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The estrogen synthetase (aromatase, cytochrome P-450AROM) gene has been isolated 
from human genomic libraries and characterized. The restriction map of 43 positive clones 
obtained indicated that this enzyme is present as a single copy gene. The aromatase gene is 
unexpectedly large compared with other forms of the cytochrome P-450 superfamily, spanning 
at least 70 kilobases. The gene consists of 10 exons and its 5 -untranslated region is divided 
into 2 exons by an intron of more than 35 kilobases long. This organization of the first exon in 
the aromatase gene is unique in the cytochrome P-450 superfamily. All the exon-intron 
junctional sequences conform to the canonical GT/AG rule. The sequences of a TATA box and 
a CAAT box are present 27 and 83 base pairs upstream from the transcriptional initiation site. 
Within 3 kilobases upstream from the initiation site, there are no typical consensus sequences 
of responsive elements for glucocorticoid and c-AMP, which regulate aromatase expression. 
"1990 Academic Press, Inc. 

Aromatase (estrogen synthetase; EC 1.14.14.1), so-called cytochrome P-450AROM, 

catalyzes the aromatization of androgens to estrogens, which is a rate-limiting step in their 
biosynthesis. Aromatase is known to be involved in estrogen production in the ovary and 
placenta of gonadal tissues. But it has also been found in extra-gonadal tissues (1,2) such as 
brain, adipose tissue, muscle and skin. These findings raise questions about its functions and 
regulation. As aromatase is an unstable membrane-bound protein, it has been difficult to purify 
it to homogeneity and to prepare a specific antibody. Therefore, extensive studies on these 
questions have been done by the conventional method of measuring aroma&se activity in 
various culture cells. Many kinds of factors, including CAMP, phorbor ester (TPA), 
dexamethasone, insulin, glucose, androgen, epidermal growth factor, prolactin, and insulin-like 
growth factor-I, have been found to influence the expression of aromatase, although some of 
these factors have different effects in different types of cells(3-5). 

Recently, aromatase was purified to homogeneity from human placenta (6-8) and cDNA 
encoding the complete molecule was isolated(9,lO). Characterization of the purified aromatase 
and its cDNA revealed that the enzyme differed in several properties from other members of the 
cytochrome P-450 superfamily and so should be classified in a new family of cytochromes 
P-450(9,10). Here we report the isolation of the human aromatase gene and show that its 
exon-intron organization differs from those of other members of the cytochrome P-450 
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superfamily. We also report the isolation of the 5’-promotor region of the aromatase gene and 
its nucleotide sequencing as a first step in determining the responsive elements for various 
factors that regulate aromatase expression. 

MATERIALS AND METHODS 

Isolation and Characterization of Aromatase Genomic Clones. A h Charon 4A 
library, obtained by partial EcoRI digestion of human placental genomic DNA, was generously 
provided by Drs. CSetoyama and K.Shimada (Kumamoto Univ.). The h. EMBL 3 library, 
constructed by partial digestion of human genomic DNA from peripheral blood cells with 
Sau3AI by Drs.S.Tomatsu and Y.Sakaki (Kyushu Univ.), was obtained from J.C.R.B. 
(Japanese Cancer Research Resources Bank). These libraries were screened with human 
aromatase cDNA(9) as a probe. Recombinant h phage DNAs containing an aromatase gene 
were prepared and mapped by the method of Rackwitz et al.(ll). All EcoRI restriction 
fragments of aromatase genomic clones were subcloned and further characterized by detailed 
restriction endonuclease mapping and Southern blot analysis. DNA sequencing of specific 
restriction fragments was performed by the dideoxynucleotide chain-termination method with 
Taq DNA polymerase. The nucleotide sequence of the 5 -promotor region of the aromatase 
gene was determined by exonuclease III deletion, as described by Henikoff( 12). 

Primer-Extension Analysis. Total RNA was prepared from human placenta at term by the 
method of Chirgwin et al(13). A 22-base oligonucleotide primer (5 CCGAGCACAGGAC 
CTTCCGTCC-3’), complementary to the sequence expected to be near the 5 -end of human 
aromatase m-RNA, was synthesized and labeled at the 5 -end. The primer (1x105 cpm) and 70 
l.tg of total RNA were hybridized and the primer extension reaction was carried out as described 
by Maniatis(14). The products were analyzed by 5% polyacrylamide/6M urea gel 
ejectrophoresis. As size markers, HaeIII-digested fragments of @x-174 were also 
5 -end-labeled and applied to the same gel. For determination of the exact initiation site for 
transcription,,32P-labeled primer was annealed with the single stranded DNA containing the 
aromatase 5 -promoter region, and the nucleotide sequence from the primer site was 
determined. 

Sl Nuclease P,rotection Analysis. A 439 base pair (bp) NC&-AvaI restriction fragment 
containing the 5 -end of human aromatase cDNA was preppd from CAROM-G and labeled at 
the 5 -end. The NcoI-AvuI fragment was hybridized at 65 C for 3 hrs with nylon membrane- 
immobilized, single stranded DNA which was inserted by a DNA fragment complementary to 
human aromatase mRNA. The membrane was washed extensively and single stranded BNA of 
the NcoI-AvuI fragment was recovered with water from the membrane by heating at 100 C for 5 
min. This single stranded DNA contain? the sequence of a 22 base oligonucleotide primer used 
for primer-extension analysis at the 5 -end. The 32P-labeled, 439 bp single stranded DNA 
(6xlO‘tcpm) and human placental total RNA (70 pg) were hybridized. Sl nuclease digestion 
was performed as described by Maniatis(l4). 

RESULTS AND DISCUSSION 

Screening of Human Aromatase Gene. Genomic clones of the human aromatase gene 
from a human placental genomic library were screened in Charon 4A with human aromatase 
cDNA as a probe. Of 3x106 clones screened, 27 positive clones were isolated and 
characterized. All genomic DNA fragments were roughly classified with EcoRI restriction 
fragments and further mapped with several restriction endonucleases by the method of Rackwitz 
et al.( 11). As shown in Fig. 1, nine different clones were obtained by these analyses and the 
map of the human aromatase gene was constructed by connecting genomic DNA fragments with 
overlapping portions, which were determined by Southern blot analysis of their restriction 
endonuclease fragments. As there was one missing link between the CAROM-F and 
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m Restriction endonuclease map of genomic clones of human aromatase. Nine clones 
(1 AROM-G, -X, -F. -I, -Y, -2, -N, -R, and -P) were isolated from a h Charon 4A library, 
which was constructed with a partial EcoRI-digest of human genomic DNA. Three clones (h 
AROM-XX, -XY, and -XZ) were isolated by successive gene walking from the same library 
and two clones (h. AROM-XE. and -FE) were isolated from another library of li EMBL3 
obtained with a partial SadAIdigest of genomic DNA. The restriction sites of representive 
restriction enzymes, HindIII and EcoRI, are shown on composite maps and on DNA fragments 
of the clones. The interrupted lime on maps indicates a missing intron region. 

UROM-X clones on the map, gene walking was performed with h Charon 4A and hEMBL 3 

genomic libraries using DNA fragments of the 5’-end and 3’-end portions, respectively, as 

probes. Of 3x106 clones screened by successive gene walking, 16 positive clones were 
isolated and five different clones were connected with overlapping portions on the map. 

However, the isolated clones still did not cover the unidentified region. Another genomic 
library in li Charon 4A, constructed from a partial digest of genomic DNA with H&Il and AhI 

was also screened, but still this missing region could not be isolated. Similar difficulties in 

isolation of genomic clones containing specific intractable sequences have been reported and 

discussed(l5,16). Interestingly, a missimg link in the first intron of a human P-450s~~ gene 

has also been difficult to isolate( 17). All 43 genomic clones isolated from the libraries could be 

located on the same map, indicating that the aromatase gene exists in the human haploid genome 

as a single copy. Southern blot analysis of restriction fragments of human total genomic DNA 

(data not shown) also supported this conclusion, although it is not consistent with the report by 

Chen et al.(18). 

Structural Organization of Human Aromatase Gene. For determination of the 
locations of individual exons on the map of the aromatase gene, all the genomic DNAs isolated 

were subjected to Southern blot analysis with human aromatase cDNA after digestion with 
various restriction endonucleases, and DNA fragments containing exons and their adjacent 

regions were sequenced. The human aromatase gene consists of 10 exons and 9 introns and is 
more than 70 kb as shown in Fig. 2. The exon-intron organization of the aromatase gene 
differs from those of other genes of the cytochrome P-450 superfamily. The 3’ half portion 

(1579 bp) of ammatase mRNA @DNA) was encoded by exon 10, whereas exons l-9 contained 

367 



Vol. 166, No. 1, 1990 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

-IL (4 
d.Lkb (W 

1 w 
- (4 

m (e) 
I- (f) 

I 1 I I I 1 1 . . 1 L (9) 
Exon 1 2 3 4 5 6 76 910 

I 

0 

I 
I 

10 

1 
I 

20 

I 
I 

30 

I 
I 

40 

I 
I 

50 

I 
I I 

60 70 
kb 

F&J. Exon-intron structures of the aromatase gene and six other genes of the cytochrome 
P-450 superfamily. P-4% (a), P-45Od (b), P-450b (c), P-450e (d), P-45Oc-21 (e). P-450s~~ 
(f), and aromatase (g) are classified as cytochrome P-450 (sub) family IA, IA, IIB. IIB, XXI, 
XXII, and XIX, respectively. Solid columns indicate exons. coding regions being shown as 
higher columns and noncoding regions as low ones. The length of the gene is shown in kb 
below. 

small pieces (103 bp-242 bp) of the 5’ half portion. Exons 2-10 are located within 
approximately 35 kb of the 3’ end of the aromatase gene. By contrast, exon 1, encoding only a 
5’ flanking region of aromatase mRNA, is separated by a large intron of more than 35 kb from 
exon 2. Figure 2 shows the exon-intron organizations of several other genes of the cytochrome 
P-450 superfamily besides the aromatase gene. Although the aromatase gene has the same 
number of exons and introns as P-450~21, it is larger than any other genes of the cytochrome 
P-450 superfamily reported so far and its exon-intron organization, especially the location of 
exon 1 far from the other exons, is very different from those of other genes of this family. 
Methylcholanthrene-inducible cytochrome P-450(19,20), P-450~ and P-45Od, and 
phenobarbital-inducible cytochrome P-450(21), P-450b and P-45Oe, are classified in the P-450 
subfamilies IA and IIB, respectively, according to the nomenclature recommended by the 
Committee for Standardized Nomenclature of P-450 Genes(22). Similarly, aromatase, 
P-45(&21(23), and P-450~~~(17) are classified in the P-450 families XIX, XXI, and XXII, 
respectively. The exon-intron organization of genes is generally conserved within each of the 
subfamilies, but differs from one another among the P-450 families. The sequence of all 
introns of the human aromatase gene begins with GTA at the 5’ end and terminates with 
C(T)AG at the 3’ end, indicating that the aromatase gene follows the canonical GT/AG rule at all 
splice junctions (Table 1). 

Identification of Transcriptional Initiation Site. The transcriptionaI initiation site(s) 
was identified by primer-extension and Sl nuclease protection analyses. The human aromatase 
cDNA isolated in this laboratory contained a 5’-noncoding region of 124 bp. So, a 22-base 
sequence upstream of the Avaf site in this 5’-noncoding region was used as primer and a 
primer-extension experiment was carried out with this primer and human placental RNA as a 

368 



Vol. 166, No. 1, 1990 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

Table 1. Exon-Intron Junctions of Human Aromatase Gene 

Exon 3’-Exon 
junction 

Intron 5’-Exon 
junction 

Exon Exon size 
b 

8 

9 

10 

CGTCGC 

TACCAG 

CAGCAA 

TGAAAG 

TGGACG 

GTffGT 

GCAGAG 

l-TAT-l-G 

AAGAAT 

ATAGGT 

>30kb 
GTATGT ----e--w (-J-AC,& 

GTAAGT _ _ _ !!b_ _ _ TCCl-AG 
9kb 

GTAAGT -------- TlTCAG 

GTAAGC - - ?!kb - - =GCAG 

GTACI’G 
4kb ______ -_ (--J’ACAG 

GTAAGT 
3.5kb - - - - - - - - n(-CAG 

0.4kb 
GTACTG - - - - - - - - G’l’-I.CAG 

2kb 
GTAAGA -------- CCACAG 

GTAAGA - - - ikbm - - TCATAG 

GGAGTT 

GACTCT 

GTCCTG 

GTCCTC 

Cl-Cl-GT 

AAAGTG 

CAAGGA 

AAACGT 8 163 

GTGAGA 9 242 

G’lTCCT 10 1579 

103 

183 

151 

155 

177 

115 

115 

Sequences at splice junctions of the aromatase gene wen determined. The exon sites and the estimated 
intron sizes are indicated. 

template. The EcoRI-Hi&III fragment (1.7 kb) containing the region upstream of the primer 
site was isolated from CAROM-G and this fragment was also sequenced using the same primer. 
The primer-extension reaction produced a major DNA fragment of 86 bp and two minor 
fragments of 85 and 87 bp (Fig. 3), indicating that the major transcriptional initiation site is 
located 86 bp upstream from the primer site. This indicates initiation at a guanine on the 
aromatase gene (Figs. 3 and 4). This result was confiied by Sl nuclease protection assay. 
The EC&I-Hi&III fragment from CAROM-G was further digested with ZVcoI and Avd. The 
human placental RNA mainly protected a 86 bp length of single stranded NcoI-AvuI fragment 
from Sl nuclease digestion(Fig. 3). This length of protected DNA strongly supported the 
conclusion that transcription of the aromatase gene was initiated at a guanine 86 bp upstream of 
the primer site. 

Analysis of 5’ Promoter Region of Aromatase Gene. The DNA sequence on the 
S’region upstream of exon 1 in CAROM-G was determined. The consensus sequences of a 
“TATA box” and a “CAAT box” are located close to the transcriptional initiation site as shown 
in Fig. 4, the sequence ATAAAA is located at positions -27 to -22 as a “TATA box’and the 
sequence CCAAT is located at positions -83 to -79 as a “CAAT box”. Expression of the 
aromatase gene is known to be regulated by various factors, such as glucocorticoid, CAMP, 
phorbor ester, and androgen. However, there are no typical consensus sequences 
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Fig. 3. Mapping of the transcriptional initiation site on the human aromatase gene by primer 
extension and Sl nuclease protection analyses. The primer extension and Sl nuclease 
protection analyses were carried out as described in “Materials and Methods”. HueIII fragments 
of I&-174 were used as size markers. For determination of the exact transcriptional initiation 
site, a DNA sequence ladder was produced by dideoxynucleotide sequencing reactions with the 
same 22 base primer as for primer extension assay. 

corresponding to responsive elements for any of these factors in the 5’ promoter region within 
about 3 kb upstream from the transcriptional initiation site. Expression of P-450SCC is known 
to be regulated by adrenocorticotrophic hormone (ACTH) through production of CAMP, but 
there is also no consensus sequence of a cAh4P responsive element in the 5’ promoter region of 
the P-45OSCC gene( 17). These findings imply that unknown cis- or tranr-elements are involved 
in the regulation of gene expression of aromatase by various factors. Possible ‘WA (phorbor 
ester) responsive elements, are located at -604 to -598 (TGACTGA in Fig. 4) and at -1094 to 
-1088 (TGAGTCA, data not shown). The consensus sequence of a cis-element widely found 
in cytochrome P-450 genes is also located at -160 to -153 (CCCTGGAGGAA GGAAT). 

The secondary structure of the 5’ promoter region of the aromatase gene was examined 
Potential sites for stem-loop structure formation were found to be concentrated within 1200 bp 
upstream of the transcriptional initiation site (data not shown). There were two kinds of 
repeated sequence, 11 bp of TGAATAAATGA and 10 bp of ‘I’l’T/ClTGTCCA, within the 
region 500 bp upstream of the initiation site. The significances of these DNA sequences are 
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700 GAAGT AAAAAAGACAAGCAGATTACCCTGTGAGCAGCTGGAACACCGTGGAGCCTTCTGGGCTTCTCTTT 

-630 ATCCTAACATTCATTGCAGTTACTGTTGACT~CATCTCTCAGC~TACCCACCATT~CCATGG~TA 

(c) 

-560 GAAGCCTCCTGAGGCTAGGGGCCATGTCACCCCCAACACACATAGCACAGTTCCTGATTTGG~TTCACTAT 

490 TACCCGTTGAATAAATGAGTGAATGAACGAATGAATIUlAGGCACTTCTATG 

0 0 

-420 TAGAACAATGTGGTGTGTGGTGGGGGGTGTGATCTTATGATTACATGTATATAGATTTTTGTCCATGGTT 

o- 

-350 CTTGTCCATAACTCCCATGACACTTGCTGAGGTCTTTTGCTAT~TGTAGAGGTGCTTTAGGCCTCAGGA 

(a) 

-280 AACAGAATATTTCTCTGGCCTTCTTTGCCCTCCTTTCATCCACCC~GGCGGGACTCTAT~TCTGATTG 

-210 TGGGTCATAAGACCCTCATTCCAGAGGAGGTCATGTCCCATACCCTGGAGG~GG~TGCTGCAC~GA 

-140 GAGGAAGAAGAATCTGGACAGACAGACCTTGCTGAGATTAGATCATACCCTTTTTG~ACATTTT 

70 GTTCAATCACATGCTTCAGTCATGGACAACAAATGAAATCTC 
clzE+ (a) 

b 

T  GCCCAAAGGACAGGGTTCAG 

+I GGAGTTTCTGGAGGGCTGI\ACACGTGGAGGCAAACAGGAAGGTGAAGAAGAACTTATCCTATCAGGACGG 

d Exon 1 

* 71 AAGGTCCTGTGCTCGGGATCTTCCAGACGTCGCGTATGTATCTCTT~TCTGACTGAGCCCTC~CCTGT 
-Primer __) 

b 

Fig. DNA sequence of the $-promoter region of the human aromatase gene. The 
transcriptional initiation site is designated as +l. The “TATA box” (-27 to -22) and the “CAAT 
box” (-83 to -79) are boxed. One of two putative motives of the TPA (phorbor ester) 
responsive element is underlined (c). Repeated sequences of 10 bp (a) and llbp(b) are 
underlined. 

unknown. We are now trying to identify responsive elements other than those known already 
and demonstrate the bindings of regulatory proteins to the DNA to clarify the regulation 

mechanism of tissue specific and hormone (factor) specific gene expression of aromatase. 
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