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Expression of the human ALDH3 gene is regulated in a tissue-dependent constitutive as well as drug-
inducible manner. We identified a new 5’-noncoding exon (exon 1) existing at about 3 kilobase pairs (kb)
upstream from the first coding exon (exon 2) of the human ALDH3 gene. Analysis of ALDH3 mRNA
revealed the existence of several isoforms with different 5’ regions resulting from i) usage of multiple
transcriptional initiation sites of the new exon 1, ii) usage of alternative splice acceptor sites at the 3’ end
of the new intron 1, and iii) alternative splicing out of exon 2. Usage of alternative splice acceptor sites
was only found in tissues expressing ALDH3 constitutively, but not in Hep G2 induced by 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD). Nucleotide sequence analysis and chloramphenicol acetyltransfer-
ase (CAT) expression studies showed that a strong promoter region exists at nucleotide (nt) positions
—216 to +54 of the gene. Repression activities were found upstream of the —216/ + 54 region. Several
putative drug-inducible elements exist in the regulatory region. A possible regulatory mechanism for
tissue-specific constitutive and inducible expression of the human ALDH3 gene is discussed.

Gene structure Gene regulation ALDH3

THE mammalian aldehyde dehydrogenases genic amines, and neurotransmitters (1,2,47,48).
(ALDH: aldehyde:NAD+ oxidoreductase, EC In addition, mammalian ALDH isozymes have
1.2.1.3) are a family of enzymes with broad sub- been shown to be recruited as major lens or cor-
strate specificity, which catalyze the irreversible neal proteins (e.g., y-crystallin in the lenses of ele-
oxidation of various aliphatic or aromatic alde- phant shrews or BCP54 in bovine cornea) (9,23)
hydes to their corresponding acids (31). They have and may serve structural and/or enzymatic roles.
been frequently considered “detoxifying” enzymes Proteins associated with other functional activities
that eliminate highly reactive aldehydes, including have been shown to be aldehyde dehydrogenase
ethanol-derived acetaldehyde, medium-chain ali- (e.g., androgen-binding protein, daunorubicin-

phatic aldehydes generated during membrane lipid binding protein) and 11-hydroxythromboxane B2
peroxidation, aldehyde derived from metabolism dehydrogenase (4,30,44).

of xenobiotics, and toxic aldehydes in the food- The ALDH3 isozyme utilizes benzaldehyde and
stuff (17,20,24,27,29). Several investigators have medium-chain aliphatic aldehydes as optimal sub-
demonstrated that the ALDH isozymes also play strates. The expression of ALDH3 is tissue spe-
crucial roles in the metabolism of important physi- cific, being at a high constitutive level in the stom-
ological molecules, including retinoic acid, bio- ach, cornea, esophagus, and lung, but generally at
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a low or nondetectable level in the liver, kidney,
and many other normal human and rat tissues
(11-13,18). However, the repressed ALDH3 gene
can be activated by stable genetic changes in neo-
plastic liver nodules during hepatocarcinogenesis
(8,24), and can be transiently induced in vitro
both in carcinoma cells and in normal human
hepatocytes by aromatic hydrocarbon xenobiotics
(e.g., 3-methylcholanthrene and TCDD) or phe-
nolic antioxidant (e.g., catechol) (19,25,26,36,
39). The inducible expression of the ALDH3 gene
by TCDD is regulated at the transcriptional level
in the rodent system (39,41). It is also interesting
to note that the ALDH3 isozyme purified from
tumors and induced human tissues exhibits higher
activity in oxidation of aldophosphamide, an anti-
neoplastic drug, than ALDH3 purified from nor-
mal stomach tissue (37). It is not known whether
carcinogenesis and xenobiotic induction have mu-
tagenic and/or selection effects in the coding re-
gion of ALDH3, causing changes in its catalytic
activity.

Recently, a cDNA of the fatty ALDH gene, a
homologue of the human ALDH3 gene, has been
cloned and mapped (10). This gene has been indi-
cated as the gene responsible for Sj6gren-Larsson
syndrome, an autosomal recessive disorder. The
Jatty ALDH gene mapped to the same chromo-
somal band location as the human ALDH3 gene
at 17p (32).

ALDH3 cDNAs and/or genes from three differ-
ent species, human stomach/cornea (18), rat tu-
mor/TCDD-induced (3,21), and mouse dioxin-
induced ALDH3 (42), have been cloned and
characterized. The cDNAs encode 453 amino acid
(aa) residues and share greater than 80% aa posi-
tional identity. The human and rat ALDH3 genes
show a structural similarity except in their 5’ end
region. In our previous study, the human ALDH3
gene was identified by a human stomach cDNA
probe and was found to span about 8 kb in length,
consisting of 10 coding exons. The 5’-un-
translated region (UTR) (50 nt) of the human
stomach ALDH3 cDNA was shown to be contigu-
ous with the beginning of the coding region in a
single exon. In contrast, the rat ALDH3 gene was
identified by a rat hepatoma HTC cDNA probe
(3). The rat gene spans approximately 9 kb in
length and consists of 11 exons, including 10 cod-
ing exons and one S’-noncoding exon. The 5’
UTRs (167 and 45 nt) of the liver-tumor/TCDD-
induced ALDH?3 transcripts were interrupted by a
3-kb intron 5 base pairs (bp) upstream from the
coding initiator ATG. The rat ALDH3 promoter
region, about 5.5 kb, upstream from the first non-
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coding exon was partially characterized and three
functional regions were assigned. The region con-
tains a strong TATA-less promoter, upstream in-
hibitory regions, and TCDD-responsive elements
(38).

The discrepancy at the 5’ end of the human
and rat ALDH3 gene raises interesting questions
concerning the regulation of the ALDH3 gene ex-
pression. Does the difference represent different
mRNA isoforms? Are there alternative promoters
involved in the regulation of the synthesis of
ALDH3 transcript isoforms? It has been shown
that alternative promoters are a regulatory mecha-
nism in tissue- and development-specific gene ex-
pression (22,45). Furthermore, it is known that
the ALDH3 gene is a single copy gene in the hu-
man genome (18) and, yet, the ALDH3 enzyme
has isoforms with multiple ALDH3 activity bands
on isoelectric focusing (IEF) gels. It is not known
whether this is due to various ALDH3 mRNA iso-
forms or due to the posttranslational modification
of the ALDH3 isozyme. The aim of the present
study was to identify and characterize the mRNA
isoforms and promoters of the human ALDH3
gene.

MATERIALS AND METHODS
DNA Sequencing

DNA sequence determination of double-
stranded DNA was performed by thermocycle se-
quencing with Taq polymerase (Applied Biosys-
tems, model 373A). To sequence the promoter
region, overlapping subclones derived from an
ALDH3 genomic clone (ADASH-4) were gener-
ated in pBluescript KS(+) vectors using various
restriction enzymes.

Tissue Culture and TCDD Induction

Human Hep G2 (hepatocellular carcinoma)
and MCF7 (breast adenocarcinoma) cells were
maintained in Dulbecco’s modified Eagle’s me-
dium containing 2 nM L-glutamine and supple-
mented with 10% fetal bovine serum (GIBCO/
BRL), penicillin, and streptomycin at 37°C and
5% CO,. The cultured cells at 50% confluence
were treated for 16 h with 20 nM TCDD (> 99%,
Cambridge Isotope Laboratory) in dimethyl sulf-
oxide to give a maximal induction effect. The final
concentration of dimethyl sulfoxide was 0.1% in
the culture medium. KATO III (human gastric
carcinoma) and HT-29 (human colon adenocarci-
noma) cells were maintained in RPMI 1640 me-
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dium with 20% and 10% FCS, respectively. AGS
(human gastric adenocarcinoma) cells were main-
tained in Ham’s F-12 medium with 10% FCS.

RNA Preparation

Total RNA from different tissues and cultured
cells used in this study was prepared by an acid
guanidium thiocyanate-phenol-chloroform extrac-
tion method (RNAzol™ B, CINNA/BIOTECX
Lab).

Characterization of the 5' UTR of
TCDD-Induced ALDH3 Transcript

The 5’ UTR of the TCDD-induced ALDH3
mRNA was amplified by a rapid-amplification-
c¢cDNA-end (RACE) method using a commercial
kit (5’-AmpiFINDER™ RACE Kit, Clontech). In
brief, 50 ug of total RNA was reverse transcribed
at 52°C for 30 min with 12.5 U of AMV reverse
transcriptase using 77 ng of primer 12 (5'-GG
GAGCTTCTGGATCATGTACTC-3’, comple-
mentary to positions +330to + 308, Fig. 2). First
strand cDNA was purified with GENO-BIND™,
ligated at its 3’ end with an anchor oligomer and
T4 RNA ligase, and amplified by PCR using spe-
cific primer 7 (5'-CTTGTGCAGGTCTGCG-3’,
complementary to nucleotide positions +256 to
+ 241, Fig. 2) and an anchor primer. The thermal
profile used was 94°C for 1 min, 52°C for 1 min,
then 72°C for 2 min. After 30 cycles, the products
were separated on a 2% agarose gel. Bands larger
than 230 nt were eluted and subcloned into
EcoRV-treated/ddT-tailed pBluescript KS(+)
vectors. The clones that showed a positive hybrid-
ization signal with radioactive-labeled ALDH3
¢cDNA probe were selected for nucleotide se-
quencing.

RT-PCR Analysis of ALDH3 Transcripts

To analyze the isoforms of the ALDH3 tran-
scripts in human stomach tissue, hepatocellular
carcinoma (HCC) tissue, and cultured cells, three
different reverse transcriptase-polymerase chain
reaction (RT-PCR) experiments were performed.
The condition of the PCR cycles was 94°C for 45
s, 60°C for 45 s, and 72°C for 1 min. The posi-
tions of the primers are shown in the Fig. 2. i) To
identify ALDHS3 transcript isoform using alterna-
tive splice acceptor sites at the new intron 1, we
used primer 16 (5'- " *CCTGGGCAGGAACTC
CAAGG 3-3’) and primer 38 (5'-TCATGG
CGCCTGGGGACAG-3’, complementary to po-
sitions at the junctions of the 3’ end of the new
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intron 1 and 5’ end of the exon 2) for RT-PCR,
and primer 19 (5'-AGCTGCAGGTGCTCTCT
GTC-3', at 3’ end of the new intron 1) for hybrid-
ization. ii) For the study on the usage of the alter-
native splice acceptor sites in ALDH3-positive tis-
sues, we used two sets of primers, primer 12 and
primer 17 (5'-**CCAGGAGCCCCAGTTAC
CGG *7%-3") and primer 12 and primer 19. Human
phosphoglycerate kinase (PGK)-specific PCR
primers, 5'-AGGGATCCTTAGAGCCAGTTGC
TGT-3’ and 5'-CCAGAATTCTGTGGCAGATT
GACTCC-3’, were used as primer pairs for an
internal standard. The Southern blot of the PCR
products was hybridized with the ALDH3-specific
oligomer AS3-21 (5'-**ATGAGCAAGATCA
GCGAGGCC*'"-3") and, then, with the PGK
cDNA probe. iii) For the study of alternative
splicing, we used primer 36 (5'-"“ACCCCA
CATTTGAATATTT °-3’) and primer 5 (5’-
GTAGAGCTCGTCCTGCTGAGT-3’, complemen-
tary to positions +391 to +371) as first RT-PCR
primers, primer 16 and primer 12 as second PCR
primers, and primer 17 as the hybridization probe.
Double PCR enhanced the amplification speci-
ficity.

Primer Extension

The 5’ end of the ALDH3 mRNA was mapped
by primer extension analysis using standard tech-
niques (34). The oligonucleotide primers were 5’
end labeled with polynucleotide kinase and [v-
2P1dATP and purified on a 20% urea-acrylamide
gel. Primer 31 (5'-GGCCTCGCTGATCTTGCT
CATGGCGCCTTTGACAC-3’) and primer 30
(5’ - CAGCGGACGGGTCCTGCCCGAGCTGA
AGGC-3’) are complementary to positions +115
to +81 and +163 to + 134, respectively (Fig. 2).
The specific activity of each individual primer was
about 2-4 x 10® cpm/pg.

Promoter/Reporter Gene Constructs

A low background promoterless CAT expres-
sion vector pUMSVOCAT (33) was modified at
its unique Smal cloning site, located at the 5’ end
of the CAT gene, to create 5’-HindIII and 3’-
Xbal sites as described (46). The 2.55-kb ALDH3
genomic Pstl/BamHI fragment, containing the
2.3-kb promoter region, first noncoding exon, and
the 5 end 0.2 kb of the first intron, from
ADASH-4 was subcloned into the corresponding
sites of the pBluescript vector (clone 96#7). To
delete the first exon and part of the first intron,
the 96#7 clone was digested with SstI and replaced
with a Sstl-treated PCR fragment amplified with
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primers 24 (5'- **GAAGAGCTCCATGCCAG
GCT *.3’) and 25 (5'-GTAGAGCTCTCTA
GA **GGAACGGCAAGAGCCAAGAG *¥-3%)
on the 96#7 template. The orientation and se-
quence of the resulting plasmid, 3P-1 (—2263/
+ 54), was confirmed by restriction endonuclease
mapping and by sequencing. Plasmid 3P-1 was
simultaneously digested at a number of selected
restriction endonuclease sites, blunt ended, di-
gested at a vector-encoded EcoRYV site, recircular-
ized, digested at the vector-encoded HindIII and
Xbal sites, and subcloned into the corresponding
sites of the modified CAT expression vector pUM-
SVOCAT to generate a set of 5'-nested deletions.
For the downstream Pstl site, steps of blunt-
ending and digestion with EcoRV were skipped.
For the Sstl fragment, subcloning into pUC-13
was performed to obtain the vector encoded by
HindIII and Xbal sites for subsequent subcloning
into modified pUMSVOCAT. The end points of
the deletion constructs and the enzyme used were
as follows: —2263 (Pstl), —1752 (Ncol), —1337
(Stul), —726 (Pstl), —259 (SstI), and —120
(Smal). For other 5’ and/or 3’ deletion con-
structs, sets of 5’ and 3’ promoter-specific prim-
ers flanking the designated region with respective
artificial 5’-HindIII and 3’-Xbal sites were used
in the PCR amplification. The PCR products were
restricted with HindIII and Xbal, purified on the
1.5% agarose gel, and subcloned into the modi-
fied pUMSVOCAT.

pSV40CAT, which served as a positive control,
was derived by inserting a SV40 promoter se-
quence fragment into the 5’ end of the CAT gene
of pUMSVOCAT. All plasmids were purified with
a QIAGEN kit according to the kit manual.

Transient Expression

Human Hep G2 cells were plated at 2 x 10°
cells/60 mm culture dish the day before transfec-
tion. Lipofectin (20 ug) (GIBCO/BRL) was
mixed with 10 ug of the test construct and 2 ug of
pCMVg-gal DNA in 3 mi Optimem medium to
form a DNA/lipofectin complex. pCMV3-gal was
used to control for variations in transfection effi-
ciencies. Cells were transfected by the precipitated
complex for 16 h, refed with DMEM containing
10% calf serum for 8 h, and treated with or with-
out TCDD for 15 h. Following washing and har-
vesting, the cells were lysed in 0.25 M Tris-HCI
(pH 8) by four cycles of freezing and thawing and
microfuged at 12,000 x g for 15 min. Aliquots of
the cell extract were removed to measure -
galactosidase activity as described by Sambrook
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et al. (34). The remaining cell extract was heat
inactivated at 60°C for 10 min to inactivate deace-
tylase and again microfuged. This supernatant
was used to measure CAT activity.

CAT Activity Assay

CAT activity was measured by the phase-
extraction method as described (35). The assay
condition was in a linear range as determined by
preliminary experiments. In brief, CAT-con-
taining extracts were incubated with butyryl-
coenzyme A (Sigma) and ['*C]chloramphenicol
(Amersham). The butyrylated chloramphenicol
was extracted with xylene (Aldrich). The xylene
phase was back-extracted twice with 0.25 M
Tris-HCI (pH 8) and was counted in a liquid scin-
tillation counter. The CAT activity of individual
construct was normalized with respect to -
galactosidase activity and compared to that of the
pSV40CAT control.

RESULTS

Identification of a New Noncoding Exon of the
ALDH3 Gene

An anchored RT-PCR study was performed
with total human RNA isolated from TCDD-
treated Hep G2 cells to obtain 5’-RACE ¢cDNA
clones containing 5’-UTR sequence of the
ALDHS3 transcript. Among 30 isolated 5’'-RACE
cDNA clones, 18 clones showed positive hybrid-
ization signals with the labeled ALDH3 ¢cDNA
probe. These positive 5'-RACE clones contained
inserts with two different sizes: one with a 94-nt
5’-UTR region and the other with a 40-nt 5'-UTR
region.

To localize the new 5'-UTR sequence in the
human ALDH3 gene, we sequenced a 6.0-kb ge-
nomic fragment isolated from a previously charac-
terized ALDH3 genomic clone (ADash-4) (Fig. 1).
A new ALDH3 noncoding exon (exon 1) was then
identified about 3 kb upstream from the pre-
viously identified first coding exon (18). The new
intron 1 conforms to the consensus “GT-AG” rule
for RNA splicing (5). Exon 2, the first coding
exon, contains 5 bp of the 5'-UTR and 162 bp of
the 5’-coding region.

Identification of Alternative Splice Acceptor Sites
at the New Intron 1

The 3’ end of the new intron 1 contains the
5’-UTR sequence of the previously identified
stomach ALDH3 ¢cDNA (18), which indicates the
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-2263
-2225
-2145
-2065
-1985
-1905
-1825
-1745
-1665
-1585
-150%
-1425
-1345
-1265
-1185
-1105
-1025
-945
-865
-785
-705
-625
-545
-465
-385
-305
-225

-145

+90
+170
+250

+257
+337

GGGCAACAGA
TTCTAGCACA
TTCTTCGTAG
CACCACCTAA
GCTTTTGCTA
GCATTCTGCC
GGCCTGGAGA
AAAAGGGGAG
CCCTGCACAG
GGTCTCGTCA
GGTTCTCTAA
CCCACAGGCC
CTTTTTCGTG
CTTCTCACTC
TACAGTGTTC
GTATGGAGAT
TCCAGAGAAA
TGTAGGGGAA
CTTGTGTTTT
GGGAAGCGCC
GTGAACATTG
CAGACCCTTG
TGTGGCTCCC
GGCTGGGGGT
AACTCAGAGA
cgACaeCeAG
XRE

AGAAGTGAAC
i

GCAACACCCT GTCTCAAAAA

ACCCACACTC CCACACTTTT

ATTTGAACTG CTTTTAGGCT

CCTTTCCAGG ATGCCCTCGG

GTTGCTTCCA TGGTTCTCCC

CTCTACTCAA GATCCAAATT

AGGCACCTGG TTGATCATCT

AGGCTGGCAC AGGCTCGGTC

GTGCGAGGTC CTGCAGATGC

TTTCTTGCCT GCATTGCTGG

AACAAPAAAT AGCAGACATT

TCCGTGAGCC CCCGCCCCAG

ACATAACGTT CCCAGCCTCT

AGCTCAGATG ATGTTCCCTC

ACATTATTTT GAAATTTCCT

TACAGCAGTG AACAAATCAA

AAATAATGGA  GAAAGACGAT
PRA3
GGGGGCTCCA GGTGGAGAGA

CCCTCGAATG AAATGGGAAG

TGGTGAGAGG GGCCGAGAGT

ATCAGACAGC _ GTOGGGAACGG

XRE
GCCCTCTTCT CAGCTATTCA

CAGGGTTAGG ATCTCTGACT

5'CTGCAGTG

AAAAAAAAAA  APAAGAAAPA

GCCACTACTG AAACTATAAC

CCTTGCTCTG ACGCTTCCAC

CCCGCCAGGC ACTGTTCTGG

AGGGGAGGGC CGCTGCCACA

CCCAGGAGAG TCAGGGAGGC

CACCAAGTAG _GAAGGGGTTG
PEAS
TTCTCCCCTC  TCAGGAGGCA

TTCTTTCTGC TGTTTCTGGA

AAGCTGCAGC CTTTGGGCTA
TGTCTGTCTG

[
GAGAGTCATT CACCTCCACA

ATGCCTTTGG TTCTGCTCTT

CCACGGACTC TCACCCCAGC

GTTTATTTTG TCAGTCAATA

ATTCTAGCTG TCAGGAGTTA

AGCATTGTGC TATTTTCCAC

AGCAGGAGGG CCAGAGCACA

CAGGGACCCC ATGCTGGTAA

CTGTTCCACA CCTGCCTCCT

CTTTTCCAGA CTCCTTCCTT
PEA3
AGATTTATGG

ACGAGAGAGC

CAATGGGGCC CTGTGCACAC

AP-1

GCGTTTCGGG GGAGCTGCAT

ACCGCATCTG GCAGCGGCAA
GGCAARACATA GGCTCTTTTG

AAAAGCAAAC AGCCCGGGAC

GCTCTCACTG TGGTTCGTGG

GTCTGGAAAG CTGGAAGAGC
AAGATTGGAG ATGTGCCCTG

CTAATCCCCA ARAACCTGGGC

ATAATCTCCT

AGCCGTGATG

AGAAAATCTG

CAARACCCAA

CACTACTGCT

TCACTTCGTG

AGAAGTCAGC

CTCATGGGGA

CCTGCAAAGA

CCCCACTTTG

ATGTTTCCCA

GACCTTTCTC

CAGCGCCCTG

CCTCCTGCTG

CCAGCCCCCT

CCCTCTAGCA

AATATTTATT

AGGGACAGGT

AGCACATTGG

TCCTCAGGAC

GCAGTCTGCC

CCCCACAGCG

GCCACTTTTG

TACTCAATGC

TCCGAATGGC

GCCCACCCCA

TAATCAGCTG

GSNB
CACCTACCAC

TTCTGTTAGT

ACACTGTGCC

CACCCCCACA

GCAACAGTGG

TGCTGTTCCT

TCCTCTGCCT

GAGCATCTAC

AGCAAACAAG

AGCGTAGCCG

TCGTAGGCCA

TGCAGGCGGT

TAGTGCAGAG

CCCAAGCATC
ATTGGAGACC
TGGGGGATGT
CTGAGCTCTG
TCCATGCCAG
CCCAAGCCTT

TGTAGGGAGC

TCTGGTTTTC
CCCATCAAAA
GARAGGGCCCG
CCGATCTTAT
GCTGAATCAA
CAGAAACATT
AGAGGTCCAG

4
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ACTCCAGCCT
ATCTGCAAGT
ARGGATTTTG
ATGACACCCA
TGTGTTGCTG
CTTCGGCCTT
ACCCATGGCT
CTGCCACCAG
CCAGTCCAGC
CTTATTTGGG
CTGTCCAGGG
GCCAGCCTGG
ACACATCGCA
TGGCCAAATG
ACCTGGTTAC
TATAAATGCT
ATATAAACGC
TGTGGGTGGA
GGACCGGAAC
TGAGGGTGGC
CAGGAGCCCA
GGTGACCACA
GTCCCCAGCC
GGGCAGCGGT
GTAACCAGAG
TCAGCAGCCC
CTCGCATTTC

AGGACGCCAC

[ACCCCACATT

GGGTCCTTAA

TGAATATTTT TTTTTCTTGT

ATACGTCCCC TCTTGGCTCT

CACGCAARCT _TCCTGGGCAG
XRE PEA3

4
TGCCGTTCCA GGAGCCCCAG

GAACTCCAAG

TTACCGGGAG

GGCTCAATGG

AGGCTGTGTC

ACGGGAAG

taatc

Etcttccctg

cttcctatag

cattecttat. . .

aattcaggca gggtgggagg

INTRON 1. .

cggaaaggcc

cagggcgege tcgtgeccct

attttcccca

cagccagcetg

agcegagccc

caggtgctct

agggaagtcce

ctgteccecag

IGCGCCATGAG
ICGGATCCAGC

CAAGATCAGC GAGGCCGTGA
AGCTGGAGGC GCTGCAGCGC

AGCGCGCCCC CGCCGCCTTC
CTGATCCAGG _ AGCAGGAGCA

AGCTCGGGCA
GGAGCTGGTG

GGACCCGTCC
GGCGCGCTGG

GCTGCAGTT!
CCGCAGACC

GCACAA] .

INTRON 2. .

e s e e .

TGAATGGA
GCCGCGGAT

ACGCCTACTA TGAGGAGGTG
GAGCCCGTGG _ AGAAGACGCC

GTGTACGTCC TAGAGGAGAT
CCAGACTCAG CAGGACGAGC

CGAGTACATG
TCTACATCCA

ATCCAGAAGC
CTCGG . .

TCCCTGAGTL1

FIG. 1. Nucleotide sequences of the 5 regulatory region and first three exons of the human ALDH3 gene. The nucleotide sequences
for putative cis-acting elements discussed in the text are in bold, underlined, and labeled (14,40). The first three exons (1, 2, and 3)
are boxed. In the new exon 1, the three identified transcription initiation sites are indicated as downward single arrows (). The
adenine nucleotide of the second transcription initiation site is assigned as nucleotide 1. In the new intron 1, alternative splice
acceptor sites are indicated as downward double arrows ( U ). The translational initiation codon, ATG, is in bold and underlined in
exon 2. The ATG codon in exon 3 at the + 314 position is in bold. Abbreviations for potential binding factors or cis elements are as
follows: AP-1, activator protein 1; GSNB, gastric-specific nuclear binding factor; PEA3, polyoma enhancer activator 3; XRE,
xenobiotic response element.
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possibility of the existence of alternative splice ac-
ceptor sites at the new intron 1 of the human
ALDHS3 gene. To examine this possibility, we per-
formed RT-PCR analysis using total stomach and
KATO III RNA, respectively, with two primers:
16 and 38. Primer 38 covers the junction region of
the new intron 1 and exon 2 and thus is specific
for detecting alternative splice acceptor sites (Fig.
2 for the locations of the primers). The RT-PCR
products were then subjected to the sequence anal-
ysis. The sequence result indicates that in human
stomach tissue the new intron 1 of the human
ALDHS3 gene has at its 3’ end at least three alter-
native splice acceptor sites (Fig. 2A, downward
triangles at intron 1). These sites are 17, 27, and
47 bp upstream from the 3’ splice junction site of
the new intron 1 (Figs. 1 and 2B, downward dou-
ble arrows at intron 1).

To examine whether the usage of these splice
acceptor sites is tissue specific, we performed RT-
PCR with total RNA from other ALDH3-positive
and -negative tissues using primer pairs: 12/17 and
12/19. Primer 12/19 can only amplify the tran-
scripts using alternative splice acceptor sites (Fig.
2 for the locations of the primers). The hybridiza-
tion of the RT-PCR products with exon 2-specific
probe AS-3 is shown in Fig. 3. The usage of alter-
native splice acceptor sites, as indicated by posi-
tive bands with primer 12/19, was only found in
the stomach and in ALDH3-positive HCC, but
not in TCDD-treated Hep G2 cells. These positive
12/19 bands were much weaker compared to the
corresponding 12/17 bands of the same tissue,
probably indicating a different preference in the
usage of the intron 1 splice acceptor sites or differ-
ent stability of the ALDH3 transcript isoforms.
Consistent with the previous observation, ALDH3
transcripts were not detected in the normal liver
tissue and ALDH3-negative HCC cells.

Identification of an Alternatively Spliced
ALDH3 Transcript

In the course of this work, we also identified
alternatively spliced transcripts skipping the exon
2 sequence. When the RT-PCR products ampli-
fied with primers specific for the new exon 1 and
exon 3 were subjected to probing with ALDH3
cDNA, in addition to the expected band, a shorter
band was observed. Sequencing of this extra band
revealed an alternatively spliced product skipping
the exon 2. All the ALDH3-positive tissues and
culture cells examined produced such an alterna-
tively spliced transcript (Fig. 4).
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Mapping of the Transcription Initiation Site

If the positions of the most 5’-UTR nucleotides
found in the anchored 5'-RACE cDNA clones
correspond to the transcription initiation sites of
the ALDH3 transcript, the expected lengths of the
primer-extended products obtained with primer 31
should be 115 and 61 nt long, and with primer 30
should be 163 and 109 nt long, respectively (Fig.
2 for the locations of the primers). Indeed, the
primer-extended products with these expected
lengths are visualized as major signals together
with other bands when RNA isolated from
ALDH3-positive HCC cells was used as the exten-
sion template (Fig. 5). Other bands could be due
to other multiple initiation sites, alternative splic-
ing acceptor sites at the new intron I, or mRNA
degradation.

When total RNA isolated from TCDD-treated
Hep G2 cells was extended with primer 31, a
strong signal at the 180 nt position was detected
(Fig. 5). The expected 115- and 61-nt products
were weak bands. The existence of transcripts cor-
responding to the 180-nt extension product in all
the ALDH3-positive tissues was confirmed by se-
quence analysis of the RT-PCR products, which
were amplified with primer 36 and 30. Primer 36
contains the ALDH3 genomic sequence 180 nt up-
stream from the extension primer 31. However,
our anchored 5'-RACE protocol failed to ob-
tained the clones corresponding to the 180-nt
primer-extended fragment, possibly due to differ-
ent RNA preparations used in the primer exten-
sion and 5’-RACE studies and/or selection of cer-
tain DNA fragments during the cloning procedure
of the 5'-RACE product.

Primer extension using primer 31 and human
stomach RNA demonstrated major bands at 116
and 118 nt, which were within a few bases of the
expected 115-nt band. Other multiple smaller
primer-extended bands might be derived from
mRNA degradation (Fig. 5).

The initiation adenine nucleotides of the 61-,
115-, and 180-nt primer-extended products are lo-
cated 40, 94, and 159 bp upstream from the ATG
translation initiation site (Figs. 1 and 2B, down-
ward single arrows in exon 1). The adenine nucle-
otide of the second transcription initiation site was
assigned as nt +1 in this study partly due to its
sequence identity with the conserved cap signal
motif from the —2 to + 3 nt positions (14).

Tissue-Specific Expression Directed by the
Human ALDH3 Gene Promoter

To test whether the 5’-flanking sequence of the
human ALDH3 gene is capable of directing the
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FIG. 2. (A) Schematic diagram of the revised ALDH3 genomic structure and the 5’ ends of diverse ALDH3 transcript isoforms.
Coding and noncoding regions in the exons are indicated as solid and open bars, respectively. A new noncoding exon (exon 1) is
identified at 3 kb upstream from the first coding exon (exon 2). The ALDHS3 transcripts have multiple initiation sites as shown
by the downward arrows at the exon 1 (). The alternatively spliced ALDH3 transcript isoform skipping exon 2 is shown at the
top. Multiple splice acceptor sites are indicated by the downward triangles at the 3’ end of intron 1 (V). The corresponding
locations of the RT-PCR primers and hybridization probes used in this study are indicated as horizontal arrows in the directions
of their orientations. (B) The locations and nucleotide sequences of the primers used in this study are underlined. The horizontal
arrows indicate the direction of the primers’ orientation. The nucleotide sequence in upper and lower case represent the exon and
intron sequence, respectively. ({) Transcription initiation sites, ( § ) alternative splice acceptor sites.
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FIG. 3. Tissue-specific usage of alternative splice acceptor sites. The RT-PCR products
were amplified from 0.1 /*g of total RNA from various human tissues (stomach, HCC + ,
HCC —, and normal liver) and Hep G2 cultured cells treated with various concentrations
of TCDD, and analyzed by electrophoresis on a 2% agarose gel. Human PGK primers are
used as an internal standard. The sizes of the PCR products are indicated.

tissue-specific gene expression and conferring
TCDD induction, a series of deletion constructs
were made and transiently transfected into human
Hep G2 and MCF7 cell lines. As shown in Fig.
6A, the relative CAT activities in the human Hep
G2 cells increased with increasing deletion of the

Hep G2 (-TCDD)
Hep G2 (+TCDD)
HCC-
HCC+

Liver

AGS
KATO HI

Stomach

FIG. 4. Identification of an alternatively spliced ALDH3 tran-
script. The PCR products were amplified from 0.1 ~g of total
RNAs from various human tissues and cultured cells and ana-
lyzed by electrophoresis on a 2% agarose gel. The positive
bands were sliced, subcloned, and sequenced. The sizes of the
expected PCR products are indicated. Top and bottom bands
are the regular and alternatively spliced transcript skipping
exon 2, respectively. Minor 381-bp products derived from the
transcripts using alternative splice acceptor site at the 5' end of
exon 2 were also detected in the top bands from RNAs of
ALDH3-posittive tissues except the TCDD-treated Hep G2
cells.

5'-flanking region up to -216. The CAT activity
of this p—216/+ 54CAT construct was 11 times
greater than the positive control promoter SV40
and 160 times greater than the promoterless pUM-
SVOCAT vector. This region, -216/+ 54, corre-
sponds to the minimal ALDH3 promoter, because
the construct deleted further to —170 retained
only 3% of the maximal activity obtained with
p—216/+ 54CAT. No significant CAT activity
was observed when —170 was deleted further to
—120. In addition, the 3'-deletion construct,
p —259/ —1 CAT, retained only 17% of the maxi-
mal activity obtained with p—216/+ 54CAT and
19% with p—259/ + 54CAT. Constructs with fur-
ther deletions from the 3' end up to — 120 demon-
strated a further drop in the relative CAT activity.
These results indicate that the —216/+ 54 region
is essential for obtaining the maximal ALDH3
promoter activity in Hep G2 cells.

MCF7 cells, which do not express detectable
levels of ALDH3 activity and whose ALDH3 gene
expression cannot be induced by TCDD (data not
shown), could not support the promoter activity
of the transfected constructs (Fig. 6). The activity
of p—216/ + 54CAT in MCF7 cells was similar to
that of the promoterless control vector.

TCDD Induction ofthe Human ALDH3
Promoter Activity

The 5'-flanking region (2.3 kb) of the human
ALDH3 gene contains five TCDD-responsive
XRE sequences (5'-GCGTG-3") as determined
from a computer search (Fig. 1). To investigate
whether the DNA segment containing these ele-
ments could confer TCDD induction, we per-
formed the promoter activity analysis with trans-
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FIG. 5. Mapping of the transcription initiation sites for the
human ALDH 3 gene by primer extension analysis. The sizes of
the oligomer primers and the extended bands corresponding to
the 5'-RACE and other characterized cDNA clones are indi-
cated at both sides. Total RNA (80 /xg) was primed and reverse
transcribed with 200 units of Superscriptll reverse transcriptase
for 1 h at 42°C. The primer extension products were analyzed
on a 6% sequencing gel.

fected cells treated with TCDD. Figure 6B
demonstrates the level of TCDD induction with
various deletion constructs. Plasmid —2263/
+ 54CAT exhibited approximately 14-fold induc-
tion of CAT expression in response to TCDD. The
level of induction decreased with increasing dele-
tion of the 5'-flanking region up to —216. How-
ever, induction increased to the original level when
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the 5'-flanking region was further deleted to
-170 and -120.

DISCUSSION

Identification of aNew Exon in the Human
ALDH3 Gene

In this study, the exon/intron organization of
the human ALDH3 gene was revised (Figs. 1 and
2). A new 5'-noncoding exon (exon 1) was identi-
fied. Primer extension analysis also supported the
existence of such an exon. The new intron 1 fol-
lows the GT-AG rule and exon 2 is the first coding
exon. The human ALDH3 gene is thus organized
into 11 exons and spans about 11 kb in length,
which is similar to the gene organization of the rat
ALDH3 gene (3). In addition, the two ALDH3
genes share 80% sequence identity at the first non-
coding exon and 60% about 700 bp upstream
from the first noncoding exon, indicating the pos-
sibility of conservation of the gene regulation
mechanism. This finding is consistent with similar
tissue distribution of ALDH3 expression, and ex-
pression response to TCDD induction of the hu-
man and rat ALDH3 gene.

Different Isoforms of the Human ALDH3
Transcripts

Alternative splice acceptor sites. The 3" end
of the new intron 1 contains the 5'-UTR sequence
of a previously identified stomach ALDH3 cDNA
(18), which may be due to the following possibili-
ties: i) The new intron 1 has at its 3' end other
alternative splice acceptor sites, which causes base
insertion in some cDNA clones. Therefore, the
stomach cDNA isolated previously was thus a
truncated cDNA, which did not extend far enough
at the 5' end to include the new exon 1 sequence,
ii) An alternative promoter located in the new in-
tron 1 to direct the synthesis of the ALDH3 tran-
script starting from the 3' end of the new intron 1
and continues downstream through exon 2, the
first coding exon.

A series of deletion constructs of the 3-kb in-
tron region were tested for the CAT activity in
three ALDH3-positive cell lines [the gastric (AGS
and KATO II1) and colon (HT-29) carcinoma cul-
ture cells] to test whether an alternative promoter
exists in the new intron 1. No promoter activity
was found with any of the CAT constructs in any
of the cell lines used (data not shown). Therefore,
the CAT analysis did not support the existence of
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an alternative promoter in the new intron 1 of the
human ALDHS3 gene.

Sequencing analysis directly identified three al-
ternative splice acceptor sites at the 3’ end of the
new intron 1. The usage of these alternative splice
sites during transcription generates nucleotide in-
sertions in the 5'-UTR of the ALDH3 transcripts
and does not affect the coding region. It is not
known whether the insertions in the 5'-UTR af-
fect the stability of the ALDH3 transcript and/
or the efficiency of the ALDH3 translation. It is
interesting to note that, in our study, the usage of
alternative splice acceptor sites was found only in
tissues constitutively expressing ALDH3, but not
in the TCDD-induced tissue (Fig. 3). Further
study is necessary to reveal the biological signifi-
cance of the insertions.

Alternatively spliced ALDHS3 transcripts. We
have also identified alternatively spliced ALDH3
transcripts skipping the exon 2 sequence. The sig-
nificance of the existence of the alternatively
spliced mRNA is not known. However, the alter-
natively spliced mRNA must use the internal in-
frame methionine codon in exon 3 as the initiator
to direct the synthesis of a shorter ALDH3 poly-
peptide, because the skipped exon 2 contains the
translational initiator Met (Fig. 1). The use of an
alternative initiation codon to generate function-
ally distinct forms of several transcription factors
has been reported (7).

Multiple transcription initiation sites. The
primer extension analysis and 5’ end sequencing
analysis of the 5'-RACE products from various
tissues identified multiple transcription initiation
sites. All three transcription initiation sites of the
ALDH3 gene start at an adenine nucleotide pre-
ceded by a cytosine, which is consistent with the
initiation site for RNA-polymerase II-dependent
transcription (6). It is unknown whether different
tissues prefer different initiation site(s).

FIG. 6. Transient expression of human ALDH3 gene promoter
activity in Hep G2 and MCF7. Depicted on the left side of the
figure are the ALDH3 promoter/CAT deletion constructs. The
relative CAT activity was derived by normalizing the CAT ac-
tivity with B-gal activity (to minimize the errors due to the
differences in the transfection efficiency) and compared with
that of the SV40 promoter. (A) Histogram representing the
average relative CAT activities of three independent experi-
ments carried out in duplicate of each of the constructs in
Hep G2 (solid bars) and MCF7 (hatched bars). The values
are referred to that obtained with the pSV40CAT control. (B)
Histogram representing the fold induction of each of the con-
structs in the Hep G2 (solid bars) and MCF7 (hatched bars)
treated with and without TCDD.
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The Human ALDH3 Gene Promoter

Human ALDH3 promoter region. A strong
promoter region, —216 to + 54, was localized in
the human ALDH3 gene. In this region, three
ATA sequences (at nt positions —208, —52, and
+26) and an inverted CCAAT box (at nt position
—188) were found. The significance of these se-
quences is unknown. However, the transcriptional
initiation sites of the ALDH3 gene, especially the
one at site —65, demonstrates a high degree of
sequence identity with the initiator (Inr) of the
DHFR gene. The DHFR initiator is critical in po-
sitioning RNA polymerase II of TATA-less pro-
moter (43). The expression exhibited by the
p—259/—1CAT and p-259/—-60CAT con-
structs (Fig. 6A) might indicate the utilization of
the putative initiation site at —65.

TCDD induction. The TCDD-induced tran-
scriptional response has been studied extensively
with the CYPIAI gene (28). The induction effects
are thought to be mediated by the interaction of
the TCDD-Ah receptor with the xenobiotic re-
sponse element (XRE, 5'-TNGCGTG-3’). Se-
quencing of the 5’-flanking region (2.3 kb) of the
human ALDH3 gene revealed five potential XRE
sequences at nt positions —2084, —648, —607,
—224, and —35, whereas nt positions — 648,
—607, and —224 had only the core sequence of
the XRE, 5'-GCGTG-3’ (Fig. 1).

The deletion of any or all of the putative XREs
at nt positions —2084, —224, and —35 resulted
in decreased induction by TCDD (Fig. 6B). The
deletion of the other two putative XREs at nt posi-
tions —648 and —607 seemed to have no signifi-
cant effect. It is worth mentioning that the latter
two XRE sequences are in the same orientation as
the XRE consensus sequence, whereas the other
three are in the reverse orientation. It has been
demonstrated in the rat ALDH3 gene, the regula-
tory regions in different orientation with respect
to the promoter showed a significant difference in
the level of induction by TCDD (38).

The deletion of the region between nt — 1337
and —726, which contained no potential canoni-
cal XREs, also resulted in decreased induction,
indicating the possibility of the involvement of
other regulatory elements in the TCDD induction.
In the rat ALDH3 gene system, a complex array
of regulatory elements involved in TCDD induc-
tion was also observed (38). In our study, the orig-
inal level of induction was restored when the dele-
tion extended into the essential promoter region,
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—216/+ 54 (Fig. 6B, clones —170 and —120). In
the presence of TCDD, the promoter activities of
these two deletion clones might be driven by other
regulatory elements located in the promoter in-
serts. It is unlikely that the vector sequence can
account for the induction because the vector does
not have any promoter.

Repressor activity. Repressor activities were
found in many regions upstream from the ALDH3
promoter region, —216/+54. The relative CAT
activity in transfected Hep G2 cells dropped to
approximately half when —216/+ 54 region was
extended 5’ upstream to —396. A further decrease
in relative CAT activity was observed with further
upstream extension to —2.3 kb. A similar result
was also observed in the rat ALDH3 gene (38).

The repressor regions may be responsible for
repression of the ALDH3 gene in ALDH3-
negative tissues such as normal liver. Mutations in
the repressor region may result in the activation
of the gene in transformed ALDH3-positive HCC
cells. However, elements like AP-1 and PEA3 mo-
tifs may also be involved in the regulation of the
ALDH3 expression in HCC cells. The combina-
tion of AP-1 and PEA3 elements has been referred
to as tumor promoter and oncogene-responsive
units as well as functional regulatory elements in
several genes (15,16).

It is also very interesting to note that two se-
quence motifs recognized by the gastric-specific
nuclear protein (5'-G/CPuPuG/CNGATA/
TPuPy-3’) (40) were identified in the repressor
region at nt — 1686 and — 1385 positions of the
human ALDH3 gene, implying that tissue-specific
positive trans-acting factors upregulate the
ALDH?3 gene in the stomach. In the tissue express-
ing Ah receptor, it is likely that the binding of
TCDD-Ah receptors to the XREs releases the re-
pressor and activates the ALDH3 gene transcrip-
tion.

The existence of both positive and negative reg-
ulatory mechanisms provides more extensive tran-
scriptional regulation of the human ALDH3 gene.
DNase I footprinting and mobility shift assays are
currently being conducted to confirm the potential
regulatory factor binding sites.
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