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Abstract

Global changes in gene expression accompany the development of cancer. Thus, inherited variants
in microRNA binding sites are likely candidates for conferring inherited susceptibility. Using an
in-silico approach, we compiled a comprehensive list of SNPs predicted to modulate microRNA
binding in genes from several key lung cancer pathways. We then investigated whether these
SNPs were associated with lung cancer risk in two independent populations. In general, SNPs in
microRNA binding sites are rare. However, some allelic variation was observed. We found that
rs1126579 in CXCR2 was associated with a reduced risk of lung cancer in both European
American (ORyT s cc 0.56 [0.37 — 0.88]; P=0.008) and Japanese (ORtT ys cc 0.62 [0.38 — 1.00];
P=0.049) populations. Further, we found that the SNP disrupted a novel binding site for
miR-516a-3p, led to a moderate increase in CXCR2 mRNA and protein expression and increased
MAPK signaling. Moreover, analysis of rs1126579 with serum levels of I1L-8, its endogenous
ligand, supported an interaction whereby rs1126579-T and high serum IL-8 conferred synergistic
protection from lung cancer. Our findings demonstrate a function for a 3’UTR SNP in modulating
CXCR2 expression, signaling and susceptibility to lung cancer.

Introduction

Cancer is frequently characterized by global changes in gene expression. These changes can
be instigated by a multitude of mechanisms, including gene amplification, somatic
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mutations, gene deletions or inherited susceptibility. The latter includes epigenetic
mechanisms, changes in mitochondrial DNA and single nucleotide polymorphisms (SNPs),
which are found throughout the genome. When present in transcription factor binding sites
within the 5" promoter region, SNPs can affect protein-DNA interactions and have
appreciable effects on both protein transcription and yield (1,2).

MiRNAs, a class of non-coding genes, modulate MRNA translation by primarily binding to
the 3’UTR of mRNA transcripts. MiRNAs temper the translation of up to 60% of mMRNA
transcripts through semi-conservative binding (3-5). The seed region of a miRNA, which
corresponds to nucleotides 2-8 from its 5’end, coordinates exact Watson-Crick binding to
the target mMRNA sequence. Genetic variation within a miRNA binding site has two main
consequences on target protein expression, i.e., quantitative and qualitative (6). For example,
a SNP in the 3’UTR could alter the thermodynamic interaction between the miRNA and the
MRNA sequence, strengthening or weakening binding and therefore modulating output of
protein expression. Alternatively, such SNPs could either completely destroy a pre-existing
binding site, or create an illegitimate one, leading to a more qualitative effect (6). Moreover,
if amiRNA is liberated from a 3’'UTR due to the disruption of a binding site, the increased
bio-availability of that miRNA could target other mRNAs from protein-coding genes (7).

Having a central epigenetic role in fine-tuning gene expression, miRNA genes and miRNA
binding site sequences in protein-coding genes are highly conserved (6,8,9). However,
allelic variations in the 3’'UTR of miRNA binding sites have been reported (8,9). Due to
qualitative and quantitative effects, such as those outlined above, these inherited genetic
alterations could have significant functional implications. Indeed, SNPs within miRNA
binding sites have been demonstrated as highly penetrant for certain phenotypes. For
example, a SNP in the SLITRK1 gene, which is implicated in Tourette’s syndrome,
strengthens an existing binding site for miR-184 and augments its downregulation (10).
Since this initial report in 2005, several studies have reported associations between SNPs in
miRNA binding sites and muscularity in sheep (11), and hypertension (12,13), diabetes
(14,15), Crohn’s disease (16) and obesity (15) in humans. Thus, having demonstrated
several phenotypic consequences of SNPs in miRNA binding sites, it is highly plausible that
such genetic variation could also play a role in carcinogenesis (6,17,18).

Previously, studies have examined the association between SNPs in miRNA binding sites
and lung cancer survival (19,20) or risk of small cell lung cancer (21), few have focused on
risk of non-small cell lung cancer (18). The requirements for sequence complementarity and
stable thermodynamics around the miRNA-3’UTR seed binding site primes sequence
variations within these regions as strong candidates for functional SNPs, thus we
hypothesized that genetic variation in microRNA binding sites is a contributing factor to
lung cancer risk. We analyzed several key biological pathways previously implicated in lung
cancer etiology; phase 1/2 metabolism, DNA repair and inflammation. We identified a SNP
in the inflammatory gene, CXCR2, that is associated with lung cancer risk. Moreover, we
found that it is a functional SNP that alters the binding of miR-516a-3p and expression of
CXCR2 mRNA and protein.
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Materials and Methods

Study Subjects from National Cancer Institute/Maryland (NCI/MD) Case-Control Study

Patients with histologically confirmed non-small-cell lung cancer (NSCLC) were recruited
from seven hospitals in the greater metropolitan area of Baltimore, MD. Population controls
were identified from the Department of Motor Vehicles, MD, and frequency matched to
cases by age and gender. Written informed consent was obtained from all participants and
the study was approved by the Institutional Review Boards of the participating institutions.
Inclusion criteria for this on-going case-control study have been previously described (22).
Briefly, participants were United States citizens; English-speaking and non-institutionalized.
Cases could not have been interviewed previously as a control for the study and population
controls could not have a history of malignancy other than skin cancer. Participants took part
in a detailed baseline questionnaire that collected extensive information on nutrition,
reproductive health, smoking, and alcohol consumption. Never smokers were defined as
those who smoked <100 cigarettes during their lifetime. Former smokers were defined as
those who reported quitting smoking =1 year before the date of interview. Race was self-
reported. Blood was obtained by the interviewers and frozen blood components were sent to
the Laboratory of Human Carcinogenesis at the National Cancer Institute. Samples were
stored at —80°C until use. For this study, genotyping for CXCR2 was carried out on 429
cases and 484 controls (Table 1).

Study Subjects from National Cancer Center/Japan (NCC) Case Control Study

The Japanese case control study consisted of 384 lung adenocarcinoma cases and 384
controls (Table 1). The 384 cases were selected from the National Cancer Center Hospitals
(NCCH) cohort (23) enrolled from 1999 to 2008. Informed consent was obtained from each
participant. Cases were diagnosed by histological examination of surgical specimens
according to WHO classification. The 384 controls were selected by frequency-matching to
the 384 cases on age, sex and smoking at a 1:1 (ever/never) ratio from inpatients/outpatients
of the NCCH or volunteers enrolled in Keio University used in our previous study (23). The
NCCH control subjects were selected from 1999 to 2007 and did not have a history of
cancer. The Keio controls had no known malignancy at the time of recruitment and had a
voluntary blood draw on the occasion of a health check examination at Keio University in
2002 and 2003. Smoking histories of the subjects were obtained via interview using a
questionnaire. Ever smokers were defined as those who had smoked at least one cigarette
per day for 12 months or longer at any time in their life, whereas non-smokers were defined
as those who had not. For both cohorts, smoking exposure was represented by pack-years,
which was defined as the number of cigarettes smoked per day/20 multiplied by years of
smoking.

SNP Selection

To identify SNPs in miRNA binding sites that could potentially be associated with lung
cancer risk, we pursued SNPs that could have biological relevance. We collated a list of
known genes involved in metabolism (phase 1/2), DNA repair, and inflammation; processes
previously reported to be involved in lung cancer (Supplementary Table 1). To investigate if
these genes had SNPs that fell within the seed region of mMiRNA binding sites, we used two
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web-based tools, Patrocles (www.patrocles.org) (24) and PolymiRTS (http://
compbio.utmem.edu/miRSNP/) (25). These sites provide access to databases that collate
information on 3’UTR sequences, SNPs, and predicted miRNA binding sites, which enabled
us to identify SNPs with the potential to create, destroy or modulate a miRNA binding site.
The list of SNPs in miRNA binding sites was further filtered by excluding non-polymorphic
SNPs (defined as loci where <2% of the population were heterozygous) or polymorphic
SNPs with a minor allele frequency (MAF) below 10%. These were excluded as our study
did not have sufficient power to determine the statistical significance (P<0.05) of low
frequency alleles. For some SNPs, there was no minor allele frequency information
available, therefore these SNPs were retained and, after a preliminary analysis of 100 control
samples, a decision was made whether or not to include them in the final analysis. To
increase the likelihood that we would select SNPs with biological function, i.e., SNPs that
affect RNA structure and thus alter miRNA-mRNA binding, we used RNAHybrid (http://
bibiserv.techfak.uni-bielefeld.de/rnahybrid/) (26). This program calculates changes in free
energy depending on whether the ancestral or derived allele was expressed. This approach
identified 90 SNPs that were submitted for genotyping analysis.

Study approval

Genotyping

Experiments were performed in accordance with the Declaration of Helsinki and approved
by the National Cancer Institute, MD, USA and the National Cancer Center Hospital, Japan.
All subjects gave informed written consent.

NCI/MD—Genomic DNA was isolated from buffy coat samples containing white blood
cells from patients in the case-control study using Flexigene DNA Kit (Qiagen), according
to the manufacturer’s instructions. One hundred population controls were initially genotyped
because the minor allele frequency of many of the selected SNPs was unknown. Case,
control and duplicate samples (10%) were randomized and blinded for processing. The
genotype concordance for each SNP was at least 99% among duplicates. Genotyping was
completed at BioServe (Beltsville, MD) using the iPlexGold assay (Sequenom, San Diego,
CA).

NCC/Japan—Genomic DNA was extracted from whole-blood cells using a Blood Maxi
Kit (Qiagen, Tokyo, Japan) according to the supplier’s instructions. Genomic DNA for
volunteers enrolled in Keio University was extracted from Epstein-Barr virus-transformed
B-lymphocytes derived from the collected whole-blood cells. Genotyping for rs1126579 was
performed by the Tagman assay (Applied Biosystems, Foster City, CA) according to the
supplier’s instructions.

Statistical Analysis

Departures from Hardy-Weinberg equilibrium were evaluated by calculating and then
comparing the expected with observed genotype frequencies using y? tests. Differences in
characteristics between cases and controls were compared by y2 test for categorical values or
Student’s t tests for continuous measures. Calculations in the NCI/MD study were
performed using STATA version 12 software (STATA Corp, College Station, TX), or JIMP
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version 8.0.1 software (SAS Institute, Cary, NC) for the Japanese study. All statistical tests
were two-sided.

In the NCI/UMD cohort, risk associations between genotypes and lung cancer susceptibility
were estimated by odds ratios (OR) using an unconditional model. The base model was
adjusted for potential confounding factors; current cigarette smoking status (never/former/
current), gender (male/female), age at diagnosis (continuous), and pack-years of cigarette
smoking (continuous). In the Japanese cohort, ORs were estimated using a conditional
model adjusted for age at diagnosis (<59/=60), smoking status (ever/never) and gender
(male/female). The P-for-trend method that hypothesizes a dose-response effect by the
number of variant alleles was conducted by including genotypes in the model as a
continuous ordinal variable (Pyeng). If there were 0 individuals with a particular genotype,
the exact logistic model was used. Hazard ratios were estimated using a Cox Proportional
Hazards model with adjustment for age, gender, stage and histology. Survival times in the
NCI/MD study were gathered through a query of the National Death Index (last entry
12/31/2010) and determined as time from diagnosis to last known follow-up; data were
available for 405 of the 443 patients. Survival analyses were conducted assessing the risk of
lung-cancer specific mortality; non-lung cancer specific deaths were censored. There were
27 non lung cancer-specific deaths in this group. In the Japanese study, the end point of the
analysis was overall survival. Data were available on 373 of the 384 participants. Survival
analyses were conducted assessing the risk of lung-cancer specific mortality; non-lung
cancer specific deaths were censored. There were 8 non lung cancer-specific deaths in this

group.

We tested for effect modification (27) by adding a cross-product term to a logistic regression
model adjusted for age, gender, smoking status, IL-8 levels and pack-years of smoking. To
test whether these strata were significantly different, models with and without the cross-
product term were compared using the likelihood ratio test. To determine whether
rs1126579 statistically interacted with serum levels of IL-8, we tested for departure from
additivity (28). Departure from additivity, or synergistic interaction, refers to a condition
where the sum of the risks of rs1126579 and IL-8 is greater than would be expected from
each factor alone. IL-8 serum levels were dichotomized using the median of the control
distribution as the cut-point. We tested for interaction with IL-8 with reverse coding for the
model given the inverse association with lung cancer risk (i.e., CC=1, CT/TT=0) and the
need for the exposed group to be at higher risk in such models (29). Four exposure variables
were generated for the analysis; A = rs1126579 (CT/TT), serum IL-8 < median; B =
rs1126579 (CT/TT), serum IL-8 > median; C = rs1126579 (CC), serum IL-8 < median; D =
rs1126579 (CC), serum IL-8 > median. These groups were then compared in a single
logistic regression model (adjusted for age, gender, smoking status, and pack-years of
smoking). The output of this model was used to estimate two interaction statistics:
interaction contrast ratio (ICR) and attributable proportion (AP). When the ICR and AP # 0
there is evidence for departure from additivity (synergistic interaction). ICR is the excess
risk due to interaction relative to the risk without either exposure. AP is the proportion of
disease attributable to interaction among individuals with both exposures (28).
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3’UTR Luciferase assay

Mechanistic interactions between miRNAs with 3’UTRs were functionally tested in vitro
using reporter constructs containing fragments of the 3’'UTR bearing the C and T alleles of
rs1126579 cloned downstream of Renilla Luciferase. These constructs were created through
genomic DNA amplification followed by cloning into a psiCHECK-2 vector (Promega,
Madison, WI) that has been modified using Gateway technology (Invitrogen, Carlsbad, CA).
Constitutive Firefly Luciferase in a separate operon served as a transfection control. The
CXCR2 reporter was generated based on Refseq NM_001168298 and encompasses the first
253 bp of the 3UTR, centered around the SNP of interest, rs1126579, which is in position
127 of the 3’UTR. This construct was verified to bear rs1126579-C and was mutagenized to
generate rs1126579-T. The predicted site for miR-516a-3p binding was mutated from
AGGAAGC to CAGAGAG (mutated nucleotides underlined) to abolish miRNA binding.
All constructs were sequence-verified.

Plasmid DNA and pre-miRNAs were introduced into 293T cells by reverse transfection onto
96-well plates, using Lipofectamine 2000 (Invitrogen, Carlshad, CA). Briefly, cells were
plated in media without antibiotics several days prior to transfection and were trypsinized
and counted on the day of transfection. Plasmid DNA (20 ng/well) and pre-miRNA (0.03
pmol/well) were premixed with Lipofectamine 2000 and then added individually to each
well in a volume of 50 pl in sextuplicate. A miRNA that contains a scrambled seed with no
known binding targets was used as a control for normalization of miRNA binding activity
for each plasmid DNA. Lastly, 45,000 cells/well were added in a volume of 150 pl. Twenty-
four hours after transfection, cells were collected in 20 pL of 1X Passive Lysis Buffer (PLB)
reagent (Dual-Luciferase® Reporter Assay, Promega, Madison, W1). Ten microliters of cell
lysate was removed from each well for relative luciferase activity (RLA) measurement using
a plate-reader luminometer. Fifty microliters of LAR Il was added to the cell lysates and
firefly luciferase activity was measured. The reaction was stopped with the addition of 50 uL
Stop & Glo® Reagent, and Renilla luciferase activity was measured. Normalized RLA was
calculated by the following formula: RLA = [firefly luciferase]/[renilla luciferase]. The
results were further normalized to the negative control pre-miR construct. All experiments
were performed in sextuplicate and repeated. The embryonic kidney cell line, 293T, was
obtained from American Type Culture Collection and cultured in DMEM, 10% fetal bovine
serum, 100 U/ml of penicillin, 0.1 mg/ml of streptomycin and 2 mM L-glutamine. Cells
were cultured in a humidified incubator, at 37°C and 5% CO,.

IL-8 Serum Levels

Serum IL-8 levels were measured as previously described (30). Briefly, blood was collected
at the time of enrollment into the case control study and allowed to clot. Serum was isolated
by centrifugation and stored at —80°C. After thawing, 25 pL of serum were measured for
IL-8 concentrations using electrochemiluminescence immunoassay (ECLIA) plates
(MesoScale Discovery, Gaithersburg, MD) and analyzed on the MesoScale Discovery 6000
instrument, following the manufacturer’s assay and analysis protocols. Samples were
blinded and randomly distributed for order of processing.
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MRNA expression analysis by microarray

Gene expression data for pathological stage I-11 lung adenocarcinomas from the Japanese
case-control study were generated for 226 cases using Affymetrix Human Genome U133
Plus 2.0 Array (31). These data are deposited at NCBI GEO Profiles as GSE31210. Samples
were categorized according to rs1125679 genotypes and analyzed for differential gene
expression using BRB-Array Tools. Expression differences between tumor and adjacent
normal tissues were assessed by 1-way ANOVA.

MRNA expression analysis by RT-PCR

RNA was extracted from cell lines and paired tumor and uninvolved tissue samples using
Trizol, according to the manufacturer’s instructions. RNA was reverse transcribed using the
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA).
Tagman primers for CXCR2 were used to measure mRNA expression in tumor and
uninvolved tissue (Applied Biosystems, Foster City, CA). Expression of 18S was used as a
normalization control. Data are expressed as the negative difference of threshold cycle value
(Ct of gene of interest — Ct of 18S). Fold changes were calculated using 2("2ACY, mRNA
expression data were visualized using GraphPad Prism version 6.0 for Windows (GraphPad
Software, San Diego, CA, USA). There are three sequence predictions for CXCR2: CXCR2
(uc002vhb.2) at chr2:218126029-218137253 - transcript variant 1, mRNA; CXCR2
(uc002vha.2) at chr2:218126013-218137253 - transcript variant 1, mRNA; CXCR2
(uc002vgz.2) at chr2:218125290-218137253 - transcript variant 2, mRNA. These variants
are predicted to form 2 protein-coding gene products: CXCR2 at chr2:218126013-
218137253 - (NM_001557) and CXCR2 at chr2:218125290-218137253 -
(NM_001168298). The Tagman assay that we used in this experiment, Hs01011557_m1,
maps to the exon 1-2 boundary of NM_001557, which would be spliced out of
NM_001168298/uc002vgz.2 mRNA. Thus, these data suggest that the main isoform
detected by this assay is uc002vha.2.

Immunohistochemistry

Immunohistochemical staining for CXCR2 was performed using serial sections of paraffin-
embedded lung tissue from 41 patients in the NCI-MD case-control study. The sections were
deparaffinized using xylene, and then rehydrated through graded ethanol. Antigen retrieval
was performed via 15 minutes of microwave boiling in Citrate buffer (1X, pH 6.0). After
rinsing with PBS, endogenous peroxidase activity was blocked with a 20 minute incubation
with Dako peroxidase block (Dako, Carpinteria, CA). Slides were then incubated overnight
at 4°C in a 1:50 dilution of primary antibody (rabbit anti-CXCR2, Abcam, UK) in Dako
dilution buffer. Slides were developed according to standard Dako protocol, with
Hematoxylin as a counterstain. Slides were scored based on both their percentage of CXCR2
positivity and intensity of staining within tumor foci. Percentage positivity was scored as a
‘0’ (0-20%, negative), ‘1’ (20-40%), ‘2’ (40-60%), ‘3’ (60-80%), or ‘4’ (80-100%).
Intensity was scored as either a ‘0’ (negative), ‘1’ (weak), ‘2’ (moderate), or ‘3’ (strong).
Scores were combined to generate a total score (min, 0; max, 7).
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The Cancer Genome Atlas (TCGA) Data Analysis

Results

TCGA is supported by the National Cancer Institute and the National Human Genome
Research Institute to chart the molecular landscape of tumor samples for more than 20 types
of cancer (https://tcga-data.nci.nih.gov/tcga/). We used level-3 normalized data to infer the
effects of rs1126579 on CXCR2 expression (32). We downloaded matched samples by
participants’ sequence data, which have been processed by the Illumina GA Sequencer
RNA-seq version 2 pipeline (Mapsplice alignment algorithm and the RSEM algorithm) to
generate expression values for CXCR2. Genotype calls for rs1126579 were extracted from
Affymetrix GenomeWide SNP6.0 platform data in TCGA. These files had previously been
processed using Birdseed.

SNPs in miRNA binding sites are highly conserved

Ninety SNPs passed MAF and RNAHybrid selection and were submitted for genotyping. Of
these, 15 failed the Sequenom iPlexGold assay design phase (Supplementary Table 2). SNPs
with an unknown MAF were initially analyzed in 100 population controls, 32 of these were
non-polymorphic (Supplementary Table 3) and not pursued. This latter quotient is reflective
of the literature, which describes a low SNP density and rare variants in and around miRNA
binding sites (8,9,33). Forty-six SNPs were polymorphic; for 2 of these, the observed
genotype frequencies deviated from expected Hardy Weinberg proportions (Supplementary
Table 4).

rs1126579 in CXCR2 is associated with a reduced risk, but not survival, in lung cancer

rs1126579, in CXCR2, was associated with a reduced risk of lung cancer in European
Americans in a model adjusted for age, gender, smoking status and pack-years of smoking
(ORTT vs cc 0.59 [0.39 — 0.91]; P=0.017) (Table 2). Data for the other SNPs are shown in
Supplementary Table 4. As exposure to secondhand smoke can also influence the
inflammatory response and other chronic diseases also cause inflammation, we further
adjusted our model for presence/absence of asthma, emphysema, chronic bronchitis, asthma
asbestosis, environmental tobacco smoke exposure and COPD (ORtt s cc 0.56 [0.37 —
0.88]; P=0.008).

The allele frequency of rs1126579-T in the European American population was 33%; in
Asian populations it is noticeably higher (>60%). We therefore tested cross-population
convergence of our findings in a population of Japanese ancestry. Here, although the T allele
was the major allele, we again observed an inverse relationship between this SNP and risk of
lung cancer (ORTT ys, cc 0.62 [0.38 — 1.00]; P=0.049) (Table 2) (model adjusted for age,
gender and smoking status). We tested the allele frequency of rs1126579 in an African
American population, but the frequency of the TT allele was close to 0% (CC = 58%,
CT=42%, TT=0%) and therefore we did not pursue the relationship between rs1126579 and
lung cancer risk in this population.

The Japanese population consisted of lung adenocarcinomas, while the NCI-MD study
included both adenocarcinomas and squamous cell carcinomas. We therefore performed a
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subgroup analysis of the NCI-MD study by tumor histology and asked if the CXCR2 SNP
was associated with risk of adenocarcinoma only. Although there was reduced power in the
stratified analysis, the analysis suggests that this SNP is associated with risk of both
adenocarcinoma and squamous cell carcinoma (Table 2).

We performed subgroup analyses stratified by gender and smoking status, but we did not
observe significant differences in either the direction or effect size of the risk estimates
(Supplementary Table 5). There was a suggestion in the NCI-MD study that the association
between rs1126579-T and lung cancer risk was stronger in females, as compared to males
(OREemale 0-42 vs. ORpa1e 0.83, respectively), but this pattern was not replicated in the
Japanese population (Supplementary Table 5).

We assessed the relationship between rs1126579 and lung cancer specific mortality in both
the Japanese and European American cohorts. However, an association between this SNP
and lung cancer-specific mortality was not observed (Supplementary Table 6).

rs1126579 disrupts a binding site for miR516a-3p and alters expression of CXCR2

Our original bioinformatics analysis during SNP selection predicted that the T allele of
rs1126579 disrupted a binding site for miR-516a-3p (Figure 1A) and that it created a
potential binding site for miR-138-1* (also known as miR-138-3p) (Supplementary Figure
1). The interaction between miR-516a-3p with CXCR2, and its potential modulation by the
T allele of rs1126579, was evaluated in vitro using a 3’UTR dual luciferase assay.
Significantly greater binding between miR-516a-3p and the C allele, as compared to the T
allele, was demonstrated by reduced luciferase activity in the presence of the C allele
(Figure 1B). However, we did not find evidence that miR-138-1* bound to either the T or C
allele (Figure 1B).

To test whether this differential binding could modulate CXCR2 expression, we measured
CXCR2 mRNA (RT-PCR) and protein (IHC) in tumor samples from the NCI-MD study,
where tissue was available. Upon stratification by rs1126579 genotype, levels of CXCR2
MRNA (Figure 1C) and protein (Figure 1D) were 1.7 and 2.5 fold increased, respectively, in
tissues from individuals carrying the variant T allele (CT vs. CT/TT combined) (Figure 1D).
These data however did not reach statistical significance (P=0.07), most likely due to our
limited sample availability (Figure 1D). Representative images of CXCR2 protein staining is
shown in Supplementary Figure 2. As three isoforms of CXCR2 mRNA exist, we utilized
TCGA RNA-seq data to examine whether a specific isoform of CXCR2 is modulated by
rs1126579. As shown in Figure 1E-F, expression of CXCR2 — UC002vha.1 was higher in
samples with rs1126579-T compared to rs1126579-C, while expression of CXCR2 -
UCO002VHB.1 showed no difference. Data for CXCR2 — UC002vgz.1 and rs1126579 were
not available. Collectively, these data suggest that rs1126579 increases CXCR2 expression
in lung tissue by disrupting a binding site for miR-516a-3p.

rs1126579 modulates CXCR2 signaling

To assess whether the increase in CXCR2 expression resulted in alterations in downstream
signaling, we conducted a pathway analysis on gene expression data from 203 tumors that
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had overlapping CXCR2 SNP data. After stratification by rs1126579 genotype and selection
of those genes differentially expressed at P<0.05, a pathway analysis showed that the
MAPK pathway was significantly enriched in samples with rs1126579-T (Table 4). We
reasoned that if the T allele was associated with reduced risk, loss of miRNA regulation and
higher expression of CXCRZ2, then loss of CXCR2 expression should be observed in tumors.
We assessed CXCR2 mRNA expression by RT-PCR in non-involved lung tissue and tumor
tissue from the NCI-MD study and observed that CXCR2 expression is decreased in lung
cancer (Figure 2A). As mentioned earlier, CXCR2 exists as three isoforms; therefore we
asked if the epxression of all isoforms of CXCR2 is decreased in lung cancer. As shown in
Figure 2B, expression of all three CXCR2 mRNA isoforms is decreased in lung
adenocarcinoma tissue compared to non-involved lung tissue (Figure 2B) (Supplementary
Figure 3). Similar patterns and significant downregulation of CXCR2 was observed in lung
squamous cell carcinoma (Supplementary Figure 3).

rs1126579 interacts with circulating levels of IL-8

IL-8 is the primary ligand for CXCR2. We previously found that this cytokine is associated
with an increased risk of lung cancer (30). As we observed that rs1126579 can modulate
CXCR2 expression and is associated with lung cancer risk, we analyzed serum levels of
IL-8 on controls (n=147) and cases (n=133) for which we had rs1126579 genotype and
serum data. Both the magnitude and direction of the ORs varied in each stratum: The TT
genotype of rs1126579 was associated with a reduced risk of lung cancer in subjects with
high IL-8 levels (ORtT ys cc 0.23 [0.07 — 0.86]), while no association was observed in
subjects with low IL-8 levels (Table 3) (P for interaction 0.068) (Table 3) suggesting that
IL-8 could be a potential effect modifier of the relationship between rs1126589 and lung
cancer risk (Figure 2C). To investigate further whether there was any evidence of synergistic
interaction, we tested for departure from additivity between serum IL-8 and rs1126579 (28).
We found evidence for a synergistic interaction between the T allele of rs1126579 and high
levels of IL-8; ICR statistic for CT/TT vs. CC 1.47 (95% C.I. 0.56 — 3.50); AP statistic for
CT/TT vs. CC 0.64 (95% C.I. 0.13 — 1.16) (Supplementary Table 7). These statistics imply
that individuals with high levels of IL-8 and the CT or TT genotype have a greater reduced
risk of lung cancer than would be expected from the independent effects of the TT genotype
and high IL-8 alone.

Discussion

The coalescence of several factors is necessary for a miR-SNP to contribute to a phenotype
such as cancer. Firstly, the SNP must alter the thermodynamics of miRNA binding, and
secondly, the microRNA designed to bind to the site must be spatially expressed. Thirdly,
the gene must play a role in the transformation from a normal to malignant state. Our results
highlight the convergence of each of these factors for rs1126579 in CXCR2 and compliment
similar findings for a KRAS SNP that modulates let-7 binding and lung cancer risk (18).

Inflammation, which has an intricate role in many malignancies (34), has numerous
mediators. We found that a SNP in one of these mediators, CXCR2, is associated with a
reduced risk of lung cancer. This association was independently confirmed in a Japanese
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cohort that was matched on age, gender and smoking status. We further demonstrated that
this is a functional SNP and that the T allele of rs1126579 disrupts a binding site for
miR-516a-3p (which is endogenously expressed in lung tissue) (35), leading to a moderate
increase in CXCR2 mRNA and protein. This increase of mMRNA appears to be restricted to a
specific isoform of CXCR2, i.e., UC002vha.l. It is not clear why this is the case, but it could
be related to the length of MRNA isoform that is expressed in lung tissue, as recent evidence
shows that 3’'UTR sequence length is tissue specific (36). In addition, Ensembl gene
predictions show that just one CXCR2 isoform, UC002vha.1, is long enough to overlap the
rs1126579 SNP and thus be modified by it Supplementary Figure 4). This could explain why
the SNP primarily affects this transcript, however it is speculative and would need to be
further investigation. A pathway analysis highlighted ERK/MAPK signaling, which is
downstream of CXCR2, as the top deregulated pathway among rs1126579-T tumors.

Given the role that CXCR2 plays in angiogenesis and inflammation (37-42), and its
association with a higher risk of mortality from non-small cell lung carcinoma (43), it was
surprising that a SNP which gives rise to increased expression of CXCR2 is associated with
a reduced risk of cancer. In lung cancer however, our initial analysis of primary samples
from the NCI-MD study indicated that expression of CXCR2 is decreased in lung cancer
compared with non-involved lung tissue. We replicated this finding in TCGA and further
demonstrated that expression of all three isoforms is decreased in both adenocarcinoma and
squamous cell carcinoma. To our knowledge, this is the first such report. Despite its role in
pro-inflammatory signaling, CXCR2 is also a primary mediator of p53-dependent
senescence in lung (44). Senescence is a potent tumor suppressive mechanism (45-47) and
might explain why expression of CXCR?2 is decreased in lung cancer. A somatic point
mutation in the carboxyl-terminus of CXCR2 (G354W) has been identified in the lung
cancer cell line NCI-H1395 by the Catalog of Somatic Mutations in Cancer (COSMIC) (48).
The mutation prevents autocrine IL-8-induced receptor internalization and alleviates
senescence (44). Decreased expression of CXCR2, as found with the C allele of rs1126579,
could be another mechanism to overturn cytokine-driven senescence signaling in lung
cancer.

We recently reported that pre-diagnostic levels of IL-8 were associated with an increased
risk of lung cancer (30). Here, we found that rs1126579 was associated with reduced risk of
lung cancer among individuals with high levels of IL-8. As CXCR2-driven senescence is
mediated by IL-8 (49), this finding furthers the possibility that the CXCR2 axis acts as a
tumor suppressive mechanism in lung cancer. Thus, the identification of a functional
polymorphism in the IL-8 receptor may influence the association between this cytokine in
both lung cancer diagnosis and prognosis.

Strengths of our study include the validation of rs1126579 and lung cancer risk associations
in two independent populations and functional analysis of the variant. However, there were
also some limitations, including restriction of our analysis to binding sites in the 3’UTR of
genes. Where possible, future studies should incorporate methods that allow the mining of
coding, 5" and 3’ UTR regions, as miRNAs can also bind to these loci (50). Moreover,
studying the existence and contribution of somatic mutations to miRNA binding is likely to
have further implications for cancer biology.
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Figure 1. rs1126579-T disrupts a binding site for miR-516a-3p and modulates CXCR2

expression

A) The T allele of rs1126579 is predicted to disrupt a 7-mer binding site for miR-516a-3p.
B) 3’ UTR luciferase assay for miR-516a-3p and miR-138-1* binding to the C and T alleles
of rs1126579. Relative luciferase levels are decreased in the presence of the T allele and
miR-516a-3p, as compared to the C allele and miR-516a-3p, suggesting decreased binding
and therefore increased mRNA translation. Mut denotes mutant seed region. C) mRNA
levels of CXCR2 are increased in subjects with the CT or TT genotype. D) Protein levels of
CXCR2, as determined by immunohiostochemistry, are increased in tumor tissue from
individuals with either the CT or TT rs1126579 genotype. Data were analyzed using
ANOVA and Tukey’s post-hoc test. E-F) Levels of CXCR2 mRNA isoform expression in
lung adenocarcinoma samples stratified by rs1126579 genotype (data from TCGA).
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Figure 2. CXCR2 expression and signaling is altered in cancer
A) CXCR2 mRNA levels, as measured by RT-PCR, are lower in lung tumor tissue

compared to non-involved lung tissue. Data were analyzed using two-sided paired t-test. B)
Expression of all three isoforms of CXCR2 is decreased in lung cancer. Data were analyzed
using TCGA RNA-seq data for lung adenocarcinoma. C) Risk of lung cancer in individuals
with high and low serum IL-8 levels, dichotomized based on the median of the control
population. P value derived from the likelihood ratio test comparing TT against CC in a
model adjusted for age, gender, pack-years of smoking and smoking status.
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Table 4

Pathway analysis of genes altered by rs1126579

Pathway

P-value

ERK/MAPK Signaling

8.22E-06

Molecular Mechanisms of Cancer  4.92E-05

Renal Cell Carcinoma Signaling 9.41E-05

Paxillin Signaling

NGF Signaling

1.13E-04
1.63E-04
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