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Gonadotropin-releasing hormone (GnRH) has been demonstrated to exert

anti-proliferative functions on various tumor cells in endometrial, ovarian, bladder,

or prostate cancer as a part of the autocrine system. In addition, the expression levels of

GnRH and its receptor had been identified in breast cancer or non-reproductive cancers,

such as glioblastoma and pancreatic cancer. Previous studies have reported abnormal

GnRH expression in several malignant tumors, suggesting that GnRH and its receptor

might be essential for tumourigenesis. In the present study, we attempted to clarify

the mechanisms underlying GnRH function in cell proliferation in pancreatic cancer.

Our results indicated that GnRH expression might be essential for the malignancy of

pancreatic cancer. We then found that GnRH overexpression can induce cell apoptosis

through activating the Bcl-2/Bax pathway and autophagy might be involved in the

GnRH-mediated apoptosis in Panc1 cells. Further investigation showed that the

inhibition of GnRH may promote tumor invasion and migration through upregulation of

MMP2 expression in pancreatic cancer cells. Moreover, our results indicated that GnRH

can regulate the Akt/ERK1/2 pathways to promote cell proliferation by inhibiting cell

apoptosis in Panc1 cells. Therefore, our finding exhibited that the regulation of GnRH

expression may be essential for tumourigenesis in pancreatic cancer, and might be a

potential target for the treatment of the patients with pancreatic cancer.
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INTRODUCTION

Pancreatic cancer is a rare, but lethal malignant tumor, which is the third most deadly cancer, and
there were over 50,000 estimated cases and 43,090 deaths in the United States (1). The treatment
and the current 5-year survival rate (∼8%) of pancreatic cancer have no progression in recent
years (1). Its poor prognosis is usually due to the delayed diagnosis, which resulted in most
of patients with pancreatic cancer were diagnosed at the advanced stages (III or IV stage) (2).
Thus, the identification of the potential biomarkers responsible for the development of pancreatic
cancer may be essential for the diagnosis and improvements in the treatment of the patients with
pancreatic cancer.
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Gonadotropin-releasing hormone (GnRH) is produced in
the small subset of neurons of the septal-preoptic-hypothalamic
region (3, 4). These neurons secrete the neurohormone into
the hypophyseal portal circulation, through which it reaches
the anterior pituitary to stimulate the synthesis/release of these
two gonadotropins that in turn regulate gonadal gender steroid
production (5). In addition, several studies have indicated that
cancers of the ovary, endometrium, and breast have receptors for
GnRH (6), suggesting that the GnRH expression may be related
to tumor progression. Previous reports have also indicated that
GnRH and its receptor are present in endometrial and ovarian
cancer specimens and cell lines (7). Kakar et al. revealed that
the DNA sequences of GnRH receptors (GnRHR) in ovarian
and breast cancers are identical to those within the pituitary
(8). Harris et al. showed that the gene expression of GnRH in
human breast cancer cell lines (9). Moreover, the high-expression
of GnRH and its receptor had been found in several cancers
from non-reproductive tissues, including the urinary bladder
cancer, glioblastoma, lung cancer, and breast cancer (10–12).
Furthermore, a recent study indicated that GnRH agonists have
strong anti-tumor activity, which can reduce cell proliferation
in ovarian, endometrial, and breast cancer cells (13). A GnRH
antagonist can cause the reduction of cell proliferation in a
dose- and time-dependent manner in various tumors (13–16).
Therefore, all this evidence indicates that GnRH may play an
important role as a modulator of tumor growth in various
malignant tumors, which might provide potential targets for
therapy with GnRH analogs.

Many reports have investigated the functions of
agonists/antagonists of GnRH in malignant tumors. However,
fewer studies have focused on the effects of autocrine/paracrine
GnRH on the progression of malignant tumors. In this study,
investigated the functions of autocrine/paracrine GnRH in the
progression in pancreatic cancer. Our results showed that GnRH
expression might be involved in tumor malignancy in patients
with pancreatic cancer. In addition, we found the inhibition
of GnRH expression can promote proliferation by inhibiting
autophagy and apoptosis in pancreatic cancer cells. Moreover,
our results showed that GnRH expression can regulate tumor
metastasis in pancreatic cancer. Further study revealed that
Akt/ERK signaling pathways are involved in this process in
pancreatic cancer cells. These findings provide insight into the
mechanism by which GnRH contributes to tumor progression
and metastasis, which may improve anti-tumor treatment of
pancreatic cancer.

MATERIALS AND METHODS

Cell Culture and Treatments
Pancreatic cancer Panc1 cells were obtained from American
Type Culture Collection (ATCC; Manassas, VA, USA), the cells
were maintained in DMEM (Gibco, Thermo Fisher Scientific,

Abbreviations: GnRH, Gonadotropin-releasing hormone; Akt, protein kinase B;

ERK, extracellular signal-regulated protein kinase; Bcl-2, B-cell lymphoma-2; Bax,

Bcl-2-associated X; LC3, microtubule-associated protein 1 light chain 3; MMP2,

matrix metallopeptidase 2; MMP9, matrix metallopeptidase 9.

Waltham, MA, USA) supplemented with 10% fetal bovine serum
(FBS; Gibco), 50µg/ml penicillin and 100µg/ml streptomycin
(Invitrogen, Thermo Fisher Scientific) in a 5% CO2 humidified
atmosphere at 37◦C.

Chloroquine (CQ), a lysosomal inhibitor, was purchased from
the Sigma Aldrich (St. Louis, MO, USA). 3-methyladenine (3-
MA), a PI3K inhibitor, which can also specific inhibit autophagy,
was obtained from MedChemExpress (Monmouth Junction, NJ,
USA). The cells were treated with CQ at 40µM for 2 h, or
3-MA for 24 h, according to the previous report (17). MK-
2206 or SCH772984 (Selleck Company, Houston, TX, USA),
specific inhibitors of the Akt or ERK1/2 signaling pathways,
respectively, were added to the tissue culture medium. The final
concentrations were 5µM (MK-2206) or 10µM (SCH772984)
for treatment of Panc1 cells. Untreated cells were used as
a control.

Overexpression and Knockdown of GnRH
Expression
The GnRH Crispr Activation Plasmids system, including
GnRH Crispr Activation Plasmid, the Crispr/dCas9-VP64-Blast
plasmid, and MS2-P65-HSF1-Hygro plasmid (sc-401425-ACT,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), and the
GnRH HDR Plasmid (h2) system, including GnRH HDR
Plasmid (h2), and GnRH Crispr/Cas9 KO plasmid (sc-401425-
HDR-2, Santa Cruz Biotechnology), were used to overexpress
or knockdown GnRH expression in pancreatic cancer cells,
respectively. The GnRHR Crispr/Cas9 KO plasmid (sc-401783,
Santa Cruz Biotechnology) was used to knockdown GnRH
receptor expression in pancreatic cancer cells. Briefly, to establish
stable overexpression or knockdown of GnRH (or GnRHR)
protein in Panc1 cells, 1 × 106 Panc1 cells were seeded in
a 6-well plate. Lipofectamine 3000 (5 µl, Invitrogen) and
5 µg total plasmids were diluted in a 200 µl Opti-MEM
medium (Invitrogen) and incubated for 20min. The mixture
was then added the cell culture medium and incubated with the
cells for 48 h.

Immunohistochemistry
A paraffin-embedded tissue microarray (TMA) that contained
9 cases of normal pancreatic tissues and 60 cases of pancreatic
cancer specimens, which was purchased from Alenabio company
(PA2072; Xi’an, China). The TMA was dewaxed with xylene,
rehydrated in descending concentrations of ethanol, and then
incubated with mouse anti-GnRH antibody (1:100; sc32292,
Santa Cruz Biotechnology). After four-time PBST washing, the
slide was then developed and counterstained with haematoxylin
by using Super Sensitive Polymer HRP Detection System/DAB
Kit protocol (Thermo Fisher Scientific).

Western Blot Assay
Cells protein lysates were separated on a 10% SDS-PAGE gel
and transferred to a polyvinylidene difluoride membrane (PVDF;
Millipore, Billerica, MA, USA). The signals were visualized by
using a SuperSignal West Pico Substrate Kit (Pierce, Thermo
Fisher Scientific), and the signal fluorescence intensity was
measured with ImageJ software (NIH, Bethesda, MD, USA). The
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primary and secondary antibodies for western blotting were as
follows: rabbit anti-GnRH antibody (1:2,000; 26950-1), rabbit
anti-GNRHR antibody (1:2,000; 19950-1), rabbit anti-c-myc
antibody (1:2,000; 10828-1), rabbit anti-Bcl-2 antibody (1:2,000;
12789-1), rabbit anti-caspase-3 antibody (1:2,000; 19677-1),
rabbit anti-caspase-9 antibody (1:2,000; 10380-1), mouse anti-
p-Akt antibody (1:2,000; 66444-1), rabbit anti-Akt antibody
(1:2,000; 10176-2), rabbit anti-MMP2 antibody (1:2,000; 10373-
2), rabbit anti-MMP9 antibody (1:2,000; 10375-2), and rabbit
anti-Beclin-1 antibody (1:2,000; 11306-1), which were obtained
from ProteinTech Group Inc. (Rosemont, IL, USA); rabbit anti-
LC3B antibody (1:2,000; ab192890), rabbit anti-c-myc (phosphor
S62) antibody (1:2,000; ab185656), and mouse anti-β-actin
antibody (1:5,000; ab8226) were obtained from Abcam company
(Cambridge, UK); mouse anti-Bax antibody (1:2,000; sc-20067),
mouse anti-ERK1/2 antibody (1:2,000; sc-514302), and mouse
anti-p-ERK1/2 antibody (1:2,000; sc-81492) were purchased
from Santa Cruz Biotechnology; and anti-GAPDH antibody
(1:5,000; 100242) purchased from Sino Biological Inc. (Beijing,
China). All secondary antibodies were from obtained from
Jackson ImmunoResearch Laboratories Inc. (1:5000;West Grove,
PA, USA).

Cell Proliferation Assay
Cell Counting Kit-8 (CCK-8) (Beyotime, Beijing, China) was
used to detect the cell proliferation in Panc1 cells. In brief, all
cells were seeded at 2,000 cells/well in phenol red-free cell culture
medium with 10% FBS in a 96-well-plate. Then, 10 µl CCK-8
working solution was added into each well at different time points
(1, 2, 3, 4, and 5 days), and then incubated for 2 h at 37◦C. And
their absorbances were finally measured at 450 nm.

Colony Formation Assay
Briefly, 5 × 102 cells were seeded in a 24-well plate and then
cultured for 3 weeks, with fresh medium replacement every
3 days. Cells were stained with crystal violet for 10min and
detained with PBS three times. Colonies in each well were
counted using ImageJ software, and triplicate samples were
prepared for each condition.

TUNEL Assay
Cell apoptosis was detected with a One Step TUNEL Apoptosis
Assay Kit (Beyotime). In brief, cells were seeded in a 24-
well-plate. After three washes, the cells were fixed with 4%
paraformaldehyde (PFA) for 30min, treated with 200 µl PBST
(1% Tween-20 in PBS buffer) at room temperature for 5min and
then after another two washes with PBS were treated with 50 µl
TUNEL detection solution at 37◦C for 1 h.

Wound Healing Assay
All the cells were incubated in DMEM with 10% FBS, and
wounded by using a 200-µl pipette tip in a 6-well plate. The
wound width was photographed at different post-scratch time
points (12, 24, and 36 h) under a phase-contrast microscope.

Transwell Assay
A 24-well Corning transwell microplates (Corning Incorporated,
NY, USA) was coated with 10 µl Matrigel (BD Bioscience).

2× 103 cells were seeded into the top chamber in serum-free
DMEM medium. The bottom chambers were filled with DMEM
medium supplemented with 10% FBS. After 24 h incubation, the
cells on the upper surface were removed with a cotton swab, and
the membranes were then fixed and stained with crystal violet.
The invasive cells on themembranes were finally counted under a
phase-contrast microscope. Each experiment was examined with
five replicates.

Statistical Analysis
The results are expressed as the means ± standard error, and
differences between themeans were analyzed via one-way or two-
way analysis of variance (ANOVA). p < 0.05 was regarded as
statistically significance. Statistical analysis was performed using
SPSS statistical software (SPSS Inc., Chicago, IL, USA).

RESULTS

The Abnormal GnRH Expression in
Advanced Human Pancreatic Cancer
Since previous studies indicated that GnRH and its receptor
were expressed in various malignant tumors (10, 11, 13),
we expected that GnRH expression might be associated with
malignancy in pancreatic cancer. Based on the Bittner multi-
cancer dataset, GnRH and GnRHR were upregulated in
pancreatic cancer (Figure 1A and Supplementary Figure 1).
We therefore investigated the expression levels of GnRH
in different stages in human pancreatic cancer. We first
performed IHC for examining GnRH expression in a commercial
microarray, including 9 normal/adjacent pancreatic tissues
and 60 human pancreatic cancer specimens (Table 1). After
analyzing the overall staining intensity, we found that GnRH
immunostaining was very weak in normal and early-stage
pancreatic cancer specimens (I and II), whereas the high-
expression of GnRH was observed in the advanced pancreatic
cancer specimens (II, III, and IV), suggesting that GnRH
expression might be related to the malignancy in pancreatic
cancer (Figure 1B). Further quantitative analysis revealed that
the increasing GnRH expression was proportional to the
malignancy of pancreatic cancer tissues and thus might have
functional relevance (Figure 1C). Moreover, prognostic analysis
demonstrated that the higher expression level of GnRH is
positively correlated with the prognosis in the patients with
pancreatic cancer in TCGA database (Figure 1D). All these
evidences indicated that regulation of GnRH expression may
be a potential diagnostic biomarker of for the patients with
pancreatic cancer.

GnRH Is Involved in Cell Proliferation in
Pancreatic Cancer
Since the expression level of GnRH was associated with the
malignancy of pancreatic cancer, we predicted that GnRH might
be associated with cell proliferation in pancreatic cancer. To
confirm our hypothesis, we first overexpressed or inhibited
GnRH expression in Panc1 cells and then examined cell
proliferation in three groups: GnRH-overexpressing (GnRH-
OE), GnRH-silencing (GnRH-KD), and non-treated (Control)
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FIGURE 1 | Correlation between GnRH expression and malignancy in pancreatic cancer. (A) Oncomine data analysis of GnRH mRNA levels in 16 types of cancer

from the Ramaswamy multi-cancer datasets; (B) Representative images of GnRH expression in pancreatic cancer; (C) Pathological analysis of the correlation

between GnRH expression and malignancy in pancreatic cancer. (D) Overall survival rates according to data from the TCGA database. **p < 0.01; Scale bars, 50µm.

Panc1 cells (Figure 2A). Cell proliferation assays showed that
GnRH overexpression significantly inhibited cell proliferation
compared with the GnRH-KD and control groups, whereas the
cell proliferation of GnRHR-silencing group (GnRHR-KD) was
increased in Panc1 cells, comparing with the control group
(Figure 2B). Furthermore, colony formation assays indicated

that GnRH-overexpressing Panc1 cells formed far fewer colonies

than the GnRH-inhibited or control cells (Figures 2C,D),
indicating that GnRH expression has an anti-proliferation affect

in pancreatic cancer.

GnRH Can Induce Autophagy-Related
Apoptosis Through the Bcl-2/Bax Pathway
in Pancreatic Cancer
As we known, apoptosis plays an important role in regulation
of cell proliferation in various malignant tumors. We next
expected that regulation of GnRH expression might promote
cell proliferation by inhibiting apoptosis in pancreatic cancer
cells. To investigate the mechanism by which GnRH functions
in apoptosis of pancreatic cancer cells, we performed TUNEL
assays to confirm whether overexpression or inhibition of GnRH

Frontiers in Endocrinology | www.frontiersin.org 4 June 2019 | Volume 10 | Article 370

https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Suo et al. GnRH Functions in Pancreatic Cancer

expression was involved in apoptotic induction in pancreatic
cancer cells. We found more apoptotic cells in GnRH-OE group
Panc1 cells, whereas less apoptotic cells in GnRH-KD group
Panc1 cells, suggesting that GnRH overexpression might induce
apoptosis in pancreatic cancer cells (Figures 3A,B). To further
investigate the possible functions of GnRH in cell apoptosis,
we then examined the expression levels of Bcl-2, Bax, c-
myc, phosphor-c-myc, cleaved caspase-3, and cleaved caspase-
9 proteins, which are key factors in cell apoptosis (18, 19).
Our results indicated that the increasing GnRH expression
significantly induced downregulation of Bcl-2 expression, and

TABLE 1 | Characteristics of patients with pancreatic cancer.

Characteristic Adenocarcinoma (n = 60) Normal tissues (n = 9)

Age (Years)

≥60 23 (38%) 0

<60 37 (62%) 9

Gender

Male 36 (60%) 5

Female 24 (40%) 4

Grade

1–2 37 (62%) –

3–4 23 (38%) –

Stage

I 30 (50%) –

II 24 (40%) –

III+IV 6 (10%) –

upregulation of Bax, c-myc, cleaved caspase-3, and cleaved
caspase-9 in Panc1 cell groups (Figures 3C,D).

To further investigate whether autophagy is involved in
GnRH-induced apoptosis in pancreatic cancer cells, we next
attempted to confirm whether overexpression of GnRH can
induce autophagy-related apoptosis. Our results demonstrated
that Beclin 1 expression and conversion of the cytosolic form
of LC3B-I to its lipidated membrane-bound form LC3B-II were
increased in the Panc1 cell GnRH-OE group (Figures 4A–C),
suggesting that autophagy may be involved in GnRH-mediated
apoptosis in pancreatic cancer cells. To investigate the induction
of the autophagic flux in this process, GnRH-OE cells were
treated with or without CQ (40µM for 2 h) or 3MA (5mM
for 24 h), respectively. It was observed that LC3 II levels were
increased in CQ-treated GnRH-OE cells, whereas decreased in
3-MA-treated GnRH-OE cells (Figures 4D,E). Furthermore, the
apoptosis and cell proliferation were found to be regulated in
3-MA-treated GnRH-OE Panc1 cells (Figures 4F,G), suggesting
that autophagy-related apoptosis might be involved, at least
partially, in the anti-proliferative activity of GnRH in pancreatic
cancer cells.

GnRH Regulates Tumor Invasion and
Migration by Inhibiting MMP2 Expression
in Pancreatic Cancer Cells
Previous studies indicated that treatment with GnRH analogs
can reduce the ability of cells to invade through the basement
membrane and migrate in response to a cellular stimulus, and
GnRH analogs also exhibited comparable anti-metastatic effects
in prostate cancer cells (20, 21). Therefore, we examined whether

FIGURE 2 | GnRH regulates pancreatic cancer cell proliferation. (A) the expression levels of GnRH and GnRHR in GnRH-OE, GnRH-KD, or Control group Panc1

cells; (B) Proliferation of GnRH-OE, GnRH-KD, GnRHR-KD, or Control group Panc1 cells; (C) Representative images of colony formation in GnRH-OE, GnRH-KD, or

Control group Panc1 cells; (D) Statistical analysis of colony formation in GnRH-OE, GnRH-KD, or Control group Panc1 cells. *p < 0.05, **p < 0.01, compared with

the control.

Frontiers in Endocrinology | www.frontiersin.org 5 June 2019 | Volume 10 | Article 370

https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Suo et al. GnRH Functions in Pancreatic Cancer

FIGURE 3 | GnRH treatment inhibits cell proliferation by inducing apoptosis in pancreatic cancer cells. (A) TUNEL assays were performed to determine the number of

apoptotic Panc1 cells in the GnRH-OE, GnRH-KD, and Control groups; (B) Percentage of apoptotic Panc1 cells in the GnRH-OE, GnRH-KD, and Control groups;

(C,D) Expression levels of Bcl-2, Bax, c-myc, phosphor-c-myc, cleaved caspase-3, and cleaved caspase-9 in GnRH-OE, GnRH-KD, and Control group Panc1 cells.

*p < 0.05, **p < 0.01, compared with the control; Scale bars, 100µm.

overexpression or inhibition of GnRH was associated with tumor
invasion and migration in GnRH-OE, GnRH-KD, or Control
group Panc1 cells. Wound healing assays showed that inhibition
of GnRH expression induced cells to migrate into the scratched
area more rapidly than GnRH-overexpressing or non-treated
Panc1 cells at 12, 24, or 36 h (Figures 5A,B). Similarly, further
transwell assays demonstrated that inhibition of GnRH led to a
higher invasive capacity in Panc1 cells (Figures 5C,D).

MMP2 and MMP9 are closely involved in tumor invasion
and migration in many malignant tumors (22). To further
investigate the functions of GnRH in tumor invasion and
migration of pancreatic cancer cells, we examined the expression
levels of MMP2 and MMP9 proteins in GnRH-OE, GnRH-KD,
and Control group Panc1 cells. Notably, western blot analysis
indicated upregulation of MMP2 expression in GnRH-inhibited
Panc1 cells, whereas the regulation of MMP9 expression was not
obvious (Figure 5E), suggesting that MMP2 might play a role in
GnRH-related invasion and migration in pancreatic cancer cells.

The Akt/ERK Pathways Are Associated
With GnRH Cell Proliferation Inhibition
Through Apoptosis Induction in Pancreatic
Cancer Cells
Bcl-2 and Bax are key regulators in cell apoptosis, which are also
down-stream factors of Akt and ERK pathways (23, 24). GnRH
agonists were reported to inhibit mitogen-activated protein
kinase (MAPK, ERK) activity (25). Additionally, a previous
study indicated that GnRH can activate the PI3K/Akt pathway

in pituitary gonadotropes (26), encouraging us to clarify the
mechanism of GnRH-regulated cell proliferation in pancreatic
cancer cells. We therefore examined activation of Akt/ERK
pathways via western blot analysis. The results indicated that
overexpression of GnRH significantly inhibited the level of
phosphorylated Akt and ERK1/2 proteins (Figure 6A), whereas
the total expression levels of Akt and ERK1/2 were not changed
in GnRH-OE, GnRH-KD, or Control Panc1 cells, indicating that
activation of either the Akt or ERK pathway is involved in GnRH
regulation of Panc1 cell proliferation (Figures 6B,C).

To further confirm our hypothesis, rescue assays were
performed, and cell proliferation and apoptosis were examined.
We first detected the proliferation of GnRH-inhibited Panc1
cells treated with or without MK-2206, an inhibitor of the
Akt signaling pathway. Interestingly, the treatment of MK-
2206 significantly suppressed cell proliferation and promoted
cell apoptosis in GnRH-inhibited Panc1 cells (Figures 6D–F).
Similarly, treatment with SCH772984, a specific ERK1/2
inhibitor, also inhibited cell proliferation by promoting cell
apoptosis in GnRH-inhibited Panc1 cells (Figures 6D–F).
Therefore, these findings suggest that inhibition of GnRH may
activate the Akt/ERK pathways to promote cell proliferation by
inhibiting autophagy-related apoptosis in pancreatic cancer cells.

DISCUSSION

Like many malignant tumors, pancreatic cancer is hard to
diagnose at its early stages, which usually found to be metastatic
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FIGURE 4 | Autophagy is involved in GnRH-mediated apoptosis in pancreatic cancer cells. (A) The expression of Beclin 1, LC3B-I, and LC3B-II was detected via

western blot analysis in GnRH-OE, GnRH-KD, and Control group Panc1 cells. Quantitative analysis of the protein Beclin 1 and β-actin expression ratio (B) and LC3-II

and LC3-I expression ratio (C) in GnRH-OE, GnRH-KD, and Control group Panc1 cells. *p < 0.01, compared with the control. (D,E) LC3 II expression was regulated

in CQ- or 3-MA-treated GnRH-OE Panc1 cells. (F) TUNEL assay revealed that 3-MA treatment inhibits apoptosis in GnRH-OE Panc1 cells. (G) Proliferation of

GnRH-OE, 3-MA-treated GnRH-OE, or Control group Panc1 cells *p < 0.05, **p < 0.01, compared with the control.

at the time of initial diagnosis. Currently, the surgical resection
is the only curative treatment of pancreatic cancer, but only
<20% patients are candidates for pancreatectomy. Moreover,
the 5-year survival rate after pancreaticoduodenectomy is ∼21%
for negative margin resections and 11% for microscopically
positive margin resections (27). Thus, a thorough understanding
of the tumourigenesis process in pancreatic cancer and the
identification of the effective biomarkers will be helpful for
improving the diagnosis of pancreatic cancer.

Many previous studies had indicated that abnormal
expression of GnRH and its receptor is found in various
malignant tumors, not only in a reproductive system tumors
but also in non-reproductive tissues, including breast cancer,
ovarian, endometrial, prostate cancer, urinary bladder cancer,
pancreatic cancer, and glioblastoma, suggesting that GnRH and
its receptor might be used for targeted therapy with improved
anti-tumor effects (10, 11, 28). The cytotoxic GnRH agonist
Zoptarelin Doxorubicin (ZEXS-106, AN-152) was more potent
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FIGURE 5 | Effects of GnRH on tumor invasion and migration in pancreatic cancer cells. (A,B) The migration of GnRH-OE, GnRH-KD, or Control group Panc1 cells at

0, 12, 24, and 36 h; (C,D) Cell invasion was determined by transwell assays in GnRH-OE, GnRH-KD, and Control group Panc1 cells at 24 h. (E) MMP2 and MMP9

protein expression was determined in GnRH-OE, GnRH-KD, and Control group Panc1 cells. *p < 0.05, **p < 0.01, compared with the control. Scale bar, 200µm.

than doxorubicin in the inhibition of in vitro cell growth
in many GnRH receptor-positive cancer cell lines (28, 29).
The previous study also showed that Zoptarelin Doxorubicin
is a potential therapeutic option for the treatment of triple
negative breast cancer, which exhibits a higher percentage of
GnRH receptor-positive tumors (30). In the present study,
our results indicated the abnormal expression of GnRH in
advanced pancreatic cancer specimens (Figure 1), and the
overexpression and inhibition of GnRH was highly involved in
the proliferation in Panc1 cells (Figure 2), suggesting that GnRH
might play an important role in tumourigenesis in patients with
pancreatic cancer.

The expression levels of GnRH and its receptor had been
demonstrated as a part of the regulatory system of cell
proliferation in various human malignant tumors (10, 28). There
were several reports indicated dose-dependent anti-proliferative
effects of GnRH agonists in many cancer cell lines. GnRH
antagonists caused anti-proliferative effects in most endometrial
cancer, breast cancer, and ovarian cancer cell lines, suggesting
that the dichotomy of GnRH agonists and antagonists might not
apply to the GnRH system in many tumors (6, 13). It is well-
known that cell proliferation is usually related to cell apoptosis
in many malignant tumors (31, 32). Previous studies have also
demonstrated that antagonists of GnRH-II, a version of GnRH
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FIGURE 6 | The Akt/ERK pathways are associated with GnRH-mediated cell proliferation through apoptosis induction in pancreatic cancer cells. (A) Expression levels

of p-Akt, t-Akt, p-ERK1/2, and t-ERK1/2 were determined by western blotting in GnRH-OE, GnRH-KD, and Control group Panc1 cells; Quantitative analysis of the

protein p-Akt and t-Akt expression ratio (B) and p-ERK1/2 and t-ERK1/2 expression ratio (C) in GnRH-OE, GnRH-KD, and Control group Panc1 cells; (D) Proliferation

of GnRH-inhibited Panc1 cells with or without MK-2206 or SCH772984 treatment; Representative images (E) and quantitative analysis (F) of apoptosis of

GnRH-inhibited Panc1 cells with or without MK-2206 or SCH772984 treatment. p-Akt, phosphorylated-Akt; t-Akt, total-Akt; p-ERK1/2, phosphorylated-ERK1/2;

t-ERK1/2, total-ERK1/2. *p < 0.05, **p < 0.01, compared with the control. Scale bars, 100µm.

with an alternative structural that is completely structurally
conserved from fish to mammals, and different from GnRH in
three amino acids, can induce apoptosis in endometrial cancer,
breast cancer, and ovarian cancer cell lines through activating
the intrinsic apoptosis pathway (33, 34). In addition, Zoptarelin
Doxorubicin treatment can result in apoptosis in GnRH receptor-
positive MiaPaCa-2 and Panc1 human pancreatic cancer cells
(28), which is similar to our finding that GnRH overexpression
can induce apoptosis in Panc1 cells (Figures 3A,B). Our results
also indicated that the regulation of GnRH expression was
associated with activation of the Bcl-2/Bax/caspase pathway in
Panc1 cells (Figures 3C,D). Bcl-2 and Bax are key apoptotic
factors involved in the cell apoptosis and autophagy processes
(35, 36). Specifically, caspase-3/-9 are the key effector enzyme
in the apoptotic processes (both intrinsic and extrinsic). In
addition, the JNK-Bcl-2/Bcl-xL-Bax/Bak pathways were found
to mediate crosstalk between matrine-induced autophagy and
apoptosis via interplay with Beclin 1 (37). Li et al. showed
that rapamycin can induce autophagy in the melanoma cell
line M14 via regulation of the expression levels of Bcl-2 and
Bax (38). Therefore, we expected that regulation of GnRH

might be involved in cell proliferation through induction of
Bcl-2/Bax-mediated autophagy-related apoptosis in pancreatic
cancer cells.

GnRH is known as a regulator in different intracellular
signaling cascades, including MAPK (p38/MAPK, ERK1/2,
or JNK), phosphatidylinositol-3-kinase (PI3K), and
phosphotyrosine phosphatase (PTP) pathways (39–42). Our
results demonstrated that inhibition of GnRH was associated
with the activation of either the ERK1/2 or Akt pathway in
pancreatic cancer cells (Figures 6A–C). In contrast, treatment
with an inhibitor of the Akt or ERK pathway significantly
affected cell proliferation and apoptosis in GnRH-inhibited
pancreatic cancer cells (Figures 6D–F). Several studies had
revealed that the Akt/ERK pathways are tightly related to
cell proliferation through apoptosis regulation in various
malignant tumors. Wang et al. reported that Stachydrine
hydrochloride can inhibit cell proliferation through inducing
apoptosis of breast cancer cells via the inactivation of Akt
and ERK pathways (43, 44). A previous study also indicated
that Lupeol can inhibit proliferation and induce apoptosis of
human pancreatic cancer PCNA-1 cells through the Akt/ERK
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pathways (44). Additionally, several previous studies indicated
that the regulation of Akt/ERK pathways were associated
with autophagy in various malignant tumors. Zhang et
al. found that PI3K/Akt/ERK pathways can participate
in mollugin-induced autophagy and apoptosis (45). The
regulation of PI3K/Akt/mTOR and MEK/ERK pathways
can lead to the activation of autophagy in HeLa cells (46).
In contrast, Ba et al. demonstrated that allicin attenuates
pathological cardiac hypertrophy by inhibiting autophagy via
activation of PI3K/Akt/mTOR/ERK signaling pathway (47). We
therefore expected that regulation of autocrine/paracrine GnRH
expression could activate the Akt/ERK pathways, thus inhibiting
cell proliferation by inducing cell apoptosis and autophagy in
pancreatic cancer cells.

Notably, our results also showed that inhibition of GnRH
can significantly increase the ability of Panc1 cells to invade
through the basement membrane and migrate (Figure 5).
Activation of the Akt/ERK pathways is often involved in
tumor invasion and migration in many malignant tumors
(48, 49). Furthermore, the Akt/ERK pathways can regulate
the process of epithelial-mesenchymal transition (EMT)
in various tumors, including glioblastoma, hepatocellular
carcinoma, and colorectal cancer (50–52). Our further
results indicated that GnRH can regulate the expression
level of MMP2 but not MMP9 in pancreatic cancer cells
(Figure 5E). Cheung et al. showed that JNK might be involved
in the GnRH-stimulated invasive behavior of ovarian cancer
cells by upregulating the expression of MMP2 and MMP9
(53), suggesting that the JNK signaling pathway might be
involved in this process in pancreatic cancer cells. The precise
mechanisms and pathways by which GnRH participates in
tumor invasion and migration in pancreatic cancer require
further investigation.

In summary, the present data provide evidence indicating
that GnRH mediates activation of the Akt/ERK pathways, thus
affecting cell proliferation, apoptosis, autophagy, invasion and

migration in pancreatic cancer cells. Our findings revealed that
GnRHmay be a potential target for the diagnosis of patients with
pancreatic cancer.
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