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Analysis of H3K27me3 expression and DNA methylation
at CCGG sites in smoking and non-smoking patients with
non-small cell lung cancer and their clinical significance
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Abstract. Smoking frequently leads to epigenetic alterations,
including DNA methylation and histone modifications. The
effect that smoking has on the DNA methylation levels at CCGG
sites, the expression of trimethylation of histone H3 at lysine 27
(H3K27me3) and enhancer of zeste homolog 2 (EZH2), and
their interactions in patients with non-small cell lung cancer
(NSCLC) were analyzed. There were a total of 42 patients
with NSCLC, 22 with adenocarcinomas and 20 with squamous
cell carcinomas enrolled in the present study. Expression of
H3K?27me3, EZH2 and proliferating cellular nuclear antigen
(PCNA) were immunohistochemically detected. DNA methyla-
tion at CCGG sites was evaluated via histoendonuclease-linked
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detection of DNA methylation sites. The apoptotic index of
cancerous tissues obtained from patients of different smoking
statuses was evaluated via the terminal deoxynucleotidyl-trans-
ferase-mediated dUTP-biotin nick end labeling method. The
association with clinicopathological data was calculated relative
to different smoking statuses. Compared with the non-smokers,
smokers with NSCLC exhibited a significantly lower apoptotic
index (P<0.05), and frequently had a lower level of DNA
methylation at CCGG sites, lower H3K27me3 expression and
a higher EZH2 expression (P<0.05). DNA methylation levels
at CCGQG sites were negatively correlated to the Brinkman
index (P=0.017). Furthermore, there was a parallel association
between the H3K27me3 and EZH?2 expression levels in the
majority of smokers, whereas in the majority of non-smokers,
there was a diverging association (P=0.015). There was a
diverging association between the PCNA and EZH?2 expres-
sion levels in the majority of smokers; however, in the majority
of non-smokers, there was a parallel association (P=0.048).
In addition, the association between the CCGG methylation
ratio and immunohistochemical expression of H3K27me3 was
a parallel association in the majority of smokers, while in the
majority of non-smokers there was a diverging association
(P=0.049). Conclusively, patients with NSCLC and different
smoking statuses exhibit different epigenetic characteristics.
Additionally, DNA methylation levels at the CCGG sites
may have the ability to determine associations between the
expression levels of H3K27me3, EZH2 and PCNA.

Introduction

Lung cancer is the leading cause of cancer-associated mortali-
ties in China and globally (1-3). A number of studies have
indicated that 85-90% of these cases are a result of voluntary
or involuntary (second-hand) smoking (4-7), with a notable
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dose-response association (8). Furthermore, numerous studies
have demonstrated that inhalation of toxicants, including
cigarette smoke, may result in irreversible changes to genetic
material, including DNA mutations and putatively reversible
changes to the epigenetic landscape, and changes in DNA
methylation and the chromatin modification state (9-11).

The tumorigenesis of lung cancer involves genetic and
epigenetic alterations, including DNA methylation and histone
modifications. One of the most common epigenetic regulations
is cytosine methylation, which affects the primary structure of
chromatin and its secondary structure, which is critical to the
regulation of gene expression (12), as well as the interactions
within DNA and histones. Recently, aberrant methylation of
CpG islands in the promoter region of tumor suppressor genes
(TSGs) has been identified as an important epigenetic mecha-
nism for gene silencing, which may have a limited effect on tumor
proliferation and cellular apoptosis for global hypomethylation
of genomic DNA and the hypermethylation of gene promoter
regions occur simultaneously in a wide variety of malignancies,
including lung cancer (8). The aim of the present study was to
evaluate the growth and apoptotic index of non-small cell lung
cancer (NSCLC) with different smoking statuses.

Histone modification, particularly methylation of lysine
may be associated with the transcriptional status of genes
and chromatin structure (13). Trimethylated histone H3 at
lysine 27, a transcription-suppressive histone modification,
is methylated via the enhancer of zeste homolog 2 (EZH2).
EZH2, the catalytic subunit of polycomb repressive complex
2 (PRC2), contributes to the maintenance of cell identity, cell
cycle regulation and tumorigenesis (14,15). Overexpression of
the EZH?2 gene occurs in a variety of human malignancies,
including breast, prostate, endometrial, gastric, colon, hepa-
tocellular, bladder and oral cancer (16). Recently, a number of
studies have reported that trimethylation of histone H3 at lysine
27 (H3K27me3) serves a significant role in the development
and/or progression of various human cancer types, including
lung cancer (13,17). Theoretically, as the methyltransferase for
H3K27me3, the expression of EZH?2 should change simultane-
ously with the expression of H3K27me3; however, a previous
study (17) revealed that the association in the expression levels
did not match this theory. The underlying mechanism of this
paradox remains unknown. It was theorized that cigarette
smoking, which frequently results in epigenetic alterations,
may have a limited effect on this phenomenon. To date, the
expression dynamics of H3K27me3 in lung cancer with
different smoking statuses have not been investigated (13).

In the present study, the major gene involved in inacti-
vating histone modification was investigated, including the
expression of H3K27me3, and the DNA methylation status
at CCGG sites in smoking and non-smoking patients with
NSCLC, along with the possible clinical significance.

Materials and methods

Patients and tissue preparation. Archived formalin-fixed
paraffin-embedded tissue sections from a series of
42 patients [22 adenocarcinomas (ADC) and 20 squamous
cell carcinomas (SCC); 27 males and 15 females; age range,
39-87 years] who had undergone surgical resection for NSCLC
at the First Department of Surgery, Nagasaki University
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Hospital (Nagasaki, Nagasaki) between February 2000 and
November 2006 were selected. None had received chemo- or
radiotherapy prior to tissue collection. The histopathological
features of cancerous specimens were classified in accor-
dance with the 8th American Joint Committee on Cancer
criteria on lung cancer, and the TNM staging system (18). The
study protocol was approved by the Human Ethics Review
Committee of Nagasaki University School of Medicine and
signed informed consent was obtained from each patient.
Serial sections were cut at a thickness of 4 ym and placed onto
3-aminopropyltriethoxysilane-coated glass slides. A number
of sections were stained with hematoxylin and eosin (H&E) in
a routine manner for histological examination (19).

Chemicals and biochemicals. Bovine serum albumin
(BSA; essentially fatty acid and globulin-free), Trizma
base, 2-mercaptoethanol, 3-aminopropyltriethoxysilane and
Brij-35 were obtained from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany); 3,3'-Diaminobenzidine-4HCI (DAB)
was purchased from Chemical Dojin Co., Ltd. (Kumamoto,
Japan). Biotin-16-dUTP, digoxigenin-11-dUTP, Rhodamine
anti-Dig and terminal deoxynucleotidyltransferase (TdT) were
from Roche Diagnostics (Mannheim, Germany). Dideoxy
ATP (ddATP) and dideoxy TTP (ddTTP) were from Jena
Bioscience (Jena, Germany). Hpall and Mspl were purchased
from Takara Bio, Inc. (Otsu, Japan). DAPI was obtained from
Invitrogen (Thermo Fisher Scientific, Inc., Waltham, MA,
USA). Permount was from Thermo Fisher Scientific, Inc. All
other reagents used in the present study were obtained from
Wako Pure Chemicals Industries, Inc. (Osaka, Japan) and were
of analytical grade.

Immunohistochemistry (IHC). IHC was performed with the
indirect enzyme-labeled antibody method, as described previ-
ously (17,20-22). All experimental procedures were performed
in room temperature unless otherwise indicated. IHC using
anti-H3K27me3 polyclonal (1:200; cat. no. 9733) antibody,
anti-EZH2 monoclonal (1:400; cat. no. 5246) antibody (both
from Cell Signaling Technology, Inc., Danvers, MA, USA)
and anti-PCNA monoclonal (PC10; 1:400, cat. no. M0879)
antibody (DakoCytomation; Agilent Technologies, Inc., Santa
Clara, CA, USA) was performed according to the manufac-
turer's protocol. For detection, paraffin-embedded sections
were deparaffinized with toluene and rehydrated in graded
alcohol. Following autoclaving for 15 min at 120°C in 10 mM
citrate buffer (pH 6.0) for antigen retrieval, endogenous
peroxidase was inactivated with 0.3% hydrogen peroxide in
methanol for 15 min. The sections were then pre-incubated
with 500 pg/ml normal goat immunoglobulin G (IgG;
cat. no. I-5256, Sigma-Aldrich; Merck KGaA) dissolved in 1%
BSA in PBS (pH 7.4) for 1 h, reacted with primary antibodies
for 16 h, washed with 0.075% Brij™-35 in PBS, and then
incubated with horseradish peroxidase (HRP)-conjugated goat
anti-rabbit IgG (H3K27me3/EZH2, 1:200) or HRP-conjugated
goat anti-mouse IgG (PCNA) in 1% BSA in PBS for 1 h
(cat. no. AP307P; EMD Millipore, Billerica, MA, USA).
Following washing with 0.075% Brij™-35 in PBS, the sites of
HRP were visualized with DAB and H,0, in the presence of
nickel, and cobalt ions (23). As a negative control, a number of
sections were reacted with normal rabbit IgG or normal mouse
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IgG (1:500; cat. nos. X-0903 and X-0931, respectively, both
Dako Cytomation; Agilent Technologies, Inc.) instead of the
specific antibodies.

Quantitative evaluation. Staining results were examined by
two pathologists (D. Hu and W. Jiang) blinded to the clinical
information of patients. Another reading by a third observer
was needed to reach a consensus when there was a significant
discrepancy between initial readings. At least five high-power
fields and >2,000 cells were analyzed in each case with a
Zeiss 2021-85 light microscope (Carl Zeiss AG, Oberkochen,
Germany) at x400 magnification. Immunostaining results were
evaluated via a semi-quantitative scoring system as previously
described (24), and the final score ranged from 0-12.

TdT-mediated dUTP nick end labeling (TUNEL) staining for
apoptotic cancerous cells in NSCLC with different smoking
statuses. To identify nuclei with DNA strand breaks at a
cellular level, TUNEL was performed according to the method
by Gavrieli et al (25). In brief, paraffin sections (5 ym) were
cut onto silane-coated glass slides, dewaxed with toluene and
rehydrated in an ethanol series. Following washing with PBS,
the sections were treated with 5 yg/ml and of proteinase K
(Takara Bio, Inc.) in PBS at 37°C for 15 min. The sections
were then washed once with deionized distilled water and
incubated with TdT buffer (25 mM Tris/HCI buffer, pH 6.6,
containing 0.2 M potassium cacodylate and 0.25 mg/ml BSA)
alone at room temperature for 30 min. Following incubation,
the slides were reacted with 200 U/ml TdT dissolved in TdT
buffer, supplemented with 5 yM biotin-16-dUTP, 20 M
dATP, 1.5 mM CoCl, and 0.1 mM dithiothreitol, at 37°C for
1 h. The reaction was terminated by washing with 50 mM
Tris/HCI buffer (pH 7.4) for 15 min. Endogenous peroxidase
activity was inhibited by immersing the slides in 0.3% H,0,
in methanol at room temperature for 15 min. The signals were
detected immunohistochemically with a HRP-conjugated
goat anti-biotin antibody (1:100, cat. no. AP132B; EMD
Millipore), as described previously (17,22). For statistical
analysis, >10,000 cancer cells/patient were counted, and the
number of TUNEL-positive cells was expressed per 1,000
of the total cells (mean =+ standard error of the mean). Data
for different groups were compared for statistical differences
using the Student's t-test. P<0.05 was considered to indicate a
statistically significant result.

In situ evaluation of DNA methylation. To evaluate the DNA
methylation level of NSCLC at the CCGG sites, histoen-
donuclease-linked detection of methylation sites of DNA
(HELMET) was performed (17,26). Paraffin sections were
dewaxed and digested with 10 zg/ml proteinase Kin PBS at37°C
for 15 min. Then the sections were incubated with TdT buffer
alone at room temperature for 30 min. Following incubation,
the slides were reacted with 800 U/ml TdT dissolved in TdT
buffer containing 20 uM ddATP, 20 uM ddTTP, 1.5 mM CoCl,
and 0.1 mM dithiothreitol at 37°C for 2 h. Following washing
with PBS, the sections were fixed with freshly-prepared 4%
paraformaldehyde (PFA) in PBS for 5 min at room temperature
and then rinsed with PBS. The non-methylated CCGG sites
were digested at 37°C for 2 h with 100 U/ml Hpall dissolved
in 10 mM Tris/HCI buffer (pH 7.5), containing 10 mM MgCl,
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and 1 mM dithiothreitol. The Hpall-cut sites were labeled with
biotin-16-dUTP via TdT reaction for 90 min at 37°C. Then, the
3'-OH ends were blocked with a mixture of dideoxynucleo-
tides by TdT at 37°C as aforementioned, for 2 h. Following
fixation with 4% PFA in PBS, the methylated CCGG sites
were digested at 37°C for 2 h by 100 U/ml Mspl dissolved in
Tris/HCI buffer (pH 7.9), containing 10 mM MgCl,, 0.5 mM
dithiothreitol, 66 mM potassium acetate and 0.1% BSA. The
Mspl-cut sites were then labeled with digoxigenin-11-dUTP
via TdT reaction for 90 min at 37°C. Finally, the sections were
incubated with a mixture of 500 yg/ml normal goat IgG and
normal sheep IgG (cat. no. B3148; Sigma-Aldrich; Merck
KGaA) in 5% BSA/PBS for 1 h at 37°C, and then visualized
by fluorescein isothiocyanate-labeled goat anti-biotin and
rhodamine-labeled sheep anti-digoxigenin (both 1:100, cat.
no. SP-3040; Vector Laboratories, Ltd., Peterborough, UK; and
cat. no. 11082736103 from Roche Diagnostics) for 1 min. The
nuclei were stained with 0.5 pg/ml DAPI for 1 min at room
temperature. The stained slides were analyzed under a laser
scanning microscope (x400 magnification, LSM 5 PASCAL,;
Zeiss GmbH, Jena, Germany).

Statistical analysis. The X-tile software program version 3.6.1
(Yale University School of Medicine, New Haven, CT, USA),
described previously (27), was used to determine the threshold
value of H3K27me3 for classifying samples into groups
of high and low expression. The SPSS statistical software
package (version 23; IBM Corp., Armonk, NY, USA) was
employed for all analyses. The association between markers,
and the clinicopathological characteristics of the patients,
either separated or combined, including age, sex, tissue type,
tumor differentiation, P-factor, LV-factor, V-factor, smoking
status, Brinkman index, CCGG methylation ratio, relapse,
postoperative metastasis and carcinoembryonic antigen
(CEA) level, were evaluated by the Pearson's %> and Fisher's
exact tests, or Spearman's rank correlation as appropriate.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Clinicopathological data of patients. The clinicopathological
data of the patients with cancer are depicted in Table I. The
cohort included 27 males and 15 females, with a mean age of
69 years. By histological classification, 20 cases were SCC
and 22 were ADE. In the SCC group, the number of well-,
moderately- and poorly-differentiated cancer types were 3, 9,
and 8, respectively. In the ADE group, the number of cancer
types with predominant growth patterns for lepidic, acinar,
papillary and solid with mucin were 7, 6, 4 and 5, respec-
tively. All cases were TNM stage 1 and lymph node-negative.
Postoperative follow-up data were available in all cases, and
the median follow-up duration in the ADC and SCC groups
were 75.2, and 52.9 months, respectively.

As depicted in Table I, among the 42 patients with lung
cancer, the majority of the smokers were male (21/27), whereas
the majority of females (12/15) did not smoke. SCC was
predominant in smokers (20/20), whereas ADE was the main
histological type in non-smokers (15/22); therefore, smoking
resulted in a =2-fold higher risk of SCC than ADE (20:7).
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Table I. Clinicopathological data of patients.

No. of cases (%)

Parameter ADC SCC
Median age, years 68.50 69.75
Age, years

<69 12 (54.5) 12 (60)

>69 10 (45.5) 8 (40)
Sex

Male 10 (45.5) 17 (85)

Female 12 (54.5) 3 (15)
Serum CEA, ng/ml

<5 22 (100) 17 (85)

>5 0 3 (15)
P-factor

Positive 1(4.5) 0

Negative 21(95.5) 20 (100)
LV-factor

Positive 18 (81.8) 13 (65)

Negative 4(18.2) 7 (35)
V-factor

Positive 8(364) 10(50)

Negative 14 (63.6) 10 (50)
T-stage

la 16 (72.7) 13 (65)

1b 5(22.7) 7 (35)

2a 1(4.6)
Nodal status

NO 22 (100) 20 (100)
Differentiation (SCC)

Well 3(15)

Moderate 9 (45)

Poor 8 (40)
Predominant growth pattern (ADC)

Lepidic 7 (31.8)

Acinar 6(27.3)

Papillary 4(18.2)

Solid with mucin 5(22.7)
Relapse

Yes 2(9.1) 8 (40)

No 20(90.9) 12 (60)
Smoking status

Smoker 7(31.8) 20 (100)

Non-smoker 15 (68.2) 0 (0)
Postoperative metastasis

Yes 3(13.6) 7 (35)

No 19 (86.4) 13 (65)
Median follow-up, months 752 52.9

ADC, adenocarcinoma; SCC, squamous cell carcinoma; CEA,
carcinoembryonic antigen; P-factor, the status of tumor invasion into
the visceral pleura; LV-factor, the status of tumor invasion into the
lymphatic vessels; V-factor, the status of tumor invasion into the veins.
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Figure 1. Immunostaining for H3K27me3, EZH2 and PCNA in NSCLC
tissues of smoking and non-smoking patients. (A) H&E staining for NSCLC
tissues of non-smoking patients. (B) Strong expression of H3K27me3 in
NSCLC tissues of non-smoking patients. (C) Weak staining of EZH2 in
NSCLC tissues of non-smoking patients. (D) PCNA expression in NSCLC
tissues in non-smoking patients. (E) H&E staining for NSCLC tissues of
smoking patients. (F) Weak expression of H3K27me3 in NSCLC tissues of
smoking patients. (G) Strong staining of EZH2 in NSCLC tissue of smoking
patients. (H) PCNA expression in NSCLC tissues of smoking patients. Scale
bar, 20 ym. NSCLC, non-small cell lung cancer; H3K27me3, trimethylation
of histone H3 at lysine 27; EZH2, enhancer of zeste homolog 2; PCNA,
proliferating cellular nuclear antigen; H&E, hematoxylin and eosin.

Expression of H3K27me3, EZH2 and PCNA in NSCLC tissues
of smoking and non-smoking patients. The NSCLC tissues from
smokers and non-smokers were stained using various antibodies
in order to determine the expression H3K27me3, EZH2, and
PCNA (Fig. 1). H&E staining of NSCLC tissue demonstrated
the normal status of histological status used in the present
study (Fig. 1A and E). H3K27me3, EZH2 and PCNA were all
predominantly localized in the nuclei in NSCLC (Fig. 1B-D
and F-H). The calculated staining score of immunopositive
cells for H3K27me3 and EZH2 ranged from 0-12 in all tested
tissues, whereas PCNA staining was expressed as a percentage
of immunopositive cells. According to the X-tile plots (data not
shown), the samples were categorized into low (IHC score <3)
and high (IHC score >3) expression subgroups for H3K27me3,
based on a cutoff point determined by X-tile software associ-
ated with survival status. As for EZH2 and PCNA, the average
score was used to evaluate their expression level. As depicted
in Figs. 1B, F and 2A, the staining score of H3K27me3 was
significantly higher in non-smoker NSCLC tissue, compared
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A Expression of H3K27me3 in NSCLC patients

104

7.29+0.9
7

8_
@
z
2 6 4.82+0.69
=11}
=
T 4]
"
@

2—

P=0.045
0
Smoker Non-smoker
Smoking status

C Expression of PCNA in NSCLC patients
% qﬂ_
Ch Ll 29.4247.73
Z 40+
o
-
= 304
2
S 20
o
#
£ 101
@ P=0.321
g0
- Smoker Non-smoker

Smoking status

6183

B Expression of EZH2 in NSCLC patients
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Figure 2. (A) Trimethylation of histone H3 at lysine 27 expression levels differed in NSCLC patients with various smoking statuses (P=0.045). (B) Enhancer
of zeste homolog 2 expression levels differed in NSCLC patients with various smoking statuses (P=0.045). (C) No difference in the proliferating cellular
nuclear antigen expression levels in NSCLC patients with various smoking statuses (P=0.321). (D) A notable difference in the terminal deoxynucleotidyl-trans-
ferase-mediated dUTP-biotin nick end labeling apoptotic index between smoking and non-smoking patients was observed (8.02+2.12 vs. 1.99+0.95; P<0.001).
NSCLC, non-small cell lung cancer; H3K27me3, trimethylation of histone H3 at lysine 27; EZH2, enhancer of zeste homolog 2; PCNA, proliferating cellular
nuclear antigen; TUNEL, terminal deoxynucleotidyl-transferase-mediated dUTP-biotin nick end labeling.

within those of smokers (7.29+0.97 vs. 4.82+0.69; P=0.045);
however, the staining score of EZH2 was significantly higher in
smoker NSCLC tissue, compared within those of non-smokers
(4.54+0.62 vs. 2.07+0.70; P=0.019; Figs. 1C, G and 2B). No
statistical significance was determined between the PCNA
expression in smoker and non-smoker NSCLC tissues
(38.58+5.16 vs. 29.42+7.73; P=0.321; Figs. 1D, H and 2C).

Apoptotic evaluation in patients with NSCLC with different
smoking status. In comparison to smoking patients with
NSCLC, a higher apoptotic index was observed in non-smokers
(8.02+2.12 vs. 1.99+0.95; P<0.001; Fig. 2D). Fig. 3A and B
demonstrated the normal status of tissue used for TUNEL
evaluation. In each case, cells with the morphological
characteristics of apoptosis were identified by: Chromatin
condensation; the formation of crescentic caps of condensed
chromatin at the nuclear periphery; and the formation of
visible apoptotic bodies (arrows in Fig. 3C and D).

DNA methylation level at CCGG sites and its association
with clinicopathological parameters. As depicted in Table II,
CCGG sites in non-smokers with NSCLC were generally
hypermethylated, compared with those of smokers (P=0.016).
Furthermore, due to the non-normal distribution of the
Brinkman index and the methylation ratio at CCGG sites,
Spearman's rank correlation analysis (data not shown) was
used to determine the correlation, and a notable statistical
significance was determined (P=0.017).

Correlation between smoking status and other clinicopatho-
logical parameters in patients with NSCLC. As indicated in
Table II, in comparison with non-smokers, smokers exhibited
significantly lower H3K27me3 expression (P=0.029), a lower
methylation ratio at CCGG sites (P=0.016) and higher EZH2
expression (P=0.029). When evaluating the trends in the expres-
sion or alterations to multiples factors, it was identified that a
parallel association between the H3K27me3 and EZH?2 expres-
sion levels in the majority of smoking patients with NSCLC,
while in non-smoking patients with NSCLC, the majority of
their expression levels were not significant (P=0.015). There was
a diverging association between PCNA and EZH2 expression
levels in the majority of smoking patients with NSCLC, while in
most non-smoking patients with NSCLC their expression levels
identified statistical significance (P=0.048). Figs. 4 and 5 depict
4 patients with different smoking statuses. Patients A and B were
smokers, whereas patients C and D were non-smokers. Tissue
samples from each patient were stained with H&E, H3K27me3,
EZH?2 and PCNA. It was determined that patients with NSCLC
and differing smoking statuses had distinct immunostaining
for H3K27me3,EZH2 and PCNA. THC staining of H3K27me3,
EZH?2 and PCNA for patients A and B were all high (Fig. 4A,
panels 2-4), and all low (Fig. 4B, panels 2-4), respectively.
While THC staining of H3K27me3, EZH2 and PCNA for
patients C and D were high, low and low (Fig. 5A, panels 2-4),
and low, high and high (Fig. 5B, panels 2-4), respectively. In
addition, the association between the CCGG methylation ratio
and the immunohistochemical expression of H3K27me3 was
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20 pm,

Figure 3. Apoptotic tumor cells stained by (A and B) hematoxylin and eosin and (C and D) terminal deoxynucleotidyl-transferase-mediated dUTP-biotin nick
end labeling for non-small cell lung cancer tissues of smoking and non-smoking patients. The arrows indicate apoptotic tumor cells in non-smoker and smoker
characterized by chromatin condensation, formation of crescentic caps of condensed chromatin at the nuclear periphery and formation of apoptotic bodies.
Scale bar, 20 ym. TUNEL, terminal deoxynucleotidyl-transferase-mediated dUTP-biotin nick end labeling; H&E, hematoxylin and eosin.

parallel in the majority of smoking patients with NSCLC, while
in the majority of non-smoking patients with NSCLC there was
a diverging association (P=0.049). There was an association
between the CCGG methylation ratio and the immunohisto-
chemical expression of EZH2 (P=0.050), between the CCGG
methylation ratio and the immunohistochemical expression
of PCNA (P=0.382) and between H3K27me3 and PCNA
expression (P=0.331), in patients with NSCLC with different
smoking statuses; however, the associations were identified as
having a low significance (Table II). In addition, no statistical
significance was demonstrated between smoking status and
the involvement of the lymphatic vessels (P=0.731), pulmonary
vein (P=0.280), visceral pleura (P=0.429), PCNA expression
(P=0.375) and serum CEA level (P=0.247).

Discussion

In the present study, epigenetic characteristics, including
histone modification and DNA methylation, in NSCLC were
investigated. Additionally, tumor proliferation, as well as its
apoptotic index in smoking and non-smoking patients with
NSCLC were evaluated. This demonstrated that a lower
expression level of H3K27me3 and a lower level of DNA meth-
ylation at CCGG sites were predominant in smoking patients
with NSCLC. In addition, a higher expression level of EZH2
and a lower apoptotic index had been observed in smoking
patients with NSCLC, in comparison with those who never
smoked; however, no significant difference had been observed
in PCNA expression between two groups.

A previous study demonstrated that patients with NSCLC
and higher expression of H3K27me3 had an increased overall

survival time; therefore, H3K27me3 was demonstrated to be
an independent prognostic risk factor (17). The epigenetic
changes concerning the effect that tobacco smoking may have
on epigenetic modifications, as well as its influence on cellular
growth and apoptosis was examined in the present study.
Environmental factors, particularly cigarette smoking, have
been implicated in the development and progression of lung
cancer by eliciting DNA methylation changes (8). The main
epigenetic change in mammals is the aberrant methylation of
CpG islands in the gene promoter region. As previously identi-
fied, global hypomethylationis an early indicator for colon, lung
and breast cancer, and chronic lymphocytic leukemia, and lung
cancer as well (11,28). On the contrary, Digel and Liibbert (29)
reported that gene hypermethylation was an early event in the
process of lung cancer tumorigenesis. These paradoxical results
may be better interpreted as different degrees of methylation in
various genes, inside or outside the CpG islands. However, in
the present study, the DNA methylation levels at CCGG sites
were evaluated through the HELMET method, which demon-
strated that hypomethylation at CCGG sites was more common
in smoking patients with NSCLC (P=0.016), compared with
in non-smokers. In addition, a decrease in methylation levels
at CCGG sites was determined to closely correlate with a
greater Brinkman index (P=0.017), which was an indicator for
heavy smoking. Patients with NSCLC and different smoking
statuses exhibited varying epigenetic markers, which was
revealed via immunohistochemical detection of several major
markers, including H3K27me3, EZH2 and PCNA. In addition
to a lower methylation level at the CCGG sites, the majority of
smoking patients with NSCLC had lower H3K27me3 expres-
sion levels and higher expression levels of EZH2. Due to the



Table II. Significance and correlations of clinicopathological
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data in patients with NSCLC with different smoking status.

Variable

Smoking status

Smokers Non-smokers P-value

H3K27me3 expression®*
High
Low

CCGG methylation ratio®
High
Low

EZH2 expression*®
High
Low

Sex®

Male
Female
Histology type®
SCC
ADC
Trend of H3K27me3¢
and EZH?2 expression™®
Parallel association
Diverging association
Trend of EZH2" and
PCNA expression™®
Parallel association
Diverging association
Trend of H3K27me3¢
and PCNA expression*®
Parallel association
Diverging association
CCGG methylation ratio®
and H3K27me3 expression®
Parallel association
Diverging association
CCGG methylation ratio®
and EZH2 expression*®
Parallel association
Diverging association
CCGG methylation ratio®
and PCNA expression®
Parallel association
Diverging association
Lymphatic vessel involved®
Yes
No
Pulmonary vein involved
Yes
No
Visceral pleura involved®
Yes
No

10
14

17

14
10

21

17

13
15

12
16

13
15

17
11

11
17

16

12

17

12
12

24

14

0.029

0.016

0.029

0.001

0.001

0.015

0.048

0.331

0.049

0.050

0.382

0.731

0.280

0.429

Table II. Continued.

Smoking status

Variable Smokers Non-smokers P-value
PCNA expression*® 0.375
High 22 14
Low 2 4
Serum CEA level® 0.247
High 3 0
Low 21 18

"Mean score/ratio; °Fisher's exact tests (2-sided); ¥* test for all the
other analyses; “cut-point determined by X-tile software. ADC, adeno-
carcinoma; SCC, squamous cell carcinoma; CEA, carcinoembryonic
antigen; PCNA, proliferating cell nuclear antigen; H3K27me3, trimeth-
ylation of histone H3 at lysine 27; EZH2, enhancer of zeste homolog 2.

methyltransferase of histone H3 lysine 27, the expression of
EZH?2 was theorized to be associated with the expression of
H3K27me3; however, using a mirror section technique, a
diverging association was identified between the EZH?2 and
H3K27me3 expression levels in the previous investigation (17).
It has been repeatedly reported that mutation in the EZH2 gene
is a common phenomenon in a variety of cancer types (30,31),
including breast and lung cancer. Due to the alteration of
methylation status at CCGG sites predominantly identified in
smokers, it was hypothesized that low H3K27me3 expression
may result from a mutated EZH2, which had lost its catalyzing
function in the methylation of H3K27 (32,33). To further inves-
tigate the underlying mechanisms, it was theorized that the
alteration of DNA methylation levels, resulting from tobacco
smoking, would cause modifications in the epigenetic changes.
The expression pattern of H3K27me3 and EZH2 in patients
with NSCLC with different smoking statuses were further
analyzed, and it was determined that there was a parallel asso-
ciation between H3K27me3 and EZH2 expression levels in the
majority of smoking patients with NSCLC, whether it was an
increase or a decrease; however, in non-smoking patients with
NSCLC, the majority of the expression levels had no significant
association (P=0.015), indicating that NSCLC tissues from of
non-smoking patients with high H3K27me3 expression would
present with low EZH2 expression, and vice versa. These
results could assist in deciphering the phenomenon observed in
a previous study (17).

Alterations in the status of DNA methylation, as well as histone
modifications, frequently lead to changes in a number of specific
genes, including oncogenes and TSGs, resulting in proliferation
or apoptosis. This was assessed by means of the immunohisto-
chemical expression of PCNA as well as the TUNEL apoptotic
index, in the present study. This study has demonstrated a signifi-
cantly greater apoptotic index in non-smoking patients with
NSCLC tissues, compared with smokers, while no statistical
difference was observed between the PCNA expression levels of
the two groups. This demonstrated that smoking could facilitate
the majority of cancerous cells to obtain cellular immortality,
although their proliferative ability may not have differed notably.
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Figure 4. Non-small cell lung cancer tissues of smoking patients stained with
(A-1 and B-1) H&E; (A-2 and B-2) H3K27me3; (A-3 and B-3) EZH2; (A-4
and B-4) and PCNA. In accordance with the scoring system aforementioned,
patient A exhibited strong (A-2) H3K27me3 expression, (A-3) strong EZH2
expression and (A-4) strong PCNA expression. Patient B exhibited (B-2) weak
H3K27me3 expression, (B-3) weak EZH2 expression and (B-4) weak PCNA
expression. Scale bar, 20 ym. NSCLC, non-small cell lung cancer; H3K27me3,
trimethylation of histone H3 at lysine 27; EZH2, enhancer of zeste homolog 2;
PCNA, proliferating cellular nuclear antigen; H&E, hematoxylin and eosin.

Changes in the levels of histone modification, as well as DNA
methylation, directly influence disease prognosis. Site-specific
histone modifications at H3K27me3 influence the clinical
outcome of patients with early-stage NSCLC. Based on published
reports (34-36), the novel cigarette smoking-induced site-specific
histone and DNA methylation markers identified in the present
study will have a greater translational impact on understanding
the pathogenetic process involved in smoking-mediated lung
disease, including lung cancer and other cancer types. The result
demonstrated a coexistence of the alteration of DNA methylation
and H3K27me3 expression levels in patients with NSCLC, which
is consistent with the study by Takeshima ez al (37), which is iden-
tified specifically in cancer cells and may be used as a target for
epigenetic therapy. Analysis of DNA methylation and H3K27me3
expression levels in human colon, breast and prostate cancer cell
lines revealed that ~1/4 of DNA methylated genes underwent
DNA methylation and H3K27me3 dual modification in cancer
cells, while there was a presence of ~1/10 in normal cells.

A number of limitations in the present study should be
mentioned. The sample size was limited, which may have led
to bias. Further studies with larger sample sizes are required

ZHU et al: EPIGENETIC CHARACTERISTICS OF NSCLC WITH DIFFERENT SMOKING STATUS
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Figure 5. Non-small cell lung cancer tissues of smoking patients stained
with (A-1 and B-1), H3K27me3, EZH2(c) H&E; (A-2 and B-2) H3K27me3;
(A-3 and B-3) EZH2; and (A-4 and B-4) PCNA. Patient C exhibited strong
(A-2) H3K27me3 expression, weak (A-3) EZH2 expression and weak
(A-4) PCNA expression. Patient D exhibited weak (B-2) H3K27me3 expres-
sion, strong (B-3) EZH2 expressionand strong (B-4) PCNA expression. Scale
bar, 20 ym. NSCLC, non-small cell lung cancer; H3K27me3, trimethylation
of histone H3 at lysine 27; EZH2, enhancer of zeste homolog 2; PCNA,
proliferating cellular nuclear antigen; H&E, hematoxylin and eosin.

in order to validate the present results, and to identify DNA
methylation patterns in specific genes and their associations
with histone modifications.

Conclusively, these results indicated that cigarette smoking
in patients with NSCLC may lead to lower levels of DNA
methylation at CCGG sites, lower H3K27me3 expression levels
and a lower cellular apoptotic index. In addition, patients with
NSCLC with different smoking statuses exhibited distinct
changes in epigenetic markers, which would facilitate the
design of epigenetic drugs targeting specific biomarkers for
the immortality of cancerous cells.
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