
Am J Cancer Res 2019;9(6):1201-1211
www.ajcr.us /ISSN:2156-6976/ajcr0090118

Original Article 
Glutathione reductase (GSR) gene deletion  
and chromosome 8 aneuploidy in primary lung  
cancers detected by fluorescence in situ hybridization

Mohamed Baity1, Li Wang2, Arlene M Correa2, Xiaoshan Zhang2, Ran Zhang2, Apar Pataer2, Shuhong Wu2, 
Qing H Meng3, Mara B Antonoff2, Wayne L Hofstetter2, Reza J Mehran2, David C Rice2, Jack A Roth2, Boris 
Sepesi2, Stephen G Swisher2, Ara A Vaporciyan2, Garrett L Walsh2, Ming Zhao1, Jun Gu1, Bingliang Fang2

1School of Health Professions, Departments of 2Thoracic and Cardiovascular Surgery, 3Laboratory Medicine, The 
University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA

Received December 19, 2018; Accepted January 4, 2019; Epub June 1, 2019; Published June 15, 2019

Abstract: Our recent study demonstrated that cancer cells with compromised glutathione homeostasis, including 
reduced expression of the glutathione reductase (GSR) gene, were selectively killed by inhibition of thioredoxin 
reductase. The human GSR gene is located on chromosome 8p, a region often lost in lung and other cancers. 
However, whether GSR is altered in primary lung cancer remains unknown. To analyze alterations of GSR in lung 
cancer, we performed fluorescence in situ hybridization with probes for GSR and the chromosome 8 centromere 
(CEP8) in 45 surgical specimens of primary lung cancer, including 24 lung adenocarcinomas, 10 squamous cell 
carcinomas, 8 neuroendocrine cancers, and 3 small cell lung cancers. Twenty-five surgically resected normal lung 
tissue specimens from these lung cancer patients were used as a controls. The signal ratio of GSR to CEP8 per cell 
was used to identify gain or loss of GSR. GSR loss was detected in 6 of 24 (25%) adenocarcinoma specimens and 5 
of 10 (50%) squamous cell carcinoma specimens, but not in neuroendocrine cancer or small cell lung cancer speci-
mens. We also found that 19 of 45 (42%) specimens had chromosome 8 aneuploidy (more or less than 2 signals 
for CEP8), including 8 with both aneuploidy and GSR deletion. Chromosome 8 aneuploidy was detected in all types 
of lung cancer analyzed. Univariate and multivariable logistic regression analyses indicated that male patients had 
an increased risk of GSR deletion (hazard ratio [HR] = 4.77, 95% confidence interval [CI] = 1.00-22.86, P = 0.051), 
and patients who had undergone preoperative radiation therapy or had a self-reported history of cigarette smoking 
had an increased risk of chromosome 8 aneuploidy (preoperative radiation: HR = 18.63, 95% CI = 0.90-384.17, P 
= 0.058; smoking: HR = 7.59, 95% CI = 0.86-66.75, P = 0.068), although the p values did not reach significance. 
Because GSR deficiency and chromosome 8 aneuploidy have implications in targeted therapy and/or immuno-
therapy for cancer, they might serve as predictive biomarkers for precision therapy of lung cancers. 
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Introduction

The short arm of chromosome 8 at bands 12 to 
23 (8p12-23) is frequently altered in human 
cancers [1-3], including lung cancers [4, 5]. The 
most frequent alterations in this region are 
deletions and loss of heterozygosity, although 
gene amplifications have been reported [6]. 
Copy number losses of 8p have frequently been 
detected in early-stage lung adenocarcinoma 
and squamous cell carcinoma [4, 7]. Chromo- 
some arm 8p losses have been shown to be 
associated with tumor progression and resis-
tance to chemotherapy and radiotherapy [2, 8], 

leading to adverse clinical outcomes [9]. Several 
genes in this region have been investigated as 
potential tumor suppressor genes or onco-
genes, including NRG1 [10], DLC1 [11], GATA4 
[12], and the genes encoding the tumor necro-
sis factor-related apoptosis-inducing ligand re- 
ceptors DR4 (TNFRSF10A) and DR5 (TNFRS- 
F10B) [13, 14]. 

The gene GSR, which encodes glutathione 
(GSH) reductase and plays a critical role in 
redox homeostasis and cellular defense against 
oxidative stress [15], is located at 8p12. GSH is 
a major intracellular antioxidant that is crucial 
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in the maintenance of intracellular redox 
homeostasis, signal transduction, the metabo-
lism of xenobiotics, and the balance of thiols. 
Catalyzed by GSH peroxidases, GSH reacts 
readily with reactive oxygen species and is oxi-
dized to GSH disulfide (GSSG) under oxidative 
stress. GSR catalyzes recycling of GSSG back 
to GSH by using reduced nicotinamide adenine 
dinucleotide phosphate as an electron donor. 
Alteration of the intracellular GSH/GSSG ratio 
or depletion of GSH is often associated with the 
initiation or progression of apoptosis [16, 17]. 

Because GSH plays a critical role in cancer pro-
gression and treatment responses [18, 19], 
GSR deficiency is expected to affect cancer 
patients’ clinical outcomes. Increased expres-
sion of GSR was associated with resistance to 
temozolomide [20] and to oxidative stress-
induced cell death [21]. Our recent study 
revealed that reduced expression of the genes 
involved in GSH homeostasis, including GSR 
and GCLC, sensitized cancer cells to small mol-
ecule inhibitors of thioredoxin reductase, such 
as auranofin [22]. Nevertheless, little is known 
about genomic alterations in this gene in pri-
mary human cancers. 

To investigate whether GSR is altered in human 
cancer, we searched The Cancer Genome Atlas 
database (www.cbioportal.org) for copy num-
ber alterations of GSR and genes located at 
8p21-23 (TNFRSF10A, TNFRSF10B, DLC1, and 
GATA4) in several types of cancers. We found 
that GSR deletions occur in human lung, breast, 
liver, and prostate cancers, at rates ranging 
from 4% to 10% and that most GSR deletions 
co-occur with deletions of genes located at 
8p21-23. We then analyzed GSR copy number 
changes in primary lung cancer samples using 
fluorescence in situ hybridization (FISH). We 
detected GSR deletion in 25% of adenocarci-
noma samples and 50% of squamous cell car-
cinoma samples, but not in neuroendocrine 
cancer or small cell lung cancer samples. 
Moreover, we found that 42% of lung cancer 
samples had chromosome 8 aneuploidy, which 
was detected in all types of lung cancer 
analyzed.

Materials and methods

Human cell and tissue samples 

Normal human lymphocytes were obtained 
from blood samples from healthy donors and 

cultured in RPMI 1640 medium supplemented 
with 10% fetal bovine serum, 100 units/mL 
penicillin, and 100 µg/mL streptomycin. Cells 
were maintained in a humidified atmosphere 
containing 5% CO2 at 37°C. To prepare meta-
phase cells for FISH analysis, demecolcine (0.1 
µg/mL) was added to the culture medium 40 
minutes before cell harvest. Fresh lung tissue 
and cancer samples were collected during 
2015 and 2017 from surgically resected speci-
mens. The clinical data, including pathological 
diagnosis and survival data, were collected 
from patient records. The research protocols 
for the use of clinical specimens and data in 
this study were approved by the Institutional 
Review Board at The University of Texas MD 
Anderson Cancer Center. All clinical samples 
and data were collected with informed consent 
from the patients. 

Preparation of FISH probes

A Vysis CEP8 (D8Z2) SpectrumGreen FISH 
probe for the human chromosome 8 centro-
mere was purchased from Abbott Molecular 
(Abbott Park, IL). The bacterial artificial chromo-
some (BAC) clone (RP11-411F21) containing 
the entire GSR gene was obtained from 
Children’s Hospital Oakland Research Institute. 
BAC clone DNA was isolated from host bacteria 
using PureLink HiPure Plasmid Filter Purification 
Kits (catalog #K210002; Thermo Fisher 
Scientific, Inc., Waltham, MA) and then labeled 
with SpectrumOrange-dUTP using the nick 
translation kit (catalog #07J00-001; Abbott 
Molecular) following the manufacturer’s proto-
col. The prepared probe was validated by its 
hybridization to chromosome arm 8p in meta-
phases of normal human lymphocytes, with 
CEP8 Spectrum Green as a control for the chro-
mosome 8 centromere. The validated probe 
was stored at -20°C until analysis.  

FISH analysis 

Fresh tissue samples were briefly touched to 
the center portion of Superfrost microscope 
slides (Thermo Fisher Scientific, Inc.,) 5 times. 
After air drying for 5 minutes, the cells on the 
slides were fixed with methanol/glacial acetic 
acid (3:1) twice, each time for 10 minutes. The 
slides were stored at -80°C until FISH analysis. 
Then, the tissue touch preparation slides were 
pretreated in a methanol/glacial acetic acid 
fixative series: 1:1 for 20 minutes, 1:1 for 10 
minutes, and 3:1 for 10 minutes. The slides 
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were then processed with 2× standard saline 
citrate (2×SSC, 300 mmol/L sodium chloride 
and 30 mmol/L sodium citrate) at 37°C for 30 
minutes, dehydrated with an ethanol series 
(70%, 85%, and 100% for 2 minutes each), and 
air dried. A total of 6 µL of the FISH probe mix-
ture with 3 µL home-brew SpectrumOrange 
GSR probe and 3 µL SpectrumGreen CEP8 
(D8Z2) probe working solution (prepared by 
mixing 1 μL CEP8 probe with 2 μL H2O and 7 μL 
CEP hybridization buffer from Abbott Moecular, 
#07J36-001) was placed on each hybridization 
area. A coverslip (18×18 mm) was placed over 
the hybridization area and sealed to the slide 
with rubber cement. The slide and the probe 
were first incubated for 15 minutes at 37°C, 
then co-denatured for 5 minutes at 75°C, and 
then incubated at 37°C for at least 12 hours in 
a ThermoBrite denaturation-hybridization sys-
tem (Abbott Molecular). The rubber cement and 
coverslip were removed, and the slides were 
washed in 2×SSC/0.3% Nonidet P-40 at 72°C 
for 1 minute, followed by 2×SSC/0.1% Nonidet 
P-40 at room temperature for 1 minute. Twenty 
microliters of DAPI II counterstain (Abbott 
Molecular) was then added to the hybridization 
area, which was covered with a 22×22 mm  
coverslip. The sample was then subjected to 
standard fluorescence microscopy analysis for 
hybridization signals. For each sample, 200 
interphase cells were analyzed for the number 
of red (GSR) and green (CEP8) signals. Two indi-
viduals independently scored the slides; each 
recorded the signal patterns encountered in 
100 cells.

Statistical analysis 

Each cell was counted individually for red and 
green signals. Descriptive statistics were used 
for the percentages of cells with various red 
and green signals. A red/green ratio or more 
than 1 indicated GSR copy number gain and a 
ratio of less than 1 indicated copy number loss. 
Aneuploidy was defined as any number of CEP8 
(green) signals other than two. On the basis of 
means and standard deviations observed in 
cells from normal lung tissues, we considered 
there to be no alteration if more than 92% of 
the cells had 2 green and 2 red signals. An 
abnormal pattern was defined as 8% or more of 
interphase cells with any pattern of aneuploidy 
or GSR copy number variations. 

Associations between categorical variables 
were analyzed using the Pearson chi-square or 
Fisher exact test. For continuous variables, we 
used the Mann-Whitney U test. Two univariate 
logistic regression analyses were performed, 
using GSR deletion or aneuploidy as the out-
comes, with a significance level of P < 0.05. 
Covariates that were significant at P < 0.25 
were included in multivariable logistic regres-
sion. Backward stepwise Wald elimination at P 
= 0.10 was used to establish the final model. 
Specimens from patients with incomplete data 
were excluded from the multivariable analysis. 
Survival functions were calculated using the 
Kaplan-Meier method, and differences were 
assessed with the log-rank test. Univariate and 
multivariable Cox regression models using 
death or recurrence as the endpoints were per-
formed, using the same strategy described 
above for the multivariable logistic regression 
analyses. All statistical analyses were per-
formed using SPSS V24.0 (IBM, Inc., Armonk, 
NY).

Results

Validation of the GSR FISH probe

Because chromosome arm 8p is frequently 
altered in human cancers [1-3], and because 
the GSH/GSR system may play role in cancer 
progression and treatment response, we que-
ried The Cancer Genome Atlas database (www.
cbioportal.org) for copy number variations of 
GSR (located at 8p12) and genes located at 
8p21-23 (TNFRSF10A, TNFRSF10B, DLC1, and 
GATA4) that have been found to be deleted in 
some human cancers. GSR was deleted in 
about 4% of human lung adenocarcinoma and 
squamous cell carcinoma samples and in about 
5% to 10% of human breast, liver, and prostate 
cancer samples (Figure S1). Most GSR dele-
tions were concurrent with deletions of the 
other genes at 8p21-23, suggesting that GSR 
genomic alteration is concurrent with chromo-
some 8p deletions in human cancers.

To determine copy number variations of GSR in 
human lung cancer, we prepared a FISH probe 
covering the entire GSR gene. The probe was 
validated by its specific hybridization to chro-
mosome 8p adjacent to the CEP8 probe in the 
chromosomes of normal human lymphocytes 
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(Figure 1A), indicating that the probe could be 
used to detect 8p copy number variation at the 
region where GSR is located. 

GSR copy number detected by FISH in cells 
from normal lung tissues 

We collected normal lung tissues from surgical 
specimens from 25 patients with non-small cell 
lung cancer. Among these specimens, 17 had 
matched tumor tissues and 8 were normal tis-
sue only. Thirteen of the patients had adeno-
carcinoma, 9 had squamous cell carcinoma, 
and 3 had neuroendocrine cancer. The normal 
tissues were obtained from sites at least 5 cm 
away from the tumor margin. Examples of the 
FISH signal in cells from normal lung tissues 

mens, 24 were adenocarcinomas, 10 were sq- 
uamous cell carcinomas, 8 were neuroendo-
crine cancers, and 3 were small cell lung can-
cers. On the basis of the number of signals 
detected for CEP8 (green) and GSR (red) per 
cell, we found 3 major abnormal patterns in 
cells derived from cancer tissues: (1) GSR num-
ber copy loss (cells had 2 green signals but only 
1 red signal); (2) aneuploidy (cells had more or 
less than 2 green signals but an equal number 
of red and green signals); and (3) aneuploidy 
with GSR deletion (cells had more or less than 
2 green signals and fewer red signals than 
green signals). Most aneuploid cells had more 
than 2 green signals. Examples of these abnor-
mal patterns are shown in Figure 3. Among the 
45 lung cancer specimens analyzed, 3 (7%) had 

Figure 1. Validation of the GSR fluorescence in situ hybridization (FISH) 
probe. FISH analysis was performed in normal human lymphocytes (A) and 
cells from human lung tissues (B and C) at metaphase for GSR (red) and 
CEP8 (green). When the cells were in normal metaphase, GSR and CEP8 
hybridized to the same chromosome, whereas when cells were in normal 
interphase, the 2 probes were located close to each other. 

Figure 2. GSR/CEP8 fluorescence in situ hybridization signals in 25 normal 
lung tissue samples from patients with lung cancer. The lung tissues were 
obtained from sites at least 5 cm away from the tumor margins. GSR (red) 
and CEP8 (green) signals were counted in 100 cells per sample. (A) Percent-
age of cells with different green (G) and red (R) signal patterns. (B) Distribu-
tion of cells with 2 CEP8 and 2 GSR (normal diploid) signals. 

are shown in Figure 1B and 
1C. Most normal cells had 2 
green and 2 red signals that 
occurred near each other. We 
counted the number of red 
and green FISH signals in 100 
cells per specimen. Figure 2 
shows the number of cells 
from normal lung tissues with 
different combinations of gr- 
een and red signals. About 
96% (mean) of normal cells 
had 2 green and 2 red signa- 
ls (96.16% ± 1.43%, range 
93%-98%). Between 0.4% and 
1.6% of cells had 2 green and 
1 red, 1 green and 1 red, 3 
green and 3 red, or 4 green 
and 4 red signals. This resu- 
lt is consistent with the ran- 
ge of test values expected to 
occur in 95% of healthy in- 
dividuals, known as the ref- 
erence range, as defined by 
the American College of Me- 
dical Genetics FISH Guidelin- 
es (www.acmg.net, accessed 
September 2010).

GSR copy number detected by 
FISH in cells from lung cancer 
tissues 

We analyzed GSR copy num-
ber variations using FISH an- 
alysis in 45 lung cancer spe- 
cimens. Among these speci-
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GSR gene deletion, 8 (18%) had aneuploidy 
plus GSR deletion, and 11 (24%) had aneuploi-
dy. Table 1 summarizes the distributions of 
these abnormalities among different histologic 
subtypes. 

Clinical associations with abnormal FISH sig-
nals 

We performed statistical analysis to determine 
whether GSR deletion and/or aneuploidy 
detected by FISH was associated with any clini-
cal or demographic parameters. Univariate and 
multivariable logistic regression analyses indi-
cated that sex may be associated with GSR 
deletion. Male patients had a higher risk of 
GSR deletion (P = 0.051) than did female 
patients (Table 2). GSR deletion was observed 
in both adenocarcinoma and squamous cell 
carcinoma samples, however, we did not ob- 

serve GSR deletion in neuroendocrine cancer 
or small cell lung cancer samples. 

Aneuploidy was detected in all histologic su- 
btypes of primary lung cancer. Multivariable 
logistic regression analysis indicated that the 
risk for aneuploidy may be higher in lung cancer 
patients who have undergone preoperative 
radiation therapy (P = 0.058) and in those with 
a history of cigarette smoking (P = 0.068; Table 
3), although in both cases the p values did not 
reach significance. 

We also determined whether GSR deletion or 
aneuploidy in lung cancer was associated with 
the duration of disease-free survival or the 
probability recurrence. Neither GSR deletion 
nor aneuploidy was significantly associated 
with disease-free survival or recurrence proba-
bility (Figure S2). 

Figure 3. Examples of abnormal fluorescence in situ hybridization signals in lung cancer specimens. Cases 1 and 2 
had 2 green signals and 1 red signal per cell, indicating GSR deletion. Cases 3 and 4 had more than 3 green signals 
per cell and fewer red signals than green signals, indicating aneuploidy with GSR deletion. Case 5 had aneuploid 
cells and cells with GSR deletion. Cases 6-10 had aneuploid cells. 

Table 1. GSR deletion and chromosome 8 aneuploidy in primary lung cancer specimens (n = 45)

Histologic subtype
No. of specimens

No alteration
Alteration

Total
GSR deletion Aneuploidy and GSR deletion Aneuploidy

Adenocarcinoma 13 2 4 5 24
Squamous cell carcinoma 4 1 4 1 10
Neuroendocrine cancer 6 0 0 2 8
Small cell lung cancer 0 0 0 3 3
Total 23 3 8 11 45
Percentage 51% 7% 18% 24% 100%
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Table 2. Regression analyses showing association of GSR deletion and clinical parameters

Parameter No. of 
cases

GSR deletion 
No. (%) Hazard ratio 95% confidence 

interval P

Univariate logistic regression
    Sex
        Female (reference) 27 4 (15) 1.00
        Male 18 7 (39) 3.66 0.88-15.19 0.074
    Age in years (continuous) 45 1.03 0.96-1.11 0.446
    Histologic subtype 0.204
        Adenocarcinoma (reference) 24 6 (25) 1.00
        Squamous cell carcinoma 10 5 (50) 2.40 0.48-11.97 0.286
        Others* 11 0 (0) 0.27 0.03-2.58 0.257
    Pathologic T category 0.401
        T1 (reference) 15 2 (13) 1.00
        T2 21 7 (33) 3.25 0.57-18.58 0.185
        T3-T4 9 2 (22) 1.86 0.21-16.18 0.575
    Pathologic N category
        N0 (reference) 28 8 (29) 1.00
        N1-N2 17 3 (18) 0.54 0.12-2.38 0.412
    Pathologic M category
        M0 (reference) 39 9 (23) 1.00
        M1 6 2 (33) 1.67 0.26-10.64 0.589
    Grade
        Well/moderate differentiation (reference) 26 8 (31) 1.00
        Poor differentiation 19 3 (16) 0.42 0.10-1.87 0.256
    Tumor size (cm, continuous) 45 1.10 0.84-1.44 0.488
    Preoperative chemotherapy
        No (reference) 37 9 (24) 1.00
        Yes 8 2 (25) 1.04 0.18-6.07 0.968
    Preoperative radiation
        No (reference) 41 10 (24) 1.00
        Yes 4 1 (25) 1.03 0.10-11.08 0.978
    Smoking
        Never (reference) 12 2 (17) 1.00
        Former or current 33 9 (27) 1.87 0.34-10.27 0.469
Multivariable logistic regression
    Sex
        Female (reference) 27 4 (15) 1.00
        Male 18 7 (39) 4.77 1.00-22.86 0.051
    Histologic subtype 0.147
        Adenocarcinoma (reference) 24 6 (25) 1.00
        Squamous cell carcinoma 10 5 (50) 3.14 0.54-18.37 0.204
        Others* 11 0 (0) 0.25 0.02-2.50 0.236
*Neuroendocrine cancer and small cell lung cancer.

Discussion

Inspired by our recent finding that GSR deficien-
cy sensitized cancer cells to thioredoxin reduc-

tase inhibitors, we aimed to detect GSR dele-
tions in primary lung cancers using FISH probes 
for GSR and the chromosome 8 centromere. 
Our results showed that GSR copy number loss 



GSR deletion and chromosome 8 aneuploidy in lung cancers

1207 Am J Cancer Res 2019;9(6):1201-1211

Table 3. Univariate regression analysis on aneuploidy and clinical parameters

Parameter No. of cases Aneuploidy 
No. (%)  Hazard ratio 95% confidence 

interval P

Univariate logistic regression
    Sex
        Female (reference) 27 9 (33) 1.00
        Male 18 10 (56) 2.50 0.73-8.52 0.143
    Age in years (continuous) 45 1.05 0.99-1.13 0.124
    Histologic subtype 0.766
        Adenocarcinoma (reference) 24 9 (38) 1.00
        Squamous cell carcinoma 10 5 (50) 1.67 0.41-6.77 0.717
        Others* 11 5 (45) 1.33 0.28-6.30 0.475
    Pathologic T category 0.440
        T1 (reference) 15 5 (33) 1.00
        T2 21 11 (52) 2.20 0.56-8.69 0.260
        T3-T4 9 3 (33) 1.00 0.17-5.77 1.000
    Pathologic N category
        N0 (reference) 28 13 (46) 1.00
        N1-N2 17 6 (35) 0.63 0.18-2.18 0.465
    Pathologic M category
        M0 (reference) 39 17 (44) 1.00
        M1 6 2 (33) 0.65 0.11-3.96 0.638
    Grade
        Well/moderate differentiation (reference) 26 10 (38) 1.00
        Poor differentiation 19 9 (47) 1.44 0.43-4.77 0.551
    Tumor size (cm, continuous) 45 1.12 0.87-1.44 0.387
    Preoperative chemotherapy
        No (reference) 37 16 (43) 1.00
        Yes 8 3 (38) 0.79 0.16-3.79 0.766
    Preoperative radiation
        No (reference) 41 16 (39) 1.00
        Yes 4 3 (75) 4.69 0.45-49.08 0.197
    Cigarette smoking
        Never (reference) 12 3 (25) 1.00
        Former or current 33 16 (48) 2.82 0.65-12.33 0.168
Multivariable logistic regression
    Preoperative radiation
        No (reference) 41 16 (39) 1.00
        Yes 4 3 (75) 18.63 0.90-384.17 0.058
    Cigarette smoking
        Never (reference) 12 3 (25) 1.00
        Former or current 33 16 (48) 7.59 0.86-66.75 0.068
*Neuroendocrine cancer and small cell lung cancer.

is common in primary lung adenocarcinoma 
and squamous cell carcinoma, and that chro-
mosome 8 aneuploidy is common all histologic 
subtypes of lung cancer analyzed.

Aneuploidy, one of the hallmarks of cancer, can 
be caused by malfunctions in multiple molecu-
lar pathways that lead to chromosomal misseg-
regation, including dysregulation of the spindle 
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assembly checkpoint [23, 24], aberrant micro-
tubule kinetochore interactions [25], and ab- 
normal centrosome separation [26]. Evidence 
has shown that aneuploidy acts as both a driver 
and a suppressor of tumorigenesis [27]. A 
meta-analysis of aneuploidy in non-small cell 
lung cancer based on cellular DNA content 
(DNA Index) assays showed that the overall fre-
quency of aneuploidy was about 65% (ranging 
from 20% to 85%) and that aneuploidy was 
associated with poor overall survival [28]. 
Although aneuploidy in cancer cells is associ-
ated with multidrug resistance [29], aneuploid 
cells were found to be highly sensitive to some 
targeted agents, including compounds inducing 
energy stress or protein misfolding [30] and 
inhibitors of spindle assembly checkpoint 
kinase [31]. These findings suggest that aneu-
ploidy may serve as a predictive biomarker for 
identification of responders to these agents. 
Moreover, aneuploid tumors were reported to 
have reduced levels of immune cell infiltration, 
particularly CD8+ lymphocyte infiltration, and 
weaker response to immunotherapy [32, 33], 
suggesting that aneuploidy may be involved in 
the response to cancer immunotherapy. 

Using FISH analysis with probes for GSR and 
the chromosome 8 centromere, we found that 
42% of primary lung cancer samples had chro-
mosome 8 aneuploidy, and aneuploidy was 
detected in all histologic types analyzed. 
Univariate and multivariable logistic regression 
analysis with demographic and clinical vari-
ables showed that patients who had undergone 
preoperative radiation therapy or who had a 
self-reported history of cigarette smoking had 
an increased risk of aneuploidy, although these 
relationships did not reach statistical signifi-
cance. Both cigarette smoking and radiation 
exposure have been reported to induce aneu-
ploidy. Cigarette smoking increased the risk of 
aneuploidy in oral epithelial cells [34, 35] and 
human sperm [36], and proton and X-ray irradi-
ation induced aneuploidy in human fibroblasts 
and cancer cells [37, 38]. 

Our results showed that GSR deletion was 
detectable in primary lung adenocarcinoma 
and squamous cell carcinoma at much higher 
frequencies than the deep deletions of GSR 
reported in The Cancer Genome Atlas database 
for these 2 diseases. One possible explanation 
for the high frequencies of GSR deletion detect-

ed by FISH is that FISH analysis, which provides 
information on GSR copy number changes in 
individual cells, is more sensitive than next-
generation sequencing of the whole exome or 
whole genome, which provides information on 
gene copy number in tumor masses consisting 
of tumor cells and stromal cells. In fact, a previ-
ous study of microdissected primary lung 
tumors for loss of heterozygosity at 8p21-23 
detected allelic losses at this region in 86% of 
small cell lung cancer specimens, 100% of 
squamous cell carcinoma specimens, and 81% 
of adenocarcinoma specimens [4]. These find-
ings indicate that loss of chromosome arm 8p 
is common in primary lung cancers. 

In the current study, we did not detect GSR 
deletion in our 3 small cell lung cancer speci-
mens and 8 neuroendocrine cancer specimens, 
possibly because of the small number of speci-
mens analyzed. Also, as shown in Figure S1, 
some patients with deletions in 8p21-23 genes, 
such as TNFRSF10A, TNFRSF10G, DLC1, and 
GATA4, did not have GSR deletion. Our results 
showed that male patients had a higher risk of 
GSR deletion than did female patients, although 
the p value was only 0.051 in multivariable 
analysis. The significance of this sex difference 
is therefore not clear. Nevertheless, in The 
Cancer Genome Atlas data, the frequency of 
GSR deletion or deletions of 8p21-23 genes 
was highest in prostate cancer (Figure S3). 
Whether sex is one of the factors contributing 
to chromosome arm 8p deletions in cancer 
remains to be further investigated. Because of 
critical roles of GSH in cancer metabolism and 
in response to anticancer therapy, GSR dele-
tion as a biomarker for personalized therapy 
warrants further investigations. 
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Figure S1. Alterations of GSR and 8p21-23 genes identified in The Cancer 
Genome Atlas database. Genes and the percentage of samples showing 
changes are indicated on the left. Blue: deep deletions, red: Amplification. 
The data were obtained from cbioportal.org 

Figure S2. Kaplan-Meier curves comparing disease-free survival and prob-
ability of recurrence in lung cancer patients with or without GSR deletion or 
aneuploidy. 
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Figure S3. GSR copy number alterations in different types of cancers. The data were retrieved from cbioportal.org by searching GSR for copy number alterations. 
The frequency of GSR deletion was highest in prostate cancer. 


