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Purpose: The objectives of this study were to investigate the expression of MSX1 in cervical
cells and tissues, the methylation status of the MSX/ promoter, the influence of overexpres-
sion of gene MSX1 on the proliferation, migration, and invasion of HeLa and SiHa cells, and
finally the possible molecular mechanisms responsible for the suppressive effects of MSX1
upon cervical cancer cells.

Patients and methods: Semi-quantitative and quantitative reverse transcription-polymerase
chain reactions were used to investigate the expression levels of MSX1, and methylation-specific
polymerase chain reaction (MSP) was performed to investigate promoter methylation status in
cervical cancer cell lines, primary cervical tissues, and normal cervical tissues. Clone forma-
tion, Cell Counting Kit-8 (CCK-8), cell wound scratch, and transwell assays were performed
to verify whether MSX1 could inhibit the proliferation and migration of cervical cancer cells.
Western blot was used to analyze the effect of MSX1 upon Notchl, Jaggedl, c-Myc, cleaved
PARP, cleaved caspse-3, and cyclin D1 (CCND1).

Results: MSX1 was frequently downregulated or silenced in 60.0% (3/5) of cervical cancer
cell lines. The promoter methylation of MSXI was detected in 42.0% (42/100) of primary
tumor tissues, while no methylation was observed in normal cervical tissues. Pharmacological
demethylation reduced MSX1 promoter methylation levels and restored the expression of MSX1.
The overexpression of MSXI in cervical cancer cells thus inhibited the proliferation and migra-
tion of cervical cancer cells. The overexpression of MSX! in cervical cancer cells downregulated
the expression levels of Notchl, Jaggedl, and c-Myc but upregulated the expression levels of
CCNDI, cleaved PARP, and cleaved caspase-3.

Conclusion: MSX1 appears to be a functional tumor suppressor that regulates tumorigenesis
in cervical cancer by antagonizing Notch signaling.

Keywords: MSX1, cervical cancer, tumor suppressor, methylation, Notch1

Introduction

Cervical cancer is the fourth most common cancer to affect women worldwide, next
only to lung, breast, and colorectal cancers.! Therefore, early diagnosis and the explo-
ration of new treatment methods are of great significance to improve the survival and
quality of life of patients with cervical cancer. The occurrence of malignant tumors
involves the aberrant expression of oncogenes and tumor suppressor genes (TSGs).
Recent studies have found that promoter methylation is a common mechanism under-
lying the aberrant expression of genes associated with the development of malignant
tumors.? Moreover, a study has detected the methylation in the promoters of a number
of TSGs in cervical cancer.’?
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The Notch signaling pathway plays an important role
in maintaining the balance between cell proliferation, dif-
ferentiation, and apoptosis, and it is closely related to the
development of malignant tumors in humans. Indeed, the
Notch signaling pathway has been shown to be involved in
the development of multiple types of tumors.*'2 A previous
study has detected Notchl in cervical cancer, suggesting that
this gene may play a key role in the development of cervi-
cal cancer.'? Notch receptors and their ligand protein levels
rise from cervical precancerous lesions to invasive cancers."?

The MSXI gene is located on chromosome 4p16.2; it
belongs to the homeobox family and encodes for a tran-
scriptional repressor that can interact with a core protein of
the transcription complex or other homeodomain protein.
Consequently, gene MSXI plays an important role in the
process of embryo development.'® Previous studies have
linked the aberrant methylation of MSX/ promoter DNA
with lung cancer, gastric cancer, ovarian cancer, childhood
acute T lymphoblastic leukemia, Wilms tumor, and breast
cancer. 42

A search using the Oncomine bioinformatic resource?*
showed that the expression of MSX/ was significantly
reduced in cervical cancer tissues, although its specific
expression and the specific role of its expression in the
development of cervical cancer are still unknown.

In the present study, we investigated the expression of
gene MSXI in cervical cancer and the methylation status of
the gene MSXI promoter and its specific function in vitro
and analyzed the mechanisms underlying tumor suppressor
function in cervical cancer. Collectively, our findings suggest
that gene MSX1 acts as a TSG in cervical cancer and exerts
influence via the Notch signaling pathway.

Patients and methods
Cell lines, tumor samples, and normal

tissues

Human cervical cancer cell lines (SIHA, CASKI, HELA,
C4-1, and C33A) and normal cervical epithelial cell line
Ectl/E6E7 were obtained from the American Type Culture
Collection (Manassas, VA, USA). All cell lines were
cultured in the Roswell Park Memorial Institute (RPMI)
1640 medium (Thermo Fisher Scientific, Waltham, MA,
USA) with 10% fetal bovine serum (FBS; Thermo Fisher
Scientific) in a humidified atmosphere (37°C) with 5% CO,
and 1 X penicillin/streptomycin, depending upon the medium
being used. RNA from normal human cervical tissues
was purchased from Stratagene (Santa Clara, CA, USA),
BioChain (Newark, CA, USA), or Chemicon (Billerica,

MA, USA). Primary tumor tissues of cervical cancer and
normal cervical tissues were obtained from patients undergo-
ing primary surgery at the Surgery Department of the First
Affiliated Hospital of Chongqing Medical University, China.
The status of all samples was defined and confirmed patho-
logically by physicians at Chongqing Medical University.
We collected a range of clinical and pathological data from
all patients with cervical tumors, including age, International
Federation of Gynecology and Obstetrics (FIGO) stage,
histological grade, tumor size, lymph node metastasis, and
lymph vascular space invasion. All patients provided written
informed consent for the research during the initial clinical
investigation. This study was approved by the ethics com-
mittee of the First Affiliated Hospital of Chongqing Medical
University, approval notice: 2012/2013(23).

Reverse transcriptase-polymerase chain
reaction (RT-PCR) analysis and quantitative

polymerase chain reaction (qPCR)

Total RNA was extracted from tissue and infected cells
with TRIzol reagent in accordance with the manufac-
turer’s specifications. RT-PCR was performed as described
previously? using GAPDH as an internal control. The four
primer sequences used for polymerase chain reaction (PCR)
amplification in this study are given in Table 1. RT-PCR was
carried out with 23 cycles for GAPDH and 32 cycles for gene
MSXI1 with Go-Taq DNA polymerase. The PCR program
began with an initial denaturation at 95°C for 2 min, fol-
lowed by amplification reaction cycles (95°C for 30 s, 55°C
for 30 s, and 72°C for 30 s) with a final extension at 72°C
for 3 min. Quantitative PCR was performed using a SYBR®
Green PCR Master Mix kit (Thermo Fisher Scientific) and
an Applied Biosystem 7500 Real-time PCR System (Thermo
Fisher Scientific). B-actin served as a control. The relative
expression of MSXI was evaluated using the 2 method.
All assays were performed three times independently. The
primer sequences are shown in Table 1.

DNA bisulfite treatment and methylation-

specific polymerase chain reaction (MSP)

Genomic DNA was extracted from tumors and cell
pellets using the DNA Mini Kit (Qiagen NV, Venlo,
the Netherlands). DNA bisulfite treatment and MSP were
conducted as described in our previous report.?* Bisulfite
DNA was amplified by MSP with gene MSX/ methylation-
specific primer sets or non-methylation-specific primer sets
(Table 2). MSP was used to amplify methylated gene alleles

submit your manuscript

4770

Dove

OncoTargets and Therapy 2018:1 |


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

MSX| inhibits the growth of cervical cancer through suppressing Notch signaling

Table | List of primers used in this study

PCR Primer Sequence (5'-3) Product PCR Annealing
size (bp) cycles temperature
(°©)
RT-PCR MSXI-F CATTCGAATACCGGGGCCGACGA 176 32 55
MSXI-R CGCCTAGGGCTCAGTCCACCATGT
GAPDH-F CCTCAGTTGCCTAAACCA 202 23 55
GAPDH-R CACTACCCTAAAGGTAACTA
MSP MSXIm3 GCGCCTCATCACATCAGCGC 16 41 60
MSXIm4 GCGATTTCTGATGCTGGCGC
MSXIu3 CAAGGCTAGTCATCATCAACCA 121 41 58
MSX|u4 CGCCTAGGGCTCAGTCCACCATGT

Abbreviations: PCR, polymerase chain reaction; RT-PCR, reverse transcriptase-polymerase chain reaction; MSP, methylation-specific polymerase chain reaction.

for 35 cycles and non-methylated gene alleles for 40 cycles
using AmpliTaq Gold Polymerase with annealing tem-
peratures of 60°C or 58°C. Methylated and non-methylated
human DNAs were used as positive and negative controls,
respectively. MSP products were visualized and identified on
a 2% agarose gel containing 100 bp DNA markers.

5-Aza-2’-deoxycytidine (Aza) and
trichostatin A (TSA) treatment

The HeLa and SiHa cell lines were used for pharmacologi-
cal demethylation. Briefly 1 x 10° cells were treated with
10 mmol/L Aza for 72 h and then with 100 nmol/L TSA
(both from Sigma-Aldrich Co., St Louis, MO, USA and
EMD Millipore, Billerica, MA, USA) for 24 h at 37°C. The
cells were then harvested for DNA and RNA extraction and
further analysis.

Cell-proliferation assays

HelL a cells were infected by MSX1 lentivirus or control virus,
trypsinized, and then resuspended. Then, these cells were
seeded, in triplicate, into a 96-well plate at a density of 1
x 10* cells/well in each well and then incubated overnight
at 37°C in an environment with 5% CO,. Cell proliferation
was evaluated by the Cell Counting Kit-8 (CCK-8; Dojindo
Molecular Technologies, Inc., Kumamoto, Japan), which
only stains living cells. At 24, 48, and 72 h, the culture
medium was removed, and o-MEM (100 uL), with 10 uL
CCK-8, was added to each well, followed by incubation
for 2 h at 37°C. The absorbance was then measured by a

microplate reader scanning at 450 nm. All assays were per-
formed in triplicate.

Colony-formation assays

HeLa cells were infected with MSX/ lentivirus or nega-
tive control virus and seeded at a density of 300 cells/well
into six-well plates and grown for 2 weeks in the regular
culture medium. These cells were subsequently washed
twice with phosphate-buffered saline (PBS), and colonies
were fixed with 10% formaldehyde, dried and then stained
with 2% crystal violet. The number of colonies formed
(=50 cells/colony) were manually counted in four different
microscopic fields, and the mean value was calculated. Each
experiment was performed in triplicate; three wells were
measured for each treatment group, and the experiments
were repeated at least three times.

Wound-healing assays

Cells that had been infected with MSX/ lentivirus or the
negative control were evenly seeded in six-well plates and
grown to 100% confluence in DMEM containing 10%
FBS. A straight wound was induced by scratching the cells
with a 200 pL plastic pipette tip. Cells were then incubated
and allowed to migrate in the medium and were then washed
twice with PBS to remove dead cells. At0, 12,24, and 36 h
post-induction of injury, photographs were acquired using
a TE2000 inverted phase contrast microscope (Nikon
Corporation, Tokyo, Japan) in four random fields at x100
magnification. The proportion (%) of wound closure was

Table 2 Promoter methylation status of MSX/ in primary cervical tumors

Tissues Samples MSXI promoter Frequency of
(number) Methylation Unmethylation methylation
Cervical cancer tissues 100 42 58 42/100 (42%)
Normal cervical tissues 10 0 10 0/10 (0%)
OncoTargets and Therapy 2018:1 | submit your manuscript 4771
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quantified according to the space of migration tumor cells
with Image-Pro Plus software (Media Cybernetics, Inc.,
Rockville, MD, USA). Each experiment was performed
in triplicate.

Transwell cell migration and invasion

assay

Cell migration and invasion assays were carried out using
Transwell chambers (8 um pore size; Corning Incorporated,
Corning, NY, USA). Cells were placed in the upper chamber
at a density of 2.5 x 10° and cultured in the serum-free cul-
ture medium. Then, 300 UL of DMEM supplemented with
10% FBS as a chemoattractant was added into the lower
chamber. After 48 h of incubation at 37°C in 5% CO, atmo-
sphere, non-migrating and non-invading cells on the upper
surface of the filter were removed with a cotton-tipped swab.
The cells that had migrated and invaded were fixed with 4%
paraformaldehyde and stained with 0.1% crystal violet stain-
ing solution. Ten photographs were then taken from each
sample at 10 random points on five random microscopic
fields. Cell numbers were counted at X100 magnification,
and the experiment was carried out in triplicate.

Flow cytometry analysis of the cell cycle
HeLa cells infected with puma lentivirus (PLV)-MSX/ or
PLV-empty were seeded (1 x 10° cells/well) into six-well
plates and incubated overnight at 37°C in 5% CO,. Then,
cells were digested by trypsinization using 0.1% trypsin 48 h
after infection and centrifuged at 1,000 rpm for 5 min. Cells
were washed twice with PBS, fixed in 70% ethanol at 4°C
for 2 h, and then treated with 100 UL of 50 mg/L propidium
iodide for 30 min at room temperature (RT) in the dark. The
cell-cycle data were analyzed by CellQuest software (BD
Biosciences, San Jose, CA, USA). All experiments were
performed in triplicate.

Western blot analysis

Infected cells were harvested and lysed in lysis buffer. Protein
was then extracted from infected cells using Protein Extrac-
tion Reagent (Pierce, Thermo Fisher Scientific) containing
a protease inhibitor cocktail (Sigma-Aldrich Co.). The same
concentration of proteins was then separated by 12% sodium
dodecyl sulfate/polyacrylamide gel electrophoresis (SDS-
PAGE), followed by transfer to polyvinylidenedifluoride
(PVDF) membrane (Bio-Rad Laboratories Inc., Hercules,
CA, USA) for antibody incubation. After blocking the
membrane with 5% skimmed milk in Tris-buffered saline

with Tween-20 for 1 h at RT, the membranes were then
incubated with the primary antibodies at the manufacturer’s
recommended dilutions with gentle shaking at 4°C over-
night in a shaker. The details of the primary antibodies used
are as follows: MSX1 (#5378; Cell Signaling Technology,
Boston, MA, USA), Notchl (#3608; Cell Signaling Tech-
nology), Jaggedl (#70109; Cell Signaling Technology),
c-Myc (#1472-1; Epitomics, Cambridge, MA, USA), cyclin
D1 (CCND1; #1677-1; Epitomics), cleaved PARP (#5625;
Cell Signaling Technology), cleaved caspase-3 (#9661; Cell
Signaling Technology), and GAPDH (#AE082046; Beijing
Biosynthesis Biotechnology, Beijing, China) as a control.
Samples were subsequently washed and then incubated with
secondary antibodies at RT for 1 h. Finally, separated proteins
were detected and photographed using an enhanced chemi-
luminescence detection system (Amersham Pharmacia
Biotech, Piscataway, NJ, USA) according to the manufac-
turer’s instructions. The final MSX1 films were then used for
densitometric analysis using ImageJ open source software
(National Institutes of Health, Bethesda, MD, USA).

Statistical analysis

Statistical analyses were performed using the Student’s ¢-test,
* test, and Fisher’s exact test to determine P-values. For all
tests, P < 0.05 was considered to be statistically significant.
Results are shown as mean + standard deviation (SD).

Results
Expression of MSX| in cervical cancer
cell lines was reduced but was broadly

expressed in normal tissues

First, we examined the expression of gene MSX/ in a series
of normal human adult tissues including cervical tissues and
cervical cancer cell lines by RT-PCR. As shown in Figure 1A,
MSX1 was broadly expressed in normal adult tissues, includ-
ing normal cervical tissues, with variable expression levels,
but significant reduction or silencing of MSX1 expression was
frequently observed in cervical cancer cell lines (Figure 1B).
MSXI1 expression was then examined at the mRNA level in
primary cervical tumors. qPCR demonstrated that AMSX1
mRNA was downregulated in the cervical cancer tissues
compared with that in the normal cervical tissues (P < 0.05;
Figure 1C). Similarly, analysis using Oncomine®* showed
that the expression of MSX! in cervical cancer tissues was
significantly reduced (Figure 1D). Collectively, these data
suggest that MSX] may represent a candidate TSG.
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Figure 1 MSX| downregulation/silencing in cervical cancer cell lines.
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Notes: (A) Detection of MSX| expression in normal human adult tissues with semi-quantitative RT-PCR using GAPDH as the control. (B) MSX| is frequently silenced in
cervical cancer cell lines by promoter methylation, demonstrated with RT-PCR and MSP. (C) Expression of MSX/ in normal cervical tissues (n = 20) and cervical cancer
tissues (n = 20) detected by real-time PCR, with -actin as a control. Mean + SD, P = 0.0241. **P<<0.01. (D) MSX| expression is reduced in cervical carcinoma. Oncomine

platform provides all data (https://www.oncomine.org/). *P<<0.05.

Abbreviations: RT-PCR, reverse transcriptase-polymerase chain reaction; MSP, methylation-specific polymerase chain reaction; PCR, polymerase chain reaction;
SD, standard deviation; M, methylated; U, unmethylated; Sk.m, Sk. muscle; BM, bone marrow; LN, lymph node.

Promoter methylation mediates the
downregulation of MSX| expression

in cervical cancer

Next, we analyzed the promoter of gene MSX! to evaluate
whether MSX1 repression was due to promoter methylation.
Using bioinformatic analysis, we found that gene MSX]
contained typical 5’-C-phosphate-G-3’ (CpG) islands (CGls)
spanning the proximal promoter and exon regions (Figure 2A),
which indicated the potential role of promoter CpG methyla-
tion in MSX1 silencing. We further detected MSX/ methyla-
tion by MSP assay in normal cervical tissues and cervical
cancer tissues. Promoter methylation of MSX/ was detected
in 42% (42/100) of cervical cancer tissues but was not found
in 10 normal cervical tissues. Pharmacological demethyla-
tion was conducted to test whether promoter methylation
directly mediates the reduction of MSX! levels in cervical
cancer cells. Two (HeLa, SiHa) lacking MSXI expression
were treated with Aza and the histone deacetylase inhibitor
TSA. Following treatment, the expression of MSX1 in these
cell lines was significantly increased compared with that
prior to treatment, accompanied by decreased methylated
alleles of MSXI (Figure 2C). These results indicate that

promoter methylation is responsible for MSX/ silencing in
cervical cancer cells. These results indicate that promoter
methylation is responsible for MSX/ silencing in cervical
cancer cells.

MSX| promoter methylation and its
correlation with the clinicopathological

features of cervical cancer patients

We next used MSP analysis to investigate methylation in the
promoter of gene MSX! in 100 cervical primary tumor tissues
and 10 normal cervical tissues. As expected, we observed
MSXI1 promoter methylation in 42 out of 100 (42%) cervi-
cal primary cancer tissues but not in normal cervical tissues
(Figure 2B and Table 2). This suggests a pattern of tumor-
specific methylation of gene MSX1 in cervical cancer. We fur-
ther analyzed the correlation between MSX/ methylation and
the clinicopathological features of cervical cancer patients,
including age, FIGO stage, tumor size, histological grade,
lymph node metastasis, and lymph vascular space invasion.
However, there was no significant correlation between MSX1
promoter methylation and the clinicopathological features of
these patients (Table 3).
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Figure 2 MSX| was methylated in primary cervical tumors.

Notes: (A) Schematic structure of the MSX | promoter CGl. Exon | (gray rectangle), CpG sites (short vertical lines), and the MSP sites analyzed are shown. The transcription
start site is indicated by a curved arrow. (B) Representative MSP analysis of MSX| methylation in primary cervical tumors, surgical margin tissues, and normal cervical tissues.
(C) The expression and methylation status of MSX| were measured in Hela and SiHa cells treated with Aza with or without TSA by RT-PCR and MSP.

Abbreviations: CpG, 5’-C-phosphate-G-3’; CGI, CpG island; MSP, methylation-specific polymerase chain reaction; Aza, 5-Aza-2’-deoxycytidine; TSA, trichostatin A;
RT-PCR, reverse transcriptase-polymerase chain reaction; M, methylated; U, unmethylated; A+T, 5-aza-2’-deoxycytidine plus trichostatin A.

Ectopic expression of gene MSX|
inhibited clonogenicity, proliferation, and

migration of cervical cancer cells

MSX1 repression by promoter methylation in cervical cancer
cell lines, as well as primary tumors, indicated that gene
MSXI1 may be a functional tumor suppressor in cervical
tumorigenesis. In our next experiment, we infected HeLa and
SiHa cells with either MSX/-expressing lentivirus or empty
lentivirus (Figure 3A). Using this method, we successfully
obtained stable overexpression of MSX/ in both HeLa and
SiHa cells, as indicated by Western blot (Figure 3B). Colony-
formation assays and CCK-8 cell-proliferation assays were

then used to evaluate the suppressive effect of MSX1 on
cervical cancer cell proliferation. Colony-formation assays
showed 40%—80% reductions in the clonogenicity of MSX1-
infected HeLa cancer cells compared to controls (P < 0.01;
Figure 3D). Cell viability was significantly reduced at 24, 48,
and 72 h after infection by MSX/ in both HeLa and SiHa cells
(P <0.01, P <0.05; Figure 3C). Western blot also showed
that the expression of CCND1 was clearly downregulated in
MSXI-expressing HeLa cells (Figure 4B). Collectively, these
results showed that MSX1 possesses the ability to inhibit
tumor cell clonogenicity and migration and thus functions

as a TSG in cervical cancer.
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Table 3 Clinicopathological features of cervical cancer patients according to MSX| methylation status

Clinicopathological Number MSXI promoter methylated status P-value
features (n=100) Methylated Unmethylated

Age (years) 0.37
=45 34 18 16

<45 66 27 39

FIGO stage 0.14
| 29 19 10

I 38 20 18

11l 33 12 21

Size (cm) 0.58
<4 32 19 13

=4 68 31 37

Lymph node metastasis 0.31
Positive 51 22 29

Negative 49 24 25

Lymph vascular space invasion 0.82
Positive 60 28 32

Negative 40 21 19

Histological grade 0.94
Gl 14 10 4

G2-3 86 46 40

Abbreviation: FIGO, International Federation of Gynecology and Obstetrics.

MSXI1 suppressed the migration/invasion

of cervical tumor cells

In order to understand the contribution of MSX1 to cellular
motility, we next used wound-healing and transwell assays.
Scratch wound-healing assays showed that MSX1-expressing
cells exhibited reduced ability in closing an artificial wound
than the vector-infected cells compared on a confluent
monolayer (P < 0.05, P < 0.01; Figure SA). Moreover, in
a Matrigel invasion assay, MSX/-overexpressing cells had
reduced ability to migrate and invade across the Matrigel
(by up to 80%) compared to controls (P < 0.01; Figure 5B).
Collectively, these results suggest that the overexpression of
MSXI could inhibit the metastasis and migration of cervical
tumor cells.

MSX1 induced cell-cycle GO/GI arrest

and apoptosis in cervical cancer cells

In order to gain further insight into the possible mecha-
nisms underlying the growth-inhibitory effect of MSX1 on
human cervical cancer cells, we next examined cell-cycle
distribution using flow cytometry. Our analysis showed a
significant increase in the number of MSX/-expressing cells
in the GO/G1 phase, accompanied by a reduction of cells in
the S and G2/M phases compared with controls (P < 0.01;
Figure 4A), indicating that MSX1 causes cell-cycle GO/G1
arrest in cervical cancer cells.

We further found that the expression of CCND1 was
clearly downregulated using Western blot. These results sug-
gest that the inhibitory effect of cell proliferation by MSX1
is likely to be mediated by GO/G1 arrest in the cell cycle.
At the same time, we found that the expression of cleaved
PARP and cleaved caspase-3 was clearly upregulated in
MSX1-expressing HeLa cells. MSX1 may induce apoptosis
in cervical cancer cells through upregulating the expression
of cleaved PARP and cleaved caspase-3.

MSXI negatively modulates the Notch
signaling pathway and the activity of its

downstream-target gene c-Myc

To elucidate whether the molecular mechanisms underlie the
tumor suppression by MSX1, we next investigated whether
MSXI counteracts the Notch signaling pathway in order to
exhibit its tumor-suppression function in tumor cells. The
expression levels of Notchl, Jaggedl, and its downstream-
target gene c-Myc were reduced in MSX/-expressing HelLa
cells (Figure 4B). This indicates that MSX/ causes a reduc-
tion in Notch1 levels, which antagonizes the Notch signaling
pathway in cervical cancer.

Discussion
The pathogenesis of cervical cancer is complex. A number of
oncogenes and TSGs have been identified in cervical cancer,
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Figure 3 MSX| is a functional TSG that inhibits cervical cancer tumor cell growth, clonogenicity.

Notes: (A) Lentivirus-infected cervical cancer cells. (B) MSX| expression was measured by Western blot in vector- and MSX/-infected HelLa and SiHa cells. (C) Proliferative
capacities of cervical cancer cell lines were lower than those of the control group 24, 48, and 72 h after infection with MSX/, detected with a CCK-8. *P < 0.05 and
P < 0.01. (D) Effect of MSX| overexpression on colony formation in HelLa and SiHa cells (right panel, upper). Quantitative analyses of colony numbers in three replicates

are shown as mean + SD (right panel, lower). **P < 0.01.

Abbreviations: TSG, tumor suppressor gene; CCK-8, Cell Counting Kit-8; SD, standard deviation.

but only few of these can be applied for the early diagnosis of
cervical cancer and gene target therapy.=° Consequently, it
is of great significance to continue to find and identify addi-
tional oncogenes and TSGs associated with the occurrence
and development of cervical cancer.

The main function of the homeobox gene family is to
encode transcription regulators, which play an important
role in normal human embryonic development.®! MSX]-
deficient mice died early in their development because of
their craniofacial structural defects.’? MSX! point mutations
and deletions can also lead to limb hypoplasia in humans
and also selective tooth hypoplasia and Wolf-Hirschhorn
syndrome.**** The occurrence and development of tumors
also involve the abnormal regulation of cell-proliferation and
differentiation processes, which are similar to those involved

in developmental defects. Gene MSX! may play an impor-
tant role in the occurrence and development of tumors. The
TSGs are often missing in chromosome loci, thus leading
to tumorigenesis.*

In the present study, we investigated the MSX/ gene,
located on chromosome 4p16.2.3¢ Previous studies have
shown that this site is absent in a range of tumors,''® and
we therefore hypothesized that MSX7 may be a TSG and that
its downregulation or deletion may lead to the occurrence
of cervical cancer. By investigating gene MSX/ at cellular
and tissue levels, we were able to fully demonstrate that the
expression of MSX1 in cervical cancer cells was downregu-
lated. MSXI may therefore be a new TSG associated with
cervical cancer, as its downregulation or deletion may be
closely related to the occurrence of cervical cancer.
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Figure 4 Ectopic expression of MSX | induced cell-cycle GI/S arrest and apoptosis, suppressed Notch signal pathway activity, and upregulated apoptotic markers in cervical

cancer cells.

Notes: (A) Flow-cytometric analysis of MSX| expression in Hela cells showed an increased percentage of G1/S-phase cells compared with the control. Quantitative
representation of the results is shown on the right. **P < 0.01. (B) Western blot analysis of Notch signal pathway components, CCND, and apoptosis markers.

Abbreviation: CCNDI, cyclin DI.

DNA methylation is a form of DNA sequence modifica-
tion and represents one of the most important mechanisms in
genetics as it can regulate genome function without changing
the molecular structure of DNA.*” DNA methylation is the
process of transferring methyl from S-adenosyl methionine
(SAM) onto the corresponding bases of DNA molecules
under the catalysis of DNA methyltransferase (DNMT).?” The
common process of DNA methylation involves the covalent
binding of cytosine to the fifth carbon atom of cytosine on
the DNA chain and modifies cytosine to 5-methylcytosine.?
DNA methylation can lead to the inactivation of some genes,
whereas demethylation can reactivate silenced genes.*®

In carcinogenesis, the CGI of a TSG can be highly
methylated, thus leading to inactivation.”” DNA methylation
of TSGs has been detected in many different types of tumor
and usually occurs in precancerous stages;’’ thus, DNA
methylation represents an ideal marker for the early diagnosis
of tumors. In this study, we used RT-PCR and MSP to dem-
onstrate the hypermethylation of the MSX/ gene promoter in
a cervical cancer cell line, and the expression of MSX/ was

downregulated or deleted. These results demonstrate that the
main reason for the downregulation of MSX/ expression in
cervical cancer cells was promoter methylation. However,
the expression of MSX1/ in cervical cancer tissues and cells
and its methylation status are not consistent, which suggests
that there may be other mechanisms (such as histone modi-
fication or microRNAs) involved in the downregulation of
MSXI. Figure 1B shows that the expression of MSX/ in a
C33A cell line is silent; however, in the MSP, methylation
of the MSX1 gene promoter did not occur in this particular
cervical cancer cell line. Given that the methylation of TSG
promoters occurs in the early stages of tumorigenesis and
the effect of methylated drugs can restore gene expression,
it follows that intensive research may lead to use of TSG
methylation in the early diagnosis of cervical cancer and
therefore become a new therapeutic target.

The process of cell signal transduction includes a wide
range of different signals, including molecular signals and
exogenous stimuli. These signals can induce changes in
intracellular signaling, which are mediated by messenger
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Figure 5 Ectopic expression of MSX| inhibits cervical cancer cell migration and invasion.

Notes: (A) Effect of MSXI on cell migration was assessed by wound-healing motility assay. Left: Representative images of wound healing at 0 and 36 h after wound scratch.
Right: The percentage of wound sealing compared with that of controls at each time point as indicated. *P < 0.05 and **P < 0.01. (B) Transwell assay indicated that the
ectopic expression of MSX/ inhibited the invasion potential of Hela and SiHa cells. Photographs show cells that have traveled through the Matrigel, and the histogram

represents the percentage of invasive cells. **P < 0.01.

molecules in cells or on cell membranes, and ultimately leads
to changes in the expression of target genes in the nucleus.
Normal molecular signal transduction plays an important role
in maintaining cell growth, differentiation, and apoptosis.
Because of the stimulation of external or internal factors, cell
signal transduction process can become abnormal, which will
inevitably lead to a series of abnormal biological changes and,
ultimately, the malignant proliferation of cells.* In recent

years, our understanding of the molecular biology of tumors
has developed rapidly. Previous studies have shown that
dysfunction of the Notch signaling pathway is an important
reason for the occurrence and development of multiple
tumors.* Notch receptors are activated by direct contact with
ligands expressed in adjacent cells and subsequently regulate
cell proliferation, differentiation, and apoptosis.*’ A previous
study has shown that MSX/ is involved in regulating the
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expression of the Notch signaling pathway.*' In this study,
we detected the expression of Notchl, Jagged1, and c-Myc
in MSXI-infected HeLa cells by Western blot and found that
the expression of these genes was downregulated in stable-
infected tumor cells. Exogenous infection of MSX1 was able
to effectively inhibit the growth, migration, and invasion of
cervical cancer cells. These results suggest that MSX1 may
play the role of a tumor suppressor by inhibiting activity of
the Notch signaling pathway.

In other studies, MSXI has been shown to inhibit the
growth of tumor cells by upregulating the expression
of CCNDI, thus exerting effect upon the cell cycle and
apoptosis.* CCNDI is also a downstream-target gene of the
Notch signaling pathway.* Some studies have shown that the
expression of CCND1 and the Notch signaling pathway is
closely related to the occurrence and development of tumors
and can readily affect the growth and metastasis of tumor
cells.®* By studying the stable expression of MSX] transgenic
mice, Hu et al** showed that breast tissue differentiation
was blocked, accompanied by increased expression levels
of CCND1 during the course of pregnancy in female rats.
In ovarian cancer cells, the exogenous expression of MSX1
can arrest the ovarian cancer cell cycle in the G1 phase and
thus inhibit tumor cell growth.* CCND1 plays an important
role in transition from G1 to S phase of the cell cycle. In this
study, we analyzed the effect of MSX1 on cervical cancer
cells by flow cytometry and showed that the exogenous
expression of MSX/ could affect the cell cycle of cervical
cancer, resulting in G1 phase arrest in cervical cancer cells.
On the other hand, we also found that the exogenous expres-
sion of MSX1 can upregulate the expression of CCNDI1, thus
providing further evidence that MSX/ plays a role in cell-
cycle arrest by upregulating CCND1 in cervical cancer.

The high-risk human papillomavirus (HPV), which is
implicated in the pathogenesis of >90% of cervical cancer
cases, leads to the production of E6/E7 protein. Previous
research has shown that the overexpression of MSX/
stabilizes wild-type p53 and restores the apoptotic function
of p53 even in the presence of HPV-E6 oncoprotein, which
abrogates the apoptotic function of wild-type endogenous
p33 expression. Studies** have also revealed crosstalk
between the Notch signaling pathway and p53. The interac-
tion between MSXI, the Notch signaling pathway, and P53
thus requires further investigation.

Conclusion

Our findings suggest that the low expression of MSX/ in
cervical cancer affects the proliferation, apoptosis, and metas-
tasis of tumor cells due to epigenetic silencing. These results

suggest that MSX] plays the role of a TSG in cervical cancer
by inhibiting the Notch signaling pathway. Therefore, MSX1
may be used as an early diagnostic marker for cervical cancer
or as a new therapeutic method for cervical carcinoma.
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