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Wilms' tumour 1-associating protein inhibits endothelial
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1 | INTRODUCTION

Brain arteriovenous malformations (AVMs) are characterized by di-
rect anastomosis between the arterial and venous channels with-

out any intervention of the capillaries.! The estimated crude annual

Brain arteriovenous malformations (AVMs) are congenital vascular abnormality in
which arteries and veins connect directly without an intervening capillary bed. So
far, the pathogenesis of brain AVMs remains unclear. Here, we found that Wilms'
tumour 1-associating protein (WTAP), which has been identified as a key subunit
of the méA methyltransferase complex, was down-regulated in brain AVM lesions.
Furthermore, the lack of WTAP could inhibit endothelial cell angiogenesis in vitro. In
order to screen for downstream targets of WTAP, we performed RNA transcriptome
sequencing (RNA-seq) and Methylated RNA Immunoprecipitation Sequencing tech-
nology (MeRIP-seq) using WTAP-deficient and control endothelial cells. Finally, we
determined that WTAP regulated Desmoplakin (DSP) expression through mé6A modi-
fication, thereby affecting angiogenesis of endothelial cells. In addition, an increase
in Wilms' tumour 1 (WT1) activity caused by WTAP deficiency resulted in substantial
degradation of B-catenin, which might also inhibit angiogenesis of endothelial cells.
Collectively, our findings revealed the critical function of WTAP in angiogenesis and

laid a solid foundation for the elucidation of the pathogenesis of brain AVMs.
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detection rate has been reported at 1.3 per 100 000 patient-years.?>

Along with the advancement of diagnostic techniques, the detection
rate of brain AVMs is increasing and add up to an estimated preva-
lence of approximately 50 cases per 100 000.* Clinically, cerebral
haemorrhage, partial or systemic epileptic seizure, and transient
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ischaemic attack are the most common relevant symptoms,” seri-
ously endangering human health and life. But until now, the patho-
genesis of brain AVMs is still unclear.

Né6-methyladenosine (méA) is identified to be the most common and
abundant RNA molecular modification in eukaryotes® and is involved in
a variety of metabolic processes of RNA, such as RNA transcription,
shearing, nuclear transport and translation ability.”*> The methylation
modification of méA is reversible by the implication of the methyl-
transferases, demethylases and methylated reading proteins. It is well
clarified that Wilms' tumour 1-associating protein (WTAP), acting as the
most important regulatory subunit, forms the core methyltransferase
complex with METTL3 and METTL14 to catalyse the mé6A modifica-
tion.*¢2° In mammals, m6A can be reverted to adenosine by the méA
RNA demethylase, FTO and ALKBH5.%%22 Furthermore, m6A modifica-
tion requires the specific RNA binding proteins, also known as ‘readers’,
to perform specific biological functions. RNA pull-down experiments
have identified a variety of reading proteins, including YT521-B homol-
ogy (YTH) domain-containing protein, heterogeneous nuclear ribonu-
cleoprotein (hnRNP), IGF2BP proteins and eukaryotic initiation factor
(eIF).2%?7 Recently, an increasing number of studies have shown that
m6A modification widely participates in the regulation of multiple bio-

892832 and exhibited a correlation between aberrant

logical processes
cellular m6A level and diseases.*¢ In addition, previous studies have
reported that zebrafish embryos with deficiency of WTAP displayed
multiple developmental defects.)” However, it is unclear whether
WTAP participates in the genesis and progression of brain AVMs.

Desmoplakin (DSP) is a critical component of desmosome and
plays a central role in maintaining the structure and stability of the
desmosome.®’ In addition, previous studies have demonstrated that
DSP is essential for the mechanical integrity of epithelium and myo-
cardium.384° Dsp gene mutations are associated with cutaneous
or cardiac defects, such as palmoplantar keratoderma, skin fragili-
ty-woolly hair syndrome, lethal acantholytic epidermolysis bullosa,
arrhythmogenic right ventricular cardiomyopathy and Carvajal syn-
drome.***2 |n addition to cell adhesion, DSP has recently been found
to be involved in other cellular processes such as proliferation, differ-
entiation and carcinogenesis.“o'43 Surprisingly, DSP is not only related
to epidermal integrity and cardiac function, but also to vascular devel-
opment. For instance, ablation of DSP results in leaky and/or poorly
formed capillaries, limiting embryonic development.***° Therefore, it
is of great significance to explore the relationship between DSP and
the pathogenesis of brain AVM.

In the current study, we found that WTAP was down-regulated
in brain AVM lesions compared with normal cerebral vessels, and
knockdown of WTAP significantly inhibited tube formation of the
human endothelial cells. To thoroughly investigate the specific mo-
lecular mechanism, we performed RNA transcriptome sequencing
(RNA-seq) and Methylated RNA Immunoprecipitation Sequencing
technology (MeRIP-seq) to screen downstream targets of WTAP.
Finally, we determined that DSP was stabilized via WTAP-m6A-
IGF2BPs-dependent manner and participated in the regulation
of angiogenesis. In addition, Wnt pathway was repressed due to
elevated levels of free Wilms' tumour 1 (WT1) in WTAP-deficient

endothelial cells, which might be involved in the formation of brain
AVMs. Our findings determine the mechanism by which WTAP in-
hibits angiogenesis and provide potential therapeutic targets to pre-

vent the formation or progression of brain AVMs.

2 | MATERIALS AND METHODS
2.1 | Patients and samples

Detailed information on patient recruitment and sample preparation
could be found in our previous study.‘“’ Briefly, from September 2016
to November 2017, we recruited 66 patients with brain AVM and
seven patients with epilepsy as a control at Beijing Tiantan Hospital
affiliated to Capital Medical University. Brain AVMs samples were
collected from consecutive patients undergoing surgical treatment.
The clinical diagnoses of brain AVM were confirmed by digital sub-
traction angiography and histologic evaluation in the hospital's pa-
thology department. In addition, consistent with previous study,*
intracranial vascular tissue samples without the typical characteris-
tics of brain AVM had been obtained from 7 patients undergoing tem-
poral lobe resection for epilepsy. Informed consents were obtained
from all patients, and this study was approved by the institutional

review board of Beijing Tiantan Hospital, Capital Medical University.

2.2 | Cell culture

The human umbilical vein endothelial cells (HUVECs) were pur-
chased from ScienCell (Carlsbad, CA) and maintained in endothe-
lial cell medium (ECM, ScienCell) supplemented with 5% foetal
bovine serum (FBS, Gibco), 100 U/mL penicillin and 100 pg/mL

streptomycin.

2.3 | Gene silencing and expression

The siRNAs targeting specific genes were designed and synthesized by
Guangzhou RiboBio (Table S1). Endothelial cells were transfected with
siRNAs using Lipofectamine RNAIMAX (Invitrogen). The plasmid ex-
pressing Flag-tagged Homo sapiens WTAP was synthesized by Shanghai
Genechem Co., Ltd. Constructed plasmid was transfected into the en-
dothelial cells according to the manufacturer's instructions of jetPRIME
kit (Polyplus-transfection). After transfection for 48 hours, endothelial

cells were harvested for subsequent mRNA or protein expression analysis.

2.4 | RNAsolation and qRT-PCR

Total RNAs were extracted and purified using TRIzol reagent
(Invitrogen) according to the manufacturer's instructions. cDNA
was reverse transcribed from total RNAs using the PrimeScript™
RT reagent Kit with gDNA Eraser (TaKaRa Co). gqRT-PCR was
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performed using the SYBR® Premix Ex Tag™ Il (TaKaRa) on the
QuantStudio™ real-time PCR system (Applied Biosystems). Primers
for specific genes were listed in Table S2. Finally, the relative analy-

sis of gene expression was evaluated using the 222G method.

2.5 | Western blotting

Endothelial cells were harvested and lysed in RIPA lysis buffer supple-
mented with protease and phosphatase inhibitors. Protein samples
were separated by sodium dodecyl sulphate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred onto a polyvinylidene dif-
luoride (PVDF) membrane (Merck Millipore). After blocking for 1 hour
in 5% skimmed milk, the membranes were incubated with the specific
primary antibodies as follows: anti-WTAP (ab195380; abcam), anti-
B-Actin (ab8227; abcam), anti-CTNNB1 (ab32572; abcam), anti-DSP
(25318-1-AP; proteintech), anti-IGF2BP1 (22803-1-AP; proteintech),
anti-IGF2BP2 (11601-1-AP; proteintech) and anti-IGF2BP3 (14642-1-
AP; proteintech). After that, the PVDF membranes were incubated
with Horseradish peroxidase-conjugated anti-rabbit/mouse IgG
(M21002/M21001; Abmart), and then, the immunolabelled proteins

were visualized using ECL reagent (Merck Millipore).

2.6 | Immunofluorescence

The endothelial cells were fixed using 4% paraformaldehyde for
20 minutes. After that, the cells were incubated with 0.3% Triton
X-100 for 10 minutes and blocked non-specific binding sites with 5%
BSA. Next, the cells were incubated with primary antibodies against
m6A (202003; Synaptic Systems) or B-catenin (ab32572, Abcam)
overnight at 4°C and subsequently were incubated with Alexa Fluor
594- or Alexa Fluor 488-conjugated goat anti-rabbit secondary an-
tibody at room temperature for 1 hour. Finally, nuclear staining was
performed with DAPI at room temperature, and the cells were ob-

served using EVOS™ FL Auto 2 Imaging System (Invitrogen).

2.7 | Tube formation assay

Tube formation assays were performed using Ibidi p-Slide
Angiogenesis (Ibidi) according to the manufacturer's protocol. A total
of 15 000 endothelial cells in 50 pL complete media were plated to
the inner well of p-Slide filled with Matrigel. Then, the p-Slides were
incubated at 37°C as usual. About 24 hours later, the tube forma-
tions were imaged under the Fluorescence Inversion Microscope

System and analysed using the Image J software.

2.8 | RNA stability assays

Endothelial cells were transfected with siRNAs against specific

genes or negative control siRNA using Lipofectamine RNAIMAX

(Invitrogen). Twenty-four hours after transfection, cells were treated
with 10 pg/mL actinomycin D (MCE, HY-17559) and collected at
indicated time points. The total RNAs were extracted by TRIzol
(Invitrogen) at indicated time points and analysed by qRT-PCR. The
turnover rate and half-life of MRNA were estimated according to a

previously published paper.48

2.9 | Methylated RNA immunoprecipitation

m6A modifications on specific genes were determined using
the Magna MeRIP méA Kit (Millipore, 17-10499) according to
the manufacturer's instructions. In brief, for MeRIP-seq, 300 pug
total RNAs from control and WTAP-deficient endothelial cells
were chemically fragmented into about 100 nucleotides in
length by incubation in fragmentation buffer (10 mmol/L ZnCl2,
10 mmol/L Tris-HCI, pH 7.0) at 94°C for 3 minutes. The reaction
was then stopped with 0.05 mol/L EDTA, followed by magnetic
immunoprecipitation with the monoclonal antibody towards
mé6A. Methylated RNAs were eluted by competition with free
m6A and extracted using the RNeasy kit (Qiagen). Thereafter,
the library construction and sequencing were performed by
Cloud-Seq Biotech Ltd. Co. Both the m6A-IP samples and the
input samples without immunoprecipitation were used for
RNA-seq library generation with NEBNext® Ultra Il Directional
RNA Library Prep Kit (New England Biolabs, Inc). The library
quality was evaluated with BioAnalyzer 2100 system (Agilent
Technologies, Inc). Library sequencing was performed on an il-
lumina Hiseq instrument with 150 bp paired-end reads. Paired-
end reads were harvested from lllumina HiSeq 4000 sequencer
and were quality controlled by Q30. After 3’ adaptor-trimming
and removing low quality reads by cutadapt software (v1.9.3),
clean reads of all libraries were aligned to the reference genome
(HG19) by Hisat2 software (v2.0.4). Methylated sites on mRNAs
(peaks) were identified by MACS software. Differentially meth-
ylated sites were identified by diffReps. The raw data have been
deposited in GEO database, and the accession number is GSE14
2386.

For m6A-IP-gPCR, the total RNAs were fragmented into 300-
nt fragments after incubation in fragmentation buffer at 94°C for
30 seconds and immunoprecipitated by anti-m6A antibody accord-
ing to the procedure shown above. One-tenth of the fragmented
RNAs were saved as input control, and the enrichment of m6A was
quantified using qRT-PCR.

2.10 | Statistical analysis

All experiments were performed at least three independent rep-
licates, and statistical analyses were performed using GraphPad
Prismé software. Statistical significance was calculated by unpaired
Student's t test. Results are presented as mean + SEM, and a P value

of less than .05 was considered statistically significant.
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3 | RESULTS
3.1 | WTAP is down-regulated in brain AVMs
lesions and is required for angiogenesis

From September 2016 to November 2017, a total of 66 patients with
brain AVM were included in the main study group. Intracranial vascu-
lar tissues from seven patients with epilepsy were included as con-
trols. RNA sequencing was performed on collected tissue samples to
derive differential gene expression profiles between control and brain
AVMs. Through analysing the results of RNA-seq, we identified a total
of 5118 genes that were differentially expressed, and that 2680 and
2438 genes were significantly up-regulated and down-regulated in
brain AVMs, respectively (Table S3). Surprisingly, we found that al-
though the expression levels of the m6A methyltransferases METTL3
and METTL14 were not significantly different, WTAP was down-
regulated in brain AVMs lesions compared with normal brain vessels
(Figure 1A; Figure S1; Table S3). In addition, the expression level of
WTAP obtained by high-throughput sequencing was confirmed by
gRT-PCR (Figure 1B). To investigate the functional changes in vascu-
lar endothelial cells that involved in the pathophysiological process
of brain AVMs, we knocked down WTAP in human endothelial cells
using specific siRNA (Figure 1C). The functional assays showed that
knockdown of WTAP significantly inhibited the tube formation of
vascular endothelial cells (Figure 1D). Therefore, we concluded that
WTAP played a critical role in angiogenesis of vascular endothelial

cells.
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3.2 | Analysis of potential targets for WTAP

Wilms' tumour 1-associating protein has been identified to function
as a significant regulatory subunit in the mé6A methyltransferase
complex and plays a critical role in epitranscriptomic regulation
of RNA metabolism.* As shown in Figure 2A, silencing of WTAP
dramatically reduced the mé6A modification level in endothelial
cells. To profile the difference in mé6A methylation of mRNA, we
performed MeRIP-seq using control and WTAP-deficient human
endothelial cells. The results showed that the level of m6A modi-
fication of 533 genes in WTAP-deficient endothelial cells was sig-
nificantly lower than that of the control cells (Figure 2B; Table S4).
Next, we performed RNA sequencing to fully elucidate the mo-
lecular mechanisms of méA function. About 452 up-regulated and
495 down-regulated genes were identified in WTAP-deficient en-
dothelial cells, respectively (Figure 2C; Table S5). GO enrichment
analysis revealed that the up-regulated genes were enriched in
tube morphogenesis, regulation of growth and certain metabolic
pathways (Figure 2D). Correspondingly, the down-regulated genes
were enriched in immune-related pathway (Figure 2D). We then
analysed the expression levels of 533 WTAP potential targets in
WTAP-deficient endothelial cells. About 74 targets were shown
to be differentially expressed genes, including six up-regulated
and 68 significantly down-regulated genes (Figure 2E). Therefore,
we speculated 74 differentially expressed genes were the directly
downstream of WTAP and participated in regulation of tube for-
mation in endothelial cells.

FIGURE 1 WTAP is down-regulated
in brain AVMs and is required for
angiogenesis. A, RNA-seq showing the
expression levels of WTAP in brain
AVMs lesions versus normal vessels.

—~1.5- B, Differential expression of WTAP

ug’) . identified in high-throughput sequencing

s was verified by qRT-PCR. C, gRT-PCR and

;,’ 1.0 Western blot analysis of the knockdown

o efficiency of WTAP in endothelial cells.

::: D, Representative bright-field images and

% 0.5 statistical analysis of tube formation assay

o of control and WTAP-deficient endothelial

- cells. Data are shown as mean + SEM of

= 0.0- three independent experiments. P values
Qe‘;ééz were calculated using Student's t test.

*P <.05; **P <.01; ***P < .001
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3.3 | DSPisthe downstream target of WTAP

Previous studies have shown that METTL3 is the most important
mo6A methyltransferase. Therefore, we also performed MeRIP-seq
and RNA-seq on METTLE3 knockdown endothelial cells, and the
identified differential expressed genes and differentially methyl-
ated peaks had been listed in Tables S6 and S7, respectively. In
addition, IGF2BPs have been identified as the méA readers and
promote the stability of their target mMRNAs in an m6A-dependent
manner.?4?’ In WTAP-deficient endothelial cells, most of the dif-
ferentially expressed genes in 533 transcripts with lower m6A
modification levels were down-regulated. Therefore, we specu-
lated that IGF2BPs as the main m6A readers are involved in the
regulation of mMRNA stability by WTAP in endothelial cells. Taking
these into consideration, we combined the previously published
data of IGF2BPs targets identified by RIP and PAR-CLIP with our
MeRIP-seq and RNA-seq data on METTL3- and WTAP-deficient
endothelial cells for conjoint analysis to further determine the cer-

tain target.?® Since DSP was also the common target for METTL3

WILEY--%

and IGF2BPs, it was selected for further analysis among all the
potential WTAP targets (Figure 3A). MeRIP-seq and RNA-seq data
showed that knockdown of WTAP or METTL3 sharply reduced
enrichment of m6A peaks and significantly down-regulated DSP
mRNA levels (Figure 3B; Table S8). Moreover, the results of qRT-
PCR and Western blot confirmed the results of high-throughput
sequencing-knockdown of WTAP significantly reduced the mRNA
level of DSP, while overexpression of WTAP increased the ex-
pression level of DSP (Figure 3C-E). Consistent with MeRIP-seq
results, m6A-IP-gPCR results showed that the m6A enrichment
in DSP was nearly abolished in WTAP-deficient endothelial cells
(Figure 3F). Furthermore, compared with the control, the half-lives
of DSP mRNA were dramatically shortened, indicating that WTAP
can affect the stability of DSP mRNA (Figure 3C). It is well known
that m6é6A peaks in mammalian cells are significantly enriched in
RRACH motif (R = G or A; H = A, C or U).2%%° By using the online
bioinformatics tool méAvar (http://méavar.renlab.org/) for analy-
sis, we found that with the exception of the peak distributed in
chré6 7756581-7576689 (HG19), all other identified m6A peaks
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FIGURE 2 Analysis of potential targets for WTAP. A, Immunofluorescent staining for méA in control and WTAP-deficient endothelial
cells. B, Volcano map showing the méA enrichment peaks in WTAP-deficient endothelial cells compared with control. Significantly increased
and decreased peaks (fold change > 2, P value < .001) were highlighted in Teal and brown, respectively. C, Heat map depicting differentially
expressed genes between control and WTAP-deficient endothelial cells (fold change > 1.2, P value < .05). D, GO analysis of the down-
regulated genes in WTAP-deficient endothelial cells. E, Pie chart displaying the transcription level of genes with reduced méA modification
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FIGURE 3 DSPisthe downstream target of WTAP. A, Venn diagram showing DSP was the potential target of WTAP. B, Integrative
Genomics Viewer (IGV) tracks displaying MeRIP-seq and RNA-seq reads distribution in DSP mRNA. C, The half-life of DSP mRNA in WTAP
depletion endothelial cells. D, gRT-PCR analysis of the mRNA level of DSP in WTAP overexpressing endothelial cells. E, Western blot
analysis of indicated proteins in WTAP-deficient and overexpressing endothelial cells. F, mé6A-IP-qPCR displaying m6A enrichment in DSP
mRNA in control and WTAP-deficient endothelial cells. G, Effects of DSP on tube formation of endothelial cells. H, RNA-seq showing the
expression levels of DSP in brain AVMs lesions vs normal vessels. Data are shown as mean + SEM of three independent experiments. P
values were calculated using Student's t test. *P < .05**, P < .01; ***P < .001

contained at least one RRACH motif. Collectively, DSP was regu-
lated by WTAP via méA-dependent manner. Similar to knockdown
of WTAP, the ability of tube formation was drastically decreased in
the endothelial cells with silencing of DSP (Figure 3G). Surprisingly,
we found DSP was significantly down-regulated in brain AVMs le-
sions compared with normal brain vessels (Figure 3H; Table S3).
Thus, down-regulated WTAP repressed the expression level of
DSP and ultimately inhibited the tube formation of endothelial
cells, which may be related to the pathophysiology of brain AVMs.

3.4 | The stability of DSP mRNA depends on the
mé6A reader IGF2BPs

Previous study has demonstrated IGF2BP1/2/3 recognize the con-
sensus GGAC sequence through the K homology domains.?® We
also found that the peak distributed in chré 7579507-7581802
(HG19) contained the GGAC motif. Subsequently, we knocked
down IGF2BP1, IGF2BP2 and IGF2BP3, respectively, to elucidate

whether m6A readers IGF2BPs were involved in the regulation of

DSP expression. The knockdown efficiency was identified by gRT-
PCR and Western blot (Figure 4A-C) Consistent with our hypothesis,
DSP mRNA expression levels were significantly reduced after siRNA
inhibited any member of IGF2BPs in endothelial cells (Figure 4D-F).
After treatment with actinomycin D, the mRNA levels of DSP were
also reduced in IGF2BPs deficient endothelial cells (Figure 4D-F).
However, RNA stability assays showed that the half-lives of DSP
mRNA in IGF2BP1 and IGF2BP3 deficient endothelial cells were
dramatically shortened compared with control cells, while the half-
life of DSP mRNA in IGF2BP2 deficient cells was slightly changed
(Figure 4D-F). Taken together, these results suggested that methyl-
ated DSP mRNAs could be recognized by the IGF2BP1 and IGF2BP3

to prevent degradation and maintain stability.
3.5 | WNT signalling pathway is inhibited in WTAP-
deficient endothelial cells

Itis well known that Wnt signalling plays a central role in embryonic

development, differentiation, cell motility, cell proliferation, adult
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FIGURE 4 The stability of DSP mRNA depends on the méA reader IGF2BPs. A-C, qRT-PCR and Western blot analysis of the knockdown
efficiency of IGF2BP1-2-3 in endothelial cells. D-F, The mRNA half-life of DSP transcript in IGF2BP1, IGF2BP2 and IGF2BP3 depletion
endothelial cells (upper); DSP mRNA levels of the knockdown IGF2BPs and control endothelial cells at different time points (lower). Data are
shown as mean = SEM of three independent experiments. P values were calculated using Student's t test. *P < .05; **P < .01; ***P < .001

tissue homeostasis, angiogenesis and so on.”%% Furthermore,
Wnt signalling can activate canonical p-catenin-dependent path-
way and at least two well-characterized p-catenin-independent
pathways, the planar cell polarity (PCP) pathway and the Wnt/
Ca2 + pathway.’*>> However, Wnt signalling pathway has been re-
ported to be inhibited by targeting the WTAP-WT1-TBL1 axis.>*%’
WT1 is a negative regulator of the Wnt signalling pathway.
WTAP can interact with WT1 and form a WTAP/WT1 complex.
Therefore, a decrease in WTAP protein levels leads to the release
of free WT1, which results in the induction of transducing p-like

protein 1 (TBL1) and ultimately reduces the level of B-catenin

protein.56 Therefore, it was worthwhile to explore whether WTAP
affects the Wnt signalling pathway through the WT1-TBL1 axis
in endothelial cells. Same as previous research results, silenc-
ing or overexpression of WTAP did not affect the expression of
WT1 in endothelial cells, but reduced or increased the protein
level of B-catenin, respectively, without affecting its mRNA lev-
els (Figure 5A-C). Meanwhile, immunofluorescent staining results
indicated that knockdown or overexpression of WTAP inhibited
or facilitated the translocation of p-catenin to the nucleus, respec-
tively (Figure 5D,E). In summary, WTAP could modulate the Wnt

signalling pathway via releasing free WT1 in endothelial cells.
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FIGURE 5 Wntsignalling pathway is inhibited in WTAP-deficient endothelial cells.” A, gRT-PCR analysis of the mRNA levels of specific
genes in WTAP-deficient or (B) overexpressing endothelial cells. C, Western blot analysis of the protein level of p-catenin after silencing

or overexpressing WTAP. D, Immunofluorescent staining for -catenin in WTAP-deficient or (E) overexpressing endothelial cells. Data are
shown as mean = SEM of three independent experiments. P values were calculated using Student's t test. *P < .05; **P < .01; ***P < .001

4 | DISCUSSION

Brain AVMs, characterized by direct connection between cerebral
arteries and veins, have been identified as the important risk fac-
tor in fatal symptoms such as cerebral haemorrhage, epilepsy and
stroke.>® But until now, the pathogenesis of brain AVMs is still un-
clear. In this study, we found WTAP was down-regulated in the le-
sions of brain AVMs by transcriptome sequencing (Figure 1A, B). And
WTAP could affect the angiogenesis of endothelial cells (Figure 1D).
Therefore, down-regulated WTAP might participated in the patho-
physiological process of brain AVMs.

Genetic and epigenetic mechanisms have been elucidated to
play an important role in the pathogenesis and development of
brain AVMs. For example, somatic activating KRAS mutations
were detected in most tissue samples of sporadic non-familial
brain AVM.* In terms of epigenetics, decreased expression of
miRNA-18a in endothelial cells cultured from brain AVMs altered
the production of anti- and pro-angiogenic factors.>® Furthermore,
aberrant epigenetic modifications in the genome of endothe-
lial cells may drive the artery or vein to an aberrant phenotype.
Previous studies suggested a significant correlation between DNA
methylation levels and brain AVM risk.”? Considering that WTAP is
an important regulatory subunit of m6A methyltransferase com-
plex,’ and can significantly affect the level of m6A modification
in endothelial cells (Figure 2A), we speculated that RNA epigenetic
modifications-m6A is also likely to be related to angiogenesis and
the formation of brain AVM.

In the current study, we performed MeRIP-seq and RNA-seq
to reveal underlying molecular mechanisms by which WTAP reg-
ulated angiogenesis. Finally, we identified DSP as a downstream
target of WTAP-mediated m6A modification (Figure 3A-F). DSP is
a critical component of desmosome and is essential for maintain-
ing the integrity of tissues, especially those under high mechan-
ical stress, such as epidermis and myocardium.m'40 Moreover,
previous studies have demonstrated DSP can modulate gene
expression, differentiation and microtubule dynamics, indicat-
ing that biological functions for this protein exceed its central
role in cell-cell adhesion.®%%! Particularly, ablation of DSP leads
to leaky and/or poorly formed capillaries, limiting embryonic de-
velopment.*® Here, we confirmed DSP was an essential compo-
nent of angiogenesis in endothelial cells (Figure 3G), and DSP was
significantly down-regulated in brain AVMs lesions (Figure 3H;
Table S3). Consequently, WTAP could regulate DSP expression
through mé6A modification to affect angiogenesis in brain AVMs.
Our findings expanded new developmental processes involving
m6A modification in addition to cell differentiation, circadian
rhythm, DNA damage response, sex determination, neuronal
disorder, infectious diseases and tumorigenesis, and increased
our understanding of the pathogenesis of brain AVM. Moreover,
there are many other types of modifications in RNA, and their
functions are being elucidated. Among them, it is noticeable that
m5C, m7G and ac4C have been found to play important regula-
tory roles in the metabolic process of their modified RNA %%

The role of these epigenetic and other epigenetic factors, such as
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histone modifications and chromatin states, in the development
of AVM requires further research to improve our understanding
of disease.

Wilms' tumour 1-associating protein is a ubiquitously expressed
nuclear protein, which was first identified as the partner of WT1, a
protein playing an essential role in normal development.65 WT1lisa
transcription factor that governs the expression of a range of effec-
tors, including genes which regulate the Wnt signalling pathway.®
For instance, degradation of WTAP enhances the WT1-binding ac-
tivity to induce the expression of TBL1, and this finally results in
the degradation of [3—catenin.56 In this study, we further confirmed
this conclusion: WTAP can antagonize the activity WT1, which neg-
atively regulates the Wnt signalling pathway (Figure 5). The Wnt
signalling pathway is one of the pivotal regulatory systems in co-or-
dinating endothelial cells behaviour to govern vascular morphogen-
esis.®”"%? In particular, endothelial-specific loss of B-catenin leads to
defective vascular remodelling and impairs the development of the
embryonic vasculature.”’ On the basis of the above, we speculated
that WTAP could also inhibit angiogenesis by negatively regulating
the Wnt pathway.

Overall, our results revealed that WTAP expression level was re-
duced in lesions of brain AVMs, which would inhibit angiogenesis of
endothelial cells. Mechanistically, DSP mRNA was rapidly degraded
in WTAP-deficient endothelial cells due to reduced mé6A modifica-
tion. On the other hand, the lack of WTAP enhanced WT1 activity,
thereby repressing the Wnt signalling pathway. These findings will
contribute to the elucidation of the pathogenesis of brain AVMs and

provide potential targets for treatment.

ACKNOWLEDGEMENTS

This study was supported by ‘13th Five-Year Plan’ National
Science and Technology Supporting Plan (2015BAI12B04), Beijing
Science and Technology Supporting Plan D16110000381605 and
the Beijing Municipal Administration of Hospitals' Mission Plan
(SML20150501).

CONFLICT OF INTEREST
All authors state that they have no conflicts of interest.

AUTHOR CONTRIBUTIONS

Lin-jian Wang, Yong Cao and Ji-zong Zhao conceived and designed
the experiments. Lin-jian Wang, Ran Huo and Yimeng Xue per-
formed the experiments. Hao Li, Zihan Yan, Hongyuan Xu and
Jia Wang contributed data analysis. Lin-jian Wang wrote the
manuscript. Ran Huo, Hao Li, Yimeng Xue, Zihan Yan, Jie Wang,
Hongyuan Xu, Jia Wang, Yong Cao and Ji-zong Zhao revised the
manuscript content. Ji-zong Zhao and Yong Cao approved final

version of manuscript.

DATA AVAILABILITY STATEMENT
All authors agreed to share data of this article according to Wiley's

Data Sharing Policies.

WILEY--%

ORCID

Ji-zong Zhao https://orcid.org/0000-0001-7304-0255

REFERENCES

1. Kim H, Su H, Weinsheimer S, et al. Brain arteriovenous malforma-
tion pathogenesis: a response-to-injury paradigm. Acta Neurochir
Suppl. 2011;111:83-92.

2. Stapf C, Mast H, Sciacca RR, et al. The New York Islands
AVM study: design, study progress, and initial results. Stroke.
2003;34(5):e29-e33.

3. Stapf C, Labovitz DL, Sciacca RR, Mast H, Mohr JP, Sacco RL.
Incidence of adult brain arteriovenous malformation hemorrhage
in a prospective population-based stroke survey. Cerebrovasc Dis.
2002;13(1):43-46.

4. Morris Z, Whiteley WN, Longstreth WT, et al. Incidental findings
on brain magnetic resonance imaging: systematic review and me-
ta-analysis. BMJ. 2009;339:b3016.

5. Berman MF, Sciacca RR, Pile-Spellman J, et al. The epidemiology of
brain arteriovenous malformations. Neurosurgery. 2000;47(2):389-
396; discussion 397.

6. Roundtree IA, Evans ME, Pan T, He C. Dynamic RNA modifications
in gene expression regulation. Cell. 2017;169(7):1187-1200.

7. Xiao W, Adhikari S, Dahal U, et al. Nuclear m(6)A reader YTHDC1
regulates mRNA splicing. Mol Cell. 2016;61(4):507-519.

8. Zhao X, Yang Y, Sun B-F, et al. FTO-dependent demethylation of
Né6-methyladenosine regulates mRNA splicing and is required for
adipogenesis. Cell Res. 2014;24(12):1403-1419.

9. Fustin JM, Doi M, Yamaguchi Y, et al. RNA-methylation-dependent
RNA processing controls the speed of the circadian clock. Cell.
2013;155(4):793-806.

10. Roundtree IA, Luo G-Z, Zhang Z,et al. YTHDC1 mediates nu-
clear export of N(6)-methyladenosine methylated mRNAs. Elife.
2017;6:€31311.

11. Wang X, Zhao BS, Roundtree IA, et al. N(6)-methyladenosine
modulates messenger RNA translation efficiency. Cell.
2015;161(6):1388-1399.

12. Li A, Chen Y-S, Ping X-L, et al. Cytoplasmic m(6)A reader YTHDF3
promotes mRNA translation. Cell Res. 2017;27(3):444-447.

13. WangX,LuZ,GomezA,etal. N6-methyladenosine-dependent regu-
lation of messenger RNA stability. Nature. 2014;505(7481):117-120.

14. Du H, Zhao Y, He J, et al. YTHDF2 destabilizes m(6)A-containing
RNA through direct recruitment of the CCR4-NOT deadenylase
complex. Nat Commun. 2016;7:12626.

15. Zhao BS, Roundtree IA, He C. Post-transcriptional gene regulation
by mRNA modifications. Nat Rev Mol Cell Biol. 2017;18(1):31-42.

16. Bokar JA, Shambaugh ME, Polayes D, Matera AG, Rottman FM.
Purification and cDNA cloning of the AdoMet-binding subunit
of the human mRNA (Né-adenosine)-methyltransferase. RNA.
1997;3(11):1233-1247.

17. Bokar JA, Rath-Shambaugh ME, Ludwiczak R, Narayan P,
Rottman F Characterization and partial purification of mRNA
Né-adenosine methyltransferase from Hela cell nuclei. Internal
mRNA methylation requires a multisubunit complex. J Biol Chem.
1994,269(26):17697-17704.

18. Liu J, Yue Y, Han D, et al. A METTL3-METTL14 complex mediates
mammalian nuclear RNA Né-adenosine methylation. Nat Chem Biol.
2014;10(2):93-95.

19. Ping XL, Sun B-F, Wang LU, et al. Mammalian WTAP is a regulatory
subunit of the RNA Né6-methyladenosine methyltransferase. Cell
Res. 2014;24(2):177-189.

20. Schwartz S, Mumbach M, Jovanovic M, et al. Perturbation of mé6A
writers reveals two distinct classes of mMRNA methylation at internal
and 5' sites. Cell Rep. 2014;8(1):284-296.


https://orcid.org/0000-0001-7304-0255
https://orcid.org/0000-0001-7304-0255

4990
—I—Wl LEY

21.
22.
23.
24,

25.

26.
27.
28.
29.
30.
31.
32.

33.
34.

35.
36.

37.
38.
39.

40.

41.

42.

43.

44,

WANG ET AL

Zheng G, Dahl J, Niu Y, et al. ALKBHS5 is a mammalian RNA demeth-
ylase that impacts RNA metabolism and mouse fertility. Mol Cell.
2013;49(1):18-29.

Jia G, Fu YE, Zhao XU, et al. N6-methyladenosine in nuclear RNA
is a major substrate of the obesity-associated FTO. Nat Chem Biol.
2011;7(12):885-887.

Dominissini D, Moshitch-Moshkovitz S, Schwartz S, et al. Topology
of the human and mouse mé6A RNA methylomes revealed by mé6A-
seq. Nature. 2012;485(7397):201-206.

Alarcon CR, Goodarzi H, Lee H, Liu X, Tavazoie S, Tavazoie SF.
HNRNPA2B1 Is a mediator of m(6)A-dependent nuclear RNA pro-
cessing events. Cell. 2015;162(6):1299-1308.

Meyer KD, Patil D, Zhou J, et al. 5' UTR m(6)A promotes cap-inde-
pendent translation. Cell. 2015;163(4):999-1010.

Huang H, Weng H, Sun W, et al. Recognition of RNA N(6)-
methyladenosine by IGF2BP proteins enhances mRNA stability and
translation. Nat Cell Biol. 2018;20(3):285-295.

Li T, Hu P-S, Zuo Z, et al. METTL3 facilitates tumor progression via
an m(6)A-IGF2BP2-dependent mechanism in colorectal carcinoma.
Mol Cancer. 2019;18(1):112.

Hsu PJ, Zhu Y, Ma H, et al. Ythdc2 is an N(6)-methyladenosine bind-
ing protein that regulates mammalian spermatogenesis. Cell Res.
2017;27(9):1115-1127.

Wang Y, Li Y, Toth JI, Petroski MD, Zhang Z, Zhao JC. Né-
methyladenosine modification destabilizes developmental regula-
tors in embryonic stem cells. Nat Cell Biol. 2014;16(2):191-198.
Batista PJ, Molinie B, Wang J, et al. m(6)A RNA modification con-
trols cell fate transition in mammalian embryonic stem cells. Cell
Stem Cell. 2014;15(6):707-719.

Geula S, Moshitch-Moshkovitz S, Dominissini D, et al. Stem cells.
m6A mRNA methylation facilitates resolution of naive pluripotency
toward differentiation. Science. 2015;347(6225):1002-1006.

Yoon KJ, Ringeling FR, Vissers C, et al. Temporal control of
mammalian cortical neurogenesis by m(6)A methylation. Cell.
2017;171(4):877-889.e17.

DaiD,WangH, Zhu L, Jin H, Wang X. N6-methyladenosine links RNA
metabolism to cancer progression. Cell Death Dis. 2018;9(2):124.
PanY, Ma P, Liu YU, Li W, Shu Y. Multiple functions of m(6)A RNA
methylation in cancer. J Hematol Oncol. 2018;11(1):48.

Chi HC, Tsai C-Y, Tsai M-M, Lin K-H. Impact of DNA and RNA
methylation on radiobiology and cancer progression. Int J Mol Sci.
2018;19(2):555.

Huang W, Qi C-B, Lv S-W, et al. Determination of DNA and RNA
methylation in circulating tumor cells by mass spectrometry. Anal
Chem. 2016;88(2):1378-1384.

Kowalczyk AP, Green KJ. Structure, function, and regulation of des-
mosomes. Prog Mol Biol Transl Sci. 2013;116:95-118.

Delva E, Tucker DK, Kowalczyk AP. The desmosome. Cold Spring
Harb Perspect Biol. 2009;1(2):a002543.

Garrod D, Chidgey M. Desmosome structure, composition and
function. Biochim Biophys Acta. 2008;1778(3):572-587.

Simpson CL, Patel DM, Green KJ. Deconstructing the skin: cytoar-
chitectural determinants of epidermal morphogenesis. Nat Rev Mol
Cell Biol. 2011;12(9):565-580.

Samuelov L, Sprecher E. Inherited desmosomal disorders. Cell
Tissue Res. 2015;360(3):457-475.

Favre B, Begre N, Borradori L. A recessive mutation in the DSP
gene linked to cardiomyopathy, skin fragility and hair defects im-
pairs the binding of desmoplakin to epidermal keratins and the
muscle-specific intermediate filament desmin. Br J Dermatol.
2018;179(3):797-799.

Huber O, Petersen I. 150th anniversary series: desmosomes and
the hallmarks of cancer. Cell Commun Adhes. 2015;22(1):15-28.
Gallicano Gl, Bauer C, Fuchs E. Rescuing desmoplakin func-
tion in extra-embryonic ectoderm reveals the importance of this

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

protein in embryonic heart, neuroepithelium, skin and vasculature.
Development. 2001;128(6):929-941.

Zhou X, Stuart A, Dettin LE, Rodriguez G, Hoel B, Gallicano Gl.
Desmoplakin is required for microvascular tube formation in cul-
ture. J Cell Sci. 2004;117(Pt 15):3129-3140.

Huo R, Fu W, Li H, et al. RNA sequencing reveals the activation of
wnt signaling in low flow rate brain arteriovenous malformations. J
Am Heart Assoc. 2019;8(12):e012746.

Nikolaev Sl, Fish JE, Radovanovic |. Somatic activating KRAS mu-
tations in arteriovenous malformations of the brain. N Engl J Med.
2018;378(3):250-261.

Chen CY, Ezzeddine N, Shyu AB. Messenger RNA half-life measure-
ments in mammalian cells. Methods Enzymol. 2008;448:335-357.
Meyer KD, Saletore Y, Zumbo P, Elemento O, Mason C, Jaffrey S.
Comprehensive analysis of mMRNA methylation reveals enrichment
in 3' UTRs and near stop codons. Cell. 2012;149(7):1635-1646.
Logan CY, Nusse R. The Wnt signaling pathway in development and
disease. Annu Rev Cell Dev Biol. 2004;20:781-810.

Tata M, Ruhrberg C, Fantin A. Vascularisation of the central ner-
vous system. Mech Dev. 2015;138(Pt 1):26-36.

Corada M, Morini MF, Dejana E. Signaling pathways in the spec-
ification of arteries and veins. Arterioscler Thromb Vasc Biol.
2014;34(11):2372-2377.

Phng LK, Potente M, Leslie JD, et al. Nrarp coordinates endothelial
Notch and Wnt signaling to control vessel density in angiogenesis.
Dev Cell. 2009;16(1):70-82.

Seifert JR, Mlodzik M. Frizzled/PCP signalling: a conserved mech-
anism regulating cell polarity and directed motility. Nat Rev Genet.
2007;8(2):126-138.

Wang Y, Nathans J. Tissue/planar cell polarity in vertebrates: new
insights and new questions. Development. 2007;134(4):647-658.
Zhang J, Tsoi H, Li X, Wang H, Gao J, Wang K. Carbonic anhydrase
IV inhibits colon cancer development by inhibiting the Wnt signal-
ling pathway through targeting the WTAP-WT1-TBL1 axis. Gut.
2016;65(9):1482-1493.

Kim MK, McGarry TJ, O Broin P, Flatow JM, Golden A a-j, Licht
JD. An integrated genome screen identifies the Wnt signal-
ing pathway as a major target of WT1. Proc Natl Acad Sci U S A.
2009;106(27):11154-11159.

Ferreira R, Santos T, Amar A, et al. MicroRNA-18a improves human
cerebral arteriovenous malformation endothelial cell function.
Stroke. 2014;45(1):293-297.

Chen X, Liu Y, Zhou S, et al. Methylation of the CDKN2A gene
increases the risk of brain arteriovenous malformations. J Mol
Neurosci. 2019;69(2):316-323.

Lombardi R, Chen SN, Ruggiero A, et al. Cardiac Fibro-Adipocyte
Progenitors Express Desmosome Proteins and Preferentially
Differentiate to Adipocytes Upon Deletion of the Desmoplakin
Gene. Circ Res. 2016;119(1):41-54.

Bendrick JL, Eldredge LA, Williams El, Haight NB, Dubash AD.
Desmoplakin harnesses rho GTPase and p38 mitogen-activated
protein kinase signaling to coordinate cellular migration. J Invest
Dermatol. 2019;139(6):1227-1236.

Shen Q, Zhang Q, Shi Y, et al. Tet2 promotes pathogen infec-
tion-induced myelopoiesis through mRNA oxidation. Nature.
2018;554(7690):123-127.

Pandolfini L, Barbieri I, Bannister AJ, et al. METTL1 promotes
let-7 MicroRNA processing via m7G methylation. Mol Cell.
2019;74(6):1278-1290.€9.

Arango D, Sturgill D, Alhusaini N, et al. Acetylation of cytidine in
mrna promotes translation efficiency. Cell. 2018;175(7):1872-1886.
e24.

Little NA, Hastie ND, Davies RC. Identification of WTAP, a
novel Wilms' tumour 1-associating protein. Hum Mol Genet.
2000;9(15):2231-2239.



WILEY--*

WANG ET AL
66. Hohenstein P, Hastie ND. The many facets of the Wilms' tumour SUPPORTING INFORMATION
gene, WT1. Hum Mol Genet. 2006;15(suppl_2):R196-R201. Additional supporting information may be found online in the
67. Franco CA, Liebner S, Gerhardt H. Vascular morphogenesis: a Wnt . . X
for every vessel? Curr Opin Genet Dev. 2009;19(5):476-483. Supporting Information section.
68. van de Schans VA, Smits JF, Blankesteijn WM. The Wnt/frizzled
pathway in cardiovascular development and disease: friend or foe?
Eur J Pharmacol. 2008;585(2-3):338-345. How to cite this article: Wang L-J, Xue Y, Li H, et al. Wilms'
69. Wang Z, Liu C-H, Huang S, Chen J. Wnt Signaling in vascular eye tumour 1-associating protein inhibits endothelial cell
diseases. Prog Retin Eye Res. 2019;70:110-133. angiogenesis by méA-dependent epigenetic silencing of
70. Cattelino A, Liebner S, Gallini R, et al. The conditional inactiva-

tion of the beta-catenin gene in endothelial cells causes a defec-
tive vascular pattern and increased vascular fragility. J Cell Biol.
2003;162(6):1111-1122.

desmoplakin in brain arteriovenous malformation. J Cell Mol
Med. 2020;24:4981-4991. https://doi.org/10.1111/jcmm.15101



https://doi.org/10.1111/jcmm.15101

