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Abstract

Background: Lung cancer is the leading cause of cancer-related deaths worldwide. Non-small cell lung cancer (NSCLC) is the
most common type of lung cancer. In traditional anti-cancer therapy, epidermal growth factor receptor (EGFR)-tyrosine kinase
inhibitors (TKI) have been proven to be beneficial for patients with EGFR mutations. However, patients with EGFR wild-type
NSCLC were usually not respond to EGFR-TKIs. Enhancer of zeste homolog 2 (EZH2) is a key molecular in the PRC2 complex
and plays an important role in epigenetic regulation and is overexpressed in variant tumors. EZH2 inhibitors have been
reported to sensitize variant tumor cells to anticancer drugs. This study aimed to investigate whether the EZH2 inhibitors,
GSK343 and DZNep when combined with gefitinib can reverse EGFR-TKIs resistance in EGFR wild-type NSCLC cells.

Methods: The RNA-sequencing data of patients with NSCLC [502 patients with lung squamous cell carcinoma, including 49
paracancerous lung tissues and 513 patients with lung adenocarcinoma (LUAD), including 59 paracancerous lung tissues] from
the Cancer Genome Atlas (TCGA), were analyzed for EZH2 expression. EZH2 expression was verified in 40 NSCLC tissue cancer
samples and their corresponding paracancerous tissues from our institute (TJMUGH) via RT-PCR. A549 and H1299 cells treated
with siRNA or EZH2 inhibitors were subjected to cell viability and apoptosis analyses as well to EGFR pathway proteins
expression analyses via western blotting.

Results: EZH2 was upregulated in human NSCLC tissues and correlated with poor prognosis in patients with LUAD based on
data from both TCGA and TJMUGH. Both GSK343 and DZNep sensitized EGFR wild-type LUAD cells (A549 and H1299) to
gefitinib and suppressed cell viability and proliferation in vitro by downregulating the phosphorylation of EGFR and AKT and by
inducing cell apoptosis. Co-administration of EZH2 inhibitors (GSK343 or DZNep) with gefitinib exerted a stronger inhibitory
effect on tumor activity, cell proliferation and cell migration than single drug administration in vitro and in vivo.

Conclusions: These data suggest that the combination of EZH2 inhibitors with EGFR-TKIs may be an effective method for
treating NSCLC-patients with EGFR-wild type, who do not want to undergo traditional treatment with chemotherapy.
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Background
Lung cancer is the leading cause of cancer-related death
worldwide and is characterized by early metastasis, high
mortality, and poor survival [1].Non–small-cell lung can-
cer (NSCLC),including lung adenocarcinoma (LUAD),
squamous cell carcinoma (LUSC), and large-cell carcin-
oma accounts for approximately 85% of all lung cancer
cases [2]. Despite advances in the clinical diagnosis of lung
cancer and the associated therapeutic strategies, patients
with late-stage disease have a 5-year overall survival (OS)
rate of only 11–16% [2, 3]. The lack of biomarkers to fa-
cilitate the diagnosis of early-stage disease and cancer me-
tastasis remains one of critical challenges in NSCLC
therapy [4]. Therefore, a profound understanding of the
molecular mechanisms contributing to the development
and progression of NSCLC is essential for developing spe-
cific diagnostic methods,as well as for designing individu-
alized and effective physiological strategies.
Targeted drugs such as epidermal growth factor recep-

tor (EGFR)-tyrosine kinase inhibitors (EGFR-TKIs) rep-
resent one of the vital advances in lung cancer
treatment. EGFR is an essential receptor tyrosine kinase
that can regulate cell proliferation and differentiation,
and its abnormal activation contributes to a variety of
human cancers [5]. EGFR signaling activated constitu-
tively by a gene mutation, gene amplification, or both,
and this event has been shown to be closely related to
the occurrence, progression, and poor prognosis of
NSCLC [6, 7]. The EGFR-driven mutation rate is 15% in
the Caucasian population and 40–62% in the Asian
population [8]. The discovery of EGFR-activating muta-
tions in NSCLC and the successful use of EGFR-TKIs
have shifted the focus of cancer treatment from empir-
ical cytotoxic chemotherapy to molecularly targeted
therapies. The current common practices involve the ad-
ministration of EGFR-TKIs as first-line treatment to pa-
tients with EGFR-sensitive mutations because these
drugs have been shown to considerably prolong
progression-free survival while causing fewer adverse ef-
fects than chemotherapy [9].EGFR-TKIs have also been
approved as the second- or third-line treatment for
EGFR wild-type (EGFR-WT) NSCLC. However, the use
of these targeted drugs beyond first-line treatment re-
mains controversial, particularly for the treatment of
EGFR-WT NSCLC.
Recently,histone post-translational modifications such

as acetylation, methylation, and phosphorylation have
been found to play important roles in tumorigenesis [8].
Histones are considered important centers of epigenetic
regulation. Polycomb group proteins such as PCR2 act
as transcriptional repressors by silencing specific sets of
genes via chromatin modification,thereby playing key
roles in various epigenetic phenomena. Enhancer of
zeste homolog 2 (EZH2), a key component of polycomb

suppression complex 2 (PRC2), is responsible for the
monomethylation, dimethylation, and trimethylation of
histone H3K27 [10]. EZH2 overexpression has been de-
scribed in various human cancers including NSCLC
[11–13]. EZH2 can also promote the development and
progression of cancer via chromatin modification includ-
ing the epigenetic activation of the oncogenic signaling
cascade and silencing of tumor suppressor genes; it has
been implicated in cell proliferation, differentiation, in-
vasion, and metastasis [11, 14, 15]. EZH2 overexpression
is associated with poor prognosis in lung cancer; therefore,
it is considered an attractive therapeutic target [16, 17]. In
addition, various EZH2 inhibitors have been developed
and the safety and anticancer efficacy of these drugs are
being investigated in ongoing research and clinical studies.
The commonly used EZH2 inhibitors can be classified
into two types. The first type comprises S-adenosyl-L-
homocysteine (SAH) hydrolase inhibitors, which block the
hydrolysis of SAH into homocysteine and adenosine and
indirectly inhibit the methionine cycle and S-adenosyl-L-
methionine (SAM) regeneration, resulting in the con-
sumption of EZH2 via the bypass route. 3-
DeazaneplanocinA (DZNep) is the most common repre-
sentative of this drug type [18]. The second type of EZH2
inhibitor comprises competitive SAM inhibitors. These
drugs compete with SAM for binding sites on H3K27,
thereby decreasing the number of bound SAMs. In turn,
the activities of SAM-dependent methyltransferases are
inhibited and the trimethylation of H3K27 is blocked.
GSK343 and GSK126 are the most well-known represen-
tatives of this drug type.
EZH2 is overexpressed in various tumors including

lung cancer. EZH2 inhibitors have been reported to
sensitize many types of tumor cells to antitumor drugs.
In the present study, we investigated the role of EZH2
inhibitors in reversing acquired resistance to gefitinib in
EGFR-WT NSCLC cells. We demonstrated that EZH2
was upregulated in human NSCLC tissues and that this
upregulation was correlated with poor prognosis in pa-
tients with LUAD. GSK343 and DZNep both sensitized
EGFR-WT LUAD cells (A549 and H1299) to gefitinib
and suppressed cell viability and proliferation in vitro by
downregulating the phosphorylation of EGFR and AKT
and inducing cell apoptosis. The co-administration of
these EZH2 inhibitors with gefitinib exerted stronger in-
hibitory effects on tumor activity than the administration
of either drug alone.

Methods
Patients and tissue specimens
A total of 40 paired NSCLC and their paracancerous
lung tissues were obtained from patients who were diag-
nosed with NSCLC based on histopathological evalua-
tions and had undergone surgery at Tianjin Medical
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University General Hospital (TJMUGH) between January
2010 and December 2011. Among these, 16 patients
were diagnosed with primary LUAD and 24 with pri-
mary LUSC. In each patient, lung cancer staging was per-
formed according to the AJCC Cancer Staging Manual,
8th edition, and findings of physical examination; surgical
resection; and computed tomography of the chest, abdo-
men, pelvis, and brain. All collected tissue samples were
immediately snap-frozen in liquid nitrogen and stored at
− 80 °C prior to RNA extraction. Basic demographic and
clinical information such as sex, age, smoking history,
TNM stage, lymph node metastasis, and prognostic data
were also collected from medical records. The ethics com-
mittee of TJMUGH approved this study.

Downloading of the Cancer genome atlas (TCGA) data
and processing of RNA-seq data
A cohort of 1015 human lung cancer specimens (including
513 LUAD, including 59 paracancerous lung tissues, and
502 LUSC, including 49 paracancerous lung tissues) from
the Cancer Genome Atlas (TCGA) database (https://can-
cergenome.nih.gov/) was used to evaluate EZH2 expression
levels in lung cancer. Transcripts per million (TPM) was
calculated and normalized using the Tag count comparison
package (version 1.6.5; http://www.bioconductor.org/ pack-
ages/release/bioc/html/ TCC.html) [19]. The Kaplan-Meier
method and log-rank test were used to evaluate the correla-
tions between EZH2 expression and OS patients with
LUAD(n = 352) and LUSC(n = 409).

Cells culture
The human LUAD cell lines A549 and HCC827 cells
were purchased from the American Type Culture
Collection (Manassas, VA, USA). Other human LUAD
cell lines (H460, H1299, H1975, HCC827, H1650, and
H2030) and the normal human bronchial epithelial
cell line BEAS-2B were obtained from the Institute of
Biochemistry and Cell Biology of the Chinese Acad-
emy of Sciences (Shanghai, China). The H460 and
A549 cell lines harbor a KRAS mutation; HCC827
and H1650 harbor an EGFR exon 19 deletion; H1299
harbors a p53 deletion or rearrangement mutation;
H1975 harbors EGFR exon 21 mutation (L858R) and
exon 20 (T790M) mutations; H1792 harbors a TP53
splice mutation and EGFR exon 21 (L858R) and exon
20 (T790M) mutations; and H2030 harbors EGFR
exon 21 (L858R) and KRAS mutations. All cell lines
were maintained in RPMI 1640 medium supple-
mented with 10% fetal bovine serum (FBS), 100 IU/ml
penicillin, and 100 μg/ml streptomycin (Invitrogen,
Carlsbad, CA, USA). All cells were cultured at 37 °C
in a humidified atmosphere containing 5% CO2.

Transfection and drug treatment
Cells were seeded into a well of 6-well plate and were
cultured to approximately 60% confluency. Subse-
quently,the cells were transfected with EZH2 siRNA oli-
gonucleotides and non-targeting siRNA (Guangzhou,
China) using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s instructions. Cells in the exponen-
tial growth phase were then incubated with phosphate-
buffered saline (PBS) (NC group) or various concentra-
tions of gefitinib (ZD1839), GSK343, and DZNep HCl
(Selleck Chemicals LCC, USA) for 48 h.The cells were
then harvested for downstream experiments.

Cell counting Kit-8 (CCK-8) assay
The CCK-8 assay (Beyotime,Shanghai,China) was per-
formed according to the manufacturer’s instructions to
measure of cell proliferation and to determine the half-
maximal inhibitory concentration (IC50) of each drug in
each cell line. Briefly, 5000 cells were seeded in a 96-well
plate and incubated overnight. The cells were then
treated with different concentrations of gefitinib,
GSK343, DZNep, GSK + gefitinib (G + g), and DZNep+
gefitinib (D + g) for 48 h. Next, 10 μl CCK-8 (5 mg/ml)
was added to each well and the cultures were incubated
at 37 °C for 1 h. The absorbance was measured at 450
nm using a microplate reader (SpectraMax M5, Molecu-
lar Devices, Sunnyvale, CA, USA). The experiments were
repeated at least three times.

5-Ethynyl-2′-deoxyuridine (EdU) staining
The Cell-Light™ EdU staining (RiboBio,Guangzhou,China)
was used to measure cell proliferation according the man-
ufacturer’s instructions. Briefly, cells were incubated with
50 μM EdU for 2 h, followed by two washes with PBS,
then the cells were fixed with 4% paraformaldehyde. After
penetration with 0.5% Triton X-100 and washing with
PBS, the cells were dyed with Apollo (Red) and Hoechst
33342 (Blue) in the dark for 30min. Stained cells were vi-
sualized under a fluorescence microscope.

Colony formation assay
The colony formation assay was performed to study the
inhibitory effect of each drug in NSCLC cells. Briefly,
500 cells were seeded into each well of a 6-well plate
and incubated at 37 °C for 24 h. Then the cells were
treated with compounds (gefitinib, GSK343, DZNep,
G + g, and D + g) and the medium was replaced with
fresh medium every 3 days. After approximately 14 days,
the colonies were fixed in methanol and stained with
0.5% crystal violet at room temperature for 30 min. The
number of colonies (defined as > 50 cells) was scored
and photographed.
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Flow cytometry analysis of apoptosis and cell cycle
Cells (2 × 105 cells/well) were seeded into 6-well plates
and cultured for 24 h. The compounds (NC, GSK343,
DZNep, gefitinib, G + g, and D + g) were added at vari-
ous indicated concentrations for 48 h. For the cell apop-
tosis assay, cells were stained using the Annexin V-FITC
Apoptosis Analysis Kit (BD Biosciences, San Jose, CA,
USA) and were analyzed using the FACSAria™ flow cyt-
ometer (BD Biosciences). For the cell cycle assay, cells
were trypsinized and fixed with 70% ice-cold ethanol
overnight. Subsequently, cells were treated with DNase-
free ribonuclease (TaKaRa, Beijing, China), stained with
propidium iodide (PI; BD Biosciences), and analyzed
using the FACSAria™ flow cytometer (BD Biosciences)
equipped with ModFit LT (Topsham, ME, USA).

Wound healing assay
H1299 cells were seeded into 6-well plates. After cells
had grown to 90–100% confluency, the cross lines were
introduced using a 200-μL sterile pipette tip. After
scratching,the suspended cells were removed gently with
PBS and were incubated in RPMI 1640 medium with 2%
FBS for 48 h. Finally, the images were captured under a
microscope. Wound width was calculated as the gap dis-
tance at 48 h/gap distance at 0 h.. The results of three in-
dependent experiments were averaged.

Transwell invasion assay
The invasion assay was performed using Transwell
chambers (Corning,NY,USA). Briefly, the upper surfaces
of the polycarbonic membranes were coated with 100 μl
of 300 μg/mL Matrigel and then placed in the chambers
at 37 °C for 30 min. Next, 1 × 105 cells were seeded in
each upper chamber with the indicated doses of com-
pounds in starvation medium, and 600 μL medium con-
taining 20% FBS was added to each lower chamber.
After incubation for 24 h, the invaded cells were fixed
with methanol and stained with 0.1% crystal violet at
room temperature for 10 min. The Nikon TE2000
microscope (Tokyo, Japan) at 100× magnification was
used to collect five randomly selected visual field images.
The experiments were performed in triplicate.

In vivo study
Female BALB/c athymic nude mice (4–5 weeks old)
were purchased from the Experimental Laboratory Ani-
mal Center of Beijing University (Beijing, China) and
were housed in the animal facilities of Tianjin Medical
University. All mice were maintained under specific
pathogen-free conditions and were examined prior to
starting the study to ensure that they were healthy and
could be adapted for tumor implantation. A549 cells
(2 × 106) were injected subcutaneously injected into the
left flanks of nude mice. When the tumors reached a

volume of approximately 200 mm3, the mice were ran-
domly distributed into six groups (10 mice/group): ve-
hicle group (administered 0.5% methylcellulose 400 and
sodium lactate buffer), GSK343 group (administered 4
mg/kg GSK343 in 100 μL of corn oil), DZNep group (2
mg DZNep/kg in 100 μL of corn oil), gefitinib group (ad-
ministered 100 mg/kg gefitinib/day), G + g group (ad-
ministered 4 mg/kg GSK343 in 100 μL corn oil plus 100
mg/kg gefitinib/day), and D + g group (administered 2
mg/kg DZNep in 100 μL corn oil). Tumor size was mea-
sured every alternate day. Tumor volume (V) was calcu-
lated using the following formula: Volume (mm3) =
(Length × Width2) × 0.5 [24] After 4 weeks, the mice were
injected with Barbiturate at 100mg/kg for euthanasia
and the tumors were harvested and weighed. The tu-
mors isolated from mice were then preserved in 4%
paraformaldehyde at 4 °C until future analysis. In vivo
studies were conducted as per the institutional ethics
guidelines for animal experiments, which were accepted
by the Animal Management Committee of the Tianjin
Medical University.

Immunohistochemistry (IHC)
Xenograft tumor tissues were fixed overnight in 4% for-
malin, dehydrated with ethanol, and embedded in paraf-
fin. Next, 4 μm-thick tissue slices were first dewaxed
with xylose and rehydrated using an alcohol solution
gradient. After a 10-min blocking step with normal goat
serum, the tissue slices were incubated with a primary
antibody specific for EZH2 (Cell Signaling Technology,
MA, USA. 1:400 dilution), Ki67 (Bioss, Beijing, China.1:
200 dilution) and Caspase 3 (Bioss, Beijing, China.1:200
dilution) for 1 h at room temperature, washed with PBS,
and incubated with a horseradish peroxidase (HRP)-con-
jugated secondary antibody (ZSJQ Corp, Beijing, China)
for 60 min. Finally, the sections were incubated with 3,
3′-diaminobenzidine for 3 min at room temperature and
counter stained with hematoxylin.

RNA extraction and quantitative PCR (qPCR) assays
Total RNA was extracted from patient tissue samples or
cultured cells using the TRIzol reagent (Invitrogen) ac-
cording to the manufacturer’s instructions. RNA was
quantified using a spectrophotometer (Beckman, USA),
and RNA quality was assessed using denaturing 1.2%
agarose gel electrophoresis. Subsequently, 2 μg of ex-
tracted RNA was reverse transcribed in a final reaction
volume of 20 μl using random primers under standard
conditions specified in the PrimeScript RT reagent Kit
(TaKaRa, Dalian,China) and reverse transcriptase (Pro-
mega, Beijing, China). Real-time PCR was performed
using the Power SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA, USA) according to the
manufacturer’s instructions on a ABI 7500 real-time
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PCR system (Applied Biosystems). The expression levels
of EZH2 and EGFR were normalized to those of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
using 2−ΔΔCT method. All gene primers were obtained
from SBS Genetech (Beijing, China).

Western blotting
Cells were collected and lysed in RIPA buffer [(1× PBS,
1% NP40, 0.5% sodium deoxycholate, 0.1% sodium dode-
cyl sulfate (SDS)) supplemented with 2mM PMSF
(Thermo Fisher Scientific, Inc., Waltham, MA, USA).
The BCA protein assay kit (Pierce Biotechnology, Rock-
ford, IL, USA) was used to measure protein concentra-
tions. Next, equal amounts of proteins (30 μg) were
separated using 10% SDS-polyacrylamide gels, followed
by transferring the gels onto polyvinylidene fluoride
membranes (Millipore, Lake Placid, NY, USA). The
membranes were blocked with 5% non-fat milk and in-
cubated overnight at 4 °C with dilutions of the following
primary antibodies: rabbit anti-EZH2 (dilution, 1:1000;
Cell Signaling Technology), mouse anti-β-actin (1:3000;
Sigma-Aldrich, St. Louis, MO, USA), rabbit anti-EGFR
(1:1000; Cell Signaling Technology), rabbit anti-phospho
(p)-EGFR (1:1000; Cell Signaling Technology), rabbit
anti-AKT (1:1000; Cell Signaling Technology), rabbit
anti-p-AKT (1:1000; Cell Signaling Technology), rabbit
anti-P38-MAPK (1:1000; Cell Signaling Technology),
rabbit anti-p-P38-MAPK (1:1000; Cell Signaling Tech-
nology), rabbit anti-BCL-2 (1:1000; Cell Signaling Tech-
nology), rabbit anti-Bax (1:1000; Cell Signaling
Technology), rabbit anti- caspase-3 (1:1000; Cell Signal-
ing Technology), rabbit anti-P62 (1:1000; Cell Signaling
Technology),rabbit anti-LC3B (1:800; Cell Signaling
Technology), rabbit anti-Vimitin (1:1000; Cell Signaling
Technology), mouse anti-N-cadherin (1:1000; Cell Sig-
naling Technology), rabbit anti-Cleaved PARP (1:400;
Beijing Bioss biotechnology) and rabbit anti-MMP2 (1:
400; Beijing Bioss biotechnology). Subsequently, the
membranes were exposed to an HRP-conjugated sec-
ondary antibody (1:1000 dilution; Thermo Fisher Scien-
tific, Inc.) at room temperature for 1 h. Finally, the
Pierce ECL Substrate (Thermo Fisher Scientific, Inc.)
was used to visualize the bands.

Statistical analysis
Statistical analysis was performed using the SPSS soft-
ware package, version 21.0 (IBM Corp., Armonk, NY,
USA). Data are presented as mean ± standard deviation
of independent experiments. Kaplan–Meier survival ana-
lysis was performed to estimate OS. Univariate cox re-
gression analysis and subsequent multivariate analysis
using the likelihood ratio were performed to identify sig-
nificant variables. The statistical significance of differ-
ences between two groups was analyzed using the

Student’s t-test. All P-values obtained in this study were
two tailed, and the statistical significance level was set at
P-value of < 0.05.

Results
EZH2 is strongly expressed in primary lung cancer tissues
EZH2 overexpression has been reported in multiple
tumor types. To determine of EZH2 expression level in
NSCLC tumor tissues compared with that in paracan-
cerous lung tissues, LUAD tissues from 513 patients (in-
cluding 59 paired tumor and paracancerous lung tissues)
and LUSC tissues from 502 patients (including 49 paired
tumor and paracancerous lung tissues) were collected
from the TCGA database. The original analysis of RNA
expression indicated considerably higher EZH2 expres-
sion level in lung cancer tissues than in the paracancer-
ous lung tissues (P < 0.01, Fig. 1a). As shown in Fig. 1b,
the TPM of EZH2 (15.55 ± 13.28) was much higher in
LUAD tissues than in the paracancerous lung tissues
(2.53 ± 1.11; P < 0.001); similarly, the TPM of EZH2
(28.57 ± 19.49) was much higher in LUSC tissues than in
the paracancerous lung tissues (2.94 ± 1.75; P < 0.01). To
verify the results of TCGA data analysis, we extracted
RNA from NSCLC and their paracancerous lung tissues
collected from the TJMUGH cohort and verified EZH2
expression level via qPCR. Notably, the EZH2 expression
level in NSCLC tissues (n = 40; 2−ΔΔCT = 0.09 ± 0.1) was
much higher than that in paracancerous lung tissues
(2−ΔΔCT = 0.01 ± 0.01; P < 0.01, Fig. 1c). Western blotting
revealed higher EZH2 expression level in NSCLC cell
lines, particularly in A549, HCC827, and H1299, than in
the normal bronchus epithelial cell line BEAS-2B (Fig. 1d).

Correlation between EZH2 expression level and
clinicopathological characteristics in NSCLC
To investigate the correlation between the EZH2 expres-
sion level and clinicopathological characteristics of
NSCLC, we analyzed the data of 352 patients with
LUAD and 409 with LUSC from the TCGA cohort and
40 patients with NSCLC from the TJMUGH cohort. A
correlation was found between EZH2 expression level
and T stage in patients with LUAD. Higher EZH2
expression levels were observed in smaller tumors (T1–
T2) than in larger tumors (P = 0.033, Table 1). EZH2
expression was correlated with a history of smoking
(P = 0.012) in patients with LUAD. However, no other
correlations were observed between EZH2 expression
level and other clinicopathological characteristics of pa-
tients with LUAD such as age, sex, lymphatic metastasis
status, distant metastasis, TNM stage, and tumor recur-
rence status. Moreover, we observed no significant asso-
ciations between EZH2 expression and the
clinicopathological characteristics of patients with LUSC.
We obtained similar results in an analysis of 40 patients
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Fig. 1 EZH2 is high expressed in non–small-cell lung cancer (NSCLC) and is associated with poor prognosis in patients with lung
adenocarcinoma. a Relative expression of EZH2 in NSCLC tissues compared with in paracancerous lung tissues in The Cancer Genome Atlas
dataset. b EZH2 TPM in NSCLC and paracancerous lung tissues in TCGA dataset. c EZH2 expression levels in NSCLC tissues (n = 40) compared
with those in paracancerous lung tissues (n = 40) by qPCR analysis; data were normalized against GAPDH expression level. d EZH2 protein levels
in different NSCLC lines and the normal alveolar epithelial cell line BEAS-2B. e-f Overall survival curves of patients with LUAD and LUSC from the
TCGA cohort. g–h Overall survival curves of patients with LUAD and LUSC from the TJMUGH cohort
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with NSCLC from the TJMUGH cohort, irrespective of
the NSCLC subtype (Table 1).

High EZH2 expression level is associated with poor
prognosis in LUAD
Next, overall survival (OS) was estimated using Kaplan–
Meier survival analysis and compared using the log-rank
test to analyze the associations between EZH2 expression
level and OS outcomes. Analysis of TCGA data revealed
that among patients with LUAD, the high EZH2 expres-
sion group had a much lower OS than the low EZH2

expression group (log-rank test, P = 0.041; Fig. 1e). Uni-
variate analysis identified EZH2 expression, age, T stage,
lymph node metastasis, distant metastasis, TNM classifi-
cation, and tumor recurrence as independent prognostic
factors of OS in patients with LUAD (log-rank test, P =
0.041, 0.026, < 0.01, < 0.01, 0.038, < 0.01, and < 0.01, re-
spectively; Table 2). No significant correlations were ob-
served between OS and other factors such as sex and
smoking status. In patients with LUSC, tumor recurrence
status, TNM classification, and smoking status were iden-
tified as independent prognostic factors for OS (log-rank

Table 1 Clinicopathological characteristics of NSCLC patients based on the EZH2 expression in TCGA and TJMUGH cohort

LUAD in TCGA cohort (n =
352)

LUAD in TJMUGH cohort
(n = 16)

LUSC in TCGA cohort (n =
409)

LUSC in TJMUGH cohort
(n = 24)

Characteristics Low
EHZ2
level (n =
176)

High
EHZ2
level (n =
176)

X2
test
(P-
value)

Low
EHZ2
level
(n = 8)

High
EHZ2
level
(n = 8)

X2
test
(P-
value)

Low
EZH2
level (n =
205)

High
EHZ2
level (n =
204)

X2
test
(P-
value)

Low
EZH2
level
(n = 12)

High
EHZ2
level (n =
12)

X2
test
(P-
value)

Age (%)

≤ 65 73 (41.5) 93 (52.8) 0.098 4 (50) 2 (25) 0.608 84 (41.0) 77 (37.7) 0.225 5 (41.7) 10 (83.3) 0.089

> 65 97 (55.1) 79 (44.9) 4 (50) 6 (75) 120 (58.5) 122 (59.8) 7 (58.3) 2 (16.7)

Unknown 6 (3.4) 4 (2.3) 1 (0.5) 5 (2.5)

Gender (%)

Male 85 (48.3) 90 (51.1) 0.670 6 (75) 4 (50) 0.608 156 (76.1) 149 (73.0) 0.497 10 (83.3) 11 (73.0) 1.000

Female 91 (51.7) 86 (48.9) 2 (25) 4 (50) 49 (23.9) 55 (27) 2 (16.7) 1 (27)

T stage (%)

T1-T2 143 (81.3) 125 (71.0) 0.033 6 (75) 6 (75) 1.000 172 (83.9) 162 (79.4) 0.253 11 (91.7) 8 (66.7) 0.317

T3-T4 33 (16.5) 51 (29.0) 2 (25) 2 (25) 33 (16.1) 42 (20.6) 1 (8.33) 4 (33.3)

Lymph node metastasis (%)

Without 116 (65.9) 106 (60.2) 0.320 4 (50) 4 (50) 1.000 131 (63.9) 129 (63.2) 0.918 7 (58.3) 8 (66.7) 0.414

With 60 (18.8) 70 (39.8) 4 (50) 4 (50) 74 (36.1) 75 (36.8) 5 (41.7) 4 (33.3)

Distant metastasis (%)

No distant
metastasis

168 (95.5) 162 (92) 0.186 8 (100) 8 (100) 200 (97.6) 203 (99.5) 0.215 12 (100) 12 (100)

Distant
organs
metastasis

8 (4.5) 14 (8.0) 5 (2.4) 1 (0.5)

TNM stage (%)

I + II 105 (96.3) 108 (99.1) 0.116 5 (62.5) 5 (62.5) 1.000 165 (80.5) 167 (81.9) 0.409 8 (66.7) 7 (58.3) 0.414

III + IV 4 (3.7) 1 (0.9) 3 (37.5) 3 (37.5) 40 (19.5) 37 (18.1) 4 (33.3) 5 (41.7)

Tumor recurrence (%)

With tumor 34 (19.3) 37 (21.0) 0.733 2 (75) 1 (12.5) 1.000 45 (22.0) 32 (15.7) 0.240 4 (33.3) 2 (16.7) 0.640

Tumor free 99 (56.3) 102(58.0) 6 (25) 7 (87.5) 99 (8.3) 102 (50) 8 (66.7) 10 (83.3)

Unknown 43 (24.4) 37 (21.0) 61 (29.8) 70 (34.3)

Smoker history (%)

Never
smokers

26 (14.8) 24 (13.6) 0.012 5 (62.5) 5 (62.5) 0.619 7 (3.4) 8 (3.9) 0.963 5 (41.6) 2 (16.7) 0.371

Smokers 139 (79) 151 (85.8) 3 (37.5) 3 (37.5) 192 (93.7) 190 (93.1) 7 (58.3) 10 (83.3)

Unknown 11(6.3) 1(0.6) 6 (2.9) 6 (2.9)

LUAD lung adenocarcinoma, LUSC Lung squamous cell carcinoma, TCGA The Cancer Genome Atlas.
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test, P = 0.020, 0.01 and 0.048, respectively). Multivariate
analysis identified EZH2 expression, age, T stage, lymph
node metastasis, and tumor recurrence to be significantly
correlated with prognosis in patients with LUAD (log-
rank test, P = 0.048, 0.031, 0.026, < 0.01, and < 0.01, re-
spectively), whereas only tumor recurrence was identified
to be significantly correlated with prognosis in patients
with LUSC (log-rank test, P < 0.01). Taken together, these
results indicate that EZH2 expression level is correlated
with prognosis. As shown in Table 3, the mean OS and
median OS in the low EZH2 expression group was 96.95
and 50.93months, respectively. The mean and median OS
in the high EZH2 expression group was 65.88 and 43.93
months, respectively. However, in patients with LUSC,
EZH2 expression was not significantly correlated with
prognosis (Fig. 1f, log-rank test, P = 0.821). The mean OS
and median OS were 75.31 and 61.37months in the low
EZH2 expression group and 74.62 and 65.83months in
the high EZH2 expression group, respectively (Table 3).
However, clinical data analysis did not identify a sig-

nificant difference in OS between the high and low
EZH2 expression groups for LUAD or LUSC in
TJMUGH cohort (log-rank test, P = 0.393 and 0.152, re-
spectively; Fig. 1g and h). However, patients with either
type of cancer in the high EZH2 expression group
tended to have shorter median and mean OS than those
in the low EZH2 expression group (48.22 and 32.54

months vs. 65.77 and 63.25 months in LUAD, respect-
ively; 40.48 and 35.57 months vs 54.03 and 45.1 months
in LUSC, respectively; Fig. 1g and h), although these dif-
ferences were not significant.

EZH2 knockdown sensitizes EGFR-wild type (WT) LUAD
cells to gefitinib and suppress cell viability and
proliferation in vitro
To test whether EZH2 affects the sensitivity of LUAD
cells to EGFR-TKIs, we knocked down EZH2 expression
in lung cancer cells using siRNA and subjected the cells
to the CCK8 assay after exposure to different concentra-
tions of gefitinib for 24–48 h. As shown in Fig. 2a and b,
EZH2 expressions in A549 and H1299 cells were signifi-
cantly knocked down by EZH2 siRNA. Using the CCK8
assay, the viability of these cells was compared with that
of cells treated with scrambled control siRNA and differ-
ent gefitinib concentrations. As shown in Fig. 2c and d,
knockdown of EZH2 increased the cell sensitivity to ge-
fitinib in A549 and H1299 cells, while siEZH2 was no
obvious effect on the sensitivity to gefitinib in HCC827
cells (Fig. S1a). These results indicate that EZH2 knock-
down sensitizes EGFR-WT LUAD cells to gefitinib.
Next, DZNep and GSK343 were applied to A549,

H1299 and HCC827 cells (Fig. 2e). To further determine
whether these drugs enhanced the antitumor effects of
gefitinib in EGFR-WT NSCLC cells, we studied the

Table 2 Univariate and multivariate Cox hazard regression in TCGA cohort

Pathological
type

Characteristics Univariate analysis Hazard Ratio
(95%CI)

P
value

Multivariate analysis Hazard Ratio
(95%CI)

P
value

LUAD EZH2 expression 1.412 (1.013–1.967) 0.041 1.386 (0.976–1.968) 0.048

Age 1.013 (1.001–1.024) 0.026 1.029 (0.748–1.417) 0.031

Gender 0.951 (0.684–1.323) 0.767 1.043 (0.744–1.463) 0.807

T stage 2.619 (1.743–3.936) 0.000 1.753 (1.069–2.872) 0.026

Lymph node metastasis 2.661 (1.906–3.713) 0.000 2.330 (1.567–3.464) 0.000

Presence of distant
metastasis

1.936 (1.092–3.434) 0.038 1.215 (0.630–2.343) 0.560

TNM classification 2.775 (1.968–3.913) 0.000 1.365 (0.838–2.225) 0.212

Tumor recurrence 1.315 (1.167–1.482) 0.000 1.282 (1.131–1.454) 0.000

Smoker status 1.083 (0.826–1.419) 0.569 0.930 (0.689–1.255) 0.635

LUSC EZH2 expression 0.966 (0.717–1.302) 0.821 0.956 (0.703–1.299) 0.773

Age 1.196 (0.898–1.594) 0.219 1.306 (0.966–1.765) 0.083

Gender 0.718 (0.497–1.037) 0.069 0.765 (0.528–1.109) 0.157

T stage 1.451 (1.004–2.096) 0.056 1.111 (0.716–1.724) 0.639

Lymph node metastasis 1.098 (0.808–1.491) 0.552 0.900 (0.623–1.301) 0.576

Presence of distant
metastasis

2.506 (0.925–6.791) 0.114 1.839 (0.632–5.351) 0.264

TNM classification 1.546 (1.085–2.203) 0.020 1.326 (0.800–2.197) 0.274

Tumor recurrence 1.369 (1.229–1.524) 0.000 1.343 (1.202–1.500) 0.000

Smoker status 0.619 (0.366–1.048) 0.048 0.765 (0.528–1.109) 0.127
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effects of EZH2 and EGFR co-inhibition on the viability
of A549 and H1299 cells using the CCK8 assay. We di-
vided the cells into NC (10% serum medium alone),
GSK343 (11 μmol/L GSK343), DZNep (10 μmol/L
DZNep), gefitinib (12 μmol/L gefitinib), G + g (11 μmol/
L GSK343 + 12 μmol/L gefitinib), and D + g (10 μmol/L
DZNep + 12 μmol/L gefitinib). CCK-8 assay revealed
IC50 values of 20.14, 19.85, and 23.62 μmol/L for
GSK343, DZNep, and gefitinib, respectively, in A549
cells, and corresponding values of 22.40, 24.97, and
36.15 μmol/L, respectively, in H1299 cells. The IC50
values of GSK343, DZNep, and gefitinib was 42.38,
169.8, and 2.906 μmol/L in HCC827 cells, respectively
(Fig. S1b). The CCK-8 assay showed that compared with
NC, A549 cell viability rate was 87.39 ± 2.68, 78.04 ± 2.69,
70.65 ± 2.35, 44.11 ± 5.09, and 58.75 ± 2.05 for GSK343,
DZNep, gefitinib, G + g, and D + g, respectively; in H1299
cells, the corresponding values were 77.66 ± 2.79, 84.14 ±
3.43, 65.75 ± 2.5, 42.99 ± 4.86, and 58.14 ± 1.81, respect-
ively. The results indicate that the co-administration of
GSK343 with gefitinib more effectively reduced cell viabil-
ity than administration of gefitinib alone (P < 0.01 for both
cell lines), whereas the co-administration of DZNep with
gefitinib inhibited cell viability more significantly (A549,
P < 0.01; H1299, P < 0.05; Fig. 3a).
The colony formation assay was performed to deter-

mine the effects of drug co-inhibition on cell prolifera-
tion. The treatment group was divided into six groups as
described above. Cells were subjected to different treat-
ments according to the previously mentioned drug con-
centration for 48 h. As shown in Fig. 3b, 42.33 ± 2.52,
35.67 ± 1.53, 11.67 ± 1.53, 0 ± 0, and 3 ± 1 colonies were
formed in GSK343, DZNep, gefitinib, G + g, and D + g
and these values were significantly lower than those in
NC (76.33 ± 1.53; P < 0.01).
The EdU assay was also performed to examine the ef-

fect of drugs treatment on cell proliferation (Fig. 3c and

d). In A549 cells, the mean number of EdU-positive cells in
NC, GSK343, gefitinib, DZNep, G+g, and D+g was 51.92 ±
1.64, 44.9 ± 6.97, 47.83 ± 3.2, 30.15 ± 4.67, 6.93 ± 2.36, and
16.16 ± 1.09, respectively. The combined effects of GSK343+
gefitinib or D+g on cell viability were greater than those of
gefitinib alone (P< 0.01 for both). In H1299 cells, the mean
number of EdU-positive cells in NC, GSK343, gefitinib,
DZNep, G+g, and D+g was 52.07 ± 2.99, 41.93 ± 6.67,
40.63 ± 0.73, 44.47± 5.82, 11.95 ± 1.51, and 29.66 ± 3.13, re-
spectively. These results showed that co-administration of
EZH2 inhibitors with gefitinib significantly inhibited cell prolif-
eration of A549 and H1299 cells,also HCC827 cells (Fig. S1c).
The effect of drug co-inhibition on cell cycle was eval-

uated by flow cytometry analysis. Results revealed that
co-administration of EZH2 inhibitors with gefitinib
could induced GO/G1 cell cycle arrest of A549 and
H1299 cells (Fig. 3e and f).

Co-administration of EZH2 inhibitors with gefitinib
enhances the apoptosis of EGFR-WT A549 and H1299
cells
Since the results showed that the co-administration of
an EZH2 inhibitor with gefitinib sensitized the EGFR-
WT NSCLC cells to gefitinib, we further investigated the
influence of this treatment on cell apoptosis by flow cy-
tometry analysis. As illustrated in Fig. 4a and b, the
apoptosis rates of A549 cells in NC, GSK343, DZNep,
gefitinib, G + g, and D + g groups were 8.59 ± 2.25,
11.9 ± 3.15, 11.63 ± 1.7, 17.03 ± 3.34, 83.51 ± 3.71, and
57.24 ± 0.98, respectively. And those apoptosis rates of
H1299 cells were 6.32 ± 2.32, 8.71 ± 2.17, 6.08 ± 0.83,
11.91 ± 1.93, 41.77 ± 3.1, and 16.87 ± 0.6, respectively.
These results showed that co-administration of EZH2
inhibitors with gefitinib significantly induced cell apop-
tosis of A549 and H1299 cells (Fig. 4a and b), but not
HCC827 cell (Fig. S2a). However, neither GSK343 nor
DZNep alone had a significant effect on apoptosis rate.

Table 3 EZH2 expression levels associated with NSCLC overall survival in TCGA cohort and TJMUGH cohort。

Pathological
type

Factors n Mean survival
(Months)

Median survival
(Months)

Univariate analysis (P
value)

TCGA chort LUAD Low EZH2 expression 176 96.95 50.93 0.041

High EZH2
expression

176 65.88 43.93

LUSC Low EZH2 expression 205 75.31 61.37 0.821

High EZH2
expression

204 74.62 65.83

TJMUGH
chort

LUAD Low EZH2 expression 8 65.77 63.25 0.393

High EZH2
expression

8 48.22 32.54

LUSC Low EZH2 expression 12 54.03 45.21 0.152

High EZH2
expression

12 40.48 35.57
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To study the effects of co-administration of EZH2
inhibitors on the apoptosis-related proteins, the
levels of Bcl-2, Bax, caspase-3 and cleaved-PARP
were detected by western blotting. As showed in
Fig.4c, the expression of cleaved-PARP was de-
creased significantly in the co-administration of
EZH2 with gefitinib group compared with the gefi-
tinib alone-treated group in H1299 cells, while the
levels of other apoptosis-related proteins were not
change by co-administration of EZH2 inhibitors
treatment in A549 and H1299 cells. We also

investigate whether the co-administration of EZH2
inhibitors affect the autophagic activities of NSCLC
cells. Interestingly, the lipidated LC3-II was signifi-
cant increased in A549 and H1299 cells, while p62
was significant decreased in A549 cells treated with
the co-administration of GSK343 with gefitinib com-
pared with the gefitinib alone treated group (Fig. 4c).
However, the levels of Bcl-2, caspase-3 and cleaved-
PARP were no significant change in the co-
administration of EZH2 inhibitors with gefitinib
treatment group in HCC827 cells (Fig. S2b).

Fig. 2 Knockdown of EZH2 increased the sensitivity to gefitinib in EGFR wild-type A549 and H1299 cells. a EZH2 protein levels were assessed by
western blotting. b Quantitative PCR analysis of relative EZH2 mRNA expression level normalized to GAPDH expression level. c-d Cell proliferation
of A549 and H1299 cells transfected with siNC or siEZH2 was measured using the CCK-8 assay. Data are representative of three independent
experiments.e The IC50 of GSK343,DZNep and gefitinib were analysis by CCK-8 assay. All results are presented as mean ± standard deviation (SD)
of triplicate experiments. * P < 0.05, ** P < 0.01 vs. the gefitinib alone-treated group
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Co-administration of EZH2 inhibitors with gefitinib
inhibits EGFR-WT lung cancer cell migration in vitro
We performed wound healing and transwell assays to
explore the effects of co-administration of EZH2 inhibi-
tor with gefitinib treatment on the migratory abilities of
EGFR-WT NSCLC cells. Wound healing assay revealed

that the migratory abilities of H1299 cells in GSK343,
DZNep, and gefitinib significantly decreased compared
with those of cells in NC (54.77 ± 4.71, 54.33 ± 4.35, and
67.47 ± 2.54 vs. 82.47 ± 5.3, P = < 0.01, < 0.01, and 0.01,
respectively; Fig. 5a and b). The co-administration of
GSK343 or DZNep with gefitinib had significantly

Fig. 3 Co-administration of EZH2 inhibitors with gefitinib significantly suppresses lung cancer cell growth in vitro. Cells were subjected to control
treatment (NC), GSK343 (11 μmol/L), DZNep (10 μmol/L), gefitinib (12 μmol/L), G + g (11 μmol/L GSK343 + 12 μmol/L gefitinib), or D + g (10 μmol/L
DZNep + 12 μmol/L gefitinib) for 48 h. a Cell viabilities of A549 and H1299 cells were tested by CCK-8 assay. b The effects of different drug
treatments on cell proliferation of A549 cells was measured by colony formation assay. c-d The effects of GSK343, DZNep, and gefitinib on cell
proliferation of A549 and H1299 cells were evaluated by EDU assay.** P < 0.01 vs. the gefitinib alone-treated group. e-f Cell cycle of A549 and
H1299 cells were analyzed by flow cytometry analysis. Data are presented as mean ± standard deviation
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stronger inhibitory effects on cell migratory ability than the
administration of gefitinib alone (P < 0.01 for both). The rates
of migrated cells in GSK343, DZNep, gefitinib, D + g, and
G+ g were 255 ± 12.99, 229 ± 18.19, 265.33 ± 21.03,
145.67 ± 19.5, and 126.67 ± 20.21, respectively. All combin-
ation groups had significantly greater decreases in cell migra-
tory ability than NC (P < 0.01 for both; Fig. 5c and d). Taken
together, our data demonstrate that EZH2 inhibitors
(GSK343 and DZNep), when administered in combination

with EGFR inhibitors, can inhibit the migration of EGFR-
WT NSCLC cells.
We also investigate whether the co-administration

of EZH2 inhibitors affect cell migration and invasion-
related proteins. As showed in Fig. 5e, the expression
of vimentin was decreased significantly in the co-
administration of EZH2 with gefitinib group com-
pared with the gefitinib alone-treated group in H1299
cells, while the levels of MMP2 and N-cadherin were

Fig. 4 EZH2 inhibitors enhance gefitinib-induced apoptosis of primary gefitinib-resistant A549 and H1299 cell lines. a-b Apoptosis was analyzed
by flow cytometry analysis after 48 h exposure to GSK343, DZNep, gefitinib, GSK343 + gefitinib, and D + g. Data are presented as mean ± standard
deviation (n = 3 independent experiments).* P < 0.05, ** P < 0.01, vs. the gefitinib alone-treated group. c The effects of GSK343, DZNep, and
gefitinib on Bcl-2, Bax, caspase-3, cleaved caspase-3 and PARP,p62 and LC3 protein levels in A549 and H1299 cells were evaluated by
western blotting
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not change by the co-administration of EZH2 with
gefitinib in H1299 cells.

Co-administration of drugs suppressed EZH2 and EGFR
signaling pathways
To explore the possible mechanisms underlying the above
mentioned findings, we next evaluated the changes in
EGFR signaling pathway-related proteins. As shown in
Fig. 6a, A549 and H1299 cells were treated with different
concentrations of gefitinib after EZH2 knockdown
(siEZH2) and were subjected to western blotting. The re-
sults indicate that in both cell lines, co-administration of
drugs slightly suppressed EGFR expression and strongly
reduced EZH2 protein expression and EGFR phosphoryl-
ation levels. The phosphorylation of AKT, a downstream
molecule of EGFR, was also inhibited by the co-
administration of drugs. These results prove that gefitinib

administration caused a concentrations-dependent de-
crease in the levels of p-EGFR, EZH2, and p-AKT, while
the levels of AKT and EGFR were not significantly chan-
ged in A549 and H1299 cells. Meanwhile, more remark-
able inhibition by gefitinib was observed in siEZH2
transfected A549 and H1299 cells. The levels of P38-
MAPK and p-P38-MAPK, an important signaling pathway
downstream of EGFR, were no significantly change in
siNC and siEZH2 treated A549 and H1299 cells (Fig. 6a).
However, markedly decreased EZH2 level, EGFR and
AKT total and phosphorylation levels were observed in
siNC and siEZH2 transfected HCC827 cells (Fig. S3a).
To explore how EZH2 silent affects cell’ sensitivity to

gefitinib, GSK343 and DZNep were applied. As shown
in Fig. 6b, markedly decreased EZH2 and EGFR total
level, EGFR and AKT phosphorylation levels were ob-
served in GSK343 and DZNep plus gefitinib group when

Fig. 5 Combined treatment with EZH2 inhibitors and gefitinb inhibits EGFR wild-type NSCLC cell migration in vitro. a-b The effects of different
drug treatments on cell migration of H1299 cells was detected by wound healing assay .Representative images are displayed at 4× magnification.
Scale bar = 800 μm. Data are presented as mean ± standard deviation (SD). * P < 0.05, ** P < 0.01. c-d Transwell assay were performed to evaluate
the migration ability of H1299 cells treated with different drug. Data are presented as mean ± SD. Scale bar = 200 μm, and images were are
displayed at 20× magnification, * P < 0.05, ** P < 0.01. e The expression of MMP2, vimintin and N-cadherin in H1299 cells after treatment was
detected by western blotting
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compared with the gefitinib alone-treated group in A549
and H1299 cells. While in HCC827 cells, EGFR and
EZH2 levels were observed to be decrease only in
DZNep plus gefitinib group (Fig. S3b).

Co-administration of GSK343 or DZNep with gefitinib
suppresses the growth of EGFR-WT NSCLC in vivo
To further examine whether the co-administration of
EZH2 inhibitors with gefitinib would inhibit tumor
growth in vivo, we established a BALB/c mouse lung neo-
plasm xenograft model using A549 cells. As shown in
Fig. 7a and b, GSK343, DZNep, and gefitinib mono-
therapies all had inhibitory effects on tumor growth (P <
0.01 for all). However, the co-administration of GSK343
(4mg/kg) or DZNep (2mg/kg) with gefitinib (100mg/kg)
inhibited tumor growth significantly (P < 0.01, Fig. 7a).

After 28 days of treatment, the combination groups had a
tumor volume of < 280mm3, and 10% (1/10) of the mice
in G + g had been completely cured. No severe adverse ef-
fects were observed in any of the combination groups. To
further investigate the mechanism underlying tumor sup-
pression, we analyzed xenograft tumor sections using Im-
munohistochemistry to verify EZH2 protein expression
level. As we expected, EZH2 levels were strongly reduced
in G + g and D + g compared with in gefitinib (Fig. 7c).
Ki67 and caspase-3 staining of the tumor sections showed
decreases in cell proliferation as the percentage of Ki-67
and caspase-3 positive cells in the co-administration of
GSK343 with gefitinib group. In conclusion, the above
mentioned results indicate that the co-administration of
EZH2 inhibitors with gefitinib inhibits lung cancer cell
growth in vivo by inhibiting EZH2.

Fig. 6 Co-administration of enhancer of zeste homolog 2 (EZH2) inhibitor with gefitinib suppresses EZH2 and the EGFR signaling pathways. Cells
were treated with GSK343 (11 μmol/L), DZNep (10 μmol/L), gefitinib (12 μmol/L), G + g (11 μmol/L GSK343 + 12 μmol/L gefitinib), or D + g
(10 μmol/L DZNep + 12 μmol/L gefitinib). a The effects of EZH2 silencing on the levels of the EZH2 and the key molecules of EGFR/AKT pathway
(EGFR, AKT, and MAPK) in A549 and H1299 cells were evaluated by western blotting. b The effects of GSK343, DZNep, and gefitinib on the the
EZH2, EGFR and AKT in A549 and H1299 cells were evaluated by western blotting
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Discussion
Lung cancer is among the most common and deadly can-
cers worldwide. NSCLC is the most common histological
type of lung cancer, with LUSC and LUAD being the most
common subtypes [20]. Although the techniques used to
diagnose lung cancer and surgical, radiotherapeutic, and
chemotherapeutic treatment methods have significantly
improved, the 5-year OS rates of patients with lung cancer
remain as low as approximately 15% [3, 15, 21, 22]. Tumor
recurrence and metastasis present marked challenges to
clinicians and severely affect the prognosis of these pa-
tients. Approximately 70% of patients with lung cancer ex-
perience different degrees of focal metastasis and local
tumor recurrence after tumor resection and adjuvant

treatment. The most important cause of recurrence and
metastasis involves the development of different degrees
of drug resistance such that the original drug treatment
can no longer inhibit and kill the tumor cells, leading to
further disease progression. Therefore, researchers must
explore new therapeutic methods as well as develop new
anticancer drugs. Molecular targeted drugs have revolu-
tionized lung cancer treatment. EGFR-TKIs are the most
representative class of targeted therapies. Compared with
traditional chemotherapy, EGFR-TKIs effectively treat ad-
vanced NSCLC with EGFR mutations and significantly
prolong the OS of those patients [23–25]. However, the
application of EGFR-TKIs also has some certain limita-
tions. First, there are restrictions in achieving the

Fig. 7 Co-administration of EZH2 inhibitors with gefitinib suppressed growth of H1299 cells in vivo. a-b GSK343, DZNep, gefitinib, GSK343 plus
gefitinib and DZNep plus gefitinib and PBS were respectively injected subcutaneously into nude mice (n = 10). Tumor volumes in mice were
measured every 5 days. Results are presented as mean ± standard deviation. * P < 0.05, ** P < 0.01. c Immunohistochemistry was performed to
detect EZH2, ki67 and caspase-3 in tumor sections of nude mice
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treatment objective because patients must have specific
EGFR gene mutations to benefit from EGFR-TKI therapy.
Second, during the 9- to 14-month period after a good ini-
tial response to an EGFR-TKI, most patients eventually
develop drug resistance [26]. Recent studies have demon-
strated that EGFR-TKIs also have a certain inhibitory ef-
fect on EGFR-WT cancer cells. Therefore, EGFR-TKIs are
considered second-line treatment options for patients with
EGFR-WT cancers [27–30]. Nevertheless, current main-
stream research is focused on the suitability of EGFR-
TKIs for EGFR-WT cancers and whether these drugs can
be combined with other drugs to enhance their efficacy.
In this study, we determined that gefitinib, a representa-
tive first-generation EGFR-TKI, can still exert anticancer
effects in EGFR-WT NSCLC cells. These drugs not only
inhibit cell viability but also inhibit cell migration and in-
duce apoptosis in EGFR-WT A549 and H1299 cells;
moreover, these effects can be enhanced by the co-
administration of EZH2 inhibitors with gefitinib.
Developments in molecular biology and epigenetics have

enabled researchers to determine that some special epigen-
etic trait changes (e.g., gene methylation and acetylation)
will be present in tumors even if specific genetic locus
changes (such as KRAS mutations) are excluded [31–33].
Epigenetic regulation plays an important role in cell growth,
proliferation, differentiation, and apoptosis as well as an ir-
replaceable role in tumorigenesis and tumor development
[34–36]. EZH2 was identified as an important epigenetic
regulatory gene that regulates histone methyltransferase ac-
tivity and methylation modification. EZH2 was originally
identified in Zeste. Continuous exploration later revealed
the presence of EZH2 in the human body, and abnormal
EZH2 expression has been frequently detected in a range of
solid tumors including prostate cancer, breast cancer, kid-
ney cancer, lung cancer, and lymphoma [37, 38]. EZH2 is a
polycomb protein homologous to the Drosophila enhancer
of zeste and catalyzes the addition of methyl groups to
H3K27. It plays important roles in tumorigenesis and can-
cer progression via epigenetic gene silencing and chromatin
remodeling. EZH2 overexpression has been reported in
various human malignancies including NSCLC and may be
associated with worse outcomes [11, 39–42]. Numerous
studies have analyzed the correlation between EZH2 ex-
pression and lung cancer prognosis. The general consensus
is that EZH2 expression level is negatively correlates with
the prognosis of patients with NSCLC [17, 43–46]. In this
study, we determined the differences in EZH2 expression
levels between paired tumor and paracancerous lung tissues
using the TCGA database. When compared with paracan-
cerous lung tissues, LUAD and LUSC expressed higher
EZH2 expression levels. The results of TCGA database ana-
lysis also indicated that a higher EZH2 expression level was
related to poor prognosis only in LUAD, which is inconsist-
ent with the findings of previous studies [45, 47]. In

addition, our clinical data analysis revealed a trend toward
shorter OS in patients with higher EZH2 expression levels.
Given the important roles of EZH2 in tumorigenesis

and development, researchers have developed various
EZH2 inhibitors and have evaluated these through
in vitro experiments and clinical studies. EZH2 inhibi-
tors can enhance the sensitivity of tumor cells to antitu-
mor drugs and thereby enhance the efficacy of the
drugs. EZH2 has been reported to play an important role
in the acquired resistance of tumor cells to chemothera-
peutic drugs in small-cell lung cancer. For example,
Gardner et al. reported that chemotherapeutic drugs in-
duced the accumulation of H3K27me3 on SLFN11 via
the methylation of EZH2, which led to partial chromatin
condensation and inhibited EZH2 expression [48]. In
NSCLC, EZH2 inhibitors could effectively enhance the
sensitivity to etoposide in patients with BRG1- and
EGFR-mutant lung cancers [44]. The inhibition of EZH2
expression could effectively reverse resistance to
platinum-based chemotherapy in NSCLC [49]. The com-
bination of the EZH2 inhibitor DZNep and histone dea-
cetylase inhibitor Novelitar could significantly suppress
NSCLC cell proliferation and induced apoptosis [18].
EZH2 inhibitors also enhanced sensitivity to soracinib in
hepatoma carcinoma cells [50]. In this study, we found
that EZH2 silencing enhanced gefitinib sensitivity in
gefitinib-resistant cells. To further investigate the effects
of the combination of an EZH2 inhibitor and gefitinib
on primary gefitinib-resistant cells, we treated the
EGFR-WT NSCLC cell lines A549 and H1299 with the
EZH2 inhibitors DZNep and GSK343. The co-
administration of either inhibitor with gefitinib more
strongly inhibited cell proliferation and migration than
any single drug alone. In addition, the co-treatment sig-
nificantly inhibited the phosphorylation of AKT, which
is activated downstream of EGFR. We also found that
the co-administration of EZH2 inhibitors with gefitinib
exerted good tumor-suppressing effects against primary
gefitinib-resistant cells in vivo.
Lung cancer remains a life-threatening malignancy in

humans. EGFR-targeted drugs have provided new treat-
ment options for these tumors. EZH2 inhibitors have
also provided new treatment concepts. In this study, we
found that a therapeutic combination of an EZH2 inhibi-
tor and gefitinib could significantly inhibit tumor growth
and metastasis in primary gefitinib-resistant cells both
in vivo and in vitro. Our findings indicate a new direc-
tion for the future clinical treatment of lung cancer.

Conclusions
In summary, our study reveal that the co-administration
of EZH2 inhibitors with EGFR-TKIs may be feasible for
the treatment of EGFR wild-type (WT) NSCLC in pa-
tients who refuse traditional chemotherapy.
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Additional file 1: Fig. S1. The effort of enhancer of zeste homolog 2
(EZH2) inhibitors with gefitinib on cell growth of HCC827 cells. a Cell
proliferation of cells transfected with siEZH2 or siNC was measured using
the CCK-8 assay.b The IC50 of gefitinib, GSK343 and DZNep were analysis
by CCK-8 assay.c The effects of GSK343, DZNep, and gefitinib on cell pro-
liferation of A549 and H1299 cells were evaluated by EDU assay. Data are
presented as mean ± standard deviation (n = 3 independent experiments).
* P < 0.05 vs. the gefitinib alone-treated group.

Additional file 2: Fig. S2. The effort of enhancer of zeste homolog 2
(EZH2) inhibitors with gefitinib on cell apoptosis of HCC827 cells. a
Apoptosis was analyzed by flow cytometry analysis after 48 h of exposure
to GSK343, DZNep, gefitinib, GSK343 + gefitinib, and D + g in HCC827
cells. Data are presented as mean ± standard deviation (n = 3
independent experiments). b The effects of GSK343, DZNep, and gefitinib
on Bcl-2, and caspase-3 protein levels in HCC827 cells were evaluated by
western blotting.

Additional file 3: Fig. S3. The effort of enhancer of zeste homolog 2
(EZH2) inhibitors with gefitinib on EZH2 and the EGFR signaling
pathways in HCC827 cells.a The effects of EZH2 knockdown on the levels
of EZH2 and the key molecules of EGFR/AKT pathway (EGFR, AKT, and
MAPK) in HCC827 cells were evaluated by western blotting.b The effects
of GSK343, DZNep, and gefitinib on the levels of EZH2,EGFR and AKT in
HCC827 cells were evaluated by western blotting.
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