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Molecular characterization of colorectal cancer: A five‑gene 
prognostic signature based on RNA‑binding proteins
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Original Article

Background: Colorectal cancer (CRC) is one of the most common cancers worldwide. RNA-binding proteins 
(RBPs) regulate essential biological processes and play essential roles in a variety of cancers. The present 
study screened differentially expressed RBPs, analyzed their function and constructed a prognostic model 
to predict the overall survival of patients with CRC.
Methods: We downloaded CRC RNA-sequencing data from the Cancer Genome Atlas (TCGA) portal and 
screened differentially expressed RBPs. Then, functional analyses of these genes were performed, and a 
risk model was established by multivariate Cox regression.
Results: We obtained 132 differentially expressed RBPs, including 66 upregulated and 66 downregulated 
RBPs. Functional analysis revealed that these genes were significantly enriched in RNA processing, 
modification and binding, ribosome biogenesis,  post-transcriptional regulation, ribonuclease and 
nuclease activity. Additionally, some RBPs were significantly related to interferon (IFN)-alpha and IFN-beta 
biosynthetic processes and the Toll-like receptor signaling pathway. A prognostic model was constructed 
and included insulin like growth factor 2 messenger ribonucleic acid binding protein 3 (IGF2BP3), 
poly (A) binding protein cytoplasmic 1 like (PABPC1L), peroxisome proliferator activated receptor gamma 
coactivator 1 alpha (PPARGC1A), peptidyl- transfer ribonucleic acid hydrolase 1 homolog (PTRH1) and 
tudor domain containing 7 (TDRD7). The model is an independent risk factor for clinicopathological 
characteristics.
Conclusion: Our study provided novel insights into the pathogenesis of CRC and constructed a prognostic 
gene model, which may be helpful for determining the prognosis of CRC.
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INTRODUCTION

Colorectal cancer (CRC) is the third most common cancer 
with more than 2.2 million new cases and 1.1 million 
deaths estimated to occur by 2030.[1] It is predicted that 
the incidence of  CRC in young individuals will increase 

by as much as 90% by 2030.[2] There are no obvious 
symptoms in the early stage of  CRC, but changes in 
stool habits, emaciation, hematochezia, anemia, colonic 
fistula or  intestinal perforation can be found during  the 
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progression and distant metastasis of  CRC.[3] Nearly 5% 
of  CRC cases are genetic syndromes, including familial 
adenomatous polyposis (FAP), hereditary nonpolyposis 
colorectal cancer (HNPCC), or mutY deoxyribonucleic 
acid glycosylase‑associated polyposis (MAP), and 15‑20% 
of  the cases have a family history of  hereditary diseases. 
However, the majority of  cases are sporadic diseases 
without a family history of  CRC, which is closely 
associated with microsatellite instability and lifestyle 
factors.[4‑6] Tumor recurrence is the primary barrier to 
improving overall survival.[7] To reduce the recurrence 
rate and mortality of  patients with CRC, it is crucial to 
improve the surveillance ability following surgery. The 
traditional prognostic criterion for CRC is the American 
Joint Committee on Cancer/Union Internationale Contre 
le Cancer  (AJCC/UICC)  tumor‑node‑metastasis  (TNM) 
staging system, but the system provides limited prognostic 
information and cannot predict the response to therapy 
due  to  significantly  different  clinical  outcomes possibly 
emerging in the same TNM stages.[1] Therefore, some new 
methods to classify cancer, including molecular pathways, 
mutation status, cell origin, gene expression‑based 
stratification and the TNM immune staging system, have 
been used.[1,8,9] In recent years, biomarkers have also been 
applied for early diagnosis and prognosis, and therefore, it 
is vital to find new biomarkers that reflect the occurrence, 
progression and prognosis of  CRC.

RNA‑binding proteins (RBPs) play essential roles 
in post‑transcriptional events and regulate essential 
biological processes, including RNA localization, 
stability, transport, editing, degradation and translation, 
by forming ribonucleoprotein (RNP) complexes with 
target RNA.[10] There are 1,542 RBPs that have been 
experimentally validated, accounting for approximately 
7.5% of  all protein‑coding genes.[11] RBPs are ubiquitous 
in cells and are evolutionarily conserved so that they can 
play a central role in essential biological functions.[11] 
Because the regulation of  RBPs to RNAs occurs in rapid 
and efficient ways, small changes in RBPs can alter gene 
expression and cell fate.[12,13]

Abnormalities in RBPs can induce diseases, including 
cancer, and correlate with patient prognosis.[10,14‑16] Previous 
studies  have  found  that  several  RBPs  are  significantly 
related to CRC, such as lin‑28 homolog B (LIN28B), 
human antigen R (HuR) and ribonucleic acid binding motif  
protein 3 (RBM3). LIN28B is overexpressed in nearly 30% 
of  CRC, which indicates worse survival and recurrence.[17,18] 
The expression of  HuR is significantly enhanced in colon 
tumors by regulating target transcribed mRNAs and is vital 
for neoplastic transformation and cancer development.[19] 

Over‑expressed RBM3 in colorectal cancer cells increases 
proliferation and engenders chemotherapy resistance.[20] 
RBPs are closely related to CRC, and therefore, it is useful 
to perform a systematic analysis of  RBPs in colon tumors.

With the development of  high‑throughput sequencing 
technology, a vast number of  data sets have been generated 
and conserved in public portals, such as TCGA and Gene 
Expression Omnibus (GEO). However, the mining of  
these data is limited as it requires professional software 
and advanced expertise for researchers to process and 
analyze.[21] In the present study, we downloaded CRC data 
from the TCGA database and used bioinformatics to 
screen differentially expressed RBPs in tumor and normal 
tissue and further analyze their function in CRC. We also 
constructed a prognostic model to predict the overall 
survival of  patients with CRC, which may have prognostic 
value in the clinic in future.

MATERIALS AND METHODS

Data acquisition and analysis
The corresponding RNA‑sequencing data containing 
473 colon tumor samples and 41 normal colon samples 
were downloaded from the Genomic Data Commons 
data portal (https://portal.gdc.cancer.gov/). The R package 
“edgeR” was used to normalize the above data and analyze 
the expression of  each RBP between tumor and normal 
samples. A false discovery rate (FDR) <0.05 and | log2 
fold  change  (FC)|  ≥1  were  set  as  filter  conditions 
for differentially expressed genes (DEGs). The Gene 
Expression Omnibus series GSE17538 dataset was 
obtained from the Gene Expression Omnibus (GEO) 
database (https://www.ncbi.nlm.nih.gov/geo/) and used as a 
validation cohort.

Gene Ontology, Kyoto Encyclopedia of Genes and 
Genomes analysis, and protein‑protein interaction 
analysis
The differentially expressed RBPs were uploaded 
to the Database for Annotation Visualization and 
Integrated Discovery (DAVID) version 6.7 for Gene 
Ontology (GO) and Kyoto Encyclopedia of  Genes and 
Genomes (KEGG) pathway analysis. Both P < 0.05 and 
FDR < 0.05 were considered statistically significant. 
GO analysis included biological processes, cellular 
components and molecular functions. Subsequently, the 
STRING online tool (http://www.string‑db.org/) was used 
to investigate the protein‑protein interactions (PPIs) 
of  differentially expressed RBPs. Visualization of  the 
interaction network was performed by Cytoscape 3.8.0 
software. Module analyses were performed by Molecular 
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Complex Detection (MCODE). Modules with scores and 
node numbers greater than 5 were selected as key modules. 
The DAVID online tool and R package “ggplot2” were 
used to analyze and visualize GO terms and KEGG 
pathways of  hub genes and key module genes.

Establishment of the prognostic gene signature for 
predicting the survival rate
Multivariate Cox regression analysis was performed to 
construct a prognostic gene signature. The result was 
shown as risk score = (Coefficient mRNA1 × expression of  
mRNA1) + (Coefficient mRNA2 × expression of  mRNA2) + 
... + (Coefficient mRNAn × expression of  mRNAn). The R 
packages “survival” and “survminer” were used to draw the 
Kaplan–Meier survival curve. To test the independence of  
the prognostic gene signature of  other clinical parameters 
in TCGA, Cox regression analyses of  clinical parameters 
were performed.

Validation of the gene change
The expression of  prognostic genes was validated at 
the mRNA level by the Tumor Immune Estimation 
Resource database (TIMER) database (https://cistrome.
shinyapps.io/timer/) and at the protein level by the 
Human Protein Atlas database (HPA) (http://www.
proteinatlas.org). Additionally, genetic alterations of  
prognostic genes were determined by the cBioPortal 
online tool (http://www.cbioportal.org/).

Statistical analysis
In this study, we used SPSS 19.0 (IBM, Armonk, New York) 
and R software (R Foundation for Statistical Computing, 
Vienna, Austria) to process and analyze the data. For 
the Kaplan–Meier  estimates,  a  significant  difference  in 
two‑group survival curves was assessed by a log‑rank test. 
P < 0.05 was considered statistically significant.

RESULTS

Identification of differentially expressed RBPs
To compare the differential ly expressed RBPs 
(1,542 selected) between 41 normal colon samples and 
473 tumor colon samples from the TCGA database, we 
used an R package to analyze the data. We obtained 132 
differentially expressed RBPs (P < 0.05, |log2FC)| ≥ 1.0), 
including 66 upregulated RBPs and 66 downregulated 
RBPs [Supplementary Table S1]. We also constructed 
an expression heat map for all differentially expressed 
RBPs [Figure 1].

Gene Ontology and KEGG pathway analysis of 
differentially expressed RBPs
To explore the functions and mechanisms of  the above 
RBPs, the upregulated and downregulated RBPs were 
uploaded to DAVID for GO and KEGG pathway 
analysis, respectively. As shown in Table 1, for biological 
process (BP) analysis, upregulated RBPs were significantly 
enriched in RNA processing (ncRNA metabolic process, 
ncRNA processing, rRNA processing, rRNA metabolic 
process, tRNA processing and tRNA metabolic process), 
ribosome biogenesis, RNP complex biogenesis, RNA 
modification,  post‑transcriptional  regulation  of   gene 
expression, RNA localization and regulation of  translation. 
The downregulated RBPs were significantly enriched in 
the post‑transcriptional regulation of  gene expression, 
mRNA metabolic process and mRNA processing. 
For GO cellular component (CC) analysis [Table 1], 
upregulated RBPs were significantly enriched in the 
nuclear lumen, nucleolus, intracellular organelle lumen, 
membrane‑enclosed lumen, RNP complex, intracellular 
nonmembrane‑bound organelle, nuclear pore and 
pore complex; but the downregulated RBPs were not 
significantly  enriched  in  any  cellular  component.  The 

Figure 1: The differentially expressed RBPs in colorectal cancer. The columns are samples and the rows are RBPs. Green represents 
downregulation, while red represents upregulation
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GO molecular function (MF) analysis showed that the 
upregulated RBPs were significantly related to RNA 
binding, ribonuclease activity and nuclease activity, and 
downregulated RBPs were  significantly  related  to RNA 
binding, including double‑stranded RNA binding and 
single‑stranded RNA binding [Table 1]. KEGG pathway 
results showed that the upregulated RBPs were related to 
RNA degradation, and downregulated RBPs were related 
to the Toll‑like receptor signaling pathway, but neither was 
significant [Table 1].

Protein‑protein interaction network construction
We uploaded these differentially expressed RBPs to 
the STRING database and constructed a coexpression 
network with 131 nodes and 411 edges. Then, the 
degree of  each protein was calculated, and 10 genes 
were screened as hub genes according to the top 
eight scores of  the degree, including nucleolar 
protein 56 (NOP56), ribosomal ribonucleic acid 
processing 9 (RRP9), bystin like (BYSL), dyskeratosis 

congenita 1 (DKC1), ribosome biogenesis regulator 
1 homolog (RRS1), U3 small nucleolar ribonucleic 
acid‑associated protein 14 homolog A (UTP14A), 
block  of   proliferation  1  (BOP1)  and  damage  specific 
deoxyribonucleic acid binding protein 1 and cullin 4 
associated factor 13 (DCAF13) [Figure 2a]. We further 
selected three possible key modules with the MCODE 
plug‑in with scores and node numbers greater than 
5 [Figure 2b‑2d]. Then, GO and KEGG pathway analyses 
of  10 hub genes and key module genes were performed. 
As Figure 3 shows, for biological processes, these genes 
were  significantly  enriched  in  the  ncRNA  and  rRNA 
processes, ribosome complex biogenesis, and regulation 
of  IFN‑alpha and IFN‑beta biosynthetic processes. For 
cellular components, hub genes and selected module genes 
were significantly enriched in the nuclear lumen, nucleolus, 
intracellular organelle lumen, membrane‑enclosed lumen 
and intracellular nonmembrane‑bound organelle. For MF, 
these genes were significantly related to RNA binding and 

Table 1: GO enrichment and KEGG pathway analysis results of differentially upregulated genes and downregulated genes
Category GO term/KEGG pathway P FDR

Upregulated RBPs
BP ncRNA metabolic process 5.36E‑25 7.55E‑22
BP ncRNA processing 1.15E‑23 1.62E‑20
BP RNA processing 1.38E‑15 1.88E‑12
BP ribosome biogenesis 2.15E‑12 3.02E‑09
BP ribonucleoprotein complex biogenesis 7.15E‑12 1.01E‑08
BP rRNA processing 1.22E‑10 1.71E‑07
BP rRNA metabolic process 1.79E‑10 2.52E‑07
BP tRNA processing 7.78E‑10 1.10E‑06
BP tRNA metabolic process 2.64E‑08 3.72E‑05
BP RNA modification 1.51E‑06 0.002132
BP Post‑transcriptional regulation of gene expression 2.29E‑06 0.003226
BP RNA localization 3.38E‑06 0.004756
BP regulation of translation 2.07E‑05 0.029152
CC nuclear lumen 2.73E‑17 3.12E‑14
CC nucleolus 3.90E‑16 5.11E‑13
CC intracellular organelle lumen 6.27E‑15 7.09E‑12
CC organelle lumen 1.14E‑14 1.30E‑11
CC membrane‑enclosed lumen 1.90E‑14 2.17E‑11
CC ribonucleoprotein complex 1.50E‑13 1.71E‑10
CC intracellular nonmembrane‑bounded organelle 1.23E‑12 1.40E‑09
CC non‑membrane‑bounded organelle 1.23E‑12 1.40E‑09
CC nucleolar part 1.67E‑06 0.001909
CC nuclear pore 5.64E‑06 0.006438
CC pore complex 1.40E‑05 0.015924
MF RNA binding 1.45E‑27 1.72E‑24
MF ribonuclease activity 1.21E‑08 1.43E‑05
MF nuclease activity 3.49E‑07 4.13E‑04

KEGG RNA degradation 0.096550 42.642106
Downregulated RBPs

BP Post‑transcriptional regulation of gene expression 2.05E‑06 0.00294
BP mRNA metabolic process 8.50E‑06 0.012212
BP mRNA processing 3.18E‑05 0.045609
MF RNA binding 6.29E‑28 7.40E‑25
MF double‑stranded RNA binding 2.46E‑07 2.89E‑04
MF single‑stranded RNA binding 4.71E‑06 0.005538

KEGG Toll‑like receptor signaling pathway 0.010117 6.510642

GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; CC: cellular component; BP: biological processes; MF: molecular function; 
RBP: RNA‑binding protein
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double‑stranded RNA binding. For the KEGG pathway, 
these  genes were  significantly  related  to  the  Toll‑like 
receptor signaling pathway.

Establishment and validation of the five‑gene signature 
predicting the survival rate
To predict the survival rate of  patients with colon cancer, 
we constructed a risk score model based on multiple RBP 
expression signatures. The genes included in the model were 

insulin like growth factor 2 messenger ribonucleic acid binding 
protein 3 (IGF2BP3), poly (A) binding protein cytoplasmic 1 
like (PABPC1L), peroxisome proliferator activated receptor 
gamma coactivator 1 alpha (PPARGC1A), peptidyl‑ transfer 
ribonucleic acid hydrolase 1 homolog (PTRH1) and tudor 
domain containing 7 (TDRD7). The calculation formula of  
the risk score is as follows: risk score = 0.05323 × expression 
o f  I G F 2 B P 3  +  0 . 1 5 4 3 8  ×  e x p r e s s i o n 
o f   PABPC1L   −   0 . 16234   ×   exp r e s s i on   o f  
P PA RG C 1 A  +  0 . 3 0 1 3 2  ×  e x p r e s s i o n  o f  
PTRH1 − 0.34485 × expression of  TDRD7. Patients were 
divided into high‑risk and low‑risk groups with a cutoff  
of  0.99980 (the median of  the risk score). The GSE17538 
dataset was obtained to validate the risk score model. Each 
patient’s risk score was calculated, and the cutoff  of  the 
high‑risk and low‑risk groups was − 0.63054 (the median 
of  the risk score). The overall survival and expression heat 
maps of  the high‑risk and low‑risk groups were plotted with 
R software [Figure 4]. Compared with the low‑risk group, the 
overall survival was significantly poorer in the high‑risk group 
in TCGA (P < 0.001) and the GEO data set (P < 0.05).

Independent risk factors for clinicopathological 
characteristics to predict overall survival
To identify independent clinical risk factors, including age, 
sex, TNM pathological stage, primary site (left side and right 
side) and our risk score model, univariate and multivariate 

Figure 3: GO and KEGG pathway enrichment analysis of hub 
genes and key module genes. GO: Gene Ontology; KEGG: Kyoto 
Encyclopedia of Genes and Genomes; CC: cellular component; 
BP: biological processes; MF: molecular function; RBP: RNA‑binding 
protein

Figure 2: Establishment of a protein‑protein interaction (PPI) network and module analyses. (a) PPI network of RBPs; (b‑d) Elected necessary 
modules with MCODE score >5 and nodes >5

d

c

b

a
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Cox regression analyses were performed with the TCGA and 
GEO data sets. The right side of  the colon includes the cecum, 
hepatic flexure of   colon,  ascending colon and  transverse 
colon, and the left side colon extends from the splenic flexure, 
descending colon and sigmoid.[22] As shown in Figure 5, our 
risk score model and TNM pathological stage were both 
independent prognostic factors for the overall survival.

External validation using online databases
To validate the expression levels and investigate genetic 
alterations of  five prognostic model genes, HPA 
(http://www.proteinatlas.org/), TIMER (https://cistrome.
shinyapps.io/timer/) and cBioPortal database (https://
www.cbioportal.org/) were used in this study. We selected 
392 patients with colon cancer to investigate the genetic 
alterations of  the five genes in the cBioPortal database. As 
shown in Figure 6a, PABPC1L possessed the most frequent 
genetic alterations (10%), and amplification mutation was 
the most common. In accordance with our results, the 
expression  of   IGF2BP3  and PTRH1 was  significantly 
enhanced, and TDRD7 was decreased in the tumor 
samples compared with the normal samples in the HPA 
and TIMER databases [Figures 6b and 7]. There was no 
immunohistochemistry information about the PABPC1L 
and PPARGC1A proteins in HPA. The TIMER database 
showed that the PABPC1L mRNA level was significantly 
increased and that PPARGC1A was decreased in the tumor 
group compared with the normal group [Figure 7].

DISCUSSION

CRC is one of  the most commonly diagnosed types of  
cancers but also the most preventable and treatable cancer.

[23] Therefore, it is vital to screen for early CRC. Previous 
studies have shown that incidence and mortality steadily 
declined in countries with programmatic screening.[24,25] 
Colonoscopy may be the most effective strategy to 
screen for CRC, with 0.022 life‑years gained and 1,068 
CRCs prevented, but it is associated with rare and 
severe complications.[26,27] However, colonoscopy may 
be suitable as the second procedure following a positive 
first test.[28] Therefore, noninvasive tests are needed 
as supplements. Fecal deoxyribonucleic acid (DNA) 

Figure 4: Prognostic risk assessment of five RBPs for patients with colorectal cancer. The assessment of the risk model for overall survival in 
the TCGA cohort (a) and GSE17538 cohort (b). The expression of the prognostic model genes in the TCGA cohort (c) and GSE17538 cohort (d)

dc

ba

Figure 5:Forrest plot of the univariate and multivariate Cox regression 
analysis in colorectal cancer. Forrest plot of Cox regression analysis 
in TCGA database (a) and GEO database (b)

b

a
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testing is a new non‑invasive strategy for screening, and 
Cologuard®‑targeted multiple DNA sequences, including 
mutant kirsten rat sarcoma viral oncogene homolog (KRAS), 
actin, fecal immunochemical test (FIT), aberrantly 
methylated bone morphogenetic protein 3 (BMP3) and 
the N‑myc downstream regulated gene family member 
4 (NDRG4) promoter regions, have been approved for 
CRC screening.[29]

Compared with the FIT, a noninvasive screening method, 
Cologuard® had a higher sensitivity (74% vs 92%) but 
lower specificity (95‑96% vs 87‑90%) for detection of  
CRC.[29] Therefore, finding more sensitive and specific 
biomarkers is essential for a fecal DNA test to diagnose 
CRC. Similar to molecular mutation and methylation, 
gene expression‑based methods have also been used 
as tools for diagnosis, classification, treatment and 
prognosis.[8,30‑33] In this study, we used the gene expression 
data of  RBPs from TCGA to identify the differentially 
expressed RBPs and analyze their function as well as 
construct a multiple gene signature predicting overall 
survival in patients with CRC.

We obtained 132 differentially expressed RBPs, including 
66 upregulated and 66 downregulated RBPs. The 
biological processes of  these DEGs were enriched in 
RNA processing and RNA metabolic process, ribosome 
biogenesis, RNP complex biogenesis, RNA modification, 
post‑transcriptional regulation of  gene expression and 
RNA localization. The gene mutations of  RBPs changed 
their function, potentially inducing cancer. For example, 
dicer 1, ribonuclease III (DICER1), an endoribonuclease, 
processes precursor RNA molecules into mature 
forms, which is vital for miRNA and RNA interference 
biogenesis pathways.[34] The mutation of  DICER1 
impairs miRNA‑mediated gene suppression, which 
can induce tumor susceptibility.[35] Post‑transcriptional  
modifications frequently occur in RNA‑binding elements 
within RBPs, which can change RBP binding properties, 
function and subcellular localization, and therefore, 
may be among the most critical mechanisms of  RBP 
dysfunction in cancer.[36]

For GO CC analysis, significantly differentially expressed 
RBP enrichment occurred in the nuclear lumen, nucleolus, 
intracellular organelle lumen, membrane‑enclosed lumen, 

Figure 6: Expression and genetic alterations of the five model genes. (a) Genetic alterations of the genes in colorectal cancer. Data were from 
the cBioportal for Cancer Genomics. (b) Protein expression of genes in the colorectal cancer and normal colon tissues. Data were from the 
Human Protein Atlas

b

a
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RNP complex, intracellular non‑membrane‑bound 
organelle, nuclear pore and pore complex. RBPs are 
ubiquitous in cells, and therefore, regulate a variety of  

biological functions. Nuclear maturation of  transcripts, 
nuclear export of  RNA, and RNA processing require 
nuclear RBPs.[37] In addition, several small nuclear 

Figure 7: The expression of the model genes in cancers. Data extracted from the TIMER database
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ribonucleoproteins (U1, U2, U4, U5, and U6 snRNP) 
form a spliceosome to participate in pre‑mRNA splicing, 
and abnormalities in RNA splicing frequently occur at the 
origin of  many disorders, including cancer.[38,39] The RNP 
mutation regulates p53 expression, which induces many 
diseases, including cancer.[40] Furthermore, heterogeneous 
nuclear RNP D‑like is aberrantly expressed in CRC, which 
promotes the growth of  these cells by activating cell 
cycle progression.[41] RBPs can mediate organelle‑coupled 
translation as post‑transcriptional regulators.[42]

The GO MF analysis showed that the differentially 
expressed RBPs were significantly related to RNA binding, 
ribonuclease activity and nuclease activity. RBPs can bind 
targeted RNAs by RNA‑binding domains composed 
of  60‑100 amino acids. As stated above, ribonuclease 
processes precursor RNA molecules into mature forms, 
and mutation of  special ribonucleases, such as DICER1, 
induces cancer.[35]

We screened eight hub genes, including NOP56, RRP9, 
BYSL, DKC1, RRS1, UTP14A, BOP1 and DCAF13, by 
constructing a protein‑protein interaction (PPI) network 
and calculating the degree score. NOP56 is required for 
rRNA methylation, and abnormalities in NOP56 induce 
altered ribosome biogenesis and cell cycle progression.
[43] Additionally, NOP56 is hyperactivated and essential 
for Myc‑induced cell transformation in Burkitt’s 
lymphoma.[44] Deacetylation of  RRP9 is a prerequisite for 
pre‑rRNA processing,[45] but  there  is no definite  report 
about the relevance between RRP9 and cancer. BYSL 
participates in ribosomal processing of  18S rRNA and 
is  significantly  enhanced  in  hepatocellular  carcinoma 
specimens and is essential for nucleogenesis in cancer cell 
proliferation.[46] DKC1 is remarkably increased in CRC 
samples, and DKC1 enhances angiogenesis by promoting 
hypoxia inducible factor‑1 (HIF‑1α) transcription and 
facilitates metastasis in CRC.[47] RRS1 is necessary for 
ribosome biogenesis and is significantly increased in CRC 
samples to promote cancer development.[48] UTP14A 
is essential for 18S rRNA processing and promotes 
p53 degradation by binding p53.[49] Nucleolar UTP14A 
is  significantly  higher  in CRC  samples  than  in  normal 
samples.[50] BOP1 is a direct Wnt/β‑catenin target gene 
and can induce epithelial‑mesenchymal transition (EMT), 
cell migration and experimental metastasis of  CRC cells.
[51] DCAF13 is upregulated in breast cancer, lung cancer 
and hepatocellular carcinoma and indicates poor overall 
survival.[52‑54] As mentioned above, DKC1, RRS1, UTP14A 
and BOP1 were related to CRC, which was reported in 
previous studies, but there has been no detailed study 
about the relationship between the NOP56, RRP9, BYSL 

and DCAF13 genes and CRC. Further research on the 
mechanism of  the NOP56, RRP9, BYSL or DCAF13 
genes in CRC may be helpful.

To investigate the functions of  these hub genes and 
three key module genes, GO and KEGG analyses 
were performed. The results indicated that these genes 
possibly function by regulating RNA processes, RNA 
binding, ribosome complex biogenesis, IFN‑alpha and 
IFN‑beta biosynthetic processes and the Toll‑like receptor 
signaling pathway. TLR3, TLR7 and TLR8 genes in the 
third module [Figure 2d] were enriched in IFN‑alpha 
and IFN‑beta biosynthetic processes and the Toll‑like 
receptor signaling pathway, and these three mRNAs 
were  significantly  decreased  in CRC  tissues  compared 
with normal tissues. Toll‑like receptors (TLRs) are widely 
expressed in tumor cells and may play a significant role in 
cancer biology.[55] Clinically, TLR agonists have been used 
as anticancer agents that activate immune cells in the tumor 
microenvironment.[56] IFN‑α, ‑β, and ‑γ induce growth 
inhibition or cancer cell death.[57] Genetic variation of  IFN 
is associated with the risk of  colon cancer development.[58]

Additionally, we constructed a multiple gene risk model 
predicting overall survival, including IGF2BP3, PABPC1L, 
PPARGC1A, PTRH1 and TDRD7. The model is an 
independent risk factor for clinicopathological characteristics 
to predict overall survival. IGF2BP3 regulates IGF2 
translation and function and is expressed in testis 
tissues.[59] IGF2BP3 is correlated with several cancers and 
is  significantly  upregulated  in CRC  tissues.[59] PABPC1L 
is an important paralog of  PABPC1 that regulates and 
stabilizes mRNA translation.[60] A study reported that 
PABPC1L is overexpressed in CRC and promotes CRC cell 
proliferation and migration by regulating the protein kinase 
B (AKT)‑signaling pathway.[60] A recent study validated that 
PABPC1L might promote colon tumorigenesis by regulating 
mRNA splicing.[61] Mutation of  PPARGC1A is related to the 
risk of  CRC, and PPARGC1A protects against tumorigenesis 
by regulating the fate of  the enterocyte cells.[62,63] PTRH1 
is peptidyl‑tRNA hydrolase 1 and salvages tRNA from 
peptidyl‑tRNA, which is toxic to cells when accumulating.[64] 
TDRD7 is a scaffold protein and can induce congenital 
cataracts.[64] However, there is no definitive study about the 
relationship between PTRH1 or TDRD7 and cancer.

Finally, the expression of  risk model genes was validated 
using online databases. IGF2BP3, PABPC1L and PTRH1 
were significantly upregulated in CRC tissues, but 
PPARGC1A and TDRD7 were downregulated compared 
with the normal group. Our results were consistent with 
those in the online databases.
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One limitation of  the study is the lack of  experimental 
data validating the variations in the risk model genes. 
Although, all of  the model gene mRNA levels in CRC 
were validated by the TIMER database, only IGF2BP3, 
PTRH1 and TDRD7 protein levels were validated by the 
HPA database. Therefore, it would be more convincing if  a 
related experiment was performed to investigate the protein 
expression levels of  the model genes, especially PABPC1L 
and PPARGC1A. Another limitation is the lack of  more 
clinical data validating the prognostic signature established 
in the study. GSE17538 was used as the validation cohort, 
but it is necessary to collect more data and samples in the 
clinic to validate the signature before clinical application.

In conclusion, we screened differentially expressed RBPs, 
identified hub genes and analyzed the functions and related 
pathways in CRC. Subsequently, we constructed a risk score 
model including the IGF2BP3, PABPC1L, PPARGC1A, 
PTRH1 and TDRD7 genes. The prognostic model may 
help predict the overall survival of  patients with CRC and 
be applied in the clinic in the future.
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Table S1: Differentially expressed RBPs in CRC tumors
logFC logCPM P FDR

Upregulated genes
TRIM71 5.252092033 2.124678675 9.79E‑13 5.52E‑12
DDX53 5.128346312 −0.054815076 1.53E‑07 5.07E‑07
PIWIL1 4.83886599 5.578536266 2.89E‑17 2.21E‑16
RNF113B 4.433580112 −0.370795097 1.44E‑08 5.55E‑08
LIN28B 4.413644757 0.82379011 1.13E‑05 3.01E‑05
IGF2BP1 4.36561002 4.61413343 2.57E‑11 1.29E‑10
IGF2BP3 3.945034577 4.719395618 5.65E‑13 3.28E‑12
LIN28A 3.697972027 0.032742618 7.16E‑07 2.24E‑06
NANOS3 3.569228566 3.456647586 2.85E‑19 2.74E‑18
DAZ1 3.350030833 −1.184596163 0.000111317 0.000254009
BOLL 2.884140365 −0.434401514 5.47E‑06 1.53E‑05
AZGP1 2.812186463 8.63612364 2.05E‑25 3.27E‑24
NXF3 2.752221573 4.047676951 1.58E‑06 4.78E‑06
PABPC1L 2.710261612 7.200354027 5.42E‑29 1.19E‑27
MEX3A 2.542479708 6.387621406 1.53E‑28 3.18E‑27
ZC3HAV1L 1.874408723 5.42511512 7.56E‑39 3.09E‑37
RPL22L1 1.774744326 8.44434824 2.79E‑16 2.01E‑15
BOP1 1.598183922 9.423269293 7.49E‑22 9.18E‑21
PABPC3 1.557671526 3.687150556 5.18E‑10 2.34E‑09
GTF3A 1.55732465 10.02434717 2.36E‑23 3.22E‑22
ZNF239 1.547431548 5.248492378 6.48E‑23 8.60E‑22
PTRH1 1.520944693 0.480847081 1.29E‑10 6.13E‑10
CD3EAP 1.471948231 5.578793212 4.20E‑42 1.94E‑40
NPM2 1.454557228 3.678553176 6.95E‑11 3.42E‑10
PUS7 1.405900191 7.463647345 8.91E‑47 5.55E‑45
RANBP17 1.367449355 5.050817554 1.42E‑10 6.65E‑10
CTU1 1.342375408 5.41828813 1.12E‑10 5.34E‑10
DNMT3B 1.302205155 5.107081478 7.72E‑18 6.18E‑17
EXO1 1.289001074 6.269997084 2.37E‑27 4.36E‑26
TDRD1 1.282895129 2.316847696 0.010904959 0.017838819
NPM3 1.262189959 7.809369459 8.12E‑18 6.46E‑17
PUS1 1.261090894 8.003907669 3.08E‑26 5.14E‑25
ADAT2 1.25863411 6.533245296 2.13E‑22 2.71E‑21
TERT 1.253008914 3.809619762 1.42E‑07 4.74E‑07
WDR4 1.224610552 6.9845416 5.65E‑25 8.53E‑24
BYSL 1.213992186 7.469396478 1.12E‑36 4.11E‑35
DKC1 1.186280907 9.625946252 1.11E‑49 7.21E‑48
RPS21 1.176678106 12.23290432 1.48E‑09 6.39E‑09
RNASEH2A 1.175551544 7.909875893 1.67E‑20 1.80E‑19
EIF5A2 1.16515838 5.888026788 6.45E‑17 4.90E‑16
CMSS1 1.160142376 7.175366188 3.22E‑40 1.40E‑38
RNASE7 1.158878615 1.155198822 0.000614424 0.001254231
POP1 1.136162109 6.40586659 2.93E‑26 4.94E‑25
RRP9 1.128266644 7.984953818 1.41E‑21 1.64E‑20
NOP56 1.123190457 9.755925619 2.19E‑28 4.48E‑27
NXT1 1.112391285 7.277514032 2.95E‑16 2.12E‑15
AEN 1.110808127 8.007551354 2.30E‑25 3.59E‑24
NKRF 1.11002803 6.579241127 1.27E‑32 3.50E‑31
RRP12 1.101723077 8.372373387 2.25E‑31 5.85E‑30
NOP2 1.09919167 8.495440418 3.54E‑36 1.21E‑34
XPOT 1.08459342 9.255088614 2.43E‑31 6.23E‑30
METTL1 1.082529018 6.935630618 5.64E‑31 1.39E‑29
EXOSC5 1.074013455 7.696109804 1.27E‑15 8.83E‑15
EXOSC4 1.062443431 7.65030706 3.37E‑11 1.68E‑10
RUVBL1 1.059453166 8.558068427 1.92E‑43 9.48E‑42
TRMT1 1.057786733 8.066260156 5.52E‑20 5.62E‑19
NUFIP1 1.056410149 6.302977769 6.33E‑21 6.98E‑20
UTP14A 1.049426319 7.889421464 2.24E‑25 3.53E‑24
RRS1 1.042385669 7.936299522 7.39E‑22 9.13E‑21
RPP40 1.027915589 5.570807288 5.83E‑24 8.53E‑23
IPO4 1.014828039 5.240761805 6.46E‑17 4.90E‑16
RAE1 1.01441098 8.398347334 3.13E‑24 4.62E‑23
EZH2 1.013098708 7.618504345 1.96E‑33 5.86E‑32
BRCA1 1.007746875 7.255928368 2.04E‑19 1.98E‑18

Contd...



Table S1: Contd...
logFC logCPM P FDR

DCAF13 1.004870648 8.498221702 3.32E‑23 4.45E‑22
RBM44 1.002443309 1.674897423 0.00036559 0.000771561

Downregulated genes
SPATS2L −1.018711652 9.381277297 1.46E‑44 7.76E‑43
MRPL35 −1.021146683 8.194693085 9.67E‑71 1.98E‑68
RNASEK −1.02135772 4.991526262 5.91E‑28 1.16E‑26
TLR8 −1.024775724 4.042673828 1.96E‑05 5.06E‑05
AFF1 −1.03109313 8.68311084 4.17E‑20 4.27E‑19
TDRD7 −1.031278158 7.543353529 1.01E‑44 5.59E‑43
IFIT2 −1.032077937 5.936624667 2.75E‑09 1.15E‑08
AUH −1.032900902 6.536551042 1.21E‑50 8.68E‑49
ISG20 −1.034250731 7.135576114 1.12E‑11 5.83E‑11
NUDT16 −1.046325651 8.181935779 1.77E‑42 8.44E‑41
ENDOU −1.062598483 −0.004575165 3.06E‑06 8.89E‑06
RNASE6 −1.064261911 5.752743539 3.32E‑18 2.85E‑17
ZC3H12D −1.073679084 5.353361389 5.64E‑18 4.64E‑17
MBNL1 −1.075785462 9.4055544 5.34E‑28 1.06E‑26
POLR2F −1.090844126 −0.11558887 1.00E‑06 3.12E‑06
SIDT1 −1.135163316 6.467405631 7.92E‑13 4.52E‑12
LRRFIP2 −1.138718087 8.168415741 2.33E‑57 2.39E‑55
CPEB2 −1.146052023 6.680102289 1.65E‑21 1.90E‑20
IFIT1 −1.150260371 6.156479839 1.37E‑08 5.31E‑08
SAMD4A −1.175497088 6.545515214 1.37E‑14 8.82E‑14
TEP1 −1.188112107 8.170597653 2.06E‑36 7.38E‑35
SECISBP2L −1.215358029 7.495299122 1.34E‑27 2.49E‑26
MVP −1.222810402 11.32647701 2.65E‑35 8.64E‑34
SNRPN −1.251220236 6.263888265 2.52E‑12 1.37E‑11
SMAD7 −1.256486047 7.156267483 9.96E‑33 2.80E‑31
RBFOX1 −1.26740694 1.783445713 0.000185201 0.000408298
SIDT2 −1.285276523 8.013266473 4.77E‑44 2.44E‑42
ZCCHC24 −1.322832986 7.19865387 9.69E‑18 7.67E‑17
DQX1 −1.33521449 6.046592594 2.89E‑14 1.83E‑13
RNASE1 −1.357335127 9.494884607 2.12E‑21 2.42E‑20
DZIP1 −1.413625591 4.776508966 3.16E‑19 3.01E‑18
RAVER 2 −1.435878882 8.024897588 8.10E‑69 1.45E‑66
ENOX1 −1.483998611 3.159585265 1.05E‑18 9.70E‑18
RBMS3 −1.533057774 4.768315059 1.84E‑15 1.26E‑14
RBM47 −1.569350087 9.903733603 1.87E‑98 8.95E‑96
CPEB3 −1.569508522 5.060620275 1.74E‑45 9.99E‑44
A1CF −1.569649279 7.285646369 7.51E‑23 9.78E‑22
RNASEL −1.571605874 6.334090368 2.58E‑57 2.46E‑55
PPARGC1B −1.575478851 6.898803885 6.04E‑54 4.81E‑52
AFF2 −1.590884551 1.07330892 7.04E‑10 3.12E‑09
ZC3H12C −1.597876992 6.219690847 2.11E‑23 2.91E‑22
PABPC5 −1.643140524 1.470718935 5.35E‑18 4.43E‑17
DDX25 −1.689538826 −0.543449745 5.68E‑10 2.53E‑09
OASL −1.766689825 6.688054671 7.82E‑27 1.40E‑25
DDX60 −1.78664835 7.895634882 5.64E‑34 1.72E‑32
RIOK3 −1.79956147 8.886852168 2.36E‑80 6.76E‑78
TST −1.844266359 9.964738094 1.35E‑59 1.49E‑57
TLR7 −1.94116463 3.868143012 2.34E‑26 4.04E‑25
TDRD10 −1.994318385 1.078344946 9.54E‑36 3.18E‑34
EIF4E3 −1.998820321 7.264031251 4.52E‑55 4.05E‑53
PPARGC1A −2.021604371 6.482288359 2.17E‑33 6.34E‑32
RBM24 −2.150961737 3.018653031 4.00E‑28 8.08E‑27
TLR3 −2.324869449 6.156211797 1.94E‑72 4.63E‑70
RPL10L −2.345603898 1.234731438 1.20E‑27 2.25E‑26
PDCD4 −2.352722098 9.300681351 5.69E‑189 8.16E‑186
CELF4 −2.654819968 1.001503732 1.47E‑30 3.45E‑29
RBM20 −2.667853092 2.192803562 8.08E‑39 3.21E‑37
RALYL −2.946160789 −0.586432324 5.34E‑19 4.97E‑18
AFF3 −3.135612519 3.658371055 2.16E‑67 3.09E‑65
NOVA1 −3.215254166 2.889620781 1.02E‑52 7.68E‑51
CPEB1 −3.321445537 1.968416617 2.09E‑63 2.49E‑61
ELAVL4 −3.364897978 1.948050664 4.59E‑68 7.31E‑66

Contd...



Table S1: Contd...
logFC logCPM P FDR

ELAVL3 −3.548646359 0.03139513 1.07E‑54 8.98E‑53
RBPMS2 −3.612398239 4.71748561 1.85E‑87 6.62E‑85
KHDRBS2 −4.204963195 −0.03288386 4.17E‑65 5.43E‑63
RBFOX3 −5.008485622 3.927742185 5.15E‑122 3.69E‑119


