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Abstract Glutamate decarboxylase produces GABA, the
main inhibitory neurotransmitter in adult mammalian
brain. Two homologous forms of GAD encoded by sepa-
rate genes have been identified in mammalian brain, with
molecular weight of 67 kDa (GAD67) and 65 kDa
(GADG5). Here, we studied the transcriptional regulation
of GADG7. Three transcript variants (GAD67A, GAD67B,
and GADG67C) transcribed from distinct categories of
transcriptional start sites were identified. RT-PCR revealed
these transcripts have distinct tissues distributions. Though
GADG7A and GAD67B were co-expressed in brain and
many nonneural tissues, in heart, only GAD67A was
expressed. GAD67C was specifically expressed in testis.
These transcripts also showed distinct developmental
expression patterns during testis maturation. GAD67A was
expressed at all age points examined. GAD67B was only
detected at postnatal day 1 and day 5, while GAD67C was
expressed from postnatal day 30. Characterizing the gen-
ome sequence upstream of transcriptional start sites of
these transcripts revealed the presence of TATA-less pro-
moters. Potential promoter activities were analyzed by
coupling these promoter sequences to the open reading
frame of a luciferase reporter gene in transient expression
experiments. Moreover, our results showed GAD67 gene
expression was also regulated by alternative splicing in
postnatal day 1 and day 5 testis. The above results sug-
gested GADG7 gene expression was dynamically regulated
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Introduction

GABA is the most important inhibitory neurotransmitter in
central nervous system. It was also present in the mamma-
lian testes, where may serve as a paracrine modulator of cell
proliferation, migration, and differentiation [1]. Glutamate
decarboxylase [2] is the key enzyme that catalyzes the for-
mation of the GABA from glutamate acid. Encoded by
separate genes, two isoforms of GAD, namely, a 65 kDa
(GADG65) and a 67 kDa (GADG67), are found in mammalian
CNS. The two GADs differ in sequence, subcellular distri-
bution, and interactions with pyridoxal phosphate, their
obligate cofactor. GAD is expressed primarily in GAB-
Aergic neurons of the adult mammalian central nervous
system, but it is also present in pancreatic f-cells and testis
[3,4]. The change of GABA level in CNS has been related to
several neuropathological disorders, such as Alzheimer’s
disease, Parkinson’s disease, and seizure [5-7]. Autoanti-
bodies to glutamic acid decarboxylase (GAD) are frequent at
or before the onset of insulin-dependent diabetes mellitus
[8]. Thus study of GAD gene expression is of significant
value for understanding the mechanism of these diseases.
Previous research proved GADG67 expression can be
regulated by multiple mechanisms [9, 10]. GAD67 gene
expression was developmentally regulated by alternative
splicing in embryonic rodent brains [11, 12]. The alterna-
tive splicing resulted in two additional GAD67 transcripts
in which either the first 80 or the first 86 bp of exon 7 were
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inserted into the full length GAD67 mRNA, respectively.
Transcripts with the 80-bp insertion result in two over-
lapping open reading frames, encoding an enzymatically
inactive 25-kDa protein (GAD25) and an enzymatically
active 44-kDa protein (GAD44). A second stop codon at
the end of the 86-bp insertion abolishes the translation of
GAD44 [11]. Recent genome wide analysis revealed many
genes possess more than one promoter, and alternative
promoters play an important role in regulating gene
expression [13, 14]. For rat GAD65 gene, multiple tran-
scription start sites (T'SSs) transcribed from two independent
TATA-less promoters was reported, and the two alternative
promoters were developmentally used during testis matu-
ration. Mouse GADG7 gene possesses a proximal house-
keeping promoter and two more distal, conventional
(TATA) promoters (AF354680). However, for rat GAD67
gene, so far, only one TATA-less promoter was identified
[15], whether rat GAD67 gene also contain multiple pro-
moters and play a role in regulating gene expression was not
known.

The aim of the present study was to elucidate the
molecular mechanism that directs the expression of GAD67
gene. Three distinct GADG67 transcripts, distinguished by
their different promoter usage and alternative splicing, were
identified. These transcripts have distinct tissues distribu-
tions, and showed age-dependent expression patterns during
testis maturation. The promoter activity of the 5'-flanking
genomic regions of each transcript in rat cell lines was fur-
ther confirmed by using a transient expression system. Our
results suggested GAD67 gene expression was dynamically
regulated by alternative promoters and splicing during
postnatal rat testis maturation.

Materials and methods
Animal

Sprague-Dawley rats were obtained from Laboratory
Animal Center (Shanghai, China). All animal studies were
carried out according to local and national guidelines for
the care and use of laboratory animals and approved by
Biomedical Research FEthics Committee of Shanghai
Institute of Biological Sciences.

RACE-PCR

The RACE experiments were performed using the Smart
RACE cDNA Amplification Kit (Clontech). The 5 RACE-
ready cDNAs were prepared using mRNA isolated from
postnatal day 1 or day 90 rat testis according to the
procedure supplied by the manufacturer. Nested PCR
procedures were performed to increase the specificity. For
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GAD67 5 RACE, the external primer was CCAC
AGTGCCCTTTGCTTTCCACATC, the internal one was
CAAACGCTCCATAAACAGTCGTGCCC. The amplifi-
cation products of 5 RACE were cloned into pGEM
T-Easy vector and sequenced.

RNA extraction and RT-PCR

Total RNAs from Sprague-Dawley rat testis of different
postnatal ages and various tissues were extracted using
Trizol, and isolated according to the procedure supplied
by the manufacturer. Transcription was performed accord-
ing to the manufacturer’s instructions. Conditions for PCR
amplifications were as follows: initial denaturation at 94°C
for 4 min; followed by 30 cycles of 30 s denaturation at
94°C; 30 s annealing at 60°C; and 1 min extension at 72°C.
The primer sets used for amplification of different GAD
transcripts are illustrated in Fig. 1c. The primer sets used for
amplification of different GAD67 variants are illustrated in
Fig. Ic. 67A-f, 5-GCTCCCTGTGGCTGAATCGAG-3;
67A-r, 5-CGTCTTGCGGACATAGTTGA-3'; 67B-f, 5'-
CCGGGCCGCAGGACCTAGAAG-3'; 67C-f, 5'-GGGAA
ACTGTAGCCTCTACGC-3'; 67C-1, 5'-GGCCTAGGTGT
GTCAACTACTGA-3'; 67-f, 5’-ATTGGTTTAGCTGGCG
AATGG-3'; 67-r,5-AACAGTCGTGCCTGCGGTTGC-3'.
To assure that the results are semi-quantified estimates,
f-actin was co-amplified in the system and taken as the
internal control.

Transient transfection and luciferase reporter gene
assay

For transient transfection, rat C6 gloma cells and CHO
cells were cultured in 24-well tissue culture plates to 80%
confluency. The 5’ flanking fragments used to generate the
reporter constructs were generated by PCR amplification.
The amplified fragments were ligated into the pGL3-basic
luciferase reporter vector (Promega). Cells were co-trans-
fected with 1 pg of pGL3-Basic firefly luciferase expres-
sion vector containing various length of 5 flanking
sequence of each GADG67 transcripts and 0.075 pg of
the internal control pRL-TK vector, which contains
Renilla luciferase downstream of the thymidine kinase
promoter, using Lipofectamine™ 2000 as described in the
manufacturer’s protocol. 48 h after transfection, cells were
washed twice with 2 ml of PBS, and cell lysates were
prepared with passive lysis buffer in the Dual-Luciferase
Reporter Assay System, and firefly and Renilla luciferase
activities were measured using a Monolight 2010 lumino-
meter (Analytical Luminescence Laboratory). Luciferase
activities are reported as means of values from three
independent experiments, each performed at least in
duplicate.
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Fig. 1 Determination of transcriptional start sites in rat GAD67 gene.
a The PCR products of the 5 RACE amplification of postnatal day 1
and 90 testis GAD transcripts visualized in 2% agarose gels. Lane Mr
DNA marker DL2000. b RT-PCR analysis of GAD67 transcripts in
rat testis. Specific primer sets were used, for GAD67A (lane 1) using
67A-f/r, for GAD67B (lane 2) using 67B-f/r, for GAD67C (lane 3)
using 67C-f/r, for analyzing alternative splicing of GADG7 transcripts
(lane 4) using 67-f/r. Note, two distinct bands were observed when
amplified by primer set 67-f/r. ¢ Structural organization of rat GAD67
gene and the transcripts. The exons of GAD67 transcripts are
numbered relative to their position in the GADG67 gene (top line).

Results

Cloning of multiple GAD67 variants with distinct 5’
ends

Rat GADG67 gene is a complex locus consisting of 18 exons
and 17 introns, localized to 3q21. To determine the tran-
scriptional start site (TSS) of rat GAD67 gene, 5" RACE
PCR was performed in postnatal day 1 and day 90 rat testes
respectively (Fig. 1a). Three transcript variants (GAD67A,
GADG67B, and GAD67C) initiated from different TSSs were
identified (Fig. 1c). To confirm the expression of GAD67A,
GADG67B, and GADG67C in testis, RT-PCR was performed
using the primers to anneal the distinct 5'-UTR and ORF:

Blue boxes represent the 5'- and 3’-UTR, while the red boxes
represent the alternative spliced exon 7. GAD67A was identical to
previously reported GADG67 transcript. GAD67B was transcribed
from novel TSSs located in intron 2 while GAD67C transcribed from
intron 3 located TSSs. GAD67C contains a novel first exon (indicated
as ‘T’) located in intron 3 of GAD67 gene. Promoters for GAD67A
(Pa), GAD67B (Pb), and GAD67C (Pc) are indicated in the appropri-
ated locations. The ATG codons for translation initiation of each GAD
transcript are marked by vertical arrows. Arrows below the exons stand
for specific primers used in amplifying the GAD transcripts

primer set 67A-f and 67A-r for GAD67, primer set 67B-f and
67B-r for GAD67B, and primer set 67C-f and 67C-r for
GADG67C. To determine whether alternative exon (exon 7)
also present in testis GADG67 transcripts, primer set (67-f and
67-r) that located in common exons 6 and 10 of all three
transcripts was designed. This primer may also be used
for analyzing total expression level of GAD67 gene. As
expected, analysis by agarose gel electrophoresis demon-
strated distinct single bands for GAD67A, GAD67B, and
GADG67C transcripts. However, two PCR products in size of
approximately 453 and 536 bp were observed using primer
set (67-f and 67-r) when analyzing mRNA sample of post-
natal day 1 testis (Fig. 1b, lane 4). By sequence analysis, the
lower band was expectedly confirmed as transcripts without
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exon 7, while the upper band was identified as splicing
variant containing alternative exon 7/B. Thus alternative
splicing also exist in postnatal rat testis.

A comparison with the overall structural organization of
the rat GAD67 gene demonstrated that GAD67A was
almost identical to published rat GAD67 transcript
(NM_017007). GAD67B transcribed from novel TSSs that
located at the intron 1 of GAD67 gene, about 370 bp
upstream of the translation start site (Figs. 1c, 2). The
difference between GAD67A and GAD67B was restricted
to the 5'-UTR and hence are not expected to affect GAD67
protein structure; however, their potential significance
cannot be ignored. The 5’-UTR of eukaryotic mRNA has
long been known to play crucial roles in posttranscriptional
regulation of gene expression through the modulation of
RNA transport [16], translational efficiency [17], and RNA
stability [18]. GAD67C (EU791557) transcribed from
novel TSSs that located at intron 3 of GADG67 gene. The
novel ~212 bp sequence at the 5’-end of the GAD67C
transcript derived from a unique first exon (‘exon T in
Fig. 1c) that located within intron 3 of GADG67 gene.
Sequence analysis show both GAD67A and GADG67B
translate from the same translate start site and encode
67 kDa full-length GADG67 proteins. Characterization and
analysis of GAD67C showed the translation start site of
this transcript is located at common exon 5 of GAD67
gene. This novel transcript contained an open reading
frame of 1335 nt, which predicted to translate a 50 kDa
NH,-terminus truncated GADG67.

Sequence analyzing of 5’-flanking regions of GAD67
transcripts

To aid the identification and characterization of the dif-
ferent promoters, we determined the nucleotide sequence
of the 5'-flanking regions of each transcript (Fig. 2), which
revealed the presence of putative promoter regions, Pa for
GADG67A, Pb for GAD67B, and Pc for GAD67C (Fig. 1c).
Sequence analysis shows the 190 bp region preceding
the transcriptional start site of GAD67A and the 300 bp
region preceding the second exon where TSSs of GAD67B
located exhibits high G4-C content (about 70%). Putative
promoter region of GADG67B also lacks classical TATA
box, but contain CCAAT box and multiple Spl binding
site. For GAD67C, the 5’ flanking sequence also contains a
CCAAT box, multiple Spl binding sites, and a putative
initiator element (Inr).

Differential tissue expression patterns of GAD67
transcripts

Amplified by specific primers, the tissue distribution of
GADG7 transcripts was determined by RT-PCR using
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cDNAs of various rat tissues (Fig. 3). The results showed
all transcripts had distinct tissue expression patterns.
GADG67A was mainly expressed in brain, lung, ovary,
pancreas, testis, and initial segment of the epididymis;
Minimal level was also detected in heart, spleen, skeletal
muscle, uterus, and corpus epididymis (Fig. 3, GAD67A).
Similar expression pattern was observed for GAD67B, but
it was not detected in heart and corpus epididymis, and its
expression in pancreas was almost undetectable (Fig. 3,
GAD67B). For GAD67C, the result showed it was spe-
cifically expressed in the testis and not in any other tissues
(Fig. 3, GAD67C). Gene expression that has distinct tissue
expression pattern is characteristic of existing alternative
promoters. The distinct expression pattern of these tran-
scripts indicated GAD67 gene is rigorously regulated by
alternative promoters.

Developmental expression of GAD67 transcripts in rat
testis

To establish the developmental expression patterns of
GADG7 transcripts during postnatal testis maturation, RT-
PCR analysis was performed using rat testis cDNA
obtained at different time-periods after birth (1-60 days;
Fig. 4). When amplified with GAD67A specific primers,
the result showed GAD67A was expressed at all age points
examined, however, its expression level dramatically
decreased after postnatal day 5, then its level gradually
increased in the following days (Fig. 4a). When amplified
with GADG67B specific primers, we found GAD67B was
only expressed in postnatal day 1 and 5, and no expression
was detected in the following days (Fig. 4b). Quite dif-
ferent from GAD67A and GAD67B, GAD67C was initially
expressed on postnatal day 30 (Fig. 4c). Our results
showed all these transcripts have stage specific expression
patterns during testis maturation. In order to analyze
whether GAD67 gene expression was also regulated by
alternative splicing during testis maturation, RT-PCR using
primer set (67-f and 67-r) that located in common exons 6
and 10 of all three transcripts was performed. The result
showed GAD67 was expressed at all age points examined,
but alternative splicing of Exon 7B was only observed in
postnatal day 1 and day 5 (Fig. 4d).

Functional analyzing of 5'-flanking sequences
of GADG67 transcripts

To confirm GADG7 transcripts were regulated by inde-
pendent promoters, we cloned and analyzed the 5'-flanking
genome sequences using a luciferase reporter assay. Mul-
tiple genome sequences, numbered with respected to the
translation start site of GAD67A/B, were amplified by PCR
and subcloned into luciferase assay vector pGL3-basic
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-2616 tgtttggegecctetggtggaaaatttgecgaaacegecttttttatggtgggggacttcacecegetecactecagtaaggtgettaaatactgecaaaag -
2516 agaatcattaaacaccgtgaaactgaaaagaagcgeggagagtgggccaagacaaggagtgeggtectggetteceggagecacectecacgeteeggtte -
2416 cccaggcgtgtggagecggecactegtgecatgttattaaccttcagacatgatcaatcacagagatttetttteccectetcaagggagagggetcagagaa -
2316 agggaaatagacccctttectecttttggtaccaggtagectgtgttecgaacgaggtagtttggagatgaactggatgaagatactggagtgecagaaactee -
2216 acggtctgggtggtcagetetgetttgectgtacagecacattggetcagtagagegeteccccatgacaccacccagagaaaaccttectggattgecagt -

PDX-1.1 PDX-1.2
2116 ccagggcaatcacgggaaattgaaagcaaata ttl: tccaagatacgggaaggagggcaaaaaggaagagaaagaagaatcacce -

2016 agtgagacaaaattcttcgtaagaatgatctttteccctgetgtcacccaacattgettatectcaaaaataattgggaaaaaaacaaaaaacagagegtge -
1916 ccagtgcgttetggattactcatgggactttgtceccccecccecccececctttetggtegecaaacccatgagetggetttatcategecctataaagegecag -
Spl Spl

1816 aggcagtcagaca cctgcaaaggagccccigcgc tgcfcgga cgagctgeccecgegageageggectegtgattececkegeegahegggtedeegect |
spl xon

1716 fo e e arae PoTor e pr e o] - AGCCCAGCGGCCGCCTCTCCGEATCTCTCTC TTC T TCAGGCTCTCGCGTGCCGGACCAGGGATCCTGCAAGCAAG
GAD67A
-1614 AAGCAGCCCCGGEETGACACCCAGCACGTACGTCTGTGCCAGAGCAAAGCCAAGCGEEEEACCCTTCCCCEAGCACTCGCGEEAGEETCCAGCTCCCT

-1514 EEEEE S Egtaggtaaatacctaccggategeccggact tgccagageccagecttggttattcaacteggtgetoteagectgeggettet tgt

-1414 ccagccegttaccecaccecaccggeacgegectgtegeccacettecacaacegagtgettece. Ll Ll (206BP) <o s s suwiviswanan
-1143 tcecccageaccegegttecactgeegecegecgagetgegagagegegeggggggggggggacagatget acgacgcgcaaaaggcg’gc =
1043 tggtgggctgcgctctgcgggcagattagtgctctcctcccgctcctctcattctttctcccgctccttctccccatctcttcctc =
943 cttttecetetegecctetectecetetecctecactetgtecacgaacaageaccaaataggggagecgegeactettataccegaggtetettgegece -
843 tgggcg‘caagttggccaccgggctcctttttaccctccgtcaccttctctggctcagtgaaacgaactctggggactaggtagagtagaagca =
743 gtgaatctgggacggagectegecctaggg aagaaacgaggtg’gsga:llctataatctgattaggaagg‘ctccaacacgcagccttttggttg -
643 tctggagtgcaaggtgactggttcttagcggqtcaagtcctggggtwgg@ttttcctctcaccttgstitcaccaaagtccctgtcc;pcfgcg -
543 cagtgagcctccttctttccaaggaattagccagacacaacaacgggaaccagacaccgaaccagacgtgcacgccctccc £ =
443 ctgcctgtccgccaggctgctgggagcc::;gcttgtctcagctgggctggaattcgctcgatgagtgctccctagtgctcctagtcctatcctta -
343 t:n::\::t::ai:.&:n::\::t<‘.-g¢:g1;c<‘.-i:.gt::acr.-.cct:c:\::1;1:ag|:‘.t:gtia.g\::ci:cas:*.i;c:gg'gg\::ace!::n:*.gti:gt::g\::\':i:.cl:agact:l:gagagl:c:gEE".'e:l{:g')gsgZcB =
243 ttetgtgectgegecccagtecgggage tagcgagcgcctcctcccaccgac cgegeaccaggacccagecagetegetgecettggtttee -
143 cttctgtctccgigacttcggtgcccccggccgcaggacctagaagctctctcggcacagctctcccttctgtttgcag
-43 GGGGGECACTTGMCAGTAGAGRCCCCAAGACCACCGAGCTGATGGCATCTTCCACGCTTCGCCTGCAACCTCCTCGMC&;EG:;GAGCGGATCCTAAT :
*k ok
+58 [ g e Vgtaggtectgecccagt ttectattaaatgga. . . . . . (3128bp) . .. ... ...gcccaaccttegetaatttgeect
#3291 etgtetetotgetosta N S e e e o Y eSS M i gtaagtasacaggococo
+3391 g.....(88%bp).. .aacttgtEg}g:%I;tttgcacctaattgccatggtaattcaaatttcgttcctgggaggctccgggggcccaagaaaggaaaggat
+4407 aggcgggggaagattaacgaggggcttattaaagagceca tccgcgc tecgaga tagcagccgagcqgj'lgcgcggggtgcggagccctcccca
+4507 gcccaggaagctcagggagccccgagctatt:gagqcctgaccttcccgcaccccttatgccl;gcttcccgctgtggctgt
+4607 tcagaatecgttggggagagtggttatttagggeccttgggaaaacagegtecttecttgtttggecgtgecagegecctecttgeatcactggggetetgga
+4707 tccgggecatccagtatttacggtggecgaagatctagtgecatttgetcagttgegagacgtagtgecattttetggaaaatettagecectececggecatagga
+4807 cccagaggtttggggacgtgf: ccagcgctcaaaactggtgggcaacaccagaagecggtctcagegtecgacagecctgagetetgttetatta
+4907 atagecctecttecccacteccaccaagectttectggettaatggteegtttectgectggtecctettggetetegecttetgectetgecattgteatge
+5007 aacagccacaggcagcaaccgatt

gccatcagaacggaaggaaccctggggtctacet, TACACTCCAGGTGAACGCCACTTTTCTTAGAGGCTTC
Inr ADG

TGGCCTGTGGGAGCGAGGGTGTGTACGGTCAGTCGTCATCCTGCCTCC TGCTTcT'I‘GGTRCTGGTCCTECGRGGTCCBMTGGTCCTGTTGGAG& AR
Exon 1C
+5207 ACAGGATGTCCTGAAAGGGAAAGGGGCCGGTTAAAARAAAAGTTAGACCGGTTAAGACAGGAGTGGAGGCTCTGAGTTATCGCTACATTTTCCACCTCTT

+5307 o ot ¥ eler VNl oler Uyer Ve el Nep el Nl Vel \eg tggggetgteatecataaagagat tectgtotgta

+5107

Fig. 2 Sequence analysis of rat GAD67A, GAD67B, and GAD67C  the positions of transcriptional start sites identified by 5 RACE PCR.
transcripts 5'-flanking regions. The translation start site (ATG) was  The distal transcriptional start sites of each transcript were indicated
indicated by asterisks, and “A” is assigned as the nt position of +1.  with right arrow downward. Consensus sequences for putative
Intronic sequences are in plain lowercase letters, exons sequence in  transcription factor binding sites are shown

uppercase and framed with gray boxes. The vertical arrows indicate
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Fig. 3 Semiquantitative RT-PCR determination of GADG67 tran-
scripts in various rat tissues by using the primer pairs described in
Fig. lc. PCR products for GAD67A, GAD67B, and GAD67C were
visualized in 2% agarose gels. The tissues are numbered as follows: 1,
brain; 2, heart; 3, kidney; 4, liver; 5, lung; 6, ovary; 7, pancreas; 8,
skeletal muscle; 9, spleen; 10, testis; 11, uterus; 12, initial segment
of epididymis; 13, corpus epididymis; 14, caudal epididymis.
For GAD67A and GADG67B postnatal day 1 testis was used. For
GADG67C, postnatal day 90 testis was used. Lane M DNA marker
DL2000
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Fig. 4 Semiquantitative RT-PCR determination of GADG67 tran-
scripts in testis from 1 to 90 postnatal day rats using specific primer
pairs described above. f-actin was co-amplified and taken as the
internal control. Data are results from three independent experiments
and are expressed as mean £ SD. a Developmental expression of
GAD67A mRNA. The relative amount of GAD67A transcript was
determined by densitometric analysis of amplified DNA band.
Expression levels were corrected with f-actin and normalized to the
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(Fig. 5). The resulting reporter vectors were transfected
into rat neuroglial cell line C6 or CHO cell. The C6 cell
express endogenous GAD67 gene while CHO cell do not.
The transfections showed 5’ flanking region of GAD67A
were able to activate transcription of the heterologous
reporter gene in both C6 and CHO cell lines (Fig. 5, Al
and A2). When analyzing GADG67B promoter region,
luciferase reporter-gene assays were performed using a
series of 5’ deletion constructs (Fig. 5, B1-B8). The
transfections showed these constructs exhibited significant
activity in comparison to the empty pGL3 vectors in C6
cells. However, in CHO cells, 5'-flanking sequences of
GADG67B had very low promoter activities, except the
region from —2709 to —72 (Fig. 5, B1). When analyzing
the promoter region of GAD67C, genomic region from
+3989 to +5270 contain 5’'-flanking sequence of GAD67C
was cloned (Fig. 5C). The transfections showed this
genomic region has no significant promoter activity in both
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Ist day of age, which was arbitrarily designated as 1. b Develop-
mental expression of GAD67B mRNA. The relative expression level
of GAD67B at each postnatal day was analyzed as above. ¢
Developmental expression of GAD67C mRNA. Expression level
was normalized to the 60th day of age, which was arbitrarily
designated as 1. d Developmental regulated expression of exon 7 and
total GAD67 mRNA. Expression level was normalized to the 60th
day of age, which was arbitrarily designated as 1
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Fig. 5 Luciferase promoter-reporter assays. The boundaries of tested
constructs for 5’ flanking regions of GAD67A (Al and A2) and
GAD67B (B1-B8) are indicated with respected to the GADG67
genomic sequence (top line). The 5’ flanking region of GAD67C was
also cloned (C). The location of the translation start site is described
as +1. Numbers on both ends of the lines show the positions of the
ends of the genomic fragments. Empty pGL3-basic vector was used as
base-line control. Transfection efficiency was determined by cotrans-
fection with the vector, which expresses renilla luciferase under the
control of the thymidine kinase promoter. The promoter activity
results were normalized to the activity of the internal renilla luciferase
control. Constructs were transfected into rat C6 glioma cells or CHO
cells, and cellular luciferase activity was measured 48 h later. Data
are means £+ SE of values from three experiments using the same
constructs with assays at least in duplicate

C6 and CHO cell (Fig. 5C). The above results confirmed
expression of GAD67A and GAD67B are regulated by
distinct promoters.

Discussion

GABA is the most important inhibitory neurotransmitter in
central nervous system. It was also present in the mam-
malian testes, where may serve as a paracrine modulator of
cell proliferation, migration, and differentiation [1, 19].
Previous studies showed that GABA receptors (GABA,
GABAg, GABA( receptors), and GABA transporter
(GAT-1) were exist in rat testis Leydig cells and testicular
germ cell [20-24], and testicular GABA appears to be
linked to the regulation of steroid synthesis by Leydig
cells via GABA,4 receptors. Moreover, GABA transporter,
GAT-1, over expression in testis greatly impaired testis
development, which embodied reduced testis mass and

slowed spermatogenesis in transgenic mice [25]. Though
GABA is important for testis development, the regulation
of GABA synthesizing enzyme expression in testis is not
well studied. Our previous study showed GAD65 gene
contains two TATA-less promoters which are alternative
used during rat testis maturation [26]. Here, we further
revealed that GADG67 also existed in postnatal testis, and
its expression was dynamically regulated by alternative
promoters and splicing during postnatal testis maturation.

Transcription initiation is one of the most fundamental
cellular processes. The identification of transcriptional start
sites leads to the detection of the associated core promot-
ers. As an example, the initiation of transcription of
mouse angiotensin-converting enzyme gene in male germ
cells starts from an alternate promoter within the 12th
intron [27]. Here, three isoforms of GADG67 transcripts
(GAD67A, GAD67B, and GADG67C) transcribe from three
independent clusters of TSSs were identified. The differ-
ence between GAD67A and GADG67B was restricted to the
5'-UTR and hence are not expected to affect GAD67 pro-
tein structure; however, their potential significance cannot
be ignored. The 5-UTR of eukaryotic mRNA has long
been known to play crucial roles in posttranscriptional
regulation of gene expression through the modulation of
RNA transport [16], translational efficiency [17], and RNA
stability [18]. For GAD67C, the TSSs were mapped in the
intron 3, downstream of known translation start site.
GADG7C predicted to translate a NH,-terminus truncated
GAD with an approximate molecular mass of 50 kDa.
Previous research showed the NH2-terminal truncated
44 kDa is enzymatic active [12], thus the predicated
50 kDa GAD may also be functional. However, further
study is required to understand the physiological importance
of GAD67C in testis.

Gene expression that has distinct tissue and develop-
mental pattern is characteristic of existing alternative
promoters [28-30]. Here, we found both GAD67A and
GADG67B were co-expressed in brain and many nonneural
tissues, except in heart where only GAD67A was expressed
(Fig. 3). Quite different from GAD67A and GAD67B,
GADG67C was specifically expressed in testis. In addi-
tion, all these transcripts have distinct expression pattern
during testis maturation (Fig. 4). GAD67A was consistent
expressed during postnatal testis development, while
GADG67B was only expressed in postnatal day 1 and day 5
testes, and GAD67C was initially expressed on postnatal
day 30 when haploid germ cells first appear [31]. The
distinct expression pattern of these transcripts indicated
GADG67 gene is rigorously regulated by alternative pro-
moters. In addition, we found GAD67 gene expression was
also developmental regulated by alternative splicing. Exon
7B which previous reported to be only used in embryonic
brain also existed in the testis of postnatal day 1 and day 5.
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However, alternative splicing was not observed in follow-
ing days. Exon 7B harbors an in-frame stop codon,
resulting in the synthesis of a 25-kDa variant of GADG67,
GAD25. GAD25 is enzymatically inactive for lost of
binding site for pyridoxal phosphate, the cofactor for GAD.
Thus, by alternative splicing, proper GAD activity level
may be achieved through generating enzymatically inactive
GAD form.

Analysis of genome sequence upstream of TSSs of three
GADGT7 transcripts revealed presence of putative promoter
regions. Sequence analysis shows GAD67A promoter lack
the TATA and CCAAT box and has multiple Sp1 binding
sites, all characteristics of housekeeping promoters. The
importance of the Spl binding sites of GAD67A promoter
had already been addressed. Mutation of these Spl sites
could inhibit the GAD67A promoter completely. Our
transfections showed GAD67A promoter was not cell type
restricted as it was able to activate transcription of the
heterologous reporter gene in both C6 and CHO cell lines.
Promoter region of GAD67B also lacks the TATA box, but
contains CCAAT box and multiple Spl binding sites.
Promoter activity analysis showed GAD67B promoter was
able to activate transcription of the heterologous reporter
gene in C6 cell. However, in CHO cell, the promoter
activities of the 5 flanking regions of GAD67B were
almost undetectable, except for the construct B1. The
promoter activity of construct B1 observed in CHO cell
most likely derive from GAD67A promoter since this
construct also contain 5’ flanking region of GAD67A. The
above results confirmed expression of GAD67A and
GADG7B are regulated by distinct promoters.

The 5’ flanking region of GAD67C possesses a putative
initiator (Inr) element as well as multiple Sp1 binding sites.
The Inr is capable of directing accurate transcription ini-
tiation of the Pol II promoter, in combination with the
Spl-binding site or the downstream promoter element in
TATA-less promoters [32]. However, the Inr element
predicted may be not functional because multiple TSSs
were identified, and none of which seemed to be used more
frequently than the others (Fig. 2). This predicted binding
site should be further confirmed by experiment results,
such as electrophoretic mobility shift assay and mutation
assay. Transfection experiments showed the 5’ flanking
region of GADG7C failed to activate transcription of the
heterologous reporter gene both in C6 and CHO cell. This
is likely, as GAD67C was only expressed in haploid germ
cell of testis, and doesn’t express in both C6 and CHO
cells. Thus the promoter activity of GAD67C 5’ flanking
sequence may not exhibit in C6 and CHO cells. As lack of
cell lines derived form haploid germ cell, the appropriate
way to analysis promoter activity of 5’ flanking sequence of
GADG67C may be through generating transgenic models.

@ Springer

In conclusion, regulated by alternative promoters and
spicing, GAD67 gene has distinct expression pattern during
postnatal testis maturation. By activation and regulation of
different promoters, distinct transcripts can be generated
and their levels regulated independently, and these pro-
moters may be coordinated to achieve the level of GAD67
proper to the maturation of the testis. As GAD is the key
enzyme that responsible for GABA synthesizing, thus, by
dynamic regulation of GAD gene expression, level of local
synthesized GABA can be precisely modulated during
testis maturation. The findings reported here will provide a
framework for further analysis of GAD67 gene expression,
and may aid in designing experiments to unravel the role of
GABA in mammalian testis.
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