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ABSTRACT We identified two mutations in the CYP19
gene responsible for aromatase deficiency in an 18-year-old
46,XX female with ambiguous external genitalia at birth, pri-
mary amenorrhea and sexual infantilism, and polycystic ova-
ries. The coding exons, namely exons II-X, of the CYP19 gene
were amplified by PCR from genomic DNA and sequenced
directy. Direct sequencing of the ampled DNA from the
patient revealed two single-base changes, at bp 1303 (C-+ T) and
bp 1310 (G -p A) in exon X, which were newly found missense
mutations and reulted in codon changes ofR435C and C437Y,
respectively. Subconlng followed by sequencing confirmed that
the patient is a compound heterozygote. The results ofrestriction
frgment length polymorphism analysis and direct sequencing of
the ampliied exon X DNA from the patient's mother indicate
maternal inheritance of the R435C mutation. Transient expres-
sion experiments showed that the R435C mutant protein had
=1.1% of the activity of the wild type, whereas C437Y was
totally inactive. Cysteine-437 is the conserved cysteine in the
heme-binding region believed to serve as the fifth coordinating
ligand of the heme iron. To our knowledge, this patient is the
first adult to have described the cardinal features of a syndrome
of aromatase deficiency. Recognition that such defects exist will
lead to a better understanding of the role of this enzyme in
human development and disea.

The biosynthesis ofestrogens from Clg steroids is catalyzed by
an enzyme complex known as aromatase, whose activity
results in aromatization ofthe A ring of androgens to form the
phenolic A ring characteristic of estrogens, with concomitant
loss of the Clg angular methyl group (1, 2). This enzyme
complex is located in the endoplasmic reticulum of estrogen-
producing cells and consists oftwo components. The first is a
form of cytochrome P450 named aromatase cytochrome P450
(P450arom), the product of the CYP19 gene (3). The second
component, NADPH-cytochrome P450 reductase, a ubiqui-
tous flavoprotein of the endoplasmic reticulum of most cell
types, transfers reducing equivalents to the P450arom, which
binds the C19 substrate and catalyzes the insertion of oxygen
into the molecule, resulting in the formation of C18 estrogens
(4-7). A single species of P450arom has the capacity to
metabolize the three substrates-testosterone, androstenedi-
one, and 16a-hydroxydehydroisoandrosterone-as evidenced
by experiments in which placental P450arom cDNA inserts
isolated in our laboratory and expressed in COS-1 monkey
kidney tumor cells have been shown to be capable of catalyz-
ing the aromatization of all three substrates (8).

In the human, CYPI9 is expressed in a number of cells and
tissues including ovarian granulosa cells (9), testicular Sertoli
(10) and Leydig cells (11, 12), placenta, adipose tissue ofboth
males and females (13), and various sites of the brain includ-
ing hypothalamus, amygdala, and hippocampus (14, 15). In
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most other species, estrogen biosynthesis does not occur in
such a wide distribution of tissues, but rather is limited to at
most two sites (namely, the gonads and the brain). We have
presented evidence that the tissue-specific expression of the
CYP19 gene is regulated, in part, by the use of tissue-specific
promoters through mechanisms involving alternative splicing
(16). Thus, whereas expression in the ovary is driven by a
proximal promoter, expression in placenta involves a distal
element at least 40 kb upstream from the start of translation.
Transcripts in adipose contain two other untranslated exons.
All of these are spliced into a common 3'-splice junction
upstream ofthe start of translation; thus, the coding region is
unaffected and the protein product in each tissue site of
expression is identical (17). The overall length of the gene is
at least 75 kb, and it is composed of nine coding exons and
at least four untranslated 5' exons.

In spite of the size and complexity of the CYPI9 gene, at
this time only one definitively characterized case of aro-
matase deficiency has been reported, although deficiencies of
most of the other steroidogenic forms of cytochrome P450
have been well characterized. In 1991, Shozu et al. (18)
reported a case of female pseudohermaphroditism secondary
to placental aromatase deficiency in a Japanese infant, and
biochemical and molecular genetic studies were conducted
by Harada et al. (19) to characterize the molecular basis ofthe
deficiency. P450arom cDNA isolated from a placental cDNA
library from this patient was found to have an insert of 87 bp,
encoding 29 amino acids, in frame, with no termination
codon. Examination of genomic DNA from the patient re-
vealed that the consensus 5'-splice acceptor sequence was
mutated fromGT to GC, resulting in the use ofa cryptic splice
acceptor site further downstream in intron 6. This resulted in
the incorporation of 87 bases from intron 6, which were
translated into the additional 29 amino acids present in the
mature polypeptide. Further examination of genomic DNA
from the patient and her parents revealed that the patient was
homozygous for this mutation, and her parents were obligate
heterozygotes (20).

In this paper we report the molecular basis of aromatase
deficiency caused by two mutations in the CYP19 gene,
which was suspected on clinical and biochemical evidence, in
an 18-year-old 46,XX female with sexual infantilism, primary
amenorrhea, ambiguous external genitalia at birth, and poly-
cystic ovaries. The clinical aspects of this case will be
described in detail in a parallel publication (F.A.C. and
M.M.G.). To our knowledge, this is the first definitive
reported case ofan adult having aromatase deficiency, which
consequently represents a new syndrome.

MATERIALS AND METHODS
Preparation and Amplification of Genomic DNA. Ovarian

fibroblasts were obtained from the patient at the time of

Abbreviation: P450arom, aromatase cytochrome P450, the product
of the CYP19 gene.
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FIG. 1. Nucleotide sequence of the region of exon X of the CYPI9 gene in the patient, a normal subject, and the patient's mother. Genomic
DNA was extracted from the patient's fibroblasts and lymphoblasts of a normal subject and the patient's mother; exons II-X of the CYP19 gene
were amplified by PCR and sequenced directly as described in Materials and Methods. In the patient, single-base changes at bp 1303 (C -) T)
and bp 1310 (G -- A) in exon X were detected (Left). The maternal DNA has only a single-base change at bp 1303 (C -* T) (Right). In the normal
CYPJ9 gene, only C and G were detected at bp 1303 and 1310, respectively (Middle).

laparotomy at 17 months of age and stored in liquid nitrogen.
Fibroblasts were maintained in Waymouth's enriched me-
dium containing 10%o (vol/vol) fetal bovine serum, and ge-
nomic DNA was extracted (21). Blood was collected from
normal subjects, the patient, and her mother, and genomic
DNA was extracted from Epstein-Barr-transformed lympho-
blasts (22). Exons II-X (including all of the coding region and
flanking intronic sequence) ofthe CYPI9 gene were amplified
by PCR. Amplification of DNA fragments was performed
using specifically designed intronic primers to determine the
complete sequence of the exons as well as the intron-exon
junctions. The PCR was carried out in a total volume of 50.5
j1 containing the following additions: genomicDNA template
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FIG. 2. Nucleotide sequence ofthe region ofexonX ofthe CYPI9
gene of the patient. The amplified exon X DNA was subcloned into
the vector pCR II and sequenced as described in Materials and
Methods. One allele (#1) has the base change at bp 1310 (G -- A),

and the other allele (#2) has the base change at bp 1303 (C -- T).

(0.28 pg), upstream and downstream oligonucleotide primers
(50 pmol of each), lOx reaction buffer (5 ,ul), 10 mM dNTPs
(1 ,l4), Thermus aquaticus (Taq) DNA polymerase (2.5 units;
Perkin-Elmer/Cetus), and water to make a total volume of
50.5 Al. Amplification was carried out for 30 cycles; each
cycle consisted of incubations of 30 sec at 94°C for denatur-
ation, 20 sec at 55°C for annealing, and 30 sec at 72°C for
extension.

Direct Sequencing of Amplified DNA. The amplified frag-
ments were then loaded onto a 1.5% agarose gel and sub-
jected to electrophoresis. The fragment was excised and
eluted from the agarose gel using a Qiaex gel-extraction kit
according to the manufacturer's instructions (Qiagen,
Chatsworth, CA). The purified fragment was subjected to
direct sequencing using the fmol DNA sequencing system
(Promega) and either the primers used to generate the frag-
ment or primers specific to the coding region of the exon
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FIG. 3. Restriction fragment length polymorphism analysis of
amplified exon X (CYPJ9 gene) from normal, patient, and maternal
genomic DNA. Amplified exon X (full-length, 409 bp) was digested
with Bsg I and Dsa I. Molecular sizes of fragments generated by Bsg
I and Dsa I are indicated on the left and right, respectively.
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being examined. The ratio of template to primer was 1:6.
Sequencing reaction mixtures were prepared according to the
manufacturer's directions, placed in a preheated (94°C) ther-
mal cycler for 2 min, and sequenced using the same condi-
tions as employed for generation of the fragments.

Subcloning of Amplified DNA Fragments Containing Exon
X. Subcloning ofamplified exon X into the TA Cloning vector
(pCR II; Invitrogen) and the transformation of INVaF'
competent cells was carried out according to the manufac-
turer's instructions. Positive colonies were identified by
color selection and rescreened using end-labeled oligonucle-
otides. DNA was isolated from the bacterial cells by the
alkaline lysis method and sequenced by the dideoxy chain
termination method (23).

Restriction Enzyme Digestion. To determine the presence of
mutations in other family members, the region containing
exon X from normal, patient, and maternal genomic DNA
was amplified and digested with Dsa I or Bsg I (New England
Biolabs) and electrophoresed in a 10%o polyacrylamide gel.
Digested fragments were visualized by ethidium bromide
staining.

Expression of P450arom cDNA in COS-1 Cells. Fragments
(377 bp) containing either the R435C or C437Y mutations or
the normal sequence were removed from the pCR II vector
containing exon X as an insert by digestion with Apa I and
purified from a 1.5% agarose gel by Qiaex gel extraction
according to the manufacturer's directions. The fragments
were ligated into Apa I-digested wild-type pCMVarom and
transformed into DH5a-competent cells (BRL). To select for
recombinants, colonies were picked and grown overnight in
LB medium containing ampicillin at 100 Mg/ml. Plasmid
DNA was isolated from the bacterial cells using the Insta-
Prep plasmid isolation system (5 Prime--3 Prime, Inc.), and
recombinants were selected by EcoRI digestion. Since the
Apa I fragment contained a portion of the 3' untranslated
region of exon X, these constructs were digested with Pml I
and religated to remove this intervening sequence. The
purified plasmids were resequenced to confirm that restric-
tion enzyme digestion did not introduce a frameshift.

All three constructs and the vector control were grown in
large quantities and purified by cesium chloride gradient
centrifugation. COS-1 cells maintained in Dulbecco's modi-
fied Eagle's medium plus 10% (vol/vol) bovine calf serum
were harvested by trypsinization when the cells were 50%
confluent, and 100 ug ofeach plasmid was introduced into the
cells by electroporation. Cells carrying each respective plas-
mid were plated in triplicate wells of a six-well culture dish.
Forty-eight hours after transfection, the cells were assayed
by the tritiated water-release assay (24). After assay, the cells
were lysed in 1% deoxycholate/0.1% SDS and collected for
protein determination by the BCA method (Pierce). To
determine that expression levels of each plasmid were equiv-
alent, 25 pg of total cellular protein from a representative well
for each treatment was digested with EndoH (New England

Table 1. Expression of mutant P450arom cDNAs in COS-1 cells

[13-3H]Androstenedione conversion,*
cDNA pmol per mg of protein per 2 hr

Normal 127.0 + 8.2 (100%b)
R435C 1.4 ± 0.1 (1.1%)
C437Y 0.05 ± 0.01 (O%o)
Vector 0.02 + 0.05

pCMV vectors containing wild-type or mutant cDNA inserts or no
insert were transfected into COS-1 cells, and P450arom activity was
assayed by the release of tritium as 3H20 from [1j3H]androstene-
dione as described in Materials and Methods. The data presented are
the mean + SD of triplicate replicates. The numbers in parentheses
are the percent relative to the value for the normal cDNA.
*Average of three determinations.
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FIG. 4. Western blot analysis ofhuman P450arom in lysates from
COS-1 cells transfected with pCMV vector containing wild-type
(lane 2), R435C (lane 3) or C437Y (lane 4) mutant cDNA, or vector
only (lane 5). Lane 1 contained 5 ,g of a sample of human placental
microsomal protein (HPM) to serve as a positive control. Lanes 2-5
contained 25 Mg of protein. Samples in all lanes were treated with
EndoH as described in Materials and Methods. After SDS/
polyacrylamide electrophoresis, proteins were immunoblotted and
probed with a polyclonal peptide-generated antibody as described in
Materials and Methods.

Biolabs) according to the manufacturer's instructions to
deglycosylate the P450arom. After digestion, the proteins
were precipitated with 30% (wt/vol) trichloroacetic acid,
washed with cold (4°C) acetone, and resuspended in sample
loading buffer for electrophoresis in a 10%o SDS/polyacryl-
amide gel. Proteins were then transferred to an Immobilon-P
membrane (Millipore) and visualized by the ECL method
(Amersham) using as a primary antibody the polyclonal
antibody raised against a conserved 20-residue synthetic
peptide common to human, chicken, and rat P450arom (25).

RESULTS AND DISCUSSION
The patient, EB, at the time of this investigation was an
18-year-old girl. At birth she presented with nonadrenal
female pseudohermaphroditism. Chromosomal analysis re-
vealed a 46,XX karyotype. At 17 months, normal internal
female genital structures were identified at laparotomy; the
ovaries were grossly and microscopically normal. At age 14
she failed to exhibit breast development and had primary
amenorrhea. The clitoris had progressively enlarged to 4 x 2
cm, and pubic and axillary hair was Tanner stage III. Basal
plasma testosterone levels were elevated at 95 ng/dl, A4-
androstenedione levels were 285 ng/dl, and plasma estrone
and estradiol levels were undetectable. Adrenocorticotro-
phin and dexamethasone tests indicated a nonadrenal source
of the testosterone and androstenedione. Plasma follicle-
stimulating hormone and luteinizing hormone levels were
markedly elevated. Quantification of urinary steroids by gas
chromatography-mass spectrometry indicated normal levels
of C19 and C21 steroids but very low levels of estrone and
estradiol. Sonography and magnetic resonance imaging
showed multiple bilateral 4- to 6-cm ovarian cysts. Estrogen
treatment resulted in a decrease in plasma gonadotropins,
breast development, a pubertal growth spurt, menarche, and
regression of the ovarian cysts.
We extracted genomic DNA from the patient's fibroblasts

and amplified the individual exons of the CYP19 gene by
PCR. Primers were chosen in the introns flanking each exon
so that it would be possible to determine the complete
sequence of the exons as well as the intron-exon junctions.
Direct sequencing (Fig. 1) of the amplified DNA revealed
single-base changes at bp 790 (T-* C) in exon VII and bp 1303
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CCAITTGGCTTTGGGCCCCGTGGCTGTGCAGGAAAGTACATCGCCITG
Pro heGlyPheGlyProArgGlyCysAlaGlyLysTyrIleAl et

CC4 TGGCTTTGGGCCCCGTGGCTATGCAGGAAAGTACATCGCC TG
Pro|PheGlyPheGlyProArgGlyTyrAlaGlyLysTyrIleAl et

CC PTTGGCTTTGGGCCCTGTGGCTGTGCAGGAAAGTACATCGCC TG
Pr PheGlyPheGlyProCysGlyysAlaGlyLysTyrIleAl 4et
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FIG. 5. Comparison ofDNA sequence and derived amino acid sequence of the heme-binding region of the normal and patient's CYP]9 gene.
Indicated by the boxed area is the putative heme-binding region. Within this sequence is a cysteine, indicated by underlining, that is common
to all cytochrome P450s and is believed to be the fifth coordinating ligand of the heme iron. One allele has a base change at bp 1310 (G -* A),
indicated in boldface type, which encodes tyrosine instead of cysteine 437, and the other allele has a missense mutation at bp 1303 (C -. T),
which encodes cysteine instead of arginine-435, indicated in boldface type.

(C -- T) and bp 1310 (G -- A) in exon X. The base change at
bp 790 (T -* C) was a homozygous missense mutation, which
results in encoding arginine instead of cysteine-264. How-
ever, this change has been found in the DNA from a normal
subject and in the placental P450arom cDNA of healthy
women (26, 27), and we believe it to be a genetic polymor-
phism. The other two base changes were newly found mis-
sense mutations encoding cysteine instead ofarginine-435 (bp
1303) and tyrosine instead of cysteine-437 (bp 1310). The
patient was heterozygous for these mutations as judged by
the fact that bands corresponding to both C and T at nucle-
otide 1303 and G and A at nucleotide 1310 could be detected
in the sense strand by direct sequencing (Fig. 1). In contrast,
when we determined the nucleotide sequence ofDNA from
normal subjects, only C and G were detected at bp 1303 and
1310, respectively (Fig. 1).
Amplified exon X DNA from the patient was subcloned

into the vector pCR II (Invitrogen) and sequenced to verify
the presence of the mutations on different alleles, indicating
that the patient is a compound heterozygote (Fig. 2). In
addition, these single-base changes provide convenient re-
striction fragment length polymorphisms with which to ex-
amine DNA from other family members. Exon X from
normal, patient, and maternal genomic DNA was amplified
and digested with Bsg I and Dsa I. Since the C437Y mutant
allele is lacking the Bsg I site present in exon X of the normal
CYP19 gene and the R435C mutant allele is lacking one of the
Dsa I sites, restriction fragment length polymorphism anal-
ysis could be performed (Fig. 3). Bsg I digestion produced
283- and 126-bp bands from PCR-amplified exon X from a
normal subject and the patient's mother, and 409 (full-
length)-, 283-, and 126-bp bands from the patient. Dsa I
digestion produced 286-, 97-, and 26 (not shown in the
figure)-bp bands from a normal subject, and 286-, 123-, 97-,
and 26-bp bands from the patient and her mother. The 123-bp
band corresponds to the undigested mutant fragment, and the
other bands result from digestion of the normal fragment.
Despite repeated attempts, Bsg I did not fully digest the
normal allele; however, the more intense staining of the
409-bp band in the patient's lane indicates the mutant allele
is undigested. These results indicate the maternal inheritance
of the R435C mutation, and this finding was confirmed by
sequencing amplified exon X DNA from the patient's mother
(Fig. 1). The maternal DNA had only one base change, at bp
1303 (C - T), which corresponds to the R435C mutation.
Most likely the C437Y mutation was inherited from the
patient's father, who however is deceased. There are no
other siblings.

Expression of mutant cDNAs in COS-1 cells revealed that
the activity of the mutant proteins was dramatically reduced.
In the presence of the same amount of total cellular protein,
the R435C mutant protein showed =1.1% of the activity of

wild-type P450arom, while the C437Y protein was essentially
inactive (Table 1).
Whole cell protein extract was subjected to Western blot

analysis to ensure that P450arom was expressed at similar
levels in each transfection. Both of the mutant proteins were
expressed at an equivalent level to the normal cDNA (Fig. 4).
These missense mutations reside within the heme-binding

region of the protein (Fig. 5). Since cysteine-437 is the
conserved cysteine that makes up the fifth coordinating
ligand of the heme iron, the gene product of the C437Y allele
would be expected to be inactive. Arginine-435 is also a
highly conserved residue within the heme-binding region
among mammalian P450s with the exception of cholesterol
7a-hydroxylase cytochrome P450 in which it is a threonine
(28). At the analogous position in Pseudomonas putida
P450cam, as well as in some other bacterial P450 isoforms,
this residue is a histidine. Only one other documented
mutation (R448H) of this arginine has been reported, in
ll3-hydroxylase deficiency. This mutation is present in the
majority of mutant alleles in Moroccan Jews, among whom
ll-hydroxylase deficiency occurs relatively frequently (:1
in 5000 births). Using a transient transfection assay, Curnow
et al. (29) confirmed that with the R448H mutation 11-
hydroxylase activity is undetectable. Therefore a mutation at
this position in P450arom would also be expected to result in
a substantial loss ofenzymatic activity, which indeed was the
case.
Although a suspected patient was described some years

ago (30), there is only one other definitively documented case
of placental aromatase deficiency, in a Japanese infant. In
1991, Shozu et al. (18) described a 24-year-old primigravida
who showed progressive virilization during the third trimes-
ter. Maternal serum levels of estrogens were low, and those
of Cl9 steroids were high in the third trimester. The woman
delivered vaginally a live full-term infant who exhibited
female pseudohermaphroditism. Cord serum levels of estro-
gens were extremely low, while those of Cl9 steroids were
high. In contrast, the mother of our patient did not show any
virilization during pregnancy except acne, despite the pre-
sentation with nonadrenal female pseudohermaphroditism of
the infant patient. According to the Japanese case report,
serum levels of androgens, progesterone, and 17a-hy-
droxyprogesterone in the infant returned rapidly to normal
after birth. It is anticipated that the patient may exhibit
almost the same features as our patient in the future; how-
ever, it is still unknown to what degree the aromatase
deficiency of the Japanese patient will affect her at puberty.
On the other hand, our case already has the cardinal

features of a syndrome of aromatase deficiency due to
molecular defects in the CYP19 gene. She is now 18 years old
and displays the symptoms of nonadrenal female pseudoher-
maphroditism. The fetal masculinization can be ascribed to
defective placental conversion of C19 steroids to estrogens
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and resulting increased levels of Clg steroids, which can be
converted to testosterone peripherally. The pubertal failure
and the development of multicystic ovaries at the normal age
of puberty can be attributed to ovarian aromatase deficiency
and consequent elevated follicle-stimulating hormone and
luteinizing hormone levels. We suggest that aromatase defi-
ciency may be responsible for some cases that might be
thought as variants of polycystic ovarian syndrome-
namely, those characterized by normal insulin sensitivity and
failure to produce estrogens.

In spite of the possibility that some cases of aromatase
deficiency may have been overlooked, it appears to be a rare
condition. In a gene as large and complex as CYPI9, with a
number of untranslated exons subject to alternative splicing
in a tissue-specific fashion, the occurrence of mutational
events would seem to be quite likely. The possibility must be
considered that a complete absence of P450arom activity is
potentially lethal, perhaps because of a need for estrogens at
the time of implantation of the blastocyst. However, in spite
of this, it is now apparent that individuals with mutations in
P450arom do exist, and based on the structure of the gene it
is possible to predict not only defects due to mutations in the
coding region but also tissue-specific defects caused by
mutations in specific promoter regions as well as in splice
junctions. Thus, for example, a mutation in the 3'-splice site
upstream of the start of translation should permit normal
expression in the ovary but prevent placental expression. It
remains to be determined if such conditions are in fact a
reality.

In conclusion, we identified two mutations (R435C and
C437Y) in the CYPI9 gene responsible for aromatase defi-
ciency in an adult female with sexual infantilism, primary
amenorrhea, ambiguous external genitalia at birth, and mul-
ticystic ovaries. Moreover, we confirmed that mutation ofthe
conserved cysteine, C437Y, totally inactivates P450arom. On
the other hand, the mutation, R435C, gives rise to a protein
with only marginal activity. We have also demonstrated the
heritability of one of these two alleles. Therefore, we suggest
that some cases of infertility in women may be accounted for
by mutations in the CYPJ9 gene.
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