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Androgenetic/biparental mosaicism in a girl with
Beckwith-Wiedemann syndrome-like and

upd(14)pat-like phenotypes

Kazuki Yamazawa!”, Kazuhiko Nakabayashi?, Kentaro Matsuoka®, Keiko Masubara!, Kenichiro Hata?,

Reiko Horikawa* and Tsutomu Ogata!

This report describes androgenetic/biparental mosaicism in a 4-year-old Japanese girl with Beckwith-Wiedemann syndrome
(BWS)-like and paternal uniparental disomy 14 (upd(14)pat)-like phenotypes. We performed methylation analysis for 18
differentially methylated regions on various chromosomes, genome-wide microsatellite analysis for a total of 90 loci and
expression analysis of SNRPN in leukocytes. Consequently, she was found to have an androgenetic 46,XX cell lineage and a
normal 46,XX cell lineage, with the frequency of the androgenetic cells being roughly calculated as 91% in leukocytes, 70%
in tongue tissues and 79% in tonsil tissues. It is likely that, after a normal fertilization between an ovum and a sperm, the
paternally derived pronucleus alone, but not the maternally derived pronucleus, underwent a mitotic division, resulting both in
the generation of the androgenetic cell lineage by endoreplication of one blastomere containing a paternally derived pronucleus
and in the formation of the normal cell lineage by union of paternally and maternally derived pronuclei. it appears that the
extent of overall (epi)genetic aberrations exceeded the threshold level for the development of BWS-like and upd(14)pat-like
phenotypes, but not for the occurrence of other imprinting disorders or recessive Mendelian disorders.
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INTRODUCTION
A pure androgenetic human with paternal uniparental disomy for
all chromosomes is incompatible with life because of genomic
imprinting.? However, a human with an androgenetic cell lineage
could be viable in the presence of a normal cell lineage. Indeed, an
androgenetic cell lineage has been identified in six liveborn individuals
with variable phenotypes.>~ All the androgenetic cell lineages have
a 46,XX karyotype, and this is consistent with the lethality of an
androgenetic 46,YY cell lineage.

Here, we report on a girl with androgenetic/biparental mosaicism,
and discuss the underlying factors for the phenotypic development.

CASE REPORT

This patient was conceived naturally to non-consanguineous and
healthy parents. At 24 weeks gestation, the mother was referred to
us because of threatened premature delivery. Ultrasound studies
showed Beckwith-Wiedemann syndrome (BWS)-like features,® such
as macroglossia, organomegaly and umbilical hernia, together with

polyhydramnios and placentomegaly. The mother repeatedly received
amnioreduction and tocolysis.

She was delivered by an emergency cesarean section because of
preterm rupture of membranes at 34 weeks of gestation. Her birth

weight was 3730g (+4.8s.d. for gestational age), and her length

45.6cm (+0.7s.d.). The placenta weighed 1040g (+7.3s5.d.).° She
was admitted to a neonatal intensive care unit due to asphyxia.
Physical examination confirmed a BWS-like phenotype. Notably,
chest roentgenograms delineated mild bell-shaped thorax character-
istic of paternal uniparental disomy 14 (upd(14)pat),'? although coat
hanger appearance of the ribs indicative of upd(14)pat was absent
(Supplementary Figure 1). She was placed on mechanical ventilation
for 2 months, and received tracheostomy, glossectomy and tonsillect-
omy in her infancy, due to upper airway obstruction. She also had
several clinical features occasionally reported in BWS® (Supplementary
Table 1). Her karyotype was 46,XX in all the 50 lymphocytes analyzed.
On the last examination at 4 years of age, she showed postnatal growth
failure and severe developmental retardation.
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MOLECULAR STUDIES

This study was approved by the Institutional Review Board Commit-
tee at the National Center for Child health and Development, and
performed after obtaining informed consent.

Methylation analysis

We first performed bisulfite sequencing for the H19-DMR (differen-
tially methylated region) and KWDMR1 as a screening of BWS!b12 and
that for the IG-DMR and the MEG3-DMR as a screening of
upd(14)pat,'® using leukocyte genomic DNA. Paternally derived
clones were predominantly identified for the four DMRs examined
(Figure 1a). We next performed combined bisulfite restriction analysis
for multiple DMRs, as reported previously.!> All the autosomal
DMRs exhibited markedly skewed methylation patterns consistent
with predominance of paternally inherited clones, whereas the XIST-
DMR on the X chromosome showed a normal methylation pattern
(Figure la).

Genome-wide microsatellite analysis

Microsatellite analysis was performed for 90 loci with high hetero-
zygosities in the Japanese population.'* Major peaks consistent with
paternal uniparental isodisomy and minor peaks of maternal origin
were identified for at least one locus on each chromosome, with the
minor peaks of maternal origin being more obvious in tongue and
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tonsil tissues than in leukocytes (Figure 1b and Supplementary
Table 2). There were no loci with three or four peaks indicative of
chimerism. The frequency of the androgenetic cells was calculated
as 91% in leukocytes, 70% in tongue cells and 79% in tonsil cells,
although the estimation apparently was a rough one (for details, see
Supplementary Methods). :

Expression analysis
We examined SNRPN expression, because SNRPN showed strong
expression in leukocytes (for details, see Supplementary Data).
SNRPN expression was almost doubled in the leukocytes of this
patient (Figure lc).

DISCUSSION

These results suggest that this patient had an androgenetic 46,XX cell
lineage and a normal 46,XX cell lineage. In this regard, both the
androgenetic and the biparental cell lineages appear to have derived
from a single sperm and a single ovum, because a single haploid
genome of paternal origin and that of maternal origin were identified
in this patient by genome-wide microsatellite analysis. Thus, it is likely
that after a normal fertilization between an ovum and a sperm,
the paternally derived pronucleus alone, but not the maternally
derived pronucleus, underwent a mitotic division, resulting both in
the generation of the androgenetic cell lineage by endoreplication of
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Figure 1 Representative molecular results. (a) Methylation analysis. Upper part: Bisulfite sequencing data for the H19-DMR and the KvDMR1 on 11p15.5,
and those for the IG-DMR and the MEG3-DMR on 14g32.2. Each line indicates a single clone, and each circle denotes a CpG dinuclectide; filled and open
circles represent methylated and unmethylated cytosines, respectively. Paternally expressed genes are shown in blue, maternally expressed gene in red, and
the DMRs in green. The H19-DMR, the IG-DMR, and the MEG3-DMR are usually methylated after paternal transmission and unmethylated after maternal
transmission, whereas the KvDMR1 is usually unmethylated after paternal transmission and methylated after maternal transmission.!®11 Lower part:
Methylation indices (the ratios of methylated clones) obtained from the COBRA analyses for the 18 DMRs. The DMRs highlighted in blue and pink are
methylated after paternal and maternal transmissions, respectively. The black vertical bars indicate the reference data (maximum - minimum) in leukocyte
genomic DNA of 20 normal control subjects (the X/ST-DMR data are obtained from 16 control females). (b) Representative microsatellite analysis. Major
peaks of paternal origin and minor peaks of maternal origin (red arrows) have been identified in this patient. The minor peaks of maternal origin are more
obvious in tongue and tonsil tissues than in leukocytes (Leu.). (¢) Relative expression level (mean £s.d.) of SNRPN. The data are normalized against TBP,
SRS: an SRS patient with an epimutation (hypomethylation) of the H19-DMR; BWS1: a BWS patient with an epimutation (hypermethylation) of the H19-
DMR; BWS2: a BWS patient with upd(11)pat; PWS1: a Prader-Willi syndrome (PWS) patient with upd(15)mat; PWS2: a PWS patient with an epimutation
(hypermethylation) of the SNRPN-DMR; AS1: an Angelman syndrome (AS) patient with upd(15)pat; and AS2: an AS patient with an epimutation
(hypomethylation) of the SNRPN-DMR. The data were obtained using an ABI Prism 7000 Sequence Detection System (Applied Biosystems).
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Figure 2 Schematic representation of the generation of the androgenetic/
biparental mosaicism. Polar bodies are not shown.

one blastomere containing a paternally derived pronucleus and in the
formation of the normal cell lineage by union of paternally and
maternally derived pronuclei (Figure 2). This model has been pro-
posed for androgenetic/biparental mosaicism generated after fertiliza-
tion between a single ovum and a single sperm.>'*¢ The normal
methylation pattern of the XIST-DMR is explained by assuming that
the two X chromosomes in the androgenetic cell lineage undergo
random X-inactivation, as in the normal cell lineage. Furthermore, the
results of microsatellite analysis imply that the androgenetic cells were
more prevalent in leukocytes than in tongue and tonsil tissues.

A somatic androgenetic cell lineage has been identified in seven
liveborn patients including this patient (Supplementary Table 1).>~7
In this context, leukocytes are preferentially utilized for genetic
analyses in human patients, and detailed examinations such as
analyses of plural DMRs are necessary to detect an androgenetic cell
lineage. Thus, the hitherto identified patients would be limited to
those who had androgenetic cells as a predominant cell lineage in
leukocytes probably because of a stochastic event and received detailed
molecular studies. If so, an androgenetic cell lineage may not be
so rare, and could be revealed by detailed analyses as well as
examinations of additional tissues in patients with relatively complex
phenotypes, as observed in the present patient.

Phenotypic features in androgenetic/biparental mosaicism would be
determined by several factors. They include (1) the ratio of two cell
lineages in various tissues/organs, (2) the number of imprinted
domains relevant to specific features (for example, dysregulation
of the imprinted domains on 11p15.5 and 14¢32.2 is involved in
placentomegaly®'?), (3) the degree of clinical effects of dysregulated
imprinted domains (an (epi)dominant effect has been assumed for the
11p15.5 imprinted domains'®), (4) expression levels of imprinted
genes in androgenetic cells (although SNRPN expression of this
patient was consistent with androgenetic cells being predominant in
leukocytes, complicated expression patterns have been identified for
several imprinted genes in both androgenetic and parthenogenetic
fetal mice, probably because of perturbed cis- and trans-acting
regulatory mechanisms'®) and (5) unmasking of possible paternally
inherited recessive mutation(s) in androgenetic cells. Thus, in this
patient, it appears that the extent of overall (epi)genetic aberrations
exceeded the threshold level for the development of BWS-like and
upd(14)pat-like body and placental phenotypes, but remained below

the threshold level for the occurrence of other imprinting disorders or
recessive Mendelian disorders.
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GATA3 abnormalities in six patients with HDR syndrome
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Abstract. GA7A3 mutations cause HDR (hypoparathyroidism, sensorineural deafness, and renal dysplasia) syndrome and,
consistent with the presence of the second DiGeorge syndrome locus (DGS2) proximal to GATA3, distal 10p deletions often
leads to HDR and DiGeorge syndromes. Here, we report on six Japanese patients with GA4743 abnormalities. Cases 1-5
had a normal karyotype, and case 6 had a 46,XX,del(10)(p15) karyotype. Cases 1-6 had two or three of the HDR triad
features. Case 6 had no DiGeorge syndrome phenotype except for hypoparathyroidism common to HDR and DiGeorge
syndromes. Mutation analysis showed heterozygous GA7A3 mutations in cases 1-5, i.e., ¢.404—405insC (p.P135fsX303)
in case 1, ¢700T>C & ¢.708-709insC (p.F234L & p.S237fsX303) on the same allele in case 2, ¢.737-738insG
(p.G24615X303) in case 3, ¢.824G>T (p.W275L) in case 4, and IVS5+1G>C (splice error) in case 5. Deletion analysis of
chromosome 10p revealed loss of GATA3 and preservation of 2/0S547 in case 6. The results are consistent with the
previous finding that GATA3 mutations are usually identified in patients with two or three of the HDR triad features, and

provide supportive data for the mapping of DGS2 in the region proximal to D/0S547.

Key words: HDR syndrome, GATA3, DiGeorge syndrome, DGS2, Phenotypic spectrum

HDR (hypoparathyroidism, sensorineural deafness,
and renal dysplasia) syndrome is an autosomal domi-
nant disorder first reported by Bilous ef al. [1]. This
condition is primarily caused by haploinsufficiency
of GATA3 on chromosome 10pl5, although GATA3
mutations have not been identified in a small portion
of patients with clinical features compatible with HDR
syndrome [2, 3]. GATA3 consists of six exons, and
encodes a transcription factor with two transactivat-
ing domains and two zinc finger domains on exons 2—6
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[2]. GATA3 is expressed in the developing parathyroid
glands, inner ears, and kidneys, together with thymus
and central nervous system (CNS) [4, 5].

Distal 10p deletions involving GATA3 often lead to
DiGeorge syndrome associated with hypoplastic thy-
mus, T-cell immunodeficiency, hypoparathyroidism,
congenital cardiac defects, and facial dysmorphism,
in addition to HDR syndrome [6, 7]. Thus, deletion
mappings have been performed, localizing the second
DiGeorge syndrome locus (DGS2) to a ~1 ¢M region
proximal to D70S547 (the locus order: 10pter—GATA 3~
D10S547-DGS2-10cen) [6, 7].

Here, we report clinical and molecular findings in
five patients with intragenic GATA3 mutations and one
patient with distal 10p deletion involving GATA3, and
discuss the clinical features in GAT43 mutation posi-
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Table 1 Summary of six patients with GATA43 mutation or deletion

Fukami et al.

Case | Case 2 Case 3 Case 4 Case 5 Case 6
Present age 40 years 39 years 4 years 31 years 17 years 4 years
Sex Female Female Male Female Male Female
Karyotype 46,XX 46,XX 46, XY 46,XX 46,XY 46,XX,del(10)(p13)
Hypoparathyroidism Yes Yes Yes Yes Yes Yes
Symptom Convulsion Tetany No® Convulsion Convulsion Convulsion
Ca (mg/dL) 34 34 2.7 43 3.0 47
P (mg/dL) 8.0 7.9 8.1 7.9 8.7 8.6
Intact PTH (pg/mL) Undetected Undetected 14 Undetected Undetected 15
Age at diagnosis 10 years 13 years 17 months 3 years 17 months 2 weeks
Sensorineural deafness Yes Yes No Yes Yes Yes
Hearing level (dB)? 50 (B) >70 (B) Normal 60 (B) 50 (B) 90 (B)
Age at diagnosis 13 years 6 years 11 years 12 months 6 months
Renal lesion Yes Yes Yes Equivocal® Yes Yes
Malformation RH (L) PCD (B) PD(R) Absent RH (L) VUR (B)
Age at diagnosis 9 years 27 years 17 months 17 months 2 months

Abbreviations: PTH, parathyroid hormone; dB, decibel; B, bilateral; L, left; R, right; RH, renal hypoplasia; PCD, pelvicalyceal deformity;

PD, pelvic duplication; and VUR, vesicoureteral reflux.

? Degree of hearing loss: normal, <25 dB; mild 26-40 dB; moderate 41-55 dB; moderately severe, 56-70 dB; and profound, >90 dB.
® Hypocalcemia was revealed by routine biochemical studies, when this boy was admitted because of bronchopneumonia.

¢ Renal malformation was absent, but renal dysfunction with increased serum creatinine was noticed during pregnancy.

Normal reference data: Ca: 8.84—10.44 mg/dL: P: 4.5-6.5 mg/dL; and intact PTH: 1065 pg/mL.

tive patients and the chromosomal location of DGS?2.
Patients and Methods

Patients

We studied six hitherto unreported Japanese patients
(cases 1-6) with two or three HDR triad features.
Cases 1-5 had a normal karyotype, and case 6 had a
46,XX,del(10)(p15) karyotype. Cases 1—4 and 6 were
apparently sporadic cases, whereas case 5 was a pos-
sible familial case: the father received renal dialysis
due to chronic renal failure from his twenties, and the
paternal grandmother had unilateral renal hypoplasia,
although they lacked clinical features suggestive of
hypoparathyroidism and hearing difficulty.

Clinical phenotypes of the HDR triad features are
summarized in Table 1. Hypoparathyroidism was
noticed by convulsion in cases 1 and 4-6 and by tet-
any in case 2; in case 3, it was incidentally found by
biochemical examinations at the time of admission due
to bronchopneumonia. After confirming parathyroid
hormone deficiency, [o(OH) vitamin D therapy was
started, successfully normalizing serum calcium and
phosphate values in cases 1-6. Sensorineural deafness
was demonstrated in cases 1, 2, and 4-6 by auditory
brainstem response or audiometry, and they required

hearing aids in their daily life. Case 3 had no hear-
ing difficulty with normal auditory brainstem response.
Renal lesion was radiologically confirmed in cases
1-3, 5, and 6. Although case 4 had no discernible renal
malformation, she manifested renal dysfunction during
pregnancy. In addition, case 6 exhibited developmen-
tal delay but lacked hypoplastic thymus, T-cell immu-
nodeficiency, congenital cardiac defects, and facial
dysmorphism characteristic of DiGeorge syndrome.

Mutation analysis of GATA3

This study was approved by the Institutional Review
Board Committee at National Center for Child Health
and Development. After obtaining informed consent,
leukocyte genomic DNA samples of cases 1-6 were
amplified by PCR for the coding regions on exons 2—6
and their flanking splice sites, and the PCR products
were subjected to direct sequencing from both direc-
tions on a CEQ 8000 autosequencer (Beckman Coulter,
Fullerton, CA). The primer sequences and the PCR
conditions were as described previously [2, 3]. To con-
firm a heterozygous mutation, the corresponding PCR
products were subcloned with a TOPO TA Cloning Kit
(Life Technologies, Carlsbad, CA), and normal and
mutant alleles were sequenced separately.
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Fig. 1 Mutation analysis of GATA3.

Upper part: The structure of G4743 and the position of the mutations identified in cases 1—5. GATA3 consists of exons 1-6 (E1—
E6) and encodes two transactlvatmg domains (TA1 and TA2) and two zinc finger domains (ZF1 and ZF2). The black and white
boxes denote the coding regions and the untranslated regions, respectively.

Lower part: Electrochromatograms showing the subcloned normal and mutant sequences in cases 1-5.

Deletion analysis of 10p

To indicate an extent of the 10p deletion in case 6,
oligoarray comparative genomic hybridization (CGH)
was carried out with 1x244K Human Genome Array
(catalog No. G4411B) (Agilent Technologies, Palo
Alto, CA), according to the manufacturer’s protocol.
Furthermore, fluorescence in situ hybridization (FISH)
was performed with an RP11-554F11 BAC probe
containing the whole GATA3 gene [3] and an RP11-
17E09 BAC probe containing D10S547 (BACPAC
Resources Center, Oakland, CA), together with a
CEP 10 probe for D/0ZI (Abbott, Chicago, IL) uti-
lized as an internal control. The two BAC probes were
labeled with digoxigenin and detected by rhodamine
anti-digoxigenin, and the control probe was detected
according to the manufacturer’s protocol.

Results

Mutation analysis of GATA3

Direct sequencing identified heterozygous GATA3
mutations in cases 1-3, i.e., a frameshift mutation
(c.404-405insC, p.P135fsX303) in case 1, a mis-

sense mutation (c.700T>C, p.F234L) and a frame-
shift mutation (c.708-709insC, p.S237{5X303) on the
same allele in case 2, a frameshift mutation (c.737-
738insG, p.G2461sX303) in case 3, a missense muta-
tion (c.824G>T, p.W275L) in case 4, and a splice
donor site mutation (IVS5+1G>C) in case 5 (Fig. 1).
Unfortunately, the renal phenotype positive father and
paternal grandmother of case 5 were not examined.
These mutations were absent from 200 control sub-
jects. No intragenic mutation was identified in case 6
with distal 10p deletion.

Deletion analysis of 10p

CGH revealed a ~10 Mb terminal deletion from
chromosome 10p of case 6 (Fig. 2). FISH analysis
showed that the 10p deletion chromosome was missing
GATA3 and retained D10S547.

Discussion
Cases 1-6 had two or three of the HDR triad features

and heterozygous GATA3 abnormalities. This is con-
sistent with the previous notion that GATA3 mutations
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Fig. 2 Deletion analysis of 10p. The green and black signals in CGH indicate the deleted and preserved regions on the 10p deleted
chromosome, respectively. The critical region for DGS2 is indicated. The RP11-554F 11 probe containing GATA3 detects only a
single signal (an arrow), whereas the RP11-17E09 probe containing D/0S547 identifies two signals (arrows). The arrowheads
indicate DI10Z! detected by a control CEP 10 probe.

are usually identified in patients with two or three of the
HDR triad features [8, 9]. However, this would more
or less be due to an ascertainment bias that GATA3 are
usually examined in patients diagnosed as having HDR
syndrome. Indeed, familial studies of probands with
typical HDR syndrome have identified GAT43 muta-
tions in subjects with apparently deafness only pheno-
type [3, 10], although there has been no report doc-
umenting apparently normal phenotype in individuals
with GATA43 mutations. It is possible, therefore, that
GATA3 mutations are associated with a relatively wide
penetrance and expressivity of the HDR triad features.
In this context, it is notable that the father and the
paternal grandmother of case 5 had renal abnormalities
as the sole discernible clinical phenotype. This sug-
gests that GATA3 mutations may cause renal abnormal-
ities alone in exceptional patients, although mutations

© D10S547

analysis could not be performed for the father and the
grandmother.

Case 6 lacked T-cell immunodeficiency, congenital
cardiac defects, and abnormal facial appearance char-
acteristic of DiGeorge syndrome. While case 6 had
hypoparathyroidism, this is explained by loss of GATA3.
In addition, developmental delay is ascribed to chromo-
some aberration. Thus, genotype-phenotype correla-

~ tion in case 6 is consistent with the previous mapping of

DGS2 to a region proximal to D10S547 [6, 7].
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Context: POR (cytochrome P450 oxidoreductase) is a ubiquitously expressed gene encoding an
electron donor to all microsomal P450 enzymes and several non-P450 enzymes. POR mutations
cause an autosomal recessive disorder characterized by skeletal dysplasia, adrenal dysfunction, and
disorders of sex development. Although recent studies have indicated the presence of a CpG-rich
region characteristic of housekeeping genes around the untranslated exon 1 (exon 1U) and a tropic
effect of thyroid hormone on POR expression via thyroid hormone receptor-g, detailed regulatory
mechanisms for the POR expression remain to be clarified.

Objective: Our objective was to report a pivotal element of the proximal promoter of POR.

Results: We first studied three patients (cases 1-3) with POR deficiency due to compound heterozy-
gosity with an p.R457H mutation and transcription failure of an apparently normal allele, by
oligoarray comparative genomic hybridization and serial direct sequencing of the deletion fusion
points. Consequently, a 2,487-bp microdeletion involving exon 1U was identified in case 1 and an
identical 49,604-bp deletion involving exon 1U and exon 1 was found in cases 2 and 3. We next
analyzed the 2,487-bp region commonly deleted in cases 1-3 by in silico analysis, DNA binding
analysis, luciferase assays, and methylation analysis. The results showed a critical function of the
evolutionally conserved SP1 binding sites just upstream of exon 1U, especially the binding site at
the position —26/—17, in the transcription of POR.

Conclusions: The results suggest that the SP1 binding sites constitute an essential element of the
POR proximal promoter. (J Clin Endocrinol Metab 96: E1881-E1887, 2011)

ytochrome P450 (CYP) oxidoreductase (POR) defi-
ciency (PORD) is a rare autosomal recessive disorder
caused by mutations in the gene encoding a flavoprotein
that functions as an electron donor to all microsomal P450
enzymes and several non-P450 enzymes (1-3). Salient clin-

ISSN Print 0021-972X  ISSN Online 1945-7197

Printed in U.S.A.

Copyright © 2011 by The Endocrine Society

doi: 10.1210/c.2011-1337 Received April 25, 2011. Accepted August 18, 2011.
First Published Online September 7, 2011

J Clin Endocrinol Metab, November 2011, 96(11):E1881-E1887

ical features of PORD include skeletal dysplasia referred
to as Antley-Bixler syndrome, adrenal dysfunction, 46,XY
and 46,XX disorders of sex development (DSD), and ma-
ternal virilization during pregnancy (1-4). Such features
are primarily explained by impaired activities of POR-

*5.5., T.Y.,, and M.F. contributed equally to this work.

Abbreviations: CGH, Comparative genomic hybridization; CYP, cytochrome P450; DSD,
disorders of sex development; exon 1U, untranslated exon 1; HEK, human embryonic
kidney; POR, CYP oxidoreductase; PORD, POR deficiency; SL2, Schneider line 2.
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dependent CYP51A1 and squalene epoxidase involved in

cholesterologenesis and CYP17A1, CYP21A2, and CYP-
19A1 involved in steroidogenesis (1-4). Anorectal and
urinary anomalies are also occasionally observed in
PORD, probably due to decreased activity of CYP26 rel-
evant to retinoic acid metabolism (§). The complete ab-
sence of POR activity is assumed to be lethal (4), and
consistent with this, all the patients identified to date have
at least one missense mutation that is likely to preserve
some residual activity (1, 2, 6, 7). In addition, heterozy-
gosity with one apparently normal allele has been reported
in approximately 12% of PORD patients (4).

The POR/Por gene is transcribed ubiquitously with
more or less variable expression levels among different
tissues (8, 9). Consistent with the ubiquitous expression
pattern, rat Por is known to be associated with a CpG-rich
region (CpG islands) (9) characteristic of housekeeping
genes (10). Similarly, human POR consists of a single un-
translated exon 1 (exon 1U) and coding exons 1-15, and
the region around exon 1U harbors a CpG-rich region
(11). In addition, the SP1 binding sites as a potential prox-
imal promoter element reside in the CpG-rich region of rat
Por (9), whereas they have not yet been reported in the
CpG-rich region of human POR. Furthermore, Tee et al.
(12) have recently studied the approximately 300-bp

J Clin Endocrinol Metab, November 2011, 96(11):E1881-E1887

proximal promoter region just upstream of exon 1U of
human POR, showing that thyroid hormone exerts a ma-
jor trophic effect on POR expression primarily via thyroid
hormone receptor-f3, with thyroid hormone receptor-a,
estrogen receptor-e, Smad3, and Smad4 exerting lesser
modulatory effects. However, the detailed regulatory
mechanisms for the transcription of human POR remain
to be clarified.

Here, we report two types of microdeletions, one in-
volving exon 1U alone and the other involving exon 1U
and exon 1, in patients with PORD and suggest a pivotal
role of the SP1 binding sites in the transcriptional regula-
tion of POR. The results, in conjunction with the previous
data (12), provide significant progress in the clarification
of the regulatory machinery for the expression of POR.

Patients and Methods

Patients

We examined three nonconsanguineous patients (case 1 with
46,XY and cases 2 and 3 with 46,XX) reported in our previous
paper describing 35 patients with PORD (7); cases 1,2, and 3 in
this report correspond to cases 18, 26, and 27 in the previous
paper, respectively. Cases 1-3 manifested Antley-Bixler syn-
drome-compatible skeletal features, adrenal dysfunction with
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FIG. 1. Identification and characterization of the microdeletions in case 1 (panel A) and cases 2 and 3 (panel B) by CGH analysis and direct
sequencing of the deletion junctions. The position of POR exons (E1U~E15) is shown on the CGH findings; the black and white boxes denocte the
coding regions and the untranslated regions, respectively. In the CGH results, the black and green dots denote signals indicative of the normal and
the decreased (<.—0.5) copy numbers, respectively. In the direct sequencing findings, the 47-bp segment inserted into the fusion point in case 1 is
highlighted with light yellow, and the 13-bp overlapping sequence at the fusion point in cases 2 and 3 is highlighted with fight blue. The Alu

elements are indicated with light blue bars.
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drastically compromised cortisol response to ACTH stimula-
tion, and DSD (bilateral cryptorchidism in case 1, partial labial
fusion in case 2, and mild clitoromegaly in case 3). Cases 2 and
3 also experienced adrenal crisis, whereas maternal virilization
during pregnancy was not identified in cases 1-3. In addition,
case 2 had right vesicoureteral reflux, and case 3 manifested
imperforated anus. In cases 1-3, direct sequencing for leukocyte
genomic DNA indicated apparent heterozygosity for the Japa-
nese founder mutation p.R457H, and that for leukocyte cDNA
demonstrated transcription failure of an apparently normal al-
lele (7). Thus, although cases 1-3 were found to have compound
heterozygosity for p.R457H and transcription failure, the cause
of transcription failure remained to be clarified.

Primer and probe

The primers and probes used in the present study are shown
in Supplemental Table 1 (published on The Endocrine Society’s
Journals Online web site at http://endo.endojournals.org).

Genome structure analysis

Oligoarray comparative genomic hybridization (CGH) was
performed for leukocyte genomic DNA, using a custom-build
oligo-microarray containing 39,169 probes for an approxi-
mately 8-Mb region around POR and 26,662 reference probes
for a different genomic interval (2x105K format, design ID
022431) (Agilent Technologies, Palo Alto, CA). The procedure

jcem.endojournals.org E1883

was as described in the manufacturer’s instructions. To deter-
mine the deletion size and the junction structure, serial direct
sequencing was performed for long PCR products obtained with
primer pairs flanking the deleted region, and the obtained junc-
tion sequence was compared with the reference sequence at the
NCBI Database (NT_007933.15). The presence or absence of
repeat sequences around the breakpoints was examined with
Repeatmasker (http://www.repeatmasker.org).

In silico analysis

In silico analysis was performed for CpG islands, evolution-
ally conserved sequences, and promoter-associated histone
marks, using UCSC genome browser (http://genome.ucsc.edu/).
Putative transcription factor binding sites were searched by
TFSEARCH (http://mbs.cbre.jp/research/db/TFSEARCH. html).
In addition, because animal Por has been well studied in rats (9),
conservation status of identified sites was examined using rat data.
The transcription start site of POR exon 1U (+1) was determined
on the basis of the POR cDNA sequence (INM_000941) obtained
from the NCBI database.

Luciferase assays
A series of promoter-reporter constructs were generated by
inserting PCR-amplified DNA fragments into PGL3-enhancer
vector or pGL3-basic vector (Promega, Madison, WI). Deletion
mutants were created by site-directed mutagenesis. Transient trans-
fection was carried out using human embry-
onic kidney (HEK) 293 cells with endogenous

A *‘.* 7,§OR Exon 1U (78 bp) SP fam-ﬂi’es, because of their .sta.ble ‘transfec—
~454 +356 tion efficiency and usefulness in in vitro func-
2487 bp —oPC S1ands tional studies for SP1 binding sites (13). HEK
Conservation t ol T 293 cells were cultt.lred in DMEM at 37 C,
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Hikamea| oo . . . . .
ENCODE HaKoac ing Lipofectamine 2000 (Life Technologies,
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FragmentA e ® -1,000/+99 fection, 20 ng pRL-CMV vector (Promega)
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Eﬁggggg{g * ° jfggﬁj:gg was alsg perfoymed using Drosopbila Sch—
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B can Type Culture Collection, Manassas, VA)
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E1U . g . .
E‘agme“‘g = were grown in Schneider’s medium at 25 C,
ragment seeded in six-well dishes, and transfected us-
Fragment C et EAU . . . .
ing calcium phosphate (14) with 1.0 ug of the
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Fragment & — By reporter plasmid and a total of 50 ng of var-
Fragment F E1U ious combinations of the SP1 expression vec-
pGL3 enhancer tor (pPAC-SP1) and an empty pPAC vector,

Relative luciferase activity

FIG. 2. Localization of the promoter region to a 178-bp segment just upstream of exon 1U.
Panel A, In silico analysis in search of the promoter-compatible sequences. The transcription
start site of POR exon 1U (+1) is based on the POR cDNA sequence at the NCBI database
(NM_000941). The CpG-rich region spans from —454 to +356 bp. The ENCODE histone
modification analysis indicates the presence of a highly conserved promoter-compatible
sequence just upstream of exon 1U. The fragments A-F denote the DNA sequences used for
the luciferase assays. Panel B, Luciferase reporter assays using the fragments A-F. The results
are expressed as fold-change of the target vectors over the empty pGL3 enhancer vector
(mean = sem). Transfections were performed in triplicate within a single experiment, and the
experiments were repeated three times. Although the increase in the relative luciferase
activity is significant for fragment A (92.6 = 5.2, P = 0.0006), fragment B (101.6 + 5.8, P =
0.0006), fragment C (106.0 = 5.5, P = 0.0004), fragment D (137.7 = 29.0, P = 0.0009),
and fragment E (131.3 = 13.4, P = 0.0006), it is not significant for fragment F (2.6 = 1.1,

P =0.25).

as well as 50 ng of the SP3 expression vector
(pPAC-SP3). As an internal control for the
transfection, 50 ng pPAC-B-galactosidase
vector was used. For both experiments using
HEK 293 cells and SL2 cells, luciferase activ-
ities were determined at 48 h after the
transfections.

Transfections were performed in tripli-
cate within a single experiment, and the
experiments were repeated three times.
The results are expressed as mean = sEMm,
and statistical significance was examined
by the # test. P < 0.05 was considered
significant.
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DNA binding analysis

EMSA was performed as described previously (15). In brief,
10 pg of nuclear extracts of HEK 293 cells were incubated with
#2P-labeled oligonucleotides and unlabeled polydeoxyinos-
inic-deoxycytidylic acids and subjected to polyacrylamide gel
electrophoresis (4%). For a competition experiment, a 200-
fold molar excess of unlabeled competitor DNA was added.
Supershift assay was performed by preincubating the nuclear
extracts with anti-SP1 antisera (PEP2) and/or anti-SP3 antisera
(D-20) (Santa Cruz Biotechnology, Santa Cruz, CA).

Methylation analysis

Bisulfite sequencing was performed for human leukocyte-
and HEK 293-derived genomic DNA samples treated with the
EZ DNA Methylation Kit (Zymo Research, Orange, CA) that
converts all the cytosines except for methylated cytosines at the
CpG dinucleotides into uracils and subsequently thymines. A
282-bp CpG-rich region containing SP1 binding sites just up-
stream of exon 1U was amplified with primer sets that hybridize
to both methylated and unmethylated alleles because of absent
CpG dinucleotides within the primer sequences. Subsequently,

A

-~ 178 CCACGCACTTTCATTTCTCTGCCGGGCG

- 160 ACCCAGCCGAGCCGCGAGEGGEECHTIGGCCG
SPT binding site-2

- 120 GGCCGGGCCGTACCAAGAGCGCAAATTTGC

- 90 AGGGGGAAGCGCGGGGCTCCGGGAATGCAC

- 60 GCGCGGCTCGAG%%B%GCGGGGCGGCGGCCC

} Clin Endocrinol Metab, November 2011, 96(11):E1881-E1887

the PCR products were subcloned with the TOPO TA Cloning
Kit (Life Technologies), and multiple clones were subjected to

direct sequencing on the CEQ 8000 autosequencer (Beckman
Coulter, Fullerton, CA).

Results

Identification and characterization of
microdeletions in cases 1-3

Oligoarray CGH analysis indicated cryptic heterozy-
gous deletionsin cases 13 (Fig. 1). Furthermore, sequenc-
ing of the long PCR products harboring the fusion points
revealed a 2,487-bp microdeletion (13,575,403-13,
577,889 bp) encompassing exon 1U in case 1 and an iden-
tical 49,604-bp deletion (13,571,326-13,620,929 bp) in-
volving exon 1U and exon 1 in cases 2 and 3. Thus, the
2,487-bp microdeletion on the noncoding upstream re-
gion was common to cases 1-3. The microdeletion in case
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Anti-SP1 — — + — + B RS
ANt-SP3 — et b e b b e —

. g B > “
S > >

inding site-2 S ERen— e—
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FIG. 3. Functional studies of the SP1 binding sites. Panel A, The three potential SP1 binding sites 1-3 at the position just upstream of exon 1U.
The transcription start site of POR exon 1U (+1) is based on the POR cDNA sequence at the NCBI database (NM_000941). Panel B, EMSA showing
positive bindings of SP1 and SP3 proteins to the SP1 binding sites 1-3. The red arrows indicate the strong bands derived from the SP1 protein
binding to the probes containing the SP1 binding sites. These bands become weak, and supershifted bands (red arrowheads) are seen by adding
anti-SP1. In addition, the biue arrows denote specific bands derived from the SP3 protein binding to the same probes. These bands become very
weak by adding anti-SP3; the extremely faint supershifted bands are not visible in this figure. The band shift pattern is more obvious for SP1
protein than for SP3 protein. Panel C, Luciferase reporter assays using fragment E and its deletion mutants. The results are expressed as fold
change of the target vectors over the empty pGL3 enhancer vector (mean = sem). Transfections were performed in triplicate within a single
experiment, and the experiments were repeated three times. Although the relative luciferase activity is similar between Fragment E (121.8 = 3.4)
and ABinding site-3 (117.8 == 3.1) (P = 0.22), it is significantly different between Fragment E and ABinding site-2 (105.7 = 3.5) (P = 0.015),
ABinding site-1 (25.8 = 1.2) (P = 0.0007), and ABinding site-1, -2, and -3 (5.2 + 0.5) (P = 0.0004). Panel D, Methylation analysis of the CpG-rich
region. Each circle denotes a CpG island, and fifled and open circles represent methylated and unmethylated cytosines, respectively. The CpG
dinucleotides within the exon 1U are surrounded by blue squares, and those within the SP1 binding sites 1, 2, and 3 by red squares.
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1 occurred between an Alu element and a nonrepeat se-
quence and was associated with an addition of a 47-bp
segment of unknown origin, whereas that in cases 2 and 3
occurred between two Alu elements with an overlap of a
13-bp segment.

Critical function of the SP1 binding sites

In silico analysis for the noncoding 2,487-bp region
showed an 810-bp long CpG-rich region involving exon
1U, an approximately 350-bp long evolutionally con-
served sequence-rich region encompassing exon 1U, and
anapproximately 1.3-kb region with promoter-associated
histone marks (Fig. 2A). The TATA box was not identi-
fied. Thus, relative luciferase activity was examined for
fragments A-F with various lengths of the candidate pro-
moter region, localizing a critical sequence for the POR
promoter to a 178-bp segment defined by fragment E and
fragment F (Fig. 2B).

The 178-bp segment was found to harbor three SP1
binding sites, 7.e. site 1 at the position —26/—17, site 2 at
the position —48/—39, and site 3 at the position —132/
—123 (Fig. 3A). The three binding sites were well con-
served in rats. EMSA indicated specific binding of SP1 and
SP3 proteins to the three binding sites, with the band shift
pattern being more obvious for SP1 protein than for SP3
protein (Fig. 3B). Deletion of the binding site 1 and the
binding site 2 significantly reduced the relative luciferase ac-
tivity (by ~80 and ~15 %, respectively), although deletion of
the binding site 3 had no significant effect on the relative
luciferase activity; furthermore, loss of the binding sites 1-3
virtually abolished the relative luciferase activity (Fig. 3C).
The 282-bp segment containing the three SP1 binding sites
was almost completely unmethylated (Fig. 3D).

Furthermore, relative luciferase activity was examined
for a 170-bp fragment (—120/+50) harboring the SP1
binding site 1 and the SP1 binding site 2, using SL2 cells
devoid of endogenous SP families. Relative luciferase ac-
tivity was clearly increased in a dose-dependent manner by
adding the SP1 expression vector but was barely elevated by
adding the SP3 expression vector (Fig, 4).

Discussion

We identified two types of cryptic deletions, one involving
exon 1U alone and the other encompassing exon 1U and
exon 1, in three cases with PORD. The microdeletion in
case 1 is explained by nonhomologous end joining that
occurs between nonhomologous sequences and is fre-
quently accompanied by an insertion of a short segment at
the fusion point (16). The microdeletion in cases 2 and 3
is compatible with a repeat sequence mediated nonallelic

jcem.endojournals.org E1885
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FIG. 4. Luciferase assays of a fragment containing the SP1 binding
sites 1 and 2, using SL2 cells lacking endogenous SP families. The
results are expressed as fold change of the target vectors over the
empty pPAC vector {(mean = sem). Transfections were performed in
triplicate within a single experiment, and the experiments were
repeated three times. The relative luciferase activity is significantly
increased by adding the SPT expression vector of 12.5 ng (14.7 = 4.4)
(P=0.037),25.0 ng (31.8 = 7.6) (P = 0.035), and 50 ng (95.8 = 7.1)
(P = 0.0002), although it is barely elevated by adding the SP3
expression vector of 50 ng (5.2 = 1.5) (P = 0.054).

intrachromosomal or interchromosomal recombination
(16). Although cases 2 and 3 were apparently nonconsan-
guineous, it would not be unexpected that the same repeat-
mediated genomic rearrangement took place in unrelated
individuals. Notably, because the apparently normal allele
in cases 1-3 was not transcribed (7), this implies that the
2,487-bp microdeletion common to cases 1-3 has affected
the promoter function for POR. In this context, because
approximately 12% of patients with PORD are known to
be heterozygotes with one apparently normal POR allele
(4), it might be possible that some, if not all, of them have
similar microdeletions or other genetic aberrations affect-
ing the POR transcription.

The present study revealed a pivotal role of the SP1
binding sites, especially the binding site 1, in the transcrip-
tion of POR. This implies that the SP1 binding sites con-
stitute an essential element of the POR proximal pro-
moter. Indeed, SP1 binding sites as well as other noncore
promoter elements are usually located in multiple copies
within the proximal promoter region (~250 bp upstream
of the transcription initiation site) of a ubiquitously ex-
pressed gene like POR (10). In this regard, several findings
are noteworthy. First, the TATA box was apparently ab-
sent from the POR promoter region. This is compatible
with the ubiquitous expression of POR, because the
TATA box is usually identified in genes with a tissue-spe-
cific expression pattern (10). Second, the SP1 binding sites
were highly conserved between the human and the rat.
This finding, in conjunction with the previous data indi-
cating absence of polymorphism for the three SP1 binding
sites in 842 individuals (17), implies that the wild-type
sequences of the SP1 binding sites are indispensable for the
regulation of POR transcription. Third, the functional
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~263/-249

~245/-240

receptor; AP-2, activator protein 2.

data using SL2 cells indicated a major role of SP1, rather
than SP3, in the POR transcription. This is consistent with
the notion that although both SP1 and SP3 can bind to the
same cognate SP1 binding site, the DNA binding proper-
ties and regulatory functions are quite different between
SP1 and SP3, depending on the promoter context and the
cell type (18). Lastly, the SP1 binding sites were almost
completely unmethylated. This argues for a transcription-
ally active status of POR, because SP1 protein binding is
known to be reduced when the CpG-rich region around
the SP1 binding sites is methylated (19).

The proximal promoter region of POR has been stud-
ied previously (11, 12). Scott et al. (11) analyzed the §'
region of POR coding exons by means of comparative
genomics and characterized human POR exon 1U and its
flanking sequences. Subsequently, Tee et al. (12) examined
a 361-bp region around the transcription start site of exon
1U (—325/+36) using adrenal NCI-H295A and liver
Hep-G2 cells and found a major trophic effect of thyroid
hormone on POR expression primarily via thyroid hor-
mone receptor-f as well as modulatory effects of thyroid
hormone receptor-a, estrogen receptor-a, Smad3, and
Smad4 on POR expression. The binding sites for these
factors reside in a —263/—240 region upstream of the SP1
binding sites (Fig. 5). Furthermore, Tee ez al. (12) screened
functional alterations of polymorphisms within the 325-bp
region, suggesting that the common —152C— A polymor-
phism may play a certain role in the genetic variation of
steroid biosynthesis and drug metabolism. In this regard,
whereas the —152C—A polymorphism resides on the
AP-2 (activator protein 2) binding site, the functional dif-
ference of the polymorphism is obviously independent of
the recruit of AP-2 (12). Thus, the underlying factors for
the reduced activity of the —152A allele remain to be
clarified.

Taken together, multiple regulatory elements have
been identified in the proximal promoter region of POR

(Fig. 5). Although the regulatory machinery has not yet

been fully elucidated, we suggest that the presence of the
SP1 binding sites has permitted the ubiquitous expression
of POR and that the presence of other sites including thy-
roid hormone receptors is relevant to the variability in
POR expression level among different tissues. In this re-
gard, although the present study failed to identify the ef-

~153/-143 -132/~123 -48/~39 -26/-17
FIG. 5. Schematic representation indicating the binding sites for various factors in the
proximal promoter region of POR. The diagram of the promoter upstream of —143 has been
taken from Tee et al. (12). ER, Estrogen receptor; Pol Il, polymerase II; TR, thyroid hormone
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fects of the —263/—240 regulatory se-
quence identified by Tee er al. (12)
(fragment D vs. Afragment E in Fig. 2),
this may be due to the difference in the
cell type and/or in the promoter-lu-
ciferase construct used in the study by
Teeetal. (+36) and in this study (+99).
In addition, the hormonal effects on the
POR transcription have not been ex-
amined in this study.

Finally, it would be useful to refer to clinical phenotypes
of cases 1-3. In this context, we have previously compared
clinical phenotype between Japanese PORD patients with
homozygosity for the hypomorphic p.R457H mutation
{group A) and those with compound heterozygosity for
p-R457H and one apparently null mutation including
nonsense and frameshift mutations (group B) and found
that skeletal features are definitely more severe and adre-
nal dysfunction and 46,XY DSD are somewhat more se-

RNA Pot il

vere in group B than in group A, whereas 46,XX DSD,

maternal virilization during pregnancy, and anorectal and
urinary anomalies are similarly identified in the two
groups (5, 7). It is likely, therefore, that the residual POR
activity reflected by the p.R457H dosage constitutes the
underlying factor for clinical variability in some features
but not in other features, probably due to the simplicity and
complexity of POR-dependent metabolic pathways relevant
to each phenotype. The clinical features of cases 1-3 are
quite comparable to those of group B patients and, there-
fore, are consistent with transcription failure of one allele
being a null mutation.

In summary, we identified microdeletions involving
exon 1U and its upstream region in PORD patients, and
revealed the critical function of the SP1 binding sites in the
transcription of POR. Additional studies will permit to
elucidate the regulatory machinery for POR expression.
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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 CYP19A7
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 CYPT19A7T 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/CYP19AT 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 CYPT9AT-positive transcripts. CYPT19AT 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 CYP19AT1. 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-aséociated exons of chimeric
mRNA. (/ Clin Endocrinol Metab 96: E1035-E1043, 2011)

197 Abbreviations: AEXS, Aromatase excess syndrome; CGH, comparative genomic hybrid-
ization; E, estradiol; FISH, fluorescence in situ hybridization; hCG, human chorionic go-
nadotropin; LCL, lymphoblastoid cell line; NMD, nonsense-mediated mRNA decay; RACE,

doi: 10.1210/jc.2011-0145 Received January 18, 2011. Accepted March 22, 2011. rapid amplification of cCDNA ends; SF, skin fibroblast; T, testosterone.
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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 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 CYPI19AI 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 (S, 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 869 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-£1043

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 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
RNA-to-cDNA kit (Life Technologies, Carlsbad, CA). A relative
amount of CYP19A1 mRNA against B2M 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 BZM).
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 CYP19A7T

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 1 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:/lwww.repeatmasker.org).

For mRNA analysis, we preformed 5'-rapid amplification of
¢DNA ends (RACE) using a SMARTER RACE ¢DNA amplifi-
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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 CYP79A7 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 Normal/low  Normal Normalflow  Normal Normalllow  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 Normallow ~ Normalllow 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  Normal/low  Normal Normaldow  Normal Normalflow Low N.E.
T(hCG N.E. N.E. Normal Normal Normal Normal N.E. Normal N.E. N.E.
stimulated)® i
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.

9 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 ug) bolus iv; blood sampling at 0, 30, 60, 90, and 120 min.

¢ hCG 3000 [U/m? (maximum 5000 1U) im for 3 consecutive days; blood samplingon 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

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 CYPT9AT and cat-  the same tandem duplication involving seven of the 11

alytic activities of aromatase were grossly similar between exons 1 of CYP19A1 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 79,15 6-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),

case 9 (family D), and case 10 (family E) than in those of ﬁi‘;‘ﬂf’? MRNA level 2,’5;‘,‘,?;235,55;2;}‘5,)
control subjects (Fig. 2). 60 70
Sequence analysis of CYPT9AT 0 5.0
Direct sequencing showed no mutation in CYP19A1 40
coding exons 2-10 of the 10 cases examined. T —
20

2.0

Genome structure analysis |
CGH analysis revealed heterozygous cryptic duplica- Ty
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 gy, 2, Relative CYP19A7 mRNA levels against 82 and catalytic
involving most of DMXL2 in cases from families D-F (Fig.  activities of aromatase.

1.018

v
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FIG. 3. Summary of molecular studies. For CYP19A1, the dark and light biue lines represent the genomic regions for noncoding exons 1 and
coding exons 2-10, respectively. A, Oligoarray CGH and FISH analyses. In CGH analysis, the black, red, and green dots denote signals indicative of
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 (veflow 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 1.8. 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 CYPT19AT 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 with an over-
lap of one nucleotide.

Allthe 5-RACE products (>500 clones) obtained from
LCL and SF of case 3 (family A) and case 4 {family B) were
found to be associated with a single exon 1, as observed in

control materials. However, PCR amplifications for the
§5'-RACE products with a variety of combinations of prim-
ers hybridizing to each exon 1 and subsequent sequencing
of the PCR products revealed the presence of a chimeric
clone consisting of exon 1.4 at the 5’ side and exon 1.8 at
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