UmE w?ﬁ)ﬁﬂ&ﬂ:?ﬁ%ﬁ’&&li@“b\liﬁ(ﬁb\ofcb\iﬁhbi ANZEHTIBEIFELZDFLL
WNWCEMIFE T LT ERBLLNCERITFE 1LVl EN. BEOENHYDDHHB TSN
T9,

— iR BRI ERRB OB RIEE B SEAALICHRELLTVEEDLI., 2O R
HPBIBOFIENIBEVEEAHTEEZONTNVET , —ACEBINILEERENET S
BAEIZHEEZEL VLT READBREANIBETIEEONTVET . TOEH, ZOFT
[FWANALEHEELIY. EhYZ KR TNAIENELNEEZLNET,

EF=- TBOFEMSBOFLLWIIZDFIENZOFLLDN ITEEZRSMICKRO TN A
LY., TN NBETCEMMSHEINIRLZF N ARREHIEBEDLIET . B
BREBOFLLE, ZODFLLIZRDHBTLWDIDOMELNER A,

IO ESITBDF o ENJCEFFELREENF>TELHETT ML, EELMDHEIC
o= 1T8IERH DD TLEL, TRBICBVDEZMBIET LSO THIT TS,

Q:FELADREDFHBAIZDONT

AT CAH M F ELB I STEIN SHERITHRREISE - TREERIT. BEREELNBREL
BOoTWET, SHECEBRELV>EERICB I ERICAES L. RRICGERL., BEEZHOS
ENRTESTEF R LE 1L >TEET . SMITEFDIRARA, BATHRAT? 1EL-5M
FBITS DT TLBERITESLE, BICHAICRI>TWAI LA EROEEELTY., \BHSAZ
BERICETHLIGEhELLERA,

FHROEICELWVIEEZHRA DN, BEELWVEREBREZEA TS IEN . BELIEZRAICESO
[IFBEREEDIhET, BREIELEYEES=CETEVLRENDZOTIHLEL, FDEEDFEL
DERICTIEL. BRECESEEEZF>THRIEDOIEZHBATILIDMITELLS,

HERBYIZITBRICE>TART=HICL TS ENSZEEZ TN, 2EHIZENAITHEROA
BEFDEBEBAREZDLIC, FEHLURICITAELED TEITHELCENKETLES,

FELIZERADEZRHZADDITREBNKEBLZDTIEBYER A . FELDRIZRHESD
STWT, ESLEFNIENTENDM., LEITHIZEESEEDMEV=BREELIEA TITE
FL&D, -

INSEFEBIL BBFEERTHY . BABICELVNIEEE>TITH>TWRER>TWET . 7
NIFFELDLLEADEFEDICTHEEEADTLLS, TTMDE, BEFELICLoOMYEEH
TEATIIERETEREBLGIELDTT,

Q:CORATHEASDRABHEFHYET D,
AUPRIBHERERBARMESRERIGHD, 18 MUK 20 HRFETERMNFEETY . AL
DAMGHERFIEIFFERIShTOERE A,

26

- 102 -



e S

CNETH CAH DIFELIS. ALBRELOFELOBREA ., BESALENRTELTL
5D, ELSBILNE O EREELHYEL:, BERTIL—TREDLIERTRESAL
CREOQDCHFZISR BN TEEINEBELELEVVEEREL:,

FORR. ETHHROBERE, FLTHITHIEE, £2012 F 1 ALTKEBFRI 22—
CAH D£1%&3H EIT1=-DTY, ThETIE., 20 CAH DEERE. WALADHEIHEEE
ZIRRL, CREOERLBBEELEL . TOENTRAYIND, ChETHELEZABRZHY
OFTNEALDICLTIEEI b, EOREAHYEY LITONZO/NMEFTT , ARZHAT
HiFNIESE S HYDESIZ, CAH DFELSAZEITREN BV TE LN S ILEOEERIZT
ELRFEZLSE. BT L—TREAThOEMMEEFLFYVES LI |\ELEL

Y
~0

ChMSEEROCEROIERE., BEEELLELFTETWVE, SHICHRZEERTRYR
WMRFEARELNBCEERE>THRYET,

27

- 103 -



PEE(A+FIR)

Il B (KRFIBTFRBESERLE Y— BIEH- AL BE ZEHE)
H EEH (KRFIIBFRRESEREVA— BEEREE #EEEHVE5—)
AR (KRFIBFRERLSER Y SY— BES NREESMIEHEM)
BAREE (KEFIGFRELESEREVSY— BEEPER ZEHERE)

Mg B(RBEFIBTFRELSERE Y — FELOIIAOBER HE)
EREEF(REFILIREREREHE VR A8
BHEBXR(KRFIBFRELEERE 4— WRHEH EEHE)

) E(KRFIBFRBEAERtVA— FELOIIAOEER EER)

28

- 104 -



SO IMRFIE,

TR 25 £ BEEFENFWRBEMNE HAMRERBEHRERMEMLRBOERLE
LRERATLUICRENZ I - ARIEE ORI (S ETIEE . BEER) OBMZ 2T, &
- FEshFzLiz,

CAH DFELEEIREDH AR Tvs

HE: BEHER v
RTERB: EH25E 38 38
ER: %2 4 RITEH TEL0O72-956-6881

29

- 105 -



) WasE BRDRASBERLHERS-KILHE

DSD‘lz"'ﬂ"’ = jn Osaka
~DSDZdH<" é REDEL T~
B BB $ﬁt24¢9ﬁ295‘?£*) 115 30-17:00
- B jtlﬂi &5 10/ moa =I5

s+ —BHRE R i TR o
/iﬁ PR EARL rE

il 1%-? EfpEEERNE L
3. S EEBOFELLETR~ADEWZE
ER it KEFIBFREERESEREVS—BHL
4. ESMEEBOFELEBRADBER LD
TP TF4—X iR
ER EEF KRFILIRE MigREes FHPE
5, 7Y—T4RHvay

Page 81
~ 106 -



DSD:Disorder of sex development (15L& E)
BIEDEHYEEBICLE-ZEFBELT
B A - 5 ST - B B T - (R B RN S — B DB 18

ZREOEROISMESFLLTNET,

B : FR25% (20135)12A 148 (£) 11:00—16:30 (= {1EA5510:30)
B FTESATY ATV A 04— 8fE 801-8025= (MREM)
ZmE : 1000 (B -BERZET)

T

1. BEENAKESR
e e K E R A - B KSR

3. KR i BFREBEEREV4—

I J—ILK-HTx 15:00-16:00
KIRFFII RS HhisiRiEsss (EREsT
SMEBLAH:11H30BETICTERETA=ITEHELAKRLTEEL, (5£EI0T)
dsd@mch.pref.osaka.ip

¥ & :DSDtzF— in Kk ETEESHE EHSRX, LBAZE, KEE—)
BERB . KRFiIBFRERESEERLV 54— FEI AR 0725-56-1220(4%)

107 -



Clinical Endocrinology (2013)

doi: 10.1111/cen.12379

IMAGe syndrome: clinical and genetic implications based on
investigations in three Japanese patients

Fumiko Kato*, Takashi Hamajimat, Tomonobu Hasegawa#, Naoko Amano#, Reiko Horikawa§, Gen Nishimurad,
Shinichi Nakashima*, Tomoko Fuke**, Shinichirou Sano**, Maki Fukami** and Tsutomu Ogata*

*Department of Pediatrics, Hamamatsu University School of Medicine, Hamamatsu, Division of Endocrinology and Metabolism,
Aichi Children’s Health and Medical Center, Obu, {Department of Pediatrics, Keio University School of Medicine, §Division of
Endocrinology and Metabolism, National Center for Child Health and Development, Tokyo, YDepartment of Radiology, Tokyo
Metropolitan Children’s Medical Center, Fuchu, and **Department of Molecular Endocrinology, National Research Institute for

Child Health and Development, Tokyo, Japan

Summary

Objective Arboleda et al. have recently shown that IMAGe
(intra-uterine growth restriction, metaphyseal dysplasia, adrenal
‘hypoplasia congenita and genital abnormalities) syndrome is
caused by gain-of-function mutations of maternally expressed
gene CDKNIC on chromosome 11p15.5. However, there is no
other report describing clinical findings in patients with molecu-
larly studied IMAGe syndrome. Here, we report clinical and
molecular findings in Japanese patients.

Patients We studied a 46,XX patient aged 8-5 years (case 1) and
two 46,XY patients aged 16-5 and 15-0 years (cases 2 and 3).
Results Clinical studies revealed not only IMAGe syndrome-
compatible phenotypes in cases 1-3, but also hitherto unde-
scribed findings including relative macrocephaly and apparently
normal pituitary-gonadal endocrine function in cases 1-3, famil-
ial glucocorticoid deficiency (FGD)-like adrenal phenotype and
the history of oligohydramnios in case 2, and arachnodactyly in
case 3. Sequence analysis of CDKNIC, pyrosequencing-based
methylation analysis of KvDMRI and high-density oligonucleo-
tide array comparative genome hybridization analysis for chro-
mosome 11p15.5 were performed, showing an identical de novo
and maternally inherited CDKNIC gain-of-function mutation
(p-Asp274Asn) in cases 1 and 2, respectively, and no demonstra-
ble abnormality in case 3.

Conclusions The results of cases 1 and 2 with CDKNIC muta-
tion would argue the following: [1] relative macrocephaly is
consistent with maternal expression of CDKNIC in most tissues
and biparental expression of CDKNIC in the foetal brain; [2]
FGD-like phenotype can result from CDKNIC mutation; and
[3] genital abnormalities may primarily be ascribed to placental
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dysfunction. Furthermore, lack of CDKNIC mutation in case 3
implies genetic heterogeneity in IMAGe syndrome.

(Received 1 October 2013; returned for revision 24 November
2013; finally revised 26 November 2013; accepted 29 November
2013)

Introduction

IMAGe syndrome is a multisystem developmental disorder
named by the acronym of intra-uterine growth restriction
(IUGR), metaphyseal dysplasia and adrenal hypoplasia congenita
common to both 46,XY and 46,XX patients, and genital abnor-
malities specific to 46,XY patients." In addition to these salient
clinical features, hypercalciuria has been reported frequently in
IMAGe syndrome.™* This condition occurs not only as a spo-
radic form but also as a familial form."™ Furthermore, transmis-
sion analysis in a large pedigree has revealed an absolute
maternal inheritance of this condition, indicating the relevance
of a maternally expressed gene to the development of IMAGe
syndrome.’

Subsequently, Arboleda et al.* have mapped the causative gene
to a ~17-2-Mb region on chromosome 11 by an identity-by-des-
cent analysis in this large pedigree and performed targeted exon
array capture and high-throughput genomic sequencing for this
region in the affected family members and in other sporadic
patients. Consequently, they have identified five different mis-
sense mutations in the maternally expressed gene CDKNIC (cy-
clin-dependent kinase inhibitor 1C) that resides on the
imprinting control region 2 (ICR2) domain at chromosome
11p15.5 and encodes a negative regulator for cell proliferation.*®
Notably, all the missense mutations are clustered within a specific
segment of PCNA-binding domain, and functional studies have
implicated that these mutations have gain-of-function effects.*
Thus, IMAGe syndrome appears to constitute a mirror image
of Beckwith-Wiedemann syndrome (BWS) in terms of the
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CDKNIC function, because multiple CDKNIC loss-of-function Ethical approval and samples
mutations have been identified in BWS with no mutation shared
in common by IMAGe syndrome and BWS.**

However, several matters remain to be clarified in IMAGe
syndrome, including phenotypic spectrum and underlying mech-
anism(s) for the development of each phenotype in CDKNIC-
mutation-positive patients, and the presence or absence of
genetic heterogeneity. Here, we report clinical and molecular
findings in three patients with IMAGe syndrome and discuss Sequence analysis of CDKN1C
these unresolved matters.

This study was approved by the Institutional Review Board
Committee at Hamamatsu University School of Medicine.
Molecular studies were performed using leucocyte genomic
DNA samples of cases 1-3 and the parents of cases 1 and 2,
after obtaining written informed consent.

The coding exons 1 and 2 and their flanking splice sites were
amplified by polymerase chain reaction (PCR) (Fig. la), using

Patients and methods primers shown in Table S1. Subsequently, the PCR products were
. subjected to direct sequencing from both directions on ABI 3130
Patients autosequencer (Life Technologies, Carlsbad, CA, USA). In this

regard, if a nucleotide variation were present within the primer-
binding site(s), this may cause a false-negative finding because of
amplification failure of a mutation-positive allele. Thus, PNCA-
binding domain was examined with different primer sets. To con-
firm a heterozygous mutation, the corresponding PCR products
were subcloned with TOPO TA Cloning Kit (Life Technologies),
and normal and mutant alleles were sequenced separately.

We studied one previously described 46,XX patient (case 1)’
and two hitherto unreported 46,XY patients (cases 2 and 3). In
cases 1-3, no pathologic mutations were identified in the coding
exons and their splice cites of NR5A1 (SFI) and NROBI (DAXI)
relevant to adrenal hypoplasia,® and MC2R, MRAP, STAR and
NNT involved in familial glucocorticoid deficiency (FGD).”
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Fig. 1 Summary of molecular studies. (a) Sequence analysis of CDKNIC. CDKNIC consists of three exons (E1-E3), and the black and white boxes
denote the coding regions and the untranslated regions, respectively. CDKINIC protein is composed of 316 amino acids and contains CDK binding
domain, PAPA domain and PCNA-binding domain. The p.Asp274Asn mutation found in this study and the previous study® is shown in red. The four
mutations written in black have also been identified in IMAGe syndrome.* The plle272Ser mutation written in green has been detected in atypical
IMAGe syndrome lacking skeletal lesion,” and the pArg279Leu mutation written in blue has been found in SRS.** Electrochromatograms denote a de
novo p.Asp274Asn mutation in case 1 and a maternally inherited p.Asp274Asn mutation in case 2. (b) Methylation analysis of KvDMR1 at the ICR2
domain. The cytosine residues at the CpG dinucleotides are unmethylated after paternal transmission (open circles) and methylated after maternal
transmission (filled circles). KCNQIOTI is a paternally expressed gene, and KCNQI and CDKNIC are maternally expressed genes. The six CpG
dinucleotides (CG1—+CG6) examined by pyrosequencing are highlighted with a yellow rectangle, and the positions of PyF & PyR primers and SP are
shown by thick arrows and a thin arrow, respectively. A pyrogram of case 3 is shown. (c) Array CGH analysis for chromosome 11p15.5 encompassing
the ICR2 domain in case 3. A region encompassing KvDMR1 and CDKNIC is shown. Black, red and green dots denote signals indicative of the
normal, the increased (>+0-5) and the decreased (<—1-0) copy numbers, respectively. Although several red and green signals are seen, there is no
portion associated with >3 consecutive red or green signals.

© 2013 John Wiley & Sons Ltd
Clinical Endocrinology (2013), 0, 1-8
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Methylation analysis of KvDMR1 and array CGH analysis
for chromosome 11p15.5

Increased expression of CDKNIC, as well as gain-of-function
mutations of CDKNIC, may lead to IMAGe syndrome. Such
increased CDKNIC expression would occur in association with
hypermethylated KvDMR1 (differentially methylated region 1) at
the ICR2 domain, because CDKNIC is expressed when the cis-
situated KvDMRI1 is methylated as observed after maternal
transmission and is repressed when the cis-situated KvDMRI is
unmethylated as observed after paternal transmission.” Thus, we
performed pyrosequencing analysis for six CpG dinucleotides
(CG1-CG6) within KvDMR1, using bisulphite-treated leucocyte
genomic DNA samples (Fig. 1b). In brief, a 155-bp region was
PCR-amplified with a primer set (PyF and PyR) for both methy-
lated and unmethylated clones, and a sequence primer (SP) was
hybridized to single-stranded PCR products (for PyF, PyR and
SP sequences, see Table S1). Subsequently, methylation index
(ML, the ratio of methylated clones) was obtained for each CpG
dinucleotide, using PyroMark Q24 (Qiagen, Hilden, Germany).
To define the reference ranges of Mls, 50 control subjects were
similarly studied with permission.

Increased CDKNIC expression may also result from a copy
number gain of the maternally inherited ICR2 domain. Thus, we
-performed high-density array CGH (comparative genomic
hybridization) using a custom-build 33 088 oligonucleotide
probes for chromosome 11pl5.5 encompassing the ICR2
domain, together with ~10 000 reference probes for other chro-
mosomal regions (Agilent Technologies, Santa Clara, CA, USA).
The procedure was carried out as described in the manufac-
turer’s instructions. '

Resulis

Clinical findings

Detailed clinical findings are shown in Table 1. Cases 1-3 exhib-
ited characteristic faces with frontal bossing, flat nasal root, low
set ears and mild micrognathia, as well as short limbs. They had
IUGR and postnatal growth failure. Notably, while birth and
present length/height and weight were severely compromised,
birth and present occipitofrontal circumference (OFC) were rela-
tively well preserved. Radiological examinations revealed general-
ized osteopenia, delayed bone maturation and metaphyseal
dysplasia with vertical sclerotic striations of the knee in cases
1-3, slender bones in cases 1 and 2, scoliosis in cases 2 and 3,
arachnodactyly in case 3 and broad distal phalanx of the thumbs
and great toes in case 2 (Fig. 2). Cases 1 and 3 experienced
adrenal crisis in early infancy and received glucocorticoid and
mineralocorticoid supplementation therapy since infancy. Case 2
had transient neonatal hyponatremia and several episodes of
hypoglycaemia without electrolyte abnormality in childhood and
was found to have hypoglycaemia and hyponatremia without
hyperkalemia when he had severe viral gastroenteritis at
15-5 years of age. Thus, an adrenocorticotropic hormone stimu-
lation test was performed after recovery from gastroenteritis,

© 2013 john Wiley & Sons Ltd
Clinical Endocrinology (2013), 0, 1-8
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revealing poor cortisol response. Thereafter, he was placed on
glucocorticoid supplementation therapy. As serum electrolytes
were normal, mineralocorticoid supplementation therapy was
not initiated. Genital abnormalities included cryptorchidism and
small testes in cases 2 and 3, and hypospadias in case 3. How-
ever, pituitary-gonadal endocrine function was apparently nor-
mal in cases 1-3. Urine calcium secretion was borderline high or
increased in cases 1-3, although serum calcium and calcium
homeostasis-related factors were normal. In addition, feeding
difficulties during infancy were observed in cases 1 and 2, but
not in case 3, and oligohydramnios was noticed during the preg-
nancy of case 2. There was no body asymmetry in cases 1-3.
Thus, clinical studies in cases 1-3 revealed not only IMAGe syn-
drome-compatible phenotypes, but also hitherto undescribed
clinical finding (Table 2).

Sequence analysis of CDKN1C

A heterozygous identical missense mutation (c.820G>A,
p.-Asp274Asn) was identified in cases 1 and 2 (Fig. 1a). This
mutation occurred as a de novo event in case 1 and was inher-
ited from the phenotypically normal mother in case 2. No
demonstrable mutation was identified in case 3.

Methylation analysis of KyDMR1 and array CGH analysis
for chromosome 11p15.5

The MIs for CG1-CG6 were invariably within the normal range
in cases 1-3 (Fig. 1b), and no discernible copy number alter-
ation was identified in cases 1-3 (Fig. 1c). The results excluded
maternal uniparental disomy involving KvDMR1, hypermethyla-
tion (epimutation) of the paternally inherited KvDMRI1 and
submicroscopic duplication involving the maternally derived
ICR2 domain, as well as submicroscopic deletion affecting the
paternally derived ICR2 domain.

Discussion

CDKN1C mutations in IMAGe syndrome

We identified a heterozygous CDKNIC missense mutation
(Asp274Asn) in cases 1 and 2. This mutation has previously
been detected in a patient with IMAGe syndrome.* Furthermore,
de novo occurrence of the mutation in case 1 argues for the
mutation being pathologic, and maternal transmission of the
mutation in case 2 is consistent with CDKNIC being a mater-
nally expressed gene. Thus, our results provide further evidence
for specific missense mutations of CDKNIC being responsible
for the development of IMAGe syndrome.

Clinical features in CDKN1C-mutation-positive cases 1
and 2

Several matters are noteworthy with regard to clinical findings
in CDKNIC-mutation-positive cases 1 and 2. First, although
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Table 1. Clinical findings of cases 1-3

Glucocorticoid therapy
Mineralocorticoid therapy

Genital abnormality
Examined age (year)
Hypospadias
Cryptorchidism
Micropenis

Yes (since 2 months)
Yes (since 2 months)

85

Yes (since 15-5 years)
No

165
No
Yes (B) (operated at 2 years)
No

Case 1* Case 2 Case 3
Karyotype 46,XX 46,XY 46,XY
Present age (year) 85 165 15-0
Characteristic face Yes Yes Yes
Pre- and postnatal growth
Gestational age (week) 35 37 38
Birth length (cm) (SDS) 37-0 (—3-5) 40-0 (—4-0) 41-0 (—4-3)
Birth weight (kg) (SDS) 1-34 (—2:9) 203 (—3-5) 171 (=3-4)
Birth OFC (cm) (SDS) 30-7 (—0-3) 32.0 (-0-9) 33.0 (—0-1)
Birth BMI (kg/m?) (percentile) 9.8 (<3) 12-7 (50) 10-1 (<3)
BMI (kg/m?) at 2 years of age (SDS) 142 (—1-8) 13-0 (—3-4) Unknown
Present height (cm) (SDS) 92-8 (—62) 124.7 (-7-8) 1352 (-51)
Present weight (kg) (SDS) 16-0 (—1-9) 25-4 (—3-5) 30-4 (—2-6)
Present OFC (cm) (SDS) 52-0 (~0-2) 53.0 (—2-5) Unknown
Present BMI (kg/m®) (SDS) 18-6 (+1-6) 16-3 (—2-6) 16-6 (—1.7)
Skeletal abnormality
Examined age (year) 5-5 16:5 150
Generalized osteopenia Yes Yes Yes
Delayed maturation Yes Yes Yes
Metaphyseal dysplasia Yes Yes Yes
Slender bones Yes Yes No
Scoliosis No Yes Yes
Arachnodactyly No No Yes
~ Broad thumbs & big toes No Yes No
Adrenal dysfunction
Examined age (year) 0-1 (39 days) 155 0-5 {6 months)
before therapy
MRI/CT Undetectable Undetectable Undetectable
ACTH (pg/ml) 9010 [19-9 + 8-8] 427 (229 + 62] >1000 [22-9 £ 6-2]
Cortisol (pg/dl) 8-4 [8-3 &+ 3-4] 69 [9:5 4 2.9] <1.0 [9-5 £ 2.9]
After ACTH stimulationt N.E. 9-4 [>20] <1-0 [> 20]
Plasma renin activity (ng/ml/h) N.E. 60 [1-0 £ 0-1] >25 [1-01 & 0-14]
Active renin concentration (pg/ml) 21 400 [2-5-21-4] N.E. N.E.
Aldosterone (ng/dl) 69 [9-7 + 4.5] 52 [85 + 1-4] 4.1 [74 £ 2.2]
Na (mEq/l) 122 {135-145] 141 (1271) [135-145] 126 [135-145]
K (mEg/l) 8-0 [3-74-8] 4.2 (4-01) [3-7-4-8] 6-5 [3-7-4-8]
Cl (mEq/1) 86 [98-108] 103 (98%) [98-108] 89 [98-108]

Yes (since 6 months)
Yes (since 6 months)

150

Yes (operated at 2 years)
Yes (operated at 2 years)
No

Testis size (R & L) (ml) - 5 & 8 [13-20] 4 & 10 [11-20]

Pubic hair (Tanner stage) 1 [10-0 & 1.4 years]§ 4 [14-9 % 0.9 years]q 4 [14-9 & 0-9 years]]

LH (mIU/ml) <0-1 [<0-1-1-3] 3-9 {0-2-7-8] 4.8 [0-2-7-8]

After GnRH-stimulation™* 3.5 [1-64-8] N.E. N.E.

FSH (mlU/ml) 0-7 [<0-1-5-4] 4-2 [0-3-18-4] 17-6 [0-3-18-4]

After GnRH-stimulation** 12-0 [10-7-38-1] N.E. N.E.

Testosterone (ng/ml) - 4-3 [1.7-8.7] 3.7 [1.7-87]
Calcium metabolism

Examined age (year) 85 165 150

Calcium (mg/dl) 9.7 [8-8-10-5] 9.2 [8:9-10-6] 9-8 [8-9-10-6]

Inorganic phosphate (mng/dl) 3.9 [3-7-5-6] 4.6 {3-1-5-0] 3-8 [3-2-5-1]

Alkaline phosphatase (JU/) 458 [343-917] 623 [225-680] 309 [225-680}]

Intact PTH (pg/ml) 23 [10-65) 43 [10-65] 28 {10-65]

PTHrP (pmol/l) N.E. <1-1 [<1-1] N.E.

(continued)
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Table 1. (continued)

Case 1* Case 2 Case 3
1,25(0OH), vitamin D (pg/ml) 50 [13-79] 67 [13-79] 50 [13-79]
Urine calcium/creatinine 0-82 [<0-25] 0-24 [<0-25] 0-44 [<0-25]
ratio (mg/mg)
%TRP 92 [80-96] 95 [80-96] 94 [80-96]
Others Feeding difficulties Feeding difficulties
Oligohydramnios

SDS, standard deviation score; OFC, occipitofrontal circumference; BMI, body mass index; MRI, magnetic resonance imaging; CT, computed tomogra-
phy; ACTH, adrenocorticotropic hormone; R, right; L, left; LH, luteinizing hormone; FSH, follicle-stimulating hormone; GnRH, gonadotropin-releasing
hormone; PTH, parathyroid hormone; PTHrP, PTH-related protein; TRP, tubular reabsorption of phosphate; N.E., not examined; and B, bilateral.
Biochemical values indicate basal blood values, except for those specifically defined.

Birth and present length/height, weight, OFC and BMI have been assessed by sex- and gestational- or age-matched Japanese reference data reported in
the literature’™*” and in the Ministry of Health, Labor, and Welfare Database (http://www.e-stat.go.jp/SG1/estat/GL02020101.do).

The values in brackets represent age- and sex-matched reference values in Japanese children.”®

The conversion factor to the SI unit: 0-220 for ACTH (pmol/l), 27-6 for cortisol (nmol/l), 0-028 for aldosterone (nmol/l), 3-46 for testosterone (nmol/l),
0-25 for calcium (nmol/l), 0-323 for inorganic phosphate (nmol/l), 0-106 for intact PTH (pmol/l), 2-40 for 1,25(OH), vitamin D (pmol/l) and 1-0 for
plasma renin activity (pug/l/h), active renin concentration (ng/l), Na (nmol/l), K (nmol/l), Cl (nmol/), LH (1U/l), FSH (1U/D), alkaline phosphatase
(1U/1) and PTHrP (pmol/).

*Clinical findings before 3 years of age have been reported previously.”

tACTH 0-25 mg bolus i.v.; blood sampling at 60 min.

tElectrolyte values at the time of severe gastroenteritis; other biochemical data in reference to adrenal dysfunction were obtained after recovery from
gastroenteritis and before glucocorticoid supplementation therapy.

§Reference age for Tanner stage 2 breast development in Japanese girls.”
“9Reference age for Tanner stage 4 pubic hair development in Japanese boys.””

**GnRH 100 ug/m2 bolus i.v.; blood sampling at 0, 30, 60, 90, and 120 min.

Table 2. Summary of clinical features of cases 1-3

Case 1 Case 2 Case 3
CDKNIC mutation Yes Yes No
Previously reported IMAGe syndrome-compatible phenotype
IUGR Yes Yes Yes
Metaphyseal dysplasia Yes Yes Yes
Adrenal hypoplasia Yes* Yes* Yes*
Genital abnormality (Female) Yes Yes
Hypercalciurat Yes No Yes
Hitherto undescribed findings
Body habitus Relative macrocephaly Relative macrocephaly Relative macrocephaly
Skeletal Arachnodactyly
Lack of slender bones
Adrenal ) FGD-like phenotype with no
obvious mineralocorticoid deficiency
Genital Apparently normal Apparently normal pituitary-gonadal Apparently normal
 pituitary-gonadal endocrine function pituitary-gonadal
endocrine function endocrine function
Others Feeding difficulties Feeding difficulties Oligohydramnios

1UGR, intrauterine growth retardation; and FGD, familial glucocorticoid deficiency.
*Undetectable on magnetic resonance imaging and/or computed tomography.
fFrequent but not invariable feature.

pre- and postnatal body growth was severely impaired, pre- and brain.'® This expression pattern would be relevant to the relative
postnatal OFC was relatively well preserved. In this regard, while macrocephaly in IMAGe syndrome. Notably, the combination of
CDKNIC is preferentially expressed from the maternal allele in severely compromised body growth and well-preserved OFC is
most tissues, it is biparentally expressed at least in the foetal also characteristic of Silver—Russell syndrome (SRS) resulting’

© 2013 John Wiley & Sons Ltd
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from HI19-DMR hypomethylation (epimutation),"* and this is
primarily consistent with paternal expression of the growth-pro-
moting gene IGF2 in the body and biparental expression of
IGF2 in the brain."* Thus, loss-of-imprinting in the brain tissue
appears to underlie relative macrocephaly in both IMAGe syn-
drome and SRS.

Second, skeletal abnormalities including metaphyseal dysplasia
were identified in cases 1 and 2. In this regard, skeletal pheno-
type of mice lacking Cdknlc is grossly opposite of parathyroid
hormone-related protein (PTHrP)-null phenotype,'!* and
PTHrP permits skeletal development at least in part by suppress-
ing Cdknlc expression.'® Thus, while serum calcium and calcium
homeostasis-related factors were normal in cases 1 and 2, dys-
regulated PTHrP and/or PTH/PTHrP receptor signalling might
be relevant to skeletal abnormalities in patients with gain-of-
function mutations of CDKNIC. In addition, such a possible
signalling defect might also be relevant to the frequent occur-
rence of hypercalciuria in IMAGe syndrome.

Third, adrenal dysfunction was mild in case 2, while case 1
experienced adrenal crisis in infancy as previously reported in
patients with CDKNIC mutations."”* Indeed, adrenal pheno-
type of case 2 is similar to that of patients with FGD rather than
adrenal hypoplasia.*® Our results therefore would expand the
clinical spectrum of adremal dysfunction in patients with
CDKNIC mutations. For adrenal dysfunction, cortisol and aldo-
sterone values remained within the normal range at the time of
adrenal crisis in case 1 (Table 1). However, as adrenocorticotro-
pic hormomne and active renin concentrations were markedly

Case 3 ot 180 vems ol e

Fig. 2 Representative skeletal roentgenograms in
cases 1-3.

increased, the overall results would be consistent with primary
hypoadrenalism, as has been described previously.'® This notion
would also apply to the adrenal dysfunction in case 3 who had
apparently normal aldosterone value and markedly increased
plasma renin activity at the time of adrenal crisis.

Lastly, although male case 2 had bilateral cryptorchidism and
small testes, pituitary-gonadal endocrine function was appar-
ently normal as was secondary sexual development. Previously
reported patients with CDKNIC mutations, as well as those
who have not been examined for CDKNIC mutations, also
have undermasculinized external genitalia in the presence of
apparently normal endocrine function and pubertal develop-
ment."™!7!® Notably, an episode of oligohydramnios was
found in case 2 and has also been described in a 46,XY IMAGe
syndrome patient with cryptorchidism.'” This may imply the
presence of placental hypoplasia and resultant chorionic gona-
dotropin deficiency as an underlying factor for genital anoma-
lies."" In support of this notion, imprinted genes are known to
play a pivotal role in body and placental growth,® and SRS is
often associated with oligohydramnios, placental hypoplasia and

undermasculinization.!"*!

Genetic heterogeneity in IMAGe syndrome

Molecular data in case 3 imply the presence of genetic heterogene-
ity in IMAGe syndrome. Indeed, there was neither demonstrable
CDKNIC mutation nor evidence for increased CDKNIC expres-
sion, while a pathologic mutation leading to gain-of-function or

© 2013 John Wiley & Sons Ltd
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increased expression of CDKNI1C might reside on an unexamined
region(s) such as promoter or enhancer sequences. In this regard,
while case 3 showed IMAGe syndrome-compatible clinical fea-
tures such as IUGR, metaphyseal dysplasia, adrenal hypoplasia
and genital abnormalities, case 3 lacked slender bones and had
arachnodactyly, in contrast to CDKNIC-mutation-positive cases 1
and 2. Such mild but discernible phenotypic variation might
reflect the genetic heterogeneity. This matter might be clarified in
the future by extensive studies such as exome or whole-genome
sequencing. In particular, when such CDKNI1C-mutation-negative
patients with IMAGe syndrome-compatible phenotype have been
accumulated, a novel gene(s) mutated in such patients may be
identified. In this regard, if such a gene(s) exist, it is predicted to
reside in the signal transduction pathway involving CDKNIC.

Relevance of CDKN1C mutations to atypical IMAGe
syndrome and SRS

CDKNIC mutations have also been identified in atypical IMAGe
syndrome and SRS (Fig. la). Hamajima et gl. revealed a mater-
nally inherited p.lle272Ser mutation in three siblings (two males
and one female) who manifested IUGR and adrenal insuffi-
ciency, and male genital abnormalities, but had no skeletal
lesion.”? Similarly, Brioude ef al. found a maternally transmitted
p-Arg279Leu mutation in six relatives (all females) from a four-
generation family who satisfied the SRS diagnostic criteria,”**
after studying 97 SRS patients without known causes of SRS,
that is, hypomethylation (epimutation) of the H19-DMR, dupli-
cation of the ICR2 and maternal uniparental disomy for chro-
mosome 7 (upd(7)mat).** Notably, although both mutations
had no significant effect-on a cell cycle, they were associated
with increased protein stability that appears to be consistent
with the gain-of-function effects.”** Such increased stability
was also found for IMAGe-associated missense mutant
proteins,”® and an altered cell cycle with a significantly higher
proportion of cells in the G1 phase was shown for an IMAGe-
associated p.Arg279Pro mutation.?! It is possible therefore that
relatively severe CDKNIC gain-of-function effects lead to
IMAGe syndrome and relatively mild CDKNIC gain-of-function
effects result in SRS, with intermediate CDKNIC gain-of-func-
tion effects being associated with atypical IMAGe syndrome.*

Thus, it would not be surprising that cases 1-3 also met the
SRS diagnostic criteria (Table 3).”** Indeed, cases 1-3, as well
as CDKNIC-mutation-positive SRS patients,”® exhibited pre-
and post-natal growth failure with relative macrocephaly and
frequently manifested feeding difficulties and/or low body mass
index (BMI) at two years of age. However, while relative macro-
cephaly is usually obvious at birth in SRS patients with HI19-
DMR epimutations and upd(7)mat,**>* it is more obvious at
2 years of age than at birth in CDKNIC-mutation-positive SRS
patients.”*  Furthermore, ~CDKNIC-mutation-positive SRS
patients are free from body asymmetry,** as are typical and
atypical IMAGe syndrome patients described in this study and
in the previous studies.”™*”** Thus, SRS caused by CDKNIC
mutations may be characterized by clinically discernible macro-
cephaly at two years of age and lack of body asymmetry.

© 2013 John Wiley & Sons Ltd
Clinical Endocrinology (2013), 0, 1-8
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Table 3. Silver—Russell syndrome phenotypes in cases 1-3 and in
affected relatives reported by Brioude et al.

Case 1 Case2 Case3 Brioude et al.*

Mandatory criteria

IUGRY Yes Yes Yes 4/4
Scoring system criteria

Postnatal short Yes Yes Yes 4/4
stature (<—2 SDS)

Relative macrocephalyf  Yes Yes Yes 4/4§

Prominent forehead Yes Yes Yes 4/4
during early childhood

Body asymmetry No No No 0/4

Feeding difficulties Yes Yes Unknown 3/4
during early (1/4 & 2/4)§
childhood and/or
low BMI

(<—2-0 SDS) around
2 years of age

IUGR, Intrauterine growth retardation; SDS, standard deviation score;
and BMI, body mass index.

The SRS diagnostic criteria proposed by Netchine ef al”® and Brioude
et al** (low BMI around 2 years of age is included in Brioude et al., but
not in Netchine et gl): The diagnosis of SRS is made, when mandatory
criteria plus at least three of the five scoring system criteria are observed.
For detailed clinical features in cases 1-3, see Table 1.

*While six relatives were found to have CDKNIC mutation, detailed
clinical features have been obtained in four mutation-positive relatives.?*
1Birth length and/or birth weight <—2 SDS for gestational age.

$SDS for birth length or birth weight minus SDS for birth occipitofron-
tal circumference <—1-5.

§Relative macrocephaly is more obvious at 2 years of age (4/4) than at
birth (2/4).

9One patient is positive for feeding difficulties, and other two patients
are positive for low BML

Conclusion

In summary, we studied three patients with IMAGe syndrome.
The results provide implications for phenotypic spectrum,
underlying factor(s) in the development of each phenotype and
genetic heterogeneity in IMAGe syndrome, as well as a pheno-
typic overlap between IMAGe syndrome and SRS. Further stud-
ies will permit to elucidate such matters.
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Critical role of Yp inversion in PRKX/PRKY-mediated Xp;Yp
translocation in a patient with 45,X testicular disorder of
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Abstract. 45,X testicular disorder of sex development (TDSD), previously known as 45,X maleness, with unbalanced
Xp;Yp translocation is an extremely rare condition caused by concomitant occurrence of loss of an X chromosome of
maternal origin and an aberrant Xp; Yp translocation during paternal meiosis. We identified a Japanese male infant with an
apparently 45,X karyotype who exhibited chondrodysplasia punctata and growth failure. Cytogenetic analysis revealed a
45,X.ish derCOUX;Y)(p22.33;p11.2)(DXZ1+,SRY+) karyotype. Array comparative genome hybridization analysis
showed a simple Xp terminal deletion involving SHOX and ARSE with the breakpoint just centromeric to PRKX, and an
apparently complex Yp translocation with the middle Yp breakpoint just telomeric to PRKY and the centromeric and the
telomeric Yp breakpoints around the long inverted repeats for the generation of a common paracentric Yp inversion.
Subsequently, a long PCR product was obtained with an X-specific and a Y-specific primers that were designed on the
assumption of the presence of a Yp inversion that permits the alignment of PRKX and PRKY in the same direction, and the
translocation fusion point was determined to reside within a 246 bp X-Y homologous segment at the “hot spot A” in the 5’
region of PRKX/PRKY, by sequential direct sequencing for the long PCR product. These results argue not only for the
presence of rare 45,X-TDSD with Xp; Yp translocation, but also for a critical role of a common paracentric Yp inversion in

the occurrence of PRKX/PRKY-mediated unbalanced Xp;Yp translocation.

Key words: 45X testicular DSD, Xp;Yp translocation, PRKX/PRKY, Yp inversion

45,X TESTICULAR DISORDER of sex development
(TDSD) (previously known as 45,X maleness) with
unbalanced Xp;Yp translocation is an extremely rare
condition caused by concomitant occurrence of loss
of an X chromosome of maternal origin and an aber-
rant Xp;Yp translocation during paternal meiosis [1, 2].
To our knowledge, this condition has been documented
only in two patients [1, 2], although another 45,X-TDSD
patient with apparent mosaicism for normal X chromo-
some and abnormal der(X)t(Xp;Yp) chromosome har-
boring SRY has also been documented [3].

For the unbalanced Xp;Yp translocation, previous
studies in patients with SRY-positive 45,X-TDSD and
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46,XX-TDSD (previously known as 46,XX maleness)
and in those with SRY-negative 46,XY gonadal dys-
genesis (previously known as 46, XY femaleness) have
indicated the frequent occurrence of aberrant transloca-
tions between the homologous genes PRKX and PRKY
[4-7]. In particular, most PRKX/PRKY-mediated trans-
locations have taken place at two hot spots, i.e., the “hot
spot A” at the 5” sequence that shares 97% sequence
similarity over 1.7 kb and even 98.7% sequence sim-
ilarity over 1.2 kb and the “hot spot B” around the
C-terminal coding region that shares 90% sequence
similarity over 2 kb and even 96% sequence similar-
ity over 1 kb [S]. In this regard, although such translo-
cations are predicted to occur when PRKX and PRKY
are aligned in the same direction, PRKX and PRKY are
usually oriented in a reverse direction. However, PRKX
and PRKY are aligned in the same direction in a sub-
group of males with a common ~3.5 Mb paracentric Yp
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inversion probably caused by a homologous recombina-
tion between ~300 kb long inverted repeats [7, 8]. It has
been suggested, therefore, that PRKX/PRKY-mediated
translocations are prone to occur in Yp inversion posi-
tive males [7, 9].

Here, we report a 45,X-TDSD patient with Xp;Yp
translocation. Cytogenetic and molecular studies in
this patient argue not only for the presence of rare 45,X-
TDSD with Xp;Yp translocation, but also for a critical
role of a common paracentric Yp inversion in the occur-
rence of PRKX/PRKY-mediated unbalanced Xp;Yp
translocation.

Case Report
Patient ‘

This Japanese patient was referred to Kurume
University Hospital at 28 weeks of gestation because
of intrauterine growth retardation and mild short limbs
that were identified by routine fetal ultrasound exami-
nations. Subsequent pregnant course was uneventful,
although he remained small for gestational age. The
non-consanguineous parents were clinically normal.

He was born at 38 weeks of gestation after an uncom-
plicated vaginal delivery.- His birth length was 40.2 cm
(3.4 SD), birth weight 2.29 kg (2.2 SD), and birth
occipitofrontal circumference (OFC) 28.8 cm (-3.0
SD). Physical examination revealed relatively short
limbs and depressed nasal bridge. External genita-
lia were well masculinized. There were no discernible
Turner syndrome soft tissue and visceral features, such
as webbed neck, lymphedema, and cardiovascular and
renal lesions. Radiological studies showed atlantoaxial
subluxation and stippled calcifications at the bilateral
proximal humeri, proximal femur, proximal tibias, and
ankles, and neonatal audiometry tests revealed hearing
loss (right 50 dB, left 80 dB). Thus, he was diagnosed
as having X-linked recessive chondrodysplasia punc-
tata (CDPX1). On the last examination at six months of
- age, he manifested severe growth failure, with a length
of 55.7 cm (-5.0 SD), a weight of 5.20 kg (-3.1 SD),
and an OFC 0f41.0 cm (-1.8 SD).

Cytogenetic studies

G-banding analysis was performed at a 550-band
resolution level, indicating a 45,add(X)(p22.33) karyo-
type in all the 50 lymphocytes examined. Fluorescence
in situ hybridization analysis delineated positive signals
for DXZ1 and SRY on the same chromosome in all the
200 metaphases examined. Thus, his karyotype was

Nakashima ef al.

determined as 45,X.ish der(X)(X;Y)(p22.33;p11.2)
(DXZ1+,SRY+). Parental karyotypes were apparently
normal.

Array comparative genome hybridization analysis (CGH)

Oligonucleotide-based array CGH was performed for
leukocyte genomic DNA, using (1) the Agilent G4447A
Sure Print G3 Human CGH 1X1M Oligo Microarray
kit containing 1 million catalog probes for the whole
genome (Agilent Technologies, Santa Clara, CA, USA);
and (2) a custom-build array containing 857,877 probes
for the X-differential region and 54,388 probes for
the Y-differential region, as well as ~10,000 reference
probes for other chromosomal region. The procedure
was as described in the manufacturer’s instructions.

Array CGH showed a ~3,670,000 bp simple Xp ter-
minal deletion involving SHOX and ARSE, with the
breakpoint around the PRKX “hot spot A”, and an appar-
ently complex Yp translocation involving a ~6,120,000
bp terminal Yp region and a ~2,590,000 bp region
between ~7,100,000 bp and ~9,690,000 bp from the
Yp telomere, with the middle Yp breakpoint around the
PRKY “hot spot A” (Fig. 1). Furthermore, the centro-
meric and the telomeric Yp breakpoints resided around
the long inverted repeats for the common ~3.5 Mb par-
acentric Yp inversion [8]. These findings indicated that
the paternal Y chromosome was accompanied by a par-
acentric Yp inversion, and that the SRY-positive X chro-
mosome was generated by a simple Xp;Yp transloca-
tion at the PRKX/PRKY “hot spot A”.

Determination of the translocation fusion point

To determine the translocation fusion point, we first
performed PCR analysis using multiple primers for
Xp-specific and Yp-specific loci around the breakpoints
indicated by array CGH (Table 1). The Xp breakpoint
was localized to a ~2,000 bp region between XPBP3
and XPBP4 (XPBPI-XPBP4 were first designated in
this study). While the results of Y-specific loci were
apparently complex, they were interpreted as indica-
tive of a single Yp breakpoint at a ~337,000 bp region
between PRKY and TBL1Y, on the assumption of the
presence of a paracentric Yp inversion (Fig. 2A).

Subsequently, long PCR was carried out using multiple
primer sets for the localized Xp and Yp breakpoint seg-
ments, and a ~5.4 kb long PCR product was obtained with
an Xp-specific primer and a Yp-specific primer (Table 2).
Finally, direct sequencing was sequentially performed for
the long PCR product, and the translocation fusion point

- 117 -



Xp; Yp translocation and inv(Y) 1331

A X chromosome

52
+1

,_; . . 3 . ; 3 #9L 3 g :
B " Referance: male =ity

PREX  Breakpoint

B Ychromosome

Reference:female _—

Heference: male

Braakpoint F’?(Y

Breakpoint

Fig. 1 Representative results of array CGH analysis. The black, the red, and the green dots denote signals indicative of the normal, the
increased (> +0.5), and the decreased (< —1.0) copy numbers, respectively.
(A) A simple Xp terminal deletion with the breakpoint just centromeric to PRKX. An X-differential region encompassing the
breakpoint is magnified. The red arrow indicates the transcriptional direction of PRKX. The data have been obtained with a custom-
build high density probes for the X-differential region, using a genomic DNA sample from a normal male as a reference. The
deleted region is highlighted with light blue.
(B) An apparently complex Yp translocation with the middle breakpoints just telomeric to PRKY. The blue arrow indicates the
transcriptional direction of PRKY. The upper and the middle array findings have been obtained with 1 million catalog probes for the
whole genome, using genomic DNA samples from a normal male and a normal female as references, and the lower array finding
have been obtained with a custom-build high density probes for the Y-differential region, using a genomic DNA sample from a
normal male as a reference. The data indicate the presence of two Y-differential regions (highlighted with light orange) and the
absence of the remaining Y-differential region including a small region between the two positive Y-differential regions (highlighted
with light yellow), as well as the single copies of the short arm and long arm pseudoautosomal regions (PAR1 and PAR2).
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Table 1 Primers utilized in the localization of the translocation fusion point.

Locus (STS) Forward Reverse Amplified segment® AT Results
X-specific locus

XPBP1 GCTGTCTCCCATTCCTGAGA GCCCTCACCAGACACTGAAT 3,663,463 ~3,663,700bp 58 -
XPBP2 CCATGCACTCTTGCTGGTAA CGTGCATTAAATGTGATCGTG 3,665,692 ~3,665904bp 58 -
XPBP3 GGGTGGTTAGTGTGACCCAG ACAATGAGCTGCCTCCCAAA 3,671,443 ~3,671,599bp 58 -
XPBP4 CCCTTCCCTCCCTTCCTTCT GAATGGGCACGAAAATCATGCT  3,673,439~3,673,639bp 58  +
Y-specific locus

SHGC-79134 TATCTTTGTTTCTTGCAGCGTG  TGGAAGTGGGAGTGGAGATAAA 6,104,095 ~6,104376bp 60  +
G65838 (sY605) ACCTCCGAAGACTGAACCAG CCCTTGAGTCCACAGAGTCC 6,616,473 ~6,61,6751bp 58  —
AMELY (sY276) CCTACCGCATCAGTGAATTTC TCTGTATGTGGAGTACACATGG 6,736,679 ~ 6,736,894bp 58 -~
TBLI1Y (sY2228) CTCTGTGTCACCCCCTGC GGAGAAAAGGAAAAGAGCCAGTA 6,910,077 ~6,910300bp 58  —
PRKY (sY1817) -GGAGCTAGAAGGAAAAGCATGA GGCTGGAGGCTGATCATGAT 7,246,851 ~7.247,177bp 60  +
G66267 (sY2183) CCGTGGAGTGCTACACAGAC TGCTTATGATTATGGCCTCCA 8,668,480 ~8,668,754bp 60  +
TTTY20 (sY1249) ACATGGGATCACAGGCTACC TITTTGAGGGACTTTCAGCTTC 9,170,480 ~9,170945bp 60  +
G75495 (sY1250) TTTTTCTAACCTTGCCTGCG TGCAGAGAAGCAGCCTACAA 9,399,782 ~9,400274bp 60  +
G75489 (sY1243) ATCTGCACACTTGGGTAGGC GAGGAAATGCAGAATTTGGG 9465,779~9,466271bp 60  +
G75490 (sY1244) GCTACTTGTGAATCACGCCA TGCATATTTCGAAGCATTGTC 9,756,903 ~9,757,402bp 58 -

XPBP1-XPBP4 are named in this study and loci and the corresponding primers
2 Physical length from the Xp/Yp telomere (according to GRCh37). AT: annealing temperature (°C)
The (+) and (-) symbols represent the presence and the absence of the examined loci, respectively.

was determined to reside within a 246 bp homologous
segment at the PRKX/PRKY “hot spot A”, by sequencing
with the primers shown in Table 2 (Fig. 2B).

Discussion

We identified a 45,X-TDSD patient with Xp;Yp
translocation. To our knowledge, this is the third case
with this condition. Consistent with such rarity, the
frequency of 45,X-TDSD with Xp;Yp translocation has
been estimated as ~1 of 6x107 livebirths, on the basis
of the prevalence of loss of maternally derived X chro-
mosome and that of aberrant Xp;Yp translocation dur-
ing paternal meiosis [1].

The precise Xp;Yp translocation fusion point was
determined to reside within a 246 bp segment at the
“hot spot A”. Although the precise structure of the
paternal Y chromosome was not examined because of
his refusal for genetic studies other than G-banding,
the results argue for the occurrence of aberrant trans-
location between a normal X chromosome and a Y
chromosome with a paracentric Yp inversion involv-
ing PRKY during paternal meiosis (Fig. 24) [7, 9,
10]. Thus, the results would provide further support
for the notion that a paracentric Yp inversion consti-
tute an underlying factor for the generation of PRKX/
PRKX-mediated Xp;Yp translocation [7]. In addi-
tion, the common ~3.5 Mb Yp inversion mediated by
long inverted repeats appears to be present in a certain

fraction of Japanese males as well as in ~one-third of
European males [7, 8].

Precise Xp; Yp translocation fusion points have been
determined at least in a single 45,X-TDSD patient and
seven 46,XX-TDSD patients of European origin [4-6],
although the presence of a paracentric Yp inversion
has been shown in only one of the eight patients [6, 7].
Notably, the fusion points reside at the “hot spot A” in
six of the eight patients and at the “hot spot B” in the
remaining two patients [4-6]. Furthermore, the fusion
point at the “hot spot A” appears to be identical in our
patient and four of the six patients reported in the lit-
erature [5, 6]. Thus, the 246 bp homologous segment
would be regarded as the “remarkable hot spot” for the
unbalanced Xp;Yp translocations in males with a para-
centric Yp inversion.

The genetic findings are primarily consistent with
clinical phenotypes of this patient. Indeed, male sex
development is compatible with the presence of SRY
[11], CDPX1 phenotype (e.g., stippled calcifications,
depressed nasal bridge, and hearing loss) is ascribed
to loss of ARSE [12], and growth failure and relatively
short limbs are explainable by SHOX haploinsuffi-
ciency and chromosome imbalance as well as loss of
ARSE [12-14]. Although this patient had no Turner-
like soft tissue and visceral features, this would also
be compatible with the structure of the der(X) chro-
mosome. It has been suggested that such soft tissue
and visceral features are deformational consequences
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Fig. 2 PRKX-PRKY-mediated translocation in the presence of a paracentric Yp inversion.

(A) Schematic representation of the aberrant translocation. The yellow, the pink, the blue, and the green segments denote the
short arm pseudoautosomal region, the X-differential region, the Y-differential region, and the Y-differential inverted region,
respectively. The (+) and (—) symbols indicate the presence and absence of the loci examined by standard PCR analysis. The data
of the Y-specific loci is explained by a single breakpoint, on the assumption of a paracentric Yp inversion in the father. The red
arrow indicates the transcriptional direction of PRKX, and the blue arrow denotes the transcriptional direction of PRKY that is
aligned in the same orientation as PRKX in the presence of the Yp inversion.

(B) Determination of the translocation fusion point at the “hot spot A” in the 5’ region of PRKX/PRKY of this patient. Direct
sequencing of the long PCR product obtained with an X-specific and a Y-specific primer has shown the presence of X-specific five
nucleotides (highlighted with red letters and yellow background) in the centromeric portion and the Y-specific two nucleotides
(highlighted with blue letters and yellow background) in the telomeric portion. Thus, the translocation fusion point is located
within an X-Y homologous 246 bp segment (indicated by a yellow rectangle) between the X-compatible sequence (indicated by
ared rectangle) and the Y-compatible sequence (indicated by a blue rectangle), as illustrated in the below schema.

Table 2 Primers utilized in the determination of the translocation fusion point
Primer sequence (5° — 3°) Primer position® AT

Long PCR .

X-specificregion  CAGTGGATTTAGCTCAGAGGCAGAGAAT 3,673,743 ~3,673,770bp 66
Y-specificregion ~ GCTGGAGAGCTGAAAAGCAATGAGATAG 7,100,894 ~7,100,921bp 66
Direct sequencing of the long PCR product

X-specific boundary AGCCTGGGTGACAGAGAAAG 3,672,963 ~3,672,982bp 58
Y-specific boundary ACTACCTGGGGCCACTTTCT 7,096,924 ~ 7,096,943 bp 58

# Physical length from the Xp/Yp telomere (according to GRCh37). AT: annealing temperature (°C)
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explained as a malformation sequence initiated by lym-
phatic hypoplasia [15], and that lymphatic hypoplasia
is caused by haploinsufficiency of a putative lympho-
genic gene located between DMD and MAOA at the
middle part of Xp and between DYS255 and P4BY at
the distal part of Yp [16, 17]. Since the DYS255-PABY
region resides distal to the inverted Yp portion, it is
predicted that the putative Y-linked lymphogenic gene
is translocated onto the der(X) chromosome, so that
the putative lymphogenic gene is present in two copies
in this patient, as in normal individuals.

In summary, the present results argue for the pres-
ence of rare 45, X-TDSD with Xp;Yp translocation,
and for a critical role of a common paracentric Yp
inversion in the occurrence of PRKX/PRKY-mediated

Nakashima et al.

Xp;Yp translocation.
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