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Development of a novel chemokine signaling-based multigene signature
to predict prognosis and therapeutic response in colorectal cancer

Xin QI', Donghui YAN, Jiachen ZUO, Rui WANG, Jiajia CHEN

School of Chemistry and Life Sciences, Suzhou University of Science and Technology, Suzhou 215011, China

Colorectal cancer (CRC) is the most lethal gastro-
intestinal cancer in both males and females worldwide
(Sung et al., 2021). Because of the high heterogeneity
of tumors, robust prognostic biomarkers are urgently
needed in CRC management (Koncina et al., 2020).
Chemokine signaling is a well-known pivotal player
in immunity, inflammation, and cancer metastasis
(Lacalle et al., 2017; Poeta et al., 2019; Do et al.,
2020), and multiple genes involved in chemokine
signaling have been demonstrated as potential prog-
nostic biomarkers for CRC (Cabrero-De Las Heras
and Martinez-Balibrea, 2018; Ottaiano et al., 2020;
Yu et al., 2020). Therefore, the aim of our study was
to develop a chemokine signaling-based multigene
signature (CSbMgSig) that could effectively predict
overall survival (OS) and therapeutic response for
patients with CRC.

Gene expression data from human CRC tissues
and corresponding clinical data were retrieved from
the public Gene Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih. gov/geo) with the accession
numbers GSE131418, GSE39582, and GSE17536.
Given the critical role of distal metastasis in influencing
patient survival, we first downloaded the GSE131418
dataset (with 332 primary and 184 metastatic human
CRC samples) from the Moffitt Cancer Center (Kamal
et al., 2019) in order to identify differentially expressed
genes (DEGs) involved in CRC metastasis. The GSE39582
(n=582) and GSE17536 (n=145) cohorts were then
respectively used as the training set and validation set
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for CSbMgSig construction. We also collected 192
genes in the chemokine signaling pathway from the
Kyoto Encyclopedia of Genes and Genomes (KEGG)
database (https://www.genome.jp/kegg) with the entry
number hsa04062 to explore the prognostic roles of
chemokine signaling-related genes (CSRGs) in CRC.
The present research used the strategy (Fig. S1)
modified from our previous study (Qi et al., 2021).

We found that 59 CSRGs were significantly
differentially expressed between primary and metastatic
human CRC samples in the GSE131418 dataset.
Furthermore, univariate Cox regression analysis showed
that the abnormal expression patterns of nine CSRGs,
namely adenylate cyclase 2 (4DCY2), protein kinase
B v (AKT3), chemokine (C-C motif) ligand 7 (CCL7),
CCLS, CXC motif chemokine ligand 2 (CXCL2), CXC
chemokine receptor 3 (CXCR3), nuclear factor-xB
(NF-xB) inhibitor B (NFKBIB), phosphatidylinositol
3-kinase catalytic subunit o (P/K3CA), and phospholipase
C B4 (PLCB4), were significantly correlated with OS
in CRC patients in the GSE39582 dataset (Fig. S2).

Least absolute shrinkage and selection operator
(LASSO) Cox regression analysis was also performed
to select the most robust prognostic genes from the
above nine CSRGs. Based on the optimal 4 value, we
were able to establish the CSbMgSig (Figs. 1a—1c).
Notably, most genes of the signature have been shown
to be involved in the pathogenesis of CRC. For example,
overexpression of CCL7 is closely associated with liver
metastasis and shorter OS of CRC patients (Kurze-
jamska et al., 2019). The CRC patients were divided
into high- and low-risk groups based on the median
value of risk scores, which were calculated based on
the regression coefficient and expression level of each
gene in the signature (Fig. 1d). The expression level
of each signature-associated CSRG was obviously
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changed between the high- and low-risk patients (Fig. 11),
and patients with high risk scores had significantly
shorter OS (Figs. 1e and 1g). Furthermore, we found
that based on the time-dependent receiver operating
characteristic (ROC) curve analysis results generated
by the CSbMgSig, the area under the curve (AUC)
value reached 0.700 at one year, 0.624 at two years,
and 0.619 at three years (Fig. 1h). Therefore, the results
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indicated that the established CSbMgSig possessed a
powerful predictive ability for the OS of CRC patients.
To investigate the relationship between the
CSbMgSig and clinicopathological characteristics, we
determined whether there were significant differences
in risk scores among distinct subgroups stratified by
TNM stage, T stage, N stage, M stage, tumor location,
age, and sex. The results revealed that CRC patients
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Fig. 1 Development of the CSbMgSig with the LASSO method using the training GSE39582 dataset. (a, b) LASSO Cox
regression analysis used to identify the robust prognostic CSRGs; (¢) LASSO coefficient profiles of the eight robust
CSRGs with prognostic value; (d) Distribution of the CSbMgSig-based risk scores; (e) Distribution of survival status in
CRC patients with high and low risk scores; (f) Expression patterns of the eight CSRGs that make up the CSbMgSig
between the high- and low-risk groups; (g) Kaplan-Meier survival analysis of the OS difference between CRC patients in
the high- and low-risk groups; (h) Time-dependent ROC curve analysis of the ability of CSbMgSig to predict the OS of
CRC patients. CSbMgSig: chemokine signaling-based multigene signature; CSRGs: chemokine signaling-related genes;
LASSO: least absolute shrinkage and selection operator; CRC: colorectal cancer; OS: overall survival; ROC: receiver
operating characteristic; AK73: protein kinase B y; ADCY2: adenylate cyclase 2; CCL7: chemokine (C-C motif) ligand
7; PIK3CA: phosphatidylinositol 3-kinase catalytic subunit a; NFKBIB: nuclear factor- kB inhibitor ; CXCL2: CXC
motif chemokine ligand 2; PLCB4: phospholipase C p4; CXCR3: CXC chemokine receptor 3.
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with advanced TNM stage, T stage, N stage, M stage, the CSbMgSig, we performed a survival stratification
or proximal tumor location exhibited higher risk scores  analysis in different subgroups of CRC patients. As shown
(Fig. 2a). To further assess the prognostic power of  in Fig. 2b, high-risk patients had worse outcomes than
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Fig. 2 Correlation between the CSbMgSig and common clinicopathological characteristics. (a) Boxplots show
the correlation between CSbMgSig-derived risk scores and several common clinicopathological features of CRC
patients, including TNM stage, T stage, N stage, M stage, tumor location, gender, and age. P values were
calculated by the Wilcoxon test. (b) Survival stratification analysis shows the prognostic role of CSbMgSig-derived
risk scores within different clinical subgroups divided by TNM stage (stage I/II and stage III/IV), T stage (T1/2 and
T3/4), N stage (NO and N1/2/3), M stage (M0 and M1), tumor location (distal and proximal), and gender (female and
male). CSbMgSig: chemokine signaling-based multigene signature; CRC: colorectal cancer.



1056

low-risk patients in the following subgroups: TNM stage
II/TV, T3/4 stage, N stage (NO and N1/2/3), M stage
(MO and M1), tumor location (primary and distal),
and sex (female and male). These results indicated that the
established CSbMgSig had a strong predictive ability for
the prognosis of CRC patients in these clinical subgroups.

To confirm the prognostic performance of the
constructed CSbMgSig, we divided the CRC patients
from the GSE17536 cohort into high- and low-risk

| J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2021 22(12):1053-1059

groups based on the median risk score calculated by
the established signature formula (Fig. 3a). As expected,
the survival status distribution plot and Kaplan-Meier
survival curve indicated that CRC patients with higher
risk scores had lower survival probability and shorter
OS time (Figs. 3b and 3d). The time-dependent ROC
curve analysis also indicated that the CSbMgSig had
a strong prognostic ability for CRC patients in the
GSE17536 dataset (Fig. 3e). Moreover, the expression
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Fig. 3 Validation of the prognostic performance of the CSbMgSig in the GSE17536 dataset. (a) Distribution of the
CSbMgSig-based risk scores; (b) Distribution of survival status in CRC patients with high and low risk scores; (c) Expression
patterns of the eight CSRGs that make up the CSbMgSig in the high- and low-risk groups; (d) Kaplan-Meier survival
analysis of the OS difference between CRC patients in the high- and low-risk groups; (e) Time-dependent ROC curve
analysis of the ability of CSbMgSig to predict OS of CRC patients; (f, g) Protein expression levels of the representative
CSRGs PLCB4 and CXCR3 in NC and CRC tissues from the Human Protein Atlas database. CSbMgSig: chemokine
signaling-based multigene signature; CRC: colorectal cancer; CSRGs: chemokine signaling-related genes; OS: overall
survival; ROC: receiver operating characteristic; AK73: protein kinase B y; ADCY2: adenylate cyclase 2; CCL7:
chemokine (C-C motif) ligand 7; PIK3CA: phosphatidylinositol 3-kinase catalytic subunit a; NFKBIB: nuclear factor-xB
inhibitor B; CXCL2: CXC motif chemokine ligand 2; PLCB4: phospholipase C p4; CXCR3: CXC chemokine receptor 3;

NC: normal control.
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levels of the eight genes involved in the signature
were obviously different between high- and low-risk
patients (Fig. 3c), and the expression patterns of the
representative signature-related genes (PLCB4 and
CXCR3) were validated in CRC and normal control
tissues utilizing the Human Protein Atlas (HPA) database
(https://www.proteinatlas. org) (Figs. 3f and 3g). These
results implied that the CSbMgSig had a robust ability
to predict clinical outcomes of CRC patients. In addition,
to further examine whether the prognostic power of
the CSbMgSig was independent of other clinicopatho-
logical factors, we conducted multivariate Cox regres-
sion analysis for the established signature and clinical
factors including age, gender, and TNM stage. As shown
in Fig. S3, the CSbMgSig-based risk score was strongly
associated with OS of CRC patients in both the GSE39582
and GSE17536 datasets, indicating that the CSbMgSig
was an independent prognostic factor for CRC patients.

To investigate the potential biological processes
and pathways related to the CSbMgSig, we firstly
identified 311 DEGs between high-and low-risk groups
in the training cohort and performed KEGG pathway
and gene ontology (GO) functional enrichment analyses
on the identified DEGs. As shown in Fig. S4a, the
results of GO analysis showed that these DEGs were
significantly enriched in GO terms related to cell
migration and chemotaxis. In addition, KEGG pathway
analysis indicated that these DEGs were primarily
enriched in multiple hallmark biological pathways
involved in CRC pathogenesis, such as extracellular
matrix (ECM)-receptor interaction and the NF-xB and
chemokine signaling pathways (Fig. S4b). Moreover,
gene set enrichment analysis (GSEA) indicated that
multiple tumor hallmarks, e.g., angiogenesis, epithelial-
mesenchymal transition, inflammatory response,
interferon-y (IFN-y) response, and kirsten ratsarcoma
viral oncogene homolog (KRAS) signaling, were closely
associated with high-risk CRC patients (Fig. S4c),
while cancer-related pathways, e.g., DNA repair, E2F
targets, G2/M checkpoint, myelocytomatosis viral
oncogene homolog (MYC) target, oxidative phosphory-
lation, and peroxisome, were significantly enriched in
the low-risk group (Fig. S4d).

Considering the critical role of immunity in cancer
development and progression, we first determined the
correlation between the CSbMgSig-derived risk score
and immune status in the GSE39582 cohort through
single-sample GSEA (ssGSEA) enrichment analysis.

As shown in Fig. 4a, the scores of multiple immune
cell types, such as antigen-loaded dendritic cells (aDCs),
CD8" T cells, B cells, helper T cell 2 (Th2) cells,
macrophages, tumor infiltrating lymphocytes (TILs),
and regulatory T cells (Tregs), were dramatically
increased in the high-risk group (all adjusted P<0.05).
Moreover, the scores of several pivotal immune-related
functions, e.g., antigen presenting cell (APC) co-
stimulation, check-point, inflammation-promoting, T
cell co-inhibition, and IFN response, were also signifi-
cantly elevated in the high-risk group (all adjusted P<0.05;
Fig. 4b). The link between risk score and molecular
subtype was determined in the GSE39582 dataset to
investigate its association with immune status. Molecular
subtypes C1 and C3 were associated with down-regulated
immune pathways, while C2 was correlated with
up-regulated immune pathways (Marisa et al., 2013).
As shown in Fig. 4c, the risk score of the C2 subtype
was significantly higher than those of the C1 and C3
subtypes, indicating the close relationship between
risk score and immune status. Also, the results of
correlation analyses showed that the risk score was
significantly correlated with the immune score and
stromal score (Figs. 4d and 4e), which were tightly
linked to immune infiltration in the tumor microen-
vironment. In addition, as immune checkpoints have
been demonstrated as an important target for CRC
immunotherapy, we further examined the expression
levels of well-known immune checkpoints between
high- and low-risk groups in the GSE39582 dataset.
As shown in Fig. 4f, cytotoxic T lymphocyte-associate
protein-4 (CTLA-4) and programmed cell death-1
(PD-1) were dramatically increased in patients with
low risk scores (both P<0.05), and programmed cell
death-ligand 1 (PD-L1) and PD-L2 were significantly
decreased in patients in the low-risk group (both P<0.05).
The results were further confirmed through correlation
analyses (Fig. 4g), supporting the important role of the
CSbMgSig in mediating immune response.
Considering the important role of chemotherapy
in CRC treatment (Ichikawa et al., 2020; Glimelius
et al., 2021), we assessed the chemotherapeutic responses
of high- and low-risk patients based on the GDSC
database, which contains sensitivities and genomic
profiles of large-scale anti-tumor compounds (Yang
et al., 2013). Notably, 53 chemotherapeutic drugs
had significant differences in the half-maximal
inhibitory concentration (IC,)) between high- and low-risk
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Fig. 4 Correlation between CSbMgSig and immune status of CRC patients in the GSE39582 dataset. (a, b) Comparison
of the ssGSEA scores of immune cells and immune-related functions within each CSbMgSig risk group. P values were
calculated with the Wilcoxon test. * P<0.05; ™ P<0.01; " P<0.001; ns: not significant, P>0.05. (c) Comparison of the risk
scores in different immune-related molecular subtypes. P values were calculated with the Wilcoxon test. (d, e) Pearson
correlation analysis shows the relationship between risk score and immune score (d) or between risk score and stromal
score (e). (f) Comparison of the expression levels of CTLA-4, PD-1, PD-L1, and PD-L2 between different risk groups.
P values were calculated by the Wilcoxon test. (g) Pearson correlation analysis shows the relationship between risk score
and expression levels of CTLA-4, PD-1, PD-L1, and PD-L2. CSbMgSig: chemokine signaling-based multigene signature;
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patients in the GSE39582 and GSE17536 cohorts.  Therefore, these data indicated that the established
Of these, 16 anti-tumor compounds have been proven CSRG signature provides potential candidates for
to be chemotherapeutic drugs for CRC patients (Fig. S5).  personalized treatment of CRC patients.
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In summary, we established a novel CSbMgSig as
a promising tool for prognostic risk assessment in CRC
patients. The prognostic signature was confirmed to be
independently associated with OS of CRC patients
in both training and validation cohorts. In particular,
functional analysis demonstrated that the signature
plays a key role in immune infiltration and drug response
of CRC patients. Therefore, evaluating the CSbMgSig-
based risk score of individual CRC patients will not only
contribute to risk stratification and OS prediction, but
also provide valuable insights into therapeutic efficacy.

Materials and methods
Detailed methods are provided in the electronic supple-
mentary materials of this paper.
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