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Introduction

Trichothecenes represent a family of toxins of fungal origin, 
also referred to as mycotoxins (Rocha et al., 2005). The tri-
chothecene deoxynivalenol (DON) is produced by Fusarium 
species and is detected in fungal contaminated corn, wheat, 
barley, and other cereals worldwide which are intended 
for livestock and human consumption (Rocha et al., 2005). 
DON, known also as vomitoxin, is of health concern both 
for human beings and animals (Mikami et al., 2004; Rocha 
et al., 2005; Chidozie et al., 2008). Extensive studies of this 
toxin have been conducted in vivo and in vitro (Tomar et al., 
1986; Minervini et al., 2004; Pinton et al., 2008). The immune 
system is considered a prime target of trichothecene toxicity 
(Pestka and Bondy, 1994; Pestka, 2003) and, depending on 
the dose and exposure frequency, can be either suppressive 
or stimulatory (Yang et al., 2000).

Regarding the mechanism of toxicity, several studies have 
shown that DON binds to ribosomal peptidyl transferase of 
the 28S rRNA, thus inhibiting protein synthesis (Shifrin and 
Anderson, 1999). Indeed, a number of toxicants, including a 
group of trichothecenes (like DON), some antibiotics (like 
anisomycin), and palytoxin (a non-peptide marine toxin), 
were found to induce a phenomenon described as ribotoxic 
stress response (Iordanov et al., 1997); however, not all of 
these agents bind to the peptidyl transferase (Iordanov 
et al., 1997, 1998; Iordanov and Magun, 1998; Shifrin and 
Anderson, 1999). Nevertheless, in most cases, experimen-
tal evidence indicates that active ribosomes are required 
to transduce the stress signal (Iordanov et al., 1997). This 
stress signal can trigger the activation of mitogen-activated 
protein kinases (MAPKs), like JNK (c-Jun N-terminal kinases, 
a family of kinases that are activated by cell stress-inducing 
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Abstract
The objective of this work was to investigate whether proteomic analysis of thymoma cells treated with the 
 trichothecene deoxynivalenol (DON) as compared to non-treated (control) cells would reveal differential protein 
expression, and thus would contribute to a better understanding of the mechanisms of its toxicity. For that purpose 
the mouse thymoma cell line EL4 was exposed to 0.5 μM DON for 6 hr. A total of 30 proteins were affected after 
exposure of EL4 cells to DON. Most of these proteins were up-regulated and included key metabolic enzymes 
(e.g., fatty acid synthase, aldose reductase, carbamoyl phosphate synthetase, glucose-6-phosphate isomerase), 
chaperones (e.g., HSP9AB1 and HSP70), enzymes implicated in protein folding (PDI and ERO1-lα), and proteins 
involved in protein degradation (ubiquitin-conjugating enzyme (E1) and proteasome subunit alpha type-1). In 
addition, an IgE-binding protein with a molecular weight of 60 kDa and My-binding protein 1a (MYBBP1A), a 
transcription factor, were found to be up-regulated by DON. The observed up-regulation of MYBBP1A, a known 
repressor of a number of transcription factors such as PGC-1α, C-myb, and p65 of the NF-κB family, suggests that 
this protein might play a role in the mechanism of DON toxicity.
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stimuli), which may lead to anti-proliferation and even result 
in  apoptosis (Shifrin and Anderson, 1999; Moon and Pestka, 
2002; Zhou et al., 2005). It is not yet known, however, how the 
signal transduces from the ribosomal site to the components 
of the signaling cascade that mediate the stress response 
(Zhou et al., 2005). Furthermore, it has also been shown that 
DON impairs mitochondrial oxidative metabolism in cell 
lines (Minervini et al., 2004); again, the mechanisms under-
lying this cytotoxic effect remain undefined.

The aim of the present study was to get a better insight 
into the mechanism of DON toxicity following a proteomics 
approach. Because EL4 cells have been shown to possess an 
immature thymus cell phenotype (Tanaka et al., 1987), they 
are used as a model system for thymocytes in mechanistic 
studies (Li et al., 2000; El-Darahali et al., 2005; Lee et al., 
2008). The protein expression profile of EL4 cells exposed to 
DON was analyzed and examined for whether the exposure 
would result in differential protein expression (as compared 
to the untreated cells). Proteins extracted from treated and 
control cells were separated by one-dimensional (1D)-SDS-
PAGE. Proteins bands were extracted, digested with trypsin, 
and the resulting peptide mixtures analyzed by nanoflow 
liquid chromatography coupled to a mass spectrometer. The 
relative abundance of the identified proteins was estimated 
using observed peptide hits. This quantitative approach was 
 successfully employed earlier for biomarker discovery in urine 
(Pang et al., 2002), for estimating changes in protein expres-
sion levels in yeast in function of carbon source (Gao et al., 
2003) and, recently, we have applied it in evaluating protein 
expression changes of thymoma EL4 cells exposed to bis-(tri-
n-butytin)oxide (TBTO) (Osman et al., 2009). In the present 
study, the expression levels of 30 proteins were affected. 
The outcome of this study will be discussed in the context of 
already-reported data dealing with the mechanism of DON 
toxicity.

Methods and materials

Chemicals
Deoxynivalenol, DL-dithiothreitol (DTT), and iodoaceta-
mide were purchased from Sigma (Mannheim, Germany). 
Ammonium bicarbonate was obtained from Fluka 
(Zwijndrecht, the Netherlands). ReproSil-PurC18-AQ3 was 
supplied by Dr. Maisch GmbH (Ammerbuch, Germany) 
and C18 200A-AQ5 was from Phenomenex (Uetrecht, the 
Netherlands). Solvents ethanol (absolute) acetonitrile (ACN, 
HPLC Grade) were purchased from Bissolve (Amsterdam, 
the Netherlands). Sequencing-grade modified trypsin was 
purchased from Roche (Mannheim, Germany) and the gel 
for electrophoresis (10% Nu-PAGE Bis–Tris-gel) was obtained 
from Invitrogen Company (Breda, the Netherlands).

Cell culture and exposure
Thymoma EL4 cells were cultured in RPMI 1640 medium sup-
plemented with 10% fetal calf serum (FCS) and contained 1% 
penicillin (10,000 U/mL) and streptomycin (10,000 μg/ mL) 
(Fisher, Landmeer, the Netherlands). The total number of 

cells used per sample was 2.7 × 107 cells, suspended in 40 mL 
medium. The experiments for both treated and control sam-
ples were performed in duplicate. A stock solution of DON 
was prepared in ethanol (1 mM). For the exposures, 20 μL of 
this stock solution was added to 40 mL cell suspension of each 
treated sample so that the final concentration of DON was 
0.5 μM, whereas 20 μL of ethanol without the mycotoxin was 
added to each control. The treated and the control samples 
were then incubated at 37°C for 6 hr. At a 0.5 μM concentra-
tion over a 6-hr period, the viability of the treated samples 
remained comparable to that of the untreated controls. Cell 
viability was evaluated by Trypan blue dye and was found to 
be above 80% in all experiments.

Protein extraction
The cell suspensions were centrifuged at 1200 rpm for 
10 min at 4°C. The cell pellets were suspended in 20 mL of 
phosphate-buffered saline (PBS, pH 7.2) and centrifuged. 
This washing step was repeated once more before each of the 
cell pellets (treated and control) was suspended in 2 mL of 
100 mM Tris–HCl (pH 8) containing 5 mM EDTA and 1% SDS 
(sodium dodecyl sulphate). The samples were then sonicated 
in 4 cycles of 10 sec; each 5-sec sonication was followed by 
a 5-sec break. Subsequently, the samples were centrifuged 
at 11,000 rpm for 20 min at 4°C. The supernatants obtained 
were recovered and kept at −20°C until use. Aliquots of the 
supernatants (before freezing) had their protein concentra-
tion evaluated using the Bradford method (Bradford, 1976). 
The protein concentrations of the treated samples and the 
controls were found to be 1.75 and 1.9 mg/mL (average value 
of duplicates), respectively.

Gel-electrophoresis
One-dimensional-SDS-PAGE gel was used for the separation 
of proteins. Eighty micrograms of the exposed sample and the 
control were loaded onto wells of a 10% Nu-PAGE-Tris-gel. 
After the gel had been run at a constant voltage of 160 V for 
90 min, it was stained of using Coomassie stain (SimplyBlue 
Safe Stain), according to the instructions of the Invitrogen 
Company. The gel was rinsed three times with 100 mL of 
deionized water for 5 min to remove SDS and salts. This was 
followed by staining the gel with 20 mL of the Coomassie stain 
for 2 hr. The gel was kept in deionized water (at maximum) 
overnight. After that, the lanes of the sample and the control 
were cut horizontally into 15 slices. Each slice was excised 
from the gel with a razor blade, cut into small pieces, and then 
transferred into 1.5 mL Eppendorf tubes.

In-gel digestion
The fractions were de-stained with 50 mM NH

4
HCO

3
/50% 

ethanol solution for 25 min. This procedure was performed 
twice, followed by dehydration of the gel with 100% ethanol. 
Proteins were reduced with 10 mM DTT (37°C, 45 min) and 
then alkylated with 55 mM iodoacetamide at 37°C in the dark 
for 45 min. This was followed by dehydration of the gel pieces 
with 100% ethanol and air-drying for 15 min. Subsequently, 
the gel was covered with 30 μL of modified trypsin solution 
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(12.5 ng/μL) in 50 mM ammonium bicarbonate buffer. After 
incubation for 17 hr, an additional 30 μL of buffer was added to 
each fraction and incubation continued for a further for 2 hr. 
The supernatant of each fraction was collected into a clean 
Eppendorf tube and 25 μL of 50% ethanol containing 5% for-
mic acid was added to each fraction, mixed well and pooled 
it to the previous one. This latter step was repeated once. The 
fractions were then dried in a SpeedVac, suspended in 60 μL 
of 100% acetonitrile and dried again in a Speed Vac. Last, each 
fraction was dissolved in 20 μL of 2% ACN/10% formic acid 
solution. The samples were kept at −20°C until use for nano- 
LC/MS/MS analysis.

Nano-LC/MS/MS analysis
Nano-LC/MS/MS analysis was performed by using a system 
consisting of an Agilent 1100 Series LC set up (vacuum degas-
ser, autosampler and one high pressure-mixer binary pump 
without static mixer) coupled to a LCQ Deca Qaudruple Ion 
Trap mass spectrometer (Thermo Finnigan, San Jose, CA) as 
described earlier (Meiring et al., 2002). Briefly, 5 μL peptide 
solution was delivered to a trap column [Aqua C18 200A 
(Phenomenex); l = 15 mm, 100 μm ID, packed in-house] at  
5 μL/min of 100% Solvent A (0.1 M acetic acid). After decreas-
ing the flow to ≈150 nL/min by a splitter, the peptides 
were transferred to the analytical column [Reprosil C18RP  
(Dr.Maisch GmbH); l = 20 cm, 50 μm ID packed in-house] 
with a linear gradient from 0% to 100% Solvent B (0.1 M ace-
tic acid in 80% ACN) in 40 min. The 100% B was maintained 
for 5 min, followed by decreasing Solvent B to 0% in 0.1 min, 
washing and re-equilibrating the system at 100% A for 10 min. 
The column eluent was sprayed directly into the ESI source of 
the mass spectrometer via a butt-connected nano-ESI emitter 
(New Objectives, Inc., Woburn, MA). The LCQ operated in 
a positive ion mode and the peptides were fragmented in a 
data-dependent mode. A full MS scan was followed by tan-
dem spectra of the three most intense precursor ions present 
in the MS scan. The capillary voltage was 1.9 kV and capillary 
temperature was 200°C.

Database searches
All MS/MS data was searched using SEQUEST engine 
(Bioworks version 3.3) (Yates et al., 1995) against the IPI 
mouse v 3.18 fasta database. The searches were performed 
allowing for fixed modification on methionine (oxidation) 
and cysteine (carbamidomethylation) residues. The pep-
tide and fragment mass tolerance were set at 1.4 and 1 Da, 
respectively. Trypsin was used for protein digestion and two 
missed cleavages were allowed. For protein identification 
acceptance, the following filtering criteria were used: a Delta  
C

n
 (ΔC

n
) was set to 0.1 SEQUEST Xcorr versus charge state 

(X
corr

 = 2 for z =1, X
corr

 = 1.5 for z = 2 and 3.3 for z = 3 and a 
peptide probability score <0.01. The Xcorr score is a measure 
of how well the experimental mass spectrum matches the 
spectrum generated in silico. ΔC

n
 measures how different 

the first identification is from the next best. Protein identi-
fication was also based on at least two different peptides. 
The total identified proteins were obtained by combining 

the identified proteins of both the samples and the controls. 
The following criteria were applied to determine whether or 
not DON affected the expression level of a protein in the EL4 
cells: A 1.4-fold change or greater in the expression level of 
a protein and consistency in the direction of change in both 
experiments were required. Further, if a protein was not 
detected, e.g., in an exposed sample, while it is present in 
the corresponding control, or vice versa, then a value of one 
peptide was assumed for that protein. The workflow of a typi-
cal proteomic experiment of the present study is summarized 
in Figure 1.

Results

Separation of proteins by one-dimensional 
 electrophoresis analysis
Upon separation of proteins obtained from DON-treated and 
the control cells by 1D-SDS-PAGE, the protein bands were 
digested with trypsin and the resulting peptide mixtures were 
analyzed by a nano-LC/MS/MS. Figure 2A, for instance, illus-
trates the total ion chromatogram of tryptic peptides obtained 
from fraction 8 of DON-treated extract in Experiment I, 
whereas Figure 2B illustrates tandem MS/MS of the peak at 
retention time 26.04 min.

Protein identification
The criteria used for identification of the proteins were 
described in the section “Methods and Materials.” Because 
the number of proteins identified in the controls was less 
compared to those of the exposed samples, analysis of each 
control was repeated once (see on-line Supplementary 
Table). This re-analysis of the control samples resulted in 
identification of proteins that were not detected in the first 
runs. These recovered proteins were taken into account in 
the data analysis. As reported in Figure 3A, 524 proteins 
were identified in Experiment I. This total number of 

Sample preparation

1D (SDS PAGE)

Excision of protein
bands

Enzymatic digestion of
the proteins

RP chromatographic
separation of peptides

Mass spectrometry

Database searching

Figure 1. The workflow of a typical proteomic experiment as performed 
in this study.
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proteins was obtained by combining the proteins identi-
fied both in the treated sample and corresponding control. 
About 61% of these identified proteins (319) were present 
in both the treated sample and its control (Figure 3A); 
≈22% (116) of the proteins were found in the control and 
≈17% (89) of the proteins were found in the DON-treated 
sample of Experiment I (Figure 3A).

In Experiment II, the total number of proteins identified 
was 681 (Figure 3B); again, that number resulted from the 
combination of proteins found in both the treated sample and 
its corresponding control. Circa 56% (381) were present in 
both treated sample and control. Twenty eight percent (186) 

were found in the control and 17% in the treated sample of 
Experiment II (Figure 3B). The combination of all the proteins 
identified in both experiments (treated samples and controls) 
led to 790 proteins (see on-line Supplementary Table).

To evaluate the effect of DON on the expression levels of 
proteins identified in EL4 cells, we used a semi-quantitative 
proteomics method based on the number of peptide hits 
obtained, which reflects the relative protein abundance 
(Rappsilber et al., 2002). Therefore, for a given protein, 
we determined the ratio of the peptides identified for that 
protein in the treated sample and in the corresponding 
control.
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Figure 2. (A) Total ion chromatogram of nano-LC/MS/MS analysis of tryptic peptides obtained from a fraction of DON-treated cell line extract.  
(B) Tandem mass spectra of the peak at the retention time 26.04 min.
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Proteins affected by the exposure of EL4 cell line to DON
We set two criteria to attribute a specific affect on a protein’s 
expression to DON exposure (see section “Materials and 
Methods”). A total of 30 proteins fulfilled the criteria set and 
were therefore considered specifically altered by treatment of 
EL4 cells with DON (Tables 1 and 2). Nine of these proteins 
were not detectable in control cells (Table 2). The differential-
ly-expressed proteins can be divided into six groups according 
to their functions: (1) metabolic enzymes; (2) chaperones and 
enzymes involved in protein folding; (3) protein synthesis, 
mRNA processing proteins and a cyto-linker; (4) ubiquitin-
proteasome system and proteins implicated in immune 
response; (5) proteins involved in cell trafficking; and, (6) 
proteins implicated in transcription and DNA replication. It 
should be noted that one of the up-regulated proteins (1.5-
fold, mean value), Isoform 2 of protein C1orf77 homolog 
(Table 3), was not placed in either of the six groups as its 
function is unknown. The sequence of this protein was pre-
viously deduced from mouse brain cDNA clones (Chambers 
and Abbot, 1996) and corresponds to hypothetical protein 
LOC66511 (with gene symbol 2500003M10 Rik as indicated 
by a BLAST database search).

Metabolic enzymes
Expression levels of enzymes such as aldose reductase, fatty 
acid synthetase, carbamoyl phosphate synthetase 2, aspartate 

transcarbamylase, and dihydroorotase (a multi-functional 
enzyme), ATP synthase-β chain, mitochondrial precursor, 
and glucose-6-phosphate isomerase were up-regulated in 
the DON-treated cells (Table 3). Aldose reductase was up-
regulated 1.9-fold, whereas fatty acid synthetase (major 
enzyme involved in lipid metabolism) was increased 4.8-fold. 
Carbamoyl phosphate synthatase, aspartate ttranscarbamy-
lase, and dihydroorotase, which constitute a multifunctional 
(consists of three activities) enzyme also known as CAD, 
catalyze the first three reactions of the de novo synthesis of 
pyrimidine nucleotides (Huang and Graves, 2003); this com-
plex protein was increased by 2.4-fold. The expression levels 
of both β-subunit of the mitochondrial H+-ATP synthetase 
and the phosphoglucose isomerase (GPI) were up-regulated 
 2.9-fold and 1.5-fold, respectively. The former activity cata-
lyzes the rate-limiting step of ATP formation in eukaryotic 
cells (Izquierdo, 2006) and the latter accelerates the second 
step of the glycolysis pathway (Tsutsumi et al., 2003). Further, 
GPI also acts as a cytokine, a function that is independent of 
its enzymatic role (Tsutsumi et al., 2003).

Chaperones and enzymes involved in protein folding
It was also found here that the expression levels of chap-
erones and enzymes involved in protein folding processes 
were altered in the DON-exposed cells. Chaperones HSPA9 
(stress-70 protein, mitochondrial precursor), HSP9AB1 (heat 
shock protein 1, 84 kDa), T-complex protein 1 subunit-theta, 
and PRDX2 (peroxiredoxin-II) were increased by 2.0-, 2.3-, 
4.0-, and 2.6-fold, respectively (Tables 2 and 3). In contrast, 
heat shock protein 1A (HSPA1A) was decreased by 2.0-fold 
(Table 3). The HSPs are known to protect intracellular proteins 
so that proteins maintain their normal conformations in the 
presence of stress-inducing agents (Gething and Sambrook, 
1992), whereas peroxiredoxin II is a member of ubiquitous 
thiol-specific antioxidant enzymes that protect cells not 
only from peroxides, but are also implicated in other cellular 
functions such as protection of radical-sensitive proteins, and 
intracellular signal transduction (Lee et al., 2003) and the ref-
erences therein]. Further, enzymes implicated in protein fold-
ing pathway in the endoplasmic reticulum exhibited higher 
expression levels in the DON-treated cells. Protein-disulfide 
isomerase family A, member 3 (PDIA3) and Protein-disulfide 
isomerase family A, member 6 (PDIA6) were both up-reg-
ulated by 1.6-fold, whereas Endoplasmic oxido-reductin-1 
(ERO1-α) was increased by 1.8-fold (Table 3). PDIs catalyze 
thiol disulfide interchange reactions (Laboissière et al., 1995; 
Mezghrani et al., 2001), whereas the ERO1-α catalyzes the 
regeneration of the reduced form of the protein-disulfide 
isomerase (Mezghrani et al., 2001).

Membrane transport proteins
Among the proteins detected in the DON-treated cells but 
not in the controls were two proteins implicated in vesicle-
mediated cellular transport: isoform 1of Septin-9 and Rab 
GDP-dissociation inhibitor-β (Table 2). The former protein 
belongs to the septin family that exhibit multiple cellular 
activities, including cytokinesis (Field and Kellog, 1996), 
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Figure 3. (A) Illustrates the number of proteins identified in both the 
DON-exposed sample and the control of Experiment I, as well as the pro-
teins detected only either in the DON-treated sample or in the control. To 
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Table 1. Identified proteins affected by the exposure of EL4 cells to deoxynivalenol (DON).a

Accession no. Protein name P (pro) Sf score XC MW (kDa) Peptidesb

IPI00223757.3 Aldose reductase 6.25 E−10 7.02136 80.2354 35600.79 6

IPI00468481.2 ATP synthase beta chain, mitochon-
drial precursor

6.84 E−11 6.45887 80.21931 56300.11 6

IPI00113223.2 Fatty acid synthase 5.78 E−09 13.11816 168.21774 272425.2 13

IPI00228633.5 Glucose-6-phosphate isomerase 5.61 E−09 5.22673 60.19481 62636.32 9

IPI00380280.2 carbamoyl-phosphate synthetase 
2, aspartate transcarbamylase, and 
dihydroorotase

6.98 E−07 6.13925 90.19968 243235.2 5

IPI00230108.6 Protein disulfide isomerase 4.79 E−09 15.45885 190.23591 48656.78 18

IPI00222496.2 Protein disulfide isomerase associ-
ated 6

1.76 E−-08 7.13815 80.27053 56677.98 8

IPI00454021.1 ERO1-like protein alpha precursor 2.66 E−07 6.2143 80.20541 54038.05 4

IPI00117910.2 Peroxiredoxin-2 5.27 E−06 3.55543 40.19948 21647.3 8

IPI00133903.1 Stress-70 protein, mitochondrial 
precursor

1.09 E−08 10.27679 130.19232 73527.87 7

IPI00122815.3 Heat shock protein 1, 84 KDa 1.18 E−06 4.35134 50.18318 57058.04 23

IPI00123794.5 Heat shock protein 1A 1.85 E−05 1.76787 20.18297 70092.72 4

IPI00381239.3 Plectin 8 9.61 E−11 10.74971 166.22563 517327.5 10

IPI00465823.3 PREDICTED: similar to 60S ribos-
omal protein L18

1.47 E−07 3.65858 40.22372 33686.15 4

IPI00283862.6 Proteasome subunit alpha type 1 2.74 E−06 4.30926 50.2135 29546.36 10

IPI00123313.1 Ubiquitin-activating enzyme E1 1 1.25 E−06 6.41429 80.23196 117808.1 5

IPI00116996.1 IgE-binding protein 5.07 E−12 7.84279 90.22339 62746.9 7

IPI00124979.1 Heterogeneous nuclear ribonucleo-
protein G

1.56 E−07 3.11115 50.18838 42300.54 2

IPI00331361.2 Myb-binding protein 1A 9.35 E−09 8.6247 132.2369 152035.8 7

IPI00117288.3 Heterogeneous nuclear ribonucleo-
protein A/B

3.02 E−06 5.24118 58.20264 30831.03 5

IPI00120174.1 Isoform 2 of Protein C1orf77 
homolog

1.40 E−06 1.25604 18.21769 23849.5 3

aP (pro) stands for the probability that a protein identification has come by chance. The final score (Sf ) designates how good the protein match is and XC 
(cross correlation) indicates how well the experimental mass spectrum matches with the theoretical spectrum.
bDifferent peptides identified.

Table 2. List of the proteins detected only in DON-exposed cells.

Accsession no. Protein name Gene symbol P (pro) Sf score Xc MW (kDa) Peptidesa Pathway

IPI00139780.1 60S ribosomal 
protein L23

Rpl23 0.00011432 2.58364 40.15742 14865.35 4 Protein 
synthesis

IPI00230679.4 60S ribosomal 
protein L36

Rpl36 0.00082516 1.26889 20.10265 12084.25 2 Protein 
synthesis

IPI00261455.5 PREDICTED:  
similar to 40S 
ribosomal protein 
S26

N/Ab 1.52E-05 3.20603 46.20553 13047.32 5 Protein 
synthesis

IPI00471443.1 Eukaryotic transla-
tion initiation  
factor 3 subunit 1

Eif3 5.39E-05 1.32279 20.14687 29485.59 2 Protein 
synthesis

IPI00123881.1 DNA replication 
licensing factor 
MCM6

Mcm6 5.51E-06 2.4514 30.16267 92866.51 3 DNA replication

IPI00111957.2 Histone H2B, testis H2B 5.63E-07 2.35134 40.17468 14105.33 4 Gene regulation

IPI00122565.1 Isoform 1 of Rab 
GDP dissociation 
inhibitor beta

Gdi1 0.00090276 1.82452 20.17443 50536.83 2 Membrane 
trafficking

IPI00457611.2 Isoform 1 of 
Septin-9

Sept9- 0.00040558 1.91489 26.16604 65574.51 3 GTP-binding 
protein

IPI00469268.4 T-complex protein 
1 subunit theta

Tcp1q 1.13E-06 2.01376 30.16452 59423.95 4 Chaperone

a Different peptides identified.
b N/A means gene symbol is unknown



Protein profiling of EL4 cell line treated with DON  153

membrane transport (Beites et al., 1999), and control of cell 
polarity (Drees et al., 2001). GDP-dissociation inhibitor-β 
modulates translocation of Rab proteins between cytosol 
and cell membranes (Wu et al., 2007), and therefore 
plays an important role in regulation of intracellular  vesicle 
traffic.

Protein synthesis, mRNA processing proteins and a 
 cyto-linker
Proteins involved in mRNA processing and in protein synthe-
sis were also up-regulated. These included ribosomal proteins 
(1.9–4.0-fold), heterogeneous nuclear ribonucleoprotein A/B 
(1.7-fold) and eukaryotic translation initiation factor 3 subu-
nit 1 (2.0-fold) (Table 3). Moreover, the expression level of 
plectin 8, a cyto-linker was increased 3.0-fold (Table 3). This 
cyto-linker protein has not only structural role in the cell, but 
also may play a dynamic role in the transduction of cellular 
signals (Osmanagic-Myers and Wiche, 2004).

Ubiquitin-proteasome system and immune 
 response-related proteins
DON also affected proteins involved in protein degrada-
tion pathway. The expression level of ubiquitin-conjugating 
enzyme 1 (UBELY1) was increased in DON-treated cells 
(2-fold). Likewise, alpha subunit 1 of the proteasome complex 

(PMSA1) was also up-regulated 2.2-fold (Table 3). The ubiqui-
tin-proteasome system plays an important role in the turno-
ver of damaged proteins (Chen and Madura, 2005), but also 
regulates growth and stress responses (Chen and Madura, 
2005). Interestingly, we also identified an IgE-binding pro-
tein with a molecular weight of 60 kDa in the thymoma EL4 
cell line. This protein was up-regulated 1.8-fold in the DON-
treated cells (Table 3).

Proteins involved in transcription and DNA replication
Other proteins whose expression levels were up-regulated 
by DON are: the mini-chromosome maintenance 6 protein 
(MCM6; important protein in proliferation and cell cycle) 
(Barton and Levine, 2008) and histone 2B, an integral part 
of chromatin (Table 2). Both proteins were not detectable 
in the control cells. Finally, two transcription factors, RBMX 
and Myb-binding protein 1A (MYBBP1A), were affected by 
DON. Expression levels of these proteins were increased by 
2.0- and 2.4-fold, respectively  in the DON-exposed EL4 cells 
(Table 3).

It has been suggested that in mouse liver RBMX is a 
transcriptional regulator of sterol regulatory element-
binding protein-1c (SREBP1c) gene expression (Takemoto 
et al., 2007). MYBBP1A is a protein predominantly local-
ized in nucleoli (Tavner et al., 1998) and has recently been 

Table 3. List of the up- and down-regulated proteins with gene symbols, peptide ratios* and the pathways implicated.

Accession no. Protein name Gene symbol Ratio Expt. I Ratio Expt. II Pathway

IPI00223757.3 Aldose reductase Akr1b10 2.0 1.8 Polyol metabolism

IPI00468481.2 ATP synthase beta chain, mitochondrial 
precursor

Atp5b 3 2.7 Energy metabolism

IPI00113223.2 Fatty acid synthase Fasn 7.0 2.5 Fatty acid synthesis

IPI00228633.5 Glucose-6-phosphate isomerase Gpi 1.5 1.5 Glycolysis

IPI00380280.2 carbamoyl-phosphate synthetase 
2, aspartate transcarbamylase, and 
dihydroorotase

Cad 2.5 2.3 Nucleotide metabolism

IPI00230108.6 Protein disulfide isomerase Pdi3a 1.4 1.7 Protein folding

IPI00222496.2 Protein disulfide isomerase associated 6 Pdia6 1.8 1.4 Protein folding

IPI00454021.1 ERO1-like protein alpha precursor Ero1-l 2.0 1.5 Protein folding

IPI00117910.2 Peroxiredoxin-2 Prdx2 3.5 1.6 Chaperone

IPI00133903.1 Stress-70 protein, mitochondrial 
precursor

Hspa9 2.0 2.0 Chaperone

IPI00122815.3 Heat shock protein 1, 84 KDa Hsp90ab1 2.0 1.7 Chaperone

IPI00123794.5 Heat shock protein 1A Hspa1a 0.4 0.5 Chaperone

IPI00381239.3 Plectin 8 Plec1 2.9 3 Cytoskeleton

IPI00465823.3 PREDICTED: similar to 60S ribosomal 
protein L18

N/Aa 2 1.7 Protein synthesis

IPI00283862.6 Proteasome subunit alpha type 1 Psma1 2.4 2.0 Protein degradation

IPI00123313.1 Ubiquitin-activating enzyme E1 1 Ube1y1 2.0 2.0 Protein degradation

IPI00116996.1 IgE-binding protein Iap 2.2 1.4 Immune response

IPI00124979.1 Heterogeneous nuclear ribonucleoprotein 
G

Rbmx 1.5 2.5 Transcription

IPI00331361.2 Myb-binding protein 1A Mybbp1a 2.7 2.0 Transcription

IPI00117288.3 Heterogeneous nuclear ribonucleoprotein 
A/B

Hnrpab 1.8 1.6 Transcription/RNA 
processing

IPI00120174.1 Isoform 2 of Protein C1orf77 homolog 2500003M10Rik 1.5 2.0 Unknown

*This is the ratio of peptide hits identified for a protein in a DON-treated sample and the corresponding control, which reflects the relative changes in 
the protein abundance.
ameans the gene symbol is unknown.
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shown to be a repressor of a number of transcription fac-
tors (Jones et al., 2002; Fan et al., 2004; Owen et al., 2007). 
This latter protein, whose processing and translocation 
have both been shown to be induced upon ribosome stress 
(Yamauchi et al., 2008), may play an important role in  
DON toxicity.

Discussion

In the present study, we performed proteomic analysis of 
thymoma EL4 cells exposed to one of major toxins of fungal 
origin, DON. We found that DON affected expression levels of 
30 proteins (Tables 1 and 2); most of these were up-regulated 
(Tables 2 and 3). This is in agreement with previous reports 
wherein DON was shown mainly to induce genes and down-
regulate only a few (Nishiuchi et al., 2006; Boddu et al., 2007). 
The proteins whose expression levels were increased in the 
DON-treated cells include enzymes that catalyze key meta-
bolic pathways. One affected enzyme is aldose reductase, the 
first enzyme in the polyol pathway, which several previous 
studies have shown to be induced in osmotic related stress 
(Galvez et al., 2003). DON is known to affect cell membrane 
permeability (Kasuga et al., 1998), and the mycotoxin T-2 
(another trichothecene) is known to alter cell volume and 
shape (Holt et al., 1988).

The expression level of fatty acid synthetase, another key 
enzyme, was increased in the DON-exposed cells (Table 3). 
A possible explanation for this may be that DON produces 
hydrogen peroxide, a known inducer of the enzyme (Furuta 
et al., 2008). A number of studies showed that DON causes 
lipid peroxidation and consequently produces reactive oxy-
gen species, including hydrogen peroxide (Desmond et al. 
2008, and references therein). Alternatively, the observed 
up-regulation of fatty acid synthetase might be mediated 
by RBMX, one of the up-regulated proteins identified here 
(Tables 1 and 3). In fact, this RBMX has been previously 
shown to bind the SREBP-1c promoter, regulating positively 
expression of this gene (Takemoto et al., 2007). SREBP-1 is 
known to be involved in up-regulation of fatty acid synthetase 
(Furuta et al., 2008).

Among other enzymes up-regulated in the DON-treated 
cells were GPI, the β-subunit of mitochondrial ATP syn-
thetase, and CAD (Table 2). Increased levels of these enzymes 
reflect the need to meet the energy and pyrimidine demand 
for the noted DON-induced protein synthesis. This would be 
in accord with the increased expression level of mini-chro-
mosome maintenance (MCM6) protein, which reflects an 
increased proliferating state of the exposed cells (Barton and 
Levine, 2008). It would also be in agreement with the observed 
increased level of the eukaryotic translation initiation factor-3 
(Table 2) that plays a central role in the formation of 40S ini-
tiation complex and is associated with increased rates of pro-
tein synthesis (Miyamoto et al., 2005). However, GPI may also 
play a non-enzymatic role (it is known that  lectin-stimulated 
T-cells release this protein) and is implicated in the produc-
tion of immunogloblins in B-cells (Chaput et al., 1988). That 
DON induces the formation of immunoglobulins both in 

vivo and in vitro was reported before (Pestka et al., 2004, 
and references therein). We also identified an IgE-binding 
protein that is identical in sequence to a protein previously 
detected in 23B6 (a rat-mouse T-hybridoma cell line) culture 
supernatants and was shown to potentiate IgE responses 
(Martens et al., 1985). This IgE-binding protein might mediate 
the previously-reported DON stimulation of IgE production 
(Pestka et al., 2004).

Furthermore, chaperones (HSPA9, HSP90AB1) and pro-
tein folding enzymes (PDI and ERO1-lα) exhibited increased 
expression levels in DON-exposed EL4 cells compared to in 
non-treated cells (Table 3). This increase in the expression 
levels of these proteins might be the response to increased 
amount of cargo proteins destined for the secretory pathway 
in the endoplasmic reticulum (ER), following the increase of 
DON-induced protein expression levels. This can be related to 
the observed increased expression of Rab GDP-dissociation 
inhibitor-β and septin-9, proteins that play an essential role 
in protein transport (Beites et al., 1999; Wu et al., 2007) in the 
exposed cells. As shown in Figure 4, protein disulfide isomer-
ase oxidizes the SH groups of the proteins to disulfide bond; 
the reduced form PDI is then re-oxidized by ERO1-α. We can-
not, however, rule out that the increased levels of chaperones 
might be due to DON-induced oxidative stress. Oxidative 
stress is known to be one of the principal mechanisms that 
lead to protein mis-folding (Chondrogianni et al., 2005).

In addition, DON increased expression levels of some 
components of the ubiquitin-proteasome pathway (Table 
3). This system consists of ubiquitin, a 76-amino acid 
polypeptide, three conjugating enzymes known as ubiq-
uitin-conjugating (E1), (E2), and (E3), and a multiunit 
complex protease (i.e., the proteasome) (Naujokat and 
Hoffman, 2002; Chen and Madura, 2005). This is a tightly- 
and highly-regulated protein degradation pathway in 
which both normal and damaged proteins are degraded. 
One of the proteasome α subunits (PSMA1) and ubiquitin-
conjugating E1 were up-regulated in the DON-treated cells 
(Table 3). Over-expression of these proteins in cells under 
stress conditions were noted before (Chen and Madura, 
2005). Further evidence supporting our result comes from a 
recent study in which DON-treatment was linked to induc-
tion of genes encoding proteins involved in ubiquitination 
(Boddu et al., 2007).

Finally, a Myb-binding protein 1a (MYBBP1A) was iden-
tified that might be involved in DON toxicity. This tran-
scription factor [MW = 160 kDa; predominantly localized 

H2O ERO1-LOX

ERO1-LRed

PDIRed
-S-S-

-SH/SH
PDIOX1/2O2

Figure 4. A scheme illustrating the oxidative protein folding pathway in 
the endoplasmic reticulum (ER) (adapted from Tu and Weissman, 2004). 
DON induced the oxido-reductants, protein disulfide isomerase (PDI), 
and endoplasmic oxido-reductin-1 (ERO1-l) which catalyze this pathway. 
An increase in protein cargo (synthesis) or increase in mis-folded proteins 
(e.g., under oxidative stress) stimulates this pathway.
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in nucleolus (Tavner et al., 1998)], acts as a repressor of 
several transcription factors and activator for others (Jones 
et al., 2002; Fan et al., 2004; Owen et al., 2007). In some 
cells, MYBBP1A is processed into two 67 and 140 kDa prod-
ucts. The treatment of HeLa S3 cell lines with actinomycin 
D or with UV led to processing of MYBBP1A and its trans-
location from the nucleolus to nucleoplasma (Yamauchi 
et al., 2008); these events are induced upon ribosome 
stress. Products formed from MYBBP1A act as repressors 
of transcription factor PGC-1α, critical for mitochondrial 
biogenesis and function (Yamauchi et al., 2008). Because it 
has been shown that MYBBP1A represses PGC-α, a positive 
regulator of mitochondrial oxidative metabolism (Tavner 
et al., 1998; Lin et al., 2005), and because DON impairs 
mitochondrial activity (Minervini et al., 2004), it is likely 
that MYBBP1A contributes to the mechanism of DON 
toxicity.

Furthermore, since DON has been shown to activate 
mitogen-activated protein kinase (MAPKs) (Shifrin and 
Anderson, 1999; Moon and Pestka, 2002; Zhou et al., 2005), 
it is probable this activation occurs via MYBBP1A, as the 
latter has been shown to bind to c-jun (Yamauchi et al., 
2008), thereby forming a bridge between the ribosomal 
site and effectors of the signaling cascade that mediate the 
stress response. This is consistent with the observed DON-
induced phosphorylation of c-jun (Pestka et al., 2004) that 
subsequently triggers downstream signals that lead to the 
described immunotoxic effects of the trichothecene. Taken 
together, this study has shown that DON stimulated the 
expression levels of several proteins in thymoma cells. 
These proteins included key metabolic enzymes, pro-
teins associated with the ubiquitin-proteasome system, 
immune-associated proteins, as well as a known transcrip-
tion factor (MYBBP1A), each of which could play a role in 
the trichothecene mechanism(s) of toxicity.
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