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Kagami-Ogata syndrome: a clinically recognizable upd
(14)pat and related disorder affecting the chromosome

14932.2 imprinted region

Tsutomu Ogatal? and Masayo Kagami?

Human chromosome 14q32.2 carries paternally expressed genes including DLK1 and RTL1, and maternally expressed genes
including MEG3 and RTL 1as, along with the germline-derived DLK1-MEG3 intergenic differentially methylated region (IG-DMR)
and the postfertilization-derived MEG3-DMR. Consistent with this, paternal uniparental disomy 14 (upd(14)pat), and
epimutations (hypermethylations) and microdeletions affecting the IG-DMR and/or the MEG3-DMR of maternal origin, result in a
unique phenotype associated with characteristic face, a small bell-shaped thorax with coat-hanger appearance of the ribs,
abdominal wall defects, placentomegaly and polyhydramnios. Recently, the name ‘Kagami-Ogata syndrome’ (KOS) has been
approved for this clinically recognizable disorder. Here, we review the current knowledge about KOS. Important findings include
the following: (1) the facial ‘gestalt’ and the increased coat-hanger angle constitute pathognomonic features from infancy
through childhood/puberty; (2) the unmethylated 1G-DMR and MEG3-DMR of maternal origin function as the imprinting control
centers in the placenta and body respectively, with a hierarchical interaction regulated by the IG-DMR for the methylation
pattern of the MEG3-DMR in the body; (3) RTL1 expression level becomes ~ 2.5 times increased in the absence of functional
RTL1as-encoded microRNAs that act as a trans-acting repressor for RTL1; (4) excessive RTL1 expression and absent MEG
expression constitute the primary underlying factor for the phenotypic development; and (5) upd(14)pat accounts for
approximately two-thirds of KOS patients, and epimutations and microdeletions are identified with a similar frequency.

Furthermore, we refer to diagnostic and therapeutic implications.
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INTRODUCTION

Human chromosome 14q32.2 harbors an imprinted region.
Consistent with this, paternal uniparental disomy 14 (upd(14)pat)
results in a unique phenotypic constellation, and maternal uniparental
disomy 14 (upd(14)mat) leads to less characteristic but clinically
discernible features.>> Upd(14)pat- and upd(14)mat-compatible phe-
notypes are also caused by epimutations and microdeletions affecting
the maternally and paternally derived chromosome 14q32.2 imprinted
region, respectively.z"l’9 However, until recently, there were no
pertinent names for the clinically recognizable disorders. Although
the terms ‘upd(14)pat syndrome’ and ‘upd(14)mat syndrome’ were
utilized previously,>” both are apparently inappropriate as ‘upd(14)
pat/mat syndrome’ can be brought about by (epi)genetic mechanisms
other than upd(14)pat/mat.>*

Recently, the names ‘Kagami-Ogata syndrome’ (KOS) (OMIM
608149) and ‘Temple syndrome’ (TS) (OMIM 616222) have been
proposed for upd(14)pat/upd(14)mat related
respectively.!®!! The syndrome names have been approved by the
European Network for Human Congenital Imprinting Disorders
(EUCID.net) (www.imprinting-disorders.eu) on the basis of their

1,2

and conditions,

significant contribution to the elucidation of clinical and molecular
characteristics of the two disorders. Here, we review the current
knowledge about KOS.

CLINICAL FINDINGS

Patients

After identification of upd(14)pat by Wang et al.'? in 1991, and that of
epimutations and microdeletions affecting the 14q32.2 imprinted
region of maternal origin by Kagami et al.? in 2008, a total of 35
Japanese and 18 non-Japanese patients have been identified with KOS,
excluding one Japanese patient with a ring 14 chromosome missing
multiple nonimprinted genes’ and including two unpublished Japa-
nese patients with epimutations (Supplementary Table S1). The
patients have upd(14)pat, epimutations or microdeletions, and there
has been no KOS patient with a single gene mutation or a duplication
of the paternally derived 14q32.2 imprinted region. Upd(14)pat and
epimutations reported to date are invariably sporadic, whereas
microdeletions of variable sizes are identified as a sporadic form or
as a familial form transmitted from the mother.
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Phenotypic summary

Comprehensive clinical studies have recently been performed for
Japanese patients.'? The results, in conjunction with clinical findings
of non-Japanese patients (Supplementary Table S1), are summarized
as follows: (1) phenotypes are similar irrespective of the underlying
cause and ethnicity; (2) the facial ‘gestalt with full cheeks and
protruding philtrum and the increased coat-hanger angle to the ribs
constitute unique pathognomonic features from infancy through
childhood/puberty (and probably in adulthood as well) in KOS, and
the decreased ratio of the mid to widest thorax diameter (M/W) is also
specific to KOS in infancy, although it becomes within the normal
range after infancy (Figure 1, Supplementary Figure S1) (facial

photographs have also been published in many papers);!%12-21

4
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Figure 1 Unique pathognomonic features in Kagami-Ogata syndrome (KOS).
(@) Photographs of a patient with a maternally inherited 411354 bp
microdeletion involving DLK1, the IG-DMR, the MEG3-DMR, MEG3, RTLI1/
RTLIas, MEG8 and a centromeric part of snoRNAs (Deletion-4 in
Figure 3).2 IG-DMR, intergenic differentially methylated region. The facial
‘gestalt’ with full cheeks and protruding philtrum is observed from infancy
through childhood. (b) Chest roentgenogram of a hitherto unreported
Japanese neonatal patient with an epimutation. The CHA (coat-hanger angle)
to the ribs is increased, and the M/W ratio (the ratio of the mid to widest
thorax diameter) is decreased. Normal values are based on our previous
report.10
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(3) abdominal wall defects including omphalocele, placentomegaly
and polyhydramnios represent characteristic but not specific features
in KOS, as they are also observed in several disorders such as
Beckwith-Wiedemann syndrome and androgenetic mosaicism;?%??
(4) KOS is also associated with rather common but important features
such as prenatal overgrowth/overweight, developmental delay and
feeding difficulties; (5) polyhydramnios is ascribed to placentomegaly
and feeding difficulty (impaired swallowing), and the relevance of both
placental and body factors explains why polyhydramnios can be
present in patients lacking placentomegaly or feeding difficulties; (6)
hepatoblastoma has been identified in three infantile patients; and (7)
mortality is ~30%, and has invariably occurred before 4 years of age.

In addition, two negative findings would also be worth pointing out.
First, hypothyroidism has not been described in KOS patients.>!* This
finding, together with lack of hyperthyroidism in TS patients,'! would
argue against DIO3 being an imprinted gene, because DIO3 functions
as an inactivator of thyroid hormones.”* Second, there is no KOS
patient with diabetes mellitus, although positive associations have been
identified between paternally inherited rs941576 in this imprinted
region and type I diabetes mellitus?® and between downregulation of
MEGs in this imprinted region and type II diabetes mellitus.?® Thus,
the relevance of this imprinted region to diabetes mellitus would be
minor, if any.

HUMAN CHROMOSOME 14Q32.2 IMPRINTED REGION
Imprinted genes

This region harbors protein-coding paternally expressed genes (PEGs)
such as DLKI and RTLI, and noncoding maternally expressed genes
(MEGs) such as MEG3 (alias, GTL2), RTLlas (RTLI antisense),
MEGS, snoRNAs and microRNAs (Figure 2a).? Parent-of-origin-
specific expression patterns have been confirmed in somatic and
placental cells of control subjects and KOS patients.>*?” For DIO3,
biparental expression has been indicated at least in the placenta,?’
consistent with lack of thyroid diseases in KOS and TS.!%!

Differentially methylated regions (DMRs)

This region also carries the intergenic DMR (IG-DMR) between DLK1
and MEG3 and the MEG3-DMR at the MEG3 promoter region
(Figure 2a).>?® Both DMRs are methylated after paternal transmission
and unmethylated after maternal transmission in the body; in the
placenta, the IG-DMR alone remains as a DMR, and the MEG3-DMR
is grossly hypomethylated regardless of parental origin
(Figure 2b).>*?7 These findings suggest that the IG-DMR is a
germline-derived primary DMR, whereas the MEG3-DMR is a
postfertilization-derived secondary DMR.b%°

Imprinting control centers (ICCs)

The MEG3-DMR and the IG-DMR of maternal origin function as
ICCs in the body and the placenta, respectively, with a hierarchical
interaction between the two DMRs in the body (Figure 2b).* Indeed,
loss of a 4303-bp segment encompassing the unmethylated MEG3-
DMR of maternal origin has resulted in maternal to paternal
epigenotypic alteration (absent MEG expression and biparental PEG
expression) in the body, thereby leading to a typical KOS body
phenotype in the presence of the differentially methylated IG-DMR;
the placenta was apparently normal, consistent with the non-DMR
pattern of the MEG3-DMR in the placenta.* Similarly, loss of an
8558-bp segment involving the unmethylated IG-DMR of maternal
origin has caused maternal to paternal epigenotypic alteration in the
placenta and an epimutation (hypermethylation) of the MEG3-DMR
in the body, thereby leading to typical KOS placental and body
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Figure 2 The human chromosome 14q32.2 imprinted region. (a) Schematic
representation of the physical map of this region. PEGs are shown in blue,
MEGs in red, a probably non-imprinted gene (D/O3) in black and the DMRs
in green. (b) Methylation patterns of the DMRs. Black, white and gray
painted circles represent methylated DMRs, unmethylated DMRs and non-
DMRs, respectively. The arrow indicates a hierarchical interaction between
the IG-DMR and the MEG3-DMR that appears to be medicated by cis-acting
ncRNAs (the IG-DMR RNA) that exerts an enhancer-like function for the
MEG3 promoter and prevents the MEG3-DMR from methylation. The deleted
regions are shown with stippled squares. (c) Interaction between RTLI and
RTLIas. In control subjects, RTLIlas-encoded microRNAs function as a
trans-acting repressor for RTLI1. In upd(14)pat patients, RTL1 expression
level becomes ~ 5 times increased because of two copies of functional RTLI
and no functional RTLIas (shown with thick arrows). DMR, differentially
methylated region; ICC, imprinting control center; |IG-DMR, intergenic
differentially methylated region; M, maternally derived chromosome; MEGSs,
maternally expressed genes; ncRNA, noncoding RNA; P, paternally derived
chromosome; PEGs, paternally expressed genes; upd(14)pat, paternal
uniparental disomy 14.

phenotypes.* Tt is likely that the unmethylated IG-DMR controls the
imprinting pattern directly in the placenta, and indirectly in the body
by hierarchically regulating the methylation pattern of the MEG3-
DMR. In this regard, it is postulated that epimutations (hypermethy-
lations) of the IG-DMR of maternal origin also lead to maternal to
paternal epigenotypic alterations, as reported in other imprinting
disorders (Figure 2b).>*% Furthermore, as the epimutations identified
in KOS and TS patients have invariably affected both the IG-DMR and
the MEG3-DMR, with no isolated epimutation of the IG-DMR or the
MEG3-DMR,>%"!! this would be compatible with the notion that
the methylation pattern of the MEG3-DMR is determined by that of
the IG-DMR.

Although it remains to be elucidated how the two unmethylated
DMRs of maternal origin function as ICCs with an interaction in the
body, significant progress has been made for this issue. It is likely that
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nearly all MEGs, which are transcribed in the same orientation from
the forward strand with a strikingly similar tissue expression pattern,
comprise a long multicistronic noncoding RNA transcript
(Figure 2a),>32 and that this transcript is expressed by the MEG3
promoter at the MEG3-DMR in somatic cells and by a different
promoter in placental cells. Indeed, it is difficult to postulate a parent-
of-origin-specific function for the placental MEG3 promoter that
resides in a rather hypomethylated region irrespective of the parental
origin.2'4>27 Furthermore, Kota et al.33 have shown that the IG-DMR of
maternal origin harbors bidirectionally expressed cis-acting relatively
short (mostly <500bp and up to 750 bp) noncoding RNAs named
the TG-DMR RNA’ that exerts an enhancer-like function for the
MEG3 promoter as recently identified enhancer RNAs*** and
protects the Gtl2/Meg3-DMR from de novo methylation (Figure 2b).
These findings would explain why the MEG3-DMR can control nearly
all the MEGs expression in the body under the hierarchical regulation
of the IG-DMR, although it remains unknown how the IG-DMR
regulates the MEG expression in the placenta. For PEGs, the biallelic
expression of DLKI and absence of noncoding RNA in birds and fish
that are free from genomic imprinting imply that the paternal-type
imprinting pattern with positive DLKI expression is the default
situation of this domain.?®37 Thus, loss or epimutation of the
IG-DMR and the MEG3-DMR of maternal origin would result in
the positive PEG expression as the default condition in the placenta
and the body, respectively.

For the MEG3-DMR, it contains two putative CTCF-binding sites
with a DMR-compatible methylation pattern.**3# Thus, it may be
possible that preferential binding of CTCF protein with versatile
functions to the unmethylated CTCF-binding sites activates all MEGs
as a large transcription unit. In addition, as mouse Gt2/Meg3-DMR is
associated with parental origin-specific histone acetylation,®® CTCF
protein binding may inhibit all PEGs by affecting histone
modification.*3%40 However, although the CTCF protein can bind
to the two putative binding sites,*® previous studies have failed to show
a preferential binding of CTCF protein to the unmethylated binding
sites.#! Thus, the relevance of the CTCF-binding sites to the ICC
function awaits further investigations.

It should be pointed out that the expression patterns of the 14q32.2
imprinted genes are also influenced by a trans-acting factor(s) other
than the ICCs. It has recently been shown that IPW, a long noncoding
RNA in the Prader-Will syndrome (PWS) critical region, functions as
a regulator for the expression of the imprinted genes at chromosome
14q32.2.#2 Thus, the imprinting regulation mechanisms would be
much more complex.

RTL1/RTL1as interaction and expression dosage of the imprinted

genes

RTLlas-encoded microRNAs function as a trans-acting repressor for
RTLI expression (Figure 2c). Actually, quantitative PCR analyses have
indicated ~5 times, rather than 2 times, increased RTLI expression
level in fresh placentas with upd(14)pat, as well as doubled DLKI
expression level and absent MEGs expression.”” This suggests that the
RTLI expression level is ~2.5 times increased in the absence of
functional RTLIas. Immunohistochemical examinations have also
identified markedly increased RTL1 protein expression and moder-
ately increased DLK1 protein expression in the vascular endothelial
cells and pericytes of chorionic villi with upd(14)pat.?” The repressive
effect of Rtllas on Rtl] expression has also been demonstrated in
mice.*>** No other gene-gene interaction has been demonstrated in
this imprinted region.

89
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MAJOR PHENOTYPIC DETERMINANT(S)

Expression dosage of the imprinted genes

Expression patterns in upd(14)pat, epimutations and various micro-
deletions are shown in Figure 3. Upd(14)pat and epimutations are
accompanied by essentially identical expression patterns (that is, 2
times DLK1 and ~ 5 times RTLI expression dosages, and absent MEGs
expression), although the possible presence of trisomic cells in trisomy
rescue (TR)-type upd(14)pat, that of normal cells in postfertilization
mitotic error (PE)-type upd(14) and that of normal cells escaping
hypermethylation in epimutations remain possible. In contrast,
microdeletions are accompanied by variable expression patterns of
the imprinted genes, depending on the size of the deleted regions.
Thus, (epi)genotype—phenotype correlations in patients with micro-
deletions are informative in considering the major phenotypic
determinant(s).

(Epi)genotype—phenotype correlations in the body

Body phenotypes are comparable among patients with different
causes, and excessive RTLI expression (~2.5 times or ~5 times) and
absent MEGs expression are shared in common (Figure 3 and
Supplementary Table S1). In contrast, as patients with Deletions-2
and -4 are associated with typical KOS phenotype in the presence of a
normal (1 time) DLKI expression dosage, this argues against a major
effect of doubled DLKI expression dosage on phenotypic develop-
ment. Thus, there are two possibilities with regard to the major
phenotypic determinant(s) in KOS.

First, excessive RTLI expression may constitute the major pheno-
typic determinant(s).!% In support of this, mouse Rt is expressed in
the fetal ribs, brain and skeletal muscles,!0*> although assessment of
body phenotype remains poor in Rfllas knockout mice, which died
within a day, with 2.5-3.0 times R#/I expression.** In this case, it is

assumed that clinical features are more severe in patients with ~5
times RTLI expression than in those with ~2.5 times RTLI expres-
sion. Although our initial studies supported such an RTLI dosage
effect on the phenotypic severity,” the difference in the RTLI
expression dosage turned out to have no discernible clinical effects
after analyzing long-term clinical courses.!® This may be explained by
assuming the presence of a threshold for the RTLI expression level or
the buffering effects of multiple genetic and environmental factors for
the difference in the RTLI expression dosage.

Second, absent MEGs expression may play a crucial role in the
phenotypic development, independently of the excessive RTLI expres-
sion resulting from loss of functional RTLIas. Indeed, as mouse G2/
Meg3 is expressed in multiple fetal tissues including the primordial
cartilage,*® absent MEG3 expression may be involved in the pheno-
typic development. Null expression of snoRNAs and/or miRNAs may
also have clinical effects, as observed in exceptional PWS patients
lacking only snoRNAs including SNORD116.” Furthermore, absence
of functional IG-DMR RNA may also lead to abnormal phenotypes by
affecting the expression patterns of the imprinted genes,?® although
the IG-DMR RNA has not been studied in KOS patients.

The two possibilities are not mutually exclusive, and excessive RTL]I
expression coexists with absent expression of MEGs including RTL1as.
Thus, further studies are required to elucidate which is the more
critical determinant. For example, clinical studies in patients with tiny
deletions involving maternally inherited MEG3, RTLIas, snoRNAs and/
or miRNAs, but not the DMRs, will serve to clarify this matter.

(Epi)genotype—phenotype correlations in the placenta

The above notion is also applicable to Deletions-1-4, because
Deletions-1-4 are associated with placentomegaly and polyhydram-
nios, in the presence of excessive RTLI expression (~2.5 times or

Body Placenta Phenotype
P.m.u.w».l: PEGs 1X Pm—u-bb»—t PEGs 1X
Control M_ﬂw MEGs 1 X M':'"'k'w MEGs1X | Normal
Und(14)pat p.z.?.&ﬂ:.o.»»_z DLK7 2X p_‘_u::l_u.»»_‘ DLK7 2X | Body: Typical KOS
s (_37)pa RTL1~5X RTL1~5X | Placentomegaly 83%
(n=37) P mﬂ-bb»—‘: MEGs 0X | P -‘M-DW MEGs 0X | polyhydramnios 100%
it S00.% e @ DIKT 2X | @0 & iym @ DLK7 2X | Body: Typical KOS
EPImlit:'ﬂon P RTL1~5X | P RTL1~5X | Placentomegaly 100%
(n=7) mem-: MEGs 0X M-‘-’-E!l-ﬂ-»»—‘ MEGs 0X | polyhydramnios 100%
Deletion-1 P -‘MD-DD»-: DLK7 2X PM‘ DLK7 2X Body: Typical KOS
(8,558 bp) RTL1~5X RTL1~5X Placentomegaly (+)
n=1) | M-SR MEGs 0X | n-ESB B MEGs 0X | Polyhydramnios (+)
Deletion-2 | mu_»»_g DLK7 1X P-m-ﬂ-»»l: DLK7 1X | Body: Typical KOS
(108,768 bp) RTL1~5X RTL1~5X Placentomegaly (+)
=) | o WEGs 0X | RS E  MEGs 0X | polyhydramnios (+)
Deletion-3 | p .‘.'.&Sl.u.w».z DLK7 2X p_‘m%‘ DLK7 2X | Body: Typical KOS
(474,550 bp) RTL1~25X RTL1~2.5 X | Placentomegaly (+)
(n=1) M-m MEGs 0X Mm MEGs 0X | polyhydramnios (+)
Deletiond |p 500 S s @ DIK7 1X | P50 Sh oyt DLK7 1X | Body: Typical KOS
(411,354 bp) RTL1~25X RTL1~2.5 X | Placentomegaly (+)
oy | v R MEGs 0X | V- MEGs 0X | Polyhydrammios (+)
Deletion5 | p w52 Shrppppt® DLK7 2X | p 502 Sy nnsge DLK7 1X | Body: Typical KOS
(165,153 bp) RTL1~25X RTL1~2.5 X | Placentomegaly (-)
o) | - RN MEGs 0X | v MEGs 0X | Polyhydramnios (+
Deletion6 | p 2B DIK7 2X | p Rttt DLK7 1X | Body: Typical KOS
(5,823 bp) RTL1~5X RTL1T 1X Placentomegaly (?)
(n=2) Mm—n-[»»-‘ MEGs 0 X M-:-*-—cw MEGs 1X | Polyhydramnios (+)
Deletion7 | P 2=t DLK7 2X | PR DLK7 1X | Body: Typical KOS
(4,303 bp) mﬂw RTLT~5X RTL1 1 X | Placentomegaly (-)
(n=1) M MEGs 0X M-D-i:—':lﬁ—‘ MEGs 1X | Polyhydramnios (-)

Figure 3 Expression patterns of the imprinted genes and methylation patterns (modified from our previous report).}° For explanations, see the legend for
Figure 2. MEG3 is not expressed in Deletions-6-7, because MEG3 exons 1-3 are deleted.
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~5 times), normal or doubled DLKI expression and absent MEGs
expression in the placenta (Figure 3 and Supplementary Table S1). In
particular, excessive RTLI expression would play a crucial role in the
development of placental features, because Rtllas knockout mice have
placentomegaly (~150%) in the presence of 2.5-3.0 times R#I
expression and apparently normal expression of other imprinted
genes in this domain.**

For the placental phenotype, two findings should be pointed out.
First, Deletion-5 was free from placentomegaly,” although ~ 2.5 times
RTLI expression dosage and absent expression of nearly all MEGs are
predicted in the placenta as well as in the body (Figure 3). However,
this would not pose a major problem, because placentomegaly is not
an invariable feature even in patients with upd(14)pat with ~5 times
RTLI expression dosage and null MEG expression. In this context,
polyhydramnios in the patient with Deletion-5 would primarily be
because of defective swallowing of amniotic fluid, as indicated by the
presence of feeding difficulties.”

Second, the two siblings with Deletion-6 had polyhydramnios,
whereas the patient with Deletion-7 apparently had neither placento-
megaly nor polyhydramnios, despite the similar deletion sizes (the
deletion size according to hgl9: Deletion-6, Chrl4: 101 291 322-101
297145bp; and Deletion-7, Chr14:101 291 225-101 295 527 bp)
(Figure 3).%> As MEGs in the placenta would be transcribed by a
cis-acting promoter other than the MEG3 promoter in the presence of
the IG-DMR, the placentas with Deletions-6 and -7 are predicted to be
accompanied by normal expression levels of most MEGs including
RTLIas, except for MEG3 that is disrupted by the microdeletions, and
normal expression levels of PEGs including RTLI. This notion explains
lack of placentomegaly and polyhydramnios in Deletion-7, and
excludes a positive role of MEG3 deficiency in the development of
aberrant placental phenotype. For Deletion-6, polyhydramnios would
be explained by body factors, because one of two siblings with
Deletion-6 manifests feeding difficulty and both siblings have mus-
cular hypotonia that can cause polyhydramnios.>*® In addition,
placentomegaly is not described in the two siblings with Deletion-6,
although no description of a particular phenotype does not necessarily
indicate the lack of a corresponding phenotype.

UNDERLYING FACTORS FOR KOS AND UPD(14)PAT
Underlying causes for KOS

Relative frequency of underlying causes is shown in Table 1. Upd(14)
pat accounts for approximately two-thirds of KOS patients, and
epimutations and microdeletions are identified with a similar
frequency. Notably, upd(14)pat has predominantly been found in
Japanese patients with normal karyotype and in non-Japanese patients
with abnormal karyotype. This would primarily be because of the
difference in molecular methods employed before and after the
identification of the DMRs.? Indeed, Japanese patients have been
found by methylation analysis of the DMRs that is carried out
irrespective of the karyotype, whereas non-Japanese patients have
primarily been detected by genotyping analysis that is preferentially
performed for chromosomal abnormalities as a risk factor for upd(14)
pat.*” This notion would also explain why epimutations have been
found in Japanese patients only.

The relative frequency is similar to that observed in TS,!! but is
different from that in other imprinted disorders. For example,
microdeletions at chromosome 15q11.2—q13 imprinted region are
most frequent in PWS and Angelman syndrome, and epimutations of
the HI9-DMR and the KvDMRI at chromosome 11pl5 are most
prevalent in Silver—Russell syndrome and Beckwith-Wiedemann
syndrome, respectively.>*®  Although the preponderance of
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Table 1 Underlying factors for Kagami—Ogata syndrome and
upd(14)pat

Japanese Non-Japanese Total
(n=35) (n=18) (n=53)
Underlying causes for KOS
Upd(14)pat 23 14 37
Normal karyotype 20 5 25
Abnormal karyotype 3 9 12
Epimutation 72 0 7
Microdeletion 50 4
Underlying mechanisms for upd(14)
pat
Normal karyotype
TR/GC 7 0 7
MR/PE 12 2 14
PE 1 2 3
No detailed information 0 1 1
Abnormal karyotype
Robertsonian translocation 2d 3¢ 5
Isochromosome for 14q 0 5 5
Unknown/other karyotype 1 18 2

Abbreviations: GC, gamete complementation; KOS, Kagami-Ogata syndrome; MR, monosomy
rescue; PE, postfertilization mitotic error; TR, trisomy rescue; upd(14)pat, paternal uniparental
disomy 14.

2Including two hitherto unreported patients.

bIncluding sibling cases; thus, four microdeletions have been found in five patients.

CIncluding sibling cases; thus, three microdeletions have been detected in four patients.
945,XX,rob(13;14)(q10;q10) (n=1) and 45,XX,rob(14;21)(q10;q10q) (n=1); parental
karyotype has not been examined.

€45,XX,rob(13;14)(q10;q10) (n=3); the same Robertsonian translocations have been found in
the fathers of the three patients.

f45,XX,i(14q) (n=4) and 45,XY,i(14q) (n=1); parental karyotypes are invariably normal in the
five patients.

846,XX[61/47 XX,+mar[44]. Although the marker chromosome is derived from chromosome 14, it
does not involve the 14g32.2 imprinted region, and full isodisomy for chromosome 14 has been
shown by microsatellite analysis.

microdeletions in PWS/Angelman syndrome is explained by the
presence of low-copy repeats flanking the imprinted region,”®
it is unknown why upd and epimutations are predominant in KOS/
TS and Silver—Russell syndrome/Beckwith—-Wiedemann syndrome,
respectively.

Underlying mechanisms for upd(14)pat

Upd(14)pat is frequently identified in patients with normal karyotype
(Table 1). Upd(14)pat in such patients is primarily caused by TR,
gamete complementation, monosomy rescue (MR) and PE.3° TR/
gamete complementation is accompanied by at least one heterodisomic
locus, MR by full isodisomy and PE by full or segmental isodisomy.*°
In this regard, the predominance of MR/PE-type upd(14)pat in
Japanese patients would be related to the recent increase in the
maternal childbearing age,®! because MR-type upd(14)pat is mediated
by a nullisomic oocyte that is produced by maternal age-dependent
nondisjunction at meiosis 1 as well as by maternal age-independent
nondisjunction at meiosis 2.”> Indeed, maternal childbearing age is
significantly increased in Japanese patients with MR/PE-type upd(14)
pat.’® Consistent with this, maternal childbearing age is also signifi-
cantly advanced in PWS patients with M1 nondisjunction-mediated
TR/gamete complementation-type upd(15)mat.>!

Upd(14)pat is also found in patients with abnormal karyotype
(Table 1). The Robertsonian 13q;14q translocations in three non-
Japanese patients with hetero-upd(14)pat were transmitted from their
fathers to the patients,12’13’53 although Robertsonian translocations
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Figure 4 Schematic representation of the generation of upd(14)pat in patients or parents with Robertsonian translocation or i(14q). MR, monosomy rescue;
TR, trisomy rescue; upd(14)pat, paternal uniparental disomy 14. (a) Hetero-upd(14)pat mediated by paternal Robertsonian translocation and post-zygotic TR.
(b) Iso-upd(14)pat mediated by maternal Robertsonian translocation and post-zygotic MR. (c) Iso-upd(14)pat generated by concomitant occurrence of post-
zygotic MR and isochromosome formation. (d) Iso-upd(14)pat generated by sequential occurrence of meiotic isochromosome formation and post-zygotic TR.
(e) Iso-upd(14)pat generated by sequential occurrence of mitotic isochromosome formation and TR.

could occur as a de novo event. This indicates the production of TR-
mediated upd(14)pat in these patients (Figure 4a). Here, it appears
worth pointing out that a maternal Robertsonian translocation could
be a risk factor for iso-upd(14)pat, because it constitutes a predispos-
ing factor for the production of a nullisomic oocyte and resultant
monosomic zygote that could be subject to MR for a paternally
derived chromosome 14 (Figure 4b). However, a maternal Robertso-
nian translocation has not been found to date, probably because
parental karyotyping has not been performed in patients with normal
karyotype. In contrast, the i(14q) chromosomes with full iso-upd(14)
pat in five non-Japanese patients were formed as a de novo
event, 147165455 Tt is likely that the i(14q) chromosome is generated
by MR in association with isochromosome formation (centromeric
misdivision or U-type sister chromatid exchange) during mitosis, or
by TR after isochromosome formation during meiosis or mitosis
(Figures 4c—e).*>>%%7 In addition, i(14q) chromosome with hetero-
upd(14)pat could be produced by U-type exchange between non-sister
chromatids during meiosis.*®

DIAGNOSTIC AND THERAPEUTIC IMPLICATIONS

Clinical diagnostic implications

The facial gestalt and the increased coat-hanger angle are mandatory
for the clinical diagnosis of KOS, and the decreased M/W ratios also
constitute a diagnostic indication in infancy.!® Furthermore, when
several characteristic features appear in association with the pathog-
nomonic features, this confirms the diagnosis of KOS. Differential
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diagnosis includes Beckwith—-Wiedemann syndrome and androgenetic
mosaicism.?>?3

Molecular diagnostic implications

The flowchart of molecular diagnosis is shown in Figure 5. As all the
patients with KOS identified to date have hypermethylation of the
IG-DMR and/or the MEG3-DMR, methylation patterns of the two
DMRs should be analyzed as the first step. When hypermethylation is
found for either of the two DMRs of maternal origin, this confirms the
diagnosis of KOS. When hypermethylation is absent, clinical diagnosis
should be reconsidered. However, it would be suggested to examine a
possible deletion involving RTLIas but not the DMRs, or a possible
mutation of RTLI/RTLIas, because loss of RTLIas, gain-of-function
mutation of RTLI and loss-of-function mutation of RTLIas could
lead to excessive RTLI expression. In addition, there might be
microdeletions affecting MEG3, MEGS, snoRNAs and/or miRNAs
but not the DMRs.

If the diagnosis of KOS is confirmed, upd(14)pat should be
examined as the second step. When upd(14)pat is identified,
karyotyping is recommended to examine the possibility of
Robertsonian translocation or i(14q) chromosome. If the patient has
such an abnormal chromosome, a recurrent risk of KOS should be
considered.

When upd(14)pat is excluded, possible deletion of the IG-DMR
and/or the MEG3-DMR should be investigated. This permits the
molecular diagnosis of an epimutation when no deletion is detected
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Figure 5 Molecular diagnostic flowchart. Methylation analysis is performed
by combined bisulfite restriction analysis, bisulfite sequencing, multiple
ligation probe amplification (MLPA) using SALSA MLPA kit MEO32 UPD7/
UPD14 (MRC-Holland, Amsterdam, The Netherlands) or pyrosequencing.
Parent-of-origin analysis is carried out by microsatellite analysis or single-
nucleotide polymorphism (SNP) array. Deletion analysis is performed by
MLPA, fluorescence in situ hybridization or array comparative genomic
hybridization. Methylation and deletion analyses need DNA samples of
patients alone, whereas parent-of-origin analysis requires DNA samples of
patients and their parents. MLPA is utilized for deletion analysis and
methylation analysis before and after digestion of the genomic DNA samples
with a methylation-sensitive restriction enzyme Hhal, respectively.

and that of a microdeletion when a deletion is delineated. If a deletion
is identified, it is recommended to examine whether the deletion is
formed as a de novo event or derived from the mother. In the latter
case, there is a 50% recurrence risk of KOS.

Management
The management for KOS remains symptomatic, including mechan-
ical ventilation, tracheostomy, tube feeding, surgical operation for
omphalocele and supportive therapy for developmental delay. In this
regard, our thorough survey data in 34 Japanese patients are
summarized as follows: (1) mechanical ventilation was required by
32 patients, and was discontinued during infancy in 22 patients, with a
median duration of 1 month (range, 0.1-17 months); (2) tracheost-
omy was performed in approximately one-third of patients; (3) tube
feeding was necessary in all but a single patient, and was discontinued
in 16 patients, with a median period of ~7.5 months (range,
0.1-89 months); (4) developmental delay was invariably present in
26 patients examined for developmental status, with the median
developmental/intellectual quotient of 55 (range, 29-70); and (5) gross
motor development was also almost invariably delayed, with head
control being achieved at ~7 months (range, 3—14 months), sitting
without support at ~ 12 months (range, 8-27 months) and walking
without support at 25.5 months (range, 20-90 months) (except for a
single 3-year-old patient who showed head control at 33 months of
age because of severe hypotonia) (for the detailed data of individual
patient, see Kagami et al'?). In addition, periodical screenings for
hepatoblastoma are recommended, including serum a-fetoprotein
measurement and abdominal ultrasonography.

It is worth emphasizing that patients with KOS become free from
mechanical ventilation, tracheostomy and tube feeding, and there is no
report of death at >4 years of age.'® According to our survey, all
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patients go to school by themselves and get on their daily lives from
childhood, although they have developmental delay. Explaining such a
prognosis to parents when their affected child is in infancy and under
intensive management is expected to reduce parents’ anxiety and to
facilitate the attachment formation between parents and the patient.

CONCLUSION

We reviewed current knowledge about KOS. Although several issues
remain to be clarified, significant progress has been made for the
clarification of clinical findings and underlying (epi)genetic factors.
We conclude that KOS is a clinically recognizable upd(14)pat and
related disorder affecting the maternally derived chromosome 14q32.2
imprinted region.
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