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Abstract

Background

ZEB2 �s a transcr�pt�onal repressor that regulates ep�thel�al-to-mesenchymal trans�t�on (EMT) through b�nd�ng to
b�part�te E-box mot�fs �n gene regulatory reg�ons. Desp�te the abundant presence of E-boxes w�th�n the human genome
and the mult�pl�c�ty of pathophys�olog�cal processes regulated dur�ng ZEB2-�nduced EMT, only a small fract�on of ZEB2
targets has been �dent�f�ed so far. Hence, we explored genome-w�de ZEB2 b�nd�ng by chromat�n �mmunoprec�p�tat�on-
sequenc�ng (ChIP-seq) under endogenous ZEB2 express�on cond�t�ons.

Methods

For ChIP-Seq we used an ant�-ZEB2 monoclonal ant�body, clone 6E5, �n SNU398 hepatocellular carc�noma cells
exh�b�t�ng a h�gh endogenous ZEB2 express�on. The ChIP-Seq targets were val�dated us�ng ChIP-qPCR, whereas ZEB2-
dependent express�on of target genes was assessed by RT-qPCR and Western blott�ng �n shRNA-med�ated ZEB2 s�lenced
SNU398 cells and doxycycl�ne-�nduced ZEB2 overexpress�ng colorectal carc�noma DLD1 cells. Changes �n target gene
express�on were also assessed us�ng pr�mary human tumor cDNA arrays �n conjunct�on w�th RT-qPCR. Add�t�onal
d�fferent�al express�on and correlat�on analyses were performed us�ng expO and Human Prote�n Atlas datasets.

Results

Over 500 ChIP-Seq pos�t�ve genes were annotated, and �ntervals related to these genes were found to �nclude the ZEB2
b�nd�ng mot�f CACCTG accord�ng to TOMTOM mot�f analys�s �n the MEME Su�te database. Assessment of ZEB2-
dependent express�on of target genes �n ZEB2-s�lenced SNU398 cells and ZEB2-�nduced DLD1 cells revealed that the
GALNT3 gene serves as a ZEB2 target w�th the h�ghest, but �nversely correlated, express�on level. Remarkably, GALNT3
also exh�b�ted the h�ghest enr�chment �n the ChIP-qPCR val�dat�on assays. Through the analyses of pr�mary tumor cDNA
arrays and expO datasets a s�gn�f�cant d�fferent�al express�on and a s�gn�f�cant �nverse correlat�on between ZEB2 and
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GALNT3 express�on were detected �n most of the tumors. We also explored ZEB2 and GALNT3 prote�n express�on us�ng
the Human Prote�n Atlas dataset and, aga�n, observed an �nverse correlat�on �n all analyzed tumor types, except
mal�gnant melanoma. In contrast to a generally negat�ve or weak ZEB2 express�on, we found that most tumor t�ssues
exh�b�ted a strong or moderate GALNT3 express�on.

Conclusions

Our observat�on that ZEB2 negat�vely regulates a GalNAc-transferase (GALNT3) that �s �nvolved �n O-glycosylat�on
adds another layer of complex�ty to the role of ZEB2 �n cancer progress�on and metastas�s. Prote�ns glycosylated by
GALNT3 may be explo�ted as novel d�agnost�cs and/or therapeut�c targets.
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Abbreviations

EMT Ep�thel�al-to-mesenchymal trans�t�on
ChIP Chromat�n �mmunoprec�p�tat�on
ChIP-Seq Chromat�n �mmunoprec�p�tat�on-sequenc�ng
ChIP-qPCR Chromat�n �mmunoprec�p�tat�on-quant�tat�ve polymerase cha�n react�on
HCC Hepatocellular carc�noma
RT-qPCR Real t�me- quant�tat�ve polymerase cha�n react�on
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ZEB2 Z�nc f�nger E-box b�nd�ng homeobox 2
GALNT3 Polypept�de N-acetylgalactosam�nyltransferase 3

Electronic supplementary material

The onl�ne vers�on of th�s art�cle ( https://do�.org/10.1007/s13402-018-0375-7 ) conta�ns supplementary mater�al, wh�ch �s
ava�lable to author�zed users.

1.  Introduction
ZEB2, also known as SMAD Interact�ng Prote�n 1 (SIP1), �s a member of the ZEB fam�ly of transcr�pt�on factors and �s
encoded by the ZFHX1B gene on chromosome 2 [1]. The ZEB fam�ly prote�ns conta�n a SMAD b�nd�ng doma�n, a
homeodoma�n and two clusters of z�nc f�ngers, one located at the am�no (N) and one at the carboxyl (C) term�nal end [2].
The N-term�nal and C-term�nal z�nc f�nger clusters represent the most conserved sequences between ZEB1 and ZEB2,
med�at�ng the�r b�nd�ng to the b�part�te E2 box mot�f CACCT(N) [3]. Funct�onally, ZEB2 was �n�t�ally found to
downregulate the express�on of E-cadher�n by b�nd�ng to E2 boxes w�th�n the promoter reg�on of �ts encod�ng gene CDH1
[4]. ZEB2 plays a role �n TGF-β dependent gene repress�on v�a b�nd�ng to the C-term�nal B�nd�ng Prote�n (CtBP), but both
w�ld type and CtBP mutant ZEB2 have been found to be capable of repress�ng E-Cadher�n express�on �n a CtBP
�ndependent manner [5, 6]. Thus, E-cadher�n repress�on occurs d�rectly through b�nd�ng of ZEB2 to the CDH1 gene
promoter, whereas z�nc f�nger mutant ZEB2 does not repress E-cadher�n express�on [6, 7]. E-Cadher�n downregulat�on �s
one of the character�st�cs of cells undergo�ng ep�thel�al-to-mesenchymal trans�t�on (EMT), and as one of the EMT �nducers,
�ncreased ZEB2 express�on has been observed �n E-Cadher�n-negat�ve human carc�noma cells [8, 9]. In non-ep�thel�al
tumors, ZEB2 and E-cadher�n may be co-expressed. Caramel et al. [10] reported that ZEB1, but not ZEB2, �s requ�red for
E-cadher�n repress�on �n human melanoma cells. Both ZEB2 nonsense and framesh�ft mutat�ons have been detected �n
pat�ents w�th Mowat-W�lson syndrome, suggest�ng a role �n neural development [11]. Another study has revealed a
funct�onal �nteract�on between ZEB2 and the NuRD co-repressor complex, and the authors proposed that defect�ve
recru�tment of NuRD by mutant ZEB2 may be the underly�ng cause of Mowat-W�lson syndrome [12]. Bes�des E-cadher�n,
�nduct�on of EMT by cond�t�onal ZEB2 express�on �n human ep�dermo�d carc�noma A431 cells has been found to be
accompan�ed by downregulat�on of ep�thel�al junct�on prote�ns such as desmoplak�n, plakoph�l�n-2 and claud�n 4 [13].
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ZEB2 has also been h�ghl�ghted as a negat�ve regulator of hTERT express�on upon st�mulat�on w�th TGF-β [14]. Related to
th�s, we prev�ously found that exogenous ZEB2 express�on may �nduce repl�cat�ve senescence �n hepatocellular carc�noma
(HCC) cells [15]. ZEB2 express�on �nduct�on �n A431 cells has been found to cause mesenchymal convers�on, along w�th
G1 cell cycle arrest result�ng from d�rect repress�on of cycl�n D1 [16]. The regulat�on of ZEB2 express�on by TGF-β has
been found to be cell-context dependent, �.e., ZEB2 express�on levels were found to be �ncreased �n TGF-β treated mouse
mammary ep�thel�al cells, whereas k�dney mesang�al cells treated w�th TGF-β showed a decreased ZEB2 express�on
through upregulat�on of a regulatory m�croRNA, m�R192 [17, 18]. The m�R200 fam�ly of m�croRNAs and m�R205 have
been found to be able to �nh�b�t EMT by target�ng both ZEB2 and ZEB1 transcr�pts [19, 20]. ZEB1 and ZEB2 can, �n turn,
repress m�croRNAs of the m�R200 fam�ly, thereby creat�ng a double negat�ve feedback loop, allow�ng ma�ntenance of
ep�thel�al or mesenchymal cellular phenotypes [21, 22]. In add�t�on to m�croRNA-med�ated repress�on, we prev�ously
observed ZEB2 downregulat�on �n both HCC-der�ved cell l�nes and pr�mary HCC t�ssues due to hypermethylat�on of three
regulatory reg�ons of the ZEB2 gene [23]. The complex�ty of gene express�on regulat�on outl�ned above was also reflected
by d�fferent�al ZEB2 express�on patterns �n sol�d tumors as detected by �mmunoh�stochem�stry us�ng a t�ssue m�croarray
(TMA) platform [24]. Add�t�onally, ZEB2 has been found to be barely detectable �n bladder carc�noma cells �n culture, but
to be overtly expressed �n pr�mary bladder cancers for wh�ch �t may act as an �ndependent poor prognost�c factor for
surv�val and response to rad�otherapy [7].

Desp�te �ts role �n the aforement�oned pathophys�olog�cal processes and g�ven the frequent occurrence of E-boxes w�th�n
the human genome, only a few ZEB2 target genes have been �dent�f�ed so far [25]. Prev�ous chromat�n
�mmunoprec�p�tat�on (ChIP) stud�es focus�ng on ZEB2 were gene targeted (e.g. towards CDH1) and accompl�shed �n
exogenous ZEB2 express�ng cell l�nes us�ng tag ant�bod�es for �mmunoprec�p�tat�on [8, 13, 16, 26, 27]. On the bas�s of
these observat�ons, we a�med to explore genome-w�de ZEB2 b�nd�ng s�tes �n a h�gh endogenous ZEB2 express�ng HCC cell
l�ne, SNU398 [23]. A ChIP-sequenc�ng (ChIP-seq) study was performed us�ng a homemade ant�-ZEB2 monoclonal
ant�body (6E5) reveal�ng several targets assoc�ated w�th mult�ple cellular processes and pathways. From these, we selected
GALNT3, a member of the GalNAc-transferases fam�ly of genes encod�ng Polypept�de N-acetylgalactosam�nyltransferase 3
(GalNAc-T3), for further analys�s based on �ts h�gh enr�chment by ChIP, and assessed �ts ZEB2-dependent express�on �n
ZEB2 s�lenced SNU398 cells and �n ZEB2 overexpress�ng colorectal carc�noma DLD1 cells [13]. We found that the
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GALNT3 express�on level was �nversely correlated w�th that of ZEB2. A s�m�lar �nverse pattern was observed �n pr�mary
human tumor t�ssues. Our work reveals a new role for ZEB2 as glycosylat�on regulator �n tumor cells.

2.  Materials and methods

2.1.  Antibodies and materials

The follow�ng ant�bod�es were used: ant�-ZEB2 (home-made monoclonal ant�body, clone 6E5) [7], ant�-ACTB mouse
monoclonal ant�body (A00702) from GenScr�pt (P�scataway, NJ, USA), rabb�t polyclonal ant�-GALNT3 ant�body (LS-
C166355) from L�feSpan B�oSc�ences (Seattle, WA, USA), rabb�t polyclonal ant�-MYC Tag ant�body (ab9106) from
Abcam (Cambr�dge, UK), and mouse monoclonal ant�-CCND1 ant�body (sc-20,044) and ant�-E-cadher�n ant�body (sc-
8426) from Santa Cruz B�otechnology (Dallas, TX, USA). GIPZ-shRNA lent�v�ral part�cles conta�n�ng ol�gonucleot�des
target�ng human ZEB2 (clone ID V2LHS-268,826 (Lot 1), V3LHS-373,825 (Lot 2), V2LHS-232,431 (Lot 3)), and a non-
s�lenc�ng Control (RHS4348) were purchased from Thermo F�sher Sc�ent�f�c (Waltman, MA, USA). T�ssueScan qPCR
Cancer Survey cDNA arrays I (CSRT101) were purchased from Or�Gene Technolog�es (Rockv�lle, MD, USA).

2.2.  Cell lines and culture conditions

Hepatocellular carc�noma (HCC) cell l�ne SNU398 was cultured �n RPMI-1640 med�um supplemented w�th 10% fetal
bov�ne serum (FBS). HCC cell l�ne SK-HEP-1 and colorectal adenocarc�noma cell l�ne DLD-ZEB2 were cultured �n
DMEM med�um supplemented w�th 10% FBS at 37 °C �n a hum�d�f�ed 5% CO2 atmosphere. Monoclonal ant�-ZEB2
secret�ng hybr�doma clone 6E5 was cultured �n DMEM supplemented w�th 10% Hyclone Super Low IgG FBS (Thermo
Sc�ent�f�c, #SH3089803) and pen�c�ll�n/streptomyc�n. Supernatants were collected �n ster�le conta�ners and stored at −20 °C
unt�l use. The SNU398 and SK-HEP-1 cell l�nes were obta�ned from Dr. Mehmet Ozturk [28]. The DLD-ZEB2 cell l�ne
[13]. was a k�nd g�ft of Dr. Geert Berx to A.E. Sayan. The �solat�on of the ant�-ZEB2 ant�body produc�ng hybr�doma clone
6E5 has been reported before [7, 24]. All cell l�nes were rout�nely checked for mycoplasma contam�nat�on. The �dent�t�es
of the SNU398 and SK-HEP-1 cell l�nes were val�dated by STR analys�s.

2.3.  Western blotting
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Cell lysates were suspended �n SDS lys�s buffer (10% Glycerol, 2% SDS �n 62,5 mM Tr�s-HCl) �nclud�ng a Protease
Inh�b�tor Cockta�l (Roche), and prote�n concentrat�ons were determ�ned us�ng a BCA assay. Equal amounts of prote�n
(50 μg) were separated by 8% or 12% SDS-PAGE and transferred to PVDF membranes (M�ll�pore, #IPVH00010). After
block�ng for 1 h �n Tr�s Buffered Sal�ne (TBS: 50 mM Tr�s-Cl, pH 7.5. 150 mM NaCl) conta�n�ng 5% non-fat dry m�lk, the
membranes were �ncubated w�th pr�mary ant�bod�es at 4 °C overn�ght and w�th a secondary ant�body for one hour at room
temperature. After r�gorous wash�ng �n TBS-Tween 20, the membranes were �mmersed �n a S�gnal F�re chem�lum�nescent
reagent (Cell S�gnal�ng Technology, #6883) after wh�ch the prote�n bands were v�sual�zed us�ng a Chem�DocTMXRS
system (B�o-Rad, CA).

2.4.  ChIP assay and validation of anti-ZEB2 antibody

The ChIP exper�ments were carr�ed out accord�ng to protocols of Act�ve Mot�f Inc. (Carlsbad, CA, USA) (
http://www.act�vemot�f.com/documents/1848.pdf ) as reported by Gévry et al. and Carey et al. [29, 30] w�th m�nor
mod�f�cat�ons. For crossl�nk�ng prote�ns to DNA, 1/10 volume formaldehyde solut�on (11% formaldehyde, 100 mM NaCl,
1 mM EDTA pH:8,0, 50 mM HEPES pH:7,9) was added to the med�um �n culture flasks conta�n�ng 5 × 10  cells. After
treatment for 15 m�n at room temperature, the react�on was stopped by add�ng glyc�ne (f�nal concentrat�on 0.125 M). Next,
the cells were washed w�th �ce-cold PBS and cell pellets were resuspended �n PIPES buffer (5 mM PIPES pH:8,0, 85 mM
KCl, 0,5% NP40 and protease �nh�b�tor cockta�l) after wh�ch nuclear pellets were generated by centr�fugat�on. The nucle�
were subsequently lysed �n Tr�s-EDTA-SDS (10 mM Tr�s-HCl, pH:8,0. 1 mM EDTA, 1% SDS) buffer. The result�ng lysates
were son�cated to generate 200 to 1000 bp long DNA fragments after wh�ch 10% of the lysate volume was preserved as
control (�nput). The rema�n�ng volume was spl�t �nto two equal fract�ons, wh�ch were each �ncubated at 4 °C overn�ght w�th
Dynabeads® Prote�n G magnet�c beads (Thermo F�sher Sc�ent�f�c, #10004D) that were prev�ously coated w�th ant�-ZEB2
(6E5) ant�body or mouse IgG2a �sotype control (Abcam, #ab18413) ant�body. Magnet�cally collected beads were washed 5
t�mes �n L�Cl buffer (10 mM Tr�s pH:7,5, 500 mM L�Cl, 1%NP40, 1% sod�um deoxycholate, 1 mM EDTA) and 2 t�mes �n
Tr�s-EDTA buffer (10 mM Tr�s-HCl, pH:8,0, 1 mM EDTA), after wh�ch DNA-prote�n complexes were eluted w�th Tr�s-
EDTA-SDS buffer. Next, the eluates were treated w�th RNase A (Thermo F�sher Sc�ent�f�c, #EN0531) for 30 m�n at 37 °C
and then w�th prote�nase K (Thermo F�sher Sc�ent�f�c, #AM2548) overn�ght. To reverse formaldehyde crossl�nk�ng,
samples were �ncubated at 65 °C for 6 h. ChIP-DNA was extracted us�ng a QIAqu�ck PCR pur�f�cat�on k�t (Q�agen,

6
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#28104). For ChIP val�dat�on of the 6E5 ant�body, beads obta�ned through the above-ment�oned ChIP protocol were treated
w�th RNase and DNase and bo�led �n Laemml� buffer for 10 m�n. After removal of the beads by centr�fugat�on, the samples
were loaded onto 8% SDS-PAGE gels after wh�ch standard Western blott�ng procedures were carr�ed out as descr�bed
above.

2.5.  ChIP-sequencing

SNU398 cells were f�xed accord�ng to the cell f�xat�on protocol prov�ded by Act�ve Mot�f Inc. (
http://www.act�vemot�f.com/documents/1848.pdf ). Br�efly, cells were �ncubated for 15 m�n at RT �n a cell f�xat�on solut�on
cons�st�ng of 1% formaldehyde, 10 mM NaCl, 0.1 mM EDTA, pH 8,0 and 5 mM HEPES, pH 7.9. The f�xat�on was stopped
through the add�t�on of glyc�ne (f�nal concentrat�on 125 mM), after wh�ch the cells were washed 3 t�mes w�th PBS-0.5%
Igepal 40. PMSF (f�nal concentrat�on 1 mM) was added to the last wash. Next, cell pellets were snap-frozen and sent to
Act�ve Mot�f Inc. (Carlsbad, CA, USA) on dry �ce for further analys�s. DNA sequenc�ng and computat�onal analyses of the
ChIP-Seq data were performed after �mmunoprec�p�tat�on of ZEB2-bound chromat�n fragments us�ng ant�-ZEB2
monoclonal ant�body 6E5. Br�efly, 75-nucleot�de sequence reads obta�ned through NextSeq 500 Illum�na sequenc�ng
y�elded 21 m�ll�on tags. These tags (reads) were al�gned to the human reference genome (NCBI Genome database, hg19)
us�ng the BWA algor�thm [31]. S�nce the 5′-ends of the al�gned reads represent the ends of ChIP-IP-fragments, the tags
were extended �n s�l�co (us�ng Act�ve Mot�f software) at the�r 3′-ends to a length of 150–250 bp, depend�ng on the average
fragment length present �n the s�ze selected l�brary (normally 200 bp). To �dent�fy the dens�ty of fragments (extended tags),
the genome was d�v�ded �nto 32-nt b�ns after wh�ch the number of fragments �n each b�n was determ�ned. The MACS peak
caller was used to �dent�fy peaks w�th a cutoff value of 1e-7 [32]. Genom�c reg�ons w�th local enr�chments �n tag numbers
were denoted as �ntervals. These �ntervals were def�ned by chromosome number and start and end coord�nates. Gene
marg�ns were set to 10,000 bp, and �ntervals w�th�n 10,000 bp upstream and downstream of a gene reg�on were cons�dered
as be�ng assoc�ated w�th that gene. The TOMTOM algor�thm present at the MEME su�te database ( meme-su�te.org vers�on
4.12.0) was used for the �dent�f�cat�on of ZEB2 b�nd�ng mot�fs w�th�n ±200 bp of the peak max�ma [33]. Funct�onal
annotat�ons of ZEB2 targets were performed us�ng the Prote�n Analys�s Through Evolut�onary Relat�onsh�ps (PANTHER)
class�f�cat�on system ( www.pantherdb.org ).



27.02.2018 e.Proof�ng

http://eproof�ng.spr�nger.com/journals_v2/pr�ntpage.php?token=E8rcT�BFofvX-_Q28EgfdIjfL1_NTyqegw0juHlSVoo 9/37

2.6.  Generation of stable ZEB2 shRNA cell clones

SNU398 cells were transduced w�th ZEB2-shRNA and control-shRNA lent�v�ral part�cles �n the presence of 8 μg/ml
polybrene (S�gma-Aldr�ch, #TR-1003-G). After 24 h 5 μg/ml puromyc�n (Thermo F�sher Sc�ent�f�c, #A1113802) was added
to the cultures for select�ng stable ZEB2-shRNA and control-shRNA cell clones.

2.7.  RT-qPCR and ChIP-qPCR

Total RNA was �solated from SNU398 ZEB2-shRNA and control-shRNA cell clones, as well as doxycycl�ne-�nduced and
un�nduced DLD-ZEB2 cells us�ng a NucleoSp�n RNA k�t (Macharey-Nagel, #740955.250). cDNA was synthes�zed us�ng a
ProtoScr�pt M-MuLV Taq RT-PCR k�t (New England B�olabs, #E6400S) accord�ng to the manufacturer’s �nstruct�ons.
Real-t�me quant�tat�ve PCR (RT-qPCR) react�ons were performed us�ng a Max�ma SYBR Green qPCR master m�x (Thermo
F�sher Sc�ent�f�c, #K0223), 0.2 μM pr�mers and 50 ng cDNA �n a f�nal volume of 20 μl. The PCR react�ons were started by
denaturat�on for 10 m�n. at 95 °C followed 45 cycles of denaturat�on at 95 °C for 15 s, anneal�ng at 60 °C for 30 s and
extens�on at 72 °C for 30 s. Ct values were normal�zed to those of GAPDH and cal�brated us�ng Ct values of controls.
Relat�ve gene express�on levels were calculated us�ng the ΔΔCt method and presented as log2 fold change values [34]. A
cutoff of ±0.8 was used to def�ne d�fferent�al express�on. The pr�mers used for cDNA ampl�f�cat�on of ZEB2 were: 5′-
CAAGGAGCAGGTAATCGCAAGT-3′ and 5′-GGAACCAGAATGGGAGAAACG-3′, whereas those used for mouse Zeb2
were: 5′-ACCGACTCAAGGAGACAGAT-3′ and 5′-GAGTGGATATGCTGTGGTTCTC-3′, for MAP7 were: 5′-
GTGGACTTATCTTTGCCTTACCT-3′ and 5′-GCCAAACACAGTCAACATTCC-3′, for BOK were: 5′-
GATGGACTGATGTCCTCAAGTG-3′ and 5′-GGCAGCAGCACGAAGAA-3′ and for GALNT3 were: 5′-
GGCACAACATCCAGAAGGAA-3′ and 5′-CATATCTGCTCTCCAGTGACAAC-3′. The pr�mers used for cDNA
ampl�f�cat�on of GAPDH (normal�zat�on) were: 5′- GGCTGAGAACGGGAAGCTTGTCAT-3′ and 5′-
CAGCCTTCTCCATGGTGGTGAAGA-3′.

For the ChIP-qPCR assays, ChIP-DNAs �mmunoprec�p�tated by 6E5 and �sotype control ant�bod�es, as well as 1% �nput
DNA, were ampl�f�ed us�ng the pr�mers ment�oned below. Input Ct values were adjusted to 100% as follows: Ct(1%
�nput)-6,64. The percent �nput values for the ChIP DNAs �mmunoprec�p�tated by 6E5 and �sotype control ant�bod�es were
determ�ned us�ng the follow�ng formula: 100 × 2 . The fold enr�chment of the �mmunoprec�p�tated(Adjusted �nput-Ct

IP
)
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chromat�n was calculated by d�v�d�ng the 6E5 percent �nput value to that of the �sotype control ant�body. The pr�mers used
for ChIP-qPCR analys�s of the prox�mal promoter reg�on (−323 to −188) of GALNT3 were: 5′-TCCCGCCTGCTCTAACG-
3′ and 5′-GACAGCAACCGGAGTCG-3′, of the prox�mal promoter reg�on (−323 to −175) of MAP7 were: 5′-
GACAGGTGAGCGCAGTC-3′ and 5′-CCGCTCTTCCAGCCGAG-3′, of the −22 k reg�on (−21,967 to −22,080) of
LPCAT1 were: 5′-CAAACCGGGAAGTCATCTTG-3′ and 5′-TGCACAAGGGTTCTGTTCTG-3′ and of the −35 k reg�on
(−34,719 to −34,627) of CDH4 were: 5′-AGATGCAGATGGGATGTAGC-3′ and 5′-TGCCTGTATTGCACCCACAC-3′.
The pr�mers used for the +13 k reg�on (+13,394 to +13,491) of BOK were: 5′-TCTTGTGTTGGAGCCTTCAG-3′ and 5′-
CACCGTGCACCAGAATATCA-3′ and the +165 k reg�on (+164.973 to +165.085) of ADARB2 were: 5′-
CGCCACCAGCATATAGAAGAG-3′ and 5′- CAAAACAAACACCCTCACAGTC-3′. The pr�mers used for the m�R200c-
141 promoter reg�on were as reported before [35]: 5′-CAGGAGGACACACCTGTGC-3′ and 5′-
TCCCCTGGTGGCCTTTAC-3′, whereas those used for the m�R200b promoter reg�on were: 5′-
AAGGTGGGGGCGGGACGGA and 5′-TGGGAGGCGGTGGCGAGGTG-3′. The locat�on of the respect�ve ampl�cons
was determ�ned us�ng the NCBI Genome database reference genome (hg19).

2.8.  ZEB2 and GALNT3 expression analyses in primary human cancers

The ZEB2 and GALNT3 mRNA express�on levels were assessed by RT-qPCR us�ng 96-well cancer cDNA arrays
(T�ssueScan) cover�ng 8 d�fferent tumor types, �nclud�ng breast adenocarc�noma, colon adenocarc�noma, k�dney carc�noma,
l�ver carc�noma, ovar�an adenocarc�noma, thyro�d carc�noma, lung carc�noma and prostate adenocarc�noma. For each
cancer type, cDNAs from 9 tumors and 3 correspond�ng normal samples were �ncluded. The RT-qPCR assays were
performed �n dupl�cate after wh�ch the GALNT3 and ZEB2 express�on levels �n the tumor t�ssues were calculated relat�ve to
those �n the correspond�ng normal t�ssues us�ng the ΔΔCt method. The same tumor types were analyzed us�ng Express�on
Project for Oncology (expO) gene express�on datasets (GEO access�on #GSE2109), whereas for comparat�ve GALNT3 and
ZEB2 prote�n express�on analyses �mmunoh�stochem�stry data ava�lable through the Human Prote�n Atlas database (
http://www.prote�natlas.org ) were used. The prote�n express�on levels were scored accord�ng to sta�n�ng �ntens�t�es and
fract�ons of sta�ned cells, and presented as not detectable (ND), low, med�um or h�gh.

2.9.  Statistical analyses
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Gene express�on levels �n cell l�nes and pr�mary tumors on the T�ssueScan cDNA array are presented as mean ± SD
(standard dev�at�on). Pa�red Student’s t test was used for stat�st�cal analyses of exper�mental data. S�gn�f�cant d�fferences
were denoted as follows: *p < 0.05, **p < 0.01 and ***p < 0.001. Correlat�ons of ZEB2 and GALNT3 mRNA express�on
levels der�ved from the T�ssueScan cDNA array and expO dataset analyses, and correlat�ons of ZEB2 and GALNT3 prote�n
express�on levels der�ved from the Human Prote�n Atlas dataset analys�s, were calculated by Pearson’s correlat�on
coeff�c�ent us�ng Hm�sc 4.0.3 R package vers�on 3.4.0. Negat�ve and pos�t�ve r-values denote downh�ll and uph�ll l�near
relat�onsh�ps, respect�vely. Stat�st�cal analyses of d�fferent�al ZEB2 and GALNT3 prote�n express�on levels were carr�ed
out by W�lcoxon Rank Sum test us�ng MASS R package vers�on 3.4.0.

Data Availability The data d�scussed �n th�s publ�cat�on have been depos�ted �n NCBI’s Gene Express�on Omn�bus
(GEO) repos�tory ( http://www.ncb�.nlm.n�h.gov/geo/ ) and are access�ble through GEO Ser�es access�on number
GSE103048 ( https://www.ncb�.nlm.n�h.gov/geo/query/acc.cg�?acc=GSE103048 ).

3.  Results

3.1.  Selection of cells and validation of anti-ZEB2 antibody for ChIP sequencing

Prev�ously, we found that the hepatocellular carc�noma (HCC) cell l�ne SNU398 exh�b�ts a h�gh endogenous ZEB2 prote�n
express�on level [23]. Therefore, we selected th�s cell l�ne for our current ChIP sequenc�ng exper�ments. For these
exper�ments, we f�rst assessed our homemade ant�-ZEB2 monoclonal ant�body 6E5 for �ts su�tab�l�ty. To th�s end, we
performed a ChIP-western exper�ment us�ng SNU398 and another (mesenchymal-l�ke) HCC cell l�ne, SK-HEP-1, and
found that the 6E5 ant�body reacts w�th the ZEB2 prote�n under ChIP cond�t�ons, �nclud�ng formaldehyde f�xat�on and
fragmentat�on by son�cat�on (F�g. 1a). Next, we set out to val�date our 6E5 ant�body �n a ChIP-qPCR assay �n wh�ch the
enr�chment of a well-known ZEB2 target reg�on w�th�n the m�R200c-141 promoter was assessed. We found that, compared
to the �sotype control ant�body used, 6E5 enr�ched ChIP DNA fragments encompass�ng the m�R200c-141 promoter reg�on
by 15 fold (F�g. 1b).

F�g. 1
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Val�dat�on of ZEB2 ant�body 6E5 for ChIP analys�s. a ChIP-Western blot us�ng SNU398 and SK-HEP-1 cell lysates after
f�xat�on w�th formaldehyde and son�cat�on. Immunoprec�p�tat�ons were carr�ed out w�th 6E5 and �sotype control ant�bod�es,
after wh�ch the prote�n bands were detected us�ng the 6E5 (ZEB2) ant�body. b RT-PCR results of the m�R200c-141 promoter
reg�on us�ng DNA der�ved from the 6E5 and �sotype ant�body ChIP exper�ments. Enr�chment of the target reg�on relat�ve to
the ChIP �nput control �s 15-fold

3.2.  ChIP sequencing and genomic mapping of ZEB2 binding sites

Next, our ChIP-val�dated ant�-ZEB2 monoclonal ant�body 6E5 was used to assess genome-w�de b�nd�ng of ZEB2 by ChIP
sequenc�ng (ChIP-seq) �n SNU398 cells. We found that 21 m�ll�on reads �n the ZEB2-�mmunoprec�p�tated and �nput
samples analyzed by the MACS algor�thm w�th reference to the human reference genome (hg19) generated 554 genom�c
�ntervals. Further analys�s of these �ntervals �nd�cated that ZEB2 was bound to the marg�ns of 509 genes. Next, a more
deta�led genom�c map of ZEB2 b�nd�ng s�tes was establ�shed for the d�stal promoter, prox�mal promoter, 5′-UTR, exon,
�ntron, 3′-UTR, prox�mal downstream, d�stal downstream and d�stal �ntergen�c reg�ons. Compared to the d�str�but�on of
random controls, an enr�chment was observed for both the promoter (16% versus 3%) and 5′-UTR (5% versus 0%) reg�ons
(F�g. 2a). A subsequent MEME-TOMTOM based analys�s of �nterval sequences pulled down by the 6E5 ant�body revealed
a consensus CACCTG E-box sequence as common ZEB2 mot�f (F�g. 2b). Gene Ontology class�f�cat�on us�ng the
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PANTHER database led to a cluster�ng of the 509 ZEB2 targets to var�ous funct�ons and processes. Of these, two
subcategor�es of catalyt�c act�v�ty, �.e., k�nase act�v�ty and enzyme regulator act�v�ty, showed a s�gn�f�cant enr�chment (F�g.
2c).

F�g. 2

Analys�s of ZEB2 ChIP-seq data. a Genome-w�de mapp�ng of ZEB2-b�nd�ng reg�ons (ZEB2 peaks) w�th�n the SNU398
genome relat�ve to controls (random peaks). A deta�led genom�c map of ZEB2 b�nd�ng s�tes was establ�shed for d�stal
promoter (−3 kb to −1 kb from TSS), prox�mal promoter (−1 kb to 0 kb from TSS), 5′-UTR, exon, �ntron, 3′-UTR, prox�mal
downstream (0 to +1 kb from TSS), d�stal downstream (+1 kb to +3 kb from TSS) and d�stal �ntergen�c (> 3 kb from gene)
reg�ons. b ZEB2 ChIP-seq target mot�f match�ng w�th the ZEB2 consensus mot�f CACCTG. (c) ZEB2 target class�f�cat�on
through PANTHER gene ontology analys�s and Bonferron� correct�on. The k�nase act�v�ty and enzyme regulator act�v�ty
subcategor�es (not shown) exh�b�ted 2.02 and 1.98-fold enr�chments, respect�vely (p < 0.05). Both were class�f�ed under the
catalyt�c act�v�ty funct�on w�th a 1.34-fold enr�chment (p < 0.01)
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3.3.  ChIP validation of gene targets and their ZEB2-dependent expression

After screen�ng of genom�c �ntervals for the presence of E-box mot�fs, CDH4, ADARB2 and LPCAT1 gene reg�ons that
were found to conta�n mult�ple ZEB2 consensus elements were selected for ChIP val�dat�on assays us�ng the 6E5 and
�sotype control ant�bod�es. ChIP-qPCR was performed us�ng pr�mers flank�ng the ZEB2 b�nd�ng mot�fs w�th�n the �ntervals.
By do�ng so, enr�chments comparable to that for m�R200b (29.5) were found for the CDH4, ADARB2 and LPCAT1 loc�
(22.4, 19.7 and 21.7, respect�vely) (F�g. 3). Next, we generated stable s�lenc�ng ZEB2-shRNA-SNU398 (sh-ZEB2) and
non-s�lenc�ng control-shRNA-SNU398 (NSC) cell clones to assess ZEB2-dependent express�on of target genes by RT-
qPCR (Supplementary F�g. S1). To th�s end, we narrowed down our l�st of 509 targets to 62 genes whose assoc�ated
�ntervals were found to d�splay h�gh peak values, to compr�se ZEB2 DNA-b�nd�ng mot�fs and/or to be located �n putat�ve
promoter reg�ons (−7500 bp to +2500 bp from the transcr�pt�on start s�te, TSS). By do�ng so, we found d�fferent�al
express�on of the MAP7, BOK and GALNT3 genes between the sh-ZEB2 and NSC cell clones. In the ZEB2 knockdown
cells, the express�on of BOK and MAP7 was found to be decreased (−0.8 and −1.2 fold, respect�vely), whereas a 3.96-fold
�ncrease �n GALNT3 express�on was detected. These results suggest a pos�t�ve correlat�on of BOK and MAP7, and a
negat�ve correlat�on of GALNT3, w�th ZEB2 express�on (F�g. 4). In add�t�on, we val�dated the b�nd�ng of ZEB2 to �ts
consensus mot�f w�th�n the �ntervals assoc�ated to these genes by ChIP-qPCR and found 25.5 and 27.8 fold enr�chments for
MAP7 and BOK, respect�vely. The h�ghest enr�chment (85 fold) was observed for the GALNT3 gene (F�g. 5).

F�g. 3

ChIP val�dat�on of ChIP-seq targets. RT-qPCR was performed w�th ChIP DNA obta�ned from SNU398 cells us�ng the 6E5 and
�sotype control ant�bod�es. The fold enr�chments for ZEB2-b�nd�ng reg�ons of the LPCAT1, ADARB2 and CDH4 �ntervals
were calculated by d�v�d�ng the ZEB2% �nput by the control % �nput. The ZEB2 target m�R200b was used as pos�t�ve control
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F�g. 4

D�fferent�al gene express�on of the BOK, MAP7 and GALNT3 genes after ZEB2 knockdown �n SNU398 cells. RT-qPCR
results from sh-ZEB2 and control NSC cells are shown. Relat�ve gene express�on levels were calculated us�ng the ΔΔCt
method
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F�g. 5

ChIP val�dat�on of d�fferent�ally expressed genes �n ZEB2 knockdown and control cells. Pr�mers flank�ng ZEB2 b�nd�ng
mot�fs w�th�n the MAP7 (+80 bp from TSS), BOK (+13,936 bp from TSS) and GALNT3 (+179 bp from TSS) genes were used
for ChIP-qPCR to ampl�fy DNA fragments �mmunoprec�p�tated w�th the 6E5 and �sotype (control) ant�bod�es. Fold
enr�chment �s presented as the rat�o of % 6E5 ant�body �nput to that of the control ant�body. m�R200b (29.5-fold enr�chment)
was used as pos�t�ve control

3.4.  ZEB2-dependent expression of GALNT3 in cancer-derived cell lines

The observed upregulat�on of GALNT3 �n ZEB2 knockdown cells and �ts s�gn�f�cant fold enr�chment �n the ChIP assay (p < 
0.001) prompted us to study the putat�ve ZEB2-dependent express�on of GALNT3 �n more deta�l. Parallel to �ts h�gh
transcr�pt level, we also observed a marked �ncrease �n GALNT3 prote�n level �n ZEB2 knockdown cells (sh-ZEB2 clone,
F�g. 6a). The same sh-ZEB2 clone was used to assess the prote�n express�on levels of the well-establ�shed ZEB2 targets
CCND1 and CDH1. We found that the level of CCND1 was �ncreased, but that of CDH1 was unchanged. Next, we tested
the express�on of GALNT3 �n a doxycycl�ne-�nduc�ble ZEB2 model (DLD-ZEB2) at both �ts transcr�pt and prote�n levels.
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Compared to the un�nduced cells, we found that doxycycl�ne �nduct�on resulted �n a 3.85 fold �ncrease �n ZEB2 express�on
as assessed by RT-qPCR. Th�s �ncrease was accompan�ed by 1.42 and 2.54 fold decreases �n CDH1 (p < 0,001) and
GALNT3 (p < 0,001) express�on, respect�vely (F�g. 6b). Subsequent Western blot results were �n complete accordance w�th
the RT-qPCR results, suggest�ng that ZEB2 plays a d�rect role �n GALNT3 downregulat�on (F�g. 6c). The decreases �n both
GALNT3 transcr�pt and prote�n levels were more apparent than those of CDH1 (F�g. 6b, c).

F�g. 6

GALNT3 �s negat�vely regulated by ZEB2. a Western blots show�ng d�fferent�al GALNT3 and CCND1 prote�n express�on,
but unaltered E-cadher�n express�on �n ZEB2 knockdown and NSC control cells. β-act�n and α-tubul�n were used as load�ng
controls. b RT-qPCR results us�ng cDNA der�ved from doxycycl�ne-�nduced (2 μg/ml) and un�nduced DLD1 cells. Bars
represent relat�ve ZEB2, GALNT3 and CDH1 express�on levels determ�ned us�ng the ΔΔCt method. c Western blot analys�s of
E-cadher�n and GALNT3 �n doxycycl�ne-�nduced and un�nduced DLD-ZEB2 cells. ZEB2 was detected us�ng a Myc-tag
ant�body. β-act�n was used as load�ng control
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3.5.  Negative correlation between ZEB2 and GALNT3 expression in primary tumor tissues

The changes observed �n GALNT3 express�on �n ZEB2 knockdown and ZEB2 �nduced cell l�nes led us to assess the�r
relat�ve express�on �n v�vo. To th�s end, the �nd�v�dual express�on of ZEB2 or GALNT3 and the�r co-express�on was assessed
us�ng a cancer cDNA array encompass�ng e�ght d�fferent cancer types, each represented by n�ne tumor samples and three
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correspond�ng normal t�ssue samples. Deta�led cl�n�copatholog�cal �nformat�on on the pat�ents and tumors �s l�sted �n
Supplementary Table 1 (Table S1). Compared to the normal t�ssues, an apparent decrease �n ZEB2 express�on was found �n
most of the tumor t�ssues �ncluded. The only except�on was breast cancer, show�ng an apparent �ncrease �n ZEB2
express�on. Conversely, we found that the GALNT3 express�on levels were substant�ally �ncreased �n ovar�an cancers and
sharply decreased �n k�dney cancers. Follow�ng prev�ous cues, we next asked whether a rec�procal correlat�on ex�sts
between GALNT3 and ZEB2 express�on. S�gn�f�cant rec�procal ZEB2 and GALNT3 express�on levels were �ndeed observed
�n k�dney, ovar�an, prostate and l�ver tumors. In contrast, we found that the express�on level of ZEB2 exh�b�ted a pos�t�ve
correlat�on w�th that of GALNT3 �n breast, lung and thyro�d cancers, of wh�ch the breast and lung cancer data were non-
s�gn�f�cant. Overall, we conclude that several pr�mary cancers show a rec�procal correlat�on, suggest�ng that ZEB2 may act
as a GALNT3 repressor �n these cancers (Table 1 and Supplementary F�g. S2).

Table 1

Correlat�ons between ZEB2 and GALNT3 mRNA express�on �n pr�mary human tumors

Cancer type N Gene ID ΔΔCt mean D�fferent�al express�on Correlat�on coeff�c�ent r

Breast 9
ZEB2 0.70

NS 0.34
GALNT3 0.66

Colorectal 9
ZEB2 −0.90

NS −0.30
GALNT3 0.33

K�dney 9
ZEB2 0.10

p < 0.001 −0.02
GALNT3 −2.74

Ovar�an 9 ZEB2 −2.60 p < 0.001 −0.14

Mean relat�ve mRNA express�on values for ZEB2 and GALNT3 per cancer type and all cancers together. For the �nd�v�dual tumor
samples, relat�ve ZEB2 and GALNT3 mRNA express�on levels were est�mated by cal�brat�on of the mean Ct values of 3 normal
t�ssues �n each cancer type and normal�zat�on to ACTNB1. D�fferent�al express�on was analyzed by Student’s t test. The correlat�on
coeff�c�ent r was calculated us�ng Pearson’s correlat�on test

NS not s�gn�f�cant

a
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Cancer type N Gene ID ΔΔCt mean D�fferent�al express�on Correlat�on coeff�c�ent r

GALNT3 2.98

Lung 9
ZEB2 −3.10

NS 0.30
GALNT3 −0.53

Prostate 9
ZEB2 −0.50

p < 0.05 −0.46
GALNT3 0.44

L�ver 9
ZEB2 −1.10

p < 0.05 −0.36
GALNT3 0.06

Thyro�d 9
ZEB2 −2.6

p < 0.05 0.11
GALNT3 −1.48

All 72
ZEB2 −1.25

p < 0.05 −0.10
GALNT3 −0.04

Mean relat�ve mRNA express�on values for ZEB2 and GALNT3 per cancer type and all cancers together. For the �nd�v�dual tumor
samples, relat�ve ZEB2 and GALNT3 mRNA express�on levels were est�mated by cal�brat�on of the mean Ct values of 3 normal
t�ssues �n each cancer type and normal�zat�on to ACTNB1. D�fferent�al express�on was analyzed by Student’s t test. The correlat�on
coeff�c�ent r was calculated us�ng Pearson’s correlat�on test

NS not s�gn�f�cant

Because of the l�m�ted number of samples ava�lable through the cDNA arrays, we extended our ZEB2 and GALNT3
express�on analyses to publ�cly ava�lable Express�on Project for Oncology (expO) datasets (GEO access�on GSE2109,
encompass�ng data from 2158 sol�d tumor arrays) from tumor t�ssues of the same e�ght h�stotypes ( www.�ntgen.org/expo
/). From the 2158 arrays, data from 1415 arrays encompass�ng 352 breast, 293 colorectal, 280 k�dney, 199 ovar�an, 132
lung, 83 prostate, 44 l�ver and 32 thyro�d tumors were subjected to Pearson’s correlat�on analys�s. By do�ng so, a
s�gn�f�cant negat�ve correlat�on (r = −0.36; p < 0.001) between ZEB2 and GALNT3 express�on was found for all 1415

a
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samples. When cancer types were �nd�v�dually analyzed, we found that ZEB2 express�on showed a s�gn�f�cant �nverse
correlat�on w�th GALNT3 express�on �n breast, colorectal, ovar�an and prostate cancers. In add�t�on, thyro�d, l�ver, k�dney
and lung cancers showed a negat�ve correlat�on (Table 2 and Supplementary F�g. S3). A s�gn�f�cant d�fferent�al express�on
between ZEB2 and GALNT3 was found for all comp�led cancer types and datasets (Table 2).

Table 2

Correlat�ons of ZEB2 and GALNT3 mRNA express�on levels �n human tumors

Cancer type n Gene ID Probe �ntens�ty mean D�fferent�al express�on Correlat�on coeff�c�ent r

Breast 352
ZEB2 643,72

p < 0.0001 −0.19***
GALNT3 1821,33

Colorectal 293
ZEB2 508,71

p < 0.0001 −0.38***
GALNT3 4244,68

K�dney 280
ZEB2 995,30

p < 0.0001 −0.10
GALNT3 383,40

Ovar�an 199
ZEB2 455,94

p < 0.0001 −0.25***
GALNT3 3490,91

Lung 132
ZEB2 664,44

p < 0.0001 −0.05
GALNT3 2309,37

Prostate 83
ZEB2 500,79

p < 0.0001 −0.44***
GALNT3 3665,87

n �nd�cates the number of array datasets per cancer type. Out of the probes target�ng ZEB2 and GALNT3 (5 and 2, respect�vely)
probes w�th the h�ghest mean �ntens�t�es were selected and analyses were performed us�ng one s�ngle probe value for each gene.
D�fferent�al express�on levels and correlat�ons between ZEB2 and GALNT3 were analyzed us�ng Student’s t-test and Pearson’s
correlat�on coeff�c�ent test, respect�vely. *** �nd�cates a s�gn�f�cant negat�ve correlat�on (p < 0.001)
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Cancer type n Gene ID Probe �ntens�ty mean D�fferent�al express�on Correlat�on coeff�c�ent r

L�ver 44
ZEB2 554,73

p < 0.0001 −0.16
GALNT3 2083,65

Thyro�d 32
ZEB2 556,1375

p < 0.0001 −0.23
GALNT3 1975,45

All 1415
ZEB2 1269,46

p < 0.0001 −0.36***
GALNT3 2438,76

n �nd�cates the number of array datasets per cancer type. Out of the probes target�ng ZEB2 and GALNT3 (5 and 2, respect�vely)
probes w�th the h�ghest mean �ntens�t�es were selected and analyses were performed us�ng one s�ngle probe value for each gene.
D�fferent�al express�on levels and correlat�ons between ZEB2 and GALNT3 were analyzed us�ng Student’s t-test and Pearson’s
correlat�on coeff�c�ent test, respect�vely. *** �nd�cates a s�gn�f�cant negat�ve correlat�on (p < 0.001)

Next, we compared the prote�n express�on levels of ZEB2 and GALNT3 �n human tumor t�ssues as l�sted �n the Human
Prote�n Atlas database ( http://www.prote�natlas.org/ENSG00000169554-ZEB2/cancer for ZEB2 and
http://www.prote�natlas.org/ENSG00000115339-GALNT3/cancer for GALNT3, respect�vely) [36]. The ZEB2 and
GALNT3 prote�n express�on levels were assessed �n pa�red normal-tumor t�ssues from 9 breast, 7 colorectal, 7 lung, 7
melanoma, 5 l�ver, 5 k�dney, 4 gl�oma and 3 ovar�an cancer pat�ents. Cons�stent w�th our RT-qPCR data, we found that
ZEB2 was downregulated �n most of the cancers, except for gl�omas and a few melanoma cases. A s�gn�f�cant d�fference
between ZEB2 and GALNT3 prote�n express�on was found �n all 48 pa�red tumor samples (p < 0.001), and �nd�v�dually �n
the breast (p < 0.001), colorectal, l�ver, lung (p < 0.01) and k�dney (p < 0.05) tumor samples (Supplementary F�g. S4).
Correlat�on analyses were performed �n the same set of tumors and, by do�ng so, an �nverse correlat�on between ZEB2 and
GALNT3 express�on was found for all tumors, except melanoma (Table 3).

Table 3

Correlat�ons of ZEB2 and GALNT3 prote�n express�on levels �n human tumors



27.02.2018 e.Proof�ng

http://eproof�ng.spr�nger.com/journals_v2/pr�ntpage.php?token=E8rcT�BFofvX-_Q28EgfdIjfL1_NTyqegw0juHlSVoo 24/37

Cancer type Gene ID
Prote�n express�on �n tumor t�ssues (n) Correlat�on coeff�c�ent

H�gh Med�um Low ND r

Breast
ZEB2 0 0 0 9

−0.67
GALNT3 5 3 1 0

Colorectal
ZEB2 0 0 0 7

−0.22
GALNT3 5 1 0 1

Lung
ZEB2 0 0 0 7

−0.52
GALNT3 3 2 1 1

Melanoma
ZEB2 0 1 0 7

0.56
GALNT3 0 3 2 3

L�ver
ZEB2 0 0 0 5

−0.87
GALNT3 2 2 1 0

Renal
ZEB2 0 0 0 5

−0.13
GALNT3 0 1 3 1

Gl�oma
ZEB2 1 2 0 1

−0.71
GALNT3 0 0 2 2

Ovar�an
ZEB2 0 0 0 3

−0.52
GALNT3 2 1 0 0

Tumor t�ssues were pa�red accord�ng to the pat�ent �nformat�on ava�lable through the Human Prote�n Atlas database. “n” represents
the number of pat�ents per sta�n�ng pattern. “r” represents correlat�on coeff�c�ent values as calculated by Pearson’s correlat�on
coeff�c�ent test

ND not detectable
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Cancer type Gene ID
Prote�n express�on �n tumor t�ssues (n) Correlat�on coeff�c�ent

H�gh Med�um Low ND r

All
ZEB2 1 3 0 44

−0.67
GALNT3 17 13 10 8

Tumor t�ssues were pa�red accord�ng to the pat�ent �nformat�on ava�lable through the Human Prote�n Atlas database. “n” represents
the number of pat�ents per sta�n�ng pattern. “r” represents correlat�on coeff�c�ent values as calculated by Pearson’s correlat�on
coeff�c�ent test

ND not detectable

4.  Discussion
Ep�thel�al-to-mesenchymal trans�t�on (EMT) �s not only assoc�ated w�th normal embryon�c development, but also w�th
cancer �nvas�on and metastas�s [37, 38, 39, 40]. ZEB2, also known as SIP1, �s one of the EMT �nducers that were �n�t�ally
shown to downregulate E-cadher�n express�on by b�nd�ng to E-box sequences present �n the m�n�mal promoter of �ts
encod�ng gene, CDH1 [4]. Repress�on of other ep�thel�al junct�on prote�ns by ZEB2 has also been observed �n d�fferent
cellular and pathophys�olog�cal contexts. In add�t�on, �t has been found that doxycycl�ne-�nduced express�on of ZEB2 �n
DLD1 and A431 cells may result �n ep�thel�al ded�fferent�at�on and decreases �n E-cadher�n, P-cadher�n, claud�n 4, t�ght
junct�on prote�n 3, plakoph�l�n 2, desmoplak�n, connex�n 26 and connex�n 31 mRNA express�on levels, and s�gn�f�cant
decreases �n desmoplak�n, plakoph�l�n 2 and claud�n 4 prote�n express�on levels [13]. Bes�des �ts role �n regulat�ng the
express�on of junct�on prote�ns, other stud�es have �nd�cated a role of ZEB2 �n d�st�nct cellular processes, �nclud�ng those
regulat�ng cell cycle progress�on, cellular senescence, neural development, osteogenes�s and tumor stemness. ZEB2 was
also found to act as a d�rect negat�ve regulator of CCND1, caus�ng G1 cell cycle arrest �n ZEB2-�nduced cells, suggest�ng
�mpa�red cell cycle progress�on as one of the character�st�cs of cells undergo�ng EMT [16]. The f�nd�ng that ZEB2 acts as a
med�ator of TGF-β �nduced repress�on of hTERT led us to def�ne a role of ZEB2 �n repl�cat�ve senescence that
spontaneously occurs �n HCC cells w�th a p53/p16  def�c�ent background [14, 15]. Later, GADD45G has been
descr�bed as an upstream �nducer of ZEB2 express�on �n l�ver cells, and �t has been suggested that GADDG45/ZEB2

INK4a
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downregulat�on may act as a senescence evas�on mechan�sm dur�ng hepatocarc�nogenes�s [41]. However, as the telomerase
promoter �s commonly mutated allow�ng act�vat�on �n HCC, ZEB2 can be expressed at later stages of HCC development
and �nduce EMT. Another target of ZEB2, �.e., l�ver/bone/k�dney alkal�ne phosphatase (LBK-ALP), has been �dent�f�ed �n a
study on bone morphogenet�c prote�n (BMP)-�nduced osteogenes�s. It was found that ZEB2 can b�nd to the E2 box present
�n the ALP gene promoter and, by do�ng so, represses �ts express�on [42]. It has also been found that ZEB2 �nact�vat�on �n
mouse cort�cal precursor cells results �n an ent�re def�c�ency of the h�ppocampus, w�th a concom�tant act�vat�on of the Wnt
antagon�st Secreted Fr�zzled-Related Prote�n 1 (Sfrp1) and downregulat�on of the non-canon�cal Wnt effector JNK [26].
The putat�ve role of ZEB2 �n stemness was substant�ated by another study po�nt�ng out that normal and neoplast�c human
breast stem cells w�th a CD44 CD24  phenotype express EMT markers, �nclud�ng ZEB2 [43].

In sp�te of the mult�pl�c�ty of b�olog�cal processes regulated by ZEB2, and the presence of a myr�ad of E-box sequences
w�th�n the human genome, only a few d�rect ZEB2 target genes have so far been �dent�f�ed [4, 13, 14, 16, 26, 44]. A further
understand�ng of the b�ology of ZEB2 �s, however, of cr�t�cal �mportance �n order to eluc�date �ts role �n EMT and cancer
progress�on/metastas�s. Therefore, we a�med at establ�sh�ng a genome-w�de map of ZEB2 b�nd�ng s�tes �n a h�gh
endogenous ZEB2 express�ng cell l�ne, SNU398, by ChIP sequenc�ng us�ng our prev�ously descr�bed monoclonal ant�body
6E5 [24]. After ChIP-seq, 554 genom�c �ntervals were �dent�f�ed correspond�ng to 509 annotated gene reg�ons. A MEME-
TOMTOM database search that revealed and conf�rmed the presence of a ZEB2 consensus sequence (CACCTG) w�th�n the
�ntervals �dent�f�ed, �nd�cated the effect�veness of our ChIP-seq approach. We val�dated our results through ChIP-qPCR
analys�s of the CDH4, ADARB2 and LPCAT1 gene reg�ons conta�n�ng mult�ple ZEB2-b�nd�ng sequences. Although these
genes have not been def�ned as ZEB2 targets before, they d�splayed enr�chment comparable to a well-establ�shed ZEB2-
regulated gene, m�R200b. Interest�ngly, CDH1 was not among the ZEB2 targets �n our ChIP-Seq study, ne�ther were we
able to detect any enr�chment by ChIP �n SNU398 cells. It may, therefore, be plaus�ble to state that E-cadher�n express�on
regulat�on may not depend on ZEB2 �n these cells, wh�ch have been shown to express CDH1 and other EMT �nduc�ng
transcr�pt�on factors [28]. In add�t�on, E-cadher�n s�lenc�ng has prev�ously been shown to be med�ated by CpG methylat�on
of the CDH1 gene promoter �n cell l�nes der�ved from l�ver, stomach, lung and bladder cancers [45]. Another well-
establ�shed ZEB2 target, CCND1, was however found to exh�b�t �ncreased prote�n express�on �n shZEB2-SNU398 cells.

Us�ng a l�m�ted ZEB2 target l�st, result�ng from select�ng gene reg�ons w�th h�gh peak values, mult�ple E-boxes and/or
ZEB2-b�nd�ng s�tes w�th�n the�r promoters, 62 genes that met these cr�ter�a were subjected to express�on stud�es �n ZEB2-

h�gh low
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s�lenced and control SNU398 cells. By do�ng so, we found that only a few genes, �nclud�ng BOK, MAP7 and GALNT3,
exh�b�ted a d�fferent�al express�on, �.e., BOK and MAP7 express�on paralleled ZEB2 downregulat�on �nd�cat�ng a ZEB2-
dependent �nduct�on, whereas GALNT3 was found to be upregulated upon ZEB2 knockdown, h�nt�ng at ZEB2-dependent
repress�on. To assess whether ZEB2 may d�rectly modulate the express�on of these genes, we performed ChIP assays and,
by do�ng so, read�ly found an enr�chment of BOK and MAP7, comparable to that of control m�R200b. Remarkably, we
found that the enr�chment of GALNT3 was about three-fold h�gher than that of m�R200b. As of yet, the express�on
regulat�on of BOK, MAP7 and GALNT3 has not been l�nked to ZEB2. Here, we propose them as novel ZEB2 targets. For
our further analyses, we focused on GALNT3 s�nce �t d�splayed the h�ghest express�on and ChIP enr�chment values.

GALNT3 �s a member of N-Acetyl Galactosam�ne Transferase enzyme fam�ly, and med�ates the transfer of N-acetyl
galactosam�ne to ser�ne or threon�ne res�dues. Hence, �t controls the �n�t�al steps of muc�n type O-glycosylat�on of
polypept�des w�th�n the Golg� apparatus [46]. Muc�n type O-glycosylat�on �s one of the most abundant forms of
glycosylat�on of both membrane bound and secreted prote�ns, and represents an �mportant process underly�ng the b�ology
of cancer development and metastas�s, g�ven the fact that posttranslat�onal glycosylat�on that accompan�es neoplast�c
transformat�on has a s�gn�f�cant �mpact on the behav�or of cancer cells and the progress�on of mal�gnant d�seases [47].
Compar�son of GALNT3 prote�n levels between ZEB2 knockdown and control SNU398 cells revealed a s�gn�f�cant
�ncrease �n GALNT3 prote�n levels upon ZEB2 knockdown, val�dat�ng our prev�ous observat�on that GALNT3 express�on
may be negat�vely regulated by ZEB2. To exclude the poss�b�l�ty that GALNT3 express�on modulat�on by ZEB2 �s conf�ned
to our cell systems, we assessed changes �n both GALNT3 transcr�pt and prote�n levels �n DLD-ZEB2 cells that ectop�cally
expresses ZEB2 upon doxycycl�ne �nduct�on. We found that exogenous ZEB2 express�on �n these colorectal carc�noma-
der�ved cells repressed GALNT3 express�on at both levels, along w�th that of the canon�cal ZEB2 target E-cadher�n. Our
observat�on that GALNT3 �s negat�vely regulated by ZEB2 �n these d�fferent cell systems prompted us to extend our
stud�es to �nvest�gate ZEB2 and GALNT3 express�on correlat�ons �n pr�mary human tumor samples. Through the analys�s
of cDNA samples der�ved from e�ght d�fferent human cancer types, we observed an apparent downregulat�on of ZEB2 �n
most of the tumor t�ssues compared to that �n normal t�ssues. We also found that GALNT3 exh�b�ted a clear decrease �n
k�dney and thyro�d cancers and a marked �ncrease �n ovar�an cancer, w�th no d�st�nct�ve changes �n other cancer types.
These results are �n l�ne w�th other stud�es �nd�cat�ng d�fferent�al GALNT3 express�on �n cancer. Compar�son of GALNT3
express�on �n orthotop�c xenograft tumors �n m�ce showed �ncreased GALNT3 express�on �n HEP3B-der�ved tumors
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compared to tumors der�ved from HCC cell l�nes w�th metastat�c potent�al. No s�gn�f�cant d�fference of GALNT3
express�on was, however, observed �n pr�mary metastat�c and non-metastat�c human HCC t�ssues [48]. Through our
analys�s of GALNT3 express�on �n n�ne HCC cell l�nes, we found that HEP3B cells exh�b�ted the h�ghest transcr�pt levels
(data not shown). In colorectal cancer, decreased GALNT3 levels have been assoc�ated w�th a poor surv�val [49]. These
�nvest�gators also observed an assoc�at�on of GALNT3 express�on w�th h�stolog�c d�fferent�at�on, w�th well-d�fferent�ated
tumors hav�ng the h�ghest and poorly d�fferent�ated tumors hav�ng the lowest GALNT3 express�on. In contrast, GALNT3
express�on has been found to corresponded to h�gh-grade tumors and a poor surv�val �n renal cell carc�noma pat�ents [50].
In l�ne w�th th�s, a strong GALNT3 express�on has been observed �n more than 1/3 of oral squamous cell carc�noma
pat�ents w�th �ncreased tumor recurrences and decreased d�sease-free surv�val rates [51]. Here, we found a ~3-fold
�ncreased GALNT3 express�on �n ovar�an cancers compared to �ts correspond�ng normal t�ssues. Th�s result conf�rms
prev�ous f�nd�ngs �nd�cat�ng that ovar�an cancer pat�ents whose tumors exh�b�t h�gh GALNT3 express�on levels have a
shorter surv�val, and that the express�on of GALNT3 gradually �ncreases from normal ovar�an t�ssues to tumors w�th a low-
mal�gnant potent�al to h�gh-grade tumors [52]. Our correlat�on analys�s of GALNT3 and ZEB2 express�on data revealed an
�nverse correlat�on between these genes �n most of the tumors, as expected. But because of the l�m�ted number of tumor
samples �ncluded, we dec�ded to further explore the publ�cly ava�lable expO dataset. Th�s exerc�se substant�ated our
observat�on that the express�on of ZEB2 �s s�gn�f�cantly lower than that of GALNT3. In add�t�on, we found that th�s �n s�l�co
analys�s strongly supported our �n v�tro and �n v�vo results �nd�cat�ng that ZEB2 negat�vely regulates GALNT3 express�on �n
human tumors. Subsequent ZEB2 and GALNT3 prote�n express�on analyses revealed s�m�lar f�nd�ngs, �nclud�ng a negat�ve
correlat�on between ZEB2 and GALNT3 express�on �n all analyzed tumor types, except melanomas. Interest�ngly, we
not�ced a decreased GALNT3 prote�n express�on �n gl�omas wh�ch, unl�ke other tumors, d�splayed �ncreased ZEB2 prote�n
levels, aga�n substant�at�ng an �nverse correlat�on between ZEB2 and GALNT3 express�on. Taken together, we conclude
that our results �nd�cate that GALNT3 �s negat�vely regulated by ZEB2.

So far, only a l�m�ted number of stud�es has dealt w�th the regulat�on of GALNT3 express�on, and most of these were
related to bone remodel�ng �n a parathyro�d hormone (PTH)-dependent manner [53]. Bes�des a negat�ve regulat�on of
GALNT3 by PTH, two other transcr�pt�on factors have been found to pos�t�vely regulate GALNT3. RUNX2, an essent�al
regulator of chondrocyte maturat�on, has been found to upregulate GALNT3 and m�ce overexpress�ng GALNT3 have been
found to exh�b�t dwarf�sm, dysregulated chondrocyte prol�ferat�on and apoptos�s [54]. In add�t�on, �t has been reported that
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treatment of MCF7 breast cancer cells w�th the h�stone deacetylase �nh�b�tor sod�um butyrate resulted �n p300/CBP-
assoc�ated factor acetylat�on and enhanced b�nd�ng of the nuclear resp�ratory factor-1 (NRF1) to DNA, result�ng �n
GALNT3 upregulat�on [55]. Posttranslat�onal glycosylat�on that accompan�es neoplast�c transformat�on may have a
s�gn�f�cant �mpact on the behav�or of cancer cells and mal�gnant d�sease progress�on [47]. A gene express�on analys�s of
pancreat�c cancer-der�ved cell l�nes clustered these cell l�nes �n two groups, �.e., cell l�nes w�th a mesenchymal phenotype
show�ng lower GALNT3 express�on levels than those w�th an ep�thel�al-l�ke phenotype [56]. Th�s study underscores our
observat�on that an �nverse correlat�on ex�sts between EMT �nduct�on and GALNT3 express�on.

Taken together, we conclude that through our ChIP-Seq analys�s new targets have been �dent�f�ed for the transcr�pt�onal
repressor ZEB2, of wh�ch GalNAc-T3 (GALNT3) showed d�fferent�al express�on �n a ZEB2-dependent manner �n both
tumor-der�ved cell l�nes and pr�mary tumor samples. The negat�ve regulat�on of O-glycosylat�on by ZEB2 adds a new level
of complex�ty to our understand�ng of the role of ZEB2 and GALNT3 �n cancer progress�on and metastas�s. The
character�zat�on of prote�ns glycosylated by GALNT3 may fac�l�tate the �dent�f�cat�on of new d�agnost�c and/or therapeut�c
targets for human cancers.
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