
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Guardians of cell identity
Functional analysis of PRC2 proteins in intestinal homeostasis and cancer
Koppens, M.A.J.

Publication date
2017
Document Version
Final published version
License
Other

Link to publication

Citation for published version (APA):
Koppens, M. A. J. (2017). Guardians of cell identity: Functional analysis of PRC2 proteins in
intestinal homeostasis and cancer. [Thesis, externally prepared, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/guardians-of-cell-identity(97013cf0-057d-4381-9b06-0eec984008d8).html


M
artijn A

J Koppens      |      G
uardians of cell identity - Functional analysis of PRC proteins in intestinal hom

eostasis and cancer

Guardians of cell identity

Functional analysis of PRC2 proteins  
in intestinal homeostasis and cancer

Martijn AJ Koppens

INVITATION

to attend the public defense of 
my Doctoral thesis titled:

GUARDIANS 
OF CELL IDENTITY

Functional analysis  
of PRC2 proteins in intestinal 

homeostasis and cancer

On Thursday 18th of May 2017
at 14:00 in the Agnietenkapel

University of Amsterdam
Oudezijds Voorburgwal

229-231, Amsterdam

You are cordially invited to the 
reception after the defense 

Martijn Koppens
majkoppens@gmail.com

Paramymphs:
Santiago Gisler

 santiago.gisler@gmail.com

Ellen Tanger
e.tanger@nki.nl



Guardians of cell identity
 

Functional analysis of PRC2 proteins 
in intestinal homeostasis and cancer

Martijn AJ Koppens



Guardians of cell identity
Functional analysis of PRC2 proteins in intestinal homeostasis and cancer

Cover design:  Martijn Koppens
Printed by:  Gildeprint, Enschede
ISBN:  978-94-6233-607-0

© Martijn Aloysius Johannes Koppens, Amsterdam 2017. All rights reserved. No 
part of this thesis may be reproduced or transmitted in any form or by any means, 
electronic or mechanical, including photocopying, recording, or otherwise, without 
written permission from the author.



Guardians of cell identity 
Functional analysis of PRC2 proteins in intestinal homeostasis and cancer

ACADEMISCH PROEFSCHRIFT
ter verkrijging van de graad van doctor

aan de Universiteit van Amsterdam
op gezag van de Rector Magnificus

prof. dr. ir. K.I.J. Maex
ten overstaan van een door het College voor Promoties ingestelde commissie, 

in het openbaar te verdedigen in de Agnietenkapel
op donderdag 18 mei 2017, te 14:00 uur

door 

Martijn Aloysius Johannes Koppens

geboren te Weert



Promotiecommissie

Promotor:  Prof. dr. M.M.S van Lohuizen AMC-UvA

Copromotor:  Prof. dr. A.J.M. Berns  AMC-UvA

Overige leden:  Dr. Ir. J.G.W. Hilkens  Universiteit van Amsterdam
  Prof. dr. J.P. Medema  AMC-UvA
  Prof. dr. S.T. Pals  AMC-UvA
  Prof. dr. H.P.J. te Riele  Vrije Universiteit Amsterdam
  Dr. L. Vermeulen  Universiteit van Amsterdam

Faculteit der Geneeskunde



If you cannot saw with a file or file with a saw, then you will be no good as an 
experimentalist.

Augustin-Jean Fresnel





Table of Contents

Chapter 1 General Introduction

Chapter 2 Context-dependent actions of Polycomb repressors in cancer 

Chapter 3 Deletion of Polycomb Repressive Complex 2 from mouse 
intestine causes loss of stem cells 

Chapter 4 Large variety in a panel of human colon cancer organoids in 
response to EZH2 inhibition 

Chapter 5 A new transgenic mouse model for conditional 
overexpression of the Polycomb Group protein EZH2

Chapter 6 General Discussion

English Summary

Nederlandse Samenvatting

List of Publications

Author Contributions

Portfolio

Acknowledgements – Dankwoord 

9

27

57

93

121

139

163

167

173

177

181

185





CHAPTER 1
GENERAL INTRODUCTION



10

1

Chapter 1

General Introduction

Homeostasis of the intestine with a focus on Polycomb 
Group proteins

Morphology of the intestinal epithelium
The epithelial layer of the murine small intestine is spatially a rather simple, but in 
cellular terms a very dynamic tissue. It is composed of a single sheet of cells that is 
further structured into many repeats of two unit types: a finger-like protrusion into the 
intestinal lumen called villus and a smaller invagination into the underlying stroma 
called crypt of Lieberkühn, or simply crypt (Figure 1). The epithelium of the colon 
consists of crypt units only. All epithelial cells of the villi are differentiated and they 
either absorb nutrients from the lumen – which is performed by enterocytes, the 
most abundant cell type of the intestinal epithelium – or secrete substances that 
aid in food digestion and protection of the epithelium. The most abundant secretory 
cell types are mucus-secreting goblet cells, enteroendocrine cells that secrete 
hormones, and Paneth cells. The latter are not part of the villus, however: they 
reside at the bottom of the crypts. Crypts contain the epithelium’s stem cells and are 
located at the base of the villi where they provide adjacent villi with a constant stream 
of differentiated cells. The actively cycling stem cells reside at the bottom of the 
crypts, interspersed between Paneth cells, and are also called crypt base columnar 
(CBC) cells. Stem cells that leave the stem cell niche at the crypt bottom as a result 
of continuing cell division move upwards into the transient amplifying compartment 
(Figure 1). Here they increase cell division rate and commit to either the absorptive 
or secretory lineage. As cells exit the crypt and enter the villus domain, they become 
fully differentiated. Villus cells are exposed to a harsh environment, so in order to 
minimize detrimental effects from overly damaged cells, the life of villus cells is short. 
While they continue to perform their tasks, the cells move further upwards towards 
the tip of villus, where they undergo apoptosis and are dislodged into the lumen. As 
a result, the intestinal epithelium has a turnover of three to five days1,2. 
Consequently, intestinal stem cells (ISCs) divide daily, which is fast compared to 
the cell proliferation rate of stem cells of most other adult tissues. In order to secure 
genomic integrity, ISCs express the telomerase gene Tert3,4 and DNA damage repair 
genes5,6. Paneth cells also protect ISCs, by secreting antimicrobial compounds 
such as lysozyme and defensins (reviewed by Porter et al.)7. Paneth cells closely 
interact with ISCs, as exemplified by their highly preferred cell-cell surface contact 
with ISCs over other Paneth cells8, and secrete or present signaling molecules that 
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stimulate pathways essential for ISC maintenance. Two such pathways are the Wnt 
pathway and the Notch pathway. WNT proteins secreted by Paneth cells8,9 and 
the underlying stroma10,11 stimulate canonical Wnt signaling in ISCs, resulting in 
nuclear β-catenin localization and subsequent activation of Wnt target genes and 
intestinal multipotency genes such as cMyc, Ascl2 and Lgr5. LGR5 is a Wnt pathway 
component that is well-studied in intestinal homeostasis, as it is a marker for ISCs 
but also turned out to be a receptor for the Wnt signaling enhancer RSPO112-14. The 
Notch pathway is activated in ISCs through interaction between Delta like DLL1/415 
and NOTCH1/216,17. Both types are transmembrane signaling proteins, and while 
DLL1/4 proteins are expressed by Notch-inhibited Paneth cells8, NOTCH proteins 
are expressed specifically by ISCs18. This so-called lateral inhibition is a common 
feature of Notch signaling and includes a negative feedback loop that ensures the 
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Figure 1. Schematic  representation of small intestinal epithelium and derived organoids. The small 
intestinal epithelium consists of arrays of crypt and villus compartments that differ in being enriched with 
either stem cells and progenitor cells or differentiated cells, respectively. Organoids derived from the small 
intestine form compartments that are similar in terms of structure and cellular content.  
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absence of nuclear Notch signaling in Paneth cells19. The importance of the Wnt and 
Notch signaling pathways for the decision-making between stemness maintenance 
and cell differentiation has been demonstrated in a study where activation or 
inactivation combinations of both pathways stimulated either stem cell maintenance 
or specification to different cell types20. Aside from actively dividing CBC stem cells, 
intestinal crypts also contain rarer stem cells that are slowly or not dividing, and are 
also referred to as called label-retaining cells, because stable labelling molecules 
such as H2B-GFP are not diluted out by cell division21,22. These quiescent ISCs 
are located directly above the Paneth cells, which is generally at around the fourth 
cell position (+4) from the crypt bottom. These “reserve” stem cells are resistant to 
irradiation and are thought to enter the cell cycle and replenish CBC stem cells upon 
their ablation or upon injury21-23. By use of knock-in reporter mouse models often 
combined with lineage tracing experiments, multiple markers for +4 stem cells – either 
actively cycling or senescent – have been proposed, including the Polycomb Group 
(PcG) protein BMI118,24-27. However, since these are indirect markers for stem cells, 
one should be careful with interpreting lineage tracing results, as analyses that more 
endogenously visualize gene expression activity, e.g. by staining mRNA or protein, 
have revealed a much broader expression pattern for the proposed markers4,18,28,29. 
It would seem that the +4 stem cell is a special case when it comes to knock-in 
reporter systems, as they appeared to be the crypt cells that are most frequently 
marked by reporters for various genes (like HopX, Bmi1, mTert and Notch), while 
the corresponding endogenous genes are expressed by several other crypt cells 
as well18,24,27,30. The use of knock-in reporter mice to define which cells express a 
particular gene may therefore not faithfully mark all expressing cells. 

The intestinal organoid culture system
One of the recently developed techniques that greatly contributed to the recent 
breakthroughs in our understanding of intestinal homeostasis is an in vitro culture 
system that enables the growth of large multicellular structures called organoids 
that resemble the intestinal epithelium to a large extent31. This culture system 
requires the use of a three-dimensional matrix in which single ISCs or crypts are 
seeded. Provided with the growth factors EGF, RSPO1 and NOGGIN – an inhibitor 
of BMP signaling that prevents differentiation – crypts will readily grow out, forming 
a lumen with differentiated cells and creating new crypts buds that contain ISCs 
(Figure 1). By breaking up large organoids into small pieces, the culture can be 
expanded. Single ISCs can also grow out into organoids, but they require a transient 
stimulation of Wnt signaling otherwise provided by adjacent Paneth cells8. One great 
advantage of this system is that because the organoid’s architecture and cellular 
makeup is highly similar to the intestinal epithelium, stem cell behavior and cell 
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differentiation can be monitored and followed in a Petri dish. Also, organoids can 
be transduced with virus or DNA, adding further genetic modifications to that of the 
mouse from which they were derived32-34. Originally designed using murine small 
intestinal epithelium, the method has since been adapted to sustain cultures of 
organoids derived from the other organs of the gastrointestinal (GI) tract, essentially 
by supplementing the original culture medium with variations of a limited number 
of niche factors (summarized in Snapshot: Growing Organoids from Stem Cells)35. 
The list of source tissues has grown even beyond the gut, as organoid cultures have 
now also been described for the prostate, lung and kidney (reviewed by Fatehullah 
et al.)36. For various organs, including the intestine, human tissue can be used as 
well37. Organoid cultures have been applied as models for different diseases, such 
as cystic fibrosis38,39 and multiple intestinal atresia–combined immunodeficiency40. 
Another application of organoids is in cancer research. Organoids can be derived 
from GI tract cancers and prostate cancers, providing a source for primary cancer 
cells and maintaining a close genetic and transcriptomic resemblance to the original 
tumor, which is a great advantage over conventional cell lines41,42. Moreover, patient-
derived organoids provide a platform for developing personalized cancer therapies42. 
However, even though a wide spectrum of tumor subtypes might be amenable to 
organoid culture, some particular subtypes might not, as has been observed in 
colorectal cancer (CRC)41. And although the extracellular matrix-based, three-
dimensional manner of growth more closely resembles the tumor than conventional 
cell lines, organoids lack interactions with stromal cells, immune cells, vasculature 
or other cell types. This limits the number of applications of organoid cultures and 
reduces translationability to the patient. Nevertheless, much is to be explored on the 
applications of this recently developed technique. 

Epigenetic regulation of intestinal homeostasis
Like in probably all multicellular tissues of higher eukaryotes, epigenetic processes 
control cell differentiation and stem cell maintenance in the intestinal epithelium. 
However, regulation of cell type specification in the intestine has been proposed to 
be largely dependent on transcription factor binding, because intestinal cells have 
an open chromatin configuration. More specifically, it was found that ISCs, secretory 
cell progenitors and absorptive enterocyte progenitors share many of their active 
enhancers43. By binding to a specific set of active enhancer loci, the transcription 
factor ATOH1 – which is expressed only by Notch-low cells – drives secretory cell 
differentiation, while ATOH1-negative cells differentiate to enterocytes. This way of 
organizing lineage specification is thus based on an open chromatin configuration 
and it contributes to plasticity of the intestinal epithelium, allowing for dedifferentiation 
as well as cell fate conversion, given the proper transcription factor activity. This is 
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also reflected in the dynamics of DNA methylation during differentiation, as only a 
limited number of differentially methylated regions were identified in a study that 
compared LGR5-positive ISCs with their differentiated progeny44, whereas those 
regions that are differentially methylated are associated with enhancer regions45. 
Aside from regulation of differentiation, epigenetic processes also control stemness 
and cell identity. The nuclear stages of Notch and Wnt signaling involve recruitment 
of chromatin modifiers, such as histone demethylase KDM5A (JARID1A) and 
histone acetyltransferase complex p300/CBP (EP300/CREBBP)46-48. In addition, ISC 
maintenance requires the expression of either class I histone deacetylase HDAC1 
or HDAC249. A double knockout of the corresponding genes in the intestine led to 
reduced cell proliferation, increased apoptotic index, and loss of Paneth cells and 
goblet cells. Importantly, inhibitors that target HDACs are used in and being tested 
for treating different cancer types. Various CRC studies have shown potential for 
using HDAC inhibitors, as these reduced adenoma numbers in ApcMIN knockout mice 
and inhibited survival and proliferation of CRC cells50-53. However, in accordance with 
the intestinal knockout study, the use of the HDAC inhibitor SAHA was reported to 
lead to adverse effects on normal intestinal tissue homeostasis, underscoring the 
need for caution in the application of these inhibitors51. 

Polycomb Group proteins in the small intestine
PcG proteins form two types of Polycomb Repressive Complexes (PRC1 and PRC2) 
that modulate gene expression by covalently modifying histones, thereby acting 
as epigenetic repressors of gene expression. The mechanism of this chromatin 
modulation is described in more detail in Chapter 2. Typical target genes of PcG-
mediated repression include Homeobox-cluster genes, differentiation genes and 
the CDKN2A tumor suppressor locus. Through repression of these genes, PcG 
proteins regulate the patterning of the developing embryo and provide a threshold 
for differentiation in adult stem cells, but aberrant PcG activity can also drive 
tumorigenesis. 
As mentioned above, the PRC1 subunit BMI1 was the first PcG protein to be analyzed 
in the small intestine. Using a Bmi1-Cre-ERT2 knock-in mouse model, Bmi1 was 
reported to be specifically expressed by +4 ISCs and occasionally by CBC ISCs24. 
Ablation of Bmi1 expressing intestinal cells by specific expression of Dyphtheria toxin 
was lethal and caused massive crypt degeneration, indicating that Bmi1 is expressed 
by cells that are essential for ISC maintenance or by all cells with ISC potential, 
including progenitor cells that are able to dedifferentiate to ISCs54. Strikingly, ablation 
of Lgr5-expressing cells did not cause such a severe phenotype23, suggesting that 
Lgr5 is expressed by a subpopulation of stem cells and/or progenitors. Indeed, single 
transcript profiling in crypts revealed Lgr5 expression to be limited to the crypt bottom, 
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whereas Bmi1 is expressed by cells at the crypt bottom as well as progenitor cells4,28. 
The lack of both stem cells and progenitor cells after ablation of Bmi1-expressing 
cells is therefore likely the reason for the intestinal crypt’s inability to recover. Similar 
to Bmi1 transcription, BMI1 protein is found throughout the crypt and its levels are 
reduced in the differentiated villus cells (Figure 2A). Although BMI1-positive cells 
are essential, BMI1 itself is dispensable in the intestinal epithelium of young mice, 
as Bmi1 knockout mice have no intestinal phenotype and die at young age primarily 
from neurological and hematopoietic deficiencies55. However, the non-conditional 
nature of the gene inactivation of this model could allow for compensatory training in 
the developing intestine of the embryo. Further, Bmi1 could still be required for non-
physiological circumstances, such as tissue repair after injury or microbial defense. 
While Bmi1 inactivation does not fully ablate PRC1 function, simultaneous deletion 
of Ring1a and Ring1b does. RING1B has an expression pattern in the small intestine 
that is similar to that of BMI1: a gradient along the crypt-villus axis with relatively 
high levels at the crypt bottom (Figure 2C). Recently, intestine-specific Ring1a and 
Ring1b double knockout was shown to be deleterious to intestinal homeostasis56. It 
was discovered that PRC1 represses activity of transcription factor genes, among 
which are those that encode for ZIC proteins which interfere with transcriptional 
activation of Wnt target genes by TCF/β-catenin, indicating that PRC1 function is 
required for maintenance of the intestinal epithelium. 
Subunits of the other Polycomb repressive complex, PRC2, show expression 
patterns in the small intestinal epithelium that are similar to BMI1 and RING1B. 
PRC2 proteins EZH2 and SUZ12 are highly expressed by intestinal crypts, whereas 
villus cells have reduced levels (Figure 2D)57. Aside from the finding that SUZ12 
influences the expression of a set of differentiation markers in intestine-derived cell 
lines57, little else is known about PRC2 function in normal intestinal homeostasis.

BMI1 (WT) BMI1 (Bmi1 KD) RING1B (WT) EZH2 (WT)

A B C D

Figure 2. Expression of PcG proteins in wild type small intestine. PcG proteins of both PRC1 (BMI1, 
(A) and RING1B (C)) and PRC2 (EZH2 (D) have a similar expression pattern: high expression in the 
proliferative crypt compartment with a decreasing gradient towards the villus tips. This pattern is absent 
for BMI1 in Bmi1 knockdown (KD) mice (B).
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Colorectal cancer and epigenetics

Intestinal tumorigenesis and colorectal cancer subtypes
Colorectal cancer, which involves tumorigenesis of the colorectal epithelium, is the 
third most common type of cancer in the world58. The finding of a prevalent order 
of mutation events during CRC development – termed Vogelgram after one of the 
discovering scientists Bert Vogelstein – greatly contributed to our understanding 
of CRC genetics59. The first in sequence is mutation of the APC gene and it is 
mutated in 80-90% of CRC. APC is therefore dubbed the gatekeeper in bowel 
cancer development. This gene encodes for a protein that is part of the β-catenin 
destruction complex, by which it acts antagonistically to Wnt signaling in preventing 
nuclear accumulation of β-catenin which is an essential step in canonical Wnt 
signaling60. Increased Wnt signaling resulting from APC mutation is an important 
first step in development of most CRC subtypes and those tumors not bearing APC 
mutations are often mutated in other Wnt component genes such as β-catenin61. The 
extent of APC truncation, which follows from nearly all somatic APC mutations62,63, 
correlates with the degree to which Wnt signaling is enhanced64. Interestingly, there 
appears to be an optimal window of Wnt activity for tumorigenesis that changes 
along the GI tract and also other tissues65,66. This explains the regional preferences 
of different APC mutations and may also contribute to the differences in tumorigenic 
susceptibility between the various parts of the GI tract. 
The second mutation that occurs according to the Vogelgram is in KRAS. In the 
majority of cases it affects the twelfth codon, causing constitutively activated KRAS 
protein. Around 40% of CRCs harbor a KRAS mutation and although it is not 
regarded as the tumor initiating mutation, it has been found to provide stem cells 
with a selective advantage over WT stem cells to colonize the crypt67,68 (reviewed 
by Vermeulen and Snippert69) and potentially to clonally expand by crypt fission70. 
As such, KRAS mutation can lead to a field defect and cause field cancerization 
by predisposing to malignant outgrowth upon mutation of APC or other genes71. 
Mutations that arise later on are those that disrupt signaling pathways such as PI3K/
AKT and TGFβ (mainly inactivating SMAD4 mutations) or affect TP53.
While the CRCs that adhere more or less to this “classical” stepwise development 
typically display chromosomal instability (CIN), another group is characterized by 
its high microsatellite instability (MSI-H), a phenomenon belonging to hypermutated 
tumors72,73. APC and KRAS mutations are less frequent in this group, but BRAF 
mutations are highly associated with MSI-H74,75. Additionally, the CpG island 
methylator phenotype (CIMP) – typified by strongly increased DNA methylation at 
CpG islands – is a prevalent characteristic of sporadic MSI-H tumors, and was found 
to drive the MSI-H phenotype by promoter methylation of the MLH1 DNA mismatch 
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repair gene resulting in its repression76. A typical phenotype of sporadic MSI-H lesions 
(ranging from hyperplastic to carcinoma) is a saw-toothed shape of the epithelial 
layer, hence they are termed serrated lesions72. There are also serrated CRCs that 
instead are MSI-low or microsatellite stable (MSS), CIMP-low, not hypermutant and 
much less frequently BRAF mutant70,72,77. Such cancers have a higher incidence of 
KRAS mutations, display features of epithelial-to-mesenchymal transition (EMT) 
and are associated with a particularly poor prognosis70,75. Given these divergent 
molecular features, they likely comprise a separate branch of serrated lesions. 
Indeed, by interpretation of a review that collected molecular data from a great 
number of studies that discriminated between serrated lesion subclasses78, one can 
appreciate that the so-called goblet-cell-rich hyperplastic polyp (GCHP) could be 
the precursor for this branch of CRC, as it is MSS, has low BRAF but high KRAS 
prevalence, and is CIMP negative.
In the past years, different research groups have stratified CRC tumors into distinct 
molecular subtypes by combining mutation data, gene expression profiles and 
epigenetic features75,79-83. Although approaches differed between these studies, 
the resulting subtypes showed remarkable similarities, and a cooperative effort 
subsequently yielded consensus molecular subtypes (CMSs)84. Importantly, clearly 
distinct subgroups that were previously defined were also identified by molecular 
subtyping, separating “classical” CRCs from CIMP-high/MSI-H/BRAF-mutant 
(CMS1) and CIMP-low/MSS/EMT (CMS4) cancers. Such molecular subtyping is a 
costly method to characterize CRC tumors, as it relies on multiple genome-wide 
analyzes of tumor tissues. However, it greatly contributes to our understanding of 
the molecular features that distinguish the different CRC subtypes, facilitating the 
development of novel treatment strategies for each subtype. And aside from having 
prognostic value, molecular subtyping was also reported to predict sensitivity to 
various existing therapies75,82,83. 

Epigenetic actions in intestinal tumorigenesis
Epigenetic changes, whether due to mutation or environmentally-induced, also 
contribute to CRC progression. Besides promoter methylation of MLH1, other genes 
whose products are involved in DNA damage repair, such as MGMT, have been 
reported to be silenced by promoter methylation, causing different levels of MSI 
in the course of CRC progression85,86. Further, gene silencing by DNA methylation 
was also shown for various tumor suppressor genes to overcome barriers for CRC 
progression. For instance, silencing of CDKN2A was shown to overcome oncogene-
induced senescence in BRAF or KRAS mutant polyps70,87. 
In CRC, expressions of the PcG genes EZH2 and BMI1 are generally increased88,89, 
although attempts to associate PcG expression with patient survival or tumor 
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aggressiveness have yielded conflicting results. In the case of EZH2, various studies 
reported either high89,90 or low expression91,92 to be correlating with poor prognosis. 
However, in these studies few molecular characteristics of the tumors – such as 
mutation or MSI status – were provided, allowing for overrepresentation of particular 
CRC subtypes in patient cohorts in some studies. This could lead to a different 
association between EZH2 expression and patient survival. The cellular activity of 
PcG complexes and whether they are actually involved in CRC development or tumor 
maintenance will likely vary between different tumor types. In the entire spectrum of 
cancers, BMI1 seems to act merely as an oncogene, opposing the tumor suppressive 
behavior of its paralog MEL18 in some cases (see Chapter 2), including CRC93. In 
addition, CRC patients with relatively high BMI1 expression were associated with 
poorer prognosis than those with relatively low BMI1 expression93,94. Ablation of 
BMI1 in colon cancer cells, either by shRNA or by using an inhibitor, reduced the 
cancer-initiating abilities of the cells95, suggesting that in light of its expression in 
both normal ISCs and colon tumors, BMI1 enforces stem cell properties of CRC 
cells. Functionally, BMI1 was shown to be activated by gp130-JAK-STAT3 signaling, 
which is thought to be necessary for sustained CDKN2A repression in the course of 
APC-dependent transformation88,96.
Even so, oncogenic actions of PcG proteins go well beyond repression of CDKN2A 
(see also Chapter 2). For instance, de novo methylation during transformation of 
colon cells appears to occur specifically at PRC2 target genes and is thought to 
more stably maintain repression of differentiation genes that are also repressed in 
normal stem cells, which helps cancer cells to retain an undifferentiated state97,98. 
Conversely, there are also genes that lose the H3K27me3 mark in the course of 
cancer development resulting in their up-regulation, among which are several genes 
involved in cancer progression99. For other cancer types, various EZH2 target genes 
whose repression contributes to tumorigenesis have been described (see Chapter 
2). Unsurprisingly, the uncovered oncogenic functions of PcG proteins have led to 
a great interest in developing chemical inhibitors against PcG proteins. As BMI1 
and EZH2 have historically been the best-studied PcG oncoproteins, they have 
been the target of most PcG inhibitor discovery studies. Particularly due to EZH2’s 
enzymatic activity, the development of EZH2 inhibitors has been most successful. 
Clinical trials targeting EZH2 are currently ongoing, with particular emphasis on a 
subgroup of follicular lymphomas and diffuse large B-cell lymphomas that is defined 
by an activating mutation in the enzymatic methyltransferase domain of EZH2100. 
With the emerging role for EZH2 in melanoma and the successful application of 
EZH2 inhibitors in preclinical melanoma models101-103, EZH2-targeting therapies will 
likely be more broadly applied strategies in treating different cancers, potentially 
including CRC. 
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Polycomb-based genetic mouse models for cancer 

Fueled by the wealth of data that associate PcG genes with cancer, several 
genetically-engineered mouse (GEM) models that modify PcG gene expression 
have been used to assess PcG’s role in cancer initiation or progression. Originally 
generated for their use in embryonic development or adult tissue homeostasis, 
most of these GEM models comprise the inactivation of one of the PcG genes. 
Subsequently, cancer studies have often focused on tumor-inhibiting effects of PcG 
gene deprivation (mainly based on the Cre recombinase / LoxP system) in existing 
in vivo tumor models103,104. As recently data has accrued on tumor suppressor roles 
of PRC2, conditional knockout mice have now also been used to functionally show 
that loss of Ezh2, Eed or Suz12 can contribute to tumorigenesis in a variety of 
organs105-107. Aside from gene inactivation GEM models, transgenic overexpression 
GEM models have recently also entered the stage. Our lab has developed a Bmi1-
overexpression model that was used to show that BMI1 initiates prostate hyperplasia 
and that it synergizes with PTEN deficiency in driving progression to prostatic 
adenocarcinoma108. Using the same model, overexpression of Bmi1 in mature 
astrocytes and neural progenitors was shown to drive formation of pituitary tumors109. 
Other transgenic models include those that express the enzymatically hyperactive 
mutant EZH2Y641, which provided in vivo confirmation that this mutation is oncogenic 
in the context of lymphomagenesis110,111. In most cancers, however, up-regulation 
of EZH2 is very common – much more so than mutation of the gene. Although in 
vitro studies have demonstrated that EZH2 overexpression can be oncogenic, the 
positive correlation between EZH2 expression and cell proliferation in both normal 
and neoplastic tissue has led to the idea that its expression merely correlates with 
the aggressiveness of tumors, being a read-out for cell proliferation. A mouse model 
for Ezh2 overexpression will therefore shed more light on this matter by enabling 
researchers to assess the consequences of Ezh2 up-regulation in cancer initiation 
and progression. 
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Thesis outline

This thesis aims to better understand how the Polycomb Group of epigenetic 
repressors contribute to homeostasis of adult tissue, how their dysregulation can drive 
cancer and whether this may present a weakness for tumors. The experimental work 
presented in this thesis is focused on PRC2 and its actions in normal and cancerous 
tissue of the gastrointestinal tract as well as in prostate cancer development. By using 
mouse models and intestinal organoid cultures followed by analysis of genome-wide 
mutation and transcription profiles we discovered novel connections of PRC2 activity 
with pathways underpinning intestinal homeostasis as well as mutations in colorectal 
cancer. The latter may be used to predict patient response to therapy with inhibitors 
of PRC2. 

In Chapter 2, we review the recent developments in research on the oncogenic 
and tumor suppressive actions of PcG proteins. The degree to which these actions 
agonize or antagonize oncogenesis turns out to be context-dependent, as it varies 
between cancer types and may be changed by therapy. We also provide an update on 
the molecular mechanism of how PRCs select their target genes by their interaction 
with the chromatin and other PRC types. 
As several adult tissues are known to require proper function of PRC2, we investigated 
how inactivation of PRC2 affects the small intestine. In Chapter 3, we show that 
only complete inactivation of PRC2 by means of Eed knockout results in a dramatic 
loss of ISCs and aberrantly induced cell differentiation, while intestinal knockout of 
Ezh2 does not.  The dysregulation of Wnt signaling that accompanied this phenotype 
could be explained by our finding that several genes encoding for components and 
regulators of the Wnt pathway are direct targets of PRC2 in the small intestine.  
In Chapter 4, we explore the therapeutic potential of EZH2 inhibition in treating 
colorectal cancer, for which we made use of a panel of twenty patient-derived 
colorectal cancer organoids. A large variety was found between the different 
organoids in their response to the EZH2 inhibitor GSK126. These responses were 
then associated with transcriptional and mutational data to discover molecular 
features that may predict how a colorectal tumor may respond to EZH2 inhibition. 
Chapter 5 describes the generation of a mouse model for conditional Ezh2 
overexpression and assessment of its oncogenic potential in the mouse prostate. 
We show that prostate-specific overexpression of Ezh2 alone is not a strong driver of 
cancer. Cancer progression was mildly aggravated when an existing prostate cancer 
mouse model was compounded with Ezh2 overexpression. 
Chapter 6 provides a general discussion of the discoveries presented in this thesis. 
We discuss their implications and propose future directions based on these findings.
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Abstract

Polycomb Group (PcG) proteins form Polycomb Repressive Complexes (PRCs) 
that function as epigenetic repressors of gene expression. The large variety of 
PcG proteins, in addition to the high number of paralogs, allows for the formation 
of diverse PRCs with different properties, providing fine-tuned control over cell 
specification. Initially identified as being oncogenes, a small number of PcG genes 
are involved in tumor development in part through the repression of the CDKN2A 
locus. Therefore, enhanced PcG-mediated repression has long been assumed to 
be cancer promoting. However, recent data have revealed that for some cancers, 
PcG proteins act as tumor suppressors, indicating that this traditional view is 
oversimplified. In this review, we present an overview of the roles of PcG genes in 
oncogenesis and how the nature of their role is context dependent.
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Introduction

The chromatin remodeler proteins of the Polycomb Group (PcG) emerged during 
early eukaryotic evolution. Homologs for PcG proteins exist in unicellular organisms, 
plants and animals. During the evolution of multicellular organisms, the diversity 
of PcG proteins within the same organism expanded and the number of PcG 
paralogs increased along with organism complexity, suggesting a role for PcG in cell 
specification. For example, by regulating transcriptional repression of different sets 
of Homeobox-cluster (HOX) genes along the anteroposterior axis of the developing 
embryo, PcG determines the axial skeletal identity. As such, the effect of PcG in 
the regulation of gene expression within a cell is context-dependent. Likewise, the 
activation of PcG and the nature of its effect are also context-dependent in adult 
tissues.
The canonical PcG pathway of transcriptional repression involves binding of the 
Polycomb Repressive Complex 2 (PRC2) to the promoter of a target gene, where 
the PRC2 subunit EZH1, or its paralog EZH2, induces trimethylation of the lysine 27 
residue of histone H3 (H3K27me3)1-3 (Figure 1a). The Polycomb Repressive Complex 
1 (PRC1), which contains PCGF, CBX, PHC and RING1 paralogs, is then recruited 
to H3K27me3 sites in part through recognition by the chromodomain of CBX, where 
it stabilizes the repression of nearby genes through Ring1-mediated ubiquitination 
of histone H2A at lysine 119 (H2AK119Ub) or through chromatin condensation4-6. 
A non-canonical PRC1 variant that contains RYBP but no CBX or PHC subunits 
is recruited to the chromatin and ubiquitinates H2AK119 independently of PRC27. 
Moreover, recent developments have led to a model in which this variant PRC1 
is the first PcG complex to be located to target sites and is the initiator of PRC2 
recruitment8-10 (Figure 1b) (reviewed by Schwartz et al.11 and Scelfo et al.12).
A possible way by which context-dependency of PcG function is realized is through 
the specificity of PcG recruitment to chromatin loci. Multiple mechanisms have 
been proposed for PRC2 recruitment. One mechanism currently under debate is 
the active recruitment mediated by binding to ncRNAs, such as Xist, HOTAIR and 
ANRIL. We refer the readers to excellent reviews that have recently been published 
on this topic13–16. Another mechanism is through the existence of specific DNA motifs 
called Polycomb Response Elements, although they do not appear to have a major 
role in PcG recruitment in vertebrates as only few have so far been identified17-20. 
Instead, most PcG target genes are characterized by having a CpG-rich promoter 
that is low in DNA methylation21-24. Indeed, in the absence of other epigenetic marks, 
such as H3K36me3 and H3K9me3, PRC1 and PRC2 are recruited to unmethylated 
CpG islands by recognition through the variant PRC1 subunit KDM2B8,9 (Figure 
1b). A third mechanism involves chromatin recruiter proteins, but mammalian PRC2 
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interaction studies have not revealed many obvious chromatin recruiter proteins25. 
This has led to the suggestion of a passive recruitment system, which depends on 
the local absence of gene transcription activators. Recent studies confirmed this by 
demonstrating that absent enhancer activity in combination with the unmethylated 
state of CpG islands are sufficient to recruit PRC29,26. Others reported that inhibition 
of transcription could induce ectopic PRC2 occupation at PcG target genes that are 
normally not targeted by PcG27-29. 
It is now well established that PcG complexes transcriptionally repress many other 
genomic regions besides HOX genes. An intensively studied example is the CDKN2A 
locus, which encodes two tumor-suppressor proteins p16INK4A and p14ARF 
(p19ARF in mice). These two proteins mediate cell cycle arrest and senescence. 
PcG-mediated repression of CDKN2A is not only important for self-renewal of adult 
stem cells, but it is also involved in neoplastic transformation. In addition, other tumor-
suppressor genes have been identified as targets of PcG-mediated repression, which 
further established PcG genes as oncogenes. It now appears that this view has been 
biased, as recent studies have revealed potential tumor-suppressive functions of 
PcG genes. In this review, we will address the context-dependency of the oncogenic 
versus tumor-suppressive function of different PcG proteins in cancerous tissues. 
We will focus on the balance between PcG paralogs during tissue homeostasis and 
how tumorigenesis of different tissues requires different alterations in PcG proteins. 
It is important to keep in mind, however, that remarkably, most PcG genes are rarely 
mutated or aberrantly expressed in human cancers, even though some are close 
paralogs to the cancer-related PcG genes (for example, EZH1 and EZH2, MEL18 
and BMI1). This suggests that the small differences between paralogs determine the 
oncogenic or tumor-suppressive properties of PcG proteins. 

Mutations affecting EZH2 function in cancer 

Since the discovery of EZH2 as the human ortholog of E(z) in Drosophila melanogaster, 
its up-regulation has been reported for many types of human malignancies, and 
increased EZH2 expression is often correlated with advanced tumor stage and poor 
prognosis (see Table 1). EZH2 is therefore generally referred to as an oncogene 
and although most evidence is correlative, an increasing amount of data show a 
causative connection between up-regulation of EZH2 and tumor progression. These 
studies have primarily focused on EZH2 protein levels, but also recently, mutations 
in this gene have been identified in several cancers. While some of these mutations 
enhance EZH2 activity, which is accordant with the oncogenic role of EZH2, others 
inactivate the enzyme, suggesting that EZH2 can also act as a tumor suppressor. 
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Figure 1. The canonical and new model of mammalian PcG recruitment. (A) According to the 
canonical model, PRC2 is recruited to an unmethylated CpG island through ill-defined mechanisms that 
include ncRNAs, recruiter proteins or Polycomb Response Element (PREs) (step 1). EZH1 or EZH2 then 
trimethylates histone H3 at lysine 27 (H3K27). This chromatin mark is recognized by the PRC1 subunit 
CBX (step 2). RING1A or RING1B subsequently ubiquitinates histone H2A at lysine 119 (H2AK119). 
This repressive mark is then further spread by PRC1 along the chromatin. (B) The new model dictates 
that variant PRC1 – which contains RYBP, KDM2B and PCGF1 – specifically recognizes unmethylated 
CpG by virtue of its KDM2B subunit, and ubiquitinates nearby H2AK119 (step 1). PRC2 is then recruited 
by binding of its subunit AEBP2 to ubiquitinated H2AK119 and trimethylates H3K27 (step 2). CBX-
PRC1 – containing either PCGF2 (MEL18) or PCGF4 (BMI1) – is then recruited to H3K27me3-modified 
nucleosomes and further spreads the H2AK119-Ub mark (step 3).
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Here, we discuss both types of EZH2 mutations and how they might drive tumor 
development. In addition, we discuss mutations in the variant histone H3.3 that also 
disrupt EZH2 function. 

Activating EZH2 mutations
Recently, EZH2 mutations were found in a subset of follicular lymphoma (FL) and 
diffuse large B-cell lymphoma (DLBCL) patients30. These are the two most prevalent 
types of mature B-cell lymphomas and together they make up about half of the 
adult non-Hodgkin lymphoma patients. The mutations caused an EZH2-Tyrosine 
641 substitution in the catalytic SET domain. Although initially thought to elicit a 
loss of function, the EZH2Y641 mutant actually has a higher trimethylation activity 
than wild type (WT) EZH2 31. This is in line with the finding that EZH2 expression 
and repression of Polycomb target genes correlate with proliferation in DLBCL and 
promote the acquisition of stem cell properties, the latter being an important step 
in early lymphomagenesis31,32. More specifically, this hyperactive EZH2 mutant has 
increased activity for transferring a methyl group to a dimethylated H3K27, whereas 
monomethylating activity is lower than WT EZH2 31,33. In heterozygotes, there is 
contribution of both WT and mutant EZH2, and such cells will thus more efficiently 
trimethylate H3K27, which is reflected by the observation that such mutations always 
occur in a heterozygous state in lymphomas. Indeed, cell lines from FL or DLBCL 
tumors carrying EZH2Y641 mutations have higher H3K27me3 levels than those from 
EZH2 WT tumors34. In-depth analysis of the ever-growing amount of sequencing 
data from lymphoma tumors has allowed the identification of other “hyperactive” 
EZH2 mutations34-36. 
A functional mechanism for the oncogenic function of mutant EZH2 in 
lymphomagenesis has recently been described37,38. EZH2 controls the maintenance 
of germinal center B cells by dampening their differentiation upon germinal center 
responses. One of its targets is PRDM1 (or BLIMP1), a gene involved in terminal 
differentiation of B cells and a proposed tumor-suppressor gene. Chemical inhibition 
of EZH2 in EZH2Y641 mutant DLBCL cells caused up-regulation of PRDM1 and 
impaired cell cycle progression38. Of note, although CDKN2A was derepressed in 
EZH2-inhibited B cells, this did not greatly contribute to the observed cell cycle arrest. 
Rather, the oncogenic potential appears to be dependent on preventing terminal 
differentiation through PRDM1, thereby expanding the population of cycling B cells 
in the germinal center38. The EZH2Y641 mutation creates an additional oncogenic 
advantage besides enhancing enzymatic activity, as it was found to confer resistance 
to proteasomal degradation of EZH239. It is possible that proteasomal degradation 
is vital for adequate EZH2 down-regulation during B-cell maturation and this may be 
one of the reasons for the high prevalence of this specific EZH2 mutation in FL and 
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DLBCL patients. 
Studies with mutant EZH2Y641 knock-in mice revealed that the mutation itself is not 
sufficient for lymphoma formation, but it does accelerate Eμ-MYC-mediated DLBCL 
formation40. Clinically more relevant, EZH2Y641 mutation cooperates with transgenic 
BCL2 in the formation of germinal center B-cell DLBCL and combined treatment 
of EZH2 and BCL2 inhibitors impaired the viability of DLBCL cells in a xenograft 
model37. It remains to be revealed, however, how EZH2Y641 mutations collaborate 
with other common drivers of FL and DLBCL and how many patients might benefit 
from EZH2 inhibition. Still, EZH2 inhibition as cancer therapy may have potential, as 
EZH2 inhibitors are effective in reducing the viability of AML-AF9 leukemic cells and 
EZH2-mutant B-cell lymphoma cells that are either EZH2Y641 mutated or dependent 
on EZH2 expression41,42.

Inactivating EZH2 mutations
Aside from the prevalent oncogenic functions of EZH2, its loss of function can also 
promote tumorigenesis. Specific genomic aberrations, deletions of chromosome 
7 or 7q that encompass EZH2, are found in 10% of the patients suffering from 
myelodysplastic syndromes or myeloproliferative neoplasms (MDS/MPN), conditions 
that can lead to myeloid malignancies43-45. The remaining EZH2 allele and alleles of 
patients without 7 or 7q deletion often contain point mutations that either truncate or 
mutate the SET domain, which is indicative of a loss of methyltransferase activity. 
As a result of these inactivating mutations, MDS-derived cell lines display decreased 
H3K27me3 levels43,46. Of note, mutations SUZ12 and EED that encode for the other 
two core PRC2 components also occur in MDS/MPN patients, though at a lower 
frequency47. Importantly, MDS/MPN patients with mutated EZH2 have a poorer 
prognosis48-51. Besides MDS/MPNs, a small fraction of chronic myelomonocytic 
leukemias (CMML) and CMML-derived acute myeloid leukemias (AML) harbor 
mutations in EZH2, as well as mutations in UTX, encoding a H3K27 demethylase52. 
Interestingly, mutations affecting other epigenetic regulators, such as DNMT3A, 
TET2 and ASXL1, were also detected. These findings suggest that epigenetic 
deregulation is a crucial step in the development of myeloid malignancies. 
Several studies have provided more insight into the oncogenic effect of EZH2 loss 
of function in myeloid malignancies. Conditional Ezh2 knockout mice specific for 
the hematopoietic stem cell (HSC) compartment develop MDS/MPN with a long 
latency53. When combined with a mutation in Tet2, a gene that is often co-mutated 
with EZH2 in myelodysplastic disorders, the latency was reduced. EZH2 loss also 
accelerates MDS formation in mice with HSC-specific mutant RUNX154. Because 
EZH2 has many target genes, its inactivation has the potential to cause widespread 
gene derepression. However, during the development of myeloid malignancies, it 
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has been shown that EZH1 and other epigenetic regulators can prevent the aberrant 
activation of many EZH2 target genes, which may be crucial for the progression of 
these malignancies. During the process of MDS formation in Runx1-mutant and Ezh2-
knockout mice, many of the EZH2 target genes that were aberrantly up-regulated at 
the pre-MDS stage, were again repressed at the MDS stage, which was attributed to 
de novo DNA hypermethylation as well as compensation by EZH153,54. One of these 
genes is Cdkn2a, as it was observed that its expression was only slightly altered 
when MLL-AF9-driven AML cells were converted to a CMML/MDS-phenotype upon 
Ezh2 deletion55. Also in this model for MDS, EZH1 appears to play a compensatory 
role, and complete inactivation of PRC2 function, due to an Eed knockout, abolished 
AML development entirely56. Since EZH1 prevents the Ezh2 loss of function-induced 
derepression of Cdkn2a and potentially other tumor-suppressor genes in HSCs, 
these cells might more easily profit from the oncogenic effects of Ezh2 inactivation 
than other cell types where there is no epigenetic “fail safe” on Cdkn2a repression. It 
therefore depends in part on which genes can and which genes cannot be targeted 

Table 1. Tumor-promoting and tumor-inhibiting functions of Polycomb genes

enegocnOrosserppusromuTeneG

secnerefeRnoitarrebAepytrecnaCsecnerefeRnoitarrebAepytrecnaC

desserpxerevOrecnactsaerB1imB1CRP 157,158

Colorectal carcinoma Overexpressed 106,159,160

desserpxerevOLCBLD 161

Gastric cancer Overexpressed 162,163

Ovarian carcinoma Overexpressed 164,165

Pancreatic carcinoma Overexpressed 166,167

desserpxerevOLMA/SDM 168–170

Prostate cancer Overexpressed 85,171,172

desserpxerevOLMC 173

Mel18 Prostate cancer Downregulated 102,103

Breast cancer Downregulated 104,112,113

Colorectal carcinoma Downregulated 106

Gastric cancer Downregulated 108

desserpxerevOLMA/SDMA1gniR 170

desserpxerevOamonicraccitaercnaPB1gniR 174

desserpxerevOamonicracralullecotapeH4XBC 146,147

CBX7 Thyroid cancer Downregulated 129,130 Follicular lymphoma Overexpressed 125

Lung cancer Downregulated 136 Prostate cancer Overexpressed 123,127

Colorectal carcinoma Downregulated 134 Ovarian carcinoma Overexpressed 126

Breast cancer Downregulated 131

Bladder cancer Downregulated 133

Brain cancer Downregulated 88,135

Pancreatic carcinoma Downregulated 132

RYBP Hepatocellular carcinoma Downregulated 175

PRC2 Ezh2 MDS/MPN (including CMML) Deleted/mutated 43,48,50 DLBCL and follicular lymphoma Mutated 30,40,176

Primary myelofibrosis Mutated 49,51,177 Breast cancer Overexpressed 178–180

Colorectal carcinoma Downregulated 181,182 Colorectal carcinoma Overexpressed 183

Pancreatic carcinoma Overexpressed 174,184

Lung cancer Overexpressed 182,185,186

Hepatocellular carcinoma Overexpressed 187

Renal cell carcinoma Overexpressed 188,189

desserpxerevOamonaleM 178,190

Endometrial cancer Overexpressed 178

desserpxerevOLMA/SDM 170

Prostate cancer Overexpressed 172,178,191

Brain cancer Overexpressed 135,192

detatum/deteleDTSNPM21zuS 156,193

detatum/deteleDTSNPMdeE 156,193

detatuMamoilG72K3H 72,194

Abbreviations: AML, acute myeloid leukemia; CML, chronic myeloid leukemia; CMML, chronic myelomonocytic leukemia; DLBCL, di�use large B-cell
lymphoma; MDS, myelodysplastic syndrome; MPN, myeloproliferative neoplasm; MPNST, malignant peripheral nerve sheath tumor. Only strong associa tions
with human oncogenesis were included. For H3K27, only mutations were taken into account.



35

2

Context-dependent actions of Polycomb repressors in cancer

by EZH1 whether EZH2 inactivation can be oncogenic. 
Looking beyond myeloid malignancies, tumor-suppressor activity of EZH2 has also 
been found in a subset of acute T-cell leukemias (T-ALL), as evident by mutations in the 
EZH2 gene57,58. The high prevalence of leukemias in a mouse model for lymphocytic 
deletion of Ezh2 confirmed that Ezh2 inactivation drives T-ALL development58. EZH2 
mutations significantly co-occur with oncogenic NOTCH1 mutations, a main driver 
of T-ALL. Functionally, it was shown that oncogenic NOTCH1 benefits from the loss 
of H3K27me3 to activate its target genes, which implies that PRC2 antagonizes 
oncogenic NOTCH157. 

Other mutations affecting H3K27me3 levels
Alterations in global H3K27me3 levels can also be induced by mutations in genes 
other than EZH2, but that do affect EZH2 protein function. Two of such mutations 
frequently occur in pediatric gliomas and involve either the substitution of the histone 
H3 lysine 27 itself to non-methylatable Methionine (K27M) or mutation of IDH1, 
specifically the Arginine-132 to Histidine substitution. Of note, another mutation in 
histone H3, G34R/V, is found to occur in a subset of cerebral gliomas, while H3K27M 
mutant tumors are mainly found at midline locations. 
The H3K27M mutation is specifically found in diffuse intrinsic pontine glioma and 
pediatric glioblastoma multiforme (GBM) and occurs primarily in the histone H3.3 
variant59-61. The mutation is invariably heterozygous and affects only one of several 
H3 genes. The fraction of mutant H3 protein is estimated to be 4–18% of the total 
cellular H3 pool62,63. However, mutant cells do exhibit significantly decreased total 
H3K27me3 levels, because H3K27M mutant histones affect EZH2 activity in a 
dominant-negative fashion. They competitively bind to the SET domain of EZH2, 
which reduces trimethylation of WT H3 histones in both the same nucleosome 
and other, nearby nucleosomes63,64. Notably, besides this global reduction there 
are small/local regions in the genome that show intensified H2K27me3 levels62,64. 
Genes within these regions are associated with decreased expression, whereas 
genes with reduced H3K27me3 levels are associated with enhanced expression 
as well as with DNA hypomethylation62,64,65. Several genes have been put forward 
to provide a functional link between this redistribution of the H3K27me3 pattern and 
tumor development. The increased H3K27me3 levels at MICA and INK4A further 
repress these genes, whilst OLIG2 is one of the derepressed genes, all of which 
have been reported to promote glioma progression64,66,67. It was also observed that 
the cell identity of neural progenitor cells transduced with H3.3K27M changes to a 
more immature state65.
The mutation in IDH1 causes the production of 2-hydroxyglutarate, an oncometabolite 
that inhibits the TET family of 5-methlycytosine hydroxylases and Jumanji-domain-
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containing histone demethylases. This leads to cellular increases in DNA methylation, 
resulting in an epigenetic state known as Glioma-CpG Island Methylator Phenotype 
(G-CIMP), and increases in typical histone H3 lysine methylations, although 
repressive marks H3K9me3 and H3K27me3 appear much more affected than active 
marks such as H3K4me368,69. Evidently, these epigenetic changes greatly affect cell 
identity, but which of these changes are instrumental in oncogenic transformation? 
Lu et al. demonstrated that the IDH1 mutation impairs neural differentiation and that 
increasing H3K9me3 levels in IDH1 WT cells by inactivation of the H3K9 demethylase 
JMJD2C was sufficient to block differentiation68. In addition, two studies reported 
that reducing DNA methylation in IDH1 mutant glioma cells by treating with DNA 
methyltransferase inhibitors reduced cell proliferation and induced differentiation70,71. 
These results suggest that increased DNA methylation and H3K9me3 levels are 
essential in IDH1 mutation-driven glioma development and hence the increased 
H3K27me3 levels might therefore be less important. However, PRC2 inactivation 
studies need to be performed to reveal its contribution to IDH1 mutation-driven 
glioma development.
Both the H3K27M and the IDH1 mutation are highly prevalent in glioma patients, 
yet they are mutually exclusive, implying that these modifications are major steps 
in tumor development and are involved in similar or parallel oncogenic pathways. 
Importantly, however, they differentially affect H3K27me3 levels, raising the question 
whether they really have a similar effect on cells. Indeed, they have been categorized 
into different glioma subgroups based on genetic, epigenetic and pathological 
characteristics72. Compared to IDH1 mutant tumors, H3.3K27M mutant tumors are 
associated with a younger mean age of diagnosis and have lower overall survival. 
They specifically occur in the midline of the brain, whereas IDH1 mutant tumors 
develop at hemispheric locations. In addition, IDH1 mutant tumors are characterized 
by G-CIMP, a feature that is not found in H3.3K27M tumors72-74. Taken together, 
H3.3K27M and IDH1 mutations differentially affect the epigenetic landscape – 
changes that cannot simply be characterized as opposite – and occur in distinct 
tumor types, suggesting that they drive tumorigenesis in different ways and have 
different cells-of-origin.
This has implications for the development of specific therapies against glioma 
subtypes. It has been shown that the use of a selective inhibitor against mutant IDH1 
on an IDH1 mutant glioma cell line reduced its growth and induced differentiation, 
whereas growth of IDH1 WT glioma cells was not affected75. Interestingly, the inhibitor 
affected cell proliferation at a concentration that did not reduce gross DNA methylation 
or H3K9me3 or H3K27me3 levels. It was therefore suggested that mutant IDH1 
promotes tumorigenesis through mechanisms other than the associated epigenetic 
changes. However, it is possible that IDH1 inhibition at these concentrations reduces 



37

2

Context-dependent actions of Polycomb repressors in cancer

the repressive chromatin marks at only a few essential genes for tumor development. 
Conversely, increasing the H3K27me3 levels has been shown to reduce the viability of 
H3.3K27M mutant cells76. Hashizume and colleagues76 treated glioma cell lines with 
an inhibitor against the H3K27 demethylase JMJD3 and observed growth inhibition 
and apoptosis only in H3.3K27M cell lines. Remarkably, also human astrocytes 
ectopically expressing H3.3K27M were sensitive to JMJD3 inhibition, indicating 
that also non-transformed cells become highly dependent on the H3.3K27M-driven 
H3K27me3 redistribution and do not cope well with reconstitution of the mark. 

Large diversification of PRC1 complexes and their 
cancer connections

The balance between BMI1 and MEL18-PRC1 complexes
The PCGF paralog Bmi1 is arguably the best-studied PcG gene in cancer, initially 
discovered to collaborate with c-MYC in lymphomagenesis by suppressing stress-
induced senescence through repression of Cdkn2a77-79. But Cdkn2a is not the only 
target gene through which BMI1 exerts its oncogenic abilities80,81. Besides the cell 
cycle, BMI1 was also found to regulate epithelial-to-mesenchymal transition (EMT). 
For instance, it collaborates with TWIST1 in inducing the transcriptional repression 
of the E-cadherin gene in head and neck squamous cell carcinoma cells82. BMI1 
also mediated SNAIL activity and EMT through direct repression of PTEN, which 
subsequently led to the activation of the PI3K/AKT pathway83. In lung squamous cell 
carcinomas, BMI1 levels correlated with a mesenchymal phenotype84. Furthermore, 
we have previously reported that activated AKT synergized with ectopic Bmi1 
expression in driving invasive prostate cancer in mice, and this association was 
also reflected in clinical prostate cancer samples85. More specifically, it was found 
that AKT phosphorylated BMI1, which stimulated H2AK119 ubiquitination at double-
strand breaks. Indeed, BMI1 has been found to contribute to DNA damage repair86,87. 
In glioblastoma, BMI1 promotes self-renewal and antagonizes stress responses 
by repressing Atf388, a transcription factor that negatively regulates epithelial cell 
response to TGFβ signaling89 and glioma-specific endoplasmic reticulum stress 
response90. Clearly, BMI1 plays an important role in tumor initiation and progression 
in many cancer types. For this reason, pharmaceutical companies have invested in 
generating BMI1 inhibitor compounds, although the lack of enzymatic activity has 
hampered the generation of potent, specific BMI1 inhibitors. A recent study revealed 
that BMI1 inhibition as a therapy for colorectal cancer may have promising potential, 
as it reduced the self-renewal capacity of cancer stem cells91. 
MEL18, a paralog of BMI1, is much less strongly associated with cancer, even 
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though their amino acid sequences are over 70% identical and hence their functions 
are believed to be highly redundant92. Indeed, MEL18 and BMI1 proteins bind to the 
same PcG proteins with a similar stoichiometry. They are the only PCGF paralogs 
that have target genes that are also enriched for the H3K27me3 mark, which 
indicates that both proteins are involved in the canonical PcG-mediated repression 
mechanism25. The phenotypes of Bmi1-knockout mice and Mel18-knockout mice 
partially overlap and the exacerbated phenotype of double knockout mice indicates 
a gene dosage effect93. In spite of their high amino acid sequence similarity and 
overlapping developmental knockout phenotypes, they appear to affect PRC1 
activity differently. MEL18-PRC1 complexes have lower ubiquitination activity 
than BMI1-PRC1 complexes in vitro, and in MCF7 cells, MEL18 up-regulation and 
associated BMI1 down-regulation resulted in decreased H2AK119Ub because of a 
switch from BMI1-PRC1 to MEL18-PRC1 as the most abundant PRC1 complex94,95. 
It has been proposed that MEL18 therefore negatively regulates PRC1 activity by 
competing with BMI1 for integration into PRC1. Besides their divergent functions 
in PRC1, the degree of overlap in their target gene lists varies between cell types, 
which indicates that the mere expression of MEL18 can result in the activation of a 
different cellular program than expression of BMI1, depending on cellular context25,96. 
BMI1 and MEL18 also have different expression patterns in certain adult tissues. 
For instance, in the bone marrow, BMI1 is specifically expressed by HSCs, whereas 
MEL18 expression is only detected in differentiating cells97. This suggests that BMI1 
ensures HSC identity, which indeed has been verified, while MEL18 mediates PcG 
function during lineage specification98,99. This is not uncommon for PcG proteins, 
as similar switches have been observed for the CBX proteins (see below) and for 
EZH proteins in muscles100. Similarly, MEL18 and BMI1 might play opposite roles 
in embryonic stem (ES) cell differentiation, because during this process, MEL18 is 
down-regulated while BMI1 is up-regulated101. 
Not only do MEL18 and BMI1 have different roles in normal cells, but they have 
also been found to cause opposing effects in cancer cells. Indicative of being a 
putative tumor suppressor, MEL18 was down-regulated in clinical tumor samples 
from cancers of the prostate102,103, breast104,105, colon106 and stomach107,108. This 
down-regulation of MEL18 correlated with an up-regulation of BMI1. Since BMI1 
is known to be up-regulated in several other cancers, it is to be expected that a 
similar correlation with MEL18 down-regulation can be found in other cancer 
types as well. This inverse correlation between BMI1 and MEL18 levels can partly 
be explained by the regulation of BMI1 expression by MEL18, as it was found in 
human fibroblasts and other cell lines that MEL18 represses c-MYC, which was 
suggested to stimulate BMI1 transcription109-111. Besides its repressive effect on 
c-MYC and subsequently BMI1, MEL18 appears to suppress other pathways that 
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are known to play roles in oncogenesis. For instance, ectopic MEL18 expression in 
one gastric and multiple breast cancer cell lines reduced pAKT levels and resulted 
in decreased cell proliferation107,112. Conversely, MEL18 down-regulation associated 
with enhanced AKT phosphorylation in breast tumor samples, and correlated with 
tumor stage and poor prognosis in both gastric and breast cancer104,107,108,112,113. 
Reciprocally, ID1-mediated AKT activation down-regulates MEL18 and thus leads 
to higher BMI1 levels in breast cancer cell lines95. In addition, MEL18 was also 
observed to negatively regulate the Wnt pathway, angiogenesis and E-cadherin 114-

116. However, in most studies that reported these tumor-suppressive functions, only 
a limited number of cancer cell lines were used. In addition, despite being generated 
already in 1996, Mel18-deficient mice have not been reported to have an increase in 
tumor formation117. This contradiction might be attributed to artifacts of in vitro culture, 
species-specific effects, or that MEL18 becomes tumor-suppressive only in BMI1-
dependent cancers or in context with certain other mutations. Further investigation 
using in vivo models and addressing other cancer types is warranted to reveal how 
universal these tumor suppressor abilities are. 
In contrast, MEL18 and BMI1 can also synergize in the repression of genes. Both 
proteins repress Cdkn2a in primary mouse embryonic fibroblasts (MEFs) to prevent 
senescence118,119. Depletion of CITED2 in MEFs caused up-regulation of Cdkn2a and 
subsequently enhanced senescence, but this was rescued by ectopic expression of 
either Bmi1 or Mel18120. In human fibroblasts, both the MEL18-PRC1 and BMI1-PRC1 
complexes are required for sufficient repression of INK4A to prevent senescence121. 
In this system, both PRC1 types contain either CBX7 or CBX8 and knockdown of 
any of these four proteins affects INK4A-repression and reduces binding of the other 
proteins, which demonstrates the intricacy of PcG-mediated INK4A repression by 
multiple PRC1 protein complexes of different constitutions. It is unknown whether 
this regulation affects other PcG target genes in a similar manner, as it is possible 
that CDKN2A repression is a unique case of PcG-mediated repression, because it is 
one of the most influential PcG target genes required for the survival of normal cells. 
In summary, the right balance between BMI1 and MEL18 appears to be crucial in 
embryonic development, tissue homeostasis and cancer development, and the 
preferred balance is context- and target gene-dependent. For instance, normal 
tissue and MEFs similarly depend on MEL18 and BMI1 for cell proliferation 
control, because both proteins repress Cdkn2a and they can even synergize in this 
repression. However, immortalized cells might depend less on CDKN2A repression 
and therefore on MEL18 and BMI1, because they have acquired mutations to 
circumnavigate senescence and cell cycle arrest, for instance by mutations in TP53. 
Further down the road of tumorigenesis, cancer cells have acquired additional 
genetic alterations that activate oncogenic pathways. These alterations might also 
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be controlled by BMI1 and MEL18 in cancer cells, but MEL18 appears to oppose 
BMI1 in this regulation. 

Context-dependent functions of CBX proteins
CBX proteins are the mammalian orthologs to the Drosophila melanogaster HP1 
and Pc proteins. The HP1 orthologs CBX1, CBX3 and CBX5 show specific binding 
affinity to H3K9me3, whereas the Pc orthologs CBX2, CBX4, CBX6, CBX7 and 
CBX8 contain a C-terminal Polycomb repressor box and bind to both H3K9me3 and 
H3K27me3 with variable specificities122. The CBX2, CBX4, CBX7 and CBX8 proteins 
incorporate into PRC1, and by their affinity for H3K27me3-modified histones, they 

Pluripotency genes Di�erentiation genes
Bmi1, CBX2/4/8

Pluripotency genes Di�erentiation genes
Bmi1, CBX2/4/8

HSC-speci�c genes Di�erentiation genes HSC-speci�c genes Di�erentiation genes

A Embryonic stem cells

B Haematopoietic stem cells

PHC RING1A/B

MEL18CBX7
MEL18CBX7

PHC

PHC RING1A/B

BMI1CBX2/4

BMI1CBX2/4

PHC RING1A/B

MEL18CBX8CBX7
RING1A/B

BMI1
BMI1CBX7

MEL18CBX8

Di�erentiation

Figure 2. Change in PRC1 constitution as a switch for embryonic stem (ES) cell and hematopoietic 
stem cell (HSC) differentiation. (A) In ES cells, the predominant PRC1 contains MEL18 and CBX7, 
and prevents aberrant differentiation by repressing lineage-specification genes. In addition, it represses 
the genes encoding the paralogs BMI1, CBX2, CBX4 and CBX8. When differentiation is induced, the 
predominant PRC1 composition changes to CBX2/4-BMI1-PRC1 causing a redistribution of PcG-mediated 
repression that facilitates the differentiation process. (B) In HSCs, CBX7 and Bmi1 define the most 
abundant PRC1 type which targets progenitor-specification genes for PcG-mediated repression. Upon 
differentiation, CBX8-MEL18-PRC1 becomes the most abundant type. This switch in PRC1 composition 
results in repression of HSC-specific genes and derepression of progenitor-specification genes.
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recruit the complex to chromatin regions that are specified by PRC25. 
The CBX protein that has been most studied in the cancer field is CBX7. It was 
first shown to influence oncogenesis by delaying senescence through repression of 
CDKN2A locus in primary human cell lines and MEFs, which indicates that CBX7 
can act as an oncoprotein123,124. Scott and colleagues were the first to provide a lead 
for the existence of oncogenic properties of CBX7 in a human setting125. In this study, 
they showed not only that CBX7 expression correlated with higher grade human FL, 
but also that mice overexpressing Cbx7 in HSCs develop lymphomas. In addition, 
ectopic Cbx7 expression accelerated lymphoma formation in an Eµ-MYC-driven 
B-cell lymphoma mouse model. Elevated levels of CBX7 have also been observed in 
prostate cancer and ovarian clear cell carcinoma, where CBX7 represses CDKN2A 
and suppress apoptosis123,126,127. 
In contrast, CBX7 also has tumor-suppressor capabilities in certain contexts. This 
was first observed in a study of ependymomas, which show a preference for mono- or 
biallelic microdeletions of a genomic region that includes the CBX7 gene128. In thyroid 
carcinoma, CBX7 expression levels inversely correlate with tumor progression129. An 
underlying mechanism that has been revealed for this tumor-suppressive activity 
is its positive regulatory role on E-cadherin levels. CBX7 binds to the promoter of 
the E-cadherin gene and reduces local HDAC2 activity, thereby increasing local 
chromatin acetylation and subsequent E-cadherin expression130. This particular 
function is decreased in human thyroid tumor samples as E-cadherin and CBX7 
levels are invariably low, particularly in the very aggressive anaplastic thyroid 
carcinoma. The association between CBX7 down-regulation and tumor progression 
has now been reported for several other cancer types, including cancer of the 
breast131, pancreas132, bladder133, colon134, glioblastoma88,135 and lung136. Although 
these findings from patient tumor data are correlative, the generation of Cbx7 
knockout mice revealed that CBX7 deletion caused spontaneously development of 
lung and liver tumors at old age136. MEFs from these knockout animals proliferate 
faster and are less susceptible to senescence than WT MEFs, in part because CBX7 
negatively regulates CyclinE1 expression. CBX7 has also been found to influence a 
number of other genes known to be involved in oncogenesis137. 
The finding that Cbx7-/- MEFs exhibit delayed senescence seemingly contradicts with 
the reported accelerated senescence of MEFs in which CBX7 levels were reduced 
with a short hairpin124. However, Cbx7-/- MEFs have likely undergone adaptation 
to CBX7 absence during embryogenesis and might have therefore found a way 
to evade senescence that is caused by Cdkn2a derepression, whereas the CBX7 
knockdown MEFs with acute CBX7 depletion are not resistant to sudden Cdkn2a 
activation. 
Less is known about the oncogenic or tumor-suppressive properties of the other Pc-
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CBX proteins. Cbx2 knockout mice exhibit several development defects, including 
homeotic transformation, lymphocyte abnormalities, hypoplasia of the spleen, gonads 
and adrenal gland, and male-to-female sex reversal138-141. CBX2 also contributes to 
Cdkn2a repression in MEFs and some associations between CBX2 expression and 
cancer stage and overall survival have been reported142-145. Importantly, however, no 
functional data have been published to date that provide strong evidence for CBX2 to 
be an oncogene. CBX4 is also associated with oncogenic functions. Hepatocellular 
carcinoma (HCC) patients whose tumors contain high CBX4 levels have a shorter 
overall survival and CBX4 knockdown in HCC cell lines elevated INK4A levels and 
reduced proliferation146. In addition, CBX4 promotes angiogenesis by its SUMO 
E3 ligase activity, an enzymatic ability that is unique among Pc-CBX proteins147,148. 
CBX8 was demonstrated to repress genes necessary for leukemic transformation, 
which is counteracted by the MLL-ENL fusion oncoprotein in MLL leukemia149. In 
contrast, CBX8 acts as an oncoprotein in breast cancer cell lines by interacting with 
SIRT1 and inhibiting Tp53 activity150. 

Implications of changing cellular CBX constitution
Aside from the divergent functions that CBX proteins can have from one tissue to 
the other, variations in the cellular composition of PRC1-integrated CBX proteins can 
also lead to different cell fates. In particular, the relative abundance of a certain CBX 
can lead to a shift between self-renewal and differentiation, which has been found to 
occur in murine ES cells and HSCs101,151,152. In ES cells, the predominant PRC1 type 
contains the subunits CBX7, MEL18, PHC1 and RING1B (Figure 2a). Its recruitment 
to genomic regions depends on PRC2, and its list of target genes therefore largely 
overlaps with that of PRC2101,152. OCT4 promotes the expression of Cbx7 which in 
turn represses Bmi1, Cbx2, Cbx4 and Cbx8. Upon initiation of ES cell differentiation 
to embryoid bodies or neural stem cells, Cbx7 is down-regulated and subsequently 
Bmi1 and Cbx2 and Cbx4 are up-regulated. As a result, there is a shift in PRC1 
composition that is required for proper differentiation (Figure 2a).
In HSCs, CBX7 appears to be the predominant CBX paralog that stimulates self-
renewal (Figure 2b). When different CBX genes were overexpressed in HSCs, 
thereby shifting the balance in the abundances of the present CBX proteins, the 
overexpression of CBX7 caused higher cell proliferation rates and increased 
repopulation potential in vivo over WT HSCs, whereas overexpression of CBX2, 
CBX4 or CBX8 reduced this ability, promoting differentiation151. It is possible that 
the observed expansion of the HSC population due to the increase in the relative 
contribution of CBX7 eventually also leads to malignant growth. Indeed, the vast 
majority of the transplanted mice in the study by Klauke et al. developed leukemias, 
including T-cell leukemia, immature leukemia and erythroid leukemia151.



43

2

Context-dependent actions of Polycomb repressors in cancer

There are a number of mechanisms for how shifts in nuclear abundance of CBX 
proteins can change the cell fate or promote tumorigenesis. First and most obvious, it 
is possible that each CBX protein has a preference for a different set of target genes. 
This is supported by the observation that their target genes only partially overlap 
in ES cells and HSCs101,151. However, the degree of overlap is context-dependent, 
because the chromatin binding profiles in human fibroblasts are highly similar96,121. 
Second, CBX paralogs may differently impact PRC1 activity at the chromatin. For 
instance, they have distinct affinities for H3K27me3 peptides in vitro, suggesting 
that nuclear overabundance of a weakly binding CBX, like CBX6, will reduce the 
overall recruitment of PRC1 to H3K27me3 sites122. In addition, it remains to be 
solved whether some CBX paralogs stimulate PRC1 ubiquitination activity more than 
others. A shift in the cellular composition of the various CBX paralogs might thus lead 
to changes in H2AK119Ub levels globally, or locally at specific target sites. Besides 
their differences in the PRC1 complex itself, CBX proteins have been reported to 
interact with different sets of facultative PcG proteins as well as non-PcG proteins, 
which might further contribute to their specificities130,153. 
To summarize, the balance between CBX paralogs is important in cell identity, 
and an organized shift in this balance may be part of cellular differentiation 
programs. However, aberrations that lead to the overabundance or a depletion of 
one CBX paralog, in particular CBX7, may initiate cellular processes that promote 
tumorigenesis. Whether it is overabundance or depletion that drives tumorigenesis 
in a particular tissue depends on the identity of the genes that are controlled by the 
CBX protein in that tissue and on the principal pathways that are targeted during 
tumor development of that tissue. 

Concluding remarks

PcG-mediated gene repression is exerted differently depending on cell identity, 
tissue type and the cellular constitution of the several PcG paralogs. This is because 
PcG not only regulates different target genes in different tissue types, but also 
regulates distinctive individual target genes within a cell, due to the concurrent and 
non-overlapping activity of different PRC types and paralogous subtypes. Hence, 
during development of some cancer types, PcG proteins have oncogenic functions, 
whereas in other contexts, they act as tumor suppressors. This is best illustrated 
by CBX7, which is oncogenic in hematological malignancies but acts as a tumor 
suppressor in epithelial-based malignancies. A possible reason for this is that CBX7 
positively regulates E-Cadherin, which is detrimental for advanced carcinoma 
progression, but it may be neutral – or not even regulated by CBX7 – in hematological 
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malignancies, in which suppression of other PcG target genes, such as CDKN2A, is 
more important. Similar concepts apply for other PcG proteins and their target genes 
in oncogenesis and their applicability in an individual tumor depends on the tissue-
of-origin and the affected pathways by collaborating mutations154. Further, different 
cellular contexts arising from intra-tumor heterogeneity could allow for divergent PcG 
roles within the same tumor. 
The fact that the tumor-suppressive or oncogenic role of PcG proteins is context-
dependent has implications for the recently intensified testing of PcG inhibitors as a 
potential anti-cancer therapy. The implementation of these inhibitors should therefore 
be carefully assessed. In addition, the genetic and epigenetic transitions that tumors 
go through to acquire resistance to a certain therapy will likely also apply for the use 
of PcG inhibitors and other epigenetics-based therapies. Furthermore, prolonged 
inhibition of PcG proteins might cause adverse effects, as we have recently shown 
that continued EZH2 depletion in a mouse model for GBM caused accelerated tumor 
growth after an initial growth-reduction response155. Over-activation or complete 
inactivation might be oncogenic, while a window of opportunity lies between activation 
levels utilized in the homeostasis of normal tissue. Evidently, this window varies from 
tissue to tissue and depends on the tumor-driving mutations.
Thorough screening of the downstream wiring of PcG-mediated repression is 
warranted, so tissue-specific effects can be predicted and potential collaborating 
pathways that can be co-targeted can be identified. Indeed, a recent study reporting 
that reduced PRC2 activity collaborates with NF1 deletion in enhancing RAS activity 
in GBM showed that PRC2-deficient tumors might be particularly sensitive to 
therapies that target BRD4, an acetyltransferase that also modifies H3K27156. For 
these reasons, it is important to define which cancer patients will benefit from PcG-
targeted therapy. Thorough screening of the downstream targets of PcG-mediated 
repression will help to predict tissue-specific effects and to identify potential 
collaborating pathways that can be co-targeted.
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Abstract

Background & Aims: 
The Polycomb Repressive Complex 2 (PRC2) regulates differentiation by 
contributing to repression of gene expression and thereby stabilizing the fate of stem 
cells and their progeny. PRC2 helps to maintain adult stem cell populations, but 
little is known about its functions in intestinal stem cells. We studied phenotypes 
of mice with intestine-specific deletion of the PRC2 proteins embryonic ectoderm 
development (EED) (a subunit required for PRC2 function) and enhancer of zeste 
homolog 2 (EZH2) (a histone methyltransferase).
Methods: 
We performed studies of AhCre;EedLoxP/LoxP (Eed knockout) mice and AhCre;Ezh2LoxP/

LoxP (Ezh2 knockout) mice, which have intestine-specific disruption in EED and EZH2, 
respectively. Small intestinal crypts were isolated and subsequently cultured to grow 
organoids. Intestines and organoids were analyzed by immunohistochemical, in situ 
hybridization, RNA sequence, and chromatin immunoprecipitation methods.
Results: 
Intestines of Eed knockout mice had massive crypt degeneration and lower numbers of 
proliferating cells compared with wild type control mice. Cdkn2a became derepressed 
and we detected increased levels of p21. We did not observe any differences 
between Ezh2 knockout and control mice. Intestinal crypts from Eed knockout mice 
had signs of aberrant differentiation of uncommitted crypt cells – these differentiated 
toward the secretory cell lineage. Furthermore, crypts from Eed knockout mice had 
impaired Wnt signaling and concomitant loss of intestinal stem cells, this phenotype 
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was not reversed upon ectopic stimulation of Wnt and Notch signaling in organoids. 
Analysis of gene expression patterns from intestinal tissues of Eed knockout mice 
showed dysregulation of several genes involved in Wnt signaling. Wnt signaling was 
regulated directly by PRC2.
Conclusions: 
In intestinal tissues of mice, PRC2 maintains small intestinal stem cells by promoting 
proliferation and preventing differentiation in the intestinal stem cell compartment. 
PRC2 controls gene expression in multiple signaling pathways that regulate intestinal 
homeostasis. Sequencing data are available in the genomics data repository GEO 
under reference series GSE81578; RNA sequencing data are available under 
subseries GSE81576; and ChIP sequencing data are available under subseries 
GSE81577.
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Introduction

Adult tissues rely on epigenetic control over gene expression to ensure stem cell 
maintenance and appropriate programming of cell differentiation. Polycomb Group 
(PcG) proteins are one such class of epigenetic repressors that are involved in tissue 
homeostasis1. By their repression of lineage-specification genes, PcG proteins 
contribute to maintenance of embryonic stem (ES) cell identity by setting a threshold 
for differentiation cues2,3. In addition, PcG-mediated gene repression was found to 
control differentiation in a number of adult tissues4-6. 
PcG-mediated epigenetic gene repression requires the action of two different 
Polycomb Repressive protein Complexes (PRCs): PRC1 and PRC2. PRC2 consists 
of the core components SUZ12, EED and either EZH2 or EZH1. The EZH paralogs 
have methyltransferase activity and are the only enzymes known to trimethylate 
histone H3 at lysine 27 in vivo. Trimethylated histone H3K27 (H3K27me3) is a PcG-
specific chromatin modification that stimulates gene repression. EZH1 and the highly 
similar EZH2 perform the same function in PRC2, which suggests redundancy. 
However, the enzymatic activity of EZH2 is higher than that of EZH1, and the extent 
to which they can compensate each other in tissue development and homeostasis 
is context-dependent4,5,7. Moreover, only EZH2 has been implicated in cancer, 
suggesting that oncogenic properties are unique to EZH2. On the other hand, the 
other PRC2 core components, SUZ12 and EED, both are essential for PRC2 integrity, 
because ablation of either Suz12 or Eed completely abrogates PRC2 function, 
causing H3K27me3-devoid chromatin and subsequent gene derepression8,9. 
A prominent target of PcG-mediated gene repression, besides genes involved in 
embryonic development and differentiation, is the tumor suppressor locus Cdkn2a 
which encodes for p16INK4A

 and p19ARF, which impact on the RB1 and Trp53 pathways, 
respectively10,11. As such, PcG proteins also regulate cell proliferation and survival, 
and deregulation of several PcG genes, such as Bmi112, CBX713 and Ezh214,15 have 
been implicated in cancer, in part through enhanced repression of Cdkn2a.
The small intestinal epithelium is a much-studied subject in adult stem cell research 
because its architecture is relatively simple and it has an actively proliferating stem 
cell pool required to help maintain the intestinal homeostasis, characterized by high 
cellular turnover. Crypt-base-columnar (CBC) cells, marked by Lgr5 expression, are 
an actively dividing intestinal stem cell (ISC) pool that are interspersed between, 
and closely interact with, Paneth cells16,17. These are differentiated secretory 
cells that provide important cues for ISC maintenance, such as Wnt and Notch 
signaling. Daughter cells of CBC ISCs that leave the crypt bottom move upward 
into the transient amplifying compartment of the crypt, where they commit to either 
absorptive enterocytes or the secretory cell lineage which includes goblet cells and 
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enteroendocrine cells. The extent of Wnt and Notch signaling to which cells are 
exposed to, are significant determinants of the decision-making process during 
cell specification18-20. In addition to the LGR5-positive CBC ISCs, LGR5-negative 
cells at the fourth position from the crypt base also have been reported to possess 
stem cell properties, although these cells are believed to be quiescent normally, but 
become active when LGR5-positive cells are lost21,22. A few studies have reported on 
the intestinal expression of PcG genes. Bmi1 and Suz12 have been demonstrated 
to be transcribed by cells throughout the crypt23,24. Suz12 has also been found to 
influence differentiation in human epithelial cell lines23. However, the function of 
PRC2-mediated repression in the intestine has not been investigated in a more 
physiologically relevant setting and the question remains whether PRC2 function 
is important for the maintenance of adult intestinal stem cells. To answer this, we 
generated intestine-specific conditional knockout (KO) mouse models targeting 
either Ezh2 or Eed to reduce or completely abrogate PRC2 activity, respectively. 
We found that Ezh2 KO did not cause an overt phenotype, whereas complete 
inactivation of PRC2 by Eed KO led to severe deficiencies in cell proliferation and 
ISC maintenance, while differentiation was aberrantly induced in the crypts. These 
results indicate that epigenetic gene regulation by PcG-mediated repression is 
crucial for small intestinal homeostasis.

Results

Degeneration of the stem cell compartment in Eed KO Intestine
The reported expression of the PRC2 component SUZ12 by small intestinal crypt 
cells23 suggests that Eed and Ezh2 are also expressed by crypt cells. Indeed, 
immunohistologic and in situ hybridization analysis confirmed expression of both 
Eed and Ezh2 in WT crypts (Supplementary Figure 1A and B). Undifferentiated crypt 
cells had high EZH2 protein levels, and its levels gradually decreased in differentiated 
villus cells toward the villus tip. Moreover, EZH2 was highly expressed by CBC stem 
cells, whereas its levels were evidently lower in the adjacent differentiated Paneth 
cells (Supplementary Figure 1A). A similar gradient in Eed expression along the 
crypt–villus axis was observed from in situ hybridizations on WT small intestines 
targeting Eed mRNA (Supplementary Figure 1B).
To investigate whether homeostasis of the small intestinal epithelium is 
regulated by PRC2 function, we crossed two conditional KO mouse models 
targeting either Ezh231 or Eed7 with the AhCre model that enables intestine-
specific Cre recombination upon intraperitoneal injection of βNF. At six weeks of 
age, AhCre;Ezh2LoxP/LoxP mice, AhCre;EedLoxP/LoxP mice, and control littermates (both 
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heterozygotes and mice lacking the AhCre gene) were injected daily with βNF for five 
consecutive days to induce robust gene inactivation, after which they were injected 
twice per week until they were killed at six weeks after their first injection (Figure 1A). 
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Figure 1. Intestine-specific Eed KO disrupts crypt morphology. (A) Experimental outline for intestine-
specific deletion of Ezh2 and Eed. (B) WT, Ezh2 KO, and Eed KO intestines stained with H&E, anti-
EZH2, and anti-H3K27me3 antibodies. Insets show staining and morphology of crypts in more detail. (C) 
Normalized body weight over time for WT and Eed KO mice (N = 5). *Adjusted P < 0.005, **adjusted P < 
0.001, analyzed by 2-way ANOVA followed by Bonferroni test. (D) Left: western blot showing EZH2 and 
EED levels in control intestines (AhCre;Eed+/LoxP named Eed het and EedLoxP/LoxP named WT) and Eed KO 
intestine (AhCre;EedLoxP/LoxP). Right: Eed mRNA levels relative to Hprt expression by qRT-PCR (N = 
3). **P < 0.001, 1-way ANOVA followed by post hoc tests. Means and standard deviations (SDs) are 
shown. Scale bar: 100 μm applies to all images except insets.
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This βNF regimen was intended to prevent expansion of potential WT crypts that 
had avoided Cre activation. Such “escaper crypts” have been reported previously 
in studies using an inducible KO system to inactivate essential genes32,33 The body 
weight of AhCre;Ezh2LoxP/LoxP (Ezh2 KO) mice did not differ significantly from those of 
WT littermates (Supplementary Figure 1C). By immunohistochemical analysis, we 
detected a near-complete deletion of EZH2 and a reduction of H3K27me3 in Ezh2 KO 
intestines, indicating a strong decrease in PRC2 activity (Figure 1B). Remarkably, 
this did not result in an overt adverse phenotype, because the Ezh2 KO intestines 
were morphologically similar to WT controls and cell proliferation and differentiation 
were not affected (Figure 1B and see below). 
In contrast, the average body weight of βNF-treated AhCre;EedLoxP/LoxP (Eed KO) mice 
was significantly lower than that of WT control mice in the last weeks of treatment 
(Figure 1C). Efficient Eed inactivation was confirmed by western blot and qRT-PCR 
analysis on intestinal samples (Figure 1D). Histological analysis of Eed KO intestines 
revealed a severely affected crypt morphology (Figure 1B). The majority of the crypts 
(more than 90%) were disorganized, and the typical alternating Paneth cell–CBC 
cell arrangement at the crypt bottom appeared to be absent. In addition, affected 
crypts exhibited necrosis and micro-cystic degeneration. The small number of other 
crypts showed hyperplasia and hypertrophy with increased mitosis, which suggests 
that these are escaper crypts (Figure 1B and Supplementary Figure 1D). The high 
number of disorganized crypts with few escaper crypts was present throughout the 
small intestine, but the colon was largely unaffected. Degenerative colon crypts 
were rare, which is likely the result of the lower activity of AhCre in the colon34. In 
addition to altered crypt morphology, the villi of Eed KO intestines were significantly 
shorter than villi in WT animals (Supplementary Figure 1E). Intestinal Eed ablation 
also led to down-regulation of EZH2 (Figure 1B and D), a response that has been 
reported previously8. Immunohistological analysis showed strongly decreased 
levels of EZH2 and H3K27me3 in degenerative crypts, while the hyperplastic crypts 
exhibited high EZH2 and H3K27me3 levels (Figure 1B, lower magnification is shown 
in Supplementary Figure 1F). This confirmed the presence of hyperactive escaper 
crypts despite the intensive βNF regimen. Interestingly, Eed KO H3K27me3-
depleted crypts that were close to an escaper crypt often were covered by villi with 
normal H3K27me3 levels, which suggests that the escaper crypts were supplying 
these villi with Eed WT cells and thereby compensating for non-functional Eed KO 
crypts (Supplementary Figure 1G). Further, we detected increased lymphocytic 
infiltration in the lamina propria of the villi, together with dilation of the lymph vessels 
in the mucosa and submucosa (Supplementary Figure 1D). Of note, in this study 
all heterozygous Eed KO control mice appeared normal and their intestines were 
histologically indistinguishable from WT mice.
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Together, six weeks long induced intestinal-specific KO of Ezh2 did not grossly 
affect small intestinal homeostasis, whereas complete disruption of PRC2 by means 
of Eed KO caused degeneration of small intestinal crypts.

Eed KO inhibits proliferation through derepression of Cdkn2a
We next examined cell proliferation in Eed KO intestines by quantifying the number 
of Ki67+ cells in Eed KO and WT control crypts (Figure 2A and B and Supplementary 
Figure 2A). Eed KO crypts contained three times fewer Ki67+cells than did crypts 
of WT control intestines. In contrast, escaper crypts were even more proliferative 
than WT control crypts, as they contained approximately twice as many Ki67+ cells. 
This indicates that the escaper crypts were compensating for the failing Eed KO 
crypts. Of note, Ezh2 KO crypts had no change in cell proliferation (Supplementary 
Figure 2B). We next hypothesized that Cdkn2a is actively repressed by PRC2 in 
intestinal homeostasis and derepressed in Eed KO intestines, leading to loss of cell 
proliferation. Indeed, the expression levels of Ink4a and Arf were more than 100-fold 
up-regulated in the Eed KO intestine (Figure 2C). This up-regulation was even more 
pronounced in isolated crypt fractions (Supplementary Figure 2C).
We subsequently examined how Cdkn2a derepression affected cell proliferation by 
staining for cleaved caspase 3, Trp53, and p21Cdkn1a proteins, which are part of the 
pathways downstream of p16INK4A/p19ARF (Figure 2A and Supplementary Figure 2A). 
Cleaved caspase 3 staining revealed no overt induction of apoptosis in Eed KO 
crypts. Interestingly, there was a strong induction of p21Cdkn1a protein, but Trp53 was 
not up-regulated. These results were confirmed at the transcriptional level by qRT-
PCR on crypt fractions (Figure 2D). We next determined whether down-regulating 
p19ARF would rescue the loss of cell proliferation. For this, we cultured small intestinal 
organoids25 from AhCre;EedLoxP/LoxP and AhCre control mice and infected these with 
constructs encoding for shRNAs against Arf or Luciferase (control). These organoid 
lines were subsequently treated with βNF to induce Eed KO, and grown for 18 
days. Eed KO-sh-Luc organoids failed to form large organoids, whereas proliferation 
in Eed KO-sh-Arf organoids was rescued (Figure 2E and Supplementary Figure 3A).
These results indicate that intestinal inactivation of PRC2 reduces cell proliferation 
via derepression of the Cdkn2a locus and up-regulation of p21Cdkn1a, thus contributing 
to the Eed KO phenotype.

PRC2-deficient crypt cells prematurely differentiate to secretory cell types
We next tested whether the differentiation program was affected in Eed KO intestines 
by staining for the four most abundant differentiated cell types (Figure 3A). The 
pattern of alkaline phosphatase staining – marking absorptive enterocytes – was 
similar between Eed KO and WT intestines, with clear staining of the luminal side 
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Figure 2. Up-regulation of cell-cycle inhibitors in Eed KO crypts causes arrest in cell 
proliferation. (A) WT and Eed KO crypts stained with anti-Ki67, anti-Trp53, anti-cleaved caspase 3, 
and anti-p21Cdkn1a antibodies. (B) Quantification of the number of Ki67-positive cells per WT crypt, EZH2-
negative Eed KO crypt, and EZH2-positive escaper crypt (N = 4 animals, for each animal the mean of 
10 crypts was taken). **P < 0.001, 1-way ANOVA followed by post hoc tests. (C) Ink4a, Arf, (D) Trp53, 
and Cdkn1amRNA levels relative to Hprt mRNA levels in WT and Eed KO intestines (N = 3 mice). *P < .05, 
unpaired t test. (E) Left: total cell numbers from trypsinized organoids, counted after 18 days of DMSO or 
βNF treatment of AhCre and AhCre;EedLoxP/LoxP organoid cultures transduced with constructs expressing 
short hairpins against Luciferase and Arf (N = 3 independent experiments, organoids were derived from 
one mouse). *P < 0.00625, **P < 0.001, 1-way ANOVA followed by post hoc tests. Right: mRNA levels 
of Arf relative to Hprt mRNA levels in the same conditions. Means and SDs are shown. sh, short hairpin; 
Luc, luciferase. Scale bar: 20 μm, applies to all images.
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of the villi, while absent in the crypts (Supplementary Figure 3B). However, the 
numbers of goblet cells (Alcian Blue) and enteroendocrine cells (synaptophysin) 
were increased in Eed KO crypts (Figure 3B). Importantly, no overt changes in 
these cell types’ abundances were detected in Ezh2 KO crypts (Supplementary 
Figure 2B). Conversely, the number of Paneth cells at Eed KO crypt bottoms seemed 
slightly reduced, although the lower LYZ1 staining intensity could also be due to less 
productive Paneth cells (Figure 3A). In addition, we observed ectopically located 
LYZ1-positive cells higher up in the crypt. We generated electron microscopy images 
of WT and Eed KO crypts to analyze crypt organization in more detail. Eed KO crypts 
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Figure 3. Eed KO crypts display aberrant differentiation. (A) WT and Eed KO crypts stained with Alcian 
Blue (goblet cells), anti-Synaptophysin (Syn; Enteroendocrine cells) and anti-lysozyme 1 (LYZ1; Paneth 
cells). Alcian Blue/LYZ1 double-positive cells are present in Eed KO crypts (black arrowheads). Scale 
bar: 20 μm, applies to all histochemical images. The two right-most panels are representative electron 
micrographs of a crypt bottom (scale bar: 20 μm). Ectopically located cells with Paneth cell granules are 
emphasized (white dashed lines). (B) Quantifications of goblet cells and enteroendocrine cells in WT 
and Eed KO crypts (escaper crypts were excluded; N = 3 animals, for each animal the mean of 30 crypts 
was taken). **P < 0.001, unpaired t tests. (C) Percentages of Ki67-positive cells and Alcian Blue-positive 
cells in WT-sh-Arf and Eed KO-sh-Arf organoids (on average, 160 cells were counted in 4 independent 
experiments; organoids were derived from one mouse). *P < 0.05, unpaired t test. Means and SDs are 
shown.
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had a severely disrupted appearance, consisting of irregular-shaped cells and a 
distinct Paneth cell–CBC cell pattern at the crypt bottom was absent (Figure 3A). 
In accordance with the reduced LYZ1 levels, the granules of Eed KO Paneth cells 
were smaller than those of WT Paneth cells. Occasionally, cells located higher up 
in Eed KO crypts contained granules that resembled those in Paneth cells (Figure 3A, 
dashed lines). Disruption of the intestinal differentiation program has previously 
been shown to generate hybrid cells with characteristics of different secretory cell 
types32,35. The generation of these hybrid cells in Eed KO crypts was confirmed by 
the presence of LYZ1 and Alcian Blue double-positive cells (Figure 3A).
The loss of proliferative capacity owing to the Cdkn2a derepression could potentially 
contribute to premature initiation of the differentiation program in Eed KO crypt cells, 
leading to the observed aberrantly induced secretory differentiation. To address this 
possibility, we quantified the number of Ki67-positive cells and goblet cells in the sh-
Arf-rescued Eed KO organoids. Whereas the percentage of Ki67-positive cells was 
similar between WT and Eed KO organoids, the number of goblet cells was greatly 
increased in Eed KO organoids (Figure 3C and Supplementary Figure 3C).
In short, small intestinal PRC2 inactivation caused premature differentiation of the 
multipotent crypt cells toward the secretory cell lineage. This aberrant differentiation 
is not an indirect effect of the observed Arf-dependent loss of cell proliferation 
in Eed KO mice.

Lgr5 (ISH)

W
T

Ee
d 

K
O

β-catenin SOX9
A B

0

1

2

3

4

5

WT Ezh2 KO Eed KO

N
um

be
r o

f c
el

ls
/c

ry
pt

 s
ec

tio
n

CBC cell
Paneth cell

**
*

**

Figure 4. Loss of Wnt signaling and Lgr5-expressing stem cells in Eed KO intestine. (A) WT 
and Eed KO crypts stained with probes targeting Lgr5 (in situ hybridization), anti–β catenin and anti-SOX9 
antibodies (immunohistochemistry). Scale bar: 20 μm, applies to all images. (B) Quantification of Paneth 
cells and CBC cells in electron microscopy images of WT, Ezh2 KO, and Eed KO crypts. Means and SDs 
are shown (11 crypts were analyzed from samples taken from three mice per genotype). *Adjusted P < 
0.01, **adjusted P < 0.001; 2 Way ANOVA followed by the Tukey test.
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Loss of LGR5-positive stem cells in Eed KO small intestine
We next investigated whether Eed KO had any effect on the stem cells of the 
small intestinal epithelium. First, we performed in situ hybridization targeting the 
CBC stem cell marker Lgr5. Whereas the CBC cells were marked specifically 
in WT crypts, Eed KO intestines displayed strongly reduced Lgr5 transcription 
levels at the crypt base (Figure 4A). This reduction could be caused either by loss 
of Lgr5 expression or by loss of the Lgr5-expressing stem cells themselves. We 
therefore quantified the number of CBC cells in electron microscopy images of WT, 
Ezh2 KO, and Eed KO crypts. The number of CBC cells in Ezh2 KO crypts was 
not affected. Strikingly, however, Eed-deficient crypts rarely contained CBC cells 
(Figure 4B and Supplementary Figure 4). Immunohistochemical staining against 
β-catenin and SOX9 showed decreased nuclear β-catenin levels and fewer SOX9-
positive cells in Eed KO crypts, indicating decreased Wnt signaling (Figure 4A).
These data show that intestinal Eed deletion led to decreased Wnt signaling and 
loss of Lgr5-expressing CBC stem cells. Ectopic stimulation of the Wnt and Notch 
pathways in organoid cultures did not rescue this stem cell defect (see supplementary 
data), which indicates that that the loss of Wnt signaling is a stem cell-intrinsic 
consequence of PRC2 inactivation.

PRC2 inactivation affects the expression of several genes involved in intestinal 
homeostasis
Our results uncovered multiple homeostatic deficiencies that could be attributed only 
in part to decreased Wnt signaling and Cdkn2a/Cdkn1a derepression. To identify 
additional perturbed pathways with roles in intestinal homeostasis, we assessed 
global gene expression changes by performing RNA-seq on isolated crypts from 
Eed KO, Ezh2 KO and WT intestines. In addition, we included samples from 10 
days-induced Eed KO organoids, which exhibit essentially the same homeostatic 
defects.
In comparison with crypts of WT mice, Ezh2 KO crypts had altered the expression 
levels of 181 genes (FDR < 0.01), whereas 2513 genes were differentially expressed 
in Eed KO crypts (Supplementary Table 1). In Eed KO organoids, 2554 genes had 
changed their expressions levels as compared with WT organoids. Clustering of the 
different samples using the top 200 up-regulated and top 200 down-regulated genes 
revealed that the Eed KO conditions – organoid and crypt samples – clustered 
together and separate from WT and Ezh2 KO crypt conditions (Figure 5A). We did 
observe differences in expression of some genes between Eed KO crypt and Eed KO 
organoid samples, but this was secondary to genotype in clustering of the samples. 
Indeed, we found that the list of differentially expressed genes in Eed KO crypts 
highly overlapped with the gene list from Eed KO organoids, although overlap with 
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Figure 5. Gene expression profiles of Eed KO intestines show that Wnt signaling is affected. 
(A) Heat map showing relative expression levels of the top 200 up-regulated genes and top 200 down-
regulated genes in Eed KO tissue for Ezh2 KO crypts and WT and Eed KO crypts and organoids. The 
color-annotated top two rows indicate the tissue type and genotype. (B) Bar plot of affected biological 
processes in Eed KO intestinal tissue. (C) Pathway analysis of differentially expressed genes in Eed KO 
intestinal tissue. (D) Log2 fold change bar plot of differentially expressed Wnt pathway components. White 
bars indicate genes only found differentially expressed in Eed KO crypts, and black bars indicate 
differential expression found in both Eed KO crypts and organoids. (E) Ascl2, Axin2, Lgr5, and Zic genes 
mRNA levels relative to Hprt mRNA levels in crypt samples from WT and Eed KO intestines (N = 3 mice). 
*P < 0.05, **P < 0.01, unpaired t test. IL, interleukin; LPS, lipopolysaccharide; TGF, transforming growth 
factor.
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the gene list from Ezh2 KO crypts was limited (Supplementary Figure 6A). The gene 
lists from Eed KO crypts and Eed KO organoids contained more up-regulated genes 
than down-regulated genes, which reflects a general derepression due to PRC2 
deficiency. Moreover, when only taking genes that had more than 2-fold changed 
(FC) expression (|log2 FC| > 1) in both Eed KO crypts and Eed KO organoids, 
794 genes were up-regulated, whereas only 165 genes were down-regulated and 
the change in gene expression was more pronounced in the up-regulated group 
(Supplementary Figure 6B).
We next performed pathway analysis to look for pathways that might be affected 
in Eed KO intestines. To enrich for those genes that are most likely to be involved 
in the Eed KO phenotype, we selected the list of genes that were differentially 
expressed in both Eed KO crypt and organoid conditions. In addition, differentially 
expressed genes in Ezh2 KO crypts were filtered out because Ezh2 KO intestines 
have no overt phenotype and, therefore, affected Ezh2 target genes do not 
contribute to the Eed KO phenotype. Gene ontology analysis showed enrichment 
for genes involved in developmental and functional processes (Figure 5B). Among 
these genes were derepressed Sox genes, Pax genes, and, not surprisingly, 
several Hox genes. Pathway analysis revealed the Wnt pathway as one of the most 
affected pathways (Figure 5C). In accordance with Wnt signaling deficiency, Wnt 
target genes Ascl2, Axin2, and Lgr5, and some components of the Wnt pathway, 
were down-regulated (Figure 5D and E). Interestingly, several other Wnt pathway 
components were up-regulated, including Lef1 and multiple Wnts and Frizzleds. 
Recently, an essential role for PRC1 in ISC maintenance was attributed to repression 
of Wnt-antagonistic ZIC transcription factors.36 These genes were also found to be 
up-regulated in Eed KO crypts (Figure 5D and E). Notably, among the differentially 
expressed genes are several target genes of the Notch pathway and antagonistically 
acting ATOH129 (see Supplementary Materials and Methods section). Other affected 
pathways are involved in cell proliferation, such as Trp53 signaling and cell-cycle 
checkpoint regulation, in which we confirmed up-regulation of Cdkn2a and Cdkn1a, 
but which also included up-regulated Ccnd1.

Figure 6. Components and regulators of WNT signaling are direct targets of PRC2-mediated 
repression. (A) Heat map showing normalized read enrichments at CGIs. Left: H3K27me3-enriched 
CGIs (orange); and right: H3K27Ac-enriched CGIs (green). (B) Box plots showing expression levels for 
H3K27me3-associated genes (orange background), H3K27Ac-associated genes (green background), 
and genes not associated with methylated or acetylated H3K27 (white background) in three independent 
WT crypt samples (R1–R3). (C) Box plots showing expression levels for H3K27me3- and H3K27Ac-
associated genes in three independent WT or Eed KO crypt samples. (C and D) Combined P values 
using the Fisher method. (D) Left: Venn diagram showing the overlap between H3K27me3-associated 
genes and genes up-regulated in Eed KO crypts. Right: pathway analysis of PRC2 target genes in crypts. 
(E) Left: Venn diagram showing the overlap between H3K27me3- and H2AK119Ub-associated genes 
(Chiacchiera et al. 36). Right: bar plot of gene ontology annotations of PRC1–PRC2 target genes. EMT, 
epithelial-to-mesenchymal transition; PCP, planar cell polarity.
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Together, ablation of PRC2 causes the dysregulation of several genes involved in 
maintenance of the intestinal epithelium, which affects downstream signaling of the 
Wnt and Notch pathways.

Wnt component and regulatory genes are targeted directly by PRC2 repression
To determine whether the differentially expressed genes are repressed directly by 
PRC2, we analyzed H3K27me3 and H3K27 acetylation (Ac) deposition in WT crypts 
by chromatin immunoprecipitation (ChIP) sequencing. To identify genomic sites 
associated with either mark, we clustered reads on the entire set of mouse CpG 
islands (CGI), which are the genomic elements associated with Polycomb activity. 
Heat map analysis of clustering of H3K27me3 and H3K27Ac showed an antagonistic 
enrichment at CGI, whereas no specific enrichment was observed for input reads 
(Figure 6A), in line with the expected genome-wide distribution of these chromatin 
marks. Next, we used GREAT software to identify the nearest genes associated with 
the 4037 H3K27me3-enriched or 8023 H3K27Ac-enriched CGIs (Supplementary 
Table 2A and B). We thus identified 3860 H3K27me3-associated and 8730 H3K27Ac-
associated genes (Supplementary Table 2C and D and Supplementary Figure 7), 
which were largely represented in the RNA-seq profile. There were 11,208 genes 
in the RNA-seq data that were neither methylated nor acetylated. In WT crypts, 
H3K27me3-associated genes were low to moderately expressed, whereas the 
expression of H3K27Ac-associated genes was relatively high, thereby functionally 
validating the repressed state of genes with the PRC2 chromatin mark (Figure 6B). 
To understand the functional consequence of Eed in vivo deletion on PRC2 target 
gene expression, we compared the expression levels of H3K27me3 and H3K27Ac 
targets between WT and Eed KO crypts (Figure 6C). As expected for PRC2 target 
genes, H3K27me3-associated genes are up-regulated after Eed deletion, whereas 
H3K27Ac-associated genes were down-regulated marginally. Among the 1471 genes 
that were up-regulated in Eed KO crypts, 666 genes were also associated with a 
H3K27me3 CGI (Figure 6D and Supplementary Table 2E), whereas 806 genes were 
not associated with a H3K27me3 CGI, the latter possibly underscoring an indirect 
regulation. Pathway analysis of the 666 PRC2 target genes confirmed the significant 
enrichment for genes implicated in Wnt/β-catenin signaling. Of note, although some 
genes belonging to the TGFβ pathway were aberrantly expressed in Eed KO crypts 
(Figure 5C and D), they were not PRC2 targets, indicating that this pathway is 
indirectly affected by PRC2 ablation. Finally, the list of H3K27me3-associated genes 
was compared with that of genes enriched with lysine 119-ubiquitinated histone 
2A (H2AK119Ub) as reported by Chiacchiera et al.36 (Figure 6E). The majority 
(67%) of the H3K27me3-associated genes were also enriched with H2AK119Ub 
(Supplementary Table 2F), and gene ontology annotation revealed that these are 
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involved in typical PcG-regulated processes, such as embryonic development and 
cell fate commitment. Importantly, we also identified the Zic genes to be among the 
PRC2 targets, suggesting that the regulation of these genes is under concerted 
control of PRC2 and PRC136. These results show that PRC2 is a critical regulator of 
WNT signaling through its target genes.

Discussion

The results of our study indicate that PRC2 function is essential for maintenance of 
adult LGR5-positive intestinal stem cells, because complete PRC2 ablation caused 
a dramatic loss of ISCs, severely reduced cell proliferation, and induced aberrant 
differentiation to the secretory cell lineage (Figure 7). Interestingly, induction 
of Ezh2 KO for six weeks did not cause any of these defects, which suggests that 
EZH1 prevents homeostatic failure in Ezh2 KO intestines by keeping essential 
PRC2 targets genes in a sufficiently repressed state. Of note, we did not observe 
a compensatory up-regulation of Ezh1. Nevertheless, it was apparently sufficient to 
retain intestinal homeostasis. The finding that Ezh2 ablation does not overtly affect 
the intestine may have implications for the application of EZH2-targeting cancer 
therapies.

WT crypt Eed KO cryptEzh2 KO crypt

EZH2 EED
SUZ12

EZH1 EED
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Figure 7. Model of PRC2 function and deficiency in small intestinal homeostasis. PRC2 activity 
is required for appropriate maintenance of the intestinal epithelium and its stem cells by stimulating 
Wnt signaling and cell proliferation, while providing thresholds for cellular differentiation. Knocking 
out Ezh2 lowers but does not entirely abolish PRC2 activity, leaving these regulatory actions intact. 
Complete PRC2 inactivation by means of Eed KO results in failure of the crypt to maintain its multipotency, 
as typified by loss of stem cells, reduced proliferation, and aberrantly induced differentiation.
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Deletion of Eed caused Cdkn2a derepression as well as up-regulation of Cdkn1a, 
suggesting that the much-reported PcG target locus Cdkn2a contributes to the 
proliferation deficiency in Eed KO crypts. Proliferation is not completely abolished, 
however, and Eed KO crypts persist even six weeks after first βNF treatment. Although 
escaper crypts clearly have a selective advantage, in unchallenged conditions Eed KO 
crypts may still contribute to epithelial replenishment. PcG-mediated gene repression 
provides thresholds for differentiation in ES cells37. PcG-deficient ES cells can be 
maintained, but they are less stable and prone to differentiate, which is somewhat 
reflected in the phenotype of Eed KO crypts. Interestingly, in Eed KO organoids 
whose proliferation was rescued by Arf knockdown, the abnormal differentiation to 
goblet cells persisted, which indicates that these two phenotypes are independent 
consequences of PRC2 inactivation.
The aberrant localization of secretory cell types in the crypts of Eed KO intestines 
has similarities with both Notch-deficient and Wnt-deficient phenotypes. The strong 
increases in the number of goblet cells and enteroendocrine cells as well as the 
emerging goblet cell/Paneth cell hybrids closely resemble the effects of Notch 
deficiency19, although important effectors of Notch signaling were not affected. 
Several other observations point to loss of Wnt signaling in Eed KO intestines. 
First, Eed KO crypt cells show a decrease in nuclear β-catenin. Second, the reduced 
number of SOX9-positive cells and down-regulation of Wnt target genes, such 
as Lgr5, Ascl2, and Axin2, indicate loss of Wnt signaling. Third, the mispositioning of 
Paneth cells higher up in the crypt has also been observed in mouse models for Wnt 
inactivation, such as EphB2/3 KO and Tcf4 KO mice32,38 In addition, Paneth cells that 
were correctly located at the crypt bottom were likely functionally impaired because 
they had smaller granules. In contrast to these observations, we found that several 
components of the Wnt pathway, including Frizzled genes, Wnt genes, and Lef1 are 
direct PRC2 targets. Even though these genes are derepressed in PRC2-deficient 
cells, the antagonistic effect on Wnt signaling appears to be dominating. Importantly, 
we demonstrate that the WNT antagonistic Zic transcription factor genes are directly 
repressed by PRC2, which resonates with the finding that these genes are also 
targets of PRC1 in the intestine.36

Several studies have reported intensive cross-talk between the Wnt and Notch 
pathway (reviewed by Collu et al.)39. The observed expressional changes linked to 
Notch signaling may therefore be an indirect effect of dysregulated Wnt signaling 
after PRC2 ablation. The finding that ectopic stimulation of the Wnt (and Notch) 
pathway does not rescue EED-deficient ISC organoids implies that PRC2 is required 
for cell-autonomous maintenance of Wnt and Notch signaling activity. The observed 
degeneration of Paneth cells could therefore be an independent effect or even a 
consequence of ISC loss.



75

3

Deletion of Polycomb Repressive Complex 2 from mouse intestine causes loss of stem cells

Here, we demonstrate that Ezh2 is dispensable, but Eed is essential for maintenance 
of the adult small intestinal epithelium. Eed inactivation leads to drastic up-regulation 
of Cdkn2a and Cdkn1a, as well as disruption of Wnt signaling, resulting in abrogation 
of the intestinal stem cell niche accompanied by aberrantly induced differentiation 
and loss of cell proliferation. Our study uncovers a novel role for PRC2 in the 
maintenance of intestinal homeostasis.

Materials and Methods

Animal experiments
All procedures involving mice were approved by the Institutional Animal Use 
Committee of The Netherlands Cancer Institute and conducted in compliance with 
the animal welfare regulations of The Netherlands. The C57BL/6 EedLoxP/LoxP mouse 
strain was kindly provided by Professor Stuart Orkin (Harvard Medical School, 
Boston, MA) and mated with FVB AhCre mice. The resulting offspring then were 
interbred to obtain homozygous AhCre;EedLoxP/LoxP animals. The same strategy 
was used to obtain the AhCre;Ezh2LoxP/LoxP mouse strain. To induce intestine-
specific Cre expression, animals were weighed and given a dose of 80mg 80 mg 
β-naphthoflavone (βNF) per kg body weight by intraperitoneal injection of 8 mg/mL 
βNF (Sigma-Aldrich, Cambridge, MA) dissolved in corn oil. EedLoxP/LoxP and Ezh2LoxP/

LoxP genotyped littermates were used as controls.

Small intestinal organoid culture
Small intestinal crypts were isolated and subsequently cultured to grow organoids, 
following procedures described by Sato et al.25. Normal organoid medium consisted 
of basal medium (advanced Dulbecco’s modified Eagle medium/F12 supplemented 
with Pen/Strep [Life Technologies, Carlsbad, CA], GlutaMAX, and 10 mmol/L HEPES) 
supplemented with 1×B27 supplement (Life Technologies), 1×N2 supplement (Life 
Technologies), 1.25mmol/L N-acetyl-L-cysteine (Sigma-Aldrich), 50ng/mL epidermal 
growth factor (Life Technologies), 100ng/mL Noggin (Peprotech, Rocky Hill, NJ), 
and 10% RSPO1-conditioned medium (CM). ISC-enriched organoids were cultured 
by supplementing normal organoid medium with 3μmol/L CHIR99021 (Stemgent, 
Cambridge, MA) and 2mmol/L valproic acid (Sigma-Aldrich). To make 100% RSPO1-
CM, HEK293T cells were transfected with an RSPO1-expression construct, medium 
was replaced with basal medium 24 hours after transfection, and the CM was 
harvested after 7 days of incubation. Quality control was performed by western blot.
Infection of organoids proceeded essentially as reported by Koo et al. in 201226. 
Organoids were grown for at least four days on normal organoid medium 
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supplemented with 50% WNT3A-CM, then trypsinized to single cells, combined with 
concentrated virus solution, spun for one hour at 600 rpm, and incubated at 37°C for 
6 hours. Subsequently, the cells were resuspended in Matrigel (Corning, New York, 
NY), seeded in a 24-well plate, and overlaid with normal organoid medium containing 
WNT3A-CM and the ROCK inhibitor Y27632 to prevent anoikis. Puromycin selection 
was started 2–5 days after infection, depending on the growth rate.
To induce Cre recombination of the EedLoxP alleles, organoids were treated with 
normal or ISC organoid medium containing 10 μg/mL βNF (Sigma-Aldrich). For 
quantified organoid expansion experiments, organoids were dissociated to small 
chunks by shearing and filtered to remove large chunks. Chunks then were counted 
and seeded at 50 chunks per well. βNF was added one day after to maintain a good 
outgrowth efficiency. Once organoids were fully matured, they were dissociated 
to small chunks and all chunks were expanded. βNF-treated p19ARF-knockdown 
organoids were grown for 18 days, whereas βNF-treated ISC organoids were 
grown for 10 days. Outgrowth was quantified by counting the number of cells after 
trypsinizing organoids to single cells.
WNT3A-CM was made by incubating WNT3A-producing L-cells on Dulbecco’s 
modified Eagle medium (Life Technologies) supplemented with 10% fetal bovine 
serum and Pen/Strep (Life Technologies) for 7 days, after which the medium was 
harvested and filtered.

RNA sequencing and data analysis
The following samples were submitted for RNA sequencing (RNA-seq): triplicate 
crypt samples from WT, Ezh2 KO and Eed KO animals (6-week βNF treatment), and 
duplicate samples of AhCre and AhCre;EedLoxP/LoxP organoids treated with βNF for 10 
days. RNA from these samples was sequenced over two runs using Illumina HiSeq 
2500 (San Diego, CA). Obtained sequences were aligned to reference genome 
mm10. Data were normalized and analyzed with the “DESeq2” R package27. A false-
discovery rate (FDR) of 0.01 was used as a significance threshold for all comparisons. 
The R package NMF was used for clustering and generating the heat map. The data 
first were normalized for sequencing depth with the DESeq2 procedure (median-
of-ratios method). Then the two tissue types (intestines and organoids) were 
combined via normalization with ComBat28, in which the tissue was given as batch 
and the experimental run and lane were given as covariates. Finally, all genes were 
mean-centered across samples to show relative expression. Pathway analysis was 
performed using the online Ingenuity Pathway Analysis program (Qiagen, Venlo, The 
Netherlands). To compare with data sets reported by Kim et al. in 201429, all genes 
were mapped to Ensembl gene annotation, which resulted in a loss of 58 transcripts 
enriched in Rbpj-/- and DBZ crypt cells and a loss of 104 transcripts enriched in 



77

3

Deletion of Polycomb Repressive Complex 2 from mouse intestine causes loss of stem cells

Atoh1-/- crypt cells. The Pearson χ2 test with Yates continuity correction was used to 
determine the χ2 and associated P values of the overlapping genes.

ChIP sequencing and data analysis
ChIP sequencing was generated from crypt samples from two 2 wild type (WT) mice 
using anti-H3K27me3 (07-449; Millipore, Billerica, MA) and anti-H3K27Ac (ab4729; 
Abcam, Cambridge, United Kingdom) antibodies, as previously published30, with 
modifications. Briefly, WT crypts in biological duplicates (roughly 1 × 107 cells) were 
fixed for 10 minutes in 1% formaldehyde in phosphate-buffered saline, quenched 
with 125 mmol/L glycine, and lysed on ice in sodium dodecyl sulfate buffer. Next, 
centrifuged nuclei were resuspended in 1:10 sodium dodecyl sulfate buffer and 
chromatin-fractionated using Covaris model S2 (Covaris, Woburn, MA). After 
preclearing, lysates were diluted in ChIP buffer and subjected to two consecutive 
rounds of immunoprecipitation with the indicated antibodies for 25 minutes in an 
ultrasonic bath. Protein A–G magnetic beads (Dynabeads; Thermo Fisher Scientific, 
Waltham, MA) were used to pull down immunocomplexes for 45 minutes on ea 
rotating wheel at 4°C and washed three times using radioimmunoprecipitation assay 
(RIPA)-ChIP buffer. DNA was extracted by overnight heating to 65°C in elution buffer 
followed by AMPure (Beckman Coulter, Brea, CA) bead isolation. Input DNA was 2.5% 
vol/vol. Purified DNA was used either for quantitative reverse transcriptase (qRT) 
polymerase chain reaction (PCR) quantification or for direct sequencing. Illumina-
compatible libraries were prepared using the MicroPlex v2 Library Preparation kit 
(Diagenode, Liège, Belgium). Reads were aligned to mm10 and BAM files were 
converted to BigWig using Galaxy. Heat maps were generated by ChAsE using the 
clustering and Kmeans functions, respectively. In comparing expression between 
H3K27me3-associated, H3K27Ac-associated and non-associated genes, replicate-
wise P values were computed using a t test for each replicate and each pair of gene 
sets, and subsequently combined using the Fisher method.
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Supplementary Data

Ectopic stimulation of Wnt and Notch signaling does not rescue the proliferation 
failure in Eed KO ISC organoids
We tested whether external signals that promote ISC maintenance could overcome 
the ISC failure in Eed KO crypts. For this, we took advantage of an organoid culture 
system in which stem cell medium is used that prevents differentiation and thereby 
selectively expands the ISC pool1. This is achieved by enhancing Wnt and Notch 
signaling through addition of the GSK3β inhibitor CHIR99021 and valproic acid, 
respectively. AhCre and AhCre;EedLoxP/LoxP organoids were grown under these 
stem cell conditions for ten days, after which Eed KO was induced by treating with 
βNF. AhCre organoids and DMSO-treated AhCre;EedLoxP/LoxP organoids formed 
large organoids, whereas Eed KO organoids remained small and were unable to 
be passaged (Supplementary Figure 4B and C). Histological analysis showed that 
recombined Eed KO organoids had strongly reduced cell proliferation as well as 
increased accumulation of luminal mucus, which is indicative of a failure to maintain 
stemness (Supplementary Figure 4C).

Association between differentially expressed genes in Eed KO crypts and 
Notch signaling
The Eed KO-induced aberrant differentiation toward the secretory lineage suggests 
defective Notch signaling. We confirmed the down-regulation of the Notch target 
gene Olfm4 and dysregulation of differentiation markers for Paneth cells (Lyz1) and 
goblet cells (the Atoh1 target gene Spdef) (Supplementary Figure 6C). However, our 
pathway analysis on the RNA sequencing data (Figure 5C) did not report enrichment 
for components of Notch signaling. In the intestine, active Notch signaling negatively 
regulates Atoh1, which encodes for a transcription factor that drives secretory cell 
specification2. Atoh1 KO mice exhibit a complete loss of intestinal secretory cell 
lineages, whereas chemical or genetic inhibition of the Notch pathway causes up-
regulation of ATOH1 and increased numbers of secretory cell types3. In agreement with 
the unchanged expression levels of Notch signaling components, Atoh1 transcript 
levels were not up-regulated in Eed KO intestines, nor were those of its negative 
regulator and Notch component Hes1 (Supplementary Figure 6C). We hypothesized 
that instead, the target genes of ATOH1 or of other Notch signaling transcription 
factors are affected. We therefore compared the Eed KO list with lists of genes that 
were up-regulated in Notch-deficient Rbpj KO crypt cells and in Atoh1 KO crypt cells, 
obtained by Kim et al. 4. A significant proportion of genes enriched in the Rbpj KO 
condition (44 out of 143) were also present in the Eed KO list, and the majority 
of these overlapping genes (29 out of 44) were up-regulated in Eed KO crypts 
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(Supplementary Figure 6D). The list of enriched genes in Atoh1 KO crypt cells also 
significantly overlapped with the Eed KO list (75 out of 299). In contrast, however, 
the large majority (70 out of 75) of this selection was down-regulated. This supports 
the idea that in Eed KO intestines there is insufficient downstream Notch signaling. 
However, only few genes enriched in Rbpj KO and Atoh1 KO crypt cells were direct 
PRC2 target genes (Pde2a, Rap1gap, Far1, Creb3l1, Cxxc5, Kdelr3, Pdzrn3, and 
Spdef for Rbpj KO, and Mtap for Atoh1 KO), when compared with the results from 
ChIP sequencing (Supplementary Table 2E). This indicates that although the Eed KO 
phenotype points to insufficient Notch signaling, this is likely an indirect effect.

Supplementary Materials and Methods

Histological analysis
The entire small intestine was resected, divided into three equal parts, fixed with 
formalin or ethanol/acetic acid/formaldehyde, embedded in paraffin, and processed 
into 4-μm–thick slides. Sections were stained with H&E and analyzed by an animal 
pathologist.
To obtain section slides from organoid cultures, organoids were collected with 1.5 
mL of ice-cold basal medium and washed in 8 mL of basal medium to remove most 
of the Matrigel. After spinning down the organoids for 5 minutes at 4°C and 600 rpm, 
the pellet was gently resuspended in 1.5 mL of ice-cold phosphate-buffered saline, 
washed in 8 mL of ice-cold phosphate-buffered saline, and again spun down as 
described earlier. This pellet was then resuspended gently in 4% paraformaldehyde 
and fixated for at least 30 minutes. The fixated organoids were pelleted by spinning 
down for 5 minutes at 1200 rpm, gently transferred to a plastic film using a pre-wetted 
1-mL pipette tip with a broadened orifice, and any excess fixative was removed 
from the pellet. The tissue was then placed inside a 300-μL liquid droplet of low-
melting agarose using tweezers. After solidification, the organoid pellet containing 
agarose was fixed further in paraformaldehyde, paraffin-embedded, and processed 
into 4-μm–thick slides.
For immunohistochemistry, sections were rehydrated and antigen retrieval was 
performed by either boiling in 10 mmol/L sodium citrate for 16 minutes or in Tris/EDTA 
(pH 9.0) for 30 minutes. In case nuclear proteins were stained, slides were submerged 
in 0.25% of Triton X-100 (Sigma-Aldrich) in phosphate buffered-saline for 2 minutes. 
Next, slides were treated with 3% H2O2 for 30 minutes, blocked with 5% normal 
goat serum, and incubated with antibody solution. The following antibodies were 
used: anti-EZH2 (BD Biosciences, Franklin Lakes, NJ), anti-H3K27me3 (Millipore), 
anti-Ki67 (Monosan, Uden, The Netherlands), anti-Trp53 (Vector Laboratories, 
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Peterborough, United Kingdom), anti-CASP3 (Cell Signaling Technology, Danvers, 
MA), anti-p21Cdkn1a (Santa Cruz Biotechnology), anti-Synaptophysin, Dallas, TX), 
(Abcam), anti-LYZ1 (Dako Cytomation, Glostrup, Denmark), anti-β-catenin (BD 
Biosciences), and anti-SOX9 (Millipore).
For staining of alkaline phosphatase, slides were rehydrated and incubated in 
acetone for 30 minutes at -20°C. They were then washed twice with NTMT (0.1 
mol/L Tris–HCl [pH 9.5], 50 mmol/L MgCl2, 0.1 mol/L NaCl, and 0.1% Tween-20). 
Roche (Basel, Switzerland) BM Purple drops then were put directly onto the tissue 
sections and incubated overnight at 4°C. Afterward, slides were washed with NTMT 
and counterstained with nuclear fast red.

Generation of a murine Rspo1 expression vector
Murine Rspo1 cDNA was PCR-amplified using forward and reverse primers that 
included a Csp45I restriction site. The gel-extracted product and the pcDNA3.1(+)-
Myc/HisB vector (Thermo Fisher Scientific) were digested with Csp45I restriction 
enzyme, ligated together, and transformed into DH5α bacteria. Three-mL miniprep 
cultures generated from transformed DH5α colonies were sequenced to check for 
correct integration and absence of novel DNA mutations.

Virus production
pRetroSuper vectors containing short hairpin constructs targeting Luciferase or Arf 
(kindly provided by Dr Madalena Tarsounas, University of Oxford, Oxford, UK) were 
co-transfected with an amphotropic packaging vector into HEK293T cells, and two 
taps were taken 48 hours and 72 hours after transfection. Taps were pooled, and 
virus was concentrated by ultracentrifugation. Concentrated virus solution was made 
by dissolving a virus pellet from one 10-cm plate in 250 μL of normal organoid culture 
medium supplemented with 50% Wnt3a-CM, Y27632, nicotinamide (Sigma-Aldrich) 
and polybrene (Millipore).

Electron microscopy
Two-millimeter pieces of proximal jejunum were fixed with Karnovsky’s fixative and 
processed further for electron microscopy as described by Scanu et al.5 Fixed tissue 
was treated with 1% osmiumtetroxide in 0.1 mol/L cacodylate-buffer and stained 
en bloc with Ultrastain 1 (Leica, Wetzlar, Germany) Next, the tissue was ethanol-
dehydrated and embedded in a mixture of DDSA/NMA/Embed-812 (EMS, Hatfield, 
PA). The resulting block was sectioned, stained with Ultrastain 2 (Leica, Vienna, 
Austria), and analyzed with a CM10 electron microscope (FEI, Eindhoven, The 
Netherlands).
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RNA isolation and qRT-PCR
RNA was extracted from whole intestinal tissue or from crypt-enriched samples. To 
obtain such samples, small intestinal crypts were isolated following the procedure 
of Sato et al. 20096. Different fractions that were collected after EDTA incubation 
were checked for the amount of crypt and debris by microscopy. Fractions highly 
enriched for crypts were pooled and spun down for 5 minutes at 600 rpm. The pellet 
was dissolved in TRIzol reagent (Life Technologies), and processed further for RNA 
isolation. Villus samples were obtained by scraping off villi from the luminal side of 
longitudinally opened intestine. These were then collected and dissolved in TRIzol. 
RNA was extracted following the chloroform/isopropanol protocol and reverse 
transcription was performed using the SuperScript II First-Strand system (Life 
Technologies). qRT-PCR was performed using SYBR Green (Applied Biosystems, 
Foster City, CA). Hprt expression was measured to normalize gene expression. 
See Supplementary Table 3 for primer sequences.

RNA in situ hybridization
Tissue sections were processed for RNA in situ detection using the RNAscope 
Detection Kit according to the manufacturer’s instructions (Advanced Cell Diagnostics, 
Newark, CA). Probe region 2165-3082 (MmLgr5) was used to target Lgr5 mRNA. 
For Eed mRNA, the probe region comprised exons 3-6 only (MmEed-E3-E6) because 
these are excised in Eed KO cells, which made it possible to distinguish between WT 
and KO crypts.

Western blot
Intestinal tissue extracts were prepared in RIPA buffer (150 mmol/L NaCl, 10 
mmol/L Tris-HCl pH 7.5, 1% Triton X-100, 1% deoxycholate, 0.1% sodium 
dodecyl sulfate, and 1 mmol/L EDTA) supplemented with 1 mmol/L dithiothreitol, 
1% phenylmethylsulfonyl fluoride (Sigma-Aldrich), 1× Complete protease inhibitor 
solution (Roche), and phosphatase inhibitors. Equal amounts of protein were 
loaded on NuPAGE Novex 4-12% sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (Life Technologies), separated by electrophoresis, and transferred to 
Immobilon-P membranes (Millipore). These membranes were blocked in phosphate-
buffered saline with 0.1% Tween-20 and 5% bovine serum albumin for 1 hour and 
subsequently incubated overnight at 4°C with primary antibodies in 1% bovine serum 
albumin–phosphate-buffered saline with 0.1% Tween-20. After washing, membranes 
were incubated with horseradish-peroxidase–conjugated secondary antibodies. 
Enhanced chemiluminescence western blotting detection reagents (GE Healthcare, 
Amersham, UK) were used to detect immunoblotted proteins. The following primary 
antibodies were used: anti-RSPO1 (R&D Systems, Minneapolis, MN), anti-EED 
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(Abcam), anti-EZH2 (BD Biosciences), and anti-Vinculin (Sigma-Aldrich).
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Supplementary Figure 1. Expression of PRC2 subunits in WT and Eed KO intestines. (A) EZH2 is 
highly expressed by WT crypt cells, particularly by CBC cells. Scale bar: 50µm. Inset: EZH2 levels are 
decreased in the interspersed Paneth cells. (B) Eed in situ hybridization on WT and Eed KO crypts. Crypts 
of WT animals and escaper crypts contain multiple foci, whereas Eed KO crypts are devoid of foci. Scale 
bar: 50 µm. Lower panel: enlarged crypt detail. Red dashed line demarcates the boundary between Eed 
KO crypt (left) and Eed WT escaper epithelium. (C) Plot of body weights of WT and Ezh2 KO mice at 
6 weeks after first βNF injection, normalized to body weight at first day of treatment. Mean and SD are 
shown (N = 5 animals). (D) Examples of degenerative affected crypts next to hyper-proliferative escaper 
crypts. Scale bar: 50µm. (E) Quantification of villus length in WT and Eed KO intestines (N = 6 animals; 
for each animal the mean length of ten villi was taken). **P < 0.01; unpaired t test. (F) Low-magnification 
images of H&E and anti-EZH2–stained WT and Eed KO intestines. Scale bar: 500µm. (G) Example of 
escaper crypts feeding H3K27me3-positive cells to villi that cover non-functional H3K27me3-negative 
crypts, visualized by H3K27me3 immunohistochemical staining. Scale bar: 50µm. 
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Supplementary Figure 2. Cell division is affected in Eed KO crypts but not in Ezh2 KO crypts. (A) 
Eed KO intestines stained with anti-Ki67 and anti-p21Cdkn1a, escaper crypts are visible (black arrows), 
showing increased cell proliferation and lower levels of p21Cdkn1a. (B) WT and Ezh2 KO intestines 
stained with anti-Ki67, Alcian Blue (goblet cells), and anti-Synaptophysin (Enteroendocrine cells). Insets: 
staining of the crypts in more detail. (C) mRNA levels of Ink4a and Arf in crypt fractions isolated from WT 
and Eed KO intestines relative to Hprt expression (N = 3). Means and SDs are depicted. Scale bars: 100 
µm for all images (except insets).
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Supplementary Figure 3. Eed KO intestinal cells display aberrant secretory differentiation. (A) 
Microscopy images of AhCre and AhCre;EedLoxP/LoxP organoids transduced with constructs expressing 
short hairpins against Luciferase and Arf and treated with either DMSO or βNF. These are representative 
images of triplicate experiments. Scale bar: 500µm, applies to all eight images. (B) WT and Eed KO 
intestines stained for alkaline phosphatase (ALP; enterocytes). Scale bar: 100µm, applies to both images. 
(C) WT and Eed KO organoids supplemented with p19ARF knockdown stained with anti-EZH2, anti- Ki67, 
and Alcian Blue. Although cell proliferation is rescued, the increased number of goblet cells persists. Scale 
bar: 50µm, applies to all six images.
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Supplementary Figure 4. ISCs are lost upon deletion of Eed. Electron microscopy images of WT and 
Eed KO crypts. Red dashed lines, CBC cells; white dashed lines, Paneth cells.

Next page → 
Supplementary Figure 5. Ectopic stimulation of Wnt and Notch signaling fails to rescue Eed KO 
ISC organoids. (A) Microscopy images of AhCre and AhCre;EedLoxP/LoxP organoids cultured in stem cell 
medium and treated with either DMSO or βNF. These are representative images of triplicate experiments. 
Scale bar: 500µm, applies to all four images. (B) Quantification of experiment in panel A. Eed KO intestinal 
organoids cultured in stem cell medium failed to grow (N = 3 independent experiments, organoid cultures 
in each experiment were derived from one mouse). Analyzed by 1-way ANOVA followed by post hoc 
tests. **P < 0.01). (C) Histological images of AhCre and AhCre;EedLoxP/LoxP organoids cultured in stem cell 
medium and treated with either DMSO or βNF, stained with H&E, anti-EZH2, and anti-Ki67 antibodies and 
Alcian Blue. Scale bar: 40µm, applies to all images in panel C.
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Supplementary Figure 6. Global gene derepression in Eed KO intestinal tissue. (A) Venn diagram 
of up-regulated and down-regulated genes in Eed KO crypts, Ezh2 KO crypts, and Eed KO organoids 
as compared with WT. (B) Log2 fold change plot of differentially expressed genes in both Eed KO crypts 
and Eed KO organoids (threshold at FDR < 0.01 and |log2 FC|>1). (C) mRNA levels of Notch-regulated 
genes and differentiated cell markers Lyz1 and Spdef relative to Hprt mRNA levels in crypt samples 
from WT and Eed KO intestines (N = 3 mice). *P < 0.05, *P < 0.01, unpaired t test. (D) Venn diagram of 
differentially expressed genes in Eed KO intestinal tissue and genes enriched in either Rbpj KO crypt cells 
or Atoh1 KO crypt cells. Results from statistical analysis (Pearson Χ2 test with Yates continuity correction) 
of overlapping genes are presented in the table (right).
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Supplementary Tables

Supplementary tables can be found through this link:
http://www.gastrojournal.org/article/S0016-5085(16)34677-7/addons

Supplementary Table 1. Lists of differentially expressed genes in Eed KO 
and Ezh2 KO tissue. (A) List of genes differentially expressed in 6 weeks βNF-
treated Eed KO crypt samples as compared with WT crypt samples. (B) List of 
genes differentially expressed in 6 weeks βNF-treated Ezh2 KO crypt samples as 
compared with WT crypt samples. (C) List of genes differentially expressed in 10 
days βNF-treated Eed KO organoids as compared with WT organoids. In generating 
all lists, a false discovery rate of 0.01 was used as cutoff. 

Supplementary Table 2. Lists of H3K27me3 and H3K27Ac associated CGIs, 
genes and PRC2 target genes. (A) CGIs enriched with H3K27me3. (B) CGIs 
enriched with H3K27Ac. (C,D) Lists of annotated genes close to H3K27me3 (C) or 
H3K27Ac (D) associate CGI, generated by using the tool GREAT. (E) H3K27me3 
associated genes that are also up-regulated by Eed inactivation. (F) H3K27me3 
associated genes (this study) that were also enriched with H2AK119Ub (Chiacchiera 
et al. 2016). 

Supplementary Table 3. Primer sequences used for qRT-PCR and ChIP-qPCR.
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Supplementary Figure 7. ChIP-qPCR validation of H3K27me3-associated genes. (A) Validation 
of a selection of known and newly identified genes for the H3K27me3 antibody. (B) Validation of the 
same genes for the H3K27Ac antibody. Ncl was used as a negative control, which is not associated with 
H3K27me3. Error bars represent means and SDs.
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Abstract

EZH2 inhibitors have gained great interest for their use as anti-cancer therapeutics. 
However, most research has focused on EZH2 mutant cancers and recently adverse 
effects of EZH2 inactivation have come to light. To determine whether colorectal 
cancer cells respond to EZH2 inhibition and to explore which factors influence the 
degree of response, we treated a panel of 20 organoid lines derived from human 
colon tumors with different concentrations of the EZH2 inhibitor GSK126. The 
resulting responses were associated with mutation status, gene expression and 
responses to other drugs. We found that the response to GSK126 treatment greatly 
varied between organoid lines. Response associated with the mutation status of 
ATRX and PAX2, and correlated with BIK expression. It also correlated well with 
response to Nutlin-3a which inhibits MDM2-p53 interaction thereby activating p53 
signaling. Sensitivity to EZH2 ablation depended on the presence of wild type p53, 
as tumor organoids became resistant when p53 was mutated or knocked down. Our 
exploratory study provides insight into which genetic factors predict sensitivity to 
EZH2 inhibition. In addition, we show that the response to EZH2 inhibition requires 
wild type p53. We conclude that a subset of colorectal cancer patients may benefit 
from EZH2-targeting therapies.
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Introduction

Elevated levels of the Polycomb Group (PcG) protein EZH2 are found in a wide range 
of cancer types, and are often correlated with poor prognosis1,2. Highly differentiated 
adult tissues generally express Ezh2 at low levels, while embryonic tissues and 
highly proliferating tissues have high Ezh2 expression3-5. Reducing cellular EZH2 
activity has previously been shown to negatively affect cell proliferation of certain 
tumor types6-11. The advent of high-specificity small molecule inhibitors against EZH2 
has reinvigorated the assessment of EZH2 as a potential anti-cancer therapeutic 
target. Lymphomas with an activating mutation in the catalytic SET domain of EZH2 
are strongly affected by treatment with the EZH2 inhibitor GSK1269 and clinical trials 
with EZH2 inhibitors are currently ongoing. However, reducing EZH2 levels has also 
been shown to have its dangers, as particular myelodysplastic syndromes naturally 
inactivate EZH2, suggesting a tumor suppressor role for EZH2 in this context12-14. 
More importantly, prolonged EZH2 depletion causes glioblastoma cells to acquire 
a more aggressive phenotype15. In addition, KRAS-mutant lung tumors seem to 
benefit from disruption of the Polycomb Repressive Complex 2 (PRC2), of which 
EZH2 is a subunit6,16. It is theore crucial to thoroughly investigate the mutational 
landscape and transcriptional profile that define sensitivity to EZH2 inhibition. Such 
studies require a comprehensive overview of the mutations and gene expression 
patterns that define tumor types and their subtypes. Colorectal cancer (CRC) is one 
such cancer that has been subject to intense molecular characterization, and has 
recently been reclassified into four consensus molecular subtypes (CMS)17. The 
recent advances in the intestinal organoid culture system have made it possible to 
in vitro propagate human CRC tumors without losing the genetic and expressional 
identity of the original tumor, while the diversity that is found in CRC is largely 
maintained18,19. These advantages over conventional cell lines and mouse models, 
makes the organoid culture method an excellent tool to assess the drug response 
patterns across the different CRC subtypes. 
So far, a limited number of cancer types have been demonstrated to respond well to 
treatment with EZH2 inhibitors. Particularly sensitive tumors are those with mutated 
SWI/SNF8 or containing an activating mutation in the SET domain of EZH29. As 
screening methods to discover cancers sensitive to EZH2 inhibition are principally 
done using conventional cancer cell lines, it is possible that this two-dimensional 
(2D) cell culture system does not properly represent the physiology of the tumor, 
which could impair discovery of cancers targetable with EZH2 inhibitors. Another 
possible cause for the lack of response by conventional cell lines could be the use of 
high-passage cell lines in such screens. 
In this exploratory study, we investigated the response of a panel of twenty well-
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characterized human CRC organoid lines derived from colon cancers18 to treatment 
with the EZH2 inhibitor GSK126 over a course of multiple weeks. The setup of these 
GSK126-response assays (termed “viability assays” in this manuscript) was different 
from high-throughput drug screens in three ways. First, testing a single drug allowed 
us to treat larger numbers of organoids per dose, thus reducing noise in quantifying 
organoid viability. Second, we determined treatment time for each organoid line 
by the growth rate rather than having the same treatment time for all organoids, 
which allowed slowly growing organoid lines to develop a proper response. Third, by 
treating all organoids for at least nine days, and treating a subset of eight organoid 
lines for a prolonged period of time, long-term effects beyond immediate response 
could be assessed. 
We demonstrate that this panel displays a wide range of sensitivity to EZH2 enzymatic 
inactivation. By performing a comprehensive analysis, we explored associations of 
GSK126 response with mutation, gene expression and drug response data that have 
previously been measured in these organoids18. We found that response correlates 
with the mutation status of a number of genes, including ATRX and PAX2, with 
expression of the pro-apoptotic gene BIK as well as with sensitivity to the MDM2 
inhibitor Nutlin-3a. This study is the first to investigate the response of a panel of 
human CRC organoids to treatment with the epigenetic drug GSK126, the results 
of which demonstrate various degrees of response within the group of organoids, 
thereby providing a rationale for further investigation into its use as a therapy to treat 
CRC. In addition, we reveal a set of features that may predict patient response to 
EZH2 inhibition. 

Results

EZH2 expression is increased in CRC organoids
EZH2 expression levels are often elevated in colorectal tumors20. In order to 
determine whether in vitro cultured organoids displayed a similar pattern, we 
evaluated EZH2 expression levels in the panel of 22 CRC organoids and their normal 
tissue counterparts18. Normal colon-derived organoid lines had a narrow range of 
EZH2 expression as compared to CRC organoid lines, of which most had higher 
EZH2 expression levels than any of the normal colon-derived organoids (Figure 
1A). Three CRC organoid lines had particularly low EZH2 levels, two of which have 
originally been classified into the stem-like molecular subtype (which corresponds 
to CMS4 in the CMS classification17) and were unable to be propagated during the 
initial expansion of the panel. Accordingly, EZH2 expression in CMS4 samples from 
a TCGA cohort of 239 CRC samples was lower than in other CMS subtypes (Figure 
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1B). As CMS4 tumors are typified by a high stromal content, this lower expression 
may also be due to relative EZH2 transcript dilution by low EZH2-expressing stromal 
cells in CMS4 RNA samples. Unfortunately, as organoid cultures from CMS4 tumors 
have a low success rate, we were unable to validate whether low EZH2 expression 
is a common feature of CMS4 organoids. Further, normal colon tissue expressed 
EZH2 at lower levels than CRC tissue, which is in line with the expression data from 
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Figure 1. Organoids from different CRC tumors respond differently to chemical EZH2 inhibition. 
(A) EZH2 expression in normal colonic organoids and CRC organoids. Both the mean and the variance of 
EZH2 expression are higher in tumor organoids as compared to normal organoids. (B) EZH2 expression 
in normal colon and the different molecular CRC subtypes. Expression data were taken from CRC RNA-
sequencing samples from the TCGA database. CMS4 tumors express EZH2 significantly lower than other 
subtypes: comparing CMS1 and CMS4, p-value: 1.2 * 10-7, comparing CMS2 and CMS4, p-value: 1.6 * 
10-7, and comparing CMS3 and CMS4, p-value: 0.0277. EZH2 expression in normal colon tissue was 
lower than tumor tissue (compared with CMS1-4 combined, p-value: 2.0 * 10-15). The numbers below 
the x-axis indicate the number of samples. (C) Western blot of four organoid lines that were treated with 
4 μM GSK126 and harvested after fourteen days. H3K27me3 is strongly reduced in GSK126-treated 
versus DMSO-treated samples. (D, E) Box plot showing the trapezoidal AUCs for all replicates of 20 
CRC organoids in passage 1 (D) and eight CRC organoids in passage 2 (E). (F, G) Box plot showing 
the trapezoidal IC50s for all replicates of 20 CRC organoids in passage 1 (F) and eight CRC organoids 
in passage 2 (G). Horizontal gray lines within boxes demarcate the medians, boxes delineate the middle 
50% of the data, and whiskers mark 25% and 75% quartiles. The horizontal blue lines in (E and G) 
demarcate the medians from passage 1 for the same organoid line.
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organoids. Taken together, these results show that the majority of CRC organoids 
have increased EZH2 expression, which is in concordance with previously published 
data on CRC tissue.

Large variability in growth response between CRC organoid lines after 
exposure to the EZH2 inhibitor GSK126
In order to determine whether EZH2 is required for growth of CRC or one of its 
subtypes, we treated the 20 colon cancer organoid lines with the EZH2 inhibitor 
GSK126. First, reduction of histone 3 lysine 27 trimethylation (H3K27me3) was 
validated after 14 days of GSK126 treatment for four randomly chosen organoid 
lines (Figure 1C). Next, we performed viability assays for all 20 organoid lines. 2000 
single cells were seeded per well and grown for three days to form small organoids. 
They were then subjected to different GSK126 concentrations between 1 μM and 8 
μM, as previous studies have shown the drug’s optimal EZH2 inhibition activity to 
be within this range. After a certain number of days (this varied between organoid 
lines), one of the conditions had reached growth-limiting size, which was typically the 
untreated control. At this stage, called passage 1, the organoids were trypsinized and 
single cells of each condition were counted. For eight organoid lines, we reseeded 
2000 cells of each concentration and maintained the same treatment regimen until 
again organoids had reached growth-limiting size (between 21 and 30 days), after 
which the organoids were trypsinized and single cells were counted (passage 2). 
Representative images of organoid lines at passage 1 and passage 2 are depicted 
in Supplementary Figure 1A and 1B, respectively. 
Viability was computed for passage 1 and passage 2 following two different 
approaches, as explained in the Methods, using the trapezoid rule, as well as curve 
fitting (Supplementary Figure 2A and 2B). For each approach IC50 values and area 
under the curve (AUC) values were computed. The four resulting viability measures 
showed good correlation (Supplementary Figure 2C). We observed a large 
variability in response to GSK126 in this CRC organoid panel for passage 1 (Figure 
1D, 1F). A few organoid lines were very sensitive to EZH2 inhibition, while others 
were relatively resistant. The degree of response was maintained for three organoid 
lines in passage 2, while four became more sensitive and only P18T became more 
resistant (Figure 1E, 1G). 
Interestingly, we noticed that some organoid lines grew faster when treated with 
low concentrations of GSK126, i.e. exhibiting a non-monotonous response 
(Supplementary Figure 2A and 2B). We grouped the lines into monotonous – 
whose viability only decreases with increasing GSK126 concentrations – and non-
monotonous – with a positive growth response at low concentrations that is at least 
1.5 times of that of untreated control – responding organoids for both passages 
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and compared molecular features for the two groups, as explained in the Methods. 
There were no strong differences between the two groups in the mutation data. Gene 
expression comparison between monotonous and non-monotonous responding 
organoid lines yielded four genes that were differentially expressed between the 
two groups. KLK6 was significantly less expressed in non-monotonous responders, 
while DMRT2, ALDH1L2 and RAB39A expression levels were higher in this group 
(Supplementary Table 1A).

Adherent growth of two sensitive CRC organoid lines does not render them 
resistant
To investigate whether organoids would respond differently to EZH2 inhibition when 
cultured in adherent conditions, we transitioned two of the most sensitive organoid 
lines, P7T and P19TA, to an adherent state by culturing them on laminin-coated 
plates. These organoid-derived adherent cell lines were then treated for 14 days with 
4 μM of GSK126, a concentration at which both corresponding organoid lines were 
growth inhibited. Robust reduction of H3K27me3 was confirmed by western blot 
(Figure 2A). Strikingly, both cell lines were strongly inhibited by EZH2 inhibition and 
no resistant colonies grew out during the two weeks of treatment (Figure 2B). These 
results suggest that transitioning GSK126-responsive organoids to an adherent 
state does not render them resistant to EZH2 inhibition. Of note, we were unable to 
generate adherently growing cell lines from organoid lines that are relatively resistant 
to EZH2 inhibition. 
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Figure 2. Adherently cultured GSK126-responsive organoids remain sensitive to EZH2 inhibition. 
(A) Western blot confirming reduction of H3K27me3 in adherent organoid cultures upon 14 days of 
GSK126 treatment. (B) Left panel: microscopy images of adherently cultured P7T and P19TA, treated 
with either 4 μM of GSK126 or DMSO for fourteen days. Right panel: bar plot showing the average fold 
expansion in number of cells after fourteen days of DMSO or GSK126 treatment. Error bars indicate 
standard deviation. Scale bar: 100 μm, same magnification applies to all images in B.
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Setup of association analysis between response to EZH2 inhibition and 
molecular features 
To gain insight into the properties that might cause sensitivity or resistance to EZH2 
inhibition, we associated measured molecular features of the tested organoid panel18 
with GSK126 response. In order to increase robustness of the identified associations, 
the same analyses were performed with all four computed measures of GSK126 
response. The same analyses were performed for passage 1 and for passage 2. 
As explained in the methods section, we performed univariate associations (single 
features with multiple test correction) and multivariate associations (combinations of 
features).
In particular, we tested for associations between GSK126 response and CRC 
subtype status, hypermutated status, mutation status and gene expression data. 
Due to the small sample size (20), many weak as well as cohort-specific effects were 
observed. This is especially true for passage 2, which contains only 8 samples. We 
therefore focus only on the strongest observations that also recur in different parts 
of the analysis.

Association with subtypes and hyper-mutant status
No significant effects were observed in the CRC subtype associations using either 
the previously published subtyping by Sadanandam et al.21 or the CMS subtyping17 
(Supplementary Table 1B). Four of the six hyper-mutants are among the most 
sensitive organoids to the EZH2 inhibitor (P7T, P24TB, P19TA and P10T), but the 
remaining two (P24TA and P19TB) are among the resistant samples, resulting 
in a weak effect with none of the viability measures significantly associating with 
hypermutated status (Supplementary Figure 3A).

Response to EZH2 inhibition associates with ATRX and PAX2 mutation status 
We next tested for association between GSK126 response and mutation status. 
Before analyzing all mutations reported in the panel, we looked at EZH2 and other 
PcG gene mutations. There is only one EZH2-mutant in the organoid panel: P10T 
(p.N361T missense SNP), which is a hypermutated line and among the sensitive 
organoids in both passages. This rare mutation is outside of the catalytic SET 
domain or other well-defined domains. Mutations that could affect other Polycomb 
Group genes were also present in one of the sensitive organoid lines: BMI1 bears 
a p.F280L missense mutation in P10T and P7T has an intergenic deletion 8367bp 
upstream of EZH1. Although all PcG mutations occur in sensitive organoid lines, 
each occurrence is in one sample only and cannot be analyzed statistically. 
For the analysis considering all mutations reported in the panel, we grouped 
collinear mutations, i.e. mutations present in exactly the same set of organoid lines. 
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Figure 3. Response to EZH2 inhibition associates with mutation status and BIK gene expression. 
(A) PAX2-mutant organoid lines are significantly more sensitive to GSK126 according to all four viability 
measures in passage 1. (B) ATRX-mutant organoid lines are significantly more sensitive to GSK126 for 
two out of four viability measures for passage 1. In A and B, four panels of box plots are shown (AUC: 
left two panels, IC50: right two panels; median: white background, fitted: gray background) comparing 
organoid lines that are wild type (left group, green dots) with organoids that are mutant (right group, red 
dots) for the indicated genes. Horizontal gray lines within boxes demarcate the medians, boxes delineate 
the middle 50% of the data, and whiskers mark 25% and 75% quartiles. (C) BIK expression inversely 
correlates with GSK126 response for three out of four viability measures (fitted IC50, and median and 
fitted AUC) in passage 1.
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Also, a mutation was analyzed only if it is present in at least two samples. Finally, 
mutations that occur in hyper-mutant samples only were flagged, as they are more 
likely to be passenger mutations. Large collinear groups were also flagged, as there 
is no way to pinpoint a driver mutation without prior knowledge. Lastly, mutations 
had to significantly associate with response for at least two viability measures out 
of four. Using all mutations in the data set, we found for passage 1 the mutation 
status of a number of genes to be associating with response to EZH2 inhibition 
(Supplementary Table 1C). PAX2 is among these genes, where mutant samples 
are more sensitive (Figure 3A). We noticed that several associating features had a 
high number of collinear mutations and many involved only hypermutated organoid 
lines. To specifically obtain the meaningful mutations, we reran the analysis using a 
selected list of genes that are often mutated in CRC22 (Supplementary Table 1D) and 
found that mutant ATRX associated with sensitivity (Figure 3B). In fact, ATRX was 
also among the results of the first analysis that includes all mutations in the cohort, 
but it was collinear with seven other genes (Supplementary Table 1C). For passage 
2, no association was found between response and mutation status of any gene. 
Multivariate analysis yielded only weak associations between mutation combinations 
and response (data not shown). 

GSK126 response inversely correlates with BIK expression 
Next, we analyzed correlations between response to EZH2 inhibition and gene 
expression, for which the top 2430 highly-varying genes (top 11.2%) were used. 
Notably, response does not correlate with EZH2 expression. Again, genes whose 
expression significantly correlated with GSK126 response for multiple viability 
measures and analyses are reported here (Supplementary Table 1E). The best 
correlation for multiple viability measures was for BIK (Figure 3C) which encodes for 
a protein involved in apoptosis23. The correlation is inverse, i.e. organoid lines with 
high BIK levels are sensitive to GSK126 treatment. The multivariate gene expression 
associations did not yield any significant results. Although analysis of passage 2 
yielded many genes whose expression highly correlated with response, we decided 
not to report these due to the low number (8) of tested organoid lines.

Sensitivity to EZH2 inhibition correlates with activity of the p53 pathway
For 19 of the 22 CRC organoids, their responses to 83 drugs have been previously 
measured18.  Besides genetic and transcriptional features, these drug responses 
can also provide insight into the mechanisms of response to EZH2 inhibition. We 
compared response to GSK126 with the other drug responses (Supplementary 
Figure 4A). Sensitivity to EZH2 inhibition highly correlated with sensitivity to Nutlin-
3a (Figure 4A, 4B), and to a lesser extent with sensitivity to 5-FU, PF-4708671 and 
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Dasatinib (Figure 4A). The compound Nutlin-3a prevents binding of MDM2 to p53, 
which results in p53 stabilization and subsequent activation of downstream effector 
pathways24. Consequently, Nutlin-3a is most effective in cells with an intact p53 
pathway and, accordingly, in the original proof-of-concept drug screen mutation of 
TP53 was associated with resistance to Nutlin-3a. Yet, in our own analysis mutation 
of TP53 was not significantly associated with resistance to GSK126. However, 
the p53 pathway can be disrupted by other means than TP53 mutation25,26. The 
degree of response to Nutlin-3a, rather than TP53 mutation, may therefore be seen 
as a measure for how intact the p53 pathway still is. To test whether sensitivity 
to EZH2 inhibition depends on an unperturbed p53 pathway, we knocked down 
Ezh2 in murine tumor organoids with defined genotypes. These organoid lines 
were originally derived from the small intestines of VillinCre;ApcLoxP/LoxP;KRasG12D/+ 
(VAR) and VillinCre;ApcLoxP/LoxP;KRasG12D/+;p53-/R172H (VAPR) mice. Organoids were 
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Figure 4. Sensitivity to EZH2 inhibition is correlated with activity of WT-p53 signaling. (A) The 
four highest correlating drug responses with response to GSK126 (heatmap of Pearson correlations 
between all pairs of 84 drugs is presented in Supplementary Figure 4A). (B) Scatter plot showing the high 
correlation between the AUCs of Nutlin-3a and GSK126. (C) Western blot showing efficient Ezh2 KD and 
increased levels of Trp53 in Ezh2 KD organoids. (D) Average relative growth of VAR, VAPR and VAR-sh-
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Post hoc tests; *P = 6.7*10-4, only P-values < 0.05/12 are depicted).
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subsequently transduced with Doxycycline-inducible constructs encoding either a 
short hairpin against Ezh2 or a control short hairpin (sh-Random) (Figure 4C). Upon 
treatment with Doxycycline, Ezh2 knockdown (KD) VAR organoids were growth 
arrested, while Ezh2-KD VAPR organoids showed no effect on growth (Figure 4D). 
The growth arrest in VAR was rescued by additional knockdown of Trp53 (Figure 
4D and Supplementary Figure 4B). Interestingly, p53 protein levels increased upon 
Ezh2 KD in VAR as well as in the VAPR organoids that only have mutant p53 (Figure 
4C). This suggests that the detrimental effects of EZH2 inhibition are mediated 
through stabilization of p53 protein. 

Discussion

The panel of human CRC organoids tested in our study shows a large variability 
in response to treatment with the EZH2 inhibitor GSK126, providing a rationale for 
using high-specificity EZH2 inhibitors as anti-cancer therapy for a subset of CRC 
patients. In the past years, several other highly specific EZH2 inhibitors have been 
characterized8,9,27,28, three of which were shown to cause highly similar changes in the 
gene expression profile when used on a lymphoma cell line27, indicating a common 
mechanism of action both on-target and off-target. This is not entirely surprising, as 
their molecular structures are very similar. 
With the organoid culture system becoming an established technique, its application 
in various lines of research, among which are small and large scale drug testing18,29-32, 
is being further developed. The setup of our viability assay made it possible to monitor 
the effects of prolonged EZH2 inhibition and allowed slowly growing organoids to 
develop a response. We did not use a fixed treatment time, but rather timed it by 
the speed of organoid growth. Consequently, response to EZH2 inhibition could be 
better compared between organoid lines with different growth rates. However, any 
cytotoxic effects of GSK126 treatment impair this comparison as it aggravates the 
response of slowly growing organoid lines with a longer treatment time. Nevertheless, 
although demethylases do contribute to removal of H3K27me3 from the chromatin, 
cellular decline in H3K27me3 upon PRC2 ablation has been shown to be linked to 
cell division27,33. 
Using four methods to compute the degree of response to GSK126, we identified 
different dynamics in the organoids’ responses to EZH2 inhibition. In general, 
the different viability measures highly correlated with one another, except for two 
outliers. While P8T responds well to the EZH2 inhibitor at high concentrations, at 
low concentrations it proliferates faster than untreated P8T organoids, resulting in 
a high AUC value, but a relatively low IC50 value (measured with respect to the 
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original viability). P20T on the other hand shows a typical resistant profile, with little 
response at all concentrations and no enhanced proliferation at low concentrations, 
which resulted in a relatively lower AUC value, but high IC50 (Supplementary Figure 
2A). Interestingly, enhanced growth at low GSK126 concentrations was observed for 
more organoid lines than P8T. This suggests that these organoids benefit from mild 
reduction of cellular EZH2 activity. These observations are not entirely surprising, as 
the optimal level of EZH2 activity is context dependent. For instance, as opposed 
to its more classical role as an oncogene, EZH2 appears to repress development 
of myelodysplastic syndrome12,34,35. In addition, both complete inactivation of PRC2 
and overexpression of Ezh2 stimulate progression of KRAS-dependent lung tumors 
and do so in different ways16. Importantly, this stresses the importance of optimal 
dosing for EZH2 inhibition in cancer. Likewise, studies that correlated expression 
of PcG members with CRC patient prognosis have yielded contrasting results20,36-38, 
which indicates that also in CRC, PcG proteins may exert tumor suppressive as well 
as oncogenic actions depending on the mutational and transcriptional context. The 
dynamics in response to EZH2 inhibition that we observed will help us in further 
elucidating the conditions that define these actions in CRC. 
We also analyzed prolonged inhibition of EZH2 in eight CRC organoid lines. To 
our surprise, there were more organoids lines that became more sensitive than 
those that became more resistant after prolonged treatment. This may be due 
to the accumulating dysregulation of the transcriptional program, as more and 
more H3K27me3 repressive marks are removed – and not replaced – from the 
chromatin over time, although the reduced viability might also have been caused 
by the dissociation to single cells at the start of passage 2. Alternatively, cells with 
decreased EZH2 activity may have decreased tumor-initiating potential, resulting in 
a reduction of outgrowing organoids in passage 2. Interestingly, cellular depletion 
of the PcG protein BMI1 was demonstrated to reduce stem cell-properties of CRC 
cells39, which may suggest that PcG stabilizes stemness in some CRCs. Further, 
we did not see in any of the eight organoid lines in passage 2 a sudden growth 
acceleration indicative of a transition to a state at which cells benefit from low EZH2 
levels. However, as this transition might require more time to develop or interaction 
with the microenvironment, adverse effects on patient survival because of prolonged 
EZH2 inhibition15 can still be an issue in CRC. 
Our further exploration of potential associations between the published organoid 
properties and GSK126 response yielded a number of associating features. We have 
found that ATRX-mutant organoid lines are sensitive to GSK126 treatment. ATRX is 
frequently mutated in tumor cells with alternative lengthening of telomeres (ALT), 
and its loss has been shown to promote ALT40-42. It is possible that cancer cells with 
ALT rely on PRC2 function, and that therefore inactivation of both ATRX and EZH2 is 
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synthetic lethal in CRC. As EZH2 has previously been shown to be involved in DNA 
damage repair43,44, it may help cells to cope with replicative stress at ALT telomeres.
Mutation of PAX2 was also found to associate with sensitivity to EZH2 inhibition. 
The capacity of PAX2 to stimulate gene expression is lost when associated with 
GRG4 during lineage specification and leads to PRC2 recruitment to PAX2 target 
genes45. PAX2 mutation may therefore cause a shift in PRC2 target genes, which 
would promote tumor progression. Sudden PRC2 inactivation by GSK126 treatment 
could then cause derepression of target genes, which is detrimental to cell survival 
or leads to cell differentiation. 
Further, our analysis yielded an inverse correlation between GSK126 response 
and BIK expression. It is conceivable that organoids with high BIK levels are more 
susceptible to apoptotic signals - for instance through p53 signaling due to EZH2 
inhibition. 
Of all the drug response associations studied, response to EZH2 inhibition correlated 
most strongly with response to Nutlin-3a. Nutlin-3a specifically affects p53-WT cells 
and in this panel of human CRC organoids, p53 mutation was previously found to 
associate with resistance to Nutlin-3a18. The observed responses to GSK126 in our 
study do not correlate with p53 mutation status, however, which is likely due to other 
mechanisms that inactivate p53 signaling. We therefore examined the response to 
EZH2 ablation in a genetically less disrupted background and demonstrated that the 
expression of WT p53 renders cells responsive to EZH2 inactivation. This response is 
likely triggered in combination with an oncogenic impulse, because normal intestinal 
tissue and small intestinal organoids are not affected by EZH2 ablation (Koppens 
et al.46 and data not shown). This may suggest that EZH2 suppresses oncogene-
induced senescence in intestinal tissue by keeping p53 signaling in check, which 
could be achieved by Polycomb-mediated repression of CDKN2A or of target genes 
of p53 itself47.
Here, we demonstrate how organoids derived from different colon tumors are 
affected by EZH2 inhibition and highlight several molecular features that associate 
with response. It will be of interest to investigate if other types of cancer depend 
on the same genetic factors in their response to EZH2 inhibition. The results of our 
study demonstrate the potential of EZH2 inhibitors as therapeutics in the treatment 
of CRC patients.
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Materials and Methods

GSK126 response assays using the 3D organoid culture system
Organoids were gently digested to single cells using TrypLE Express (Life 
technologies) and counted. Cells were resuspended in Matrigel (Corning) and 
seeded onto 48-well plates with a concentration of 2000 cells in 25 μL Matrigel per 
well. 250 μL of complete medium was then added, which consisted of basal medium 
(Advanced DMEM/F12 supplemented with Pen/Strep (Life technologies), Glutamax 
and 10 mM HEPES) supplemented with 1x B27 supplement (Life technologies), 1.25 
mM N-acetyl-L-cysteine (Sigma-Aldrich), 50 ng/mL EGF (Life technologies), 100 ng/
mL Noggin (Peprotech), 10% Rspo1-conditioned medium, 10 mM Nicotinamide 
(Sigma-Aldrich), 500 nM A-83-01 (Tocris) and 10 μM SB202190 (Sigma-Aldrich). 
Three days after seeding, when single cells had formed small organoids, the medium 
was refreshed for medium with different GSK126 concentrations. Medium was 
refreshed every three days. When further growth of organoids at any concentration 
became compromised – this time differed between organoid lines (Supplementary 
Table 1F) – the organoids were digested to single cells with TrypLE and cells were 
counted using a Bürker counting chamber. We regarded conditions as being growth-
compromising when either: the organoids had grown to such a close vicinity that 
further growth was hampered, or the culture medium increasingly turned acidic, 
or organoids started to produce large amounts of detached cells. For eight CRC 
organoid lines, single cells of each condition were again seeded at 2000 cells per 
well and the same GSK126 treatment as before passaging was continued. Selection 
of these passage 2 organoid lines was solely based on having a relatively medium-
to-fast growth rate. All viability experiments were performed in triplicate or more.

GSK126 treatment of adherently cultured human CRC organoids
Culture plates were coated with 15 μg/mL of Poly-ornithine (Sigma-Aldrich) overnight 
at 37oC, and then washed three times with water. The plates were subsequently 
coated with laminin (Sigma-Aldrich) for at least three hours. Organoids were gently 
digested to single cells using TrypLE Express, counted and seeded on laminin-coated 
culture plates directly after laminin was removed. Medium was refreshed every two 
to three days. Cells were passaged by trypsinizing with TrypLE Express, counting, 
spinning down and reseeding on laminin-coated culture plates. The medium used 
was complete medium supplemented with 10 μM Y27632 (Merck). Upon initiation 
of GSK126 treatment, 0.25 * 106 cells were seeded per well in a 12-well plate and 
treated with either DMSO or 4 μM of GSK126 for two weeks. Cells were counted at 
the end and during each passaging step to calculate the relative expansion.
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Ezh2 knockdown in murine tumor organoids
293T cells were transfected with lentiviral packaging plasmids and pFH1t vectors 
containing sequences encoding either a short hairpin with random sequence or 
a short hairpin against Ezh2. Per construct, 4 10-cm plates were transfected and 
refreshed one day after. Two and three days after transfection, taps were taken, 
which were then ultracentrifuged at 20,000 rpm for 2 h. Combined pellets of both 
taps were resuspended in Advanced DMEM/F12 supplemented with Pen/Strep 
(Life technologies), Glutamax and 10 mM HEPES) supplemented with 1x B27 
supplement (Life technologies), 1x N2 supplement (Life Technologies), 1.25 mM 
N-acetyl-L-cysteine (Sigma-Aldrich), 50 ng/mL EGF (Life technologies), 100 ng/mL 
Noggin (Peprotech), Polybrene (Millipore) and Y27632. The organoids that were 
subsequently infected with this virus were originally derived from small intestines 
of VillinCre;ApcLoxP/LoxP;KrasG12D/+ (VAR) and VillinCre;ApcLoxP/LoxP;KrasG12D/+;Trp53R172H/- 
(VAPR) mouse models by the lab of Owen Sansom. VAR organoids were also further 
compounded by retroviral transduction of a pRetrosuper-sh-p53 construct (VAR-sh-
Trp53). Organoids were trypsinized using TrypLE (Life technologies) to single cells, 
combined with virus and centrifuged at 600rpm and 32oC for 1 h. The cells were then 
incubated for 6 h at 37oC after which they were seeded in Matrigel (Corning) and 
overlaid with complete medium supplemented with Y27632. Two days after infection, 
medium was refreshed and Puromycin was added. Infected organoids were kept 
on this selection antibiotic for two weeks. The organoids were then treated with 
Doxycycline to induce expression of short hairpins. 

Western blotting
Western blotting was performed as described by Koppens et al.46. The following 
primary antibodies were used: anti-EZH2 (BD Biosciences), anti-H3K27me3 
(Abcam, AB64850), anti-p53 (Monosan, Monx10194) and anti-Vinculin (Sigma-
Aldrich, V9131).

Calculating AUCs and IC50s
Viability was calculated in two different ways: using a piecewise linear approximation 
as well as continuous curve fitting. This resulted in four different measures of response: 
two types of area under the curve (AUC) and two corresponding types of IC50 
(concentration at 50% viability). The piecewise linear AUC is simply the trapezoidal 
area under the dose response curve. The corresponding IC50 is interpolated from 
the segment which contains the 50% viability. In all cases, the AUC and IC50 were 
computed for each replicate independently, and then the median was taken over all 
replicate AUCs and replicate IC50s, respectively. These are shown in Figure 1D–1G. 
To model the peaks at the beginning of the eight-point response curve, for some 
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samples, we combined a two-parameter normal density function with a two-parameter 
sigmoid function and estimated a total of five parameters using non-linear least 
squares. These parameters include mean and standard deviation for the normal 
density, shift and slope for the dose response and a proportionality coefficient which 
scales the normal density component contribution in the fit. All replicates (three to 
four per organoid line) were taken into account in the estimation. For three samples 
(P7T, P28T in passage 1, P14T in passage 2) the model did not converge because 
for these fast responders even the two-parameter sigmoid curve is not a good 
model: the two-parameter sigmoid is not very steep at zero concentration for most 
parametrizations. For the fit of these samples we took the minimum sum of squares 
of the residuals solution over 500 parameter samplings. The fitted curves were used 
to obtain fitted AUCs and fitted IC50s. These are shown in Supplementary Figure 
2A and 2B.

Processing molecular data
For this analysis, the gene expression data (for all 22 samples) and mutation data 
(for all 22 samples) from the original publication18 were used, and matched to 20 
samples of the 22 (two samples were not distributed by the original biobank). The 
gene expression data was downloaded as normalized originally (using rma-sketch, 
within Affymetrix Power Tools18), and row/gene mean-centered. 
The mutation data provided by Supplementary Table 1J from ref. 18 was filtered to 
exclude mutations in intergenic regions, introns, silent mutations, mutations in non-
coding regions, UTRs and flank regions. In addition, 12 genes, frequently mutated in 
and associated with hereditary CRC (APC, BMPR1A, MLH1, MSH2, MSH6, MUTYH, 
PMS2, POLD1, POLE, PTEN, SMAD4 and STK11), were screened for presence of 
pathogenic germline single nucleotide variants, using the raw exome sequencing 
data18. This resulted in the inclusion of a MUTYH mutation (rs587782885) for P25T 
and APC mutations for P18T (rs62619935) and P20T (rs137854573) to the list of 
somatic mutations in Supplementary Table 1J from ref. 18. Mutations were then 
summarized as binary values per gene, zero for wild type and one for mutated. In 
this analysis, no distinction was made between different types of mutation in the 
same gene.
To analyze differences between consensus molecular subtypes (CMS) in terms of 
EZH2 expression, we compared the expression in 239 out of 461 RNA-seq samples 
from the TCGA database (Level 3 RNA-seq data, frozen tissue, labelled COAD 
(Colon adenocarcinoma), from both the Illumina GA and Illumina HiSeq platforms). 
These 239 samples are such that both CMS classifiers from ref. 17 assign a valid 
subtype and agree on the classification. EZH2 expression comparison between the 
different subtypes was done via a t-test.
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Associating molecular features with response
For associating CRC molecular subtypes with response, we made use of the 
subtyping (developed by Sadanandam et al.21) of the panel of organoids as presented 
in the original study18.
For both gene expression data and the mutation data two types of association 
analyses were performed. The first was univariate: associating single features with 
response, followed by multiple test correction. For the mutation data we employed 
t-tests of the viability of wild type samples versus the viability of mutant samples 
(adjusted p-value < 0.25). For gene expression, we looked at the correlation of 
expression of single genes with drug response (|cor| ≥ 0.5).
For the second arm of analysis, we looked for associations using all features, and 
due to the small sample size, also using a smaller selected number of features. For 
gene expression the subset was the top 11% of high-varying genes (2430 genes with 
standard deviation above 0.7). For mutations, a list of 93 selected mutations, specific 
for colon cancer was used, as derived in Iorio et al,22.

Comparing monotonous to non-monotonous responders
To study the phenomenon of non-monotonicity in response in some of the organoids, 
samples were split into monotonic and non-monotonic (the latter being P17T, P19TB, 
and P8T in passage 1 and P18T and P31T in passage 2, see Supplementary Figure 
2A and 2B) based on the criterion that there should be a viability increase of at least 
50% for the fitted curve at the lowest non-zero concentration. In terms of mutations 
the two groups were tested for differences using a chi-square test for each mutation. 
To detect differences in gene expression, we used the standard procedure within the 
limma R package.
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Supplementary Figure S1. Different growth responses of CRC organoid lines to GSK126 treatment. 
(A–B) Representative images of examples of very sensitive, moderately resistant and very resistant 
organoid lines in passage 1 (A) and passage 2 (B).
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Supplementary Figure S2. Computation of GSK126 response through different methods for all 
tested organoids. (A) Passage 1 viability plots of all replicates for each organoid line. Curves are fitted 
and IC50 is demarcated on the curve with a red square. (B) Passage 2 viability plots with fitted curves of 
all replicates for each organoid line. (C) Comparison of the different methods to compute AUC and IC50.



116

4

Chapter 4

AU
C

IC
50

non hypermutated hypermutated

p−value: 0.293
median AUC

●

●

●

●

●
●

●

●
●

●

●

●
●
●

●

●

●

●

●

●

0.0

0.5

1.0

1.5

non hypermutated hypermutated

P6T

P8T

P9T

P11T

P16T
P18T

P20T

P23T
P26T

P28T

P14T

P17T P25T
P31T

P7T

P10T

P24TA

P24TB

P19TA

P19TB

non hypermutated hypermutated

p−value: 0.168
fitted AUC

●

●

●
●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

non hypermutated hypermutated

P6T

P8T

P9T
P11T

P16TP18T

P20T
P23T

P26T

P28T

P14T

P17T

P25TP31T

P7T

P10T

P24TA

P24TB
P19TA

P19TB

non hypermutated hypermutated

p−value: 0.226
median IC50

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

non hypermutated hypermutated

P6T

P8T

P9T
P11T

P16T

P18T

P20T

P23T

P26T

P28T

P14T

P17T
P25T

P31T

P7T

P10T

P24TA

P24TB
P19TA

P19TB

non hypermutated hypermutated

p−value: 0.183
fitted IC50

●

●

●
●

●●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

0

2

4

6

8

non hypermutated hypermutated

P6T

P8T

P9TP11T

P16TP18T

P20T

P23T

P26T

P28T

P14T

P17T
P25T

P31T

P7T

P10T

P24TA

P24TBP19TA

P19TB

Supplementary Figure S3. Weak association between hypermutated status and response to EZH2 
inhibition. Hypermutated status does not significantly associate with GSK126 response using any of the 
viability measures because two out of six hypermutants are resistant to the drug. Four box plots (AUC: 
left two panels, IC50: right two panels; median: white background, fitted: grey background) comparing 
non-hypermutated organoids (left group, green dots) with hypermutated organoids (right group, red dots). 
Horizontal lines within boxes demarcate the median; boxes delineate the middle 50% of the data; and 
whiskers mark 25% and 75% quartiles.

Next page  →
Supplementary Figure S4. Correlations of 83 previously tested drugs and GSK126. (A) Heatmap 
of Pearson correlations between all pairs of 84 drugs (83 from the Sanger panel18 and GSK126), 
hierarchically clustered based on correlation distance. The color of each cell in the heatmap reflects 
the Pearson correlation between its two corresponding drugs, according to the color scale on the right 
(blue - negative, white - zero, red - positive). Arrows point to GSK126. (B) Macroscopical images of VAR 
and VAR-sh-Trp53 organoids with and without Ezh2 knockdown. Organoid growth is rescued in Ezh2-
knockdown organoids by Trp53 knockdown. Scale bar: 2 mm, same magnification applies to all images 
in B.
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Supplementary Table

The Supplementary table can be found through this link:
h t t p : / / w w w . i m p a c t j o u r n a l s . c o m / o n c o t a r g e t / i n d e x .
php?journal=oncotarget&page=rt&op=suppFiles&path[]=12002&path[]=0

Supplementary Table S1: (A) List of genes that are differentially expressed 
between monotonous and non-monotonous responding organoids. Viabilities from 
passage 1 were used. (B) Summary of subtyping according to four classifiers for all 
organoid samples. (C) List of genes whose mutation status associated with degree 
of response to GSK126 in passage 1. This list results from analysis of all mutations 
present in the panel of organoid lines. (D) List of genes whose mutation status 
associated with degree of response to GSK126 in passage 1. This list results from 
analysis of 93 selected mutations associated with colon cancer22. (E) List of genes 
whose expression correlated with response to GSK126 treatment in passage 1. (F) 
Treatment times for the 20 organoid lines in passage 1 and for the 8 organoid lines 
in passage 2.
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Song2, Maarten van Lohuizen1,3

1 Division of Molecular Genetics, The Netherlands Cancer Institute, Amsterdam, The Netherlands
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Abstract

The Polycomb Group protein EZH2 is up-regulated in most prostate cancers, and its 
overexpression is associated with poor prognosis. Most insights into the functional role 
of EZH2 in prostate cancer have been gained using cell lines and EZH2 inactivation 
studies. However, the question remains whether overexpression of EZH2 can initiate 
prostate tumorigenesis or drive tumor progression. Appropriate transgenic mouse 
models that are required to answer such questions are lacking. We developed 
one such transgenic mouse model for conditional overexpression of Ezh2. In this 
transgene, Ezh2 and Luciferase are transcribed from a single open reading frame. 
The latter gene enables intravital bioluminescent imaging of tissues expressing 
this transgene, allowing the detection of tumor outgrowth and potential metastatic 
progression over time. Prostate-specific Ezh2 overexpression by crossbreeding 
with Probasin-Cre mice led to neoplastic prostate lesions at low incidence and with 
a long latency. Compounding a previously described Bmi1-transgene and Pten-
deficiency prostate cancer mouse model with the Ezh2 transgene did not enhance 
tumor progression or drive metastasis formation. In conclusion, we here report the 
generation of a wild type Ezh2 overexpression mouse model that allows for intravital 
surveillance of tissues with activated transgene. This model will be an invaluable tool 
for further unravelling the role of EZH2 in cancer.



123

5

A new transgenic mouse model for conditional overexpression of the Polycomb Group protein EZH2

Introduction

The Polycomb Group (PcG) protein EZH2 is an epigenetic repressor that is often 
found at increased levels in cancer as compared to normal tissue. Mutations in 
the EZH2 gene that affect its catalytic activity also occur, and they are enriched in 
particular cancer types, like melanoma1,2 and lymphoma subtypes3. Such mutations 
mainly affect amino acid Y641 in the SET domain – which confers methyltransferase 
activity – and cause increased activity of EZH2 in the trimethylation of its target 
histone 3 at lysine 27 (H3K27)4,5. Transgenic mouse models that overexpress mutant 
Ezh2Y641F or Ezh2Y641N have been used in studies of lymphoma development6,7. 
These in vivo studies elegantly demonstrate the cancer-driving ability of such EZH2-
activating mutations. Yet, overexpression of wild type (WT) EZH2 is a more common 
phenomenon throughout the cancer spectrum, but only few studies have addressed 
this aspect of EZH2 using autochthonous mouse models.
Prostate cancer is a heterogeneous disease that is thought to develop from 
epigenetic alterations, as changes in for instance DNA methylation can be found 
already at early stages of the disease8-10. It is therefore unsurprising that epigenetic 
modulators have been reported to be involved in prostate cancer development and 
progression11-15. Among these is the PcG protein BMI1, whose gene expression 
correlates with poor clinical outcome16,17. In addition, functional roles for BMI1 in 
survival and proliferation of prostate cancer cells have been described18,19. Moreover, 
our lab has previously shown that Bmi1 overexpression in the mouse prostate 
induces the formation of prostatic intraepithelial neoplasia (PIN) and synergizes with 
Pten haploinsufficiency to drive progression to prostatic adenocarcinoma20. Similarly, 
expression levels of EZH2 increase with prostate tumor stage, with the highest 
levels occurring in hormone-refractory metastatic tumors, and depletion of EZH2 
abrogates the growth of prostate cancer cells21. EZH2 is a transcriptional target of 
the E2F cell cycle regulators22, and its expression has been suggested to correlate 
with, rather than cause, cell proliferation. However, several mechanisms have been 
uncovered that place EZH2 as driver of prostate cancer progression (summarized 
by Yang and Yu 201323). These include the stimulation of RAS and NF-κB signaling, 
and tumor invasion through EZH2-mediated repression of DAB2IP24,25 and CDH126, 
respectively. However, the results of these studies are based on the use of normal 
and malignant prostate cell lines, and focus on the requirement for EZH2 activity in 
cancer progression. There is need for a transgenic mouse model in order to address 
the question whether EZH2 up-regulation can initiate tumor formation in the prostate 
or other tissues in vivo. Furthermore, since Ezh2 appears to play a role specifically 
in invasive and metastatic progression, the incorporation of a function that allows the 
surveillance of tumor outgrowth and metastasis through time would be a valuable 
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addition to this model; a function that is absent from previously published WT Ezh2 
transgene mouse models27,28. 
Here, we present the generation of a transgenic mouse model for conditional 
overexpression of murine WT Ezh2. The transgenic construct includes, besides 
Ezh2 cDNA, a Luciferase reporter gene and its conditional activation is based on 
Cre recombinase-mediated removal of a LoxP-STOP-LoxP cassette. To analyze the 
effect of Ezh2 transgenic activation in the prostate, we crossbred this model with 
an existing model for prostate cancer that relies on heterozygous Pten knockout 
and Bmi1 overexpression20. We confirmed up-regulation of EZH2 in the prostate 
epithelium and validated tissue-specific activity of Luciferase by intra-vital imaging. 
Strikingly, overexpression of Ezh2 alone caused the formation of neoplastic lesions, 
one of which being an adenocarcinoma, with a long latency. Conversely, when a 
known prostate cancer model driven by heterozygous Pten knockout and/or Bmi1 
overexpression was compounded with Ezh2 overexpression, the tumorigenesis was 
not enhanced. In sum, the transgenic mouse model described here will be a valuable 
tool to investigate the role of EZH2 in cancer development and has the potential to 
detect and follow metastatic outgrowth over time. With this model, we showed that 
ectopic Ezh2 expression can transform prostate cells in vivo.

Results

Generation of Ezh2 overexpressing mice
To generate a mouse model for tissue-specific overexpression of Ezh2 that also 
allows the detection of distant metastasis, we modified the Bmi1 transgene construct 
(based on pCEB11) that was used by our lab to generate the Bmi1 overexpression 
model20,29. The Bmi1-IRES-EGFP sequence was replaced by Ezh2-IRES-Luciferase 
which contains a MYC tag sequence at the 5’ end of the Ezh2 cDNA (Figure 1a). In 
this construct, the ORF is separated from an upstream CAG promoter by a LoxP-
Stop-LoxP (LSL) domain, enabling Cre-mediated tissue-specific expression. The 
construct was integrated into the genome of 129/Ola-derived IB10 ES cells, targeting 
the Rosa26 locus by homologous recombination. Neomycin selection followed by 
Southern blotting was done to select for clones with correctly integrated constructs 
(Figure 1b). Next, we validated expression of the MYC-tagged transgenic EZH2 and 
Luciferase after infection with Cre recombinase expression Adenovirus (Figure 1c). 
Of note, total EZH2 levels were not increased (Supplementary Figure S1), which 
could be the result of compensatory down-regulation by the endogenous Ezh2 
genes. The transgenic ES cells were subsequently used to generate transgenic mice 
which we will refer to as Ezh2LSL. 
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Figure 1. Generation of ES cells with conditional overexpression of Ezh2 and Luciferase. (a) 
Construct design and Southern blot strategy. The pCAG-Ezh2-IRES-LuciferaseLSL construct is flanked by 
5’ and 3’ regions that are homologous to the ROSA26 locus (ROSA26-H) and that were used for targeted 
integration into the genome. Indicated also are the WT ROSA26 locus (top row), the EcoRV restriction 
sites and the 5’ probe used in Southern blot. (b) Southern blot film displaying WT and Ezh2LSL transgene 
bands for a number of screened ES cell clones. The lane marked with an asterisk corresponds to the 
ES cell clone that was used to generate the Ezh2LSL mouse strain. (c) In vitro validation of the Ezh2LSL 
transgene. i Induced luminescence indicates Ezh2LSL ES cells produce Luciferase protein after infection 
with Cre Adenovirus. MOI: multiplicity of infection. ii Western blot showing that infected Ezh2LSL ES cells 
also express the transgenic MYC-tagged EZH2. A cell line expressing MYC-tagged BRCA1 was used as 
a positive control



126

5

Chapter 5

Validation of tissue-specific transgene expression
Ezh2LSL mice were crossbred with PbCre4;PtenLoxP/+;Bmi1LSL mice to (1) prove the 
functionality of the construct by immunohistochemistry and intra-vital imaging, (2) 
examine the oncogenic effect of transgenic activation of Ezh2 in the prostate, and 
(3) investigate whether Ezh2 overexpression can drive metastatic progression in 
an existing model for prostate cancer. We will first address point 1. From 8 weeks 
of age, PbCre4;Ezh2LSL males were imaged every month by means of non-invasive 
bioluminescent detection to visualize in vivo luciferase activity. PbCre4 (short for 
ARR2Probasin-Cre) transgenic mice highly express Cre in the luminal cells of the 
prostate epithelium, but may also express Cre in the testes32. In line with this, we 
detected strong bioluminescent signal emanating from the groin area (Figure 2a). 
At 18 months of age, mice were imaged alive one more time, after which they were 
sacrificed, opened up to expose the internal organs, and imaged again. Strong signal 
emanated from the prostate, seminal vesicles and testes (Figure 2b). A faint signal 
was emitted by some organs that are not part of the reproductive system, such as 
the pancreas and the intestine (Figure 2b). Next, we determined the expression of 
Ezh2 in the prostate by immunohistochemistry. A mild, but overt overexpression of 
Ezh2 was detected in nuclei of luminal cells of the prostate, while basal-myoepithelial 
cells were negative (Figure 2c). 
These results demonstrate the functionality of the Ezh2LSL mouse model for tissue-
specific overexpression of the Ezh2-IRES-Luciferase transgene. 

Ezh2 overexpression causes transformation of the prostate epithelium 
The crossbreeding of Ezh2LSL (denoted “E” when compounded with other alleles) 
with PbCre4;PtenLoxP/+;Bmi1LSL (abbreviated CPB) mice yielded offspring with 
several genotype combinations. To explore the oncogenic effect of prostatic Ezh2 
overexpression alone or in combination with other oncogenic alleles, we selected 
all males that had at least the PbCre4 allele. All mice that had the Ezh2LSL allele 
(PbCre4;Ezh2LSL (CE), PbCre4;PtenLoxP/+;Ezh2LSL (CPE), PbCre4;Bmi1LSL;Ezh2LSL 
(CBE), and PbCre4;PtenLoxP/+;Bmi1LSL;Ezh2LSL (CPBE) mice) were subjected to 
monthly bioluminescent imaging from eight weeks of age to detect formation of 
potential metastases. Luciferase signal patterns for all genotypes were similar to the 
pattern of CE mice as described above (Supplementary Figure S2). Occasionally, 
we detected a bioluminescent signal emitting from an ectopic site, such as the 
tail (data not shown). At eighteen months of age, the mice were sacrificed and 
histological examination was performed on several organs, including tissues that 
are known to be sites for prostate cancer metastasis and organs that emitted a 
luminescent signal (Supplementary Table S1). 60% of the CE mice showed no signs 
of abnormal prostatic epithelium, while 20% had foci of atypical hyperplasia (AH), 
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a trait that was also found in control mice of this age (Figure 3a). However, one CE 
mouse had developed a local PIN lesion in the dorsal lobe of the prostate (Figure 
3a, b). This PIN lesion was typified by less well-organized glandular structures, 
and was composed of cells that showed atypia in terms of increased cell size with 
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Figure 2. Prostate-specific expression of EZH2 and Luciferase in PbCre4;Ezh2LSL mice. (a) 
Bioluminescence images of a PbCre4;Ezh2LSL mouse, which were taken over a course of 18 months. 
(b) Images of the same mouse as in a which was culled and opened up to expose the organs that 
are bioluminescent (i). (ii–iv) Close-up of the prostate with different signal intensities. Visible are the 
prostate lobes from behind the bladder as the highest emitting tissue (“1” in iv). Seminal vesicles, testes, 
small intestine and pancreas (“2-5”, respectively) also emitted some bioluminescent signal. (c) EZH2 is 
expressed by luminal cells of the prostate glands. Basal-myoepithelial cells (white arrowheads) do not 
express EZH2. Scale bars left two panels: 100µm; scale bars right two panels: 25µm
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foamy cytoplasm, large and basophilic nuclei, and course chromatin (Figure 3c), 
reminiscent of AKT-hyperactivation prostate tumors33. Strikingly, one CE mouse 
developed adenocarcinoma, situated in the dorsal-lateral lobes of the prostate gland 
(Figure 3b). It was composed of several nodules that were surrounded by fibrotic 
tissues where inflammatory infiltrates were present (Figure 3c). The tumor cells 
formed either alveoli and rosette-like structures or were arranged in solid sheets 
accompanied by some mitosis and small foci of necrosis. Focal invasions of the 
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Figure 3. Low incidence of epithelial transformation in Ezh2 overexpressing prostates. (a) Prostate 
histopathology of 18 months old animals of all four PtenLoxP and Bmi1LSL combinations with and without 
Ezh2LSL. Group sizes for each genotype are depicted above the bars. (b) Distribution of the lesions 
reported in a (AH excluded) among the different prostate lobes. (c) Microscopical H&E images of an 
adenocarcinoma (i, enlarged in ii) that had developed in a PbCre4;Ezh2LSL mouse and a PIN lesion (iii, 
enlarged in iv) that had developed in another PbCre4;Ezh2LSL mouse. Scale bars in i and iii: 100µm; scale 
bars in ii and iv: 40µm; PIN: prostatic intraepithelial neoplasia; AH: atypical hyperplasia
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fibrotic stromal tissue were evident. The tumor was negative for Synaptophysin and 
positive for cytokeratin 8 (CK8), indicative of a tumor that is not neuroendocrine 
but luminal of origin (Supplementary Figure S3). Absence of phosphorylated AKT 
(pAKT) indicates that the PI3K/AKT pathway was not activated in this tumor. 
These results suggest that prostatic overexpression of WT EZH2 can stimulate 
tumorigenesis, albeit with a long latency. 

Transgenic Ezh2 overexpression in the PtenLoxP/+;Bmi1LSL model does not 
drive metastatic progression
To assess whether the Ezh2 transgene can enhance aggressiveness of existing 
prostate tumors, CB, CP and CPB mice with or without the Ezh2LSL allele were 
histopathologically analyzed (Figure 3a). In general, addition of the EzhLSL allele did 
not overtly alter typical cellular and molecular characteristics of prostatic lesions as 
tested by analysis of cellular morphology and immunohistochemical staining of the 
markers presented in Supplementary Figure S3. For instance, cellular characteristics 
typical for Pten knockout lesions, such as foamy cytoplasm and coarse chromatin, 
were also present in CPE tumors. Concordantly, tumors in Ezh2LSL compounded 
mice did not express Synaptophysin, a molecular marker for neuroendocrine tumors, 
but did express the luminal marker CK8. Further, lesions in CPE and CPBE mice 
were similarly distributed among the prostate lobes (Figure 3b). Conversely, some 
changes were observed in the stages of the lesions. While most CB mice showed 
prostatic hyperplasia, none were detected in CBE mice. The percentage of mice 
with adenocarcinoma was increased from 25% in CP mice to 42% in CPE mice. No 
drastic differences in tumor stage were observed between Ezh2WT and Ezh2LSL mice 
with a CPB background (Figure 3a). Importantly, in none of the examined tissues of 
any of the genotypes in our study we found metastatic lesions. 
Together, transgenic overexpression of Ezh2 in the prostate cancer models based 
on Pten haploinsufficiency and/or Bmi1 overexpression did not drive transition to 
metastatic disease, nor were typical cellular and molecular characteristics of the 
neoplastic lesions altered. 

Discussion

Here, we present the generation of a transgenic mouse model in which WT Ezh2 
is overexpressed upon Cre-induction. The model was subsequently validated for 
transgene function in a prostate-specific setting. In addition to the Ezh2 gene, this 
model harbors the Luciferase reporter gene which allows bioluminescent intra vital 
imaging of the tissues that express this transgene. Conditional transgene activation 
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of the Ezh2LSL model by virtue of the LoxP-STOP-LoxP cassette was demonstrated 
in PbCre4;Ezh2LSL mice by the presence of a prostate-specific bioluminescent signal. 
Besides the strong signal emanating from the prostate and related tissues, there 
was also a faint signal from the pancreas and intestine. Although the original study 
describing the PbCre4 mouse strain did not report Cre expression in these tissues32, 
it is possible that pancreatic and intestinal cells transcribe Ezh2-IRES-Luciferase at 
low levels, either by sporadic activation of the ARR2PB promoter or by incidental 
read-through transcription34. Notably, in addition to the application of this Ezh2LSL 
allele in prostate-specific up-regulation of EZH2, our lab has recently also employed 
this transgene in a mouse model for lung cancer that is induced by intra-tracheal 
instillation of Adenoviral CMV-Cre particles35. 
In the current study, potential oncogenic effects of Ezh2 overexpression in the 
prostate were also explored; either alone or in combination with the PtenLoxP/+;Bmi1LSL 
model. First, we would like to stress that, due to the relatively small cohorts used in 
this exploratory experiment, no firm conclusions can be drawn about subtle effects 
on prostate tumorigenesis. Instead, we focused on more evident observations, such 
as the potential of Ezh2 overexpression in initiating prostate cancer on its own, and 
in driving metastatic progression when added to the PtenLoxP/+;Bmi1LSL model. 
We conclude from our analysis of the 18 months old PbCre4;Ezh2LSL mice that 
Ezh2 overexpression drives tumorigenesis of luminal prostate cells, albeit with 
a low incidence. In one of the cases the tumor had progressed to an invasive 
adenocarcinoma, but no metastases were found in other organs. Importantly, like in 
the Pten knockout prostate cancer model, the Ezh2 overexpressing adenocarcinoma 
did not display features of sarcomatoid differentiation which are often observed in 
aggressive prostate genetically engineered mouse models but are uncommon in 
human prostate cancers33. 
Strikingly, no hyperplastic or neoplastic lesions were found in CBE double transgenic 
mice. As these PcG proteins are subunits of different PcG complexes, these results 
may suggest that an imbalance between the complexes containing Bmi1 and EZH2 
stimulates transformation of prostate cells, although we acknowledge that to formally 
prove this point, larger cohorts and possibly a different genetic background are 
required.
The inclusion of the Ezh2 transgene to the CP and CPB models did not markedly 
change typical tumor characteristics. Nor did we see any metastasis arising due 
to Ezh2 overexpression. Potentially, combinations with other genetic lesions have 
a more pronounced effect on aggressive tumor progression. In this regard, recent 
reports have implicated EZH2 activity in EMT24-26 and hormone-refractory progression 
of prostate cancer36-38. It will therefore be of interest to assess the potential of Ezh2LSL 
in combination with mouse strains that model such processes. 
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In short, we here describe a novel mouse model for conditional Ezh2 overexpression 
with the added quality for intravital surveillance of tissues expressing this transgene. 
Validation of this model in the prostate epithelium revealed the oncogenic potential 
of WT Ezh2 overexpression in vivo. The model will be a useful asset for further 
unravelling the oncogenic functions of EZH2, with implications for the development 
of new therapeutic strategies against cancer. 

Materials and Methods

Generation of Ezh2-IRES-Luciferase conditional overexpression construct
In order to generate a conditional Ezh2 overexpression model, we made use of 
the pCEB11 plasmid which contains a LoxP-NeoR-STOP-LoxP cassette, a CAG 
promoter as well as ROSA26 locus homology domains29. To obtain an Ezh2-IRES-
Luciferase sequence construct, we introduced both the murine Ezh2 cDNA and 
IRES-Luciferase into the pCEB11 plasmid. At its 5’ end, the Ezh2 cDNA contained 
a MYC-tag sequence. IRES-Luciferase was derived from the pHrD-IRES-Luciferase 
plasmid30 which was kindly provided by the lab of ST Jacob. The resulting pCEB11-
Myc-Ezh2-IRES-Luciferase construct was electroporated into IB10 (129/Ola) ES 
cells. Neomycin was immediately added to the culture medium to allow outgrowth of 
resistant colonies.

Southern blotting
Neomycin-selected ES cell colonies were clonally expanded and checked for correct 
integration of the construct containing Myc-Ezh2-IRES-Luciferase into the ROSA26 
locus using Southern blotting. 8 µg of genomic DNA isolated from clones was 
digested with EcoRV, run on a 0.8% agarose/TAE gel and transferred overnight to 
a nitrocellulose membrane (Hybond N+, GE Healthcare). Nucleic acids were then 
fixed on the membrane by vacuum-baking for 2 h at 80oC. Next, the membrane 
was incubated in Hybmix (5x SSC, 0.1% SDS and 10x Denhardt’s solution) and 
boiled salmon sperm DNA at 65oC. Radioactive 5’ probe was made by incubating 
with [α-32P]-dCTP and Klenow DNA Polymerase I (New England Biolabs) for 1 h 
at 37oC before being purified over a G-50 column. The probe was hybridized to the 
membrane overnight at 65oC. The membrane was washed shortly with 0.2x SSC 
and for 30 min with 2x SSC at 65oC, after which it was developed overnight.

Luciferase reporter assay
Neomycin-selected ES cells with correctly integrated Ezh2LSL construct were infected 
with Cre recombinase-expression Adenovirus at multiplicity of infection 10 and 100 
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to induce expression of Ezh2 and Luciferase. Two days after infection, the cells 
were lysed with 1x Passive Lysis Buffer (Promega) for 15 min at room temperature, 
then cooled on ice and subjected to one freeze-thaw cycle. Luciferase activity was 
measured using the Dual STOP Glo kit (Promega).

Western blotting
Western blotting was performed as described by Koppens et al.31. The following 
primary antibodies were used: anti-MYC-tag (9E10 clone) and anti-α-Tubulin (Sigma-
Aldrich). 

Intravital bioluminescence imaging
All procedures involving mice were approved by the Institutional Animal Use 
Committee of the Netherlands Cancer Institute and conducted in compliance with 
the animal welfare regulations of the Netherlands. Mice received intraperitoneal 
injections with 15 mg/mL D-luciferin (Promega) in PBS, at 0.15 g/kg body weight. 
They were anaesthetized 12 min after injection by isoflurane inhalation, and were 
imaged with the IVIS®-200 imaging system 14 min after injection. Images were 
acquired using the “Living Image” program.

Immunohistochemistry
Sections were rehydrated and antigen retrieval step was performed by either boiling 
in 10 mM sodium citrate (NaCi) for 16 min or in Tris/EDTA (pH 9.0) for 30 min. In 
case of EZH2 and BMI1, slides were then submerged in 0.25% of Triton-X100 (TX, 
Sigma-Aldrich) in PBS for 2 and 5 min, respectively. Next, slides were treated with 
3% H2O2 for 30 min, blocked with 5% normal goat serum or bovine serum albumin, 
and incubated with antibody solution. The following antibodies were used: anti-EZH2 
(BD Biosciences, NaCi and TX); anti-BMI1 (HPLC-processed F6-clone antibody, 
NaCi and TX); anti-p-AKT (Ser-473, Cell Signaling, NaCi); anti-Ki67 (Monosan, 
Tris/EDTA); anti-Synaptophysin (Abcam, Tris/EDTA); anti-CK8 (Troma-I, DSHB 
University of Iowa, NaCi); anti-CK14 (AF-64, Abcam, Tris/EDTA).

Acknowledgements

We thank Rahmen Bin Ali for implanting the transgenic blastocysts, the animal 
laboratory facility for maintenance of the mouse colony and the mouse pathology 
facility for producing immunohistochemical samples. We are grateful to ST Jacob 
for providing the pHrD-IRES-Luc plasmid. This work was supported by the Dutch 
Cancer Society (KWF). 



133

5

A new transgenic mouse model for conditional overexpression of the Polycomb Group protein EZH2

References
1. Barsotti AM, Ryskin M, Zhong W, Zhang WG, Giannakou A, Loreth C, et al. Epigenetic 

reprogramming by tumor-derived EZH2 gain-of-function mutations promotes aggressive 3D cell 
morphologies and enhances melanoma tumor growth. Oncotarget. 2015;6(5):2928-38.

2. Hodis E, Watson IR, Kryukov GV, Arold ST, Imielinski M, Theurillat JP, et al. A landscape of driver 
mutations in melanoma. Cell. 2012;150(2):251-63.

3. Morin RD, Johnson NA, Severson TM, Mungall AJ, An J, Goya R, et al. Somatic mutations altering 
EZH2 (Tyr641) in follicular and diffuse large B-cell lymphomas of germinal-center origin. Nat Genet. 
2010;42(2):181-5.

4. Sneeringer CJ, Scott MP, Kuntz KW, Knutson SK, Pollock RM, Richon VM, et al. Coordinated 
activities of wild-type plus mutant EZH2 drive tumor-associated hypertrimethylation of lysine 27 on 
histone H3 (H3K27) in human B-cell lymphomas. Proc Natl Acad Sci U S A. 2010;107(49):20980-5.

5. Yap DB, Chu J, Berg T, Schapira M, Cheng SW, Moradian A, et al. Somatic mutations at EZH2 
Y641 act dominantly through a mechanism of selectively altered PRC2 catalytic activity, to increase 
H3K27 trimethylation. Blood. 2011;117(8):2451-9.

6. Beguelin W, Popovic R, Teater M, Jiang Y, Bunting KL, Rosen M, et al. EZH2 is required for 
germinal center formation and somatic EZH2 mutations promote lymphoid transformation. Cancer 
Cell. 2013;23(5):677-92.

7. Berg T, Thoene S, Yap D, Wee T, Schoeler N, Rosten P, et al. A transgenic mouse model demonstrating 
the oncogenic role of mutations in the polycomb-group gene EZH2 in lymphomagenesis. Blood. 
2014;123(25):3914-24.

8. Perry AS, Watson RW, Lawler M, Hollywood D. The epigenome as a therapeutic target in prostate 
cancer. Nat Rev Urol. 2010;7(12):668-80.

9. Schulz WA, Hatina J. Epigenetics of prostate cancer: beyond DNA methylation. J Cell Mol Med. 
2006;10(1):100-25.

10. Yegnasubramanian S, Kowalski J, Gonzalgo ML, Zahurak M, Piantadosi S, Walsh PC, et al. 
Hypermethylation of CpG islands in primary and metastatic human prostate cancer. Cancer Res. 
2004;64(6):1975-86.

11. Abbas A, Gupta S. The role of histone deacetylases in prostate cancer. Epigenetics. 2008;3(6):300-
9.

12. Butler LM, Agus DB, Scher HI, Higgins B, Rose A, Cordon-Cardo C, et al. Suberoylanilide 
hydroxamic acid, an inhibitor of histone deacetylase, suppresses the growth of prostate cancer 
cells in vitro and in vivo. Cancer Res. 2000;60(18):5165-70.

13. Metzger E, Wissmann M, Yin N, Muller JM, Schneider R, Peters AH, et al. LSD1 demethylates 
repressive histone marks to promote androgen-receptor-dependent transcription. Nature. 
2005;437(7057):436-9.

14. Wissmann M, Yin N, Muller JM, Greschik H, Fodor BD, Jenuwein T, et al. Cooperative demethylation 
by JMJD2C and LSD1 promotes androgen receptor-dependent gene expression. Nat Cell Biol. 
2007;9(3):347-53.

15. Chen MF, Chen WC, Chang YJ, Wu CF, Wu CT. Role of DNA methyltransferase 1 in hormone-
resistant prostate cancer. J Mol Med (Berl). 2010;88(9):953-62.

16. Berezovska OP, Glinskii AB, Yang Z, Li XM, Hoffman RM, Glinsky GV. Essential role for activation 
of the Polycomb group (PcG) protein chromatin silencing pathway in metastatic prostate cancer. 
Cell Cycle. 2006;5(16):1886-901.

17. Glinsky GV, Berezovska O, Glinskii AB. Microarray analysis identifies a death-from-cancer signature 
predicting therapy failure in patients with multiple types of cancer. J Clin Invest. 2005;115(6):1503-
21.

18. Ammirante M, Kuraishy AI, Shalapour S, Strasner A, Ramirez-Sanchez C, Zhang W, et al. An 
IKKalpha-E2F1-BMI1 cascade activated by infiltrating B cells controls prostate regeneration and 
tumor recurrence. Genes Dev. 2013;27(13):1435-40.

19. Siddique HR, Parray A, Tarapore RS, Wang L, Mukhtar H, Karnes RJ, et al. BMI1 polycomb group 
protein acts as a master switch for growth and death of tumor cells: regulates TCF4-transcriptional 
factor-induced BCL2 signaling. PLoS One. 2013;8(5):e60664.

20. Nacerddine K, Beaudry JB, Ginjala V, Westerman B, Mattiroli F, Song JY, et al. Akt-mediated 



134

5

Chapter 5

phosphorylation of Bmi1 modulates its oncogenic potential, E3 ligase activity, and DNA damage 
repair activity in mouse prostate cancer. J Clin Invest. 2012;122(5):1920-32.

21. Varambally S, Dhanasekaran SM, Zhou M, Barrette TR, Kumar-Sinha C, Sanda MG, et al. 
The polycomb group protein EZH2 is involved in progression of prostate cancer. Nature. 
2002;419(6907):624-9.

22. Bracken AP, Pasini D, Capra M, Prosperini E, Colli E, Helin K. EZH2 is downstream of the pRB-E2F 
pathway, essential for proliferation and amplified in cancer. EMBO J. 2003;22(20):5323-35.

23. Yang YA, Yu J. EZH2, an epigenetic driver of prostate cancer. Protein Cell. 2013;4(5):331-41.
24. Chen H, Tu SW, Hsieh JT. Down-regulation of human DAB2IP gene expression mediated by polycomb 

Ezh2 complex and histone deacetylase in prostate cancer. J Biol Chem. 2005;280(23):22437-44.
25. Min J, Zaslavsky A, Fedele G, McLaughlin SK, Reczek EE, De Raedt T, et al. An oncogene-tumor 

suppressor cascade drives metastatic prostate cancer by coordinately activating Ras and nuclear 
factor-kappaB. Nat Med. 2010;16(3):286-94.

26. Cao Q, Yu J, Dhanasekaran SM, Kim JH, Mani RS, Tomlins SA, et al. Repression of E-cadherin by 
the polycomb group protein EZH2 in cancer. Oncogene. 2008;27(58):7274-84.

27. Herrera-Merchan A, Arranz L, Ligos JM, de Molina A, Dominguez O, Gonzalez S. Ectopic expression 
of the histone methyltransferase Ezh2 in haematopoietic stem cells causes myeloproliferative 
disease. Nat Commun. 2012;3:623.

28. Zhang H, Qi J, Reyes JM, Li L, Rao PK, Li F, et al. Oncogenic deregulation of EZH2 as an opportunity 
for targeted therapy in lung cancer. Cancer Discov. 2016.

29. Westerman BA, Blom M, Tanger E, van der Valk M, Song JY, van Santen M, et al. GFAP-Cre-
mediated transgenic activation of Bmi1 results in pituitary tumors. PLoS One. 2012;7(5):e35943.

30. Ghoshal K, Majumder S, Datta J, Motiwala T, Bai S, Sharma SM, et al. Role of human ribosomal 
RNA (rRNA) promoter methylation and of methyl-CpG-binding protein MBD2 in the suppression of 
rRNA gene expression. J Biol Chem. 2004;279(8):6783-93.

31. Koppens MA, Bounova G, Gargiulo G, Tanger E, Janssen H, Cornelissen-Steijger P, et al. 
Deletion of Polycomb Repressive Complex 2 From Mouse Intestine Causes Loss of Stem Cells. 
Gastroenterology. 2016.

32. Wu X, Wu J, Huang J, Powell WC, Zhang J, Matusik RJ, et al. Generation of a prostate epithelial 
cell-specific Cre transgenic mouse model for tissue-specific gene ablation. Mech Dev. 2001;101(1-
2):61-9.

33. Ittmann M, Huang J, Radaelli E, Martin P, Signoretti S, Sullivan R, et al. Animal models of human 
prostate cancer: the consensus report of the New York meeting of the Mouse Models of Human 
Cancers Consortium Prostate Pathology Committee. Cancer Res. 2013;73(9):2718-36.

34. Liao CP, Zhong C, Saribekyan G, Bading J, Park R, Conti PS, et al. Mouse models of prostate 
adenocarcinoma with the capacity to monitor spontaneous carcinogenesis by bioluminescence or 
fluorescence. Cancer Res. 2007;67(15):7525-33.

35. Serresi M, Gargiulo G, Proost N, Siteur B, Cesaroni M, Koppens M, et al. Polycomb Repressive 
Complex 2 Is a Barrier to KRAS-Driven Inflammation and Epithelial-Mesenchymal Transition in 
Non-Small-Cell Lung Cancer. Cancer Cell. 2016;29(1):17-31.

36. Chng KR, Chang CW, Tan SK, Yang C, Hong SZ, Sng NY, et al. A transcriptional repressor co-
regulatory network governing androgen response in prostate cancers. EMBO J. 2012;31(12):2810-
23.

37. Xu K, Wu ZJ, Groner AC, He HH, Cai C, Lis RT, et al. EZH2 oncogenic activity in castration-
resistant prostate cancer cells is Polycomb-independent. Science. 2012;338(6113):1465-9.

38. Zhao JC, Yu J, Runkle C, Wu L, Hu M, Wu D, et al. Cooperation between Polycomb and androgen 
receptor during oncogenic transformation. Genome Res. 2012;22(2):322-31.



135

5

A new transgenic mouse model for conditional overexpression of the Polycomb Group protein EZH2

Supplementary Tables and Figures

Supplementary Table S1. Histologically analyzed tissues 

Primary sites
Potential metastasis sites
Lymph nodes Bone Other

Prostate and bladder
Seminal vesicles
Testes

Lumbar and caudal
Renal

Sternum
Femurs

Lung and heart
Liver
Head
Spleen and pancreas
Kidneys

Cre

110
80

60

50

– +
Ezh2LSL-ESC

60

EZH2

Tubulin
anti-Tubulin

anti-EZH2

Supplementary Figure S1. EZH2 levels in Ezh2LSL ES cells with and without Cre recombination. 
Western blot showing that infected Ezh2LSL ES cells do not strongly overexpress EZH2 after Cre 
recombination
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Supplementary Figure S2. Bioluminescence images of compounded Ezh2LSL mice taken over time.
All male mice with both PbCre4 and Ezh2LSL alleles were imaged every four weeks from 8 weeks of age 
until death, at 18 months of age. Five images of representative mice, distributed over this course of time, 
are depicted here. The bioluminescent signal was in most cases restricted to the lower abdominal and groin 
area. The color bar is ranged between 1*105 and 1*106. CBE: PbCre4;Bmi1LSL, CPE: PbCre4;PtenLoxP/+, 
CPBE: PbCre4;PtenLoxP/+;Bmi1LSL
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Supplementary Figure S3. Immunohistological characterization of prostates and associated 
lesions from all eight genotypes. Staining with antibodies specific for EZH2, BMI1 and phosphorylated 
AKT confirmed the mice’s genotypes and successful prostatic Cre recombination. Ki67 protein was 
stained as a measure for cell proliferation. Staining with antibodies against Synaptophysin (SYN), 
cytokeratin 8 (CK8) and cytokeratin 14 (CK14) were done to determine whether lesions were luminal or 
neuroendocrine. Scale bar: 100µm, same magnification applies to all images in this figure 
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General Discussion

Polycomb Group (PcG) proteins have since their discovery typically been regarded 
as epigenetic repressors that restrict cellular differentiation and promote cell 
proliferation. These functions have originally been described in processes like 
ontogeny and oncogenesis, and have since also been identified in a number of 
adult tissues. This somewhat simple view of PcG proteins has in recent years been 
replaced by a more complex understanding, thanks to progress at the molecular and 
the phenotypical level of their mechanism of action. The increased use of genome-
wide chromatin mapping, transcriptional profiling and conditional mouse models 
have particularly contributed to this, and have yielded large amounts of information 
on the molecular processes regulated by PcG proteins in various tissues. This thesis 
further elaborates our knowledge about PcG proteins in normal tissue homeostasis 
and cancer, focusing primarily on the intestine.

Polycomb Group deficiency in adult tissue homeostasis 
and repair

Comparison of PRC2-deficiency and PRC1-deficiency in the small intestine
In the past years, our knowledge of how intestinal stem cells (ISCs) constitute the 
small intestinal epithelium has greatly advanced, in part due to the discovery of 
stem cell-specific protein markers and the unravelling of signaling pathways that 
are crucial to its homeostasis. It has arguably become the best-studied solid tissue 
in stem cell research and remains the principle material for the development of new 
techniques in the organoid culture system. It is therefore unsurprising that multiple 
research groups have recently started to unravel the role of PcG-mediated gene 
regulation in intestinal homeostasis. Important contributions to this have been made 
by the group of D Pasini, who in a recent publication on PRC2 function1 confirmed 
several aspects of intestinal PRC2 deficiency that we presented in Chapter 3, but 
also focused on PRC1 by analyzing the intestinal phenotype of a Ring1a/Ring1b 
double knockout (KO) mouse model2. 
In their work on intestinal PRC2 function, they made use of the same conditional 
Eed KO mouse model (AhCre;EedLoxP/LoxP)1. Not surprisingly, these mice displayed 
a comparable reduction in crypt cell proliferation as well as very similar aberrancies 
in differentiation of specifically the secretory cell types. Furthermore, they showed 
that these two aspects of the phenotype were uncoupled and that concomitant 
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inactivation of the PcG target locus Cdkn2a rescued the proliferation phenotype 
only. Importantly, however, they concluded that the ISC population was not affected 
after 30 days of Eed KO. This stands in stark contrast with our results that indicate 
a near complete loss of the ISC population in Eed KO mice. The discrepancy may 
be caused by: i. a difference in intestinal regions that were analyzed: the jejunum 
and ileum appear more severely affected than the duodenum1, ii. the progressive 
phenotype of Eed KO intestines: our analysis was done much longer after KO 
induction than the analysis by Chiacchiera et al. (42 versus 30 days), iii. a higher 
amount of stress to which the intestinal epithelium of our mouse cohort was subjected 
(further addressed below), and/or iv. the different methodologies used to visualize 
ISCs: we used more direct methods like detection of endogenous Lgr5 expression 
and cellular morphology analysis by electron microscopy, whereas their approach 
consisted of the more indirect lineage tracing using AhCre;EedLoxP/LoxP;R26-LacZLSL 
mice and Lgr5-knockin reporter systems. 
The intestinal Ring1a/Ring1b KO phenotype2 shares many features with that of 
intestine-specific Eed KO mice, indicating that PRC1 and PRC2 have overlapping 
functions in this tissue. The degenerating crypts of both models are morphologically 
indistinguishable, and display reduced cellular proliferation but lack enhanced 
apoptosis. Moreover, the LGR5-positive ISCs are lost in both models – albeit at 
different rates – which is likely a cell-intrinsic effect, since ISC-enriched organoid 
cultures cannot be maintained upon inactivation of either PRC1 or PRC2. The ISC 
failure in Ring1a/Ring1b KO mice was attributed to derepression of Zic genes which 
encode for transcription factors that antagonize WNT signaling. Similarly, Zic genes 
were also strongly activated in Eed KO crypts, suggesting that both PRC complexes 
are required for PcG-mediated control of ISC maintenance through stimulation of 
WNT signaling. Notably, four out of the five Zic genes (Zic1, Zic2, Zic4 and Zic5) 
are targeted by both PRC1 and PRC2, illustrating the highly overlapping repressive 
function of these PcG complexes. The exception of Zic3 in being a PcG target might 
underlie some of the divergent functions between the ZIC paralogs3.
There are also a number of phenotypic differences between both mouse models. 
First, destabilization of the intestinal epithelium happens faster in Ring1a/Ring1b 
KO mice, initiating between 6-9d, while it takes several weeks for Eed KO mice to 
obtain intestinal epithelium that appears affected to a similar extent. This could be a 
consequence of the faster disappearance of ubiquitinated histone H2A at lysine 119 
(H2AK119Ub) than trimethylated histone H3 at lysine 27 (H3K27me3) in intestines 
with corresponding PRC-deficiencies, which is likely due to the cell cycle-dependent 
active removal of H2AK119Ub4,5. Importantly, H3K27me3 levels in Ring1a/Ring1b 
KO crypts are not grossly changed, which supports the hierarchical model in which 
proper PcG-mediated gene repression requires the establishment of a H2AK119Ub 
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domain at H3K27me3-enriched chromatin. Interestingly, the inverse also seems to 
hold up, as H2AK119Ub levels were not decreased in Eed KO intestinal epithelium, 
although this was measured at after 30 days of Eed KO, when the ISC pool was 
not yet lost1. Further, Chiacchiera et al. reported the presence of differentiation 
defects in Ring1a/Ring1b KO crypts, namely accumulation of mucopolysaccharides, 
and a decrease in villous alkaline phosphatase indicative of impaired enterocyte 
differentiation2. The former feature is reminiscent of ectopic goblet cell differentiation 
in Eed KO crypts, whereas the latter feature is not observed in Eed KO villi. Possibly, 
differentiation towards the absorptive cell lineage is regulated specifically by PRC1.
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Figure 1. Deficiency of either PRC1 or PRC2 causes varying degrees of derepression of different 
PcG target genes. (A) In the wild type intestine at homeostasis, many PcG target genes, including 
Cdkn2a and Zic genes, are stably repressed by both PRC1 and PRC2. (B) PRC1 deficiency leads to 
a rapid activation of Cdkn2a, Zic genes, and other PRC1 target genes, which together impair tissue 
maintenance. (C) PRC2 deficiency causes derepression of Cdkn2a while Zic genes remain repressed by 
a still functional PRC1. Consequently, the homeostatic equilibrium is maintained, but fragile and cells are 
prone to cell cycle arrest. Prolonged PRC2 deficiency leads to activation of PcG target genes, possibly 
as a result of H2AK119 deubiquitination, leading to impaired tissue maintenance. (D) In injured PRC2-
deficient intestine, signals that promote epithelial repair cause activation of derepressed genes which are 
otherwise protected from activation through PRC2-mediated repression.
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Strikingly, the impaired proliferation of PRC1-deficient mice and organoids persisted 
in a Cdkn2a KO background, which contrasts with our finding that p19Arf knockdown 
rescues the growth deficiency of Eed KO organoids. This may be explained by the 
relatively fast onset of the Ring1a/Ring1b KO phenotype and concomitant strong 
up-regulation of Zic genes at six days after KO induction (Figure 1B). We observed 
no such up-regulation of Zic genes in transcriptional profiles of Eed KO crypts seven 
days after KO induction (not shown in this thesis), whereas Cdkn2a was up-regulated 
at this time point (Figure 1C). The Cdkn2a locus may thus represent a special case 
of PcG-mediated gene repression by requiring continuous maintenance of both 
H3K27me3 and H2AK119Ub chromatin marks in order to remain repressed, whereas 
other PcG target genes like Zic genes may respond slowly to H3K27me3 depletion 
but faster to H2AK119Ub depletion (Figure 1B and 1C). The delayed derepression 
of the Zic genes that may extend past 30 days in Eed KO mice could explain the 
differences in ISC failure between our work and that of Chiacchiera and colleagues1. 
It is important to note that although a large number of genes are targeted by both 
PRCs, there are also genes that seem to be under control of only one of the two 
complexes (Chapter 3). The importance of this complex-specific repression for 
maintaining intestinal cells is currently unknown. Gene ontology analysis of genes 
uniquely targeted by either one of the PRCs, and transcription profiling of these 
genes in PRC1-deficient intestines and PRC2-deficient intestines will be important 
first steps in elucidating this. In light of these phenotypic differences between the 
Ring1a/Ring1b KO and Eed KO intestines, it is conceivable that combination of these 
knockouts yields a strongly aggravated intestinal phenotype, as has previously been 
observed in ES cells6.

PRC2 stabilizes adult stem cell identity and ensures appropriate lineage 
specification
We have here established that proper PcG function is essential for maintenance 
of the small intestinal epithelium by its suppression of signals that can antagonize 
the viability of ISCs. While there is no doubt that PcG-mediated repression of the 
Cdkn2a locus greatly contributes to PcG’s necessity, there are many other PcG 
target genes with various important roles in tissue maintenance. In the hair follicle 
for instance, PRC2 complexes prevent inappropriate expression of the wrong set of 
genes by targeting lineage specification genes in stem cells, and stem cell genes in 
committing cells7,8. Decisions to specify towards certain epidermal cell lineages also 
involve PcG-mediated gene repression9. Similar mechanisms of regulating tissue 
homeostasis were found in muscle10-13, mammary14,15 and in hematopoiesis16-18. It 
is important to note, however, that many aspects of homeostasis remain intact in 
PRC2-deficient tissues at least for some period of time, only leading to failure after 
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a while or upon injury (Figure 1C and 1D). For example, Eed KO bone marrow in 
young mice was still capable of sustaining its hematopoietic stem cells, but as mice 
aged, the stem cells were progressively lost17. The intestine-specific Eed KO mice 
in our study exhibited a similar development by the slow and gradual onset of the 
phenotype that only became apparent at four weeks after induction and progressed 
into the severe phenotype at 6 weeks after induction (Chapter 3). 
Aside from contributing to the establishment and maintenance of various cell types 
within a tissue, PRC2 proteins also prevent ectopic expression of genes that are 
expressed by other tissues8,12,13,19. Likewise, PRC1 maintains the repression of 
non-intestinal genes in the small intestine2. PRC2 would appear to function in a 
way similar to PRC1: gastric differentiation genes such as Muc1, Fabp2, Ghrl and 
Barx1 are up-regulated in Eed KO intestines (Chapter 3). In line with this, a study 
by Jadhav et al. revealed that most H3K27me3-decorated genes remain lowly 
expressed during specification of intestinal crypt progenitor cells to the absorptive 
or secretory lineage20. It was concluded that in ISCs, PRC2 does not inflict a poised 
state at genes that are activated during differentiation and that PRC2 therefore does 
not control intestinal differentiation. Contrarily, we identified aberrant accumulation of 
cells appearing as goblet cells and enteroendocrine cells in Eed KO intestinal crypts, 
and it was shown by Chiacchiera et al. that master transcription factors of Notch-
induced goblet cell differentiation are under control of PRC2-mediated repression1. 
Aside from these findings, Jadhav and colleagues showed that those genes that are 
aberrantly activated in Eed KO intestinal cells are normally bivalently marked with 
both H3K27me3 and H3K4me320. Conversely, genes that are not activated upon 
PRC2 loss are marked with H3K27me3 only, and they appear to be similarly marked 
in blood and skin: H3K27me3-rich, but lacking H3K4me3. The question remains why 
the intestine harbors both bivalent and H3K27me3-only genes, but expresses neither 
group in ISCs, nor in differentiated cells. Possibly, the bivalent genes include genes 
that are activated during non-homeostatic responses to hormonal signals or tissue 
injury. Alternatively, they could include genes that are expressed in developmentally 
related organs such as the pancreas or the stomach (hence the observed activation 
of gastric differentiation genes in PRC2-deficient intestines), or they comprise genes 
that were active during organogenesis only. 
If we implement PcG function into Waddington’s epigenetic landscape, then PcG 
proteins would ensure the steepness of the hills. Without them, a shallow delta may 
form that enables the marbles to roll in any way with little force. PcG-deficient cells 
are therefore more prone to lose their normal cell fate. Still, a force may always be 
needed – like an activated transcription factor or the presence of H3K4me3 – as 
loss of the PcG chromatin marks is not sufficient to activate a gene. The degree to 
which adult tissues are affected by PcG deficiency may be dependent on how much 
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they are exposed to external stimuli and how large the number of possible cell fates 
is, i.e. how dynamic the chromatin is required to be. In this regard, the intestine 
may be particularly susceptible to astray cell fates upon PcG deficiency. Insults from 
the external milieu regularly trigger the activation or inhibition of various signaling 
pathways in the microenvironment that will lead to a response in some cell types but 
not others in order to elicit an appropriate reaction. Obviously, specialized cell types 
like goblet cells and Paneth cells respond differently to microbial changes. In PcG-
deficient intestinal epithelium, the wrong cells may overreact to incidental external 
stimuli or others may not respond at all, thereby destabilizing the tissue. This may 
especially apply to progenitor cells, as they are in a transitional state, and possibly 
also to ISCs, which may still be capable of maintaining their stemness in absence of 
PcG, but lose this competence in a challenged situation. 
As we mentioned above, the discrepancy in ISC phenotype between our work and 
that of Chiacchiera et al. could be based on a difference in stress experienced by 
the stem cells, potentially by the more intense βNF treatment regimen adhered to 
in our experiments. Stressful consequences pertaining to this regimen could be 
the continued intraperitoneal presence of corn oil, the repeated activation of βNF-
responsive genes, and the repeated induction of Cre recombinase activity. The latter 
was reported to elicit a DNA damage response in mammalian cells21,22. Indeed, the 
p53 pathway seems to be activated in Eed KO intestines, as they have increased 
levels of p21 and are proliferation-impaired. Moreover, the rescue of Eed KO-induced 
proliferation deficiency in organoids by p19ARF depletion could also be achieved with 
depletion of either p21 or p53 instead (not shown in this thesis), which demonstrates 
the contribution of the p19ARF-p53-p21 axis to the Eed KO phenotype. Yet, without 
rescue the proliferation failure ensued much shorter after Eed ablation in organoids 
than in Eed KO intestine. This difference may be due to the ever-expanding nature of 
the organoid system that represents more of a wound-healing process which could 
render it more susceptible to Cdkn2a activation. In agreement with this, Eed KO 
mice failed to regenerate the intestinal epithelium after radiation-induced damage1. 
In conclusion, PRC2-deficient cells that are involved in adult tissue homeostasis 
will largely remain capable of performing their normal functions, but they will be 
more prone to respond aberrantly to cues that should normally be ignored. In case 
of PRC2-deficient crypts of the small intestine, such responses result in loss of 
stemness and aberrant differentiation. 

Polycomb Group paralog redundancy in adult intestinal homeostasis
Above, we discussed how PRC2 deficiency affects the maintenance of the intestinal 
epithelium. Inactivation of this complex was achieved by removing its essential 
subunit EED, but not by removal of EZH2. The absence of any evident phenotype in 
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Ezh2 KO intestines is in agreement with the lack of a phenotype in mice with Ezh2 
knockdown induced from adult age14. Furthermore, it indicates that the paralog EZH1 
compensates adequately, even though Ezh2 KO was accompanied with a significant 
reduction in H3K27me3 levels, relating to the lower enzymatic activity of EZH123. 
Accordingly, there were significantly fewer genes whose expression was changed in 
Ezh2 KO crypts than in Eed KO crypts (Chapter 3). The strongly reduced H3K27me3 
levels in Ezh2 KO intestines would suggest that PRC2’s repressive ability does not 
entirely rely on its methyltransferase activity and that the EZH paralogs are equally 
capable of enabling this ability. Yet crucially, we must here acknowledge the difference 
between a strong reduction and a complete abrogation of H3K27me3 levels. We 
analyzed the effects of PRC2 deficiency using an inducible system, meaning that 
PcG chromatin domains were already established at the onset of Ezh2 ablation. 
Even though H3K27me3 marks are slowly diluted from these domains as a result 
of cell division, the presence of EZH1-PRC2 appears to be sufficient to maintain a 
repressed state, aided by a fully functional PRC1. Although occupancy of canonical 
PRC1 – containing a H3K27me3-binding CBX subunit – at PcG target genes may be 
decreased in Ezh2 KO intestines, appropriate H2AK119Ub levels may be sustained 
by the non-canonical RYBP-containing PRC1.  In Eed KO intestines, however, 
the H3K27me3 level may at some point become too low to maintain PcG target 
domains, leading to derepression of nearby genes. Intestinal Ezh1 KO mice have 
not been generated yet, leaving the question unanswered whether such mice have 
a phenotype. This is unlikely to be the case, however, because the compensating 
EZH2 has a higher enzymatic activity than EZH1. 
The redundancy between the paralogous catalytic subunits of PRC2 is also observed 
between subunits of PRC1. An intestinal phenotype in Ring1a KO mice was not 
reported24, and analysis of the intestine-specific Ring1b KO model has not been 
published to date. Only complete abrogation of PRC1 function by the combined 
Ring1a/Ring1b KO appears to result in a phenotype2. The catalytic activity of PRC1 
is constituted by a heterodimer of a RING1 and a PCGF subunit25,26, with BMI1 
and MEL18 being the principal PCGF paralogs. Although Bmi1 KO mice display 
several defects, they are without apparent intestinal phenotype27. Since MEL18 
is the only other PCGF protein that can be part of the canonical CBX-containing 
PRC128, a combined KO may result in an intestinal phenotype similar to that of 
Ring1a/Ring1b KO mice. Further, with the growing realization that CBX-less but 
RYBP-containing PRC1 – the non-canonical PRC1 that is not directly guided by 
H3K27me3 – establishes PRC1 target loci in a different but nonetheless significant 
way in embryonic stem (ES) cells29-31, it will be of interest to assess potential deviating 
functions of PRC1 variants in adult tissues such as the intestine. The interactions 
between canonical and non-canonical PRCs have been characterized largely in ES 
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cells, and it is unknown to what extent these interactions are functionally important 
in adult tissues. In this sense, the large but incomplete overlap between the PRC1 
KO and PRC2 KO phenotypes in the adult gut motivates assessment of double 
gene KO variations that affect both complexes. For example, mouse models with KO 
combinations targeting Rybp and either Eed or Ezh2 will provide insight into whether 
PRC1-targeted chromatin domains are adequately maintained in complete or partial 
abrogation of PRC2. And if so, whether the non-canonical PRC1 is important for this 
maintenance. 

EZH2 inhibition in colorectal cancer

The oncogenic capacity of EZH2 has been studied in a variety of tissues. The wealth 
of data emerging from these studies has sparked the development of several highly 
specific EZH2 inhibitors, most of which (GSK126 included) compete with the co-
factor S-adenosyl-L-methionine in occupying part of the enzymatic SET domain. The 
testing of EZH2 inhibitors in preclinical models and clinical trials has been restricted 
mainly to cancers with activating EZH2 mutations like non-Hodgkin lymphoma, and 
cancers with inactivating mutations in subunits of the PcG-antagonizing SWI/SNF 
complex (reviewed by Kim and Roberts32). Less is known about how useful these 
EZH2 inhibitors are as drugs against other cancers, for instance those with increased 
EZH2 levels. In Chapter 4, we demonstrated that a subset of 20 tested human 
colorectal cancer (CRC) organoids was strongly affected by inhibition of EZH2, which 
would suggest that a significant fraction of CRC patients will benefit from treatment 
with EZH2 inhibitors. More specifically, the data from our viability assays revealed 
that 4 out of 20 organoid lines (20%) were distinctive by being severely growth 
arrested by treatment with GSK126. We identified various genes whose expression 
or mutation associated with sensitivity to GSK126, but the functional significances 
of these associations remain to be clarified. We also identified a correlation between 
response to the MDM2 inhibitor Nutlin-3a and response to GSK126. We validated 
this link between EZH2 inhibition and p53 signaling, the results of which indicate that 
GSK126 treatment is only effective in CRC cells with wild type (WT) p53 at levels 
sufficient to activate p53 signaling. Here, we review the use of organoids versus cell 
lines for analyzing the effects of EZH2 inhibition, and how organoids are affected by 
EZH2 inhibition over time. In addition, we further discuss the potential significance of 
the features associating with the degree of sensitivity to EZH2 inhibition. 

Colorectal cancer cells growing as organoids or as adherent cell lines
Drug screens performed on conventional cancer cell lines that included EZH2 
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inhibitors did not mark these inhibitors as very effective agents against cancer 
cell proliferation. This contrasts with our own findings from the GSK126-treated 
organoids, which likely relates to: i. the morphological and transcriptional transition 
that primary cells need to undergo to adapt to culture medium and a two-dimensional 
surface, and ii. the usually long history of in vitro culture of such cell lines, whereby 
the identity of the original tissue is partially lost. Cancer cells are thought to require 
only a minor transition to grow as organoids, hence the relatively high rate of 
successful cultures33,34. We have attempted to determine whether culturing organoids 
adherently on a two-dimensional surface would cause a transition towards a “cell-
line” state, thus rendering them less responsive to EZH2 inhibition. All of the five 
different organoid lines that we tested on laminin-coated plates initially proliferated, 
although only two lines were capable of prolonged culture. Conceivably, the dropout 
rate during this transition reflects the lower success rate in culturing cell lines 
directly from CRC tumors. In this regard, organoid cultures would be preferred over 
cell lines, as they have a higher success rate, which is possibly due to the higher 
morphological resemblance to the original tumor. This resemblance may therefore 
also enable a better prediction of patient response based on organoid experiments, 
although it still needs to be tested how well patient response correlates with organoid 
response to the same drug.  
Intriguingly, the two organoid lines that grew best on laminin-coated plates were 
among the most GSK126-sensitive lines and remained sensitive in the adherent 
state. Hence, the transition to a “conventional cell line” state had not led to acquired 
resistance to EZH2 inhibition, but it must be noted that a proper transition, which 
may involve resistance acquisition, requires a prolonged adherent culturing time. 
Alternatively, it is possible that our two-step manner of creating adherent cell lines – 
i.e. tumor-to-organoid-to-adherent cell line – imposes a transition that is less profound 
than the direct tumor-to-adherent cell line transition. We further observed that one 
of the two organoid lines, P19TA, was a fast grower on laminin-coated plates and 
adhered well, whereas its organoid counterpart was one of the slowest growers of 
the panel. This aspect, that sets P19TA apart from the other four organoid lines, 
might relate to tumor properties unique to P19TA. Indeed, the morphology of the 
P19TA tumor indicates a loss of epithelial characteristics, as it lacked overt epithelial 
structures and exhibited stromal infiltration34. Perhaps the loss of epithelial identity 
could have caused this organoid line to prefer a laminin-coated surface rather than 
the three-dimensional Matrigel matrix. Furthermore, P19TA is derived from a MLH1-
low, BRAFV600E tumor, characteristics of a serrated, non-classical CRC. It would be 
interesting to investigate whether the easy transition to adherent culture would apply 
more generally to tumors of this non-classical type. 
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Differential response dynamics between organoid lines over time
From our viability assays, we can conclude that a high sensitivity to EZH2 inhibition 
is either inherent or accrues over time. Some organoid lines displayed a strong 
growth inhibitory response already at an early stage. Others were little affected 
by the inhibitor initially, but developed a stronger response after multiple weeks of 
treatment, as shown by a decrease in IC50 value after the second passage. These 
results are reminiscent of a previously published study wherein lymphoma cells with 
an activating EZH2 mutation were reported to exhibit different stages of response 
to EZH2 inhibition35. A cell cycle arrest in the G1 phase took place shortly after the 
treatment was started, whereas an increase in apoptosis was seen only after 13 
days. The cell cycle arrest is possibly a consequence of up-regulated cell cycle 
regulators such as p16INK4A (encoded by CDKN2A) and RB, while the later occurring 
increase in apoptosis could be due to activation of derepressed pro-apoptotic genes. 
The sequential activation of cell cycle arrest and apoptosis may reflect different rates 
of H3K27me3 removal at PcG target genes, leading to delayed derepression of a 
subset of PcG target genes that possibly include pro-apoptotic genes. Organoids 
mutated in or unresponsive to derepressed cell cycle regulators may therefore rather 
go into apoptosis after prolonged EZH2 inhibition. Cell cycle profiling of organoids at 
the early and late response stages will reveal which organoids respond to GSK126 
by going into either cell cycle arrest or apoptosis, respectively. Of course, whether 
organoids are susceptible to signals that trigger cell cycle arrest or apoptosis at 
all depends on which pathways have been shut down by the parental tumor in the 
course of its development. Integrating the cell cycle profiles of treated organoids 
with our correlation study in Chapter 4 will give more insight into a colorectal tumor’s 
vulnerability to GSK126 and thus into potential mechanisms of resistance to EZH2 
inhibition. 

Mechanisms of growth retardation by EZH2 inhibition
As we discussed above, apoptosis may be a major process that is activated in some 
EZH2-inhibited organoids. Inactivation of EZH2 has previously been reported to 
induce apoptosis in a variety of cancer types36-38. In some cancers, this induction 
depended on the presence of EZH2Y641-hyperactivating mutations35,36,39,40 or other 
factors such as mutations in SWI/SNF-related genes41-43 or treatment with DNA-
damaging agents42,44,45. Functionally, EZH2 was found to suppress apoptosis by 
repressing pro-apoptotic genes, such as BIM38 and the gene encoding for PUMA45. 
It is thus widely established that EZH2’s oncogenic capacity to promote cancer cell 
survival reaches beyond preventing cell cycle arrest through CDKN2A repression. 
In Chapter 4, we discovered that CRC organoids with a higher sensitivity to EZH2 
inhibition had higher expression levels of BIK, a gene encoding for a pro-apoptotic 
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protein that interacts with proteins of the BCL2 family. In CRC, the BIK protein may 
play an important role in regulation of apoptosis. Indeed, chromosomal deletions 
disrupting BIK have been identified in colon cancers46 and BIK up-regulation in 
colon cancer cells promotes activation of the molecular apoptosis cascade47,48. 
Hence, high BIK levels may enhance the pro-apoptotic signal triggered by EZH2 
inhibition. In contrast, pro-apoptotic actions of EZH2 have been suggested as 
well. EZH2 antagonizes BCL2 transcriptional activation that is induced by the 
H3K27 demethylase JMJD3 and estrogen receptor alpha in hormone-dependent 
breast cancer cells49. A related function may exist in B-cell lymphomas. Activating 
EZH2Y641 mutations exist almost exclusively in BCL2-rearranged lymphomas50 
and retroviral BCL2 overexpression synergizes with mutation of EZH2Y641 in B 
cell lymphomagenesis51. Such rearrangements and BCL2 overexpression using 
a constitutively active promotor may abolish its epigenetic repression by EZH2 
and thereby help negating detrimental effects of EZH2 hyperactivation. Although 
none of the CRC organoid lines in our tested panel benefited from high GSK126 
concentrations, it is conceivable that the enhanced growth of some CRC organoid 
lines at low GSK126 concentrations (i.e. the non-monotonous response) is caused 
by derepression of BCL2. 
Sensitivity to EZH2 inhibition might also be linked to alternative lengthening of 
telomeres (ALT), a mechanism that is employed by cancer cells with low telomerase 
activity to remain immortal. ALT can be induced by inactivating mutations in ATRX52-55. 
In Chapter 4, we hypothesized that depletion of active EZH2 renders ALT-dependent 
cancer cells unable to cope with the accompanying replicative stress. Interestingly, 
all three ATRX mutant organoid lines in our panel are derived from hypermutated, 
DNA mismatch repair (MMR)-deficient tumors. This either could be a coincidence or 
be functionally linked; previous studies do not appear to agree on the existence of 
an association between ALT and MMR-deficiency56-60. If they are truly linked, then 
this also explains the weak association between sensitivity to EZH2 inhibition and 
hypermutated status (Chapter 4). Irrespective of an association between ALT and 
MMR-deficiency, the presence of ALT should be analyzed in ATRX-mutant and 
ATRX-WT organoid lines in order to identify a correlation between ALT and sensitivity 
to EZH2 inhibition. 
Less is known about how PcG and the transcription factor PAX2 are functionally 
connected in cancer. While PAX2 levels are low in adult tissues, they are often 
up-regulated in cancers, including colon cancer cell lines61. PAX2 activates 
transcription of its target genes, unless it is associated with GRG4, which results 
in gene repression due to recruitment of PRC262. The PAX2-GRG4 complex may 
thus designate a subset of PRC2 target genes. As proposed in Chapter 4, PAX2 
mutation may lead to a shift in PRC2 target genes with oncogenic consequences, 
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which renders PAX2-mutant cancer cells dependent on PcG-mediated repression. 
Knowledge of the type of PAX2 mutation will give insight into how it could affect 
the composition of PRC2 target genes. For instance, a mutation that disrupts the 
PAX2-GRG4 association will lead to PRC2 eviction from and derepression of PAX2 
target genes. Conversely, a mutation that disrupts PAX2’s transcriptional activating 
capability may ultimately result in PcG-mediated repression of all PAX2 target genes. 
Foremost, an important first step in determining whether the association between 
PAX2 mutation and GSK126 sensitivity has any functional grounds at all is to define 
how many PAX2 target genes are repressed by PRC2 in both PAX2-WT and PAX2-
mutant CRC tumors. 
Unfortunately, the functional connections proposed above between the uncovered 
associations remain speculative. However, we did validate the correlation between 
the GSK126 response and response to treatment with the p53 stabilizer Nutlin-3a. 
By using murine small intestine tumor organoids with defined genetic backgrounds 
and oncogenic lesions (Apc KO and KrasG12D mutant), we revealed that depletion of 
EZH2 led to growth inhibition only in organoids that expressed WT Trp53. This was 
not the case when organoids instead expressed only the mutant p53R172H. Irrespective 
of Trp53 mutation status and concomitant growth response, p53 protein levels were 
up-regulated in EZH2-depleted organoids. This could be the result of p53 protein 
stabilization, for instance by inhibition of MDM2, but it could also to be due to a 
strong increase in Trp53 gene expression, as also the knockdown of Trp53 rescued 
the growth inhibition. It remains to be determined how either of these regulatory 
mechanisms are initiated upon EZH2 depletion in these organoids. An obvious way 
would be through up-regulation of p19ARF by derepression of its gene Cdkn2a. As 
this tumor suppressor gene is often deleted in human CRCs, it will be worthwhile to 
examine the CDKN2A status in GSK126-sensitive CRC organoids. Many prevalent 
p53 mutations confer their oncogenic effect in two ways: through negation of tumor 
suppressive activity by mutation of the DNA binding site, and through oncogenic 
gain-of-function63. Since the degree of sensitivity to GSK126 in the CRC organoid 
panel is not associated with TP53 mutation status, the p53-mutation-mediated 
resistance to EZH2 inhibition is more likely caused by abolished transcriptional 
activity of p53, rather than with an oncogenic gain-of-function. Further, Trp53-WT 
murine tumor organoids were growth inhibited upon EZH2 ablation, whereas normal 
organoids and Ezh2 KO mice were not (Chapter 3). We therefore propose that EZH2 
suppresses oncogene-induced senescence (OIS) by modulating p53 activity. That 
EZH2 can indeed bypass OIS has previously been shown in melanoma cells64-66. 
Intriguingly, the most GSK126-sensitive CRC organoid line P28T is not ATRX or 
PAX2 mutant. Instead, it has the highest BIK expression levels of the entire panel. 
Combined with the fact that it lacks TP53 mutations, this organoid line seems 
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particularly susceptible to programmed cell death through p53 signaling activation. 
Besides this, P28T is mutated in ARID1A, which encodes for a member of the 
SWI/SNF epigenetic regulatory complex that antagonizes PcG-mediated gene 
repression67. As cancers with mutations in SWI/SNF genes have previously been 
shown to be strongly affected by EZH2 inhibition68, the ARID1A mutation in P28T 
could be another sensitizer to GSK126 treatment. However, since some of the other 
ARID1A-mutant organoid lines (P23T and P19TB) are much more resistant to EZH2 
inhibition, it is questionable as to whether SWI/SNF mutant CRCs are eligible for 
EZH2 inhibitor therapy. 

Is PRC2 activity required for the serrated route to colorectal cancer?
The panel of human CRC organoids comprises a broad spectrum of CRC subtypes34, 
but it lacks organoid lines classified as the molecular subtype CMS4. Ever since the 
molecular subtypes of CRC were defined (and later unified by Guinney et al.69), the 
subtype CMS4 has arguably attracted the most attention, because CMS4 tumors 
have a mesenchymal gene expression signature and are (perhaps for this reason) 
associated with a particularly poor prognosis70,71. In Chapter 4, we reported that 
EZH2 expression is lowest in CMS4-subtyped CRC samples. It is unclear as to 
whether this is indeed a reflection of low EZH2 levels in the cancer cells, or whether 
dilution by the high stromal content, that is typical of CMS4 tumors, had reduced 
the average EZH2 expression in the samples72-74. Organoid cultures may shed light 
on this matter, as they lack stroma and therefore aid in isolating epithelium-specific 
effects74. As mentioned previously, the organoid line P5T that is subtyped as CMS4 or 
“Stem-like”34,75 has the lowest EZH2 levels of the entire human CRC organoid panel 
used in Chapter 4. Other CMS4-like organoid lines have been created following 
a different approach. Fessler and colleagues genetically introduced the BRAFV600E 
mutation in normal human colon organoids, thus creating CMS1-subtyped serrated 
polyp-like organoids76. Typical CMS1 subtype characteristics are microsatellite 
instability, CpG island methylator phenotype (CIMP) and enrichment for BRAF 
mutation69. By subsequent treatment with TGFβ, these CMS1 organoids transitioned 
into organoids with a CMS4 transcriptional signature76. This TGFβ-mediated switch 
was accompanied by a four-fold reduction in EZH2 levels. However, these TGFβ-
treated BRAFV600E organoids also exhibited signs of decreased proliferation. As 
EZH2 expression is correlated with cell proliferation, its decrease might rather be 
linked to the slower organoid growth than to a functional transcriptional switch. 
Decreased organoid growth might have similarly underpinned the low EZH2 levels 
in P5T, as this organoid line failed to maintain an appropriate growth rate after its 
initial setup and was subsequently lost34. The observed growth arrests in these 
organoid cultures are potentially a sign of OIS caused by CDKN2A activation, as 
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has previously been reported to occur in human and mouse serrated polyps77-80. In 
CRCs that are deemed to develop from such lesions, the CDKN2A promoter is often 
methylated through acquisition of CIMP80. This would imply that serrated lesions do 
not employ EZH2 for epigenetic repression of CDKN2A in order to circumvent OIS. 
However, as CMS4-subtyped tumors constitute a peculiar branch of serrated lesions 
in being microsatellite stable, CIMP-low and not enriched for BRAF mutations, it 
is plausible that EZH2 plays a more prominent role in CMS4 tumor progression. 
In this regard, EZH2’s contribution to EMT is of particular interest. It has been 
demonstrated using CRC-derived cell line and other cancers that PRC2-mediated 
gene repression contributes to EMT81-86 in part by repression of the E-cadherin gene, 
although inhibition of EZH2 has also been reported to stimulate TGFβ-induced 
EMT87. In addition, our lab has previously shown that deletion of Eed causes an 
EMT phenotype in tumors of a Trp53 KO; KRASG12D-driven mouse model for lung 
cancer88. Interestingly, these Trp53 KO; KRASG12D; Eed KO lung tumors displayed 
a mucinous phenotype, which is reminiscent of the high prevalence of mucinous 
phenotype in CMS4 tumors89. Given these seemingly contradicting publications, the 
role of PRC2 in EMT and aggressive tumor progression is likely context-dependent. 
With the emerging application of EZH2 inhibitors in the clinic, it will be a worthwhile 
effort to elucidate the role of PRC2 in CMS4 CRC. 

Ezh2 overexpression model

Similar to what has been discovered in CRC cells, PRC2 activity contributes to an 
EMT switch in prostate cancer cells by repressing the E-cadherin gene84,90. Another 
target of PRC2 in prostate cancer cells is DAB2IP, whose repression stimulates 
tumor invasion91,92. These results indicate that high EZH2 expression in prostate 
tumors drives an aggressive phenotype. Because these findings were made using 
EZH2-overexpressing cell lines, it is important to validate these results using 
autochthonous mouse models. In Chapter 5, we reported the generation of such a 
model that conditionally overexpresses Ezh2 (termed Ezh2LSL). Given the purported 
EMT-promoting capacity of EZH2, the transgene was designed to enable detection of 
invasive tumor outgrowth and metastatic lesions. We were, however, unable to identify 
metastatic lesions in any of the PbCre4;Ezh2LSL or the compounded mice analyzed. 
Possibly, the Ezh2 transgene is not strong enough to induce levels similar to what 
has been achieved in prostate cancer cell lines84,91,92. Immunohistochemical analysis 
revealed low to non-detectable levels of EZH2 in the luminal cells of normal murine 
prostate lobes, but EZH2 was readily detected in the luminal cells of PbCre4;Ezh2LSL 
mice. Although it does imply a significant up-regulation, this qualitative analysis is 
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insufficient to determine whether the transgene activation causes an increase in 
PRC2 activity that is similar to the ectopic EZH2 expression of the prostate cancer 
cells. EZH2 up or down-regulation is not a simple on/off switch of PRC2 activity, but 
rather inflicts various degrees of transcriptional changes depending on the cellular 
context. For instance, while EZH2 up-regulation was visible in Ezh2LSL prostates, the 
Ezh2LSL ES cells had no discernible increase in EZH2 protein, which may in part be 
due to compensatory down-regulation of the endogenous Ezh2 genes. Conceivably, 
the Ezh2 overexpression achieved in the PbCre4;Ezh2LSL mice is insufficient to force 
transcriptional changes. Analysis of PRC2 occupation at relevant genes such as 
Chd1 and Dab2ip will show whether Ezh2LSL transgene activation in vivo may have 
oncogenic consequences, although up-regulation of additional factors, such as 
SNAIL, may be required for targeting PRC2 to these genes86,93. 
In line with this, another possible explanation for the lack of enhanced tumor 
progression upon addition of the Ezh2 transgene is that the used oncogenic 
PtenLoxP/+ and Bmi1LSL alleles do not synergize with Ezh2 overexpression, while other 
genetic alterations might. It appears that ectopic Ezh2 overexpression in a model 
that is based on PI3K/AKT pathway hyperactivation does not strongly augment 
tumourigenesis. This may also be evident from the Pten-null-like morphology of the 
PIN lesion that was found in one of the PbCre4;Ezh2LSL prostates, although clearly 
additional numbers are needed to substantiate this. If not the PI3K/AKT pathway, 
then which other pathways or genetic alterations would collaborate with EZH2 up-
regulation in driving aggressive progression of prostate cancer? Various groups 
have recently established molecular subtypes of prostate cancer94-97 that provide 
insight into such features that co-occur with and potentially collaborate with EZH2 
in tumor pathogenesis. More generally, they will be guides to designing clinically 
relevant mouse models for prostate cancer. 
Still, the overexpression that is achieved with the Ezh2LSL transgene is apparently 
sufficient to drive neoplasia, as two out of ten PbCre4;Ezh2LSL mice had developed 
a neoplasm; one of these cases even presented with a prostate carcinoma with 
invasive features (Chapter 5). A recently published study independently reported 
the generation of a conditional Ezh2 transgenic mouse strain that was subsequently 
crossbred with Actin-Cre strain to activate the transgene ubiquitously98. Although this 
led to formation of various tumors, prostate tumors were not among them. These 
may either have been absent, or the tumors may not have been discovered if the 
prostate was not included in their pathological analysis. An experiment similar to this 
study, in which a ubiquitously expressed Cre is used, could be performed to further 
validate the oncogenic capacity of our Ezh2LSL model. 
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Concluding remarks

In this thesis, we demonstrate the requirement for PRC2 activity in normal and 
cancerous tissue of the intestine. Taken together, the data suggest that a subset 
of CRCs depends on EZH2 activity for their growth, but that EZH2 is dispensable 
for homeostasis of the normal intestinal epithelium, whereas EED is essential for 
the intestine’s long term maintenance. PcG function has been extensively studied 
in ES cells and during embryonic development, but we have only recently begun 
to uncover its role in adult tissues. We stress the value of this line of research, 
as it will provide insight into the underlying causes of potential adverse effects of 
PcG inhibition therapies. Our study on Eed inactivation in the intestinal epithelium 
revealed that complete abrogation of PRC2 caused aberrant cellular differentiation 
and decreased proliferation in the crypts, and ultimately led to loss of the stem cells. 
The phenotype of PRC2-deficient intestines shares many aspects with that of PRC1-
deficient intestines, highlighting their common mechanism of action. However, the 
much faster onset of the phenotype upon induction of PRC1 inactivation indicates 
that it is more important to retain adequate H2AK119Ub levels than H3K27me3 
levels in order to preserve PcG target loci. 
The derepression and subsequent activation of the Cdkn2a locus contributed to 
the intestinal Eed KO phenotype, but we also showed that PRC2 represses Zic 
genes which encode Wnt antagonizing proteins. In this way, PRC2 enforces Wnt 
signaling at the chromatin level. In addition, by ensuring the appropriate expression 
of differentiation genes in the right cells (or rather preventing expression of the 
wrong genes), PRC2 stabilizes ISC identity and guides lineage specification. 
Further, by contributing to tissue regeneration, it adds to robustness of the intestinal 
epithelium.  We have demonstrated that under physiological conditions, EZH1 can 
fully compensate for EZH2 ablation. This will have implications for the applicability 
of drugs that target EZH2. The new generation of EZH2 inhibitors have varying 
degrees of specificity towards EZH2 over EZH1. Given the results from our Eed KO 
analysis, drugs that also inhibit EZH1 are likely far more toxic than highly EZH2-
specific inhibitors, particularly in combination with chemotherapy or radiotherapy. 
We conclude from our experiments with human CRC organoids that EZH2 inhibition 
will be a therapeutic strategy that is worthwhile to consider for a subset of patients. 
Importantly, the results also indicate that the application of EZH2 inhibitors can be 
extended beyond treatment of SWI/SNF-mutant or EZH2-hyperactivating mutations 
tumors. The various degrees of response to EZH2 inhibition between the organoid 
lines warrant further investigation of the features that we identified to correlate with 
sensitivity to the EZH2 inhibitor GSK126. This will shed light on the oncogenic actions 
of EZH2 in CRC, but also on the molecular features that define the group of patients 
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that will benefit from treatment with EZH2 inhibitors. A phenotypic analysis of the 
different CRC organoids under GSK126 treatment will uncover in what ways EZH2 
inhibition affects CRC tumors. This will open up new ideas for combination therapies. 
The rapidly increasing understanding of the molecular signaling pathways that 
underlie the different CRC subtypes and the greater ease of genetically engineering 
these subtypes in vitro will be of great value to further assess the use of EZH2 
inhibitors in CRC. 
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During the development of a fertilised egg into an adult individual, cells with novel 
identities are formed in order to generate new organs and tissues. These identities 
include properties that distinguish the cells from other cells: an intestinal cell, for 
example, behaves differently than a prostate cell. The identity of a cell is largely 
determined by the set of genes that is being expressed, but also by the set of 
genes that is not being expressed (i.e. not switched on). Genetics deals with the 
hereditary characteristics stored in the genes – or the DNA – of organisms, while 
epigenetics deals with the hereditary characteristics that are not stored in the DNA. 
Epigenetic processes are the driving force behind the formation and conservation 
of embryonic cell identity by modulating the degree of expression of genes. This is 
mediated by modifications of DNA-coating histone proteins that act as green or red 
flags (expression or repression, respectively) near genes to indicate their desired 
activity. During cell division, these flags, or histone modifications, are passed on to 
the newly-formed cells, which enables them to retain their identity after cell division. 
Complexes that consist of proteins belonging to the Polycomb Group impose gene 
repression by distributing repressive histone modifications throughout the genome. 
In doing so, they contribute to conservation of cell identity, but by rearranging 
histone modifications they also contribute to the development of new tissues in the 
embryo. Consequently, the development of an embryo without functional Polycomb 
complexes is halted at an early stage. 
Epigenetic processes are also involved in identity conservation of adult tissues, 
since these are subject to constant damage and repair. The stem cells of the 
intestine, for example, create new cells daily to provide the intestine every week 
with a new epithelial layer. In order to achieve this, numerous cell divisions take 
place every second (i.e. high cell proliferation), and the newly created cells need 
to assume a specialized identity at a high rate which is called cell differentiation. In 
contrast to stem cells, fully differentiated cells do not divide and after about five days, 
they commit programmed suicide (also called apoptosis). During homeostasis, the 
number of apoptoses and cell divisions are in equilibrium. This equilibrium is lost 
during bowel cancer development: there is either too little apoptosis or there are too 
many cell divisions taking place, causing accumulation of the intestinal epithelium 
which could evolve into a tumour. 
In this thesis, we investigated the role of Polycomb Group proteins in normal and 
cancerous tissue of the intestine. In Chapter 3, we demonstrate that the Polycomb 
protein EED is essential for preservation of intestinal stem cells. EED-deficient 
intestine displays insufficient cell proliferation as well as premature cell differentiation, 
while their stem cells are ultimately lost. On the other hand, inactivation of another 
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important Polycomb protein, EZH2, had no effect on intestinal homeostasis. This is 
likely the result of compensation by the functionally similar protein EZH1. Without 
EED, however, both EZH2 and EZH1 are unable to function, leading to a loss 
of repression of a large group of genes. A subset these derepressed genes are 
activated, one of which is the anti-cell proliferation gene Cdkn2a. By making use 
of in vitro cultured mini-guts, also called organoids, we show that abrogation of this 
Cdkn2a activation rescued the cell proliferation defect. Further, we demonstrate that 
EED stabilises intestinal stem cell identity by stimulating Wnt signalling, which is a 
signalling pathway that is essential for intestinal stem cells. 
Besides investigating the role of Polycomb proteins in normal intestinal homeostasis, 
we examined in Chapter 4 to what extent inactivation of EZH2 can inhibit the growth 
of colon cancers. For this, we used a panel of 20 tumour organoids – each harbouring 
their own mutational and gene expression signature – that were originally derived 
from biopsies of 18 different colon cancer patients. We treated this panel with an 
EZH2 inhibitor and associated the effect on organoid growth (i.e. the response) with 
patterns in mutations and gene expression differences within the panel. We report 
various genes whose mutation or expression associated with response to EZH2 
inhibition. In addition, we have discovered a correlation between response to EZH2 
inhibition and to treatment with Nutlin-3a, a compound that stabilises p53. p53 is 
a well-known tumour suppressor and depletion or mutation of this protein caused 
tumour organoids with common oncogenic mutations to be no longer growth-
inhibited by EZH2 inactivation.
In Chapter 5, we describe the development of a transgenic mouse model for tissue-
specific expression of Ezh2. We used this model to investigate whether EZH2 
overexpression on its own drives prostate tumourigenesis, and whether it drives 
aggressive tumour progression in an existing prostate cancer model that is based 
on Pten haploinsufficiency and Bmi1 overexpression.  While the EZH2 transgene did 
cause the formation of prostatic neoplasms with low incidence and long latency, it did 
not enhance tumour progression when combined with the abovementioned prostate 
cancer model. 

We conclude that Polycomb protein complexes are required for maintenance of the 
adult intestinal epithelium by stabilising the identity of intestinal stem cells. While 
EZH2 inactivation does not affect normal intestinal cells, it does inhibit the growth of 
certain colon cancer cells. The use of EZH2 inhibitors may therefore be an interesting 
therapeutic strategy for a specific subset of colon cancer patients. This subset can 
be defined with use of the correlating features that we identified in this thesis. The 
discovery that deletion of EZH2 does not affect normal intestinal epithelium predicts 
a low intestinal toxicity in the use of EZH2 inhibitors to treat colon cancer.
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Tijdens de ontwikkeling van een bevruchte eicel tot volwassen individu ontstaan er 
cellen met nieuwe identiteiten ten behoeve van de vorming van nieuwe organen en 
weefsels. Deze identiteiten omvatten eigenschappen die de cellen onderscheiden 
van andere cellen; een darmcel gedraagt zich bijvoorbeeld anders dan een 
prostaatcel. De identiteit van een cel wordt grotendeels bepaald door het specifieke 
pakket aan genen die de cel tot expressie brengt, maar ook door de groep genen die 
de cel niet tot expressie brengt, ofwel niet aan heeft staan. Waar het bij genetica gaat 
over de erfelijke eigenschappen die in de genen, ofwel het DNA, van organismen 
zijn opgeslagen, gaat het bij epigenetica over de erfelijke eigenschappen die níet in 
het DNA zijn opgeslagen. Epigenetische processen zijn de drijvende kracht achter 
de identiteitsvorming en diens behoud van cellen in het embryo door te reguleren 
welke genen uit en welke genen aan moeten blijven staan. Dit wordt onder andere 
bewerkstelligd door middel van kleine modificaties op DNA-coatende histoneiwitten 
die als groene (expressie) of rode (repressie) vlaggen nabij genen de gewenste 
genactiviteit aangeven. Deze vlaggen, of histonmodificaties, worden tijdens een 
celdeling overgedragen aan de nieuwgevormde cellen waardoor zij hun identiteit 
weten te behouden na een celdeling. Complexen die bestaan uit eiwitten behorende 
tot de Polycomb Groep zorgen voor zogeheten genrepressie door het distribueren 
van repressieve histonmodificaties in het genoom. 
Zo dragen ze bij aan behoud van celidentiteit, maar door herschikking van 
histonmodificaties dragen ze ook bij aan de ontwikkeling van nieuwe weefsels 
in het embryo. De ontwikkeling van een embryo zonder functionele Polycomb 
eiwittencomplexen blijft dan ook in een vroeg stadium steken. 
Daarnaast zijn epigenetische processen betrokken bij identiteitsbehoud van 
volwassen weefsels, aangezien deze constant aan schade en reparatie onderhevig 
zijn. In darmen, bijvoorbeeld, bevinden zich stamcellen die met dagelijkse regelmaat 
nieuwe cellen aanmaken om zo het darmepitheel wekelijks van een nieuw laagje te 
voorzien. Om dit voor elkaar te krijgen, vinden er in de darm veel celdelingen plaats 
(ook wel hoge celproliferatie genoemd) en moeten nieuw aangemaakte darmcellen 
zich in een hoog tempo een gespecialiseerde identiteit aanmeten, wat differentiëren 
wordt genoemd. In tegenstelling tot stamcellen delen volledig gedifferentieerde 
cellen zich niet en gaan na ongeveer vijf dagen over op zelfdoding (apoptose), wat 
in homeostase precies in balans is met de celaanmaak. Tijdens de ontwikkeling van 
darmkanker is er iets mis met deze balans. Er vindt dan te weinig apoptose of te veel 
celdeling plaats, waardoor er een accumulatie van darmepitheel ontstaat die tot een 
tumor kan uitgroeien.
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In dit proefschrift hebben we de rol van Polycomb Groep eiwitten in de normale darm 
en darmkanker onderzocht. In hoofdstuk 3 tonen we aan dat het Polycomb eiwit 
EED essentieel is voor het instandhouden van de stamcellen van de darm. Zonder 
EED vindt er onvoldoende celdeling en vroegtijdige differentiatie plaats, terwijl de 
stamcellen uiteindelijk verdwijnen. De inactivatie van een ander belangrijk Polycomb 
eiwit, EZH2, blijkt daarentegen geen effect te hebben op homeostase van de darm. 
Dit komt waarschijnlijk door compensatie door het functioneel gelijkend eiwit EZH1. 
Zonder EED kunnen echter zowel EZH2 als EZH1 niet functioneren, wat leidt tot een 
verlies aan repressie van een grote groep genen waarvan er een deel geactiveerd 
worden. Het anti-celproliferatiegen Cdkn2a is er daar een van. We hebben door 
gebruik te maken van in vitro kweek van mini-darmpjes (organoïden genoemd) 
aangetoond dat het ongedaan maken van deze Cdkn2a activatie leidt tot een herstel 
in celproliferatie. Verder tonen we aan dat EED de identiteit van darmstamcellen 
stabiliseert door Wnt signalering te stimuleren, een signalering die essentieel is voor 
darmstamcellen. 
Naast onderzoek naar de rol van Polycomb eiwitten in normale homeostase van 
de darm, hebben we in hoofdstuk 4 onderzocht in welke mate het inactiveren van 
EZH2 de groei van darmkanker kan remmen. Hiervoor hebben we een panel van 
20 tumor organoïden (elk met hun eigen genmutatie- en genexpressiesignatuur) 
gebruikt die oorspronkelijk opgegroeid zijn vanuit biopten van 18 verschillende 
dikkedarmkankerpatiënten. Dit panel hebben we behandeld met een EZH2 
remmer en het effect op organoïdegroei (respons) vergeleken met patronen in 
de aanwezigheid van genmutaties en genexpressie verschillen binnen het panel. 
We vonden verschillende genen waarvan de mutatie of expressie associeerde 
met respons op EZH2 remming. Tevens hebben we een correlatie ontdekt tussen 
respons op EZH2 remming en op behandeling met Nutlin-3a, een stabilisator van 
p53. p53 is een welbekende tumorsuppressor en depletie of mutatie van dit eiwit 
zorgde ervoor dat de groei van tumororganoïden met veelvoorkomende oncogene 
mutaties niet langer werd afgeremd door EZH2 inactivatie. 
In hoofdstuk 5 beschrijven we de ontwikkeling van een transgeen muismodel dat 
Ezh2 weefselspecifiek tot expressie kan brengen. Dit model hebben we vervolgens 
toegepast om te onderzoeken of EZH2 overexpressie in de prostaat op zichzelf 
tumoren kan veroorzeken en of het tot nog aggressievere tumoren kan leiden in 
een bestaand prostaatkankermodel dat door Pten haploinsufficiëntie en Bmi1 
overexpressie gedreven wordt. Het EZH2 transgen bleek met een lage frequentie 
en lange incubatietijd prostaatneoplasmen te veroorzaken, maar prostaattumoren 
van bovengenoemd model niet aggressiever te maken. 

We concluderen dat Polycomb eiwitcomplexen nodig zijn voor het instandhouden 
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van het volwassen darmepitheel door de identiteit van de darmstamcellen te 
waarborgen. Waar EZH2 inactivatie geen effect heeft op normale darmcellen, stopt 
het wel de groei van bepaalde darmtumorcellen. Dit maakt het gebruik van EZH2 
remmers mogelijk een interessante behandelingsstrategie voor een specifieke 
groep dikkedarmkankerpatiënten. Deze groep patiënten kan gedefinieerd worden 
met behulp van de correlerende kenmerken die we in dit proefschrift hebben 
geïdentificeerd. De ontdekking dat deletie van EZH2 geen effect heeft op normaal 
darmepitheel voorspelt een lage toxiciteit in de gezonde darm bij het gebruik van 
EZH2 remmers voor de behandeling van darmkanker. 
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