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enhances cholangiocarcinoma growth 
through PRDM15-mediated FGFR4 expression
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Abstract 

Background RNA N6-Methyladenosine (m6A) modification is implicated in the progression of human cancers 
including cholangiocarcinoma (CCA). METTL16 is recently identified as a new RNA methyltransferase responsible 
for m6A modification, although the role of METTL16 in CCA has not yet been examined. The current study aims 
to investigate the effect and mechanism of the RNA methyltransferase METTL16 in CCA.

Methods The expression of METTL16 in CCA was examined by analyzing publicly available datasets or by IHC stain-
ing on tumor samples. siRNA or CRISPR/Cas9-mediated loss of function studies were performed in vitro and in vivo 
to investigate the oncogenic role of METTL16 in CCA. MeRIP-Seq was carried out to identify the downstream target 
of METTL16. ChIP-qPCR, immunoprecipitation, and immunoblots were used to explore the regulation mechanisms 
for METTL16 expression in CCA.

Results We observed that the expression of METTL16 was noticeably increased in human CCA tissues. Depletion 
of METTL16 significantly inhibited CCA cell proliferation and decreased tumor progression. PRDM15 was identified 
as a key target of METTL16 in CCA cells. Mechanistically, our data showed that METTL16 regulated PRDM15 protein 
expression via YTHDF1-dependent translation. Accordingly, we observed that restoration of PRDM15 expression could 
rescue the deficiency of CCA cell proliferation/colony formation induced by METTL16 depletion. Our subsequent 
analyses revealed that METTL16-PRDM15 signaling regulated the expression of FGFR4 in CCA cells. Specifically, we 
observed that PRDM15 protein was associated with the FGFR4 promoter to regulate its expression. Furthermore, we 
showed that the histone acetyltransferase p300 cooperated with the transcription factor YY1 to regulate METTL16 
gene expression via histone H3 lysine 27 (H3K27) acetylation in CCA cells.

Conclusions This study describes a novel METTL16-PRDM15-FGFR4 signaling axis which is crucial for CCA growth 
and may have important therapeutic implications. We showed that depletion of METTL16 significantly inhibited CCA 
cell proliferation and decreased tumor progression.
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Background
Cholangiocarcinoma (CCA) is a highly malignant cancer 
of the biliary system with a poor prognosis [1–5]. It is a 
lethal malignant tumor for which conventional antican-
cer therapies are often unsuccessful. Due to being diag-
nosed at an advanced stage, CCA patients have a 5-year 
overall survival rate of lower than 20% [6]. Thus, there 
is a crucial need to better understand the molecular 
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mechanisms of cholangiocarcinogenesis to develop more 
effective target therapy.

The molecular mechanisms underlying CCA develop-
ment and progression involve genetic and epigenetic 
changes leading to alterations of oncogenic and tumor 
suppressive pathways. Studies with integrative genom-
ics approaches have led to the identification of dysregu-
lated transcriptomic landscapes in CCA [7, 8]. The recent 
discovery of targetable genetic abnormalities in CCA 
patients promises a new era of precision medicine for 
this disease. For example, FGFRs 1–4 mutations, particu-
larly FGFR2 fusion and FGFR4 overexpression, are often 
identified in CCA [9, 10]. In contrast to FGFR2 translo-
cations, which have been linked to a better prognosis, 
FGFR4 overexpression independently predicts worse sur-
vival in CCA [11]. Accordingly, studies have shown that 
inhibition of FGFR4 suppresses CCA cell proliferation 
and invasion [10]. However, the mechanisms underly-
ing the dysregulation of FGFR4 in CCA are incompletely 
defined.

Epigenetic modifications, such as DNA and histone 
alterations, are critical in the development and progres-
sion of human malignancies. Aside from DNA and his-
tone modifications, recent evidence has pointed toward 
the involvement of RNA alterations in the regulation of 
gene expression and carcinogenesis. Notably, N6-Meth-
yladenosine (m6A) modification is the most abundant 
modification in mRNA. This modification is catalyzed 
by m6A methyltransferases which catalyze the trans-
fer of a methyl group (–CH3) to a hydrogen atom (–H) 
connected to the sixth nitrogen atom (N6). Several m6A 
binding proteins, including IGF2BP1/2/3 and the YTH 
family proteins, have been identified as m6A readers to 
regulate downstream effects. Among the m6A readers, 
YTHDF1 and YTHDF3 are known to regulate the trans-
lation of mRNAs [12, 13].

Although the  m6A methyltransferase complex com-
posed of METTL3 and METTL14 has been considered 
the main  m6A writer [14–16], depletion of METTL3 
and METTL14 results in a decrease of only approxi-
mately 60% in  m6A modifications in some cell types, 
and a substantial portion of  m6A marks in cells do not 
map well with the binding sites of METTL3/METTL14 
[14, 17]. These observations suggest the existence of 
additional  m6A methyltransferases. Notably, METTL16 
is a recently identified m6A methyltransferase that has 
been shown to mediate m6A modification in a num-
ber of mRNA substrates [18–23]. The biological roles 
of METTL16 are just beginning to be understood, as 
they have not been fully investigated in comparison 
to METTL3/METTL14. While METTL16 was initially 
recognized as an essential factor for mouse embryonic 

development by regulating Mat2a mRNA expression 
[21], subsequent evidence has shown the involvement 
of METTL16 in the progression of several cancers, 
including gastric cancer, hepatocellular carcinoma, and 
breast cancer [18, 24–26]. A recent study shows that 
METTL16 expression is elevated in pancreatic ductal 
adenocarcinoma (PDAC) and correlated with better 
clinical outcomes for patients [27]. Wei et  al. reports 
upregulated expression of METTL16 in cholangio-
carcinoma [28], although the effect and mechanism of 
METTL16 in CCA remain largely unknown.

The current study was designed to investigate the 
effect and mechanism of METTL16 in CCA. We have 
analyzed the expression of METTL16 in several human 
CCA cohorts and observed that the expression of 
METTL16 is significantly upregulated in human CCA 
tissues. The impact of METTL16 on CCA cell growth 
was evaluated by complementary gene knockdown 
studies in  vitro and in mice. Detailed mechanistic 
studies were performed to delineate the mechanisms 
of METTL16 actions in CCA cells. Our experimental 
findings disclose a novel METTL16-PRDM15-FGFR4 
signaling axis which is crucial for CCA growth and may 
have important therapeutic implications.

Materials and methods
Cell culture
Human cholangiocarcinoma cell lines (CCLP1 and 
HuCCT1) were cultured according to the procedures 
we previously described [29]. Briefly, the cells were 
cultured in DMEM medium supplemented with 10% 
FBS and 1% antibiotics at 37  °C. The cells underwent 
authentication through short tandem repeat analysis 
and were consistently checked for mycoplasma contam-
ination using the LookOut Mycoplasma PCR Detec-
tion Kit (Sigma-Aldrich) as part of routine certification 
procedures. For CRISPR/Cas9-mediated deletion of 
METTL16 in CCA cells, two guide RNAs were inserted 
into the lentiCRISPR V2 vector (#52,961, Addgene). 
The CRISPR plasmids were confirmed by Sanger 
sequencing. To generate lentivirus particles, 3  µg len-
tiCRISPR vectors, 0.75 µg pMD2.G (#12,259, Addgene) 
and 2.25  µg psPAX2 (#12,260, Addgene) were mixed 
well and co-transfected into HKE293T cells in a 60 mm 
dish with lipofectamine 3000. The lentivirus particles 
were collected 48 and 72 h post transfection and then 
added to CCLP1 and HuCCT1 with 5 µg/mL polybrene 
(sc-134220, Santa Cruz Biotechnology). After 48  h of 
infection, CCLP1 and HuCCT1 cells were passaged and 
selected using 1  µg/mL puromycin (A1113803, Gibco) 
for 1  week. Polyclonal METTL16 knockout cells were 
used to avoid the effects of single-clone selection.
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Cell proliferation and colony formation assays
For cell proliferation assay, 1 ×  103 CCA cells were seeded 
into 96-well plates. The WST-1 solution (CellPro-Ro, 
Roche) was applied to each 96-well plate at the given time 
points and incubated for 2 h. A microplate reader set at 
450 nm was used to measure the absorbance. For colony 
formation assay, cells were seeded at a density of 500 
cells/ well in 12-well plates and cultured for 7–14  days. 
After which colonies were stained with 0.5% crystal vio-
let after treatment with a 4% paraformaldehyde solution. 
ImageJ software was used to count the colonies.

RNA extraction and qRT‑PCR
Total RNA was extracted from CCA cells using TRI-
ZOL reagent (Invitrogen) according to the manufac-
turer’s instructions. The cDNA was synthesized using 
iScript™ Reverse Transcription Supermix (Bio-Rad). To 
confirm the expression of individual mRNAs, a quantita-
tive real-time polymerase chain reaction (qRT-PCR) was 
performed using a CFX96 TOCH real-time system (Bio-
Rad) with SYBR (Bio-Rad). The primer sequences used 
for qRT-PCR are shown in Supplementary Table S1.

Western blot assay
Total protein extracts were isolated with Radioimmu-
noprecipitation assay (RIPA) buffer in the presence of 
protease and phosphatase inhibitor cocktail (Roche). 
Equal quantities of protein were separated using sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS-PAGE), transferred to nitrocellulose membranes, 
immunoblotted with the appropriate antibodies, and 
revealed using Odyssey. The antibodies used in this 
study were as follows: METTL16 (Cell Signaling Tech-
nology, #87,538), PRDM15 (Proteintech, 25,590–1-
AP), SETD5 (Abclonal, A7304, RRID:AB_2767845), 
KMT2D (Proteintech, 27,266–1-AP), NSD2 (Abclonal, 
A7938, RRID:AB_2772896), FGFR4 (Proteintech, 
67,800–1-Ig), YTHDF1 (Proteintech, 17,479–1-AP, 
RRID:AB_2217473), YTHDF3 (Cell Signaling Tech-
nology, #24,206), FLAG (Cell Signaling Technol-
ogy, #14,793), HA (Cell Signaling Technology, #3724), 
H3K27ac (Cell Signaling Technology, #8173), p300 (Cell 
Signaling Technology, #54,062), YY1 (Cell Signaling 
Technology, #46395S), β-actin (Sigma, A2228), and the 
anti-rabbit and anti-mouse secondary antibodies (LI-
COR, Ride® 800CW).

siRNA and GapmeR ASO transfections
Control siRNAs or siMETTL16, siPRDM15, siMETTL3, 
siYTHDF1, and siYTHDF3 siRNAs were obtained from 
Integrated DNA Technologies (IDT). The locked nucleic 
acid GapmeR antisense oligonucleotide (ASO) against 

METTL16 (5’-GCT TAC TTG GTG GTGA-3’) was syn-
thesized at QIAGEN. CCA cells were seeded into 6-well 
plates and cultured overnight. 50 nM siRNA or GapmeR 
ASO was transfected using Lipofectamine 3000 (Invitro-
gen, L3000015) following the manufacturer’s protocols.

Immunochemistry (IHC) staining of CCA tissue
The human CCA tissue microarray was purchased from 
Pantomics (LVC1261). Following antigen retrieval, the 
tissue slides were incubated with primary antibod-
ies against METTL16 (Abclonal, A15894), PRDM15 
(Thermo Fisher Scientific, PA5-55,036, RRID: 
AB_2645923), and FGFR4 (Proteintech, 11,098–1-AP). 
After rinsing with TBS, the slide was incubated for 1  h 
at room temperature with a horseradish peroxidase-
conjugated second antibody. After washing with TBS, 
the slide was incubated for 5  min at room temperature 
with 3,3′-diaminobenzidine (DAB) for chromogenic 
development. The IHC score was determined by multi-
plying the staining intensity (negative: 0; mild: 1; moder-
ate: 2; severe: 3) with the staining area (negative: 0; ≤ 30%: 
1; > 30% and ≤ 60%: 2; > 60%: 3).

RNA immunoprecipitation (RIP)
The Magna RIP RNA-Binding Protein Immunoprecipita-
tion Kit (Millipore) was used for RNA immunoprecipita-
tion according to the manufacturer’s procedure. Protein 
A/G magnet beads were coated with 10  µg of YTHDF1 
antibody or normal IgG and treated with cell lysates over-
night at 4  °C. The precipitated RNA was then separated 
using elution buffer, purified using Phenol/Chloroform/
Isoamyl alcohol (25:24:1), and submitted to quantitative 
RT-PCR analysis. The primer sequences used for RIP-
qPCR are shown in Supplementary Table S1.

m6A sequencing
TRIzol reagent (Invitrogen) was used to extract total 
RNA from CCA cells. Subsequently, we performed 
mRNA-seq and m6A-seq simultaneously (LC Sciences, 
LLC, TX). For mRNA-seq, 1 μg of total RNA from CCA 
cells was subjected to poly(A) mRNA isolation with 
Dynabeads Oligo-dT (Thermo Fisher, cat.25–61,005). 
Then, a cDNA library was constructed following the 
TruSeq RNA Library Prep Kit v2 (Illumina) protocol. The 
library was subjected to 2 × 150  bp paired-end (PE150) 
sequencing on an Illumina NovaSeq 6000. For m6A-seq, 
the cleaved RNA fragments were incubated with the m6A 
antibody in immunoprecipitation buffer (750 mM NaCl, 
50 mM Tris–HCl, and 0.5% Igepal CA-630), followed by 
PE150 sequencing on an Illumina NovaSeq™ 6000.
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Ribosomal immunoprecipitation
For ribosome immunoprecipitation, CCLP1 cells were 
transfected with control and siYTHDF1 for 48  h using 
Lipofectamine 3000. After which, an RPL22-FLAG con-
struct (Origene) was transfected into the cells. Two days 
later, the transfected cells were lysed with RIPA buffer. 
Same amount of lysates from control and siYTHDF1 
CCLP1 cells was incubated with FLAG or IgG antibod-
ies overnight. Then RNA immunoprecipitation was 
performed as described in the RIP section. The immuno-
precipitated RNA was analyzed by qRT-PCR.

Methylated RNA immunoprecipitation (MeRIP) qPCR
To detect m6A modifications of individual mRNAs, 
MeRIP was conducted according to the manufactur-
er’s instructions using the EpiQuick CUT&RUN m6A 
RNA Enrichment (MeRIP) kit (P-9018, Epigentek). 
Briefly, 10 μg of mRNA from each group were incubated 
with 2  μg m6A or control antibodies and 4  μl of Affin-
ity Beads for 1.5  h at room temperature with rotation. 
Then the RNA was treated with 10 μl of Nuclear Diges-
tion Enhancer and 2 μl of Cleavage Enzyme Mix at room 
temperature for 4  min. After immunoprecipitation, the 
proteins were digested by proteinase K and the RNA was 
eluted by Elution buffer. The immunoprecipitated RNA 
was examined by qPCR analysis. The primer sequences 
used are shown in Supplementary Table S1.

Chromatin immunoprecipitation (ChIP) assay
The SimpleChIP® Plus Sonication Chromatin IP Kit (Cell 
Signaling Technology, #56,383) was used for the ChIP 
assay. In brief, cells were fixed in 1% formaldehyde and 
quenched in 125 mM glycine. Nuclei were extracted and 
sonicated to produce 200  bp fragments. 100  μl of the 
sonicated chromatin was immunoprecipitated overnight 
with 5 μg of the relevant antibodies for ChIP. Beads con-
taining bound immunocomplexes were washed, rinsed, 
and DNA was extracted for qPCR. The primer sequences 
used are shown in Supplementary Table S1.

In vivo mouse experiments
All animal studies were approved by the Institutional Ani-
mal Care and Use Committee of Tulane University. Six-
week-old male NOD-SCID mice (NOD.Cg-Prkdcscid/J) 
were obtained from The Jackson Laboratory. For sub-
cutaneous inoculation, 1 ×  106 control or METTL16-
depleted CCA cells suspended in 100 µL PBS mixed with 
matrix gel (BD, 356,234) at 1:1 ratio was injected into the 
mice’s flanks. Tumor sizes were measured at the relevant 
time intervals. At the end of the study, the mice were 
euthanized, and the tumors were dissected and weighed.

For intrahepatic inoculation, 1 ×  106 control or 
METTL16-depleted CCLP1 cells suspended in 10 µL PBS 

mixed with matrix gel (BD, 356,234) at a 1:1 ratio was 
implanted into the livers of NOD-SCID mice. The mice 
were sacrificed 8  weeks after injection, their livers were 
surgically dissected, and the liver/body weight ratios 
were evaluated.

Statistical analysis
The data were analyzed using GraphPad Prism 9 and pre-
sented as mean ± SD as specified. Two-tailed, unpaired 
Student’s t-tests, one-way ANOVA, or two-way ANOVA 
was used to assess statistical significance. The log-rank 
test was used to determine the  statistical significance 
of survival (http:// r2. amc. nl). The experiments were per-
formed at 2 or 3 independent times. P < 0.05 was consid-
ered statistically significant.

Results
METTL16 is upregulated in CCA 
We have analyzed the expression of METTL16 in CCA 
and non-tumorous tissue samples from TCGA (https:// 
www. tcga. org) and GEO (https:// www. ncbi. nlm. nih. gov/ 
geo) databases. Our analyses indicate that METTL16 is 
upregulated in CCA tissues when compared to matched 
or unmatched non-tumorous tissues in TCGA-Cholan-
giocarcinoma (TCGA-CHOL) (Fig.  1A) and GSE107943 
(Fig.  1B) datasets. Analysis of GSE107101 dataset 
shows that advanced CCA tissues express higher level 
of METTL16 when compared to primary CCA tissues 
(Fig. 1C). Further survival analysis of patients with avail-
able clinical data from the TCGA-CHOL dataset shows 
that high expression of METTL16 in CCA tissues tends 
to be associated with worse patient survival (Fig. 1D). By 
performing immunohistochemistry (IHC) staining for 
METTL16 in human CCA tissues, we observe that the 
expression of METTL16 in CCA is significantly higher 
than in normal bile duct epithelium (Fig. 1E and F). These 
clinical analyses suggest a potential oncogenic role of 
METTL16 in CCA.

Depletion of METTL16 inhibits CCA cell growth in vitro 
and in vivo
To determine the functional role of METTL16 in 
CCA cells, we used two sets of siRNAs to knock down 
METTL16 in two human CCA cell lines (CCLP1 and 
HuCCT1). Satisfactory knockdown efficacy was con-
firmed by Western blot analysis (Fig.  2A). We observed 
that knockdown of METTL16 led to a significant 
decrease in CCA cell proliferation and colony formation 
capability (Fig.  2B and C). In parallel, we had used the 
CRISPR/Cas9 gene editing approach to delete METTL16 
expression in CCLP1 and HuCCT1 cells (Fig. 2D). Con-
sistent with the siRNA knockdown results, METTL16 
deletion by CRISPR/Cas9 also significantly reduced 

http://r2.amc.nl
https://www.tcga.org
https://www.tcga.org
https://www.ncbi.nlm.nih.gov/geo
https://www.ncbi.nlm.nih.gov/geo
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Fig. 1 METTL16 is upregulated in CCA and correlates with poor prognosis. A, B. METTL16 expression in CCA tissues versus matched (left) 
or nonmatched (right) non-tumorous tissues from TCGA (A) and GSE107943 (B) datasets. C. METTL16 expression in 10 primary and 7 advanced 
CCA tumors in the GSE107101 dataset. D. Kaplan–Meier survival plot of CCA patients from the TCGA database stratified by low (red) and high (blue) 
METTL16 expression. E. Representative immunochemistry (IHC) staining images of METTL16 expression in the normal bile duct and CCA tissues. 
Scale bar: 10 µm. F. Quantitative result of IHC data as represented in E. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. A-C, E Unpaired t-test

Fig. 2 Depletion of METTL16 inhibits CCA cell proliferation and reduces clonogenicity, in vitro. Human CCA cells (HuCCT1 and CCLP1) were 
transfected with siRNAs targeting METTL-16 (siMETTL16-1 and siMETTL16-2) and control siRNA (siNC) or transfected with CRISPR/Cas-9 vector 
carrying METTL16-specific guide RNAs (sgMETTL16-1 or sgMETTL16-2). A Western blot for METTL16 in CCA cells transfected with control (siNC) 
or METTL16 targeting siRNAs. B WST-1 cell proliferation assay in CCA cells transfected with control (siNC) or METTL16 targeting siRNAs. C Colony 
formation assay in CCA cells transfected with control (siNC) or METTL16 targeting siRNAs. D Western blot for METTL16 in CCA cells with or without 
CRISPR/Cas9-mediated METTL16 deletion. E WST-1 cell proliferation in CCA cells with or without CRISPR/Cas9-mediated METTL16 deletion. F Colony 
formation assay in CCA cells with or without CRISPR/Cas9-mediated METTL16 deletion. **P < 0.01, ***P < 0.001, ****P < 0.0001. B, C, E, F Mean ± SD, 
One-way ANOVA test
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CCA cell proliferation and colony formation (Fig.  2E 
and F). These results demonstrate an important role of 
METTL16 for CCA cell growth, in vitro.

We then inoculated CRISPR/Cas9-mediated METTL16 
knockout and control CCA cells subcutaneously into 
NOD/SCID mice (NOD.Cg-Prkdcscid/J). As shown in 
Fig.  3A through F, depletion of METTL16 significantly 
inhibited CCA growth in this xenograft tumor model. 
In parallel, we had employed a separate CCA xenograft 
model in which human CCA cells were inoculated into 
the livers of NOD/SCID mice; we observed that deletion 
of METTL16 by CRISPR/Cas9 also significantly inhibited 
CCA growth when the tumor cells were inoculated into 

the livers (Fig.  3G-I). Together, these findings demon-
strate an important role of METTL16 for CCA growth, 
in vivo.

PRDM15 is a direct target of METTL16 in CCA cells
To identify potential downstream targets responsible for 
the oncogenic role of METTL16 in CCA, we performed 
m6A methylated RNA immunoprecipitation sequencing 
(MeRIP-seq) in human CCA cells (CCLP1 and HuCCT1) 
with or without CRISPR/Cas9-mediated METTL16 
depletion. By analyzing the m6A RNA-seq data, we 
identified 80 genes with m6A RNA modification (ten-
fold enrichment compared to IgG) that were decreased 

Fig. 3 Depletion of METTL16 inhibits CCA growth in mice. (A-C) CCLP1 cells transfected with CRISPR/Cas-9 vector carrying METTL16-specific 
guide RNA (sgMETTL16-2) or control guide RNA (sgCtrl) were subcutaneously inoculated into SCID mice. Tumor volumes measured at indicated 
time points are shown in (A). Gross photographs of tumors recovered from mice sacrificed at the end time point are shown in (B). Tumor weights 
from control vs METTL16-depleted group are shown in (C). D‑F HuCCT1 cells transfected with CRISPR/Cas-9 vector carrying METTL16-specific guide 
RNA (sgMETTL16-2) or control guide RNA (sgCtrl) were subcutaneously inoculated into SCID mice. Tumor volumes (D), gross photos (E), and tumor 
weights F are shown. (G-J) CCLP1 cells transfected with CRISPR/Cas-9 vector carrying METTL16-specific guide RNA (sgMETTL16-2) or control guide 
RNA (sgCtrl) were inoculated into the livers of SCID mice. The mice were sacrificed 6 weeks post-inoculation. Gross photographs of livers recovered 
from each group are shown in (G). The liver/body weight ratios of mice from each group are shown in (H). The expression of the cell proliferation 
marker Ki67 and the apoptosis marker cleaved caspase-3 was determined by IHC analysis (I). CRISPR/Cas9-mediated depletion of METTL16 
in the tumor tissues recovered from mouse livers was confirmed by Western blotting (J). **P < 0.01, ***P < 0.001, ****P < 0.0001. A, D Mean ± SD, 
One-way ANOVA test. C, F, H Unpaired t-test
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at least 1.5-fold in these two cell lines upon METTL16 
knockout (Fig.  4A(a), Supplementary Table  S2). Gene 
Ontology (GO) enrichment analysis of the identified 
genes revealed an enrichment in biological processes 
involving methyltransferase activity (Fig. 4A(b)). Among 
the identified genes are PRDM15, SETD5, KMT2D and 
NSD2, which are all upregulated in CCA when compared 
to normal tissues (Supplementary Fig.  1). The reads of 
m6A peaks mapping to these 4 genes were decreased in 
METTL16-deleted cells when compared to control cells 
(Fig. 4A(c)). MeRIP-qPCR confirmed that their m6A lev-
els were significantly reduced after METTL16 deletion in 
CCLP1 and HuCCT1 cells (Fig. 4A(d)).

We then measured the mRNA levels of the identified 
four genes (PRDM15, SETD5, KMT2D and NSD2) by 
qRT-PCR in CCLP1 and HuCCT1 cells with or without 
METTL16 depletion. Our data showed that deletion of 
METTL16 did not affect their mRNA levels (Supple-
mentary Fig. 2). Western blotting analysis showed that 

METTL16 depletion reduced the protein expression 
of PRDM15, while it did not affect the protein levels 
of SETD5, KMT2D and NSD2 (Fig. 4B, C, and Supple-
mentary Fig. 3). Thus, PRDM15 represents a direct tar-
get of METTL16 in CCA cells.

As METTL3/METTL14 complex has been con-
sidered as a main m6A writer [14, 30], we sought to 
examine whether PRDM15 mRNA might also be meth-
ylated by this complex. To this end, we had depleted 
METTL3 expression in CCA cells and measured m6A 
modification of PRDM15 mRNA (note that METTL14 
is undetectable in CCA cells). Our results showed that 
knockdown of METTL3 did not influence m6A modi-
fication of PRDM15 mRNA (Supplementary Fig.  4A). 
Additionally, knockdown of METTL3 exhibited mini-
mal effect on PRDM15 protein expression (Supple-
mentary Fig.  4B). These results support the notion 
that PRDM15 is a specific target of METTL16, but not 
METTL3, in CCA cells.

Fig. 4 MeRIP-seq analysis identifies PRDM15 as a downstream target of METTL16. A (a) Venn diagram displays genes identified by MeRIP-seq 
from METTL16 knockout (KO, by guide RNA #2) and control cells (WT). b Gene ontology analysis of the 80 identified genes from A. c Integrative 
genomics viewer (IGV) plots show m6A peaks at PRDM15, SETD5, KMT2D, and NSD2 mRNAs in MeRIR-seq of HuCCT1 and CCLP1 cells. Ranges 
of reads are indicated. (d) MeRIP-qPCR analysis of m6A level in PRDM15, SETD5, KMT2D, and NSD2 mRNAs. B, C Depletion of METTL16 by CRISPR/
Cas9 (B) or siRNA (C) decreases PRDM15 protein expression in CCLP1 and HuCCT1 cells as determined by Western blotting analysis. D Depletion 
of YTHDF1 reduces PRDM15 protein expression in CCA cells. CCLP1 and HuCCT1 cells were transfected with control or YTHDF1/YTHDF3 siRNAs 
for 48 h. The protein level of PRDM15 was measured by immunoblotting. E Depletion of METTL16 decreases the interaction between YTHDF1 
protein and PRDM15 mRNA. YTHDF1 protein was immunoprecipitated from control or METTL16 knockout CCLP1 cells and analyzed 
by immunoblotting (left). The enrichment of PRDM15 mRNA in YTHDF1-RIP over IgG in control or METTL16 knockout CCLP1 cells was analyzed 
by RIP-qPCR (right). F Depletion of YTHDF1 decreases ribosome-bound PRDM15 mRNA. Immunoblotting analysis of immunoprecipitated 
RPL22-FLAG in CCLP1 cells transfected with control or YTHDF1 siRNA (left). Ribosomal immunoprecipitation assay was performed in siYTHDF1 
and siNC CCLP1 cells transfected with RPL22-FLAG plasmid. **P < 0.01, ***P < 0.001, ****P < 0.0001. d, E, F Mean ± SD, Two-way ANOVA test
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METTL16 regulates PRDM15 expression 
through YTHDF1‑dependent translation mechanism 
in CCA cells
Our findings that depletion of METTL16 reduces the 
level of PRDM15 protein but not mRNA suggest that 
METTL16 may regulate PRDM15 protein expres-
sion through translational modulation. In this context, 
YTHDF1 and YTHDF3 are known to be the key mol-
ecules among m6A readers for regulation of translation 
[12, 13]. We then performed further studies to determine 
whether these two m6A reader proteins might be impli-
cated in the translation of PRDM15 mRNA. Our data 
showed that knockdown of YTHDF1, but not YTHDF3, 
decreased PRDM15 protein expression in CCA cells 
(Fig. 4D). These findings suggest the role of YTHDF1 for 
regulation of PRDM15 protein expression in CCA cells.

Based on the above results, we subsequently performed 
RNA immunoprecipitation (RIP) experiments to deter-
mine whether YTHDF1 protein might interact with 
PRDM15 mRNA. Our data showed that YTHDF1 protein 
was able to bind PRDM15 mRNA in CCA cells. Notably, 
depletion of METTL16 significantly decreased the inter-
action between YTHDF1 protein and PRDM15 mRNA 
(Fig.  4E). These findings suggest that the m6A reader 
protein YTHDF1 binds to PRDM15 mRNA in a manner 
dependent on METTL16-mediated m6A modification.

To further determine the role of YTHDF1 in PRDM15 
translation, we performed ribosome immunoprecipita-
tion assay in CCA cells that were transfected with FLAG-
tagged ribosome protein RPL22. In this assay, mRNA 
transcripts isolated from ribosomes were analyzed by 
qRT-PCR to quantify PRDM15 mRNA. As shown in 
Fig.  4F, while ribosomes accumulated PRDM15 mRNA 
in control cells, the ribosome occupancy of PRDM15 
mRNA was significantly decreased in cells with YTHDF1 
depletion. Together, these results suggest that METTL16 
regulates PRDM15 via RNA m6A modification and 
YTHDF1-dependent translation mechanism in CCA 
cells.

The effect of PRDM15 on CCA cell proliferation 
and clonogenicity
While PRDM15 has been shown to play a role in stem 
cell biology and during early development [31], its role in 
cancer biology remains undefined. Up to now, no study 
has been conducted to examine the role of PRDM15 in 
CCA. Therefore, we performed immunohistochemical 
staining for PRDM15 in human CCA tissues. Our data 
showed a high expression of PRDM15 in CCA tissues 
compared to the negative staining in bile duct epithelium 
(Supplementary Fig. 5A and B). Consistent with regula-
tion of PRDM15 by METTL16, we observed a positive 
correlation between PRDM15 and METTL16 in CCA 

tissues (Supplementary Fig.  5C). To further document 
the functional role of PRDM15 in CCA, we analyzed the 
cell proliferation and colony formation capability in CCA 
cells with PRDM15 depletion. Our data showed that 
depletion of PRDM15 significantly inhibited CCA cell 
proliferation and colony formation capability (Fig.  5A-
C). Based on these results, we then performed rescue 
experiments with forced overexpression of PRDM15 
in METTL16-depleted CCA cells. We observed that 
restoration of PRDM15 was able to partially rescue 
the deficiency of CCA cell proliferation/colony forma-
tion induced by METTL16 depletion (Fig.  5D-F). These 
results demonstrate that PRDM15 is a functionally 
important target of METTL16 in CCA cells.

METTL16‑induced PRDM15 regulates the expression 
of FGFR4 in CCA cells
As PRDM15 is a transcriptional regulator, we sought 
to further identify the potential downstream target of 
METTL16-induced PRDM15 in CCA cells. For this 
purpose, we compared the genes that are regulated by 
METTL16 in CCA cells (from our RNA-Seq data) with 
the genes that are positively correlated with PRDM15 
(from the TCGA-CHOL database). This approach led 
to the identification of 19 METTL16-regulated genes 
which were positively correlated with PRDM15 in CCA 
(Fig. 6A, Supplementary Table S3). Among the 19 identi-
fied genes, we elected to focus on FGFR4 which has been 
well-documented to play an important role in CCA [10, 
32, 33]. To determine the effect of PRDM15 on FGFR4 
expression, we analyzed the mRNA and protein expres-
sion of FGFR4 in CCA cells with PRDM15 depletion. 
Our data showed that depletion of PRDM15 decreased 
both the mRNA and protein levels of FGFR4 (Fig. 6B and 
C). Next, we evaluated whether FGFR4 might be a direct 
target of PRDM15. To this end, we performed transcrip-
tion factor binding profile analysis (using JASPAR data-
base) to search for possible PRDM15 binding site in the 
FGFR4 gene promoter. This effort led to the identification 
of three putative PRDM15 binding sites in the FGFR4 
promoter (illustrated in Fig.  6D). Based on this infor-
mation, we carried out ChIP-qPCR assays in CCA cells 
transfected with HA-tagged PRDM15 to determine its 
association with the FGFR4 gene promoter. Indeed, our 
experimental results confirmed the binding of PRDM15 
to the promoter of the FGFR4 gene in CCA cells 
(Fig. 6D). To further validate the regulation of FGFR4 by 
METTL16-PRDM15, we examined FGFR4 expression in 
METTL16 depleted cells with or without PRDM15 res-
toration. Our data showed that depletion of METTL16 
led to a decrease in FGFR4 expression and that this 
effect was reversed by forced overexpression of PRDM15 
(Fig. 6E). Furthermore, we observed a positive correlation 
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between FGFR4 and METTL16 in CCA tissues (Supple-
mentary Fig. 6A-C). Consistent with METTL16 mediated 
regulation of PRDM15-FGFR4, our data revealed that 
depletion of METTL16 by its GapmeR antisense oligonu-
cleotide (ASO) decreased the protein levels of PRDM15 
and FGFR4 in CCA cells (Fig. 6F). The above findings dis-
close a novel METTL16-PRDM15-FGFR4 signaling axis 
in CCA cells. We next performed recuse experiments 
with forced overexpression of FGFR4 in METTL16 
depleted CCA cells. Our data showed that restoration 
of FGFR4 was able to partially rescue the deficiency of 
CCA cell proliferation and colony formation induced by 
METTL16 depletion (Supplementary Fig.  7A-C). Given 
that FGFR4 inhibitor treatment can prevent the growth 
of several types of cancer cells, we further evaluated the 
effect of FGFR4 inhibition in conjunction with METTL16 
inhibition on CCA cell growth. While the FGFR4 inhibi-
tor BLU-554 or the METTL16 GapmeR ASO alone was 
able to inhibit CCA cell growth, we found that combina-
tional use of both the FGFR4 inhibitor BLU-554 and the 
METTL16 GapmeR ASO exhibited more tumor inhibi-
tory effect (Fig. 6G). The latter results suggest an intrigu-
ing possibility of inhibiting METTL16 in conjunction 
with FGFR4 inhibitor for CCA treatment.

We further examined two FGFR4 downstream tar-
gets, ERK1/2 and AKT, in CCA cells. Our data showed 
that treatment of CCA cells with the FGFR4 inhibitor 

(BLU-554) decreased the phosphorylation of both 
ERK1/2 and AKT (S473) (Supplementary Fig.  7D). 
Similarly, depletion of METTL16 by CRISP-Cas9 also 
decreased the phosphorylation of ERK1/2 and AKT 
(S473) in CCA cells (Supplementary Fig. 7E). These find-
ings suggest that ERK1/2 and AKT pathway represent 
potentially important downstream molecules of the 
METTL16-PRDM15-FGFR4 axis in CCA cells.

Regulation of METTL16 expression by P300‑mediated 
Histone H3 Lysine 27 acetylation (H3K27ac)
Given the noticeable increase of METTL16 expres-
sion and its oncogenic action in CCA, we carried out 
further studies to determine the mechanisms underly-
ing the upregulation of METTL16 in CCA cells. We 
had analyzed the METTL16 promoter using the UCSC 
Genome Browser (https:// genome. ucsc. edu/). This analy-
sis revealed that the promoter region of METTL16 gene 
was highly enriched with histone H3 lysine 27 acetylation 
(H3K27ac) (Fig.  7A). This observation suggests that the 
expression of METTL16 may be controlled at the tran-
scriptional level by histone acetylation. By performing 
ChIP-qPCR assays using anti-H3K27ac, we had identi-
fied a gain of H3K27ac at the METTL16 promoter in 
CCA cells (Fig.  7B). Since p300 (also known as EP300) 
and CBP are necessary for histone acetylation [34, 35], we 
performed separate ChIP-qPCR assays using anti-p300 

Fig. 5 PRDM15 is essential for METTL16-mediated CCA cell growth. A-C Depletion of PRDM15 inhibits CCA cell proliferation and colony formation 
capability. The efficacy of PRDM15 depletion by siRNA was validated by immunoblotting analysis (A). WST-1 cell proliferation (B) and colony 
formation (C) assay were performed in CCLP1 and HuCCT1 cells transfected with siPRDM15 and control siRNA. D‑F Forced overexpression 
of PRDM15 rescues the deficiency of CCA cell proliferation and colony formation induced by METTL16 depletion. PRDM15 expression construct 
was transfected in CCLP1 and HuCCT1 cells for 48 h and PRDM15 protein expression was determined by immunoblotting (D). WST-1 cell 
proliferation (E) and colony formation (F) assay were performed in CCLP1 and HuCCT1 cells transfected with PRDM15 overexpression or control 
construct. **P < 0.01, ***P < 0.001, ****P < 0.0001. B, C, E, F Mean ± SD, One-way ANOVA test

https://genome.ucsc.edu/
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and anti-CBP; results of these studies confirmed the 
enrichment of p300, but not CBP, at the METTL16 pro-
moter (Fig.  7C). Based on these results, we performed 
further experiments by treating CCA cells with the p300 
inhibitor, C646. Our data showed that treatment of CCA 
cells with the p300 inhibitor C646 significantly reduced 
the H3K27ac and p300 enrichment at the METTL16 pro-
moter (Fig. 7D and E). Accordingly, C646 treatment also 
decreased METTL16 mRNA and protein levels in CCA 
cells (Fig. 7F and G). These findings demonstrate regula-
tion of METTL16 expression by P300-mediated histone 
H3 lysine 27 acetylation in CCA cells.

YY1 cooperates with p300 to regulate METTL16 expression 
in CCA cells
As p300 is usually recruited by transcription factors (TFs) 
to target gene promoters [36, 37], we carried out further 
studies to identify the transcription factor(s) which may 
cooperate with p300 to regulate METTL16 expression 
in CCA cells. By analyzing p300 interactors predicted by 
BioGrid and putative transcription factors of METTL16 

predicted by SwissRegulon, we detected 13 transcription 
factors common in these two datasets (Fig. 8A). Through 
correlation analysis between METTL16 and the identi-
fied transcription factors in CCA tissues from the TCGA 
database, we found that 5 of the TFs were positively cor-
related with METTL16 in CCA tissues, including SP1, 
SP3, TBL1XR1, YY1, and ZBTB3 (Fig.  8B). While the 
above five TFs were elevated in CCA compared to non-
tumorous tissues (Fig.  8C), only the expression of YY1 
correlated with patient survival in CCA (Fig. 8D). Based 
on these analyses, we performed further experiments to 
document the interaction between YY1 and P300 in CCA 
cells. As shown in Fig.  8E, immunoprecipitation assay 
confirmed association of p300 with YY1 in CCLP1 and 
HuCCT1 cells. Through analysis of the JASPAR data-
base, we identified two YY1 binding sites in the promoter 
region of METTL16 (Fig.  8F, top panel). By performing 
ChIP-qPCR assays, we showed that YY1 was able to bind 
to these two sites at the METTL16 promoter. Further-
more, we observed that treatment of CCA cells with the 
p300 inhibitor C646 significantly reduced YY1 binding 

Fig. 6 PRDM15 regulates FGFR4 expression by binding its promoter. A Venn diagram displays METTL16-regulated genes (from RNA-seq data 
in CCLP1 and HuCCT1 cells with or without METTL16 knockout) and genes that positively correlated with PRDM15 in CCA from the TCGA database. 
B Depletion of PRDM15 decreased the mRNA level of FGFR4. RT-qPCR analysis of FGFR4 expression in CCLP1 and HuCCT1 cells transfected 
with siPRDM15 or siNC. C Depletion of PRDM15 decreased the protein level of FGFR4. CCLP1 and HuCCT1 cells were transfected with siPRDM15 
or siNC for 48 h. FGFR4 protein expression was measured by immunoblotting. D Putative binding sites of PRDM15 in the promoter region of FGFR4 
(top). ChIP-qPCR was performed in CCLP1 cells transfected with PRDM15-HA construct (bottom). E Forced overexpression of PRDM15 reversed 
FGFR4 expression in METTL16-depleted cells. CCLP1 and HuCCT1 cells were transfected with the PRDM15 expression construct for 48 h. PRDM15 
and FGFR4 protein expression was determined by immunoblotting. F Inhibition of METTL16 by next generation GampeR ASO reduced PRDM15 
and FGFR4 protein expression. CCLP1 cells were transfected with METTL16-specific GampeR ASO for 72 h. The levels of PRDM15 and FGFR4 proteins 
were determined by immunoblotting. G Depletion of METTL16 by next generation GampeR ASO enhances the tumor inhibitory effect of the FGFR4 
inhibitor BLU-554. CCLP1 cells were transfected with METTL16 GampeR ASO and treated with the FGFR4 inhibitor BLU-554 for 72 h. Cell viability 
was determined by WST1 assay. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Mean ± SD, Two-way ANOVA test in B, D, and G 
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to the METTL16 promoter (Fig. 8F, bottom panel). Col-
lectively, our findings indicate that YY1 cooperates with 
p300 to regulate METTL16 gene expression in CCA cells.

Discussion
The current study provides novel evidence for an impor-
tant role of METTL16 in CCA. Our data reveal that 
METTL16 is highly expressed in human CCA tissues 
and importantly implicated in the regulation of CCA cell 
growth. We show that PRDM15 is a direct downstream 
target of METTL16 in CCA cells. Our data indicate 
that METTL16 regulates PRDM15 protein expression 
via YTHDF1-dependent translation. We further show 
that METTL16-induced PRDM15 protein binds to the 
promoter of FGFR4 gene and enhances its expression 
in CCA cells. Our experimental results disclose a novel 
METTL16-PRDM15-FGFR4 signaling axis in CCA which 
may represent an effective therapeutic target. Moreover, 
our data reveal that the histone acetyl transferase p300 
cooperates with the transcription factor YY1 to regulate 

METTL16 gene expression via histone H3 lysine 27 
(H3K27) acetylation in CCA cells (illustrated in Fig. 8G).

Dysregulation of m6A modification and its machin-
ery have been implicated in multiple types of can-
cer, including CCA. As core components of the m6A 
methyltransferase complex, METTL3/METTL14 
have been linked to CCA progression [38, 39]. On 
the other hand, METTL16 is a newly discovered m6A 
methyltransferase that is not part of the METTL3/14 
complex. According to high throughput cancer cell 
line CRISPR screenings, METTL16 appears to play a 
more important role in cancer cell survival and prolif-
eration than METTL3 [40, 41]. However, prior to the 
current study, the potential role of METTL16 in CCA 
was not known. Consistent with the study by Wei 
et  al. [28], we validated the upregulation of METT16 
expression in CCA tissues compare to non-tumor tis-
sues. Our experimental results described in this study 
establish an important oncogenic role of METTL16 in 
CCA and identify PRDM15 as a key downstream tar-
get of METTL16 via an m6A-dependent mechanism. 

Fig. 7 Regulation of METTL16 expression by p300-mediated H3K27ac in CCA. A Analysis of the UCSC Genome Browser (http:// genome. ucsc. edu/) 
indicates that the promoter region of METTL16 is highly enriched with H3K27ac. B ChIP-qPCR assay using anti-H3K27ac revealed a gain of H3K27ac 
at the METTL16 promoter in CCLP1 cells. C ChIP-qPCR assay using anti-p300 and anti-CBP showed enrichment of p300 at the METTL16 promoter 
in CCLP1 cells. D, E Enrichment of H3K27ac (D) and p300 (E) at the promoter region of METTL16 was evaluated by ChIP-qPCR assay in CCLP1 cells 
treated with C646 (20 µM) for 48 h. F METTL16 mRNA expression level was determined by RT-qPCR in CCLP1 and HuCCT1 cells treated with C646 
(20 µM) for 48 h. G METTL16 protein expression level was analyzed by immunoblotting in CCLP1 and HuCCT1 cells treated with C646 at indicated 
time points. ***P < 0.001, ****P < 0.0001. (B) Mean ± SD, Unpaired t-test. C-F Mean ± SD, Two-way ANOVA test

http://genome.ucsc.edu/
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Of note, the mechanisms for METTL16-regulated CCA 
cell growth appears to be different from those reported 
for some other cancer types. For example, METTL16 
has been shown to drive leukemogenesis by promot-
ing the expression of BCAT1 and BCAT2 in an m6A-
dependent manner [22]. In pancreatic ductal cancer, 
METTL16 has been shown to inhibit MRE11-mediated 
DNA end resection and contributes synthetic lethality 
to PARP inhibition independent of m6A modification 
[27]. Therefore, the mechanisms mediating METTL16 
actions in different cancer types are likely to be context 
dependent.

METTL3/METTL14, and METTL16 exhibit dis-
tinct crystal structures, which results in them having 
varied preferences for substrate when they recognize 
mRNA sequences directly [15, 16, 21]. Prior investiga-
tions indicate that METTL3 and METTL14 primarily 
identify single-stranded RNA that contains a RRACH 
sequence (R = G, A, and U; H = U, A, and C), whereas 
METTL16 tends to target structured RNA that carries a 
conserved UAC AGA GAA motif [14, 20]. Our sequence 
analysis reveals the presence of the METTL16 binding 
motif in the PRDM15 mRNA. Together, our findings 

establish PRDM15 as a bona fide target of METTL16 in 
CCA.

PRDM15 is a member of the PRDF1 and RIZ1 homol-
ogy domain-containing (PRDM) proteins which are 
sequence-specific transcriptional regulators involved in 
cell stemness and development, often dysregulated in 
cancer [42–45]. While studies have shown that PRDM15 
is overexpressed in B-cell lymphomas and colon adeno-
carcinoma and contributes to tumorigenesis and radiore-
sistance [43, 46], it remains unknow whether PRDM15 is 
implicated in CCA. Our results presented in this study 
show that PRDM15 is upregulated in CCA in comparison 
to non-tumorous tissues. The functional role of PRDM15 
in CCA is attested by the observations that depletion of 
PRDM15 significantly inhibited CCA cell proliferation 
and colony formation capability. By performing rescue 
experiments with forced overexpression of PRDM15 in 
METTL16-depleted CCA cells, we observed that res-
toration of PRDM15 was able to partially rescue the 
deficiency of CCA cell proliferation/colony formation 
induced by METTL16 depletion. These findings sup-
port that PRDM15 is a functionally important target of 
METTL16 in CCA cells.

Fig. 8 p300 cooperates with YY1 to regulate METTL16 expression. A Venn diagram displays overlapping genes of p300 interactors (BioGrid) 
and predicted transcription factors (TFs) for METTL16 (SwissRegulon). B Spearman correlation analysis of METTL16 and the identified TFs in CCA 
tissues from the TCGA database. C ZBTB3, TBLXR1, YY1, SP1, and SP3 expression in CCA and normal tissues from the TCGA database. D Kaplan–Meier 
survival plot of CCA patients from TCGA database stratified by low (blue) and high (red) YY1 expression. E The interaction between p300 and YY1 
in CCLP1 and HuCCT1 cells was validated by immunoprecipitation assay. F The binding sites of YY1 on the promoter region of METTL16 were 
predicted by JASPAR (top). ChIP-qPCR was performed in CCLP1 and HuCCT1 cells treated with C646 (20 µM) for 48 h (bottom). G Proposed model 
for the roles of METTL16 in CCA. (Created using tools from BioRender) *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. C, F Mean ± SD, Two-way 
ANOVA test
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Our experimental results show that METTL16 upregu-
lates the expression of PRDM15 protein through a mech-
anism involving METTL16-medicated m6A modification 
of PRDM15 mRNA that is recognized by the m6A reader 
protein YTHDF1 leading to increased PRDM15 transla-
tion. It is worth mentioning that the role of YTHDF1 in 
CCA is also corroborated by the documented effect of 
YTHDF1 on the translation of other oncogenic mRNAs 
(such as EGFR) [47].

Our further studies have led to the identification of 
FGFR4 as a downstream target regulated by METTL16-
induced PFDM15. PRDM15 is a sequence-specific tran-
scriptional regulator which directly binds to the AAA 
ACC TGG motif located in the promoters of target 
genes. Our analysis reveals three putative PRDM15 bind-
ing sites in the FGFR4 promoter. By performing ChIP-
qPCR assays in CCA cells transfected with HA-tagged 
PRDM15, we have demonstrated that the association 
of PRDM15 with its DNA biding sites in the FGFR4 
promoter. Our separate studies indicate that depletion 
of PRDM15 in CCA cells reduces the mRNA and pro-
tein levels of FGFR4. Together, our experimental results 
demonstrate that FGFR4 is a direct target of PRDM15 in 
CCA.

FGFR4 overexpression is an important oncogenic 
alteration in CCA [9, 10, 48]. Notably, FGFR4 overex-
pression can independently predict worse survival in 
CCA patients [11, 49]. Functional studies have shown 
that inhibition of FGFR4 suppresses CCA cell prolifera-
tion and invasion [10]. However, the mechanisms under-
lying FGFR4 dysregulation in CCA remain to be further 
defined. Rizvi and colleagues have shown that the expres-
sion of FGFR4 in CCA cells is regulated by the oncogene 
YAP [50]. Our experimental results presented in this 
study reveal a new mechanism for FGFR4 expression reg-
ulated by METTL16-PRDM15 signaling in CCA.

FGFR4-selective inhibitors have been tested in clinical 
trials of patients with hepatocellular carcinoma (HCC), 
but the patient response to FGFR4-selective inhibitors in 
HCC appeared to be unsatisfactory [51]. To date, FGFR4 
inhibitors have not yet been evaluated in CCA patients. 
In the current study, we observed that treatment with 
the FGFR4 inhibitor BLU-554 suppressed CCA cell sur-
vival in a dose-dependent manner. Meanwhile, our data 
showed that targeting METTL16 with specific GapmeR 
ASO was also able to inhibit CCA cell growth. Our data 
showed that depletion of METTL16 by GampeR ASO 
enhances the tumor inhibitory effect of the FGFR4 inhib-
itor BLU-554. This finding may suggest a potential strat-
egy to enhance the efficacy of FGFR4-inhibitor in CCA 
treatment.

Thus far, the mechanisms underlying upregulation of 
METTL16 in cancer remain unexplored. Our findings in 

the current study disclose that the METTL16 promoter 
region is enriched with acetylated histone H3 lysine 27 
(H3K27ac). Our results indicate that the histone acetyl-
transferase p300 plays an important role in histone H3 
lysine 27 acetylation and transcriptional regulation of 
METTL16 gene expression in CCA cells. We discovered 
that p300 is recruited to METTL16 promoter by the 
transcription factor YY1. The latter assertion is based on 
the observations that YY1 directly interacts with p300 
in CCA cells and can bind to the two YY1 binding sites 
located in the promoter region of the METTL16 gene. 
Our findings provide novel evidence that the histone 
acetyltransferase p300 cooperates with the transcrip-
tion factor YY1 to regulate METTL16 gene expression 
in CCA cells. Together, our experimental results uncover 
an important epigenetic mechanism by which the p300/
YY1 complex controls METTL16 expression via H3K27 
acetylation.

In conclusion, the current study provides the first evi-
dence that METTL16 is upregulated in CCA through an 
epigenetic mechanism which involves p300/YY1 complex 
and H3K27 acetylation. The oncogenic role of METTL16 
is demonstrated by results from complementary in vitro 
and in vivo studies. Our experimental findings disclose a 
novel METTL16-PRDM15-FGFR4 signaling axis which is 
importantly implicated in CCA and may serve as a new 
therapeutic target.
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Additional file 1: Supplementary Figure 1 (related to Fig. 4). PRDM15, 
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Fig. 4). RT-qPCR analysis of PRDM15, NSD2, KMT2D and SETD5 expres-
sion in control and METTL16 knockdown cells. Supplementary Figure 3 
(related to Fig. 4). SETD5, KMT2D, and NSD2 protein expression were deter-
mined by an immunoblotting assay in control and METTL16 knockdown 
cells. Supplementary Figure 4 (related to Fig. 4). A. MeRIP-qPCR assay 
was performed in METTL3 silencing (siMETTL3 #1) and control CCLP1 
and HuCCT1 cells to detect the level of m6A-modified PRDM15 mRNA. 
B. PRDM15 protein expression was determined by an immunoblotting 
assay in control and METTL3 knockdown cells. Supplementary Figure 5 
(related to Fig. 5) . The expression of PRDM15 and METTL16 is positively 
correlated in human CCA tissues. (A). Representative immunochemistry 
(IHC) staining for PRDM15 in normal bile duct and CCA tissues. Scale bar: 
100 μm. (B). Quantitative result of the IHC data as represented in A. (C). 
Positive correlation between PRDM15 and METTL16 expression in CCA 
patient samples (Pearson correlation coefficient analysis based on the 
IHC scores). Supplementary Figure 6 (related to Fig. 6). The expres-
sion of FGFR4 is positively correlated with METTL16 in CCA tissues. (A). 
Representative immunochemistry (IHC) staining for FGFR4 expression 
in human CCA tissues and non-tumorous bile duct. Scale bar: 100 μm. 
(B). Quantitative result of the IHC data as represented in A. (C). Positive 
correlation between FGFR4 and METTL16 expression in CCA) patient 
samples (Pearson correlation coefficient analysis based on the IHC 
scores). Supplementary Figure 7 (related to Fig. 6). Forced overexpres-
sion of FGFR4 rescues the deficiency of CCA cell proliferation and colony 
formation induced by METTL16 depletion. V5-tagged FGFR4 expression 
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construct was transfected in CCLP1 and HuCCT1 cells for 48 hours and 
FGFR4 protein expression was determined by immunoblotting (A). WST-1 
cell proliferation (B) and colony formation (C) assay were performed in 
CCLP1 and HuCCT1 cells transfected with FGFR4 overexpression or control 
construct. (D, E) Phosphorylation of FGFR4 signaling pathway components 
ERK1/2 and AKT were determined in BLU-554 treated (D) or METTL16 
depletion (E) CCA cells by western blotting assay. **P<0.01, ***P<0.001, 
****P<0.0001. (B, C, E, F) Mean ± SD, One-way ANOVA test. 

Additional file 2: Table S1. Primers used in this study.
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Additional file 4: Table S3. Overlapping genes identified from RNA-seq 
and TCGA database. 

Acknowledgements
This work was supported by the National Institutes of Health grants CA219541 
and CA226281 (to T. Wu).

Authors’ contributions
N. Liu and T. Wu conceived of the experiments. N. Liu carried out most of the 
experiments, while J. Zhang, W. Chen, and W. Ma participated in the animal 
experiments. N. Liu drafted the manuscript, and T. Wu supervised the study 
and edited the manuscript. All authors have read and approved the final 
manuscript.

Availability of data and materials
The data produced in this study can be found in the article and its supple-
mentary data files and can also be obtained by contacting the corresponding 
author. The publicly available data used in this study, which were generated 
by other researchers, were sourced from TCGA-CHOL and Gene Expression 
Omnibus (GEO) databases under the accession numbers GSE107943 and 
GSE107101.

Declarations

Ethics approval and consent to participate
All animal studies were approved by the Institutional Animal Care and Use 
Committee of Tulane University.

Consent for publication
All of the authors are aware of the content of the study and consent to their 
inclusion as co-authors.

Competing interests
The authors have no conflicts of interest to declare.

Received: 14 August 2023   Accepted: 29 September 2023

References
 1. Banales JM, Marin JJ, Lamarca A, Rodrigues PM, Khan SA, Roberts LR, 

Cardinale V, et al. Cholangiocarcinoma 2020: the next horizon in mecha-
nisms and management. Nat Rev Gastroenterol Hepatol. 2020;17:557–88.

 2. Brindley PJ, Bachini M, Ilyas SI, Khan SA, Loukas A, Sirica AE, Teh BT, et al. 
Cholangiocarcinoma. Nat Rev Dis Primers. 2021;7:65.

 3. Fabris L, Sato K, Alpini G, Strazzabosco M. The tumor microenvironment in 
cholangiocarcinoma progression. Hepatology. 2021;73:75–85.

 4. O’Rourke CJ, Munoz-Garrido P, Andersen JB. Molecular targets in cholan-
giocarcinoma. Hepatology. 2021;73:62–74.

 5. Sirica AE, Gores GJ, Groopman JD, Selaru FM, Strazzabosco M, Wei Wang 
X, Zhu AX. Intrahepatic cholangiocarcinoma: continuing challenges and 
translational advances. Hepatology. 2019;69:1803–15.

 6. Cambridge WA, Fairfield C, Powell JJ, Harrison EM, Søreide K, Wigmore 
SJ, Guest RV. Meta-analysis and meta-regression of survival after liver 

transplantation for unresectable perihilar cholangiocarcinoma. Ann Surg. 
2021;273:240–50.

 7. Zou S, Li J, Zhou H, Frech C, Jiang X, Chu JS, Zhao X, et al. Mutational land-
scape of intrahepatic cholangiocarcinoma. Nat Commun. 2014;5:5696.

 8. Nakamura H, Arai Y, Totoki Y, Shirota T, Elzawahry A, Kato M, Hama N, et al. 
Genomic spectra of biliary tract cancer. Nat Genet. 2015;47:1003–10.

 9. Wu Q, Zhen Y, Shi L, Vu P, Greninger P, Adil R, Merritt J, et al. EGFR 
Inhibition Potentiates FGFR Inhibitor Therapy and Overcomes Resist-
ance in FGFR2 Fusion-Positive Cholangiocarcinoma. Cancer Discov. 
2022;12:1378–95.

 10. Xu YF, Yang XQ, Lu XF, Guo S, Liu Y, Iqbal M, Ning SL, et al. Fibroblast 
growth factor receptor 4 promotes progression and correlates to poor 
prognosis in cholangiocarcinoma. Biochem Biophys Res Commun. 
2014;446:54–60.

 11. Ang C. Role of the fibroblast growth factor receptor axis in cholangiocar-
cinoma. J Gastroenterol Hepatol. 2015;30:1116–22.

 12. Huang H, Weng H, Chen J. m(6)A Modification in Coding and Non-
coding RNAs: Roles and Therapeutic Implications in Cancer. Cancer Cell. 
2020;37:270–88.

 13. Li W, Deng X, Chen J. RNA-binding proteins in regulating mRNA stability 
and translation: roles and mechanisms in cancer. Semin Cancer Biol. 
2022;86:664–77.

 14. Liu J, Yue Y, Han D, Wang X, Fu Y, Zhang L, Jia G, et al. A METTL3–METTL14 
complex mediates mammalian nuclear RNA N6-adenosine methylation. 
Nat Chem Biol. 2014;10:93–5.

 15. Wang P, Doxtader KA, Nam Y. Structural basis for cooperative function of 
Mettl3 and Mettl14 methyltransferases. Mol Cell. 2016;63:306–17.

 16. Wang X, Feng J, Xue Y, Guan Z, Zhang D, Liu Z, Gong Z, et al. Structural 
basis of N 6-adenosine methylation by the METTL3–METTL14 complex. 
Nature. 2016;534:575–8.

 17. Schwartz S, Mumbach MR, Jovanovic M, Wang T, Maciag K, Bushkin GG, 
Mertins P, et al. Perturbation of m6A writers reveals two distinct classes of 
mRNA methylation at internal and 5′ sites. Cell Rep. 2014;8:284–96.

 18. Su R, Dong L, Li Y, Gao M, He PC, Liu W, Wei J, et al. METTL16 exerts an 
m6A-independent function to facilitate translation and tumorigenesis. 
Nat Cell Biol. 2022;24:205–16.

 19. Warda AS, Kretschmer J, Hackert P, Lenz C, Urlaub H, Höbartner C, Sloan 
KE, et al. Human METTL16 is a N6-methyladenosine (m6A) methyltrans-
ferase that targets pre-mRNAs and various non-coding RNAs. EMBO Rep. 
2017;18:2004–14.

 20. Pendleton KE, Chen B, Liu K, Hunter OV, Xie Y, Tu BP, Conrad NK. The U6 
snRNA m6A methyltransferase METTL16 regulates SAM synthetase intron 
retention. Cell. 2017;169(824–835):e814.

 21. Mendel M, Chen K-M, Homolka D, Gos P, Pandey RR, McCarthy AA, Pillai 
RS. Methylation of structured RNA by the m6A writer METTL16 is essential 
for mouse embryonic development. Mol Cell. 2018;71(986–1000):e1011.

 22. Han L, Dong L, Leung K, Zhao Z, Li Y, Gao L, Chen Z, et al. METTL16 drives 
leukemogenesis and leukemia stem cell self-renewal by reprogramming 
BCAA metabolism. Cell Stem Cell. 2023;30(52–68):e13.

 23. Yoshinaga M, Han K, Morgens DW, Horii T, Kobayashi R, Tsuruyama T, Hia 
F, et al. The N(6)-methyladenosine methyltransferase METTL16 enables 
erythropoiesis through safeguarding genome integrity. Nat Commun. 
2022;13:6435.

 24. Wang XK, Zhang YW, Wang CM, Li B, Zhang TZ, Zhou WJ, Cheng Lj, et al. 
METTL16 promotes cell proliferation by up‐regulating cyclin D1 expres-
sion in gastric cancer. J Cell Mol Med. 2021;25:6602–17.

 25. Dai YZ, Liu YD, Li J, Chen MT, Huang M, Wang F, Yang QS, et al. METTL16 
promotes hepatocellular carcinoma progression through downregulat-
ing RAB11B-AS1 in an m(6)A-dependent manner. Cell Mol Biol Lett. 
2022;27:41.

 26. Ye F, Wu J, Zhang F. METTL16 epigenetically enhances GPX4 expression 
via m6A modification to promote breast cancer progression by inhibiting 
ferroptosis. Biochem Biophys Res Commun. 2022;638:1–6.

 27. Zeng X, Zhao F, Cui G, Zhang Y, Deshpande RA, Chen Y, Deng M, et al. 
METTL16 antagonizes MRE11-mediated DNA end resection and confers 
synthetic lethality to PARP inhibition in pancreatic ductal adenocarci-
noma. Nat Cancer. 2022;3:1088–104.

 28. Wei F, Zhang JN, Zhao YQ, Lyu H, Chen F. Expression of m6A RNA Methyla-
tion Regulators and Their Clinical Predictive Value in Intrahepatic Cholan-
giocarcinoma. Front Biosci (Landmark Ed). 2023;28:120.



Page 15 of 15Liu et al. J Exp Clin Cancer Res          (2023) 42:263  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 29. Ma W, Han C, Zhang J, Song K, Chen W, Kwon H, Wu T. The histone meth-
yltransferase G9a promotes cholangiocarcinogenesis through regulation 
of the hippo pathway kinase LATS2 and YAP signaling pathway. Hepatol-
ogy. 2020;72:1283–97.

 30. Lin Z, Hsu PJ, Xing X, Fang J, Lu Z, Zou Q, Zhang K-J, et al. Mettl3-/Mettl14-
mediated mRNA N6-methyladenosine modulates murine spermatogen-
esis. Cell Res. 2017;27:1216–30.

 31. Mzoughi S, Zhang J, Hequet D, Teo SX, Fang H, Xing QR, Bezzi M, et al. 
PRDM15 safeguards naive pluripotency by transcriptionally regulating 
WNT and MAPK–ERK signaling. Nat Genet. 2017;49:1354–63.

 32. Manieri E, Folgueira C, Rodriguez ME, Leiva-Vega L, Esteban-Lafuente L, 
Chen C, Cubero FJ, et al. JNK-mediated disruption of bile acid homeosta-
sis promotes intrahepatic cholangiocarcinoma. Proc Natl Acad Sci U S A. 
2020;117:16492–9.

 33. Phillips AJ, Lobl MB, Hafeji YA, Safranek HR, Mohr AM, Mott JL. Glycosyla-
tion of FGFR4 in cholangiocarcinoma regulates receptor processing and 
cancer signaling. J Cell Biochem. 2022;123:568–80.

 34. Wang M, Chen Z, Zhang Y. CBP/p300 and HDAC activities regulate H3K27 
acetylation dynamics and zygotic genome activation in mouse preim-
plantation embryos. EMBO J. 2022;41:e112012.

 35. Cai L-Y, Chen S-J, Xiao S-H, Sun Q-J, Ding C-H, Zheng B-N, Zhu X-Y, et al. 
Targeting p300/CBP attenuates hepatocellular carcinoma progression 
through epigenetic regulation of metabolism. Can Res. 2021;81:860–72.

 36. Kim BK, Im JY, Han G, Lee WJ, Won KJ, Chung KS, Lee K, et al. p300 cooper-
ates with c-Jun and PARP-1 at the p300 binding site to activate RhoB 
transcription in NSC126188-mediated apoptosis. Biochim Biophys Acta 
Gene Regul Mech. 2014;1839:364–73.

 37. Uttarkar S, Piontek T, Dukare S, Schomburg C, Schlenke P, Berdel WE, 
Muller-Tidow C, et al. Small-Molecule Disruption of the Myb/p300 
Cooperation Targets Acute Myeloid Leukemia Cells. Mol Cancer Ther. 
2016;15:2905–15.

 38. Xu Q-C, Tien Y-C, Shi Y-H, Chen S, Zhu Y-Q, Huang X-T, Huang C-S, et al. 
METTL3 promotes intrahepatic cholangiocarcinoma progression by 
regulating IFIT2 expression in an m6A-YTHDF2-dependent manner. 
Oncogene. 2022;41:1622–33.

 39. Zhang Y, Ma Z, Li C, Wang C, Jiang W, Chang J, Han S, et al. The genomic 
landscape of cholangiocarcinoma reveals the disruption of post-tran-
scriptional modifiers. Nat Commun. 2022;13:1–13.

 40. Tsherniak A, Vazquez F, Montgomery PG, Weir BA, Kryukov G, Cowley GS, 
Gill S, et al. Defining a cancer dependency map. Cell. 2017;170(564–576): 
e516.

 41. Sendinc E, Shi Y. RNA m6A methylation across the transcriptome. Mol 
Cell. 2023;83:428–41.

 42. Di Tullio F, Schwarz M, Zorgati H, Mzoughi S, Guccione E. The dual-
ity of PRDM proteins: epigenetic and structural perspectives. FEBS J. 
2022;289:1256–75.

 43. Yu Y, Liu TT, Yu GY, Wang H, Du ZP, Chen YY, Yang N, et al. PRDM15 
interacts with DNA-PK-Ku complex to promote radioresistance in rectal 
cancer by facilitating DNA damage repair. Cell Death Dis. 2022;13(11):978.

 44. Mzoughi S, Tan YX, Low D, Guccione E. The role of PRDMs in cancer: one 
family, two sides. Curr Opin Genet Dev. 2016;36:83–91.

 45. Sorrentino A, Federico A, Rienzo M, Gazzerro P, Bifulco M, Ciccodicola A, 
Casamassimi A, et al. PR/SET Domain Family and Cancer: Novel Insights 
from the Cancer Genome Atlas. Int J Mol Sci. 2018;19:3250.

 46. Mzoughi S, Fong JY, Papadopoli D, Koh CM, Hulea L, Pigini P, Di Tullio F, 
et al. PRDM15 is a key regulator of metabolism critical to sustain B-cell 
lymphomagenesis. Nat Commun. 2020;11(1):3520.

 47. Huang X, Zhu L, Wang L, Huang W, Tan L, Liu H, Huo J, et al. YTHDF1 pro-
motes intrahepatic cholangiocarcinoma progression via regulating EGFR 
mRNA translation. J Gastroenterol Hepatol. 2022;37:1156–68.

 48. Jusakul A, Cutcutache I, Yong CH, Lim JQ, Huang MN, Padmanabhan N, 
Nellore V, et al. Whole-Genome and Epigenomic Landscapes of Etiologi-
cally Distinct Subtypes of CholangiocarcinomaIntegrative Genomic 
and Epigenomic Analysis of Cholangiocarcinoma. Cancer Discov. 
2017;7:1116–35.

 49. Qiu B, Chen T, Sun R, Liu Z, Zhang X, Li Z, Xu Y, et al. Sprouty4 correlates 
with favorable prognosis in perihilar cholangiocarcinoma by blocking the 
FGFR-ERK signaling pathway and arresting the cell cycle. EBioMedicine. 
2019;50:166–77.

 50. Rizvi S, Yamada D, Hirsova P, Bronk SF, Werneburg NW, Krishnan A, Salim 
W, et al. A hippo and fibroblast growth factor receptor autocrine pathway 
in cholangiocarcinoma. J Biol Chem. 2016;291:8031–47.

 51. Kim RD, Sarker D, Meyer T, Yau T, Macarulla T, Park J-W, Choo SP, et al. 
First-in-Human Phase I Study of Fisogatinib (BLU-554) Validates Aberrant 
FGF19 Signaling as a Driver Event in Hepatocellular CarcinomaClinical 
Validation of FGF19 as a Driver of HCC. Cancer Discov. 2019;9:1696–707.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	The RNA methyltransferase METTL16 enhances cholangiocarcinoma growth through PRDM15-mediated FGFR4 expression
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Materials and methods
	Cell culture
	Cell proliferation and colony formation assays
	RNA extraction and qRT-PCR
	Western blot assay
	siRNA and GapmeR ASO transfections
	Immunochemistry (IHC) staining of CCA tissue
	RNA immunoprecipitation (RIP)
	m6A sequencing
	Ribosomal immunoprecipitation
	Methylated RNA immunoprecipitation (MeRIP) qPCR
	Chromatin immunoprecipitation (ChIP) assay
	In vivo mouse experiments
	Statistical analysis

	Results
	METTL16 is upregulated in CCA
	Depletion of METTL16 inhibits CCA cell growth in vitro and in vivo
	PRDM15 is a direct target of METTL16 in CCA cells
	METTL16 regulates PRDM15 expression through YTHDF1-dependent translation mechanism in CCA cells
	The effect of PRDM15 on CCA cell proliferation and clonogenicity
	METTL16-induced PRDM15 regulates the expression of FGFR4 in CCA cells
	Regulation of METTL16 expression by P300-mediated Histone H3 Lysine 27 acetylation (H3K27ac)
	YY1 cooperates with p300 to regulate METTL16 expression in CCA cells

	Discussion
	Anchor 32
	Acknowledgements
	References


