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Introduction

Pancreatic cancer is a common malignancy of the digestive system, with a 5-year
survival of <5%.! Rapid invasion, high metastasis, and resistance to chemotherapeutic
drugs are important causes of death in pancreatic cancer patients.>* Recent studies
have shown that tumors contain a subset of cells called cancer stem cells (CSCs). This
subset has the ability to self-renew and differentiate into heterogeneous tumors by
asymmetric cell division (ACD),* which is a process that is specific to stem cells.’”’
CSCs are highly resistant to conventional chemotherapeutic drugs and are associated
with tumor recurrence and metastasis.® Pancreatic cancer stem cells (PCSCs), which
were first discovered in 2007, play an important role in pancreatic cancer metasta-
sis and drug resistance.!!? Although increasingly more studies have supported the
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existence of PCSCs, the mechanisms for regulating PCSCs
remain to be elucidated.

G-protein-signaling modulator 2 (GPSM2) is an impor-
tant factor that regulates the localization and mitotic spindle
pole orientation of cells.!® Fukukawa et al have shown that
GPSM2 is upregulated in breast cancer tissues and plays an
essential role in cell division." In our previous study, we
demonstrated that GPSM2 is overexpressed in pancreatic
cancer tissues. Furthermore, GPSM2 overexpression has
been correlated with the TNM staging, tumor differentiation,
and prognosis of pancreatic cancer.!® In vitro experiments
have confirmed that overexpression of GPSM2 enhances the
migration ability of human pancreatic cancer cells,' though
its specific function in PCSCs has not been characterized.
To further explore the contribution of GPSM2 to the regula-
tion of pancreatic cancer, we assessed the differential expres-
sion of GPSM2 in PCSCs and evaluated its effect on the
proliferation and migration abilities of PCSCs.

Materials and methods
Reagents and equipment

The following materials were used in this study: High DMEM
(HyClone, Logan, UT, USA, catalog #: SH30022.01B), FBS
(GIBCO, Rockville, MD, USA, catalog #: 16400—04
penicillin-streptomycin (Beijing Xiasi Biotechnolog

Beijing, China, catalog #: SV30010), puromyca

(Thermo Fisher Scie
Gel Recovery K
China, catalog

5), lentiviral vector LV-3 (pGLVHI1/
GFP*Puro), pHcN@ 1.0, pHelper2.0 (GenePharma Co.,
Ltd., Shanghai, Chi¥), restriction endonucleases BamHI
and EcoRI and T4 DNA ligase (New England Biolab,
Ipswich, MA, USA), RT-qPCR reagent kits, TRIZOL,
RNA lysis solution (Nanjing Biosky Co., Ltd., Nanjing,
China), mouse anti-human GPSM2 antibody (Zhenjiang
Hope Biotechnology Co., Ltd., Zhenjiang, China), anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) anti-
body (Zhenjiang Hope Biotechnology Co., Ltd., Zhenjiang,
China), horseradish peroxidase-conjugated goat anti-mouse

IgG antibody (Sunlidobio, Nanjing, China, catalog #:
AbmaRT-M21001L), phenylmethylsulfonyl fluoride (Nanjing
Wohong catalog #: 329-98-6), Pepstatin A (Shanghai Yuanye
Bio-Technology Co., Ltd., Shanghai, China, catalog #:
26305-03-3, lot:10557), and diethylpyrocarbonate-treated
water (Beijing Biotopped Life Science Co., Ltd., Amresco
catalog #: E174). Primers used in this study were synthesized
by Sangon Biotech (Shanghai) Co., Ltd. (Shanghai, China).

Experimental animals and cell lines

Six-week-old BALB/c mice weighing (n=16) were

in this study included
cancer cells (The Cell Bank of

) and 293 T cells (The Cell Bank of
ction of Chinese Academy of Sciences,
> 17). These two cell lines were incubated in
pntaining 10% FBS at 37°C in 5% CO,,.

ANC-1 human pancreatic cancer cells in logarithmic growth
phase were harvested by washing twice in PBS, digestion with
0.25% trypsin, and low-speed centrifugation at 1,000 rpm for
5 minutes, followed by resuspension in 200 pL high-quality
DMEM at 1x10° cells/mL. Twenty microliters of CD133-
fluorescein isothiocyanate antibody or mouse IgG2b anti-
body were added to 1x10° cells in the isotype control group,
followed by incubation at 4°C in the dark for 2 hours and
centrifugation at 1,000 rpm for 5 minutes. After discarding the
supernatant and washing twice in PBS, the cell pellets were
resuspended in 500 uL. PBS to prepare single cell suspen-
sions and filtered through a nylon mesh filter (40-um pore
size) before cell sorting by flow cytometry. The cell sorting
was repeated, and the twice-sorted cells were recovered. The
purity of the CD133" cells was verified to be >95% in three
independent experiments. All of the aforementioned experi-
mental procedures were performed under aseptic conditions.

Analysis of subcutaneous tumor formation
CD133"PANC-1 and CD133*PANC-1 cells were inde-
pendently resuspended in a 1:1 mixture of PBS and BD
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Matrigel at 5x10° cells/mL. Six-week-old nude mice were
randomly divided into two groups (n=8 mice per group): the
CD133"PANC-1 and the CD133*PANC-1 group. A 1-mL
syringe was used to inoculate 0.20 mL of cell suspension
into the axillae of the mice (1x10°¢ cells/mL per mouse).
The sham group was injected with 0.2 mL of 1:1 PBS and
BD Matrigel per mouse. The tumor volumes were calculated
based on the long (L) and short diameters (/) (mm) measured
by Vernier calipers according to the formula V' = (L x [ %/2).
Tumor growth curves were plotted using the mean + SD of
the tumor volumes. All nude mice were sacrificed by cervical
dislocation 4 weeks after injection to harvest and measure
the weight of tumors.

Assessment of GPSM2 protein

expression by Western blotting
Cells were collected and washed twice in PBS, followed by the
addition of 400 uL lysis buffer and sonication for 40 minutes
onice. After 12,000 rpm centrifugation at 4°C for 15 minutes,
the supernatant was collected and the protein concentration
and purity were evaluated. The extracted proteins were dena-
tured at 100°C for 5 minutes, separated by 10% SDS-PAGE,
and subsequently transferred to a nitrocellulose membrane.
Membranes were blocked in tris-buffered saline with
20 containing 5% skim milk for 2 hours and then incu

for 5 minutes tdPobtain single-stranded cDNA template.
Fluorescence-based RT-qPCR (25 pL final volume) was
performed as follows: 95°C denaturation for 3 minutes; and
40 cycles of 95°C denaturation for 30 seconds, 55°C anneal-
ing for 20 seconds, and 72°C elongation for 20 seconds.
The GPSM2 and GAPDH primer sequences for RT-qPCR
(designed using Primer5 software) are shown in Table 1.
The relative mRNA expression of GPSM2 was calculated

using the formula RQ=2"2*CT. The silencing efficiency of

Dang et al
Table | GPSM2 and GAPDH primers
Gene Sequence (5'-3') Product
size (bp)

GPSM2

F primer GGCCATTGATTATCATCTGAAGC | 99

R primer TCCTTACCGTGTTTGAAAGGAA
GAPDH

F primer CCACTAGGCGCTCACTGTTC 108

R primer AGGCGCCCAATACGACCAA

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GPSM2,
G-protein-signaling modulator 2.

tion: Silencing efficiency (%
GPSM2 mRNA) x 100%

plasmids

GPSM2 sh f GPSM2 RNA was
designed p-antisense strand as fol-
lows: CGTOYCACGTT-tcaagag-AACGTG

C-tt. The target sequence (5’-TTCTC
-3%) was selected using the Ambion

repare the GPSM2 shRNA, primer sequences

with BamHI and EcoRI restriction sites
as follows: 5’-GATCCGTTCTCCGAACG
S CACGTTTCAAGAGAACGTGACACGTTCGGAGA
TTTTG-3’ (forward primer) and 5-AATTCAAA
AAAGTTCTCCGAACGTGTCACGTTCTCTTGAAACG
TGACACGTTCGGAGAACG-3’ (reverse primer). The
control shNC was designed with 5-TTCTCCGAACGTGTC
ACGT-3’ as the target sequence, which was not predicted to
match any known genes according to NCBI BLAST. Simi-
larly, primer sequences for the control shRNA were designed
as 5’-GATCCGTTCTCCGAACGTGTCACGTTTCA
AGAGAACGTGACACGTTCGGAGAACTTTTTTG-3’
(forward primer) and 5-AATTCAAAAAAGTTCTCC
GAACGTGTCACGTTCTCTTGAAACGTGACACGTTC
GGAGAACG-3’ (reverse primer). All primers were synthe-
sized commercially. To construct recombinant plasmids, the
lentiviral core vector pGLV3/H1/GFP + Puro was digested
with BamHI and EcoRI and then ligated with double-stranded
shRNA and shNC.

Construction of stable shGPSM2 cells

The GPSM2 shRNA and shNC lentiviral vectors were co-
transfected into 293 T cells with the packaging plasmids
pHelperl.0 and pHelper2.0. Viral supernatants were col-
lected and filtered at 24 and 48 hours after the transfection.
To prepare stable knockdown cells, CD133* PCSCs were
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inoculated into a 10-cm culture dish 24 hours before trans-
fection and cultured in DMEM containing 10% FBS and
penicillin—streptomycin. To ensure cell viability, the medium
was replaced with 8 mL fresh DMEM containing 10%
FBS without penicillin—streptomycin 2 hours before the
transfection and incubated until 60%—70% confluency. The
cells were then divided into three groups: Blank control,
shNC, and shGPSM2 groups, which were co-incubated with
PBS + puromycin plasmid, shNC virus solution + puromycin
plasmid, and shGPSM?2 virus solution + puromycin plasmid,
respectively. The cells were incubated at 37°C in 5% CO,
for 4 hours. After co-transfection, the cells were incubated
with fresh complete medium, which was replaced with fresh
complete medium containing 3 pg/mL puromycin every
2 days for 45 days.

Assessment of cell viability by MTT assay

Stably transfected GPSM2 shRNA cells (the shGPSM?2
group), stably transfected shNC control cells (the shNC
group), and non-transfected CD133* negative control
stem cells (the Blank group) were seeded at a density of
5,000 cells/well in triplicate in 96-well plates. Wells with-
out cells were used as an additional control. The cells were
incubated for 24, 48, or 72 hours, and then 10 UL Thiazo
blue (5 g/l MTT) working solution was added. The cel
were continuously incubated at 37°C for 4 hour,

repeated 3 times.

Soft agar colgs

fresh completS re medium at 37°C. The final mixture
(2mL 0of 0.5% agd
was solidified at roo

ed at 1:4 ratio in pre-warmed

pedium) was added to culture dishes and
emperature. Then, cells were digested
in trypsin solution without EDTA, washed twice in PBS, and
adjusted to a density of 1x10° cells/mL. Single-cell suspen-
sion 1 mL was combined with 1 mL of 0.5% agar medium to
yield a 0.25% semi-solid agar medium (soft agar medium),
which was immediately poured over the bottom layer and
allowed to solidify at room temperature. The cells in the agar
dish were incubated at 37°C in 5% CO, for 2 weeks and then
were stained with 0.4% crystal violet solution. The number of
colonies (representing >10 cells) in four randomly selected

fields (100x magnification) was counted in each group.
Colony formation assays were repeated twice.

Assessment of migration ability

by Transwell assay

Cells were trypsinized to prepare single-cell suspensions at
2x10° cells/mL. A total of 800 UL of medium containing
10% serum was added to the lower chambers of 24-well
plates, and 150 puL cell suspension was added to the upper
Transwell chambers. The cells were cultured at 37°C in 5%

CO, for 24 hours. Subsequently, the nswell cham-

photographed and counted in four randomly
lds using an inverted microscope (100x). These
xperiments were repeated twice.

tatistical analysis

Data are presented as mean = SD (¥ +s). SPSS 23.0 (IBM
SPSS Inc., Chicago, IL, USA) and GraphPad 5.0 software
were used for statistical analysis. The independent sample
t-test was used to assess the differences between paired
independent samples. One-way ANOVA was used for
comparison between groups. The least significant differ-
ence method was used for pairwise comparisons. *P<<0.05
and **P<0.01 were considered to represent statistically
significant differences.

Results

PANC-1 cells can be sorted into CD 133~
and CD 33" cell subsets that have
different stem cell characteristics

To evaluate the potential role of GPSM2 in PCSCs, we first
sorted PANC-1 cells into CD133" and the CD133" subsets.
Flow cytometry assays verified that the CD133* stem cell
subset had a much higher CD133" ratio than the CD133~
subset did (96.34%+1.25% vs 0.1710.10; Figure 1A and B).
To confirm that CD133 positivity is associated with the
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Figure 1 CDI33*PANC-I cells have greater tumorigenic capacity than CD[33"PANC-!
Notes: PANC-| cells were sorted into CD133~ and CD|33* subsets. To evaluate the

CD133" (B) subsets were assessed by flow cytometry. In-vivo tumorigel
2 weeks after injection (C). Subcutaneous tumor growth in nude mice. Res
tumors from CD 133~ and CD 133" cells after 4 weeks (E). Average mass o
Abbreviation: FITC, fluorescein isothiocyanate.

enhanced tumorigenicity of these cd

Figure 14 [
isolate caZBmmeano of mice (Figure 1E). Our results

verified th¥ CD133* tumors had a much greater mass than
the CD133~ ars did (4.13+£0.37 g vs 1.0740.21 g, P<<0.01;
Figure 1F). Thes®results suggest that the pancreatic cancer
cells of the CD133* subset have stem cell characteristics.

CDI33"PANC cells express elevated
levels of GPSM2 mRNA and protein

To determine whether CD133 positivity in PANC-1 cells
correlates with the expression of GPSM2, we assessed
the GPSM2 mRNA and protein levels in the CD133~ and
CD133" subsets. RT-qPCR results showed that the relative
expression of GPSM2 mRNA was significantly higher in

tion, the percentages of CD133* cells in the CD133* (A) and
*+ cell subsets in nude mice. Representative mice are shown at
olumes from six mice as estimated using calipers (D). Representative
wo groups of mice (F). (**P<<0.01).

the CD133* subset than in the CD 133~ subset (0.9240.07 vs
0.09+0.04, P<<0.01) or the unsorted PANC-1 cells (0.92+0.07
vs 0.7220.17, P<<0.05) (Figure 2A). Western blotting veri-
fied these findings for CD133* compared with CD133" cells
(0.90£0.08 vs 0.10+0.05, P<<0.01) (Figure 2B). These
results suggest that CDI133*PANC cells express elevated
levels of GPSM2.

GPSM2 downregulation inhibits

the viability of CD133* stem cells

To assess the function of shGPSM2 in CD133*PANC-1 cells,
we prepared shGPSM2 and shNC viral particles and stably
transfected them into CD133"PCSCs. Efficient knockdown
was verified both by RT-qPCR (0.02+0.00 vs 0.86+0.07,
P<0.01; 97.69%10.00% silencing efficiency) (Figure 3A)
and Western blotting (0.05+£0.03 vs 0.89+0.13, P<<0.01,
Figure 3B). We performed MTT assays to compare the
proliferation rate of the sShGPSM2 cells to the proliferation
rates of shNC and untransfected (Blank) cells. At 48 and
72 hours after the inoculation, the proliferation rate of the
shGPSM2 cells was significantly weaker than that of the
shNC cells or Blank cells (£<<0.05, Figure 3C). Moreover,
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Figure 2 GPSM2 expression is elevated in CD|33*PANC-| cells.

Notes: GPSM2 mRNA expression in unselected PANC-| cells (Total), CD133"PANC-1 cells (CD133"), and CD133*PANC-| cells (CDI
of PANC-| cells in each group (B). Results are representative of three independent experiments. (*P<0.05, **P<<0.01).
Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GPSM2, G-protein-signaling modulator 2.

the cell growth inhibition rate of the shGPSM2 group was
significantly higher than that of the shNC group (Table 2).
These results suggest that GPSM2 downregulation inhibits
PCSC viability.

GPSM2 downregulation inhibits the colony

formation ability of CD133* stem cells
To determine whether GPSM2 may have a role in mediat-
ing the colony formation ability of PCSCs, we perfo

B
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cpsmz D — -‘
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ein expression

cells (17.334£2.52 vs
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Figure 4). There were no sig-

roups (P>0.05). These results suggest
egulation inhibits the colony formation
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Figure 3 Downregulation of GPSM2 inhibits proliferation of CD133*PANC-| cells.

48 hours 72 hours

Notes: GPSM2 mRNA expression in untransfected (Blank), shNC, and shGPSM2 CD33-positive PANC-| cells (A). GPSM2 protein expression in each group (B). Cell
proliferation rates as assessed by MTT assay (C). Results are representative of three independent experiments. (*P<<0.05, **P<<0.01 vs Blank group; #P<<0.05 vs shNC group).
Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GPSM2, G-protein-signaling modulator 2.
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Table 2 Comparison of cell growth inhibition rates (%) between
shGPSM2 and shNC cells

Group 24 hours (n=3) | 48 hours (n=3) | 72 hours (n=3)
shNC 0.30£1.18 1.7748.14 1.93+1.78
shGPSM2 4.22+3.51 10.71£0.17% 11.93+5.59%

Note: *P<<0.05 vs shNC group.
Abbreviation: GPSM2, G-protein-signaling modulator 2.

GPSM2 downregulation inhibits the
migration ability of CD 133" stem cells

To determine whether GPSM2 also has a role in mediating
the migration ability of PCSCs, we performed Transwell
assays. The number of cells migrating to the lower chamber
for the shGPSM2 group was significantly lower than for the
shNC group (224.001£46.47 vs 403.31£54.29, P<<0.05) and
the Blank group (224.00+46.47 vs 389.00£77.16, P<<0.05)
(Figure 5). No significant differences were found between
the shNC and the Blank groups (P>0.05). These results
suggest that GPSM2 downregulation inhibits the migration
ability of PCSCs.

Discussion
Pancreatic cancer is highly malignant and is one of the most

creatic cancer cases and 432,242 cancer deaths worldwige

deadly cancers in the world. There will be 458,918 née \.

2018 according to GLOBOCAN 2018."7 The incidence rate of
pancreatic cancer has shown significant increase in China in
recent years.'8 Although the surgical treatment of pancreatic
cancer has improved, the 5-year survival rate is still <5%."
Furthermore, therapies that target different genes have shown
limited efficacy.? The high mortality rate of pancreatic cancer
is due, in part, to the difficulty in obtaining early diagnoses,?!
the resistance to radiotherapy and chemotherapy,? and the
prevalence of distant metastases,?! which are key problems
in the treatment of pancreatic cancer.

Notably, the presence of CS gsely related to the

pancreatic cancer,”” melanoma,® prostate
ancer,*? gastric cancer,* breast cancer,** and
ancer.® Given the ability of self-renewal and
pdirectional differentiation of CSCs, they have a key

B )
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c
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Figure 4 Downregulation of GPSM2 inhibits the colony formation ability of CD 133*PANC-1 cells.
Notes: Representative images of colony formation by untransfected (Blank), shNC, and shGPSM2 CD133*PANC-| cells (A). The average number of colonies per group

(*P<0.05) (B).
Abbreviation: GPSM2, G-protein-signaling modulator 2.
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Figure 5 Downregulation of GPSM2 inhibits the migration ability of CD133*PANC-
Notes: Representative images of migrating cells in Transwell assays for untransfected (Blank), shNC, s

colonies per group. (*P<<0.05) (B).
Abbreviation: GPSM2, G-protein-signaling modulator 2.

role in cancer invasion, drug resistance, and recurrence.’*
Therefore, CSCs may provide attractive therapeutic targe

cytometry, and CD133" ¢
nude mice, indicating

pancreatic cancer cells
city.*! Therefore,

CD133" ce
subsets were %

# PANC-1 cells. These cell
sed by subcutaneous tumor formation

experiments in n ice, which verified that the tumor
volume and mass of the CD133* group were significantly
larger than that of the CD133~ group, which confirms that
the CD133* cell subsets had stem cell characteristics and is
consistent with the results of Hermann et al.

Research has shown that when CDCs undergo ACD,
they also undergo symmetric cell division. ACD plays an
important role in maintaining CSC subsets and is associ-

ated with tumor resistance, invasion, and metastasis.***

| cells.

CDI33*PA ells (A). The average number of

tein-signaling modulator, is involved in
plays an important role in mitotic spindle
. In addition, GPSM2 mutations cause autoso-
rive Chudley—McCullough syndrome, leading to
ongenital sensorineural deafness,'*** which is due to the
ple of GPSM2 in establishing planar polarity and spindle
orientation during ACD. In addition, studies of Drosophila
neuroblasts have shown that GPSM2 binds to the Drosophila
NuMA homolog, Mud, providing an attachment point for
tubulin to regulate spindle orientation to promote ACD.>¢
Moreover, GPSM2 directly interacts with NuMA in mouse
mammary stem cells, resulting in ACD of mammary stem
cells.® In this study, Western blotting and RT-qPCR showed
that GPSM2 protein and mRNA expression in the CD133*
cell subsets was significantly higher than in the CD133" cell
subsets, suggesting that GPSM2 is overexpressed in PCSCs
and might be involved in the regulation of PCSC growth
and differentiation.

To further evaluate the effect of GPSM2 on PCSCs, we
prepared stable GPSM2 shRNA knockdown CD133* cells.
MTT and colony formation assays showed that silencing of
GPSM2 expression reduced the proliferation and colony for-
mation ability of CD133"PANC-1 cells. The shGPSM2 cells
also had reduced migration ability in Transwell assays. These
results suggest that downregulation of GPSM2 expression
effectively inhibits the proliferation and migration abilities
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of PCSCs. Moreover, in vitro studies suggested that GPSM2
accelerates cell growth, cell cycle, migration, and invasion,
and inhibits apoptosis by activating the PI3K/AKT pathway
in hepatocellular carcinoma.® Further experimentation may
identify the specific regulatory mechanisms by which GPSM
mediates these processes.

Because PCSC growth relies on the regulation of the
tumor microenvironment, the effects of GPSM2 in the
body and tumor tissues might differ from the in vitro effects
observed in this study. However, our results provide evidence
for the differential expression of GPSM2 in PCSCs, as well
as its effects on the proliferation and migration abilities of
PCSCs. This study provides a theoretic basis for further
investigation of the underlying mechanism of GPSM2
in regulating PCSCs, which could suggest a therapeutic
direction for the development of novel treatments for pan-
creatic cancer.
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