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1 | INTRODUCTION

Methyl CpG binding protein 2 (MeCP2) is a methylated DNA bind-
ing protein. MeCP2 located on the X chromosome plays key roles on

neurological disorders, especially on Rett syndrome.l’2 Recently, it has

Abstract

RNA Né-methyladenosine (m®A) is an emerging regulatory mechanism for tumor pro-
gression in several types of cancer. However, the underlying regulation mechanisms
of méA methylation in colorectal cancer (CRC) remain unknown. Although the onco-
genic function of methyl CpG binding protein 2 (MeCP2) has been reported, it is still
unclear whether MeCP2 could alter RNA méA methylation state. Here, we systemati-
cally identified MeCP2 as a prometastasis gene to regulate m®A methylation in CRC.
Interestingly, MeCP2 could bind to methyltransferase-like 14 (METTL14) to coregu-
late tumor suppressor Kruppel-like factor 4 (KLF4) expression through changing méA
methylation modification. Furthermore, insulin-like growth factor 2 mRNA-binding
protein 2 recognized the unique modified m®A methylation sites to enhance KLF4
mRNA stability. Taken together, these findings highlight the novel function of MeCP2
for regulating méA methylation and reveal the underlying molecular mechanism for
the interaction between MeCP2 and METTL14, which offers a better understanding

of CRC progression and metastasis.
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been confirmed that MeCP2 mutations could cause intellectual dis-
ability.® Methyl CpG binding protein 2 was identified as a member of
intrinsically disordered proteins (IDPs), which have rarely structured
elements.? In fact, only 40% of the protein structure of MeCP2 could

form the classical tertiary structure, such as a-helices, B-sheets, and
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[S-turns.4 Overall, the high flexibility contributes to protein interaction
with plentiful molecular partners.>® As a critical regulation molecule
in Rett syndrome and autism, MeCP2 is also associated with cancer
progression. The oncogenic functions of MeCP2 have been reported
in gastric cancer, colorectal cancer, hepatocellular carcinoma, and
osteosarcoma.” ™! A tremendously influential study on an unbiased
genome-scale screen revealed that MeCP2 is a commonly amplified
oncogene in human malignancies with a direct way of activating down-
stream pathway.'? The underlying molecular mechanisms of MeCP2
that regulate tumor progression remain unknown.

mRNA methylation modification, particularly N®-methyladenosine
(m®A), is of vital importance in mediating multiple fundamental biolog-
ical processes. The m®A methylation modification is dynamically re-
versible by methyltransferases (methyltransferase-like 3 [METTL3],
METTL14, and WT1 associated protein [WTAP]) and demethylases
(FTO and ALKBH5).131® Moreover, RNA-binding proteins are consid-
ered as m®A methylation “readers” and composed by diverse proteins
containing YTH, KH, or hnRNP domain. Né-methyladenosine methyl-
ation modification has diverse impacts on biological processes such
as mRNA stability, alternative splicing, translation efficiency, and
nuclear export.”2° Recently reports showed that m®A methylation
methyltransferase complex was formed by the METTL3-METTL14
heterodimer, and METTL14 interacted with METTL3 through their
individual methyltransferase domains (MTD). In this model, METTL3
principally serves as the methyl catalytic core, while METTL14 could
stabilize METTL3 to exert methyltransferase activity, which pro-
vides an RNA-binding platform.?>?? Furthermore, as a key regulator
in m°A methylation modification, METTL14 has been confirmed to
be involved in cancer progression, but the effect on tumorigenesis
is controversial.?>2? However, it remains to be elucidated how m°A
methylation modification and METTL14 affect cancer and what un-
derlying molecular mechanisms or process regulations mediate these
biological functional changes.

Colorectal cancer (CRC) is the third most frequently diag-
nosed cancer and the second most frequent cause of cancer
death worldwide, accounting for approximately 10% of all cancer-
caused deaths.®° Here, we systematically identified the function
of MeCP2 in facilitating metastasis of CRC. Furthermore, the in-
teraction between MeCP2 and METTL14 regulated m®A meth-
ylation modification. Tumor suppressor Kruppel-like factor 4
(KLF4) was found to be a coregulated downstream target by méA
methylation modification. Moreover, “reader” protein insulin-like
growth factor 2 mRNA-binding protein 2 (IGF2BP2) recognized
uniquely modified m®A methylation sites to enhance KLF4 mRNA
stability. To our knowledge, this is the first study to report the
novel function of MeCP2 in modifying RNA methylation in CRC

carcinogenesis.

2 | MATERIALS AND METHODS

Details for materials and methods are provided in Supporting

information.

3 | RESULTS
3.1 | Expression of MeCP2 in clinical CRC samples

We first examined MeCP2 expression in paired CRC and normal tis-
sue samples by immunoblotting, which revealed that MeCP2 was
significantly upregulated in tumor tissues (Figure 1A,B). To further
verify MeCP2 expression in CRC, IHC was carried out in a cohort
of paired CRC and normal tissue samples. The results also showed
MeCP2 had significantly higher expression in CRC tissue than nor-
mal samples (Figure 1C). Among 88 CRC samples, the IHC data
showed MeCP2 protein expression was positively correlated with
lymph node metastasis (P < .05) (Table S1). Moreover, we detected
MeCP2 mRNA expression in another cohort of 216 paired CRC and
normal tissues samples by RT-qPCR, a total of 216 samples were
classified as relatively low and high expression to normal tissue. As
shown in Figure 1D, the higher MeCP2 mRNA expression was as-
sociated with a poorer prognosis. The statistical analysis of clinical
pathological characteristics showed MeCP2 mRNA expression was
positively correlated with TNM stages (Table S2). Overall survival
data showed a poorer prognosis with higher MeCP2 expression in
The Cancer Genome Atlas (TCGA) (Figure 1E). Taken together, our
data showed that MeCP2 expression was increased in tumor sam-
ples and associated with a poorer prognosis; MeCP2 might act as an
oncogene in CRC.

3.2 | Methyl CpG binding protein 2 promotes
metastasis in CRC cells

Recently, some studies have revealed MeCP2 as an oncogene in
CRC.73! To further determine the biological roles of MeCP2 in CRC,
we detected the protein and mRNA expression of MeCP2 in six CRC
cell lines (Figure S1). Then shRNA was used to knock down MeCP2 in
HT29, HCT8, and SW620 cells (Figures 2A,B and S2G). Knockdown
of MeCP2 significantly decreased the potential of migration and in-
vasion (Figures 2C,D and S2H). To avoid off-target effects of shRNA,
we used siRNA to silence MeCP2 (Figure S2A,B), which showed a
similar biological phenotype in that MeCP2 knockdown could sig-
nificantly repress migration and invasion in HT29 and HCT8 cells
(Figure S2C,D). Furthermore, overexpression of MeCP2 was con-
structed in HCT116, RKO, and DLD1 cells (Figures 2E,F and S2lI).
Overexpression of MeCP2 could significantly promote migration
and invasion (Figure 2G,H). Collectively, these data suggested that

MeCP2 could promote migration and invasion of CRC cells.

3.3 | Methyl CpG binding protein 2 reduces m®A
methylation level in CRC cells

Previous studies reported the roles of MeCP2 in DNA methyla-
tion, however, whether MeCP2 could regulate RNA methylation
has not been clarified. First, we used dot blots to detect the m°A
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FIGURE 1 Expression of methyl CpG binding protein 2 (MeCP2) in clinical colorectal cancer (CRC) samples. A, Expression of MeCP2 in

paired CRC and normal tissue samples. B, Quantification analysis of (A) and the quantitative value greater than zero means higher expression
of MeCP2 in CRC tissues compared with paired normal tissues. C, Representative immunohistochemistry images of MeCP2 in paired normal
tissues (N) and CRC tissues (T). D, Kaplan-Meier plots for overall survival of MeCP2 in clinical CRC samples. E, Kaplan-Meier plots for overall

survival of MeCP2 in The Cancer Genome Atlas database

methylation level. The results showed that knockdown of MeCP2
upregulated the méA methylation level in HT29 and HCT8 cells
by shRNA (Figure 2l,J) and siRNA (Figure S2E,F). Consistently,
overexpression of MeCP2 downregulated the m®A methylation
level in HCT116 and RKO cells (Figure 2K,L). To confirm the re-
sults above, we also used IHC to detect m®A methylation levels.
Immunohistochemistry using anti-m®A showed an increased m°A
methylation level in MeCP2-silenced HT29 and HCT8 cells, whereas
forced expression of MeCP2 in HCT116 and RKO cells displayed
a significantly decreased m®A methylation level (Figures 2I-L and
S2E,F). All these results indicated that MeCP2 could inhibit RNA
m®A methylation in CRC cells.

3.4 | Methyl CpG binding protein 2 interacted with
méA methylation methyltransferase METTL14

To explore the intrinsic relationship between MeCP2 and RNA m°A
methylation, we undertook coimmunoprecipitation (co-1P) assays in
MeCP2-overexpressing cells to investigate whether MeCP2 could in-
teract with the methyltransferases (METTL3, METTL14, and WTAP)
and demethylases (ALKBH5 and FTO). There was a significant in-
teraction between MeCP2 and METTL14, but not with the others
(Figures 3A,B and S3A). Next, the endogenous interaction between
MeCP2 and METTL14 was also confirmed by co-IP (Figures 3C and
S3B). As shown in Figure 3D, both Flag-MeCP2 with HA-METTL14
and HA-MeCP2 with Flag-METTL14 had reciprocal interaction with
each other in 293T cells. Some previous reports have suggested that
METTL14 and METTL3 proteins could form a stable heterodimer

core complex.21'22 Interestingly, the presence of excess MeCP2 will
occupy reciprocity between METTL3 and METTL14 (Figures 3E and
S3C), which indicated that there was a competitive relationship be-
tween MeCP2 and METTL3 with METTL14. METTL14 executes its
function on RNA methylation by its methyl binding domain, which
also plays a major role in interacting with METTL3, so we con-
structed truncated proteins to determine whether it is the same
domain interacting with MeCP2. We generated several truncated
constructs of METTL14 and coexpressed them with MeCP2 in 293T
cells (Figure 3F). Interestingly, truncated protein containing aa 1-395
and 165-456, which included the whole MTD domain in METTL14,
could interact with MeCP2. As expected, the MTD of METTL14 was
also crucial to interact with METTL3. Thus, we defined the MTD
as a competitive structure of METTL14 for MeCP2 and METTL3
to interact with METTL14. Recently, MeCP2 was reported as an
IDP.4 As an important characteristic of IDP is their inability to ac-
quire a stable secondary structure, we thought that the structural
flexibility enabled MeCP2 to interact with METTL14. We then un-
dertook the immunofluorescence assay, which showed MeCP2 and
METTL14 colocating in the nucleus (Figure 3G). The overexpression
of MeCP2 affected the METTL3 expression at the protein level in
HCT116, HT29, and SW620 cells (Figures 3H and S3D), but not at
the transcriptional level (Figure 31). Otherwise, the protein expres-
sion of METTL3 was not changed in other cell lines. The discrepant
results need to be studied further. In addition, the mRNA expression
of other RNA methylation participants was no different. Collectively,
these findings strongly clarified that the influence on RNA methyla-
tion by MeCP2 was dependent on the interaction between MeCP2
and METTL14.
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FIGURE 2 Methyl CpG binding protein 2 (MeCP2) knockdown inhibited migration and invasion of colorectal cancer (CRC) cells. MeCP2
knockdown enhanced N°-methyladenosine (m®A) methylation in CRC cells. A, Left, western blots of MeCP2 protein expression in HT29
cells; right, RT-gPCR of MeCP2 mRNA expression in HT29 cells. B, Left, western blots of MeCP2 protein expression in HCT8 cells; right,
RT-qPCR of MeCP2 mRNA expression in HCT8 cells. C, Transwell assay for investigating migration and invasive properties in HT29 cells.

D, Transwell assay for investigating migration and invasive properties in HCT8 cells. E, Left, western blots of MeCP2 protein expression in
HCT116 cells; right, RT-gPCR of MeCP2 mRNA expression in HCT116 cells. F, Left, western blots of MeCP2 protein expression in RKO cells;
right, RT-gPCR of MeCP2 mRNA expression in RKO cells. G, Transwell assay for investigating migration and invasive properties in HCT116
cells. H, Transwell assay for investigating migration and invasive properties in RKO cells. |, Left, dot blots of méA methylation level in HT29
cells; right, immunohistochemistry (IHC) of méA methylation level in HT29 cells. J, Left, dot blots of m®A methylation level in HCT8 cells;
right, IHC of méA methylation level in HCT8 cells. K, Left, dot blots of méA methylation level in HCT116 cells; right, IHC of méA methylation
level in HCT116 cells. L, Left, dot blots of m®A methylation level in RKO cells; right, IHC of m°A methylation level in RKO cells. EV, empty

vector; PARP, poly(ADP-ribose) polymerase

3.5 | Methyltransferase-like 14 inhibits metastasis
in CRC cells

Previous studies showed METTL14 inhibited tumor metasta-
sis in colorectal cancer.3%3* Next, we focused on the function of
METTL14 in CRC progression and tumorigenesis. Overall survival
data showed a poorer prognosis with lower METTL14 expression
in TCGA (Figure 4A). Two contradictory prognosis trends between
METTL14 and MeCP2 for CRC progression and tumorigenesis re-
minded us that they functioned with opposing biological roles in
CRC. Detection of protein expression by western blots and mRNA
expression by RT-gPCR were then carried out in several CRC cell
lines (Figure S4A,B). We applied shRNA to stably knock down the
expression of METTL14 in HCT116 and RKO cells (Figure 4B,C).
Although the expression of MeCP2 was almost unchanged by
METTL14 knockdown in both protein (Figure 4B,C) and mRNA lev-
els (Figure 4D), METTL14 silencing promoted CRC cell migration
and invasion, indicating a tumor suppressor role for METTL14 in
CRC (Figure 4E,F). As a classical RNA methyltransferase, METTL14
silencing significantly reduced m®A methylation levels both by dot
blots and IHC (Figure 4G,H). Recently, a study showed that MeCP2

increased the level of pAKT and activated the PI3K pathway.'? In

another study, downregulated METTL14 correlated with increasing
levels of pAKT and activation of the PI3K pathway.?* Therefore, we
investigated the pAKT change after treatment with 100 ng epidermal
growth factor for 4 hours in HCT116 cells (Figure S4C), and then de-
tected pAKT in MeCP2-overexpressing and METTL14-knockdown
HCT116 cells (Figure S4D). The results implied that MeCP2 overex-
pression and METTL14 knockdown have a similar effect on activa-
tion of pAKT, which shares an identical regulation model. Overall,
we concluded that METTL14 functioned as a tumor suppressor to
inhibit CRC progression and tumorigenesis.

3.6 | Expression of KLF4 is regulated in an m°A
methylation-involved manner

To explore the potential targets coregulated by METTL14 and
MeCP2, RNA sequencing (RNA-seq) was undertaken in METTL14-
knockdown HCT116 cells and MeCP2-knockdown HT29 cells
to screen their common regulated target genes (Figure 5A).

The results revealed 600 upregulated or downregulated genes
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FIGURE 3 |Interaction of methyl CpG binding protein 2 (MeCP2) with methyltransferase-like 14 (METTL14). A, Western blots of the

interaction between exogenous MeCP2 and endogenous Né-methyladenosine (m®A) methylation methyltransferases and demethylases.
B, Western blots of the interaction of endogenous METTL14 with exogenous MeCP2. C, Western blots of the interaction of endogenous
MeCP2 with endogenous METTL14. D, Western blots of the interaction of exogenous MeCP2 with exogenous METTL14. E, Western
blots of the interaction of MeCP2 with METTL14 and METTL3 with METTL14. F, Upper, schematic diagram of the functional domains of
METTL14 and truncated protein of METTL14. Lower, western blots of the interaction of truncated protein of METTL14 with full-length
MeCP2 and full-length METTL3. HM, a-helical motif; MTD, methyltransferase domain. G, Immunofluorescence staining for METTL14
and Flag-MeCP2 in HCT116, RKO, and DLD1 cells. Nuclei were stained with DAPI. H, Western blots of METTL3 and METTL14 protein
expression in HCT116, RKO, HT29, and HCT8 cells with MeCP2 overexpression vector or shRNA. |, RT-qPCR of méA methylation
methyltransferases and demethylases mRNA expression. EV, empty vector; IP, immunoprecipitant; PARP, poly(ADP-ribose) polymerase

in METTL14-knockdown HCT116 cells and 2297 upregulated
downregulated genes in MeCP2-knockdown HT29 cells
(Figure 5B). In our hypothetical model, METTL14-knockdown cells

or

are functionally equal to MeCP2-overexpressing cells, so the tar-
get genes’ expression should present the opposite trend in these
two RNA-seq datasets. A total of 32 genes were downregulated
in METTL14-knockdown and upregulated in MeCP2-knockdown
cells, and 44 genes were upregulated in METTL14-knockdown and

downregulated in MeCP2-knockdown cells. Enrichment analysis
for the 76 genes revealed related signaling pathway (Figure 5C),
including some important cancer metastasis-related genes, for
example TGFB2, KLF4, IGFBP6, and BCL6 (Figure 5D).
transcription-PCR was used to verify these genes expression
changes in HCT116 and HT29 cells (Figure 5E). Next, we sought
méA methylation binding sites from a published m°A sequencing
database.®®> RRACH (R = G, A and H = A, C or U) motif has been

Reverse
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cells. E, Transwell assay for investigating migration and invasive properties in HCT116 cells. F, Transwell assay for investigating migration
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proved as the most common méA methylation modification site, so
we checked the specific A in this motif from all target candidates.
It is well established that KLF4 has a significantly antineoplastic
effect in carcinoma, especially in CRC, so we selected KLF4 as a
common target for further study. First, protein and mRNA lev-
els of KLF4 regulated by MeCP2 and METTL14 were determined
(Figure 5F,G). We found several potential méA methylation sites in
KLF4 and designed a series of primers to investigate m®A meth-
ylation. Methylated RNA immunoprecipitation combined with RT-
gPCR was carried out using Ab against m°A methylation. As shown
in Figure 5H, both METTL14 knockdown and MeCP2 overexpres-
sion significantly decreased the enrichment of KLF4 m®A methyla-
tion levels. The m®A methylation modification site was located at
a coding sequence near a terminator, which agreed with a previ-
ous study.’®3% Moreover, KLF4 has been reported as a prognos-
tic predictor to function as a tumor suppressor in CRC.%73? Here,
we stably silenced KLF4 in HCT116 cells and overexpressed KLF4
in HT29 cells (Figure 51,J). Cell migration and invasion assays re-
vealed that KLF4 could inhibit the ability of invasive properties
in CRC cells (Figure 5K,L), which was consistent with previous
studies.*®*? From these collective results, we concluded that
MeCP2 and METTL14 regulated the expression of KLF4 in an m°A
methylation-involved manner, further contributing to CRC pro-

gression and tumorigenesis.

3.7 | Methyl CpG binding protein 2 promotes
metastasis through METTL14-mediated
antimetastasis in vivo and in vitro

We next investigated the function of MeCP2 and METTL14 in vivo
and in vitro. Stably transfected HCT116 cells were constructed and
categorized as the luciferase-labeled control group (Empty vehicle,
Scramble, and METTL14-sh-Empty vehicle) or experimental group
METTL14-sh, METTL14-sh-MeCP2-
Overexpression) (Figures 6A and S5A). In vitro, we observed a

(MeCP2-Overexpression,

significantly increased migration and invasion with either MeCP2
overexpression or METTL14 knockdown. Surprisingly, METTL14
knockdown abolished the effect that MeCP2 overexpression pro-
moted CRC cell migration and invasion (Figure 6B). In vivo, the
group of HCT116 cells labeled with luciferase were surgically in-
jected into the spleen of nude mice. After 2 months, the nude mice
were subjected to D-luciferin injection and the luciferase signals
were monitored and quantified. The MeCP2-overexpressing and
METTL14-knockdown cells showed more prometastatic signals than
the control group (Figure 6C). After surgical dissection, more meta-
static foci were observed in their livers (Figure 6D,E). By H&E stain-
ing, more and larger metastatic foci were present in the liver of mice
in the experimental group compared to the control group (Figure 6F).

Furthermore, we used IHC to investigate the expression of MeCP2,
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sion in colorectal cancer cells as a coregulated target of

methyltransferase-like 14 (METTL14) and methyl CpG binding protein 2 (MeCP2) in an Né’—methyladenosine (mé’A)—dependent manner. A,

Schematic diagram of experimental approach of screening regulated ta

rget genes. B, RNA-sequencing (RNA-seq) identified upregulated and

downregulated genes in HCT116 or HT29 cells. C, Top regulated biological process terms both regulated by METTL14 and MeCP2 identified
by gene ontology enrichment analysis of the differentially expressed genes based on DAVID online tools (P < .01). D, Rank of multipathway
genes of the regulated genes. For each gene, the total number of pathways regulated by METTL14 and MeCP2 is indicated. E, RT-gPCR

to determine the relative mRNA expression of oncogenes coregulated by METTL14 and MeCP2, including KLF4, ID2, IGFBP6, ARHGAP18,
IRS2, and BCL6. F, RT-qPCR of KLF4 mRNA expression in HCT116 or HT29 cells. G, Western blots of KLF4 protein expression in HCT116 or
HT29 cells. H, MeRIP-gPCR analysis of m®A methylation enrichment of KLF4 in HCT116 or HT29 cells. I, Left, western blots of KLF4 protein

expression in HCT116 cells; right, RT-gPCR of KLF4 mRNA expression
HT29 cells; right, RT-gPCR of KLF4 mRNA expression in HT29 cells. K,

in HCT116 cells. J, Left, western blots of KLF4 protein expression in
Transwell assay for investigating migration and invasive properties in

HCT116 cells. L, Transwell assay for investigating migration and invasive properties in HT29 cells. EV, empty vector; PARP, poly(ADP-ribose)

polymerase

METTL14, and KLF4 in serial sections from the same samples with
H&E staining (Figure 6F). Further verification was carried out by IHC
of MeCP2, METTL14, and KLF4 in paired CRC and normal tissue
samples in patients (Figure 6G). The samples with high expression of
MeCP2 synchronously carried low expression of METTL14 or KLF4.
These data in vivo suggested that MeCP2 might be considered as a
prometastatic gene and METTL14 as an antimetastatic gene, which
needs to be verified in more animal assays.

3.8 | Methyl CpG binding protein 2 and METTL14
enhances KLF4 mRNA stability in an m°A
methylation and IGF2BP2-dependent way

To further clarify the relationship between MeCP2, METTL14, and
KLF4, we measured the stability of KLF4 mRNA by blocking nas-
cent RNA synthesis using actinomycin D. The results suggested
that METTL14 knockdown and MeCP2 overexpression strikingly
reduced the stability of KLF4 mRNA; however, MeCP2 knockdown
maintained the stability (Figure 7A). Generally, the “reader” proteins
of m®A methylation modification could determine the destiny of
modified mRNA, which alter mRNA stability or protein translation
efficiency. The IGF2BPs (IGF2BP1/2/3) constitute an RNA-binding

protein family mainly acting on inhibition of mRNA dec:ay.‘lz’44 The
IGF2BPs were reported to recognize the consensus GGAC sequence
of targeted mRNAs in an m°A-dependent manner.** But whether
IGF2BPs could regulate the stability of m®A methylation modifica-
tion in KLF4 mRNA is not known. We changed the potential m®A
methylation binding sites from A to C for a mutagenesis. After
analyzing the KLF4 mRNA coding sequence near the terminator in
which the méA methylation modification was confirmed to locate,
we found four candidate motifs with RRACH. Then we constructed
two luciferase reporters with the mutant motifs including MUT-1
and MUT-2 (Figure 7B). Compared with forced expression of the
WT, MUT-1 presented a significantly reduced luciferase activity.
Substantial METTL14 knockdown and MeCP2 overexpression re-
duced luciferase activity of the reporter, whereas MeCP2 knock-
down augmented luciferase activity of the reporter. MUT-2 with
only méA methylation modification sites presented similar luciferase
activity as WT (Figure 7C). Furthermore, the percentage of MUT-1
to WT represented that compared to control groups, the influence
on regulation of IGF2BPs in treated groups (MeCP2-overexpressing
and METTL14-knockdown) of MUT-1 were significantly shrunk
(Figure 7C). The results above suggested that the m®A methylation
binding sites A were exactly regulated by METTL14 and MeCP2.
Two specific motifs, RRACH and GGAC, were crucial to regulate
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FIGURE 6 Methyl CpG binding protein 2 (MeCP2) promotes colorectal cancer (CRC) metastasis and methyltransferase-like 14
(METTL14) inhibits CRC metastasis both in vitro and in vivo. A, Left, western blots of MeCP2 and METTL14 protein expression in HCT116
cells; right, RT-gPCR of MeCP2 and METTL14 mRNA expression in HCT116 cells. B, Transwell assay for investigating migration and invasive
properties in HCT116 cells. C, Bioluminescence images of the spleen-liver distant metastasis model, which were established by splenic
injection of HCT116 cells in nude mice. D, Images of the spleen-liver distant metastasis model by dissecting nude mice from (C). Arrows
indicate liver and spleen metastatic foci. E, Bioluminescence images of the spleen-liver distant metastasis model. F, Representative H&E
staining and immunohistochemistry (IHC) images of MeCP2, METTL14, or Kruppel-like factor 4 (KLF4) of liver tissue from spleen-liver
metastasis model of nude mice from (C). G, Representative images of IHC images of MeCP2, METTL14, or KLF4 in CRC samples. EV, empty
vector; N, normal tissue; PARP, poly(ADP-ribose) polymerase; T, tumor tissue

the stability of KLF4 mRNA, so MeCP2 and METTL14 regulated the
mRNA stability of KLF4 in an m®A-dependent manner. In order to
determine which member of the IGF2BP family regulated méA meth-
ylation, we designed specific primers spanning partly HA-tagged
sequences and used RNA immunoprecipitation to verify the protein-
RNA binding (Figure 7D). We detected the expression of IGF2BPs in
HCT116 and HT29 cells, which showed extremely low expression of
IGF2BP1 (Figure 7E). In the IGF2BP2- and IGF2BP3-overexpressing
293T cells, both IGF2BP2 and IGF2BP3 could bind to KLF4 mRNA,
but only IGF2BP2 could specifically recognize m°A methylation
modification in KLF4 mRNA (Figure 7F).

4 | DISCUSSION

In this study, we identified MeCP2 as an oncogene in CRC progres-
sion by interacting with METTL14 and reducing m®A methylation

modification. KLF4 as an m®A methylation modification downstream
target gene that inhibits CRC metastasis. Additionally, RNA-binding
protein IGF2BP2 could recognize specific motif and trigger protec-
tion procedures to delay degradation of KLF4 mRNA. The reduced
m®A methylation modification attenuated mRNA stability of KLF4,
resulting in the facilitation of CRC migration and invasion (Figure 7G).

Although recent experimental evidence has shown that MeCP2
contributes to cancer proliferation and metastasis,®>***” the bi-
ological mechanism of MeCP2 on carcinogenesis is still unclear.
Here, we found a novel mechanism through indirect influence on
m®A methylation modification. Surprisingly, it is the interaction be-
tween MeCP2 and METTL14 that impacts méA methylation levels.
Methyl CpG binding protein 2 is an IDP, which acts as scaffolding
for the recruitment of other proteins and works as an interaction
hub.*® Both MeCP2 and METTL3 could competitively interact with
MTD of METTL14. However, we observed that METTL3 expression
was increased in MeCP2-knockdown HT29 cells and reduced in
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MeCP2-overexpressing HCT116 cells, but not in HCT8 or RKO cells. especially in various types of cancers. Although some genes have
The reason for the discrepant results might be the genetic back- been reported as the new m®A methylation regulation molecules,
ground of different cell lines. In addition, whether other functions of their function and mechanism have not been clearly illuminated.

MeCP2 exist in carcinogenesis remains to be elucidated.

Therefore, we investigated the interaction between MeCP2 and

An increasing number of studies have suggested that m®A meth- the canonical methyltransferases (METTL3, METTL14, and WTAP)

ylation modification is closely related to diverse biological processes, and demethylases (ALKBH5 and FTO) in the present study, which
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FIGURE 7 Unique N°-methyladenosine (m®A) methylation modification elevates Kruppel-like factor 4 (KLF4) mRNA stability through an
insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2)-dependent mechanism. A, KLF4 mRNA stability assay by RT-qPCR of KLF4
mRNA expression at the indicated time points after treatment with actinomycin D in HCT116 or HT29 cells. B, Schematic diagram of the
luciferase reporter constructs used in the mRNA stability assay containing KLF4 mRNA of the WT or MUT (A-to-C mutation). C, Relative
luciferase activity of WT or MUT KLF4 luciferase reporter in HCT116 or HT29 cells. Firefly luciferase activity was measured and normalized
to Renilla luciferase activity. D, Schematic diagram of the overexpression vector constructs carried out in RNA immunoprecipitation (RIP)
containing KLF4 mRNA of the WT or MUT (A-to-C mutation). E, RT-qPCR of IGF2BP mRNA expression in HCT116 and HT29 cells. F, RIP
with RT-gPCR analysis of the interaction between empty vector (EV), IGF2BP2, or IGF2BP3 with Flag-tag and KLF4-WT or KLF4-MUT with
HA-tag in 293T cells. Enrichment of KLF4-WT or KLF4-MUT with HA-tag was normalized to input. G, Schematic model of the mechanism of
MeCP2 and METTL14 in regulation of KLF4, which participated through IGF2BP2 in an méA methylation modification-dependent manner.

CRC, colorectal cancer

showed that only METTL14 could bind to MeCP2. Compared with
METTL3, METTL14 might present higher methyltransferase activity
due to the roles of methyltransferase activity itself and the effect
on METTL3.2* Although more studies have focused on the méA
methylation regulation function of METTL3, METTL14 might have
more effect on downstream events than METTL3. Previous studies
showed that METTL3 was upregulated while METTL14 was down-

regulated in CRC tissues,*®>!

which was consistent with our biolog-
ical experimental data that METTL14 has a suppressive effect on
CRC.

KLF4 is a notable tumor suppressor gene and regulates intestinal
epithelial homeostasis, which is especially enriched in the gut.’?°°
The expression of KLF4 is significantly reduced in diverse cancer
including CRC and gastric cancer.3>* KLF4 is strongly negatively
correlated with survival and prognosis in CRC.¥ In our study, we
combined m®A methylation modification with KLF4 by the regula-
tion of mRNA stability. The méA methylation nucleotides are located
on a unique consensus motif, RRACH.'>°> The specific m®A methyl-
ation sites of KLF4 were found to locate in a CDS region near stop
codons. The mRNA stability assays and dual-luciferase reporter as-
says were carried out to illustrate that m®A methylation modification
enhanced KLF4 mRNA stability.>® The IGF2BPs (IGF2BP1/2/3) were
confirmed as m®A methylation “reader” proteins, which could recog-
nize the unique binding motif GGAC.*?** Our data first clarified that
only IGF2BP2, but not IGF2BP1 or 3, directly bound to the specific
modified m®A methylation sites in KLF4 coding sequence regions in
an m°A-dependent manner. Our data determined that MUT-1 with
RRACH and GGAC was the specific site for IGF2BP2 to bind to KLF4
mRNA. However, to a certain extent, IGF2BP2 showed a limited ef-
fect on the binding of KLF4 and further exploration on underlying
m®A methylation molecular mechanisms deserves extensive study.

In summary, the expression of MeCP2 was upregulated in
CRC cells and MeCP2 could promote the metastasis of CRC cells.
High expression of MeCP2 indicated poor prognosis of patients.
The expression of METTL14 was downregulated in CRC cells and
METTL14 could inhibit the metastasis of CRC cells. Low expres-
sion of METTL14 indicated poor prognosis of patients. Methyl CpG
binding protein 2 and METTL14 presented a protein-protein inter-
action, and the level of m®A methylation in CRC cells was ultimately
affected through this interaction. Methyl CpG binding protein 2 and
METTL14 could jointly regulate the two specific m°A methylation
sites on KLF4. The m®A methylation reader protein IGF2BP2 could

specifically recognize the two unique méA methylation modification
sites on KLF4 mRNA, change the stability of KLF4 mRNA, as well as
KLF4 mRNA and protein levels, and ultimately regulate the metasta-
sis ability of CRC cells. With further research, the MeCP2-METTL14/

IGF2BP2/KLF4 axis could become a novel cancer therapeutic target.
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