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Abstract: ALDH1A1 metabolizes a variety of endogenous and exogenous aldehyde, and also oxidizes retinol to
synthesize retinoic acid and modulate cell differentiation. Moreover, ALDH1A1 is also suggested to participate in
the maintenance of cancer stem cells. To investigate the potential role of ALDH1A1 in carcinogenesis of the lung,
the present study examined two hundred and sixty eight cases of non-small cell lung carcinoma (NSCLC) for its
immunohistochemical expression and analyzed associations between ALDH1A1 levels and a series of clinicopatho-
logic parameters. Also, the biological significance of the aberrant expression of ALDH1A1 was investigated in vitro.
ALDH1A1 expression was markedly reduced in 39.9% (107/268) of NSCLCs. The incidence of this reduction was
significantly higher in adenocarcinomas (ADC: 41.6%, 85/207) and large cell carcinomas (61.1%, 11/18) than
squamous cell carcinomas (25.5%, 11/43). Among ADCs, the downregulation tended to be more remarkable in
high grade, poorly differentiated tumors, and tumors with stronger proliferating activity. It also occurred with a sig-
nificantly higher incidence in smokers than non-smokers. Forced expression of ALDH1A1 in NSCLC cell lines, which
had lost ALDH1A1 expression, markedly attenuated their growth. Taken together, loss of ALDH1A1 expression is
suggested to promote carcinogenesis especially in the smoking-related ADCs.

Keywords: Non-small cell lung carcinoma, ALDH1A1, immunohistochemistry, tumor suppressor, smoking, cancer
stem cell

Introduction a wide variety of endogenous and exogenous
aldehyde, and also oxidize retinol to synthesize
retinoic acid, an important modulator of cell dif-
ferentiation [6, 7]. On the other hand, ALDH,
especially ALDH1A1, activity and/or antigen
expression have been demonstrated to be

strong in stem cell fractions in a variety of can-

Lung cancer is one of the most common causes
of cancer-related deaths in the developed world
[1, 2]. Even in the early stages of the disease, a
substantial proportion of patients die due to
recurrent disease (the 5-year survival rate is

66.0-83.9% in stage IA and 53.0-66.3% in
stage IB among non-small cell lung carcinomas
(NSCLC)) [3-5]. Understanding the molecular
basis of its development and expansion is an
important task for developing a novel therapeu-
tic strategy.

The ALDH superfamily represents a divergent
group of enzymes that metabolize and detoxify

cers [8-13], suggesting that ALDH1A1 partici-
pates in the maintenance of cancer stem cells.
Thus, ALDH1A1 could play diverse roles in
carcinogenesis.

Our preliminary experiment examining the
expression of ALDH1A1 in NSCLCs revealed
that neoplastic cells tended to reduce the level
of its immunohistochemical expression com-
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pared to the non-neoplastic count part (bron-
chial and alveolar epithelial cells). The finding
implied that ALDH1A1 could act as a tumor
suppressor, and prompted us to further investi-
gate its potential involvement in carcinogenesis
of the lung. The present study examined two
hundred and sixty eight cases of NSCLC for the
expression of ALDH1A1 and analyzed associa-
tions between ALDH1A1 levels and clinicopath-
ologic parameters. Also, the potential molecu-
lar mechanism for and biological significance of
the aberrant expression of ALDH1Al1l were
investigated in vitro.

Materials and mthods
Primary lung cancer

All 268 tumors examined (207 adenocarcino-
mas (ADCs), 43 squamous cell carcinomas
(SQCs), and 11 large cell carcinomas (LCCs))
were removed by radical surgical resection at
Kanagawa Cardiovascular and Respiratory
Center. Informed consent for research use of
the resected materials was obtained from all
the subjects. Disease stage was determined
according to the international TNM classifica-
tion system (seventh edition of UICC) [14]. The
detailed clinical information for 177 cases of
ADC at the pathologic disease stage | used for
survival analyses was described as follows.
Among the One-hundred-and-twenty-one cases
(68.4%) were in stage IA and 56 (31.6%) were in
stage IB. Lobectomy and segmentectomy were
performed on 157 and 7 patients, respectively,
which along with systemic lymphadenectomy,
extended to the hilar and mediastinal lymph
nodes. Thirteen patients (7.3%) underwent
wedge resection along with intra-operative
lymph-node sampling. A follow-up evaluation
was performed every 2 months for the first 2
years after the operation, every 3 months in the
third year, and every 6 months thereafter. The
evaluation included physical examinations and
chest radiography. Screening for serum tumor
markers, computed tomography of the thorax
and upper abdomen, and magnetic resonance
imaging of the brain were conducted every 6
months for the first 3 years, and every 12
months thereafter. The median follow-up peri-
od was 35.9 (range, 1.1-82.5) months. Disease
recurrence was found in 18 of 177 patients
(10.2%), of whom 15 (8.5%) were affected by
distant metastasis. Twelve patients (6.8%) died

during the follow-up period, and the five-year
overall survival (OS) rate was 91.5%. The medi-
an disease-free span of patients with recurrent
disease was 12.0 months (range, 3.8-49.1
months). None of the patients received radio-
therapy or chemotherapy preoperatively. None
of the patients with stage IA disease, and 18
patients with stage IB disease, received post-
operative adjuvant chemotherapy (3 patients
received cisplatin or carboplatin-based chemo-
therapy, and 15 received oral uracil-tegafur
chemotherapy). The 5-year disease-free surviv-
al (DFS) rate was 78.7% for the non-adjuvant IB
patients vs. 70.0% for adjuvant IB patients
(P=0.4806).

Immunohistochemistry

The largest tumor sections were cut from for-
malin-fixed, paraffin-embedded tissue blocks.
The sections were deparaffinized, rehydrated,
and incubated with 3% hydrogen peroxide, fol-
lowed by 5% goat serum to block endogenous
peroxidase activities and non-immunospecific
protein binding. The sections were boiled in
citrate buffer (0.01 M, pH 6.0) for 15 minutes to
retrieve masked epitopes and then incubated
with a primary antibody against ALDH1A1
(Abcam, Cambridge, UK) or Ki-67 (DAKO, Ely,
UK). Immunoreactivity was visualized using an
Envision detection system (DAKO), and the
nuclei were counterstained with hematoxylin.
Immunohistochemical expression of ALDH1A1
was evaluated by a scoring system as is
described in the results section. The labeling
index of MIB1 was calculated as the proportion
of positive cells by counting 500-1000 cancer
cells. A Ki-67 labeling index of <10% and >10%
was taken to indicate low and high level, respec-
tively, according to the results of our previous
study [15].

Analysis of oncogenic mutations

Hematoxylin and eosin-stained tissue sections
were checked microscopically. If a tumor was
medullary, the tumorous and non-tumorous
parts were macroscopically dissected with a
razor blade. If a tumor contained abundant
interstitial tissue, the tumorous part was cap-
tured using the PALM-MCB laser micro-dissec-
tion system (Carl Zeiss, Jena, Germany). The
method of DNA extraction from formalin-fixed,
paraffin-embedded tissue sections was previ-
ously described [16]. Fragments of EGFR (exon

Int J Clin Exp Pathol 2013;6(1):1-12



ALDH1A1 expression in non-small cell lung carcinomas

19 and 21) and KRAS (exon 2) were PCR-
amplified and subjected to a cycle dye-termina-
tor reaction. Primer sets and reagents used for
PCR and DNA sequencing, were described else-
where [16].

Statistical analysis

The possible associations between ALDH1A1
levels and various parameters were analyzed
using Chi-square test. Differences in the means
of the averaged scores among groups classi-
fied according to various clinicopathologic sub-
jects were analyzed with Student’s t test or
one-way ANOVAs. The recurrence curves were
plotted using the Kaplan-Meier method, and
the absolute risk of recurrence at five years was
estimated from the curves. The post-operative
disease-free span was defined as the period
from the date of surgery to the date when the
recurrence of disease was diagnosed. An
observation was censored at the last follow-up
if the patient was alive or had died of a cause
other than lung cancer. Differences in the dis-
ease-free survival (DFS) span and rate were
analyzed using the log-rank test. Hazard ratios
and 95% confidential interval (Cl) were calcu-
lated using Cox’s proportional hazards model. P
values less than 0.05 were considered signifi-
cant. All statistical analyses were performed
using SPSS software (SPSS for Windows
Version 10.0; SPSS; Chicago, IL, USA).

Cell lines and culture

An immortalized human airway epithelial cell
line (16HBE140, Simian virus 40 (SV40)-
transformed human bronchial epithelial cells)
described by Cozens AL et al. [17] was kindly
provided by Grunert DC (California Pacific
Medical Center Research institute). A sub-clone
of 16HBE14o0 cells, described as NHBE-T in this
paper, was used for experiments. Human lung
cancer cell lines (A549, H358, H2087, H23,
EKVX, H226, H827, H1819, H441, H4006,
HOP62 H1299 and H460) and a human embry-
onic kidney cell line (HEK293T) were purchased
from American type culture collection (ATCC,
Manassas, VA). The human lung cancer cell line
LC2/ad was purchased form Riken cell bank
(Tsukuba, Japan). Human lung cancer cells,
PC1, PC9 and HARA were from Immuno-
Biological laboratories Co. (Gunma, Japan).
Human lung cancer cell lines, TKB1, TKB2,
TKB4, TKB5, TKB6, TKB7, TKB8, TKB14, and

TKB20, were obtained from Dr. Kamma H via
Dr. Yazawa T (Kyorin University School of
Medicine). Primary small airway epithelial cells
(SAEC) were purchased from SANKO Kagaku
(Tokyo, Japan).

Western blotting

Whole cell protein lysate was prepared as
described elsewhere [18], and subjected to
SDS-polyacrylamide gel electrophoresis, and
transferred onto PVDF membranes (Amersham,
Piscataway, NJ). The membranes were incu-
bated with nonfat dry milk in Tris-buffered
saline containing Tween-20 (TBS-T) to block
non-immunospecific protein binding, and then
with primary antibody against ALDH1A1
(Abcam) or b-actin (Sigma, St. Louis, MO). After
washing with TBS-T, the membranes were
incubated  with  animal-matched HRP-
conjugated secondary antibodies (Amersham).
Immunoreactivity was visualized with the
enhanced chemiluminescence system (ECL,
Amersham).

Quantitative RT-PCR

First-strand cDNA was synthesized from total
RNA using the SuperScript First-Strand
Synthesis System according to the protocols of
the manufacturer (Invitrogen, Carlsbad, CA).
The cDNA generated was used as a template in
real-time PCR with SYBR Premix EXTaq (Takara,
Kyoto, Japan) and run on a Thermal Cycler DICE
real-time PCR system (Takara). The primer set
used for the detection of ALDH1A1 was F, 5™-
AGTGCCCCTTTGGTGGATTGC; R, 5-AAGAGCTTCT-
CTCCACTCTTG. That for GAPDH was F, 5-
GGTCGTATTGGGCGCCTGGT;R,5-TACTCAGCGC-
CAGCATCGCC. The means and standard devia-
tions of the copy number of ALDH1A1 normal-
ized to the value for ACTB mRNA were statisti-
cally obtained from triplicate reactions.

Treatment with 5-azacytidine and trichostatin
A

To validate the potential involvement of the epi-
genetic molecular modification in the reduction
of ALDH1A1 level, cells were treated either with
a DNA methyltransferase inhibitor (10 yM of
5-azacytidine (Sigma)) for 72 hours by exchang-
ing the medium everyday or with a histone
deacetylase inhibitor (300 ng/ml of trichostatin
A (Wako, Osaka, Japan)) for 24 hours. In addi-
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Figure 1. Inmunohistochemical expression of ALDH1A1: A. Representative photographs of non-cancerous airway
epithelia (upper panels; bronchus, bronchiole and alveolus) and lung cancers (middle panels; adenocarcinoma
(ADC), lower panels, squamous cell carcinoma (SQC)). A strong level was defined as a level similar to that in bron-
chial epithelial cells. A faint level was defined as an unequivocally weaker signal. Magnifications are x200 in each.
B. The expression score was calculated as a percentile of the averaged point. The expression scores of all tumors
examined were plotted. Scores of < 10 and > 10 (threshold, dashed line) were classified as low and high, respec-
tively. NC, non-cancerous airway epithelia, such as bronchus, bronchiole, and alveolus; NSCLC, non-small cell lung
carcinoma.

tion, cells were treated also with 5-azacytidine 5-azacytidine and trichostatin A for an addition-
for 48 hours and then with a combination of al 24 hours.

4 Int J Clin Exp Pathol 2013;6(1):1-12



ALDH1A1 expression in non-small cell lung carcinomas

Table 1. Correlation between ALDH1A1 expression and clinicopathologic parameters in NSCLCs

Low

High

Score (Mean + SD)

Age (268)
Older (181)
Younger (87)

Gender (268)

Male (158)

Female (110)
Smoking History (244)
Smoker (140)
Non-somoker (104)

Brinkman Index (244)

T factor (268)
T1 (179)
T2 (83)
T3 (3)

T4 (3)

N factor (265)
NO (246)
N1 ( 6)
N2 (12)
N3 (1)

Stage (268)
I (248)

Il ( 5)
1 (14)
v (1)

Histology (268)
ADC (207)
SQC (43)
LCC (18)

Grade (268)
WEL (129)
MOD (79)
POR (60)

Growth activity (268)
High (151)
Low (117)

Chi square test, P = 0.0530

Student’s t test, P = 0.5598

65 ( 35.9%) 116 ( 64.1%) 42.8 + 37.6
42 (48.3%) 45 (51.7%) 39.9 +39.9
Chi square test, P = 0.0794 Student’s t test, P = 0.4162
70 (42.4%) 88 (57.6%) 441 + 37.7
37 (32.7%) 73 (67.3%) 39.7 + 38.7
Chi square test, P = 0.0120 Student’s t test, P = 0.3440
68 (48.6%) 72 (51.4%) 38.8+49.2
34 (33.7%) 70 (66.3%) 43.5+ 375
Student’s t test, P = 0.0164
692 + 637 494 + 637
Chi square test, P = 0.1640 ANOVA, not significant in any
66 ( 27.8%) 113 (72.2%) 429 + 38.2
40 ( 48.8%) 43 (51.2%) 38.2+38.8
1(33.3%) 2 (66.7%) 444 + 41.7
0 ( 0.0%) 3 (100.0%) 80.6 + 14.4
Chi square test, P = 0.2144 ANOVA, not significant in any
97 (39.4%) 149 ( 60.6%) 42,9 + 38.2
2(33.3%) 4 (66.7%) 42.0 + 35.8
6 ( 50.0%) 6 (50.0%) 39.6 + 40.0
1 (100.0%) 0 ( 0.0%) 0.0+0.0
Chi square test, P = 0.5388 ANOVA, not significant in any
97 (39.1%) 151 ( 60.9%) 42.2 + 38.4
2 (40.0%) 3 (60.0%) 40.3+41.1
7 (50.0%) 7 (50.0%) 39.0+39.4
1 (100.0%) 0 ( 0.0%) 3.3+0.0

Chi square test, P = 0.0278

85 (41.6%)
11 ( 25.5%)
11 (61.1%)

Chi square test, P = 0.0180

43 (33.3%)
31 (39.2%)
33 (55.0%)

Chi square test, P = 0.0273

69 (45.7%)
38 (32.5%)

122 ( 58.4%) ANOVA, “significant in some

32 (74.5%) 39.8+ 379
7 (38.9%) 58.7 + 374
ANOVA, #significant in some
86 ( 66.7%) 44.4 + 38.2
48 (60.8%) 46.1+39.4
27 (45.0%) 30.9 + 38.2
Student’s t test, P = 0.1989
82 (54.3%) 38.9 +38.2
79 (67.5%) 45.0 + 39.3

NSCLCs, non-small cell lung carcinomas; ADC, adenocarcinoma; SQC, squamous cell carcinoma; LCC, large cell carcinoma;
WEL, well differentiated; MOD, moderately differentiated; POR, poorly differentiated carcinomas; Older, defined as more than
65 years-old; Growth activity high, defined as tumors with MIB1 labeling index equial to or more than 10%. "ADC versus SQC (P
=0.0032); "LCC versus SQC (P = 0.0022); #WEL versus POR (P = 0.0222); #MOD versus POR (P = 0.0207).

Plasmid construction

The ALDH1A1 cDNA (NM_000689) was PCR-
amplified and inserted into pro-retrovirus vec-
tor pQCXIP (BD Clontech, Palo Alto, CA). Vectors
bearing a sense and antisense strand of cDNA

were obtained.

Retroviral-mediated gene transfer

The pQCXIP-based expression vectors and the
pCL10A1 retrovirus-packaging vector (IMGE-
NEX, San Diego, CA) were cotransfected into
HEK293T cells with Lipofectoamine 2000
reagent (Invitrogen). At 24 hours after the trans-
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fection, conditioned medium was recovered as
a viral solution. Desired genes were introduced
by incubating cells with the viral solution con-
taining 10 pg/ml of polybren (Sigma) for 24
hours. Cells stably expressing desired genes
were selected with 5.0 yg/ml of Puromycin
(Invitrogen) for 3 days. The pooled clones were
used for biological analyses as follows.

Colony formation assays

The puromycin-cells (1.0x10* or 5.0x10%) were
seeded onto a 10 cm culture dish (Iwaki, Tokyo,
Japan), and grown for 10 days. The cells were
fixed with methanol and Giemsa-stained, and
colonies visible in scanned photographs were
counted.

Growth curve assays

Cells (2.5%10°) were seeded onto a 10 cm cul-
ture dish, and grown to a semi-confluent state.
The cells were counted, and 2.5x10° cells were
seeded again onto a 10 cm dish. Several pas-
sages were repeated in the same manner. The
cumulating population doubling was plotted.

Results

Immunohistochemical expression of ALDH1A1
in primary NSCLCs

Non-cancerous airway epithelial cells, both the
bronchial, bronchiole and alveolar epithelial
cells, exhibited strong immunohistochemical
expression of ALDH1A1 protein in their cyto-
plasm (Figure 1A). Neoplastic cells expressed
it at various levels among individual cases and
individual neoplastic cells. Some showed a
strong level equivalent to that of non-cancer-
ous epithelia (Figure 1A), and others showed
only a faint level (Figure 1A) or almost lost its
expression (Figure 1A). The intensity of immu-
nohistochemical signals was classified as neg-
ative (point 0), faint (point 0.5), and strong
(point 1). A strong level was defined as similar
to that in bronchial epithelial cells. A faint level
was defined as an unequivocally weaker signal.
The expression score was calculated as the
averaged point. For example, if a tumor consist-
ed of components of 20% of negative (0), 50%
of faint (1), and 30% of strong (2) expresser, a
expression score was calculated as (20x0 +
50x0.5 + 30x1) = 55. Scores of < 10 and > 10
were classified as low and high, respectively.

The expression scores of all the tumors exam-
ined were plotted (Figure 1B).

Association with clinicopathologic parameters
in whole NSCLCs

ALDH1A1 expression tended to be lower among
smokers (Table 1). The proportion of ALDH1A1
low expressers was larger among smokers than
non-smokers (Table 1). Brinkman index (smok-
ing index, cigarette smoking/day x years) was
significantly higher among low expressers than
high expressers (Table 1). ALDH1A1 scores
were also associated with tumor histology. The
average score was significantly lower in ADCs
and LCCs than those SQCs (Figure 1B and
Table 1). The score decreased in parallel with
the dedifferentiation process, as a large pro-
portion of poorly differentiated neoplasms
exhibited significantly lower scores of ALDH1A1
than well and moderately differentiated neo-
plasms (Table 1). Moreover, ALDH1A1 score
inversely correlated with the growth activity of
neoplastic cells measured by Ki-67 immunohis-
tochemical labeling (Table 1). No significant
association between the score and age, sex, T
factor, N factor, or disease stage was found
(Table 1).

Association with clinicopathologic parameters
in ADCs

ALDH1A1 expression tended to be lower among
males and smokers (Table 2). The proportion of
low expressers was larger for males/smokers
than females/non-smokers (Table 2). The
Brinkman index was significantly higher among
low than high expressers (Table 2). ALDH1A1
score were also associated with histological
subtypes. The average score was significantly
lower than those in papillary and solid subtypes
(Table 2). The scores also decreased in parallel
with the dedifferentiation process, as a large
proportion of poorly differentiated ADCs exhib-
ited significantly lower scores than well and
moderately differentiated ADCs (Table 2).
Moreover, the ALDH1A1 scores inversely corre-
lated with growth activity of neoplastic cells
measured by Ki-67 immunohistochemical
labeling (Table 2). No significant association
between the score and age, T factor, N factor,
disease stage, or oncogene mutations (One
hundred forty nine ADCs were availably exam-
ined. Among, 32 EGFR mutation (19 deletion-
type mutations in exon 19 and 13 t2573g
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Table 2. Correlation between ALDH1A1 expression and clinicopathologic parameters in adenocarcino-

mas
Low High Score (Mean * SD)

Age (207) Chi square test, P = 0.0683 Student’s t test, P = 0.6864
Older (132) 48 ( 36.4%) 84 (63.6%) 40.6 £ 37.1
Younger (75) 34 (33.3%) 38 (50.7%) 38.4 +39.3

Gender (207) Chi square test, P = 0.0347 Student’s ttest, P =0.1776

Male (106) 51 (48.1%) 55 (51.9%) 36.3 + 38.0
Female (101) 34 (33.7%) 67 (66.3%) 43.4 + 37.6

Smoking History (194) Chi square test, P = 0.0080 Student’s t test, P = 0.1406

Smoker (92) 48 (52.2%) 44 (47.8%) 34.6 + 37.2
Non-smoker (102) 34 (33.3%) 58 (66.7%) 42.6 +38.2

Student’s t test, P = 0.0246

Brinkman Index (194) 567 + 603 383 +631

T factor (207) Chi square test, P =0.3121 ANOVA, not significant in any
T1 (138) 54 ( 27.8%) 84 (72.2%) 39.2+37.2
T2 (66) 30 (27.8%) 36 (72.2%) 40.4 +39.5
T3 (1) 1 (100.0%) 0 ( 0.0%) 3.3+0.00
T4 (2) 0 ( 0.0%) 2 (100.0%) 79.2 + 20.0
N factor (205) Chi square test, P = 0.3153 ANOVA, not significant in any
NO (195) 97 (39.4%) 149 ( 60.6%) 40.1+ 378
N1 (1) 2 (33.3%) 4 (66.7%) 0.0+0.0
N2 (9) 6 ( 50.0%) 6 ( 50.0%) 38.3+42.4
Stage (207) Chi square test, P = 0.2860 ANOVA, not significant in any
I (196) 78 (39.8%) 118 ( 60.2%) 42.2 + 37.7
I (1) 1 (100.0%) 0 ( 0.0%) 0.0+0.0
I (9) 5 (55.6%) 4 (44.4%) 38.3+42.3
1% (1) 1 (100.0%) 0 ( 0.0%) 3.3+0.00
Subtype (207) Chi square test, P = 0.0182 ANOVA, “significant in some
BAC (123) 43 ( 35.0%) 80 ( 65.0%) 41.1 +37.2
MUC ( 6) 2(33.3%) 4 (66.7%) 55.0 +41.6
PAP (34) 19 (39.2%) 15 ( 60.8%) 31.6+36.1
ACN (23) 7 (30.4%) 16 ( 69.6%) 548+ 41.1
SOL (21) 14 ( 66.7%) 7 (33.3%) 249+ 34.4
Grade (207) Chi square test, P = 0.0094 ANOVA, #significant in some
WEL (120) 43 (33.3%) 80 ( 66.7%) 42.4 + 38.0
MOD (62) 26 ( 39.2%) 36 (60.8%) 419+394
POR (25) 17 (55.0%) 8 (45.0%) 22.1+32.2
Growth activity (207) Chi square test, P = 0.0061 Student’s t test, P = 0.0277
High (91) 47 (51.6%) 44 ( 48.4%) 33.3+36.3
Low (116) 38 (25.9%) 78 ( 74.1%) 449 + 38.4
Oncogenic mutation (149) Chi square test, P = 0.4482 ANOVA, not significant in any
EGFR (32) 10 ( 51.6%) 22 (48.4%) 38.7+34.7
KRAS (26) 11 ( 25.9%) 15 ( 74.1%) 38.1+38.2
NONE (91) 40 ( 25.9%) 51 ( 74.1%) 37.0 + 37.3

NSCLCs, non-small cell lung carcinomas; ADC, adenocarcinoma; SQC, squamous cell carcinoma; LCC, large cell carcinoma;
WEL, well differentiated; MOD, moderately differentiated; POR, poorly differentiated carcinomas; Older, defined as more than 65
years-old; Growth activity high, defined as tumors with MIB1 labeling index equial to or more than 10%. “ADC versus SQC (P =
0.0032); “LCC versus SQC (P = 0.0022); #WEL versus POR (P = 0.0222); #MO0D versus POR (P = 0.0207).
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Figure 2. Association between ALDH1A1 expression
and disease-free survival in stage | lung adenocarci-
nomas, analyzed using Kaplan-Meier survival curves:
Five-year disease-free survival rates were 94.3% and
82.1% in ALDH1A1 low- and high-expressers, respec-
tively (Log-rank test, P = 0.119).

[L858R] point mutations in exon 21) and 26
KRAS mutations (12 g34t [G12C], 8 g35t
[G12V], 4 g35a [G12D], 2 g35¢c [G12A]) were
found). Among KRAS mutations, was found
(Table 2). Moreover, in stage | disease, there
was no significant association between the
ALDHZ1A1 expression and 5-year DFS (94.3% in
ALDH1A1 low expresser versus 82.1% in high
expresser) (Figure 2), recurrent rate (5.5%
(2/74) in ALDH1A1 low expresser versus 13.5%
14/104) in high expresser, P = 0.084) or recur-
rent risk (hazard ratio 2.36 in ALDH1A1 high
expresser, 95% Cl 0.78-7.17, P = 0.119).

ALDH1A1 protein and mRNA expression in
NSCLC cell lines

Among the NSCLC cell lines examined, only
A549 (ADC) and PC1 (SQC) strongly expressed
the ALDH1A1 protein and mRNA (Figure 3).
Non-cancerous epithelial cells, SAEC and
NHBE-T, faintly (very weakly) expressed the pro-
tein and mRNA (Figure 3). The level of protein
and mRNA well paralleled each other. Treatment
for some of the cell lines that lost ALDH1A1
expression (LC2ad, H2087, HARA, TKB14,
H1819, H441) with inhibitors for DNA methyl-
transferase (5-Aza-dc) and/or histone deacety-
lase (trichostatin A) did not restore expression
of the protein or mRNA (data not shown).

Effect of forced expression of ALDH1A1 on
growth activity

The forced expression of ALDH1A1 markedly
reduced clonogenicity (Figure 4A) and pro-
longed doubling time (Figure 4B) in a NSCLC
cell line lost ALDH1A1 expression (representa-
tive results in TKB5 cells were shown in Figure
4). Similar results were also seen in some of the
other cell lines examined (H1299, H2087,
LC2ad) (data not shown).

Discussion

Severe downregulation of ALDH1A1 expression
was found in 107 out of 268 primary NSCLCs
(Table 1). The downregulation tended to occur
more often in cases of ADC and LCC than SQC.
Among the ADCs, it was more remarkable in
high-grade tumors, poorly differentiated
tumors, and tumors with strong proliferating
activity (Table 1 and Table 2). Thus, ALDH1A1
is a potential tumor suppressor whose down-
regulation promotes carcinogenesis, especially
in cases of ADC. The finding that the restoration
of ALDH1A1 expression markedly suppressed
the growth of some lung cancer cell lines sup-
ports this possibility.

Other studies have found that ALDH1A1 expres-
sion was not detected in 40% (12/30) to 56.1%
(38/66) of NSCLCs [19, 20], and in 35% (7/20)
of lung ADCs [20]. Among lung ADCs, its level
was reported to be lower in invasive tumor than
in premalignant or non-invasive ones [21]. Also,
ALDH1A1 expression was reported to be
reduced in other malignancies: 76.9%
(970/1287) of colorectal cancers [22], 21.1%
(4/19) of pancreatic cancers, and 70.8%
(46/65) of ovarian cancers [19]. As mentioned
in the introduction section, some ALDH pro-
teins (ALDH1A1 and ALDH1A2) oxidize retinol
to synthesize retinoic acid and induce growth
arrest and differentiation [6, 7]. ALDH1A2, a
family member closely similar to ALDH1A1, was
reported to be epigenetically silenced through
the hypermethylation of its promoter region in
prostatic cancer cells, and forced expression of
ALDH1A2 markedly suppressed the growth of
the prostatic cancer cells, implying ALDH1A2 to
be a tumor suppressor, loss of which could
result in an impairment of retinoic acid synthe-
sis to interfere with cellular differentiation and
promote the progression of carcinogenesis
[23]. Thus, it is reasonable to consider that a
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Figure 3. Expression of the ALDH1A1 protein and mRNA in non-cancerous airway epithelial cells and non-small cell
lung carcinoma (NSCLC) cell lines: A. ALDH1A1 and B-actin (ACTB) protein expression was analyzed by Western
blotting. Levels of the ALDH1A1 and ACTB proteins were semi-quantified with a densitometer (NIH Image; National
Institute of Mental Health at Bethesda, MD). The level of ALDH1A1 normalized to that of ACTB is plotted in a graph.
B. The mRNA level of ALDH1A1 normalized to that of GAPDH was measured by quantitative RT-PCR and plotted in a
graph. NEC, non-cancerous airway epithelial cells; ADC, adenocarcinoma cell lines; SQC, squamous cell carcinoma
cell lines; LCC, large cell carcinoma cell lines; NSCLC, non-small cell lung carcinoma cell lines.

loss of ALDH1A1 would promote carcinogene-
sis of the lung through the same mechanism.

Aside from such a suppressive role, studies in
vitro demonstrated that ALDH activity or
ALDH1A1 protein expression was strong in
stem cell fractions in a variety of malignancies
including lung cancer [8-13, 24-26], and sug-

gested that ALDH1A1 could participate in the
maintenance of cancer stem cells. Also, silenc-
ing experiments in vitro showed that a forced
reduction of ALDH1A1 attenuated growth and
migration in some lung cancer cell lines, sug-
gesting an oncogenic role [26]. Such observa-
tions argued against our suggestion that
ALDH1A1 would be a tumor suppressor.

Int J Clin Exp Pathol 2013;6(1):1-12
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Figure 4. Effect of forced expression of ALDH1A1 on growth activity: Empty vector (MOCK), sense strand of ALDH1A1
(SS), or antisense strand of ALDH1A1 (AS) was retrovirally transduced into TKB5 cells. Three days after the selec-
tion process, cells were harvested and counted, and 2.0x10* were re-seeded onto a 10-cm dish. After 10 days,
the cells were fixed with methanol and stained with Giemsa. A. Representative photographs of colony formation. B.
The means and standard deviations (error bars) of colony counts from triplicate experiments. C. The selected cells
were cultured, grown and passed. The cumulated population doublings are presented. D. The cells harvested im-
mediately after the selection process were examined for the expression of ALDH1A1 and B-actin (ACTB) by Western

blotting. Representative results are shown.

Although the reason for the discrepancy is
unclear, ALDH1A1 might play diverse and
directly opposed roles in different situations.

Interestingly, the downregulation of ALDH1A1
expression occurred with a significantly higher
incidence in smokers than non-smokers. It is
possible that this association is a result of
smoking and also a mechanism promoting
smoking-related carcinogenesis. As is dis-
cussed below, potential carcinogens in ciga-
rette smoke might directly attack regulatory
elements of the ALDH1A1 gene or indirectly
attack certain genes controlling ALDH1A1
expression. On the other hand, regardless of
the mechanism, severe downregulation of
ALDH1A1 expression inevitably results in the
intracellular accumulation of acetaldehyde
inhaled from cigarette smoke. Acetaldehyde is
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a putative carcinogen that produces DNA
adducts (N 2-ethylidene-dG) to cause genetic
mutations [27]. Thus, ALDH1A1 might act as a
tumor suppressor especially in smoking-relat-
ed carcinogenesis. It is of great interest to
investigate a possible association between
acetaldehyde levels and ALDH1A1 activity in
lung cancer.

A nitrosamine in cigarette smoke (4-(methyIni-
trosamino)-  1-(3-pyridyl)-1-butanone (NNK))
was reported to induce DNA methyltransfer-
ase-1 accumulation [28]. Also, the level of DNA
methylation in esophageal mucosa was report-
ed to be higher in smokers than in non-smok-
ers, suggesting that cigarette smoke could
cause an epigenetic silencing of important
tumor suppressors [29, 30]. These findings let
us hypothesize that epigenetic silencing
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through the DNA hypermethylation could be a
possible mechanism of ALDH1A1 downregula-
tion in NSCLCs. However, our experiment using
inhibitors for DNA methyltransferase (5-Aza-dc)
and histone deacetylase (trichostatin A) unex-
pectedly did not restore ALDH1A1 expression
in any NSCLC cell lines examined, suggesting
that the epigenetic silencing was unlikely to
cause the downregulation of ALDH1A1 expres-
sion. Recent studies revealed that the expres-
sion of C/EBPq, a transcription factor crucial to
ALDH1A1 expression, was lost in most lung
cancer cells [31, 32]. Functional disruption of
factors controlling ALDH1A1, such as C/EBPq,
would be involved. Further investigation is
required to reveal the actual molecular mecha-
nism responsible for the downregulation of
ALDH1A1 expression in lung cancer.

In summary, the present study has demonstrat-
ed that ALDH1A1 expression was markedly
downregulated in a considerable proportion of
NSCLCs through an as yet unidentified mecha-
nism and suggested the loss of ALDH1A1 could
promote the progression of lung cancer, espe-
cially smoking-related ADCs.
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