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Abstract

Background: Dysregulation of RNA binding proteins (RBPs) has been identified in multiple malignant tumors correlated with
tumor progression and occurrence. However, the function of RBPs is not well understood in hepatocellular carcinoma (HCC).
Methods: The RNA sequence data of HCC was extracted out of the Cancer Genome Atlas (TCGA) database and different RBPs
were calculated between regular and cancerous tissue. The study explored the expression and predictive value of the RBPs
systemically with a series of bioinformatic analyzes. Results: A total of 330 RBPs, including 208 up-regulated and 122 down-
regulated RBPs, were classified differently. Four RBPs (MRPL54, EZH2, PPARGCIA, EIF2AK4) were defined as the forecast
related hub gene and used to construct a model for prediction. Further study showed that the high-risk subgroup is poor survived
(OS) compared to the model-based low-risk subgroup. The area of the prognostic model under the time-dependent receiver
operator characteristic (ROC) curve is 0.814 in TCGA training group and 0.729 in validation group, indicating a strong prognostic
model. We also created a predictive nomogram and a web-based calculator (https://dxyjiang.shinyapps.io/RBPpredict/) based on
the 4 RBPs and internal validation in the TCGA cohort, which displayed a beneficial predictive ability for HCC. Conclusions: Our
results provide new insights into HCC pathogenesis. The 4-RBP gene signature showed a reliable HCC prediction ability with
possible applications in therapeutic decision making and personalized therapy.
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Introduction

Hepatocellular carcinoma is one of the world’s most common
malignant tumors." It has a high degree of malignancy, a pow-
erful invasion and metastasis, and weak prognosis.” While the
number of tumor markers used for the diagnosis and forecast of
associated cancer has increased, no one has the high recogni-
tion, sensitivity, and specific characteristics necessary for the
evaluation of HCC condition, effectiveness and prognosis. Bio-
markers with diagnostic and prognostic accuracy are urgently
needed.**

RNA binding proteins are proteins that associate and
are omnipresent in cells with various types of RNA.>® The
high-throughput scanning of human cells, containing 7.5 per-
cent of all protein coding genes, detected a minimum of
1542 RBPs.”® These RBP’s influence cell proliferation and
cell metabolism post-transcription activities and are therefore
involved in many biological processes, including RNA spli-
cing, mRNA stabilization, cytoplasm exports, localization,
and protein translation.”!® Provided that RBPs serve multiple
essential functions in post-transcriptional activities, it is
shocking that variations in RBPs are strongly associated with
the production and growth of numerous human diseases.'"'?
Nevertheless, RBPs remain largely unexplored throughout the
origin and development of cancer.

In recent years, genome-wide studies have shown that
certain RBPs are correlated with dysregulated tumor expres-
sion in adjacent tissue normal and are correlated with
patient prognosis.'> Dysregulation of RBPs is well known
to be primarily the product of genomic modifications,
micro-mediated regulation, epigenetic pathways and post-
translation changes in cancer cells. Previous research has
correlated cancer drivers with RBP dysregulation.'*'> For,
e.g. G3BP1, which has been shown that the knockdown of
G3BP1 decreases the assembly of stress granules and thus
provides chemical resistance and survival advantage in
tumor cells.'®'® In prokaryotic and eukaryotic cells, YBI,
an RNA binding protein, plays a critical role in the control
of cell growth, differentiation, and stress reaction in tran-
scription and interpreting cells.'”?° In addition, LARP4B
is an RBP containing lanthanum and adjacent motifs for
RNA recognition that enable it to participate in post-
transcriptional RNA regulation and participate in the
progression of several cancers.”'?* Taken together, these
findings demonstrate that RBPs are strongly connected to
the development and incidence of human tumors. However,
only a limited fraction of RBPs have been intensively
researched and have to date been linked to cancer. There-
fore, in order to analyze the possible molecular role and the
therapeutic importance of RBPs in HCC, we gathered all
applicable HCC data in the TCGA base and conducted the
current systematic study. We have found multiple RBPs
associated with HCC that provide new insights into the
pathogenesis of the disease. Some of them may act as pos-
sible diagnostic and prognostic biomarkers.

Materials and Methods

Data Pre-Processing and Identification of RBPs Presented
Differentially

Data on RNA sequencing of 374 HCC samples and 50 regular
hepatic tissue samples have been collected from TCGA. The raw
data were pre-processed with the package DESeq2. The RBPs
expressed differently were defined based on a false discovery
rate <0.05 and [log (fold change) >1|. All RBPs represented
differentially were of an average magnitude of more than 1.

Functional Enrichment Study of GO and KEGG

GO enrichment systemically analyzed the biological processes
of the various expressions of these RBPs and used 3 terms:
molecular function, biological process, and cellular compo-
nent. The KEGG database was used to extract possible biolo-
gical pathways from RBPs presented differently. Both analyzes
for GO and KEGG pathways were conducted with “ggplot2,”
“enrichplot” and “clusterProfiler” packages.

Network Development and Module Screening
of Protein-Protein Interaction

STRING was used to detect protein-protein interactions (PPIs)
between all differential expressed RBPs and their network was
developed using Cytoscape 3.7.2 software. The following main
modules were scanned from the PPI network by using the
MCODE (Molecular Complex Detection) plug-in on Cytos-
cape with scores >7 and node counts >5. To choose the hub
genes, the cytoHubba plug-in was used. P < 0.05 was consid-
ered to show a significant difference.

Validation of RBP Expression and Efficacy Assessment

The Human Protein Atlas (HPA) database was used to detect
the translation expression of 4 hub genes. We used R software
to constructed the Receiver operating characteristic (ROC)
curves to calculate the ability to discriminate between normal
and tumor tissue.

Copy-Number Alterations and Hub RBP Mutation
Analysis

The alteration of the copy number and mutation data from all
PPI network hub RBPs were defined by segmentation analyzes
and the GISTIC algorithm in cBioPortal. We then conducted a
co-expression study of all hub RBPs. We then developed a
network that included all hub genes and the 20 most frequently
altered neighboring genes.

Selection of RBP Related to Prognosis

The differential expressed RBPs are evaluated using the sur-
vival package in R for a univariate Cox regression study. Sub-
sequently, RBPs were analyzed through multiple step by step,
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Figure 1. The RBPs expressed differently in HCC. (A) Heat map; (B) volcano plot.

Cox regression. We have used a Kaplan-Meier method to deter-
mine the predictive importance of each RBP candidate. The P-
value with RBPs less than 0.05 is known to be valid prognostic.

Prognostic Model Construction and Evaluation

The multivariate Cox regression test for the coefficients (f;)
of the hub genes was performed. This model was developed
as: Risk score = Z(3; x Expi)(i = n). Patients were randomly
divided into the population of training and validation group.
Each category of patients was classified into subgroups of
low-risk and high-risk depending on the median risk score.
Then, we performed the ROC curve to test the HCC signa-
ture predictive value. A Kaplan-Meier study was performed
in order to assess the mortality difference between 2 cate-
gories, where the HCC patients were divided into high- and
low-groups with the median prediction value as the thresh-
old. In addition, we have drawn a nomogram plot to estimate
the OS probability using the rms R package. Validation
population was used to validate the prrognostic model’s
predictive ability. We used the “shiny” and “DynNom”
packages to generate a web-based survival rate calculator,
which dynamically predicted overall survival rates (https://
www.shinyapps.io/).

Results

Identification of RBPs Expressed Differently in HCC
Patients

In this research, we performed a systematic analysis using
many specialized techniques of key RBP functions and pre-
dictive values in HCC. The design of the analysis was
shown in Figure S1. TCGA composite 374 tumor samples
and 50 regular liver tissue samples are extracted from HCC
database. The R software packages were used to manage the
data and to Figure out the various RBPs. An analysis

included a total of 1495 RBPs and 330 RBPs met the screen-
ing standards (P < 0.05, |log (fold change) >1|), composed
of 208 up-regulated RBPs—and 122 downregulated RBPs.
Figure 1 reveals the expression distribution of these different
RBPs.

Analysis of the Various Expressed RBPs by GO and KEGG
Pathway Enrichment

We divided these RBPs into 2 categories to analyze the
function and mechanisms of defined RBPs: up-or down-
regulated expression. We then submitted these RBPs to the
WebGestalt online platform for functional enrichment eva-
luation. As shown in Table S1 and Table S2. The results
showed that downregulated RBPs expressed differently
were significantly enriched in the biological process
related to regulation of translation, regulation of cellular
amide metabolic process, RNA phosphodiester bond
hydrolysis, negative regulation of translation, and negative
regulation of cellular amide metabolic process (Figure 2B).
The up-regulated RBPs were significantly enriched in
ncRNA processing, RNA splicing, RNA splicing via trans-
esterification reactions with bulged adenosine as nucleo-
phile, mRNA splicing via spliceosome and RNA splicing
via transesterification reactions (Figure 2A). In Cellular com-
ponent (CC) study, the decreased expressed RBPs were
notably enriched in cytoplasmic ribonucleoprotein granule,
ribonucleoprotein granule, P-body, CCR4-NOT complex
and ribosome (Figure 2B), while the up-regulated RBPs
expressed differently were significantly enriched
in spliceosomal complex, cytoplasmic ribonucleoprotein
granule, ribonucleoprotein granule, small unclear ribonu-
cleoprotein complex and Sm-like protein family complex
(Figure 2A). By way of molecular function (MF) study, the
decreased RBPs expressed differently were enriched in
catalytic activity acting on RNA, single-stranded RNA
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D. KEGG down-regulated RBPs
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Figure 2. GO enrichment and KEGG pathway of aberrantly expressed RBPs.

binding, double-stranded RNA binding, ribonuclease activ-
ity and mRNA 3’-UTR binding (Figure 2B), while up-
regulated RBPs expressed differently were mainly enriched
in catalytic activity acting on RNA, mRNA 3’-UTR binding,
catalytic activity acting on a tRNA, endoribonuclease activ-
ity and ribonucleoprotein complex binding (Figure 2A). In
addition, we found that KEGG downregulated RBPs
expressed differently were mainly enriched in herpes sim-
plex virus 1 infection, influenza A, RNA degradation, ribo-
some biogenesis in eukaryotes and hepatitis C (Figure 2D),
while up-regulated RBPs were significantly enriched for
spliceosome, RNA transport, mRNA surveillance pathway,
ribosome and RNA degradation (Figure 2C). Overlapped
genes involved in GO enrichment and KEGG pathways
were shown in Figure S2.

Network Development of Protein-Protein Interaction
(PPI) and Core Modules Collecting

In order to further research the functions of RNA binding
proteins in HCC, we have built a PPI network utilizing Cytos-
cape software with 311 nodes and 2942 edges based on
STRING’s database (Figure 3A). The MODE tool analyzed
the co-expression network to recognize potential core mod-
ules and the first relevant modules that have been acquired
consisting of 53 nodes and 709 edges (Figure 3B). The RBPs
in the key module 1 were greatly enriched in RNA splicing via
transesterification reactions with bulged adenosine as nucleo-
phile, mRNA splicing via spliceosome, RNA splicing via
transesterification reactions, ncRNA processing and RNA
splicing.



Wang et al

Figure 3. PPI network and modules analysis. (A) PPI network of RBPs expressed differentially; (B) the essential module in the PPI network.
Green circles: down-regulation with more than 2 fold change; red circles: up-regulation of more than 2 fold change.
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Figure 4. Univariate Cox regression study in the training group for the detection of hub RBPs.

RBPs Selecting Related to Prognosis

and obtained 8 hub RBPs associated to prognosis (Figure 4).
Those 8 RBPs were analyzed in several step-by-step Cox

A total of 98 different key RBPs in the PPI network have been regression for their impact on patient survival time and clinical
established. In order to study the prognostic significance of outcomes, 4 RBPs were detected in the HCC patients as inde-
these RBPs, we conducted a univariate Cox regression analysis  pendent predictors (Figure 5).
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Figure 5. Multivariate Cox regression analysis to determine RBPs associated with prognosis.

Candidate Hub Genes Mutation and Copy Number
Alteration Analyzes in HCC Patients

The online tool cBioportal for the HCC was used to co
analyze the mutation and copy-number alteration (CNA)
of the hub genes MRPL54, EZH2, PPARGCIA, and
EIF2AK4. These 4 hub genes were altered in 366 samples
of 442 samples of HCC (82.8%) (Figure 6A). The EZH2
amplification was the most common copy number alteration
for the 4 hub genes (Figure 6B). Then we performed an
interaction network with 24 nodes containing 4 hub genes
and 20 neighboring genes which were most frequently
altered (Figure 6C). We also found that the mitochondrial
genes, including EED, SUZ12, were closely related to
alterations of the 4 hub genes.

Genetic Risk Score Model Construction and Analysis
Related to Prognosis

In order to construct the precious model, 4 hub RBPs identified
from the multiple step-to-stop Cox regression analysis were
used. The risk score was determined using the following for-
mula for every patient:

Risk score = (-0.5078*expressionMRPL54) + (0.6350*
expressionEZH2) + (-0.1731*expressionPPARGCI1A) +
(-0.5245*expressionEIF2AK4).

We then performed a survival analysis to evaluate the
predictive capacity. A total of 370 HCC patients were
randomly divided into the population of training (n =
186) and validation (n = 184). Each group of patients had

a median risk score in low and high-risk subgroups. The
training population was used to assess the prediction model
and the mathematical stratification of probabilities. The
validation population was used to verify the prediction
model. The findings showed that compared with the patients
in the low-risk subgroups, the high-risk subgroup had poor
OS (Figure 7A). A time-dependent ROC study was carried
out to further assess the prognostic ability of the 4-RBP
biomarker. We found that the area of the risk score model
under the ROC curve (AUC) was 0.814 (Figure 7B), indi-
cating moderate diagnostic efficiency. Figure 7C displayed
the expression heatmap, patients’ survival rate, and the sig-
nature risk score of 4 RBPs in the low- and high-risk sub-
groups. The findings indicated in the validation group that
the prognostic model is more sensitive and more accurate
(Figure 8A—C).

Construction of a Nomogram Based on the 4 Hub RBPs

To develop a quantitative HCC prognostic system, we inte-
grated a nomogram with the signature of 4 RBPs
(Figure 9A). The point scale in the nomogram for the indi-
vidual variables was used to focus on the multivariate Cox
analysis. A horizontal line is drawn to evaluate the point of
each variable and to quantify the cumulative points for each
individual by adding up the points of all variables and nor-
malizing it to a 0 to 100 distribution. We can calculate the
estimated survival rates for HCC patients at 3, and 5 years
and draft a vertical line between the total point axis and each
prognosis axis. This may help the practitioners make clinical
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judgments for HCC patients. We developed calibration plots,
which show that the expected and observed findings are well
compliant (Figure 9B). In addition, by conducting COX
regression analyses, we evaluated the prognostic significance
of various clinical characteristics in HCC TCGA patients.
The results showed a correlation between stage and risk score
and the OS of patients with HCC (P < .05) (Table 1). How-
ever, we noticed that stage and risk score were independent
OS-related predictor variables through multiple regression
analyzes (P < 0.05) (Table 1).

According to these results, we established a dynamic web-
based calculator (https://dxyjiang.shinyapps.io/RBPpredict/) to
predict the OS of patients with HCC according to the nomo-
gram (Figure 10). The calculator predicted the survival of
patients according to their points of variables. For example,
the 5-year OS rate was approximately 77% for a patient whose
MRPL54 score was 7, EZH2 score was 3, PRARGCI1A score
was 4 and EIF2AK4 score was 4.

Prognostic Value and Expression of Hub RBPs Validation

The Kaplan-Meier was used to further analyze the predictive value
of 4 Hub RBPs in the HCC to assess the relationship between the 4
RBP Hubs (MRPL54, EZH2, PPARGCIA, EIF2AK4) and OS.
The findings of the log-rank analysis revealed that in HCC cases,
the 4 RBPs were correlated with the OS (Figure 11). In addition,
we have used immunohistochemistry results from HPA data to
determine how these hub RBPs are exposed in HCC to show that
EZH2 has been significantly increased in HCC versus normal liver
tissue (Figure 12). Nevertheless, the antibody staining concentra-
tions of EIF2AK4 and MRPL54 were relatively reduced in HCC
tissue and PPARGCIA immunohistochemistry was not found in
this database which must be further illustrated.

Discussion

The worldwide high HCC mortality rate was influenced by
viral diseases, nutrition, environmental conditions and other
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Figure 7. Risk score analysis of the TCGA training group using 4-genes prognostic model. (A) Low- and high-risk subgroup survival curve;
(B) risk score-based ROC prediction curves; (C) expression heat map, risk score distribution, and survival status.

factors.?® Constant developments in the area of surgical med-
icine, chemotherapy and molecular biology have improved
our understanding of cancer biology, and significant
advancement has been made in the treatment of HCC.?*?’
Dysregulation of RBPs has been documented in various
malignant tumors.?® Nevertheless, only a limited number of
RBPs have been extensively studied and verified as contri-
buting to cancer growth. We have established 330 RBPs

between the tumor and the normal tissue based on HCC data
from TCGA in this study. We studied the biological pathways
of these RBPs systematically, established co-expression net-
work and PPI network. In addition, we conducted univariate
Cox regression analysis and ROC analyzes of RBP hubs to
further explore its biological roles and clinical importance.
We developed a risk model for HCC forecasting based on 4
prognostic-related RBP hub genes. Such findings will help
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create novel biomarkers for the diagnosis and prognosis of
HCC patients.

The enrichment function pathway evaluation shows that spe-
cific RBPs have been enriched considerably in ncRNA process-
ing, RNA splicing, mRNA splicing, regulation of translation,
regulation of cellular amide metabolic process, RNA 3’-end pro-
cessing. Previous researches have shown that a number of human

diseases have occurred and have progressed in regulation of
translation, RNA processing, and RNA splicing. RNA stability
regulation after transcription is an important process in the pro-
cessing of gene expression. RBPs are able to associate with RNA
to build ribonucleoprotein complexes, thereby increasing the sta-
bility and gene expression of target mRNAs that play a key role
in the development of various diseases. ILF3 plays an important
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Figure 9. Nomogram and calibration plots of 4 RBPs. (A) Nomogram for the TCGA training group to estimate 3- and 5-year OS. (B, C)

Calibration plots of the nomogram to estimate OS at 3 and 5 years.

Table 1. The Predictive Effect of Various Clinical Parameters.

Univariate analysis Multivariate analysis

P- P-

HR 95% CI value HR 95% CI value
Age 1.001 0.982-1.021 0.902 1.007 0.986-1.029 0.497
Gender 0.669 0.390-1.145 0.143 0.604 0.343-1.064 0.081
Grade 1.138 0.801-1.616 0.472 1.038 0.706-1.525 0.850
Stage 1.549 1.164-2.061 0.003 1.442 1.061-1.960 0.019
riskScore 1.453 1.215-1.738 <0.001 1.450 1.189-1.769 <0.001

role in the regulation of several aspects of the metabolism of
RNA, primarily because of its dual-stranded RNA binding
motives®” and was related to many malignant tumors and pro-
gression.**** HNRNPM has also been shown to facilitate the

invasion and metastasis of breast cancer by controlling the alter-
nate splitting of CD44 and may control mesenchymal epithelial
transformation in non-small-cell lung cancer and modulate apop-
tosis in osteosarcoma.**” The KEGG pathways analysis shows
that the aberrantly expressed RBPs regulate the tumorigenesis
and progression of HCC through effects on spliceosome, RNA
transport, mRNA surveillance pathway and ribosome.

In addition, we built a network of protein-protein interactions
between these various RBPs and have a key module containing
53 main RBPs. Some of these key RBPs have been found to play
a significant role in tumor growth and progression. EZH2 is an
epigenetic regulator of the polycomb group of proteins
with important roles in the regulation of embryonic stem cells.
Varambally et al stated that EZH2 was overexpressed and cor-
related with the underexpression of miR-101 in prostate
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Figure 10. A 95% confidence interactive web-based calculator according to the web survival rate calculator.

cancer.>®* In reaction to a significant number of stress-induced
signs, such as heat shock, oxidotic tension, and viral infection,
the EIF2AK4 gene has been associated with the serin-51 phos-
phorylate eIF2o and rapidly inhibits translation initiatives.*>*!
The gene PPARGCI A encodes a transcriptional coactivator pro-
tein that plays a key role in metabolism of energy by mitochon-
drial biogenesis, fatty acid oxidation, hepatic gluconeogenesis,
glucose absorption, and lipid metabolism.***> The module study
in the PPI network revealed that HCC is linked to RNA splicing
with bulge adenosine as the nucleophile, mRNA splicing via
spliceosome, RNA splicing via transesterification reactions,
ncRNA processing and RNA splicing.

The hub RBPs were also chosen based on univariate Cox
regression analysis, survival analyses, and multiple Cox regres-
sion analysis. A total of 4 RBPs, including MRPL54, EZH2,
PPARGCI1A, and EIF2AK4 were identified as prognosis
related hub RBPs. Previous studies indicated that tumorigen-
esis and development of HCC patients were related to the
expression MRPL54, EZH2, PPARGCI1A, and EIF2AK4,
which was compatible with our findings. Next, we have pro-
duced a risk model to predict HCC prognosis by using the 4 hub
RBP genes coding analysis. The ROC curve analysis revealed
the better diagnostic capability of these 4 genes in order to
select poorly diagnosed HCC patients. However, these 4 RBPs’
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molecular pathways leading to the HCC and further investiga-
tion of possible pathways is still not well known. A nomogram
was then developed to help us more intuitively estimate 3 and 5
years OS. The Kaplan-Meier plotter to used to predict the
prognostic significance of the 4 RBP genes. The findings of
the predictions of the TCGA cohort were essentially accurate.
Such fundings revealed that the 4-gene signature prognostic
model has a certain value in adjusting HCC patients’ treatment
plans.

In general, our prognostic model relies on 4 gene-coding
RBPs, which reduces sequencing costs significantly and is
more suitable for clinical applications. Furthermore, the 4
genes predictive model has improved survival prediction effi-
ciency in HCC patients. In addition, the RBPs related gene
signature demonstrated essential biological activity, indicating
it may be used for clinic assistant treatment, which in previous
research was not generally always the case. Nevertheless, in
this analysis, there are certain limitations. First of all, our prog-
nostic model was based on TCGA data that is not validated in
the cohort of clinical patients and other databases. Second, our
research was focused on retrospective examination and further
work should be carried out to validate the findings. Third, the
data sets did not have clinical details that could improve multi-
variate Cox regression analyses’ predictive validity and relia-
bility. The data of TCGA are updated constantly, and future
work could focus on further validating the model using updated
TCGA datasets or more samples. In addition, more computa-
tional methods about differential and co-expressed analysis for
genes should be added to improve the results.

Conclusion

In an HCC series of bioinformatic analyses, we examined the
expression, potential functions and predictive values of aber-
rantly expressed RBPs. The RBPs were related to oncogenesis,
growth, invasion and metastasis. A 4-RBP model was designed
as an independent forecast signature for HCC patients. To our
full knowledge, this is the first study creating a prognostic
model for HCC consistent with RBP. Such results give valu-
able insight into HCC pathogenesis, which may assist in ther-
apeutic decision making and individual therapy.
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