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Abstract: The acquired resistance to epidermal growth factor receptor tyrosine kinase inhibitor (EGFR-TKI) is the ma-
jor reason for the failure of target therapy in advanced non small cell lung cancer (NSCLC) patients, the mechanism
of which has not been fully elucidated yet. The present study aimed to investigate the different DNA methylation pro-
file before and after acquired EGFR-TKI resistance, and explore the influence of the DNA demethylater, decitabine,
on EGFR-TKI resistance. The DNA methylation chip was used to screen the genes whose DNA methylation status
were changed in the EGFR-TKI sensitive human NSCLC cell line PC9, and the induced EGFR-TKI resistant NSCLC
cell line PC9/GR (harboring T790M mutation). According to the results and literature reports, the tumor suppressor
genes, RASSF1A and GADD45p3 were selected for further research. Methylation specific PCR (MSP) and western
blot further confirmed that the promoters of these two genes were methylated, and the protein expressions were
significantly inhibited in PC9/GR cells. Additionally, decitabine, the DNA methyl transferase inhibitor, could reverse
the methylation status of RASSF1A and GADD45p promoters, elevate protein expression, and partially restore the
sensitivity of PC9/GR cells to EGFR-TKI. To conclude, our results suggested that the DNA methylation of RASSF1
and GADD45p may play a role in EGFR-TKI resistance, and epigenetic intervention might be an effective strategy to
reverse EGFR-TKI resistance, suggesting further study.
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Introduction

Gefitinib, a small molecule epidermal growth
factor receptor-tyrosine kinase inhibitor (EGFR-
TKI), has been used successfully in the treat-
ment of EGFR-mutated advanced non-small
cell lung cancer (NSCLC) [1]. However, nearly all
the patients who initially responded to the drug
will acquire resistance after the treatment, with
a median progression free survival (mPFS) of
about 10 months [2]. The mechanism of ac-
quired EGFR-TKI resistance has not been fully
elucidated yet. However, the secondary T790M
mutation at the 20 exon of EGFR gene is con-
sidered to be the major mechanism [3], which
has been reported in 60% of NSCLC patients
with acquired resistance to EGFR-TKI [4].

DNA methylation is an important epigenetic
modification process, which leads to inactiva-
tion of gene. DNA methylation has been found

to be abnormal in various types of cancer, and
it is widely involved in the process of tumorigen-
esis, metastasis, and drug resistance [5]. It
has been demonstrated that the methylation of
tumor suppressor genes and DNA damage re-
pair genes is involved in the resistance to che-
motherapy drugs [6]. The hypermethylation of
certain genes is also found to contribute to
EGFR-TKI resistance [7, 8]. 5-Aza-CdR, a DNA
methylation transferase inhibitor, is found to be
effective in reversing EGFR-TKI resistance [8].
However, the overall perspective of genome
methylation abnormality and critical gene invo-
Ived in the process has not been fully elucidat-
ed yet. The present research detected the sta-
tus of gene promoter methylation in human
lung adenocarcinoma cell line PC9 (harboring
19-Del of EGFR), and gefitinib resistant human
lung adenocarcinoma cell line PC9/GR (harbor-
ing 19-Del and T790M mutation of EGFR) by
DNA methylation chip technique. Screening en-
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abled confirming of the possible genes whose
methylation may relate to gefitinib acquired
resistance. Further, we intervened PC9 and
PC9/GR cell lines by decitabine, a DNA deme-
thylation drug, to evaluate the effect of DNA
demethylation on gefitinib acquired resistance.

Material and method
Cell culture and treatment

The gefitinib-sensitive human lung adenocarci-
noma cell line PC9 (harboring EGFR 19 exon
deletion) and gefitinib-resistant human lung
adenocarcinoma cell line PC9/GR (harboring
EGFR 19 exon deletion and 20 exon T790M
mutation) were donated by Guangzhou Insiti-
tute of Respiratory Disease. All cells were cul-
tured at 37°C in a humidified atmosphere of
5% CO, and maintained in a defined medium
(1:1 mixture of DMEM and F12 supplemented
with 10% FBS). In the first panel of experi-
ments, gefitinib (AstraZenac) was dissolved in
double-distilled water. PC9 and PC9/GR cells
were treated with different concentrations of
gefitinib. In the second panel of experiments,
PC9 and PC9/GR cells were treated by diffe-
rent concentrations of decitabine. Cells were
then collected for the DNA methylation array,
cell viability assay, real-time RT-PCR, methyla-
tion specific PCR (MSP), and western blot an-
alysis.

Cell viability assay

Cell viability was assessed by trypan blue exclu-
sion and methylthiazol tetrazolium (MTT) assay.
In the first panel of experiments, PCO and PC9/
GR cells were seeded in 96-well culture plates
and then synchronously cultured in serum-free
medium for 16 h. Cells were then incubated in
medium containing different concentrations of
gefitinib (0-10.0 uM for PC9 and 0-40.0 uM for
PC9/GR) for 48 h. In the second panel of expe-
riments, PC9/GR cells were seeded in 96-well
culture plates and then, cells were incubated in
medium containing different concentrations of
decitabine (0-80.0 uM) for 48 h. In the third
panel of experiments, PC9 and PC9/GR cells
were seeded in 96-well culture plates and then
incubated in medium with or without decita-
bine for 48 h. Then, both PC9 and PC9/GR ce-
lls were treated by different concentrations of
geftinib. After all interventions, a volume of 20
pl of methylthiazol tetrazolium was then added
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to each well. The supernatant was then dis-
carded and DMSO (150 pl) was added to each
well to dissolve the blue formazan crystals. The
optical density (OD) was measured using a
microplate reader (SpectraMax 340, Molecular
Devices, Japan) at a wavelength of 490 nm.
The arithmetic mean of the OD of each group of
wells was calculated, and the OD of the cells in
the normal group was assigned a relative value
of 100.

RT-PCR

Total RNA extraction was performed with TRI-
ZOL (Invitrogen). RNA purity was determined by
the A 260 to A 280 ratio. cDNA was synthesized
accordingto the instructions in the RevertAidTM
First Strand cDNA Synthesis Kit (Fermentas).
MRNA expression was assessed by real-time
PCR using the SYBR green PCR reagent kit
(Applied Biosystems, Foster City, CA). PCR ther-
mal cycling parameters consisted of one cycle
of 2 min at 50°C and 10 min at 95°C, followed
by 40 cycles of 10 min at 72°C. The mRNA lev-
els of various genes were calculated after nor-
malizing with glyceraldehyde 3-phosphate de-
hydrogenase or 3-actin, and the 2AACt method
was used for analyzing target gene expression
level. All the oligonucleotide primers were de-
signed by Primer Premier 5.0.

Methylation specific PCR

Genomic DNA was extracted from PC9 and
PC9/GR cells using the GenElute Mammalian
Genomic DNA Miniprep Kit (GAN10; Sigma) as
described above. The DNA was then bisulfite
converted using EZ DNAMethylation-Gold Ki
(D5005; Zymo Research). The DNA was incu-
bated with sodium bisulphite that converts
unmethylated cytosines to uracil but leaves
5-MeC intact. The RASSF1A and GADD45 pro-
moter has previously been established to be
located around the ATG start site53; we exam-
ined this region for CpG islands, and primers
were designed using the MethPrimer softwa-
re.54 The converted DNA was then used in PCR
with primers specific for methylated DNA and
unmethylated DNA of the RASSF1A and GAD-
D453 promoter region. The Epitect Control DNA
Set (59695; Qiagen) was used for positive and
negative control DNA in the PCR. Water-only
was used as a negative control. Methylated pri-
mer sequences are: RASSF1A-m-F: 5'-GTGTTA-
ACGCGTTGCGTATC-3’, RASSF1A-m-R: 5-AACC-
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Table 1. Different DNA methylation status of
important genes in PC9 and PC9/GR
Methylation status Methylation status
in PC9 in PC9/GR
RASSF1 - +
GADD45p - +
GADD45a -
GADDA45y +
PTPRO -
HRAS -
FLT1 -
KDR -
ERBB2 -
-: unmethylated, +: methylated.

Gene

+ + + + o+

CCGCGAACTAAAAACGA-3’, GADD45B-m-F: 5-
CGGAATTGTGTTTTGGTCG-3’,GADD45B-m-R:5"-
ACCAACCTATATAAAAACGCG-3. Unmethylated
primer sequences are: RASSF1A-u-F: 5-TTTG-
GTTGGAGTGTGTTAATGTG-3’, RASSF1A-u-R: 5-
CAAACCCCACAAACTAAAAACAAA-3’, GADD45B-
u-F: 5-ATGTGGTTTTTTGGTATGAGTT-3’, GADD-
45B-u-R: 5’-CACCAACCTATAAAAAACACA-3'. The
PCR conditions were: a cycle of denaturation
at 95°C for 7 minutes, then denaturation at
95°C for 10 seconds, annealing at 55°C for
10 seconds, and elongation at 72°C for 8 sec-
onds. This was repeated from the second de-
naturation step for 45 cycles followed by a final
elongation step at 72°C for 1 minute. Three
normal and 3 glaucoma donors were used for
all experiments. Independent triplicate experi-
ments were carried out for each donor.

DNA methylation analysis

The DNA methylation data for PC9 and PC9/GR
cell were generated in Shanghai Kangcheng
Bio-technology cooperation, using the Nimble-
Gen Human DNA Methylation 3x720K Promoter
Plus CpG Island Array Methylation (NimbleGem)
according to the manufacturer’s instructions.
The hybridization signal was detected by chip
scanner and analysis by software. According to
the literature reports, the DNA methylation sta-
tus of various genes including tumor suppresor
gene family (p16, P15, P18, P19, LKB1, PTEN,
4.1B/DAL-1, GPRC5A, GATA, PTPRO, RASSF1,
GADD45, CIP-KIP family, nm23, KAI1, APH,
MCC, APC), oncogene family (KRAS, NRAS, HR-
AS, MYC, SRC), tyrosine receptor kinase (EGFR,
ERBB2, PDGFRB, FLT1, KDR), DNA damage re-
paire genes (MGMT, ERCC, RRM1, hMSH, hM-
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LH, hPMS, RAD), and DNMT, were selected for
further analysis.

Western blot

Cells were collected and homogenized in 1 ml
of lysis buffer (50 mmol/I Hepes, pH 7.5, 150
mmol/I NaCl, 1.5 mmol/I MgCl,, 1 mmol/I et-
hylene glycol tetraacetic acid, 10% glycerol, 1%
Triton X-100, 1 g/ml aprotinin, 1 g¢/ml leupeptin,
1 mmol/l phenylmethyl sulfonyl fluoride, 0.1
mmol/I sodium orthovanadate) at 4°C. After
centrifugation, soluble lysates (60-80 ug) were
loaded in each lane and separated by sodium
dodecyl sulfate-polyacrylamide gel electropho-
resis and transferred to polyvinylidene difluo-
ride membranes. Membranes were blocked
with 5% nonfat dry milk in Tris-buffered sa-
line/0.5% Tween-20 for 1 h, washed with Tris-
buffered saline/Tween-20, and incubated with
rabbit polyclonal RASSF1A antibody (1:2,000;
PLIabs, US) or rabbit polyclonal GADD45p anti-
body (1:2,000; Abcam, UK). Blots were rinsed
with Tris-buffered saline/Tween-20 and subse-
quently incubated with HRP goat anti-rabbit IgG
(1:10,000; Kang wei shi ji, China). After washing
with Tris-buffered saline/Tween-20, the blots
were developed with the enhanced chemilumi-
nescence method (Amersham, UK). The inten-
sity of the identified bands was quantified by
densitometry. Results were expressed as arbi-
trary densitometric units.

Statistical analysis

SPSS 13.0 was used for statistical analysis.
Data are presented as the mean + SD. Student
t test was used for mean comparison, while
Chi-square test was use for rate comparison.
P<0.05 was considered significant.

Results

Different DNA methylation status between PC9
and PC9/GR

NimbleGen Human DNA Methylation 3x720K
Promoter Plus CpG Island Array Methylation
CHIP was used to detect the different gene pro-
motor methylation status between PC9 and
PC9/GR. The results showed that there are
2818 genes whose promotor was methylated in
PC9/GR cells, compared with that in PC9 cells
(Supplementary 1). As shown in Table 1, the
tumor suppressor gene, RASSF1, GADD453
and PTPRO, the oncogene HRAS, and those
genes which coded for tyrosine kinase recep-
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Figure 1. The methylation status of RASSF1A promoter in PC9 and PC9/GR.
MSP results showed that the RASSF1A promoter was unmethylated in PC9
cells, and methylated in PC9/GR cells. (M+methylated positive control, U+:

45y was methylated in PC9
cell and demethylated in PC9/
GR cell. The methylation sta-
tus of GADD45a has not be-
en changed in PC9 and PC9/
GR. The tumor suppressor ge-
nes, RASSF1 and GADD45p,
were chosen for further experi-
ments.

RASSF1A and GADD45(3
promoter was methylated and
their expression were inhib-
ited in PC9/GR

unmethylated positive control, -: negative control).

M+ U+ -
Maker M u M u M u

Figure 2. The methylation status of GADD45p3 promoter in PC9 and PC9/
GR. MSP results showed that GADD45( promoter was unmethylated in PCO
cells while methylated in PC9/GR cells (M+: methylated positive control, U+:

unmethylated positive control, -: negative control).
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Figure 3. RASSF1A and GADD45p expression in PC9
and PC9/GR. Western blot results show that the pro-
moter methylation of RASSF1A and GADD458 leads
to downregulation of their protein expression.

tors, including FLT1, KDR and ERBB2, were
unmethylated in PC9, while methylated after
secondary T790M mutation. Meanwhile, GADD-
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Methylation specific PCR (M-
SP) was used to further con-
firm the gene promoter meth-
ylation status of RASSF1A and
GADDA450. The results show-
ed that the promoters of RA-
SSF1A and GADD453 were
under unme-thylated status in
PC9 cells while totally methyl-
ated in PC9/GR cells (Figures
1 and 2). Further, western blot
showed that the expression
of RASSF1A and GADD45p
were down-regulated due to
the transcription inhibition ca-
used by promoter methylation
(Figure 3).

PCY/GR
M U

Decitabine inhibited PC9/GR cell proliferation

MTT assay was used to evaluate the decita-
bine’s effect on PC9/GR cells. The results sh-
owed that the proliferation of PC9/GR cells was
inhibited after 48 h decitabine intervention.
And the effect was dose-dependent. The IC50,
IC20, IC10 values were: 56.8 pmol/l, 13.2
pmol/Il, 8.7 ymol/I (P<0.01) (Figure 4). 13.2
UM decitabine was selected for further experi-
ments.

Decitabine increased the sensitivity of PC9/GR
to gefitinib

After incubation with or without 13.2 uM de-
citabine (DCA) for 48 h, PC9 and PC9/GR cells
were treated by different concentrations of gefi-
tinib. MTT assay was used to evaluate the pro-
liferation inhibition effect of gefitinib on PC9
and PC9/GR cells. The results showed that ge-
fitinib could dose-dependently inhibit cell pro-

Int J Clin Exp Pathol 2019;12(11):4002-4010



Decitabine reverses gefitinib resistance by demethylation of RASSF1A and GADD4503

8 &8 8 8

(%) @181 UOTITqTYU]

0 . —sentulET S W TR N TE—
0 07105 1 &5 10 20 40 80

DCA/pmol /L

Figure 4. Decitabine dose-dependently inhibits the
proliferation of PC9/GR cells.
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Figure 5. The inhibition rate of gefitinib in PC9 (A) and
PC9/GR (B) cells before and after DCA treatment.
MTT assay showed that IC20DCA intervention could
sensitize PC9/GR cells to gefitinib, but the sensitivity
to gefitinib in PCO cells was not changed before and
after IC20DCA treatment.

liferation in both the control group and the DCA
group. The IC50 value of gefitinib on PC9 cells
with and without DCA were 0.08 pM and 0.07
MM. While the IC50 value of gefitinib on PC9/
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Table 2. IC50 of gefitinib on PC9 and PC9/GR
with and without DCA intervention

- PC9 PC9/GR
Gefitinib
IC50 (umol/L) 1C50 (umol/L)
Control 0.08 7.80 97.50
IC20DCA 0.07 4.62 66.00

GR cells with and without DCA were 4.62 uM
and 7.80 uM. The resistance index (RIl) were
66.00 and 97.50 separately (Figure 5; Table 2)
(P<0.01) (RI = IC50 of gefitinib on PC9/GR/
IC50 of gefitinib on PC9). These results indicat-
ed that PC9/GR resistance to gefitinib could be
partially reversed by decitabine.

Decitabine demethylated RASSF1A and
GADD45 promotor and elevated their expres-
sion in PC9/GR cells

Methylation specific PCR (MSP) was used to
detect RASSF1A and GADD45[3 promoter meth-
ylation status in PC9/GR cells after 48 h ICD20
decitabine intervention. As shown in Figure 6,
the promoter of RASSF1A was unmethylated in
PC9, while totally methylated in PC9/GR cells.
After 48 h intervention of ICD20 decitabine,
there were both methylated and unmethylated
bands, indicating that decitabine could partial-
ly demethylate the RASSF1A promoter. On the
other hand, for GADD45p, its promoter was
unmethylated in PC9 cells, while totally methyl-
ated in PC9/GR cells. However, ICD20 deci-
tabine could totally demethylate GADD450 pro-
moter. The western blot results further showed
that the protein expressions of these genes
were elevated after decitabine intervention (Fi-
gure 7).

Discussion

The epidermal growth factor receptor tyrosine
kinase inhibitor (EGFR-TKI) significantly impro-
ves the prognosis of EGFR mutant advanced
non-small cell lung cancer (NSCLC). However,
nearly all patients will acquire resistance to the
drug, which causes failure of treatment. The
major mechanism of acquired gefitinib resis-
tance is the missense mutation on the 2369
nucleotide of EGFR exon 20, the T790M muta-
tion. The secondary T790M mutation induces
a conformational change of EGFR protein and
increases its affinity for ATP, which subsequ-
ently inhibits the combination between gefitinib
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Figure 6. The status of RASSF1A and GADD45[ promoter methylation in PC9, PC9/GR, and PC9/GR after decitabine
intervention. A. RASSF1A promoter was demethylated by DCA in PC9/GR cells; B. GADD453 promoter was demethyl-

ated by DCA in PC9/GR cells.
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Figure 7. The expression of RASSF1A and GADD45p3
protein in PC9, PC9/GR and PC9/GR with decitabine
intervention. Western blot results further showed that
the protein expression of RASSF1A and GADD45(3
were partially restored after DCA treatment.

and EGFR kinase domain, and facilitates the
auto-activation signal transduction and cell pro-
liferation [9, 10]. Besides T790M mutation, the-
re are many other mechanisms involved in the
acquired resistance to EGFR-TKI, including c-
Met over-expression, EMT, and transforming to
SCLC. It has been reported that the gene pro-
moter methylation status of certain pathways
may affect the efficiency of EGFR-TKI in NSCLC
patients [11]. Also, gene methylation maybe an
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incentive of T790M formation [12]. So far, the
research on the role of epigenetic mechanism
in the process of EGFR-TKI resistance is rare.
There has been no report on the change of
gene methylation profile in T790M-mediated
EGFR-TKI resistance in NSCLC cells.

RASSF1A is a tumor suppressor gene, and in
vivo and in vitro research has demonstrated
that it can inhibit cell proliferation and induce
cell apoptosis [13, 14]. Abnormal methylation
and allelic deletion are the major mechanisms
of RASSF1A deactivation, while the point muta-
tion is rare [15]. RASSF1A promoter methyla-
tion can be detected in 63% of NSCLC cell lines
and 30% of NSCLC tumor tissues, but it cannot
be detected in normal lung tissue [16]. It has
been reported that the incidence of RASSF1A
promoter methylation in NSCLC tissue was
about 47% [17, 18], but its correlation with
pathological type is still controversial [19, 20].
Another multivariate analysis reported that the
incidence of RASSF1A promoter methylation is
not correlated with the incidence of K-ras, P53
and EGFR gene mutation, after age, sex, smok-
ing status, pathological type of NSCLC, and
staging adjustment, which indicated that RA-

Int J Clin Exp Pathol 2019;12(11):4002-4010
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SSF1A promoter methylation might be an inde-
pendent issue in the pathogenesis of NSCLC.
The role of gene promoter methylation in the
multidrug resistance to chemotherapy drugs in
NSCLC has been reported. Guo et al. [21]
reported that RASSF1, MT1G and GPR56 pro-
moter methylation is involved in the cisplatin
resistance in human adenocarcinoma cell line
A549. However, the role of RASSF1A promoter
methylation in acquired EGFR-TKI resistance in
NSCLC has not been reported yet.

Growth arrest and DNA damage inducible pro-
tein 453 (GADD45p) is a downstream gene of
p53 and BRCA1, which encodes a conservative
nucleoprotein regulating P53 and JNK signal
pathways [22-24]. It has been found that GA-
DD45B, interacted with other genes, is involv-
ed in DNA damage repair [22]. The incidence of
GADD45p3 promoter methylation in NSCLC is
very low. One research found that GADD45(3
was expressed in normal lung tissue and no
gene promoter methylation was detected in 5
NSCLC cell lines [25]. Na et al [26] detected
GADD450 promoter methylation in 139 NSCLC
patients’ tissues, and reported that the inci-
dence of GADD45pB promoter methylation was
7.2%. Therefore, the role of GADD45[ promoter
methylation was not very clear.

In this research, a DNA methylation chip was
used to detect the genomic DNA of PC9 cell
and PC9/GR cell. The results showed that, com-
pared with PC9 cells, there are large amount of
gene promoter methylations in PC9/GR cells.
After referring to the reference, we chose two
tumor suppressor genes, RASSF1A and GADD-
458, for further research. Consistent with the
results of DNA methylation chips, methylation
specific PCR (MSP) results also showed that
RASSF1A and GADD45(3 promoter were unme-
thylated in PC9 cells, while methylated in PC9/
GR cells, indicating that the T790M mutation
may induce the methylation of these genes’
promoters. Western blot results further con-
firmed that gene promoter methylation of these
genes inhibited their expression. However, the
relationship between the methylation silencing
of these two genes and the acquired gefitinib
resistance of PC9 cells still needs further re-
search.

The mechanism of acquired EGFR-TKI resis-
tance is so complex that, besides some major
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mechanisms, there may be other mechanisms
involved in this process. Epigenetic mecha-
nisms may be an important aspect. So far, it
has been reported that epigenetic mechanisms
are involved in the drug resistance of cancer
cells. In the realm of chemotherapy drug resis-
tance, it is reported that, the hypermethylation
induced silence of tumor suppressor genes
RASSF1 and BRCA1 is related to the resistance
to carboplatin in ovarian carcinoma cells [27].
Also, the combination of DNA methyltransfer-
ase inhibitor, decitabine, and carboplatin could
demethylate RASSF1 and BRCA1, and reverse
the resistance to carboplatin [27].

In the realm of EGFR-TKI resistance, there is
research demonstrating that the deletion of
PTEN phosphatase function and the sustained
activation of Akt pathway play an important
role. The expression of PTEN is closely related
to DNA methylation [28]. In the acquired gefi-
tinib resistant lung adenocarcinoma cell lines
PC9/f9 and PC9/f14, the expression of PTEN
mMRNA and protein were obviously inhibited,
compared with the maternal cell line, gefitinib
sensitive PC9. And the epigenetic modulators,
including DNA demethylation drugs, 5-aza-
2’-deoxycytidine, and histone deacetylase in-
hibitor, TSA, could elevate the expression of
PTEN mRNA and protein, and restore the sensi-
tivity of the cells to gefitinib.

In this research, we demonstrated that deci-
tabine could demethylate the DNA promoters
of RASSF1A and GADD458 in acquired gefitinib
resistant lung adenocarcinoma cell line PC9/
GR, induce a partial restoration of RASSF1A
and GADD450 protein expression, and partially
reverse the gefitinib resistance of the cell,
which indicated that, besides T790M mutation,
the methylation silencing of RASSF1A and GA-
DD45B may be a concurrent non-mainstream
mechanism in the process of gefitinib resis-
tance in PC9/GR cells. It is rational to hypothe-
size that the epigenetic drug intervention at the
early stage of EGFR-TKI treatment may be help-
ful to delay the onset of EGFR-TKI resistance,
which brings us a new insight into the preven-
tion and reversion of EGFR-TKI acquired resi-
stance.
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