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Abstract: m6A methylation has been demonstrated to be one of the most important epigenetic regulation mecha-
nisms in cell differentiation and cancer development especially m6A derived diagnostic and prognostic biomarkers 
have been identified in the past several years. However, systemic investigation to the interaction between germline 
single-nucleotide polymorphisms (SNPs) and m6A has not been conducted yet. In this study, we collected previous 
identified significant thyroid cancer associated SNPs from UKB cohort (358 cases and 407,399 controls) and ICR 
cohort (3,001 patients and 287,550 controls) and thyroid eQTL (sample size = 574 from GTEx project) and m6A-SNP 
(N = 1,678,126) were applied to prioritize the candidate SNPs. Finally, five candidate genes (PLEKHA8, SMUG1, 
CDC123, RMI2, ACSM5) were identified to be thyroid cancer associated m6A-related genetic susceptibility. Loss 
and gain function studies of m6A writer proteins confirm that ACSM5 is regulated by m6A methylation of mRNA. 
Moreover, ACSM5 is downregulated in thyroid cancer and inversely correlated with PTC malignancy and patient 
survival. Together, our study highlight mRNA-seq and m6A-seq double analysis provided a novel approach to identify 
cancer biomarkers and understanding the heterogeneity of human cancers.
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Introduction

Thyroid cancer incidence rate has gradually 
increased on average, 3.6% annually, r (95% CI, 
3.2%-3.9%) from 1974 to 2013, which brings 
heavy burden to human and society [1]. 
According to epidemiological investigations, 
the incidence and mortality rates of advanced-
stage papillary thyroid cancer were 3.6% and 
1.1% during 1974-2013 [2], suggesting more 
attention should be paid to early diagnosis and 
treatment of thyroid carcinoma. The most com-
mon histology type is papillary thyroid cancer 
(PTC) which accounts for 90% of thyroid cases 

[3]. Most patients with PTC are free of the dis-
ease after initial treatment with surgical exci-
sion, radioactive iodine and endocrine hormone 
therapy; nevertheless, approximately 10% of 
patients die of recurrence and distant metasta-
ses within a few years of diagnosis [4]. Over the 
past decades, the molecular pathogenesis of 
thyroid cancer has been intensively studied, for 
instance, variety of mutations in MAPK/ERK 
pathway and PI3K/AKT pathway factors have 
been reported in PTC cases, particularly 
BRAFV600E mutation, and RET/PTC rearrange-
ment [5]. While, the genetic changes during the 
initiation and progression of PTC are largely 
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unknown [6]. Therefore, identification of new 
molecular targets that contribute to early diag-
nosis and targeted therapy is necessary.

Among hundred types of chemical modifica-
tions on cellular RNAs, N6-methyladenosine 
modification (m6A) is the most abundant modi-
fication [7] which usually occurs in the consen-
sus sequence region of RRm6ACH ([G/A/U]
[G>A]m6AC[U>A>C]); enriched in 3’ untranslat-
ed region (UTR), the coding region, and near 
stop codons, particularly [8]. The amount of 
m6A modification is regulated by the methyl-
transferase complex (MTC) which include 
METTL3, METTL14 [9], METTL16 [10], RBM15, 
VIRMA [11], WTAP [12], and ZC3H13 [13]. The 
mRNA binding to m6A can be recognized by 
specific reading proteins that affect the stabili-
ty, translation and/or localization of the mRNA 
[14]. Furthermore, eraser protein can remove 
methylate modification and change the biologi-
cal function of m6A [15]. Therefore, it’s a 
dynamic and reversible process. In recent 
years, it has been proved that m6A has a direct 
effect on many kinds of tumor progression and 
provide new directions for the treatment of 
tumors. Due to the m6A methylation modifica-
tion process is reversible, and with the different 
modified target genes and different reading 
proteins, which can lead to different results 
that promote cancer or suppress cancer. In 
acute myeloid leukemia (AML) cells, METTL3 
expression is more abundant compared with 
healthy hematopoietic stem/progenitor cells 
and depletion of METTL3 could delay leukemia 
[16]. METTL3 is also necessary in EMT of gas-
tric cancer. Elevated METTL3 level could pre-
dict poor prognosis of patients [17]. Whereas, 
the expression of writers were lower in some 
kind of cancer like endometrial cancer. 
Reducing the level of m6A modification on 
mRNA in endometrial cancer cells could pro-
mote cell proliferation and tumorigenicity 
through changing the expression of key 
enzymes affecting AKT signaling pathway [18]. 
Besides, downregulation of METTL3 activated 
p-p38 and p-ERK in colorectal cancer (CRC), 
which suggested METTL3 plays a tumor sup-
pressor role in CRC [19]. Therefore, more 
research should be done to understand the 
mechanisms of m6A modification in tumouri-
genesis and progression.

As a pivotal enzyme in the first step of fatty  
acid metabolism, Acyl-coenzyme A synthetase 
Medium Chain Family Member 5 (ACSM5) could 

catalyzes the activation of fatty acids by CoA  
to produce acyl-CoA [20]. Remarkably, it has 
been reported that SNP in the ACSM5 promo- 
ter region was the most associated polymor-
phism with the ACSM5 expression levels [21]. 
However, there are few studies on ACSM5 and 
only one study has shown that ACSM5 has 
been identified as one of eight genetic features 
that can accurately provide prognostic predic-
tions and new treatments for patients with lung 
adenocarcinoma (LUAD) [22]. Therefore, the 
potential roles of ACSM5 in cancer progression 
and diagnosis need further investigate.

In this study, we aimed at identifying m6A  
associated functional SNPs of thyroid cancer 
through integrated database analysis. The 
results indicate that ACSM5 associated SNPs 
could prevent m6A modification thus causing 
mRNA degradation and downregulating its  
protein level. Additionally, low expression of 
ACSM5 is associated with aggressive clinico-
pathological characteristics and poor progno-
sis. Our study provided a novel approach to 
identify cancer biomarkers and understand- 
ing the new mechanisms of human cancers 
development.

Results

Genome-wide identification of m6A associated 
thyroid cancer susceptibility

We firstly collected identified significant thyroid 
cancer associated SNPs from UK-Biobank 
cohort (358 cases and 407,399 controls) and 
ICR cohort (3,001 patients and 287,550 con-
trols) and thyroid eQTL (sample size = 574 from 
GTEx project) and m6A-SNPs (N = 1,678,126) 
were applied to prioritize the candidate SNPs. 
Finally, five candidate genes were identified to 
be thyroid cancer associated m6A-related ge- 
netic susceptibility factors including PLEKHA8, 
SMUG1, CDC123, RMI2, ACSM5 (Figure 1). 
Next, we analyzed these candidate genes 
expression level in pan-cancer samples from 
TCGA datasets. We observed significant down-
regulation of ACSM5 in pan-cancer samples 
(SMD = -2.44, 95% CI: -2.93 to -1.95, TCGA  
project, Figure 2). While, PLEKHA8, SMUG1, 
CDC123 and RMI2 are up-regulated in pan-
cancer samples (Supplementary Figure 1).

ACSM5 is regulated by its RNA m6A modifica-
tion

In order to further identify whether these candi-
date genes can be regulated by m6A modifica-
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tion, we then stably knocked down METTL3  
in TPC-1 cells and knockdown efficiency was 
determined by western blot (Figure 3A). m6A% 
content in total RNA detection showed that 
METTL3 knockdown cells had significantly 
lower levels of m6A than control cells, which 
also confirmed the roles of METTL3 as m6A 
writer of mRNA (Figure 3B). We next detected 
the mRNA level of those candidate genes in  
these cell lines, strikingly, the results showed 
that only ACSM5 expression level was signifi-
cantly downregulated by METTL3 knockdown 
(Figure 3C). We also detected the protein level 
of ACSM5 in stable cell line, the result showed 
that ACSM5 was reduced in METTL3 knock-
down cells (Figure 3D). Consistently, the ex- 
pression level of ACSM5 was further confirmed 
decreased by METTL3 inhibition as well as in 
other thyroid cancer cell lines (Supplementary 
Figure 2). By applying m6A RNA-immunopreci- 
pitation (RIP) qPCR, we conformed that the 
m6A level of ACSM5 mRNA was significantly 
decreased after METTL3 inhibition (Figure 3E).

To further confirm above results, we overex-
pressed METTL3 and METTL14 in KTC-1 cells. 
Stable cell lines were verified by western blot 
(Figure 4A). We then detected the mRNA level 
of candidate genes and found the expression  
of ACSM5 was dramatically upregulated in 
METTL3 and METTL14 overexpression cells. 
However, the expression of other candidate 
genes did not show any significantly change 
(Figure 4B). Consistently with mRNA expres-

sion, the protein level of ACSM5 were also 
upregulated in cells overexpressing METTL3 
and METTL14 (Figure 4C), and as expected,  
the m6A level of ACSM5 mRNA were notably 
increased after the overexpression of METTL3 
(Figure 4D). Taken together, these data indi- 
cated that ACSM5 was regulated by m6A  
modification writer proteins. In addition, we 
also predicted the potential m6A modification 
sites of ACSM5 through the SRAMP (http://
www.cuilab.cn/sramp), and then overlapped 
them with SNP sites of ACSM5 form NCBI. 
Interestingly, all the very high confidence m6A 
modification sites contain SNP mutations 
(Supplementary Figure 3). All together, these 
data indicated that the expression level of 
ACSM5 was regulated by m6A modification in 
thyroid cancer.

ACSM5 expression is down-regulated in thyroid 
cancer and associated with poor prognosis

To investigate the expression of ACSM5 in thy-
roid cancer tissues, we compared the expres-
sion of ACSM5 between patient PTC and pair- 
ed normal tissues. As shown in Figure 5A, a 
reduction in ACSM5 transcripts was observed 
in patient PTC samples compared with paired 
normal tissues. Analysis of TCGA database 
showed that, compared with normal tissues, 
ACSM5 expression levels were much lower in 
PTC, this result is consistent with our cohort 
(Figure 5B). In addition, ACSM5 expression  
levels were significantly lower in patients with 

Figure 1. Manhattan plot to show m6A-related significant differential expression thyroid cancer genes (differential 
expression P<10-6 as suggestive significance). GWAS association (P<0.0001) are derived from UKB and ICR cohort 
including PLEKHA8, SMUG1, CDC123, RMI2, ACSM5 while TAP2, AP1S1 and C6orf89 showed significant differen-
tial expression, but without significant GWAS signals. Candidate genes are defined as consistent genes with m6A-
gain and over-expression as well as m6A-loss and down-regulation in thyroid cancers by GTEx-V8 database.



ACSM5 is identified as a novel thyroid cancer susceptibility

5405 Am J Cancer Res 2021;11(11):5402-5414

Figure 2. Pan-cancer down-regulation of ACSM5 crosses 23 types of human cancers. Cancer samples were collect-
ed from the TCGA project (N = 10,490). Gene expression level was log2 transformed before the meta-analysis. Both 
fixed effect model and random effect model were applied for the aggregation. 95% CI was applied to show the risk 
and protective effect to overall survival time. In order to show more details for different studies, any standardized 
mean difference (SMD) higher than 3 and lower than -3 was showed with arrow. Blue filled parallelograms represent 
the SMD for fixed effect model and random effect model.

stage IV than those in patients with stage I/II 
(Figure 5C). Moreover, ACSM5 expression lev-
els were significantly lower in patients with 
lymph node metastasis (N1 group) than in 
patients without lymph node metastasis (N0 
group). In addition, ACSM5 expression level 
was negatively correlated with tumor size (Fi- 
gure 5C). Furthermore, we also analyzed the 
correlation between ACSM5 and METTL3 or 
METTL14 in TCGA datasets and the results 
suggested that the expression levels of ACSM5 
and METTL3 or METTL14 were positively cor-
related (Figure 5D). Additional efforts were 

made to explore the prognostic value of AC- 
SM5 in thyroid cancer. ACSM5 low expression 
was related with poor PFI (P = 0.0036) and OS 
(P = 0.035) (Figure 6). Overall, patients with  
low ACSM5 expression have an unfavorable 
prognosis, thus indicating that ACSM5 is a 
potential prognostic marker for PTC patients.

Discussion

Thyroid cancer is the most common endocri- 
ne-related cancer, and its incidence rate has 
increased rapidly in recent years [23]. There- 
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Figure 3. Knockdown METTL3 inhibits ACSM5 expression and reduces its RNA m6A modification in thyroid cancer 
cell. A. METTL3 level was detected by western blot in METTL3 stable knock-down TPC-1 cells. B. m6A level was 
analyzed by ELSIA in TPC-1 cells. C. SMUG1, PLEKHA8, CDC123, RIM2 and ACSM5 mRNA in METTL3 knock-down 
TPC-1 cells were examined by qRT-PCR. D. Western blot of ACSM5 level in METTL3 knock-down TPC-1 cells, GADPH 
was as the loading control. E. m6A RIP-PCR analysis of ACSM5 mRNA in the control and METTL3 knockdown thyroid 
cancer cells. In all bars, values are shown as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001.

fore, exploring the potential biomarkers is of 
great significance to the diagnosis and treat-
ment of thyroid cancer. Increasing evidence 
indicated that m6A mRNA modification partici-
pates in a number of biological functions in- 
cluding tumorigenesis and progression [24]. 
However, most studies were focused on the 
function of m6A modification related proteins 
in cancer development. To our best know- 
ledge, whether SNP variant can affect mRNA 

m6A modification thereby changing protein 
expression to promote cancer progression 
keeps largely unknown.

In this study, we first identified m6A-associ- 
ated functional SNPs by combining multiple 
datasets of thyroid cancer. Further studies de- 
monstrated that one candidate gene ACSM5 
was down-regulated after METTL3 knockdown, 
which indicating the low-expression of ACSM5 



ACSM5 is identified as a novel thyroid cancer susceptibility

5407 Am J Cancer Res 2021;11(11):5402-5414

Figure 4. Overexpression METTL3 and METTL14 upregulate ACSM5 expression in thyroid cancer. A. METTL3 or MET-
TL14 level was detected by western blot in METTL3 or METTL14 overexpression KTC-1 cells. B. SMUG1, PLEKHA8, 
CDC123, RIM2 and ACSM5 mRNA in METTL3 or METTL14 overexpression KTC-1 cells were examined by qRT-PCR. 
C. ACSM5 protein level was detected in METTL3 or METTL14 overexpression KTC-1 cells, GAPDH was as the loading 
control. D. m6A RIP-PCR analysis of ACSM5 mRNA in the control and METTL3 overexpression thyroid cancer cells. In 
all bars, values are shown as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001.

might be caused by RNA methylation loss 
caused non-stability. We then checked the 
ACSM5 expression level in thyroid cancer tis-
sues and paired normal tissues and found its 
expression level was significant down-regulat-
ed, indicating ACSM5 might be a tumor sup-
presser gene. The TCGA database analysis  
further confirmed that low ACSM5 expression 
in thyroid cancer was associated with aggres-
sive clinicopathological features. To the best  
of our knowledge, ACSM5, which is involved in 
the first step of fatty acid metabolism, that is, 
CoA catalyzes the activation of fatty acids to 
produce acyl CoA, was rarely investigated in 
tumors. In a recent study, Ma et al. reported 

that an eight-gene signature including ACSM5 
could accurately identify patients’ prognosis, 
suggesting ACSM5 may play a role in lung can-
cer progression [22]. The role of ACSM5 in 
tumor progression, especially in thyroid cancer, 
is still largely unknown and warrants further 
exploration.

Meanwhile, we also observed that ACSM5 
expression level was positive correlated with 
METTL3 or METTL14 expression level in TCGA 
datasets, which supporting ACSM5 might be 
regulated by m6A modification. METTL3 and 
METTL14, which are the methyltransferase of 
mRNA m6A modification, exhibits various roles 
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Figure 5. ACSM5 is downregulated in PTC specimens and associated with cancer progression. A. ACSM5 mRNA lev-
els in PTC samples and matched normal thyroid tissues (MN) were analyzed by qRT-PCR (n = 16). B. ACSM5 expres-
sion levels in PTCs (n = 504) and normal thyroid tissues (NT) (n = 59) or PTC samples and matched normal thyroid 
tissues (MN) (n = 59) in TCGA dataset. C. ACSM5 expression levels of different T stage, N stage and TNM stage in 
PTCs, data were obtained from TCGA dataset. D. Relationship between ACSM5 expression levels and METTL3 or 
METTL14 expression levels in PTCs. *P<0.05, **P<0.01, ***P<0.001.

in cancer cells, such as: contributing myeloid 
leukemia [25], promoting liver cancer progres-
sion [26], playing important roles in GSC main-
tenance and radio-resistance [27], positively 
regulating proliferation of hematopoietic stem/
progenitor cells (HSPCs) [16], and triggering  
the translation in cancer cells [28]. However, 

their functions in thyroid cancer development 
are still unclear. Wang et al. reported that 
METTL3 was upregulated in thyroid cancer  
and promoted thyroid cancer progression by 
m6A methylation on TCF1 [29]. While, our pre-
liminary study demonstrated that METTL3 was 
downregulated in thyroid cancer of our cohort 
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and inhibited thyroid cancer development  
(data not shown). This may be due to METTL3 
has a variety of roles as opposed to singu- 
larly being a tumor suppressor or promoter in 
thyroid carcinogenesis. According to our study, 
METTL3 may inhibit the progression of thyroid 
cancer by increasing the methylation level of 
ACSM5. Another previous study performed a 
comprehensive evaluation of the m6A RNA 
modification landscape of PTC to build a m6A-
related signature which was capable to predict 
the DFS of patients and acted as an indepen-
dent prognostic factor for PTC [30]. All these 
studies indicate that mRNA m6A modification 
plays important roles in thyroid cancer deve- 
lopment, but its underlying mechanisms war-
rant further study.

cancer. While, more large-scale GWAS studies 
of different populations are needed to confirm 
these novel susceptibility loci.

The limitation of this study is that we only test-
ed mRNA level of ACSM5 in thyroid cancer tis-
sues, and a further immunohistochemistry 
experiment is needed to evaluate the expres-
sion of ACSM5 at the protein level. Another  
limitation is that we did not demonstrate the 
candidate SNPs of ACSM5 could affect its RNA 
methylation as well as protein expression. Of 
note, the function of ACSM5 in thyroid cancer 
progression also should be further studied. 
Lastly, we did not investigate the association 
between candidate SNPs and clinical pheno-
types of papillary thyroid cancer, such as the 

Figure 6. The prognostic value of ACSM5 expression for papillary thyroid can-
cer patients. Low expression of ACSM5 in PTCs was related with poor PFI (A) 
and OS (B), Data were obtained from TCGA database.

In thyroid cancer, several 
GWASs had been perform- 
ed in different populations. 
Some single-nucleotide poly-
morphisms (SNPs) associat-
ed with susceptibility to thy-
roid cancer were identified  
in previous studies, including 
markers near FOXE1, NKX2-
1, DIRCS, NRG1, IMMP, 
FOXA2, DIR3 and so on. 
Among these, only several 
SNPs were confirmed in dif-
ferent populations by target-
ed genotyping methods [31-
34]. Therefore, more SNPs 
associated with thyroid can-
cer should be identified in  
the further study. In this 
study, we performed meta-
analysis, thyroid eQTL and 
m6A-SNP analysis to discov-
er new candidate SNPs in  
thyroid cancer and found  
several novel susceptibili- 
ty loci (PLEKHA8, SMUG1, 
CDC123, RMI2 and ACSM5) 
may be associated with thy-
roid cancer. The eQTL analy-
sis suggested that ACSM5-
SNPs were the negative 
eQTL, indicating low expres-
sion of ACSM5 was a high 
risk factor for thyroid cancer. 
Moreover, pan-cancer analy-
sis showed that ACSM5 was 
downregulated in most can-
cer types including thyroid 
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BRAFV600E mutation, lymph node metasta- 
sis or extrathyroidal extension. The highlight of 
this study is that this is the first study to reveal 
that thyroid cancer related SNPs may promote 
tumor progression by affecting its mRNA m6A 
modification to change protein expression. In 
addition, we first report ACSM5 is downregulat-
ed in thyroid cancer and could be as a poten- 
tial biomarker for papillary thyroid cancer.

In conclusion, we conducted a new bioin- 
formatic analysis method to predict the new 
SNPs in thyroid cancer. We revealed novel sus-
ceptibility loci at ACSM5. We also validated 
these SNPs might downregulate ACSM5 pro-
tein level by affecting its m6A modification. 
More importantly, low expression of ACSM5 is 
associated poor prognosis of thyroid cancer. 
We hope that the results of this study will pro-
vide insights into the diagnosis and treatment 
of thyroid cancer in the future, and provide 
more insights into genetic factors in the era of 
personalized cancer treatment.

Materials and methods

Identification of m6A-SNP and derived dif-
ferential expression in pan-cancer RNA-seq 
dataset

m6A-SNPs are defined as the SNPs which 
would change the motif of specific genomic-
short-region, therefore, m6A-modifier protein 
(METTL3, WTAP, FTO, YTHDC1 etc.) would lose 
or receive writing, removing or reading ability 
and finally the expression pattern would be 
mis-regulated. We collected all m6A-SNP from 
m6Avar database [35], thyroid cancer associ-
ated SNPs from two GWAS studies from 
UK-Biobank project [36] and Icelandic Cancer 
Registry (ICR) project [37] (Supplementary 
Table 1). We merged all the significant thyroid 
cancer associated SNPs from UKB and ICR 
project, then intersected with m6A-SNPs 
derived from m6Avar to identify m6A-mediat- 
ed thyroid cancer associated risk/protective 
genes. In order to identify all potential m6A 
mis-regulated gene expression in human can-
cers, we downloaded 11,093 gene expression 
quantification data derived from RNA-seq data 
from the TCGA database (https://portal.gdc.
cancer.gov/repository) on February 24, 2019. 
The RNA-seq data included 32 cancer types 
and we removed 9 cancer types owing to low 
sample size for control samples (N≤1). Log2-

transformed fragments per kilobase of tran-
script per million mapped reads upper quartile 
(FPKM-UQ) derived from HTSeq [38] was 
applied for differential gene expression analy-
sis. Bayesian generalized linear model (bayes-
glm) from ARM package (v1.10-1) was used for 
differential gene expression analysis. Metafor 
package (v2.1-0) was applied for meta-analy- 
sis across the 23 cancer types. Kaplan-Meier 
survival analysis was performed to estimate 
overall survival of low-ACSM5 and high-ACSM5 
expression group.

Clinical samples

Thyroid cancer tissue and paired non-cancer 
tissue samples were collected from patients (n 
= 16) who underwent surgical resection at the 
Tianjin Medical University Cancer Institute and 
Hospital. The detailed clinical pathological 
characteristics of the thyroid cancer patients 
are shown in Supplementary Table 2. Samples 
for quantitative reverse transcription PCR (qRT-
PCR) were snap frozen in liquid nitrogen imme-
diately after surgeries and kept at -80°C until 
usage. Informed consent was obtained from all 
patients. This study was approved by the Ethics 
Committee of the Tianjin Medical University 
Cancer Institute and Hospital.

Cell culture and stable cell line establishment

KTC-1, TPC-1, BCPAP, CAL-62 and HEK293T 
were all acquired from American Type Culture 
Collection. All cell lines were identified by short 
tandem repeat (STR) analysis before using in 
the experiments. KTC-1, TPC-1, BCPAP and 
CAL-62 were cultured in RPMI 1640 (Gibco) 
supplemented with 10% FBS (Biological Indus- 
tries) and penicillin/streptomycin (5000 units/
mL; Gibco). HEK293T was cultured in DMEM 
medium (Gibco) supplemented with 10% FBS 
(Biological Industries) and penicillin/strepto- 
mycin (5000 units/mL; Gibco). Cells were cul-
tured in a humidified incubator (Thermo Fish 
Scientific) equilibrated with 5% CO2 at 37°C. 
The passage number of the cells used for the 
experiments was about 20-30. All cells used in 
the experiment are guaranteed to be negative 
for mycoplasma detecting.

Cells were infected by lentiviral particles  
carrying shRNA plasmids for generating stable 
METTL3 knockdown cell line (shMETTL3-1: 
GGAACATTATGATCCAGAAAC, shMETTL3-3: GG- 
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AACTGGATCCTACCTATGT) or control (shGFP). 
Similarly, stable METTL3 and METTL14 overex-
pression cell lines were generated by trans- 
duction with lentiviral particles containing 
METTL3, METTL14 or GFP cDNA. Cells were 
then cultured with complete culture solution 
with puromycin for 7-10 days after 48 hours 
lentiviral infection. Recombinant lentiviral par-
ticles enriched in medium supernatant were 
produced by co-transfection of the above vec-
tors and packing plasmids in HEK293T and 
harvested after centrifuge and filtering to 
remove cell debris.

Real-time quantitative RT-PCR

Total RNA was extracted from thyroid can- 
cer cells and tissues using RNeasy Mini kit 
(Qiagen). RNA reverse transcription and Real-
time quantitative PCR were performed in strict 
accordance with the manufacturer’s instruc-
tions. cDNA synthesis was conducted using 
Transcriptor First Strand cDNA Synthesis kit 
(Takara). PCR reactions were performed with 
FastStart Universal SYBR Green Master (Ta- 
kara) in a ABI ViiA7 system. PCR cycling condi-
tions were as follows: firstly at 95°C for 10  
min, and then proceed with 40 cycles of 95°C 
for 15 s, 58°C for 15 s, and lastly at 72°C for 
30 s, and then a melting curve of the amplified 
DNA was acquired. Quantification of target 
genes was normalized with ACTIN. Primers are 
summarized in Supplementary Table 3.

Antibodies and western blotting

Cance cells were lysed with RIPA lysis buffer 
(Solarbio) and obtained protein through ultra-
centrifugation, then BCA Protein Assay kit was 
used for determation of protein concentration 
(Solarbio). Protein lysates were separated by 
10% SDS-PAGE electrophoresis and target  
proteins were detected by western blotting  
with following antibodies: anti-ACSM5 (Thermo 
Fisher Scientific), anti-METTL3 (Abcam), anti-
METTL14 (Abcam), anti-GAPDH (CST).

m6A RNA methylation quantification

RNA (m6A) methylation quantification was per-
formed according to the protocol of m6A RNA 
Methylation Assay Kit (ab185912). Briefly, 200 
ng RNA samples were added into the specific 
wells, and gently tilt the plate from side to  
side or shake the plate several times to mix  

the RNA-binding solution. Ensure the solution 
coats the bottom of the well evenly. After  
covering strip plate with plate and incubate at 
37°C for 90 min, remove the binding solution 
from each well and wash every well three  
times. 50 µL of diluted capture antibody was 
added to each well and incubated for 60 min-
utes at room temperature. The diluted detec-
tion antibody solution was then removed from 
each well and the wells were washed five  
times with wash buffer. The absorbance was 
measured at 450 nm within 2 to 10 minutes by 
a microplate reader.

m6A RT-PCR

The m6A-RT-PCR was performed according to 
the previously described protocol, with slight 
modifications [39]. From this, 50 ng of total 
RNA was taken as input and 100 µg of RNA  
was added to 500 µL of IP buffer (150 mM 
NaCl, 0.1% NP-40, 10 mM Tris, pH 7.4, 100 U 
RNase inhibitor) with m6A antibody (ab190- 
886) and Dyna beads® Protein A (Thermo 
Fisher Scientific) for immunoprecipitation to 
obtain the pull-down fraction of m6A (m6A IP 
fraction), and another 100 µg of RNA was co-
incubated with IgG antibody as the non-spe- 
cifically bound fraction. After gentle rotation 
overnight in 4 degree, the RNAs were eluted 
twice with the elution buffer (5 mM Tris-HCL  
pH 7.5, 1 mM EDTA pH 8.0, 0.05% SDS, 20  
mg/ml Proteinase K) and the IP RNAs were 
recovered by re-precipitation with Trizo and  
ethanol. The RNAs were reversed separately. It 
was then used as a template for qRT-PCR as 
described above. The housekeeping gene 
HPRT1 was chosen as an internal control, as it 
was reported that HPRT1 mRNA did not have 
any m6A peak in the m6A analysis database 
[40].

Statistical analysis

Statistical analyses were performed using the 
SPSS 12.0 Statistical Software. Differences 
between groups were analyzed by unpaired 
Student’s t-test and nonparametric Mann-
Whitney test, as well as Chi-Squared Test. All 
results are showed as mean ± SEM and sta- 
tistical differences were represented by P val-
ues in figures (***P<0.001, **P<0.01, P<0.05). 
P<0.05 was considered to be statistically sig-
nificant. High-throughput differential gene ex- 
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pression and meta-analysis were conducted 
under R (v3.6.1).
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Supplementary Figure 2. ACSM5 was downregulated in METTL3 knowdown stable cell. A. ACSM5 mRNA and protein 
expression levels were stably knocked down METTL3 in BCPAP cells. B. ACSM5 mRNA and protein expression levels 
were stably knocked down METTL3 in Cal-62 cells.

Supplementary Figure 3. SNP mutations at the m6A modification sites of ACSM5 mRNA. SRAMP (http://www.
cuilab.cn/sramp) was used to predict the m6A modification site of ACSM5. We selected five very high confidence 
modification sites to overlap with the SNP sites in PubMed (https://www.ncbi.nlm.nih.gov/), and finally found all the 
very high confidence m6A modification sites contain SNPs.

Supplementary Figure 1. Pan-cancer up-regulation of PLEKHA8, SMUG1, CDC123 and RMI2 cross 23 types of hu-
man cancers. Cancer samples were collected from the TCGA project (N = 10,490). Gene expression level was log2 
transformed before the meta-analysis. Both fixed effect model and random effect model were applied for the ag-
gregation. 95% CI was applied to show the risk and protective effect to overall survival time. In order to show more 
details for different studies, any standardized mean difference (SMD) higher than 3 and lower than -3 was showed 
with arrow. Blue filled parallelograms represent the SMD for fixed effect model and random effect model.
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Supplementary Table 1. Thyroid cancer associated SNPs
SNP Chromosome Position P Symbol
ENSG00000175643 16 11343475 3.90E-14 RMI2
ENSG00000106367 7 100797677 3.61E-12 AP1S1
ENSG00000106086 7 30068040 8.36E-10 PLEKHA8
ENSG00000183549 16 20420855 4.74E-09 ACSM5
ENSG00000123415 12 54558528 2.34E-08 SMUG1
ENSG00000198663 6 36839645 4.33E-08 C6orf89
ENSG00000151465 10 12237963 1.52E-07 CDC123
ENSG00000204267 6 32789609 1.69E-07 TAP2
ENSG00000062725 17 58520519 3.11E-06 APPBP2
ENSG00000197619 19 52494584 3.21E-06 ZNF615
ENSG00000158022 1 26377794 9.20E-06 TRIM63
ENSG00000141580 17 80572437 1.00E-05 WDR45B
ENSG00000151553 10 116581502 1.06E-05 FAM160B1
ENSG00000122729 9 32384617 2.36E-05 ACO1
ENSG00000143437 1 150782180 7.72E-05 ARNT
ENSG00000141012 16 88880141 0.000127038 GALNS
ENSG00000106733 9 77675488 0.000186512 NMRK1
ENSG00000132793 20 39969559 0.00027026 LPIN3
ENSG00000152223 18 43427573 0.000302933 EPG5
ENSG00000104626 8 8869172 0.001127183 ERI1
ENSG00000081692 1 227918125 0.001299691 JMJD4
ENSG00000172014 9 69381811 0.001846155 ANKRD20A4
ENSG00000163945 4 1341053 0.002209206 UVSSA
ENSG00000151498 11 134123388 0.004290753 ACAD8
ENSG00000112294 6 24495079 0.006027414 ALDH5A1
ENSG00000160703 11 119037276 0.009695353 NLRX1
ENSG00000182195 23 140269933 0.014234074 LDOC1
ENSG00000142794 1 21766620 0.01870655 NBPF3
ENSG00000134253 1 117653681 0.020108862 TRIM45
ENSG00000110218 11 93862093 0.020231489 PANX1
ENSG00000196418 1 247285276 0.023276776 ZNF124
ENSG00000167526 16 89627064 0.027260647 RPL13
ENSG00000152133 2 37311593 0.038865209 GPATCH11
ENSG00000143622 1 155867598 0.049230287 RIT1
ENSG00000175137 1 249104647 0.053215216 SH3BP5L
ENSG00000272047 6 158589383 0.056786339 GTF2H5
ENSG00000258986 14 104941014 0.057156298 TMEM179
ENSG00000189339 1 1592938 0.068973477 SLC35E2B
ENSG00000185344 12 124196864 0.082654907 ATP6V0A2
ENSG00000108556 17 4801068 0.09321947 CHRNE
ENSG00000026652 6 161551010 0.104240303 AGPAT4
ENSG00000188549 15 40625957 0.117766531 C15orf52
ENSG00000122863 10 73724122 0.118504258 CHST3
ENSG00000137815 15 41700605 0.122108612 RTF1
ENSG00000099974 22 24309088 0.123741862 DDTL
ENSG00000105866 7 21467651 0.134214203 SP4
ENSG00000173875 19 12721731 0.139149896 ZNF791
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ENSG00000154328 8 11627147 0.173379789 NEIL2
ENSG00000144120 2 120436742 0.180867102 TMEM177
ENSG00000071794 3 148747913 0.186128117 HLTF
ENSG00000134987 5 110427413 0.199473721 WDR36
ENSG00000111652 12 6832906 0.21393205 COPS7A
ENSG00000080345 2 152266396 0.21881116 RIF1
ENSG00000146530 7 12370510 0.231395382 VWDE
ENSG00000063587 23 152599612 0.245814683 ZNF275
ENSG00000186470 6 26365386 0.281587984 BTN3A2
ENSG00000133731 8 82570195 0.301570374 IMPA1
ENSG00000009950 7 73007523 0.338022053 MLXIPL
ENSG00000136720 2 128994289 0.339160585 HS6ST1
ENSG00000166454 16 81069451 0.370903022 ATMIN
ENSG00000186716 22 23521890 0.375526758 BCR
ENSG00000185100 14 105190522 0.418810204 ADSSL1
ENSG00000149639 20 35405844 0.463213652 SOGA1
ENSG00000160305 21 47878811 0.470488471 DIP2A
ENSG00000139433 12 110288747 0.534014739 GLTP
ENSG00000179344 6 32627243 0.563739971 HLA-DQB1
ENSG00000196683 7 22852250 0.574919996 TOMM7
ENSG00000165629 10 7830091 0.603768381 ATP5C1
ENSG00000117228 1 89518001 0.632524545 GBP1
ENSG00000171435 12 117890816 0.651713468 KSR2
ENSG00000171903 19 16023176 0.660140474 CYP4F11
ENSG00000198231 17 61850962 0.671194476 DDX42
ENSG00000130770 1 28562619 0.756479013 ATPIF1
ENSG00000108064 10 60144781 0.775560214 TFAM
ENSG00000113812 3 53901092 0.776173575 ACTR8
ENSG00000153786 16 85007786 0.82856826 ZDHHC7
ENSG00000116260 1 180123968 0.850991728 QSOX1
ENSG00000166037 11 95523128 0.918192862 CEP57
ENSG00000105419 19 47906380 0.961025221 MEIS3
ENSG00000105750 19 21106027 0.963100186 ZNF85
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Supplementary Table 2. The clinical pathological characteristics of the patients involved
Number Gender Age Pathological type T stage N stage M stage AJCC stage
1 Male 8 PTC 3 1b 0 1
2 Female 69 PTC 3b 0 0 2
3 Male 41 PTC 1 0 0 1
4 Female 42 PTC 1a 1a 0 1
5 Female 26 PTC 1a 1a 0 1
6 Female 49 PTC 1 0 0 1
7 Female 28 PTC 4a 1b 0 1
8 Male 38 PTC 1a 1a 0 1
9 Female 25 PTC 1b 1b 0 1
10 Female 52 PTC 3b 1a 0 1
11 Female 47 PTC 1 1a 0 1
12 Male 43 PTC 1a 0 0 1
13 Female 47 PTC 1b 1a 0 1
14 Male 50 PTC 1a 0 0 1
15 Female 42 PTC 1b 1a 0 1
16 Male 19 PTC 2 1b 0 1

Supplementary Table 3. Primers Sequence (5’ to 3’)
CDC123 Former primer GATGGAACTCTGGTGGTTTCAGG
CDC123 Reverse primer CTTCCTGGACTTTAGTGSMUG1GCAAAC
SMUG1 Former primer CTTCCTGGACTTTAGTGGCAAAC
SMUG1 Reverse primer CTGGTCGTTTAGGATGCTCTTGG
PLEKHA8 Former primer GGGAGCATACAAATGGCAGTCTG
PLEKHA8 Reverse primer CCGCTGTCTTTCAGCCACACTT
ACSM5 Former primer CCATCTTTCGGCTGCTTGTGCA
ACSM5 Reverse primer CAGTCTGGTGTTTCCACTTCTCC
RMI2 Former primer ACTTCATAACTTTCGGCGAGAC
RMI2 Reverse primer CAGACAGCAGAAACCCAACATT
β-Actin Former primer GATCATTGCTCCTCCTGAGC
β-Actin Reverse primer ACTCCTGCTTGCTGATCCAC


