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Abstract

Background & Aims: Methylation of lysines on histones, controlled by various methyltransferases and demethylases, is an
important component of epigenetic modifications, and abnormal regulation of such enzymes serves as common events in
hepatocellular carcinoma. We determined to identify important methyltransferases and demethylases that might regulate the
development of hepatocellular carcinoma by bioinformatics. Methods: The Oncomine and UALCAN databases were used to
retrieve mRNA expression levels of histone lysine methyltransferases and demethylases in hepatocellular carcinoma. Data
analyses of genetic alterations, mainly mutations and copy number alterations, were performed on the cBioportal platform.
Protein-protein interactions were established in the STRING database. Results: mRNA expression of 8 genes correlated with
clinical staging and grading, whereas 4 genes indicated a role in the prognosis, all co-expressed with SEDBI| and WHSCI.
Genetically, 12 genes showing an alteration rate higher than 5% were identified, and only 3 were indicative of prognosis. Copy
number gains in ASHIL, SETDBI, and KDM5B might partially contribute to the upregulation of their mMRNA expression. The close
relationship of mutations in MLL2/MLL3 with driver gene mutations in hepatocellular carcinoma provided a rationale for further
investigation. Conclusions: We identified || methyltransferases and demethylases for major histone lysines that might be
promising research targets in the pathogenesis, development, and prediction of prognosis in hepatocellular carcinoma using
bioinformatics.
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Introduction

In contrary to a more stable overall cancer incidence rate, liver
cancer has shown the largest increase in the incidence of 2.5%
between 2012-2016 in America." Additionally, hepatocellular
carcinoma (HCC), which mostly occurs in patients with under-
lying liver conditions, such as cirrhosis caused by hepatitis B or
C virus,> takes up the largest proportion of all primary liver
cancers. As the third leading cause of cancer death worldwide,
HCC has led to 746, 000 deaths solely in 2012.2 At present, the
treatment of liver cancer includes liver transplantation, surgical
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Table 1. Major Methyltransferases and Demethylases of Lysines in Histone 3 and 4.

H3K4 H3K9 H3K27 H3K36 H3K79 H4K20
Methyltransferases MLL1 (KMT2A) SETDBI (KMTIE)  EZH2 (KMT6) SETD2 (KMT3A)  DOTH (KMT4) SETD8 (KMT5A)
MLL2 (KMT2B) SETDB2 (KMTIF) NSD1 (KMT3B) SUV420H1(KMT5B)
MLL3 (KMT2C) SUV39HI (KMTI1A) WHSC1 (NSD2) SUV420H2 (KMT5C)
MLL4 (KMT2D) SUV39H2 (KMT1B) WHSCILI (NSD3) NSDI (KMT3B)
MLL5 (KMT2E) EHMT1 (KMTID) ASHIL (KMT2H)
SET1A (KMT2F) EHMT2 (KMTIC) SETD3
SETIB (KMT2G) PRDM2 (KMTS) SETMAR
SETD7 (KMT7)
SMYDI (KMT3D)
SMYD2 (KMT3C)
SMYD3 (KMT3E)
ASHIL (KMT2H)
SETD3
SETMAR
Demethylases KDMIA (LSDI) KDMIA (LSDI) KDM6A (UTX)  KDM2A (JHDMIA) / KDM7A (JHDMID)

KDMIB (LSD2)

KDM2B (JHDMIB)
KDMSA (JARIDIA)
KDMSB (JARID1B)
KDMS5C (JARIDIC)
KDMS5D (JARIDID)
Cl4orf169 (RIOX1)

KDM3A (JHDM2A)
KDM3B (JHDM2B)
KDM4A (JHDM3A)
KDM4B (JMJD2B)

KDM4C (JMID2C)

KDM4D (JMID2D)

KDM7A (JHDM1D)
PHFS8 (KDM7B)

KDM6B (IMJD3)
PHFS8 (KDM7B)
KDM7A
(JHDMID)

KDM2B (JHDMIB)
KDM4A (JHDM3A)
KDM4C (JMJD2C)

Cl4orf169 (RIOX1)

PHF8 (KDM7B)

resection, embolization, stereotactic radiotherapy, ablation,
and chemotherapy.>* However, patients with HCC are usually
at more advanced stages at first diagnosis when few therapeutic
approaches are effective.” And even though surgical resection
may serve as a promising option for a small group of HCC
patients, tumor recurrence deteriorates the condition in around
70% of these cases at 5 years.®’

Understanding the pathogenesis of HCC is essential in
determining the corresponding therapeutic targets for future
investigation. Development of HCC has been regarded as a
multistep process, where the accumulation of somatic DNA
alterations and epigenetic modifications (especially DNA
methylation and histone modifications) induced by chronic
inflammation contributes to the heterogeneity of its molecular
mechanisms.> In various tumor models, including HCC, epi-
genetic modifications of tumor suppressor genes lead to the
constitutive expression of oncogenes during the early stages
of oncogenesis, and DNA alterations of the same oncogenes
facilitate this process to accelerate tumor progression.8 Unlike
DNA alterations, epigenetic modifications are characterized
by heritable, reversible, and dynamic regulation of gene
expression, thus drawing enormous attention from worldwide
research centers in terms of therapeutic potential in recent
years.

Methylation of lysines on histones is one of the crucial
components in epigenetic modifications and has become a pro-
mising therapeutic target for various diseases, including can-
cer.”'? Primary sites for lysine methylation in human beings
are identified on histone H3 at lysine 4 (H3K4), lysine 9
(H3K9), lysine 27 (H3K27), lysine 36 (H3K36), and lysine
79 (H3K79), and on histone H4 at lysine 20 (H4K20).'® With
the first discovery of histone lysine methyltransferase (KMT),

SUV39H1, in 2000, the hunt for more histone KMTs and his-
tone lysine demethylases (KDMs) kicked off.'*> Current vali-
dated histone KMTs and KDMs of primary histone lysines
were summarized in Table 1 (data from the GeneCards data-
base, https://www.genecards.org/). Associations among methy-
lation of histone lysine, regulation of gene expression, and
oncogenesis offer a perspective that alterations in histone
KMTs/KDMs impact the initiation and/or development of var-
ious cancer types.' For example, in lung adenocarcinoma, the
high mutation frequency of SETD2, a histone KMT of H3K36,
serves as a reminder of the classical roles of other tumor
suppressors. '

Previous reports have supported the idea that aberrant reg-
ulation of histone KMTs and KDMs is a common event in
HCC. For instance, over-expression of EZH2, the only known
H3K27 methyltransferase, was common in human HCC tis-
sues, and transcriptional silencing of CXCR4 by EZH2-
mediated H3K27me3 was correlated with a poor prognosis in
HCC patients."> Copy number gain of SETDBI, a histone
H3K9 methyltransferase, was reported to regulate the growth
of HCC cells through methylation of a well-known tumor-
suppressor p53.'¢ Nevertheless, the role of distinct histone
KMTs and KDMs in the pathogenesis and development of
HCC remains unorganized. With the current rapid construction
of Bioinformatics, a comprehensive study of distinct histone
KMTs and KDMs in HCC can systemically summarize and
help reveal the underlying mechanisms in the pathogenesis of
HCC and provide promising prognostic and therapeutic mar-
kers for future investigation.

In the present study, we addressed this topic by analyzing
the mRNA expressions and genetic alterations of 49 histone
KMTs and KDMs and their correlations with multiple clinical
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parameters in HCC patients using data from multiple data-
bases. Additionally, we aimed to establish associations
between these KMTs/KDMs and known crucial genes in HCC.

Materials and Methods

One of the core functions of the ONCOMINE platform (www.
oncomine.org) is the differential analysis of gene expression in
various cancer types, including liver cancer. The mRNA
expression levels of 49 major methyltransferases and demethy-
lases between multiple types of cancer tissues vs. adjacent
normal tissues, and the number of significant unique analyses
were retrieved from the platform, using the following criteria:
P-value < 0.01; |Fold change| > 1.5; Gene rank, top 10%; Data
type: mRNA. Genes showing only the over-expression profile
or the low-expression profile in more than one significant
unique analyses were selected, while genes with contradictory
expression profiles or no significant unique analyses were
excluded. Then we requested detailed information on the
retrieved results in liver cancer to identify analyses performed
between HCC tissues and normal lung tissues.

Retrieved methyltransferases and demethylases with altered
mRNA expression were validated in the UALCAN database
(http://ualcan.path.uab.edu). Genes with non-significant or
contradictory results were excluded, while consistent results
were collected and used for further analysis. Meanwhile, UAL-
CAN also provides data concerning the association between the
mRNA expression level and individual cancer stages/tumor
grades/overall survival in patients with HCC. These associa-
tions were retrieved to help explain the potential roles that
specific genes play in the diagnosis and prognosis of patients
with HCC.

Co-expression analysis of the RNA-RNA interactions of
methyltransferases/ demethylases for histone lysine methyla-
tion in HCC was performed through the ENCORI platform
(The Encyclopedia of RNA Interactomes, http://starbase.sysu.
edu.cn). Results were extracted and visualized as a
co-expression network. Associations with the correlation coef-
ficient (|r]) > 0.5 and p < 0.05 were considered as significant
co-expression between 2 genes and presented in the network.

Six studies involving HCC sample tissues in the cBioPortal
(www.cbioportal.org) database were selected for further
analyses: Hepatocellular Carcinoma (MSK, Clin Cancer
Res 2018); Hepatocellular Carcinomas (INSERM, Nat Genet
2015); Liver Hepatocellular Carcinoma (AMC, Hepatology
2014); Liver Hepatocellular Carcinoma (RIKEN, Nat
Genet 2012); Liver Hepatocellular Carcinoma (TCGA, Fire-
hose Legacy); Liver Hepatocellular Adenoma and Carcinomas
(MSK, PLOS One 2018). A total of 1,085 patients and 1,089
samples were obtained from the above studies. Results con-
cerning mutations and putative copy-number alterations of
49 major methyltransferases and demethylases were retrieved
by cBioPortal (www.cbioportal.org) in sample tissues under
the following criteria: 1) cancer type: hepatocellular carci-
noma; 2) number of samples per patient: 1; 3) overall survival
status: living or deceased; 4) with mutation data: yes; 5) with

copy number alteration (CNA) data: yes. After screening with
our criteria, only 353 samples were collected. And all these
samples came from the Liver Hepatocellular Carcinoma
(TCGA, Firehose Legacy). Meanwhile, we identified the top
altered candidate driver cancer genes in the aforementioned
sample tissues with the following criteria: 1) alteration fre-
quency > 10%; 2) candidate driver cancer genes determined
by the MutSig or the GISTIC algorithm. Mutual exclusivity or
co-occurrence analyses among altered methyltransferases/
demethylases (mutations/CNAs) and the altered candidate driver
cancer genes in HCC were performed as well. Alterations in
selected methyltransferases/demethylases and their correlations
with overall survival and disease/progression-free survival in
HCC patients were demonstrated by Kaplan-Meier plotting.

To understand the possible mechanisms and associations of
important methyltransferases and demethylases at the protein
level in HCC, we constructed a PPI network. Known crucial
genes that contribute to the development of HCC were obtained
using the Phenolyzer software (http://phenolyzer.wglab.org)
and were referred to as seed genes, using “hepatocellular
carcinoma” as the disease term. Top 50 seed genes (protein-
coding genes) were retrieved according to the rank of the score.
Seed genes and identified methyltransferases/demethylases
(associated with clinical features of HCC) were then entered
into the STRING database (https://string-db.org/). Results were
retrieved after choosing Homo sapiens as the organism and the
minimum required interaction score as high confidence (0.700)
and visualized in a PPI network. Disconnected nodes were not
shown in the network.

All data are available on online platforms and databases.
Parameters used within online platforms defaulted unless spe-
cifically indicated. Students’ t-tests were used to compare the
difference of transcription expression in the Oncomine plat-
form. The significance of difference in expression values
retrieved from the UALCAN database was estimated by the
student’s t-test considering unequal variance. P values between
each group pair within all survival analyses were calculated by
the log-rank test. P < 0.05 was considered statistically signifi-
cant unless otherwise indicated.

Results

Abnormal mRNA Expression of Multiple
Methyltransferases/Demethylases in HCC

The Oncomine platform was employed to understand the gen-
eral mRNA expression levels of genes across various cancer
types, especially in liver cancer. As was shown in Figure 1, the
mRNA expression profiles of 49 methyltransferases/demethy-
lases in 20 types of cancers, compared with those in normal
tissues, were displayed. Significant up-regulation of 16 genes
and down-regulation of 6 genes were identified in multiple
analyses of liver cancer tissues vs. normal tissues (Table S1).
Next, we explored the detailed significant analyses concerning
these 22 genes to collect comparisons performed between HCC
tissues and normal liver tissues. Among the 16 up-regulated
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Figure 1. Changes of transcription level among 49 major methyl-
transferases and demethylases between various types of cancer tissues
and normal tissues (ONCOMINE). For each entry, mRNA expressions
were displayed in the form of cancer vs. normal. Cell color is deter-
mined by the best gene rank percentile for the analyses within the cell.
Red, up-regulated; blue, down-regulated. Numbers within each cell
represented the number of analyses that met the threshold for the
corresponding entry. Expression results in the liver cancer were
highlighted in a green box.

genes, 13 of them were found to be included in at least 1 dataset
comparing HCC and normal tissues, and 4 out of 6 down-
regulated genes were collected as well (Table S1. In the Wurm-
bach liver dataset, EZH2 was shown with the biggest |fold
change| of 5.261 (p = 9.41E-07), while KDM6B had the smal-
lest |fold change| of 1.514 (p = 9.02E-05) in the Roessler liver
dataset. Furthermore, we validated our results by UALCAN,
which integrates enormous resources from the TCGA database.
We found the results of all 13 up-regulated genes in the Onco-
mine platform were consistent with those in UALCAN, but
only 1 out of 4 down-regulated genes, KDM6B, was observed
to have a lower expression in HCC tissues by UALCAN
(Figure 2A). Increasing mRNA expressions of MLL and
KDM4B in HCC by UALCAN were contrary to our findings
in the Oncomine platform, while no significant change was
identified in the expression of KDM7A (Fig. S1). Therefore,
these 3 genes were excluded from further analysis to increase
data credibility. Together, we identified 14 methyltransferases/
demethylases with abnormal mRNA expression in HCC using
the Oncomine platform and the UALCAN database.

Co-Existence of the mRNA Expression Change in 14
Methyltransferases/Demethylases

From the above results, we found that 4 methyltransferases
(MLLS, SMYD2, SMYD3, and ASHI1 L) and 2 demethylases
(KDMS5A and KDM5B) for H3K4 were up-regulated in HCC
(Figure 2A). However, the associations between these changes,
especially within the same histone lysine, required further anal-
ysis. Therefore, we performed co-expression analyses to under-
stand the associations through the ENCORI platform.
Interestingly, we found that MLLS5, ASH1 L, SETDBI1, NSDI,
WHSC1, KDM3A, KDM3B, and KDMS5A were co-expressed
with each other, indicating that the up-regulation of these genes
might be induced through the same mechanism (Figure 2B).
Meanwhile, the mRNA expression changes of SMYD2 and
SMYD3 seemed to be independent of those of the remaining
12 genes. Even though multiple methyltransferases and
demethylases for the same histone lysine were found to be
up-regulated and partially co-expressed (for instance, SETDB1
co-expressed with KDM3A and KDM3B in H3K9), KDM6B,
the only down-regulated demethylase in HCC (Figure 2A), did
not correlate with EZH2 (r = 0.193, p-value = 1.70e-04), the
only methyltransferase for H3K27, implying that an overall
higher methylation level of H3K27 might be detected in HCC
either by up-regulation of EZH2 or down-regulation of
KDMB6B. Together, the complicated associations reminded us
of the importance of investigating multiple methyltransferases
and demethylases for a specific histone lysine at the same time.

Correlation Between mRNA Expression Changes and
Clinical Parameters of HCC Patients
Clinical staging and tumor grading are important clinical para-

meters for HCC patients. We aimed to investigate the correla-
tion between the aforementioned 14 methyltransferases/
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Figure 2. mRNA expression of 14 methyltransferases/demethylases between HCC and adjacent normal liver tissues, and co-occurrence analysis
among these abnormal mRNA expression changes. (A) Relative mRNA expression difference was retrieved from UALCAN. n(Normal) = 50,
and n(Primary tumor) = 371. (B) Co-occurrence results of mRNA expression changes in HCC were retrieved from ENCORI. Results with
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Figure 3. mRNA expression of multiple methyltransferases/demethylases showing correlation with the clinical parameters of HCC patients
(UALCAN). (A) Correlation between mRNA expression and the individual cancer stages. n(Normal) = 50, n(Stage I) = 168, n(Stage II) = 84,
n(Stage IIT) = 82, and n(Stage IV) = 6. (B) Correlation between mRNA expression and the tumor grades. Grade 1, well differentiated (low
grade); Grade 2, moderately differentiated (intermediate grade); Grade 3, poorly differentiated (high grade); Grade 4, undifferentiated (high
grade). n(Normal) = 50, n(Grade 1) = 54, n(Grade 2) = 173, n(Grade 3) = 118, and n(Grade 4) = 12. Groups without statistical significance

were unmarked. *p < 0.05, **p < 0.01, ***p < 0.001.

demethylases with abnormal mRNA expression, and individual
cancer stages, as well as tumor grades, in HCC patients by
UALCAN. As was indicated in Figure 3A, the mRNA expres-
sion of 12 genes was significantly correlated with the

individual cancer stages of HCC patients, among which 11
genes showed a positive correlation (the more advanced the
clinical stage was, the higher the mRNA expression of specific
genes tended to be) and only 1 gene, the down-regulated
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KDMG6B, displayed a negative correlation. Meanwhile, the
mRNA expression of these 11 genes peaked in stage 3 rather
than in stage 4, at least partially owing to the limited sample
size of patients in stage 4. The mRNA expression of KDM6B
was noticeably the lowest in stage 4. Two remaining genes,
SMYD2 and SMYD3, were found to not correlate with mRNA
expression level and cancer stages (Fig. S2A). Similarly, the
mRNA expression of 9 genes was found to be positively cor-
related with tumor grades of HCC patients, all peaking in grade
3 (Figure 3B). The remaining 5 genes showed no significant
changes in mRNA expression levels within different grades of
HCC (Fig. S2B). Together, we identified 12 genes closely cor-
related with cancer stages and 9 genes associated with tumor
grades in HCC by UALCAN, among which 8 over-lapped
genes (SETDB1, KDM3B, KDM5B, EHMT2, NSD1, WHSCI1,
ASHI1 L, and EZH2) were obtained to imply a stronger asso-
ciation with the clinical parameter in HCC patients.

Four Methyltransferases/Demethylases Indicating Worse
Overall Survival in HCC Patients

Additionally, we investigated the prognostic values of these 14
methyltransferases/ demethylases in HCC patients by plotting
the correlation between the mRNA expression and the overall
survival (OS) of patients. As was displayed in Figure 4, the
elevated mRNA expression of SETDBI1 (p = 0.034), KDM3A
(p < 0.0001), WHSC1 (p = 0.019), EZH2 (p < 0.0001) was
significantly correlated with shorter OS among patients with

HCC, while mRNA expressions of the remaining 10 genes
were found to be less indicative of prognostic values (Fig.
S3). Noticeably, SETDB1, WHSC1, and EZH2 were correlated
with clinical staging/grading of HCC in the above results as
well, implying that they might be used as useful clinical bio-
markers for the classification and prognosis prediction of HCC
patients.

In short, by integrating the 8 over-lapped genes, that were
associated with cancer stages and tumor grades, and 4 genes,
that were correlated with the overall survival of HCC patients,
we identified a total number of 9 methyltransferases/demethy-
lases (SETDB1, KDM3A, KDM3B, KDM5B, EHMT2, NSD1,
WHSC1, ASH1 L, and EZH2) that might play crucial roles in
the development or the prognosis prediction of HCC via dys-
regulation of mRNA expression levels.

Genetic Alterations of 49 Methyltransferases/
Demethylases in HCC

In addition to exploring the mRNA expression change of 49
methyltransferases/demethylases in HCC, we analyzed 2 major
categories of genetic alterations in these genes, mutations, and
copy number alterations (CNA). A group of 353 HCC patients
was selected following our inclusion criteria in cBioPortal.
ASH1 L was the most frequently altered one among the 49
genes, with an alteration rate of 16% among 353 samples, while
RIOX1 was found to have no alteration at all (Figure 5). CNA
(specifically, amplification) took a large proportion of the
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Figure 5. Mutations and copy number alterations of 49 methyltransferases/demethylases in patients with HCC (cBioPortal). n = 353.

alterations in the top 5 genetically altered methyltransferases/
demethylases (ASH1 L, SETDB1, KDM5B, SMYD3, and
SMYD?2), whereas missense mutations occurred more fre-
quently in MLL3 (Figure 5). Following the threshold of altera-
tion rate >5%, we collected the top 12 altered
methyltransferases/demethylases for further studies.

Co-occurrence Among the Top |12 Genetic Altered
Methyltransferases/Demethylases and the Top 7
Altered Driver Genes in HCC

To investigate the relationship among these altered genes and
their association with the top altered genes in HCC, we firstly
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identified 7 genetic altered candidate driver cancer genes in
HCC, including mutations and CNAs. TP53, CTNNBI, and
ALB were the only 3 genes that met our inclusion criteria for
mutated genes in HCC patients, with a mutation frequency of
31.70%, 27.20%, and 11.60%, respectively (Table S2). Simi-
larly, EXT1, RAD21, MYC, and NDRG1 were identified as the
top 4 CNA candidate drive genes in HCC (Table S2). Next, we
performed a mutual exclusivity/co-occurrence analysis among
the top 12 altered methyltransferases/demethylases and the top
7 altered candidate driver cancer genes. Surprisingly, 5 genes
with a larger alteration rate of amplification, ASHI L,
SETDBI1, KDM5B, SMYD3, and SMYD2, were found to have
co-occurrence with each other, indicating that patients bearing
alterations of any one among these 5 genes were likely to
possess the remaining 4 gene alterations (Figure 6A, left).
However, these 5 genes had no co-occurrence with the altera-
tion of the top 7 candidate driver cancer genes, and the altera-
tions of ASH1 L were mutually exclusive from those of
CTNNBI. Interestingly, the top 4 CNA candidate driver genes
in HCC, EXT1, RAD21, MYC, and NDRG1, were co-occurred
as well (Figure 6A, right). Genetic alterations in MLL3
co-existed with those in RAD21, EXTI1, and NDRGI, while
the co-occurrence of alterations in MLL2 was not only found in
the above genes, but also in MYC and WHSCI1LI1. Detailed
analysis information could be found in Table S3. These results
provided a perspective for understanding the relationship
among genetic alterations of methyltransferases/ demethylases
and the possible mechanisms underlying such alterations.

Prognostic Values of 12 Genetic Altered
Methyltransferases/Demethylases in HCC

Next, we evaluated the associations between genetic alterations
of the top 12 altered methyltransferases/demethylases and OS
and disease/progression-free survival (D/PFS) in HCC. Among
353 selected patient samples, patients with altered ASHI L
(HR = 1.62, p = 0.030), SETD2 (HR = 2.38, p = 0.005) and
MLL2 (HR = 3.22, p < 0.0001) were associated with shorter
OS of HCC patients (Figure 6B). Alterations in MLL2 showed
the greatest and the most significant impact on OS, and it was
the only alteration that led to shorter D/PFS in HCC patients
(Figure 6C, HR = 2.50, p= 0.002). Non-significant associa-
tions could be found in Fig. S4. Together, we identified altera-
tions in 3 genes, ASH1 L, SETD2, and MLL2, that might be of
great prognostic value in HCC.

PPI Network of Important Methyltransferases/
Demethylases and Seed Genes in HCC

From the above results, we obtained 9 methyltransferases/
demethylases at the mRNA level (SETDB1, KDM3A,
KDM3B, KDM5B, EHMT2, NSD1, WHSCI1, ASH1 L, and
EZH2) and 3 at the genetic level (ASHI L, MLL2, SETD2)
that were associated with clinical characteristics of HCC
patients. A total number of 11 genes were therefore received
as important methyltransferases and demethylases in HCC.

Next, we associated these 11 genes in a PPI network with 50
seed genes identified in the Phenolyzer software (Table S4) to
investigate their possible roles and mechanisms at the protein
level. 44 nodes and 97 edges were displayed in the PPI network
(Figure 7). 8 out of 11 important methyltransferases and
demethylases were found to be associated with other genes in
the network and distributed in 3 clusters. SETDB1 and SETD2
might be directly associated with TP53, while KDM3A and
KDMS5B might function through MYC. EHMT2 and EZH2
were both correlated with TP53 and MYC. Importantly, EZH2
also correlated with 2 other seed genes in the network, KRAS,
and CTNNBI1. The associations among methyltransferases/
demethylases and seed genes might help understand the
mechanisms and provide novel perspectives underlying the
development of HCC.

Discussion

Accumulation of epigenetic alterations, including methylation
of histone lysines, contributes to the development of HCC.?
Multiple methyltransferases and demethylases regulating the
methylation of such histone lysines are indicated to play sub-
stantial roles in various cancers, including HCC.>'""'” How-
ever, the associations among these enzymes and their distinct
functions in HCC remain elusive. In this study, a comprehen-
sive investigation of 49 methyltransferases and demethylases
for H3K9, H3K9, H3K27, H3K36, H3K79, and H4K20 in HCC
was performed with the help of varied integrative databases
and platforms. A summary was shown in Figure 8.

Firstly, we investigated the mRNA expression difference of
49 methyltransferases and demethylases between HCC tissues
and normal liver tissues, and 13 up-regulated and 1 down-
regulated genes were retrieved from the Oncomine and UAL-
CAN databases (Figure 2A). Co-expression analysis of these
14 enzymes showed a complex co-expression network
(Figure 2B), implying that changes in the expression of a cer-
tain enzyme might affect each other or that a common mechan-
ism existed among the regulation of multiple enzymes. This
also reminded us of the necessity to confirm the expression
level of associated enzymes and the corresponding methylation
status of the histone lysine, since these enzymes might work co-
operatively at the same methylation site. However, it was also
noted that not all associated enzymes would lead to the same
pathological or clinical outcome in HCC. Clinical staging and
pathological grading were 2 crucial clinical indicators of HCC.
Correlation analysis revealed that 8 out of 14 enzymes were
correlated with clinical stages and pathological grades (Fig-
ure 3). Furthermore, the higher mRNA expression of SETDBI,
KDM3A, WHSC1, and EZH2 was found to be associated with
shorter OS of HCC patients (Figure 4). Intriguingly, the expres-
sion of these enzymes was all associated with that of SEDB1
and WHSCI1 (Figure 2B), making both genes promising
research hotpots in the development and prediction of prog-
nosis in HCC.

SETDBI, an enzyme that methylates H3K9, is considered to
play important roles in multiple cancer types, including acute
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Figure 6. Co-occurrence analysis and prognostic analysis of top 12 altered methyltransferases/demethylases in HCC (cBioPortal). (A) Mutual
exclusivity/co-occurrence analysis with top 7 altered candidate driver cancer genes. Solid lines, co-occurrence between 2 connected genes;
dotted lines, mutual exclusivity between 2 connected genes. Genes in light red, altered methyltransferases/demethylases; Genes in light green,
altered candidate driver cancer genes. Only significant results were shown (q-Value < 0.05). Correlation between genetic altered methyl-
transferases/demethylases and the overall survival (B) or disease/progression-free survival (C) of HCC patients.

myeloid leukemia, melanoma, and HCC.'®2! Guo et al. reported
that methylation by SETDBI activated AKT and could act as an
oncogenic marker.”> In HCC, over-expression of SETDBI,
induced by multiple complementary mechanisms, was

correlated with proliferation and progression.”>** And it was
suggested that SETDBI played a crucial role in the metastatic
progression of HCC.?* Additionally, Shao ef al. found that the
p53-signaling pathway could be activated by miR-621 via
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inhibition of SETDBI to improve the radiosensitivity of HCC
cells.?! On the other hand, H3K36me2 has been regarded as the
principal product of WHSC1 and this regulation of methylation
is sufficient for gene activation. Over-expression of WHSCI has
been reported in multiple cancer types, including multiple mye-
10ma,25 bladder cancer, and lung cancer,26 Alterations of
H3K36me2 caused by WHSC1 were demonstrated to promote
the initiation of oncogenic programming through activation of
several pathways, such as the Wnt pathway.?*?’ Zhang et al.
reported that WHSC1-mediated dimethylation of PTEN regu-
lated the repair of DNA double-strand breaks, suggesting a pro-
mising therapeutic approach by inhibiting WHSC1 in cancer
treatment.”® In prostate cancer, WHSC1 was identified as a
driver of metastatic progression, and silencing of WHSC1 by
MCTP-39 led to reduced expression of H3K36me2 and
decreased tumor volume in prostate cancer xenografts.”” More-
over, another report found that WHSC1 linked a vicious signal-
ing cascade between AKT and RICTOR to facilitate
unrestrained AKT signaling in a PTEN-null murine prostate
cancer model, driving tumor metastasis.’® Feng ef al. addressed
that WHSC1 was recruited to the estrogen receptor alpha (ERa)

gene to promote the expression of ERa in breast cancer, provid-
ing a novel regulating mechanism that might become a promis-
ing therapeutic target for patients with resistance to tamoxifen.’’
Even though the detailed effect and mechanism of WHSC1 in
HCC remain elusive, over-expression of WHSC1 might partic-
ipate in the tumorigenesis of non-alcoholic steatohepatitis
related hepatocarcinogenesis.>?

Secondly, we determined the mutation and copy number
alteration status of 49 methyltransferases and demethylases in
HCC, and 12 enzymes showing a genetic alteration rate higher
than 5% were retrieved (Figure 5). Interestingly, amplification
was the major genetic alteration found in the top 5 altered
enzymes (ASH1 L, SETDB1, KDM5B, SMYD3, and SMYD2)
in HCC, and these alterations were co-existed with each other
(Figure 6A), implying that a shared mechanism might control
such changes. It was also reported that 4 HMTs (SETDBI,
SMYD3, ASHI1 L, SMYD2) with genetic alterations were
regarded as candidate therapeutic targets in breast cancer,>
and the reason KDM5B was not involved might be the fact that
it was a demethylase and not covered in this study. This
reminded us that the co-existence of these 5 genetic alterations
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Figure 8. A summary regarding the associations and alterations of 49 methyltransferases and demethylases in HCC.

might be an important process in the initiation and develop-
ment of cancer. Are they functionally dependent or key points
under the same mechanism? What impact does their co-
expression have on HCC? Is the alteration of KDM5B, as the
only demethylase among these 5, a compensatory change or a
temporal change at different stages of tumorigenesis and devel-
opment? Does it represent a particular type of HCC? These
questions require further investigation. Combined with the
results that RNA expression of ASH1 L, SETDBI, and
KDM5B was positively correlated, while that of SMYD2 and

SMYD3 had little association (Figure 2B), it might be specu-
lated that amplification of ASH1 L, SETDBI, and KDM5B at
least partially contributed to the elevation of their mRNA
expressions and that there might be a different mechanism
regulating the transcription of SMYD2 and SMYD3. MLL2
mutation is a driver in various cancer types, but the mechanism
remains elusive. Missense alterations in MLL2 and MLL3
were co-expressed with CNA alterations in 4 HCC driver
genes (MYC, RAD21, EXT1, and NDRGL1) (Figure 6A), sug-
gesting the importance of MLL2 and MLL3 in HCC
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development. Ding et al. reported that MLL2 was a direct
target of TP53R%4%5 3 while it was suggested that MLL muta-
tion resulted in genome instability, which could help explain its
widespread role in tumorigenesis.’> Even though the frequency
of MLL2 mutations is not high in HCC, HCC patients with
these alterations have a shorter OS (HR = 3.22) and shorter
DFS/PFS (HR = 2.50), suggesting a poor clinical prognosis
(Figure 6B&C). Therefore, the detection of MLL2 mutations and
the study of the related mechanism of the role of MLL2 mutation
in the initiation and development of HCC should be warranted.
An important study highlighting the complex molecular net-
work of H3K4 KMT enzymes and tri-demethylases that regu-
late site-specific copy gains can be referred elsewhere.*® Even
though we are still taking baby steps in exploring this complex
association network of genetic alterations among methyltrans-
ferases and demethylases, some important findings for each
enzyme have been indicated. A whole-genome mutational
analysis by Fujimoto et al. recognized ASH1 L and SETDBI1
as novel driver genes for liver cancer.>’” ASH1 L mediates the
dimethylation of H3K36 and trimethylation of H3K4.*® While
methylation of H3K4 mediated by ASHI L was found to be
crucial in the global-genome nucleotide excision repair activity
to prevent ultraviolet light-induced skin cancer,*® the ASHIL-
mediated dimethylation mark of H3K36 could be recognized
by LEDGF to recruit mixed-lineage leukemia (MLL)-associ-
ated proteins to activate gene expression of principle targets in
leukemia cells, the process of which could be specifically
antagonized by KDM2A, the demethylation of H3K36.%°
Therefore, the interactions of ASHIL-LEDGF-KDM2A were
considered crucial underlying the tumorigenesis of MLL-
associated leukemia.*® Meanwhile, KDM5B, a demethylase for
H3K4, was also found to negatively regulate the leukemogen-
esis of MLL-rearranged AML cells, proposing a key role for
the (de)methylation of H3K4 in determining leukemia stem cell
fate.*! KDMS5B participates in the inhibition of stimulator of
interferon genes (STING) through demethylation of H3K4, and
thus plays a role in the natural immune defense against micro-
bial infection and cancer.*? In ER+ luminal breast cancer,
KDMS5B regulates the heterogeneity of cellular transcriptome,
rather than the genetic heterogeneity, and its higher expression
due to amplification and/or overexpression is correlated with
worse 0S.*** While the roles of ASHI L in HCC remain
elusive, the up-regulation of KDMS5B has been frequently
observed in HCC, and depletion of KDMS5B suppressed the
proliferation and invasion of HCC cells partly through up-
regulation of pl15 and p27, making KDMS5B a potential ther-
apeutic target in HCC patients.****® Both MLL2 (originally
referred to as MLL4) and MLL3 are members of the COM-
PASS family of H3K4 methyltransferases. MLL2-mediated
H3K4me3 has been reported to be crucial for a specific subset
of genes through binding to non-TSS regulatory elements dur-
ing embryonic development.*” In cancer, there have been
2 models proposed for the implications of mutations in
MLL2/MLL3. The first model proposed by Herz et al.
indicated that somatic mutations in MLL2/MLL3 could result
in gain-of-function on the enhancers of oncogenes or loss-of-

function on the enhancers of tumor suppressor genes, thus con-
tributing to the development of cancer.*® The second model
proposed that MLL2 mutations could lead to genomic instabil-
ity and increase gene mutations, facilitating the heterogeneity,
and promoting tumorigenesis.>®> Therefore, the associations
between mutations in MLL2/MLL3 and top altered candidate
driver cancer genes in HCC might be explained by such mod-
els. However, further investigation regarding this matter in
HCC was needed.

A total number of 11 methyltransferases/demethylases were
identified to be associated with the clinical characteristics of
HCC patients, 9 from the mRNA expression level and 3 from
the genetic alteration level (ASH1 L was identified in both
levels). These enzymes might serve as potential prognostic
biomarkers for HCC. The indicated associations between these
methyltransferases/demethylases and seed genes of HCC in the
PPI network raised numerous potential research questions in
the field of HCC (Figure 7). For example, what is the associ-
ation between SETDB1 and EZH2 in HCC, considering that
both enzymes have been proved to be important? Is it conco-
mitant or cause-and-effect? Additionally, the phenomenon that
EZH2 correlated with 4 known driver genes in HCC (TP53,
KRAS, MYC, and CTNNBI1) reminded us of the important
roles EZH2 might play in the development of HCC. Given the
complex network within methyltransferases and demethylases,
research into the combined effects of associated enzymes in
HCC should be guaranteed.

There are some limitations to this study. The sample
sources, sample background information, and algorithms of
various databases are inconsistent at present; lack of a unified
and standardized process may lead to inconsistent results when
analyzing across databases or studies; dependence on existing
data and results may lead to some “false negative” results; lack
of further experimental verification. Despite these limitations,
we have identified methyltransferases/demethylases that may
play an important role in HCC through the joint analysis of
multiple databases in this study, and we believe that this study
can provide potential targets in the future investigation of
HCC.In general, we analyzed 49 major methyltransferases/
demethylases for H3K4, H3K9, H3K27, H3K36, H3K79, and
H4K20 in HCC from the mRNA level and the genetic level
using multiple datasets and databases. 11 of them were associ-
ated with clinical characteristics of HCC patients and might
serve as promising prognostic markers in HCC. This study
provided a general understanding of the associations between
these methyltransferases/demethylases in HCC. Therefore, fur-
ther investigation of the precise roles and mechanisms under-
lying these associations in HCC is promising.
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