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In lung cancer, the survival of patients with the same clinical stage varies widely for unknown reasons. In this two-phase study,
we examined the hypothesis that germline variations influence the survival of patients with lung adenocarcinoma. First, we analyzed existing genotype and clinical data from 289 UK-resident patients with lung adenocarcinoma, identifying 86 single nucleotide polymorphisms (SNPs) that associated with survival (p < 0.01). We then genotyped these candidate SNPs in a validation
series of 748 patients from Italy that resulted genetically compatible with the UK series based on principal component analysis.
In a Cox proportional hazard model adjusted for age, sex and clinical stage, four SNPs were confirmed on the basis of their having
a hazard ratio (HR) indicating the same direction of effect in the two series and p < 0.05. The strongest association was provided
by rs2107561, an intronic SNP of PTPRG, protein tyrosine phosphatase, receptor type, G; the C allele was associated with poorer
survival in both patient series (pooled analysis logeHR 5 0.31; 95% CI: 0.15–0.46, p 5 8.5 3 1025). PTPRG mRNA levels in 43
samples of lung adenocarcinoma were 40% of those observed in noninvolved lung tissue from the same patients. PTPRG overexpression significantly inhibited the clonogenicity of A549 lung carcinoma cells and the anchorage-independent growth of the NCIH460 large cell lung cancer line. These four germline variants represent promising candidates that, with further study, may help
predict clinical outcome. In addition, the PTPRG locus may have a role in tumor progression.
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Introduction
The TNM staging system is commonly used in clinical practice for predicting prognosis and treatment requirements of
patients with lung cancer.1,2 However, the outcome of
patients who apparently have the same stage of disease can
vary.3,4 As the reasons for such variability in outcome are not
known, the search for prognostic factors independent of clinical stage, for example individual characteristics and biomarkers,5 is an active ﬁeld of research. A more precise
assessment of prognosis would be beneﬁcial in clinical
decision-making, allowing physicians to make patient-tailored
decisions on drug therapy and consequently improve patient
outcome.
Most of the studies on prognostic markers for lung cancer
have focused on the tumor tissue itself. Many studies have
found that mutations in KRAS, a gene encoding a small
GTPase, associate inversely with survival in patients with
lung adenocarcinoma, as documented by two systematic
reviews.6,7 Differently, the presence of EGFR mutations
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What’s new?
Lung adenocarcinoma patients are at a high risk of poor prognosis in spite of surgical resection, and identifying the factors
for individual predisposition to poor prognosis is needed to improve follow-up and therapy. Here, the authors discovered a
novel genetic profile of four SNPs associated with survival. If the results are confirmed, the profile could help stratify lung
adenocarcinoma patients into different prognostic groups. The strongest association was provided by rs2107561, an intronic
SNP of PTPRG, whose overexpression inhibited clonogenicity and anchorage-independent growth of lung cancer cells, pointing
to a functional role of PTPRG in the prognosis of lung adenocarcinoma.

Subjects, Material and Methods
Ethics

Collection of blood samples and clinicopathological information from patients was undertaken with ethical review board
C 2014 UICC
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approval and informed consent in accordance with the tenets
of the Declaration of Helsinki. Speciﬁcally, in the UK ethical
approval was obtained from the Medical Research Ethics
Committee (MREC) while in Italy the study protocol was
approved by the Committees for Ethics of the institutes
involved in recruitment (Fondazione IRCCS Istituto Nazionale dei Tumori, San Giuseppe Hospital, Ospedale Maggiore
Policlinico).

Discovery phase

For the discovery phase, we used data from a GWA study on
lung cancer risk conducted in the UK.17 From that work, we
studied the subset of 289 cases with pathologically conﬁrmed
lung adenocarcinoma for whom survival data were available;
these cases had been collected as part of the Genetic Lung
Cancer Predisposition Study (GELCAPS) from oncology
centres all over the UK.18 All cases were British residents
with self-reported European ancestry. Genomic DNAs from
these patients had been genotyped for 30,568 SNPs using
Illumina SNP-arrays (Illumina).17 In addition to the data
regarding genotypes, we obtained information regarding age
at diagnosis, sex, smoking status, clinical stage, treatment and
overall survival (up to 50 months after treatment).

Validation phase

For the validation phase that was conducted in Italy, we
accessed a biobank containing samples of peripheral blood of
Italian lung cancer patients. Inclusion criteria for this study
were that the patients had received surgical treatment for
lung adenocarcinoma, and that follow-up data were available.
The biobank also provided clinical and personal data, such as
the patients’ age at diagnosis, clinical stage and smoking status. We considered a maximum follow-up of 60 months, as
deaths after this period may be unrelated to cancer; therefore,
survival durations longer than 60 months were censored in
the analysis of survival.
For candidate gene analysis, we selected from a separate
biobank 43 pairs of specimens of lung adenocarcinoma and
non-involved (apparently normal) lung tissue from patients
being treated in the authors’ institutes around Milan, Italy.
Noninvolved lung specimens had been excised during surgical resection of the cancer, with prior approval of the institutes’ Committees for Ethics. In particular, specimens were

Cancer Genetics

predicts a clinical response to tyrosine kinase inhibitor therapy and longer progression-free survival, as shown in a
meta-analysis.8 Thus, there is an increasing trend to test
tumoral tissue for the presence of known mutations, particularly in EGFR, to assess a patient’s treatment schedule and
improve patients’ prognosis.9 Additionally, in the attempt to
develop a more sensitive tool that considers multiple genes,
numerous studies have described prognostic gene expression
proﬁles of lung cancer tissue, although in a critical analysis
none was judged to be ready for clinical application.10
A recent trend in cancer research is to shift the focus of
the search for prognostic markers from the tumoral DNA to
the germline DNA, based on the realization that genetic polymorphisms can modulate the risk of developing certain types
of cancer and even inﬂuence the prognosis.11,12 In lung cancer, several studies have tested candidate single nucleotide
polymorphisms (SNPs) in association with disease prognosis,
but only a few studies used a genome-wide design.13,14 However, these studies included patients with all forms of nonsmall cell lung cancer, without taking into account the
different histological subtypes despite the fact that histological type is a determinant of survival.15,16 Therefore, it could
be useful to analyze a single histotype of lung cancer for
genetic determinants of survival.
Working with the hypothesis that germline polymorphisms modulate overall survival in lung cancer patients, we
designed a study to identify such polymorphisms in a single
histological subtype, focusing on lung adenocarcinoma. Here,
we report the results of a genome-wide association (GWA)
study in a homogeneous UK discovery series of lung adenocarcinoma patients, followed by external validation of the
best associated SNPs in an independent Italian series of
patients with lung adenocarcinoma. In conducting the validation study, we were aware of the limited comparability with
the discovery series regarding some demographic and clinical
variables; to partially overcome these difﬁculties, we carried
out the survival analyses by adjusting for relevant covariates
in each series and we also examined the genetic comparability of these two European case series.
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taken as far as possible from the tumor, from the part of the
lobe that would otherwise have been discarded.
Genomic DNA was extracted from blood samples using the
DNeasy Blood & Tissue Kit (Qiagen, Valencia, USA) and quantiﬁed by ﬂuorimetry using the Picogreen dsDNA Quantitation
Kit (Life Technologies). Top 96 SNPs, according to the p-values,
identiﬁed during the discovery phase were genotyped in this
series using customized 96.96 Dynamic Arrays (Fluidigm, South
San Francisco, CA), which are able to analyze 96 samples with
96 SNPtype assays on a BioMark platform (Fluidigm). Each
SNPtype assay is based on an allele-speciﬁc PCR detection system, using allele-speciﬁc primers labeled with FAM or HEX ﬂuorescent dyes and a locus-speciﬁc primer (LSP). Before SNP
genotyping, genomic DNA was ampliﬁed using speciﬁc target
ampliﬁcation primers and LSPs, and then diluted 1:100, according to the manufacturer’s instructions; each array was loaded
with 91 samples (two samples were loaded in duplicate to monitor quality control) and three nontemplate controls (NTC).
Data were analyzed using Fluidigm SNP Genotyping
Analysis software (version 3.1.2). First, the FAM and HEX
ﬂuorescence intensities of the two possible alleles (called x
and y) for each SNPassay were normalized using the NTC
normalization method, which assigns the NTC cells to the
x 5 0.1 and y 5 0.1 locations on the plot. To obtain genotype
calls for each SNP, a k-means clustering algorithm was used
to divide samples into three groups; samples having a signal
intensity <0.1 for either allele were excluded from the respective SNP call. Samples having a genotype call rate <0.10
were excluded from further analysis.

SNPs and lung adenocarcinoma survival

tured in Ham’s F12 medium containing 10% fetal bovine
serum (FBS). NCI-H520 squamous cell and NCI-H460 large
cell lines were cultured in RPMI1640 with 10% FBS.
Quantitative real-time PCR

Total RNA was extracted from 43 matched pairs of noninvolved lung parenchyma and lung adenocarcinomas and
from A549, NCI-H520 and NCI-H460 cell lines using Trizol
(Life Technologies). RNA (1 lg) was used to synthesize
cDNA using the Transcriptor First Strand cDNA Synthesis
Kit (Roche, Basel, Switzerland). To quantify PTPRG expression, we used intron-spanning primers (forward, 50 GGCAGGAGGTTTCCTGTTGA-3;
reverse,
50 -GCA0
GAATTGTCCCTCGGACT-3 ) in quantitative PCR. Each
reaction comprised 12 ng cDNA template diluted in RNasefree dH2O, 5 ml 23 Fast SYBR Green Master Mix (Life Technologies), and 0.3 mM PCR primers in a ﬁnal volume of 10
ml. The human hypoxanthine phosphoribosyltransferase 1
(HPRT1; forward, 50 -GACTTTGCTTTCCTTGGTCAGG-30 ;
reverse, 50 -TCCTTTTCACCAGCAAGCTTG-30 ) gene was
used to normalize expression data. Reactions were run in
duplicate on an ABI 7900HT platform (Life Technologies).
Relative quantities of PTPRG mRNA levels in each pair of
adenocarcinoma tissue and noninvolved lung tissue, as well
as in cell lines were assessed using the comparative cycle
threshold (Ct) method and calculated with respect to a pool
of 64 RNA samples from noninvolved lung tissue (different
from the previous 43 samples), used as calibrator.
Immunohistochemistry

Analysis of genetic comparability

To visually assess the genetic comparability of the discovery and
validation series, we performed principal component analysis
(PCA) and discriminant analysis of principal component
(DAPC) on genotype data using the glPca and dapc functions of
the adegenet package19,20 for the R software. PCA and DAPC
are multivariate methods that allow the investigation of the
genetic structure in large datasets. PCA aims to measure the
overall variability between individuals, which is composed of
between-groups and within-groups variability. DAPC transforms the data using PCA to reduce the number of variables
analyzed and then builds synthetic variables, the discriminant
functions, as linear combinations of alleles to maximize the
between-groups variability while minimizing the within-groups
variation, leading to a better distinction between predeﬁned
groups of individuals. Brieﬂy, the genotype data were pooled
into a single dataset excluding patients with a SNP genotype
missingness >30% (n 5 23, all in the validation series), genotypes were expressed as 0, 1, or 2 copies of the minor allele, the
patients’ country of origin was used as the prior group assignment, and data were analyzed using PCA and DAPC.
Cell cultures

Three human lung cancer cell lines were used for molecular
and functional assays. A549 lung carcinoma cells were cul-

Sections of neutral buffered formalin-ﬁxed parafﬁn-embedded
tissues from lung adenocarcinoma and paired normal lung
tissue were analyzed by immunohistochemistry for detection
of PTPRG protein. Antigen retrieval was performed in
10 mM citrate buffer (pH 6.0) heated in a microwave at 360
W for 20 min. Sections were incubated with anti-PTPRG primary chicken antibody (Aves Labs, Oregon, OR) (6.25 mg/
ml) for 90 min at room temperature in PBS/0.05% TweenV
20/1% BSA/4 mM NaN3, then washed and incubated with
rabbit antichicken IgY (IgG) (whole molecule)-HRP (A9046
Sigma-Aldrich, 1:1000). The immunoreaction was visualized
using 3,30 -diaminobenzidine (DAB) staining (K3648, Dako)
and sections were counterstained with hematoxylin and dehydrated. For negative controls, the primary antibody was
replaced with the preimmune IgY.
R

Transfections

A549, NCI-H520 and NCI-H460 cell lines were transfected
with the pCR3.1 expression vector containing the PTPRG
coding sequence (ENST00000295874)21 or with the empty
plasmid (pCR3.1, Life Technologies). Brieﬂy, cells growing in
12-well culture plates were treated with 2.5 ml FuGene HD
Transfection Reagent (Roche, Basel, Switzerland) and 1 mg
(0.163 pmol) PTPRG-containing plasmid or an equimolar
amount of empty pCR3.1 (544 ng, plus 456 ng carrier
C 2014 UICC
Int. J. Cancer: 136, E262–E271 (2015) V

E265

Galvan et al.

Table 1. SNPs associated with overall survival in the UK discovery series and confirmed in the Italian validation series on the basis of having
a hazard ratio indicating the same direction of effect, with p < 0.05
Discovery series (UK)
Chr.

Position1

SNP2

Gene3

Minor allele

3

61.994

rs2107561

PTPRG

C

logeHR (95% CI)4
0.50 (0.21 to 0.80)

p
8.9E-04

Validation series (Italy)
logeHR (95% CI)
0.24 (0.06 to 0.42)

p
8.2E-03

5

116.664

rs6882451

T

20.38 (20.65 to 20.12)

4.7E-03

20.21 (20.37 to 20.04)

1.3E-02

5

116.625

rs1826692

G

20.38 (20.63 to 20.12)

3.8E-03

20.18 (20.32 to 20.03)

1.7E-02

5

116.608

rs6595026

C

20.38 (20.63 to 20.13)

2.6E-03

20.15 (20.30 to 20.01)

3.9E-02

1

Position in Mb, based on Assembly GRCh37.p5, Genome Build 37.3.
Listed in order of increasing p-value in the validation series.
Gene containing the SNP in its gene region (PTPRG).
4
Natural logarithm of the hazard ratio, obtained by Cox regression adjusted for sex, age at diagnosis and clinical stage (I vs. >I) in both series, and
additionally for surgery and radiotherapy in the UK series.
2
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Figure 1. Kaplan–Meier survival curves for the discovery series (panel a) and the validation series (panel b) patients by rs2107561 genotype (TT, black lines and crosses; T/C, red lines and crosses; CC, green lines or crosses). Crosses denote censored samples.

pUC19 plasmid DNA, Life Technologies). PTPRG protein
expression after transient transfection was conﬁrmed by
Western blot analysis. Brieﬂy, total proteins were extracted,
48 h after transfection, from NCI-H460 cells transfected
with PTPRG containing plasmid or with the empty vector,
using RIPA buffer containing protease inhibitor cocktail
(diluted 1:100). Total protein content was assessed using
Bradford assay (Sigma, MO). Twenty-ﬁve microgram of protein extracts were loaded and run on a 6% polyacrylamide,
0.1% SDS gel. Gel was electro-blotted on polyvinylidene
diﬂuoride membrane (Sigma Aldrich, Milan, Italy). After saturation for 1 h in 0.05% TBS/TweenV 20/5% BSA and overnight incubation with rabbit anti-PTPRG (P4) antibody
(1 lg/ml), the membrane was washed and incubated for 1 h
with ECL Rabbit IgG, HRP-linked F(ab)2 fragment from
donkey (GE Healthcare Life Sciences, Buckinghamshire, UK),
further washed and assayed with ECL (Millipore, Billerica,
MA).
Transfected cells were used in colony forming and in vitro
migration assays.
R
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Colony forming assays

Anchorage-dependent growth was tested in a clonogenic
assay. Cells were exposed to the transfection reagents (as
above) for 24 h prior to being detached and seeded at
low density in 6-well plates (10,000 cells/well). The selection of stable transfectant clones was started 24 h later by
adding G418 (Geneticin; Invitrogen Life Technologies) to
the culture medium at 0.5 mg/ml (A549) or 1 mg/ml
(NCI-H460, NCI-H520 cells). After 2 weeks, clones were
methanol-ﬁxed and stained with 10% Giemsa. Photographs
of clone-containing wells were acquired with UVIdoc HD2
instrument, and colonies were counted with UVIdoc software (UVItec Limited, Cambridge, UK). In the ﬁrst experiment, each cell line was transfected with each plasmid in
triplicate, with each transfection assayed for colony formation in three wells. Then, the experiment in A549 cells
was repeated twice.
Anchorage-independent growth was tested in a soft agar
colony
formation
assay
(CytoSelect
96-well
cell
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taining 10% FBS was added to the bottom wells. Cells were
incubated for 24 h prior to measuring migration through the
Transwell. Brieﬂy, medium was removed and wells were washed
twice with phosphate-buffered saline. Cells that had migrated
through the Transwell were detached from the bottom side of
the membrane using the Cell Dissociation Solution (Cultrex,
Trevigen, Gaithersburg, MD) and labeled with calcein AM (Life
Technologies) for 30 min at 37 C in a 5% CO2 atmosphere.
Fluorescence (excitation, 485 nm; emission, 520 nm) was measured in black 96-well plates using a microplate reader (Tecan
ULTRA). A549 and NCI-H460 cells were transfected with each
plasmid in triplicate, each transfection was seeded onto three
Transwell inserts, and ﬂuorescence of the migrated cells was
measured in triplicate. Transfected NCI-H520 cells were not
assayed because preliminary experiments using untransfected
cells revealed a relatively low motility.

Figure 2. Relative expression levels of PTPRG mRNA in 43 pairs of
noninvolved lung tissue and lung adenocarcinoma taken from the
same patients. The line within each box represents the median relative quantity obtained by qPCR analysis; upper and lower edges
of each box represent the 75th and 25th percentile, respectively;
upper and lower bars indicate the highest and lowest values less
than one interquartile range from the extremes of the box.
*p < 0.0001, paired t-test.

transformation assay; Cell Biolabs, San Diego, CA). Brieﬂy,
96-well plates were prepared with a base agar layer consisting of 0.6% agar in culture medium, 10% FBS and Geneticin
at the cell-speciﬁc concentrations indicated above (complete
medium). Forty-eight hour after the beginning of transfection, cells were detached, suspended in 0.4% agar in complete medium and seeded in the prepared plates at 5000
cells/well. Complete medium was added over the soft agar
layers and renewed every two days. On the seventh day, the
agar was solubilized, the cells were lysed and DNA was
labeled with the CyQuant GR dye. Lysates were transferred
to 96-well black plates (three wells for each soft agar well)
and ﬂuorescence (excitation, 485 nm; emission, 520 nm) was
measured on a microplate reader (Tecan ULTRA). Each cell
line was transfected with each plasmid in duplicate (two
independent experiments), each transfection was assayed for
colony formation in triplicate wells, and each well was measured in triplicate with the ﬂuorimeter. Data were normalized
to the mean ﬂuorescence value of each independent
experiment.

In vitro cell migration

After 24 h of exposure to the transfection reagents, the cell culture medium was replaced with serum-free medium and the
cells were incubated for 24 h. Then the cells were harvested and
plated (150,000 cells/well) in polycarbonate Transwell inserts
(with 8.0 mm pores; Corning B.V. Life Sciences, Amsterdam,
The Netherlands) in serum-free medium, whereas medium con-

Statistical analyses

The association between SNP genotype and survival in the
discovery series was evaluated in a Cox proportional hazard
model. In the validation series, a numerical value (0, 1, 2)
was assigned to each patient according to the number of
minor alleles of the SNP in that patient’s genotype. The statistical model used is based on the additive effects of minor
allele number on the log of the instantaneous risk of dying.
Data were adjusted for the phenotypic variables that were
found to impact upon survival, using a multivariable Cox
analysis. Loge-transformed hazard ratios (HRs) and p-values
were computed for each SNP.19 Deviations of allelic frequencies from the Hardy-Weinberg equilibrium were assessed
using the PLINK software.22
Candidate SNPs were deﬁned as having a p < 0.05 and an
HR with the same sign (indicating the same direction of
effect) in the discovery and validation series.
Survival curves were generated using the Kaplan–Meier
method and differences between groups were assessed with
the log-rank test. The extent of linkage disequilibrium (LD)
between SNPs was assessed using PLINK software.22 Differences between quantitative variables were tested for signiﬁcance using analysis of variance (ANOVA), with p < 0.05
(two-sided) indicating statistical signiﬁcance.

Results
SNP genotyping and association with overall survival

To identify germline variations that inﬂuence the survival of
patients with lung adenocarcinoma, we designed a two-stage
association study. In the discovery phase, we accessed genotype and clinical data for 289 patients with lung adenocarcinoma from a larger UK study on lung cancer risk
(Supporting Information Table S1).17 Multivariable Cox analysis showed that age, sex, smoking status and a clinical
record of chemotherapy were not associated with survival,
whereas clinical stage (Stage I vs. >I) and a record of radiotherapy or surgery were signiﬁcantly associated. Using a Cox
C 2014 UICC
Int. J. Cancer: 136, E262–E271 (2015) V

E267

Cancer Genetics

Galvan et al.

Figure 3. Panel a: lung adenocarcinoma. Arrow indicates macrophages, while carbon particles are visible as dark spots on the upper-left.
Panel b: Lung adenocarcinoma from another subject where differential level of PTPRG expression is detectable: white arrow indicates low
PTPRG-expressing cells while black arrow indicates high expressors. Panel c and d: non-neoplastic lung in the same histologic section from
the respective patients (c correspond to the patient shown in a and panel d correspond to the patient shown in panel b). Black arrows indicate lung macrophages that are positive for PTPRG expression. Panels e and f: Total lack of staining with preimmune IgY of the same samples demonstrates the specificity of the signal detected.

proportional hazard model, we determined the association of
30,568 SNPs with survival, resulting in 202 SNPs associated
at p < 0.005.
To conﬁrm and further investigate these ﬁndings, we
examined the association of the top 96 SNPs with survival in
an Italian validation series comprising patients with lung adenocarcinoma, all of whom had been treated surgically. Genotyping was performed on customized 96.96 Dynamic Arrays.
However, ten SNPs failed genotyping. Initially, DNA samples
and clinical data were available for 889 patients, but during
the process of ﬁltering the raw genotype data, 152 samples
(17%) were discarded since they had more than 90% of missing genotypes, leaving 748 samples (Supporting Information
Table S2) for which the individual genotyping rate (average
per-patient SNP call rate) was 0.96. Multivariable Cox analysis showed that smoking status was not associated with survival whereas age, sex and stage were all signiﬁcantly
associated.
C 2014 UICC
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Cox’s survival analysis of the 152 samples with missing
genotypes versus the 748 genotyped samples, after adjusting
for age, sex and clinical stage, showed no signiﬁcant difference in survival (data not shown; p 5 0.57), suggesting that
the exclusion of these samples did not alter the group’s survival phenotype.
The validation series was similar to the discovery series in
terms of age and smoking status, but there were noticeable
differences in gender proﬁle (the discovery series had a high
proportion of women), clinical stage (the discovery series had
fewer patients with Stage I disease), and treatment (only 33%
of the discovery series had surgery). Overall survival was
poorer in the discovery series (p < 2.0 3 10216, log-rank test;
Supporting Information Fig. S1), reﬂecting the higher proportion of stage >I patients in that group.
In the association analysis for the validation series where
survival data were adjusted for age, sex and clinical stage,
four SNPs associated with survival at p < 0.05 and the HR

SNPs and lung adenocarcinoma survival
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Figure 4. Influence of the PTPRG gene on the ability of human lung cancer cell lines to form adherent colonies. (a) A549 cells stably transfected with either the empty plasmid or the PTPRG expression plasmid. Shown are representative culture dishes stained with Giemsa. (b)
Transfected NCI-H460 cells. (c) Transfected NCI-H520 cells. (d) Number of colonies of transfected A549 (18 replicas), NCI-H460 (9 replicas)
and NCI-H520 (9 replicas) cells. Values are mean and SE. *p < 0.05, ANOVA.

had the same sign, indicating the same direction of effect,
as it did in the UK series, and thus these markers were
considered to be validated (Table 1). The SNP with the
strongest association, rs2107561, mapped to intron 4 of the
protein tyrosine phosphatase, receptor type, G (PTPRG)
gene, on 3p21-p14 (p 5 0.0089); carrier status for the minor
C allele was associated with a poorer survival in both series
(Fig. 1). The other three SNPs mapped to a 56 kb region
of chromosome 5q23.1, in a region containing no known
transcripts; all showed evidence of LD (pairwise r2, 0.51–
0.96).
Genetic comparability of the two study series

The two study series had demographic and clinical differences that could limit our ability to identify and validate SNPs

associated with survival in lung adenocarcinoma. To partially
overcome these differences, in the association analyses we
adjusted the Cox proportional hazards models for the variables that inﬂuenced survival. Because the patients were from
different European countries, with different ethnic backgrounds, it was also important to examine their genetic comparability; we pooled the genotype data into a single dataset
and analyzed the data using PCA and DAPC (Supporting
Information Fig. S2). Visual inspection of the PCA scatter
plot showing the proportions of variance explained by the
ﬁrst two principal components (Supporting Information Fig.
S2A) revealed that the patients did not cluster separately
according their geographic origins. A similar result was
obtained with DAPC (Supporting Information Fig. S2B),
where the curves for the two discriminant functions
C 2014 UICC
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overlapped substantially. These results suggest that the two
series are not genetically distinct, justifying their use in the
present study with its two-stage discovery-validation design.

To begin to investigate the biological relevance of the four
validated SNPs to lung adenocarcinoma, we focused on the
best associated SNP, rs2107561. This marker is located in
intron 4 of PTPRG, which encodes the receptor-type tyrosine-protein phosphatase gamma. First, we tested whether or
not PTPRG expression is similar in noninvolved lung tissue
and in lung adenocarcinoma tissue, by comparing mRNA
levels in pairs of surgical specimens from 43 patients. By
quantitative RT-PCR, PTPRG mRNA was less abundant in
the tumor tissue of 36 of the 43 pairs. The mean mRNA relative quantity in lung adenocarcinoma was 40% of that in the
noninvolved lung tissue counterpart (p 5 1.33 3 1026,
ANOVA; Fig. 2). Additionally, we conﬁrmed these expression
data at protein level in lung adenocarcinoma and corresponding normal tissue sections by immunohistochemistry,
using an anti-PTPRG primary chicken antibody already
tested in immunoﬂuorescence and Western blot23,24 (Fig. 3).
PTPRG mRNA levels were also lower in mRNA from
three human lung cancer cell lines (A549, NCI-H460 and
NCI-H520) than in a pool of mRNA from 64 additional
specimens of noninvolved lung tissues (Supporting Information Fig. S3). In particular, the mean relative quantities in
A549, NCI-H460 and NCI-H520 cells were 2.5%, 7% and
10%, respectively, of that in noninvolved lung tissues.
The lower expression of PTPRG mRNA in lung adenocarcinoma and in three lung cancer cell lines as compared to noninvolved lung tissue motivated us to over-express this gene in
these cell lines to examine its impact on tumor cell growth and
aggressiveness. First, we tested the ability of transfected cells to
form adherent colonies (Fig. 4). A549 cells stably transfected
with the PTPRG expression vector formed 48% fewer colonies
than those transfected with the empty vector (p 5 0.0008,
ANOVA; Figs. 4a and 4d). In contrast, stable expression of
PTPRG had no effect on colony formation of NCI-H460 cells
(Figs. 4b and 4d) or NCI-H520 cells (Figs. 4c and 4d).
We also tested whether overexpression of PTPRG inﬂuenced anchorage-independent growth in soft agar colony formation assays (Fig. 5). Transiently transfected A549 and
NCI-H520 cells grew in soft agar to similar extents whether
Figure 5. Influence of the PTPRG gene on anchorage-independent
colony formation. Cells transiently transfected with either the
empty plasmid or the PTPRG expression plasmid were grown in
soft agar; growth was quantified by fluorescent staining with
CyQuant GR dye. (a) A549 cells. (b) NCI-H520 cells. (c) NCI-H460
cells. Data are relative fluorescence units normalized to the mean
value of each experiment. The line within each box represents the
median; upper and lower edges of each box are 75th and 25th
percentiles, respectively; upper and lower bars indicate the highest
and lowest values less than one interquartile range from the
extremes of the box, *p < 0.05, ANOVA.
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they were transfected with the control vector or the PTPRG
expression vector (Figs. 5a and 5b). In contrast, NCI-H460
cells transiently expressing PTPRG made fewer colonies than
the mock-transfected cells, as shown by the lower DNAassociated ﬂuorescence (p 5 0.0001, ANOVA; Fig. 5c).
Finally, A549 and NCI-H460 cells transiently transfected
with the control vector or the PTPRG expression vector
migrated to the same extent in Transwell assays (data not
shown). PTPRG protein expression after transfection was
conﬁrmed by Western blot analysis (Supporting Information
Fig. S4). Overall, the results obtained with these assays suggest that PTPRG might be implied in anchorage-dependent
or -independent growth of speciﬁc types of lung tumor cell.

Cancer Genetics

Discussion
Here, we sought to examine the role of inherited genetic variation as a determinant of outcome from adenocarcinoma of
the lung. Our two-stage study design enabled us to identify
four SNPs potentially modulating overall survival. We identiﬁed a promising relationship between variation at 5q23.1 and
outcome; interestingly, deletions of chromosome 5q are common in myelodysplastic syndrome25 and in several types of
cancer, including lung adenocarcinoma,26 pointing on a functional role in cancer of genes mapping in this region.
Of the four validated SNPs, the strongest association was
provided by rs2107561, an intron variant of PTPRG. The
minor allele of this marker was associated with poorer survival in both the discovery and validation series (Fig. 1); such
allele showed a similar frequency in both series (0.16 and
0.19 in the UK and Italian series, respectively), and the
observed frequencies agreed with the reported frequency
(MAF 5 0.18) in the population with European ancestry
(http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs5rs2107561).
PTPRG is a member of the family of protein tyrosine phosphatase receptor genes. It is ubiquitously expressed, acts as a
tumor suppressor,21 and is down-regulated in several neoplasms, including chronic myeloid leukaemia and ovarian,
breast and lung cancers.21,27,28 PTPRG expression, at mRNA
and protein level, was lower in lung adenocarcinoma tissue
specimens than in noninvolved lung tissue from the same
patients; it was also relatively low in three human lung cancer cell lines. Overexpression of PTPRG inhibited the
anchorage-dependent growth of A549 human lung carcinoma
cells and the anchorage-independent growth of the NCIH5460 human large cell lung cancer line; at the moment, we
do not have any obvious explanation of the cell-speciﬁc
effects exerted by PTPRG overexpression, although contrasting effects of candidate cancer-modulating genes overexpressed in different cell types have been reported and may
perhaps be attributed to the complex signalling pathways regulating cell growth and differentiation.29,30 Testing the effects
of PTPRG overexpression in additional cancer cell lines and
analysis of the signalling pathways involved may allow to
establish the reasons underlying the cell-type effects of
PTPRG overexpression that we have observed.

SNPs and lung adenocarcinoma survival

Altogether, these results support a potential role of genetic
variation in PTPRG in determining lung cancer prognosis;
however, rs2107561 does not seem to be the causal variation,
since it does not map to an evolutionary conserved region of
the genome or to a known regulatory region of the gene.
Indeed, in a preliminary analysis in normal lung tissue,31 we
have not found a statistically signiﬁcant association between
rs2107561 genotype and PTPRG mRNA levels (not shown);
therefore, it is likely that its association with survival is mediated by a causal variant yet to be identiﬁed. Possible functional candidate variants may be represented by missense
variants affecting the biochemical activity of the PTPRG protein by mimicking the variation of activity associated with
different expression levels of the gene, or by variants modulating the amount of speciﬁc isoforms. In the latter case, constructs can be generated to test whether alleles of these
variants, including rs2107561, affect splicing of PTPRG.
One issue in the design of this study was the different proportion of males and females in the discovery and validation
series and the larger number of clinical Stage III and IV patients
in the UK discovery series, resulting in a signiﬁcantly higher
mortality than in the validation series. The comparison of two
groups of patients with a large difference in prognosis could
have confounded the identiﬁcation of individual genetic variations modulating survival, since advanced diseases may be
refractory to any kind of modulation.32–34 However, despite the
differences in survival between the two series in this study, they
were nonetheless genetically comparable since PCA and DAPC
were not able to distinguish the individuals according to their
countries of origin. Although we cannot exclude the possibility
that a repeat analysis with a larger number of SNPs may have
identiﬁed genetic clusters according to ancestry in the two series,
we think that the 86 SNPs used here sufﬁce for a rough estimation of genetic homogeneity, since comparable numbers of SNPs
(e.g., 92 and 93) have been proposed to be adequate for controlling for admixture in association studies.35,36
In conclusion, this study provides evidence supporting the
hypothesis that germline variations may inﬂuence the survival of patients with lung adenocarcinoma, as we identiﬁed
four genetic variants that associated with clinical outcome in
both the discovery and the validation series. The best associated SNP is in the PTPRG gene, for which this study provides preliminary evidence associating reduced expression
levels with lung adenocarcinoma. Validation of these ﬁndings
in independent case series is required to establish the robustness of the association with survival, while deciphering the
biological basis of the association requires ﬁne genetic mapping and additional functional analyses.
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