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WTAP-mediated m®A modification of IncRNA DIAPH1-AST
enhances its stability to facilitate nasopharyngeal carcinoma

growth and metastasis
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As the most predominant RNA epigenetic regulation in eukaryotic cells, N®-methyladenosine (m°A) plays a critical role in human
tumorigenesis and cancer progression. However, the biological function and molecular mechanism of m°A regulation in naso-
pharyngeal carcinoma (NPC) remain elusive. Here, we showed that Wilms’ tumor 1-associating protein (WTAP) expression was
apparently upregulated in NPC, and increased WTAP was associated with poor prognosis. WTAP upregulated in NPC was fine-tuned
by KAT3A-mediated H3K27 acetylation. Functionally, WTAP was required for the growth and metastasis of NPC. Mechanistically,
IncRNA DIAPH1-AST was identified as a bona fide m®A target of WTAP. WTAP-mediated m®A modification of DIAPH1-AST enhanced
its stability relying on the m°A reader IGF2BP2-dependent pathway. Furthermore, DIAPH1-AS1 acted as a molecular adaptor that
promoted MTDH-LASP1 complex formation and upregulated LASP1 expression, ultimately facilitating NPC growth and metastasis.
Thus, WTAP-mediated DIAPH1-AST m®A methylation is required for NPC tumorigenesis and metastasis.
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INTRODUCTION

Nasopharyngeal carcinoma (NPC) is a metastasis-prone primary
nasopharynx malignancy that is endemic in southern China,
where the undifferentiated type occurs most frequently [1].
Unfortunately, because of the high invasion and early metastasis
characteristics of NPC, patients diagnosed with NPC frequently
present with advanced disease at first diagnosis [2]. Despite
progress in diagnosis and systemic treatment based on radio-
therapy, the prognosis of patients with NPC remains unsatisfactory
[3]. Consequently, there is an urgent need to determine the
mechanism underlying NPC growth and metastasis, which would
facilitate the development of specific therapeutic strategies
against NPC. Accumulating evidence shows that epigenetic
dysregulation, such as DNA methylation [4], non-coding RNA
[5, 6], and super-enhancers [7], contributes substantially to the
occurrence and progression of NPC. However, these studies
predominantly focused on epigenetic alterations at the transcrip-
tional level, while the post-transcriptional modifications in NPC
have not been explored further.

Post-transcriptional modifications of eukaryotic RNAs, mainly
including N6-methyladenosine (mSA), N1-methyladenosine (m'A),
and 5-methylcytosine (m>C), have been proven to be fine-tuning
chemical structural features of basic RNAs, with critical roles in
regulating transcript stability, translation, alternative splicing (AS),
subcellular localization, and phase separation [8]. Among them,

m°A is the most prevalent in higher eukaryote mRNA and non-
coding RNA. In mammals, it chiefly occurs on the adenine of an
RRACH (R corresponds to G or A; H corresponds to A, C, or U)
sequence, which is catalyzed by a large methyltransferase
complex containing methyltransferase-like 3/14 (METTL3/14),
Wilms tumor 1-associated protein (WTAP), and Vir-like m6A
methyltransferase associated (VIRMA). In contrast, two m°CA
demethylases, AlkB homolog 5 (ALKBH5) and fat mass and
obesity-associated (FTO), play central roles in selectively removing
the methyl code from their target RNAs. Subsequently, the fate of
m®A-modified RNAs depends on the reader proteins that typically
interpret and mediate the functional outcome of dynamic m®A
deposition, which ultimately regulates gene expression and cell
fate [9-11].

Recently, the dysregulation of m°A modification has been
associated with diverse biological processes, including cancer
development. For instance, ALKBH5 promotes the tumorigenicity
of glioblastoma stem-like cells by decreasing the m°A modifica-
tion on FOXM1 (forkhead box M1) nascent transcripts and thus
maintaining its expression [12]. METTL3 was proven to accelerate
cellular glycolysis and promote the progression of gastric cancer
(GQ) by upregulating the m®A modification on HDGF (heparin
binding growth factor) mRNA and enhancing its RNA stability
through the insulin like growth factor 2 mRNA binding protein 3
(IGF2BP3)-dependent pathway [13]. Intriguingly, METTL14 exerts
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its tumor-inhibitory function by downregulating an oncofetal
long noncoding RNA (IncRNA) XIST in a METTL14-YTH Né6-
methyladenosine RNA binding protein 2 (YTHDF2)-mediated,
mSA-dependent manner [14]. Our previous study found the low
m6A deposition on the ZNF750 transcripts, which is likely
correlated with the instability and low expression of ZNF750 in
NPC [15]. These studies shed light on the function and prognostic
value of m®A modulators that alter a substantial subset of crucial
genes that participate in the intricate process of tumorigenesis
and cancer development. However, the precise function and the
underlying regulatory mechanisms of m®A modulators in NPC
remain elusive.

In the present study, we aimed to investigate WTAP expression
and function in NPC. The results showed that WTAP was
noticeably upregulated in NPC and promoted NPC cell prolifera-
tion, migration, and invasion in vitro and in vivo. Mechanistically,
WTAP-mediated m®A modification of the IncRNA DIAPH1-AST,
which was interpreted by m°A reader insulin like growth factor 2
mRNA binding protein 2 (IGF2BP2). This positively modulated
DIAPH1-AS1 expression, facilitated the Metadherin (MTDH)-LIM
and SH3 protein 1 (LASP1) interaction, maintained LASP1
expression, and eventually promoted NPC growth and metastasis.
These results suggest that WTAP is a novel prognostic and
therapeutic target in NPC.

MATERIALS AND METHODS

Clinical specimens

This study was approved by the Institutional Review Board of Sun Yat-Sen
University Cancer Center (GZR2020-220). Written informed consent was
obtained from the patients before the study began. All human NPC
paraffin-embedded biopsy tissues were obtained from patients with
detailed clinical characteristics and long-term follow-up data from January
2004 to December 2013.

Cell culture

All the cell lines were authenticated and were kindly provided by Dr. M.
Zeng (Sun Yat-Sen University Cancer Center). Human NPC cells were
maintained in Roswell Park Memorial Institute (RPMI)—1640 medium
(Invitrogen, Carlsbad, CA, USA) or Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen) supplemented with 10% fetal bovine serum (FBS,
Invitrogen). The human immortalized nasopharyngeal epithelial cell lines
NP69 and N2Tert were cultured in keratinocyte serum-free medium (KSFM,
Invitrogen) supplemented with bovine pituitary extract (BD Biosciences,
San Diego, CA, USA).

Quantitative real-time reverse transcription PCR (qRT-PCR)
Total RNA was isolated using TRIzol (Invitrogen), and the cDNA was
synthesized using HiScript Il RT SuperMix (Vazyme, Nanjing, China).
Quantitative real-time PCR (qPCR) assays were carried out using a CFX96
Touch real-time system (Bio-Rad, Hercules, CA, USA) with SYBR Green qPCR
SuperMix-UDG reagents (Invitrogen). The threshold cycle number (CQ) was
analyzed in triplicate for each sample. The CQ values for the target genes
were normalized against that of GAPDH (glyceraldehyde-3-phosphate
dehydrogenase). The primer sequences used for qRT-PCR are shown in
Supplementary Table S1.

Western blotting analysis

Cells were lysed in Radioimmunoprecipitation assay (RIPA) buffer
(Millipore, Billerica, MA, USA) containing protease and phosphatase
inhibitors (Thermo Fisher Scientificc, Waltham, MA, USA) to extract the
total proteins. Western blotting was performed as described in our
previous study [16]. The antibodies used in this study were: Anti-WTAP
(1:1000, Abcam, Cambridge, MA, USA), anti-KAT3A (1:1000, Abcam), anti-
1G2BP2 (1:2000, Abcam), anti-MTDH (1:1000, Abcam), anti-HA-tag (1:5000,
Abcam), anti-LASP1 (1:2000, Abcam) and anti-a-tubulin (1:5000, Abcam).

Cell transfection and lentiviral infection
For RNA interference, the synthesized duplex RNA interference (RNAI)
oligonucleotides targeting human KAT3A, WTAP, DIAPH1-AS1, IGF2BP2,
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MTDH, and LASP1 mRNA sequences were purchased from RiboBio
(Guangzhou, China). A scrambled duplex RNA oligonucleotide was used
as an RNA negative control. The sequences are listed in Supplementary
Table S2. For gene overexpression, cDNAs comprising the open reading
frames of human WTAP (EX-Z3234-M06), IGF2BP2 (EX-H1849-M02), MTDH
(EX-12253-M06), LASP1 (EX-M0555-M06) with sequences encoding an
N-terminal HA-tag were purchased from GeneCopoeia (Guangzhou, China).
The full-length, truncated variants and m®A methylated site mutations
(wild type, A-T, A-G, A-Del) of IncRNA DIAPH1-AST were synthesized by
Genscript (Nanjing, China) and cloned into the pcDNA3.1 (—) or pmir-GLO
vectors to generate overexpression or dual-luciferase vectors. The empty
vector was used as the control. Cells were transfected with the siRNA using
Lipofectamine RNAIMAX (Invitrogen) or with plasmids using Lipofectamine
3000 (Invitrogen) according to the manufacturers’ instructions.

For short hairpin RNA (shRNA)-mediated WTAP stable knockdown,
lentiviruses expressing shRNA clones for WTAP and a scrambled shRNA
control were designed and then produced by GeneCopoeia (Supplemen-
tary Table S3). SUNE-1 and HONE-1 cells were plated at 50% confluence on
six-well plates and infected with the virus at certain concentrations
accordingly to the manufactures’ instructions. Target cells were selected
using 1pg/ml puromycin (Thermo Fisher Scientific, Waltham, USA) for
7 days.

Chromatin immunoprecipitation (ChIP)

The ChIP assay was performed using a Pierce Magnetic ChiP Kit (Thermo
Fisher Scientific). Briefly, cells were fixed using 1% formaldehyde and
guenched with 125 mM glycine. Nuclei were harvested and sonicated to
generate fragments of ~200 bp. For ChIP, 50 pl of sonicated chromatin was
immunoprecipitated overnight with 5pug of anti-H3K27ac (CST, Boston,
MA, USA) or KAT3A (Abcam) antibodies. Beads with bound immunocom-
plexes were washed, eluted, and DNA was then isolated to perform gPCR.
Input was prepared with 10% of the sonicated chromatin. The primers are
listed in Supplementary Table S4.

Transwell migration and invasion assay

For Transwell invasion and migration assays, 5 x 10* (migration assay) or
1 x 10° (invasion assay) cells were seeded into the upper chambers in FBS-
free media with or without Matrigel (BD Biosciences, San Jose, CA, USA),
respectively. Medium containing 10% FBS was added to the lower
chamber. After a 24-h of incubation, the cells located on the lower surface
of upper chambers were fixed, stained with hematoxylin, and observed
under an inverted microscope.

Cell proliferation and colony formation assays

For cell proliferation assay, 1x 10% cells/well were seeded in a 96-well
plate, and cell viability was detected every 24 h for 5 days using a Cell
Counting Kit-8 (CCK-8) (Dojindo Laboratories, Kumamoto, Japan) according
to the manufacturer’s instructions. For colony formation assay, cells were
seeded at a density of 400 cells/well in 6-well plates and cultured for
approximately 10 days until colonies were detectable. The colonies were
then fixed with methanol, stained with hematoxylin, and analyzed.

Analyses of cell cycle and cell apoptosis

Cell cycle and apoptosis analyses were performed using the Cell Cycle
Detection Kit (KeyGEN BioTECH, Jiangsu, China) and Annexin V-FITC/PI Cell
Apoptosis Detection Kit (KeyGEN BioTECH) according to the manufacturer’s
directions. For cell cycle analysis, the NPC cells were collected, washed with
1% PBS, and suspended at a concentration of 1x 10%/ml. Then, cells were
fixed with 70% ice-cold ethanol overnight and treated with RNase. Finally,
cells were stained with Propidium lodide (Pl) for 30 min at 4°C and
submitted for cell cycle analysis on Flow Cytometry (Ex =488 nm).

For cell apoptosis analysis, 5x 10°> NPC cells were suspended in 500 yl
1x Binding Buffer and stained with 1 pl Annexin V-FITC and 5 pl Pl for 5 min
at room temperature. Then, cells were submitted to cell apoptosis analysis
on Flow Cytometry (Ex=488nm; Em=530nm). The cell cycle and
apoptosis phenotypes were analyzed using FlowJo™ software (v9).

Quantification of global m®A levels

Total RNA was isolated from NPC cells with or without WTAP silenced using
TRIzol, treated with DNase | (NEB, Ipswich, USA), and the total
polyadenylated RNA (poly(A) + mRNA) was isolated using GenElute™
mRNA Miniprep Kit (Sigma-Aldrich, MO, USA) by incubating total RNA
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with Oligo(dT) polystyrene beads for 10 min at room temperature. After
washing to remove contaminants, the poly(A) + mRNA is eluted and sent
for conducting m6A level quantification. Equal amounts of total poly(A) +
mRNA (200 ng) were coated on assay wells. Capture antibody solution and
detection antibody solution were added respectively to assay wells with
appropriate dilution concentration. The m®A levels were colorimetrically
measured by reading the absorbance at OD450 nm, and then calculations
were performed based on the standard curve.

m°®A dot blots

mOA dot blots were conducted as described in other studies [17]. Briefly,
total RNA was isolated from NPC cells using TRIzol reagent. After
fragmentation using RNA Fragmentation Module (NEB), equal amounts
of serial-diluted RNA were adopted for conducting m®A immunoprecipita-
tion (MeRIP) using Magna MeRIP™ m°®A kit (Millipore) according to the
manuscript instructions. The eluted RNA was added into a nitrocellulose
membrane (Boster-Bio, Wuhan, China) fixed with 96-wells Bio-Dot® Module
(Bio-Rad) and then cross-linked with UV crosslinker. After blocking and
incubating with the anti-m°A antibody (1:500; Synaptic Systems, Goettin-
gen, Germany), the membrane was incubated with secondary antibodies
and then detected using chemiluminescence with the ChemiDoc™ MP
Imaging System (Bio-Rad).

m®A microarray analysis

m®A  microarray analysis was conducted by Aksomics Company
(Shanghai, China) according to previous studies [18, 19]. Briefly, total
RNAs were extracted from cells and incubated with m®A antibody for
immunoprecipitation (IP). The modified RNAs (IP) and unmodified RNAs
(Sup) were labeled with Cy5 and Cy3, respectively. Cy5 labeled cRNAs
(IP) were fragmented and hybridized to a human m°®A epitranscriptomic
microarray (Arraystar, Rockville, USA) that contained 44,122 mRNA and
12,496 IncRNA degenerate probes. The hybridized arrays were scanned
using an Agilent Scanner G2505C. Differentially m6A-methylated RNAs
were identified by filtering with the P-value < 0.05 and log2(|Fold
Changes (FC)|) > 0.5.

MeRIP-qPCR

MeRIP was conducted to examine m°A modification of genes using the
Magna MeRIP™ m°®A kit (Millipore) according to the manufacturer’s
instructions. Briefly, 10ug aliquot of anti-m®A antibody (Synaptic
Systems) was conjugated to ChIP grade protein A/G magnetic beads
overnight at 4°C. Three hundred microgram aliquot of fragmented
total RNA was then incubated with the antibody in IP buffer with
protease inhibitor and RNase inhibitor. The m®A modified RNA was then
eluted with elution buffer, purified through Phenol/Chloroform/Isoamyl
alcohol (25:24:1, Millipore) extraction, and then analyzed via quantitative
RT-PCR assays. The primer sequences are shown in Supplementary
Table S1.

Dual-luciferase reporter assay

Luciferase activity was measured by the Dual-luciferase Reporter Assay
System (Promega, Madison, USA) according to the manuscript’s instruc-
tions. Briefly, NPC cells were co-transfected with each Firefly luciferase
reporter construct in combination with the Renilla luciferase construct, and
both luciferase activities in cell extracts at 48 h after transfection were
measured using a Steady-Glo® Luciferase Assay System (Promega). The
Firefly luciferase activity was normalized to the Renilla luciferase activity
that reflects expression efficiency.

RNA pulldown

The biotin-labeled RNA pulldown probes were synthesized by Sangon
Biotech (Shanghai, China), and the sequences are shown in Supplementary
Table S5. The biotin-coupled RNA complex was pulled down by incubating
cell lysates with streptavidin-coated magnetic beads (Invitrogen) under the
manufacture’s instruction [20]. The bound proteins were eluted and sent
for LC/MS analysis (Fitgene Biotech, Guangzhou, China) or western blot
analysis. The MS results were derived by the Fitgene Biotechnology
Company. The scores reported in the table were derived from ions scores
as a non-probabilistic basis for ranking protein hits. The ions score is
—10xLog(P), where P is the probability that the observed match is a
random event. Individual ions scores > 23 indicate identity or extensive
homology (P < 0.05).
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RNA immunoprecipitation (RIP)

RIP was conducted using Magna RIP™ Kit (Millipore) following the
manufacturer’s protocol. Protein A/G magnet beads coated with 10 pug of
specific antibody or normal IgG were incubated with cell lysates at 4 °C
overnight. The co-precipitated RNAs were then isolated by elution buffer,
purified by Phenol/Chloroform/Isoamyl alcohol (25:24:1), and subsequently
subjected for quantitative RT-PCR analysis.

Fluorescence in-situ hydration (FISH) and
immunofluorescence (IF)

FISH and IF double staining were performed to detect the co-localization
and interaction of DIAPH1-AST and IGF2BP2 or MTDH. Alexa Fluor 555-
labeled DIAHPH1-AS1 FISH probes were designed and synthesized by
RiboBio. Briefly, cells were seeded on glass slides and left overnight. After
fixation and permeabilization, cells were incubated with DIAHPH1-AS1
FISH probes, followed by anti-IGF2BP2 (Abcam; 1:100) or anti-MTDH
antibodies (Abcam; 1:100). Nuclei were stained with 4/,6-diamidino-2-
phenylindole (DAPI; Sigma). Images were acquired using a fluorescence
microscope (Olympus FV1000, Tokyo, Japan) and Z-Stack was performed
using a laser confocal microscope (Zeiss LSM-880 Fast AiryScan, Germany).

Immunoprecipitation (IP)

IP assay was performed using Pierce™ Co-Immunoprecipitation Kit
(Thermo Fisher) following the manufacturer’s instructions. Cells were lysed
with IP buffer and sent for centrifugation. The supernatant was incubated
with anti-MTDH antibodies (Abcam), anti-LASP1 antibodies or anti-
hemagglutinin (HA) antibodies (Abcam) for one hour. Immunocomplexes
were recovered and washed four times in IP buffer, and then sent for LC/
MS analysis (Fitgene) or western blot analysis.

Animal experiments

Establishment and analysis of BALB/c nude mice subcutaneous
xenograft and metastasis models were performed as we described
before [4]. About in vivo tumorigenesis model, 1 x 10° indicated SUNE-1
cells were subcutaneously injected into the flanks of nude mice. The
tumor volumes were measured every 4 days. On day 32 after injection,
the mice were sacrificed and the subcutaneous tumors were excised and
weighed. For the inguinal lymph node metastasis model, 2x10°
indicated SUNE-1 cells were injected into the footpads of nude mice.
Following a 6-week growth, the mice were sacrificed, with their footpad
tumors and inguinal lymph nodes detached. All tumors and inguinal
lymph nodes were paraffin-embedded and cut into 5 um tissue sections
for subsequent analysis. All animal experiments were approved by the
Institutional Animal Care and Use Committee, Sun Yat-sen University
Cancer Center (L102012019110C).

In-situ hybridization (ISH) staining

The ISH probes specific for human IncRNA DIAPH1-AST were obtained for
Sangon Biotech (Shanghai, China) and the sequence was list in
Supplementary Table S6. ISH assay was performed using the ISH Kit
(Boster-Bio) according to the manufacturer’s instructions. Briefly, after
deparaffinization, rehydration, and digestion, the samples were incubated
with digoxin-labeled ISH probes and corresponding antibodies. The
sections were stained using streptavidin horseradish peroxidase and
visualized with 3,3’-diaminobenzidine (DAB).

Immunohistochemistry (IHC) staining

For IHC staining, the specimens were incubated with anti-WTAP antibodies
(1:200, Abcam) at 4 °C overnight, followed by incubation of biotin-labeled
corresponding secondary antibody. The avidin biotinylated peroxidase
complex methods were used to determine the relative expression of the
target protein to visualize the bound antibodies. For the IHC staining
analysis, a semi-quantified scoring criterion called immunoreactivity-
scoring (IRS) system was used as previous instructions [21], in which the
staining intensity was designated as either not existent (0), weak (1),
moderate (2), or strong (3), and the proportion of cell staining was scored
as either no cells stained (0), less than 25% of cells stained (1), 25-50% of
cells stained (2), 51-75% of cells stained (3) or more than 75% of cells
stained (4). The IRS was calculated by the multiplication of these two
variables. For statistical analysis, cases were grouped as either low WTAP
expression (IRS 0-6) or high WTAP expression (IRS 7-12).
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Statistical analyses

Statistical analyses were carried out using GraphPad Prism (version 8.0;
GraphPad Inc,, La Jolla, CA, USA), IBM SPSS (version 23.0; IBM Corp.,
Armonk, NY, USA), and R (version 3.6) software for Windows. Data were
obtained from at least three independent experiments and statistical
significance was analyzed using a two-tailed unpaired Student's t-test
between two groups and by one-way analysis of variance (ANOVA)
followed by a Bonferroni test for multiple comparisons. A P-value of <0.05
was considered statistically significant.

RESULTS

WTAP is upregulated and correlates with poor prognosis in
NPC

To investigate the potential role of m®A mediators in NPC, we first
compared the mRNA levels of several key m°A regulators based
on GEO database GSE12452 containing 31 NPC and 10 non-tumor
nasopharyngeal epithelial tissues. WTAP was the most significantly
differentially expressed m°A regulator and identified to be
upregulated in NPC (Fig. 1A, P < 0.01). For verification, we detected
the mRNA level of WTAP using quantitative real-time reverse
transcription PCR (qRT-PCR) and found WTAP was remarkably
higher in cancerous (n = 20) compared with those in samples (n =
16) (Fig. 1B, upper panel). Moreover, WTAP protein levels were also
obviously increased in NPC compared to normal tissues (Fig. 1B,
lower panel). Consistently, the WTAP mRNA and protein levels in
nine NPC cell lines were significantly upregulated relative with
those in the immortalized normal nasopharyngeal epithelial cell
lines (NP69 and N2Tert, Fig. 1C).

We subsequently analyzed the clinical significance of WTAP in a
cohort of NPC samples (n=188) using immunohistochemistry
analysis. Patients were divided into two groups (WTAP low and
high expression, Fig. 1D-E). WTAP high expression was signifi-
cantly correlated with clinical outcomes of NPC patients (Supple-
mentary Table S7), including locoregional failure (P=0.036),
distant metastasis (P = 0.027), and death (P < 0.001). Kaplan-Meier

analysis revealed that high WTAP expression was associated
significantly with poor overall survival (Fig. 1F, P<0.001). Multi-
variable Cox regression analysis revealed that WTAP expression
and TNM stage were independent prognostic factors for patients
with NPC (Fig. 1G, both P<0.05). To further evaluate the
prognostic value of WTAP expression, we constructed an
integrated prognostic model in combination with the TNM stage
and WTAP expression. In this model, high-risk patients were
defined as high WTAP expression with advanced NPC (n =69,
death events = 26), and low-risk patients were defined as low
WTAP expression and/or early-stage NPC (n = 119, death events =
15). We then conducted time-dependent receiver operating
characteristics (ROC) curve analysis, in which the TNM stage and
WTAP expression were used separately or in combination. As
shown in Fig. TH, the integrated model had a higher accuracy for
prognostic evaluation than either TNM stage or WTAP expression
alone. These results support that WTAP is upregulated in NPC and
might serve as a potential prognostic biomarker for patients
with NPC.

KAT3A-mediated H3K27 acetylation transcriptionally
activates WTAP in NPC

To explore the potential mechanism of WTAP upregulation in NPC,
we analyzed WTAP promoter using the UCSC Genome Browser
(http://generic.ucsc.edu/). As shown in Supplementary Fig. S1A,
acetylation of H3K27 (H3K27ac) signals were enriched in the WTAP
promoter region, indicating that WTAP might be regulated at the
transcriptional level via histone acetylation. Using chromatin
immunoprecipitation-quantitative real-time PCR (ChIP-qPCR)
assays, we identified a gain of H3K27ac at WTAP promoter in
NPC cell lines (SUNE-1 and HONE-1) compared with that in the
control cell line NP69 (Fig. 11, P <0.01; Supplementary Fig. S1B).
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Furthermore, treatment with the histone acetyltransferase (HAT)
inhibitor C646 markedly decreased the WTAP expression (Fig. 1J,
P <0.05; Supplementary Fig. S1C). Since CREB-binding protein
(CREBBP, also known as KAT3A) is necessary for histone
acetylation, we performed ChlIP assays to confirm the enrichment
of KAT3A at the WTAP promoter (Supplementary Fig. S1D, P <
0.01). Additionally, silencing KAT3A conspicuously reduced the
enrichment of H3K27ac at the WTAP promoter (Supplementary
Fig. S1E, P < 0.05), thereby decreasing WTAP expression (Fig. 1K, all
P <0.05). These data strongly support that WTAP frequently
elevated in NPC, and this elevation is partially caused by KAT3A-
mediated histone acetylation activation of its promoter.

Since the apparent epigenetic modification caused by Epstein-
Barr virus (EBV) infection is inseparable from the malignant
transformation process of nasopharyngeal epithelial cells [22, 23],
we further investigated the contribution of DNA methylation to
the dysregulation of WTAP expression in NPC. We first analyzed
the DNA methylation profile from previous studies (GSE52068 and
GSE62366) [24]. However, inconsistent results were found
between two studies, indicating that the DNA methylation level
of WTAP could not be definitively determined (Supplementary
Fig. S1F, G). To explore this further, we treated cells with DNA
demethylation regent 5-Aza-2'-deoxycytidine (DAC) and found
that the DAC treatment was nearly unable to boost the expression
of WTAP in the immortalized nasopharyngeal epithelial cell line
N2Tert (Supplementary Fig. S1H, fold change = 1.16). Further-
more, pan-cancer multivariable survival analysis using an online
DNA methylation analysis tool MethSurv (https:/biit.cs.ut.ee/
methsurv/) revealed that DNA methylation rate of WTAP was
not a specific risk factor for all cancer types (Supplementary
Fig. S11, all not significant). Collectively, these results indicated that
the DNA hypomethylation of the WTAP promoter was not the
main contributor for the WTAP upregulation in NPC. We also
explored whether the EB virus infection has influence on the
upregulated H3K27ac level of WTAP in NPC cells. ChIP-gPCR assays
showed that EBV-positive (C666-1) and EBV-negative (CNE-1 and
CNE-2) NPC cells shared similar H3K27ac enrichment level in the
WTAP promoter region (Supplementary Fig. S1J). These results
indicated that EBV infection may not the main reason for the
upregulated H3K27ac modification level of WTAP in NPC.

WTAP facilitates NPC cell proliferation and metastasis in vitro
and in vivo
To gain an insight into the function of WTAP, we implemented
gene set enrichment analysis (GSEA) based on NPC microarray
data in the GEO database (GSE12452). The GESA results revealed
that upregulated WTAP expression was closely associated with
NPC development (Fig. 2A, P <0.05). Specifically, we found that
multiple oncogenic-related gene sets correlated positively with
high WTAP expression (Supplementary Fig. S2A-C, all P <0.05),
suggesting a crucial regulatory role of WTAP in NPC progression.
To confirm these, we characterized the oncogenic phenotypes
in NPC cells (SUNE-1 and HONE-1) with WTAP silencing (Fig. 2B,
all P<0.01). Cell Counting Kit-8 (CCK-8) and colony formation
assays revealed that knockdown of WTAP apparently impaired
the proliferation ability of NPC cells (Fig. 2C, D, all P<0.01),
which were confirmed by counting the NPC cells directly
(Supplementary Fig. S3A, B). Additionally, to explain the reason
for the deceleration of cell proliferation rates upon WTAP
silencing, we analyzed the cell cycle and apoptosis phenotypes
in NPC. Fluorescence-activated cell sorting (FACS) analysis
illustrated that restrained WTAP expression induced cell cycle
arrest in the G1 phase (Supplementary Fig. S3C, D) and
stimulated cell apoptosis compared with that in the controls
(Supplementary Fig. S3E, F), indicating that knockdown of WTAP
inhibited NPC cell proliferation by prolonging the G1 phase and
inducing cellular apoptosis.
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Then, Transwell assays showed that silencing WTAP markedly
inhibited SUNE-1 and HONE-1 cells migration and invasion (Fig. 2E,
all P<0.01). We further determined whether upregulation of
WTAP could promote NPC cell progression. We upregulated WTAP
expression by infecting NPC cells with control lentivirus or
lentivirus that overexpressed WTAP (Fig. 2F, P < 0.01). As expected,
functional studies showed that cell proliferation as well as
migratory and invasive capacities were increased upon exogenous
overexpression of WTAP (Fig. 2G|, all P <0.01).

Cell Death & Differentiation (2022) 29:1137-1151

To further evaluate the effect of WTAP on NPC tumor growth
and metastasis in vivo, we established xenograft growth and
inguinal lymph node metastasis models. Notably, xenografts
formed by SUNE-1 cells bearing sh-WTAP exhibited a significantly
slower growth rate and lower tumor weight compared to
scrambled controls (Fig. 3A-D). Furthermore, the volumes of
primary footpad tumors and metastatic inguinal lymph nodes in
the WTAP knockdown group were apparently smaller than those
in the control group (Fig. 3E-F). Silencing WTAP caused a less
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Fig. 1 WTAP is upregulated in NPC and serves as a prognostic factor for NPC patients. A The relative expression of WTAP in NPC (n = 31)
and normal tissues (n=10) based on data from the GEO database (GSE12452). B The relative expression of WTAP in NPC and normal
nasopharyngeal epithelial tissues. C The relative expression of WTAP in NPC cell lines and two immortalized nasopharynx epidermal
cells (NP69 and N2tert). WTAP was detected by gRT-PCR (upper panel) or western blotting (lower panel), and normalized to GAPDH or
a-tubulin. D-H The prognostic value of WTAP in NPC was assessed by IHC staining in the NPC cohort (n = 188). The expression level of WTAP
was measured using the WTAP immunoactivity score (IRS) system. D Two examples of the assigned IRS result are provided, with designations
of 0-6 as WTAP low expression (n = 100) and 7-12 as WTAP high expression (n = 88). Scale bar: 25 pm. E The distribution of WTAP IRS in the
above-mentioned NPC cohort (n = 188). F Kaplan—-Meier overall survival (OS) estimate of WTAP expression in patients with NPC from our
cohort (n = 188). G Multivariable Cox analysis of clinical prognostic parameters for OS of patients with NPC (n = 188). The hazard ratio (HR),
95% confidence interval (95% Cl), and P-value are listed. H The time-dependent receiver operating characteristic (ROC) analysis showing the
clinical risk score (TNM stage), the WTAP risk score, and the combined clinical and WTAP risk scores in the NPC cohort. | The enrichment of
H3K27ac at the WTAP promoter was evaluated via ChIP-gPCR assays in NP69 and two NPC cell lines (SUNE-1 and HONE-1). J WTAP expression
was measured by gRT-PCR in SUNE-1 and HONE-1 cells treated with C646 (10 pM) or DMSO for 48 h. K Quantitative RT-PCR (left panel) and
western blotting (right panel) were used to measure KAT3A and WTAP expression in HONE-1 cells with KAT3A silencing. Data are presented as

the mean + SEM or mean + SD. *P < 0.05, **P < 0.01. The experiments were repeated at least three times independently.

aggressive phenotype towards the skin and lymphatic vessels of
the primary tumors (Fig. 3G). Besides, the metastasis ratio of
inguinal lymph nodes was significantly lower in WTAP silencing
group (Fig. 3H, I). Taken together, these findings suggest that
WTAP might exert its oncogenic role in NPC by promoting cellular
proliferation, migration, and invasion.

WTAP stabilizes IncRNA DIAPH-AS1 in an m®A-dependent
manner

As a key N(6)-methyltransferase, WTAP exerts its biological
function by modulating the m°A modification of mRNA and
non-coding RNAs (ncRNAs) and consequently regulating its
biogenesis, decay, and transport [25, 26]. To explore the under-
lying mechanisms by which WTAP drives NPC malignant
phenotype, we first performed m°A quantification assays and
found a reduced global m°A levels in NPC cells upon WTAP
silencing (Fig. 4A, all P <0.05), which was confirmed by the m°®A
dot blot assays (Fig. 4B). To identify potential RNA targets of WTAP,
we carried out transcriptome-wide m®A immunoprecipitation
(MeRIP) followed by microarray analysis in HONE-1 cells with or
without WTAP silencing (Fig. 4C). We found a global hypomethy-
lation of mCPA in the transcription level upon WTAP knockdown
(Fig. 4D). Using the PANTHER classification analysis tool (http://
www.pantherdb.org) [27], we found a significant enrichment of
mSA-modified transcripts in several tumor malignant phenotypes
(Supplementary Fig. S4). As GSEA results indicated that WTAP
might participate in ncRNA processing (Supplementary Fig. S2D-F,
all P<0.01), we were motivated to explore whether WTAP affects
cancer biology by regulating ncRNAs.

Among the hypomethylated IncRNAs in WTAP-silenced cells,
DIAPH1-AS1 expression was markedly downregulated (|log,FC|>
1, P<0.05) accompanied by drastically decreased m°A mod-
ification (Fig. 4E). Thus, we assumed that WTAP might regulate
DIAPH1-AST expression in an m°A-dependent manner. For
verification, we first predicted the m®A sites along the DIAPH1-
AS1 sequence using the SRAMP prediction tool (http://www.
cuilab.cn/sramp) [28]. There were strong m°A peak enrichment
and four m°A sites (RRACH motifs) with a high confidence
threshold predicted at 1-281 nt (exon 1/2 of 3) of DIAPH1-AS1
(Fig. 4F-G). Consistently, MeRIP-gPCR confirmed that WTAP
knockdown drastically decreased the m°A levels of DIAPHI-AS1
(Fig. 4H). To investigate whether m®A modification is dependent
on these m°A residues, we constructed wild-type and mutant
DIAPH1-AST vectors, in which the adenine residues in predicted
mSA motifs in DIAPHI-AS1 were substituted by guanine (A-G
mut), thymine (A-T mut), or deleted (Del-mut), respectively. As
expected, MeRIP-gPCR showed that the m°A levels on DIAPHI-
AST mutant transcripts were apparently decreased relative to
the wild-type transcript, suggesting that the identified m°A
motifs within 1-281 nt on DIAPH1-AST were predominantly
responsible for its m®A modification (Fig. 4l).
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Furthermore, we investigated whether m®A modification on
DIAPH1-AS1 affected its expression. As expected, silencing WTAP
significantly decreased DIAPH1-AS1 expression, while the con-
structs containing the mutated m°A residues had no effect on
DIAPH1-AS1 expression (Fig. 4J-K). We then analyzed the half-life
of DIAPH1-AST in WTAP-silenced HONE-1 cells using an actinomy-
cin D chase experiment and a one-phase exponential decay model
with 18S rRNA normalization. The half-life of DIAPH1-AST was
approximately 2.28 h in control cells, whereas silencing WTAP
increased DIAPH1-AST turnover by about 25-50% (0.61-1.06 h)
(Fig. 4L). In line with these results, dual-luciferase reporter assays
revealed that knockdown of WTAP substantially inhibited
luciferase activity of DIAPH1-AS1 reporter construct but not empty
vector (Fig. 4M, all P < 0.01). Correspondingly, immunohistochem-
istry and in-situ hybridization staining showed a significant
decrease of DIAPH1-AS1 expression in tumors of the WTAP
knockdown group (Fig. 3D). These results suggest that WTAP
stabilizes DIAPH1-AS1 by promoting its m®A modification. The role
of DIAPH1-AST in NPC remains largely unknown. Quantitative RT-
PCR showed that DIAPHI-AST was upregulated in NPC (n=20)
compared with normal tissues (n = 16) (Fig. 4N, P < 0.01). In vitro
and in vivo functional studies revealed that silencing DIAPH1-AS1
inhibited NPC cell proliferation, migration, and invasion (Supple-
mentary Fig. S5A-J).

In summary, WTAP maintains DIAPHI-AST stability via an
mSA-dependent mechanism, and their similar loss-of-function
phenotypes support the notion that WTAP targets IncRNA DIAPH1-
AS1 to control NPC growth and metastasis.

IGF2BP2 recognizes WTAP-mediated DIAPH1-AST m°®A
modification

To identify the m®A reader that interprets the m®A modification of
DIAPH1-AST and mediates its biological processing, we synthe-
sized biotin-labeled DIAPH1-AST probes and implemented an RNA
pulldown assay followed by mass spectrometry (Supplementary
Table S8). Among DIAPH1-AST pulldown proteins, IGF2BP2
attracted our interest and confirmed by western blotting
(Fig. 5A-B). IGF2BP2 belongs to the IGF2BP family, in which a
distinct group of m°A readers bind to m®A-modified transcripts
and regulate its decay [29]. To determine whether IGF2BP2 was a
specific m°A reader of DIAPH1-AS1, we performed RNA immuno-
precipitation (RIP) assays and found that DIAPH1-AST was
markedly enriched using anti-IGF2BP2 antibodies, which was
undermined when IGF2BP2 silenced (Fig. 5C, P < 0.01). Fluorescent
in situ hybridization (FISH) accompanied by IF revealed that
DIAPH1-AS1 co-localized with IGF2BP2 in the cytoplasm (Fig. 5D
and Supplementary Fig. S6A-F).

IGF2BP2 was reported to be an RNA stabilizer for m®A-modified
RNA; therefore, we investigated whether IGF2BP2 enhances
DIAPH1-AST stability via an m®A-dependent manner. Consistent
with our hypothesis, DIAPH1-AS1 expression was down-regulated

Cell Death & Differentiation (2022) 29:1137-1151
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Fig. 2 WTAP facilitates NPC cell proliferation and metastasis in vitro. A GSEA of data from the GEO database (GSE12452) revealed that
WTAP expression correlated positively with tumorigenesis and NPC carcinogenesis. B siRNA-mediated interference was used to knockdown
WTAP in SUNE-1 and HONE-1 cells. Knockdown efficiency was determined using qRT-PCR (left panel) and western blotting (right panel) as
indicated. C, D Cell proliferation was analyzed using CCK-8 (C) and colony formation (D) assays in SUNE-1 and HONE-1 cells with or without
WTAP silencing. E Representative image (left panel) and statistical analysis (right panel) of Transwell migration and invasion assays in SUNE-1
and HONE-1 cells with or without WTAP knockdown. Scale bar: 200 um. F Overexpress efficiency of WTAP was assessed using qRT-PCR (upper
panel) and western blotting (lower panel). G, H Cell proliferation was analyzed using CCK-8 (G) and colony formation (H) assays in SUNE-1 and
HONE-1 cells with or without WTAP overexpression. | Representative image (left panel) and statistical analysis (right panel) of Transwell
migration and invasion assay in SUNE-1 and HONE-1 cells with WTAP overexpression. Scale bar: 200 pm. Data are presented as the mean + SD.
*P < 0.05, ¥**P < 0.01. The experiments were repeated at least three times independently.
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Fig.3 Knockdown of WTAP disturbs the proliferation and invasion of NPC in vivo. A-D Xenograft tumors are formed by SUNE-1-shWTAP or
-shNC cells in nude mice. A Representative image of the xenograft tumors. B, C Quantitative analysis of the tumor volumes (B) and tumor
weights (C) of the xenografts. Tumor volume was compared at indicated time points and the tumor weight was measured at the endpoint.
D Xenograft tumor sections stained for WTAP and DIAPH1-AST were examined by IHC and ISH. Scale bar: 50 pm. E-1 SUNE-1 cells stably
expressing sh-WTAP or a scrambled control shRNA were transplanted into the footpad of nude mice to construct an inguinal lymph node
metastasis model. E Representative image of the inguinal lymph node metastasis model. F Representative image of the footpad tumors (left)
and inguinal lymph nodes (right). G Representative images of microscopic primary footpad tumors stained with H&E. The overall mouse
muscle tissues were disrupted and surrounded by tumor tissues in the negative control group, while the extent of muscle destruction in the
WTAP-silenced group was markedly less (left). Compared with the control group, the number of invaded lymphatic vessels apparently
decreased in the WTAP-silenced group (right). Scale bar: 100 pum. H Representative images of IHC staining with pan-cytokeratin in inguinal
lymph nodes. The staining of keratin in lymph nodes is negative under normal circumstances, but positive when lymph node metastasis of
NPC occurs. Scale bar: 100 pm. I Inguinal lymph node metastatic ratios. Data are presented as the mean + SD. *P < 0.05, **P < 0.01.

significantly after IGF2BP2 inhibition (Fig. 5E, all P < 0.01), whereas 1 cells with WTAP silencing. As shown in Fig. 5l, J, the loss of WTAP
no association was found between the WTAP and IGF2BP2 drastically reduced DIAPH1-AST expression and destroyed its RNA
expression (Fig. 5F and Supplementary Fig. S7A, B). More stabilization, which could be reversed by overexpression of
importantly, DIAPH1-AST degraded more quickly in IGF2BP2- IGF2BP2. We also observed that both the expressions of WTAP
silencied cells (Fig. 5G, all P<0.01). And silencing IGF2BP2 and IGF2BP2 were positively correlated with DIAPHA1-AS1
obviously reduced the luciferase activity of DIAPH1-AS1 reporter expression (Fig. 5K, L and Supplementary Fig. S7 C, D, all P<
construct (Fig. 5H, all P < 0.01). To further validate that the WTAP- 0.05). Our data indicate that the m®A reader IGF2BP2 interprets
mediated m®A modification of DIAPHI-AST may maintain its WTAP-mediated IncRNA DIAPH1-AST m®A modification and main-
IGF2BP2-dependent stability, we overexpressed IGF2BP2 in HONE- tains its stability by preventing its degradation.
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H m®A enrichment in DIAPH1-AS1 transcripts (1-281 nt) in control and WTAP-silencing cells using MeRIP-qPCR. I MeRIP-gPCR assays to analyze
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J Quantitative RT-PCR for detecting DIAPH1-AST expression in HONE-1 cells transfected with DIAPH1-AST wild type or mutant constructs
together with WTAP siRNAs or its scramble. K Quantitative RT-PCR analysis of DIAPH1-AS1 expression in SUNE-1 and HONE-1 cells with WTAP
knockdown. L DIAPH1-AST RNA stability in control and WTAP-silenced cells. Quantitative RT-PCR of DIAPH1-AS1 expression at various time
points after actinomycin D (10 pg/mL) treatment. M Relative luciferase activity in HONE-1 cells co-transfected with luciferase reporter
pmirGLO-DIAPH1-AST or its vector pmirGLO (luciferase reporter) and WTAP siRNAs or its scramble control. Data appear as the relative ratio of
Firefly to Renilla luciferase activities. N Relative expression of DIAPH1-AS1 in NPC (n = 20) and normal nasopharyngeal epithelial tissues (n = 16)
measured by gRT-PCR. Data are presented as the means + SD. *P < 0.05, **P < 0.01. The experiments were repeated at least three times
independently.
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Fig. 5 IGF2BP2 interprets WTAP-mediated DIAPH1-AST m°®A modification. A, B Identification of the DIAPH1-AS1-protein complexes pulled

down by DIAPH1-AST junction probes with proteins extracted from HONE-1 cells, followed by silver staining (A) and western blotting analysis
(B). The specific bands (45-100 kDa, indicated in the red box) were cut off and subjected to mass spectrometry (MS) analysis. C IGF2BP2 was
immunoprecipitated and RIP-qPCR was used to assess the association of DIAPH1-AST with IGF2BP2. D FISH and IF double staining in SUNE-1
and HONE-1 cells showing the co-localization of DIAPH1-AST (Cy3; Red) and IGF2BP2 (Green) in the cytoplasm; Nuclei are stained blue (DAPI).
Scale bar: 20 pum. E Quantitative RT-PCR analysis of DIAPH1-AST expression in SUNE-1 and HONE-1 cells with or without WTAP silencing.
F Quantitative RT-PCR analysis of mRNA levels of m°®A readers (IGF2BP1, IGF2BP2, IGF2BP3, YTHDF1 and YTHDF2) in HONE-1 cells with or
without WTAP silencing. G DIAPH1-AST RNA stability in control and IGF2BP2-silenced cells. Quantitative RT-PCR of DIAPH1-AST at the indicated
time points after treatment with actinomycin D (10 pg/mL). H. Relative luciferase activity in HONE-1 cells co-transfected with luciferase
reporter pmirGLO or pmirGLO-DIAPH1-AST and IGF2BP2 siRNAs or the control. I Quantitative RT-PCR analysis of DIAPH1-AS1 expression in
HONE-1 cells co-transfected with si-WTAP and the IGF2BP2 overexpression vector or the corresponding control. J DIAPH1-AST RNA stability in
HONE-1 cells co-transfected with si-WTAP and the IGF2BP2 overexpression vector or the corresponding control. Quantitative RT-PCR of
DIAPH1-AST at the indicated time points after treatment with actinomycin D (10 pg/mL). K, L Pearson correlation analysis of DIAPH1-AST and
WTAP mRNA (K), as well as DIAPH1-AST and IGF2BP2 mRNA (L) in 20 NPC tissues, determined using qRT-PCR. Data are presented as the mean
+SD. *P < 0.05, **P < 0.01. The experiments were repeated at least three times independently.

DIAPH1-AS1 acts as an adapter to form MTDH-LASP1 complex
Certain IncRNAs substantially exert their functions by interacting
with diverse proteins, such as signaling mediators or transcription
factors [30, 31]. To explore the mechanism by which DIAPH-AS1
regulates NPC progression, we re-analyzed the above mass
spectrometry results and identified MTDH as the top hit (Fig. 5A).
Western blotting validated MTDH as the interacting protein of
DIAPH1-AST (Fig. 6A). RIP assays showed that DIAPH1-AST could
specifically bind to MTDH (Fig. 6B), and they mainly co-localized in
the cytoplasm (Fig. 6C and Supplementary Fig. S8A-F). To
determine the specific region through which DIAPH1-AS1 interacts
with MTDH, we first predicted the secondary structure and

minimum free energy (MFE) structure of DIAPHI-AST using the
RNAfold WebServer (http://rna.tbi.univie.ac.at/) (Fig. 6D-E).
Accordingly, RNA pulldown assays using different segments of
DIAPH1-AS1 demonstrated that nucleotides 489-1018 of DIAPH1-
AST could directly bind to MTDH (Fig. 6F-G).

MTDH can promote tumor progression by forming intercon-
nected protein complexes [32, 33]. LncRNAs are known to exert
their oncogenic functions by enhancing protein-protein inter-
action [34]. We speculated that DIAPH1-AS1 acted as an adapter
to form MTDH-protein complexes. Thus, we performed
immunoprecipitation-mass spectrometry analysis in HONE-1
cells after DIAPH1-AS1 knockdown. LASP1 was pulled down by
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Fig. 6 DIAPH1-AS1 acts as an adapter to form MTDH-LASP1 complex. A RNA pulldown assay showing the direct interaction of DIAPH1-AS1
with the MTDH protein. B Association of endogenous MTDH and DIAPHT-AST was detected using an RIP-qPCR assay. HONE-1 cell lysates were
immunoprecipitated with the anti-MTDH antibodies. C FISH and IF double staining showing the subcellular co-localization of DIAPH1-AST and
MTDH. Scale bar: 20 pm. D, E The secondary structure (D) and minimum free energy (MFE) structure (E) of DIAPH1-AST was analyzed using the
online tool RNAfold WebServer. F, G Deletion mapping of the MTDH-binding domain in DIAPH1-AS1. F Diagrams of full-length DIAPH1-AST and
its deletion fragments. G Top, the in vitro-transcribed full-length DIAPH1-AST and deletion fragments with the correct sizes are indicated.
Bottom, western blotting analysis for MTDH pulled down by different DIAPH1-AS1 fragments. H An immunoprecipitation assay was performed
to detect the interaction between MTDH and LASP1 in HONE-1 cells with or without DIAPH1-AST silencing. Isolated proteins were resolved by
SDS-PAGE followed by silver staining. Differential bands were cut for mass spectrometry. I, J HONE-1 cells transfected with HA-tagged MTDH
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interaction between DIAPHI-AST and LASP1 was confirmed using RNA pulldown assays and western blotting analysis. L The association of
endogenous LASP1 and DIAPH1-AST was detected using an RIP-qPCR assay. M Immunoblotting to detect of exogenous MTDH and LASP1
immunoprecipitated by anti-MTDH antibodies with or without RNase I treatment in HONE-1 cells. N The interaction between MTDH and
LASP1 in HONE-1 cells, with or without DIAPH1-AS1 silencing was assessed using immunofluorescence double staining. Scale bar: 20 um. Data
are presented as the mean £ SD. *P < 0.05, **P < 0.01. The experiments were repeated at least three times independently.
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MTDH antibody, which was weakened by DIAPH1-AST knock-
down (Fig. 6H and Supplementary Table S9). Co-IP assays using
HA-MTDH and HA-LASP1 overexpressing vectors validated the
endogenous MTDH-LASP1 protein complex (Fig. 61, J). Moreover,
the interaction of DIAPH1-AST and LASP1 was confirmed by
biotin-RNA pulldown (Figs. 5A and 6K), as well as by an RNA
immunoprecipitation assay (Fig. 6L). Next, we tested whether
the interaction between MTDH and LASP1 was dependent on
the existence of DIAPHI-AS1. Cell lysates were treated with
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either ribonuclease If (RNase If) or RNase inhibitor (RNaseln),
followed by co-IP assays with anti-MTDH antibodies. The results
showed that LASP1 could be co-immunoprecipitated by MTDH
in the RNaseln-treated samples, whereas treatment with RNase I¢
abolished this complex formation (Fig. 6M). Meanwhile, DIAPH1-
AS1 knockdown reduced the co-localization of MTDH and LASP1
in the cytoplasm (Fig. 6N). Overall, our data indicate that the
formation of the MTDH-LASP1 complex in NPC requires their
specific interaction with DIAPH1-AS1.

Cell Death & Differentiation (2022) 29:1137 - 1151



Z-X. Li et al.

Fig. 7 DIAPH1-AS1 confers NPC progression via MTDH-LASP1 complex. A, B The expression levels of MTDH, LASP1, and DIAPH1-AST in NPC
cells with or without DIAPH1-AS1 (A) or MTDH (B) silencing were detected using western blotting (left) and qRT-PCR (right). C Western blotting
analysis of MTDH and LASP1 levels in HONE-1 cells with or without DIAPHT-AST silencing, and treated with MG132 (10 mmol/l) for 24 h or
transfected with MTDH overexpression vectors. D SUNE-1 and HONE-1 cells co-transfected with DIAPH1-AS1 overexpressing vector and si-
MTDH or the corresponding negative control, were treated with 50 ug/ml cycloheximide (CHX) for the indicated time points and harvested for
western blotting analysis to assess the protein stability and half-life of LASP1. E The immunoprecipitation (IP) experiment with anti-LASP1
antibodies, followed by western blotting with anti-ubiquitin antibodies to detect ubiquitinated LASP1 in HONE-1 cells co-transfected as
indicated. F-I The effect of the ectopic expression of LASP1 to rescue the si-DIAPH1-AS1-mediated downregulation of NPC cell proliferation
and metastasis. SUNE-1 and HONE-1 cells were co-transfected with si-DIAPH1-AS1 and LASP1 overexpressing vectors or the corresponding
negative control. Then CCK-8 assays (F) and colony formation assays (G) for cell proliferation and Transwell assays for cell invasion (H, 1) were
performed. Scale bar: 200 pm. J A graphic illustration of WTAP promoting tumor growth and metastasis of NPC by modulating IncRNA
DIAPH1-AS1 m6A modification and disrupting its RNA decay. Data are presented as the mean + SD. *P < 0.05, **P < 0.01. The experiments were

repeated at least three times independently.

DIAPH1-AS1 confers NPC progression via MTDH-LASP1
complex

To better understand how DIAPH1-AST exerts its function through
the MTDH-LASP1 complex, we initially assessed MTDH and LASP1
expression and found silencing DIAPH1-AST had no impact on
their mRNA, while the LASP1 protein was dramatically decreased
(Fig. 7A). Since MTDH can stabilize its binding protein to promote
tumor progression [32, 35], we evaluated its influence on LASP1
expression. The results showed that knockdown of MTDH
decreased LAPS1 protein, while its mRNA remained constant
(Fig. 7B), which indicated that LASP1 was regulated at the post-
transcriptional level. Therefore, we silenced DIAPH1-AST and
treated the cells with MG132 (proteasome inhibitor) or MTDH-
overexpressing vector. As shown in Fig. 7C, the downregulation of
LASP1 caused by DIAPH1-AST knockdown could be rescued by
MG132 treatment or MTDH overexpression. We further exposed
cells to the protein synthesis inhibitor cycloheximide (CHX) and
found that overexpression of DIAPH1-AS1 significantly prolonged
the half-life of the LASP1 protein, while downregulation of MTDH
repressed this effect (Fig. 7D). Finally, overexpression of DIAPH1-
AST resulted in decreased ubiquitination of LASP1, which could be
rescued by MTDH silencing (Fig. 7E). Jointly, these results
demonstrate that DIAPHT-AST can stabilize LASP1 via its mediated
MTDH-LASP1 interaction.

To learn whether DIAPH1-AST exerts tumor-promoting functions
by modulating LASP1 expression, we conducted in vitro functional
rescue experiments by overexpressing LASP1 in cells with or
without DIAPH1-AST knockdown. CCK-8 and colony formation
assays showed that overexpression of LASP1 reversed the
suppressive effect of DIAPH1-AST knockdown on the proliferation
ability of NPC cells (Fig. 7F, G and Supplementary Fig. S9A). Similar
results were obtained by transwell migration and invasion assays
(Fig. 7H, I and Supplementary Fig. S9B-C). Collectively, these data
demonstrate that IncRNA DIAPH1-AST stabilizes LASP1, and
therefore promotes NPC growth and metastasis.

DISCUSSION

The occurrence and development of cancers is essentially a
disease of gene control, which is affected by both genetic
abberations and epigenetic modifications. Dysregulation of
epigenetic modification, including DNA methylation, histone
variants and modifications, nucleosome positioning, and RNA
modifications [36], has been implicated in various types of
cancers. Among the RNA modifications, m°A is the most prevalent
one in human mRNA and non-coding RNA [37]. In recent years,
RNA m®A modification has emerged as a critical regulator for the
fate of RNA, such as RNA splicing, mRNA translocation, and
degradation. Previous studies demonstrated that dysregulation of
m°A RNA modification correlated closely with a variety of vital
bioprocesses, including cancer development [38-40]. As a
reversible epigenetic modification, m°®A is driven by m°A
methyltransferases (METTL3, METTL14, WTAP, and VRIMA, termed
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“writers”), removed by m°A demethylases (FTO and ALKBHS5,
termed “erasers”), and recognized by m°A binding proteins
(IGF2BPs, YTHDCs, and YTHDFs, termed “readers”). Among these
mSA modulators, WTAP has been studied extensively in multiple
tumors. Previous studies have reported that WTAP functions as an
oncogenic m°A modulator in hepatocellular carcinoma [25],
pancreatic cancer [41], osteosarcoma [42], renal cell carcinoma
[43], head and neck squamous cell carcinoma [44], and B-cell
lymphoma [45]. However, the biological function of m°®A
modulators is highly dependent on the cellular context. The role
of m®A modification, as well as the expression imbalance of m°A
modulators, in NPC remains elusive. In the present study, we
showed that WTAP was upregulated in NPC and promoted NPC
growth and metastasis via its m®A catalytic activity. The
upregulation of WTAP in NPC was fine-tuned by histone
acetylation revealing the interconnected regulatory network
between chromatin modification and RNA epigenetics. Moreover,
survival analysis indicated that WTAP was a potential marker for
NPC prognosis. However, it requires further investigation and
validation before preclinical application.

The epigenetic modification caused by EBV infection is
inseparable from the malignant transformation process of
nasopharyngeal epithelial cells, especially for NPC that originate
in endemic region [22, 23]. Therefore, it is reasonable to speculate
EBV infection might play a role in aberrantly upregulation of WTAP
in NPC. However, we did not observe significant difference in
H3K27ac modification level of WTAP between EBV-negative and
EBV-positive NPC cells. More importantly, integration analysis of
DNA methylation in NPC from GEO dataset, DNA demethylation
treatment of nasopharyngeal cell lines and survival analysis
collectively indicated that DNA methylation of WTAP is not a
crucial factor for WTAP upregulation in NPC. These findings
suggested WTAP regulation is independent of EBV infection and
its associated epigenetic alteration. The underlying mechanisms
triggering the dysregulation of WTAP in NPC remain to be further
investigated in the future.

Recent studies have revealed that IncRNAs could be marked by
mSA-methylation for subsequent RNA stability, RNA-miRNA
interaction, and RNA-protein interaction [46-48]. As significant
master regulators in human cells, IncRNAs were demonstrated to
participate critically in multiple stages of carcinogenesis and
tumor progression [49, 50]. Recent studies discovered that
IncRNAs exert positive or negative regulatory functions in NPC.
For instance, an oncogenic IncRNA, PVT1, serves as a molecular
scaffold to activate lysine acetyltransferase 2A (KAT2A) and
stabilizes hypoxia inducible factor 1 alpha (HIF-1a) in NPC [51].
Our previous study identified IncRNA as a crucial driver of NPC
progression and chemoresistance by interacting with ACLY
protein and regulating cellular acetyl-CoA metabolism [52]. These
clues not only emphasized the vital role of m®A modification in
the fate of functional RNAs, but also reminded us to explore
whether the m®A modification could affect cancer biology via
modulating m®A modification of non-coding RNAs. To this end, we
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employed MeRIP assays following microarray analysis to compare
the gene expression and m®A modification profiles in NPC cells
with or without WTAP silencing. DIAPH1-AST was one of the
IncRNAs that showed differentially expression and m®A modifica-
tion in the microarray analysis. To a large extent, the fate of
mSA-modified RNAs depends on the recognition by different kinds
of m®A readers [53]. As one of the distinct families of m°®A readers,
IGF2BPs was proved to facilitate the stability and storage of their
target RNAs in a m®A-dependent manner [29]. This implies that a
specific m®A reader should also be identified to provide a deeper
insight into the role of WTAP-mediated m®A modification in NPC.
Consequently, we showed that WTAP-mediated m®A modification
stabilized DIAPH1-AST by enhancing its recognition by IGF2BP2.

DIAPH1-AST, located on chromosome 5qg31.3, is a novel IncRNA
without any functional or biological research in NPC. Mechan-
istically, a substantial proportion of IncRNAs carry out their
biological responses as molecular adapters that enhance protein-
protein interactions. In such cases, the molecular functions (such
as chromatin regulation, protein phosphorylation, and subcellular
accumulation) of these binding proteins may be affected [31, 54].
In liver cancer, IncRNA HULC was identified as a modular scaffold
that directly binds to two proteins, lactate dehydrogenase A
(LDHA) and pyruvate kinase M2 (PKM2), to promote their
phosphorylation levels, which consequently boosts cellular
glycolysis [34]. Similarly, in gastric cancer, IncRNA GClnc1
modulates the interaction of the WD repeat domain 5 (WDR5)-
KAT2A protein complex, which alters the state of histone
modification, and ultimately transcriptionally activates its target
genes [55]. In our hand, DIAPHI-AST was demonstrated to
promote NPC growth and metastasis as a modular scaffold for
MTDH-LASP1 complexes, in which it stabilizes the LASP1 protein
by modulating its ubiquitin-dependent proteasome degradation
through MTDH. MTDH was recently implicated in several cancer-
related processes because of its recruitment of different signaling
molecules through the peptide motifs over its entire sequence
[56]. In breast cancer, MTDH interacts and stabilizes Staphylo-
coccal nuclease and tudor domain containing 1 (SND1) protein
under stress conditions during carcinogenesis [32]. Consistent
with these findings, MTDH was also found to bind to LASP1 and
elevate its abundance at the post-transcriptional level. Remark-
ably, the formation of the MTDH-LASP1 complex is partially
dependent on the existence of a molecular scaffold, IncRNA
DIAPH1-AS1. However, because of the complex and diverse
mechanisms by which large ncRNAs carry out their regulatory
functions, further studies are required to verify this model,
emphasizing the need for deeper research on IncRNA-protein
interaction.

Based on our results, we proposed a molecular mechanism
model in which WTAP maintains IncRNA DIAPH1-AST stability in an
m®A-dependent way, which facilitates the formation of the MTDH-
LASP1 complex, protecting LASP1 from ubiquitin degradation, and
ultimately promoting NPC growth and metastasis (Fig. 7J). This
study highlights the evolving roles of WTAP-mediated m°®A
modification on IncRNAs in NPC, and identified WTAP as a
potential biomarker and target for NPC.

DATA AVAILABILITY
The source data that support the findings of this study are available to readers. MeRIP
profiles are accessible at the GEO repository under accession number GSE160644.
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