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Abstract

The mitotic phase is a vital step in cell division and may be involved in cancer progression, but 

it remains unclear whether genetic variants in mitotic phase-related pathways genes impact the 
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survival of these patients. Here, we investigated associations between 31,032 single nucleotide 

polymorphisms (SNPs) in 368 mitotic phase-related pathway genes and overall survival (OS) of 

patients with non-small cell lung cancer (NSCLC). We assessed the associations in a discovery 

dataset of 1,185 NSCLC patients from the Prostate, Lung, Colorectal and Ovarian (PLCO) 

Cancer Screening Trial and validated the findings in another dataset of 984 patients from the 

Harvard Lung Cancer Susceptibility Study. As a result, we identified three independent SNPs 

(i.e., CHEK1 rs76744140 T>C, PRIM2 rs6939623 G>T and CDK6 rs113181986 G>C) to be 

significantly associated with NSCLC OS with an adjusted hazards ratio of 1.29 [95% confidence 

interval=1.11–1.49, P = 8.26x10−4), 1.26 (1.12–1.42, 1.10x10−4) and 0.73 (0.63–0.86, 1.63x10−4), 

respectively. Moreover, the number of combined unfavorable genotypes of these three SNPs was 

significantly associated with NSCLC OS and disease-specific survival in the PLCO dataset (Ptrend 

< 0.0001 and 0.0003, respectively). Further expression quantitative trait loci analysis showed that 

the rs76744140C allele predicted CHEK1 mRNA expression levels in normal lung tissues and that 

rs113181986C allele predicted CDK6 mRNA expression levels in whole blood tissues. Additional 

analyses indicated CHEK1, PRIM2 and CDK6 may impact NSCLC survival. Taken together, 

these findings suggested that these genetic variants may be prognostic biomarkers of patients with 

NSCLC.9.
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Introduction

Lung cancer is the most common malignancy and the leading cause of cancer-related deaths 

worldwide 1, 2. It is estimated that there were approximately 228,820 new cases and 135,720 

deaths to occur in 2020 in the United States alone 3. Non-small cell lung cancer (NSCLC) 

accounts for about 80–85% of lung cancer with a dismal 15–25% 5-year overall survival 

(OS) rate as most patients present with advanced stage disease 4–6. Despite the advances in 

CT screening, traditional surgery, radiotherapy, and chemotherapy as well as recent targeted 

molecular therapy and immunotherapy for NSCLC, the 5-year survival is poor 7. However, 

there is marked variability in response and outcomes, even among patients with the same 

stage, cell type, and treatment, suggesting an important role of genetic susceptibility 8, 9. 

Therefore, it is essential to explore potential genetic factors that facilitate more precise 

diagnosis and treatment strategies for NSCLC patients.

Recently, a number of genome-wide association studies (GWASs) have identified that 

single nucleotide polymorphisms (SNPs) on susceptibility loci of the chromosome are 

strongly associated with lung cancer risk 10–13. However, few SNPs were reported to 

modulate clinical outcomes of patients with NSCLC at a GWAS level. However, post-

GWAS pathway-based hypothesis-driven analyses have explored functional SNPs in specific 

biological pathways, which have moderate but detectable effects NSCLC survival 14, 15; 

thus, this approach may provide a better understanding of the development and progression 

of NSCLC.
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The cell cycle consists of interphase and mitotic phase 16. The mitotic phase is a process 

in which the parental cell divides into two daughter cells. There five phases in a cell 

cycle:prophase, prometaphase, metaphase, anaphase, and telophase 17. Oncogenes-induced 

DNA replication pressure has been thought to be the driving force for tumorigenesis 18. 

However, it is recently reported that the rapid replication of tumor cells in the S phase causes 

DNA damage and instability, which makes DNA more vulnerable to further insults, while 

DNA replication in M phase is uniqueo tumor cells, and essential for maintaining genomic 

stability 19. Because abnormalities in different mitotic phase-related genes may cause 

uncontrolled replication of tumor cells, cancer therapies targeting mitotic phase-related 

proteins appears to be a powerful strategy. The microtubules, kinases, and polyprotein 

complexes could be targeted by many compounds, which may lead to mitotic arrest and cell 

death 20. However, cancer patients’ response to these drugs have varied in clinical trials, 

suggesting that genetic factors may play a vital role in individual treatment effects.

To date, associations between SNPs in the mitotic phase-related pathway genes and survival 

of NSCLC are still largely unknown. Therefore, we hypothesize that genetic variants of the 

mitotic phase-related pathway genes may be associated with NSCLC survival. To test this 

hypothesis, we performed a pathway gene-set analysis to identify functional SNPs that are 

associated with NSCLC outcomes by using two independent, previously published NSCLC 

GWAS datasets.

Materials and methods

Study populations

In the present study, the discovery dataset was the from the Prostate, Lung, Colorectal, 

and Ovarian cancer screening trial (PLCO), which was a multicenter randomized study 

of 10 medical centers in the United States between 1993 and 2011, including 1,185 

Caucasian patients diagnosed with NSCLC 21. The PLCO trial enrolled 77,500 men and 

77,500 women aged 55–74, who were randomized to either the intervention arm with 

screening or the control arm with standard care. All the individuals were followed up to 

13 years after enrollment. Genomic DNA extracted from the whole blood samples of these 

participants were genotyped with Illumina Human Hap240Sv1.0 and Human Hap550v3.0 

(dbGaP accession: phs000093.v2.p2 and phs000336.v1.p1) 22, 23.

Another dataset from the Harvard Lung Cancer Susceptibility (HLCS) study was utilized 

to validate the significant SNPs identified in the PLCO dataset. The HLCS study, which 

included 984 histology-confirmed NSCLC patients of Caucasian and extracted DNA by the 

Auto Pure Large Sample Nucleic Acid Purification System (QIAGEN Company, Venlo, 

Limburg, Netherlands) from whole blood samples of all participants. Genotyping data was 

performed by using Illumina Humanhap610-Quad arrays, which was imputed by using 

MaCHsoftware based on the 1000 Genomes project 24. The details of individuals in the 

HLCS study have been previously described 25.

The use of the data from both of the PLCO trial (n=1,185) and HLCS study (n=984) 

was approved by the Internal Review Board of Duke University School of Medicine 

(Project #Pro00054575) and the National Center for Biological Information for access to 
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the dbGaP database of genotypes and phenotypes (Project #6404). The comparison of the 

characteristics between the two GWAS datasets is described in Table S1.

Gene selection and SNP imputation

The genes involved in the mitotic phase-related pathway were selected through the 

Molecular Signatures Database (http://software.broadinstitute.org/gsea/msigdb/index.jsp) 

with the keyword “mitotic AND phase”. After excluding 60 duplicated genes and one 

pseudogene, 368 genes remained as the candidate genes for further analysis (Table S2). 

Imputation was performed by miniMac4 with the reference panel of the 1000 Genomes 

Project data (phase 3). After imputation, all the SNPs in these genes and their ±2 kb 

flanking regions were extracted according to the quality criteria: r-square ≥ 0.3, minor allele 

frequency ≥ 0.05, individual call rate ≥ 95%, and Hardy–Weinberg equilibrium P-value ≥ 

1 × 10−5. As a result, a total of 31,032 SNPs (2,820 genotyped and 28,212 imputed) were 

obtained for further analysis.

Statistical analyses

The follow-up time of the participants in both the PLCO trial and HLCS study was defined 

as from the diagnosis of NSCLC to the last follow-up or date of death. The OS of patients 

with NSCLC was chosen as the primary endpoint, and their disease-specific survival (DSS) 

was also analyzed. In the single-locus analysis, multivariable Cox proportional hazards 

regression analysis was utilized to assess the association between each of the SNPs in these 

368 candidate genes and OS in an additive genetic model with adjustment for age, sex, 

smoking status, histology, tumor stage, chemotherapy, radiotherapy, surgery and the top 

four principal components (Table S3) in the PLCO trial using the GenABEL package of R 

software 26. Since the majority of SNPs were imputed with a high linkage disequilibrium 

(LD) (r2 > 0.8), the Bayesian false discovery probability (BFDP) with a cutoff value of 0.80 

was used for multiple testing correction to reduce the likelihood of potential false-positive 

results 27. We then assigned a prior probability of 0.10 to detect a hazards ratio (HR) of 

3.0 for an OS-associated variant genotypes or minor alleles of the SNPs with P < 0.05. The 

identified SNPs in the PLCO trial were further validated in the HLCS study. Subsequently, 

the multivariable stepwise Cox regression model was performed with adjustment for clinical 

variables, top four principal components, and 41 previously published survival-associated 

SNPs from the same PLCO trial to identify additional independent SNPs. Finally, the 

meta-analysis was performed to combine the results of the PLCO trial and HLCS study by 

using PLINK 1.90 with Cochran’s Q statistics (Q-test) and heterogeneity statistic (I2). The 

fixed-effects model was applied, if the Q-test p-value > 0.10 and the I2 < 50%; otherwise, 

the random-effects model was implemented. In addition, the identified SNPs were also 

visualized by Manhattan plots and regional association plots.

Then, the Kaplan-Meier (KM) survival curves were constructed to evaluate survival 

probability associated with the combined unfavorable genotypes of identified SNPs. 

Meanwhile, we also assessed the heterogeneity between subgroups and possible interaction 

with a Chi-square-based Q-test in the stratified analysis. Moreover, the receiver operating 

characteristic (ROC) curves and time-dependent area under the curve (AUC) were utilized to 
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elucidate the ability of the genetic model in predicting the OS and DSS of NSCLC from a 

clinical perspective using the timeROC package of R software (version 3.6.2).

Subsequently, the three online bioinformatics tools, RegulomeDB 28 (http://

www.regulomedb.org), HaploReg 29 (http://archive.broadinstitute.org/mammals/haploreg/

haploreg.php), and the Encyclopedia of DNA Elements (ENCODE) project (http://

genome.ucsc.edu), were used to predict potential functions of the identified SNPs and 

their high LD SNPs in the same genes. Then, the expression quantitative trait loci 

(eQTL) analyses were performed to assess correlations between identified SNPs and 

the corresponding mRNA expression levels with a linear regression model by using R 

software (version 3.6.2). The mRNA expression data were obtained from two sources: 

lymphoblastoid cell lines derived from the 373 European descendants included in the 

1,000 Genomes Project 24, and the Genotype-Tissue Expression (GTEx) Project (http://

www.gtexportal.org/home) 30. Meanwhile, we also explored the differences in mRNA 

expression levels of genes between paired tumor tissues and adjacent normal tissues from 

the Cancer Genome Atlas (TCGA) database by using a paired t-test. Besides, KM survival 

analysis was constructed to evaluate the correlation between the corresponding genes mRNA 

expression levels of identified SNPs and NSCLC survival probability from an online 

database (http://kmplot.com/analysis/). Finally, tumor mutation data of the corresponding 

genes, where the identified SNPs are located, were also assessed in the publicly available 

database of the cBioPortal for Cancer Genomics (http://www.cbioportal.org). All statistical 

analyses were performed with the SAS software (version 9.4; SAS Institute, Cary, NC, 

USA), unless specified otherwise.

Results

Associations between SNPs in the Mitotic phase-related pathway genes and NSCLC OS in 
both PLCO trial and HLCS datasets

The flowchart for the present study is shown in Figure 1. The basic characteristics of the 

discovery dataset from the PLCO trial included 1,185 NSCLC patients, and the validation 

dataset from the HLCS study included 984 NSCLC patients, both have been described 

previously (Table S1). In the discovery dataset, a total of 31,032 SNPs (including 2,820 

genotyped and 28,212 imputed SNPs) in 368 mitotic phase-related pathway genes were 

identified, of which 1,286 SNPs were statistically significantly associated with NSCLC OS 

(both P < 0.05 and BFDP < 0.80). After further replication in the HLCS validation dataset, 

35 SNPs remained statistically significant (P < 0.05).

Identification of independent SNPs associated with NSCLC OS in the PLCO dataset

Since the HLCS dataset did not have detailed genotyping data and clinical covariates 

for further analyses, we performed the stepwise multivariable Cox regression analysis to 

identify independent SNPs associated with NSCLC OS using the PLCO dataset. In the 

stepwise Cox regression analysis with adjustment for clinical variables, top four principal 

components, as well as the 41 additional previously published survival-associated SNPs 

for NSCLC from the same dataset, three SNPs (rs76744140 in CHEK1, rs6939623 in 

PRIM2, and rs113181986 in CDK6) remained independently associated with NSCLC OS 
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(P = 0.006, 0.021, and 0.046, respectively) (Table 1), and 28 SNPs of the 41 published 

survival-associated SNPs for NSCLC remained significant (Table S4). The meta-analysis 

results for these three independent SNPs indicated that no heterogeneity was observed across 

these two datasets (Table 2). In addition, we also depicted these three identified SNPs in 

Manhattan (Figure S1) and regional association plots (Figure S2).

As shown in Table 3, both CHEK1 rs76744140 C and PRIM2 rs6939623 T alleles were 

unfavorable for survival of patients with NSCLC (Ptrend = 0.0101 and 0.0006 for OS, 

respectively, and Ptrend = 0.0133 and 0.0072 for DSS, respectively), while patients with the 

CDK6 rs113181986 C allele had a significantly better OS (Ptrend = 0.0146) but a borderline 

improved DSS (Ptrend = 0.0554 for DSS). Comparing with the reference genotype in a 

dominant genetic model, patients had a significantly poorer survival, if they had CHEK1 
rs76744140 TC+CC genotypes (OS: HR = 1.25, 95% CI = 1.03–1.52, and P = 0.0267; DSS: 

1.25, 1.02–1.53, 0.0357) or had PRIM2 rs6939623 GT+TT genotypes (OS: 1.41, 1.17–1.68, 

and 0.0002; DSS: 1.36, 1.12–1.64, 0.0017), whereas patients had a significantly better OS, 

if they had CDK6 rs113181986 GC+CC genotypes (0.74, 0.58–0.94, and 0.0150) or had a 

borderline improved DSS (0.78, 0.61–1.01, and 0.0568).

Combined and stratified analyses of the three independent SNPs associated with NSCLC 
survival in the PLCO dataset

To evaluate the effect of the three independent SNPs on NSCLC survival, we combined 

unfavorable genotypes (NUG) (i.e., CHEK1 rs76744140 TC+CC, PRIM2 rs6939623 

GT+TT, and CDK6 rs113181986 GG) into a genetic score and then divided the patients 

into four groups (i.e., 0, 1, 2, and 3). As shown in Table 3, multivariable Cox analysis found 

that an increased genetic score was associated with a higher risk of death or poorer survival 

(Ptrend: P < 0.0001 for both OS and DSS). We then dichotomized patients into low-risk (0–1 

NUG score) and high-risk groups (2–3 NUGs score). Patients in the high-risk group had a 

significant higher risk of death (OS: HR = 1.39, 95% CI = 1.19–1.62, and P < 0.0001; DSS: 

1.35, 1.15–1.60, and 0.0003) as compared to those in the low-risk group. Moreover, we also 

generated the KM survival curves to assess associations between unfavorable genotypes and 

death risk (Figure 2).

We then compared the time-dependent AUC and ROC curves derived from the model for 

clinical covariates with or without the SNPs to quantify the predictive ability of genotypeon 

NSCLC OS and DSS. We also compared the AUC and ROC curves from the model for 

clinical covariates and 41 previously published SNPs with or without the three new SNPs 

to assess the predictive ability of new SNPs on NSCLC OS and DSS. The addition of 

the three new SNPs to the prediction model without the 41 previously published SNPs for 

5-year survival rate significantly extended AUC from 87.00% to 88.13% for OS (P = 0.027) 

(Figure S3A–B) and from 88.54% to 89.11% for DSS (P = 0.047) (Figure S3C–D). The 

addition of the three new SNPs to the prediction model with the 41 previously published 

SNPs improved the efficiency of the model by reducing the 41 previously published SNPs 

to 28 SNPs; therefore, the current model with the three new SNPs is statistically more 

efficient, although the AUC for the 5-year survival rate with three new SNPs aloneas 

non-significantly increased from 90.70% to 90.98% for OS (P = 0.248) (Figure S3E–F) 

Mu et al. Page 6

Int J Cancer. Author manuscript; available in PMC 2022 March 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and from 90.66% to 90.95% for DSS (P = 0.284) (Figure S3G–H). We next performed 

stratified analysis to estimate whether the effects of combined unfavorable genotypes on 

NSCLC OS and DSS were modified by age, sex, smoking status, histology, tumor stage, 

chemotherapy, radiotherapy, and surgery. For both 0–1 and 2–3 NUG groups, there were 

no significant interactions between unfavorable genotypes and clinical covariates, such as 

age, sex, and smoking status, in NSCLC OS and DSS (P > 0.05). However, interactions of 

unfavorable genotypes with histology, tumor stage, chemotherapy, radiotherapy, and surgery 

in modifying both OS and DSS were statistically significant (P < 0.05 for both) (Table 

S5). Besides, as non-proportional hazards were observed for several clinical covariates (i.e., 

stage, chemotherapy, and surgery; Figure S4), we also re-estimated the effects of these 

covariates and the three independent SNPs by using stratified Cox proportional hazards 

model by the combination of stage and chemotherapy. The proportion hazards assumption 

was satisfied for all covariates and the three independent SNPs in this model. As shown in 

Table S6, the risk effects of two risk SNPs rs76744140 and rs6939623 were significant (P = 

0.026 and 0.001, respectively), and the SNP rs113181986 with a protective effect showed a 

marginal significance (P = 0.077).

In silico functional analysis

To assess biological functions of the three identified SNPs and their high-LD SNPs, we 

utilized three online bioinformatics tools (i.e., HaploReg, RegulomeDB, and the ENCODE 

project) to predict function. As shown in Table S7, we found that both CHEK1 rs76744140 

T > C and CDK6 rs113181986 G > C might alter protein motifs and have an effect on 

enhancer histone marks, and a G > T change in PRIM2 rs6939623 might alter protein 

motifs. In addition, we found an additional 24 SNPs in high LD with the representative SNP 

rs113181986 in CDK6 have vrious potential functions (Table S8), while no SNPs are in high 

LD with rs76744140 in CHEK1 and rs6939623 in PRIM2. According to experimental data 

from the ENCODE project, rs76744140 is probably located on the substantial region of the 

H3K4Me1 layer and possibly affects transcriptional activities, but no obvious effects were 

observed for rs6939623 and rs113181986 (Figure S5). Ten of the 24 SNPs in high LD with 

rs113181986 are also located on potential functional regions (Figure S6).

eQTL analysis

The eQTL analysis was performed to further explore potential functions of the three 

identified SNPs. We found that the CHEK1 rs76744140 C allele significantly correlated 

with decreasing mRNA expression levels in normal lung tissues (P = 0.029, NES = −0.13) 

(Figure 3A) but not in whole blood tissues (Figure S7A) from the GTEx (V8) Project. 

Meanwhile, the CDK6 rs113181986 C allele also showed a significant correlation with the 

decreased mRNA expression levels of the gene in whole blood tissues (P = 0.048, NES = 

−0.08) (Figure 3B) but not in normal lung tissues (Figure S7B); nineteen of the 24 SNPs 

are in high LD with the representative SNP rs113181986 in CDK6 were also significantly 

correlated with the decreased mRNA expression levels of CDK6 in whole blood tissues 

(Figure S8). However, there was no significant correlation between the PRIM2 rs6939623 T 

allele and its corresponding mRNA expression levels in either normal lung (Figure S7C) or 

whole blood tissues (Figure S7D). Additionally, we also performed the eQTL analysis using 

data of the 373 European descendants in the 1000 Genomes Project, which indicated that 
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these minor alleles of the identified SNPs were not significantly correlated with the mRNA 

expression levels of their corresponding genes (Figure S9).

Differential expression analysis in the TCGA dataset

We then explored the differences in mRNA expression levels of the three identified 

SNP-related genes between paired tumor tissues and adjacent normal tissues from the 

TCGA dataset. The mRNA expression levels of CHEK1 were significantly higher in 

lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), and the combined 

LUAD+LUSC tissues than that in adjacent normal tissues (P < 0.0001, 0.0001, and 

0.0001, respectively) (Figure 3C), and the higher mRNA expression levels of CHEK1 were 

associated with a higher risk of lung cancer death or poorer survival (P < 0.0001) (Figure 

S10A). As compared with the adjacent normal tissues, the mRNA expression levels of 

PRIM2 were also significantly higher in LUAD, LUSC, and the combined LUAD+LUSC 

tissues (P < 0.0001, 0.0001, and 0.0001, respectively) (Figure 3D), while the higher mRNA 

expression levels of PRIM2 were not associated with a higher risk of death (P = 0.78) 

(Figure S10B). The mRNA expression levels of CDK6 were significantly higher in LUSC (P 
< 0.0001) and the combined LUAD+LUSC tissues (P < 0.0001) but not in LUAD tissues (P 
= 0.704) than that in adjacent normal tissues (Figure 3E), and the higher mRNA expression 

levels of CDK6 were also associated with a higher risk of dying of lung cancer (P = 0.0049) 

(Figure S10C).

Mutation analysis

It is likely that gene mutations in tumor tissues may also affect tumor progression. 

Therefore, we explored mutation status of CHEK1, PRIM2, and CDK6 in NSCLC tissues 

by using a publicly available database, cBioPortal for Cancer Genomics (Figure S11). We 

found that CHEK1 had an extremely low somatic mutation rate in different NSCLC datasets 

(e.g., 0.33% in the MSK 2017, 0.42% in the MSK PD1, 0.61% in the TSP, and 0.99% 

in the OncoSG 2020, respectively). Similarly, PRIM2 also had a relatively low somatic 

mutation rate in different NSCLC datasets (e.g., 0.45% in the TRACERx 2017, 2.17% in 

the TCGA LUAD, 2.27% in the TCGA 2016, and 2.79% in the TCGA LUSC, respectively). 

Additionally, CDK6 also displayed a low somatic mutation rate in different NSCLC datasets 

(e.g., 0.22% in the MSK 2017, 0.43% in the TCGA LUAD, 0.61% in the TCGA 2016, 

0.67% in the TRACERx 2017, and 0.83% in the MSK PD1, respectively). Therefore, these 

low mutation frequencies of CHEK1, PRIM2, and CDK6 suggest that these rare mutations 

may not have a substantial effect on the mRNA expressiolevels of these three genes in 

NSCLC, if any.

Discussion

Recent studies in lung cancer found that the mitotic cell cycle is probably contributing to 

NSCLC progression. Mitotic phase-related genes are highly expressed in metastatic lung 

cancer tissues, affecting the migration, invasion, and epithelial-mesenchymal transition in 

lung cancer 31, 32. In the present study, we identified three genetic variants (i.e., CHEK1 
rs76744140 T > C, PRIM2 rs6939623 G > T, and CDK6 rs113181986 G > C) in the 

mitotic phase-related pathway, which were significantly associated with NSCLC survival 
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in Caucasian patients. Notably, an increased number of unfavorable genotypes of these 

three independent SNPs were significantly correlated with poor NSCLC OS and DSS. 

The combined unfavorable genotypes of these three independent SNPs in the model also 

predicted a significantly decreased 5-year survival of patients with NSCLC, suggesting 

that these three independent SNPs may be effective biomarkers for their clinical outcomes. 

Further analyses for functional relevance of identified SNPs and mRNA expression levels 

indicating that both the rs76744140 C and rs113181986 C variant alleles appeared to 

cause a decrease in mRNA expression levels of CHEK1 and CDK6, respectively. However, 

these correlations were not found for the PRIM2 rs6939623 T variant allele. Furthermore, 

the mRNA expression levels of CHEK1, PRIM2, and CDK6 were significantly lower in 

adjacent normal lung tissues than in lung tumor tissues, and higher mRNA expression 

levels of CHEK1 and CDK6 were significantly associated with poor outcomes in NSCLC. 

Therefore, our findings provided further support for theassociation between the genetic 

variants in the mitotic phase-related genes and NSCLC survival.

CHEK1 commonly referred to as CHK1, located on chromosome 11q24.2, is a serine/

threonine-specific protein kinase in humans 33, which is required for the initiation of 

DNA damage checkpoints and has been shown to play a role in the normal (unperturbed) 

cell cycle 34. Recently, it has been reported that CHEK1 may be a critical gene in the 

development and prognosis of NSCLC 35. Studies also showed that CHEK1 expression was 

increased in NSCLC, compared with adjacent normal tissues 36, and higher expression of 

CHEK1 in NSCLC was associated with a poor overall survival 37. These results suggested 

that CHEK1 may play a potential oncogenic role in NSCLC. Consistent with these studies, 

our results indicated that CHEK1 might also have a possible oncogenic effect on NSCLC. 

Analysis of data from the ENCODE project, rs76744140 is located on an important region 

of the H3K4Me1 layer and possibly affects the transcriptional activities, which may modify 

CHEK1 mRNA expression by regulating histones and transcriptional activities. However, 

the CHEK1 rs76744140 C allele was found to be correlated with a decrease in mRNA 

expression of CHEK1 in normal lung tissues but with a poor survival in NSCLC. This 

inconsistency may be due to thecomplexity and uncertainty of tumor progression associated 

with unknown genetic changes in the tumors.

PRIM2, located on chromosome 6p11.2, also called DNA primase large subunit 38, 

which plays an essential role in the initiation of DNA synthesis, and knockdown of 

PRIM2decreased the viability of lung cancer cells and enhanced cell death 39. In the present 

study, the PRIM2 rs6939623 T allele was associated with an increased risk of death in 

patients with NSCLC. PRIM2 mRNA expression was significantly higher in lung cancer 

tissues than in adjacent normal tissues from TCGA data. However, we did not have data 

to support the correlation between the rs6939623 T allele and mRNA expression levels 

of PRIM2, and there was no significant difference in survival between higher and lower 

expression levels of PRIM2 in patients with NSCLC. Thus, the abnormal expression levels 

of PRIM2 in NSCLC may be correlated with other molecular mechanisms, which need to be 

further explored.

CDK6 is located on chromosome 7q21.2, and alterations of CDK6 could directly 

or indirectly affect the following hallmarks: cellular energy disturbance, maintaining 
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proliferation signals, evading growth suppressors, and inducing angiogenesis 40. Besides, 

CDK6 might be altered through genomic instability 41. It was previously reported that 

LncRNA AWPPH could accelerate the progression of NSCLC by upregulating CDK6 42. 

Similarly, the nicotine-induced proliferative effects were rescued by the recovery of the 

expression levels of CDK6 in NSCLC 43. These findings also indicated that CDK6 might 

also have an oncogenic role in NSCLC, which is consistent with our results that the 

expression of CDK6 was increased in lung cancer tissues than in paired adjacent normal 

tissues, especially in the LUSC, and that higher expression of CDK6 was associated with 

a worse survival of patients with NSCLC. Furthermore, the CDK6 rs113181986 C allele 

correlated with decreased mRNA expression of CDK6 and a better outcome in patients with 

NSCLC, which supports the biological plausibility of the findings.

Although the present study identified three independent SNPs associated with NSCLC 

outcomes, there are still some limitations. First, both the two GWAS datasets were from 

Caucasian patients; thus, the results may not be generalized to other ethnic populations. 

Second, clinical information was limited, as some clinical variables (e.g., immunotherapy, 

nutrition status) were not available for analysis. Third, although the PLCO trial has a 

relatively large sample size, the number of patients in the subgroup was relatively small. 

Finally, the accurate molecular mechanisms underlying the observed associations between 

these three identified SNPs and NSCLC survival should be further investigated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and impact

The mitotic phase is a vital step in cell division and thus may be involved in cancer 

progression. Here, we investigated the role of genetic variants in the mitotic phase-related 

pathway genes in survival of patients with non-small cell lung cancer (NSCLC). We 

identified that three genetic variants located in CHEK1, PRIM2 and CDK6, respectively, 

were independently associated with the survival, which suggested that these genetic 

variants may be prognostic biomarkers for survival of patients with NSCLC.
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Figure 1. 
Study flowchart. The overall procedures of the present study.
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Figure 2. 
Three independent SNPs in mitotic phase-related pathway genes predict NSCLC survival. 

Kaplan-Meier (KM) survival curves for NSCLC patients of three identified SNPs and 

combined unfavorable genotypes in the PLCO trial: (A) 0, 1, 2, and 3 unfavorable genotypes 

in OS; (B) Dichotomized groups of the unfavorable genotypes into 0–1 and 2–3 in OS; (C) 

0, 1, 2, and 3 unfavorable genotyes in DSS; (D) Dichotomized groups of the unfavorable 

genotypes into 0–1 and 2–3 in DSS.
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Figure 3. 
The eQTL analysis for CHEK1 rs76744140 and CDK6 rs113181986 from the GTEx 

(V8) database and comparison of mRNA expression levels of CHEK1, PRIM2 and CDK6 
between lung cancer tissue and adjacent normal lung tissues in the TCGA dataset. (A) The 

correlation of rs76744140 genotypes and CHEK1 mRNA expression in normal lung tissues; 

(B) The correlation of rs113181986 genotypes and CDK6 mRNA expression in whole blood 

tissues; (C) Higher expression of CHEK1 were found both in the LUAD and LUSC tumor 

tissues compared to the normal tissues; (D) Higher expression of PRIM2 were found both in 

the LUAD and LUSC tumor tissues compared to the normal tissues; (E) Higher expression 

of CDK6 were found in the LUSC tumor tissues compared to the normal tissues.
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