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Abstract
As an epitranscriptomic modulation manner, N6-methyladenosine (m6A) modification 
plays important roles in various diseases, including hepatocellular carcinoma (HCC). 
m6A modification affects the fate of RNAs. The potential contributions of m6A to 
the functions of RNA still need further investigation. In this study, we identified long 
noncoding RNA FAM111A-DT as an m6A-modified RNA and confirmed three m6A 
sites on FAM111A-DT. The m6A modification level of FAM111A-DT was increased in 
HCC tissues and cell lines, and increased m6A level was correlated with poor survival 
of HCC patients. m6A modification increased the stability of FAM111A-DT transcript, 
whose expression level showed similar clinical relevance to that of the m6A level of 
FAM111A-DT. Functional assays found that only m6A-modified FAM111A-DT pro-
moted HCC cellular proliferation, DNA replication, and HCC tumor growth. Mutation 
of m6A sites on FAM111A-DT abolished the roles of FAM111A-DT. Mechanistic inves-
tigations found that m6A-modified FAM111A-DT bound to FAM111A promoter and 
also interacted with m6A reader YTHDC1, which further bound and recruited histone 
demethylase KDM3B to FAM111A promoter, leading to the reduction of the repres-
sive histone mark H3K9me2 and transcriptional activation of FAM111A. The expres-
sion of FAM111A was positively correlated with the m6A level of FAM111A-DT, and 
the expression of methyltransferase complex, YTHDC1, and KDM3B in HCC tissues. 
Depletion of FAM111A largely attenuated the roles of m6A-modified FAM111A-DT 
in HCC. In summary, the m6A-modified FAM111A-DT/YTHDC1/KDM3B/FAM111A 
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1  |  INTRODUC TION

Liver cancer is one of the most prevalent malignancies worldwide 
with a relatively poor prognosis.1 Hepatocellular carcinoma (HCC) is 
the major histological subtype of liver cancer.1 The effects of surgi-
cal resection and system treatment are both limited for HCC, lead-
ing to a less than 20% 5-year survival rate of HCC.2 Therefore, it 
is urgent to deeply investigate the molecular alterations of HCC to 
develop a more efficiently targeted therapy.

Whole-genome and -exome sequencings have identified sev-
eral mutational signatures of HCC and the recurrent mutations 
of coding and noncoding regions, such as the coding genes TP53, 
CTNNB1, AXIN1, and ARID1A, and the noncoding genes NEAT1 and 
MALAT1.3–5 Apart from genomic alterations, epigenetic alterations 
of HCC were intensively investigated.6–9 Aberrant DNA methylation 
modification, histone acetylation modification, histone methylation 
modification, and noncoding RNAs were frequently reported to in-
duce aberrant gene expression in HCC.10–13 As a class of noncoding 
RNAs, long noncoding RNAs (lncRNAs) are defined as longer than 
200 nucleotides in length with limited protein-coding potential.14 ln-
cRNAs mainly function as gene expression modulators and change 
the expressions and functions of proteins involved in various patho-
physiological processes.15–19 In HCC, many lncRNAs have been 
revealed to play oncogenic or tumor-suppressive roles, including 
PAARH, ADORA2A-AS1, and HOMER3-AS1, which we previously 
reported.20–24

Recently, aberrant epitranscriptomic modifications of RNAs 
were found in various diseases and presented critical roles in de-
velopment, homeostasis, and various diseases.25 Among these epi-
transcriptomic modifications of RNAs, N6-methyladenosine (m6A) is 
one of the most widespread and conserved RNA modifications.26 
m6A modification has been detected in nearly all types of RNAs, in-
cluding mRNAs, rRNAs, snRNAs, and so on.27 Current studies have 
established m6A modification as the critical determinant of RNA 
fate.28 m6A modification modulates RNA stability, conformation, 
folding, translation, pre-mRNAs splicing, nuclear export, chromatin 
modification, genome integrity, transcription of target genes, and so 
on.29–32 m6A is installed by m6A methyltransferases. The METTL3-
METTL14-WTAP methyltransferase complex is the major compo-
nent responsible for the deposition of m6A in RNAs.33–35 The methyl 
group in m6A can be removed by demethylases, mainly including 
FTO and ALKBH5.36 The functional consequences of m6A modifica-
tion are mainly mediated by m6A-binding proteins, which were also 
termed as m6A readers. Different readers mediate the different ef-
fects of m6A modification on RNA fate. The well-known m6A readers 

include YTH domain family proteins (YTHDC1, YTHDC2, YTHDF1, 
YTHDF2, YTHDF3), insulin-like growth factor 2 mRNA-binding 
proteins (IGF2BPs), and heterogeneous nuclear ribonucleoprotein 
(HNRNP) family proteins.37,38 Although m6A modification of mRNAs 
have been intensively investigated, the contributions of m6A modifi-
cation to the regulatory roles of lncRNAs are still unclear.

Through analyzing The Cancer Genome Atlas (TCGA) liver hepa-
tocellular carcinoma (LIHC) data, several m6A-related lncRNAs have 
been identified to be correlated with clinical prognosis of HCC pa-
tients.39 Among these m6A-related lncRNAs in HCC, we further de-
tected their expressions, associations with prognosis, and their m6A 
modification levels, and found that not only the expression level but 
also the m6A modification level of FAM111A-DT was increased in 
HCC and correlated with poor survival of HCC patients. We further 
identified m6A-modified, but not nonmodified, FAM111A-DT as on-
cogenic lncRNA in HCC. The mechanisms underlying the oncogenic 
roles of m6A-modified FAM111A-DT were also investigated.

2  |  MATERIAL S AND METHODS

2.1  |  Human tissue samples

Eighty-two pairs of HCC tissues and adjacent noncancerous liver tis-
sues were acquired at the Affiliated Hospital of Youjiang Medical 
University for Nationalities from HCC patients with written in-
formed consents. The clinicopathological characteristics of these 82 
cases are shown in Table S1. This study was undertaken following 
the Declaration of Helsinki and approved by the Institutional Review 
Board of the Affiliated Hospital of Youjiang Medical University for 
Nationalities (approval no. YYFY-LL-2022-103).

2.2  |  Cell lines and cell culture

Human HCC cell lines SK-HEP-1 (cat. no. TCHu109), HuH-7 (cat. no. 
SCSP-526), and Hep3B (cat. no. SCSP-5045) were purchased from 
the Chinese Academy of Sciences Cell Bank. Human HCC cell line 
SNU-398 (cat. no. CRL2233) and human immortalized liver cell lines 
THLE-2 (cat. no. CRL-2706) and THLE-3 (cat. no. CRL-11233) were 
obtained from the American Type Culture Collection (ATCC). SK-
HEP-1 and Hep3B cells were cultured in Eagle's Minimum Essential 
Medium (cat. no. 11095080, Invitrogen) added with 10% fetal bo-
vine serum (cat. no. 10099141, FBS, Invitrogen). HuH-7 cell was 
cultured in Dulbecco's modified Eagle's medium (cat. no. 11965092, 
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Invitrogen) added with 10% FBS. SNU-398 cell was cultured in RPMI 
1640 medium (cat. no. 11875093, Invitrogen) added with 10% FBS. 
THLE-2 and THLE-3 cells were cultured using the BEGM Bullet Kit 
(cat. no. CC-3170, Lonza) following the provided protocol. All cells 
were maintained at 37°C containing 5% CO2 and routinely tested as 
mycoplasma-free.

2.3  |  RNA extraction and quantitative polymerase 
chain reaction (qPCR)

Total RNA was extracted using the RNA isolater Total RNA Extraction 
Reagent (cat. no. R401, Vazyme). Reverse transcription was per-
formed using RNA and the HiScript III RT SuperMix for qPCR (cat. 
no. R323, Vazyme) to generate complementary DNA (cDNA). The 
cDNA was further subjected to qPCR using the ChamQ Universal 
SYBR qPCR Master Mix (cat. no. Q711, Vazyme) on StepOnePlus 
Real-Time PCR System (cat. no. 4376600, Applied Biosystems). The 
sequences of primers used in qPCR were as follows: 5′-GCAAA​
GCC​GTT​TCT​TCCTA-3′ (sense) and 5′-CCTGT​GGT​TCA​ACT​ACT​
TCAAT-3′ (antisense) for FAM111A-DT, 5′-ACAAA​ACA​GCC​AGA​
GACAAT-3′ (sense) and 5′-GTGGG​TAG​AAG​CCA​AGGA-3′ (anti-
sense) for AL031985.3, 5′-TCAGT​ATG​AAC​GCA​AGGG-3′ (sense) 
and 5′-GCAAC​AAG​CAC​AGC​CAGT-3′ (antisense) for AC145207.5, 
5′-CGGTG​TGT​ATC​TTT​TGGG-3′ (sense) and 5′-ATCAT​TGA​CTT​
GTG​TCTGC-3′ (antisense) for SNHG21, 5′-ACGGG​ACA​GTC​AGA​
AGAT-3′ (sense) and 5′-GAGGC​ACG​GTA​AGG​GTTA-3′ (antisense) 
for AC012467.2, 5′-GCACA​ACG​GGG​ATG​TAGC-3′ (sense) and 
5′-AAACT​TTG​GGC​AGC​GACT-3′ (antisense) for SREBF2-AS1, 5′-
AACCA​TCC​GTT​CAT​CTTCA-3′ (sense) and 5′-TGGCT​CTT​GGG​TCT​
CCTCT-3′ (antisense) for FAM111A, 5′-GTCTT​TCC​ATC​CAC​TCA​
CGTCT-3′ (sense) and 5′-GGACA​ACT​AGA​TGC​CGA​GGTAG-3′ (an-
tisense) for NEAT1, 5′-TGGAG​AAA​TAG​TAG​ATGGC-3′ (sense) and 
5′-GGTGA​GGA​AGT​AAA​AACAG-3′ (antisense) for MALAT1, 5′-
CATCT​TGG​CTC​CTC​CGA​ATGTG-3′ (sense) and 5′-TCTTG​CCA​GGT​
GTT​GTT​CTGC-3′ (antisense) for CASC9,40 5′-GTCGG​AGT​CAA​CGG​
ATTTG-3′ (sense) and 5′-TGGGT​GGA​ATC​ATA​TTGGAA-3′ (antisense) 
for GAPDH. GAPDH served as an endogenous control. Relative ex-
pression was calculated using the comparative Ct method.

2.4  |  Vectors, siRNAs, and stable cell lines 
construction

METTL3-, METTL14-, and FTO-overexpressing vectors were pur-
chased from GenePharma. ON-TARGETplus Human METTL3 
siRNA SMART Pool (cat. no. L-005170-02-0010), ON-TARGETplus 
Human YTHDC1 siRNA SMART Pool (cat. no. L-015332-02-0010), 
ON-TARGETplus Human HNRNPA2B1 siRNA SMART Pool (cat. 
no. L-011690-01-0010), ON-TARGETplus Human HNRNPG siRNA 
SMART Pool (cat. no. L-011691-01-0010), ON-TARGETplus Human 
HNRNPC siRNA SMART Pool (cat. no. L-011869-03-0010), and 
ON-TARGETplus Human KDM3B siRNA SMART Pool (cat. no. 

L-020378-01-0010) were purchased from Horizon Discovery. The 
transfection of vectors and siRNAs were performed using the GP-
transfect-Mate (cat. no. G04009, GenePharma).

Wild-type and m6A modification sites mutated FAM111A-DT 
overexpressing lentiviruses (LV11 vector) were purchased from 
GenePharma. Two pairs of cDNA oligonucleotides targeting 
FAM111A-DT and one pair of cDNA oligonucleotide targeting 
FAM111A were synthesized and cloned into the shRNA lentivirus-
expressing vector (LV-2N vector) (GenePharma) to generate shRNA 
lentivirus targeting FAM111A-DT or FAM111A. Scrambled non-
targeting shRNA lentivirus were used as negative control (NC). 
The sequences of shRNA oligonucleotides were as follows: 5′-
GATCC​GCA​CAC​TGC​AAT​GTC​CAA​ACG​TTC​AAG​AGA​CGT​TTG​
GAC​ATT​GCAGTGTGCTTTTTTG-3′ (sense) and 5′-AATTC​AAA​
A A A​GCA​CAC​TGC​A AT​GTC​CA A ​ACG​TCT​CTT​GA A​CGT​TTG​
GACATTGCAGTGTGCG-3′ (antisense) for shRNA-FAM111A-DT-1, 
5′-GATCC​GCA​CTG​TAA​GCC​CTT​GAA​TGG​TTC​AAG​AGA​CCA​TTC​
AAG​GGC​TTACAGTGCTTTTTTG-3′ (sense) and 5′-AATTC​AAA​AAA​
GCA​CTG​TAA​GCC​CTT​GAA​TGG​TCT​CTT​GAA​CCA​TTC​AAGGGC​
TTACAGTGCG-3′ (antisense) for shRNA-FAM111A-DT-2, 5′-GAT​
CC​GCG​CAA​ACT​CTG​TGT​TTA​TGC​TTC​AAG​AGA​GCA​TAA​ACA​CAG​
AGTTTGCGCTTTTTTG-3′ (sense) and 5′-AATTC​AAA​AAA​GCG​
CAA​ACT​CTG​TGT​TTA​TGC​TCT​CTT​GAA​GCA​TAA​ACACAGAGTTTG​
CGCG-3′ (antisense) for shRNA-FAM111A, 5′-GATCC​GTT​CTC​CGA​
ACG​TGT​CAC​GTT​TCA​AGA​GAA​CGT​GAC​ACG​TTC​GGAGAACTT​
TTTTG-3′ (sense) and 5′-AATTC​AAA​AAA​GTT​CTC​CGA​ACG​TGT​
CAC​GTT​CTC​TTG​AAA​CGT​GAC​ACGTTCGGAGAACG-3′ (antisense) 
for shRNA-NC.

To construct FAM111A-DT stably overexpressed and con-
trol HCC cells, SK-HEP-1 and SNU-398 cells were infected with 
wild-type or m6A modification sites-mutated FAM111A-DT-
overexpressing lentiviruses. Ninety-six hours after infection, the 
cells were treated with 800 μg/mL neomycin (cat. no. ant-gn-1, 
InvivoGen) for 4 weeks to select FAM111A-DT-overexpressed cells. 
To construct FAM111A-DT stably depleted HCC cells, SK-HEP-1 
and SNU-398 cells were infected with shRNA lentivirus target-
ing FAM111A-DT. Ninety-six hours after infection, the cells were 
treated with 2 μg/mL puromycin (cat. no. ant-pr-1, InvivoGen) for 
4 weeks to select FAM111A-DT-silenced cells. To construct HCC 
cells with concurrent FAM111A-DT overexpression and FAM111A 
depletion, FAM111A-DT stably overexpressed SK-HEP-1 cells were 
infected with shRNA lentivirus targeting FAM111A and selected 
with 800 μg/mL neomycin and 2 μg/mL puromycin. To construct 
HCC cells with concurrent FAM111A-DT knockdown and FAM111A 
overexpression, FAM111A-DT stably depleted SNU-398 cells were 
infected with FAM111A-overexpressing lentiviruses and selected 
with 800 μg/mL neomycin and 2 μg/mL puromycin.

2.5  |  Site-specific m6A modification detection

Site-specific m6A modification detection was performed using the 
previously reported single-base elongation- and ligation-based 
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qPCR amplification method (termed “SELECT”).41 Simultaneously, 
detections of nonmodified 498 A site, 774 A site, or 876 A site were 
performed for controlling the initial RNA input amounts and used as 
input for m6A sites 501, 779, and 881 respectively. The sequences 
of probes used were as follows: 5′-tagccagtaccgtagtgcgtgCGTCT​
CGT​CTC​GGG​AGCTG-3′ (up) and 5′-5phos/CCTGA​AAG​GGG​GCT​
GCCAcagaggctgagtcgctgcat-3′ (down) for m6A 501, 5′-tagccag​tac-
cgtagtgcgtgGTCTC​GTC​TCG​GGA​GCT​GTCC-3′ (up) and 5′-5phos/
GAAAG​GGG​GCT​GCC​ACGCcagaggctgagtcgctgcat-3′ (down) for A 
498, 5′-tagccagtaccgtagtgcgtgCTCTG​GCT​AAT​GAT​TCT​GGACAG-3′ 
(up) and 5′-5phos/CCAAT​CCT​GTG​GTT​CAA​CTAC​TTCcagaggctga​
gtcgctgcat-3′ (down) for m6A 779, 5′-tagccagtaccgtagtgcgtgGCTAA​
TGA​TTC​TGG​ACA​GTCCAA-3′ (up) and 5′-5phos/CCTGT​GGT​
TCA​ACT​ACT​TCAATG​cagaggctgagt​cgctgcat-3′ (down) for A 774, 
5′-tagccagtaccgtagtgcgtgACAGA​ACT​CAT​TGG​TTT​CTGCAG-3′ (up) 
and 5′-5phos/TTTTT​GTT​TTG​TTG​TTG​CTTTTGGca​gaggctgagtcgct-
gcat-3′ (down) for m6A 881, 5′-tagccagta​ccgtagtgcgtgGAACT​CAT​
TGG​TTT​CTG​CAG​TTTTT-3′ (up) and 5′-5phos/GTTTT​GTT​GTT​GCT​
TTT​GGT​AAAGGcag​aggctgagtcgctgcat-3′ (down) for A 876. The 
sequences of primers used in qPCR for SELECT were: 5′-ATGCA​
GCG​ACT​CAG​CCTCTG-3′ (sense) and 5′-TAGCC​AGT​ACC​GTA​GTG​
CGTG-3′ (antisense).41

2.6  |  RNA immunoprecipitation (RIP) and 
methylated RNA immunoprecipitation (MeRIP) assays

RNA immunoprecipitation assays were performed in SK-HEP-1 
cells with wild-type or mutated FAM111A-DT overexpression using 
the EZ-Magna RIP RNA-Binding Protein Immunoprecipitation Kit 
(cat. no. 17-701, Millipore) and YTHDC1-specific antibody (cat. no. 
77422, Cell Signaling Technology). Enriched wild-type or mutated 
FAM111A-DT was detected by qPCR with the primers: 5′-GCAAA​
GCC​GTT​TCT​TCCTA-3′ (sense) and 5′-CCTGT​GGT​TCA​ACT​ACT​
TCAAT-3′ (antisense) for wild-type FAM111A-DT, 5′-AGTAG​TTG​
AAC​CAC​AGG​ATTGGT-3′ (sense) and 5′-CAGAA​CTC​ATT​GGT​TTC​
TGCAGA-3′ (antisense) for mutated FAM111A-DT. MeRIP assays 
were performed in indicated tissues and cells using the Magna 
MeRIP m6A Kit (cat. no. 17-10499, Millipore). Enriched RNA was de-
tected by qPCR.

2.7  |  Chromatin isolation by RNA purification 
(ChIRP) assay

Chromatin isolation by RNA purification assays were performed 
in indicated cells using the EZ-Magna ChIRP RNA Interactome Kit 
(cat. no. 17-10495, Millipore) following the provided protocol. The 
sequences of FAM111A-DT antisense DNA probes were as fol-
lows: 1, 5′-agactcaagctgccacagtg-3′; 2, 5′-gctgcaaattaaggagcact-3′; 
3, 5′-gaa​g​aaacggctttgctggg-3′; 4, 5′-atcccatagagcacattaga-3′; 5, 5′-ggc​
atgca​caaaaatttcct-3′; 6, 5′-ctcaaatgttaccacctctg-3′; 7, 5′-agtaagatt​cattt-
gccacc-3′; 8, 5′-tgtatcactgcttgagctta-3′; 9, 5′-tgctacaaccaca​cacacta-3′; 

10, 5′-cttacagtgctcatggaagt-3′. The enriched DNA was detected using 
qPCR with the primers: 5′-ATTTA​CAG​GCG​GGG​ACAG-3′ (sense) and 
5′-TAAAA​ACT​CGG​GTG​TGGG-3′ (antisense) for FAM111A promoter; 
5′-GACGC​TTT​CTT​TCC​TTTCGC-3′ (sense) and 5′-CTGCC​CAT​TCA​
TTT​CCTTCC-3′ (antisense) for GAPDH promoter.

2.8  |  Chromatin immunoprecipitation (ChIP) assay

Chromatin immunoprecipitation assays were performed in indicated 
cells using the EZ-Magna ChIP A/G Chromatin Immunoprecipitation 
Kit (cat. no. 17-10086, Millipore) and a KDM3B antibody (cat. no. 
5377, Cell Signaling Technology), an H3K9me2 antibody (cat. no. 
ab1220, Abcam), an H3K4me3 antibody (cat. no. ab8580, Abcam), 
or an H3K27ac antibody (cat. no. ab4729, Abcam) following the pro-
vided protocol. The enriched DNA was detected using qPCR with 
the primers: 5′-ATTTA​CAG​GCG​GGG​ACAG-3′ (sense) and 5′-TAAAA​
ACT​CGG​GTG​TGGG-3′ (antisense) for FAM111A promoter.

2.9  |  Cellular proliferation and DNA 
replication assays

Cellular proliferation was assessed using Cell Counting Kit-8 (CCK-
8) assays as we previously described.22 Briefly, 2000 indicated cells 
resuspended in 100 μL complete medium were seeded into a 96-well 
plate. After culture for the indicated time, 10 μL CCK-8 reagent (cat. 
no. CK04, Dojindo) was added to each well. After culture for an-
other 2 h, the absorbance values at 450 nm were detected using the 
Synergy 2 microplate reader (BioTek) to indicate the viable cell num-
ber. DNA replication was assessed using 5-ethynyl-2′-deoxyuridine 
(EdU) incorporation assays. EdU incorporation assays were per-
formed using the Cell-Light EdU Apollo567 In Vitro Kit (cat. no. 
C10310-1, RiboBio). The percentage of EdU-positive cells was de-
tected using the Imager.M2 fluorescence microscope (Carl Zeiss) and 
calculated as the ratio of EdU-positive cells to total cells.

2.10  |  In vivo tumor growth assay

Five-week-old male BALB/C athymic nude mice were purchased 
from Shanghai SLAC Laboratory Animal Co. and fed in specific 
pathogen-free conditions. The use of mice was reviewed and ap-
proved by the Institutional Review Board of the Affiliated Hospital 
of Youjiang Medical University for Nationalities. Indicated cells were 
subcutaneously injected into the back flank of mice. Subcutaneous 
tumor volumes were measured every week and calculated follow-
ing the formula: volume = 0.5 × length × width2. At the 28th day 
after inoculation, subcutaneous tumors were resected, weighed, 
and subjected to immunohistochemistry (IHC) staining with primary 
antibodies against Ki67 (cat. no. 9027, Cell Signaling Technology) 
or proliferating cell nuclear antigen (PCNA) (cat. no. 13110, Cell 
Signaling Technology).
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2.11  |  Statistical analysis

Statistical analyses were performed using the GraphPad Prism 6.0 
software. Mann–Whitney test, Wilcoxon matched-pairs signed-
rank test, log-rank test, Student's t-test, one-way ANOVA followed 
by Dunnett's multiple comparisons test, Pearson chi-square test, 
and Spearman correlation analysis were conducted as indicated in 
the figure and table legends. p < 0.05 was considered statistically 
significant.

3  |  RESULTS

3.1  |  The expression of FAM111A-DT was 
increased in HCC and correlated with poor survival of 
HCC patients

Although 25 prognostic m6A-related lncRNAs in HCC were iden-
tified in the previous report, whether the m6A modification lev-
els of these lncRNAs were genuinely involved in HCC initiation 
and progression was still unknown. Thus, we first measured m6A 
modification level of the six most prognosis-related lncRNAs in 10 
pairs of HCC tissues and adjacent noncancerous liver tissues using 
MeRIP assays. The results showed that the m6A modification level 
of FAM111A-DT had the highest increase in HCC tissues compared 
with adjacent noncancerous liver tissues (Figure S1). Thus, we fo-
cused on FAM111A-DT.

To assess the clinical significance of FAM111A-DT in HCC, 
TCGA-LIHC RNA sequencing (RNA-seq) data were analyzed by the 
online tool Kaplan–Meier Plotter (https://kmplot.com/analy​sis/
index.php?p=servi​ce&cance​r=liver_rnaseq).42 The result showed 
that increased expression of FAM111A-DT was correlated with poor 
overall survival of HCC patients (Figure 1A). The TCGA-LIHC data 
also showed that the expression of FAM111A-DT was increased 
in HCC tissues compared with normal liver tissues (Figure  1B). 
Further analysis of the TCGA-LIHC data revealed that the expres-
sion of FAM111A-DT was correlated with poor differentiation 
and high alpha fetoprotein (AFP) level (Figure  1C,D). To further 
confirm the clinical significance of FAM111A-DT in HCC, we mea-
sured FAM111A-DT expression in our HCC cohort, and the results 
showed that the expression of FAM111A-DT was also increased in 
HCC tissues (Figure 1E). In our HCC cohort, increased expression of 
FAM111A-DT was also correlated with poor overall survival of HCC 
patients (Figure  1F). Furthermore, analysis of the correlation be-
tween FAM111A-DT expression and clinicopathological features of 
HCC showed that high expression of FAM111A-DT was correlated 
with high AFP level, poor differentiation, and advanced clinical 
stage (Table S1). Consistent with the expression of FAM111A-DT in 
HCC tissues, the expression of FAM111A-DT was also increased in 
human HCC cell lines SK-HEP-1, HuH-7, Hep3B, and SNU-398 com-
pared with immortalized human liver cell lines THLE-2 and THLE-3 
(Figure 1G).

3.2  |  FAM111A-DT was m6A RNA 
methylation modified

To identify whether FAM111A-DT was m6A modified, MeRIP assays 
were performed in SK-HEP-1 and SNU-398 cells. The results showed 
that FAM111A-DT had m6A modification (Figure  2A). Ectopic ex-
pression of METTL3 or METTL14 increased the m6A modification 
level of FAM111A-DT, while FTO overexpression decreased the m6A 
modification level of FAM111A-DT (Figure 2B), which further sup-
ports the existence of m6A modification in FAM111A-DT. m6A modi-
fication sites of FAM111A-DT were predicted using two online tools 
SRAMP (http://www.cuilab.cn/sramp) and RMBase (https://rna.
sysu.edu.cn/rmbas​e/m6Amod.php).43,44 Three sites (501, 779, and 
881) on FAM111A-DT were predicted to be m6A modified by both 
tools (Figure  2C and Table  S2). The site-specific detection of m6A 
modification levels on 501, 779, and 881 sites was conducted using 
the previously reported SELECT assays.41 m6A modification hinders 
the single-base elongation and nick ligation efficiencies, therefore 
leading to the dramatic reduction of final ligation products, which 
were subjected to qPCR (Figure  2D). SELECT assays revealed the 
existence of m6A modification in 501, 779, and 881 sites, whose m6A 
modification levels were upregulated by METTL3 and METTL14 and 
downregulated by FTO (Figure 2E–G).

3.3  |  m6A modification level of FAM111A-DT 
was increased in HCC and correlated with poor 
prognosis of HCC patients

Next, we measured the m6A modification level of FAM111A-DT 
in HCC cells and tissues using SELECT assays. The results showed 
that the m6A modification levels of 501, 779, and 881 sites on 
FAM111A-DT were all increased in HCC cell lines compared with 
immortalized liver cell lines (Figure  3A–C). Furthermore, the m6A 
modification levels of 501, 779, and 881 sites on FAM111A-DT were 
also increased in HCC tissues compared with paired adjacent non-
cancerous liver tissues (Figure 3D–F). Kaplan–Meier survival analy-
ses showed that high m6A modification levels of 501, 779, and 881 
sites were all significantly correlated with poor overall survival of 
HCC patients (Figure 3G–I). The hazard ratio (HR) values calculated 
by m6A modification levels of FAM111A-DT were higher than those 
calculated by FAM111A-DT expression, which suggested that m6A-
modified FAM111A-DT may have greater significance than general 
FAM111A-DT in HCC.

3.4  |  m6A modification increased the stability of 
FAM111A-DT transcript

To investigate the potential contributions of m6A modification to 
FAM111A-DT, we evaluated the stability of FAM111A-DT tran-
script. After the blockage of new RNA synthesis using α-amanitin, 

https://kmplot.com/analysis/index.php?p=service&cancer=liver_rnaseq
https://kmplot.com/analysis/index.php?p=service&cancer=liver_rnaseq
http://www.cuilab.cn/sramp
https://rna.sysu.edu.cn/rmbase/m6Amod.php
https://rna.sysu.edu.cn/rmbase/m6Amod.php
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the degradation of FAM111A-DT transcript was detected. We found 
that ectopic expression of METTL3 or METTL14 elongated the half-
life of FAM111A-DT, while ectopic expression of FTO shortened the 
half-life of FAM111A-DT (Figure 4A,B). m6A modification levels of 

501, 779, and 881 sites on FAM111A-DT were all positively corre-
lated with FAM111A-DT expression in HCC tissues (Figure 4C–E), 
supporting the positive regulation of FAM111A-DT by m6A modifica-
tion. Furthermore, the TCGA-LIHC data showed that FAM111A-DT 

F I G U R E  1  FAM111A-DT was highly expressed and correlated with poor survival in hepatocellular carcinoma (HCC). (A) The correlation 
between FAM111A-DT expression and overall survival according to the TCGA liver hepatocellular carcinoma (LIHC) data, analyzed by the 
online tool Kaplan–Meier Plotter. p = 0.037, HR = 1.49 by log-rank test. (B) The expression of FAM111A-DT in 371 HCC tissues and 50 
normal liver tissues according to the TCGA-LIHC data. Results are shown as median with interquartile range. p < 0.0001 by Mann–Whitney 
test. (C) The expression of FAM111A-DT in 232 HCC tissues with grade 1 and 2, and 134 HCC tissues with grade 3 and 4, according to the 
TCGA-LIHC data. Results are shown as median with interquartile range. p < 0.0001 by Mann–Whitney test. (D) The expression of FAM111A-
DT in 131 HCC tissues with AFP > 20, and 147 HCC tissues with AFP ≤ 20, according to the TCGA-LIHC data. Results are shown as median 
with interquartile range. p < 0.0001 by Mann–Whitney test. (E) The expression of FAM111A-DT in 82 pairs of HCC tissues and adjacent 
noncancerous liver tissues was measured by qPCR. Results are shown as median with interquartile range. p < 0.0001 by Wilcoxon matched-
pairs signed-rank test. (F) Kaplan–Meier survival analysis of the correlation between FAM111A-DT expression and overall survival in our 
HCC cohort containing 82 cases. p = 0.0491, hazard ratio (HR) = 1.745 by log-rank test. (G) The expression of FAM111A-DT in immortalized 
liver cell lines THLE-2 and THLE-3, and HCC cell lines SK-HEP-1, HuH-7, Hep3B, and SNU-398 was measured by qPCR. Results are shown 
as mean ± standard deviation (SD) of n = 3 independent experiments. ***p < 0.001, ****p < 0.0001, ns, not significant, by one-way ANOVA 
followed by Dunnett's multiple comparisons test.
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expression level was positively correlated with METTL3, METTL14, 
and WTAP in HCC tissues (Figure  4F–H), further supporting the 
positive regulation of FAM111A-DT by m6A.

3.5  |  FAM111A-DT upregulated FAM111A 
expression in an m6A-depedent manner

Considering the important clinical significance of FAM111A-DT 
in HCC, we next investigated the downstream molecular targets 
of FAM111A-DT. The TCGA-LIHC data were analyzed to search 

the genes whose expression was correlated with FAM111A-DT by 
R2 Genomics Analysis and Visualization Platform (http://r2.amc.
nl). FAM111A was identified as the most significantly correlated 
gene (Figure 5A). To investigate whether FAM111A-DT modulated 
FAM111A expression and whether the regulation was correlated 
with m6A modification of FAM111A-DT, we constructed HCC cells 
with stable overexpression of wild-type or 501, 779, and 881 sites-
mutated FAM111A-DT (Figure  5B–D). Ectopic expression of wild-
type FAM111A-DT, but not mutated FAM111A-DT, significantly 
upregulated the expression of FAM111A (Figure 5E,F). Furthermore, 
we constructed HCC cells with stable knockdown of FAM111A-DT 

F I G U R E  2  FAM111A-DT was N6-methyladenosine (m6A) RNA methylation modified. (A) MeRIP assays were performed in SK-HEP-1 
and SNU-398 cells to enrich m6A-modified RNA, followed by qPCR to assess m6A modification level of FAM111A-DT. (B) MeRIP assays 
were performed in SK-HEP-1 and SNU-398 cells with METTL3, METTL14, or FTO overexpression or control to enrich m6A-modified RNA, 
followed by qPCR to assess m6A modification level of FAM111A-DT. (C) The predicted m6A modification sites on FAM111A-DT by online 
tools SRAMP and RMBase. (D) Schematic of the SELECT m6A detection method. (E–G) m6A modification levels of 501 site (E), 779 site 
(F), and 881 site (G) on FAM111A-DT in SK-HEP-1 and SNU-398 cells with METTL3, METTL14, or FTO overexpression or control were 
measured by SELECT. Results are shown as mean ± SD of n = 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 by Student's 
t-test.

http://r2.amc.nl
http://r2.amc.nl
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(Figure  5G,H). Knockdown of FAM111A-DT significantly down-
regulated the expression of FAM111A (Figure  5I,J). To investigate 
whether FAM111A-DT regulated the generation or degradation of 
FAM111A mRNA, HCC cells with stable overexpression or knock-
down of FAM111A-DT were treated with α-amanitin to block new 
RNA synthesis, and then the degradation of FAM111A mRNA was 
measured. The results showed that neither overexpression nor 
knockdown of FAM111A-DT changes the half-life of FAM111A 
mRNA (Figure S2A,B), which suggested that FAM111A-DT regulated 
the generation of FAM111A mRNA. Consistent with the TCGA-
LIHC data, the expression of FAM111A was also significantly posi-
tively correlated with FAM111A-DT in our HCC cohort (Figure 5K). 

Moreover, the expression of FAM111A was significantly positively 
correlated with m6A modification levels of 501, 779, and 881 sites 
on FAM111A-DT in HCC tissues (Figure 5L–N), supporting the posi-
tive regulation of FAM111A by m6A-modified FAM111A-DT.

3.6  |  m6A-modified FAM111A-DT 
directed the demethylation of H3K9me2 at the 
FAM111A promoter region

To investigate the mechanisms underlying the upregulation of 
FAM111A transcription by m6A-modified FAM111A-DT, we first 

F I G U R E  3  m6A modification level of FAM111A-DT was increased and correlated with poor survival in hepatocellular carcinoma (HCC). 
(A–C) N6-methyladenosine (m6A) modification levels of 501 site (A), 779 site (B), and 881 site (C) on FAM111A-DT in immortalized liver 
cell lines THLE-2 and THLE-3, and HCC cell lines SK-HEP-1, HuH-7, Hep3B, and SNU-398 were measured by SELECT. Results are shown 
as mean ± SD of n = 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant, by one-way ANOVA 
followed by Dunnett's multiple comparisons test. (D–F) m6A modification levels of 501 site (D), 779 site (E), and 881 site (F) on FAM111A-
DT in 82 pairs of HCC tissues and adjacent noncancerous liver tissues were measured by SELECT. Results are shown as median with 
interquartile range. p < 0.0001 by Wilcoxon matched-pairs signed-rank test. (G–I) Kaplan–Meier survival analysis of the correlation between 
m6A modification levels of 501 site (G), 779 site (H), or 881 site (I) on FAM111A-DT and overall survival in our HCC cohort containing 82 
cases. p and HR values were calculated by log-rank test.



    |  3657PU et al.

detected the subcellular localization of FAM111A-DT. The re-
sults showed that FAM111A-DT was a chromatin-associated 
RNA (Figure  6A). ChIRP assays revealed the specific binding of 
FAM111A-DT to FAM111A promoter (Figure 6B). Overexpression of 
wild-type, but not mutated, FAM111A-DT, showed stronger binding 
to the FAM111A promoter region (Figure 6C), suggesting that m6A-
modified FAM111A-DT bound to the FAM111A promoter region. 
Knockdown of FAM111A-DT reduced the binding of FAM111A-DT 
to the FAM111A promoter region (Figure  6D). Reducing the m6A 
modification level of FAM111A-DT by METTL3 knockdown reduced 
the chromatinic localization of FAM111A-DT and also the binding 

of FAM111A-DT to the FAM111A promoter region (Figure S3A,B). 
m6A-modified transcript could be bound by m6A reader YTHDC1, 
which further interacts with and recruits the H3K9me2 demethylase 
KDM3B to m6A-associated chromatin regions, inducing H3K9me2 
demethylation and gene activation.45 To investigate whether m6A-
modified FAM111A-DT modulated FAM111A expression in such 
a manner, we first detected whether m6A-modified FAM111A-DT 
bound to YTHDC1. RIP assays with YTHDC1-specific antibody 
showed that YTHDC1 specifically bound to wild-type FAM111A-DT, 
but not 501, 779, and 881 sites-mutated FAM111A-DT (Figure 6E), 
indicating that the binding between YTHDC1 and FAM111A-DT 

F I G U R E  4  N6-methyladenosine (m6A) modification increased the transcript stability of FAM111A-DT. (A, B) The stability of FAM111A-
DT over time was measured after blocking new RNA synthesis with α-amanitin (50 μM) in SK-HEP-1 (A) or SNU-398 (B) cells with METTL3, 
METTL14, or FTO overexpression or control. Results are shown as mean ± SD of n = 3 independent experiments. *p < 0.05, **p < 0.01, 
***p < 0.001 by Student's t-test. (C–E) The correlation between m6A modification levels of 501 site (C), 779 site (D), or 881 site (E) on 
FAM111A-DT and FAM111A-DT expression in our cohort containing 82 hepatocellular carcinoma (HCC) tissues. p- and r-values were 
calculated by Spearman correlation analysis. (F–H) The correlation between METTL3 (F), METTL14 (G), or WTAP (H) and FAM111A-
DT expression in 371 HCC tissues according to the TCGA liver hepatocellular carcinoma (LIHC) data. p- and r-values were calculated by 
Spearman correlation analysis.
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was m6A dependent. ChIP assays showed that ectopic expres-
sion of wild-type, but not mutated, FAM111A-DT significantly in-
creased the binding of KDM3B to the FAM111A promoter region 
(Figure  6F). Consistently, ectopic expression of wild-type, but not 
mutated, FAM111A-DT significantly decreased H3K9me2 modifica-
tion level at the FAM111A promoter region (Figure 6F). Conversely, 

FAM111A-DT knockdown decreased the binding of KDM3B to the 
FAM111A promoter region and increased H3K9me2 modification 
level at the FAM111A promoter region (Figure  6G). Neither over-
expression nor knockdown of FAM111A-DT changed H3K4me3 
and H3K27ac modification levels at the FAM111A promoter re-
gion (Figure  S3C,D). Depletion of YTHDC1 largely abolished the 



    |  3659PU et al.

increase in KDM3B binding and the reduction in H3K9me2 level 
at the FAM111A promoter region caused by FAM111A-DT over-
expression (Figure  6H). Depletion of YTHDC1 or KDM3B largely 
abolished the increased expression of FAM111A caused by 
FAM111A-DT overexpression (Figure  6I,J). In the context of de-
pletion of other nuclear m6A readers HNRNPA2B1, HNRNPG, and 
HNRNPC, FAM111A-DT overexpression also increased the expres-
sion of FAM111A (Figure  S3E–G). These data supported that the 
positive regulation of FAM111A by FAM111A-DT was dependent 
on YTHDC1 and KDM3B. Collectively, these findings showed that 
m6A-modified FAM111A-DT bound to FAM111A promoter, and also 
bound and recruited YTHDC1 and KDM3B to FAM111A promoter, 
inducing H3K9me2 demethylation and activating FAM111A expres-
sion (Figure 6K). The TCGA-LIHC data revealed that FAM111A ex-
pression was positively correlated with METTL3, METTL14, WTAP, 
YTHDC1, and KDM3B expression in HCC tissues (Figure  S4A–E), 
further supporting the molecular mechanisms underlying the posi-
tive modulation of FAM111A by FAM111A-DT. Several m6A modi-
fication sites were predicted in FAM111A mRNA. Thus, we further 
investigated whether m6A modification also regulated FAM111A 
mRNA stability. After the blockage of new RNA synthesis using α-
amanitin, the degradation of FAM111A mRNA was detected. The 
results revealed that overexpression of METTL3, METTL14, or FTO 
had no effects on the degradation of FAM111A mRNA (Figure S4F).

3.7  |  The expression of FAM111A was increased 
in HCC and correlated with poor survival of 
HCC patients

Consistent with the clinical significances of FAM111A-DT in HCC, 
the TCGA-LIHC data showed that the expression of FAM111A was 
also increased in HCC tissues compared with normal liver tissues 
(Figure S5A). Analysis of TCGA-LIHC data by Kaplan–Meier Plotter 
showed that increased expression of FAM111A was also corre-
lated with poor overall survival of HCC patients (Figure S5B). In our 
HCC cohort, we also found that the expression of FAM111A was 
increased in HCC tissues (Figure S5C), and increased expression of 
FAM111A was also correlated with poor overall survival of HCC pa-
tients (Figure S5D).

3.8  |  FAM111A-DT promoted HCC cellular 
proliferation and DNA replication

FAM111A was known to promote S-phase entry and DNA rep-
lication.46 TCGA-LIHC patients were classified into FAM111A 
high- and low-expression groups, or FAM111A-DT high- and low-
expression groups. TCGA-LIHC data were subjected to Gene set 
enrichment analysis (GSEA), which showed that the genes in DNA 
replication pathways were significantly enriched in the FAM111A 
high-expression group (Figure 7A). Consistent with FAM111A, the 
genes in DNA replication pathways were also significantly enriched 
in the FAM111A-DT high-expression group (Figure 7A), which sug-
gested that FAM111A-DT may also participate in DNA replication. 
Therefore, we further investigated the roles of FAM111A-DT in HCC 
cellular proliferation and DNA replication. CCK-8 assays showed that 
HCC cells with overexpression of wild-type FAM111A-DT, but not 
m6A modification sites-mutated FAM111A-DT, showed faster cell 
proliferation compared with control HCC cells (Figure  7B,C). HCC 
cells with FAM111A-DT stable knockdown showed slower cell pro-
liferation compared with control HCC cells (Figure 7D,E). EdU incor-
poration assays were performed to evaluate DNA replication. HCC 
cells with overexpression of wild-type FAM111A-DT, but not mu-
tated FAM111A-DT, had more EdU incorporation (Figure 7F), which 
indicated quicker DNA replication. HCC cells with FAM111A-DT 
knockdown had less EdU incorporation (Figure 7G), which indicated 
slower DNA replication.

3.9  |  FAM111A-DT promoted HCC tumor growth 
in vivo

We next assessed the roles of FAM111A-DT in HCC tumor growth 
in vivo. Wild-type or mutated FAM111A-DT stably overexpressed 
SK-HEP-1 cells were subcutaneously injected into the flanks of nude 
mice. Subcutaneous tumor growth curves showed that ectopic ex-
pression of wild-type, but not mutated, FAM111A-DT significantly 
promoted tumor growth (Figure 8A). At the 28th day after injection, 
SK-HEP-1 cells with wild-type, but not mutated, FAM111A-DT over-
expression formed heavier and larger tumors than control SK-HEP-1 
cells (Figure  8B,C). Furthermore, SNU-398 cells with FAM111A-DT 

F I G U R E  5  FAM111A-DT increased FAM111A expression in an N6-methyladenosine (m6A)-dependent manner. (A) The correlation 
between FAM111A and FAM111A-DT expression in 371 hepatocellular carcinoma (HCC) tissues according to the TCGA liver hepatocellular 
carcinoma (LIHC) data. p- and r-values were calculated by Spearman correlation analysis. (B) Schematic of the mutation of m6A modification 
sites 501, 779, and 881 on FAM111A-DT. (C, D) The expression of FAM111A-DT in SK-HEP-1 (C) and SNU-398 (D) cells with wild-type or 
m6A modification sites-mutated FAM111A-DT stable overexpression was measured by qPCR. (E, F) The expression of FAM111A in SK-HEP-1 
(E) and SNU-398 (F) cells with wild-type or mutated FAM111A-DT stable overexpression was measured by qPCR. (G, H) The expression of 
FAM111A-DT in SK-HEP-1 (G) and SNU-398 (H) cells with FAM111A-DT stable knockdown was measured by qPCR. (I, J) The expression of 
FAM111A in SK-HEP-1 (I) and SNU-398 (J) cells with FAM111A-DT stable knockdown was measured by qPCR. (K) The correlation between 
FAM111A and FAM111A-DT expression in our cohort containing 82 HCC tissues. p- and r-values were calculated by Spearman correlation 
analysis. (L–N) The correlation between m6A modification levels of 501 site (L), 779 site (M), or 881 site (N) on FAM111A-DT and FAM111A 
expression in our cohort containing 82 HCC tissues. p- and r-values were calculated by Spearman correlation analysis. For (C–J), results 
are shown as mean ± SD of n = 3 independent experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant, by one-way ANOVA 
followed by Dunnett's multiple comparisons test.
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stable knockdown were subcutaneously injected into the flanks of 
nude mice. FAM111A-DT knockdown significantly repressed subcu-
taneous tumor growth (Figure 8D–F). Proliferation marker Ki67 and 
PCNA IHC staining showed that the subcutaneous tumors formed by 
wild-type, but not mutated, FAM111A-DT-overexpressed cells had 
more Ki67- and PCNA-positive cells, while FAM111A-DT knockdown 
reduced the number of Ki67- and PCNA-positive cells (Figure 8G–J).

3.10  |  FAM111A was essential for the roles of 
FAM111A-DT in HCC

To assess whether the roles of FAM111A-DT in HCC were de-
pendent on FAM111A, we depleted FAM111A in FAM111A-
DT-overexpressed SK-HEP-1 cells. CCK-8 assays showed that 
depletion of FAM111A reversed the quicker cell proliferation caused 
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by FAM111A-DT overexpression (Figure S6A). EdU incorporation as-
says showed that depletion of FAM111A reversed the increased EdU 
incorporation caused by FAM111A-DT overexpression (Figure S6B), 
suggesting that depletion of FAM111A reversed the quicker DNA 
replication caused by FAM111A-DT overexpression. Furthermore, 
we overexpressed FAM111A in SNU-398 cells with FAM111A-DT 
knockdown. CCK-8 assays showed that FAM111A overexpression 
rescued the cell proliferation repressed by FAM111A-DT knock-
down (Figure S6C). EdU incorporation assays showed that FAM111A 
overexpression rescued the decreased EdU incorporation caused by 
FAM111A-DT knockdown (Figure S6D), suggesting that FAM111A 
overexpression reversed the slower DNA replication caused by 
FAM111A-DT knockdown.

4  |  DISCUSSION

Here, we identified a novel aberrant m6A modification event in HCC 
and confirmed the specific m6A modification sites on FAM111A-DT. 
We found that m6A modification level of FAM111A-DT was in-
creased in HCC tissues and cell lines. Increased m6A modification 
level of FAM111A-DT was correlated with poor clinical outcome of 
HCC patients. Our study suggested that m6A modification of RNAs 
may be potential prognostic biomarkers for HCC.

The major contribution of m6A on RNAs is the regulation of sta-
bility or degradation of modified RNAs.47 Here, we also found that 
m6A modification increased the stability and decreased the degra-
dation of FAM111A-DT transcript. The expression of FAM111A-DT 
was positively correlated with the m6A modification level of 
FAM111A-DT and also positively correlated with the expression 
of the METTL3-METTL14-WTAP methyltransferase complex in 
HCC tissues, supporting the positive regulation of FAM111A-DT 
expression by m6A. Consistent with the clinical relevance of the 
m6A modification level of FAM111A-DT in HCC, the expression of 
FAM111A-DT was also increased in HCC tissues and cell lines and 

correlated with poor clinical outcome of HCC patients. Although 
FAM111A-DT has been reported to be upregulated and associated 
with poor prognosis in thyroid carcinoma,48 further investigations 
are needed to elucidate whether FAM111A-DT is a general cancer-
related lncRNA or an HCC-specific lncRNA.

Functional investigations found that only m6A-modified 
FAM111A-DT promoted HCC cellular proliferation, DNA replica-
tion, and HCC tumor growth. Mutation of the m6A modification 
sites abolished the roles of FAM111A-DT, indicating that m6A 
also influences the function of modified RNAs. Mechanistic ex-
plorations identified FAM111A as the downstream target of m6A-
modified FAM111A-DT. FAM111A-DT was found to directly bound 
to the FAM111A promoter region. As an m6A reader, YTHDC1 
bound to m6A-modified FAM111A-DT. YTHDC1 further bound and 
recruited KDM3B to the FAM111A promoter region. KDM3B is a 
lysine-specific demethylase, which demethylates Lys-9 of histone 
H3 (H3K9).49 H3K9me2 is a repressive histone mark.50 The recruit-
ment of YTHDC1 and KDM3B by m6A-modified FAM111A-DT to 
the FAM111A promoter region induced demethylation and the re-
duction of H3K9me2 level at the FAM111A promoter region, lead-
ing to the transcriptional activation of FAM111A. Thus, our study 
provides a link between epitranscriptomic m6A modification and 
epigenetic regulation of gene transcription. The major effects of 
m6A modification were changing pre-mRNA splicing, RNA stabil-
ity, degradation, and translation.51 Only a few studies found that 
some m6A modifications regulate transcription through histone 
modification and DNA demethylation, relying on different m6A 
readers.45,52 The expression of FAM111A was positively correlated 
with the m6A modification level of FAM111A-DT and also posi-
tively correlated with the expression of the METTL3-METTL14-
WTAP methyltransferase complex, YTHDC1, and KDM3B in HCC 
tissues, supporting the m6A-modified FAM111A-DT/YTHDC1/
KDM3B/FAM111A regulatory axis. Although several m6A mod-
ification sites were also predicted in FAM111A transcript, m6A 
modification did not post-transcriptionally regulate FAM111A 

F I G U R E  6  N6-methyladenosine (m6A)-modified FAM111A-DT directed the demethylation of H3K9me2 at the FAM111A promoter 
region. (A) Subcellular localization of FAM111A-DT and control genes analyzed with qPCR in biochemically fractionated SK-HEP-1 cells. 
(B) Chromatin isolation by RNA purification (ChIRP) assays with FAM111A-DT antisense probes or control probes were performed in SK-
HEP-1 cells to detect the binding of FAM111A-DT to the FAM111A promoter region. (C) ChIRP assays with FAM111A-DT antisense probes 
or control probes were performed in SK-HEP-1 cells with wild-type or mutated FAM111A-DT overexpression to detect the binding of 
FAM111A-DT to the FAM111A promoter region. (D) ChIRP assays with FAM111A-DT antisense probes or control probes were performed 
in SNU-398 cells with FAM111A-DT knockdown to detect the binding of FAM111A-DT to the FAM111A promoter region. (E) RIP assays 
with YTHDC1-specific antibody were performed in SK-HEP-1 cells with wild-type or mutated FAM111A-DT overexpression to detect the 
binding of YTHDC1 to wild-type or mutated FAM111A-DT. (F) ChIP assays with KDM3B- or H3K9me2-specific antibodies were performed 
in SK-HEP-1 cells with wild-type or mutated FAM111A-DT overexpression to detect the binding of KDM3B to the FAM111A promoter region 
and the H3K9me2 modification levels at the FAM111A promoter region. (G) ChIP assays with KDM3B- or H3K9me2-specific antibodies 
were performed in SNU-398 cells with FAM111A-DT knockdown to detect the binding of KDM3B to the FAM111A promoter region and 
the H3K9me2 modification levels at the FAM111A promoter region. (H) ChIP assays with KDM3B- or H3K9me2-specific antibodies were 
performed in SK-HEP-1 cells with FAM111A-DT overexpression and YTHDC1 depletion to detect the binding of KDM3B to the FAM111A 
promoter region and the H3K9me2 modification levels at the FAM111A promoter region. (I) The expression of FAM111A in SK-HEP-1 cells 
with FAM111A-DT overexpression and YTHDC1 depletion was measured by qPCR. (J) The expression of FAM111A in SK-HEP-1 cells with 
FAM111A-DT overexpression and KDM3B depletion was measured by qPCR. (K) Schematic of the modulatory mechanisms of m6A-modified 
FAM111A-DT on FAM111A expression. Results are shown as mean ± SD of n = 3 independent experiments. **p < 0.01, ***p < 0.001, ns, not 
significant, by one-way ANOVA followed by Dunnett's multiple comparisons test (B–D, F, G) or Student's t-test (E, H–J).
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transcript stability. FAM111A is a single-stranded DNA-binding 
serine protease, which promotes DNA synthesis.53 FAM111A was 
also reported as a replication factor needed for PCNA loading 
during DNA replication.46 Through protecting replication forks, 

FAM111A was revealed to promote cell survival after drug treat-
ment.54 FAM111A was also reported to be associated with poor 
prognosis of diffuse lower-grade glioma, the risk of aggressive 
prostate cancer, and distal metastases of cervical cancer.55–57 

F I G U R E  7  FAM111A-DT promoted hepatocellular carcinoma (HCC) cellular proliferation and DNA replication. (A) GSEA of DNA 
replication gene signatures in the FAM111A high-expression group versus FAM111A low-expression group, or FAM111A-DT high-
expression group versus FAM111A-DT low-expression group. NES, normalized enrichment score. (B, C) Cellular proliferation of SK-HEP-1 
(B) or SNU-398 (C) cells with wild-type or mutated FAM111A-DT stable overexpression was detected by CCK-8 assays. (D, E) Cellular 
proliferation of SK-HEP-1 (D) or SNU-398 (E) cells with FAM111A-DT stable knockdown was detected by CCK-8 assays. (F) DNA replication 
of SK-HEP-1 and SNU-398 cells with wild-type or mutated FAM111A-DT stable overexpression was detected by EdU incorporation 
assays. Scale bars, 100 μm. (G) DNA replication of SK-HEP-1 and SNU-398 cells with FAM111A-DT stable knockdown was detected by 
EdU incorporation assays. Scale bars, 100 μm. Results are shown as mean ± SD of n = 3 independent experiments. *p < 0.05, **p < 0.01, 
***p < 0.001, ns, not significant, by one-way ANOVA followed by Dunnett's multiple comparisons test.
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Here, we also found that FAM111A was increased in HCC and 
correlated with poor survival of HCC patients. FAM111A showed 
oncogenic roles in HCC, which was also essential for the roles of 
FAM111A-DT in HCC.

Taken together, this study identified a new aberrant m6A modi-
fication event-increased m6A modification of FAM111A-DT in HCC, 
which was correlated with prognosis of HCC patients. m6A-modified 
FAM111A-DT promoted HCC cell growth and DNA replication 

through epigenetically activating FAM111A, highlighting the m6A-
modified FAM111A-DT/YTHDC1/KDM3B/FAM111A regulatory 
axis as a potential therapeutic target for HCC.
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