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Abstract

Here, we report the results of proteomic analysis of the mouse thymoma EL4 cell line exposed to bis(tri-n-butylin)
oxide (TBTO), an immunotoxic organotin compound. The objective of the work was to examine whether TBTO
affects the expression of proteins in this cell line and to compare the differentially expressed proteins with the
corresponding mRNA expression data. The identified proteins were quantified using a label-free quantitative
method based on counting the observed peptides as an index of protein abundance. The calculation of the ratio
of peptides obtained from exposed and control samples allowed us to evaluate the effect of TBTO on protein
expression and to compare these results to those obtained in gene expression profiling studies. Correlation of
some of the differentially expressed proteins and their corresponding mRNAs was observed. The analysis of the
protein ratios revealed that 12 proteins were significantly affected. These proteins included cytoskeleton proteins
myosin-9, spectrin beta 2 and plectin 8. The first two proteins were down-regulated 3-fold, whereas the third was
up-regulated 2-fold. Ras-related Rab1, a GTP binding protein and T-complex protein-1 subunit alpha, a chaper-
onin, were decreased 2- and 3.6-fold, respectively. The ribosomal S10 and eukaryotic translation factor (elf4G1),
which are involved in protein synthesis, were down-regulated 2.6- and 3.7-fold, respectively. Also, proteins
involved in splicing of pre-mRNA and in transcription, splicing factor arginine/serine-rich 2 and chromodomain-
helicase-DNA binding protein 4 (Chd4), were decreased 2.6- and 4.5 times, respectively. Nuclear RNA helicase Il
was reduced 2.8-fold. Finally, prothymosin-alpha (ProTa), an essential protein for cell proliferation, and a protein
similar to ProTa, (with a molecular weight and a pl (3.54) comparable to that of ProTa) were also down-regulated
6-and 8-fold, respectively. We propose that the observed down-regulation of the expression level of ProTa in the

TBTO-exposed cells could account for the previously reported anti-proliferative effect of TBTO.

Keywords: EL4 cell line; bis(tri-n-butyltin)oxide; proteomics; anti-proliferative; mechanism; immunotoxicity

Introduction

Bis (tri-n-butyltin)oxide (TBTO) is an organotin compound
that has been used worldwide as a biocide in anti-fouling
paints for ships and wood preservatives (van der Kerk, 1976;
Schrantz, 1990). TBTO has been shown to be an endocrine-
disrupting agent and to produce adverse effects in reproduc-
tive systems in aquatic organisms (Funahashi et al., 1980;
Grote etal., 2004). Moreover, TBTO is known to persistin the
environment with deleterious consequences to marine and
aquatic ecosystems (Takashi et al., 1998). Human exposure

to TBTO occurs mainly through the food chain by consum-
ing fish products (Kannan et al., 1996). Probably, the most
significant TBTO toxicity effect is immunotoxicity (Seinen
and Penninks; 1979; Vos et al., 1984; Snoeij etal., 1987; Boyer,
1989). In rodents, for example, this organotin compound
causes a marked thymus atrophy due to reduction in the
number of cortical thymocytes and this leads to a reduced
immune response (Snoeij et al., 1988; Bressa et al., 1991; De
Wall et al., 1993, 1997), which is manifested through a sup-
pressed: delayed-type hypersensitivity response; infection
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resistance; and, antibody response (Snoij et al., 1987; Boyer,
1989; Bressa et al., 1991; Schuurman et al., 1992). Further,
TBTO can also affect non-specific immune functions such
as macrophage (Vos et al., 1984) and natural killer (NK) cell
activity (van Loveren et al., 1990; Vos et al., 1990; Alouch
etal., 2006).

Although numerous studies have been performed on
TBTO toxicity in different species as well as in vitro systems
and the molecular mechanisms underlying its toxicity have
been investigated, amongst others using DNA microarrays
(Baken et al., 2006; Baken et al., 2007), details of its mecha-
nism of toxicity still remain elusive. For instance, none of
the proposed mechanisms based on indirect effects, such
as metabolic disturbance, stress-induced glucocorticoid
lymphocytolysis, etc., to explain the observed thymus invo-
lution has been considered satisfactory (Raffray and Cohen,
1993). Alternative mechanisms such as apoptosis (Raffray
and Cohen, 1993) and the anti-proliferative effect of TBTO
(Gennari et al; 1997; Vandebriel et al., 1999) have been sug-
gested to account for the triorganotin-induced thymic invo-
lution, but, to date, the molecular events leading to these
processes remain unclear (Raffray and Cohen, 1993; Gennari
etal., 1997; Vandebriel et al., 1999; Baken et al., 2006).

Therefore, in order to get more insightinto the mechanisms
of TBTO toxicity we undertook proteomic analysis of the EL4
thymoma cell line exposed to TBTO and compared quantita-
tively the proteome of TBTO-exposed to non-exposed (con-
trol) cells. The EL4 cell line is known to possess an immature
thymus cell phenotype (Tanaka et al., 1987) and has frequently
been used as a model system for mouse thymocytes in mech-
anistic studies (Li et al., 2000; El-Darahali et al., 2005; Lee
etal., 2008). Protein extracts obtained from both exposed and
control EL4 cells were separated by one-dimensional sodium
dodecyl sulfate polyacrylamide gel electrophoresis. The pro-
tein bands were excised, digested, and the obtained peptides
separated by nanoflow liquid chromatography coupled to
tandem mass spectrometry. The proteins were identified
and quantified by using the observed peptides as an index of
protein abundance. Peptide counting has been successfully
applied for discovery of urinary biomarkers (Pang et al., 2000)
and for monitoring protein expression changes in yeast (Gao
etal., 2003). This peptide counting method was subsequently
applied on large scale by Blondeau et al. (2004). In addition,
it has also been the aim of this work to compare the differen-
tially expressed proteins with the corresponding mRNA data.
The data presented in this study provide new insights into the
mechanisms of TBTO toxicity.

Materials and methods

Chemicals

Sequencing-grade modified trypsin was obtained from
Roche (Mannheim, Germany). DL-dithiothreitol, iodoaceta-
mide and TBTO were purchased from Sigma. Ammonium
bicarbonate was supplied from Fluka. ReproSil-Pur18-AQ3
resin was obtained from Dr. Maisch GmsH, (Ammerbuch,
Germany) and C18 200A-AQ5 was from Phenomenex. The

solvents ethanol absolute and acetonitrile (HPLC grade)
were purchased from Bissolve. The gel for electrophore-
sis (10% NU-PAGE Bis-Tris-gel), Nu-PAGE SDS Running
buffer (20X), Transfer buffer (20X), LDS (lithium dodecyl
sulfate) sample buffer (4X) and Nu-PAGE Antioxidant and
Reducing agent were obtained from Invitrogen Company.
Anti-prothymosin-a rabbit polyclonal IgG (primary anti-
body) and goat anti-rabbit IgG-HRP were purchased from
Santa Cruz Biotechnology. Hypond-P polyvinylidene dif-
luoride (PVDF) membrane, ECL molecular weight markers
and ECL detection reagents were obtained from Amersham
Biosciences, UK.

Cell culture and treatment

EL4 cells were cultured in RPMI 1640 medium supple-
mented with 10% fetal calf serum (FCS) and containing 1%
penicillin (10,000 U/ml) and streptomycin (10,000 pg/ml). A
total of forty milliliters of cell suspension (1x 10° cells /ml)
was divided into two equal parts; half of the cell suspension
(20ml) was used for the TBTO exposure experiment and
the other half for the control. Three independent replicate
experiments were performed. A 1mM TBTO stock solu-
tion was prepared in ethanol and 20 pl of this solution was
added to one of the cell suspension samples so that the final
concentration of TBTO was 1 uM, whereas 20 pl of ethanol
without TBTO was added to the control cells. Subsequently,
cells were incubated at 37°C for 6 hr. Cell viability was evalu-
ated by trypan blue dye exclusion and ranged 85-90% in all
experiments, which was in agreement with a previous report
(Raffray and Cohen, 1991). The cells underwent apoptosis
at concentrations of TBTO higher than 1M and incuba-
tion time longer than 6 hr. EL4 cells were less sensitive than
reported for primary thymocytes to TBTO exposure (Baken
etal., 2007).

Protein extraction

After 6hr of incubation, the cell suspensions were centri-
fuged at 1200rpm at 4°C for 10min. The cell pellets were
washed twice in 20ml of phosphate-buffered saline (PBS)
and centrifuged for 10min. Each of the cell pellets (sample
and control) was suspended in 2ml of 100mM Tris-HCl
(pH 8) containing 5mM EDTA and 1% SDS (sodium dodecyl
sulfate). These cell suspensions were sonicated in 4 cycles
of 10sec, and each 5sec sonication was followed by a 5sec
break. After sonication, the samples were centrifuged at
11,000rpm for 20min at 4°C. The supernatants containing
the protein were then kept at —20°C until use. Protein con-
centrations were determined using the Bradford method
(Bradford, 1976). To get appropriate amounts of protein for
SDS-PAGE electrophoresis, aliquots of the samples were
concentrated by SpeedVac.

SDS-PAGE of protein analysis

For the separation of the proteins by SDS-PAGE, samples
were prepared using NU-PAGE LDS-containing sample
buffer, reduced by adding dithiothreitol 50mM (DTT; final
concentration), and heated at 70°C for 10 min. Seventy p.g
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of the exposed sample and the control were then loaded
onto a 10% Nu-PAGE Bis-Tris-gel. After the gel had been run
at a constant voltage of 160V for 90min, it was stained by
using a Coomassie dye (SimplyBlue SafeStain, following the
instructions of the Invitrogen Company). Briefly, the gel was
rinsed three times with 100 ml deionized water for 5min to
remove SDS and salts. The gel was then stained with 20ml
of SimplyBlue SafeStain for 2 hr. After that, the gel was kept
in deionized water for several hours (maximum; overnight).
Lanes of test and control samples were cut horizontally into
15 bands each. Protein-containing slices were then excised
from the gel, cut into small pieces, and each fraction trans-
ferred into 1.5 ml Eppendorf tubes.

In-gel digestion

Each fraction was destained twice with 150l of 50mM
NH,HCO,/50% ethanol for 25 min., followed by dehydration
twice with 150 pul 100% ethanol. The fractions were reduced
with 10mM DTT and incubated at 37°C for 45min. This
was followed by alkylation with 55mM iodoacetamide and
incubation at 37°C in the dark for 45min. Subsequently, the
fractions were suspended in 100l 100% ethanol to dehy-
drate the gel pieces. After removal of the liquid, the fractions
were air-dried for 15min. The gel was then covered with
30l of trypsin solution (12.5ng/pl) in 50mM ammonium
bicarbonate buffer. Thirty ul of 50mM ammonium bicarbo-
nate buffer was added to each fraction to ensure that the gel
pieces are covered and the fractions were incubated at 37°C
overnight. After 17 hr of incubation, additional 30 pl of 50 mM
ammonium bicarbonate buffer was added to each fraction
and incubated for two more hours. The supernatant of each
fraction was collected into a clean Eppendorf tube and 25 pl
of 50% ethanol containing 5% formic acid was added to each
fraction, mixed and pooled it with the previous one. This lat-
ter step was repeated once. After that, the fractions were dried
in a speed vac. The dried fractions were suspended in 60 ul
100% acetonitrile and dried by using a Speed Vac. Last, each
fraction was dissolved in 20l 2% acetonitrile/10% formic
acid solution. The samples were then kept at —20°C until use.

Nano-LC/MS/MS analysis

The digested fractions were analyzed by a nano-LC/MS/MS
system consisting of an Agilent 1100 Series LC set up (vac-
uum degasser, autosampler and one high pressure-mixing
binary pump without static mixer) coupled to a LCQ Deca
Quadruple Ton Trap mass spectrometer (Thermo Finnigan,
San Jose, CA) as described by Meiring, et al. (2002). Briefly,
5wl peptide solution was delivered to a trap column (Aqua
C18 [Phenomenex]; 1=15mm-100 pm ID, packed in-house)
at 5pl/min of 100% Solvent A (0.1M acetic acid). After
decreasing the flow to approximately 150nl/min by a split-
ter, the peptides were transferred to the analytical column
(Reprosil C18RP, Dr. Maisch GmbH (1=20cm, 50 pm ID,
packed in- house) with a linear gradient from 0-100% Solvent
B (0.1 M acetic acid in 80% acetonitrile) in 40 min. The 100%
Solvent B was maintained for 5min., followed by decreasing
Solvent B to 0% in 0.1 min, and washing and re-equilibrating

the system at 100% Solvent A for 10min. The column elu-
ent was sprayed directly into the ESI source of the mass
spectrometer via a butt-connected nano-ESI emitter (New
Objective). 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 tandem spectra of the three most
intense precursor ions present in the MS scan. The capillary
voltage was 1.9kV and the capillary temperature was 200°C.
The following settings were used: repeat count was set at 1,
repeat duration was set at a 0.25, exclusion list size was set at
50 and the exclusion duration was set at 0.5 min.

Database searches

All MS/MS data were analyzed 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 (carbamiodomethylation) residues. The pep-
tide and fragment mass tolerance were set at 1.4 and 1Da,
respectively. Trypsin was used for protein digestion and
two missed cleavages were allowed. For protein identifica-
tion acceptance, the following filtering criteria were used: a
Delta Cn (ACn) was set to 0.1 SEQUEST X _vs. charge state
(X,,,=2forz=1,X =1.5forz=2and 3.3 forz=3 and a pep-
tide probability score<0.01. Protein identification was also
based on at least two different peptides. Spectra that did not
satisfy these requirements were not considered. The total of
identified proteins was obtained by combining the identi-
fied proteins of both the samples and the controls.

Western blot analysis

Equal amounts of protein extracts obtained from both
TBTO-exposed and control cells were subjected to 10% SDS-
PAGE separation (see SDS-page protein analysis), followed
by electrotransfer of the proteins Hybond-P polyvinylidene
difluoride (PVDF) membrane at 25V for 90 min. The transfer
buffer contained 0.1% Nu-page Antioxidant. The membrane
was blocked with a solution of 5% non-fat milk powder
in PBS, (containing 0.2% Tween) and probed with rabbit
anti-prothymosin-a antibody (1 pg/ml) in 5% non-fat milk
powder/PBS buffer containing 0.2% Tween. Detection was
performed by using goat anti-rabbit IgG conjugated with
horseradish peroxidase and ECL Western blotting detection
reagents (Amersham Pharmacia).

RNA isolation

After exposure of EL4 cells to TBTO for 6 hr, total RNA of both
TBTO-treated and the control cellswere isolated as described
before (Baken et al., 2007) and analyzed using Agilent 44K
mouse oligo arrays according to Heneweer et al. (2007).

Results

Separation of proteins by 1-D-SDS-PAGE

After the separation of the proteins extracted from both the
TBTO-exposed and the control EL4 cells by one-dimensional
SDS-PAGE electrophoresis, the protein bands of both
treated sample and control were divided into 15 fractions
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and digested with trypsin (data not shown). Subsequently,
the peptides obtained from this proteolysis were subjected
to nano-LC/MS/MS analysis (Figure 1). Protein concentra-
tion was found to be 20% (mean value) less in the TBTO-
exposed samples compared to that of the controls (data not
reported), suggesting that TBTO inhibits protein synthesis in
agreement with an earlier report (Raffray et al., 1993)

Protein identification
The combination of the results of TBTO exposed and the
control samples led to the identification of 822 proteins
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from the EL4 cells. A complete list of the proteins identified
is available in Supplementary Table (S1). As reported in
Figure 2, 450 of the identified proteins were found in both
TBTO-exposed and the control samples. The proteins identi-
fied in at least of one the exposed triplicates but not in the
controls numbered 105 (Figure 2), whereas those detected in
atleast one of the controls (but not in any of the treated sam-
ples) were 267 (Figure 2). To evaluate whether TBTO affects
the protein expression level, the relative protein abundance
in both the exposed and the control cells was determined,
using a free-label quantitative method based on counting
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Figure 1. An illustration of nano-LC/MS/MS analysis of tryptic peptides obtained from TBTO-treated cells. (A) Total ion chromatogram; (B) Tandem

mass spectra of the peak at retention time 28.58 min.
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the observed peptide hits. It has been previously shown
that there is a correlation between the number of peptides
sequenced and the amount of protein present in a sample
(Rappsilber et al., 2002).

Recently, ithas been shown that this correlation between
protein abundance and peptide hit is logarithmic (Gao
et al., 2006). This label-free peptide hit technique has been
successfully applied for discovery of urinary biomarkers
(Pang et al., 2002) and for monitoring protein expression
changes in yeast (Gao et al., 2003). Thus, we calculated the
ratio of the peptides of the TBTO-treated cells to the con-
trol cells, which reflect the proteins present in the cells. If
a protein was absent, for example, in a control run while
present in the corresponding exposed sample, a value of
one peptide was assumed for that protein in the control.
The same assumption was made if a given a protein was
present in a control but was absent in the corresponding
exposed sample.

500

400 4

300 4

200 4

Proteins Identified

100 4

Control Both TBTO

Figure 2. Number of identified proteins common for control and TBTO-

exposed sample, as well as the number proteins detected in either the
control or TBTO-exposed cells.

Table 1. Proteins altered upon exposure to TBTO.

Proteins altered by the exposure of EL4 cell line to TBTO
To attribute a specific effect of TBTO on protein expression
levels certain criteria were applied. First, a change of 1.5-fold
or greater in the protein expression level was considered
relevant. Second, this effect on the protein had to be con-
sistent in all three independent experiments. Thus, a protein
affected in two experiments but not in the third experiment
was considered unaltered. As shown in Table 1, we found
that 12 proteins fulfilled these criteria and were considered
affected by the exposure of EL4 cells to TBTO. Some of these
proteins are involved in cell architecture and stability such
as myosin-9, spectrin-beta 2; and plectin-8. The former two
proteins were down regulated 3-fold (mean value), whereas
the third was up regulated 2-fold. Proteins involved in protein
synthesis were also affected. Both ribosomal protein S10 and
isoform 1 of eukaryotic translation initiation factor 4 gamma
(eIfAG1) were down regulated 2.6- and 3.7-fold, respectively.
Ras-related Rab-1, a protein that belongs to a small GTP-
binding family of proteins and which is involved in cell pro-
tein trafficking and endocytosis (Nuoffer et al., 1994; Pind
et al., 1994; Filipeanu et al., 2004) was increased 2-fold.
Furthermore, TBTO altered proteins involved in splicing
pre-mRNA and in transcriptional machinery. The splicing
factorarginine/serine-rich-2wasdecreased2.6-fold, whereas
chromodomain-helicase-DNA-binding protein 4 was down-
regulated 4.5-fold. The latter is a part of a protein complex
known as the nucleosome remodeling and deacetylating
(NRD) complex (Tong et al., 1998; Thompson et al., 2003).
Nucleolar RNA helicase II, a nucleolar protein implicated
in the biogenesis of ribosomal RNA (Yang et al., 2003), was
reduced 2.8-fold. Another protein that was altered by the
exposure of EL4 cells to TBTO is the chaperonin T-complex
protein-1 subunit alpha A, which is localized in the centro-
mere and which is believed to be important for microtubule
growth (Yoo et al., 2001). This TCP-1 was down-regulated
3.6 times. Finally, prothymosin-alpha (ProTa), a protein that
is thought to play an important role in the regulation of cell

Accession Number Protein Name P (pro) Sfscore XC M, (Da) Peptides®
IP100112448.1 40S ribosomal S10 1.26E-07 1.884887 20.1931 18915.6 6
1P10012318.2 myosin-9 2.22E-14 11.84001 132.2659 226223.5 37
IP100381239.3 plectin-8 3.21E-07 10.26928 128.222 517327.5 14
IP1 00224784.3 Prothymosin alpha (ProTa) 3.42E-08 3.85521 40.23136 12122.82 7
IP100671411.1 Predicted: similar to ProTa 3.35E-08 3.638016 32.17696 11064.82
IP100114560.4 Ras-related protein Rabl 2.55E-07 2.14366 30.2248 22546.41
IP100121892.7 spectrin beta 2 3.02E-06 1.926793 20.21993 251181.6 14
IPI 00396802.1 Chromodomain helicase DNA Binding 3.23E-07 2.8445776 30.23672 217748.4 6
protein 4

IP100120691.3 Nuclear RNA helicase II 0.000441 2.563277 36.14079 93581.66 5
IP100121135.4 Splicing factor arginine/serine rich 2 7.43E-12 1.896528 20.22739 25344.99 3
IP100118678.1 T-complex 1 subunit alpha A 7.6E-07 1.652765 30.17544 60340.25 3
IPI100421179.1 Isoform 1 of eukaryotic translation 4.35E-11 7.382142 104.2432 93581.66 11

initiation factor 4 gamma 1

aDifferent peptides identified.

A change of 1.5-fold or greater in protein expression level and consistency in the direction of this change for a protein in all three replicate experiments
were applied as criteria for attributing a specific effect to TBTO on protein expression. Pro designates the probability that a protein’s identification has
come about by chance. The parameter Sf (final score) indicates how good the protein match is. XC (X-correlation) indicates how well the experimental

mass spectrum matches the theoretical spectrum generated in silico.
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Table 2. TBTO-altered protein-fold changes
corresponding mRNA ratio.

compared to the

Gene Protein-fold
symbol Protein Name change (+ SD) mRNA ratio
RPS10 40S ribosomal S10 0.38+0.05 0.715
Myh9 myosin-9 0.33+£0.11 0.787
Plectinl  plectin 8 2.20£0.37 0.770
Ptma Prothymosin-alpha (ProTa) 0.13+0.03 0.669
N/A® Predicted: similar to ProTa 0.16+0.01 N/A
Rabl Ras-related protein Rabl 2.20+0.51 0.769
Spnb2 spectrin beta 2 0.36+0.09 0.792
Chd4 Chromodomain helicase 0.22+0.05 0.424
DNA Binding protein 4
Ddx21 Nuclear RNA helicase II 0.36+0.13 0.519
Sfrs2 Splicing factor arginine/ 0.39+0.10 0.557
serine rich 2
Tcpl T-complex 1 subunit alpha A 0.28+0.05 0.785
Eifagl Isoform 1 of eukaryotic 0.27+0.16 0.615

translation initiation factor 4
gamma 1

N/A? This newly identified protein has not gene symbol.

Comparison of the fold changes of the differentially expressed proteins
with their corresponding mRNA expression data. The fold changes
of each protein level is the average value of the ratios of the peptides
identified for the same protein in control and exposed samples of triplicate
experiments (+ SD).

proliferation, was also affected by TBTO. This protein was
down regulated 6-fold (Table 2). Interestingly, a small acidic
protein (predicted: similar to ProTa, LOC622152), which
shares 48.2% similarity in sequence and both a pI (3.54) and
molecular weight that is comparable to ProTa (Table 1), was
identified in this study.

Thesequence ofthis proteinhasbeen predicted by compu-
tational analysis of mouse genomicsequence (Griffiths-Jones
etal., 2006) but to the best of our knowledge no experimental
evidence for its identification from mouse tissues has been
reported. This protein has eight amino acids less than ProTa
and has the following primary structure (Griffiths-Jones etal.,
2006): Met-Ser-Glu-Ala-Ala-Val-Asp-Thr-Ser-Ser-Glu-Glu-
Lys-Lys-Glu-Val-Val-Glu-Glu-Ala-Glu-Ser-Gly-Arg-Asp-Ala-
Pro-Ala-Asn-Ala-Asn-Ala-GIn-Asn-Glu-Lys-Asn-Gly-Glu-
GlIn-Glu-Ala-Asp-Asn-Glu-Val-Asp-Glu-Glu-Glu-Glu-Glu-
Gly-Gly-Gly-Glu-Glu-Glu-Glu-Glu-Gly-Asp-Gly-Glu-Glu-
Glu-Asp-Gly-Asp-Asp-Asp-Glu-Glu-Ala-Glu-Ala-Pro-Thr-
Gly-Lys-Arg-Val-Ala-Glu-Asn-Asp-Glu-Asp-Asp-Asp-Val-
Asp-Thr-Lys-Lys-GIn-Lys-Thr-Glu-Glu-Asp-Ala-OH.  Like
ProTa (Haritos et al., 1987), this protein does not contain
aromatic amino acids, butis rich (43%) in acidic amino acids
(glutamic and aspartic acids). This protein was also down-
regulated 8-fold.

To further substantiate the observed down-regulation of
prothymosin « in the TBTO-exposed cells compared to the
control cells, we did Western blot on extracts obtained from
both TBTO-treated and non-treated samples (Figure 2). The
Western blot analysis revealed a band present in both sam-
ples. The intensity of the band in the TBTO-treated sample
was lower than that in the control though the molecular
weight of the observed band (circa 31 kDa) was greater than
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Figure 3. Protein extracts of TBTO-treated and non-treated cells (70 pug
each; obtained as described in Materials and Methods) were separated
by 10% SDS-PAGE, transferred onto Hybond-P PVDF membrane, and
probed with rabbit anti-prothymosin-a polyclonal IgG. Detection was
performed using goat anti-rabbit IgG conjugated with horseradish per-
oxidase and ECL Western blotting detection reagents. The numbers on
the left indicate the molecular weights of the ECL markers.

the predicted molecular weight of prothymosin «, suggest-
ing the formation of a complex between ProTa with another
protein that consequently retarded its migration (Figure 3).
A specific interaction of ProTa with the basic histone H1
in vitro was previously reported (Papamarcaki and Tsolas,
1994; Karetsou et al., 1998). Alternatively, the observed band
may be an oligomeric form of ProTa, since previous studies
showed that proTa exhibits anomalous behavior on SDS-
electrophoresis, forming oligomers even under denaturing
and reducing conditions (Palvimo and Linnala-Kankkunen,
1990; Codero et al., 1992).

In addition, the ratios determined for the
differentially-expressed proteins were compared with mRNA
data obtained from DNA microarray analysis of BTO-treated
EL4 cells. There was an agreement between the changes
of most of the differentially expressed proteins and their
corresponding mRNA levels (Table 2). For instance, of the
12 proteins altered by TBTO, the mRNA levels of only Plectin
and Rabl were inconsistent with the observed up-regula-
tion of the corresponding proteins (Table 2). The observed
down-regulation of the other altered proteins, excluding the
protein which had no gene annotation but was predicted
similar to ProTa, was in accord with the decrease of their
corresponding mRNA levels (Table 2). Thus, it seems that
the down-regulation of these proteins by TBTO reflects the
down-regulation of their corresponding mRNA levels.

Discussion

To our knowledge, this communication is the first report
that has addressed the proteomic analysis of the EL4 cell
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line exposed to TBTO, an immunotoxicant and environ-
mental pollutant. Our results show that TBTO affected only
12 proteins and that the changes observed for these proteins
were reproducible (Table 2). We cannot, however, exclude
that other proteins might have been affected by TBTO which
were either not detectable in our experimental conditions or
have not fulfilled the required criteria. The altered proteins
include cytoskeleton proteins such as myosin-9, spectrin-f3,
and plectin 8. The decrease in the relative abundance of
both myosin-9 and spectrin 3 may be due to reduction in
their expression level by TBTO, but can also be due to their
degradation or both. It is known that TBTO causes oxidative
stress in cells (Gennari et al., 2000) and therefore radicals
could be formed which might degrade these proteins. This
would be in agreement with previous studies in which both
myosin (Aragno et al., 2006) and spectrin B (Beneke et al.,
2005) bands were shown to decrease under oxidative stress
conditions. This result is also consistent with previous obser-
vations that reported triorganotin-induced cytoskeleton
modifications in rat thymocytes (Chow and Orrenius, 1994)
and human neutrophils (Marinovich et al., 1990). In con-
trast, plectin 8, a versatile high molecular weight (>500,000)
cytolinker, was up-regulated 2-fold.

Plectin plays a role not only as an anchorage protein of
the structure of intermediate filaments (Ifs) (Svitkina et al.,
1996), but it also acts as a scaffolding platform of proteins
involved in cellular signaling (Osmanagic-Myers and
Wiche, 2004). It was also demonstrated before that plec-
tin is inducible and that it is involved in anti-proliferative
pathways (Palmer et al., 2003). Another protein that was
affected by TBTO is T-complex protein-1 (Table 2), a chap-
eronin that is involved in microtubule growth (Tong et al.,
1998). Because microtubules are important for cell cycle,
the expression level of this protein could be critical for both
mitosis and meiosis (Yoo et al., 2001). Earlier study associ-
ated the expression level of TCP-1 with the arrest of Down
Syndrome (DS) neuron cells at the G,/M transition before
the cells undergo apoptosis (Nagy, 1999). More recently, a
decrease of TCP-1 level in Down syndrome parietal cortex
was reported, and the Authors proposed that this reduc-
tion of the protein level may lead to arrest of cells at G,/M
transition (Yoo et al., 2001). This would be in accord with a
previous report in which organotin compounds have been
shown to inhibit both spindle formation and microtubule
assembly (Jensen et al., 1991).

Furthermore, TBTO down-regulated ribosomal S10 and
Isoform 1 eukaryotic translation factor 4 gamma-1 (eIf4G1).
Both proteins play an important role in protein translation.
The ribosomal S10 has been shown to interact with initia-
tion factor 3 at the beginning of the translation (Pei, 1999),
whereas elf4G is known to form a crucial link between
ribosome and mRNA thereby controlling the translational
process (Hentze, 1997). The decrease of these proteins in
the exposed cells suggests that TBTO could affect the rate
of protein synthesis at the translation level. This is in accord
with the observed decrease of protein yield in the TBTO-
exposed cells. TBTO also down-regulated RNA helicase II,

a nucleolar protein that has been implicated in the biogen-
esis of ribosomal RNA (rRNA) (Yang et al., 2003). Evidence
has been earlier presented for the depletion of 18 and 28 S
rRNAswhennucleolarRNAhelicase Ilin Xenopusoocyte was
down-regulated (Yang et al., 2003). Moreover, the observed
down-regulation of both the splicing factor arginine/serine-
rich 2 and the chromodomain-helicase-DNA binding pro-
tein 4 (Chd4) (Table 2) that which are involved in the splic-
ing of pre-mRNA and the deacetylation of histones in the
chromatin structure, respectively, indicates that TBTO may
affect both the mRNA splicing and the transcription proc-
esses. It is known that changes in the chromatin structure,
for example acetylation and deacetylation of nucleosomes,
could modify the accessibility of the DNA to transcriptional
machinery (Thompson et al., 2003). While the acetylation
of lysine residues on the histones decreases the affin-
ity between DNA and histones allowing transcription to
occur, the deacetylation reaction catalyzed by proteins like
chromodomain-helicase-DNA binding protein 4 increases
the affinity between the histones and DNA, inhibiting the
transcription process (Thompson et al., 2003).

Prothymosin-alpha (ProTa), an essential protein associ-
ated with cell proliferation (Sburlati et al., 1991; Evstafieva
et al., 2000), was also significantly down-regulated (Table 2)
in the cell line exposed to TBTO. A down-regulation of the
ProTa gene by TBTO was also observed in rat primary thy-
mocytes (Baken, personal communication). The Western
blot analysis result lends support to the observed down-
regulation of ProTa in the TBTO-exposed cells (Figure 3)
though further study is required to shed light on whether
ProTa selectively binds with another protein, or forms an oli-
gomer on SDS-PAGE electrophoresis as previously reported
(Palvimo and Linnala-Kankkunen, 1990; Codero et al., 1992)
This small nuclear protein (M =12122Da) is found in all
mammalian tissues (Evstafieva et al., 2000).

Several lines of evidence (Sburlati et al., 1991; Evstafieva
et al., 2000) support that ProTa is involved in cell prolif-
eration: First, ProTa is abundant in proliferating tissues,
especially in cancer cells. Second, over-expression of the
protein in HL-60 cells stimulated the cells to undergo cell
division. Third, treatment of human myeloma cells with
ProTa anti-sense oligonucleotides inhibited cell division.
The down-regulation of ProTa reported in this study sug-
gests a possible mechanism for the anti-proliferative effect
of TBTO. This down-regulation of proTa may also play a
role in the oxidative stress induced by TBTO since this pro-
tein has been shown to bind to Keap1, displacing Nrf2 from
keapl and therefore up-regulating Nrf2-mediated antioxi-
dant gene expression (Karapetian et al., 2005).

While the over-expression of ProTa stimulates cell prolif-
eration, this protein is also a negative regulator of apoptosis
since it inhibits the formation of apoptosome complex and
consequently blocks the caspase activation pathway (Barbini
et al., 2006). The TBTO-induced down-regulation of ProTa
presented here may explain the intriguing question regard-
ing the mechanism of organotin-induced caspase activation
reported in the literature (Stridh et al., 1999). Recent findings
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suggest that both the expression level of ProTa and its locali-
zation in the subcellular compartments may be important
in determining its role in cell activities, i.e., proliferation
versus apoptosis (Barbini et al., 2006). Further, we identified
a small acidic protein (Predicted: ProTa) with comparable
molecular weight to ProTa and, which like ProTa, was also
significantly down-regulated (Table 2). Although the func-
tion of this latter protein remains yet to be defined, due to
similarity, in molecular weight, sequence and susceptibility
to TBTO, with ProTq, this protein may also be involved in
cell proliferation.

However, there is strong evidence that, in addition to cell
proliferation, ProTa and other thymic peptides, including
thymosin-al, a proteolytic degradation product of ProTa
(Ajit and Saki, 2002), exert immunomodulating functions.
For instance, in vitro studies have shown that ProTa exerts
immunostimulating effects on various cell types, includ-
ing NK cells, T-lymphocytes, granulocytes, and monocytes
(Cordero et al., 1990, 1992; Garbin et al., 1994; Wykretowicz
et al., 1994; Gast et al., 1995). It was also shown that ProTa
increased NK and LAK-cell cytotoxicity against various
tumor cells and enhanced cytokine production (Eckert
et al., 1995, 1997; Garbin et al., 1997; Griinberg et al., 1997).
These conclusions are in line with the mechanism proposed
in the present study in which TBTO, by down-regulating the
expression level of ProTa, suppresses the immune response
rather than stimulating it.

Finally, a correlation was found between the expression
levels of most of the TBTO-affected proteins and their cor-
responding mRNA expression ratios (Table 2). The observed
down-regulation for most of the proteins affected by TBTO
is paralleled by a decrease in the level of their corresponding
mRNA levels (Table 2). Discordance between protein and
mRNA ratios was observed only for two of the affected pro-
teins (Plectin 8 and Rab1la). Inconsistencies between protein
and mRNA ratios have previously been reported in several
studies (Li et al., 2003). Possible explanations for these
inconsistencies have been suggested (Li et al., 2003 and the
references therein].

In conclusion, we have shown that the exposure of EL4
cells to TBTO resulted in the down-regulation of proteins
involved in cell stability, transcription, splicing of pre-mRNA,
formation of ribosomal RNA, and protein translation. TBTO
also down-regulated proteins associated with proliferation
of cells and cell cycle. Together, our results show that TBTO
could affect both the rates of transcription and protein trans-
lation. The down-regulation of ProTa observed in this study
suggests a plausible molecular mechanism underlying the
well documented anti-proliferative and apoptosis effects
of TBTO.
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