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In mammals, glutaminase (GA) is expressed in most tissues, but
the regulation of organ-specific expression is largely unknown.
Therefore, as an essential step towards studying the regulation of
GA expression, the human liver-type GA (hLGA) gene has been
characterized. LGA genomic sequences were isolated using the
genome walking technique. Analysis and comparison of these
sequences with two LGA cDNA clones and the Human Genome
Project database, allowed the determination of the genomic
organization of the LGA gene. The gene has 18 exons and is
approx. 18 kb long. All exon/intron junction sequences conform
to the GT/AG rule. Progressive deletion analysis of LGA
promoter—luciferase constructs indicated that the core promoter
is located between nt —141 and +410, with several potential
regulatory elements: CAAT, GC, TATA-like, Ras-responsive

element binding protein and specificity protein 1 (Spl) sites. The
minimal promoter was mapped within + 107 and +410, where
only an Spl binding site is present. Mutation experiments
suggested that two CAAT recognition elements near the tran-
scription-initiation site (— 138 and —87), play a crucial role for
optimal promoter activity. Electrophoretic mobility-shift assays
confirmed the importance of CAAT- and TATA-like boxes to
enhance basal transcription, and demonstrated that HNF-1
motif is a significant distal element for transcriptional regulation
of the hLGA gene.
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INTRODUCTION

Phosphate-activated glutaminase (GA; E.C. 3.5.1.2) initiates
glutamine catabolism by hydrolysis of this amino acid to form
glutamate and ammonium. In mammals, two isoenzymes were
originally described as liver-type (LGA) and brain-type [1],
although this last isoform was lately named kidney-type (KGA)
enzyme [2]. Some of the main physiological functions of GA
include renal ammoniagenesis, nitrogen supply for urea biosyn-
thesis in the liver, synthesis of the excitatory neurotransmitter
glutamate in the brain, and energy supply for the bioenergetics
of many normal and transformed cell types [3,4].

The KGA isoform seems to be ubiquitous in all tissues with
GA activity, with the exception of postnatal liver [3]; however,
expression in liver endothelial cells has also been described [5]. In
kidney, the enzyme is strongly induced by metabolic acidosis: a
post-transcriptional mechanism accounts for its enhanced ex-
pression due to increased stability of the KGA mRNA [6]. The
KGA gene has been shown to elicit many mRNA transcripts,
employing multiple polyadenylation sites [7] or alternative
splicing [8]. The alternatively spliced mRNA encodes a protein
with a distinct C-terminal region to that of KGA; thus, it
represents a new GA isoform, named GAC, first described in
human kidney and colon cancer cells [§]. Recently, GAC mRNA

has been shown to be expressed also in rat kidney and pig renal
cells [9]. The rat (r)KGA promoter has been characterized; it
lacks a TATA sequence but is GC-rich and contains two CAAT
boxes and two specificity protein 1 (Spl) sites [10].

The LGA isoenzyme was originally thought to be present only
in adult liver tissue [3,11]. However, emerging evidence has now
indicated clearly that expression also occurs in extrahepatic
tissues like brain, pancreas and breast cancer cells [12]. Human
(h)LGA has been extensively characterized in our laboratory.
We first isolated a cDNA clone from ZR-75 breast cancer cells
[12] and, surprisingly, the deduced amino acid sequence was
highly similar to the rat liver enzyme, but with the addition of 67
extra amino acids at the N-terminal [12,13]. Two loci were then
identified for human GA : the human (h)KGA gene was mapped
to chromosome 2, whereas a second locus in chromosome 12
was assigned to hLGA [14,15]. The proximal promoter of the rat
(r)LGA gene also lacks a functional TATA box, but contains
recognition elements HNF-1, HNF-5 and CAAT-enhancer bind-
ing protein (C/EBP) that may be important for its basal
expression in liver [13]. Increased expression of hepatic GA has
been reported in diabetes, starvation, or on feeding a high-
protein diet. An enhanced rate of gene transcription was shown
to be the mechanism responsible for these adaptive changes
[11,13].

Abbreviations used: C/EBP, CAAT-enhancer binding protein; CREB, cAMP-responsive element binding protein; EMSA, electrophoretic mobility-shift
assay; ER, oestrogen receptor; GA, phosphate-activated glutaminase; HLF, hepatic leukaemia factor; KGA, kidney-type glutaminase; hKGA, human
kidney-type glutaminase; rKGA, rat kidney-type glutaminase; LGA, liver-type glutaminase; hLGA, human liver-type glutaminase; rLGA, rat liver-type
glutaminase; PDZ, PSD95/DIg/Z01 domains; RREB, Ras-responsive element binding protein; RT, reverse transcription; Sp1, specificity protein 1; UTR,
untranslated region.
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GA is thought to play important roles in tumour cell biology
and its activity has been associated with malignancy and tumour
growth rates [4]. Overexpression of GA is a phenotype charac-
teristic shown by many experimental and human tumours [12,16].
Elucidation of the role of GA in the control of cell growth and
proliferation, and of the intriguing question as to why two
isoenzymes are expressed in the same organ, will require the
characterization of GA gene expression and tissue-specific regu-
lation. Some clues may be obtained by analysis of the transcrip-
tional activity of GA genes. In this study we sought to elucidate
the gene structure and molecular requirements of the basal
transcriptional machinery controlling hLGA gene expression.
We found that a core glutaminase promoter is located between
nt —141 and +410 within a GC-rich region, and four elements
were essential for optimal promoter activity: a TATA-like box,
two CAAT elements, and an HNF-1 binding site. Furthermore,
an Spl site at the 5-UTR may account for a strong basal
expression in hepatoma and breast cancer cells.

EXPERIMENTAL PROCEDURES
Cloning and sequencing

To clone the 5’-flanking region of the hLGA gene, we used the
Genome Walker kit (Clontech, Palo Alto, CA, U.S.A.) according
to manufacturer’s instructions and employing glutaminase-
specific primers deduced from the 5" end of a cDNA LGA clone
(GenBank accession number AF110330, [12]). PCR products
were subcloned into pGEMT Easy vector (Promega, Madison,
WI, U.S.A)) and sequenced using the M 13 forward and reverse
primers. By searching the Human Genome Project database with
two putative intronic sequences present in another cDNA LGA
clone (GenBank accession number AF110329, [12]), we identified
a match with a Human Genome Project working draft sequence
(accession number AC024884.00003) located on chromosome
12. Arrangement of this sequence using the cDNA LGA clones
produced a genomic structure extending from exons 4 to 18.
Another BLAST search was done using the 5’-flanking sequence
cloned with the Genome Walker System: a significant alignment
was obtained with a second working draft sequence of the Sanger
Center Human Genome Project database (accession number
AC024884.00008). Sequence analyses of this contig with cDNA
and genomic LGA clones showed that it encompassed the first
exon, part of the first intron and 2705 bp of 5’-untranslated
region (UTR). However, the cDNA sequence between the second
and fourth exon of clone AF110330 did not align with any
sequence from the Human Genome Project database. Primers
were then designed to obtain the genomic sequence between
exons 2 and 4 and to amplify contigs comprising the whole LGA
gene (Table 1). PCR was performed on 2 xl (400 ng) of genomic
DNA isolated from ZR-75 cells [12] using specific pairs of
primers for the LGA gene (Table 1). PCRs were hot started at
94°C for 5min and then continued for 30 cycles with
denaturation for 30 s at 94 °C, annealing for 90 s at 55 °C and
extension for 2 min at 72 °C, with a final extension for 10 min at
72 °C. To obtain the insert between introns 7 and 9, the annealing
temperature was established at 52 °C.

Subcloned insert DNAs were sequenced by the dideoxy chain-
termination method [17] using an LKB-ALF DNA sequenator
(Amersham Biosciences) and the Thermo Sequenase dye-primer
cycle kit (Amersham Biosciences). Sequencing was also per-
formed using the ABIPRISM automated DNA Sequencer model
310 (Applied Biosystem) at the sequencing facility of the Centro
de Investigaciones Bioldgicas (Madrid, Spain).
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Primer extension analysis

To map the transcription start site we first did three different
reverse transcription (RT)-PCRs, using total RNA of ZR-75
human breast cancer cell, essentially as described previously [12]
with minor modifications. Total RNA (10 ug) was reverse
transcribed with the RT primer, then, we amplified this cDNA
for 40 cycles with three different sense primers: Prom20Sacl,
Prom19Sacl and Prom18Sacl, and oligonucleotide GSP2 9 as
the common anti-sense primer (Table 1). Primer extension
reactions were performed to localize the transcription start site
using 0.5 and 2 g of poly(A")mRNA prepared from ZR-75 cells
[12]. Annealing and labelling of the reverse primers PEXT48 and
PEXT42 (Table 1) and extension reactions were performed as
described previously [12]. ®X174 DNA /Hinfl dephosphorylated
markers (Promega) were radiolabelled with [y-*2P]dATP just before
use. The samples were denatured for 10 min at 95 °C before loading
on denaturing polyacrylamide analytical gels containing 8%,
(w/v) polyacrylamide, 7M wurea and 1xTBE (Tris/borate/
EDTA) buffer. The gel was then vacuum dried and auto-
radiographed for 3—4 days at —80 °C.

Generation of glutaminase promoter—luciferase constructs

Genomic DNA was prepared from the human breast cancer cell
line ZR-75 as described previously [12]. The high-fidelity cDNA
Advantage polymerase mix (Clontech) was used for PCR. Two
overlapping fragments of the hLGA promoter, ranging in size
from 1.4 to 2.8 kb, were amplified by PCR using genomic DNA
and a primer (PROM3R, Table 1) specific for the 5 end of
hLGA cDNA sequence [12], in combination with two upstream
sense primers (PROMD1 and PROMD?2, Table 1). Both products
contain a segment at their 3’ end that matches the 5-UTR
sequence of the previous cDNA hLGA clone [12], but adding 189
new nucleotides at the 5" end. A fragment of 2828 bp of the GA
gene promoter was subcloned into pGEMT using primers
PROMDI1 and PROM3R (Table 1). Promoter DNA sequence
was finally cloned at the Sacl/Nhel sites of the pGL3 luciferase
reporter vector (Promega, Madison, WI, U.S.A.). The nucleotide
upstream of the transcription start site was numbered —1. A
series of reporter constructs containing 5 deletion mutations
were prepared by PCR using specific 5 primers and a common
3’ primer named Prom3R Nkel (Table 1). The orientation of the
inserts was verified by restriction digestion and/or DNA
sequencing.

Mutation analysis of the glutaminase minimal promoter

Mutations of the constructs were performed using the Quick
Change site-directed mutagenesis kit (Stratagene FEurope,
Amsterdam, The Netherlands) and the appropriate HPLC-
purified mutated primer pairs. The presence of mutations was
verified by DNA sequencing. Reporter luciferase vectors con-
taining mutations were chosen for large-scale DNA preparation
and used in transfection experiments. Oligonucleotides con-
taining mutations were also annealed and used in electrophoretic
mobility-shift assays (EMSAs) as competitors to verify the effect
of mutations.

Cell culture and transient transfections

Human hepatoblastoma cells (HepG2, European Collection of
Cell Cultures, Cambridge, U.K.) were maintained in Eagle’s
minimum essential medium with 19, non-essential amino acids
and 1 mM sodium pyruvate (BioWhittaker, Walkersville, MD,
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Table 1 Oligonucleotides used for human L-glutaminase gene isolation, chimeric plasmid constructions, and primer extension analysis

Name

Sequence 5" —3’

nt

Genome Walker

GenBank sequence

GSP1 7 reverse GCAGTCCAGTGGCCTTTAGTGC 7632/7653
GSP2 9 reverse AGCAAATCACCCAGGCGGGACAG 7168/7190

AP1 GTAATACGACTCACTATAGGGC Vector

AP2 ACTATAGGGCACGCGTGGT Vector
Promoter isolation Promoter sequence
PROMDT1 GCCCTTGTCATAGTTGGCTAATAGT — 2411/ —2387
PROMD2 CCTTATGCGAGAATTCTTAATTTCC —1021/—997
PROM3R TGGTGCTGCGGCTGGTGGCTGTGTGGCGTCTCTCT 382/416

Full LGA isolation GenBank sequence
1E1I F TCCATGAAGGCTCTGCAGAA 2761/2780

1E1I R ACACAGGATTATAGTGATCAGA 5216/5237
2E4EF CATCAGAAAGTGGCATGCTGTCC 7151/7173
2E4E R GGTCAGGAGCACAATGTTGCTGCTC 8358/8382

4E7I F CCAATCGTGTCTGGGATCCAGG 8331/8352

4E7I R GCTAGTCTGACACCCTGTTCAAG 10312/10334
7191 F AGTTATTCACGTCACCTGGAAC 10279/10300
7191 R CATCTAGGAAAACTGGTGAAG 12177/12197
92l F GGACTGACTGAAAGCATTGTGG 11927/11948
9121 R GGAAATGACATCTAAGCTGAGAC 13512/13534
u1D CGGGGTGTGGATCCTGAATTGTGCT 13461/13485
U2R CCGTGGGTCTAACTTCCGAGCAC 14262/14284

5F GTGCTCGGAAGTTAGACCCACGG 14262/14284
OR GGGCAAGCCATTAGGCTGTACC 16288/16309
18E18I F ACCAAGCAGTCATTTGGTGAC 16152/16172
18E181 R GATGTGAGCCAGGTCTCTGTGGT 18062/18084
Promoter constructions Promoter sequence
PromD1Sacl GCCCTTGTCATAGTGAGCTCATAGT — 2411/ —2387
Prom2Sacl CAAGTCACGAGCTCATGCTCCATC — 2246/ —2223
Prom3Sacl AGTTAAGTCCAGAGCTCCAAGTG —2189/—2168
Prom4Sacl CTCTAAGCAAAGCGCTCCCTGCTTCC —2152/—2128
Prom5Sacl GAGAGTAAGGAGCTCATTAGA —2067/—2047
Prom6Sacl GCTAATTCAAAGAGCTCGAAATAGG —2039/—2015
Prom7Sacl CCTAACAGATGGTATTGAGCTCTTG —1971/—1947
Prom8Sacl CTATGAAACGAGCTCAAGATTCGTC —1913/—1889
Prom9Sacl GAGACCCAGAGCTCTGCCTCTTGG —1839/—1816
Prom10Sacl GCCTGTAATCCGAGCTCTTGTG —1525/—1504
Prom11Sacl GTGATACAGCCAGAGCTCTCACA —1233/—1211
Prom12Sacl CTGGTTCTGGAGCTCACTAGCTG —1049/—1027
Prom13Sacl GGAACACCATGAGCTCTCAATA —912/—891
Prom14Sacl GGTGAAAGTTCGTGCTCCAAATG —822/—800
Prom15Sacl GTGGGGAGCTCTTCATGGT —698/ —680
Prom16Sacl CTCCTGAACTGAGCTCACTCT — 376/ —356
Prom17Sacl GTCCCACCGTCGAGCTCTCA —157/—138
Prom18Sacl CAGTGATTGGAGCTCGGCATTG —93/—=72
Prom19Sacl CTGAGGGAGCTCCTAACCCTGGA 24/76
Prom20Sacl CACCCACCGAGCTCACATTCTC 94/115
Prom3RNhel GCGGCTGCTAGCTGTGTGGCGTCTC 385/409

Primer extension Promoter sequence
RT CCGTGGGTCTAACTTCCGAGCAC 14262/14284
PEXT48 CCTGCCCCTTAAAGCTGGCTCCA 43/66

PEXT42 CCTTTAAAGCTGGCTCCAGGGTTA 37/60

U.S.A.), supplemented with 2 mM L-glutamine, 10 % (v/v) foetal
calf serum (Harlan, Indianapolis, IN, U.S.A.), 100 units/ml
penicillin, 100 xg/ml streptomycin and 2.5 ug/ml amphotericin
(antibiotics were from Roche). Human breast cancer cell line
MCEF-7 (American Type Culture Collection, Rockville, MD,
U.S.A.) were maintained in Dulbecco’s modified medium with
4.5 g/litre glucose, supplemented with 109, (v/v) foetal calf
serum, 100 units/ml penicillin, 100 pzg/ml streptomycin and
2.5 pg/ml amphotericin. ZR-75 breast cancer cell line was cul-
tured as described previously [12].

Approx. 265000 cells were grown overnight at 37 °C under
air/CO, (19:1), on 35-mm culture dishes. Before transfection, all

assayed cell types were washed twice with PBS and pre-incubated
under serum-free conditions for 20-30 min. Cells were transfected
with 5 ul of Lipofectin reagent (Life Technologies, Paisley,
Renfrewshire, Scotland, U.K.). Aliquots of 1.5 ug of pGL3-1
(the longest luciferase construct) and equimolar amounts for
the other plasmids were used. HepG2 and MCF-7 cells were co-
transfected with 50 ng of pCMV-£Gal (a plasmid containing the
human cytomegalovirus promoter upstream the j-galactosidase
gene) to normalize for transfection efficiencies, and variable
amounts of pBlueScriptll SK (—). After 7 h of incubation at
37 °C, the transfection solution was withdrawn and replaced
with the complete mediums described above, and cultivated for
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Figure 1 Organization of hLGA gene

(R) Structure of the hLGA gene. Exons are indicated by bold numbers and depicted as black boxes. Below each box, the fragment size is shown (bp). Intron sequences are depicted as black
horizontal lines and their lengths are also shown. At the bottom of the Figure, the 5’-flanking region, 5’-UTR, 3’-UTR and open reading frame (ORF) sequences of the hLGA gene are displayed.
(B) Comparison of the exon/intron organization of the hLGA gene with those of rLGA (GenBank numbers J05499, AC109891.1, AC095733.3 and AC111940.2) and hKGA [9] genes. Arrowheads
indicate the positions at which introns interrupt exons.
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Table 2 Exon/intron organization of the human L-glutaminase gene

Exon sequences and intron sequences are in uppercase and lowercase letters respectively.

Amino acid

Exon 5" splice donor 3" splice acceptor interrupted

1 CAGGATCAgtaaggctce gceeccaaacagTGATTCATC H61
QDH DS S

2 TTCACCACTgtaagttgcce tttectctaaagGCACTAAAG T94
FT T AL K

3 TTCCGAAAgtgagggece tctgggatccagGTGTGTGAGC K135
FR K C Vs

4 GGAGGCAAAgtgagagtcagg  actcatgtccagGTGGCAGCC K178
G G K V A A

5 GGTCAACGgtgagatgctgg gtetgectccagGCACTCTGTG R205
G Q R H SV

6 AATGAGGAAGgtgagcactacc  tatttccccagGAATCCCCCAT G260
NE EG | P H

7 CTGATCAAGgtcagtgccace tttctctgcagATGGACTGT K279
L1 K M D C

8 TTTGATTTTgtaagttcectt ttctcttccagGTGTTGCAG F290
FDF VL Q

9 AGCAATGCCACgtaagtcecta  gtttgettcagATTCCAGTCA T310
SN AT F Qs

10 GAAAAGAAGgtaaccagaag tettecttgcag TGCTTTCCT K332
E K K C F P

11 TACTTCCAGgtaagaaaacac tgttttcatagCTGTGTTCT Q349
Y F Q L CS

12 GCCTTCCACgtgagtttctgg ttctgttccccagGTGGGCCTG H408
A F H V GL

13 TTCTGCCAGgtgagatgctttg ttacaattctagAAGTTGGTG Q452
FC Q K LV

14 GAAATTCGGgtaaggaaaact atttgtgttccagAACAAGACT R483
E I R N K T

15 CTTCGAAGgtaatgctactgt ccactaccctcagGTTTGCCTTG — R504
L R R F AL

16 GCAGCTGAAGgtactgaaggg  ccatattcctagGACACATCGAA G530
AAE G HI1 E

17 AAGGACAGgtgaggaatag tattcctctcagGTGGGGCAAC R551
KD R W G N

an additional period of 48 h at 37 °C. Transfections were
performed in duplicate, and repeated at least twice.

Luciferase assay

Luciferase and p-galactosidase assays were performed with a
kit from Tropix (Bedford, MA, U.S.A.), according to the
manufacturer’s protocol. Briefly, cells were washed twice with
PBS, solubilized with 100 xl of lysis buffer supplemented
with 0.5 mM dithiothreitol and detached with a cell scraper.
Luciferase activity was determined in duplicate using 10 ul
aliquots of supernatants (kept at —80 °C) in a Lumat Lumino-
meter (LB9501, Berthold, Bundoora, Australia), and reported as
light units per mg of protein. Alternatively, luciferase activity was
divided by p-galactosidase activity to correct for transfection
efficiency and the reporter gene expression was also expressed as
relative luciferase activity. As a positive control, cells transfected
with pGL3 basic, without any promoter sequence, and with
pCMV-pGal and pBlueScriptll SK (—) were used. Luciferase
activity of untransfected cells was determined as a negative
control.

Nuclear extracts and EMSA

Approximately 1.5x 10® cells were trypsinized, collected and
washed once in 5ml of ice-cold PBS. The cell pellet was

resuspended in a 50 ml Falcon tube for 30 min at 4 °C with
40 ul/10% cells of lysis buffer containing 0.6 9%, Nonidet P40,
0.15M NacCl, 10 mM Tris/HCI, pH 7.9, 1 mM EDTA, 0.5 mM
PMSF, 0.1 mM benzamidine, and 1 pg/ml leupeptin. Nuclei
were pelleted at 2000 g for 5 min and washed once with the same
buffer but without detergent. Nuclear proteins were extracted
from the final pellet with one volume (packed volume of cell
pellet) of high salt extraction buffer [10 mM Hepes, pH 7.9,
0.42 M NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 1.5 mM MgCl,,
0.5 mM dithiothreitol, 259%, (v/v) glycerol, 0.5 mM PMSF,
0.1 mM benzamidine, and 1 xg/ml leupeptin] for 30 min at 4 °C
with occasional shaking. Nuclear debris was removed by centri-
fugation at 10000 g for 10 min at4 °C. The protein concentration
was estimated by the Bio-Rad Bradford reagent kit and was set
at 3 pug/upl in all preparations. The nuclear proteins were kept at
—80 °C and used in band shift assays.

DNA-binding reactions were performed in 10 mM Tris/HCI,
pH 7.6, 0.1 mM EDTA, 50 mM NaCl, 0.5 mM dithiothreitol,
10 9% (v/v) glycerol, 0.2 9% Nonidet P40 and 1 g of poly[d(I-C)],
using 5 pg of nuclear protein and the [y-**P]ATP-labelled probe
(Amersham Biosciences, 200000 c.p.m./reaction) in a final vol-
ume of 20 ul. All probes were adjusted to the same specific
activity. Competing unlabelled oligonucleotides were added to
the binding mixtures along with the radiolabelled oligonucleotide.
A 100-fold molar excess of non-radiolabelled mutated competitor
DNA was used. For the competition assays the probe and
competitor were added at the same time. Samples were incubated
on ice for 30 min and subjected to electrophoresis by non-
denaturing PAGE (4.5% gel) in TBE buffer (100 mM Tris,
pH 8.0/100 mM boric acid/1 mM EDTA). Electrophoresis was
carried out using a refrigerated system at 6 V/cm for 2 h. Gels
were vacuum-dried and autoradiographed overnight at —80 °C.

For supershift analyses, reactions were performed in the
presence or absence of 2 ul of the antibody of interest [anti-(NF-
1), anti-TFIID (TBP), and anti-(C/EBP p)], from Santa Cruz
Biotechnology, La Jolla, CA, U.S.A.). For all CAAT constructs
and the TATA-like box in construct pGL3-19, nuclear extracts
were pre-incubated with the antibody for 20 min at 20 °C before
addition of the radiolabelled probe (200000 c.p.m.) and con-
tinued incubation for 25 min at 20 °C. For NF1 and TATA boxes
included at pGL3-15, the radiolabelled probe was incubated
with the nuclear extract before adding the antibody. Samples were
analysed by non-denaturing PAGE as above.

Preparation of single-stranded, G-overhang and double-stranded
oligomers

DNA oligonucleotides (see Figure 6A for oligonucleotides
sequences) were purchased from Amersham Biosciences and gel-
purified before 5 end-labelling. Each oligonucleotide was
separated from residual species by purification by native PAGE
(169, gel), and analysis on a fluorescent TLC plate (Merck,
Darmstadt, Germany). After elution and purification of DNA
fragments, spectrophotometric quantification was carried out.
Double-stranded oligonucleotides were prepared by annealing.
Partial duplex 3'G rich overhang DNA was obtained by mixing
equimolar amounts of forward and reverse oligonucleotides,
followed by heating at 95 °C and slow cooling at 20 °C. For
annealing, 1 nmol of each oligonucleotide was used in arrays
covering promoter regions and corresponding to the DNA-
binding motifs. Annealed oligonucleotides (40 pmol) were
end-labelled for 10 min at 37°C using 1ul of T4 poly-
nucleotide kinase, 2 ul of [y-**P]JATP (> 5000 Ci/mmol) and
the appropriate kinase buffer. Reactions were stopped by adding

© 2003 Biochemical Society
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2 ul of 0.5M EDTA. The fully double-stranded DNAs were
quantified in a beta counter.

RESULTS
Genomic organization of the hLGA gene

Recently the gene coding for hLGA was mapped to chromosome
12 [14]. Figure 1(A) summarizes the genomic organization of the
hLGA gene; the relevant sequence information is available
under GenBank accession number AF348119. By a combination
of genomic walking, PCR cloning and restriction analysis, the
hLGA gene was determined to span more than 18.1kb and
consists of 18 exons and 17 introns. DNA exonic coding sequences
perfectly matched the previous cDNA sequence cloned from
breast cancer cells [12], except at six positions, namely nt 311,
470, 820, 1034, 1036, and 1167, which result in amino acid
discrepancies at residues 87, 140, 257, 328, and 329. The
exon/intron organization of the hLGA gene was determined
using the sequence of two human ¢cDNA LGA clones [12].
Exon/intron boundaries fit consensus motifs; each intron be-
ginning with GT at the 5'-splice donor site and ending with an
AG at the 3’-splice acceptor site (Table 2). The initial exon
contains 422 bp, including 240 bp of 5’-UTR and the sequence
encoding the initial 61 amino acids. Exon 18 encodes the last 51
amino acids and has 535 bp of 3’-UTR including a polyadenyl-
ation signal. Four additional poly(A) signals are present in the
1.5 kb fragment following exon 18.

It is interesting to note that three A/u sequences are located on
introns 7, 14, and on the 3’ flanking sequence of the gene after
exon 18. Intron 1 is the largest one with more than 4.2 kb and a
fragment of unknown sequence, which was shown to be highly
refractory to sequencing. Figure 1(B) compares the length of
exonic coding sequences, translated to amino acids, in the hLGA
gene, the human KGA transcript [9], and those deduced for
the rat (r)LGA gene employing the rat genome project draft
sequences and the cDNA of rat liver enzyme [13]. Out of 17
boundaries, 16 are identical in the three genes and, furthermore,
the amino acids interrupted are almost identical. The lengths of
exons 3—17 within the hLGA and hKGA transcripts, and exons
2-16 for the rLGA transcript, are the same. The nucleotide and
amino acid sequences of these exons have identities ranging from
69 9, t0 95 %, In sharp contrast, the N- and C-terminal sequences
encoded by exons 1 and 18 of the hLGA gene have only 62.5 9,
and 29.49, similarity with hKGA protein, respectively. Fur-
thermore, exon 1 and the first 6 amino acids coded by exon 2 are
missing in the rLGA gene, accounting for a rat liver protein 67
amino acids shorter than hLGA.

Isolation of the hLGA 5'-flanking sequence and determination of
the transcription start site

A combined strategy of PCR and restriction digestion was used
to identify and clone 2827 bp of the hLGA 5’-flanking sequence,
including the translation initiation codon. The 5-UTR is mainly
composed of GC-rich domains that are potential binding sites
for Sp-1, but also for the C/EBP. Alignment of the hLGA

A Transcription

start site
TATA | LGA
“4— Primer at 60 bp
4— Primer at 66 bp
B 1

2 3 4 5

311
249

200

151 &8
140

118

100

82

66

48

Figure 3 Determination of the hLGA transcription start site

(R) Schematic diagram of the transcription start site and positions of the reverse primers used
in primer-extension analysis. (B) Primer extension of 0.5 and 2 zg of poly(A*) mRNA from ZR-
75 cells. Duplicate extension products of 60 bp (lanes 2 and 3) were obtained by using the
PEXT42 reverse primer. Duplicate extension products of 66 bp (lanes 4 and 5) were obtained
by using the PEXT48 reverse primer. Both primers located downstream of the TATA box (see
R). $X174 DNA/Hirfl dephosphorylated markers, previously radiolabelled and denatured, are
indicated in lane 1. The transcription start site for hLGA can thus be assigned to the adenine
nucleotide situated 240 bp upstream from the initiation codon.

sequence with approximately 1 kb of 5’-flanking sequence cur-
rently available for the rLGA gene [13], showed no significant
similarity around the transcription start site (Figure 2A).

Figure 2 Organization of the hLGA promoter

(R) Nucleotide sequence and binding motifs of the proximal 5’-flanking region of the hLGA and rLGA genes. Transcription start sites are indicated by circled and bold letters. Putative protein binding
sites, determined by computer analysis, are identified by boxes and are named above the sequence. Numbering is based on the distance from the transcription start sites at A*'. The sequence
from nt —141 to nt 4 256 for hLGA is represented. The sequence of 404 bp at the 5’-flanking region of the rat LGA gene (GenBank number L76175) is also shown. (B) Nucleotide sequence
of the hLGA gene promoter region from nt —2411 to +416. Numbering of nucleotides is based on the transcription start site. The 5”-UTR is shown in lower case letters and the coding region,
beginning at nt + 241, is underlined. Actual CAAT protein binding sites determined by EMSA are in bold boxes.
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Figure 4 Schematic representation of the different constructions employed in promoter analysis

The positions of putative regulatory elements are indicated. Numbering for each construction is based on the transcription start site (4 1) and is shown on the left-hand side of the Figure.

The transcription initiation site of the hLGA gene was
determined by primer-extension analysis, using two specific
antisense primers (Table 1) flanking the 5" end of available
cDNA sequences. Primer PEXT42, complementary to nt + 37 to
+60, produced one single band of 60 nt on the autoradiogram
(Figure 3B). When primer PEXT48 (complementary to nt +43
to nt +66) was employed, another single band of 66 nucleotides
in size was amplified (Figure 3B). Therefore, both extension
reactions stopped at the same position; no other specific LGA
products were obtained in the primer extension analyses. A
unique transcription start site for hLGA can thus be assigned to
the A nucleotide located 240 bp upstream from the initiation
codon. All positions within the human 5’-flanking sequence have
been indexed — 1, —2, etc., relative to this + 1 transcription start
site.

Sequence analysis of the 5’-flanking region of the hLGA gene

The 2.4 kb DNA sequence of the 5’-flanking region of the hLGA
gene is shown in Figure 2(B). The Transfac 4.0 database
(http://transfac.gbf.de/TRANSFAC/) was searched to localize
putative transcription factor binding sites, using MatInspector

© 2003 Biochemical Society

V2.2 software [18]. There are three TATA-box-like elements at
—2043, —676 and — 565, two cAMP-responsive element binding
proteins (CREB and CREBP1) at — 1851 and — 1475, an NF-1
sequence at —658, a GATA-C binding site at —1133, and a
hepatic leukaemia factor (HLF) at —1025. Other common
regulatory elements included two putative binding sites for liver-
enriched factor HNF-1 at —1969 and — 1849, an oestrogen
receptor (ER) site at —1454, and a glucocorticoid response
element at —785. Two consensus binding sites for CAAT (—138
and —87) are present close to the transcription start site,
suggesting potentially important roles. In this region, we also
identified a GC-box element at — 50, two Ras-responsive element
binding proteins (RREBs) at —4 and +79, and a muscle TATA
box (TTTAAA) at +53. Several binding sites for Sp-1 (—265,
—225 and +174), HNF-4 (—2181), GATA-3 (—2121 and
—1943), GATA-1 (—1927) and GATA-2 (—829) were also
noted.

5’-Deletion analysis of the hLGA promoter

As a first approach to determine the important DNA elements
regulating hLGA gene expression, a series of eighteen 5'-
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Figure 5 Functional analysis of the hLGA promoter in HepG2 and ZR-75
cells

Promoter activity of the 5" region of the hLGA gene in HepG2 (A) and ZR-75 (B) cells.
Transcriptional activity of deletion constructs was studied in the human hepatoma HepG2 cell
line and in the ZR-75 breast cancer cell line. Cells were lysed and assayed for luciferase and
[-galactosidase activities. Luciferase activity was divided by £-galactosidase activity to correct
for transfection efficiency and is expressed as relative luciferase activity (promoter activity).
The background activity of the pGL3 basic promoterless vector is also shown. The results are
expressed as means + S.D. from at least three different experiments, in duplicate for each
construct.

truncated promoter fragments (pGL3-1 to pGL3-18), starting
from nt —2382 to —79 of the 5’-upstream sequence and ending
at nt +410, were prepared (Figure 4). In addition, two more
constructs were assayed: pGL3-19 from nt +35 to +410
(containing TATA and RREB elements), and pGL3-20 encom-
passing nt + 107 to +410 (containing a Sp-1 binding site). They
were cloned into a promoterless luciferase reporter vector, pGL3,
and the fusion promoter—luciferase constructs were transiently
transfected into human HepG2 hepatoma cells (Figure 5A) and
ZR-75 breast cancer cells (Figure 5B). The luciferase activity was
normalized with p-galactosidase activity for transfection
efficiency. Plasmid pGL3-1 from nt —2380 to +410 was able to
provide a minimal promoter activity, while deletion of a distal
CAAT celement (plasmid pGL3-2) decreased its activity,
suggesting a putative enhancer role for this CAAT box.

The deletions from nt —2233 to —2023 (Figure 5, constructs
pGL3-3 to pGL3-6) yielded a 2- to 3.5-fold increase in luciferase
activity relative to the pGL3-1 construct, suggesting the presence
of silencer elements in a region where HNF-4, AP-4, GATA-3
and TATA-like motifs were identified (Figure 4). A further
deletion of a 73 bp fragment (pGL3-7) increased 9-fold the
luciferase activity, pointing at the HNF-1 element removed as
another negative regulatory element, whereas GATA sequences
at —1943 and — 1927 behaved as putative positive elements, as

judged by the lower activity (6-fold) shown by the next construct
(pGL3-3).

A remarkable change in luciferase activity occurs after deletion
to — 1.5 kb (pGL3-10). This construct shows a more than 10-fold
increase in promoter activity compared with pGL3-1, hinting at
CREBPI1 and/or HNF-1, and at HNF-4 and/or NF1 as very
important silencer elements. Luciferase activity was dramatically
enhanced to approx. 20-fold by deletion to —361 bp; in fact,
pGL3-16 shows the highest promoter activity in HepG2 hepa-
toma cells. TATA-like elements at nt —676 and — 565, as well as
the NF-1 box, located at — 658, appear as the most important
silencer cis-acting elements within the hLGA promoter. In
contrast, removal of two Sp-1 boxes at nt —265 and —225
(pGL3-17) left essentially unaltered luciferase expression. Further
5" deletion to position —79 (pGL3-18) abolished a significant
part of promoter activity in HepG?2 cells, indicating that a core
promoter is located between nt —141 and +410; two CAAT
boxes are present here and would be important positive cis-
acting elements. In contrast, a different behaviour was found for
ZR-75 breast cancer cells: a stepwise increase was observed by
progressive deletions from nt — 141 (pGL3-17) to —79 (pGL3-
18) and +35 (pGL3-19). In fact, this last construct had the
maximum activity (8-fold with regard to pGL3-1), and further
deletion to + 107 (pGL3-20) significantly reduced the promoter
activity. These results indicate that the region between nt — 141
and + 107 is important for optimal promoter activity in ZR-75
cells. In this region, GC sequences, TATA-like box and an RREB
element were identified.

Mutagenesis of the core, proximal and distal enhancer elements
of the hLGA promoter inhibit luciferase activity

In an attempt to identify transcription regulation elements,
additional reporter constructs were prepared in which target
boxes were mutated (Figure 6A). All plasmid inserts were
analysed by sequencing the recombinant plasmids. Four bases
within each CAAT-box, included in the pGL3-17 plasmid, were
simultaneously mutated to produce two reporter constructs that
dramatically reduced promoter activity in HepG2 (Figure 6B)
and MCF-7 cells (Figure 6C). These boxes are thus necessary to
confer on the basal promoter the high response of enhancement
in hLGA gene transcription. Mutations at the proximal TATA-
like element and Sp-1 box (pGL3-19 and pGL3-20 constructs,
respectively) also yielded significant impairment of luciferase
activity. However, mutagenesis at GC sequences in the pGL3-18
plasmid lowered the activity, but not as radically. Cells trans-
fected with the promoter engineered to contain a mutated cassette
of a TATA-like element (—676) or NF-1 box (—658), both at
pGL3-15, exhibited low levels of basal transcription and, in
particular, mutations at the TATA box decreased luciferase
activity to values of 109, (HepG2) and 409, (MCF-7) of the
wild-type promoter (Figures 6B and 6C, respectively). To in-
vestigate distal enhancer elements, we made site-specific
mutations at the HLF site (pGL3-12) and the GATA C site
(pGL3-11). A resulting large loss in promoter activity ranging
from 16 to 349, of wild-type promoter activity was seen in both
cell types. Modification of very distal enhancer elements, such as
the HNF-1 sequence at —2023 (pGL3-6) or the CAAT cassette
placed at —2255 (pGL3-1), decreased significantly the expression
compared with the wild-type promoter, but only in HepG2 cells.

Protein binding to the HNF-1, HLF and Sp-1 boxes

To characterize the regulatory elements that show the greatest
effect on luciferase activity, EMSA experiments were carried out
using HepG2 nuclear extracts and specific double-stranded

© 2003 Biochemical Society
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CATGGTTTATGGAACGTTTTTCTGCG
CTTGCTCTCACGAAGCAACCTTAC
CCTCAGTGACGAAACCTGGGCATTG
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Figure 6 Effect of mutations on hLGA promoter activity

(R) Name and schematic representation of sequence and location of primers used for mutagenesis. Only sense strands are shown. The numbering refers to the transcription start site designated
as +1. 5-Deletion and mutagenesis analyses of the hLGA gene in HepG2 cells (B) and in MCF-7 cells (G) are shown. Transcriptional activity of deletion mutants is displayed (open bars) next
to its respective standard deletion construction (black bars). Cells were lysed and assayed for luciferase and /-galactosidase activities. Luciferase activity is expressed as indicated in Figure 5.
The background activity of pGL3 basic promoterless vector is also shown. The results are means +S.D. and represent more than three different experiments, in duplicate for each construct.
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Name Sequence 5’ — 3’ ot HNF-1(6) HLF(12) Sp1(20)
EIF CACAGTACCATTGGCCTCCCAAGTCA 2265/-2240 1 2 3 12 3 12 3
EIR GTGACTTGGGAGGCCAATGGTACTGT 2264/-2239 i

E6F GTTTAGAAATTCCCTAACAGATGGTATTTTT -1983/-1953 f 4 g )

E6R GAAAAATACCATCTGTTAGGGAATTTCTAAA -1982/-1952 - -

E12F GGTACTTACTAGCTGGGTTACCTTATGCGAGAATT  -1041/-1007

E12R GAATTCTCGCATAAGGTAACCCAGCTAGTAAGTA  -1039/-1006

E15.1F GTTTTTCTGCGTGCCAACTTATTTTAATGT -670/-641 -

E15.1R GACATTAAAATAAGTTGGCACGCAGAAAAA -669/-640

E15.2F GCACTTCATGGTTTATAAAACGTTTTTCTG -691/-662

E15.2R CGCAGAAAAACGTTTTATAAACCATGAAGT -689/-660

E17.1F GTCTTGCTCTCATTGGGCAACCTTAC -149/-124 CAAT(1) CAAT(17/1) CAAT(17/2)
E17.1R GGGTAAGGTTGCCCAATGAGAGCAAGA -148/-122 ﬁ_i—' —I"—'z—'—s—' ﬁ
E172F GCTTCCTCAGTGATTGGACCTGGGCATTGT -100/-71 _

E17.2R GGACAATGCCCAGGTCCAATCACTGAGGAAG -147/-69

E19F CCTGGAGCCAGCTTTAAAGGGGCAGG 41/66 —> s
E19R GGCCTGCCCCTTTAAAGCTGGCTCCA 43/68

E20F GTCTCGCTCGCTCCGCCCCTCCTTCCCAG 161/189

E20R GGCTGGGAAGGAGGGGCGGAGCGAGCGAGA 162/191 ]

Competitor —¥ ol
1 CAATD CAGTACCACGAACCTCCCAAG 2263/-2243 —-

6 HNF1 D GAAATTCCCGGCAAGATGGTATTTTTC -1978/-1952

12 HLF CTTACTAGCTGGAGGCCCTTATGCGAG -1037/-1011 > g
15 NF1 GTTTTTCTGCGTAATCACTTATTTTAATG -670/-642 !
15 TATA CATGGTTTATGGAACGTTTTTCTGCG -685/-660

17/1 CAAT CTTGCTCTCACGAAGCAACCTTAC -147/-124

17/2 CAAT CCTCAGTGACGAAACCTGGGCATTG -96/-72 NEF-1(15) TATA(15/2) TATA(19)
19 TATA CTGGAGCCAGCTCCAAAGGGGCAG 42/65 i 5 B 8 T 5 5
20 Spi CTCGCTCGCTCTATTCCTCCTTC 163/185 _

Figure 7 Formation of specific DNA—protein complexes at the hLGA promoter

(R) List of double stranded oligonucleotides used in these assays. Consensus sites are underlined. Sense strands of competitor mutated oligonucleotides, used in a 100-fold molar excess, are shown in bold and underlined. The
numbering refers to the transcriptional start site designated as + 1. (B) EMSA using HepG2 nuclear extracts demonstrates protein specificity (black arrows on the left-hand sides of the panels) in binding complexes to wild-type
(lanes 2) and mutated (lanes 3) double-stranded oligonucleotides containing HNF-1, HLF, CAAT, NF-1, and TATA elements as indicated. The construct number is shown in brackets (when more than one binding motif is present
in a construct, it is indicated after the construct number). Dashed arrows on the right-hand sides of the panels denote non-specific binding complexes. As a control, free probes without nuclear extracts were also assayed (lanes
1). For clarity, the free probes are not included at the bottom of the panels.
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Figure 8 Antibody supershift analyses demonstrate the interaction of
proximal elements with the hLGA promoter

EMSAs using HepG2 nuclear extracts depict specific binding complexes that shift and
supershift *P-labelled oligonucleotides containing NF-1, CAAT, and TATA elements as
indicated. The construct number is shown in brackets (when more than one binding motif is
present in a construct, it is also indicated after the construct number). Black arrows on the left-
hand sides of the panels show standard binding complexes (lanes 2), and dashed arrows on
the right-hand sides of the panels denote supershift complexes consisting of DNA—protein
complexes with anti-NF-1, anti-C/EBP, and anti-TFIID antibodies, respectively (lanes 3). As
control, free probes without nuclear extracts were also assayed (lanes 1).

oligonucleotides for each target motif (Figure 7A). Controls with
an excess of unlabelled (unmutated) oligonucleotides were also
performed and they abolished the band shift observed with the
respective labelled oligonucleotides (results not shown). The
HNPF-1 box at pGL3-6 shifted two binding complexes, but after
incubation with the mutated double-stranded competitor oligo-
nucleotide, a clear reduction in the intensity of the upper band
was noted, whereas the lower band signal remained the same
(Figure 7B). With regard to HLF, a less intense signal of specific
binding was detected only for its upper band. On the other hand,
although the Sp-1 element initially showed several shifted bands,
their overall intensity significantly decreased after incubation
with the mutated competitor oligonucleotide, as happened with
the HLF lower band (Figure 7B). These results indicate that the
HNF-1 motif at —2023 can be a significant distal element in the
transcriptional regulation of hLGA.

CAAT, NF-1 and TATA-like elements constitute the gene cassette
on the core promoter of hLGA

Additional EMSAs were carried out using oligonucleotides and
antibodies specific for putative critical elements controlling
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expression of hLGA. These assays revealed mainly two CAAT
boxes and, to a much lesser degree, a TATA-like element as the
more important regulatory sequences. Experiments using specific
probes for CAAT sites at pGL-17, NF-1 site at pGL-15, and
TATA sites at pGL-15 and pGL-19 were assayed (Figure 7B).
All of them were found to retard the band corresponding to the
binding complexes, although the strongest bindings were
obtained with CAAT and TATA elements. The interactions
seem specific as they were inhibited by the unlabelled (unmutated)
oligonucleotide and not by the unlabelled mutated oligo-
nucleotide. Although incubation with mutated competitors
produced the disappearance of some binding complexes and/or
reduction of the overall band intensity, formation of complexes
with the CAAT, TATA and NF-1 elements were not competed
out by their respective mutated oligonucleotides. Thus, signifi-
cant shifted signals still remained after competition, indicating
the specificity of these bindings (Figure 7B). Antibody supershift
analyses were employed in an attempt to identify the proteins
producing the retarded bands. Anti-C/EBP antibody was found
to consistently decrease the intensity of the binding complexes
and dramatically supershift the band of the CAAT boxes cor-
responding to pGL-17 (Figure 8). Moreover, the first of the
two CAAT boxes in this region showed a more intense signal
(Figure 8). With the TATA-like element at pGL-19, we observed
a decrease in the intensity of the two major bands and the clear
disappearance of the upper faint band when anti-TFIID antibody
(specific for TATA binding protein) was used for supershift
experiments (Figure 8). In contrast, antibodies specific to the
TATA-like element or NF-1 box at pGL-15, showed a less
marked effect (Figure 8). As a control, we show a supershift
experiment using the CAAT element at pGL3-1, in this case,
C/EBP antibodies were without effect (Figure 8, top left-hand
panel). These results suggest that CAAT elements at pGL-17 and
TATA box at pGL-19 are necessary to enhance basal tran-
scription of the hLGA promoter. They also indicate that both
CAAT elements at pGL-17 recruit the transcription factor, but
the first of the two CAAT boxes, placed at —138, is more
accessible to antibody binding.

DISCUSSION

In addition to fulfilling key tissue-specific physiological roles,
GA is also overexpressed in a variety of malignancies such as
human hepatomas [19,20], breast, colon and leukaemia cancer
cells [12,21], and experimental tumours [16]. Furthermore, new
therapeutic strategies, aimed at inhibition of GA expression by
antisense technology, have shown promising results in animal
tumour models [22]. However, the mechanisms by which GA
expression is regulated in tumours remain unknown, making it
difficult to ascertain if GA overexpression is a cause or an effect
of the malignant transformation. In ZR-75 breast cancer cells,
LGA has a regulated pattern of expression showing maximum
mRNA level and specific activity at the exponential phase of
tumour growth [12]. In the present study, the genomic
organization and promoter characterization of the hLGA gene is
presented. The gene, located on chromosome 12, is approx.
18 kb long and split into 18 exons. All exon/intron boundaries
conform to known consensus splice donor and splice acceptor
rules [23]. A second glutaminase gene is present in mammals, the
KGA gene, located on human chromosome 2 [14]. Its genomic
sequence spans 82 kb and is distributed in four separate contigs
in the Human Genome Project database. By comparison with
available hKGA cDNAs, the gene was split into 19 exons [9]. At
least two different transcripts arise from this gene: the KGA
mRNA formed by joining exons 1-14 and 16-19, and the
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alternative spliced transcript GAC mRNA which uses only the
first 15 exons, omitting exons 16-19 [9]. This GAC isoform
was first isolated from a human colon carcinoma cDNA library
[8], but recently it has been reported to be present also in rat and
pig [9].

Apart from the additional exon present in the hKGA gene, the
main differences in the coding sequences of both genes are
located at exons 1 and 18. Exon 1 shares 62.5 9, similarity, but
it codes for 129 amino acids in KGA and only for 61 amino acids
in LGA, accounting for the 67 extra amino acids of KGA protein
at the N-terminal. The sequences encoded by exon 1 contain the
signals involved in mitochondrial targeting and translocation
processes [7,12]. Interestingly, exon 1 also contains an LXXLL
signature motif for LGA, which might explain the nuclear
localization recently demonstrated for LGA in mammalian brain
[24]. Likewise, exon 18, which codes for the C-terminal region of
both proteins, shows the lowest sequence similarity (29.49).
This region of the hLGA protein has been demonstrated recently
to be involved in the recognition of PDZ (PSD95/Dlg/Z01
domains)-interaction modules [25]. Therefore, the most signifi-
cant differences between hLGA and hKGA exons are located in
regions involved with organelle targeting and protein—protein
interactions, which may help to explain their differential function
and regulation. Conversely, exons 3-17 of both mRNA tran-
scripts have the same length and show a high sequence similarity.
Altogether, these data suggest that GA genes may have evolved
from a common ancestral gene, arising by gene duplication and
divergent evolution, as has been previously noted for the rat
genes [9].

The full sequences of other mammalian LGA genes are still
unknown. In spite of this, the exon/intron boundaries for the
rLGA gene may be predicted by using genomic clones in the
rat genome database and the cDNA previously cloned for the rat
liver gene [13]. Nucleotide and amino acid sequences of hLGA
and rLGA share a remarkably high level of identity (89 9%, and
96 9%,, respectively). The positions interrupted in the human and
rat LGA genes differ slightly, thus the exon/intron organization
of both genes closely resemble each other (Figure 1B). Never-
theless, it is noteworthy that rLGA is 67 amino acids shorter
than hLGA at the N-terminal; the rLGA protein lacks all the
amino acids encoded by exon 1 and the first 6 amino acids of
exon 2. Therefore the existence of alternative spliced forms of the
LGA gene seems very likely, as happens with the KGA gene.
Although mRNA transcripts of different lengths have not been
isolated yet, data on LGA protein expression in mouse tissues
(J. A. Campos, J. C. Aledo, J. A. Segura, F.J. Alonso, P. M.
Gomez-Fabre, 1. Nufiez de Castro and J. Mdrquez, unpublished
work), as well as the sequence of several mouse expressed-
sequence tags and mRNAs deposited on the database, strongly
suggest the existence of LGA splicing forms.

Another interesting aspect of the LGA gene is the presence of
two Alu sequences at introns 7 and 14. The 4lu cassette has 230
nucleotides with 90 9, identity with the A/u-Sc and A/u-Sb human
Alu subfamilies, when compared to the A/u database using the
BLASTN program. The sequence at intron 14 also contains
the typical adenine-rich linker in the middle and a poly(A) tail
at the 3" end. Alu family members are short interspersed repetitive
DNA elements that are believed to have spread throughout
primate genomes by retroposition [26]. In practice, 4A/u elements
are found in the introns of almost all known protein-coding
genes and, less frequently, they also appear in the coding regions
of mRNA, accounting for a source of protein variability [27]. Its
presence in the LGA gene may have some other functional
relevance that remains to be established. For example, a new
subclass of Alu DNA repeats that can function as an ER-

dependent transcriptional enhancer has been found in oestrogen-
positive human breast cancer MCF-7 cells [28]. Interestingly, the
promoter region of the hLGA gene does contain such a sequence
and the region from nt —1310 to — 1478 has 83 9, identity with
this Alu repeat, discovered as a novel ER-like enhancer.

The core promoter regions of both the human and rat LGA do
not contain canonical TATA boxes, but do have G+ C-rich
domains. This characteristic is also found in the hAKGA promoter
[9]. The nucleotide sequence of the immediate upstream region of
the hLGA gene contains several features characteristic of a liver-
specific promoter (Figure 2B). The ubiquitously expressed
CAAT, NF1, and Spl elements have been implicated in the
regulation of several liver-specific genes [29,30]. Also in this
region there are cis-acting elements such as a non-canonical
TATA box, an RREB site and a GC box. Notwithstanding the
high sequence identity (899,) between the coding regions of
the human and rat LGA [12], their proximal promoter regions
did not show significant sequence homology (Figure 2A). Unlike
rLGA, hLGA has a canonical CAAT box at about —80 and
RREBs, though it lacks a HNF-5 site present in rLGA.

By employing 5-deletion analysis, the sequence from — 141
to +410 nt was shown to direct maximum promoter activity in
HepG2 and MCF-7 cells; consequently, this fragment was
identified as the core promoter (Figures 4 and 5). It contains sites
for CAAT, GC, TATA, RREB and Spl. However, in ZR-75
breast cancer cells, the core promoter was assigned to a sequence
from +35 to +410 nt, lacking CAAT and GC boxes, although
transcriptional activities were considerably lower than in HepG2
cells. The minimal promoter was the same for all three cell types
and corresponded to the sequence from nt + 107 to +410, where
a unique Spl site is found. It supplied approximately the same
level of expression of luciferase reporter gene as that of
5’-flanking regions up to 2.4 kb in size. The minimal promoter
directs expression in cells derived from human hepatoblastoma,
HepG2, cells and in two epithelially derived breast cancer cell
types, ZR-75 and MCF-7. HepG?2 cells showed the greatest global
expression of luciferase activity (Figures SA and 6B), whereas
MCF-7 cells had high, but less remarkable, luciferase values
(Figure 6C). Finally, luciferase constructs were only moderately
active in ZR-75 cells, which also exhibited the lowest transfection
efficiency (Figure 5B).

Mutagenesis and transient transfections clearly demonstrated
that two CAAT boxes at nt —137 and —87 (pGL3-17) play a
crucial role in the transcriptional regulation of the hLGA gene,
both in cells of liver origin (HepG2) and in MCF-7 breast cancer
cells (Figure 6). In addition, other positive elements required for
optimal transcription are located in the 5'-UTR: a TATA-like
element (4 53) and an Sp1 site (+ 174). These last elements, along
with an RREB site (+80), seem to be sufficient to achieve
maximum transcription in ZR-75 cells. EMSA experiments
confirmed the involvement of CAAT- and TATA-like boxes in
the regulation of the hLGA promoter (Figure 7). These tran-
scription factors, or other proteins closely related immuno-
logically with them, were able to bind to the mentioned elements
(Figure 8). Therefore, these elements appeared to be suitable
candidates for controlling promoter activity.

C/EBPs control cell growth and differentiation, causing
growth arrest and inducing cellular differentiation in several
adipocyte, granulocyte and keratinocyte lineages [31]. Further-
more, HepG2 hepatoma cells express significantly lower levels of
C/EBPa and C/EBPg than those found in normal terminally
differentiated hepatocytes [32]. Thus conversion of hepatocytes
into proliferating hepatoma cells might require strong down-
regulation of C/EBPa and C/EBPp expression. In future studies
it will be interesting to examine the ability of C/EBPs to modulate
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C/EBP-mediated cell growth arrest in various cellular contexts
and its effect on LGA expression.

In summary, these studies provide evidence that multiple
nuclear proteins may regulate the transcription of the hLGA
gene promoter. Essential work is in progress to provide new
insights into molecular mechanisms controlling hLGA ex-
pression, to understand its role in cell growth and proliferation.
Furthermore, the recent striking finding of a nuclear localization
of LGA in mammalian brain argues for the importance of this
gene, suggesting its involvement in transcription regulation [24].
Interestingly, emerging evidence is also appearing linking glu-
tamine with some signalling cascades related to cell differentiation
and apoptosis [33]. Further studies will also be needed to ascertain
the role of the glutamine/glutaminase coupling in the regulation
of gene expression.
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