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primary tumors and CRC cells. In vitro, SNAIL1 and SNAIL2, but not ZEB1, repress EPHB3 re-
porter constructs and compete with the stem cell factor ASCL2 for binding to an E-box
motif. At the endogenous EPHB3 locus, SNAIL1 triggers the displacement of ASCL2, p300
and the Wnt pathway effector TCF7L2 and engages corepressor complexes containing
HDACSs and the histone demethylase LSD1 to collapse active chromatin structure, resulting
in rapid downregulation of EPHB3. Beyond its impact on EPHB3, SNAIL1 deregulates
markers of intestinal identity and stemness and in vitro forces CRC cells to undergo EMT
with altered morphology, increased motility and invasiveness. In xenotransplants, SNAIL1
expression abrogated tumor cell palisading and led to focal loss of tumor encapsulation
and the appearance of areas with tumor cells displaying a migratory phenotype. These
changes were accompanied by loss of EPHB3 and CDH1 expression. Intriguingly, SNAIL1-
induced phenotypic changes of CRC cells are significantly impaired by sustained EPHB3
expression both in vitro and in vivo. Altogether, our results identify EPHB3 as a novel target
of SNAIL1 and suggest that disabling EPHB3 signaling is an important aspect to eliminate a
roadblock at the onset of EMT processes.

© 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.

1. Introduction

Colorectal cancer (CRC) is one of the most frequent forms of
cancer worldwide (American Cancer Society, 2013). As with
other tumor entities, CRC-related mortality increases sharply
with the occurrence of metastasis whereby tumor cells
become invasive and disseminate to ultimately colonize sec-
ondary tissues (Valastyan and Weinberg, 2011). In colorectal
tumorigenesis, signaling by EPHB receptor tyrosine kinases
represents a powerful barrier against tumor cell spreading
(Batlle et al., 2005; Chiu et al., 2009). EPHB3 is one of the EPHB
family members that is expressed in the healthy intestinal
epithelium and acts as a cellular guidance and positioning fac-
tor with crucial functions in the maintenance of intestinal
crypt architecture (Batlle et al., 2002; Holmberg et al., 2006).
The histoarchitectural function of EPHB3 likely explains its in-
vasion and tumor suppressor capacity in CRC. Repulsive inter-
actions between cells expressing the EPHB3 receptor and
EphrinB ligands, respectively, compartmentalize tumors and
thereby impede detachment of cells from the primary tumor
(Batlle etal., 2005; Cortina et al., 2007). Moreover, EPHB/EphrinB
signaling affects intracellular distribution and function of the
cell—cell adhesion molecule E-Cadherin and thus contributes
to the stabilization of a non-invasive epithelial cell phenotype
(Chiu et al., 2009; Cortina et al., 2007; Solanas et al., 2011).
EMT is a process that facilitates tumor cell invasion and
dissemination in many different cancers (Kalluri and
Weinberg, 2009). In the course of EMT, epithelial cell charac-
teristics such as the expression of E-Cadherin and apical-
basal polarity are lost and replaced by mesenchymal traits
including increased motility and invasiveness. EMT can be
induced in different ways, most notably by a group of tran-
scriptional repressor proteins including SNAIL1, SNAIL2 and
ZEB1 which recognize specific DNA-binding sites within regu-
latory regions of their target genes, so called E-boxes (Peinado
et al.,, 2007). E-boxes are also bound by many basic helix-loop-
helix (bHLH) developmental regulators leading to competition
among these factors and EMT-inducing repressors (Soleimani
et al, 2012). Additionally, EMT inducers can recruit

multicomponent corepressor complexes to inactivate their
target genes. For example, the N-terminal SNAG domain of
SNAIL1 and SNAIL? interacts with protein complexes contain-
ing histone deacetylases (HDACs), the histone demethylase
LSD1/KDM1A and the Polycomb repressive complex 2 (PRC2)
(Lin et al., 2010a, 2010b; Peinado et al., 2004; von Burstin
et al,, 2009). HDACs and LSD1 collectively remove activating
histone marks from target gene loci while PRC2 deposits the
repressive histone modification H3K27me3 to shut down
gene expression.

In the intestinal epithelium, EPHB3 is expressed in multiple
cell-types including intestinal stem cells (ISCs), transit ampli-
fying cells and Paneth cells located in the lower part of intes-
tinal crypts (Batlle et al., 2002; Itzkovitz et al., 2012). The
maintenance and generation of these cell populations re-
quires the coordinated activity of Wnt/p-catenin, Notch and
mitogen-activated protein kinase (MAPK) signaling and
several transcription factors including the bHLH protein
ASCL2 (van der Flier and Clevers, 2009). These signaling cas-
cades and transcription factors are also critically involved in
the regulation of EPHB3 both in the healthy intestinal epithe-
lium and in tumorigenesis. EPHB3 is a direct target gene of
Wnt/B-catenin and Notch signaling (Batlle et al., 2002; Jagle
et al., 2014; Rodilla et al., 2009) and in agreement with the
pivotal role of these pathways in tumor initiation (Fre et al.,
2009; van Es et al., 2005), EPHB3 is strongly upregulated in colo-
rectal adenomas (Batlle et al., 2005; Chiu et al., 2009; Ronsch
et al., 2011). However, this surge in EPHB3 expression at early
stages of tumorigenesis is followed by secondary downregula-
tion in up to 30% of carcinomas. Intriguingly, we recently iden-
tified a transcriptional enhancer located 2.3 kb upstream of
the EPHB3 promoter (Jagle et al., 2014) which collects and com-
putes input from Wnt/B-catenin, Notch and MAPK signaling,
ETS transcription factors and ASCL2 to drive EPHB3 expres-
sion. Even more importantly, decommissioning of the
EPHB3 enhancer appears to play a central role in EPHB3 sec-
ondary silencing. In this regard we previously identified a
defect in Notch signaling that contributes to EPHB3 enhancer
inactivation but defective Notch signaling cannot completely
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explain EPHB3 enhancer incapacitation and EPHB3 silencing
(Jagle et al., 2014). Of note, recent studies showed that colo-
rectal cancer is a rather heterogeneous disease that can be
categorized into several molecularly distinct subtypes that
differ in their genetic and epigenetic make-up and the ensuing
disturbances in tumor-relevant signaling pathways (Cancer
Genome Atlas, 2012; De Sousa et al.,, 2013; Loboda et al.,
2011; Marisa et al., 2013; Sadanandam et al., 2013). In view of
the apparent CRC heterogeneity it is conceivable that also
the deregulation of EPHB3 can be multifaceted and involves
different mechanisms.

The increasingly recognized impact of EMT in CRC (Hwang
et al.,, 2014, 2011; Loboda et al., 2011; Shioiri et al., 2006; Wang
etal., 2010) prompted us to investigate a potential role of EMT-
inducing transcriptional repressors in EPHB3 enhancer
decommissioning and EPHB3 secondary silencing. Here, we
report that the expression of EPHB3 and EMT inducers is
inversely correlated in tumors and CRC cell lines, and we iden-
tify EPHB3 as a novel and direct target of SNAIL1/SNAIL2.
Mechanistically, SNAIL1/SNAIL2 appear to competitively
displace the ISC factor ASCL2 from a common E-box binding
motif and to engage HDACs and LSD1 to disable the EPHB3
enhancer thereby downregulating EPHB3 expression. Interest-
ingly, sustained expression of EPHB3 can partially suppress
SNAIL1-induced EMT features in vitro and in vivo suggesting
that incapacitation of EPHB3 signaling is a critical step to pro-
mote EMT processes in colorectal cancer.

2. Materials and methods
2.1. Plasmid construction

To generate luciferase reporter constructs covering EPHB3 up-
stream regions, a plasmid with sequences up to position
—1624 bp in pGL3basic (a gift of T. Brabletz, Freiburg, Germany)
was used as a starting construct. Further luciferase reporter
plasmids where derived from this construct by polymerase
chain reaction (PCR) amplification of EPHB3 sequences from
genomic DNA of LS174T cells and standard cloning techniques.
The EPHB3 E-box was mutated according to the Stratagene
QuikChange site-directed mutagenesis protocol using the
following primer: 5-GGATGTGTTGCTGCCAGGAACCGTCCT
GAAATATCTCTGTGTCC-3' (mutated bases are underlined).
Constructs were sequence verified. The expression vectors
pCS2+Snaill; pcDNA3-Snaill-HA, pRetro-X-tight-Pur-SNAIL1
were kindly provided by M. Stemmler (Freiburg, Germany), A.
Garcia de Herreros (Barcelona, Spain) and H. Munshi (Chicago,
IL, USA), respectively. The ASCL2 coding region was amplified
by PCR using cDNA from LS174T cells as template with the
following primer pair: 5'-GGATCCGCGATG
GACGGCGGCACACT-3;
5’-TTCGAAGTAGCCCCCTAACCAGCTGGA-3'. The resulting
PCR product was cut with BamHI and BstBI and ligated into
pCS2+ carrying the coding region for a hemagglutinin (HA)-
tag. To generate pCS2+SNAIL2-HA, the coding region for
SNAIL2 was cut out from pcDNA3-SNAIL2 (a gift of T. Brabletz,
Freiburg, Germany) with Kpnl and EcoRI and ligated into
pCS2+ carrying the coding region for an HA-tag. pCS2+ZEB1
was generated by cutting out the coding region for ZEB1

from pCI-neo-ZEB1 (a gift of T. Brabletz, Freiburg, Germany)
with Xbal and Xhol and ligating it into the pCS2+ vector. To
generate pCS2+Snaill-HA-ASNAG, Snaill was amplified by
PCR using the following primer pair: 5'-GGATCCATGTCC
GACCCCCGCCGGAAGCCC-3; 5-GAATTCGCGAGGGCCTCCG
GAGCAGCC-3' which allowed cutting out the PCR product
lacking the SNAG domain with BamHI and EcoRI and ligating
it into pCS2+ carrying the coding region for an HA-tag. For
the generation of stable, Dox-inducible cell lines, the coding
regions for Snaill-HA and Snaill-HA-ASNAG were transferred
into the pRetroX-tight-Pur vector (Clontech, Saint-Germain-
en-Laye, France) by standard cloning techniques. To construct
DLD1 cells stably expressing HA-tagged Snaill, the pRetroX-
tight-Pur vector was modified to additionally carry the reverse
tetracycline controlled transactivator rtTA3 under the control
of the UbqC promoter isolated from the pTRIPZ vector (Open
Biosystems/Thermo Fisher Scientific, Dreieich, Germany). To
generate the lentiviral expression vector for EPHB3, the puro-
mycin resistance gene in FUW-CMV-EPHB3-IRES-puro (a gift
of E. Batlle, Barcelona, Spain), was replaced with the blastici-
din resistance. For the corresponding control vector, the cod-
ing region of EPHB3 was cut out using BamHI and Agel. Details
about cloning strategies are available upon request.

2.2. Cell culture

The CRC cell lines LS174T (CLS #300392) and HT29 (CLS
#300215) were obtained from the Cell Line Service culture
collection (DKFZ, Heidelberg) and ATCC, respectively.
SW480, HCT116 and HEK293 cell lines were obtained from
the Max-Planck-Institute of Immunobiology, Freiburg. The
LS411 cell line was provided by Tilman Brummer (Freiburg,
Germany). The Caco2 cell line was provided by Oliver Schilling
(Freiburg, Germany). The CRC cell line DLD1 and the pancre-
atic carcinoma cell lines Pancl and Capan2 were provided by
Thomas Brabletz (Freiburg, Germany). The human breast car-
cinoma cell lines MDA-MB231 and MCF7 were provided by
Thomas Reinheckel (Freiburg, Germany), and the oesophageal
squamous cell carcinoma cell lines OE21 and OE23 were pro-
vided by Silke Lassmann (Freiburg, Germany). Cells were
cultured as previously described (Ronsch et al., 2011). Stable
cell lines were generated by retroviral infection with
pRetroX-tight-Pur-based vectors as described (Wallmen
etal., 2012) except for the generation of stable cell lines consti-
tutively expressing EPHB3 which were made with lentiviral
vectors. As recipients, HT29 and LS174T cells stably trans-
fected with the pNilppactin-rtTA2S-M2-IRES-EGFP plasmid
(Welman et al., 2006) were used. To inhibit LSD1 and HDACs,
cells were treated for 24 h with 10 uM tranylcypromine (TCP)
or 3 uM MS275, respectively.

2.3.  Migration analyses and spheroid formation

Migration was either analyzed by scratch assay (Liang et al.,
2007) or in real-time using the xCELLigence™ system (Roche,
Mannheim, Germany). For the scratch assay, 1 x 10° cells
per well were seeded in 6-well plates. 6 h later, when cells
were firmly attached, the cell monolayer was wounded in a
straight line using a 200 ul pipette tip. Cell debris was carefully
removed by washing the cells with PBS. Fresh medium
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containing 0.1 pg/ml Dox was added to the cells. Phase
contrast pictures were taken with the Axiovert microscope
(Zeiss, Oberkochen, Germany). To monitor migration continu-
ously, the xCELLigence™ system was used according to the
supplier’s instruction manual. Briefly, a two-chamber setup
(CIM-Plate-16™) with microelectronic sensors on the under-
side of the upper chamber was employed and 8 x 10* cells,
pre-treated for 72 h with 0.1 pg/ml Dox, were seeded in
serum-free DMEM in the upper chamber. DMEM containing
10% FCS was added to the lower chamber to attract cells.
Real-time monitoring of cell migration was performed for
12 h in 30 min intervals.

2.4. Spheroid formation

Spheroid formation was allowed in a collagen I matrix. Cells
were harvested and suspended in cell culture medium supple-
mented with of 0.24% (w/v) methylcellulose and 0.1 pg/ml Dox
to form droplets containing approximately 500 cells. Droplets
were applied to cell culture plates which were subsequently
turned upside down and incubated for 24 h at 37 °C to allow
spheroid formation. The next day, spheroids were collected
by carefully washing them from the plates using PBS. For
embedding the spheroids in a collagen I matrix containing
0.6% methylcellulose, 24-well plates were used which had pre-
viously been coated with collagen I. One hour after embedding
the spheroids, medium containing 0.1 ng/ml Dox was added.
48 h later, phase contrast pictures of the spheroids were taken
as described above and the length of invasive sprouts as well
as the number of sprouts per spheroid were measured using
the Axiovision LE 4.4 software (Zeiss, Oberkochen, Germany).

2.5. Limiting dilution assay (LDA)

LDA was used to asses sphere forming capacity as an indicator
of self-renewal properties of LS174T CRC cell derivatives
(O’Brien et al.,, 2012). Defined cell numbers ranging from
10,000 to 0.0001 cells per well were seeded and cultivated in
96-well ultra-low attachment plates in stem cell media
(DMEM/F12 advanced, 1 x B27 supplement, 20 ng/ml EGF and
10 ng/ml FGF). For each cell number 8 replicates were pre-
pared. Cells were either left untreated or were treated with
0.1 pg/ml Dox which was refreshed every 48 h. Sphere forma-
tion was analyzed 7 days later by counting the number of
wells in which spheres were detectable. These data were pro-
cessed using the ELDA software (http://bioinf.wehi.edu.au/
software/elda/) (Hu and Smyth, 2009). Phase contrast pictures
were taken with the Axiovert microscope (Zeiss, Oberkochen,
Germany). For sphere formation in the second generation,
spheres from the eight wells in which originally 10,000 cells
had been seeded, were pooled, cells were dissociated, counted
and cell numbers ranging from 1000 to 0.001 were seeded. Dox
treatment was performed as described. Again, sphere forma-
tion was analyzed 7 days later.

2.6.  Analysis of population dynamics by crystal violet
staining

For the analysis of cell culture dynamics, 0.5 x 10° cells were
seeded in duplicates in 24 well plates. 6 h after seeding, cells

were either harvested (time point 0 h) or treated with 0.1 pg/
ml Dox for 24, 48, 72 or 96 h. After 48 h, Dox was renewed.
For staining, cells were washed with PBS before 0.5% crystal
violet in 20% methanol was added. After incubation for
10 min with gentle agitation cells were washed four times
with ddH,0. Subsequently, crystal violet was extracted with
100% methanol for 30 min and duplicate absorbance measure-
ments at 595 nm were performed with 1:100 dilutions of the
extracted dye (Hirsch et al., 2007).

2.7. Luciferase reporter assays

For luciferase reporter assays, 1 x 10° LS174T cells were seeded
in 24-well plates and transfected using FUGENE6 reagent
(Promega, Mannheim, Germany) according to the manufac-
turer’s protocol. For luciferase assays testing activities of the
EPHB3 and CDH1 reporter constructs, the cells received a
mixture of 10 ng of the Renilla luciferase expression vector
PRL-CMV for internal standardization, 250 ng of firefly lucif-
erase reporters driven by EPHB3 DNA fragments or driven by
the CDH1 DNA fragment, respectively, and 100 ng of plasmid
DNA for expression of Snaill-HA, Snaill-HA-ASNAG, SNAIL2-
HA, ZEB1 or CtBP1l. To analyze the competition between
ASCL2-HA and Snail1-HA at the EPHB3 luciferase reporter con-
structs, 50 ng of pCS2+ASCL2-HA and increasing amounts of
pCS2+Snaill (either 50 ng, 100 ng or 200 ng) were transfected.
In order to analyze Wnt/p-catenin pathway activity, 10 ng of
the Renilla luciferase expression vector pRL-CMV and 500 ng
of the firefly luciferase reporter plasmids pSuper8xTOPFlash
or pSuper8xFOPFlash were transfected (Veeman et al., 2003).
To keep the total amount of transfected DNA constant, appro-
priate amounts of the empty expression vectors were added.
Cell lysates were prepared and reporter activity was deter-
mined as described (Wallmen et al., 2012) 45—48 h after trans-
fection. Renilla luciferase activity was used for normalization.

2.8. RNA interference

For knockdown studies, cells were seeded in 6-well plates
(1 x 10° cells/well) and transfected with 20 nM of siRNAs
directed against HDAC1, HDAC2, HDAC3, HDAC7 and HDACS8
(M-003493-02-0005, M-003495-02-005, M-003496-02-005, M-
009330-02-0005 and M-003500-02-0005, respectively, Dharma-
con, Lafayette, USA) using Lipofectamine® 2000 (Invitrogen/
Life Technologies, Darmstadt, Germany). 16 h after transfec-
tion, cells were washed once with PBS and RNA was isolated
72 h post transfection.

2.9. RNA isolation, cDNA synthesis and RT-PCR

Total RNA was isolated using the peqGOLD total RNA kit (Peg-
Lab, Erlangen, Germany). Complementary DNA (cDNA) syn-
thesis and reverse transcriptase (RT)-PCR were performed as
previously described (Wallmen et al., 2012). For RT-PCR an
equivalent of 50 ng total RNA was used as template. Quantita-
tive RT-PCR (qRT-PCR) was performed with the iQ5 or CFX-96
multicolor real-time PCR detection systems (BioRad, Munich,
Germany) using SYBR green reaction mix (PeqLab, Erlangen,
Germany). A cDNA amount equivalent to 20 ng total RNA
was used as template. Data were normalized to GAPDH
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expression. Values shown represent expression of the genes-
of-interest relative to GAPDH unless stated otherwise. Primers
are listed in the Supplementary Table S1.

2.10. Western blotting and immunodetection

For immunodetection experiments whole cell lysates were
prepared. For this, cells were lysed in IPN-150 [50 mM Tris/
HCI pH 7.6, 150 mM NacCl, 5 mM MgCl,, 0.1% NP40, Complete™
protease inhibitor (Roche Applied Science, Mannheim, Ger-
many), 1 mM DTT, 0.1 mM NazVO,4, 1 mM PMSF and 10 mM
NaF] for 30 min on ice. Cell lysates were cleared by centrifuga-
tion at 18,500 x g and 4 °C for 10 min. Protein concentrations
were determined using the DC protein detection kit (BioRad,
Munich, Germany). Proteins were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred on nitrocellulose membranes. The antibodies used for
immunodetection are listed in Supplementary Table S2. Visu-
alization of antibody:antigen complexes was performed as
described (Weise et al., 2010).

2.11. Co-immunoprecipitation

Protein—protein interactions were analyzed by co-
immunoprecipitation using whole cell lysates. For the
comparative analyses of interactions between Snaill-HA,
Snaill-ASNAG-HA and corepressors, HEK293 cells were trans-
fected with expression vectors for Snaill-HA and Snaill-
ASNAG-HA. For this, 1 x 107 cells were seeded in 15 cm dishes.
4 h later they were transfected with 1.5 ml of a calcium
phosphate-DNA co-precipitate using 10 pg of the appropriate
DNA. 45—48 h after transfection, cells were lysed in IPN-150.
750 pg of the protein lysate were subjected to immunoprecip-
itation at 4 °C overnight with 1 pg anti-HA-antibody (3F10;
Roche Applied Science, Mannheim, Germany), or goat immu-
noglobulin G (sc-2028; Santa Cruz, Heidelberg, Germany) and
magnetic protein G dynabeads (Life Technologies, Darmstadlt,
Germany). Precipitates were washed three times with IPN-150
buffer before resuspending the beads in 2x protein loading
buffer and boiling for 5 min. Proteins were analyzed by West-
ern blotting.

2.12.  Electrophoretic mobility shift assay (EMSA)

DNA binding in vitro was analyzed by EMSA as described
(Weise et al., 2010). For this, proteins used were transcribed
and translated in vitro using the TNT SP6 high-yield wheat
germ protein expression system with 2.5 ug of the respective
plasmid DNA in 25 pl reactions according to the manufac-
turer’s protocol (Promega, Heidelberg, Germany). Protein
expression was confirmed by Western blot. DNA probes for
EMSA were generated by PCR with biotinylated primers using
EPHB3 upstream sequences as DNA template. 10 Mol of the
biotinylated probe were combined with equal amounts of
the specific protein, the reaction was supplemented with
60 pg of bovine serum albumin and 1 pg of poly(dl:dC) and
incubated in EMSA-buffer [20 mM Hepes pH7.9, 75 mM NacCl,
2 mM MgCl,, Complete™ protease inhibitor (Roche Applied
Science, Mannheim, Germany), 1 mM DTT] for 30 min on ice.
Subsequently, reactions were loaded onto 6% polyacrylamide

gels with 0.5 x Tris-borate-EDTA running buffer and further
processed using the Chemiluminescent nucleic acid detection
module (Thermo Fisher Scientific, Dreieich, Germany).

2.13. Formalydehyde-assisted isolation of regulatory
elements (FAIRE)

FAIRE was performed as described (Giresi et al., 2007). The
cells used for the experiments were either left untreated to
serve as reference material or were crosslinked with 1% form-
aldehyde for 7 min. Sonification was performed with 300 pl al-
iquots of each sample for 20 cycles with 30 s on/30 s off at high
amplitude settings in a Bioruptor Plus (Diagenode, Liége,
Belgium), yielding DNA fragments between 250 and 750 bp in
length. gPCR was conducted using 40 ng of DNA recovered
from crosslinked cells and non-crosslinked reference mate-
rial. Data calculation was done as described (Wallmen
et al,, 2012). Primer sequences are listed in Supplementary
Table S1.

2.14. Chromatin immunoprecipitation (ChIP)

ChIP analyses were carried out as described (Wallmen et al,,
2012) with 100 pg or 200 pg of 1% formaldehyde-crosslinked
chromatin. All antibodies used are listed in Supplementary
Table S2. gPCR was performed using 1 pl of precipitated DNA
and 2% input material as template with primers listed in
Supplementary Table S1. Data were calculated as %-input or
as %-input relative to H3 to compensate for variations in
nucleosome density.

2.15. Pairwise correlation and principal component
analyses of microarray gene expression data

The pairwise Pearson correlation coefficient between 23 genes
of interest was calculated from normalized RNA-Seq gene
expression levels in 270 samples of stage I to IV colon and
rectum carcinomas obtained from The Cancer Genome Atlas
(TCGA) (Cancer Genome Atlas, 2012). Data tables were down-
loaded from https://tcga-data.nci.nih.gov/docs/publications/
coadread_2012/. In the pairwise correlation matrix, genes
were clustered using single linkage with Euclidean distance.
To estimate the correlation between the EMT inducer cluster
(cluster 1: SNAI2, VIM, ZEB2, FN1, ZEB1, TWIST1, TWIST2,
SNAI2; see Figure 1A) and the EPHB3 cluster (cluster 2:
EPHB2, EPHB3, EPHB4, CDX1, CDX2, ASCL2, AXIN2, CDH1; see
Figure 1A), we calculated the Pearson correlation between
the first principal component or “eigengene” of each cluster
(Alter et al., 2000; Langfelder and Horvath, 2007). Briefly, the
TCGA expression data was log-transformed and standardised
such that each gene had mean expression level zero and unit
standard deviation over all samples. Next, the first principal
component (PC) was calculated for the data matrix formed
by the genes in cluster 1, respectively cluster 2, which
explained 65%, respectively 46%, of the variation of the data
in the cluster. The sign of the PC was arbitrarily chosen such
that the PC and the mean expression level of the cluster corre-
lated positively. The resulting PCs of cluster 1 and 2 correlated
negatively with Pearson correlation value R = —0.2638 and a P-
value P = 1.12 x 107>
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2.16. Xenografts, tissue processing, histology and
immunohistochemistry

Rag2~/~yc™/~ mice were purchased from a local stock (Univer-
sity of Freiburg animal facility). The animal protocol (G08-8)
was approved by the Regierungsprasidium Freiburg (local an-
imal committee Freiburg). Mice were injected subcutaneously
with 5 x 10° LS174T CRC cell derivatives. Dox treatment was
started on day 7 after injection to allow tumor establishment.
Xenograft tumors (n = 18; six per group) were excised six days
later, analyzed macroscopically, cut in half and processed via
standard operating procedures (SOPs) for formalin-fixation
and paraffin-embedding (FFPE). Serial sections of FFPE tissue
specimens from all xenografts were stained by hematoxylin
and eosin (HE) and by immunohistochemistry (EPHB3, E-Cad-
herin) according to SOPs. Antibodies used are listed in
Supplementary Table S2.

2.17. Statistical analysis

Quantitative data are presented as means of at least three in-
dependent biological replicates with standard error of the
mean (SEM). Statistical significance was determined by un-
paired, two-tailed Student’s t-test unless otherwise indicated.
The corresponding symbols represent statistically significant
changes with the following p-values: *P < 0.05, P < 0.01,
P < 0.001, ™™*P < 0.0001. ns: not significant.

3. Results

3.1. Inversely correlated expression of EPHB3 and EMT
inducers

To examine a potential relationship between EPHB3 expres-
sion and EMT we performed pairwise correlation analyses
based on TCGA gene expression data for 270 samples of stage
I-IV colon and rectum carcinomas (Cancer Genome Atlas,
2012). This analysis showed that inducers of EMT (e. g. SNAILI,
SNAIL2, ZEB1) and marker genes of EMT (FN1, VIM ) formed a
cluster of genes whose expression was positively correlated
among each other (Figure 1A, cluster 1). Similarly, EPHB3,
other EPHB receptor genes, the intestine-specific genes CDX1
and CDX2, the ISC factor ASCL2, and the epithelial marker
CDH1 formed a distinct cluster of genes the expression of
which was again positively correlated (Figure 1A, cluster 2).
Intriguingly, the expression of the genes in cluster 1 and clus-
ter 2 was clearly anti-correlated. To further examine the asso-
ciations between the two groups of genes we carried
out principal component (PC) analysis and calculated the first
PCs for the data matrices formed by the genes in cluster 1
and cluster 2. Comparing the TCGA samples according to
the resulting first PCs of the two clusters revealed a highly sig-
nificant negative correlation (Pearson correlation value
R = —0.2638, P-value of 1.12 x 10~>; Figure 1B).
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Next, we compared the expression of EPHB3 and other in-
testinal epithelial genes with that of EMT inducers in a panel
of colorectal cancer cell lines that carried various combina-
tions of mutations in the TP53 tumor suppressor gene and
components of Wnt/p-catenin, MAPK, PI3 kinase and TGFB
signaling pathways (Figure S1A) (Ahmed et al., 2013; Edlund
et al.,, 2012; Mouradov et al., 2014; Rowan et al., 2000;
Woodford-Richens et al., 2001). Irrespective of the particular
genetic alterations in the different cell lines, we detected the
inversely correlated expression of EPHB3, EPHB2, EPHB4,
CDX1 and CDX2 on the one hand and the EMT inducers
SNAIL1, SNAIL2, ZEB1, ZEB2, TWIST1 and TWIST2 on the other
hand, also in this cohort of CRC cell lines (Figure 1C, D,
Figure S1B, C). In case of EPHB3, low level expression was
most consistently associated with elevated levels of SNAIL1
(Figure 1C, D; Figure S1A—C). Interestingly, anti-parallel
expression of EPHB3 and SNAIL1 was not only observed in
CRC cell lines and tumor transcriptomes but also in cell lines
from other cancers (Figure S1D). Taken together, these results
suggest that EPHB3 may be negatively regulated by the EMT
inducer SNAIL1.

3.2 Snaill and SNAIL2 repress EPHB3

EPHB3 expression is under critical control of a transcriptional
enhancer centered around —2.3 kb upstream of the EPHB3
transcriptional start site (Figure 2A) (Jagle et al., 2014). The
EPHB3 enhancer harbors binding sites for ETS factors, the
Notch effector RBPJ and the TCF/LEF family member TCF7L2
(Hatzis et al., 2008; Jagle et al., 2014; Rodilla et al., 2009; van
der Flier et al., 2009). In addition, the EPHB3 enhancer has an
E-box motif (Figure 2A). The EPHB3 E-box could also serve as
binding site for EMT inducers. Indeed, Snaill and SNAIL2
bound to the EPHB3 enhancer E-box in vitro and its mutation
completely abolished this interaction (Figure 2B). Moreover,
coexpression of murine Snaill or human SNAIL2 repressed
luciferase reporter activity driven by EPHB3 upstream se-
quences which again was dependent on the EPHB3 enhancer
E-box (Figure 2C, D). In contrast, ZEB1 did not bind to the
EPHB3 enhancer E-box and had no effect on EPHB3 reporter ac-
tivity (Figure S2A, B), not even in the presence of its core-
pressor CtBP1 (Furusawa et al., 1999). Importantly, ZEB1 was
fully functional when assayed at the CDHI1 promoter
(Figure S2C). Thus, Snaill and SNAIL2 are the best candidates
for transcriptional repressors of EPHB3.

To analyze if Snaill can downregulate endogenous EPHB3,
we generated derivatives of LS174T cells that allowed for
Dox-inducible expression of HA epitope-tagged mouse Snaill
(Snaill-HA) or human SNAIL1. Upon induction of Snaill-HA,
LS174T cells changed their morphology and became more
mesenchymal-like (Figure 2E). In time course experiments,
EPHB3 expression was diminished already within three hours
after induction of Snaill-HA or SNAIL1 and was even further
reduced at later time points (Figure 2F; Figure S3A). Expres-
sion of Snaill-HA in an additional CRC cell line (DLD1)
yielded similar repressive effects on EPHB3 (Figure S3B).
Chromatin immunoprecipitation (ChIP) experiments showed
that Snaill-HA binds to the endogenous EPHB3 enhancer in
LS174T and DLD1 cells (Figure 2G; Figure S3C) confirming
that Snaill-HA directly targets EPHB3. Importantly, reduced

expression of EPHB3 is not due to impaired Wnt/p-catenin ac-
tivity because B-catenin/TCF-dependent reporter expression
and transcription of the Wnt/p-catenin target AXIN2 were
not diminished by Snaill-HA (Figure S4).

3.3. Prolonged Snaill-HA expression hampers
reactivation of EPHB3

Snaill-HA-mediated EPHB3 repression was further character-
ized by experiments in which Snaill-HA was transiently
expressed for 24 h and 96 h. This was achieved by administra-
tion and subsequent wash out of Dox at the indicated time
points (Figure 3A, C). As before, Snaill-HA induction led to
EPHB3 downregulation (Figure 3B, D). Washing out Dox after
24 h terminated Snaill-HA expression and EPHB3 levels fully
rebounded (Figure 3B). Similar observations were made with
DLD1 cells (Figure S3D, E). Thus, repression of EPHB3 at early
time points is reversible and requires the continuous presence
of Snaill-HA. In contrast, after long-term induction of Snaill-
HA, EPHB3 expression did not resume and remained low even
upon shut-down of Snaill-HA expression (Figure 3C, D, condi-
tions C, D). From this we conclude that prolonged expression
of Snaill-HA can lead to conditions where repression of
EPHB3 becomes irreversible and persists even in the absence
of Snaill-HA.

3.4. Snaill disables the EPHB3 enhancer to silence
EPHB3

To gain further insights into the mechanism of Snaill-
mediated EPHB3 repression and the potential cause of its
long-term irreversibility we analyzed the impact of Snaill-
HA on structural features of the EPHB3 enhancer. By ChIP we
examined the association of the EPHB3 enhancer with
Snaill-HA, the Wnt effector TCF7L2 and with monomethy-
lated histone H3 lysine 4 (H3K4mel), a hallmark of poised
and active enhancers (Calo and Wysocka, 2013). To our sur-
prise, we found that 96 h post induction, Snaill-HA was no
longer present at the EPHB3 enhancer (Figure 4A) even though
it had occupied the enhancer under conditions of short-term
repression (see above, Figure 2G). Moreover, despite the
apparent dissociation of Snaill-HA, TCF7L2 and the active his-
tone mark H3K4mel were also absent from the EPHB3
enhancer in cells treated with Dox for 96 h (Figure 4B, C). A
displacement of TCF7L2 by Snaill-HA was also observed in
DLD1 cells (Figure S3C). To further analyze the impact of
Snaill-HA on chromatin accessibility of the EPHB3 enhancer
we used formaldehyde-assisted isolation of regulatory ele-
ments (FAIRE) (Giresi et al., 2007). Thereby, the open chro-
matin state at the EPHB3 enhancer was found to be only
slightly impaired 24 h after Dox addition. However, it was
completely abolished 96 h after Snaill-HA induction
(Figure 4D). Seemingly, Snaill-HA triggers a series of processes
that lead to the erasure of a critical histone mark and the gen-
eration of a chromatin state that precludes transcription fac-
tor binding (including that of Snaill-HA). Thus, Snaill-HA
completely disables the EPHB3 enhancer which likely explains
not only EPHB3 repression but also its persistence even upon
shut-down of Snaill-HA expression.
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3.5. Snaill competes with ASCL2 for binding to the
EPHB3 enhancer

Next, we investigated the molecular mechanisms whereby
Snaill-HA acutely represses EPHB3 and tested whether
Snaill-HA competes with ASCL2 for binding to the EPHB3
enhancer E-box. EMSAs were performed in which amounts

of ASCL2-HA were kept constant while adding increasing
amounts of Snaill-HA. Thereby, Snaill-HA gradually dis-
placed ASCL2-HA from the EPHB3 probe (Figure 5A). Consistent
with this competitive displacement, Snaill-HA neutralized
ASCL2-HA-mediated stimulation of EPHB3 luciferase reporter
activity in a dose-dependent manner (Figure 5B). Moreover,
ChIP showed that Snaill-HA induction displaced endogenous
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ASCL2 from the EPHB3 enhancer region (Figure 5C). Overall
this shows that Snaill-HA counteracts ASCL2 binding to the
EPHB3 enhancer E-box and strongly suggests that this contrib-
utes to the transcriptional shut-down of EPHB3.

3.6.  The SNAG domain is required for Snaill-mediated
EPHB3 repression

SNAIL1/SNAIL2 can repress target genes not only by competi-
tive displacement of transcription factors but also in concert
with corepressor complexes that interact with the N-terminal
SNAG domain (Lin et al., 2010a, 2010b; von Burstin et al., 2009).
To investigate if corepressor complexes play a role in Snaill-
mediated EPHB3 repression we generated a Snaill-HA mutant
lacking the SNAG domain. In vitro, Snaill-HA-ASNAG bound to
the EPHB3 enhancer E-box (Figure 6A) but repression of EPHB3
luciferase reporter constructs was impaired (Figure S5A). To
examine its impact on the expression of endogenous EPHB3,
we established LS174T cells with Dox-inducible expression
of Snaill-HA-ASNAG. Both mutant and full-length Snaill-HA

were expressed at similar levels (Figure 6B, Figure S5B) and
bound to the EPHB3 enhancer region although enrichment of
Snaill-HA-ASNAG was reduced (Figure 5C). However, Snaill-
HA-ASNAG was unable to downregulate EPHB3, CDH1 or the
intestine-specific genes KRT20 and CDX2 (Figure 6B,
Figure S5C). Importantly, Snaill-HA-ASNAG could not expel
ASCL2, TCF7L2 and the co-activator p300 from the EPHB3
enhancer (Figure 6C). Thus, the SNAG domain is essential for
displacement of activator proteins and for EPHB3 repression.
3.7. Snaill engages HDACs and LSD1 to silence EPHB3

SNAIL1/SNAIL2 use the SNAG domain to interact with several
corepressor complexes that harbor among others histone-
modifying enzymes (Lin et al., 2010a, 2010b; von Burstin
et al., 2009). By co-immunoprecipitation we confirmed that
HDAC1, HDAC? and the lysine demethylase LSD1 form com-
plexes with Snaill-HA depending on the SNAG domain
(Figure S6A). In order to determine if any of the chromatin-
modifying Snaill-HA interactors are involved in EPHB3
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repression, we analyzed changes in histone modifications
following Snaill-HA induction. The repressive histone mark
H3K27me3 is a signature of PRC2 activity. However,
H3K27me3 levels at the EPHB3 locus were low and did not in-
crease in the presence of Snaill-HA (Figure S6B). Therefore,
we excluded PRC2 from further analyses. In contrast, induc-
tion of Snaill-HA but not of Snaill-HA-ASNAG, greatly
reduced H3 acetylation (H3ac) and H3K4 methylation levels
(H3K4me3) at multiple positions of the EPHB3 upstream region
(Figure 7A; Figure S6C) suggesting that HDACs and histone
demethylases are involved in EPHB3 repression.

We first focused on HDACs and detected significantly
increased HDAC1 occupancy at multiple positions around
the EPHB3 gene when Snaill-HA was induced (Figure 7B) indi-
cating that corepressor complexes containing HDAC1 were
recruited by Snaill-HA and spread across the entire EPHB3 lo-
cus. Importantly, the induction of Snaill-HA-ASNAG did not
lead to recruitment of HDAC1 (Figure S6C), confirming speci-
ficity and Snaill-dependence of HDAC1 recruitment. Further-
more, to address their functional importance in EPHB3
repression, we performed individual and combinatorial
knockdown of several HDACs. For this we used SW480 CRC
cells with low levels of endogenous EPHB3 but high amounts
of SNAIL1/SNAIL2. In fact, specifically the combined knock-
down of HDAC1 and HDAC?2 significantly increased EPHB3
expression whereas various combinations involving knock-
down of HDAC3, HDAC7 and HDACS did not (Figure 7C and
Figure S6D). Furthermore, the class I HDAC inhibitor MS275
interfered with Snaill-mediated EPHB3 repression in LS174T
and HT29 cells stably transduced with a Dox-inducible
Snaill-HA expression vector (Figure S6E,F).

Next, we addressed the role of the histone demethylase
LSD1 in EPHB3 repression. LSD1 was enriched at the EPHB3

enhancer region (Figure 7D) but we detected LSD1 at the
EPHB3 enhancer already prior to Snaill-HA induction.
Possibly, LSD1 functions at EPHB3 as part of both coactivator
and corepressor complexes as in other cases (Metzger et al,,
2005; Yatim et al., 2012). Importantly, pharmacological inhibi-
tion of LSD1 by TCP impaired EPHB3 downregulation by
Snaill-HA (Figure 7E and Figure S6G). Taken together, we
conclude that Snaill-HA engages HDACs and LSD1 as core-
pressors to disable the EPHB3 enhancer and to silence EPHB3.

3.8. Snaill induces an EMT but interferes with features
of intestinal epithelial stem cells

SNAIL1/SNAIL2 are potent inducers of EMT in various cellular
systems (Peinado et al.,, 2007). In fact, Snaill-HA not only
repressed EPHB3 but also induced a complete EMT in LS174T
cells as indicated by upregulation of the mesenchymal
markers ZEB1 and FN1, downregulation of the epithelial
marker CDH1, enhanced migration, more invasive growth
and reduced population dynamics (Figure S7). This was
accompanied by Snaill-HA-induced upregulation of the
CDK inhibitor CDKN1A/p21°F? (Figure S7C). Snaill-HA-
induced morphological changes were completely blocked by
MS275 or TCP (Figure S7F). Furthermore, Snaill-HA-ASNAG
could not impair proliferation, enhance migration or the for-
mation of invasive sprouts in spheroids of LS174T cells
(Figure S7B,D,E) confirming that chromatin-modifying core-
pressors are integral to the Snaill-induced EMT.

It was proposed that EMT confers properties of stemness.
Interestingly, LS174T cells already bear characteristics of
ISCs (van de Wetering et al., 2002) which are thought to be
the cells of origin in CRC (Barker et al., 2009). Therefore, we
were curious to determine the effects of Snaill-HA on the
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expression of marker genes characteristic for intestinal differ-
entiation and ISCs and on sphere-forming capacity which is
an accepted surrogate assay to gauge stemness properties
in vitro (O'Brien et al, 2012). Time-course experiments
revealed that marker genes for intestinal identity and differ-
entiation (CDX1, CDX2, KRT20) (Dalerba et al., 2011; Stringer
et al.,, 2012; Verzi et al., 2011), markers of ISCs (ASCL2, LGRS,
OLFM4) (Itzkovitz et al., 2012; Munoz et al., 2012) and the two
other intestinal EPHB family members EPHB2 and EPHB4
were downregulated after induction of Snaill-HA (Figure 8A;
Figure S8), albeit with different temporal profiles. Of note,
these results are consistent with gene expression analyses
of the TCGA RNA-Seq data which had already highlighted
that expression of EPHB2, EPHB4, KRT20, CDX1, CDX2 and
ASCL2 is anti-correlated perhaps not strictly with SNAIL1 but
with EMT inducers in a more general way (see Figure 1A).
Furthermore, despite a modest upregulation of some genes
characterizing putative tumor initiating cells after extended
periods of Snaill-HA expression (Figure S9), Snaill-HA expres-
sion resulted in impaired self-renewal capacity as shown by a
serial limiting dilution/sphere formation assay (Figure 8B).
Overall, the observed gene expression changes and the func-
tional evidence indicate that in our cellular system Snaill-
HA broadly interferes with features of intestinal epithelial
stem cells.

3.9. Sustained expression of EPHB3 interferes with
Snaill-induced EMT

EPHB3 was downregulated much faster by Snaill-HA than
CDHI. EPHB3 is known to affect E-Cadherin function (Chiu
etal., 2009; Cortina et al., 2007). We wondered about the signif-
icance of rapid EPHB3 repression and asked whether sustained
expression of EPHB3 could counteract Snaill-induced
EMT. For this, we additionally introduced into LS174T cells
with Dox-inducible Snaill-HA expression a lentiviral vector
for constitutive, Snaill-independent EPHB3 expression
(Figure 9A). As expected, induction of Snaill-HA in these cells
reduced overall amounts of EPHB3 by repressing the endoge-
nous gene but the remaining levels derived from lentivirally-
encoded EPHB3 were similar to those of control cells
(Figure 9B, lanes 3 and 4). Note, that LS174T cells express
EPHB receptor ligands that are additionally upregulated by
Snaill-HA (Figure S10). Therefore, we presume that the
EPHB3 receptors are active under our experimental condi-
tions. The impact of continuous presence of EPHB3 on EMT
was analyzed by its effects on cell motility and invasion. Inter-
estingly, Snaill-HA-induced migration was reduced when
EPHB3 expression was maintained (Figure 9C). Moreover, ag-
gregates formed by cells expressing both Snaill-HA and
EPHB3 also tended to extend fewer sprouts per spheroid in
collagen I matrices and the remaining sprouts were signifi-
cantly shorter compared to cells expressing only Snaill-HA

of ASCL2-HA and Snail1l-HA as shown. The grey box indicates the
enhancer region. Binding sites for RBPJ and ETS factors, the TBE
and the E-box are indicated. RLA: relative luciferase activity. n = 4.
(C) ChIP analyses of ASCL2 occupancy at EPHB3 in derivatives of
LS174T cells. » = 3.
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(Figure 9D,E). Clearly, sustained expression of EPHB3 impairs
EMT induction by Snaill-HA.

To examine whether the phenotypic changes observed
in vitro also occur in vivo, we generated xenograft tumors
with LS174T control cells (n = 6), the LS174T-Snaill-HA single
transgenic (n = 6) and the LS174T-Snaill-HA/EPHB3 double
transgenic cell lines (n = 6). The different cell lines were
injected subcutaneously into the flanks of immunodeficient
mice and tumors were allowed to form for 7 days. At this
time point the mice received Dox to induce expression of
Snaill-HA and tumors were allowed to grow for another 6
days before excision and examination. No difference with
respect to the size of tumors formed by control, single trans-
genic or double transgenic cells was seen (Figure S11). HE
staining of control xenograft tumors revealed a compact ar-
chitecture with palisade orientation of tumor cells around
fibrovascular cores, large areas of apoptosis and an encapsu-
lated tumor mass (Figures 10 and S12, left). Tumor cells of con-
trol xenografts expressed membranous EPHB3 and E-
Cadherin. In contrast, LS174T-Snaill-HA xenografts showed
markedly altered architecture and cellular organization which
was characterized by abrogated tumor cell palisading,
reduced stromal compaction, regional loss of tumor encapsu-
lation and the occurrence of areas with tumor cells displaying
a migratory phenotype (Figures 10 and S12, center). This was
accompanied by downregulation or loss of EPHB3 and E-Cad-
herin expression in clusters of tumor cells which also showed
detachment from the main tumor mass and were surrounded
by stromal cells at the invasion front. In xenografts formed by
Snaill-HA/EPHB3 double transgenic cells, the patterns and
levels of EPHB3 expression resembled controls. Moreover,

experimentally preserved expression of EPHB3 attenuated
the Snaill-HA-induced phenotype as indicated by continued
E-Cadherin expression and by tumor architecture and encap-
sulation that approximated control xenografts (Figures 10 and
S12, right). Taken together, EPHB3 appears to antagonize
Snaill-HA also in vivo.

4. Discussion

EMT-induced changes in cellular properties play important
roles in developmental processes but also in physiological re-
sponses to tissue injury (Kalluri and Weinberg, 2009). EMT also
appears to facilitate tumor cell invasion and dissemination in
many different cancers (Kalluri and Weinberg, 2009) and there
is growing evidence that EMT is of critical importance in CRC
as well (De Sousa et al., 2013; Hwang et al., 2014, 2011; Loboda
etal., 2011; Shioiri et al., 2006; Wang et al., 2010). The results of
our expression profiling in CRC cell lines and the analysis of
the TCGA gene expression data are in agreement with these
findings and provide additional evidence that EMT-
regulating transcription factors are aberrantly expressed in
CRC and antagonize epithelial cell characteristics. Our study
shows that expression of SNAIL1 in CRC cells causes the
deregulation of several intestinal epithelial genes previously
unknown to be affected by EMT. This provides further insight
into the complexity and the profound molecular changes that
accompany EMT.

EPHB receptors exert important tumor suppressive func-
tions in CRC (Batlle et al., 2005; Chiu et al., 2009). However,
at the transition from non-invasive adenomas to invasive
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carcinoma states EPHB receptors are frequently transcription-
ally downregulated (Batlle et al., 2005; Chiu et al., 2009; Rénsch
et al., 2011). Here, we describe EPHB3 as a novel and direct
target gene of SNAIL1/SNAIL2 transcription factors and un-
cover a mechanism whereby EPHB3 expression can be inca-
pacitated in tumorigenesis. Based on our findings we
propose the following model for Snaill-mediated inactivation
of EPHB3 (Figure 11). In EPHB3 expressing cells a multifactorial
transcription factor complex assembles at the EPHB3
enhancer. Upon acute induction of EMT, Snaill disables this
enhancer by expelling the transcription activator proteins
and by triggering an HDAC- and LSD1-mediated removal of
activating chromatin marks. Ultimately, Snaill itself appears
to dissociate from the EPHB3 enhancer leaving behind
completely condensed, inactive chromatin.

A crucial aspect in EPHB3 enhancer decommissioning ap-
pears to be the competitive displacement of ASCL2 from a
common E-box binding site. This process could additionally
be facilitated by the Snaill-induced transitory downregulation
of ASCL2. The EPHB3 gene thus provides an additional
example where Snaill antagonizes a key developmental regu-
lator from the bHLH family of transcription factors (Soleimani
etal., 2012). To our knowledge, this is the first description of a
competition between an aberrantly expressed EMT inducer
and a tissue-specific activator during tumorigenesis. In view

of the widespread role of bHLH factors in organ development
and tissue homeostasis this scenario might constitute a more
common paradigm for the deregulation of tumor-relevant
genes. It would be interesting to further explore its impor-
tance also at other target genes of EMT inducers.

In addition to the displacement of ASCL2, Snaill engages
HDACs and LSD1 to expel TCF7L2, p300 and probably other ac-
tivators from the EPHB3 locus (Figure 11). We previously re-
ported that the inactive EPHB3 locus shows a depletion of
active histone marks and provided evidence that class I
HDACs are involved in its repression (Ronsch et al., 2011).
Here, we identified Snaill as a DNA-binding factor that can re-
cruit HDACs to the EPHB3 locus to promote the loss of active
histone marks. While HDACs seemingly are attracted to the
EPHB3 locus by Snaill, LSD1 turned out to reside at the
EPHB3 locus also in its absence. As in other cases (Metzger
et al., 2005; Yatim et al., 2012), LSD1 may undergo a switch
from coactivator to corepressor upon occupancy of the
EPHB3 locus by Snaill. Alternatively, there could be an ex-
change of LSD1-containing transcription complexes that
escaped detection by ChIP. Irrespective of this, detailed
knowledge about the context-dependent interaction partners
and corepressors of SNAIL1 is of crucial importance also from
a therapeutic perspective. Transcription factors like SNAIL1
are poor drug targets whereas HDACs and LSD1 are druggable
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enzymes and thus provide a window of opportunity to inter-
fere with SNAIL1-induced repression of EPHB3 and other
epithelial genes.

Prolonged Snaill-HA expression eventually led to its own
release from the EPHB3 enhancer. The apparent self-eviction
of Snaill-HA might be consequential to the removal of active
histone marks and the ensuing closure of EPHB3 enhancer
chromatin. The observation that EPHB3 repression did not
require permanent binding of Snaill and was upheld even
upon shut-down of Snaill-HA has important implications.
Thus, it may not be possible to restore EPHB3 expression just
by targeting Snaill. Moreover, if this hit-and-run mechanism
applies more frequently, the number of genes afflicted by
Snaill-induced silencing may be grossly underestimated
upon completion of EMT.

Mechanistically, transcriptional repression by Snaill so far
has bestbeen characterized at the CDH1 promoter but concen-
trated on Snaill corepressors that target chromatin. The triple
attack on EPHB3 control mechanisms involving activator
deprivation by ASCL2 downregulation, competition for a com-
mon binding site and the participation of histone modifiers is
a novel aspect and could explain the rapid loss of EPHB3
expression that considerably preceded CDH1 downregulation.
It is tempting to speculate that also other Snaill target genes
are regulated in a similarly complex fashion. In support of
this, not only ASCL2 but also the transcriptional regulators
CDX1, CDX2 (this study) and VDR (Pena et al., 2005) are nega-
tively affected by Snaill, and their deregulation could
contribute to gradually spreading changes in epithelial gene
expression programs. This could explain the different kinetics
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of transcriptional responses of Snaill target genes and thereby
also the perplexingly slow progress of EMT.

The EPHB3 enhancer seemingly plays a central role in
driving EPHB3 expression in different cell-types within the in-
testinal epithelium and inactivation of the enhancer appears
to be the key event in EPHB3 secondary silencing (Jagle et al.,
2014). Our previous studies identified defective Notch signaling
as one of the causes that can lead to EPHB3 enhancer decom-
missioning. However, defective Notch signaling could explain
EPHB3 secondary silencing only in a subset of CRC cells (Jagle
et al., 2014). In this study we show that the induction of EMT
and Snaill represent an alternative way to disable the EPHB3
enhancer and thereby silence EPHB3. That CRC cells can
employ multiple strategies for EPHB3 enhancer decommission-
ingis in good agreement with the existence of several distinct
subtypes of colorectal tumors which can be distinguished

based on their molecular features (Cancer Genome Atlas,
2012; Sadanandam et al., 2013). The particular design of the
EPHB3 enhancer which functions as a signal integrator element
thatreceives input from multiple signaling pathways and tran-
scription factors likely makes this regulatory element espe-
cially vulnerable to tumor-associated disturbances in cellular
signaling networks and explains the recurrent inactivation of
the EPHB3 tumor suppressor in alarge fraction of colorectal car-
cinomas (Batlle et al., 2005; Chiu et al., 2009; Ronsch et al., 2011).

Our comparative and time-dependent gene expression an-
alyses showed that Snaill had a widespread and profound
impact on LS174T CRC cells which were seminal for the dis-
covery and characterization of ISCs (van de Wetering et al,,
2002). Beyond its effects on EPHB receptors, expression of
SNAIL1 induced the downregulation of several other genes
with critical functions in stem cell maintenance and
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differentiation (Batlle et al., 2002; de Lau et al., 2012; Holmberg
et al., 2006; van der Flier et al., 2009; Verzi et al., 2011) and
impaired self-renewal capacity of LS174T CRC cells. Anti-
correlated expression of SNAIL1 and for example the ISC factor

ASCL2 was also detected in the transcriptome data of colo-
rectal carcinomas. It thus appears that SNAIL1-mediated acti-
vation of an EMT program can strongly compromise intestinal
identity and stemness. Since ISCs or ISC-like cells are thought
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to be the cells of origin in CRC (Barker et al., 2009; Schwitalla
et al., 2013) at first glance this appears difficult to reconcile
with previous suggestions that EMT actually confers stemness
in breast cancer (Mani et al., 2008; Morel et al., 2008) and more
recent reports showing that SNAIL1 can promote cancer stem
cell activities including symmetric cell division patterns also
in colorectal cancer cells (Hwang et al., 2014, 2011). However,
there are also other instances where EMT or the expression
of EMT regulators interfere with stem cell features and the tu-
mor initiation capacity of cells (Celia-Terrassa et al., 2012;
Ocana et al., 2012; Tsai et al., 2012). Moreover, colorectal can-
cer is a heterogeneous disease which presents in a number of
distinct subtypes (Cancer Genome Atlas, 2012; De Sousa et al.,
2013; Loboda et al., 2011; Sadanandam et al., 2013). Thus, it is
conceivable that in some cases CRC cancer stem cell capacity
is reliant on SNAIL1 whereas in other instances stemness fea-
tures can be maintained or acquired independently of SNAIL1
due to the origination of tumors from ISCs or ISC-like cells. A
molecular explanation for the variable impact of SNAIL1 on
stemness properties of CRC cells may be provided by differ-
ences in the genetic alterations that are characteristic for
different CRC subtypes and that are represented in CRC cell
lines (De Sousa et al., 2013; Sadanandam et al., 2013). For
example, the SNAIL1-microRNA146a-Numb-B-catenin loop

that was reported to control symmetric/asymmetric cell divi-
sions, requires wild-type B-catenin (Hwanget al., 2014). There-
fore, it is unlikely to be functional or implementable in LS174T
and similar CRC cells which carry mutations in critical N-ter-
minal phosporylation sites of B-catenin (Rowan et al., 2000).
Clearly, the relationship between EMT and stemness is rather
complex and may be influenced for example by tumor
subtype-specific disturbances in signaling molecules and
rewiring of regulatory networks in colorectal cancer (De
Sousa et al., 2013; Sadanandam et al., 2013) and by pre-
existing EMT features of organ-specific tissue resident stem
cells as observed in the mammary gland (Guo et al.,, 2012).
EPHB receptors affect E-Cadherin adhesive properties and
shedding (Cortina et al., 2007; Solanas et al., 2011). Prompted
by the exceedingly rapid downregulation of EPHB3 we investi-
gated the significance of EPHB3 inactivation for the initiation
of EMT and showed that continued expression of EPHB3 signif-
icantly opposes SNAIL1-induced EMT features in vitro. The re-
sults of our mouse xenograft model are in agreement with the
in vitro observations and underscore the potent capacity of
Snaill to reorganize tumor and stromal architecture in vivo
with concomitant downregulation of EPHB3 and E-Cadherin
in corresponding tumor cell clusters. Importantly, phenotypic
changes of CRC cells induced by Snaill-HA are attenuated by
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sustained EPHB3 expression also in vivo. Overall, these find-
ings underpin the importance of EPHB3 as tumor/invasion
suppressor and raises the possibility that early loss of EPHB3
promotes the destabilization of epithelial cell features by tar-
geting E-Cadherin protein function well before the manifesta-
tion of CDH1 transcriptional repression. Further analyses have
to reveal whether inactivation of the E-Cadherin protein and
downregulation of its gene are indeed facilitated once EPHB3
expression is lost and how EPHB3 mediates its protective ef-
fect on the molecular level. Together, our data clearly identify
EPHB3 as a novel target of SNAIL1 and suggest that disabling
EPHBS3 signaling is an important aspect to eliminate a road-
block at the onset of EMT processes in colorectal cancer.
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