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ABSTRACT

The aim of our study was to explore the relationship between the methylation status of the alpha-
1A adrenergic receptor (ADRA1A) gene and hepatocellular carcinoma (HCC). We combined our in-
house data-set with the Cancer Genome Atlas (TCGA) data-set to screen and identify the methyla-
tion status and expression of adrenergic receptor (AR) genes in HCC. Immunohistochemistry and
western blot were performed to assess the expression of ADRA1A in HCC cell lines and tissues. We
further evaluated the methylation levels of the ADRATA promoter region in 160 HCC patients
using the Sequenom MassARRAY® platform and investigated the association between methylation
of ADRATA and clinical characteristics. The expression levels of ADRATA mRNA and protein were
significantly decreased in HCC tissues. Compared with that in paired normal tissues, the mean
methylation level of the ADRATA promoter region was significantly increased in tumour tissues
from 160 HCC patients (25.2% vs. 17.0%, P < 0.0001). We found that a DNA methyltransferase
inhibitor (decitabine) could increase the expression of ADRATA mRNA in HCC cell lines. Moreover,
hypermethylation of the ADRATA gene in HCC samples was associated with clinical characteristics,
including alcohol intake (P = 0.0097) and alpha-fetoprotein (P = 0.0411). Receiver operator
characteristic (ROC) curve analysis demonstrated that the mean methylation levels of ADRATA
could discriminate between HCC tissues and adjacent non-cancerous tissues (AUC = 0.700,
P < 0.0001). mRNA sequencing indicated that the main enriched pathways were pathways in
cancer, cytokine-cytokine receptor interaction and metabolic pathways (P < 0.01). ADRATA gene
hypermethylation might contribute to HCC initiation and is a promising biomarker for the
diagnosis of HCC.
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Introduction sympathetic nervous system (SNS) by binding cate-
cholamines [3]. There are two main classes of adre-
noreceptors, alpha adrenoreceptors (ADRAIA,
ADRAI1B, ADRAID, ADRA2A, ADRA2B, and
ADRA2C) and beta adrenoreceptors (ADRBI,
ADRB2, and ADRB3). The activation of ARs can
induce glycogenolysis and gluconeogenesis in the
liver. Additionally, the SNS is known to modulate
liver regeneration, hepatic fibrogenesis, and liver
injury [4]. Under normal physiology, there are two
main ARs, namely alpha-1 and beta-2 receptors in
the liver. Sympathetic denervation or blocking of
alphal-ARs was shown to decrease the incidence of
diethylnitrosamine-induced HCC and

Liver cancer was the sixth most commonly diag-
nosed cancer and the fourth leading cause of can-
cer deaths worldwide in 2018 [1]. Hepatocellular
carcinoma (HCC), the most common type of pri-
mary liver cancer, accounts for 75-85% of liver
cancers. Moreover, the incidence of HCC is
increasing in the United States and other coun-
tries, especially in eastern Asia [2]. Therefore, it is
imperative to perform more research to find an
effective biomarker for HCC.

Adrenergic receptors (ARs) are a class of

G protein-coupled receptors that stimulate the
tumour
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development [5]. Of note, ADRA1A (alpha-1A adre-
nergic receptor), also known as ADRAIC, is one
alpha-1 adrenergic receptor subtype whose ligands
are catecholamines [6]. The ADRAIA receptor
belongs to the Gq/11 family of G-proteins.
Numerous physiological and pathological events in
the innervated liver are regulated by the autonomic
nervous system [7]. However, whether and how
ADRAIA plays a role in HCC remain obscure.

Epigenetics plays critical roles in regulating tumor-
igenesis, metastasis, and therapeutic responses [8]. As
an essential modification in epigenetics, DNA methy-
lation, which is a direct chemical modification of DNA
primarily at CpG dinucleotide sites, is believed to
involve mostly the hypermethylation of tumour sup-
pressor genes and hypomethylation of oncogenes in
cancer [9,10]. DNA methylation changes are common
in human cancers, but whether ARs are regulated by
DNA methylation has not been explored in detail.

Here, by analysing an in-house RNA-seq data-
set [11] and an RNA-seq data-set from the Cancer
Genome Atlas (TCGA), we show that the expres-
sion levels of ADRAIA in patient tumour tissues
were significantly decreased. Then, we confirm
that expression of the ADRAIA gene was signifi-
cantly decreased in 20 paired HCC samples and
HCC cell lines. Moreover, we utilized the
Sequenom MassARRAY® platform to verify the
methylation changes in the ADRAIA gene in 160
HCC patients and further analysed the relation-
ship between theses ADRAIA methylation patterns
and clinicopathological features.

Results
Patient characteristics

The clinical characteristics of 160 HCC patients are
summarized in Table 1. The median age of the patients
at diagnosis was 55 years. There were 55 patients who
consumed alcohol habitually (=50 mg/day), and 53
patients were alpha-fetoprotein (AFP) positive.
Regarding clinicopathological ~characteristics, 15
patients had multiple tumours. Tumour thrombus
was detected in 29 patients. According to TNM sta-
ging, there were 121 patients classified as stage I-II in
our study.
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ADRAT1A gene is the only one that regulated by
DNA methylation among the nine ARs in HCC

As depicted by the flow chart (Figure 1), we
screened and identified ADRAIA as the only
gene among all nine ARs regulated by DNA
methylation. First, to investigate the expression of
ARs in HCC tissues, we analysed the data from
our in-house RNA-seq data-set that included 11
HCC patients [11] and the TCGA data-set. The
expression levels of four types of ARs (ADRAIA,
ADRAI1B, ADRA2B, and ADRB2) in HCC tissues
were significantly lower than those in adjacent
non-cancerous tissues (ANT) in both data-sets
(P < 0.05, Figure 2(ab)). The expression of
ADRAIA in ANT was thirteen times higher than
that in HCC tissues in our in-house data-set (nor-
mal vs. HCC tissues: 13.34 vs. 1.01 fragments per
kilobase million (FPKM), P < 0.0001)
(Supplementary Table 1) and approximately two
times higher in the TCGA data-set (normal vs.
HCC tissues: 9.38 vs. 4.98 FPKM, P < 0.0001)
(Supplementary Table 1).

Moreover, in terms of the methylation levels of
the four receptors, we overlapped the inhouse and
TCGA methylation data-sets and observed that the
methylation differences (ANT vs. HCC) in ADRAIA
and ADRA2B were significant (Figure 2(c-f)),
whereas those in ADRAIB and ADRB2 were not
(Supplementary Figure 1). In addition, we found
that the methylation levels of all seven sites
(cg09557462, cg02409177, cg21230493, cg07645844,
cg17963840, cg23008606, and ¢g20303399) in the
promoter region of ADRAIA were significantly
higher in HCC tissues than in ANT in both data-
sets (P < 0.05, Figure 2(c,d)). Finally, we verified that
the ADRAIA methylation difference between HCC
tissues and ANT was significant in 12 HCC patients
using the Sequenom MassARRAY" platform, but we
failed to observe a difference in ADRA2B
(Supplementary Figure 2). Meanwhile, we also iden-
tified the methylation level of ADRAIA in melanoma
and colon cancer by analysing the data from TCGA
date set, but we failed to detect significant difference
(Supplementary Figure 3). Therefore, we speculated
that the methylation alteration of ADRAIA was
specific in HCC.
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Table 1. Patients characteristics.

Parameters Categories Number

Gender Female 29
Male 131

Age <55 81
>55 79

Hypertension Yes 37
No 123

Diabetes Yes 20
No 140

Hyperlipemia Yes 37
No 121

Alcohol habit (=50mg/day) Yes 55
No 105

Family history Yes 20
No 140

AFP Positive 53
Negative 104
CEA <5 132
>5 24

CA199 Positive 17
Negative 138
HBV-related HCC Yes 136
No 22

Preoperative anti-HBV treatment Yes 19
No 141

Preoperative TACE Yes 9
No 151
Tumour number 1 145
2 12

3 3

Tumour diameter (cm) <3 38
>3, <5 48

>5, <10 60

>10 14

Tumour thrombus Yes 29
No 131

Liver cirrhosis stage 0 13
1 36

2 50

3 1

Encapsulation Complete 108
Not 52

Tumour necrosis Yes 29
No 131

Satellite Tumour Yes 15
No 145

Microvascular invasion Yes 31
No 129

Extrahepatic metastasis Yes 9
No 151

TNM Stage -l 121
ln-1v 38

AFP, alpha-fetoprotein; CEA, carcinoembryonic antigen; CA199, carbohydrate antigen 19-9;
HBV, hepatitis B virus; HCC, hepatocellular carcinoma; TACE, transcatheter arterial che-
moembolization; TNM, tumour node metastasis.

Expression levels of ADRA1A are significantly
decreased in HCC cell lines and tissues
Considering the mRNA expression data of the two
RNA-seq data-sets, we further investigated the expres-
sion levels of ADRAIA protein in eight selected cell
lines including seven HCC cell lines and one normal

hepatic cell line (LO2). The western blot results show
that ADRA1A was expressed at low levels in all seven
HCC cell lines, but it was highly expressed in LO2
(Figure 3(a)). Likewise, the mRNA expression levels of
ADRAIA in the seven HCC cell lines were lower than
that in LO2, as assessed by RT-qPCR (Figure 3(b)).
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Figure 1. The flow diagram of ARs screening.

With respect to HCC tissues, ADRA1A immu-
nohistochemistry of 20 paired HCC samples was
performed to discriminate expression differences.
Similar to that found with cultured cells, the
expression of ADRAIA was lower in the cancer
tissues than in the paired non-cancer tissues
(Figure 3(c)). The German immunoreacted score
[12] in HCC tissues was significantly lower than
that in ANT (P = 0.0099, Figure 3(d)). Of the 20
paired HCC samples, downregulation of ADRAIA
expression occurred in 70% of the HCC tissues
and upregulation occurred in 15% of them
(Figure 3(e)).

Moreover, we used the Gene Expression
Profiling Interactive Analysis (GEPIA) website to
analyse the correlation between the expression of
ADRAI1A and the overall survival rate. We found
that high expression of ADRAIA predicted
a significantly better overall survival outcome in
the patients (hazard ratio (HR) = 0.64, P = 0.012)

(Figure 3(f)).

Identification of a candidate CpG island with
high transcriptional activity

To verify the altered methylation of ADRAIA, we
first identified a 355 bp sequence as our candi-
date amplicon using the CpG Island Finder com-
ponent of DBCAT software (Figure 4(a)). This
amplicon contained the transcription start site
(TSS) and was located on chr8:26722882—-
26723236. To confirm the transcriptional activity

The methylation difference of
ADRA2B was not significant in
12 tested HCC patients

of the selected amplicon, we ligated this DNA
fragment into  the  vector = pGL3-Basic.
Intriguingly, the luciferase expression from the
resulting plasmid (pGL3-ADRA1A-pro) was sig-
nificantly higher than that from the parent vector
(pGL3-Basic) in  transfected  293T  cells
(P = 0.0374, Figure 4(b)).

Hypermethylated ADRATA promoter occurs in
HCC tissues

Nineteen CpG sites were included in our candidate
amplicon, and fourteen of these (CpG1.2, CpG3.4,
CpG5, CpG7, CpG8, CpG13, CpGl4, CpGl5.16,
CpGl7, CpG18, and CpG19) were eventually gen-
otyped successfully (Figure 4(a)). CpG1 and CpG2
were genotyped together as CpG1l.2 because they
were very close to each other. For the same reason,
CpG3.4 and CpGl5.16 were also genotyped
together.

Hypermethylation of ADRAIA was detected
in HCC tissues in all of the CpG sites, except
CpGl4 (Figure 4(c)). The mean methylation
level of ADRAIA in HCC tissues was 25.2%,
which was significantly higher than that in
ANT (17.0%, Table 2, P < 0.001). The methyla-
tion differences in ADRAIA between HCC tis-
sues and their paired normal tissues ranged
from -1.9% to —11.3%. Furthermore, we found
that the methylation levels of all CpG sites,
except CpGl4, in hepatitis B virus (HBV)-
related HCC tissues were significantly increased
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Figure 2. The expression and methylation levels of adrenoreceptors (ARs) in HCC from inhouse and TCGA data-set. (a) The expression
levels of ARs from our inhouse data-set. (b) The expression levels of ARs from TCGA data-set. (c) The methylation levels of ADRATA
from inhouse data-set. (d) The methylation levels of ADRATA from TCGA data-set. (e) The methylation levels of ADRA2B from inhouse
data-set. (f) The methylation levels of ADRA2B from TCGA data-set. FPKM: fragments per kilobase million; *P < 0.05, **P < 0.001,

***¥pP < 0.0001, NS: not significant.

over the corresponding methylation levels in
ANT (Table 2). Correlation analysis indicated
that the methylation levels at different CpG
sites were significantly correlated with each
other (Figure 4(d)).

Expression of ADRA1A is downregulated by
promoter hypermethylation

Based on the expression and methylation results, we
speculated that the low expression of ADRAIA in
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Figure 3. The expression levels of ADRA1A in HCC cell lines and tissues. (a) The expression levels of ADRATA protein in HCC and LO2
cell lines; Ratio refers to the result of the grey values ADRA1A bands and GAPDH bands. (b) The mRNA expression levels of ADRATA in
HCC and LO2 cell lines. (c) The representative immunohistochemical results of ADRA1A in HCC tissue and paired non-cancerous
tissue. Scale bars = 200um. (d) The score of immunohistochemical results in all 20 paired HCC samples. (e) The proportion of ADRATA
expression regulation in all 20 paired HCC samples. (f) The overall survival (OS) data of ADRA1A from the Gene Expression Profiling
Interactive Analysis website (http://gepia.cancer-pku.cn), a network analysing TCGA data online. *P < 0.05.

HCC tissues was mainly attributed to the hypermethy-
lation status of its promoter. Therefore, a correlation
analysis was performed to explore further the correla-
tion between the methylation status and expression
levels of ADRAIA. In our inhouse data-set, the expres-
sion levels of ADRA 1A were negatively correlated with
the methylation levels of ADRAIA at all seven CpG

sites, which were close to our amplicon
(Supplementary Table 2). The Pearson r value of
ADRAIA in cg09557462 and cg02409177 was —0.60
(P = 0.0033) and -0.57 (P = 0.0058), respectively
(Figure 5(a-b)). In the 231 HCC samples from the
TCGA data-set, we found that the expression levels
and methylation levels showed significant negative
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Table 2. Methylation status (%) of ADRATA in hepatocellular carcinoma patients.

HCC HBV-related HCC

CpGs Group Mean (%) XMean (%) P value Mean (%) XMean (%) P value

CpG_1.2 Normal 239 -9.6 <0.001 24.0 -10.0 <0.001
Tumour 335 34.0

CpG_34 Normal 12.2 -89 <0.001 12.1 -9.1 <0.001
Tumour 21.1 21.2

CpG_5 Normal 24.8 -11.3 <0.001 24.7 -10.6 <0.001
Tumour 36.0 353

CpG_7 Normal 18.0 -8.1 <0.001 18.2 -84 <0.001
Tumour 26.1 26.6

CpG_8 Normal 239 -9.6 <0.001 24.0 -10.0 <0.001
Tumour 335 34.0

CpG_13 Normal 10.8 -5.2 <0.001 10.9 -5.0 <0.001
Tumour 16.0 15.9

CpG_14 Normal 10.7 -19 0.107 10.6 -1.7 0.183
Tumour 12.7 12.3

CpG_15.16 Normal 13.6 -9.4 <0.001 13.9 -9.3 <0.001
Tumour 23.0 23.1

CpG_17 Normal 18.0 -8.1 <0.001 18.2 —-8.4 <0.001
Tumour 26.1 26.6

CpG_18 Normal 14.5 -7.8 <0.001 14.4 -7.8 <0.001
Tumour 22.2 22.2

CpG_19 Normal 9.7 -8.8 <0.001 9.8 -8.6 <0.001
Tumour 18.5 18.5

Mean Normal 17.0 -8.2 <0.001 17.1 -8.2 <0.001
Tumour 25.2 253

HBV, hepatitis B virus; HCC, hepatocellular carcinoma.

correlations at the seven CpG sites (Supplementary
Table 2). The Pearson r value of ADRAIA in
€g20303399 and cg07645844 was —0.44 (P < 0.0001)
and —0.52 (P < 0.0001), respectively (Figure 5(c-d)).

To functionally evaluate the correlation between
the methylation and expression levels of ADRAIA,
HCC cell lines (LM3 and SMMC-7721) were treated
with 5-aza-2'-deoxycytidine (decitabine, DAC). The
expression levels of ADRAIA increased in both cell
lines after DAC treatment, with the expression levels
of ADRAIA increasing with increasing concentra-
tions of DAC (Figure 5(e)). Moreover, methylation
specific PCR (MSP) were performed to detect the
methylation changes of HCC cell lines with DAC
(10 uM) or DMSO treatment in ADRAIA promoter.
We could not detect the methylated bands in both
SMMC-7721 and LM3 cell lines after DAC treat-
ment (Figure 5(f)).

Correlation between methylation levels of the
ADRA1A gene and clinical characteristics of HCC
patients

To determine the role of ADRAIA as a potential
biomarker of HCC, we further evaluated the

correlation between its methylation levels and
multiple clinical characteristics of HCC patients.
Among all clinicopathological parameters in HCC,
we found that CpGl.2, CpG3.4, CpG7, CpGS,
CpG13, CpG15.16, CpG17, and the mean methy-
lation levels of the ADRAIA promoter were sig-
nificantly  associated ~ with  alcohol intake
(Supplementary Table 3). Moreover, the mean
methylation level of ADRAIA in HCC patients
with high alcohol intake (=50 mg/day) was
21.37% and significantly lower than that in HCC
patients with low alcohol intake (27.38%, <50 mg/
day) (P = 0.0061, Figure 6(a)), but we failed to
observe the difference in ANT (Supplementary
Figure 4(a)). In addition, the methylation levels
of seven CpG sites (CpG3.4, CpG7, CpGl3,
CpG17, CpG18, and CpG19) and the mean methy-
lation levels of ADRAIA were significantly corre-
lated with serum AFP (Supplementary Table 3).
The mean methylation level of ADRAIA in AFP-
positive HCC patients was 27.02%, which was sig-
nificantly higher than the mean methylation in
AFP-negative HCC patients (22.15%, P = 0.0280,
Figure 6(a)). To further verify the potential asso-
ciation between alcohol consumption and
ADRAIA expression, we downloaded the RNA-
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Figure 6. The association between the methylation levels of ADRATA and clinicopathological features. (a) The association between
the mean methylation levels of ADRATA and alcohol intake or AFP. (b) The expression difference of four isoforms of ADRATA between
normal and alcohol hepatitis patients. (c) The association between the methylation levels of CpG sites and liver cirrhosis stage. (d)
The ROC curves of methylation levels in 14 CpG sites of ADRATA promoter between HCC tissues and ANT. *P < 0.05, **P < 0.001,

***P < 0.0001.

seq data of alcoholic hepatitis and normal liver
tissues from the Gene Expression Omnibus
(GEO) database. Intriguingly, we found that the
expression of different isoforms of ADRAIA in
alcoholic hepatitis tissues were all significantly
lower than those in normal liver tissues and iso-
form 3 expression was most significant (Figure 6
(b)). Interestingly, isoform 3 had the highest
expression in the four isoforms (Supplementary
Figure 4(b)). In addition, we found that the
methylation levels at six CpG sites (CpG7,
CpGl5.16, CpGl7, CpGl18, and CpG19) in HCC
patients with stage 3 liver cirrhosis were signifi-
cantly higher than those without liver cirrhosis
(Figure 6(c), Supplementary Table 3), but we did
not detect the significant difference among the

different TNM stage patients (Supplementary
Figure 4(c)).

Receiver operator characteristic (ROC) curve
analysis of methylation levels in HCC tissues and
ANT

To further evaluate whether the methylation status of
ADRAIA could be a useful biomarker in HCC, we
calculated the area under the curve (AUC) of ROC
curves. Among the 15 CpG sites, we found that the
mean methylation level of the ADRAIA promoter
could discriminate HCC tissues from normal tissues
(AUC = 0.70, P < 0.0001, Figure 6(d)). The most
powerful site to discriminate HCC tissues from nor-
mal tissues was CpG1l.2 (AUC = 0.75, P < 0.0001).
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However, there was no significant discrimination with
CpGl13 (AUC = 0.54, P = 0.2173) and CpGl4
(AUC = 0.48, P = 0.5875) from the ADRA1A promo-
ter (Figure 6(d), Supplementary Table 4). Moreover,
we also conducted different subgroup analyses. The
mean AUC area in the analysis of AFP negative and
positive subgroup was 0.65 (P = 0.0084) and 0.73
(P < 0.0001), respectively (Supplementary Figure 5
(a-b), Supplementary Table 4). Additionally, the
mean AUC area in the analysis of alcohol intake
negative was 0.76 (P < 0.0001), but in positive sub-
group, the mean AUC area was 0.59 (P = 0.1103). The
most powerful site to discriminate HCC tissues in
alcohol intake negative subgroup was CpGl.2
(AUC = 0.82, P < 0.0001) (Supplementary Figure 5
(c-d), Supplementary Table 4).

ADRA1A knockdown in HCC cell lines might be
involved in tumorigenesis via regulating
cytokine-cytokine receptor interaction and
metabolic pathways in cancer

To identify the effect of ADRAIA in HCC, we
knocked down ADRAIA in PLC/PRF/5 and
Huh7 cell lines (Figure 7(a)). In MTS assays,
we did not observe the difference between
shADRAIA group and shCtrl group in cell pro-
liferation for Huh7 or PLC/PRF/5 cell lines
(Figure 7(b)). For a more comprehensive analy-
sis of ADARIA in HCC, mRNA sequencing for
PLC/PRF/5-shADRA1A and PLC/PRF/5-shCtrl
cell lines were conducted. The top 20 enrich-
ment of signalling pathway were presented in
Figure 7c. The most interesting enriched path-
ways were pathways in cancer, cytokine-cytokine
receptor interaction and metabolic pathways,
including retinol metabolism, drug metabolism-
cytochrome P450, ascorbate and aldarate meta-
bolism and metabolism of xenobiotics by cyto-
chrome P450.

As for pathways in cancer, most of genes (78.46%)
were down-regulated after knocking down
ADRAIA. Interestingly, parts of genes were identi-
fied tumour suppressor genes in HCC, such as APC,
Notch3. Additionally, some oncogenes for HCC were
up-regulated, such as NFE2L2 (Figure 7(d)). In cyto-
kine-cytokine receptor interaction, these genes
(n = 44) in the pathways globally presented down-
regulation and most of them were tumour necrosis

factor (TNF), interleukin (IL) and interleukin recep-
tor (ILR) (Figure 7(e), Supplementary Figure 6(a-c)).
We also proceeded to the data (the correlated genes
which their Spearman R values are >0.55) from
cBioPortal (http://www.cbioportal.org/) and con-
ducted the Kyoto Encyclopaedia of Genes and
Genomes (KEGG) pathway and Gene Ontology
(GO) analysis. Similarly, the result from mRNA
sequencing was also enriched in metabolic pathways
(Supplementary Figure 7(a-b)). As for drug metabo-
lism-cytochrome P450 pathway, the expression
levels of most genes were up-regulated in ADRAIA
knock-down cell line (Figure 7(f)), it suggested that
silencing ADRA1A might help to establish the meta-
bolic patterns which is suitable for cancer cells.

Discussion

Extensive perturbations of DNA methylation have
been noted in cancer, causing changes in gene
regulation that promote oncogenesis, and CpG
methylation is an epigenetic regulator of gene
expression that usually results in gene silencing
[13,14]. According to previous studies, promoters
are typically hypermethylated in liver cancer,
which is inversely correlated with gene expression
[15]. Our study showed the methylation status of
an ADRAIA gene promoter region in 160 paired
HCC samples. The expression level of ADRAIA
was significantly decreased in HCC, and hyper-
methylation of the ADRAIA promoter region was
detected in HCC tissues from both inhouse and
TCGA data-sets. Furthermore, the expression of
ADRAIA was verified to be downregulated by
hypermethylation of its promoter. Finally, we
found that the methylation status of the ADRAIA
promoter was significantly associated with alcohol
intake, AFP, and liver cirrhosis.

ARs play an important role in regulating human
tissue homoeostasis and are associated with many
diseases [16,17]. Sympathetic nervous system reg-
ulation of cancer cell biology has clarified the
molecular basis of the long-suspected relationship
between stress and cancer progression [18].
ADRAIA, as a subtype of the alpha ARs, is acti-
vated by catecholamines from local sympathetic
nerve fibres and circulating blood. Lower al-AR
expression in breast cancer feed arteries was
detected in a previous study, and this lowered
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Figure 7. Differential gene expression between ADRATA knockdown group and control group in HCC cell lines by RNA-sequencing.
(a) Representative western blot of ADRATA in PLC/PRF/5 and LM3; Ratio refers to the result of the grey values ADRATA bands and
GAPDH bands. (b) Detection of cell proliferation for shADRA1TA and shCtrl in two HCC cell lines. (c) Top 20 signalling pathways
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receptor expression could increase tumour perfu-
sion and provide more nutrients for the cancer
cells by decreasing feed artery constriction [19].
ADRAI1A is the predominant subtype of al-AR
in the normal liver [20]. In a previous study, the
membrane density of al-ARs was found to be
lower in HCC than in non-carcinoma livers, with-
out obvious alteration in receptor affinity [21].
Corroborating those data, we also found that the
expression of the ADRAIA gene was lower in
HCC tissues than in ANT. Thus, we speculate
that a similar mechanism which affect the arterial
constriction might also be involved in HCC
progression.

Adrenergic signalling is an important regulator
of liver repair, innate immunity, and fibrosis
[18,22]. The stress of psychosocial factors can
modulate tumour growth and progression by
inducing the release of neurotransmitters or hor-
mones in mice [23]. In ovarian carcinoma, beta-
adrenergic activation of the 3X,5K-cyclicadenosine
monophosphate (cAMP)-protein kinase A (PKA)
signalling pathway can enhance tumour angiogen-
esis, and blocking ADRB could diminish the num-
bers and weight of tumours in stressed mice [24].
A recent study indicated that the signalling of
ADRB2, which is enriched in liver, accelerates
HCC progression by suppressing autophagic
degradation of hypoxia-inducible factor 1-alpha
(HIF-1a) [25]. Noradrenaline/epinephrine (NE/
E)-induced cell invasion can be mediated by both
ADRAI1A and ADRAB2 via cAMP-PKA and epi-
dermal growth factor receptor (EGFR) signalling
in HCC [26]. However, our study showed that the
expression of ADRAIA is downregulated in HCC.
This paradox could be explained by the potential
differences in biological function of ADRA1A with
or without stress. Lamkin et al. found that phen-
tolamine, an a-adrenergic blocker, could promote
breast cancer cell proliferation and distant metas-
tasis under non-stress conditions, whereas it could
inhibit the proliferation and distant metastasis
induced by chronic stress [27]. The current results
encourage us to explore further the complicated
impacts of ADRA1A on HCC in future research.

Plenty of researches reported that tumour
microenvironment (TME) was closely associated
with tumour formation and progression [28,29].
In most of cancers including liver cancer,

infiltrating immune cells (IICs) play an important
role in multifactorial fields, including avoiding
immune destruction, activating invasion and
metastasis, and inducing angiogenesis [16,28].
Our study indicated that silencing ADRAIA
mediated the down-regulation for most of IICs,
especially TNF, IL. It could be increased activity
of tumour metastasis and invasion. Additionally,
we found that ADRAIA could regulated activation
of oncogenes (such as NFE2L2) and inhabitation
of tumour suppressor genes (such as APC, Notch3)
in liver cancer. APC, Notch3 and NFE2L2 are
important genes in primary liver cancer for tumor-
igenesis and metastasis [30,31]. ADRAIA might
take a main effect in the related pathways.
Moreover, White, Thomas A. et al reported that
Monoamine oxidase A (MAOA) expression was
negatively associated with progression of prostate
cancer [32]. Our study found that Monoamine
oxidase B (MAOB), whose function is similar to
MAOA as the degrading enzyme of catecholamine
neurotransmitter, was up-regulated after knocking
down ADRAIA, it might also mediate production
of amine catabolism including reactive oxygen
species (ROS) to promote progression for liver
cancer.

The aberrant DNA methylation involved in
hepatocarcinogenesis is related to liver cirrhosis
and alcohol intake [33]. In our study, the methyla-
tion levels of ADRAIA were significantly higher in
HCC patients who consumed alcohol than in those
who did not. To verify the potential correlation
between alcohol intake and ADRA1A gene tran-
scription, we analysed the GEO dataset and found
that the expression levels of different isoforms of
ADRAIA were significantly lower in alcoholic
hepatitis tissues when compared to the levels in
normal liver tissues, especially the levels of isoform
3 (Figure 6(b)). Therefore, we speculated that
long-term alcohol consumption could affect the
methylation status of the ADRAIA promoter and
further change the expression of this gene in liver
cancer. In addition, we found that the hyper-
methylation of ADRAIA was associated with high
AFP. AFP is a common clinical marker for HCC
and is related to hepatic stem cell-like HCC [34].
High serum AFP levels are commonly found in
young HCC patients. Wang et al. compared the
transcriptome profiles between young HCC



patients and elderly HCC patients. Low levels of
ADRAIA, which is one of the two most down-
regulated genes, are also found in young HCC
patients [35]. This finding implicates the under-
lying connections between AFP and the ADRAIA
gene.

Aberrant methylation has recently received
increasing attention because these alterations are
relatively stable but potentially reversible thera-
peutically [36]. Abundant genome-wide studies
have investigated the usefulness of CpG methyla-
tion as markers of HCC prognosis [37,38].
Circulating tumour DNA methylation is emerging
as a promising biomarker for multiple indications
in HCC, including diagnosis, prognosis, and mon-
itoring [39,40]. Our findings showed that the
expression levels of ADRAIA are negatively corre-
lated with the methylation of its promoter, which
adds to the existing knowledge provided by pre-
vious studies. We analysed the capacity to discri-
minate between HCC and normal tissues, and the
AUC of the mean methylation levels of ADRAIA
was found to be 0.700 (P < 0.0001). This indicates
that the methylation status of this gene could be
a biomarker for HCC diagnosis.

In summary, we observed low expression levels
and hypermethylation of ADRAIA in HCC.
ADRAIA is the only gene that is regulated by
DNA methylation among the nine ARs. The
methylation status of ADRAIA was associated
with several clinicopathological features, such as
alcohol  consumption, and it could be
a diagnostic biomarker for HCC.

Materials and methods
Patient samples and clinical data collection

Between July 2008 and February 2014, 160 patients
from Sir Run Run Shaw Hospital and Zhejiang
Cancer hospital were diagnosed with HCC and
received curative resection. One hundred and
thirty-one male patients and 29 female patients
were included in our study. The median age was
55 years old. HCC samples and adjacent noncan-
cerous tissues (ANT) were collected and stored at
—80°C for DNA extraction. Pathological character-
istics were assessed independently by two pathol-
ogists according to the TNM staging system of the
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American Joint Committee on Cancer (AJCC gth
edition). All related data, including personal infor-
mation, family history, clinical testing data, and
pathology data were collected.

This research was approved and supervised by
the Ethics Committee of Sir Run Run Shaw
Hospital and the Ethics Committee of Zhejiang
Cancer hospital. All patients were informed.

Gene bioinformatics and primer design

Detailed information about the ADRAIA gene was
obtained from the University of California Santa
Cruz (UCSC) genome database (http://genome.
ucsc.edu/). To explore whether expression was regu-
lated by its methylation status, we also queried the
methylation and expression data of ADRAIA from
the TCGA dataset. Three online public data analys-
ing networks, cBioPortal (www.cbioportal.org/),
Gene Expression Omnibus (https://www.ncbi.nlm.
nih.gov/geo/), and GEPIA (http://gepia.cancer-pku.
cn/), were used to obtain more information. We used
the CpG Island Finder program in DBCAT software
(http://dbcat.cgm.ntu.edu.tw/) to scan the sequence
from 5000 bp upstream to 5000 bp downstream of
the TSS of ADRAIA and further identified
a candidate CpG island that was close to the TSS.
The amplicon studied in our research is located on
chr8:26722882-26723236. The ADRAIA primers
used for PCR amplification in the Sequenom
MassARRAY® platform were: forward primer 5'-
aggaagagagGTTGGGGGAAGATTTAGTATTTTG-
T-3" and reverse primer 5'-cagtaatacgactcactata
gggagaaggctTCAACACAACCTCTTTCCCTAAA-
AC-3'. Nineteen CpG sites were included in our
selected amplicon.

Cell lines and cell culture

Seven human HCC cell lines, namely SMMC-7721,
LM3, SK-Hepl, HepG2, PLC/PRF/5, Snu423, and
Huh7, and one normal hepatic cell line (LO2) were
selected in our study. SK-Hepl and Snu423 were
purchased from ATCC; the others were gifts from
the Cang Lab of Zhejiang University. All cell lines
were cultured in DMEM containing 10% foetal
bovine serum and 1% penicillin-streptomycin at
37°C in an atmosphere of 5% CO,. DAC
(Targetmol, CAT  #T1508), a  DNA
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methyltransferase inhibitor, was diluted in
dimethyl sulphoxide (DMSO) (Sigma, CAT
#D2650). LM3 and SMMC-7721 cells were treated
for 72 h with 5 uM or 10 uM DAC and the control
group was treated with the same volume of
DMSO. The medium was refreshed every day.
The DAC treatment experiments were repeated
three times for each HCC cell line.

Western blotting

Total protein was extracted from the cell lines
using RIPA peptide lysis buffer (Beyotime
Biotechnology, Jiangsu, China) containing 1% pro-
tease inhibitors (Pierce). The protein concentra-
tion was measured using a bicinchoninic acid
(BCA) kit (Meilunbio, CAT #MAO0082). For
immunoblotting, 20 pg total protein was separated
by SDS-PAGE and subsequently electrotransferred
to PVDF membrane (Millipore). The membrane
was treated with blocking buffer (5% non-fat milk
in TBST) for 1 h at room temperature (25°C) and
then incubated with ADRAIA (1:1000, Abcam,
CAT #ab137123) or glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, 1:1000, Abcam, CAT
#ab181602) antibody overnight at 4°C. After wash-
ing with PBS, a horseradish peroxidase-conjugated
anti-rabbit secondary antibody (1:10,000, Abcam,
CAT #ab6721) was incubated with the membrane
for 1 h at room temperature. Signals were detected
using the FDbio-Femto ECL kit (CAT #FD8030).
The bands of western blot were quantified using
the Image-Pro Plus version 6.0 software.

Immunohistochemistry

Three-micrometre-thick sections from 10% neu-
tral formalin-fixed, paraffin-embedded tissues
were used for immunohistochemistry. For stain-
ing, the sections were deparaffinized in xylene,
rehydrated using graded ethanol concentrations,
and washed in water. Antigen retrieval was per-
formed using citrate buffer under high tempera-
ture and pressure for 5 min. Then, the sections
were treated with a mixture of 3% hydrogen per-
oxide and methanol for 10 min and incubated with
10% normal serum to block non-specific antibody
binding. The slides were further incubated over-
night with ADRAIA antibody (1:200) at 4°C and

then incubated with biotinylated secondary anti-
bodies for 30 min at room temperature. After light
counterstaining with haematoxylin (Meilunbio,
CAT #MB9897) for 2 min, the slides were dehy-
drated, mounted with a coverslip, and observed
under a microscope (Nikon Eclipse 80i). The
immunostaining was scored according to the
German immunoreacted score [12].

Plasmid construction

The primer sequences for the ADRAIA promoter
in the Huh7 cell line were: forward primer 5'-
cagctagcTCAGCACAGCCTCTTTCCCT-3"  and
reverse primer 5'-cactcgagGCTGGGGGAAGATT
CAGCAT-3". The pGL3-Basic vector was digested
with Nhel and Xhol restriction endonucleases and
ligated with the ADRAIA promoter sequence
using T4 DNA ligase (Thermo Fisher, CAT
#EL0O011). The sequence of the constructed plas-
mid was verified using Sanger sequencing and the
plasmid was named pGL3-ADRA1A-pro. The ori-
ginal vector (pGL3-Basic) was used as a control.

The sequence of lentivirus shADRA1A was
obtained from the website (https://www.sigmaal
drich.com/): forward, 5- CCGGCCTTTCAGAA
TGTCTTGAGAATTCAAGAGATTCTCAAGAC-
ATTCTGAAAGGTTTTTTGGTACC-3' and
reverse, 5- AATTGGTACCAAAAAACCTTTC
AGAATGTCTTGAGAATCTCTTGAATTCTCA-
AGACATTCTGAAAGG-3'. The shADRAIA
sequence was inserted to the pLKO.I-pruo
(Sigma, CAT #SHCO001) which was digested with
Agel and EcoRI. The shADRAIA plasmid was
constructed. Plasmid pLKO.1-pruo was used as
control, namely shCtrl.

Transfection and luciferase assay

Human HEK293T cells were cultured as described
above. For luciferase assays, the cells were cultured
to 70-80% confluence in a 24-well plate and then
transfected with a Renilla luciferase plasmid and
either pGL3-ADRA1A-pro or pGL3-Basic (0.8 g
total, at a ratio of 1:1) using Lipofectamine 2000
(Invitrogen, CAT #11668019). The medium was
replaced with fresh culture medium 6 h after
transfection. Forty-eight hours post-transfection,
the cells were lysed using 1x passive lysis buffer
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(PLB) at 4°C for 30 min according to the manu-
facturer’s instructions (Promega, CAT #E1910).
The supernatant was collected and 20 pl per well
was added to 96-well solid white polystyrene
microplates (Corning, CAT#3912) with 100 pl
luciferase assay substrate II (LAR II). Firefly luci-
ferase  (FLU) was initially read using
a luminometer (M5, Molecular Devices). Then,
after adding 100 ul 1 x Stop & Glo® reagent
(SGO), Renilla luciferase (RLU) was quantified
using the same luminometer. The final normalized
values were calculated as the ratio of FLU/RLU.

DNA extraction, bisulphite conversion, and mass
array quantitative methylation analysis

According to the manufacturer’s procedure, geno-
mic DNA was extracted from HCC tissues and
ANT using the QIAamp® DNA Mini Kit
(QIAGEN). The extracted genomic DNA (500
ng-1 pg) was further converted with sodium bisul-
phite using the EpiTect Fast DNA Bisulphite Kit
(QIAGEN, Hilden, Germany). Then, the products
were subjected to 3 steps, specifically PCR ampli-
fication, SAP cleanup, and T cleavage. The con-
verted genomic DNA was stored at —20°C until
used with a SpectroCHIP® array and analysed on
the MassARRAY*® Analyser 4 instrument.

RNA extraction, cDNA synthesis, and real-time
PCR (qPCR)

Total RNA was extracted from the 8 cell lines
using Trizol Reagent (Invitrogen, CAT#
15596026) and treated with RNase-free DNase
I (Takara). cDNA synthesis was conducted using
the Hifair™ III 1st Strand ¢cDNA Synthesis Kit
according to the manufacturer’s instructions
(Yeasen, Shanghai, China, CAT #11123ES10).
qPCR was performed using the Hifair™ qPCR
SYBR Green Master Mix (Yeasen, CAT
#11201ES08). The ADRAIA primer sequences
were as follows: forward, 5-CGCTACCCA
ACCATCGTCAC-3" and reverse, 5-GAACAG
GGGTCCAATGGATATG-3"; The GAPDH primer
sequences were as follows: forward, 5-GTG
AAGCAGGCGTCGGA-3" and reverse, 5'-AGC
CCCAGCGTCAAAGG-3'. Each sample was tested
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in triplicate. The data were analysed using the
2744CT calculation method.

Methylation specific PCR

LM3 and SMMC-7721 cell lines were treated by
DAC (10 uM) or DMSO for 72 h, and the culture
medium was refreshed every other day. Cells were
harvested 72h after transfection at a speed of
2,000 x G for 5 min. After DNA extraction and
bisulphite conversion, 20 pl mixture with 2 pl
bisulphite converted DNA, 1.5 pl forward primer,
1.5 ul reverse primer, 10 pl ZymoTaq™ PreMix
(Zymo Research, CAT# E2004) and 3 ul ddH,0
were amplified using PCR. The primers were as
follows: methylated M) forward, 5'-
ATGATTCGGAATTTAAAATTTTAGC-3,
methylated (M) reverse, 5-AAATAACTA
CGAACCAAAAACAACG-3'; Unmethylated (U)
forward, 5-TGATTTGGAATTTAAAATTTTAG
TGT-3', Unmethylated (U) reverse, 5-ATAA
CTACAAACCAAAAACAACACC-3'. Then PCR
products were evaluated by 1.5% agarose gel elec-
trophoresis. The bands of DNA fragments were
detected by the automatic gel imaging analysis
system (P&Q Science&Technology, CAT# ]S-
2000).

Lentivirus transfection and mRNA sequencing

Human HEK293T was transfected using
Lipofectamine 2000 to produce lentivirus with
constructed shADRA1A plasmid (or shCtrl),
pMD2.G (Addgene, CAT# 12259) and psPAX2
(Addgene, CAT #12260) at a ratio of 5.7: 1.8: 4.5.
The medium was replaced with 10% FBS fresh
culture medium after 8h. Then lentivirus was har-
vested 72h after transfection. PLC/PRF/5 and
Huh?7 cell lines were chosen to infect ssADRAIA
and shCtrl lentivirus. Twenty-four hours after
infection, the medium was replaced with 1ug/ml
puromycin (Thermo Fisher, CAT# A1113802) cul-
ture medium to screen positive cells. The har-
vested cells were prepared to do downstream
experiments or were dissolved in Trizol Reagent
(Invitrogen, CAT# 15,596,026) to conduct mRNA
sequencing. Paired-end sequencing on an
[luminaHiseq4000 was performed at the (LC
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Sciences, USA) following the vendor’s recom-
mended protocol.

MTS assays

A total of 800 cells for PLC/PRE/5 or 1 x 10> cells
for Hunh7 lines which were both infected by
shADRA1A and shCtrl were seeded in 96-well
plates. Five mg/ml MTS (Promega, CAT# G3582)
was added to measure optical density (OD) value
at 1d, 3d, 5d and 7d using a wavelength of 490nm
through by SpectraMax M5 devices.

Statistical analysis

Paired two-tailed Student’s t-tests were conducted
to compare the methylation differences and
expression differences of ADRA1A between HCC
tissues and ANTs. Independent sample t-tests were
used to investigate the associations between
ADRAIA promoter methylation and clinicopatho-
logical features. Pearson correlation analysis was
used to determine the significance of correlation
between ADRAIA methylation status and expres-
sion. The correlation between the methylation at
each CpG site was also assessed by Pearson corre-
lation. ROC curves were utilized to evaluate the
methylation level of ADRAIA as a predictive bio-
marker. The differentially expressed genes were
selected with log2 (fold change) >1 or log2 (fold
change) <-1 and with statistical significance (P
value<0.05) by RStudio version 1.2 software using
R package. An AUC of >0.5 was considered pre-
dictive. A P value of <0.05 was considered signifi-
cant. All data were analysed wusing SPSS
version 21.0.
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