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METTL5-mediated 18S rRNA m6A modification
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Intrahepatic cholangiocarcinoma (ICC) is a deadly cancer with
rapid tumor progression.While hyperactive mRNA translation
caused by mis-regulated mRNA or tRNA modifications pro-
motes ICC development, the role of rRNA modifications re-
mains elusive. Here, we found that 18S rRNA m6A modifica-
tion and its methyltransferase METTL5 were aberrantly
upregulated in ICC and associated with poorer survival (log
rank test, p < 0.05). We further revealed the critical role of
METTL5-mediated 18S rRNA m6A modification in regulation
of ICC cell growth and metastasis using loss- and gain-of func-
tion assays in vitro and in vivo. The oncogenic function of
METTL5 is corroborated using liver-specific knockout and
overexpression ICC mouse models. Mechanistically, METTL5
depletion impairs 18S rRNA m6A modification that hampers
ribosome synthesis and inhibits translation of G-quadruplex-
containing mRNAs that are enriched in the transforming
growth factor (TGF)-b pathway. Our study uncovers the
important role of METTL5-mediated 18S rRNAm6Amodifica-
tion in ICC and unravels the mechanism of rRNA m6A modi-
fication-mediated oncogenic mRNA translation control.

INTRODUCTION
Intrahepatic cholangiocarcinoma (ICC) accounts for 10%–20% of liver
cancer, with increasing incidence in developed countries.1,2 Most of
ICC patients are diagnosed at advanced disease stage due to the rapid
tumor progression. Advanced ICC is highly lethal even under aggres-
sive chemotherapy, with overall survival less than 12 months. Up to
now, there is only one targeted drug (FGF12 receptor inhibitor) selec-
tively used in a small subset of ICC patients.3 As such, understanding
the mechanism governing the ICC progression is critical for promoting
precise and effective targeted therapy for ICC.

Mis-regulated mRNA translation by abnormal RNAmodifications has
emerged as a new driving factor of cancer progression.4,5 For example,
m6Amodification in mRNA plays essential functions in promoting the
stability and translation of oncogenic transcripts, resulting in tumor
growth and recurrence.6,7 In addition, accumulating studies have
showed that modifications on tRNAs can drive tumor development
in various cancers, including ICC.8–10 Similar to mRNA and tRNA, ri-
bosomal RNA (rRNA) also contains abundant modifications.
Currently, more than 130 modifications have been identified in human
rRNA at approximately 210 sites.11 rRNA modifications in the ribo-
some translation machine are subjected to the functionally important
regions and are linked to ribosome biogenesis and protein synthesis.12

Some rRNA modifications, such as DKC1-mediated rRNA pseudour-
idylation, have been implicated in regulation of organ development and
cancer biology.13,14 In addition to controlling human physiology,
rRNA methylation is also functionally crucial to plant growth.15 For
instance, chloroplast mraW-like (CMAL) methyltransferase-mediated
N4-methylcytidine methylation in 16S chloroplast rRNA is responsible
for chloroplast biogenesis and photosynthesis. A mutant of CMAL
reduced chloroplast biogenesis, altered photosynthetic activity, and
stunted growth.16 These studies indicate that rRNA modifications
could have important functions in a wide range of physiological and
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pathological processes in different species; however, our understanding
of their roles still remains limited.

The m6A is one of the most abundant rRNA modifications and is
ubiquitously presented in human, worms, plants, etc.17–19 Two
rRNA m6A modifications in humans so far have been identified:
A4220 on 28S rRNA and A1832 on 18S rRNA.20,21 Recent studies
have revealed that rRNA m6A modifications could promote mRNA
translation and therefore are essential for fast-growing cells, including
stem cells and cancer cells.19,22–25 ICC is a highly lethal malignancy
characterized by rapid tumor growth and metastasis. Previous studies
have unraveled the importance of mRNA and tRNA modifications in
regulation of ICC progression.8,26,27 Nevertheless, the function of
rRNA m6A modification in ICC and the underlying mechanism
remain largely unknown.

In the present study, we revealed that the 18S rRNA m6A methyl-
transferase METTL5 is aberrantly overexpressed in ICC tumor and
associated with poor survival. Impaired 18S m6A modification signif-
icantly diminished the ICC growth andmetastasis in vitro and in vivo.
Mechanistically, loss of METTL5 preferentially affected the transla-
tion of those transcripts containing G-quadruplex (G4) motifs en-
riched in oncogenic signals such as transforming growth factor
(TGF)-b pathways that significantly inhibited ICC progression. Our
data uncover an important function of METTL5-mediated 18S
rRNA m6A modification in regulation of ICC progression and pro-
vide substantial evidence to support the novel link between rRNA
modifications and cancer development.

RESULTS
The 18S rRNA m6A methyltransferase METTL5 is upregulated in

ICC and correlates with poor survival

To explore the potential role of METTL5 in cancer progression, we
first examined the expression pattern of METTL5 across 24 solid can-
cer types using The Cancer Genome Atlas (TCGA) database. We
found that METTL5 was overexpressed in 15 of 24 tumor types
(62.5%) (Figure 1A). Notably, ICC (CHOL) was the top (ranked first)
METTL5-upregulated tumor among all indicated tumor types in
TCGA database (Figure 1A; CHOL samples: T = 34, N = 8). Besides,
we found that METTL5 level was predominantly elevated among
Figure 1. Elevated expression of methyltransferase METTL5 and 18S rRNA m6

(A) The relative expression levels of METTL5 in tumors (red box) and adjacent normal tiss

exon per million mapped fragments (FPKM) expression values in tumors were normal

METTL5 in 27 types of cancer cell line in the DepMap portal database. (C) Comparison

patients using RNA-seq data. (D) Comparison of METTL5 protein level between tumors a

Comparison of METTL5 protein level between ICC cell lines and normal bile duct cells. (F

related to D) and ICC cell lines (G, related to E). (H and I) Comparison of METTL5 expre

freshly frozen specimens. Representative images of high and low levels of METTL5 in h
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12 ICC patients examined by the m6A-IP-qPCRmethod. (K and L) Correlation between

patients. Stratification was based on the expression level as indicated by RNA-seq data

average level calculated from all of patients in tumors. Overall survival (OS): the interval be

the last follow-up visit. Recurrence-free survival: the interval from achieving treatment to t

Kaplan-Meier method. Data presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.0
various m6A methyltransferase in ICC (Figure S1). To corroborate
the relation between METTL5 and cancers, we next determined the
expression level of METTL5 in different cancer cells using the
DepMap portal, a well-established database consisting of reliable
data of nearly 3,000 cancer cell lines. Consistent with TCGA result,
METTL5 was also highly upregulated in cholangiocarcinoma cells
(ranked second) (Figure 1B). To further verify the functional link of
METTL5 in ICC, we analyzed RNA sequencing (RNA-seq) data of tu-
mors and paired non-tumor tissues from 118 ICC patients (Table S1).
In accordance with the observation from the online database, the
mRNA level of METTL5 was significantly elevated in ICC tumors
compared to paired non-tumor tissues (Figure 1C, p < 0.001;
Table S2). We also employed western blot assay and confirmed that
the protein level of METTL5 in both ICC tumors and cell lines was
aberrantly upregulated (Figures 1D–1G). In addition, TRMT112,
the important component of 18S rRNA m6A catalytic complex, is
also upregulated in ICC tumors (Figure S2). Immunohistochemistry
(IHC) staining further showed a substantially higher expression level
of METTL5 in ICCs relative to adjacent normal bile ducts (Figures 1H
and 1I; mean staining intensity: 0.41 ± 0.14 vs. 0.18 ± 0.06, p < 0.001).
Consistently, the 18S rRNA m6A modification level was profoundly
elevated in ICC tumors (Figure 1J). Kaplan-Meier analysis revealed
that the patients with higher METTL5 expression had shorter overall
survival time and developed more frequent tumor recurrence
(Figures 1K and 1L; log rank test, p < 0.05). Collectively, these results
strongly support that METTL5-mediated 18S rRNA m6A modifica-
tion could play important functions in ICC progression.

Deletion of METTL5 perturbs ICC growth and metastasis

To study the functions of METTL5 in ICC, we employed two com-
mon ICC cell lines (RBE and HuCCT1), and knocked out METTL5
expression using CRISPR-Cas9 lentiviral vectors. The knockout of
METTL5 was confirmed by western blot assays (Figures 2A and
2B). The levels of TRMT112 and 18S rRNA m6A modification were
remarkably reduced upon METTL5 depletion (Figures 2C and S3).
In particular, METTL5 knockout significantly reduced 18S rRNA
m6A modification at site 1832 as examined by the single-base elonga-
tion-and ligation-based qPCR amplification (SELECT) method (Fig-
ure S4). Mass spectrometry assays were employed to further verify
that METTL5 depletion impaired 18S rRNA m6A modification but
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ues (blue box) in 24 cancer types in TCGA database. The fragments per kilobase of

ized to those in corresponding normal tissues. (B) The relative expression levels of

of METTL5 mRNA level between tumors and adjacent normal tissues from 118 ICC

nd adjacent normal tissues from 12 ICC patients using freshly frozen specimens. (E)

and G) The quantitative analysis of METTL5 protein levels in human ICC specimen (F,

ssion level between tumors and adjacent normal tissues from 12 ICC patients using

uman ICC specimens were determined by IHC (H). The corresponding quantitative

ison of m6A fractions of 18S rRNA between tumors and adjacent normal tissues from

METTL5 expression level and overall survival (K) or recurrence-free survival (L) of ICC

. Higher METTL5 expression: patients with METTL5 expression level higher than the

tween the first resection to the date of death resulting from any cause or to the date of

he first recurrent tumor found radiologically. The survival fraction was analyzed by the

01. N, adjacent normal tissues; T, tumors; CHOL, ICC in TCGA.

Molecular Therapy Vol. 31 No 11 November 2023 3227

http://www.moleculartherapy.org


A B

C D

F

E

G

H I

J K

L

M N O P

(legend on next page)

Molecular Therapy

3228 Molecular Therapy Vol. 31 No 11 November 2023



www.moleculartherapy.org
did not affect 28S rRNA m6A modification and mRNA m6A modifi-
cation (Figures 2D and S5). Functionally, we found that loss of
METTL5 significantly inhibited cell growth in both ICC cell lines
(Figure 2E; p < 0.001). Moreover, knockout of METTL5 substantially
suppressed the migratory (RBE, negative control [NC] vs. sg1 =
136.7 ± 5.8 vs. 104.0 ± 12.2, p < 0.05 and NC vs. sg2 = 136.7 ± 5.8
vs. 86.3 ± 17.6, p < 0.01; HuCCT1, NC vs. sg1 = 45.0 ± 8.0 vs.
22.3 ± 3.8, p < 0.05 and NC vs. sg2 = 45.0 ± 8.0 vs. 14.0 ± 4.4,
p < 0.01) and invasive abilities (RBE, NC vs. sg1 = 229.5 ± 31.1 vs.
126.7 ± 23.6, p < 0.05 and NC vs. sg2 = 229.5 ± 31.1 vs. 109.2 ±

13.2, p < 0.01; HuCCT1, NC vs. sg1 = 34.0 ± 5.3 vs. 15.0 ± 5.7,
p < 0.01 and NC vs. sg2 = 34.0 ± 5.3 vs. 11.3 ± 5.0, p < 0.01) of
ICC cells (Figures 2F–2I). Wound-healing analysis further showed
that METTL5 depletion profoundly attenuates the ICC cell migration
(Figures 2J and 2K; wound closure, RBE, NC vs. sg1 = 58.8% ± 2.6%
vs. 38.9% ± 3.9%, p < 0.01 and NC vs. sg2 = 58.8% ± 2.6% vs. 33.2% ±

2.6%, p < 0.001; HuCCT1, NC vs. sg1 = 63.1% ± 5.6% vs. 42.6% ±

5.3%, p < 0.05 and NC vs. sg2 = 63.1% ± 5.6% vs. 45.3% ± 2.1%,
p < 0.01). Besides, similar functional inhibition could be also observed
in both ICC cell lines upon METTL5 knockdown using short hairpin
RNAs (shRNAs) (Figure S6), further solidifying the essential func-
tions of METTL5 in ICC growth and metastasis.

We then sought to examine the in vivo oncogenic function of
METTL5 using a lung metastasis mouse model. In this model,
HuCCT1 cells with or without METTL5 depletion were separately in-
jected into mouse bodies via tail vein injection, and the lung metas-
tasis was analyzed in each group (Figure 2L). Compared with the con-
trols, mice injected with METTL5-deleted HuCCT1 cells showed
lower metastatic ratio (Figures 2M and 2N; NC vs. sg1 vs. sg2 =
100% vs. 57.1% vs. 57.1%, p < 0.001), developed fewer and smaller
lung metastasis lesions (Figures 2O and 2P; tumor numbers, NC vs.
sg1 vs. sg2 = 3.14 vs. 0.86 vs. 0.57, p < 0.05; tumor diameters, NC
vs. sg1 vs. sg2 = 278.4 ± 127.9 mm vs. 134.3 ± 29.7 mm vs. 79.8 ±

20.1 mm, p < 0.05). Taken together, our in vitro and in vivo data
disclose a critical role of METTL5 in regulation of ICC progression.

METTL5 regulates the translation of G4-containing mRNAs

enriched in oncogenic TGF-b signal pathways

To interrogate how METTL5 regulated ICC progression, we first
asked whether METTL5 depletion perturbs mRNA translation since
Figure 2. Loss of METTL5 hampers ICC progression in vitro and inhibits tumor

(A and B) Western blotting confirmation of METTL5 depletion using two independent

quantified in the right panels. (C) Comparison of the m6A fraction levels of 18S rRNA be

Validation of the alteration of the m6A fraction levels of 18S rRNA between control an

spectrometry method. (E) MTX assay examining the growth in METTL5-depleted and c

METTL5-depleted and control RBE (F) and HuCCT1 (G) cells. Left panels: represe

between METTL5-depleted and control RBE (H) and HuCCT1 (I) cells. Left panels: repr

between METTL5-depleted and control RBE (J) and HuCCT1 (K) cells. Left panels: rep

design of caudal vein injection mouse metastasis model. (M) Representative images o

HuCCT1 cells from caudal vein using H&E staining. N = 7. Scale bar, 1 mm (L, top). Scale

metastasis between METTL5-depleted and control group. (O) Comparison of the numb

and control group. (P) Comparison of the tumor diameter in NCG mice between METTL

***p < 0.001 (one-way ANOVA; chi-squared test). sg1, single guide RNA (sgRNA)-MET
18S rRNA is an important component of ribosome 40S subunit and
some other rRNA modifications have been implicated in regulation
of ribosome maturation and gene expression.19,28 We performed pu-
romycin intake assays and found that METTL5 knockdown in RBE
and HuCCT1 cells impairs the global mRNA translation (Figure 3A).
We then examined the functional consequences of the METTL5-
mediated m6A modification on 18s rRNA. The RIP-qPCR data
showed that loss of METTL5 did not diminish the 18S rRNA level
(Figure S7) but reduced the binding between 18S rRNA and 40S sub-
unit protein RPS29 (Figure 3B; p < 0.001), indicating an impediment
of ribosome 40S subunit assembly. Consistently, the ribosome biosyn-
thesis was also impaired, as shown by the reduced levels of ribosome
proteins (Figures 3C and S8), which is in line with the observation of a
previous report.25

We then performed ribosome nascent-chain complex-boundmRNA-
seq (RNC-seq) to examine the alteration of mRNA translation upon
METTL5 depletion in HuCCT1 cells. Analysis of RNC-seq data iden-
tified 3,964 transcripts with decreased translation ratio (TR) and 216
transcripts with increasedTR (Figure 3D; Table S3). Due to the pertur-
bations of 40S subunit and ribosome assembly upon METTL5 deple-
tion, we proposed that mRNA G4 motifs could be a potential regula-
tory factor since the G4-containing mRNAs have been reported to be
translationally inhibited by the stalled 40S ribosomal subunits.29,30

Based on the identified G4 mRNA list from previous work
(Table S4),31 our RNC-seq data showed that 52.8% of the TR-down
transcripts upon METTL5 depletion were G4 mRNAs, while only
3.2% of TR-up transcripts contained G4 structure (Figure 3E; chi-
squared test, p < 0.001). In addition, we found that the TR of G4
mRNAs were lower upon METTL5 knockdown compared to the
non-G4 mRNAs (Figure 3F; p < 0.001), further indicating the impor-
tant role of G4 structure in regulation of METTL5-mediated mRNA
translation control. Moreover, the length of 50 UTR of TR-down tran-
scripts tended to be shorter than the TR-up transcripts (Figure 3G;
p < 0.001). Further analysis showed that shorter 50 UTR length is
linked to lower TR upon METTL5 depletion (Figure S9). This obser-
vation could possibly be explained by the established concept that the
translation of mRNAs with shorter 50 UTR is more susceptible to a
reduction in ribosome levels. Collectively, these data demonstrate
that METTL5-mediated 18S rRNA modification could regulate ribo-
some synthesis and translation of a subset of transcripts.
metastasis in vivo

lentiCRISPR-METTL5 plasmids in RBE (A) and HuCCT1 (B) cells. The bands are

tween control and METTL5-depleted ICC cells using the m6A-IP-qPCR method. (D)
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To further identify the key downstream targets of METTL5, Wiki-
pathway cancer analysis was employed using the global mRNAs or
G4 mRNAs with decreased TR in METTL5-depleted cells, respec-
tively. Of note, TGF-b signal pathway is overlapped and significantly
enriched in both datasets (Figures 3H and 3I). TGF-b pathway is a
classic oncogenic signal for supporting cancer cell proliferation
and metastasis. We found TGFBR1, a key regulator of TGF-b
pathway,32,33 was significantly downtranslated uponMETTL5 knock-
down (Table S3), while it is also a well-known G4-containing
mRNA,31 and we thus selected TGFBR1 as a representative target
of METTL5-mediated 18S rRNA m6A modification. The western
blot assays showed that loss of METTL5 significantly diminishes
TGFBR1 protein level. Consistently, the activation of corresponding
downstream signals was also inhibited, as shown by the reduced phos-
phorylation of Smad2 and Smad3 (Figures 3J, 3K, and S8). We then
further performed RNC-qPCR assays and found that METTL5 deple-
tion had little effect on the TGFBR1 mRNA level but significantly
decreased its TR (Figures 3L and 3M). Of note, loss of METTL5
did not affect TGFBR1 mRNA m6A modification level (Figure 3N).
Together, our data uncover the unappreciated role of METTL5-medi-
ated 18S rRNA m6A modification in regulation of oncogenic mRNA
translation via G4s in ICC.

Phenotype defect upon METTL5 depletion is partially abrogated

by TGFBR1 overexpression in ICC

To functionally validate the link between METTL5 and the transla-
tion-affected oncogenic mRNAs, we performed rescue assays by over-
expressing TGFBR1 inMETTL5-deleted RBE andHuCCT1 cells. The
western blot data showed significant overexpression of TGFBR1 and
knockdown of METTL5 in both cell lines (Figures 4A–4F). Notably,
while knockdown ofMETTL5 remarkably suppressed ICC cell migra-
tion and invasion, ectopic expression of TGFBR1 could partially
restore the ICC cell migratory (Figures 4G–4J; RBE, sgNC+oeNC
vs. sgNC+oeR1 vs. sgM5+oeNC vs. sgM5+oeR1 = 155.3 ± 5.0 vs.
168.0 ± 2.0 vs. 33.3 ± 4.2 vs. 72.3 ± 2.5; HuCCT1, sgNC+oeNC
vs. sgNC+oeR1 vs. sgM5+oeNC vs. sgM5+oeR1 = 170.3 ± 2.5 vs.
190.0 ± 10.0 vs. 28.0 ± 2.0 vs. 90.0 ± 10.1) and invasive abilities
(Figures 4K–4N; RBE, sgNC+oeNC vs. sgNC+oeR1 vs. sgM5+oeNC
vs. sgM5+oeR1 = 113.7 ± 3.2 vs. 121.3 ± 4.2 vs. 26.3 ± 1.5 vs. 54.0 ±
Figure 3. METTL5 regulates oncogenic mRNAs translation via G4s

(A) Puromycin intake assays examining global mRNA translation of RBE (left) and HuCCT

protein samples were detected by western blot using anti-puromycin antibody. (B) Exami

control and METTL5-depleted HuCCT1 cell. (C) Western blot assays examining the ribo

depletion using the lentiCRISPR-sgRNA-METTL5 system. (D) Scatterplot of TR alteratio

by dividing the ribosome binding transcripts signals to the input RNA-seq signals. Do

upregulated TR upon METTL5 depletion. Others: transcripts with stable TR upon MET

between the TR-down and TR-up transcripts upon METTL5 depletion. The list of G4-co

mRNAs with or without G4s upon METTL5 depletion. (G) The quantitative compariso

METTL5 depletion. (H) Wikipathway analysis of the TR-down mRNAs upon METTL5

METTL5 depletion. (J and K) Validation of the expression or activation of candidate down

depletion. (L and M) qRT-PCR analysis of representative genes of RNC and input sampl

indicated transcripts. (N) Examination of the m6A modification levels of TGFBR1 mRN

method. Data presented as mean ± SD. **p < 0.01, ***p < 0.001 (chi-squared test; W

sg1, sgRNA-METTL5-1; sg2, sgRNA-METTL5-2.
5.3; HuCCT1, sgNC+oeNC vs. sgNC+oeR1 vs. sgM5+oeNC vs.
sgM5+oeR1 = 123.3 ± 6.1 vs. 145.3 ± 5.0 vs. 43.3 ± 6.1 vs. 87.7 ±

2.5), further corroborating the important target role of TGFBR1
upon METTL5 depletion. Altogether, these data further support
that METTL5 deficiency disrupts the identified oncogenic mRNA
expression that can regulate ICC progression.

Liver-specific knockout of Mettl5 inhibits ICC development

in vivo

To further determine the oncogenic role of METTL5 in the regulation
of ICC progression in vivo, we generated the Alb-Cre;Mettl5fl/fl (con-
ditional knockout [cKO]) and Mettl5fl/fl (control [ctrl]) C57BL/6
mice. We then performed hydrodynamic transfection of AKT
(myr-AKT) and Yap (YapS127A) plasmids to the abovementioned
mice to established orthotopic ICC tumorigenesis models (Fig-
ure 5A).8,34,35 Knockout of Mettl5 was validated by western blot
(Figures 5B and 5C) and qRT-PCR assays (Figure 5D), respectively.
By 6 weeks after transfection, the livers of control mice exhibited dra-
matic pathological enlargement, while no obvious volume alteration
of livers was observed in Mettl5-cKO mice (Figures 5E and 5F).
Consistently, the tumor burden, as indicated by the liver weight,
was significantly decreased in Mettl5-cKO mice compared to that
in control mice (Figures 5G and 5H; liver weight, ctrl vs. cKO =
5.33 ± 2.7 g vs. 1.32 ± 0.15 g, p < 0.01). Hematoxylin and eosin
(H&E) staining revealed that the control mice developed a large num-
ber of tumor lesions; however, strikingly, no tumors but only weak
steatosis-like changes were found in the livers of Mettl5-cKO mice
(Figures 5I and 5J). Histological analysis further revealed that
CK19, a classic biomarker of ICC, was highly expressed in these tu-
mor lesions (Figure 5K, staining intensity, ctrl vs. cKO = 0.16 ±

0.03 vs. 0.10 ± 0.02, p < 0.001; Figure S10). Notably, the tumors in
control mice showed a high proliferative activity, as indicated by
the significantly increased number of Ki67-positive cells (Figure 5L,
staining intensity, ctrl vs. cKO = 0.02 ± 0.005 vs. 0.007 ± 0.002,
p < 0.001; Figure S10). Consistently, the protein levels of downstream
target TGFBR1 and ribosomal proteins RPL31 and RPS29 were
decreased in the Mettl5-cKO mice (Figures 5M and S11), while their
mRNA levels remained unchanged (Figure 5N). Overall, these data
provide bona fide evidence to further clarify the oncogenic function
1 (right) cells with or without METTL5 depletion using the corresponding siRNA. Total

nation of the binding between 18S rRNA and ribosome 40S subunit protein RPS29 in

some protein levels of RBE (top) and HuCCT1 (bottom) cells with or without METTL5

n in METTL5-depleted RBE cells compared to the control cells. TRs were calculated

wn: transcripts with decreased TR upon METTL5 depletion. Up: transcripts with

TL5 depletion. (E) The quantitative comparison of ratios of G4-containing mRNAs

ntaining mRNAs originated from the previous study. (F) Violin plot of TR alteration of

n of 50-UTR length of mRNAs between the TR-down and TR-up transcripts upon

depletion. (I) Wikipathway analysis of the GG4-containing TR-down mRNAs upon

stream signals by western blot assays in RBE (J) and HuCCT1 (K) cells uponMETTL5

es in HuCCT1 and RBE cells. Left: TR of indicated transcripts. Right: mRNA levels of

A between the control and METTL5-depleted ICC cells using the m6A RIP-qPCR

ilcoxon rank-sum test; one-way ANOVA). NC, negative control; siM5, siMETTL5;
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of Mettl5-mediated 18S rRNA m6A modification in fueling ICC
development in vivo.

Overexpression of wild-type METTL5, but not its

methyltransferase inactive mutant, promotes ICC progression

Next, we performed gain-of-function studies to investigate the regula-
tory effect of METTL5-mediated 18S rRNAm6A modification in ICC.
Of note, ectopic expression of wild-type (WT) METTL5 but not the
catalytic-site-mutated METTL5 increased the expression levels of
TGFBR1, RPL31, RPS29, and TRMT112 (Figures 6A, S12, and S13).
Correspondingly, the level of 18S rRNA m6A modification was signif-
icantly elevated upon WT METTL5 overexpression, whereas catalyti-
cally inactive METTL5 had little effect on the m6A modification level
(Figure 6B; p < 0.001). Functionally, overexpression of WT METTL5
significantly enhanced the ICC cell migration (Figures 6C and 6D;
RBE, NC vs. WT = 94.3 ± 53.6 vs. 256.0 ± 34.9, p < 0.05 and WT vs.
M5-mut = 256.0 ± 34.9 vs. 121.0 ± 39.1, p < 0.05; HuCCT1, NC vs.
WT = 78.0 ± 12.0 vs. 198.7 ± 8.1, p < 0.001 and WT vs. M5-mut =
198.7 ± 8.1 vs. 139.0 ± 15.7, p < 0.01), invasion (Figures 6E and 6F;
RBE, NC vs. WT = 26.5 ± 5.3 vs. 66.8 ± 9.1, p < 0.001 and WT vs.
M5-mut = 66.8 ± 9.1 vs. 40.3 ± 2.5, p < 0.01; HuCCT1, NC vs.
WT = 173.3 ± 19.4 vs. 281.0 ± 35.7, p < 0.05 and WT vs. M5-mut =
281.0 ± 35.7 vs. 177.3 ± 20.5, p < 0.05) and wound-healing ability
(Figures 6G and 6H; wound closure, RBE, NC vs. WT = 33.8 ± 3.1
vs. 57.9 ± 1.2, p < 0.001 and WT vs. M5-mut = 57.9 ± 1.2 vs. 38.5 ±

1.1, p < 0.001; HuCCT1, NC vs. WT = 38.7 ± 2.0 vs. 59.9 ± 1.3,
p < 0.001 and WT vs. M5-mut = 59.9 ± 1.3 vs. 33.8 ± 3.6,
p < 0.001). Nevertheless, methyltransferase-inactive mutant METTL5
did not promote ICC progression. Collectively, these results demon-
strate that the 18S rRNA m6A methyltransferase activity is critical
for METTL5’s function in ICC progression.

Liver-specific overexpression of Mettl5 promotes in vivo ICC

progression

To further verify the cancer-promoting functions of METTL5-medi-
ated 18S rRNAm6Amodification in ICC,Mettl5 overexpression plas-
mids were co-injected with AKT/YapS127A plasmids to determine
whether Mettl5 overexpression promotes ICC progression in vivo
(Figure 7A). Overexpression of Mettl5 in mouse liver was validated
after transfection (Figures 7B and S14). The protein level of Mettl5
was also elevated, accompanied with the upregulated expression of
TGFBR1 and ribosomal proteins (Figures 7C and S14), indicating
the reliability of this model. Notably, while AKT/YapS127A/Mettl5
(OEMettl5) mice developed heavy tumor burdens by 4 weeks after
plasmid injection, only a few small tumors presented in the liver of
AKT/YapS127A/empty vector (ctrl) mice (Figures 7D and 7E).
Figure 4. Overexpression of downstream target TGFBR1 rescues the METTL5

(A) Validation of theTGFBR1 overexpression in RBE cells with or without METTL5 dep

METTL5 expression levels related to (A). (D) Validation of theTGFBR1 overexpression in H

The quantitative data of TGFBR1 andMETTL5 expression levels related to (D). (G–J) Ove

HuCCT1 (I and J) cells. (G and I) The representative images. (H and J) The quantitative da

and L) and HuCCT1 (M and N) cells. (K and M) The representative images. (L and N) The

(one-way ANOVA). sgM5, sgRNA-METTL5-1; oeR1, overexpression of TGFBR1. Scale
Also, the liver weight of OEMettl5 mice was much higher than that
of control mice (Figures 7F and 7G; liver weight, ctrl vs. OEMettl5 =
2.0 ± 0.69 g vs. 4.9 ± 2.0 g, p < 0.05). Pathological examination by
H&E staining illustrated that OEMettl5 mice had a significantly
increased number of tumor lesions compared to control mice
(Figures 7H and 7I; tumor number, ctrl vs. OEMettl5 = 4.1 ± 2.3
vs. 15.0 ± 3.2, p < 0.001). In addition, IHC assay showed that tumor
lesions in both OEMettl5 and control mice exhibited positive CK19
staining, demonstrating the tumorigenesis of ICC (Figures 7J and
S15). Of note, the liver Mettl5-overexpressing mice showed a higher
percentage of Ki67-positive cells than the control mice (Figure 7K,
staining intensity, ctrl vs. OEMettl5 = 0.09 ± 0.02 vs. 0.15 ± 0.03,
p < 0.01; Figure S15). Consistently, the ICC tumors in OEMettl5
mice conferred higher global mRNA translation level relative to the
controls (Figure 7L), while the mRNA levels of TGFBR1 and ribo-
somal proteins remained unchanged (Figure 7M). Taken together,
these results substantiate the crucial function of Mettl5 in promoting
ICC progression in vivo.

DISCUSSION
Translational dysfunction caused by aberrant RNA modifications is a
hallmark of cancers and emerges as a new regulatory layer of driving
tumorigenesis. While mRNA and tRNA modifications have been
extensively studied in cancers, little cancer-related function is known
about the rRNA modifications. In fact, it has been reported that the
rRNA modification is crucial for the stress resistance and lifespan
in yeast and worms,25,36 indicating an important role of rRNA
modification in modulating biological activity. Recently, the 18S
rRNA m6A modification and its newly identified methyltransferase
METTL5 have been connected to various developmental diseases;
for example, mutation of METTL5 could led to autosomal-recessive
intellectual disability and microcephaly.37–39 In line with these obser-
vations, several studies have disclosed that METTL5-mediated 18S
rRNA m6A modification is essential for stem cell differentia-
tion.22,23,40 However, the role of METTL5-mediated 18S rRNA
m6A modification in cancers remains poorly understood. In the pre-
sent study, we found that METTL5 is highly upregulated in multiple
cancers, especially in ICC, and showed a close link to poor survival of
ICC patients (log rank test, p < 0.05). These results are in accordance
with the observation that METTL5 associates with the prognosis or
drug resistance in cancers.41–45 More importantly, we further pro-
vided substantial in vitro and in vivo data to reveal the critical role
of METTL5-mediated 18S rRNA m6A modification in promoting
ICC cell growth and metastasis. The dramatic prevention of ICC
tumorigenesis in Mettl5 knockout mice and the rapid progression
of ICC development in Mettl5 overexpression mice strongly
depletion-induced ICC phenotype impairment

letion using western blot assays. (B and C) The quantitative data of TGFBR1 and

uCCT1 cells with or without METTL5 depletion using western blot assays. (E and F)

rexpression rescued the migration capacity of METTL5-depleted RBE (G and H) and

ta. (K–N) Overexpression rescued the invasion capacity of METTL5-depleted RBE (K

quantitative data. Data presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001

bar, 200 mm. All the assays were biologically repeated three times.
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demonstrated the oncogenic function of METTL5-mediated 18S
rRNA m6A modification. Since the functional study of rRNA modi-
fications in cancers is at the initial stage, our data support the impor-
tance of translation control in regulation of tumor progression modu-
lated by rRNA modification level.

Despite the vital effect of METTL5-mediated 18S rRNA m6A modi-
fication in cancers, the underlying mechanism remains poorly under-
stood. In this study, we found that depletion of METTL5 significantly
inhibits the global mRNA translation. This phenomenon is also sup-
ported by recent studies.24,25 Accumulating studies have revealed that
rRNAmodifications are preferentially located in conserved functional
sites, indicating that rRNA modifications play important roles in
ribosome maturation, thus regulating the mRNA translation.12,46

We found that loss of METTL5 decreases the 18S rRNA m6A modi-
fication level and perturbs the ribosome synthesis. The alteration of
ribosome level could affect mRNA translation. Previous studies
have demonstrated that rRNA modifications could regulate a subset
of transcripts by altering the affinity of ribosomes.47–50 More recently,
several studies have also revealed the internal ribosome entry sites
(IRESs) or 50-terminal oligopyrimidine (50- TOP) motif-dependent
mechanism in METTL5-mediated abnormal mRNA translation,24,25

here, interestingly, we disclosed that part of the translation-affected
mRNAs upon METTL5 knockdown share the G4 motif. These
affected mRNAs and G4 mRNAs are both enriched in oncogenic
TGF-b signals that are verified to be able to reverse the METTL5-
mediated ICC phenotype change, raising an additional molecular
mechanism regulated by METTL5. G4s are non-canonical structures
organized in stacks of tetrads formed by G-rich RNA sequences in
which four guanines are assembled in a planar arrangement.51 It
has been reported that G4s are associated with stalled 40S ribosomal
subunits and reduced ribosome progression.30 Indeed, 18S rRNA is
the essential component of 40S subunit, and our data indicated that
impaired METTL5-mediated 18S rRNA modification diminishes
40S subunit and ribosome synthesis. Therefore, the bias of G4-con-
taining mRNA translation could be an explainable and understand-
able mechanism for METTL5-mediated ICC progression, which
would help expand our understanding of the complex biology regula-
tion of rRNA modifications and provide a more comprehensive
framework for dissecting the abnormal mRNA translation in tumors.

ICC is a highly aggressive and fatal disease with active mis-regulated
translation.8,52 Several new drugs targeting mutation, e.g., IDH1 in-
hibitor, showed mild therapeutic efficacy and was restricted to a mi-
Figure 5. Liver-specific knockout of Mettl5 suppresses ICC tumorigenesis

(A) The diagram of experiment design. (B andC) Protein level validation of conditional Met

is shown in (B). The quantitative data are present in (C). (D) mRNA level validation of Mett

in control and cKO mice at 6 weeks after plasmids transfection. (F) Representative gros

indicated by the liver weight (G) and the ratio of liver weight to body weight (H) between c

cKO mouse livers (I). The numbers of tumor lesions in control and cKO mouse livers wer

and L) IHC staining of CK19 (K) and Ki67 (L) in control and cKO mouse livers (left). The c

bar, 100 mm (K and L, bottom). (M) The protein levels of TGFBR1 and ribosome protein

proteins in control and cKO mouse livers. Data are presented as mean ± SD. **p < 0.0
nor subset of patients.53,54 Our previous study has indicated that tar-
geting abnormal translation in ICC might be a promising strategy.8

However, some attempts, such as mammalian target of rapamycin
(mTOR) inhibitor, targeting translation machines are frequently
associated with organ toxicity. Interestingly, knockout of METTL5
in certain human cells, including cancer cells, did not result in growth
inhibition.25,37 In our study, complete loss of METTL5 significantly
suppresses ICC cell malignant phenotypes. These data implicate
that METTL5-mediated functional alteration is complex and depends
on different stress conditions. In this context, METTL5 might be an
appealing target for translation inhibition in ICC that helps create
safe therapeutic windows for ICC treatment.

In conclusion, we reveal the important oncogenic functions of
METTL5-mediated 18S rRNA m6A modification in ICC develop-
ment and provide novel insight into the mechanism underlying the
rRNA modification-G4-mediated oncogenic mRNA translation con-
trol. These findings could be of benefit for developing new strategies
targeting abnormal translation for effective ICC treatment from the
rRNA modification layer.
MATERIALS AND METHODS
Patient samples

Fresh ICC tumors and paired adjacent normal tissues were collected
and were then frozen in liquid nitrogen from 12 ICC patients who had
undergone surgical treatment in the First Affiliated Hospital of Sun
Yat-Sen University. These specimens were used for examining the
expression levels of METTL5 and 18S rRNA m6A modification. In
addition, total RNA samples of tumors and adjacent normal tissues
from 118 ICC patients were available for high-throughput RNA-
seq. Written informed consent had been obtained from each patient
and ethical approval was obtained by the Institutional Review Board
of the First Affiliated Hospital of Sun Yat-Sen University.
Cell lines and cell culture

The human ICC HuCCT1 cell line was obtained from Japan Health
Sciences Foundation Resources Bank (Osaka, Japan). The human
ICC RBE cell line and HEK293T cell line were purchased from Chi-
nese Type Culture Collection (Shanghai, China). HuCCT1 and RBE
cell lines were cultured in RPMI 1640 medium (GIBCO). The
HEK293T cell line was cultured in DMEMmedium (GIBCO). All cul-
ture media were supplemented with 10% fetal bovine serum (GIBCO,
USA) and 1% penicillin and streptomycin (GIBCO, USA). All cell
tl5 knockout (cKO) in mouse livers using western blot assays. A representative image

l5 knockout in mouse livers using qRT-PCR assays. (E) Comparison of tumor burden

s images of control and cKO mouse livers. (G and H) Comparison of tumor burden

ontrol and cKO mice. (I and J) Representative images of H&E staining of control and

e evaluated and compared (J). Scale bar, 2 mm (I, left); scale bar, 100 mm (I, right). (K

orresponding statistical data are shown (right). Scale bar, 1 mm (K and L, top); scale

s in control and cKO mouse livers. (N) The mRNA levels of TGFBR1 and ribosome

1, ***p < 0.001 (Student’s t test). Ctrl, control; cKO, cKO of Mettl5.

Molecular Therapy Vol. 31 No 11 November 2023 3235

http://www.moleculartherapy.org


A B

C D

FE

G H

Figure 6. The 18S rRNA m6A modification methyltransferase activity is required for METTL5-mediated ICC progression

(A) Western blot assays examining WT and methyltransferase-inactive METTL5 overexpression as well as TGFBR1 and ribosome proteins expression in RBE (left) and

HuCCT1 (right) cells. (B) Effects of forced expression of WT and methyltransferase-inactive METTL5 on 18S rRNA m6A fraction levels in RBE (left) and HuCCT1 (right) cells

determined by the m6A-IP-qPCR method. (C and D) Cell migration analysis of RBE (C) and HuCCT1 (D) cells with forced expression of WT or methyltransferase-inactive

METTL5. Left: representative images. Right: quantitative data. (E and F) Cell invasion analysis of RBE (E) and HuCCT1 (F) cells with forced expression of WT or methyl-

transferase-inactive METTL5. Left: representative images. Right: quantitative data. (G and H) Wound-healing assays of RBE (G) and HuCCT1 (H) cells with forced expression

of WT or methyltransferase-inactive METTL5. Left: representative images. Right: quantitative data. Data presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 (one-

way ANOVA). NC, empty vector; WT, overexpression of WT METTL5; M5-Mut, overexpression of methyltransferase-inactive mutant METTL5. Scale bar, 200 mm. All the

in vitro assays were biologically repeated three times.
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lines were cultured in 5% CO2 incubators (Thermo Scientific, USA)
at 37�C.

Animals

Six-week-old male NCG mice were purchased from GemPharmatech
(Jiangsu, China). Male Alb-Cre transgenic mice (8 weeks old) were ob-
3236 Molecular Therapy Vol. 31 No 11 November 2023
tained from Shanghai Model Organisms Center. Female Mettl5 fl/wt

mice (8 weeks old) were purchased from Biocytogen (Beijing, China).
All animal research was approved by the Institutional Ethics Commit-
tee for Clinical Research and Animal Trials of the First Affiliated
Hospital of Sun Yat-Sen University and were in compliance with the
Reporting of In Vivo Experiments (ARRIVE) guidelines.
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Plasmid construction, lentiviral transduction, and small

interfering RNA knockdown

For overexpressing WT METTL5 and TGFBR1, full-length open
reading frame (ORF) of human METTL5 gene (NM_001293186.2)
and TGFBR1 (NM_001130916.3) were separately cloned into the
pCDH vector. Methyltransferase inactive METTL5 plasmid was con-
structed by N126A and F129Amutation.55 Lentiviral vectors express-
ing lentiCRISPR-NC and lentiCRISPR-METTL5 and lentiviral
pLKO.1 METTL5 shRNAs were obtained from Horizon Discovery,
China. To produce lentivirus, packaging vector pCMVDR8.9 and en-
veloped vector pCMV-VSVG were co-transfected with lentiviral vec-
tors into HEK293T cells by Lipofectamine 3000 reagent (Invitrogen,
USA). HuCCT1 and RBE cells were transfected with the lentivirus
with 8 mg/mL Polybrene (Solarbio, China). The stable infected cells
were selected with puromycin (2.5 mg/mL) (Solarbio, China). Finally,
western blot assays were employed to examine the protein expression
levels of METTL5 and TGFBR1. Small interfering RNAs (siRNAs)
were purchased from Ribobio, China, and Lipofectamine 2000 was
used to perform the siRNA transfection according to the manufac-
turer’s protocol.

H&E and IHC staining

The H&E and IHC protocols were performed as previously
described.8,56 Briefly, ICC tissues were fixed for 24 h with 10% neutral
buffered formalin and embed in paraffin. The paraffin-embedded tis-
sues were then sliced into 4-mm-thick sections, were dewaxed in
xylene, and then were rehydrated in a decreasing concentration
gradient of ethanol. For H&E staining, the sections were subsequently
stained with H&E. For IHC staining, the slides were heated for anti-
gen retrieval for 2.5 min and were then blocked in 20% goat serum for
30 min, followed by incubation with primary antibodies targeting
METTL5, CK19, and Ki67 overnight at 4�C. Real Envision Detection
System (DAKO) was used to enlarge and visualize the protein signals
according to the manufacturer’s protocol. After hematoxylin staining,
sections were separately dehydrated in increasing concentrations of
ethanol and xylene. All slides were scanned by a ZEISS Axio
Scan.Z1 Slide Scanner (AxioScan.Z1, ZEISS, German).

IHC data analysis

Integrated optical density (IOD), the cumulative value of the optical
density (OD) and the area of the target region, was adopted to calcu-
late the mean intensity per field (IOD/area) to reflect the target pro-
tein expression level. The exact IOD and area value were obtained us-
Figure 7. Liver-specific overexpression of Mettl5 promotes ICC progression

(A) Diagram of experiment design. (B) mRNA level validation of Mettl5 overexpression

Mettl5 overexpression and TGFBR1 as well as ribosome protein expression in mouse
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ing the Omage-Pro Plus 6.0 software (Media Cybernetics, https://
www.mediacy.com/imageproplus). Briefly, the selected IHC image
was loaded in the software and the background calibration was per-
formed. Then the positive staining regions were labeled using the
embedded color segmentation module based on the fixed threshold
value of hue, saturation, and intensity (HSI). After the parameters
were input, IOD and area values were outputted by theMeasure mod-
ule. The average value of intensity per field derived from five
randomly selected regions of interest that were finally used as the in-
dex of target protein level. For the histological analysis, the normal
bile ducts, blood vessels, and lymphatic vessels were recognized de-
pending on morphological features. Histologically, the bile ducts
are mainly located in the portal regions with small lumen-like struc-
tures and complete basilar membranes. Moreover, the inner walls of
the bile ducts are lined with single cubic epithelial cells. For the small
blood vessels, the inner walls are lined with single flat endothelial
cells, in addition, erythrocytes can be observed in some blood vessels.
The lymphatic vessels are also covered by the single flat endothelial
cells in inner walls with incomplete basilar membranes. However,
the lumen of lymphatic vessel is often irregular, showing a fissure-
like, thin-walled structure. These vessel structures were differentiated
according to the abovementioned key histological features.

RNA isolation, reverse transcription, and qRT-PCR

Total RNAs were extracted by TRIzol reagent (Invitrogen, USA).
PrimeScript RT Reagent Kit (Takara, Japan) was used for reverse
transcription. The cDNA samples were diluted and utilized for
qRT-PCR using TB Green Premix Ex Taq II Kit (Takara, Japan) in
the LightCycler 480 real-time PCR system (Roche, USA) according
to the manufacturer’s instructions. The housekeeping gene b-actin
was used as an internal control to calculate relative mRNA expression
levels. Each sample was repeated three times.

Anti-m6A immunoprecipitation qPCR

The m6A immunoprecipitation (IP)-qPCR assay was performed as
previously described.24 Briefly, total RNA was extracted from ICC tis-
sues or cell lines using TRIzol. Total RNA of 2 mg was incubated with
5 mL of RNasin (40 U/mL), 100 mL of 5� IP buffer, and 2 mL of m6A-
specific antibody or immunoglobulin (Ig) G in a final volume of
500 mL with DEPC H2O at 4�C overnight. Protein A/G magnetic
beads were washed twice with 1� IP buffer, blocked with BSA
(0.5 mg/mL) for 2 h, and were then washed twice with 1� IP buffer.
Subsequently, the beads were spun down and the supernatant was
(OEMettl5) in mouse livers using qRT-PCR assays. (C) Protein level examination of

livers using western blot assays. (D) Comparison of tumor burden in control and
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discarded. The above reactions were transferred to washed beads and
were incubated with the beads at 4�C for 2 h. Thereafter, the
beads were spun down followed by removing the supernatant. The
beads were subjected to TRIzol for further RNA extraction and
qRT-PCR assays using 18S rRNA primers.
SELECT method

SELECT was performed according to Epi-SELECTm6A site identifica-
tion kit (EP-biotek, China). Briefly, the designed up and down probes
flanking the m6Amodification site at position 1,832 were annealed, fol-
lowed by extension of a single base using SELECT DNA polymerase
and nicking of the junction using SELECT Ligase. qPCR assays were
then performed to measure the m6A level at the targeted site.
The probes and primers used for SELECT in the study are provided
below: up probe, tagccagtaccgtagtgcgtgCACCTACGGAAACCTTG;
down probe, TACGACTTTTACTTCCTCTAcagaggctgagtcgctgcat;
qRT-PCR forward primer, 50-ATGCAGCGACTCAGCCTCTG-30;
qRT-PCR reverse primer, 50-TAGCCAGTACCGTAGTGCGTG-30.
Liquid chromatograph-mass spectrometry

Total cell RNA samples of 2 mg were electrophoresed at 100 V for
20 min in Tris-borate-EDTA (TBE) solution using 1.5% agarose
gel. Under ultraviolet light, 28S and 18S rRNA were separated by
gel cutting and were extracted from the gel using a ZR small-RNA
PAGE Recovery kit (Zymo Research, R1070). Total mRNA was ex-
tracted using a commercial mRNA isolation kit based on oligo-dT cel-
lulose method. After RNA isolation, 50 ng of recovered small RNAs
were diluted and added to 20 mM NH4OAc and 1 U of nuclease
P1 (sigma, N8630-1VL). The mixtures were then incubated at 42�C
for 2 h, followed by adding 1 mL of FastAP Thermo-sensitive alkaline
phosphatase (Thermo, EF0651) and 2.3 mL of 10� FastAP buffer and
incubation at 37�C for 2 h. Finally, the digested RNA was diluted
twice with enzyme-free water and filtered through a 0.22-mm filter
(Millipore, SLGVR04NL). The 5-mL sample was injected and metab-
olite separation was performed on Agilent InfinityLab Poroshell 120
SB-C18 column (100 � 2.1 mm, 2.7-mm particle size). Liquid chro-
matograph (LC) gradient was generated using LC solvents A (water
containing 0.1% formic acid) and B (methanol). Autosampler tem-
perature was set at 10�C and the column temperature was set at
35�C. Mass spectrometry analysis was performed with a Product
mode for measurement of samples (m/z 268.1040 / 136.0618 for
adenosine and 282.1197 / 150.0775 for m6A, positive electrospray
ionization mode).
Western blot

Total proteins were extracted by cell lysis buffer (CST) in the presence
of phosphatase inhibitor (Sigma, Germany) and protease inhibitor
(Sigma, Germany). The protein concentration was measured by the
BCA Protein Assay Kit (Epizyme, China). Protein samples were
then separated on a PAGE gel by electrophoresis and then blotted
onto polyvinylidene fluoride (PVDF) membranes (GE Healthcare).
Blots were incubated with the primary antibodies overnight at 4�C,
followed by the secondary antibody for 1 h at room temperature.
Omni-ECL Femto Light Chemiluminescence Kit (Epizyme, China)
were used to visualize the protein bands.

Cell migration and invasion assays

Cell migration and invasion assays were performed using 24-well
plates containing 8-mm pore size chamber inserts (Corning, USA).
For migration assay, 5 � 104 cells in 500 mL of serum-free medium
were added into the upper chamber. For invasion assay, the mem-
branes were pre-coated with 100 mL of 10% Matrigel (Corning,
USA), followed by the adding of 5� 104 cells into the upper chamber.
A total of 750 mL of cell culture medium supplemented with 10% fetal
bovine serumwas then added in the lower chambers. After cell culture
for 24 h, the upper chambers were collected and stained with 0.5%
crystal violet. Each assay was repeated three times and the migrated
cells were counted in five random fields of each chamber under the
bright field of a microscope (Olympus, Japan).

Wound-healing assay

In brief, a total of 1� 106 cells were seeded into a six-well plate. When
the cell number approximately covered 80% of the plate surface, a
straining line was painted on each well. The wound width was
measured every 12 h over a period of 24 h under the bright field of
a microscope (Olympus, Japan). Values were expressed as the per-
centage of wound closure, which was calculated as follows: percentage
of wound closure = 1 � (widtht/width0) � 100%

Cell viability assay

The cell viability assay was performed by MTX (Promega, Madison,
WI) according to the manufacturer’s instructions. Briefly, 1.5 � 103

cells per well were seeded into a 96-well plate. Then 100 mL of culture
medium and 20 mL of MTX were mixed and were then added into the
cells at indicated time points. Themixture was incubated at 37�C for 2
h, and the OD was measured at 450-nm wavelength.

In vitro and in vivo puromycin intake assay

Puromycin intake assay was performed as previously described.57 For
the in vitro assays, the ICC cells were incubated with puromycin
(1 mM final concentration) for 30 min, followed by protein extraction
and western blot examination using anti-puromycin antibody
(MABE343, Millipore). For the in vivo assays, mice were injected
with 40 nmol puromycin/g body weight intravenously. The tumor tis-
sues were harvested at 10 min after puromycin injection and were
examined by western blot assays. The expression of housekeeping
gene was used as control.

Ribosome nascent-chain RNC-seq

RNC-seq was performed as previously described.58 In brief, 5 � 106

cells were treated with 100 mg/mL cycloheximide in 37�C for
15 min and were then lysed by 1 mL of cell lysis buffer on ice for
30 min. Supernatant of cell lysates was collected after centrifuging
at 16,200 � g for 10 min at 4�C. Then 10% of the extraction
was used as input control. The remaining extraction was layered
onto 10 mL of sucrose buffer and was then ultra-centrifuged at
174,900 � g for 5 h at 4�C in an SW32 rotor (Beckman Coulter,
Molecular Therapy Vol. 31 No 11 November 2023 3239
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USA). RNC pellets that contained the polysome fractions were on the
bottom of the centrifuge tube after ultracentrifugation. RNAs of RNC
and the input samples were extracted by TRIzol reagent for RNA-seq
and qRT-PCR assays to examine the gene expression.59 Buffer ingre-
dients were prepared as follows: ribosome buffer (RB buffer), 20 mM
HEPES-KOH (pH 7.4), 15 mM MgCl2, 200 mM KCl, 100 mg/mL
cycloheximide, and 2mM dithiothreitol; cell lysis buffer, 1% Triton
X-100 in RB buffer; sucrose buffer, 30% sucrose in RB buffer.

RNC-seq data analysis

The cDNA library construction and sequencing were performed by
the Beijing Genomics Institute using BGISEQ-500 platform (BGI
Shenzhen, China) as previously described.60 High-quality reads
were mapped to University of California, Santa Cruz (UCSC) human
reference genome (GRCh37/hg19) using the alignment tool Hisat2.
The gene expression level was normalized by using the transcripts
per kilobase of exon model per million mapped reads (TPM) method.
Genes with TPM > 0.1 were selected for further analysis. TRs were
calculated using the following formula: TR = (TPM in RNC-seq)/
(TPM in input RNA-seq). The genes with abs (log2-fold change)
>1 in translation efficiency were considered as the differentially trans-
lating genes. Pathway analysis was conducted using the enrichWP
function of the clusterProfiler package. The list of G4-containing
mRNAs was obtained from Yang et al.31 Pathway analysis was con-
ducted using the Wikipathway of the WEB-based Gene Set Analysis
Toolkit (WebGestalt) (http://www.webgestalt.org/).

Caudal vein injection mouse metastasis model

A total of 1 � 106 HuCCT1-sgNC and HuCCT1-sgMETTL5 cells in
0.2 mL of PBS were separately injected into 6-week-old male NCG
mice (N = 7 per group) via caudal vein.Mice were sacrificed at 4 weeks
after injection, and the lung tissues were processed into 4-mm-thick
paraffin-embedded sections. H&E staining was subsequently per-
formed to determine the pulmonary metastasis.

Generation of liver-specific conditional Mettl5-knockout mice

Alb-CreMettl5fl/flmicewere obtained by crossing 8-week-oldmaleAlb-
Cre mice with 8-week-old female Mettl5fl/wt mice (homozygous liver-
specific conditional Mettl5-knockout mice); DNA extracted from
mouse tail (Mouse Tail Direct PCR Kit, FOREGENE) was used for ge-
notype identification and, after amplification of target DNA, the result
was visualized by agarose gel electrophoresis. Primers for floxed
Mettl5-knockout allele genotyping were 50-loxP forward (50-ATACA
CACTCCTGGCCACT-CCTTGT-30), 50-loxP reverse (50-CCCTGGC
TTCTAGGGTGTGAATCAG-30), 30-loxP forward (50-TGGAGAGCC
TCCACCTTCCTTCTAC-30), and 30-loxP reverse (50-AGACCATGA
GAGGGTGGAGCAGAAT-30). Primers for Alb-Cre transgenic geno-
typing were forward (50-TGCTTCTGTCCGTTTGCCGGT-30) and
reverse (50- CTAAGTGCCTTCTCTACACCT-30).

AKT/YapS127A-induced mouse ICC model using hydrodynamic

transfection

An AKT/YapS127A-induced mouse ICC model used to investigate
the effect of interested genes on tumor biology has been reported.8
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To establish the ICC mouse model in wide-type or Mettl5-knockout
mice, 20 mg of pT3-myr-AKT-HA (Addgene #31789), 30 mg of pT3-
EF1aH Yap S127A (Addgene #86497) and SB transposase plasmid (1/
10–25 of the total oncogene plasmids) (Addgene) were mixed and
diluted in 2 mL of saline and were then injected into the tail vein of
6-week-old mice within 7 s. For overexpression of Mettl5, 20 mg of
pT3-EF1a-HA-Mettl5 plasmid was additionally added into the
abovementioned plasmid mixtures and was then injected into the
tail vein of 6-week-old male C57BL/6J WTmice. Mice were sacrificed
at 4 or 6 weeks later; the liver was dissected and processed into
paraffin-embedded sections for the analysis of ICC tumorigenesis
and progression.

Statistical analysis

All statistical tests and sample sizes are included in the figure legends
or methods. All data are shown asmean ± SD. In all cases, the p values
are represented as follows: ***p < 0.001, **p < 0.01, *p < 0.05, and not
statistically significant when p > 0.05. Unless otherwise stated, statis-
tical significance was calculated as appropriate using unpaired, two-
tailed Student’s t test or one-way ANOVA. Statistical analyses were
performed using GraphPad Prism 7.
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