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FTO demethylates m6A modifications in HOXB13 mRNA and promotes endometrial
cancer metastasis by activating the WNT signalling pathway
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Abstract

Although many studies have confirmed the relationship between obesity and endometrial cancer (EC),
the molecular mechanism between obesity and EC progression has not been elucidated. Overexpression
of fat mass and the obesity associated protein FTO leads to weight gain, although recently it has been
discovered that FTO can serve as a demethylase which erases N6-methyladenosine (m6A) modification
and regulates the metabolization of mRNAs. In this study, we found high expression of FTO in metastatic
EC and that this action promote both metastasis and invasion in vivo and in vitro. Mechanistically, FTO
can catalyse demethylation modification in 3'UTR region of HOXB13 mRNA, thereby abolishing m6A
modification recognition with the YTHDF2 protein. Decreasing HOXB13 mRNA decay and increasing
HOXB13 protein expression was accompanied by WNT signalling pathway activation and the expression
of downstream proteins, leading to tumour metastasis and invasion. We also found the WNT signalling
pathway inhibitor ICG-001 can block HOXB13 gene-induced tumour metastasis, therefore ICG-001 may
be a promising molecular intervention. This study provides insight into the relationship between obesity
and the pathogenesis of endometrial cancer while highlighting future areas of research.
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Introduction ‘erasers’, FTO and ALKBHS5 proteins can demethylate m6A
modifications from mRNA [9]. When mRNA matures, these
m6A-modified mRNAs are transported into the cytoplasm.
Some proteins, known as ‘readers’ can specifically recognize
m6A modifications and regulate mRNA metabolic processes
[10]. The YTHDF family of proteins are the first ‘reader’
proteins that have been shown to recognize m6A modification
[11]. After YTHDFI recognizes an m6A modification of
mRNA, the translation process accelerates [12]. When
YTHDEF2 recognizes m6A modification it will promote the
transportation of mRNA into the p-body, accelerating mRNA
degradation, while inhibiting protein translation [13]. It has
been found that abnormal expression of these proteins exists
in various tumours and affects the occurrence and tumour
progression [14].

FTO belongs to the non-haem Fe II/aKG-dependent dioxy-
genase AlkB protein family, and its expression is closely related to
weight gain and obesity [15]. Knocking down FTO expression in
animal models can suppress obesity and lead to growth retarda-
tion, while FTO overexpression can lead to increased food intake
and obesity [16]. Previous studies have shown that abnormal
expression of FTO has been found in various tumours and
participates in the regulation of multiple biological behaviours
[17,18]. However, FTO has recently been found to demethylase,
leading to m6A demethylation in mRNA and regulating mRNA

The incidence of obesity in the population is increasing, and
epidemiological studies have shown that obesity is a high-risk
factor for endometrial cancer (EC) [1]. According to the
clinicopathological characteristics, EC can be divided into
type I and II [2]. Type I which are predominantly endometrial
adenocarcinoma, are considered to be related to oestrogen
stimulation with characteristically slow progression and late
metastasis [3]. Type II ECs are mainly clear cell carcinoma
and serous carcinoma which progress rapidly, and are often
accompanied by resistance to hormone therapy. In type II
ECs, tumour invasion and metastasis occur more readily in
the earlier stages and therefore pose a very serious threat to
one’s physical well-being. Unfortunately, the 5-year survival
rate of patients with type II ECs is significantly reduced [4,5].
Research into the molecular mechanisms involved in tumour
invasion and metastasis is of the utmost importance if we are
to improve such dismay outcomes for patients with type
IT ECs.

mo6A is the most common chemical modification in mam-
malian mRNA [6]. In the nucleus, m6A modifications on
mRNA are dynamically regulated, and proteins such as
METTL3/14 catalyse the formation of m6A modifications on
specific RNAs by forming methyltransferase complexes.
Therefore, they are also called ‘writers’ [7,8]. Also known as
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metabolism. The relationship of this new molecular mechanism
of FTO and cancer progression is still unclear.

In this study, we studied the regulatory effects of FT'O on
endometrial cancer (EC) invasion and metastasis and
explored the molecular mechanism of tumour metastasis
based on the m6A regulatory mechanism.

Materials and methods
Patient samples

RNA samples from 96 EC patients were sought from our
previous research. Among these, 30 were patients with metas-
tasis and 66 patients without. This study was approved by the
Institutional Review Board within the First Affiliated Hospital
of Nanjing Medical University.

Quantitative real-time PCR analysis

RNA samples were reverse transcribed to cDNA by reverse tran-
scriptase (TaKaRa, Tokyo, Japan). Gene expression was detected
using a quantitative PCR kit (TaKaRa) and a 7900HT real-time
instrument (ABI, CA, USA). Experimental procedures followed
the manufacturers’ protocols. The primers are listed in Table S1.
Transcript levels were analysed using the 2™**“T method, and the
expression of 3-actin was used as an internal control.

Tissue array and immunohistochemistry (IHC)

A total of 142 tumour samples were included in this study,
involving 66 endometrial tumour samples (without metas-
tases), 30 intrauterine tumour samples (with metastases), 24
abdominal metastatic samples, and 22 lymph node metastasis
samples. The IHC protocol was similar to that used in our
previous research [19].

After paraffin embedding, sectioning, dewaxing, antigen
retrieval and serum blocking, the samples were stained with
antibodies. Antibody information is provided in the supple-
mentary materials section, as Table S2. IHC staining was
semi-quantitatively evaluated based on stain intensity and
the percentage of positive cells. Stain intensities were categor-
ized as 0 (negative), 1 (weakly positive), 2 (moderately posi-
tive), or 3 (strongly positive). The percentage of positive cells
were categorized as 1 (0%-10%), 2 (11%-50%), 3 (51%-80%),
or 4 (81%-100%). The final score for each section was deter-
mined by multiplying the staining intensity score by the
percentage staining score. IHC staining was independently
scored by two pathologists, before calculating averages.

Cells and cell culture

The human EC cell lines AN3CA and KLE were purchased
from the China Centre for Type Culture Collection (CATCC).
Cells were cultured as described in our previous study [19].

Subcellular fractionation analysis

Protein fractionation of nuclear extracts was performed by
using NE-PER Nuclear and Cytoplasmic Extraction Reagents

(Thermo Fisher, CA, USA) according to the manufacturer’s
instructions.

Western blotting (WB)

Cells were washed twice in pre-chilled PBS and lysed in lysis
buffer (100 mmol/L NaCl, 50 mmol/L Tris (pH 8.0), 1% NP-40,
0.1% SDS, 0.5 mM EDTA and 1x proteinase inhibitor cocktail).
Lysates were centrifuged at 12,500 g. Supernatants were collected
and proteins were denatured using LDS buffer (Thermo Fisher).
Protein samples were separated by SDS-PAGE and transferred
to a PVDF membrane. Membranes were blocked with 5% skim
milk and sequentially incubated with primary and secondary
antibodies. Antibody information is listed in the supplementary
materials as Table S2. The immunoblot was developed using
ChemiDoc (Bio-Rad) and ECL (Bio-Rad) or hypersensitive
ECL chemiluminescence substrate (Thermo Fisher).

Lentivirus construction and infection, plasmid and siRNA
transfection

The lentivirus-mediated gene overexpression or knockdown vec-
tor system was packed by Hanbio and included lentiviral vectors
carrying FLAG and puromycin tags. Cells were cultured in six-
well plates, and lentiviruses were added to each well. Empty
lentiviral vectors served as a negative control, and noninfected
cells served as a control group. After 48 h, the cells were cultured
in 5 pg/ml puromycin to screen for cells with stable gene expres-
sion. Gene expression was verified by RT-PCR and WB. The
HOXB13 CDS region was cloned into pcDNA 3.1 to construct an
overexpression vector. HOXB13-specific siRNAs were synthe-
sized by Tsingke. Cells were transfected with expression vector
and siRNA using lipofectamine 3000 (Invitrogen, MI, USA)
according to the manufacturer’s protocol. The oligo sequences
are provided in the supplementary materials as Table SI.

Inhibition of the WNT signalling pathway

We used ICG-001 (Selleck, MI, USA) to inhibit the activity of
the WNT signalling pathway in cells. The drug was diluted to
a 10 mM stock solution with DMSO and stored at —20°C. The
medium was used to dilute the stock solution to the working
concentration (10 uM).

Wound-healing assays

EC cells were seeded in a six-well plate after the indicated
treatment. When the cells density reached 90%, a plastic pip-
ette tip was used scratch the cell surface. PBS was used to
wash the cell debris two times. Serum-free medium was added
to each well for culture. After 48 h, the cells were photo-
graphed for analysis of the cell migration ability.

Transwell assay

A modified two-chamber migration assay was used to verify
the cell invasion ability. Fifty microlitres of 1:5 diluted
Matrigel (BD, MA, USA) was added to the chamber (pore
size: 8 um; Corning, NY, USA) and placed in a 37°C incubator



for Matrigel solidification. After the indicated treatment, the
designated cells were suspended in serum-free medium.
2 x 10* EC cells were seeded in the upper chamber, and
500 pul of medium containing 20% serum was added into the
lower chamber. After the cells were cultured for 24 h, the cells
were fixed with 4% paraformaldehyde, and a cotton swab was
used to carefully wipe the cells in the upper chamber before
photographs were taken.

RNA-binding protein immunoprecipitation sequencing
and quantitative PCR (RIP-seq and RIP-qPCR)

To detect RNAs that bind to the FTO protein, an EZ-Magna
RIP™ RNA-Binding Protein Immunoprecipitation Kit
(Millipore, CA, USA) was used according to the manufac-
turer’s protocol. Briefly, AN3CA cells (1 x 107) were washed
in PBS twice and then lysed in 500 ul IP lysis buffer (con-
taining 1x protease inhibitor cocktail and 5 pl RNase inhi-
bitor). The supernatant was collected by centrifugation, and
10% was kept as the input sample. An anti-Flag antibody
(5 pg) and a magnetic beads complex (40 pl) were added to
the remaining 90% of the supernatant, and the samples were
incubated at 4°C overnight. Beads were washed with wash
buffer and eluted using an RNA purification kit (Qiagen,
Germany) according to the manufacturer’s protocol. An
Ultra II RNA Kit (NEB, MI, USA) was used to prepare the
libraries according to the manufacturer’s protocol. The sam-
ples were sequenced using the HiSeq PE150 platform. gPCR
was performed by a 7900HT real-time instrument. The
primers are listed in Table S1.

Methylated RNA immunoprecipitation sequencing
(MeRIP-seq) and quantitative PCR (MeRIP-PCR)

Cells were washed in cold PBS twice, and an Oligotex Direct
mRNA Midi/Maxi Kit (Thermo Fisher) was used to purify the
mRNA according to the manufacturer’s protocol. The mRNA
concentration was quantified using a spectrophotometer, and
5 pg of mRNA was used for immunoprecipitation. A Magna
MeRIP m°A Kit (Millipore) was used for MeRIP according to
the manufacturer’s protocol. The samples were sequenced
with the HiSeq PE150 platform. qPCR was performed by
a 7900HT real-time instrument. The primers are again listed
in Table S1 of the supplementary materials.

RNA sequencing (RNA-seq) and quantitative PCR (qPCR)

Cells were washed twice with prechilled PBS. RNA was
extracted using an RNeasy Mini Kit (Qiagen) according to the
manufacturer’s protocol. An Ultra IT RNA Kit (NEB) was used
to prepare the libraries according to the manufacturer’s proto-
col. The libraries were sequenced with the HiSeq PE150 plat-
form. qPCR was performed by a 7900HT real-time instrument.

RNA pull-down assays

The 5'-biotin RNA probe was synthesized by Tsingke. RNA
probes contain either an m°A base, an adenine base or
a mutated guanine base. RNAIMAX reagents (Invitrogen)
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were used to transfect RNA probes into cells. After 48 h,
cells were washed twice in cold PBS and lysed in 500 ul IP
lysis buffer (containing 1x protease inhibitor cocktail and 5 pl
RNase inhibitor). One-tenth of the supernatant was saved as
the input sample. Then, 40 pl streptavidin beads (Invitrogen)
were added to the remaining supernatant, and samples were
incubated at room temperature for 2 h. Beads were eluted by
95% formamide at 95°C for 2 min after five washes with IP
wash buffer (Thermo Fisher). Protein samples were denatured
by LDS buffer (Thermo Fisher) and analysed by WB.

Luciferase reporter assays

We cloned a 3'UTR sequence containing the m6A site of
HOXBI13 into the pmirGLO reporter vector (Promega, CA,
USA) and constructed a reporter gene vector with a single
nucleotide mutation sequence (Fig. SIA). The detailed DNA
sequences are provided in Table SI, in the supplementary
materials. Plasmids were verified by DNA sequencing. Cells
seeded in 6-well plates were transfected with luciferase vectors
using Lipofectamine 3000 (Invitrogen). Luciferase assays were
performed using a Dual-Luciferase Reporter Assay System
(Promega) according to the manufacturer’s instructions.
After 48 h, the firefly and Renilla luciferase activities in each
well were evaluated.

RNA half-life assays

Cells were treated according to the experimental design, and
actinomycin D (Sigma, CA, USA) was added at a concentration
of 5 mg/ml. At the indicated time points (3, 6 hr), the cells were
lysed, and total RNA was extracted (Qiagen). RNA quantities
were determined by qPCR. The RNA half-life was calculated
according to a previous study [20].

In vivo tumorigenesis assay

Experimental animal procedures were approved by the
Institutional Animal Care and Committee (Peking Union
Medical College). All animals received care in compliance
with the ‘Guide for the Care and Use of Laboratory Animals’.
Female SCID-Beige mice (6 weeks old) were purchased from
Vitalriver. AN3CA cells with FTO overexpression or silencing
or the appropriate controls (1 x 10°) were injected into the
lower abdominal cavity of mice (n = 5 mice/group). After
4 weeks, the mice were sacrificed, and tumours were harvested,
weighed and photographed. Tumours were fixed in 4% formal-
dehyde, paraffin-embedded and analysed by IHC.

Sequencing data analysis

RNA-seq/RIP-seq datasheets were analysed by HISAT?2,
featureCounts and DESeq2. MeRIP-seq data were analysed
by HISAT2 and exomePeak software. The correlation analysis
of HOXB13 and YTHDF2 mRNA expression comes from
TCGA database, and this work was performed by GEPIA
(http://gepia.cancer-pku.cn).
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Statistical analysis

SPSS 21.0 was used for all statistical analyses. Correlations
between gene expression and clinicopathological data were
analysed by x> and Fisher’s exact test, respectively. Survival
curves were generated using the Kaplan-Meier method. Data
are expressed as the mean * SD. Differences between two
groups were analysed by two-tailed Student’s t-test. The
threshold for statistical significance was set at P < 0.05.

Results
FTO expression is increased in metastatic EC samples

To explore the relationship between FTO expression and EC
metastasis, we divided patients into metastatic and non-
metastatic groups. QPCR was used to detect the expression
of FTO in EC samples, and FTO expression was higher in
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metastatic patients than in nonmetastatic patients (Fig. 1A).
A tissue array was used to detect the protein expression of
FTO in EC. The intrauterine samples were divided into meta-
static and non-metastatic groups according to whether there
was metastasis. The expression of FTO in the metastatic group
was significantly higher than that in the non-metastatic group
(Fig. 1B, Table S3). In addition, the expression of FTO in
peritoneal metastases and lymph node metastasis tumours
was significantly higher than that observed in non-metastatic
tumours, although there was no significant difference in
expression between various metastatic samples (Fig. 1C,
Table S3).

The expression of FTO in normal endometrium was sig-
nificantly lower than that in tumour tissue (Fig. S2A). This
indicates that FTO expression is significantly increased in
metastatic patients and may promote EC metastasis. In addi-
tion, we measured the ratio of m6A/A in tumour samples

Figure 1. FTO is overexpressed in metastatic EC cancer. (A) FTO mRNA expression in metastatic EC (N = 30) and nonmetastatic EC tissues (N = 66). (B) Expression
of the FTO protein in nonmetastatic EC tissue and different types of metastatic EC tissues. (C) The IHC score of the FTO protein in different EC samples, (No metastasis,

N = 66), (With metastasis, N = 30), (Abdominal metastasis, N

= 24), (Lymph node metastasis, N = 22). **P < 0.01, n.s indicates not significant.



from 14 patients, and found that the m6A levels in metastatic
tumours were significantly lower than that observed in non-
metastatic tumours (Fig. S3A). However, there was no signif-
icant difference in the expression of METTL3 and METTL14
between the two groups (Fig. S3B, C). The expression of
ALKBH5 and YTHDE2 in metastatic tumours significantly
increased (Fig. S3D, F), while the expression of YTHDF1
significantly decreased (Fig. S3E)

FTO promotes the invasion and metastasis of EC

To explore the role of FTO in regulating the invasion and
metastasis of EC, we selected the AN3CA cell line derived
from lymph node metastases and KLE cells with high meta-
static potential for follow-up experiments. We used
a lentiviral transfection vector to stably overexpress and
knockdown FTO expression in cells (Fig. S4A-B). The wound-
healing experiment showed that the metastatic ability signifi-
cantly increased after enhancing the expression of FTO in
KLE cells. By contrast, after silencing FTO expression in
KLE cells, cell metastasis lowered significantly (Fig. 2A).
A similar trend was observed in the AN3CA cell line (Fig. 2B).
Transwell assays were used to analyse the effect of FTO on
invasion ability. Overexpression/knockdown of FTO expres-
sion led to an increased/decreased ability for cell invasion
(Fig. 2C). Mouse peritoneal tumour models were used to
explore the effect of FTO on metastasis in vivo. The intra-
abdominal tumours were significantly larger than those in the
control group after FTO overexpression and often formed
multiple tumours. By contrast, after knockdown of FTO
expression, tumour weight significantly reduced (Fig. 2D).
The intensity of Ki-67 increased after FTO overexpression,
whereas Ki-67 decreased upon FTO knockdown (Fig. 2E).

FTO removes the m6A modification in the 3'UTR region of
HOXB13 mRNA

In order to explore the molecular mechanism involved in
FTO promoting tumour invasion and metastasis, we stably
knocked down the expression of FTO in AN3CA cells by
shRNA. RNA-seq was adopted to analyse differentially
expressed genes. There were 881 upregulated genes and 1696
downregulated genes (fold-change (FC) log2 > 2, p < 0.01)
(Table S5, Fig. S5A). KEGG and GO analyses showed that the
molecular functions of the differentially expressed genes were
related to cell adhesion and metastasis (Fig. 3A, Fig. S5B).
Further, we used RIP-seq to detect the RNA bound to FTO
and enriched to a total of 1316 genes (FC log2 > 3). GO
analysis showed that these RNAs were associated with apop-
tosis, cell adhesion and metastasis (Fig. S5C). KEGG cluster-
ing showed that these genes were mainly enriched in the PI3K
and MAPK signalling pathways (Fig. S5D).

We used MeRIP-seq to detect changes in m6A modifica-
tions in mRNA after silencing FTO expression. A total of 860
genes acquired a new m°A peak, and 459 genes lost
an m°A peak (log2 FC> 1) (Fig. 3B). The most common
motif of these enrichment peaks was DRACH (Fig. 3C),
which is consistent with the results of a previous report. The
positions of these peaks occur mainly near the stop codon
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(Fig. 3D) which is because the main molecular function of
FTO is to remove m°®A modifications. As such, we therefore
focused on the genes that acquired an m°A peak. KEGG
analysis showed that these genes also enriched in the MAPK
and WNT signalling pathways (Fig. S5E).

To comprehensively display gene mapping regulated by
FTO through the m6A mechanism, we combined the analysis
of the genes enriched in mRNA-seq, RIP-seq and MeRIP-seq.
We screened 13 candidate genes (Fig. 3E). RIP-PCR, qPCR,
MeRIP-PCR and WB were further used to verify the candi-
date genes. qPCR confirmed that the expression of HOXB13
was significantly reduced after silencing FTO expression. This
trend was observed in both AN3CA and KLE cells (Fig. 3F).
HOXBI13 protein expression also decreased significantly after
FTO knockdown (Fig. 3G). RIP-PCR experiments confirmed
that HOXB13 mRNA can bind to the FTO protein with Flag
labelling (Fig. 3H). Based on the MeRIP-seq results, we
designed HOXB13 PCR primers targeted to the m6A modifi-
cation peak (Table S1). MeRIP-PCR showed that the m6A
modification level increased after FTO knockdown (Fig. 3I).
The m6A peak was located in the 3'UTR region of HOXBI13
mRNA (Fig. 3]).

YTHDF2 promotes the decay of HOXB13 mRNA by
recognizing the m6A peak

The m6A modification in mRNA requires recognition by the
‘Reader’ protein. These reader proteins play a key role in
regulating the mRNA metabolism. Previous report showed
that YTHDF1 promotes translation by recognizing m6A,
and YTHDF2 recognizes mRNA and often leads to mRNA
degradation [13]. We found that FTO silencing could pro-
mote the appearance of the m6A peak in HOXB13 mRNA but
was accompanied by a decrease in the mRNA expression of
HOXB13. Therefore, we speculate that YTHDF2 can recog-
nize this m6A modification and play a role in regulating
HOXB13 mRNA. We used siRNA to silence the expression
of YTHDEF2 in cells. qPCR showed that the expression of
HOXB13 mRNA increased (Fig. 4A). In addition, WB also
confirmed that the protein expression of HOXB13 signifi-
cantly increased (Fig. 4B).

Further, exogenous Flag-labelled YTHDEF2 protein was
used for RIP experiments, and the results confirmed that
HOXB13 mRNA can bind to YTHDEF2 (Fig. 4C). Since bind-
ing of the YTHDF2 protein to mRNA leads to RNA degrada-
tion, we used the actinomycin D experiment to verify RNA
stability. The half-life of HOXB13 mRNA increased signifi-
cantly after knockdown of YTHDF2 (Fig. 4D). We also
observed a decrease in the half-life of HOXB13 mRNA after
silencing FTO (Fig. 4E). This suggests that FT'O may regulate
HOXB13 mRNA degradation through the m6A mechanism,
and this mechanism may be mediated by YTHDEF2.

To identify the biological function of the HOXB13 mRNA
3" UTR sequence, we performed luciferase reporter assays
using a reporter vector containing either the wild-type or
mutant 3’ UTR sequence. In AN3CA cells with normal
YTHDEF?2 protein expression, the luciferase reporter activity
significantly decreased in cells transfected with the wild-type
construct, indicating that the sequence weakened the mRNA
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Figure 2. FTO promotes EC cell metastasis and invasion. (A) FTO overexpression and knockdown regulate cell migratory abilities in KLE cells according to
wound-healing assays. (B) Wound-healing assays demonstrate that FTO regulates cell metastasis of AN3CA cells. (C) Effects of FTO overexpression and knockdown on
cell invasive capacities by Transwell assays. (D) Weight of xenografts derived from AN3CA cells (n = 5 mice/group). (E) IHC staining of FTO and Ki-67 in tumour
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Error bars indicate means + SDs, **P < 0.01.
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transcripts in FTO knockdown samples (IP and input) and the negative control (IP and input). Error bars indicate means + SDs, **P < 0.01.
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Figure 4. YTHDF2 regulates HOXB13 expression in an m°A-dependent manner. (A, B) gPCR and WB confirmed elevated HOXB13 mRNA and protein expression
after YTHDF2 knockdown. (C) RIP-PCR validates exogenous YTHDF2 binding to HOXB13 mRNA. (D) Prolonged RNA lifetime of HOXB13 mRNA after knockdown of
YTHDF2 expression. (E) Shortened RNA lifetime of HOXB13 mRNA after knockdown of FTO expression. (F) Relative activity of the wild-type or mutant HOXB13 3' UTR
luciferase reporter in AN3CA cells expressing YTHDF2 shRNA or control. (G) Position of the m°®A peak in HOXB13 mRNA (top). RNA probe sequences for RNA pulldowns
(bottom). (H) YTHDF2 recognizes the m°A site in the 3' UTR of HOXB13 mRNA as shown by RNA pull-down assays. Error bars indicate means + SDs, **P < 0.01, n.s

indicates no significance.

stability (Fig. 4F). The luciferase activity of cells transfected
with the wild-type construct increased significantly after
silencing YTHDF2. In addition, after silencing YTHDF2,
no significant difference in the fluorescence intensity of
cells was detected with wild-type or mutant vectors (Fig.
4F). This result indicates that the 3'UTR region is important
for HOXB13 mRNA stability. We next aimed to explore
whether YTHDF2 recognizes the 3'UTR region of HOXB13
mRNA via the m6A mechanism. According to the results of
MeRIP-seq, we synthesized three RNA probes consisting of
the 3'UTR sequence of HOXB13 mRNA, but each probe
contained an m6A or m6A mutation (Fig. 4G). RNA pull-
down experiments confirmed that YTHDF2 bound to the
m6A site but had a weaker binding capacity to non-m6A
sites (Fig. 4H). These results indicate that YTHDF2 recog-
nizes the HOXB13 mRNA 3’ UTR region in an m6A-
dependent manner.

HOXB13 promotes the invasion and metastasis of EC

To explore whether HOXBI13 could regulate endometrial cell
invasion and metastasis, we constructed HOXB13 expression
vectors and siRNA to enhance or knockdown HOXBI13
expression (Fig. S4C-D). Overexpression of HOXB13 can
promote the metastasis of KLE cells, while silencing the
expression of HOXB13 leads to a decrease in metastasis (Fig.
5A). This trend was also observed in AN3CA cells (Fig. 5B).
Transwell assays were used to analyse the effect of HOXB13
on invasion ability. Overexpression/knockdown of HOXB13
expression led to increased/decreased cell invasion ability (Fig.
5C). This indicates that HOXB13 has the ability to promote
the invasion and metastasis of EC in vitro.

Further, we used IHC to detect the expression of HOXB13
in an EC tissue array to study the effect of HOXB13 on
tumour metastasis, and the grouping is the same as before.
HOXBI13 expression was significantly higher in metastatic
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tumours than in nonmetastatic tumours (Fig. 5D, Table S4).
The expression of HOXBI3 in peritoneal metastases and
lymph node metastatic tumours was significantly higher
than that in nonmetastatic tumours, but there was no differ-
ence in expression between various metastatic samples (Fig.
5D, Table S4). Although the expression of HOXB13 in normal
endometrium was significantly lower than that in tumour
tissue (Fig. S2B). This indicates that HOXB13 expression is
significantly increased in metastatic patients. Since YTHDEF2
can promote the degradation of HOXB13 mRNA, we spec-
ulate that there is a negative correlation between gene expres-
sion in tissues. Correlation analysis showed that YTHDF2 and
HOXB13 had a positive correlation in mRNA expression by
using TCGA data (Fig. S6A). This result does not seem to
support the role of YTHDEF?2 in the degradation of HOXBI13
mRNA in tumours. However, we must consider that FTO
mRNA expression (Fig. S6B) and protein (Fig. S2A) were
lower in endometrium and higher in those with EM cancer.

We theorized that FTO can remove m6A modification in
the 3'UTR region of HOXB13 mRNA, thereby causing degra-
dation of HOXB13 mRNA when YTHDEF2 is abolished.
Critically speaking, there may not be a negative correlation
between the expression of these two genes in tissues. In order
to verify this hypothesis, we detected the expression of
YTHDF2 and HOXB13 in 20 cases of normal endometrium
tissues which confirmed low expression of FTO and high-
lighted a negative correlation between YTHDEF2 and
HOXB13 in normal endometrium (Fig. S6C).
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HOXB13 promotes EC metastasis and invasion by
activating the WNT signalling pathway

HOXBI13 is a homeobox transcription factor that can directly
regulate gene expression. The KEGG pathway was mainly
enriched in the MAPK, PI3K, and WNT pathways after
FTO knockdown. The activation of the WNT signalling path-
way is highly related to metastasis in various cancers. To
explore whether HOXBI3 promotes tumour metastasis
through the WNT signalling pathway, we added WNT path-
way-specific inhibitors to AN3CA and KLE cells. Wound-
healing and Transwell assays showed that the metastatic and
invasive abilities of cells were significantly reduced (Fig.
6A, B).

We also supplemented WNT signalling pathway inhibitors
into HOXB13-overexpressing AN3CA cells. Wound-healing
and Transwell experiments showed that the metastatic and
invasive abilities of KLE cells were significantly reduced, and
these trends were also detected in AN3CA cells (Fig. 6C, D).
This indicates that the effect of HOXB13 in promoting EC
invasion and metastasis can be inhibited by WNT signalling
pathway inhibitors. In addition, cell invasion and migration
increased after rescued HOXB13 expression in KLE and
AN3CA cell lines with knockdown FTO expression, which
suggests that HOXB13 is a key gene in FTO regulation of
cancer cell metastasis (Fig. S7). Furthermore, adding ICG-001
to overexpressed FTO cells can significantly inhibit invasion
and migration (Fig. S8).
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Figure 6. HOXB13 promotes EC cell metastasis and invasion (A, B) WNT signalling pathway inhibitor (ICG-001) inhibits metastasis and invasion of KLE and AN3CA
cells. (C, D) WNT signalling pathway inhibitor (ICG-001) blocked the effect of promoting tumour cell invasion and metastasis mediated by HOXB13. Error bars indicate

means = SDs, *P < 0.05, **P < 0.01.



To detect the molecular mechanism of HOXB13 activation,
the WNT signalling pathway was examined. We transfected
the expression vector to overexpress the HOXBI3 protein
in the cells (Fig. S4C, D), and the time gradient showed that
the concentration of P-catenin in the nucleus gradually
increased (Fig. 7A). In contrast, when we silenced the expres-
sion of HOXBI13 in cells (Fig. S4C, D), the concentration of

A
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B-catenin in the nucleus gradually decreased, while the con-
centration of phosphorylated B-catenin (Ser33/37) gradually
increased (Fig. 7B). Furthermore, WB detected the expression
of target genes downstream of the WNT signalling pathway.
The expression of c-myc, snail, MMP2, MMP7 and MMP7
increased after HOXB13 overexpression. However, this trend
may be blocked by adding WNT inhibitor (Fig. 7C).
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Figure 7. HOXB13 activates the WNT signalling pathway and promotes the expression of downstream genes.

(A) WB shows that overexpression of HOXB13 promotes B-catenin expression. (B) WB showed phospho-B-catenin (Ser33/37) and B-catenin expression at different
time points after silencing HOXB13 by siRNA. (C) WB showed that a WNT signalling pathway inhibitor (ICG-001) blocked the target genes that were activated by
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1276 (&) L. ZHANG ET AL.

Discussion

Invasion and metastasis are important biological beha-
viours that lead to the poor prognosis of cancer patients
[21]. FTO expression significantly increases in breast can-
cer, gastric cancer, melanoma, cervical cancer and other
solid tumours [22]. High FTO expression in gastric cancer
also positively correlates with tumour lymph node metas-
tasis and promotes cancer invasion and metastasis [23].
FTO is highly expressed in lung cancer and is an inde-
pendent factor affecting prognosis. While decreasing the
expression of FTO in lung cancer cells can significantly
inhibit tumour proliferation and invasion [24]. In this
study, we found that FTO expression increased in EC,
and that FTO expression positively correlates with
tumour invasion and lymph node metastasis. Patients
with high FTO expression had worse prognoses, which
is consistent with previous findings. Feng et al. reported
that FTO expression is increased in EC [25]; however,
high FTO expression is unrelated to tumour invasion
and metastasis, which is inconsistent with our findings.
The reasons for this divergence may be correspond to the
ethnic diversity within each sample but also there were
undoubtedly differences in BMI which subtly influence
expression, and therefore invasion and metastasis.

Previous studies have shown that HOXB13 can play a role
in regulating tumour invasion and metastasis in a variety of
tumours [26,27]. Although, the function of HOXB13 in
different tumour types is not entirely consistent. HOXB13
promotes the occurrence of epithelial-mesenchymal transi-
tion (EMT) in ovarian cancer by inducing SLUG expression
and enhances the ability of tumour metastasis [28]. In pros-
tate cancer, HOXB13 promotes tumour cell invasion by
reducing the expression of PDEF in the cell [29]. However,
HOXBI13 can inhibit the invasion of tumour cells by inhibit-
ing the expression of ER-a in breast cancer [30]. In addition,
the expression level of HOXB13 is reduced in colorectal
cancer and malignant melanoma. Increasing the expression
of HOXB13 can inhibit the proliferation of colon cancer and
malignant melanoma [31,32]. In this study, we found that
expression of HOXBI3 in EC is increased in metastatic
tumours and that expression of HOXBI13 can promote
tumour cell invasion and metastasis in vitro. These results
suggest that HOXB13 plays a role in promoting tumour
metastasis during tumour progression.

The expression of HOXB13 in tumour cells is regulated
by various mechanisms. miR-7 can inhibit the expression of
HOXB13 and regulate the migration of oesophageal squa-
mous cell carcinoma [33], while HOXB13-AS inhibits the
expression of HOXB13 by methylating the HOXBI13 pro-
moter, affecting the proliferation of glioma [34]. MEIS1
promotes the proliferation of prostate cancer cells by
extending the half-life of HOXB13 in prostate cancer [35].
In this study, we found for the first time that the m6A
modification in HOXB13 mRNA can regulate the protein
expression of HOXB13, and the expression of HOXB13 can
activate the WNT signalling pathway and promote the
expression of downstream genes, thereby enhancing tumour
invasion and metastasis. These results provide new evidence

for clarifying the molecular mechanism of HOXB13 in
promoting tumour metastasis.

Obesity is a high-risk factor for EC, but the molecular
mechanism between obesity and the biological behaviour of
EC cells has been unclear. Previous studies have shown that
FTO expression is clearly related to obesity [36,37]. FTO was
identified as a demethylase in 2011 and can ‘erase’ the m6A
modification on RNA [38]; however, the methylation map-
ping of FTO regulation in EC is not clear. In this study, we
comprehensively displayed the m6A modification profile
regulated by FTO in EC cells. This provides a new perspec-
tive for the further exploration of obesity and EC progres-
sion. Earlier studies showed that m6A-modified mRNAs are
often unstable, mainly because YTHDF2 promotes RNA
relocation to RNA decay sites and accelerates mRNA decay
[39]. However, subsequent studies have found more proteins
that can recognize m6A modifications and regulate mRNA
metabolism, such as RNA translation, splicing and stabi-
lity [40].

FTO overexpression can erase the m6A site from the
mRNA, resulting in faculty mRNA modifications and
abolishing the RNA metabolism pathways mediated by
various readers, ultimately affecting the mRNA function
[41]. In this study, we found that FTO regulates m6A
modification in HOXB13 mRNA, deprives HOXBI13
degradation mediated by YTHDF2, promotes the expres-
sion of HOXB13, and accelerates EC cell metastasis.
Nearly 1/3 of mRNAs have m6A modifications. The num-
ber of genes regulated by FTO through the m6A mechan-
ism may be very large. In this study, 860 genes acquired
a new m°A peak, and 459 genes lost an m°A peak after
FTO knockdown, and these changes were accompanied by
differences in mRNA expression. This indicates that FTO
has a large number of target genes regulated by the m6A
mechanism. More research is required to fully understand
the molecular mechanism of FTO regulation of EC
progression.

In conclusion, we found that the expression of FTO can
promote the metastasis of EC. Mechanistically, FTO
removed the m6A modification from HOXBI3 mRNA
and abolished the YTHDF2-mediated degradation of
HOXB13, promoting HOXB13 protein expression and acti-
vates the WNT signalling pathway, and promotes EC inva-
sion and metastasis. FTO is a new potential target for the
treatment of tumour metastasis.
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