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Abstract
Background  Colorectal cancer (CRC) ranks as the third most commonly diagnosed cancer in both females and males, under-
scoring the need for the identification of effective biomarkers.
Methods and results  We assessed the expression levels of ribosomal proteins (RPs) at both mRNA and protein levels. Sub-
sequently, leveraging the STRING database, we constructed a protein-protein interaction network and identified hub genes. 
The co-expression network of differentially expressed genes associated with CRC and their target hub RPs was constructed 
using the weighted gene co-expression network analysis algorithm. Gene ontology and molecular signatures database were 
conducted to gain insights into the biological roles of genes associated with the identified module. To confirm the results, the 
expression level of the candidate genes in the CRC samples compared to the adjacent healthy was evaluated by the RT-qPCR 
method. Our findings indicated that the genes related to RPs were predominantly enriched in biological processes associ-
ated with Myc Targets, Oxidative Phosphorylation, and cell proliferation. Also, results demonstrated that elevated levels of 
GRWD1, MCM5, IMP4, and RABEPK that related to RPs were associated with poor prognostic outcomes for CRC patients. 
Notably, IMP4 and RABEPK exhibited higher diagnostic value. Moreover, the expression of IMP4 and RABEPK showed a 
significant association with drug resistance using cancer cell line encyclopedia and genomics of drug sensitivity in cancer 
databases. Also, the results showed that the expression level of IMP4 and RABEPK in cancerous samples was significantly 
higher compared to the adjacent healthy ones.
Conclusion  The general results of this study have shown that many genes related to RPs are increased in cancer and could be 
associated with the death rate of patients. We also highlighted the therapeutic and prognostic potentials of RPs genes in CRC.
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Introduction

Colorectal cancer (CRC) holds the position of the second 
leading cause of mortality on a global scale, primarily 
attributed to its pervasive nature of metastasis and inherent 
heterogeneity [1]. Even with progress in early detection and 
therapeutic approaches, the persistence of lymphatic and 
distant metastases remains a significant factor contributing 
to decreased survival rates [2]. It continues to be the primary 
cause of mortality for individuals diagnosed with CRC. So, 
identification of genes that may dominate a wide range of 
mechanisms could highlight the sensitive biomarkers for 
determining prognosis, monitoring recurrence, and enhanc-
ing the management of personalized therapy in CRC.

The process of ribosome biogenesis is a remarkably 
dynamic and well-coordinated sequence, involving the 
synthesis, modification, and assembly of ribosomal RNA 
(rRNA) with ribosomal proteins (RPs) to ultimately create 
fully mature ribosomes. This intricate process occurs within 
specialized subnuclear compartments recognized as nucle-
oli [3]. Increasing evidence indicates that post-translational 
modifications of ribosomal proteins, such as phosphoryla-
tion and ubiquitylation, may actively impact translational 
control and are associated with various human diseases [4]. 
The disruption of RPs can have consequences for ribosomal 
biogenesis, potentially compromising cell survival, growth, 
and proliferation. Research indicates that RPs extend 
beyond their primary ribosomal functions, playing roles in 
extra ribosomal activities such as DNA repair, replication, 
proliferation, apoptosis, and resistance to chemotherapy [5]. 
Numerous RPs exhibit overexpression in diverse human 
tumors, encompassing prostate cancer (PCa), colon adeno-
carcinomas, liver, pancreatic, gastric, lung, and breast can-
cer, among various others [6, 7]. For instance, Luo et al. 
have documented an elevation in the expression levels of 
RPS2 and RPS12 within tissues afflicted by colon cancer 
[8]. In addition, recent findings regarding somatic mutations 
in RP genes within hematological cancers and solid tumors 
underscore the connection between abnormalities in ribo-
some biogenesis and the process of oncogenic transforma-
tion [9]. Therefore, considering the expression pattern of 
RPs and identifying the genes associated with RPs in can-
cers, particularly in CRC, could play a crucial role in under-
standing the molecular mechanisms underlying the disease 
and developing targeted therapeutic approaches.

In this study, we employed RNA-Seq data from the 
TCGA dataset to elucidate the prognostic and biomarker 
significance of genes associated with RPs through bioinfor-
matics and statistical analysis. Subsequently, we identified 
drugs capable of targeting our candidate genes and assessed 
the correlation between the expression levels of these genes 
and drug resistance and sensitivity. Finally, the validation of 

two genes related to ribosomal proteins in colorectal cancer 
tissues was conducted using qRT-PCR.

Martial and methods

Differential expression analysis of RPs in colorectal 
cancer vs. normal tissues using TCGA data and 
limma package

RNA expression data for 41 normal tissue samples and 483 
CRC samples, along with their respective clinical informa-
tion, were obtained from the TCGA database (https://portal.
gdc.cancer.gov/). Differential gene analysis was conducted 
on colon cancer and normal tissue samples sourced from 
the TCGA dataset. Utilizing the “limma” package in the R 
language, the analysis employed normal tissue samples as 
controls, and the FDR method was employed to rectify the 
differential p-values. A selection criterion of -0.5≤|logFC| ≥ 
0.5 and FDR < 0.05 was applied for differential gene selec-
tion, leading to the identification of significantly differen-
tially expressed genes (DEGs). The list of RPs was achieved 
from a published article about RPs [10].

To confirm our results via using second cohort, we down-
loaded the raw data from both the GSE39582 and GSE22598 
studies, which consisted of 583 primary gastric adenocarci-
noma samples and 36 surrounding normal fresh frozen tis-
sues. Following data acquisition, initial preprocessing steps 
were implemented. These steps included background light 
removal, data normalization using the RMA method, and 
transformation of the data into logarithmic mode with a base 
of 2. The resulting expression matrix obtained from these 
preprocessing procedures formed the foundation for all sub-
sequent analyses conducted in the study. Additionally, we 
obtained clinical data from the GSE39582 dataset, which 
included parameters such as age at diagnosis, TNM stage, 
overall survival event (OS), and overall survival delay (in 
months). All the codes used in this study are given in sup-
plementary materials.

Protein-protein interaction network

STRING (Search Tool for the Retrieval of Interacting 
Genes/Proteins) is an online tool (https://string-db.org/) 
designed for protein interaction analysis. It leverages known 
protein-protein correlation data to establish upstream and 
downstream relationships among proteins [11]. The shared 
differentially expressed RPs were input into the STRING 
software to construct and visualize the protein-protein inter-
action (PPI) network. Additionally, the cytoHubba plugin 
within Cytoscape software (version Cytoscape_v3.6.1) was 
employed for the identification of hub genes. The top RPs 
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with the highest connection and maximal clique centrality 
(MCC) were selected as hub genes.

Exploring colorectal cancer co-expression networks: 
WGCNA-based module identification and trait 
correlation analysis

The CRC sample co-expression network was established 
using the WGCNA algorithm. The construction of the 
gene co-expression network utilized the “WGCNA” pack-
age within the R software. Hierarchical clustering analysis 
was executed through the Hclust function. The suitable soft 
threshold value (β) was determined using the “pickSoft-
Threshold” function, and the adjacency matrix underwent 
transformation into a topological overlap matrix (TOM). 
Subsequently, a hierarchical clustering tree was created to 
categorize similar gene expressions into distinct modules. 
The minimum gene count within each module was estab-
lished at 30. To consolidate potentially similar modules, a 
cutting height threshold of 0.2 was established. Ultimately, 
the module eigengenes (ME) were computed to encapsu-
late the expression profiles of each gene, and the correlation 
between ME and traits was evaluated to pinpoint the most 
pertinent module for subsequent analysis [12, 13].

Conducting intersection gene screening

Identification of candidate genes by overlapping critical 
and differentially expressed genes in the weighted gene Co-
expression Network using the ‘venn’ package in R.

Gene ontology and MSigDB pathway analysis

The GO analysis of the identified differentially expressed 
RPs (DERPs) was conducted using a web-based tool data-
base. Enrichment analysis for the obtained DERPs in the 
MSigDB pathway was performed using Enrichr. A sig-
nificance threshold of P < 0.05 was applied for statistical 
significance.

Survival analysis

For survival analysis, gene expression values were strati-
fied into low and high expression groups using the R lan-
guage. The hazard ratio (HR) was calculated through a Cox 
regression model, and Kaplan-Meier estimations were uti-
lized to generate survival curves. A significance threshold 
of P < 0.05 was applied to identify statistically significant 
differences.

Diagnostic significance of top hub genes: ROC curve 
analysis

The pROC package was employed for Receiver Operating 
Characteristic (ROC) curve analysis on hub genes. A cutoff 
value of AUC > 85% was established to assess the diagnos-
tic significance of the identified hub genes.

Drug discovery, drug sensitivity and resistance

To identify drugs influencing the expression of candidate 
genes, this study utilized the DRUG bank, DSigDB, and 
other drug discovery datasets. Relevant drugs were selected 
based on keywords such as cancer, treatment, and the names 
of candidate genes. Moreover, the cancer cell line encyclo-
pedia (CCLE) data and genomics of drug sensitivity in can-
cer (GDSC) data were analyzed using the R “PharmacoGx” 
package. This examination aimed to investigate the correla-
tion between the expression levels of candidate genes and 
both drug resistance and sensitivity. Ultimately, this infor-
mation was utilized to assess the correlation between the 
expression levels of candidate genes and the IC50 values of 
various drugs.

Table 1  Clinical data pertaining to CRC patients
Cancer name characteristic Number (N = 30)
CRC Age

< 50
> 50

9
21

Gender
Male
Female

18
12

TNM stage
I
II
III
IV

5
11
9
5

Tumor size
< 5cm
> 5cm

12
18

Tumor site
Right colon
Left colon
Cecum
Sigmoid
Rectum

6
7
2
10
5

TNM.N
N0
N1

17
13
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Results

Identification of DEGs

To explore the number of dysregulated genes in CRC, we 
conducted a differential gene expression analysis comparing 
tumor samples to normal samples. This comparison revealed 
a total of 13,173 differentially expressed genes, with 6,594 
upregulated genes and 6,580 downregulated genes. Our out-
comes were represented by volcano plot (Fig. 1A).

Analysis of PPI networks and identification of hub 
genes

RPs, which make up the structural components of the ribo-
some, play a crucial role in both the assembly and function-
ing of the ribosome. Among 77 achieved RPs from database, 
our investigation unveiled dysregulation in 25 RPs within 
CRC samples in comparison to normal samples (Fig. 1B). 
Utilizing transcriptome data from TCGA database, the 
expression levels of these genes were detailed in supple-
mentary file (Table S1). To further explore the interactions 
between these RPs at the protein level, we constructed a PPI 
network using the STRING online database. Subsequently, 
employing the Cytoscape plug-in CytoHubba, we identified 
the top 5 genes in the network through two key topological 
analysis algorithms (MCC and Degree). The resulting hub 
genes are as follows: RPL35, RPL36A, RPS17, RPS4X, and 
RPS19 (Fig. 1C and E). As reported in Table S1, the expres-
sion levels of RPL35, RPL36A, RPS17, RPS4X, and RPS19 
were up-regulated, and among all of these genes, RPL36A 
and RPS17 had significantly higher expression pattern in 
CRC compared to normal samples (Fig. 2A-E, P < 0.001). 
To validate the expression levels of our hub genes at protein 
level, we assessed their protein levels using a proteomics 
database. Interestingly, elevated expression of hub genes 
was validated in CRC samples vs. normal samples (Fig. 2F-
J, P < 0.01). These results suggest that the mentioned RPs 
could play an important role in the pathogenesis of CRC.

Building co-expression modules for CRC using 
WGCNA

The 483 samples of CRC were clustered utilizing the aver-
age linkage method, and the levels of 16,352 genes were 
used to create the co-expression gene networks, and a 
sample dendrogram was constructed. The soft-thresholding 
power was selected 12 which ensure a scale-free network R2 
(scale-free R2 = 0.9). By using the dynamic tree cut method, 
a total of 21 modules were detected, and the clustering den-
drograms of genes and a heat map for the module-trait asso-
ciation are illustrated in Fig. 3A-C. As shown in heatmap 

Sample collection

In this investigation, a total of 60 colon tissues, compris-
ing 30 tumor samples and 30 adjacent healthy tissues, were 
sourced from the Tumor Bank of Iran (Table 1). The study 
adhered to bioethical standards outlined by the Ministry of 
Health, Treatment, and Medical Education of Iran, and it 
received approval from the research ethics committees of 
the College of Science, University of Tehran, under the 
accession code IR.UT.SCIENCE.REC.1401.007. Addition-
ally, all cancer samples were verified by a pathologist to 
confirm their disease status.

RNA extraction, quantitative real-time PCR

Total RNA was extracted from tissues using TRIzol reagent 
(Sigma-Aldrich, Germany). Subsequently, DNase treatment 
(Sina Clone) was applied to eliminate DNA contamination. 
For all samples, cDNA synthesis was carried out using a 
cDNA synthesis kit (Yekta Tajhiz, Iran) following the pro-
vided procedure. The IMP4 and RABEPK specific primers, 
designed by NCBI (https://www.ncbi.nlm.nih.gov/tools/
primer-blast), had the following sequences: IMP4-F: 5’- ​C​A​
T​C​A​C​A​C​A​C​G​G​C​T​T​C​T​C​C​T-3’, R: 5’-​C​C​A​G​A​C​G​G​A​T​C​
A​T​G​T​A​C​A​G​C​T​T-3’; RABEPK-F: 5’-​C​C​C​A​C​C​A​T​C​C​C​C​A​
A​G​A​A​C​A​T-3’, R: 5’-​C​A​G​G​T​C​A​G​A​G​T​G​T​T​T​G​C​G​T​C-3’. 
RT-qPCR was performed using SYBR Green PCR master 
mix (Yekta Tajhiz, Iran) and gene-specific primers. GAPDH 
was used as an internal control, and the expression levels of 
each gene in each sample were calculated using the 2−ΔCt 
method.

Statistics

All data processing and statistical analyses were conducted 
using R software (version 4.1.0). The data are presented 
as mean ± SD. Statistical comparisons were carried out 
using either a two-tailed Student’s t-test or a two-tailed 
non-parametric Mann–Whitney U-test, with statistical sig-
nificance set at P < 0.05 (*P < 0.5; **P < 0.1; ***P < 0.01; 
****P < 0.001). Correlations between two continuous 
variables were evaluated using Pearson’s correlation coef-
ficients. The Survminer package was utilized to determine 
the optimal cut-off value. Cox regression and Kaplan–Meier 
analyses were conducted through the survival package.
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expressed in CRC compared to normal samples (Fig. 4A). 
Therefore, we used these 419 RPs-related genes for continu-
ing our study.

Functional annotation and pathway enrichment 
analysis for co-expressed genes

To gain a more comprehensive understanding of the func-
tions of these 419 RPs-related genes, we conducted gene 

plot, 21 co-expression modules were discovered, and except 
for gray module, which is non-clustering genes, the green 
module was the most related module to five top RPs genes 
(Fig. 3B). So, the green module was considered for further 
analysis. Only genes exhibiting a correlation coefficient 
greater than 0.2 and a p-value less than 0.05 with all five top 
RP genes were extracted as candidate genes from the green 
module. 624 genes in green module were identified as can-
didates, of which 419 genes were significantly differentially 

Fig. 1  Gene expression changes 
in CRC. (A) The volcano plot 
illustrates the Differentially 
Expressed Genes (DEGs) in 
cancer samples compared to the 
healthy group, utilizing TCGA 
data. Genes meeting the criteria 
of -1≤|logFC|>1 and Adj.P.
value < 0.05 are highlighted with 
red and blue dots in the figure. 
(B) A Venn diagram displays the 
overlap of genes obtained from 
DEGs and ribosomal proteins 
(RPs). (C) The Protein-Protein 
Interaction (PPI) network is 
depicted for RPs based on the 
STRING database. (D and E) 
Genes with the highest degree 
and MCC scores were identified 
using the cytoHubba plugin
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E2F Targets, and DNA Repair pathways with FDR less than 
0.01 (Fig.  4C). Therefore, the first pathway (Myc Targets 
V2) including: PUS1; PLK1; IMP4; NOC4L; RABEPK; 
RRP9; SRM; TBRG4; AIMP2; CDK4; GRWD1 and MCM5 
genes was selected as the top and most relevant pathway 
for our ongoing study on RPs genes (Fig. 4B and C). These 
results show that RP-related genes are involved in the main 
pathways related to cancer such as cell proliferation.

ontology (GO) annotation and the molecular signatures data-
base (MSigDB) pathway enrichment analyses. Our enrich-
ment analysis revealed that our RPs-related genes were 
enriched in 14 biological processes (BP), 19 cellular com-
ponents (CC), and 5 molecular functions (MF) terms with 
FDR less than 0.01 (Fig. 4B). Our MSigDB pathway enrich-
ment results also showed that RPs-related genes could act in 
Myc Targets V2, Oxidative Phosphorylation, Myc Targets 
V1, Adipogenesis, G2-M Checkpoint, mTORC1 Signaling, 

Fig. 2  Integrated Analysis of Hub 
Ribosomal Proteins: mRNA and 
Protein Expression. (A-J) The 
mRNA and protein expression 
levels of hub Ribosomal Proteins 
(RPs) were assessed using both 
TCGA and proteomics datasets. A 
significance cutoff of P-value less 
than 0.05 was applied
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cut-off. Our univariate cox results indicated that among 
all candidate genes, the high levels of GRWD1, MCM5, 
IMP4, and RABEPK was related to poor prognostic of 
patients in CRC (Supplementry file: Table S2, HR > 1 and 
logRank < 0.05). Moreover, the K-M curve was plotted to 
show the difference between the rate of survival between 
high and low expression using the survival package of R 
language (Fig.  6A and D). These results suggest that RP-
related genes could be associated with the survival rate of 
CRC patients and play a role in malignancy.

Hub genes’ survival curve analysis

Firstly, the expression levels of our candidate genes were 
separately represented by violine plot in CRC samples and 
normal samples. As shown in Fig. 5A and L, the levels of 
all candidate genes were significantly up-regulated in CRC 
samples compared to normal samples. To recognize the 
OS-related genes, univariate cox regressions analysis was 
performed. Patients were divided into the low- and high-
expression categories utilizing the median gene level as 

Fig. 3  WGCNA was employed to 
identify key module genes significantly 
associated with hub RPs scores. (A) 
The scale-free fit index and mean con-
nectivity were analyzed across various 
soft-thresholding powers to determine 
the optimal soft-thresholding power. (B) 
The cluster dendrogram, based on gene 
expression, illustrates co-expression 
modules identified by different colors. 
(C) Heatmap of module-trait relation-
ships was generated to identify key 
modules

 

1 3

Page 7 of 16    576 



Molecular Biology Reports

normalized gene expression matrix. Our results showed 
that PUS1(AUC = 0.85, P < 0.0001), PLK1 (AUC = 0.9, 
P < 0.0001), IMP4 (AUC = 0.94, P < 0.0001), NOC4L 
(AUC = 0.87, P < 0.0001), RABEPK (AUC = 0.91, 
P < 0.0001), RRP9 (AUC = 0.9, P < 0.0001), SRM 

Evaluation the diagnostic value of hub genes in CRC

To evaluate the potential of our candidate genes as bio-
markers in CRC, we estimated their expression lev-
els using the ROC metric with the TCGA-COAD 

Fig. 4  Enrichment analysis dia-
grams. (A) A Venn diagram was 
constructed to illustrate the over-
lap of 419 candidate hub genes 
by intersecting the key green 
module genes with DEGs from 
CRC and control samples. (B) 
The candidate genes were sub-
jected to pathway analysis using 
the gene ontology (GO) and 
molecular signatures database 
(MsigDB) databases to identify 
relevant biological pathways
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Identification of desirable drugs

To investigate the drugs with capability to have an influ-
ence on our candidate genes, some drug database includ-
ing drug bank, DGIdb, and DSigDB were used. Our results 
indicate that alprostadil can target CDK4, IMP4, RABEPK, 
and RRP9, leading to a decrease in the expression levels 
of these genes (Table 2, P < 0.05). Additionally, ambroxol 

(AUC = 0.81, P = 0.002), TBRG4 (AUC = 0.86, P < 0.0001), 
AIMP2 (AUC = 0.73, P = 0.009), CDK4 (AUC = 0.91, 
P = 0.001), GRWD1 (AUC = 0.87, P = 0.002), MCM5 
(AUC = 0.73, P = 0.02) genes could act as diagnostic mark-
ers in CRC. With the exception of PUS1, NOC4L, SRM, 
TBRG4, AIMP2, GRWD1, and MCM5, the remaining genes 
demonstrated a high efficiency in distinguishing tumor sam-
ples from normal ones (Fig. 7, A-L).

Fig. 5  Expression levels of 22 Hub Gene. (A-L) The expression levels of candidate genes were represented by box plot. A significance cutoff of 
P-value less than 0.05 was performed
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genes and drug resistance or sensitivity. To validate our find-
ings, we employed the Pearson correlation test, as described 
in the materials and methods section. Our results revealed a 
significant correlation between the expression level of IMP4 
and resistance to Sorafenib (Fig. 8A, P < 0.05). Furthermore, 
the expression level of RABEPK was found to be associ-
ated with sensitivity to Irinotecan (Fig. 8B, P < 0.05). These 
findings underscore the potential correlation between the 
expression of specific candidate genes and drug resistance 
or sensitivity. However, for a comprehensive understanding 
of the role of these candidate genes, further investigations 
through in vitro and in vivo studies are imperative.

has been investigated for its potential to target CDK4, 
IMP4, RABEPK, and RRP9, thereby reducing their levels 
in pancreatic cancer (Table  2, P < 0.05). Palbociclib, an 
FDA-approved drug, has demonstrated its ability to target 
CDK4 and PLK1 in cancers such as breast cancer and CRC 
(Table 2, P < 0.05). Consequently, our findings suggest that 
the identified drugs may serve as effective agents in target-
ing genes related to RPs and associated pathways in CRC, 
both directly and indirectly.

The association between the levels of our candidate 
genes and drug resistance and sensitivity

We utilized data from the CCLE and GDSC databases to 
establish a link between the expression levels of candidate 

Fig. 6  Interaction of GRWD1, MCM5, IMP4, and RABEPK with genes 
associated with a poor prognosis. (A-D) All the genes under consider-
ation displayed a noteworthy increase in expression in CRC, and this 

upregulation was identified to be correlated with an unfavorable prog-
nosis for patients that were shown by Kaplan–Meier plots. The red 
represents of high expression and the blue represent the low expression
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GEO cohort validation

To confirm the up-regulation of candidate genes in 
tumor samples compared to normal samples, we uti-
lized GSE22598 and GSE39582 as validation cohorts, as 
described in the materials and methods section. Our find-
ings indicate significant up-regulation of the expression 
levels of PUS1, PLK1, IMP4, NOC4L, RRP9, SRM, CDK4, 
and MCM5 in both studies. Additionally, RABEPK, TBRG4, 

Table 2  The potential of drugs to target candidate genes associated 
with RPs
Drug Names P-value Adjusted 

P-value
Genes

alprostadil 1.89E-06 7.64E-04 CDK4;IMP4;RABEPK; 
RRP9

ambroxol 4.52E-06 9.13E-04 CDK4;PLK1;IMP4;RRP9
Palbociclib 1.69E-04 0.017047 CDK4;PLK1

Fig. 7  ROC curve of Hub Gene. 
(A-L) ROC curves representing 
the identified hub genes in CRC 
samples compared to the healthy 
group are depicted utilizing 
TCGA data
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Table 3  The change expression levels of selected genes in the second cohort
Study GSE39582 GSE22598

logFC P.Value adj.P.Val logFC P.Value adj.P.Val
PUS1 1.229835 2.99E-25 4.56E-27 1.07 5.34E-05 3.48E-06
PLK1 1.264995 1.42E-14 7.18E-16 8.36E-01 7.46E-03 1.55E-03
IMP4 0.834864 2.81E-15 1.29E-16 6.80E-01 4.20E-03 7.61E-04
NOC4L 0.616485 1.44E-08 1.69E-09 6.15E-01 7.90E-03 1.67E-02
RABEPK 0. 5418 4.79E-01 3.79E-01 7.20E-01 1.13E-04 8.86E-06
RRP9 1.133993 4.78E-22 1.02E-23 8.83E-01 8.46E-04 1.07E-04
SRM 0.505448 5.91E-04 1.68E-04 5.35E-01 2.35E-02 6.40E-03
TBRG4 0.086785 5.19E-01 4.19E-01 5.86E-01 1.02E-02 2.29E-03
AIMP2 0.02054 8.51E-01 7.98E-01 2.13E-01 4.45E-02 3.26E-02
CDK4 1.709589 4.86E-38 2.14E-40 1.62 1.11E-07 1.21E-09
GRWD1 0.49566 7.59E-10 6.82E-09 2.92E-02 8.06E-01 7.09E-01
MCM5 1.056463 8.70E-12 1.02E-10 7.44E-01 1.79E-02 4.58E-03

Fig. 8  The association between 
the expression levels of IMP4 
and RABEPK and their impact on 
drug resistance and sensitivities. 
qRT-PCR validation in colorectal 
cancer samples as compared to 
adjacent healthy tissue. (A-
B) The correlation between 
candidate gene expression and 
drug resistance/sensitivity is 
demonstrated utilizing CCLE and 
GDSC data. A correlation test 
was conducted to evaluate the 
association between the expres-
sion levels of candidate genes 
and the respective IC50 values 
for each drug. (C-D) The assess-
ment of IMP4 and RABEPK lev-
els in cancer samples relative to 
adjacent healthy tissue is depicted 
using the qRT-PCR method. The 
expression level of each gene 
in every sample was computed 
utilizing the 2-∆Ct method
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[20, 21]. Reports indicate that RPs are closely related to 
well-known genes and their associated pathways. Nucleolar 
stress can induce p53 stabilization through various mech-
anisms, encompassing post-translational modifications, 
protein-protein interactions, and an elevation in the transla-
tion rate of p53 mRNA. The process of p53 stabilization in 
response to nucleolar stress relies on the involvement of RPs 
[22–24]. In addition, there is demonstrated overexpression 
of RPL31 in prostate cancer (PCa) tissues, impacting the 
levels of the tumor suppressor p53 and its associated targets, 
specifically the cell-cycle negative regulator p21 and the E3 
ubiquitin ligase MDM2, which targets p53 [25]. Moreover, 
it has been reported that rise in expressions of some RPs 
are relevant to the activation of NFκB, Akt-mTOR-p70S6K 
signaling pathway that promotes neo angiogenesis in breast 
cancer and hepatocellular carcinoma [26, 27]. Therefore, 
these results support the idea that RPs could play a vital 
role in the progression of cancer. The identification of genes 
associated with RPs could open up new avenues in control-
ling the development of cancer cells.

The idea of recognizing the genes that are related to RPs 
could enable us to investigate their specific functions and 
interactions, providing valuable insights into the intricate 
mechanisms underlying cancer progression. So, through the 
analysis of TCGA-COAD transcriptome and the implemen-
tation of specific correlation clustering, genes related to RPs 
were discovered. The association of these genes with prog-
nostic outcomes and drug resistance/sensitivity was subse-
quently evaluated. Our results indicated that the expression 
levels of mRNA and protein of RPL35, RPL36A, RPS17, 
RPS4X, and RPS19 were up-regulated in tumor samples 
compared to the normal samples. Intriguingly, recent results 
also confirm that RPL35 and RPS19 were up-regulated in 
colon, breast cancer [28–30]. As we have mentioned above, 
RPs could act as key genes in some pathways. Remarkably, 
certain genes related to RPs were found to be enriched in 
pathways shared with the enriched RPs pathways. Addition-
ally, other genes were enriched in critical cancer progression 
pathways, such as Myc Targets V2, which play a role in both 
the initiation and maintenance of tumorigenesis. Our find-
ings indicate that the expression levels of all 12 RP-related 
genes, including PUS1, PLK1, IMP4, NOC4L, RABEPK, 
RRP9, SRM, TBRG4, AIMP2, CDK4, GRWD1, and MCM5, 
were up-regulated in CRC tumor samples compared to nor-
mal samples. Similar patterns of up-regulation have been 
observed in other cancers, as demonstrated in prior studies. 
For instance, Chenlu Lan et al. revealed elevated levels of 
PUS1 in Hepatocellular Carcinoma, and intriguingly, this 
increase was associated with a poor prognosis [31]. More-
over, GRWD1 has been indicated that to be overexpressed 
in colon samples compare to normal samples [32]. Within 
the selected genes, elevated levels of MCM5, IMP4, and 

AIMP2, and GRWD1 exhibited significant overexpression 
in one of the studies. These results are comprehensively pre-
sented in Table 3. Moreover, we employed the clinical data 
from the GSE39582 study for survival analysis of the can-
didate genes, as outlined in the materials and methods. Our 
analysis revealed a significant association between elevated 
levels of MCM5, IMP4, and RABEPK and poor prognosis 
in patients (Supplementary file: Figure S1, P-value < 0.05).

Elevated the levels of IMP4 and RABEPK in CRC

Among OS-related genes, the AUC of IMP4 and RABEPK 
were higher than other candidates, so these genes were cho-
sen for experimental validation. The expression levels of 
IMP4 and RABEPK mRNA in CRC were assessed using 
qRT-PCR in a cohort comprising 30 healthy tissues and 30 
matched CRC samples. Our findings indicated a notable 
increase in the expression of both IMP4 and RABEPK in 
CRC samples when compared to the corresponding adja-
cent healthy tissue (Fig.  8C and D, P < 0.01). In general, 
our results showed that the genes related to RPs could play 
an important role in CRC, especially IMP4 and RABEPK, 
and could be suitable diagnostic, therapeutic and prognostic 
targets in CRC.

Discussion

The CRC poses a global concern, given its elevated mortal-
ity and morbidity rates. Across the world, medical systems 
have made concerted efforts to diminish the incidence of 
CRC through the implementation of innovative diagnostic 
and prognostic methods [14]. Nevertheless, it remains a 
prominent medical burden globally [15]. Identifying genes 
that correlate with key genes and pathways in CRC could 
pave the way for further insights and advancements in 
understanding the intricacies of the disease [16].

The pathogenesis of ribosomopathies, a heterogeneous 
group of diseases, stems from abnormalities in both the bio-
genesis and functioning of ribosomes [17, 18]. The identi-
fication of somatic mutations in RP genes in hematological 
cancers including T-cell acute lymphoblastic leukemia, 
chronic lymphocytic leukemia, and multiple myeloma, as 
well as in solid tumors such as breast cancer and melanoma, 
underscores the significance of ribosome biogenesis defects 
in potentially fostering oncogenic transformation [17, 19]. 
Unlike ribosomal defects associated with RP mutations 
in cancers, oncogene-driven cancers exhibit an increased 
activation of ribosome biogenesis, fostering uncontrolled 
growth, proliferation, and altered metabolism. Accumu-
lating studies have focused on mechanisms of oncogenic 
potential RPs in tumor progression and cancer developing 
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angiogenic properties according to Ziche et al. (1982), and 
it also promoted the formation of new capillaries in rat 
femoral veins [41, 42]. There is indirect evidence implicat-
ing prostaglandins 1 and 2 in angiogenesis, as inhibitors of 
cyclooxygenase (COX) have been demonstrated to hinder 
tumor growth, potentially through an anti-angiogenic mech-
anism [43]. Maria Grazia Cattaneo findings suggest that 
the impact of PGE1 is anti-angiogenic. This is supported 
by the inhibition of endothelial cell proliferation, migration, 
and cord formation in vitro, as well as the suppression of 
Matrigel vascularization in vivo [44]. Hence, our findings 
propose that Alprostadil could be deemed as a potentially 
effective treatment for CRC, notwithstanding the need for 
diverse experimental confirmations.

The combination of chemotherapy drugs with autophagy 
inhibitors represents an innovative and potent strategy in 
the field of cancer treatment. ambroxol has been utilized 
for the treatment of both acute and chronic bronchitis, as 
well as bronchial asthma, demonstrating a broad therapeu-
tic window and minimal side effects even at high doses. In 
addition, ambroxol treatment has been observed to activate 
the coordinated lysosomal expression and regulation net-
work through transcription factors such as EB. It serves as 
a molecular chaperone, modulating lysosomal biochemis-
try and thereby enhancing the well-being of patients with 
Gaucher disease [45, 46]. Administering elevated doses 
of ambroxol appears to yield superior clinical outcomes 
compared to standard doses in preventing postoperative 
complications among lung cancer patients [47]. ambroxol 
treatment resulted in a disruption of autophagic flux and 
hindered the degradation of intracellular cargo. This indi-
cates that the accumulation of autophagosomes stemmed 
from a reduction in autophagosome turnover rather than an 
increase in autophagosome formation [48]. So, these out-
comes showed that ambroxol could have deep influence on 
the lung cancer. Our results showed that ambroxol could 
target our selected genes and may decrease the levels of 
them in CRC. Ambroxol serves as a powerful inhibitor of 
neuronal sodium channels and, concurrently, functions as an 
anti-inflammatory medication [46]. A recent investigation 
indicated that Ambroxol may exert a beneficial effect on the 
inflamed intestinal epithelium in CRC [49]. Hence, our find-
ings propose that Ambroxol might influence the progression 
of CRC by inhibiting unidentified pathways, and it could be 
employed as an effective treatment for CRC, potentially in 
combination with other drugs.

RABEPK were notably linked to a poor prognosis in CRC 
patients. M. Burger et al. have reported an association 
between elevated levels of MCM5 and an unfavorable prog-
nosis in CRC patients [33]. Notably, IMP4 and RABEPK 
demonstrated the ability to distinguish CRC samples from 
normal samples with AUC exceeding 90%. These findings 
suggest that IMP4 and RABEPK could serve as promising 
biomarkers for colorectal cancer.

IMP U3 small nucleolar ribonucleoprotein 4 (IMP4) 
functions as a constituent of U3 small nucleolar ribonucleo-
proteins and participates in the maturation process of 18 S 
ribosomal RNA. Furthermore, there are reports indicating 
that IMP4 functions as a novel telomeric DNA-binding 
protein, suggesting its potential significant roles in telo-
mere-related processes [33]. Our findings revealed overex-
pression of IMP4 in tumor samples, indicating its potential 
involvement in cancer-related pathways. Furthermore, it has 
been demonstrated that IMP4 is up-regulated in lung can-
cer, and this overexpression is associated with promoting 
the progression of Lung adenocarcinoma by activating the 
ERK pathway [34]. Our results displayed that the levels of 
IMP4 was up-regulated in CRC samples compared to nor-
mal samples. interestingly, our outcomes showed that the 
high level of IMP4 was associated with poor prognostic of 
CRC patients. Moreover, our experimental results confirm 
the elevated levels of IMP4 in CRC compared to normal 
samples significantly. So, these results suggest that IMP4 
could have a significant influence on the progression of 
CRC either directly or in conjunction with RPs.

RAB9 belongs to the Rab GTPase family, a group of pro-
teins primarily situated on various organelle membranes. 
Working in conjunction with their specific effectors, mem-
bers of this family play a central role in regulating vesicle-
mediated transport. Furthermore, RAB9 holds significance 
in lysosomal biogenesis and the morphology of late endo-
somes. Additionally, it functions as a cellular target for spe-
cific pathogens, contributing to its pivotal role in pathogenic 
infections [35–37]. The protein known as p40, alternatively 
referred to as Rab9 effector protein with Kelch motifs, is 
encoded by the RABEPK gene in humans [38]. Our findings 
indicated an up-regulation of its levels in tumor samples 
compared to normal samples. Furthermore, our research 
unveiled an association between elevated levels of these 
genes and a poor prognosis in CRC samples.

Our results showed that the Alprostadil could target 
CDK4, IMP4, RABEPK, and RRP9 in ovarian cell line 
and effect on some genes. Alprostadil is a pharmaceutical 
employed in the treatment and control of erectile dysfunc-
tion in males. It is also utilized for the transient maintenance 
of ductus arteriosus in newborns diagnosed with congeni-
tal heart diseases prior to undergoing surgical intervention 
[39, 40]. In rabbit corneas, PGE1(Alprostadil) demonstrated 
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