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Abstract

The toll-like receptor (TLR) signaling pathway plays an important role in the innate immune
responses and antigen-specific acquired immunity. Aberrant activation of the TLR pathway has a
significant impact on carcinogenesis or tumor progression. Therefore, we hypothesize that genetic
variants in the TLR signaling pathway genes are associated with overall survival (OS) of patients
with non-small cell lung cancer (NSCLC). To test this hypothesis, we first performed Cox
proportional hazards regression analysis to evaluate associations between genetic variants of 165
TLR signaling pathway genes and NSCLC OS using the genome-wide association study (GWAS)
dataset from the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial (PLCO). The
results were further validated by the Harvard Lung Cancer Susceptibility GWAS dataset.
Specifically, we identified /RAKZ2rs779901 C>T as a predictor of NSCLC OS, with a variant-
allele (T) attributed hazards ratio (HR) of 0.78 [95% confidence interval (C1)=0.67-0.91, £=0.001]
in the PLCO dataset, 0.84 (0.72-0.98, 0.031) in the Harvard dataset, and 0.81 (0.73-0.90,
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1.08x1074) in the meta-analysis of these two GWAS datasets. In addition, the T allele was
significantly associated with an increased mRNA expression level of /RAKZ. Our findings suggest
that /RAKZ2rs779901 C>T may be a promising prognostic biomarker for NSCLC OS.

Non-small cell lung cancer (NSCLC); genome-wide association study (GWAS); single-nucleotide
polymorphism (SNP); toll-like receptor (TLR); overall survival (OS)

Introduction

Lung cancer is the leading cause of cancer-related death worldwide®, with a 5-year survival
rate of 17.7% in the United States, according to the data from the Surveillance,
Epidemiology, and End Results (SEER) program between 2006 and 2012. Clinical
characteristics, such as age, sex, smoking status, stage, histology and treatment options, are
all recognized as the major factors to influence lung cancer survival2. Besides, genetic
variants in critical genes can also play an important role in determining the prognosis of lung
cancer.

Genome-wide association study (GWAS) is a powerful approach to identify novel single-
nucleotide polymorphisms (SNPs) that are associated with risk and prognosis of many
complex diseases, including lung cancer. For example, Sato and associates® found that four
SNPs (i.e. rs1656402, rs1209950, rs10074374 and rs2063681) were associated with
prognosis of patients with advanced non-small cell lung cancer (NSCLC), who received
carboplatin and paclitaxel as the first-line chemotherapy, in a GWAS study. Chang and
coworkers identified that three SNPs (i.e. rs576732, rs476184 and rs1801260) at 4912 were
associated with progression-free survival among lung adenocarcinoma patients treated with
EGFR-TKIs as the first-line therapy#. Cao and colleagues reported that SNPs at 21¢22.3 led
to the platinum-induced hepatotoxicity of NSCLC patients in a GWAS study®. However,
most of the top SNPs identified by GWASs are lack of functional annotations. In addition,
GWASs always focus on the top or most-significant SNPs/genes, paying little attention to
the rest, which may have missed the SNPs that confer a true effect but not rank among the
top significant ones.

Recently, the biological pathway-based approach, as a hypothesis-driven method, has been
mostly used in the re-analysis of published GWAS datasets to test the cumulative effect of
SNPs across multiple genes in the same pathway. This kind of pathway-based approach may
improve the power to detect statistically significant associations, because much fewer SNPs
in candidate genes of a significant biological pathway were included in the analysis. By
using this approach, several novel and biologically functional variants have been reported to
be associated with lung cancer survival® 7. For example, Xu et al. found that five functional
SNPs (ADAM12rs10794069, DTX1rs1732793, E2F3rs3806116, 7LE1rs199731120 and
rs35970494) in the Notch pathway were associated with NSCLC survival® . Kong et al.
reported that the SNP rs3782130 in the vitamin D pathway was associated with lung cancer
survival by influencing the corresponding gene expression®. Tang et al. identified that SNPs
in the PIBK/AKT pathway predicted severe radiation pneumonitis in lung cancer patients’0.
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Toll-like receptors (TLRs) are single, membrane-spanning and non-catalytic proteins that
expressed on the surface of sentinel cells, such as macrophages and dendritic cells, which
play an important role in the innate immune responses and antigen-specific acquired
immunity. Specifically, the TLR signaling pathway consists of two sub-pathways: a MyD88-
dependent pathway and a MyD88-independent pathway. Increasing evidence suggests that
TLRs are important regulators of tumor biology!1~13, and modulation of the TLR signaling
has either anti- or pro-tumor effects on carcinogenesis or tumor progression, depending on
TLR, cancer subtype and immune cells infiltrating the tumor!2. For example, Grimmig et al.
reported that the TLR signaling pathway promoted cell proliferation of pancreatic cancer,
emphasizing a particular role of TLR2, TLR-4, and TLR-9 in the process!4. Likewise, TLR3
was found to stimulate cancer cell survival, proliferation and progression in cancers of the
pharynx1®, breasts!® and head and neck!’. For lung cancer, the TLR pathway may play a key
role in tumorigenesis and progression, especially for NSCLC18-20, Therefore, some genetic
variants in genes of this pathway may have a predictive value as a clinically potential
biomarker for outcomes of NSCLC.

To date, there are no reported studies using large-scale GWAS datasets to investigate the role
of genetic variants in the TLR signaling pathway genes in NSCLC survival. Therefore, we
hypothesize that genetic variants in the TLR signaling pathway genes are associated with
survival of NSCLC patients and tested this hypothesis by using the publically available
GWAS dataset from the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial
(PLCO) as the discovery dataset and the Harvard GWAS dataset as the validation dataset.

Materials and methods

Study populations

The discovery dataset includes 1,185 NSCLC patients from the PLCO Trial, which is a
randomized controlled study conducted by the National Cancer Institute (NCI)21. The PLCO
trial enrolled 154,901 participants aged 55-74 from ten centers across the United States
between 1993 and 200122, and all the participants were randomized to either the screening
arm which consisted of initial chest x-ray followed by annual chest x-rays or the control arm
with the standard care, with a followed-up for at least 13 years after enrollment23: 24, The
information in the PLCO database included demographics, family history of cancer,
smoking status, medical history and demographic characteristics of each person. Genomic
DNA extracted from the blood samples was genotyped with [llumina HumanHap240Sv1.0,
HumanHap300v1.1 and HumanHap550v3.0 (dbGaP accession: phs000093.v2.p2 and
phs000336.v1.p1)2% 26, To expand the genotyping data, imputation was performed with
IMPUTE2 according to the CEU data from the 1000 Genomes Project (phase 1 release V3).
Among all the participants, 1,185 Caucasian NSCLC patients with complete individual
information about age, sex, smoking status, clinical stage, histology, treatment options,
follow-up information and genotype data were available for survival analysis. The NSCLC
overall survival (OS) was considered as the major endpoint in the analysis. The follow-up
time was defined from the diagnosis of NSCLC to the last follow-up or the time of death.
The study protocol was reviewed and approved by the institutional review board of NCI and
a written informed consent was obtained from each participant.
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The validation dataset includes 984 NSCLC patients from the GWAS dataset of the Harvard
Lung Cancer Susceptibility Study. The blood sample of each patient was obtained within 1-4
weeks of the diagnosis. Genomic DNA extracted from the blood samples was genotyped
with [llumina Humanhap610-Quad arrays, and imputation was performed by using
MaCH1.0 based on the 1000 Genomes Project. Details of the patients from the Harvard
study have also been described elsewhere?”.

Gene and SNP selection

The TLR signaling pathway genes were identified from the Molecular Signatures Database
(MsigDB), which is a collection of annotated gene sets that can be analyzed by the gene set
enrichment analysis (GSEA) software (http://software.broadinstitute.org/gsea/). SNPs within
these genes and their £ 2 kb flanking regions were selected as the following quality control
criteria: (1) genotyping rate = 95%, (2) minor allelic frequency (MAF) = 0.05, and (3)
Hardy-Weinberg equilibrium (HWE) Pvalue = 1x107°. Function prediction online tools
including SNPinfo and RegulomeDB were applied to identify potentially representative
functional SNPs. Specifically, SNPinfo28 was used for functional prediction of protein
structure, gene regulation, splicing, and microRNA binding, and RegulomeDB?2° was used to
identify the correlation between a SNP and expression of the corresponding gene.

Statistical analysis

In the PLCO dataset, Cox proportional hazards regression analysis (under an additive
genetic model) was performed with adjustments for age, sex, smoking status, histology,
tumor stage, chemotherapy, radiotherapy, and surgery as well as the first four principal
components of the population structures obtained from the GWAS dataset. We estimated
associations between SNPs in the TLR signaling pathway genes and NSCLC OS by
calculating hazards ratio (HR) and its 95% confidence interval (Cl) with the GenABEL
package of R software. For multiple testing correction, the false-positive report probability
(FPRP) approach with a cut-off value of 0.20 was used to reduce the probability of false
positive findings3®, which was used under the consideration that the majority of the SNPs
were derived from the imputation and thus have a high degree of linkage disequilibrium
(LD); therefore, these SNPs are not independent from each other, an assumption used in the
Bonferroni correction3!. We assigned a prior probability of 0.01 to detect an HR of 1.5 for
an association with variant genotypes or minor alleles of the SNPs with £< 0.05. In the
Harvard dataset, Cox regression analysis with adjustment for age, sex, smoking status,
histology, tumor stage, chemotherapy, radiotherapy, surgery and the first three principal
components was performed to validate the findings from the PLCO dataset. Finally, a meta-
analysis was performed to combine the results of PLCO and Harvard studies by using
PLINK 1.07, for which a fixed-effects model was applied, when no heterogeneity was found
between two studies (Q-test ~-value > 0.10 and /2 < 50.0%); otherwise, a random-effects
model was used. In the stratified analysis, the heterogeneity test of associations between
subgroups of each clinical characteristic was performed by using the Chi-square-based Q-
test, and P < 0.05 was considered statistically significant for differences between the
subgroups of each clinical characteristic. Besides, a pairwise LD was constructed by using
the data from the 1000 Genomes Project of 373 European individuals. The expression
quantitative trait loci (eQTL) analysis32 was performed to evaluate correlations between
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SNPs and mRNA expression levels of their genes by using sequencing data from
lymphoblastoid cells derived from the same 373 individuals of European descent in the 1000
Genomes Project. Linear regression analysis was performed to analyze these correlations by
using PLINK 1.07. Haploview v4.233 was used to construct the Manhattan plot, and
LocusZoom34 was employed to produce the regional association plots. All statistical
analyses were performed with SAS software (version 9.4; SAS Institute, Cary, NC, USA), if
not specified otherwise.

Gene and SNP extraction

We selected 165 TLR signaling pathway genes from the MsigDB website (http://
software.broadinstitute.org/gsea/) (Supporting Information Table 1) and performed
imputation for SNPs within 500 kb up- and down-streams of these genes with IMPUTE2
according to the 1000 Genomes Project CEU data (phase 1 release V3). After imputation,
we extracted the data of SNPs within 2 kb up- and down-streams of each gene for further
analysis. As a result, 1,384 genotyped SNPs and 13,047 imputed SNPs were extracted after
quality control of information matric > 0.9, MAF > 0.05, and HWE Pvalue > 1x107°. In
total, 14,431 SNPs were included in further analysis.

Associations between SNPs in the TLR signaling pathway genes and NSCLC OS in the
PLCO dataset

As shown in the work flowchart (Figure 1), we first used Cox regression analysis to evaluate
associations between 14,431 SNPs of TLR signaling pathway genes and NSCLC OS. The
Cox models were performed with adjustment for age, sex, smoking status, histology, tumor
stage, chemotherapy, radiotherapy, surgery and first four principal components that were
imbalance between cases and controls (Supporting Information Table 2). As a result, a total
of 1,296 SNPs were significantly associated with NSCLC OS with A< 0.05 in an additive
genetic model (Supporting Information Figure 1). Among these SNPs, only the top 68 with
FPRP < 0.200 were selected for further validation.

Validation analysis with the Harvard dataset

The top 68 SNPs initially identified from the PLCO trial were further validated by the
Harvard GWAS dataset. Two SNPs (i.e., rs779901 and rs779903) in the intron region of
IRAKZremained significantly associated with NSCLC OS with £< 0.05 in an additive
genetic model after Cox regression analysis with adjustment for age, sex, smoking status,
histology, tumor stage, chemotherapy, radiotherapy, surgery and principal components. The
details of associations between 68 SNPs and NSCLC OS in the two independent studies are
described in Supporting Information Table 3.

Potentially functional and representative SNP selection

The information of the two validated SNPs is described in Table 1 and Supporting
Information Table 4. We performed the LD analysis of these two SNPs and found that they
were in a complete LD (r=1.0) with each other (Supporting Information Figure 2). We then
used two function prediction online tools (i.e., SNPinfo and RegulomeDB) to search for
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their potential functional relevance but found nothing available for rs779903. We only found
that rs779901 had a score of 4 in the RegulomeDB (Table 1) and thus further explored its
potential function by using the ENCODE project data. As shown in Supporting Information
Figure 3, rs779901 is located in the intron region of /RAKZ, which shows some considerable
H3K4Mel enrichment. To visualize the locations of the SNPs in /RAKZ, we showed all
genotyped and imputed SNPs in a regional association plot with an expansion of £500 kb in
the flanks of the gene region, in which rs779901 was marked in purple, shown on the top of
the plot (Supporting Information Figure 4). As a result, we selected rs779901 as the
representative SNP for further analysis. In addition, we also performed an independent test
for the SNP identified in the present study and previously published studies that used the
PLCO dataset, and we found that SNP rs779901 remained as an independent predictor for
OS in this dataset, not influenced by other SNPs previously published (Supporting
Information Table 5).

Survival analysis of the representative SNP and NSCLC OS

As shown in Table 1, the rs779901 T variant allele was associated with a decreased death
risk of NSCLC with a variant-allele attributed HR of 0.78 (95% CI = 0.67-0.91, A= 0.001)
in the PLCO trial, 0.84 (95% CI = 0.72-0.98, £=0.031) in the Harvard study, and 0.81 (95%
Cl =0.73-0.90, P=1.08x10™4) for the meta-analysis of the two studies. The results of
univariate and multivariate Cox regression analyses with other genetic models (codominant/
dominant/recessive) for the representative SNP rs779901 in the PLCO trial were presented
in Table 2, which shows that CT+TT genotypes were associated with a decreased death risk
of NSCLC (HR =0.79, 95% CI= 0.67-0.93, and 2= 0.005), compared with the CC genotype.
We then conducted stratified analysis to identify any modification by clinical characteristics
of age, sex, smoking status, histology, tumor stage, chemotherapy, radiotherapy and surgery
in the PLCO dataset. We found that there was heterogeneity between patients with age >71
and < 71 years (P=0.001). The protective T variant genotypes (CT+TT) were significantly
associated with a decreased death risk only among those patients with age >71 years.
However, such survival advantage in older populations of cancer patients is also likely due to
survival bias in these patients. Results of interaction analysis showed that the rs779901 CT
+TT genotypes interacted with age and radiotherapy (P;;;= 0.008 and 0.048, respectively)
(Table 3).

eQTL analysis

We performed the eQTL analysis to identify the correlation between the representative SNP
rs779901and /RAKZ mRNA expression by using data from the 1000 Genomes Project of
373 European individuals. As shown in Figure 2, we found that the rs779901 T allele was
associated with an increased expression level of /RAKZ mRNA (P =0.004), compared with
the C allele in the additive model. We also observed that CT+TT genotypes were
significantly associated with an increased expression level of /RAK2 mRNA, compared with
the CC genotype in the dominant model (£ = 0.007).

Comparison of IRAK2 mRNA expression between normal and NSCLC tissues

Finally, we looked for the evidence whether /RAK2would possibly be an oncogene or a
suppressor gene by assessing its expression levels in the target tissues. The data used for the
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comparison of /JRAKZ mRNA expression between normal and NSCLC tissues were
extracted from the Oncomine Platform (https://www.oncomine.org/resource/login.html). The
dataset of Hou Lung Statistics demonstrated that the expression level of /RAKZ mRNA was
lower in cancer tissues than that in normal lung tissues for both large cell lung carcinoma
and lung adenocarcinoma (Supporting Information Figure 5).

Discussion

In the present study, we investigated associations between 14,431 genetic variants of 165
genes in the TLR signaling pathway and NSCLC OS by a two-phase analysis of previously
published GWAS datasets. We identified /RAK2rs779901 as a predictor of NSCLC OS.
Specifically, the rs779901 T allele, as a protective allele, was associated with a favorite OS
in NSCLC patients. In addition, the rs779901 T variant genotypes were associated with an
increased expression level of /RAK2mRNA, which provides further support for the
biological plausibility of our findings.

TLRs, as trans-membrane proteins, are expressed on the surface of immune cells and play a
protective role against pathogens. Previous studies have reported that aberrant expression of
TLRs and activation of the TLR signaling pathway was significantly associated with
carcinogenesis or tumor progression2 35, The TLR signaling pathway consists of various
molecules, such as MyD88, IRAKSs, TIRAP, TRIF and TRAM, which play an important role
in infectious and non-infectious diseases and may be promising therapeutic targets for
cancers as well3®, IRAKSs, i.e., interleukin-1 receptor-associated kinases, are the key
mediators of the MyD88-dependent TLR signaling pathway. They first bind to the adaptor
molecules, such as MyD88, TIRAP, TRIF and TRAM, and then promote the activation of
downstream molecules, such as TRAF6. In humans, there are four members of the /RAK
genes, including /RAKI, IRAKZ, IRAK3and /RAK4, which encode proteins that have
different biological functions38. All of the IRAK proteins share a similar N-terminal domain
important for the MyD88 interaction. However, only IRAK1, IRAK?2 and IRAK3 contain a
C-terminal domain for the activation of TRAF6. IRAK4 is the most upstream kinase of the
IRAK family members, and it recruits either IRAK1 or IRAK2 by trans-
autophosphorylation of serine and threonine residues. IRAK1 or IRAKZ2, in turn, recruits
TRAF6 and leads to the activation of the nuclear factor xB (NF-xB) and mitogen-activated
protein kinases3”. Among the four IRAK family members, IRAK1 and IRAK4 exhibit
kinase activities, while IRAK2 and IRAK3 contain an inactive pseudokinase domain.
IRAK1 and IRAK4 have been reported to be associated with cancer development38-40,
Especially for IRAK4, the loss of its kinase function is associated with an increased
susceptibility to various pathogens, while its over-activation leads to autoimmune diseases,
such as cancers®’. Therefore, the development of /RAK4 inhibitors will be promising for
target therapies that improve the prognosis of cancer patients. To the best of our knowledge,
little is known about the role of /RAK2.

The present study demonstrated a role of /RAK2rs779901 in the prognosis of NSCLC for
the first time, suggesting a potential role of /RAKZin the progression of NSCLC. It seems
that /RAK2 may play a critical role in the TLR signaling pathway through a multimeric
helical MyD88-IRAK4-IRAK2 complex, which induces TRAF6 ubiquitination and leads to
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the activation of downstream signaling38-40. As mentioned above, there is no C-terminal
domain in IRAK4, while IRAK2 provides C-terminal domain by combining with IRAK4
and then promotes the downstream of the TLR signaling pathway38-40. According to the
data from the Oncomine Platform, expression levels of /RAKZ mRNA were decreased in
NSCLC tissues, in both large cell carcinoma and lung adenocarcinoma, although the specific
mechanism remains unknown.

In the present study, we found that the rs779901 T allele was significantly associated with a
favorite OS in NSCLC patients. SNP rs779901 is located in the intron region of /RAKZ,
where considerable levels of H3K4Mel enrichment are accessible to transcription factors to
enhance transcriptional activity. More importantly, the rs779901 T allele is correlated with
an increased /RAKZ mRNA expression in a variant allele dose-response manner. Therefore,
we propose that rs779901 may influence /RAK2 mRNA expression by affecting the
transcriptional activity, a possible mechanism underlying the observed association with the
prognosis of NSCLC, which needs to be further validated by mechanistic studies.

There are some limitations in the present study. Firstly, both of the two available GWAS
datasets we used were from Caucasian populations; therefore, our findings may not be
generalized to the general population. Secondly, the present study was a pathway-based
analysis. We obtained the genes of the TLR signaling pathway from the canonical pathway,
GO biological process and GO molecular function datasets, the three major publicly
recognized datasets of GSEA/MSigDB website. It is likely that some important or unknown
genes of this pathway might be excluded. Thirdly, only a few clinical characteristics were
included in the present study, and other information, such as nutrition status, performance,
somatic mutations and details of treatment, was not available for further analysis. Finally, we
were unable to explore the biological mechanisms by which the SNPs of TLR signaling
pathway genes may influence NSCLC OS, because the target NSCLC tissues from the study
participants were unavailable.

In conclusion, we performed a two-phase analysis for associations of genetic variants in 165
genes in the TLR signaling pathway with NSCLC OS by using two previously published
GWAS datasets. We found that /RAKZ2rs779901 was a prognostic factor for OS in NSCLC
patients. Additional population replications from other ethnic groups and functional
validation by mechanistic studies are needed to further substantiate our findings. Once
validated, our findings may add a promising prognostic biomarker to personalized
management and treatment of NSCLC patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Brief description

The toll-like receptor signaling pathway plays an important role in the innate immune
responses and antigen-specific acquired immunity. Aberrant activation of the pathway has
a significant impact on carcinogenesis or tumor progression. In the present study of re-
analyzing published genome-wide association study datasets, we found that /RAK2
rs779901 C>T in the TLR pathway predicted overall survival of patients with non-small
cell lung cancer. This genetic variant may be a promising prognostic biomarker for these
patients.
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Figure2.
eQTL analysis of the representative SNP rs779901 and mRNA expression levels of IRAK2.

All the data were from 373 individuals of European descent from the 1000 Genomes Project.
A. Additive model; B. Dominant model; C. Recessive model.
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