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MSI1, a member of the Musashi (MSI) family, is
normally expressed in epithelial progenitor cells in
the gastric mucosa. Here, we investigated the rela-
tionship between MSI1 expression and the efficacy
of chemical drugs in gastric cancer. Using MSI1
overexpression and silencing in cell systems, we
found that MSI1 expression is strongly associated
with cell proliferation, migration, and invasion, and
plays a significant role in the occurrence and pro-
gression of gastric cancer. Experiments in patient-
derived xenograft mouse models showed that MSI1
inhibition increased the efficacy of chemical drugs
used for treating gastric cancer. MSI1 influenced
the therapeutic effects of chemotherapy mainly
through blood vessel epicardial substance (BVES)
molecular pathways. This study may provide insight
into the application of personalized therapy for gas-
tric cancer, and may be of value in predicting the
chemosensitivity of cancer and the development of
more effective gene-directed prodrug therapy.

Abstract

Musashi-1 (MSI1), a neural RNA-binding protein, is considered a gastric and
intestinal stem cell marker. Although the function of MSI1 in gastric cancer has
attracted increasing interest, it is not known whether MSI1 can be used as a
biomarker to monitor gastric cancer development and response to treatment.
Here, the role of MSI1 in the chemotherapeutic sensitivity of gastric cancer was
investigated. Patients with high MSI1 levels had poor outcomes, implicating the
gene in the development and progression of the disease. We overexpressed and
silenced MSI1 in the human gastric cancer cell lines MKN45 and HGC27, finding
that knockdown reduced proliferation, invasion, and migration, while promoting
apoptosis. A patient-derived xenograft gastric cancer model was constructed in
which mice received chemical drugs, si-MSI1, or a drug-si-MSI1 combination. It
was found that blocking MSI1 expression reduced gastric cancer drug tolerance.
The combination treatment with si-MSI1 was superior to 5F-dUMP and cisplatin,
either separately or in combination, indicating that including si-MSI1 was better
than drug therapy alone. Transcriptome sequencing analysis showed that MSI1
altered cell cycle regulation and growth signal transduction, including that of blood
vessel epicardial substance (BVES). These results suggest that MSI1 reduces the
tolerance of gastric cancer to chemical drugs through modulation of MSI1/BVES
signaling.
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Introduction

Gastric cancer is a common digestive malignancy and ranks
second in responsibility for cancer-related deaths.! Metastatic
disease is usually treated by chemotherapy, but its effect
is limited,? and patient survival is generally poor, with a
median of 8-11 months.3 Apart from distant metastases, drug
resistance accounts for much of the morbidity and mortality
of gastric cancer, and this has become a worldwide problem.*
Gene-targeted therapy has already shown significant prom-
ise for preventing gastric cancer progression, suggesting the
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value of searching for more effective gene-directed prodrug
therapies for gastric cancer.>”

The musashi (msi) gene was initially identified in Drosophila
and encodes an RNA-binding protein.®® Humans have two
homologs of the gene, Musashi-1 (MSI1) and Musashi-2
(MSI2).9 MSI1 is expressed at high levels in neural stem cells
and was initially identified as a neural stem cell marker.1°
Recently, MSI1 has been discovered in tissues outside the
nervous system and has been recognized as a potential
marker of gastric and intestinal stem cells.!! High expres-
sion levels of MSI1 in astrocytoma and glioma are indicative
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of poor prognosis.® MSI1 has been found to be upregulated
in renal carcinoma, where it appears to be closely involved
in both invasion and metastasis.!?

MSI1 expression in gastric cancer-derived cell lines also
appears to be high.13 It has been found that an early event in
gastric carcinogenesis is MSI1-positive cell expansion. MSI1-
positive cells show different levels of proliferation between
gastric cancer and precancerous lesions.!! Moreover, MSI1
was found to be markedly upregulated in the tissues of
gastric cancer patients and was closely associated with the
progression and poor prognosis of the disease, as shown by
a comparison between the analysis of endoscopic biopsy
antral specimens and clinicopathological parameters.1415
Thus, the function of MSI1 in gastric cancer has attracted
increasing interest.1

Gastric cancer recurrence has been attributed to the acqui-
sition of resistance to therapeutic drugs and stemness by the
neoplastic cells.!” MSI1 may represent a cancer biomarker
and may also be a therapeutic target in counteracting drug
resistance. However, the basic research into the role of MSI1
in gastric cancer is limited, and the question of the effective-
ness of MSI1 in monitoring gastric cancer development and
response to treatment remains unanswered. Investigation
is needed to determine the part played by MSI1 in gastric
cancer, both in vitro and in xenograft studies.

Here, samples from 115 patients with early-stage gas-
tric cancer were collected. We used immunohistochemis-
try (IHC) to show that MSI1 expression in tumor samples
was significantly greater than in the adjacent normal tissue,
and that MSI1 levels corresponded with both patient out-
comes and the expression of important indicators of cell
division, such as proliferating cell nuclear antigen (PCNA)
and Ki-67. Therefore, we considered whether the MSI1 pro-
tein could be used as a prognostic indicator and a thera-
peutic target for gastric cancer. We further established a
patient-derived xenograft (PDX) model that maintained the
basic characteristics of the patient’s tumor tissue, includ-
ing the tumor histopathology and microenvironment.!819
We also investigated the relationship between MSI1 tumor
expression and the efficacy of clinical chemotherapy drugs
to guide the individualized treatment of gastric cancer
patients. Moreover, through interfering with MSI1 expres-
sion in PDX models, we investigated whether MSI1 is a key
modulator of tumor progression and response to therapy
and investigated the potential molecular pathways by tran-
scriptome analysis.

Materials and methods
Tissue specimens

Data from 115 patients with gastric cancer who had received
no preoperative treatment were obtained from the archives of
the Department of Pathology, Affiliated Hospital of Nantong
University. The fresh samples had been fixed in 4% para-
formaldehyde for 24h, paraffin-embedded, and sectioned
for IHC. The control samples were from normal gastric
mucosal epithelia. All human tissue collection procedures
were approved by the Ethics Committee of the Affiliated
Hospital of Nantong University. Written informed consent
from all patients was acquired before the study.
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IHC

IHC was conducted as previously described.?’ The antibodies
used were anti-MSI1 (Abcam, ab21628), anti-Ki-67 (Abcam,
15580), and anti-PCNA (Abcam, ab18197) polyclonal anti-
bodies (diluted 1:500). MSI1-positive results were defined
as cells containing evenly stained yellow or brown cytoplas-
mic granules. A scoring system combining the proportion
of immunoreactive cells with the intensity of immunostain-
ing was used to evaluate immunoreactivity, as previously
described.!15 Specifically, the staining intensity was scored
as 0 (less than 1% positive cells), 1 (1-25% positive cells), 2
(26-50% positive cells), 3 (51-75% positive cells), and 4 (more
than 75% positive cells).

Cell lines and cell culture

All cells were purchased from CBY Life Science & Technology
(short tandem repeat (STR) identification provided; Nanjing,
China). The human gastric cancer lines SGC-7901, MGC803,
MKN45, and HGC27 were maintained in RPMI 1640 medium
(Gibco BRL, Grand Island, NY, USA) supplemented with
10% fetal bovine serum (FBS, Gibco). The normal gastric
epithelial line GES-1 was grown in keratinocyte serum-free
medium (Invitrogen, Carlsbad, CA, USA). All cells were
incubated at 37 °C with 5% CO.,.

MSI1 transfection

The MSI1-overexpression plasmid (pcDNA3.1-MSI1) and
its control vector plasmid were designed for this study and
verified by sequencing. Short-hairpin MSI1 siRNA synthe-
sized by Sangon Biotech Co., Ltd. (Shanghai, China) was
inserted into pSUPER by enzymatic digestion, and the plas-
mid was constructed by transfection, followed by selecting
and extracting the plasmid. The target sequences used for
the siRN A sequences were (shown in sense/antisense pairs):
MSI1 siRNA1, 5-ACAAAGAUCUUCUUCGUUCGA-3’
and 5-GAACGAAGAAGAUCUUUGUGG-3"; MSI1
siRNA2, 5'-AUGAAUUUCACACACUUUCUC-3" and
5-GAAAGUGUGUGAAAUUCAUUU-3’; MSI1 siRNA3,
5-UGUUGAUUUCAUGAAAAUGAA-3" and 5-CAUUUU
CAUGAAAUCAACAAC-3". MKN45 and HGC27 cells were
transfected to induce overexpression or knockdown using
Lipofectamine 2000 (Thermo Fisher Scientific, USA) follow-
ing the supplied directions, and incubated at 37 °C for 48 h.

RNA extraction and quantitative real-time
polymerase chain reaction analysis

Total RNA was isolated from MKN45 and HGC27 cells using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s protocol. Twopicograms of RNA were
used to reverse-transcribe cDNA using a cDNA synthesis kit
(Tiangen Biotech, China), and the rest was frozen at —80°C.
Real-time polymerase chain reaction analysis (RT-PCR) was
performed using a Corbett Research Rotor-Gene 3000 Real-
time Thermal Cycler (Corbett Research, Cambridge, UK)
and SYBR Green Detection Kit (Invitrogen, Waltham, MA,
USA). Relative expression levels were determined by the
2-%2CT method, SPSS 17.0 (SPSS, Chicago, IL. USA) was
used for analyzing the data, and the data were mapped
using SigmaPlot 10.0. The following sequences were used:



870 Experimental Biology and Medicine ~ Volume 247 ~ May 2022

MSI1, sense 5-GATCCAGGGGTTTCGGCTTC-3’ and
antisense 5’-GAAGGCCACCTTAGGGTCAA-3’; B-actin,
sense 5-GATGAGATTGGCATGGCTTT-3’ and antisense
5-GTCACCTTCACCGTTCCAGT-3".

Cell viability assay

MKN45 and HGC27 cell growth was measured by the MTT
assay. Briefly, MKN45 and HGC27 cells (2 X 103/well) were
plated in 96-well plates, and 20 pL 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT; 1ng/mL)
solution was added and incubated for 6h under normal
culture conditions. After removal of the liquid, 200 pL of
DMSO was added for crystal dissolution, and absorbances
at 570nm were recorded in an automatic quantitative micro-
plate reader for four consecutive days.

Cell apoptosis and cell cycle

MKN45 and HGC27 cells were plated (4 X 105cells/well)
in six-well plates and transfected to silence or overexpress
MSI1, as described above. The cells were then harvested,
washed, and incubated with Annexin V-FITC/propidium
iodide (PI) (Invitrogen, Carlsbad, CA, USA) or PI only.
Apoptosis and cell cycle evaluation was undertaken on a
FACSCalibur flow cytometer (BD, USA).

Transwell chamber-Matrigel invasion and migration
assays

Cell migration and invasion were detected by Transwell
assays, as previously described.?! MSI1-overexpressing or
silenced cells in serum-free medium (1 X 10° cells, respec-
tively) were placed in the upper chamber of a 24-well
Transwell plate (8 mm pore size; BD Biosciences, USA). To
measure migration, the transfected cells were cultured until
80-90% confluent. The lower chamber contained medium
with 600 uL DMEM containing 10% FBS. After incubation for
24h, the non-migrated cells in the upper wells were gently
removed from the membrane, while cells on the lower sides
of the membranes were fixed (4% paraformaldehyde, 10 min)
and stained (0.1% crystal violet, 30 min). The cells were
examined under light microscopy (magnification 200X),
photographed, and the cells in a minimum of five fields were
counted. For the detection of cell invasion, the upper cham-
ber was precoated with Matrigel, and the remaining steps
were the same as those of the migration assay.

Establishment of a PDX model for gastric cancer

Before obtaining gastric cancer specimens, the patients
signed an informed consent after obtaining their verbal con-
sent. The use of animals in the experiment followed the prin-
ciples of animal protection. Nude mice, four to six weeks old,
were maintained under pathogen-free conditions and accli-
matized for at least three days before treatment. The tumor
tissue was surgically excised and kept in RPMI medium
containing 20% FBS and 0.05% cyan/streptomycin on ice.
After removal of damaged or necrotic tissue, the remainder
was sliced into pieces (approximately 2 X 2 X 3mm?). The
mice were anesthetized using isoflurane and the abdomi-
nal skin was swabbed with disinfectant. A single axillary

incision of approximately 3-5mm (larger incisions would
result in the tumor sliding out easily) was made, followed by
18 punctures with the needle head for blunt separation, and
the tumor tissue was inserted into the designated area, along
with a drop of 100X green/streptomycin. The remaining
tumor tissues were either rapidly frozen in liquid nitrogen or
paraffin-embedded. The tumor volumes, calculated from the
long and short diameters of the tumor, and the body weights
of the mice were measured daily or at intervals appropriate
for the growth of the tumor. When tumors approximated
1000-1500 mm?3, the animals were sacrificed, the tumors were
removed, and the bodies of the mice were placed in 75% eth-
anol for 2min. The tumors were treated as described above.

Effect of MSI1 silencing on chemotherapeutic
sensitivity

The PDX gastric cancer model of gastric cancer was used at
passages 37 for efficacy evaluation. When tumors approxi-
mated 100-200mm3 in size, the animals were randomly
assigned to one of seven groups, with five to six animals
per group. The concentration of 5-Fluorouracil (5-Fu) and
cisplatin (DDP) was determined as previously described?>??
with some modifications. The groups were treated as fol-
lows: group 1, control, received intraperitoneal injections of
50mg/kg saline for threedays with administration of the
negative control siRNA lentivirus (1.5 X 104IFU/mL, 0.5mL)
via intratumoral injection; group 2 received si-MSI1 lentivirus
(1.5 X 104IFU/mL, 0.5mL) intratumorally; group 3 received
50mg/kg 5-Fu by gavage per day; group 4 were adminis-
tered intraperitoneal injections of 5mg/kg DDP per day;
group 5 were given 50mg/kg of 5-Fu and 5mg/kg DDP per
day; group 6 were given 5mg/kg DDP daily and si-MSI1 len-
tivirus (1.5 X 10¢IFU/mL, 0.5mL); group 7 received 50 mg/kg
5-Fu daily and si-MSI1 lentivirus (1.5 X 10*IFU/mL, 0.5mL).
The total treatment time was 15 days. The mice were carefully
monitored for adverse effects of MSI1 silencing and tumor
sizes, as well as their general well-being, in terms of appetite,
behavior, and activity. The relative tumor growth inhibition
(TGI) was calculated as “TGI=1-T/C,” where “T/C” indi-
cates the ratio of the tumor volumes of the treated versus
control groups. Tumor sizes were measured every three days
and the volumes were calculated as “(long diameter X short
diameter?)/2.” When tumors approximated 1000-1500 mm3,
the animals were killed by anesthetic overdose with subse-
quent cervical dislocation, and the tumors were harvested for
immunohistochemical and other analyses.

Western blotting

The total protein was isolated from the tumors using a kit
from Applygen Technologies Inc. (Beijing, China), and the
concentration was measured with a BCA Protein Assay Kit
(Beyotime, Beijing, China). Samples were then transferred
to PVDF, blocked, and probed with primary antibodies
(anti-MSI1: polyclonal antibody, Abcam, ab21628, 1:1,000;
anti-BVES: polyclonal antibody, GeneTex, GTX30098,
1:1000) overnight at 4°C. The blots were washed with PBS
and probed with an HRP-conjugated secondary antibody
(Fermentas, Vilnius, Lithuania; 1:1000) for 1h at room
temperature. The loading control was glyceraldehyde



Liu et al.

MSI1 modulates chemotherapeutic sensitivity in gastric cancer

MSI1

PCNA

Ki67

(b) 100 | —— Stain scale 0-1
g 80+ —— Stain scale 2-3
© == Stain scale 4
2 60- —

g p<0.001
»n
= 40
o
g
3 20-

0 L L] 1 L] 1] |}

0 10 20 30 40 50 60

Months affter surgery

Figure 1. Effect of MSI1 expression on gastric cancer progression and survival analysis. (a) Immunohistochemical detection and staining scale of MSI1, Ki-67, and
PCNA in gastric cancer tissues. Association between MSI1 expression and clinicopathological markers in patients with gastric cancer. (b) Correlation of survival rate
with MSI staining scale score (scale bar=200um). (A color version of this figure is available in the online journal.)

3-phosphate dehydrogenase (GAPDH). An Odyssey laser
scanning system was used for visualization.

RNA-seq analysis

Total RNA was extracted from the various groups, its purity
checked on agarose gels, and the concentrations measured
spectrophotometrically using RNase-free water as refer-
ence. The sequencing of the transcriptome was conducted
by Majorbio (Shanghai, China) and differential expression
of genes was analyzed using the Majorbio Cloud Platform
(www.majorbio.com).

Statistical analysis

Data were expressed as mean values and standard devia-
tions. Differences between groups were determined by

one-way analysis of variance (ANOVA) using SPSS 17.0.
Relationships between MSI1 expression and clinical and
pathological features were determined by the y2 test. All
experiments were repeated a minimum of three times. A
value of P <0.05 was defined as statistically significant.

Results

Effect of MSI1 expression on gastric cancer
progression

IHC analysis of MSI1 expression in patient samples (Figure
1(a)) showed that, despite differences between different
patients, overall, there was a strong correlation between MSI1
and the levels of the proliferation markers Ki-67 and PCNA
(Figure 1(a) and Table 1, all P <0.01). Moreover, patients with
a classification of 4 on the IHC scale had significantly reduced
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Table 1. Association between MSI1 expression with clinicopathological markers (Ki-67 and MSI1) in patients with gastric cancer.

Marker Total Stain scale x? value P value
0 1 2 3 4
PCNA 108 2 2 15 29 60 38.3353 0.0000
Ki-67 108 3 50 25 24 6 137.9366 0.0000
MSI1 115 5 8 5 3 94 - -
Each group was compared with the MSI1 group, and statistical analyses were carried out using Pearson’s y? test.
P <0.01 was considered significant.
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Figure 2. Effect of MSI1 interference on gastric cell proliferation ability. (a) gPCR analysis of MSI1 expression in different gastric cancer cell lines and normal
gastric mucosa cells (*P <0.05; ***P <0.001 vs GES-1 cells). (b) The optimal knockdown effect was noted with MSI1-siRNA1, which was used in the subsequent
experiments. (c) gPCR verified the interference efficiency of MSI1 (**P < 0.01; ***P <0.001). (d) The effect of MSI1 interference on cell proliferation abilities was
determined by MTT assay (n=8-10 per group; *P <0.05; **P <0.01; ***P < 0.001). (A color version of this figure is available in the online journal.)

survival compared with those on scales 0-1 and 2-3 (Figure
1(b), P>0.05). This suggests that the importance of MSI1 to
the development and progression of gastric cancer.

Effect of MSI1 gene silencing on proliferation

Both in vitro experiments and the transcriptome sequencing
data indicated that MSI1 levels were considerably higher
in the gastric cancer cell lines (HGC27 and MKN45) than
in cells derived from normal mucosa or other types of can-
cer (Figure 2(a), all P<0.01). All the siRNAs were effective
in targeting MSI1, with MSI1-siRNA1 the most effective
(Figure 2(b), P <0.001), and this siRNA was used for sub-
sequent experiments. Silencing was found to prevent MSI1
mRNA expression effectively in HGC27 and MKN45 cells,
while pcDNA3.1-MSI1 was effective in increasing MSI1
mRNA (Figure 2(c), all P <0.01). Silencing also significantly
reduced proliferation in the gastric cancer lines compared to

the control (siRNA-NC vs si-MSI1), while pcDNA3.1-MSI1
promoted proliferation (pcDNA3.1 vs pcDNA3.1-MSI1), as
shown by the MTT assay (Figure 2(d), P <0.05 or P <0.01).
These results indicate that silencing of the MSI1 gene blocks
gastric cancer cell growth.

Effect of MSI1 gene silencing on apoptosis and the
cell cycle

As seen in Figures 3 and 4, no changes in cell apoptosis or
the cell cycle were visible in the siRNA-NC and pcDNA3.1
vector groups. In Figure 3, it is apparent that apoptosis
increased after MSI1 knockdown but was also elevated after
pcDNAS3.1-MSI1 overexpression in both HGC27 and MKN45
cells (P<0.05 or P<0.01). The apoptosis rate in the si-MSI1
group was higher than for other treatments, indicating
that MSI1 silencing induces apoptosis. We examined the
DNA cellular contents to analyze the cell cycle distribution
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Figure 3. Effect of MSI1 interference on cell apoptosis. Apoptosis in MKN45 and HGC27 cells was assessed using the Annexin V-FITC/PI Apoptosis Detection kit,
and fluorescence-activated cell sorting analysis was performed. The upper right quadrant (Q2-2; Annexin V+/Pl+) indicates apoptosis (n=3; **P < 0.01). (A color

version of this figure is available in the online journal.)

(Figure 4), comparing the distributions of cells over the cell
cycle. This showed that, compared with the control, siRNA-
MSI1 transfection increased the percentage of MKIN45 tumor
cells in G2/M phase. Interestingly, the percentage of cells in
the G2/M phase was decreased by siRNA-MSI1 transfection
in HGC27 cells and was mostly arrested in S phase.

Effects of MSI1 gene silencing on cell migration
and invasion

Neither siRNA-NC nor pcDNA3.1 affected migration in
either of the gastric cancer lines, compared with the control,

while migration (Figure 5(a) and (b), P <0.05 or P <0.01)
and invasion (Figure 5(c) and (d), P <0.05 or P <0.01) were
reduced after si-MSI1 treatment. Both invasion and migration
in the pcDNA3.1-MSI1 group were elevated compared to the
vector group, indicating that MSI1 overexpression stimulated
these processes significantly in gastric cancer cells (Figure 5).

MSI1 gene silencing inhibited tumor growth in the
PDX mouse model in vivo

To further investigate the part played by MSI1 in gastric
cancer, we established gastric PDX mouse models. Lentiviral
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Figure 4. Effect of MSI1 interference on the cell cycle. The cell cycle was assessed in MKN45 and HGC27 cells with Pl staining and flow cytometry (n=3). (A color
version of this figure is available in the online journal.)

treatment reduced MSI1 protein levels by 15days, as shown
by Western blotting (Figure 6(a) and (b)). The volumes of
tumors were also significantly smaller 15days after 5-FU and
DDP treatment, as well as after MSI1 silencing (Figure 6(c)
to (e); P<0.05 or P <0.01). Tumor sizes differed between the
groups that had received combined chemotherapy and MSI1

silencing, compared with the control, after sixdays (Figure
6(d), P <0.05 and P <0.01, respectively), with marked differ-
ences by day 15 (Figure 6(e), P <0.01). Compared with the
group treated with both 5-FU and DDP, the tumor volumes in
the combined 5-FU and MSI1 knockdown group were signif-
icantly reduced (Figure 6(e), P <0.05). We further performed



Liu et al.

(a) ~__Control

SR
3 £

By

MKN45

HGC27

o -2

160 *

Number of Migrative Cells
(2]
o

D QO eV 2N oW N QO eV a2\ N
G°‘\“ ,\“ﬁ_\»‘i’ ‘\p.'b\xx\ﬁ Go‘\\.‘ ,\@ﬁ,\»ﬁ ‘\P&'\x‘fa
&V O\ N & D!
QO‘\P 90\\‘*
A o

Control
L ‘.-"w *,7‘

HGC27

MSI1 modulates chemotherapeutic sensitivity in gastric cancer

MKN45
» 0
g 100 . g 120 -
|
g w 3 gw
E E 60
5 4 5 40
§ 20 Ij 3 20 EI
= L o
NI NI
4 SO%, 3 AP Z -) N N N
o NGB o INGNE®
QOV\P‘ QG “Pﬁ'
< &

Figure 5. Effect of MSI1 on the migration and invasion of MKN45 and HGC27 cells. Images of migrated cells are shown in (a). The quantifications of the migration
results are shown in (b). The results suggested that the migration abilities of the cells were significantly inhibited by si-MSI1 and increased by pcDNA3.1-MSI1. The
quantifications of the invasion results are shown in (c). Images of invaded cells are shown in (d). The results suggested that the invasion abilities of the cells were
significantly inhibited by si-MSI1 and increased by pcDNA3.1-MSI1 (scale bar=200 um. n=8-10 per group; *P <0.05; **P <0.01). (A color version of this figure is

available in the online journal.)

H&E staining to examine the pathological changes in tumor
tissues from the different treatment groups. Compared with
control group, the combined 5-FU and MSI1 knockdown
group showed reduced tumor cell density in the trans-
planted PDX model, as shown in Supplementary Figure S1.

Transcriptome sequencing

The RNA-seq results showed marked differences in gene
expression between the silenced MSI1 group and the mock
control and MSI1-overexpressing groups. A total of 796
genes showed elevated expression in the silenced group,
compared with the controls, with 445 genes that were
reduced. Furthermore, in the overexpression group, 799
and 539 were upregulated and downregulated, respectively
(Supplementary Figure S2(a)). Gene Ontology (GO) analysis
of these genes identified 20 functional categories, with the

most marked changes seen between the silenced and con-
trol groups together with the MSI1-overexpressing group
(Supplementary Figure S2(b)). The most significant differ-
ences were found to be associated with the regulation of
apoptosis and angiogenesis. KEGG pathway analysis identi-
fied 20 enriched pathways, with the greatest differences seen
between the si-MSI1 and control groups and between the
si-MSI1 and MSI1-overexpressing groups (Supplementary
Table S1, see the Supporting Information). A heatmap also
shows the differentially expressed downstream genes
(Supplementary Figure S3 and Supplementary Table S2).
Most of the pathways modulated by MSI1 appeared to
involve translation and signal transduction, implicating
the gene in the processing of both genetic and environmen-
tal information. BVES was observed to be one of the most
upregulated genes, showing an increase of over 2.45-fold
(Supplementary Table S2). Western blotting showed that
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BVES protein levels in the siRNA-MSI1 group showed
marked elevation, confirming the RNA-seq findings (Figure
6(a) and (b); P=0.0143).

Discussion

Gastric cancer is currently considered a disease that origi-
nates from stem cells."! MSI1 is known to be expressed in neu-
ral progenitor cells, and has been proposed to be a marker for
cancer stem cells, which are known to play vital roles in the
development, progression, and expansion of tumors, even-
tually contributing to chemoresistance and recurrence. 1415
The presence of MSI1 is crucial for maintaining stem cells
in an undifferentiated state, and MSI1 has been found to
promote proliferation and confer stem cell-like properties
on tumor cells.?*?5 Potschke et al.6 reported that raised
MSI1 expression increased chemoresistance in high-grade

pediatric glioma and that MSI1 inhibition improved both the
patient outcome and the therapeutic response. Thus, inhibit-
ing MSI1 expression may effectively block the growth, migra-
tion, and invasion of cancer cells, suggesting that it could be
a reliable target for gastric cancer therapy. However, further
investigation is still required to determine the potential of
MSI1 as a biomarker for the diagnosis of early gastric cancer
or to monitor cancer progression and response to treatment.

Here, in a pilot study of 115 patients screened for gas-
tric cancer, MSI1 was found to be expressed in the patients
subsequently diagnosed with gastric cancer. An analysis of
archival pathological samples from patients with all stages of
gastric cancer showed a relationship between MSI1 and the
proliferation markers Ki-67 and PCNA, suggesting a direct
relationship between MSI1 and gastric cancer progression.
Furthermore, patients with high levels of MSI1 had signifi-
cantly poorer outcomes than patients with low expression.
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We, therefore, undertook to analyze the role of MSI1 in gas-
tric cancer at the mRNA, protein, and cellular levels and to
further study its efficacy through designed MSI1-silencing
methods in vivo. We further constructed specific methods
for downregulating and upregulating MSI1 in the MKN45
and HGC27 cell lines. Both transcription and translation of
the gene were then verified in the silenced, overexpressing,
and control groups by RT-PCR and Western blotting, respec-
tively. We used these systems to evaluate the effects of MSI1
in tumor progression, apoptosis measured by Annexin V/
PI staining, the cell cycle analyzed by flow cytometry, pro-
liferation by the MTT assay, and migration using Transwell
assays. All these experiments, using both MSI1 silencing and
overexpression, showed that MSI1 had a marked influence
on the proliferation, migration, and invasion of gastric can-
cer cells.

To investigate the underlying mechanisms of prolif-
eration inhibition, flow cytometry was used for cell cycle
analysis of the MSI1 knockdown and overexpressing cells.
During MKN45 cell cycling, chromosome separation and
preparation for DNA synthesis take place in the G1 and G2
phases. These processes involve multiple genes which drive
the cell cycle.?”” siRNA-MSI1 transfection increased the per-
centage of MKN45 tumor cells in the G2/M phase, suggest-
ing that MSI1 knockdown might block cell entry into the
mitotic phase. Interestingly, the percentage of cells in the
G2/M phase was reduced after siRNA-MSI1 transfection
in HGC27 cells, and the cells were mostly blocked in the S
phase. Although MKN45 and HGC27 cells are both gastric
cancer cell lines, they are derived from different sources.
Many genes implicated in cell cycle control are omnipresent
and are active in a variety of cellular processes, including
ubiquitination, transcription, translation, and signal trans-
duction. These genes may influence cancer cell proliferation
and apoptosis, as well as the inactivation of tumor suppres-
sor genes and the activation of oncogenes.?” Thus, further
investigation into the roles of cell cycle-associated genes is
needed in different gastric cell lines.

Traditional in vitro cell tumorigenesis models have gener-
ally neglected the molecular characteristics and tumor het-
erogeneity of the tumor tissue of origin, which may lead to
a decrease in the prediction of clinical drug efficacy.?® The
PDX model can compensate for this defect and offers a more
accurate prediction of tumor drug efficacy.?#?° The use of
PDX models has proved effective in the study of several
cancers, including colorectal, lung, and breast cancer.33! In
this study, a PDX mouse model of gastric cancer was estab-
lished, and was found to maintain the histopathological,
genetic, and phenotypic characteristics of the tumor tissues
from the original patients. The results showed that si-MSI1
treatment combined with broad-spectrum chemotherapy
drugs increased drug sensitivity. Silencing ofMSI1 combined
with 5-FU or DDP has specific advantages in the treatment
of gastric cancer, and its effect was found to be better than
that of 5-FU, DDP, or even the combination of these two
drugs, indicating that si-MSI1 combination therapy may be
superior to the current chemotherapy.

We further analyzed the transcriptomes of the tumor
tissue from the PDX models to explore the influence of
MSI1 signaling pathways. The transcriptome data from the

MSI1 modulates chemotherapeutic sensitivity in gastric cancer

MSI1-downregulated samples and MSI1-upregulated sam-
ples were compared with those from the control samples to
identify abnormally expressed genes. These genes were then
investigated and annotated using the GO database, and the
relationships between their upstream and downstream sign-
aling pathways were analyzed, indicating that the signaling
pathways regulated by MSI1 in gastric cancer include trans-
lation and signal transduction pathways. We also found that
MSI1 involved in the regulation of the immune and nerv-
ous systems, and thus is likely to participate in numerous
diseases, including cancer, bacterial and viral infection, and
neurodegeneration. Vo et al.3%% reported that MSI1 regu-
lates multiple processes in medulloblastoma and is required
for tumorigenesis. Interestingly, MSI1 expression may be
upregulated during the development of the central nervous
system (CNS), and downregulated on maturity, suggesting
that a lack of MSI1 is may be responsible for the inability of
the adult CNS to regenerate to any extent.3* Velasco et al.%°
found that MSI1 is a key determinant of cell fate decisions
and that abnormal expression of MSI1 contributes to neuro-
degenerative diseases and glioma development.

It was found that BVES was one of the most dramati-
cally upregulated genes after MSI1 knockdown. This was
confirmed by the significant upregulation of BVES protein
levels by Western blotting in the siRNA-MSI1-treated mice.
BVES is expressed not only in skeletal and cardiac tissue
but also in the epithelium throughout the gastrointestinal
tract.? Its expression is reduced in gastrointestinal cancers,
and this reduced expression has been shown in mouse mod-
els to promote tumor development.?:3 The BVES protein is
thought to be involved in cell adhesion and movement.*
Thus, MSI1 may potentially modulate both cell adhesion
and movement through suppression of BVES to promote
proliferation, suggesting that inhibition of MSI1 may be a
therapeutic strategy for cancer treatment. These reports are
consistent with our findings, assisting us to further explore
the function of MSI1/BVES during translation, signal trans-
duction, and immune regulation for subsequent research.
A future direction may be to use coimmunoprecipitation
to identify the effects of MSII, either direct or indirect, in
controlling BVES.

Conclusions

We investigated the relationship between MSI1 expression
and the efficacy of chemical drugs in gastric cancer to pro-
vide data that might support future clinical trials. Using
MSI1 upregulation and downregulation in cell systems, we
found that MSI1 modulates proliferation, migration, and
invasion, and thus is likely to play a key part in the develop-
ment and progression of gastric cancer. Experiments using
PDX mouse models showed that MSI1 inhibition reduced
the tolerance of gastric cancer to chemical drugs. si-MSI1
combined with 5-FU or DDP was effective in reducing tumor
sizes and was more effective than the combined use of the
two chemical drugs (5-FU and DDP). MSI1 potentially influ-
ences the chemotherapeutic effect through BVES pathways.
This study provides a strategy for the development of per-
sonalized treatment for gastric cancer patients and offers
potential value in predicting chemosensitivity in tumors.
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