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Abstract
Background: IFN-λs are a kind of cytokine with anti-tumor, immunomodula-
tory, and anti-proliferative activity. Recent studies have shown that the recombi-
nant Newcastle disease virus expresses human IFN-λ1 (rL-hIFN-λ1), which plays
a role in gastric cancer cell apoptosis. Endoplasmic reticulum stress (ERS)
induces autophagy and apoptosis in tumor cells. In this study, we explored the
relationship between ERS and rL-hIFN-λ1-induced apoptosis of lung adenocarci-
noma A549 cells and its underlying mechanism.
Methods: First, we investigated the effect of rL-hIFN-λ1 on cellular proliferation,
migration, and proteins associated with ERS, autophagy, and apoptosis of A549.
Second, after administration of the ERS inhibitor, the associated proteins induced
by rL-hIFN-λ1 were detected. Finally, a subcutaneous mouse model was used to
examine the effect of rL-hIFN-λ1 on tumor growth and the ERS and apoptosis
associated proteins in tumor tissues.
Results: The results showed that the proliferation and migration of A549 cells,
and tumor tissue growth were significantly inhibited and the ERS, autophagy,
and apoptosis associated proteins were upregulated in the experimental group.
Additionally, both 4-PBA and knockdown of PERK or CHOP reduced the levels
of rL-hIFN-λ1-induced autophagy and apoptosis-associated proteins. BCL-2
knockdown caused autophagy and apoptosis associated protein upregulation.
Conclusions: In summary, rL-hIFN-λ1 inhibited cell proliferation and activated
ERS, autophagy, and apoptosis in A549 cells and tissues, and when ERS path-
ways were blocked, the inhibiting effect was even more pronounced. Therefore,
the recombinant Newcastle disease virus rL-hIFN-λ1-induced apoptosis of A549
cells is connected to ER stress and could be a promising therapeutic agent for
lung adenocarcinoma.

Introduction

Lung cancer, including small cell lung carcinoma and non-
small cell lung carcinoma, is the most common cause of
cancer death worldwide.1 Non-small cell lung carcinoma is
the most common type, accounting for 40% of lung cancer
cases. In recent decades, the incidence of lung adenocarci-
noma has been increasing in many developed Western
nations.2–5 In spite of advanced treatments, such as radio-
therapy, chemotherapy, and surgery, the five-year survival

rate for advanced stage lung adenocarcinoma is only
5–20%. Therefore, novel approaches are required to
improve clinical outcomes.
Oncolytic Newcastle disease viruses (NDV) and avian

paramyxovirus replicate selectively and destroy tumor
cells.6 The effective antiviral characteristics of normal cells
make NDV a safe and effective anticancer drug.7

Type III IFN-λs, which are similar to type I IFNλs, play
an important role in cancer and viral disease treatment.
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However, type I IFNλs are hampered in clinical practice by
a wide range of adverse effects.8 IL-29, namely IFN-λ1,
belongs to the family of type III IFNλs, which include IFN-
λ1, IFN-λ2, and IFN-λ3, also known as IL-29, IL-28A and
IL-28B, respectively.9 Recent data have indicated that IFN-
λ1 might serve as a potential therapeutic agent for certain
cancer types.10

Our team previously reported that recombinant adenovi-
rus Ad-mIFN-λ2 inhibited growth and triggered the apo-
ptosis of A549 cells. Recently, our research indicated that
recombinant NDV expressing the rabies virus glycoprotein
(rL-RVG) could induce endoplasmic reticulum stress
(ERS), which contributes to apoptosis in satellite glial and
human cell line cells.11 Furthermore, we successfully con-
structed recombinant NDV-expressing human IFN-λ1 (rL-
IFN-λ1) and found that it could induce apoptosis in gastric
adenocarcinoma cells.12 In this study, we investigated the
relationship between A549 cell apoptosis induced by
recombinant NDV rL-hIFN-λ1 and ERS, and as its associ-
ated pathways.
Considering that rL-hIFN-λ1 could induce ERS in lung

cancer, we analyzed the expression of representative ERS,
autophagy, and apoptosis associated proteins in rL-hIFN-
λ1-infected A549 cells with or without pretreatment of
small interfering (si)PERK, siCHOP, or siBCL-2. Further-
more, tumor-bearing mice with lung adenocarcinoma
A549 cells were also infected with rL-hIFN-λ1, and its
effect on the apoptosis of A549 cells and the related mech-
anism was explored. Our results indicated that rL-hIFN-λ1
plays a key role in mediating the ERS response and apo-
ptosis in A549 cells, as well as tumor tissues. Moreover, in
this study, the underlying relationships among ERS, autop-
hagy, and apoptosis were also clarified.

Methods

Reagents

Construction of the recombinant NDV strain (rL-hIFN-
λ1) was supported by the Harbin Veterinary Research
Institute (Harbin, Heilongjiang, China),12 which also kindly
provided the wild-type NDV LaSota strain. The human
lung adenocarcinoma A549 cell line, the human lung squa-
mous carcinoma SK-MES-1 cell line, and the mouse ade-
nocarcinoma Lewis cell line were obtained from Shanghai
Cell Bank (Shanghai, China). Methyl-thiazolyl-tetrazolium
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide, MTT), 4-phenylbutyric acid (4-PBA), and the JNK
inhibitor SP600125 were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Antibodies against GRP78, CHOP,
p-eIF2α, hIFN-λ1, and β-actin antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Antibodies against p-PERK, beclin 1, caspase3, caspase8,

and caspase9 were obtained from Boster Biological Tech-
nology (Wuhan, Hubei, China). Antihuman IL-28R mono-
clonal antibody (mAb) was obtained from R&D Systems
(Minneapolis, MN, USA). SiRNAs against human CHOP,
PERK, and BCL-2 were synthesized by GenePharma
(Shanghai, China). Male BALB/c nude mice, aged
3–4 weeks of age and free of murine-specific pathogens
were obtained from the Laboratory Animal Center, Yang-
zhou University (Yangzhou, China). The nude mice were
treated twice weekly by subcutaneous instillation with
300 μl of rL-hIFN-λ1, NDV, and phosphate buffered saline
(PBS), respectively. Biolegend (San Diego, CA, USA) pro-
vided fluorescein isothiocyanate (FITC)-anti-mouse cluster
of differentiation CD49b and CD3. An enzyme-linked
immunosorbent assay
(ELISA) kit for detecting IFN-λ1 was purchased from e-

Bioscience (San Diego, CA, USA).

Enzyme-linked immunosorbent assay
(ELISA) analysis

A549 cells were cultured in Dulbecco’s modified Eagle
medium containing 10% fetal bovine serum at 37�C with
95% humidified air and 5% CO2, and incubated with rL-
hIFN-λ1, NDV, or PBS for 24 hours. The supernatants of
A549 cells were collected, and the hIFN-λ1 levels in super-
natants were measured using an ELISA kit.

Methyl-thiazolyl-tetrazolium (MTT) assay

Cell viability was detected using MTT assay. First, cells
were seeded into a 96-well flat bottom microplate at a den-
sity of 1 × 105 cells in 100 μL per well. Lung adenocarci-
noma A549 cells were infected with rL-hIFN-λ1 or NDV
at different multiplicities of infection (1.25, 2.5, 5.0, and
10.0, respectively). After 24 hours, the cells were evaluated
under a microscope and cell proliferation was assessed by
measuring the conversion of the tetrazolium salt to forma-
zan according to the manufacturer’s instructions (Sigma).
The cells were then incubated for four hours at 37�C,
150 μL of dimethyl sulfoxide was added to each well, and
the absorbance of the solution was analyzed at an absor-
bance of 450 nm. The following equation was used to cal-
culate cell viability: (1-A450 sample absorbance/A450
control absorbance) × 100%.

Clonogenic survival assay

A549 cells were plated in six-well plates (1500 cells per
well) and cultured overnight before being transfected with
or without siRNA. Four hours later, the cells were treated
with rL-hIFN-λ1, NDV, or PBS for 24 hours. Several days
later the medium was replaced with virus-free medium and
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the cells were fixed and stained with crystal violet (0.2%)
to visualize cell colonies. Each experiment was repeated
three times.

Scratch migration

When A549 cells reached 80–90% confluence, 10 μL sterile
tips were used to draw a straight line in each well. The cells
were then infected with rL-hIFN-λ1, NDV, or PBS. Each
experiment was repeated three times. Twenty-four hours
later, the substance in each well was replaced with serum-
free Dulbecco’s modified Eagle medium and was moni-
tored regularly.

Transwell

To achieve a steady growth state, cells were maintained for
24 hours in serum-free medium prior to treatment with
rL-hIFN-λ1 or NDV for another 24 hours. Cells
(1.5 × 105 cells/mL) were then plated onto transwell filters
in a 24-well plate, according to the manufacturer’s instruc-
tions. Finally, cells were fixed with 4% paraformaldehyde,
stained with crystal violet (0.2%), and monitored under a
microscope.

Transmission electron microscopy

After infection for 24 hours with rL-hIFN-λ1, NDV, or
PBS, A549 cells were fixed and embedded in 4% parafor-
maldehyde and 2.5% glutaraldehyde. Finally, thin sections
were cut and examined using an H-600 transmission elec-
tron microscope.

Western blot analysis

After treatment with or without 4-PBA, siPERK, siCHOP,
siBCL-2, and JNK inhibitor, cells were extracted in lysis
buffer (containing 2× loading buffer, β-mercaptoethanol)
with complete protease inhibitor (Boster Biological Tech-
nology). Lysates were centrifuged at 12000 rpm for five
minutes. Supernatants were collected, subjected to electro-
phoresis on 12% polyacrylamide gel (for light chain LC3
and caspase3 antibodies) or 10% polyacrylamide gel (for
NDV, hIFN-λ1, IL-28R, GRP78/Bip, CHOP, p-eIF2α,
beclin1, caspase8, caspase9, p-PERK, BCL-2, and Bax anti-
bodies) and then transferred to Immobilon-P membranes
(Millipore, Temecula, CA, USA). The blot was blocked in
5% non-fat dry milk for 60 minutes and incubated over-
night at 4�C with appropriate primary antibodies. The blot
was then incubated with appropriate secondary antibodies
at room temperature for 1.5 hours. Finally, protein bands
were visualized with electrochemiluminescence.

Small interfering RNA transfection

When the cells reached 50% confluence, GenePharma
siRNA transfection reagent was used. The lung cancer
A549 cells pretreated with siPERK, siCHOP, or siBCL-2
were infected for 24 hours with rL-hIFN-λ1, NDV, or PBS,
respectively. Thereafter, the cells were analyzed by immu-
noblot to validate the knockdown efficiency.

Immunofluorescent staining

A549 cells were seeded in 24-well plates and incubated
overnight. After treatment with rL-hIFN-λ1 or NDV for
24 hours, the cells reached 50% confluence. The cells were
fixed in 4% paraformaldehyde, and were then permeabi-
lized with 0.1% TritonX-100 for 20 minutes. After cells
were washed with PBS for 10 minutes, they were blocked
in 1% normal goat serum for one hour. They were then
incubated in a 4�C wet box overnight with anti-GRP78
(Santa Cruz Biotechnology), anti-CHOP (Santa Cruz Bio-
technology), NDV F protein (Harbin Veterinary Research
Institute), and hIFN-λ1 (Santa Cruz Biotechnology) anti-
bodies, respectively. After being washed with PBS three
times, cells were stained with appropriate secondary anti-
bodies. The nuclei were stained with Hoechst 33 342 for
30 minutes (Sigma) and the cells were then observed under
a microscope.

Reverse transcriptase PCR splicing assay

According to the manufacturer’s instructions, total RNA
was extracted with TRIzol reagent and complementary
DNA was generated using oligo (dT) primers and Multi-
Scribe reverse transcriptase. Amplification of hIFN-λ1
cDNA was performed with 50-TATCCAGCCTCAGCCCA-
CAGCA-30 (sense) and 50-ACAGGTTCCCATCGG
CCACATA-30 (anti-sense) primers.

Construction of a subcutaneous tumor-
bearing mouse model

To construct a subcutaneous tumor-bearing mouse model,
2.0 × 106 lung adenocarcinoma A549 cells in 200 μL of
PBS were injected into the left oxter of four-week-old male
BALB/c mice. A few days later, the subcutaneous tumor
was observable.

Curve of tumor volume and weight of
tumor-bearing mice

Two weeks later, tumors under the left oxter of each
mouse, measuring 5–15 mm in diameter, were observed.
The tumor-bearing mice were randomly divided into rL-
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hIFN-λ1, NDV, and control groups and received 300 μL of
rL-hIFN-λ1, NDV, or PBS, respectively, twice weekly
(Thursday and Saturday) for four weeks. The tumor vol-
umes were measured. A growth curve of the tumor volume
was calculated using the following formula: volume = a2 ×
b × 0.52, where a and b refer to the short and long diame-
ters of the tumors, respectively. Tumor inhibition rate =
(average tumor volume in control group-average tumor
volume in treatment group)/mean tumor volume in con-
trol group×100%.

Flow cytometry

Apoptosis was analyzed using flow cytometry. After being
digested, centrifuged, collected, washed, and resuspended,
A549 cells were fixed with 70% ethanol precooled at 4�C
for 30 minutes. The cells were then centrifuged and
washed with PBS, and the fixed cells were treated with a
ribonuclease solution for 30 minutes. After staining with
Annexin V-FITC and propidium iodide, flow cytometry
was used to examine apoptosis. Finally, all data were ana-
lyzed using FlowJo software (Tree Star Inc., Ashland, OR,
USA). Flow cytometry assay was also used to detect natural
killer (NK) cells. Splenocyte suspensions were obtained
from the spleens of the sacrificed mice and the splenocytes
(100 μL aliquots) were labeled with 2 μL of CD49b-FITC
and 1.25 μL of hamster CD3e-phycoerythrin. The number
of CD3-/CD49+ NK cells was detected using flow cytome-
try. Each experiment was performed three times.

Immunohistochemistry

Experiments were performed on tumor tissues from
tumor-bearing mice with the appropriate primary IFN-λ1
and NDV antibodies (1:200) and secondary (horseradish
peroxidase-conjugated anti-rabbit or anti-chicken) anti-
bodies, as previously described.5

Sample collection and pathological
examination

The harvested tumor specimens were fixed in 4% parafor-
maldehyde and embedded in paraffin. Hematoxylin and
eosin staining was performed to identify morphology
changes.

Statistical analyses

All analyses were performed using SPSS version 17.0 (SPSS
Inc., Chicago, IL, USA). One-way analysis of variance and
Student’s t tests were used to evaluate the significance of
statistical differences. P values < 0.05 or < 0.01 were con-
sidered significant.

Results

hIFN-λ1, Newcastle disease virus (NDV),
and IL-28R protein expression levels

We first examined the expression of the receptor subunits
for type III IFN in A549, SK-MES-1, and Lewis cell lines.
The receptor complex of type III IFN signals consists of
IL-10Rb and IL-28R. IFN-λ1 may have a relatively high
affinity to IL-28R.13,14 In this study, we used Western blot
analysis to detect IL-28R expression in A549, SK-MES-1,
and Lewis lines (data shown in Fig 1a). A549 cell lines dis-
played higher levels of surface IL-28R expression than the
SK-MES-1 and Lewis lines (Fig 1a). As a result, the A549
cell line was selected for use in further experiments.
hIFN-λ1 expression was then detected by using an

ELISA kit, according to the manufacturer’s instructions.
Supernatants of A549 cells in the NDV and rL-hIFN-λ1
groups were diluted 800-fold, 400-fold, 200-fold, and
100-fold. ELISA analysis of the PBS group revealed almost
no hIFN-λ1 expression in the supernatant compared to the
rL-hIFN-λ1 and NDV groups. In addition, hIFN-λ1 was
significantly higher in the rL-hIFN-λ1 than in the NDV
group (Fig 1b).
To explore the effects of hIFN-λ1 transfection, reverse

transcriptase (RT)-PCR was performed to detect hIFN-λ1
messenger RNA (mRNA) expression in A549 cells. hIFN-
λ1 mRNA was highly expressed in the rL-hIFN-λ1 group,
but was relatively lower in the PBS and NDV groups
(Fig 1c). These findings strongly indicate that hIFN-λ1 is
stably expressed in the rL-hIFN-λ1 group.
To further investigate transfection efficiency, immuno-

fluorescence was performed to identify hIFN-λ1 and NDV
expression in the three groups. hIFN-λ1-positive cells were
stained green, while NDV positive cells were stained red
(Fig 1d). NDV expression was increased in the rL-hIFN-λ1
and NDV groups. Furthermore, A549 cells in the rL-hIFN-
λ1 group displayed dramatic hIFN-λ1 and NDV expression
compared to cells in the NDV group. A549 cells in the
PBS group displayed almost no expression of NDV or
hIFN-λ1.

rL-hIFN-λ1 inhibits A549 cell proliferation
and migration

To explore the role of rL-hIFN-λ1, A549 cells were treated
with various concentrations of rL-hIFN-λ1 or NDV for
24 hours. MTT was used to assess cell viability. As shown
in Figure 2a, A549 cell growth was effectively inhibited by
rL-hIFN-λ1 compared to NDV in a dose-dependent man-
ner. Therefore, rL-hIFN-λ1 at an MOI of 10 was selected
for further experiments. In addition, rL-hIFN-λ1 signifi-
cantly inhibited the proliferation of A549 cells (Fig 2a).
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The properties of inhibition of rL-hIFN-λ1 on A549 cells
were also determined by clonogenic assay. As shown in
Figure 2b, rL-hIFN-λ1 greatly reduced colony formation in
the rL-hIFN-λ1 group compared to the NDV or PBS
groups (Fig 2b). An inverted microscope was used to mea-
sure the effect of rL-hIFN-λ1 and NDV on cell growth. We
observed that A549 cells infected with rL-hIFN-λ1 were
significantly attenuated and morphologically had shrunk
(Fig 2c). Transwell assay was used to determine the migra-
tion and invasion of A549 cells treated with rL-hIFN-λ1.
The results revealed that A549 cells infected with rL-hIFN-
λ1 migrated slower than in the NDV and PBS groups
(Fig 2d). Consistent with this observation, we further
examined the migration ability of A549 cells using scratch
migration assay. We further confirmed that A549 cells in
the rL-hIFN-λ1 group exhibited reduced migration com-
pared to the NDV and PBS groups (Fig 2e).

rL-hIFN-λ1 induces the endoplasmic
reticulum stress (ERS) response and
apoptosis in A549 cells

To evaluate whether rL-hIFN-λ1 can induce ERS and apo-
ptosis in lung adenocarcinoma A549 cells, transmission
electron microscopy was performed. ERS, apoptosis, and
autophagosomes in A549 cells in the rL-hIFN-λ1 group
dramatically increased (Fig 2f ). We then measured the
expression levels of their related proteins (GRP78, CHOP,
p-eIF2α and beclin1) in A549 cells treated with rL-hIFN-
λ1, NDV, or PBS. GRP78, CHOP, and p-eIF2α levels were

significantly elevated in the rL-hIFN-λ1 group compared
to the NDV and PBS groups as (Fig 3a). Consistent with
these observations, immunofluorescence imaging showed
that GRP78 and CHOP were stably expressed at a higher
level in the rL-hIFN-λ1 group compared to the NDV and
PBS groups (Fig 3b). Furthermore, the increased ERS
response and autophagy markers were affected in time
(Fig 3c) and dose dependent manners by rL-hIFN-λ1
(Fig 3d). We further examined whether rL-hIFN-λ1 was
involved in apoptosis. Western blot showed that the levels
of apoptosis-related proteins, such as cleaved caspase3,
cleaved caspase8, and cleaved caspase9 were substantially
upregulated in the rL-hIFN-λ1 group, while the level of
BCL-2/Bax dramatically decreased (Fig 3e). Flow cytometry
confirmed that the application of rL-hIFN-λ1 for 24 hours
dramatically increased apoptosis (Fig 3f ).

4-PBA or small interfering RNA (siRNA)
knockdown reduced ERS, autophagy, and
apoptosis related protein expression

We treated A549 cells with rL-hIFN-λ1, NDV, or PBS in
the presence or absence of 4-PBA, a representative ERS
inhibitor. The expression of these ERS (p-eIF2α and
CHOP), apoptosis (cleaved caspase3), and autophagy
(LC3II) related proteins were significantly reduced in A549
cells treated with 4-PBA pretreatment (Fig 4a). These
observations suggested that the ERS response occurred
prior to autophagy and apoptosis.

Figure 1 IL-28R, hIFN-λ1, and New-
castle disease virus (NDV) expression
levels. (a) IL-28R protein expression
was detected in A549, SK-MES-1,
and Lewis lines by Western blot. (b)
hIFN-λ1 secretion was monitored by
enzyme-linked immunosorbent assay.
*P < 0.05 (rL-hIFN-λ1 vs. NDV) ( )
NDV, ( ) rL-hIFN-λ1. hIFN-λ1 expres-
sion in A549 cells was detected by
(c) PCR and (d) immunofluorescent
staining. Representative immunofluo-
rescence photomicrographs of A549
cells show that hIFN-λ1 in the rL-
hIFN-λ1 group dramatically increased
compared to the NDV and phos-
phate buffered saline groups.
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To confirm whether the ERS response occurred prior to
autophagy and apoptosis, CHOP, a downstream compo-
nent of ERS pathways, was knocked down (the siCHOP

sequences are shown in Table 1). CHOP knockdown effi-
cacy was confirmed by Western blot. As expected, CHOP
expression significantly decreased after CHOP knockdown.

Figure 2 rL-hIFN-λ1 inhibits A549
cell proliferation and migration. (a)
A549 cells were treated with rL-
hIFN-λ1 and Newcastle disease virus
(NDV) for 24 hours and cell viability
was quantified by methyl-thiazolyl-
tetrazolium assay; *P < 0.05 (rL-
hIFN-λ1 vs. NDV) ( ) NDV,
( ) rL-hIFN-λ1. (b) The clono-
genic activity of A549 cells after
treatment with rL-hIFN-λ1 and NDV
at a multiplicity of infection of 10.
The samples were then incubated
in fresh medium for 10 days, and
fixed and stained with 0.2% crystal
violet. Colony formation was atten-
uated in the rL-hIFN-λ1 group.
*P < 0.05 (rL-hIFN-λ1 vs. NDV and
phosphate buffered saline [PBS]
groups, respectively). (c) Represen-
tative images of morphological
changes of A549 cells were cap-
tured (40× magnification). rL-hIFN-
λ1 significantly (d) attenuated inva-
sion and (e) inhibited the migration
of A549 cells. (f) The ultrastructure
of the A549 cells after infection
with rL-hIFN-λ1. Arrows indicate
the autophagosome, a black trian-
gle indicates the endoplasmic retic-
ulum stress (ERS), and a black star
indicates the nucleus. Compared to
the NDV and PBS groups, the num-
ber of ERS, apoptosis, and autopha-
gosomes in A549 cells in the rL-
hIFN-λ1 group was obviously
increased.
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Furthermore, apoptosis and autophagy related proteins,
such as caspase3 and LC3II, were obviously downregulated
(Fig 4b). This result showed that blocking ERS significantly
reduced apoptosis and autophagy.
The ERS pathway consists of three primary pathway

proteins: PERK, ATF6, and IRE-1. The PERK-CHOP path-
way is the most important. The PERK pathway includes
the phosphorylation of eIF2α and CHOP.15 We investi-
gated whether ERS caused autophagy or apoptosis via
immunoblotting. Blocking of PERK by siRNA (the siPERK
sequences are shown in Table 1) resulted in a significant
decrease in p-PERK, p-eIF2α, CHOP, caspase3, and LC3II,
which were induced by rL-hIFN-λ1 or NDV, suggesting
that the ERS response induced autophagy and apoptosis
(Fig 4c).

JNK inhibitor reduced autophagy and
apoptosis protein expression

JNK is a downstream sensor of IRE1 that can activate both
IRE1-XBP-1-CHOP (an ERS-associated pathway) and
TRAF2/JNK pathways. Evidence has revealed that IRE1
promotes the caspase pathway by activating JNK.16 Studies
have revealed that JNK is involved in inducing autophagy
through BCL-2 phosphorylation and disruption of the
BCL-2/beclin1 complex.17 The data suggests that JNK

activation may be associated with autophagy and apoptosis
induction. To investigate whether JNK is involved in the
regulation of autophagy and apoptosis related proteins,
ERS, autophagy, and apoptosis related protein expression
levels were evaluated by Western blot in A549 cells treated
with rL-hIFN-λ1 or NDV in the absence or presence of the
JNK inhibitor SP600125. As shown in Figure 5, p-JNK was
significantly attenuated in the presence of the JNK inhibi-
tor. Caspase3 and LC3II expression decreased in the pres-
ence of the JNK inhibitor, while BCL-2 increased.

BCL-2 depletion with siRNA increases rL-
hIFN-λ1-induced autophagy and apoptosis

The BCL-2 protein family plays a key role in regulating
apoptosis and autophagy.18–20 To determine BCL-2 knock-
down efficacy, FAM-siRNA of BCL-2 (sequences of siBCL-
2 shown in Table 1) was utilized, according to the instruc-
tions (Fig 6a). Green fluorescence limited to membrane
indicated that BCL-2 was knocked down. Growth was then
measured using clonal clusters stained with crystal violet
(Fig 6b). Intriguingly, we observed that when BCL-2 was
knocked down by siRNA, the colony formation numbers
of A549 infected with rL-hIFN-λ1 were markedly reduced
compared to those treated with NDV or PBS.

Figure 3 rL-hIFN-λ1 induces the
endoplasmic reticulum stress (ERS)
response and apoptosis in A549
cells. (a) Western blot was used to
detect ERS response-related pro-
teins ( ) con, ( ) Newcastle dis-
ease virus (NDV), ( ) rL-hIFN-λ1.
(b) Representative immunofluores-
cence photomicrographs of GRP78
and CHOP. The expression of ERS-
related proteins when A549 cells
were treated with rL-hIFN-λ1 for (c)
different time intervals and (d) at
different concentrations. (e) Immu-
noblots show that the expression
of ERS markers GRP78, CHOP, and
p-eIF2α, after treatment with rL-
hIFN-λ1 peaked at 24 hours and at
a multiplicity of infection (MOI) of
10. Apoptosis proteins were mea-
sured by Western blot ( ) con, ( )
NDV, ( ) rL-hIFN-λ1. Bar graphs
show the relative expression level
(*P < 0.05; **P < 0.01). (f) Flow
cytometry analysis was used to con-
firm apoptotic cells (*P < 0.05).
Apoptosis in A549 cells was
increased with rL-hIFN-λ1.
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To gain further insight into the mechanism by which
BCL-2 siRNA exacerbated autophagy and apoptosis in
A549 cells, Western blot was used to detect several proteins
involved in autophagy (LC3I-LC3II and beclin1), apoptosis
(caspase3), and anti-apoptosis (BCL-2). We found that the
presence of BCL-2 siRNA resulted in a significant increase
in the expression of LC3II, beclin1, and caspase3, a
decrease in BCL-2 expression, and knockdown of BCL-2
when A549 cells were treated with rL-hIFN-λ1, NDV, or

PBS for 24 hours (Fig 6c). These findings indicate that
BCL-2 knockdown induces autophagy and apoptosis.

rL-hIFN-λ1 inhibits subcutaneous growth
of A549 cells and induces natural killer cell
increases in vivo

We used a tumor-bearing mouse model to determine
whether rL-hIFN-λ1 exerted an antitumor effect in vivo

Figure 3 (Continued)

1444 Thoracic Cancer 9 (2018) 1437–1452 © 2018 The Authors. Thoracic Cancer published by China Lung Oncology Group and John Wiley & Sons Australia, Ltd

rL-hIFN-λ1 A549 ERS apoptosis Y. Yan et al.



(Fig 7a). The tumor volumes of nude mice treated with rL-
hIFN-λ1 were significantly reduced compared to those in
the NDV or PBS groups (Fig 7b).
After hematoxylin and eosin staining, the tumors in the

rL-hIFN-λ1 and NDV groups demonstrated a typical histo-
logical pattern characterized by severe necrotic tumor cells,
which was not observed in the PBS group. In addition, cell

necrosis dramatically increased in the rL-hIFN-λ1 group
(Fig 7c).
The number of NK cells was confirmed by flow cytome-

try. Consistent with the previous result, the number of NK
cells was dramatically increased in the rL-hIFN-λ1 group
compared to the PBS and NDV groups (P < 0.05) (Fig 7d).
IFN-λs are reported to play a critical role in modulating

Figure 4 4-PBA or knockdown
using small interfering RNA
(siRNA) reduced the expression of
endoplasmic reticulum stress
(ERS), apoptosis, and autophagy
related proteins. (a) Effects of
4-PBA on A549 cells treated with
rL-hIFN-λ1, Newcastle disease
virus (NDV), and phosphate buff-
ered saline (PBS) ( ) con, ( )
4-PBA. (b) Expression of CHOP,
LC3-I to LC3-II conversion, and
caspase3 in the siCHOP-
transfected A549 cells ( ) con,
( ) siCHOP. (c) Expression of p-
PERK, p-eIF2α, CHOP, LC3II, and
caspase3 in A549 cells trans-
fected with siPERK ( ) con, ( )
siPERK (*P < 0.05). Immunoblot
shows that the expression of ERS,
autophagy, and apoptosis
markers p-PERK, p-eIFα, CHOP,
LC3II, and caspase3 decreased
after ERS was blocked.
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the immune system, similar to the roles played by type I
IFN-λs and NK cells, and are increased in the spleen blood
in cells treated with r-Ad-hIFN-λ1.21 These results demon-
strated that rL-hIFN-λ1 induces potent suppression of
tumor growth and activates the immune system.

Efficiency of hIFN-λ1 infection to induce
ERS response and apoptosis in vivo

Expression of hIFN-λ1 and NDV proteins in
tumor tissues
Western blot analysis was used to determine the expression
of hIFN-λ1 and NDV proteins in tumor tissues. hIFN-λ1
was dramatically increased in the rL-hIFN-λ1 group,
whereas in the PBS and NDV groups it was significantly
reduced. On the other hand, NDV was expressed in both
rL-hIFN-λ1 and NDV groups, but not in the PBS group
(Fig 8a).
Immunohistochemistry was performed to identify NDV

and hIFN-λ1 protein expression in tumor tissues. We
observed that NDV expression in the NDV and rL-hIFN-
λ1 groups was higher in tumor tissues than in the PBS
group. Next, we assessed the expression and localization of
hIFN-λ1 in tumor tissues via immunohistochemical analy-
sis. hIFN-λ1 was strongly expressed in the rL-hIFN-λ1
group compared to the NDV group, and was not expressed
in the PBS group (Fig 8b). These findings demonstrated
that both rL-hIFN-λ1 and NDV successfully infected A549
cells in vivo.

ERS response and apoptosis induced by rL-hIFN-
λ1 in tumor specimens
One mechanism to induce apoptosis is via ERS.11 rL-hIFN-
λ1 infection of A549 cells was examined to identify
unfolded protein response (UPR) marker expression
in vitro. Additional analysis was performed on ERS-related
proteins in tumor specimens. To detect ERS, autophagy,
and apoptosis markers in tumor tissues, we measured the
expression levels of GRP78, CHOP, p-eIF2α, beclin1, LC3,
and caspase3 in tumor specimens obtained from tumor-
bearing mice treated with rL-hIFN-λ1, NDV, or PBS. ERS,
autophagy, and apoptosis related proteins were upregulated
in tumor specimens from the rL-hIFN-λ1 group compared
to specimens from the NDV and PBS groups (Fig 8c).

Discussion

Despite improvements in the detection and treatment of
early-stage lung cancer, which may be a result of the
increased use of computed tomography (CT), a third of
patients with early-stage lung cancer survive less than five
years.22–25 This is partially attributable to the limited thera-
peutic efficacy of surgery, radiation, and chemotherapy in
lung cancer. Fortunately, accumulating evidence has
revealed the significant role of oncolytic tumor therapy.26–28

Newcastle disease virus is reported to be a safe and effec-
tive oncolytic therapeutic agent for lung cancer.29 NDV has
been used to treat neuroblastoma, melanoma, and other
malignancies. Previous studies have reported that the

Figure 4 (Continued)
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tumor volume is substantially decreased after NDV
infection.29–31

Interferons have multiple functions, including anti-
tumor effects and antiviral, immunomodulatory, and anti-
proliferative activity.32–34 Previous reports have shown that
IFN-λ1 inhibits growth in several tumor cells, such as neu-
roendocrine tumors, glioblastomas, and colon cancer cell
lines.35 The inhibitory effect of r-Ad-hIFN-λ1 on human
gastric cancer cells has been validated.21 It has been
reported that NK cells in the splenic blood increased in an

r-Ad-hIFN-λ1 group as a result of immunomodulatory
effects.21 In our study, we also observed that NK cells in
splenic blood from the rL-hIFN-λ1 group were increased.
We speculated that the immune system may play impor-
tant functions in rL-hIFN-λ1-induced inhibition of tumor
formation. Type III IFN is sensed through a compound
receptor consisting of IL-10Rb and IL-28R. The levels of
IL-28R and IL-10Rb expression were evaluated in A549
cells. hIFN-λ1 may have a higher affinity for IL-28R than
IL-28.13,14 Our results are consistent with previous results

Table 1 siRNA sequences used for knockdown

Gene Name

Sequence

Sense (50-30) Antisense (50-30)

siRNA (CHOP-HOMO-805) GAGCUCUGAUUGACCGAAUTT AUUCGGUCAAUCAGAGCUCTT
siRNA (PERK-HOMO-2370) GGAUGCACCAUCAGUUAAATT UUUAACUGAUGGUGCAUCCTT
siRNA (BCL2-HOMO-506) GGGAGAACAGGGUACGAUATT UAUCGUACCCUGUUCUCCCTT

siRNA, small interfering RNA.

Figure 5 JNK inhibitors reduced the expression of apoptosis and autophagy related proteins. A549 cells pretreated with a JNK inhibitor were then
treated with rL-hIFN-λ1, Newcastle disease virus (NDV), or phosphate buffered saline (PBS) for another 24 hours. The effects of JNK inhibitor on the
protein levels of p-JNK, BCL-2, LC3 conversion, and cleaved caspase3 were determined by Western blot (*P < 0.05). ( ) con, ( ) JNK inhibitor.
Note the decrease in p-JNK, LC3 conversion, and cleaved caspase3 levels and the increase in the BCL-2 level induced by rL-hIFN-λ1-infected A549
cells after JNK inhibitor administration.
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indicating that IL-28R is expressed in A549 cells. We fur-
ther investigated the role and underlying mechanisms of
rL-hIFN-λ1 in A549 cells.
Immunofluorescence showed that hIFN-λ1 and NDV

were expressed in the A549 cell cytoplasm in the rL-hIFN-
λ1 group. We also examined hIFN-λ1 secretion from the
supernatants of rL-hIFN-λ1-infecting cells with ELISA and
found that secreted hIFN-λ1 was significantly higher in the
rL-hIFN-λ1 than in the NDV group. rL-hIFN-λ1 could
infect A549 cells with high efficiency and hIFN-λ1 cyto-
kines were produced. Consistent with the results of cell
experiments, Western blot and tumor tissue immunohisto-
chemistry revealed that hIFN-λ1 was highly expressed in
the rL-hIFN-λ1 group compared to the NDV and PBS
groups. We hypothesized that hIFN-λ1 interacted with the
receptor on A549 cells and then aggravated cell death.
To elucidate the role of rL-hIFN-λ1 in A549 cells, MTT

and clonogenic assays, and an inverted microscope were

used to observe the A549 cells exposed to rL-hIFN-λ1,
which were inclined to undergo cell death compared to
exposure to NDV or PBS. These results indicate that rL-
hIFN-λ1 plays an important role in the growth of A549
cells. Moreover, transmission electron microscopy showed
that the numbers of ERS, apoptotic cells, and autophago-
somes were substantially increased in rL-hIFN-λ1-infected
A549 cells. Thus, the underlying mechanisms among rL-
hIFN-λ1-induced death, ERS, and autophagy in A549
require further investigation.
Recently, increasing evidence has revealed that ERS is

involved in lung cancer in vivo and in vitro. ERS occurs in
several diseases, including cancer.36 Following ERS, the
UPR is activated to alleviate ERS. The UPR consists of
three primary branches of signaling pathways with three
distinct stress sensors, including PERK, ATF6, and IRE1.37

Once ERS occurs, the hallmark of the UPR is to upregulate
some factors, including GRP-78 and CHOP.38 The PERK

Figure 6 BCL-2 small interfering RNA (siRNA) aggravated A549 cellular apoptosis and autophagy. (a) The transfection efficiency of knockdown of
BCL-2 in A549 cells. (b) Colony-formation assays were used to measure the colony formation capability of A549 cells with BCL-2 knockdown. (c)
Representative Western blot and quantitative analysis of apoptosis markers (caspase3) and autophagy markers (LC3 conversion and beclin1) in A549
cells with or without BCL-2 siRNA followed by rL-hIFN-λ1, Newcastle disease virus (NDV), and phosphate buffered saline (PBS). The expression of LC3
conversion, beclin1, and caspase3 obviously increased when BCL-2 was knocked down (*P < 0.05). ( ) con, ( ) siBCL-2.
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signaling pathway plays a key role in ERS;15,17 therefore,
we explored the PERK-CHOP signaling pathway. We
found that GRP78, p-eIF2α, CHOP, and the levels of
other UPR-related markers were substantially increased in
A549 cells and lung tissues in the tumor-bearing mice
treated with rL-hIFN-λ1. Consistent with this observation,
cleaved caspase3, cleaved caspase8, and cleaved caspase9
were also significantly increased in A549 cells in the rL-
hIFN-λ1 group. As supporting data, we found that
cleaved caspase3, beclin1, and LC3II were markedly upre-
gulated in tumor tissues in the rL-hIFN-λ1 group. These

findings imply that rL-hIFN-λ1 is involved in the induc-
tion of ERS, autophagy, and apoptosis in lung adenocarci-
noma A549 cells.
Some scholars have posited that severe ERS precedes

autophagy and apoptosis in glioma cells.39 We found that
following the administration of 4-PBA, p-eIF2α and p-JNK
activity was partially inhibited. At the same time, the
expression of caspase3 and LC3II conversion decreased.
Intriguingly, ERS protein levels were substantially
decreased by both the administration of the ERS inhibitor
4-PBA and treatment with siPERK.

Figure 7 rL-hIFN-λ1 inhibits subcutaneous growth of A549 cells and induces an increase in natural killer (NK) cells. (a) Images of tumors formed by
A549 cells. (b) The growth curves of the tumors in the rL-hIFN-λ1, Newcastle disease virus (NDV), and phosphate buffered saline (PBS) groups ( )
con, ( ) NDV, ( ) rL-hIFN-λ1. The effect of rL-hIFN-λ1 on histopathological changes in tumor tissues after a tumor-bearing mouse model was
injected with different viruses. (c) Histologic outcomes of hematoxylin and eosin staining. The arrows indicate necrotic cells. (d) The number of NK
cells in the spleen after a tumor-bearing mouse model was injected with rL-hIFN-λ1, NDV, and PBS (*P < 0.05).
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CHOP, a downstream component of ERS pathways at
the convergence of the IRE1, PERK, and ATF6 pathways,
is a pro-apoptotic mediator.40 Several reports have sug-
gested that CHOP accumulation is responsible for ERS-
induced apoptosis.17,41,42 In our study, LC3-II conversion
and caspase3 substantially decreased after transfection
with siCHOP, which implies that rL-hIFN-λ1-induced
ERS is responsible for autophagy and apoptosis in A549
cells.
PERK, a Ser/Thr protein kinase, induces apoptosis.39

Once ERS occurs, it stimulates PERK phosphorylation.
Activated PERK then phosphorylates eIF2α. As a result,
PERK signaling protects the cell from protein misfolding
in the ER.43 On the other hand, CHOP is located down-
stream of the PERK-CHOP pathway and damages the cell.
Our findings show that A549 cells treated with rL-hIFN-λ1
activate the PERK-eIF2α pathway and induce CHOP
expression, consistent with the results of previous studies.
We observed that the PERK blockade also decreased p-
PERK, p-eIFα, CHOP, LC3II, and caspase3 expression.
Collectively, these results indicate that rL-hIFN-λ1 could
mediate autophagy and apoptosis via the PERK-CHOP sig-
naling pathway in the lung cancer A549 cell line.
The IRE1α–ASK1–JNK signaling pathway also plays

critical functions in cell death. Activation of JNK1 leads to
BCL-2 phosphorylation, dissociates BCL-2 from beclin1,
and induces autophagy during normal growth conditions.18

Previous studies have reported that the JNK-mediated deg-
radation of BCL-2 stimulates autophagy.19 The inhibition
of JNK significantly suppresses autophagy.17 Studies have

indicated that BCL-2 phosphorylation may represent a
mechanism for regulating both autophagy and apoptosis.20

We found that pretreatment with the JNK inhibitor
SP600125 could attenuate p-JNK and increase BCL-2
induction by rL-hIFN-λ1. Moreover, inhibition of JNK
abrogated rL-hIFN-λ1-induced accumulation of LC3-II
and caspase3 in A549 cells. These results are consistent
with the findings of previous studies. JNK phosphorylation
is also reported to activate the pro-apoptotic BCL-2 family
member BIM.43 When BCL-2 phosphorylation reaches
maximal levels, such as after prolonged starvation, the
BCL-2-Bax complex is disrupted and caspase3 is activated,
which indicates the initiation of apoptosis.18 In addition,
prolonged JNK1 activation can mediate apoptosis.18 Yoo
et al. suggested that BCL-2 has anti-apoptotic and anti-
autophagic functions.18 The BCL-2 inhibitor ABT263
delays the onset of tumor formation in mice, thus selective
BCL-2 inhibition using RNA interference causes an apo-
ptotic response in cells.44 To further clarify whether rL-
hIFN-λ1-induced cell death was related to the IRE1α–
ASK1–JNK signaling pathway, BCL-2 siRNA was used to
knock down BCL-2 to elucidate the effect of BCL-2 on
autophagy and apoptosis. Our results indicated that BCL-2
knockdown inhibits BCL-2 activity. The expression of
beclin1 and LC3II, two autophagy markers, was increased
in parallel with the expression of apoptosis marker cas-
pase3. Collectively, these findings indicate that BCL-2 plays
a key role in anti-apoptosis and anti-autophagy, and rL-
hIFN-λ1 induces apoptosis in part through the IRE1-JNK-
BCL-2 pathway in A549 cells.

Figure 8 Transfection efficiency of
hIFN-λ1 in tumor tissues and endo-
plasmic reticulum stress (ERS), autop-
hagy, and apoptosis induced by rL-
hIFN-λ1 in tumor specimens with
A549 cells. hIFN-λ1 and Newcastle
disease virus (NDV) protein expression
in tumor tissues were determined by
(a) Western blot and (b) immunohis-
tochemistry (magnification 400x). (c)
The expression of ERS, autophagy,
and apoptosis-associated makers
induced by rL-hIFN-λ1 in tumor speci-
mens of A549 cells (*P < 0.05). ( )
con, ( ) NDV, ( ) rL-hIFN-λ1. Immu-
noblot shows the increased levels of
GRP78, CHOP, p-eIF2α, beclin1, LC3
conversion, and cleaved caspase3 and
decrease of BCL-2/Bax in tumor speci-
mens with A549 cells. Note the
increase in ERS, autophagy, and apo-
ptosis hallmarks in rL-hIFN-λ1-treated
tumor specimens.
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In summary, we found that rL-hIFN-λ1-induced death
may occur through the immune system and via ERS-
induced autophagy and apoptosis. Inhibition of the ERS
pathway could further decrease autophagy and apoptosis
induced by rL-hIFN-λ1. rL-hIFN-λ1-induced ERS may
play an important role in autophagy and apoptosis in
human lung cancer A549 cells. During this process, the
PERK-CHOP and IRE1-JNK pathways played a major role.
Therefore, our data suggest that rL-hIFN-λ1 may be a
powerful candidate for antitumor treatments.
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