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Objective: To explore the relationship and underlying mechanisms between vitamin D and CRC, offering valuable insights into the
diagnosis and treatment of CRC.

Materials and Methods: Serum levels of 1,25(OH),D3; were measured using a double-antibody sandwich assay. Bioinformatics
analysis identified vitamin D-related CRC genes, which were validated using HCT116 and HT29 cell lines. Changes in hub gene
expression were analyzed via RT-qPCR.

Results: Serum levels of 1,25(0H),D5 were 42.99+6.02pug/mL in the normal group, 37.06+9.56pg/mL in the CRA group, and 19.00
+5.96pg/mL in the CRC group (p<0.05). No significant differences were observed in VDR SNPs among the groups. Significant
expression differences were detected in vitamin D-related colon cancer genes across the groups. LASSO regression analysis identified
5 key genes. The diagnostic model based on these genes demonstrated high diagnostic efficiency and performed well in the TCGA-
COAD dataset. RT-qPCR results showed that SOSTDC1, PRKAA2, and CEACAMI1 expressions decreased in the CRC and CRA
groups, while MMP1 and CCND1 expressions increased. In vitro experiments indicated that calcitriol inhibits the proliferation and
migration of HCT116 and HT29 cell lines and significantly alters the expression of hub genes.

Conclusion: Serum vitamin D levels are significantly lower in CRC patients. Vitamin D has been shown to inhibit the proliferation
and migration of colon cancer cells and reduce the expression of oncogenes. Therefore, vitamin D holds substantial potential for the
diagnosis and treatment of CRC.
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Background
Colorectal cancer (CRC) is a prevalent malignant tumor of the digestive tract, ranking among the top three cancers worldwide
in terms of both incidence and mortality rates.! Changes in lifestyle and dietary patterns have led to an increase in risk factors
for CRC, contributing to its rising incidence.” CRC often starts insidiously and progresses rapidly, with many cases diagnosed
at an advanced stage and associated with a poor prognosis, which in turn exacerbates the economic burden.> Most CRCs
originate from colorectal adenomas (CRA), a process characterized by abnormal cellular proliferation, differentiation, evasion
of apoptosis, invasion into surrounding tissues, and eventual distant metastasis. These complex processes result from
interactions among genetic factors, environmental influences, and lifestyle choices.* Therefore, early diagnosis and prevention
of CRA, the precursor lesions of CRC, are crucial for reducing both the incidence and mortality of CRC.

Vitamin D, a fat-soluble vitamin that belongs to the steroid derivative group, is absorbed through the intestine,
reabsorbed by the bones, and excreted via urine. It plays a crucial role in regulating bone metabolism and maintaining
calcium homeostasis,” which is essential for overall physiological functions and health. Research has indicated that
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vitamin D not only directly influences tumor cell differentiation, proliferation, and apoptosis but also indirectly affects
immune cells within the tumor microenvironment,® showcasing its potential anti-cancer properties. The biologically
active form of vitamin D, 1,25-Dihydroxyvitamin D3 (1,25(0OH)2D3), binds to the nuclear vitamin D receptor (VDR),
forming a complex known as vitamin D3/VDR. This complex subsequently binds to vitamin D response elements
(VDREs), thereby regulating a wide range of genes and profoundly impacting various biological processess.”* Studies
have demonstrated that 1,25(OH)2D3 can induce the expression of anti-proliferative and pro-apoptotic genes while
inhibiting oncogenic transcription factors, thereby exerting anti-cancer effects.” Additionally, research has found that
1,25(OH)2D3 also exhibits anti-cancer effects on CRC by binding to VDR and regulating fibroblasts in the tumor
stroma.'® VDR is a member of the nuclear receptor transcription factor superfamily and is encoded by a gene located on
chromosome 12q13.11, spanning 12 exons. Research has shown that variations in the VDR gene, such as single
nucleotide polymorphisms (SNPs), can influence the interaction between 1,25(OH)2D3 and VDR. Five SNPs are most
commonly studied: FokI (rs2228570), Bsml (rs1544410), Apal (rs7975232), Taql (rs731236), and Tru9l (rs757343)."
Despite extensive research on VDR-SNPs, findings regarding their specific impact on CRC are still inconclusive. Some
studies suggest that certain VDR-SNPs may be linked to CRC in particular populations or regions. However, there is
currently insufficient evidence to definitively determine the impact of VDR-SNPs on CRC development and their
potential involvement in the progression from CRA to CRC.

Studying vitamin D levels and associated genes in CRC and CRA can enhance our understanding of cancer development
and progression. This research aims to provide novel insights into the pathogenesis, diagnostic methods, and treatment
strategies for CRC. Our objective is to examine the variations in vitamin D levels and related genes in CRA and CRC to
evaluate their potential value in predicting prognosis and to develop more effective treatment strategies for CRC patients.

Methods

Samples Collection

The study included patients undergoing colonoscopies and treatments at the Digestive Endoscopy Department of the Second
Affiliated Hospital of Baotou Medical College from January 2022 to December 2023. Colonoscopies and histopathological
examinations were performed by the institution, with tissue samples diagnosed by the Pathology Department. Inclusion
criteria included: age between 18 and 80 years, any gender, and generally good physical health. Participants must have no
history of digestive system disorders, malignancies, autoimmune or metabolic diseases, as well as no cardiovascular,
respiratory, endocrine, renal, hematologic, or other systemic illnesses within the past month. Exclusion criteria included:
discrepancies between pathology results and endoscopic findings, recent use of vitamin D supplements, chemotherapy,
participation in new drug trials, clinical diagnoses of inflammatory bowel disease, other conditions that might affect study
outcomes, and inability to comply with study requirements. Within one week after the procedure, blood samples were
collected in gel-containing tubes, centrifuged to separate serum from blood cells, and stored in cryovials at —80°C.
Pathological specimens for RT-qPCR analysis were preserved in RNAlater solution and stored under the same conditions.
This study has been approved by the Ethics Committee of the Second Affiliated Hospital of Baotou Medical College (Ethics
Approval No. 2X-008), and all patients provided informed consent for endoscopic examinations and treatments.

Serum Vitamin D Detection

To measure the levels of serum 1,25(0OH),D;, the double antibody sandwich method (MEIMIAN Corporation) was
utilized. Initially, the frozen serum sample was allowed to equilibrate at room temperature for 60 minutes. It was then
diluted five-fold and introduced into the wells of a microplate pre-coated with a capture antibody specific for human
1,25(0OH),D3. Following this, HRP-labeled detection antibodies were added to facilitate the formation of antigen-
antibody-enzyme complexes. The microplate was sealed and incubated at 37°C for 60 minutes. After five washes to
eliminate unbound substances, TMB substrate was employed for a colorimetric reaction. The absorbance (OD value) at
450nm was measured using an ELISA reader. The content of 1,25(OH),D; was determined based on a standard curve
derived from a gradient dilution standard. All samples underwent repeated testing, and the results were analyzed to obtain
mean values.
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Vitamin D Receptor Gene Polymorphism Detection

Five VDR SNPs (FokI rs2228570, Bsml rs1544410, Apal rs7975232, Taql rs731236, and Tru91 rs757343) were detected
using the Snapshot method. Genomic DNA was extracted from blood samples using a silicon-based adsorption column
(Cat. D0063, Biyuntian Biotechnology). The PCR reaction was carried out in a total volume of 15 pL, comprising 1 pL of
DNA, 1.5 pL of 10x Buffer, 0.3 uL of dNTPs (10 mmol), 1.5 uL of MgCI2 (25 mmol), 0.15 pL of each primer (10 pmol),
0.3 uL of Taq enzyme (5 U/uL), and sterile water to make up the volume. The PCR protocol included an initial denaturation
step at 94°C for 3 minutes, followed by 30 cycles of denaturation at 94°C for 15 seconds, annealing at 55°C for 15 seconds,
and extension at 72°C for 30 seconds, with a final extension at 72°C for 3 minutes. PCR products were subsequently
analyzed using 3% agarose gel electrophoresis. For purification, Exol and FastAP enzymes were used, followed by an
extension reaction with pre-mixed primers. Each extension reaction had a volume of 6 uL, containing 2 pL. of PCR product,
1 uL of Snapshot Mix reagent, and sterile water. The extension conditions were 1 minute at 96°C, followed by 30 cycles of
10 seconds at 96°C, 5 seconds at 52°C, and 30 seconds at 60°C. Sequencing was performed using a 3730XL Genetic
Analyzer after denaturation and cooling in Hi-Di™ formamide. The locations and primers of VDR SNP are in Table 1.

Bioinformatics Analysis

Dataset Retrieval

We retrieved mRNA sequencing data for normal colon mucosa (NC), CRA, and CRC from the GSE20916 and GSE37364
datasets in the GEO database. Prognostic analysis data for CRC were sourced from the TCGA-COAD project available on the
TCGA portal website (https:/portal.gdc.cancer.gov).'? Additionally, for in-depth research, we extracted gene information

related to “vitamin D” and “vitamin D receptor” from the Molecular Signature Database (MsigDB) (http://www.gsea-msigdb.

org/gsea/msigdb/). After screening and removing duplicates from previous GSEA MsigDB studies, we successfully
assembled a list of 299 unique genes related to vitamin D.

Differential Genes Analysis
We analyzed the GSE20916 and GSE37364 datasets using GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r/) to identify
differentially expressed genes (DEGs) between normal mucosa and CRA, as well as between normal mucosa and CRC. We

used |logFC| > 1 and p < 0.05 as criteria for differential expression. The data from different groups were visualized, and
volcano maps were generated using the Sangerbox online tools (http://www.sangerbox.com/tool)."?

Enrichment Analysis

Gene Ontology (GO) annotation was performed using the org.Hs.eg.db package (version 3.1.0), and gene annotations for
KEGG pathways were obtained via the KEGG REST API (https://www.kegg.jp/kegg/rest/keggapi.html). These annota-
tions served as the background for mapping genes to the corresponding background set. Enrichment analysis was

conducted using the R packages clusterProfiler (version 4.4.4) and GOplot (version 1.0.2) to identify significantly
enriched gene sets. The GO enrichment analysis covered terms such as biological process (BP), molecular function

Table | Locations and Primers of VDR SNP

Locations Primers Length and GC Polymorphism
Content of PCR

Fokl F:AAGCTGAAACTGGATCCCTTC 232;37.5% G/C (1:0)

(rs2228570) | RTGCTGTGCAGAAGCTCTTTAG

Bsml F-TGTCCCCAAGGTCACAATAAC 428;51.9% C/T (0.944:0.056)

(rs1544410) | R-TGAAGGGAGACGTAGCAAAAG

Trudl F-TGTCCCCAAGGTCACAATAAC 428;51.9% C/T (0.793:0.207)

(rs757343) R:TGAAGGGAGACGTAGCAAAAG

Apal FATGTACGTCTGCAGTGTGTTG 217;62.2% C/A (0687:0.313)

(rs7975232) | RITATCACCGGTCAGCAGTCATAG

Taql FATGTACGTCTGCAGTGTGTTG 217;62.2% A/G (0.95:0.05)

(rs731236) R:.TATCACCGGTCAGCAGTCATAG
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(MF), and cellular component (CC). A minimum gene set size of 5 and a maximum of 5000 were set, with statistical
significance determined by a p-value < 0.05 and a false discovery rate (FDR) < 0.25. Visualization of the results was
conducted using the R package ggplot2 (version 3.3.6).

LASSO Regression Analysis

The LASSO regression analysis was applied to construct diagnostic features. The “glmnet” package in R was employed
for cross-gene regression analysis to identify key feature genes associated with CRC in two datasets. The cleaned data
was analyzed using the “glmnet” package to obtain lambda values, likelihood values, and classification error rates for the
variables. The results were then visualized to illustrate the findings.

Immune Infiltration Analysis

Using the “CIBERSORT” algorithm combined with the LM22 reference set, we deconvolved the cellular composition of
tissues based on gene expression data. Immune infiltration analysis was performed on the GSE20916 and GSE37364
datasets using CIBERSORTx (https://cibersortx.stanford.edu/). Following this, heat map analysis was performed to

visualize the expression of hub genes and the 22 types of immune cells.

RT-qPCR

To confirm the expression of hub genes, RT-gPCR experiments were performed with the following steps: Total RNA was first
extracted using the Trizol reagent and then purified with the RNeasy kit. The total mRNA was reverse transcribed into cDNA using
a reverse transcription kit under the conditions of incubation at 25°C for 10 minutes, at 55°C for 30 minutes, at 85°C for 5 minutes,
and then cooled to 4°C. In three independent experiments, specific qPCR primers were used to amplify the genes SOSTDCI,
PRKAA2, CEACAMI1, MMP1, CCND1, and GAPDH in triplicate (Table 2). The data were analyzed using the AACt method.

Immunohistochemistry (IHC)

The IHC validation of hub genes includes two parts: clinical colon tissue IHC and the HPA database. The HPA database
(https://www.proteinatlas.org/) validated genes such as PRKAA2, CEACAMI, and CCNDI1. Genes validated through
IHC in clinical tissues include SOSTDC1 and MMP1. The specific IHC procedure includes the following steps: Tissue
was fixed in formalin and embedded in paraffin, then sliced into 4 um thick sections. The sections were then baked,

deparaffinized, and hydrated. Blocking was performed using 5% goat serum for 30 minutes, followed by incubation with
primary antibodies targeting SOSTDC1 and MMP1 (purchased from Youpin Biotechnology, China) overnight at 4°C.
Afterward, the sections were incubated with a secondary antibody at 37°C for 30 minutes. After PBS washing, the
sections were subjected to diaminobenzidine (DAB) staining, hematoxylin counterstaining, dehydration, and mounted
with neutral gum for microscopic examination.

Table 2 Primers for RT-qPCR

Name Primer Sequences (5'-3") Length
hGAPDH-F GGAGCGAGATCCCTCCAAAAT 197
hGAPDH-R GGCTGTTGTCATACTTCTCATGG
h-SOSTDCI-F ACCCGTACCCAGAGAATCCA 79
h-SOSTDCI-R TGCAGGCAGTGACTACTGTG
h-PRKAA2-F CGGGTGAAGATCGGACACTA 105
h-PRKAA2-R AACTGCCACTTTATGGCCTG
h-CEACAMI-F AAAATGGCCTCTCACCTGGG 134
h-CEACAMI-R GGGTCATTGGAGTGGTCCTG

h-MMPI-F AGAAAGAAGACAAAGGCAAGTTGA 169
h-MMPI-R AAACTGAGCCACATCAGGCA
h-CCNDI-F GAGGCGGAGGAGAACAAACA 96
h-CCNDI-R GGAGGGCGGATTGGAAATGA
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Cell Culture

Human colon cancer cells HCT116 and HT29 were purchased from Wuhan Punuo Sai Life Technology Co., Ltd. We
customized specific culture media based on experimental requirements and cultured these two cell types in the respective
media. The cells were maintained in a humidified incubator with 5% CO2 at a constant temperature of 37°C. For
experiments involving calcitriol concentration screening, the cells were treated with calcitriol at designated time points.

Cell Proliferation and Migration Assays

Cells treated with calcitriol were plated in 96-well plates. For the proliferation assay, 10 pL of CCK-8 solution was added to each
well and incubated at 37°C for 2 hours. The optical density was measured using an iMark microplate reader (Bio-Rad) at
awavelength of 450 nm. The cell inhibition rate (%) was calculated using the formula [(Ac-As)/(Ac-Ab)]x100, where As denotes
the absorbance of the experimental wells containing cells, culture medium, CCK-8, and drugs; Ab represents the absorbance of the
blank wells containing only culture medium and CCK-8; and Ac indicates the absorbance of the control wells containing cells,
culture medium, and CCK-8. To evaluate cell migration ability, scratch assays were performed in 6-well plates. Images of initial
scratches (0 hour) and subsequent observations (24 hours) were analyzed using ImageJ software to measure changes in the
scratched area.

Statistical Analysis

All experimental results are presented as mean + standard deviation (SD). Differences in vitamin D levels among the
groups were evaluated using one-way analysis of variance (ANOVA). The Spearman correlation analysis was employed
to assess the relationships between central genes and immune cells. A P value < 0.05 was considered statistically
significant, with * denoting P < 0.05, ** denoting P < 0.01, and *** denoting P < 0.001. All bioinformatics analyses were
conducted using R software (version 4.2.1) and Sangerbox online tools.

Results

Vitamin D Concentration

According to the inclusion and exclusion criteria, a total of 80 cases were enrolled: 20 cases without intestinal abnormalities
(control group), 40 cases with CRA, and 20 cases with CRC. The serum levels of 1,25(OH),D; ranged from 10.00 to
56.35 pg/mL, with an average value of (34.02+12.02 pg/mL). f-test analysis revealed no significant differences in
1,25(0OH),D; levels based on gender (t=1.752, p=0.084) or age (t=0.91, p=0.432). However, the Mann—Whitney U-test
revealed significant differences in 1,25(OH),D; levels among the groups: the control group (42.99+6.02 pg/mL), the CRA
group (37.06+9.56 ng/mL), and the CRC group (19.00+£5.96 pg/mL) (p<0.05) (Figure 1A).

VDR Gene Polymorphisms in Different Groups

According to the reference,' five VDR SNP loci associated with CRC were selected and analyzed in blood cell samples from
80 patients. For the Fokl (rs2228570) gene, the allele frequencies for “G” and “C” were 99.40% and 0.60%, respectively. The
“GG” homozygous genotype was present in both the CRC and CRA groups, while the control group exhibited only one case
(3%) of the “GC” heterozygous genotype. The “CC” genotype was not detected in any of the groups. No statistically
significant differences were observed in allele frequencies or genotype distributions between the groups.

For the Bsml (rs1544410) gene, the allele frequencies for “C” and “T” were 93.10% and 6.90%, respectively. In the
CRC, CRA, and control groups, the frequency of the “CC” homozygous genotype was 90%, 82.5%, and 90%,
respectively. The frequencies of the “CT” heterozygous genotype were 10%, 17.5%, and 10%, respectively, with no
instances of the “TT” genotype detected. Statistical analysis indicates that there are no significant differences in allele
frequencies or genotype distributions among the groups. For the Tru9l (rs757343) gene, the allele frequencies for “C”
and “T” were 83.80% and 16.30%, respectively. In the CRC, CRA, and control groups, the frequency of the “CC”
homozygous genotype was 70% in each group. The “CT” heterozygous genotype frequencies were 25% in the CRC
group, 25% in the control group, and 30% in the control group. The “TT” genotype was observed at a frequency of 5% in
CRC and control groups but was not detected in the CRA group. Statistical analysis revealed no significant differences in
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Table 3 Distribution of Allele Frequencies of VDR SNP Polymorphisms in Different Groups

Fok | Bsm | Tru9 | Apal Taq |

G C C T C T A C A G
Total 159 [ 149 I 134 26 39 121 147 13

99.40% | 0.60% | 93.10% | 6.90% | 83.80% | 16.30% | 24.40% | 75.60% | 91.90% | 8.10%
CRC 40 0 38 2 33 7 8 32 38 2

100% 0.00% | 95% 5% 82.50% | 17.50% | 20.00% | 80.00% | 95.00% | 5.00%
CRA 80 0 73 7 68 12 22 58 71 9

100% 0.00% | 91.30% | 8.70% | 85.00% | 15.00% | 27.50% | 72.50% | 88.80% | 11.20%
Control | 39 | 38 2 33 7 9 31 38 2

97.50% | 2.5% | 95% 5% 82.50% | 17.50% | 22.50% | 77.50% | 95.00% | 5.00%
X2 3.019 0.879 0.184 0915 2.093
P 0.221 0.644 0.912 0.633 0.351

Table 4 Distribution of Genotype Frequencies of VDR SNP Polymorphisms in Different Groups

Fok 1 Bsm | Tru9 | Apal Taq |

GG GC CC CT CcC CT TT AA AC CcC AA AG
Total 79 [ 69 I 56 22 2 3 33 44 67 13

98.80% 1.30% | 86.30% | 13.80% | 70.00% | 27.50% | 2.50% | 3.80% | 41.30% | 55.00% | 83.80% | 16.30%
CRC 20 0 18 2 14 5 | | 6 13 18 2

100.00% | 0.00% | 90% 10% 70.00% | 25.00% | 5.00% | 5.00% | 30.00% | 65.00% | 90.00% | 10.00%
CRA 40 0 33 7 28 12 0 | 20 19 31 9

100.00% | 0.00% | 82.50% | 17.50% | 70.00% | 30.00% | 0.00% | 2.50% | 50.00% | 47.50% | 77.50% | 22.50%
Control | 19 | 18 2 14 5 | | 7 12 18 2

95% 5% 90% 10% 70.00% | 25.00% | 5.00% | 5.00% | 35.00% | 60.00% | 90.00% | 10.00%
X2 3.038 0.949 2.182 2.742 2.296
P 0.219 0.622 0.702 0.602 0.317

allele frequencies or genotype distributions among the groups. For the Apal (rs7975232) gene, the allele frequencies or
“A” and “C” were 24.40% and 75.60%, respectively. In the CRC, CRA, and control groups, the frequency of the “AA”
homozygous genotype was 5%, 2.5%, and 5%, respectively. The “CC” homozygous genotype frequencies were 65% in
the CRC group, 47.5% in the CRA group, and 60% in the control group, while the “AC” heterozygous genotype
frequencies were 30%, 50%, and 35.5%, respectively. Statistical analysis indicates that there are no significant differ-
ences in allele frequencies or genotype distributions among the groups. For the Taql (rs731236) gene, the allele
frequencies for “A” and “G” were 91.90% and 8.10%, respectively. In the CRC, CRA, and control groups, the frequency
of the “AA” homozygous genotype was 90%, 77.5%, and 90%, respectively. The “AG” heterozygous genotype
frequencies were 10% in the CRC group, 22.5% in the CRA group, and 10% in the control group. The “GG” genotype
was not detected in any of the samples. Statistical analysis revealed no significant differences in allele frequencies or
genotype distributions among the groups (Tables 3 and 4) (Figure 1B-F).

Bioinformatics Analysis

Screening of Differential Genes

Two GEO datasets, GSE20916 and GSE37364, were selected for differential expression analysis of normal intestinal
mucosa, CRA, and CRC. In the GSE20916 dataset, a total of 2817 genes were differentially expressed between normal
mucosa and CRA, with 1375 genes upregulated and 1442 genes downregulated. Between normal mucosa and CRC, there
were 3795 differentially expressed genes, with 1923 genes upregulated and 1872 genes downregulated. In the GSE37364
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Figure 2 Volcano plot,UpSet plot and enrichment results. (A) Volcano plot for DEGs between normal, CRA, and CRC in the GSE20916 and GSE37364 datasets. (B) UpSet
plot for the intersection of DEGs and vitamin D-related genes. (C)The heatmaps of VDDEGs in the GSE20916 and GSE37364 datasets. (D) GO and KEGG enrichment
results of VDDEGs.

dataset, a total of 3096 genes were differentially expressed between normal mucosa and CRA, including 1168
upregulated and 1968 downregulated genes. Between normal mucosa and CRC, there were 4765 differentially expressed
genes, with 2391 upregulated and 2374 downregulated (Figure 2A).
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Across two datasets, common DEGs were identified as vitamin D-related colorectal tumor genes (VDDEGS), totaling
20 genes including MMP1, CCND1, PRKAA2, S100A2, and CLDN2 (Figure 2B). Heatmaps were utilized to further
investigate the expression patterns of these genes, revealing significant differences among normal mucosa, CRA, and
CRC groups. A cohesive trend emerged, indicating a progression from CRA to CRC (Figure 2C).

Enrichment Analysis

GO and KEGG enrichment analyses were performed based on VDDEGs to elucidate the molecular functions of these
overlapping genes (Figure 2D). The GO analysis identified key terms such as response to ketones, cellular response to ketones,
response to drugs, negative regulation of myeloid leukocyte differentiation, and cellular response to chemical stimuli. The KEGG
analysis highlighted primary pathways including bladder cancer, gastric cancer, small cell lung cancer, cell cycle, and CRC.

LASSO Analysis

Using LASSO regression analysis on the GSE20916 dataset (Figure 3A and B), the optimal A value for CRC diagnosis
was determined to be 0.0054. This analysis identified nine variables with non-zero coefficients: SOSTDCI1, HILPDA,
MYC, CCND1, S100A2, CEACAMI, CLDN2, MMP1, and PRKAA?2. For the GSE37364 dataset, the optimal A value
was 0.01789, identifying ten variables with non-zero coefficients: SOSTDC1, HSD17B2, TNFRSF11B, CCNDI,
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CEACAMI, SFRP1, SLC51B, MMP1, PRKAA?2, and NR3C1) (Figure 3C and D). Cross-LASSO analysis showed five
common genes across both datasets: SOSTDCI1, CCND1, CEACAMI1, MMP1, and PRKAA2. These hub vitamin
D-related genes in CRC served as the foundation for the diagnostic model.

The models evaluated in two datasets demonstrated robust predictive capabilities (AUC > 0.8) across both the CRA
and CRC groups through ROC curve analysis. The diagnostic model built on these five hub genes exhibited excellent
performance, with AUC values exceeding 0.9, in both the CRA and CRC groups (Figure 3E-L).

Immune Infiltration

Immune cell infiltration analysis was performed on the GSE20916 and GSE37364 datasets using CIBERSORT (Figure 4). The
box plots illustrate consistent trends of immune cell infiltration across normal colon mucosa, CRA, and CRC groups. The
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analysis highlighted significant differences in the levels of T cells, dendritic cells, macrophages, and mast cells among these
groups in the colon. In CRC, there was a notable increase in activated mast cells, M1 macrophages, and neutrophils, with similar
increases observed in the CRA group compared to normal mucosa. These findings suggest that abnormal immune cell infiltration
progressively intensifies during the development of colon tumors.

A heatmap illustrating the correlation between immune infiltrating cells and hub genes reveals the following relationships:
MMP1 is positively correlated with MO macrophages and neutrophils, but negatively linked to M1 macrophages and resting mast
cells. PRKAA?2 shows a positive relationship with T cells and resting mast cells, while SOSTDC1 exhibits a significant positive
correlation with resting mast cells. CCNDI is notably positively correlated with MO macrophages, whereas CEACAMI1 is
positively correlated with M2 macrophages and mast cells. In the TCGA-COAD database, analysis of immune infiltration
associated with these hub genes suggests their role in mediating immune responses throughout colon tumor progression.

Expression and Validation of Hub Genes

In the GSE37364 dataset, the refined sample groups include normal colon mucosa, CRA, CRC Dukes A/B phase, and
CRC Dukes C/D phase. Comparative analysis of gene expression across these groups (Figure 5A) reveals that as disease
severity progresses, the expression levels of SOSTDCI1, PRKAA2, and CEACAMI1 gradually decrease, while MMP1 and
CCNDI1 exhibit a progressive increase in expression levels. These findings suggest that hub genes play a crucial role in
the progression from colon adenomas to cancer.

The analysis of TCGA-COAD sequencing data (including both paired and unpaired samples) revealed significant
differences in hub gene expression between the normal control group and the CRC group (Figure 5B and C), aligning
with our research dataset. In the TCGA-COAD data, these hub genes exhibited strong diagnostic performance, with AUC
values exceeding 0.8 for each gene (Figure 5D).

RT-gPCR Results of the Hub Genes

RT-qPCR analysis was conducted on five randomly selected patients from each group to validate the expression trends of
hub genes observed in the GEO and TCGA databases. The results confirmed that the expression levels of SOSTDCI,
PRKAA2, and CEACAMI1 gradually decreased with increasing disease severity, while MMP1 and CCND1 exhibited
a progressive increase. Statistically significant differences were observed between the groups (Figure SE).

IHC Results of the Hub Genes

The expression changes of PRKAA2, CEACAMI, and CCNDI1 proteins were analyzed through the HPA database. The
results showed that CCND1 expression was significantly higher in CRC tissues compared to normal colorectal tissues,
while PRKAA2 and CEACAMI expression were lower in CRC tissues than in normal colorectal tissues. Additionally,
the protein expression of SOSTDC1 and MMP1 was analyzed and validated through clinical tissue IHC. The results
indicated that MMP1 expression was significantly higher in CRC tissues than in normal colorectal tissues, whereas
SOSTDCI expression was lower in CRC tissues compared to normal colorectal tissues(Figure 5F). These results were
consistent with the trends observed in the RT-qPCR data from clinical tissues.

Cell Experiments

After stimulating HT29 cells with calcitriol at varying concentrations, the effects on colorectal cancer cell proliferation
and migration were assessed using the CCK-8 proliferation assay and the scratch assay. The results demonstrated that
calcitriol inhibited both proliferation and migration in a dose-dependent manner, with more pronounced effects at higher
concentrations (Figure 6A—C).

RT-qPCR analysis of HCT116 and HT29 cell lines treated with 100nM calcitriol revealed a significant upregulation of
SOSTDC1, PRKAA2, and CEACAMI, while MMP1 and CCNDI1 expression was significantly downregulated
(Figure 6D). The regulatory trends of MMP1, PRKAA2, and SOSTDCI1 in these two cell lines were consistent,
indicating a statistically significant difference after intervention.
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Discussion

CRC presents a significant global health challenge due to its high incidence and mortality rates. Although advances in
surgical and chemotherapy techniques have improved patient outcomes through tumor resection and effective treatment,
late-stage diagnosis is often associated with high mortality and poor prognosis. CRA, a critical precancerous lesion, is
essential for the prevention and management of CRC. Early detection and prompt treatment of adenomas are vital for
reducing both the incidence and mortality rates of CRC.

Epidemiological data indicate that vitamin D deficiency is linked to increased incidence or mortality rates of CRC."*
Studies suggest that vitamin D has anti-tumor effects by influencing tumor cell differentiation, proliferation, and
apoptosis, as well as by modulating both innate and adaptive immunity within the tumor microenvironment.'> Our
study found that CRC and CRA patients have lower serum levels of 1,25(OH),D3 in compared to healthy individuals,
consistent with prior studies.'® However, while 1,25(0H),Ds levels were reduced in CRA patients, the decrease
reduction was not as pronounced as in CRC patients. This suggests that as adenomas advance to cancer, the production
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or utilization of 1,25(OH),D; may be influenced, highlighting its crucial role in disease progression. Although cancer and
polyp incidence are age-related, we did not observe significant differences in serum 1,25(OH),D; levels across various
age groups. Therefore, vitamin D deficiency appears to be more closely associated with the progression of CRA and CRC
rather than being solely attributable to age-related factors.

Vitamin D exerts anti-tumor effects by binding to the VDR. Upon heterodimerization with the retinoid X receptor
(RXR) in the nucleus, this complex binds to the vitamin D response elements (VDRESs) in the promoter region of target
genes, thereby activating transcription.'”'® Consequently, variations or deficiencies in VDR may lead to symptoms
associated with vitamin D deficiency. SNPs in the VDR gene are closely linked to various cancers.'® For instance, a study
involving 256 Saudis found that SNPs such as Taql and Apal increase the risk of CRC, while the BsmI SNP appears to
have a protective effect.”’ Another study involving 69 Chinese CRC patients and 218 healthy individuals suggested that
the Fokl SNP polymorphism might reduce the risk of CRC.?! We investigated the association between VDR SNPs and
the progression of CRA and CRC. The absence of the recessive allele “C” of Fokl in both CRC and CRA patients
suggest a potential protective effect against cancer. Additionally, compared to the CRC and normal control groups, the
frequency of the Taql homozygous dominant genotype “AA” was lower in the CRA group, which could be related to the
early onset of CRC. However, these alleles or genotypes did not show statistically significant differences among the three
groups, indicating that further validation of our hypotheses is needed.

We utilized bioinformatics methods to analyze microarray datasets with the goal of identifying prognostic markers in NC-
CRA-CRC. To further investigate the molecular mechanisms of vitamin D, we analyzed transcriptomic data from public
databases, focusing on key candidate genes such as SOSTDC1, CCND1, CEACAMI1, MMP1, and PRKAA2. By using
CIBERSORT to analyze immune cell infiltration in the GS20916 and GSE37364 datasets, we revealed variations in cell
abundance in colon mucosa, CRA, and CRC. These findings suggest that genes like SOSTDC1, CCND1, CEACAMI,
MMP1, and PRKAA?2 may serve as potential biomarkers for the early diagnosis of CRC and CRA monitoring.

According to the MsigDB database, MMP1 and PRKAA?2 are associated with abnormal vitamin D metabolism. MMP1
(matrix metalloproteinase-1) is crucial for the remodeling of the extracellular matrix in colorectal cancer cells, and its dysregula-
tion can affect cancer invasion, metastasis, and prognosis.* Studies indicate that serum vitamin D levels in patients with knee
osteoarthritis are negatively correlated with MMP1 expression, suggesting that vitamin D deficiency may increase MMP1 activity
by inhibiting interleukin-1p.**** PRKAA2 (protein kinase AMP-activated catalytic subunit alpha 2) encodes the o 2 subunit of
AMPK, which regulates cellular energy and metabolic processes such as glucose and fatty acid metabolism, protein synthesis, and
cell proliferation. AMPK activation helps maintain energy balance by promoting catabolic pathways and inhibiting cell growth,
thus impacting tumorigenesis.>> Additionally, PRKAA? influences the PI3K-AKT-mTOR signaling pathway in tumor cells
through vitamin D3, participating in oxidative stress processes and affecting cell survival and infiltration.”

SOSTDC1, CCND1, and CEACAMI1 interact with the vitamin D receptor. SOSTDC1 (sclerostin domain-containing
protein 1) is encoded by the SOST gene and is mainly expressed in bone, kidney, and pancreatic tissues, participating in
the regulation of bone metabolism, kidney development, and insulin secretion.”” SOSTDC1 works by regulating BMP
and Wnt signaling pathways associated with disease pathogenesis, including cancer.?®>' Its specific role in CRC still
needs further research. CCND1 (cyclin D1) encodes cyclin D1, a key protein that interacts with CDKs during the
transition from G1 to S phase, and is responsible for regulating the progression of the cell cycle.>* Due to cell cycle
dysregulation, overexpression of CCNDI is linked to the occurrence of various cancers, including CRC.**> CEACAM1
(carcinoembryonic antigen-related cell adhesion molecule 1) is a cell adhesion molecule that is widely expressed in
epithelial cells, leukocytes, and tumor cells. It plays a crucial role in regulating intercellular adhesion, signal transduction,
cell proliferation, apoptosis, and immune response.’® Reduced expression of CEACAMI may impair intercellular
adhesion, promoting tumor invasion and metastasis, and influencing the tumor microenvironment and immune evasion.
In cancer patients, lower levels of CEACAMI are correlated with malignancy, lymph node metastasis, and poor
prognosis.’’° However, the specific mechanisms of CEACAMI in CRC still need further investigation.

This study compared crossover genes between CRA and CRC, validating the findings with qPCR in clinical samples.
It discovered that vitamin D-related genes (CEACAMI1, SOSTDCI1, and PRKAA?2) are reduced in both CRA and CRC,
suggesting their protective roles in the progression from mucosa to CRA to CRC. Conversely, MMP1 and CCNDI1 are
elevated, which may promote disease progression. The hub genes exhibited stepwise changes across different groups,
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indicating their potential as biomarkers for early CRC diagnosis and CRA monitoring. Vitamin D levels decrease from
normal mucosa to CRC, implying that vitamin D-related genes may have synergistic roles in CRC development.
Moreover, vitamin D intervention in CRC cell lines led to downregulation of MMP1 and CCND1 and upregulation of
CEACAMI, SOSTDCI1, and PRKAA?2, suggesting that vitamin D may inhibit CRC through these genes.

In summary, this study underscores the significant role of vitamin D and its related genes along the NC-CRA-CRC
continuum, offering valuable insights for preventive CRC treatment. Limitations include the need for more clinical samples
and clarity on specific mechanisms. However, there are several limitations to the research. Firstly, additional clinical samples
and multi-center studies are needed to further validate the differences in vitamin D concentrations and VDR SNPs across
various CRCs. Verifying the hub genes and expanding the sample size to include different stages of CRC would strengthen the
findings. Furthermore, the molecular functions of these hub genes in CRA remain unclear and require further investigation.
Using shRNA targeting these genes could enhance the reliability of this study and will be a key focus for future studies.

Conclusion

This study is the first to perform a dynamic and systematic analysis of vitamin D levels and related genes across the NC-CRA-
CRC continuum. It identified 5 hub genes—SOSTDCI1, CCND1, CEACAMI1, MMP1, and PRKAA2—as potential novel
biomarkers for monitoring CRC. The study found that in vivo vitamin D intervention can regulate the expression of these hub
genes, implicating its role in CRC development. However, further experimental validation is required to support these
findings. Consequently, our study introduces innovative and reliable biomarkers for CRC, which could help predict adenoma
malignancy and enhance the clinical application of CRA and CRC diagnosis, targeted therapy, and prognosis.
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