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Abstract: Melanocortin 1 receptor (MC1R) is thought to be a marker of poor prognosis and a potential
target for the treatment of melanoma. Studies have found that MCIR promotes several tumor
behaviors, including cell proliferation and differentiation, pigment formation, and genome damage
repair. Some single-nucleotide polymorphisms (SNPs) of MCIR are involved in the occurrence and
development of melanoma. A few studies have reported a relationship between MCIR and colorectal
cancer (CRC). In this research, our objective was to examine MCIR expression and MCIR SNPs
and investigate their correlation with the clinicopathological features of human CRC tissues. We
evaluated MCIR mRNA expression by performing bioinformatic analyses on human CRC expression
datasets. We used Western blotting and RT-qPCR to compare MCIR expression in CRC tissues with
that in normal tissues, and MCIR SNPs in CRC tissues were detected by PCR-direct sequencing (DS).
The expression of MCIR was significantly decreased in CRC tissues compared with normal tissue,
and its expression was negatively associated with P53 expression, MLH1 expression, and PMS2
expression, and high MCIR expression was significantly associated with microsatellite instability
(MSI). MCIR SNPs were also associated with the clinicopathological characteristics of CRC; for
example, the rs2228479 locus genotype was correlated with Ki67 status, and the rs885479 locus
genotype was correlated with age and T stage. In conclusion, MCIR plays a crucial role in the
progression of CRC and may be a marker of poor prognosis in CRC.
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1. Introduction

Colorectal cancer (CRC) is a frequently diagnosed cancer worldwide, with high
mortality rates. It is estimated that 1.15 million new cases occurred and 0.58 million patients
died of CRC worldwide in 2020 [1]. Currently, B-Raf proto-oncogene (BRAF), CEA cell adhesion
molecule 5(CEA), epidermal growth factor receptor (EGFR), and KRAS proto-oncogene (KRAS) are
the most reliable prognostic biomarkers of CRC [2—4]. Phosphatidylinositol 3-kinase (PI3K),
tumor protein p53 (TP53), and methyltransferase 14 (METTL14) are also potential prognostic
markers of CRC and can be used as markers of tumor occurrence, metastasis, survival, or
recurrence [5-7]. Although many molecules can provide guidance for the prognosis and
treatment of CRC, most advanced CRC patients are currently difficult to cure, and seeking
a novel biomarker for synergistic or independent diagnosis and prognosis provides a basis
for new drug screening and personalized treatment.

Melanocortin 1 receptor (MC1R) is a cell surface endocytic receptor with seven trans-
membrane domains that belong to the G-protein-coupled receptor family; MCIR is com-
posed of 317 amino acids and is present in both the cell membrane and the cytoplasm [8].
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Human MCIR may perform physiological functions with its ligand melanocyte stimulator
(x-MSH) [9]. Under normal circumstances, a-MSH-MCIR participates in the regulation
of diverse signaling pathways, including cell proliferation and differentiation, pigment
formation, antioxidation, and repair of genome damage [10]. Abnormal expression of
MCIR is associated with the development of skin cancer, and it has been reported that
high expression of MCIR in melanoma promotes the progression of its development. Thus,
MCIR is thought to be associated with a poor prognosis and a potential target for the
treatment of melanoma, and many studies have shown that the treatment of melanoma by
targeting MCIR achieves good efficacy [11,12].

A broad range of genetic studies have shown that MCIR is a highly polymorphic gene,
and some of its are single nucleotide polymorphisms (SNPs) [8,13]. MCIR variants are
recognized genetic risk factors for many diseases, and some SNPs are closely related to
human hair color, skin color, and skin cancer [14]. For example, MC1R variants have been
found in most red-haired people in Europe, and studies show that these people are more
likely to suffer from skin cancer [15]. Currently, approximately 100 MC1R SNPs have been
found in melanoma, although the significance of most SNPs is not clear, and approximately
10 of these SNPs have been shown to be important for the occurrence and development of
melanoma and can be used for its diagnosis [16-18].

Mismatch repair (MMR) is an important DNA repair mechanism, which can accurately
identify and repair the base mismatch produced during DNA replication or recombina-
tion [19]. Microsatellite instability (MSI), referring to the phenomenon of altered MS
sequence length due to insertion or deletion mutations during DNA replication, is often
caused by defects in MMR function [20]. Therefore, detecting the loss of MMR genes
including MLH1, MSH2, MSH6, and PMS?2 is one of the methods for determining whether
MSI has occurred in CRC [21]. Studies have shown that the MSI assay can be used to
effectively assess the benefits of anti-PD1 immunotherapy in CRC therapy [21].

To our knowledge, few studies have reported the relationship between MCIR and
the occurrence and development of CRC. In our research, we studied the expression of
MCIR and MC1R SNPs and their correlation with clinicopathological features in human
CRC tissues to analyze whether MCIR is a diagnostic or prognostic biomarker of CRC.
Our results showed that the expression of MCIR was significantly lower in CRC tissue
than in normal tissue, and the expression of MC1R was significantly associated with the
status of the MSI. Furthermore, two SNPs of MCIR, rs2228479 and rs885479, were also
associated with the clinicopathological features of CRC. Thus, we can conclude that MCIR
is associated with the occurrence and development of CRC and is a potential prognostic
biomarker for CRC.

2. Materials and Methods
2.1. Bioinformatic Analysis
2.1.1. RNA-Sequencing Data and Samples

Raw counts of MCIR RNA-sequencing data and corresponding clinical information
from 620 CRC patients were obtained from The Cancer Genome Atlas (TCGA) dataset
(https:/ /portal.gdc.cancer.gov/, accessed on 18 April 2021). Ten colorectal normal tis-
sue samples were obtained from TCGA, and 779 normal tissue samples were obtained
from the GTEx V8 release version (https://gtexportal.org/home/datasets, accessed on
18 April 2021). Data from GSE147571, comprising 308 CRC patients, and GSE44076, com-
prising 98 CRC tumor samples and 98 paired normal samples, were obtained from the
GEO database (https:/ /www.ncbi.nlm.nih.gov/geo/, accessed on 6 May 2021).

2.1.2. Significant Prognostic Marker Analysis and Correlation Analysis of MCIR and
Clinicopathological Features

We used R software version v4.0.3 (The R Foundation for Statistical Computing, 2020)
with the limma, ggrisk, forestplot, rms, and ggplot2 packages for the significant prognostic
marker analysis and correlation analysis of MCIR and clinicopathological features.
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2.1.3. Correlation Analysis of MCIR and Mismatch Repair (MMR) Genes or
Differential Genes

Two-gene correlation graphs were generated with the R software package ggstatsplot.
The differential expression of mRNAs was studied by using the limma package of R
software. The adjusted P value was analyzed to correct for false-positive results in the
GEO datasets. “Adjusted p < 0.05 and log (fold change) >1 or log (fold change) < —1” were
defined as the thresholds for the screening of differential expression of mRNAs. Multigene
correlation graphs were displayed by the R software package pheatmap.

2.1.4. Construction of MCIR and the Related Genes Network

We performed protein—protein interaction (PPI) network analysis between MCIR and
associated differential genes and four MMR genes by building a regulatory network using
Cytoscape software, and we analyzed it using STRING (https://string-db.org/, accessed
on 27 May 2021).

2.2. Patients and Clinical Tissue Samples

A total of 86 colorectal cancer tumor samples and 83 normal samples were collected
after surgical treatment in the China-Japan Union Hospital (Changchun, China) from
2015 to 2021, including 61 pairs of paired tumor and normal tissue samples. The paired
normal tissue we obtained came from noncancerous regions at least 5 cm from the edge
of the tumor. The fourth edition of the World Health Organization (WHO) Classification
of tumors of the digestive system (Fiori 2013) was used for the histological classification.
The seventh edition of the AJCC Cancer Staging Manual (Benedix et al., 2013; Edge and
Compton 2010) was used to assess the differentiation grade and TNM stage of CRC.
This research was approved by the Protection of Ethics Committee of China-Japan Union
Hospital (2019012803). Informed consent was obtained from all the participants included
in the study.

2.3. Protein Extraction and Western Blotting Assay

Proteins of different tissue samples were extracted using RIPA lysis buffer (Beyotime,
Shanghai, China) containing 1% PMSF (Solarbio, Beijing, China), and their levels were
measured with the BCA protein assay kit (Solarbio, Beijing, China).

Thirty micrograms of protein were denatured in sample buffer and then electrophoresed
on 10% SDS-PAGE. The PVDF membranes (Immobilin, Carrigtwohill, Ireland) were incubated
with primary antibodies (1:400 dilution of MCIR antibody (Immunoway, Tennyson Pkwy
Ste 250, Plano, USA); 1:1000 dilution of B-actin antibody (Cell Signaling Technology, Denvers,
Massachusetts, USA) overnight at 4 °C after electrophoresis, transfer, and blockage. Next, a
secondary antibody (1:4000 dilution of goat anti-rabbit (Immunoway, Tennyson Pkwy Ste 250,
Plano, USA)) was added at room temperature for 1 h. Then, the immunoblots were marked
using ECL (Solarbio, Beijing, China). Finally, based on densitometry and Image] Software,
analyses were performed in triplicate, and MCIR expression was presented as the grayscale
value of MCIR compared to the corresponding B-actin in tissue.

2.4. RNA Extraction and Reverse Transcription

A 50 mg piece of CRC tumor tissue or normal tissue was cut and collected in an RNase-
free tube with 250 uL DEPC water and 3 steel balls. After that, TissueLyser-II (Retsch,
Germany) was used to break the tissue blocks, and the supernatant was collected in a new
RNase-free tube. Finally, 900 uL of TRIzol reagent (Invitrogen, 5791 Van Allen Way, CA,
USA) was added to an RNase-free tube, and the supernatant was stored. The following
steps were used to extract total mRNA according to the manufacturer’s instructions.

Total mMRNA was reverse-transcribed to cDNA using a PrimeScript™ RT reagent Kit
with gDNA Eraser (Takara, Kusatsu, Japan). The first step to remove the genomic DNA
involved 2 pL of 5x gDNA Eraser Buffer, 1 uL of gDNA Eraser, 1 ug of total mRNA,
and DEPC water for a total volume of 10 uL, which was placed at 42 °C for 2 min to


https://string-db.org/

Curr. Issues Mol. Biol. 2021, 43

1532

complete the response. The second step, the reverse transcription response, involved 10 pL
of reaction solution in the first step, 1 uL of PrimeScript RT Enzyme Mix I, 1 pL of RT
Primer Mix, and RNase-Free dH2O for a total volume of 20 pL, which was placed at 42 °C
for 15 min, then 85 °C for 6 s to complete the response. The RT product was placed at
—80 °C for short-term storage.

2.5. Quantitative Real-Time PCR Analysis (RT-qPCR)

FastStart Universal SYBR Green Master Mix (ROX) on an ABI 7500 Real-Time PCR
System was used to amplify cDNA through quantitative real-time PCR. The amplification
reactions contained 2 uL of diluted RT product, 0.5 uL of objective mRNA forward primer,
0.5 uL of objective mRNA reverse primer, 10 puL of 2x M5 HiPer Real-time PCR Super mix
with Low Rox (Mei5 Biotechnology, MF797, Beijing, China), and 7 uL. RNase-free water.
The PCR cycling conditions were 95 °C for 5 min followed by 40 cycles at 95 °C for 20 s
and 60 °C for 50 s. MC1R expression was normalized to human S-actin expression, and the
experiment was performed in triplicate. By means of the AACt equation, the expression of
MCIR in clinical tissue samples was calculated in comparison with the endogenous control
B-actin. Related primers are shown below: MCIR, 5'-GCTACCACAGCATCGTGACC-3'
(forward primer) and 5'-ACGTGGTCGTAGTAGGCGAT-3' (reverse primer); B-actin, 5'-
CATGTACGTTGCTATCCAGGC-3' (forward primer) and 5'-CTCCTTAATGTCACGCACGAT-
3’ (reverse primer).

2.6. Genomic DNA Extraction and SNPs Analysis

A TIANamp Genomic DNA Kit (Tiangen, DP304-02, Beijing, China) was used to ex-
tract genomic DNA from CRC tumor samples according to the manufacturer’s instructions.
Using an epoch multivolume spectrophotometer system (BioTek, VT, Retsch, Germany),
DNA purity and quantity were determined.

The coding region of MCIR was amplified using I-5™ 2 x High-Fidelity Master Mix
(MCLAB, I5SHM-100, Oyster Point Boulevard, San Francisco, USA) and a PCR amplifier
(SCILOGEX, TC1000-G, Texas, USA). The primers used to amplify the MCIR coding re-
gion were as follows: 5'-CCTCCAACG ACTCCTTCCTGCTTC-3’ (forward primer) and
5'-ACAATATCACCACCTCCCT CTGC -3/ (reverse primer). The PCR product was recov-
ered by a TTANgel Midi Purification Kit (Tiangen, DP209-02, Beijing, China) and sequences
were analyzed by ABI 3730XL DNA analyzer (Massachusetts, USA). BioEdit Analysis soft-
ware was used to analyze the resulting data, and the results were validated by comparison
with the NCBI gene bank.

2.7. Statistical Analysis

R scripts/Bioconductor packages, SPSS 25.0, and GraphPad Prism 8.0 were used for
statistical data analyses and figures. We performed univariate Cox analysis and multi-
variate Cox regression analysis to investigate whether MCIR can effectively predict the
prognosis of CRC. The Wilcoxon test and Kruskal-Wallis test were used to compare MCIR
expression in different groups. After dividing CRC patients into the MCIR high-expression
group and MCIR low-expression group, we constructed survival curves of CRC by Kaplan-
Meier analysis. Student’s t test was used to analyze the data for MCIR expression, which
we detected using the Western blotting assay and RT-qPCR assay. The correlations between
MCIR and the clinicopathological features and the correlations between MCIR SNPs and
the clinicopathological features were examined by chi-square test or Fisher’s exact test. The
correlation between MCIR expression and targets of interest, including MMR genes, the
tumor microenvironment, immune checkpoint genes, immune cells, and differential genes,
was evaluated by the Spearman correlation test. All statistical results with p < 0.05 were
considered to be statistically significant. The data collection and method implementation
in this study were summarized in flowchart (Figure 1).
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Figure 1. Illustration of study workflow. The flowchart of data collection and method implementation in this work.

3. Results

3.1. MC1R Is an Independent Marker for CRC Prognosis, and High MC1R Expression Is
Associated with Advanced T, N, and TNM Stage

To explore whether MCIR was an independent prognostic marker of CRC, the forest
approach was used to show the P value, HR, and 95% CI of each variable through the
forestplot R package. We found that age, T stage, N stage, TNM stage, and MCIR ex-
pression level were significantly associated with CRC prognosis (p < 0.01) by univariate
Cox regression analysis; however, sex was not (Figure 2A). Multivariate Cox regression
analysis showed that age, T stage, N stage, and MCIR were independent prognostic factors
(p < 0.05); however, sex and TNM stage were not (Figure 2B).
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Figure 2. Prediction of the prognostic significance of MCIR in CRC and differential expression of MCIR in CRC. (A) and
(B) Hazard ratio and P value of constituents involved in univariate and multivariate Cox regression and some features of the
MCIR genes. (C) The expression of MCIR in colorectal cancer is significantly lower than that in normal tissue. Correlation
between MCIR expression and clinicopathological features of CRC, including (D) T stage, (E) N stage, and (F) TNM stage.
(G) Kaplan-Meier curves show overall survival among patients with CRC stratified by MCIR expression.

RNA-sequencing data comprising 620 CRC patients obtained from TCGA, 10 colorec-
tal normal tissue samples obtained from TCGA, and 779 normal tissue samples obtained
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from the GTEx V8 release version were used to study the differential expression of MCI1R
mRNA levels between CRC tumor samples and normal samples. The results showed a
significant decrease (p < 0.0001) in the mRNA level of MCIR in CRC tumor samples in
comparison to normal samples (Figure 2C).

To explore the correlation between MCIR and CRC, data from 598 CRC tumor samples
collected from TCGA were employed to analyze the correlation between MCIR expression
and the clinicopathological features of CRC by the Wilcox test and Kruskal test. Analysis
showed that MCIR expression significantly correlated with the T stage (p < 0.01, Figure 2D),
N stage (p < 0.05, Figure 2E), and TNM stage (p < 0.01, Figure 2F) of CRC. These results
showed that MCIR was more highly expressed in advanced T, N, and TNM stages. Fur-
thermore, the survival curve also showed that high MCIR expression was associated with
a shorter 5-year survival time and higher mortality in CRC (Figure 2G).

Taken together, these findings demonstrated that MCIR is an independent marker of
a CRC prognosis.

3.2. MCIR Expression Is Significantly Decreased in CRC Tumor Tissue

In this part, we examine the expression of MCIR at the protein and mRNA levels in
86 CRC tumor tissues and 83 adjacent normal tissues by RT-PCR and Western blotting,
respectively. The data for MCIR expression were analyzed with Student’s ¢ test, and the
results showed that both the expression of MCIR at the protein and mRNA levels were
significantly lower in CRC tumor samples (N = 61) than in paired normal tissues (p < 0.05)
(Figure 3A,B). The trend of downregulation was also observed when comparing unpaired
tumor samples and all normal samples (p < 0.05) (Figure 3C,D). Here, we present the
detection results of eight more representative cases (Figure 3E-G). Forty-seven (77.0%)
and forty-four (72.1%) cases showed that MCIR was expressed at lower levels in CRC
tumor samples than in normal tissue by RT-qPCR and Western blotting, respectively.
In addition, the overall agreement was 95.1% (58/61) (Figure 3H). Although the two
approaches had different truncation points, their tendency of MCIR expression was the
same, and both indicated that MCIR was expressed at lower levels in CRC tumor samples
than in normal samples.

3.3. MCIR Expression Is Associated with P53 Expression and MSI

MCIR expression in a total of 86 CRC tumor samples was detected to verify the
correlation between MCIR expression and the clinicopathological features of CRC obtained
from bioinformatic analysis, as well as to more extensively investigate the prognostic
value of MCIR in association with clinicopathological features. The median value of
MCIR expression was used as the division basis. The patients were divided into an
MCIR high expression group and an MCIR low expression group and analyzed using the
corresponding pathological information. The results are shown in Table 1.

Univariate analysis using the chi-square test revealed that MCIR expression was
significantly correlated with P53 status (p = 0.030), MLH1 status (p = 0.048), PMS2 status
(p = 0.041), and MS status (p = 0.034) in the clinical CRC samples that we examined. To
further verify that the expression of MCIR was correlated with MS status, GSE147571 was
used to analyze the correlation between MCIR expression and MMR genes, including
MLH1, MSH2, MSH6, and PMS2. The results of the bioinformatics analysis show that
MCIR expression was significantly and negatively correlated with MLHT (p = 1.47 x 10713,
R = —0.40) (Figure 4A), MSH2 (p = 1.07 x 104, R = —0.22) (Figure 4B), and MSH6 (p = 0.012,
R = —0.14) (Figure 4C) expression but not significantly correlated with PMS2 expression
(p =0.715, R = 0.02) (Figure 4D). Surprisingly, this result was substantially consistent with
the analysis of clinical CRC tumor samples, and both analyses indicated that high MCIR
expression was more likely correlated with MMR genes, which further suggested that high
MCIR expression was significantly associated with MSI.
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3.4. MC1R Is Associated with Immune Cell Infiltration and Immune Checkpoint Genes

CRC is a highly heterogeneous type of cancer, and its progression and immunother-
apy can be influenced by the tumor microenvironment and immune cell infiltration. We
wanted to explore whether MCIR expression was associated with immune cell infiltration.
The results showed a positive correlation with CD4 + T cells (r = 0.377, p = 5.49 x 10715,
Figure 4C), macrophage cells (r = 0.207, p = 2.68 x 107>, Figure 5E), dendritic cells
(r=0.124, p = 1.27 x 1072, Figure 5F), and neutrophil cells (r = 0.099, p = 4.84 x 1072,
Figure 5G) and a negative significant correlation between MCIR and tumor homogeneity
(r=—0.122, p = 1.42 x 1072, Figure 5A).

To investigate whether MC1R is associated with immune checkpoint genes in CRC,
GSE147571 CRC data were used to assess the correlation between MCIR and 15 immune
checkpoint genes. We found that MCIR was significantly correlated with CD44 (p < 0.05,
r=—0.13), CD70 (p < 0.01, r = —0.28), CTLA4 (p < 0.01, r = —0.16), HHLA2 (p < 0.01,
r = —0.23), and TNFRSF18 (p < 0.01, r = 0.15) (Figure 5H).

3.5. Sequencing Results of MCI1R Polymorphisms

MCIR has many gene polymorphisms, and 100 CRC patient samples were used to
detect whether specific SNP mutations exist in CRC. The sequencing results identified four
SNP mutations: rs2228479, rs885479, rs33932559, and rs377411334. The genotypes of the
four SNP loci were GG/GA/AA, GG/GA/AA, TT/TC, and CC/CT (Figure 6A-J). Allele
frequencies were 83.0% (GG, 83/100), 13.0% (GA, 13/100), and 4.0% (AA, 4/100) for the
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SNP locus rs2228479, 10.0% (GG, 10/100), 36.0% (GA, 36/100), and 54.0% (A A, 54/100)
for the SNP locus rs885479, 99.0% (TT, 99/100) and 1.0% (TC, 1/100) for the SNP locus
rs33932559, and 99.0% (CC, 99/100) and 1.0% (CT, 1/100) for the SNP locus rs377411334.

Table 1. Relationship between MCIR expression and clinicopathological characteristics of CRC patients.

MCIR
Clinicopathological Total 3 p
Characteristics Patients MCI‘R Low M CI,R High
Expression Group Expression Group
Total 86 43 43
Sex 0.639
Male 60 31 (51.7%) 29 (48.3%)
Female 26 12 (46.2%) 14 (53.8%)
Age 0.826
>65 35 18 (51.4%) 17 (48.6%)
<65 51 25 (49.0%) 26 (51.0%)
Differentiation 0.655
Middle 54 28 (51.9%) 26 (48.1%)
Poor 32 15 (46.9%) 17 (53.1%)
T stage 0.360
Tland T2 5 1 (20.0%) 4 (80.0%)
T3and T4 81 42 (51.9%) 39 (48.1%)
N stage 0.514
NO 49 26 (53.1%) 23 (46.9%)
N1, N2 and N3 37 17 (45.9%) 20 (54.1%)
M stage 1.000
MO 1 0 (0.0%) 1 (100.0%)
M1 85 43 (50.6%) 42 (49.4%)
TNM stage 0.829
Iand I 47 24 (51.1%) 23 (48.9%)
II and IV 39 19 (48.7%) 20 (51.3%)
P53 status 0.030 *
>70.0% 38 24 (63.2%) 14 (36.8%)
<70.0% 48 19 (39.6%) 29 (60.4%)
Ki67 status 0.079
>70.0% 65 36 (55.4%) 29 (44.6%)
<70.0% 21 7 (33.3%) 14 (66.7%)
MLH]1 status 0.048 *
>70.0% 64 36 (56.3%) 28 (43.7%)
<70.0% 22 7 (31.8%) 15 (68.2%)
MSH?2 status 0.213
>70.0% 74 39 (52.7%) 35 (47.3%)
<70.0% 12 4 (33.3%) 8 (66.7%)
MSH6 status 0.268
>70.0% 70 37 (52.9%) 33 (47.1%)
<70.0% 16 6 (37.5%) 10 (62.5%)
PMS2 status 0.041 *
>70.0% 66 37 (56.1%) 29 (43.9%)
<70.0% 20 6 (30.0%) 14 (70.0%)
MS status 0.034 *
MSI 18 5(27.8%) 13 (72.2%)
MSS 68 38 (55.9%) 30 (44.1%)

Analysis software: SPSS 25.0 statistical software; analysis method: Chi-square test or Fisher’s exact test. * p < 0.05 was considered significant.

3.6. Correlation Analysis of MC1R SNP Polymorphisms and Clinicopathological Features

There were no data concerning whether MCIR polymorphisms could be used as a
tumor prognosis factor to predict the survival of CRC patients. rs33932559 and rs377411334
were synonymous mutations, but rs2228479 and rs885479 were nonsynonymous mutations.
In addition, allele frequencies for 1s2228479 (17.0%) and rs885479 (90%) were more than
15%. Thus, we selected the two SNP loci mentioned above to confirm the role of MCIR
gene polymorphisms in the prognosis of patients. We analyzed the relations between
MCIR SNP polymorphisms and clinical parameters, and the results are shown in Table 2.

The overall survival of 15 MCIR altered group patients and 1476 MCIR unaltered
group patients in the Kaplan-Meier Plotter Database from cBioPortal (www.cbioportal.org,
accessed on 5 June 2021) showed that the MCIR altered group was associated with an
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unfavorable prognosis in CRC patients (Figure 6K). The rs2228479 locus genotype was not
correlated with sex, age, differentiation, T stage, N stage, TNM stage, P53 status, MLH1
status, MSH2 status, MSH6 status, PMS2 status, or MS status (p > 0.05; Table 2) and was
only correlated with Ki67 status (p > 0.01; Table 2). The rs885479 locus genotype was
correlated with age (p > 0.05; Table 2) and T stage (p > 0.01; Table 2) but not with sex,
differentiation, N stage, TNM stage, P53 status, Ki67 stage, MLH1 status, MSH2 status,
MSHE6 status, PMS2 status, or MS status (p > 0.05; Table 2).
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Figure 4. Correlation between MCIR expression and MMR genes expression. (A) MLH1, (B) MSH?2,
(C) MSH6, and (D) PMS?2 relative to MCIR expression.

3.7. MCI1R Is Associated with the Regulation of Cell Population Proliferation

GSE44076 was used for bioinformatic analysis to further investigate the genes po-
tentially associated with MCIR in CRC. First, we performed differential gene expression
analysis based on the Limma package (version: 3.40.2) of R software between 98 CRC
tumor samples and paired normal adjacent mucosa samples. Our analysis identified a total
of 1579 genes as significantly regulated genes, which contained 816 upregulated genes and
718 downregulated genes (Figure 7A). Second, we chose the 50 most significantly upregu-
lated genes and the 50 most significantly downregulated genes, and their expression in
CRC tumor tissues and paired normal tissues is shown in Supplementary (Figure S1). Next,
we analyzed the correlation between MCIR expression and the expression of the above
100 differentially expressed genes by Spearman correlation analysis. The results show
that MCIR expression was significantly associated with 26 differential genes. The genes
ARID3A (r =0.376, p = 0.000), ASCL2 (r = 0.260, p = 0.010), AZGP1 (r = 0.345, p = 0.001),
CEL (r =0.219, p = 0.030), DACH1 (r = 0.330, p = 0.001), DPEP1 (r = 0.253, p = 0.012), FABP6
(r=0.240, p = 0.017), FOXQ1 (r = 0.203, p = 0.045), GTF2IRD1 (r = 0.226, p = 0.025), KRT23
(r=0.357, p = 0.000), LY6G6D (r = 0.301, p = 0.003), MSX2 (r = 0.282, p = 0.005), NFE2L3
(r=0.234, p =0.021), NKD2 (r = 0.393, p = 6.29 x 10~°), and TGFBI (r = 0.282, p = 0.005) were
positively associated with the expression of MCIR (Figure 7B), and genes including MMP7
(r=-0.231, p = 0.022), AKR1B10 (r = —0.248, p = 0.014), CA2 (r = —0.326, p = 0.001), CLCA4
(r = —0.255, p =0.011), DHRS9 (r = —0.326, p = 0.002), GCG (r = —0.207, p = 0.041), HSD17B2
(r = —0.218, p = 0.031), MS4A12 (r = —0.272, p = 0.007), MTIM (r = —0.267, p = 0.008),
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NXPE4 (r = —0.222, p = 0.028), and UGT2B17 (r = —0.209, p = 0.039) were adversely
associated with the expression of MCIR (Figure 7B).
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Figure 5. Immunological features related to MCIR in CRC. Correlation analysis of MCIR expression and infiltration of
immune cells in CRC in the TCGA cohort. (A) Tumor purity, (B) B cells, (C) CD4+ T cells, (D) CD8+ T cells, (E) macrophages,
(F) neutrophils, and (G) dendritic cells relative to MCIR expression. (H) Correlation between MCIR expression and the
expression of 15 immune checkpoint genes.

Then, gene ontology (GO) enrichment analysis using the associated differentially
expressed genes showed that the genes positively associated with MCIR expression were
enriched in the negative regulation of cell proliferation and that the genes adversely as-
sociated with MCIR expression were enriched in the regulation of hormone levels and
cellular hormone metabolic processes (Figure 7C). In addition, MCIR and associated dif-
ferentially expressed genes and four MMR genes were used for enrichment analysis in
DisGeNET12. The results were enriched in Constitutional Mismatch Repair Deficiency
Syndrome, Familial Colorectal Cancer Type X, COLORECTAL CANCER, SOMATIC, Ma-
lignant genitourinary tract tumor, colorectal cancer, and hereditary nonpolyposis type 1
(Figure 7D), which further indicated that MC1R was associated with the occurrence and
development of CRC. Through the constructed PPI network, the interaction between MCIR
and the above-associated genes was more clearly demonstrated, where MC1R may interact
directly with MLH1, MSH2, MSX2, GCG, and AZGP1 and thus participate in the develop-
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ment of CRC (Figure 7E). Overall, these findings suggest that MCIR might have a role in
the progression of CRC.
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Table 2. Correlation analysis of MCIR SNPs and clinical factors.
1s2228479 rs885479
Clinical Total
Factors Patients GOG anﬁAA A p ch anf;AA A p
(%) (%) (%) (%)
Total 100
Sex 0.772 0.274
Male 70 57 (81.4) 13 (18.6) 9 (12.9) 61 (87.1)
Female 30 26 (86.7) 4 (13.3) 1(3.3) 29 (96.7)
Age 0.514 0.013 *
>65 40 32 (80.0) 8 (20.0) 8 (20.0) 32 (80.0)
<65 60 51 (85.0) 9 (15.0) 2 (3.3) 58 (96.7)
Differentiation 0.913 0.738
Middle 60 50 (83.3) 10 (16.7) 6 (10.0) 54 (90.0)
Poor 40 33 (82.5) 7 (17.5) 3(7.5) 37 (92.5)
T stage 1.000 0.001 *
Tland T2 6 5 (83.3) 1(16.7) 4 (66.7) 2 (33.3)
T3 and T4 94 78 (83.0) 16 (17.0) 6 (6.4) 88 (93.6)
N stage 0.661 1.000
NO 54 44 (81.5) 10 (18.5) 5(9.3) 49 (91.7)
N1, N2
and N3 46 39 (84.8) 7 (15.2) 5(10.9) 41 (90.1)
TNM stage 0.661 0.506
Tand II 54 44 (81.5) 10 (18.5) 4(7.4) 50 (92.6)
III and IV 46 39 (84.8) 7 (15.2) 6 (13.0) 40 (87.0)
Total 86
P53 status 0.913 1.000
>70.0% 38 32 (84.2) 6 (15.8) 3(7.9) 35(92.1)
<70.0% 48 40 (83.3) 8 (16.7) 4(8.3) 44 (91.7)
Ki67 status 0.004* 1.000
>70.0% 65 59 (90.8) 6(9.2) 5(7.7) 60 (92.3)
<70.0% 21 13 (61.9) 8 (38.1) 2 (9.5) 19 (90.5)
MLH1 status 0.336 1.000
>70.0% 64 55 (85.9) 9(14.1) 5(7.8) 59 (92.2)
<70.0% 22 17 (77.3) 5(22.7) 2(9.1) 20 (90.9)
MSH? status 1.000 0.251
>70.0% 74 62 (83.8) 12 (16.2) 5 (6.8) 69 (93.2)
<70.0% 12 10 (83.3) 2 (16.7) 2 (16.7) 10 (83.3)
MSHG6 status 1.000 0.610
>70.0% 70 58 (82.9) 12 (17.1) 5(7.1) 65 (92.9)
<70.0% 16 14 (87.5) 2 (12.5) 2 (12.5) 14 (87.5)
PMS?2 status 0.299 1.000
>70.0% 66 57 (86.4) 9 (13.6) 6(9.1) 60 (90.9)
<70.0% 20 15 (75.0) 5(25.0) 1(5.0) 19 (95.0)
MS status 1.000 0.633
MSI 18 15 (83.3) 3(16.7) 2 (11.1) 16 (88.9)
MSS 68 57 (83.8) 11 (16.2) 5(7.4) 63 (92.6)

Analysis software: SPSS 25.0 statistical software; analysis method: Chi-square test or Fisher’s exact test. * p < 0.05 was considered significant.
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genes with the largest difference change (below). (C) GO enrichment analysis for positively associated differential genes
(above); GO enrichment analysis for adversely associated differential genes (below). (D) Summary of enrichment analysis
in DisGeNET12 for MCIR and associated differential genes and four MMR genes. (E) The network for MCIR, four MMR
genes, and the 26 correlated differential genes. In this figure, the size and gradient color of the node are adjusted by degree,
and the edge thickness and gradient color are adjusted by the combined score.

4. Discussion

The correlation between MCIR and melanoma has been studied extensively, but the
value of MCIR in the prognosis or therapeutic potential of CRC has been investigated to a
lesser extent [22,23]. Studies have recently shown that MCIR participates in the occurrence
and development of CRC [24]. However, the expression of MCIR in CRC and its role in the
tumorigenesis of CRC remain unclear. In our study, we explored the correlation between
MCIR and CRC.

In our results, bioinformatic analysis indicated that MCIR was expressed at lower
levels in CRC than in normal tissue. We explored the expression of MCIR in clinical samples
and found that MCIR expression was lower in CRC tumor tissues than in normal tissues
at both the mRNA and protein levels. However, we found that high MCIR expression
was associated with malignancy or later stages of CRC using bioinformatic analysis. The
survival curve also indicated that high MCIR expression was associated with higher
mortality in CRC. There are many differences between cancer and normal tissues, the
involvement of MCIR with other molecules in the regulation of organism function in
cancer and normal tissues may also be inconsistent, and the specific reasons remain to be
further explored. These controversial results confuse the role of MCIR in the initiation or
progression of CRC. Some studies have shown that MCIR expression or its splicing variants
could predict unfavorable prognosis in melanoma patients [25,26]. We did not find a
significant correlation between MCIR expression and the above clinicopathological features
of CRC in the clinical samples we analyzed. The reasons for these discrepancies may be
multifactorial. Histologic subtypes may account for some of the discrepancies. However,
we found that MCIR expression was significantly and negatively correlated with P53
expression, MLH1 expression, and PMS2 expression and that high MCIR expression was
significantly associated with MSI. The P53 gene is one of the most commonly inactivated
tumor inhibitors in human cancer. The function of P53 in the progression of cancer is
associated with a variety of transcription and nontranscriptional activities that lead to
strict control of cell proliferation and death, senescence, and DNA repair [27]. In our
research, MCIR expression was significantly associated with P53 expression, suggesting
that MCIR may be directly or indirectly associated with P53 and then jointly involved in
the process of colorectal cancer. Thus, given these findings, we can infer that MCIR may be
an unfavorable prognostic marker for CRC.

Studies have recently shown that MCIR is an immune-related gene in CRC [28,29].
MSI and tumor microenvironments are effective biomarkers for a variety of tumor im-
munotherapy responses. Association analyses between MCIR and MSI revealed that MCIR
influences this biomarker. MSI has been detected in approximately 15% of all CRCs and
is a hypermutable phenotype caused by the loss of DNA MMR activity that can be used
to guide clinical immunotherapy for the treatment of CRC [30]. One of the determination
methods of MSI is to detect the expression of MLH1, MSH2, MSH6, and PMS2 proteins in
CRC [31]. A study has shown that the MCIR gene is a DNA-damage- and DNA-repair-
related gene in CRC [24]. Thus, combined with our experimental results and the studies
above, we speculate that MCIR may participate in the development of CRC by influencing
cAMP-mediated DNA damage and the DNA repair response [32]. Furthermore, we found
that MCIR was significantly associated with immune cell infiltration, such as CD4+ T
cells, macrophages, dendritic cells, and neutrophil cells. Immune cells are the basis of
immunotherapy; therefore, understanding immune infiltration in the tumor microenviron-
ment is a key to improving response rates and developing novel immunotherapy strategies
in tumor therapy [33]. The immune checkpoint refers to a number of inhibitory signaling
pathways present in the immune system, and use of some inhibitory signaling pathways to
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inhibit T cell activity is an important mechanism for tumors to escape immune attack [34].
In recent years, immune checkpoint inhibitors have achieved a great effect in the treat-
ment of cancer, so targeting immune checkpoints has broad applications in anti-cancer
therapy [35]. Our results also show that MCIR was correlated with immune checkpoint
genes, including CD44, CD70, CTLA4, HHLA2, and TNFRSF18. These findings suggest that
the differential expression of MCIR may be associate with immunotherapy in CRC.

MCIR is a highly polymorphic gene—most polymorphisms are caused by SNPs—and
is associated with skin phenotypes and increased cancer risk [36]. Studies show that some
SNPs of MCIR are involved in the occurrence and development of melanoma, so we ex-
plored whether MC1R SNPs are associated with CRC. In our research, we did not find new
or specific SNP mutations of MCIR in CRC but identified four SNP mutations, rs2228479,
rs885479, rs33932559, and rs377411334. Rs2228479 contributes to facial pigmented spots
and increases the risk of developing late-onset Alzheimer’s disease. Rs885479 was as-
sociated with the diagnosis of depression and melanoma rates, and both rs2228479 and
rs885479 are correlated with red hair [37-39]. Although they have not been reported in CRC,
the above study showed that MCIR SNPs were closely correlated with the disease, which
prompted us to explore whether MC1R SNPs were associated with CRC. rs33932559 and
rs377411334 were less frequently reported in CRC, and the significance of those associations
was unclear, although their mutation rate (1%) was low in our clinical samples; thus, we
only analyzed the correlation between the two other MC1R SNPs and clinicopathological
characteristics of CRC patients. Our results showed that the rs2228479 locus genotype was
correlated with Ki67 status and that the rs885479 locus genotype was correlated with age
and T stage. Ki67 is a marker of cell proliferation and is closely correlated with the degree of
differentiation, infiltration, metastasis, and prognosis of many tumors [40]. Coincidentally,
when we used differentially expressed genes that were positively associated with MCIR for
GO enrichment, the enrichment pathway involved negative regulation of cell proliferation.
Studies have shown that MCIR is involved in regulating cell proliferation through the
receptor-y pathway and that diminished cell proliferation capacity is associated with the
upregulation of MCIR [41,42]. Therefore, we speculate that one of the ways that MCIR
participates in the development of colorectal cancer is by regulating the proliferation of
tumor cells.

To further investigate the molecular mechanisms underlying the role of MCIR in CRC,
we searched for associations between MCIR and differential genes and constructed a PPI
network. The results showed that MCIR may interact with MLH1, MSH2, MSX2, GCG, and
AZGP1. MSX2 was found to be highly expressed in CRC tumor tissues, cell proliferation
and invasion were suppressed, cell cycle arrest and apoptosis were promoted, and Akt
phosphorylation was inactivated when MSX2 expression was knocked down [43]. AZGP1
is a useful diagnostic biomarker found in the tissues and serum of Chinese CRC patients
and it promotes epithelial-mesenchymal transition (EMT) in colorectal cancer via the
filamin A-mediated focal adhesion pathway [44]. Furthermore, other genes associated with
MCIR in the PPI, such as MMP7, CLCA4, MS4A12, KRT23, and NFE2L3, have been shown
to play a vital role in the progression of CRC [45-49]. Overall, MC1R may be involved in
the occurrence and development of CRC by interacting with the above molecules.

To our knowledge, our study is the first to analyze the expression of MCIR, SNP locus
of the MCIR gene in CRC, and their correlation with clinicopathological features in human
CRC tissues. However, the small sample size is an intrinsic limitation of this study that did
not provide sufficient power to study the relationship we mentioned above. Large-scale
clinical studies are needed to evaluate the prognostic correlation of MCIR and its SNPs. In
addition, detailed understanding of the role of MCIR in CRC requires further in vivo and
in vitro experiments.

In conclusion, our comprehensive analysis revealed four important results. First, the
expression of MCIR was significantly decreased in CRC. Second, MCIR participated in
the development of colorectal cancer by regulating the proliferation of tumor cells, and its
expression was associated with P53 expression. Third, MC1R expression was associated
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with MLH1 expression, PMS2 expression, and the status of MS. Fourth, MCIR SNPs were
also associated with the development of colorectal cancer; for example, the rs2228479 locus
genotype was correlated with Ki67 status, and the rs885479 locus genotype was correlated
with age and T stage. Thus, MCIR plays an important role in the progression of CRC and
may be a potential prognostic marker for CRC.
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