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SUMMARY

Polycomb repressive complexes (PRCs) are among
the most important gatekeepers of establishing and
maintaining cell identity in metazoans. PRC1, which
plays adominantrole in this context, executes its func-
tions via multiple subcomplexes, which all contribute
to H2AK119 mono-ubiquitination (H2Aubq). Despite
our comprehensive knowledge of PRC1-dependent
H2Aubq in embryonic stem cells and during early
development, its role in adult stem cells still remains
poorly characterized. Here we show that PRC1 activity
is required for the integrity of the intestinal epithelium,
regulating stem cell self-renewal via a cell-autono-
mous mechanism that is independent from Cdkn2a
expression. By dissecting the PRC1-dependent tran-
scription program in intestinal stem cells, we demon-
strate that PRC1 represses alarge number of non-line-
age-specific transcription factors that directly affect
B-catenin/Tcf transcriptional activity. Our data reveal
that PRC1 preserves Wnt/B-catenin activity in adult
stem cells to maintain intestinal homeostasis and
supports tumor formation induced by the constitutive
activation of this pathway.

INTRODUCTION

Adult tissues are maintained and constantly regenerated by the
activity of tissue-specific multipotent stem cells. This reservoir
is periodically activated and compensates for cell loss and tissue
damage, while preserving the stem cell pool (Barker et al., 2010).
Stem cell lineage commitment and their terminal differentiation is
the outcome of a coordinated series of signaling events that
converge on chromatin to regulate the establishment of line-
age-specific transcription programs, where the chromatin envi-
ronment and its modifications limit and support the activity of
transcription factors (TF) by regulating their accessibility and
by maintaining the established transcription programs.
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Among the different chromatin modifiers, Polycomb group
(PcG) proteins play a pivotal role in coordinating development,
differentiation, and cell proliferation, in part by maintaining the
repressed state of target genes by monoubiquitylating histone
H2AK119 (H2Aubg) and by trimethylating histone H3K27
(H3K27me3) (Aloia et al., 2013). These modifications are
controlled by the Polycomb repressive complexes 1 (PRC1)
and 2 (PRC2), respectively, which localize together at CpG-rich
transcription start sites (TSSs). PRC1 exists in at least five
distinct complexes that all retain the Ring1a or Ring1b subunits
that act as specific H2Aubg E3 ligases (Gao et al., 2012).
Because PRC1 and PRC2 directly regulate the repression of a
large set of common target genes, different models of functional
dependency between these complexes have been proposed
over the years (Gao et al., 2012; Scelfo et al., 2014) that suggest
a dominant role for the PRC1 repressive activity (Blackledge
et al., 2014; Cooper et al., 2014). Whereas Ring1a and Ring1b
can be redundant during development (del Mar Lorente et al.,
2000; Voncken et al., 2003), the Ring1a/b double KO embryos
are impaired at the two-cell stage (Posfai et al., 2012),
highlighting the requirement to inactivate both proteins to fully
uncover PRC1 biological roles.

Despite the extensive literature on the role of PRC1 in regu-
lating gene transcription, embryonic stem cell (ESC) differentia-
tion, and development, the role of PRC1 activity in adult stem
cells is still largely unexplored. Using genetic tools that fully inac-
tivate H2Aubq deposition in adult mice, we have discovered that
the Ring1a/b activity is essential for the homeostasis of the adult
mouse intestine. The small intestine (SI) is one of the most dy-
namic adult tissues, with the highest renewal time among all solid
organs (of 4-5 days). This high turnover is maintained by a pool of
fast-cycling intestinal stem cells (ISCs) that reside at the bottom
of the crypts of Lieberkuhn characterized by the high expression
of the R-spondin receptor Lgr5 (Barker, 2014). These cells divide
symmetrically, cycling once per day, generating actively prolifer-
ating, transient amplifying progenitors that gradually migrate to-
ward the tip of the villi, differentiating as they go into absorptive
or secretory cells that undergo apoptosis as soon as they reach
the tip and then shed into the intestinal lumen (van der Flier and
Clevers, 2009). The Wnt signaling plays a fundamental role
for both ISC self-renewal and regeneration of the intestinal
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Figure 1. Global PRC1 Depletion Reveals a Role in Intestinal Homeostasis

(A) Body weight curves of the indicated R26°°572 mice injected with tamoxifen. (R26°°57™2 n = 10; R26°°ER72 Ring1A~'~ Ring1B~'~ n = 10; R26C°ERT2
Ring1A~'~~ Ring18~/~Cdkn2a™'~ n = 10).

(B) Autopsy of different Rosa26°°7"2 mice 9 days after injection.

(C) H&E staining of small intestinal sections from the indicated R26°™°5"2 mice 9 days after injection with oil (left) or tamoxifen (middle and right).

(D) Western blot analysis of proteins extracted from crypts purified from the indicated R26°°772 mice 5 days after injection with oil (left) or tamoxifen (right).

(legend continued on next page)
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epithelium, as its suppression leads to a loss of intestinal archi-
tecture and morbidity (Fevr et al., 2007; Korinek et al., 1998; van
Es et al., 2012). In contrast, mutations that perturb B-catenin
degradation, which preferentially occur on APC and B-catenin
itself, lead to the expansion of the proliferative compartment
and represent one of the hallmarks of familiar and sporadic intes-
tinal tumors.

Here we have uncovered the fundamental role of PRC1-
dependent transcriptional repression in maintaining ISC pro-
prieties, providing a functional connection between PRC1
repression and Wnt-dependent transcriptional activity. Using
ISC-specific Ring1a/b inactivation, our data genetically demon-
strate mechanistic insight about how PRC1 acts as a positive
regulator of ISC functions, thereby preserving epithelial integrity
under physiological and pathological conditions.

RESULTS

PRC1 Activity Is Required for Intestinal Homeostasis
Independently of Cdkn2a Repression

To uncover the functional proprieties of Ringla and Ring1b
(hereafter termed Ring1a/b)-dependent deposition of H2Aubq
in adult tissues, we took advantage of a mouse model that cou-
ples a constitutive KO allele for Ring7a (Ringla—") and a Cre-
dependent conditional KO (cKO) allele for Ring1b (Ring1b™
(de Napoles et al., 2004) with the expression of a 4-hydroxyta-
moxifen (OHT)-inducible CreER fusion that is constitutively ex-
pressed from the Rosa26 locus (R26"°F72) in all adult tissues.
The loss of Ring1a is fully compensated by Ring1b expression,
as Ring1a™'~ mice are viable and fertile, with only minor defects
in the axial skeleton (del Mar Lorente et al., 2000). We therefore
used this genetic model to acutely inactivate the activity of
all PRC1 complexes in 8- to 12-week-old, sex-matched
adult C57/B6 mice by intraperitoneal tamoxifen injections. We
observed that Ring7a/b inactivation induced a rapid loss of
body weight of up to 30% soon after the 9-day post-tamoxifen
injection (pti, Figure 1A), coupled with a thinner intestine filled
up with bloody feces (Figure 1B).

Because it is well established that Polycomb complexes are
direct transcriptional repressors of the Ink4a-Arf (Cdkn2a) locus,
and that p16 and Arf activation is a major mechanism behind
different PcG-related loss-of-function phenotypes (Popov and
Gil, 2010), we took advantage of an allele that constitutively inac-
tivates p16 and Arf expression (Cdkn2a~'") (Serrano et al., 1996)
to determine the dependency between PRC1 loss-of-function
and Cdkn2a repression. These analyses revealed that both the
loss of body weight and the impaired intestinal homeostasis
were independent of p16 and Arf expression (Figures 1A and
1B). H&E staining of small and large intestine sections of
Cdkn2a-proficient and -deficient mice confirmed that the intes-
tines were functionally impaired, with a compromised crypt-to-
villi architecture of the epithelium (Figures 1C and S1A). Western
blot analysis of crypt preparations before the onset of this

phenotype (5 days pti) confirmed that Ring1b expression was
efficiently inactivated, and that no H2Aubg was deposited,
upon loss of PRC1 activity (Figure 1D). This result was substan-
tiated by immunohistochemical analyses showing that H2Aubq
was actively deposited along the crypt-villus axis (including the
stem cell compartment), and that acute inactivation of Ring1a/
b activity rapidly impaired its deposition in all epithelial cells (Fig-
ure 1E). Importantly, loss of H2Aubqg did not affect the global
deposition of H3K27me3, showing that PRC1-dependent
H2Aubqg does not control PRC2 activity in this tissue and further
underscoring the specific role of PRC1 in controlling intestinal
homeostasis (Figure 1D). The other major organs, including
spleen, lung, liver, kidney, and heart appeared grossly normal
in Ring1a/b double KO mice (dKO) at the same days pti pre-
sented in Figures 1A and 1B (Figure S1B), suggesting a direct
role of PRC1 in controlling intestinal homeostasis.

To confirm this observation, we isolated crypts before tamox-
ifen treatment and grew them in vitro as three-dimensional (3D)
minigut organoids (Figure 1F). Organoids were allowed to form
crypt-like structures for 48 hr before the Ring1b”" conditional al-
leles were inactivated by addition of OHT to the culture media.
This induced a rapid regression of minigut growth in both
Cdkn2a-proficient and -deficient cells (Figure 1F), demonstrating
that PRC1 activity is essential for sustaining intestinal homeosta-
sis, independent of the local environment. This result was not
an unspecific effect induced by OHT treatment, as R26°°EF72
wild-type (WT) organoids, cultured in the presence of OHT,
were not compromised in development and growth (data not
shown). Together, these data strongly suggest that PRC1 activity
plays a direct role in the homeostasis of the adult intestinal
epithelia.

PRC1 Regulates the Self-Renewal and Proliferation of
Intestinal Stem Cells

To investigate the specific role of PRC1 in maintaining intestinal
architecture, we took advantage of a knockin mouse model
developed by the H. Clevers laboratory, in which the expression
of both eGFP and CreER™ is driven by the ISC-specific Lgr5
promoter (Lgr5G-CeERT2) (Barker et al., 2007). This model dis-
plays a non-uniform GFP and CreER' expression that, due to
the clonal nature of adult intestinal crypts (Snippert et al,
2010), allows phenotypic analyses to be performed at a single-
crypt level without affecting the overall functionality of the intes-
tinal epithelium. We therefore used this model to characterize the
role of PRC1 specifically in ISCs.

Immunostaining in these mice revealed the direct dependency
between loss of Ring1b expression and lack of H2Aubq deposi-
tion at the single-crypt level and further confirmed that Ring1a/b
are active in ISCs and compensate for each other (Figure 2A).
Histological analysis performed at different days pti on intestinal
sections from Ringla/b dKO mice revealed the presence of
degenerating crypts starting from 7 days pti. The number of
these abnormal crypts increased after 15 day and then gradually

(E) H&E and immunostaining using anti-H2AK119ubq on intestinal sections prepared from mice 5 days after injection with oil (top) or tamoxifen (bottom). White
arrowheads highlight epithelial cell nuclei, and black arrowheads, lamina propria—associated nuclei.

(F) Minigut cultures obtained from purified small intestinal crypts of R2

6CreERT2

mice carrying the indicated genotypes. The purified crypts were split in two and

separately cultured for 48 hr. The formed miniguts were either treated with OHT, to activate CRE recombinase, or EtOH as control.

Related to Figure S1.

Cell Stem Cell 18, 91-1083, January 7, 2016 ©2016 Elsevier Inc. 93

CellPress




Cell’ress

A Lgrb6FPOreERT? Ring1a Lgr55FP-OreERT? Ring1a+ B LQro6rP-creERT2 Lgr5°¢FP-CreERT2 Ring 1a” Ring 1b™
Ring1b**  Ring1b” Ring1b**  Ring1b” i ¢
GFP
(Lgr5) s
Ring1h [FHles >
-~ -".
.
merge -\4
dapi 2%
(dapi) o
days from Tamoxifen
c 120
Lgr5erP-CreERT2. Ring1a” Ring1b”  time from Tamoxifen treatment B
) wr ) 0 days 15 days . 30days E
10 raFRv isc 10 GFP+ISC 1T GrPrisC 6 80
g1 Iwﬂ 10° 5 60
= °
" 3
20 5 10° 102 % 40
G = 2
10° ® 10' & 10' ©
o & 2 20
w
o0 P O 100 : 4 00 - 14
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000 0
FSCH FSC-H 0o 7 15 30
days from tamoxifen
D ) . 120 E . . o
time from 15t and 2™ Tamoxifen treatment time from Tamoxifen treatment 140
O %]
0 30 + 0 days 30 + 7 days 30 + 15days  L100 0 days 15 days ¥ 120
Gfp+ ISC Gfp+ ISC Gfp+ ISC & i &0
100 ) 100 & 90 80
B . 5 60 e 60
102 102 ° 2 ES
210y =® ] o
2 4§ ® 40 5 > 40
D10 10" 2 o S 2
o " 8 20 e
€5 100 F e 400 et 100 P B & o & oo s
0 200 400 600 800 1000 0 200 400 600 800 1000 O 200 400 600 800 1000 o 0 200 400 600 800 1000 0200 400 600 800 1000 .
FSC-H ) o 7 15 FSC-H ——» days from tamoxifen
Lgr56FP-CreERT2 Ring1a” Ring1b™ days from tamoxifen Lgr56FP-creERT2. Cdkn2a” Ring1a’” Ring1b™”

Figure 2. Intestinal Stem Cell-Specific PRC1 Ablation Affects Normal Crypt Architecture and Reduces Intestinal Stem Cell Number

(A) Immunostaining of near-native small intestine sections for the indicated LGR

highlighted (dashed line).

5GFP-CreEFlT2

mice at 7 days after tamoxifen injection. GFP-positive crypts are

(B) Histological and immunohistochemical examination of small intestinal sections from WT and Ring7a™~ Ring1b~'~ LGR5%"C*ERT2 mjce at different times
after tamoxifen injection. Proliferating stem cells at crypt base (arrowheads) and mucopolysaccharides accumulated at the luminal side of the crypts (dashed line).
(C and D) FACS analysis and quantification (n = 7) of GFP-positive ISCs at different times after tamoxifen injection in Cdkn2a*’* (C) and Cdkn2a ™'~ (D) mice (n = 4).

The p values were determined by Wilcoxon non-parametric statistical test.

(E) FACS analysis quantification (n = 2) of GFP-positive cells after a second round of tamoxifen administration. Thirty days after the first tamoxifen injection, mice
were subjected to a second round of tamoxifen administration. The number of GFP-positive cells was analyzed at 7 and 15 days after the second administration.

p values were determined by Wilcoxon non-parametric statistical test.
Related to Figure S2.

decreased by negative selection (Figure S2B). Degenerating
crypts appeared to be shrinking cystic crypts filled by eosino-
philic debris with PAS-positive mucus (Figures S2A and S2B)
and composed by a lower number of cells (Figures 2B and
S2A). All these crypts negatively stained for H2Aubq (Figures
2B, S2A, and S2B) and showed a gradual reduction of Ki67-pos-
itive proliferating cells, starting from the bottom of the crypts and
expanding to the transient amplifying compartment (Figure 2B).
Degenerating crypts gradually disappeared and after 60 days
pti, the intestinal epithelium appeared normal (Figure S2C).
Loss of crypt architecture was not due to enhanced cell death,
as no increase in the number of apoptotic cells was observed be-
tween H2Aubg-positive and -negative crypts by TUNEL assays
(Figure S2D). The efficiency of TUNEL staining was measured
by detecting the apoptotic cells that are physiologically present
at the tip of the small intestinal villi (Figure S2D). Overall, these re-

94 Cell Stem Cell 78, 91-103, January 7, 2016 ©2016 Elsevier Inc.

sults suggest that the specific loss of PRC1 activity in ISCs af-
fects crypt homeostasis without inducing cell death.

To further characterize whether Ring1a/b was required for ISC
maintenance, we analyzed disaggregated crypt preparations by
fluorescence-activated cell sorting (FACS) at different time
points pti to quantify the pool of GFP+ stem cells over time.
This analysis showed a remarkable reduction of GFP+ ISCs,
that approaches 80% after 30 days pti (Figure 2C). As neither
tamoxifen exposure of Ring7a/b WT mice, nor single loss of
Ringla expression, induced a significant reduction of GFP+
ISC (Figure S2E), this result demonstrated that loss of PRC1 ac-
tivity leads to a strong reduction of the ISC pool in vivo. We then
analyzed FACS staining for Ring1b and H2Aubq; the specificity
of this was validated using Ring1a/b dKO mouse embryonic fi-
broblasts; (Figure S2F) (Piunti et al., 2014). This FACS staining
confirmed that PRC1 activity was efficiently inactivated in the
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Figure 3. PRC1 is Required for ISC Maintenance in a Cell-Autonomous Manner

(A) In vivo ISC lineage tracing. R26/S":4¢Z

mice with the indicated genotypes were injected with tamoxifen and sacrificed at the indicated time points. For each

time point, the small intestine from wild-type and Ring7a~'~ Ring1b~'~ mice were stained with X-GAL. The whole-stained samples and the relative sections are

shown. Nuclei were counterstained using Nuclear Fast Red.

(B) FACS-sorted ISCs from LGR5%7-CERT2 Ring1a~/~ Ring1b™ mice were cultured in vitro in the presence of Wnt3a and exposed to either OHT or EtOH as a
control. The number of spheroids obtained in each well was scored. The spheroids obtained from the EtOH treated sample were further cultured in the absence of
Wnt3a and in the presence of either OHT or EtOH to assay their ability to form crypt-like structure (arrowheads). The percentage of “blebbing” spheroids was

scored. Representative images of three replicates are shown.
Related to Figure S3.

GFP+ stem cells, and that loss of Ring1a/b activity was rapidly
counterselected in the remaining GFP+ stem cell population,
which retained normal Ring1b and H2Aubq levels after 30 days
pti (Figures S2G and S2H). Indeed, a second exposure to tamox-
ifen at this time point further exhausted the remaining pool of
GFP+ ISCs, confirming that Ring1a/b dKO ISCs are counterse-
lected by WT GFP+ cells that did not inactivated the Ring1b con-
ditional allele after the first tamoxifen treatment (Figure 2D).
Finally, consistent with our previous results (Figure 1), loss of
PRC1 activity in Cdkn2a~’~ ISCs also resulted in a strong reduc-
tion of the GFP+ ISC pool (Figure 2E), further confirming that
PRC1 works independently from Cdkn2a repression in control-
ling stem cell functions and crypt homeostasis.

To further characterize the role of PRC1 in maintaining ISC
functions, we introduced a tracing allele that expresses LacZ
from the Rosa26 locus under the control of a stop cassette
that can be excised by Cre-recombinase activation (R26'5'-3°%)
(Soriano, 1999). This allowed us to label ISCs with constitutive
LacZ expression, introducing a heritable genetic mark that is
transmitted to the entire progeny of epithelial cells. Upon tamox-
ifen administration, a similar number of ISCs had LacZ expres-
sion in both Ring1a/b-proficient and -deficient animals (4 days
pti, Figure 3A). However, while the LacZ-positive ISCs in WT
mice were able to maintain all lineages of the intestinal epithe-
lium, those in Ring1a/b dKO mice were unable to sustain crypt

homeostasis, and LacZ-positive cells completely disappeared
from the epithelium within 30-days pti (Figure 3A). Similar results
were also observed in Lgr5+ colonic and pyloric stem cells sug-
gesting a conserved role of PRC1 in maintaining Lgr5+ stem cells
in the entire gastro-intestinal tract (Figures S3A and S3B). Taken
together, these results demonstrate the essential role of PRC1 in
maintaining intestinal homeostasis by sustaining the self-renew-
ing capacity of the ISC pool.

To obtain more direct evidence that loss of Ring1a/b activity
compromises the self-renewal and proliferation of stem cells,
we isolated GFP+ ISCs by FACS sorting and allowed them to
grow as undifferentiated spheroids in a Wnt3a-conditioned me-
dium, to expand the stem cell population (Sato et al., 2011). Un-
der these conditions, normal ISC efficiently form and maintain
large spheroids; however, ISC-specific inactivation of Ring1a/b
(by OHT addition to the culture media) fully prevented the stem
cells from proliferating in vitro (Figure 3B top and middle images).
Moreover, in agreement with the results presented in Figure 1F,
inactivation of Ringl1a/b in fully formed spheroids failed to
sustain minigut cultures, as evidenced by the absence of
crypt-like structures that normally form upon Wnt3a removal
(Figure 3B, bottom images). Together, these results demonstrate
the essential role of PRC1 activity in preserving the homeostasis
of the adult intestinal epithelium by promoting ISC self-renewal
independently from their niche.
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PRC1 Directly Ensures the Maintenance of Intestinal
Identity in the Stem Cells

To investigate whether PRC1 deficient ISCs develop into a nor-
mally differentiated progeny, we taken advantage of R26''-3°%
mice to analyze the activity of intestinal alkaline phosphatase
(Alpi), which is a marker of the most abundant differentiated cells
type in the villi, the enterocytes. As shown in Figure 4A, the fewer
cells located in the villus compartment derived from Ring1a/b
dKO ISCs did not express alkaline phosphatase suggesting an
impairment in ful differentiation into specialized intestinal epithe-
lial cells. Consistent with this, the expression of transcription
factors specifically involved in the differentiation of specialized
intestinal cells was reduced in Ring71a/b dKOs (Figure 4B). To
gain insight into this apparent loss of cell identity, we decided
to characterize the transcriptional program controlled by PRC1
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eate the global transcriptional changes
with RNA-sequencing (RNA-seq) analysis
(Table S1). Consistent with the repressive
nature of PRC1, we observed a preferen-
tial activation of gene expression in
Ring1a/b dKO as compared to WT ISCs
(Figure 4C). Using a 4-fold cutoff to define
the differentially regulated genes (DRG),
we observed an ~9:1 ratio between the number of significantly
upregulated (376) and downregulated (42) genes in Ring1a/b
dKO stem cells (red dots, Figure 4C). To investigate whether
loss of PRC1 activity forced ISCs to adopt a specific differentia-
tion program, we compared both up- and downregulated genes
with the transcriptional profiles obtained from different tissues.
The global expression levels of the group of upregulated genes
revealed that loss of PRC1 transcriptional control induced the
expression of large set of genes that did not belong to the intes-
tinal lineage (Figures 4D and S4l). These genes were fully silent in
whole intestine but expressed at high levels in several other tis-
sues. real-time qPCR analyses confirmed the RNA-seq analysis
showing upregulation of these genes in Ring1a/b dKO crypts
(Figure S4L). In contrast, the expression of the downregulated
genes was specifically elevated in the small intestine with
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respect to other tissues (Figure 4D) according to what was
observed in Ring1a/b dKO crypts (Figure 4B). Together, these
results suggest that PRC1 inactivation leads to a general loss
of intestinal lineage identity rather than to premature differentia-
tion of ISCs.

To determine to which extent these transcriptional changes
are a direct consequence of PRC1-dependent repression, we
analyzed Ring1b and H2Aubqg by chromatin immunoprecipita-
tion sequencing (ChlP-seq) in formaldehyde-fixed chromatin
preparations from both crypts and ISCs from Lgr5€ef772 WT
mice. The purity of the crypt preparations was confirmed by
the specific enrichment of ISC and Paneth cell markers, and by
the exclusion of markers expressed by the most representative
differentiated cells of the villi and stromal cells (Figure S5A).
The GFP+ ISCs were instead purified following the same
approach presented in Figure S4. These analyses identified
several Ring1b- and H2Aubg-enriched genomic loci in both
crypts and ISCs (Table S2). As expected, Ring1b binding fully
overlapped with H2Aubq, which displays a broader deposition
(Figure S5B). This analysis also identified a larger number of
Ring1b- and H2Aubg-enriched genomic loci in crypts with
respect to ISCs, suggesting a more diffused activity of PRC1 in
progenitor cells. However, Ring1b occupancy and the deposi-
tion of H2Aubq detected in ISCs were fully conserved in intestinal
crypts and villi (Figures S5C-S5E; Tables S2 and S3). Moreover,
RNA-seq analysis performed with the Ring7a/b dKO villi fraction
confirmed that PRC1 is required to maintained transcriptional
repression of a defined set of target genes that do not change
along the crypt-villus axis (Figures S5F and S5G; Table S4), sug-
gesting that PRC1-dependent lineage identity is established at
stem cell level and does not change significantly in progenitor
and differentiated cells. Importantly, PRC1 activity was specif-
ically enriched at the promoter of genes that were transcription-
ally activated in Ring7a/b dKO ISCs (Figures 5A and 5B). This
direct correlation is almost complete when only fully silent genes
in WT ISCs (FPKM <0.05) were taken into consideration in this
analysis (Figure 5B). Thus, PRC1 activity directly maintains
transcriptional repression of almost all the identified upregu-
lated genes. Overall, these data define the direct transcriptional
circuits of PRC1 in ISCs and highlight the diffuse repressive
activity of PRC1 in these cells.

PRC1-Repressed Transcription Factors Directly Inhibit
B-Catenin/Tcf712 Transcriptional Activity

To characterize the molecular mechanisms by which PRC1 ac-
tivity could sustains ISC self-renewal and proliferation, we inter-
rogated gene ontology databases to unveil functional proprieties
among the group of upregulated genes. This analysis identified a
massive activation of DNA-binding TFs in Ring1a/b dKO ISCs
(Figure 5C). Importantly, this was the only functional ontology
class that was significantly enriched within our signature of upre-
gulated genes, suggesting that the main function of PRC1 activ-
ity is to suppress the transcription of these genes in ISCs. Inter-
estingly, several of these factors have been reported to interfere
directly with the transcriptional activity of the B-catenin/Tcf com-
plex in different cellular settings (Fujimi et al., 2012; lto et al.,
2008; Jung et al., 2004, 2005; Pourebrahim et al., 2011; Sinner
etal., 2007). This is a central activity for the self-renewal and pro-
liferation of ISCs that controls the homeostasis of the entire in-

testinal epithelium (Korinek et al., 1998; van Es et al., 2012).
Among these factors, we focused our attention on the Zic family
of zinc finger TFs, which were previously shown to suppress
B-catenin-induced axis duplication in Xenopus embryos (Fujimi
et al., 2012; Pourebrahim et al., 2011). The genomic snapshots
presented in Figure 5D highlight the transcriptional activation
of different Zic genes in Ring1a/b dKO ISCs and the direct asso-
ciation of PRC1 activity to their promoters. Zic transcriptional
activation was also confirmed with independent preparations
of ISCs by real-time qPCR expression analyses (Figure 5E) and
further validated in Ring1a/b dKO whole-crypt preparations us-
ing R26°ERT2 mice (Figure 5F). The specificity of Ring1b binding
and the loss of H2Aubq deposition were confirmed by specific
ChIP analyses at the Zic7-5 promoters using chromatin prepared
from WT compared to Ring1a/b dKO purified crypts (Figures
S5H and S5I). Importantly, western blots from both ISCs and
crypt extracts validated that Zic2 is overexpressed at the protein
level (Figures 5G and 5H). This result further demonstrates the
lack of expression of Zic2 in WT ISCs and confirms an effective
protein accumulation of these TFs upon loss of PRC1-depen-
dent transcriptional repression.

Considering the potential role of these TFs to interfere with
Whnt-dependent transcriptional activity, our data suggest that
the extensive upregulation of several DNA binding factors,
such as the Zic proteins, in the absence of PRC1 repressive ac-
tivity could interfere with the transcriptional activity of the p-cat-
enin/Tcf712 complex. To test this hypothesis, we evaluated the
expression of the five different ZIC TFs in six colorectal cancer
cell lines. While APC mutant microsatellite-stable cell lines ex-
pressed very low or nondetectable levels for these genes, APC
wild-type microsatellite-unstable cells expressed detectable
levels of ZIC1, ZIC2, and ZIC5 (Figure S6A). To test the effect
of ZICs ectopic expression on WNT transcriptional activity, we
cloned and independently expressed Flag-tagged ZIC1 and
ZIC2 in SW480 colorectal cancer cell line and found by immuno-
precipitation that both ectopically expressed ZIC1 and ZIC2
interacted efficiently with endogenous TCF7L2 (also known as
TCF4, Figures 6A and 6B). More importantly, this interaction
correlated with the ability of ZIC1 or ZIC2 to suppress TCF-
dependent luciferase transcription from a TCF-responsive pro-
moter in a dose-dependent manner (TOP/FOP assays, Figure 6C)
and by inhibiting the expression of physiological downstream
targets of the WNT pathway in the same cells (Figure 6D).
Consistent with this, simultaneous inhibition of ZIC1 and
ZIC2 expression in HCT116 by shRNAs expression enhanced
B-CATENIN/TCF transcriptional activity as shown by both the
TOP/FOP assay and by the increased expression of the physio-
logical targets EPHB3 and MYC (Figure S6B).

To finally show that ZIC protein expression is sufficient to
impair intestinal homeostasis similarly to PRC1 loss of function,
we cloned ZIC1 and ZIC2 coding sequences in an inducible
CMV-driven lentiviral vector downstream to a lox-RFP-lox stop
cassette and transduced R26C°F"2_derived organoids (Fig-
ure 6F). Consistent with our data, the independent expression
of either ZIC1 or ZIC2 by treatment of RFP-positive organoids
with 4-OHT, induced organoids regression similarly to loss of
PRC1 activity (Figures 6G and 6H). Together, these results
strongly suggest that ZIC1 or ZIC2 expression inhibits the tran-
scriptional activity of B-CATENIN/TCF, possibly via a direct
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Figure 5. Loss of PRC1 Activity in the ISCs Induces Global Activation of DNA Binding Transcription Factors

(A) Average Ring1b and H2AK119Ubqg ChIP-seq profile performed on ISCs purified from Lgr5%-CeERT2 mice and centered around the TSS of either up- or
downregulated genes defined in Figure 4.

(B) Bar plots showing the proportion of promoters directly occupied by Ring1b or H2AK119Ubq among differentially expressed genes defined in Figure 4. DWN
indicates all downregulated genes; UP, all upregulated genes; and UP-silent, all upregulated genes with a basal expression in WT ISCs lower than 0.5 FPKM.
(C) GO analysis displaying the significantly enriched molecular functions in the group of upregulated genes.

(D) Genomic snapshots of the different Zic gene loci showing Ring1b and H2AUbg ChiP-seq results together with the RNA-seq data obtained from WT and
Ring1a~'~ Ring1b~'~ ISCs at 6 days after tamoxifen injection.

(E and F) Zic1-5 expression determined by real-time gPCR analyses of RNA purified from intestinal crypts from the indicated R26°"°%"2 mice (F) or from ISCs
purified from the indicated Lgr5¢7-C*ERT2 mice (E) both at 6 days after tamoxifen injection. Thp expression was used as a hormalizing control. Data represent

mean + SEM.

(G and H) Western blot analysis with Ring1B- and Zic2-specific antibodies of proteins extracted from intestinal crypts from the indicated R2l

6°°ERT2 mice (G) or

from ISCs purified from the indicated Lgr5¢-€ERT2 mjce (H), both at 6 days after tamoxifen injection. Vinculin was used as a loading control.

Related to Figure S5.

interaction with this complex, directly affecting tissue homeosta-
sis in primary intestinal organoids.

These results allow us to envision a model in which loss of
PRC1 repression induces a general upregulation of DNA-binding
TFs that retain the ability to directly interact with the B-catenin/
Tcf712 complex to inhibit its transcriptional activity. Consistently,
Whnt/B-catenin signaling scored as the most affected pathway af-
ter the loss of PRC1 activity in ISCs (Figure S6C) and the expres-
sion of two canonical Wnt targets, EphB2 and EphB3, was abol-
ished in PRC1-null crypts (Figure S6D). Indeed, the number of
genomic sites enriched in Tcf712 binding (peaks) and the cumu-
lative Tcf712 ChlP-seq signal were strongly reduced upon loss of
PRC1 activity (Figures 7A-7D and Table S5), despite the levels of
both Tcf712 and Ctnnb1 remain unchanged (Figure S6E). Tcf712
chromatin displacement was also observed in Ring1a/b dKO
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crypts (Figures 7A and S7A-S7D) accompanied by a destabiliza-
tion of B-catenin and Tcf7I12 levels (Figure S6F; Table S5). The
specificity of Tcf7I2 genomic association was confirmed by
the strong prediction of the known Tcf712 DNA binding motif at
the summit of the identified peaks in WT cells (Figure S7C).
Together, these data demonstrate that loss of PRC1 activity in-
duces a global displacement the B-catenin/Tcf712 complex
from genomic DNA directly in ISCs.

PRC1 Activity Is Essential for 3-Catenin Oncogenic
Activity In Vivo

Our findings strongly suggest that the activity of the B-catenin/
Tcf712 complex is compromised by the loss of PRC1 repressive
control by a mechanism that acts downstream of p-catenin sta-
bilization and nuclear localization. To provide further in vivo proof
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Figure 6. ZIC Proteins Directly Inhibit
B-Catenin Transcriptional Activity

(A and B) Coimmunoprecipitation experiments
between ectopically expressed Flag-tagged ZIC1
(A) or ZIC2 (B) with endogenous TCF7L2 in SW480
colon cancer cells.

(C and D) TOP/FOP Flash luciferase assay in
SW480 cells transfected with increasing amount of
ZIC1 (C) or ZIC2 (D) (n = 3). Immunoblots from the
same protein extracts are shown to verify ZIC1 and
ZIC2 expression. Vinculin served as a loading
control.

(E) Expression difference determined by real-
time gPCR analyses of RNA purified from SW480
cells infected with ZIC1 or ZIC2 lentiviral expres-

5 50
Zic2 (ng)
FOP

500

TOP
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endogenous targets. 18S expression was
used as a normalizing control. Data represent
mean + SEM.

(F) Ectopic expression of Zic1 and Zic2 in
intestinal crypt-derived organoids. Disaggregated

C-MYC
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e

R26°"°ERT2 derived crypts were infected with Cre
inducible lox-RFP-lox constructs expressing
either Zic1 or Zic2 and in vitro cultured. RFP+ or-
ganoids were cultured for 7 days, disaggregated,
and allowed to reform. After approximately 4 days,
RFP+ organoids were treated with 4-OHT to
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ability of B-catenin to induce epithelial
hyperplasia and tumor formation (Fig-
ure 7E, right images). Transcriptional
analysis performed in ISCs purified

from Ctnn1b®%®*® mice at 6 days pti
confirmed that loss of PRC1 activity acti-
vates a very similar gene signature with
respect to normal ISCs (Figures S7E and

for this model, we used a genetic tool that constitutively activates
B-catenin in vivo by Cre-mediated deletion of Ctnnb1 exon 3
(Ctnnb1%%/#%%) | oss of exon 3 removes the GSK3p phosphory-
lation sites from Ctnnb1 that positively regulate B-catenin degra-
dation leading to a constitutively stable $-catenin mutant. g-cat-
enin stabilization in ISCs resulted in hyperplasia and massive
adenoma formation in the entire small intestine (Harada et al.,
1999) mimicking in mice the mutations that are found in sporadic
and hereditary non-polyposis colorectal cancer (Johnson et al.,
2005; Morin et al., 1997). Thus, we combined the Ctnnb1%*2 allele
with conditional loss of Ringla/b activity using ISC-specific
Lgr5°ER™2_mediated Cre inactivation. Indeed, stabilization of
B-catenin in ISCs after tamoxifen treatment induced the enlarge-
ment of the mouse S| due to a massive formation of intestinal
adenomas (Figure 7E, left images). However, the activation

S7F; Table S6). To exclude the possibility
that inhibition of adenoma formation in
J Ringla/b dKO Ctnn1b®%®® mice was
due to ISCs exhaustion before addiction

to a constitutive WNT activation, we

took advantage of “escaper” tumors that can be found after
30 days pti in Ringta/b dKO Ctnn1b®%*% mice. These ade-
nomas probably formed because of limited activity of CRE that
recombined Ctnn1b®%# put not the Ring1b™" allele as shown
by the presence of both stabilized Ctnnb1 and H2Aubq deposi-
tion (Figure S7G). These rare events are positively selected and
allowed us to inactivate Ring1b in Lgr5+ cells within adenomas
established by constitutive WNT activation. Indeed, a second
treatment with tamoxifen after 30 days strongly reduced the ad-
enoma-associated Lgr5+ stem cells as shown by both ex-vivo
fluorescent imaging on isolated small intestinal samples (Fig-
ure 7F) and by confocal microscopy on near-native sections (Fig-
ure S7H). These results were further confirmed in 3D cultures
dependent by constitutive oncogenic -Catenin activation. First
we have generated organoids from “escaper” adenomas from

)
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Ring1a/b dKO Ctnn1b®**®* mice 30 days from the first tamox-
ifen treatment directly in the absence of RSPO1 and Wnt3a stim-
ulation in the culture medium (Figure 7G). Second, we generated
organoids from R26°fR72 Ring1b~'~ Ring1b” crypts, trans-
duced them with lentiviruses expressing a constitutively active
form of B-Catenin and selected for growth as spherical cysts in
absence of of RSPO1 and Wnt3a stimulation (Figure S7I). In
both cases, inactivation Ring7b by 4-OHT treatments induced
the regression of oncogenic Ctnnb1 expressing spheroids.
Together, these data genetically demonstrate that PRC1 activity
is essential for B-catenin oncogenic activity downstream to its
constitutive activation. We therefore propose a model in which
PRC1 activity supports Wnt signaling and intestinal homeostasis
by transcriptionally repressing direct negative regulators of
B-catenin transcriptional activity.

DISCUSSION

The role of PcG proteins in regulating adult tissue homeostasis
still remains quite elusive. This also includes the role of PRC1
and its dependent deposition of H2Aubq. The large majority of
the current studies only determined the role of different compo-
nents of the canonical PRC1 complex without fully addressing
the general requirements of Ringla/b-dependent H2Aubqg
deposition in adult tissues (Endoh et al., 2012). We have now
identified a novel role of PRC1 activity in adult organisms:
PRC1 activity is essential in regulating the homeostasis of the
intestinal epithelium. By inactivating the catalytic subunits
Ringla and Ring1b that are shared among all different PRC1
subcomplexes specifically in Lgr5+ ISCs, we have further
shown that PRC1 activity is required for stem cell self-renewal
both in vivo and in vitro.

We show here that H3K27me3 is not affected by loss of
H2Aubq deposition. Recent reports have demonstrated that
PRC2 can bind directly H2Aubq in vitro (Kalb et al., 2014), and
that PRC2 recruitment and H3K27me3 deposition are partially
dependent on PRC1 activity in ESCs (Blackledge et al., 2014),
fitting a model in which PRC2 recruitment and activity requires
PRC1-dependent H2Aubqg deposition at target sites. Impor-
tantly, our results suggest that this effect is cell-type specific
rather than general, and that it can be regulated by multiple
mechanisms—which are likely determined in a context-depen-
dent manner—for stabilizing PRC1 and PRC2 complexes at
chromatin. Overall, these data emphasize a dominant role of
PRC1 in regulating transcriptional gene repression.

In contrast to previous reports that put the direct repression of
Cdkn2a as a central mechanism behind PRC1 biological func-
tions, our data demonstrate that Cdkn2a repression is not
involved in PRC1-dependent control of intestinal homeostasis;
this is consistent with recent findings of our laboratory using
other model systems (Piunti et al., 2014). This result is very
important, since it also uncouples the inactivation of Cdkn2a or
p53 that are frequently found in intestinal tumors from the essen-
tial role of PRC1 in sustaining stem cell proprieties in patholog-
ical conditions.

Besides the regulation of Cdkn2a expression, previous studies
have provided a limited characterization of the genome-wide ac-
tivity of PcG proteins in adult tissues and little mechanistic insight
for dissecting the relevant molecular pathways directly controlled
by PcG proteins. In mouse ESCs, PRC1-dependent H2Aubq
maintains the transcriptional repression of developmental regula-
tors, thereby preserving pluripotency and preventing sponta-
neous differentiation of ESCs (Stock et al., 2007). Our analysis
now demonstrates that loss of PRC1-dependent transcriptional
repression did not result in a premature differentiation of the
stem cell pool but rather profoundly altered their transcriptional
identity, leading to the expression of several genes—including
a large number of TFs—that do not belong to the intestinal line-
age. Combining these results with genome-wide location anal-
ysis, we have shown that the vast majority of these genes are
directly controlled by PRC1 activity. More importantly, these re-
sults strongly suggest that the main function of PRC1 in the intes-
tinal epithelium is to ensure that tissue identity is maintained.

The loss of PRC1 activity induced a massive transcriptional
upregulation of DNA-binding TFs. Intriguingly, several of these
factors were previously connected to B-catenin activity acting
as negative regulators of its transcriptional functions (Fujimi
etal., 2012; Ito et al., 2008; Jung et al., 2004, 2005; Pourebrahim
et al., 2011; Sinner et al., 2007). Wnt-dependent transcription is
crucially important for ISC maintenance, and its negative regula-
tors can strongly affect the stem cell niche, leading to loss of the
intestinal architecture and morbidity (Clevers et al., 2014).
Focusing our attention on the family of Zic TFs, which were pre-
viously shown to inhibit B-catenin-induced axis duplication in
Xenopus embryos (Fujimi et al., 2012; Pourebrahim et al.,
2011), we observed that Zic proteins bind efficiently to the B-cat-
enin/Tcf712 transcription complex, and that the activation of Zics
expression inhibits the transcriptional activity of a constitutively
activated form of B-catenin and impaired crypt homeostasis in
3D organoids cultures.

Figure 7. PRC1 Activity Is Essential for Wnt-Dependent Transcriptional Activity and Oncogenic Potential

(A) Tcf712 occupancy at defined loci in WT and PRC1 null ISCs or crypts.

(B) Venn diagram representing the overlap of Tcf7I12 peaks identified by ChIP-seq analysis performed with ISCs purified from WT or Ringla™’~ Ring1b™’
Lgr5GFP-CreERT2 mice 6 days after tamoxifen injection.

(C) Cumulative Tcf712 ChIP-seq signal in WT or Ring1a~'~ Ring1b~'~ ISCs, purified from Lgr5¢7-CeERT2 mice 6 days after tamoxifen treatment, at +5 kb around
the summit of Tcf712 peaks detected in WT crypts.

(D) Heatmap representing the normalized Tcf712 ChIP-seq intensities +5 kb around the summit of all peaks identified in WT and PRC1-deficient ISCs 6 days after
tamoxifen injection.

(E) Histological and immunohistochemical analyses of intestinal samples from mice expressing ISC-specific oncogenic B-catenin in the presence or absence of
PRC1. H&E and Ki67 staining were performed 30 days after tamoxifen injection.

(F) Whole intestinal quantification of GFP fluorescence emitted from counterselected tumors treated with corn oil (Oil) or tamoxifen (TAM).

(G) Purification and in vitro spheroid formation of escaping Lgr5%™-CER72 Ring1a~'~ Ring1b~'~ Ctnnb1*¥® Spheroids were isolated and grown for 1 week
always in the absence of both RSPO1 and Wnt3a and then treated with 4-OHT or vehicle (EtOH) as indicated in the figure.

Related to Figures S6 and S7.
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In summary, our data provide strong evidence that PRC1 ac-
tivity regulates the self-renewal and proliferation of ISCs by sus-
taining the transcriptional activity of Wnt/p-catenin signaling via
repression of inhibitory factors under normal and pathological
conditions. Since Wnt/B-catenin activity has relevant develop-
mental functions also in other tissues (Clevers, 2006; Clevers
et al., 2014), understanding to which extent the PRC1-mediated
control of B-catenin transcriptional activity is relevant in other
stem cell types remains an important matter of investigation for
the future. In addition, because this regulatory mechanism acts
downstream of the constitutive activation of B-catenin and by-
passes the frequent inactivation of Cdkn2a found in intestinal
tumors, our findings not only strengthen the fundamental char-
acterization of epigenetic mechanisms that control intestinal
homeostasis, but also provide important knowledge that could
stimulate development of potential therapeutic interventions
for cancer treatment.

EXPERIMENTAL PROCEDURES

Animal Procedures

Mice were housed accordingly to the guidelines set out in Commission
Recommendation 2007/526/EC, June 18, 2007, on guidelines for the accom-
modation and care of animals used for experimental and other scientific pur-
poses. All experiments were performed in accordance with the Italian Laws
(D.L.vo 116/92 and following additions), which enforces EU 86/609 Directive
(Council Directive 86/609/EEC of 24 November 1986 on the approximation
of laws, regulations, and administrative provisions of the Member States
regarding the protection of animals used for experimental and other scientific
purposes).

Minigut Culture

Minigut culture was performed according to (Sato et al., 2009). Briefly, isolated
small intestine was flushed with ice-cold PBS and opened longitudinally. Villi
were scraped using glass coverslips, and the tissue was cut into small pieces.
After incubation in 2 mM EDTA, the crypts were released by mechanical disag-
gregation. Purified crypts were embedded in Matrigel (BD Biosciences) and
either directly used for minigut formation or trypsin-digested and used for
FACS analysis or FACS sorting. Miniguts were cultured in Advanced DMEM/
F12, supplemented with HEPES, GlutaMax, antibiotics, N2, retinoic acid—free
B27 supplements, EGF (all from GE Healthcare), Noggin (Preprotech), and
mRSPO1 (R&D System). For ISC cultures, recombinant Wnt3a (Cell Guidance
System), Jagged1 peptide (AnaSpec), and 10 pM Y-27632 (Selleck Chemicals)
were also used. Growth factors were added daily, and the medium was
replaced every 4 days. Cre-dependent recombination was induced using
4-hydroxytamoxifen (Sigma). For overexpression experiments, primary crypts
or disaggregated organoids were transduced using lentiviral vectors as
previously described (Koo et al., 2012). CMV-driven plasmid expressing ZIC1
or ZIC2 downstream to a lox-RFP-lox site or EF1a. promoter-driven mutant
(S33A; S37A; T41A; S45A) B-catenin were used to obtain protein expression.
Transduced organoids were identified, respectively, for RFP positivity or
selected for the ability to growth in selective medium without RSPO1 or Wnt3a.

Luciferase Assay
To evaluate TFC4-dependent transcriptional activity, luciferase assays were
performed using TOP-Flash/FOP-flash assay as previously described (Korinek
et al., 1997). A detailed description is available in the Supplemental Experi-
mental Procedures.

Real-Time qPCR and Primers

Real-time gPCR was carried out using ABI7500 PCR machine (Applied
Biosystem), and a reaction mix was prepared using Go Tag qPCR master
mix (Promega) following manufacturer instructions. Primers sequences are
available upon request.
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ChIP-Seq and RNA-Seq Procedure, Sample Preparation, and
Post-Sequencing Analysis

A detailed description of the procedures used for preparing RNA and DNA
samples for sequencing together with post-sequencing analysis and annota-
tions is available in the Supplemental Experimental Procedures.
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