women with POI than in the reference data obtained
from 1,927 subjects, whereas it was similar between the
102 women with POI and 102 control women. Jaroudi et
al. [1994] identified no significant difference in the fre-
quency of HLA loci between 37 women with POI and 100
control women. In these studies, however, HLA typing
was performed by classic serological methods rather than
refined genotyping methods, and haplotype analysis was
not performed, while the Bonferroni correction was uti-
lized to cope with multiple comparisons. Thus, while a
possible association of POI with DR3 and/or DR4 may be
suggested, this matter awaits further. mvestxgatmm In
this context, it may be worth pointing out that the present
study failed to identify a positive association between POI
and DR3 (DRB1*03) or DR4 {DRBI*G&) (online suppl. ta-
ble 1), although this may primarily be due to the ethnic
difference, as has been shown in T iE)M {'I'hammn etal,
2007].

Several points should be made with re:spect to the pres-
ent study. First, the specific HLA haplotype accounts for
only a minor portion (4.82%) of haplotypes identified in
women with POIL Second, affected women may have
some unidentified pathologic cause(s) for: P(}I such as
mutations of hitherto unknown causative genes. Third,
there may be some hidden polygenic and environmental
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Context: Aromatase excess syndrome (AEXS) is a rare autosomal dominant disorder characterized
by gynecomastia. Although cryptic inversions leading to abnormal fusions between CYP79A7
encoding aromatase and its neighboring genes have been identified in a few patients, the mo-
lecular basis remains largely unknown.

Objective: The objective of the study was to examine the genetic causes and phenotypic deter-
minants in AEXS.

Patients: Eighteen affected males from six families participated in the study.

Results: We identified three types of heterozygous genomic rearrangements, i.e. a 79,156-bp
tandem duplication involving seven of 11 noncoding CYP19AT exons 1, a 211,631-bp deletion
involving exons 2-43 of DMXL2 and exons 5-10 of GLDN, and a 165,901-bp deletion involving exons
2-43 of DMXL2. The duplicated exon 1 functioned as transcription start sites, and the two types of
deletions produced the same chimeric mRNA consisting of DMXL2 exon 1 and CYPT9AT coding exons.
The DMXL2 exon 1 harbored a translation start codon, and the DMXL2/CYP19A1 chimeric mRNA was
identified in only 2-5% of CYP19A7-positive transcripts. This was in contrast to the inversion-mediated
chimeric mRNA that had no coding sequence on the fused exon 1 and accounted for greater than 80%
of CYP19A1-positive transcripts. CYPT9AT was expressed in a limited number of tissues, whereas its
neighboring genes involved in the chimeric mRNA formation were expressed widely.

Conclusions: This study provides novel mechanisms leading to gain of function of CYP19A1. Fur-
thermore, it appears that clinical severity of AEXS is primarily determined by the tissue expression
pattern of relevant genes and by the structural property of promoter-associated exons of chimeric
mRNA. (J Clin Endocrinol Metab 96: E1035-E1043, 2011)
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romatase is a cytochrome P450 enzyme that plays a
A crucial role in the estrogen biosynthesis (1). It cat-
alyzes the conversion of A4-androstendione into estrone
and that of testosterone (T) into estradiol (E,) in the pla-
centa and ovary as well as in other tissues such as the fat,
skin, bone, and brain (1). It is encoded by CYP19A1 con-
sisting of at least 11 noncoding exons 1 and nine coding
exons 2-10 (Supplemental Fig. 1, published on The En-
docrine Society’s Journals Online web site at http:/
jecem.endojournals.org) (2, 3). Each exon 1 is accompa-
nied by a tissue-specific promoter and is spliced alterna-
tively onto a common splice acceptor site at exon 2, al-
though some transcripts are known to contain two of the
exons 1, probably due to a splice error (2, 4). Of the 11
exons 1, exon 1.4 appears to play a critical role in the
regulation of estrogen biosynthesis in males because this
exon contains a major promoter for extragonadal tissues
including the skin and fat (2).

Excessive CYP19A1 expression causes a rare auto-
somal dominant disorder known as aromatase excess syn-
drome (AEXS) (5-8). AEXS is characterized by pre- or
peripubertal onset gynecomastia, advanced bone age from
childhood to the pubertal period, and short adult height in
affected males (5—8). Affected females may show several
clinical features such as macromastia, precocious puberty,
irregular menses, and short adult height (6-8). In this
regard, previous studies have identified four heterozygous
cryptic inversions around CYP19A1 in patients with
AEXS (5, 8). Each inversion results in the formation of a
chimeric gene consisting of a noncoding exon(s) of a neigh-
boring gene (CGNL1, MAPK6, TMOD?3, or TLN2) and
coding exons of CYP19A1. Because this condition is pre-
dicted to cause aberrant CYP19A1 expression in tissues in
which each neighboring gene is expressed, such inversions
have been regarded to be responsible for AEXS (5, 8).

However, such inversions have been revealed only in a
few patients with AEXS, and, despite extensive studies, no
other underlying genetic mechanisms have been identified
to date (6, 8—10). Here we report novel genomic rear-
rangements in AEXS and discuss primary phenotypic de-
termining factors in AEXS.

Patients and Methods

Patients

This study was approved by the Institutional Review Board
Committee at the National Center for Child Health and Devel-
opment and was performed after obtaining informed consent.
We examined 18 male patients aged 8§69 yr (cases 1-18) from
six unrelated families A-F (Fig. 1A). The probands were ascer-
tained by bilateral gynecomastia (Fig. 1B) and the remaining 12
males by familial studies. Ten other males allegedly had gyne-
comastia. There were four obligatory carrier females.

J Clin Endocrinol Metab, June 2011, 96(6):E1035-E1043

Phenotypic assessment showed pre- or peripubertal onset gy-
necomastia in all cases, small testes and fairly preserved mascu-
linization in most cases, obvious or relative tall stature in child-
hood and grossly normal or relative short stature in adulthood,
and age-appropriate or mildly advanced bone ages (Table 1) (for
detailed actual data, see Supplemental Table 1). Such clinical
features, especially gynecomastia, tended to be milder in cases
1-4 from families A and B than in the remaining cases from
families C-F. Fertility or spermatogenesis was preserved in all
adult cases (=20 yr). In addition, the obligatory carrier females
from families B and D had apparently normal phenotype, and
such females from families E and F exhibited early menarche (9.0
yr) and short adult stature (—2.8 sp), respectively.

Blood endocrine studies revealed that LH values were grossly
normal at the baseline and variably responded to GnRH stim-
ulation, whereas FSH values were low at the baseline and re-
sponded poorly to GnRH stimulation, even after preceding
GnRH priming (Table 1) (for detailed actual data, see Supple-
mental Table 1) (see also Fig. 1C for the cases aged =15 yr).
A*-Androstendione, T, and dihydrotestosterone values were low
or normal. A human chorionic gonadotropin (hCG) test indi-
cated relatively low but normal T responses in five young cases.
In most cases, estrone values were elevated, E, values were nor-
mal or elevated, and E,/T ratios were elevated. These endocrine
data were grossly similar among cases 1-18.

Aromatase inhibitor (anastrozole, 1 mg/d) was effective in all
the four cases treated (Supplemental Table 1) (see also Fig. 1C for
cases aged =15 yr). Gynecomastia was mitigated within 6
months of treatment, and endocrine data were ameliorated
within 1 month of treatment.

Primers
Primers used in this study are shown in Supplemental Table 2.

CYP19A1 mRNA levels and aromatase activities

We analyzed relative mRNA levels of CYP19A1 and catalyric
activities of aromatase in skin fibroblasts (SF) and lymphoblas-
toid cell lines (LCL). mRNA were extracted by a standard
method and were subjected to RT-PCR using a high capacity
RNA-to-cDNA kit (Life Technologies, Carlsbad, CA). A relative
amount of CYP19A1 mRNA against BZM was determined by
the real-time PCR method using the Tagman gene expression
assay on ABI PRISM 7500fast (Life Technologies) (assay no.
Hs00903411_m1 for CYP19A1 and Hs99999907_m1 for B2M).
PCR was performed in triplicate. Aromatase activity was deter-
mined by a tritium incorporation assay (11). In brief, the samples
were incubated with androstenedione-2-*H for 2 h, and *HH, O in
the supernatant of the culture media was measured with a scintil-
lation counter LSC-5100 (Aloka, Tokyo, Japan).

Sequence analysis of CYPT9A7

Leukocyte or SF genomic DNA samples from the six pro-
bands and additional four male patients (Fig. 1A) were PCR
amplified for the coding exons 2-10 and their flanking splice sites
of CYP19A1. Subsequently the PCR products were subjected to
direct sequencing from both directions on CEQ 8000 autose-
quencer (Beckman Coulter, Fullerton, CA).

Genome structure analysis

Oligonucleotide array-based comparative genomic hybrid-
ization (CGH) analyses were carried out using a custom-built
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FIG. 1. Summary of clinical data. A, Pedigrees of six families with patients exhibiting AEXS-compatible phenotype. Families A-E are of Japanese
origin, and family F is of German origin. Cases from families A-D were hitherto unreported, whereas those from families E and F have previously
been described as having AEXS phenotypes (6, 8). B, Gynecomastia of six cases. C, Endocrine data in cases 15 yr of age or older. The black, white,
and red colors represent the data in cases of the duplication, the deletion, and the inversion types, respectively; the blue color indicates the data of
GnRH test after GnRH priming in two cases of the duplication type. The data at the time of diagnosis are denoted by circles, and those on
aromatase inhibitor (anastrozole) treatment (1 mg/d in the duplication and the deletion types and 2—4 mg/d in the inversion types) are depicted by

squares. The light purple areas represent the normal reference ranges.

oligo-microarray containing 90,000 probes for the 15q11.2-
q26.3 region and approximately 10,000 reference probes for
other chromosomal region (2 X 105K format, design identifi-
cation 026533) (Agilent Technologies, Palo Alto, CA). The pro-
cedure was as described in the manufacturer’s instructions. Flu-
orescence in situ hybridization (FISH) analysis was performed
for lymphocyte or SF metaphase spreads, using long PCR prod-
ucts (FISH probes 1 and 2) for rearranged regions and CEP 15
probe for D15Z4 used as an internal control (Abbott, Abbott
Park, IL). The FISH probes 1 and 2 were labeled with digoxigenin
and detected by rhodamine antidigoxigenin, and the CEP 15
probe was detected according to the manufacturer’s protocol.

Characterization of the duplications and deletions

The duplication junctions were determined by direct sequenc-
ing for standard PCR products obtained with a variety of com-
binations of primers hybridizing to different positions within the
CYP19A1 exons 1 region. The deletion junctions were identified
by direct sequencing of the long PCR products obtained with
primer pairs flanking the deletions. The sizes of duplications and
the deletions were determined by comparing obtained sequences
with NT_010194 sequences at the National Center for Biotech-
nology Information Database (http://www.ncbi.nlm.nih.gov/;
Bethesda, MD). The presence or absence of repeat sequences
around the breakpoints was examined with Repeatmasker
(http://www.repeatmasker.org).

For mRNA analysis, we preformed 5'-rapid amplification of
c¢DNA ends (RACE) using a SMARTER RACE ¢cDNA amplifi-

cation kit (Takara Bio, Ohtsu, Japan). For both duplications and
deletions, first PCR was carried out using the forward primer mix
provided in the kit (Universal primer A mix) and an antisense
reverse primer specific to CYP19A1 exon 3 (RACE Rev). Second
PCR was carried out for diluted products of the first PCR, using
the nested forward primer of the kit (Nested universal primer A)
and a reverse primer for CYP19A1 exon 2 (Nested Rev). For du-
plications, furthermore, second PCR was also performed using var-
ious combinations of primers hybridizing to each CYP19A1 exon
1. Subsequently PCR products were subcloned into TOPO cloning
vector (Life Technologies) and subjected to direct sequencing.
Then, the obtained sequences were examined with BLAST
Search (National Center for Biotechnology Information). The
presence or absence of promoter-compatible sequences was an-
alyzed with the University of California, Santa Cruz, genome
browser (http://genome.ucsc.edu/).

Relative mRNA levels of CYPT9AT and its
neighboring genes

We investigated relative mRNA levels of CYP19A1 and
DMXL2 as well as those of CGNL1, MAPK6, TMOD3, and
TLN2 involved in the previously reported cryptic inversions (5,
8) in various human tissues. In this experiment, cDNA of SF and
LCL were obtained from control males, and the remaining
human ¢cDNA samples were purchased from Life Technolo-
gies or Takara Bio. Relative quantification of mRNA against
TBP was carried out using Tagman gene expression assay kit
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TABLE 1. Summary of clinical studies in male patients with aromatase excess syndrome®

Present study

Previous studies

Family A Family B Family C Family D Family E Family F Family 1 Family 2 Sporadic
Cases Cases 1-3  Case 4 Cases 5-6 Cases 7-9 Case 10 Cases 11-18  Two cases’ Proband® Patient 1 Patient 2
Mutation type Duplication Duplication Deletion Deletion Deletion Deletion Inversion Inversion Inversion Inversion
Phenotypic findings
Gynecomastia Yes (mild)  Yes (mild)  Yes Yes Yes Yes Yes (severe) Yes (severe) Yes{severe) Yes (severe)
(moderate) (moderate) (moderate) (moderate)
Pubertal defect Yes (mild)  Yes (mild)  Yes (mild) No No Yes (mild) N.D. Yes (mild) No N.D.
Short adult height No No N.D. No N.D. No Yes N.D. Yes N.D.
Spermatogenesis  Preserved N.D. N.D. Preserved N.D. Preserved Preserved N.D. N.D. N.D.
Endocrine findings
LH (basal) Normal Normal Normal Normallow  Normal Normal/low  Normal Normal/low Normal N.E.
LH (GnRH Low Normal High Normal Normal Normal N.E. Low N.E. N.E.
stimulated)”
FSH (basal) Low Low Low Low Low Normal/low  Normallow Low Low N.E.
FSH (GnRH Low Low Low Low Low Low N.E. Low N.E. N.E.
stimulated)®
T (basal) Normal/low Normal Normal/low  Normallow  Normal Normal/low  Normal Normal/low Low N.E.
T(hCG N.E. N.E. Normal Normal Normal Normal N.E. Normal N.E. N.E.
stimulated)®
E, (basal) High High N.E. High High High High High High N.E.
E, (basal) Normal High High Normal High Normal/high  High High High N.E.
E, to T ratio High High High High High High High High High N.E.

E,, Estrone; N.D., not determined; N.E., not examined.
“ Detailed actual data are shown in Supplemental Table 1.
b A father-son pair.

“ The sister has macromastia, large uterus, and irregular menses; the parental phenotype has not been described.
9 GnRH 100 pg/m? (maximum 100 pg) bolus iv; blood sampling at 0, 30, 60, 90, and 120 min.
¢ hCG 3000 1U/m? (maximum 5000 IU) im for 3 consecutive days; blood sampling on d 1 and 4.

(assay no. Hs00903411_m1 for CYP19A1; Hs00324048 m1
for DMXL2;Hs00262671_m1 for CGNL1; Hs00833126_g1
for MAPK6; Hs00205710_m1 for TMOD?3; Hs00322257_m1 for
TLN2;and Hs99999910_m1 for TBP). The experiments were carried
out three times.

Results

CYP19AT mRNA levels and aromatase activities

Although relative mRNA levels of CYP19A1 and cat-
alytic activities of aromatase were grossly similar between
LCL of case 3 (family A), case 4 (family B), and case §
(family C) and those of control subjects, they were signif-
icantly higher in SF of case 3 (family A), case 4 (family B),
case 9 (family D), and case 10 (family E) than in those of
control subjects (Fig. 2).

Sequence analysis of CYP1947
Direct sequencing showed no mutation in CYPI19A1
coding exons 2-10 of the 10 cases examined.

Genome structure analysis

CGH analysis revealed heterozygous cryptic duplica-
tions involving most of the CYP19A1 exons 1 region in
cases from families A and B, heterozygous cryptic dele-
tions involving most of DMXL2 and part of GLDN in
cases from family C, and heterozygous cryptic deletions
involving most of DM XL2 in cases from families D-F (Fig.

3A). FISH analysis supported the duplications and con-
firmed the deletions.

Characterization of the cryptic duplications
Aberrant PCR products were obtained with the P2
primer (which amplifies a segment between exon 1.1 and
exon Ila with the P1 primer) and the P3 primer (which
amplifies a segment between exon 1.2 and exon 1.6 with the
P4 primer), and sequencing of the PCR products showed
the same tandem duplication involving seven of the 11
exons 1 of CYP19A1 in cases from families A and B (Fig.
3B). The duplicated region was 79,156-bp long, and the

Relative mRNA level Aromatase activity
6o (104 ?‘u{?fmlfmg protein/hr)
40 50
4.0]
3.
20 2.
1
BIE ;0 i 8833 3
WL $F oL SF

FIG. 2. Relative CYPT9AT mRNA levels against B2M and catalytic
activities of aromatase.
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common by cases 1 and 3 from family A and case 4 from family B. Genome, The junction sequence of the tandem duplication (yellow boxes) is
shown, together with the original normal sequences at the 5’- and the 3'-ends of the duplicated region. The sequences highlighted with /ight
green and light orange are identical, and 1 bp (A) is shared at the junction point (highlighted with light yellow). mRNA, The sequence of a rare
clone is shown. The 3’-end of exon 1.4 is connected with the 5'-end of exon [.8. C, Schematic representation of the deletion in sibling cases 5 and
& from family C. Genome, The junction sequence of the deletion (a gray area) is shown. The fusion has occurred between a LINE 1 repeat
sequence (highlighted with blue) at intron 1 of DMXL2 and a nonrepeat sequence at intron 4 of GLDN and is accompanied by an addition of a
33-bp segment with a LINE 1 repeat sequence. mRNA, The sequence of a rare chimeric gene transcript is shown. DMXL2 exon 1 consisting of a
noncoding region (a red striped box) and a coding region (a red box) is spliced onto the common acceptor site (CAS) of CYP19AT exon 2
comprising an untranslated region (a white box) and a coding region (a black box). Thus, this transcript has two translation initiation codons (ATG),
although the mRNA destined to produce a 47-amino acid protein from the ATG on DMXL2 exon 1 is predicted to undergo NMD. D, Schematic
representation of the deletion shared in common by cases 8 and 9 from family D, case 10 from family E, and cases 15 and 17 from family F.
Genome, The junction sequence of the deletion (a gray area) is shown. The fusion has occurred between a LINE 1 repeat sequence (highlighted
with blue) at intron 1 of DMXL2 and that at a downstream region of DMXL2, with an overlap of a 12-bp segment. mRNA, The sequence of a
chimeric gene transcript is delineated. The mRNA structure is the same as that described in the legend for Fig. 3C.

fusion occurred between nonrepeat elements withan over-  control materials. However, PCR amplifications for the
lap of one nucleotide. 5'-RACE products with a variety of combinations of prim-

Allthe 5'-RACE products (>500 clones) obtained from  ers hybridizing to each exon 1 and subsequent sequencing
LCL and SF of case 3 (family A) and case 4 (family B) were  of the PCR products revealed the presence of a chimeric
found to be associated with a single exon 1, as observedin  clone consisting of exon 1.4 at the 5’ side and exon 1.8 at
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the 3 side in both LCL and SF (Fig. 3B). Although such a
chimeric clone would have been produced by a splice er-
ror, this indicated that duplicated exon 1.4 at the distal
nonphysiological position functioned as a transcription
start site.

Characterization of the cryptic deletions

In cases from family C, long PCR products were ob-
tained with the P7 primer and the P9 primer, and the de-
letion junction was determined by direct sequencing with
the P8 primer (Fig. 3C). The deleted region was 211,631-
bp long and involved exons 2-43 of DMXL2 and exons
5-10 of GLDN. The two breakpoints resided within a
LINE 1 repeat sequence and a nonrepeat sequence respec-
tively, and a 33-bp segment with a LINE 1 repeat sequence
was inserted to the fusion point. In cases from families
D-F, long PCR products were obtained by sequential am-
plifications with the P12 primer and the P14 primer and
with the P13 primer and the P14 primer, and an identical
deletion was identified by direct sequencing with the P13
primer (Fig. 3D). The deletion was 165,901-bp long and
involved exons 2-43 of DMXL2. The fusion occurred
between two LINE 1 repeat sequences with an overlap of
a 12-bp segment.

Sequence analysis of the 5'-RACE products obtained
from LCL of cases 5 and 6 (family C) and from SF of case
9 (family D) and case 10 (family E) revealed the presence
of a few clones with DMXL2 exon 1 (2-5%), together
with multiple clones with a single wild-type CYP19A1 exon
1 (Fig. 3, Cand D). Such a chimeric mRNA clone was absent
from control materials. Furthermore, DMXL2 exon 1 was
found to be accompanied by a promoter-compatible se-
quence (Supplemental Fig. 2). This indicated a cryptic us-
age of DMLX2 exon 1 as an alternative CYP19A1 tran-
scription start site in cases with deletions. Notably, because
of the presence of the translation start codon on DMXL2
exon 1, mRNAs of the DMLX2/CYP19A1 chimeric genes
are predicted to produce two proteins, i.e. CYP19A1 protein
and an apparently nonfunctional 47-amino acid protein with
a termination codon on CYP19A1 exon 2, when the trans-
lation started from the initiation codons on CYPI19A1
exon 2 and on DMLX2 exon 1, respectively. Further-
more, mRNA destined to yield the 47-amino acid pro-
tein is predicted to undergo nonsense-mediated mRNA
decay (NMD) because it satisfies the condition for the
occurrence of NMD (12).

Relative mRNA levels of CYPT9AT and its
neighboring genes

CYP19A1 showed a markedly high expression in the
placenta and a relatively weak expression in a limited
number of tissues including hypothalamus and ovary. By
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FIG. 4. Expression patterns of CYPT9AT and the five neighboring
genes involved in the chimeric gene formation. Relative mRNA levels
against TBP are shown.

contrast, DMXL2 was expressed in a range of tissues with
some degree of variation as well as CGNL1, MAPKS,
TMOD3, and TLN2 (Fig. 4).

Discussion

We identified cryptic duplications of the CYP19A1 pro-
moter region and deletions of the CYP19A1 upstream re-
gion in cases with AEXS. The tandem duplications would
have caused CYP19A1 overexpression because of an in-
creased number of the wild-type transcription start sites.
Indeed, because a rare mRNA variant with exon 1.4 and
exon 1.8 was identified, this implies that duplicated exons
1 at the distal nonphysiological position can also function
as transcription start sites. Similarly, the deletions would
have caused CYP19A1 overexpression because of a cryp-
tic usage of DMXL2 exon 1 with a putative promoter
function as an extra transcription start site for CYP19A1.
Indeed, because a few clones with DMXL2 exon 1 and
CYP19A1 exon 2 were identified, this confirms the for-
mation of a DMXL2/CYP19A1 chimeric gene. Thus, our
results suggest for the first time that duplications of a phys-
iological promoter and deletions of an upstream region
can cause overexpression of a corresponding gene and
resultant human genetic disease.

Such cryptic genomic rearrangements can be generated
by several mechanisms. The tandem duplication in fami-
lies A and B would be formed by a replication-based mech-
anism of fork stalling and template switching that occurs
in the absence of repeat sequences and is associated with
microhomology (13). The deletion in family Cis explained
by nonhomologous end joining that takes place between
nonhomologous sequences and is frequently accompanied
by an insertion of a short segment at the fusion point (13).
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The deletion in families D-F is compatible with a repeat
sequence mediated nonallelic intrachromosomal or inter-
chromosomal recombination (13). Thus, in conjunction
with the previously identified four cryptic inversions that
are also explainable by fork stalling and template switch-
ing or nonallelic recombination (8), genomic sequence
around CYP19A1 appears to harbor particular motifs
that are vulnerable to replication and recombination
errors.

To date, three types of cryptic genomic rearrangements
have been identified in patients with AEXS, i.e. duplica-
tion type, deletion type (two subtypes), and inversion type
(four subtypes) (Fig. S5). Here, although the deletion and
the inversion types are associated with heterozygous
impairment of neighboring genes (deletion or discon-
nection between noncoding exon(s) and coding exons),
the phenotypes of patients are well explained by exces-
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FIG. 5. Schematic representation of the rearranged genome and
mRNA structures. The white and black boxes of CYPT19AT exon 2 show
untranslated region and coding region, respectively (for details, see
Supplemental Fig. 1). For the duplication type and the deletion
subtypes, see Fig. 3, C and D, for details. For genome, the striped and
painted arrows indicate noncoding and coding exons, respectively
(5'—3'). The inverted genomic regions are delineated in blue lines. For
mRNA, colored striped boxes represent noncoding regions of each
gene. For TLN2, exons A and B correspond 1o the previously reported
exons 1 and 2 (8); because current exon 1 in the public database
indicates the first coding exon, we have coined the terms exons A and
B for the noncoding exons. The deletion and inversion types are
associated with heterozygous impairment of neighboring genes
[deletion or disconnection between noncoding exon(s) and the
following coding exons]. The inversion subtype 1 is accompanied by
inversion of eight of the 11 CYP19AT exons 1, and the inversion
subtype 2 is associated with inversion of the placenta-specific
CYP19AT exon 1.1.
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sive CYP19A1 activity alone. Thus, haploinsufficiency
of these neighboring genes would not have a major clin-
ical effect.

For the deletion and inversion types, two factors should
be considered. One factor is expression patterns of each
chimeric gene. In this regard, the five genes involved in the
formation of chimeric genes are widely expressed, with
some degree of variation (Fig. 4). Furthermore, i# silico
analysis revealed promoter-compatible sequences around
exon 1 of DMXL2, CGN1, MAPK6, and TMOD3 in
multiple cell types, although such sequences remain to be
identified for noncoding exons of TLN2 (Supplemental
Fig. 2). These findings imply that the chimeric genes show
wide expression patterns because expression patterns of
chimeric genes would follow those of the original genes.

The other factor is expression dosage of each chimeric
gene. In this context, the DMXL2/CYP19A1 chimeric
mRNA was identified only in 2-5% of transcripts from SF,
whereas the CGNL1/CYP19A1 chimeric mRINA and the
TMOD3/CYP19A1 chimeric mRNA accounted for 89—
100% and 80% of transcripts from SF, respectively (no
data for the MAPK6/CYP19A1 and the TLN2/CYP19A1
chimeric genes) (5). This difference is obviously inexpli-
cable by the relative expression level in SF that is grossly
similar between DMXL2 and TMOD3 and is quite low
for CGNL1 (Fig. 4). In this regard, it is notable that a
translation start codon and a following coding region are
present on exon 1 of DMXL2 (Fig. 5). It is likely that
DMXL2/CYP19A1 chimeric mRNA transcribed by the
DMXL2 promoter preferentially recognized the natural
start codon on DMXL2 exon 1 and underwent NMD and
that rather exceptional chimeric mRNAs, which recog-
nized the start codon on CYP19A1 exon 2, were identified
by 5'-RACE. By contrast, such a phenomenon would not
be postulated for the inversion-mediated chimeric mRNA
because of the absence of a translation start codon on the
fused exon 1 of CGNLI1 and TMOD?3 (as well as exon 1
of MAPK6 and exons A and B of TLN2) (Fig. 5). For the
CGNLI1/CYP19A1 chimeric gene, furthermore, the phys-
ical distance between CGNL1 exon 1 and CYP19A1 exon
2 is short, and whereas a splice competition may be pos-
sible between exon 1 of neighboring genes and original
CYPI9AI exons 1, eight of 11 CYP19A1 exons 1 includ-
ing exon I.4 functioning as the major promoter in SF have
been disconnected from CYP19A1-coding exons by in-
version. These structural characters would have also con-
tributed to the efficient splicing between CGNL1 exon 1
and CYP19A1 exon 2 (14). In this context, although the
CGNL1/CYP19A1 chimeric gene is associated with func-
tional loss of eight CYP19A1 exons 1 and the resultant
reduction of CYP19A1 expression in CYP19A1-express-
ing tissues, overall aromatase activity would be increased
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by the wide expression of the chimeric gene. These struc-
tural properties would primarily explain the difference in
the expression dosage of chimeric mRNA between the de-
letion and the inversion types.

Itis inferred, therefore, that the duplication type simply
increases CYP19A1 transcription in native CYPI19A1-ex-
pressing tissues, whereas the deletion and the inversion
types cause relatively mild and severe CYP19A1 overex-
pression in a range of tissues, respectively. These notions
would grossly explain why clinical features of affected
males and carrier females and endocrine profiles of af-
fected males are apparently milder in the duplication and
the deletion types than in the inversion type and why clinical
findings were ameliorated with 1 mg/d of anastrozole in the
duplication and the deletion types and with 2-4 mg/d of
anastrozole in the inversion type. In addition, the different
expression pattern between CYP19A1 and DMXL2 may
explain, in terms of autocrine and/or paracrine effects, why
phenotypic features such as gynecomastia tended to be more
severe in the deletion type than in the duplication type under
similar endocrine profiles.

Furthermore, several findings are notable in this study.
First, a similar degree of FSH-dominant hypogonado-
tropic hypogonadism is present in the three types, with no
amelioration of FSH responses to GnRH stimulation after
GnRH priming in two cases with the duplication. This
suggests that a relatively mild excess of circulatory estro-
gens, as observed in the duplication and the deletion types,
can exert a strong negative feedback effect on FSH secre-
tion, primarily at the pituitary, as has been suggested pre-
viously (15-19). Second, although basal T values appear
to be mildly and similarly compromised in the three types,
age-maiched comparison suggests that T responses to
hCG stimulation are apparently normal in the duplication
and the deletion types and somewhat low in the inversion
type. These data, although they remain fragmentary,
would primarily be compatible with fairly preserved LH
secretion in the three types and markedly increased estro-
gen values in the inversion type because T production is
under the control of LH (1), and excessive estrogens com-
promise testicular steroidogenic enzyme activity (20, 21).
Lastly, although testis volume appears somewhat small,
fertility (spermatogenesis) is normally preserved in the
three types. This would be consistent with the FSH-dom-
inant hypogonadotropic hypogonadism because FSH
plays only a minor role in male fertility (spermatogenesis)
(22). Indeed, males with mutations of FSHR encoding
FSH receptor as well as mice lacking FSHB or FSHR can
be fertile (23, 24).

The results of this study are contrastive to those of the
previous studies. In the previous studies, inversions only
have been identified, and each inversion is specific to each
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family or patient (8). By contrast, in this study, the iden-
tical duplication was found in two Japanese families A and
B, and the same deletion (subtype 2 in Fig. 5) was shared
by three Japanese and one Caucasian families D-F, despite
apparent nonconsanguinity. This may be explained by as-
suming that patients with severe phenotype were prefer-
entially examined in the previous studies, whereas those
with the AEXS phenotype were analyzed in this study
without ascertainment bias. Furthermore, because pheno-
types are milder in the duplication and the deletion types
than in the inversion type, this may have permitted the
spread of the duplication and the deletion types, but not
the inversion type, as the founder abnormalities. This no-
tion predicts that the duplication and the deletion types
would be identified by examining patients with mild
AEXS phenotype.

In summary, the present study shows that AEXS can be
caused by duplications of the physiological promoters and
microdeletions of the upstream regions of CYPI19A1 and
that phenotypic severity is primarily determined by the
tissue expression pattern of CYP19A1 and the chimeric
genes and by structural properties of the fused exons. Most
importantly, the present study provides novel models for
the gain-of-function mutations leading to human genetic
disease.
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