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ALDH enzyme activity is regulated by Nodal
and histamine in the A549 cell line
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Abstract. The present study aimed to examine whether the
enzyme activity of aldehyde dehydrogenase (ALDH) was
regulated by Nodal and histamine in the human alveolar
adenocarcinoma A549 cell line. The regulated enzyme activity
of ALDH was analyzed by flow cytometry in the A549 cell
line. ALDHI1 and Nodal expression was investigated by immu-
nohistochemistry in28 cases of lung mixed adenocarcinoma.
The enzyme activity of ALDH was upregulated by histamine
and agonists of histamine H1 receptor (HIR) and histamine
H2 receptor (H2R). ALDH activity was also downregulated
by recombinant human Nodal and antagonists of HIR and
H2R in the A549 cell line. In addition, expression of Nodal
and ALDHI1 were inversely correlated in lung mixed adeno-
carcinoma. ALDH enzyme activity was regulated by Nodal
and histamine in lung adenocarcinoma.

Introduction

Lung cancer is a leading cause of cancer-associated mortality,
and has an increased incidence and mortality compared with
other cancers worldwide (1). Among the various histological
subtypes of lung cancer, adenocarcinoma is the most common
subtype in the majority of countries, accounting for approxi-
mately one-half of lung cancers (2). At present, numerous
studies indicate that there is a particular subpopulation of
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tumor cells responsible for the prosperity and metastasis of
tumors, although these cells are rare. These cells are commonly
termed cancer stem cells (CSCs) or cancer initiating cells. The
possible presence of CSCs has now been shown in the majority
of cancers (3). Characterized by the abilities of self-renewal,
differentiation and tumorigenicity, CSCs are considered to
be able to form tumors with high efficiency, and also re-build
the tumor with the whole lineage of tumor cells (4). Although
methods of identifying CSCs remain to be elucidated, it is
known that CSCs express surface molecules, in addition to
the identified functional characteristics of stem cells; identi-
fication methods include measuring the activity of aldehyde
dehydrogenase (ALDH) by ALDEFLUOR assay. At present,
ALDH has been well accepted as a reliable CSC marker (5).
In addition to the role of identifying the CSCs, the family of
ALDH enzymes, which consists of 19 isoforms that localize to
the cytoplasm and mitochondria of the nucleus, also manifest
the capability to oxidize endogenous and exogenous aldehydes
to carboxylic acids (6). Thus, ALDH also has a protective role
in the process of maintaining the homeostasis of cells, which
may benefit the survival of cancer cells. However, ALDHs
also perform other roles that include ester hydrolysis, acting as
binding proteins for cholesterol and acting as antioxidants in
the process of NADPH production (7). In general, the diverse
characteristics of ALDH are associated with the stemness of
CSCs.

Therefore, investigating the regulation of expression
and enzyme activity of ALDH is extremely important. In
the present study, the expression of ALDH1 and Nodal was
assessed in 28 cases of lung mixed adenocarcinoma, and
the enzyme activity of ALDH was also investigated in the
lung adenocarcinoma A549 cell line treated with histamine,
rhNodal and the agonists and antagonists of histamine H1
receptor (HIR) and H2 receptors by flow cytometric assay.

Materials and methods

Lung mixed adenocarcinoma samples. A total of 28 lung
mixed adenocarcinoma tissue samples were obtained from
the Pathology Department of Osaka University Affiliated
Hospital (Suita, Japan). All cases were graded according to the
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2011 World Health Organization classification (8). The study
was approved by the Osaka University Ethical Review Board
(approval no. 15234). The requirement for patient consent was
waived by the Ethical Review Board, due to the anonymized
retrospective nature of the present study.

Cell culture. The A549 cell line was obtained from the Cell
Repository of Osaka University and cultured at 37°C with
5% CO,, high glucose Dulbecco's modified Eagle's medium
(Wako Pure Chemical Industries, Ltd., Osaka, Japan), 10%
fetal calf serum (HyClone; GE Healthcare Life Sciences,
Logan, UT, USA), 100 U/ml penicillin and 100 pxg/ml strep-
tomycin (Invitrogen; Thermo Fisher Scientific, Inc., Waltham,
MA, USA).

Immunohistochemistry. Lung mixed adenocarcinoma tissues
(28 samples) were fixed using 10% formalin for 72 h at room
temperature, embedded in paraffin and then cut into 5 ym
sections and mounted onto slides. Subsequent to deparaf-
finization in xylene and rehydration in graded ethanol, slides
were pretreated for antigen retrieval using citrate buffer
(pH 6) under 120°C, 2,020 kPa for 20 min. Sections were
incubated with Dako Real Peroxidase-Blocking solution,
which contained 3% hydrogen peroxide, 15 mmol/l NaN3 and
Tween-20 (Agilent Technologies, Inc., Santa Clara, CA, USA)
for 5 min at room temperature, and then washed three times
with PBS containing 0.01% Tween (PBST) for 5 min each time.
ALDHI and Nodal were detected by incubating the slides
with mouse anti-human ALDHI1 monoclonal antibodies (cat.
no. 611194; BD Biosciences, San Jose, CA, USA) and mouse
anti-human Nodal monoclonal antibodies (cat. no. ab55676;
Abcam, Tokyo, Japan) at a dilution of 1:200 at room tempera-
ture for 1 h. Subsequent to washing, the slides were treated
with horseradish peroxidase-conjugated rabbit anti mouse IgG
(cat. no. 354, Medical & Biological Laboratories Co., Ltd.,
Nagoya, Japan) for 30 min at room temperature. Subsequent
to washing with PBST, the slides were incubated with Dako
Detection Reagent Envision kit (Agilent Technologies, Inc.)
for 5-15 sec at room temperature and were counterstained with
hematoxylin for 1 min, followed by dehydration and sealing.

Antibody binding was recognized as brown cytoplasmic
staining by light microscope (magnification, x100; Fig. 1A).
Each sample of lung mixed adenocarcinoma consisted of
multiple subtypes, such as the lepidic, acinar, papillary,
micropapillary and solid with mucin production subtypes.
The percentage of ALDHI-positive tumor cells among each
subtype, including lepidic, acinar, and papillary subtypes,
was calculated. Similarly, the percentage of Nodal-positive
tumor cells was calculated. In each subtype, the percentage of
ALDH-positive and that of Nodal-positive cells were plotted
(Fig. 1B). Based on the pots, the association between ALDH1
and Nodal could be measured using a nonparametric statis-
tical method. P<0.05 was considered to indicate a statistically
significant difference.

Flow cytometry. In the present study, the living A549 cells
were directly stained without fixation. Reagents used to
treat A549 cells at 37°C included: Recombinant human
Nodal (rhNodal; 100, 300 or 500 ng/ml; duration, 2 h; cat.
no. OLF0812051; R&D Systems, Inc., Minneapolis, MN,
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USA); histamine dihydrochloride (10, 100, 500 pg/ml; dura-
tion, 2,4,18 h; Sigma-Aldrich; Merck KGaA); and the agonists
and antagonists of human histamine receptors HIR and H2R.
The agonist of HIR [histamine trifluoromethyltoluididedima-
leate (HTM); concentration, 100 #M; duration, 2 h] agonist of
H2R [dimapritdihydrochloride (DIM); concentration, 100 xM;
duration, 2 h] and the antagonist of H2R [cimetidine (CIM);
concentration, 100 #M; duration, 2 h] were all purchased from
Tocris Bioscience (Bristol, UK). The antagonist of HIR [pyril-
amine maleate salt (PYR); concentration, 100 xM; duration,
2 h] was purchased from Sigma-Aldrich (Merck KGaA).

AS549 cells were plated onto a 6-well plate and were
cultured for 2,4 or 18 h with the reagents (10, 100 or 500 pg/ml
histamine; 100, 300 or 500 ng/ml rhNodal, 100 xM MHTM,
100 uM DIM, 100 M PYR and 100 yuM CIM). Adherent
AS549 cells were then harvested with trypsin containing
0.25% EDTA (Gibco; Thermo Fisher Scientific, Inc.) at a
concentration of 2x10° viable cells for each sample, and were
applied in the detection of the enzymic activity of ALDH.
The percentage of ALDH-positive A549 cells was used to
reflect the ALDH activity (9) by using the ALDEFLUOR
assay kit, which contained fluorescent substrate for ALDH,
termed boron-dipyrromethene (BODIPY) aminoacetalde-
hyde, that consisted of an aminoacetaldehyde moiety bonded
to the BODIPY fluorochrome (Stemcell Technologies, Inc.,
Vancouver, BC, Canada). The labeled cells were analyzed
using a BD FACSCantoll (BD Biosciences) and analyzed
using FACSDiva6.1.3 software (BD Biosciences). Each sample
was measured three times.

Reverse transcription-polymerase chain reaction. Total RNA
was extracted from A549 cells using aRNeasy Mini kit (Qiagen,
Inc., Valencia, CA, USA) and converted into cDNA and ampli-
fied using a Super Script IIl RNase H-Reverse Transcriptase kit
(cat. no. 1244390; Invitrogen; Thermo Fisher Scientific, Inc.).
The resulting cDNA was amplified in a final volume of 25 ul
containing 2.5 pmol of each primer and 12.5 ul of PrimeSTAR
MAX DNA polymerase (Takara Bio, Inc., Otsu, Japan). The
amplification conditions were denaturation at 98°C for 10 sec
(5 min for the first cycle), annealing at 55°C for 5 sec, and
extension at 72°C for 1 min for 40 cycles for the amplification
of HIR, H2R and H4R. The amplification conditions of H3R
were denaturation at 94°C for 30 sec (5 min for the first cycle),
annealing at 59°C for 30 sec, and extension at 72°C for Imin
(5 min for the last cycle) for 40 cycles. The amplification prod-
ucts (each 10 ul) were separated on 2% agarose and stained by
ethidium bromide. The primers (Applied Biosystems; Thermo
Fisher Scientific, Inc.) of HIR, H2R, H3R and H4R were used
as below (10): HIR forward, 5'-CATTCTGGGGGCCTGGTT
TCTCT-3" and reverse, 5S'-CTTGGGGGTTTGGGATGG
TGACT-3'; H2R forward, 5-CCGGCTCCGCAACCT-3' and
reverse, 5'-CTGATCCCGGGCGACCTTGA-3"; H3R forward,
5'-TCAGCTACGACCGCTTCCTGTCGGTCAC-3' and
reverse, 5S"-TTGAGTGAGCGCGGCCTCTCAGTGCCCC-3"
and H4R forward, 5'-GAATTGTCTGGCTGGATTAATTTG
CTAATTTG-3' and reverse, 5~ AAGAATGATGTGATGGCA
AGGATGTACC-3".

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). RT-qPCR was performed using 200 ng cDNA
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Figure 1. Expression of ALDHI and Nodal in lung mixed adenocarcinoma. (A) Representative immunohistochemical staining of ALDH1 and Nodal in two
representative lung mixed adenocarcinoma tissues. Magnification, x100. (B) Assessment of the association between ALDHI1 and Nodal expression (P<0.05;
r=-0.253) indicated that the expression of ALDHI and Nodal is inversely correlated. ALDHI, aldehyde dehydrogenase 1.

derived from RNA extracted from A549 cells using a
RNeasy Mini kit (Qiagen, Inc.) and reverse transcribed using
a Super Script IIT RNase H-Reverse Transcriptase kit (cat.
no. 1244390; Invitrogen; Thermo Fisher Scientific, Inc.), and
1.25 pul of specific primer pairs in TagMan Gene Expression
Master mix (cat. no. 1110130; Applied Biosystems; Thermo
Fisher Scientific, Inc.) in a 25 ul reaction mixture. The human
GAPDH primer was purchased from Applied Biosystems (cat.
no. 4326317E; Thermo Fisher Scientific, Inc.). The aldehyde
dehydrogenase 1A1 (ALDHI1AL1) primer was also purchased
from Applied Biosystems (cat. no. 1164131; Thermo Fisher
Scientific, Inc.). Thermocycling conditions were as according
to the manufacturer's protocol: 1 cycle at 48°C for 30 min,
1 cycle at 95°C for 10 min and 50 cycles each at 95°C for 15 sec
and 60°C for 1 min. Comparative gene expression analysis was
performed using normalization to the level of the internal
control gene, GAPDH using the 224% method (11).

Statistical analysis. All data are expressed as the
mean + standard deviation, and statistical analyses were
carried out by SPSS 17.0 (SPSS, Inc., Chicago, IL, USA).
Statistical analysis was performed using one-way ANOVA and
correlations were analyzed using Spearman's rank correlation

coefficient. P<0.05 was considered to indicate a statistically
significant difference. Experiments data were conducted in
triplicate.

Results

Expression of ALDH and Nodal is negatively correlated in
lung mixed adenocarcinomas, and rhNodal downregulated
the expression of ALDH on A549 cells. Immunostaining of the
expression of ALDHI and Nodal in lung mixed adenocarci-
nomas is shown in Fig. 1 and Table I. ALDHI1 and Nodal were
each expressed in the cytoplasm of the lung cancer cells. For
a diagnosis of lung mixed adenocarcinoma, each case must
consist of more than one subtype; the percentage of different
histology types, and percentage of the positive expression of
ALDHI and Nodal in their respective histology types were
evaluated and compared to identify the statistical significance.
The results indicated that the expression of ALDHI1 and Nodal
was inversely correlated (Fig. 1B). In the ALDHI1-positive
expression area, the expression of Nodal was negative or weak,
and vice versa.

To detect whether the Nodal regulated the enzymatic activity
of ALDH, A549 cells were cultured at different concentrations
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Table I. Expression of ALDH1 and Nodal in 28 cases of lung
mixed adenocarcinoma.

Case Histology Histology ALDHI, Nodal,
number subtypes percentage % %
1 Lepidic 40 70 30
Acinar 60 85 5
2 Lepidic 70 0 40
Papillary 30 50 30
3 Papillary 80 15 30
Acinar 20 25 0
4 Papillary 10 0 95
Micropapillary 2 0 95
Acinar 8 0 95
Solid with mucin 80 0 75
5 Papillary 90 90 65
Micropapillary 5 5 20
Solid with mucin 5 5 60
6 Lepidic 70 0 10
Papillary 30 0 50
7 Lepidic 20 0 20
Papillary 80 0 40
8 Lepidic 90 0 1
Acinar 10 0 0
9 Lepidic 70 0 45
Papillary 10 30 0
Acinar 20 95 5
10 Papillary 10 0 5
Micropapillary 10 0 30
Solid with mucin 80 0 20
11 Papillary 70 0 85
Acinar 30 0 60
12 Papillary 70 70 5
Micropapillary 10 5 95
Solid with mucin 20 0 85
13 Papillary 40 15 95
Micropapillary 30 0 95
Solid with mucin 30 0 80
14 Lepidic 10 0 30
Papillary 45 0 75
Acinar 45 0 40
15 Lepidic 10 0 85
Papillary 40 0 90
Acinar 35 0 95
Others 15 0 0
16 Papillary 95 0 70
Solid with mucin 5 0 80
17 Lepidic 40 0 90
Papillary 60 0 85
18 Lepidic 30 30 60
Papillary 70 20 75
19 Lepidic 15 0 75
Papillary 85 0 90
20 Lepidic 50 0 70
Papillary 20 0 5
Micropapillary 30 0 25

Table I. Continued.

Case Histology Histology ALDHI, Nodal,
number subtypes percentage % %
21 Lepidic 60 20 85
Papillary 20 90 70
Micropapillary 20 0 80
22 Papillary 90 40 75
Micropapillary 10 20 30
23 Papillary 70 0 45
Micropapillary 10 0 10
Acinar 20 0 70
24 Lepidic 45 70 15
Acinar 55 0 50
25 Lepidic 40 15 75
Papillary 20 0 80
Acinar 40 5 90
26 Papillary 10 0 80
Micropapillary 5 0 85
Acinar 10 0 50
Solid with mucin 75 0 75
27 Acinar 75 70 5
Solid with mucin 25 0 85
28 Lepidic 70 0 70
Papillary 30 0 80

ALDH, aldehyde dehydrogenase.

(100, 300 and 500 ng/ml) of rhNodal for 2 h, then the activity
of ALDH of the A549 cells was analyzed by flow cytometry
(Fig. 2A and B). The result indicated that the activity of ALDH
was downregulated by rhNodal.

Activity of ALDH was upregulated by histamine in A549 cells.
To determine whether the expression of ALDH is regulated by
histamine, subsequent to treatment with histamine at different
concentrations and for different durations, the ALDH activity
of the A549 cells was detected by flow cytometry (Fig. 3). The
results indicated that the activity of ALDH in the A549 cell
line could be upregulated by histamine at a concentration of
10 pg/ml and the suitable culturing time span was 2 h. The
mRNA level of ALDHIAI was also detected after treatment
with histamine for different durations. The results showed that
the mRNA levels of ALDHIAT1 of A549 cells increased with
the duration of histamine treatment (Fig. 2C).

HIR and H2R are expressed in A549 cells. The aforementioned
observations prompted the investigation of the histamine
receptors present in the A549 cell line. RT-qPCR was used,
and the presence and levels of mRNA of histamine receptors
were detected (Fig. 4). The results indicated that the subtypes
of histamine receptor present in A549 cells are HIR and H2R,
but not H3R and H4R.

ALDH activity was regulated by HIR and H2R agonists and
antagonists in A549 cells. Histamine has multiple biological
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Figure 2. Various concentrations of rhNodal downregulated the activity of ALDH in A549 cells, as determined by flow cytometry. (A) Representative flow
cytometry results. The activity of ALDH was inhibited by DEAB; thus, A549 cells were used as a control for background fluorescence subsequent to receiving
pretreatment with DEAB (DEAB). (B) Quantitative analysis of the percentage of ALDH-hi cells after treatment with various concentrations of rhNodal.
(C) Quantitative analysis of the mRNA level of ALDH1AI in A549 cells after receiving histamine treatment for various durations, as determined by reverse
transcription-quantitative polymerase chain reaction. "P<0.05, “P<0.01 vs. control; DEAB, diethylaminobenzaldehyde; ALDH-hi cells, ALDH-positive cells.
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Figure 3. Various concentrations and treatment times of histamine upregulated the activity of ALDH in A549 cells, as determined by flow cytometry.
(A) Representative flow cytometry results of A549 cells treated with 10, 100 or 500 xg/ml histamine for 2 h. (B) Quantitative analysis of flow cytometry results
of A549 cells treated with 10, 100 or 500 pg/ml histamine for 2 h."P<0.05, “P<0.01 vs. control. (C) Representative flow cytometry results of A549 cells treated
for 2,4 or 18 h with 10 yg/ml histamine. (D) Quantitative analysis of A549 cells treated with 10 pg/ml histamine for 2,4 or 18 h. "P<0.05 vs. control. ALDH-hi
cells, ALDH-positive cells.

roles and exerts its effects via histamine receptors. Since
histamine could upregulate the expression of ALDH in A549
cells, whether the agonists and antagonists of HIR and H2R
affect the expression of ALDH was investigated. A549 cells

were cultured with agonists and antagonists of HIR, H2R
and histamine at different concentrations for 2 h, and the
activity of ALDH was detected by flow cytometry. The data
showed that ALDH activity was upregulated by HIR and H2R
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Figure 4. Expression of human histamine receptors in A549 cells. (A) Reverse transcription-polymerase chain reaction analysis of histamine receptor mRNA
expression. Lane HIRA, HIR in A549 cells (402 bp); lane H2RA, H2R in A549 cells (495 bp); lane H3RA, H3R in A549 cells; lane H4R, H4R in A549 cells.
(B) Ratio of mRNA expression of HIR, H2R, H3R and H4R to the expression of GAPDH. HIR, H1 receptor; H2R, H2 receptor; H3R, H3 receptor; H4R, H4

receptor.
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Figure 5. Effect of agonists and antagonists of HIR and H2R on A549 cells for the activity of ALDH. (A) Representative flow cytometry results of A549
cells treated with the agonists of HIR and H2R. Histamine (10 xg/ml) was used as a quantity control. (B) Quantitative analysis of flow cytometry results of
A549 cells treated with histamine and agonists of HIR and H2R. "P<0.05 vs. control. (C) Representative flow cytometry results of A549 cells treated with
the antagonists of HIR and H2R. (D) Quantitative analysis of flow cytometry results of A549 cells treated with histamine and agonists of HIR and H2R.
“P<0.05 vs. control. DEAB, diethylaminobenzaldehyde; ALDH-hi cells, ALDH-positive cells; HIR, HI receptor; H2R, H2 receptor; HTM, trifluoromethylto-
luididedimaleate; DIM, dimapritdihydrochloride; CIM, cimetidine; PYR, pyrilamine maleate salt.

agonists, and ALDH activity was downregulated by HIR and
H2R antagonists (Fig. 5).

Discussion

In the present study, it was confirmed that the expression of
ALDHI is inversely associated with Nodal expression in lung
mixed adenocarcinoma, and A549 cells express HIR and H2R,
but not the other histamine receptors. The enzymatic activity
of ALDH could be upregulated by histamine and agonists
of HIR and H2R, as well as downregulated by rhNodal and
antagonists of HIR and H2R in the A549 cell line.

Nodal is a member of the transforming growth factor-3
(TGF-P) family, and it is an important morphogen, performing
regulatory function of cell fate in embryological and adult
systems (12). It has been reported that TGF-p/activin/Nodal
signaling may have an effect in maintaining pluripotency in

human embryonic stem (ES) cells (13). In addition, Nodal
appears to maintain the stemness of stem cells by inhibiting
differentiation of neuroectodermal differentiation in the human
ES cells (14). Mechanically, the activation of the Nodal receptor
may lead to the phosphorylation of Smad2/3. Subsequently,
Smad4 and other transcription factors are activated. The
activated Smad complexes accumulate in the nucleus, then
recognize and bind the Nodal-responsive cis-elements to
regulate the expression of their target genes (15). Smad proteins
can also form complexes with the other proteins, such as p53,
and contribute to the specific recognition and regulation of
subsets of Nodal target genes (16). In the present study, Nodal
inhibited the expression of ALDH, possibly through a signaling
pathway (e.g., TGF-f), which is consistent with a previous study
in which ALDHI was revealed to occur in diffuse-type gastric
carcinoma-initiating cells and the expression of ALDHI and
the size of the ALDHI1-positive cell population were reduced
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by TGF-$ (17). In agreement with this, rhNodal was found to
reduce ALDH activity in the present study.

Histamine has diverse biological roles and exerts its effects
via distinct receptor subtypes, consisting of HI, H2, H3 and
H4 receptors. In the majority of human cells, multiple types
of histamine receptors coexist. However, H3R is exclusively
expressed in neurons (18). Furthermore, it has been reported
that no human cell culture model expresses sufficient endog-
enous levels of H3R to be detected (19). In this previous
study (19), the human lung adenocarcinoma A549 cell line was
demonstrated to express HIR and H2R mRNA.

Histamine is known to have a notable role in acute and
chronic allergic inflammation (20) and also contributes to
the proliferation and differentiation of certain cells (21).
The binding of histamine receptors and their ligands could
trigger serious of reactions, including Ca** inflow (22),
the activation of phosphatidylinositol (3-5)-trisphosphate
signaling pathway (23) and the activation of nuclear factor-xB
(NF-kB) signaling pathway (24), and they consequently
fulfill their various biological functions. It has been reported
by Muzio et al (25) that the treatment of A549 cells with arachi-
donic acid led to a decrease in the enzymatic activity, protein
and mRNA levels of ALDH3AI, whereas the expression of
proliferator-activated receptor-y increased, and the NF-xB
binding activity was inhibited. Therefore, the expression of
ALDHI may be indirectly associated with the histamine in
A549 cells through a NF-kB-associated signaling pathway.
In the present study, the activity of ALDH was observed to
be slightly enhanced by treatment with histamine, and this
process was not only promoted by agonists of HIR and H2R,
also suppressed by the antagonists of HIR and H2R.

To conclude, ALDH serves an important function in
labeling and protecting CSCs. The exact regulatory mecha-
nism of ALDH expression requires delineation, and therefore
further investigation in detail.
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