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ABSTRACT The HOX genes are transcription factors that are expressed in coordinated spatio-
temporal patterns to ensure normal development. Ectopic expression may instead lead to the
development and progression of tumors. Genetic polymorphisms in the regions of four HOX gene
clusters were tested for association with lung cancer in 420 cases and 3,151 controls. The effect
of these variants on lung gene expression (expression quantitative trait loci, eQTL) was tested in
a discovery set of 409 non-tumor lung samples and validated in two lung eQTL replication sets (n
= 287 and 342). The expression levels of HOXB2 were evaluated at the mRNA and protein levels
by quantitative real-time PCR and immunohistochemistry in paired tumor and non-tumor lung
tissue samples. The most significant SNP associated with lung cancer in the HOXB cluster was
rs10853100 located upstream of the HOXB cluster. HOXB2 was the top eQTL-regulated gene with
several polymorphisms associated with its mRNA expression levels in lung tissue.This includes the
lung cancer SNP rs10853100 that was significantly associated with HOXBZ2 expression (P=3.39E-7).
In the lung eQTL discovery and replication sets, the lung cancer risk allele (T) for rs10853100 was
associated with lower HOXB2 expression levels. In paired normal-tumor samples, HOXB2 mRNA
and protein levels were significantly reduced in tumors when compared to non-tumor lung tissues.
Genetic variants in the HOXB cluster may confer susceptibility to lung cancer by modulating the

expression of HOXB2 in the lung.
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Introduction

Aberrant expression of molecular regulators originally described
as critical factors of mammalian embryogenesis may contribute
to various pathologies, including cancer (Bonner et al., 2004).
Among the genes implicated in normal development, HOX genes
act as master regulators (Bhatlekar et al., 2014). They encode
an evolutionarily conserved family of transcription factors, which
regulate the expression of downstream effectors that direct pat-

tern formation in animals. HOX genes specify embryonic regional
identity and control morphogenesis (Krumlauf, 1994). In human
and mouse, 39 HOX genes are ordered in four clusters located
on different chromosomes (Table 1). Their position within a cluster
correlates with their respective spatiotemporal expression during

Abbreviations used in this paper: eQTL, expression quantitative trait loci; FDR, false

discovery rate; LD, linkage disequilibrium; NSCLC, non-small cell lung cancer;
SNP, single nucleotide polymorphism.
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embryogenesis. This organization is essential for the specific
regulation and function of each HOX gene and hence for the cor-
rect patterning of the embryo (Tschopp et al., 2009). Accordingly,
HOX genes are expressed in defined but overlapping domains
along the developing axes.

In the lung, several HOX genes, mainly from the 3’ end of the
HOXA and HOXB clusters, are expressed along the respiratory
tract, each with a distinct proximal-distal distribution (Herriges et
al., 2012). Mouse genetic studies have shown that only Hoxa5
single mutant mice display respiratory tract defects, which cause
respiratory distress and death at birth (Aubin et al., 1997, Landry-
Truchon etal., 2017). This demonstrates the functional redundancy
between HOX genes due to expression overlap (Boucherat et
al., 2013).

HOX genes are involved in multiple cellular processes, in-
cluding cell differentiation, proliferation and survival, which once
deregulated canlead to cancer (Abate-Shen, 2002). Inappropriate
HOX gene expression is observed in multiple cancers supporting
the notion that HOX deregulation is involved in the development
and progression of tumors. For instance, HOXC8 upregulation in

human non-small cell lung cancer (NSCLC) correlates with tumor
node metastasis and poor patient survival because gain of HOXC8
expression promotes proliferation and migration via the activation
of transforming growth factor beta 1 (TGFB1) expression (Liu et
al., 2018). The expression of HOXB2 was also demonstrated as
an adverse prognostic factor for stage | lung adenocarcinoma
throughits role in promoting invasion of lung cancer cells (Inamura
et al., 2008, Inamura et al., 2007). In contrast, reduced HOXA5
expression is reported to be an adverse prognosis indicator for
NSCLC as HOXA5restrains NSCLC cell proliferation by activating
the expression of cyclin-dependent kinase inhibitor p21 (Zhang et
al., 2015). However, other studies on NSCLC reported divergent
data, and expression levels of HOXA1, HOXA5, HOXA10 and
HOXC6 genes were found to be significantly increased in lung
squamous cell carcinoma (Abe et al., 2006). Higher expression
of HOXA5, HOXA10 and HOXB2 was also reported in lung ad-
enocarcinoma when compared to non-cancerous tissues (Abe
et al., 2006, Inamura et al., 2007). These discrepancies make
it challenging to decipher the role of HOX genes in lung cancer.

In the present study, we analyzed genetic polymorphisms in

TABLE 1
HOX GENES
Gene s Chromosome Boundaries (bp) Genes
HOXA 7 27,122,614-27,249,725 HOXA1, HOXA2, HOXA3, HOXA4, HOXA5, HOXA6, HOXA7, HOXA9, HOXA10, HOXA11, HOXA13
HOXB 17 46,596,807-46,816,111 HOXB1, HOXB2, HOXB3, HOXB4, HOXB5, HOXB6, HOXB7, HOXB8, HOXB9, HOXB13
HOXC 12 54,322,576-54,459,814 HOXC4, HOXC5, HOXC6, HOXC8, HOXC9, HOXC10, HOXC11, HOXC12, HOXC13

HOXD 2 176,954,530-177,065,635

HOXD1, HOXD3, HOXD4, HOXD8, HOXD9, HOXD10, HOXD11, HOXD12, HOXD13




TABLE 2

SNPs ASSOCIATED WITH LUNG CANCER
WITHIN THE HOX GENE CLUSTERS

Frequency Frequency
Cluster SNP Tested allele cases controls P value
HOXA rs10228276 G 0.20 0.17 0.0101
rs13243033 T 0.20 0.17 0.0104
rs6949451 T 0.52 0.47 0.0122
rs3779456 C 0.38 0.43 0.0138
rs6970537 A 0.38 0.43 0.0201
rs2189239 T 0.10 0.08 0.0303
rs2428432 T 0.29 0.25 0.0342
rs10233387 A 0.49 0.45 0.0364
HOXB rs10853100 T 0.54 0.49 0.0063
rs11079833 T 0.04 0.03 0.0238
rs733920 T 0.12 0.15 0.0394
rs890431 T 0.07 0.09 0.0464
rs15689 [} 0.29 0.26 0.0479
HOXC rs2067554 T 0.43 0.37 0.0031
rs1386016 A 0.38 0.42 0.0232
HOXD rs3754983 A 0.09 0.13 0.0050
TABLE 3

CLINICAL CHARACTERISTICS OF THE LUNG eQTL DISCOVERY
AND REPLICATION SETS

Discovery set Replication 1 Replication 2
(n =409) (UBC, n =287) (Groningen, n = 342)
Sex (male:female) 229:180 155:132 182:160
Age (years)* 63.3+9.9 61.6+13.2 51.5+15.6
Smoking status, n (%)
Never smokers 36 (9) 26 (9) 100 (29)
Former smokers 283 (69) 163 (57) 185 (54)
Current smokers 90 (22) 98 (34) 57 (17)
Primary diagnostic, n (%)
Adenocarcinoma 235 (57) 78 (27) 36 (11)
Squamous cell carcinoma 104 (25) 82 (29) 51 (15)
Others** 70 (17) 127 (44) 255 (75)

*mean =+ sd

**Others include patients that underwent lung surgery for other histological subtypes of lung cancer,
COPD, alpha-1 antitrypsin deficiency, cystic fibrosis, idiopathic pulmonary fibrosis, bronchiectasis,
pulmonary hypertension, and sarcoidosis.

TABLE 4

LUNG eQTLs DETECTED IN THE DISCOVERY SET
FOR THE HOX CLUSTERS

HOX cluster  Gene # of eQTL-SNP Range P value Range FDR
HOXA HOXA9 1 1.49E-5 4.01E-3
HOXB HOXB2 173 4.96E-11 to 1.15E-2  6.19E-9 to 3.81E-2
HOXB4 23 5.90E-6 to 1.82E-3  9.54E-4 to 4.57E-2
HOXB7 113 2.98E-510 8.87E-3  3.12E-3to 4.52E-2
HOXC HOXC6 42 4.85E-510 5.36E-3  9.45E-3 to 4.38E-2
HOXD HOXD3 40 1.65E-5t0 6.55E-3  1.20E-3 to 3.75E-2
HOXD1 25 7.30E-4t0 3.88E-3  1.33E-2to 3.55E-2

Fig. 2. HOXB2 gene expression levels in lungs according to genotype
groups for SNP rs10853100 in the discovery set. They axis represents
gene expression levels in the lung (n = 409). The x axis represents the
three groups according to their genotypes. The number of subjects per
groups is indicated in parentheses. The right y-axis shows the proportion
of the gene expression variance explained by the SNP (black bar).
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the four HOX gene clusters for association with lung cancer. Gene
expression levels of HOX genes were evaluated in non-tumor
lung tissue and eQTL analyses were performed to identify genetic
polymorphisms associated with mRNA expression levels of HOX
genes in the lung. Genes regulated by lung cancer-associated
polymorphisms were further characterized in paired tumor and
non-tumor lung tissue samples at the mRNA and protein levels.

Results

Association between genetic polymorphisms intheHOX gene
clusters and lung cancer

104 SNPs common to both cases (n = 420) and controls (n =
3,151) located within the HOX clusters were tested for association
with lung cancer (Supplementary Table 1). SNPs passing a liberal
P value of 0.05 are indicated in Table 2. The SNP most strongly
associated with lung cancer, namely rs2067554, is located on
human chromosome 12 in the HOXC cluster. This SNP is located
near the 3’'UTR of HOXC4, the most upstream HOX gene in this
cluster. The second significant SNP associated with lung cancer
in the cluster (rs1386016) is in modest LD with rs2067554 (r? =
0.37). A single SNP in the HOXD cluster on chromosome 2 was
associated with lung cancer (rs3754983). This SNP is located at
the 5’ end of the HOXD cluster in the promoter region of HOXD13.
Five SNPs were significantly associated with lung cancer in the
HOXB cluster on chromosome 17. The most significant was
rs10853100 located upstream of the HOXB cluster. Finally, 8
SNPs within the HOXA cluster on chromosome 7 were associated
with lung cancer. These SNPs are located in four LD blocks: 1)
rs2428432 located in the HOXA2-HOXAS3 intergenic region, 2)
rs6949451, rs3779456 and rs6970537 located in the HOXA10
gene, 3) rs2189239 and rs10233387 located within or near the
HOXA13 gene, and 4) rs10228276 and rs13243033 located in
the most downstream region of the HOXA cluster.

Lung eQTLs in the HOX gene clusters
Table 3 shows the clinical characteristics of the final 409 subjects
used in the eQTL analysis. Only one significant lung eQTL was
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found in the HOXA cluster at a FDR of 5% (Table 4). In contrast,
the three other clusters were characterized by many lung eQTLs.
Supplementary Table 2 provides the list of significant eQTLs in
the four clusters. In the HOXC cluster, SNPs were associated with
the expression of HOXC6 (Table 4). For the HOXD cluster, SNPs
were associated with the expression of HOXD3and HOXD1 (Table
4). The highest number of eQTLs detected in this study were
located in the HOXB complex (Table 4). The significant levels of
eQTLs were also orders of magnitude higher in the HOXB cluster
compared to the other clusters (P=10° vs P=10). We have thus
focused subsequent analyses on the HOXB cluster. Fig. 1 shows

Gene expression of HOXB2
by tissue type

Lo 0.00308 4 0.81

Gene expression of HOXB2
by rs10853100

the eQTL results of the HOX genes residing in this region. Atotal of
173 SNPs regulated the expression of HOXB2, 23 for HOXB4, and
113 for HOXB7. Many SNPs regulating the expression of HOXB2
alsoregulated HOXB7 expression, suggesting co-regulation of the
two genes. However, the association signals were predominantly
higher for HOXB2. Interestingly, the SNP most strongly associ-
ated with lung cancer in this region (rs10853100; Table 2) was
significantly associated with the expression of HOXB2 (Fig. 2).
The lung cancer risk allele (T) for this polymorphism was associ-
ated with lower HOXB2 RNA expression levels in lung (Fig. 2).
Two replications sets were used to confirm the lung eQTL
rs10853100-HOXB2. Table 3 shows the
clinical characteristics of each replication
set. This eQTL was reproduced in both UBC
and Groningen replication sets, suggesting

0.368 that the risk allele in the HOXB cluster on

12 4 12 4
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Non-tumor (n = 32) Tumor (n = 32) CC(n=16) TT(n=16)

Non-tumor

Fig. 4. HOXB2 expression levels according to tissue types and genotype groups. The y axis
represents HOXB2 expression levels normalized to GAPDH. The number of individuals is indicated

in parentheses at the bottom of each bar.

chromosome 17 mediates its effect on lung
cancer development through regulation of
HOXB2 in the lung (Fig. 3).

Decreased HOXB2 expression in lung
tumor

The association between rs10853100
and expression levels of HOXB2was further
validated by qPCR analyses intumorand non-
tumor tissues from a different set of patients
including 16 individuals with genotype CC
and 16 with genotype TT. The clinical char-
acteristics of patients by genotyping groups
for the gPCR experiment are shown in Table
5. Fig. 4 shows HOXBZ2 expression values
grouped either by tissue types or genotype
groups. HOXB2 levels were significantly
lowered in tumors compared to non-tumor
lung tissues. In contrast, no difference was
observed between the TT and CC genotypes
in non-tumor tissues as well as in tumor
specimens. Note that the pathological stage
was not associated with HOXBZ2 expression
in these patients (Kruskal-Wallis chi-squared
=2.0638, P = 0.36).

CC(n=16) TT(n=16)

Tumer
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Control

Control

We also performed IHC experiments on lung adenocarcinoma
and non-tumor specimens for HOXB2 protein expression. Consis-
tent with the gPCR data, decreased HOXB2 protein expression
was observed in the vast majority of the tumor specimens (Fig. 5).

Discussion

In this study, the variants in the HOX genes’ family were investi-
gatedfortheir potential role in the susceptibility and pathogenesis of
lung cancer, the leading cause of cancer death. Allele frequencies
of germline variants located in the four HOX gene clusters were

Fig. 5. HOXB2 protein expression is reduced in lung adenocarcinoma.
IHC experiments against HOXBZ2 protein was performed on sections of
lung tumor tissues and their associated control from 9 different patients.
HOXB2 staining was weaker in the majority of the tumor tissues (A’-I')
when compared to controls (A-l). The pathological stage is indicated at
the bottom left corner of tumor panels. Scale bar, 100 um.

compared between patients and controls. The strongest evidences
of genetic associations identified were for SNP rs2067554 located
near the 3'UTR of HOXC4 and SNP rs10853100 located upstream
ofthe HOXBcluster. Using alarge-scale lungeQTL dataset, HOXB2
was found as the most statistically significant eQTL-regulated
gene. Interestingly, the disease-associated SNP rs10853100 was
associated with the expression of HOXB2 and direction of effect
was that the lung cancer risk allele (T) correlated with lowered
expression of HOXB2. This direction of effect was confirmed in two
large and independent lung eQTL datasets. The mRNA expression
and protein levels of HOXB2 were found to be reduced in tumors
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TABLE 5

CLINICAL CHARACTERISTICS OF PATIENTS
FOR THE VALIDATION STEP BY qPCR ACCORDING
TO GENOTYPING GROUPS FOR SNP RS10853100

cc T

Gender (male:female) 79 8:8
Age (years)* 63.6 +8.8 59.8 +11.2
Smoking status, n (%)

Never smokers 1(6) 0 (0)

Former smokers 13 (81) 9 (56)

Current smokers 2(13) 7 (44)
Primary diagnostic, n (%)

Adenocarcinoma 16 (100) 16 (100)

Squamous cell carcinoma 0 (0) 0 (0)

Others 0(0) 0 (0)

*mean = sd

compared to paired non-tumor lung tissues. Taken together, these
results suggest that common variants in the HOXB cluster confer
susceptibility to lung cancer through down-regulation of the HOXB2
mRNA expression levels in the lung.

The mRNA expression level of HOXB2 has been identified
as a prognostic indicator for stage | lung adenocarcinomas in a
Japanese population (Inamura et al., 2007). The group with higher
expression (n=15) had worse disease-specific survival compared
to the group with lower expression (n=37). In a subset of these
cases with normal lung tissue samples available, HOXBZ2 expres-
sion was higher in tumor relative to normal tissues. In the same
study, HOXB2 expression in normal lung tissues was higher in
metastatic cancer patients. A follow-up study from the same group
proposed that HOXB2promotes NSCLC cells invasion through the
up-regulation of metastasis-related genes, including genes coding
for glycoproteins and signaling molecules (Inamura et al., 2008).
Together these results suggested that higher HOXB2 expression
favor tumorigenesis and/or invasion. In contrast, in the current
study, we demonstrated reduced mRNA and protein expression
of HOXB2in adenocarcinomas compared to adjacent normal lung
tissues. Although this seems contradictory, similar observations
were made for a positive regulator of HOX, namely PREP1 (Penkov
et al., 2013). PREP1 was shown to be absent or down-regulated
in human tumors compared to normal tissues (Longobardi et al.,
2010), as we observed for HOXB2. On the other hand, it was
found to be a negative prognostic factor in patients with stage
I NSCLC (Risolino et al., 2014), as observed for HOXBZ2 in the
Japanese population described above. PREP1 is recognized as
a tumor suppressor that inhibits tumor growth, but at the same
time an inducer of the epithelial-mesenchymal transition and a
prometastatic transcription factor (Risolino ef al., 2014). It is thus
possible that both up- and down-regulation are detrimental and a
fine balance in PREP1 and also HOXB2 expression is required.
In our recent transcriptomic study (Bossé et al., 2017), HOXB2
was not differentially expressed in stage | lung adenocarcinomas
compared to adjacent non-tumor lung samples collected at 0, 2,
4, and 6 cm away from the tumor. In addition, HOXBZ2 expression
levels in non-tumor sites were relatively stable across the differ-
ent distances from the tumor. Larger sample size studies will be
needed to determine whether HOXB2 is up- or down-regulated
in lung tumor.

Changes in HOXBZ2 expression were previously reported in
several types of cancer. HOXB2was more expressed in pancreatic

and cervical cancers (Gonzalez-Herrera et al., 2015, Segara et
al., 2005). In contrast, expression was decreased in breast cancer
cell lines and acute myeloid leukemia, suggesting that it can act
as a tumor suppressor (Boimel et al., 2011, Lindblad et al., 2015).
This supports the notion that aberrant expression of HOXB2 gene
is detrimental to normal cell growth.

In the gPCR experiment, no difference in HOXB2 expression
was observed between the TT and CC genotypes in non-tumor
tissues as well as in tumor specimens. Lower expression was ex-
pected for TT, at least in non-tumor tissues, considering the results
of the three independent eQTL datasets (n=409 Laval, 287 UBC,
and 342 Groningen). We believe that the sample size was not
sufficient in the gPCR experiment (n=32 patients) to demonstrate
the effect of the genotype. However, this sample size was enough
to demonstrate lower expression of HOXB2 in tumors compared
to non-tumor lung tissues.

Our study has limitations. First, the case-control genetic as-
sociation study was conducted using a shared control group not
phenotyped for lung cancer. Accordingly, some of the controls are
likely to develop lung cancer in the future and may result is some
misclassification and dilution of the signal. Second, the genetic
association results were not replicated in an independent dataset.
Instead, lung eQTL datasets were used to mechanically explain
the genetic association findings into gene expression in the lung.
Third, no functional work (in vitro and/or in vivo) was performed
to demonstrate the causal role of HOXBZ2 and disease-associated
SNPsinlung cancer. Finally, the genetic association study and lung
eQTL datasets were obtained from patients of European ancestry
only. The results may thus not translate into other ethnic groups.

In summary, genetic variants in the HOX gene clusters show
association with lung cancer. One of the top disease-associated
variant was also associated with the expression levels of HOXB2
in non-tumor lung tissues. The lung cancer risk allele (T) was as-
sociated with lower expression of HOXB2 in three independent
datasets (discovery and two replication sets). Consistent with this
direction of effect, the mRNA and protein levels of HOXB2 were
lower in tumors compared to adjacent normal lung tissues. These
results highlight HOXBZ2 as a candidate gene for lung cancer and
suggestthatdown-regulation of this gene as a potential mechanism
involved in lung cancer development. Validation of these findings
and functional studies are needed to establish the causality of
HOXB2 for lung cancer.

Materials and Methods

Discovery set

Lung specimens (n = 420) from lung cancer patients were obtained
from the biobank of the Institut universitaire de cardiologie et de pneu-
mologie de Québec (IUCPQ). Corresponding clinical data were obtained
at the time of tissue collection and available in a local database including
demographic variables and detailed pathology report. Written informed
consent was obtained from all subjects. The study was approved by the
local ethics committee.

Replication sets

Significant lung eQTL identified in the discovery set were replicated
in two independent cohorts. The first replication set consists of patients
recruited at the University of British Columbia (UBC; Vancouver, Canada).
At UBC, the majority of samples were from patients undergoing resection
of small peripheral lung lesions. Additional samples were from autopsy



and at the time of lung transplantation. Patients from UBC provided written
informed consent and the study was approved by the ethics committee
at the UBC-Providence Health Care Research Institute Ethics Board.
The second replication set was recruited at the University of Groningen
(Groningen, The Netherlands). At Groningen, the lung specimens were
obtained at surgery from patients with various lung diseases, including
patients undergoing therapeutic resection for lung tumors, harvested from
a site distant from the tumor, and lung transplantation. The study protocol
was consistent with the Research Code of the University Medical Center
Groningen and Dutch national ethical and professional guidelines (“Code
of conduct; Dutch federation of biomedical scientific societies”; http://www.
federa.org). The final analyses were performed with 287 and 342 lung
specimens from UBC and Groningen, respectively.

Gene expression and genotyping microarrays

Gene expression profiling and genotyping were described previous-
ly (Hao et al., 2012, Lamontagne et al., 2013). Briefly a non-neoplastic pul-
monary parenchyma sample was harvested at surgery. RNAwas extracted
from the lung specimens and then hybridized to a custom Affymetrix array
(GEO platform GPL10379). Expression values were extracted using the
Robust Multichip Average (RMA) method (Irizarry et al., 2003) and probe
sets testing HOX genes were considered in this study. Genotyping was
carried using the lllumina Human1M-Duo BeadChip. Single nucleotide
polymorphism located 10 kb up- and downstream of the four HOX clusters
were analyzed in this study (Table 1).

Quantitative real-time PCR

A subset of patients with lung adenocarcinoma enrolled in the lung
eQTL mapping study was selected for validation by quantitative real-time
PCR (gPCR). They were selected based on tissue availability and using
a random stratified strategy based on genotypes for the single nucleotide
polymorphism (SNP) rs10853100. Tumor and non-tumor lung specimens
from sixteenindividuals with genotype CC and sixteen with genotype TT were
evaluated. RNAfrom tumor and non-tumor specimens was extracted from 30
mg of frozen tissues using the RNeasy Plus Universal Mini kit (Qiagen, MD,
USA). RNA concentration and purity were assayed by UV 260/280 nm ratio
on a NanoVue spectrophotometer (GE Healthcare, NJ, USA). The quality
of each RNA sample was then evaluated by automated electrophoresis on
the Experion system (Bio-Rad, CA, USA). cDNA was synthesized with the
Superscript || Reverse Transcriptase (Invitrogen) using random primers.
Quantitative PCR (qPCR) was performed with Power SYBR Green PCR
Master Mix (Applied Biosystems, Foster City, CAUSA) and a thermal cycler
ABIPRISM7000. Samples were analyzed inftriplicate. The primer sequences
used forthe HOXB2gene were: forward-5 TCCTTCCCGACCTCAACTTC3/,
reverse-5’GAGAACCCTGTAGGCTAGGGS3'. The GAPDHwas used as ref-
erence gene using the primers: forward-5’GGTCGGAGTCAACGGATTTGS’
and reverse-5’GGAAGATGGTGATGGGATTTCS'.

Immunohistochemistry analysis

Lung adenocarcinoma and non-tumor tissues obtained from surgeries
were fixed in 10% formaldehyde, embedded in paraffin and sectioned at 4
um. Immunohistochemistry (IHC) assay was performed as described (Gen-
dronneau et al., 2012). The primary HOXB2 antibody was a mouse
monoclonal antibody against the human HOXB2 protein (1/100 dilution,
Developmental Studies Hybridoma Bank). The secondary antibody was a
goat anti-mouse biotinylated antibody (1/250, Jackson Lab). Slides were
counterstained with hematoxylin.

Statistical analyses

Genetic association

Genotypes from the lung cancer cases from the discovery set (n=420)
were compared to 3,151 publicly available controls taken from the lllumina®
iControlDB. Genetic association tests comparing allele frequencies between
cases and controls were performed with PLINK (Purcell et al., 2007).

HOX genes and lung cancer 863

Lung eQTL analyses

RNA expression traits were adjusted for age, sex, and smoking status
using robust residuals obtained with the rim function in the R statistical
package MASS. Residuals values deviating from the median by more than
three standard deviations were filtered as outliers. Association tests between
adjusted expression traits and SNPs were performed using quantitative
association tests implemented in PLINK (Purcell et al., 2007). Significant
eQTLs were those passing the 5% false discovery rate (FDR) thresh-
old (Benjamini and Hochberg, 1995) in the discovery set. P values lower
than 0.05 were considered statistically significant in the replication sets.

gPCR

Expressionvalues (2AACT) deviating by more than three standard errors
from the mean were considered outliers and removed from analysis. Gene
expression values for HOXB2 were analyzed by tissue types (non-tumor
vs tumor) and genotypes (CC vs TT). Two-sided t-tests and paired t-tests
were used to compare genotyping groups and tissue types, respectively.
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