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TABLE 1. Summary of molecular analyses

Patients POR mutations
Case Karyotype Age (yr) Inheritance Nucleotide changes? Aminoeacid changes
Group A: homozygotes for R457H
1 46,XY 5.0 Sporadic 1370G>A/1370G>A R457H/R457H
2 46,XY 23.8 Familial-A 1370G>A/1370G>A R457H/R457H
3 46, XY 22.6 Familial-A 1370G>A/1370G>A R457H/RA57H
4 46,XY 6.7 Sporadic 1370G>A/1370G>A R457H/R457H
5 46,XY 0.4 Sporadic 1370G>A/1370G>A R457H/R457H
6 46, XX 0.4 Sporadic 1370G>A/1370G>A R4S7H/R457H
7 46,XX 0.4 Sporadic 1370G>A/1370G>A - R457H/R457H
8 46 XX 2.0 Sporadic 1370G>A/1370G>A R4A57H/R457H
9 46,XX 141 Sporadic 1370G>A/1370G>A R457H/R457H
10 46,XX 15.0 Familial-A (P) 1370G>A/1370G>A R457H/R457H
11 46,XX 3.0 Sporadic 1370G>A/1370G>A R457H/R457H
12 46,XX 0.2 Sporadic 1370G>A/1370G>A R457H/R457H
13 46 XX 0.1 Sporadic 1370G>A/1370G>A R457H/R457H
14 46, XX 18.0 Sporadic 1370G>A/1370G>A R457H/R457H
Group B: compound heterozygotes for R457H and an apparently null mutation
15 46 XY ﬂsﬂa@ﬁ&aﬁ% Familial-8 (P) DG>A/601C>T RAS7H/QZ01X
16 RIS Familial-B 1137 A/ 1c> RAS7H/Q201X
17 3 R g seenes Spioradic %1370G> 1 330mSC R457H/144415X449
18 16: : . poradic 37OG’SN( S R457H/Non-transcribed (G5G)°
19 45 ) Soradic L213708: >A/1:43cfe1g,,.« RAS7H/RABISX63
20 e »,aw»Spmradls 137OG>A/1665deIG R457H/Q555fsX612
21 3 : e SpoTadic. 1 7OG>,5$/=( ) R457H/DeltaExons ;—13d
22 o o] poradic- | a%{xgv:‘gi '@@> “’% IRyt \7§7+”re> i3
23 2 0% radic” 137 8-169 R45£;w H/Y5B71 XS]Q
24 246 e ":Wf peradxc 5 ,;LBG> 13§Omsc f ot BAST7 /It}ﬁgf ‘X449 ém
25 10 X Familials 1370G>A/601C>T R457H/Q201X
26 Ko - Sgoradic  #7 1B70G>A(-) R457H/Non-transcribed®
27 o 7 tadic ?a,fg137OG>A/ cf"” AR R A 7 NG Rytranscribed”
28 : 1? G>A/%3g§ 1330msC %—g g R45;H/r444nx449
Group C: other comp 1 A i
29 46,XY PR il Sporadic 137OG>N1385 1387mSATCGC R457H/A462 S463insiA
30 46,XY 235 Familial-C (P) 1370G>A/1835-1858del® R4S7HA612-W620delinsR
31 46, XY 18.0 Familial-C 1370G>A/1835-1858del® RAS7HA612-W620delinsR
32 46,XY 17.9 Familial-D 1733A>G/1329-1330insC Y578C/144415sX449
33 46,XX 0.8 Sporadic 1370G>A/1738G>C R457H/ES80Q
34 46,XX 0.7 Sporadic 1370G>A/1042-1044delGTC R457H/348delV
35 46,XX 0.5 Familial-D (P) 1733A>G/1329-1330insC Y578CN44415X449

The genomic position corresponding to each mutation based on NC_000007.12 sequence at the National Center for Biotechnology Information database (Bethesda,
MD) is as follows: RASTH, 75452433G>A; Q201X, 75448386C>T; 14441sX449, 75452391-2insC; G5G, 75421261A>G; R48fsX63, 75421389delG; Q555fX612,
75453099delG; IVS7 + 1G>A, 75448861G>A; YS567f5X574, 75453205-6insC; A462-5463inslA, 75452349-50insATCGCC; L612-W620delinsR, 75453432-
55delTAAAGCAAGACCGAGAGCACCTGT; Y578C, 75453237A>G; E580Q, 75453245G>C; and 348delV, 75451086-88delGTC. Cases 1-3, 6-10, 15-18, 22-26,
28-33, and 35 have been reported previously {6, 8, 9), and the remaining 12 cases were first examined in this study. P, Proband.

2 The A of the ATG encoding the initiater methionine residue of the predicted translation product is denoted position +1.
b The allele with G5G and the apparently normal alleles are not trasncribed into mRNA.

< The (—) symbol indicates the absence of a recognizable mutation on the exonic sequences.

9 An intragenic microdeletion involving exons 2-13.

© 1835-1858delTAAAGCAAGACCGAGAGCACCTGT.

subjects of both sexes (854 males and 909 females), the M data of the Results
patients were expressed as the D score to allow for the comparison
among patients of different sexes and ages. POR mutations
The results are summarized in Table 1. Direct sequencing
revealed 12 types of mutations and one silent substitution (G5G)
(Fig. 1A), with R457H being identified in 40 of the 58 alleles F1
Statistical significance of the frequency of clinical features was ana- o/ : . .
(~70%) in 25 sporadic cases and four probands of families A~D.
lyzed by the Fisher’s exact probability test, and that of the median of .
nonpaired and paired variables was examined by the Mann-Whitney’s U Of th‘_: 1‘2_ mut.a‘tlor.)s, 348&}(63’ QSSS{SX.Glz’ and 348del.V
test and the Wilcoxon signed-rank test, respectively. P < 0.05 was con-  were first identified in this study. These mutations were absent in
sidered significant, 100 control subjects.

Statistical analysis
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E580Q, 348delV, A462-S463inslA, and L612-
W620delinsR) were unknown for residual activities.
Indeed, RT-PCR sequencing analysis performed be-
fore and after CHX treatment in three cases with avail-
able lymphoblastoid cell lines demonstrated that the
alleles carrying Q5556X612 and 1444£sX449 under-
went NMD, whereas the allele harboring A462-

B R $463insIA escaped NMD (Fig. 1D),
RT-PCR WW RTPCR P ( & )
primar proba 1 proba 2 The commeon AS03V variant was absent from
Case 21 SN
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in group A than group B, although it was unknown
for group C. In addition, group B was subclassified
into ASO3V-positive cases (cases 22,23, 26, and 27)

mediated mRMA decay in cases 20 and 24 but not case 29. Although heterozygosity for the
mutations is shown for the genemic DNA, RT-PCR sequencing delineates the WT alleles only
befere CHX treatment and the heterozygosity after CHX treatment in cases 20 and 24. The NMD
is not observed in case 29.

Fifteen cases were appatently homozygous for R457H, and
hemizygosity was excluded in 14 of the 15 cases by parental
analysis indicating heterozygosity for R457H in both parents
(cases 1-3, 6-11, and 13) and by FISH analysis with two FISH
probes (cases 4, 5, 12, and 14). Notably, however, FISH analysis
delineated a heterozygous microdeletion in case 21, and RT-PCR
sequencing analysis revealed loss of exons 2~13 in this case (Fig,
1B). The mother was heterozygous for R457H, and the father
was heterozygous for the intragenic micredeletion,

Three cases were apparently heterozygous for R457H (cases
18, 26, and 27), although case 18 also had G5G. However, RT-
PCR sequencing analysis using lymphoblastoid cell lines showed
nearly complete absence of mRNA derived from the apparently
normal alleles in the three cases (Fig. 1C), The mRNA remained
undetected after CHX treatment, indicating transcription
failure,

Ofthe 11 other types of mutations, the nonsense and four frame-
shift mutations (Q201X, R48£sX63, 1444£5X449, Q5556X612,
and Y567fsX574) leading to premature termination and the con-
served splice donor site mutation (IVS7+1G>A) appeared to be
null mutations, whereas the remaining five mutations (Y578C,

and negative cases (cases 15-21, 24, 25, and 28),

Clinical features

The prevalence of each clinical feature in groups A-C is sum-
marized in Table 2, together with its comparison between groups
A and B, The sex ratio was similar between groups A and B, as
was the median age.

ABS-compatible skeletal features were definitely more prev-
alent in group B than group A (Table 2 and supplementary Fig,
1, published as supplemental data on The Endocrine Society’s
Journals Online Web site at http://jcem.endejournals.org). In
particular, severe brachycephaly, elbow joint synostosis, and
choanal stenosis were exclusively identified in group B.

Adrenal steroidogenic dysfunction was biechemically iden-
tified in all cases, with some difference between groups A and B.
Blood ACTH was normal or elevated at the baseline, 17-OHP
was normal or elevated at the baseline and abeve the normal
range after ACTH stimulation, and cortisol was normal at the
baseline but barely responded to ACTH stimulation (Fig, 2A).
Significant difference between groups A and B was identified for
basal 17-OHP value (P = 0,044) and basal and ACTH-stimu-
lated cortisel values (P = 0.018 and P = 0.022), Urine Ms of
progesterone and 17-OHP were elevated, whereas those of an-

T2,AQ:D
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TABLE 2. The prevalence of each clinical feature in groups A-C and its comparison between groups A and B

Group A Group B Group C Groups A vs. B
{n = 14) (n = 14) (n=17) (P value)
Sex {male:female) 5.9 7:7 4:3 0.35
Age (median, range, yr) 4.0(0.1-23.8) 13.1(0.2-17.5) 0.8(0.4-23.5) 0.19
Skeletal features
Any skeletal feature 7114 14/14 Y 0.0029
Brachycephaly (overt) 0/14 14714 6/7% 0.000000025
Elbow joint synostosis® 0/14 7114 477 0.0029
Arachnodactyly {overt) 5/14 14/14 777 0.048
Choanal stenosis 0/14 514 177 0.020
Joint contracture 14 14/14 i 0.0029
Adrenal dysfunction
Adrenal crisis 014 4an4 17¢ 0.049
Detection by mass screening? 5/8 3/8 2/4 0.31
46,XY DSD
Any genital feature at birth 1/5¢ 3/4 0.42
Hypospadias 0/5 1/4 0.32
Cryptorchidism 0/5 2/4 0.16
Micropenis 3/4 0.64
46 XX DSD
Any genital featy 33 1.0
Clitoromegaly 3/3 0.40
Labial fusion 23 0.40
Cornmon 073 0.61
Maternal a77 0.22
Pubertal failg - g T
Delayed (52
Small testi

Primary hy
Pubertal failurg
Delayed (>27
Delayed (>2 s
Primary hypogenat
Polycystic ovary

oot

The denominators indicate the number of patients examined for the presence or absence of each feature, and the numeraters represent the number of patients
assessed to be positive for that feature; thus, the differences between the deneminators and numerators denote the number of patients evaluated 1o be negative for

that feature.

* Severe craniosynostosis is absent in case 33 with two missense mutations.
b Humeroradial, humeroulnar, o radioulnar synostosis.

¢ Adrenal crisis has been manifested by case 35 with Y578C and 14445449,

9 The measurement of 17-OHP in the mass screening for 21-hydroxylase deficiency has been performed since 1988 in Japan.
&7 pSD is more frequent in 46,XX cases than 46,XY cases in groups A (P = 0.0050) and B (P = 0.035).

2 The P values between 46,XY and 46,XX cases are 0.19 for group A and 0.50 for group 8.

! Elevated gonadotropins {LH and/or FSH) and/or decreased T or E,, as compared with age- and sex-matched reference data.

/ Only a few vaginal spottings.

drostenedione, 11-deoxycortisol, cortisol, and aldoesterone
grossly remained within the normal range (Fig, 2B), The M ratio
indicating 17o-hydroxylase activity remained almost normal, con-
sistent with the elevation of both substrates and products, whereas
the M ratios indicating 17,20 lyase and 21-hydroxylase activities
were grossly decreased, Significant difference between groups A and
B was identified for MS of progesterone (P = 0.044), those of 17-OHP
(P = 0.022), these of aldosterone (P = 0,0084), and M ratio indi-
cating 17,20 lyase activity (P = 0.011). Adrenal crisis was observed
only in group B with a significant difference between groups A and
B, whereas the detection frequency of elevated 17-OHP in mass
screening was similar between groups A and B (Table 2).

DSD was more prevalent in 46,XX cases than 46,XY cases in
both groups A and B (Table 2, foetnote, and supplementary Fig,

2).46,XY DSD in group A was micropenis in one case, and that
in group B included more severe phenotypes. By contrast, 46,XX
DSD was invariably identified in both groups A and B. Maternal
virilization during pregnancy was often found in groups A and B
with a similar prevalence. Serum T of case 20, aged 0.2 yr in
group B, was 6.5 and 7.6 nmeol/liter (1.9 and 2.2 ng/ml) before
and after hCG stimulation, respectively.

Pubertal development was apparently normal in two 46,XY
cases of group A and ene of four 46,XY cases in group B and was
invariably affected in 46,XX cases in both groups A and B (Table
2). In family A of group A, cases 2 and 3 exhibited full pubertal
development with testis volume of 20 ml, whereas case 10 had
obvious pubertal failure with Tanner B2 stage. T value of case 18,
aged 17.5 yr in group B, was low at the baseline (0.7 nmel/liter,
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whereas those in group B showed rather compremised pubertal
growth with worsening of scoliosis (supplementary Fig, 1).
There was no phenotypic difference between AS03V-positive
and -negative cases of group B (supplementary Table 2), In ad-
dition, the phenotypes in group C were grossly similar to those
in group B (Table 2), In particular, craniosynostosis was iden-
tified in all cases except for case 33 with R457H and E580Q, and
adrenal crisis was manifested by case 35 with Y578C and

Molecular studies
Detailed molecular studies were performed in this study, pro-
viding two netable findings, First, all 35 cases were found to be
homozygetes or compound heterozygotes for POR mutations
including intragenic microdeletion and transcription failure. Be-
prmgecayse the microdeletion was found in case 21 with apparent
hét metzygostty, such a microdeletion might be hidden in
the prevxoéxsl;% reported patients with apparent homozygesiry (1,
e%ﬂmmse transcription failure was invariably iden-
y ied in cases 18, 26, and 27 with apparent heterozygosity, it may

“sﬁxmuiag&qﬁnl Onmo‘g%?f anderlic-in g

Andcases 2] helozyojity (4
cases cagryia mut

e previ s];yzreppr% dsPatI%ﬂtS} withapparent
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ton uy% ﬁ;ghertm umdentga\e c:se&régu latory

s) for the transcrrpﬂan on of POR, as has been reported

J f' gy ety ol

ence analysxs

dxcgggzd the occurrence

this context, all the premature termination

codens caused by the nonsense and the four frameshift mutations
satisfy the positional conditions for the occurrence of NMD that
functions as an mRNA surveillance mechanism to prevent the

formation of aberrant proteins (13, 14), Thus,
it is likely that the remaining three mutations
(Q201X, R48fsX63, and Y567£X574) are
also null mutations subject to NMD # pivo.

Genotype-phenotype correlations

Genotype-phenotype correlations also pro-
vide several informative findings. Skeletal fea-
tures were clearly different between groups A
and B. Because cholesterol production in skel-
etal tissues is carried out in a simple one way
manner (Fig, 4), this would explain why the
skeletal phenotype is obviously dependent on
the R457H dosage, reflecting the residual ac-
tivity. It is likely that the threshold level for the
developrment of severe skeletal phenotypes re-
sides between a single copy and two copies of
the R457H residual activity.

Adrenal steroidogenic dysfunction was
grossly similar between groups A and B, al-
though it was somewhat milder in group A
than group B. Such a relatively minor role of
R457H dosage in adrenal steroidogenesis

F4



BOTOO

[balti/zeg-jcem/zeg-jcem/zeg00509/zeg6486-09a | angnes | S=6 | 4/7/08 | 21:45 [ 4/Color Figure(s): F1,F2,F4 | Art: 08-2816 | Input-ss |

J Clin Endocrinot Metab, May 2008, 94(5):1723-1731

jcem.endojournals.org 1729

§ Placenta ]

the two examined cases of group B, this im-
plies the compromised maximum T produc-

]
DHEA A*A_—F— Estrone
I CYP19A1 1
Testosterons Estradiol
16~OH AA - Estriol
CYP19A1

tien capacity. By contrast, the backdoor- and
placenta-derived andregen productions com-
mon to both 46,XY and 46,XX cases may be
similar between groups A and B: 1) whereas
17-OHP as the source metabolite for the

backdoor pathway is higher in group B than

group A, the supporting activity for fetal ad-

renal CYP17A1 involved in the backdoor
pathway would be lower in group B than
group A; and 2) whereas fetal adrenal derived
dehydroepiandrosterone as the source me-
tabolite for placental androgens would be
lower in group B than group A (4, 9, 25), the
residual supporting activity for placental

CYP19A1 would be lower in group B than
group A. Thus, the total amount of androgens
would be relatively well preserved in 46,XY
cases with a mild difference in the fetal testis-

’readloq$teps in WhICh
thesize

may primarily
PORD (Fig. 4).

differential supporting activ 457H protein for tz«rget
enzymes as well as the amount of substrates and products, Fur-
thermeore, the basal cortisol values imply that the baseline ste-
roidogenic capacity can grossly be sustained, even in group B.
Indeed, whereas basal blood 17-OHP values were significantly
higher in group B than group A, some of them remained within
the normal range, and several cases of both groups were not
detected in neonatal mass screening. Nevertheless, the R457H
dosage would have important clinical relevance, because the
ACTH-stimulated blood cortisol was drastically reduced espe-
cially in group B, and adrenal crisis was observed only in group B.
Furthermore, because 17,20 lyase activity alone was significantly
different between groups A and B (Fig. 2B), this would provide
further support for the previous finding that 17,20 lyase activity is
the most sensitive index of defective POR activity (5, 15).

46,XY DSD was not so remarkable, whereas 46, XX DSD was
invariably identified. This suggests a mildly reduced androgen
production in genetic males and a definitely excessive androgen
production in genetic females. In this context, there are three
androgen sources during the fetal life in PORD, i.e, the fetal
testis, backdoor pathway, and placenta (3, 4, 9, 25, 26) (Fig. 4).
For fetal testicular T production specific to 46,XY cases, pla-
cental hCG-stimulated T production around the critical period
for sex development would be more compromised in group B
than group A because testicular T production is performed in a
simple one-way manner, as in cholesterologenesis. Furthermore,
because T responses to hCG stimulation were reduced, at least in

é% d'cholesterologergsls andesterm%hge%

stilfatel A%A, androstenadiong?.DHT,

derived T between groups A and B and in-
variably and similarly increased in 46,XX
cases of both groups A and B. Furthermore,
thas notmn expkams whymgtemapl virilization
dum‘x%z pregnangy was rstrmlar pbetween
b, _ETOupS! aggl B bec«ause it 1s prrmanly due to

e SN

\.ﬁf

androgems of the placental origin rather than the fetal gonadal or
of'a nd‘ degradatlox?’*’ the backdgm;ongm 3.4,25
mes, and suchg%

by 28 ),
t

Aséesément bf )ubertal development W, nspossﬂale in a limited
umbér of panexgs oweve pubcx;ta[ development appeared
t6 differ between| proi ups ‘K and B and between 46,XY and 46,XX
cases, In this regard, T and E, biosynthesis during puberty is also
performed in a simple one-way manner, and T production is
mediated by CYP17A1 and E, production is mediated by both
CYP17A1 and CYP19A1 (Fig. 4). Thus, gonadal steroid pro-
duction would depend on the R457H dosage, with T production
being less compromised than E, production. In addition, our
observation suggests the frequent occurrence of PCO in infancy
and puberty when gonadetropins are physiologically elevated
(27) and the beneficial effect of estrogen replacement therapy in
the amelioration of PCO,

Evalunation of growth pattern also remained fragmentary,
However, two implications are possible. First, the intrinsic skel-
etal abnormalities may be relevant to the growth pattern, Indeed,
relative tall stature in childhood may be compatible with the
elongatien of long bones as indicated by arachnodactyly and
dolichostenomelia, and worsening of scoliosis during puberty in
group B would also be consistent with the low POR activity
(supplementary Fig, 1). Second, the spontaneous pubertal growth
pattern of cases 2 and 3 without scoliosis is considered to rep-
resent a mild form of that of male patients with aromatase de-
ficiency (28, 29). Such a qualitatively similar but quantitatively
different pubertal growth pattern would be explained by assum-
ing a drastically attenuated but not abolished in vivo supporting
function of the R457H protein for aromatase,

Lastly, clinical features were similar between A503V-positive
and -negative cases in group B, However, this would not argue
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against a possible phenotypic effect of mildly hypomorphic
A503V, because A503V of the four cases in group B was present
on the alleles carrying apparently null murarions. Thus, it re-
mains unknown whether A503V can modify phenotypic features
in PORD, although the previous study argues against a modify-
ing effect of AS03V on clinical phenotypes in 21-hydroxylase
deficiency (30). Furthermore, because A503V was absent from
all of 47 alleles carrying R457H, this would previde further
support for the previous notion that R457H is a founder muta-
tion accompanied by a specific haplotype {6, 7). Thus, whereas
AS503V was identified in only eight of the 70 alleles (11.4%) in
this study, this frequency is obviously biased by the high prev-
alence of R457H in Japanese patients, Rather, the frequency of
A503V in R457H-negative alleles suggests that the prevalence of
AS503V is considerably high in the Japanese population, as re-
ported in other populations (from 19.1% in African American to
36.7% in Chinese American) (15).
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scribed {1, 2, 5, 31, 32). Thus, skeletal phenotype would be
explained by assuming that both R457H and A287P have dras-
tically lost supporting activities for CYP51A1 and/or SQLE in-
volved i cholesterologenesis, although functional studies have
not been performed. Furthermore, clinical features relevant to
steroidogenic dysfunction would be grossly consistent with the
previous in vitro functional data. It has been reported that
R457H yields only 1-3% supporting activities for 17a-hydrox-
ylase and aromatase, and virtually no activity for 17,20 lyase,
whereas A287P provides supporting activities of about 40% for
17a-hydroxylase, about 20% for 17,20 lyase, about 70% for
21-hydroxylase, and about 100% for aromatase (1, 5, 11, 33).
Thus, the relative activities of frontdoor and backdoor pathways
would be different largely between R457H-positive and A287P-
positive patients, and placental T production would remain mi-
nor, ifany, in A287P-positive patients. Collectively, the Japanese
data would not apply simply to other populations,

In conclusion, the present study in Japanese patients argues
against the heterozygote manifestation and suggests that the re-
sidual POR activity reflected by the R457H dosage constitutes
the underlying factor for the clinical variability in some features
but not other features, probably because of the simplicity and the
complexity of the POR-dependent metabolic pathways relevant
to each phenotype. Further studies including genotype-pheno-
type analyses in various ethnic groups will permit a better clar-
ification of the molecular and clinical characteristics of PORD,
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TO THE EDITOR:

Campomelic dysplasia (CD; OMIM 114290) is a rare skeletal
disorder characterized by hypoplastic scapulae, 11 pairs of ribs,
pelvic abnormalities, and bowing of the lower limb bones
[Maroteaux et al., 1971]. Affected patients often die shortly after
birth due to respiratory distress, and roughly two-thirds of affected
genetic males have disorders of sex development (DSD) due to
dysgenetic testes [Mansour etal,, 1995]. Acampormelic campomelic
dysplasia (ACD) is associated with similar but milder skeletal
features and lacks long bone curvature [MacPherson et al., 1989].

SOX9 on chromosome 17q24 is a member of SRY-related gene
famnily [Harley et al., 2003]. It encodes a 509-amino acid protein that
harbors a high mobility group (HMG) domain with a DNA-
binding capacity and a proline/glutamine/serine-rich domain with
a transactivation function [Harley et al,, 2003]. Furthermore,
putative cis-control elements have been mapped within the 1 Mb
region upstream of SOX9 [Hill-Harfe et al., 2005].

To date, it has been shown that both CD and ACD can be caused
by heterozygous intragenic SOX9 mutations or chromosomal
aberrations (translocations, inversions, or deletions) affecting
SOX9 or the putative enhancer region [Pfeifer et al., 1999; Thong
et al., 2000; Moog et al., 2001; Harley et al., 2003; Pop et al., 2004;
Leipoldt et al, 2007]. However, the frequency and the type
of mutations and chromosomal aberrations are quite different
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between CD and ACD. CD is predominantly caused by nonsense or
frameshift mutations or by chromosomal aberrations disrupting
50X9, although missense mutations and chromosomal aberrations
impairing the enhancer region are also occasionally identified. By
contrast, ACD is almost exclusively caused by missense mutations
or by chromosomal aberrations affecting the enhancer region. Thus,
while missense mutations are exclusively identified within the HMG
boxinboth CD and ACD [Kwok et al., 1995; Cameron and Sinclair,
1997; Meyer et al,, 1997; Hageman et al., 1998; Moog et al,, 2001;
Thong et al., 2000], these findings imply that severe mutations
usually result in CD whereas mild mutations usually lead to ACD,

However, the underlying causes remain to be determined in
several patients, especially those with ACD, and such patients may
have hidden perturbation in the putative enhancer region. Thus, we
performed mutation analysis of SOX9in eight patients with CD or
ACD and single copy number variant (CNV) analysis [Redon et al,,
2006] of the upstream region in SOX9 mutation negative patients.

Clinical features of the eight patients are summarized in Table I,
and representative roentgenograms are shown in Figure 1, Patients
1-4 showed CD-compatible severe clinical features, whereas
patients 5—8 exhibited relatively mild ACD-compatible clinical
features. In addition, patient 1 ended in a stillbirth, and patients
3 and 4 died of respiratory insufficiency during infancy, although
patient 2 aged 11 months was alive. By contrast, patients 5-8 have
survived a relatively long period. Among genetic males, patient 1
exhibited DSD with nearly complete fernale external genitalia, while
patients 5 and 6 showed male external genitalia.

We first performed mutation analysis of SOX9. This study was
approved by the Institutional Review Board Committees at Na-
tional Center for Child Health and Development, and performed
after obtaining written informed consent. Genomic DNA samples
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extracted from cord blood cells (patient 1) or peripheral blood cells
(patients 2—8) were amplified by PCR for all the three coding exons
and were subjected to direct sequencing on a CEQ 8000 autose-
quencer (Beckman Coulter, Fullerton, CA) (the primer sequences
are available on request), To confirm frameshift mutations, the
corresponding PCR products were subcloned with TOPO TA
Cloning Kit (Invitrogen, Carlsbad, CA) and normal and mutant
alleles were sequenced separately.

Consequently, we identified a novel heterozygous 5-bp insertion
mutation at exon 3 that is predicted to cause a frameshift at the
257th glycine codon and resultant termination at the 296th codon
(G257sX296) in patient 1, a novel heterozygous 4-bp deletion
mutation at exon 3 that is predicted to cause a frameshift at the
443rd threonine codon and resultant termination at the 468th
codon (T443fsX468) in patient 2, a novel heterozygous missense
mutation at exon 1 (M113T) in patient 3, a recurrent heterozygous
nonsense mutation at exon 2 (E148X) in patient 4, and a novel
heterozygous missense mutation at exon 2 (P170L) in patient 5
(Fig. 2). The two missense mutations resided within the HMG. The
mutations of patients 1—4 were absent in their parents. In addition,
while mutation analysis was refused by the parents of patient 5, the
P170L missense mutation was absent in 200 control subjects. No
mutations were identified in patients 6-8,

Then, to examine for a small deletion, we carried out the
whole genome CNV analysis in patients 68 and their parents,
using custom high density oligonucleotide microarray based
on Affymetrix platform [Redon et al., 2006]. In brief, 25 bp oligo-
nucleotide probes are designed on 1,330,354 Nsp I restriction
fragments with average and median spacing of 2,271 and
776 bp. The experimental protocol is the same as the Affymetrix
500K arrays. Ninety microgram of target was hybridized
overnight to the arrays [Fujii et al., 2007]. The signal intensity ratio
of the sample to reference was calculated by Genome Imbalance
Map Algorithm [Ishikawa et al., 2005}, using NA10851 HapMap
DNA samples from Coriell Cell Repositories (Camden, NJ)
as the reference samples. Consequently, no deletion was indicated
in the whole genome including the 5 region of SOX9 in
patients 6--8.

The results are primarily consistent with the previous data. Three
of four patients with CD died during fetal life or infancy, whereas
patients 5-8 with ACD survived into childhood or puberty. 46,XY
with DSD was observed in patient 1 with CD but not in patients 5
and 6 with ACD. Similarly, truncating mutations of SOX9 were
identified in patients 1-3 with CD, together with a missense
mutation in patient 4 with CD, whereas only one missense mutation
was found in patients with ACD,
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We could not detect a microdeletion in patients 6=8 with ACD in
whom no intragenic mutations were identified, Although the
underlying causes remain to be clarified in patients 68, there are
several possible explanations for the development of ACD in
patients 6~8. First, a mutation(s) may exist in the unexamined
intronic or the downstream region. Second, a tiny deletion may
remain undetected. Third, there may be a mutation in some gene(s)
other than SOX9. Further studies will identify underlying mech-
anisms involved in the development of ACD in SOX9 mutation
negative patients.
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ARTICLE INFO ABSTRACT

Article history: In mararmals, both the maternal and paternal genomes are necessary for nermal embryogenesis due to parent-
Received 4 December 2008 specific epigenetic modification of the genome during gametogenesis, which leads to non-equivalent expression
Am?"“ed 30 Pecembe' 2008 of imprinted genes from the maternal and paternal alleles, In this study, we identified a paternally expressed
Auailable online 4 February 2009 imprinted gene, Zdbf2, by micrearray-based screening using parthenogenetic and nermal embryos. Expression
Keywords: analyses showed that Zdbf2 was paternally expressed in varieus embryonic and adult tissues, except for the
Genomilc imprinting placenta and adult testis, which showed biallelic expression of the gene. We also identified a differentially
iraprinted gene methylated region (DMR) at 10 kb upstream of exon 1 of the Zdhf2 gene and this differential methylation was
zdbf2 derived from the germline, Fusthermore, we also identified that the human homelog (ZDBF2) of the mouse

Differentially methylated region
Mouse chromosome 1
Human chromesome 2

Zdbf2 gene showed paternal allele-specific expression in human lymphocytes but net in the human placenta.
Thus, our findings defined mouse chremosome 1 and human chremosome 2 as the logi for imprinted genes,

© 2009 Elsevier Inc. All rights reserved,

Intreduction

Genomic imprinting is an epigenetic gene-marking phenomenon
in mammals, which leads to parent-of-origin-dependent menoallelic
expression ef certain genes, termed imprinted genes [1]. To date,
approximately 80 imprinted genes have been identified in mice, the
majerity of which are present in 11 clusters including the Prader-Willi
syndrome/Angelman syndreme and Beckwith-Wiedemann syn-
drome chlusters, These clusters were assigned to 8 autesomal
chromosomes, 2, 6, 7, 9, 11, 12, 15, and 17; whereas many solo
imprinted genes have been identified on 5 chremosomes {numbers 2,
10, 14, 18, and 19). Many of these imprinted genes with expression
patterns were well-conserved between mice and humans. These
genes play an impertant role in fetal growth, development of
particular sematic lineages, maternal behavior, tumerigenesis, and
bisth defects (MRC Mammalian Genetics Unit, Harwell, UK, http://
www.mgu.har.mrc.ac.uk/research/imprinting/ function.html).

Gene imprinting is initiated by epigenetic modificatiens such as DNA
methylation that eccur in the parental germline. In mammals, DNA
methylation eccurs exclusively at the cytesine residues within cytosine-
guanine (CpG) dinucleotides, which plays an important role in normal
development [2). Indeed, many imprinted genes have differentially
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E-mail address: tomohiro@nedai.acjp (T. Kono),
¥ These authors contributed equally te this work.
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methylated regions (DMRs), which exhibit parent-of-origin-dependent
DNA methylation patterns, Some DMRS function as cis-acting imprinting
control regions (ICRs) that exert a regional control on gene expressien
from an imprinted cluster. Knockout mice studies demonstrated that the
de novo DNA methyltransferase Damt3a and its related protein Dnmt3L
are required to establish the methylation imprints in both maternal and
paternal germiines [3-5], The maintenance methylransferase Damt1 is
then required to rnaintain the differential methylation and imprinted
expression patterns in the embryo proper [6,7].

A number of studies have suggested that imprinted genes may
have characteristic structural features, For example, it was reported
that imprinted genes tend to have fewer and smaller introns 8], Other
reports have described that human and mouse imprinted gene regions
contain a lswer density of short interspersed transposable elements
(SINEs) than non-imprinted regions [9,10]. Thus far, the presence of
direct repeats near or within the DMRs has been identified as the
potential feature of these regions [11]. However, these features are not
observed with regard to all imprinted regions, and their functional
relevance is controversial, In a previous study, the dimensions of 15
DMRs (12 maternally imprinted genes and 3 paternally imprinted
genes) were measured, and it was revealed that paternally methylated
DMRs contain fewer CpGs than maternally methylated DMRs [12].
Furthermere, a recent study has demonstrated that the Dnmt3a/
Dnmt3L complex could preferentially methylate CpG site pairs that are
8-10 base pairs apart, and a similar periodicity was ebserved for the
frequency of CpG sites in the 12 maternally imprinted regions {13].
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However, no other consensus sequence has been identified for DMRs,
and the features that cause them to get preferentially methylated via
the Damt3a/Dnmt3L complex in the germline remain unknown.

After the first imprinted gene, Igf2, was identified in a kneckeut
study, many other methods have subsequently been used to identify
imprinted genes in mice. In 1994, U2afbp-rs (Zrsr1) [ 14] and Rasgrf1 [15]
were identified as paternally expressed genes with the use of
methylation-sensitive restriction enzyme sites as the restriction land-
mark in the restriction landmark genomic scanring (RLGS) method for
screening methylated sites, Subsequently, Ishino's group identified 2
paternally expressed genes, namely, Pegl (Mest) and Peg3, and 2 mater-
nally expressed genes, Meg1 (Grb10) and Meg3, by comparisen analysis
of gene expression among in vitro fertilized parthenogenetic (containing
only maternally derived chromosomes) and androgenetic (containing
only paternally derived chromesomes) embryes, by suppression
subtractive hybridization [16-19]. In 1997, the paternally expressed
gene Jmpact was identified using allelic message display witheut
positional clening or productien of parthenogenetic and androgenetic
embryes [20). Furthermore, the development of DNA micreartay
technology facilitated the identification of many imprinted genes by
gene expression profiling. In 2000, Affymetrix GeneChip was used with
in vitro fertilized and parthenogenetic embryes and, in 2002, RIKEN
¢DNA Microarray was used with parthenogenetic and androgenetic
embryos to identify new imprinted genes [21,22], Further, in 2006,
Affymetrix GeneChip was used with-uniparental-disomies 23] Recently,
the imprinted Mcts2 gene was identified using the sequence features of
imprinted genes {24}, indicating that bicinformatics analysis can
contribute to the identification of novel imprinted genes. Although a
recent study has estimated that there are 600 imprinted genes in mice
[25), a complete global analysis for locating imprinted genes has net
been performed. To elucidate the biological importance of genomic
imprinting and other characteristics of imprinted genes, it is important
to systematically identify the rernaining imprinted genes,

In this study, we compared the gene expression profiles between
parthenogenetic and in vitro fertilized embryos (control) by using the
Affymetrix GeneChip probe array te identify novel imprinted genes. The
contrel embryos containing both the maternal and paternal genemes
exhibited nermal expression patterns of both maternally and paternally
expressed genes; however, the parthenogenetic embryos that contain 2
maternal genemes exhibited a significantly decreased expression of
paternally expressed genes. On the basis of this information, we
screened the imprinted gene candidates and confirmed the imprinted
expression of these genes by using reverse transcriptase-polymerase
chain.reaction (RT-PCR) analysis, From this screening, we identified a
paternally expressed imprinted gene, Zdbf2, on mouse chromosome 1,
We also identified a DMR in the paternal allele methylated at 10 kb
upstream of the predicted exon 1 of the Zdbf2 gene, Furthermore, we
demonstrated that the human hemolog ZDBF2, which is mapped to
chremoseme 2, is also paternally expressed. The newly identified
imprinted genes provide an opportunity to further investigate the
function and mechanisms of the genomic imprinting machinery.

Results
Screening for new imprinted gene candidates by microarray analyses

In this study, we compared the global expression profiles of mouse
parthenogenetic and in vitro fertilized (control) embryos by using the

Fig. 1. Comparison between the control and parthenogenetic samples. The red lines
indicate equal expression levels between the 2 samples. The pink lines indicate a 2-fold
change in the expression levels between the 2 samples. (A) Scatter plots of all the genes.
(B) Scatter plots of candidate genes. (C) Scatter plots of known imprinted genes
obtained by our screening. Partheno: parthenogenetic embryos {(n=4); control: in vitro
fertilized control embryes (n==4).
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Tahle 1
Genes identified by microarray analysis between the control and parthenogenetic embryos
Centrol Systeratic GenBank accession Comrmon name  Fold Control Parthenogenetic Chromosome
change  Raw™  Normalized Raw  Normalized
<500 raw 1423294 at AWS555393 Mest 96 9186,1 1 842 001 6
1448152 _at NM_010514 igf2 284 . 65085 101 2536 004 7
1426208 x_at AF147785 Plagil. 973 572715 0497 98 . 001 10
1421144 _at NM_623879 Rpgnp] 5.5 5316.2: 097 1460.6 - 0418 4
14335924_at BM200248 Peg3: - 84.9 470277 102 345 001 7
1425866.%_at D50527 - ch S 55 42898 096 8841 .- 047 5
1417355 at ABODI040 - ‘ ] 102 30 001 7
1423506_a_at AV218841 - 098 134 001 2
1435383 _x_at AW743020 183 . 236 - 0:01 7
1435382 at AW743020 103 ) 7
1455792_x_at 5 g 7
1415923 .at 7
1437853.)(_3( 7
1417356 at 7
1417184_s_at g 7
1449939_S.jt NM._OIDOSZ 12
AFER- RNAMur/XOBSBG_S at AFFX IBSRNAMur/XOOGBG 5 2
14:7714.}(_3: NM'_()QBZJB n
5856, s 7
7.
-7
8111 15
1448889’..8&‘ 15
: 18-
1420688 alat 6
1457356_at 7
1457781 at -7
14559665 at 2
: 7
<400 raw 1
142779'7}_at : b
Bcomwi b
<300 raw AK004611 - 16
1455087t AV328498 7
14455662t 5586 7
1456139_at 17
<200raw 1451634 at 17
: 1427127 x..at 17
1436564 _at * : 7
1452646_at Axaﬂsgss 2
1451386 at BCO27279 - 7
<100 taw 1458178 at BB526803 17
1424010_at BCDZZGSB 1
1450533 _a_at NM.009538 10
1443007_at AW545941 2 .
1439483 _at Bl438039 . 004, b
1418632 at BI694835 '38 5048 6
1420978_at NML010938 46 017" 6
1442028 _at BM250850 15" 001 7
1426009_a_at BCDD3763 42,1 - 015 3.
1417217 _at NM_013779 27 816 - 7.
1453164.a_at AI596401° 221 0% 7
1453224 _at- AW049828 258 0127 19
1450383_at AF425607 237 015 ‘9
1420408_at NM_013788 13 - 081 7
1434952 _at Bi734783 ) 322 047 8
1428115_at AK008077 2016003002Rik 0 96 13 0.1 4

Genes indicated in bold are known imprinted genes,

* Was used as a control gene; therefore, it was excluded from the list of candidate genes,

® These sequences matched at more than 2 loci.

Affymetrix GeneChip assay to identify novel imprinted genes.
Logically, the expression of an imprinted gene transcribed from the
paternally inherited allele will be repressed in parthenogenetic
embryos as compared to control embryos. In the microarray analysis,
4 parthenogenetic samples and 4 control samples were hybridized to
the GeneChip (Fig. 1A). We used 2 approaches for screening
candidates of paternally expressed genes. First, we excluded genes
whose raw expression intensities were belew 100 in the control
embryos, because analysis of genes with low intensities would

preduce unreliable results, Second, we selected genes whoese normal-
ized data in parthenogenetic embryos was more than 5-fold lower
than that of control embryos (Table 1). By this screening, we ebtained
21 imprinted gene candidates (Fig. 1B), which seemed to be
predominantly expressed by paternal allele, excluding 18 known
imprinted genes (Fig. 1C). Of the 18 knewn imprinted genes obtained,
16 genes were known as paternally expressed genes. Therefore, the
results of the microarray analysis were reasonable because there is
down-regulation of the imprinted genes in parthenogenesis.
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Identification of novel imprinted transcripts by RT-PCR

We investigated the polymerphisms in the candidate genes among
C57BL/6, DBA/2, and JF1 mice in order to confirm that these
candidates are true imprinted genes by allele-specific RT-PCR
sequencing analysis. The polymorphism analyses of the candidate
genes rtevealed polymorphisms in a total of 13 candidates; 2
candidates (GenBank accession numbers D50527 and NM_010938)
between C57BL/6 and DBA/2 mice, 9 candidates (BB075402,
AKD04611, BC027279, BI694835, BCO03763, Al596401, AF425607,
BI734783, and AK008077) between C57BL/6 and JF1 mice, and 2
candidates (NM_008218 and BC027434) among C57BL/6, DBA/2, and
JF1 mice (Table 2). To identify the alleles of these genes that were
predeminantly expressed, we performed RT-PCR sequencing of the
candidate genes using BDF1 (C57BL6xDBA/2), DBF1 (DBA/
2xC57BL/6), JBF1 (JF1xC57BL/6), and BJF1 (C57BL/6xJF1) mouse
embryos at the 9.5-day-old stage (E9.5). All the primer sets for this
analysis are listed in Supplemental Table 1. Allele-specific RT-PCR
sequencing analysis showed that the BB075402 transcript was
expressed only from the paternal allele (Fig. 2).

Expression analysis of mouse Zdbf2—a novel imprinted gene

According to the NCBI Entrez Gene database (http://www.ncbi,
nim.nih.gov/sites/entrez?db=gene), the 655-bp region of the
BBO75402 sequence corresponded to the 3’-untranslated region
(UTR) of the Zdbf2 (zinc finger, DNA binding facter type containing
2) gene, which contains 7 predicted exons (Fig. 3A). The Zdbf2 gene
was mapped to mouse chremeseme 1C2 (Gene ID: 73884). First, we
designed 3 specific primer sets (Z1, Z2, and Z3; Z1 primers were used
in allele-specific RT-PCR sequencing analysis) for the 3 expressed
sequence tags (ESTs) (BB075402, AK033878, and AK015271) that
matched the predicted complete Zdbf2 gene structure in order to
confirm the expression levels of the gene (Fig. 3A). Incidentally, the
AK033878 transcript (3113 bp) corresponds to the 3/-UTR region of
the Zdbf2 gene, and is registered as a candidate mouse imprinted
transcript in the RIKEN database (http://fantom2.gsc.riken.jp/
EICODB/imprinting/), The AK015271 transcript (984 bp) spliced
fragment contains exons 1-7 of the Zdbf2 gene. The microarray
assay showed that the BB075402 tramscript expression level in the
parthenogenetic embryos was 8% (the expression level of the control

was 100%) (Fig. 3B). The results of real-time PCR showed that the
expression levels of the BB075402 transcript (Z1) and AK033878 (Z2)
in the parthenogenetic embryos were 2% and 3%, respectively (Fig. 3C,
D). Furthermore, results of the RT-PCR conducted for the AK015271
transcript (23) containing exons 5~7 showed a PCR band in the control
embryo, but no such band was detected in the parthenogenetic
embryo (Fig. 3E), Thus, we confirmed the repression of the Zdbf2 gene
in parthenogenesis. Second, we designed another primer set (Z4) for
the translated regien at exon 7 of the Zdbf2 gene to confirm whether
this gene is imprinted, We identified a single nucleotide polymorph-
ism (SNP) in the Z4 region between B6 and JF1 mice. Further, allele-
specific RT-PCR sequencing analysis using BJF1 and JBF1 embryos at
E9.5 showed that the transcript at the Z4 region was paternally
expressed (Fig. 3F). In addition, 5'-rapid amplification of cDNA ends
(RACE) analysis of the Zdbf2 gene, which was performed using BJF1
mouse embryos at E9.5, showed that the expressed franscript almest
completely matched exens 1-7 of AK015271; however, exons 1 and 2
were partially matched, and exen 5 was 30 bp lenger than that in the
transcripts (Supplemental Fig. 1). These results suggest that the
mouse Zdbf2 gene transcript containing at least 7 exons was paternally
expressed,

Expression analysis of mouse 2dbf2 in differential developmental stages
and tissues

Next, we investigated the Zdbf2 gene expression pattern in mice
during 4 differential developmental stages: 15.5- and 18.5-day-old
embryos (E15.5 and E18.5) and 1- and 9-week-old mice. Further, the
pattern was investigated by RT-PCR analysis (at Z1 and Z4 regions) of
various mouse tissues: the brain, tongue, heart, liver, lung, kidney, and
muscle at all ages; the intestine and placenta in enly embryos; the spleen
in only 1- and 9-week-old mice; and the testis in only 9-week-old aduit
mice (Fig. 4). Results of the BB075402 (Z1) transcript analysis showed
that gene expression was detected in almost all the major tissues from
E15.5 and E18.5, except the liver and intestine, which did not show
detectable expression in a few cases (Fig. 4A, Supplemental Fig. 1).
Furthermore, allele-specific RT-PCR sequencing of BBO75402 was
performed for all the tssues (strong expression was detected) of BJF1
embryos at E15.5 and 9-week-old adult mice, Interestingly, although
almost all the tissues were paternally expressed, placentas frem the
E15.5 embryos and adult testis exhibited biallelic expression (Fig. 4C,

Table 2
DNA polymorphism information of each paternally expressed candidate gene

Control Gene Nucledtide number " C57BLIG DBAJ2 JFt

< 500 raw NM_023878 4
D50527 308 ccCre CCITG
BC027434 232,235 AAGAAAGT AAAAAGGT AAAAAGGT
NM_008218 271 CGGTG CCGCIG CGCTG
BG070110 3
BB075402

< 400 raw BF580235 a5 89 TGARA TGGAA

< 300 raw AK004611 772 ACGTA ACATA
M12573 a

< 200 raw AK003956 a
BC027279 263 - CCGTC CCATC

< 100 raw BC022666 a
Bl438039 b
BI694835 154 TAAGA TADGA
NM_010938 1995 GAATG GAGTG
BC003763 1894 GGACC GGGCC
Al596401 152 ATAGG ATTGG
AW049828 b
AF425607 395 CGATG CGCTG
BI734783 227 CCCAA CCDAA
AK008077 733 CATAG CAAAG

All polymorphisms are shown in red,
# No polymorphisms were identified.
b No PCR bands were detected by RT-PCR.
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Fig. 2. Expression analysis of BBA75402. Allele-specific RT-PCR sequencing analysis of
BB075402 was performed with C57BL/6 (B6), JF1, BJF1, and ]BF1 mouse embryos at E.5
(n=3). The SNP of BB075402 is highlighted in yellow.

Supplemental Fig. 2). Meanwhile, expression at the Z4 region was
detected in the brain, tongue, heart, lung, intestine, kidney, muscle, and
placenta in E15.5 embryos and in the brain, tongue, kidney, muscle, and
placenta in E18.5 embryos (Fig. 4B). Allele-specific RT-PCR sequencing of

the Z4 region showed similar results to that of BB075402 (data not
shown). These results strongly suggested that the transcript of the
mouse Zdbf2 gene is paternally expressed in almost all expressed tissues,
but is biallelically expressed in only the placenta and testis,

Parent-of-origin-specific methylation of the mouse Zdbf2 gene

Many imprinted genes are epigenetically regulated by epigenetic
mechanisms such as DNA methylation. DNA methylation occurs
exclusively at cytosine residues within CpG dinucleotides. DMRs
have been identified in CpG-rich regions (CpG islands) around
imprinted genes in the maternal and paternal genomes, and it has
been demonstrated that these regions function as ICRs. To explore
and understand the regulation of the imprinted Zdbf2 gene, we
analyzed the DNA methylation status by using the bisulfite
sequencing methed [26].

The genemic DNA sequence of the mouse Zdbf2 gene was derived
from the mouse BAC clene RP23-434D24 (GenBank accessien number
AL669847, Fig. 5A), First, we identified 3 putative CpG islands within
the AL669947 sequence using EMBOSS CpGplet (http://www.ebi.ac.
uk/emboss/cpgplot/), and termed them CG1, CG2, and CG3 (Fig. 5A).
These CpG islands were defined as a 200-bp stretch of DNA with a GC
content of over 50% and an observed CpG/expected CpG (Obs/Exp
CpG) ratio greater than 0.6, The CG1 region was observed 25 kb
upstream of the Zdhf2 gene. CG2 contains the promoter and exon 1 of
the Zdbf2 gene. We identified some SNPs in the CG1 and CG3 regions
but not in CG2 by direct sequencing of samples from C57BL/6 and JF1
mice (Table 3). The CG3 contains 29 copies of the cytosine-rich 18-bp
direct repeat and is included in exon 7 (Supplemental Fig. 3). To
examine the differential methylation between paternal and maternal
alleles in these CpG islands, we subjected them to bisulfite sequencing
analyses for the CG1 and CG3 regions using 9.5-day-old in vitro
fertilized embryos (BJF1 mice) and for the CG2 region using 9.5-day-
old parthenogenetic and androgenetic embryos. The results showed
that all the analyzed regions were almost unmethylated in both the
alleles (Fig. 5B-D).

Second, by changing the CpG island criteria (minimum length,
100 bp; GC content, >50%; Obs/Exp CpG, >0.6), we identified a
relatively CpG-rich region 10 kb upstreamn of the Zdbf2 gene,
between the CG1 and CG2 regions, and also identified SNPs in this
region between C57BL/6 and JF1 mice (Table 3), We performed
bisulfite sequence analysis for this region similar te the 3 CpG islands
(Fig. 5E). Interestingly, patermal allele-specific methylation was
detected in the CpG-rich region. Furthermore, bisulfite sequencing
analyses of oocytes and sperms revealed that this region was
hypemethylated in oocytes but highly methylated in sperms. These
results showed that this CpG-rich region was methylated on the
paternal alleles and that the methylation was derived from germline,
similar te H19 DMR, DIk1-Gtl2 1G-DMR, and Rasgrf1 DMR, which are
known as paternal methylation imprints [27-29]; thus, we termed
this region Zdbf2 DMR.

Human hemelogous ZDBF2 is paternally expressed in lymphocytes but
not in the placenta

Mest known imprinted genes have been identified among
mammalian species, especially in mice and humans, but species-
specific imprinting has been reported in seme genes, like Igf2r and
Impact [30,31). To verify the imprinting status of the human homolog
ZDBF2, we examined an SNP in the ZDBF2 gene by direct sequencing
of cDNA from human tissues. On the basis of the NCBI Entrez human
gene database, the human homolog ZDBF2 gene centaining 5 exons
was mapped to chromosome 2¢33.3 (Gene ID: 57683), and no
imprinted genes were identified on human chremosome 2, We
designed a primer set within the last exon of ZDBF2 (exon 5)
including the SNP (reference SNP ID: rs10832150). We then
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Fig. 3. Expression analysis of a novel paternally expressed gene, Zdbf2, on mouse chromosome 1. (A) Map of the Zdbf2 gene on chromosome 1, Three EST positions and the primer
positions of the Z1-Z4 regions are shown in the map. (B) Expression analysis of BB075402 by the microarray method. Parthene: parthenogenetic embryes (n==4); control: in vitro
fertilized control embryos (n=4). Expression analysis of the Z1 (BB075402) (C) and Z2 regiens (AK033878) (D) by real-time RT-PCR in the parthenegenetic (n = 3) and control
embryos (n=3). Values are expressed as mean = s.e.m. (E) Expression analysis of the Z3 region (AK0152712) by RT-PCR in the control and parthenogenetic embryes, (F) Allele-
specific RT-PCR sequencing analysis of the Z4 region with BS, JF1, BJF1, and JBF1 moeuse embryos at £9.5 (n=3). The SNP of Z4 is highlighted in yellow.

performed RT-PCR analysis using human lymphocytes from a child
whe was heterezygous for a G/A polymorphism at the rs10932150
site, and only allele A from the father was detected (Fig, 6A, B).
Furthermore, we examined the SNP in the human placenta, which
was also heterozygous and, surprisingly, both G and A alleles were
detected (Fig. 6C). These results revealed that the human ZDBF2 gene
is paternally expressed in lymphocytes but biallelically expressed in
the placenta, This placenta-specific gene escape from imprinting is
similar to that ebserved in the imprinted mouse ZDBF2 gene. These
results demonstrated that an imprinted locus is present en human
chromoesome 2.

Discussion

This study aimed to identify novel imprinted genes by compre-
hensive comparisen of mouse gene expression. We successfully
identified a imprinted gene, Zdbf2, which was mapped to mouse
chremeseme 1C2, and its imprinted human hemolog, ZDBF2, which
was mapped to human chromoseme 2¢33.3. The discovery of the
imprinted Zdbf2 gene may provide an oppertunity to identify
additional imprinted genes in the vicinity of this gene because of
the clustering tendency of imprinted genes. Currently, the function of
the Zdbf2/ZDBF2 gene is unknown. Meanwhile, previous studies
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Fig. 4. Stage- and tissue-specific expression of the Zdbf2 gene. Expression analysis by RT-PCR of Z1 (A) and Z4 (B) in the tissues (B = brain, T = tongue, H = heart, Li = liver, Lu =
lung, | = intestine, K = kidney, § = spleen, M = muscle, P = placenta, and Te = testis; n=3, respectively) of BJF1 mouse embryos at 15.5 and 18.5 days (E15.5 and E18.5) and 1- and
9-week-old adult mice (1 week and 9 weeks), (C) Allele-specific RT-PCR sequencing analysis of Z1 (BB075402) using B6 and JF1 mouse embryos at E9.5, the brain and placenta from
BJFT embryos at E15.5, and the testis from adult BJF1 mice (n=2), The SNP of BB075402 is highlighted in yellow,

reported that maternal and paternal uniparental isodisomies for
human chromesome 2 were responsible for various abnormalities
[32-35]. Investigating the functions of the Zdbf2 gene and other
imprinted genes may previde further information abeut the imprint-
ing disorders and mechanism.

In this study, we compared gene expression profiles between
parthenogenetic and in vitro fertilized embryes (control) using the
Affymetrix GeneChip probe array. We obtained 18 known imprinted
genes and 21 candidates of paternally expressed genes. Some of the
known imprinted genes included paternally expressed genes that
were previously identified using subtraction hybridization in 9- to
18-day-old parthenogenetic and control embryos, similar to those
used in our study [16,17,21,36}, or embryenic fibroblast cell lines [37],
Of the obtained known imprinted genes, Kcng! and Gnas are known
as maternally expressed genes. These genes were accompanied by a
paternally expressed antisense gene (Kenglot1) or an alternative
gene form (Gnasxl); therefore, these transcripts might be hybridized
to the array [38,39]. Although we obtained several known imprinted
genes from this screeming, we could not obtain all the known
imprinted genes. The reasons may include the decreased detection
capability of tissue-specific imprinted gene expression because of
RNA isolation from whole embryoes er immature organ formation of
each sample,

Of the 21 paternally expressed gene candidates, we identified
polymerphisms among C57BL/6, DBA/2, and JF1 mice with 13
candidates. We used RT-PCR analysis and identified that of these,
the BBO75402 transcript was expressed only from the paternal allele,
Meanwhile, many paternally expressed gene candidates exhibited

biallelic expression in RT-PCR analysis, The differential expression of
such genes between parthenogenetic and control embryos could be
explained using 2 reasons. First, since 8.5-day-old parthenogenetic
embryos exhibited delayed development as compared to the controls
at the same stage of development, stage-specific genes might have
been selected in this screening. Second, disruption of the imprinted
gene expression in parthenogenesis might affect the expression of the
nen-imprinted genes, which were detected as false imprinted genes.
These arguments were described in the discussion section of the
previous studies {22,40]. The remaining candidate genes in which no
polymorphisms were detected need to be further evaluated to
determine whether they are true imprinted genes. Further investiga-
tion with other reciprocal crosses would be useful for identifying
polymorphisms between the strains,

The BB075402 transcript was registered as a RIKEN mouse EST
obtained from adult male diencephalens, and our study demonstrated
expression of the BB075402 transcript (Z1 region) in the brain.
Though almest all the major tissues showed clear expressien of this
transcript during embryogenesis, the tissues expressing this gene
were limited to the brain, tengue, and muscle, and the testis after
birth, The 3’-region of the AK033878 transcript corresponds to the
BB075402 transcript, and both transcripts showed decreased expres-
sion in parthenogenetic embryos. Moreover, a part of the AK015271
transcript (Z3 region), which contains exons 1-7 of the mouse Zdbf2
gene, was observed to show decreased expression in parthenogenetic
embryos as determined by RT-PCR. We could further perform allelic
expression analysis on the translated region (Z4 region shown in
Fig. 3) of the mouse Zdbf2 gene, and the results revealed that the
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Table 3
DNA polymorphism information on each CpG-rich region surrounding the mouse Zdbf2
gene

Region Nucleotide number C57BL/6 JF1
(AL669947)
CG1 6753 GGAAG GGGAG
Zdbf2 DMR 26681 CTCGA CTTGA
26819 TCCGA TCTCA
cG2 a
€G3 67619 GCGCT GCCCT
67716 Geeee GCACC
68030 CGCGC CGGGC
68053 CC-orewmvwem e CG CCCGTGCCCCCCGCGLGLCCCE

All polymeorphisms are shown in red,
2 No polymorphisms were identified.

translated region was paternally expressed similar to the BB075402
transcript. These results strongly indicated that these transcripts were
the same products expressed solely from the paternal allele, It
appeared that exons 5-6 of Zdbf2 are also paternally expressed;
however, it remained unknown as to whether the large (13 kb)
transcript of the Zdbf2 gene is expressed, Therefore, we tested 5/-RACE
using mouse embryos at E15.5, and we could confirrn that the
expressed splice form (exoms 1-7) was almest identical to the
AKO15271 transcript. Meanwhile, Z1 and Z4 primers did not detect
expression in all the same tissues. For example, in embryonic liver,
expression of the Z1 region was detectable but the Z4 region was not,
Though this may be caused by the presence of different forms of the
Zdbf2 wranscript in different tissues, to reveal (tissue-specific) splice
variants of Zdbf2 gene is required in future, )

According to the database, the mouse Zdbf2 gene encodes a 2493-
amino acid protein with a predicted mass of 270 kDa. In our study, we
demonstrated that the human ZDBF2 gene was paternally expressed
in lymphecytes, Furthermore, the human unidentified gene-enceded
(HUGE) protein database of the Kazusa DNA Research Institute
provides the expression profile of the human ZDBF2 gene based on
RT-PCR and enzyme-linked immuno-sorbent assay (ELISA) [41]. It is
shown that the expression level of this gene in the brain and muscle is
higher than that in other tissues such as those in the heart, lung, liver,
kidney, pamcreas, and spleen (http://www.kazusa.orjp/huge/
gfpage/KIAA1571/). Interestingly, our study showed that mouse
Zdbf2 gene expression was detected in only the brain, tongue, and
muscle through the embryo to the adult stages, Thus, the expression
profile of hurnan ZDBF2 was similar to that of mouse Zdbf2, which was
investigated in our study. Furthermore, analyses of imprinted
expression patterns showed that biallelic expressien of mouse and
hurman homelogs was detected in placental tissues despite the
paternal allele-specific expression observed in almost all other tissues
(except for the testis) The possibility of placental tissues containing
maternal materials was not completely excluded, however, the other
imprinted gene (H19) showed normal imprinted expression pattern
in both human and mouse placental tisses (data net shown). These
facts indicate that the regulation mechanism of Zdbf2/ZDBF2 gene
expressien is well conserved between mice and humans. Further
comparisen analyses of Zdbf2/ZDBF2 gene preducts may provide hints
fer revealing those functions. For example, additional homelogeus
Zdbf2 anchors ameng chimpanzees, rats, dogs, horses, and chickens
have been identified (Gene ID: 470622, 501153, 488490, 100068542,
and 424100), These facts indicated that this gene plays an evolution-

ally conserved rele among at least these organisms, There were no
reports of the imprinted genes showed biallelic expression specifically
in placenta and testis, like Zdbf2 gene. By centract, some imprinted
genes shows placenta-specific imprinted expression, and one of them,
Mash2/Ascl2 gene is essential for placental development [42]. The
elucidation of the function of Zdbf2 gene may explain the reason of the
placenta- and testis-specific escape imprinting,

As previously noted, imprinted genes were regulated by parent-
of-origin-specific DNA methylatien in the DMR in cis. On analyzing
the DNA methylation status at 4 CpG-rich regions around the mouse
Zdbf2 gene, we identified a paternal allele-specific methylated region,
Zdbf2 DMR, which is 10 kb upstreamn of the Zdbf2 gene. Thus far,
similar DMRs have been found in enly 3 imprinted loci—H19-gf2,
DIk1-Gti2, and Rasgrf—and it has been demonstrated that these DMRs
function as the ICRs controlling the neighboring imprinted genes. In
particular, methylation of H19 DMR and DIk1-Gtl2 1G-DMR acts as
paternal methylation imprinting and prevents parthenogenesis
[43,44). Interestingly, 2 paternally expressed genes, Igf2 and DIk1,
were included in the 18 known imprinted genes that were obtained
from our microarray screening. This indicates that hypemethylation
of H19 DMR and IG-DMR inhibits paternally expressed genes on both
maternal alleles in a parthenogenetic embrye, and that the methyla-
tion of Zdbf2 DMR may alse regulate the paternally expressed Zdbf2
gene and the hitherto undiscovered neighboring imprinted genes.
Mereover, the methylatien of Zdbf2 DMR might be established in
gonoecytes because the other 3 paternal methylation imprints are
established in this stage [45-49], but the details of this remain
unimown. The regulatory mechanism of the Zdbf2 gene and the role
of DNA methylation at the Zdbf2 DMR should be clarified. The
identification of novel paternally methylated DMRs was important
and valuable, because only 3 cases showing such methylatien
patterns were reported, even though over 10 materpally methylated
DMRs were reported, Further characterizatien of Zdbf2 DMR is
required to demonstrate the mechanisms by which the paternally
methylated DMRBs were methylated (targeted) by DNA methyltrans-
ferases, Although the real role of the repeat element in genemic
imprinting [50,51] is still unknown, we identified a direct repeat
sequence on the Zdbf2 gene, similar to the ether imprinted genes, In
conclusion, we successfully defined mouse chromosome 1 and
human chromosome 2 as the imprinted loci. Our findings provide a
new platform for further identification of new imprinted genes and
new insight into control of parental gene expression,

Materials and methods

Extraction of total RNA from parthenogenetic, androgenetic, and control
embryos for micrearray analysis

Parthenogenetic and androgenetic embryes were prepared as
described previously [52]. Briefly, parthenogenetic embryes were
constructed by stimulating unfertilized BDF1 eggs (C57BL6 x DBA/2;
Clea Japan, Tokyo, Japan) with strontium chloride selution, which
contains cytechalasin B to prevent extrusion of the second polar body.
Androgenetic embryos were produced by in vitro fertilization of
enucleated pocytes from BDF1 mice. Pronuclear transfer (from male
BDF1 mice) was performed to preduce dipleid androgenetic embryos.
Control biparental embryos were produced by the in vitre fertilization
of non-manipulated oocytes, These embryos were intreduced inte an

Fig. 5. Methylation profiles of Zdbf2 DMR and CpG islands surrounding the mouse Zdbf2 gene, (A) Genomic structure of the mouse Zdbf2 gene, The filled vertical arrowheads indicate
the positions of each CpG island, L.e.,, CG1, CG2, and CG3. The open vertical arrowhead indicates the position of the relatively CpG-rich region, i.e., Zdbf2 DMR. The filled vertical
arrowheads indicate the positions of each CpG island—CG1, CG2, and CG3. The methylation status of (B) CG1, {C) CG2, and {D) CG3 in the 9.5-day-old in vitro fertilized (BJF1 mice;
n=2), parthenogenetic, and androgenetic embryos (n = 2). Coordinates are frem GenBank Sequence AL669947, The 29 continuous arrows (herizontal) indicate direct repeats within
the CG3 region. (E) Methylation of Zdbf2 DMR in the 9.5-day-old in vitro fertilized (B)F1 mice) embryos, oocytes, and sperm. The open and closed circles indicate methylated and
unmethylated CpGs, The asterisks represent polymorphism positions between B6 and JF1 mice. The maternal and paternal alleles were distinguished by pelymerphisms, if present,
between C57BL6 (B6) and JF1 mice, Mat, maternal (B6) allele; Pat, paternal (JF1) allele. n: number of DNA clenes,



