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Abstract: Methyl-CpG-binding protein 2 (MECP2), an epigenetic regulatory factor, promotes the carcinogenesis and
progression of a number of cancers. However, its role in the migration and invasion of gastric cancer (GC), as well as
the underlying molecular mechanisms, remain unclear. In this study, we found that MECP2 promoted the migration,
invasion and metastasis of GC cells. Investigation of the molecular mechanism revealed that MECP2 repressed F-
box and WD40 domain protein 7 (FBXW7) transcription in GC by binding to the methylated CpG sites in the FBXW7
promoter region. MECP2 expression was markedly negatively correlated with the FBXW7 level in GC tissues. FBXW7
expression was significantly downregulated in GC tissues and cell lines, and low FBXW7 expression was correlated
with unfavorable clinicopathologic features. FBXW7 inhibited cell migration and invasion by regulating the Notch1/
¢c-Myc/mTOR signaling pathways, and knockdown of FBXW7 reversed the effects of silencing MECP2. Moreover,
MECP2 upregulated the Notch1/c-Myc/mTOR signaling pathways by inhibiting FBXW7 expression at the transcrip-
tional level. This study demonstrates that MECP2 promotes the migration and invasion of GC cells by modulating
the Notch1/c-Myc/mTOR signaling pathways via suppression of FBXW7 transcription. These findings suggest that
MECP2 may be a novel effective therapeutic target in GC.
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Introduction

Gastric cancer (GC) remains the fifth most com-
mon malignancy and the third most frequent
cause of cancer-related deaths worldwide, and
its morbidity and mortality are highest in East
Asia [1, 2]. Although the incidence of GC has
decreased appreciably in the last few decades,
approximately 679,000 new GC cases are di-
agnosed and 498,000 GC cancer-associated
deaths occur China every year [3]. At present,
GC patients are usually treated with a combina-
tion of surgery, chemotherapy and radiothera-
py, but the effect is unsatisfactory because GC
is a highly complex disease. In particular, the
molecular mechanisms of GC metastasis and

invasion, which are responsible for nearly 90%
of deaths among GC patients, are still not fully
understood [4-6]. Therefore, it is crucial to
investigate genes that govern GC metastasis
and invasion to elucidate the molecular mecha-
nisms and develop more effective therapeutic
strategies.

Methyl-CpG-binding protein 2 (MECP2), belong-
ing to the methyl-CpG-binding domain (MBD)
family, contains an MBD and a transcriptional
repression domain (TRD) [7-9]. An important
epigenetic regulatory factor, MECP2 modulates
chromatin organization and gene transcription
by binding to the methylated DNA sites in the
promoter regions of genes [10, 11]. It is an
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X-linked gene whose mutation results in neuro-
logical disorders, such as Rett syndrome [12]. It
has been reported that MECP2 not only sup-
presses gene transcription-for example, inhibit-
ing BDNF and CdkI5 expression-by binding to
methylated CpG islands and recruiting core-
pressors (e.g., histone deacetylases and Sin3A)
but also promotes gene transcription-for exam-
ple, promoting GIT1 expression-by binding to
methylated CpG dinucleotides and recruiting
activators (e.g., CREB1) [13-17]. In recent years,
emerging evidence has indicated the role of
MECP2 as a crucial oncogene in several cancer
types [18]. Our previous studies found that
MECP?2 is upregulated in liver cancer and facili-
tates cell growth [19], enhances breast cancer
cell proliferation by facilitating ubiquitination-
mediated P53 degradation via regulation of
RPL5/RPL11 expression [20], and promotes
the proliferation and suppresses the apoptosis
of GC cells by repressing FOXF1/MYOD1 tran-
scription and enhancing GIT1 transcription by
binding to the methylated CpG sites in the
promoter regions of FOXF1/MYOD1 [21, 22].
Cancer cell migration and invasion are related
to the metastatic potential of the cells, which
may be independent of the proliferation rate. To
date, the function of MECP2 in cancer cell
migration and invasion has not been precisely
studied. In particular, the role of MECP2 in the
migration and invasion of GC cells remains
unknown.

To address the abovementioned knowledge
gap, we investigated the effect of MECP2 on
GC cell migration and invasion and explored the
underlying molecular mechanism. The results
demonstrated that MECP2 promoted the migra-
tion and invasion of GC cells. Chromatin immu-
noprecipitation sequencing (ChIP-Seq) and the
luciferase reporter assay showed that MECP2
inhibited F-box and WD40 domain protein 7
(FBXWT) transcription by binding to the methyl-
ated CpG sites in the FBXW7 promoter region.
Western blot and gRT-PCR analyses revealed
lower expression of FBXW7 in GC tissues, which
was correlated with unfavorable clinicopatho-
logical features. MECP2 expression was nega-
tively correlated with FBXW7 expression. FB-
XW?7 inhibited the migration and invasion of GC
cells. Further molecular mechanistic investiga-
tions showed that MECP2 promoted cell migra-
tion and invasion by regulating the Notchl/c-
Myc/mTOR signaling pathways via inhibition of

5184

FBXW?7 transcription. In brief, the findings in
this study indicate that MECP2 may be a novel
effective therapeutic target in GC.

Materials and methods
Patients and specimens

Tumor specimens and adjacent nontumor tis-
sues were collected from 166 GC patients
treated between 2015 and 2018 in the De-
partment of Oncology Surgery, the First Affi-
liated Hospital of the Medical College of Xi'an
Jiaotong University, China. All patients under-
went curative surgical resection without radio-
therapy or chemotherapy prior to surgery.
Clinicopathological data of the patients were
obtained from their pathology records. The
study was approved by the Ethics Committee
of the university. Informed consent was ob-
tained from all patients before tissue sample
collection.

Cell culture

A normal human gastric epithelial cell line (GES-
1) and the human GC cell lines BGC-823 and
MKN-45 were purchased from the Cell Bank
(Shanghai Genechem Co., Ltd., Shanghai,
China). The cell lines had been tested and
authenticated by the Cell Bank. Cells were cul-
tured in RPMI-1640 medium (Gibco BRL, Grand
Island, NY, USA) containing 10% fetal bovine
serum (FBS) (Gibco, USA) at 37°C in 5% CO,
and 100% humidity. All cells were examined
and confirmed to be negative for mycoplasma
contamination. Cell morphology and behavior
were confirmed to be consistent with the Cell
Bank descriptions.

RNA extraction and quantitative real-time PCR
(qQRT-PCR)

Total RNA was isolated from GC tissues and
cell lines using TRIzol Reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufac-
turer’s protocol. Reverse transcription was per-
formed using a commercial kit (Takara, Dalian,
China). QRT-PCR was performed with a SYBR
Green PCR Kit (Takara Biotechnology, Takara,
Dalian, China) using an 1Q5 Multicolor qRT-PCR
Detection System (Bio-Rad, USA). In all gRT-
PCR analyses, each specimen was analyzed in
triplicate. The primer sequences are listed in
Supplementary Table 1. The mRNA expression
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of target genes was normalized to (-actin, and
the 222t method was used to calculate expres-
sion levels.

Immunohistochemical (IHC) staining

IHC staining was performed on the tissue spe-
cimens collected from GC patients. The tissue
samples were fixed with 4% paraformaldehyde,
embedded in paraffin and sectioned at a thick-
ness of 4 um. After deparaffinization and hydra-
tion through a graded alcohol series, antigen
retrieval and blocking were performed. The sec-
tions were then incubated first with the corre-
sponding primary antibody (anti-FBXW7, Santa
Cruz, CA, USA) at a dilution of 1:100 and then
with a biotinylated secondary antibody (Santa
Cruz, CA, USA). Subsequently, the sections
were visualized using a 3,3’-diaminobenzidine
(DAB) Kkit, counterstained with hematoxylin,
and scored independently by two pathologists
blinded to the patient outcomes. FBXW7 pro-
tein expression was assessed semiquantita-
tively. High expression was defined as a per-
centage of positive cells > 25% in 5 random
fields; otherwise, expression was considered
low. The integrated optical density (ISO) in 5
randomly selected fields was quantified using
Imagel) v1.8.0 (Wayne Rasband, USA).

Plasmid construction and transfection

The full-length complementary DNA sequences
of human MECP2 and FBXW7 were inserted
separately into the pCMV2-GV146 vector fol-
lowing the manufacturer’s instructions (Gene-
chem Co., Ltd., China). Then, the wild-type and
mutant plasmids, namely, pCMV2-GV146-GFP-
MECP2 (WT), pCMV2-GV146-GFP-Mutation ty-
pe 1 (MT1), and pCMV2-GV146-GFP-Mutation
type 2 (MT2), were constructed (Supplementary
Table 2). A 463-bp fragment spanning posi-
tions 153454019 to 153454481 relative to
the transcription start site (TSS) of the FBXW7
promoter was inserted upstream of the firefly
luciferase reporter gene (pGL3-FBXWT7-luc) in
the reporter plasmid pGL3-FBXW7 (Genechem
Co. Ltd., Shanghai, China). The entire promoter
sequence of FBXW7 was not inserted to facili-
tate FBXW7 transcription because other tran-
scription factors might bind to it and affect the
analysis of the results. BGC-823 and MKN-45
cells were cultured in RPMI-1640 medium wi-
thout antibiotics for 24 h. Next, the pCMV2-
GV146 vector, pPCMV2-GV146-MECP2 plasmid
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or pCMV2-GV146-FBXW7 plasmid was tran-
siently transfected into cells using Lipofecta-
mine TM-2000 reagent (Invitrogen, Carlsbad,
CA, USA). Cell assays were performed 48 h
after transfection.

SiRNA synthesis and transfection

The sequences of the MECP2 siRNAs (si-
MECP2-1 and si-MECP2-2) and FBXW7 siRNAs
(si-FBXW7-1 and si-FBXW7-2) were predesign-
ed and synthesized by GenePharma (SGC,
Shanghai, China). A scrambled siRNA sequen-
ce was used as a negative control (NC-siRNA).
All the siRNA sequences are listed in Supple-
mentary Table 3. GC cells (BGC-823 and MKN-
45) were cultured for 24 h and transfected with
the indicated targeting siRNAs or NC-siRNA
using Lipofectamine TM-2000 reagent in accor-
dance with the manufacturer’s instructions.

Immunofluorescence (IF)

BGC-823 and MKN-45 cells were plated on
polylysine-coated coverslips in 24-well plates
for 24 h and then transfected with the pCMV2-
GV146-GFP plasmid or pCMV2-GV146-GFP-
MECP2 plasmid for 48 h. Then, the cells were
fixed with 4% paraformaldehyde at room tem-
perature for 10 min, washed with PBS, and
blocked with 10% normal goat serum in PBS
containing 0.3% Triton X-100 for 1 h at room
temperature. Subsequently, the cells were in-
cubated at 4°C with an anti-GFP or anti-MECP2
primary antibody (Supplementary Table 4) over-
night. Negative controls incubated without the
primary antibodies were used to exclude the
effects of nonspecific staining. Subsequently,
the matched secondary antibodies IgG-FITC
and 1gG-PE were added and incubated for 2 h
at 37°C, after which 4,6-diamidino-2-phenylin-
dole (DAPI) was used to stain nuclei for 5 min.
The immunostained cells were observed by
indirect fluorescence under a fluorescence
microscope (Olympus BX51; Olympus, Tokyo,
Japan) equipped with DPManager (DPContro-
ller) software (Olympus). Each experiment was
conducted independently three times.

Wound healing assay

A scratch wound healing assay was performed
to determine the migration capacity of human
GC cells. Differently treated BGC-823 and
MKN-45 cells were seeded in 6-well plates and
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grown to approximately 60% confluence. A
single wound was made by gently and slowly
scratching with a 10 pl disposable pipette tip
across the center of a well. Suspended cells
were removed by washing with PBS, and the
remaining cells were incubated in fresh medi-
um. Wound closure was observed at O and 48
h under a microscope (Olympus, Japan). The
gap width was quantitatively evaluated using
Imagel v1.8.0 (Wayne Rasband, USA). The cell
migration rate was quantified by setting the
average migration distance in the control group
as 100%. Results were obtained from three
independent experiments.

Transwell migration and invasion assays

Transwell assays were performed on BGC-823
and MKN-45 cells. To examine cell migration,
differently treated cells were plated in the
upper chambers of a 24-well Transwell plate (8
um pore size; Millipore, Billerica, MA, USA) at a
density of 2.0 x 10* cells in 100 ul of serum-
free medium, and 600 pl of medium containing
10% serum was added to the lower chambers.
The cells were then incubated for 24 h at 37°C
in a 5% CO, atmosphere and then removed
from the upper surface of each filter membrane
by scraping with a cotton swab. The migrated
cells adhering to the bottom surface of each
membrane were fixed with 4% paraformalde-
hyde and stained with 0.1% crystal violet. To
examine cell invasion, 4.0 x 10* cells were incu-
bated in a chamber with a Matrigel (15 pg/filter
membrane; BD Biosciences, Franklin Lakes,
NJ, USA)-coated membrane for 48 h. The cells
that migrated and invaded to the lower surface
of the filter membrane were quantified with
ImagelJ v1.8.0 (Wayne Rasband, USA) in 5 ran-
dom fields. The relative migration and invasion
rates were measured by setting the number of
cells in the control groups as 1. Each experi-
ment was repeated three times.

Chromatin immunoprecipitation (ChIP), ChIP-
Seq and ChIP-RT-PCR

Different plasmids, including the pCMV2-
GV146-GFP-MECP2 (WT), pCMV2-GV146-GFP-
Mutation type 1 (MT1), pCMV2-GV146-GFP-
Mutation type 2 (MT2) plasmids and the emp-
ty vector, were transfected into BGC-823 cells.
ChlIP was performed as previously described
[23]. Cultured BGC-823 cells were crosslinked
with 1% formaldehyde for 15 min, and 125 mM
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glycine was added for quenching. A cell cracker
was used to sonicate cells to obtain nuclear
lysates. Chromatin was sonicated into frag-
ments of approximate 200 bp. The collected
lysates were divided into two portions. One por-
tion was used as input, and the other was incu-
bated with 5 ug of an anti-GFP antibody, an
anti-MeCP2 antibody, or IgG (Supplementary
Table 4) overnight at 4°C. Next, DNA-protein
complexes were captured with Dynabeads
Protein A (Invitrogen, Carlsbad, CA, USA) and
eluted with TE buffer at 65°C. Crosslinking of
DNA-protein complexes was reversed by incu-
bation for 8 h at 65°C. DNA was extracted with
a QIAquick PCR Purification Kit (QIAGEN, Hil-
den, Germany). DNA sequencing was perfor-
med on an lllumina HiSeq 2000 instrument
using TruSeq Rapid SBS Kits (lllumina, San
Diego, CA, USA, FC-402-4002) in accordance
with the manufacturer’s protocols. ChlP-enri-
ched DNA fragments were mapped based on
the Human Feb 2009 assembly and visualized
using the UCSC Genome Browser. The mapped
ChIP-Seq data were subjected to peak calling
with ChIP-Peak and subjected to further bioin-
formatics analysis. The ChIP-Seq experiments
were performed by KangChen Biotech (Kang-
Chen, Shanghai, China). Gene-specific primers
(Supplementary Table 1) were predesigned and
synthesized for analysis of the captured DNA
fragments via RT-PCR.

FBXWT7-luciferase reporter assay

BGC-823 cells were plated into 96-well plates,
with five wells per group. The pGL3-FBXW7-luc
plasmid was amplified in DH5a cells and treat-
ed with the CpG methyltransferase M. Sssl
(M0226S, NEB, USA) for 48 h to construct the
pGL3-FBXWT7-luc + Methylation plasmid. Cells
were then transfected separately with the
pGL3-luc, pGL3-FBXW7-luc, and pGL3-FBXW7-
luc + Methylation plasmids for 48 h. In a sepa-
rate experiment, cells were first transfected
with the pGL3-FBXW7-luc or pGL3-FBXW7-luc +
Methylation plasmid and then transfected with
NC-siRNA, si-MECP2-1, si-MECP2-2, the control
vector, or the MECP2 overexpression plasmid
or treated with dimethyl sulfoxide (DMSO), or
the methylation inhibitor 5-aza-2’-deoxycyti-
dine (Aza). Luciferase activity was examined
48 h posttransfection with a Dual-Luciferase
Reporter Assay System (Promega, Madison,
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WI). Each experiment was performed indepen-
dently three times.

In vivo metastasis assay

MECP2 shRNA- or sh-Con-transfected BGC-
823 cells (1 x 10°%) were injected into the tail
veins of nude mice (Supplementary Table 5).
Thirty days after injection, the mice were sacri-
ficed, and the lungs were resected and collect-
ed. Bioluminescence images were acquired
and analyzed using a Xenogen IVIS Spectrum
imaging system (Xenogen, Alameda, CA, USA).
All animal procedures were approved by the
Institutional Animal Care and Use Committee
of Xi'an Jiaotong University and were performed
in accordance with the institutional guidelines.
There were 4 mice in each group.

Western blot analysis and co-immunoprecipita-
tion (co-IP)

Total protein from human GC cell lines and tis-
sues was lysed with RIPA lysis buffer (Cell Sig-
naling Technology, Boston, MA) supplemented
with protease inhibitors (Roche, Indianapolis,
IN, USA) to obtain whole-cell extracts. Nuclear
proteins were extracted using a Nuclear and
Cytoplasmic Extraction Kit (Thermo Fisher
Scientific, Waltham, MA, USA) and a CelLytic™
NuCLEAR™ Extraction Kit (Sigma, St. Louis,
MO, USA) according to the manufacturers’ in-
structions. Protein concentrations in the cellu-
lar and nuclear extracts were measured using
a BCA Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA). Protein extracts (25 ug)
were separated by 10% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis and
transferred to PVDF membranes. The mem-
branes were incubated first with primary anti-
bodies at 4°C overnight and then with the cor-
responding secondary antibodies for 1 h at
room temperature. After that, the membranes
were incubated with ECL reagent (Pierce, Rock-
ford, IL, USA) for detection by chemilumines-
cence. The luminescence signal was measured
and recorded with a Syngene Gbox system
(Syngene, Cambridge, UK). B-Actin was used as
the loading control. The primary antibodies
used are listed in Supplementary Table 4.

RIPA lysis buffer was applied to collect protein
lysates from BGC-823 and MKN-45 cells. 1 mg
lysates were incubated with the appropriate pri-
mary antibody (4 pg) for 4 h at 4°C followed by
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1 h incubation with Protein-A Sepharose beads
(GE Healthcare). The beads were gathered by
centrifugation for 5 min at 900 g. Then, sample
loading buffer was applied to resuspend the
Sepharose beads-antigen-antibody complexes.
The specimens were gathered for Western blot
analysis after boiling for 5 min.

GEO and EMBL-EBI data analysis

To verify that MECP2 regulates FBXW7 in a pub-
lic database, GEO (https://www.ncbi.nim.nih.
gov/geo/, Dataset: GSE57303, Platform ID:
GPL570) [24] and EMBL-EBI (https://www.ebi.
ac.uk/arrayexpress, Dataset: E-MTAB-1440,
Platform ID: GPL8432-11703) [25] microarray
data were collected, and the correlation bet-
ween MECP2 and FBXW7 expression was ana-
lyzed by using simple linear regression.

Statistical analysis

All data were analyzed using GraphPad 7.0
(GraphPad Software, USA) and SPSS 19.0
(Abbott Laboratories, Chicago, IL, USA). The
results are expressed as the mean + SEM of at
least 3 independent experiments. Student’s t
test was used for comparisons between two
independent groups. One-way ANOVA followed
by multiple comparisons using Dunnett’s test
was performed to analyze differences among
more than two groups. The chi-square test was
employed to evaluate the relationships bet-
ween FBXW7 expression and clinicopatholo-
gic characteristics. Pearson correlation analy-
sis was conducted to estimate the association
of MECP2 with FBXW7. P < 0.05 was consid-
ered statistically significant.

Results

MECP2 is overexpressed in GC and closely
related to clinicopathological characteristics

Analysis based on The Cancer Genome Atlas
(TCGA) data identified significant overexpres-
sion of MECP2 in GC tissues (P < 0.001, Figure
1A). QRT-PCR analysis of GC tissue samples
and paired adjacent normal gastric tissue sam-
ples collected from 166 patients with GC in this
study revealed markedly upregulated MECP2
MRNA expression in cancer tissues (P < 0.001,
Figure 1B). This result is consistent with that of
our previous study, which was based on 76 GC
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Figure 1. MECP2 is highly expressed in GC and correlated with the clinicopathologic characteristics of patients with
GC. A. Analysis of MECP2 expression in tumor and normal tissues using TCGA data. B. Analysis of MECP2 mRNA
expression in tumor and normal tissues by gRT-PCR. n = 166, *P < 0.001. C. Correlation between MECP2 expres-
sion and tumor histology based on TCGA data. The data are shown as the means + SEMs (P < 0.01, chi-square test).
D. Correlation between MECP2 expression and T stage based on TCGA data. The data are shown as the means *

SEMs (*P < 0.01, chi-square test).

patients [21]. Further analysis suggested cor-
relations between MECP2 expression and cli-
nicopathologic characteristics. High MECP2
expression was associated with histology, tu-
mor size, lymph node metastasis, lympha-
tic invasion, serosal invasion and T stage
(Supplementary Table 6). However, MECP2
expression was not associated with age, sex,
venous invasion, or liver metastasis. Analysis
of TCGA data also revealed an association of
high MECP2 expression with unfavorable tu-
mor histology and higher T stage (P < 0.01,
Figure 1C, 1D).
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MECP?2 facilitates the migration and invasion
of GC cells

To investigate the causal role of MECP2 in GC
progression, an MECP2 overexpression plas-
mid was constructed, and MECP2-targeting si-
RNAs (si-MECP2-1 and si-MECP2-2) were de-
signed and synthesized. QRT-PCR showed that
the MECP2 overexpression plasmid observably
upregulated the mRNA expression of MeCP2 in
BGC-823 and MKN-45 cells (P < 0.001, Figure
2A), while si-MECP2-1 and si-MECP2-2 signifi-
cantly downregulated MeCP2 mRNA expres-
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overexpression plasmid. *P < 0.001. B. MECP2 mRNA expression in BGC-823 and MKN-45 cells 24 h after transfection with MECP2 siRNAs. *P < 0.001. C. Wound
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sion (P < 0.001, Figure 2B). Immunofluorescen-
ce staining revealed a higher level of exogenous
MECP2 protein in the GFP-MECP2-vector group
than in the GFP-vector group in both BGC-823
and MKN-45 cells (Supplementary Figure 1A,
1B). Our previous study demonstrated that
MECP2 promoted the proliferation and inhibit-
ed the apoptosis of GC cells [21, 22]. To further
study the effect of MECP2 on GC progression, a
wound healing assay and Transwell migration
and invasion assays were performed to explore
the effect of MECP2 on the migration and inva-
sion abilities of GC cells. The wound healing
assay showed that the MECP2 overexpression
plasmid significantly enhanced the migration
of BGC-823 GC and MKN-45 cells into the
scratched area, while si-MECP2-1 and si-
MECP2-2 markedly suppressed cell migration
(P <0.01, Figure 2C, 2D). Consistent with these
results, the Transwell assays also revealed a
promoting effect of the MECP2 overexpression
plasmid and an inhibitory effect of si-MECP2-1
and si-MECP2-2 on cell migration (P < 0.01,
Figure 2E, 2F). Moreover, the MECP2 overex-
pression plasmid markedly promoted cell inva-
sion, and si-MECP2-1 and si-MECP2-2 signifi-
cantly inhibited cell invasion (P < 0.01, Figure
2G, 2H). Further exploration of the molecular
mechanism by which MECP2 modulates GC
progression revealed that the protein expres-
sion levels of MECP2, MMP-2 and MMP-9 were
increased by the MECP2 overexpression plas-
mid but downregulated by si-MECP2-1 and si-
MECP2-2 (Figure 2I, 2J). To further assess the
role of MECP2 in GC metastasis in vivo, we es-
tablished a tail vein metastasis model by in-
jecting BGC-823 GC cells into nude mice. The
results showed that MECP2 shRNA treatment
significantly suppressed lung metastasis of GC
cells in vivo (P < 0.01, Figure 2K). These data
suggested that MECP2 might promote the mi-
gration and invasion of GC cells by regulating
MMP-2 and MMP-9 expression.

MECP2 suppresses FBXW7 transcription by
binding to its promoter

To explore how MECP2 might regulate GC cell
migration and invasion, a ChIP-Seq assay was
performed with BGC-823 cells to identify the
genes regulated by MECP2. In total, 8129 ChlP-
Seq peaks with various fold enrichment were
acquired, among which 220 were located in the
promoter regions of genes. Then, MethPrimer
was used to predict potential CpG sites within
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the MECP2 binding regions. The results showed
that the MECP2 binding region in the promoter
of FBXW7 contained a CpG site (Cg01181485,
Figure 3A). The ChIP-qPCR results also verified
that MECP2 can directly bind to the promoter of
FBXW?7 (Figure 3B). Wild-type (WT) and mutant
(MT) GFP-MECP2 plasmids were constructed.
After they were transfected into BGC-823 cells,
we performed ChIP-qgPCR with an anti-GFP anti-
body. The findings revealed that exogenous
MECP2 can also bind to the CpG site in the
FBXW7 promoter region (Figure 3C). No binding
to this site was detected in cells transfected
with the GFP plasmid (Ctrl), GFP-MT1 plasmid
or GFP-MT2 plasmid, but binding was detected
in cells transfected with the GFP-WT plasmid
(Figure 3D). Analysis of TCGA data showed that
the methylation level of the CpG site (Cg0118-
1485) was inversely correlated with the expres-
sion level of FBXW7 in GC cells (P < 0.01, Figure
3E).

Subsequently, a promoter reporter assay was
performed to determine whether MECP2 can
bind to the CpG site in the promoter region of
FBXW7. The sequences of the binding sites in
the FBXW7 promoter region identified by ChIP-
Seq were subcloned upstream of the luciferase
gene in the pGL3 reporter plasmid (Supple-
mentary Table 7). Luciferase activity in BGC-
823 cells was measured 48 h after transfec-
tion with different plasmids. Luciferase activity
was evidently reduced in the pGL3-FBXW7-luc
and pGL3-FBXW7-luc + Methylation groups
compared with the pGL3 group, and luciferase
activity in the pGL3-FBXW7-luc + Methylation
group was significantly lower than that in the
pGL3-FBXW7-luc group (P < 0.01, Figure 3F).
Among the groups transfected first with the
pGL3-FBXW7-luc plasmid and then transfect-
ed with NC-siRNA, si-MECP2-1, si-MECP2-2, the
control vector, or the MECP2 overexpression
plasmid or treated with dimethyl sulfoxide
(DMSOQ), or the methylation inhibitor 5-aza-
2’-deoxycytidine (Aza), luciferase activity was
observably enhanced in the si-MECP2-1 and si-
MECP2-2 groups compared with the NC-siRNA
group, markedly increased in the 5-aza-2’-de-
oxycytidine (Aza) group compared with the DM-
SO group, and significantly decreased in the
MECP2 overexpression plasmid group compar-
ed with the control vector group. The groups
first transfected with the pGL3-FBXW7-luc +
Methylation plasmid and then subjected to fur-
ther treatment exhibited similar results in lucif-
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Figure 3. MECP2 inhibits FBXW7 expression in GC cells by binding to the promoter region of FBXW7. A. MECP2
ChIP-Seq assay and MethPrimer data. MECP2 bound to the CpG site in the promoter region of FBXW7. B. ChIP-
gPCR analysis of FBXW7 with an anti-MECP2 antibody. C. ChIP-gPCR analysis of FBXW7 with an anti-GFP antibody
after transfection with the GFP-MECP2 plasmid. D. ChIP-qPCR analysis of FBXW7 with an anti-GFP antibody after
transfection with the GFP plasmid (Ctrl), GFP-Mutation type 1 plasmid (MT1), GFP-Mutation type 2 plasmid (MT2), or
GFP-MECP2 plasmid (WT). E. The methylation level of the CpG site (Cg01181485) was negatively correlated with the
FBXW7 expression level in GC data from TCGA. r =-0.139, P = 0.0073, Pearson correlation analysis. F. Luciferase
activity in BGC-823 cells was measured 48 h after transfection with the pGL3-FBXW7-luc plasmid (containing the
target sequence in the promoter region of FBXW7) or the pGL3-FBXW7-luc + Methylation plasmid. Renilla luciferase
served as the internal control. *P < 0.01 compared with pGL3-luc, #P < 0.01 compared with pGL3-FBXW7-luc. G.
Luciferase activity in BGC-823 cells after transfection with the pGL3-FBXW7-luc plasmid, the pGL3-FBXW7-luc +
Methylation plasmid, si-MECP2-1, si-MECP2-2, or the MECP2 overexpression plasmid or treatment with the methyla-
tion inhibitor 5-aza-2’-deoxycytidine (Aza). *P < 0.01 compared with NC-siRNA, **P < 0.01 compared with DMSO,
#P < 0.01 compared with vector. H. Negative correlation between MECP2 and FBXW?7 levels. The 224 values of
MECP2 and FBXW7 mRNA expression were used for Pearson correlation analysis (r = -0.6195, n = 166, *P <
0.0001). I. MECP2 expression was negatively correlated with FBXW7 expression in GC data from GEO. r =-0.275, P
=0.0214,n=70. J. MECP2 expression was negatively correlated with FBXW7 expression in GC data from EMBL-EBI.
r=-0.325, P =0.0406, n = 40. K. Western blot analysis of FBXW7 protein expression in BGC-823 and MKN-45 cells
after transfection with the MECP2 overexpression plasmid. L. FBXW7 protein expression after treatment with the
methylation inhibitor Aza. M. FBXW7 protein expression after transfection with si-MECP2-1 and si-MECP2-2. n = 3.

erase activity, but the activity was lower than cantly negatively correlated with the FBXW7
that in the pGL3-FBXW7-luc groups (P < 0.01, mRNA level in GC tissues (r = -0.6195, P <
Figure 3G). The MECP2 mRNA level was signifi- 0.0001, Pearson correlation analysis; Figure
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3H). Analysis of GEO and EMBL-EBI data also
showed that MECP2 expression was negatively
correlated with FBXW7 expression in GC (P <
0.05, Figure 31, 3J). Furthermore, FBXW7 mRNA
expression in BGC-823 and MKN-45 cells was
markedly decreased after transfection with the
MECP2 overexpression plasmid and increased
after treatment with the methylation inhibitor
Aza, si-MECP2-1 or si-MECP2-2 (Supplementary
Figure 2A-C). The protein expression of FBXW7
in the cells was also inhibited by transfection of
the MECP2 overexpression plasmid (Figure 3K)
but was promoted by treatment with the meth-
ylation inhibitor Aza, si-MECP2-1 or si-MECP2-2
(Figure 3L, 3M). These findings suggested that
MECP?2 is a transcriptional regulator of FBXW7
in GC cells.
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FBXWT? is frequently downregulated in GC and
is correlated with clinicopathologic features

To further verify the above findings, FBXW7
expression in the tissue samples was mea-
sured. Analysis of TCGA data revealed marked
downregulation of FBXW7 expression in GC tis-
sues compared with normal gastric tissues (P <
0.001, Figure 4A). In line with this, our statisti-
cal analyses showed that patients with lower
FBXWT7 levels had poorer overall survival (P <
0.05, Figure 4B). The mRNA expression of
FBXW7 was significantly downregulated in GC
tissues (P < 0.0001, Figure 4C). This trend was
further verified by measuring FBXW7 expres-
sion in BGC-823 and MKN-45 GC cells. The
MRNA expression of FBXW7 in BGC-823 and
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Table 1. Patient characteristics and clinicopathologic correlation of

FBXW7 expression in GC

showed that FBXW7 expres-
sion and the clinicopatho-

Number

FBXW?7 protein expression

logic characteristics of GC

Characteristics of cases High (n = 45) Low (n = 121) P-value patients were correlated.
Age 0.736 Low F!BXW? e>.(preSS|on was
’ associated with larger tu-

2 60 years 75 18 57 mor size (= 50 mm: 86.5%;

< 60 years o1 27 64 < 50 mm: 57.1%), the pres-

Sex 0.315 ence of lymph node metas-
Male 102 24 78 tasis (absent: 39.7%; pres-
Female 64 21 43 ent: 90.7%), the presence of

Histology 0.382 lymphatic invasion (absent:
Well 386 271 65 46.3%; present: 85.7%), the
Moderate 32 13 19 presence of venous inva-

sion (absent: 65.6%; pres-
.poor 48 1 37 ent: 82.2%), the presence

Size 0.0005% of serosal invasion (absent:
<50 mm "7 33 44 50.9%; present: 84.4%),
250 mm 89 12 Ll and higher TNM stage (I

Lymph node metastasis 0.0001* 48.4%; 11: 67.4%; I1I: 82.5%;
Absent 58 35 23 IV: 87.5%; Table 1). FBXW7
Present 108 10 98 expression was not associ-

Lymphatic invasion 0.0008* ated with age, sex, histolo-
Absent 54 29 25 gy, or liver metastasis sta-
Present 112 16 96 tus.

Venous invasion 0.031* MECP2 upregulates the
Absent 93 32 61 Notch1/c-Myc/mTOR sig-
Present 73 13 60 naling pathways by repress-

Serosal invasion 0.0007* ing FBXWY transcription
Absent 57 28 29
Present 109 17 92 To investigate the potential

Liver metastasis 0.208 moIecuIarCm2echanisms é)é

which MECP2 regulates
Absent 124 st 87 cell migration and invasion,
Present 42 8 34 the mRNA and protein le-

TNM Stage 0.0024* vels of FBXW7-related do-
| 31 16 15 wnstream genes were mea-
I 46 15 31 sured by qRT-PCR and Wes-
I 57 10 47 tern blotting, respectively.
v 32 4 28 FBXWY is a substrate recog-

*P < 0.05. nition subunit of the SKP1-

MKN-45 cells was evidently lower than that in
normal human gastric epithelial cells (GES-1) (P
< 0.001, Figure 4D). Western blot analysis also
revealed decreased FBXW7 protein expression
in GC tissues in 5 pairs of GC and adjacent nor-
mal tissues, as well as in BGC-823 GC and
MKN-45 cells (Figure 4E, 4F). IHC staining
revealed that the protein expression of FBXW7
was markedly lower in GC tissues than in nor-
mal gastric tissues (Figure 4G). Our data also
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CUL1-F-box protein (SCF)

E3 ubiquitin ligase complex,
which plays a crucial role in tumorigenesis and
cancer progression by promoting the ubiquiti-
nation-mediated degradation of oncoproteins,
including mTOR, c-Myc, c-Jun, and Notchl [26-
28]. The endogenous co-IP demonstrated th-
at Notchl, c-Myc and mTOR interacted with
FBXW7 in BGC-823 and MKN-45 GC cells
(Supplementary Figure 4A). The results of gRT-
PCR showed that the mRNA expression levels
of Hes1l, MMP-2 and MMP-9 in BGC-823 and
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Figure 5. MECP2 regulates the Notch1/c-Myc/mTOR signaling pathways in human GC cells by inhibiting FBXW7
expression. A. Hes1 mRNA expression in BGC-823 and MKN-45 cells after transfection with the MECP2 overex-
pression plasmid, MECP2-1, or si-MECP2-2 or treatment with the methylation inhibitor Aza. *P < 0.001. B. MMP-2
mMRNA expression in GC cells after treatment. *P < 0.001. C. MMP-9 mRNA expression in GC cells after treatment.
*P < 0.001. D. The expression of proteins related to the Notch1/c-Myc/mTOR signaling pathways after transfection
with the MECP2 overexpression plasmid. E. The expression of proteins related to the Notch1/c-Myc/mTOR signaling
pathways after treatment with the methylation inhibitor Aza. F. The expression of proteins related to the Notch1/c-
Myc/mTOR signaling pathways after transfection with si-MECP2-1 and si-MECP2-2. n = 3.

MKN-45 cells increased significantly after
transfection with MECP2 overexpression plas-
mid and decreased dramatically after treat-
ment with the methylation inhibitor Aza, si-
MECP2-1, or si-MECP2-2 (P < 0.001, Figure
5A-C). However, there were no significant differ-
ences in the mRNA levels of c-Myc, mTOR and
Notchl after these treatments (Supplemen-
tary Figure 3A-C). Western blot analysis re-
vealed that the whole-cell protein expression
levels of c-Myc, mTOR, Notchl, Hes1, MMP-2
and MMP-9 were increased after transfection
with the MECP2 overexpression plasmid and
decreased after treatment with the methyla-
tion inhibitor Aza, si-MECP2-1 or si-MECP2-2
(Figure 21, 2J; Figure 5D-F). In addition, the
change in the nuclear NICD1 protein level was
consistent with the change in the whole-cell
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Notchl protein level (Figure 5D-F). MECP2
MRNA expression was significantly positively
correlated with the protein expression of c-MYC,
mTOR and Notchl in human GC tissues (P <
0.01, Supplementary Figure 4B-D). Based on
these findings, MECP2 might regulate the
Notchl/c-Myc/mTOR signaling pathways by in-
hibiting the ubiquitination-mediated degrada-
tion of Notchi, c-Myc and mTOR by suppressing
FBXW?7 transcription in GC cells.

FBXWTY inhibits GC cell migration and invasion
by regulating the Notch1/c-Myc/mTOR signal-
ing pathways

Since MECP2 was found to regulate GC cell
migration and invasion and FBXW7 was con-
firmed as a target gene of MECP2, overexpres-
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sion and knockdown of FBXW7 were performed
in GC cell lines to verify its involvement in the
oncogenic function of MECP2. The wound heal-
ing assay revealed that the FBXW7 overexpr-
ession plasmid substantially suppressed the
migration of cells into the wounded area in
BGC-823 and MKN-45 GC cells, but si-FBXW7-
1 and si-FBXW7-2 significantly promoted GC
cell migration (P < 0.01, Figure 6A, 6B). The
Transwell assays also showed that the FBXW7
overexpression plasmid markedly suppressed
GC cell migration and si-FBXW7-1 and si-
FBXW7-2 strikingly promoted GC cell migration
(P < 0.01, Figure 6C, 6D). Moreover, the FB-
XW7 overexpression plasmid significantly in-
hibited cell invasion, while si-FBXW7-1 and si-
FBXW7-2 markedly enhanced GC cell invasion
(P <0.01, Figure 6E, 6F). Then, the downstream
mechanism of FBXW7 regulation was further
explored. QRT-PCR analysis showed that the
FBXWT7 overexpression plasmid appreciably
increased FBXW7 mRNA expression in BGC-
823 and MKN-45 cells (P < 0.001, Figure 6G),
while si-FBXW7-1 and si-FBXW7-2 markedly
decreased FBXW7 mRNA expression (P <
0.001, Figure 6H). No significant differences
were observed in the levels of c-Myc, mTOR and
Notch1 after transfection with the FBXW7 over-
expression plasmid, si-FBXW7-1 or si-FBXW7-2
(Supplementary Figure 5A-C). The mRNA levels
of Hes1, MMP-2 and MMP-9 in the cells were
markedly decreased after transfection with the
FBXWT7 overexpression plasmid and obviously
increased after transfection with si-FBXW7-1
and si-FBXW7-2 (P < 0.001, Supplementary
Figure 5D-F). Western blot analysis showed
that the FBXW7 overexpression plasmid upreg-
ulated FBXW7 protein expression, while si-
FBXW7-1 and si-FBXW7-2 downregulated FB-
XWT7 protein expression. In addition, the whole-
cell protein expression levels of c-Myc, mTOR,
Notchl, Hesl, MMP-2 and MMP-9 were re-
duced after transfection with the FBXW7 over-
expression plasmid but increased after trans-
fection with si-FBXW7-1 and si-FBXW7-2. The
change in the nuclear NICD1 protein level was
consistent with that in the whole-cell Notchl
protein level (Figure 6l, 6J).

Knockdown of FBXW?7 reverses the effect of
MECP?2 silencing on GC cells

To further confirm that MECP2 promotes GC
cell migration and invasion by suppressing
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FBXW7 expression, FBXW7 siRNA was cotrans-
fected with MECP2 siRNA into BGC-823 and
MKN-45 cells. The wound healing assay sh-
owed that silencing MECP2 inhibited GC cell
migration and that this effect was abolished by
knockdown of FBXW7 (P < 0.01, Figure 7A). The
Transwell assays also revealed that silencing
MECP2 suppressed cell migration and that this
suppression was reversed after cotransfection
with MECP2 siRNA and FBXW7 siRNA (P < 0.01,
Figure 7B). In addition, cotransfection with
MECP2 siRNA and FBXW7 siRNA rescued the
effect of MECP2 knockdown on cell invasion (P
< 0.01, Figure 7C). The downstream regulators
involved in the promotion of cell migration and
invasion by MECP2 were analyzed by qRT-PCR.
MECP2 mRNA expression was significantly de-
creased in BGC-823 and MKN-45 cells after
transfection with MECP2 siRNA or MECP2
siRNA + FBXW7 siRNA (P < 0.01, Figure 7D).
The mRNA expression of FBXW7 was markedly
increased after transfection with MECP2 siRNA,
and this effect was abolished by transfection
with MECP2 siRNA + FBXW7 siRNA (P < 0.01,
Figure 7E). The mRNA levels of c-Myc, mTOR
and Notchl did not differ significantly among
cells transfected with MECP2 siRNA alone,
cells cotransfected with MECP2 siRNA + FBXW7
siRNA, and cells transfected with NC-siRNA
(Supplementary Figure 6A-C). Silencing MECP2
decreased the mRNA levels of Hes1, MMP-2
and MMP-9, while cotransfection with MECP2
siRNA and FBXW7 siRNA reversed these
decreases (P < 0.01, Supplementary Figure
6D-F). The protein expression level of MECP2
was decreased in GC cells after transfection
with MECP2 siRNA or MECP2 siRNA + FBXW7
siRNA. However, FBXW7 protein expression
was increased after transfection with MECP2
siRNA, and transfection with MECP2 siRNA +
FBXW7 siRNA reversed this increase. Knock-
down of MECP2 also decreased the whole-cell
protein expression levels of c¢-Myc, mTOR,
Notchl, Hesl, MMP-2 and MMP-9. Compared
with those in cells transfected with MECP2
siRNA alone, the protein expression levels of
these genes were increased in cotransfected
cells. Moreover, the change in the nuclear
NICD1 protein level was consistent with that in
the whole-cell protein level of Notchl (Figure
7F). The above findings demonstrated that
MECP2 promotes GC cell migration and inva-
sion by inhibiting FBXW7 transcription, thereby
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Figure 6. FBXW?7 inhibits GC cell migration and invasion. A. Wound healing assay. The FBXW7 overexpression plasmid inhibited BGC-823 and MKN-45 cell migra-
tion 48 h after transfection. *P < 0.01. B. si-FBXW7-1 and si-FBXW7-2 promoted cell migration. *P < 0.01. C. Transwell migration assay. The FBXW7 overexpression
plasmid repressed cell migration. *P < 0.01. D. si-FBXW7-1 and si-FBXW7-2 GC enhanced cell migration. *P < 0.01. E. Transwell invasion assay. The FBXW7 over-
expression plasmid inhibited cell invasion. *P < 0.01. F. si-FBXW7-1 and si-FBXW7-2 promoted cell invasion. *P < 0.01. G. FBXW7 mRNA expression in GC cells 24
h after transfection with the FBXW7 overexpression plasmid. *P < 0.001. H. FBXW7 mRNA expression in GC cells 24 h after transfection with FBXW7 siRNAs. *P <
0.001. I. The FBXW7 overexpression plasmid downregulated the expression of proteins related to the Notch1/c-Myc/mTOR signaling pathways. J. si-FBXW7-1 and
si-FBXW7-2 upregulated the expression of proteins related to the Notch1/c-Myc/mTOR signaling pathways. n = 3.
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Figure 7. MECP2 promotes GC cell migration and invasion by upregulating the Notch1/c-Myc/mTOR signaling path-
ways through suppression of FBXW7 transcription. BGC-823 and MKN-45 cells were transfected with si-MECP2
alone or cotransfected with si-MECP2 and si-FBXW7. A. Wound healing assay. B. Transwell migration assay. C.
Transwell invasion assay. D. MECP2 mRNA expression in cells 24 h after transfection. E. FBXW7 mRNA expression
24 h after transfection. F. The expression of proteins related to the Notch1/c-Myc/mTOR signaling pathways after
transfection. *P < 0.01 compared with cells transfected with NC-siRNA; **P < 0.01 compared with cells transfected
with si-MECP2. n = 3.

regulating the Notchl/c-Myc/mTOR signaling
pathways.

Discussion

Tumorigenesis and tumor progression are mul-
tistep and multifactorial processes involving
different genes that are accompanied by altera-
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tions in a variety of gene expression patterns
that in turn affect cancer cell survival, growth,
cycle, apoptosis, migration and invasion pro-
cesses regulated by these genes [29]. In recent
years, accumulating evidence has confirmed
that MECP2, a key epigenetic regulator, plays
an important oncogenic role in several cancer
types [18, 30]. For example, MECP2 expression
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is upregulated and promotes tumor progres-
sion in breast cancer, lung cancer, cervical can-
cer and uterine cancer [18]. MECP2 expression
enhances oral squamous cell carcinoma and
colorectal cancer growth and promotes tumori-
genesis and tumor development in osteosar-
coma and neuroblastoma [31, 32]. Silencing
MECP2 reduces the proliferation of trans-
formed human prostate cells [33]. Recent
research has found that MECP2 regulates can-
cer cell migration and invasion in glioma and
breast cancer [34, 35]. Our previous studies
suggested that MECP2 promotes cell prolifera-
tion and the G1/S transition and suppresses
apoptosis in liver cancer, gastric cancer and
breast cancer [19-22]. By expanding the sam-
ple, the present study aims to further identify
the effect of MECP2 on GC cell migration and
invasion and determine the molecular mecha-
nism. Our results again demonstrate that ME-
CP2 expression is upregulated in primary GC
and that high MECP2 expression is closely re-
lated to unfavorable tumor histology and high T
stage. These findings suggest that MECP2 may
play a key role in GC progression.

Our results demonstrated that high expression
of MECP2 in GC cells significantly promoted
their migration and invasion in vitro, while
silencing MECP2 markedly suppressed cell
migration and invasion by upregulating the ex-
pression of matrix metalloproteinase-2 (MMP-
2) and MMP-9. Moreover, silencing MECP2 sig-
nificantly inhibited lung metastasis of GC cells
in vivo. The process of cancer metastasis is a
multistep biochemical cascade involving many
molecular events. An essential step of tumor
invasion and metastasis is the degradation of
matrix proteins, in which matrix metalloprotein-
ases (MMPs) are the most crucial proteolytic
enzymes. MMPs facilitate the access of cancer
cells to the vasculature and their subsequent
travel to target organs, where they form metas-
tases by degrading the basement membrane
and extracellular matrix (ECM) [36]. MMPs can
also stimulate cancer cell proliferation and
motility for development of metastases by
enhancing the release of growth factors [37].
MMP-2 and MMP-9 can degrade type IV colla-
gen, the major component of the basement
membrane separating epithelial cells from the
stroma [38, 39], and they have been reported
to promote GC cell migration and invasion [40,
41]. Taking these observations together with
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the findings of the present study, we suggest
that MECP2 facilitates GC cell migration and
invasion by upregulating MMP-2/9 expression.

Our study identifies FBXW7 as an MECP2-
targeting gene. MECP2 binds to the methylated
CpG site in the promoter region of FBXW7,
resulting in inhibition of FBXW7 transcription.
This finding is consistent with that of some pre-
vious studies that showed that MECP2 func-
tions as a transcriptional repressor by binding
to the methylated CpG sites in gene promoter
regions and recruiting corepressors (e.g., his-
tone deacetylases and Sin3A) to repress the
expression of some genes (e.g., MYOD1, FOXF1,
BDNF, Cdkl5, RPL11 and RPL5) [17, 20, 21].
FBXW7, a member of the F-box family of pro-
teins, has been widely characterized as a tumor
suppressor gene in many types of cancer.
FBXW7 inhibits cancer cell survival, prolifera-
tion, cycle, differentiation, and metabolism;
tumor metastasis; and drug resistance, and
promotes apoptosis [42, 43]. FBXW7 expres-
sion is frequently downregulated in many
human cancers, such as lung cancer, breast
cancer, colorectal cancer, liver cancer, gastric
cancer, pancreatic cancer, cervical cancer,
prostate cancer, and esophageal cancer [44].
Loss-of-function mutations in FBXW7 are fre-
quently found in human cancers, and the mu-
tation rate across all cancers is approximate-
ly 6% [45]. Recent studies have shown that
FBXW?7 suppresses the proliferation, migration
and invasion of cholangiocarcinoma, glioma,
colorectal, breast and prostate cancer cells
[46, 47]. The present study further demonstrat-
ed that FBXW?7 is frequently downregulated in
human GC tissues and that FBXW7 expression
is correlated with the clinicopathologic features
of GC. Overexpression of FBXW7 suppressed
GC cell migration and invasion, while silencing
FBXW7 promoted cell migration and invasion.
Cotransfection with MECP2 siRNA and FBXW7
SsiRNA rescued the effects of MECP2 knock-
down on cell migration and invasion. These
findings suggest that MECP2 promotes GC cell
migration and invasion by suppressing FBXW7
transcription by binding to the methylated CpG
islands in the promoter region of FBXW?7.

FBXW?7 is a subunit of an SCF-type ubiquitin
ligase complex that induces the ubiquitination
and proteasomal degradation of oncoproteins,
including SREBP1, Cyclin E, c-Jun, c-Myc, mTOR,
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Figure 8. Proposed model for the effects of MECP2 on GC migration and invasion. MECP2 enhances GC cell migra-
tion and invasion by binding to the methylated CpG sites in the FBXW7 promoter region and repressing FBXW7
transcription, thereby promoting signaling through the Notch1/c-Myc/mTOR pathways.

Notchi1, Notch4, MCL-1, KLF5 and MCL-1 [48-
51]. This study showed that MECP2 increased
the protein expression of c-Myc, mTOR, and
Notchl by inhibiting FBXW7 transcription and
then preventing ubiquitination-mediated degra-
dation of oncoproteins. C-Myc is a member of
the Myc gene family that is involved in multiple
biological processes, such as embryonic devel-
opment, cell proliferation, cell cycle progres-
sion, apoptosis, differentiation, and protein
synthesis [52], and is frequently amplified in
many human cancers and promotes cell pro-
liferation, migration and invasion [53]. MTOR
acts as a serine/threonine protein kinase that
modulates cell proliferation, cell motility, cell
survival, protein synthesis, autophagy and cell
cycle progression, and activation of the mTOR
pathway promotes cancer cell proliferation,
migration and invasion [54]. The Notch signal-
ing pathways regulate cell differentiation, cell
proliferation and apoptotic events [55]. Notch1-
4 are transmembrane proteins that interact
with ligands of the Delta-like and Jagged fami-
lies. Binding of a ligand to its receptor leads to
cleavage of the Notch receptor [56] and ge-
neration of the Notchl intracellular domain
(NICD1). NICD1 enters the nucleus and pro-
motes Hes1l, MMP-2 and MMP-9 expression in
some cancers [57-59]. Previous studies have
confirmed that Notch1 is upregulated in gastric
cancer, liver cancer and ovarian cancer [60-
62]. The present study revealed that by regu-
lating the FBXW7/Notchl signaling pathway,
MECP2 upregulates Hes1, MMP-2 and MMP-9
expression. MECP2 promotes the migration
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and invasion of GC cells by regulating the
Notch1/c-Myc/mTOR signaling pathways throu-
gh inhibition of FBXW7 transcription (Figure 8).

Conclusions

In summary, this study demonstrates that
MECP2 promotes GC cell migration and inva-
sion through regulation of the Notch1/c-Myc/
mTOR signaling pathways by repressing the
transcription of FBXW7. MECP2 is upregulated
and FBXW?7 is downregulated in GC tissues,
and their levels are closely correlated with clini-
copathological features. These findings indi-
cate that MECP2 may be a novel effective ther-
apeutic target in GC.
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Supplementary Table 1. Primer sequences used for gRT-PCR in this study

Gene Sequence

MECP2-F 5’-GCCGAGAGCTATGGACAGCA-3’
MECP2-R 5’-CCAACCTCAGACAGGTTTCCAG-3’
FBXW7-F 5-AAAGAGTTGTTAGCGGTTCTCG-3’
FBXW7-R 5’-CCACATGGATACCATCAAACTG-3’
c-Myc-F 5-TCGGACTCTCTGCTCTCCTC-3’
c-Myc-R 5’-CTGCATAATTGTGCTGGTGC-3’
mTOR-F 5’-CTGGGACTCAAATGTGTGCAGTTC-3’
mTOR-R 5’-GAACAATAGGGTGAATGATCCGGG-3’
Notch1-F 5’-ATCGACATGGCCGAATGGAA-3’
Notch1-R 5’-ATGATGTCCACGCCCTTCTG-3’
Hes1-F 5’-AACCAAAGACAGCATCTGAGCAC-3’
Hes1-R 5’-TGTAGACCATGTAGTTGAGGTCA-3’
MMP-2-F 5’-AAGTCTGAAGAGCGTGAAGTTTGGA-3’
MMP-2-R 5-TGAGGGTTGGTGGGATTGGAG-3’
MMP-9-F 5’-AGTCCACCCTTGTGCTCTTCCC-3’
MMP-9-R 5’-TCTGCCACCCGAGTGTAACCAT-3’
B-Actin-F 5-TGGCACC CAGCACAATGAA-3’
B-Actin-R 5’-CTAAGTCATAGTCCGCCTAGAAGCA-3’

Supplementary Table 2. Sequences of MECP2 MT recombinant plasmids

Name Sequence

MECP2-WT MBD sequence  5’-AGGGGCCCTATGTATGATGACCCTACACTGCCCGAGGGCTGGACCAGGAAACT-
GAAGCAGAGGAAGTCCGGAAGGAGCGCCGGCAAATACGATGTCTACCTGATTA-
ACCCCCAGGGCAAGGCCTTTAGATCCAAGGTGGAGCTGATCGCCTACTTTGAGAAGGTCG-
GCGACACATCCCTAGACCCGAATGACTTCGACTTCACAGTGACCGGCAGAGGA-3’

MECP2-MT1 MBD sequence 5’-AGGGGCCCTATGTATGATGACCCTACACTGCCCGAGGGCTGGACCAGGAAACT-
GAAGCAGAGGAAGTCCGGAGATCAGTATCACGAAGGTCGCGTCTACCTGATTA-
ACCCCCAGGGCAAGGCCTTTAGATCCAAGGTGGAGCTGATCGCCTACTTTGAGAAGGTCG-
GCGACACATCCCTAGACCCGAATGACTTCGACTTCACAGTGACCGGCAGAGGA-3’

MECP2-MT2 MBD sequence 5’-AGGGGCCCTATGTATGATGACCCTACACTGCCCGAGGGCTGGACCAGGAAACT-
GAAGCAGAGGAAGTCCGGAAGGAGCGCCGGCAAATACGATGTCTACCTGATTA-
ACCCCCAGGGCAAGGCCTTTAGATCCAAGGTGGAGCTGCATGACAAGCAGGCCGAGAGTG-
GCGACACATCCCTAGACCCGAATGACTTCGACTTCACAGTGACCGGCAGAGGA-3’

Green: Wild type DNA sequence of MBD region. Red: Mutation type DNA sequence of MBD region.

Supplementary Table 3. Sequences of siRNA

Name Sequence

negative siRNA (NC-siRNA) sense 5’-UUCUCCGAACGUGUCACGUTT-3’
negative siRNA (NC-siRNA) antisense 5-ACGUGACACGUUCGGAGAATT-3’
si-MeCP2-1 sense 5-GCUUAAGCAAAGGAAAUCUTT-3’
si-MeCP2-1 antisense 5’-AGAUUUCCUUUGCUUAAGCTT-3’
si-MeCP2-2 sense 5’-GCUUCCCGAUUAACUGAAATT-3’
si-MeCP2-2 antisense 5’-UUUCAGUUAAUCGGGAAGCTT-3’
si-FBXW7-1 sense 5’-GCACAGAAUUGAUACUAACTT-3’
si-FBXW7-1 antisense 5’-GUUAGUAUCAAUUCUGUGCTG-3’
si-FBXW7-2 sense 5’-CCUUAUAUGGGCAUACUUCTT-3’
si-FBXW7-2 antisense 5’-GAAGUAUGCCCAUAUAAGGTG-3’
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Supplementary Table 4. Information on antibodies used for the correlation analysis

Antibody WB IHC Specificity Company

MECP2 (sc-20700) 1:1000 1:100 Rabbit polyclonal Santa Cruz Biotechnology
FBXW7 (ab227677) 1:1000 1:100 Rabbit Monoclonal Abcam

mTOR (sc-517464) 1:1000 - Mouse monoclonal Santa Cruz Biotechnology
Notch1 (ab65297) 1:1000 - Rabbit polyclonal Abcam

Hes1 (ab71599) 1:1000 - Rabbit polyclonal Abcam

MMP-2 (sc-13594) 1:1000 - Mouse monoclonal Santa Cruz Biotechnology
MMP-9 (sc-393859) 1:1000 - Mouse monoclonal Santa Cruz Biotechnology
NICD1 (ab52301) 1:1000 - Rabbit polyclonal Abcam

c-Myc (13987) 1:1000 - Rabbit Monoclonal Cell Signaling Technology
Lamin A (sc-518013) 1:1000 - Rabbit Monoclonal Cell Signaling Technology
B-Actin (sc-8432) 1:3000 - Mouse Monoclonal Santa Cruz Biotechnology

MECP2 ChIP Grade (ab2828)

GFP ChlIP Grade (abh290)

1gG ChIP Grade (ab171870)

Rabbit polyclonal
Rabbit polyclonal
Rabbit polyclonal

Abcam
Abcam
Abcam

Supplementary Table 5. Sequences of recombinant plasmids

Name Sequence
Negative control 5’-AAAAGAGGCTTGCACAGTGCATTCAAGACGTGCACTGTGCAAGCCTCTTTT-3’
MeCP2 shRNA 5’-TGCTTAAGCAAAGGAAATCTCTCGAGAGATTTCCTTTGCTTAAGCTTTTTTC-3’

Supplementary Table 6. Patient characteristics and clinicopathologic correlation of MECP2 expres-

sionin GC

MECP2 mRNA expression

Characteristics Number of cases - P-value
High (n = 127) Low (n = 39)

Age 0.879
> 60 years 75 59 16
< 60 years 91 68 23

Sex 0.802
Male 102 77 25
Female 64 50 14

Histology 0.023*
Well 86 59 27
Moderate 32 24 8
poor 48 44 4

Size 0.0016*
<50 mm 77 51 26
>50 mm 89 76 13

Lymph node metastasis 0.0002*
Absent 58 53 5
Present 108 74 34

Lymphatic invasion 0.0052*
Absent 54 47 7
Present 112 80 32

Venous invasion 0.056
Absent 93 74 19
Present 73 53 20
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Serosal invasion 0.008*
Absent 57 49 8
Present 109 78 31

Liver metastasis 0.109
Absent 124 97 27
Present 42 30 12

T Stage 0.0037*
T1 55 34 21
T2 42 34 8
T3 39 32 7
T4 30 27 3

*P < 0.05

A

Ctrl

MECP2

Ctrl

MECP2

Supplementary Figure 1. The exogenous level of MECP2 enhances after transfection with the MECP2 overexpres-
sion plasmid. A. The exogenous level of MECP2 after transfection in BGC-823 cells. B. The exogenous level of
MECP2 after transfection in MKN-45 cells. n = 3.
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Supplementary Table 7. Sequences of MECP2 binding to FBXW7 promoter region

Gene Sequence

FBXW7 GAATCAGAGTCACGTATTCTGTTTTTCACTAAGATATTGCAAAGAGAAATGTAGTC
ATTTTCTAAAATACTGTACCCAAAATACAGTAGAAGCTGTATTTTGGGAAGGAGGG
GAGGACAAACTAAGAAACAAACTATAGTTTGAATGTAGGTTGCACTCTGTCAAAG
TTGCTTACTAACTTTAGGACCTACTTTTATTGCTTATGGATTGGTTAAAAATTACGGT
ATTTTTTTTTTTTTTGAGACAGAGTCTTGCTCTGTCACCCAGGCTGGAGTGCAATGG
AGCGATCTTGGCTCACTGCAACCTCCGCCTCCCAGGTTCAAGCGATTCTCATGCCT
CAGCCTCCCAAATAGCTGGGACTACAGGCATGTGCTACCACGCCTGGCTAATTTTT
TTTGTATTTTTAGTAGAGATGGGGTTTCACCATGTGGGTCAGGCTGGTCTAGAACTC
CTGACCTCAAAT
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Supplementary Figure 2. MECP2 regulates FBXW7 mRNA expression in BGC-823 and MKN-45 cells. A. FBXW7
MRNA expression after transfection with the MECP2 overexpression plasmid. B. FBXW7 mRNA expression after
transfection with methylation inhibitor Aza. C. FBXW7 mRNA expression after transfection with si-MECP2-1 and si-
MECP2-2. n =3, *P < 0.001.
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Supplementary Figure 3. MECP2 doesn’t affect the mRNA expressions of Notch1, c-Myc and mTOR. A. C-Myc mRNA
was detected in GC BGC-823 and MKN-45 cells after treatment with the MECP2 overexpression plasmid, methyla-
tion inhibitor Aza, MECP2-1 and si-MECP2-2. B. MTOR mRNA was determined in GC cells after treatment. C. Notch1
mRNA was measured in GC cells after treatment. n = 3.
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Supplementary Figure 4. MECP2 regulates the FBXW7-Notch1/c-Myc/mTOR signaling pathways. A. Co-IP experi-
ments in BGC-823 and MKN-45 cells were performed using anti- c-MYC, anti-mTOR or anti-Notch1 antibodies,
respectively. IgG was used as a control. B. MECP2 mRNA level is associated with the protein expression of c-MYC
in human GC samples. C. MECP2 mRNA level is associated with the protein expression of mTOR. D. MECP2 mRNA
level is associated with the protein expression of Notchl. n = 75.
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Supplementary Figure 5. FBXW7 regulates the mRNA expressions of ¢c-Myc, mTOR, Notch1, Hes1, MMP-2 and
MMP-9. A. C-Myc mRNA was determined in GC BGC-823 and MKN-45 cells after transfection with the FBXW7 over-
expression plasmid, si-FBXW7-1 and si-FBXW7-2. B. MTOR mRNA was measured in GC cells after transfection. C.
Notch1l mRNA was examined in GC cells after transfection. D. Hes1 mRNA was measured in GC cells after transfec-
tion. E. MMP-2 mRNA was examined in GC cells after transfection. F. MMP-9 mRNA was detected in GC cells after
transfection. n = 3, *P < 0.001.
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Supplementary Figure 6. Si-MECP2 and si-MECP2 + si-FBXW7 affect the mRNA expressions of c-Myc, mTOR,
Notch1, Hes1, MMP-2 and MMP-9. A. C-Myc mRNA was measured in BGC-823 and MKN-45 cells after transfection
with si-MECP2 alone or cotransfection with si-MECP2 and si-FBXW7. B. MTOR mRNA was examined in GC cells after
transfection. C. Notchl mRNA was detected in GC cells after transfection. D. Hes1 mRNA was examined in GC cells
after transfection. E. MMP-2 mRNA was measured in GC cells after transfection. F. MMP-9 mRNA was detected in
GC cells after transfection. n = 3, *P < 0.01, compared with NC-siRNA-transfected cells; **P < 0.01, compared with

si-MECP2-transfected cells.
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