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Aromatase excess syndrome (AEXS) is a rare autosomal dominant disorder characterized by gynecomastia. This condition is caused
by overexpression of CYP19A1 encoding aromatase, and three types of cryptic genomic rearrangement around CYPI19A1, that is,
duplications, deletions, and inversions, have been identified in AEXS. Duplications appear to have caused CYPI 9A1 overexpression
because of an increased number of physiological promoters, whereas deletions and inversions would have induced wide CYPI9A]
expression due to the formation of chimeric genes consisting of a noncoding exon(s) of a neighboring gene and CYPI9AI coding
exons. Genotype-phenotype analysis implies that phenotypic severity of AEXS is primarily determined by the expression pattern of
CYP19A1 and the chimeric genes and by the structural property of the fused exons with a promoter function (i.e., the presence or
the absence of a natural translation start codon). These results provide novel information about molecular mechamsms of human

genetic disorders and biological function of estrogens.

1. Introduction

Aromatase encoded by CYPI9AI is a cytochrome P450 en-
zyme that plays a key role in estrogen biosynthesis [1]. It
catalyzes the conversion of A*-androstendione into estrone
(E1) and that of testosterone (T) into estradiol (E;) in the
placenta and ovary as well as in other tissues such as the fat,
skin, bone, and brain [1].

. Overexpression of CYPI9AI causes a rare autosomal
dominant disorder referred to as aromatase excess syndrome
(AEXS, OMIM no. 139300) [2-8]. AEXS is characterized by
pre- or peripubertal onset gynecomastia, gonadal dysfunc-
tion, advanced bone age from childhood to pubertal period,
and short adult height in affected males [2-8]. In particular,
gynecomastia is a salient feature in AEXS, and, therefore,
this condition is also known as hereditary gynecomastia or
familial gynecomastia [5]. Affected females may also show
several clinical features such as macromastia, precocious
puberty, irregular menses, and short adult height [5, 6, 8].

Recently, three types of cryptic genomic rearrangements
around CYPI9AI have been identified in 23 male patients
with AEXS [2—4]. The results provide useful implications not
only for the clarification of underlying mechanisms but also
for the identification of phenotypic determinants. Here, we
review the current knowledge about AEXS.

2. The Aromatase Gene (CYPI9AI)

CYPI9A1 encoding aromatase is located on 15q21.2 adjacent
to DMXL2 and GLDN (Figure 1)-[3, 9] It spans ~123 kb and
consists of at least 11 noncoding exons 1 and nine coding
exons 2-10 [9-12]. Each exon'1 is accompanied by a tissue-
specific promoter and is spliced alternatively onto a common
splice acceptor site at exon 2, although some transcripts
are known to contain two of the exons 1 probably due to
a splice error. [9-11]. Transcription of CYPI9AI appears
to be tightly regulated by alternative usage of the multiple
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Frcure 1: Simplified schematic representation indicating the genomic structure of CYPI9AI. CYP19A1 is located on 15921.2 adjacent to
DMXL2 and GLDN and consists of at least 11 noncoding exons 1 and nine coding exons 2-10 [9, 10]. Each exon 1 is accompanied by a
tissue-specific promoter and is spliced alternatively onto a common splice acceptor site at exon 2 [9-13].

promoters [9-13]. Actually, CYPI9AI is strongly expressed in
the placenta and moderately expressed in the ovary, whereas
it is only weakly expressed in a rather limited number of
tissues including skin, fat, and hypothalamus [4, 13]. Of the
11 noncoding exons 1, exon 1.4 seems to play a critical role in
the regulation of estrogen biosynthesis in miales, because this

“exon contains the major promoter for extragonadal tissues
[9,10].

3. Molecular Bases of AEXS

A family with dominantly transmitted gynecomastia of pre-
pubertal onset was first described in 1962 by Wallach and
Garcia [14]. After this initial report, several cases have been
described [5-8, 15]. Laboratory examinations of the affected
males revealed markedly elevated serum estrogen values
and estrogen/androgen ratios and significantly increased
aromatase activity in fibroblasts and lymphocytes [5-8, 15].
Linkage analyses in two families indicated a close association
between CYPI19A1-flanking polymorphic markers and the
disease phenotype [5, 6]. Thus, the condition was assumed to
be caused by gain-of-function mutations of CYP19A1, and,
therefore, the name of AEXS was coinéd for this condition
[7, 8]. However, since direct sequencing and Southern
blotting analysis failed to detect mutations or copy number
abnormalities in the coding region of CYPI9AI [5, 6], the
molecular basis of this entity remained elusive until recently.

In 2003, Shozu et al. reported a father-son pair and a
sporadic case with AEXS in whom they identified heterozy-
gous chromosomal inversions of the chromosome 15 [2].
Subsequently, Demura et al. performed detailed molecular
studies for these cases and additional two cases and char-
acterized four types of inversions affecting the 5 region of
CYPI9A1 [3]. Each inversion has resulted in the formation
of a chimeric gene consisting of CYPI9AI coding exons

and exon 1 of the widely expressed neighboring genes,
that is, CGNL1, TMOD3, MAPKS6, and TLNZ2. These data
imply that overexpression of CYPI9AI in the inversion-
positive cases are caused by cryptic usage of constitutively
active promoters. Consistent with this, in silico analysis
revealed the presence of promoter-compatible sequences
around exon 1 of CGNI; TMOD3, and MAPK6 in multiple
cell types, -although such sequences remain to be identified
for noncoding exons of TLN2 [4]. '

We recently studied 18 males from six families with AEXS
(families ‘A-F) and identified three types of heterozygous
cryptic genomic rearrangements in the upstream region of
the CYPI9AI coding exons (Figure2) [4]. In families A
and B, we identified the same 79,156 bp tandem duplica-

tiorl encompassing seven of the 11 noncoding exons 1 of

CYPI19A1. Notably, this duplication includes exon I.4 that
functions as a major promoter for extragonadal tissues such
as fat and skin; therefore, CYP19A1 overexpression in these
families would be explained by increasing the number of
this promoter. Indeed, RT-PCR analysis detected a splice
variant consisting of exon L4 at the 5’ side and exon 1.8 at
the 3’ side in lymphoblastoid cell lines and skin fibroblasts
of the patients, indicating that the duplicated exon 1.4
at the distal nonphysiological position actually functions
as transcription start sites. In family C, we identified a
211,631 bp deletion affecting exons 2—43 of DMXL2 and
exons 5-10 of GLDN. This deletion appears to have caused
CYP19A1 overexpression because of cryptic usage of DMXL2
exon 1 as an extra transcription start site for CYPI9AI.
Indeed, RT-PCR revealed the presence of chimeric mRNA
clones consisting of DMXL2 exon 1 and CYP19A1 exon 2,
supporting the notion that aberrant splicing has occurred
between these two exons. Such DMXL2/CYP19A1 chimeric
mRNA accounted for 2-5% of CYPI9AI-containing tran-
scripts from skin fibroblasts. In families D-F, we identified
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FIGURE 2: Schematic representation of duplications and deletions identified in patients with AEXS. (a) the taridem duplication of families A
" and B [4]. Genome: the duplication (yellow boxes) includes seven of the 11 noncoding exons 1 of CYP19A1. mRNA: the sequence of a rare
transcript is shown. The 3'-end of exon 1.4 is connected with the 5'-end of exon 1.8. (b) The deletion of family C[4]. Genome: the deletion
(a gray area) includes exons 2—-43 of DMXL2 and exons 5-10 of GLDN. mRNA: The sequence of a rare chimeric gene transcript is shown.
DMXIL2 exon 1 consisting of a noncoding region and a coding region is spliced onto the common acceptor site of CYP19A1 exon 2. (c) The
deletion of families D-F [4]. Genome; the deletion (a gray area) includes exons 2-43 of DMXL2. mRNA: the sequence of a rare chimeric
gene transcript is delineated. The mRNA structure is the same as that detected in family C.

an identical 165,901bp deletion including exons 2-43 of
DMXL2. RT-PCR identified the same chimeric mRNA as that
detected in family C. 7

Collectively, three types of genomic rearrangements on
1521 have been identified in AEXS to date, namely, inver-
sion type (four subtypes), duplication type, and deletion
type (two subtypes) (Figure 3(a)) [2-4]. In this regard,
sequence analyses for the breakpoints have indicated that (1)
inversion types are formed by a repeat sequence-mediated

nonallelic intrachromosomal or interchromosomal recombi-
nation or by a replication-based mechanism of fork stalling
and template switching (FoSTeS) that occurs in the absence
of repeat sequences and is often associated with microhomol-
ogy [16], (2) duplication type is generated by FoSTeS, and
(3) deletions are produced 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 or by a nonallelic recombination [16].
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FIGURE 3: Structural and functional properties of the fused exons. (a) Schematic representation of the rearranged genome and mRNA
structtres. The white and the black boxes of CYPI9A1 exon 2 show untranslated region and coding region, respectively. For genome, the
stnped and the 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. The DMXL2-CYPI9AI chimeric mRNA has
two translation initiation codons and therefore is destined to produce not only CYPI9A] protein but also a 47 amino acid protein which
is predicted to undergo nonsense-mediated mRNA: decay (NMD). The deletion and the 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 CYPI9AI exons 1, and the inversion subtype 2 is associated with inversion of
the placenta-specific CYPI9A1 exon L1. (b) Expression patterns of CYP19AI and the five neighboring genes involved in the chimeric gene
formation [4]. Relative mRNA levels against TBP in normal human tissues are shown. )

Thus, it appears that genomic sequence around CYPI9AI
harbors particular motifs that are vulnerable to replication-
and recombination-mediated errors. The results provide
novel mechanisms of gain-of-function mutations leading to
human diseases. ‘

4..Clinical Features of AEXS .

To date, a total of 23 male cases from 10 families have
been reported to have molecularly confirmed AEXS (Table 1,
Figure 3(a)) [2-4]. They exhibited pre- or peripubertal onset



TaBLE 1: Summary of clinical studies in male patients with aromatase excess syndrome (modified from [4}).

(a)
Family Family A Family B Family C Family D Family E
Mutation types Duplication Duplication Deletion Deletion Deletion
The promoter involved in )
CYPI9A] overexpression CYPI9A1 CYPI9A1 CYP1941 DMXL2 DMXI1.2
Case Case 1 Case 2 Case 3 Case 4 Case 5 Case6 Case7 Case8 Case 9 Case 10
Age at examination (year) 66 15 20 15 15 13 42 9 12 13
<Phenotypic findings> ‘
Gynecomastia (tanner breast stage) 2 2 2 3 4 4 4 3 4 4
Onset of gynecomastia (year) 13 13 10 11 12 1 11 7 9 10
Mastectomy (year) No Yes (15) No Yes (15) Yes (15)  Yes (13) No No Yes (12)  Yes(13)
Testis (ml) N.E. 12 12 12 12 12 N.E. 3 12 20
Pubic hair (tanner stage) N.E. 2-3 4 5 4 3 N.E. 1 3 4
Facial hair Normal Scarce Scarce Normal Absent Absent  N.E. Absent Absent Absent
Height (SDS)? -1.2 -0.3 +0.4 +0.8 -2.0 -1.0 -1.6 +2.7 +0 +1.8
Bone age (year)® N.E. N.E. N.E. 16.0 16.0 13.5 N.E. 13.0 15.0 17.0
Fertility (spermatogenesis) Yes ? (Yes)t ? ? ? Yes ? ? ?
<Endocrine findings>¢ B B S B S B S B S B S B B S B S B S
<AtDx> ‘ Stimulus .
I:H (mIU/mL) GnRH® 3.8 2.3 14.3 2.1 17.0 2.4 294 19 40.6 1.8 69.2 1.1 115 0.6 395 6.7 14.8
LH (mIU/mL) GnRH (after priming)f 1.8 9.5 1.3 107
FSH (mIU/mL) GnRH* 1.7 3.1 5.3 <05 12 09 24 14 42 20 7.8 32 66 06 29 07 1.0
FSH (mIU/mL) GnRH (after priming)f 2.6 32 <05 0.9
Prolactin (ng/ml) 43 5.3 8.2 9.1 11.3 18.8
A*A (ng/mL) 0.5 1.1 1.2 0.6 0.7 2.4 29
T (ng/mL) hCG# 2.9 1.6 2.2 4.0 26 72 14 79 0.6 36 24 32 97
DHT (ng/mL) 0.4 0.2 04 1.2
Inhibin B (pg/mL) 61.6 74.6 83.5 75.2
E, (pg/ml) 157 - 120 124 57 63 33
E, (pg/nﬂ;) 29 15 22 59 56 38 24 19 25 58

E,/T ratio (x103)
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. (b) ' [«
Family ' Family F Family G Family H Sporadic
Mutation types Deletion Inversion Inversion Inversion
The promoter involved in

CYPI9AI overexpression DMXL2 CGNLI MAPK6 TMOD3 TLN2
Case Case 11 Case 12 Case 13 Case 14 Case 15 Case 16 Case17 Case18 Case19 Case20  Case2ll  Case22 Case 23
Age at examination (year) 69 35 44 45 9 8 13 10 35 7 13 17 36
<Phenotypic findings>

Gynecomastia (tanner breast stage) Yes' Yest Yes! Yes' 2 3 3 3 Yes 3 5 N.E. Yes
Onset of gynecomastia (year) ? ? ? ? 8 8 11 10 5 5 8 7 ?
Mastectomy (year) Yes' Yes' Yes! Yest No No Yes(?) Yes(?) Yes(16) No Yes (2) Yes (?) Yes (19)
Testis (ml) N.E. N.E. N.E. N.E. 2 1.5 2 2 N.E. N.E. N.E. Normal N.E.
Pubic hair (tanner stage) N.E. N.E. N.E. N.E. 1 1 2 1 Normal 1 2-3 (at21.0) N.E. N.E.
Facial hair N.E. N.E. N.E. N.E. Absent Absent Absent Absent Absent Absent N.E. Scarce  N.E.
Height (SDS)? ‘ NE ~-15 ~-15 ~-15 +14 NEBE 420  +24 Short >+25 ~1.6(at21.0) Short N.E.
Bone age (year)? NE NE NE NE 125 130 150 (atl‘ll‘zs_ 5 NE (alfs‘g) 17.0 NE  NE
Fertility (spermatogenesis) Yes Yes Yes Yes ? ? ? ? Yes ? ? ? ?
<Endocrine findings>¢ - B B B B B B B S B B B B S B

<At Dx> Stimulus

LH (mIU/mL) GnRH® 0.2 3.5 1.7 3.0 0.2 <0.1 2.6 63 1.5 1.7 0.1 2.6 10.0 4.3

LH (mIU/mL) GnRH (after priming)? ’

FSH (mIU/mL) GnRH® . 1.4 2.3 0.8 0.8 14 0.5 0.8 1.2 1.2 1.5 0.3 <0.1 <0.1 2.7

FSH (mIU/mL) GnRH (after priming)f -

Prolactin (ng/ml) '

AtA (ng/mL) 1.4 0.4 1.7 0.5 0.3 <03 09 15 1.3 0.8 0.3 24 09

T (ng/mL) hCG# 2.6 2.5 2.1 2.5 <0.1 <0.1 2.7 9.2 2.7 3.2 <0.1 1.2 3.8 2.3

DHT (ng/mL) ] 02 05

Inhibin B (pg/mL)

Ei (pg/mL) ' 32 34 39 34 26 4 77 86 903 119 544 556

E, (pg/mL) 10 19 24 31 11 7 25 40 223 15 178 392

Ey/T ratio (x10%) ) 3.8 7.6 114 124 9.3 14.8 69.6 148.3 170.4

SDS: standard deviation score; Dx: diagnosis; Tx: therapy; LH: luteinizing hormone; FSH: follicle stimulating hormone; A*A: androstenedione; T testosterone; DHT: dihydrotestosterone;

E;: estrone; Ey: estradiol; GnRH: gonadotropin-releasing hormone; hCG: human chorionic gonadotropin; N.E.: not examined; B: basal; and §: stimulated.

Abnormal clinical findings are boldfaced.

Abnormally Jow hormone values are boldfaced, and abnormally high hormone values are underlined.

*Evaluated by age- and ethnicity-matched growth references; heights =+2.0 SD or below < —2.0 SD were regarded as abnormal.

b Assessed by the Tanner-Whitehouse 2 method standardized for Japanese or by the Greulich-Pyle method for Caucasians; bone age was assessed as advanced when it was accelerated a year or more.
“Evaluated by age-matched male reference data, except for inhibin B and E; that have been compared with data from 19 adult males. ¢

dTreated with aromatase inhibitors (anastrozole). .
¢GnRH 100 yg/m? (max. 100 ug) bolus i.v.; blood sampling at 0, 30, 60, 90, and 120 minutes.

fGnRH test after priming with GnRH 100 yg i.m. for 5 consecutive days.

8hCG 3000 IU/m? (max 5000 TU) i.m. for 3 consecutive days; bldod sampling on days 1 and 4.

h Although Case 3 has not yet fathered a child, he has normal spermatogenesis with semen volume of 2.5 ml (reference value: >2ml), sperm count of 105 X 10%/ml (>20 x 105/ml), total sperm count of 262.5 x
108 (>40 X 105), motile cells 0f70% (>50%), and normal morphological sperms 77% (>30%).

iThese four patients allegedly had gynecomastia that required mastectomy (age unknown).

IThe sister has macromastia, large uterus, and irregular menses; the parental phenotype has not been described.

The conversion factor to the ST unit; LH 1.0 (IU/L), FSH 1.0 (IU/L), E; 3.699 (pmol/L), Ez 3.671 (pmol/L), A%A 3.492 (nmol/L), and T 3.467 (nmol/L).
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gynecomastia, small testes with fairly preserved masculin-
ization, obvious or relative tall stature in childhood and
grossly normal or apparent short stature in adulthood,
and age-appropriate or-variably advanced bone ages. Blood
endocrine studies revealed markedly elevated E; values and
E,/T ratios in all cases examined and normal or variably
elevated E, values. In addition, A%-androstenedione, T,
and dihydrotestosterone values were low or normal, and
human chorionic gonadotropin (hCG) test indicated normal
T responses. Notably, LH values were grossly normal at
the baseline and variably responded to GnRH stimulation,
whereas FSH values were low at the baseline and poorly
responded to GnRH stimulation even after preceding GnRH
priming, in all cases examined.

The severity of such clinical phenotypes is primarily de-
pendent on the underlying mechanisms (Table 1). They are
obviously mild in the duplication type, moderate in the
deletion type, and severe in the inversion type, except for
serum FSH values that remain suppressed irrespective of the
underlying mechanisms. Likewise, gynecomastia has been
reported to be ameliorated with 1mg/day of aromatase
inhibitor (anastrozole) in the duplication and the deletion
types and with 2-4 mg/day of anastrozole in the inversion

type [4].

5. Expression Pattern of CYP19A1 and
the Chimeric Genes as
One Phenotypic Determinant

Phenotypic severity is much milder in the duplication type
than in the deletion and the inversion types. This would
be explained by the tissue expression pattern of CYPI9AI
and the chimeric genes. Indeed, RT-PCR analysis using
normal human tissue samples revealed that CYPI9AI is
expressed only in a limited number of tissues such as
placenta, ovary, skin, and fat, while the five genes involved
in the formation of chimeric genes are widely expressed with
some degree of variation (Figure 3(b)). Therefore, it is likely
that the duplication types would simply increase CYPI9AI

transcription in native CYPI9AI-expressing tissues, whereas.

the deletion and the inversion types lead to CYPI9AI
overexpression in a range of tissues, because expression
patterns of chimeric genes are predicted to follow those of
the original genes. Furthermore, it is also likely that the
native CYPI19AI promoter is subject to negative feedback
by elevated estrogens [17], whereas such negative feedback
effect by estrogen is weak or evén absent for the chimeric
genes in the deletion and the inversion types. :

6. Structural Property of the Fused Exons as
Another Phenotypic Determinant

Phenotypic severity is also milder in the deletion type than
in the inversion types, despite a similar wide expression
pattern of genes involved in the chimeric gene formation
(Table 1, Figure 3(b)). In this context, it is noteworthy that
a translation start codon and a following coding region

are present on exon 1 of DMXL2 of the deletion type but
not on exons 1 of the chimeric genes of the inversion
types (Figure 3(a)). Thus, it is likely that DMXL2/CYPI9AI
chimeric mRNAs transcribed by the DMXL2 promoter
preferentially recognize the natural start codon on DMXL2
exon 1 and undergo nonsense-mediated mRNA decay and
that rather exceptional chimeric mRNAs, which recognize
the start codon on CYPI9AI exon 2, are transcribed into
CYP19A1 protein. By contrast, such a phenomenon would
not be postulated for the inversion-mediated chimeric
mRNAs. Consistent with this, it has been shown that the
DMXL2/CYPI9A1 chimeric mRNA is present only in 2~
5% of CYP19AI-containing transcripts from skin fibroblasts,
whereas the CGNLI/CYPI9AI chimeric mRNA and the
TMOD3/CYPI19A1 chimeric mRNA account for 89-100%
and 80% of transcripts from skin fibroblasts, respectively
[2,4].

In addition, the genomic stracture caused by the rear-
rangements would affect efficiency of splicing between non-
coding exon(s) of neighboring genes and CYPI9A1 exon 2.
For example, in the inversion subtype 1, the physical distance
between CGNLI exon 1 and CYPI9AI exon 2 is short, and,
while a splice competition may be possible between exon 1 of
neighboring genes and original CYPI9AI exons 1, eight of 11
CYPI9AI exons 1 including exon 1.4 have been disconnected
from CYP19A1 coding exons by inversion (Figure 3(a)). This
may also enhance the splicing efficiency between CGNLI
exon 1 and CYPI9A1 exon 2 and thereby lead to relatively
severe overexpression of the CGNLI-CYPI9AI chimeric
gene, although this hypothesis would not be applicable for
other chimeric genes.

7. Implication for
the Hypothalamus-Pituitary-Gonadal
Axis Function

It is notable that a similar degree of FSH-dominant hypog-
onadotropic hypogonadism is observed in the three types,
although E; and E; values and E,/T ratios are much higher
in the inversion type than in the duplication and deletion
types (Table 1). In particular, FSH was severely suppressed
even after GnRH priming in the duplication type [4]. This
implies that a relatively mild excess of circulatory estrogens
can exert a strong negative feedback effect on FSH secretion
primarily at the pituitary. This would be consistent with
the results of animal studies that show strong inhibitory
effect of E on transcription of FSH beta-subunit gene in'the
pituitary cells and almost negligible effect on synthesis of LH
beta-subunit and secretion of LH [18, 19]. In this regard,
while T responses to hCG stimulation are normal in the
duplication and the deletion types and somewhat Jow in the
inversion type, this would be consistent with fairly preserved
LH secretion in the three types and markedly increased
estrogen values in the inversion type. In addition, whereas
fertility and spermatogenesis are nozmally pieserved in the
three types, this would be explained by the FSH-dominant
hypogonadotropic hypogonadism, because FSH plays only a
minor role in male fertility (spermatogenesis) [20].



8. Conclusions

Current studies argue that AEXS is caiised by overexpression
of CYP19A1 due to three different-types of cryptic genomic
rearrangements including duplications, deletions, and inver-
sions. It seems that transcriptional activity and structural
property of the fused promoter constitutes the underlying
factor for the clinical variability in most features of AEXS
except for FSH-dominant hypogonadotropic hypogonadism.
Thus, AEXS represents a novel model for gain-of-function
mutation leading to human genetic disorders.
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Context: Acrodysostosis is a rare autosomal dominant disorder characterized by short stature,
peculiar facial appeararice with nasal hypoplasia, and short metacarpotarsals and phalanges with
cone-shaped epiphyses. Recently, mutations of PRKARTA and PDE4D downstream of GNAS on the
cAMP-mediated G proteimcouphled receptor (GPCR) signaling cascade have been identified in
acrodysostosis with and without hormone resistance, although functional studies have been per-
formed only for p.R368X of PRKARTA.

Objective: Our objective was to report a novel PRKARTA mutation and its functional consequence
in a Japanese female patient with acrodysostosis and hormone resistance.

Patient: This patient had acrodysostosis-compatible clinical features such as short stature and
brachydactyly and mildly elevated serum PTH and TSH values. .

Results: Although no abnormality was detected in GNAS and PDE4D, a novel de novo heterozygous
missense mutation (p.T239A) was identified at the cAMP-binding domain A of PRKARTA. Western
blot analysis using primary antibodies for the phosphorylated cAMP-responsive element (CRE)-
binding protein showed markedly reduced CRE-binding protein phosphorylation in the forskolin-
stimulated lymphoblastoid cell lines of this, patient. CRE-luciferase reporter assays indicated sig-
nificantly impaired response of protein kinase A to cAMP in the HEK293 cells expressing the mutant

p.T239A protein.

Conclusions: The results indicate that acrodysostosis with hormone. resistance is caused by a
heterozygous mutation at the cAMP-binding domain A of PRKARTA because of impaired cAMP-
mediated GPCR signaling. Because GNAS, PRKARTA, and PDE4D are involved in the GPCR signal
transduction cascade and have some different characters, this would explain the phenotypic sim-
ilarity and difference in patients with GNAS, PRKAR1A, and PDE4D mutations. (J Clin Endocrinol

Metab 97; E1808-E1813, 2012)

Acrodysostosis is a rare autosomal dominant disorder
characterized by short stature, peculiar facial appear-
ance with nasal hypoplasia, short metacarpotarsals and pha-
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langes with cone-shaped epiphyses, and variable degrees of
mental retardation (1, 2). Recent studies have shown that
acrodysostosis is caused by mutations of PRKAR1A (protein

Abbreviations: AHO, Albright's hereditary osteodystrophy; CRE, cAMP-responsive ele-
ment; CREB, CRE-binding; DMR, differentially methylated regions; GNAS, stimulatory G
protein a-subunit; GPCR, G protein-coupled receptor; PDE4D, phosphodiesterase 4D,
cAMP-specific; PHP-la, pseudohypoparathyroidism type la; PKA, protein kinase A;
PRKAR1A, protein kinase, cAMP-dependent, regulatory type 1,¢; Rle, type Ta regulatory
subunit.

J Clin Endocrinol Metab, September 2012, 97(9):E1808-E1813
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kinase, cAMP-dependent, regulatory type 1,a) and PDE4D
(phosphodiesterase 4D, cAMP-specific) involved in the
cAMP-mediated G protein-coupled receptor (GPCR) signal-
ing cascade (3-5). PRKAR1A consists of 11 exons and en-
codes type 1o regulatory subunit (RIx) of protein kinase A
(PKA) with a dimerization domain, an inhibitory site, and
two cAMP-binding domains A and B (6). The PKA holoen-
zyme is a tetramer consisting of two regulatory subunits and
two catalytic subunits, and cooperative binding of two
cAMP molecules to each regulatory subunit leads to the dis-
sociation of the catalytic subunits from the regulatory sub-
units (7). The regulatory subunit-associated catalytic sub-
units remain inactive, whereas the free catalytic subunits
released from the regulatory subunits can phosphorylate'a
variety of substrate proteins including the cAMP-responsive
element (CRE)-binding (CREB) protein (7, 8). It is likely,
therefore, that the PRKAR1A mutations hinder the cAMP-
mediated dissociation of the catalytic subunits from the reg-
ulatory subunits, thereby leading to rediiced PKA signaling
{3). PDE4D comprises 15 exons and encodes cAMP-depen-
dent phosphodiesterase 4D (PDE4D) that regulates intracel-
lular cAMP concentrations by converting cAMP to AMP (9).
Thus, the PDE4D mutations appear to result in desensitiza-
tion to cAMP because of persistently elevated intracellular
cAMP concentrations, thereby affecting the cAMP-mediated
GPCR signaling cascade (4). However, functional studies
have been performed only for the PRKARIA p.R368X mu-
tation that resides on the last exon and is predicted to escape
nonsense-mediated mRNA decay (3), whereas protein mod-

eling analysis argues for the pathological consequences of the

remaining PRKAR1A and PDE4D mutations (4, 5).
‘Notably, nine of 10 PRKARIA mutation-positive pa-

tients and two of seven PDE4D mutation-positive patients -

identified to date exhibit resistance to PTH and/or TSH. Such
clinical findings, i.e. acrodysostosis plus hormone resistance,
overlap with those of pseudohypoparathyroidism type Ia
(PHP-Ia), because PHP-Ia is associated with Albright’s he-
reditary osteodystrophy (AHO) reminiscent of acrodysosto-
sis and resistance to several hormones such as PTH and TSH.
Indeed, although acrodysostosis and AHO have been clas-
sified as different skeletal disorders (2), it is often difficult to
distinguish between acrodysostosis and AHO on the basis of
clinical and radiological findings (10). Consistent with such
phenotypic similarities, PHP-Ia is primarily caused by
heterozygous loss-of-function mutations of GNAS (the stim-
ulatory G protein a-subunit) (11) thatresidesin the upstream
. of PRKAR1A and PDE4D on the cAMP-mediated GPCR
signaling cascade.

Here, we report on a novel de novo PRKAR1A muta-
tion and its functional consequence in a patient with ac-
rodysostosis and hormone resistance and discuss pheno-

jcem.endojournals.org E1809

typic findings in patients with PRKARIA, PDE4D, and
GNAS mutations.

Patients and Methods

Case report

This Japanese female patient was born to nonconsanguineous
parents at 38 wk of gestation, At birth, her length was 46.5 cm
(—0.75 sp) and her weight 1.81 kg (~2.8 sp). Neonatal screening
tests were normal. Her gross motor milestones were somewhat
delayed, with sitting alone without support at 10 months and
walking alone at 21 months of age. Her stature remained below
—2.0 sp of the mean.

* At3yrand 10 months of age, she was referred to us because
of short stature. Her height was 86.9 cm (—3.1 sp) and her
weight 10.6 kg (—2.3 sp). She exhibited round face, nasal
hypoplasia, anteverted nostrils, severe brachydactyly of the
hands, and mild developmental retardation, and hand roent-
genograms showed generalized shortening of the tubular
bones with cone shaped epiphyses (Fig. 1A). Brain comput-
erized tomography showed neither sc nor intracranial calci-
fications. Biochemical and endocrine studies revealed 1) in-
creased serum PTH and plasma cAMP values and normal
serum calcium, phosphate, and vitamin D values; 2) decreased
urine calcium/creatinine ratio and normal percent tubular re-
absorption of phosphate; 3) slightly elevated serum TSH value
and normal free T, value; 4) age-appropriate serum LH and
FSH values; and 5) normal GH response to GHRH stimulation
(Table 1). Thus, she-was suspected as having acrodysostosis
with mild resistance to PTH and TSH.

The parents showed neither brachydactyly nor abnormal en-
docrine findings (Table1), although the mother had short stature
(144 cm, —2.6 sD).

Molecular and functional studies

We performed 1) direct sequencing for coding exons and their
splice sites of PRKAR1A, PDE4D, and GNAS; 2) methylation
analysis for four differentially methylated regions (DMR)
around GNAS; 3) parental testing by microsatellite genotyping;
4) conservation of a substituted amino acid; 5) the forskolin-
induced PKA activity of lymphoblastoid cell lines in terms of the
phosphorylation status 6f the CREB protein using Western blot
analysis; and 6) forskolin-induced PKA activity using HEK293
cells expressing the wild-type and the mutant proteins. The prim-
ers used in this study are shown in Supplemental Table 1,and the
detailed methods are described in Supplemental Methods (pub-
lished on The Endocrine Society’s Journals Online web site at
http:/fjcem.endojournals.org).

Results

Analysis of PRKAR1A, PDE4D, and GNAS

No pathological mutation was found for PDE4D and
GNAS, nor was an aberrant methyldtion pattern detected
for the DMR around GNAS. By contrast, a novel
heterozygous missense mutation (c.715A—G; p.T239A)
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FIG. 1. Representative clinical and experimental findings of this patient. A, Radiograph of the left hand at 3 yr and 10 months of age.
Note the shortening of all tubular bones with cone-shaped epiphyses (arrows) and early infusions (arrowheads). B, The structure of

PRKAR1A and the position of the mutations identified. The black and white boxes on genomic DNA (gDNA) denote the coding regions on
exons 2-11 and the untranslated regions, respectively. PRKARTA encodes a dimerization domain (DD), an inhibitory site (IS), and two cAMP-
binding domains A and B (CBD-A and -B). A missense mutation (p.T239A) was identified on exon 8 for the cAMP-binding domain A of this

patient, whereas the previously déscribed one nonsense and three missense mutations have been found on exon 11 for cAMP-binding
domain B (3-5). C, Amino acid Sequence of PRKARTA. Note that the T239 residue is well conserved among species. D, Representative
results of Western blot analysis for lymphoblastoid cell lines of the patient and a control subject. The cells were collected before (basal) and
after stimulation with 10 um forskolin. The samples were probed with antibodies for phospho-CREB protein (Ser 133) (P-CREB) and CREB
protein, together with those for -actin used as an internal control. E, Transactivating activities of the wild-type and the mutant PRKARTA
for the CRE-luc reporter. HEK293 cells were transfected with an empty expression vector or with vecters containing either the wild-type
PRKAR1A or the p.T239A mutant. Samples were treated with various concentrations of forskolin. The values (percentages to the maximal
CRE-luciferase activity) are expressed as the mean = se. Curves are fitted with sigmoidal dose-response models. In cells expressing the
mutant protein, forskolin induced a concentration-dependent increase in CRE-luciferase activity, yet with a shift to the right in the dose-

response curve. The EC;, values were significantly higher in the cells

expressing the mutant protein than those expressing the wild-type

protein (P < 0.001). The results are obtained from three independent experiments.

was identified on exon 8 at the cAMP-binding site A of
PRKARI1A (Fig. 1B). This mutation was absent from her
parents and 100 Japanese control subjects.

Parental testing
Microsatellite genotyping data were consistent with

paternity as well as maternity of the parents (Supplemental
Table 2).

Functional characterization of the mutant
PRKARITA

The T239 residue was well conserved among species
(Fig. 1C). Protein modeling analysis indicated that the

p.T239A resulted in loss of the hydrogen bond between
the M236 and the T239 residuesand in aberration of the
random coils in the mutant PRKARIA protein, al-
though there was no gross conformational alteration
affecting a-helices and B-strands (Supplemental Fig. 1).
Western blot analysis indicated obviously reduced for-
skolin-induced CREB protein phosphorylation in the
presence of the apparently normal amount of CREB
protein in the lymphoblastoid cell line of this patient
(Fig. 1D). Similarly, forskolin-induced PKA activity
was significantly lower in the HEK293 cells expressing
the mutant PRKAR1A protéin than in those expressing
the wild-type protein (Fig. 1E).
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TABLE 1. C(linical and laboratory data of the patient and her parents
Patient Father Mother?

Age (yr) 310/12 31 30

Height (cm) (SDS) 86.9 (—3.1) 177 (+1.1) 144 (—2.6)

Weight (kg) (SDS) 10.9 (—2.3) 89 (+2.5) 45k

Blood
Intact PTH (pg/ml) 128 (10-65) 42 (10-65) 23 (10-65)
Calcium (mg/di) 9.4 (8.5-10.2) 9.4 (8.5-10.2) 9.0 (8.5-10.2)
Phosphate (mg/dl) 5.6 (3.5-5.9) 3.2(2.4-4.3) 3.6(2.4-4.3)
25-Hydroxyvitamin D (ng/ml) 26:(7-41) NA ’ NA
TSH (mU/liter) 7.2 (0.5-5.0) 1.7 (0.5-5.0) 1.2 (0.5-5.0)
Free T, (ng/ml) 1.2(0.9-1.6) 1.3(0.9-1.6). 1:1(0.9-1.6)
LH (U/liter) - <0.1(<0.7) 4.1(0.8-5.7) 0.17 (1.8-10.2)°
FSH (IU/liter) 0.9 (0.6-5.3) 6.6(2.0-8.3) 0.07 (3.0-14.7)< ~
GH (ng/ml) stimulated? 19.5 (>9) NA NA
cAMP (pmol/mi) 39.6 (6.4-20.8) NA NA

Urine
Calcium/creatinine ratio 0.04 (0.13-0.25) NA NA
% TRP 91 (81.3-93.3) NA NA

The values in parentheses indicate the sp score (SDS) for heights and weights and the age-and sex-matched reference blood and urine hormone
and laboratory data. The conversion factors to the St unit are as follows: intact PTH, 1.0 (nanograms per liter); serum calcium, 0.25 (millimoles per
liter); serum phosphate, 0.3229 (millimoles per liter); 25-hydroxyvitamin D, 2.496 (nanomoles per liter); free T,, 12.9%picomoles per liter); GH, 1.0
(micrograms per liter); and cAMP, 1.0 {nanomoles per liter). Hormone values have been evaluated by the age- and sex-matched Japanese reference
data; abnormal data are in bold. NA, Not available; TRP, tubular reabsorption of phosphate.

2 During the second trimester of pregnancy.
b Not assessed because of pregnancy.

¢ Low LH/FSH values are consistent with pregnant status of the mother (18).
9 Blood sampling during the provocation tests were done at 0, 30, 60, 90, and 120 min after GHRH stimulation (1 ug/kg).

Discussion

We identified a novel de novo heterozygous PRKARIA
mutation in a patient with acrodysostosis and mild resis-
tance to PTH and TSH. In this regard, several findings are
noteworthy. First, although the phenotypic findings of
this patient are similar to those of PHP-Ia, the severe skel-
etal lesion would be regarded as acrodysostosis rather
than AHO. Consistent with this, a mutation was identified
in PRKARI1A rather than GNAS. Second, the p.T23%9A
was present at the cAMP-binding domain A, in contrast to
the previously reported PRKARIA mutations that were’
invariably located at the cAMP-binding domain B (3-§).
In this regard, because cAMP binds first to the binding
domain B and then to the binding domain A, it has been
suggested that the binding domain B acts as the gatekeeper
of the PKA activation, and that the binding domain A is
relatively inaccessible to cAMP (8). Despite such a hier-
archical phenomenon, this study indicates that mutations
at the cAMP-binding domains A and B lead to a similar
clinical phenotype. Third, functional analyses showed ob-
viously reduced PKA signaling of the mutant PRKAR1A
protein. Thus, the p.T239A mutation appears to impair
the dissociation of the catalytic subunits from the Rla
regulatory subunits, thereby leading to the reduced GPCR
signaling, as has been stated by the functional studies for
the p.R368X mutation (3). Although the underlying fac-

tors remains to be elucidated, loss of the hydrogen bond
and aberration of the random coils in the mutant
PRKARI1A protein may be relevant to this functional
alteration. .

To date, GNAS, PRKARI1A, and PDE4D mutations
have been identified in patients with overlapping skeletal
and endocrine phenotypes (3--3). [t appears, however, that
GNAS abnormalities usually lead to relatively mild skel-
etal phenotype and clinically discernible hormone resis-
tance, whereas PRKAR1A and PDE4D mutations usually
result in relatively severe skeletal lesion and mild or absent
hormone resistance. In this regard, it is predicted. in pa-
tients with maternally derived GNAS mutations that nor-
mally functioning GNAS is absent from several tissues
including renal proximal tubules where GNAS is pater-
nally imprinted and is present in a single copy in other
tissues including skeletal tissues where GNAS is biparen-
tally expressed {11, 12). By contrast, it is-likely in patients
with PRKARIA and PDE4D mutations that normally
functioning PRKAR1A and PDE4D are presentin a single
copy in all the tissues. because of the absence of DMR
around these genes (13). Such a difference in the functional
gene dosage in several GNAS-imprinted tissues may more
or less be relevant to the prevalent hormone resistance in
GNAS mutations. Furthermore, because there are four
genes encoding the regulatory subunits of PKA (Rla, RIb,
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RIla, and RIIb) and three genes encoding the catalytic
subunits (14), such redundancy would also be related to
the apparently mild hormone resistance in PRKARIA mu-
tations. However, these factors are unlikely to account for
the apparently severe skeletal lesion in PRKARIA and
PDEA4D mutations. Furthermore, although aberrant sig-
naling via PTHrP receptor belonging to the GPCR families
-may play an important role in the development of skeletal
lesions in PRKAR1A mutations, this perturbation is also
relevant to the occurrence of skeletal lesions in GNAS
abnormalities (15). Thus, there may be a hitherto un-
known factor involved in the development of severe skel-
etal phenotype in PRKAR 1A and PDE4D mutations. No-
tably, hormone resistance is apparently infrequent in
acrodysostosis (2). It remains to be clarified whether acro-
dysostosis with and without hormone resistance may repre-
sent genetically heterogeneous conditions, and whether hor-
mone resistance may have been overlooked or remained at a
subclinical level in a certain fraction of patients with
PRKAR1A and PDE4D mutations.

For PRKARI1A, more than 100 different mutations
have been identified in Carney complex with multiple neo-
plasias and lentiginosis (16). Because most mutations re-
ported in Carney complex are frameshift, nonsense, and
splice mutations that are predicted to undergo nonsense-
mediated mRNA decay and cause PRKAR1A haploinsuf-
ficiency, they would result in the increased amount of the
free-lying intracellular catalytic subunits?. leading to ex-
cessive PKA signaling in target tissues (16, 17). Further-
more, other types of mutations have also been identified in
Carney complex, such as missense mutations at the cAMP-
binding domain A (e.g. p.D183Y and p.A213D) and an
in-frame deletion of 53 amino acids from the binding do-
main A (c.708 + 1 g—t) (16). Thus, in conjunction with
the results of this study, we presume that PRKARIA
mutations can cause a mirror image of disorders in
terms of the PKA activity, i.e. Carney complex resulting
from defective association between the regulatory and
the catalytic subunits and acrodysostosis with hormone
resistance ascribed to impaired dissociation between
the two subunits.

In summary, we identified a heterozygous PRKARIA
mutation affecting cAMP-mediated GPCR signaling in a
patient with acrodysostosis with hormone resistance. Ad-
ditional studies will permit a better clarification of the
underlying causes in acrodysostosis with and without hor-
mone resistance.
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