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A B S T R A C T

Genetic and epigenetic alterations importantly contribute to the pathogenesis of lung cancer. In the study, we
measured the frequency and distribution of molecular abnormalities of EGFR as well as the aberrant promoter
methylations of BRCA1, MGMT, MLH1, and RASSF1A in Vietnamese lung adenocarcinomas. We investigated the
association between genetic and epigenetic alteration, and between each abnormality with clinicopathologic
parameters. Somatic EGFR mutation that was found in 49/139 (35.3%) lung adenocarcinomas showed a sig-
nificant association with young age, female gender, and non-smokers. EGFR overexpression was identified in 82
tumors (59.0%) and statistical relationships with EGFR or BRCA1 methylation but not EGFR mutation. In ad-
dition, EGFR, BRCA1, MGMT, MLH1, and RASSF1A methylations were found in 33 (23.7%), 41 (29.5%), 46
(33.1%), 28 (20.1%), and 41 (29.5%) cases of a total of 139 lung adenocarcinomas, respectively. The RASSF1A
methylation was found to be linked to the smoking habit. Methylations in MGMT and RASSF1A were also found
to correlate with metastasis status. Furthermore, the distribution of EGFRmutation and that of BRCA1, MGMT or
RASSF1A methylation were significantly exclusive in lung adenocarcinomas. The main finding of our study
demonstrate that epigenetic abnormalities might play a critical role for the lung tumorigenesis in patients with
smoking history and metastasis, and partly affect the predictive value of EGFR mutations through blocking
expression due to promoter EGFR hypermethylation. Mutually exclusive distribution of genetic and epigenetic
alterations reflects differently biological characteristics in the etiology of lung adenocarcinomas.

1. Introduction

Lung cancer is the leading cause of cancer mortality in many
countries among both men and women. It has been divided into two
major histological types including small cell lung carcinoma (SCLC) and
non-small cell lung carcinoma (NSCLC) [1]. Lung adenocarcinoma is
the most common histologic subtype of NSCLC and predominant in
Asians, and never-smokers [2]. It is widely accepted that genetic and
epigenetic alterations play important roles in pathogenesis of the lung
cancer through the activation of oncogenes and/or the blockage of

tumor suppressor genes. Understanding precise molecular modifica-
tions would be of great value to have a better prognostic molecular
signature to develop individualized therapeutic interventions for each
tumor type.

Recently, genetic alterations in the epidermal growth factor receptor
(EGFR) have been known to implicate in lung carcinogenesis and fre-
quently correlate with clinicopathologic characteristics such as adeno-
carcinoma subtype, female gender, and no smoking history [3,4]. The
activating mutations in the tyrosine kinase (TK) domain of EGFR are
served as a therapeutic target for lung cancer harboring specific
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mutations by its excellent clinical responsiveness to anticancer drugs
(gefitinib and erlotinib) [5]. Treatment regimen based on EGFR muta-
tions extends survival rate of patients suffering from NSCLC [6].
Therefore genetic alterations not only provide us important information
about biological pathogenesis but also enable to predict the response to
chemotherapy. Despite of a numerous of accumulated studies on EGFR
mutations, the molecular abnormalities in lung adenocarcinoma with
wild-type EGFR genotype, which is possibly associated with smoking
habit and clinicopathologic factors toward poor prognosis have not
been completely investigated.

Aberrant promoter methylation, which often downregulates gene
expression, has been known as one of the important mechanisms in the
pathogenesis of many human cancers. Analysis of DNA methylation in
lung cancer is a vital step in order to understand oncogenic pathway,
screen for cancer predisposition and primary diagnostics, monitor of
disease progression and detect recurrence early, and develop more
targeted treatment strategies to improve clinical management [7,8].
Frequent methylated genes such as deleted in lung and oesophageal cancer
1 (DLEC1), cadherin-13 (CDH13), retinoic acid receptor beta (RARβ),
adenomatous polyposis coli protein (APC), breast cancer susceptibility gene
1 (BRCA1), O6-methyltransferase-DNA methylguanin (MGMT), MutL
homolog 1 (MLH1), Ras associated domain-containing protein (RASSF1A),
and checkpoint with forkhead and ring finger domains (CHFR) had been
observed in lung cancer [9–11]. These DNA methylation was closely
related to smoking status in lung adenocarcinoma [12]. In addition, the
promoter methylation of several genes such as CDH13, RASSF1A, and
APC has been reported to be associated with high risk of early recur-
rence [13]. Although both genetic and epigenetic abnormalities fre-
quently occur in lung cancer, the relationship among them remains
poorly understood. The missing link between DNA methylation and
environmental factors or genetic alterations contributes to limit the
applications of methylated signature genes in predicting appropriate
therapies. Therefore, analyzing the relationship between genetic and
epigenetic alterations provides useful information for understanding
biological mechanisms and considerations about adjuvant treatment.

In this study, we analyzed molecular abnormalities of EGFR and
aberrant promoter methylation of BRCA1, MGMT, MLH1, and RASSF1A
in 139 lung adenocarcinomas to measure the frequency as well as dis-
tribution of each abnormality and the association with clin-
icopathologic parameters. In addition, the relationship between genetic
and epigenetic alteration of EGFR and hypermethylation of candidate
genes was also investigated.

2. Materials and methods

2.1. Patients and tissue collection

A total of 139 lung adenocarcinoma specimens were collected and
histologically diagnosed at Pathology and Molecular Biology Center in
National Cancer Hospital K, Vietnam from 2015 to 2017. The study was
approved by the guidelines of Hospital K ethics committee in Vietnam.
Written informed consent was obtained from all the patients. None of
the patients had been undergone chemotherapy and/or radiotherapy
prior to biopsy or surgery. Tissue samples were obtained by needle
aspiration (89/139) and surgical procedures (50/139). Clinical char-
acteristics of the patients including age, gender, smoking history, his-
tological subtypes, and staging were obtained from surgical and pa-
thological records. All hematoxylin and eosin (H&E) and
immunohistochemistry (IHC) stained sections were examined by two
independent Hospital K pathologists to define the histological diagnosis
of lung adenocarcinoma according to WHO-2015 histologic classifica-
tion [1].

2.2. DNA isolation and bisulfite modification of genomic DNA

Before DNA extraction, tumors underwent a light microscope-

assisted macrodissection quality-control process to enrich tumor cells in
specimen. Genomic DNA was extracted using QIAamp DNA FFPE Tissue
Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s stan-
dard protocol. The quality of specimen DNA was examined by
Polymerase Chain Reaction (PCR) targeting housekeeping gene, β-
globin. Sodium bisulfite modification of genomic DNA was performed
using the Epitect Bisulfite Kit (Qiagen, Valencia, CA, USA) according to
the manufacturer’s instructions.

2.3. Immunohistochemistry analysis

Immunohistochemical staining for EGFR was carried out using
BenchMark XT System (Ventana Medical System, Tucson, Arizona,
USA). The pattern of EGFR staining was scored using a 4-tier grading
system based on membrane staining intensity as described: 0 = no
staining; 1+ = faint membranous staining; 2+ = moderate mem-
branous staining; 3+ = strong membranous staining. Tumors scored
2+ and 3+ were considered as positive for overexpression.

2.4. Methylation analysis

The methylation status of EGFR, BRCA1,MGMT,MLH1, and RASSF1
was examined by methylation-specific PCR (MS-PCR) method. Briefly,
sodium bisulfite-treated DNA was used as a template of MS-PCR using
oligonucleotide primers to specifically amplify either the methylated or
unmethylated promotor sequence of targeting genes. Primer sequences
for each gene are provided in the Supplementary Table 1.

2.5. EGFR mutation analysis

EGFR mutations were detected using Therascreen EGFR RGQ PCR
kit (Qiagen, Valencia, CA, USA) for four exons from exon 18 to 21 of the
tyrosine kinase domain of EGFR. The therascreen EGFR RGQ PCR Kit
utilizes two technologies including ARMS (Astrazeneca) and Scorpions
(Qiagen) to detect 29 somatic mutations in the EGFR cancer-related
gene using polymerase chain reaction (PCR) on the Rotor-Gene Q24
instrument.

2.6. Statistical analysis

Statistical analysis was carried out using SPSS software (IBM
Corporation, New York, NY, USA). Correlation was analyzed using ei-
ther the χ2 test or Fisher’s exact test. Statistical significance for all
analyses was set at p<0.05.

3. Results

3.1. Patient characteristics

One hundred thirty nine patients with lung adenocarcinomas in-
cluding 94 males (67.6%) and 45 female (32.4%) were enrolled in this
study. The patients ranged in age from 25 to 80 (average, 57.4 years).
Seventy-nine patients were smokers composed of 76 males and 3 fe-
males, and the remaining 60 patients were non-smokers. Histological
diagnosis revealed 79 (56.8%) acinar adenocarcinomas (A), 22 (15.8%)
papillary adenocarcinomas (P), 3 (2.2%) micro-papillary adenocarci-
nomas (MP), 34 (24.5%) solid adenocarcinomas (S), and 1 (0.7%)
mixed type of A and P. One hundred and four (74.8%) samples were
collected from primary tumors and thirty five (25.2%) samples were
obtained from metastatic tumors. Pathologic stages showed 12 (8.6%)
patients in stage II, 55 (39.6%) patients in stage III, and 72 (51.8%)
patients in stage IV. In this study, we found that smoking status did not
exhibit a significant association with other clinicopathologic para-
meters, except that smoking was more common in male gender
(Supplementary Table 2).
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3.2. Genetic and epigenetic alterations of the EGFR and the correlation with
clinicopathologic parameters in lung adenocarcinomas

EGFR mutations were identified in 49 (35.3%) tumors of 139 lung
adenocarcinomas with a total of 55 mutations distributed in exons from
18 to 21. The 55 mutations consisted of 32 missense mutations (in-
cluding 5 G719X in exon 18, 3 T790M and 3 S768I in exon 20, and 19
L858R and 2 L861Q in exon 21), 22 in-frame deletion mutations in exon
19, and one insertion mutation in exon 20. Among the 49 tumors with
mutations, 81.6% cases were detected either exon 19 in-frame deletion
or the exon 21 L858R point, which are the most common mutations in
NSCLC and are known to be predictive of response to the EGFR TKIs.
EGFR mutation was associated with a number of clinicopathologic
features such as age (p= 0.023), gender (p<0.001) and smoking
status (p= 0.005). The prevalence of EGFR mutations was more fre-
quent in younger patients (44.8%), female gender (57.8%), and non-
smokers (50.0%) than in older patients (26.4%), male gender (24.5%),
and smokers (25.3%). In addition, the rate of EGFR mutations was less
common in solid adenocarcinoma subtype (20.6%) than in the other
histologic subtypes (40.0%) (p= 0.04). However, EGFR mutation was
not found to correlate with other clinicopathologic characteristics such
as metastasis and pathologic stage (Table 1).

Aberrant promoter methylation of EGFR was detected in 33 (23.7%)
of a total of 139 lung adenocarcinomas. No significant association be-
tween EGFR methylation and clinicopathologic variables was observed
(Table 1).

3.3. EGFR expression and the association with genetic and epigenetic
alterations in lung adenocarcinoma

The EGFR expression was detected in 107 out of 139 tumors
(77.0%). When adopting a cut-off value of< 10% positive cells (2+
and 3+), 82 tumors (59.0%) was found to exhibit EGFR over-
expression. No statistical significance regarding clinicopathologic data
such as age, gender, smoking status, histologic subtype, metastasis
status, or pathologic stage was observed (Table 1). Notably, the EGFR
overexpression exhibited no significant association with EGFRmutation
status (p= 0.973) but statistically correlated with EGFR methylation

status (p= 0.002), where the EGFR was overexpressed in the un-
methylated cases of EGFR (85.4%), compared to the methylated EGFR
(14.6%) (Table 2). The interrelationship among the EGFR mutation, the
EGFR methylation, and the EGFR overexpression are shown in Fig. 1,
and Table 6. The prevalence of EGFR overexpression significantly de-
creased in the cases with promoter EGFR methylation but not with
EGFRmutation, either one alteration or both. These results indicate that
promoter EGFR hypermethylation results in the down-regulation of
EGFR expression.

Table 1
Genetic and epigenetic alterations of the EGFR gene and the correlation with clinicopathologic parameters.

EGFR mutation P-value EGFR methylation P-value EGFR overexpression P-value

Mutation (%) Wild-type (%) Yes (%) No (%) Negative (%) Positive (%)

N 139 49 (35.3) 90 (64.7) 33 (23.7) 106 (76.3) 57 (41.0) 82 (59.0)
Age (57.4 ± 10.8) 0.023 0.718 0.599
≤57.4 67 30 (44.8) 37 (55.2) 15 (22.4) 52 (77.6) 29 (43.3) 38 (56.7)
<57.4 72 19 (26.4) 53 (73.6) 18 (25.0) 54 (75.0) 28 (38.9) 44 (61.1)

Gender <0.001 0.893 0.191
Male 94 23 (24.5) 71 (75.5) 22 (23.4) 72 (76.6) 35 (37.2) 59 (62.8)
Female 45 26 (57.8) 19 (42.2) 11 (24.4) 34 (75.6) 22 (48.9) 23 (51.1)

Smoking status 0.005 0.616 0.627
Smoker 79 20 (25.3) 59 (74.7) 20 (25.3) 59 (74.7) 31 (39.2) 48 (60.8)
Non-smoker 60 29 (48.3) 31 (51.7) 13 (21.6) 47 (78.3) 26 (43.3) 34 (56.7)

Histological subtypes
A 79 32 (40.5) 47 (59.5) 0.155 16 (20.3) 63 (79.7) 0.267 27 (34.2) 52 (65.8) 0.060
P 22 7 (31.8) 15 (68.2) 0.811 5 (22.7) 17 (77.3) 0.903 9 (40.9) 13 (59.1) 0.992
MP 3 2 (66.7) 1 (33.3) 0.284 2 (66.7) 1 (33.3) 0.077 2 (66.7) 1 (33.3) 0.361
S 34 7 (20.6) 27 (79.4) 0.042 10 (29.4) 24 (70.6) 0.371 18 (52.9) 16 (47.1) 0.104
A&P 1 1 (100) 0 (0.0) 0.353 0 (0.0) 1 (100.0) 0.575 1 (100.0) 0 (0.0) 0.229

Tumors 0.787 0.751 0.147
Primary 104 36 (34.6) 68 (65.4) 24 (23.1) 80 (76.9) 39 (37.5) 65 (62.5)
Metastasis 35 13 (37.1) 22 (62.9) 9 (25.7) 26 (74.3) 18 (51.4) 17 (48.6)

Stages 0.263 0.189 0.572
I & II 12 6 (50.0) 6 (50.0) 1 (8.3) 11 (91.7) 4 (33.3) 8 (66.7)
III & IV 127 43 (33.9) 84 (66.1) 32 (25.2) 95 (74.8) 53 (41.7) 74 (58.3)

χ2 test (excluding Fisher’s exact test for histological subtypes); A: Acinar adenocarcinomas; P: Papillary adenocarcinomas; MP: Micro-papillary adenocarcinomas; S:
Solid adenocarcinomas; A&P: Mixed type of A and P.

Table 2
Correlation of EGFR expression with EGFR alterations and BRCA1, MGMT,
MLH1, and RASSF1A methylations.

EGFR overexpression P-value

Negative (%) Positive (%)

N 139 57 (41.0) 82 (59.0)
EGFR mutation 0.973
Mutation 49 20 (40.8) 29 (59.2)
Wild-type 90 37 (41.1) 53 (58.9)

EGFR methylation 0.002
Yes 33 21 (63.6) 12 (36.4)
No 106 36 (34.0) 70 (66.0)

BRCA1 methylation 0.019
Yes 41 23 (56.1) 18 (43.9)
No 98 34 (34.7) 64 65.3)

MGMT methylation 0.434
Yes 46 21 (45.7) 25 (54.3)
No 93 36 (38.7) 57 (61.3)

MLH1 methylation 0.279
Yes 28 14 (50.0) 14 (50.0)
No 111 43 (38.7) 68 (61.3)

RASSF1A methylation 0.408
Yes 41 19 (46.3 22 (53.7)
No 98 38 (38.8) 60 (61.2)

χ2 test;
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3.4. Aberrant promoter methylations of BRCA1, MGMT, MLH1, and
RASSF1A and the correlation with clinicopathologic parameters in lung
adenocarcinoma

As shown in Table 3, aberrant promoter methylations of BRCA1,
MGMT, MLH1, and RASSF1A were detected in 41 (29.5%), 46 (33.1%),
28 (20.1%), and 41 (29.5%) tumors of a total of 139 lung adenocarci-
nomas, respectively. Methylation status of at least one of the five genes
was identified in 100 of 139 tumors (71.9%); methylation of at least
two genes in 54/139 cases (38.8%); three genes in 24/139 (17.3%);
four genes in 9/139 (6.7%); and 2/139 cases (1.4%) were methylation
of all five genes. A statistically significant association between methy-
lation and smoking status was observed, where the prevalence of
RASSF1A methylation in smokers (36.7%) was higher than that in non-
smokers (20.0%) (p = 0.032). Furthermore, aberrant MGMT and
RASSF1A methylations were associated with metastasis status (p =
0.025 and 0.045, respectively). No association between the methylation
of the five genes and age of diagnosis, gender, histologic subtype, or

pathologic stage was found (Table 3). In more detail, we analyzed the
relationship between methylation of each set of two out of five genes.
The results showed that RASSF1A methylation was correlated with
BRCA1 (p< 0.001) and MLH1 (p< 0.001) (Table 4).

Fig. 1. (A) H&E staining (upper panel) and EGFR IHC staining analysis (lower panel). Photographs were taken at ×200 magnification. Brown color represents
positive staining for EGFR. (B) The Venn diagram illustrating relationship among EGFR mutations, EGFR methylation and EGFR overexpression in Vietnamese
patients with lung adenocarcinoma (n=139).

Table 3
EGFR, BRCA1, MGMT, MLH1, and RASSF1A methylations and correlations with clinicopathologic characteristics.

BRCR1 Methylation P- value MGMT methylation P- value MLH1 methylation P- value RASSF1A methylation P- value

Yes (%) No (%) Yes (%) No (%) Yes (%) No (%) Yes (%) No (%)

N 139 41 (29.5) 98 (70.5) 46 (33.1) 93 (66.9) 28 (20.1) 111 (79.9) 41 (29.5) 98 (70.5)
Age 0.512 0.062 0.527 0.930
≤57.4 67 18 (26.9 49 (73.1) 17 (25.4) 50 (74.6) 12 (17.9) 55 (82.1) 20 (29.9) 47 (70.1)
<57.4 72 23 (31.9) 49 (68.1) 29 (40.3) 43 (59.7) 16 (22.2) 56 (77.8) 21 (29.2) 51 (70.8)

Gender 0.193 0.731 0.673 0.613
Male 94 31 (33.0) 63 (67.0) 32 (34.0) 62 (66.0) 18 (19.1) 76 (80.9) 29 (30.9) 65 (69.1)
Female 45 10 (22.2) 35 (77.8) 14 (31.1) 31 (68.9) 10 (22.2) 35 (77.8) 12 (26.7) 33 (73.3)

Smoking status 0.311 0.299 0.971 0.032
Smoker 79 26 (32.9) 53 (67.1) 29 (36.7) 50 (63.3) 16 (20.3) 63 (79.7) 29 (36.7) 50 (63.3)
Non-smoker 60 15 (25.0) 45 (75.0) 17 (28.3) 43 (71.7) 12 (20.0) 48 (80.0) 12 (20.0) 48 (80.0)

Histological subtypes
A 79 21 (26.6) 58 (73.4) 0.387 26 (32.9) 53 (67.1) 0.958 15 (19.0) 64 (81.0) 0.696 22 (27.8) 57 (72.2) 0.625
P 22 7 (31.8) 15 (68.2) 0.795 6 (27.3) 16 (72.7) 0.527 5 (22.7) 17 (77.3) 0.742 7 (31.8) 15 (68.2) 0.795
MP 3 1 (33.3) 2 (66.7) 0.883 2 (66.7) 1 (33.3) 0.212 1 (33.3) 2 (66.7) 0.476 1 (33.3) 2 (66.7) 0.883
S 34 11 (33.4) 23 (67.6) 0.674 12 (35.3) 22 (64.7) 0.754 7 (20.6) 27 (79.4) 0.941 11 (32.4) 23 (67.6) 0.674
A&P 1 1 (100.0) 0 (0.0) 0.121 0 (0.0) 1 (100.0) 0.480 0 (0.0) 1 (100.0) 0.614 0 (0.0) 1 (100.0) 0.521

Tumors 0.772 0.024 0.341 0.045
Primary 104 30 (28.8) 74 (71.2) 29 (27.9) 75 (72.1) 19 (18.3) 85 (81.7) 26 (25.0) 78 (75.0)
Metastasis 35 11 (31.4) 24 (68.6) 17 (48.6) 18 (51.4) 9 (25.7) 26 (74.3) 15 (42.9) 20 (57.1)

Stages 0.721 0.533 0.753 0.760
I & II 12 3 (25.0) 9 (75.0) 3 (25.0) 9 (75.0) 2 (16.7) 10 (83.3) 4 (33.3) 8 (66.7)
III & IV 127 38 (29.9 89 (70.1) 43 (33.9) 84 (66.1) 26 (20.5) 101 (79.5) 37 (29.1) 90 (70.9)

χ2 test (excluding Fisher’s exact test for histological subtypes); A: Acinar adenocarcinomas; P: Papillary adenocarcinomas; MP: Micro-papillary adenocarcinomas; S:
Solid adenocarcinomas; A&P: Mixed type of A and P.

Table 4
P-values for pairwise correlation of EGFR, BRCA1, MGMT, MLH1, and RASSF1A
methylations.

EGFR P-value MLH1 P-value RASSF1A P-value MGMT P-value

BRCA1 0.580 0.419 < 0.001 0.571
MGMT 0.378 0.093 0.175
RASSF1A 0.907 < 0.001
MLH1 0.096
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3.5. Correlation of EGFR alterations with aberrant promoter methylations
of BRCA1, MGMT, MLH1, and RASSF1A genes in lung adenocarcinoma

The methylation frequencies of BRCA1, MGMT, MLH1, and
RASSF1A were 9 (18.4%), 11 (22.4%), 8 (16.3%), and 7 (14.3%) out of
a total 49 cases positive for EGFR mutation, respectively. The dis-
tribution of EGFR mutations and that of BRCA1, MGMT, or RASSF1A
methylation were significantly exclusive in lung adenocarcinomas. An
inverse association was found between EGFR mutation and methylated
status of BRCA1 (p= 0.034), MGMT (p= 0.049), or RASSF1A (p=
0.004), but not hypermethylation of MLH1 (p = 0.408) (Table 5). It is
noteworthy that EGFR mutation inversely correlated with the methy-
lation of at least one of the four genes (p= 0.010), at least two of four
genes (p= 0.004), or three genes (p= 0.006) (data not shown). On
other hand, EGFR methylation did not correlate with BRCA1, MGMT,
MLH1, or RASSF1A methylation (Table 4). However, BRCA1 methyla-
tion was indicated to correlate with EGFR expression (p= 0.0193)
(Table 2).

4. Discussion

The clinicopathologic and genomic features of lung cancer are ex-
tensively variables depending on age, gender, smoking history and
ethnicity. Understanding the molecular and cellular biology of lung
cancer can provide a great prognostic molecular signature to develop
various diagnostic and adjuvant treatment methods. EGFR mutations
have been attracting a great interest because EGFR mutations in the
tyrosine kinase domain are considered to be predictive of response to
the tyrosine kinase inhibitors (TKIs) gefitinib and erlotinib [14,15], and

enable to isolate cluster of patients that are sensitive to drugs targeted
EGFR. However, few molecular alterations, which were correlated with
smoking history as well as clinicopathologic features toward poor
prognosis, have been indicated in wild-type EGFR of lung adenocarci-
nomas. In this study, we analyzed 139 lung adenocarcinomas in Viet-
namese patients regrading EGFR genetic and epigenetic alterations as
well as aberrant promoter methylations of EGFR, BRCA1, MGMT,
MLH1, and RASSF1A, and obtained major findings: (a) Genetic or epi-
genetic alterations were associated with different clinicopathologic
backgrounds; EGFR mutation was associated with younger patients,
non-smokers, female genders while MGMT and RASSF1A hypermethy-
lations, but not EGFR mutation, had an correlation with smokers (case
of RASSF1A) and metastases; (b) EGFR overexpression was found to be
associated with EGFR and BRCA1 promoter methylations but not EGFR
mutation in lung adenocarcinomas; and (c) Distribution of BRCA1,
MGMT, and RASSF1A methylations was significantly exclusive against
that of EGFR mutations.

EGFR is a 170 kDa transmembrane protein with intrinsic tyrosine
kinase activity that triggers multiple downstream signaling pathways,
including RAS/RAF/mitogen-activated protein kinase (MAPK), Janus-
activated kinase/signal transducers and activators of transcription, and
phosphatidylinositol 3′-kinase (PI3K)/ Akt pathways. These pathways
regulate cell proliferation, survival, migration, metastasis, and angio-
genesis [16,17]. In addition, epigenetic modifications of tumor sup-
pressor genes and/or oncogenic genes are thought to be important
molecular mechanisms in the initiation and progression of various
cancers including lung cancer, and increased knowledge about the
aberrant methylation in tumor may contribute to clarifying biological
events with potential clinical applications. BRCA1 plays an important
role in a number of cellular processes such as maintaining cell stability,
DNA repair, cell-cycle checkpoint control, ubiquitination, and tran-
scriptional regulation of multiple factors such as p53 and c-Myc [18].
Moreover, BRCA1 has demonstrated to involve in the regulation of
angiogenic process in tumors, which is associated with tumor growth
and metastasis. BRCA1 exerts a transcriptional suppression on angio-
protein-1 (ANG1) that enhances tumor growth and extensive vascu-
lature, and BRCA1-deleted mouse mammary tumors exhibit ANG1
overexpression, prominent vascularization as well as elevated growth
[19]. MGMT protein is a DNA repair enzyme, which specifically re-
moves the methyl group and other alkyl groups at the O6 position of
guanine [20], while MLH1 is responsible for replacement of the mis-
matched nucleotides during DNA replication to maintain genome sta-
bility [21]. As a protection against mutagenic DNA adducts, it is pos-
sible that loss of MGMT is a pre-tumorigenic mechanism and is related
to mutations in other genes. MGMT silencing by methylation has been
demonstrated to link to p53 mutation in NSCLC and astrocytic cancer,

Table 5
Correlation of EGFR alterations and EGFR, BRCA1, MGMT, MLH1, and RASSF1A methylations.

EGFR mutation P-value EGFR methylation P-value

Mutation (%) Wild-type (%) Yes
(%)

No
(%)

N 139 49 (35.3) 90 (64.7) 33 (23.7) 106 (76.3)
BRCA1 methylation 0.034 0.580
Yes 41 9 (22.0) 32 (78.0) 11 (26.8) 30 (73.2)
No 98 40 (40.8) 58 (59.2) 22 (22.4) 76 (77.6)

MGMT methylation 0.049 0.378
Yes 46 11 (23.9) 35 (76.1) 13 (28.3) 33 (71.7)
No 93 38 (40.9) 55 (59.1) 20 (21.5) 73 (78.5)

MLH1 methylation 0.408 0.096
Yes 28 8 (28.6) 20 (71.4) 10 (35.7) 18 (64.3)
No 111 41 (36.9) 70 (63.1) 23 (20.7) 88 (79.3)

RASSF1A methylation 0.004 0.907
Yes 41 7 (17.1) 34 (82.9) 10 (24.4) 31 (75.6)
No 98 42 (42.9) 56 (57.1) 23 (23.5) 75 (76.5)

χ2 test.

Table 6
Association between EGFR mutations, EGFR methylation and EGFR over-
expression in Vietnamese patients with lung adenocarcinoma.

Variables N EGFR overexpression P-value

Negative (%) Positive (%)

Group 4 0.223
None 72 24 (33.3) 48 (66.7)
Mutation 49 20 (40.8) 29 (59.2) 0.973
Methylation 33 21 (63.6) 12 (36.4) 0.002
Both 15 8 (53.3) 7 (46.7) 0.308

Group 3 0.319
None 72 24 (33.3) 48 (66.7)
Mutation or Methylation 67 33 (49.3) 34 (50.7) 0.227
Both 15 8 (53.3) 7 (46.7) 0.308

ANOVA and comparison by Duncan’s multiple range test.
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and KRAS mutation in gastric and colorectal cancer [22]. MLH1-difi-
cient mice exhibited an increased spontaneous tumor incidence [23].
On other hand, methylation profiling of selected DNA repair genes has
potential for a better identification of clusters of patients who are likely
to respond to DNA-damage agents [11,24]. The RASSF1A is a member
of Ras family genes and is associated with vital signaling pathways,
namely Ras/PI3K/Akt, Ras/RAF/MEK/ERK, and Hippo pathways [25].
RASSF1A signaling cascades produce various cellular responses such as
cell proliferation, differentiation, and apoptosis [26]. In addition,
RASSF1A functions as a cell-cycle checkpoint molecule at the G1-S
transition and has been believed to be a potential tumor suppressor
[27]. Ectopic expression of RASSF1A by vector transfections into
NSCLC cell line resulted in a decrease in anchorage-dependent and
anchorage-independent colony formation, and tumor growth in nude
mice [28,29]. Silencing of RASSF1A by promoter hypermethylation has
been demonstrated to involve in pathogenesis of many kinds of cancer
such as breast cancer, gastrointestinal cancer, and lung cancer [25].
These evidences support the hypothesis that BRCA1,MGMT,MLH1, and
RASSF1A are tumor suppressor genes, and alterations in these genes
play an important role in lung tumorigenesis. However, it remains
unknown whether or not the methylations of these genes affect sig-
naling pathways caused by EGFR mutation. In the present study, we
found that EGFR mutation and aberrant BRCA1, MGMT, or RASSF1A
methylation were mutually exclusive, and associated with different
clinicopathologic parameters. This means the probability of having
BRCA1, MGMT, or RASSF1A methylation was significantly lower in
mutated EGFR cases than those in wild-type EGFR genotype. Further-
more, we found that EGFR mutation did not simultaneously occurred
with promoter hypermethylation of at least one of these genes, sug-
gesting that genetic and epigenetic alterations are two independent
oncogenic pathways in lung adenocarcinomas. The relationship be-
tween EGFR mutation and RASSF1A methylation was similar to that of
previous studies [30,31], which demonstrated that EGFR mutation and
RASSF1A hypermethylation were independent events in lung adeno-
carcinomas. However, this is the first study to report that distribution of
BRCA1 or MGMT methylations was mutually exclusive against that for
EGFR mutation in lung adenocarcinomas. Thus, further study should be
performed to investigate the interaction of EGFR mutation and BRCA1
or MGMT methylation. Especially, BRCA1 hypermethylation was an
independent event with EGFR mutation but was associated with EGFR
overexpression in lung adenocarcinomas. Although the precise me-
chanisms have not indicated, these findings suggest that genetic and
epigenetic modifications do not merely occur randomly but interact
systematically in cancer progression [32]. Additionally, it has been
demonstrated that EGFR overexpression was associated with gefitinib
sensitivity and the patients positive for EGFR IHC had much better
outcomes than those negative for EGFR IHC [33]. In contrast, NSCLC
cells with EGFR methylation were more resistant to gefitinib and the
suppression of EGFR promoter methylation enhanced the antitumor
effects of TKIs in NSCLCs [34,35]. This suggests that promoter hy-
permethylation of EGFR reduces the EGFR expression resulting in the
decreased target of TKIs and demethylation adjuvant therapy may im-
prove the sensitivity of cancer to EGFR-based targeted therapy.

Through the extensive research into lung cancer, we now know that
the prevalence of genetic alterations in EGFR gene often exhibits ethnic
and environmental differences. Somatic mutations of EGFR are more
common in Asian patients than in Caucasian patients [36]. In the pre-
sent study, the occurrence of EGFR mutations was found to be ap-
proximately identical with that of a previous study, which showed
40.7% of tumor mutation rate in a adenocarcinoma population
(n=332) of Vietnamese patient [37]. This rate of EGFR mutations
(35.3%) was found to be a lower frequency than that in Asian-Pacific
countries (overall 47%) [38–40], although higher than that in Western
countries (15% in Europe, 22% in North America, and 12% in Oceania)
[40–42]. However, the prevalence of EGFR mutations in published lit-
eratures was different in geographic distribution even within a country,

the discrepant results might be due to differences in environmental
variables, genetic backgrounds of the populations studied, and meth-
odologies. Therefore, further studies with a large number of cases are
needed to confirm the frequency of EGFR mutations in Vietnamese lung
adenocarcinomas. Likely to EGFRmutations, the documented frequency
of promoter methylation in lung adenocarcinoma varies between stu-
dies, namely BRCA1 (4–30%), MGMT (8–50%), MLH1 (0–68%) [11],
and RASSF1A (30–50%) [43]. In addition, it has been demonstrated
that the prevalence of MGMT methylation is more common in Cauca-
sians than in Asians [44]. In the study, the methylation frequencies of
EGFR, BRCA1, MGMT, MLH1, and RASSF1A genes were 23.7%, 29.5%,
33.1%, 20.1%, and 29.5% of tumors in lung adenocarcinomas, re-
spectively. In comparison to EGFRmutation, methylation of these genes
had relatively lower prevalences in Vietnamese lung adenocarcinomas.
Moreover, our results exhibited a contrast in a clinicopathologic feature
between RASSF1A methylation and EGFR mutation. RASSF1A methy-
lation was associated with smoking habit, whereas EGFR mutation
frequently occurred in non-smokers. It has demonstrated that tobacco
smoking importantly contribute to pathogenesis of lung cancer, evi-
denced that smoking is a cause of approximately 90% and 70% of male
and female cases of lung cancer [45]. An association of smoking status
and abnormalities in oncogenes and/or tumor suppressor genes, in-
cluding promoter hypermethylation has been observed in many pre-
vious studies [46,47]. These results suggest that smoking may trigger
RASSF1A promoter hypermethylation in lung adenocarcinomas. These
evidences support our findings that EGFR mutation and RASSF1A me-
thylation target different subsets of lung adenocarcinomas based on
smoking status, and RASSF1A methylation arising in adenocarcinomas
is frequently associated with metastatic status of tumors. RASSF1A
hypermethylation may be one of the important mechanisms for tu-
morigenesis but is rarely involved in EGFR-related pathway. Genes in
the same biological pathway tend to modify in a mutually exclusive
manner [48]. This hypothesis has been evidenced by the fact that KRAS
mutations rarely occur in tumors with EGFR mutations [49]. These
suggest that EGFR mutations may activate PI3K/Akt and Ras/RAF/
MAPK pathways, and thus RASSF1A methylation may not be required
to further potentiate these signaling pathways. However, our results
were contradictory to those of several studies, which did not find the
relationship between EGFR mutation and RASSF1A methylation
[32,50]. These discrepant results may be due to the differences in size
of sample, environmental background, frequencies of genetic and epi-
genetic abnormalities in lung cancer among ethnic populations studied,
and methodologies.

Furthermore, aberrant promoter methylations of MGMT and
RASSF1A significantly correlated with the clinicopathologic factor
concerning tumor metastasis in adenocarcinomas of the lung. A recent
study reported that RASSF1A inactivation enhanced tumorigenic and
metastatic capacities in NSCLC by the activation of Yes-associated
protein [51]. In addition, RASSF1A methylation was found to correlate
with poor survival [28,52]. Furthermore, RASSF1A methylation was
found to simultaneously occur with BRCA1 and MLH1 methylations.
Our results of MLH1 and RASSF1A methylations were in agreement
with previous study which reported that the concordant MLH1 and
RASSF1A methylation has been indicated to decrease survival rate of
patients [8]. These data imply that epigenetic abnormalities may be
closely related to the advanced lung cancer toward poor prognosis,
however, their mechanisms are needed to elucidate extensively.

In conclusion, our findings indicate that genetic and epigenetic
abnormalities in Vietnamese lung adenocarcinomas have different
clinicopathologic features such as metastatic status and smoking habit.
In addition, epigenetic modifications of BRCA1, MGMT, or RASSF1A
were mutually independent events against EGFR mutations. Our data
contribute to a better understanding of molecular pathogenesis through
genetic and epigenetic interactions in lung adenocarcinomas. However,
further studies with a large number of samples are essential to confirm
significance of genetic and epigenetic abnormalities, and clarify the role
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of molecular alterations in development of lung adenocarcinomas.
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