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Polycomb-mediated silencing of miR-8 is
required for maintenance of intestinal
stemness in Drosophila melanogaster

Zoe Veneti 1,2 , Virginia Fasoulaki1,3, Nikolaos Kalavros 4,5,
Ioannis S. Vlachos 4,5,6, Christos Delidakis 1,3 & Aristides G. Eliopoulos 7,8

Balancing maintenance of self-renewal and differentiation is a key property of
adult stem cells. The epigenetic mechanisms controlling this balance remain
largely unknown. Herein, we report that the Polycomb Repressive Complex 2
(PRC2) is required for maintenance of the intestinal stem cell (ISC) pool in the
adult female Drosophila melanogaster. We show that loss of PRC2 activity in
ISCs by RNAi-mediated knockdown or genetic ablation of the enzymatic sub-
unit Enhancer of zeste, E(z), results in loss of stemness and precocious dif-
ferentiation of enteroblasts to enterocytes. Mechanistically, we have identified
the microRNAmiR-8 as a critical target of E(z)/PRC2-mediated tri-methylation
of histone H3 at Lys27 (H3K27me3) and uncovered a dynamic relationship
between E(z), miR-8 and Notch signaling in controlling stemness versus dif-
ferentiation of ISCs. Collectively, these findings uncover a hitherto unrecog-
nized epigenetic layer in the regulation of stem cell specification that
safeguards intestinal homeostasis.

Balancingmaintenanceof self-renewal anddifferentiation is a key stem
cell property. The mechanisms controlling this balance and thus the
regulationof downstream stemcell fate decisions remain fundamental
questions in biology. Components of the epigenetic machinery
emerge as important regulators of embryonic and adult stem cell fate
specification. Among them, Polycomb group (PcG) proteins have
attracted significant attention since their discovery as repressors of
homeotic (Hox) gene expression that ensure the fidelity of develop-
mental patterning in Drosophila melanogaster1. PcGs are now widely
recognized for their role in controlling stem cell fate across organisms,
ranging from plants to mammals, through chromatin remodeling and
repression of gene expression1,2.

PcG proteins combine to form Polycomb repressor complexes
(PRCs). Thus, in Drosophila, the PcG proteins Enhancer of zeste (E(z)),
Suppressor of zeste 12 (Su(z)12), and Extra sex combs (Esc) associate to

generate the Polycomb repressive complex 2 (PRC2) which mediates
trimethylation of lysine 27 of histone H3 (H3K27me3) through its
enzymatic subunit E(z)3–5. In mammals, two complexes termed PRC2.1
and PRC2.2 are generated through the interaction of the core PRC2
components EZH2, SUZ12 and EED, the homologs of E(z), Su(z)12 and
Esc respectively, with additional accessory proteins6. PRC2.1 possesses
higher affinity to chromatin, leading to increased H3K27me3 deposi-
tion and silencing of PcG target genes, compared to PRC2.27.

The physiological role of PRC2 in developmental processes in
humans is underscored by loss-of-function mutations in EZH2, EED,
and SUZ12 associated with Weaver-Smith (OMIM #277590), Cohen-
Gibson (OMIM #617561) and Imagawa-Matsumoto (OMIM #618786)
syndromes, respectively. These genetic disorders share several clinical
characteristics, including variable prenatal and postnatal overgrowth
andmusculoskeletal abnormalities, dysmorphic features and impaired
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intellectual development7. In vitro studies have demonstrated that
these EZH2, EED, and SUZ12 germline mutations reduce H3K27
methylation, suggesting a causative link between loss of PRC2 func-
tion, chromatin remodeling and developmental abnormalities in
humans8,9. In somatic cells, deregulation of EZH2 has been linked to
malignancy10. Depending on the tumor type, both oncogenic and
tumor-suppressor functions havebeen ascribed to EZH2, reflecting the
pleiotropic effects of PRC2 on chromatin structure and gene
expression11.

The intestinal epithelium is the most vigorously self-renewing
tissue in numerous adult organisms. The Drosophila intestine is
maintained and regenerated by resident intestinal stem cells (ISCs)
which are the predominant mitotic cells in this tissue and give rise to
the absorptive enterocyte (EC) and the secretory enteroendocrine (EE)
cell lineages. Lineage commitment to ECs is mediated through transit
post-mitotic progenitor cells called enteroblasts (EB). This process
requires signaling between Delta (Dl) expressed in the daughter cell
that remains a stem cell and Notch expressed in the daughter cell that
becomes the committed EB12–14. In the homeostatic intestine, a pool of
EBs is thus generated which remains incompletely differentiated until
EC renewal is needed15. The transition of EB to EC entails two or three
cycles of genome endoreplication accompanied by a progressive
increase in cell size and the development of a brush border on the
apical side of ECs16. In contrast, the EE progenitors (pre-EEs) can be
generated directly by ISCs upon transient activation of the Scute (Sc)
transcription factor, which typically divide once more before their
terminal differentiation to produce a pair of EE cells12. Whereas Notch
promotes the EB fate when the ISC divides to generate new ECs, it
inhibits sc expression and EE commitment in the ISC to pre-EE
divisions17.

Even though PRC2 regulates the expression of several develop-
mental genes involved in germline stem/progenitor cell physiology in
maleDrosophila18, the in vivo actions of E(z)/PRC2 in ISC fate decisions
and lineage progression have not yet been elucidated other than a role
in EE fate specification19. In mice, Koppens et al.20 and Chiacchiera
et al.21 explored conditional deletion of EED in the intestine to disrupt
PRC2. They reported that loss of PRC2 function in the entire intestinal
epithelial population favors the accumulation of secretory lineage cells
and identified Atonal homolog-1 (Atoh1), a transcription factor
required for secretory cell commitment downstream of Notch
signaling22, as a relevant PRC2 target. Albeit informative, these mouse
studies do not address the function of PRC2 components in specific
intestinal cell populations, including ISCs.

Herein, we have combined genetics with lineage-tracing methods
in Drosophila to decipher the role of E(z)/PRC2 in ISCs under normal
and pathological conditions.We report that disruption of E(z) function
specifically in ISCs leads to loss of stemness and a differentiation bias
toward the EC lineage. Moreover, we identify miR-8 (miR-200 in
humans) as a PRC2 target and reveal a dynamic relationship between
E(z), miR-8 and Notch signaling in controlling stemness vs. differ-
entiation of ISCs. Thus, our findings uncover a hitherto unrecognized
epigenetic layer in the regulation of intestinal stem cell specification.

Results
E(z) is required for themaintenanceof ISCpool and regenerative
capacity in the Drosophila midgut
To define the role of E(z) in the adult Drosophila midgut we knocked
down E(z) in intestinal progenitor cells (ISCs and EBs) by activating
RNAi expressed under the control of the conditional, temperature-
sensitive esg-Gal4, upstream activating sequence (UAS)-GFP, tub-
GAL80ts system13. The escargot (esg) Gal4 driver is active in both ISC
and EB but not in differentiated midgut cells (EE and EC). Thus, once
shifted to the non-permissive temperature, RNAi in esg-positive cells is
induced, and ISCs/EBs are simultaneously marked by esg-Gal4 driven

GFP. The efficacy of the in vivo knock-down of E(z) was confirmed by
RT-qPCR using RNA isolated from FACS-sorted GFP-positive (GFP+)
intestinal progenitors (Supplementary Fig. 1A, B).

Following E(z) depletion for 4 days, we witnessed a marked
decrease in the number of GFP+ cells (Fig. 1A, C, E) and reduced
numbers of cells stained positive for the phosphorylated form of
Histone-3 (pH3+), a commonly used mitotic marker, suggesting that
ISC proliferation is affected (Fig. 1F).

We hypothesized that knock-down of E(z)may similarly affect ISC
proliferation upon intestinal damage and thus aggravate intestinal
pathologies. To this end, E(z)-RNAi and control flies were fed with
Dextran Sulfate Sodium (DSS), a chemical that causes disruption of
intestinal basement membrane organization leading to compensatory
stem cell proliferation necessary for tissue regeneration23. Inmice, oral
administration of DSS instigates a cascade of events associated with
the physical disruption of the mucosal barrier of the large intestine
that leads to ulcerative colitis-like pathologicalmanifestations24. In line
with a previous report23, administration of DSS in control flies
increased both esg>GFP+ and pH3+ cells compared to sucrose-feeding,
reflecting compensatory intestinal tissue regeneration.However, these
effects were ameliorated upon knock-down of E(z) (Fig. 1A–F). In
addition, E(z)-RNAi flies fed with DSS exhibited lower survival rates
than their respective controls (Fig. 1H), suggesting that E(z) impacts
intestinal homeostasis and regeneration after damage. Similar phe-
notypes were obtained in two additional E(z)-RNAi lines and in flies
with ISC/EB-specific knock-down of Su(z)12 or esc (Supplementary
Fig. 1C). The isogenic strain w1118 was crossed to the esg-Gal4 driver and
used as control for all RNAi experiments. Two unrelated UAS trans-
genes (lacZ or w-RNAi) were compared to w1118 to eliminate the possi-
bility that the E(z)-RNAi phenotype was an artifact due to competition
for the Gal4; no differences were observed with respect to the per-
centage of GFP+ progenitors, pH3+ mitotic cells and survival upon
sucrose or DSS-fed conditions (Supplementary Fig. 2).

To determine whether E(z) acts predominantly in ISCs, EBs or
both progenitors, we knocked down E(z) by an EB-specific Gal4 (Su(H)
GBE-Gal4, UAS-GFP; tub-Gal80ts25) or an ISC-specific Gal4 (esg-Gal4,
UAS-GFP; Su(H)GBE-Gal80, tub-Gal80ts26). Flies were fed and pro-
cessed as in Fig. 1. The results showed that the knock-down of E(z) in
ISCs, but not EBs, reproduces the effect of E(z) depletion in intestinal
progenitor cell number and mitoses (see Supplementary Fig. 3
vs. Fig. 1).

To further explore the fate of ISCs upon E(z) knock-down, we
dissected Drosophila midguts and performed immunostaining for
Delta (Dl), a specific marker for ISCs, and Prospero (Pros) which is
expressed specifically in EE cells. Delta positive (Dl+) and Prospero
positive (Pros+) cells were scored and normalized to DAPI+ cells. At 7
days of E(z)-RNAi induction, we observed a significant decrease in the
number of Dl+ (punctate staining in the cytoplasm of GFP+ cells) but
not of Pros+ cells (solid nuclear staining in GFP-negative cells) (Fig. 2).
However, the number of Pros+ EE cells were markedly reduced fol-
lowing 15 days of E(z)-RNAi induction (Supplementary Fig. 4A, B)19,
likely reflecting a secondary outcome of ISC depletion. Morphologi-
cally, the midguts of these E(z)-knocked down aged flies appeared
leaky, exhibiting large areasof epithelial layer disruption and extensive
penetration of bacteria that was evident by DAPI staining. Few Dl+ cells
were detected that contained traces of GFP (Supplementary Fig. 4C)
and were often larger than control ISCs with a nucleus diameter of
more than7μm, resemblingpolyploidECs (Supplementary Fig. 4C). By
staining exclusively for Dl and DAPI, we confirmed fewer Dl+ cells after
10 days of E(z)-RNAi compared to w-RNAi induction (Supplementary
Fig. 4D, E).

Collectively, these results suggest that E(z)/PRC2 is required for
the maintenance of a functional ISC pool that is critical for regen-
erative capacity in the Drosophila midgut.
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Loss of E(z) in ISCs induces precocious differentiation into ECs
On the basis of the aforementioned observations we examined whe-
ther the effect of E(z) depletion in the ISC pool might reflect direct
inhibition of proliferation, induction of cell death or precocious
differentiation.

First, we performed terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) staining to quantify cell death. We did not
observe apoptotic cells in the progenitor population irrespective of
genotype and treatment (Supplementary Fig. 5), suggesting that the
effect of E(z) depletion on ISC number does not involve cell death
induction.

To test for possible effects on differentiation, the mosaic analysis
with a repressible cell marker (MARCM) methodology27 was used. By
this technique, ISC homozygous clones for the wild type or null allele
of E(z)731 were randomly generated by a heat shock-induced FRT-
recombination event that simultaneously led to induction of GFP
expression. The number of GFP+ cells inwild type and E(z)731 cloneswas
monitored at 7, 12 and 19 days after induction of recombination by
fluorescence microscopy (Fig. 3 and Supplementary Fig. 6). At 7 days,
the wild type and mutant clones were about the same size. At 12 and
19 days after induction of recombination, the wild type clones con-
tained more than 10 GFP+ cells, including both large and small-size
intestinal cells (Fig. 3A, A’, C and Supplementary Fig. 6A, B). In contrast,
MARCMclones thatwere generated from ISCs bearing the null allele of
E(z)731 contained a limited number of GFP+ cells (a maximum of 8 cells
per clone) that had mostly a large diameter (Fig. 3B, B’, C and Sup-
plementary Fig. 6).MARCManalysis ofmutated Su(z)12-carrying clones
produced similar results (Supplementary Fig. 7).

Immunofluorescence staining for the markers Delta (Dl) which
detects ISCs, Prospero (Pros) expressed in EE, and Pdm1 expressed in
differentiated ECs, revealed that the E(z)731 clones containedmostly Dl-
negative, Pros-negative and Pdm1-positive cells (Fig. 3D–F and Sup-
plementary Figs. 6C and 8C). Further experiments showed that E(z)731

mutant clones did not contain any Esg-positive cells (Supplementary
Fig. 8B, C) indicating loss of progenitor cells. Taken together, the
aforementioned data suggest that loss of E(z)/PRC2 function in ISCs
leads to progressive reduction in stem cell numbers due to a differ-
entiation shift toward the EC lineage.

The knock-down of E(z) in intestinal progenitor cells promotes
the transition of enteroblasts to enterocytes
To pinpoint the differentiation defect caused by E(z) knock-down in
ISCs, we used the Gal4 technique for real-time and clonal expression
(G-TRACE), a lineage-tracing method developed in Drosophila28. To
initiate G-TRACE in midgut, esg-driven Gal4 expressed in ISCs and EBs
was used to induce the expression of RFP and FLP recombinase, which
removes an FRT-flanked transcriptional termination cassette inserted
between a Ubiquitin-p63E (Ubi) promoter fragment and the open
reading frame of nuclear EGFP (nEGFP) gene (UAS-Flp, UAS-RFP, Ubi-
FRT-STOP-FRT-nEGFP). As a result, progeny cells are permanently
marked with nuclear EGFP whereas progenitor cells (ISCs and EBs)
express RFP because of the conditional, temperature-sensitive driver
esgGal4 Gal80ts.

In control flies fed with sucrose or DSS for 36 h after G-TRACE
activation caused by shifting temperature to 29 °C to dis-inhibit Gal4,
newly produced ECs were scarcely detected (Fig. 4A, B, D). This is in

Sucrose DSS

GFP
PH3
DAPI

BA

C D

esg>control esg>control

esg>E(z)RNAi esg>E(z)RNAi

Fig. 1 | E(z) is required for ISC proliferation and midgut regeneration in Dro-
sophila. Immunofluorescence phospho-Histone 3 (pH3) staining of posterior
midguts from 7 day old w1118 control adult female flies expressing esg-Gal4, tub-
Gal80ts, UAS-GFP (esgts > GFP) fed with 5% sucrose solution (A) or 3% DSS (B) for
2 days prior to dissection; ISCs/EBs (GFP, green), mitotic cells (pH3, red), nuclei
(DAPI, blue). Note the increase in the percentage of GFP+ cells after DSS treat-
ment in (B) vs. (A). Young (3 days old) mated females were shifted to 29 °C for
2 days to express E(z)-RNAi and then fed with sucrose (C) or DSS (D) for two
additional days at 29 °C before being processed as described in (A, B). Note the
absence of the DSS-induced increase in the percentage of GFP+ cells in (D) vs. (B).
Scale bar; 25 μm, applicable to (A–D) images. EQuantification of the GFP+ cells as a
percentage of total DAPI-stained cells. Data are represented as mean± SD. Two-
tailed, unpaired t-test: p =0.0014 for sucrose and p <0.0001 for DSS fed flies.

Zoom-in images from ten posterior midguts were randomly selected for counting.
FQuantification of pH3+ positive cells representingmitotic ISCs in control and E(z)-
RNAi midguts. Data represented as mean± SD. A decreased number of pH3+ cells
was observed upon inductionof E(z)-RNAi after both sucrose (Two-tailed, unpaired
t-test, p =0.0029) and DSS (p <0.0001) treatment. Cells were counted from whole
guts, n = 32 for control flies fed with sucrose, n = 30 for E(z)-RNAi flies fed with
sucrose, n = 27 for control flies fed with DSS and n = 27 for E(z)-RNAi flies fed with
DSS, pooled from three independent experiments. G,H Survival curves for control
and E(z)-RNAi flies fed with sucrose (p =0.0004) or DSS (p <0.0001; log-rank
(Mantel–Cox) test). The number of flies (n) assessed is n = 57 for control flies fed
with sucrose, n = 60 for E(z)-RNAi flies fed with sucrose, n = 58 for control flies fed
withDSS andn = 72 for E(z)-RNAiflies fedwithDSS, pooled from three independent
experiments.
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agreement with a previous report showing that DSS induces accumu-
lation of “stalled” EBs23. The EBs of the DSS-fed control flies resumed
differentiation following 4 days recovery in normal feeding conditions
(Fig. 4C, D), as previously reported16.

In contrast, G-TRACE activation in E(z)-RNAi flies displayed a
marked increase in newly generated ECs, which amounted to ~20% of
the DAPI+ cells in the R4 region of posterior midgut in either feeding
condition (Fig. 4A, B, D). This was further increased following recovery
from DSS (Fig. 4C, D). Overall, the aforementioned data demonstrate
that E(z) depletion accelerates differentiation of EBs to ECs under
normal and pathological conditions.

E(z)depletion reduces chromatin-boundH3K27me3 and leads to
the up-regulation of miR-8 expression
To identify direct targets of E(z)/PRC2 in ISCs/EBs that may underlie
the aforementioned phenotypes, we conducted genome-wide map-
ping of chromatin-bound H3K27me3 using chromatin immunopreci-
pitation sequencing (ChIP-seq). First, we assessed H3K27me3
expression in the normal intestine using immunofluorescence micro-
scopy. As shown in Supplementary Fig. 9A, C, H3K27me3 is readily
detected in ISCs/EBs whereas expression is variable in ECs. The RNAi-
mediated knock-down of E(z) and the loss-of-function E(z)731 mutant
reduced total H3K27me3 in intestinal cells (Fig. 5A and Supplementary
Fig. 9C). These analyses also showed elevated levels of nuclear
H3K27me3 in intestinal progenitor cells of DSS-fed control flies which,
however, were diminished when E(z) was knocked-down (Fig. 5A). We
also observed elevated levels of H3K27me3-specific fluorescence in
ISCs/EBs of aged compared to young flies (Supplementary Fig. 9A, B).

Next, a pool ofmidguts dissected from at least 100 control or E(z)-
RNAi flies were FACS-sorted to isolate GFP-expressing ISCs/EBs that

were processed for H3K27me3 ChIP-Seq. Differential enrichment
analysis identified 179 chromatin regions with significant enrichment
of H3K27me3 marks in the control compared to the E(z)-RNAi line
(Fig. 5B and Supplementary Data 1). The l(2)gl, ph-p, Psc andmiR-8 loci
displayed the largest reductions in H3K27me3 marks upon E(z) knock-
down (Supplementary Data 2), suggesting that they are directly bound
and repressed by E(z)/PRC2. By RT-qPCR we confirmed this result and
showed that GFP+ ISCs/EBs from E(z)-RNAi flies express higher RNA
levels of l(2)gl, ph-p andPsc (Fig. 5C) aswell asmiR-8 (Fig. 5D) compared
to progenitor cells with intact E(z). FormiR-8we tested both strands of
the miR-8 precursor (3p and 5p, Fig. 5D), because of previous reports
suggesting that both the maturemiR-8-3p and the passengermiR-8-5p
have functional roles in Drosophila29,30.

miR-8 is a functional target of E(z)/PRC2
miR-8 has been implicated in the control of EB differentiation to ECs in
theDrosophila intestine15. In particular, it has been shown thatmiR‐8 is
upregulated in late EBs, shortly before terminal differentiation, and
triggers terminal differentiation by antagonizing the snail-type tran-
scription factor Escargot (Esg), which promotes the ISC/progenitor
fates15. Thus, overexpression of miR-8 in midgut progenitor cells
induces their premature differentiation whereas miR‐8 depletion by a
miR-8 sponge causes their retention in an undifferentiated state15. In
line with this report, we observed decreased ISC mitotic rates after
miR-8overexpression, and over-accumulation of undifferentiated cells
after depletion of miR-8, especially upon DSS treatment (Supplemen-
tary Fig. 10).

To define the in vivo effects of E(z) knockdown on miR-8
expression, we used a miR-8 EGFP sensor transgene31 to monitor
miR-8 expression in control and E(z)-depleted midguts. The sensor

+

GFP
Dl, Pros
DAPIesg>control

+

Dl, 
Pros

esg>E(z)RNAi

A B

A’ B’

C

D

Fig. 2 | E(z) depletion leads to loss of ISCs. Flies with esgts > GFP were crossed to
either UAS-E(z)-RNAi to knockdown E(z) in intestinal progenitor cells or to w1118 to
generate the respective control genotype (control). A, B Control and E(z)-RNAi
posteriormidguts were immunostained at 7 days post induction for the ISCmarker
Delta (Dl, cytoplasmic puncta in GFP+ cells, arrowheads) and the EE marker

Prospero (Pros, solid nuclear staining in GFP-negative cells, arrows). Scale bar;
20μm, applies to all images. C, D Quantification of Dl+ and Pros+ cells as percen-
tagesof total DAPI-stained cells (Two-tailedunpaired t-test:p <0.0001 forDl+ cells).
Randomly selected posteriormidgut zoom-in images from each of n = 10 flies were
analyzed per marker and genotype. Data are represented as mean± SD.
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transgene contains EGFP with two binding sites formiR-8 in its 3′UTR,
driven by the α-tubulin promoter. Thus, an increase in endogenous
miR-8 would lead to decreased expression of the EGFP sensor31. Fol-
lowing knock-down of E(z) we observed a reduction in EGFP-positive
cells compared to control flies (Fig. 6A) suggesting upregulation of
miR-8. To determine the nature of the miR-8 expressing cells affected
by E(z) depletion, we immunostained midguts of miR-8 EGFP sensor
transgenes with Dl and Pros antibodies and observed lower EGFP
expression in Dl+ ISCs of E(z)-RNAi flies (Fig. 6B).

By immunofluorescence,we also evaluatedH3K27me3 expression
in the midgut of young miR-8 EGFP sensor flies and found high EGFP
associated with high H3K27me3 fluorescence in ISCs and EBs but
absence of EGFP in ECs irrespective of H3K27me3 levels (Supplemen-
tary Fig. 11A). Conversely, EE cells displayed high levels of EGFP, but
variable levels of H3K27me3. Because aging is associatedwith elevated
H3K27me3 expression levels in ISCs/EBs (Supplementary Fig. 9A, B),
we analyzed H3K27me3 levels in young (2–3 days old) vs. old (21 days
old) miR-8 EGFP sensor flies and found higher EGFP in intestinal pro-
genitor cells in the latter (Supplementary Fig. 11B).

As the phenotype ofmiR-8 overexpression is similar to that of E(z)
knock-down in promoting enteroblast to enterocyte transition (Fig. 4
and Supplementary Fig. 10), and because E(z) depletion leads to ele-
vated miR-8 levels in the ISC/EB pool (Figs. 5D and 6B), we tested the
hypothesis that E(z) mediates its effects throughmiR-8. We examined
if the stemness defect caused by loss of E(z) in ISCs/EBs could be
rescued by loss of miR-8. To address this question, we combined the

miR-8 sponge with the MARCM strategy described in Fig. 3 and found
that the failure of the E(z)731 mutant clones to expand was partially
restored by simultaneous downregulation of miR-8 (Fig. 6C, D). We
conclude that miR-8 is a functional target of E(z)/PRC2 in intestinal
progenitor cells.

We further asked if the reverse associationbetween E(z) andmiR-8
expression observed in the Drosophila intestine is conserved in
humans. By mining the Human Protein Atlas database for single cell
RNAseq data of normal human rectum and small intestine, we
observed higher levels of EZH2 in the proliferative, Ki67-positive stem
cell compartment (Supplementary Fig. 12A, B). In contrast, enterocytes
expressed significantly lower levels of both Ki67 and EZH2. We also
mined miRNA expression data in cells comprising the human small
intestine32 and found reduced levels of miR-200a-5p, a human homo-
log of miR-8, in ISCs compared to enterocytes (Supplementary
Fig. 12C).

Additionally, differential expression analysis of The Cancer Gen-
ome Atlas Colorectal Adenocarcinoma (TCGA-COAD) samples33 with
theGenomeTissue Expression (GTEx) dataset revealed higher levels of
EZH2 and RBBP7 in comparison to healthy tissue from GTEx34 and
adjacent normal samples from TCGA (Supplementary Fig. 13A). In
contrast, the levels of miR-200a and miR-200b are reduced in color-
ectal tumors compared to normal tissue35 (Supplementary Fig. 13B).
Therefore, similar toDrosophilamidgut, a reverse association between
EZH2 and miR-200 expression is observed in both normal and malig-
nant human intestine.

A A’

’BB

E(z)731

Control

GFP
DAPI

D D’ D’’

GFP
Dl
Pros DAPI

’EE E’’

E(z)731

Control

****

FC

Fig. 3 | Loss of E(z) function induces precocious differentiation into ECs. A–B’
Midguts from adult flies containing nucleus-localized GFP-labeled control MARCM
clones (A–A’) or clones of the catalytically inactive allele E(z)731 (B–B’), stained for
DAPI (blue).Gutsweredissected fromadultflies 10days after clone induction. Scale
bar; 50μm. A higher magnification for each of the squared areas in (A) and (B) is
depicted in (A’) and (B’) respectively. C Quantification of the cell numbers of the
control or inactive E(z)731 allele-carrying clones of the indicated genotypes. Results

shown are the means ± SD of n = 31 for control and n = 44 for E(z)731 clones
(p <0.0001, two-tailed unpaired t-test). D–E’' Immunofluorescence staining of
control (D–D'') and E(z)731 (E–E'') MARCM clones for Delta (Dl) and Prospero (Pros).
Control clones have at least one Dl+ cell per clone and roughly 25% of the clones
contain one Pros+ cell, whereas E(z)731 clones rarely contain a Dl+ cell and never a
Pros+ cell. Scale bar; 25μm. F Quantification of Dl and Pros-positive cells from
n = 237 cells/15 clones for control and n = 87 cells/20 E(z)731 clones.
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Notch is required for loss of stemness caused by E(z) depletion
Notch signaling is a key regulator of differentiation in the Drosophila
ISC lineage14,36. Ectopic activation of Notch in ISCs/EBs results in pre-
cocious differentiation with a bias toward the EC fate, a phenotype
similar to loss of E(z), whereas loss of Notch function leads to the
accumulation of EE cells and ISC-like cells that express high levels of
Delta, have high mitotic index and fail to differentiate into ECs36. Fur-
thermore, Esg is required tomaintain stem cell characteristics in these
cells, including proliferative capacity, and to prevent differentiation
toward the EE fate37,38.

To detect putative epistatic relationships betweenNotch and E(z),
we created wild type or homozygous E(z)731 null allele MARCM clones
that also expressed Notch RNAi. We confirmed36 that the knock-down
of Notch in midgut progenitors bearing wild type E(z) alleles led to
dramatic expansion of MARCM clones that contained ISC-like cells
(Fig. 7A) expressing high levels of Dl and Pros+ EE cells (Fig. 7B–D).
Interestingly, whereasMARCM clones bearing E(z)731 null alleles lacked
ISCs and contained only a small number of differentiated ECs (Fig. 3),
the simultaneous depletion of Notchwas found to restore the number
of cells per clone (Fig. 7E, I, J). The loss of ISCswas also rescued: Notch-
RNAi in mutant E(z)731 MARCM clones resulted in accumulation of
intestinal stem-like cells expressing Dl, and a limited number of dif-
ferentiated ECs or EE cells (Fig. 7F–H). The functional link between E(z)
and Notch is further corroborated by the increased lifespan of double
esg-GAL4 driven Notch-RNAi and E(z)-RNAi flies compared to Notch-

RNAi alone (Fig. 7K). Collectively, these observations indicate that the
precocious differentiationof E(z)mutant ISCs requires theoperationof
Notch signaling.

To test whether the aforementioned effect of Notch-RNAi upon
E(z) loss of function is mediated through modulation of miR-8 levels,
we employed the miR-8 EGFP sensor transgene in single and double
E(z) and Notch knockdowns. Compared to control flies (see Fig. 6A, B),
Notch-RNAi was associated with increased expression of sensor EGFP,
indicative of suppression of miR-8 expression. Whereas depletion of
E(z) alone led to higher miR-8 expression levels compared to control
flies (reduced sensor EGFP; Fig. 6A, B), the dual knockdown of E(z) and
Notch was found to increase the number of EGFP+ cells with small
nuclei (Supplementary Fig. 14), indicative of a decrease in miR-8
expression. Therefore, miR-8 cannot be expressed in the absence of
Notch despite having lost the H3K27me3 mark. This effect is not
complete, as some cells in the double knockdown escape and become
polyploid, sensor-negative (i.e., miR-8-expressing) cells, presumably
being ECs.

Discussion
Polycomb group proteins maintain transcriptional repression both
during embryonic development and in adult organs by restricting the
activation of key factors involved in stemness and differentiation39.
Evidence from mouse studies supports this concept by showing that
generalized loss of PRC2 in the intestinal epithelium leads to the
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UAS-FLP and Ubi-p63EFRT-stop-FRT-EGFP. Flies carrying these transgenes were
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for 4–7 days after eclosion and expression of transgenes was induced by 29 °C
temperature shift. Newly differentiated ECs are identified as large cells expressing
nuclear EGFP and low/no RFP. In control flies fed with sucrose (A) or DSS (B) for
36h at 29 °C, newly produced ECs are scarcely detected in the R4 region of pos-
teriormidgut, whereasflies expressing E(z)-RNAidisplayedamarked appearanceof
new ECs. Scale bars; 50 μm. C Flies were fed with DSS for 36h to induce ISC

proliferation and then left to recover under normal feeding conditions for 4 days.
Control flies resume production of new ECs after 4 days of recovery from DSS to
normal feeding conditions which is further increased upon E(z) knock-down. Scale
bar; 50μm. D Quantification of newly produced ECs per genotype and treatment.
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after DSS).
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accumulation of differentiated secretory cells due to de-repression of
the secretory lineage master regulator Atoh120,21. Although these find-
ings indicate important contributions of PRC2 to cell fate decisions,
they do not ascribe cell-specific roles of PRC2 in the regulation of
intestinal homeostasis. Indeed, loss of PRC2 in the entire intestinal
epithelium was reported to preserve ISC function in one study21 but to
impairWnt signaling and ISC viability in another20. This ambiguitymay
reflect the impact of complex, still unresolved interactions among
different cell lineages in the intestine arising from the generalized loss
of PRC2 function. Along these lines, our in silico analysis of normal
human rectum and small intestine single cell RNAseq data suggests
that although EZH2 expression is highest in proliferative (Ki67-posi-
tive) stem cells and lowest in distal enterocytes, intermediate levels of
expression aredetected inother cell types (Supplementary Fig. 12A, B).

Herein, we have employed genetic and lineage-tracingmethods in
Drosophila to decipher the physiological role of E(z)/PRC2 specifically
in ISC/EB progenitor cells. We have found that loss of PRC2 activity in
ISCs results in loss of stemness associated with precocious differ-
entiation but not increased ISCdeath (Fig. 1 and Supplementary Fig. 3).
The consequences of PRC2 downregulation are particularly noticeable
upon administration of DSS, a chemical that disrupts the intestinal
basement membrane, triggering excessive ISC divisions and the
accumulation of undifferentiated “stalled” EBs16,23. PRC2 knockdown
leads to the synchronous and rapid activation of this stalled EB pool
toward EC (Fig. 4) which is mechanistically linked to de-repression of
miR-8 (Figs. 5 and 6).

miR-8 emerges as important regulator of EB differentiation.
Antonello et al.15 reported thatmiR-8 is upregulated in late enteroblasts
andmediates their differentiation to enterocytes, whereasdepletionof
miR-8 is linked to retention of enteroblasts in an undifferentiated state.
We have reproduced these findings (Supplementary Fig. 10) and
showed that depletion of miR-8 alleviates the differentiation defect
caused by inactivation of E(z) in ISCs/EBs (Fig. 6C, D). Additionally, our
ChIP-seq data directly implicate E(z)/PRC2 in the control of miR-8
expression inasmuch as depletion of E(z) reduces H3K27me3 chro-
matin marks in themiR-8 gene locus and elevatesmiR-8 levels (Fig. 5).
The effects of E(z) onmiR-8 expression in the Drosophila intestine are
likely to be conserved in mammals. Our in silico analysis of normal
small intestine and colorectal adenocarcinoma gene expression data
confirms that EZH2 expression is inversely correlated with miR-200,
the human homolog ofmiR-8 (Supplementary Figs. 12 and 13).

Replicational dilution has been reported as the dominant mode
for the loss of H3K27me3 marks upon depletion of PRC2 in the mouse
intestine, but expression of PRC2 target genes varies according to
thresholdsofH3K27me3 loss40. A critical thresholdofH3K27me3 levels
is also required tomaintain Hox gene silencing in the Drosophila wing:
ablation of PRC2 activity results in dilution of H3K27me3 in each
replication and progressive failure tomaintain repression of the target
gene41,42. We thus postulate that the PRC2-generated H3K27me3 mark
in themiR-8 locus ismaintained in ISCs but is progressively lost during
differentiation of EBs to ECs following endoreplication. Thehypothesis
of miR-8 locus-specific threshold of H3K27me3 marks is partly
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feeding with sucrose or DSS. Scale bar; 25μm. B Genome browser snapshot of a
region in chromosome 2R containing themiR-8 locus, where H3K27me3 was found
reduced in E(z)-RNAi vs. control sorted GFP-expressing progenitor cells. C Quanti-
fication of l(2)gl, ph-p and Psc mRNA levels in ISCs/EBs depleted of E(z) relative to

E(z)-proficient cells. Total RNA was extracted from two biological replicates of
FACS-sorted GFP+ progenitor cells from 100 control and 100 E(z)-RNAi fly midguts
for each replicate and expression levels were assessed by reverse transcription
qPCR normalized to rp49, as indicated. D miR-8-3p and miR-8-5p levels increase
upon E(z)-RNAi induction. Expression was normalized to 2S rRNA. The origin of 3p
and 5p is shown in the upper panel of (D).
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supportedby the observation that high levels ofH3K27me3 in ISCs and
EBs are associated with low miR-8 activity (high miR-8 sensor EGFP),
but miR-8 is found upregulated in ECs irrespective of the H3K27me3
levels expressed in these cells (Supplementary Fig. 11). The proposed
putative link between thresholds of H3K27me3 marks and miR-8 reg-
ulation is also aligned with our data causally linking E(z) depletion to
high miR-8 levels (Fig. 5A) and accelerated generation of enterocytes
(Fig. 4). The fact that miR-8 and Escargot have opposite effects in the
control of polyploidy/diploidy15 is also in agreement with the enlar-
gement of the ISC nuclei and reduction of Escargot protein observed
after loss of PRC2 (Supplementary Figs. 4A, C and 8B).

Whereas we have focused on miR-8 as a crucial target of PRC2 in
the adult intestine, we expect that this highly pleiotropic epigenetic
modifier will most likely have additional targets relevant to ISC dif-
ferentiation. It is in fact of interest that Psc and Ph-p, components of
the PRC1 complex that binds H3K27me3-modified chromatin and
establishes H2AK119 ubiquitylation, are targets of PRC2 (Supplemen-
tary Data 1 and Fig. 5C). It is also notable that genes encoding factors
reported to establish or consolidate the EB state are also detectably
methylated in our dataset (Supplementary Data 2). These include klu,
zfh2, Sox21a, GATAe and Pdm1 (nub), five transcription factors that
mediate the inhibition of proliferation and initiation of endoreplica-
tion leading to the gradual differentiation of EBs to ECs16,43–45. Together
with miR-8, which represses Esg, a gatekeeper of diploidy15, H3K27-
trimethylation of these genes would ensure their silencing in the ISCs,
which would in turn prevent ISC entry into endoreplication and pre-
cocious differentiation (Fig. 8).

Lineage commitment in the Drosophila intestine is known to be
controlled by Delta (Dl)-Notch whereby high levels of Dl expression in
ISCs activate Notch in the EB daughter cell, triggering its commitment
toward the enterocyte lineage13,14,46–48. In contrast, loss of Notch sig-
naling leads to expansion of Dl+ ISCs and post-mitotic entero-endo-
crine cells36. Therefore, loss of Notch and loss of E(z) have opposite
effects on stemness. Data presented herein demonstrate that the
stemness defect caused by loss of E(z) function is remedied by RNAi-
mediated depletion of Notch (Fig. 7), suggesting that E(z) is required
for stem cell self-renewal by inhibiting spurious Notch activity in these
cells. Although previous studies have indicated a similar antagonistic
relationship between Notch and PRC2 in cell fate reprogramming in
mammalian cells49–51, the mechanism underpinning this interaction
remains elusive.

We speculate that immediately after ISC division, Notch signaling
removes repressive histone marks placed by E(z) on early differentia-
tion markers, like klu (which suppresses the mitotic cycle) and zfh2,
through the reported Notch-mediated induction of the K27me3
demethylase Jmjd3 (dUtx in Drosophila)49. Demethylation may act in
concert with damage cues (e.g., Jak/STAT and Dpp) to enable the
expression of later differentiation markers, like Sox21a, miR-8 and
pdm1, leading to the transition of late EBs to ECs. During this later
stage, endoreplication may further dilute the H3K27me3 mark and
consolidate the EC fate. In line with this hypothesis, human neural
progenitor cells depleted of Jmjd3/dUtx display increased H3K27me3
content at Notch target genes and failure to differentiate into neurons
and glia52. Another possible but not exclusive scenario is that the
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gesting low miR-8 levels in ISCs/EBs and EEs and higher expression in committed
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layer surrounding the gut, suggesting absence of mir-8 expression in those cells.
Scale bar; 25μm.BDual immunostaining ofmidguts from control or E(z)-RNAi flies
with Dl (arrowheads) and Pros (arrows) antibodies. Lower expression of themir-8-
sensor was seen in ISCs of flies induced to express E(z)-RNAi by an esg-Gal4 driver

which does not express GFP (esg-Gal4, tubGal80ts). In addition to the loss ofmiR-8-
sensor-GFP, note the increased diameter and lower levels of Delta in a remaining
ISC upon 14 days of E(z)-RNAi induction (arrowhead in lower panel). Scale bar;
25μm. C The growth defects in E(z)731 mutant clones are partly alleviated by
depletion ofmiR-8. Depletion ofmiR-8 by UAS-miR-8-sponge leads to expansion of
GFP+ E(z)731 MARCMclones visualized 10 days after heat shock induction. Scale bar;
50μm. D Quantification of the cell numbers per clone of the indicated genotypes.
Results shown are themeans ± SDof n = 10 clones for each genotype. E(z)731 mutant
clones with depletion of miR-8 have a greater number of cells than E(z)731 mutant
clones alone. Two-tailed, unpaired t-test: p =0.0059.
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Su(H)/RBPJ transcription factor that mediates Notch signaling may
gain access toNotch target genepromotersupon replicationaldilution
of H3K27me3 marks. Of note, our in silico analysis of the Drosophila
miR-8 locus indicates the presenceof four potential Su(H) binding sites
(Supplementary Fig. 14G), suggesting that miR-8 is a Notch target.

On the basis of the findings reported herein, we propose that
whereas Notch signaling is required in EBs to induce differentiation to
ECs via upregulation of miR-8 and subsequent downregulation of its
target Esg, E(z)/PRC2 is required in ISCs to maintain potential Notch
target genes, such as miR-8, in a repressive chromatin state and thus
prevent precocious differentiation due to basal Notch signaling
(Fig. 8). These interactions may have implications for understanding
plasticity in aging. H3K27me3 is upregulated in gut progenitors of old
flies (Supplementary Figs. 9A and 13B), suggesting that the overall
activity of PRC2 is increased and/or the activity of the dUtx K27
demethylase is decreased upon aging. The H3K27me3 upregulation is
consistent with levels of miR-8 being lower in aged gut progenitors
cells (Supplementary Figs. 9A and 13B), supporting the notion that
defects in differentiation have a primary role in aging of the intestine53.

In summary, our study demonstrates that the evolutionarily
conserved E(z)/PRC2 epigenetic modifier and the microRNAmiR-8 act
in concert with stemness and differentiation transcriptional circuits
governed by Esg and Notch to balance cell fate decisions and safe-
guard intestinal homeostasis.

Methods
Drosophila husbandry and genetics
Information on Drosophila genes and lines used in this study is avail-
able in Flybase (http://flybase.bio.indiana.edu). All cultures were kept
on standard yeast-cornmeal diet under controlled humidity and light
laboratory conditions at the IMBB insect facility. Mated females rather
thanmales were used because of the larger midgut size in females and
because the dynamics of damage-induced intestinal regeneration are
different in females and males, and mated and virgin females54,55. No
institutional ethical approval is required for experiments with Droso-
phila melanogaster.

For the RNAi experiments, esg-Gal4, UAS-GFP, tubP-Gal80ts flies13

were crossed to flies carrying the UAS-RNAi construct or to control
lines w1118, UAS-lacZ or UAS-wRNAi, as indicated in the figure legends.
The crosses were kept at 18 or 25 °C and F1 flies shifted to 29 °C for at
least 2 days to allow expression of the transgenes. The following lines
were acquired from VDRC: w1118 (V60000), E(z)-RNAi (V27645, V27646,
V107072), Su(z)12-RNAi (V42423) and esc-RNAi (V5690). Flies were fed
with sucrose (5%) or DSS (3%, MP Biomedicals) in the presence of 5%
sucrose in empty vials containing soaked filter paper prior to dissec-
tion. Progenitor cells were quantified by counting GFP-positive cells.
GFP was assessed in a qualitative manner, no attempt was made to
measure GFP intensity which might be altered due to competition for
the Gal4 in RNAi lines. UAS-lacZ (Bloomington 3955) and UAS-wRNAi
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Fig. 7 | Notch is required for the loss of stemness induced by E(z) depletion.
A–H The RNAi-mediated knock-down of Notch leads to accumulation of Dl+ and
Pros+ cells in MARCM control clones 10 days after heat-shock (A–D). E(z)731 mutant
clones depleted of Notch (E–H) proliferate to a lesser extent than Notch-RNAi
alone, and also accumulate Dl+ and Pros+ cells. Compared to E(z)731 null MARCM
clones that hardly proliferate (Figs. 3 and 6), the simultaneous depletion of Notch
displays a dramatically elevated number of cells per clone (E). Scale bar; 25μm;
arrowheads show representative Dl+ cells; light blue dotted arrows show repre-
sentative Pros+ cells and yellow arrows indicate large Dl− and Pros− cells, most likely
representing enterocytes. I, J Quantification of the average cell numbers per clone

of the indicated genotypes. Results shown are the means ± SD of n = 10 clones for
each genotype. E(z)731 mutant clones depleted of Notch (E–H) grow to a lesser
extent than those of Notch-RNAi alone (Two-tailed, unpaired t-test: p =0.0059) (I),
but significantly more than E(z)731 null clones (J, see also Figs. 3 and 6). (Two-tailed,
unpaired t-test: p <0.0001). K The reduced survival of flies bearing Notch RNAi in
ISCs/EBs is partly alleviated upon simultaneous E(z) knock-down. Survival curves of
the indicated lines crossed to esg-Gal4 driver are shown for the indicated geno-
types (p =0.0053, log-rank (Mantel–Cox) test, n = 55 for N-RNAi, n = 51 for E(z)-
RNAi, n = 47 for Notch plus E(z)-RNAi and n = 62 for w1118

flies, pooled from three
independent experiments).
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(Bloomington 35573) were crossed to esg-Gal4 and used as additional
controls to w1118.

For theMARCM system, virgin females of the genotype yw, hsFLP,
tubP-Gal4, UAS-GFP/FM7; tubP-GAL80 FRT2A/TM6B were crossed to
either w; FRT2A/TM3 for control clones or E(z)731 FRT2A/TM6C (Bloo-
mington 24470) to generate E(z) null mutant clones. Su(z)124 allele
(Bloomington 24469) was used to create Su(z)12mutant clones.Mated
female flies, 4 to 7-day-old, were heat-shocked for 40min at 37 °C to
induce somatic recombination. Clones were observed 10 days after
induction.

For the G-TRACE experiments UAS-Flp, UAS-RFP, Ubi-FRT-STOP-
FRT-nEGFP (Bloomington 28281) flies carrying an esg-Gal4, tubP-
GAL80ts chromosome were crossed to either w1118 (control) or E(z)-
RNAi. Four to 7 days old flies bearing all the above transgenes were
shifted to 29 °C in empty vials containing soaked filter paper in 5%
Sucrose or 3% DSS in the presence of sucrose for 36 h. Flies were then
shifted back to regular food for 4 days before dissection and imaging
at indicated times.

UAS-mir-856, UAS-mir-8-sponge57 and miR-8-sensor31 were kindly
provided byMaria Dominguez. TheUAS-Notch-RNAi linewas obtained
from Bloomington (BL7078).

Immunofluorescence staining and image analysis
Adult midguts were dissected into 1× phosphate-buffered saline (PBS)
and fixed in 4% formaldehyde for 30min at room temperature. Delta
staining was performed following a methanol fixation protocol. Sam-
ples were thenwashed 3 × 10min in 1× PBSwith 0.2% Triton X-100 (PT)
and incubated in blocking solution (PBT: PT with 0.5% bovine serum
albumin) for 30min at room temperature. Samples were incubated
with primary antibodies diluted in PBT overnight at 4 °C, washed
3 × 10min at room temperature in PT, incubated with secondary
antibodies diluted in PBT at room temperature for 1 h, washed
3 × 10min with PT, andmounted in Drop-n-Stain EverBrite™Mounting
Medium with DAPI (Biotium).

The following primary antibodies were used: phospho-Histone H3
Ser10 (pH3) 1:1500 (Merck Millipore, 06-570), mouse anti-Delta
(C594.9B, 1:50 DSHB), mouse anti-Prospero (MR1A, 1:50, DSHB),
mouse anti-Pdm1 (NUB 2D4, 1:50 DSHB), rat anti-Esg (gift from Claude
Desplan) and rabbit anti-H3K27me3 1:1500 (Merck Millipore 07-449).
Secondary antibodies (Biotium and Invitrogen) used diluted (1:1000)
in PBT. The ApopTag Red In Situ Apoptosis Detection Kit (S7165;
Sigma-Aldrich) was used for apoptosis detection.

Images were taken from the posterior R4 part of themidguts with
a Leica SP8 confocal microscope system (IMBB confocal facility).
Image analysis was performed using the Leica LAS X software
(3.7.2.22383). In the G-TRACE experiment newly-produced ECs were
discerned becauseof their bigger size and the expression of high levels
of EGFP and low or no RFP (whereas progenitors are strong RFP/weak
EGFP and older ECs are negative for both markers). Quantifications
were performed using the StarDist 2D ImageJ/FiJi (1.53t) plugin.
Graphs, statistical analysis, and survival curves produced in GraphPad
Prism 6. Significance was calculated using unpaired two-tailed Stu-
dent’s t test.

FACS-sorting and RT-qPCR
The protocol for gut dissociation and FACS sorting was adapted from
Dutta et al.63. Briefly, 100 midguts from esg-Gal4, UAS-GFP, tubP-
GAL80tsflies crossed tow1118 or E(z)-RNAi dissected in ice-cold PBS and
immediately digested with elastase solution (1mg/ml, Sigma-Aldrich).
Dissociated intestinal cells were centrifugedmildly, filtered and sorted
by a FACSAria III cell sorter (BD Biosciences) into lysis buffer (QIAzol,
Qiagen). Total RNA including micro RNAs was extracted using the
miRNeasy Micro Kit (Qiagen) and reversed transcribed using Super-
Script III Reverse Transcriptase (Invitrogen) for coding genes or the

miRCURY LNA kit (Qiagen) for miR-8. cDNA was then mixed with a
SYBR master-mix (KAPA SYBR Green fast Master PCR Kit (Roche) or
miRCURY SYBR Green (Qiagen) respectively. The qPCR reactions were
performed with a Bio-Rad 1000-series thermal cycler. rp49 or riboso-
mal 2S RNA primers were used for normalization, and relative
expression levels were calculated with the comparative CT method,
providing similar results. Primers for qRT-PCR were designed for
coding genes using FlyPrimerBank (https://www.flyrnai.org/
flyprimerbank) as follows: for E(z): forward AGTGGAAGAGGC
GTGTCAAG; reverse TGTGCTCGTCCCAGTTTCTTAT, for l(2)gl: for-
ward TGACGACCACCACTTTGTGT; reverse CTTTGTTGGTTTGCG
TGCTA, for Psc forward ATGACGCCAGAATCGAAAGCA; reverse
CGACTTTTGTTGTGTGTGAGC and for ph-p forward AGTAGCGTG
CCCTTCTCAGT; reverse CCGGCTTAGCTGTCTGAAAGA. For the
amplification of miR-8 commercially available primers from Qiagen
were used (MIMAT0000113 for dme-miR-8-3p andMIMAT0020791 for
dme-miR-8-5p).

ChIP-Seq and data analysis
Young (2–3 days old)mated females weremoved to 29 °C for 4 days to
express E(z)-RNAi and then dissected; 9 × 104 and 7 × 104 esgGal4 >
GFP-positive cells were isolated from control and E(z)-RNAi lines
respectively by FACS-sorting, snap-frozen in liquid nitrogen and
shipped unfixed to Active Motif to perform low cell number ChIP-Seq.
Chromatin was precipitated with an antibody against H3K27me3, to
determine the presence of the repressive histone mark across the

(A) Homeostasis

(B) PRC2 depletion 

Fig. 8 | Proposed model of PRC2-mediated regulation of intestinal stem cell
(ISC) fate in Drosophila. Based on the results reported herein, we propose a
dynamic relationship between E(z), miR-8 and Notch signaling in controlling
stemness vs. differentiation of ISCs. Our data suggest that E(z)/PRC2 is required in
ISCs tomaintain Notch target genes, such asmiR-8, in a repressive chromatin state,
functioning as a brake to precocious differentiation caused by basal Notch sig-
naling (A). Disruption of E(z)/PRC2 function specifically in ISCs leads to loss of
stemness and differentiation toward the EC lineage associated with Notch-
mediated upregulation of miR-8 and, consequently, reduced levels of themiR-8
target Escargot (B).
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genome and regions with decreased occupancy upon E(z)-RNAi.
Immunoprecipitated and input DNAs were processed into Illumina
sequencing libraries, using NextSeq 500.

The 75 nt reads generated, were aligned to the Drosophila gen-
ome using the BWA algorithm (default settings). Duplicate reads were
removed and only uniquely mapped reads (mapping quality ≥25) were
used for further analysis. Alignmentswere extended in silico at their 3’-
ends to a length of 200bp (using Active Motif software). Peak loca-
tions were determined using SICER algorithm. To associate peaks
signals to genes, the GeneMargin, distance upstream and downstream
of a gene that determines whether an interval is associated with that
gene, was set up to 500 bp upstream or downstream of a gene. SICER-
df was used to identify regions with decreased H3K27me3 in E(z)-RNAi
progenitor cells.

In silico analysis of public human data
Counts from TCGA-COAD and GTEx healthy colon after uniform re-
processing were obtained from the Recount3 project58 through the
Recount3 R package (https://bioconductor.org/packages/release/
bioc/html/recount3.html). Genes with less than 10 counts in less
than 10% of samples in both categories were removed. Data were
normalized using Median of Ratios and Differential Expression
Analysis was performed with DESeq2 (ref. 59). Log2 Fold Changes
were shrunk using the adaptive Student’s t prior shrinkage
estimator and significance was re-computed using a log fold
change threshold of 0.5 (ref. 60). p values were corrected using
the Benjamini Hochberg method61. To visualize expression,
counts were subjected to a non-blind Variance Stabilizing
Transformation62–64.

Single cell RNAseq data for EZH2 was retrieved from the Human
Protein Atlas database, https://www.proteinatlas.org/.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data are available within the article and Supplementary Information.
ChIP-seq data generated in this study are available in the National
Center for Biotechnology Information database under BioProject ID
PRJNA934770. Source data are provided with this paper.
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