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Abstract

Cypl9 encodes P450 aromatase, the key enzyme catalyzing the conversion of androgens into estrogens. Estrogens play a crucial role in
the anatomical, functional and behavioral characteristics of sexually dimorphic development. In zebraftypl8xgenescypl9a and
cypl9b, expressed in ovary and brain, respectively, were found. We have isolated the promoter regions of the egil@fisines from a
bacterial artificial chromosome library to search for regulatory sequences that bind to transcription factors. Sequences like arylhydrocarbon
receptor (AhR) recognition site, estrogen receptor recognition half sites (1/2ERE) and c-AMP responsive elements were found in the
5'-flanking regions of botleyp19 genes. For ovarian-specific expression, we found binding sites for steroidogenic factor-1 (SF-1), GATA
transcription factor 4 (GATA-4) and Wilm tumor 1 (WT1-KTS) on the promoter regionypfi9a but notcypl9b. For brain-specific
expression of theyp19b gene, sequences for recognition of chicken ovalbumin upstream promoter-transcription factor (COUP) and Ptx-1
were detected in the promoter. The importance of these putative control elements in ovary and brain-specific promoter has been assesset
by sequence comparison among various species.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction So far, six promoter regions have been identified in hu-
manCYP19 gene, namely, la, Ib, Ic, Id (), le, and If; they
Estrogens play crucial roles in the development of sex- are expressed in placenta, fetal liver/skin fibroblast, ovary,
ually dimorphic, anatomical, functional and behavioral ovary/testis, placenta and brain, respectivilp,17-21]
characteristics that are vital for reproduction in vertebrates. The gonad-specific promoter is highly conserved in human,
Estrogen biosynthesis is catalyzed by an enzyme complex,bovine, and even in avia6,22,23] so is the brain-specific
one of which components is P450 aromatase encoded by thgpromoter sequencg3]. It indicates the conservation of
cyp19 gene. Thecypl9 gene is highly conserved through- regulatory elements that control expression ogpl9 in

out the vertebrate phylum, such as hunjah mouse[2], gonad and brain across species. Extensipd9 promoter
rat [3], cow [4], birds like chicken5] and zebra fincli6], analysis has been carried out for better understanding of the
reptile [7], and fishes like zebrafisf8] and medakd9]. complex regulation of its expression in various tissues.

In mammalscypl9 is expressed in several types of tissues  In both ovary and testis, the gonadotropins FSH and
including gonad, skin, adipose tissue, placenta, and brainLH act through increasing concentrations of intracellular
[10], while in fishes it is expressed mainly in the brain cyclic-AMP to induce expressiofi24]. A steroidogenic
and the gonad. Except for p[d1] and fish[12,13] where factor-1 (SF-1) binding site and a c-AMP responsive el-
multiple cyp19 genes have been identified, there is only a ement located within 278 bp upstream of exon Il were
single gene in most species. The tissue-specific expressiongssential for the basal ovarian-specific transcriptional ac-
of cyp19 in human[10], sheep[14], rabbit[15] and zebra tivity in human [25]. SF-1, also termed NR5A}J26], is
finch [16] are achieved by the use of alternative transcrip- important for the expression of many steroidogenic genes.
tion start sites that arise as a consequences of the use ofhe gonad-specific promoter has been extensively studied
tissue-specific promoters and alternative splicing. because over-expression @¥P19 mRNA in breast cancer
and endometriosis is a consequence of the unusual utiliza-

- tion of promoter 11[27,28] Transcription factors WT1 and
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C/EBP3-deficient mice[30]. C/EBRx and C/EBB also in gonad and brain. They play critical roles in the sex dif-
bind to the corresponding element on the promoter in en- ferentiation in gonochoristic fisfb2]. Cypl9 activity is el-
dometriotic stromal cells to exert inductive and inhibitory evated in natural sex differentiation of genetically female

actions, respectively31]. Additions of RXR and PPAR
ligands inhibitCYP19 mRNA transcription in human ovar-
ian granulosa and breast adipose fibroblast cell[323. A
silencing element S1 down regulates tB¥P19 activity in
breast celld33]. Recent study using the yeast one-hybrid

trout and female tilapigs3], while a repression is detected
in XX female musculinized by elevation of temperature
during the sex differentiation perio®4]. A surge of ele-

vated aromatase activity was observed during sex change of

protandrous black pord$2]. Japanese flounder treated with

approach showed that orphan nuclear receptors, EAR-2,17a-methyl testosterone or aromatase inhibitor, fadrozole,

COUP-TF1 and RAR bind to S1 and down regulate tran-
scription while ERR-1 may have reverse actiof84].

caused masculinization of genetic female flounders wherein
suppression afypl9 expression in both cases were observed

Apart from thecypl9 expression in the granulosa cells of [55]. The mechanism involved in regulation ofpl9 gene
the ovary, it is also detected in Sertoli, Leydig and germ expression is not clear.

cells of testig35,36] An artificial promoter 1l with GATA

repeats was found to bind GATA-1, -4, and -6 in association

with (Friend of GATA) FOG in a number of testis-derived 3. Promoters of zebrafish cypl9 genes

cell lines resulting in a decrease égpl19 mMRNA [37,38]

The brain-specificypl9 expression is most significant in Distinct cyp19 genes were found expressed differentially
teleostq13]; it is believed to be related to adaptation of the in brain and ovary of zebrafish and goldfish. To investi-
animal to the environmerj89]. Expression otypl9 in the gate the molecular basis of tissue-specific expression of the
hypothalamus and limbic region of the brain is believed to genes, we isolated the promoter region of zebradigii9
have a local influence. Estrogen produced in the brain can begenes from the bacterial artificial chromosome library. Frag-
further metabolized into a catechol component, which can ments of the 2.5 and 3.3kb size flanking the translation
also bind to estrogen receptors in the local or nearby regionstart sites otypl9a andcypl9b have been sequenced. For
of the brain[40]. Sexual dimorphism has been described cyp19b, an intron, which spans about 1.8kb, is found 20nt
in its expression in rodent and avian brains. In human, the upstream of coding region, and downstream of an untrans-

brain-specific expression @YP19 gene involves the use of
promoterlf [41]. The brain-specific promoter has also been
identified in mouse, birds and figi6,23]. A highly con-

lated exon |. Sequence analysis was carried out using Trans-
fac data matrix at TESS websi{66]. Within the 2.5kb
promoter region of zebrafistypl9a, A TATA box as well

served 55bp sequence in the brain-specific promoter wasas several potential regulatory elements has been identified

observed among mammals and Hité]. However, such se-

(Fig. 19. Among these putative regulatory elements, a pu-

guence was not found in fish promoters. Factors involved in tative steroidogenic factor-1 recognition site was identified

the regulation of brain-specific expressiorcgipl9 gene are

in cypl9a but not in the 1.5kb region ofy19b promoter

not well understood. SF-1 binding site was not found in the that we have sequenced so f&id. 1. SF-1 is known to
brain-specific promoters identified to date. The expression of regulatecypl9 genes in human ovaf$7] and rat granulosa

cypl9 andSF-1 overlaps in restricted region of the hypotha-

cells[58]. This consensus sequence is also identified in the

lamus, but not in telencephalon and hippocampus of zebra5'-flanking region of goldfiskcyp19a and medaka ovarian

finch, suggesting an SF-1 independent regulationyp9
gene in avian braifd2]. Androgen was reported to increase
cypl9 expression in fish and birds brain, while both stimula-
tory and inhibitory effects were found in mamm#8-45]

expressingypl9 gene[9,59] (Fig. 2). Recognition sites of
arylhydrocarbon receptor (AhR) were also found bryihl9
genes. AhR is expressed in brain and many other tissues. It
is reported to be responsive to xenobiotics and may induce

Estrogen and xenoestrogen both upregulate the transcriptiorapoptosis in cell$60]. Estrogen receptor (ERE) half sites,

of cyp19b in zerbfish brairf46]. Neurotransmitters involved
in the PKC and PKG pathways increase the moDgel9
mMRNA in embryonic diencephalofé7]. Recently, proteins
that bind to brain-specific promoters-elements have been
identified in mouseCypl9 gene[48]. The mechanism they
may involve in the regulation of brain-specific expression is
yet to be investigated.

2. Cypl9 genesin fish

inverted androgen receptor (ARE) half sites, cyclic-AMP
responsive element (CRE) like sites, and CCAAT enhancer
binding protein (C/EBP) recognition sites are also found in
both promoters. CRE binding protein can induce estrogen
and can induceypl9 expression in fish, whereas andro-
gen has stimulatory effect icypl9 expression of fish brain
but inhibitory effect in that of gonad. Putative GATA tran-
scription factor 4 (GATA-4) and Wilm tumor 1 (WT1-KTS)
binding sites were identified in theypl9a promoter. These
proteins are expressed in mammalian gonad and are impor-
tant for sex differentiatiofi61—63] The asterisks ifrig. 1b

Cypl19 gene has been cloned and characterized in fish, mark the transcription start sites in the untranslated exon |

such as tilapig49], trout [50], catfish[51], goldfish[13],
medaka[9] and zebrafisf12], etc. It is expressed mainly

of cypl9b. Multiple transcription start sites have been re-
ported in the brain-specific transcript in goldfish, medaka
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-2523 TTATTAATGT TAATAAACGT TAGTTAATGA AAATAGAATA
ATAGTGACCT
1/2ERE

-2473 TAAAATGGTT TAAAAACTAG CCAAAATAAA ACAGATAAGA
CTTTCTTCAG

-2423 AAGAAAAAAA CATTACAGGA AATGTGAACA CAACAGA
GGATTACTGT

-2373 GAAAACATAT AGCCGTATAC ATTTCTGAAG AGCATGAATT
ATGTAGCCAG

-2323 AGCTACGTAT GGCTGCA'I'TT CCTCTTTAAA ACGAACAATC
CAGGGTGGTA

-2273 TGATGCTGAC GATAGA GT T TACTCTTCCA
GCTGACTGCT

-2223 TACCTACGTG TGGGCGGCTT TTCTGCTGTT ACCAGTTTGC
CCAGTAGCTT

-2173 GCCATGTCCA TCGGTGGACT TTAGACAAAG AGAGGAGTIG
ACTGTGACGA REB

Cl
-2123 AAGGGTTTGA GTCTGGTAAA GAATGGTTCC AGAAAGCAGC
TAAAACCAAA

-2073 ACAAAAGGCA AAATTTATTT AGACAAGTAC AGTTAAAACC
GGAAGTTTAC

-2023 ATACACTGCA TAAAAAGGCA CATAACCATT TAAAAAAAGT
CAGATGT

-1973 TGTAAACTTT TTCTCTTTTA GGTAAGTCAG GGTAATCAAA
TTTGTTTCTG

AP-1
-1923 TTATGCTTAA TATCAGAATA ATGAGGAGGA GATA TG
AGAAAATTGG

CBP/CR
-1873 TTATAACTTT TCCTTGAAAA GTCAAGTTNA CCATACAATA
AGATTATTAT

-1823 GCCTACGTGA AAAAGCTCAG ATGATGTTGT TACAACTGTA
GAATAGTATT

=1773 AAAGGAAAAC CTTAAACACA CAGCTTCCTT GTGTGACAAC
ATGGGAAAAT

-1723 CAACAAGCCA GAATCAACAA AAAAGCCAGA TTAAAATTAG
CTAAATTGC,

-1673 CAGGGAAAAA GACAAATTTT TGGAGACATG TCCTGTGGTC
TGATGGAACT

-1623  AAGATTGAAC TGGTGGGCCA TAATGACCAG TGTTACATTT
GGAGGACAAA

1673 GGGGAAAGCT TACAAGCCTA GGAACACCAT ACCAACTGTG
AAGTATGAGG

WT -
-1523 GCGGCAGCAT CATG'I_I'GTGA GGCTG A CTGCAGGAGG
GACTGGCCCA

-1473 CTTCACAGCA TAGATGGCAT CATGGACAAA GAACATTATG
TTGAAATACT

-1423 GAATCAACAT ATCAAGACAT CAGCCAGGAA ATTACAACTT
GGCCATAAAT

1
-1373 GGGTCTTTCA AACAGACCAT GACCCTAAGC ATACTGCCAA
ATTAGTTCAA

1/2ERE
-1323 ATATGCTTTA AGGACAACAG AGTGAATGTT TTAGAGTGGC
CATCACAAAG

-1273 CCCTGATCTC AATCCTATAG AAATTTGTAG GCAGCTTCTG
TGAGCAAG,

-1223 AGCCAACAAA TCTGACTCAA TTACACAGTT CTGTCAGGAG
GAATGGGCCA

C/EBPO
-1173  AAATTCC TAGCTATTGT GAGAAGCTTG TGGAAGGACA
CCCAAAACAT

=1123 TTGACCAAAG TTAAACAGTT TAAAAGCAAA GCTAAAAAAA
TACATCTAAT

1/2ERE
-1073  AAGGACATGT ATGTAAACTT TTGACTGTCT AAAAAATTCT
ATCATTATTC

-1023 TGGCATTTAG CAAATGTAAT TAATTTAGGT AATCCTAACA
GACCCAAAAT

-973  AGTAAAGATT TAGTATGATT TACCATCAGA AATTTCTTTA
AAAAAAAGGT
-923 ATGTTCCTTT TTTTAAAGTG TATGAAAATT TGTGGATTCA
ACTGTAAATA

-B73 ACAGGGTGAA AATGTGGTAA AAACTAAAAC TGTAGTAAAA
ATGAGGCAAG

-823 GCCTT ‘G GATTGCTTTT GAAAACACTG TTGCTAAGGT
TTAGGGAAGG

-773  GGTTAATCGG ATCAATTGGT GC GAAA ACACTATTGG
TTGGG AG

-723 GGTAAGGAAT GGGGGGGGTC AGTCGACAGC
AGCCTCAGGT GGATTTATGC

1/2ERE
-703 CAGAATAGTA GGTATGTATG TCACTCATTT GAGAGATCAG
AAAAGGCACA
623 CACAGCAGTG GATTCTCAAA AACAAAAACT GCAAAAACTT
ATTTCTCCTA

-573 GGATGTATTA TGCAATATCC AGAAATGTAT ATAAAGGGTA
CATATCAATA

-523 ATGAGCCTGG ATTGGAAAAT AAATCCTTGC TCTGTTAAAC
ATCA AAG
CBP/CRF

PRE
=473 AAATA GA AAAAGGGAAA AAAAATAAAA TAAAATCACA
GGAGGGCTAA

-423  TCATTTTGAC TTCAACTGGA TATAATGTGA GCAGCTTGTG
AATGAATCTG —

CRE
-373  CATTGCATTT ACTGTAAAGC TTAACAGTCA AATGATAAAT
GAACATGATA

-323 AATGAAGGTG CATCAAAATA AGGACACTTT TGTT
TGTAGGCCTG

-273  ATGT CTC A GACTGC TGTAGAATAA CTCGAGGACG
TGCCGCAGAT

-223  GTCTAATATC CTTTCAAGTC TTTGAAGTCC TGATGAAAAC
CCAGAGATGA

-173  CTTGCACACA GCTGAGGGTT TGAGTGTCAT GGTAAATGTT
TTGGAARACTC

AhR
-123 GACGCTGAAG GACACAAAGG AGCACACAAG GTTACGCAGC
GTTTTTA

-73 TGACTTTTGA ATTATCCTGA TCGAGTCCCA TGCAGCTGCT
GGGATATAAA

3 AGTGTACGTC TGCAGTTCAG AGGETTTAGA CTTGCTTTTT]
[EATCTGTTCT

58 TATGGCAGGT GATCTGCTCC AGCCCTGTGG AATGAAGCCH

(@)

-1524 ACCCTGTAAG AGCTCCGACT CCCATACAAA GAGGTTTGAT
CTCAGCTCAG

-1474 ACCAGGTTGG GTGCAGCAGG ACTGCTGGGT TACATATATT
ATTCCCTTAT

C/EBPL]
-1424 TTTTTAAGTT TATCTAAGTT TATAATACTG TGTACATAGG
ACTCTTATTT

-1374 TGAAAAACAA CCAGCCACGT CATGTCTTAA TGTTTTCTAT
ACGTTTGTAA

-1324 GCAGACAGAA CTGAATGGTC GCACTAGTGT GGAGCAATGG
GCTTTAATAA

-1274 GGAGCAGTTC TCTGCCAGCT TTCTGTTCAT AACATGTCAG

AACCTAAAAT

-1224 GCAGGATATA TAGATTATAA ATGTTTTCAG CGTGCCTTGA

AATGGTCTAA

-1174 GCTTTGTTTG AATTTGTTAG CTTATTGTAT ATTGTGAAAC
TTCCAGCATA

-1124 TG CGAT GAAAGAACAA ACACGTGAAG ACTTCTGCCA
TGTGTCATGC

1/2ARE
-1074 CACTCAGCTC TTGCCGAGAT TCATCACGAT CTGTGTTAGT
GTGT G
024 GAAAGCAGGC ACTGACAAGC TGCCACATCA AAGCAGAGCT
CATTAATATT

-974  CATGACCATT CCAAATATGG TCAAATTGAG C TATCCA
AGGAATAG

1/2ERE 1/2ERE
-924 CCTCTGGTTA TAAGTAAATA CATAAAATCC ATTTAGGATA
TT ATAAG

-874 TATTCCAACC CACCCACCAT GTAGATATCA GAGAACAAAC
TAACATGGCA

-824 CCTTTAAGAA TACCTACAGG AAAAATGAAT GGGAAAAATA
CCTTTCCACT

-774  ATACTAATAT TTTACACATG AAATGCAGGC CAAATCTAAA
TTAAATATGA

724  AATGTTTGAC AATATATATA TATAATATAT ATACACATAC
ATATATAAAT

-674  ATATATATAT ATATATACAA AAACACAGCC CTGTCCAATC
AAAATCAACT

CBP/CRF

-624  ATTCCTGAAG GTCATTTAAT TATTCAGACT GTTGTCAAAC

CCAAGATATT

-574 TTA%'I;I’AAAGT TTAGAAAAAC CTCTAAGCCT CACACGATGA

Ptx-1 CBP/CRF
=524  AATAGTAACA GGTTTATTAG GTTCAAAGCC CTCCCAAATA
AACACATAAT
-474  AAAAACGGAT TACATGTACC CCACCGA GTAGGAAGCC
AAACGAGCGC

-424 TCGCATTTCT CAGGCAACAT TG ‘CCATC CTTCACATCT
TTGGTC,
- 1/2ERE
-374 AAAGCTCATT CACTGGTTTG GTTCTGGGTC AGTCTGACCT
GCCTTCATTA

ERE
-324 AAAGCTCTTC AGAGAATGAA AGACTGGATC TGGAACCAAG
ACAGAGGTCA

COuUP
-274  ACAAAGCCCT GAAAATAACA AGAGTGGAGG AAAAGATGTG
TGTTTCGCAT
AhR
-224 TAAAGAGCTA ACAGTATTGC ACACGGCCCG TTTTTATGTG
GGTTTTCTTC
-174  AGCCTTCTCT ACTTTGGTCC ATCATTGTTT CATTGTTCAG
CTCTGGACGT
-124  GTCTGCTGGA CTGCTTTGAG CTTTCAAAAG CAC ACAA
GAAAAATCCT

C/EBP
-74 TGGCAACTGG GGA’ AGC AGGGGGAGAG TATATATTTG
GGCTGAAACA

[elelelcle) Ill-:Y \(ﬂ.‘;(ﬂlle’ EKIZ:VA‘ [GATGGAAGC]

28 [CIGTATGITC AGAAATGATT TAAAGAGsts ttatattatt

383

Fig. 1. Sequence of the promoter regions of zebrafigll9 genes. Exons | are indicated in boxes and the translated region is distinguished by a shaded
box. Sequences in lower case indicate intron. TATA box are shown in bold. Sequences of the putative binding sites of the transcription facests of inter
are underlined and labeled: thé flanking regions of zebrafish (@ypl9a gene and (bkypl9b gene.
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lia 0
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ARE |
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——C—V—f #AEE Human Lf (0.7) [37%]
If 1
C/EBP _ERE AhR
noa " Mouse Il (0.4) [39%]
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Fig. 2. Comparison of potential transcription factor binding site<y@f19 from various species: (a) ovary and (b) brain-speaifipl9 promoters for

zebrafish, goldfish, medaka, zebra finch, human and mouse. Numbers in parentheses indicate the approximate length of the promoters. Numbers in squi
brackets indicates the local percentage of sequence similarity within the tissue-specific group using default parameters in gap of the GCG program
Untranslated and translated exons are indicated in open and shaded boxes, respectively, with the exon numbers shown below. Filled symbols represe
experimentally proven protein transcription factors binding sites. SF-1, steroidogenic factor-1; C/EBP, CAAT-enhancer binding proteinestaitfRE

receptor recognition half sites (1/2ERE); ARE, androgen receptor binding element; AhR, arylhydrocarbon receptor binding site; GATA, GATA-2 or
GATA-4 binding sites.

and zebrafisii9,59,64] but only one is found in theyp19a [2] M. Terashima, K. Toda, T. Kawamoto, I. Kuribayashi, Y. Ogawa, T.
transcript. Maeda, Y. Shizuta, Isolation of a full-length cDNA encoding mouse
The promoter sequences ofpl9 gene are highly con- aromatase P450, Arch. Biochem. Biophys. 285 (1991) 231-237.
served in mammal. There is a 90% similarity among, human, 3] E.D. Lephart, K.G. Peterson, J.F. Noble, F.W. George, M.J. McPhaul,

d bovi . i d likewi The structure of cDNA clones encoding the aromatase P-450 isolated
mouse an ovine ovarian-specific promoter and likewise from a rat Leydig cell tumor line demonstrates differential processing

for the brain-specific one&(g. 2). The zebrafisleypl9 pro- of aromatase mRNA in rat ovary and a neoplastic cell line, Mol.
moters are less similar to the mammalian promoter (lessthan  Cell. Endocrinol. 70 (1990) 31-40.

40% similarity), but show about 40-52% similarity to the  [4] K.J. Doody, M.C. Lorence, J.I. Mason, E.R. Simpson, Expression of
goldfish and medaka promoters. The ovarian-specific gene messenger ri‘bonucleic acid species encoding steroidogenic enzymes
of zebrafish does not involve an untranslated exon I. This in human follicles and corpora lutea throughout the menstrual cycle,

h luti . ith | d bird J. Clin. Endocrinol. Metab. 70 (1990) 1041-1045.
shows evolutionary conservation with mammals an Ird, [5] A. Tereba, M.J. McPhaul, J.D. Wilson, The gene for aromatase

where ovaria_n-specific transcript start from exon I Us_ing (P450arom) in the chicken is located on the long arm of chromosome
a promoter directly upstream of exon Il. The binding sites 1, J. Hered. 82 (1991) 80-81.

of steroidogenic factor-1, are also conserved among mam- [6] P. Shen, C.W. Campagnoni, K. Kampf, B.A. Schlinger, A.P. Arnold,
mals, birds and fish. Despite the evolution of two distinct A.T. Campagnoni, Isolation and characterization of a zebra finch
cyp19 genes in fishes, similarity in gene structure and splic- aromatase cDNA: in situ hybridization reveals high aromatase

ina mechanism is observed within the vertebrate phvlum expression in brain, Brain Res. Mol. Brain Res. 24 (1994) 227-237.
9 pny ’ [7] P. Jeyasuria, W.M. Roosenburg, A.R. Place, Role of P-450 aromatase

in sex determination of the diamondback terrapin, Malaclemys
terrapin, J. Exp. Zool. 270 (1994) 95-111.
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