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Table 1 Parental ages (year) at childbirth

Deletion TR/GC (M1) TR/GC (M2) MR/PE Epimutation Non-deletion All patients General population
Maternal age
Total
Median 30 37 31 30 38.5 36 32 27.5-30.9
Range 19-42 35-45 29-42 29-37 38-39 30-48 19-48
Number 84 15 7 3 2 6 117
Until 2002
Median 29 37 32 29 e 36 302
Range 19-42 35-37 29-42 e —— 30-48 19-48
Number 60 3 5 1 0 6 75
Since 2003
Median 32,5 38.5 35.5 33.5 385 - 352
Range 23-39 35-45 30-41 30-37 38-39 —_— 23-45
Number 24 15 2 2 2 0 42
Paternal age
Total
Median 325 40 35.5 31 41.5 36 33 30.6-33.0
Range 21-47 29-53 28-44 28-37 38-45 33-39 21-53
Number gab 15 6° 3 2 6 114b¢
Until 2002
Median 32.5 43 355 28 e 36 33
Range 21-47 33-43 28-44 — — 33-39 21-47
Number 58b 3 4¢ 1 0 6 72be
Since 2003
Median 32.5 39.5 35.5 34 41.5 e 34.5
Range 2240 29-53 30-41 31-37 38-45 e 22-53
Number 24 12 2 2 2 0 42

Abbreviations: GC, gamete complementation; M1, meiosis 1; M2, meiosis 2; MR,monosomy rescue; PE, post-fertilization mitotic error; TR, trisomy rescue.
The data of the general population indicate the range of the mean parental ages at childbirth from the year 1970 fo 2008.

2P.value=0.00017.

bPatemnal age was not found in two old patients who had left our fol low-up and whose hospital records had been discarded.

“Paternal age was not identified in one patient who was bom after artificial insemination by danor.

satellite analysis at appropriate institutions. In this regard, consider-
ing the opportunity to receive detailed molecular studies, it is possible
that upd(15)mat is overlooked more frequently in aged patients
than in young patients. If so, this may be relevant to the signifi-
cant difference in the relative frequency of TR/GC (M1) group
between the two time periods (‘since the year 2003’ versus ‘until the
year 20027).

In summary, the results imply that the advanced maternal age at
childbirth is a predisposing factor for the development of upd(15)mat
because of increased M1 errors. This notion is applicable to maternal
upd in general, as well as to trisomies. However, there are several
caveats as discussed in the above, and the number of patients,
especially those classified as TR/GC (M2) group, is small. Thus,
further careful studies using a large number of patients are necessary
in the future.
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Abstract

Primary ovarian insufficiency (POI) is a heterogeneous con-
dition defined by the triad of oligo/amenorrhea, elevated
gonadotropins and estrogen deficiency in women under the
age of 40 years. Although autoimmune abnormalities ap-
pear to be involved in the development of POI, there are only
a few studies with respect to human leukocyte antigen
{HLA). The objective of this study was to identify an HLA
allele(s) and/or haplotype(s) constituting a susceptibility
factor(s) for POl We examined 83 Japanese women with ap-
parently idiopathic isolated POL For controls, Japanese HLA
reference data registered in the HLA Laboratory were uti-
lized. No significant association was found for a total of 94
alleles for HLA-A, B, C, DRB1, and DQB1 loci, after both strin-
gent Bonferroni correction and less stringent Benjamini-
Hochberg (B-H) correction for multiple comparisons. By con-
trast, of 86 haplotypes identified for MHC class | (HLA-A, B,
and C) and 31 haplotypes detected for MHC class Il (HLA-
DRB1 and DQOBY), a single haplotype (A*24:02-C*03:03-B*35;

01) remained significant after Bonferroni and B-H correc-
tions (frequency: 4.82% in women with POl and 1.06% in the
control data; p = 0.00049). The results imply that a specific
HLA haplotype (A*24:02-C*03:03-B*35:01) constitutes a sus-
ceptibility factor for apparently isolated POl in Japanese
women. Copyright @ 2011 S. Karger AG, Basel

Primary ovarian insufficiency (POI), or premature
ovarian failure, is a heterogeneous condition defined by
the triad of oligo/amenorrhea, elevated gonadotropins
and estrogen deficiency in women under the age of 40
years [Kalantaridou et al., 1998]. While POl is frequently
observed in women with sex chromosome aberrations, it
also occurs in women with normal karyotype [Laml et
al., 2000]. In this regard, although underlying factors for
POI remain to be elucidated in most women with normal
karyotype, various genetic and environmental factors
have been implicated in the development of POI in such
women. Indeed, mutations of several genes including
BMPI5 [Di Pasquale et al.,, 2004], NOBOX [Qin et al.,
2009] and NR5A1 (alias SF-1 and AD4BP) [Lourenco et
al., 2009] are known to cause PO, as well as premutations
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of FMR1 [Cronister et al., 1991]. In addition, several can-
didate genes such as LHX8 [Qin et al., 2008] and GDF9
[Kovanci et al., 2007] have been identified to date. Fur-
thermore, endocrine disruptors, chemotherapy, radia-
tion, smoking, and viral infections also constitute risk
factors for POI [Morrison et al., 1975; Howell and Shalet,
1998; Sharara et al,, 1998; Di Prospero et al., 2004].

Autoimmune abnormalities also appear to be involved
in the development of POI in women with normal karyo-
type. Indeed, POI can occur as a part of autoimmune
polyendocrine syndromes [Kauffman and Castracane,
2003]. Moreover, women with POI occasionally have au-
toimmune hypothyroidism, type 1 diabetes mellitus
(T1DM), hypoadrenalism, myasthenia gravis and sys-
temic lupus erythematosus and, conversely, women with
autoimmune disorders occasionally exhibit POI [Mon-
cayo-Naveda et al,, 1989; Belvisi etal., 1993; Bakalovetal.,
2002; Ryan and Jones, 2004]. Non-specific autoantibod-
ies such as antinuclear antibodies are often identified in
women with POI [Ishizuka et al., 1999], as are organ-spe-
cific autoantibodies such as anti-thyroid autoantibodies
[Belvisi et al., 1993] and steroid-producing cell autoanti-
bodies [Betterle et al., 1993].

Human leukocyte antigen (HLA) of the major histo-
compatibility complex (MHC) plays an essential role in
the human immune system. Consistent with this, spe-
cific HLA alleles or haplotypes are known to constitute
susceptibility factors for several autoimmune disorders
such as T1DM [Todd et al., 1988]. For POIL, however, there

are only a few studies with respect to HLA, and there is

no haplotype association study. Thus, we performed HLA
allele and haplotype analyses in Japanese women with
POL Here, we focused on apparently idiopathic isolated
POl as a relatively homogeneous group, because POI with
associated autoimmune abnormalities may represent ge-
netically heterogeneous disorders.

Subjects and Methods

Subjects

This study consisted of 83 Japanese women with apparently
idiopathic isolated POI who satisfied the following selection cri-
teria: (1) lack of somatic abnormalities; (2) absence of clinically
discernible autoimmune diseases; (3) no history of chemotherapy
or radiation; (4) 46,XX karyotype in all the =30 lymphocytes ex-
amined; (5) no demonstrable mutations in BMPI5, NOBOX,
NR5AL, LHX8, and GDFS, and (6) no FMRI premutations. Two
women were familial cases with a similarly affected sister or
mother, and the remaining 81 women were sporadic cases. Organ-
specific autoantibodies such as anti-thyroid autoantibodies as
well as non-specific antinuclear antibodies were not detected in

2 Sex Dev 330122

60 patients examined, although they were not examined in the
remaining 23 patients. The menarchial age ranged from 10 to 15
years (median, 13 years) (menarchial age in normal Japanese girls,
12.25 & 1.25 years), and the age of POI onset (amenorrhea per-
sisting =6 months) ranged from 13 to 39 years (median, 31 years).
Serum FSH was above 40 1U/l and estradiol was undetectable or
below the normal range on at least 2 occasions. Serum testoster-
one was undetectable, and polycystic ovary was excluded by ab-
dominal ultrasound studies,

Thus, the following patients with overt autoimmune diseases
were excluded from the present study: (1) ten patients with Hashi-
moto thyroiditis accompanied by anti-thyroid peroxidase auto-
antibodies; (2) one patient with Basedow disease; (3) one patient
with Sjdgren syndrome; (4) two patients with systemic lupus ery-
thematosus, and (5) two patients with anti-phospholipid antibody
syndrome.

Human Leukocyte Antigen Analysis

This study was approved by the Institutional Review Board
Committees of the investigators’ affiliations. After obtaining
written informed consent, genotyping was performed for HLA-A,
B, C, DRBL, and DQBI loci by the polymerase chain reaction-
based sequence-specific oligonucleotide probe method, using
leukocyte genomic DNA samples. Haplotype inference was per-
formed for MHC class I (HLA-A, B,and C)and class 1T (DRBI and
DQBI) by the maximum likelihood method using expectation
maximization algorithm [Excoffier and Slatkin, 1995] imple-
mented in the software LDSUPPORT [Kitamura et al., 2002]. For
controls, we utilized Japanese HLA reference data registered in
the HLA Laboratory (http://www.hla.orjp/) that have been ob-
tained from 14,631 control subjects for HLA-A, B, and DRB1 loci,
8,240 control subjects for HLA-C locus and MHC class I haplo-
type, and 2,934 control subjects for HLA-DQBI locus and MHC
class II haplotype. The sex ratio was nearly equal in the control
subjects, and HLA allele and haplotype patterns have been shown
to be: comparable between men and women control subjects
(http:/fwww.hla.orjp/).

Statistical Analysis

Allele and haplotype frequencies were compared between
women with POI and control subjects by the Fisher’s exact prob-
ability test, using R environment version 2.7.1 (http:/fwww.r-
project.org/). The odds ratio and the 95% confidence interval
were also calculated using the same environment. To address the
problem of multiple comparisons, the Bonferroni correction and
the Benjamini-Hochberg (B-H) correction were employed in
this study [Shaffer, 1995]. The Bonferroni correction is the most
stringent method that sets the corrected significance level by di-
viding the empirical significance level (0.05) by the number of
tests, and corrected p values by multiplying the observed p val-
ues by the number of tests. The B-H correction is a subsequently
developed less stringent method that defines the significance
level by multiplying the Bonferroni significance level by the fre-
quency order of observed p values, and corrected p values by
dividing the Bonferroni corrected p values by the frequency or-
der of observed p values. In both corrections, observed p values
are regarded as significant when corrected p values remain be-
low the empirical significance level (0.05). Since individual HLA
genotyping data are not available in the control reference data, it
was impossible to perform the permutation test that is frequent-
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Table 1. Representative results of the association studies between POI and each HLA allele (p < 0.05)

Allele Frequency, % Statistical analysis Bonferroni correction Benjamini-Hochberg correction
women  control pvalue  oddsratio 95% CI significance correctedp  significance corrected p frequency order
with POI  subjects level level of p value

B*27:07 0.60 0.00 00056 5304 21.51-13,080  0.0017 0.16 0.0017 .16 i

B¥35:03 0.60 0.00 0.0056 5304 21.51-13,080  0.0017 0.16 0.0017 0.16 1

B*51:02 120 0.19 0,034 6.60 1.59-27.29 0.0017 1.00 0.0069 0.25 4

B¥55:04 1.20 0.13 0.0071 9.38 2.24-39.21 0.0017 .21 (L0052 .07 3

C*15:05 0.60 0.02 0.043 24.96 2.77-224.70 00033 0.65 0.0033 0.64 i

DRBI*04:01  3.01 0.94 0.019 3.29 1.34-8.07 0.0023 .42 0.0023 0.41 i

DRBI*12:02 422 1.82 0.045 2.38 1.11-5.09 0.0023 0.99 0.0068 0.33 3

DRBI*14:01  6.63 3.36 0.035 2.04 L11-3.78 0.0023 077 0.0046 0.38 2

CI = Confidence interval,

ly utilized to estimate significant p values in multiple compari-
sons [Shaffer, 1995],

The power (1 - B [type II error]: the probability of rejecting a
false null hypothesis) was estimated using GDesignPlus (StaGen
Co., Ltd.). The power of >50% is usually required to approve the
results obtained in a pilot study like the present study, while the
power of >80% is usually necessary to admit the results obtained
in a replication study [Cohen, 1988]. Furthermore, false positive
report probability (FPRP), the probability of no true association
between a genetic variant and disease given a statistically signifi-
cant finding, was also calculated using o (the significance level),
power (1 - B), and 7 (assumed frequency of susceptibility allele or
haplotype; in this study,  was assumed as 0.02) [Wacholder et al.,
2004]. The FPRP of <5% is usually regarded as verifying the qual-
ity of the obtained data.

Results

HLA genotyping identified 16 alleles for the HLA-A
locus, 29 alleles for HLA-B, 15 alleles for HLA-C, 22 al-
leles for HLA-DRBI1, and 12 alleles for HLA-DQBL! in
women with POI (online suppl. table 1; for all suppl.
material, see www.karger.com/doi/10.1159/000330122).
While low p values (p < 0.05) were identified for 8 of these
alleles (table 1), none of them were significant after the
Bonferroni and B-H corrections.

Haplotype estimation indicated 86 haplotypes for
MHC class I and 31 haplotypes for MHC class I in wom-
en with POI (online suppl. table 2). Low p values (p <
0.05) were identified for 34 of these haplotypes (table 2),
and one of them (A¥*24:02-C*03:03-B*35:01) remained
significant after the Bonferroni and B-H corrections.
This haplotype was invariably present in a heterozygous
condition, and accounted for 4.82% of haplotypes in
women with POI (the 2nd most frequent haplotype in

Association of POI with HLA Haplotype
in Japanese Women

this group) and 1.06% of haplotypes in the control sub-
jects (the 15th most common haplotype in this group).
The power was calculated as 72.2%, and the FPRP was
3.8%. Notably, each of the A*24:02, C*03:03, and B*35:01
alleles constituting the specific haplotype was fairly
common in both women with POI and control subjects
and was identified with similar frequencies (online sup-
pl. table 1). There was no haplotype that was regarded as
significant by the B-H correction but not by the Bonfer-
roni correction.

Discussion

We studied Japanese patients with apparently idio-
pathic isolated POI who had no associated overt autoim-
mune diseases. This selection was performed to reduce
genetic heterogeneity among patients. Indeed, POl in pa-
tients with Sjégren syndrome and systemic lupus erythe-
matosus may represent specific groups of PO, as well as
POl in patients with single gene diseases such as autoim-
mune polyendocrine syndromes [Kauffman and Castra-
cane, 2003]. Similarly, thyroid disease-associated POI
may also exhibit a specific group of POL Thus, we ex-
cluded such patients from this study. It should be pointed
out, however, that not all patients with POI received ex-
amination of autoantibodies, and that several patients
may have subclinical autoimmune diseases or may de-
velop autoimmune diseases at later ages.

The present study revealed significant association be-
tween apparently isolated POI and a specific HLA haplo-
type (A*24:02-C*03:03-B*35:01) in Japanese women. In
this regard, since the frequency of each allele for the spe-
cific haplotype was similar between women with POl and

Sex Dev 330122 3



Table 2. Representative results of the association studies between POI and each HLA haplotype (p < 0.05)

Haplotype Frequency, % Statistical analysis Bonferroni correction  Benjamini-Hochberg correction
women  control pvalue oddsratio 95% CI significance corrected  significance corrected frequency
with subjects level p level p order of
POIL p value

A*02:01-C*01:02-B*54:01 2.41 0.73 0.036 3.37 1.23-9.23 0.00058 1.00 (.01 0.13 23

A*02:01-C*03:03-B*55:04 1.20 0.07 0.0083 16.74 3.72-75.40 0.00058 0.71 0.0017 0.24 3

A*02:01-C*03:04-B*40:02 241 0.66 0.026 3.74 1.36-10.28 0.00058 1.00 0.01 0.13 17

A%02:01-C*08:01-B*40:02 (.60 0.00 .01 298.70 12.12-7,366 0.00058 0.86 0.0023 0.22 4

AR2:01-C*08:01-B*48:01 1.81 0.16 0.0029 11.65 3.49-38.88 0.00058 0.25 0.0012 0.12 2

AM2:06-C*01:02-B*15:01 0.60 0.00 0.01 298.70 12.12-7,366 0.00058 0.86 0.0023 0.22 4

A¥D2:06-C*01:02-B*40:06 0.60 0.01 0.03 49.93 4.50--553.7 0.00058 1.00 0.01 0.14 18

A¥02:06-C*07:02-B*67:01 0.60 0.02 0.049 24.96 2.77-224.7 0.00058 1.00 0.02 .16 27

AY02:07-C*01:02-B*54:01 0.60 0.02 0.049 24.96 2.77-224.7 0.00058 LOO 0.02 0.16 27

A¥(2:10-C*01:02-B*15:01 0.60 0.01 03 49.93 4.50-553.7 0.00058 1.00 0.01 0.14 18

A¥11:01-C*03:04-B*15:01 0.60 0.00 0.01 298.70 12,12-7,366 0.00058 0.86 0.0023 0.22 4

A¥11:01-C*03:04-B*51:01 0.60 0.00 0.01 298.70 12.12-7,366 0.00058 (.86 0.0023 0.22 4

A¥11:01-C*07:02-B*40:02 0.60 0.00 0.01 258.70 12.12~7,366 0.00058 0.86 0.0023 0.22 4

A¥11:01-C*08:03-B*15:01 0.60 0.00 0.01 298.70 12.12-7,366 0.00058 0.86 0.0023 0.22 4

A¥24:02-CH01:02-B*46:01 241 (.80 0.047 306 1.12-8.37 000058 1.00 (.02 0.16 26

A*24:02-C*01:02-B*56:03 0.60 0.01 0403 49.93 4.50-553.7 0.00058 100 0,01 0.14 18

A%24:02-C*03:03-B*35:01 4.82 L.06 0.00049 475 2.30-9.81 0.00058 0.042 0.00058 0.042 1

A¥24:02-C*04:01-B*27:07 0.60 0.00 001 298.70 12.12-7,366 (.00058 0.86 0.0023 0.22 4

A¥24:02-C*08:01-B*07:05 0.60 0.00 0.01 298.70 12.12-7,366 0.00058 (.86 0.0023 0.22 4

A*24:02-C*08:01-B*40:01 .60 0.02 0.045 2496 2.77-224.7 0.00058 1.00 0.02 016 27

A*26:01-C*01:02-B%15:01 0.60 0.02 0.049 2896 2TT-2247 0.00058 LOO 0.02 0.16 27

A¥26:01-C*03:04-B*40:01 1.20 0.18 0.049 6.69 1.58-28.22 0.00058 1.00 0.01 0.17 25

A26:01-C*07:02-B%39:02 0.60 0.01 003 4993 4.50-553.7 0.00058 100 0.01 0.14 18

A¥26:01-C*08:01-B¥35:01 1.20 .17 0436 717 1.69-30.34 0.00058 1.00 0.01 0.13 24

A¥26:01-C*12:02-B*52:01 1.20 0.21 L 0.0499 5.90 1.41-24.77 000058 LOO 0.02 0.14 31

A*26:01-C*14:02-B*51:01 1.81 0.26 001 7.20 2.21-23.48 0.00058 0.86 0.0093 5.5E-02 16

A¥29:01-C*15:05-B*15:02 0.60 0.00 0.01 298.70 12.12-7,366 . - 0.00058 (.86 0.0023 0.22 4

A¥31:01-C*03:04-B*51:02 0.60 0.00 0.01 298.70 12,127,366 0.00058 (.86 0.0023 0.22 4

A¥31:01-C*07:02-B*67:01 0.60 0.01 0.03 49.93 4.50-553.7 ~ - 0.00058 LOG 0.01 0.14 18

A¥32:01-C*15:02-B*35:03 0.60 0.00 .01 298.70 12.12-7,366 0.00058 0.86 0.0023 0.22 4

A¥33:03-C*07:02-B*67:01 0.60 0.00 0.0 298.70 12.12-7,366 0.00058 0.86 0.0023 0.22 4

DRB1*04:01-DQB1%03:01 3.01 1.06 0.046 291 1.15-7.33 0.0016 L.O0 0.0048 0.48 3

DRBI*12:02-DQB1%03:01 4.22 L70 0.034 2.54 L16-5.55 0.0016 1.00 0.0032 0.53 2

DRBI*14:06-DQB1*06:02 0.60 0.00 0.003% 10640 4.31-2,623 0.0016 012 0.0016 .12 i

ClI = Confidence interval.

the control subjects, this would imply that an additive or
a synergic effect of the alleles constituting the specific
haplotype increases susceptibility to the development of
POL Thus, this study exemplifies the importance of hap-
lotype analysis in the investigation of genetic suscepti-
bility.

The mechanism(s) by which this specific haplotype
raises the susceptibility to POI remains to be clarified. It
may be possible, however, that this haplotype has some
ovary-specific effect such as the production of hither-
to unknown autoantibodies against an ovary-specific
tissue(s), because this haplotype was identified as a sus-
ceptibility factor for the apparently isolated POI, and be-

4 Sex Dev 330122

cause there is no study suggesting a positive association
between this haplotype and non-ovarian autoimmune
disorders. In support of this notion, it is known in TIDM
that pancreatic §-cell-specific insulinoma-associated an-
tigen 2 autoantibodies are preferentially detected in pa-
tients with a specific HLA allele [Qu and Polychronakos,
2009].

HLA association studies have previously been per-
formed for POI in non-Japanese populations. Walfish et
al. [1983] found that the prevalence of DR3 antigen was
significantly higher in 19 women with POI than in 80
control women. Anasti et al. [1994] reported that the fre-
quency of DR4 antigen was significantly higher in 102
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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 POl 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 investigations. 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 (DRB1*04) (online suppl. ta-
ble 1), although this may primarily be due to the ethnic
difference, as has been shown in T1DM [Thomson et al.,
2007].

Several points should be made with respect to the pres-
ent study. First, the specific HLA haplotype accounts for
only a minor portion (4.82%) of haplotypes identified in
women with POL Second, affected women may have
some unidentified pathologic cause(s) for POI, such as
mutations of hitherto unknown causative genes. Third,
there may be some hidden polygenic and environmental

References

differences between women with POI and the control
subjects. Finally, it remains to be determined whether
similar results can be reproduced in other studies. These
matters imply that the etiologies of POI still remain elu-
sive and await further investigations in most women with
POL

Despite the above caveats, the present study provides
a useful clue to clarify the underlying factors for the de-
velopment of POL In summary, we propose that a spe-
cific HLA haplotype (A*24:02-C¥03:03-B*35:01) consti-
tutes a susceptibility factor for apparently isolated POl in
Japanese women.

Acknowledgements

‘We would like to thank Professor Naoyuki Kamatani and Dr.
Shigeo Kamitsuji, Department of Statistical Genetics, StaGen Co.,
Ltd., for their critical support in the genetic statistical analysis.
This study was supported by Grant-in-Aid for Scientific Research
on Innovative Areas from the Ministry of Education, Culture,
Sports, Science and Technology (MEXT) [22132004 to T.OJ; by
Grants for Research on Intractable Diseases [H22-098 to T.O.]; by
Grants for Health Research on Children, Youth and Families
from the Ministry of Health, Labor and Welfare [H21-005 to
T.0.]; and by Grant of National Center for Child Health and De-
velopment [20C-2 to T.O.].

Anasti JN, Adams 8, Kimzey LM, Defensor RA,
Zachary AA, Nelson LM: Karyotypically
normal spontaneous premature ovarian fail-
ure: evaluation of association with the class
I major histocompatibility complex. ] Clin
Endocrinol Metab 78:722-723 (1994).

Bakalov VK, Vanderhoof VH, Bondy CA, Nel-
son LM: Adrenal antibodies detect asymp-
tomatic auto-immune adrenal insufficiency
in young women with spontaneous prema-
ture ovarian failure. Hum Reprod 17:2096-
2100 (2002).

Belvisi L, Bombelli ¥, Sironi L, Doldi N: Organ-
specific autolmmunity in patients with pre-
mature ovarian failure. | Endocrinol Invest
16:886-892 (1993).

Betterle C, Rossi A, Dalla-Pria §, Artifoni A, Pe-
dini B, et al: Premature ovarian failure: auto-
immunity and natural history. Clin Endocri-
nol 39:35-43 (1993).

Cohen [: Statistical Power Analysis for the Be-
havioral Sciences, 2nd ed. (Lawrence Erl-
baum Associates, New Jersey 1988).

Cronister A, Schreiner R, Wittenberger M,
Amiri K, Harris K, Hagerman RJ: Heterozy-
gous fragile X female: historical, physical,
cognitive, and cytogenetic features. Am |
Med Genet 38:269-274 (1991).

Association of POI with HLA Haplotype
in Japanese Women

Di Pasquale E, Beck-Peccor P, Persani L: Hyper-
gonadotropic ovarian failure associated with
an inherited mutation of human bone mor-
phogenetic protein-15 (BMPI5) gene. Am |
Hum Genet 75:106-111 (2004).

Di Prospero F, Luzi §, lacopini Z: Cigarette
smoking damages women's reproductive
life. Reprod Biomed Online 8:246-247
(2004),

Excoffier L, Slatkin M: Maximum-likelihood es-
timation of molecular haplotype frequencies
in a diploid population. Mol Biol Evol 12:
921-927 (1995),

Howell 8, Shalet S: Gonadal damage from
chemotherapy and radiotherapy. Endocri-
nol Metab Clin North Am 27:927-943
(1998).

Ishizuka B, Kudo R, Amemiya A, Yamada H,
Matsuda T, Ogata Tt Anti-nuclear antibodies
in patients with premature ovarian failure.
Hum Reprod 14:70-75 (1999),

Jaroudi KA, Arora M, Sheth XV, Sieck UV, Wil-
lemsen WN: Human leukocyte antigen typ-
ing and associated abnormalities in prema-
ture ovarian failure. Hum Reprod 9:2006-
2009 (1994).

Kalantaridou SN, Davis SR, Nelson LM: Prema-
ture ovarian failure, Endocrinol Metab Clin
North Am 27:989-1006 (1998).

Kauffian RP, Castracane VD: Premature ovar-
fan failure associated with autoimmune
polyglandular syndrome: pathophysiologi-
cal mechanisms and future fertility. ] Wom-
ens Health (Larchmt) 12:513-520 (2003).

Kitamura Y, Moriguchi M, Kaneko H, Mori-
saki H, Morisaki T, et al: Determination of
probability distribution of diplotype con-
figuration (diplotype distribution) for each
subject from genotypic data using the EM
algorithm. Ann Hum Genet 66:183-193
{2002).

Kovanci E, Rohozinski §, Simapson JL, Heard M},
Bishop CE, Carson SA: Growth differentiat-
ing factor-9 mutations may be associated
with premature ovarian failure. Fertil Steril
87:143-146 (2007).

Laml T, 8chulz-Lobmeyr I, Obruca A, Huber JC,
Hartmann BW: Premature ovarian failure:
etiology and prospects. Gynecol Endocrinol
14:292-302 (2000).

Lourengo D, Brauner R, Lin L, De Perdigo A,
Weryha G, et al: Mutations in NR5AT associ-
ated with ovarian insufficiency. N Engl |
Med 360:1200-1210 (2009).

Sex Dev 330122

_89_



Moncayo-Naveda H, Moncayo R, Benz R, Wolf
A, Lauritzen C: Organ-specific antibodies
againstovary in patients with systemic lapus
erythematosus. Am J Obsh:t Gym:col 160
1227-1229 (1989).

Morrison JC, Givens IR, Wiser WI, Fish'SA:
Mumps oophoritis: a cause of premature

menopause, Fertll Steril 26:655-659 (1975,

QinY, Zhio H, Kovanci E, Simpson JL, Chen ZJ,

Rajkovic A: Analysis of LHX8 mutation in
premature ovarian failure, Pettxl Steril 89
1012-1014 (2008).

Qin Y, Shi Y, Zhao Y, Carson SA, Sxmpscm }L
Chen ZJ: Mutation analysis of NOBOX ho-
meedomain in Chinese women with prema-
ture ovarian failure. Fertil Steril 91 (Sup-
pl):1507-1509 (2009).

Qu HQ, Polychronakos C: The effect of the MHC
locus on autoantibodies in type 1 diabetes.
Med Genet 46:469-471 (2009).

Ryan MM, Jones HR Jr: Myasthenia gravis and
premature ovarian failure, Muscle Nerve 30:
231-233 (2004).

Shaffer JP: Multiple hypotbesis testing. Annu
Rev Psychol 46:561-584 (1995).

Sharara FI, Seifer DB, Flaws JA: Environmental
toxicants and female reproduction. Fertil
Steril 70:613-622 (1998).

Thomson G, Valdes AM, Noble JA, Kockum 1,
Grote MN, et al: Relative predispositional
effects of HLA class 1 DRBI-DQBI haplo-

types and genotypes on type 1 diabetes: a
meta-gnalysis. Tissue Antigens 70:110-127
(2007).

6 Sex Dev 330122

_90._.

Todd JA, Acha-Orbea H, Bell J1, Chao N, Fronek
Z, et al: A molecular basis for MHC class II-
associated autoimmunity. Science 240:1003 -
1009 (1988).

Wacholder §, Chanock §, Garcia-Closas M, El
Ghormli L, Rothman N: Assessing the prob-
ability that a pesitive report is false: an ap-
proach for molecular epidemiology studies.
J Natl Cancer Inst 96:434-442 (2004).

Walfish PG, Gottesman I8, Shewchuk AB, Bain
J, Hawe BS, Farid NR: Association of prema-
ture ovarian failure with HLA antigens. Tis-
sue Antigens 21:168-169 (1983).

Ayabe et al,



JCEM ONLINE

Advances in Genetics—Endocrine Research

Aromatase Excess Syndrome: Identification of Cryptic
Duplications and Deletions Leading to Gain of
Function of CYP19A1T and Assessment of Phenotypic
Determinants

Maki Fukami, Makio Shozu, Shun Soneda, Fumiko Kato, Akemi Inagaki,
Hiroshi Takagi, Keiichi Hanaki, Susumu Kanzaki, Kenji Ohyama, Tomoaki Sano,
Toshinori Nishigaki, Susumu Yokoya, Gerhard Binder, Reiko Horikawa,

and Tsutomu Ogata

Department of Molecular Endocrinology (M.F., S.S., F.K,, T.0.), National Research Institute for Child
Health and Development, Tokyo 157-8535, Japan; Department of Reproductive Medicine (M.S.),
Graduate School of Medicine, Chiba University, Chiba 206-8670, Japan; Department of Diabetes and
Endocrinology (AL, H.T.), Nagoya Second Red Cross Hospital Nagoya 466-8650, Japan; Department of
Women’s and Children’s Family Nursing (K.H.) and Division of Pediatrics and Perinatology (S.K.), Tottori
University, Yonago 683-8503, Japan; Department of Pediatrics (K.0., T.S.), Interdisciplinary Graduate
School of Medicine and Engineering, University of Yamanashi, Chuo 408-3898, Japan; Department of
Pediatrics (T.N.), Osaka Police Hospital, Osaka 543-0035, Japan; Department of Medical Subspecialties
(S.Y., R.H.), National Medical Center for Children and Mothers, Tokyo 157-8535, Japan; and Pediatric
Endocrinology Section (G.B.), University Children’s Hospital, Tuebingen 72076, Germany

Context: Aromatase excess syndrome (AEXS) is a rare autosomal dominant disorder characterized
by gynecomastia. Although cryptic inversions leading to abnormal fusions between CYP79A7T
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 CYPT9AT 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 CYP19A1-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 CYP19AT-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 CYP19AT. 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:/
jcem.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 .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 CYPI19AT 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 CYPI19A1 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, TMOD3, 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 §~69 yr (cases 1-18) from
six unrelated families A-F (Fig. 1A). The probands were ascer-
tained by bilareral 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):F1035-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 (220 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, B, 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 mRINA levels of CYP19A1 and catalytic
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
RINA-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 CYPI9A1 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 *H H,O in
the supernatant of the culture media was measured with a scinil-
lation counter LSC-5100 {Aloka, Tokyo, Japan).

Sequence analysis of CYPT9A7T

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 dlinical 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
cDNA 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 CGNLI1, 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 Normal/low 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 (basat) 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) Normallow Normal Normal/low  Normal/low  Normal Normal/low  Normal Normaldlow 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.
¢ GnRH 100 pug/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  3A). FISH analysis supported the duplications and con-
for DMXL2; Hs00262671_m1 for CGNL1; Hs00833126 g1 firmed the deletions.

for MAPK6; Hs00205710_m1 for TMOD3; Hs00322257_m1 for

TLN2;and Hs99999910_m1 for TBP). The experiments were carried L . N
out three times. Characterization of the cryptic duplications

Aberrant PCR products were obtained with the P2
primer (which amplifies a segment between exon 1.1 and

Results exon Ila with the P1 primer) and the P3 primer (which
amplifies a segment between exon 1.2 and exon 1.6 with the
CYP19A1 mRNA levels and aromatase activities P4 primer), and sequencing of the PCR products showed

Although relative mRNA levels of CYPI9A1 and cat-  the same tandem duplication involving seven of the 11

alytic activities of aromatase were grossly similar between exons 1 of CYPI9A1 in cases from families A and B (Flg

LCL of case 3 (family A), case 4 (family B), and case 5 3B). The duplicated region was 79,156-bp long, and the
(family C) and those of control subjects, they were signif-

icantly higher in SF of case 3 (family A), case 4 (family B),

; . - Relative miNA level Aromatase activity
case 9 (family D), and case 10 (family E) than in those of , 6109 (fmatimg protein/f)

control subjects (Fig. 2).

Sequence analysis of CYPT9A1
Direct sequencing showed no mutation in CYP19A1
coding exons 210 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 g, 2. Relative CYP19A7 mRNA levels against B2M and catalytic
involving most of DMXL2 in cases from families D-F (Fig.  activities of aromatase.
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the normal, the increased (>+0.5), and the decreased (<~ 1.0) copy numbers, respectively. In FISH analysis, two red signals with an apparently
different density are identified in cases from families A and B by FISH probe 1, whereas only a single red signal is found in cases from families C—F
by FISH probe 2. The green signals are derived from the internal control probe. B, Schematic representation of the tandem duplication shared in
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 light
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 I.8. C, Schematic representation of the deletion in sibling cases 5 and
6 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 CYPT9AT 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 withanover-  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 mRINA 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 CYP19A1
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, MAPKG,
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 CYPT19A1.
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 CYPI9A1 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. 5). 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-

Witdiype Duplication type (Families A & B)
Gonome 3 3 5 v i

(;{}m & i
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NS .

ovPreaT L] CYPIoat E2 cwwmm!cwmu:z
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Inversion subtype 3 (Sporadic case 1)

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 TLNZ, exons A and B correspond to 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 excns 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 CYP19A7 exons 1, and the inversion
subtype 2 is associated with inversion of the placenta-specific
CYP19AT exon I.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, iz silico
analysis revealed promoter-compatible sequences around
exon 1 of DMXL2, CGN1, MAPK6, and TMOD?3 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 wasidentified only in 2-5% of transcripts from SF,
whereas the CGNL1/CYP19A1 chimeric mRNA 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 CGNL1 and TMOD?3 (as well as exon 1
of MAPK6 and exons A and B of TLN2) (Fig. 5). For the
CGNL1/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
CYPI9A1 exons 1, eight of 11 CYP19A1 exons 1 includ-
ing exon 1.4 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 CYP19A1-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-matched 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 CYP19A1 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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