INTERNATIONAL JOURNAL OF ONCOLOGY 60: 9, 2022

Ribosome 18S m°A methyltransferase METTLS promotes
pancreatic cancer progression by modulating c-Myc translation
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Abstract. Methyltransferase N6-adenosine (METTLYS) is a
methyltransferase that specifically catalyzes 18S rRNA N6
methylation at adenosine 1832 (m°®A ;,), which is located in a
critical position in the decoding center, therefore suggesting its
potential importance in the regulation of translation. However,
the underlying mechanism of METTLS5-mediated translation
regulation of specific genes and its biological functions are
largely undefined. To the best of our knowledge, the present
study demonstrated for the first time that METTLS was an
oncogene that promoted cell proliferation, migration, inva-
sion and tumorigenesis in pancreatic cancer. In addition, the
oncogenic function of METTLS may involve an increase in
c-Myc translation, as evidenced by the fact that the oncogenic
effect caused by METTLS overexpression could be abolished
by ¢-Myc knockdown. Notably, m®A modifications at the
5" untranslated region (5'UTR) and coding DNA sequence
region (near the 5'UTR) of c-Myc mRNA played a critical role
in the specific translation regulation by METTLS. In addition,
it was further demonstrated that METTLS and its cofactor
tRNA methyltransferase activator subunit 11-2 synergistically
promote pancreatic cancer progression. These findings
revealed important roles for METTLS in the development of
pancreatic cancer and present the METTLS5/c-Myc axis as a
novel therapeutic strategy for treatment.
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Introduction

RNA modifications have emerged as a crucial process in
post-transcriptional gene regulation and are essential for RNA
biogenesis and functions. As the most prevalent chemical
modification of eukaryotic RNA, N6 methyladenosine (m°A)
modification of mRNA exerts a notable influence on mRNA
stability, splicing, localization, transport and translation
efficiency (1-4). mSA modifications also occur on non-coding
RNA, including ribosomal, transfer and small nuclear
RNA (5). Ribosomal RNA (rRNA) is highly abundant in the
total RNA of cells, and rRNA modifications play an important
role in regulating ribosome structure and function (6). In
humans, the m®*A modifications present in rRNA are located
at two specific sites: 1832 on 18S rRNA (m°A ;,) and 4220 on
28S rRNA (mP®A,,,,) (7). The 28S rRNA mSA,,,, is catalyzed
by rRNA N6-adenosine-methyltransferase ZCCHC4, which
is essential for translation in ribosomes, cell proliferation and
tumorigenesis (8-10).

Mammalian rRNA N6-adenosine-methyltransferase
METTLS5 (METTLS5), a member of the conserved meth-
yltransferase-like protein (METTL) family, was recently
identified to methylate A1832 in 18S rRNA (11). The 18S
rRNA mCA g3, modification is located in a critical position in
the decoding center, therefore suggesting its potential impor-
tance in translation regulation (10). Indeed, a recent study
indicated that METTLS promoted translation initiation, and
the METTLS5-mediated m°A g5, modification may encourage
the decoding center to interact with mRNA undergoing
active translation (11). However, knowledge concerning the
biological functions of METTLS is limited at present. Several
studies have revealed that METTLS has an essential role in
the pluripotency and differentiation of mouse embryonic
stem cells, brain development and neural function in multiple
species (12-15). However, the other biological functions
of METTLS are largely undefined, particularly in cancer.
Therefore, in the present study, the potential oncogenic activity
and the underlying mechanisms of METTLS in pancreatic
cancer were evaluated.

c-Myc, which is located at chromosome 8q24, is one
of the three transcriptional activators of the Myc family
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(c-, N- and L-Myc). c-Myc lies at a critical stage of a number
of growth-promoting signal transduction pathways, including
ERK, PI3K, AKT, MAPK and Wnt (16), and therefore is
involved in a variety of biological activities, including ribo-
somal and mitochondrial biosynthesis, the cell cycle, cell
survival, proliferation, apoptosis, cell competition, metabolic
reprogramming and tumor progression (17-20). Aberrant
expression of c-Myc has been reported to be involved
in 70% of human cancers, including lung, colon, breast,
prostate, colorectal and bladder cancer (20,21). Elevated
expression of c-Myc has also been identified to be a key
driver of pancreatic ductal adenocarcinoma (PDAC) through
modulating multiple oncogenic pathways, such as enhancing
the epithelial-mesenchymal transition and TGF-f} signaling
pathway (22). A variety of factors lead to the aberrant activa-
tion of c-Myc in cancer (23). The transcription of c-Myc is
mediated by transcription factors, such as NF-«xB and nuclear
factor of activated T cells cytoplasmic 1, via the regulation of
its promoter activity. Meanwhile, the aberrant downregulation
of microRNAs (miRNAs/miRs), including Let7a, miR-145,
miR-34a, miR-375, miR-494 and miR-148a, has also been
reported to lead to the overactivation of c-Myc and further drive
the progression of PDAC (24). In addition, post-translational
modifications, such as acetylation and phosphorylation, have
been shown to enhance the protein stability of c-Myc (25).
Recent studies showed that the mRNA m®A methyltransferase
METTL3 enhanced c-Myc expression by increasing mRNA
mPA levels in prostate and lung cancer (19,26), suggesting that
c-Myc mRNA modification plays a key role in c-Myc-centered
oncogenic pathway regulation. Accordingly, intervention of
c-Myc expression through epigenetic pathways may provide a
potential therapeutic strategy for pancreatic cancer.

In the present study, the potential oncogenic activity and
the underlying mechanisms of METTLS in pancreatic cancer
were investigated. It was demonstrated that METTLS enhanced
c-Myc translation and the mechanism via which METTLS
could promote specific selective translation was explored. It
was hypothesized that the METTLS5-mediated upregulation of
18S rRNA m°®A 43, modification affected ribosome structure,
altering the affinity of ribosomes to mRNAs with specific
structural features or modifications. In addition, it was verified
that METTLS and multifunctional methyltransferase subunit
TRMT112-like protein (TRMT112) may function together in
pancreatic cancer. Collectively, it may be proposed that the
METTLS5-mediated increase in c-Myc translation facilitates
tumorigenesis and could represent a novel therapeutic strategy.

Materials and methods

Cell culture. Human pancreatic cancer cell lines, including
PANC-1 (cat. no. CRL-1469), ASPC-1 (cat. no. CRL-1682) and
BXPC-3 (cat. no. CRL-1687), and the human pancreatic ductal
epithelial cell line HPDE6-C7 (cat. no. CVCL_0P38) were
obtained from the American Type Culture Collection. The cells
were cultured in DMEM (cat. no. 11995040; Gibco; Thermo
Fisher Scientific, Inc.) containing 10% FBS (cat. no. 10099141,
Gibco; Thermo Fisher Scientific, Inc.), 100 ng/ml streptomycin
reagent (HyClone; Cytiva) and 100 U/ml penicillin (HyClone;
Cytiva). Cells were maintained in a humidified atmosphere of
5% CO, at 37°C.

Generation of stable cell lines. To generate stable cell
lines transfected with METTLS5-overexpression vector
(OE), METTL5™-OE, TRMT112-OE, short hairpin RNA
(shRNA/sh) METTLS, shTRMT112, METTL5-OE +
TRMTI1120E, METTLS5-OE + shTRMTI112 and
TRMTI112-OE + shMETTLS, the coding DNA sequences
(CDSs) of METTLS5 and TRMTI112 were subcloned
into the pCDH-EF1a-MCS-T2A-Puro lentivirus vector
(cat. no. CD527A-1; System Biosciences, LLC) and the
shRNA sequences of METTLS and TRMT112 were cloned
into the pLVX-shRNA2-BSD lentivirus vector (in which the
ZsGreen gene sequence is replaced with a BSD resistance
gene sequence) (cat. no. 632179; Takara Bio USA, Inc.). For
the METTLS5™" CDS, four amino acids (NPPF) from 126 to
129 were removed compared with the wild-type CDS. 293T
cells were transfected with second-generation lentivirus
packing system, consisting of the aforementioned purified
0.5 pg/ul lentiviral plasmids, 0.5 pg/ul pMD2.0, 0.5 pug/ul
pspAX2 (the pMD2.0: pspAX2: lentivirus ratio was 1:3:4)
using Lipofectamine® 2000 (Thermo Fisher Scientific, Inc.) for
72 h at 37°C. The supernatant containing infectious lentivirus
was then collected and transduced to PANC-1 cells for 48 h,
at a multiplicity of infection of 10. Positive overexpression
and knockdown cells were selected by treatment with 2 zg/ml
puromycin or 5 pug/ml blasticidin S for 10 days. sAsMETTL5-3
and shTRMT112-2 were chosen for subsequent experiments
due to their higher efficiency. The shRNA sequences for target
gene knockdown are shown in Table SI.

Bioinformatics analysis. The genes of interest, which were
differentially expressed in PDAC cells, were investigated
in comparison with adjacent normal non-neoplastic tissues
using TCGA (http://gepia.cancer-pku.cn/; http://tcga-data.nci.
nih.gov/tcga/). Overall survival, METTLS and TRMT112
expression analysis and correlation analysis were examined
using GEPIA (http:/gepia.cancer-pku.cn/detail php). The m°A
modification sites of c-Myc were predicted using the website
(https://www.cuilab.cn/sramp).

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from PANC-1 cells using TRIzol®
(Invitrogen; Thermo Fisher Scientific, Inc.) according to
the manufacturer's protocol. RT was performed using the
HiScript IIT 1st Strand cDNA Synthesis kit (Vazyme Biotech
Co., Ltd.) according to the manufacturer's protocol. gPCR
was performed using ChamQ SYBR Color qPCR Master mix
(Vazyme Biotech Co., Ltd.) and run on the ABI Prism 7900
system (Applied Biosystems; Thermo Fisher Scientific, Inc.).
The thermocycling protocol included an initial denaturation
step at 95°C for 3 min, followed by 40 cycles of denaturation
at 95°C for 15 sec, annealing at 60°C for 15 sec and extension
at 72°C for 30 sec. The 2244 values were calculated to analyze
the relative changes in gene expression according to the
previous reported method (27). B-actin was used as an internal
control. Primer sequences are shown in Table SII.

Western blotting. Proteins were extracted using cell lysis buffer
RIPA (Beyotime Institute of Biotechnology) and a protease
and phosphatase inhibitor cocktail (Beyotime Institute of
Biotechnology). A total of 20 g protein/per lane was separated
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via 4-20% SDS-PAGE gels. The separated proteins were
subsequently transferred onto a membrane and blocked with
5% skim milk (Difco; BD Biosciences) at room temperature for
2 h. The membranes were incubated with appropriate primary
antibodies at 4°C overnight. Following primary incubation,
membranes were incubated with secondary antibodies for
2 h at room temperature (Table SIII). Protein bands were
visualized using a BeyoECL Moon Supersensitivity Detection
kit (Beyotime Institute of Biotechnology) according to the
manufacturer's protocol.

Ultraperformance liquid chromatography tandem mass
spectrometry (UPLC-MS/MS) analysis of mononucleotides.
A total of 1 pug purified 18S RNA was mixed with 0.1 unit
Nuclease P1 (FUJIFILM Wako Pure Chemical Corporation)
and 1.0 unit calf intestinal phosphatase (New England
BioLabs, Inc.), in a 30-ul reaction volume adjusted with water,
and incubated at 37°C for 8 h. The digested RNA solutions
were filtered using ultra-filtration tubes (MW cutoff, 3 KDa;
Pall Life Sciences), then 2 ul solution were injected into
the UPLC-MS/MS system for detection of m°A and A. The
UPLC-MS/MS analysis was performed with an Agilent 1290
UHPLC system coupled with a G6460 triple quadrupole mass
spectrometer (Agilent Technologies, Inc.). IF2 C18 column
(100x2.1 mm I.D., 2.0 um particle size; Shiseido Co., Ltd.) was
used for mononucleotide separation. A linear gradient elution
procedure was used for UPLC separation, elution program
settings were as follows: 0-1.5 min, 5.0% B; 1.6-10 min, the
proportion of B increased from 5 to 25%; 10.1-15.0 min,
100% B; 15.1-20 min, 5.0% B. Solvent A was an aqueous solu-
tion of 0.1% formic acid, and solvent B was 100% methanol.
The electrospray ionization ion source was used for nucleotide
ionization and positive ion mode was selected for charged
ion detection. A multiple reaction monitoring mode was
adopted: m/z 282.2-150.1 for mSA (collision energy, 20 eV)
and m/z 268.2-136.1 for A (10 eV). The nebulization nitrogen
was set at 40 psi with source temperature set at 300°C and
the flow-rate of desolvation nitrogen was 9 I/min. Capillary
voltage was set at 3,500 V. High purity nitrogen (99.999%) was
used as collision gas.

Site-specific m°A modification. A CRISPR-RfxCasl3d-based
fusion system was established by fusion of RNA demeth-
ylase ALKBH5 (ALKBHS5), an m°A demethylase, and
ALKBHS5™" (H204A) to the dCasl3d protein (replaced
the EGFP coding sequence of pHAGE-IRES-puro-NLS-
dRfxCas13d-EGFP-NLS-3xFlag plasmid to ALKBHS gene
coding sequence) by using a GSG flexible connection linker
(dCas13d-ALKBHS5/ALKBH5™"). The pHAGE-IRES-
puro-NLS-dRfxCas13d-EGFP-NLS-3xFlag was a gift from
Ling-Ling Chen (Addgene plasmid no. 132411). In total,
four independent guide RNAs (gRNAs) were designed to
lead dCas13d-ALKBHS5 near the specific m*A modifica-
tion sites. The gRNA1 and gRNA2 were designed to lead
dCas13d-ALKBHS5 near the m®*A modification sites in the
S'untranslated region (UTR) and CDS region, and gRNA3 and
gRNA4 were designed to lead dCas13d-ALKBHS near the
mC®A modification near the stop codon. Stably transfected cell
lines were established to directly remove the m°A modifica-
tions in the 5S'UTR and CDS region (closer to the 5S'UTR) of

c-Myc mRNA [dCas13d-ALKBHS + gRNAs (5'CDS)] and
the m®A near the stop codon of c-Myc was removed mRNA
[dCas13d-ALKBHS + gRNAs (SC)] in PANC-1 cells, respec-
tively. The dCas13d-ALKBHS5 + gRNAs (scramble) was
used as the control. The stable cell lines were established by
nucleofection with 4 yg dCas13d-ALKBHS plasmids and 2 ug
dRfxCasl3d gRNA cloning backbone (a gift from Patrick Hsu;
Addgene plasmid no. 109053) using a Nucleofector 2b Device
(Nucleofection system; Lonza Group, Ltd.). After the program
was finished, cells were transferred to 6-well plates with 1.5 ml
culture medium. After 48 h, cells were harvested for protein
extraction and western blot assay. The gRNAs sequences were
designed using website: https://casl3design.nygenome.org/.
The gRNA sequences for targeting c-Myc mCA sites are listed
in Table SIV.

Cellproliferation assay. The cell proliferative rate was analyzed
using Cell Counting Kit-8 (CCK-8) assay. PANC-1 cells
were seeded in 96-well plate at a density of 2x10* cells/well,
and 10 ul of CCK-8 (Cell Counting Kit-8, Beijing Solarbio
Science & Technology Co., Ltd.) reagent was added to each
well. Following incubation at 37°C for 2 h, the optical density
was measured at 450 nm using a microplate reader (Bio-Rad
Laboratories, Inc.).

Colony formation assay. PANC-1 cells were seeded in 6-well
plates at a cell density of 300 cells/well and maintained in
humidified air containing 5% CO, at 37°C for 10-14 days.
The cell seeding density for ssMETTLS5 and shCtrl groups
was 600 cells/well. Cells were washed with PBS, fixed with
4% paraformaldehyde for 15 min and stained with 0.5% crystal
violet for 15 min at room temperature. After staining, images
were captured and the number of colonies (containing cells
>50 cells) was counted manually.

Wound healing assay. A total of 2.5x10° PANC-1 cells
were seeded and cultured in a twelve-well plate to create a
confluent monolayer. When the confluency reached 70-80%,
a horizontal scratch was made using a sterile 200-u1 micro-
liter pipette tip. The medium was removed and changed to
fresh DMEM supplemented with 2% FBS. Images of the
selected areas were obtained at O h and subsequently the
culture was incubated at 37°C with 5% CO,. After 48 h, the
selected wound area was imaged using a light microscope
(Leica Microsystems, Inc.), and the remaining wound size
was measured using ImagelJ software (version 1.53e). Wound
healing was quantified by calculating the percent of wound
closure. The % wound closure=1-(wound surface area at the
indicated time-point/initial wound surface area). The assay
was performed in triplicate.

Transwell invasion assay. Cell invasion assays were performed
in Transwell chambers pre-coated with Matrigel (8-ym
Transwell inserts; BD Biosciences). Cells were seeded in the
upper chamber at a cell density of 1x10* cells in serum-free
DMEM, and the lower chambers were filled with DMEM
supplemented with 10% FBS as an attractant. The cells were
incubated at 37°C for 24 h. Then, the cells on the lower surface
were fixed in 4% paraformaldehyde for 15 min and stained
with 0.1% crystal violet for 15 min at room temperature.
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Figure 1. METTLS is upregulated in human pancreatic cancer. (A) Expression of METTLS in pancreatic cancer in TCGA. (B) The association between
METTLS expression and overall survival in pancreatic cancer was analyzed using TCGA. (C) The mRNA levels of METTLS in cells were assessed by reverse
transcription-quantitative PCR. (D) The 18S rRNA m°A level in cells were measured by liquid chromatography tandem mass spectrometry and relative peak
area (m°A/A) was calculated. Data are shown as the mean + SD (n=3). “P<0.05, “P<0.01 and "“P<0.001. METTLS5, methyltransferase N6-adenosine; GTEX,
Genotype-Tissue Expression; TCGA, The Cancer Genome Atlas; m°A, N6 methyladenosine; PAAD, pancreatic adenocarcinoma.

Stained cells were visualized under a light microscope (Leica
Microsystems, Inc.). For each insert, at least three selected
fields were selected randomly and counted.

In vivo tumorigenicity assays. A total of 36 Female Balb/c
nude mice (6-8 weeks of age; 20-25 g) were purchased from
the Charles River Laboratories, Inc. and housed under 12-h
light/dark conditions with a standard temperature of 18-23°C
with humidity of 40-60%, and access to food and water
ad libitum. All animal experiments in the present study
were approved (approval no. HS202105004) by the Ethics
Committee of Beijing University of Technology (Beijing,
China). METTLS5-OE and the corresponding control cells
(2x10° cells) in 200 pl PBS were injected subcutaneously into
the right side of nude mice. At ~4 weeks after injection, mice
were sacrificed after anesthesia with 1% pentobarbital sodium
(45 mg/kg, intraperitoneally), then euthanized by cervical
dislocation. The tumor weight was measured and the volume
was calculated at the end point. The maximum tumor volume
allowed by the Ethical Committee of the Beijing University of
Technology was 1.5 cm diameter or 300 mm? per tumor.

Statistical analysis. The data are presented as the mean + SD
from at least three independent experiments. Statistical
analyses were performed using GraphPad Prism 5.0 software
(GraphPad Software, Inc.). Significance levels between two
groups were evaluated using a two-tailed paired Student's
t-test. The differences between multiple groups were compared
using a one-way or two-way ANOVA followed by Tukey's
post-hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results

METTLS is upregulated in human pancreatic cancer. First,
the expression of METTLS5 in PDAC was investigated. The
Cancer Genome Atlas database showed that METTLS
expression was significantly elevated in pancreatic adeno-
carcinoma (PAAD) tissues (n=179) compared with adjacent
non-tumor tissues (n=171; Fig. 1A). The increased mRNA

expression level of METTLS was confirmed in three PDAC
cell lines (PANC-1, BxPC3 and ASPCI) and one pancreatic
ductal epithelial cell line (HPDE6-C7; Fig. 1C). Meanwhile,
the elevated 18S rRNA m°A methylation was detected in PDAC
cells via UPLC-MS/MS, indicating that increased rRNA
methylation may affect tumorigenesis (Figs. 1D and S1A).
Furthermore, a high level of METTLS was associated with
a poor overall survival rate (n=89; Fig. 1B). These results
indicated that METTLS was upregulated in pancreatic cancer
and may play an important role in PDAC development.

METTLS overexpression promotes pancreatic cancer
growth and invasion. To directly address the biological role
of METTLS in PDAC, stable METTLS overexpression and
knockdown transfected cells were established (Fig. 2A and B),
and a positive association between METTLS and 18S rRNA
mPA level was confirmed in these cells (Figs. 2C and S1B).
Cells overexpressing catalytically inactive METTLS
(METTL5™" showed no alteration in 18S rRNA mSfA
compared with control cells (Fig. S1B). METTLS overexpres-
sion significantly stimulated proliferation, colony-forming
capacity, migration and invasion in PANC-1, ASPC-1 and
BXPC-3 cells, whereas knockdown of METTLS exerted
the opposite effects (Figs. 2D-G and S2A-D). METTLS
overexpression enhanced tumor growth in xenotransplanta-
tion nude mice, specifically the volume and weight were
significantly increased in the METTLS overexpression group
(Fig. 2H). Notably, METTL5™" cells had little effect on
PDAC progression, indicating that the oncogenic function
of METTLS in PDAC was dependent on catalytic activity
(Fig. 2I and J). Collectively, these results demonstrated that
METTLS promoted cell proliferation, migration, invasion and
tumorigenesis in PDAC.

METTLS overexpression enhances the translation of
c-Myc. METTL5-mediated 18S tfRNA m®A modification
has been suggested to play an important role in promoting
translation (11). It was hypothesized in the present study that
the oncogenic function of METTLS in PDAC may be closely
associated with its positive effect on the translation of key
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Figure 2. Elevated METTL5 promotes pancreatic cancer growth and invasion. (A) mRNA and (B) protein expression level of METTLS in PANC-1 cells
expressing vector, exogenous METTLS, shCtrl or ssMETTLS. (C) The 18S rRNA m°A level in cells was measured via liquid chromatography tandem mass
spectrometry and relative peak area (m°A/A) was calculated. (D) Proliferation of PANC-1 cells transfected with vector, exogenous METTLS, shCtrl or
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weight analysis of subcutaneous tumors from the indicated groups. (I) Transwell assays of PANC-1 cells transfected with vector, METTL5™" and METTLS.
(J) Proliferation of PANC-1 cells transfected with vector, METTL5™! and METTLS5. Data are shown as the mean + SD (n=3). "P<0.05, “"P<0.01 and *"P<0.001.
METTLS5, methyltransferase N6-adenosine; sh, short hairpin RNA; m°A, N6 methyladenosine; ctrl, control; mut, mutant.



6 HUANG et al: METTLS SPECIFICALLY REGULATES c-MYC TRANSLATION

_ W Vector — [l shCtrl 6
- o ¢ HEEMETTLS S E ShVETTLS mPA peak
98 8 15 < 15 6
0 t: = t > > m°A peak
s 2 _ = T T
s £ E oW w w = €
§ 1 8 2 = = G0 5 10
> = 7] ] 7] @ §~ § 1
p— ! ! |
CMyC s ——— 205 o 05 5'UTR cDs Stop 3UTR
2 2 codon
B-actin " e - . . - ©
o0 e o0 c-Myc
D Guide RNA-2 Guide RNA-3
dCas13d-ALKBH5 —> i@ o Guide RNA-1 dCas13d-ALKBH5 —> 7@ o Guide RNA-4
Transfection Transfection
5
wavs e > . . (—* ALKBH5 ALKBHS
meéA meA m°A , mP°A meA meA
5, lll?lllllll!l 111 T?TT 5 ? ? LA ikl
mnn i ; e i
gRNA1 gRNA2 B a‘;;::‘:;_ 8‘9‘;::4_ 8
dCas13d dCas13d dCas13d dCas13d
A A l 6 6 l AAAA
, A . A
5 ] | 11 g Yol L1l
3 3
g g
E gezd 2 B 9 F G H
Z 0Z 0 n® m o
T XL 5858 5535 2 2 2
o To3InTn 3030 4 2 9
B2 32 3282 8282 g E 9 E 9 E
TELETSTE TS 5 F § W 5 E = W 5 E £ W
N8 08 nZ nZ nZ o = |- 7 s = |- = s = |- = s
TG B SO CE GE COET 3 w g = I3 w (_g < 9 w g =
8282898728787 > = ® @ > = 6 = 2 @
CMYC | i - - c—MycL-g‘-”----\ — - ]
GAPDH|-----_| 3'aCti"|---_|’----‘ |----|

dCas13d-ALKBH5
+gRNAs(scramble)

dCas13d-ALKBH5
+gRNAs(5'CDS)

dCas13d-ALKBH5
+gRNAs(SC)

Figure 3. METTL5-induced translation of c-Myc is associated with m°A on c-Myc mRNA.. (A) Protein expression level of c-Myc in PANC-1 cells transfected
with vector, exogenous METTLS, shCtrl or ssMETTLS. (B) The relative mRNA expression levels of c-Myc in PANC-1 cells transfected with vector, exogenous
METTLS5, shCtrl or ssMETTLS5. (C) Predicted m°A modification sites on c-Myc mRNA. (D) Schematic representation of the site-specific m*A modification
removal. Stably transfected cell lines were established to remove the m°A modifications in the 5'UTR and CDS region (closer to the 5'UTR) of c-Myc mRNA
[dCas13d-ALKBHS5 + gRNAs (5'CDS)] and the m°A near the stop codon of c-Myc mRNA was removed [dCas13d-ALKBHS5 + gRNAs (SC)] in PANC-1
cells, respectively. The gRNA1 and gRNA2 were designed to lead dCas13d-ALKBHS near the m°A modification sites in the 5’'UTR and CDS region (left),
and gRNA3 and gRNA4 were designed to lead dCas13d-ALKBHS5 near the m°A modification near the stop codon (right). (E) c-Myc protein expression in
stably transfected dCas13d-ALKBHS5 + gRNAs (5'CDS), dCas13d-ALKBHS + gRNAs (SC), dCas13d-ALKBH5™" + gRNAs (5'CDS), dCas13d-ALKBH5™" +
gRNAs (SC), dCas13d-ALKBHS + gRNAs (scramble) and dCas13d + gRNAs (scramble) cells. c-Myc protein expression in (F) dCas13d-ALKBHS + gRNAs
(scramble) cells, (G) dCas13d-ALKBHS + gRNAs (5'CDS) cells and (H) dCas13d-ALKBHS + gRNAs (SC) cells transfected with vector, exogenous METTLS,
shCtrl or shMETTLS. Data are shown as the mean = SD (n=3). METTLS3, methyltransferase N6-adenosine; sh, short hairpin RNA; m°A, N6 methyladenosine;

CDS, coding DNA sequence; gRNA, guide RNA; ALKBHS5, RNA demethylase ALKBHS; UTR, untranslated region; mut, mutant; SC, stop codon.

target genes. Thus, the changes in protein levels of several
crucial oncogenes after METTLS overexpression or knock-
down were investigated to explore the potential candidates.
The results indicated that the expression of c-Myc was
positively regulated by METTLS in PANC-1 cells (Fig. 3A).
Notably, no significant differences in the mRNA expression
level of c-Myc were found between METTLS overexpression,
knockdown and corresponding controls (Fig. 3B). This indi-
cated that the regulation of METTLS on c-Myc was mainly
at the translation stage. Elevated c-Myc has been identified
to be a key driver of PDAC (22). Therefore, it was hypoth-
esized that the oncogenic effect of METTLS in PDAC may
be associated with the regulation of c-Myc translation. Thus,
the functional association between METTLS and c-Myc was

further examined in PDAC, and it was demonstrated that
the oncogenic effects of METTLS overexpression could be
abolished by c-Myc knockdown (Fig. S2E and F). These data
supported the hypothesis that METTLS promoted pancreatic
cancer progression by enhancing the translation efficiency of
c-Myc mRNA. Additionally, this supported the notion that the
mP®A modification plays an important role in mRNA transla-
tion.

However, according to the present data, not all mRNA
translations were regulated by METTLS (Fig. S3). Previous
studies have also mentioned that METTLS5-mediated 18S
rRNA mSA may fine-tune the translation of a particular subset
of mRNA (14,28), instead of influencing the basal translation
activity of ribosomes. Therefore, the underlying mechanism
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Figure 4. METTLS and TRMT112 may function together in pancreatic cancer. (A) Expression of TRMT112 in pancreatic cancer according to TCGA database.
(B) Analysis of the possible association between TRMT112 and METTLS mRNA expression in pancreatic cancer tissues according to TCGA database.
The combined overexpression of TRMT112 and METTLS5 further promoted (C) cell proliferation, (E) colony formation capacity, and (F) migratory and
(D) invasive abilities compared with METTLS overexpression alone in PANC-1 cells. TRMT112 knockdown abolished the effect METTLS overexpression on
(G) proliferation, (I) colony formation capacity, (J) migration and (H) invasion of PANC-1 cells. (K) Protein level of TRMT112 in PANC-1 cells expressing
shCtrl and shTRMT112. Data are shown as the mean + SD (n=3). "P<0.05, “P<0.01 and ““P<0.001. METTL35, methyltransferase N6-adenosine; TRMT112,
multifunctional methyltransferase subunit TRMT112-like protein; TCGA, The Cancer Genome Atlas; GTEX, Genotype-Tissue Expression; PAAD, pancreatic
adenocarcinoma; ctrl, control; OE, overexpression; TPM, transcripts per million.
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via which METTLS regulates the translation of specific genes
was further explored.

METTLS-mediated translation of c-Myc is associated
with m°A on c-Myc mRNA. m®A is the most abundant RNA
modification located on mRNA with a clear positioning
bias (1,4). Thus, it was speculated whether METTL5-mediated
translation regulation of specific mRNAs was related to m°A
modifications of these mRNAs, including the abundance and
distribution characteristics. A previous study reported that
mCA peaks of most genes were predominantly localized near
stop codons (29). EGFR, tafazzin, MAP kinase-activated
protein kinase 2 and DNA (cytosine-5)-methyltransferase 3A
have all been found to have one or more m°A peaks near the
stop codon, whereas c-Myc has more broadly distributed mSA
across multiple exons (29). Therefore, it was hypothesized in
the present study that the m°A modifications of c-Myc, in addi-
tion to the modification near the stop codon, may be associated
with its specific regulation by METTLS. Accordingly, the
predicted m®A modification sites of c-Myc were investigated
using bioinformatics. In addition to the four m®A modifica-
tion sites near the terminal region of the CDS, c-Myc was also
found to have two distinct m°A modification sites near the
translation initiation site, one in the 5S'UTR and another in the
CDS region near the 5S'UTR (Fig. 3C).

To gain insight into the involvement of m®A modifications
on c-Myc mRNA in METTLS5-mediated c-Myc translation
regulation, stably transfected cell lines were established
by applying a CRISPR-dRfxCasl13d-based fusion system
to fuse dCasl3d with an m°A demethylase ALKBHS
(dCas13d-ALKBHS5) (30-32), the m®A modifications in the
5'UTR and CDS region (close to the 5'UTR) of c-Myc mRNA
(named 5'CDS) were directly removed and the m°A near
the stop codon of c-Myc mRNA (named SC) was removed
in PANC-1 cells, respectively, in the presence of a specific
gRNA (Fig. 3D). Cells overexpressing dCas13d fused with
a catalytically inactive ALKBHS5 (dCas13d-ALKBH5™")
were used as a negative control. c-Myc expression was
decreased in both dCas13d-ALKBHS5 + gRNAs (5'CDS) and
dCas13d-ALKBHS + gRNAs (SC) cells compared with control
cells, indicating that the removal of m°A on mRNA at these
two regions affected the expression level of c-Myc (Fig. 3E),
and also demonstrated that this system was successful in
deleting the mSA at target sites of c-Myc mRNA.

Subsequently, METTLS was overexpressed or knocked
down in dCasl13d-ALKBHS5 + gRNAs (5'CDS), dCas13d-
ALKBHS + gRNAs (SC) and dCas13d-ALKBHS + gRNAs
(scramble) cells, and the c-Myc protein levels were compared
to evaluate the effects of these m®A alterations on the
METTL5-mediated c-Myc translation regulation. METTLS
overexpression and knockdown without m°A intervention
significantly mediated c-Myc translation levels (Fig. 3F).
METTLS5 overexpression and knockdown with the removal
of m°A near the translation initiation site failed to main-
tain translation increase and inhibition, indicating that
METTLS5-mediated regulation of c-Myc translation was greatly
weakened by the loss of m°A deposition at the 5UTR and CDS
region (near the 5S'UTR) of c-Myc mRNA (Fig. 3G). On the
other hand, METTL5-mediated c-Myc translation alteration
was only slightly affected by the removal of the four m°A

modifications near the stop codon (Fig. 3H). It was suspected
that the presence of m°A on 18S rRNA caused subtle changes
in the structure of rRNA that affect the translation efficiency
of specific mRNAs, while the distribution characteristics of
mP®A on mRNAs determined the significance of the influence.
Collectively, the mSA modifications of c-Myc mRNA played a
critical role in specific selective translation increase of c-Myc
by METTLS in PANC-1 cells.

METTLS5 and TRMTII2 may function together in pancreatic
cancer. TRMT112 acts as a cofactor for multiple methyltrans-
ferases and is involved in the modification of tRNA, rRNA
and various proteins (33). METTLS has been shown to form
a METTL5-TRMT112 m°A rRNA methyltransferase complex
to gain metabolic stability in cells (10). In addition, as a coacti-
vator of METTLS, TRMT112 is essential for the enzymatic
activity of METTLS, and may synergistically catalyze 18S
rRNA m°A methylation (28). In summary, TRMT112 plays an
important role in stabilizing METTLS and METTLS activity.
Compared with normal tissues, the expression of TRMT112
in PAAD tissue was also significantly upregulated (Fig. 4A),
and associated with the expression pattern of METTLS in
PDAC (Fig. 4B). Therefore, it was hypothesized that the
function of METTLS in PDAC may also be associated with
the involvement of its coactivator TRMT112.

To further investigate the underlying mechanisms of
METTLS and TRMT112, their abilities to influence cell prolif-
eration and invasion were compared by using established stable
cell lines transfected with different combinations of vectors
(METTLS5-OE, TRMT112-OE, shMETTLS, shTRMT112
and relative controls). Transfection of PANC-1-shTRMT112
cells was confirmed by analyzing the relative protein level
of TRMT112 (Fig. 4K). As expected, the oncogenic func-
tion of METTLS5 in PDAC was significantly enhanced when
TRMT112 was overexpressed simultaneously (Fig. 4C-F), and
exchange with each other led to similar trends (Fig. S4). In
addition, the oncogenic effects of METTLS5 could be abolished
by TRMT112 knockdown (Fig. 4G-J), and the oncogenic
effects of TRMT112 could also be abolished by METTLS
knockdown (Fig. S5). These results suggested that METTLS5
and TRMT112 may function together in pancreatic cancer.

Discussion

rRNA is highly abundant in the total RNA of cells, and
rRNA modifications play an important role in regulating
ribosome structure and functions (7). METTLS is a meth-
yltransferase that specifically catalyzes 18S rRNA m°A qs,,
which is located in a critical position in the decoding center,
and therefore suggests its potential importance in translation
regulation (10). However, the underlying mechanism via which
METTLS5-mediated translation regulation of specific genes,
and its biological functions are largely undefined. To the best of
our knowledge, the present study showed for the first time that
METTLS functioned as an oncogene, significantly promoting
cell proliferation, migration, invasion and tumorigenesis in
pancreatic cancer. The oncogenic function of METTLS5 may
involve an increase in c-Myc translation, while the oncogenic
effect of METTLS overexpression could be abolished by
c-Myc knockdown. Mechanistically, it was suggested that
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mC®A modifications at the 5UTR and CDS region (near the
5'UTR) of c-Myc mRNA played a critical role in the specific
selective translation regulation of c-Myc by METTLS5. In addi-
tion, it was further validated that METTLS and its cofactor
TRMT112 may function together in pancreatic cancer. Thus,
the METTLS/c-Myc pathway in PDAC was proposed, which
may represent a potential therapeutic strategy for treatment.

The 18S rRNA mSA,,;, modification is located in a
critical position in the decoding center, which indicates its
importance in mRNA translation processes. A recent study
indicated that METTLS promotes translation initiation, and
the METTL5-mediated m°A g5, modification may encourage
the decoding center to interact with mRNA undergoing
active translation (11). In the present study, it was verified that
METTLS enhanced the translation of c-Myc, which supported
the speculation that METTL5-mediated m°A modification
on rRNA plays an important role in translation regulation.
However, the present study and previous study observed that
not all mRNA translations were regulated by METTLS (28).
The mechanism via which METTLS regulates the translation
of a particular subset of mRNA is not clear. It was suggested in
the current study that the METTL5-mediated upregulation of
18S rRNA m°A q;, modification affected ribosome structure,
altering the affinity of ribosomes to mRNAs with specific
structural features or modifications. Thus, site-specific mSA
modification was directly removed on c-Myc to test whether
METTL5-mediated translation regulation of c-Myc was
related to m°A modifications of c-Myc mRNAs, including the
abundance and distribution characteristics. The results showed
that METTL5-mediated c-Myc translation was associated
with the m®A modifications on c-Myc mRNA, in which m°SA
modifications at the 5UTR and CDS region (near the 5S'UTR)
of c-Myc mRNA played a critical role in the specific transla-
tion regulation by METTLS. Meanwhile, METTL5-mediated
c-Myc translation alteration was only slightly affected by the
removal of the four mSA modifications near the stop codon.
It was indicated that the METTL5-mediated upregulation of
18S rRNA m°A ¢;, modification affected ribosome structure,
altering the affinity of ribosomes to the mRNAs with specific
structural features conferred by the m*A modifications. In this
case, the closer the m®A modification site to the initial region of
the translation on the mRNA, the more significant the impact
will be. This may be the reason that METTLS5-mediated c-Myc
translation alteration was still significant after the removal of
the four m®A modifications near the stop codon. In conclusion,
it was suggested that the presence of m®A on 18S rRNA causes
subtle changes in the structure of rRNA that affect the trans-
lation efficiency of specific mRNAs, while the distribution
characteristics of m°A on mRNAs determined the significance
of the influence. Notably, the functions of METTLS in the
translation of c-Myc may be cell-type specific. The abundance
of m®A modification of c-Myc mRNA varies in different cells,
which may lead to different regulatory effects of METTLS.
Further research is required to verify whether this underlying
mechanism is widely applicable to METTLS5-mediated
translation regulation in other genes.

As a coactivator of METTLS5, TRMT112 is essential for
the stabilization and enzymatic activity of METTLS and may
synergistically catalyze 18S rRNA m°A methylation (10). In
the present study, it was verified that the oncogenic function

of METTLS in PDAC was associated with the involvement
of its coactivator TRMT112. Additionally, the significant
effect of TRMT112 interference on the carcinogenic function
of METTLYS suggested that the role of METTLS in cancer
may depend on its catalytic activity. However, it could not
be excluded that METTLS also promotes cancer progres-
sion through other mechanisms, such as interactions with
key proteins. It will be interesting and important to further
investigate the potential molecular mechanisms of METTLS
in cancer in the future.

To conclude, to the best of our knowledge, the present
study revealed for the first time a distinct oncogenic role of
METTLS in pancreatic cancer. It was demonstrated that
METTLS promoted c-Myc translation, while the location
and abundance of c-Myc mRNA m°A modifications played a
critical role in the specific translation regulation by METTLS.
It was further validated that TRMT112, as a cofactor of
METTLS, is required for the oncogenic functions of METTLS
in pancreatic cancer.
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