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GENERAL INTRODUCTION AND OUTLINE OF THE THESIS

GENERAL INTRODUCTION AND OUTLINE OF THE THESIS

Mammalian development starts from a fertilized egg that initially generates few
pluripotent cells which eventually give rise to the embryo proper. Different ‘flavors’ of
pluripotency have been captured in vitro which led to the establishment of different
pluripotent cell lines. Mouse embryonic stem cells (mESCs) are derived from the pre-
implantation embryo and have three defining properties: self-renewal, pluripotency, and
contribution to chimera formation. By applying specific culture conditions or ectopic
expression of the pluripotency factors, similar pluripotent cells can be derived from germ
cells or differentiated cells referred to as embryonic germ (EG) and induced pluripotent
cells (iPSCs), respectively. When established from post-implantation embryo, the cultured
cells are termed epi stem cells (EpiSCs). EpiSCs have limited potential for chimerism
and germ line transmission and require different culture conditions when compared to
ESCs. Hence, mouse ESCs and EpiSCs represent two different phases of pluripotency
usually referred to as the naive and primed states. By employing genetic manipulation
or specific culture conditions, the different pluripotent cells can be interconverted which
leads to several intermediate states. Unlike their murine counterparts, human ESCs
closely resemble the rodent primed EpiSCs and respond to similar signaling pathways.
Tumorigenic transformation of primordial germ cells (PGC) and gonocytes can also give
rise to pluripotent cells known as embryonal carcinoma cells (hECs), thought to represent
the malignant counterpart of hESCs. Among different signaling pathways, Wnt signaling
plays a central role in self-renewal and differentiation of pluripotent cells.

In Chapter 1, we outline the current literature on Wnt signaling, as a major stemness
pathway, and establish a parallel between its role in embryonic and cancer stem cells. We
also discuss germ cell tumors (GCTs) as a model to study the role of stem cells in neoplasia.
In Chapter 2 and 3, we employ a series of Apc-mutant ESCs encoding for different Wnt
signaling levels, to study the mechanisms through which this pathway regulates lineage
differentiation in mouse ESCs.

In Chapter 2, we investigate Tcf3 downregulation downstream of Wnt signaling and
examine how this effect is implicated in lineage commitment of mESCs.

In Chapter 3 we report that miR-302-367, one of the highly specific miRNAs in mouse
ES cells, is negatively regulated by Wnt signaling. We further investigate the impact of
this epistatic interaction on ES self-renewal and differentiation.

In Chapter 4, we explore the functional role of Wnt signaling in human embryonal
carcinoma cells and provide evidence that WNT induction induces a range of diverse
differentiation responses among the different employed hEC lines, thus underscoring the
context-dependent role of Wnt signaling in mouse and human pluripotent stem cells.

It is estimated that human genome encodes 20000-25000 genes which constitute
approx. 2% of the DNA. However, more than 90% of the human genome is transcribed
into different RNA species. microRNAs are the smallest non-coding RNAs and are
involved in the regulation of gene expression. Highly conserved genomic regions (ultra-
conserved regions) are also frequently transcribed as long non coding-RNAs (>200 bp) in
both normal and tumor cells. In Chapter 5 we describe the identification and functional
characterization of CCAT2, a novel WNT-regulated long noncoding RNA located on
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chromosome 8g24. We show that this non-coding RNA is expressed in microsatellite-
stable colorectal cancers where it promotes tumor growth, metastasis, and chromosomal
instability.

The interaction between tumor cells and their niche plays a pivotal role in tumor
initiation, progression and metastasis. In Chapter 6, we studied the role of $700a4, a
Wnt target gene that is expressed from within the tumor microenvironment in intestinal
neoplasia. By using different transgenic and knockout mouse models, we examined the in
vivo role of S100a4 in intestinal tumor initiation and progression. Moreover, we identified
a novel role for S100a4 in the etiology of desmoid disease. Desmoids are mesenchymal
tumors associated with constitutive activation of Wnt signaling due to APC or CTNNB1
mutations and are believed to arise in sites of wound healing. In Chapter 6 we show that
specific depletion of S100a4 in Apc'®¥N* mice significantly reduces desmoids formation.
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CHAPTER TWO

ABSTRACT

Canonical Wnt signaling plays a rate-limiting role in regulating self-renewal and
differentiation in mouse embryonic stem cells (ESCs). We have previously shown that
mutation in the Apc (adenomatous polyposis coli) tumor suppressor gene constitutively
activates Wnt signaling in ESCs and inhibits their capacity to differentiate towards
ecto-, meso- and endodermal lineages. However, the underlying molecular and cellular
mechanisms through which Wnt regulates lineage differentiation in mouse ESCs remains
to date largely unknown. To this aim, we have derived and studied the gene expression
profiles of several Apc-mutant ESC lines encoding for different levels of Wnt signaling
activation. We found that down-regulation of Tcf3, a member of the Tcf/Lef family and
a key player in the control of self-renewal and pluripotency, represents a specific and
primary response to Wnt activation in ESCs. Accordingly, rescuing Tcf3 expression
partially restored the neural defects observed in Apc-mutant ESCs, suggesting that
Tcf3 down-regulation is a necessary step towards Wnt-mediated suppression of neural
differentiation. We found that Tcf3 down-regulation in the context of constitutively active
Wnt signaling does not result from promoter DNA methylation but is likely to be caused
by a plethora of mechanisms both at the RNA and protein level as shown by the observed
decrease in activating histone marks (H3K4me3 and H3-acetylation) and the upregulation
of miR-211, a novel Wnt-regulated microRNA that targets Tcf3 and attenuates early neural
differentiation in mouse ESCs.

Our data show for the first time that Wnt signaling down-regulates Tcf3 expression,
possibly at both the transcriptional and post-transcriptional levels, and thus highlight
a novel mechanism through which Wnt signaling inhibits neuro-ectodermal lineage
differentiation in mouse embryonic stem cells.
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AUTHOR SUMMARY

The future successes of regenerative medicine largely rely on our knowledge of, and
our capacity to manipulate the cellular and molecular mechanisms governing stem cell
differentiation. Growing body of evidence suggests that in mouse embryonic stem cells,
canonical Wnt/B-catenin signaling not only enhances self-renewal but also directs the
cell fate decision towards non-neuroectodermal lineages. However, little is known about
the mechanisms underlying the differentiation defects caused by constitutive active Wnt
signaling. Using a set of Apc-mutant ESCs harbouring different levels of Wnt signaling,
we found that, among others, down-regulation of Tcf3, a key member of the pluripotency
circuit, as well as induction of a novel Wnt-regulated microRNA, miR-211, represent two
important downstream effects through which Wnt signaling inhibits neural differentiation
in mouse ESCs. We also provide a more detailed picture on how Wnt signaling counteracts
Tcf3 function in stem cells by showing that Tcf3 repression, in the context of active Wnt
signaling, involves histone modifications at the Tcf3 promoter and the activation of
miR-211 which post-transcriptionally stabilizes Tcf3 downregulation. Understanding the
downstream effects of Wnt signaling in ESCs is both of fundamental and translational
relevance as it may be exploited to manipulate ESC differentiation towards specific cell
lineages.
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INTRODUCTION

Embryonic stem cells (ESCs) are in vitro cultured cells derived from the preimplantation-
stage embryo, which possess unconfined capacity for self-renewal and multi-lineage
differentiation towards different embryonic germ layers. Pluripotency and self-renewal
are two essential features of ESCs, which make them not only a very robust and suitable
model for stem cell research, but also a promising source for regenerative medicine. Also,
with the emergence of induced pluripotent stem cells (iPS) technology, understanding the
basic mechanisms governing the embryonic stem state becomes of great interest for safe
clinical applications in regenerative medicine and stem cell programming.

Among different signaling pathways, Wnt/B-catenin signaling has been shown to
play a major role in maintaining self-renewal as well as in regulating ESCs differentiation
[1,2,3,4,5,6]. The canonical Wnt/B-catenin signaling pathway is controlled by post-
translational modifications of B-catenin leading to its differential protein stability and
sub-cellular localization. In the absence of active Wnt signaling, B-catenin is negatively
regulated by the so-called “destruction complex”, consisting of the Apc and Axin
scaffolding proteins and the glycogen synthase and casein kinases (GSK and CK1),
resulting in proteolytic degradation and low levels of cytoplasmic p-catenin. Ligand-
mediated Wnt signaling activation leads to nuclear translocation of B-catenin where
it binds to members of the Tcf/Lef family of transcriptional factors thus modulating
the expression of a broad spectrum of downstream target genes [7,8,9].

In vertebrates, the Tcf/Lef family encompasses four functionally specialized
members including Tcf1 (also known as Tcf7), Tef3 (also known as Tcf711), Tcf4 (also
known as Tcf712) and Lef1 [10]. Whereas Tcf1, Tcf4 and Lef1 are known to activate
different Wnt target genes in the context of active Wnt signaling, Tcf3 primarily
functions as a transcriptional repressor [5,11,12,13,14,15,16]. Tcf3 is the most
abundant Tcf/Lef member in mouse ES cells [14] and is an integral component of
the core pluripotency circuit, co-occupying Oct4, Nanog and Sox2 DNA binding
sites [17,18,19,20]. Loss of function experiments have shown that Tcf3 down-
regulation enhances self-renewal and confers differentiation resistance in mouse
ESCs [14,17,19,20,21,22]. In fact, both the zebrafish headless/tcf3 mutant and the
Xenopus embryo depleted of TCF3 reveal anterior head defects resembling the
Whnt-gain of function phenotype [11,15,16]. Similarly, Tcf3 ablation in mice resulted in
expanded axial mesoderm and loss of anterior neural tissues [21]. Tef3 is ubiquitously
expressed through the mouse embryo at embryonic day 6.5 (E6.5) and is gradually
localized in the anterior part of the embryo at E7.5 and the anterior neuroectoderm
at E8.5[23,24].

Although several studies have demonstrated the key role played by Wnt signaling
in regulating self-renewal and differentiation of both mouse and human ESCs, the
downstream effects through which Wnt exerts these functions have been a matter
of controversy. To date, three models have been suggested in this regard: a. Tcf-
independent, B-catenin/Oct4 signaling [25]; b. Tcf3 antagonism by nuclear B-catenin
which relieves Tcf3 repression and enhances self-renewal. A minimal role for the
canonical Tcf/B-catenin signaling has been suggested in this model [6]; and c.
synergistic action of Tcf3 antagonism and the canonical p-catenin/Tcf1 signaling [5].
Although these studies have shed some light on the underlying mechanisms through
which Wnt signaling controls self-renewal, none of the above-mentioned models
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explains how this signaling pathway regulates the lineage differentiation potential
of ESCs.

In order to elucidate the downstream effects of Wnt signaling on lineage
commitment and differentiation in embryonic stem cells, we examined several Apc-
mutant ESCs harboring different levels of Wnt signaling and compared their gene
expression profiles with wild type ESCs. We show that activation of Wnt signaling
down-regulates Tcf3 expression in mouse ESCs. We provide evidence that Tcf3 down-
regulation represents a main downstream effect through which Wnt signaling directs
the differentiation of pluripotent ESCs towards non-neuroectodermal lineages.
Moreover, we show that Wnt-mediated repression of Tcf3 involves epigenetic
regulation associated with histone modifications and Wnt-mediated induction of
miR-211. Our data demonstrate that Wnt signaling counteracts Tcf3 function at
multiple levels, which ultimately ensures the delicate balance between self-renewal
and differentiation in mouse ESCs.

RESULTS

LINEAGE DIFFERENTIATION IN APC-MUTANT ESCS CORRELATES WITH THE
LEVEL OF WNT SIGNALING

To attempt the elucidation of the mechanisms underlying lineage differentiation in the
context of Wnt activation, we have derived several ES clones from pre-implantation
blastocysts carrying different hypomorphic Apc alleles: Apc'é3T/163T (ApcTT), Apc'é3en/1638T
(ApcNT), Apc'é3N1638N (ApeNN) [26,27], together with Apc*’* as wild type controls. As
previously reported, ApcTT, ApcNT, and ApcNN encode for a gradient of different Wnt
signaling dosages [1,26], as also confirmed by TOP-Flash reporter assay [28] with ApcNN
showing the highest Wnt activity (ApcNN>>ApcNT>ApcTT> Apc**) (Figure 1A). The
potential of the Apc-mutant ES cells to differentiate into ecto-, meso- and endodermal
lineages was also evaluated and confirmed by the teratoma formation assay followed
by immunohistochemistry (IHC) analysis, matching our previous results obtained with ES
clones obtained by two rounds of gene targeting by homologous recombination [1]. As
expected, no expression of neuroectodermal markers (GFAP, SV2, and neurofilaments)
was observed in teratomas derived from ApcNN ES cells (Figure 1B).

ES cells can be cultured in serum-free medium supplemented with LIF, GSK
inhibitor (CHIRON) and Mek inhibitor (PD), the so-called 2i medium [29]. Using
the serum-free culture supplemented with a single inhibitor, we found that ApcNN
cells have the highest colony-forming capacity when cultured in LIF + Mek inhibitor,
suggesting that their constitutive Wnt signaling activity replaces the need for
additional pathway activation by the GSK inhibitor (Figure 1C). Of note, culturing
ApcNN ESCs in medium supplemented with CHIRON reduced the colony formation
capacity of these cells suggesting that a very high dosage of Wnt signaling can
compromise the growth of ApcNN cells. We also observed that ApcTT and ApcNT
cells formed similar number of colonies in different culture conditions independently
of CHIRON supplementation, possibly pointing to the Wnt-independent effects of
Apc mutations in these cells (Figure 1C).
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TCF reporter assay
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Figure 1. Wnt signaling regulates the differentiation potential of mouse ESCs in a dosage
dependent manner.

(A) b-catenin/TCF reporter assay in wild type and Apc-mutant ESCs. Measurements are
reported as the average luciferase units performed in triplicate for the TOP (filled bars) and
FOP (empty bars) reporter constructs (data reported is mean + SD). Numbers in the histogram
represent the calculated TOP/FOP ratios; (B) Table summarizing the results obtained by
teratoma differentiation assay from different Apc-mutant ESCs and their wild type controls.
Tissue sections were stained with hematoxylin and eosin (H&E) or used in immunohistochemical
analysis using specific antibodies against the neural markers: GFAP, neurofilaments and
synaptic vesicles. Adult myosin was used as a mesodermal marker to stain the striated muscle
differentiation. Cartilage differentiation was assessed either by H&E or theonin staining. Two
independent clones were used for each genotype and differentiation was scored as: (-) not
present, (+) weakly present, and (++) present; (C) Histogram showing the percent of colonies
formed after plating 500 FACS-sorted cells in N2B27 medium supplemented with different
combinations of LIF, Mek inhibitor (PD) and GSK-inhibitor (CHIRON). Bars represent mean +
SD, n=3; (D) Dendrogram derived from unsupervised hierarchical clustering of global gene
expression in wild type, ApcTT, ApcNT and ApcNN ES cells. Pearson's correlation coefficient
and Ward'’s method were used after MAS 5.0 normalization of all probe sets.

WNT SIGNALING DOWN-REGULATES TCF3 EXPRESSION IN MOUSE ESCS

To elucidate the molecular mechanisms underlying the altered cell fate decision in Apc-
mutant ES cells, genome-wide transcriptional analysis was performed on the newly derived
cells. Unsupervised hierarchical clustering analysis showed that global gene expression in
ApcNN ESCs is already influenced before differentiation is induced, resolving ApcNN from
WT expression profiles in different branches of the dendogram (Figure 1D). Among the
genes differentially expressed between ApcNN ES cells and their wild type counterparts
(Table S1), we found that, unlike other pluripotency markers (e.g. Oct4, Nanog, and Sox2),
Tcf3 was specifically down-regulated in ApcNN ES cells, an observation which was further
confirmed by gRT-PCR and western blot analysis (Figure 2A and B; and Figure S1). Further
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gRT-PCR analysis revealed that the observed downregulation is specific for Tcf3 but not
for other members of the Tcf/Lef family (Figure S2A). Whereas Tcf3 was down-regulated
in both ApcNN and ApcMin™in ESCs, the latter encode for the most severely truncated Apc
mutant allele and therefore for a very high level of Wnt signaling, other members of the
Tcf/Lef family were exclusively up-regulated in Apc™n™in ESCs.

Accordingly, Wnt activation achieved in wild type cells either by Wnt3a
conditioned medium or by a GSK3-small molecule inhibitor (SB-216763), confirmed
that Tcf3 down-regulation is a specific response to canonical Wnt signaling in mouse
ESCs (Figure 2C, D, and E, and Figure S2B and C). Moreover, using a gradient of the
GSK inhibitor SB-216763, we observed that unlike the canonical Wnt targets Axin2
and Cdx1, downregulation of Tcf3 required a higher Wnt signaling level, possibly
explaining why Tcf3 downregulation is observed in ApcNN cells but not ApcTT or
ApcNT ESCs (Figure 2F and Figure S1).

RESCUING TCF3 EXPRESSION IN APCNN ESCS PARTIALLY RESTORES NEURAL
DIFFERENTIATION
It has been previously shown that Tcf3 not only functions as a controller of self-renewal
in wild type ESCs, but it is also required for proper neurogenesis in zebrafish, xenopus
and mice [11,16,21]. We therefore hypothesized that Tcf3 down-regulation in ApcNN
ESCs might mediate the neural differentiation defects observed in these cells. To test this
hypothesis, we rescued Tcf3 expression by stably over-expressing its full-length cDNA in
ApcNN ES cells (Figure 3A, B). Tcf3 over-expression decreased TOP-Flash reporter activity
(Figure 3C) and, accordingly, reduced the transcript levels of Cdx1 and Brachyury (T),
two well-known Wnt downstream targets. Gene expression profiling of Tcf3-expressing
ApcNN cells confirmed that Tcf3 effectively reverses the expression pattern of several
genes differentially expressed in ApcNN when compared to wild type ESCs (Figure S3).
Since it has been previously reported that Tcf3 over-expression in wild type
ESCs induces differentiation under self-renewing conditions [5], we first assessed
whether over expressing Tcf3 in ApcNN ESCs induces similar effects in these
cells. As reported above, ApcNN cells can grow in 1i medium (i.e. in LIF + Mek
inhibitor) in the absence of GSK inhibitor (Figure 1C). To investigate whether Tcf3
can restore their dependency on the GSK inhibitor in serum-free culture, Tcf3-over
expressing ApcNN cells were seeded at clonal density under different conditions and
subsequently stained for alkaline phosphatase (AP) to evaluate the percentage of
undifferentiated colonies. We found that, similar to the parental ApcNN cells, Tcf3-
rescued clones show the highest colony forming capacity in the presence of LIF and
Mek inhibitor (Figure 3D). Moreover, by applying the short term differentiation assay
in N2B27 medium, we found that both ApcNN and their Tcf3-rescued counterparts
retain expression of the pluripotency markers Nanog while fail to express the early
differentiation markers Fgf5 (Figure 3E). Hence, constitutive Wnt signaling prevents
differentiation in a short-term assay despite the ectopic Tcf3 expression.
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Figure 2. Wnt signaling downregulates Tcf3 expression in mouse ESCs.

(A) gRT-PCR analysis of Tcf3 in wild type, ApcNN and ApcVn™in ESCs. Actb was used as an
internal control; bars represent n=2 + SD; (B. Western blot analysis of the core pluripotency
markers Oct4, Nanog, Sox2 and Tcf3 on protein lysates isolated from two independent ApcNN
clones and wild type control ESCs. Actb and Tubulin were used as an internal control; (C-D)
gRT-PCR analysis of Tcf3 in wild type ESCs treated for different time intervals with Wnt3a
conditioned medium (C), or with the GSK-inhibitor SB-216763 (D). L-medium and DMSO
were employed as controls, respectively. Actb was used as an internal control; bars represent
n=2 * SD; (E) Time course western blot analysis of Tcf3 expression in wild type ESCs treated
with Wnt3a conditioned medium (Wnt3a CM) or control L-medium (LM). Actb was used as an
internal control; (F) qRT-PCR analysis of Tcf3 and Wnt target genes Axin2 and Cdx1 in wild type
ESC treated for 48h with different concentrations of GSK-inhibitor SB-216763 or DMSO as
control. Actb was used as an internal control; bars represent n=2 + SD.

We then asked whether rescuing Tcf3 expression in ApcNN cells could affect the
neural differentiation potential of these cells. To this aim, we applied the in vitro neural
differentiation assay previously described by Bibel et al. [30]. We found that, whereas wild
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type ESCs readily gave rise to Tuj1-positive cells, no staining could be detected in ApcNN
cells, while only few dispersed Tuj1-expressing cells were observed in the Tcf3 rescued
clones (Figure 3F). In contrast, a clear increase in Nestin expression was observed in Tcf3
over-expressing cells (Figure 3G and Figure S4). This suggests that, although Tcf3 could
not restore the formation of fully mature Tuj1-proficient neurons, it does affect neural
differentiation in vitro in a more subtle fashion towards neural progenitor-like cells. Next,
we examined the differentiation potential of Tcf3-rescued ES cells in vivo by teratoma
assay. We injected the newly generated clones into recipient isogenic mice to generate
teratomas and analyzed them for the expression of different neuroectodermal markers by
IHC. Interestingly, in contrast to the control ApcNN teratomas which did not express any
neuroectodermal marker (0/20 analyzed teratomas), approximately 50% of all teratomas
generated from different Tcf3 over-expressing ES clones were positive for the same set of
markers (6/10, 6/10, and 4/10 teratomas originated from clones 1, 2 and 3, respectively)
(Figure 4). However, the extent of neural differentiation was lower compared to teratomas
originated from wild type ESCs. Unlike neuroectodermal lineages, Tcf3 did not rescue the
mesodermal cartilage-differentiation defect.

The observed difference in the results obtained by in vivo and in vitro differentiation
assay might reflect the presence of different microenvironmental factors and the
longer period of differentiation in vivo, which result in a larger extent of neural
differentiation in teratomas.

Overall, these results indicate that Tcf3 expression in ApcNN cells can partially
rescue the neural differentiation defect characteristic of these cells. Next, we then
asked whether Tcf3 down-regulation in wild type embryonic stem cells is sufficient
to induce neural differentiation defects, characteristic of Wnt-high ESCs. To this aim,
teratomas were obtained by subcutaneous transplantation of Tef3/-ESCs[14]followed
by IHC and gRT-PCR analysis of different neural markers. We observed reduced neural
differentiation in Tcf3” teratomas when compared to wild type controls (Figure 5).
However, high expression of the pluripotency markers Oct4 and Nanog was also
observed in Tcf3” teratomas (Figure 5). IHC analysis of Oct4 also showed that Tef3”
teratomas are largely composed of undifferentiated, embryonic carcinoma (EC)
-like cells, confirming their undifferentiated nature. This is in contrast with ApcNN
teratomas where pluripotency markers were down-regulated. These results suggest
that Tcf3 down-regulation in wild type ES cells is necessary but insufficient to fully
inhibit neural differentiation, and that canonical Wnt signaling is still required for
redirecting the differentiation towards non-neuroectodermal lineages.
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Tcf3 TCF reporter assay
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Figure 3. Characterization of Tcf3 over expressing ESCs

(A-B) gRT-PCR (A) and western blot (B) analysis of Tcf3 in ApcNN ESCs stably expressing Tcf3.
Wild type and Tcf3” ESCs were used for comparison. Actb was used as an internal control; (C)
Histogram showing reduction of B-catenin/Tcf reporter activity in ApcNN cells stably expressing
Tef3 (Tef3 OE) compared to parental ApcNN cells and cells expressing the corresponding empty
vector. Luciferase signal from TOP or FOP reporter constructs were measured and TOP/FOP
ratios are shown in the graph. Bars represent n=3 = SD; (D) Histogram showing the percent of
alkaline phosphatase (AP) positive colonies formed by plating 500 FACS-sorted cells in N2B27
medium after 7 days. N2B27 medium was supplemented with different combinations of LIF,
PD and CHIRON. Two independent ApcNN ESC clones (parental clone and transfected with
empty vector) and three independent ApcNN ESC clones expressing Tcf3 (Tcf3 OE) were used.
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Figure 3. Continued

Bars represent n=3 = SD; (E) Histograms showing relative expression of the pluripotency markers
Nanog and the early differentiation markers Fgf5 in different ESCs cultured for 48h in N2B27
medium; (F) Confocal analysis of ES cells stained with Tuj-1-Alexa 488 and counterstained with
the far-red nuclear stain DRAQS5. Wild type, ApcNN and ApcNN expressing Tcf3 (Tef3 OE) ESCs
were used in -4/+4 neural differentiation assay and analyzed by immunofluorescence after
13 days of culture; (G) Flow cytometric analysis showing expression of the neural progenitor
marker Nestin in ApcNN ESCs stably expressing Tcf3 (Tcf3 OE) and their control cells (parental
ApcNN clone and ApcNN transfected with the corresponding empty vector) or wild type ESCs.
Cells were analyzed by the -4/+4 neural differentiation assay and stained with specific antibody
against Nestin and Tuj1 after 13 days of culture. Wild type (WT) ESCs are shown as control to
indicate the Tuj1 positive population which is absent in other genotypes (0.1% in average in
Tcf3 OE clones). Numbers in the graph represent the percent of Nestin-positive cells. For wild
type ESCs the Nestin-positive populations before and after excluding the mature neurons are
shown. See also Figure S4 for defining different FACS gates.

TCF3 DOWN-REGULATION IN APCNN ESCS IS ASSOCIATED WITH HISTONE
MODIFICATIONS

To elucidate the mechanisms underlying Wnt-driven repression of Tcf3 expression, we first
analyzed its promoter activity in ApcNN and wild type ESCs to localize the responsible
regulatory elements. We employed luciferase reporter constructs containing a 6.7 kb
genomic fragment upstream of the mouse Tcf3 ATG translation start site as well as a
series of different deletion constructs spanning 4.5kb, 3.5kb, 2.2kb, 1.2kb and 176 bp
fragments of the same region (Figure S5A) [31]. The 4.5 kb fragment was previously
shown to resemble endogenous Tcf3 expression in mouse embryo as well as embryonic
derived neural stem cells [31]. To test whether Wnt signaling affects Tcf3 promoter activity,
we transfected the different Tcf3 promoter constructs in ApcNN and wild type ESCs.
Likewise, transfected wild type ESCs were also treated with Wnt3a conditioned medium
or L-control medium to examine Tcf3 promoter activity. Using both approaches, we found
that the Wnt-mediated repression of Tcf3 is not regulated by elements located within the
6.7 kb promoter region (Figure S5A). However, we cannot exclude the possibility that
long-range enhancer elements located outside the 6.7 kb promoter region might still
contribute to the observed Tcf3 repression in Wnt context.

The mouse Tcf3 promoter contains a large CpG island extending over exon 1, 2
and 3. This indicates that DNA methylation may play a role in the regulation of Tcf3
expression [32]. To test whether the observed Tcf3 down-regulation in ApcNN ESCs
results from DNA methylation, we employed the bisulfite-conversion method followed
by sequencing and methylation-specific PCR to analyze the Tcf3 promoter in ApcNN
cells and compare its methylation pattern to wild type ESCs. As depicted in Figure
S5B, we found that similar to wild type ESCs, the Tcf3 promoter is unmethylated
in ApcNN cells thus suggesting that DNA methylation is unlikely to represent the
mechanism underlying Wnt-driven Tcf3 down-regulation in mouse ESCs.

Active and repressed promoters are thought to be associated with histone marks,
which reflect the gene expression status of the corresponding genes. To test whether
Tcf3 down-regulation in ApcNN cells is regulated via chromatin modifications, we
performed chromatin immunoprecipitation (ChIP) to analyze post-translational
histone modifications associated with active and repressed promoters. We studied
the active-chromatin marks H3K4me3 and H3-acetylation as well as the repressed-
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Figure 4. Rescue of Tcf3 expression in ApcNN ESCs partially restores in vivo neural
differentiation. Teratoma samples were obtained from wild type, ApcNN and ApcNN
stably expressing Tcf3 (Tcf3 OE) ESCs. Tissue sections were stained by H&E, thionin
(marker of cartilage differentiation), and by IHC with specific antibodies against the
neural differentiation markers GFAP, 2H3 (neurofilaments) and SV2 (synaptic vesicles).
Oct4 IHC analysis was used to asses the presence of undifferentiated EC-like cells in
the teratomas.
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Figure 5. Tcf3 downregulation in wild type ES cells impairs but does not fully
inhibit neural differentiation.

(A) Immunohistochemistry analysis was used to evaluate the neural differentiation
in teratoma samples derived from Tcf3” or their wild type control (GS1) ESCs.
Immunostaining with specific antibodies revealed retention of the pluripotency
marker Oct4 and expression of the neural markers GFAP, neurofilaments (2H3) and
synaptic vesicles (SV2) in Tcf3” teratomas. Thionin staining was used to evaluate
cartilage differentiation; (B) RNAs were isolated from different teratoma samples
and analyzed by gRT-PCR for differentiation markers. Dot plots show normalized
gRT-PCR values for the neural markers Map2, B-lll-Tubulin and GFAP and for the
pluripotency markers Oct4 and Nanog among the different teratoma samples. Each
dot represents one sample.
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chromatin marks H3K27me3 and H3K9me3 in the Tcf3 promoter and compared the histone
modification patterns between ApcNN and wild type ESCs. The immunoprecipitated
chromatin was then assessed by gPCR analysis with a panel of specific primers covering a
region encompassed between -2kb to +2kb from the transcription start site (TSS), as well
as 20 kb of the gene body within the Tcf3 locus. In accordance with the observed Tcf3
downregulation in ApcNN cells, we found a decrease in the activating marks H3K4me3
and H3Ac and, to a lesser extent, a slight increase in the repressive marks H3K27me3 and
H3K9me3 (Figure 6). Similarly, 12h treatment of wild type ESCs with Wnt3a conditioned
medium significantly reduced the H3Ac and H3K4me3 activating marks but had no effect
on the H3K27me3 and H3K9me3 repressing marks (Figure S6). These data demonstrate a
correlation between Tcf3 expression and histone modifications in its promoter suggesting
that Wnt signaling might regulate Tcf3 expression through epigenetic mechanisms.
However, the mediator of this regulation still remains elusive.
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Figure 6. Regulation of Tcf3 in ApcNN ESCs is associated with histone modifications
Schematic representation of mouse Tcf3 locus and the different amplicons (P1-
P8) analyzed by QPCR in chromatin immunoprecipitation experiment. Chromatin
was isolated from ApcNN and wild type ESCs and was immunoprecipitated with
specific antibodies against the activating histone marks (H3K4me3 and H3Ac) and
the repression histone marks (H3k27me3 and H3K9me3). The input DNA (chromatin
before immunoprecipitation) and immunoprecipitated DNA was quantified by QPCR
and using specific primers as described in materials and methods. Values from each
amplicon were normalized to input chromatin and fold change was calculated relative
to the corresponding negative region (P1). Bars represent n=2 + SD.
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MIR-211, A NOVEL WNT-REGULATED MICRORNA, TARGETS TCF3 AND
ATTENUATES EARLY NEURAL DIFFERENTIATION IN WILD TYPE ESCS

It has been previously shown that members of the core pluripotency circuit are fine-tuned
via microRNA-mediated regulation in embryonic stem cells[33,34,35,36,37]. Therefore we
tested the idea whether Wnt-driven repression of Tcf3 expression might also be mediated,
post-transcriptionally, by Wnt-induced miRNAs. To this aim, we profiled the different Apc-
mutant ESCs for microRNA expression by using a miRNA array encompassing specific
probes for all known mouse miRNAs [38] (data not shown). Of the different candidate
miRNAs induced upon Wnt activation, mmu-miR-211 showed a Wnt dosage-dependent
up-regulation among the different Apc-mutant ESCs (Figure 7A). Accordingly, activation
of Wnt signaling in wild type ESCs either by Wnt3a conditioned medium (CM) or by
GSK3 inhibition, confirmed that miR-211 is a novel Wnt-regulated microRNA in mouse
embryonic stem cells (Figure 7B and C).

In silico analysis with three software packages, namely Miranda [39], Targetscan
[40] and PicTar [41], pointed to several potential miR-211 target genes predicted by
all three programs. To narrow down the list of potential targets, gRT-PCR analysis was
performed on wild type ESCs compared with ApcNN (Figure S7A) as well as on wild
type ESCs treated with Wnt3a CM (Figure S7B). We excluded those predicted targets
that showed up-regulation upon Wnt signaling. Based on these results Sox11, Sf3b1
and Tcf3 were selected for further analysis. Several stable ESC clones were generated
which ectopically over-express miR-211 in an otherwise wild type background (Figure
S7C). Western blot analysis showed that, unlike Sox11 and Sf3b1 (Figure S7D), Tcf3
protein level was decreased upon miR-211 ectopic expression (Figure 7D). To confirm
that miR-211 directly targets Tcf3, we cloned the 3’ untranslated region (3'UTR) of
the mouse Tcf3 gene in the pmirGLO reporter plasmid (Figure 7E) and performed
a luciferase-based reporter assay. Transfection of HEK293 cells with the Tef3-3'UTR
reporter plasmid confirmed that Tcf3 is a direct target of miR-211 (Figure 7F). The
inhibitory effects of miR-211 were not observed when mutant forms of the 3'UTR,
i.e. lacking 7 or 4 nucleotides of the miRNA seed sequence target (MTR1 and MTR2
respectively) were used (Figure 7F).

We next assessed the differentiation potential of miR-211 over-expressing clones
using in vitro neural differentiation assay as well as in vivo teratoma formation. FACS
analysis for Tuj1, a marker for mature neurons and Nestin, revealed that both miR-
211 over-expressing ES cells and their wild type controls give rise to similar number
of neurons and neural progenitor cells after 13 days of in vitro differentiation, thus
suggesting that miR-211 does not affect terminal neural differentiation. As expected,
ApcNN cells show a dramatic reduction in mature, Tuj1-proficient neurons (Figure
7G). Teratoma formation assay also confirmed that miR-211 does not suffice to inhibit
neural differentiation (data not shown).

To evaluate the role of miR-211 at earlier stages of differentiation, we derived
embryoid bodies (EBs) from miR-211 over-expressing cells and their wild type
controls and analyzed lineage differentiation at different time points. EBs derived
from wild type ES cells encompass differentiated lineages from the three germ
layers, thus providing an in vitro assay recapitulating the early steps of embryonic
development. gRT-PCR analysis for different lineage-specific markers indicated that,
unlike mesodermal, endodermal and pluripotency markers (data not shown), early
neuroectodermal differentiation was specifically attenuated by miR-211. We found
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Figure 7. The Wnt-regulated miR-211, targets Tcf3 in mouse ESCs.

(A) gRT-PCR analysis showing a dosage-dependent up-regulation of miR-211
in different Apc-mutant ESCs. SnoRNA-234 was used as an internal control; bars
represent n=2 + SD; (B-C) Time course analysis of wild type ESCs treated with Wnt3a
conditioned medium (B) or with the GSK-inhibitor SB-216763 (C). L-medium and
DMSO were used as controls, respectively. RNAs were isolated at different time points
and were subjected to gRT-PCR analysis of miR-211 or snoRNA-234 as an internal
control. Bars represent n=2 + SD; (D) Western blot analysis of Tcf3 expression in
protein lysates isolated from independent clones of wild type ESCs stably expressing
miR-211 (miR-211 OE) or the corresponding empty vector (control).
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Figure 7. Continued

Two independent ApcNN clones were included for comparison; (E) Schematic
representation of the Tcf3-3'-UTR luciferase vector derived from the pmirGLO
construct (Promega). Sequence alignment between miR-211 and its target site on
Tcf3-3'-UTR. Site directed mutagenesis was used to introduce 7-bp or 4-bp mutations
in Tcf3-3'-UTR; (F) HEK-293 cells were co-transfected with the Tef3-3'-UTR luciferase
vector, and either with miR-211 or a non-targeting miRNA. Luciferase activity was
measured 24h post-transfection and normalized to Renilla luciferase signal. The
same experiment was repeated with the mutant luciferase vectors, MTR1 and MTR2.
Asterix represent P-value <0.01 and bars represent n=3 + SEM; (G) Flow cytometric
analysis of Tuj1 and Nestin in miR-211 over expressing ESCs (miR-211 OE) and their
controls (Emp) after 13 days of neural differentiation. Two independent clones were
used for each genotype and representative example of each genotype is shown.
Numbers in the graph represent the percent of cells in neural (green), progenitor
(red) or negative (blue) populations; (H) Histogram showing the relative expression of
early neural markers Fgf5, Nestin, Pax6 and Sfrp2 in embryoid bodies derived from
independent wild type ESCs clones stably expressing miR-211 or the corresponding
empty vector. RNAs were isolated at different time points and were analyzed by
gRT-PCR for different lineage markers. Bars represent n=2 + SD; (I) gRT-PCR analysis
of Fgf5, Nestin, Pax6 and Sfrp2 in wild type ESCs stably expressing miR-211 or the
corresponding empty vector, cultured for 24h in N2B27 medium. Bars represent n=2
+SD.

that expression of the primitive ectoderm marker Fgf5 and of the neural progenitor
markers Nestin and Paxé as well as the early neural differentiation marker Sfrp2 were
repressed at day 3 of EB formation. Notably, these effects could not be detected at
later time points (day 6, 9 or 12; data not shown). Similar results were obtained at early
time points (i.e. after 24h) in N2B27 culture medium, previously described to induce
neural differentiation in mESCs [42] (Figure 7H and I). These results suggest that miR-211
functions at early stages of neural differentiation and its ectopic expression in wild type
ES cells is not sufficient to inhibit further neural commitment as differentiation proceeds.

Altogether, our results indicate that miR-211, a novel Wnt-regulated miRNA, can fine-
tune Tcf3 expression and attenuate early neural differentiation in wild type ESCs.

DISCUSSION

The role of Wnt/b-catenin signaling in controlling self-renewal and lineage differentiation
in pluripotent embryonic stem cells has been a matter of controversy. Although both
GSK3 inhibitors and Wnt ligands are essential to support ESCs self-renewal, it is yet
unclear whether this occurs through b-catenin- and TCF-dependent mechanisms [43].
Among the members of the Tcf/Lef family of transcription factors, Tcf3 and Tcf1 are
the most abundant in ES cells. This is of relevance as, while Tcf1 appears to function
as a canonical transcriptional activator upon association with b-catenin, Tcf3 acts as a
b-catenin-independent transcriptional repressor of self-renewal, suppressing genes such
as Nanog, Oct4 and other members of the core pluripotency circuitry [17,19]. In this
scenario, it is yet unclear how canonical Wnt signaling controls the balance between Tcf1-
and Tcf3-mediated gene activation and repression in the regulation of self-renewal and
differentiation in ESCs.
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During the last few months, several studies have been published on the specific roles
of b-catenin and Tcf3 in these processes [4,5,6,44]. In the classical Wnt model, Tcf
factors bind DNA and repress gene expression in the absence of active Wnt signaling.
Activating the signaling pathway leads to the binding of b-catenin to Tcf proteins
thus converting them from transcriptional repressors to transcriptional activators.
Among the four members of Tcf/Lef family, Tcf3 seems to be different as its repressor
function is not directly affected by Wnt signaling. In this perspective, two modes
of action have been described for the relief of Tcf3 repression by Wnt signaling: 1)
Tcf3 phosphorylation by homeodomain interacting protein kinase 2 (HIPK2) which is
mediated by b-catenin and results in displacement of Tcf3 from its target sites[45];
and 2) direct physical interaction between B-catenin and Tcf3 which displaces Tef3
and inhibits its repressive role in the context of active Wnt signaling [6,46]. Recently,
using a knock-in mouse model lacking the B-catenin-interaction domain of Tcf3, Wu
et al have demonstrated that counteracting Tcf3 function is not mediated by the
physical interaction between B-catenin and Tcf3 during the first stages of embryonic
development [47]. In view of these models, our data suggest that transcriptional
and post-transcriptional down-regulation of Tcf3 expression might be yet another
mechanism by which Wnt signaling inhibits Tcf3 function. It is worthwhile mentioning,
however, that Wnt signaling does not seem to fully suppress Tcf3 expression and that
residual levels of Tcf3 are retained even in the most severely truncated Apc mutant
alleles (i.e. ApcMimMin ESCs; Figure 2A) which encode for extremely high Wnt signaling
dosages. Altogether these observations suggest that Wnt/B-catenin signaling
regulates Tcf3 at several levels and by a combination of multiple mechanisms during
different stages of embryonic development.

Although over-expression of a dominant negative form of Tcf1 or Tef4 reduced
the canonical Wnt reporter activity (TOP-Flash), it failed to rescue the neural
differentiation in GSK-null ESCs [25]. Inhibition of B-catenin in GSK3b-null ESCs,
however, was sufficient to rescue the neural differentiation defect thus confirming
the central role of B-catenin-dependent mechanisms in this process [25]. The partial
rescue of neural differentiation by Tcf3 expression in ApcNN cells, as shown here,
highlights the distinct role of Tcf3 from other members of the Tcf/Lef family and
suggests that a plethora of Tcf3-dependent and -independent mechanisms underlie
the Wnt-regulated lineage differentiation in embryonic stem cells.

As for self-renewal maintenance in ES cells, Wray et al have shown that a mutant
form of B-catenin where the trans-activating domain was deleted, can still maintain
self-renewal in mESCs cultured in 2i medium [6]. This suggests that maintenance of
self-renewal is mediated by Tcf3 displacement rather than B-catenin signaling in 2i
culture. Based on this, one can hypothesize that forced overexpression of Tcf3 in
Wnt context could restore the dependency on CHIRON in serum-free culture. Our
data show that Tcf3 overexpression in ApcNN cells does not induce differentiation
in 2i culture, highlighting the dominant role of Wnt signaling in this process. This
is in line with the report by Yi et al. which showed that over expressing Tcf3 in the
context of Wnt signaling activation has minimal effect on self-renewal suggestive of
a synergistic action of Tcf3 antagonism and B-catenin/Tcf1 signaling [5].

In an attempt to elucidate the mechanisms underlying Tcf3 downregulation in the context
of active Wnt signaling, we found that Tcf3 down-regulation does not require DNA
methylation but is associated with alterations in histone marks at the core Tcf3 promoter
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region which are likely to regulate Tcf3 expression. Notably, these modifications occur
shortly after Wnt stimulation and it is plausible to think that the chromatin modifications
within the Tcf3 locus can trigger the downregulation process of Tcf3 expression which
can be stabilized further on via miR-211 function. Epigenetic regulation through histone
modification or DNA methylation was also shown previously for other antagonists of Wnt
signaling such as DACT3, sFRPs, WIF1 and DKK-1 in different cancer cells [48,49,50,51].
Further experiments are required to clarify whether this mode of gene repression is a
general mechanism for Wnt-induced gene silencing in embryonic stem cells and tumor
cells. Although the mediator of the observed chromatin modifications downstream of
Wnt signaling remains elusive, we found that the putative cis-acting element, if any, is not
located in the 6.7 kb promoter region which was previously described to regulate Tcf3
expression in different cell types [31]. Further work is needed to identify and study these
cis-acting elements which might be of potential interest for providing further insight into
the transcriptional repression downstream of Wnt signaling.

As an additional regulatory mechanism, we also described a novel Wnt-induced
micro RNA, miR-211, and demonstrated that it targets Tcf3 in ApcNN ESCs. However,
miR-211 over-expression in wild type ESCs does not reduce Tcf3 levels to the same
degree as observed in ApcNN ES cells thus suggesting that multiple Wnt-mediated
mechanisms are likely to exist. On the other hand, microRNAs usually exert their
function by targeting multiple genes and it is plausible that miR-211 inhibits early
neural differentiation in mESCs by repressing target genes other than Tcf3. Further
experiments are required to characterize the loss of miR-211 function phenotype in
mouse ESCs in order to evaluate the long-term effects on neural differentiation. The
observation that Wnt signaling induces miR-211 expression might also be of interest
for other disciplines of research and in particular cancer. In line with our observation,
a tumor promoting function has recently been described for miR-211 in colorectal
cancer cells [52]. Accordingly, miR-211 has also been shown to play a key role in
melanoma tumor formation and metastasis, as well as mesenchymal to epithelial
transition (MET) [53,54,55].

Taken together, we have revealed two downstream effects of Wnt signaling which
contribute to the differentiation defects observed upon constitutive activation of
canonical Wnt signaling, namely downregulation of Tcf3 expression and induction
of miR-211. These cooperatively contribute to the inhibition of neural differentiation
previously observed in Apc-mutant mouse ESCs [1]. We suggest that Wnt signaling
represses Tcf3 expression possibly by altering the histone marks at the Tcf3 promoter
and by activating miR-211 expression, thus extending our understanding of Tcf3
regulation in stem cells. In the future, additional studies are required to elucidate
how these mechanisms contribute to the regulation of Tcf3 expression and, more in
general, how Wnt signaling regulates stemness in embryonic and adult stem cells.
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MATERIALS AND METHODS

ETHICS STATEMENT

This study was carried out in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol
was approved by the Committee on the Ethics of Animal Experiments of the Erasmus
Medical Center (DEC permit numbers EMC 2351). All efforts were made to minimize
suffering.

ES CELL CULTURES AND EXPRESSION VECTORS.

Apc'®®N* and Apc'®®T* animals, kept on an inbred C57Bl6/J background, were bred
to derive ES cells from pre-implantation blastocyts according to previously described
protocols[56]. Cells were cultured on MEFs inactivated by Mitomycin-C (Sigma) in
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco) supplemented with 10% fetal calf
serum (FCS, Gibco), L-glutamine (2nM, Gibco), Na-Pyruvate (1mM, Gibco), non essential
amino acids (0.1 mM each, Gibco), 2-mercaptoethanol (55mM, Gibco) and LIF (1000U/ml,
Milipore). Bruce 4 ESCs were purchased from American Type Culture Collection (ATCC)
and Tcf37 and their wild type control GS1 ESCs were obtained as previously decribed
[14]. To stimulate Wnt signaling in wild type ESCs, cells were cultured on gelatin coated
dishes and treated with Wnt3a-conditioned medium (collected from L-cells expressing
Whnt3a plasmid) or L-control medium (collected from parental L-cells). Conditioned media
were diluted 1:1 with ES medium and added to wild type ESCs for different time points.
The Gsk-inhibitor SB-216763 was purchased from Sigma, dissolved in DMSO and used at
10 pM final concentration. DMSO was used as control in all the experiments.

Stable clones over expressing mmu-miR-211 were generated by transfecting
Bruce4 wild type ESCs with miR-211 expressing plasmid pEZX-MR0O1 (Genecopoeia),
or the corresponding empty vector. Several G418 resistant clones (200 pg/ml)
were selected and validated for miRNA expression. In order to generate Tcf3 over
expressing ESCs, ApcNN ESCs were co-transfected with pCAG-HA-Tcf3-IRES-EGFP
(gift of Dr. Bing Lim, National University of Singapore, Singapore,) and Hygromycin
resistance plasmid. Transfected ES cells were selected for Hygromycin (150 pg/ml).
GFP expression in resistant clones was employed for validation purposes. Several
independent clones were isolated and, upon validation by gPCR and western blot
analysis for Tcf3 expression, employed for subsequent experiments.

The Tef3-3'-UTR plasmid was obtained by PCR amplification from mouse genomic
DNA of a 565 bp fragment encompassing the Tcf3-3'-UTR inclusive of the miR-211
target site (forward primer 5'-AAATTGAGCTCTCCCCTTGCGCTGTGGTG-3';
reverse primer 5-AAAAACTCGAGGGTGGGGGAAGGGGCAGA-3'). PCR products
were digested with Sacl and Xhol and ligated into Sacl and Xhol-cut pmirGlo plasmid
(Promega). All constructs were sequenced to verify their authenticity.

MICROARRAY ANALYSIS

RNA was isolated using the RNeasy Mini Kit (QIAGEN) from cells lysed directly on the plate;
a DNase step on the column was performed according to manufacturer’s instructions.
RNA quality was controlled by RNA 6000 Nano LabChip kit (Agilent Technologies). RNA
was labeled using the GeneChip One-Cycle Target Labeling kit, hybridized to MOE430
2.0 arrays (Affymetrix) according to manufacturer’s instructions. For data analysis, CEL
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files were uploaded and normalized using MAS 5.0 algorithm in Expression Console
software (Affymetrix, Inc). Expression analysis was performed using Partek Genomics Suite
6.5 ((Partek Inc., St. Louis, MO) and Excel 2010 (Microsoft). A robust empirical method
coupled with a validation step using gRT-PCR was used to confirm the modulation of
gene expressions between different genotypes. A modulation of gene expression was
validated when the observed fold-change is 21.5 and corresponding to none overlapping
individual values, not present in the background. The unsupervised hierarchical clustering
was performed after MAS 5.0 normalization, using Pearson’s dissimilarity as distance
measure and Ward's method for linkage analysis.

DNA METHYLATION ANALYSIS

ESCs were cultured on 0.1% gelatin-coated dishes without MEFs for 2 passages and
genomic DNA was isolated using DNeasy Blood & Tissue Kit (Qiagen). 1pg of genomic
DNA was used in bisulfite conversion reaction using EZ DNA Methylation Kit (Zymo
Research) according to the manufacturer’s instructions. Converted DNA was amplified by
PCR using specific primers (Table S2) designed with Methyl Primer Express Software 1.0
(Applied Biosystems) or MethPrimer software [57].

The PCR amplification was carried out using KAPA2G Robust HotStart Tag DNA
polymerase (Kapa biosystems) and PCR conditions were: 95°C for 3 min and 39 cycles
of 95°C for 15 sec, 57 or 53°C for 15 sec and 72°C for 15 sec, followed by 10 min at
72°C. PCR products from Region A, B and D were employed in direct sequencing
using ABI BigDye Terminator and ABI 3130xI| genetic analyzer (Applied Biosystems).

EMBRYOID BODY FORMATION

ESCs were trypsinized, re-suspended in ES medium and plated on gelatin-coated culture
dishes for 30 min to remove MEFs. Non-attached ESCs were resuspended in EB medium
(ESCs medium without LIF) at a cell density of 2x10° cells/ml and plated on a non-adherent
bacterial dish to initiate EB formation. EBs were collected by centrifugation (800 rpm for
5 min) every three days and re-suspended in fresh medium. 1/5 volume of EBs suspension
was used for RNA extraction while the remaining EBs were kept in culture until day 12.

N2B27 SHORT TERM DIFFERENTIATION

Differentiation assays were performed as previously described [42]. Shortly, cells were
trypsinized and plated on gelatine-coated dishes in N2B27 medium consisting of DMEM/
F12:Neurobasal medium (1:1, Gibco) supplemented with N2 and B27 (Gibco). Cells were
harvested after 24h or 48h of differentiation for further analysis.

-4/+4 NEURAL DIFFERENTIATION ASSAY

Neuronal differentiation of ESCs was induced as previously described[30]. Briefly, ESCs
were trypsinized and incubated in ES medium on gelatine-coated dishes for 30 min.
to allow attachment of MEFs. Non attached cells were collected and 3x10¢ cells were
cultured in 10 cm. non-adherent bacterial dishes (Greiner Bio-One) in EB medium for 8
days. Medium was refreshed every 2 days and 5 uM all-trans retinoic acid (Sigma) was
added at day 4 and 6. On day 8 cells were trypsinized and plated on poly-L-ornithine/
laminin-coated dishes at a density of 2x10° cells/cm? in N2 medium. Poly-L-ornithine
(Sigma) and laminin (Roche) were used at final concentrations of 0.1 mg/ml and 20 ug/ml,
respectively.

57




58

CHAPTER TWO

N2 medium was refreshed after 2 and 24 hrs. from cell plating to remove dead cells. The
N2 medium consisted of: DMEM/F12 (Gibco) supplemented with L-glutamine (Gibco),
Nonessential amino acids (GIBCO), Insulin (25ug/ml, Sigma), Progesterone (20nM,
Sigma), Putrescine (100 nM, Sigma), Transferrin (50 pg/ml, Sigma), Bovine serum albumin
(50 pg/ml, Sigma), Sodium selenite (30 nM, Sigma) and Penicillin-Sterptomycin (Gibco).

After 48h from cell plating, medium was changed to N2B27 and refreshed every
2 days. Cells were collected after 5 days of plating for further analysis.

COLONY FORMING ASSAY AND ALKALINE PHOSPHATASE STAINING

Cells were trypsinized and plated on 0.1% gelatin-coated dishes for 30 min to remove
MEFs. 500 FACS sorted cells were plated on each well of a gelatinized 24-well plate
in N2B27 medium supplemented with different combinations of CHIR99021 (3 uM,
Stemgent), PD0325901 (1 pM, Stemgent) and LIF (1000 U/ml, Milipore). Total number of
colonies were counted after 5 days from plating upon staining with alkaline phosphatise
(Milipore) according to manufacture’s instructions.

TERATOMA FORMATION

Teratomas were obtained upon subcutaneous injection of 5x10° cells (in PBS) into
C57Bl6/J, for Apc-mutant ESCs (and their wild type controls), and NOD/SCID, for Tcf3”
ESCs (and their wild type controls), recipient mice. Teratomas were collected after 2-3
weeks and used for further experiments.

RNA ISOLATION, CDNA SYNTHESIS AND QRT-PCR

RNA was isolated using Trizol (Invitrogen) or RNeasy Mini Kit (QIAGEN) and treated with
DNase (Ambion) to remove contaminating genomic DNA. For gene expression analysis
cDNA was synthesized using 1ug RNA and the RevertAid™ H Minus First Strand cDNA
Synthesis Kit (Thermo). microRNA expression analysis was performed using 40 ng of
total RNA isolated by Trizol and employed in cDNA synthesis reaction using TagMan™
MicroRNA Reverse Transcription kit (ABI). Real-time RT-PCR was performed using Applied
Biosystems inventoried assays or TagMan™ MicroRNA Assays on a 7900HT ABI real-time
PCR system (Applied Biosystems). The Delta-Ct method was used to quantify the mRNA
or miRNA relative gene expressions. Actb or snoRNA234 were used for normalization,
respectively. gPCR analysis of the selected genes were performed using Fast SYBR®
Green Master Mix (ABI) and the primers listed in table S2 .

IMMUNOHISTOCHEMISTRY

Isolated teratomas were fixed in PFA (4%) and embedded in paraffin. Five pm sections
were mounted on slides stained by H&E for routine histology. Antibodies employed for
IHC analysis included: rabbit anti-GFAP (1:5000, Z0334, DAKO,); mouse 2H3 against
Neurofilaments (1:50, Developmental Studies Hybridoma Bank); mouse SV2 against
Synaptic vesicles (1:50, Developmental Studies Hybridoma Bank); mouse A4.1025 against
Adult myosin (1:50, Developmental Studies Hybridoma Bank); goat anti-Oct3/4 (1:100,
sc-8629, Santa Cruz). Signal detection was performed using HRP-conjugated Goat
anti mouse (1:250, Jackson ImmunoResearch), rabbit-anti-Goat-HRP (Dako) or Rabbit
Envision™ kit (Dako).
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IMMUNOFLUORESCENCE AND CONFOCAL MICROSCOPY

Cells were harvested and fixed in 2% PFA for 20 min, washed with PBS, and permeabilized
with 0.1% triton X-100 in PBS for 15 minutes. Cells were then incubated in Blocking
solution (PBS, 4% FCS) for 30 min., stained overnight at 4°C with the primary antibody,
washed and finally incubated with the secondary antibody for 2h. Confocal analysis was
performed with a Zeiss LSM510 confocal microscope. Tuj-1-Alexa488 was detected using
a 488 nm laser and BP 500-550 emission filter. DRAQ5 was detected using a 633 nm
laser and LP650 nm emission filter. Alexa 488-conjugated monoclonal anti-Tuj-1 was from
Covance (A488-435L) and was used at 1:4000 dilution.

FLOW CYTOMETRY ANALYSIS

Flow cytometric analysis was performed with a BD FACSAria Ill, using a yellow-green laser
at 561nm and a BP582/15 emission filter to detect anti-Nestin-PE antibodies, and 488nm
laser and LP502 and BP530/30 emission filters for Tuj-Alexa-488 antibodies. A Live-Dead-
Fixable red staining (Invitrogen) was performed before fixation, to exclude dead cells and
was detected using a 633nm laser and BP660/20 emission filter.

Alexa 488-conjugated anti-Tuj-1 antibody was used at a 1:4000 dilution and the
mouse anti-nestin antibody was from BD (556309) and was used at a 1:500 dilution
together with a 2" Rat-anti-mouse PE-conjugated antibody (BD; 1:1000). DRAQ5
was from Biostatus and was used as recommended by the manufacturer.

LUCIFERASE REPORTER ASSAYS

For the b-catenin/TCF reporter assay, 5x10° ES cells were plated on 24-well plates seeded
with MEFs and subsequently transfected by Fugene HD (Roche) with 250ng of the TOP-
Flash or FOP-Flash reporter constructs [28] together with 25ng of the Renilla luciferase
vector for normalization purposes. Luciferase activity was measured by Dual-Luciferase
Reporter Assay System (Promega). Tcf3 promoter activity was evaluated in ApcNN and
wild type ESCs similar to b-catenin/TCF reporter assay, as mentioned above and by using
Tcf3-promoter constructs (kindly provided by Nina Solberg, SCI-CAST Innovation Center,
Norway) and pGL3 empty vector a control. To examine the effect of Wnt3a treatment
on Tcf3 promoter activity, cells were transfected with luciferase constructs and treated
with Wnt3a condition medium or L-control medium for 48h and luciferase activity was
measured using Dual-Luciferase® Reporter Assay System (Promega).

For the 3'UTR-Luciferase reporter assay, HEK293 cells were plated in 24-well
plates at a density of 0.5x10° cells per well. Cells were co-transfected with 250 ng
of UTR (or MTR) reporter plasmid and either mmu-miR-211 mimic or non-targetting
oligos (40 nM, Dharmacon) using lipofectamin 2000 (Invitrogen). Twenty-four hrs.
after transfection, firefly-luciferase activity was measured by Dual-Luciferase®
Reporter Assay System (Promega) and normalized to the co-expressed Renilla
luciferase signal.

WESTERN BLOT ANALYSIS

ES cells were lysed using Cell Lysis Buffer (9803, Cell Signaling) and a cocktail of protease
inhibitors (11836170001, Roche). Subsequently, NuPage LDS Sample Buffer (NPO0OS,
Invitrogen) and DTT (1 mM) were added. Primary antibodies employed in western blot
analysis included: Tcf3 (sc-8635, Santa Cruz); Sox2 (AF2018, R&D Systems); Sox11 (sc-
20096, Santa Cruz); Oct4 (sc-5279, Santa Cruz); Dyrk1A G-19 (G2905, Santa Cruz);
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Sap155/Sf3b1 (D138-3, MBL); Nanog (AB5731, Milipore); B-actin (A5441, Sigma);
B-tubulin (ab6046, Abcam). Lysates were loaded on 10% SDS-PAGE (BIO-RAD System),
and transferred onto Immobilon-FL PVDF membrane (IPFLO0010, Millipore). Blocking was
performed at room temperature using LI-COR Blocking buffer (Part#927-40000) diluted
1:1 with PBS. Incubation with the first antibody was performed overnight at 4°C. Blots
were subsequently incubated with fluorescent-labeled secondary antibodies for 30 min. at
room temperature. Goat anti-mouse 1gG — IRDye 680 (1:5000, LI-COR Biosiences), Goat
anti-rabbit IgG - IRDye 800CW (1:5000, LI-COR Biosiences) and Donkey anti-goat-IRDye
800CW (1:5000, LI-COR Biosiences) were used as secondary antibodies. Fluorescent
signal was detected using LI-COR scanner (LI-COR Biosiences).

SITE DIRECTED MUTAGENESIS

Two mutant forms of the Tcf3-3'UTR-luc plasmid were generated using QuikChange
Lightning Site-Directed Mutagenesis Kit (Agilent, 210518). We introduced either 7 bp
substitutions in the miRNA binding site (AAAGGGA into CCCTTTC) to generate the
MTR1-Luc plasmid, or 4 bp (AAAGGGA into cAcGtGc) to generate the MTR2-Luc plasmid.
The following mutagenesis primers were employed in the reaction:

For MTR1, sense primer is 5'-tctgaaatggtcccccccectgceatttecctttectcaag-
gtgcctaccactgectte-3' and antisense primer is 5'-gaaggcagtggtaggcaccttgaggaaagg-
gaaatgcagggggggggaccatttcaga-3'. For MTR2 plasmid the sense primer is
5'-gtccceccccectgceatttcacgtgectcaaggtgectace-3'  and  the antisense primer s
5'-ggtaggcaccttgaggcacgtgaaatgcagggggggggac-3'.

The mutagenesis reaction was performed according to manufacture’s instruction.
Briefly, mutant strands were synthesized using the described primers followed by
Dpnl digestion of the amplification products to remove the parental methylated
strands. Digestion reactions were transformed in XL10-Gold Ultracompetent cells
and bacterial clones with correct nucleotide substitutions were used for further
plasmid extraction.

CHROMATIN IMMUNOPRECIPITATION (CHIP)

ChIP was performed on wild type and ApcNN ESCs or on wild type ESCs treated for 12h
with Wnt3a conditioned medium or L-control medium (1:1 dilluted with ES medium).
Briefly, cells were fixed in 1% PFA for 30 minutes at room temperature and PFA was
quenched afterwards with 125 mM glycine. Cells were washed with buffer B (0.25%
Triton-X 100, 1T mM EDTA, 0.5 mM EGTA, 20 mM Hepes, pH 7.6), buffer C (150 mM
NaCl, 1 mM EDTA, 0.5 mM EGTA, 20 mM Hepes, pH 7.6). Cells were then sonicated in
ChIP incubation buffer (0.3% SDS, 1% Triton-X 100, 0.15 M NaCl, 1 mM EDTA, 0.5 mM
EGTA, 20 mM Hepes, pH 7.6) using a BioRuptor sonicator (Cosmo Bio Co., Ltd) to obtain
DNA fragments 200-700 base pairs. Chromatin was diluted in ChIP dilution buffer (with
0.15 % SDS) and incubated with BSA-blocked protein-A/G Sepharose beads (Amersham)
and 5 pg antibody overnight at 4°C. Antibodies used in this study include: H3K4me3
(Abcam, Ab8580-50), H3K27me3 (Upstate, 07-449), H3K9me3 (Abcam, Ab8898-100),
H3Ac (Millipore #06-599)

Beads were washed with buffer 1 (0.1% SDS, 0.1% deoxycholate, 1% Triton-X
100, 150 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 20 mM Hepes pH 7.6), buffer 2
(0.1% SDS, 0.1% deoxycholate, 1% Triton-X 100, 0.5 M NaCl, 1 mM EDTA, 0.5 mM
EGTA, 20 mM Hepes pH 7.6), buffer 3 (250 mM LiCl, 0.5% deoxycholate, 0.5%
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NP-40, 1 mM EDTA, 0.5 mM EGTA, 20 mM Hepes, pH 7.6), and buffer 4 (1 mM
EDTA, 0.5 mM EGTA, 20 mM Hepes, pH 7.6). Chromatin was eluted for 30min. at
room temperature in elution buffer (1% SDS, 0.1 M NaHCO,) and together with input
chromatin, decrosslinked overnight at 65°C in the presence of 200 mM NaCl. DNA
was extracted using QlAquick PCR Purification Kit and was used in QPCR analysis
using Fast SYBR Green Master Mix (ABI) and primers indicated in table S2.
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Figure S1. qRT-PCR validation of microarray results. Selected differentially expressed genes
include Wnt and pluripotency-related genes. Measurements were performed in duplicates
and using two independent cell lines per genotype. Actb was used for normalization. Plots
represent average + SD of normalized gRT-PCR values for two independent clones of each
genotype.
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Figure S2.

(A) Histogram showing relative expression of Axin2 and of members of the Tcf/Lef family in
wild type, ApcNN and ApcM™in ESCs. Actb was used for normalization. Bars represent n=2
+ SD; (B-C) gRT-PCR analysis of Axin2 and of members of the Tcf/ Lef family in wild type
ESCs treated for different time intervals with Wnt3a conditioned medium (B) and with the GSK
inhibitor SB-216763 (C). L-medium and DMSO were used as control media. Actb was used for
normalization. Bars represent n=2 + SD.
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Figure S4. Supporting data to Figure 3. Flow cytometric analysis of wild type (WT) ESCs cells
stained with isotype controls or Nestin and Tuj1 specific antibodies. The double staining allows
the identification of Nestin positive neural progenitors and Nestin-negative/Tuj-positive mature
neurons (highlighted in green). The left panel shows the Nestin-PE vs. Tuj1 and the right panel
indicate the Nestin-PE against forward scattering (FSC) of the same sample. Since Tcf3 over
expressing clones gave rise to 0.1% mature neurons in average, the Nestin-PE vs. FSC has been
used in Figure 3.
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Figure S5.
(A) Tcf3 promoter activity in Wnt high and Wnt low ESCs. Luciferase constructs containing
different Tcf3 promoter fragments were co-transfected with Renilla luciferase and the relative
promoter activity is shown after normalization to Renilla-luciferase values. To monitor the effect
of Wnt signaling on Tcf3 promoter activity, luciferase constructs were transfected in wild type
ESCs, followed by 24h treatment with Wnt3a-condition medium (Wnt3a) or L-control medium
(LM). Similarly, luciferase constructs were transfected in 2 independent clones of ApcNN or
wild type ESCs and promoter activity was measured after 48h of transfection. The genomic
location of different Tcf3 promoter fragments is depicted in the scheme. Bars represent
+ SD; (B) DNA methylation analysis of Tcf3 promoter. Schematic representation of the
mouse Tcf3 promoter defined by the 5’'UTR and ~2 kb large CpG island extending into exons
1-3. For the purpose of methylation analysis, the CpG island was subdivided into regions
A, B, C and D. Genomic DNA was first bisulfite-converted and the individual regions either
employed in bisulfite-specific PCR followed by DNA sequencing (region A, B and D), or used in
methylation-specific PCR assays (region C). Arrows represent methylated (and un-methylated)
specific primers for region C. PCR products from regions A, B and D were obtained from
ApcNN, wild type and ApcN/+ (Apc'¢®V*) ESCs and directly sequenced. ApcN/+ ESCs were
employed as controls since they express similar Tcf3 levels compared to wild type ESCs (data
not shown). The sequencing results are depicted as open and solid circles for unmethylated and
methylated CpG dinucleotides, respectively. Dashed circles represent CpGs which were not
included in the PCR products. Because of its extremely GC-rich sequence, PCR amplification
of region C was carried out using methylated- and unmethylated-specific primers (MSP and
USP) covering 4 different CpG dinucleotides. Control DNA (mouse genomic DNA where all
CpGs sites are enzymatically methylated by means of CpG Methylase) was used in all bisulfite
reactions as a positive control.
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Figure Sé. Transient activation of Wnt signaling in wild type ESCs reduces H3Ac and H3K4me3
activating marks in Tef3 promoter. Bruce 4 wild type ESCs were cultured on gelatin-coated
dishes and treated with Wnt3a condition medium or L-control medium for 12h. Cells were
used for ChIP-QPCR as described before. Values from each amplicon were normalized to input
chromatin. Since no amplification was detected at the negative region (P1) from some of the
immunoprecipitated chromatin, values are shown as percent of input DNA. Bars represent
n=2 + SD.
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Figure S7.

(A) Histogram showing relative expression of selected miR-211 predicted targets in ApcNN
and wild type ESCs. Two independent clones were used for each genotype. Actb was used
for normalization. Bars represent n=2 + SD; (B) Histogram showing relative expression of
selected miR-211 predicted targets in wild type ESCs treated with Wnt3a condition medium
or L-medium for different time intervals. The ratios of Wnt3a CM/ L-medium are shown in the
graphs. Bars represent n=2 = SD; (C) qRT-PCR analysis of miR-211 expression in wild type ESCs
stably expressing miR-211 or the corresponding empty vector. Two independent ApcNN ESC
clones were included for comparison. snoRNA-234 was used for normalization.Bars represent
n=2 * SD; (D) Western blot analysis of the miR-211 predicted targets Sox11 and Sf3b1 in miR-
211 over expressing cells and their wild type controls.
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Table S1. Differentially expressed genes between WT, ApcTT, ApcNT and ApcNN ESCs.
http://www.plosgenetics.org/article/info%3Adoi%2F10.1371%2Fjournal.
pgen.10034244#s5

Table S2. Primer sequences used in QPCR and DNA methylation analysis.
http://www.plosgenetics.org/article/info%3Adoi%2F10.1371%2Fjournal.
pgen.10034244#s5

Table S3. Differentially expressed genes between ApcNN and ApcNN-over
expressing Tcf3 (Tef3 OE) ESCs.

http://www.plosgenetics.org/article/info%3Adoi%2F10.1371%2Fjournal.
pgen.1003424+#s5
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ABSTRACT

The functional roles of SNPs within the 8924 gene desert in the cancer phenotype are not
yet well understood. Here, we report that CCAT2, a novel long non-coding RNA transcript
(INcRNA) encompassing the rs6983267 SNP, is highly overexpressed in microsatellite-
stable colorectal cancer and promotes tumor growth, metastasis and chromosomal
instability. We demonstrate that MYC, miR-17-5p, and miR-20a are up-regulated by
CCAT2 through TCF7L2-mediated transcriptional regulation. We further identify the
physical interaction between CCAT2 and TCF7L2 resulting in an enhancement of WNT
signaling activity. We show that CCATZ is itself a WNT downstream target, which suggests
the existence of a feedback loop. Finally, we demonstrated that the SNP status affects
CCAT2 expression and the risk allele G produces more CCAT2 transcript. Our results
support a new mechanism of MYC and WNT regulation by the novel IncRNA CCAT2
in colorectal cancer pathogenesis, and provide an alternative explanation on the SNP-
conferred cancer risk.
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INTRODUCTION

Notwithstanding the considerable advancements in our understanding of the molecular
genetic basis of cancer, in the majority of cancer-associated genomic regions the
responsible protein-coding genes have not been identified yet. The discovery of short
(19-22 nt), non-coding RNAs (ncRNAs) - called microRNAs (miRNAs) [1] - not only revealed
a novel mechanism of gene regulation but also led to the identification of miRNAs directly
involved in cancer development [2]. It is therefore plausible that as-yet unidentified
members of the broader category of ncRNA mapping to cancer-associated genomic
regions play rate-limiting roles in tumor initiation and/or progression [3]. For instance, we
previously reported that highly conserved genomic regions (ultra-conserved regions or
UCRs) [4] are frequently transcribed as long (>200 bp) ncRNAs (IncRNAs) in both normal
and tumor tissues [5]. Furthermore, germline mutations, as well as single nucleotide
polymorphisms (SNPs) in ultra-conserved ncRNAs were found to occur more frequently in
patients with colon cancer and chronic leukemia than in the general population [6].

The rs6983267 SNP, mapping to the 8g24.21 chromosomal region, has been
consistently associated with an increased risk of colorectal cancer (CRC) [7]: the G allele
was associated with greater predisposition to CRC than the T allele (odds ratios of
1.27 and 1.47 for heterozygotes and homozygotes, respectively, P=1.27x10"%) [8]. The
increased cancer risk from this SNP variant was also observed in other cancer types,
including prostate, ovarian, and inflammatory breast cancer [9,10]. Despite the consistent
association between rs6983267 and cancer risk, the underlying molecular and cellular
mechanisms remain largely unknown. The genomic region spanning rs6983267 was
found to contain DNA enhancer elements [11,12], and the allelic variants were shown
to confer different binding affinity to TCF7L2 (transcription factor 7-like 2 [T-cell specific,
HMG-box]), a transcription factor that, together with CTNNB1, plays a central role in the
transcriptional activation of WNT target genes. In view of the well-established role of
constitutive WNT signaling activation in CRC, these findings suggest that rs6983267 itself
resides in a functional element that directly participates in colon cancer pathogenesis.

On the base of the localization of rs6983267 within a highly conserved region of
the genome (http://genome.ucsc.edu) [13] and our previous report of transcription in
UCRs [5], we hypothesized that an as-yet unidentified, highly conserved ncRNA could be
transcribed from this genomic region. The association between rs6983267 and CRC risk
further suggested that this ncRNA is likely to be aberrantly expressed in colon cancer and
to play a role in CRC carcinogenesis through WNT signaling.

RESULTS

CCAT2, A NOVEL LNCRNA TRANSCRIPT MAPS TO THE HIGHLY CONSERVED
8Q24.21 REGION ENCOMPASSING RS6983267 AND IS OVEREXPRESSED IN
MICROSATELLITE-STABLE CRC SAMPLES

The 8924.21 genomic region encompasses a highly conserved segment with homologies
found in 28 species-conserved tracks (University of California, Santa Cruz Genome Browser;
http://genome.ucsc.edu/; Figure 1A). We designed primers spanning the rs6983267
SNP and found that this region was transcribed at high levels in human pancreas, lung,
prostate, and testis tissues (data not shown). Subsequently, we cloned by RACE (rapid
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amplification of cDNA ends) a 340-bp non-spliced transcript from bone marrow cDNA
(Figure 1A). To exclude the possibility that this transcript was part of long intergenic non-
coding RNAs (lincRNAs) mapped in this region (RP11-382A18.2 and RP11-382A18.1), we
performed polymerase chain reaction (PCR) amplification using lincRNA-specific primers
combined with primers from within the 340-bp transcript. We did not observe any
amplified product in the COLO320 colon cancer cell line that expresses the highest levels
of the newly identified transcript, suggesting that it is distinct from the two lincRNAs.
We further cloned an intronless 630-bp transcript from mouse testis cDNA. Notably, the
sequence overlapping between the transcripts cloned from the human and mouse tissues
shared 93% homology and encompassed the rs6983267 SNP.

Because a previous study using a tiling assay did not find any transcriptional activity in
this region [14], we sought other independent data to support the existence of this newly
identified RNA transcript. By searching the RNA-seq database from ENCODE/CSHL
(http://genome.ucsc.edu/), we found that the rs6983267 region is actively transcribed
in the genomic sense orientation in GM12878 lymphoblastoid cells (Figure S1). We next
determined whether this transcript has protein coding potential. The transcript’s non-
coding nature was suggested by the negative results of the in vitro translation assay,
along with the lack of consistent open reading frames (ORF) by ORF Finder [http://www.
ncbi.nlm.nih.gov/gorf/gorf.html], negative score by phyloCSF (-271.5366, meaning that
CCAT2 is 107 (27.15366) times more likely to be a non-coding sequence than a coding
one), a comparative genomic method differentiating coding and non-coding RNA[15], lack
of coding potential determined by coding potential assessment tool (CPAT) (http://lilab.
research.bcm.edu/cpat/) [16], and negative data from small peptide database (Pepbank;
http://pepbank.mgh.harvard.edu/search/blast) (Figure S2A). We further confirmed the
existence of this novel RNA by using Northern blot analysis on a panel of colon cancer
cell lines probed by sense-specific oligonucleotides spanning rsé983267: a transcript
of approximately 400 bp in genomic sense orientation (centromere to telomere) was
detected with the highest expression in COLO320 cells (Figure S2B). Consistent with this
observation, Southern blot analysis revealed that among analyzed samples, COLO320
cells had the highest degree of genomic amplification of the 8924 region (data not
shown). By taking advantage of a cohort of nine paired colon specimens, we determined
by quantitative real-time PCR (qRT-PCR) analysis that the newly transcript was expressed
at much higher levels in tumor tissue than in the adjacent normal mucosa, and confirmed
that the transcription occurs in the genomic sense orientation (Figure S2C). We named
this novel gene transcript Colon Cancer Associated Transcript 2 (CCAT2).

We further measured CCAT2 expression by qRT-PCR in 215 CRC and 94 paired non-
neoplastic mucosal specimens obtained from patients from four different geographical
regions (i.e., Italy, Japan, Australia, and North America). We identified significantly higher
CCAT2 expression in the CRC tissue as compared with the adjacent mucosae (Figure 1B).
Moreover, microsatellite-stable (MSS) cancers had higher CCAT2 expression (~10 times)
than microsatellite-unstable (MSI-H) tumors and adjacent normal colon mucosae (Figures
1B and S2C). To visualize CCAT2 expression, we performed in situ hybridization by using
a locked-nucleic acid probe designed against CCAT2 RNA. In agreement with the gRT-
PCR findings (Figure 1B), the epithelial expression pattern observed had stronger staining
in MSS than in MSI-H cancers and normal mucosae (Figure 1C). We did not observe a
significant association between CCAT2 expression and genomic DNA amplification in an
additional set of CRC samples from Japan (n=64, P=0.46, Figure S2D), suggesting that
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CCAT2 expression is, at least partially, independent of the genomic DNA copy number
alterations in this chromosomal region.
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Figure 1. CCAT2, a novel IncRNA spanning rs6983267, is overexpressed in colorectal
cancer samples. (A) Genomic features of the 8924.21 region spanning SNP rs6983267 and
the genomic location of CCAT2. Numbers in parentheses show the genomic distance relative
to rs6983267 (image not to scale). (B) CCAT2 expression in CRC patient samples. CCAT2
expression was quantified using qRT-PCR, and data are presented as box-whisker plots showing
the five statistics (lower whisker is 5% minimum, lower box part is the 25th percentile, solid
line in box represents the median, upper box part is 75* percentile, and upper whisker is 95%
maximum). (C) In situ hybridization of CCAT2 and Ué (as normalizer) in CRC patient samples.
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Figure 2. CCAT2 promotes tumor growth and metastasis.

(A) CCAT2 increased subcutaneous tumor formation in a mouse xenograft model. Comparison
was made between the empty vector and CCAT2 groups at the indicated weekly time points
using the ttest. (B) HCT116 cells transduced with CCAT2 showed significantly higher migration
ability, as measured by using a migration chamber. Data are presented as mean + SEM from
three independent experiments. (C) Knockdown of CCAT2 reduces invasion ability of KM12SM
colon cancer cells. After treatment with CCAT2 siRNA (50 nM) for 24 h, cells were seeded
onto invasion assay chamber for 48 h, and invaded cells were stained and counted. (D) CCAT2
enhances liver metastasis in mice that were incubated by intrasplenic injection with HCT116
cells. A representative image of liver metastasis from the CCAT2 group is shown. (E) CCAT2
expression levels in Italian primary CRC samples from patients with metastasis (M1) were
higher than those from without metastasis (M0). Comparison was made using Mann-Whitney
test. Data are presented as box-whisker plots. (F) Breast cancer patients with high CCAT2 had
shorter metastasis-free survival. Kaplan-Meier analysis as a function of CCAT2 levels in 129
lymph node-positive breast cancer patients who received adjuvant combination chemotherapy
with cyclophosphamide, methotrexate, and 5-fluorouracil. CCAT2 high level to normalizer,
>0.0045; CCAT2 low level, <0.0045.
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CCATZ2 PROMOTES CANCER GROWTH AND METASTASIS

To test the hypothesis that CCAT2 plays an oncogenic role in CRC, we cloned CCATZ2 into
a retroviral expression vector and transduced it into HCT116 colon cancer cells. This is
an MSI-H cell line (MSH6 mutant) with a near-diploid karyotype [17] that expresses low
levels of CCAT2 (when compared to COLO320; Figure S2B). Retrovirus transfection of
the CCAT2 construct caused a 630-times increase in CCAT2 expression compared with
the cells transfected with empty vector (Figure S3A). For comparison the expression
difference between high expresser COLO320 cells and low-expresser HCT116 cells
was ~1500 times (Figure S3A). The CCAT2-transduced HCT116 cells did not affect cell
proliferation in 2-D culture conditions (Figure S3B), but showed a growth advantage
under low adherence conditions and increased colony-forming potential (Figures S3C and
S3D). Subcutaneous transplantation of CCAT2-overexpressing HCT116 cells resulted in
larger xenograft tumors in Swiss nu-nu/Ncr nude mice when compared to empty vector-
transduced cells (Figure 2A). This observed in vivo tumor promotion effect of CCAT2
was independently confirmed by a xenograft study using pcDNA construct-established
CCAT2-overexpressing HCT116 cells (data not shown).

We next studied whether CCAT2 is involved in promoting the metastatic phenotype
in colon cancer cells. In vitro migration assay showed a 2-fold increase in the migration
of CCAT2-transduced HCT116 cells (P=0.001) (Figure 2B). To validate the role of CCAT2
in the metastatic phenotype, we used KM12SM cells, a CRC cell line established from
the spontaneous liver metastasis of KM12C cells [18]. Knockdown of CCAT2 by siRNA,
which reduced the CCAT2 expression by 70%, significantly reduced the invasive ability
of KM12SM cells (that express high levels of CCAT2), suggesting the involvement of
CCAT2 in metastasis (Figures 2C and S4). More importantly, spleen injection of CCAT2-
overexpressing HCT116 cells into Swiss nu-nu/Ncr nude mice resulted in a higher
incidence of liver metastasis (6 of 9 mice vs. 1 of 5 mice) as well as a greater number of
metastatic tumors (P=0.025) than in the control group (Figure 2D). These studies suggest
that modulation of CCAT2 expression levels changes the metastatic capacity of cancer
cells. In addition, in the Italian cohort of CRC samples (which was the larger available
set), we found significantly higher CCAT2 expression levels in primary CRC tumors from
patients with metastasis (TNM category M1) than in those without metastasis (MO)
(P=0.003) (Figure 2E).

To further expand on this issue, and in view of the previous report on the correlation
between rs6983267 and breast cancer aggressiveness [10], we measured CCAT2 RNA
expression levels in 129 lymph node-positive breast cancer patients who received adjuvant
cyclophosphamide, methotrexate, and 5-fluorouracil combination regimen. High CCAT2
RNA levels were associated with shorter metastasis-free survival when analyzed as both a
continuous variable (Table S1) and as a dichotomized variable using the median level as
a cutoff point (Figure 2F).

CCAT2 INDUCES CHROMOSOMAL INSTABILITY

As chromosomal instability (CIN) represents a main feature of MSS CRCs, and in view
of the high CCAT2 expression levels among MSS colon cancers (Figures 1B and 1C), we
hypothesized that CCAT2 may underlie CIN development. We generated stable HCT116
clones overexpressing CCAT2 (OC1 and OC2) or with basal CCAT2 expression (E1 and E2)
by using the pcDNA expression vector (Figure 3A). Genomic instability analysis showed
that the percentage of cells with normal metaphases was markedly lower in OC (59.5%
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in OC1 and 31.4% in OC2) than in E (84.2% in E1 and 94.3% in E2) clones (Figure 3A). In
the same analysis, CCAT2 dramatically increased the percentage of polyploid cells from
5.3% (E1) and 2.8% (E2) to 33.3% (OC1) and 60.0% (OC2) (Figure 3A). We detected near-
tetraploid status in clone OC2 by spectral karyotype analysis (Figure 3B) and observed a
doubling of nuclear size and DNA content by DAPI staining and flow cytometric analysis
(Figures S5A and S5B). The CIN-inducing ability by CCAT2 was further validated by a
second batch of eight overexpressing clones that exhibited numerical and structural
chromosomal changes (Figures 3C, 3D and S5C). CIN was also observed in HCT116
cells transduced with CCAT2-containing retrovirus (Figure S5D). Stable knockdown
of CCAT2 expression in COLO320 cells partially reversed the abnormal metaphase
observed in COLO320 cells (Figure S5E). To further identify the mechanism by which
CCAT2 overexpression may underlie CIN, we evaluated spindle and CREST/kinetochore
structure by immunocytochemistry analysis of the CCAT2 clones (E1, E2, OC1 and OC2)
with antibodies directed against beta-tubulin and the centromere. Normal numbers of
centrosomes were observed in both E1 and E2 with spindles separating chromosomes
from two centromeres in the nucleus (Figure 3E). However, we detected aberrant numbers
of centrosomes pulling chromosomes from three or more different points in the CCAT2-
overexpressing clones (Figure 3E). The observed defects in centrosomes are likely to
result in abnormal chromosomal breakage and fusion, and eventually aneuploidy.

As CIN scores were already available from 218 breast cancer patients with lymph
node negative disease [19], we assessed the CCAT2 expression levels in these tumor
samples. We identified a significant positive correlation between CCAT2 level and CIN
score (Spearman correlation: Rs=0.17, P=0.012).

CCAT2 REGULATES MYC TRANSCRIPTION

To explore the molecular mechanism underlying CCAT2's oncogenic potential, we
characterized the expression of other transcripts located in the same region: MYC and
exons 6 and 8 of DQ515897 (but not POU5F1B) showed expression patterns similar to
that of CCAT2, although with smaller differences among MSI-H, and MSS cancers and
normal colorectal mucosa (Figure 4A and S6A). In view of these associative data and
of previous reports describing a long-range interaction between rs6983267 and MYC
[13,14], we asked whether CCAT2 plays a role in regulating MYC expression. Among the
HCT116 clones, we found higher MYC expression at both the RNA and protein levels in
cells overexpressing CCAT2 (3.4- and 2.5-fold increases in OC1 and OC2, respectively;
P=0.030 and P=0.038, respectively) (Figure 4B). Higher MYC expression was also found
in three additional independent HCT116 clones overexpressing CCAT2 (Figure S6B).
Expression of downstream MYC protein-coding gene targets such as BAX[20], CDC25A
[21], CDKN2A [22] and the microRNA targets such as the MIR17HG [23], and miR-146a
[24] were also changed accordingly (Figures 4C, S6C and S6D). Additionally, the MIR17HG
was also up-regulated in retrovirus-transfected cells (Figure S6E), and was significantly
reduced by transient MYC down-regulation (Figure S6F), suggesting that these microRNAs
are regulated by MYC in our experimental systems. Conversely, transient knockdown of
CCAT2 reduced MYC expression (both RNA and protein) in CCAT2-overexpressing clones
(Figure 4D), suggesting that CCAT2 RNA, and not merely its genomic locus, is required
for the maintenance of high MYC expression levels. In addition, sustained downregulation
of CCAT2 by shRNA retroviruses decreased MYC expression and MIR17HG expression in
COLO320 cells in a CCAT2-dependent fashion (Figures 4E and S6G). This effect was
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further validated in Tet-on inducible COLO320 clones where CCAT2 expression was
reduced by specific shRNAs in response to doxycycline (Figure 4F).
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Figure 3. CCAT2 induces chromosomal instability in HCT116 cells.

(A) Increased chromosomal abnormalities in CCAT2-overexpressing clones, as identified by
genomic instability analysis. (B) Example of spectral karyotypes of HCT116 clones revealed
a change from the original diploid (E1) to the tetraploid karyotype in the OC2 clone. (C) and
(D) CCAT2 induces chromosomal instability in an independent set of CCAT2-overexpressing
clones. The number of chromosomal abnormalities in each clone was counted and data are
expressed as mean = SD. (E) Abnormal centrosomes in CCAT2-overexpressing clones OC1
and OC2 by immunostaining. Beta-tubulin in red and CREST/kinetochore in green.
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Figure 4. Regulation of MYC expression by CCAT2.

(A) Increased CCAT2 and MYC expression in MSS CRC samples. Expression profile of MYC
and CCAT2 in paired CRC/control mucosa samples from Italy using gRT-PCR. (B) Correlation
of MYC protein and CCAT2 RNA levels in HCT116 clones with high and basal CCATZ2 levels.
(C) CCAT2 increased miRNA expression of the MIR17HG, decreased miR-146a expression,
and exerted no consistent effect on let-7a (used as negative control). (D) Downregulation of
MYC (upper panel: protein; lower panel: RNA) by CCAT2 siRNA in HCT116 OC2 clone. (E)
Downregulation of CCAT2 reduced MYC expression in COLO320 shRNA stable clones. (F)
Reduction of MYC in doxycycline-inducible shCCAT2 clones of COLO320. (G) Reduction of
migration in CCAT2-transduced HCT116 cells by anti-miR-17-5p and anti-miR-20a. 24 h after
anti-miR treatment, cells were seeded onto migration assay chamber for another 24 h, and
migrated cells were stained and counted. *P<0.05.
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Next, we moved on to determine whether MYC and/or its targets are mediators of the
above observed CCAT2-driven enhanced cell migration. In our experimental system,
reducing MYC expression did notssignificantly decrease the migration of CCAT2-transduced
cells (Figure S6H). However, consistent with the consensus that the MIR17HG increases
metastasis [25,26], knockdown of miR-17-5p or miR-20a in CCATZ2-overexpressing cells
led to a significant decrease in cell migration (Figures 4G and Sél). These findings suggest
a not-yet-identified complex network underlying CCAT2-elicited metastatic phenotype.

MECHANISMS OF CCAT2'S REGULATORY EFFECT

As CCATZ2's subcellular localization may provide additional clues about its functional role,
we measured CCAT2 expression in nuclear and cytosolic fractions from CCAT2-expressing
HCT116 subclones and the COLO320 cell line by qRT-PCR. The differential enrichment
of GAPDH and U6 RNA were employed as fractionation indicators (Figure S7). In these
samples, we found a considerable increase in CCAT2 expression in the nucleus versus
the cytosol, thus indicating that CCATZ2 is mainly localized in the nucleus (Figure 5A). This
was further confirmed by the in situ hybridization findings in CRC samples (Figure 5B).
Consistent with our findings, RNA-seq data showed that the transcript encompassing
rs6983267 is exclusively expressed in the nucleus of GM12878 lymphoblastoid cells
(Figure S1). We also investigated a potential effect of CCAT2 on MYC messenger RNA
stability (Figure S8), as well as an RNA enhancer effect [27] (Figure S9 and Supplemental
Results), but could not find any significant variations related to CCAT2 levels.

Aberrant WNT activation occurs in the majority of CRCs [28], and risk allele of SNP
rs6983267 has been shown to confer enhanced response to WNT signaling through
TCF7L2 binding [12]. Since MYC is an established target of TCF7L2 as confirmed by the
presence of TCF7L2 binding sites in its promoter as well as by functional studies [29], it is
possible that CCAT2 affects MYC expression through the mediation of TCF7L2. Consistent
with previous findings, we identified TCF7L2 binding to the MYC promoter region, and
observed enhanced binding in the OC1 clone when compared with E1 clone (Figure 5C).
Next, we sought to determine whether this was due to an increase in nuclear CTNNB1
or TCF7L2 accumulation. Using Western blot analysis, we observed a comparable level
of total CTNNB1 expression levels with no increase in nuclear CTNNB1 between CCAT2
overexpressing clones and their control cells (Figure S10). Similarly, TCF7L2 expression
levels were comparable in all four clones (Figure S10). Notably, by using a TOP-Flash
luciferase assay, we observed a 2-fold increase in WNT reporter activity in OC1 and OC2
clones with increased CCAT2 expression levels (Figure 5D). Increased luciferase activity
was also observed in an independently generated set of high-CCAT2-expressing HCT116
clones (Figure S11). This result was further confirmed in HEK293 WNT reporter cells
transiently transfected with CCAT2 expression vector (Figure 5E). Consistent with these
observations, WNT reporter activity in COLO320 cells was effectively reduced by CCAT2
siRNA and also as expected by TCF7L2 siRNA (Figure S12). These findings suggest
that CCAT2 augments TCF7L2 transcriptional activity without increasing the quantity of
TCF7L2.

We employed RNA immunoprecipitation analysis to examine the physical interaction
between CCAT2 and TCF7L2 by pulling down RNAs co-localized with TCF7L2 protein. We
found an enrichment of CCAT2 RNA, but not GAPDH and the HOTAIR ncRNA by TCF7L2
antibody compared with the IgG control in the OC1 clone (Figures 5F and S13). To test
whether endogenous CCAT2 binds to TCF7L2 protein, we analyzed the RNA-protein
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association in COLO320 cells that express high CCAT2 levels. Similar to the findings in
the OC1 HCT116 clone, a significant enrichment of CCAT2 was observed in TCF7L2 pull-
down RNA samples from COLO320 cells (Figures 5G and S13).

Overall, these results suggest that the main mechanism through which CCAT2
increases MYC expression relies on activation of WNT signaling by enhancing TCF7L2
transcriptional activity. Accordingly, the expression of specific WNT target genes such as
CD44[30] and VIM[31] was increased in CCAT2-overexpressing clones (Figure 5H and 5lI).
Conversely, knockdown of CCAT2 expression caused a reduction in the expression level
of VIM in both KM12SM (with high endogenous CCAT2 expression) and COLO320 (with
very high endogenous CCAT2 expression) cells (Figure S14).

CCAT2 RESPONDS TO WNT SIGNALING

Previously, a TCF7L2 binding element was found to be located within the rs6983267
genomic span [12,14], which suggested that CCAT2 expression levels might be regulated
by this transcription factor. Therefore, we treated three colon cancer cell lines (COLO320,
HCT116, and RKO) with lithium chloride (LiCl) in order to further activate canonical WNT
signaling through inhibition of glycogen synthesis kinase 3 beta (GSK3B) [12]. The effect
of LiCl was monitored by TOP-Flash luciferase activity and by AXINZ expression [32]. In all
these cell lines, we observed an increase in CCATZ2 expression after LiCl treatment (Figure
6A). TCF7L2 knockdown using two different siRNAs impaired the LiCl-induced CCAT2
expression increase in HCT116 cells (Figures 6B and S15), suggesting that the effect on
WNT signaling was TCF7L2-dependent. In the CCAT2-overexpressing clones, TCF7L2
siRNA consistently reduced CCAT2 expression, either with or without LiCl stimulation,
indicating that TCF7L2 is necessary for the maintenance of high CCAT2 expression levels
(Figure 6C). The endogenous expression of CCAT2 was also significantly down-regulated
by TCF7L2 siRNA in KM12SM and COLO320 cells (Figures 6D and 6E). These findings
suggest the existence of a complex feedback loop of CCAT2 and WNT signaling.

RS6983267 ALLELES AFFECT CCAT2 EXPRESSION AND FUNCTION

The discovery of CCAT2 and its role in CRC suggests that it may underlie the mechanism
of the rs6983267 SNP-conferred cancer risk. We first test if rs6983267 status affects
CCAT2 expression in patient samples. We genotyped the rs6983267 SNP in previously
profiled MSS samples (Italian, Japan and Australian cohorts, Figure 1B), and separated
them into GG, GT and TT groups. We did not observe significant difference (P=0.450)
in CCAT2 expression levels between the GG (n=52) and TT (n=45) groups (Figure S16).
However, further separation of the groups according to the individual cohort revealed that
the difference (P=0.009) is significant in the Italian cohort, which has the largest sample
size (Figure 6F). Inconsistently, there was no significant difference in CCAT2 expression
between the GG and TT alleles in 93 CRC patients from the United Kingdom (data not
shown). These data suggest that the effect of rs6983267 allele on CCAT2 expression
levels may be very subtle and for detection better-controlled experimental design are
needed.
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Figure 5. Regulation of TCF7L2 activity by CCAT2.

(A) CCAT2 nuclear localization, as identified using gRT-PCR in fractionated COLO320 cells and
HCT116 CCAT2 clones. (B) CCAT2 nuclear localization, as identified in CRC samples using in
situ hybridization. (C) CCAT2 increased TCF7L2 binding to the MYC promoter. ChIP analysis
showed higher binding in CCAT2-overexpressing clone (OC1) than cells with basal CCAT2
expression (E1). Goat IgG was used as a control antibody. (D) Higher WNT activity in CCAT2
stable clones, as identified by TOP-Flash reporter assay. (E) Transient expression of CCAT2
induced a more than 2-fold increase of TOP-Flash luciferase activity in HEK293 cells. Data in
C and D are presented as mean = SEM (n=3). * P<0.05 F) Co-localization of CCAT2 RNA with
TCF7L2 protein by RNA immunoprecipitation using anti-TCF7L2 antibodies in OC1 with
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Figure 5. Continued

ectopic CCAT2 overexpression. (G) Co-localization of CCAT2 RNA with TCF7L2 protein by RNA
immunoprecipitation using anti-TCF7L2 in COLO320 cells, which have endogenous high CCAT2
expression. A quantitative analysis using qRT-PCR is shown along with the PCR gel images. (H)
Immunostaining of HCT116 clones with vimentin antibody or DAPI. Stronger vimentin signal
as seen in epithelial-mesenchymal transition was observed in CCAT2-overexpressing clones
than in cells with basal CCAT2 expression. (I) CCAT2 increases the mRNA expression levels
of CD44 and VIM in HCT116 clones. Data are presented as mean + SEM from at least three
independent experiments. *P<0.05.

To address this question, we took advantage of CRC cell lines (DLD1 and KM12SM cells)
with heterogeneous rs6983267 genotype, to measure the amount of CCAT2 transcript
produced from different alleles. We amplified the region spanning the SNP using genomic
DNA or RNA as template, and sequenced the PCR products by pyrosequencing, a method
that allows for accurate and quantitative analysis of DNA sequence [33]. In both DLD1 and
KM12SM cells, the percentage of G allele is slightly (about 6%), but significantly higher
in RNA samples than the corresponding genomic DNA samples (Figure 6G). These data
prompted us to determine the allele ratio in genomic DNA and RNA of CRC samples
with GT genotype. As shown in Figure 6H, three out of four samples showed consistent
findings — that is, significantly higher percentage (7-15%) of G allele in RNA than in DNA
samples. These data suggest that G allele of rs6983267 produces more CCAT2 transcripts
than the T allele.

We next determined whether CCAT2 transcripts containing G or T have different
biological functions. We mutated the SNP site of the retrovirus CCAT2 construct from
G to T, and transfected HCT116 cells with CCAT2-G or CCAT2-T retroviruses. Although
we observed higher MYC expression (both RNA and protein) in CCAT2-G than CCAT2-T
transfected cells (Figures S17A and S17B), the difference becomes not significant after
normalizing to CCAT2 expression levels (Figure S17C). To test whether the rs6983267
allele affects CCAT2's regulation of MYC in CRC patients, we analyzed CCAT2 and MYC
expression correlation in previously genotyped MSS CRC samples. A significant positive
correlation between CCAT2 and MYC expression was observed in GG samples (n=52,
coefficient=0.3; P=0.001), but not in TT samples (n=45, coefficient=0.26; P=0.078) of
CRCs (Figure S18). Furthermore, by using the Vienna RNA Secondary Structure Package
(http://www.tbi.univie.ac.at/~ivo/RNA/), we identified that the CCAT2 G and T alleles
have distinct conformations (Figure S19). Although further studies are needed to verify
the different biological functions of the rs6983267 G and T alleles, our data indicate that
the specific alleles may also differentially affect MYC expression.
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Figure 6. Regulation of CCAT2 expression by WNT signaling and SNP variance on CCAT2
expression.

(A) CCAT2 expression is induced by lithium chloride (LiCl) in three colon cancer cell lines.
AXIN2 or TOP-Flash luciferase activity served as a positive control for the activation of WNT
signaling. Data are presented as mean + SD (n=3). (B) TCF7L2 is indispensible for LiCl-
induced CCAT2 expression. HCT116 cells were treated with TCF7L2 siRNA (siGENOME
SMARTpool TCF7L2, Dharmacon) for 24 h, and then stimulated with LiCl for another 24
h. CCAT2 expression levels were measured by gRT-PCR. (C) TCF7L2 siRNA downregulates
CCAT2 expression in overexpressing OC2 clone, either with or without LiCl stimulation. (D, E)
TCF7L2 siRNA (sc43525, Santa Cruz) downregulates CCAT2 expression in KM12SM cells and
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Figure 6. Continued

COLO320 cells. Data are presented as mean + SEM (n = 3); * P<0.05 when compared with
the respective control. (F) Comparison of CCAT2 expression in cohort of CRC samples from
Italy with GG and TT genotype showed higher CCAT2 expression associated with the G allele.
P-value was calculated using Mann-Whitney test. Data are presented as box-whisker plots. (G,
H) Pyrosequencing data showed higher percentage of G allele in the CCAT2 transcripts than
its genomic DNA counterpart in heterogeneous rs6983267 cell lines (DLD1 and KM12SM) and
CRC patient samples with GT genotype. COLO320, which is TT genotype, served here as a
negative control.

DISCUSSION

We report the identification of CCAT2, a novel IncRNA encompassing the cancer-related
rs6983267 SNP and located in a highly conserved genomic region enriched for markers
of regulatory elements, such as H3K4me1, p300, and H3K27ac [11]. This IncRNA is
expressed at high levels in MSS CRC tumors tissues and influences MYC levels, but has
very low-level expression in normal colon tissues. This could explain how this new gene
has escaped identification, until now, after genome-wide association studies identified
the association between the SNP rs6983267 and cancer risk, as well as why tilling arrays
did not identify it. A recent study showed that removal of the region encompassing the
rs6983267 SNP confers resistance to intestinal tumors induced by the APCmin mutation
in mice [34]. As we also cloned a novel transcript encompassing this SNP region from
mouse tissue, it can be envisioned that deletion of the region also leads to removal of
the CCAT2 transcript. Thus, this study lends further support to the oncogenic function of
CCAT2 in CRC pathogenesis. In addition, the findings of decreased MYC expression and
reduced TCF7L2 binding upstream of MYC in knockout mice from the same study are also
consistent with our findings that CCATZ2 regulates MYC transcriptional activity.

CCAT2-enhanced invasion and metastasis appear to occur through the MYC-regulated
miRNAs miR-17-5p and miR-20a. The role of MYC in metastasis has been controversial
and a recent publication shows that, in breast cancer, MYC suppresses metastasis by
direct transcriptional silencing of integrins [35]. Of interest, miR-20a was identified as
being overexpressed in the transition from colon mucosa to early adenoma, and was
predicted to target multiple WNT pathway genes[26]. The observation according to which
CCAT2-enhanced invasion is mediated by MYC-regulated miRNAs and also possibly by
other pro-metastatic targets such as CDC25A [36], rather than by MYC itself suggests
a complex regulatory network that needs to be further explored in the future. This is
also in agreement with the recent observation by the The Cancer Genome Atlas (TCGA)
consortium that MYC-driven transcriptional activation and repression play important
roles in colon cancer (The Cancer Genome Atlas Network, [37]). It is also possible that
the effect of CCAT2 on metastasis is mediated through its general activation of WNT
signaling [38,39] or other unknown mechanism.

The TOP-Flash luciferase assay suggests increased WNT activity in CCAT2-over-
expressing cells. Therefore, we postulated that the increased MYC transcription could
result from increased WNT activity, as MYC itself represents a well-established WNT target
[29]. Recent studies have identified RNA-protein interaction as one of the main regulatory
mechanisms of IncRNAs [3]. Co-immunoprecipitation of CCAT2 (RNA) and TCF7L2
(protein) suggests that CCAT2 may broadly regulate WNT target genes by binding to
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TCF7L2 and modulating its transcriptional activity. Various mechanisms can be envisaged
to explain how the CCAT2/TCF7L2 association can enhance WNT activity. We speculate
that CCAT2 may affect TCF7L2-driven gene transcription through modulating association
of TCF7L2 with its partners, which include the negative regulators Groucho/TLE and
CTBP1 and the activator CTNNB1 [28], or changing TCF7L2 protein function by bridging
TCF7L2 with other proteins in the transcription complexes. Alternatively, the association
of CCAT2 with TCF7L2 may modify the protein structure and enhancer its function.
Regarding the mechanism of MYC regulation, it is also possible that CCAT2 participates
in the loop formation between the genomic loci of rs6983267 with MYC promoter [14]
and works together with the enhancer element to activate MYC transcription. Notably,
we also show that WNT signaling regulates CCAT2 expression, suggesting a feedback
loop between CCAT2 and WNT signaling as previously shown for other targets such as
CDH1[40] and AXIN2 [41].

We demonstrated CCATZ2's ability to underlie chromosomal instability, manifested by
the loss or gain of large portions or whole chromosomes, eventually resulting in aneuploidy,
a characteristic trait of MSS CRCs. These data support a scenario in which, together with
mutations in coding genes such as APC[42,43] and BUBT1 [44], CCAT2 contributes to CIN
in colon cancer. This is likely to occur through CCAT2’s effects on downstream mediators
such as MYC and/or other WNT target genes. The direct involvement of MYC in CIN has
been previously demonstrated by showing that transient excess of MYC activity could
elicit genomic instability and carcinogenesis [45]. Inversely, MYC deletion rescues APC
deficiency in the mouse intestine [46]. Thus, it is plausible that MYC acts as a mediator of
CCAT2-induced CIN phenotype. Furthermore, the MIR17HG miRNAs, known to be MYC
regulated, can also affect CIN as evidenced by diffuse large B-cell lymphoma that has high
levels of these miRNAs and non-random chromosomal abnormalities [47]. Alternatively,
the CIN-inducing effect can result from the general activation of WNT signaling by CCAT2.
This hypothesis is supported by previous findings that CTNNB1/TCF7L2-mediated
transcription [48] or ectopic expression of the WNT target gene conductin (AXIN2) [49]
directly induce CIN. However, it should be noted that although CIN can be the underlying
mechanism for CCAT2-promoted tumor growth and metastasis, mechanistic connections
of these phenotypes are not established in this study.

Finally, our pyrosequencing data on heterogeneous cell line models and CRC
samples suggest that rs6983267 status affects the CCAT2 expression, providing an
additional mechanism linking the risk allele of rs6983267 with higher CRC risk. Although
we demonstrated that WNT signaling regulates CCAT2 expression, it remains to be
determined if this accounts for the SNP-caused differential expression of CCAT2. In
addition, in CRC patients with GG (but not TT) genotype, CCAT2 shows significant
association with MYC expression levels, suggesting the SNP status may also affect CCAT2
function as a RNA transcript. Although most of the previous studies failed to identify a
correlation between this SNP and MYC expression, a recent research found higher MYC
expression in CRC samples containing GG alleles, probably due to the improved purity
of the cancer tissues owing to the use of laser microdissection [50]. Our findings on SNP-
induced differential CCAT2 expression and function, together with the DNA enhancer
element [12,14], provide an explanation on the cancer risk conferred by the rs6983267
risk allele (Figure 7).
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Figure 7 A model of CCAT2 locus involvement in CRC. Upper panel. An approximately
335-kb DNA loop brings the rs6983267 genomic region close to the MYC locus, and this
physical association may contribute to the enhancer function of the SNP-containing region on
MYC transcription [14]. Lower panel. The enhancer region is transcribed into a long non-coding
RNA (CCAT2), and the SNP status affects CCAT2 expression by an as-yet-unknown mechanism.
The CCAT2 transcript upregulates WNT activity, and increases expression levels of WNT target
genes (including MYC). This regulation by CCAT2, possibly through its physical interaction
with TCF7L2, may lead to genomic instability and promote cell growth. We demonstrated that
MYC-regulated miR-17-5p and miR-20a participate in the CCAT2-enhanced cell invasion, and
speculate that other mechanisms, such as MYC-related mechanisms (CDC25A) or enhanced
WNT signaling (VIM and CD44), may exist to coordinate the metastatic phenotype elicited by
CCAT2. Finally, we demonstrated that CCAT2 expression is regulated by transcriptional factors
TCF7L2, indicating a positive feedback loop between CCAT2 and WNT signaling. Our findings
provide an additional explanation on the SNP-conferred CRC risk. Black: demonstrated; Grey:
hypothesized interactions.
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The discovery of CCAT2 introduces a novel mechanism for the involvement of ncRNAs
in WNT signaling and colon cancer pathogenesis. The recent findings showing that
the CIN phenotype is a predictive marker for survival and may be used to select high-
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risk patients with stages Il and Il CRC [51], combined with the specific involvement of
CCAT2in MSS CRCs indicate that CCATZ2 has the potential to become a useful diagnostic
and/or prognostic marker, although further validation in larger cohorts and by multiple
independent studies is necessary.

METHODS

PATIENT SAMPLES

One hundred and ninety-one colorectal cancer samples and seventy non-neoplastic
mucosa samples were used in this study. The tumor and control samples were obtained
from three different sources: an Italian cohort from the University of Ferrara (CRC=81 and
normal colon mucosa=25), a Japanese cohort from the University of Kyushu (CRC=45 and
paired normal colon mucosa=45), an Australian cohort from Princess Alexandra Hospital
(CRC=65), and a C-CFR cohort from Northern American colon cancer patients with MSS,
CIMP-negative colon cancer at three participating centers of the Colorectal Cancer Family
Registry (Mayo Clinic, Rochester, MN, USA; Mount Sinai Hospital, Ontario, Canada; and
Cleveland Clinic, Cleveland, Ohio, USA) (CRC=24 and paired normal colon mucosa=24).
Tissue samples were obtained from fresh surgical specimens frozen in liquid nitrogen and
stored at -80°C. All the samples were obtained with the patients’ informed consent and
were histologically confirmed.

Breast tumors were selected from the tumour bank at the Erasmus Medical Center
(Rotterdam, The Netherlands). The frozen tumor samples were collected from female
patients with breast cancer who entered the clinic from 1979 to 1998 and for whom
detailed clinical follow-up data and tumor RNA for CCAT2 analysis were available [19,52].
The protocol for studying biological markers associated with disease outcome was
approved by the medical ethics committee of the Erasmus Medical Center (MEC 02.953).

The British CRC samples were derived from a set of CRC patients recruited as part of
the CORGI study who had known genotypes at the 8924 tagSNP [8].

RNA ISOLATION, CDNA SYNTHESIS, AND QUANTIFICATION OF SPECIFIC RNA
SPECIES

RNA was extracted using the TRIzol protocol (Invitrogen) and DNase digested (Ambion);
the quality of the RNA was assessed using agarose gel electrophoresis. cDNA was
synthesized using the Superscript Ill cDNA kit (Invitrogen), and diluted cDNA was used
for RT-PCR analysis using iQ SYBR Green Supermix (Bio-Rad) with the appropriate primers
(Table S2). The 2-4=Ct method was used to calculate the relative abundance of RNA genes
compared with GAPDH expression. qRT-PCR analysis for miRNAs was performed with
the TagMan MicroRNA Assay kit (Applied Biosystems). Primers and probes for miR-17,
miR-20a, miR-146a, let-7a, and U6 snRNA were purchased from Applied Biosystems. The
2-detaCt method was used to calculate the relative abundance of miRNA genes compared
with U6 expression.

CELL LINES

COLO320DM, HCT116, RKO, and HEK293 cells were obtained from the American Type
Culture Collection and validated by the Characterized Cell Line Core at The University of
Texas MD Anderson Cancer Centre using STR DNA fingerprinting.
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STABLE CELL LINE GENERATION
Stable HCT116 cells for CCAT2 overexpression experiments were produced by pMX
retrovirus or pcDNA3.1 expression vector transfection. For the pcDNA3.1 single clones,
we screened CCAT2 expression in the HCT116 cells transfected with CCAT2 construct
and randomly chose two clones with high CCAT2 expression (OC1 and OC2), and one
clone with basal level of CCAT2 expression (E2). E1 was originated from the HCT116 cells
transfected with the empty pcDNA3.1 vector.

COLO320 stable cells for CCAT2 knockdown experiments were generated using pRS-
Retro-GFP/neo vector retrovirus (OligoEngine) or the Knockout™ Single Vector Inducible
RNAi System (Clontech, CA).

VIRUS PRODUCTION

The CCAT2-containing genomic region was amplified with a primer combination (CCAT2
F2 and R2) from HCT 116 genomic DNA with Pfu polymerase (Invitrogen). After sequencing
of the PCR product, we cloned it into the pMX plasmid. Then, we produced CCAT2-
containing retrovirus in 293 GP2 cell lines and used virus-containing supernatant to infect
HCT116 cells. After infection, HCT116 cells were grown in complete media containing
puromycin (1 mg/mL). The shRNAs against CCAT2 (Table S2) were inserted into the pRS-
Retro-GFP/neo vector according to the manufacturer’s protocol (OligoEngine).

PLASMID PRODUCTION

The sequence used for retrovirus production was also cloned into a pcDNA3.1+ vector.
The pcDNA CCAT2 plasmid was linearized with Bglll and transfected into HCT116 cells
using lipofectamine. Selection with G418 (0.5 mg/mL) was carried out until single colonies
were generated. The tet-on inducible shCCAT2 clones (Table S2) were generated using
the Knockout™ Single Vector Inducible RNAi System according to the manufacturer’s
instructions.

CCAT2 IN SITU HYBRIDIZATION

The frozen tissue slides of two MSS CRCs, two MSI-H CRCs, and two normal mucosae were
incubated with a double-DIG-labeled CCAT2 probe or control Ué snRNA probe (Exiqon)
and detected with a polyclonal anti-DIG antibody and alkaline phosphatase-conjugated
secondary antibody (Ventana) using NBT-BCIP as the substrate. The signal intensities of
CCAT2 and U6 expression were quantified by using the intensity measurement tools of
the Image-Pro Plus software package (Media Cybernetics).

IN VIVO TUMORIGENIC ASSAY

Swiss nu-nu/Ncr nude mice (spontaneous mutant T-cell-deficient mice) were obtained
from the Animal Production Area of the Department of Experimental Radiation Oncology
at MD Anderson Cancer Center. The mice were maintained under specific pathogen-free
conditions and used in accordance with institutional guidelines. HCT116 cells (1x10/6)
were injected subcutaneously into the right flanks of the mice, and tumor size was
measured weekly for 4 wks.

IN VIVO METASTASIS ASSAY
A midline incision was made on the left side of the flank, and the spleen was exteriorized.
HCT116 cells (1x1076 cells) were injected into the spleen, after which the wound was
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closed with surgical metal clips. The mice were sacrificed after 8 wks, and their spleens
and livers were removed and examined for tumor metastases on the surface of the liver.
The liver specimens were formalin fixed and paraffin embedded for histological analysis.

IN VITRO MIGRATION ASSAYS

We used two assays: in the first, HCT116 cells (200,000 cells in 200 mL serum-free media)
were seeded into a Transwell insert in a 24-well format (8 mm, BD Biosciences). To the
bottom part of the well, 800 mL of medium with serum was added. Twenty-four hours
after seeding, cells were fixed with paraformaldehyde and stained with crystal violet/
methanol solution. Cells at the top of the Transwell were removed using a cotton swab,
and photos of the Transwells were taken using Geldoc (Bio-Rad). The intensity of the
crystal violet staining in each Transwell was evaluated using Photoshop software (Adobe
Systems, Inc.) and compared among the different treatments.

The second type of assay, a cell migration assay, was performed according to the
protocol previously described [53]. Cells were suspended in serum-free media (65,000
cells/insert), and seeded onto the gelatin-coated inserts. The cells that migrated to the
bottom of the wells were fixed, stained, and counted using a microscope. For each well,
10 different fields were counted and the average number of cells was determined. Both
types of assays were performed in triplicate experiments.

SIRNA TREATMENT

Cells were seeded onto 24-well or 6-well plate. After reaching 50% confluence, cells were
transfected with 50 nM of siRNA by lipofectamin 2000 (Life Technologies) for 48 h before
collecting RNA or protein for analysis.

GENOMIC INSTABILITY ANALYSIS

Cells were exposed to Colcemid (0.04 pg/mL) for 25 min at 37°C and to hypotonic
treatment (0.075 M KCI) for 20 min at room temperature and then were fixed in a methanol
and acetic acid mixture (3:1 by volume) for 15 min and washed three times in the fixative.
The slides were air-dried, stained in 4% Giemsa, and coded for the blind analysis. Later,
the slides were decoded for the evaluation of results. Slides were analyzed for several
parameters, including chromosome aberrations (as evidenced by both chromosome- and
chromatid-type breaks), fragments, tetraploidy, fusions, and formation of tri-radials.

SPECTRAL KARYOTYPING

Spectral karyotyping was performed according to the manufacturer's protocol using
Human Paint probes (Applied Spectral Imaging [ASI], Inc.). Images were captured using a
Nikon 80i microscope equipped with Spectral karyotyping software from ASI.

CREST STAINING

After fixation, cells were incubated for 1 h at room temperature with human serum from
scleroderma patients (kindly provided by Dr. Maureen Mayes from The University of
Texas — Houston Medical School) that produced, during the course of their disease, anti-
centromere antibodies used for staining. Staining was visualized using FITC-conjugated
donkey anti-human antibody. Beta-tubulin was detected using Cy3-conjugated antibody
(Sigma).
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SUBCELLULAR FRACTIONATION
The separation of nuclear and cytosolic fractions was performed using the PARIS™ Kit
(Life Technologies) according to the manufacturer’s instructions.

RNA IMMUNOPRECIPITATION

We used the Magna RIP™ Kit (Millipore, Billerica, MA) according to the manufacturer’s
instructions. Cells were prepared in RIP lysis buffer, and the RNA-protein complexes were
immunoprecipitated using anti-TCF7L2 or normal goat IgG (control). RNA was purified
using phenol:chloroform:isoamyl alcohol and subjected to reverse transcription-PCR or
real-time PCR analysis (Table S2). Control amplification was carried out on input RNA
before immunoprecipitation.

TOP-FLASH WNT REPORTER

Cells were transfected with 250 ng of the TOP-FLASH or FOP-FLASH reporter constructs
together with 25 ng of the Renilla luciferase vector. Luciferase activity was measured by
the Dual-Luciferase® Reporter Assay System (Promega) 48 h after transfection and TOP or
FOP values were normalized to Renilla values. The TOP/FOP ratios were calculated and
used as indicators of the endogenous level of WNT signaling.

IMMUNOFLUORESCENT ASSAY

Cells were seeded on a 96-well plate. After 48 h, the cells were permeabilized and fixed
in 4% paraformaldehyde in PBS buffer at room temperature for 15 min. The cells were
then incubated with anti-vimentin (V9, Novus) overnight, and finally incubated with
secondary antibody and DAPI for 1 h. All matched samples were photographed using
an immunofluorescence microscope and identical exposure times. Each experiment was
performed in triplicate and repeated three times.

ALLELE QUANTIFICATION BY PYROSEQUENCING

We used the Pyrosequencing technology (Qiagen) to measure the frequency of the G and
T alleles of the CCAT2 transcript. The principles of the method and analysis have been
previously reported [54]. In our study, nested PCR reactions were done for each sample.
The first PCR done using the primers 1-F (TTTAGCAGCTGCATCGCTCCATAG) and 2-R
(CTCCCTCCCCCACATAAAAT). The second PCR combined a universal biotinylated primer
for subsequent single-strand DNA capture for the pyrosequencing reaction. One microliter
of the first PCR was used for the nested amplification, and a reaction was done to capture
the forward strand using the primers SNP/F1 (GGGACGAATAAACTCTCCTCCTACQ),
SNP/RU1 (GGGACACCGCTGATCGTTTACTCCCTCCCCCACATAAAAT) and
the universal biotinylated primers UBP (Bio-GGGACACCGCTGATCGTTTA). An
independent PCR reaction was done to capture the reverse strand using the primers
SNP/FU2 (GGGACACCGCTGATCGTTTAGAGGTGTAGCCAGAGTTAATACCC), SNP/
R2 (CTCCCTCCCCCACATAAAAT) and UBP (Bio-GGGACACCGCTGATCGTTTA). After
clean-up in a vacuum prep station, the single-strand DNA was combined with sequencing
primers to read the forward (SNP/S1, AGCTCAGCAGATGAAA and the sequence
to analyze GG/TCACTG) and reverse (SNP/S2, TCTTTGTACTTTTCTCAGTG and the
sequence to analyze A/CCTTTCATC) strands of the target SNP. Each measurement was
done in duplicate and the values from the forward and reverse strands was combined to
give the frequency of the G and T alleles.
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STATISTICAL ANALYSIS

For the colorectal cancer samples, the statistical analyses were performed in R (version
2.14.2). The Shapiro-Wilk test was applied to determine whether data followed a normal
distribution. Accordingly, the t-test or the nonparametric Mann-Whitney-Wilcoxon test
was applied to assess the relationship between CCAT2 expression levels and clinical
parameters. Fisher's exact test was used to assess the association between CCAT2 and
the number of metastasis in mice. For the breast cancer cohorts, data were analyzed
using the STATA statistical package, release 9 (STATA Corp.), and SPSS 15.0 (IBM
Corporation). We investigated the prognostic value of the clinical and biological variables
with metastasis-free survival (MFS) as the endpoint using Cox univariate and multivariate
regression analyses. CCAT2 RNA levels were analyzed as a log-transformed continuous
variable and also, for visualization in Kaplan-Meier survival analysis, as a dichotomized
variable based on the median level of CCAT2 RNA, with the log-rank test used to evaluate
differences. Spearman’s rank-order correlation test was applied to measure the strength
of association between the expressions of CCAT2 and MYC in colorectal cancer samples
and between CCAT2 RNA and CIN score in breast cancer samples. All tests were 2-sided,
and P<0.05 was considered statistically significant.

DATA ACCESS

The CCAT2 RNA sequence reported in this paper has been deposited in GenBank (http://
www.ncbi.nlm.nih.gov/nuccore/GQ911591.1).
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SUPPLEMENTARY RESULTS

CCAT2 DID NOT AFFECT MYC MESSENGER RNA STABILITY AND HAD NO RNA
ENHANCER EFFECT

To decipher the mechanism by which CCAT2 regulates MYC, we first examined whether
CCAT2 increases MYC mRNA stability. To this aim, we treated cells with actinomycin to
inhibit RNA synthesis and monitored time-course changes in MYC mRNA expression
in the four clones with different CCAT2 levels. We observed a trend of degradation
of messenger RNA independent of CCAT2 level of expression (Figure S8). Thus, the
increased MYC levels observed with higher CCAT2 expression may result from increased
MYC transcription rather than from augmented RNA stability.

The nuclear localization of CCAT2 suggests its potential role as a transcriptional
enhancer for specific target genes. To test this possibility, we constructed vectors
with inserts containing the CCAT2 genomic region or a previously reported enhancer
sequence encompassing rs6983267 cloned downstream of the luciferase gene driven by
a thymidine kinase promoter (pGL3 TK) [14,27]. In all of these constructs, we identified
greater enhancer activity than in the empty pGL3 TK vector (Figure S9A). We also
observed a difference between the G and T plasmids, with G plasmids displaying greater
enhancer activity (Figure S9A). The small 0.5-kb sequence containing CCAT2 exhibited
the strongest enhancer activity among all these plasmids, while the 1.7-kb sequence had
the weakest enhancer function (Figure S9A). These findings may be explained by the
existence of the transcriptional repressor CCCTC-binding factor (CTCF)-binding sites at
the 1.7-kb sequence (Figure S9B), which may compromise the enhancer activity brought
about by TCF7L2. In all the luciferase constructs, knockdown of the CCAT2 transcript by
siRNA did not cause a decrease in luciferase activity (data not shown). These data do not
support the possibility that CCAT2 has an enhancer-like function and refine the previously
described enhancer activity of this DNA genomic locus [14].
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Figure S1. RNA-seq data from ENCODE/CSHL showed that rs6983267 region is actively
transcribed in the genomic sense orientation in GM12878 lymphoblastoid cells, and the
transcript is exclusively located in the nucleus. pA: poly(A) signal; strand was indicated as +
(sense strand) or — (antisense strand); cyt: cytoplasm; nlus: nucleus.
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Figure S2. CCAT2 identification and its specific expression in MSS CRCs. (A) CCAT2is a long
non-coding RNA. Lack of open reading frame in the 340-bp CCAT2 sense sequence cloned from
RACE, as verified by ORF Finder (left upper) and CPAT (left middle, http://lilab.research.bcm.
edu/cpat/), Pepbank (left lower, http://pepbank.mgh.harvard.edu/search/blast), and in vitro
translation assay (right). In the translation assay, a 1752-bp genomic region containing CCAT2
(amplified using primer CCAT2 F2 and R2) was cloned into a pcDNA vector and expressed
using the TnT Quick Coupled Transcription/Translation System (Promega). The absence of a
specific band indicated that CCAT2 is a transcript with no protein-coding capacity. Luciferase
in vitro translation served as positive control. (B) Northern blot analysis of CCAT2 expression
in CRC cell lines. RNA was isolated with Trizol (Invitrogen) and run on a MOPS/formaldehyde
denaturing agarose gel. RNA was then blotted on a nitrocellulose blot and hybridized with
a P32-labelled DNA oligo probe. The band lower than 0.5 kb is the CCAT2 signal, and the
band higher than 1 kb is non-specific signal since it does not correlate with CCAT2 expression
levels as determined by gqRT-PCR, where COLO320 cells have highest expression. (C) Sense-
specific measurement of CCAT2 expression relative to GAPDH in paired CRC patient samples
using qRT-PCR identified a sense transcript that was overexpressed in all MSS tumor samples.
RNA was reverse transcribed into strand-specific cDNA using primers that recognize either
the sense or antisense strand and was subsequently subjected to gPCR amplification using
primer CCAT2 F1 and R1. Fold change to GAPDH normalizer is shown. (D) Lack of correlation
between CCAT2 expression levels and copy number change in CRC samples (n=64). We used
genomic real-time PCR to detect genome amplification of the CCAT2 region, with Line-1,
a copy number indicator, as the normalizer. Copy number change was determined by using
the formula [CCAT2 (tumor genomic DNA)/LINE-1 (tumor genomic DNA)] / [CCAT2 (normal
genomic DNA)/LINE-1 (normal genomic DNA)] [55]. The expression of CCAT2 RNA and
amplification of its genomic locus at 8924, as analyzed by Spearman'’s rank-order correlation
test, are not significantly correlated (R?>=0.0979, P=0.457).
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Figure S3. CCAT2 promotes cancer cell growth in vitro under specific conditions. (A)
Increased CCAT2 expression in retrovirus-transfected HCT116 cells (left panel), which is
comparable with the fold difference between HCT116 and COLO320 cells (right panel). (B)
Lack of effect on 2D cell growth by CCAT2. (C) HCT116 cells transduced with CCAT2 showed
greater growth ability in a low-adherence condition than cells transduced with empty vector.
Low adherence assay was performed in 6 well ultra low attachment plates. 48 and 96 hours
after seeding, cells were collected and counted by cell counter (Vi-CELL Cell Viability Analyzer,
Beckman Coulter, Irving, TX). This assay was performed two independent times, and each time
three replicates were used for empty and CCAT2 cells. (D) CCAT2 enhanced the clonogenic
ability of HCT116 cells. Cells (1000 cells in 100 mL of complete medium) were plated in 10cm
dishes and incubated for 2 weeks. After the incubation, cells were stained by crystal violet/
methanol solution, and three researchers counted colonies. The experiment was repeated
three independent times, and each time three replicates were used for empty and CCAT2 cells.
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Figure S4. The presence of mitomycin C in invasion assay exludes the possiblity of
proliferation interference on the invasion of KM12SM cells. Cells were treated with two
independent CCAT2 siRNA for 24 h, and then were seeded onto invasion assay chamber for
48 h with the treatment of mitomycin C (to block cell proliferation), and invaded cells were
stained and counted. The experiment was repeated three independent times, and each time

three replicates were used for empty and CCAT2 cells.
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Figure S5. Chromosomal aberrances caused by CCAT2. (A) Nuclear size was increased in
CCAT2-overexpressing tumor cells (OC2 clone). Cells were stained with Hoechst and Dil
(Invitrogen), and images were captured using a fluorescence microscope. The areas of the
nuclei (36 nuclei from E1 and 27 nuclei from OC2 clone) were quantified using Image J
software; data are presented in a bar graph as means = SD. (B) CCAT2 caused an increase
in the genomic content of HCT116 cells. E1 control, clone OC2, and a combination of these
two clones were analyzed for their DNA content using flow cytometry. (C) CCAT2 expression
level in an independent batch of pcDNA clones in Figure 3C (the average CCAT2 expression
in 16 empty clones was set as 1 in the clones generated by using qRT-PCR). (D) Abnormal
chromosomal changes were also observed in retrovirus-transfected HCT116 cells. (E) Partial
reverse of abnormal metaphase in COLO320 shCCAT2 clone.
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Figure Sé6. Effect of CCAT2 on MYC and MYC regulated genes. (A) Expression levels of
CCAT2 nearby genes (exons 6 and 8 of DQ515897 and POU5F1B) in CRC samples. (B) Higher
MYC expression levels in CCAT2-overexpression clones (generated in the Department of
Pathology, Josephine Nefkens Institute, Erasmus Medical Center, Rotterdam, The Netherlands)
as checked by qRT-PCR. Y513, Y520, and Y615 are CCAT2 stable clones. Data show mean
values of two measurements. (C, D) CCAT2 increased the expression level of Bax (upper panel:
western blot; lower panel: QRT-PCR), CDC25A and CDKN2A in HCT116 cell. (E, F) Expression
of miR-17, -20a and -92a is higher in retrovirus-transfected CCAT2 overexpression cells (E), and
their expression was significantly reduced by MYC siRNA (F). (G) Reduced expression of miR-
17, -20a and -92a in stable shCCAT2 clones of COLO320. (H) Down-regulation of MYC does
not reduce CCAT2's migration activity in retrovirus-transfected CCAT2 overexpression cells. (I)
Reduced expression of miR-17 and miR-20a in retrovirus transfected CCATZ2 cells after anti-miR
treatment.
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Figure S7. Nuclear and cytosolic separation in COLO320 and HCT116 CCAT2 clones.
After separation of cells using the PARIS kit (Life Technologies), RNA expression levels in
(A) COLO320, (B) OC1, and (C) OC2 cells were measured by gqRT-PCR. GAPDH was used
as a cytosol marker and U6 was used as a nucleus marker. Data show mean values of two

measurements.
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Figure S8. Effect of CCAT2 on MYC mRNA stability. MYC mRNA stability was not affected by
CCAT2 expression levels. The four HCT116 clones were treated with Actinomycin and after the
indicated incubation periods total RNA was extracted using Trizol method. MYC expression
levels were normalized to GAPDH expression, and the MYC expression at the O h was set at 1.

151




152

CHAPTER FIVE

A B

S

c

& 4 rs6983267

o) CTCF CTCF
5 coar2 G40p) ! P —

= —_

S POM (1.5 kb) I

- —

TCF7L2

Figure S9. Enhancer activity of rs6983267-containing sequences. (A) Sequence-specific
and allele-specific enhancer activity of the pGL3 luciferase constructs. The inserts containing
rs6983267 were cloned downstream of firefly luciferase gene into pGL3 TK vector. COLO320 cells
were co-transfected with the constructed plasmid and pRL-TK renilla construct. Subsequently,
after 48 h, the luciferase activity was measured using a dual luciferase kit (Promega) and a
Veritas luminometer (Turner Biosystems, Sunnyvale, CA, USA). Results are expressed as firefly
luciferase activity normalized to Renilla, and data are presented as mean = SEM from at
least three independent experiments, each with duplicate or triplicate experiments. (B) The
meaning of the constructs and the alignment of the sequences cloned into pGL3 vector and
the CCAT2 sequence. The image was constructed based on “Transcription Factor ChIP-seq
from ENCODE" from the UCSC genome browser. The 1.7-kb transcript has two CTCF binding
sites (black suggests strongest signal intensity while gray means weaker signal intensity). All
these sequences contain a TCF7L2 binding site.
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Figure $10. CCAT2 does not increase expression of CTNNB1 and TCF7L2. Protein expression
levels of CTNNB1 (A: total protein; (B: nuclear protein) and TCF7L2 C: total protein) were
measured in HCT116 clones with different CCAT2 expression levels (E = low; OC = high).
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Figure S11. Higher WNT activity was also observed in independently generated CCAT2
stable clones in the Rotterdam laboratory. These data confirm the results obtained by using
the OC1 and OC2 clones prepared at MD Anderson Cancer Center.
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Figure S12. WNT activity in COLO320 cells is effectively reduced by TCF7L2 siRNA, and
also significantly reduced by CCAT2 siRNA. COLO320 cells were transfected with indicated
siRNA (50 nM) by lipofectamine 2000 for 24 h. Equal number of cells were then seeded onto
24-well plate and transfected with TOP-flash WNT reporter. Luciferase activity was measured
by the Dual-Luciferase® Reporter Assay System (Promega) 48 h after transfection and TOP or
FOP values were normalized to Renilla values. The TOP/FOP ratios were calculated and used
as indicators of the endogenous level of WNT signaling. Data are presented as mean = SEM
from two independent experiments repeated in duplicate.
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Figure S13. No enrichment of GAPDH and HOTAIR RNAs in the TCF7L2-pulled samples
where TCF7L2-CCAT2 association was detected. The RNA level in input and TCF7L2-pulled
samples were normalized to the level in IgG control set as one.
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Figure S14. VIM and/or MYC expression in COLO320 and KM12SM cells was regulated
by CCAT2. Cells were transfected with indicated siRNA (50 nM) by lipofectamine 2000, and
RNA was collected 48 h after treatment for qRT-PCR analysis. Data were from 2-3 independent
experiments.
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Figure S15. Demonstration of the essential role of TCF7L2 in LiCl-induced CCAT2 expression
by a second TCF7L2 siRNA. Cells were treated with the same condition as described in Figure
6B using a different TCF7L2 siRNA (sc-43525, Santa Cruz). Similar with the findings in Figure
6B, TCF7L2 depletion abrogated LiCl-stimulated CCAT2 expression.
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Figure S16. CCAT2 expression in MSS CRC samples (combining Italian, Japanese and

Australian cohort samples used in Figure 1B) with GG or TT rs6983267 genotype. Data are
presented as box-whisker plots.
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Figure S17. MYC expression levels in retrovirus (CCAT2 G or CCAT2 T) -transduced CCAT2-
overexpressing HCT116 cells. (A) Western blog images of three independent experiments
showing higher MYC expression in CCAT2 G than CCAT2 T-transduced cells. (B) Higher
MYC mRNA (left panel) and MYC protein (right panel) expression in CCAT2 G than CCAT2
T-transduced cells. The band intensity of western blot images in A was quantified using image J
and presented as mean + SEM, (n=3). (C) After normalizing MYC or MYC expression to CCAT2
expression levels in retrovirus-transduced cells, the difference between CCAT2 G and CCAT2
T-transduced cells is not significant.
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Figure S18. Significant association between CCAT2 and MYC expression level was observed
in GG type, but not in TT type of MSS CRCs. CCAT2 and MYC expression in CRC samples
(combining Italian, Japanese and Australian cohort samples used in Figure 1B) were quantified
using gRT-PCR analysis, and the strength of association between the expressions of CCAT2 and
MYC was evaluated using Spearman’s rank-order correlation test.
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CCAT2 (G)

Figure S19. Predicted secondary structure of CCAT2 G versus CCAT2 T using Vienna RNA
Secondary Structure Package.
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Table S1. Cox univariate and multivariate analysis for metastasis-free survival as a function

of CCAT2 levels.?

Univariate analysis

Multivariate analysis

Factor Nq. of HR 95% ClI P HR 95% CI P
patients
Base model

Age at start of therapy, years

<40 35 1 1

41-50 91 0.64 0.37-1.10 0.61 0.35-1.07

51-70 3 0.26 0.03-1.99 0.14 0.17 0.02-1.56 0.09
Menopausal status at start of therapy

premenopausal 116 1 1

postmenopausal 13 0.88 0.40-1.96 0.76 1.29 0.49-3.39 0.60
Tumor size

pT1,<2cm 32 1 1

pT2, >2-<5cm 79 2.65 1.19-5.91 2.38 1.05-5.40

pT3,>5cm, + pT4 18 493 1.93-12.55 0.002 5.77 2.16-15.42 0.001
Lymph nodes involved

1-3 86 1 1

>3 43 1.72 1.03-2.87 0.041 1.44 0.84-247 0.18
Grade

poor 64 1 1

unknown 47 0.62 0.36-1.09 0.46 0.24-0.86

moderate 18 043 0.17-1.11 0.08 0.35 0.13-0.93 0.013
ER status, mRNA level

negative, <0.2 25 1 1

positive, >0.2 104 0.64 0.34-1.19 0.18 0.88 0.34-2.23 0.78
PgR status, mRNA level

negative, <0.1 45 1 1

positive, >0.1 84 0.79 0.47-132 037 070 0.32-1.52 0.37

Additions to the base
model®

CCAT2 level

log-transformed continuous 129 1.17 1.05-1.31 0.005 1.16 1.05-1.28 0.002
CCAT2 level*

low 61 1 1

high 68 2.01 1.20-3.35 0.008 2.08 1.19-3.62 0.010

2 Primary breast tumors from 129 lymph node-positive breast cancer patients who received adjuvant CMF at Erasmus

Medical Center were analyzed.

> CCAT2 was separately introduced to the base multivariate model that included the following factors: age,

menopausal status, nodal status, pathologic tumor size, grade, and ER and PgR status.
< Dichotomized at the median level to low (<0.0045) and high (>0.0045).
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Table S2. Primers, oligoprobes, siRNA, shRNAs, and antibodies used in this study.

PCR Primers Sequence
CCAT2F1 CCCTGGTCAAATTGCTTAACCT
CCAT2R1 TTATTCGTCCCTCTGTTTTATGGAT
CCAT2 F2 CCGAGGTGATCAGGTGGACTTTC
CCAT2 R2 GTCTTCTGGGCTGATGTTGC
MYC_F CAGCTGCTTAGACGCTGGATT
MYC_R GTAGAAATACGGCTGCACCGA
TCF7L2_F CCGAAAGTTTCCGAGACAAA
TCF7L2_R AGTGGCCATTTCATCTGGAG
GAPDH_F ACCCAGAAGACTGTGGATGG
GAPDH_R TCTAGACGGCAGGTCAGGTC
BAX_F CTGGACCCGGTGCCTCAGGA
BAX_R CGGCGGCAATCATCCTCTGCA
C17_F GGAGTAGGGTCTCAACAAGGGTCTC
C17_R ACTCAGGTGGTCCCAGGAAGTGTGG
Exoné_F GATGAACATGGTCACCTTGAAA
Exoné_R AGGGTTCCTGAGGAGCAAGT
Exon8_F AGCCTATGGAGAGGATGCAA
Exon8_R AGGGACAGCTTGTGTCTGCT
CD44_F TGCCATGTAGATCCTGTTTGAC
CD44_R AAGTTCTAGGACCAATCGGACA
VIM_F GAGAACTTTGCCGTTGAAGC
VIM_R GCTTCCTGTAGGTGGCAATC
U6_F CTCGCTTCGGCAGCACA
U6_R AACGCTTCACGAATTTGCGT
Northern blot Oligo probe
CCAT2 probe CTTTGTACTTTTCTCAGTGCCTTTCATCTGC
siRNA Target Sequence
CCAT2 siRNA 1 TTAACCTCTTCCTATCTCA
CCAT2siRNA2  AGGTGTAGCCAGAGTTAAT
CCAT2siRNA 3 CGAATAAACTCTCCTCCTA
shRNA Sequences cloned into pRS vector
CCAT2 shRNA1T ~ GATCCCCAATTGCTTAACCTCTTCCTTTCAAGAGAAGGAAGAGGTTAAGCAATT
TTTTTA
CCAT2 shRNA2  GATCCCCGATGAAAGGCACTGAGAAATTCAAGAGATTTCTCAGTGCCTTTCATC
TTTTTA
CCAT2 shRNA3  GATCCCCTTAACCTCTTCCTATCTCATTCAAGAGATGAGATAGGAAGAGGTTAA

TTTTTA
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PCR Primers

Sequence

Tet-on shRNA

sense

Sequences cloned into pSINGLE vector

TCGAGGTTAACCTCTTCCTATCTCATTCAAGAGATGAGATAGGAAGAGGTTAATT
TTTTACGCGTA

antisense AGCTTACGCGTAAAAAATTAACCTCTTCCTATCTCATCTCTTGAATGAGATAGGA
AGAGGTTAACC
RIP Primer sequence

RT-PCR primer_F
RT-PCR primer_R
gRT-PCR primer_F
gRT-PCR primer_R

TTTAGCAGCTGCATCGCTCCATAG
TTTGTACTTTTCTCAGTGCCTTTCA
CCCTGGTCAAATTGCTTAACCT

TTATTCGTCCCTCTGTTTTATGGAT

Antibodies
MYC
vinculin
BAX
CTNNB1
TCF7L2
GAPDH

Product information
Millipore (06-340)
Santa Cruz (sc-7649)
Cell Signaling (2772)
Santa Cruz (sc47752)
Abcam (AB76151)
Calbiochem (D33622)
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CHAPTER SEVEN

In higher multicellular organisms life starts from the fertilized egg, a totipotent cell that is
capable of giving rise to every single cell in the body. This developmental program is well-
controlled, reproducible, and has highly predictable outcomes. The primary cells of the
developing embryo display a unique potential for multi-lineage differentiation and hence
are referred to as pluripotent. Different pluripotent stem cells have been captured and
propagated in vitro and their culture requirements were investigated accordingly. These
cells include, among others, the embryonic stem cells (ESC) derived from the inner cell
mass (ICM) of the pre-implantation embryo, the epi stem cells (EpiSC) derived from the
post-implantation embryo, and the embryonic germ cells derived from the primordial germ
cells. The inter-conversion of these stem cell lineages obtained through the manipulation
of the culture conditions also led to the identification of different intermediate states with
various pluripotency potentials [1,2]. Importantly, the source of pluripotent stem cells
has been extended to differentiated cells with the discovery of the reversibility of the
differentiation process, a process referred to as reprogramming [3]. Currently, ESCs are
employed both in regenerative medicine and as a basic model for stem cell research.
Moreover, they have proven an excellent model to explore the genetic and epigenetic
alterations implicated in cancer. Hence, ESCs provide a unique in vitro model to elucidate
the cellular and molecular mechanisms which underlie the capacity of stem cells to adapt
to environmental changes (i.e. to specific culture conditions) [4].

Among the different signaling pathways implicated in ESCs, Wnt signaling has
revolutionized the derivation and propagation of ESCs. Manipulation of this signaling
pathway forms an integral component of many differentiation protocols. In this section,
I will discuss how the findings reported in chapter 2,3 and 4 of this thesis contributed
to our improved understanding of the role of Wnt signaling in pluripotent stem cells.
Moreover, Wnt signaling is one of the most frequently deregulated signaling pathways
in cancer. In chapter 5 and 6 we studied two Wnt targets, namely the non-coding RNA
CCAT2 and the stromal-associated factor $100a4 in colon cancer and desmoid disease.
Here, | will discuss how these findings also improved our understanding of the role of Wnt
signaling in cancer.

| WNT SIGNALING SUPPORTS SELF-RENEWAL IN NAIVE
ESCS

Whether Wnt signaling plays any functional role in mouse ESCs has been a matter of
controversy. Although B-catenin-null ESCs retain their undifferentiated phenotype under
self-renewing condition, these cells exit the self-renewal state faster when challenged for
differentiation [5,6]. On the other hand, gain of function approaches revealed a robust
self-renewal promoting role for B-catenin in mESCs. Genetic downregulation of Apc or
Gsk confer differentiation resistance and enhance mESCs self-renewal [7,8]. Accordingly,
activation of Wnt signaling, in combination with MEK/ERK inhibition has become the
golden-standard culture method to maintain ESCs in a self-renewing state. Moreover, Wnt
signaling significantly enhances the derivation and in vitro establishment of ES cells from
pre-implantation embryos [9]. Overall, these data suggest that Wnt signaling promotes
self-renewal in naive ESCs.

However, the downstream effects of Wnt signaling include both self-renewal and
mesoderm differentiation. Gene expression profiles of Gsk-inhibited or Apc-mutant
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(ApcNN) ES cells revealed induction of several meso- and endoderm commitment genes
(including Cdx1, Cdx2 and Brachyury) in addition to the self-renewal program [10,11].
This observation was also confirmed by analyzing the chromatin distribution pattern of
B-catenin in ESCs treated with the Gsk inhibitor CHIRON [10]. Hence, activation of Wnt
signaling simultaneously induces both self-renewal and lineage commitment programs
which results in a metastable state in mESCs. Importantly, the combined inhibition of
MEK/ERK signaling and activation of Wnt signaling (2i medium) suppresses the lineage
differentiation module and synergistically promotes the self-renewal program of mESCs.

In contrast to mESC:s, it is still not clear whether Wnt signaling plays any in vivo role in
the ICM and how the in vitro results relative to this signaling pathway reflect its alleged
function in the pre-implantation embryo. As mentioned before, activation of Wnt signaling
represents one of the main components of the 2i medium which supports ESC self-renewal
and maintenance. Accordingly, the 2i-cultured cells resemble the naive cells found in the
pre-implantation embryo. However, depleting the maternal and zygotic B-catenin does
not impair blastocyst formation [12-14]. Similarly, Wnt signaling inhibition through small
molecule inhibitors or the Wnt antagonist DKK1 did not block blastocyst formation [15].
Moreover, most of the Wnt-reporter constructs failed to detect Wnt signaling activity in
ICM cells and B-catenin localization is restricted to cell membrane at this stage [16-18].
These findings suggest that canonical Wnt signaling might be dispensable in the pre-
implantation-stage mouse embryo. Further research is required to investigate the parallel
role of Wnt signaling in vitro and in the ICM.

II' A LARGE PART OF WNT SIGNALING EFFECTS IS
MEDIATED THROUGH TCF3 ANTAGONISM

The complex and diverse cellular responses to Wnt ligands or Apc/Gsk inhibition pose
a major challenge towards the dissection of the molecular mechanisms downstream of
B-catenin signaling. A B-catenin isoform that lacks the transactivation domain (C-terminal
deletion) is still able to mediate the self-renewal response to Gsk inhibitors [6]. These
data suggest that the B-catenin transcriptional activity plays only a limited role in the
activation of downstream Whnt targets. In chapter 2, we analyzed the gene expression
profiles of mESCs that harbor different Apc hypomorphic alleles and found specific Tef3
downregulation in Wnt-high ESCs. Recent studies suggested that B-catenin stabilization
promotes the self-renewal downstream of the Gsk inhibitor via Tef3 antagonism [6,19,20].
This model differs from the classical scenario where B-catenin binding converts Tcf factors
from transcriptional repressors into activators. In fact, it implies that Tcf3 antagonism is
sufficient to mediate the downstream effects of Wnt signaling (Figure 1, adapted from
[21]). Indeed, comparison of the transcriptional profiles of Wnt3a-stimulated and Tcf3-
depleted ESCs revealed a high degree of similarity centered around the self-renewal
genes [19]. Accordingly, a substantial portion of genes induced by B-catenin stabilization
and Tcf3 depletion is also under the control of Oct4 and Nanog regulation [6,19,20].
Overall, these studies indicate that a large part of the self-renewal promoting effects of
Wnt/B-catenin signaling can be narrowed down to Tcf3 antagonism.

But how does B-catenin counteract Tcf3 function? The physical interaction between
B-catenin and Tcf3 or the B-catenin mediated phosphorylation of Tcf3, both of which
lead to Tcf3 displacement, have been suggested [6,22]. In chapter 2, we showed that
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Wnt signaling also downregulates Tcf3 expression at RNA and protein levels generating
a feed-forward loop to enhance Wnt effects. Moreover, Wnt signaling induces miR-211
which in turn targets Tcf3 thus maintaining its repression. Collectively, these studies
indicate that Wnt signaling antagonizes Tcf3 function at different levels in mouse ESCs.

Further studies demonstrated that, in addition to Tcf3 antagonism, B-catenin-Tcf1
signaling provides additional positive effects on self-renewal, thus suggesting that a
combination of Tcf1- and Tcf3 -mediated effects contribute to enhanced self-renewal
downstream of B-catenin signaling [19]. These observations indicate that the effect of
stromal (i.e. micro-environmental) signals, and in this specific case of Wnt signaling ligands,
is directly translated to the core pluripotency circuitry thus highlighting a functional link
between microenvironment and the pluripotency module in ESCs.

A question that still remains unanswered is why Tcf3 is expressed at its highest level in
self-renewing ESCs provided that its main function is to repress the self-renewal circuitry?
One explanation might be that this is yet another example of an incoherent feed-forward
loop where both positive and negative regulators are simultaneously expressed to ensure
a rapid differentiation response upon external stimuli.

Il THE LINEAGE DIFFERENTIATION EFFECTS OF
WNT SIGNALING DEPEND ON THE CELLULAR STATE

In addition to promoting self-renewal, constitutive Wnt signaling activation also affects
cell fate decisions and multi-lineage differentiation. Different studies suggest that the
differentiation effect of Wnt signaling is dependent on the cellular context and in particular
on the developmental stage of the target cell. Previously, we employed a set of Apc-
mutant ESCs encoding for different Wnt signaling dosages and showed that high Wnt
signaling activation induces a broad spectrum of differentiation defects towards different
lineages and in particular the neuroectodermal lineages [7]. A similar observation was also
reported for Gsk-null ESCs [7,8,23]. In chapter 2, we showed that Tcf3-downregulation
plays an important, role in the modulation of the Wnt downstream effects which suppress
the neural differentiation in mESCs [24].

On the other hand, Wnt signaling is also required for lineage differentiation. In
fact, expression of Wnt ligands and the activity of Tcf/Lef Wnt reporter constructs was
shown to increase during ESC differentiation [25]. Similarly, Wnt signaling inhibition (e.g
by using DKK1) suppresses mesoderm and endoderm lineage differentiation [25]. Also
B-catenin—-null ESCs do not form teratomas when injected in recipient mice [26] and,
when subjected to embryoid body formation, exhibit pronounced defects in mesoderm,
endoderm and neuroectoderm differentiation [5,26]. Taken together, these data indicate
that the outcome of Wnt signaling is largely dependent on the developmental stage and
cellular context of the target cell. While in undifferentiated ESCs Wnt signaling supresses
differentiation and enhances self-renewal, it is also capable of playing a promoting role
during differentiation where the signaling pathway becomes necessary for proper lineage
commitment.
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IVWNT SIGNALING AND TRANSCRIPTIONAL REPRESSION

As described in chapter 2, we observed downregulation of many genes, including some
of the Wnt targets (such as c-Myc) in ApcNN ESCs [7,24]. According to the current model,
B-catenin functions as a transcriptional activator displacing the Tcf-bound repressors
and recruiting a plethora of transcriptional activators. However, B-catenin mediated
gene repression was also reported for some of the Wnt targets including stripe in the
Drosophila epidermis [27], Decapentaplegic (Dpp) in the fly leg imaginal disc [28] and
CDH1 (E-cadherin) in mouse keratinocytes [29]. A study by Cadigan and colleagues
identified new TCF binding sites which mediate the transcriptional repression of several
Wnt target genes in Drosophila. These DNA elements were distinct from the classical Wnt
response elements (WREs) and mediated repression of Ugt36Bc, Pxn, Tig, and Ugt58Fa
genes when Wnt signaling was activated [30]. Whether similar Tcf binding sites exist in
mammalian genomes and whether these sites mediate the observed gene repression in
ApcNN ESCs requires further investigation. Moreover, RNA pol Il pausing was recently
proposed as a mechanism of gene repression in 2i-cultured ESCs [31]. In 2i-cultured-
cells, no increase in H3K27m3 or DNA methylation was observed in the downregulated
loci. However, the transcriptional elongation was attenuated in these genes. Whether
a similar mechanism mediates gene repression downstream of Wnt signaling remains
elusive. In line with these findings, c-Myc is implicated in RNA Pol Il pause release [32] and
both ApcNN and 2i-cultured ESCs display c-Myc downregulation when compared to wild
type ESCs cultured in serum, further highlighting a potential role of RNA pol Il pausing
downstream of Wnt signaling.

V WNT SIGNALING AND MIR-302 REPRESSION

In chapter 3 we showed that constitutive activation of Wnt signaling suppresses miR-
302 expression in mESCs. When compared to naive ESCs, miR-302 is upregulated in
EpiSCs. Recently Wnt signaling was found to suppress the transition from naive ESCs to
primed EpiSCs [33]. On the other hand, cells cultured in serum were shown to display
transcriptional and epigenetic programs closely resembling the post-implantation
embryo whereas cells cultured in 2i medium resembled the pre-implantation naive state
[31]. Despite similar expression of many pluripotency markers, the two culture systems
display fundamental differences in their transcriptional and epigenetic programs. These
results indicate that the serum cultured cells might represent the earliest differentiation
step in mMESC:s. In this view, we observed induction of the naive ES-markers (such as Kif4,
Tbx3 and Essrb) and downregulation of some of the primed ES-associated genes (such
as Dnmt3b, Octé and Otx2) in ApcNN cells when compared to wild type controls. We
therefore hypothesize that ApcNN cells cultured in serum closely resemble the naive state
which is associated with miR-302 down-regulation. In line with these observations, when
wild-type ESCs cultured in serum are switched to 2i medium, a significant downregulation
of miR-302 is observed (chapter 3).
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VIDOES WNT SIGNALING PROMOTE SELF-RENEWAL OR
DIFFERENTIATION IN PLURIPOTENT CELLS?

In chapter 4, we discussed the role of Wnt signaling in a different pluripotent cell type,
namely human embryonic carcinoma (hEC) cells. We showed that short-term activation
of Wnt signaling induces loss of pluripotency in hEC cells. The observed role of Wnt in
hEC lines adds yet another piece to the puzzle of Wnt signaling in different pluripotent
stem cells. hECs share many similarities with hESCs. However, the role of WNT signaling
in hESCs is somewhat controversial. Several reports demonstrated that Wnt3a or the Gsk-
inhibitor BIO support short term self-renewal in hESCs but fail to maintain it in the long
term [34-37]. A recent report by Blauwkamp and colleagues demonstrated that Wnt3a
supports the self-renewal of hESCs in standard ES-medium [38]. On the other hand,
Davidson and colleagues provided evidence that OCT4 represses f-catenin signaling
and that targeted knock down of OCT4, leads to WNT activation. In this study, WNT
signaling was shown to induce hESCs differentiation [39]. Similarly, Wnt signaling induces
mesodermal differentiation in mouse epiblast cells which share similar features to hESCs
[14,40,41]. These results suggest that Wnt signaling cannot maintain the long-term self-
renewal of hESCs and mouse EpiSCs.

The intriguing and yet unanswered question is how the response to Wnt signaling
is interpreted differently in mouse and human pluripotent cells. While Wnt signaling
promotes self-renewal in mouse ESCs, its activation induces differentiation in hES, hEC
and mouse EpiS cells. One plausible explanation might be that the developmental
stages of mouse and human ESCs are different and that Wnt signaling induces opposite
responses depending on the cellular state of the target cell. Of note, in a recent study
Kim et al provide another explanation for the seemingly different effects of Wnt signaling
in pluripotent cells [42]. This study suggests that the nuclear and cytoplasmic B-catenin
have different effects on self-renewal. While nuclear B-catenin induces differentiation,
the cytoplasmic B-catenin supports self-renewal. The idea that B-catenin promotes
self-renewal or differentiation depending on its sub-cellular localization as well as the
cellular stage of the target cell, might also shed light on the role of Wnt signaling in
cancer. In colorectal tumors, despite Wnt activation in all tumor cells (due to APC or
CTNNB1 mutations), only a subset of tumor cells, mainly those located at the invasive
front of the tumor, display nuclear B-catenin whereas more cytoplasmic or membranous
subcellular localizations are observed in other tumor cells. Interestingly, tumor cells
with nuclear B-catenin, often located in direct proximity to the stroma, usually display
features reminiscent of epithelial-to-mesenchymal transition (EMT) [43]. On the other
hand, in both hESCs and murine EpiSCs, mesodermal differentiation represents the major
outcome when high levels of Wnt signaling are induced. These observations suggest
that nuclear B-catenin might induce mesenchymal phenotype and EMT in both hES and
CRC tumor cells analogous to the normal function of Wnt signaling during mesodermal
differentiation in early developing embryo. Interestingly, desmoids tumors, as discussed
in chapter 6, are among the few tumor types where almost every single cell within the
tumor mass displays nuclear B-catenin staining. Of note, desmoids are mesenchymal
tumors entirely composed by fibroblast-like cells. As reported in chapter 2, the same is
true for teratomas generated from ApcNN ESCs where a high percent of cells undergoing
mesenchymal differentiation also display nuclear B-catenin staining[7,24]. Taken together,
these observations might indicate that high levels of Wnt signaling, manifested as nuclear
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fB-catenin, might induce commitment towards a mesenchymal phenotype and that this
role of B-catenin signaling might be conserved in different cellular contexts ranging from
developing embryo, ESCs to tumor cells.

VIl WNT SIGNALING AND GERM CELL TUMORS

In chapter 4, we showed that in the majority of examined hEC cells WNT signaling is
active at very basal levels. Moreover, and similar to their hES counterparts and the mouse
EpiSCs, we showed that short-term activation of WNT signaling suppresses pluripotency
and induces a range of differentiation responses in EC cells. The majority of the employed
EC lines adapted to WNT stimulation and activated expression of pluripotency markers
overtime.

These data might also shed light on the genesis and differentiation of embryonal
carcinoma (ECs) in vivo. Carcinoma in situ (CIS) have been suggested as the cell of origin
for both seminomas (SEs) and ECs. However, the molecular mechanisms controlling the
cell fate decision of CIS towards SEs or ECs still remain unknown. Although both SEs and
ECs express the majority of pluripotency genes, only ECs display extensive pluripotency
and can give rise to differentiated GCTs such as yolk sac tumors, choriocarcinoma and
teratomas. Moreover, SEs are thought to represent the default tumor type generated
from CIS whereas activation of pluripotency in CIS (or in some cases in SEs), leads to EC
formation. Among the main differences observed between ECs and SEs, the switch from
SOX17 to SOX2 expression and the activation of WNT signaling in ECs are of interest
for the present discussion [44-46]. Hence it is plausible to think that activation of WNT
signaling might underlie the conversion of CIS into ECs. Whether activation of WNT
signaling in EC cells is the cause or the consequence of CIS/SE to EC conversion remains
unknown. The remarkable switch from SOX17 to SOX2 might also correlate with WNT
activation during CIS/SE to EC transition. In line with these observations, several studies
have reported Sox17 as an antagonist of WNT signaling in xenopus, mouse and human
cells[47-50]. The high level of SOX17 in SE/CIS cells might therefore maintain low levels of
WNT signaling in the cells and the switch from SOX17 to SOX2 expression might activate
WNT signaling in ECs. In addition to the basal level of WNT signaling in ECs, our results
also demonstrate that high level of WNT signaling induces loss of pluripotency. This
observation might reflect the in vivo behavior of ECs where high levels of WNT signaling
are correlated with the differentiation of EC cells to yolk sac and teratomas.

VIIIl WNT REGULATED NON-CODING RNAS IN STEM CELLS
AND CANCER

In chapter 5, we described the WNT-regulated non-coding RNA, CCAT2, in human
colorectal cancer. CCAT2 transcript is highly conserved across different species and mice
deficient for a 1740-bp DNA element, encompassing CCAT2, are resistant to intestinal
tumorigenesis induced by the ApcMin mutation [51]. These results suggest a conserved
role for CCAT2 in human and mouse intestinal tumorigenesis. In chapter 5 we showed
that CCAT2 is positively correlated with chromosomal instability (CIN), Wnt signaling
and C-MYC expression in colorectal tumors. However, we did not observe CCAT2 up-
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regulation in ApcNN ESCs which display both high Wnt signaling and CIN phenotype
(chapter 2 and 3). Moreover c-Myc is downregulated in ApcNN ESCs compared to wild
type controls and similarly in 2i- vs. serum-cultured ESCs. We also observed C-MYC
downregulation in CHIRON-treated hEC cells (chapter 4). Taken together, these findings
indicate a differential regulation of c-Myc in pluripotent stem and intestinal tumor cells
and suggest that the epistatic interactions between WNT, C-MYC and CCAT2 non-coding
RNA might be dependent on the cellular context. Further research is required to explore
the role of CCAT2 non-coding RNA in different pluripotent cells.

IX ST00A4 IN TUMOR ONSET AND PROGRESSION

The causal role of ST00A4 in colorectal cancer remains poorly understood. In chapter
6 we showed that $700a4 is dispensable for intestinal tumor initiation as both Apc- or
Smad4-mutant mice developed similar number of tumors when S100a4 was depleted.
On the other hand, a large body of evidence suggest a strong role for S100a4 in tumor
metastasis. We could not address this issue with the employed mouse models which do
not form metastases due to the discomfort caused by primary tumors. Therefore, novel
models for colon cancer and the resulting liver metastasis will be necessary in the future
to examine the in vivo role of S100a4 in this process. In contrast, we showed that specific
depletion of S100a4 in Apc'®¥N* (male) mice significantly reduces desmoids formation
(chapter 6). However, desmoids are benign tumors and, in Apc'**®V* mice, are relatively
quiescent. Therefore, the development of mouse models for aggressive fibromatosis
(desmoid disease) as observed in man is of relevance to further study the role of ST00A4
in the onset and progression of desmoid tumors and in particular in desmoid-associated
MSCs.
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SUMMARY

SUMMARY

Mammalian development starts from afertilized egg that initially generates few pluripotent
cells which eventually give rise to the embryo proper. This developmental program is
well-controlled, reproducible, and has highly predictable outcomes. The primary cells of
the developing embryo display a unique potential for multi-lineage differentiation and
hence are referred to as pluripotent. Different pluripotent stem cells have been captured
and propagated in vitro and their culture requirements were investigated accordingly.
These cells include, among others, the embryonic stem cells (ESC) derived from the inner
cell mass (ICM). Tumorigenic transformation of primordial germ cells (PGC) or gonocytes
can also give rise to pluripotent cells known as embryonal carcinoma cells (hECs) which
are thought to represent the malignant counterpart of hESCs. Among different signaling
pathways, Wnt signaling plays a central role in self-renewal and differentiation of
pluripotent cells.

In Chapter 1, we outline the current literature on Wnt signaling, as a major stemness
pathway, and establish a parallel between its role in embryonic and cancer stem cells.
We also discuss germ cell tumors (GCTs) as a model to study the role of stem cells in
neoplasia.

In Chapter 2 and 3, we employ a series of Apc-mutant ESCs encoding for different
Wnt signaling levels, to study the mechanisms through which this pathway regulates
lineage differentiation in mouse ESCs.

In chapter 2, we analyzed the gene expression profiles of mESCs that harbor different
Apc hypomorphic alleles and found specific Tef3 downregulation as well as induction of a
novel Wnt-regulated micro-RNA, miR-211, in Wnt-high ESCs. We provide further evidence
that Wnt signaling suppresses neuroectodermal differentiation in mouse embryonic stem
cells, partly through Tcf3 downregulation and induction of miR-211.

In Chapter 3 we report that miR-302-367, one of the highly specific miRNAs in mouse
ES cells, is negatively regulated by Wnt signaling. We further investigate the impact of
this epistatic interaction on ES self-renewal and differentiation.

In Chapter 4, we explore the functional role of Wnt signaling in human embryonal
carcinoma cells and provide evidence that WNT induction induces a range of diverse
differentiation responses among the different employed hEC lines, thus underscoring the
context-dependent role of Wnt signaling in mouse and human pluripotent stem cells. The
observed role of Wnt in hEC lines adds yet another piece to the puzzle of Wnt signaling
in different pluripotent stem cells.

Highly conserved genomic regions (ultra-conserved regions) are frequently transcribed
as long non coding-RNAs (>200 bp) in both normal and tumor cells. In Chapter 5 we
describe the identification and functional characterization of CCAT2, a novel WNT-
regulated long noncoding RNA located on chromosome 8g24. We show that this non-
coding RNA is expressed in microsatellite-stable colorectal cancers where it promotes
tumor growth, metastasis, and chromosomal instability.

The interaction between tumor cells and their niche plays a pivotal role in tumor
initiation, progression and metastasis. In Chapter 6, we studied the role of $100a4, a
Wnt target gene that is expressed from within the tumor microenvironment in intestinal

193




SUMMARY

neoplasia. By using different transgenic and knockout mouse models, we examined the in
vivo role of S100a4 in intestinal tumor initiation and progression. We show that S100a4 is
dispensable for intestinal tumor initiation in both Apc- or Smad4-mutant mice.

Moreover, desmoids are mesenchymal tumors associated with constitutive activation
of Wnt signaling due to APC or CTNNB1T mutations. We show that specific depletion of
S$100a4 in Apc'®®N* mice significantly reduces desmoids formation.
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De ontwikkeling van zoogdieren start met een bevruchte eicel, welke zich allereerst tot
een paar pluripotente cellen ontwikkelt om uiteindelijk een compleet embryo te worden.
De lijn waarlangs deze ontwikkeling plaatsvindt is strak gecontroleerd, reproduceerbaar
en de uitkomst is zeer voorspelbaar. De primaire cellen van het zich vormende embryo
bezitten de unieke eigenschap om zich tot verschillende soorten cellen te ontwikkelen en
worden daarom ook pluripotente cellen genoemd. Verschillende van deze pluripotente
cellen zijn verzameld en in vitro gekweekt, waarbij hun verschillende eisen voor de te
gebruiken cultuur is bestudeerd. Onder deze cellen bevonden zich, naast anderen, de
embryonale stamcellen (ESC) welke afkomstig zijn uit de binnenste celmassa (ICM).

Maligne ontwikkeling van primaire zaadcellen (PGC) of gonocyten kunnen ook
pluripotente cellen opleveren: de zogenaamde embryonale kankercellen (hECs).
Deze laatste cellen worden gezien als de kwaadaardige tegenhanger van hESCs.. Van
de verschillende signaling pathways speelt de Wnt signaling een centrale rol in de
zelfvernieuwing en de differentiatie van de pluripotente cellen.

In Hoofdstuk 1 geven we een overzicht van de bestaande literatuur over Wnt signaling
als een belangrijke stemness pathway, en stellen een belangrijke parallel vast in haar rol
bij embryonale en bij kankerstamcellen. We bespreken ook zaadceltumoren (GCTs) als
een model om de rol van stamcellen in neoplasie te bestuderen.

In de Hoofdstukken 2 en 3 gebruiken we een serie Apc-mutante ESCs welke coderen
voor verschillende niveaus van Wnt signaling. Hiermee bestuderen we de mechanismen
die deze pathway gebruikt om de lineage differentiation in embryonale stamcellen van
de muis (MESCs) te reguleren.

In Hoofdstuk 2 beschrijven we de analyse van de gen expressie profielen van
mECS met verschillende Apc hypomorphic alleles. Hierbij vonden we specifieke Tcf3
downregulation en de inductie van een nieuw Wnt gereguleerd micro-RNA, miR-211, in
Whnt-high ESCs. We leveren meer bewijs voor de onderdrukking van neuroectodermale
differentiatie door Wnt signaling in mESCs. Deze onderdrukking gebeurt gedeeltelijk
door Tcf3 downregulation en de inductie van miR-211.

In Hoofdstuk 3 beschrijven we dat miR-302-367, een van de zeer specifieke niRNAs
in mESCs, negatief wordt gereguleerd door Wnt signaling. Verder onderzoeken we
de impact van deze epistatische interactie op zelfvernieuwing en differentiatie van
embryonale stamcellen.

In Hoofdstuk 4 onderzoeken we de functionele rol van Wnt signaling in humane
embryonale kankercellen (hECs). We leveren bewijs voor het feit dat WNT inductie
een reeks aan verschillende differentiatie reacties geeft onder de verschillende hEC
lijnen, waarmee we de omgevingsafhankelijke rol van Wnt signaling in muis en humane
pluripotente stamcellen onderstrepen. De gesignaleerde rol van Wnt in hEC lijnen levert
een nieuw stukje van de puzzel van Wnt signaling in verschillende pluripotente stamcellen.

Hoog geconserveerde genomische regio’s (ultra-conserved regions) worden vaak
tot transcriptie gebracht als lange non coding-RNAs (>200 bp) in zowel normale als in
tumorcellen. In Hoofdstuk 5 beschrijven we de identificatie en de functionele van CCAT2,
een nieuw WNT-gereguleerd lange non coding RNA welke is gesitueerd op chromosoom
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8924. We tonen de expressie aan van dit non coding RNA in microsatellite-stabiele
darmkankers waar het de tumorgroei, metastasering en de chromosomale instabiliteit
bevordert.

De interactie tussen tumorcellen en hun niche speelt een centrale rol in
tumorontwikkeling, -progressie en metastasering. In Hoofdstuk 6 bestuderen we de rol
van S100a4, een Wnt target gen dat tot expressie komt in de tumor micro-omgeving in
neoplasia in de darm. Voor de bestudering van de in vivo rol van $100a4 bij het ontstaan
en de ontwikkeling van darmkanker hebben we verschillende transgene en knockout
muismodellen gebruikt. We tonen aan dat S100a4 overbodig is voor het ontstaan van
darmtumoren in zowel Apc- als Smad4-mutante muizen. Bovendien zijn desmoids,
mesenchymal tumoren, welke geassocieerd worden met constitutieve activering van
Wnt signaling veroorzaakt door APC of CTNNB1 mutaties. We tonen aan dat specifieke
uitputting van S100a4 in Apc'¢*** muizen de vorming van desmoids significant vermindert.
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