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Abstract

Background and purpose: Colorectal cancer (CRC) holds the position of being the third most prevalent
cancer and the second primary cause of cancer-related fatalities on a global scale. Approximately 65% of CRC
patients survive for 5 years following diagnosis. Metastasis and recurrence frequently occur in half of CRC
patients diagnosed at the late stage. This study used bioinformatics analysis to identify key signaling pathways,
hub genes, transcription factors, and protein kinases involved in transforming primary CRC with liver
metastasis potential. Prognostic markers in CRC were also identified.

Experimental approach: The GSE81582 dataset was re-analyzed to identify differentially expressed genes
(DEGS) in early CRC compared to non-tumoral tissues. A protein interaction network (PIN) was constructed,
revealing significant modules and hub genes. Prognostic markers, transcription factors, and protein kinases
were determined. Boxplot and gene set enrichment analyses were performed.

Findings/Results: This study identified 1113 DEGs in primary CRC compared to healthy controls. PIN
analysis revealed 75 hub genes and 8 significant clusters associated with early CRC. The down-regulation of
SUCLG2 and KPNAZ2 correlated with poor prognosis. SIN3A and CDK®6 played crucial roles in early CRC
transformation, affecting rRNA processing pathways.

Conclusion and implications: This study demonstrated several pathways, biological processes, and genes
mediating the malignant transformation of healthy colorectal tissues to primary CRC and may help the
prognosis and treatment of patients with early CRC.

Keywords: Biomarkers; Cancer; CRC; Pathogenesis; Pathway; Prognosis.

INTRODUCTION ~1.9 million patients, leading to 900,000 deaths
around the world in 2020 (1).

Colorectal cancer (CRC) ranks as the third
most common form of cancer and is the second
most prominent contributor to cancer-related
deaths across the globe (1-4). CRC affected
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As the incidence and mortality of cancer
increase, healthcare systems around the world
are being faced with the challenge of ensuring
equitable and effective care delivery for all
patients, particularly in low- and middle-income
countries (5,6). In late-stage CRC, metastasis and
recurrence occur in approximately 50% of
patients, and many of these cases develop
resistance to chemotherapy (7,8,9). Although
broad CRC screening approaches and new
therapeutic methods have led to early detection
and diminished mortality (10,11), the 5-year
survival rate of CRC patients has remained at
65% (12), which is unsatisfactory. Therefore,
uncovering new signaling pathways, biological
processes (BPs), hub genes, prognostic
markers, and associated master regulators may
provide novel therapeutic targets and more
appropriate strategies to combat CRC.
Sayagués et al. conducted a study to assess the
molecular alterations in primary CRC tissues
compared to adjacent healthy tissues and
matched liver metastases tissues, at both
MRNA and miRNA levels (13). In the present
study, we hypothesized that many of the
differentially expressed genes (DEGS) in
primary CRC tissues with a high potential of
liver metastases compared with their
corresponding normal specimens play a critical
role in the aggressive behavior of cancer cells.
Therefore it could be associated with a poor
prognosis in CRC. Also, it was suggested that
prognostic markers might act as hub genes in a
protein interaction map (PIM) associated with
the malignant transformation of normal
colorectal tissues to primary CRC with a high
potential of distant migration.

Metastasis of CRC to the liver confers a
dismal prognosis, with a median survival of less
than 2 years (14,15). Identifying patients most
susceptible to liver metastases could guide
personalized treatment plans and vigilant
monitoring to improve outcomes (16). Previous
studies have uncovered gene signatures in the
primary tumor (17) and blood-based protein
biomarkers (18) that correlate with the later
development of liver lesions, allowing
stratification of metastasis risk. Additionally,
immunotherapy approaches like PD-1/PD-L1
checkpoint inhibitors have shown early promise
to suppress the growth of existing liver
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metastases and prevent the emergence of new
ones (19). Taken together, the evidence
mentioned above indicates the clinical potential
of prognostic biomarkers and
immunotherapeutic  strategies to enhance
survival in CRC patients vulnerable to lethal
liver spread. The subject highlighted the
significance of continuous research in
uncovering novel biomarkers and molecular
pathways distinguishing aggressive primary

colorectal tumors with high metastatic
preference (20).
The present study re-analyzed the

microarray GSE81582 dataset created by
Sayagués et al., a method for exploring the
molecular diversity within sporadic CRC
(SCRC) tumors, who studied mRNA and
mIiRNA levels in primary SCRC tumor samples
(13). Furthermore, the previously mentioned
study examined the expression of coding
and non-coding RNAs in non-cancerous tissues
(13). In Sayagués’s study, tissue samples
were collected from 23 primary sCRCs
consecutive patients and 19 paired liver
metastases. The median follow-up at the
end of the study was 25 months. No liver
metastase tissues were available for 4 patients.
A total of 9 healthy tissue samples was
collected at a distance of > 10 cm from the
tumor region. All tissue samples were taken
from patients at the Department of Surgery of
the University Hospital of Salamanca
(Salamanca, Spain). All tissue samples were
swiftly gathered following surgical removal,
frozen, and stored at -80 °C. Notably,
Sayagués’s study was approved by the local
ethics committee at the University Hospital of
Salamanca (Salamanca, Spain). Finally, the
obtained  dataset included invaluable
information regarding the primary CRC leading
to metastasis (13). Therefore, the present study
harnessed the valuable dataset and
pinpointed the variations in expression and hub
genes, enriched pathways and Gene Ontology
terms, key transcription factors, associated
protein Kkinases, and potential prognostic
biomarkers in early-stage CRC prone to liver
metastasis versus healthy tissue, and validated
aberrant expression of prognostic genes using
bioinformatics tools. These biomarkers could
be targets for therapy in early-stage CRC.



AMATERIALS AND METHODS

Data acquisition and processing

The dataset GSE81582 (13) in the Gene
Expression Omnibus (21) included 23 primary
colorectal tumors, 19 colorectal liver
metastases, and 9 non-tumoral colorectal
tissues. Transcriptome data of primary and
healthy colorectal tissues based on the
GPL15207 platform (Affymetrix Human Gene
Expression Array) were considered for further
statistical and bioinformatics analyses in this
study. The online GEOZ2R tool identified DEGs
in early CRC rather than healthy colorectal
tissues. The cut-off criteria were established as
a false discovery rate (FDR) of less than 0.001
and an absolute log2 of fold change (|Log2FC]|)
exceeding 1.

Network analysis

DEGs were imported into the STRING
database  (version 11.5), available at
https://string-db.org (22), to identify possible
interactions among proteins expressed by
DEGs. After removing disconnected proteins
from the graph, the connected PIM was
transferred into the Cytoscape (version 3.9.1),
available at https://cytoscape.org, to identify
hub genes and significant modules within
the network. Vertexes with the criteria of
degree and betweenness above 2-fold the
average of the nodes in the graph were
considered hub genes (23). Furthermore, the
Molecular Complex Detection (MCODE)
plugin (24) demonstrated condensed regions in
the PIM. Clusters with the MCODE score > 3
and the number of nodes > 10 were considered
significant (25).

Functional enrichment analysis

The g:Profiler web server, available at
https://biit.cs.ut.ee/gprofiler/gost  (26), was
used to uncover signaling pathways and gene
ontology (GO) annotations, including BPs,
molecular functions (MFs), and cellular
components (CCs) enriched in early CRC. In
this regard, genes of clusters were considered
for pathway and BP annotation enrichment
analysis, while all DEGs were used for
identifying CCs and MFs affected in primary
CRC (23,25). For GO annotation analysis, the
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g:Profiler retrieves data from several
data sources, including the Ensemble database
(27), Ensemble Genomes (28), and
WormBase ParaSite (29). In addition, the
Kyoto Encyclopedia of Genes and Genomes
(KEGG) (30), Reactome (31), and
WikiPathways (32) were used by the g:Profiler
for pathway enrichment analysis. This study
reported significant pathways detected by the
KEGG and Reactome data sources.
The enriched pathways and GO annotations
with the criteria of FDR less than 0.05 and the
number of genes > 10 (33) were assigned
significantly.

Upstream regulators of the hub genes and
their consensus sequences logos

The abnormal expression of transcription
factors (TFs) is associated with several human
disorders, including cancers. Thus, targeting
critical TFs involved in tumor development
may illustrate therapeutic effects in cancer
patients (34). In the present study, significant
TFs regulating expression of hub genes were
detected implementing the iRegulon app (35) in
the Cytoscape. The JASPAR database (36),
available at https://jaspar.genereg.net, was
investigated to achieve the consensus
sequences logos of binding sites for TFs.
Subsequently, the R programming (version
4.2.1) (37) was utilized to calculate the
consensus sequences match scores, according
to the algorithm explained by Xiong (38). Each
score was defined as the probability of the
consensus sequence corresponding to the
binding site of TFs as 2 (Math score) times more
than randomness.

Kinases enrichment analysis

Protein kinases mediate various biological
procedures linked with cell cycle, apoptosis,
and proliferation. Furthermore, over/under-
expression of protein kinases could lead to
cancer initiation and progression (39-41).
Therefore, protein kinases are considered hot
drug targets in cancer therapy due to their
critical role in tumorigenesis (42). This study
identified protein kinases ~ mediating
phosphorylation of TFs regulating the
expression of hub genes (43); this task was
accomplished using Kinase Enrichment


https://cytoscape.org/
https://biit.cs.ut.ee/gprofiler/gost
http://ensemblgenomes.org/
https://parasite.wormbase.org/
https://www.wikipathways.org/
https://jaspar.genereg.net/
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Analysis 3, which can be accessed at
https://maayanlab.cloud/kea3 (44). Finally, a
gene regulatory network (GRN) was
assembled, encompassing pivotal genes, TFs,
and protein kinases.

Prognostic hub genes and validation study
The Gene Expression Profiling Interactive
Analysis 2 (GEPIA2) database (45), available
at http://gepia2.cancer-pku.cn/#index, provides
valuable Kaplan-Meier curves to evaluate the
prognostic role of genes in several human
cancers. This is done by integrating 2 primary
RNA-Seq sources, the Genotype-Tissue
Expression (GTEX) (46), and TCGA (47) data
banks. Here, the prognostic role of hub genes in

early CRC was studied in colon
adenocarcinoma  (COAD) and  rectum
adenocarcinoma (READ). The cut-off

condition was set to log-rank test P-value and
hazard ratio (HR) P-value < 0.05. Moreover,
the expression patterns of prognostic
markers were checked out at the transcript
levels in COAD and READ using the GEPI2A
database (45).

RESULTS

DEGs in primary CRC

The GEO2R determined 1113 DEGs,
including 474 up- and 639 down-regulated
genes, in early CRC with a high
potential of liver metastases compared to the
healthy  colorectal  tissues  with  the
characteristics of FDR < 0.001 and
|log2FC > 1| (Table S1). The volcano
plot of the genes in the dataset GSE81582
(23 early CRC and 9 non-tumoral samples) was
achieved by the online Shiny apps web server,
available at https://huygens.science.uva.nl (48)

(Fig. 1).

PIM and functional analyses

After removing disconnected DEGs in the
STRING database, a connected PIM
(1040 genes and 7329 edges) was transferred
into the Cytoscape tool for topological
analyses. The MCODE plugin detected 8
considerable clusters in the PIM including
modules No. 1, 2, 3, 6, 8, 13, 15, and 16

(Fig. 2).
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Fig. 1. Volcano plot demonstrating the log2 FC of the genes (x-axis) in primary CRC compared to normal tissue, and
their corresponding significance as -logl0 FDR (y-axis). CRC, colorectal cancer; FC, fold change; FDR, false

discovery rate.
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Fig. 2 . Clustering analysis. Eight substantial modules were found in the protein interaction map associated with primary
colorectal cancer. MCODE plugin was used to calculate the scores of each cluster. Yellow vertexes show seed nodes.

The most notable signaling pathways
impacted in primary CRC were rRNA
processing in the nucleus and cytosol (REAC:
R-HSA-8868773), rRNA processing (REAC:
R-HSA-72312), and the cell cycle (KEGG:
04110) (Fig. 3A). Besides, cell cycle (GO:
0007049), rRNA processing (GO: 0006364),
and ribosome biogenesis (GO: 0042254)
demonstrated to be the most significant BPs
enriched in the etiology of early CRC based on
their FDR  (Fig. 3B).  Furthermore,
protein binding (GO: 0005515), binding
(GO: 0005488), and anion transmembrane
transporter activity (GO: 0008509) revealed
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to be the most salient MFs deregulated in
early-stage CRC (Fig. 3C), while intracellular
organelle lumen (GO: 0070013), organelle
lumen (GO: 0043233), and membrane-enclosed
lumen (GO: 0031974) were the most
considerable CCs enriched in the pathogenesis
of primary CRC (Fig. 3D). Binding denotes
the  selective, non-covalent, frequently
stoichiometric  interaction  between a
molecule and one or multiple distinct sites
on another molecule including polyamine
binding, major histocompatibility complex
binding, hormone binding, cellulosome
binding, etc (49).
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Fig. 3. Top 10 significant (A) pathways including 1, rRNA processing in the nucleus and cytosol; 2, rRNA processing;
3, cell cycle; 4, cell cycle, mitotic; 5, major pathway of rRNA processing in the nucleolus and cytosol; 6, metabolism of
RNA; 7, rRNA modification in the nucleus and cytosol; 8, ribosome biogenesis in eukaryotes; 9, extracellular matrix
organization; 10, M phase; (B) biological processes including 1,cell cycle; 2, rRNA processing; 3, ribosome biogenesis;
4, rRNA metabolic process; 5, cell cycle process; 6, mitotic cell cycle process; 7, chromosome segregation; 8,
ribonucleoprotein complex biogenesis; 9, mitotic cell cycle; 10, nuclear division; (C) molecular functions including 1,
protein binding; 2, binding; 3, anion transmembrane transporter activity; 4, Oxidoreductase activity, acting on the CH-
OH group of donors, NAD or NADP as acceptor ; 5, Active transmembrane transporter activity; 6, Extracellular matrix
structural constituent; 7, acetyl-CoA C-acyltransferase activity; 8, oxidoreductase activity, acting on CH-OH group of
donors; 9, transmembrane receptor protein serine/threonine kinase binding; 10, SnoRNA binding; (D) cellular
components including 1, intracellular organelle lumen; 2, organelle lumen; 3, membrane-enclosed lumen; 4, apical part
of cell; 5, apical plasma membrane; 6, cytoplasm; 7, extracellular exosome; 8, extracellular vesicle; 9, extracellular
membrane-bounded organelle; 10, extracellular organelle; enriched in primary CRC tissues compared with the healthy
controls. The X-axis demonstrates the name of the term. CRC, colorectal cancer; FDR, false discovery rate.

Tables S2-5 list all significant pathways, be lethal. This study aimed to identify hub
BPs, MFs, and CCs enriched in early CRC genes in the PPl network linked to the
tissues with a high potential of distant pathogenesis of primary CRC with a high

metastasis. In addition to network analysis, 75 potential for metastasis. Targeting these genes
nodes revealed degree and betweenness could hold therapeutic promise for early CRC
centrality above 2-fold the average of the nodes treatment. Figure. 4 demonstrates the internal
in the PIM and, therefore, were considered hub interactions among hub genes achieved by the
genes. According to Jeong’s study (50), hub STRING, while Table S6 presents the degree
genes within the protein-protein interaction and betweenness values of the hubs. The
(PPI) networks are crucial for cellular average value of degree and betweenness were
functions, and blocking them in living cells can calculated as 14.09 and 0.0025, respectively.
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PPAF

CXCL12

Fig. 4. Interactions between 75 hubs including 52 up-regulated (red color) and 23 down-regulated (green color) genes.
The size of the nodes is positively correlated with the degree of the nodes in the main protein-protein interaction network.
This network was constructed based on the attribute circle layout, in which the MYC and DKC1 demonstrated the
maximum and minimum betweenness centrality values among the hubs.
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Table 1. GRN study identified 18 transcription factors as upstream regulators of the hub genes.
Normalized

enrichment  Targets

score

Transcription
factor

MYC, ANLN, KIF2C, NME1, MCM7, KAT2B, NCAPG, CDC20, NEK2, KPNA2, CALM1,
NPM1, IQGAP3, ATAD2, TPX2, CDC6, RFC3, TTK, SMC4, PAICS, CDK1,AURKA, BRIXI,
CCNB1, COL1Al, UBE2C, HJURP, HSPD1, VEGFA, DDX21, TOP2A, ASPM, NOP56, MKI67,
ETFDH, H2AFX, ABCEL, SUCLG2, GTPBP4, CCND1, TRIP13, CYCS, ACOX1, ACO2, SOX9,
ECT2, KITLG, BCL2L1, GART, ACAT1, NR3C1, CDC27, GPT, ATP5A1, RPS14, DKC1,
RUVBL1, THY1, CCT6A, GMPS, ACADM, NCAM1, POLR1B, PRKACB

CCNB1, CDK1, UBE2C, BCL2L1, KPNA2, ASPM, MKI67, HIURP, TPX2, ECT2, NEK2,
FOXM1 7.633 KIF2C, TOP2A, H2AFX, SMC4, AURKA, GTPBP4, ATAD2, ANLN, TTK, CDC20, GNAQ,

MCM?7, RFC3, CCND1, DKC1, COL1A1, HSPD1, NCAPG

SIN3A 8.033

CDC6, GART, H2AFX, KPNA2, SOX9, SHMT2, NEK2, ECT2, UBE2C, CDK1, ASPM, NCAM1,
CCND1, TPX2, COL1A1, ATAD2, MCM7, AURKA, THY1, CCT6A, TOP2A, HSPD1, KITLG,
VEGFA, NR3C1, SUCLG2, NME1, SNCA, CALM1, TTK, BCL2L1, CDC20, DKC1, GNAQ,
NOP56, PRKACB, HPGDS, CDKN2A, HJURP, GCG, GTPBP4, NRXN1, ETFDH

NFYC 6.113

NR3C1, RFC3, MCM7, KIF2C, NCAPG, IQGAP3, MKI67, TRIP13, CDC20, ANLN, ATAD?2,
E2F4 5.956 ASPM, NEK2, CDK1, TOP2A, NPM1, HIURP, TTK, CDC6, UBE2C, H2AFX, TPX2, MYC,
ECT2, HSPD1, CYCS, CCNB1, SMC4, KPNA2, AURKA, GMPS, CDKNZ2A, BRIX1

HSPD1, MYC, MCM7, SOX9, NRXN1, CDC6, GMPS, CDK1, CDKN2A, RFC3, NCAPG,
CCND1, BCL2L1, ATAD2, NR3C1, GNAQ, VEGFA, ASPM, H2AFX, KPNA2, IQGAP3, THY1,
CXCL12, GART, COL1A1,NCAM1, MKI67, ABCE1L, KITLG, CALM1, PAICS, ACOX1, SNCA,
CDC27, SHMT2, HPGDS, KAT2B, NME1, TRIP13, SUCLG2

COL1Al, UBE2C, GART, CDC6, H2AFX, TOP2A, SOX9, ECT2, PRKACB, NCAM1, NEK2,
THY1, CDK1, MCM7, BCL2L1, ASPM, KPNA2, SHMT2, NR3C1, ATAD2, HPGDS, VEGFA,

NFYB 5.5 SNCA, GNAQ, KITLG, AURKA, CDC20, TTK, PPARGC1A, TPX2, SUCLG2, CALM1, HJURP,
NRXN1, KAT2B, NOP56, CDC27, CCND1, ACO2, GCG, CCT6A, CYCS, CXCL12, MYC,
SMC4

GMPS, NR3C1, MCM7, MYC, CDKN2A, NRXN1, CCND1, ATAD2, NCAPG, NCAML1, PAICS,
THY1, VEGFA, CDC6, SHMT2

CCND1, NCAM1, CXCL12, CDC6, NR3C1, SHMT2, GNAQ, MYC, SOX9, PPARGCI1A,
NRXN1, SUCLG2, SMC4, KITLG, GCG, KAT2B, COL1A1, THY1

AURKA, H2AFX, TOP2A, TPX2, HSPD1, CCNB1, HIURP, UBE2C, KPNA2, NCAPG, ANLN,
ECT2, SMC4, CDC20, CDK1, ACOX1, BCL2L1, NOP56, SOX9, NEK2, ATAD2, CDC27,
VEGFA, KIF2C, NME1, ACO2, PAICS, POLR1B, TTK, CYCS, ETFDH, RPS14, ASPM, GPT,
CALM1, GART, MKI67

CDK1, NEK2, H2AFX, TOP2A, CDCG6, IQGAP3, MCM7, KIF2C, ATAD2, HIURP, NCAPG,
TFDP1 4474 UBE2C, CCNB1, RFC3, NPM1, SMC4, TTK, ECT2, BRIX1, ASPM, CDC20, CYCS, KITLG,
ETFDH, TPX2, PAICS, MYC, ANLN, CDKN2A, ATP5A1

SHMT2, CCND1, TPX2, KITLG, CDC27, HPGDS, NRXN1, GNAQ, MYC, GCG, PPARGCI1A,

H1FX 5.501

E2F1 5.123

FOXS1 4.988

MYBL2 4.664

CEBPA 3.67 SUCLG2, NCAML
YY1 3.642 NR3C1, SMC4, MCM7, GART, PAICS, NMP1, HSPD1, ATP5A1, GNAQ, CCND1, ABCEL,
' NCAML, KITLG, MYC, NOP56, CDKN2A
SMC4, COL1A1L, NPM1, SOX9, BCL2L1, MYC, KITLG, CCND1, ABCE1, GNAQ, H2AFX,
E2F3 3.584 ASPM, HSPD1, NRXN1, NCAM1, GCG, CXCL12, CALM1, CDC6, THY1, GART, TPX2,
NR3C1, NEK2, ATAD2, NOP56, PAICS
GLI1 3.568 THY1, NR3C1, COL1AL, PRKACB, CCT6A, CALM1
NPM1, SOX9, PRKACB, HSPD1, SUCLG2, GNAQ, GCG, DDX21, BCL2L1, CYCS, GTPBP4,
MAX 3.562 RFC3
MYC 3.497 PAICS, DDX21, NPM1, NME1, DKC1, ABCE1, MCM7, GART, RUVBL1, CYCS, ATP5AL,
- BRIX1, HSPD1, RPS14, POLR1B, CCND1, SHMT2, ACO2
PAICS, DKC1, KPNA2, TRIP13, THY1, CCNB1, CDC20, UBE2C, NPM1, DDX21, ABCEL,
MXI1 391 CCND1, MKI67, GTPBP4, RUVBL1, BRIX1, POLR1B, NME1, NOP56, CDKN2A, HJURP,
' MCM?7, ASPM, IQGAP3, CDK1, GART, ANLN, RFC3, HSPD1, KIF2C, CCT6A, NEK2, CYCS,
ACAT1, CDC6, GMPS
ZBTB4 3.135 MYC, SOX9, NR3C1, CCND1, PPARGC1A, NCAM1
Identification of master regulators and protein considerable upstream regulator with an NES of
kinases 8.033 and 64 downstream hub genes (Table 1).
The iRegulon app identified 18 TFs for hub Cyclin-dependent kinase 6 (CDK6) was the
genes (NES > 3), in which SIN3A was the most most salient protein kinase involved in the
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phosphorylation of TFs, according to their
mean-rank value (Table 2). A GRN was built,
including 71 hubs, 18 TFs, 10 protein kinases,
and 636 interactions between the nodes (Fig. 5).

Prognostic markers in metastatic colorectal cancer

NFYC, NFYB, E2F4, E2F1, FOXS1, MYBL2,
CEBPA, YY1, E2F3, MAX, MYC, and MXI1
were available in the JASPAR database (Fig.
6). The minimum and maximum values for the

Binding sites logos

Among 18 TFs, the binding sites logos of

binding sites matching scores were calculated
as 14 and 22.64 for E2F1 and MYBLZ2,
respectively.

Table 2. Top-10 ranked protein kinases involved in the phosphorylation of transcription factors regulating the hub

genes.

P_rotein Mean  False discovery rate based Target proteins

kinase rank on the STRING database

CDK6 131 8.73E-04 ngl?lPézlstYl\?Yl\B/leXEZ('):Z(Ml GLI1, YY1, FOXS1, TFDP1, SIN3A, MYC,
MAPK8 2309  8.68E-03 (éZE'I:33Pé2|'\:/I4Ai\(ml(:§z(2M1 GLI1, YY1, FOXS1, TFDP1, SIN3A, MYC, E2F1,
MAPK1 2509 0024 EQE|I231PQQI|\:A3A[)E(2|’:\I4FI/|B\(§B{C FOXM1, GLI1, YY1, TFDP1, SIN3A, MYC,
MAPK3 3355  0.043 CE:QEE3PQQI|\:A4A>|\§|\'(:§|3(2M1 GLI1, YY1, FOXS1, TFDP1, SIN3A, MYC, E2F1,
ATM 3391  2.61E-03 CEBPA, NFYB, MAX, NFYC, GLI1, ZBTB4, YY1, TFDP1, SIN3A, MYC,

E2F1, E2F3, E2F4, MYBL2

ATAD2

ceND1

MYBL2 uye

GPT KIF2C NEK2 NME1 CDC27 VEGFA ACO2 CCTSA GTPBP4POLR1B PRKDC

E2F1

MCM7 NCAPG MAPKE SMC4 KAT25°PARGCIANR3C! CDC6 CDKé MAPKI MAPK3 COK2

TFDP1

ETFDH ATPSA1 TPX2

PAICS KITLG

BCL2L1 ACOX1

NFYB

SHMT2

CDC20 AURKA SNCA KPNA2 ASPM

FOXS1

CEBPA E2F3

HSPD1 CXCL12 NRXNT NCAM1 CALM1

E2F4 z87TB4. MAX

HIURP  TTK  ATM

CYCS DDX21 SUCLG2 GCG  GNAQ

NFYC

ECT2 PRKACBHPGDS GART SOX9 H2AFX NOPS6 CDKNZA

MXI1

IQGAP3 ANLN  RFC3 ACAT1 TRIP13 CDK1

FOXM1

UBE2C CONBI MKIS7 GSK38 CDKé

SIN3A YY1 et

TOP2A ACADM BRIX1 RPS14 DKC1 RUVBL1 ABCE1 THY1 COLIA1 GMPS NPM1

Fig. 5. A gene regulatory network for primary colorectal cancer consisted of 99 nodes including 71 hub genes (blue
circles), 18 transcription factors (yellow diamonds), and 10 protein kinases (violet hexagons).
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(H) YYZ1; (1) E2F3; (J) MAX; (K) MYC; and (L) MXI1.

Prognostic genes and panels in early CRC
Nineteen central genes identified in primary
CRC exhibited a significant prognostic function
in the context of the disease (log-rank test and
HR P < 0.05). Over-expression of CDKN2A
and down-regulation of SUCLG2, KPNAZ2,
ABCEl, AURKA, PAICS, NPM1, GCG,
DDX21, ACOX1, ACADM, GART, CYCS,
NCAPG, GMPS, CXCL8, PPARGCI1A,
ACO2, and ETFDH were associated with a
worse outcome in patients with CRC (Table 3).
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Besides, the under-expression of SUCLG2 and
KPNA2 revealed the most considerable
negative panel in CRC with the HR and log-
rank test P = 2.33 and 0.00014, respectively
(Table S7). The novel gene signatures promise
to improve the prognosis of CRC patients in
clinical settings. Physicians can assess the
expression levels of SUCLG2 and KPNAZ2 in
primary CRC patients. If the genes are
downregulated, it may indicate a poor
prognosis, prompting the medical team to



explore all available therapeutic options for a
potentially more successful outcome. However,
it's important to note that further confirmation
of these findings is necessary in future research.
The Kaplan-Meier curves are presented in
Fig. S1.

Validation study
The boxplot analysis showed that KPNA2,

Prognostic markers in metastatic colorectal cancer

ABCE1, AURKA, PAICS, NPM1, DDX21,
GART, NCAPG, GMPS, CXCL8, and
CDKN2A were over-expressed at the mRNA
levels in COAD and READ compared to the
healthy colorectal tissues. GCG, ACOX1,
ACADM, PPARGC1A, and ETFDH also
demonstrated under-expression in COAD and
READ compared to normal samples, consistent
with the present findings (Fig. 7).

Table 3. A total of 19 hub genes in primary CRC demonstrated prognostic impact in colon adenocarcinoma and
rectum adenocarcinoma based on the Gene Expression Profiling Interactive Analysis 2 database.

Single gene

Gene symbol (label) HR (high) Log-rank P PHRr Log2 FC, primary CRC/normal
SUCLG2 (A) 0.5 0.0016 0.002 -1.346
KPNA2 (B) 0.51 0.0024 0.0029 1.063
ABCEL1 (C) 0.52 0.0043 0.005 1.009
AURKA (D) 0.53 0.0041 0.0047 1.662
PAICS (E) 0.53 0.0039 0.0045 1.447
NPML1 (F) 0.54 0.0056 0.0064 1.540
GCG (G) 0.54 0.0063 0.0073 -3.512
DDX21 (H) 0.57 0.013 0.014 1.152
ACOX1 (1) 0.57 0.011 0.012 -1.184
ACADM (J) 0.59 0.02 0.022 -1.483
GART (K) 0.6 0.023 0.025 1.140
CYCS (L) 0.6 0.022 0.024 -1.076
NCAPG (M) 0.61 0.024 0.026 1.743
GMPS (N) 0.61 0.025 0.027 1.112
CXCLS8 (0) 0.62 0.032 0.034 3.252
PPARGCI1A (P) 0.62 0.029 0.03 -2.067
ACO2 (Q) 0.64 0.043 0.044 -1.018
ETFDH (R) 0.65 0.047 0.049 -1.816
CDKN2A (S) 1.7 0.021 0.022 1.960
Signature

Prognostic panel HR (high) Log-rank P Pur Log2 FC, primary CRC/normal
A+B 0.43 0.00014 0.00021 -
AtoC 0.53 0.0041 0.0048 -
AtoD 0.48 0.00096 0.0012 -
AtoE 0.5 0.0017 0.002 -
AtoF 0.49 0.0015 0.0018 -

Ato G 0.48 0.00091 0.0012 -
AtoH 0.5 0.002 0.0024 -
Atol 0.45 0.00047 0.00066 -
Atol 0.49 0.0016 0.002 -

Ato K 0.47 0.0008 0.0011 -
AtoL 0.54 0.0057 0.0066 -
AtoM 0.56 0.0094 0.01 -
AtoM 0.53 0.0043 0.005 -

Ato O 0.44 0.00024 0.00036 -
AtoP 0.44 0.00023 0.00035 -
AtoQ 0.47 0.00097 0.0013 -
AtoR 0.47 0.00083 0.0011 -

CRC, colorectal cancer; HR, hazard ratio; FC, fold change.



Bahramibanan et al. / RPS 2025; 20(1):121-141

___ Té-_i
Lo

— e
_. _.a.a-.f ...

e ] 0 =+ |

(1 +WdL)
tgoT-uorssaidxy

=]

READ
T=92
N=318

(1 +WdL)
{3oT-uorssardxyg

;-. §~

R s

(1 +WdL)
{FoT-uorssardxyg

COAD
T=275
N=349

COAD
T =275
N=349

COAD
T=275
N=7349

T=02
N=3138

T=92
N=318

=] o =+ ™ =]

(1 +NdL)
t3oT-uorssaxdxyg

el A=l =t ™1 L=

(1 + NdL)
{SoT-uorssardxyg

fot .“.a.f.u«.....
_
:
't .11..5. !

_ 2_..: . _

o0 o =t | =}

(1 +Wd1)
t8oT-uorssardxyg

COAD
T=275
N =349

COAD
T=275
N =349

COAD
T=275
N=349

T=092
N =318

T=92

N=318

T=92
N=2318

READ

ﬁ
COAD

(1 + WdL)
{3oT-uorssardxyq

ol

COAD

T=275

o

oo k=] =t | o
(1 +Wd1)
BoT-uorssardxyg

4
COAD

T=275
N=2349

=] o = o | =}

(1 +WNdL)
BoT-uorssaxdxyg

T=92

T=275

T=02

T=92
N=318

N=3138

N =349

N=3138

N=349

[s.a] o =t [ |
(1 +WdL)
t3oT-uorssardxyg

— 3*.; ..
..*_

o] h= ~t [
(I + WNdL)
{goT-uorssardxy

[=}

..W.&.ku... B
O~ —

[=.e] o =t o]
(1 +NdL)
tgoT-uorssaidxyg

=]

COAD
T=275
N =349

COAD

T=275

N

COAD
T=275
N=3490

T=92
N=318

92

T
N

T=92
N=318

=318

=349

132



Prognostic markers in metastatic colorectal cancer

M N

o 8] T s o g H } g

g ; ' 3 +

=) 2 i | | o _

Sk om0 Ty 2R S P

o FON ENEFU IR T T 0 I S

=} 3 - .9 % -

7 E 4 § 4 ER & E 4 . @ E 4 g &

= 2% 22 .- v B ; ‘

[~ =5 a, a‘-—’ " .

% 5 - & e 2 e 2 —\ - :

) . ) - T4 T

o| — 0] —— - 0 _i .
COAD READ COAD READ COAD READ
T=275 T=02 T=275 T=92 T=275 T=92
N=349 N=318 N=349 N=3I8 N=3490 N=318
Q R

) 8 . 1 g ’ :r .

2 R E: 3
- K b > _— "5 -

276 T 2§ | 5% ** = | 2T £ T

8 =L 3 g + : 3 voB g1 : C

5 E 4 % '_'_' a 2 . 5 E 4 : )

noRy W 4 [/ - E

s B . . 4 B )

(<% B~ 8, -

g | E G g2 g 2

0| = — : ol ] 0| —— :
COAD READ COAD READ COAD READ
T=275 T=92 T=275 T=02 T=275 T=92
N=349 N=318 N=349 N=318 N=349 N=318
s p—

h

Expression-Log,
(TPM + 1)
e

= g
k]
#

2 B

0 £ T
COAD
T=275
N=7349

READ
T=02
N=318

Fig. 7. Validation analysis for prognostic markers in primary CRC at the mRNA levels in COAD and READ tissues
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DISCUSSION

Patients with advanced-stage CRC may

illustrate a dismal prognosis because of tumor
recurrence. Therefore, it is necessary to identify
new markers and signaling pathways involved
in the initiation and development of the disease
as well as biomarkers to predict the prognosis
of CRC patients (51). The present study
identified 75 hub genes mediating the
malignant transformation of non-cancerous
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colorectal tissue to primary CRC based on the
network biology approach. Up-regulation of 18
genes, including SUCLG2, KPNA2, ABCEL1,
AURKA, PAICS, NPM1, GCG, DDX21,
ACOX1, ACADM, GART, CYSC, NCAPG,
GMPS, CXCL8, PPARGC1A, ACO2, and
ETFDH was significantly associated with a
favorable prognosis in patients with CRC. In
comparison, over-expression of CDKN2A was
related to a poor prognosis in CRC patients
(log-rank test and HR P < 0.05). Moreover, it
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was found that combining SUCLG2 and
KPNA2 led to a higher prognostic power
compared to any of the genes in CRC (log-rank
test P = 0.00014; HR = 0.4). Except for SUCLG2
and CYSC, the over/under-expression of other
prognostic markers in primary CRC was
validated using the GEPIA2 online tool.

The present study demonstrated significant
down-regulation of Succinate-CoA ligase
(GDP-forming) subunit beta, mitochondrial
SUCLG?2 at the early-stage CRC compared to
healthy control colorectal tissues (FC = 0.39, P
0.000357). Previous studies have also
reported reduced activity of mitochondria in
primary CRC (52,53). Literature reported the
down-regulation of SUCLG2, HIG1 domain
family member 1A (HIGD1A), and calcium-
binding mitochondrial carrier protein SCaMC-
1 (SLC25A24) at the mRNA and protein levels
in patients with CRC, suggesting that 3
mitochondrial genes are involved in the
initiation, progression, and prognosis of CRC.
SUCLG2, HIGD1A, and SLC25A24 take part
in several important BPs in the cell, including
the tricarboxylic acid (TCA) cycle, apoptosis,
and anaerobic environment (54-57). The
SUCLG2 gene mediates succinate production
in the Krebs cycle (58).

As per the findings of this current
investigation, the karyopherin subunit alpha-2
(KPNAZ2) was significantly over-expressed in
primary CRC (FC = 2.08, P = 0.0000354).
KPNAZ2 is involved in transporting proteins
from the cytoplasm into the nucleus (59) and
performs a crucial function in the repair of
DNA double-strand breaks (60). Previous
studies have reported the association between
KPNA2 and poor prognosis in several solid
tumors, including breast cancer (61),
esophageal squamous cell carcinoma (62), and
gastric cancer (63). Takada et al. performed a
study to assess the levels of protein expression
in KPNA2 in CRC tissues and examined the
prognostic impact of the gene on the disease
using the immunohistochemistry analysis and
reported that KNPA2 was over and under-
expressed in approximately 75 and 25 percent
of the CRC cases, respectively (64). KPNA2
up-regulation was significantly associated with
lymphatic invasion (P = 0.0245), a dismal
overall survival (P = 0.00374), and resistance to

134

hyperthermochemoradiation therapy in CRC
patients. Besides, up-regulation of KPNA2 was
associated with a favorable prognosis in
patients with CRC based on the GEPIA2
analysis (HR = 0.51, log-rank test P = 0.0024),
suggesting that more studies are required to
elucidate the exact role of KPNA2 in the
tumorigenesis of CRC and its potential impact
in the prognosis of the disease.

According to the present results, cyclin-
dependent kinase inhibitor 2A (CDKN2A) was
considerably over-expressed in early CRC
(FC = 3.89, P = 0.000429). Drawing upon the
Kaplan-Meier analysis conducted using the
GEPIA2 tool, CDKN2A showed a significant
association with an unfavorable prognosis in
individuals diagnosed with CRC (HR = 1.7,
log-rank test P = 0.021). CDKN2A diminishes
cell growth by stopping the cell cycle at the G1
phase (65). Several previous studies have
reported mutation and deletion of CDKN2A in
various human carcinomas, leading to
enhanced cell proliferation and cancer
progression due to the down-regulation of the
gene (66,67). Therefore, it may be suggested
that increased CDKN2A expression in primary
CRC may be a cellular defense mechanism in
cancer cells to combat enhanced proliferation.

The identified hub genes such as MYC,
EGFR, and MET play pivotal roles in
regulating key pathways involved in colorectal
carcinogenesis and progression including
proliferation, apoptosis evasion, angiogenesis,
metastasis, and stemness (68,69). Specifically,
MYC drives uncontrolled cell cycle
progression, EGFR activates MAPK/ERK and
PIBK/AKT signaling to enhance survival and
growth, while MET promotes EMT, migration,
and metastasis. Their aberrant activation allows
cells to bypass growth suppression and acquire
hallmark  cancer  capabilities, thereby
contributing to the initiation and malignant
progression of CRC (70).

The present study executed more analyses to
uncover upstream regulators of the hub genes
and protein kinases involved in the malignant
transformation of non-cancerous colorectal
tissues to early-stage CRC. Accordingly, paired
amphipathic helix protein Sin3a (SIN3A) and
CDK®6 were the most salient TFs and protein
kinases, respectively.



The SIN3A/HDAC is a multi-scaffolding
protein  contributing to down-regulating
transcription of several genes through histone
deacetylation (71-73). SIN3A has shown
contradictory functions in different cancers. In
this regard, it has been reported that SIN3A is
an inducer of proliferation and acts as an anti-
apoptotic factor in lymphoma and sarcoma cell
lines (74). According to another study, Ren et
al. reported that miR-210-3p elevated cell
proliferation and attenuated apoptosis in non-
small cell lung cancer cells by targeting SIN3A
(75). Nan et al. demonstrated that LINC00665
could lead to over-expression of SIN3A in CRC
by sponging miR-138-5p, leading to tumor
progression. Sponging refers to the ability of
LINCO00665, a long non-coding RNA, to bind
to and soak up or "sponge" miR-138-5p
microRNA molecules. This reduces the miR-
138-5p available to downregulate its target
gene, SIN3A. So, LINC00665 acts as a sponge
or decoy for miR-138-5p, leading to increased
expression of SIN3A and promoting tumor
progression in CRC (76). Therefore, it may be
hypothesized that SIN3A is an oncogene in
CRC. Accordingly, more studies are suggested
to elucidate the exact role of SIN3A in cell
growth and tumor progression.

Previous studies have reported that CDK6
induces cell proliferation through the G1 phase
and is involved in cancer development (77).
Moreover, it regulates the catalytic activity of
pyruvate kinase M2 and 6-phosphofructokinase
(78). Liu et al. reported that miR-500a-3p acts
as a tumor suppressor molecule in CRC,
reducing cell proliferation and glycolysis in
tumor cells. The authors demonstrated that
CDKG6 is a direct target of miR-500a-3p; this
was done using a dual-luciferase reporter assay
(79). According to the present results, as well as
the effects of former studies, it may be
speculated that the CDK6 functions as an
oncogene in CRC.

Further analysis in this study revealed that
rRNA processing was significantly involved in
top-10 enriched pathways and BPs associated
with early CRC. Growing evidence suggested
an association between the disruption of the
human gut microbiome and the development of
CRC (80). In recent years, the 16S rRNA gene
sequencing approach has been widely used to
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monitor the gut microbiome architecture in
different stages of CRC (81), suggesting the
impact of rRNA processing in the etiology of
CRC. The analysis of human rRNA processing
genes and bacterial 16S rRNA genes in CRC
patients indicates ribosome function and
protein synthesis dysregulation. The abnormal
expression of human rRNA genes involved in
ribosome production suggests disturbed
ribosome biogenesis in CRC cells. Similarly,
differences in the 16S rRNA genes of the CRC-
associated gut microbiome imply altered
microbial protein synthesis. The human gene
and microbial gene analyses implicate
ribosome dysfunction as a potential common
mechanism  linking  disturbed  cellular
metabolism in human cells and gut bacteria to
colorectal carcinogenesis (81).

Also, in another study, Salehi et al. proposed
a framework to identify miRNA biomarkers
associated with CRC metastasis to the liver
(82). The authors analyzed miRNA expression
profiles in primary CRC tumors with and
without liver metastases. They identified a
signature of 5 miRNAs (miR-203, miR-135b,
miR-141, miR-125a-3p, and miR-34c-5p) that
could discriminate primary tumors with liver
metastasis from those without metastasis. The
miRNA signature was validated in an
independent cohort of CRC samples,
confirming its ability to predict liver metastasis
(82). Pathway analysis revealed the 5 miRNAs
target genes involved in pathways deregulated
in CRC, such as Wnt, TGF-, VEGF, and
MAPK signaling. Further research suggested
that miRNAs promote processes involved in
metastasis  like angiogenesis, epithelial-
mesenchymal transition, and extracellular
matrix degradation. The authors proposed the
5-miRNA signature could serve as a biomarker
to identify stage I11/111 CRC patients at high risk
of developing liver metastasis, allowing
personalized therapy to prevent metastasis.
(82). The study shed light on the underlying
biology of CRC liver metastasis and
demonstrated the potential of mMiRNAs as
promising biomarkers for improved clinical
management. Only 23 cancerous and 9 healthy
colorectal tissues were included in the
GSES81582 dataset, which showed that the
sample size was small. Additionally, the
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GPL15207 platform may not present all gene
symbols. Therefore, using more datasets with
large sample sizes in future studies and
confirming the results using experimental
methods is recommended.

While this research has unearthed several
promising prognostic biomarkers and pathways
that were altered in primary CRC with
susceptibility to liver metastasis, it is essential
to acknowledge certain constraints within the
study. The relatively modest sample size
limited the breadth of conclusions that could be
drawn. To establish the clinical utility of the
proposed biomarkers definitively, a more
extensive patient cohort must be incorporated
for validation purposes. Furthermore, as the
analysis relied on pre-existing microarray data,
there was no subsequent confirmation of pivotal
genes  through  reverse  transcription-
quantitative polymerase chain reaction (RT-
gPCR). Therefore, follow-up investigations
must employ alternative methods to
substantiate the observed expression changes.
Furthermore, another limitation was the
absence of functional studies to elucidate the
mechanistic roles of the top differentially
expressed genes. Future experiments should
aim to ascertain whether these genes actively
contribute to liver metastasis or are merely
correlated with it. Lastly, the exclusive
inclusion of male patients diminished the
generalizability of the findings to both genders.
Furthermore, the dataset was curated using
tissue samples from patients and individuals in
Spain. Hence, it's essential to acknowledge that
the current findings may not be applicable or
generalizable to all CRC patients worldwide.
Factors like mutations, epigenetics,
microbiome, diet, and lifestyle may also
modulate gene expression profiles in CRC
patients. Large cohort studies capturing
comprehensive clinical and molecular data
could help assess these variables and their
impacts on the CRC transcriptome and key
driver genes. This could reveal additional
biomarkers and refine signatures tailored
to patient subpopulations. Besides, the mMRNA
profiles in this study were derived from
the GPL15207 platform, which likely captures
only a portion of the mRNA diversity.
Consequently, the DEGs identified in our
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study may not necessarily
significant ones in CRC.

Notwithstanding the previously mentioned
limitations, this study represented a noteworthy
stride toward a more comprehensive
comprehension of the molecular alterations
underpinning aggressive behavior in CRC. The
pathways and genes uncovered herein have the
potential to form the basis for prognostic
models aimed at predicting the risk of liver
metastasis. Upon further validation, the
proposed biomarkers may prove invaluable in
guiding  clinical decisions  regarding
chemotherapy and metastasis surveillance.
Furthermore, the spotlighted genes and
pathways offer fresh avenues for developing
therapeutic targets, including pharmaceuticals
or biologics, to impede the progression of CRC.
In sum, this research laid the groundwork for an
expanded exploration of novel prognostic and
therapeutic strategies for CRCs, exhibiting
heightened metastatic potential. Addressing the
limitations above by conducting more extensive
investigations  involving diverse patient
cohorts, validating pivotal genes, undertaking
functional characterization, and incorporating
both genders will optimize the clinical impact
of this research trajectory.

The observed dysregulation of CDK6 and
CDKN2A in CRC provided a rationale for

represent all

exploring selective CDKG6 inhibitors or
restoring  CDKNZ2A expression as novel
therapeutic  strategies, either alone or

combined with chemotherapy, to suppress
proliferation in CRC (83,84). Based on these
findings further research into developing potent
and specific CDKG6 inhibitor drugs and
evaluating their efficacy in CRC trials is
warranted.

KPNA2 functions as a nuclear transport
receptor that mediates the nuclear translocation
of key oncoproteins. Overexpression of
KPNA2 enables the nuclear import of
metastasis-promoting  and  anti-apoptotic
proteins, thereby promoting tumorigenesis,
progression, and poorer prognosis in CRC. As
an independent prognostic biomarker, elevated
KPNA2 levels indicated worse overall and
relapse-free  survival in CRC patients,
highlighting its potential as a prognostic
predictor to guide patient management (85).



CONCLUSION

The current study determined 1113 DEGs
(474 up-regulated and 639 down-regulated
genes) in early CRC with a high potential of
liver metastases compared to healthy colorectal
specimens. Moreover, 75 genes demonstrated a
salient centrality in a PIM associated with the
malignant transformation of healthy colorectal
tissues to primary CRC, in which 19 genes
revealed a significant impact on the prognosis
of the disease. The boxplot analysis confirmed
the mRNA expression patterns of KPNAZ2,
ABCE1l, AURKA, PAICS, NPM1, DDX21,
GART, NCAPG, GMPS, CXCL8, CDKN2A,
GCG, ACOX1, ACADM, PPARGCI1A, and
ETFDH. Down-regulation of SUCLG2 and
KPNAZ2 demonstrated the worst negative panel
in patients with CRC. It is suggested that
SIN3A and CDKG6 are substantially involved in
regulating the expression of hubs and
phosphorylation  of  TFs,  respectively.
According to the gene set enrichment analysis,
rRNA processing considerably mediated the
malignant transformation of normal colorectal
tissues to primary CRC with a high risk of liver
metastases. These results have the potential to
aid in predicting the outlook for patients with
primary CRC and might contribute to the
discovery of new targets for drug development
in CRC therapy.
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