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IFN-y-induced ER stress impairs autophagy and triggers apoptosis in lung cancer cells
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ABSTRACT

Interferon-gamma (IFN-y) is a major effector molecule of immunity and a common feature of tumors
responding to immunotherapy. Active IFN-y signaling can directly trigger apoptosis and cell cycle arrest in
human cancer cells. However, the mechanisms underlying these actions remain unclear. Here, we report that
IFN-y rapidly increases protein synthesis and causes the unfolded protein response (UPR), as evidenced by
the increased expression of glucose-regulated protein 78, activating transcription factor-4, and c/EBP
homologous protein (CHOP) in cells treated with IFN-y. The JAK1/2-STAT1 and AKT-mTOR signaling path-
ways are required for IFN-y-induced UPR. Endoplasmic reticulum (ER) stress promotes autophagy and
restores homeostasis. Surprisingly, in IFN-y-treated cells, autophagy was impaired at the step of autophago-
some-lysosomal fusion and caused by a significant decline in the expression of lysosomal membrane
protein-1 and —2 (LAMP-1/LAMP-2). The ER stress inhibitor 4-PBA restored LAMP expression in IFN-y-
treated cells. IFN-y stimulation activated the protein kinase-like ER kinase (PERK)-eukaryotic initiation factor
2a subunit (elF2a) axis and caused a reduction in global protein synthesis. The PERK inhibitor, GSK2606414,
partially restored global protein synthesis and LAMP expression in cells treated with IFN-y. We further
investigated the functional consequences of IFN-y-induced ER stress. We show that inhibition of ER stress
significantly prevents IFN-y-triggered apoptosis. CHOP knockdown abrogated IFN-y-mediated apoptosis.
Inhibition of ER stress also restored cyclin D1 expression in IFN-y-treated cells. Thus, ER stress and the UPR
caused by IFN-y represent novel mechanisms underlying IFN-y-mediated anticancer effects. This study

ARTICLE HISTORY
Received 15 February 2021
Revised 26 July 2021
Accepted 27 July 2021

KEYWORDS

IFN-y; lung adenocarcinoma;
ER stress; LAMP; autophagy;
apoptosis

expands our understanding of IFN-y-mediated signaling and its cellular actions in tumor cells.

Introduction

Interferon-gamma (IFN-y) is a key moderator of cellular immu-
nity and secreted by activated T lymphocytes, y0T cells, and
natural killer cells. IFN-y has attracted much attention because
of its significant role in promoting antitumor immune
responses. Numerous recent studies have indicated that active
IFN-y signaling is a common feature in tumors that respond to
immune checkpoint blockades through antibodies targeting
CTLA-4 and PD-1/PD-L1."* Loss of IFN-y pathway genes in
tumor cells reduces the chance of response to the immunother-
apy with anti-CTLA-4.” New studies using state-of-the-art tech-
nology have shown that while IFN-y secretion requires local
antigen recognition, IFN-y diffuses extensively to alter the
tumor microenvironment in a distant area. These findings
imply the feasibility of activated tumor-infiltrating CD8"
T cells, through IFN-y to modulate the behavior of remote
tumor cells.*” Substantial evidence shows that besides its role
in activating cellular immunity and enhancing antitumor
immune response, active IFN-y signaling triggers apoptosis
and cell cycle arrest in human cancer cells, and acts as a direct
anticancer agent.*” The mechanism underlying the IFN-y-
mediated anticancer effects remains unclear.

IFN-y engaging with its receptor leads to the recruitment
and activation of JAK1 and JAK2, which results in the activa-
tion of STAT]I, a pivotal transcription factor. STAT1 regulates

the expression of a wide range of immune-related genes.® IFN-
y signaling can also activate the MAPK, PI3K-AKT-mTOR,
and NF-«B signaling pathways to regulate gene transcription
and promote mRNA translation.” "' Recently, Yu et al. have
shown that IFN-y promotes yes-associated protein (YAP) con-
densation in tumor cells after anti-PD-1 therapy. The YAP
condensation creates a transcription hub that increases the
expression of immunosuppressive target genes, independent
of the canonical STATI-IRFI transcription program.'?
Increased protein synthesis demands may disrupt endoplasmic
reticulum (ER) homeostasis, leading to a condition referred to
as ER stress."> Whether IFN-y induces ER stress in lung ade-
nocarcinoma cells is yet to be determined.

ER plays a crucial role in protein folding, assembly, and
secretion. Disruption of ER homeostasis may lead to the acti-
vation of a specific cellular process called the unfolded protein
response (UPR) to restore and maintain ER homeostasis.'* The
UPR in mammals is controlled by three ER-resident trans-
membrane proteins: inositol-requiring enzyme-1 (IRE1), pro-
tein kinase-like ER kinase (PERK), and activating transcription
factor-6 (AFT6)."” Glucose-regulated protein 78 (GRP78) is
a major ER chaperone and master regulator of ER
homeostasis.'® Under homeostatic conditions, GRP78 binds
to three UPR sensors IRE1, PERK, and ATF6 to silence these
proteins to prevent UPR signaling.'” However, GRP78
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combines with the misfolded proteins accumulated in the ER
under stress conditions to keep the proteins in foldable states
and release three UPR sensors.'® Each of the three released
UPR sensors induces a different signaling pathway that med-
iates the UPR.

Activation of PERK leads to phosphorylation of eukaryotic
initiation factor 2a (elF2a), which inhibits general protein
translation and reduces the amount of nascent proteins direc-
ted into the ER. PERK also induces the expression of activating
transcription factor 4 (ATF-4), which upregulates ER chaper-
ones, including GRP78. ATF-4 plays a dominant role in the
induction of C/EBP homologous protein (CHOP) expression
in response to ER stress.”” CHOP is known to promote apop-
totic cell death.”® IRE1 activation is responsible for the splicing
of X-box binding protein 1 (XBP1) mRNA. This alternative
spliced XBP1 encodes a transcription factor that targets
chaperones.”’ After disassociation from GRP78, ATF6 is
cleaved to release its N-terminal fragment and is transported
into the nucleus to turn on the expression of ER stress-targeted
gene.”>*> The consequences of the UPR are two-fold: (1) the
transient suppression of global protein synthesis rates and (2)
the expression of new genes aimed at increasing protein folding
and ER capacity.”* Loss of ER homeostasis also leads to the
activation of two protein degradation pathways: the ubiquitin-
proteasome system and the autophagy pathway.*” Prolonged
ER stress or unrestored ER homeostasis triggers apoptotic cell
death.”

The role of autophagy in removing misfolded proteins and
protein aggregates is an essential protective mechanism during
ER stress. Autophagy consists of two consecutive stages: (1) an
early stage characterized by the engulfment of cytoplasmic
constituents and formation of autophagosomes and (2) a later
stage characterized by the formation of autolysosomes through
fusion between autophagosomes and lysosomes and subse-
quent degradation of the engulfed contents by lysosomal
hydrolases.””*®

In this study, we investigated intracellular events caused by
IFN-y in lung adenocarcinoma cells. Our study demonstrated
that IFN-y triggers the UPR through the activation of the
JAK1/2-STAT1 and AKT-mTOR pathways. IFN-y-induced
ER stress impaired autophagic flux by downregulating
LAMP-1 and LAMP-2. ER stress-induced by IFN-y contribu-
ted to apoptotic cell death and cell cycle arrest in lung adeno-
carcinoma cells.

Materials and methods
Cell lines and cell culture

A549, H1975, HCC827, H2030, and UMC-11 cell lines were
obtained from Cobioer Biosciences (Nanjing, China). A549
and H2030 harbor mutations in KRAS; H1975 and HCC827
harbor EGFR mutations. Authentication of A549, HCC827,
and H1975 cell lines was performed using short tandem repeat
(STR) DNA profiling at Cobioer Biosciences in 2017.
Authentication of H2030 and UMC-11 cell lines was per-
formed using STR in 2019. All cell lines were maintained in
RPMI-1640 (Hyclone, Omaha, NE, USA) supplemented with
10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA)

and 100 U/mL penicillin/streptomycin (Hyclone, Logan, UT,
USA). All cell lines were passaged for less than 2 months after
thawing. For the experiments that required IFN-y treatment,
the cell cultures were supplemented with the indicated amount
of IFN-y (1002000 TU/mL).

Antibodies and reagents

All antibodies and reagents are listed in Table S1.

siRNA transfections

siRNAs targeting JAKI, JAK2, STAT1I, and DDIT3 were synthe-
sized by RiboBio (Guangzhou, China). Transient transfection
was used to deliver siRNA. Briefly, siRNA (50 nM) and
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) were
gently premixed in a medium without serum according to the
manufacturer’s guidelines. The transfection mixture was added
to the culture plate, and subsequently, cell suspensions were
seeded into culture plates and maintained in culture for 24-48 h.

Immunofluorescence

The cells were seeded on polylysine-coated coverslips and
treated with the indicated reagents (IFN-y, Baf A1, and rapa-
mycin) for various time intervals. Subsequently, the cells were
fixed with 4% paraformaldehyde (Servicebio, Wuhan, China)
for 15 min at room temperature and then permeabilized with
0.3% Triton X-100 (Standard Reagent, Hyderabad, India) in
phosphate-buffered saline (PBS) for 10 min. After fixation and
permeabilization, the cells were blocked with 5% goat serum
(Invitrogen, Carlsbad, CA, USA) in PBS for 30 min at room
temperature. The cells were then incubated with primary anti-
bodies at 4°C overnight, followed by incubation with fluores-
cent conjugated secondary antibodies. Finally, all cells were
stained with DAPI (Servicebio, Wuhan, China). The cells
were visualized using a wide-field fluorescence microscope
(Carl Zeiss, Baden-Wiirttemberg, Germany). The number of
LAMP-1-positive puncta was quantified using the Analyze
Particle plugin for FIJI (NIH, MD, USA) after creating binary
images. We analyzed three randomly selected images from
each culture condition.

Lysosomal tracking

The cells were seeded on coverslips and incubated with
LysoTracker Red DND-99 (50 nM) (Yeason, Shanghai,
China) for 30 min at 37°C. Hoechst 33,342 (Beyotime,
Shanghai, China) staining was performed to counterstain the
nucleus. We quantified the number of lysosomes using the
same approach as mentioned for the quantification of LAMP1-
positive puncta.

Autophagosome staining

The cells were seeded on coverslips and incubated with 2 pL/
mL CYTO-ID® Green detection reagent (Enzo Life Sciences,
Farmingdale, NY, USA) for 30 min at 37°C. Hoechst 33,342
staining was performed to counterstain the nucleus. Images



were captured immediately after the staining. The area of the
CYTO-ID® green puncta was quantified using the Analyze
Particle plugin for FIJI. We analyzed three randomly selected
images from each group. We quantified the area of autophago-
somes using the same approach as mentioned previously for
the quantification of LAMP1-positive puncta.

Premo™ autophagy tandem sensor RFP-GFP-LC3B kit

The Premo™ Autophagy Tandem Sensor RFP-GFP-LC3B Kit
was obtained from Invitrogen. The cells were transfected with
BacMam reagent according to the manufacturer’s instructions.
Subsequently, the cells were treated with Hank’s balanced salt
solution (HBSS) and chloroquine (Enzo Life Sciences,
Farmingdale, NY, USA). For the IFN-y treatment group, the
cells were pretreated with IFN-y for 48 h and then transfected
with BacMam reagents. After treatment, the cells were fixed
with 4% paraformaldehyde and stained with DAPI. We quan-
tified the numbers of red and yellow puncta using the Analyze
Particle plugin for FIJI. A hue of 0-20 was counted as red
puncta. A hue of 20-45 was counted as yellow puncta. We
analyzed at least 20 randomly selected cells from each culture
condition.

RNA isolation and quantitative real-time PCR analysis

Total RNA was extracted using TRIzol (Takara Bio Inc., Shiga,
Japan). mRNA was reverse transcribed into cDNA using an RT
reagent kit (Vazyme, Nanjing, China). mRNA expression was
detected using quantitative real-time polymerase chain reac-
tion (PCR) with a SYBR Green Master Mix Kit (Vazyme) via
Applied Biosystems (Vilnius, Lithuania). The primers were
obtained from TsingKe Biology Technology (Wuhan, China).
The primer sequences used are listed in Table S2. Negative
controls without a template were included, and all reactions
were assayed in triplicate. We used ACTB as an internal control
and determined the relative expression of the target genes
according to the 27**“* method.

Western blot analysis

The cells were lysed using RIPA lysis buffer (50 mM Tris pH
7.4, 150 mM NacCl, 1% Triton X-100, 1% sodium deoxycholate,
and 0.1% SDS). The proteins were resolved using SDS-PAGE
and transferred to Immobilon®-P membranes (Merck
Millipore, Darmstadt, Germany). The blots were developed
using an enhanced chemiluminescent detection system
(Tanon 5200, Shanghai, China). To ensure that equal amounts
of sample proteins were applied to each lane, we used -actin as
a loading control.

Histone extraction

The cells were harvested and washed twice with ice-cold PBS.
Subsequently, the cells were resuspended in Triton Extraction
Buffer (TEB: PBS containing 0.5% Triton X-100 and 2 mM
PMSF) at a cell density of 10 cells/ml. Then the cells were lysed
on ice for 10 min with gentle stirring and centrifuged at
400 g for 10 min at 4°C. The cell pellet was resuspended in
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0.2 N HCl at a cell density of 4 x 107 cells/ml at 4°C overnight.
The samples were centrifuged at 6,500 g for 10 min at 4°C. The
supernatant was used for immunoblot analysis after neutra-
lized with 2 M NaOH.

Immunoprecipitation assay

The cells were lysed using GST lysis buffer (10% glycerol, 1%
NP40, 50 mM Tris-HCI pH 7.8, 150 mM NaCl, NP40 15, and
2 mM MgCl,) supplemented with a complete protease inhibitor
cocktail. The samples were incubated with 5 pg of primary
antibody overnight at 4°C, followed by the addition of Pierce
™ protein A/G magnetic beads (Thermo Fisher Scientific,
Rockford, IL, USA) for 2 h. Immunoprecipitates were washed
three times with GST buffer. The magnetic beads were collected
using a magnetic stand. Bound proteins were eluted by boiling
in SDS-sample buffer and analyzed using western blotting.

Cell viability

Cell viability was measured using a CCK-8 kit (Dojindo
Molecular Laboratories, Kumamoto, Japan). The cells were
seeded (4000 cells in 100 pL/well) in 96-well plates and cul-
tured overnight before IFN-y stimulation. The absorbance was
measured at 450 nm using a microplate reader (TECAN,
Baldwin Park, CA, USA).

Apoptosis assays

We collected cells treated with or without IFN-y and washed
them twice with PBS. Subsequently, the cells were stained with
an Annexin V-7-AAD Apoptosis Detection Kit (BD
Biosciences, San Jose, CA, USA). The samples were analyzed
within 1 h of processing using an Attune NxT Acoustic cyt-
ometer (Invitrogen). The percentage of cells in each quadrant
of the dot plot was determined using FlowJo v10 (BD
Biosciences, San Jose, CA, USA).

Cell cycle analysis

The cells were treated with or without IFN-y for 24 h. The cells
were then harvested and washed in PBS. Finally, 2 x 10° cells
were suspended in 0.5 mL of cold PBS and 1.5 mL of 100%
ethanol was added dropwise to the cell suspension with gentle
vortexing. The cells were stored at —20°C for at least 2
h. Subsequently, the cells were centrifuged at 400 g for
10 min at 4°C and washed twice with cold PBS. The cells
were resuspended in 500 puL PI/RNase Staining Buffer (BD
Biosciences) and incubated at 37°C for 15 min. The samples
were analyzed using an Attune NxT Acoustic cytometer and
ModFit LT software (Verity software house, Topsham,
ME, USA).

SUNSET (surface sensing of translation)

SUnSET is a method used to monitor the rate of protein
synthesis.”® After the cells were cultured with IFN-y, 10 mg/
mL of puromycin was added to the culture medium for an
additional 10 min. Subsequently, the cells were lysed using
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RIPA buffer. We detected puromycin incorporation using
western blotting and an antibody against puromycin.

Ex vivo culture of patient-derived lung cancer explants

Fresh tissues were obtained from patients undergoing pulmon-
ary resection prior to radiation or chemotherapy at the
Department of Thoracic Surgery, Tongji Hospital. Ex vivo
culture was performed as previously described.”® Briefly, we
dissected the tumor tissues into 1 mm® cubes and placed them
on a gelatin sponge (Hushida, Jiangxi, China) bathed in RPMI-
1640 media supplemented with 10% heat-inactivated FBS and
100 U/mL penicillin-streptomycin. The indicated amounts of
IFN-y were then added to the cultures. The tissues were cul-
tured at 37°C for 48 h and collected for RNA and protein
extraction. This study was performed in accordance with the
Declaration of Helsinki. The use of human tissue samples was
approved by the Institutional Ethics Committee of the
Huazhong University of Science and Technology.

Activation of T lymphocytes in vitro

Peripheral blood mononuclear cells (PBMCs) were isolated
from EDTA-K2 anticoagulated blood using Ficoll-Paque
Medium (GE Healthcare, Uppsala, Sweden) and density gra-
dient centrifugation. The PBMCs (2 x 10° cells/well, 6-well
plate) were cultured alone or treated with 1 ug/mL CD3 mono-
clonal antibody (mAb) (BD Bioscience, San Jose, CA, USA) in
RPMI 1640 medium supplemented with 10% fetal calf serum
and 1% penicillin/streptomycin. Two days later, the superna-
tants were collected and used for co-culture with lung cancer
cells.

Detection of IFN-y expression by enzyme-linked
immunosorbent assay (ELISA)

The PBMCs were stimulated with or without anti-CD3 mAb
for 48 h. The supernatants were collected using centrifugation.
Production of IFN-y in the supernatants was quantified using
a commercial ELISA kit (Invitrogen), according to the manu-
facturer’s instructions.

Statistical analysis

Statistical analyses were performed using Prism V6 software
(GraphPad, La Jolla, CA, USA). A two-sided Student’s t-test
was used. The data in the bar graphs are presented as the mean
+SEM. Differences were considered statistically significant at
p < .05.

Results
IFN-y induces the UPR in lung adenocarcinoma

IFN-y binding to the IFN-y-receptor leads to activation of gene
expression proceeds via the JAK-STAT pathway.”’ Thus, we
hypothesized whether IFN-y could accelerate global protein
synthesis in lung cancer cells. We performed the SUnSET
assay, a robust and accurate method for measuring the relative

rates of protein synthesis in cell culture,” to evaluate the protein
synthesis rates in A549 cells in response to IFN-y stimulation. As
shown in Figure Sla, IFN-y treatment led to an increased pro-
tein synthesis rate, as quickly as 3 h after treatment in A549 cells.

Next, we examined whether IFN-y triggers UPR. As shown
in Figure 1a, IFN-y significantly increased the transcription of
UPR-related molecules, including HSPA5 (encoding GRP78
protein), sXBP1, and DDIT3 (encoding CHOP protein) genes
in lung cancer cells. IFN-y-induced transcription of HSPA5 in
A549 and H1975 was dose related (Figure S1b). Additionally,
the expression of ATF-4 and CHOP were increased dramati-
cally as early as 24 h after exposure to IFN-y (Figure 1b).
Notably, IFN-y did not affect UPR-related molecule expression
in UMC-11 lung carcinoid cells. GRP78 is a chaperone and
master regulator of the UPR. We found that GRP78 expression
was upregulated by IFN-y (Figure 1c). To confirm the results
obtained using western blotting, we performed immunofluor-
escence staining for GRP78. Higher immunoreactivity of
GRP78 was observed in IFN-y-treated cells than in untreated
cells (Figure 1d). ATF-6 is also involved in the UPR. Under ER
stress conditions, ATF-6 is released from GRP78 and cleaved
by site 1 and site 2 proteases in the Golgi body. The resultant
N-terminal ATF-6 fragment is transported into the nucleus to
turn on ER stress-targeted gene expression. As shown in
Figure le, IFN-y stimulation increased the N-terminal frag-
ment of ATF-6. Thus, we showed that IFN-y stimulation leads
to a rapid increase in the protein synthesis rate, which may
cause ER stress and trigger the UPR.

IFN-y is a key effector molecule of immunity and is secreted
by activated T lymphocytes. Next, we examined whether the
activation of T cells can trigger UPR in lung cancer cells.
PBMCs were stimulated with anti-CD3 mAb for 2 days.
A significant amount of IFN-y was produced by activated
T cells (Figure Slc). The supernatants collected from cultures
of PBMCs stimulated with anti-CD3 mAb upregulated the
transcription of the UPR-associated molecules, including
HSPA5, DDIT3, and sXBP1 (Figure 1f), and increased the
expression of ATF-4 and CHOP in lung cancer cells
(Figure 1g). These effects were abolished in the presence of
an IFN-y neutralizing antibody. Our results provide direct
evidence of how T cell activation affect the biological processes
of tumor cells. In this case, we show that IFN-y produced by
activated T cells triggers UPR in cancer cells.

To further confirm the effect of IFN-y on ER conditions, we
cultured human-derived lung adenocarcinoma cells from
seven patients ex vivo. We found that IFN-y induced DDIT3
transcription in four out of seven tumor specimens (Figure
S1d). Upregulation of ATF-4 expression was also observed
(Figure Sle). The data reflect heterogeneity in tumors in
response to IFN-y treatment. Our data show that IFN-y can
induce UPR in some of the human adenocarcinomas.

IFN-y-mediated JAK1/2-STAT1 and PI3K-AKT-mTOR
signaling is required for the induction of the UPR

We examined whether IFN-y-triggered UPR is JAKI1/
2-STAT1-dependent. We used siRNA-JAK1, siRNA-JAK2,
and siRNA-STAT1 to knockdown JAKI, JAK2, and STATI,
respectively. We found that IFN-y-induced CHOP expression
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Figure 1. IFN-y induces UPR in lung adenocarcinoma. (a) The indicated cells were treated with IFN-y (1000 IU/mL) or untreated for 2 days. gRT-PCR was used to
detect the expression of selected genes involved in ER stress. The expression of each gene of interest was corrected for ACTB expression. **, p < .01. (b) Immunoblots
showing ATF-4 and CHOP protein expression in IFN-y treated and untreated cells. B-actin was used as a loading control. (c) Western blot analysis showing increased
expression of GRP78 in IFN-y treated cells vs. untreated cells. (d) Immunofluorescence images of GRP78 in A549 cells treated with IFN-y or untreated for 3 days (scale
bar = 40 pm). (e) Western blot analysis for ATF-6(n) in IFN-y treated A549 and H1975 cells vs. untreated cells. (f and g) Peripheral blood mononuclear cells (PBMCs) were
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expression of ATF-4 and CHOP (g).

was abrogated in cells transfected with JAK1, JAK2, and

STAT1 siRNA (Figure S2a and Figure 2a).

Our data indicate

that the IFN-y-mediated JAK1/2-STAT1 pathway is required
for the induction of UPR. IFN-y did not affect the expression of
UPR-related molecules in UMC-11 cells (Figure 1a and b). We

examined whether IFN-y activates the STAT1 pathway in
UMC-11 cells. As shown in Figure S2b, IFN-vy failed to induce
the activation of STAT1 in UMC-11 cells, which further indi-
cates the requirement of STAT1 activation for the induction of
UPR by IFN-y. IEN-y also activates AKT-mTOR signaling in
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lung cancer cells.'” To determine whether the AKT-mTOR
pathway is involved in IFN-y-triggered UPR, we first used
LY294002 to inhibit AKT activation. We found that
LY294002 abrogated IFN-y-induced CHOP expression in
A549 and H1975 cells (Figure 2b). Next, we added the mTOR
inhibitor rapamycin to the cells cultured with IFN-y and we
found that addition of rapamycin to the cell culture resulted in
significant suppression of AKT-mTOR activity and CHOP
expression (Figure 2c). Our data demonstrate that the AKT-
mTOR pathway is also involved in IFN-y-triggered UPR.

Accumulation of autophagosomes in IFN-y-treated cells

ER stress is a potent trigger for autophagy, a self-degradative
process that has an adaptive function.”® Therefore, we exam-
ined whether IFN-y promotes autophagy in lung cancer cells.
LC3 is commonly used to monitor autophagy. One approach is
to detect LC3 conversion (LC3-I to LC3-1I) by immunoblotting
analysis because the amount of LC3-II is strongly associated
with the number of autophagosomes.”> Treatment of lung

adenocarcinoma cells (A549, HCC827, H1975, and H2030)
with IFN-y led to increased levels of LC3-II (Figure 3a). IFN-
y did not induce autophagosome accumulation in UMC-11
cells. To confirm the results obtained from western blotting, we
used the CYTO-ID® green detection reagent, which selectively
stains autophagic vesicles. Autophagosome accumulation was
observed in IFN-y-treated cells, similar to that observed in cells
cultured in HBSS and chloroquine (CQ) (Figure 3b).

IFN-y impairs autophagic flux in lung cancer cells

LC3-II accumulation reflects either enhanced autophagosome
formation or decreased fusion of autophagosomes with lyso-
somes. First, we evaluated whether IFN-y treatment promoted
autophagosome formation. Beclin-1 is involved in ER stress-
promoted autophagy.”* As shown in Figure 4a and b, IFN-y
did not enhance Beclin-1 expression on day 3 of treatment.
Several studies have shown that Bcl-2 can bind to the BH3
domain-containing  Beclin-1 to regulate autophagy
activation.’>”® Wei et al. reported that starvation induces the
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transfected with control siRNA or si-STAT1 for 24 h and then treated with IFN-y (1000 IU/mL) for 3 days. The expression of STAT1 and CHOP was determined using
western blotting. (b) A549 and H1975 cells were pretreated with 10 uM of LY294002 for 1 h and then treated with IFN-y (1000 IU/mL) for 36 h. The expression levels of
phosphorylated AKT and CHOP was determined using western blotting. (c) A549 and H1975 cells were pretreated with 500 nM of rapamycin for 1 h and then treated
with IFN-y (1000 IU/mL) for 36 h. Western blot analyses were used to determine the expression of p-AKT, p-mTOR, p-4E-BP1, p-70S6K, and CHOP.



phosphorylation of Bcl-2. Subsequently, Beclin-1 dissociates
from Bcl-2, and leading to autophagy activation.”” As shown
in Figure S3a, IFN-y did not significantly affect Beclin-1 and
total Bcl-2 expression on day 2 of treatment. The lysates from
IFN-y-treated and untreated cells were immunoprecipitated
with an anti-Bcl-2 antibody. Beclin-1 was detected at
a comparable level in immunoprecipitates from IFN-y-
treated and untreated cells. Death-associated kinase 1
(DAKI1) has also been reported to be involved in ER stress-
promoted autophagy.”® DAK1 expression in cancer cells was
not affected by IFN-y (Figure S3b).

Next, we investigated autophagic flux status. We compared
the ratio of LC3-II to B-actin in cells treated with IFN-y to
untreated cells in the presence or absence of bafilomycin Al
(Baf Al), an inhibitor of autophagosome-lysosome fusion. As
shown in Figure 4c, the LC3II/B-actin ratio increased consid-
erably in IFN-y untreated cells in the presence of Baf Al
compared with IFN-y untreated cells without Baf Al,
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indicating that there was a basal level of activated autophagic
flux in IFN-y-untreated cells. However, in IFN-y-treated cells,
the LC3-II/B-actin ratios between the presence and absence of
Baf Al were comparable, suggesting that IFN-y treatment
impairs autophagic flux.

We then investigated whether IFN-y affects autophago-
some-lysosomal fusion. The cells were transfected with the
Premo™ Autophagy Tandem Sensor RFP-GFP-LC3B. The
GFP signal was quenched in the acidic autolysosome, whereas
RFP was more stable. Colocalization of GFP and RFP indicates
that an autophagosome is not fused with a lysosome. In con-
trast, an RFP signal without GFP corresponds to an
autolysosome.” As shown in Figure 4d, the culture of cells in
HBSS led to an increased quenching of GFP signaling, which
was caused by increased autophagosome-lysosome fusion, and
yellow puncta were almost undetectable. CQ suppresses lyso-
somal degradation by increasing lysosomal pH. In cells cul-
tured with HBSS in the presence of CQ, the quenched GFP

merged

A549
*

Figure 3. Accumulation of autophagosomes in IFN-y-treated cells. (a) Inmunoblots showing LC3 protein expression in IFN-y treated and untreated cells. (b) The
indicated cells were treated with IFN-y (1000 IU/mL) or untreated for 3 days. At the end of the treatment, the cells were labeled with CYTO-ID® green detection reagent
to detect autophagosomes. Cells treated with HBSS in the presence of CQ (60 uM) for 3 h were used as a positive control for the accumulation of autophagosomes.
Puncta areas per cell from three random images for each culture condition are shown. *, p < .05; **, p < .01.
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Figure 4. IFN-y impairs autophagic flux in lung cancer cells. (a and b) The expression of Beclin 1 was assessed at the transcriptional level by qRT-PCR (a) and at the
protein level by western blot analysis (b) in A549 and H1975 cells after treatment with IFN-y (1000 1U/mL) or mock treated for the indicated duration. (c) LC3 expression
was determined using western blotting. The bar graphs show a densitometric analysis of changes in the abundance of LC3-Il normalized to B-actin level for loading
variability. **, p <.01; ns, not significant. (d) The indicated cells were transfected with the Premo™ Autophagy Tandem Sensor RFP-GFP-LC3B and cultured under the
indicated conditions. Red puncta (RFP puncta only) and yellow puncta (RFP puncta colocalized with GFP puncta) were detected using fluorescence microscopy (scale
bar = 20 um). The number of LC3 yellow puncta and red puncta per cell was calculated from at least 20 cells from each culture condition. The bar graphs represent the
mean * SEM. **, p < .01.



signal was recovered, suggesting that CQ blocked the autopha-
gosome-lysosomal fusion. There was a significantly increased
colocalization of GFP and RFP fluorescence (yellow puncta) in
cells treated with IFN-y, compared to untreated cells, similar to
the cells cultured in HBSS in the presence of CQ. Our data
showed that IFN-y impairs autophagic flux rather than pro-
moting autophagy.

LAMP-1 and LAMP-2 expression is reduced in lung cancer
cells in response to IFN-y

LysoTracker is used to detect lysosomes in living cells.*’
LysoTracker Red DND-99 was used to evaluate lysosomes in
cells treated with IFN-y. The immunoreactivity of LysoTracker
was significantly reduced in cells treated with IFN-y compared
to untreated cells, similar to the cells cultured with Baf Al
(Figure 5a). Lysosomal membranes contain several highly
N-glycosylated proteins, among which LAMP-1 and LAMP-2
are the best known.*' LAMP-1 and LAMP-2 play essential roles
in autophagosome maturation. As shown in Figure 5b, LAMP-1
and LAMP-2 expression decreased in cells cultured with IFN-y
on day 3. IFN-y did not affect LAMP expression in UMC-11
cells. To confirm the western blot analysis results, we used cell
immunofluorescence to detect LAMP-1. The immunoreactivity
of LAMP-1 reduced significantly in cells treated with IFN-y
compared to untreated cells (Figure 5c). Notably, IFN-y did
not reduce the transcription of LAMPI and LAMP2 (Figure S4).

Inhibition of ER stress restores IFN-y-mediated
downregulation of LAMP

To determine whether IFN-y-triggered UPR contributes to the
reduction in LAMP, the ER stress inhibitor 4-PBA was used. In
addition to inhibiting ER stress, 4-PBA is also used as an inhi-
bitor of histone deacetylase.*> As shown in Figure S5, -PBA at
2 mM and above significantly altered the histone H3 acetylation
status. To minimize the influence of 4-PBA on histone acetyla-
tion, we used 1 mM 4-PBA in our experimental setting.
Additional 4-PBA abrogated IFN-y-induced ATF-4 expression
and restored LAMP expression in cells treated with IFN-y
(Figure 6a). Furthermore, rapamycin significantly restored
LAMP1 immunoreactivity in IFN-y-treated A549 cells
(Figure 6b and c). These results indicate that the IFN-y-
triggered UPR is responsible for the decline in LAMP expression.

IFN-y-induced activation of PERK- elF2a is involved in
downregulation of LAMP expressions

As we demonstrated that IFN-y-triggered UPR is responsible
for regulating LAMP expression, we sought to determine how
UPR regulates LAMP expression in IFN-y-treated cells. First,
we examined whether ER stress-mediated activation of the
ubiquitin-proteasome system (UPS) is involved in the down-
regulation of LAMP. As shown in Figure S6a, ubiquitin activity
increased in cells treated with IFN-y. Furthermore, additional
4-PBA reversed the action of IFN-y on the UPS, indicating that
IFN-y-induced activation of UPS is associated with UPR
(Figure Se6b). However, additional MG132 did not restore
LAMP-1 and LAMP-2 expression in cells treated with IFN-y

ONCOIMMUNOLOGY €1962591-9

(Figure 7a). The UPS may not be involved in the IFN-y-
induced downregulation of LAMP.

Global inhibition of protein synthesis is one of the initial and
key responses to cope with ER stress.*’ Phosphorylation of elF2a
is associated with the inhibition of protein synthesis.** We first
examined whether IFN-y causes global inhibition of protein
synthesis. As shown in Figures S7 and 7b, global protein synthesis
rates were reduced significantly in A549 cells treated with IFN-y
for 24 h as determined by the SUnSET assay, and suppression of
protein synthesis was even more remarkable following prolonged
treatment with IFN-y. In H1975 cells, a reduction in protein
synthesis was observed on day 3 of IFN-y treatment. IFN-y did
not affect protein synthesis in UMC-11 cells. Next, we examined
whether IFN-yactivated elF2a. IFN-y markedly stimulated the
phosphorylation of elF2a at serine-51, as early as 18 h in A549
cells. In H1975 cells, we observed the phosphorylation of eIF2a
36 h after exposure to IFN-y (Figure 7¢). eIF2a can be activated by
several stress-associated kinases, including PERK, GCN2, and
PKR.*> IFN-y stimulation induced the activation of PERK but
not that of GCN and PKR (Figure 7d). Interestingly, the selective
PERK inhibitor GSK2606414 significantly restored the global
protein synthesis rates in cells treated with IFN-y (Figure 7e).

We then investigated whether IFN-y-induced activation of
PERK- elF2a signaling is involved in the decline of LAMP-1 and
LAMP-2 expression. As shown in Figure 7f, GSK2606414 inhib-
ited IFN-y-induced ATF-4 expression and partially restored
LAMP-1 and LAMP-2 expression levels in IFN-y-treated cells.
Our results suggest that IFN-y-mediated activation of PERK-
elF2a signaling is involved in the reduction of expression of
LAMP.

ER stress contributes to IFN-y-induced apoptosis

Our data showed that IFN-y-induced ER stress impairs autop-
hagy. As unsolved ER stress is often associated with cell death
and cell cycle arrest, we first examined whether IFN-y triggers
apoptotic cell death in lung cancer cells. IFN-y treatment
reduced cell wviability in a dose-dependent manner
(Figure 8a). We performed western blot analyses to examine
the activated apoptotic marker cleaved caspase-3 in cells trea-
ted with IFN-y. As shown in Figure 8b, cleaved caspase-3 level
increased significantly in cells exposed to IFN-y. Moreover,
A549 and H1975 cells cultured with the supernatants collected
from cultures of PBMCs stimulated with anti-CD3 mAb dis-
played an increased level of cleaved caspase-3 compared to the
cells cultured with the supernatants collected from unstimu-
lated PBMCs. Neutralization of IFN-y in the supernatant led to
a reduction in cleaved caspase-3 (Figure 8c).

IFN-y-mediated cell death required the activation of JAK1/
2-STAT1 (Figure S8a and 8d). Inhibition of AKT and mTOR
signaling using LY294002 and rapamycin, respectively, also
reduced the expression levels of cleaved caspase-3 in A549 cells
(Figure 8e and f) and H1975 cells (Figure S8b and c). Next, we
determined whether ER stress was responsible for IFN-y-induced
apoptosis. As shown in Figure 8¢, the addition of 4-PBA abrogated
IFN-y-induced cleaved caspase-3 expression in A549 cells.
Furthermore, CHOP knockdown by siRNA in A549 cells and
H1975 cells led to a reduction in cleaved caspase-3 expression
(Figure 8h and Figure S8d, respectively). The status of cell
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Figure 5. LAMP-1 and LAMP-2 expression is reduced in cells treated with IFN-y. (a) The indicated cells treated or untreated with IFN-y were loaded with
LysoTracker Red DND-99 for 30 min and analyzed using fluorescence microscope. Cells treated with Baf A1 alone were used as an experimental control. (b)
Representative immunoblots showing LAMP-1 and LAMP-2 expression in IFN-y treated and untreated cells. The bar graphs show a densitometric analysis of 3-4
individual experiments in the abundance of LAMP after normalization to B-actin for loading variability.
LAMP-1 was assessed using fluorescence microscopy (scale bar = 20 um). The number of puncta per cell was counted from three random images from each culture

condition. The bar graphs represent the mean + SEM. *, p < .05; **, p <.01.

apoptosis induced by IFN-y and the role of ER stress in the

induction of

analyses (Figure 8i). Our data indicate that IFN-y-triggered ER
stress is responsible for the induction of apoptotic cell death.
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ER stress is involved in IFN-y-mediated suppression of cell

cell apoptosis was confirmed using flow cytometry cycle progression

We investigated whether ER stress is also involved in the IFN-y-
mediated inhibition of cell proliferation. As shown in Figure 9a,

¥, p < .05; **, p < .01; ns, not significant. (c) The expression of
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Figure 6. Inhibition of ER stress restores IFN-y-mediated downregulation of LAMP. (a) A549 cells treated with IFN-y or mock treated in the presence or absence of

1 mM 4-PBA for 3 days were subjected to western blot analyses of the expression of ATF-4, LAMP-1, and LAMP-2. (b and c) Immunofluorescence images of LAMP-1 in
A549 cells treated with IFN-y or mock treated in the presence or absence of rapamycin (b). Quantification of LAMP-1 puncta per cell is shown (c). *, p < .05; **, p < .01.
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IFN-y suppressed the expression of key molecules, including
cyclin D1, cyclin E2, and cyclin Bl that were involved in the
control of cell cycle progression. The suppressive action of IFN-y
required STAT1 signaling (Figure 9b). To further analyze the effect
of IFN-y on cell cycle progression, flow cytometry analysis using
PI staining was performed to determine the changes in nuclear
DNA content. The Gl-phase cell numbers in cells treated with
IFN-y for 24 h were higher than those in cells not exposed to IFN-
Y, whereas S- and G2/M-phase cell numbers decreased in cells
treated with IFN-y (Figure 9c and d). These results indicate that
IFN-y causes cell cycle arrest at the G1/S phase.

Cyclin D1 is a crucial regulator of the cell cycle. IFN-y signifi-
cantly reduced cyclin D1 expression, as determined by western
blotting (Figure 9a). Interestingly, IFN-y did not decrease the
transcription of CCNDI (Figure 9e). As a similar pattern was
observed in LAMP, we speculated that cyclin D1 is also regulated
by IFN-y-induced ER stress. The ER stress inhibitor 4-PBA sig-
nificantly restored the protein level of cyclin D1 (Figure 9f), sug-
gesting that ER stress is involved in regulating the expression of
cyclin D1. Next, we hypothesized that the reduction in cyclin D1
expression was due to ER stress-mediated suppression of protein
synthesis. As shown in Figure 9g, GSK2606414 did not restore
cyclin D1 expression in IFN-y-treated cells. Interestingly, MG132
significantly restored cyclin D1 expression in IFN-y treated cells
(Figure 9h). Furthermore, we assessed the degree of cyclin D1
ubiquitination using immunoprecipitation with an anti-cyclin D1
antibody, followed by western blotting with an anti-ubiquitin
antibody. As shown in Figure 9i, ubiquitination was detected
and significantly increased in IFN-y treated cells in the presence
of MG132 compared to untreated cells. Our data indicate that ER
stress-enhanced proteasome activity, but not the PERK-elF2a-
axis, may cause the downregulation of cyclin D1, thereby inhibit-
ing cell cycle progression.

Discussion

Although the role of IFN-y in the modulation of tumor immu-
nity and its underlying mechanisms have been widely docu-
mented, the cellular and molecular actions of IFN-y in tumor
cells have not been fully investigated. Our study showed for the
first time that IFN-y induced ER stress and UPR in lung
adenocarcinoma cells through the activation of JAK1/
2-STAT1 and AKT-mTOR signaling. The UPR triggered by
IFN-y consequently reduced LAMP-1 and LAMP-2 expression
and led to impairment of autophagic flux. We also demon-
strated that IFN-y-induced ER stress contributed to IFN-y-
triggered apoptotic cell death and cell cycle arrest (Figure 9j).

To date, very few studies have documented the role of IFN-y
in ER homeostasis.***” TFN-y has been reported to increase
UPR-associated molecule expression in conjunctival goblet
cells, causing a failure in the expression of Muc2 and
Muc5AC glycoproteins, which leads to dye eye in patients
with Sjogren syndrome.*” It has long been recognized that
the biological functions of IFN-y rely on newly synthesized
proteins, for example, increases in CD274 expression on tumor
cells through the activation of STAT1 and mTOR signaling, to
promote immune escape.'® Rapidly increased protein synthesis
disrupts ER homeostasis. Indeed, our studies demonstrated
that IFN-y induces ER stress and UPR in lung cancer cell

lines. Furthermore, induction of UPR by IFN-y was also
observed in human tumor specimens. Notably, we evaluated
a total of seven human tumor specimens to determine the effect
of IFN-y on the induction of DDIT4 transcription. IFN-y
increased transcription of the DDIT3 gene in four tumors but
failed to induce DDIT3 transcription in the other tumors. Our
data reflect heterogeneity in tumors in response to IFN-y
treatment. One explanation could be that approximately one-
third of melanoma and lung adenocarcinoma cell lines had
inactivating mutations in the IFN-y pathway components.***’
In addition, studies have shown that in some tumor tissues, the
elF2a-ATF-4-CHOP signaling pathway is in a highly activated
state,”® which could undermine the effect of IFN-y on ER
stress. The precise underlying molecular mechanisms regard-
ing the diverse response to IFN-y in tumors could be more
complex and require further investigation. Inhibition of JAK1/
2-STAT1 and AKT-mTOR effectively diminished IFN-y-
induced UPR. It is worth noting that one of the consequences
of UPR is the inhibition of global protein synthesis. Therefore,
the overall biological functions of IFN-y on tumor cells appear
to be determined by both cellular processes.

Autophagy is an essential mechanism of ER stress. ER stress can
either stimulate or inhibit autophagy.”® Miyagawa et al. showed
that saturated fatty acids impaired autophagosome-lysosome
fusion in the livers of mice, and this impairment was ameliorated
by the reduction of ER stress.”’ LAMP-1 and LAMP-2 are essential
components of the lysosome and are involved in autophagy.” Cui
et al. have shown a decrease in LAMP-2 accompanied with the
impaired autophagic flux in response to oxygen, glucose, or serum
deprivation treatments. Overexpression of LAMP-2 significantly
alleviated autophagy flux.”> Very recently, Nakashima et al.
reported that in trophoblast cells, ER stress could reduce autopha-
gic flux by suppressing the expression of LAMP, although the
underlying mechanism remains elusive.>

Phosphorylation of elF2a impairs cap-dependent translation
and is responsible for inhibiting global protein synthesis in the ER
and other stresses.”> Gennaro et al. found that sustained phos-
phorylation of eIF2a decreases the synthesis of proteins belonging
to the endolysosomal system.® We showed that suppression of
IFN-y-induced UPR by inhibiting AKT-mTOR or PERK-elF2a
signaling restored the protein content of LAMP. The precise
underlying molecular mechanism by which the PERK- elF2a
axis regulates LAMP-1 and LAMP2 warrants further investigation.

The role of IFN-y in autophagy has been thoroughly investi-
gated. IFN-y induces autophagy in gastric epithelial cells through
increased expression of Beclin-1.>" IFN-y also induces autopha-
gosome formation and promotes autophagic flux in hepatocel-
lular carcinoma cells (HCC).”® Interestingly, IFN-y treatment of
HCCs activates the STAT1-IRF1 pathway but inhibits AKT-
mTOR signaling, which is in contrast to the signaling transduced
by IFN-y in lung adenocarcinoma cells, indicating that the
effects of IFN-y on autophagy are cell type-specific. Autophagy
can be a survival mechanism that allows cells to develop adaptive
changes under various conditions.”® However, the relationship
between autophagy and cell death is complex. For instance, the
discovery of the interaction between Beclin-1 and Bcl-2/Bcl-xL
implicates the crosstalk between autophagy and apoptosis.** Bcl-
2/Bcl-xL targets Bax and Bak to inhibit apoptosis.”** Bcl-2 can
also bind to Beclin-1 and inhibit the activation of autophagy.®’
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Figure 8. ER stress contributes to IFN-y-induced apoptosis. (a) The indicated cells were treated with IFN-y for 3 days followed by a CCK-8 assay. The untreated cells
were used as controls (100%). (b) The indicated cells were treated with doses of IFN-y (100-2000 IU/mL) for 3 days. The expression of cleaved caspase-3 was determined
using western blotting. (c) PBMCs were stimulated with anti-CD3 mAb in the presence or absence of anti-IFN-y antibody for 48 h. Subsequently, the supernatants were
collected and cultured with A549 and H1975 cells for 2 days. Western blot analysis was performed to detect cleaved caspase-3. (d) A549 cells transfected with control
siRNA or si-STAT1 were treated with IFN-y (1000 IU/mL) for 3 days. Immunoblots showing cleaved caspase-3 expression. (e and f) A549 cells treated with IFN-y in the
presence or absence of LY294002 (e) or rapamycin (f) were subjected to western blotting to detect cleaved caspase-3 expression. (g) A549 cells treated with IFN-y in the
presence or absence of 4-PBA was subjected to western blot analysis to assess cleaved caspase-3 expression. (h) A549 cells transfected with control siRNA or si-DDIT3
were treated with IFN-y for 3 days. Immunoblots showing CHOP and cleaved caspase-3 expression. (i) A549 cells were treated with IFN-y (1000 1U/mL) for 3 days.
Apoptotic cell death was evaluated using annexin V and 7-AAD staining assay followed by flow cytometry analysis. The data are presented as the means + SEM from 3-4

individual experiments.

Strappazzon et al. reported that serum starvation increases impaired autophagy by blocking autophagosome-lysosomal
JNK1-mediated phosphorylation of Bcl-2 and leads to the release  fusion. The precise relationship between impaired autophagy
of Beclin-1 from Bcl-2 and induction of autophagy. Interestingly, and cell death in cancer cells under the influence of IFN-y
under the conditions of extreme serum starvation, JNK1 induces remains undetermined and warrants further investigation.

hyperphosphorylation of Bcl-2, causing its dissociation from Bax Prolonged ER stress or unrestored ER homeostasis leads to
to promote caspase 3-dependent apoptotic cell death.’**® In cell death. We showed that CHOP is responsible for IFN-y-
addition, Beclin-1 can also be phosphorylated by DAPK, pro- triggered apoptosis in our experimental setting. In our study, we
moting its dissociation from Bcl-2, which leads to enhanced showed that inhibition of the PI3K-AKT-mTOR signaling path-
autophagosome formation.”® In this study,

IFN-y treatment way effectively reduced IFN-y-induced CHOP expression and
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Figure 9. ER stress is involved in IFN-y-mediated suppression of cell cycle progression. (a) Immunoblots showing cyclin D1, cyclin E2, and cyclin B1 expression in
the indicated cells treated with IFN-y vs. mock treated for 3 days. (b) The indicated cells transfected with control siRNA or si-STAT1 were treated with IFN-y (1000 IU/mL)
for 3 days. Immunoblots showing cyclin D1, cyclin E2, and cyclin B1 expression. (c) A549 cells were treated with IFN-y (1000 IU/mL) for 24 h, and PI staining was
performed to determine cell cycle progression, and (d) the data are presented as the means + SEM from 3-4 individual experiments. (e) The expression of CCNDT was
assessed using gRT-PCR in the indicated cells after treatment with IFN-y (1000 IU/mL) or mock-treated for 24 h. (f) Cyclin D1 expression was assessed in A549 cells
treated with IFN-y in the presence or absence of 4-PBA. (g) A549 cells were treated with IFN-y (1000 1U/mL) for 3 days in the presence of GSK2606414. Cyclin D1
expression was determined using western blotting. (h) A549 cells were treated with IFN-y (1000 IU/mL) for 3 days followed by culturing with MG132 (10 pM) for an
additional 4 h. Cyclin D1 expression was determined using western blotting. (i) Cell lysates were immunoprecipitated with anti-cyclin D1 antibody, and ubiquitination
was detected using western blotting. (j) Schematic depicting the effect of IFN-y signaling on lung adenocarcinoma cells. IFN-y induces ER stress and UPR in lung
adenocarcinoma cells through the activation of JAK1/2-STAT1 and AKT-mTOR signaling. This UPR consequently reduced LAMP-1 and LAMP-2 expression and led to
impairment of autophagic flux. We also demonstrated that IFN-y-induced ER stress contributes to IFN-y-triggered apoptotic cell death and cell cycle arrest.

apoptosis. Although the primary role of the PI3K-AKT-mTOR
axis in tumor cells is to promote proliferation, cell growth, and
resistance to apoptosis induction, PI3K-AKT-mTOR signaling
is also involved in several biological processes that could ulti-
mately determine the fate of tumor cells. For example, there is

a complex relationship between the PI3K-AKT-mTOR and ER
stress. Studies by Kitamura and coworkers have shown that
mTORCI causes ER stress-triggered apoptosis via selective acti-
vation of the IRE1-JNK pathway.”” In cases where ER stress
cannot be reversed and cellular functions deteriorate, often
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resulting in cell death. Thus, there is an indirect relationship
between cell death and AKT-mTOR activation. AKT-mTOR is
also closely related to autophagy and serves as a negative mod-
ulator of autophagy.®® Although several studies have suggested
that the autophagy participates in a caspase-independent cell
death,”” autophagy is well recognized as a cell survival process
that promotes tumor development. Taken together, whether
activation of AKT-mTOR signaling is pro-tumor or antitumor
may be context-dependent.

Our study provides evidence of an unappreciated effect of
IFN-y on ER homeostasis in lung cancer cells. Moreover,
identifying the biological consequences of IFN-y-triggered ER
stress beyond cell death and cell cycle arrest may shed light on
the use of IFN-y to treat lung cancer.
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