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Introduction: In the cell cycle, cyclin-dependent kinases (CDKs) play a positive regulatory role, which is essential for normal cell
growth, but the expression pattern and prognostic significance of the CDK family in colorectal cancer (CRC) have not been
systematically investigated.

Methods: In our study, we analyzed and visualized the expression of CDKs in CRC using TCGA, GEPIA, GSCALite, TIMER, HPA
database, and R language CDKs risk model was constructed.

Results: Overall, CDKs (CDK1, CDK2, CDK3, CDK4, CDKS5, CDK6, CDK7 and CDKS8) were differentially expressed between
normal controls and colorectal cancer. Three CDKs genes (CDK3, CDKS5 and CDKS) associated with prognosis were obtained by
univariate and multivariate Cox and LASSO regression analysis. In CRC, CDK3, CDKS5 and CDKS are significantly associated with
expression levels of recognized immune infiltrates.

Conclusion: CDK3, CDKS and CDKS are potential diagnostic markers for CRC; meanwhile, CDK3, CDKS and CDKS are potential
prognostic markers for CRC; studying the relationship between CDKs and tumor immunology may be helpful for immunotherapy of
CRC, and more studies are needed to confirm these results.
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Introduction

Colorectal cancer (CRC), which includes both colon and rectal cancers, is one of the most common malignant tumors of
the gastrointestinal system. In recent years, the incidence and mortality rate of CRC in China have been among the top 5
of all malignant tumors, and the trend has continued to increase in the past decade.' Early treatment is still based on
surgical resection supplemented with radiotherapy, but the efficacy is poor. Although the pathogenesis of CRC is still
unclear, its etiology is multifactorial, as both internal and external factors contribute to the disease. Therefore, a better
understanding of the molecular mechanisms of CRC can help in the development of new therapeutic strategies. To
improve CRC patient survival, it is important to use novel biomarkers in the diagnosis and prognosis of colorectal
cancer.”

CDKs are serine/threonine (Ser/Thr) protein kinases and are central molecules that regulate the cell cycle network. In
mammals, the CDK family consists of 20 members (CDK1 to CDK20). Among them, CDK1 to CDK6 are associated
with cell cycle regulation, while CDK7 to CDK9, CDK 12 and CDK 13 are involved in transcriptional processes.’ Studies
have confirmed that the abnormal activation of CDKs can result in disorder of cell cycle process, which can lead to
abnormal proliferation of tumor cells. In the process of carcinogenesis of breast, lung, esophagus and other cells, it is
often accompanied by abnormal increase of CDKs activity and out of control of cell cycles.* More studies have been
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published on inhibitors of interphase CDKs, such as CDK2,” CDK4/CDK6 and CDKS5.%” Therefore, CDKs are a focus in
anti-tumor research field. At present, several CDKs small molecule inhibitors are undergoing preclinical or clinical trials
for the treatment of lung cancer, leukemia, ovarian cancer and other diseases.® 1% Nevertheless, some fundamental
research data in regards to the role of CDKs in colorectal cancer are available. For example, CDKS5 silencing via
transfection can directly reduce the proliferation of human HCT116 and SW480 tumor cell lines.!' Dale et al showed that
stable silencing of CDKS8 in Co0l0205 human colon cancer cells reduced p-catenin/TCF-dependent transcription.'?
Furthermore, CDK3, CDKS5 and CDKS8 have been less studied in colorectal cancer. Therefore, this study comprehen-
sively analyzed the expression levels of CDKs in colorectal cancer and its association with clinical prognosis of
colorectal cancer patients, and constructed a predictive model of CRC that can be applied for clinical practice. In
addition, we investigated the correlation between CDKs and different immune cell infiltration levels to provide a
theoretical basis for basic research and clinical treatment.

Materials and Methods
RNA-Seq Data Source

The mRNA expression profiles and clinical characteristics of 620 CRC patients are available at the Cancer Genome Atlas
(TCGA) data portal (https://portal.gdc.cancer.gov/projects). Fragments per kilobase million (FPKM) values were trans-

formed into transcripts per kilobase million (TPM) value, and were further log transformed for better comparisons
between samples.

Expression of CDK Gene in Pan Cancer

Next, we used the R package “ggplot2” to analyse the expression of CDKs in various cancer types and to analyse the
expression of CDK1-CDKS8 in different tumour cell lines.'>!® The expression of CDKs in pan-cancer was also analyzed
in normal and tumor tissues.

Expression of CDKs in CRC

To evaluate the mRNA transcript levels of CDKs in CRC, we analyzed the differential expression of CDKs in CRC using
Oncomine (https://www.oncomine.org/resource/login.html),'® GEPIAdata (http:/gepia.cancerpku.cn/),'” GSCALite data
(http://bioinfo.life.hust.edu.cn/web/GSCALite/) and ComplexHeatmap R package.'®'? In addition, the pheatmap R
package was used to explore correlations between CDK1,2,3,4,5,6,7 and 8 levels in CRC. The AUC values of CDKs
were evaluated using pROC R package and ggplot2 r package.

Construction of “CDKs Risk Score”Predicting System

Univariate Cox proportional hazards regression analysis was first performed on the expression matrix of RNA processing
factors to estimate the relationship between RNA processing factors and prognosis (OS) in the TCGA-CRC cohort. RNA
processing factors of p-value < 0.2 were selected as the potential prognosis-related RNA processing factors. Then, to
further delineate the impact on CDKs and its related genes on the prognosis of patients, we applied the following
protocol: First, Pearson correlation analysis and univariate cox analysis was implemented to screen CDKs related
prognostic genes. Then, least absolute shrinkage and selection operator (LASSO) Cox regression, implemented by R
package “glmnet”, was conducted to perform dimension reduction.’*>* After these procedures, a CDKs-related gene set
composed of three genes was successfully developed, the three genes were “CDK3”,“CDK5”, and“CDKS8”. The risk
score of the signature was calculated for each sample based on the following formula:

Risk Score = Y. Coef; X E;

where Coef; is the coefficient and E; is the normalized expression value of each selected gene by log2 and z-score

transformations. Risk scores were computed for all patients included in our study. To further obtain a clinical model with

23-25

predicting values, another multivariate Cox regression was applied to establish a nomogram, integrating all clinical
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characteristics that had HR >1 (or < —1) and p-value < 0.05. The calibration plots show the prognostic predictive
accuracy of the nomogram.

TIMER Database Analysis

TIMER (https://cistrome.shinyapps.io/timer/) is a web server for comprehensive analysis of tumor-infiltrating immune

cells. TIMER was used to analyze the correlation between CDK expression level with immune cell infiltration level or
immune checkpoint expression level in CRC.%° p-value<0.05 was considered as statistically significant.

The Human Protein Atlas Database Analysis
The Human Protein Atlas (HPA) (https://www.proteinatlas.org/) is a database of immunohistochemistry (IHC)-based

protein expression profiles in different cancers,?’ normal tissue as well as cell lines. In this study, we used the HPA
database for protein expression profiling.

Statistics and Data Analysis

All of the statistical analysis and charts are carried out using R language (version 3.6.3). In this study, the Wilcoxon Rank
Sum Test was used to compare the mRNA expression of CDKs in CRC and normal colorectal tissues. The log rank test
was then used to analyze the survival and prognosis of CRC patients. The pathological stage of CRC was determined
using Kruskal-Wallis Test. In all tests, p-value<0.05 was considered statistically significant.

Results

mRNA Expression in Pan Cancer in Patients with Colorectal Cancer

The mRNA levels of CDKs in different cancer cell lines were obtained from the CCLE database. The results showed that
colorectal cancer cell lines maintained high mRNA expression of CDKs from 3-7 in 18 cancer cell lines, and CDK1,
CDK2, CDK4, CDKS5, CDK6, CDK7, and CDKS8 were relatively high compared with other cancer cell lines except for
CDK3, which was relatively low (Supplement Figure 1). Using the R data visualization package (“ggplot2”), we

analyzed CDK mRNA expression of pan-cancers. The results showed that CDK was different in different tumors.
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Figure | Expression of CDK family mRNA in different types of tumors. (A-H) Expression levels of CDKI-8 in multiple cancers. Blue represents normal tissue and red
represents tumor tissue.*p<0.05, **p<0.01, and ***p<0.001.
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CDKI1, CDK2, CDK4, CDKS5, CDK6, CDK7, and CDK8 were highly expressed in colorectal cancer compared with
normal tissues, whereas CDK3 was expressed at lower levels in colorectal cancer (Figure 1).

Relationship Between mRNA Levels of CDKs and Clinicopathologic Characteristics of
CRC Patients

We utilized the public Oncomine database to analyze CDK expression of CRC and normal tissue. We found that the
transcriptional levels of the target genes CDK1, CDK2, CDK4 and CDKS5, CDK6, CDK7, CDK8 were significantly
increased in CRC, while CDK3 transcriptional levels were reduced compared with normal tissue (Figure 2A). Using the
GSCALite online tool to analyze the differential expression of CDK genes (Figure 2C), we found that CDK1, CDK2,
CDK4, CDKS5, CDK6, CDK7 and CDKS8 were highly expressed, while CDK3 was expressed at low levels in CRC. In
addition, we verified the mRNA expression of CDK1, CDK2, CDK3, CDK4, CDKS5, CDK6, CDK7 and CDKS using the
online database GEPIA, and the results were consistent with the above findings (Figure 2B). The heatmap illustrates the
expression of CDKs in tissues from the TCGA database (colon adenocarcinoma (COAD); Figure 2D).

The clinical stage expression status of CDKs in CRC tissues was shown by Kruskal-Wallis Test, and the expression
of CDK1-CDK8 was significantly higher in CRC tissues than in normal tissues (P<0.05) (Figure 3A-H). CDK1-CDK8
was significantly expressed in CRC (P<0.05), revealing that the expression of CDKI1-CDKS8 was associated with
colorectal carcinogenesis. As shown in Figure 31, there was a significant correlation among CDK1-CDKS8 gene levels.
The AUC values of CDK1-8 were 0.918 (CI:0.895-0.942), 0.945 (CI:0.923-0.967), 0.623 (CI:0.555-0.692), 0.946
(CI:0.929-0.963), 0.946 (CI1:0.929-0.963), 0.944 (CI:0.925-0.963), 0.796 (CI:0.750-0.843), 0.903 (CI:0.880-0.926) and
0.886 (0.852—0.920)(Figure 3J).
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Construction of Risk Scores and their Predictive Value

To investigate whether CDKs can be used as an effective biomarker to predict the prognosis of CRC, we further
performed LASSO regression analysis of CDKs. Univariate Cox regression analysis was used for the initial screening of
survival-related genes. Three genes (CDK3, CDK5 and CDKS) that met the p-value< 0.2 criteria were retained for
further analysis, with CDK3, CDKS5 and CDKS8 genes associated with increased risk (HR>1) (Figure 4A and B).
Subsequently, LASSO regression analysis was performed. Combining the results of Figure 5SA and B, three genes
were constructed based on the optimal A value. The risk score is as follows: Riskscore = (0.598)xCDK3 +
(0.2248)xCDKS5 + (0.4186)xCDKS8. Based on the score calculated by the risk scoring formula, 620 colorectal cancer
patients were equally divided into low-risk and high-risk groups (Figure 5C). Compared with patients in the low-risk
group, patients in the high-risk group had more deaths and shorter survival time. A significant difference in OS time was
detected between the low and high risk groups (P<0.05, Figure 5D). Applying time-dependent receiver operating
characteristic (ROC) analysis to evaluate the sensitivity and specificity of the prognostic model, we found an area
under the ROC curve (AUC) of 0.659 at 1 year, 0.704 at 3 years, and 0.717 at 5 years (Figure 5E).
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Figure 4 Univariate and multivariate analysis of clinical characteristics and risk scores of DFS patients. CDKs expression and other clinicopathologic factors with DFS in
CRC were calculated via univariate (A) and multivariate (B) regression analysis. Three genes were obtained with p-value < 0.2.

Prognostic Model Development Based on CDK3/5/8 and Clinicopathological Factors

Nomograms were constructed for CDK3/5/8 expression and independent clinical risk factors (age and pathological stage)
(Figure 6). Higher total number of points in the nomogram represents worse prognosis. In addition, the C index values of
CDK3, CDKS5 and CDKS8 were 0.627, 0.647 and 0.713, respectively. The deviation correction line in the calibration chart
is close to the ideal curve (ie, 45°line), indicating that the prediction results are good agreement with the observation
results.

Correlation of Characteristic Immune-Related Genes with the Immune
Microenvironment

The level of immune cell infiltration is related to the proliferation and development of cancer cells. To assess the potential
relationship between CDK expression and the level of immune infiltration in CRC, we used TIMER to perform the
following analysis of the correlation between CDK3, CDKS5 and CDKS8 members and immune cell infiltration. We
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explored whether CDK3, CDKS5 and CDKS8 expression from the TIMER database could influence the level of various
immune cell infiltrations in COAD. The results showed that in COAD, CDK3 expression was significantly negatively
correlated with CD8+ T Cell (=—0.238, p=1.24¢-06), Macrophage (r=—0.0119, p=1.64¢-02) and Dendritic Cell (=
—0.103, p=3.89¢-02), and was positively correlated with the infiltration level of CD4+T Cell (1=0.206, p=3.02¢-05), and
was not correlated with B Cell (r=—0.035, p=4.80e-01) and Neutrophil (Figure 7A). CDKS8 expression was positively
correlated with levels of CD4 + T Cell (r = 0.138, p = 5.44e-03) and Macrophage (r = 0.172, p = 5.02e-04) infiltration
(Figure 7C). In addition, CDKS5 expression did not significantly correlate with the infiltration levels of B Cell, CD8+ T
Cell, CD4+ T Cell, Macrophage, Neutrophil and Dendritic Cell (Figure 7B). In addition, CDK3, CDK5 and CDK8 CNA
significantly correlated with the level of major immune cell infiltration (Figure 8). These results strongly suggest that
CDK3, CDKS5 and CDK8 could serve as a major tumor immune infiltration regulator in COAD.
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Figure 6 Nomograms and calibration plots predicting the probability of |-year, 2-year, and 3-year DFS in CRC patients. (A—C) Integration of nomograms and calibration
plots for CDK3, CDK5 and CDKS8, and other prognostic factors for CRC from TCGA data.
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Figure 7 Correlation of CDKs levels of immune cell infiltration in COAD.Correlations between CDK3 (A), CDK5 (B) and CDK8 (C) expression and tumor purity and
dominant immune cells infiltration levels (TIMER). p<0.05 considered statistically significant.

Prognostic Gene Validation Using Clinical Tissue Samples

To further confirm the prognostic value of the hub genes with prognostic values, we used immunohistochemical (IHC)
stain to detect the protein expression of CDK3, CDKS5 and CDKS8 in normal tissues and tumor tissues. The results showed
that CDK3 was significantly under-expressed in primary CRC tissues compared with normal tissues and CDKS5, CDKS8
were significantly highly expressed in primary colorectal cancer tissues (Figure 9), which is consistent with our findings.

Discussion

CRC is the consequence of a progressive accumulation of genetic and epigenetic changes in normal colonic epithelial
cells, which leads to colorectal adenomas and invasive adenocarcinomas.”® CRC has a high incidence and is one of the
leading causes of tumor-related mortality.”” CDKs regulate cell cycle transcription and progression, and aberrant
expression of these genes has been observed in different human tumors. Impaired regulation of cell cycle progression
is associated with intestinal (small and large intestine) diseases, particularly colon and rectal cancers, which account for
1/5 of all cancers worldwide.*® Previous data clearly show that epigenetic changes are important molecular features that
occur early and frequently. Epigenetic changes are common in cancer and include aberrant DNA methylation and
aberrant histone modifications. Proteins in the CDK family function in the cell cycle and may also be involved in
epigenetic processes. While CDKs have been shown to play a key role in breast and liver cancers, the different roles of
CDKs in CRC remain to be elucidated. Therefore, the identification of new molecular mechanisms is necessary to
develop therapeutic targets in CRC.

Our results suggest that CDK3, CDKS5 and CDKS8 may be a prognostic biomarker in CRC. low CDK3 expression and
high CDKS5 and CDKS8 expression are associated with poor survival. CDK3 has been reported to promote myoblast cell
proliferation;*' Yue et al showed that CDK5 promotes the proliferation of medullary thyroid carcinoma cells;** in
addition, Chen et al showed that the promotion of OSCC cell proliferation by direct binding of miR-567 leads to
increased CDKS expression.>® These previous findings suggest that CDK3, CDK5 and CDKS is an oncogene.

Similarly, our results demonstrated CDKS5 and CDKS8 was upregulated in CRC tissues, supporting its potential role in
the development of CRC. In addition, several studies suggest that CDK3, CDK5 and CDK8 may be a target for cancer
therapy.>'~**> However, the association between CDK3, CDK5 and CDKS, and CRC has not been explored so far.
Therefore, our results provide the first evidence for its therapeutic and prognostic value in CRC.
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Figure 8 Changes in somatic copy number of CDKs in COAD.Correlations between CDK3 (A), CDKS5 (B) and CDK8 (C) somatic copy number alterations and dominant
immune cells infiltration levels. *p<0.1, *p<0.05, **p<0.01, ***p<0.001.

The tumor microenvironment (TME) affects the occurrence and development of tumors through circulating cells and
lymphoid systems containing peripheral cells; therefore, the TME has been widely involved in tumors. Some TMEs
contain cytotoxic CD8+ memory T cells that are capable of killing tumor cells, which leads to a good prognosis.*®
Cytotoxic CD8+ memory T cells kill tumor cells by identifying specific antigens on those cells and by inducing an
immune response. Our research shows that CDK3, CDK5 and CDKS expression may be significantly associated with
infiltration of the TME by six immune cell types, which indicates that CDK3, CDKS5 and CDKS8 may also reflect the
immune response in addition to the prognosis of the disease. This study provides detailed information on immune cells in
CRC that may help in the design of new immunotherapies.

Inevitably, our research also has some limitations that need to be pointed out. First, The signature was developed
based on public databases and retrospective cohort studies. Second, this is a retrospective study that may display
statistical bias, and the bulk sequence transcriptome data were used, in which there is a lack of comprehensive
exploration for intratumoral heterogeneity. Finally, we need to perform in vitro and in vivo experiments regarding
these genes to further validate the silico results and the response of immunotherapy should be further verified in

randomized clinical trials.
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Figure 9 IHC analysis of CDK3, CDK5 and CDK8 with prognostic values. (A-F) Differentially expressed proteins of CDK3, CDK5 and CDK8 with prognostic values in
colorectal normal tissues and colorectal cancer in The Human Protein Atlas database.

Conclusion
This CDK3, CDK5 and CDKS8 signature may be a useful biomarker for predicting CRC patient survival, and could
expand the application of targeted therapy and improve treatment efficacy through patient stratification.
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