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ABSTRACT — Deoxynivalenol (DON) is an important Fusarium toxin of concern for food safety. The 
inhalation of powder contaminated with DON is possible and may cause lung toxicity. In this study, we 
analyzed the gene expression profile of A549 cells treated for 24 hr with 0.2 μg/mL DON by microar-
ray analysis. In total, 16 genes and 5 noncoding RNAs were significantly affected by DON treatment. 
The repression of B3GALT4, MEIS3, AK7, SEMA3A, KCNMB4, and SCARA5 was confirmed by quantita-
tive PCR. We investigated the DON toxicity on A549 cells that exogenously expressed these 6 genes. The 
result indicated that A549 cells that transiently expressed MEIS3 were tolerant to the deleterious effects 
of DON. Our data show that DON affected the expression of genes with various functions, and suggest 
that the repression of MEIS3 plays roles in the deleterious effect of DON in A549 lung epithelial cells.
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INTRODUCTION

Deoxynivalenol (DON) is produced by several Fusar-
ium spp., primarily F. graminearum, and is a member 
of the trichothecenes. Trichothecenes include more than  
200 compounds and are among the important mycotoxins 
of concern for food safety. Wet and cold weather crops, 
including wheat, corn, and other cereals, are more suscep-
tible to infection by trichothecene-producing fungi in the 
field, whereby infected grains are contaminated with tri-
chothecenes. Trichothecenes affect weight gain and the 
gastrointestinal, neuroendocrine, and immune systems of 
humans and animals (Food Safety Commission of Japan, 
2010). Although two other trichothecenes, T-2 and HT-2, 
are also important for food safety, DON is more frequent-
ly found in cereal grains than T-2 and HT-2 toxin (Food 
Safety Commission of Japan, 2010; Schothorst and van 
Egmond, 2004).

Grain dust is a complex mixture of materials, includ-
ing fungi and fungal products. Spankie and Cherrie 

(2012) examined workers’ exposure to inhalable grain 
dust in Great Britain and estimated that the average 8-hr 
personal exposure levels were less than approximately  
3 mg/m3, although perhaps 5%-20% of individual person-
al exposures were still more than100 mg/m3. Importantly, 
trichothecenes and other mycotoxins have been detected 
in airborne dusts from farms and agricultural workspac-
es, respectively (Brera et al., 2002; Halstensen, 2006;  
Nordby, 2004). These reports suggest that the inhalation 
of grain powder and dust containing DON is possible and 
may cause lung toxicity. Acute toxicity after T-2 inhalation 
has been reported by Creasia et al. (1987, 1990) and Pang 
et al. (1987, 1988); however, the toxicity of DON has 
not been examined. Recently, Amuzie et al. (2008) have 
reported DON concentrations in blood and tissues as well 
as proinflammatory cytokine induction by DON adminis-
tered via the intranasal route in mice. In their report, DON 
concentrations in blood and tissues of mice exposed via 
the intranasal route were significantly higher than those in 
blood and tissues of mice exposed via the oral route, sug-
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gesting that the toxic effect of DON is stronger on nasally 
exposed mice than on orally exposed mice. The toxicity 
of DON to mammalian cells has been examined. DON is 
cytotoxic to various cell lines, including a Chinese ham-
ster lung fibroblast cell line, V-79 (Behm et al., 2012; 
Cetin and Bullerman, 2005), and human cell lines, includ-
ing the human lung epithelial cell line A549 (Nielsen et 
al., 2009). However, the mechanism underlying the toxic-
ity of DON to A549 cells remains unknown. 

In this study, we examined the gene expression in 
A549 lung epithelial cells, and found that 6 genes, includ-
ing MEIS3, were repressed by DON treatment. MEIS3 is 
a transcription factor of three-amino-acid-loop-extension 
(TALE) homeodomain protein. Meis3 in Xenopus plays 
an important role in hindbrain development. Liu et al. 
(2010) have reported that Meis3 is expressed in mouse 
β-cells and regulates survival in β-cells. A549 cells that 
transiently expressed MEIS3 were tolerant to the deleteri-
ous effects of DON. Our data show that DON affected the 
expression of genes with various functions, and suggest 
that the repression of MEIS3 plays roles in the deleteri-
ous effect of DON in A549 lung epithelial cells.

MATERIALS AND METHODS

Reagents
DON (Sigma-Aldrich Co., St. Louis, MO, USA) was 

dissolved in saline and stored at -20°C. z-VAD-fmk, 
a pan-caspase inhibitor, was purchased from Peptide  
Institute, Inc. (Osaka, Japan), and used at 50 μM. z-VAD-
fmk treatment was started at 30 min before DON treat-
ment. To amplify B3GALT4, MEIS3, AK7, SEMA3A, 
KCNMB4, and SCARA5, we used primers listed in Sup-
plementary Table 1 and PrimeScript II High Fidelity 
One Step RT-PCR Kit (Takara Bio Inc., Osaka, Japan). 
To amplify vector fragment of p3×FLAG-CMV-14  
(Sigma-Aldrich Co.), p3×FLAG-VGAF and p3×FLAG-
VGAR primers (Supplementary Table 1) and Q5 Hot 
Start High-Fidelity 2×Master Mix were used (New  
England Biolabs, Ipswich, MA, USA). To clone these 
genes into p3×FLAG-CMV-14, Gibson Assembly  
Cloning Kit (New England Biolabs) was used. 

Cell line and growth condition
The lung epithelial cell line A549 derived from human 

lung adenocarcinoma was grown at 37°C in Dulbecco’s  
Modified Eagle Medium containing 4.5 g/L glucose 
and supplemented with 5.958 g/L HEPES, 0.584 g/L 
L-glutamine, and 0.0159 g/L phenol red in the presence 
of 5 % CO2.

Cell counting assay
To determine the number of living cells after treatment 

with DON for 24 or 48 hr, we used the Cell Counting  
Kit-8 (Dojindo Laboratories, Kumamoto, Japan) accord-
ing to the manufacturer’s instructions. A549 cells  
(5 × 103) were seeded and grown in media for 24 hr, var-
ious concentrations (0.05, 0.1, 0.2, 0.4, 0.8, 1.6, 3.1, 6.3, 
12.5, and 25 μg/mL) of DON were added, and the cells 
were cultured for 24 hr or 48 hr. Cell counting kit solu-
tion (10 μL) was added to each well, and after incuba-
tion for 1 hr, absorbance at 450 nm was determined using 
a Genios Pro absorbance reader (Tecan, Männedorf,  
Switzerland). The half-maximal inhibitory concentration 
(IC50) of DON with regard to the proliferation of A549 
cells was determined from the data by fitting to a 4-pa-
rameter logistic curve using Image J ver. 1.48 (Rasband, 
W.S., ImageJ, U. S. National Institutes of Health, Bethes-
da, MD, USA; http://imagej.nih.gov/ij/, 1997-2014). For 
the assay under a confluent culture, A549 cells seeded at 
5 × 104 cells and then cultured for 24 hr were treated with 
DON for 96 hr.

Total RNA preparation and microarray analysis
This analysis involved the same conditions as those 

for the cell counting assay, except for the DON concen-
trations. A549 cells were treated with 0.2 μg/mL DON 
for 24 hr. Two total RNA samples from A549 cells were 
treated with DON (two samples were treated, while two 
were not). These four samples were recovered by TRI-
Reagent using the Direct-zol RNA MiniPrep Kit pur-
chased from Zymo Research Corp. (Irvine, CA, USA). 
Each RNA integrity number (RIN) (Imbeaud et al., 2005; 
Schroeder et al., 2006) was determined by Agilent 2100 
Bioanalyzer (Agilent Technologies, Inc., Santa Clara, 
CA, USA). The RIN numbers of the four samples were 
more than 9.5 (data not shown). The samples were ana-
lyzed on SurePrint G3 Human 8x10K ver. 2.0 (Agilent 
Technologies, Inc.), and raw data were normalized using 
GeneSpring GX software (Agilent Technologies, Inc.) by 
Hokkaido System Science Co., Ltd. (Hokkaido, Japan). 
The data were submitted to the Gene Expression Omni-
bus database at the National Center for Biotechnology 
Information (GEO: GSE60928). The threshold used to 
judge whether a probe expressed in a particular experi-
ment was set to the median value of a data set. Of 61,657 
probes, 32,710 probes with intensities were higher than 
the median values in at least one experiment were select-
ed. The logarithmic ratio of expression intensity between 
two controls and two DON-treated samples was calculat-
ed and tested using Student’s t-test, and the p-values were 
corrected using the false discovery rate (FDR) method 
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(Benjamini and Hochberg, 1995). Using the thresholds of 
2- or 0.5-fold and the FDR-corrected p-value (p ≤ 0.05), 
134 probes were significantly exchanged in our experi-
ment. Of those, the FDR corrected p-values of 21 probes 
were less than 0.01.

Quantitation of gene expression by real-time 
quantitative polymerase chain reaction

Total RNA samples were prepared as described above 
or using the SuperPrep Cell Lysis Kit for quantitative PCR 
(qPCR) (Toyobo Co., Ltd., Osaka, Japan). For cDNA syn-
thesis, we used the RT Kit (Toyobo) optimized for lysate 
by the SuperPrep Cell Lysis Kit or we used ReverTra 
Ace qPCR RT Master Mix with the gDNA Remover kit  
(Toyobo). For real-time qPCR, THUNDERBIRD SYBR 
qPCR Mix (Toyobo) was used. Primers used for qPCR are 
listed in Supplementary Table 1. LightCycler 480 (Roche 
Diagnostics, Basel, Switzerland) was used for real-time 
PCR. Each Crossing Point was determined using the sec-
ond derivative maximum method, and the Pfaffl method 
was used for relative quantification (Pfaffl, 2001). For the 
quantification, we used the β-actin gene as a housekeep-
ing gene for reference.

Transfection
Avalanche-Omni  Transfec t ion  Reagent  (EZ  

Biosystems LLC, College Park, MD, USA) was used for 
transfection. 0.1 μg of plasmids were used for each 10 μL 
transfection mixture. A549 cells were seeded at 2.5 × 103 
or 5 × 104 cells in 100 μL, and transfection mixture was 
added to cells on the following day. After transfection for 
24 hr, DON was treated as described above.

RESULTS

Twenty-one genes and noncoding RNAs are 
extracted as their expression is significantly 
changed by DON treatment

We performed microarray analysis to investigate the 
expression profile after treatment with DON and deter-
mine the genes and noncoding RNAs repressed or 
induced by DON. Prior to the analysis, A549 cells were 
exposed to various concentrations of DON. The number 
of A549 cells treated with 0.5 or 2.5 μg/mL DON for  
24 hr, 48 hr, and 72 hr was lower than the number of non-
treated cells (Fig. 1A and Supplementary Fig. 1). The 
estimated IC50 of DON with regard to the growth of A549 
cells after 48 hr of treatment was 0.52 μg/mL (Fig. 1B). 
We set the DON concentration for microarray analysis 
at 0.2 μg/mL, because at this concentration the prolifera-
tion of A549 cells was not significantly inhibited by DON  

(p > 0.01, compared with nontreated cells by Student’s 
t-test). The microarray analysis shows that compared with 
nontreated A549 cells, the expression of 16 genes and  
5 noncoding RNAs was significantly changed in A549 
cells treated with 0.2 μg/mL DON (Supplementary 
Table 2). These data suggest that DON has effects on the 
expression of these genes and noncoding RNAs in the 
A549 cells.

Quantitative PCR analysis confirms that 8 genes 
change their expression after treatment with 
DON

To confirm the expression of 16 genes in A549 cells 
extracted by microarray analysis, we examined their 
expression by qPCR after treatment with DON at 0.1, 
0.5, and 2.5 μg/mL. Because the increases of HMOX1 
and SMOX expression by DON treatment were repeat-
edly detected in microarray data, we included HMOX1 
and SMOX in the quantification. Nine genes were ampli-
fied and quantified by the primers listed in Supplemen-
tary Table 1. The expression of B3GALT4, MEIS3, AK7, 
SEMA3A, KCNMB4, and SCARA5 was decreased by 
DON treatment, although no change in the expression 
of TLR1 was detected (Fig. 2 and Supplementary Table 
3). The expressions of HMOX1 and SMOX were induced 
by DON treatment. The data show that the expression of 
these 8 genes was changed by DON treatment.

The expression of MEIS3 tolerates DON toxicity
We examined the effect of exogenous expression 

of B3GALT4, MEIS3, AK7, SEMA3A, KCNMB4, and 
SCARA5 genes in A549 cells on DON treatment, reveal-
ing that MEIS3-transfected cells were tolerant to DON 
treatment (Fig. 3 and Supplementary Fig. 2). These data 
indicate that MEIS3 partially plays a role in the deleteri-
ous effect of DON.

DISCUSSION

In this study, we analyzed the expression profile of 
A549 lung epithelial cell after DON treatment. Our 
microarray and qPCR analyses revealed that the expres-
sion of B3GALT4, MEIS3, AK7, SEMA3A, and KCNMB4 
in A549 cells was decreased by DON treatment. In addi-
tion, A549 cell transiently expressed MEIS3 was tolerant 
to the deleterious effect of DON. These data suggest that 
DON represses MEIS3 expression and contributes to the 
deleterious effect of DON.

The deleterious effect of DON shown in Fig. 1 was 
partially rescued by the treatment with z-VAD-fmk pan-
caspase inhibitor (data not shown), indicating that cas-
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A

B

Fig. 1. A549 cells were affected by DON. (A) A549 cells not treated (left) or treated with DON at the concentration of 0.5 μg/mL 
(middle) or 2.5 μg/mL (right) for 24 hr. (B) The result of cell counting assay on A549 cells treated with DON for 48 hr. 
x- and y-axes indicate the absorbance at 450 nm and treated DON concentration, respectively. Filled circles and error bars 
indicate averages and standard deviations of absorbance calculated from 4 independent wells, respectively. The curve indi-
cates a 4-parameter logistic curve fi tted from our data.

Fig. 2. Expression levels of 9 genes in DON-treated cells compared with those in non-treated cells. Bars indicate the expression in 
nontreated cells (fi lled bars) and in cells treated with 0.1 μg/mL (open white bars), 0.5 μg/mL (grey bars), and 2.5 mg/mL 
(hatched bars) DON. ND: not detected.
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pase-related apoptosis included the DON deleterious 
effect. Liu et al. (2010) indicated that Meis3 regulated the 
survival in mouse β-cells and Meis3 repression induced 
caspase activation and apoptosis. Meis3 repression by 
silencing induced caspase activation and apoptosis, and 
PDK1 overexpression partially rescued the apoptosis in 
Meis3-defi cient cells (Liu et al., 2010). Our data suggest 
that MEIS3 repression by DON was triggered caspase-re-
lated apoptosis. Because our microarray data show that 

the expression of PDK1 in DON-treated A549 cells was 
not signifi cantly changed compared with untreated cells, 
other pathways may induce cell death by DON treatment. 
Because the mechanisms of MEIS3 repression by DON 
and apoptosis induction by MEIS3 are unknown, further 
examination is warranted.

Our microarray analysis revealed that the expression 
of B3GALT4, AK7, SEMA3A, and KCNMB4 in A549 
cells was also decreased by DON treatment. B3GALT4 
encodes UDP-galactose: β-N-acetyl-galactosamine β-1,3-
galactosyltransferase (Amado et al., 1998) and its expres-
sion has been detected in the lung (Shiina et al., 2000). 
This protein is important for the synthesis of the gan-
glioside GM1a/GD1b/GT1c (Guimaraes et al., 2011; 
Maccioni et al., 2011). Kralj et al. (2007) reported that 
trichothecenes induced the accumulation of glucosylce-
ramide by interfering with lactosylceramide synthase and 
reduced the amount of lactosylceramide and gangliosides. 
Although the reduction of gangliosides, including GM1a/
GD1b/GT1c, results from the inhibition of lactosylcera-
mide synthase, the decrease in B3GALT4 expression may 
additively reduce these gangliosides. Dong et al. (2010) 
reported that B3GALT4 expression in melanoma cells 
by transfection reduced tumour phenotypes, including 
cell growth and invasion. The expression of B3GALT4 in 
DON-treated cells was decreased; therefore, other roles 
of decreased GM1a/GD1b/GT1c may be involved in the 
inhibition of cell proliferation by DON. AK7 encodes 
adenylate kinase 7, which is linked to primary ciliary dys-
kinesia. Although the expression of AK7 has only been 
detected in the descending airways and respiratory epi-
thelium of the trachea and not in the alveolar epithelium 
(Fernandez-Gonzalez et al., 2009), inhaled DON may 
decrease the AK7 expression of and affect the ciliary beat 
frequency. SEMA3A encodes semaphorin 3A, and it is 
also detected in the lung, where it plays important roles in 
distal pulmonary epithelia differentiation and lung mor-
phogenesis (Becker et al., 2011). Interestingly, TUNEL-
positive cells were signifi cantly enhanced in alveoli from 
SEMA3A knockout mice, and it was suggested that the 
loss of SEMA3A signalling temporarily regulates cell 
death (Becker et al., 2011). A small number of apoptot-
ic-like A549 cells were observed when treated with high 
concentrations of DON; therefore, SEMA3A reduction 
may contribute to cell death. KCNMB4 encodes a large-
conductance, Ca2+-activated, voltage-dependent K+ (BK) 
channel β4 subunit that is prominently expressed in the 
brain and is also expressed in the lung (Brenner et al., 
2000). Although the expression of KCNMB4 in airway 
epithelial cells is downregulated by interferon-γ treat-
ment (Manzanares et al., 2014), the role of KCNMB4 has 

Fig. 3. MEIS3 tolerated DON deleterious effect. Under the 
low confluent condition (A) or the confluent condi-
tion (B), MEIS3-expressed cells were partially resist-
ant to the deleterious effect of DON. The results of cell 
counting assay on A549 cells treated with DON for 
48 hr (A) or 96 hr (B). x- and y-axes indicate the ab-
sorbance at 450 nm and treated DON concentration, 
respectively. Filled circles and error bars indicate aver-
ages and standard deviations of absorbance calculated 
from 3 independent wells, respectively. The curves 
indicate 4-parameter logistic curves fitted from our 
data. Solid lines: Curve for A549 cells transfected with 
empty vector. Dotted lines: Curve for MEIS3-transfect-
ed cells.**: p < 0.01, Student’s t-test.
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not been elucidated in the lung. Recently, Weigner et al. 
(2000) and Shruti et al. (2012) reported that KCNMB4 
reduces the activity and surface presentation of the BK 
channel. Although our data do not support the reduction 
of KCNMB4 in the brain, DON may affect the expres-
sion of KCNMB4 and the activity of the BK channel in 
the brain. SCARA5 encodes a class A scavenger recep-
tor (Jiang et al., 2006) that binds to ferritin and plays a 
role in iron delivery (Li et al., 2009). Recently, Liu et al. 
(2013) have shown that SCARA5 in A549 cells plays an 
important role in epithelial-to-mesenchymal transition. 
The contribution of reduced SCARA5 to DON toxicity 
remains unknown. Therefore, we will examine the epithe-
lial-to-mesenchymal transition in DON treatment.

The expression of HMOX1 and SMOX in A549 cells 
was increased by DON treatment (Fig. 3). HMOX1 
encodes an inducible isoform heme oxygenase 1 (HO-1). 
HO-1 plays an important role in protection from oxi-
dative stress (Agarwal and Bolisetty, 2013). Yang et 
al. (2014) have reported that in peripheral blood lym-
phocytes, the expression of HO-1 was significantly 
increased by DON treatment. Treatment with T-2 tox-
in, another trichothecene, also induced the expression of 
HO-1 in the rat fatal brain and dam’s liver (Sehata et al., 
2004, 2005). Li et al. (2014) indicated that DON induc-
es oxidative stress. In lung epithelia, the expression of 
HO-1 and protection from oxidative stress are induced by 
DON treatment. SMOX encodes spermine oxidase (SMO) 
that catalyses the oxidation of spermine into spermidine, 
3-aminopropanal, and hydrogen peroxide (H2O2). In con-
trast to HO-1, SMO produces H2O2 and causes oxidative 
stress. Although mechanism underlying the induction of 
SMO remains unknown, HO-1 may be induced to scav-
enge H2O2 produced by SMO. 

Our study has a limitation; because these genes were 
partly and transiently transfected to A549 cells, we could 
not detect significances between vector transfectants and 
transfectants of interested genes. In further studies, we 
will examine roles of these genes in DON deleterious 
effect using stable transfectants.

In conclusion, DON affected the expression of genes 
with various functions, and the repression of MEIS3 play 
roles in the deleterious effect of DON in A549 lung epi-
thelial cells.
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