC1 activity contrib-
utes to lineage identity in different adult stem cell populations, we 
took advantage of the LGR5-GFP-ires-CreERT2/Ring1a−/−/Ring1b f l/fl/
Rosa26lox-stop-lox LacZ compound model (hereof Ring1a/b ctrl or 
dKO upon tamoxifen treatment) that we have previously generated 
(fig. S1A) (9). The Lgr5 transgene is homogenously expressed in a 
population of actively cycling and long-lived HFSCs that, from the 
base of the hair bulb, gradually expand through the ORS, contributing 
to the regeneration of the follicle (18). We used this genetic model 
to acutely abrogate PRC1 activity in 8 to 12 weeks, sex-matched mice 
and showed that four daily tamoxifen injections are sufficient to 
abolish PRC1 activity in LGR5+ [green fluorescent protein–positive 
(GFP+)] HFSCs, as shown by the loss of H2AK119Ub1 in GFP+ cells of 
telogen HFs (Fig. 1, A and B).

HF regeneration in adult mice is a critical mechanism through 
which fur is maintained during the entire life span. HFs cycle syn-
chronously during the first 10 to 11 weeks of age and then gradually 
loose synchrony, despite maintaining the same regenerating capa-
bilities (fig. S1B) (18, 19, 25). To investigate the role of PRC1 in 
adult HFSCs during HF regeneration, we exploited the possibility 
to resynchronize HFs by means of follicles plucking. As soon as the 
hair is removed, follicles rapidly and synchronously enter into ana-
gen phase and start to cycle (25). To abrogate PRC1 activity from 
the first phases of HF regeneration, we administered tamoxifen 
in adult mice 1 day before waxing the back skin (Fig. 1C). After 
12 days from waxing, while the fur of Ring1a/b ctrl mice was com-
pletely regenerated (Fig. 1D, top), we severely delayed follicle 
regeneration in Ring1a/b dKO mice in the absence of PRC1 activity 
(Fig. 1D, bottom). We further confirmed this result by lineage-tracing 
analyses, taking advantage of a Rosa26lox-stop-lox LacZ allele to 
follow LACZ expression in the progeny of LGR5+ stem cells. 
Twelve days after waxing, we markedly reduced the number of 
-galactosidase (-Gal)–expressing HFs in Ring1a/b dKO animals, 
suggesting that the residual hair growth is derived from wild-type 
HFs (Fig. 1E).

PRC1 depletion affects the onset of anagen phase and  
the HF cycle
To elucidate whether PRC1 activity is required for entering into or 
to progress through the anagen phase, we activated Cre-mediated 
recombination at P49 to induce Ring1b loss of function during the 
long telogen period. After 2 weeks from tamoxifen exposure, we 
synchronized HFs by waxing and then collected the back skin after 
8 and 12 days (Fig. 2A and fig. S2A) to perform histological analyses 
and -Gal staining to trace PRC1-null progeny. After 8 days from 
waxing, we observed a substantial delay in hair growth in Ring1a/b 
dKO mice (fig. S2B). This was further confirmed by histological 
analysis showing shorter HFs, blocked in the early anagen phases 
(I and II) [fig. S2, C (top) and D] (25). At 8 days from waxing, the 
total number -Gal+ HFs was strongly reduced in Ring1a/b dKOs 
[fig. S2, C (bottom) and E]. It is well established that the hypodermal 
adipocyte layer fluctuates in thickness during the hair cycle (25, 26). This 
increases during anagen and reduces throughout catagen to reach a 
resting phase until a new hair cycle begins. Ring1a/b dKOs displayed 
a clear imbalance of hypodermis fat (fig. S2F) and dermis thickness 
(fig. S2G), despite the fact that the total skin showed a similar width 
(fig. S2H). This reinforces evidence that PRC1 loss severely affects 
HF regeneration. This phenotype was confirmed and enhanced after 
12 days from waxing (Fig. 2B). According to Müller-Röver et al. (25) 
classification, at this time point, while Ring1a/b ctrl mice showed all 
features of full anagen (anagen phase VI), Ring1a/b dKO follicles still 
resembled primary stages of the hair cycle (anagen phases II and III; 
Fig. 2C, top). Lineage tracing of LGR5+ stem cell progeny showed a 
marked reduction of cells derived from Ring1a/b dKO stem cells, as demon-
strated by the severe lack of -Gal staining compared to ctrl follicles 
[Fig. 2, C (bottom) and D]. Consistently, the differences in follicles 
length, hypodermis, and dermis thickness were further increased at 12 
versus 8 days after waxing, with a similar reduced number of HFs 
(Fig. 2, E to H, and fig. S2, I to L). Together, these data suggest that the 
loss of PRC1 activity does not fully prevent entry into the anagen phase 
but rather impairs the regenerative potential of LGR5+ stem cells.

Conserved PRC1-repressed transcriptional programs are 
required to preserve HFSCs and ISCs
Our results suggest that the loss of PRC1 induces similar phenotypic 
outcomes in HFSCs compared to our previous results with ISCs (9). 
Whether this involves common or cell type–specific pathways remains 
an important open question. To investigate the transcriptional changes 
induced by PRC1 loss of function in anagen-activated LGR5+ stem 
cells, we collected the skin of Ring1a/b dKO and ctrl adult mice 
8 days from waxing (Fig. 3A). HFs were isolated and reduced at single 
cells, and LGR5+ cells were isolated by fluorescence-activated cell 
sorting (FACS) to perform RNA sequencing (RNA-seq) analyses. FACS 
analysis on the same cells stained for H2AK119Ub1 demonstrated 
that tamoxifen treatment results in >70% loss of PRC1 activity in 
LGR5+ (GFP+) cells (Fig. 3B). RNA-seq analysis in these cell popu-
lations revealed a >5-fold bias in genes up-regulation (1066 up- 
regulated versus 187 down-regulated genes) that is consistent with 
the general PRC1 role as transcriptional repressor also in the HF 
compartment (Fig. 3C). Gene ontology (GO) analysis on differentially 
expressed genes showed that up-regulated genes are primarily 
associated with general developmental processes (Fig. 3D). In con-
trast, down-regulated genes were specifically enriched by factors 
involved in HF morphogenesis, HFSC maintenance, and hair cycle 
progression (Fig. 3E), such as Sonic hedgehog (23, 27). Moreover, 
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functional annotation revealed that DNA binding TFs, and par-
ticularly homeotic TFs, were overrepresented among the genes up- 
regulated in Ring1a/b dKO (fig. S3A). The additional comparison 
in respect to transcriptional data obtained from several tissues 
(ENCODE; fig. S3B, bottom) highlighted that the loss of PRC1 
activity results in the transcriptional activation of non–lineage-specific 
genes that are preferentially expressed in distinct tissue compartments. 
In contrast, down-regulated genes were primarily expressed in acti-
vated LGR5+ HFSCs (fig. S3B, top), further corroborating impaired 
activation of HFSC regenerative capabilities in the absence of PRC1 
activity. These data are in agreement with our previous finding in 
ISCs (9), further highlighting the conserved essential role of PRC1 in 
maintaining lineage identity within adult tissues. Whether this involves 

common or specific mechanisms remains an open question. Thus, we 
searched for common classes of genes that could be potentially involved 
with the loss of cell identity in ISCs versus HFSCs upon PRC1 in-
activation. We compared RNA-seq profiles in both stem cell com-
partments and found that none of the down-regulated genes were in 
common in accordance with the distinct identity of the two stem cell 
populations (fig. S3C). In contrast, we found approximately one-fourth 
of the up-regulated genes (255 genes, ≈25%) in common between ISC 
and HFSC (fig. S3D). This group of genes was enriched by mainly 
homeobox-containing TFs involved in regulating general developmental 
processes (fig. S3E). Several ZIC (Zinc finger protein of the cerebellum) 
TFs (Zic1, Zic4, and Zic5; fig. S3F), as well as Sox7, Hoxa10, and Hoxb13 
(fig. S3G), were present within this list. Together, these data suggest that 
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Fig. 1. PRC1 activity is required to sustain HF regeneration. (A) Immunostaining using H2AK119Ub1 (red) and 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI; 
blue) of HF from LGR5-eGFP-ires-CREERT2 HFSCs in Ring1a/b+/+ and Ring1a/b−/− mice . Scale bars, 50 m. (Photo credit: F.C. and S.P., European Institute of Oncology). 
(B) Quantification of H2AK119Ub1+ HFSCs in Ring1a/b+/+ and Ring1a/b−/− mice. ****P < 0.0001 (P values were calculated with two side t test). TAM, tamoxifen. (C) Sche-
matic representation of the protocol used in (D) and (E). (D) Representative pictures of Ring1a/b+/+ and Ring1a/b−/− mice immediately after hair removal and after 12 days. 
(Photo credit: F.C., European Institute of Oncology). (E) In vivo lineage tracing of HFSCs. Mice were treated as described in (C), and skin was collected at indicated time 
point. Samples were stained with X-Gal. Whole tissues were imaged before paraffin embedding, and the sections obtained were counterstained using neutral red. (Photo 
credit: F.C., European Institute of Oncology).
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PRC1 plays a common general role in distinct stem cell compartments to 
prevent activation of non–lineage-specific, homeobox-containing TFs.

Transcriptional repression of a subset of canonical PRC1 
targets preserves stem cell identity
Recently, two major classes of PRC1 complexes have been de-
scribed (6) on the basis of their biochemical composition. Canonical 
PRC1, which contains CBX proteins, is recruited on their targets in 
a PRC2- dependent manner. Noncanonical PRC1 complexes do not 
contain the CBX-containing subunits and are recruited independently 
from PRC2. They are characterized by the presence of different PCGF 
subunits and share the subunits RYBP (RING1 and YY1 Binding Protein) 
or YAF2 (YY1 Associated Factor 2). Different components of canonical 

and noncanonical PRC1 complexes are expressed in HFSCs (fig. S4A). 
To investigate the ability of RING1B to enter both canonical and non-
canonical complexes in HFSCs, we performed proximity ligation assay 
(PLA). Wild-type and dKO LGR5+ HFSCs from waxed mice have 
been sorted (fig. S4, B and C) and used to investigate the ability of 
RING1B to interact with RYBP (Fig. 3, F and G) or BMI1 (Fig. 3, H and I). 
Our data indicate that in HFSCs, both canonical and noncanonical 
complexes assemble, suggesting that the phenotype observed in dKO 
HFSCs could be the result of the impaired activity of different 
complexes.

To identify the common mechanisms through which PRC1 regu-
lates cell fate determination in different stem cell populations, we 
performed chromatin immunoprecipitation sequencing (ChIP-seq) 
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analysis for RING1B in FACS-sorted activated LGR5+ stem cells 
purified 8 days from waxing (Fig. 4, A and B). This analysis identified 
nearly 3900 RING1B significant peaks that were mainly associated 
with promoter regions (Fig. 4C). This distribution closely resembles 
the RING1B chromatin association that we have found in ISCs 
(Fig. 4D). Since RING1A or RING1B can form distinct functional 
complexes that may localize differently along the genome (6), we 
first compared the genomic localization of RING1B in both HFSCs 
and ISCs in respect to the deposition of H3K27me3 to define 
Polycomb-repressed domains (9, 28). We restricted the extent of 
overlap with the canonical PcG-repressed domains only to 20% of 
RING1B sites in HFSCs (Fig. 4E) and to 10% in ISCs (Fig. 4F), 
suggesting that a large fraction of RING1B activity is exerted inde-
pendently of PRC2. In ESCs, H3K27me3 is enriched at promoters of 
developmental-related genes concomitantly with the deposition of 
the transcriptional activatory modification H3K4me3. This promoter 
status has been defined as “bivalent” or “poised” (29). Bivalency is 
resolved when ESCs are triggered to differentiate by the acquisition 
of a purely active (H3K4me3 only) or repressed (H3K27me3 only) 
state. We found that, while only 30% of H3K27me3 sites in HFSC 
are bivalent (coenriched with H3K4me3), this proportion expands 
in ISCs where it reaches 80% of all RING1B target promoters 
enriched for H3K27me3 (Fig. 4, G and H). We also observed a large 
fraction of RING1B-bound sites that lacks H3K27me3 but presents 
H3K4me3 deposition (Fig. 4, I and J). Accordingly, with the ability 
of RING1B to interact with subunits of both canonical and non-
canonical complexes, we observed that in HFSCs, nearly 70% of 
RYBP peaks colocalize with RING1B (Fig. 4K), but only a small 
percentage (11%) of the co-occupied regions harbor H2AK119Ub 
(Fig. 4L). Those regions characterized by the presence of RING1B 
and H2AK119Ub are also occupied by CBX8, a canonical PRC1 
subunit, and are decorated by PRC2-dependent H3K27me3 mark 
(Fig. 4, M and N). These data suggest that both canonical and non-
canonical PRC1 activities, which are not associated with H3K27me3 
and H2AK119Ub, could contribute in the maintenance of stem 
cell identity.

To address this issue, we ranked all RING1B target promoters 
based on their expression in wild-type cells, and we compared their 
expression in PRC1-defective HFSCs and ISCs (Fig. 4O and fig. S5A). 
This analysis identified four classes of genes. Repressed genes in 
wild-type cells defined cluster 1 and were enriched for transcrip-
tionally activated genes in Ring1a/b dKO HFSCs and ISCs. Genes 
with intermediate expression (clusters 2 and 3) showed no difference 
(Fig. 4O) or slightly decreased expression (fig. S5A) in Ring1a/b 
dKO cells. Highly expressed genes (cluster 4) were slightly down- 
regulated in Ring1a/b dKO HFSC. The distribution of H3K27me3, 
H2AK119Ub, and H3K4me3 (Fig. 4P and fig. S5B) identified genes 
belonging to cluster 1 as fully silenced through canonical Polycomb 
activities, as demonstrated by the presence of CBX8 (Fig. 4P). These 
sites are devoid of H3K4me3, which is instead enriched at all the 
other clusters (Fig. 4P and fig. S5B) where colocalizes with RING1B 
and RYBP (Fig. 4P). Accordingly, genes involved in development and 
differentiation were only enriched in cluster 1 (Fig. 4Q and fig. S5, 
C, E, and F). Despite the fact that these data support a prominent 
role for canonical versus noncanonical activities in maintaining cell 
identity in HFSCs and ISCs, it is important to stress that only a subset 
of RING1B+/H3K27me3+/H2AK119Ub targets become derepressed 
upon the loss of PRC1 activity in HFSCs and ISCs (Fig. 4R and 
fig. S5D). This suggests, first, that H3K27me3 is largely sufficient to 

prevent TF accessibility and activation of PcG targets and, second, 
that only a small proportion of PcG target genes contribute to the 
observed phenotypes.

Loss of PRC1 activity activates epidermal-specific program
To uncover direct mechanisms associated with PRC1 loss of activity, 
we focused our attention on RING1B targets that became dere-
pressed in Ring1a/b dKO. This includes Ascl2 (Fig. 5A), which 
encodes for a TF previously shown to be sufficient and required to 
drive epidermal differentiation (30). To investigate whether a spe-
cific differentiation program is initiated upon PRC1 activity loss, we 
performed gene set enrichment analysis (GSEA) comparing signa-
tures from different cells belonging to distinct skin compartments 
(31) against Ring1a/b dKO versus ctrl transcriptional outcome in 
HFSCs. This analysis showed that, together with the stem cell signa-
ture, genes involved in epidermal-specific transcriptional program 
became enriched in Ring1a/b dKO mice (Fig. 5B). Among them, 
Satb1, Krtdap, Calm5, Itgam, and Gdpd2, together with Ascl2, were 
some of the known epidermal markers that are highly activated 
(Fig. 5, A, C, and D). We further scanned the Ascl2 promoter with 
LASAGNA-Search 2.0 (32) for putative TFs responsible for its acti-
vation and found several binding motifs that are recognized by the 
family of ZIC TFs (Fig. 5E). Note that different members of this TF 
family are also directly bound and derepressed in Ring1a/b dKO 
HFSCs (fig. S3F), establishing a positive feedback loop driving epi-
dermal identity. Together, these results support a model in which PRC1 
directly suppresses an epidermal-specific transcriptional program 
via suppression of master regulators of lineage specification, thus 
contributing to preserve HF identity.

DISCUSSION
The role of Polycomb complexes in maintaining adult stem cell iden-
tity has been investigated by several groups during the past 5 years. 
We recently reported that PRC1 and PRC2 play a crucial role in 
supporting intestinal homeostasis (8–10). Along the crypt-to-villus 
axis, the balance between secretory cells and enterocytes differentia-
tion, transit-amplifying cell proliferation and stem cell maintenance 
are preserved by Polycomb complexes. In particular, PRC1 is criti-
cally required for ISC maintenance, and the loss of RING1A/B sub-
units leads to stem cell exhaustion. Its activity is required to maintain 
repressed non–lineage-specific TFs, some of which are able to inter-
fere with the ISC-specific transcriptional programs. Stem cell loss 
observed in RING1A/B-deficient intestinal epithelium can therefore 
be ascribed not to the initiation of a defined transcriptional program 
but to the loss of stem cell–specific ones. To unveil general mecha-
nisms underlying PRC1-dependent adult stem cell maintenance, we 
extended its analysis in proliferating HFSCs. Similar to what we 
previously described for ISCs, the loss of RING1A/B in HFSCs 
markedly affects HF regeneration. This phenotypic convergence 
is mirrored at a transcriptional level by the up-regulation of non–
lineage-specific genes, enriched for DNA binding TFs. We provide 
evidence that PRC1 associates at H3K27Me3+ promoters of re-
pressed genes in the context of canonical complexes, characterized 
by the presence of CBX8 subunit and H2AK119Ub. At promoters 
of active genes, RING1B occupancy coincides with RYBP and low 
or undetectable H2AK119Ub levels, suggesting that noncanonical 
PRC1 complexes could play a role at these promoters that is largely 
independent from their ability to modify histone H2A. A similar 

 on O
ctober 16, 2019

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://advances.sciencemag.org/


Pivetti et al., Sci. Adv. 2019; 5 : eaav1594     15 May 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 11

0

Hair removal

8Days

ChIP-seq

102

101

100

0 200 400 600 800 1000

103

104

SCC

G
FP102

101

100

0 200 400 600 800 1000

103

104

SCC
G

FP

Lgr5-GFP-CreERT2C57BL/6

A

B

1

2

3

C
lu

st
e
rs

4

RING1B H3K27me3 H3K4me3
0

2

4

6

1 2 3 4

Quantile-based gene expression clustering
Lo

g 2
 (R

P
K

M
 +

 1
)

Ring1a/b Ctrl
mean

Ring1a/b dKO 
mean

C LGR5-HFSC

72.1%

15.6%

11.6%0.8%

Promoter

Downstream
Gene body
Distal intergenic

ISC
Promoter

Downstream
Gene body
Distal intergenic

81.9%

11.2%

6%
0.8%

D

E

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

 ISC 

H3K4me3+

H3K4me3−

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

 LGR5-HFSC 
RING1B H3K27me3+

promoters 
RING1B H3K27me3+

promoters 

H3K4me3+

H3K4me3−

F

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

 LGR5-HFSC 
RING1B promoters

H3K27me3+

H3K27me3−

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

ISC 
RING1B promoters

H3K27me3+

H3K27me3−

G H I J

K

1 r et sul
C

0 10 20 30 40 50 60 70 80 90

Embryonic skeletal system morphogenesis
Neuron fate commitment

Cell differentiation
Inner ear morphogenesis

Nervous system development
Anterior/posterior pAttern specification

Neuron differentiation
Cell fate commitment

Multicellular organism development
Regulation of transcription, DNA-templated

LGR5-HFSC RING1B TSS

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

LGR5-HFSC 
RING1B promoters

ISC 
RING1B promoters

H3K4me3+

H3K4me3−
H3K4me3+

H3K4me3−

959 298107

Ring1a/b dKO up-regulated genes
 compared to Ring1a/b Ctrl

RING1B promoters
 with H3K27me3 

LGR5-HFSCs

pbyR1bU911KA2H

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

LGR5-HFSC 
RYBP peaks

RING1B+

RING1B−

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

LGR5-HFSC 
RYBP-RING1B 

promoters

H2AK119Ub1+

H2AK119Ub1−

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

H3K27me3+

H3K27me3−

 LGR5-HFSC 
RING1B-H2AK119Ub1+

promoters
OL M N

P

Q

Gene distance (bp)

CBX8

7.49%0.18%

R

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Ring1B/K27me3/H2AK119Ub1+

LGR5-HFSC
CBX8 peaks

Ring1B/K27me3/H2AK119Ub1−

0.0
0.2
0.4
0.6

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

−8.0 TSS 8.0kb −8.0 TSS 8.0kb−8.0 TSS 8.0kb −8.0 TSS 8.0kb −8.0 TSS 8.0kb−8.0 TSS 8.0kb

Fig. 4. Genomic distribution of PRC1 binding in HFSCs and ISCs. (A) Schematic view of ChIP-seq experiment. (B) Gating strategy used to sort HFSCs used in ChIP-seq 
experiments. (C) Genomic distribution of RING1B-bound sites in LGR5+ HFSCs. (D) Genomic distribution of RING1B-bound sites in LGR5+ ISCs. (E) Bar plots showing the 
fraction of RING1B-bound promoters marked by H3K27me3 in HFSCs. (F) Bar plots showing the fraction of RING1B-bound promoters marked by H3K27me3 in ISCs. (G) Bar 
plots showing the fraction of RING1B-bound H3K27Me3+ promoters marked by H3K4Me3 in HFSCs. (H) Bar plots showing the fraction of RING1B-bound H3K27Me3+ 
promoters marked by H3K4Me3 in ISCs. (I) Bar plots showing the fraction of RING1B-bound promoters marked by H3K4me3 in HFSCs. (J) Bar plots showing the fraction of 
RING1B-bound promoters marked by H3K4me3 in ISCs. (K) Bar plot showing the fraction of RYBP peaks overlapping with RING1B peaks in HFSCs. (L) Bar plot representing 
the percentage of promoters occupied by RYBP and RING1B marked by H2AK119Ub1 in HFSCs. (M) Bar plot showing the percentage of promoters occupied by RING1B 
and H2AK119Ub marked by H3K27Me3 in HFSCs. (N) Bar plot showing the percentage of CBX8 peaks overlapping with RING1B, H3K27Me3, and H2AK119Ub triple-positive 
peaks in HFSCs. (O) Quartile-based gene expression clustering performed using Ring1a/b+/+ RNA-seq data, showing expression variations between Ring1a/b+/+ and 
Ring1a/b−/− HFSCs. (P) Heatmap representing normalized RING1B, H3K27me3, H3K4Me3, H2AK119Ub1, CBX8, and RYBP ChIP-seq intensities of ±8 kb from TSS of RING1B 
target genes in HFSCs. Clusters were made according to Fig. 4O. bp, base pair. (Q) GO analyses of genes belonging to cluster 1. (R) Venn diagram showing the overlap 
between up-regulated genes in Ring1a/b−/− mice with total RING1B/H3K27me3-enriched regions.

 on O
ctober 16, 2019

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://advances.sciencemag.org/


Pivetti et al., Sci. Adv. 2019; 5 : eaav1594     15 May 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

8 of 11

distribution has also been reported in murine ESCs, where H2AK119Ub1 
and PRC2 co-occupy genes bound by CBX7/RING1B and are largely 
excluded by those regions exclusively bound by RYBP/RING1B 
(33). Note that, similar to ESCs, PRC1 localized on both repressed 
(canonical PcG targets) and active genes in both ISCs and HFSCs. 
This latter observation is in line with another recent report demon-
strating a pivotal role of PRC1 during skin development (11). How-
ever, despite the fact that RYBP-containing PRC1 localizes to active 
promoters in both ISCs and HFSCs, very few of those active PRC1 
targets score among the down-regulated genes, suggesting a marginal 
role of noncanonical complexes in preserving the expression of these 
target genes. This further restricts the specific phenotypes firstly de-
scribed in ISCs and now documented in HFSCs to a more canonical 
PRC1 repressive activity. Our data demonstrate that several PcG 
direct targets became derepressed upon PRC1 loss of function and 
several of these targets can be directly linked to the observed pheno-
typic convergence. However, in HFSCs and ISCs, not all the PRC1 
bound targets became activated upon RING1A/B loss. This suggests 
that, despite the idea that a general PRC1 role in maintaining repres-

sion of non–lineage-specific genes is, to some extent, conserved in 
cells of different developmental origin and tissues (i.e., HFSC, ESCs, 
and ISC), the transcriptional program triggered by its loss of func-
tion remains cell type dependent. This is likely due to the repertoire 
of available TFs in any given cell. Accordingly, among the different 
derepressed genes in Ring1a/b dKO HFSC, we found ASCL2, a DNA 
binding TF sufficient and required for epidermal differentiation (30). 
Further analysis of the transcriptome of PRC1-deficient HFSCs con-
firmed the activation of an ectopic, epidermal-specific, transcriptional 
program that could likely contribute for the observed phenotype.

Together, our data ultimately support the existence of a general 
role played by PRC1 to maintain adult stem cell identity that con-
verge into a common phenotype with distinct cell type–specific 
mechanisms. This observation is of crucial importance not only to 
understand the role of Polycomb complexes in shaping adult tissues 
but also in different pathological settings, such as cancer, in which 
PcG is directly involved. The requirement of PcG during tumor de-
velopment and progression, where a high level of cell heterogeneity 
can be observed, has been extensively reported, and several PcG 
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inhibitors entered clinical trials (1, 34). In this context, the efficacy 
(i.e., the consequences) of PcG inhibition could be cell type specific, 
as we describe for adult stem cells, and possibly dependent on the 
integrity of the signaling pathways and on the TF repertoire of the 
different cells.

MATERIALS AND METHODS
Mouse models
Lgr5-specific conditional knockout mice were generated by crossing 
Ring1A−/− Ring1Bfl/fl (35), with LGR5-eGFP-IRES-CreERT2 mice (36). 
These mice were crossed with Rosa26lox-stop-lox LacZ transgenic 
mice for in vivo lineage tracing (37). Genotyping was confirmed by 
polymerase chain reaction (PCR) of tail skin DNA. Cre-dependent 
recombination was induced performing three intraperitoneal injec-
tions of tamoxifen (Sigma-Aldrich) at 75 mg/kg.

Mice were maintained accordingly to the guidelines set out in Com-
mission Recommendation 2007/526/EC, 18 June 2007, on guidelines 
for the accommodation and care of animals used for experimental and 
other scientific purposes. All experiments were performed in accor-
dance with the Italian Laws (D.L.vo 116/92 and following additions), 
which enforces EU Directive 86/609 (Council Directive 86/609/EEC of 
24 November 1986 on the approximation of laws, regulations, and 
administrative provisions of the member states regarding the protec-
tion of animals used for experimental and other scientific purposes).

HF purification
LGR5+ cells were purified from back skin of treated mice at different 
time points. Subcutaneous fat and the blood vessels were removed, and 
the skin was digested using collagenase (2.5 mg/ml) in Dulbecco’s 
modified Eagle’s medium (DMEM) for 45 min. HFs were scraped off 
and incubated for 10 min at 37°C with 2.5% trypsin in phosphate- 
buffered saline (PBS) and deoxyribonuclease 1 (DNase1; 1600 U/ml). 
Fetal bovine serum was added to neutralize trypsin. Cells were washed 
with PBS and filtered with 70-m cell strainer.

Flow cytometry and FACS
Single-cell suspension were washed and resuspended in sorting me-
dium [DMEM; 1:100 penicillin and streptomicin (17-602F, Lonza), 
1:100 l-glutamine (17-605E, Lonza), Hepes, 2 mM EDTA, DNase1 
(800 U/ml), and 10 uM Y27632 (Selleck Chemicals)]. Single GFP+ 
cells were FACS-sorted using either FACSMelody or FACSJazz cell 
sorters (BD Biosciences). Living cells were discriminated by propidium 
iodide exclusion staining.

Immunofluorescence
Back skin was harvested at the described time points, fixed with 
4% paraformaldehyde (PFA) for 3 hours at 4°C, and cryopreserved in 
30% sucrose overnight, followed by O.C.T. embedding (Tissue-TEK 
4583). Embedded tissues were cut at 7 m in thickness. Sections were 
washed in tris-buffered saline–0.1% Tween 20 (TBS-T) and blocked with 
5% donkey serum at room temperature for 1 hour. Section were in-
cubated with anti-H2AK119Ub (D27C4, Cell Signaling Technology) 
overnight at 4°C, washed in TBS-T, incubated for 1 hour at room 
temperature with secondary antibody [715-165-147, Cy3 AffiniPure 
Donkey Anti-Rabbit IgG (H+L), Jackson ImmunoResearch] and 
4′,6-diamidino-2-phenylindole dihydrochloride (32670, Sigma-Aldrich), 
and mounted with Mowiol 4-88 (81381, Sigma-Aldrich). Images were 
taken with Leica Sp8 confocal microscope.

Proximity ligation assay
Anagen-induced sorted LGR5 HFSCs were spotted in Cell-Tak 
(Corning)–coated coverslip, and PLA was performed using Sigma- 
Aldrich Duolink In Situ Orange Starter Kit Mouse/Rabbit follow-
ing the manufacturer’s instruction protocol. Anti-RING1B 
antibody (homemade), anti-RYBP (AB3637, Millipore), and anti-BMI1 
(homemade) primary antibodies were used.

Histology and lineage tracing
Freshly obtained back skin samples were collected at the indicated 
time point and were immediately prefixed for 30 min at room tem-
perature in PBS containing 0.2% gluteraldehyde, 0.02% NP-40, and 
2% PFA. Samples were washed three times for 10 min each with 
PBS and incubated for 30 min with the equilibration buffer (2 mM 
MgCl2, 0.02 NP-40, and 0.1% sodium deoxycholate in PBS). 
Samples were stained overnight at room temperature using 5 mM 
K3Fe(CN)6, 5 mM K4Fe(CN)6, and X-Gal (1 mg/ml) in equilibration 
buffer. Stained skin were washed abundantly with PBS at room 
temperature and then fixed overnight in 4% PFA in PBS before paraf-
fin embedding. Five-micrometer sections were obtained, rehydrated, 
and nuclei-counterstained with Nuclear Fast Red solution for 
10 min at room temperature. For histological analysis, freshly iso-
lated back skin samples were fixed in 4% formaldehyde overnight, 
paraffin-embedded, and stained with hematoxylin and eosin Y. 
Images were acquired using Olympus BX51 or Leica DM6 widefield 
microscope.

RNA sequencing
FACS-sorted cells were collected in 0.5-ml tubes and processed di-
rectly following Smart-seq2 protocol (38) with minor modifications. 
Briefly, 3000 cells per sample were collected directly and lysed in 2 l 
of lysis buffer [0.2% Triton X-100 and ribonuclease inhibitor (4 U/l)]. 
One microliter of 10 M oligo-dT30Vn and 1 l of 10 mM deoxy-
nucleotide triphosphate were added, and the samples were incu-
bated for 3 min at 72°C. Reverse transcriptase step was performed 
using SuperScript III reverse transcriptase enzyme (Invitrogen). 
Preamplification of the obtained complementary DNA (cDNA) was 
performed using KAPA Taq HotStart enzyme with High-Fidelity 
Buffer. Preamplified cDNA was purified using AMPure beads 
(Agencourt AMPure XP, Beckman Coulter), and the quality was 
checked using Bioanalyzer (Agilent). Two nanograms of cDNA was 
tagmented with 100 ng of homemade Tn5 enzyme and further 
amplified using KAPA HiFi HotStart Kit. Tagmented, amplified 
DNA was sequenced using Illumina HiSeq2000.

ChIP sequencing
LGR5+ HFSCs were purified as previously described from anagen- 
synchronized HFs of Ring1a/b+/+ mice and were extracted following 
the protocol previously described. A total of 2.5 million cells 
were used for ChIP-seq as previously described (9). Sonicated 
chromatin was incubated with 10 g of rabbit anti- RING1B 
antibody (homemade), anti-H2AK119Ub1 (8240, Cell Signaling 
Technology), anti-RYBP (AB3637, Millipore), and anti-CBX8 (39) 
overnight, and the immunocomplexes recovered using protein A–
conjugated magnetic beads (Dynabeads, Life Technologies). Purified 
chromatin was decross-linked overnight in 0.1 M NaHCO3 and 
1% SDS. Decross-linked DNA was purified. ISC-specific H3K4me3 
ChIP-seq profile was obtained as previously described (9) using 5 g 
of anti-H3K4Me3 antibody (catalog no. 39159, Active Motif).
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RNA-seq analysis
Reads were aligned to the mouse reference genome mm9 using TopHat 
v2.1.1 (40) with parameters --no-coverage-search and --library-type 
fr-unstranded. PCR duplicates were removed using Picard (http://
broadinstitute.github.io/picard/). Gene counts were calculated using 
HTSeq-count v0.8.0 (41) with parameters --stranded=no --mode= 
intersection-nonempty using RefSeq mm9 annotation downloaded from 
the University of California, Santa Cruz. Differential expression 
analyses were performed using the R package DESeq2 v1.20 (42) 
using default parameters. Genes with an absolute log2 fold change of 
1 and false discovery rate of <0.1 were considered as differentially 
expressed. Gene enrichment analysis on down- and up-regulated genes 
was performed using DAVID 6.8 (43). A preranked GSEA (44) was 
performed using gene lists (Signature Gene Lists) from multiple 
skin cell populations obtained from (31). The analysis was performed 
using default parameters (weighted as enrichment statistic) and ranking 
the input gene list using log2 fold-change data obtained from DESeq2.

To assess the expression of differentially expressed genes in Ring1A/
B−/− versus wild-type HFSC in other mouse tissues, we used public 
RNA-seq data (bam files) deposited by ENCODE at (http://hgdownload.
soe.ucsc.edu/goldenPath/mm9/encodeDCC/wgEncodeLicrRnaSeq/). 
Bam files were processed with the pipeline described previously, and 
RPKM (Read Per Kilobase of Milion Mapped Reads) data were normal-
ized with the function normalize.quantiles() from the R package 
preprocessCore (https://github.com/bmbolstad/preprocessCore).

ChIP-seq analysis
Reads were aligned to the mouse reference genome mm9 using 
Bowtie v1.2.2 (45) with default parameters and not allowing 
multimapping (-m1). PCR duplicates were removed using Picard 
(http://broadinstitute.github.io/picard/). Peaks were called using 
MACS2 v2.1.1 (46) with parameters -g mm --nomodel -p 1e-10 –B. 
Genomic peak annotation was performed using the R package 
ChIPpeakAnno v3.15 (47), considering the promoter region of ±2.5 kb 
around the TSS (Transcription Start Site). Overlaps of ChIP-seq targets 
were performed as following: Genes with peaks in their promoter re-
gions (±2.5 kb around TSS) were considered as targets. Then, the 
overlap between target gene lists was performed using the R package 
VennDiagram v1.6.20 (48).

For heatmap representation of ChIP-seq signal, bigwig files, 
with input signal subtracted, were generated using the function 
bamCompare from deepTools 2.0 (49) with parameters --ratio 
subtract –bs 30 --extendReads 200. To normalize for differences in 
sample library size, a scaling factor for each sample was calculated 
as (1/total mapped reads) × 1 million and applied during bigwig file 
generation with the parameter –scaleFactors from bamCompare.

Ring1b ChIP-seq targets were clustered in four groups ac-
cording to their RPKM expression using the dplyr function ntile(). 
Tracks for H3K27me3 from ISC and HFSC were obtained from (9) 
and (28), respectively, and processed with the pipeline described 
previously.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/5/eaav1594/DC1
Fig. S1. Mouse model of PRC1 activity abrogation.
Fig. S2. PRC1 loss severely affects anagen onset and progression.
Fig. S3. PRC1 loss has different transcriptional effects among tissues.
Fig. S4. Expression of core PRC1 subunits in HFSCs.
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