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Abstract

Rationale: Metastasis is the leading cause of disease-related death among patients with nasopharyngeal
carcinoma (NPC). Mounting evidence suggest that epithelial-mesenchymal transition (EMT) is crucial for cancer
cells to acquire metastatic ability. In this study, we aim to clarify the extent to which EMT is involved in various
cancer properties and identify novel markers for predicting the prognosis of NPC patients.

Methods: Two cellular models derived from the same NPC cell line with distinct metastasis ability were used
for microarray analysis to identify key transcriptional factors that drive metastasis. Cell migration and invasion
were analyzed by wound healing and Transwell analysis. Lung metatasis was determined by tail vein injection
assay. Cancer stemness was analyzed using colony formation and xenograft assay. The EMT extent was
evaluated using immunoblotting, RT-qPCR and immunofluorescence of EMT markers. The value of OVOL2 in
prognosis was determined by immunohistochemistry in NPC biopsies.

Results: OVOL2 was the most significantly down-regulated EMT transcription factor (EMT-TF) in cellular
models of NPC metatasis. Low levels of OVOL2 were associated with poor overall survival of NPC patients
and the reduced expression is partly due to promoter methylation and epithelial dedifferentiation. Knockout of
OVOL2 in epithelial-like NPC cells partially activates EMT program and significantly promotes cancer stemness
and metastatic phenotypes. Conversely, ectopically expression of OVOL2 in mesenchymal-like cells leads to a
partial transition to an epithelial phenotype and reduced malignancy. Reversing EMT by depleting ZEB1, a major
target of OVOL2, does not eliminate the stemness advantage of OVOL2-deficient cells but does reduce their
invasion capacity. A comparison of subpopulations at different stages of EMT revealed that the extent of EMT
is positively correlated with metastasis and drug resistance; however, only the intermediate EMT state is
associated with cancer stemness.

Conclusion: Distinct from other canonical EMT-TFs, OVOL2 only exhibits modest effect on EMT but has a
strong impact on both metastasis and tumorigenesis. Therefore, OVOL2 could serve as a prognostic indicator
for cancer patients.
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Introduction

Nasopharyngeal carcinoma (NPC) is a unique
type of head and neck cancer that arises from the
epithelium of the nasopharynx; NPC is rare except in
Southeast Asia and southern China, and it is classified

as a squamous cell carcinoma or an undifferentiated
type. Although NPC is sensitive to radiotherapy with
adjuvant chemotherapy, approximate 30% of patients
develop distant metastases to the bone, lymph nodes,
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liver and lung, and these metastatic events account for
the majority of deaths from NPC [1-3]. Therefore,
there is an urgent need to investigate the molecular
mechanisms underlying NPC metastasis and to
develop novel markers for predicting the metastasis
risk of primary NPC patients.

Tumor metastasis is a multi-step process in
which tumor cells move from the primary site to
colonize distant organs in a progressive process that
includes local invasion, intravasation, dissemination,
extravasation and colonization. Accumulating
evidence indicates that epithelial-mesenchymal
transition (EMT) is crucial for cancer cells to acquire
metastatic ability. EMT describes the shift toward the
mesenchymal state; epithelial cells lose their junctions
and apical-basal polarity and adopt migratory and
invasive behaviors. The molecular hallmarks of EMT
are down-regulation of E-cadherin and up-regulation
of mesenchymal markers, such as N-cadherin,
Vimentin and fibronectin [4]. EMT has been
extensively studied in embryonic development and
tissue remodeling [5, 6]. The role of EMT in cancer in
complex, but it is generally accepted that EMT is
linked to invasion and metastasis. In addition, EMT is
implicated in other cancer-related properties,
including resistance to cell death, the acquisition of
stemness properties, and refractory responses to
chemotherapy [7, 8].

EMT is executed by a group of transcription
factors (EMT-TFs) that includes ZEB, Snail, Twist, and
Slug [7, 9, 10]. These TFs coordinately regulate EMT
by activating or suppressing downstream targets that
maintain epithelial or mesenchymal traits, and these
EMT-TFs themselves are controlled by various
signals, such as the TGF-f and Wnt pathways, and
non-coding RNAs. Dysregulation of EMT-TFs often
leads to tumor progression [10].

Despite the involvement of EMT in the early
stages of metastasis, such as invasion and
intravasation, its role in cancer progression remains a
matter of debate. Recent studies have challenged the
notion that EMT contributes to metastasis [11, 12], and
some contradicting reports were published on cancer
stemness with either epithelial or mesenchymal state
[13-17]. Of note, these studies manipulated master
EMT-TFs, such as ZEB1 and Twist, to force cells into a
fixed mesenchymal or epithelial state, which may
cause loss of cell plasticity and stem cell phenotypes.
Given that EMT is a reversible and dynamic process
that is co-opted by cancer cells during metastasis, it is
necessary to study EMT in a more reversible and
physiological setting.

OVOL2 was recently discovered as a
transcriptional repressor of EMT. OVOL2 belongs to
the Ovo gene family; it harbors an N-terminal SNAG

repressor motif and four C2H2 zinc finger domains at
the C-terminus for DNA binding [18, 19]. OVOL2 is
an evolutionarily conserved protein that is involved
in many important physiological processes, such as
oogenesis in drosophila and mice [20, 21], cranial
neural tube development [22], mammary
morphogenesis [23], angiogenesis, heart formation
and placental development [24] in mice, and ectoderm
differentiation in human cells [25] through EMT
regulation. Down-regulation of OVOL2 has been
found in a variety of cancers, and OVOL2 was
reported to inhibit EMT and metastasis by
suppressing ZEB1 in breast cancer [26], TWIST in lung
cancer [27], c¢-Myc in cutaneous squamous cell
carcinoma [28], Wnt signaling in colorectal cancer [29]
and TGF-p signaling in breast cancer [30].

In this study, we characterized two cellular
models derived from the same NPC cell line to
identify key TFs that drive metastasis, and OVOL2
was found to be the most significantly changed TF in
a pair of subclones with contrasting metastasis
capacities. We show that loss of OVOL2 causes an
intermediate hybrid EMT state that drives metastasis
and tumorigenesis, while an extreme EMT state
contributes to drug resistance and invasion
phenotypes but not to stemness. Furthermore, our
data suggest that restoring OVOL2 expression is a
potential therapeutic strategy for NPC.

Results

OVOL2 is down-regulated in cellular models of
NPC metastasis

Taking advantage of cancer heterogenicity, a
typical NPC cell line CNE2 has been used to generate
two distinct clonal populations, subclone-18 (S18) and
subclone-26 (526), that have high and low metastasis
ability, respectively [31]. The two clones displayed
contrasting morphology: the S18 subclone had
spindle/fibroblastoid = morphology  typical of
mesenchymal cells, whereas the 526 subclone and
parental CNE2 cells adopted the cobble-stone shape
typical of epithelial cells (Figure 1A). Global gene
expression profiles revealed a striking difference in
transcriptional ~ programs  between the two
subpopulations derived from the same parental cell
line, and functional profiling of the differentially
expressed genes suggested that the greatest
proportion was enriched in EMT (Figure 1B). Gene set
enrichment analysis (GSEA) showed that S18 cells
displayed a more mesenchymal phenotype than 526
cells (Figure 1C and Figure S1A, F-G), indicating that
the 526 and S18 subclones are two subpopulations
with epithelial and mesenchymal traits, respectively.
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Figure 1. OVOL2 is down-regulated during EMT and in NPC tissues. (A) The morphology of CNE2, subclone-18 (S18) and subclone-26 (S26) cells by bright field
microscopy (scale bar = 100 um). (B) Gene set enrichment analysis (GSEA) of microarray data on S18 and S26 cells. NES: normalized enrichment score. (C) GSEA plot reveals
an enrichment of a gene signature associated with EMT between S18 and S26 cells. FDR: false-discovery rate. (D) Fold change in the expression of EMT-transcription factors
between S18 and S26 cells from microarray data. (E) Western blotting analysis of OVOL2 and EMT markers in CNE2, S18 and S26 cells. (F) (left) Western blotting analysis of
OVOL2 and EMT markers in NPEC/NPC cell lines. (right) Pearson correlation between OVOL2 and E- or N-cadherin protein levels. Densitometry quantifications were
performed with Image] software. (G) Immunohistochemistry analysis of OVOL2 expression in 22 normal nasopharyngeal epithelium samples and 192 primary tumor samples
(scale bar = 100 pum), together with an enlarged view of each in the corresponding inset. (H) Kaplan-Meier survival curve of the overall survival of 192 NPC patients stratified
by OVOL2 expression (high-expression group: IHC score 23; low-expression group: IHC score <3). The data were statistically evaluated using the log-rank test.
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Next, we aimed to identify the key TF whose
differential expression accounts for the contrasting
characteristics of the S18 and S26 subpopulations. The
transcriptome data suggested that OVOL2 was the TF
with the greatest variance in expression among all
known EMT-TFs, including ZEB1, ZEB2, TWIST1/2
and Snaill/2 (Figure 1D). Western blotting confirmed
that OVOL2 was highly expressed in S26 cells,
modestly expressed in CNE2 cells, and barely
detectable in S18 cells; OVOL2 expression was
inversely  correlated with EMT extent, as
characterized by E-cadherin down-regulation and
N-cadherin up-regulation (Figure 1E). Furthermore,
by analyzing OVOL2 expression in two normal
nasopharyngeal epithelial cell (NPEC) lines and ten
NPC cell lines, we found that expression of the
epithelial gene E-cadherin was strongly correlated
with OVOL2 levels, while expression levels of the
mesenchymal genes N-cadherin and ZEB1 were
inversely correlated with OVOL2 in NPC cell lines
(Figure 1F and Figure 5B; see below).

Next, we used immunohistochemistry (IHC) to
evaluate OVOL2 levels in NPC patients using a tissue
array containing 22 normal nasopharyngeal
epithelium samples and 192 primary tumor samples.
The results showed predominant nuclear staining for
OVOL2 in the basal layer of the nasopharyngeal
epithelium and NPC tissues. Notably, scoring of
OVOL2 IHC based on staining strength and the
percent of positive cells revealed that OVOL2
expression levels were significantly reduced in
human NPC compared to non-cancerous
nasopharyngeal tissues (Figure 1G), and low levels of
OVOL2 were associated with poor overall survival of
NPC patients (Figure 1H), indicating that OVOL2
may play a role in suppressing EMT and NPC
progression.

OVOL2 acts as a repressor of EMT

To gain insight into the function of OVOL2 in
NPC, OVOL2 was knocked out in the CNE2 and
HNE1 cell lines using the CRISPR/Cas9-mediated
gene editing system. Based on the T7El cleavage
efficiency, two single-guide RNAs (sgRNAs) targeting
the second exon of OVOL2 were selected for
generating OVOL2-knockout (KO) cells (Figure S2A).
Western blotting and sequencing verified the KO
status of these cells (Figure 2A and Figure S2B-C). In
OVOL2-KO cells, the expression of epithelial genes
such as E-cadherin was strongly repressed, whereas
mesenchymal genes such as N-cadherin and Vimentin
were up-regulated (Figure 2A). Correspondingly, the
morphology of CNE2 cells was altered from a
cobblestone-like to a spindle-like phenotype upon
OVOL2 depletion, accompanied by E-cadherin

down-regulation and Vimentin up-regulation (Figure
2B). Moreover, analysis of microarray data supported
the finding that OVOL2 depletion shifted the cells
toward a mesenchymal phenotype (Figure 2C).
Additionally, GSEA revealed that EMT was the most
significantly affected event in the comparison of
OVOL2 wild-type (WT) and KO cells (Figure S1C).
Furthermore, reconstitution of OVOL2 into
OVOL2-KO cells successfully rescued EMT, which
excluded the possibility of off-target effects of the
selected sgRNAs (Figure 2D). To further characterize
the role of OVOL2 in EMT, we used a 3-dimensional
cell culture system. Cells were plated in Matrigel or in
suspension; control CNE2 cells developed uniform
round spheres, whereas OVOL2-depleted CNE2 cells
exhibited a loss of epithelial polarity and dendritic
extensions (Figure 2E). Together, these data indicate
that OVOL2 suppresses EMT in NPC cells.

We next asked whether ectopic expression of
OVOL2 induces the reverse process of EMT, called
MET (mesenchymal-epithelial transition).
Overexpression of OVOL2 in the mesenchymal-like
518 subclone led to a switch from N-cadherin to
E-cadherin expression and decreases in the levels of
mesenchymal markers like Vimentin and ZEB1
(Figure 2F). The cell morphology changed from
mesenchymal-like to epithelial-like (Figure 2G), and
the cells gained epithelial cell polarity in 3-D culture
systems (Figure 2H). These results indicate that the
primary function of OVOL2 is to inhibit EMT.

OVOL2 inhibits NPC metastasis

As OVOL2 was initially identified based on
differences between two subclones with contrasting
metastatic capacity (Figure 1A-E), we asked whether
OVOL2 affects the metastatic potential of NPC. Global
gene expression analysis showed that
OVOL2-deficient cells were enriched for the signature
associated with cancer invasion and metastasis
compared to the respective WT cells (Figure S1B, G).
Indeed, OVOL2 overexpression greatly impaired the
migratory ability of S18 cells (Figure 3A). In contrast,
OVOL2 KO led to a significant reduction in the
migration rate in scratch wound migration assays
(Figure 3B) and the invasion ability in Transwell
invasion assays of CNE2 (Figure 3C) and HNEI cells
(Figure 3D).

Next, the role of OVOL2 in metastasis was
evaluated by tail vein injection of cancer cells, which
is the most commonly used metastasis assay and
primarily leads to the formation of metastatic nodules
in the lung. Mice injected with CNE2 or HNE1 cells
with OVOL2 depletion formed significantly more
metastatic nodules than mice injected with control
cells (Figure 3E-F). These results indicate that loss of
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OVOL2 results in a gain in invasiveness and distant  characteristic difference between S18 and S26 cells

organ colonization. and that the primary function of OVOL2 is to inhibit
OVOL2 ivel I . . EMT, we then asked whether OVOL2 controls the
negatively regulates tumorigenicity stemness of NPC cells. We found that OVOL2-KO

EMT is related to the generation of cancer stem  cells exhibited a higher plating efficiency than their
cells (CSCs) under certain circumstances but is not  WT counterparts (Figure 4A), and this advantage was
always associated with stemness [7, 17]. For example,  abolished by the reconstitution of ectopic OVOL2 in
subclones S18 and 526, which were originally isolated KO cells (Figure 4B), indicating that OVOL2
from CNE2 cells based on their distinct metastatic deficiency caused increased “stemness” in vitro. Next,
abilities, did not differ in tumorigenicity in xenograft  j; vivo stemness was determined in a xenograft mouse
assays [31]. Given that EMT was the most model.
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Figure 2. OVOL2 inhibits EMT. (A) Western blot (WB) analysis of EMT markers in OVOL2-knockout (KO) CNE2 cell lines. (B) Morphological changes in OVOL2-KO cells
were observed by bright field microscopy, and immunofluorescence analysis of E-cadherin and Vimentin was performed in CNE2 wild-type (WT) and KO cells (scale bar = 50
pm). (C) GSEA plot showing an enrichment of gene signatures associated with EMT between OVOL2-WT and OVOL2-KO cells. (D) WB analysis of EMT markers in
OVOL2-KO cells before and after reconstitution with ectopic OVOL2. (E) Morphological features of OVOL2-WT and OVOL2-KO cells in suspension culture or in Matrigel
(scale bar = 50 pm). (F) WB and qPCR analysis of EMT markers in S18 cells with or without OVOL2 overexpression. (G) Morphology and E-cadherin and Vimentin staining in
S18 cells with or without OVOL2 overexpression (scale bar = 50 pm). (H) Morphology of S18 cells with or without OVOL2 overexpression in suspension culture or in Matrigel
(scale bar = 50 pm).
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Figure 3. OVOLZ2 suppresses the migration and metastasis of NPC cells. (A) Representative image and quantification of Transwell cell migration assays with S18 cells
stably expressing ectopic OVOL2 or empty vector. n = 3, scale bar = 100 um. (B) Wound healing assays with CNE2 WT and OVOL2-KO cells. (C) Representative image and
quantification of Transwell cell invasion assays with CNE2 WT and OVOL2-KO cells. n = 3, scale bar = 100 ym. (D) Representative image and quantification of Transwell cell
invasion assays with HNE1 WT and OVOL2-KO cells. (E) (left) Metastatic nodules on the lung surface driven by tail vein injection of CNE2 WT and OVOL2-KO cells were
counted with the naked eye, n = 6. (right) Lung sections stained by hematoxylin and eosin (H&E) showed more metastatic nodules in KO cells than in WT cells. (F) Metastasis
assay as in (E) with HNET WT and OVOL2-KO cells, n = 5. Data are presented as the mean * SD. *p<0.05, *p<0.01, ** p<0.001.

http://lwww.thno.org



Theranostics 2018, Vol. 8, Issue 8 2208
A B
3 ——a - g5 o
5 150 WT KO § 2504 [ 1
2 - o 200
S S 150
% % 100
o 5 50
= >
g Z 0
WT KO KO
c +OVOL2
CNE2
Vec OVOL2
OVOL2 - D
. Tumors incidence/Number of injections
E-cadherin "= Cell injected
5x10°5 1x10° 5x10*
N-cadherin & CNE2-Vector 8/8 8/8 8/8
Vimentin | - CNE2-OVOL2 8/8 6/8 4/8
B-tubulin = —
E F G
; 800-
Overexpresion g -« CNE2 Vector
- CNE2 € ool * CNE2 OvOoL2 *
0 — R
- o) *k
3 ' DY Py oo o = 10, 1 £
o> 5 0.8 . = 4004
< T 06 S
o™ |
lal @ ® - - = i 5 2004 b
> ; R — 2 o2{ 2= = 2
Ol L R S 00 s s i =,
Vector OVOL2 0 10 13 16 19 22
Days
H Knockout I J
tRee . , CNE2 < 10007 o CNE2 "
= € g0l = CNE2KO#1
5 2, /= ) -+ CNE2 KO #2**
o) @ @0 @ e 5 g
% * g ol e A g
U N = | -
£ = >
BeCi o o 2 o 'E—:} g
s = =]
! ‘ ~ 00 i

e

0 10 13 16
Days

WT KO#1 KO#2 19 22

Figure 4. OVOL2 negatively regulates the tumorigenicity of NPC. (A) OVOL2 knockout (KO) in CNE2 cells increased the ability to form colonies on conventional
plates. Mean + SD, n = 3. (B) Colony formation of CNE2 WT, OVOL2-KO and OVOL2-KO cells reconstituted with ectopic OVOL2 (n = 3). (C) EMT marker expression in
CNE?2 cells stably expressing OVOL2 or empty vector. (D) Serial transplantation experiments using limiting dilutions of WT or OVOL2-KO CNE2 cells (n = 8 mice for each
dilution). (E) CNE2 cells stably expressing OVOL2 or empty vector were subcutaneously injected into nude mice, and images were taken 22 days post-implantation. (F) Tumor
weight in mice injected s.c. with CNE2 control or OVOL2-overexpressing cells (1x105 cells; n = 8). (G) Growth curves of xenograft tumors formed by CNE2 cells stably
expressing OVOL2 or empty vector (1%105 cells were inoculated s.c.; n = 8). (H) WT or OVOL2-KO CNE?2 cells were subcutaneously injected into nude mice, and images were
taken 22 days post-implantation. (I) Tumor weight in mice injected with CNE2 WT or OVOL2-KO cells. (J) Growth curves of xenograft tumors formed by WT or OVOL2-KO
CNE2 cells (5%10¢ cells were inoculated s.c.; n = 6).

Limiting dilution transplantation analysis of
NPC xenografts was conducted, and the results
suggested that OVOL2-overexpressing cells exhibited

growth rate (Figure 4E-G). Conversely, the absence of
OVOL2 dramatically exacerbated tumorigenesis
(Figure 4H-J). These results indicate a tight

a dramatic reduction in tumor initiating ability
(Figure 4D) and a considerably reduced tumor

association between OVOL2-regulated EMT and
stemness.
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Depletion of ZEB1 in OVOL2-deficient cells
recovers epithelial trait and cell invasiveness
but not stemness

Previous reports revealed the existence of a
mutual inhibition loop involving OVOL2 and ZEB1 in
EMT [23, 26], and we wondered whether OVOL2
inhibits tumorigenic behavior by repressing ZEB1. A
negative correlation between the levels of ZEB1 target
genes and OVOL2 status was found in the
transcription profiles of OVOL2-KO cells and their
WT counterpart (Figure 5A). Furthermore, analyses of
expression data from the CCLE database [32]
suggested that ZEB1 expression had the strongest
inverse correlation with OVOL2 among EMT-TFs in
1036 cancer cell lines (Figure S3A-B) and in 12 NPC
cell lines (Figure 5B). Upon OVOL2 depletion, ZEB1
was the most significantly up-regulated EMT-TF
(Figure 5C). Furthermore, motif-finding analysis
revealed the presence of two conserved
OVOL2-binding consensus motifs CCGTTA [23] in
the first intron of human ZEB1 gene (+375 and +440
bp). Using chromatin immunoprecipitation (ChIP)
assay, we detected OVOL2 binding to both regions on
ZEB1, demonstrating that ZEB1 is a direct target gene
of OVOL2 in NPC cells (Figure 5D).

To determine if OVOL2 inhibits EMT by
antagonizing ZEB1, OVOL2-KO cells were
manipulated to reduce the level of ZEB1 by RNA
interference. Knockdown of ZEB1 in OVOL2-KO cells
was sufficient to rescue E-cadherin expression to
levels comparable to those in WT cells (Figure 5E-F);
accordingly, OVOL2-KO cells regained epithelial
morphology upon ZEB1 depletion (Figure 5G). In
contrast, the expression of mesenchymal genes,
including N-cadherin and Vimentin, was not rescued
by ZEB1 depletion (Figure 5E-F and Figure S3C-D), in
accordance with the role of ZEB1 as an epithelial
repressor rather than a mesenchymal inducer [33].
Next, we asked whether maintenance of the epithelial
program is important for the properties of
OVOL2-deficient cells. Indeed, depletion of ZEB1
reduced the migration and invasion capacities of
OVOL2-KO CNE2 cells and of S18 cells (Figure 5H);
in contrast, ZEB1 depletion did not considerably
reduce the colony formation ability of OVOL2-KO
cells (Figure 5I). Collectively, these findings suggest
that OVOL2 maintains epithelial trait by suppressing
ZEB1 transcription and inhibits mesenchymal
characteristics in a ZEBl-independent manner,
probably by directly binding and repressing the
transcription of mesenchymal genes; furthermore,
partial MET induced by down-regulating ZEB1 was
not sufficient to abolish the increased stemness
properties of OVOL2-deficient cells.

OVOL2 is regulated by promoter methylation
and epithelial differentiation

As the malignant progression of NPC is strictly
suppressed by OVOL2, we next aimed to elucidate the
mechanisms by which OVOL2 expression is
regulated. Previous genome methylation sequencing
revealed CpG methylation of the OVOL2 promoter
[29, 34]; therefore, we performed bisulfite treatment
and methylation-specific PCR analysis of the OVOL2
promoter in NPC cell lines and NPC tissues. The
results showed that the OVOL2 promoter was
hyper-methylated in most of the NPC cell lines but
not in the two NPEC cell lines (Figure 6A).
Furthermore, an analysis of 57 cases of NPC samples
revealed OVOL2 promoter hyper-methylation in
80.7% of NPC tissues (Figure 6B). Consistently,
treatment of the 5-8F and CNE1 cell lines with the
demethylating agent 5-aza-2'-deoxycytidine (5-AZA)
resulted in robust transcriptional reactivation of
OVOL2 (Figure 6C).

As 5-AZA treatment did not elevate OVOL2
expression in all the NPC cell lines (data not shown),
we questioned whether there are other modes of
OVOL2 regulation. OVOL2 was found to be
expressed in the basal layer of the nasopharyngeal
epithelium (Figure 1G), so we examined OVOL2
expression during epithelial differentiation. Retinoic
acid (RA) induces the differentiation of various cell
types, and we found that OVOL2 was significantly
increased in CNE2 cells following RA treatment,
concomitant with the up-regulation of the
differentiation marker TP63 and the down-regulation
of N-cadherin and Vimentin (Figure 6D). As the
undifferentiated subtype is the most common subtype
in NPC, these data provide another explanation for
reduced OVOL2 expression in NPC.

In summary, OVOL2 expression is regulated at
multiple levels with epigenetic and transcriptional
controls.

Partial EMT caused by OVOL2 deficiency
confers stemness and metastasis properties in
NPC

Although ~ OVOL2-KO  cells  displayed
mesenchymal morphology and increased invasion
and metastasis capacities resembling the 518
subclone, S18 cells do not show enhanced
tumorigenicity compared to CNE2 and 526 cells [31].
To understand the divergent growth potentials of
OVOL2-deficient CNE2 and S18 cells, which both
exhibit mesenchymal traits, we compared the
transcriptomes of OVOL2-KO CNE2 cells, CNE2
control cells, S18 cells, and S26 cells.
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Surprisingly, EMT remained the top pathway
that was differentially activated in OVOL2-KO CNE2
and S18 cells (Figure S1D). GSEA suggested that the
extent of EMT was as follows: S18 >
CNE2_OVOL2-KO > CNE2_WT > 526 (Figure 7A). To
quantitively evaluate the extent of EMT in the above
cells, the expression of epithelial and mesenchymal
markers in these four cell lines was determined by
Western blotting and qPCR. S18 cells completely lost
E-cadherin expression and gained the highest levels of
N-cadherin, ZEB1 and Vimentin, in contrast,
OVOL2-depleted CNE2 cells retained low levels of
E-cadherin and expressed modest levels of
mesenchymal markers. In addition, CNE2 and S26
cells were the most epithelial-like, with little or no
apparent EMT (Figure 7B-C). These data suggest that
the loss of OVOL2 does not lead to complete EMT,
which is exhibited in S18 cells. We also calculated an
EMT score for each cell line by subtraction of -ACt
N-cadherin and -ACt E-cadherin [35], and the results

clearly indicated an intermediate EMT status of
OVOL2-KO CNE2 cells (Figure 7D).

Next, we tried to establish a correlation between
the EMT spectrum and tumor invasiveness and
chemoresistance. We found that 518 cells harbored the
greatest capacity for migration and invasion and were
the most resistant to cisplatin-induced cell death,
whereas OVOL2-depleted CNE2 cells showed modest
increases in migration, invasion and drug resistance
compared to parental CNE2 cells and the epithelial
derivative S26 cells (Figure 7E-F). Therefore, the
extent of EMT is associated with enhanced invasion
ability and increased resistance to chemotherapy, but
the acquisition of cancer stemness is limited to a
narrow window of intermediate EMT (Figure 7G; see
Discussion for details).

Taken together, our data suggest that OVOL2 is
at the crossroads of EMT, metastasis and tumor
stemness.
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Discussion

The dysregulation of EMT-related TFs has been
implicated in cancer progression. The role of OVOL2,
an EMT-repressing TF, in suppressing metastasis has
been shown in several human cancers, such as breast
cancer, colorectal cancer and lung cancer [26, 27, 29,
30, 36]. In this report, by studying subclonal
populations derived from the typical NPC cell line
CNE2 that display relatively stable and contrasting
phenotypes (526: epithelial; S18: mesenchymal), we
found that OVOL2 was the most significantly
changed EMT-TF between the two subclones (Figure
1), and functional analysis suggested that OVOL2 acts
not only as a suppressor of metastasis (Figure 3) but
also as a potent tumor suppressor (Figure 4). OVOL2
was significantly down-regulated in NPC, at least
partly due to promoter hyper-methylation and
epithelial dedifferentiation (Figure 6), and low
expression of OVOL2 was correlated with poor
prognosis (Figure 1). The strong tumor inhibitory role
of OVOL2 suggests that it is a master TF in NPC
development.

Down-regulation of OVOL2 has been implicated
in various types of human cancers and has often been
associated with EMT and metastasis, such as in breast
cancer [26, 30], lung cancer [27] and colorectal cancer
[29]. On the other hand, activation of OVOL2 was also
detrimental to cells and accompanied with MET. For
example, overexpression of Ovol2 in mouse
epidermal cells led to precocious differentiation [37]
and skin blistering [38]; mutations in the promoter
region of human OVOL2 that activate OVOL2
transcription have been found in congenital
hereditary endothelial dystrophies [39]. Above
evidences indicated that OVOL2 acts as a gatekeeper
for epithelial homeostasis. The molecular mechanism
by which OVOL2 restricts EMT involves ZEB1
repression, which has been demonstrated as a key
target of OVOL2 in normal epithelial cells [23, 25, 40].
The finding has been reproduced in NPC cells in this
study. However, ZEB1 might constitute only one of
the causative genes for the EMT repressive function of
OVOL2, since knockdown of ZEB1 was unable to
fully reverse EMT caused by OVOL2 deficiency
(Figure 5). In addition to ZEB1, OVOL2 has been
reported to regulate various targets and signaling
pathways to control tumorigenesis or metastasis, such
as TWIST, NOTCH and c-Myc [27, 28, 41] genes and
WNT [29] and TGF-B [30] signaling pathways.
Whether OVOL2 inhibits EMT at multiple levels and
adopts different mechanisms in suppression of
different types of cancers need to be further studied in
the future.

Intriguingly, OVOL2 was distinct from other
canonical EMT-TFs in that its gain or loss did not
cause complete MET or EMT. Transduction of OVOL2
into NIH-3T3 cells was not able to restore E-cadherin
expression (Figure S3E). Overexpression of OVOL2 in
518 cells, a mesenchymal-like subclone of CNE2 cells,
induced partial MET (Figure 2H), suggesting that
OVOL2 can only push cells already in EMT to a more
mesenchymal state; it cannot reprogram cells from a
fixed mesenchymal state to an epithelial state.
Conversely, genetic ablation of OVOL2 did not cause
the complete loss of epithelial characteristics (Figure
7). Furthermore, partially reversing EMT by ZEB1
knockdown in OVOL2-deficient cells did not
considerably impair their stemness properties, despite
the full recovery of epithelial marker expression
(Figure 5). On the other hand, although subclone 518
showed the highest EMT score and the highest
capacity to migrate, invade, form metastatic
outgrowths, and resist chemotherapy among
OVOL2-KO CNE2 cells, parental CNE2 cells and
subclone S26 (Figure 7 and [31]), S18 cells did not
differ in primary tumor growth rate compared to
parental CNE2 cells and the epithelial derivative S26
cells [31]. In contrast, OVOL2-KO CNE2 cells showed
a modest increase in invasion, metastasis and drug
resistance compared to WT CNE2 cells and the 526
subclone but a dramatic increase in primary tumor
initiation and growth (Figure 4).

Complete loss or forced overexpression of EMT
master TFs, such as ZEB1, Twist and Snail, or the
EMT-suppressing microRNA miR-200 leads to
complete EMT or MET, which is unfavorable for
metastasis and CSC maintenance [11, 17, 42, 43]. Thus,
there is intense debate as to whether EMT is a truly
relevant event in cancer progression, and it is difficult
to utilize these EMT-TFs to predict the metastasis risk
in patients with primary cancer. In this report, we
found that the modest effect of OVOL2 on EMT has a
strong impact on both metastasis and tumorigenesis
(Figure 3 and Figure 4), reinforcing the idea that a
hybrid intermediate EMT state is linked to tumor
stemness and indicating the potential application of
OVOL2 in cancer diagnostics and prognostics. Our
data suggest that tumor cells with a high EMT score
show enhanced metastasis and drug resistance, while
cells in a hybrid EMT state display high plasticity and
a strong tumor initiating potential. These observations
indicate that metastasis and drug resistance are
enhanced during progression through EMT until cells
attain a constitutive mesenchymal trait, whereas
stemness is acquired in only a given spectrum of
intermediate EMT states (Figure 7G). An open
question is to what extent the intermediate stages of
EMT promote stemness, and a more comprehensive
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and quantitative EMT scoring system is needed to
utilize EMT state in prognostics.

In summary, our study may help clarify the
extent to which EMT is involved in various cancer
properties and pave the way to therapeutically
targeting the EMT program in cancer therapy.

Materials and methods

Cell culture

Cells were cultured as described previously [44].
The CNE2 cell line and the S18 and S26 subclones
were kindly provided by Dr. Chao-Nan Qian
(SYSUCC).

Antibodies

The following antibodies were used in this
study: OVOL2 (NBP1-88754; Novus, Littleton, CO,
USA), E-cadherin (24E10; Cell Signaling Technology,
Danvers, MA, USA), N-cadherin (13116, Cell
Signaling Technology, Danvers, MA, USA), Vimentin
(5741; Cell Signaling Technology, Danvers, MA,
USA), ZEB1 (sc-10572; Santa Cruz Biotechnology, CA,
USA), GAPDH (60004-1-1g; Protein-tech, Chicago, IL,
USA) , p-tubulin (2128S; Cell Signaling Technology,
Danvers, MA, USA) and FLAG (F3165; Sigma, USA).
Horseradish peroxidase-conjugated goat anti-mouse/
rabbit secondary antibodies were purchased from
Promega (Madison, WI, USA).

Microarray analysis

Total RNA from CNE2, S26, S18 and CNE2
OVOL2-KO cells was isolated with Trizol reagent
(Invitrogen, Carlsbad, CA, USA). Human Genome
U133 Plus 2.0 Arrays (Affymetrix, Santa Clara, CA,
USA) were used for gene expression analysis by
CapitalBio Corporation (Beijing, China).

Quantitative real-time PCR

Total RNA was isolated with Trizol reagent
(Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. First-strand cDNA was
synthesized using a PrimeScript RT Reagent Kit
(TaKaRa, Tokyo, Japan). Quantitative real-time PCR
was performed using Platinum SYBR Green qPCR
SuperMix (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s instructions. The PCR primers
used for amplifying OVOL2, E-cadherin, N-cadherin,
Vimentin, ZEB1/2, SNAI1, TWIST and GAPDH are as
follows:

OVOL2-F: 5-TGCCACAACCAGGTGAAAA-3!,
OVOL2-R: 5'-GCTGGGTGAAGGCTTTATT-3}
CDH1/E-cadherin-F: 5-TGCCCAGAAAATGAAAA
AGG-3', CDH1/E-cadherin-R: 5'-GTGTATGTGGCA
ATGCGTTC-3; CDH2/N-cadherin-F: 5'-AGCCAAC
CTTAACTGAGGAGT-3', CDH2/N-cadherin-R: 5'-G

GCAAGTTGATTGGAGGGATG-3'; Vimentin-F: 5'-G
AGAACTTTGCCGTTGAAGC-3!, Vimentin-R: 5'-GC
TTCCTGTAGGTGGCAATC-3'; ZEB1-F: 5'-ATGCAG
CTGACTGTGAAGGT-3’, ZEB1-R: 5-GAAAATGCA
TCTGGTGTTCC-3’; ZEB2-F: 5'-GTCCATGCGAACT
GCCATCTGATCCGCTCT-3’, ZEB2-R: 5-GGCTTGC
AGAATCTCGCCAC-3’; SNAI1-F: 5-ACCACTATGC
CGCGCTCTT-3’, SNAI1-R: 5-GGTCGTAGGGCTGC
TGGAA-3’; TWIST1-F: 5-AAGGCATCACTATGGAC
TTTCTCT-3, TWIST1-R: 5-GCCAGTTTGATCCCAG
TATTTT-3’; and GAPDH-F: 5-TTGCCATCAATGAC
CCCTTCA-3, GAPDH-R: 5-CGCCCCACTTGATTTT
GGA-3'.

Plasmid construction, cell transfection, and
immunofluorescence (IF) staining

All procedures were performed as described
previously [45]. The siRNA sequences are as follows:
ZEB1-siRNA#1: 5-GGACTCAAGACATCTCAGT-3;
and ZEB1-siRNA#2: 5-TGATCAGCCTCAATCTG
CA-3'.

Establishment of OVOL2-knockout cell lines
via the CRISPR/Cas9 method

Knockout of OVOL2 by the CRISPR/Cas9
method was performed as described previously [44].
All knockout clones were verified by Western blotting
and Sanger sequencing. The sequences of the two
OVOL2 sgRNAs are as follows: sgRNA#I:
5-GTTCGCTCTCGGGGGCGTGC-3'; and sgRNA#2:
5'-GTCGGGGCCCTCGGCGTCGC-3".  The geno-
typing primers were OVOL2-inl-F (5'-CGAGTGTGT
GTGTCGGGG-3') and OVOL2-in2-R (5'-GCAGAGTC
GACACAGTACCT-3).

3D culture in Matrigel and suspension culture

For 3D culture in Matrigel, 500 cells were mixed
with 50 pL of Matrigel (Corning, USA) and seeded on
a Lab-Tek Chamber Slide (Thermo Scientific,
Waltham, USA). Then, 250 pL of culture medium was
added to each well separately, and the medium was
changed every other day. For suspension culture, 500
cells were mixed with DMEM/F12 medium in the
presence of 20 ng/mL EGF, 1xB27 (17504-044, Thermo
Scientific, Waltham, USA) and 20 ng/mL FGF-2 and
seeded in 6-well plates for approximately 3 weeks. All
images were obtained with an OLYMPUS RX71
microscope (Tokyo, Japan).

Transwell assay

The Transwell invasion assays were performed
using 24-well Companion Plates containing
Transwells (Falcon, USA) with 8 pm membrane pores.
For the migration assay, 5x10* cells in 100 pL of
serum-free DMEM were added to the cell culture
inserts. For the invasion assay, 5x10* cells in 100 pL of
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serum-free DMEM were added to the upper chamber
coated with Matrigel (Corning, USA). Then, 800 pL of
DMEM containing 10% FBS was added to the bottom
chamber. After 24 h of incubation, the cells on the
lower surface of the filter were fixed with methanol,
stained with crystal violet, and examined using a
microscope.

ChIP assay

ChIP assay was performed as described
previously [41]. FLAG antibody (F3165; Sigma, USA)
was used in ChIP assay, the sequences of
ChIP-gPCR/PCR  primers are: Primer 1 F:
5-GGCAAAGTGGAGTGGGAAAG-3; Primer 1 R:
5-GGGGAAAAGTGCGGAAAGAA-3. Primer 2 F:
5-GCTCTCCCTGAACCGTTATG-3; Primer 2 R:
5-CAAGAGTGGGGAAAAGTGCG-3. Negative
control primers targeting non-OVOL2 binding
regions are Primer NC F: 5- TAACGGGGATTAGAG
GCGC -3; Primer NC R: 5- GCCATCCAAGCCCCATT
ATC -3. For qPCR of ChIP analysis, ChIP efficiency of
certain binding sites were calculated using percentage
of ChIPped DNA against input chromatin.

Animal experiments

All animal work was done in accordance with a
protocol approved by the Institutional Animal Care
and Use Committee. Female BALB/c nude mice (5-6
weeks old) were purchased from Shanghai
Laboratory =~ Animal Center (SLAC, animal
experimental license no. SYXKyue2010-0102). For the
lung metastasis assay, 1x10° viable cells were washed
and harvested in PBS and subsequently injected into
the lateral tail vein in a volume of 0.1 mL. All mice
were sacrificed approximately 5 weeks after injection,
and metastatic nodules on the surface of the lungs
were counted by naked eye. The criteria used for
counting metastatic nodules are as follows: whitish
and round shape, and more than 1 mm in diameter.
Microscopic examination was performed to further
confirm the identity of metastatic foci in addition to
macroscopic observation. Lungs for pathological
examination were formalin-fixed, paraffin-embedded,
then sectioned 4 pm thick and stained with H&E. For
the tumor xenograft assay, mice were injected
subcutaneously with 1x10° cells. Tumor volume (V)
was measured every two days and calculated with the
formula V= (lengthxwidth?)/2.

Study approval

The use of human NPC tissues was reviewed
and approved by the Ethical Committee of Sun
Yat-sen University Cancer Center (GZR2016-105), and
informed consent was obtained. The samples were
retrospectively acquired from the surgical pathology
archives of Sun Yat-sen University Cancer Center.

Immunohistochemistry (IHC) staining and
evaluation

The formalin-fixed NPC tissue array and
nasopharyngitis tissues were obtained from Sun
Yat-sen University Cancer Center. All the samples
were diagnosed by a clinical pathologist. The OVOL2
antigen was retrieved in EDTA pH 8.0 under high
pressure, nonspecific antigens were blocked with goat
serum for 30 min at room temperature, and the
samples were incubated overnight at 4 °C with the
OVOL2 antibody (1:50, Novus). The IHC slides were
scored by two independent pathologists. A
semi-quantitative scoring criterion was used for the
IHC results whereby both the staining intensity and
positive areas were recorded. The staining index
(values 0-12) was obtained by multiplying the
intensity of OVOL2-positive stain (negative, 0; weak,
1, moderate, 2; or strong, 3) with the proportion of
immunopositive cells of interest (<25%, 1; 25-50%, 2;
50-75%, 3; or >75%, 4). All scores were subdivided
into two categories according to a cutoff value of the
receiver operating characteristic (ROC) curve in the
study cohort: low expression (<3) and high expression
(>3). For the histological evaluation, mouse lung
metastatic nodules were resected, fixed with 4%
paraformaldehyde, and subjected to histological
analysis.

Bisulfite treatment and methylation-specific
PCR (MSP)

Bisulfite modification of genomic DNA and
methylation-specific PCR were carried out as
described  previously [46]. Methylated and
unmethylated MSP primer sets targeted the same
CpG site on the OVOL2 promoter and were verified to
not amplify non-bisulfite-treated genomic DNA:

OVOL2 ml: 5-AGGTTGGGAGTCGTTAGGC,
OVOL2 m4: 5-CGCTAAAAACAACGACGACG;
OVOL2 ul: 5-GAGGTITGGGAGTTGTTAGGT,

OVOL2 u4: 5'-CCCACTAAAAACAACAACAACA.

Colony formation, cell proliferation assays and
statistical analyses

All procedures were carried out as described
previously [44].
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