%2 FEBSPRESS

@ > @ science publishing by scientists

GNG12 regulates PD-L1 expression by activating NF-xB
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Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive
solid tumors in the digestive system. A greater understanding of the
pathogenesis of PDAC may facilitate the search for new therapeutic tar-
gets. Guanine nucleotide-binding protein subunit gamma-12 (GNG12)
belongs to the G protein family and participates in the modulation of
the inflammatory signaling cascade. However, the cancer-related function
and clinical relevance of GNGI12 in PDAC have not previously been
reported. Here, we investigated the clinical significance of GNGI2 in
PDAC using the Oncomine web tool, the gene expression profiling inter-
active analysis tool and tissue microarray (TMA). GNGI2 expression
was observed to be higher in PDAC patient specimens than in nontumor
pancreatic tissues, and high expression of GNGI12 was associated with
poor prognosis. We subsequently show that GNGI12 promotes pancreatic
cancer cell growth in vivo and in vitro, as evaluated using 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-te-
trazolium, inner salt assays, colony formation assays and a xenograft
mouse model. Furthermore, our results suggest that GNGI12 activates
nuclear factor-kB signaling and modulates the immune response. Collec-
tively, our findings suggest that GNGI12 may be suitable as a new prog-
nosis-related biomarker and a promising target for treatment of
pancreatic cancer.

Pancreatic ductal adenocarcinoma (PDAC) is the most
lethal solid tumor in the digestive system [1,2]. Due to
rapid metastasis after surgical resection and
chemotherapy resistance, the occurrence rate of PDAC
is almost equal to its death-causing degree, and this
situation has not changed over the last couple decades
[1-3]. Therefore, exploring the pathogenesis of PDAC
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could help find new therapeutic targets for pancreatic
cancer that help improve the treatment effect on
patients with cancer.

Guanine nucleotide-binding protein subunit gamma-12
(GNGI12) is one of the G protein family members and
acts as a modulator in a variety of transmembrane signal
pathways [4]. Moreover, there is evidence that the protein
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immunohistochemistry; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; NF-«xB,
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kinase C—dependent phosphorylation of GNGI12 regu-
lates the interaction between Ca21 and cyclic AMP, which
means that GNGI12 has a novel regulatory function in
cells [4]. Furthermore, research has demonstrated that
GNG12 can block the inflammatory response induced by
lipopolysaccharide [5]. Also, the aberrant expression of
GNGI12 has recently been shown to activate the mam-
malian target of rapamycin signaling cascade to promote
cell proliferation and casein synthesis [6].

The cancer-related function and clinical relevance of
GNG12 in PDAC have remained unknown so far, but
identifying them would be of massive significance
toward finding a new treatment. In this study, we
showed that GNGI2 increased in pancreatic cancer
patient specimens compared with the nontumor pan-
creatic tissues. GNGI2 promoted pancreatic cancer
cell growth in vivo and in vitro. In addition, we found
that GNGI12 activated the nuclear factor-kB (NF-kB)
signaling pathway and increased the programmed
death-ligand 1 (PD-L1) expression level in pancreatic
cancer cells. Our findings show that overexpressed
GNGI12 promotes cancer cell proliferation and acti-
vates the NF-xB signaling pathway and immune
response in pancreatic cancer.

Materials and methods

Cells and cell culture

Human PDAC cell lines PANC-1 (catalog no. SCSP-535;
Chinese Academy of Science Cell Bank, Shanghai, China)
and BxPC-3 (catalog no. TCHu 12; Chinese Academy of
Science Cell Bank) were maintained in Dulbecco’s modified
Eagle’s medium (Thermo Fisher Scientific, Shang-
hai, China) containing 10% FBS (Thermo Fisher Scien-
tific). All pancreatic cancer cell lines were cultured in an
incubator supplemented with 5% CO, at 37 °C.

Table 1. Sequences of quantitative RT-PCR primers.
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Western blot analysis

Human pancreatic cancer cells (PANC-1 and BxPC-3) were
washed with 1x PBS, harvested from culture dishes and lysed
with 1x radioimmunoprecipitation assay (RIPA) buffer (Cell
Signaling Technology, Danvers, MA, USA) for 15 min on
ice. The supernatant obtained after centrifugation at 12 000 g
was sent for quantification with a bicinchoninic acid Protein
Assay Kit (catalog no. PA115; Tiangen Biotech, Beijing,
China) according to the manufacturer’s protocol. Eighty
micrograms of protein was separated using 8-10% SDS/
PAGE gel and then transferred to a poly(vinylidene difluo-
ride) membrane, where it was washed with 1x TBST, blocked
with 5% nonfat milk at room temperature for 1 h and incu-
bated with corresponding primary antibodies at 4 °C for
more than 10 h. A second incubation was next performed
with a secondary antibody at room temperature for 1 h, fol-
lowed by visualization of target protein bands using a Chemi-
luminescent Western Blot Detection Kit (cat no. 32209;
Thermo Fisher Scientific, Waltham, MA, USA).

Real-time RT-PCR

The human pancreatic cancer cells (PANC-1 and BxPC-3)
were washed with 1x PBS and immersed with 1 mL TRI-
zol reagent (Thermo Fisher Scientific, USA) for 20 min on
ice. The RNA in the TRIzol reagent was sent for reverse
transcription to generate the cDNA by using PrimeScript™
RT reagent Kit (cat no. RR037A; Shigo, Japan). Then the
real-time RT-PCR was performed by adding the cDNA to
the TB Green™ Fast qPCR Mix kit (cat no. RR430A;
Shigo, Japan). The —AACt method was used for quantifica-
tion, and B-actin was used for the housekeeping gene. The
primers for RT-PCR are provided in Table 1.

Antibodies, chemicals and plasmids

The p65 antibody (8242) (1 : 1000 for western blotting)
and AKT antibody (9272) (1 : 2000 for western blotting)

Species Gene Forward (5'-3') Reverse (5'-3)

Human p-actin CCCTGGCTCCTAGCACCAT AGAGCCACCAATCCACACAGA
Human GNG12 GCAAAACAGCAAGCACCAAC CTATCAGCAAAGGGTCACTCC
Human PD-L1 CTGAACGCCCCATACAACAA CTTGGAATTGGTGGTGGTGG
Human TNF GTCAACCTCCTCTCTGCCAT CCAAAGTAGACCTGCCCAGA
Human IL-1a TGATCAGTACCTCACGGCTG TGGTCTTCATCTTGGGCAGT
Human IL-6 AGTCCTGATCCAGTTCCTGC CTACATTTGCCGAAGAGCCC
Human CD83 TGCTCCGAAGATGTGGACTT AGAGTGCACCTGTATGTCCC
Human GADD45B CAGAAGATGCAGACGGTGAC AAGGACTGGATGAGCGTGAA
Human BCL2L1 AAGAGAACAGGACTGAGGCC TTGCTTTACTGCTGCCATGG
Human CXCL5 GTGTTGAGAGAGCTGCGTTG AGGGGCTTCTGGATCAAGAC
Human CXCR1 ATCTGTCCCTGCCCTTCTTC GACGACAGCAAAGATGACCC
Human FOS GCTTCAACGCAGACTACGAG AGTGACCGTGGGAATGAAGT
Human NR4A2 CACTTCTCTCCCCAGCTTCA CGGCATCATCTCCTCAGACT
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were obtained from Cell Signaling Technology; PD-L1
antibody (ab205921) (1 : 1000 for western blotting),
GNGI12 antibody (ab154698) (1 : 1000 for western blot-
ting) and GAPDH antibody (ab8245) (1 : 5000 for western
blotting) were acquired from Abcam (Cambridge,
MA, USA). A pcDNA3.1 backbone was mixed with the
cDNA of GNGI12 to generate the Flag-GNGI12 vector.

RNA interference

The lentivirus vector—based short hairpin RNAs (shRNAs)
(Sigma-Aldrich, St. Louis, MO, USA) were transfected to
293T cells. After 72 h of transfection, the media of 239T
cells containing virus were harvested. For infection of the
pancreatic cancer cells, the culture medium of pancreatic
cancer cells was replaced with the above viral medium.
After 72-h infection and puromycin selection, the pancre-
atic cancer cells were harvested for other experiments. The
information for the shRNA sequence is provided in Table 2.

Cell proliferation assay

The pancreatic cancer cell growth rate was analyzed by using
the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) assay
(Abcam). In brief, pancreatic cancer cells (0.5 x 10* cells per
well) were plated in 96-well plates. After 24 h, MTS reagent
(Abcam) was added to each well and incubated at 37 °C for
1 h. The microplate reader was used to measure the 4499 nm-

Xenograft mouse model

The 4- to 5-week-old nude mice (Vitalriver, China) were
randomly divided into shControl or shGNGI2 group
(n =6 per group). The pancreatic cancer cells (1 x 107)
infected with control or GNGI12 shRNAs were subcuta-
neously injected in the left dorsal flank of the mice. The
tumor volume [length x (width?)/2] was measured every
other day for 21 days. The xenografts mouse protocol was
approved by the Institutional Animal Care and Use Com-
mittee of Tongji Medical College, Huazhong University of
Science and Technology.

Immunohistochemistry

The TMA slides were purchased from Outdo Biobank
(HPan-Ade060CD-01; Shanghai, China). The TMA speci-
immunostained with GNGI2

mens were antibodies

Table 2. Sequences of gene-specific shRNAs.
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(ab154698, dilution 1 : 150; Abcam) as described previously
[7]. Staining intensity was scored in a blinded fashion:
1 = weak staining at x100 magnification but little or no
staining at x40 magnification; 2 = medium staining at x40
magnification; and 3 = strong staining at x40 magnification
[7]. The degree of immunostaining was reviewed and scored
by two independent pathologists who were blinded to the
clinical details. The scores were determined by the percent-
age of positive cells multiplied by the staining intensity.

Statistical analysis

All grouped data are presented as the means + standard
deviation (SD). Comparisons between groups were deter-
mined with one-way or two-way ANOVA using GRAPHPAD
PrISM 5 software (GraphPad Software, San Diego, CA,
USA). P < 0.05 was considered statistically significant.

Results

Overexpressed GNG12 is associated with poor
prognosis in PDAC

Because GNG12 in cancer is poorly understood, espe-
cially in pancreatic cancer, we first evaluated the
mRNA expression of GNGI12 in pancreatic cancer cell
lines and normal human pancreatic duct epithelial
cells. Our data show that there were higher mRNA
expression levels of GNGI12 in pancreatic cancer cell
lines, especially in MIA Paca-2, PANC-1 and BxPC-3
cells, than in HPDEG6-C7 cells (normal human pancre-
atic duct epithelial cells) (Fig. 1A).

Next, we compared the GNGI12 mRNA levels in
PDAC with those in nontumor pancreatic tissues using
the Oncomine and gene expression profiling interactive
analysis (GEPIA) web tool [8]. Our data revealed that
GNGI12 expression in PDAC was much higher than in
nontumor pancreatic tissues (Fig. 1B,C).

Meanwhile, the protein levels of GNGI2 were
detected by immunohistochemistry (IHC) from a
PDAC TMA [nontumor pancreatic tissues (n = 25)
and PDAC specimens (n = 31)] (cat no. XT14-029;
Outdo Biobank). IHC results indicated that GNGI12
has higher protein levels in PDAC specimens than in
nontumor pancreatic tissues (Fig. 1D).

We then investigated the disease-free survival and
overall survival rates of patients with PDAC with

shGNG12#1
shGNG12#2
shp65

5'-CCGGCCGATATGTCAGGACCTAAATCTCGAGATTTAGGTCCTGACATATCGGTTTTTTG-3’
5'-CCGGGCTCATGTTCTCTACTGGATTCTCGAGAATCCAGTAGAGAACATGAGCTTTTTTG-3’
5/-CCGGGCTCATGTTCTCTACTGGATTCTCGAGAATCCAGTAGAGAACATGAGCTTTTTTG-3'
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Fig. 1. Overexpressed GNG12 is associated with poor prognosis in PDAC. (A) The normal pancreatic cell lines and pancreatic cancer cell
lines were collected for quantitative RT-PCR analysis. Data presented are the mean values + SD (n = 3). Analysis performed using one-way
ANOVA with Tukey's multiple comparisons post hoc test. **P < 0.01; ***P < 0.001. (B) The mRNA expression level of GNG12 was
measured by the Oncomine web tool. P values are as indicated. (C) The mRNA expression level of GNG12 was measured by the GEPIA
web tool. Asterisk indicates significant. (D) The IHC image and stain index of GNG12 by using TMA sections. Scale bars: 1 mm (upper
panels); 100 um (lower panels). P values are shown as indicated. Analysis was performed using the Shapiro-Wilk normality test.
*¥**¥P < 0.001. (E) The disease-free and overall survival of patients with pancreatic cancer were analyzed using the GEPIA web tool and the
Human Protein Atlas. P values are shown as indicated. Disease-free survival rate and overall survival rate were analyzed using log rank test
and Mantel-Cox test.
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different GNG12 expressions using the Human Protein
Atlas and the GEPIA web tool. Our data revealed that
the GNGI12 high-expression group had a shorter sur-
vival time than the GNGI2 low-expression group
(Fig. 1E). Therefore, our data suggest that GNGI2
increases in PDAC, and overexpressed GNGI12 corre-
lates with unfavorable prognosis in pancreatic cancer.

Abnormally overexpressed GNG12 promotes
pancreatic cancer cell growth

Having identified that overexpressed GNG12 correlated
with the poor prognosis of PDAC, we needed to estab-
lish the tumorigenesis-related effect of GNGI12 in
PDAC. First, we knocked down GNG12 with shRNAs
in pancreatic cancer cells and subjected the cells to the
MTS and colony formation assays (Fig. 2A). Our data
showed that knocking down GNGI2 significantly
inhibited pancreatic cancer cell growth in vitro
(Fig. 2B-D). In contrast, overexpresssd GNGI2
induced by GNGI12 plasmid transfection up-regulated
PANC-1 and BxPC-3 cell growth rates (Fig. 2E,F).

Furthermore, PANC-1 cells with or without
knocked-down GNGI12 were transfected into nude
mice subcutaneously for the xenografts assay, to verify
the tumor growth-promoting effect of GNGI12. Our
results suggest that the down-regulation of GNGI12
impeded xenograft growth in vivo (Fig. 2G-I). These
findings indicate that GNGI12 could promote pancre-
atic cancer cell growth in vivo and in vitro.

GNG12 activates the NF-xB pathway in
pancreatic cancer cells

The dysregulation of NF-kB signaling is one of the
major characteristics of pancreatic cancers [9]. Acti-
vated NF-xB pathways have been reported to con-
tribute to regulating inflammatory responses and
promoting pancreatic cancer proliferation [10]. Given
that GNG12 is involved in modulating inflammatory
responses, we further explored the underlying mecha-
nism of GNGI12-induced pancreatic cancer cell prolif-
eration. We first examined whether GNG12 regulated
NF-kB-related genes in pancreatic cancer cells. Our
results revealed that knocking down GNGI12 decreased
the number of NF-xB pathway-related gene expres-
sions (including tumor necrosis factor [TNF], inter-
leukin-la [IL-1a], IL-6, CD83, GADD45B, BCL2LI,
CXCL5, CXCRI1, FOS and NR4A2) [10,11] in both
PANC-1 and BxPC-3 cells (Fig. 3A). In contrast, over-
expressed GNG12 up-regulated these genes’ expression
in pancreatic cancer cell lines (Fig. 3A). Besides, we
found that there were positive correlations between

J. Lietal

these genes and GNGI2 levels in pancreatic cancer
specimens (Fig. 3B). Furthermore, our data indicated
that the repression of GNGI2 resulted in decreased
nuclear portions of p65 in PANC-1 and BxPC-3 cells,
but the overexpression of GNGI2 led to increased p65
in the nucleus (Fig. 3C), which might be an indicator
of how GNGI12 activates NF-xB signaling in pancre-
atic cancer.

GNG12 promotes PD-L1 expression in pancreatic
cancer through the NF-xB pathway

Previous studies have reported that the activation of
NF-kB signaling increases PD-L1 expression. Given
that GNGI2 activates the NF-xB signaling pathway,
we sought to know whether GNG12 modulates PD-
L1. Intriguingly, knocking down GNGI12 down-regu-
lated the protein and mRNA levels of PD-L1 tran-
scriptionally in pancreatic cancer cells (Fig. 4A,B).
Conversely, GNG12 overexpression increased PD-L1
expression (Fig. 4C,D).

Furthermore, we analyzed the correlation of the
mRNA levels between GNGI2 and PD-L1 (also
known as CD274) using The Cancer Genome Atlas
datasets (Fig. 4E) and GEPIA web tool (Fig. 4F). Our
findings showed that GNG12 correlated positively with
PD-L1 in PDAC specimens (Fig. 4E,F). In addition,
we revealed that the up-regulation of PD-LI1 induced
by GNGI2 overexpression or the down-regulation of
PD-L1 caused by knocking down GNGI2 could both
be diminished by knocking down p65 in PANC-1 cells
(Fig. 4G-J). These data suggest that GNGI12 promotes
PD-L1 expression via the NF-kB pathway in pancre-
atic cancer.

Discussion

The NF-xB family of the transcription factor consists
of five members, including p65, p50/p105, p52/p100, c-
Rel and RelB [12]. The abnormal activation of the
NF-xB pathway contributes to the dysregulation of
cancer cell metabolism, cell cycle, apoptosis and
chemoresistance [13]. Reports suggest that the canoni-
cal NF-xB signal is overactivated in 70% of pancreatic
cancer cell lines, which results in cancer cell growth
and lymphovascular and neural invasion [14,15]. Thus,
exploring the underlying mechanism of how the NF-
kB signal is activated is critical to understanding the
pathogenesis of pancreatic cancer. Our group previ-
ously showed that the G protein—coupled receptor acti-
vates the NF-kB signal to regulate pancreatic cancer
proliferation, angiogenesis and gemcitabine chemore-
sistance [9]. In this study, we revealed that GNGI12
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Fig. 2. Abnormally overexpressed GNG12 promotes pancreatic cancer cell growth. (A-D) BxPC-3 and PANC-1 cells were transfected with
indicated constructs. Seventy-two hours after infection and puromycin selection, cells were subjected to quantitative RT-PCR analysis (A),
MTS assay (B) and colony formation assay (C, D). Data presented are the mean values + SD (n = 3). Analysis was performed using one-
way ANOVA with Tukey's multiple comparisons post hoc test. ***P < 0.001. (E, F) BxPC-3 and PANC-1 cells were transfected with
indicated plasmids. Twenty-four hours posttransfection, cells were collected for quantitative RT-PCR analysis (E) and MTS assay (F). The
data shown are the mean values + SD (n = 3). Analysis was performed using one-way ANOVA with Tukey's multiple comparisons post hoc
test. ***P < 0.001. (G-I) PANC-1 cells were transfected with shControl or GNG12-specific shRNA. Seventy-two hours after transfection and
puromycin selection, cells were subcutaneously injected into nude mice for xenografts assay. After 21 days, the tumors were harvested,
photographed (G) and measured (H, |). The data are presented as the mean + SD (n = 6). Analysis was performed using one-way ANOVA
with Tukey's multiple comparisons post hoc test. ***P < 0.001.

acted as an activator of the NF-xB pathway in pancre- Recently, immunotherapy, especially the use of
atic cancer cells, but the specific mechanism needs to immune checkpoint inhibitors, is a novel therapeutic
be studied further. strategy for cancer treatment and makes profound
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Fig. 3. GNG12 activates the NF-kB pathway in pancreatic cancer cells. (A) PANC-1 and BxPC-3 cells were transfected with indicated
constructs. Seventy-two hours after transfection and puromycin selection, cells were harvested for quantitative RT-PCR analysis. Data
presented are the mean values + SD (n = 3). Analysis was performed using two-way ANOVA with Bonferroni post hoc test. *P < 0.05;
*¥*P < 0.01; ***P < 0.001. (B) The correlation between GNG12 and NF-kB pathway-related genes was analyzed by the GEPIA web tools. P
value is as indicated. (C) PANC-1 and BxPC-3 cells were transfected with indicated constructs. Seventy-two hours after transfection and
puromycin selection, cells were harvested for western blotting analysis. n.s., not significant.

progress in prolonging the survival time of various efficacy of immune checkpoint inhibitors for gastroin-
types of tumor [16]. A number of clinical trials are cur- testinal cancer [16]. Single-agent immune checkpoint
rently being conducting to explore the safety and inhibitions, including programmed death 1 antibody or
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Fig. 4. GNG12 promotes PD-L1 expression in pancreatic cancer through the NF-xB pathway. (A, B) PANC-1 and BxPC-3 cells were
transfected with indicated constructs. Seventy-two hours after transfection and puromycin selection, cells were harvested for quantitative
RT-PCR analysis (A) and western blotting analysis (B). The data shown are the mean values + SD from three replicates. Analysis was
performed using one-way ANOVA with Tukey's multiple comparisons post hoc test. *P < 0.05; **P < 0.01; ***P < 0.001. (C, D) PANC-1
and BxPC-3 cells were transfected with indicated constructs. Seventy-two hours after transfection and puromycin selection, cells were
harvested for quantitative RT-PCR analysis (C) and western blotting analysis (D). The data shown are the mean values + SD from three
replicates. Analysis was performed using one-way ANOVA with Tukey's multiple comparisons post hoc test. **P < 0.01; ***P < 0.001. (E
and F) The Cancer Genome Atlas datasets (E) and the GEPIA web tool (F) were used to determine the correlation between the mRNA
expression levels of PD-L1 and GNG12 in human pancreatic cancer samples. (G, H) PANC-1 and BxPC-3 cells were transfected with
indicated constructs. Seventy-two hours after transfection and puromycin selection, cells were harvested for quantitative RT-PCR analysis
(G) and western blotting analysis (H). The data shown are the mean values & SD from three replicates. Analysis was performed using one-
way ANOVA with Tukey's multiple comparisons post hoc test. ***P < 0.001. (I, J) PANC-1 and BxPC-3 cells were transfected with
indicated constructs. Seventy-two hours after transfection and puromycin selection, cells were harvested for quantitative RT-PCR analysis (I)
and western blotting analysis (J). The data shown are the mean values 4+ SD from three replicates. Analysis was performed using one-way
ANOVA with Tukey's multiple comparisons post hoc test. ***P < 0.001. n.s., not significant.

PD-L1 antibodies, show nonclinical benefits for macrophages, increases PD-L1 expression in pancreatic

patients with pancreatic cancer [17]. It has been well
documented that genes alteration associated with mes-
enchymal transition, angiogenesis or hypoxia was
responsible for the resistance of immune checkpoint
inhibitions [16]. Importantly, overexpressed PD-LI is
considered to be one of the primary reasons for the
failure of immune checkpoint immunotherapy [18].
The specific mechanism of PD-L1 regulation in pan-
creatic cancer has not been elucidated fully. Existing
reports show that tumor necrosis factor-a, secreted by

cancer [19]. Previously, we found that the RB—p65 axis
[10], FUBPI-Myc axis [20], HAT1-BRD#4 axis [21] or
HDACS3 [22] regulated PD-L1 expression in pancreatic
cancer. In this study, we demonstrated that GNGI12
increased PD-L1 transcriptionally and modulated the
immune response to pancreatic cancer.

In summary, we studied the biological role of
GNGI12 in pancreatic cancer. Our data indicate that
GNGI12 increased in PDAC specimens, and overex-
pressed GNGI12 was associated with poor prognosis
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of pancreatic cancer. We also showed that GNGI12
promoted PDAC tumor growth in vivo and in vitro.
In addition, we found that GNGI2 played a crucial
role in activating NF-kB singling and modulating
the immune response. Therefore, we suggest that
GNGI12 might be a new prognosis-related biomarker
and a promising candidate for pancreatic cancer
treatment.
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