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ABSTRACT

RNA binding motif protein 8A (RBMB8A) is an RNA binding protein in a core component of the exon junction
complex. Abnormal RBMB8A expression is associated with carcinogenesis. We used sequencing data from the
Cancer Genome Atlas database and Gene Expression Omnibus, analyzed RBM8A expression and gene regula-
tion networks in hepatocellular carcinoma (HCC). Expression was analyzed using Oncomine™ and Gene Expres-
sion Profiling Interactive Analysis tools, while RBMS8A alterations and related functional networks were identi-
fied using cBioPortal. LinkedOmics was used to identify differential gene expression with RBM8A and to analyze
Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathways. Gene enrichment analysis examined
target networks of kinases, miRNAs and transcription factors. We found that RBM8A is overexpressed and the
RBMB8A gene often amplified in HCC. Expression of this gene is linked to functional networks involving the ribo-
some and RNA metabolic signaling pathways. Functional network analysis suggested that RBM8A regulates the
spliceosome, ribosome, DNA replication and cell cycle signaling via pathways involving several cancer-related
kinases, miRNAs and E2F Transcription Factor 1. Our results demonstrate that data mining efficiently reveals
information about RBM8A expression and potential regulatory networks in HCC, laying a foundation for further
study of the role of RBMB8A in carcinogenesis.

INTRODUCTION survival rate of patients with advanced HCC does not

exceed 5% [3]. The development of various targeted

Hepatocellular carcinoma (HCC) is one of the top ten
malignant tumors and the third leading cause of cancer-
related death in the world [1]. China accounts for 55% of
new HCC cases and HCC-related deaths every year [2].
Due to the high recurrence and metastasis, the 5-year

drugs has prolonged the survival of patients and made a
revolutionary breakthrough in the treatment of advanced
HCC. However, existing targeted drugs show unsatisfac-
tory efficacy. Even with sorafenib or regorafenib therapy,
the overall life expectancy of HCC patients is less than
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1 year [4, 5]. The pathogenesis of HCC is extremely
complex, involving processes such as cell cycle regula-
tion and signal transduction, which reflects the function
and interaction of multiple genes at multiple steps [6]. It
may be possible to identify new drug targets for HCC by
screening gene networks for changes related to tumor
formation and progression.

RNA binding motif protein 8A (RBM8A), also known
as Y14, is a conserved protein widely expressed in cells,
and is an RNA binding motif protein [7]. RBM8A
serves as a core factor of the RNA surveillance machin-
ery for the exon junction complex (EJC). It is also
known to be the core protein of nonsense-mediated
mRNA decay (NMD), which monitors abnormal
mRNA in eukaryotes [8, 9]. RBM8A is related to RNA
transcription, translation, cell cycle regulation and apop-
tosis regulation [10, 11], and it is also involved in sev-
eral crucial cell signaling pathways [12—15], in which it
plays an important role in tumorigenesis and develop-
ment. Abnormal expression of RBMS8A was first detect-
ed in cervical cancer [7], and its overexpression was
subsequently detected in various malignant tumors,
including non-small cell lung cancer and myeloma
[16-18].

In our studies with patient samples from Guangxi, one of
the regions with the highest incidence of HCC in China,
we found that RBM8A was overexpressed in HCC tumor
tissues compared to normal liver tissues, and this overex-
pression was associated with the surface antigen of the
hepatitis B virus (HBsAg) and Edmondson pathological
grading. Moreover, Kaplan-Meier survival analysis
showed that high RBM8A expression was associated with
poor overall survival and progression-free survival of HCC
patients. Gain- and loss-of-function experiments further
demonstrated that RBM8A promotes invasion and metas-
tasis via the signaling pathway involved in the endothelial-
to-mesenchymal (EMT) transition, while loss of RBMSA
induces apoptosis [19].

These results suggest that RBM8A is a novel proto-
oncogene. Thus, we studied RBM8A expression and muta-
tions in data from patients with HCC in The Cancer
Genome Atlas (TCGA) and various public databases. Us-
ing multi-dimensional analysis methods, we analyzed ge-
nomic alterations and functional networks related to
RBMSA in HCC. Thus, our results could potentially reveal
new targets and strategies for HCC diagnosis and treatment.

RESULTS
RBM38A expression in HCC

We initially evaluated RBM8A transcription levels in
multiple HCC studies from TCGA and the Gene

Expression Omnibus (GEO). Data in the Oncomine
4.5 database revealed that mRNA expression and
DNA copy number variation (CNV) of RBM8A were
significantly higher in HCC tissues than in normal
tissues (p < 0.01). Although the fold differences
were within 2, RBM8A ranked within the top 25%
based on mRNA expression and within the top 5%
based on DNA CNVs (Figure 1). Further sub-group
analysis of multiple clinic pathological features of
371 liver hepatocellular carcinoma (LIHC) samples
in the TCGA consistently showed high transcription
of RBM8A. The transcription level of RBM8A was
significantly higher in HCC patients than healthy
people in subgroup analyses based on gender, age,
ethnicity, disease stages and tumor grade (Figure 2).
Thus, RBM8A expression may serve as a potential
diagnostic indicator in HCC.

Genomic alterations of RBM8A4 in HCC

Frequency and type of RBM8A alterations in HCC
We then used the cBioPortal to determine the types
and frequency of RBMS8A alterations in HCC based
on sequencing data from LIHC patients in the TCGA
database. RBM8A4 was altered in 80 of 370 (22%)
LIHC patients (Figure 3A). These alterations were
mRNA upregulation in 60 cases (16%), amplification
in 38 cases (10%), mutation in 1 case (0.3%), and
multiple alterations in 19 cases (5%) (Table 1). Thus,
amplification is the most common type of RBMS8A
CNV in HCC.

Biological interaction network of RBMS8A alterations
in HCC

We next wanted to determine the biological interaction
network of RBM8A in HCC. To do this, we used the tab
Network in cBioPortal to show RBMS8A-neighboring
genes that were altered at frequencies >20% (Figure 3B
and Table 1). The neighbor genes of RBM8A with the
most frequent alterations were POLR2K (40.7%),
RPL30 (38.8%) and CPSFI (37.2%). The 50 most fre-
quently altered neighbor genes were determined using
Network. Analysis of significantly enriched gene ontol-
ogy (GO) terms indicated that these genes encode pro-
teins localized mainly to the cytosol, ribosome, and
ribosome subunits. These proteins are primarily in-
volved in viral gene expression and RNA catabolism,
while they also serve as structural constituents of ribo-
somes and mRNA binding (Figure 4A—4C). Similarly,
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis showed enrichment in ribosome sig-
naling, RNA transport, mRNA surveillance and spliceo-
some signaling pathways (Figure 4D, 4E). Thus, the
biological interaction network of RBM8A alterations is
involved in the ribosome and several RNA metabolic
processes.
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Figure 1. RBM8A transcription in hepatocellular carcinoma (Oncomine). Levels of RBM8A mRNA and DNA copy number were signif-
icantly higher in hepatocellular carcinoma than in normal tissue. Shown are fold change, associated p values, and overexpression gene rank,
based on Oncomine 4.5 analysis. (A—D) Box plot showing RBM8A mRNA levels in, respectively, the Roessler Liver 2, Chen Liver, Wurmbach
Liver and Mas Liver datasets. (E-F) Box plot showing RBM8A copy number in The Cancer Genome Atlas (TCGA) Liver and Guichard Liver da-
tasets, respectively.
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Figure 2. RBM8A transcription in subgroups of patients with hepatocellular carcinoma, stratified based on gender, age and
other criteria (UALCAN). (A) Boxplot showing relative expression of RBMS8A in normal and LIHC samples. (B) Boxplot showing relative
expression of RBM8A in normal individuals of either gender or male or female LIHC patients. (C) Boxplot showing relative expression of
RBM8A in normal individuals of any age or in LIHC patients aged 21-40, 41-60, 61-80, or 81-100 yr. (D) Boxplot showing relative expression
of RBMS8A in normal individuals of any ethnicity or in LIHC patients of Caucasian, African-American or Asian ethnicity. (E) Boxplot showing
relative expression of RBMS8A in normal individuals or in LIHC patients in stages 1, 2, 3 or 4. (F) Boxplot showing relative expression of RBMS8A
in normal individuals or LIHC patients with grade 1, 2, 3 or 4 tumors. Data are mean + SE. *, P <0.05; **, P <0.01; ***, P <0.001.
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Table 1. The type and frequency of RBMS8A neighbor gene alterations in hepatocellular carcinoma (cBioPortal).

Gene Amplification Homozygous Up-regulation Down- Mutation Total
Symbol Deletion regulation Alteration
RBMSA 10.1 0 16.1 0 0.3 21.6
CPSF1 16.1 0 30.9 0 2.2 37.2
NUP133 8.7 0 29.8 0.8 2.5 35.8
NUPS85 5.7 0 17.8 0 0.5 21.0
POLR2K 15.6 0.3 37.7 0.3 0 40.7
RPL30 14.8 0.3 347 0 0 38.8
RPL7 11.2 0 28.1 0 0 314
RPLS 16.1 0 322 0 0.3 37.7
RPS20 7.1 0 19.1 0 0 23.2
RPS27 123 0 11.5 0 0.3 22.1
SF3B4 10.7 0 30.3 0 0.5 33.6
SMGS5 123 0 21.6 0 1.1 303
SMG7 9.6 0 27.6 0 0.8 31.1
SNRPE 9.6 0 14.2 0 0 22.4
TPR 8.7 0 16.1 0.3 1.4 22.7

A Altered in 80 (22%) of 370 sequenced cases/patients (370 total)

REBMSA  22% 1]

Genetic Alteration ¥ Missense Mutation (unknown significance) I Amplification mRNA Upregulation No alterations

B Network view of the RBMS8A neighborhood in LIHC

SF3Ba  POLR2K

Figure 3. Visual summary of RBM8A alterations and biological interaction network in hepatocellular carcinoma (cBioPortal).
(A) OncoPrint of RBMS8A alterations in LIHC. The OncoPrint provides an overview of genomic alterations in RBM8A affecting individual sam-
ples (columns) in LIHC from the TCGA. The different types of genetic alterations are highlighted in different colors. (B) Network view of the
RBMB8A neighborhood in LIHC. RBMS8A are seed genes (indicated with thick border), and all other genes are automatically identified as altered
in LIHC. Darker red indicates increased frequency of alteration in LIHC. The interaction types are derived from the Biological Pathway Ex-
change (BioPAX): the blue connection indicates that the first protein controls a reaction that changes the state of the second protein; the red
connection indicates that the proteins are members of the same complex.
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Table 2. The Kinase, miRNA and transcription factor-target networks of RBM8A in in hepatocellular carcinoma

(LinkedOmics).

Enriched Category Geneset LeadingEdgeNum FDR

Kinase Target Kinase ATR 28 0
Kinase AURKB 34 0
Kinase CDKI1 95 0
Kinase CDK2 110 0
Kinase CHEKI 47 0

miRNA Target CTTTGCA, MIR-527 71 0.025
CCCACAT, MIR-299-3P 23 0.025
GTGCAAT, MIR-25, MIR-32, 78 0.029
MIR-92, MIR-363, MIR-367
GACAATC, MIR-219 49 0.030
ACTTTAT, MIR-142-5P 85 0.030

Transcription Factor Target VS$E2F1IDPIRB 01 76 0
VS$E2F1DP1 01 80 0
VS$E2F1DP2 01 80 0
VS$E2F1_Q3 76 0
VS$E2F1 Q4 01 82 0

Abbreviations: LeadingEdgeNum, the number of leading edge genes; FDR, false discovery rate from Benjamini and Hochberg from gene
set enrichment analysis (GSEA). V$, the annotation found in Molecular Signatures Database (MSigDB) for transcription factors (TF).

Enrichment analysis of RBM8A functional networks
in HCC

GO and KEGG pathway analyses of co-expression
genes correlated with RBM8A in HCC

The Function module of LinkedOmics was used to
analyze mRNA sequencing data from 371 LIHC
patients in the TCGA. As shown in the volcano plot
(Figure 5A), 2,596 genes (dark red dots) showed
significant positive correlations with RBMS8A,
whereas 3,050 genes (dark green dots) showed sig-
nificant negative correlations (false discovery rate
[FDR] < 0.01). The 50 significant gene sets positive-
ly and negatively correlated with RBM8A as shown
in the heat map (Figure 5B, 5C). This result suggests
a widespread impact of RBMS8A on the transcriptome.
The statistical scatter plots for individual genes are
shown in Supplementary Figure 1A—1C. RBMS8A
expression showed a strong positive association with
expression of POLR3C (positive rank #1, Pearson
correlation = 0.68, p = 1.48e-52), VPS72 (Pearson
correlation = 0.61, p = 6.64¢-39), and MRPL9 (Pear-
son correlation = 0.60, p = 3.64e—37), which reflect
changes in RNA polymerase 111 transcription initia-
tion, transcriptional regulation/DNA repair/apoptosis
and mitochondrial ribosome composition. Significant
GO term analysis by gene set enrichment analysis
(GSEA) showed that genes differentially expressed
in correlation with RBM&8A were located mainly in
the condensed chromosome, replication fork and
spliceosome complex, where they participate primar-

ily in cell cycle checkpoint control, DNA replication
and mRNA processing. They act as structural con-
stituents in ribosomes and monooxygenase (Figure
6A—6C and Supplementary Tables 1-3). KEGG
pathway analysis showed enrichment in the spliceo-
some, ribosome, DNA replication and cell cycle
pathways (Figure 6D, 6E and Supplementary Table 4).

RBMSA networks of kinase, miRNA or transcription
factor targets in HCC

To further explore the targets of RBM8A in HCC, we
analyzed the kinase, miRNA and transcription factor
target networks of positively correlated gene sets
generated by GSEA. The top 5 most significant target
networks were the kinase-target networks related
primarily to the kinases ataxia telangiectasia-mutated
and Rad3-related (ATR), Aurora kinase B (AURKB),
cyclin-dependent kinase 1 (CDK1), cyclin-dependent
kinase 2 (CDK2) and checkpoint kinase 1 (CHEKI1)
(Table 2 and Supplementary Tables 5-7). The miR-
NA-target network was associated with (CTTTGCA)
MIR-527, (CCCACAT) MIR-299-3P and
(GTGCAAT) MIR-25, MIR-32, MIR-92, MIR-363,
and MIR-367. The transcription factor-target network
was related mainly to the E2F Transcription Factor
(E2F) family, including E2F1DPIRB_01,
E2F1DP1 01 and E2F1DP2 01. The protein-protein
interaction network constructed by GeneMANIA
revealed correlation among genes for the kinases
ATR, miRNA-527 and TF E2FIDPIRB 01. The
gene set enriched for kinase ATR and transcription
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factor E2F1DP1RB is responsible mainly for regulat-
ing DNA replication, DNA repair and the cell cycle
checkpoint (Figure 7 and Supplementary Figure 3). In
addition, the gene set enriched for transcription factor
E2F1DPI1RB is also involved in the G1/S transition

in mitosis, telomere maintenance and the MCM com-
plex. The gene set enriched for miRNA-527 is in-
volved mainly in regulation of the tricarboxylic acid
cycle, organ development and angiogenesis (Supple-
mentary Figure 2).
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DISCUSSION

Differential expression and dysfunction of the exon
junction complex (EJC) core protein has been reported
in various cancers[7, 20-22]. RBM8A, a core compo-
nent of this complex, is involved in multiple steps of
transcription [8, 23]. In previous work, we found that
RBM8A was overexpressed in 105 HCC tissue samples
from patients in Guangxi, and that high RBM&A4 ex-
pression predicted poor prognosis [19]. In that work,
we also showed in vitro that RBM8A promotes tumor
cell migration and invasion in HCC by activating the
EMT signaling pathway. To gain more detailed in-
sights into the potential functions of RBM&EA in HCC
and its regulatory network, we performed bioinformat-
ics analysis of public sequencing data to guide future
research in HCC.

Early detection of HCC is a difficult problem that
perplexes clinicians. Alpha-fetoprotein (AFP) has long
been used as an indicator for early screening of HCC,
but only approximately 70% of HCC patients are AFP-
positive [24]. Therefore, new HCC markers are needed
to improve early diagnosis. Analysis of transcriptional
sequencing data from more than 1000 clinical samples
in the GEO and TCGA databases comprising six geo-
graphic regions and ethnic HCC studies [25-29] con-
firmed that RBM84 mRNA levels and CNVs are sig-
nificantly higher in HCC than in normal liver tissue.
The fold change is similar across the various HCC
studies and, while not large, ranks RBM8A4 among the
top 3—4% of all genes upregulated in HCC, based on
CNVs. We suggest that RBM8A overexpression occurs
in many cases of HCC and deserves further clinical
validation as a potential diagnostic and prognostic
marker.

A RBMSA Association Result
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CNVs can have major genomic implications, disrupting
genes and altering genetic content, leading to pheno-
typic differences [30]. Our study found that the copy
number of RBM8A4 was increased in HCC, and that the
major type of RBMS8A alteration was amplification,
which was associated with shorter survival. We specu-
late that altered RBMS&A expression and RBMEA
dysfunction in HCC may result from alterations in
chromosomal structure. Since RBMS&A plays several
important physiological functions, its alteration may
cause changes in various downstream signaling path-
ways. Indeed, neighboring gene networks close to
RBMS8A generally show different degrees of amplifica-
tion in HCC. Related functional networks are involved
in ribosome signaling, RNA transport, mRNA surveil-
lance and spliceosome signaling. Thus, the network of
RBMS&A alterations is involved in the core node of post-
transcriptional regulation, which is closely related to
RNA splicing and protein translation. This is consistent
with the physiological function of RBM84 [23, 31].

Enrichment analysis of target gene sets using GSEA
can help reveal important networks of target kinases,
miRNAs and transcription factors. Our results suggest
that the functional network of RBMS8A participates
primarily in the spliceosome, ribosome, DNA replica-
tion and cell cycle. Like the mutation network, the
functional network of RBM8A transcription is involved
in genomic stability, gene expression and the cell cy-
cle. These findings are consistent with the fact that
RBMS8A 1is critical for efficient and faithful splicing of
a specific subset of short introns in mitotic cell cycle-
related genes [32]. It is critical to understand how
alteration in a protein important for ensuring normal
transcription can lead to major dysfunction and even to
cancer such as HCC.

C Negatively Correlated Significant Genes

‘u T o

w..n;;y. Sl

I
e I !

| IqWH % z-Score Group I/ 1Il1 1 11 h! (

l>3 | K

LH ;‘[L.;Iw.‘ ‘ ﬁ

-1 .2

‘M'J“‘H‘l ; fuiiie

U \‘\HII\HH Pl el

Figure 5. Genes differentially expressed in correlation with RBM8A in hepatocellular carcinoma (LinkedOmics). (A) A Pearson
test was used to analyze correlations between RBMS8A and genes differentially expressed in LIHC. (B—C) Heat maps showing genes positively
and negatively correlated with RBMS8A in LIHC (TOP 50). Red indicates positively correlated genes and green indicates negatively correlated

genes.

www.aging-us.com

AGING



A
spindle

spliceosomal complex

replication fork

condensed chromosome

80

o

20 40 60

C

cofactor binding

Cellular component

Molecule function

B

fatty acid metabolic process

mRNA processing

DNA replication

cell cycle checkpoint

100 120

= leadingEdgeNum w FDR

D

mRNA surveillance pathway

RNA transport
oxidoreductase activity, acting on _ Cell evel
CH-OH group of donors clicycle
DNA replication
monooxygenase activity - P
Ribosome
structural constituent of ribosome _ .
Spliceosome
0 20 40 60 80 100 120
E
Gmw‘tfn factor G‘:nnm 1"3:3!10: DN& dam?fge\uheckpnim
| I p107 N
I v E2F4,5
| GSK3p DFP.1,2
| L
apk
pathway

plé pls plg pld

+u
p27.57
Inkda || Ik | Inkdc || Inkdd
L | |
+p

ORC (Ongin MCM (Min-Chromosome \,’/
Recognition Complex) Iaintenance ) cormplex OoO——
Owl | Om2 Wem2 | Mom3 DHA
[ O3 [ Orca | [ Momd | Mems
[Ors | oms | [ [1vicws | vtona |
Gl

(=]

Biological process

KEGG pathway

Smel | Sme3 |

[ Rad21 | Cohesin

Separin
Securin

)

proteolysis

S-phase proteins,
CyeE O————— - DNA biosynthesis
DNA
s

G2

200

100

Figure 6. Significantly enriched GO annotations and KEGG pathways of RBM8A in hepatocellular carcinoma. The significantly
enriched GO annotations and KEGG pathways of RBM8A co-expression genes in LIHC were analyzed using GSEA. (A) Cellular components. (B)
Biological processes. (C) Molecular functions. (D) KEGG pathway analysis. The blue column represents the LeadingEdgeNum, and the orange
represents the false discovery rate (FDR). The FDR from GSEA in the figure is 0. (E) KEGG pathway annotations of the cell cycle pathway. Red
marked nodes are associated with the LeadingEdgeGene.
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Genomic instability and mutagenesis are fundamental
characteristics of cancer cells, and kinases and their asso-
ciated signaling pathways help stabilize and repair ge-
nomic DNA [33, 34]. We found that RBM8A in HCC is
associated with a network of kinases including ATR,
AURKB, and CDKI. These kinases regulate genomic
stability, mitosis and the cell cycle [35, 36]. In fact, ATR
is one of the core kinase regulators of genomic stability;

Networks

Co-expression
Predicted

Pathway

Physical Interactions

Co-localization

it initiates cellular responses to genomic instability and
repair, directly phosphorylating more than 1000 im-
portant substrates, including tumor suppressor gene p53
protein and cell cycle regulatory proteins [37]. ATR ki-
nase inhibitors can kill tumor cells and synergize with the
cell-killing effects of chemoradiotherapy [38]. In HCC,
RBM8A may regulate DNA replication, repair, and cell
cycle progression via ATR kinase.
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Figure 7. Protein-protein interaction network of ATR kinase-target networks (GeneMANIA). Protein-protein interaction (PPI)
network and functional analysis indicating the gene set that was enriched in the target network of ATR kinases. Different colors of the net-
work edge indicate the bioinformatics methods applied: co-expression, website prediction, pathway, physical interactions and co-localization.
The different colors for the network nodes indicate the biological functions of the set of enrichment genes.
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In 2011, Hanahan et al. described the 10 hallmark
features of tumors, with “continuous proliferation” at
the top [39]. The most important reason is that abnor-
mal expression of cell cycle regulatory factors in tu-
mor cells leads to cell cycle disorder, which results in
aberrant proliferation, decreased differentiation, de-
creased apoptosis, and rapid multiplication and devel-
opment. E2F1 is one of the key links in the cell cycle
regulation network [40]. Abnormal E2F1 expression is
actively involved in the occurrence and development
of HCC. Studies have shown that increased expression
of E2F1 is associated with poor prognosis in HCC
patients [41], and studies with a transgenic mouse
model of E2F1-induced HCC showed that the network
of transcription factors targeted by RBM8A is related
to E2F1 [42]. Moreover, we showed previously that
RBMSA activates the EMT signaling pathway, which
E2F1 alters in a variety of solid tumors, including
HCC [43, 44]. Therefore, our analyses suggest that
E2F1 is an important target of RBMS8A, and that
RBMSA acts through this factor to regulate the cell
cycle and proliferation capacity of HCC. Further stud-
ies should test this hypothesis.

Our study identified several miRNAs that were associat-
ed with RBM8A. These short (2024 nt) non-coding
RNAs, normally involved in post-transcriptional regula-
tion of gene expression, can contribute to human carcin-
ogenesis [45]. The particular miRNAs in our study have
been linked to tumor proliferation, apoptosis, cell cycle,
invasion, metastasis, drug resistance and angiogenesis
[46—49]. In fact, miR-363, miR-25 and miR-299 can
be used as diagnostic and prognostic markers of HCC
[50-52]. While miR-363 regulates E2F Transcription
Factor 3 to inhibit HCC migration and invasion [53],
miR-367 and miR-32 participate in EMT progression
[54, 55]. Dysregulation of these miRNAs is consistent
with the phenotype of RBM8A overexpression in HCC
from our previous work [19].

This study provides multi-level evidence for the im-
portance of RBM&A in hepatocarcinogenesis and its po-
tential as a marker in HCC. Our results suggest that
RBM8A overexpression in HCC has far-reaching effects
in genomic stability and at multiple steps of gene expres-
sion (DNA replication, RNA splicing and protein transla-
tion) and of the cell cycle. RBM8A is specifically related
to several tumor-associated kinases (such as ATR),
miRNAs (such as miRNA-363), and transcription factors
(such as E2F1). This study uses online tools based on the
most popular bioinformatics theories to perform target
gene analyses on tumor data from public databases.
Compared with traditional chip screening, this method
has the advantages of large sample size, low cost, and
simplicity. This enables large-scale HCC genomics re-
search and subsequent functional studies.

At the same time, the TCGA database has limitations.
One is that the TCGA LIHC samples contain three ethnic
groups. The genetic background and etiology of HCC can
differ significantly across ethnic groups. Another limita-
tion is that the LIHC samples contain relatively few pa-
tients in stage 4, yet the clinical reality is that most HCC
patients are first diagnosed when their disease is ad-
vanced and prognosis is extremely poor. Therefore, our
results should be verified in clinical samples showing
sufficient coverage of different ethnic groups and HCC
stages. The third limitation is that transcriptome sequenc-
ing can detect only static mutations; it cannot directly
provide information on protein activity or expression
level. These questions should be addressed in follow-up
studies using molecular biology techniques.

MATERIALS AND METHODS
Oncomine analysis

The mRNA expression and DNA copy number of RBMS84
in HCC were analyzed within the Oncomine 4.5 database.
Oncomine (www.oncomine.org), currently the world’s
largest oncogene chip database and integrated data mining
platform, contains 715 gene expression data sets and data
from 86,733 cancer tissues and normal tissues [56]. This
analysis drew on a series of HCC studies, including Roess-
ler Liver 2, Chen Liver, Wurmbach Liver, Mas Liver,
TCGA Liver and Guichard Liver studies [25-29]. RBM8A
expression was assessed in HCC tissue relative to its ex-
pression in normal tissue, and differences associated with p
< 0.01 were considered significant.

UALCAN analysis

UALCAN uses TCGA level 3 RNA-seq and clinical data
from 31 cancer types, which is an interactive web-portal to
perform in-depth analyses of TCGA gene expression data
[57]. One of the portal’s user-friendly features is that it
allows analysis of relative expression of a query gene(s)
across tumor and normal samples, as well as in various
tumor sub-groups based on individual cancer stages, tumor
grade or other clinicopathological features. UALCAN is
publicly available at http://ualcan.path.uab.edu.

c-BioPortal analysis

The cBio Cancer Genomics Portal (http://cbioportal.org) is
an open-access resource for interactive exploration of
multidimensional cancer genomics data sets, currently
containing 225 cancer studies [58]. We used c-BioPortal
to analyze RBMS&A alterations in the TCGA LIHC sam-
ple. The search parameters included mutation, CNVs,
and mRNA expression. The tab OncoPrint displays an
overview of genetic alterations per sample in RBMS8A.
The tab Network visualizes the biological interaction
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network of RBMS8A derived from public pathway data-
bases, with color-coding and filter options based on the
frequency of genomic alterations in each gene. Neigh-
boring genes with alteration frequencies greater than
20% were included. We then performed GO and KEGG
pathway enrichment analyses of the most frequently
altered neighbor genes using the “clusterProfiler”
package in R [59]. The GO annotation had three parts:
cellular component (CC), biological process (BP), and
molecular function (MF).

LinkedOmics analysis

The LinkedOmics database (http://www.linkedomics.org/
login.php) is a Web-based platform for analyzing 32
TCGA cancer-associated multi-dimensional datasets
[60]. The LinkFinder module of LinkedOmics was used
to study genes differentially expressed in correlation with
RBM8A in the TCGA LIHC cohort (n=371). Results
were analyzed statistically using Pearson’s correlation
coefficient. The LinkFinder also created statistical plots
for individual genes. All results were graphically present-
ed in volcano plots, heat maps or scatter plots. The Link-
Interpreter module of LinkedOmics performs pathway
and network analyses of differentially expressed genes.
The comprehensive functional category database in the
Web-based Gene SeT Analysis Toolkit (WebGestalt)
[61] was applied. Data from the LinkFinder results were
signed and ranked, and GSEA was used to perform
analyses of GO (CC, BP and MF), KEGG pathways,
kinase-target enrichment, miRNA-target enrichment and
transcription factor-target enrichment. The latter two
network analyses were based on the Molecular Signa-
tures Database (MSigDB) [62]. The rank criterion was an
FDR < 0.05, and 500 simulations were performed.

GeneMANIA analysis

GeneMANIA (http://www.genemania.org) is a flexible,
user-friendly web interface for constructing protein-
protein interaction (PPI) network, generating hypotheses
about gene function, analyzing gene lists and prioritizing
genes for functional assays [63]. The website can set the
source of the edge of the network, and it features several
bioinformatics methods: physical interaction, gene co-
expression, gene co-location, gene enrichment analysis
and website prediction. We used GeneMANIA to visual-
ize the gene networks and predict function of genes that
GSEA identified as being enriched in HCC: kinase ATR,
mi-RNA 527 and transcription factor E2F1.
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SUPPLEMENTARY MATERIALS
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Supplementary Figure 1. Gene expression correlation analysis for RBM8A, POLR3C, VPS72, and MRPL9 (LinkedOmics). The
scatter plot shows Pearson correlation of RBMS8A expression with expression of POLR3C (A), VPS72 (B), and MRPL9 (C).
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Supplementary Figure 2. Protein-protein interaction network of miRNA 527-target networks (GeneMANIA). Protein-protein
interaction (PPI) network and functional analysis indicating the gene set that was enriched in the target networks of miRNA 527. Different
colors of the network edge indicate the bioinformatics methods applied: co-expression, website prediction, co-localization, shared protein
domains, physical interaction, pathway and genetic interactions. The different colors for the network nodes indicate the biological functions
of the set of enrichment genes.
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Supplementary Figure 3. Protein-protein interaction network of transcription factor E2F1DP1RB-target networks (GeneMANIA).
Protein-protein interaction (PPI) network and functional analysis indicating the gene set that was enriched in the target networks of tran-
scription factor E2F1DP1RB. Different colors of the network edge indicate the bioinformatics methods applied: co-expression, physical inter-
action, co-localization, website prediction, pathway and shared protein domains. The different colors for the network nodes indicate the
biological functions of the set of enrichment genes.
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Supplementary Table 1. Significantly enriched GO annotations (cellular components) of RBMS8A in hepatocellular
carcinoma (LinkedOmics).

Description Leading FDR leadingEdgeGene

EdgeNum
condensed 86 0 SMC4;AKAP8;NDC80;CDX2;CENPA;CENPB;SMC2;SPAGS5;CENPE;CE
chromosome NPF;KIF2C;RCC1;TOPBP1;CHEKI1;ZWINT;DMC1;DCTN3;CDCAS5;CB

X3;HUS1B;SPC24;DDX11;CENPV;FANCD2;SKA1;SKA3;NCAPH;ITGB
3BP;PESI;NSL1;SMCI1B;H2AFX;HMGB1;HMGB2;BIRC5;INCENP;CEN
PW;MAD2L1;MKI67;NEK2;DYNCILI1;PLK1;ERCC6L;PPP1CC;ZWILC
H;HJURP;NUP133;SPC25;RAD1;RAD9A;RAD51;RAD51C;RANGAPI1;B
LM;CENPK;NCAPG;CENPH;BRCA1;AURKA;SUV39H1;BUB1;BUBIB;
TOP2A;TUBGI1;UBE2I;ZNF207,CENPM;NUP37,CENPO;NUP85;DSNI1;S
EHIL;NUF2;MADILI1;DCTN5;BANF1;CCNBI;TOP3B;RSPH1;BOD1;BU
B3;AURKB;H2AFY;KNTCI1;CKAP5;NCAPD2

replication fork 30 0 POLD3;CHEKI1;DNMT1;POLA2;UHRF1;H2AFX;MCM3;SMARCALI;PC
NA;GINS2;POLE3;POLA1;POLDI1;POLE2;TIPIN;MCM10;PRIM1;PRIM2;
RAD51C;RFC2;RFC4;RFC5;RPA1;RPA3;XPA;XRCC2;XRCC3;PIF1;CDC

45;GINS4
spliceosomal 68 0 SF3B4;CWC27;ADAR;PPIH;USP39; TXNL4A;SF3A3;SF3B2;LSM6;U2AF2;
complex HNRNPA1L2;DQX1;U2AF1L4;HNRNPA3;RALY;SNW1;TFIP11;PRPF6;PR

PF31;LSM3;RBMX;HNRNPA |;HNRNPA2B1;HNRNPC;HNRNPHI;HNRN
PH3;HNRNPU;MAGOH;HNRNPM;CRNKL1;RBMX2;PPIL1;LSM7;GPATC
H1;MAGOHB;PRCC;RBM22;X AB2;LSM2;SNRNP70;SNRPA;SNRPA1;SN
RPB;SNRPB2;SNRPC;SNRPD1;SNRPD2;SNRPD3;SNRPE;SNRPF;SNRPG;
SF1;RNF113A;SF3A2;DGCR14;SF3B5;WDR83;DHX16;PRPF38A:RBM17:S
ARTI;PRPF4;PRPF3;EFTUD2;SNRNP40;DDX23;EIF4A3;RBMSA

spindle 112 0 KIF20A;TACC3;SPAGS5;CENPE;CENPF; TUBGCP2;JTB;CBX1;TOPBP1;
KATNA1;BIRC8;DCTN3;CBX3;HAUS1;CLTA;CSNK1D;KIF18B;CKAP2
L;DCTN1;DDX11;ECT2;CENPV;ERCC2;SKA1;SKA3;MAPRE;TPX2;H
AUS5;:NUP62;KIF4A;HEPACAM2;POC1A;ASPM;FBX05;CKAP2;PRPF1
9;WDR62;RACGAP1;GPSM2;HSPB1;BIRCS; TUBBS;INCENP;KIF2A;KI
F11;KIFC1;KIF22;ARL3;MAD2L1;NEK2;NPM1;DYNCILI1;NUSAP1;PL
K1;PPP2R3C;CDCAS8;PLEKHG6:MAPIS;HAUS7;YEATS2; CDK5SRAP2;R
CC2:KIF15;RANGAP1;AGBL5;RPS3;MMS19;AURKA;BUB1B;TPR;TT
K;TUBG1;VRKI;ZNF207;ALMS1;HAUS3;SHCBP1;NUP85:DSN1;FAMS
3D;KIF18A;CAPG;FAM110A;MADIL1;GSG2;RAB11FIP4;PSRC1;KLHL
22:WDR73;:DYNLL1;HDAC3;CDC16;CCNB1;RSPH1;PRC1;UNCI119;AR
HGEF2;AURKB;HAUSS;KIF23;KIF20B;MAD2L1BP;ESPL1;KNTC1;DL
GAP5;CKAP5;CDK 1;CEP350;CDC6;CDC20;KIF14;CDC25B

Abbreviations: LeadingEdgeNum, the number of leading edge genes; FDR, false discovery rate from Benjamini and Hochberg from
gene set enrichment analysis (GSEA).
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Supplementary Table 2. Significantly enriched GO annotations (biological processes) of RBM8A in hepatocellular
carcinoma (LinkedOmics).

Description Leading FDR LeadingEdgeGene

EdgeNum
cell cycle 89 0 CDK2;NDRG1;NDC80;MAD2L2;CENPF;TOPBP1;CHEK1;ZWINT;CHE
checkpoint K2;E2F7;CSNK2A1;EME1;E2F1;E2F4;FANCG;CNOT10;HINFP;FBXO04;

PRPF19;SFN;H2AFX;HRAS;PRMT1;MAD2L1;MSH2;CNOT3;NPM1;PC
NA;DYNCILI1;WAC;LCMT1;TRIAP1;GTSEL;DTL;UIMC1;PLK1;TIPI
N;ZWILCH;RFWD3;FANCI;PRCC;CDK5RAP2;PCID2;CENPJ;PRKDC;
BAX;RADI1;RBBP8;RPA2;RPS6;RPS27A;CLSPN;BLM;DCLRE1B;BRC
A1;AURKA;BUBI1;BUBI1B;TFDP2;TOP2A;TTK;UBA52;XRCC3;ZNF20
7:;RNASEH2B;WDR76;CEP63;CDK5RAP3;HMGA2;CDT1;CDC45;GSG
2;BRIP1;ATRIP;THOCS5;CCNB1;CCNE2;ZNF830,ZW10;BUB3;AURKB;
BRE;MAD2LIBP;MDCI1;KNTC1;CDK1;CDC5L;CDC6;CDC25C

DNA replication 100 0 CHAF1A;RNASEH2A;POLD3;POLQ;EHMT2;DBF4;CHEK1;SUPT16H;
CHEK2;POLG2;PARP1;E2F7;EME1;ESCO2;DDX11;FEN1;KIN;GTPBP
4;POLA2;CACYBP;POLL;STOML2;HMGA1;HRAS;STRAS;LIG1;MCM
2;MCM3;MCM4;MCM5;MCM6;MCM7;NAP1L1;NASP;SMARCALI;G
MNN;PCNA;DTL;CINP;GINS2;RTEL1;PLA2G1B;POLE3;POLA1;POL
D1;POLD2;POLE2;TEX10;TIPIN;PPP2R1A;MCMI10;PRIM1;PRIM2;RA
D1;RAD9A;RADS51;RBBP7;RFC2;RFC4;RFC5;RPA1;RPA3;RRM1;RRM
2;CHTF18;CLSPN;TSPYL2;BLM;SET;SHC1;NUCKS1;GINS3;BRCA1;S
SRP1;TOP2A;TTF1;SLBP;DSCCI1;E2F8;CDT1;CHAF1B;CDC7;CDC45;
ATRIP;RPAIN;ING5;GINS4;MCMS8;CCNA2; TIMELESS;CCNE1;EXO1;
RECQL4;KIAA0101;CDKI1;GINS1;CDC6;CDC25A;CDC25C;THOCI1

mRNA 149 0 PQBP1;CDK7;SF3B4;,CWC27;ADAR;PRMTS5;PPIH;PRPF8;KHDRBS1;U

processing SP39;CPSF4; TXNL4A;RNPS1;SF3A3;HNRNPAO;SF3B2;CPSF6;HNRN
PULI1;LSM6;U2AF2;TSEN15;RAVER1;LSM11;HNRNPAI1L2;CSTF1;CS
TF2;DQX1;DHX9;U2AF1L4;ERCC2;HNRNPA3;CASC3;PUF60;RALY;
NCBP2;SNW1;KIN;PDCD11;KDM1A;JMJD6;TARDBP;TFIP11;PRPF6;
FUS;ZNF473;PRPF31;DAZAP1;AKAP8L;GPKOW;LSM3;RBMX;PRPF1
9;TSEN54;GTF2F1;GTF2H4;CPSF1;HMX2;HNRNPA1;HNRNPA2B1;H
NRNPC;HNRNPD;HNRNPH1;HNRNPH3;HNRNPL;HNRNPU;MAGOH;
HNRNPM;H2AFB1;NONO;GEMIN4;DDX47;CRNKL1;SRRT;RBMX2;P
PIL1;LSM7;CPSF3;POLR2D;POLR2F;POLR2G;POLR2H;POLR2I;PAF
1;GPATCH1;MAGOHB;RAVER2;PSPC1;WDR33;RBM38;RBM22;RNF
20;XAB2;PTBP1;LSM2;SCAF1;UBL5;RBM4;SAFB;SFPQ;CPSF4L;TRA
2B;SNRNP70;SNRPA;SNRPA1;SNRPB;SNRPB2;SNRPC;SNRPD1;SNR
PD2;SNRPD3;SNRPE;SNRPF;SNRPG;SUPT5H;SUPT6H;SF1;RNF113A;
SLBP;TSEN34;RBM42;GEMIN7;FIP1L1;SF3A2;DGCR14;RBM10;SF3B
5;FAM103A1;WDRS83;THOC3;SARNP;DHX16;BUD13;PHF5A;PRPF38
A;RBM17;THOC5;KHSRP;CCNB1;SART1;PRPF4;PRPF3;EFTUD2;SNR
NP40;DDX23;RBM39;SAFB2;EIF4A3;RBM8A;THOCI1

fatty acid 133 0 LYPLAL;ACAA2;CES1;PPARGCI1A;ACOT2;SLC27A5;SLC27A4;SLC2
metabolic TA2;ERLIN2;CYP2U1;APOAS5;ACSM2A;ACOT12;CPT2;CRAT;PTGR2;
process CYP1AIL;CYP1A2;CYP1BI1;CYP2A6;,CYP2A7;,CYP2A13;CYP2C19;CYP

2C8;CYP2C9;CYP2J2;CYP4A11;AKR1C2;DECR1;MMAA;DLAT;DLD;
ECHS1;EDN1;EHHADH;EPHX2;AKT2;ETFA;ETFDH;FAAH;ACSL1;A
LDH3A2;PTGR1;WDTCI;LPIN1;ACSL6;SIRT1;MLYCD;AMACR;MTO
R;HACL1;HIBCH;GHR;ACAD8;ANGPTL3;ZADH2;CYP4V2;ACAA1;H
ADHB;HADH;ACACB;HSD17B4;ACADL;ACADM;ACSM2B;ACADS;
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Description

Leading
EdgeNum

FDR

LeadingEdgeGene

ACADSB;INSIG1;IRS1;ACADVL;IVD;ACATI1;LIPE;LPL;CYP4F3;MGS
T2;MUT;MYOSA;PNPLAS;PCCA;ACOX1;CRYL1;ABHDS;INSIG2;HS
D17B12;PRKAG2;PDHA1;PDK1;PDK2;PDK4;ACSL5;PEX13;PLA2GS5;
HAOI1;POR;PPARA;AUH;ACSMS5;0XSM;PDPR;AVPR1A;THNSL2;EC
HDC2;0LAH;PECR;BDH2;BAAT;PDP2;GPAM;ABCD3;ELOVL5;ACS
M3;SCP2;ACOT1;ACOT6;STATSB;TNFRSFIA;ELOVL6;ALDHS5AL;A
DIPOR2;PDHX;ACAD10;ACOX2;SESN2;LONP2;ACAD11;MCEE;CBR
4;CYP4F2;IRS2;CBR1;SGPLI1;LPIN2

Abbreviations: LeadingEdgeNum, the number of leading edge genes; FDR, false discovery rate from Benjamini and Hochberg
from gene set enrichment analysis (GSEA).
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Supplementary Table 3. Significantly enriched GO annotations (molecular functions) of RBM8A in hepatocellular
carcinoma (LinkedOmics).

Description Leading FDR LeadingEdgeGene

EdgeNum
structural 85 0 RPL35;RPL39L;MRPL52;MRPL55;RPL13A;RPL36;RPSA;RPL10A;MRP
constituent of L4;MRPL51;MRPS17;MRPS23;MRPS21;MRPS18A;MRPL47;RPL5;RPL
ribosome 6;RPL7;RPL7A;RPL8;RPL10;RPL17;RPL18;RPL18A;RPL19;RPL21;RPL

22:RPL23A;MRPL23;RPL24;RPL26;RPL27;RPL30;RPL27A;RPL28;RPL
31;RPL32;RPL35A;RPL37;RPL37A;RPL38;RPL39;RPL41;RPL36A;RPLP
0;RPLP1;RPLP2;MRPS12;RPS2;RPS3;RPS3A;RPS4X;RPS5;RPS6;RPS7;
RPS8;RPS9;RPS10;RPS11;RPS12;RPS13;RPS14;:RPS15;RPS15A;RPS16;
RPS17;RPS18;RPS19;RPS21;RPS23;RPS24;RPS27;RPS27A;:RPS29;MRP
S14;MRPL14;MRPS24;MRPS5;MRPL1 I;MRPL9;UBAS52;DAP3;MRPL24;
RPL23;MRPL33

monooxygenase 37 0 COQ7,CYP2UI;,CYPIA1;,CYP1A2;CYPIBI1;CYP2A6;CYP2A7,CYP2C19;

activity CYP2C8;CYP2J2;CYP3A4;CYP4A11;,CYP8B1;CYP11A1;CYP17A1;CYP
26A1;DBH;AKR1C2;NLRP11;FMO2;FMO3;FMO4;CYP4X1;CYP4A22;C
YP4V2;CYP4F3;NOS1;NOS3;PAH;COQ6;CYP39A1;MICAL3;CYP4F11;
CYP3A43;CYP4F2;CYP7BI;MICAL2

oxidoreductase 63 0 AKRI1A1;ME3;HIBADH;ADH1A;ADH1B;ADH1C;ADH4;ADHS5;ADHG6;

activity, acting ADHFEL;PTGR2;CYB5A;AKR1C1;AKR1C2;EHHADH;LDHD;ALDH3A

on CH-OH group 1;ALDH3A2;PTGR1;AKR7A3;KDSR;GPD1;ZADH2;HADHB;HADH;AO

of donors X1;HSD11B1;HSD17B3;HSD17B4;IDH1;IDH2;IDH3A;CYP4F3;MDHI1;
ME1;CRYLI;RDH11;HSD17B12;HSD17B11;DCXR;HAO1;CHDH;BDH2;
RDH14;RDH5;BDH1;SORD;SRD5A2;D2HGDH;XDH;KCNAB1;VKORC
1;L2HGDH;GLYR1;CBR4;KCNAB2;CYP4F2;RDH16;HSD17B6;CBR1;D
HRS3;GRHPR;H6PD

cofactor binding 105 0 AHCYL1;ME3;SDS;HIBADH;PROSC;ADH4;CRY2;CRYM;CRYZ;CTH;

DECR1;DHODH;CYB5R3;DLD;ABAT;LDHD;ETFA;ALAS1;ETFDH;AL
DHI1A3;FMO2;FMO3;FMO4;AHCYL2;SIRT5;SIRT |;NNT;MMACHC;H
ACL1;ACADS;GCLC;GOT2;GPD1;GPT;HADH;HDC;AOC2;HMGCL;A
CADL;GADL1;ACADM;IDHI;IDH3A;ACADS;ACADSB;ACADVL;IVD;
ACATI;IYD;LMO2;MAOB;ME1;ALDH6A1;NOS1;NOS3;0GDH;ACOX
1;COQ6;CRYL1;AADAT;CSAD;WWOX;HAO1;POR;PNPO; THNSL2;AS
PDH;DHTKD1;0GDHL;BDH2;MICAL3;QDPR;SCP2;SRR;SDHA;SDHB;
SDHD;SHMT1;AGXT2;SORD;SRD5A1;SUOX;TAT;D2HGDH;XDH;KC
NAB1;VKORC1;ACBD4;THNSL1;COQ10B;ACAD10;ACOX2;ACADI;
GLYRI1;ACCS;CAT;GPT2;CBR4;A0C3;SGPL1;ACBD5;0XNAD1;GRH
PR;H6PD;MICAL2

Abbreviations: LeadingEdgeNum, the number of leading edge genes; FDR, false discovery rate from Benjamini and Hochberg
from gene set enrichment analysis (GSEA).
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Supplementary Table 4. Significantly enriched KEGG pathway annotations of RBM8A in hepatocellular carcinoma
(LinkedOmics).

Description Leading FDR LeadingEdgeGene
EdgeNum
Spliceosome 62 0 PQBP1;SF3B4;PPIH;USP39;TXNL4A;SF3A3;SF3B2;LSM6;U2AF2;HNR

NPAI1L2;U2AF1L4;HNRNPA3;PUF60;NCBP2;SNW1;PRPF6;PRPF31;L
SM3;RBMX;HNRNPA1;HNRNPC;HNRNPU;HSPA6;MAGOH;HNRNP
M;CRNKLI;PPIL1;LSM7;MAGOHB;RBM22;XAB2;ISY1;LSM2;RP9;T
RA2B;SNRNP70;SNRPA;SNRPA1;SNRPB;SNRPB2;SNRPC;SNRPD1;S
NRPD2;SNRPD3;SNRPE;SNRPF;SNRPG;U2AF1;SF3A2;SF3B5;THOC3;
DHX16;PRPF38A;RBM17;SART1;PRPF4;PRPF3;EFTUD2;SNRNP40;D
DX23;EIF4A3;RBMSA

Ribosome 79 0 RPL35;RPL13A;RPL36;RPSA;RPL10A;MRPL4;MRPS17;MRPS21;MRP
S18A;RPL5;RPL6;RPL7;RPL7A;RPL8;RPL10;RPL17;RPL18;RPL18A;R
PL19;RPL21;RPL22;RPL23A;MRPL23;RPL24;RPL26;RPL27;RPL30;RP
L27A;RPL28;RPL31;RPL32;RPL35A;RPL37;RPL37A;RPL38;RPL39;RP
L41;RPL36A;RPLPO;RPLP1;RPLP2;MRPS12;RPS2;RPS3;RPS3A;RPS4
X;RPS5;RPS6;RPS7;RPS8;RPS9;RPS10;RPS11;RPS12;RPS13;RPS14;RP
S15;RPS15A;RPS16;RPS17;RPS18;RPS19;RPS21;RPS23;RPS24;RPS25;
RPS26;RPS27;RPS27A;RPS29;MRPS14;MRPL14;MRPS5;MRPL11;MRP
L9;UBA52;MRPL24;RPL23;MRPL33

DNA replication 24 0 RNASEH2A;POLD3;FEN1;POLA2;LIGI;MCM2;MCM3;MCM4;MCMS5;
MCM6;MCM7;PCNA;POLE3;POLAL;POLDI1;POLE2;PRIM1;PRIM2;RF
C2;RFC4;RFC5;RPA1;RPA3;RNASEH2B

Cell cycle 51 0 CDK4;,CDK7;CDKN2C;PTTG2;DBF4;YWHAQ;CHEK1;CHEK2;E2F1;E
2F2;E2F4;CDC26;SMCI1B;ANAPC4;HDAC1;HDAC2;MAD2L1;MCM?2;
MCM3;MCM4;MCM5;MCM6;MCM7;PCNA;ANAPC5;ANAPC7;ANAP
C11;PLK1;PRKDC;BUB1;BUBI1B;TFDP2;TTK;CDC7,CDC45,CDC16;C
CNA2;CCNB1;CCNE1;PKMYTI1;CCNB2;CCNE2;BUB3;PTTG1;ESPLI;
CDK1;CDC6;CDC20;CDC25A;CDC25B;CDC25C

RNA transport 50 0 POMI121C;POP7;PRMTS5;TACC3;RPP30;RPP38;POP4;RNPS1;EIF2B1;E
IF2S3;EIF4A1;CASC3;NCBP2;NUP205;NUP210;NUP188;NUP62;NXT1;
MAGOH;GEMIN4;MAGOHB;ELACI1;NUP133;XPO5;RAN;RANGAPI;
UPF3A;SUMO2;TPR;UBE2I;NUP37;GEMIN7;RPP21;NUP85;NUP214;T
HOC3;RAE1;THOCS;EIF3B;EIF3D;EIF3F;EIF3G;EIF2B5;EIF2S2;EIF4E
2;NUPI155;NUP93;EIF4A3;RBM8A;THOCI1

mRNA 29 0 CPSF4;RNPS1;CPSF6;MSI2;CSTF1;CSTF2;CSTF3;CASC3;NCBP2;SM
surveillance G5;DAZAP1;NXT1;CPSF1;MAGOH;MSI1;CPSF3;PPP1CA;PPP1CC;PP
pathway P2R3C;MAGOHB;PPP2R1A;PPP2R5D;WDR33;UPF3A;FIP1L1;SYMPK;

EIF4A3;SMG7;RBMSA

Abbreviations: LeadingEdgeNum, the number of leading edge genes; FDR, false discovery rate from Benjamini and Hochberg
from gene set enrichment analysis (GSEA).
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Supplementary Table 5. Significantly enriched kinase-target networks of RBM8A in hepatocellular carcinoma

(LinkedOmics).

Geneset

LeadingEdgeGene

Kinase ATR

Kinase AURKB

Kinase CDK1

Kinase CDK2

Kinase CHEK1

DBF4;CHEK | ;CHEK2;DAXX;E2F |;EWSR1;FANCD2;FARSA;H2AFX;MCM2;MCM3;CNOT?;
SMARCALI1;GINS2;FANCL, TDP1;RAD1;RAD9A;CHTF18;CLSPN;BLM;DCLRE1C;MARCKS
L1;BRCAI;XPA;XRCC3;ATRIP;MDC]1
NDC80;RBM14;MYBBP1A;CENPA:KIF2C;SUPT16H;CDCAS5;HIST2H3C;CDCA2;KIF4A;AT
XN10;CKAP2;RBMX;RACGAP1;H3F3A;HMGN2;BIRC5;HSP90AB1;MKI67;NUSAP1;PLK1;
CDCAS8;PRKDC;PARD3;RBM3;RPL8;RPL21;RPS10;DEK;SHCBP1;DSN1;HIST1H3C;AURKB;
KIF23

BCL2L11;CDK7;SCML2;CENPA;SPAG5;PTTG2;SEPT9;CD3EAP;KIF2C;CHEK 1;CDCA5;U2
AF2;CSNK2A1;CSNK2B;DCTN1;DNMT1;E2F |;ECT2;EEF 1 D;EZH2;FANCG;FEN1;TPX2;FO
XM1;CARHSP1;CKAP2;FBX043;UHRF1;TFPT;PYCR2;ANAPC4;HIST1H1E;HCFC1;HMGAI;
BIRC5;FOXK2;KIF11;KIF22;STMN1;LBR;LIG1;LMNA;LMNB ;MCM7;MDM4;MKI67;NCL;
NUSAP1;DTL;ANAPCI11;PI4KB;ERCC6L;PPP1CA;CEP55;PBK;NSFL1C;PTPN2;RAD9A;RA
NGAP1;RFC2;RFC4;RFC5;RPS3;RRM2;BLM;NCAPG;NUCKS1;BRCA1;SSR1;SUPT5H;TCOF
1;BUB1;BUBI1B;TK1;TMPO;TOP2A; TPR;UBE2I;USP1;SLBP;CDC7;GSG2;LMNB2;GMPS;CD
C16;CCNB1;PRCI;KIF20B;ESPL1;DLGAP5;UBAP2L;CDC20;CDC25A;CDC25B;CDC25C
CDK7;SCML2;CDX2;CENPF;CHD4;HNRNPUL1;CHEK 1;EGLN2;C170rf49;CSNK2A1;CSNK
2B;DNMT1;E2F1;E2F2;CRTC2;EZH2;RALY;SNW 1;TPX2;FOXM1;ANKLE2;NCAPH;SNAPI
N;CDC26;XRCC6;MTHFD1L;PRPF31;ERAL1;PELP1;POLL;DBNL;UHRF1;GTF2F1;PYCR2;A
NAPC4;HIST1HIE;HCFC1;HMGA 1;HNRNPD;HNRNPH |;FOXK2;ILF3;IMPDH2;KIF22;STM
NIL;LIG1;LIG3;MARCKS;MCM2;MCM3;MCM4;MCM7;MKI67;MYBL2;NCL;NOSIP;CDK16;
ANAPCS5;ANAPC7;DTL;ANAPC11;POU2F1;PPP1CA;C90rf40;NUP133;DMAP1;PTHLH;AAR
S2;USP37;PTPN2;PYCR1;RAD9A;DPF2;RPS3;RPS27;RRM2; TSPYL2;BLM;NUCKS1;SNRNP
70;BRCA1;SUPT5H;SUPT6H; TBCE; TCF3;TCOF1;TK 1;TPR; TSN;XRCC1;ZYX;CDT1;DIAPH
3;:CDC7;ATRIP;ING5;LMNB2;ARHGAP19;GMPS;CDC16;CCNA2;CCNE1;PRPF3;MDC 1;EIF4
A3;:DLGAP5;SETDB1;CDC6;CDC20;CDC25C
TRIM28;RBM14;MYBBP1A;POP4;TLK2;CHEK |;RAVER 1;CSNK2B;E2F6;EPRS;FANCD2;F
ANCE;FENT;RALY;RRP12;XRCC6;RACGAP1;H3F3A;HNRNPA2B1;KIFC1;KPNA2;LAMCI;
LIG1;LMNA;MAD2L1;MCM3;MCM5;MDM4;MKI67;HNRNPM;PPP2RSD;MAP2K2;RADS51;
RPL19;CLSPN;BLM;RBM42;BUD13;TNK I;PRPF3;ARHGEF2;AURKB;MDC1;CDK 1;CDC25
A;CDC25B;CDC25C

Abbreviations: LeadingEdgeNum, the number of leading edge genes; FDR, false discovery rate from Benjamini and Hochberg
from gene set enrichment analysis (GSEA).
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Supplementary Table 6. Significantly enriched miRNA-target networks of RBM8A in hepatocellular carcinoma

(LinkedOmics).

Geneset

LeadingEdgeGene

CTTTGCA,
MIR-527

CCCACAT,
MIR-299-3P

GTGCAAT,
MIR-25, MIR-32,

MIR-92, MIR-363,

MIR-367

GACAATC,
MIR-219

ACTTTAT,
MIR-142-5P

MBNL2;DNAJA2;ARPP19;RPP14;KLF12;CASC4;ANTXR2;ADRA2B;DAG1;AP1G1;GADD45
A;ZNF800;DTNA;EFNB2;TAPT1;PTK2B;USP12;ZNRF2;FNDC3A;SPEN;SAMD4A;KIF1B;TN
RC6B;SLC35D1;VPS13A;ZFPM2;SLC35A3;CBX7;HBP1;PDE7B;TNRC6A;IDH3A;TRIM23;K
CNMAI1;KCNS2;KPNA3;RHOB;MBNL1;FOX0O4;NR3C2;NR4A2;RNF165;0GDH;PAX2;0TUD
4,SEPT11;PRKD1;UBFDI;PTEN;PTPRM;RAP1A;RP2;SALLI;SMARCA2;TACCI;TCF12;TEA
D1;GNPTAB;MAFK;CCDC82;CALDI1;ESRP2;CHD9;CPEB4;FZD4;RAB33B;FYTTDI1;API5;M
KNK1;PUMI1;,ZEB2
APBB3;CUX1;AP1G1;CYB5R3;MAPRE3;FBXO33;IFIT1;ITGAV;KCNMA1;MUC4;PARP6;Z
NFX1;ARRDC3;RAB6A;ABCE1;PDLIM2;TCF4;TIMP3;UBE2H;TRPM3;RAB6C;RUNXI1TI;C
D164
FRY;TOB1;ADAMI10;NFATS5;IQGAP2;FCHO2;LIN54;CPEB2;ADM;SESN3;CNTN4;DMXLI1;S
1PR1;PIKFYVE;FHL2;CPEB3;GOLGA8A;PHLPP2;PDZD2;DOCK9;MORC3;NECAPI;LATS2;
NPTN;GOLGA4;GRIA3;BAZ2B;HIVEP1;RBPMS2;INSIGI;ITGAV;MYO18A;SMAD6;MAN2
A1;DNAJBI;MYOI1B;NFIA;NFIX;POLK;C110rf24;SLC38A2;0TUD4;BSDC1;UBE2W ;FBXW
7,PRKCE;ADAMTSL3;FAM160B1;REV3L;GPBP1L1;BMPR2;GRAMD3;SSFA2;TCF21;DYN
LT3;TEADI1;TGIF1;UGP2;LUZP1;PPCS;CPEB4;SGPP1;SNN;DNAJC30;GLYRI1;PIK3R3;CBF
A2T3;KAT2B;CCNC;HERC2;KALRN;ARRDC4;DLGAP2;FNIP1;KIAA0430;EDEM1;ZEB2;TE
CPR2
PTPRU;PPARGCI1A;AKAP13;FMNL2;SLC31A1;CPEB2;SH3D19;FAM91A1;ZNF800;UBR1;E
LKI1;EPHA4;ERG;ESR1;ZCCHC24;RBM24;CPEB3;KIF1B;DDAH1;ELMOD2;CCDC28A;FBX
03;AFF4;INSIG1;SNRK;CC2D1A;SOX6;AGPAT3;ERGIC1;RNF6;,ITSN1;FBXL17;TACCI1;KL
F9; TGFBR2;NR2C2;UBE3A;SLC30A4;NRIP1;FZD4;TRAF7;KBTBDS8;CGNL1;CBFA2T3;CDI
64;SYNGAP1;HOMER2;LAPTM4A;TSC22D2
APBB3;SORBS1;NFATS;BVES;MGAT4B;FCHO2;CLCN3;C140rf28;COL4A3;CPEB2;FAMOI1
A1;AP1G1;MIER3;AHR;UBR1;ELAVL2;EPASI;HIPK1;ETV1;JMJD1C;CPEB3;FNDC3A;SPE
N;DCUNI1D4;TBC1D9;ZCCHC14;ZFPM2;RHOQ;FOS;RALGAPA1;C2CD2;GCHI1;NPAS4;AF
F4;MAT2B;NRGI1;CHSY3;LUZP2;IGF1;MKLNI1;NFE2L2;RNF165;CDK17;MBIP;BTBD1;FA
M134B;0TUD4;DNAJC25;CDC37L1;SLC17A7;GOPC;PTPN4;REV3L;SCOC;SDCBP;SNX16;
ABCG4;PLEKHA3;BNIP2;TCF12;TGFBR2;KLF10;TLE4;ZFP36;ZFYVE21;RNF128;SPSB1;C
HD9;CPEB4;FAM107B;ZNF503;RERG;DCHS1;SLC4A4;NRP1;SYNJ1;CCNT2;ZBTB47;TAO
K2;UBE4A;SLC25A27;ADAMTS1;UBE3C;HERPUD1;TSC22D2

Abbreviations: LeadingEdgeNum, the number of leading edge genes; FDR, false discovery rate from Benjamini and Hochberg
from gene set enrichment analysis (GSEA).
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Supplementary Table 7. Significantly enriched transcription factor-target networks of RBM8A in hepatocellular
carcinoma (LinkedOmics).

Geneset

LeadingEdgeGene

VS$E2FIDPIRB 01

VSE2F1DP1 01

VSE2F1DP2 01

V$E2F1 Q3

VSE2F1_Q4 01

POLD3;HNRNPULI1;CLTA;SEZ6;RAVERI1;E2F7;ZNF565;DNMT1;E2F1;EIF4A1; THAPS8;EZH
2;:DNAJC9;ZIM2;NUP62;POLA2;INTS7;IL411;FBXO5;WDR62;ATAD2;H2AFZ;HMGN2;HNR
NPA1;HNRNPD;HOXC10;RBPJ;ILF3;IMPDH2;STMN1;LIG1;MAZ;MCM2;MCM3;MCM6;M
CM7,MSH2;NASP;NCL;GMNN;APHIA;PCNA;TRMT6;POLA1;POLD1;POLE2;ANKHD1;PP
P1CC;0TUD7B;ZNF687;USP37;RAD51;RRM2;CLSPN;GINS3;SNRPD1;SOAT1;TMPO;TYR
03;DCTPPI;E2F8;ATADS;CDT1;MXD3;CDCA7;ACBD6;MCMS;FIZ1;EED;PKMYT1;AP4M1;
KIAAO0101;ARHGAP11A;CDK1;CDC6;CDC25A
POLD3;CD3EAP;HNRNPUL1;CBX3;RAVERI;E2F7;ZNF565;DNMT1;E2F1;EIF4A1; THAPS;
EZH2;FANCD2;FANCG;DNAJC9;ZIM2;NUP62;1L411;FBXO5;WDR62;ATAD2;H2AFZ;HMG
A1;HNRNPA2B1;HNRNPD;HOXC10;ILF3;STMN1;MAZ;MCM2;MCM3;MCM4;MCM6;MC
M7;MSH2;NASP;NCL;PAX6;GMNN;APHIA;PCNA;TRMT6;POLA1;POLD1;POLE2;PRKDC;
OTUD7B;PTMA;ZNF687;USP37;RANBP1;RRM2;PCIF1;CLSPN;TRA2B;GINS3;GPBP1;SNR
PDI1;SOATI1;SUV39H1;TMPO;TYRO3;DCTPP1;E2F8;ATAD5;MXD3;CDCA7,ACBD6;MCMS,;
PHF5A;FIZ1;EED;PKMYT1;AP4M1;H2AFV;KIAA0101;ARHGAP11A;CDK1;CDC6;CDC25A
POLD3;CD3EAP;HNRNPUL1;CBX3;RAVERI;E2F7;ZNF565;DNMT1;E2F1;EIF4A1; THAPS;
EZH2;FANCD2;FANCG;DNAJC9;ZIM2;NUP62;1L411;FBXO5;WDR62;ATAD2;H2AFZ;HMG
A1;HNRNPA2B1;HNRNPD;HOXC10;ILF3;STMNI1;MAZ;MCM2;MCM3;MCM4;MCM6;MC
M7;MSH2;NASP;NCL;PAX6;GMNN;APH1A;PCNA;TRMT6;POLA1;POLDI1;POLE2;PRKDC;
OTUD7B;PTMA;ZNF687;USP37;RANBP1;RRM2;PCIF1;CLSPN;TRA2B;GINS3;GPBP1;SNR
PD1;SOAT1;SUV39H1;TMPO;TYRO3;DCTPP1;E2F8;ATAD5;MXD3;CDCA7;ACBD6;MCMS;
PHF5A;FIZ1;EED;PKMYT1;AP4M1;H2AFV;KIAA0101;ARHGAP11A;CDK1;CDC6;CDC25A
POLD3;PLK4;CD3EAP;HNRNPULI;RAVERI1;E2F7;SIX5;ZNF565;DNMT1;E2F1;THAP&;EZ
H2;DOLK;DNAJC9;ZIM2;NUP62;1L411;FBXO5;PELP1;WDR62;GPS2;ATAD2;H2AFZ;HMG
N2;HNRNPD;HOXC10;ILF3;STMNI1;MAZ;MCM2;MCM3;MCM6;MCM7;MSH2;NASP;NCL;
CNOT3;PAX6;GMNN;APHIA;PCNA; TRMT6;POLA1;POLD1;POLE2;ANKHDI1;TIPIN;OTU
D7B;KIF15;ZNF687;USP37,RRM2;CLSPN;GINS3;SNRPD1;SOATI;TMPO;TYRO3;USP1;DC
TPP1;E2F8;ATAD5;MXD3;CDCA7;ACBD6;MCMS;FIZ1;PRPF38A;EED;PKMYTI1;AP4M1;KI
AA0101;ARHGAP11A;CDK1;CDC6;CDC25A
DDX17;SMC2;YWHAQ;TOPBP1;PAQR4;NDUFA11;ZNF565;CTNND2;DAXX;SASS6;DNM
T1;E2F1;THAPS;EZH2;FANCG;DOLK;RALY;PPRC1;POLA2;INTS7;FBXO5;EIF3K;WDR62;
ATAD2;H2AFZ;HMGN2;HMGA1;HNRNPA1;HNRNPD;HOXA9;HOXC10;RBPJ;IMPDH2;ST
MNI;MAT2A;MAZ;MCM2;MCM3;MCM4;MCM6;MCM7;NASP;NCL;GMNN;PCNA;TRMT®6,;
ATP5G2;POLA1;POLE2;ANKHDI1;PRKDC;OTUD7B;PTMA;ZNF687;RAD51;RANBP1;RPS1
9;GINS3;BMP7;SUV39HI1;KLF5;UFDIL;USP1;DCTPP1;E2F8;CDC45;MXD3;CASP2;CDCA7;
UXT;ACBD6;MCMS8;HISTIH2AH;PKMYT1;AP4M1;NUP155;KIAA0101;ARHGAP11A;CDK
I;MELK;CDC6;CDC25A

Abbreviations: LeadingEdgeNum, the number of leading edge genes; FDR, false discovery rate from Benjamini and Hochberg
from gene set enrichment analysis (GSEA). VS, the annotation found in Molecular Signatures Database (MSigDB) for tran-

scription factors (TF).
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