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Abstract
Go-Ichi-Ni-San 2 (GINS2), as a newly discovered oncogene, is overexpressed in several cancers. However, the specific role of
GINS2 in the development of pancreatic cancer (PC), to our knowledge, is poorly understood. We systematically explored the
potential role of GINS2 in epithelial–mesenchymal-transition (EMT)-stimulated PC in vitro and vivo. GINS2 was
overexpressed in human PC specimens, which was positively associated with tumor size (P= 0.010), T stage (P= 0.006),
vascular invasion (P= 0.037), and the poor prognosis (P= 0.004). Interestingly, a close correlation between GINS2,
E-cadherin, and Vimentin (P= 0.014) was found in human PC specimens and cell lines that coordinately promoted the worse
survival of PC patients (P= 0.009). GINS2 overexpression stimulated EMT in vitro, including promoting EMT-like cellular
morphology, enhancing cell motility, and activating EMT and ERK/MAPK signal pathways. However, PD98059, a specific
MEK1 inhibitor, reversed GINS2 overexpression-stimulated EMT in vitro. Conversely, GINS2 silencing inhibited EMT in
PANC-1 cells, which was also rescued by GINS2-GFP. Moreover, GINS2 was colocalized and co-immunoprecipitated with
ERK in GINS2 high-expression Miapaca-2 and PANC-1 cells, implying a tight interaction of GINS2 with ERK/MAPK
signaling. Meanwhile, GINS2 overexpression inhibited distant liver metastases in vivo, following a tight association with EMT
and ERK/MAPK signaling, which was reversed by MEK inhibitor. Overexpression of GINS2 contributes to advanced clinical
stage of PC patient and promotes EMT in vitro and vivo via specifically activating ERK/MAPK signal pathway.

Introduction

Pancreatic cancer (PC) is predicted to be the second most
frequent cause of death within the next 10 years in North

America and Europe [1]. It ranks as the first morbidity and
the second age-standard fatality in Chinese male population
[2]. Most (85%) patients are diagnosed with advanced local
stage or metastatic progression because of its aggressive
biology [3]. Epithelial-to-mesenchymal transition (EMT) is
regarded as a key stimulator in accelerating the above
progression. The key epithelial markers, E-cadherin (E-
cad), is lost during the EMT process, leading to the damage
of cell–cell adhesion and the gain of mesenchymal prop-
erties, which finally contributes to the strong cell inva-
siveness and metastasis of PC [4].

The Go-Ichi-Ni-San (GINS) family, including four sub-
units (GINS1–4), has a specific function in DNA replication
and cell cycle [5], and plays a vital role in the development
of chromosome and DNA replication forks [6].
GINS2 situates in human chromosome 16q24 with 1196 bp
mRNA and ~21 kDa of molecular weight. It is identified as
a critical regulator in DNA replication and cell cycle pro-
cess [7], and an oncogene in various cancers, such as non-
small-cell lung [8], breast [9], cervical [10], and thyroid
cancers [11]. However, its definite role in PC, to our
knowledge, has not been reported.
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ERK/mitogen-activated protein kinase (MAPK) signaling is
a key modulator in cell biology (proliferation, differentiation,
motility, apoptosis, and survival) via cell membrane receptor
signals transmission [12]. It promotes a malignant phenotype
in cancers when facing multiple intrinsic and extrinsic stimuli
[12, 13]. The activation of ERK/MAPK signaling promotes
EMT progression in several cancers. For example, Calreticulin
promoted epidermal growth factor (EGF)-induced EMT in PC
through activating EGFR-ERK/MAPK signal [14]; Musashi2
promoted EGF-stimulated EMT in PC via activating ZEB1-
ERK/MAPK signal pathway [15]. Up to now, only one study
show a close association of GINS2 with EMT in non-small-
cell lung cancer (NSCLC) [8]. Based on the above studies, we
intend to investigate the potential role and molecular
mechanism of GINS2 in EMT, which offers a novel and
promising gene target for PC intervention.

Materials and methods

Clinical specimens and PC cells

The present research was authorized by the academic
committee from the Fourth People’s Hospital in Shenyang
city and the first hospital of China Medical University. All
patients accepted the specimen consent and the study
methodology has been admitted by the China Medical
University. Seventy-four paraffin-embedded PC and paired
pancreas were picked up from surgical treatment patients
from 2007 to 2017, which were definitely diagnosed as
pancreatic ductal adenocarcinoma. Patients with endocrine
carcinoma, acinar cell carcinoma, and invasive intraductal
papillary mucinous carcinoma were excluded from this
study. Twenty and 18 PC specimens were additionally
collected for western blotting (WB) and PCR, respectively.
Aspc-1, Bxpc-3, PANC-1, and Miapaca-2 cells were pur-
chased from the cell culture collection in Chinese Academy
of Sciences in Shanghai.

Immunohistochemistry

Our study was not a prospective research and 74 samples
were enough for immunohistochemical (IHC) assays. IHC
was conducted according to our previous study [10, 11].
Our study was not a prospective research. IHC was con-
ducted according to our previous study [14, 15]. In detail,
PC sections were deparaffinized and dehydrated first. They
were next incubated with H2O2, subjected to high-pressure
repair, and blocked with bovine serum albumin (BSA).
Anti-GINS2 (Abcam, Cambridge, UK, dilution, 1 : 200), E-
cad (Abcam, dilution, 1 : 500), and Vimentin (Proteintech,
Chicago, IL, dilution, 1 : 1000) sections were incubated
overnight. After washing with phosphate-buffered saline

(PBS), slices were covered with the secondary antibody,
detected with DAB, co-stained with haematoxylin, and
evaluated by two pathologists.

Western blotting

The total proteins extracted from whole-cell lysates and PC
specimens were inserted into 10% SDS-polyacrylamide gels,
transmitted to wet transfer, blocked with 5% skimmed-milk
(diluted with TBST) and incubated with GINS2 (Abcam,
dilution: 1 : 1000; ab197123), E-cad (Abcam, dilution: 1 :
1000; ab40772), ZO-1 (Proteintech, Chicago, IL, dilution: 1 :
1000; 21773-1-AP), N-cadherin (Proteintech, dilution: 1 : 500;
13769-1-AP), Vimentin (Proteintech, dilution: 1 : 2000;
10366-1-AP), MMP9 (Proteintech, dilution: 1 : 500; 10375-2-
AP), Fibronectin (Proteintech, dilution: 1 : 1000; 66042-1-Ig),
pERK/ERK (Cell Signaling Technology, Beverly, USA,
dilution: 1 : 500/1 : 1000, respectively; #9101/#4695), p-p38/
p38 (Cell Signaling Technology, 1 : 1000 and 1 : 1000,
respectively; #4511/#8690), p-JNK/JNK (Cell Signaling
Technology, 1 : 1000 and 1 : 1000, respectively; #4668/
#9252), and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (Proteintech, dilution: 1 : 3000; 60004-1-Ig) anti-
bodies. The secondary antibodies (Proteintech) were incubated
and all the bands were detected with the ECL instrument (Bio-
Rad, California, USA). Cells were pretreated MEK1 inhibitor
PD98059 (20 μM, Cell Signaling Technology, #9903) for 2 h
prior to WB according to our previous study [16]. WB was
repeated three times.

Immunofluorescence staining

PC cell lines were implanted into 24-well culture plates
covered with slices, fixed in 4% paraformaldehyde, per-
meabilized with Triton X-100 (0.25%), and incubated with
5% BSA. Then, plates were stained with the following
primary antibodies: GINS2 (Abcam, 1 : 50), E-cad (Abcam,
1 : 100), Vimentin (Proteintech, 1 : 100), and ERK (Cell
Signaling Technology, 1 : 50). The secondary antibodies
(Vector Laboratories, California, USA) were conjugated
with fluorescein isothiocyanate for GINS2 and tetra-
methylrhodamine for E-cad, Vimentin, and ERK. Hoechst
33258 (Vector Laboratories) were used for nuclear visua-
lizing. Aspc-1 and Bxpc-3 cells were used to stain with
E-cad and Vimentin in green fluorescent protein (GFP),
GINS2-GFP, and GINS2-GFP plus PD98059 groups,
whereas Miapaca-2 and PANC-1 cells were used to stain
with GINS2 and ERK, respectively.

Immunoprecipitation

According to our previous study [10, 11, 16], lysates from
normal cells were extracted in the immunoprecipitation (IP)
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lysis buffer. In detail, the antibodies of GINS2, ERK, and
GAPDH were incubated with magnetic-beads (Thermo
Scientific, Rockford, IL, USA) for at least 4 h.
Antibody–beads complex was treated with the supernatants
of RIPA-treated lysates overnight after washing with IP
lysis buffer. The final immunocomplex was boiling with 5×
loading buffer for WB analysis with GINS2 and ERK
antibodies, respectively. Input and IgG groups were used as
a positive and negative control, respectively.

Real-time quantitative PC

According to our previous study [16], the mRNA of target
genes was detected in SYBR Premix Ex TaqTMII regent
(Takara Biology, Dalian, China) as below: 95 °C for 40 s
and 45 cycles of 95 °C for 10 s and 58 °C for 40 s. The
primers were summarized in Supplementary Table 1.
Quantification of amplification products was calculated
with post-PCR melt dissociation following the ΔΔCt
method.

siRNA and lentivirus vector-mediated GINS2
overexpression

Two effective sequence (3′-untranslated region) of
GINS2siRNA were followed:

1. 5′-CATGCAATGGATAGAAGGTTCTGTA-3′;
2. 5′-CATCATGCAATGGATAGAAGGTTCT-3′.
siRNA transfections and Oligofectamine-3000 (Invitro-

gen, USA) were mixed together for transfection according
to the protocol. One of above siRNA sequences was used
for the late experiment in vitro. Lentivirus vector-mediated
GINS2 overexpression (GINS2-GFP) and empty vector
(GFP) were purchased from Genechem (Shanghai, China).
Aspc-1 and Bxpc-3 cells with low GINS2 expression were
available for constructing GINS-overexpressing stable PC
cell lines after puromycin treatment. GINS2 silencing and
overexpressing effect was detected by WB shown in the
“Results” section.

EMT construction

PC cells with GINS2-GFP and GFP were pre-cultured with
medium containing 1% fetal bovine serum (FBS) twice
within 4 days, to enhance EMT induction. The transfor-
mation involving EMT-like cellular morphology, EMT
epithelial and mesenchymal markers, and cell motility were
evaluated to reflect the EMT development model. Prior to
morphology assays, PC cells were pretreated with PD98059
(20 μM) twice, combining with 1% FBS medium within
4 days. DMSO was used for diluting PD98059 and was
added as a control.

Transwell assays

Based on our previous study [16], GINS2siRNA- and
siRNAcontrol (siRNActrl)-transfected PANC-1 cells, and
GINS2-GFP- and GFP-transfected AsPC-1 cells pretreated
with PD98059 (20 μM for 2 h twice) were implanted into
membrane inserts (BD Biosciences, USA) covered with
Matrigel (Corning, Bedford, MA, USA) in 24-well plates
with free serum medium. Medium combining 10% FBS was
put into the bottom as the stimulus. The migrated cells at the
underside of the inserts were fixed and co-stained with
crystal violet (Sigma). The final migrated cell number were
calculated in at least five random fields/each well. The
invasion assay was conducted in the similar way without
Matrigel. We repeated three times for this experiment.

Liver metastatic model

Animals were kept under the Institutional Animal Care of
China Medical University according to the national guide-
lines for animal studies. As PD98059 was not prevalently
used in vivo previously, we used another MEK1 inhibitor
U0126 (Cell Signaling Technology) instead of PD98059
in vivo according to previous studies [17–20].

We estimated five mice in each group is enough in vivo
for the final statistics analysis. Total 15 nude mice (BALB/c
Nude, female, 6–8 weeks old) were acclimatized for a week
and were randomly divided into GFP, GINS2-GFP, and
GINS2-GFP plus U0126 groups (n= 5 in each group). The
investigator was blinded to the groups during the experi-
ment when assessing the outcome. According to the pro-
tocol of our previous studies [15], GINS2-GFP- and control
(GFP)-transfected Aspc-1 cells (1 × 107 ml−1) mixed with
pre-cold PBS (150 μl) were slowly injected into the lower-
middle part of spleen. A cotton swab was pressed toward
the injection site to avoid bleeding and leakage. Three days
after injection, U0126 was injected intraperitoneally (100 μl
at the dose of 50 μmol/kg) every 3 days in GINS2-GFP plus
U0126 group according to protocol of previous studies
[17–20]. All mice were killed after 3 weeks. We calculated
liver metastases number and took the samples for the late
hematoxylin and eosin (HE), and IHC assays.

Statistical analysis

Nonparametric paired, χ2-, and Spearman’s relation tests
were used for the statistical analyses in IHC assays. The
Kaplan–Meier curve, log-rank, and Cox regression tests
were used to calculate the prognosis data. Other data
including WB, quantitative reverse-transcriptase PCR,
transwell, and the comparing of liver metastatic number
were identified as means ± SD and were compared via
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paired or independent t-test. P-value is regarded statistically
significant when *P < 0.05 and **P < 0.01.

Results

Overexpression of GINS2 was tightly associated with
the clinicopathological significance of PC patients

GINS2 showed cytoplasmic and nuclear expression in
adjacent pancreas (Fig. 1a, d) and PC (high expression in
Fig. 1b and low expression in Fig. 1c). It is well known that
E-cad and Vimentin are the critical epithelial and
mesenchymal hallmarks in EMT, respectively [20]. E-cad
membrane expression in the pancreas (Fig. 1e) and PC
(Fig. 1k) was regarded as normal expression, whereas E-cad
cytoplasmic or negative expression in PC samples (Fig. 1h)
were identified as abnormal expression. Vimentin showed
membrane and cytoplasmic staining in the pancreas
(Fig. 1f) and PC (Fig. 1i, l). IHC showed GINS2 was
overexpressed in human PC specimens in contrast with the
paired pancreas (40/74, 54% vs. 19/74, 25.6%, P < 0.01)
(Fig. 1a, b). PC specimens with GINS2 overexpression
(Fig. 1g) was associated with E-cad abnormal (Fig. 1h) and
Vimentin-positive expression (Fig. 1i) in most serial sample

slices and vice versa (Fig. 1j–l). Spearman’s correlation test
further confirmed that GINS2 showed a negative association
with E-cad and a positive relationship with Vimentin in 74
PC specimens (r=−0.287, P= 0.014; r= 0.270, P=
0.020) (Table 1).

GINS2 overexpression was positively related with tumor
size (P= 0.010), T stage (P= 0.006), and vascular invasion
(P= 0.037), but had no relationship with other characters
(Table 2). Patients with GINS2 overexpression had a poor
survival (P= 0.004) (Fig. 2a). Both E-cad and Vimentin
were not associated with the prognosis (P= 0.162; P=
0.180) (Fig. 2b, c), but patients with high GINS2 combining
E-cad abnormal expression or Vimentin-positive expression
coordinately contributed to the worse survival of PC
patients (P= 0.004; P= 0.016) (Fig. 2d, e) even though we
compared the total survival data based on the four different
combinations together into the survival plots (Fig. 2d, e). In
multivariate analysis, GINS2 was an independent unfavor-
able prognostic index (P= 0.045) (Table 3).

Similarly, GINS2 protein and mRNA expression was
much higher in PC specimens in contrast with paired pan-
creas (P < 0.01 and P < 0.01, respectively) by WB and PCR
(Fig. 3a, b). In vitro, the protein and mRNA expression of
GINS2 and Vimentin was increased, but E-cad was
decreased in PANC-1 and Miapaca-2 cells compared with

Fig. 1 The expression of
GINS2, E-cad, and Vimentin
in human PC and adjacent
pancreas by IHC. a–c GINS2
expression in paired pancreas (a)
and PC specimens (b, c). d–f
GINS2 (d), E-cad (e), and
Vimentin (f) expression in
adjacent pancreas as a control.
g–i GINS2 (g), E-cad (h), and
Vimentin expression (i) in one
PC tissue. j–l GINS2 (j), E-cad
(k), and Vimentin expression (l)
in another sample (×200
magnification).
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that in Aspc-1 and Bxpc-3 cells (Fig. 3c, d). The tight
association of GINS2 with E-cad and Vimentin in human
PC specimens and cell lines has driven us to focus on its
specific function in EMT in vitro and in vivo.

GINS2-mediated EMT and ERK/MAPK signaling
in vitro

Aspc-1 cells with low GINS2 were available to construct
GINS2-overexpressing stable cell lines, whereas PANC-1
cells with high GINS2 was used for GINS2 silencing.
GINS2 protein expression in GINS2siRNA group was
significantly downregulated in contrast with siRNActrl
group (Fig. 4a, b), whereas it was overexpressed in GINS2-
GFP group (Fig. 4c, d). GINS2 silencing upregulated EMT
epithelial markers E-cad and ZO-1, and downregulated
mesenchymal markers Vimentin and MMP9 (Fig. 4a, b).
Meanwhile, pERK expression was also inhibited by
GINS2 silencing (Fig. 4a, b). Conversely, GINS2 over-
expression upregulated pERK, Vimentin, and MMP9 but
downregulated E-cad and ZO-1. However, p-p38 and
p-JNK, as the critical and parallel targets in MAPK path-
way, were not affected by GINS2 silencing and over-
expression (Fig. 4), implying a specific interaction of
GINS2 with ERK/MAPK signaling. In addition, GINS2
overexpression-reversed GINS2 silencing induced the
change of EMT and ERK/MAPK signaling (Supplementary
Fig. 1). In detail, GINS2 overexpression-inhibited
GINS2 silencing induced the decrease of Vimentin,
MMP9, and pERK, and the increase of E-cad and ZO-1.
Based on above results, GINS2 mediated EMT and ERK/
MAPK signal pathway in vitro.

GINS2 promoted EMT in vitro via specifically
stimulating ERK/MAPK signaling

PD98059 is a highly selective inhibitor of MEK1 (also
named MAPK or ERK kinases) [21]. GINS2 overexpression
induced EMT-like cellular morphology in Aspc-1 cells: the
majority of cells (70–80%) lacked of their epithelial char-
acters (tight and adhesive junction) and exhibited a spindle-
shaped/fibroblast-like status (Fig. 5a). However, PD98059-
reversed GINS2 overexpression stimulated an EMT-like
cellular shape. Little spindle-shaped/fibroblast-like cellular
morphology (30–45%) was found in GINS2-GFP plus
PD98059 group in contrast with GINS2-GFP group
(70–80%) (Fig. 5a). A similar experiment was also repeated
in GINS2-overexpressing Bxpc-3 cells (Fig. 5b). Taken
together, GINS2 overexpression induced EMT-like cellular
morphology in vitro via activating ERK/MAPK signaling.

We next investigated whether PD98059 inhibited
GINS2 overexpression-induced EMT signaling. Immuno-
fluorescence (IF) showed that GINS2 overexpression

Table 2 The clinical significance of GINS2 expression in human PC
samples.

Parameters No. of patients GINS2 P

Low High

Cases 74 34 40

Age(years)

≤65 53 22 31 0.224

>65 21 12 9

Gender

Male 48 22 26 0.979

Female 26 12 14

Tumor location

Head 51 25 26 0.429

Body tail 23 9 14

Tumor size(cm)

<3 38 23 15 0.010

≥3 36 11 25

Differentiation

Well 22 9 13 0.132

Moderate 28 10 18

Poor 24 15 9

T stage

T1+ T2 33 21 12 0.006

T3+ T4 41 13 28

Lymph nodes metastasis

N0 (negative) 51 25 26 0.429

N1 (positive) 23 9 14

Vascular permeation

Absent 36 21 15 0.037

Present 38 13 25

Pre-therapeutic CA19-9 level

<37 U/ml 21 10 11 0.856

≥37 U/ml 53 24 29

Table 1 GINS2 was negatively associated with E-cad in clinical
samples.

Parameters GINS2 r P

Negative Positive Total

E-cad

Abnormal 17 31 48 −0.287 0.014

Normal 17 9 26

Total 34 40 74

Vimentin

Positive 4 14 18 0.270 0.020

Negative 30 26 56

Total 34 40 74

GINS2 promotes EMT in pancreatic cancer via specifically stimulating ERK/MAPK signaling 843



downregulated E-cad and upregulated Vimentin in Aspc-1
and Bxpc-3 cells, which was reversed by PD98059 (Fig. 5c,
d). Meanwhile, certain E-cad cytoplasmic expression was
observed in GINS2-GFP in vitro (as arrows shown in
Fig. 5c, d) compared with GFP and GINS2-GFP plus

PD98059 groups, which was consistent with the results
in IHC assays (Fig. 1). WB confirmed that GINS2
overexpression-activated EMT and ERK/MAPK signaling
in Aspc-1 cells was significantly inhibited by PD98059
(Fig. 6a, b). Moreover, GINS2 was co-immunoprecipitated

Fig. 2 The association of GINS2, E-cad, and Vimentin with the
survival of PC patients. a High (+) and low (−) expression of GINS2
against prognosis. b Normal (+) and abnormal (−) expression of E-
cad against prognosis. c Positive (+) and negative (−) expression of

Vimentin against prognosis. d Combination of GINS2 and E-cad
against prognosis. e Combination of GINS2 and Vimentin against
prognosis.

Table 3 Survival data in univariate and multivariate analysis.

Parameters Median survival
(months)

Univariate analysis P (log-
rank)

Multivariate analysis hazard ratio
(95% CI)

P

Age (<65/≥65 years) 29/21 0.204 ─

Gender (male/female) 21/28 0.186 ─

Tumor location (head/body tail) 27/18 0.079 ─

Tumor size (<3/≥3 cm) 28/19 0.078 ─

Well /poor/moderate differentiation 28/25/19 0.086 ─

T stage (T1+ T2/T3+ T4) 27/20 0.123 ─

Lymph node metastasis (N0/N1) 28/16 0.001 2.138 (1.124–4.067) 0.021

Vascular permeation (absent/
present)

28/19 0.003 1.960 (0.977–3.935) 0.058

CA19-9 level (<37 U/ml/≥37 U/ml) 26/24 0.290 ─

GNIS2 (high/low) 17/30 0.004 1.976(1.017–3.843) 0.045

E-cad (normal/abnormal) 26/22 0.162 ─

Vimentin (positive/negative) 17/26 0.180 ─
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and colocalized with ERK in GINS2 high-expression Mia-
paca-2 and PANC-1 cells by IP (Fig. 6c) and IF (Fig. 6d),
respectively. Therefore, a tight interaction of GINS2 with
ERK/MAPK pathway coordinately mediated EMT signal-
ing in vitro.

EMT is a critical stimulator in cell motility and metas-
tasis, and finally aggregates the advanced stages of cancer
[22, 23]. In the present study, cell invasion and migration
were obviously decreased in GINS2siRNA group in con-
trast with siRNActrl group in PANC-1 cells (Fig. 7a).
Conversely, GINS2 overexpression promoted cell motility
in Ascp-1 cells (Fig. 7b). However, PD98059 significantly
inhibited GINS2 overexpression-enhanced cell motility
in vitro (Fig. 7b). Therefore, GINS2 promoted cell motility
via activating ERK/MAPK signal.

MEK inhibitor-inhibited GINS2 overexpression
promoted liver metastasis in vivo

The liver metastatic number in GINS2-GFP group was
significantly increased in contrast with GFP groups (P=
0.001). However, U0126, another MEK inhibitor that was
prevalently used in vivo compared with PD98059, sig-
nificantly inhibited GINS2 overexpression-promoted liver
metastasis (Fig. 8a, b). A large serial area of liver metastasis
in GINS2-GFP group was also shown in HE staining in
contrast with GFP and GINS2-GFP plus U0126 groups
(Fig. 8a). IHC further showed that GINS2 overexpression
promoted pERK and Vimentin, but inhibited E-cad
expression in contrast with the scramble GFP group
(Fig. 8c–e), which was reversed by U0126 (Fig. 8c, e, f).

Fig. 3 The expression of GINS2, E-cad, and Vimentin in PC spe-
cimens and cell lines by WB and qRT-PCR. a GINS2 protein level
in 18 PC and paired pancreas (9 cases were shown here; N: paired
pancreas; C: PC). b GINS2 mRNA level in 20 PC and paired pancreas

(N: paired pancreas; C: PC). Paired-sample t-test was used for the data
of a and b. c, d. GINS2, E-cad, and Vimentin protein (c) and mRNA
(d) levels in PC cells. Bars indicate ± SE. *P < 0.05; **P < 0.01
compared with the control.
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Consistent with the results in human PC tissues and cell
lines, E-cad abnormal (cytoplasm) expression was pre-
valently observed in GINS2-GFP group, whereas it exhib-
ited normal (membrane) expression in GFP and GINS2+
U0126 groups. Taken together, MEK inhibitor inhibited
GINS2 overexpression-promoted liver metastasis in vivo.

Discussion

GINS2, as a novel oncogene, is poorly understood in can-
cer, especially in PC. The current study offers convincing
evidence that overexpression of GINS2 contributes to
advanced clinical stage of PC patients in coordination with
EMT signaling. Meanwhile, GINS2 promotes EMT in PC
in vitro and vivo via specifically activating ERK/MAPK
signal, which has not been studied yet, to our knowledge.

Overexpression of GINS2 in PC was positively asso-
ciated with tumor size, T stage, vascular invasion, and bad
survival of PC patients, which was consistent with the
results of a previous study. For example, overexpression of
GINS2 in NSCLC was tightly related with lymph node and
distant metastasis, T and clinical stage, and poor prognosis
of NSCLC patients [8]. GINS2 overexpression was also

associated with multiple features in cervical and breast
cancer [9, 10]. Interestingly, a close correlation of GINS2
with E-cad and Vimentin was shown in PC samples, which
cooperatively promoted worse prognosis of PC patients.
Meanwhile, GINS2 was closely associated with E-cad in
four PC cell lines, which are the key biomarkers of EMT
signaling [24]. For example, DNMT3A repressed E-cad via
DNA methylation involved with EMT-stimulated metas-
tasis in gastric cancer [25]. Gli1 promoted transforming
growth factor (TGF)-β1/EGF-induced EMT in PC through
inhibiting E-cad [26]. miR-151a induced EMT by targeting
E-cad in NSCLC cells [27]. Based on the above study, we
next investigated the potential role of GINS2 in EMT
in vitro and in vivo.

GINS2 overexpression stimulated EMT in vitro, includ-
ing promoting EMT-like cellular morphology, enhancing
cell motility, and inducing EMT signaling in vitro. Con-
versely, GINS2 silencing inhibited EMT in PANC-1 cells.

Fig. 4 GINS2 specifically regulated EMT and ERK/MAPK sig-
naling in vitro. a The protein level of GINS2, E-cad, ZO-1, N-cad,
vimentin, MMP9, Fibronectin, p-p38, p-JNK, and pERK in GINS2-
siRNA- and siRNA-transfected PANC-1 cells. b The quantification of
WB data (a). c The protein level of the above proteins in GINS2-GFP-
and GFP-transfected Aspc-1 cells. d The quantification of WB data (c).
E-cad: E- cadherin; N-cad: N-cadherin. 1: GINS2siRNA; 2: siR-
NActrl; 3. GINS2-GFP; 4: GFP. Bars indicate ± SE. *P < 0.05;
**P < 0.01 in contrast with the control.

Fig. 5 Cellular morphology (×100 magnification) and IF assays
(×200 magnification) in vitro. a, b Cellular morphology in GFP,
GINS2-GFP, and GINS2-GFP combining PD98059 groups in Aspc-1
(a) and Bxpc-3 cells (b). c, d E-cad and Vimentin staining in GFP,
GINS2-GFP, and GINS2-GFP combining PD98059 groups in Aspc-1
(c) and Bxpc-3 cells (d).
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The promotion of GINS2 in EMT was only observed in
NSCLC previously [8]. It is well known that ERK activa-
tion plays a significant role in several critical events of
EMT, including promoting the loss of adherent junctions
and stimulating the gain of mesenchymal properties
[28, 29]. For example, ERK signaling plays a key role in
directing the mesenchymal character of NSCLC cells [30].
Meanwhile, ERK is required for the disassembly of cell
adherent junctions and the induction of cell motility by
TGF-β. Treatment of PANC-1 cells by TGF-β leads to the
increased pERK, which is indispensable for the EMT
induction by TGF-β [31]. In addition, ERK/MAPK is a
central molecule stimulator driving EMT in PC via various
signaling. HNRNPA2B1 regulated EMT in PC cells
through the ERK-snail pathway [32] CD133 promoted
EMT through interacting with the ERK signaling in PC
metastasis [33]. Here we first found that GINS2 had a
specific regulation targeting ERK/MAPK signaling.
MEK1 inhibitor PD98059-reversed GINS2 overexpression-
promoted EMT in vitro. Moreover, GINS2 was colocalized
and co-immunoprecipitated with ERK in GINS2 high-
expression PC cells. Finally, MEK inhibitor inhibited
GINS2 overexpression-promoted distant liver metastases
and GINS2 overexpression-activated ERK/MAPK and

EMT signaling in vivo. Taken together, a tight interaction
of GINS2 with ERK/MAPK signaling coordinately regu-
lated EMT in PC. In previous studies, GINS2 acted as an
important modulator in apoptosis via the p38/MAPK signal
pathway in leukemia cells [34]. GINS2 silencing inhibited
DNA replication and G2/M phase in Leukemic HL60 cells
[35], and disrupted the transition of glioma cells at the G1/S
stage [36]. GINS2 silencing inhibited cell proliferation,
tumorigenic ability, and cell motility in early-stage cervical
cancer [10], and promoted cell proliferation in thyroid
cancer via regulating CITED2 and LOXL2 [11]. For the
first time, we reported a novel oncogenic role of GINS2 in
PC via mediating EMT and ERK/MAPK signaling, which
was not shown previously.

In conclusion, overexpression of GINS2 contributes to
advanced clinical stage of PC patients and promotes EMT
in vitro and in vivo via specifically activating the ERK/
MAPK signal. A tight interaction of GINS2 with ERK-
MPAK signaling coordinately promotes EMT in PC, which
supplies a novel direction in revealing the malignant biol-
ogy of PC and offers a promising gene target treatment in
PC intervention. EMT and ERK signaling also play a vital
role in promoting drug resistance [37, 38]. GINS2 silencing
is predicted to induce cell apoptosis and inhibit cell

Fig. 6 PD98059 inhibited GINS2 overexpression-induced EMT
signal pathway. a The protein level of E-cad, ZO-1, vimentin, MMP9,
and pERK in GFP, GINS2-GFP, and GINS2-GFP combining
PD98059 groups. b The quantification of WB data (a). c GINS2 was
co-immunoprecipitated with ERK in Miapaca-2 and PANC-1 cells.
d GINS2 was colocalized with ERK in Miapaca-2 and PANC-1 cells
by IF. 1: GFP, 2: GINS2-GFP, 3: GINS2-GFP plus PD98059. Bars
indicate ± SE. *P < 0.05; **P < 0.01 in contrast with the control.

Fig. 7 PD98059 inhibited GINS2 overexpression-enhanced cell
motility in vitro. a Cell invasion and migration in siRNActrl and
GINS2siRNA groups in PANC-1 cells. b Cell invasion and migration
in GFP, GINS2-GFP, and GINS2-GFP combine PD98059 groups in
Aspc-1 cells. Bars indicate ± SE. *P < 0.05; **P < 0.01 in contrast
with the control.
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proliferation by decreasing CITED2 and subsequently reg-
ulating p53 and p21 axis in thyroid cancer [11]. GINS2
might promote chemotherapy resistance in PC via EMT,
ERK, and p53/p21 signaling, which would be investigated
in our future study. Meanwhile, EGF, as a stimulus in Kras/
Raf/MEK/ERK signaling (a key pathway in PC) [39, 40],
plays a significant role in EMT as shown in our previous
study [14, 15]. GINS2 might promote EGF-induced EMT
via regulating the phosphorylation of EGFR, which would
supply a new sight in targeting Kras-driven PC.
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