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Clinical implications of progranulin in gastric cancer
and its regulation via a positive feedback loop
involving AKT and ERK signaling pathways
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Abstract. In previous years, progranulin (PGRN) has attracted
increasing attention due to its oncogenic roles in several
types of tumor. However, the clinical relevance of PGRN in
gastric cancer remains to be elucidated. In the present study,
120 retrospective tissue samples were obtained from patients
with primary gastric cancer, and the expression of PGRN was
detected using immunohistochemistry. The results showed
that 71 cases exhibited a high expression of PGRN, which was
markedly higher than the 49 cases with a low expression of
PGRN. Subsequent %* analysis confirmed for the first time,
to the best of our knowledge, that a high level of PGRN was
positively correlated with lymph node metastasis (P=0.048),
Iymphatic invasion (P=0.018) and advanced clinical stage
(P=0.027). Survival analysis showed that PGRN was posi-
tively correlated with poorer overall survival (OS; P=0.0043)
and progression-free survival (PFS; P=0.0022). Univariate and
multivariate Cox regression analysis showed that PGRN and
clinical stage had a significant effect on the OS and PFS of
the patients with gastric cancer. In addition, cell experiments
confirmed that extracellular PGRN promoted the intracel-
lular expression of PGRN in a concentration-dependent
manner in gastric cancer cells. The AKT and extracellular
signal-regulated kinase signaling pathways were involved in
the upregulation of intracellular PGRN induced by extracel-
lular PGRN in MKN-45 and MGC-803 gastric cancer cells.
Taken together, the results of the present study suggested that
PGRN may be important in the progression and prognosis of
gastric cancer, and that the expression of PGRN was regulated
in a positive feedback loop. These findings enhance current
knowledge regarding PGRN in tumors.
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Introduction

Despite the decline in the incidence of gastric cancer, it remains
one of the most common malignant tumors worldwide and is
one of the leading causes of cancer-associated mortality world-
wide (1,2). This is a result of malignant behaviors, including
rapid progression, and ease of metastasis and recurrence,
and the poor prognosis of patients with gastric cancer (3). In
previous years, due to improvements in early diagnosis and
the development of combined therapy, the mortality rates of
patients with gastric cancer have declined to certain degree.
However, for a substantial proportion of patients with progres-
sive gastric cancer, the prognosis remains poor (4). Therefore,
there is an urgent requirement to identify more effective targets
to improve therapy outcomes.

Progranulin (PGRN) is a secretory protein. Previous
studies have suggested that it is mainly expressed in specific
neuron cells (5), immune cells (6), chondrocytes (7) and epithe-
lial cells (8), mediating the prevention of neurodegeneration,
wound healing and cartilage development (5-9). High expres-
sion levels of PGRN, and its correlation with tumor progression
and poor prognosis, have been reported in different types of
tumor, including breast cancer (10,11), ovarian cancer (12,13)
and liver cancer (14). However, the role of PGRN in gastric
cancer remains to be elucidated.

In the present study, the expression levels of PGRN in gastric
cancer tissues were detected using immunohistochemistry
(IHC), and PGRN was confirmed to correlate with lymph node
metastasis, lymphatic invasion, advanced clinical stage and
poor prognosis for the first time, to the best of our knowledge.
In addition, investigation of the molecular mechanism showed
that the level of PGRN in gastric cancer cells was regulated
by extracellular PGRN via the AKT and extracellular
signal-regulated kinase (ERK) signaling pathways in a positive
feedback loop.

Materials and methods
Cell lines and cell culture. The MKN-45 and MGC-803

human gastric cancer cell lines were purchased from American
Type Culture Collection (Manassas, VA, USA). These cell
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Figure 1. Expression of PGRN in gastric cancer tissues and its correlation with overall survival and progression-free survival rates. (A) Immunohistochemical
staining of PGRN in gastric cancer tissues. (B) Comparison of overall survival rates between the PGRN low expression group and PGRN high expression
group. (C) Comparison of progression-free survival rates between the PGRN low expression group and PGRN high expression group. PGRN, progranulin.

lines were cultured in RMPI-1640 medium (Gibco; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher
Scientific, Inc.). All cells were cultured in 5% CO, at 37°C.

To determine the underlying molecular mechanism of
PGRN regulation, an AKT inhibitor (LY294002) and ERK
inhibitor (U0126) were used. After resuspending in dimethyl
sulfoxide, LY294002 or U0126 was added to medium at a
final concentration of 50 ymol/l or 10 xmol/l, respectively.
Then, recombinant PGRN (rPGRN) was added and cells were
cultured for 2 days.

IHC. Following approval from the review board and ethics
committee, 120 retrospective primary gastric cancer tissue
samples were collected from patients who accepted surgical
treatment between 2007 and 2010 in Jinan Central Hospital
Affiliated to Shandong University (Jinan, China). None of
the patients received chemotherapy or radiotherapy prior to
surgery. Follow-up was continued until 31st December 2015.
The tissue samples were cut into sections (3-um thick) and
incubated with primary antibodies against PGRN (1:400; cat
no. ALX-804-737-C100, Enzo life science, Farmingdale, NY,
USA) at 4°C overnight. Normal rabbit IgG, in place of primary
antibodies, was used as a negative control. The sections were
then incubated with HRP-conjugated goat anti-rabbit IgG
polymer (cat no. 9902, Fuzhou Maixin Biotech Co., Ltd.,
Fuzhou, China) at room temperature for 30 min and stained
with 3,3'-diaminobenzidin. The cell nuclei were stained using
hematoxylin. The expression scores were evaluated by two
independent pathologists simultaneously under a microscope
(magnification, x400). The fraction of positively-stained tumor
cells was evaluated using proportion scores (0, none; 1, <25%;
2, 26-75%; 3, >75%). The intensity score represented the
average staining intensity (0, none; 1, weak; 2, intermediate; 3,

strong). The expression of PGRN was evaluated by combining
the proportion score and intensity score. Scores =4 were
considered as high expression and those <4 was considered as
low expression.

Reverse transcription polymerase chain reaction (RT-PCR)
analysis. Total RNA from the gastric cancer cells was extracted
using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.). The
PrimeScript RT-PCR kit (Takara Biotechnology Co., Ltd.,
Dalian, China) was used to synthesize cDNAs. The primers
were as follows: PGRN, forward 5'-ATCTTTACCGTCTCA
GGGACTT-3' and reverse 5'-CCATCGACCATAACACAG
CAC-3'; GAPDH, forward 5-AGAAGGCTGGGGCTCATT
TG-3' and reverse 5'-~AGGGGCCATCCACAGTCTTC-3". The
amplification mixture was as follows: 1.4 ul cDNA, 1.6 ul
forward primer, 1.6 ul reverse primer, 5.4 pl double distilled
dH,O and 10 ul buffer was incubated at 94°C for 5 min,
followed by 30 cycles at 94°C for 30 sec, 53°C for 30 sec, and
72°C for 30 sec, at last in 72°C for 5 min. PCR products were
electrophoretically separated on 1.0% agarose gels. The results
were analyzed by Labwork software version 4.0 (UVP, Inc.,
Upland, CA, USA) (15).

Western blot analysis. Cells were washed twice in PBS
and lysed in radioimmunoprecipitation assay buffer (cat
no. POO13B, Beyotime Institute of Biotechnology, Haimen,
China) containing 1% protease inhibitor. Protein concentration
was measured by spectrophotometry (ND-1000; NanoDrop
Technologies; Thermo Fisher Scientific, Inc.). A total of 200 ug
protein was loaded per well in 5% acrylamide and separated
by 10% separating gel and transferred onto a PVDF membrane
(EMD Millipore, Billerica, MA, USA). The membrane was
then incubated with the following primary antibodies at 4°C
overnight: PGRN (cat no. ALX-804-737-C100, Enzo life
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Table I. Correlation between PGRN and clinical parameters of
patients with gastric cancer.

PGRN
Cases Low High

Parameter (n) (n) (n)  y*-value P-value
Age (years)

>60 58 28 30

2.574 1

<60 62 21 41 37 0.109
Sex

Male 86 36 50

Female 4 13 21 01330716
Differentiation

High/moderate 73 29 44

Poor 47 0 27 0.095 0.758
Invasion depth

T1/T2 34 18 16 2879 0.090

T3/T4 86 31 55
Lymph node
metastasis

* 62 20 42 3.904 0.048*

- 58 29 29 ’ ’
Lymphatic
invasion

+ 83 28 55

i 37 71 16 5614 0.018
Vascular
invasion

+ 56 28 28

i 64 21 43 3.652 0.056
Clinical stage

I-1I 47 25 22

4.884 027°
III 73 24 49 88 0.027

“P<0.05 was considered to indicate statistical significance. PGRN,
progranulin.

science); phosphorylated (p-)ERK (cat no. 2219-1, Epitomics,
Burlingame, CA, USA); ERK (cat no. 12950, Cell Signaling
Technology, Inc., Danvers, MA, USA); p-AKT (cat no. 2938,
Cell Signaling Technology, Inc.); AKT (cat no. 4685, Cell
Signaling Technology, Inc.); GAPDH (cat no. 10494-1-AP,
Proteintech Group, Inc., Wuhan, China). This was followed
by incubation with HRP-conjugated goat anti-rabbit-IgG (cat
no. SA00001-2, 1:4,000, Proteintech Group, Inc.) at room
temperature for 1 h. Signals on the membrane were visualized
using chemiluminescence reagents (EMD Millipore).

Statistical analysis. All data are expressed as the
mean =+ standard deviation. SPSS 11.0 software, (SPSS, Inc.,
Chicago, IL, USA) was used for analysis. The correlation
of PGRN with clinical parameters was analyzed using the
¥’ test. Survival curves were drawn using the Kaplan-Meier
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method, and means were compared using the log-rank test.
Cox regression analysis was performed to confirm potential
prognostic factors of gastric cancer. The differences between
two groups were analyzed using Student's two-tailed t-test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

High expression of PGRN is positively correlated with lymph
node metastasis, lymphatic invasion and advanced clinical
stage. As shown in Fig. 1A, PGRN was mainly expressed in
the cytoplasm of tumor cells, with sporadic weak staining also
present in the tumor mesenchyme. The cases were divided
into two groups according to different expression levels of
parenchymal PGRN; there were 49 cases with low expression
of PGRN, which was markedly lower than the 71 cases with
high expression of PGRN.

As shown in Table I, in the PGRN low expression group,
only 20 of the 49 cases exhibited lymph node metastasis,
which was significantly lower than the high expression group,
in which 42 of the 71 cases exhibited lymph node metastasis.
In addition, 28 of the 49 cases exhibited lymphatic invasion,
which was significantly lower than the high expression group,
in which 55 of the 71 cases exhibited lymphatic invasion. A
total of 24 of the 49 cases were at clinical stage III, which
was significantly lower than the 49 of 71 cases in the group
expressing a high level of PGRN. The results of the %> test
showed that PGRN was positively correlated with lymph
node metastasis (P=0.048), lymphatic invasion (P=0.018) and
clinical stage (P=0.027).

PGRN is positively correlated with poor prognosis. In
30 follow-up cases with low expression of PGRN, 12 cases
succumbed to mortality and the overall survival (OS) rate
was 60%; 15 cases showed disease progression, and the
progression-free survival (PFES) rate was 50%. In 30 follow-up
cases with high expression of PGRN, 22 cases succumbed to
mortality and the OS rate was 26.7%, which was substantially
lower, compared with that in the low expression group. There
were 26 cases of disease progression and the PFS rate was
13.3%, which was substantially lower, compared with that in
the low expression group. Statistical analysis confirmed that
the OS (Fig. 1B; P=0.0043) and PFS (Fig. 1C; P=0.0022) in
the low PGRN group were significantly higher than the rates
in the high PGRN group.

Regression analysis for potential prognostic factors. To
confirm the potential prognostic factors for gastric cancer in
the present study, Cox regression analysis was performed. The
univariate Cox regression analysis showed that the expression
of PGRN (P=0.002) and clinical stage (P<0.001) had a signifi-
cant effect on the OS rate of the patients with gastric cancer
(Table II). The PGRN (P=0.003) and clinical stage (P=0.004)
also had a significant effect on the PFS rate of the patients with
gastric cancer (Table II1).

To further ascertain the potential prognostic factors,
multivariate Cox regression analysis was also performed and
showed that the expression of PGRN (P=0.048) and clinical
stage (P=0.001) had a significant effect on the OS rates of
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Table II. Univariate and multivariate analyses of factors affecting OS rates in patients with gastric cancer.

Univariate analysis

Multivariate analysis

Variable RR 95% CI P-value RR 95% CI P-value
PGRN 2.952 1.468-5.937 0.002* 2.258 1.008-5.056 0.048*
Lymph node involvement 1.158 0.602-2.228 0.660 1.061 0.533-2.109 0.867
Lymphatic invasion 1.842 0.887-3.826 0.101 1.247 0.532-2.922 0.611
Vascular invasion 1.141 0.591-2.203 0.695 0.923 0.463-1.839 0.820
Differentiation 1.547 0.803-2.98 0.192 1.549 0.753-3.185 0.234
Clinical stage 3.783 1.847-7.75 <0.001* 3493 1.691-7.218 0.001*

“P<0.05 was considered to indicate statistical significance. RR, relative risk; 95% CI, 95% confidence interval; OS, overall survival; PRGN,

progranulin.

Table III. Univariate analysis and multivariate analysis of factors affecting PFS rates in patients with gastric cancer.

Univariate analysis

Multivariate analysis

Variable RR 95% CI P-value RR 95% CI P-value
PGRN 2.626 1.382-4.988 0.003* 2.215 1.075-4.562 0.031*
Lymph node involvement 1.220 0.660-2.256 0.526 1.043 0.552-1.973 0.896
Lymphatic invasion 1.909 0.971-3.755 0.061 1.287 0.592-2.797 0.524
Vascular invasion 1.022 0.553-1.888 0.946 0.886 0.466-1.684 0.711
Differentiation 1.262 0.682-2.334 0.458 1.398 0.721-2.708 0.321
Clinical stage 2.540 1.348-4.786 0.004* 2474 1.300-4.707 0.006*

“P<0.05 considered to indicate statistical significance. RR, relative risk; 95% CI, 95% confidence interval; PFS, progression-free survival;

PRGN, progranulin.

patients with gastric cancer (Table IT); PGRN (P=0.031) and
clinical stage (P=0.006) also had significant effects on the
PFS rates of patients with gastric cancer (Table III). Lymph
node involvement, lymphatic invasion, vascular invasion and
differentiation had no prognostic significance, when evaluated
using univariate Cox regression analysis and multivariate Cox
regression analysis.

Extracellular PGRN promotes the intracellular expression of
PGRN via the AKT and ERK signaling pathways. As shown
in Fig. 2, when stimulated with different concentrations of
recombinant PGRN (rPGRN) for 2 days, the expression of
intracellular PGRN was significantly upregulated at the
mRNA level in the MKN-45 and MGC-803 cells (Fig. 2A
and B) in a concentration-dependent manner. The same was
true of the protein levels (Fig. 2C and D). This confirmed the
positive feedback regulatory mechanism of PGRN in gastric
cancer cells.

Subsequent investigation into the molecular mechanism
underlying the above process showed that the phosphorylation
of EKT was activated by rPGRN in the MKN-45 (Fig. 3A)
and MGC-803 (Fig. 3B) cells, and the same was observed
for the phosphorylation of AKT (Fig. 3C and D). The ERK
inhibitor (U0126) and AKT inhibitor (LY294002) abrogated
the upregulation of intracellular PGRN induced by rPGRN in

the MKN-45 (Fig. 3A and C) and MGC-803 (Fig. 3B and D)
cells. This confirmed the roles of AKT and ERK in the posi-
tive feedback regulation of the expression of PGRN.

Discussion

The PGRN gene is localized on human chromosome 17 and
the encoding region is composed of 12 exons. PGRN protein
weighs 68.5 kDa and is composed of 7.5 tandem repeats,
which are rich in serine (16). In previous years, the impor-
tance of PGRN has been widely reported in different types
of tumor. In 2014, Edelman et al reported that PGRN was
expressed at high levels in non-small cell lung carcinoma
(NSCLC) tissues and was correlated with poor OS and PFS
rates in patients with NSCLC (17). In our previous study,
PGRN not only promoted the proliferation and angiogenesis
of colorectal cancer, but also was positively correlated with
lymph node metastasis, advanced clinical stage and poor PFS
rates (18).

Cancer progression is a complex process and its prognosis
can be affected by different factors. Patients at an advanced
clinical stage usually have a poorer prognosis, compared
with patients at an early stage. In the present study, it was
confirmed that PGRN and clinical stage had potential effects
on the prognosis of patients with gastric cancer through Cox
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Figure 2. Extracellular PGRN promotes the intracellular expression of PGRN. Following stimulation with rPGRN, intracellular mRNA expression of PGRN

was upregulated in the (A) MKN-45 cells and (B) MGC-803 cells. Intracellular
and (D) MGC-803 cells. PGRN, progranulin; rPGRN, recombinant PGRN. "P<0.

protein expression of PGRN was also upregulated in the (C) MKN-45 cells
05 vs. cells stimulated by rPGRN (0 ng/ml).
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Figure 3. AKT and ERK are involved in the expression of intracellular PGRN induced by extracellular PGRN. Following the addition of rPGRN, the
phosphorylation of ERK was activated in the (A) MKN-45 cells and (B) MGC-803 cells. The phosphorylation of AKT was also activated in the (C) MKN-45

cells and (D) MGC-803 cells. ERK inhibitor (U0126) abrogated the intracellu
(B) MGC-803 cells. AKT inhibitor (LY294002) abrogated the intracellular expres

lar expression of PGRN induced by rPGRN in the (A) MKN-45 cells and
sion of PGRN induced by rPGRN in the (C) MKN-45 cells and (D) MGC-803

cells. PGRN, progranulin; rPGRN, recombinant PGRN; ERK, extracellular signal-regulated kinase; p-, phosphorylated.

regression analysis. This evidence supporting the effects of
PGRN and clinical stage on the prognosis of patients with
gastric cancer emphasizes the importance of early screening
and treatment. Lymph node involvement, lymphatic invasion,

vascular invasion and differentiation had no significant effects
in the present study, however, it is not possible to dismiss the
importance of these factors in cancer progression and prog-
nosis. The present study included a limited number of cases
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and a study comprising an increased number of cases may
provide different results.

Until now, studies investigating the roles of PGRN in gastric
cancer have been limited. In 2011, Wang et al reported that
PGRN was expressed at a high level in gastric cancer tissue,
however, no further retrospective analysis or cell experiments
were performed (19). In the present study, the expression of
PGRN in gastric cancer was examined, and it was confirmed
that PGRN was positively correlated with lymph node metas-
tasis, lymphatic invasion, advanced clinical stage, and poor OS
and PFS rats in patients with gastric cancer. This confirmed
the importance of PGRN in the progression and prognosis of
gastric cancer. This was consistent with the tumor-promoting
roles of PGRN reported in previous studies. However, there
were limitations in the present study. Only 120 cases were
enrolled in limited quantities, and the majority of cases were
from local residents with regional patient information. This
limited number of cases and regional data restrict the univer-
sality of the results. Multi-center and larger sample clinical
trials are likely to improve the validity of the results.

As a secretory protein, under the guidance of signaling
peptides, PGRN is secreted to the outside of cells and can
regulate intracellular gene expression through binding to
corresponding receptors on cell membranes in an autocrine
or paracrine manner. In 2016, Liu et al reported that iPGRN
promoted the expression of Cyclin-B1 and Cyclin-D1 in HepG2
hepatocellular carcinoma cells, resulting in cell growth (20).
In our previous study, PGRN was shown to promote the
expression of Ki67 and vascular endothelial growth factor A
in colorectal cancer cells (21). However, whether PGRN
regulated its expression in a positive feedback loop remained
unclear. In the present study, it was confirmed that extracel-
lular rPGRN efficiently promoted the intracellular expression
of PGRN in MKN-45 and MGC-803 cells. This suggested that
PGRN in patient blood may affect the expression of PGRN
in tumor cells and, leading to tumor cells secreting increased
PGRN into the blood, eventually resulting in high expression
levels of PGRN in the tumor and blood, offering potential as
a marker of tumor progression. Although the clinical implica-
tion of PGRN in the blood has been reported in several types
of cancer, including breast cancer (22) and NSCLC (17), the
results of the present study indicate the importance of PGRN
in the circulation from another perspective.

A more detailed understanding of the molecular mecha-
nism underlying the positive feedback regulation of PGRN is
likely to improve knowledge of the role of PGRN in tumors.
The AKT and ERK signaling pathways have been commonly
investigated downstream targets of PGRN in several types
of tumor (23-25). ERK is also a crucial signal target, which
is responsible for the expression of PGRN induced by inter-
leukin-6 in hepatocellular carcinoma cells (20). In the present
study, it was found that extracellular PGRN efficiently promoted
the intracellular expression of PGRN via the AKT and ERK
signaling pathways. These results, together with those of the
previous reports, provide sufficient evidence supporting the
close correlation of ERK and AKT signaling pathways with
the expression and functions of PGRN in cancer.

In conclusion, the present study elucidated the clinical
implication of PGRN in the progression and prognosis of
gastric cancer using IHC analysis. In addition, it was confirmed

YANG et al: CLINICAL SIGNIFICANCE OF PROGRANULIN IN GASTRIC CANCER

that PGRN regulated its own expression in a positive feedback
loop via the AKT and ERK signaling pathways. These results
improve current understanding of the role of PGRN in cancer
and indicate a novel effective target for gastric cancer therapy.
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