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Genome-wide DNA methylation analysis of liver tissue samples has revealed a
distinct DNA methylation profile during the developmental stage of cryptogenic
hepatocellular carcinoma without a background of nonalcoholic steatohepatitis,
viral hepatitis, or alcoholic liver disease. DNA hypermethylation of ADCY5 resulting
in its reduced expression may have significance, even from the precancerous stage,
in liver showing no remarkable histological features. DNA hypomethylation of
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viral hepatitis-related hepatocellular carcinoma; V-T, viral hepatitis-related hepatocellular carcinoma.
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MICAL2 and PLEKHG2 in cryptogenic hepatocellular carcinoma may determine the

clinicopathological feature of tumors through their overexpression.

Abstract

Aim: The aim of this study was to clarify the significance of DNA methylation al-
terations of cryptogenic hepatocellular carcinomas (HCCs).

Methods: Using the Infinium assay, we performed genome-wide DNA methylation
analysis of 250 liver tissue samples, including noncancerous liver tissue (U-N) and
corresponding cancerous tissue (U-T) from patients with cryptogenic HCC without a
history of excessive alcohol use and hepatitis virus infection, and whose U-N
samples showed no remarkable histological features (no microscopic evidence of
simple steatosis, any form of hepatitis including nonalcoholic steatohepatitis, or
liver cirrhosis).

Results: We identified 3272 probes that showed significant differences of DNA
methylation levels between U-N and normal liver tissue samples from patients
without HCC, indicating that a distinct DNA methylation profile had already been
established at the precancerous U-N stage. U-Ns have a DNA methylation profile
differing from that of noncancerous liver tissue of patients with nonalcoholic
steatohepatitis-related, viral hepatitis-related, and alcoholic liver disease-related
HCCs. Such DNA methylation alterations in U-Ns were inherited by U-Ts. The U-
Ns showed DNA methylation alteration of ADCY5, resulting in alteration of its
mRNA expression, whereas noncancerous liver tissue of patients with nonalcoholic
steatohepatitis-, viral hepatitis-, or alcoholic liver disease-related HCCs did not.
DNA methylation levels of MICAL2 and PLEKHGZ2 in U-Ts were correlated with
larger tumor diameter and portal vein involvement, respectively.

Conclusions: U-N-specific DNA hypermethylation of ADCY5 may have significance,
even from the precancerous stage in liver showing no remarkable histological fea-
tures. DNA hypomethylation of MICAL2 and PLEKHG2 may determine the clinico-
pathological features of cryptogenic HCC.

KEYWORDS
ADCYS5, cryptogenic hepatocarcinogenesis, genome-wide DNA methylation analysis,
hepatocellular carcinoma, MICAL2, PLEKHG2

INTRODUCTION

DNA methylation is one of the major epigenetic mechanisms, playing
an important role in the development of various cancers through
chromosomal instability and aberrant expression of tumor-related
genes.r™® For example, we and other groups have reported that
DNA methylation abnormalities are involved in multistage hep-
atocarcinogenesis related to infection with hepatitis B virus (HBV) or
hepatitis C virus (HCV).* With advances in antihepatitis virus
treatment, many studies in recent years have focused on hep-
atocarcinogenesis in patients with nonalcoholic steatohepatitis
(NASH). 1011

Our previous genome-wide DNA methylation analysis using the
Infinium assay*? revealed the unique DNA methylation profile of the

precancerous NASH stage.’®'* DNA methylation abnormalities at
this stage are inherited by NASH-related hepatocellular carcinomas
(HCCs). DNA hypomethylation resulting in increased expression of
the SPHK1 and LTB genes in poorly differentiated HCCs may un-
derlie the aggressive phenotype of such HCCs.'®> Moreover, we
have identified tumor-related genes, such as WHSC1,*® TRIM4, PRC1,
and TUBA1B,'® whose expression levels are regulated by DNA
methylation status, as potential therapeutic targets in NASH-related
HCCs.

In contrast, although their incidence is low, HCCs without an
etiology of NASH, hepatitis virus infection, or alcohol-induced liver
injury can arise even in liver tissue lacking any significant histological
changes. Very little is known about the molecular mechanisms un-

derlying the development of such cryptogenic HCCs. We have
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observed DNA methylation alterations even in tissue specimens at
the precancerous stage showing no remarkable histological features

17-1% and urinary bladder.2°-22

in various organs, such as the kidney
These findings suggested that DNA methylation alterations are of
significance during carcinogenesis in liver tissue with a normal
appearance and lacking any known etiology. In the present study, we
attempted to identify DNA methylation profiles in cryptogenic HCCs
arising from liver tissue without any significant histological changes.
We performed genome-wide DNA methylation analysis of 250 liver
tissue specimens, including normal liver tissue, noncancerous and
cancerous tissue from patients with cryptogenic HCCs, NASH-
related HCCs,®*! viral hepatitis-related HCCs,?® and alcoholic

liver disease-related HCCs.?*

MATERIALS AND METHODS
Patients and tissue samples

For the present analysis, we used 29 paired samples of noncancerous
liver tissue (U-N) and corresponding cancerous tissue (U-T) obtained
by partial hepatectomy from 29 HCC patients without a history of
excessive alcohol use (pure alcohol intake exceeding 30 g/day for
men and 20 g/day for women), whose U-N samples showed no
remarkable histological features compatible with nonalcoholic fatty
liver (i.e., simple steatosis); any form of hepatitis, including steato-
hepatitis satisfying the criteria for NASH;?®> any form of liver
cirrhosis; or autoimmune liver disease. All 29 patients were negative
for both HBV surface antigen and anti-HCV antibody. Therefore, we
considered the 29 U-T samples to be cryptogenic HCCs.

For comparison, we also examined 25 paired samples of
noncancerous liver tissue (NASH-N) and corresponding cancerous
tissue (NASH-T) obtained by partial hepatectomy from 25 NASH
patients, 37 paired samples of noncancerous liver tissue (V-N) and
corresponding cancerous tissue (V-T) obtained by partial hepatec-
tomy from 37 patients positive for HBV (n = 15), HCV (n = 21) or both
(n = 1) with chronic hepatitis or liver cirrhosis, and 16 paired samples
of noncancerous liver tissue (AL-N) and corresponding cancerous
tissue (AL-T) obtained by partial hepatectomy from 16 patients with
alcoholic liver disease. HCCs were diagnosed histologically in accor-
dance with the World Health Organization classification.?® Repre-
sentative histological features of U-N, U-T, NASH-N, NASH-T, V-N,
and V-T are shown in Figure 1. As shown in Figure 1a, hematoxylin-
eosin staining showed an absence of inflammatory cells in both the
portal area and intralobular region in U-N samples. This was
confirmed by immunohistochemistry using antibodies against CD3,
CD20, and CDé8; that is, markers for T cells, B cells, and macro-
phages, respectively (Figure S1). In V-N and NASH-N, numerous
T cells, many B cells, and a few macrophages had infiltrated into the
portal area, and intralobular infiltration of T and B cells, and macro-
phages was observed, whereas U-N was devoid of any T- and B-cell or

macrophage infiltration, although tissue-resident macrophages were

observed even in U-N (Figure S1). The clinicopathological parameters
of all 107 HCC patients with U-T, NASH-T, V-T, or AL-T are sum-
marized in Table S1.

In addition, 36 samples of normal control liver tissue (NLT)
showing no remarkable histological features obtained by partial
hepatectomy from HBV-negative and HCV-negative patients with
liver metastasis of primary colorectal cancer, but without a history of
excessive alcohol use, chronic hepatitis, liver cirrhosis, nonalcoholic
fatty liver disease (nonalcoholic fatty liver and NASH), or HCC, were
examined. Therefore, as categorized in Table S2, a total of 250 liver
tissue samples were included in the present study.

All 143 patients with HCC or liver metastasis of primary colo-
rectal cancer underwent partial hepatectomy at the National Cancer
Center Hospital, Tokyo, Japan; none of the patients had received
preoperative anticancer treatment. Immediately after surgical
removal, all tissue specimens were frozen in liquid nitrogen and
stored until use in research in accordance with the Japanese Society
of Pathology Guidelines for the handling of pathological tissue sam-

ples for genomic research.?”

Infinium assay

Genome-wide DNA methylation analysis was performed using the
Infinium HumanMethylation450 BeadChip (Illumina, San Diego, CA,
USA). Details are described in Supplementary Methods. Infinium data
for 25 NASH-Ns, 25 NASH-Ts, 37 V-Ns, 37 V-Ts, and 36 NLTs were
also included in our previous papers focusing on NASH-related
hepatocarcinogenesis: 29 U-Ns, 29 U-Ts, 16 AL-Ns, and 16 AL-Ts

(90 samples in total) were originally examined for this study.'*1¢

Real-time quantitative reverse transcription
polymerase chain reaction analysis

Levels of expression of mMRNA for the ADCY5, MICAL2, and PLEKHG2
genes were determined by reverse transcription polymerase chain
reaction (RT-PCR) analysis using the primer sets summarized in
Table S3. Details are described in Supplementary Methods.

5-Aza-2’-deoxycytidine treatment of cell lines

The human HCC cell lines, PLC/PRF/5,2® JHH-7,2° and HepG2°%°
were purchased from the Japanese Collection of Research Bio-
resources (Osaka, Japan). Although liver tissue contains both
parenchymal and nonparenchymal cells, as shown in Figures 1a and
1b, U-N and U-T specimens consisted primarily of hepatocytes and
hepatocellular carcinoma cells, respectively, and contained fewer
nonparenchymal cells. For this reason, we decided to use HCC cell
lines for experiments using 5-aza-2’'-deoxycytidine (5-aza-dC). De-

tails are described in Supplementary Methods.
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FIGURE 1 (a,c, e) Representative photos of noncarcinomatous liver tissue and (b, d, f) the corresponding hepatocellular carcinoma (HCC)
from patients with (a, b) cryptogenic HCC without a background of nonalcoholic steatohepatitis, viral hepatitis or alcoholic liver disease, (c, d)
nonalcoholic steatohepatitis -related HCC, and (e, f) viral hepatitis-related HCC. Hematoxylin-eosin staining. Original magnification: x10.

Statistical analysis

In the Infinium assay, the call proportions (p-value < 0.01 for
detection of signals above the background) for 729 probes in all 250
tissue samples were less than 90%. Because such a low proportion
may have been attributable to polymorphism at the probe CpG sites,
these 729 probes were excluded from the present assay, as described
previously.332 In addition, 620 probes containing missing B-values of
more than 10% were excluded. Finally, to avoid any sex-specific
methylation bias, all 11 648 probes on chromosomes X and Y were
also excluded, leaving a final total of 470 356 autosomal CpG sites.

The DNA methylation profile was analyzed using principal
component analysis and hierarchical clustering (complete linkage
method using Euclidean distance). Significant differences in DNA
methylation and mRNA expression levels between sample groups

were defined by Welch's t-test and the Jonckheere-Terpstra trend

test adjusted by Bonferroni correction. Correlations between epi-
genomic clusters and clinicopathological parameters were examined
using Fisher's exact test and the Kruskal-Wallis test. Correlations
between the methylation levels of CpG sites located within the CpG
island, N-Shelf (2000-bp region 5’ adjacent to N-Shore), N-Shore
(2000-bp region 5’ adjacent to CpG island), S-Shore (2000-bp region
3’ adjacent to CpG island), and S-Shelf (2000-bp region 3’ adjacent to
S-Shore) based on the University of California, Santa Cruz Genome
Browser (https://genome.ucsc.edu/) and annotated around the tran-
scription start sites (TSSs) of any genes, such as the region from 200 bp
upstream of the TSS to 1500 bp upstream of it (TSS1500), the region
from TSS to 200 bp upstream of TSS (TSS200), the 5’ untranslated
region, the first exon or the first intron, and mRNA expression levels of
the annotated genes were examined by Pearson's correlation coeffi-
cient (r < —=0.2, p < 0.05) using The Cancer Genome Atlas database
(https://cancergenome.nih.gov). Pathway analysis was performed by
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the Reactome database (https://reactome.org). All statistical analyses
were performed using the programing language R (The R Foundation
for Statistical Computing, Vienna, Austria).

RESULTS

DNA methylation alterations during cryptogenic
hepatocarcinogenesis

To gain an overview of the DNA methylation profiles of all 250 liver
tissue samples, principal component analysis was performed using
the DNA methylation levels of all 470 356 probes (Figure 2). DNA
methylation profiles of all HCC samples (U-T, NASH-T, V-T, and AL-
T) were different from those of both NLT samples and noncancerous
liver tissue samples (U-N, NASH-N, V-N, and AL-N; Figure 2), indi-
cating that DNA methylation alterations are associated with hep-
atocarcinogenesis irrespective of the presence or absence of chronic
liver diseases.

Samples of noncancerous liver tissue from patients with HCCs
(NASH-N, V-N, and AL-N) showed distinct DNA methylation profiles
differing from those of NLTs. Even though U-N samples showed no

remarkable histological features as NLT samples, the DNA
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FIGURE 2 Principal component analysis of normal liver tissue
(NLT) from patients with liver metastasis of primary colorectal
cancer without a history of excessive alcohol use, chronic hepatitis,
liver cirrhosis or hepatocellular carcinoma (HCC; n = 36),
noncancerous liver tissue from patients with cryptogenic HCC
without a background of NASH, viral hepatitis or alcoholic liver
disease (U-N; n = 29), noncancerous liver tissue from patients with
NASH-related HCC (NASH-N; n = 25), noncancerous liver tissue
from patients with viral hepatitis-related HCC (V-N; n = 37),
noncancerous liver tissue from patients with alcoholic liver disease-
related HCC (AL-N; n = 16), cryptogenic HCC (U-T; n = 29), NASH-
related HCC (NASH-T; n = 25), viral hepatitis-related HCC (V-T;
n = 37), and alcoholic liver disease-related HCC (AL-T; n = 16) using
the DNA methylation levels of all 470 356 probes. PC, principal
component.

methylation profiles of U-Ns differed from those of NLT (Figure 2). We
identified 3272 probes that showed significant differences of DNA
methylation levels between 29 U-N samples and 36 NLT samples
(Welch's t-test adjusted by Bonferroni correction, p < 0.05). Among
these 3272 probes, 622 and 2650 showed DNA hyper- (By.-n>Bnit)
and hypo-(By.n<Bnit) methylation in U-N samples relative to NLT
samples, respectively. No significant differences in history and labo-
ratory data relating to diabetes mellitus, hyperlipidemia, hypertension,
and smoking were observed between the two cohorts from whom NLT
and U-N samples were obtained (Table S4). Therefore, differences in
DNA methylation profiles between NLT samples and U-N samples
were not attributable to differences in underlying systemic condition.

Among the 3272 probes, 2454 probes showed ordered differ-
ences in DNA methylation levels from NLT samples to U-N samples
and then to U-T samples (Jonckheere-Terpstra trend test adjusted
by Bonferroni correction, p < 0.05). On representative probes from
the 2454, ordered differences in DNA methylation status are shown
in Figure 3. DNA hypermethylation at the precancerous U-N stages
was inherited by or strengthened in U-T samples themselves for 387
probes (Figure 3a), whereas DNA hypomethylation at the precan-
cerous U-N stages was inherited by or strengthened in U-T samples

for the remaining 2067 probes (Figure 3b).

Epigenetic clustering of patients with HCCs based on
the DNA methylation profiles of their noncancerous
liver tissue samples

Hierarchical clustering (complete linkage method using Euclidean
distance) was performed for noncancerous liver tissues (U-N, NASH-
N, V-N, and AL-N) from 107 patients using DNA methylation levels at
all 470 356 probes (Bu-n, BnasH-n, Bv-n, and Bai-n). The HCC patients
were subclustered into clusters | (n = 22), 11 (n = 27), lll (n = 38), and
IV (h = 20; Figure 4). The clinicopathological parameters of the pa-
tients in each cluster are summarized in Table 1.

The majority of patients (23 patients of 29) with cryptogenic
HCCs were included in cluster 1l (p = 5.00 x 10~ Table 1); such
patients were significantly more frequent in cluster Il (60%) than in
clusters I, Il, and IV (8.7%, p = 3.76 x 10~°; Figure 4). In contrast, all
of the patients in cluster | suffered from viral hepatitis-related HCC,
whereas NASH-related HCC patients accounted for the largest
population of cluster Il (Figure 4).

Furthermore, patients belonging to cluster Il were older than
patients belonging to cluster | (p = 2.73 x 10~3; Table 1); this char-
acteristic of cluster Il was consistent with that of patients with U-T,
who showed a significantly higher average age (p = 4.75 x 10~°) than
patients with NASH-T, V-T, and AL-T (Table S5). Even though the
epigenomic clustering was based on DNA methylation profiles of
noncancerous liver tissue, HCCs of patients belonging to cluster Il
more frequently showed a larger diameter (p = 4.15 x 107 and
hepatic vein involvement (p = 9.11 x 1073, Table 1). Such charac-
teristics of cluster Il were consistent with those of U-Ts, themselves
showing a significantly larger diameter (p = 2.28 x 10™%) than NASH-
T, V-T, and AL-T (Table S5).
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FIGURE 3 Ordered differences in DNA methylation levels for representative probes (Jonckheere-Terpstra trend test, adjusted
Bonferroni correction; p < 0.05), which were aberrantly methylated even in noncancerous liver tissue from patients with cryptogenic
hepatocellular carcinoma without a background of nonalcoholic steatohepatitis, viral hepatitis or alcoholic liver disease (U-N; n = 29)
compared with normal liver tissues (NLT; n = 36). Infinium probe IDs and gene names are shown at the top of each panel. (a) DNA
hypermethylation at the precancerous U-N stages relative to NLT samples was inherited by or strengthened in cryptogenic hepatocellular
carcinoma (U-T) samples themselves (n = 29). (b) DNA hypomethylation at the precancerous U-N stages relative to NLT samples was
strengthened in U-T samples themselves.
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FIGURE 4 Unsupervised hierarchical clustering (Euclidean distance, complete linkage method) in noncancerous liver tissue from patients
with cryptogenic hepatocellular carcinoma (HCC; U-N; n = 29), noncancerous liver tissue from patients with nonalcoholic steatohepatitis

(NASH)-related HCC (NASH-N; n = 25), noncancerous liver tissue from patients with viral hepatitis-related HCC (V-N; n = 37), noncancerous
liver tissue from patients with alcoholic liver disease-related HCC (AL-N; n = 16) using DNA methylation levels for all 470 356 probes (By-n;,
BnasH-N» Bv-ns and Bai-n). The HCC patients were subclustered into clusters | (n = 22), Il (n = 27), lll (n = 38), and IV (n = 20) based on the DNA

methylation profiles of their noncancerous liver tissue samples.

Differences of DNA methylation profiles between
cryptogenic hepatocarcinogenesis and NASH-, viral
hepatitis-, and alcoholic liver disease-related
hepatocarcinogenesis

A small number of U-N samples were found in clusters other than
cluster IlI; that is, NASH-N-dominated cluster Il and V-N-dominated
cluster IV. U-N samples in clusters Il and IV might have been from
patients with some degree of fatty liver disease or with previous
hepatitis virus infection, respectively, which had been clinically
underestimated and did not result in any remarkable histological
changes to the liver when examined microscopically. Therefore, U-N
samples in clusters Il and IV may have been on carcinogenetic
pathways similar to those involved in the development of NASH-T
and V-T, respectively. In subsequent analyses, we then focused on
the differences between U-N samples belonging to cluster Il (23
samples in total, termed “U;-N”" hereafter), and noncancerous liver
tissue samples with other types of etiology grouped into clusters |, II,
and IV; that is, 19 NASH-N samples, 34 V-N samples, and 10 AL-N
samples (63 samples in total, termed “Other, ;; v-N" hereafter).

To clarify the DNA methylation profiles of Uj-N, we identified
9200 probes that showed significant differences in DNA methylation
levels between Uy;;-Ns and Other, ;; v-Ns (Welch's t-test adjusted by
Bonferroni correction, p < 0.05, and a AByjii-N - othert, 1, iv-n Value of
more than 0.1 or less than —0.1). Among the 9200 probes, 2189 were
located within the CpG island, N-Shelf, N-Shore, S-Shore, and S-Shelf,

and annotated around the TSSs of any genes, such as TSS1500,
TSS200, the 5’ untranslated region, the first exon or the first intron.
Of the 2189 probes, 906 were annotated to 616 genes showing a
significant inverse correlation between the levels of DNA methyl-
ation and mRNA expression (r < —0.2, p < 0.05) using data for 308
samples of cancerous and noncancerous liver tissue deposited in The
Cancer Genome Atlas database. These 906 probes are summarized in
Table Sé.

Reactome pathway analysis showed that the 616 genes in Ta-
ble S6, whose DNA methylation levels differed between U;;-N and
Other, 1, v-N, and potentially regulated their mRNA expression
levels, were significantly (FDR<0.25) accumulated in 17 signaling
pathways (Table S7). Most of these 17 pathways are involved in the
metabolism of biological substances, such as “metabolism of vitamins
and cofactors” (p = 5.73 x 107, FDR = 2.75 x 10~3) and “metabolic
abnormalities and diseases” (p = 8.05 x 10™* FDR = 1.00 x 107%
Table S7).

Identification of a gene showing DNA methylation
alteration specific to cryptogenic
hepatocarcinogenesis even from the precancerous
stage

Among the 616 genes, 10 showed significant differences of DNA

methylation levels even between Uj-N samples (n = 23) and NLT
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TABLE 1 Correlations between epigenetic clustering based on DNA methylation profiles in noncancerous liver tissue samples and

clinicopathological parameters of patients with hepatocellular carcinoma.

Clinicopathological parameters Cluster | (n = 22)

Patients

Etiology
Cryptogenic HCC 0 (0%) 4 (14.8%)
NASH 0 (0%) 15 (55.6%)
Viral hepatitis 22 (100%) 1(3.7%)
Alcoholic liver disease 0 (0%) 7 (25.9%)

Age (years)
Median 61 70
Interquartile range 56-66 65-75

Sex
Male 19 (86.4%) 25 (92.6%)
Female 3 (13.6%) 2 (7.4%)

Hepatocellular carcinoma

Largest diameter (mm)
<50 19 (86.4%) 16 (59.3%)
>50 3 (13.6%) 11 (40.7%)

Differentiation
Well 5 (22.7%) 7 (25.9%)
Moderately 8 (36.4%) 16 (59.3%)
Poorly 9 (40.9%) 4 (14.8%)

Portal vein involvement

Negative 10 (45.5%) 14 (51.9%)

Positive 12 (54.5%) 13 (48.1%)

Hepatic vein involvement

Negative 22 (100%) 25 (92.6%)

Positive 0 (0%) 2 (7.4%)

Bile duct invasion

Negative 22 (100%) 25 (92.6%)

Positive 0 (0%) 2 (7.4%)

Intrahepatic metastasis

No 14 (63.6%) 22 (81.5%)

Yes 8 (36.4%) 5 (18.5%)

2p-values of <0.05 are underlined.
PFisher's exact test.
“Kruskal-Wallis test.

samples (n = 36; p < 0.05 after Bonferroni correction; Table 2).
Among the 10 genes, nine showed significant differences of DNA
methylation levels even between Other, | v-N samples (n = 63) and
NLT samples (n = 36), leaving only one gene, ADCY5, showing Uj;-N-
specific DNA methylation alterations (Table 2). A flowchart explain-
ing the steps used to extract ADCY5 is shown as Figure S2.

Cluster Il (n = 27)

Cluster Il (n = 38) Cluster IV (n = 20) p?

23 (60.5%) 2 (10%) 500 x 107
6 (15.8%) 4 (20%)

3 (7.9%) 11 (55%)

6 (15.8%) 3 (15%)

71 68 2.73 x 107%¢
67-74 60-73

32 (84.2%) 17 (85%) 7.90 x 10710
6 (15.8%) 3 (15%)

12 (31.6%) 10 (50%) 415 x 10~
26 (68.4%) 10 (50%)

5 (13.2%) 4 (20%) 3.38 x 107
24 (63.2%) 11 (55%)

9 (23.7%) 5 (25%)

10 (26.3%) 8 (40%) 1.79 x 107
28 (73.7%) 12 (60%)

27 (71.1%) 17 (85%) 9.11 x 10~%
11 (28.9%) 3 (15%)

36 (94.7%) 20 (100%) 5.90 x 10~
2 (5.3%) 0 (0%)

32 (84.2%) 16 (80%) 3.08 x 10710
6 (15.8%) 4 (20%)

Identification of genes potentially affecting the
clinicopathological features of cryptogenic HCCs
through DNA methylation abnormalities

Correlations between clinicopathological parameters and DNA
methylation levels of the 906 probes (Table S6) in U-T samples
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TABLE 2 Identification of a gene showing DNA methylation alterations specific to noncancerous liver tissue from patients with
cryptogenic hepatocellular carcinoma without a background of nonalcoholic steatohepatitis, viral hepatitis, or alcoholic liver disease
belonging to cluster Ill.
Noncancerous liver tissue
samples from patients with
NASH-, viral hepatitis-, or
alcoholic liver disease-
related HCC belonging to
. . clusters |, I, and IV (Other,
Normal liver tissue UnN | 23 N 63
v s i = 24 m-N samples (n = 23) v-N; n = 63)
DNA DNA DNA
methylation methylation p for methylation
Gene levels levels Other y, 1v- levels
symbol Probe ID? CpG type® Annotation® (mean + SD) (mean + SD) N pd for NLT (mean + SD)  p¢ for NLT
ADCY5  cg04908625 Island 1st exon 0.518 + 0.055 0.653 + 0.044 1.38 x Q’3 5.78 x Q"’ 0.552 +£ 0.095 1
CYBA cg05744675 N_Shelf; ~ TSS1500  0.564 + 0.056 0.450 + 0.051 1.27 x 1073 7.24 x 10 0.329 + 0.115 3.36 x 1078
S_Shore
RAB3D  ¢g05896042 Island 5'UTR/1st  0.609 + 0.058 0.487 £ 0.059 1.33 x 107 2.86 x 10™* 0.341 + 0.145 1.52 x 107"
intron
RCN3 cg19403104 S_Shelf; 5'UTR/1st  0.591 & 0.035 0.541 £ 0.021 1.88 x 107° 2.26 x 107 0.414 +0.097 157 x 107"
Island exon
ZNF385A cg07000334 S_Shore  TSS200 0.658 + 0.052 0.582 + 0.039 2.33 x 1077 1.18 x 1072 0.470 + 0.080 1.47 x 107"
KCNQ4  cg13438961 Island 1st exon 0.592 + 0.057 0.495 + 0.054 2.85 x 2‘7 1.33 x 1_0‘2 0.339 + 0.112 4.86 x 2‘21
ELFN1 cg08410691 S_Shore 5'UTR/1st  0.282 4+ 0.047 0.350 + 0.035 1.14 x E“" 3.17 x E‘z 0.455 + 0.082 1.09 x @‘17
intron
ARHGEF2 cg00246451 S_Shore  5'UTR/Ist  0.671 + 0.055 0.598 +£ 0.035 1.34 x 107 3.60 x 1072 0.467 + 0.092 548 x 107
exon
ARHGEF2 cg00246451 S_Shore TSS1500 0.671 + 0.055 0.598 + 0.035 1.34 x 2‘9 3.60 x Q‘z 0.467 + 0.092 548 x Q‘”
HADH cg27527503 N_Shore TSS1500 0.396 + 0.059 0.490 + 0.054 4.09 x Q‘S 405 x 1072 0.620 + 0.101 4.12 x 2‘19

2Probe ID of the Infinium HumanMethylation 450 BeadChip.

PN_Shelf: 2000 bp region 5’ adjacent to N_Shore; N_Shore: 2000 bp region 5’ adjacent to CpG island; S_Shore: 2000 bp region 3’ adjacent to CpG island;

S_Shelf: 2000 bp region 3’ adjacent to S_Shore.

“Probe CpG sites were annotated as the region from 200 bp upstream of the transcription start site (TSS) to 1500 bp upstream of it (TSS1500), the
region from TSS to 200 bp upstream of TSS (TSS200), the 5’ untranslated region (5'UTR), the first exon and the first intron.
dp—values (Welch's t-test, adjusted by Bonferroni correction) <0.05 are underlined.

belonging to cluster Il (Uy-T samples) were examined. The 124
probes designed for 104 genes showed significant correlations be-
tween DNA methylation levels in U;,-T samples and the largest tu-
mor diameter or portal vein involvement (Table S8). Among the 104
genes, the top 10 genes showing the lowest p-values for largest
diameter and portal vein involvement are summarized in Table 3.
Correlations with clinicopathological parameters for MICAL2 and
PLEKHG2, the top genes for the largest diameter and portal vein
involvement, respectively, were Uy,-T-specific; such correlations for
MICAL2 and PLEKHG2 were not observed in Other, |, v-T samples.

mRNA expressions of cryptogenic HCC-related genes
in tissue specimens

mRNA expression of ADCY5 was significantly reduced in Uj-N
samples relative to NLT samples (p = 3.41 x 1072 by Welch's t test),

and then further reduced in U;-T samples (p = 2.16 x 107¢ by
Welch's t-test and p = 1.00 x 1072 by Jonckheere-Terpstra trend
test), along with the ordered DNA hypermethylation in Uy-N
samples relative to NLT samples (p = 7.59 x 10~!* by Welch's t-
test), and then further in Uy,-T samples (p = 1.11 x 1078 by Welch's
t-test and p < 2.20 x 107 by Jonckheere-Terpstra trend test;
Figure 5a). In contrast, expression of ADCY5 mRNA was decreased
even in Other; -N samples relative to NLT samples, and further
decreased in Othery ,-T samples (Figure S3), indicating that
mechanisms other than DNA hypermethylation participate in the
reduced expression of ADCY5 even in the developmental stage of
Other, yj, v-T.

MRNA expression of MICAL2 showed a tendency to be
elevated in Uy-T samples with a diameter of 5 cm or more relative
to Uy,-T samples with a diameter of less than 5 cm, along with
DNA hypomethylation in U,-T samples with a diameter of 5 cm

or more (p = 121 x 1077 by Welch's t-test; Figure 5b).
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TABLE 3 Correlations between DNA methylation levels in cancerous tissue of patients with cryptogenic hepatocellular carcinoma

belonging to cluster Il and clinicopathological parameters.

Largest tumor diameter (mm)

Gene symbol Probe ID?

<50 (n = 4, mean + SD)

>50 (n = 19, mean + SD) |ABI° p

Top 10 genes showing significant differences of DNA methylation levels between HCCs <50 mm in diameter and those measuring >50 mm

MICAL2 cg12122057 0.698 + 0.029 0.431 + 0.134 0.266 1.25 x 1077
MIB2 cg10970349 0.841 + 0.017 0.547 + 0.214 0.294 1.11 x 107°
NAPEPLD cg03532673 0.328 + 0.026 0.200 + 0.079 0.128 271 x 1073
TOLLIP cg17152436 0.923 + 0.068 0.613 + 0.259 0.311 217 x 107*
OTUB1 cg20687940 0.116 + 0.049 0.401 + 0.266 0.285 2.97 x 107*
TOLLIP cg12089204 0.875 + 0.034 0.718 + 0.139 0.157 3.28 x 107*
WDR81 cg07085177 0.811 + 0.032 0.657 + 0.143 0.154 403 x 107
MICAL2 cg24022152 0.750 + 0.065 0.519 + 0.185 0.230 622 x 107*
GPR39 cg07785936 0.368 + 0.018 0.301 + 0.068 0.067 145 x 1073
PRXL2A cg07091481 0.409 + 0.040 0.289 + 0.100 0.120 1.84 x 1073
Portal vein involvement
Gene symbol Probe ID? Negative (n = 7, mean + SD) Positive (n = 16, mean + SD) |AB|° p

Top 10 genes showing significant differences of DNA methylation levels between HCCs with portal vein involvement and those without it

PLEKHG2 cg18302606 0.757 £ 0.057
PLEC cg14324585 0.532 + 0.146
MTCH2 cg07304015 0.238 + 0.064
BHMT2 cg06787519 0.320 + 0.085
ABHD18 cg03385262 0.815 + 0.076
CABYR €g25364343 0.677 + 0.168
BHMT2 cg17213304 0.407 + 0.124
ZNF385A cg20967139 0.767 + 0.059
ACSS1 cg23676480 0.750 + 0.088
IL12RB1 cg06905726 0.754 + 0.082

0.514 =+ 0.300 0.244 6.04 x 1072
0.306 + 0.173 0.227 6.27 x 1072
0.389 + 0.177 0.150 717 x 1072
0477 + 0.175 0.158 8.61 x 1072
0.643 + 0.217 0.172 1.06 x 1072
0.398 + 0.311 0.279 1.15 x 1072
0.588 + 0.175 0.181 1.21 x 1072
0.685 + 0.079 0.083 1.36 x 1072
0.563 + 0.247 0.187 1.49 x 1072
0.556 + 0.273 0.199 1.53 x 1072

Note: All 124 probes designed for 104 genes showing significant correlations with either the largest tumor diameter or portal vein involvement are
shown in Table S8, and the top 10 genes for each are summarized in this Table.

Abbreviation: HCC, hepatocellular carcinoma.
2Probe IDs for the Infinium HumanMethylation450 BeadChip (lllumina).

bDifference in B-values for the two groups.

mRNA expression of PLEKHG2 was significantly elevated in Uy,-T
samples with portal vein involvement relative to U,,-T samples
without it, along with DNA hypomethylation in U;-T samples with
portal vein involvement (p = 6.04 x 10™° by Welch's t-test;
Figure 5c).

DNA methylation status-related transcriptional
regulation of cryptogenic HCC-related genes

Quantitative RT-PCR analysis showed the levels of ADCY5 mRNA

expression in the HCC cell lines (Figure 6a). The top two cell lines

showing the lowest levels of mMRNA expression for ADCY5 - HepG2
and JHH-7 - were subjected to Infinium assay and quantitative RT-
PCR analysis after treatment with a demethylating agent - 5-aza-dC.
Reduced DNA methylation levels and increased mRNA expression
levels of ADCY5 were confirmed in both HepG2 and JHH-7
(Figure 6b).

In the top two cell lines showing the lowest levels of mRNA
expression for MICAL2 (Figure 6c) - JHH-7 and HepG2 - reduced
DNA methylation levels and increased mRNA expression levels of
MICAL2 were confirmed after 5-aza-dC treatment (Figure 6d). In the
top two cell lines showing the lowest levels of mRNA expression for
PLEKHG2 (Figure 6e) - HepG2 and PLC/PRF5 - reduced DNA
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FIGURE 5 DNA methylation levels and mRNA expression levels for the ADCY5, MICAL2, and PLEKHG2 genes. (a) Assays for ADCY5 in
samples of normal control liver tissue (NLT; n = 28), noncancerous liver tissue from patients with cryptogenic hepatocellular carcinoma (HCC)
belonging to Cluster Il (Uy;-N) (n = 23) and the corresponding HCC (U;;,-T) (n = 23). (b) Assays for MICAL2 in U,;-Ts with a tumor diameter of
less than 50 mm (n = 4) and Uy;,-Ts with a tumor diameter of 50 mm or more (n = 19). (c) Assays for PLEKHG2 in U;-Ts without (n = 7) and with
(n = 16) portal vein involvement (PV). The Infinium probe ID is shown at the top of each panel. The p-values by Welch's t-test (W) and
Jonckheere-Terpstra (JT) trend test are shown.
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FIGURE 6 Treatment of hepatocellular carcinoma cell lines with 5-aza-2'-deoxycytidine (AZA5). (a) Quantitative reverse transcription
polymerase chain reaction analysis of ADCY5 mRNA expression. The top two cell lines showing the lowest levels of mRNA expression, HepG2
and JHH-7, were subjected to AZA5 treatment. (b) DNA methylation levels and mRNA expression levels of ADCY5 in HepG2 and JHH-7 after
AZAS5 treatment. (c) Reverse transcription polymerase chain reaction of MICAL2 mRNA expression. The top two cell lines showing the lowest
levels of mRNA expression, JHH-7 and HepG2, were subjected to AZA5 treatment. (d) DNA methylation levels and mRNA expression levels of
MICAL2 in JHH-7 and HepG2 after AZA5 treatment. (e) Reverse transcription polymerase chain reaction analysis of PLEKHG2 mRNA
expression. The top two cell lines showing the lowest levels of mMRNA expression, HepG2 and PLC/PRF5, were subjected to AZA5 treatment.
(f) DNA methylation levels and mRNA expression levels of PLEKHG2 in HepG2 and PLC/PRF5 after AZA5 treatment. DMSO,

dimethylsulfoxide.
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methylation levels and increased mRNA expression levels of PLEKHG2
were confirmed after 5-aza-dC treatment (Figure 6f). In addition, as
liver tissue consists of both parenchymal and nonparenchymal cells,
the human immortalized hepatic stellate cell - TWNT-1%2 - and the
human immortalized hepatic endothelial cell - TMNK-1%* - were
subjected to 5-aza-dC treatment (Figure S4). Although restoration of
expression after 5-aza-dC treatment was not observed in TWNT-1
(data not shown), restoration of ADCY5, MICAL2, and PLEKHG2 gene
expression was confirmed in TMNK-1 (Figure S4), indicating that
mMRNA expression levels of the examined genes are regulated by DNA
methylation status even in some nonparenchymal cells.

DISCUSSION

Principal component analysis clearly revealed that even U-N samples
with no remarkable histological features showed a distinct DNA
methylation profile differing from that of NLT samples, indicating
that DNA methylation alterations have already occurred in appar-
ently normal tissue at the precancerous stages, as is the case in the

17719 and urinary bladder.?2°-22 DNA methylation alterations in

kidney
U-N samples were inherited by or strengthened in U-T samples
(Figure 3), just as our previous studies have shown that DNA
methylation alterations in NASH-N3-% and V-N*? samples are
inherited by or strengthened in the corresponding HCCs. These
findings indicate that U-N-specific DNA methylation alterations
participate in cryptogenic hepatocarcinogenesis.

The 616 genes whose DNA methylation levels differed signifi-
cantly between Uj-Ns and Other, ;. -Ns, for which probes were
designed on CpG islands, island shores, and island shelves around the
transcription start site, and for which DNA methylation alterations
could have potentially resulted in expression alterations based on
The Cancer Genome Atlas database, were accumulated in molecular
pathways involved in metabolic abnormalities (Table S7). There are
two possible explanations for these findings: (1) metabolic abnor-
malities that are not reflected in the tissue histology occur in the
precancerous stages of cryptogenic HCC with unknown etiology; or
(2) NASH-N specimens account for a large proportion of Other, |, and
wv-Ns, and the results of pathway analysis reflect the fact that NASH
is a metabolic disorder.’®

The ADCY5 gene was the only gene to show Uy -N-specific DNA
methylation abnormalities when compared with NLT samples. DNA
hypermethylation of ADCY5 is specifically associated with the devel-
opment of U-Ts even from the precancerous U-N stage. Moreover, our
treatment with demethylating agents indicated that ADCY5 expres-
sion is regulated by DNA methylation levels in human HCC cells.
ADCY5 is a member of the membrane-bound adenylate cyclase family,
and is responsible for the conversion of adenosine triphosphate to
cyclic adenosine-3’, 5’-monophosphate. Cyclic adenosine-3’, 5'-
monophosphate is a second messenger that exerts a wide variety of
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effects through several signaling pathways (Table $9).>> Moreover, we

and other groups have reported DNA hypermethylation and reduced

expression of ADCY5 in lung cancer®® and lymphocytic leukemia.®” In

liver-specific COX-2 transgenic mice, DNA hypermethylation and
reduced expression of ADCY5 were observed in spontaneously
developed HCCs,®® indicating that ADCY5 has tumor-suppressive ef-
fects in the liver. As HCCs in COX-2 transgenic mice had inflammation
in their background liver,®® it remains to be clarified further whether
human cryptogenic hepatocarcinogenesis is associated with “ultra-
microinflammation,” even though microscopy revealed no obvious
inflammatory cell infiltration in U-N samples.

Among the eight genes other than ADCY5 in Table 2, RAB3D, a
RAS oncogene family member, shows DNA hypomethylation in U;;-N
samples, potentially resulting in upregulation during the develop-
mental stage of U,,-T. This is consistent with a previous report that
RAB3D is upregulated in HCC cells and enhances the malignant
phenotype of HCCs through the Warburg effect.?? A transcription
factor, ZNF385A, showed DNA hypomethylation in Uy -N samples, and
may be upregulated during U;-T development, which is consistent
with a previous report that overexpression of ZNF385A in HCCs is
associated with poorer prognosis.*® ARHGEF2, a Rho/Rac guanine
nucleotide exchange factor, again shows DNA hypomethylation in Uy;-
N samples, which is consistent with a previous report that ARHGEF2
overexpression is associated with malignant progression of HCCs.** In
contrast, HADH involved in fatty acid B-oxidation showed DNA
hypermethylation in U;,;-N samples. This is consistent with a previous
study indicating that HADH expression is decreased in cultured HCC
cells.*2 Taken together, it has been confirmed that the present analysis
efficiently identified the genes involved in hepatocarcinogenesis.

The top two genes for which DNA hypomethylation in U-T sam-
ples significantly correlated with the largest tumor diameter and
portal vein involvement were MICAL2 and PLEKHG2, respectively.
MICAL family members are associated with cytoskeletal remodeling

43 which can result in invasion and

and cell migration (Table S9),
metastasis.** MICAL2 is reportedly overexpressed in various tumors,
including gastric cancer® and lung cancer.*® Moreover, silencing of
MICAL2 promotes mesenchymal to epithelial transition, and inhibits
the viability, as well as the motility and invasive properties, of human
cancer cells.*” Therefore, it is feasible that DNA hypomethylation of
MICAL2 would play a role in the determination of the clinicopatho-
logical feature of U-Ts through its overexpression. In addition, it has
been reported that overexpression of MICAL2 is involved in
inflammation-induced angiogenesis in animal models.*® Therefore,
even though microscopy revealed no obvious inflammatory cell infil-
tration in U-N samples, “ultra-microinflammation” may affect the
clinicopathological feature of cryptogenic HCC through DNA hypo-
methylation of MICAL2.

PLEKHG2 is a G-protein-coupled receptor-related gene.*’ The
Reactome database has shown that PLEKHG2 participates in several
signaling pathways related to cell death, proliferation, and migration
(Table S9). Although the correlation between PLEKHG2 and HCCs
and abnormal DNA methylation of PLEKHG2 in cancers have not yet
been reported, overexpression of PLEKHG2 mRNA is reportedly

associated with a poorer outcome in patients with lung
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adenocarcinoma, pediatric brain tumor, and breast cancer.>® There-
fore, it is again feasible that DNA hypomethylation of PLEKHG2 might
determine the clinicopathological feature of cryptogenic HCCs
through overexpression of PLEKHG2.

In summary, the Infinium assay has shown the presence of U-N-
specific DNA methylation profiles in liver tissue samples, including
DNA hypermethylation of the ADCY5 gene, and indicated that DNA
methylation alterations participate in cryptogenic hepatocarcino-
genesis even from the early and precancerous U-N stage. Clinico-
pathological features of U-Ts may be determined by DNA methylation
alterations of specific tumor-related genes, such as MICAL2 and
PLEKHGZ2 in tumorous tissue. Genome-wide DNA methylation analysis
will be a powerful tool for revealing the molecular backgrounds of

cryptogenic HCCs.
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