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A B S T R A C T

Aims: Hepatocellular carcinoma (HCC) is the most common primary liver cancer, and accounts for substantial
morbidity and mortality. Autophagy plays an essential role in the development and progression of HCC. This
study aims to evaluate whether genetic variants in autophagy-related genes (ATGs) affect the development of
HCC.
Materials and methods: We conducted a case-control study with 986 HCC cases and 1000 healthy controls to
analyze 14 functional variants of five ATGs (ATG3, ATG5, ATG10, ATG12 and ATG16L1) among a Chinese
population.
Key findings: We found ATG5 rs17067724 (G vs A: OR=0.80; 95% CI=0.65–0.98; P=0.031), ATG10
rs1864183 (G vs A: OR=1.29; 95% CI=1.07–1.57; P=0.009), ATG10 rs10514231 (C vs T: OR=1.41; 95%
CI=1.15–1.73; P=0.001), ATG12 rs26537 (C vs T: OR=1.16; 95% CI= 1.02–1.33; P=0.030), and
ATG16L1 rs4663402 (T vs A: OR=1.28; 95% CI= 1.01–1.63; P=0.044) were significantly associated with
HCC risk. Specifically, ATG10 rs10514231 kept significant association even adjusted for Bonferroni correction
(P=0.001×14=0.014). Bioinformatics analyses showed that allele C of ATG10 rs10514231 was significantly
correlated with higher expression of ATG10 gene in both HCC tissues and normal liver tissues. Dual-luciferase
reporter assay presented that cell lines transfected with vectors containing the risk allele C of rs10514231
showed higher relative luciferase activity compared to that containing the allele T.
Significance: These results suggested that ATG10 rs10514231 might contribute to an allele-specific effect on the
expression of host gene ATG10 and explain a fraction of HCC genetic susceptibility. Our study would benefit the
construction of early warning model, early prevention, screening, even therapeutic target of HCC.

1. Introduction

Live cancer is one of the most common cancers worldwide and ac-
counts for substantial morbidity and mortality [1–3]. According to the
report of Global Burden of Diseases, Injuries, and Risk Factors Study
(GBD) 2017, there were about 820 thousand all-age deaths of liver
cancer annually in the world [1]. Among those, China account for 466.1
thousand deaths of liver cancer [2]. Hepatocellular carcinoma (HCC) is
the most common primary liver cancer and accounts for about 85% to
90% of liver cancers [4]. Chronic hepatitis B virus (HBV) infection,
chronic hepatitis C virus (HCV) infection, as well as nonalcoholic fatty
liver disease (NAFLD) has been thought to be the most important
etiologies of HCC [5]. However, the fact that only a small proportion of
subjects with the established risk factors above eventually develop HCC
suggests that genetic factors may play an important role in the devel-
opment of HCC.

Recently, cumulative evidence has indicated that autophagy plays
an essential role in multiple stages of HCC development and progression
[6–10]. Autophagy is a lysosomal-mediated catabolic process plays a
critical role in all eukaryotic life cycles [11,12]. Autophagy-related
genes (ATGs) play a key role in autophagy, as well as control autop-
hagic formation and eventually accelerate HCC development, invasion,
metastasis, progression and prognosis [6,12,13]. Epidemiological stu-
dies also revealed that genetic variants in ATGs might influence the
biological function and consequently contribute to development and
prognosis of many cancers, including lung cancer, head and neck
squamous cell carcinoma, breast cancer, gastric cancer, renal cell car-
cinoma [14–17]. However, few studies have focused on the role of
ATGs in the development of HCC. Inspired by the findings above, we
hypothesized that genetic variants of ATGs may influence the suscept-
ibility to HCC. Thus, in current study, we conducted a case-control
study in a Chinese population and functional validation experiments to
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establish the relationships, if any, between potentially functional var-
iants of ATGs and development of HCC.

2. Patients and methods

2.1. Study subjects

Totally included in this study were 986 histopathologically con-
firmed HCC cases and 1000 cancer-free controls, which were con-
secutively recruited since June 2010. Those who had a history of
cancer, metastasized cancer from other organs, radiotherapy or che-
motherapy were excluded. Controls were frequency-matched to the
HCC cases on age (5-year interval), gender, and residential area (urban
or rural). All the participants were face-to-face interviewed by trained
interviewers to collect the individual information on demographic data.
After that, 5-ml of venous blood was collected from each subject. All
participants in the study signed informed consent. Our research sought
the consent of the Ethics Committee of the Fourth Affiliated Hospital of
China Medical University and conducted following the approved
guidelines.

2.2. SNP selection and genotyping

The potential functional variants of five ATGs (ATG3, ATG5, ATG10,
ATG12, and ATG16L1) were first selected based on the public HapMap
SNP database using the HaploView 4.2 software, with minor allele
frequency≥ 0.05 and an r2 threshold of 0.80 in the Chinese Han po-
pulation. Then, the SNPinfo Web Server (http://snpinfo.niehs.nih.gov/)
was used to screen the potentially functional SNPs. Finally, 14 variants
(ATG3 rs2705507 and rs7652377, ATG5 rs17067724, rs3804338,
rs510432, and rs688810, ATG10 rs1864183, rs10514231, and
rs10036653, ATG12 rs26532 and rs26537, ATG16L1 rs2241880,
rs4663402, and rs1045095) were included in the study. The genotyping
was performed using the TaqMan methodology and read with the
Sequence Detection Software on an ABI-Prism 7900 instrument ac-
cording to the manufacturer's instructions (Applied Biosystems, Foster
City, CA). To assess reproducibility, 5% of the DNA samples were
blindly and randomly analyzed in duplicates, and the results revealed a
reproducibility of 100%.

2.3. Bioinformatics analyses

The level 3 TCGA gene expression data for 369 liver hepatocellular
carcinoma (LIHC) samples were used to assess the mRNA expression
levels of the promising genes using UALCAN [18]. GTEx normal liver
tissues and TCGA LIHC dataset were used to performed expression
quantitative trait loci (eQTL) analyses to examine the effects of pro-
mising SNPs on mRNA expression [19,20]. HaploRegv4.1 was used to
annotate the functional elements of the selected variants [21].

2.4. Dual luciferase reporter assay

The Hep3B and SK-Hep1 cell lines were purchased from American
Type Culture Collection (ATCC; Manassas, VA). Both cell lines were
maintained in Dulbecco's modified Eagle's medium (DMEM) containing
10% fetal bovine serum (FBS), and kept in a 37°C humidified incubator
in an atmosphere of 5% CO2 in air. About 300-bp DNA sequences
centered at rs10514231 (T or C allele) were synthesized and cloned into
pGL-3 promoter vectors (Promega, Madison, WI, USA), respectively.
Then, cultured cells were transfected with 0.8 μg pGL-3 vectors, while
tThe pRL-TK Renilla control vector (0.1μg) (Promega, Madison, WI,
USA) was also co-transfected as an internal control for transfection ef-
ficiency. After 48 h transfection, cells were collected and analyzed for
luciferase activity with the Dual Luciferase Reporter Assay System
(Promega, Wisconsin, USA). All reporter assays were performed in
triple at least three independent experiments.

2.5. Statistical analysis

The distributions of general characteristics between HCC cases and
controls were performed using x2 test. Hardy-Weinberg Equilibrium
(HWE) in the controls was tested using a x2 goodness of fit test. Logistic
regression models were used to estimate adjusted odds ratio (OR) and
95% confidence interval (CI) adjusted for age, gender, smoking and
drinking status, HBV infection, and family history of cancer. The ana-
lyses were done first per genotype (additive model) and then per allele
(allelic model), which assumes the same effect size for per allele
change. All statistical analyses were conducted with SAS version 9.4
(SAS Institute Inc.) P < 0.05 was the criterion of statistical significance
and all statistical tests were two-tailed. The original data were pre-
sented in supplementary file 1.

3. Results

3.1. Characteristics of study subjects

Table 1 presents the distributions of general characteristics of the
study population, which includes 986 histopathologically confirmed
HCC cases and 1000 cancer-free controls. In brief, there were no sta-
tistical differences in the distribution of age, gender, smoking and
drinking status between HCC patients and control subjects (P > 0.05).
However, the HCC patients have higher percentage of HBV infection
and family history of cancer, compared with the cancer-free controls
(P < 0.001).

3.2. Associations of selected functional variants of ATGs with HCC risk

Table 2 presents the distributions of the selected functional variants
of ATGs and genetic associations of these variants with risk of HCC. The
genotype frequencies of the fourteen SNPs in the controls obeyed HWE
(P > 0.05) and could represent the general population. Among the 14
variants, significant associations with HCC risk were detected for five
variants, including ATG5 rs17067724 (G vs A: OR=0.80; 95%
CI= 0.65–0.98; P=0.031), ATG10 rs1864183 (G vs A: OR=1.29;
95% CI=1.07–1.57; P=0.009), ATG10 rs10514231 (C vs T:
OR=1.41; 95% CI= 1.15–1.73; P=0.001), ATG12 rs26537 (C vs T:
OR=1.16; 95% CI=1.02–1.33; P=0.030), and ATG16L1 rs4663402
(T vs A: OR=1.28; 95% CI=1.01–1.63; P=0.044) in allelic model.
Specifically, ATG10 rs10514231 kept significant association even

Table 1
Distributions of selected variables in HCC cases and healthy controls.

Cases (n=986) Controls (n=1000) P value

Age
< 50 503 (51.0%) 521 (52.1%) 0.628
≥50 483 (49.0%) 479 (47.9%)

Gender
Male 599 (60.8%) 619 (61.9%) 0.599
Female 387 (39.2%) 381 (38.1%)

Smoking status
Yes 199 (20.2%) 214 (21.4%) 0.504
No 787 (79.8%) 786 (78.6%)

Drinking status
Yes 312 (31.6%) 334 (33.4%) 0.403
No 674 (68.4%) 666 (66.6%)

HBV infection
Yes 219 (22.1%) 102 (10.2%) <0.001
No 767 (77.9%) 898 (89.8%)

Family history of cancer
Yes 99 (10.1%) 38 (3.8%) <0.001
No 887 (89.9%) 962 (96.2%)

P value in bold means statistically significant.
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adjusted for Bonferroni correction (P=0.001×14=0.014). Com-
pared the subjects with major homozygote genotype TT, those with
heterozygote genotype TC (OR=1.32; 95% CI=1.05–1.67;
P=0.019), as well as minor homozygote genotype CC (OR=2.98;
95% CI=1.30–6.84; P=0.010), had significantly higher susceptibility
of HCC.

3.3. Bioinformatics analyses of the significant loci

As shown in Fig. 1, expression of the ATG5, ATG10, ATG12, and
ATG16L1 genes in HCC tissues were evidently higher than that in
normal tissues of TCGA samples (P < 0.001), which indicates the po-
tential oncogene effect of these four genes. We searched the eQTL
evidence based on the public GTEx database and the TCGA database of
LIHC, which the genotype of rs17067724 was significantly correlated
with the expression of ATG5 in HCC tissues (Fig. 2). Especially for
ATG10 rs10514231, allele C of that was significantly correlated with
higher expression of ATG10 gene in both HCC tissues and normal liver
tissues (Fig. 3).

3.4. Functional relevance of the ATG10 rs10514231

For the promising SNP rs10514231, HaploRegv4.1 was used to
annotate the functional elements. We found that rs10514231 was lo-
cated at a locus with transcription factor (GR, Hand1, Nanog, and
TCF4) binding site and eQTL in many cell types, which suggests its
allele-specific regulatory effect. Thus, we conducted the dual-luciferase
reporter assay to validate the bioinformatics analysis findings. As
shown in Fig. 4, both the Hep3B and SK-Hep1 cell lines transfected with
vectors containing the risk C allele of rs10514231 showed higher re-
lative luciferase activity compared to that containing the T allele
(P < 0.001), which further confirmed its allele-specific regulatory ef-
fect.

4. Discussion

Genetic variants of ATGs have been has been widely explored in
human cancers, and some of them have been identified to be associated
with cancer risk or prognosis [22–26]. In current study, we explored
associations between 14 functional variants of five ATGs (ATG3, ATG5,
ATG10, ATG12 and ATG16L1) and the development of HCC in a case-
control study with 986 HCC cases and 1000 healthy controls among a
Chinese population. We found five variants, including ATG5
rs17067724, ATG10 rs1864183, ATG10 rs10514231, ATG12 rs26537,
and ATG16L1 rs4663402, were significantly associated with risk of
HCC. Most strikingly, ATG10 rs10514231 kept significant association
even adjusted for Bonferroni correction. Both bioinformatics analyses
and dual-luciferase reporter assay showed that allele C of ATG10
rs10514231 was significantly correlated with higher luciferase activity
and expression of ATG10 gene in both HCC tissues and normal liver
tissues. These findings above suggested that ATG10 rs10514231 might
modulate the expression of its host gene ATG10 by changing the reg-
ulation of transcriptional activity.

ATG10 gene, an E2-like enzyme, was located at 5q14.1 by Ensembl,
and necessary for the initiation of autophagy [27,28]. It could mediate
the formation of the autophagy essential Atg12-Atg5 conjugate without
a specific E3 enzyme [29]. Jo et al. [30] first reported that increased

Table 2
Functional variants of the ATGs and occurrence of HCC.

SNP Cases Controls OR (95% CI)a P value

ATG3
Rs2705507

CC 638 642 1.00
CA 318 323 0.99 (0.81–1.20) 0.895
AA 30 35 0.87 (0.52–1.45) 0.595
A vs C 0.97 (0.82–1.14) 0.696

rs7652377
CC 667 693 1.00
CA 292 283 1.08 (0.88–1.32) 0.458
AA 27 24 1.11 (0.62–1.97) 0.725
A vs C 1.07 (0.90–1.27) 0.436

ATG5
rs17067724

AA 801 780 1.00
AG 174 201 0.83 (0.66–1.04) 0.111
GG 11 19 0.52 (0.24–1.13) 0.099
G vs A 0.80 (0.65–0.98) 0.031

rs3804338
GG 686 691 1.00
AG 267 279 0.96 (0.78–1.17) 0.684
AA 33 30 1.17 (0.70–1.96) 0.553
A vs G 1.00 (0.85–1.19) 0.980

rs510432
GG 376 371 1.00
AG 488 499 0.95 (0.78–1.15) 0.608
AA 122 130 0.95 (0.71–1.28) 0.750
A vs G 0.97 (0.85–1.11) 0.650

rs688810
AA 396 399 1.00
AG 471 478 1.00 (0.83–1.22) 0.975
GG 119 123 0.96 (0.71–1.29) 0.785
G vs A 0.99 (0.86–1.13) 0.845
ATG10

rs1864183
AA 751 806 1.00
AG 209 179 1.27 (1.01–1.59) 0.041
GG 26 15 1.81 (0.94–3.49) 0.077
G vs A 1.29 (1.07–1.57) 0.009

rs10514231
TT 763 827 1.00
TC 202 165 1.32 (1.05–1.67) 0.019
CC 21 8 2.98 (1.30–6.84) 0.010
C vs T 1.41 (1.15–1.73) 0.001

rs10036653
AA 450 449 1.00
AT 439 445 0.98 (0.81–1.18) 0.823
TT 97 106 0.88 (0.65–1.21) 0.432
T vs A 0.95 (0.83–1.09) 0.495

ATG12
rs26532

AA 396 403 1.00
AC 461 459 1.03 (0.85–1.25) 0.778
CC 129 138 0.90 (0.68–1.19) 0.458
C vs A 0.97 (0.85–1.11) 0.637

rs26537
TT 421 475 1.00
TC 452 431 1.16 (0.96–1.41) 0.121
CC 113 94 1.35 (0.99–1.85) 0.056
C vs T 1.16 (1.02–1.33) 0.030

ATG16L1
rs2241880

AA 389 394 1.00
AG 463 465 1.00 (0.82–1.21) 0.974
GG 134 141 0.97 (0.73–1.29) 0.842
G vs A 0.99 (0.87–1.13) 0.865

rs4663402
AA 844 883 1.00
AT 127 111 1.17 (0.89–1.55) 0.270
TT 15 6 2.75 (1.05–7.21) 0.040
T vs A 1.28 (1.01–1.63) 0.044

rs1045095
CC 302 305 1.00
CT 482 492 1.00 (0.81–1.23) 0.977
TT 202 203 0.98 (0.76–1.27) 0.902

Table 2 (continued)

SNP Cases Controls OR (95% CI)a P value

T vs C 0.99 (0.87–1.13) 0.909

P value in bold means statistically significant.
a
Adjusted for age, gender, smoking and drinking status, HBV infection, and

family history of cancer.
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expression of ATG10 was associated with lymphovascular invasion and
lymph node metastasis of colorectal cancer. Cao et al. [31] found ATG
proteins, including ATG10, might serve as novel prognostic biomarkers
in gastric cancer. Interestingly, Xie et al. [14] identified that ATG10
rs10514231 could influence lung cancer survival through regulating
ATG10 expression. These results validated our findings that ATG10
rs10514231 might modulate the expression of ATG10 by changing the
regulation of transcriptional activity, and further influence the devel-
opment and progression of carcinogenesis. Although Qin et al. [32]
found rs1864182 and rs10514231 in ATG10 were significantly asso-
ciated with a decreased risk of breast cancer. Guo et al. [33] reported
ATG10 rs73134739 could significantly change the promoter activities.
Wang et al. [34] found rs1864183 was significantly associated with the
overall survival of non-small cell lung cancer patients treated with
platinum-based chemotherapy. Fernandez-Mateos [35] reported that
ATG10 rs1864183 was associated with a higher susceptibility to de-
velop laryngeal cancer. ATG10 rs10036653 and rs1864182 were also
associated with primary or acquired resistance to gefitinib in advanced
lung adenocarcinoma [36].

ATG12 and ATG5 genes could form a conjugate, and interact with
Atg16L1 to form a complex, which is necessary for autophagosome
formation [37]. ATG5 rs2245214 have a higher probability to develop
thyroid carcinoma [38]. A allele of ATG5 rs473543 had an increased
risk of recurrence and shorter DFS compared genotype GG [25]. Among
EGFR-mutant patients, ATG5 rs688810 and rs510432, ATG12 rs26538,
ATG16L1 rs2241880 significantly contributed to prognosis of lung

Fig. 1. Bioinformatics analysis of the ATG5, ATG10, ATG12, and ATG16L1 gene in TCGA samples.

Fig. 2. Bioinformatics analysis of ATG5 rs17067724 and expression of ATG5
gene.
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adenocarcinoma [36]. Song et al. [15] found ATG12 eQTL SNP rs26537
might contribute to an allele-specific effect on the expression of host
gene ATG12 and explain a fraction of head and neck squamous cell
carcinoma (HNSCC) genetic susceptibility. In our results, ATG12
rs26537 was also identified to be associated with increased risk of HCC.
ATG12 rs26532 was significantly associated with an increased risk of
brain metastases in patients with non-small cell lung cancer [39].
ATG12 rs26538 were also significantly associated with survival of lung
adenocarcinoma patients [36]. Besides, ATG16L1 rs2241880 was as-
sociated with improved survival in human colorectal cancer and in-
creased risk of brain metastases in patients with non-small cell lung
cancer [39,40]. ATG16L1 rs4663402 was significantly associated with
the increased risk of HNSCC [15]. Fernandez-Mateos [35] reported that
ATG16L1 rs2241880 was associated with a higher susceptibility to
develop oral carcinoma. However, in current study, we only replicated
the promising finding for rs4663402, while got null result for
rs2241880.

To the best of our knowledge, the present study is the first focusing
on associations of the potentially functional variants of ATGs with HCC
risk with an adequate sample size. Using Quanto (version 1.2.4), we

have 93.4% statistical power to detect such an association for ATG10
rs10514231 (C vs T: OR=1.41) with our sample size. Some limitations
of this study also should be considered when interpreting the results.
First, potential selection bias was inevitable for hospital-based case-
control study. Second, great difference of HBV infection rate between
HCC cases and controls might confound our results, although we have
adjusted them by HBV infection rate. Therefore, larger studies with
more functional investigations are warranted.

5. Conclusion

Conclusively, our study identified that genetic variants of ATGs
could influence the corresponding biological functions and conse-
quently contribute to development of HCC. Specifically, ATG10
rs10514231 might contribute to an allele-specific effect on the ex-
pression of host gene ATG10 and explain a fraction of HCC genetic
susceptibility. However, further larger studies in different populations
and mechanical studies are required to validate our findings.

Fig. 3. Bioinformatics analysis of ATG10 rs10514231 and expression of ATG10 gene.

Fig. 4. ATG10 rs10514231 affect luciferase activities in both Hep3B and SK-Hep1 cell lines.
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