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ABSTRACT

Nidogen-1 (NID1) has been identified as a novel candidate diagnostic biomarker of 
ovarian cancer in our previous study. Nevertheless, the role of NID1 in the pathogenesis 
of ovarian cancer is unclear. In the present study, we demonstrated that NID1 was 
a mesenchymal associated gene and its high expression was significantly correlated 
with shorter overall survival of ovarian cancer patients. The ectopic expression of 
NID1 in OVCAR-3 cells revealed a epithelial-mesenchymal transition (EMT) phenotype 
accompanied by enhancement of motility, invasiveness and cisplatin resistance, 
whereas the knockdown of NID1 was sufficient to convert HEY cells into epithelial 
phenotype with decreased capability of motility, invasiveness and cisplatin resistance. 
Mechanistic studies disclosed that NID1 activated ERK/MAPK signaling pathway to 
promote EMT. Collectively, our findings have uncovered the molecular mechanisms 
of NID1 in promoting ovarian cancer metastasis and chemoresistance, and provide a 
rationale for the therapeutic potential of NID1 suppression in ovarian cancer.

INTRODUCTION

Ovarian cancer is the most lethal gynecological 
malignancy worldwide [1]. In China, it showed an increasing 
trend in incidence and mortality for ovarian cancer, with 
an estimated 52 100 new cases and 22 500 deaths from 
this disease in 2015 [2]. The lethality of ovarian cancer is 
mainly attributed to the fact that most ovarian cancers are 
undiagnosed until advanced stages. Despite the evolution 
of surgical techniques and chemotherapy regimens, most 
patients with advanced-stage ovarian cancer experience a 
relapse, with a median progression-free survival of only 18 
months [3]. Ovarian cancer to data is still a poorly understood 

disease with an extremely poor prognosis. To provide insight 
that will enable the development of new therapeutics, it 
is of paramount importance to elucidate the molecular 
mechanisms regarding the migratory and invasive properties 
of ovarian cancer cells.

Epithelial-mesenchymal transition (EMT) is a 
complex multi-step process whereby epithelial cells lose 
their polarity and acquire the migratory characteristics of 
mesenchymal cells. Concurrent with a loss of epithelial 
markers (E-cadherin, α-catenin, γ-catenin, etc.), cells 
undergoing EMT gain mesenchymal cell markers 
(N-cadherin, vimentin, fibronectin, etc.) [4]. There is 
a greater flexibility in this transitional process, during 
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which cells linger in intermediary stages and they 
frequently undergo a partial EMT program, rather than a 
complete EMT program [5]. EMT has been recognized 
to be pivotal for embryonic development, tissue fibrosis 
and cancer progression. Moreover, EMT is an initiating 
event in metastasis of epithelial cancers. Genetic and 
epigenetic alterations can induce migration and invasion 
of carcinoma cells, possibly through an EMT. At 
secondary sites, these cells form a new carcinoma through 
a mesenchymal-epithelial transition (MET) [6]. Epithelial 
ovarian cancers constitute 90% of ovarian cancers, thus 
EMT is also essential for the acquisition of the metastatic 
property in ovarian cancer [7, 8].

Basement membrane is a thin layer of highly 
specialized extracellular matrix, which underline cells and 
separate cells from and connect them to their interstitial 
matrix [9]. Cancer cells must cross basement membrane 
barriers to spread and then seed at new sites by recruiting a 
basement membrane-containing vascular supply to expand, 
therefore the basement membrane is closely linked with 
cancer invasion and metastasis [10]. The main components 
of basement membrane include collagen IV, laminins, 
perlecan and nidogens. Of these, nidogens are linkers 
connecting collagen IV and laminin networks, further 
stabilizing three-dimensional structure of the basement 
membrane [11]. The nidogen family in human consists of 
two members, nidogen-1 (NID1) and nidogen-2 (NID2). 
In the previous ovarian cancer relevant proteomic study, 
we found NID1 was a candidate diagnostic biomarker for 
ovarian cancer; it is elevated in the peripheral blood of 
ovarian cancer patients compared to normal controls [12, 
13]. To date, few studies have reported on the non-structural 
role of NID1. NID1 enhanced cell spreading in HEK293T 
cells [14], or promoted skin wound healing [15,  16]. In 
addition, inhibition of NID1 reduced the migration and 
invasion of ETV5 overexpressing endometrial cancer 
cells [17]. However, its detailed function in ovarian cancer 
remains unknown. Taking a close relationship between 
cancer metastasis, EMT and basement membrane into 
consideration, we wondered whether NID1 involved in 
ovarian cancer EMT and thus metastasis. In this study, we 
present the first evidence that NID1 promotes the migration, 
invasion and chemoresistance of ovarian cancer cells via 
EMT and its molecular mechanism involves the activation 
of ERK/MAPK signaling.

RESULTS

NID1 is a mesenchymal associated gene

Epithelial ovarian cancer is a highly heterogeneous 
disease and the publicly available ovarian cancer 
cell lines undoubtedly present distinct morphologic 
characteristics. Beaufort and colleagues characterized a 
series of ovarian cancer cell lines into a spindle subtype 
and an epithelial subtype, based on hierarchical clustering 

using differentially expressed genes [18]. Of these, NID1 
showed high expression in the spindle subtype, rather than 
the epithelial subtype (P<0.05) (Figure 1A). Additionally, 
gene expression analysis of high-grade serous ovarian 
cancer tissues were performed and then designated four 
molecular subtypes (“immunoreactive”, “differentiated”, 
“proliferative”, and “mesenchymal”), from the Australian 
Ovarian Cancer Study and the Cancer Genome Atlas 
Research Network study [19, 20]. The four molecular 
subtypes were then applied to the Mayo Clinic cohort 
[21] and the Bonome cohort [22]. For both, expression 
of NID1 was significantly elevated in the “mesenchymal” 
subtype than that in the other three subtypes (P<0.05) 
(Figure 1B and 1C). Moreover, high expression of NID1 
was correlated with shorter overall survival of ovarian 
cancer patients (P<0.05) (Figure 1D and 1E). The 
relevance of its high expression and the Spindle as well 
as the “mesnencymal” subtype shows that NID1 probably 
imparts EMT-prone phenotype to ovarian cancer cells.

NID1 regulates the phenotype of ovarian cancer 
cells through EMT process

To obtain further insights into the EMT-promoting 
capability of NID1 in ovarian cancer, we first generated the 
stable OVCAR-3 monoclone with ectopic expression of 
NID1. The OVCAR-3-NID1-MC cells showed markedly 
enhanced NID1 mRNA (P<0.01; Figure 2C) and NID1 
protein levels (Figure 2B), with a shift from cobblestone-
like morphology to a spindle shape (Figure 2A and Figure 
2D). Furthermore, OVCAR-3-NID1-MC cells demonstrated 
a decrease in the epithelial marker E-cadherin but an 
increase in mesenchymal marker Vimentin and the EMT 
transcription factor Twist-2, compared to OVCAR-3-vector 
cells (Figure 2B and Figure 2C). Consistent with this, 
immunofluoresence detection showed the coherent change 
of Vimentin, whereas no change of E-cadherin, in OVCAR-
3-NID1-MC cells (Figure 2D). It appears stable expression 
of NID1 in OVCAR-3 cells cause a partial EMT process.

Similar results were observed in NID1-silencing 
HEY cells. The HEY-NID1-si798 and HEY-NID1-
si2983 cells showed significantly reduced NID1 mRNA 
(P<0.05; Figure 3C) and NID1 protein levels (Figure 
3B). NID1 knockdown resulted in a dramatic reversion 
towards the epithelial phenotype, which altered cell 
morphology from a spindle shape to a cobblestone-like 
shape (Figure 3A and Figure 3D). Re-expression of the 
epithelial marker E-cadherin was detected in HEY cells 
after NID1 silencing, along with unchanged levels of the 
mesenchymal marker Vimentin and the EMT transcription 
factor Twist-2 (Figure 3B). Immunofluoresence analyses 
showed that NID1 knockdown changed E-cadherin in its 
cellular distribution not its expression level. Compared 
to its cytosolic localization in HEY-NC-siRNA cells, 
E-cadherin alternatively appeared on the plasma 
membrane/cell junction in both of HEY-NID1-si798 
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Figure 1: NID1 was a meshenchymal associated gene. (A) NID1 expression level in indicated ovarian cancer cell lines with two 
morphological subtypes (10 epithelial and 3 spindle). The ovarian cancer cell line gene expression data processed by 2log normalization 
was extracted from the Helleman cohort (GSE53418). Statistical analysis was done using two-sided independent Student’s t test. (B-C) 
NID1 expression level in ovarian cancer tissues with four molecular subtypes (“immunoreative”, “differentiated”, “proliferative” and 
“mesenchymal”). The gene expression datasets of 174 and 185 high-grade serous ovarian cancer tissue processed by 2log normalization 
were extracted from the Mayo Clinic cohort (GSE53963) (B) and the Bonome cohort (GSE26712) (C), respectively. Statistical analysis was 
done using two-sided independent Student’s t test. (D-E) Prognostic significance of NID1 in ovarian cancer. Kaplan-Meier plot of overall 
survival of patients with high-grade serous ovarian cancer were obtained from the Mayo Clinic cohort (GSE53963) (D)and the Bonome 
cohort (GSE26712) (E), respectively. The survival curves were compared using the log-rank test. P-values were two-sided and P<0.05 was 
considered statistically significant.

Figure 2: Expression of NID1 in OVCAR-3 cells induced partial EMT process. (A) Representative microscopic views of 
OVCAR-3-vector and OVCAR-3-NID1-MC cells (200×magnification). (B) Western blot for NID1, E-cadherin, Vimentin and Twist-2 
in the indicated cells, with GAPDH as the loading control. (C) Quantitative RT-PCR for NID1, E-cadherin, Vimentin and Twist-2 in 
the indicated cells, with GAPDH as the quantitative control. Two independent experiments were performed in triplicates (Two-sided 
independent Student’s t test, *P<0.05, **P<0.01, ***P<0.001). (D) Immunofluorescent microscopic images of E-cadherin (red) and Vimentin 
(red) and in the indicated cells. Nuclear was stained with 4,6-diamidino-2-phenylindole (blue) (scale bar = 20 μm).
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and HEY-NID1-si2983 cells (Figure 3D). It indicates 
that NID1 silencing induces a partial MET process in 
ovarian cancer cells. This finding is in accordance to 
the aforementioned clues from ectopic NID1 expression 
relevant experiments. The present results lend support to 
the EMT-promoting role of NID1 in ovarian cancer.

ERK/MAPK signaling pathway is involved in 
EMT process induced by NID1

Previous studies have reported that MAPK pathways 
and PI3K/AKT pathway involve in cancer cell migration 
and invasion via upregulating Twist in a variety of human 
cancers [23-26]. Therefore, we ascertained whether 
these pathways function in the EMT-promoting role of 
NID1or not. As shown in Figure 4, ectopic expression 
of NID1 increased the abundance of phosphorylated 
(activated) ERK1/2, whereas it didn’t change the levels 
of phosphorylated (activated) JNK, phosphorylated 
(activated) p38 and phosphorylated (activated) AKT1. 
Conversely, NID1 knockdown slightly reduced the 
abundance of phosphorylated ERK1/2 (Supplementary 
Figure 1). Thus, we hypothesized that the EMT-promoting 
function of NID1 in ovarian cancer cells might result 
from the activation of ERK/MAPK pathway. To address 
this issue, OVCAR-2-NID1-MC cells were treated with 
a MEK1 inhibitor (U0126), which significantly reduced 
the level of phosphorylated ERK1/2. Importantly, U0126 
abrogated the NID1-induced expression of Vimentin 

and Twist-2 afterwards, without alteration of E-cadherin 
expression (Figure 5A and 5B). These findings reveal that 
NID1 impinges on ERK/MAPK signaling pathway to 
foster the EMT of ovarian cancer cells.

NID1 exacerbates ovarian cancer cell migration 
and invasion

EMT is currently considered as a key event for 
tumor metastasis, we next determined the effect of NID1 
on ovarian cancer cell migration and invasion. Matrigel 
migration/invasion assays showed that migratory and 
invasive OVCAR-3-NID1-MC cells were both more than 
migratory and invasive OVCAR-3-vector cells (P=0.024; 
Figure 6B and P=0.210; Figure 6C). Concordantly, the 
wound-healing capacity of OVCAR-3-NID1-MC cells was 
dramatically greater than that of OVCAR-3-vector cells 
(Figure 6A). NID1 overexpression didn’t significantly 
affect the proliferation rate of OVCAR-3 cells (P=0.591; 
Figure 6D).

In contrast, NID1 silencing in HEY cells reduced 
cell migration and invasiveness. Compared to HEY-
NC-siRNA cells, HEY-NID1-si798 and HEY-NID1-
si2983 cells both exhibited weaker migration capacity 
(P=0.105, P=0.033; Figure 7A), as well as invasion 
capacity (P=0.049, P=0.087; Figure 7B). Together, these 
data suggest a positive role of NID1 in the motility and 
invasiveness of ovarian cancer cells associated with partial 
EMT process.

Figure 3: NID1 silencing in HEY cells induced partial MET process. (A) Representative microscopic views of HEY-NC-
siRNA, HEY-NID1-si798 and HEY-NID1-si2983 cells (200×magnification). (B) Western blot for NID1, E-cadherin, Vimentin and Twist-2 
in the indicated cells, with GAPDH as the loading control. (C) Quantitative RT-PCR for NID1, E-cadherin, Vimentin and Twist-2 in 
the indicated cells, with GAPDH as the quantitative control. Two independent experiments were performed in triplicates (Two-sided 
independent Student’s t test, *P<0.05, **P<0.01). (D) Immunofluorescent microscopic images of E-cadherin (red) and Vimentin (red) and in 
the indicated cells. Nuclear was stained with 4,6-diamidino-2-phenylindole (blue) (scale bar = 20 μm).
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NID1 promotes the cisplatin-based resistance of 
ovarian cancer cells

Taking the relevance of EMT with chemoresistance 
of cancer cells into consideration, we further investigated 
the effects of NID1 on cisplatin-based resistance in 
ovarian cancer cells. Koti and colleages performed 
the whole transcriptome profiling with 28 high-grade 
serous ovarian cancer tissues, which were divided into 
the platinum-sensitive group and the platinum-resistant 
group [27]. The NID1 level was remarkably higher in the 
resistant group than that in the sensitive group (P=0.025; 
Figure 8A), and its level was positively correlated with 
the well-characterized drug efflux transporters MDR1 
(P=0.041, Figure 8B) and ABCG2 (P=0.008; Figure 8C), 
respectively. 

These results described above suggested that 
NID1 might contribute to chemoresistance. To test this 
premise, we examined cisplatin-sensitivity of OVCAR-
3-vector cells and OVCAR-3-NID1-MC cells. Compared 
to OVCAR-3-vector cells, OVCAR-3-NID1-MC cells 

exhibited higher cisplatin resistance (P<0.05; Figure 8D) 
and correspondingly higher expression levels of MDR1 
and ABCG2 (P<0.01; Figure 8E). Furthermore, the 
cisplatin-sensitivity of NID1-silencing HEY cells were 
detected as well. HEY-NC-siRNA cells showed slightly 
higher cisplatin resistance (P<0.05; Figure 8F) and higher 
expression levels of MDR1 and ABCG2 (P<0.05; Figure 
8G), relative to NID1-silencing HEY cells.

DISCUSSION

We previously demonstrated that NID1 was elevated 
in the peripheral blood of ovarian cancer patients compared 
to normal controls [12, 13]. Its abnormal expression level 
probably alter the integral organization of basement 
membrane and its functions. In the present study, NID1 was 
also indicated as a mesenchymal associated protein, based on 
its higher expression in spindle- and mesenchymal-subtypes 
(Figure 1). Furthermore, NID1 promoted the EMT process 
of ovarian cancer cells whereby they lose their epithelial 
characteristics and acquire certain mesenchymal properties 

Figure 4: Effect of NID1 on signaling pathways. Western blot for FAK, ERK1/2, JUK, p38 and AKT1 and their corresponding 
activation in total cell lysates of OVCAR-3-vector and OVCAR-3-NID1-MC cells. GAPDH served as an internal control of protein loading.
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Figure 5: The NID1-induced expression of EMT relevant markers was regressed in the presence of U0126 (a MEK1 
inhibitor). (A) Western blot for E-cadherin, Vimentin, Twist-2, phoshpo-ERK1/2 and total ERK1/2 in total cell lysates of OVCAR-3-
NID1-MC cells after U0126 treatment. GAPDH served as an internal control of protein loading. (B) Immunofluorescent microscopic images 
of E-cadherin (red) and Vimentin (red) in OVCAR-3-NID1-MC cells after U0126 treatment. Nuclear was stained with 4,6-diamidino-2-
phenylindole (blue) (scale bar = 20 μm).

Figure 6: Expression of NID1 in OVCAR-3 cells facilitated cell migration and invasion. (A) Representative scraping wounds 
formed by OVCAR-3-vector and OVCAR-3-NID1-MC cells were measured at 0, 1, 2, 3 and 4 days after wounding (scale bar = 100 μm). 
(B) Representative microscopic views of migratory cells from OVCAR-3-vector and OVCAR-3-NID1-MC cells were photographed at 
100×magnification (upper). Five fields of the indicated cells were enumerated (lower). (C) Representative microscopic views of invaded 
cells from OVCAR-3-vector and OVCAR-3-NID1-MC cells were photographed at 100×magnification (upper). Five fields of the indicated 
cells were enumerated (lower). Means and S.Ds are shown from three independent experiments performed in duplicates. (D) Proliferation 
curves of OVCAR-3-vector and OVCAR-3-NID1-MC cells were monitored every 24 h, over 5 days. Means and S.Ds at each time point are 
shown from three independent experiments performed in triplicates. Statistical analysis was done using two-sided paired Student’s t test or 
independent Student’s t test. P<0.05 was considered statistically significant.
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(Figure 2). In classical EMT, cancer cells undergoing 
EMT present a loss of epithelial markers (E-cadherin, etc.) 
and a gain of mesenchymal cell markers (Vimentin, etc.). 
Nevertheless, the expression patterns of EMT markers do 
not follow this model in this study. The immunofluoresence 
detection didn’t show the alteration of E-cadherin in NID1-
overexpressed OVCAR-3 cells. Accordingly, Vimentin didn’t 
change obviously in NID1-silencing HEY cells. They all 
suggest ovarian cancer cells undergo a partial EMT process. 
A partial EMT state has been noted in many developmental, 
wound healing, fibrosis, and cancer processes, with the 
existence of intermediate hybrid epithelial and mesnechymal 
phenotype [5]. The complexity of EMT in ovarian cancer 

cells probably stems from their heterogeneous nature. 
Epithelial ovarian cancer is the predominant form of ovarian 
cancer, comprising several histological subtypes based on 
tumor cell morphology. The four major histological subtypes 
include serous, mucinous, clear cell, and endometrioid. Of 
these, the serous type is the most common, originating from 
fallopian tube epithelium. OVCAR-3 cells and HEY cells 
are of the serous ovarian cancer subtype. Previous reports 
indicate that intermediate states of EMT display the highest 
plasticity, and thus represent an appropriate stage within 
which to induce or reverse EMT [28]. However, OVCAR-3 
cells and HEY cells present epithelial phenotype and 
mesenchymal phenotype, respectively. The effect of NID1 is 

Figure 7: NID1 silencing in HEY cells suppressed cell migration and invasion. (A) Representative microscopic views of 
migratory cells from HEY-NC-siRNA, HEY-NID1-si798 and HEY-NID1-si2983 cells were photographed at 100×magnification (upper). 
Five fields of the indicated cells were enumerated (lower). (B) Representative microscopic views of invaded cells from HEY-NC-siRNA, 
HEY-NID1-si798 and HEY-NID1-si2983 cells were photographed at 100×magnification (upper). Five fields of the indicated cells were 
enumerated (lower). Means and S.Ds are shown from two independent experiments performed in duplicates. Statistical analysis was done 
using paired Student’s t test or two-sided independent Student’s t test . P<0.05 was considered statistically significant.
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limited, therefore these ovarian cancer cells separately retain 
partial intrinsic characteristics during the transition to their 
opposite phenotype.

Twist-1 and Twist-2 are bHLH transcription 
factors responsible for EMT. Twist-1 has been reported 
in a role in MAPK pathway to mediate EMT [23, 24]. 
However, our data suggested that EMT induced by NID1 
was associated with aberrant activation of ERK/MAPK 
pathway which then functions on Twist-2, not Twist-1 
(Figure 2B and Figure 5A). Integrins are heterodimeric 
cell surface glycoproteins consisting of α and β subunits 
and mediate the attachment of cells to the extracellular 
matrix (ECM). The binding of integrins and the ECM leads 
to the recruitment of focal adhesion kinase (FAK) to the 
newly formed focal adhesion sites. Subsequently, FAK acts 
as a phosphorylation-regulated signaling scaffold, which 
activates downstream effectors (such as ERK/MAPK 
pathway, JNK/MAPK pathway and PI3K/AKT pathway) 

and then results in cell migration and invasion [29]. As a 
critical component in basement membrane, NID1 was able 
to bind with integrin α3β1 [30]. Therefore, we examined 
if integrin-FAK signaling involved in the activation of 
ERK/MAPK pathway by NID1. Herein we demonstrated 
that integrin α3 was also expressed in OVCAR-3-vector 
cells and OVCAR-3-NID1-MC cells (Supplementary 
Figure 2). Ectopic expression of NID1 enhanced the 
phosphorylation of FAK at Y397 (Figure 4). Furthermore, 
treatment of PF573228 (an FAK inhibitor) remarkably 
reduced the level of phosphorylation Y397 in FAK as well 
as that of phosphorylated ERK1/2, but it hardly changed 
the expressions of EMT-relevant markers (Supplementary 
Figure 3). All these points raised the possibility that the 
diminution of integrin-FAK signaling provoked other 
downstream pathways which compensated the effects 
of ERK/MAPK inactivation. In this context, FAK is 
inapplicable as an drug target in ovarian cancer treatment.

Figure 8: The gene expression datasets of 28 high-grade serous ovarian cancer tissue processed by 2log normalization 
was extracted from the Koti group (GSE51373). NID1 expression level was indicated in the platinum-sensitive group and the 
platinum-resistant group (A) Correlations between the expression levels of NID1 and MDR1 (B) or ABCG2 (C) were evaluated with the 
Pearson correlation test. (D) The cell viability of OVCAR-3-vector and OVCAR-3-NID1-MC cells treated with various concentrations 
of cisplatin was measured by CCK-8 assay. (E) Quantitative RT-PCR for MDR1 and ABCG2 in the indicated cells, with GAPDH as 
the quantitative control. (F) The cell viability of HEY-NC-siRNA, HEY-NID1-si798 and HEY-NID1-si2983 cells treated with various 
concentrations of cisplatin was measured by CCK-8 assay. (G) Quantitative RTPCR for MDR1 and ABCG2 in the indicated cells, with 
GAPDH as the quantitative control. Three independent experiments were performed in triplicates. Statistical analysis was done using 
twosided independent Student’s t test. *P<0.05, **P<0.01, ***P<0.001.
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The EMT has been implicated in two of the most 
important process responsible for cancer-related mortality: 
progression to distant metastatic disease and acquisition 
of therapeutic resistance [31]. We demonstrated NID1 
promoted ovarian cancer cell migration and invasion 
(Figure 6 and Figure 7). There are few reports with respect 
to the pathological role of NID1 in cancer progression. 
In agreement with our observation, inhibition of NID1 
reduced the migration and invasion of ETV5-overexpressed 
endometrial cancer cells [17]. In addition, we found NID1 
favored cisplatin-based resistance of ovarian cancer, with 
refractory patients having the higher expression level of 
NID1, NID1-overexpressed cells having higher cisplatin 
resistance and NID1-silencing cells having weaker cisplatin 
resistance (Figure 8A, Figure 8D and Figure 8F). The 
occurrence of cisplatin-resistance is correlated with a plethora 
of molecular mechanisms, including enhancing cytotoxic 
agents extrusion by ATP-binding cassette (ABC) transporters 
[32]. Herein we proposed that NID1 exacerbated resistance 
of ovarian cancer cells via upregulating the expression of 
MDR1 and ABCG2 (Figure 8E and Figure 8G), two well-
known ABC transporters. Besides NID1, several regulators, 
such as HPIP, NANOG and FOXM1, have been reported 
to promote EMT of ovarian cancer cells and then confer 
them drug resistance, involving PI3K/AKT pathway, STAT3 
pathway, etc [33-36]. The aforementioned results implicated 
that NID1-overexpressed ovarian cancer cells potentially 
exhibited cancer stem cell-like characteristics which imparts 
the metastatic and chemoresistant advantage to cells. As an 
example, the expression level of CD44 (one ovarian cancer 
stem cell marker) was increased in NID1-overexpressed 
OVCAR-3 cells but decreased in NID1-depleted HEY cells 
(Supplementary Figure 4). Recent evidence has highlighted a 
link between EMT and cancer stem cells that favor metastasis 
and therapeutic resistance of tumors, and the subtypes of 
cancer stem cells that display therapeutic resistance and 
phenotypic plasticity may be promising therapeutic targets 
[37]. In further work, we would focus on these issues.

In summary, our study shows that NID1 is a 
mesenchymal associated gene and is significantly 
correlated with poor prognosis of ovarian cancer. 
Moreover, NID1 plays a critical role in ovarian cancer cell 
migration, invasion and chemoresistance by partial EMT 
process. The underlying mechanism involves, at least in 
part, the activation of ERK/MAPK signaling pathway. 
Thus, NID1 may represent a candidate prognostic indicator 
and a potential therapeutic target of ovarian cancer.

MATERIALS AND METHODS

Cell culture, construction of stable cell lines and 
siRNA transfection

The human ovarian papillary serous adenocarcinoma 
cell line HEY was obtained from Shanghai Genechem 

(Shanghai, China). The human ovarian papillary serous 
adenocarcinoma cell line OVCAR-3 was donated by Dr. 
Huhua Ling (Department of Obstetrics and Gynecology, First 
Affiliated Hospital, Chongqing Medical University). Cells 
were cultured in RPMI 1640 medium (Invitrogen, Carlsbad, 
CA, USA) supplemented with with 10% fetal bovine serum 
(Invitrogen, Carlsbad, CA, USA), streptomycin (100 μg/mL) 
and penicillin (100 IU/ml). All cells were maintained in a 
humidified incubator at 37°C with 5% CO2.

OVCAR-3 cells were selected to generate cells with 
stable NID1 overexpression. Transfection of OVCAR-3 
cells with 4.0 μg control plasmid (GV144) (Shanghai 
Genechem, Shanghai, China) or NID1 expression vector 
(NID1-GV144) (Shanghai Genechem, Shanghai, China) 
was performed using Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA, USA) according to manufacturer’s 
instructions. Stable clones with the control plasmid or the 
NID1 expression vector were then selected in the presence 
of G418 (150 μg/ml), designated as OVCAR-3-vector and 
OVCAR-3-NID1-MC, respectively.

HEY cells were selected to generate cells with 
transient NID1 reduction. All siRNAs were chemically 
synthesized by Shanghai GenePharma (Shanghai, China). 
The sense sequences of the siRNA duplex included 
UUCUCCGAACGUGUCACGUUU (NC-siRNA), 
CAACGGAGCUUAUAACAUAUU (NID1-si798), 
GGAAAUACCAUGAGGAAGAUU (NID1-si2983). The 
blast data of NID1-siRNAs was supplied to address their 
specificity (seen in Supplementary Table 1). Transfection of 
HEY cells with siRNAs was performed using Lipofectamine 
RNAiMAX reagent (Invitrogen, Carlsbad, CA, USA) 
according to the manufacturer’s instructions. Cells were then 
collected and subjected to analysis 72hr post-transfection.

Cell treatment

To evaluate the function of ERK/MAPK signaling 
pathway in the EMT-promoting role of NID1, OVCAR-
3-NID1-MC cells were treated with 50 μM U0126 (an 
effective MEK inhibitor, Cell Signaling Technology, 
Danvers, MA, USA) for 24h. These cells were lysed and 
subjected to Western blot analysis.

To examine the role of FAK in the activation of 
ERK/MAPK signaling pathway by NID1, OVCAR-
3-NID1-MC cells were treated with 5 nM PF573228 
(Sigma-Aldrich, St.Louis, Missouri, USA) for 24h, which 
effectively inhibited FAK phosphoryation on Tyr397. These 
cells were lysed and subjected to Western blot analysis.

Quantitative RT-PCR

Total RNA was extracted from cultured cells using 
the Total RNA Kit I (Omega Bio-Tek, Doraville, GA, USA) 
according to the manufacturer’s instructions. The cDNA 
was generated from 1 μg of total RNA using PrimeScript 
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1st Strand cDNA Synthesis Kit (TaKaRa, Otsu, Japan) 
following the manufacturer’s instructions. Quantitative 
real-time PCR was performed using the SYBR Premix Ex 
TaqTM (Perfect Real Time) kit (TaKaRa, Otsu, Japan). The 
relative expression level of the target gene was calculated 
with the 2−ΔΔCt method. The sequences of the primers used 
were provided in Supplementary Table 2.

Western blotting

The standard Western blotting was conducted 
according to previously described procedures [38]. The 
information of the antibodies used were provided in 
Supplementary Table 3.

Immunofluorescence staining

Cells were fixed and incubated with E-cadherin 
(20874-1-AP, Proteintech, Chicago, IL, USA) or Vimentin 
(5741, Cell Signaling Technology, Danvers, MA, USA) 
followed by the incubation with Alexa 594-conjugated 
anti-rabbit IgG (A-11012, Molecular Probes, Eugene, 
Oregon, USA). Cells were counterstained with 
4’,6’-diamidino-2-phenylindole (Sigma-Aldrich, St.Louis, 
Missouri, USA) and examined by an Olympus BX51 
fluorescence microscopy. The dilutions of these antibodies 
and reagents were provided in Supplementary Table 3.

Cell proliferation assay

Cell proliferation was determined by Cell Counting 
Kit-8 (Beyotime, Jiangsu, China), according to the 
manufacturer’s instructions. Ovarian cancer cells were 
seeded in 96-well plates at 0.2×104 cells per well. Three 
independent experiments were performed in triplicates. 
The cell proliferation status at each time point was 
presented as the corresponding absorbance at 450nm.

Wound healing assays

100×104 cells were seeded in 60-mm culture 
dishes overnight in normal culture medium, and then 
the monolayer of the cells were scratched using a yellow 
pipette tip. After scraping, cells were incubated in low 
serum medium (2% FBS contained). Cells migrated across 
the wounds were photographed immediately and again at 
1 day, 2 day, 3 day and 4 day after scrapping.

Transwell migration and invasion assay

Transwell migration and invasion assay was 
conducted according to previously described procedures 
[38]. For transwell migration assay, 0.5×104 cells were 
seeded , whereas 1×104 cells were seeded for transwell 
invasion assay. Three independent experiments were 
performed in duplicates.

Cell viability assay

Cytotoxicity assay was determined by Cell 
Counting Kit-8 (Beyotime, Jiangsu, China), according 
to the manufacturer’s instructions. Ovarian cancer cells 
were seeded in 96-well plates at 1×104 cells per well and 
then treated with the indicated concentration of cisplatin 
(Meilun Biotechnology, Liaoning, China) for 24h. Three 
independent experiments were performed in triplicates.

Statistical analysis

Ovarian cancer microarray data were downloaded 
from the public GEO database (GSE53418, GSE53963, 
GSE26712 and GSE51373). All statistical analyses were 
carried out using the SPSS software, version 16.0 (SPSS 
INC, Chicago, IL, USA). Independent Student’s t test was 
performed to analyze the significance of markers’ mRNA 
level, cell proliferation assay and cell viability assay. 
Paired Student’s t test was applied in transwell migration/
invasion assay. Overall survival curves were plotted by 
the Kaplan-Meier method and compared by log-rank 
test. Correlations between protein expression levels were 
evaluated with Pearson correlation test. All comparisons 
were two-tailed, and P values of <0.05 were taken to be 
statistically significant.
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