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Summary 

 
The well-known glutathione transferases (GSTs) mainly function as antioxidant enzymes to detoxify 
xenobiotics in the organism. Human glutathione transferase A3-3 (hGST A3-3), a cytosolic GST 
enzyme, is recently believed to most efficiently catalyze obligatory ∆5-∆4- steroid isomerizations 
indispensable for both testosterone and progesterone biosynthesis. Among human Alpha class GSTs, 
only the pre-mRNA of human glutathione transferase A3-3 gene (hGSTA3) undergoes alternative 
splicing (hGSTA3 indicates a gene, while hGST A3-3 denotes a functional enzyme that is active in 
dimeric form). The splice variants are co-expressed with the full length transcript in steroidogenic 
tissues, but the proportion of these RNA species diverse.  
 
This project consisted of an investigation of the sequences of 3’- and 5’-untranslated regions (UTRs), 
splice sites and protein expression of the hGST A3-3 variants, to clarify their physiological effects on 
steroid biosynthesis and their potential roles in hormone-related diseases. The rapid amplification of 
cDNA ends (RACE), touchdown and nested PCR and cloning were exploited to study the unknown 
sequences in the 3’- and 5’-end of the cDNA of the variants and their splice sites. The possibility of 
translation of the variants in forskolin-treated steroidogenic cells was investigated using cell culture 
and Western blots. Forskolin participates in intracellular signalling and affects biosynthesis of 
steroidogenic enzymes. 
 
Three splice variants of hGST A3-3 were detected, differing from previously known hGST A3-3 
mRNA: variant I lacked exon 3; variant II lacked exons 3 and 4 and recognized an alternative 
polyadenylation signal during transcription; variant III lacked exons 2 and 3 using an alternative 
transcriptional start site. The Western blot analysis of hGST A3-3 and the potential proteins of its 
variants in the adrenocortical cell line showed that after both 12 h and 24 h forskolin treatment, two 
proteins (19.7 kDa and 16.8 kDa) could be the translation products of the two splice variants III and II, 
respectively. Forskolin affected the 19.7 kDa and 16.8 kDa expression time-dependently, and the 
expression was enhanced in cells treated for 24 h.  
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Introduction 

 
Glutathione transferases 
Glutathione transferases (GSTs) constitute a superfamily of antioxidant enzymes that catalyze the 
nucleophilic attack of the tripeptide glutathione (γ-Glu-Cys-Gly) on nonpolar compounds 
(Raffalli-Mathieu & Mannervik, 2005). They participate in the primary cellular defense mechanism 
mediating detoxification and bioactivation of electrophilic xenobiotics, such as chemical carcinogens, 
environmental pollutants and antitumor agents in the organism, and facilitate their elimination (Hayes 
et al, 2005). Endogenous secondary metabolites formed during oxidative stress, for example, 
hydroperoxides from oxidated nucleotides and peroxides of polyunsaturated fatty acids within 
membranes, can be inactivated by GSTs (Hayes et al, 2005). This indicates that GSTs, along with other 
antioxidant enzymes, protect cells against a range of deleterious electrophiles produced during 
oxidative damages. GSTs also intimately contribute to the degradation of aromatic amino acids, 
biosynthesis or reduction of eicosanoids, modulation of signaling pathways and synthesis of steroid 
hormones (Hayes et al. 2005). 
 
GSTs include three subgroups: the cytosolic and mitochondrial GST (both soluble enzymes), 
microsomal GST and the bacterial fosfomycin-resistant proteins FosA and FosB. Mammalian cytosolic 
GSTs are divided into Alpha (A), Mu (M), Pi (P), Theta (T), Sigma (S), Zeta (Z) and Omega (O) 
subclasses based on amino acid sequence similarities (Hayes et al. 2005). In humans, at least 16 
cytosolic GST isoforms exist. These cytosolic human GSTs exhibit genetic polymorphisms and their 
allelic variants can enhance susceptibility to inflammatory disease and carcinogenesis (Hayes et al. 
2005).  
 
Human glutathione transferase A3-3 
The GSTs bind to their structurally diverse substrates because of the variations of the amino acid 
residues in the electrophilic substrate-binding site among different isoenzymes. Human glutathione 
transferase A3-3 (hGST A3-3), a cytosolic GST enzyme, is currently known to be the most efficient 
steroid isomerase that catalyzes obligatory double-bond isomerizations of ∆5-androstene-3,17-dione 
and ∆5-pregnene-3,20-dione precursors to ∆4-androstene-3,17-dione (the direct precursor of 
testosterone) and progesterone respectively (Figure 1) (Raffalli-Mathieu & Mannervik 2005 and 
Johansson & Mannervik 2001). Tributyltin acetate, triethyltin bromide and ethacrynic acid that are 
considered to efficiently inhibit GST-catalyzed reactions (Henry et al. 1976, Yalçin et al. 1983 and 
Mannervik & Danielson 1988) cause a dramatic decrease of the ∆5-∆4 conversion in steroidogenic cell 
lysates (Raffalli-Mathieu et al. 2008). Interfering RNAs targeting hGST A3-3 mRNA down-regulate 
the progesterone production stimulated by forskolin in the human placental cell line JEG-3 
(Raffalli-Mathieu et al. 2008). Furthermore, it has been shown that hGST A3-3 is expressed selectively 
in tissues characterized by active steroid hormone biosynthesis in human, i.e. ovary, testis, placenta and 
adrenal gland (Raffalli-Mathieu & Mannervik 2005, Johansson & Mannervik 2001 and Morel et al. 
2002). Thus, this soluble steroid isomerase may have an essential effect on organismal physiology, 
which could be of interest to toxicologists and pharmacologists studying steroid-dependent diseases.  
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Fig.1 The biosynthetic pathways of testosterone and progesterone. Human glutathione transferase A3-3 efficiently catalyzes 
the obligatory ∆5-∆4 isomerization of the 3-ketosteroids in steroidogenic cells. (“∆ “indicates the site of the double bond) 
 

 
Human glutathione transferase A3-3 gene 
The human glutathione transferase A3-3 gene (hGSTA3) (hGST A3-3 indicates only two bound GSTA3 
polypeptides have activity, and they are encoded from the same gene), consisting of seven exons, is 
localized in the GST Alpha gene locus on chromosome 6. The pre-mRNA spans approximate 13 kb; 
after processing, the mRNA is composed of 907 nucleotides among which 669 are responsible for 
encoding 222 amino acids resulting in a peptide of 25.3 kDa. The hGST A3-3 enzyme is active in 
dimeric form, meaning that only two monomers bound together are catalytically active (figure 2). 
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Fig.2 Human glutathione transferase A3 gene (hGSTA3), transcript and protein. Structure of the hGSTA3 pre-mRNA, 
mRNA and protein. The vertical and horizontal lines indicate seven exons and six introns of the pre-mRNA, respectively. 
(UTR: untranslated region)  

 

HGSTA3 has more than 91% nucleotide sequence identity to hGSTA1 and hGSTA2 (Board, 1998), 
resulting in only 20 and 25 out of 222 amino acids (including the initiator methionine) being different 
from hGST A1-1 and hGST A2-2 respectively (the same as hGST A3-3, both hGST A1-1 and hGST 
A2-2 are functional in dimeric form, and the two monomers are encoded from the gene hGSTA1 or 
hGSTA2). However, these small structural differences in human Alpha class GSTs give rise to distinct 
diversity in catalytic efficiency and substrate specificity, in which hGST A1-1 is 10-fold less active to 
∆

5-androstene-3,17-dione than hGST A3-3, and the activity of hGST A2-2 is even much lower 
(Raffalli-Mathieu et al. 2008). 
 
Most interestingly, among human Alpha class GSTs, only the hGST A3-3 pre-mRNA is subject to 
alternative splicing. Three splice variants have already been reported (Raffalli-Mathieu et al. 2005). 
Variant A lacks exon 3, causing a +1 frame shift. B lacks both exons 1 and 2 and contains an additional 
26 nucleotides adjacent to the 5’ end of exon 3 (Raffalli-Mathieu et al. 2005). These 26 nucleotides are 
transcribed from exon 1 on chromosome 6 and the variant probably lacks only exon 2 (Françoise 
Raffalli-Mathieu, personal communication). The whole coding sequences of variant B remain to be 
investigated. C lacks exons 2 and 3. However, whole sequences of these variant transcripts are unclear. 
The start codon used in the full length hGSTA3 is located in exon 2, hence, both variants 2 and 3 must 
pick another one(s) for their translation. 
 
The splice variants are co-expressed with the full-length hGSTA3 transcript in the tissues mentioned 
above, but the proportions of these RNA species vary among different tissues and certain seem to be 
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expressed at even higher levels than the full-length hGSTA3 mRNA (Morel et al. 2002). The hGST 
A3-3 mRNA and its variants A and C can be detected by reverse transcription-polymerase chain 
reaction (RT-PCR) in testis, placenta, adrenal gland, lung, stomach, trachea and mammary gland 
(Morel et al. 2002). Evidence of protein expression from the variants in both prokaryotic and 
eukaryotic cells has not been described.  
 
Studying the characterization of hGST A3-3 splice variants at mRNA and protein levels will aid in 
unfolding the physiological functions of the variants and their potential roles in steroid biosynthesis, 
organ development as well as hormone-related diseases, such as breast cancer and prostate cancer. 

 
Forskolin 
Forskolin is universally used in dissecting intracellular signalling pathways, because it can activate the 
adenylyl cyclase that increases the intracellular levels of cyclic adenosine monophosphate (cAMP) 
transferring extracellular signals to intracellular effectors. Forskolin stimulates steroidogenesis via 
cAMP (Nishi et al. 2001, Laurenza et al. 1989 and Rainey et al. 1993). The mRNA expression of nine 
key genes related to the adrenal steroidogenic pathway was enhanced in the adrenocortical cell line 
H295R exposed to 10 µM forskolin for 72 h, except SULT2A1 (Oskarsson et al. 2006). 24 h exposure 
to 10 µM forskolin resulted in elevated expression of hGST A3-3 mRNA as well as its splice variants 
in the placental cell line JEG-3, and the treatment increased progesterone production, but other human 
Alpha class GSTs were undetectable by RT-PCR in both control (0.1% DMSO) and forskolin-treated 
cells, except very small amount of hGST A4-4 (Raffalli-Mathieu et al. 2008).  
 
AU-rich element 
The adenylate-uridylate (AU) rich element (ARE), usually located in the 3'-untranslated region 
(3’-UTR), is a ~50 bp region with frequent A and U bases in a mRNA (Lewin, 2004). These elements 
are targets of many ARE-binding proteins for degradation or stabilization of the mRNA (Barreau et al. 
2006, Shaw & Kamen 1986 and Bolognani & Perrone-Bizzozero 2008) and some microRNAs 
(miRNAs) for down-regulation of gene expression (Bolognani & Perrone-Bizzozero 2008). ARE 
sequences are diverse, but the pentanucleotide (AUUUA) is a characteristic sequence within it. Its 
repeated occurrence indicates the mRNA is unstable (Lewin, 2004, Barreau et al. 2006 and Shaw & 
Kamen 1986). Other AREs possess more than one overlapping copy of the nonamer 
UUAUUUA(U/A)(U/A) (Bolognani & Perrone-Bizzozero 2008) and some lack the typical AUUUA 
pentanucleotide but contain U-rich sequences (Chen & Shyu, 1995). 
  
Kozak sequence 
A Kozak sequence, RccAUGG, is a consensus sequence found at translation initiation sites in 
eukaryotic mRNA, where AUG is the start codon and R, three bases upstream of the start codon, 
denotes a purine (adenine or guanine) and another 'G' more probably just follows the start codon 
(Kozak, 1987). The ribosome usually chooses a Kozak sequence as the start site for protein translation. 

 

5’- and 3’-rapid amplification of cDNA end 
Rapid amplification of cDNA ends (RACE) is an altered reverse transcription-polymerase chain 
reaction (RT-PCR) designed to amplify the unknown cDNA sequence corresponding to the 5’ or 3’ end 
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of the mRNA (Promega). In classical RT-PCR, the RNA strand can be reverse transcribed into its 
complementary DNA (cDNA) which is then amplified by PCR using specific primers. However, with 
the aid of SMART technology, the corresponding full-length cDNA can be generated (principle shown 
in figure 3) (Clontech Laboratories, protocol No. PT3269-1).  

 

 
 
Fig.3 Mechanism of SMART™ cDNA synthesis. When the reverse transcriptase reaches the end of the mRNA, it 
adds several dC residues in the 3' end of the cDNA, where the SMART II A oligo (blue line) containing a terminal 
stretch of G residues anneals. Then, this oligo serves as the extend template for the reverse transcriptase, resulting in 
synthesis of a short DNA fragment (pink line), the sequence of which is complementary to the supplied universal 
primer mix and the nested universal primer that are used in PCR (modified from Clontech Laboratories, protocol No. 
PT3269-1). 

 

Following reverse transcription, PCR is employed to amplify the cDNA sequences. Touchdown PCR is 
preferable as it can improve specificity of SMART RACE amplification, compared with classical PCR. 
A gene-specific primer with high Tm and two supplied universal primers are added in each PCR 
reaction (figure 4). The principle is that a higher annealing temperature is provided during the initial 
PCR cycles, so that only the high-Tm gene-specific primer (GSP) can bind, which secures a relatively 
large amount of accumulation of gene-specific product. The annealing temperature is then lowered so 
that the universal primers can bind, resulting in exponential amplification of the gene-specific template 
(Clontech Laboratories, protocol No. PT3269-1).  
 
Nested PCR should be selected when the level of background or nonspecific amplification in 3’-or 
5’-RACE is high after a primary PCR in which a single gene-specific primer is added. In a nested PCR, 
the diluted primary PCR product is reamplified using an inner gene-specific primer (NGSP) and a 
nested universal primer supplied in the kit (Clontech Laboratories, protocol No. PT3269-1).  
 
The full-length cDNA will be constructed by PCR or subcloning, provided that a suitable restriction 

poly(A) 3’ 5’ 
poly(A) RNA 

oligo(dT) primer GGG 
5’ 

poly(A) 3’ 5’ 

SMART II A 

oligonucleotide 

first-strand synthesis 
coupled with (dC) tailing by RT 

CCC 
GGG 

template switching 
and extension by RT 

poly(A) 3’ 

CCC 

GGG 

5’ 

5’ 



 7

site is localized within the region of overlap formed between gene-specific primer 1 (GSP1, used for 
5’-RACE) and gene-specific primer 2 (GSP2, used for 3’-RACE) (figure 4) (Clontech Laboratories, 
protocol No. PT3269-1).  

 

 

 

Fig. 4 The relationship of the gene-specific primers of human glutathione transferase A3 gene (hGSTA3) and its cDNA 
template. The universal primer mix (UPM) and nested universal primer (NUP) supplied in the SMART kit can bind to the 
SMART II A oligo. Both the UPM and NUP are identical in sequence for both 5’-RACE and 3’-RACE, respectively. During 
amplification of the unknown sequence in 5’ end of the cDNA, the gene-specific primer 1 (GSP1) and UPM are used in 
touchdown PCR, and the nested gene-specific primer 1 (NGSP1) and NUP are used in nested PCR. The sequence in 3’ end 
of the cDNA is known after the gene-specific primer 2 (GSP2) and UPM are synthesized in touchdown PCR, followed by a 
nested PCR using the nested gene-specific primer 2 (NGSP2) and NUP. The digestion site is placed within the region of 
overlap for constructing the full-length of cDNA by subcloning. 
 
 

Aims 
In this study, I aimed to investigate the unknown sequences in 3’ and 5’ ends of the hGST A3-3 variant 
transcripts, where mRNA binding proteins (RBP) can bind to regulate the stability, translation or 
location of certain mRNAs in the cell. Then I aimed to figure out the splice sites of these variants, 
which assists to reveal the regulation pattern, for example, whether the alternative splicing is cell 
specific and disease-dependent and which proteins can intervene to direct the use of the different 
alternative pathways. Finally, I searched the evidence of protein expression of the variants and the 
effect of forskolin on two detected proteins in order to further study physiological activities of these 
variants in the future.  
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Results 

 
3’- and 5’-rapid amplification of cDNA ends 
 
Positive control 
In order to amplify the ends of the transferring receptor cDNA for testing the fitness of PCR programs 
exploited, the control human total RNA was reverse transcribed to its first-strand cDNA which then 
served as the template to perform a touchdown PCR in both 3’- and 5’-rapid amplification of cDNA 
ends (3’-and 5’-RACE), respectively. The PCR products from 3’- and 5’- RACE were analyzed by 
agarose gel electrophoresis (figures 5 and 6). The bands 0.3 kb in the internal control and 2.6 kb and 
2.9 kb in the 5’- and 3’-RACE respectively were expected.  
 

 

 

 

 

 

 

 
Fig. 5 5’-rapid amplification of cDNA ends (5’-RACE) of human placental total RNA. Lane 1: internal control; lane 2: 
5’-RACE product; lane 3: DNA marker.  

 

 

 

 

 

 

 

 

Fig. 6 3’-rapid amplification of cDNA ends (3’-RACE) of human placental total RNA. Lane 1: internal control; lane 2: 
3’-RACE product; lane 3: DNA marker. 
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Human glutathione transferase A3-3 variants 
In order to amplify the unknown sequences in 3’ and 5’ cDNA ends of the human glutathione 
transferase A3-3 (hGST A3-3) splice variant transcripts, the designed gene-specific primers of hGSTA3 
and supplied universal primers were used to perform a touchdown and nested PCR of the full length 
cDNAs synthesized by the isolated RNA of KGN with help of SMARTTM kit. 

 
Fig. 7 The location of the gene-specific primers of human glutathione transferase A3-3 gene (hGSTA3) used for 
amplification of the hGST A3-3 variants. HGSTA3 has seven exons, containing 749 nucleotides. The gene-specific primers 
1 and 2 were localized on nucleotide position 537-561 and 4-29 with respect to the hGSTA3 mRNA (NM_000847), and the 
nested gene-specific primers 1 and 2 were on 398-426 and 21-46 respectively. Both the universal primer mix (UPM) and 
nested universal primer (NUP, 23 bp), (figure 4) are identical in sequence for both ends of the transcript. 

 
The PCR product was loaded on 1.6% low gelling temperature agarose gel in order to separate and 
purify bands easily from the gel (figure 8). Based on the relative rate of migration, bands 3’-A , 3’-B, 
3’-C and 5’-A, 5’-B and 5’-C potentially corresponded to hGST A3-3 splice variants in both 3’- and 
5’-RACE respectively. The gel analysis result of 3’- and 5’-RACE of total RNA from H295R cells was 
similar to that of KGN cells, the data not shown. 

               

Fig. 8 Gel analysis of the 3’- and 5’-rapid amplification of cDNA ends (3’- and 5’-RACE) of human glutathione 
transferase A3-3 splice variants. Lane 1: 3’-RACE products; lane 2: 5’-RACE products; lane 3: marker. 
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Sequences and splice sites of variants 
To investigate the whole sequence and splice sites of cDNAs of the variants, DNA from bands 3’-A, 
3’-B, 3’-C and 5’-A, 5’-B and 5’-C was extracted from the gel and the concentration was determined. 
The purified DNA was then inserted into the pGEM®-T vectors and these plasmids were transformed 
to E. coli to obtain more copies of the DNA fragments. Next, the plasmid DNA was isolated, its 
digestion products analyzed on a gel, and later plasmid DNA of good quality was sent for sequencing.  
 
Three hGST A3-3 splice events were found in the sequencing results (figure 9). The whole cDNA of 
variants I and III was sequenced, where the sequence in 3’- and 5’-RACE overlapped in the middle. 
The band 3’-A containing the 3’ end of the cDNA sequence and the band 5’-B including the 5’ end of 
the cDNA sequence constituted variant I, which lacked exon 3. Variant III (corresponding to the bands 
3’-C and 5’-C) lacked both exons 2 and 3 and had an extra 18 bp in the 5’ end of the cDNA. Variants I 
and III could be variants A and C mentioned above, since they had the same splice sites, but the 
untranslated regions of both variants have not been described before. The sequence of 3’-RACE 
product of variant II was identified, but 5’-RACE was undetectable. Since the nested gene-specific 
primer used in 3’-RACE was located on exon 1, the result showed that variant II (corresponding to the 
band 3’-B) lacked both exons 3 and 4 and had an additional 90 bp in the 3’ end of the cDNA, but the 
sequence in the 5’ end had not been obtained yet.  
 

 

 
Fig. 9 The splice sites of human glutathione transferase A3-3 variant I, II and III. Variant I lacks exon 3, variant II lacks 
exons 3 and 4 and contains an additional 90 bp at the 3’ end of the cDNA, but the sequence in the 5’ end unknown. Variant 
III has an additional 18 bp in the 5’ end of the cDNA, and it lacks exons 2 and 3. 
 
 
In variants I and III, variable 5’ sites of the hGST A3-3 gene were spliced to a common 3’ site, whereas 
a constant 5’ site was spliced to alternative 3’ sites in variants I and II. Both the 90 bp and 18 bp from 
the cDNA of variant II and III were not included in the full length transcript, but they came from 
chromosome 6 (NT_007592.14, NW_001838981.2) and they were adjacent to the exon 1 and exon 7, 
respectively. The sequences of 5’ and 3’ end of the cDNA of three variants are shown in figure 10. 
Variant II, lacking both exons 3 and 4, has not been described before. 

 

After transcription, hGST A3-3 and its variant I and III transcripts used AAUAAA as their 
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polyadenylation signals, whereas variant II, having an additional 90 bp of AU-rich element in 3’ end, 
might use an alternative polyadenylation signal AAUUAAA on chromosome 6 (figure 10 (B)). The 
pentanucleotide (AUUUA) was repeated in the 3’ trailer region of variant II transcript. 
 
 

A 

5’ end of cDNA of hGST A3-3 variants: 

NM_000847_hGSTA3_mRNA  ------------------ATACACATCAGGAGGTGGCCTTGAGAAGCTGA  32 

hGSTA3_variantI             ------------------ATACACATCAGGAGGTGGCCTTGAGAAGCTGA      32 

hGSTA3_variantIII           AGTATTAAAACAGCTAACATACACATCAGGAGGTGGCCTTGAGAAGCTGA     50 

 

B 
3’ end of cDNA of hGST A3-3 variants: 

NM_000847_hGSTA3_mRNA     TAATAAAAACTCCTATTTGCTAACTTAAAAAAAAAA--------------     917  
hGSTA3_variantI            TAATAAAAACTCCTATTTGCTAACTTAAAAAAAAAA--------------     864  
hGSTA3_variantII           TAATAAAAACTCCTATTTGCTAACTTAGTTAAAATTTAAGCCTTTTCATT     746  
hGSTA3_variantIII          TAATAAAAACTCCTATTTGCTAACTTAAAAAAAAAA--------------     775 

 

NM_000847_hGSTA3_mRNA     --------------------------------------------------     917 

hGSTA3_variantI            --------------------------------------------------     864  
hGSTA3_variantII           AGGATCTGATATGAATTCAGATTTCTAATCTCCTCCTAACCTCTTTCTTG     796 

hGSTA3_variantIII          --------------------------------------------------     775  

 
NM_000847_hGSTA3_mRNA     --------------------------------------------------     917 

hGSTA3_variantI            --------------------------------------------------     864 

hGSTA3_variantII           AAATTAAAAATTTAGTAAAAAAAAAAAAAAAAAA----------------     822 

hGSTA3_variantIII          --------------------------------------------------     775 

                                          

 

Fig. 10 The 5’ and 3’ ends of the cDNA sequences of human glutathione transferase A3-3 (hGST A3-3) mRNA and its 
splice variants. (A) The sequences in the 5’ end of the cDNA of hGST A3-3 variant I and III were aligned with the 
full-length transcript. (B) The 3’ end of the cDNA sequences of hGST A3-3 variant I, II and III are shown. (C) The 
polyadenylation signals of the hGST A3-3 mRNA, variant I and III (in green) and the predicted signal of variant II (in 
yellow) as well as the consensus sequences of the AU-rich region (in pink) of variant II are shown. (“- ”denotes no bases. 
Numbers in the right show the number of bases in each sequence) 
 
 

Protein expression in eukaryotic cells 
To investigate whether the hGST A3-3 variant transcripts can translate into proteins and the effect of 
forskolin to their expression, cytoplasmic extracts were prepared from H295R cells exposed to 10 µM 
forskolin for 12 h, 24 h and 48 h, respectively. 0.1% dimethyl sulfoxide (DMSO) was used as a control. 
The total cytoplasmic proteins were analyzed by sodium dodecyl sulfate polyacrylamide gel 
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electrophoresis (SDS-PAGE), followed by Western-blotting. The first antibody was raised against 
hGST A3-3, but hGST A1-1, hGST A2-2 and hGST A3-3 have the same epitope due to the high 
sequence identity among three enzymes. Thus, the antibody actually recognizes the active site of all 
three. After both 12 h and 24 h treatment and also in the controls, two proteins (19.7 kDa and 16.8 kDa) 
were detected that may correspond to variant III and variant II, respectively. The 24 h forskolin-treated 
cells expressed higher amounts of these proteins than the control. Densitometric analysis of the film 
indicated that the 19.7 kDa and 16.8 kDa proteins were up-regulated 2.2 and 1.8 times, respectively, 
compared with the untreated ones (figure 11). There were no significant differences shown in the 
expression of these two proteins between the 12 h treatment and its control, and expression was 
undetectable at 48 h exposure (data not shown). 

 

A                                       B 

  

Fig. 11 Western-blotting analysis of human glutathione transferase A3-3 and its potential variants in H295R cells. The 
expression was determined using 73.5 µg and 64.5 µg of total proteins extracted from H295R cells after 24 h and 12 h 
treatment with 10 µM forskolin respectively. The expression of hGST A3-3 and its variants was detected using an 
anti-hGST A3-3 antibody. The 25.2 kDa band is a mixture of hGST A 1-1, hGST A 2-2 and hGST A 3-3. Expected sizes of 
peptides encoded by variant III and variant II were 19.7 kDa and 16.8 kDa, respectively.  
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Discussion 

 
Alternative polyadenylation signal and transcription start site 
The 3’-untranslated region (UTR), the section of an mRNA from the position of the last codon used in 
translation to the 3' end of the mRNA, can provide binding sites for a number of different mRNA 
binding proteins (RBP) to regulate mRNA stability and location (Mazumder et al. 2003). Mutations in 
3’-UTR sequences can lead to inflammatory diseases and carcinomas (Glisovic, 2003).  
 
The human glutathione transferase A3-3 (hGST A3-3) mRNA and its variant I and III transcripts are 
generated by cleavage and polyadenylation at a canonical hexanucleotide (AAUAAA) in the 3’-UTR 
of the mRNAs (figure 10 (B) in green). The conserved sequence AAUAAA in the region from 11-30 
nucleotides upstream of the site of polyadenylation is the common feature of mRNAs in higher 
eukaryotes (Lewin, 2004). The variant II of hGST A3-3, compared with the full-length transcript, has 
additional 90 bp in the 3’ end of the cDNA, so it may use an alternative polyadenylation signal on 
chromosome 6 after the transcription. Since no canonical hexanucleotide exists in these 90 bp, possibly, 
AAUUAAA is recognized as an alternative polyadenylation signal (figure 10 (B) in yellow) and a 
series of bases that form a stem-loop structure could indicate this signal in the variant II (Jeremy et al. 
2002). It is evident that this stem-loop structure is unstable, owing to AU-rich element, as A-U base 
pair shows weaker intermolecular hydrogen bonds. Additionally, the AU-rich sequence of ~90 bp 
(ARE) and its consensus sequences, the repeated pentanucleotide (AUUUA) (figure 10 (B) in pink) 
being present in the 3’ trailer region, the mRNA is vulnerable to destabilization (Lewin, 2004, Barreau 
et al. 2006, Shaw & Kamen 1986). A number of proteins may bind to this ARE to destabilize or 
stabilize the mRNA, and probably some microRNAs (miRNAs) may also recognize it to 
down-regulate the gene expression (Bolognani & Perrone-Bizzozero 2008). 

 

                                            
Fig.12 The predicted alternative polyadenylation signal of hGST A3-3 variant II. The signal consists of a hairpin structure 
and AAUAAA (marked by yellow dots).  

 

The variant III of hGST A3-3 originated from a pre-mRNA that started 18 bp upstream of the regular 
transcription start site (TSS) used for the pre-mRNA from which the full-length transcript and variant I 
were generated. The presence of the alternative TSS has extended the 5’-untranslated region. Similar to 
the alternative termination signal used in hGST A3-3 variant II, the function of this alternative TSS is 
unknown. However, only steroidogenic cells express hGST A3-3 and the ratios of the full-length 
mRNA and its variant transcripts vary in different tissues targeted (Raffalli-Mathieu et al. 2008). 

TTAAAAATTTAGTA+poly( A) - 3’
A 
A 

A 

G 

T 

C 
T 
T 
T 

T 

5’ - AGGATCTGATATGAATTCAGATTTCTAATCTCCTCCTAACC
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Therefore, I suggest that the alternative polyadenylation signal and transcription start site could be 
tissue-specific and disease-relevant.  
 
The sequence in the 5’ end of variant II cDNA was not obtained from the purified DNAs after 5’-rapid 
amplification of cDNA ends and the gel analysis, probably because the amount of the mRNA 
expression was too low to be visible. Alternatively, if an alternative upstream TSS is used, the region of 
5’-UTR is so long that the 5’-RACE product would having corresponded to an unselected band on the 
gel.   
 
Splice sites 
Until now, I found three splice variants of hGST A3-3 and variants I and III could be variants A and C 
that have been reported except the sequences in 3’- and 5’-untranslated regions. The hGST 
A3-3-specific primers used in touchdown PCR are localized on exon 1 and exon 6, and the sequences 
of the nested hGST A3-3-specific primers on exon 1 and exon 5. Hence, it is not surprising that the 
reported variant lacking both exons 1 and 2 with additional 26 nucleotides at 5’ end of exon 3 
(Raffalli-Mathieu et al. 2005) was not found. Consequently, more splice variants of hGST A3-3 may be 
discovered later using hGST A3-3-specific primers located closer to the 5’ or 3’ end of the cDNA. 
Furthermore, both the 3’ and 5’ splice sites of hGST A3-3 gene are diverse in the steroidogenic cells 
studied in this project, but the regulation mechanism of the alternative splicing pathways is unknown. 
 

Protein expression and start codon 
The results of Western-blotting indicate that when H295R cells were exposed to 10 µM forskolin and 
0.1% DMSO (forskolin was dissolved in DMSO, thus DMSO was used alone in the control), the cells 
expressed two proteins (19.7 kDa and 16.8 kDa) that could be the translation products of the splice 
variants III (∆ exon 2 + 3) and variant II (∆ exon 3 + 4). The variant I lacking exon 3 was not detected 
in Western-blotting, but its mRNA expression was relatively high (figure 7, 3’-A and 5’-B). Loss of 
only exon 3 induces a +1 frame-shift in translation, resulting in a peptide consisting of only 32 amino 
acids (a stop codon appears in exon 4) that may constitute a 3.56 kDa protein. Thus, the epitope for the 
first antibody was not expressed. 
 
The start codon used in full-length hGST A3-3 mRNA is localized on exon 2. Variant III, which lacks 
exons 2 and 3, therefore must start its protein expression at another site. Variant II, lacking exons 3 and 
4, may start translation at exon 5, because picking the previously identified start codon at exon 2 would 
give rise to a peptide of 30 amino acids (3.67 kDa), which is also undetected by the first antibody. The 
sizes of the observed peptides, as well as the occurrence of Kozak sequence suggest that translation of 
the 19.7 kDa peptide initiated at Met 57, and the 16.8 kDa peptide at Met 94. (figure 13), provided that 
the detected proteins correspond to these two variants. With these two initiation sites, the expected 
protein molecule weight of variants III and II would be 19.1 and 14.7 kDa. 
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hGST A3-3:   1 MAGKPKLHYFNGRGRMEPIRWLLAAAGVEFEEKFIGSAEDLGKLRNDGSLMFQQVPMVEIDGMKL  65  

variant I:   1 MAGKPKLHYFNGRGRMEPIRWLLAAAGVEMGV---------------------------------  32 

variant II:  0 -----------------------------------------------------------------   0  

variant III: 1 --------------------------------------------------------MVEIDGMKL  15  

 

hGST A3-3:  66 VQTRAILNYIASKYNLYGKDIKERALIDMYTEGMADLNEMILLLP  110 

variant I:  32----------------------------------------------  32 

variant II:  1 ----------------------------MYTEGMADLNEMILLLP  18 

variant III:16 VQTRAILNYIASKYNLYGKDIKERALIDMYTEGMADLNEMILLLP  60 

 

Fig. 13 Predicted protein sequence alignment of human glutathione transferase A3-3 (hGST A3-3), its variant I, II and III. 
In variant I, owing to a +1 frame shift, three amino acids different from hGST A3-3 were shown in yellow. The possible 
start codons variants II and III used for translation were shown in green and pink. (“- ”denotes no amino acids) 
 
 
However, protein expression of the variants II and III was undetectable after 48 h treatment (data not 
shown). The possible reason is that the amount of total protein loaded from the 48 h exposure cells was 
insufficient to show the bands. Alternatively, DMSO inhibits the protein expression upon prolonged 
exposure. After 12 h, no differences in the expression of the proteins 19.7 kDa and 16.8 kD was seen 
between treated and untreated cells, however, after 24 h, treated cells showed approximate twice as 
much compared with the control, demonstrating that forskolin can enhance the potential variants 
expression under 24 h treatment in the adrenocortical cell line. 
 
Alternative splicing function 
Alternative splicing is a primary gene transcript (pre-mRNA) processing event, when a single gene 
gives rise to multiple mRNAs sequences. In some cases, the multiple mRNA transcripts are generated 
by the pre-mRNA, because of different transcription start points or alternative polyadenylation in 3’ 
ends (Lewin, 2004). In other cases, one or certain internal exons are deleted resulting in multiple 
mRNAs, which, after translation, result  in a large variety of isoforms of one single protein with 
diverse enzymatic activity, substrate specificity, subcellular localization, or altered interactions with 
other DNA or proteins (Möröy & Florian 2007). Furthermore, this process affects gene expression via 
changing regulatory elements that control translation or mRNA stability, increase proteome diversity 
and control protein function (Faustino & Cooper 2003). Forskolin increases the intracellular levels of 
cyclic adenosine monophosphate (cAMP) that transfers extracellular signals to intracellular effectors 
that can stimulate steroidogenesis (Nishi et al. 2001, Laurenza et al. 1989, Rainey et al. 1993) and 
enhance the level of hGST A3-3 mRNA and its splice variants (Raffalli-Mathieu et al. 2008). In this 
study, the concentration of the proteins (19.7 kD and 16.8 kD) that potentially correspond to the hGST 
A3-3 variants was low, and forskolin affected the expression time-dependently. This is known for 
steroidogenic enzymes, for example 3β-hydroxysteroid dehydrogenase (3β-HSD) (Payne & Hales 2004 
and Keeney & Mason 1992), which involves in the conversion of cholesterol to active steroid 
hormones (Payne & Hales 2004) but is less  active to ∆

5-∆4 isomerizations of 
∆

5-androstene-3,17-dione and ∆5-pregnene-3,20-dione than hGST A3-3 (Raffalli-Mathieu et al. 2008). 
In addition, hGST A3-3 selectively expressed in steroidogenic cells may undergo cell specific 
regulation, in which the splicing pathways could be mediated on the basis of different cell types, 
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developmental stages, or in response to external stimuli. 
  
Perspective 
The full-length cDNAs of hGST A3-3 splice variants will be constructed in order to study their 
expression in prokaryotic cells. Compared with steroidogenic cells, prokaryotic cells can produce 
larger amount of corresponding proteins, which facilitates purification. Also, the potential 
corresponding proteins of hGST A3-3 splice variants are expected to be purified from steroidogenic 
cells to verify their expression in steroidogenic cells, followed by the measurement of catalytic activity 
of these proteins to analyze their possible functions. The mRNA binding proteins binding to 
untranslated regions of the variants and the proteins that regulate the use of different alternative 
splicing pathways will be targeted in the future. Furthermore, a recombinant cell line that can 
over-express these variants may be established for further studying their potential physiological 
functions. 
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Materials and Methods 

 
Cells and cell culture 
The cultured human ovarian granulosa-like tumor cell line, KGN, was obtained from Riken Cell Bank, 
Toshihiko Yanase, Kyushyu University, Japan. It maintains steroidogenic activities and can express 
human GST Alpha 3. The cells proliferate stably, doubling time being around 46.4 h in vitro, and they 
form an adherent monolayer before reaching confluence and then replicate in multilayers without 
noticeable contact inhibition (Nishi et al. 2001). In the lab, the cells were grown in 75 cm2 flasks 
containing 20 ml Dulbecco’s Modified Eagle’s Media (DMEM) + HamF12 (1:1 volume/volume) with 
Hepes (pH 7.4) (all from Sigma) supplemented with 1% penicillin and streptomycin (Invitrogen) and 
10% heat-inactivated fetal bovine serum (FBS) (Invitrogen).  
 
The H295R adrenocortical cell line (William E. Rainey, Augusta, Georgia, USA) can express the full 
enzyme complement required for adrenocortical steroidogenesis and to produce testosterone and 
progesterone (Raffalli-Mathieu et al. 2008, Rainey et al. 1994, Rainey et al. 2004, Gazdar et al. 1990). 
The cell line, therefore, is a valuable model to analyze functions and regulation of the adrenal 
steroidogenesis at gene expression and hormone production level (Rainey et al. 1994). Human GST 
Alpha 1-4 is expressed by this cell line (Raffalli-Mathieu et al. 2008). The cells were maintained in 
culture with DMEM + HamF12 with Hepes (1:1 volume/volume) (Sigma), 5% Nu-Serum (BD 
Biosciences), 0.01% gentamycin (Invitrogen) and 1% penicillin + streptomycin (Invitrogen).  
 
The two cell lines were kept in a humidified incubator at 37°C under an atmosphere of 5% CO2–95% 
air. Under the culture conditions, the doubling time of the cells is 2-3 d. Culture medium was changed 
every 3 d and the cells were passaged by trypsinization once or twice a week. 
 
Bacteria and plasmids  
pGEM®-T vectors are constructed by adding a 3´ terminal thymidine to both ends (pGEM®-T and 
pGEM®-T Easy Vector Systems, Promega). These overhangs at insertion sites can protect the vector 
from recircularization and leave a complementary overhang for the amplified DNA fragments having a 
single deoxyadenosine in the 3´-ends (Mezei & Storts 1994, Robles & Doers 1994, Clark 1988 and 
Newton & Graham 1994). The vectors contain T7 and SP6 RNA polymerase promoters and a multiple 
cloning site (MCS) within the coding region of the β-galactosidase gene (LacZ) (pGEM®-T and 
pGEM®-T Easy Vector Systems, Promega). The vectors confer resistance to ampicillin. 
 
E. coli XL1-Blue competent cells (competent cells, Revision 074003, Stratagene) are recA-, endA-, 
AmpR. These mutations increase insert stability (RecA deficiency), facilitate isolation of plasmid DNA 
(endonuclease deficiency) and simplify isolation of plasmid-containing clones (ampicillin resistance).  
 
5’and 3’-rapid amplification of cDNA ends (RACE) 
 
Positive controls 
1 µl of control human placental total RNA (1 µg/µl) was reverse transcribed to its first-strand cDNA 
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(SMARTTM kit, Clontech Laboratories) and then diluted 10 times with Tricine-EDTA buffer 
(SMARTTM from Clontech Laboratories). The positive control involves both internal and 5’- or 
3’-RACE controls to determine the PCR programs and to analyze the quality of the first-strand 5’- or 
3’ -RACE cDNAs, respectively. Amplification was performed with the Advantage 2 Polymerase Mix 
(SMARTTM from Clontech Laboratories) to secure an automatic hot-start PCR as well as proofreading 
effect. 5'- and 3'- RACE TFR (transferrin receptor) primers, Advantage 2 PCR Buffer and dNTP Mix 
(10 mM) in the reaction were also from SMARTTM, Clontech Laboratories. The touchdown PCR was 5 
cycles of 94°C for 30 sec and 72°C for 3 min, followed by 5 cycles consisting of 94°C for 30 sec, 70°C 
for 30 sec and 72°C for 3 min, finally 27 cycles of 94°C for 30 sec, 68°C for 30 sec and 72°C for 3 min. 
5 µl of PCR products was analyzed on a 1.2% agarose + 0.08% EtBr gel with TAE buffer (40 mM 
Tris-acetate and 1 mM EDTA).  

 
Primer design 
In order to perform the touchdown PCR, Tm of the designed human glutathione transferase A3-3 
(hGST A3-3) specific primers were higher than 70°C, with GC content 50-70%, and 
self-complementarity of hGST A3-3-specific primer sequences was avoided to eliminate the formation 
of primer dimers. The hGST A3-3-specific primers and the nested hGST A3-3-specific primers (table1) 
were designed (Primer Premier) with respect to NM_000847 from the NCBI database 
(http://www.ncbi.nlm.nih.gov/) and then ordered from ThermoScientific. The hGST A3-3-specific 
primer 1 (GSP1) and the nested hGST A3-3-specific primer 1 (NGSP1) were located on exons 6 and 5, 
respectively, and both the hGST A3-3-specific primer 2 (GSP2) and the nested hGST A3-3-specific 
primer 2 (NGSP2) were on exon 1 (also shown in figure 4). The universal primer mix (UPM contains 
two primers) and the nested universal primer (NUP) were supplied in the SMARTTM kit (Clontech 
Laboratories). UPM used in both 5’- and 3’-RACE are identical in sequence, and NUP is in the same 
case. 
 

Table 1 Primers.  

Primer Sense/antisense Sequence (5’→3’) Positions1 

GSP1 antisense CCTCAGGTCGACATAAGGGCAGAAGAAGG 426-398 
NGSP1 antisense CCAGGCTAATGTCAGCCCGGCTCA 561-538 
GSP2 sense TTGAGAAGCTGAGCGGAGACCGGCT A 21-46 
NGSP2 sense TGAGCGGAGACCGGCTAGACTTTACTCA 30-57 

UPM  — CTAATACGACTCACTATAGGGCAAGCAGTGGTATCCAAC 
AAC GCAGAGT 

CTAATACGACTCACTATAGGGC 

— 

NUP — AAGCAGTGGTATCAACGCAGAGT — 

1: positions of the designed primers were determined with respect to NM_000847. 

 

Human glutathione transferase A3-3 variants 
Total ribonucleic acid (RNA) was isolated (RNeasy Mini from Qiagen) from KGN cells at 90% 
confluence, and the concentration was measured by a Nano-Drop spectrophotometer (Thermo). 2 µl of 
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584 ng/µl total RNA was reverse transcribed to the first-strand cDNA using SMARTTM kit (Clontech 
Laboratories) and then diluted 10-fold with Tricine-EDTA buffer (SMARTTM from Clontech 
Laboratories) that retains its pH at high temperature. The complementary strand synthesis was primed 
using GSP1 and UPM in 5’-RACE, along with GSP2 and UPM for 3’-RACE, a touchdown PCR was 
performed exploiting 5 cycles of 94°C for 30 sec and 72°C for 2 min, followed by 5 cycles of 94°C for 
30 sec,  70°C  for  30 sec  and  72°C  for  2 min,  and  finally  30  cycles  of  94°C for 30 sec, 68°C for 
30 sec and 72°C for 2 min (the Advantage 2 Polymerase Mix, Advantage 2 PCR Buffer and dNTP Mix 
(10 mM) used in touchdown PCR were from SMARTTM, Clontech Laboratories). The touchdown PCR 
products were analyzed on 1.2% agarose + 0.08 % EtBr gel with TAE buffer.  
 
The primary PCR product was diluted 50 times with Tricine-EDTA buffer (SMARTTM from Clontech 
Laboratories), 5 µl of which was served as the template for the nested PCR: 94°C, 30 sec; 68°C, 30 sec; 
72°C, 2 min, 15 and 20 cycles for 3’-RACE (primers: NGSP1 and NUP) and 5’-RACE (primers: 
NGSP2 and NUP) respectively (the Advantage 2 Polymerase Mix, Advantage 2 PCR Buffer and dNTP 
Mix (10 mM) used in touchdown PCR were from SMARTTM, Clontech Laboratories). 25 µl of the 
nested PCR products was loaded on 1.6% low gelling temperature agarose (FMC BioProduct) + 0.1% 
EtBr gel with TAE buffer. The sizes of fragments were calculated using Excel, based on their relative  
rate of migration: the logarithm of the size of the molecules is approximately inversely proportional to 
the  migrating  distance of  fragments.  The  DNA  from  the  fragments  of expected sizes was purified  
(QIAEX II) and stored at -20°C. 

 
Total RNA from H295R cells was also isolated (RNeasy Mini from Qiagen) and 3’- and 5’-RACE of 
the RNA were performed under the same conditions as the RNA derived from KGN cells.  
 
Cloning  
pGEM®-T vectors have a 3´ terminal thymidine in the ends of the insertion sites, where RACE 
products holding a single deoxyadenosine in the 3´-ends can ligate. The universal primers supplied in 
SMARTTM (Clontech Laboratories) contain a T7 priming site, hence, pGEM®-T vectors containing a 
T7 RNA polymerase promoter can be used to generate multiple sequencing products. 1 µl of pGEM®-T 
vectors (50 ng) (Promega) and 1 µl of T4 DNA ligase (3 Weiss units/µl) (Promega) were used to ligate 
the DNA purified from the selected bands (3’-A, B, C, 5’-A, B and C). The amount of purified DNA 
samples taken as insert was calculated by:  
 

The ligation mixtures were incubated at 4°C overnight. Then electroporation was performed using 50 
µl of electrocompetent E. coli XL1-Blue (Stratagene), which was transferred to a pre-cooled 
electroporation cuvette and mixed with 1 µl of the ligation mixture. A voltage of 1.25 kV was applied 
to the electroporation apparatus for 3 seconds. Then 1.5 ml of 2TY medium (100 ml of 2TY contains 
1.6 g tryptone, 1 g yeast extract and 0.5 g Nacl) was added to the cuvette and then the solution was 
poured into a tube. The tube was shaken at 225 rpm at 37°C for 1.5 h, and then 200 µl of the bacteria 
was spread on LA (1 L of LB containing 10 g tryptone, 5 g yeast extract, 5 g NaCl and 15 g agar) + 

ng of vector × kb size of insert  

3.0 kb vector  
× = 3 (insert:vector molar ratio)  

ng of insert  
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ampicillin (100 µg/ml) plates and incubated at 37°C overnight. Next, four single colonies from each 
plate were picked out and transferred to LB (1 L of LB containing 10 g tryptone, 5 g yeast extract and 
5 g NaCl) / ampicillin (100 µg/ml) liquid medium and allowed to grow overnight. The plasmid DNA 
was purified (Wizard® plus Minipreps from Promega). 1 µg of the purified plasmid DNA was digested 
with 0.5 µl of SacI (10 u/µl) (Promega) supplemented with 2 µl RE 10×Buffer (Promega) and 0.2 µl of 
Acetylated BSA (10 µg/µl) (Biolabs), followed by a gel analysis. 0.4 µg of the plasmid was sent for 
sequencing (Rudbeck Laboratory, Uppsala Genome Center), using 0.4 µl of M13/PUC primer (10 µM) 
or M13/PUC reverse primer (10 µM) (both from Fermentas). 

 
Forskolin treatment 
H295R cells were seeded to 2.4×106 cells/well for 12 h and 24 h treatment and 1.5×105 cells/well for 
48 h treatment on 6 well-plates. When the cells had grown to 70% confluence, they were treated with 
10 µM forskolin in DMSO for 12 h, 24 h and 48 h, respectively, 0.1% dimethyl sulfoxide (DMSO) 
being used as the control.  
 
Preparation of cell extracts 
Cell lysates were prepared using ice-cold lysis buffer containing 10 mM Hepes-KOH pH 7.9, 10 mM 
KCl, 1.5 mM MgCl2, 0.5 mM dithiothreitol (DTT), 0.4% lgepal, 10 µg/ml leupeptin (Sigma) and 0.2 
mM 4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF). The cytoplasmic extract was then 
homogenized by pestling 3×20 strokes and vortexing 30 seconds at the maximum speed. Finally, the 
extracts were centrifuged at 1000g for 30 seconds, at 4°C, and the supernatant was stored at -80°C.  
 
Western-blotting 
Protein concentrations were determined using 10 µl sample in a total volume of 200 µl volumes. 
Bovine serum albumin (Sigma) (0 to 40 µg per sample) was used as standard. 3 ml of solution A which 
contains 50 ml of 2% solution B (20 g Na2CO3 and 4 g NaOH in 1 L), 0.5 ml of 2% solution C (2 g 
Na-tartrate in 100 ml) and 0.5 ml of solution D (1 g CuSO4·5H2O in 100 ml) was added to each 200 µl 
mixture. The reactions were kept at room temperature for 10 min. Then, 0.3 ml of 2-diluted Folin 
phenol (MERCK) was added and the mixtures were kept for 20 min at room temperature. Finally, the 
optical density of each mixture was read at 750 nm (SPECTRA max, Molecular Devices). The 
concentration of cytoplasmic extracts was calculated according to the standard curve in Excel. 
 
The 64.5 µg, 73.5 µg and 31.1 µg of total protein lysates from H295R cells treated for 12 h, 24 h and 
48 h were electrophoresed in a 15% sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE) 
(separation gel: 2.1 ml sterile H2O, 5.2 ml Tris (1 M, pH 8.8), 7.5 ml 30% acrylamid, 150 µl 10% SDS, 
75 µl APS and 7.5 µl TEMED; stacking gel: 3.0 ml sterile H2O, 1.25 ml Tris-Cl (0.5 M, pH 6.8), 650 µl 
30% acrylamid, 50 µl 10% SDS, 25 µl 10% APS and 5.5 µl TEMED; running buffer: 3 g Tris, 14.4 g 
glycine and 5 g SDS) at a voltage of 80 V for 20 min, followed by 1 h at a voltage of 140 V. The 
stacking gel was then immersed in blocking buffer (1 M Tris-HCl, pH 7.4, 150 mM NaCl, 0.05% 
Tween 20) for 1 h and from which proteins were transferred to the nitrocellulose membrane by 
electroblotting. The membranes were blocked in 0.1% TBS-T (1 M Tris-HCl, pH 7.4, 150 mM NaCl, 
0.1% Tween 20) with 5% dry milk, incubated at 4 °C overnight with primary antibody and washed five 
times in 0.05% TBS-T with 5% dry milk for 1.5 h. They were then incubated further for 1.5 h at room 
temperature with a secondary antibody and finally washed five times again in 0.05% TBS-T plus 5% 
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dry milk. The polyclonal primary antibodies raised against hGST A3-3 in rabbits were available from 
the laboratory and used at a dilution of 1:1000 and the secondary antibody, goat anti-rabbit antibody 
conjugated to horseradish peroxidase (BIORAD) was diluted 3000-fold. The Western blots for the 
hGSTA3-3 in H295R cells in 24 h exposure were performed three times using lysates prepared from 
different experiments and the analysis of both 12 h and 48 h treatment was conducted once. The 
density of bands was analyzed with ImageJ (http://rsb.info.nih.gov/ij/). 
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