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TUSC2 downregulates PD-L1 expression in non-small cell lung 
cancer (NSCLC) 
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ABSTRACT

Expression of the TUSC2 tumor-suppressor gene in TUSC2-deficient NSCLC cells 
decreased PD-L1 expression and inhibited mTOR activity. Overexpressing TUSC2 or 
treatment with rapamycin resulted in similar inhibition of PD-L1 expression. Both 
TUSC2 and rapamycin decreased p70 and SK6 phosphorylation, suggesting that 
TUSC2 and rapamycin share the same mTOR target. Microarray mRNA expression 
analysis using TUSC2-inducible H1299 showed that genes that negatively regulate the 
mTOR pathway were significantly upregulated by TUSC2 compared with control. The 
presence of IFN-γ significantly increased PD-L1 expression in lung cancer cell lines, 
but overexpressing TUSC2 in these cell lines prevented PD-L1 from increasing in the 
presence of IFN-γ. Taken together, these findings show that TUSC2 can decrease PD-
L1 expression in lung cancer cells. This ability to modify the tumor microenvironment 
suggests that TUSC2 could be added to checkpoint inhibitors to improve the treatment 
of lung cancer. 
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 INTRODUCTION

Non-small cell lung carcinoma (NSCLC) is one 
of the most aggressive and devastating malignancies. 
Treatment of NSCLC with conventional cisplatin-based 
therapies has had limited success. Median overall survival 
with these therapies is about 10 months [1]. Various small-
molecule drugs have been used to target specific signaling 
pathways in lung cancer. Tyrosine kinase inhibitors, 
particularly inhibitors that target the epidermal growth 
factor receptor pathway, have promising therapeutic 
value for the treatment of lung cancer [2]. Unfortunately, 
resistance to tyrosine kinase inhibitors is often acquired, 
leading to tumor progression. 

As downstream kinases, AKT/mTOR kinases 
are important regulators of multiple cellular processes, 

including metabolism, proliferation, and protein 
synthesis, as well as programmed cell death [3]. Because 
deregulated activation of AKT/mTOR occurs in 70% of 
cases of NSCLC, over-activated AKT/mTOR is a relevant 
therapeutic target in lung cancer as this pathway serves 
as the convergence for many growth stimuli, including 
cellular transformation, promotion of tumor invasion 
and angiogenesis, and resistance to chemotherapy and 
radiation therapy. Clinical evaluations of AKT/mTOR 
kinase inhibitors have shown some promising results [3].

Overexpression of PD-L1, a downstream target 
of AKT/mTOR, has been observed in many solid tumor 
types, including NSCLC [4]. PD-1 or PD-L1 monoclonal 
antibodies have been tested in clinical trials for the 
treatment of NSCLCs, with response rates of 10% to 
30%. Although the significance of PD-L1 expression 
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as a biomarker in lung cancer is controversial, PD-L1 
expression should be considered in the context of an 
immune evasion environment created by cancer cells. 
An immunosuppressive microenvironment is a complex 
and dynamic state involving various molecules and cells, 
which originates from constitutively altered signals within 
cancer cells. These signals also regulate proliferation or 
metastasis and constitute oncogenic signals, as evidenced 
by STAT3, AKT/mTOR, or mutated BRAF [5, 6]. 
Extensive study has shown that PD-L1 expression is 
regulated at both the transcriptional level controlled 
by JAK/STATs activity [7] and the translational level 
controlled by mTOR activity [8]. The signal antagonists 
targeting these regulators have also been reported to 
contribute to PD-L1 reduction.

We previously reported that restoration of TUSC2, a 
tumor suppressor gene in the 3p21.3 region that has been 
extensively characterized in 3p21.3-deficient NSCLC cells 
suppressed tumor growth by induction of apoptosis and 
alteration of cell kinetics in vitro and in vivo through Apaf-1 
[9]. In addition, results from our previous studies showed 
that TUSC2 inhibited the function of protein tyrosine 
kinases, including epidermal growth factor receptor, 
platelet-derived growth factor receptor, AKT, c-Abl, 
c-Kit, and mTOR. Restoration of TUSC2 expression in 
tumor cells significantly inhibited tumor growth and 
progression in mouse models. TUSC2 overexpression in 
mesothelioma was observed to decrease PD-L1 expression 
and elevate interleukin-15 expression and was associated 
with an immunologic response [10]. These findings led to 
phase I [11] and II clinical trials that showed that TUSC2 
nanoparticle-based systemic gene therapy administered 
intravenously in lung cancer patients was safe and had 
antitumor activity. 

Therefore, we hypothesized that TUSC2 is involved 
in the regulation of PD-L1 signaling and the immune 
response in the tumor microenvironment. In the current 
study, we examined the role of TUSC2 in regulating  
PD-L1 expression in NSCLC and showed that TUSC2 can 
mediate PD-L1 downregulation potentially enhancing the 
efficacy of the antitumor immune response. 

RESULTS

TUSC2 reduction of PD-L1 expression in 
NSCLC cell lines is associated with reduced 
mTOR activity

Treatment with TUSC2 alone was shown to 
significantly reduce mTOR activity in vitro and in vivo 
[12, 13]. In some cell lines, mTOR kinase activity was 
inhibited by 70% after TUSC2 transfection alone.  
In vivo, TUSC2 systemic delivery alone led to a significant 
decrease in mTOR phosphorylation, as assessed by 
immunohistochemical staining using the phospho-mTOR 
antibody. Baseline expressions of PD-L1s and mTOR 

activities in sixteen lung cancer cell lines were illustrated 
in Supplementary Figure 1. The PD-L1 expressions were 
positively correlated to mTOR activities, demonstrated 
by S6 ribosomal protein phosphorylation. To evaluate 
whether the TUSC2 expression can reduce mTOR 
phosphorylation in cell lines in which PD-L1 is highly 
expressed, we transfected HCC827, H1975, and H157 
cells with TUSC2 nanoparticles. We evaluated mTOR 
phosphorylation using Western blot analysis with an 
anti-phospho-mTOR antibody. We found overexpressing 
TUSC2 significantly reduced mTOR phosphorylation 
(Figure 1A). 

To determine whether TUSC2 expression inhibits 
active PI3K/AKT/mTOR signaling and represses PD-L1, 
we treated human NSCLC cell lines in which PD-L1 was 
highly expressed with TUSC2 nanoparticles at multiple 
time points. Transfection with TUSC2 inhibited mTOR 
activity (Figure 1B) and decreased PD-L1 expression 
(Figure 1B) in a time-dependent manner. In addition, 
PD-L1 expression after TUSC2 delivery was correlated 
with a decrease of phosphorylated p70 S6 kinase and S6 
ribosomal proteins, which are the downstream targets of 
mTOR (Figure 1B). Taken together, these results suggest 
that TUSC2 reduces PD-L1 expression in NSCLC in 
association with a reduction in mTOR activity. 

Exposure to the mTOR inhibitor rapamycin 
reduced PD-L1 expression in NSCLC cell lines

To further explore the relationship between  
PD-L1 and mTOR activity in lung cancer cells, we 
treated three NSCLC cell lines in which PD-L1 is highly 
expressed—H157, H1975, and HCC827 [14]—with 
rapamycin for 24 hours. Exposure to rapamycin decreased  
PD-L1 expression in these cell lines, as shown by Western 
blot analysis (Figure 2). In addition, we observed that 
rapamycin exposure significantly reduced phosphorylation 
of p70 S6 kinase and S6 ribosomal protein. These results 
indicate that PD-L1 expression is sensitive to mTOR 
inhibition, suggesting that decreasing mTOR activity can 
result in decreased PD-L1 expression. 

TUSC2 inhibits mTOR function through 
multiple proteins in NSCLC cell lines

Upon observing that transfection with TUSC2 
inhibited PD-L1 expression via mTOR inhibition, we used 
the mTOR pull-down assay to determine whether mTOR 
had any direct interaction with TUSC2. The negative 
result led us to suspect that the TUSC2 protein indirectly 
regulates mTOR activity. To identify differentially 
expressed genes and specific pathways involved in 
TUSC2-induced mTOR inhibition, we used the Illumina 
human HT-12V4 expression bead chip platform across 
the TUSC2-inducible H1299 clone [15, 16]. The datasets 
for the control and doxycycline-induced treatment groups 
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were analyzed to generate specific sets of genes to identify 
differential expression levels between the control and 
doxycycline treatment groups. A volcano plot and a heat-
map were used to visualize the results (Figure 3A and 3B). 
In the resulting gene profile that differentiated between the 
control and doxycycline treatment groups, most genes that 
were upregulated in the treatment group encoded proteins 
that inhibit the mTOR pathway (Figure 3C). Expression 
of these proteins was increased 3- to 4-fold (Figure 3C). 
Ingenuity pathway analysis showed the highest positive 
z-score for the cell cycle related pathways, which can be 
regulated via mTOR (Figure 3D). Cell cycle analysis using 
Flow Cytometry demonstrated TUSC2 induction caused 
a significant increase in S phase and a decrease in G1 
phase (Supplementary Figure 2). These results indicate 
that TUSC2 inhibits mTOR function indirectly through 
multiple pathways and proteins in NSCLC.

TUSC2 prevents IFN-γ–induced PD-L1 
expression

Once T cells infiltrate into tumor sites, many 
inflammatory cytokines are released upon antigen 
stimulation. Among these, IFN-γ is a strong PD-L1 
stimulator [17]. Tumor cells then activate PD-L1 production, 

which in turn neutralizes T cell activity and causes T cell 
apoptosis. This offers tumors a vital survival mechanism 
to escape from immune toxicity. To investigate whether 
TUSC2 can prevent the upregulation of PD-L1 caused 
by IFN-γ, we transfected cancer cells with TUSC2 and 
subsequently exposed them to IFN-γ. Western blot analysis 
(Figure 4A) showed that IFN-γ can increase PD-L1 
protein expression. The increase in PD-L1 expression was 
associated with increases in PD-L1 transcription (Figure 4B).  
Western blot analysis also demonstrated that TUSC2 
expression could reduce PD-L1 expression in the presence 
of IFN-γ (Figure 4A). Furthermore, we deployed flow 
cytometry to quantify the PD-L1 reduction after TUSC2 
transfection with or without IFN-γ. As demonstrated in 
Supplementary Figure 3, the TUSC2 expression could 
reduce PD-L1 expression with the presence of IFN-γ. To 
further investigate whether TUSC2 regulates PD-L1 at the 
transcriptional level, we measured PD-L1 mRNA levels in 
cancer cell lines after TUSC2 transfection with or without 
IFN-γ exposure. No statistically significant decrease  
(p > 0.05) in PD-L1 transcription was observed after TUSC2 
transfection, whereas IFN-γ significantly increased PD-L1 
transcription (p < 0.05) (Figure 4B). These results suggest 
that TUSC2 downregulated PD-L1 by inhibiting translation, 
instead of inhibiting transcription. 

Figure 1: Transfection with TUSC2 reduces PD-L1 expression in non-small cell lung cancer. H157, H1975, and HCC827 
cells were transiently transfected with 4 μg of TUSC2 cDNA for 48 hours and the cells were then harvested and lysed. There were no 
significant toxicity observed. (A) Phospho-mTOR, mTOR, TUSC2, and β-actin control signals were detected using Western blot analysis. 
(B) Phospho-S6 ribosomal protein and phospho-p70 S6 kinase, as well as PD-L1, were detected by Western blot analysis. No change was 
observed in the S6 ribosomal protein, p70 S6 kinase protein. Proteins were quantified using the UN-SCAN-IT automatic digitizing system. 
Those intensities of the signals of PD-L1 are relative to β-actin. 
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Figure 2: Exposure to the mTOR inhibitor rapamycin reduced PD-L1 expression in non-small cell lung cancer cell 
lines. H157, H1975, and HCC827 cells were treated for 24 hours with 100 nmol/L rapamycin. These were no cytotoxicity found. Western 
blot analysis showed that phospho-S6 ribosomal protein and phospho-p70 S6 kinase, as well as PD-L1, were decreased. No change was 
observed in levels of S6 ribosomal protein, p70 S6 kinase protein, or β-actin (used to normalize for protein loading). 

Figure 3: TUSC2 inhibits mTOR function through multiple proteins in non-small cell lung cancer cell lines. The Illumina 
array human HT-12V4 expression bead chip platform was used across the Tet-inducible TUSC2 H1299 clone treated with doxycycline 
(DOX) or control. Each experiment was done in triplicates. One-way ANOVA was used to identify the differentially expressed genes. 
Tukey honest significant difference tests were used for the post hoc pairwise comparisons. (A) Volcano plot: genes marked in red with false 
discovery rate of 0.002 and fold changes ≥2 or ≤–2 were selected. (B) Heatmap: genes with false discovery rate of 0.002 and fold changes 
≥2 or ≤–2 were considered significant genes. Control: gray; DOX: blue. (C) List of top genes significantly upregulated after treatment 
with DOX. (D) Ingenuity pathway analysis based on statistical significance and strength of association with extracts revealed the highest 
positive z-score for cell cycle arrest response, which is a downstream response to mTOR inhibition. 
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We performed a similar study using TUSC2-
inducible H1299 and H157 cells (Figure 4C). Upon 
exposure to doxycycline, TUSC2 expression was detected 
by Western blot analysis in both cell lines. Subsequent 
IFN-γ exposure could induce PD-L1 expression. But 
increases in PD-L1 expression in both cell lines were 
diminished after TUSC2 induction. In addition, our 
microarray data for H1299-inducible cell lines showed that 
TUSC2 did not change PD-L1 transcription. These results 
further indicate that TUSC2 downregulates PD-L1 through 
translational, rather than transcriptional, mechanisms. 

DISCUSSION

Tumor response to immunotherapy is the outcome 
of crosstalk among tumor cells, cytokines, and immune-
effector cells residing in the tumor microenvironment. A 
growing body of evidence indicates that oncogenes allow 
tumor cells to be autonomous by altering the immune 
system in the tumor microenvironment, in addition to 
playing a role in tumor apoptosis. Here, we showed that 
overexpression of TUSC2, a unique tumor suppressor [18], 
has the potential to sensitize NSCLC to T cell–dependent 

Figure 4: TUSC2 prevents IFN-γ–induced PD-L1 expression. (A) H1299 and H157 cells were transiently transfected with 
4 μg of TUSC2 cDNA, then treated with 10 ng/mL IFN-γ or control phosphate-buffered saline for 24 hours, harvested, and lysed.  
PD-L1, TUSC2, and β-actin control signals were then detected by Western blot analysis. These experiments were repeated twice. (B) H1299 
and H157 cells were transiently transfected with 4 μg of TUSC2 cDNA, then treated with 10 ng/mL IFN-γ or control phosphate-buffered 
saline for 24 hours. PD-L1 transcriptions in these four groups were measured via quantitative real-time PCR. Data represent the means and 
standard deviations (error bars) of four separate experiments, statistically analyzed using a two-tailed t-test. (C) TUSC2-inducible H1299 
and H157 cells were exposed to 1 μg/mL doxycycline (DOX), then exposed to 10 ng/mL IFN-γ or control phosphate-buffered saline for 
24 hours, harvested, and lysed. PD-L1, TUSC2, and β-actin control signals were then detected by western blot analysis. These experiments 
were repeated twice. Expression of the targeted proteins was quantified by densitometry.
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immunotherapy by altering the tumor microenvironment 
via PD-L1 downregulation. 

A number of cellular stress conditions, such as 
nutrient deprivation, oxidative stress, hypoxia, and 
calcium flux disturbances, lead to metabolic stress, 
endoplasmic reticulum stress, and reduced protein 
translation. Our previous studies demonstrated that 
TUSC2 selectively inhibits mTOR activity and increases 
cellular reactive oxygen species production. These 
findings led to the hypothesis that TUSC2 could reduce 
some protein synthesis. In the current study, microarray 
analysis using TUSC2-inducible cell lines and expression 
profiling indicated that TUSC2 overexpression led to 
AKT-mTOR pathway inhibition in cancer cells, which 
was associated with decreased PD-L1 levels. Increased 
TUSC2 expression significantly enhanced the transcription 
of several genes, including TRIB3, SESN2, and DDIT4, 
which could negatively regulate AKT-mTOR pathway. Our 
data suggested such negative regulation mainly targeted 
the upstream kinases which could phosphorylate mTOR 
protein. TRIB3 is a negative regulator of NF-кB and can 
also negatively regulate the cell survival serine-threonine 
kinase AKT1 [16]. SESN2, a tumor suppressor, functions 
as an intracellular leucine sensor that negatively regulates 
the TORC1 signaling pathway through the GATOR 
complex [19, 20]. shRNA against SENS2 transfection 
was observed to increase mTOR activity in lung cancer 
[21]. DDIT4 regulates cell growth, proliferation, and 
survival via inhibition of mTOR. Inhibition of mTOR 
is mediated by pathways that involve DDIT4/REDD1, 
AKT1, the TSC1-TSC2 complex, and the GTPase RHEB 
[22, 23]. Additionally, TUSC2 could regulate mTOR via 
AMPK which directly phosphorylates raptor (a component 
of mTORC1 complex) to inhibit mTOR signaling. As a 
myristoylated protein resides in the mitochondria, TUSC2 
is found to regulate the re-programming of mitochondrial 
metabolism, intracellular Ca2+ distribution and ATP 
production, all of which were crucial for cells with high 
proliferative potential such as cancer cells and activated 
T lymphocytes. Overexpressed TUSC2 in cancer cells 
could decrease Ca2+ distribution, and ATP production. 
AMPK could then be activated in response to lower ATP/
AMP ratio and in turn to inhibit mTOR activity. Taken 
together, these findings suggest that TUSC2 negatively 
regulates mTOR activity through a network of proteins 
that converge on the mTOR pathway.

Our data provided a direct link between mTOR 
activity and inhibition of PD-L1, which could be 
upregulated after IFN-γ stimulation. The regulation of 
PD-L1 is complex and most likely depends on the status 
of underlying transcriptional and signaling networks as 
well as protein translation, in a mechanism parallel to 
but independent of activation of the JAK/STAT pathway 
or HIF1 pathway. In the current study, we showed that 
treatment with an mTOR inhibitor could decrease  
PD-L1 protein expression in NSCLC cells. Although  

PD-L1 transcription does not depend on mTOR activation, 
translation of IFN-γ–induced PD-L1 transcripts may be 
dependent on activation of PI3K, AKT, and mTOR kinase 
activity. 

A similar dependence of PD-L1 translation on 
PI3K/AKT/mTOR activity was also observed during viral 
infections. In HIV-1–infected cells, the viral protein Nef 
induced PD-L1 transcription by binding to the promoter, 
but PD-L1 protein expression depended on active PI3K/
AKT signaling residing within the HIV-infected cells 
[24]. PD-L1 protein induction could be observed only 
in the virus-infected cells with high PI3K/AKT/mTOR 
activity. PD-L1 remained at low levels in cells with low 
mTOR activity. In the current study, we showed that 
inhibition of mTOR activity via TUSC2 expression could 
downregulate PD-L1 expression at the translational level 
even in the presence of strong IFN-γ stimulation. After 
TUSC2 transfection, PD-L1 production was inhibited after 
IFN-γ induction. Our study thus further demonstrated that 
TUSC2 transfection could prevent IFN-γ–induced PD-L1 
expression. This suggests that TUSC2 overexpression–
induced mTOR inhibition was necessary for PD-L1 
downregulation. 

IFN-γ is one of the central cytokines that coordinate 
tumor immune responses and the associated biological 
consequences. Upon activation, tumor-infiltrating 
lymphocytes residing in the tumor microenvironment 
produce IFN-γ which initiates cell cycle arrest and 
induces apoptosis in adjacent tumor cells. IFN-γ shows 
antitumor activity in patients with advanced head 
and neck squamous cell carcinoma and NSCLC [25]. 
Unfortunately, tumor cells develop escape mechanisms 
from the IFN-γ–mediated immune responses by inducing 
PD-L1 overexpression. Increased PD-L1 expression 
induces apoptosis in tumor-infiltrating lymphocytes and 
then subsequently reduces the IFN-γ production through 
a negative feedback loop. This mechanism suggests 
that using rapamycin in combination with a PD-L1–
blocking antibody could increase antitumor immunity. 
Although multiple trials of rapamycin or rapamycin 
analogues in cancer patients have shown no evidence 
of immunosuppression, implementing rapamycin in the 
immunotherapy context should be done with caution. This 
is because rapamycin has a black box warning from the US 
Food and Drug Administration stemming from concerns 
about the role of rapamycin in immunosuppression in 
patients undergoing renal transplantation who were also 
taking cyclosporine and corticosteroids raising issues 
about its role in immunosuppression [26, 27]. 

Studies have shown that some aspects of T cell 
activation are dependent on mTOR activity [28]. A 
nanoparticle TUSC2 delivery system, can achieve 
selective TUSC2 overexpression in NSCLC cells while 
sparing T cell and B cell populations. This unique 
feature of nanoparticle TUSC2 offers some advantage in 
designing a immunotherapy drug combinations.
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Study of TUSC2-modified lung cancer cells 
may reveal novel vulnerabilities targetable by existing 
immunotherapies. A clinical trial showed that the TUSC2 
gene could be delivered intravenously in patients using 
nanoparticles to achieve sufficient TUSC2 protein 
expression levels in tumors to mediate a clinical response. 
Thus, the combination of TUSC2 with T cell–based 
immunotherapies is feasible in future clinical trials for 
patients.

MATERIALS AND METHODS

Cell culture 

Human NSCLC cell lines with various TUSC2 
expression, HCC827, H1299, H1975, and H157, were 
provided by Drs. John V. Heymach (MD Anderson) 
and Adi Gazdar and John D. Minna (The University of 
Texas Southwestern Medical Center at Dallas). Cells 
were maintained in RPMI-1640 medium (Manassas, VA) 
supplemented with 10% heat-inactivated fetal bovine 
serum (Invitrogen, Carlsbad, CA).

Reagents 

IFN-γ, Doxycycline and rapamycin were purchased 
from Sigma-Aldrich Corporation (Saint Louis, MO). 
Antibodies to detect mTOR, phospho-mTOR, p70 S6 
kinase, phospho-p70 S6 kinase, S6 ribosomal protein, 
and phospho-S6 ribosomal protein were purchased from 
Cell Signaling (Danvers, MA). PD-L1 antibody was 
purchased from Abcam (Cambridge MA). The TUSC2 
polyclonal antibody was developed in Bethyl Laboratories 
(Montgomery, TX). Lipofectamine 2000 was purchased 
from Invitrogen. Nanoparticle–TUSC2 complexes were 
made as previously described [29]. 

Stable Tet-inducible TUSC2 cell lines

Tet-inducible TUSC2-expressing H1299 and H157 
cells were produced using the Lenti-X Tet-On advanced 
inducible expression system (Clontech, Mountain View, 
CA) as described previously. TUSC2-induced H1299 
and H157 cells were selected after exposure to 2 μg/mL 
doxycycline for 48 hours and assessed for TUSC2 
expression using Western blot analysis.

Western blotting analysis 

Cancer cells were lysed using RIPA lysis buffer, and 
equal amounts of total proteins were resolved on 4–20% 
Tris-glycine gels and transferred onto a nitrocellulose 
membrane. The membranes were then incubated with a 
rabbit anti-human PD-L1 polyclonal antibody, a rabbit 
anti-human mTOR polyclonal antibody, a rabbit anti-
human phospho-mTOR polyclonal antibody, rabbit anti-
human phospho-S6 ribosomal protein polyclonal antibody, 

rabbit anti-human total S6 ribosomal protein polyclonal 
antibody, rabbit anti-human phospho-p70 S6 kinase 
polyclonal antibody, rabbit anti-human total p70 S6 kinase 
polyclonal antibody, rabbit anti-human TUSC2 polyclonal 
antibody and a mouse anti-human β-actin antibody 
overnight. Antibody binding was then detected using 
chemiluminescence (Cell Signaling Technology, Danvers, 
MA) and signals were visualized by autoradiography.

Quantitative real-time RT-PCR

To determine the expression of PD-L1 mRNA), 
total RNA was extracted using TRIzol Reagent® (Life 
Technologies) according to the manufacturer’s protocol. 
Equal amounts of RNA were reverse transcribed using a 
High-Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems, Foster City, CA). cDNAs were then amplified 
by real-time PCR using TaqMan® gene expression 
assays (Applied Biosystems) for PD-L1 (Product ID: 
Hs01125301). The housekeeping B2M gene was used as 
internal controls.

Illumina gene expression 

Total RNAs extracted from Tet-inducible TUSC2 
H1299 cells were reversed-transcribed to generate 
amplified biotinylated cRNA, then hybridized overnight 
to Illumina HT-12 bead arrays, washed, and stained with 
streptavidin-Cy3. Arrays were scanned on a bead array 
reader (Illumina). Raw measurements of the intensity 
of each bead were captured directly and processed as 
“bead-level” data. All measurements were processed as 
“probe-level” data by GenomeStudio software (Illumina).  
One-way analysis of variance (ANOVA) was used to 
identify the differentially expressed genes. Benjamini-
Hochberg method was used to adjust for multiple 
hypothesis testing and estimate false discovery rate 
(FDR) [30]. FDR q value cutoff of 0.002 (corresponding 
p value = 0.00025) was used to identify significant genes 
by one-way ANOVA. Tukey honest significant difference 
tests were used to do the post hoc pairwise comparisons. 
Each group had three replicates. Genes with p < 0.05 by 
Tukey tests and fold changes ≥2 or ≤–2 were considered 
significantly differentially expressed. A volcano plot 
and a heatmap for each comparison were generated. In 
the heatmap, two-way clustering with Pearson distance 
metric and Ward’s minimum variance method was used to 
illustrate the expression profile of the identified significant 
genes. Ingenuity pathway analysis tool (http://www.
ingenuity.com) was used to determine which pathways 
were differentially represented in the identified significant 
genes, compared to the Ingenuity knowledge base.

Statistical analysis

The statistical analysis for gene expression data 
was performed using R packages (https://cran.r-project.



Oncotarget107628www.impactjournals.com/oncotarget

org/web/packages/; and https://www.bioconductor.org/). 
Other statistical analysis was performed using SAS 9.4 
(SAS Institute Inc., Cary, NC). All data were presented as 
mean ± standard deviation. The statistical significance of 
differences between treatments was tested using three-way 
analysis of variance and two-tailed t-tests; p < 0.05 was 
considered significant. 

Author contributions

X.C., E.G., X.P., I.M., and S.W. carried out 
experiments, data collection and analysis; M.M. Scientific 
review and manage; B.D. initialed the concept; Y.Z. 
and W.J. bioinformatics analysis; L.J. collaborators 
in experimental design; J.A.R. is PI; J.A.R. and X.C. 
performed data analysis and co-wrote the manuscript.

CONFLICTS OF INTEREST

Jack A. Roth is a consultant and stock owner 
(including pending patent) in Genprex, Inc. All other 
authors declare no potential competing interests. This 
does not alter the authors’ adherence to all policies of the 
publisher on sharing data and materials.

FUNDING

This work was supported in part by the National 
Institutes of Health/National Cancer Institute through The 
University of Texas MD Anderson Cancer Center’s Cancer 
Center Support Grant CA-016672 for the lung program 
and shared core facilities, as well as by the Specialized 
Program of Research Excellence Grant CA-070907  
(J. Minna and J. A. Roth) and the MD Anderson Lung 
Cancer Moon Shot Program. 

REFERENCES

1. Rose MC, Kostyanovskaya E, Huang RS. Pharmacogenomics 
of Cisplatin Sensitivity in Non-small Cell Lung Cancer. 
Genomics Proteomics Bioinformatics. 2014; 12:198–209. 
https://doi.org/10.1016/j.gpb.2014.10.003.

2. Chan BA, Hughes BG. Targeted therapy for non-small 
cell lung cancer: current standards and the promise of the 
future. Transl Lung Cancer Res. 2015; 4:36–54. https://doi.
org/10.3978/j.issn.2218-6751.2014.05.01.

3. Altomare DA, Khaled AR. Homeostasis and the Importance 
for a Balance Between AKT/mTOR Activity and 
Intracellular Signaling. Curr Med Chem. 2012; 19:3748–62. 
https://doi.org/10.2174/092986712801661130.

4. Inoue Y, Yoshimura K, Mori K, Kurabe N, Kahyo T, Mori H,  
Kawase A, Tanahashi M, Ogawa H, Inui N, Funai K, 
Shinmura K, Niwa H, et al. Clinical significance of PD-L1 
and PD-L2 copy number gains in non-small-cell lung cancer. 

Oncotarget. 2016; 7:32113–28. https://doi.org/10.18632/
oncotarget.8528.

5. Ghosh JC, Siegelin MD, Vaira V, Faversani A, Tavecchio M, 
Chae YC, Lisanti S, Rampini P, Giroda M, Caino MC, 
Seo JH, Kossenkov AV, Michalek RD, et al. Adaptive 
Mitochondrial Reprogramming and Resistance to PI3K 
Therapy. J Natl Cancer Inst. 2015; 107:dju502. https://doi.
org/10.1093/jnci/dju502.

6. Obenauf AC, Zou Y, Ji AL, Vanharanta S, Shu W, Shi H, 
Kong X, Bosenberg MC, Wiesner T, Rosen N, Lo RS, 
Massagué J. Therapy-induced tumour secretomes promote 
resistance and tumour progression. Nature. 2015; 520: 
368–72. https://doi.org/10.1038/nature14336.

7. Van Allen EM, Golay HG, Liu Y, Koyama S, Wong K, 
Taylor-Weiner A, Giannakis M, Harden M, Rojas-Rudilla V, 
Chevalier A, Thai T, Lydon C, Mach S, et al. Long-term 
benefit of PD-L1 blockade in lung cancer associated with 
JAK3 activation. Cancer Immunol Res. 2015; 3:855–63. 
https://doi.org/10.1158/2326-6066.CIR-15-0024.

8. Mittendorf EA, Philips AV, Meric-Bernstam F, Qiao N, Wu Y, 
Harrington S, Su X, Wang Y, Gonzalez-Angulo AM, 
Akcakanat A, Chawla A, Curran M, Hwu P, et al. 
PD-L1 Expression in Triple Negative Breast Cancer. 
Cancer Immunol Res. 2014; 2:361–70. https://doi.
org/10.1158/2326-6066.CIR-13-0127.

9. Ji L, Roth JA. Tumor Suppressor FUS1 Signaling Pathway. 
J Thorac Oncol. 2008; 3:327–30. https://doi.org/10.1097/
JTO.0b013e31816bce65.

10. Ivanova AV, Ivanov SV, Prudkin L, Nonaka D, Liu Z, 
Tsao A, Wistuba I, Roth J, Pass HI. Mechanisms of FUS1/
TUSC2 deficiency in mesothelioma and its tumorigenic 
transcriptional effects. Mol Cancer. 2009; 8:91. https://doi.
org/10.1186/1476-4598-8-91.

11. Lu C, Stewart DJ, Lee JJ, Ji L, Ramesh R, Jayachandran G,  
Nunez MI, Wistuba II, Erasmus JJ, Hicks ME, Grimm EA, 
Reuben JM, Baladandayuthapani V, et al. Phase I Clinical 
Trial of Systemically Administered TUSC2(FUS1)-
Nanoparticles Mediating Functional Gene Transfer in 
Humans. PLoS One. 2012; 7:e34833. https://doi.org/10.1371/
journal.pone.0034833.

12. Meng J, Majidi M, Fang B, Ji L, Bekele BN, Minna JD, 
Roth JA. The Tumor Suppressor Gene TUSC2 (FUS1) 
Sensitizes NSCLC to the AKT Inhibitor MK2206 in LKB1-
dependent Manner. PLoS One. 2013; 8:e77067. https://doi.
org/10.1371/journal.pone.0077067.

13. Dai B, Yan S, Lara-Guerra H, Kawashima H, Sakai R, 
Jayachandran G, Majidi M, Mehran R, Wang J, Bekele BN, 
Baladandayuthapani V, Yoo SY, Wang Y, et al. Exogenous 
Restoration of TUSC2 Expression Induces Responsiveness 
to Erlotinib in Wildtype Epidermal Growth Factor Receptor 
(EGFR) Lung Cancer Cells through Context Specific 
Pathways Resulting in Enhanced Therapeutic Efficacy. 
PLoS One. 2015; 10: e0123967. https://doi.org/10.1371/
journal.pone.0123967.



Oncotarget107629www.impactjournals.com/oncotarget

14. Lastwika KJ, Wilson W, Li QK, Norris J, Xu H, Ghazarian SR,  
Kitagawa H, Kawabata S, Taube JM, Yao S, Liu LN, Gills JJ, 
Dennis PA. Control of PD-L1 Expression by Oncogenic 
Activation of the AKT–mTOR Pathway in Non–Small Cell 
Lung Cancer. Cancer Res. 2016; 76:227.

15. Xiaobo C, Majidi M, Feng M, Shao R, Wang J, Zhao Y, 
Baladandayuthapani V, Song J, Fang B, Ji L, Mehran R, 
Roth JA. TUSC2(FUS1)-erlotinib Induced Vulnerabilities 
in Epidermal Growth Factor Receptor(EGFR) Wildtype 
Non-small Cell Lung Cancer(NSCLC) Targeted by the 
Repurposed Drug Auranofin. Sci Rep. 2016; 6:35741. 
https://doi.org/10.1038/srep35741.

16. Salazar M, Lorente M, García-Taboada E, Pérez Gómez E,  
Dávila D, Zúñiga-García P, María Flores J, Rodríguez A,  
Hegedus Z, Mosén-Ansorena D, Aransay AM, Hernández-
Tiedra S, López-Valero I, et al. Loss of Tribbles 
pseudokinase-3 promotes Akt-driven tumorigenesis via 
FOXO inactivation. Cell Death Differ. 2015; 22:131–44. 
https://doi.org/10.1038/cdd.2014.133.

17. Ayers M, Lunceford J, Nebozhyn M, Murphy E, Loboda A, 
Kaufman DR, Albright A, Cheng JD, Kang SP, Shankaran V,  
Piha-Paul SA, Yearley J, Seiwert TY, et al. IFN-γ–related 
mRNA profile predicts clinical response to PD-1 blockade. 
J Clin Invest. 2017; 127:2930–40. https://doi.org/10.1172/
JCI91190.

18. Ji L, Minna JD, Roth JA. 3p21.3 tumor suppressor cluster: 
prospects for translational applications. Future Oncol. 2005; 
1:79–92. https://doi.org/10.1517/14796694.1.1.79.

19. Shimobayashi M, Hall MN. Multiple amino acid sensing 
inputs to mTORC1. Cell Res. 2016; 26:7–20. https://doi.
org/10.1038/cr.2015.146.

20. Gallagher LE, Williamson LE, Chan EY. Advances in 
Autophagy Regulatory Mechanisms. Cells. 2016; 5:24. 
https://doi.org/10.3390/cells5020024.

21. Xu H, Sun H, Zhang H, Liu J, Fan F, Li Y, Ning X, Sun Y, 
Dai S, Liu B, Gao M, Fu S, Zhou C. An ShRNA Based 
Genetic Screen Identified Sesn2 as a Potential Tumor 
Suppressor in Lung Cancer via Suppression of Akt-mTOR-
p70S6K Signaling. PLoS One. 2015; 10:e0124033. https://
doi.org/10.1371/journal.pone.0124033.

22. Pinto JA, Rolfo C, Raez LE, Prado A, Araujo JM, Bravo L, 
Fajardo W, Morante ZD, Aguilar A, Neciosup SP, Mas LA,  
Bretel D, Balko JM, et al. In silico evaluation of DNA 

Damage Inducible Transcript 4 gene (DDIT4) as prognostic 
biomarker in several malignancies. Sci Rep. 2017; 7:1526. 
https://doi.org/10.1038/s41598-017-01207-3.

23. Rashid HO, Yadav RK, Kim HR, Chae HJ. ER stress: 
Autophagy induction, inhibition and selection. Autophagy. 
2015; 11:1956–77. https://doi.org/10.1080/15548627.2015.
1091141.

24. Muthumani K, Shedlock DJ, Choo DK, Fagone P, 
Kawalekar OU, Goodman J, Bian CB, Ramanathan AA, 
Atman P, Tebas P, Chattergoon MA, Choo AY, Weiner DB. 
HIV mediated PI3K/Akt activation in antigen presenting 
cells leads to PD-1 ligand upregulation and suppression of 
HIV specific CD8 T-cells. J Immunol. 2011; 187:2932–43. 
https://doi.org/10.4049/jimmunol.1100594.

25. El Jamal SM, Taylor EB, Abd Elmageed ZY, Alamodi AA, 
Selimovic D, Alkhateeb A, Hannig M, Hassan SY, 
Santourlidis S, Friedlander PL, Haikel Y, Vijaykumar S, 
Kandil E, et al. Interferon gamma-induced apoptosis of 
head and neck squamous cell carcinoma is connected to 
indoleamine-2,3-dioxygenase via mitochondrial and ER 
stress-associated pathways. Cell Div. 2016; 11:11. https://
doi.org/10.1186/s13008-016-0023-4.

26. Li J, Kim SG, Blenis J. Rapamycin: one drug, many effects. 
Cell Metab. 2014; 19:373–9. https://doi.org/10.1016/j.
cmet.2014.01.001.

27. Thomson AW, Turnquist HR, Raimondi G. Immunoregulatory 
functions of mTOR inhibition. Nat Rev Immunol. 2009; 
9:324–37.

28. Pollizzi KN, Powell JD. Regulation of T cells by mTOR: 
the known knowns and the known unknowns. Curr 
Trends Immunol. 36:13–20. https://doi.org/10.1016/j.
it.2014.11.005.

29. Ito I, Ji L, Tanaka F, Saito Y, Gopalan B, Branch CD, Xu K, 
Atkinson EN, Bekele BN, Stephens LC, Minna JD, Roth JA,  
Ramesh R. Liposomal vector mediated delivery of the 3p 
FUS1 gene demonstrates potent antitumor activity against 
human lung cancer in vivo. Cancer Gene Ther. 2004; 11:733–9. 

30. Benjamini Y, Hochberg Y. Controlling the False Discovery 
Rate: A Practical and Powerful Approach to Multiple 
Testing. J R Stat Soc Series B Stat Methodol. 1995; 
57:289–300. 


