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ARTICLE INFO ABSTRACT

Keywords: EGF receptor tyrosine kinase inhibitors (EGFR-TKIs) have been widely used as a standard therapy in non-small
Lung cancer cell lung cancer (NSCLC) patients with EGFR mutations. However, most if not all of the patients who initially
Thalidomide have responded to EGFR-TKIs later experience progression or deterioration of the disease while still on the
Gefitinib ) treatment. Drug resistance becomes inevitable due to the emergence of the second-site EGFR T790M mutation
ECI;EFGRF;KI resistant within exon 20, MET and HER2 amplification, small cell histologic transformation and rare secondary BRAF

mutations. The acquired drug resistance limits the efficacy of EGFR-TKIs in patients. Thalidomide is a widely
used anti-angiogenic and immunomodulatory drug with anticancer effects. The current study was aimed to
explore the combined effects of gefitinib and thalidomide on NSCLC. The combination of thalidomide and ge-
fitinib induced antiproliferative and proapoptotic effects in HCC827, PC9, and PCIGR cells. The inhibition of
EGFR phosphorylation and downstream signaling was more pronounced in the thalidomide and gefitinib co-
treatment group as compared with the single agent treatment groups. Further study revealed that the inhibitors
of AKT, MEK/ERK, and p38 increased the antiproliferative and proapoptotic effects of the combined treatment of
thalidomide and gefitinib. However, JNK inhibition moderately abrogated cell apoptosis induced by the co-
treatment. In conclusion, thalidomide and gefitinib exhibit synergistic effects on both TKI-sensitive and -resistant
NSCLC cells by targeting the EGFR signaling pathways, suggesting that the combination strategy is promising for
the treatment of NSCLC.

1. Introduction overexpression predicts poor survival and prognosis (Raymond et al.,

2000; Wang et al., 2018; Yochum et al., 2019). Gefitinib, a small-mo-

Lung cancer is a common malignancy and the leading cause of
cancer-related deaths worldwide. Moreover, non-small-cell lung cancer
(NSCLC) accounts for approximately 85% of lung cancers (Bray et al.,
2018; Chen et al., 2014; Silvestri and Spiro, 2006). Initially, che-
motherapeutic agents such as cisplatin and docetaxel were applied to
most NSCLC patients; however, the patients did not respond to these
treatments due to drug resistance (Fan et al., 2014). The epidermal
growth factor receptor (EGFR) plays a critical role in the growth and
progression of a large proportion of human cancers, especially NSCLC
(Loong et al., 2018; Mitsudomi and Yatabe, 2010). EGFR is over-
expressed in approximately 40-80% of NSCLC cases and its
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lecule EGFR tyrosine kinase inhibitor (TKI), has shown impressive
therapeutic effects on the NSCLC patients with EGFR mutations, and
thus, is recognized as the standard first-line therapy (Nguyen and Neal,
2012; Soria et al., 2012). Additionally, a point mutation in exon 20 of
EGFR causing a threonine-to-methionine substitution at amino acid
position 790 (T790M) was authenticated in patients who developed
drug resistance within 9-15 months after treatment with TKIs (Pao
et al., 2005; Shih et al., 2005). About 60% of the patients who have
acquired resistance to EGFR-TKIs harbor the T790M mutation (Kosaka
et al., 2006; Sequist et al., 2011; Yu et al., 2013). Hence, novel ther-
apeutics to overcome or reduce the drug resistance are urgently needed
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by patients with NSCLC.

Thalidomide is a derivative of glutamic acid that was used initially
as a nonbarbiturate sedative-hypnotic in clinics in the late 1950s
(Kumar et al., 2002; Lenardo and Calabrese, 2000). In 1998, the United
States Food and Drug Administration (FDA) approved thalidomide for
its striking effect on patients with erythema nodosum leprosum (ENL).
In addition, it improves the treatment of aphthous ulcers, HIV-wasting
syndrome, and chronic graft-versus-host disease. Owing to the anti-
angiogenic and immunomodulatory actions of thalidomide, it has been
extensively applied as a therapeutic to multiple myeloma (MM)
(Bartlett et al., 2004; Kumar and Rajkumar, 2005). Lenalidomide and
pomalidomide, analogs of thalidomide, have been approved by the FDA
for the treatment of MM based on the satisfactory outcome in clinical
trials (Andhavarapu and Roy, 2013; Chanan-Khan et al., 2013; Gras,
2013). Thalidomide has also been found to be effective on some solid
tumors, including hepatocellular cancer and NSCLC (Pinter et al., 2008;
Woo et al., 2016). Also, it inhibits the metastasis of solid carcinoma
cells (Lin et al., 2006).

Herein, we sought to determine the combined effect of thalidomide
and gefitinib on the growth, proliferation, and progression of NSCLC
cells. Thus, several EGFR-TKIs-sensitive human NSCLC cell lines and
one with resistance to gefitinib have been selected. The combination
strategies displayed a marked therapeutic effect on both the TKI-sen-
sitive and the TKI-resistant NSCLC cells. Overall, the present study
provides a promising combination strategy for patients with NSCLC,
especially those with EGFR mutations.

2. Materials and methods
2.1. Materials

Gefitinib (S1025), thalidomide (S1193), SB203580 (S1076),
SP600125 (S1460), MK2206 (S1078), and PD0325901 (S1036) were
obtained from Selleckchem (Houston, TX, USA), solubilized in DMSO,
and stored at —20°C. MTS (G111) was obtained from Promega
(Madison, WI, USA). The following antibodies were procured from Cell
Signaling Technology (MA, USA): anti-PARP (9542s), anti-cleaved
caspase 3 (9661s), anti-cleaved caspase 9 (9501s), anti-Bcl-2 (15071s),
anti-Bcl-XL (2764), anti-Bax (5023s), anti-CDK4 (12790s), anti-CDK2
(2546p), anti-cyclinD1(29269), anti-cleaved caspase 8 (9496s), anti-
phospho-EGFR (Y1173) (4407s), anti-EGFR (4267s), anti-total-MEK
(9126), anti-phospho-MEK (Ser217,/221) (9154), anti-total-ERK
(4695p), anti-phospho-ERK (Thr202/Tyr204) (4370s), anti-total-p38
(8690p), anti-phospho-p38 (Thr180/Tyr182) (4511s), anti-total-JNK
(9252s), anti-phospho-JNK (Thr183/Tyr185) (9255s), anti-total-AKT
(9272), anti-phospho-AKT (Ser473) (4060s), and anti-GAPDH (14C10).
For Western blot analyses, the above antibodies were used at 1:1000.
For immunofluorescence assay, the dilutions were as follows: p-EGFR
(1:800), p-AKT (1:400), and p-ERK (1:200). For immunohistochemical
staining assays, the dilution of p-EGFR and of Ki67 were 1:400. Annexin
V-FITC/PI apoptosis detection kits (KGA107) were purchased from
Keygen Company (Nanjing, China). Cell Lysis Buffer (9803) was ob-
tained from Cell Signaling Technology and maintained at —20°C.
Rhodamine123 (CT0047) was purchased from Leagene Biotechnology
Company (Beijing, China).

2.2. Cell lines and culture conditions

The human NSCLC cell lines, including HCC827, A549 and H1299
were purchased from American Type Culture Collection (ATCC;
Manassas, VA, USA). Gefitinib sensitive PC9 cells and gefitinib-resistant
PCIGR cells were gifted by Dr. M. Liu from Guangzhou Medical
University (China).The cells were cultured in 75 cm cell culture flasks
containing 20 ml of RPMI 1640 medium with 10% fetal bovine serum
(FBS) at 37 °C and 5% CO,.
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2.3. Cell viability assay

As reported previously, the inhibition of growth was assessed with
the MTS assay (Huang et al., 2011; Xia et al., 2018). HCC827, PC9,
PCIGR, A549, and H1299 cells were trypsinized, collected, suspended
in RPMI 1640 medium with 10% FBS, and plated at a density of
2500 cells in 100 ul in 96-well plates. The cells were treated with ge-
fitinib, thalidomide, or the combination of both drugs for a specified
period after incubation for 48 h. A volume of 20 ul MTS reagent was
added to each well and the mixture was incubated for additional 3 h.
The optical density was measured on a microplate reader at 490 nm.

2.4. Colony formation assay

According to the previously established methods (Cai et al., 2017;
Liao et al., 2018), HCC827, PC9, and PCIOGR cells exposed to z-VAD-
FMK, thalidomide and gefitinib (T + G), or the combination of the
three drugs for 24 h were trypsinized, suspended in 6-well plates con-
taining 30% agarose supplemented with 10% FBS in RPMI-1640
medium, and cultured at 37 °C and 5% CO,. After 10 days, the cells
were fixed with 4% paraformaldehyde for 15 min, followed by phos-
phate-buffered saline (PBS) washes and stained with 1% crystal violet
solution. The images were visualized using a digital camera.

2.5. EdU staining

The cell proliferation was detected using Cell-Light™ EdU Apollo
567 In Vitro Kit (Cat. number: C10310-1, RiboBio, Guangzhou, China).
PC9 and PCIGR cells were plated onto chamber-slides and treated with
thalidomide or gefitinib or co-treatment for 24 h. Subsequently, the
cells were incubated with 50 umol/L EdU for 2 h at 37 °C and fixed with
4% paraformaldehyde, followed by quenching with 2 mg/ml glycine
and washing with PBS for 5min. Then, the cells were permeabilized
with 0.5% Triton X-100 for 10 min and washed with chilled PBS. The
Apollo reaction cocktail containing annexing agent buffer, fluor-
ochrome, a catalytic agent, and Apollo reaction buffer were added to
the cells and washed with 0.5% Triton X-100 after 30 min.
Subsequently, the Fluoroshield mounting medium with DAPI (Abcam)
was added for DNA staining in the dark. Images were captured using a
fluorescence microscope.

2.6. Cell death assay

Apoptosis was determined by flow cytometry as described pre-
viously (Huang et al., 2010; Liao et al., 2017). 1 X 10° HCC827, PC9, or
PCIGR cells/well were plated in 6-well plates and treated with either
gefitinib, thalidomide, or the combination of both for 24 h. A cohort of
the treated cells was digested and harvested. Then, the cells were wa-
shed with chilled PBS, suspended with 500 pl binding buffer, and de-
tected by flow cytometry after staining with Annexin V-FITC/PI in the
dark.

2.7. Western blot

The assay was performed as described previously (Huang et al.,
2017a). HCC827, PCY, and PCIGR cells were exposed to the same
drugs, and total proteins were extracted using cell lysis buffer with
protease inhibitors, phosphatase inhibitors, and PMSF (Keygen,
Nanjing, China). The BCA protein assay kit was used to determine the
protein concentration. An equivalent amount of protein samples was
subject to SDS-PAGE and transferred to PVDF membranes. Then, the
membranes were blocked with 5% defatted milk powder in PBS-T for
1 h and washed three times. Subsequently, the membrane was probed
with primary antibodies overnight, followed by incubation with ap-
propriate secondary antibodies for 1h. Finally, the ECL detection re-
agents were used for the detection of immunoreactive bands and
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exposed to X-ray films (Kodak, Japan).
2.8. Immunofluorescence assay

Immunofluorescence assay was performed as described previously
(Cai et al., 2017). Briefly, the cells treated with thalidomide and/or
gefitinib were fixed with 4% paraformaldehyde. Then, the cells were
washed with PBS three times, followed by permeabilization with 0.1%
Triton X-100 (Solarbio Life Science). After 10 min, the cells were
blocked with 5% BSA for 30 min and probed with primary antibodies in
1% BSA overnight at 4°C. Then, the cells were incubated with sec-
ondary Cy3-conjugated antibody. Subsequently, DAPI with fluoroshield
mounting medium was added, and images captured using a fluores-
cence microscope.

2.9. Mitochondrial membrane integrity measurement

As we previously reported, the mitochondrial membrane potential
was detected using Rhodamine-123 (Huang et al., 2017b). The cells
were exposed to thalidomide, gefitinib, or the combination of both for
18 h. The treated cells were harvested and washed with PBS, followed
by staining with 1 uM of Rhodamine-123 for 20 min at 37 °C. Flow cy-
tometry was used to determine the mitochondrial membrane potential.

2.10. Nude mouse xenograft model

The nude mice were obtained from the Guangzhou University of
Chinese Medicine. The animal protocols were approved by the
Institutional Animal Care and Use Committee of Guangzhou Medical
University. The nude BALB/c female mice (18-22 g) were housed in the
quarantine room for inspection for 2-3 days. Then, the mice were
transferred to the animal barrier facilities of Guangzhou Medical
University. Food and water were supplied adequately. Approximately
5 x 10° PC9 cells were implanted subcutaneously on the flanks of each
mouse for 10 days. The animals were divided randomly into 4 groups
and orally administered thalidomide (30 mg/kg/2d) and/or gefitinib
(7.5mg/kg/2 d) for 2 weeks. Tumor volumes and mouse body weights
were measured on every alternate day.

2.11. Immunohistochemical staining

This assay was performed as described previously (Huang et al.,
2016). Briefly, the formalin-fixed and paraffin-embedded tumor tissues
were sectioned and immunostained for p-EGFR and Ki67 using the
MaxVision Kit (Maixin Biol). The fluorescent-labeled secondary anti-
bodies were detected with DAB.

2.12. TUNEL assay

The sections of the tissues were steeped with xylene and 100%
ethanol, followed by ethanol (90%, 80%, 70%) and PBS washes. Then,
the samples were incubated with proteinase K at 20 pg/mL for 20 min.
After PBS washes, the samples were incubated with DNase I buffer for
10 min and washed again with ddH,O three times. Lastly, the samples
were incubated with equilibration buffer, Alexa Fluor 488-12-dUTP
labeling mix, and recombinant TdT Enzyme. TUNEL-positive cells
(green) were detected with a fluorescence microscope; DAPI stained the
nucleus blue.

2.13. Combination index

The interaction between the two agents drugs was determined by
counting the combination index (CI). The Chou-Talalay equation for
classic isobologram was used to calculated the CI (Chou and Talalay,
1984). The general equation is as follows: CI=(D) 1/(Dx) 1+ (D) 2/
(Dx) 2. (D) 1 and (D) 2 respectively indicate the concentrations of
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compounds 1 and 2, inducing an combinational effect. Dx is the dose of
one drug alone necessary to produce the same effect. CI > 1 indicates
antagonism. CI = 1 shows additivity. CI < 1 defines synergy.

2.14. Statistical analysis

The quantitative data of all experiments are presented as mean +
standard deviation (S.D.) from three independent experiments.
Unpaired Student's t-test or one-way ANOVA was applied to determine
the statistical probabilities. GraphPad Prism 5.0 software was used for
all the statistical analyses. P value < 0.05 is considered statistically
significant.

3. Results

3.1. Effect of thalidomide and gefitinib combination on the growth and
proliferation of NSCLC

To evaluate the effects of thalidomide at different doses combined
with gefitinib on the cell proliferation of NSCLC, we performed MTS
assays on several NSCLC cell lines. Since the drug resistance is a major
issue, we also examined the effect of the co-treatment on the gefitinib-
resistant PCOGR cells. The cell viability of NSCLC cells was inhibited
with the increasing doses of gefitinib. However, the effects of anti-
proliferation were more obvious on PC9 and HCC827 cells carrying the
EGFR-mutation than on the wild-type A549 and H1299 cells (Fig. 1A).
Next, we found that the proliferative activity of PCOGR was not sup-
pressed considerably until the dose was raised to 10 uM, suggesting that
PCIGR harbors additional mutations, which results in low sensitivity to
EGFR-TKI (Fig. 1A). Then, we assessed the antiproliferative effects of a
combination of thalidomide with gefitinib. As shown by the MTS ana-
lysis (Fig. 1A), a panel of NSCLC cells displayed enhanced sensitivity to
gefitinib after exposure to thalidomide. Furthermore, the proliferation
of the cells was synergistically inhibited by an increased concentration
of thalidomide for 48 h. In addition, the CI values were calculated as a
quantitative measure of the degree of interaction between different
drugs. As shown in Fig. 1B and Fig. S1, CI values were < 1, suggesting
that thalidomide and gefitinib resulted in synergistic growth inhibition
in HCC827, PC9, PCIGR, A549, and H1299 cells (Fig. 1B; Fig. S1). The
results confirmed a robust growth inhibition by adding thalidomide to
gefitinib in HCC827, PC9, PCIGR, A549, and H1299 cell lines. More-
over, EAU staining showed that PC9 and PCIOGR cells co-treated with
thalidomide and gefitinib had less proliferative capacity than cells
treated with thalidomide or gefitinib alone (Fig. 1C). These results in-
dicated that thalidomide sensitizes lung cancer cells to gefitinib and
enhances the inhibition of gefitinib-induced proliferation.

3.2. Effect of thalidomide and gefitinib combination on cell cycle
progression and cell migration/invasion in NSCLC cell lines

The above findings showed that the co-treatment of thalidomide
and gefitinib induced greater growth suppression than each solo
treatment. To further clarify the mechanism underlying the efficiency of
the combination of gefitinib and thalidomide than the single treatment,
we used flow cytometry to detect the cell cycle progression in each
group exposed to thalidomide or gefitinib or the combination of thali-
domide and gefitinib. The result demonstrated that gefitinib dramati-
cally arrested the cell cycle at GO/G1 phase without significant differ-
ences in cycle progression between gefitinib and the combined
treatment group (Figs. S2A and B). Western blot results showed that the
levels of CDK4, CDK2, and cyclin D1, which are key proteins promoting
Gl to S transition, were downregulated by gefitinib. However, this
downregulation was not enhanced by thalidomide (Fig. S2C). Taken
together, thalidomide does not enhance the cell cycle arrest induced by
gefitinib. Moreover, we detected the ability of cell migration and in-
vasion of NSCLC cells exposed to the co-treatment. Results from wound
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Fig. 1. Effect of thalidomide and gefitinib in combination on NSCLC growth and proliferation. (A) Cells were exposed to thalidomide (THL), gefitinib (Gef),
and THL + Gef (T + G). Cell viability was assessed using MTS assay after treatment for 48 h. Data were obtained from three independent experiments. *P < 0.05,
**P < 0.01, ***P < 0.001 vs. each treatment alone. THL 50, THL75 and THL100 denote THL used at 50, 75, and 100 uM, respectively. (B) The interaction between
thalidomide and gefitinib was evaluated by combination index (CI). (C) Cells were exposed to thalidomide (75 pM), gefitinib (0.1 uM for PC9, 10 uM for PCO9GR), and
the combination of both. Cell proliferation was measured with EdU staining. Cells were incubated with EdU for 2 h and processed for immunofluorescence staining.
Nuclei were stained with DAPIL. Three independent experiments were performed. The cell proliferation was quantitated, and representative images are shown.

*P < 0.05, **P < O

.01 vs. each treatment alone. DM, DMSO.
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healing and transwell migration/invasion assays showed that the co-
treatment of thalidomide and gefitinib more effectively inhibited
NSCLC cell migration and invasion than gefitinib treatment alone (Figs.
S3A-Q).

3.3. Induction of apoptosis by the combined treatment of gefitinib and
thalidomide in NSCLC cell lines

MTS assay showed that thalidomide and gefitinib significantly in-
hibited the growth of HCC827, PC9, and PCIGR cell lines. Thus, these
were selected as experimental target cell lines. In order to further ex-
plore whether the increased growth inhibition induced by thalidomide
in combination with gefitinib is due to induction of apoptosis, we
analyzed the rates of apoptosis in lung cancer cells treated with gefi-
tinib alone or with the combination of gefitinib and thalidomide for
24h. The Annexin V-FITC/PI assay showed that cell apoptosis was
markedly enhanced by the combined treatment as compared to the
single treatment in HCC827 cells. Similar phenomena were also ob-
served in PC9 and PCIGR cells (Fig. 2A).

Next, we examined the changes in the molecules vital for apoptosis.
The proteolytic activity of caspase-3, -8, and -9 is regarded as apoptotic
“executor” whereas PARP cleavage is induced by activated caspase-3,
generating an 89-kDa apoptotic fragment (Matarrese et al., 2007). We
found that the cleavage of PARP was induced by gefitinib in HCC827,
PC9, and PCIOGR cell lines; however, more abundant 89-kDa PARP
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Mitochondria Cytoplasm
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Fig. 2. Induction of apoptosis by the
combined treatment of gefitinib and
thalidomide in NSCLC cell lines. HCC827,
PC9, and PCIOGR cells were exposed to
thalidomide (75uM), gefitinib (0.1 uM for
HCC827 and PC9, 10 uM for PC9GR), or the
combination. The cells were stained with
AnnexinV-FITC/PI, followed by detection
with flow cytometry. (A) Quantification of
cell death. *P < 0.05, **P < 0.01 vs. each
treatment alone. (B) Total proteins were
collected from the treated cancer cells, and
Western blot analyses for the expression of
cleaved caspase-3, -8, and -9, as well as
PARP, Bcl-XL, Bcl-2, and Bax were per-
formed. GAPDH was used as a loading
control. (C) PC9 and PCIOGR cells were ex-
posed to thalidomide, gefitinib, or the
combination of both (T + G). The cells
were stained with rhodamine-123 and as-
sessed by flow cytometry. The proportion of
cells with loss of AW was shown. Three in-
dependent experiments were performed.
Mean = SD. (n = 3). *P < 0.05,
**P < 0.01 vs. each treatment alone. (D)
Cytochrome C was analyzed with Western
blots.
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apoptotic fragment was detected in the thalidomide and gefitinib
combination groups. In addition, substantial cleavage of caspase-3, -8,
and -9 was induced by the combination treatment as compared to the
single agent treatment. The downregulation of the anti-apoptotic pro-
teins Bcl-XL and Bcl-2 as well as the upregulation of the pro-apoptotic
protein Bax were remarkably greater in the thalidomide and gefitinib
co-treatment group than the single agent groups (Fig. 2B). These results
indicate that thalidomide significantly enhances cell apoptosis induced
by gefitinib in NSCLC cell lines.

Mitochondria play a major role in the regulation of apoptosis
(Frenzel et al., 2009). Rhodamine-123 staining followed by flow cyto-
metry revealed a low mitochondrial membrane potential (MMP) in the
cells treated with the combination of thalidomide and gefitinib
(Fig. 2C). The cytosolic and mitochondrial fractions were extracted in
PC9 and PCIGR cell lines. The expression of cytochrome C was detected
using Western blot analyses and the levels of cytoplasmic cytochrome C
were found to be discernibly higher in the co-treatment group than in
other groups (Fig. 2D). These findings indicated that thalidomide en-
hances the downregulation of MMP induced by gefitinib in NSCLC cell
lines.

3.4. Induction of apoptosis by the co-treatment depends on caspase
activation

As shown in Fig. 2, caspase pathways were activated by the
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Fig. 3. Induction of apoptosis by the T + G co-treatment depends on caspases activation. HCC827, PC9, and PCIGR cells were exposed to the combination of
thalidomide (75 uM) and gefitinib (0.1 pM for HCC827 and PC9, 10 uM for PCOGR) in the absence or presence of z-VAD-FMK (50 pM). Cells were harvested and
stained with Annexin V-FITC/PI and assessed by flow cytometry for the detection of cell death. Representative images (A) and quantification of cell death (B) are
shown. Data are represented as the mean = S.D.,n = 3. *P < 0.05, **P < 0.01vs. T + G treatment group. The treated cells were transplanted in 30% agarose for
10 days after treatment for 24 h. (C) The images are selected from three independent experiments. (D) Representative images of Western blot analyses for changes in
the expression of PARP and cleaved caspase-3, -8, and -9 induced by the indicated treatment.
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treatment of thalidomide in combination with gefitinib. To further in-
vestigate this result, we tested the apoptotic rates following the z-VAD-
FMK treatment in the combined treatment group using Annexin V-
FITC/PI staining followed by flow cytometry. We found that the pan-
caspase inhibitor z-VAD-FMK abrogated the apoptosis induced by the
combination of thalidomide and gefitinib (Fig. 3A and B). Additionally,
the colony-forming ability of NSCLC cells was detected. As shown in
Fig. 3C, the number of colonies formed was increased by adding z-VAD-
FMK. Subsequently, we assessed the expression of apoptosis-related
proteins using Western blot analyses, which yielded the findings that
the increased expressions of cleaved PARP, caspase-3, -8, and -9 by the
combination treatment of thalidomide and gefitinib were abrogated by
z-VAD-FMK (Fig. 3D). Taken together, these results consistently in-
dicate that apoptosis induced by the combined treatment requires
caspase activation.

3.5. Effect on intracellular signaling pathway by the combined treatment of
thalidomide and gefitinib in NSCLC cell lines

EGFR tightly regulates the cell growth and angiogenesis in tumors
(Jones and Rappoport, 2014). To further explore the mechanism by
which the combined treatment of thalidomide and gefitinib (T + G)
exerts pro-apoptosis and growth inhibition effects, we assessed the
phosphorylation of EGFR. Western blot assays revealed that the ex-
pression of phosphorylated EGFR was decreased in both the gefitinib
group and the combination group, with a more pronounced down-
regulation in the combination group. EGFR phosphorylation activates
the AKT/ERK pathway which in turn promotes cell proliferation and
cell survival (Roberts and Der, 2007); hence, changes in these mole-
cular pathways would provide important clues for the potential me-
chanism governing the effects of thalidomide and gefitinib. Therefore,
we examined the phosphorylation status of AKT, MEK and ERK, a
widely used indicator for the activities of the related pathways. We
found that the phosphorylation of AKT, MEK and ERK were suppressed
significantly after the treatment of T + G. Since the phosphorylation of
p38 and JNK were increased after gefitinib treatment and associated
with gefitinib-induced cytotoxicity in lung cancer cells (Ko et al., 2013;
Lu et al., 2011), we examined whether thalidomide increased the ge-
fitinib-induced phosphorylation of p38 and JNK. Western blot assay
showed that the phosphorylation of these molecules were increased by
gefitinib and the combined treatment with thalidomide enhanced this
effect (Fig. 4A).

In order to decipher whether thalidomide, gefitinib, and T + G
treatments yield differential effects on nuclear translocation of p-EGFR,
p-ERK, and p-AKT, we used immunofluorescence microscopy to ex-
amine the subcellular distribution and expression of these proteins in
PCIGR cells that had been exposed to thalidomide, gefitinib, or the
combination of both for 12 h. We found that p-EGFR, p-ERK, and p-AKT
were localized in both the nucleus and cytoplasm; the gefitinib treat-
ment and the combined treatment differentially decreased the expres-
sion of p-EGFR, p-ERK, and p-AKT but neither treatment altered the
proportional distribution of these proteins between the nucleus and
cytoplasm (Fig. 4B); and moreover, the immunofluorescence intensity
of p-EGFR, p-ERK, and p-AKT were lower in the combined treatment
group than in other groups (Fig. 4C), which is consistent with the re-
sults from Western blot analyses described earlier.

3.6. Inhibition of MAPKs and PI3K/AKT signaling pathways induces
apoptosis by the co-treatment with thalidomide and gefitinib

To investigate whether MAPK signaling pathways play a critical role
in apoptosis induction by the combined treatment of thalidomide and
gefitinib, we used the small molecule inhibitors of MEK/ERK and JNK
and found that MEK/ERK inhibitor (PD0325901) enhanced the induc-
tion of apoptosis by T + G as revealed by flow cytometry (Fig. 5A).
Western blot analysis showed that the expressions of cleaved caspase-3,
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-8, -9, and PARP were upregulated by MEK/ERK inhibition (Fig. 5C).
Furthermore, the expressions of cleaved PARP, caspase-3, -8, and -9
induced by the treatment of thalidomide combined with gefitinib were
suppressed, and the ratio of cell death was decreased by the addition of
JNK inhibitors (SP600125) (Fig. 5B and D), indicating that JNK medi-
ated the caspase activation as well as cell death by T + G combination
treatment.

In addition, to further explore the mechanism underlying the tha-
lidomide-mediated increase in gefitinib-induced apoptosis, we ex-
amined other downstream signaling pathways of EGFR phosphorylation
using the inhibitors of AKT (MK2206) and of p38 (SB203580). The MTS
assays showed that the inhibition of AKT or p38 phosphorylation in-
creased the T + G-induced antiproliferation effect (Fig. 6A and D; Figs.
S4A and D). Moreover, the number of apoptotic cells was increased by
the combined treatment of thalidomide and gefitinib (Fig. 6B and E;
Figs. S4B and E). The inhibition of AKT exacerbated the expressions of
cleaved PARP and caspase-3 (Fig. 6F; Fig. S4F). Surprisingly, the in-
hibition of p38 accelerated the growth inhibition and apoptosis in-
duction by the co-treatment, similarly to AKT inhibition; however, p38
inhibition did not mitigate the effects of the T + G treatment on the
protein levels of cleaved PARP and caspase-3 (Fig. 6C; Fig. S4C). We
speculate that p38 might not be intimately involved in the activation of
the specific caspases by the combination treatment. These findings in-
dicate that suppression of MAPKs and AKT signaling pathways are in-
volved in the apoptosis induction by the thalidomide and gefitinib
combined treatment.

3.7. Co-treatment of thalidomide and gefitinib suppressed the growth of
NSCLC in vivo

Since our in vitro experiments have demonstrated that the combi-
nation of thalidomide and gefitinib synergistically inhibit the cell pro-
liferation, induce apoptosis, and suppress PI3K/MAPK signal trans-
duction, we assessed the effect of thalidomide and gefitinib on tumor
growth in vivo. The PC9 cells were implanted subcutaneously into nude
mice. The mice carrying xenografts were divided into the vehicle, the
thalidomide, the gefitinib, and the combination of thalidomide and
gefitinib treatment groups. The tumor weights and sizes were sig-
nificantly suppressed in the combination group as compared to the
treatment with gefitinib or thalidomide alone, while the body weights
did not display a significant difference among the groups (Fig. 7A-D).
Subsequently, immunochemical staining revealed that the levels of
phosphorylated EGFR and Ki67 were decreased in xenograft tumor
tissues treated by gefitinib; importantly, these changes were enhanced
by adding thalidomide to the gefitinib treatment (Fig. 7E). We found
that apoptosis was upregulated in the combination group as compared
to the treatment of either drug alone as indicated by TUNEL assays
(Fig. 7F and G).

4. Discussion

In recent years, the invention of thalidomide represents a critical
advancement in the anti-angiogenesis strategy for anticancer therapies
(Kirchmair et al., 2007; McMeeKkin et al., 2007; Son et al., 2006). Thus,
thalidomide has been used as a therapy for solid tumors, including
hepatocellular carcinoma and renal cell cancer in phase II trials (Chuah
et al., 2007; Stein and Rivera, 2007). Importantly, to achieve the ex-
pected results in clinical studies, the dose of thalidomide, 200-800 mg/
day, affects the differentiation of murine embryonic cells. Reportedly,
thalidomide presented a meaningful curative effect at 100 mg/day in
combination with some other chemotherapeutic drugs, which was safe
for the patients (Qiao et al., 2015; Rajkumar et al., 2002). These
combinations of thalidomide with other chemotherapeutics not only
reduced the teratogenicity but also achieved a satisfactory therapeutic
effect in patients (Arcila et al., 2011). Gefitinib has been used as a first-
line treatment for lung cancer with EGFR mutations. Because of the
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Fig. 4. Effect of the combined treatment of thalidomide
and gefitinib on the intracellular signaling pathways in
NSCLC cell lines. The lung cancer cells were treated with
thalidomide (75 uM), gefitinib (0.1 uM for HCC827 and PC9,
10 uM for PCOGR), or the combination of the two drugs for
24h. (A) Total proteins were collected from the treated
cells. EGFR, AKT, MEK, ERK, JNK, and p38 activation were
examined using Western blot analysis for specific phos-
phorylation. (B) The lung cancer cells were incubated for
12 h with thalidomide, gefitinib, or both drugs. The treated
cells were incubated with the primary antibody at 4°C
overnight, followed by incubation with secondary Cy3-
conjugated antibodies for 1 h. The nucleus was stained with
DAPI. The micrographs of p-EGFR, p-AKT, and p-ERK im-
munofluorescence as well as the nuclear staining were re-
corded via a fluorescence microscope. (C) Fluorescence in-
tensity was quantitated. Data are presented as the
mean * S.D.,n = 3. *P < 0.05 vs. each treatment alone.
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Fig. 5. Inhibition of MEK/ERK and JNK signaling pathways mediate the induction of apoptosis by the co-treatment of thalidomide and gefitinib. HCC827,
PC9, and PCIGR cells were treated with thalidomide (75 pM), gefitinib (0.1 uM for HCC827 and PC9, 10 pM for PC9GR), PD0325901 (1 uM)/SP600125 (20 uM), or
combination of the three drugs. The collected cells were stained with Annexin V-FITC/PI and subject to flow cytometry to detect cell death. Quantification of cell

death is shown (A and B). *P < 0.05vs. the T + G treatment group. Western blot analysis for the expressions of cleaved caspase — 3,

—8, —9, and PARP (C and D).
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Fig. 6. Inhibition of p38 and PI3K/AKT
signaling pathways mediates the induc-
tion of apoptosis by the co-treatment of
thalidomide and gefitinib. PC9 and
PCIGR cells were subjected to the co-treat-
ment of thalidomide (75uM) and gefitinib
(0.1uyM for PC9; 10uM for PCIOGR),
SB203580 (10 uM)/MK2206 (5 puM), or the
combination of the three drugs for 24 h. (A
and D) MTS assay was used to test the cell
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second mutation (T790M) on EGFR, nearly 49% of NSCLC patients at-
tained drug resistance, rendering gefitinib ineffective on these patients.
Although the second generation of TKIs has been shown to restrain the
activation of EGFR with T790M mutation (Arcila et al., 2011), the
prolonged usage of the TKIs inevitably gives rise to resistance to the
drugs (Walter et al., 2013). Thus, reducing the incidence of drug re-
sistance and overcoming acquired resistance to EGFR-TKI are war-
ranted. In this study, we have demonstrated that a combination of
thalidomide with gefitinib show significant synergistic cytostatic and
pro-apoptotic effects in NSCLC cells in vitro and in vivo. Notably, the
greater antitumor effect of the T + G treatment compared with gefi-
tinib alone seems to be more impressively demonstrated by the in vivo
xenograft model than the in vitro cell culture experiments. This phe-
nomenon might be attributable to the following factors. First, the
cancer cells in the xenograft experiments had much longer exposure to
the treatment regime than they did during the in vitro cell cultures.
Conceivably, the longer the treatments last the greater opportunities for
the differential benefits to show. Second, T + G might have undergone
chemical metabolisms in mice and the resultant metabolites may gain
more potent anticancer effects. And lastly, for the transplanted cancer
cells to grow into a xenograft tumor and the subsequent growth of the

AKT

p-AKT

PARP
Cleaved-cas3

GAPDH

tumor, many processes, such as vascularization and microenvironment
establishment, that are not required for cancer cells to grow in the
culture dishes must take place. T + G might more effectively affect
these processes than gefitinib alone, thereby more appreciably limiting
the growth of the xenografts.

Next, we evaluated the effect of the thalidomide and gefitinib
combination on cell viability for the first time in NSCLC cell lines, and
the co-administration of these drugs showed significant cooperative
effects of anti-proliferation in both gefitinib-sensitive and gefitinib-re-
sistant NSCLC cells. Subsequently, we explored whether synergistic
growth inhibition of NSCLC cell lines is correlated with cell cycle arrest.
Gefitinib remarkably arrests the cell cycle at GO/G1 phase. However,
the proportion of cells at the GO/G1 phase did not increase after ad-
dition of thalidomide. The levels of CDK4, CDK2, and cyclin D1 were
similar between the combined group and the gefitinib alone group;
therefore, the antiproliferative effect induced by the combined treat-
ment might not be related to cell cycle inhibition. Despite this phe-
nomenon, higher levels of cell apoptosis were induced by the com-
bined-treatment as indicated by the AnnexinV-FITC/propidium iodide
staining data and the increased cleavage of caspase-3, -8, -9, and PARP.
Furthermore, the downregulated expressions of Bcl-XL and Bcl-2 and
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Fig. 7. Co-treatment of thalidomide and gefitinib suppressed the growth of NSCLCs in vivo. PC9 cells were injected subcutaneously in BALB/c nude mice
treated with thalidomide (30 mg/kg), gefitinib (7.5 mg/kg), or the combination of both for 2 weeks. Tumor sizes (B) and the weights of tumor (D) and mouse body
(C) were recorded. Xenograft images (A) are shown. *P < 0.05 vs. the remaining groups. (E) Immunohistochemistry staining for p-EGFR and Ki67 (E) and TUNEL
staining (F and G) are shown. *P < 0.05 vs. the remaining groups. The represented images were obtained from at least three independent experiments.

the elevated Bax expression were more pronounced after addition of
thalidomide. As detected by flow cytometry and Western blot assays,
the mitochondrial membrane potential was lower in the combined
treatment group than in the single drug treatment groups. In addition,
blocking the caspase activation by z-VAD-FMK prevented cell death by
the T + G co-treatment. These data suggest that the key cause of the
enhanced antiproliferation effect is not cell cycle inhibition but pro-
apoptosis.

Gefitinib exerts an inhibitory effect on EGFR phosphorylation
(Nguyen and Neal, 2012). PI3K and MAPK signaling pathways are in-
volved in EGFR signal transduction and the AKT phosphorylation is
increased in gefitinib-resistant NSCLC cells (Li et al., 2014). Moreover,
the inhibition of ERK phosphorylation suppresses the resistance to ge-
fitinib in NSCLC cell lines in vivo and in vitro (Qi et al., 2018).
Therefore, we supposed that the marked inhibition of tumor cell pro-
liferation after addition of thalidomide is related to reduction of p-
EGFR, p-AKT, and p-ERK. Our results confirmed that thalidomide en-
hanced the gefitinib-induced reduction of p-EGFR, p-AKT, and p-ERK.
Furthermore, the decreased levels of anti-apoptotic p-AKT and p-ERK
proteins ascribed the role of diminishing p-AKT and p-ERK to the
combined treatment of thalidomide and gefitinib. Consequently, the
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proportion of cell death induced by the co-treatment of thalidomide and
gefitinib was increased when AKT or MEK/ERK was inhibited, sug-
gesting that AKT and MEK/ERK blocked the induction of apoptosis in
the combined treatment group. p38 and JNK play critical roles in cell
proliferation and survival and are activated by various cellular stresses.
In the present study, thalidomide accelerates gefitinib-induced phos-
phorylation of p38 and JNK. p38 or JNK signaling pathway can be
switched off by SB203580 and SP600125, respectively. The JNK in-
hibitor (SP600125) restrained the apoptosis induced by the combined
treatment. Since SP600125 could not completely block the apoptosis
induced by the T + G combined treatment, it is very likely that the JNK
signaling is not sufficiently robust to counteract the effects of AKT and
MEK/ERK in these cancer cells. Hence, JNK is considered responsible
for the induction of apoptosis by the T + G combined treatment.
However, the inhibition of p38 increased the cell apoptosis induced by
the combined treatment rather than suppressing the cell death. Si-
multaneously, we found that caspase activation was not involved in p38
induced-apoptosis in the combined treatment group; however, the
molecular mechanism is yet to be investigated. A previous report
showed that blocking p38 MAPK activation by SB202190 enhanced the
gefitinib-induced cytotoxicity in human lung cancer cells via inhibition
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Fig. 8. A proposed model for the inhibition of cell growth by the combination of thalidomide and gefitinib in NSCLC.

of MSH2 (Ko et al., 2013). Thus, we speculated that the cell apoptosis
induced by adding p38 inhibitor (SB203580) to the co-treatment of
T + G could be similar to that of SB202190(Fig. 8).

The current study has demonstrated that the combination of thali-
domide and gefitinib exerts a synergistic cytostatic effect and promises
a new therapeutic strategy for lung cancer treatment. Importantly, ge-
fitinib alone and thalidomide alone are frequently used in the clinical
treatment of lung cancer and multiple myeloma, respectively (Bringhen
et al., 2018; van de Donk et al., 2018). Furthermore, it has been in-
vestigated for clinical effect of thalidomide in combination of gefitinib
in the treatment of lung cancer (Gu, 2018), suggesting that both drugs
are considered safe for the patient and well-tolerated. According to
these data, we speculate that NSCLC patients benefit from the combined
treatment of thalidomide and gefitinib. By providing these experi-
mental results, we suggest that thalidomide in combination of gefitinib
is a promising anti-lung cancer strategy for clinical translation.
Nevertheless, future large-scale and prospective clinical trials are es-
sential to investigating the efficacy of gefitinib and thalidomide com-
bined treatment in patients with NSCLCs.
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