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BACKGROUND: Thers is an increased incidence of rare imprinting disorders associated with assisted reproduction technoiogies (ARTs).
The identfication of epigenetic changes at imprinted loci in ART infants has led 1o the suggestion that the techniques themselves may pre-
dispose embrycs to acquire imprinting errors and diseases. However, itis still unknown at what point{s) these imprinting ervors arise, or the
risk factars.

METHODS: In 2009 we conducted a Japanese naticriwide epidernioiogical study of four well-known imprinting diseases 1o determine any
association with ART. Using bisulfite sequenting, we examine the DNA methylation staws of 22 gametic differentially methylated regions
(gDMRs] focated within the known imprinted lodi in patents with Beckwith-Wiedemann syndrome (BWS, » = |} and also Silver-Russell syn-
drame (SRS, 7= 5} born after ART, and compared these with patients canceived naturally.

RESULTS: We found a 10-fold increased frequency of BWS and SRS assaciated with ART. The majority of ART cases showed aberrant
DNA methylation parterns at multiple imprinted loci both maternal and paternal gDMRs {5763, with both hyper- and hypormethylation events
{5/6} and also mosaic methylation errors (5/6). Although our study may have been limited by a small sample number, the fact that many of
the changes were mosaic suggested that they ocourred after fertilization. In contrast, few of the patients wha were conceived naturally exhin-
ited a similar pattern of mosaic alterations. The differences in methylation patterns berween the patients who were conceived naturally or
after ART did not manifest due to the differences in the disease phenotypes in these imprinting disorders.

CONCLUSION: A possible association between ART and BWS/SRS was found, and we obsered a more widespread disruption of
genomic imprints after ART. The increased frequency of imprinting disorders zfter ART is perhaps not surprising given the major epigenetic
events that take place during sarly development at a time when the epigenome is mast vulnerable.

Key words: assisted reproduction technologies / genomic imprintng / DNA methylation / gametic differentially methylated regions /
genomic imprinting disorders
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Introduction

Human assisted reproduction techneologies {ARTs) are used in the
vearnent of infertiity and invelve the manipulation of eggs and/or
sperm in the laboratory. Several recent swdies have idenufied an
increased ncidence of some normally very rare impringing disorders
after ART, including Bechkwith Wiedemann syndrome (BWS: ONIM

1306500, Angslman syndrome (A5 ONIM 105830} and Sitver Russel!
syndrome (SRS OMIM [BOBAD) but not Prader-Willi syndrome (PWE:
OMIM 176270

oral, 3

Ly s Gonden ot ob, 2003 Svensson

. Additionally, there are several reports suggesting that epi-
genetic alterations {epimutations) at imprinted toci occur during the in

vilro man| pvlstxon of the gamates. with bc;th IVF and 1S apprmches
/ Wi i

2003 Gioquel ¢
d 2003 Oraawk 2 of
2006, Bowe
. However, some «tudle; do not support a Imk between
ART and lmgm ing disorders ( e gl 20005 bos

Epigenetic marks laid down in the male or fernale germ lines, and
which are inherited by the embryos, establish the imprinted expression
of a set of developmentally important genes (Surant 19981 Because
imprinted genes are regulated by these gametic epigenstic marks. and
by further epigenetic modifications in the somatic cell, they are particu
farly vilnerable to environmeantally induced mutation. One of the best
studisd epigenetic marks is ONA methylaion, DMNA methylaton is
established in either the materal or paternal germline at discrets
genomic foon This methylation is preserved in the fertilized embryo 1o
penerate differentally methylated regions (DMRs) which then signal to
nearby genes 1o establish domains of imprinted chromatin by mechan-
isms that are not fully understood {Jobe and Lefebure, 2011) These
germling or gametic DMRs {(gDMRs) can orchestrate the manoall el;c ex
pression of genes over megabases of DINA (Tomz eraf, 231 and
arereselwith every reproductive Oyche (L
Konn, 20023

The increased lrequency of epimutationis) atimarinted loci in ART
infarts has led 1o the suggestion that ART procedures may induce
imprinting eror(s). However, these studies are confounded because
ART populations are, by their very rature, different from pepulations
who were conceived without the use of ART, with a low lertiity rate,
an increased frequency of reproductive loss and wsually of advanced
age. all of which are associated with increased occurrence of fetal
and neonatal abnormalities. Furthermore, it is difficull to determing
the causality of imprinting errors in any specific zbnormality reportad
alter ART. Both IVF and ICS! appear to be associated with an
increased relative risk of imprinting disorders {

These procedurss are often undertaken for unexpected infertilivy
and require ovarian stimulation, cocyte collection and in wire culture
befare the embryos are implanted. It has been suggested that infertlity
and any resulling ovarian stimulation may predispose 10 epigenetic
orrars - 7

Anmirmal studies suggest that in vitrs
embryo culture may be assocated with epigenetic sherations. In par-
vcular, the large offspring syndrome ie cattle undergoing ART &5 asso-
ciated with the foss of maternal allele methyiaicon at insulin-fike growth
fattor 2 receptor (JGFAR) gDMR (0 i and has pheno
wypic similarity 1o BYWS. It iz sull unknown when these smprinting

errors arise and what factors predispose o epigenslic changes,

Previously, Cha

between BWS patents who were concaived after ART and natwraily.
However, Lim et gl (2009 reported that patients who were con-
ceived after ART had a significandy lower frequency of exormphalos
and fugher risk of non-"Wilms wmaor neaplasia. Phenotypic diferences
between patients who were conceived after ART and naturally are

largely unreported, while any changes o phenotype may be altered
by the frequency and the degree of epimutations. Studies revealed
that some patients with BWS born after ART presented with epimu-
tations that were not restricted to the | Ipts region (Ros

1. Further amalysis of abnarmal
methylation patterns in ;mprmrmg disorders may provide clues as to
the cause of disease and identify the ART relatad risk factor(s).

To address these guestions in this study, we engaged in a nation-
wide epidemiclogical study of the Japangse population o determing
the irequency of four imprinting disorders after natural conception
and after ART. We then analyzed the DNA methvlation status of
22 ¢DMRs in BWS and SRS patierts conceived by the Lwo routes,
Finally, we compared the abnormal methy
pherotypes reporied for both sets of patients, As a
found that both BWS and SRS were more frequent after ART and

ion patterns and the
resull we

that ART patients exhibited a higher frequency of aberrant DNA

methwlation patterns at multiple logi with, in some cases, mosaic
methylation errors.

Materials and Methods

Mationwide investigation of m;}wnm g

The protacol was established by the Ressarch Committee an the Epiderm:-
alogy of Intraczable Diseases. The protocol consisted of a two-stage postal
sutvey, The first stage survey was used to estimate the number of indaa-
duals with any of the four imprinting discases: BWS, SRS, PWS and AS.
The second-stage survey was used to idenify the dinica epidemiclogical
features of these syndromes.

In the firststage survey, the pediatric departments of all hospitals were
identified hased on a lisung of hospitals, as at 2008, supplied by the R&D
Co. Led (Nagova, Japan). Hospitals were classified inte seven categories
according o the type of institution and the number of hospital beds.
Tho survey was mailed 10 a total of 3158 departeents in Corober 2009
with letters of request for participation in recording these diseases. A

simiple questionnaire was used to ask about the number of patients with

any of the four imprircing disorders. Diagnosis was determined by karye-
type analyses, genelc analyses and clinical phenctypes by their clinical
dectars. In Docember 2009, a second request was sent 10 departments
that had not responded o the carlier deadline {at the end of November
20091, Follawing the first-stagn sunvey, we sent acknowiedgoment letzers
10 departments that had responded.

The second gquestionnares wore forwarded o the departmenss thar
had reported patienis with the impristing disorders on the first question.
nares. Detailed dinical mformagon lor the patients with these imgrinting
disorders was collected, mdluding the age, gander, growth and develop-
ment pattern, the methods of the diagnosis, the presence of inferrility
treatment and the methods of ART whers applicable. Duplicaie resulls
were excluded using the wlormation regarding the patent’s age and
gender whers avalable. The study was approved by the Ethas Committes
of Tohaoke Universiy Schoot of Medicine,
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The nember of patiznts, whe were diagnosed by genetic and cytogenetic
testing and by chimical phonotypes, was obtained from data from the
fepartments who responded 1o the first survey, The 33% gonf‘qmw
imterval () was calculated as previously described (0
The prevalence was determined, based on the pop@lmo‘! of japar i
2009 (127 5100007 with data from the Statstics Bureau of the Ministiry
of Internal Afzrs and Communications.

DNA preparation

rric [DINA was obtained from blood or buccal mucosal coll samples
stients with one of the sm;n inting disorders using standard ¢
| j. For control DINAs, DNA was prepared
o samples from unaffected individuals. The
study was performed afier abtaiming patients or their parents” consent.

mmethods (Kohay:
from the sperm and cord Blos

Bisulfite

WWe firsl search

~treatment PO

d for single nucleotide
aly r«.por*ed muman MRS (4

{JFE:"VI\

ol 207 using "0 control }apanego
\)k}od DA, sar*p es. ?CR pricner sels were designed to span these SNPs
dermeni 1) and human sperm DNA and blood DA
weas used o gonﬁrr‘ that thesse PCR assays detecied the methylation
stazus of the 22 DMRs. Paternal DMRs were shown 1o be fully methylated
) sperm DA, maternal DMRs were fu%'!y LT ed and in blood
methylation (5
LAy Far. St} The hu"""m gDMPs *nd 'hv non-imprinted repet-
wee long mtcripersx’d sucleotide element (LINETY and Al repeutive
were examined by bisulfize sequencing using established proto-
7y, Briefly, PCR products were purified and
claned into *he pGFI"I T wector (Promega, Madison, W1, USA). Individual
clones were sequenced using M1 3 reverse primer and an actomated ABI
Prism 3130x Genstic Analyzer (Applied Biosystems, Foster Ciy, CA,
LISAY. Onaversge, 20 doncs were sequenced for each sampli.

.
£

=

The frequency of the manifestation in patients who were conceived alter
ART was compared with thar cbserved in patients conceived naturally
using Fisher's exact test.

Resuits

We first investigated the nationwide frequency of four imprinting disor-
ders (BWS, AS, PWS and SRS) in Japan in the year 200%, Of a total of
3158 departments contacted, 1602 responded to the frsi-siage
survey guestonnaire {(50.7%). The total number o cases was calculated
using a second-stage survey ensuring the exclusion of duplicates
{Table 1. Using this information, and taking into account the number
of pavents with suspect clinical signs but withour a formal diagnosis,
wi identfiad 444 BWS patients (95% CF 351 -538), 949 AS patients
(95% Cl 682 - 1217, 2070 PWS patients (95% 1 1504 - 2636) and
326 SRS patients (95% Ch 235-416), From these figures (and vsing
the 2009 population of Japan: 127 510 000) we estimated the preva-
lence of these syndromes o be | in 287000, 1+ in 134000, | in 62

Table 1 The 2009 frequency of four imprinting diseases
in Japan in relation to use of assisted reproduction
techniques (ART).

Total estimated

Imprinting The total The
disorders patient number  prevalence of number of
(95% CI) the syndrome patients
after ART/
total (%)
BWS 444 (351 -538) in 2B70C0 /70 (8.5)
A5 G4 (6521217 i 134000 2073 (1.8
PG 2070 {1504-3638) 1 m 62000 47361 (1.5)
SRS 336 (335-416) Iin 352000 4742 (9.5)

Resules of 2 sationwide epidemiclogicsl rwestigaton of four imaringing disorders in
Japan, under the governance of the Ministry of Health, Labor and Welfare of the
lapaanse goversimert, Precise disgnosis was pedormed using fusrescance i siu
roand DRA methylation znalyses. The type of ART, abtained from the
ws, wirs comipared with the frequancies of these diseases and the

tion cates. BWS, Becowith Wiedenane syndrome, AS, Angelman
syndrome, WS, Frades Wil spadrome; SRE. Silver-Russell syndrome.

000 and | in 392000, respectively, for BwWS, AS, PWS and SRS,
e 5 and S

te

Further details are given in Sup; ¢ data. Tal

B etween I??? and 2!}438 the period during which the ART babiesin
this study were born, £.64-0.98% of the tetal number of babies bornin
Japan were born as a result of IWF and ICSL We ascertained the
frequency of ART procedures in the cases of BWS, AS, PWS and SRS
via the questionnaire sent to doctors (Table | .
Tabie S The numbers of patients with PWS and AS we identified

Supplernentary da

was fow, however, the frequency of ART in these cases was net
dissirnilar 1o that expected, based on the population rate of ART use
with 27123 (1 6% casas of AS and 4/261 (1.5%) cases of PWS bom
after ART. In contrast, for BWS and SRS the frecuency of ART
was nearly (0-fold kigher than anticipated with £/70 {B.6%) BWS and
4747 {9.5%) SRS patients born after ART,

After analyzing the second questionnaire, the blood or buccal
mucosal cell samples were obtained from 15 individuals with BWS,
23 with SRS, 73 wath AS and 29 with PWS. Using poiymorphic
bisulfize-PCR sequencing, we sxamined the methylation status of
gDMRs within these samples at the imprinted regions implicated in
these syndromes, For BWS we assayed HI19 and KCNQIOTT (LT
gDMRs for SRS we assayed the M9 gDMR and for PWS and AS

e gssayed the SNRPN gDMR. For all patents {conceived naturally
and with ART], the freguencies of DNA methylation errors (epimuta-
tions) correcied were 7715 (46,7%) for BWS, 9733 (39.1%) for SRS,
6473 (B.2%) for AS and 2729 [6.9%) for PWS, When looking at the
ART cases exclusively, epimutation rates ware 3/5 [BWS), 3/7
(SRS). G2 (AS) and 042 (PWS)L

Abnormal o

S YLt

While hypomethylation of HI9 at chromosome 1 isknownto be afre-

quent occurrence in SRS 3, various additional oo at

chromwosomes 7, 8. 15, 17 md ;8 have been implicated as having a
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role in this syndrome (OMIM 180860, We first identified SNPs in the
previously reported 22 human DMRs using genomic DNA isolated
from human sperm and blood from unaffected individuals, which
could then be used in bisuifite-PCR methylation assays to assign methy-
lation to the parental allele, We next collected a total of 15 SRS samples,
inciuding previously collected samples (ART: 2, raturally conceived: 4),
which had DNA methylation errors at the paternal gDMR at HI 9. Five
of these were borr from ART and 10 were from natural conceptions.
We analyzed and compared the DNA methylation status of the 3
other paternal gDMRs and the 1% maternal gDMBs (Supp
L Table, Sup;

TENLary

cata, P FTIERMLAT

Table 51 In four cut of the

five ART cases, DMNA methylation errors were not restricted 1o the
M9 gDMAR, and were present at both maternally and patermally methy
lated gDIMRs, These four cases showed a mixture of hyper- and hypo-
methylation with mosaic {partial} patterns. In contrast, only 3 of the

10 naturally conceived patients showed DNA methylation errors at
loci other than HI ¢ gDMRL

To determine whether DNA  methylation errors oeourred in
patients at a broader level in the genomes, we assessed the methyla
tion profiles of the non-imprinted UNET and Alu elements. We exarm-
ined a 1otal of 28 CpG sites in & 413-bp fragment of LUNE( and !2
CpC sites in a 152-bp fragment of Ay (Supplementary <a e
WY, and no significant differences were found in the methylaven
ratios between patients conceived by ART and naturally.

The abnormal methylation pattern in BWS
patients with epimutations

In BWS, hypermethylation of H19 or hypomethyiatan of KINQIO-

THUTI) at human chromoseme 11 are both frequently reported

{(Choufare e ol

DNA methylation errors of the UT1 gDMR. one of which was

derived from ART patient and six fraom naturally conceived patients

1G10) We coliected seven BWS samples with

fementary data, Fig 53, Table I Supplementary dats, Tabie
3o de the one ART (ICSD) case, we identified four additionally
gOMR methylation errors, again present at both materrally and pater

nally mathylated gDMRs and with mixed hyper- and hypomethylation
patterns. Furthermaore, the methylation error at the NESPAS DIMR was
maosaic in this patient. One of the six natraly BWS cases had similar
changess. Although we had only one BWS case conceived by ART,
widespread methylation errors were similar to those for the DNA
methiylation errer pattern in SRS,

Phenotypic differences between ART
patients and those conceived natur

cel

The increased frequency of DINA methylation errors at other loci in the
ART cases suggested that the BWS and SRS cases born after ART might
exhibit additional phenotypic characteristics, However, when we com-
pared in detail the clinical features from both categories of conception
. Tahle 5¥), we found no major differences
betwern NZT and raturally conceived patients with BWS and SRS,

{Fupy

Discussion

QOur key finding from this study was a possible association betwesn
ART and the imprinung disorders, BWWS and SRS We did not find a
similar association with PWS and AS bul our numbers were quite

low in this study and a larger due Lo the guestionnaire returp rate
and relative rarty of the diseases, intemational study will be required
1o reach definiive conclusions, Furthermore, factors such as PCR
and/or claning bias in the bisulfite method and correcton for changing
rate of ART over time must be considered when analyzing any results,
In addition to the possible association betwesn ART and BWS/SRS,
we observed a more widespread disruption of genomic imprints after
ART. The ingreased frequency of imprinting disorders after ART
shown by us and others is perbaps not surprsing given the major e
genetic events that take place during early developrment at a lime
when the espigenome 15 most wolnerable. The process of ART
exposes the developing epigenams to many external influences,
which have been shown to influence the proper establishment and
maintenance of genamic imprints. ncluding hormone  stimulation
in vt culturing (T 1, 200 )

I3 cryopreservation (Emiian er ol
and the timing of embrye ransfer

&

{Srwmiz Fhurs and Mikewa, 2005). Furthermore, we
and aihers have also shown that some infertle males, particularty

£ erors o

those with OIGOZOC""pEfT‘d:] Ty pre- E)xl‘ztlﬂiﬂ Im'wn’ur&

their sperm (M i q
e al, 2008) whsrh rright accaunt for thﬁ AS50GIALON be:wcw ART

and inprinting disorders.

with g%%?

We report the first Japanese nationwide epidermiological study to
examine four well-known imprinting diseases and their possible asso-
ciatian: with ART. We found that the frequency of ART use in both
BWS and SRS weas higher than anticipated based on the nationwide
frequency of ART wse at the time when these patients were born.
Several other reports have raised concerns that children conceived
by ART bave an :ncrwse{} risk ef d;;:}rderf. p,g:‘ &1 ql.,
DieBaun
Lud ;
is not clear in every study {1
007y, The studies reporting an assocation wers maimy from case
reports or case series whercas the stwdies where no assodiation
was reported were cohort studies. Thersfore, the differences in the
epidemiological analytical methads might accounts for the dispanty
in findings.

meg 1o the rare nature of the imprinting syndromes, statistical
anatysis is challenging. In addition, the diagnosis of imprinting diseases
s not abways dear cut. Many of the syndromes have a broad clinical
spectrum, different molecular pathogenesis, and the infant has Lo
have reached a certain age before these diseases become dinically de-
tectable. 1t s therefore lkely that some children with these dissases
are not recorded with the specific diagnosis code for these sy
dromas. Monstheless, in this study we were examining the relaticnship
between ART and the imprintng syndromes and these canfounding
factors are hkely 1o apply equaly to bath groups.

Bath BWS and SRS oocurred after ART but our rumbers for PWS and
AL were low, precluding any definitive conclusion for these two
disorders. However, whils rmost cases of BWS and SRS are caused by
an epiMmUTation, epirtutatons are very rare in PWS and AS (oniy |-

1 and ART would not be expected to increase chromosome |5

— 146

¥
=
=3
3
=S
Lx]
j<%
=
g
=

4 uo KIsIaalu) Aol

17 Aderug,

FR 11T



Widespread methylation errory of imprinzing disordors

2545

Table 1l Abnormal methylation in patients with SRS and BWS.

Case ART Abnormal methylation

SRS
SRS-1 WEET R nypomethyiated (mosaic) PRGE bypermethylatad
SRS IVEET M9 hypomethyiated (mosan)

2
SRE3 IWEET HiF ayoomethyiated (masaici PEGE hypermethwlated
(rrkasac
SRS-4 IWEET HIY

nypormethylaed CRBID bypermethylazed

3RSS WEET HIY hypomethylated (aosacy INPPSE hypermethylated

SHE B 19 hypomethylazed
SRE.T HI9 hyporetiylated mossck

19 hypomerhylzied

19 hypometylated (mosac)

HI bypometylated

H18 hypomethylated (mosaic) PECH nypermicetiylated

H1% bypomethy

H 1% hypomethyiated (mosaic) 2AMS0B hysomethylated

SRS 14 1% bypornethylated
SRS 15 Hi% aypormathylated
[EARES

BwWS T 1ZSL LT hypometayviated TOEFE rypermethylated

Bwwh.2 LITH bypometdated
BWS-3 LIT ! hypomethylated
B 4 LITH iy

BWWE 5 LTt s
BwWS-4 LiTH avpomethylate
ST

ZOBFE ryparmothyl

b nypomethyisted

PEGHD nypermethylated (mosaic) GRRIG aypermethylated: ZNFRS7

fry iz red

ZMFI31 hvpometivlated (miosaich

PEGIT hypermethyiated NESPAS hypomethylated (mosaic)

ZRFIZ typomethylated (rnosaet

v wlation patter
itk d:n‘ﬂ nn Sy"){irw"w‘ RB‘WS‘ E
saon of 22 gMRS

ted o

RE and BWS e
FROFESENL (3l

oresented i
ity methyiated stes.

00 Lo
there  was some  eviderce for an moreased

deleucns or vniparental disomy, consistent with cur findings.
this  mwestigation,

prevalence of BWS after ART but less evidence for an increased preva-

tence of SRS, with five SRS patients reparted finked to ART (Svensson
2005 B .. é et al. ; :
sl I00EL Our populatnon wzdc« study  provides evscfme:ﬂ 1o

suggest that both BWS and SRS oceur mare frecuently after ART in

the Japarese population.

8y performing a comprenensive survey of all the known gDMRs i a
number of patients with BWS and SRS, we found that multiple locdi
were more likely 1o he affected i ART cases than those conceved
naturally, Lo 0% have reported a similardly increased fre-
quency of multiple errors after ART, with 37.5% of patients concaved
with ART and 6.4% of natwrally conceived patients displaying abnormal

s i the ART cancewed and
LTINS ancrrs in parentheses shive the recy

¢ CONTEEd DAt

s with Siver-Fussel gyndrome (SRS and
yiation rates ohmred using bisy seng. The % of DRA
S, Depieoacs i red represent DMAs normally excusively

rr-.eLhy ation at addional imprinted lod. However, while Bhek ot ol
(30%) reparted alterations 1o multiple imprinted foci in 17 patients
out of BF BWS cases with nypomethylation of KONQIOTI{LIT!)
ICR. wnly | of the cases with multiple alterations was born afer
ART. Similarly. Hosuznol e 20065 reported that 3 of 11 {27%)
ART -corceived patents and 7 of 29 (24%) nawrlly conceived
patients displayad abnormal methylation ar additional loci. In these
four earlier studies, not all gDMRs were assayed and it may be that
oy doing so, these incongruities will be resclved.

The patterrs of cellular masaicism we observed in some patents
suggested thar the imprinting defects occurred afrer fertilizatio
rather than i the gamerte as DMNA methylaton alteranons arising in
the gamete would be anticipatad to be present in every somatic
cell. This suggested the possibility that the DNA methylation errars
occwrred as a2 consequence of impaired maintenance of the germline
impnnes rather than a failure 1o establish these imprints in the germline
ar & foss of these imprints in the sperm or cocytes in v, Further-
mere, some patents concewed by ART with SRS and BWS showed
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alterations at both maternally and paternally methylated gDMRs sug
pesting that the defects were not imited to one parental germiine,

The mechanisms contrelling the protection of Imprinted lod against

demethylation early in the development remain unclear. Our data
suggestad thar this protection may lail i ART resulting in the tissue-
specific loss of imprints, though it remans unclear if this ever ocours
natarally. Potential factors irvolved  could  include  the  culture
conditions for the newly fertilized cocyte and the length of exposure
to specific media or growth factors, as part of the ART procedure,
Seme of the naturally concewed patients also had abnormal methyls:
won at both maternally and paternally methylated gDMRs, which were
in sorme cases mosaic. This could indicate that fertlity issues arise as a
consequence of pre-existing mutations in faclors required 1o protect
and maintain imprings early in e and it may therefore be possible
to identify genetic mutations in these factors in this group of patients.

In our large scale epidemiclogical study, we found differences in the
frequency of some classic features of SRS and BWS between patients
conceived by ART and those conceived naturally, We found that 7/7
{100%; ART conceived SRS pauents showed body asymmetry,
whereas only 30/54 (55.5%) who were conceived naturally possessed
this feature. Simdarly i BWS, carlobe creases were present in 477
(5715 ART concewed cases and 49/8% (49.4%) naturally concerved,
bulging eyes in 3/7 {42.8%) versus 21789 (23.6%), exomphalos in 6/7
(B5.7%) versus 61789 (6B.5%) and nephromegaly in 277 {IB.6%)
versus [BS8F (20.3%), respecuvely. It is thersfore possible that the
dysregulatan of the additional genes does modify the typical SRS
and BWS phenotypes | : )
h"pcrmczh»lam
notypes {2hek e yand a recently recognized BWS-like syn-
drome invaling c:.«ezgmw%x with severe developmental delay was
reported after IVE/CS! (Shah et ol 2006}

in our study patients with diagnosed imprinting disorders that pre-
sented with defects at additional leci (Le. other than the domain re
sponsible for that disorder) did not display addivonal phenotypes
ror normally reported in BWS or SRS Since we were effectively

. BWS patients with multiple
sitos hwo bcrn "onfm"l with complex chmical phe

selecting for classic cases of BWS and SRS in the first instance, it s
possible that there are individuals born through ART showeng entirely
novel or confounding phenotypes that were not identfied in our
survey, Alernatively. as many of the alterations we observed
showed a mosaic pattern, it is possible that mosaic individuals have
more subtie phenotypes. In hght of this new information on mosai-
cism, we may be able o use our knowledge of the individual's epigen-
otype o uncover these subtle changes.

This study, and the work of our colieagues, highiights the pressing
need to conduct long-term international siudies on ART treamment
and the prevalence of smprinting disorders, particularly as the use of
ART i increasing worldwide, 1 remains 10 be seen i other very
rare emgenetic discrders will also have a pessible association with
the use of ART. Furthermore, it is nat yet known what other patholo-
gies might be influenced by ART. For example, in addition to general
growth abnormalities, many smprint methylation errors alse lead to
the occurrence of various cancers {

amose o al, 1397 Dl e all,
(99EY Further molecolar studies will be required to understand the

pathogenesis of these assodations, and also o identify preventative

methods to reduce the risk of accurrence of these syndromes
following ART.

Supplementary data
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PRKAR1A Mutation Affecting cAMP-Mediated G
Protein-Coupled Receptor Signaling in a Patient with
Acrodysostosis and Hormone Resistance

Keisuke Nagasaki, Tomoko lida, Hidetoshi Sato, Yohei Ogawa,f Toru Kikuchi,
Akihiko Saitoh, Tsutomu Ogata, and Maki Fukami

Degartrnent of Molecular Endocrinalogy (KM, T.0., MUF.), Nationa! Research Institute for Child Health
and Development, Tokyo 157-8535, Japan; Division of Pediatrics (K.N., H.S., V.0, T.K, AS),
Department of Homeostatic Regulation and Development, Niigata University Graduate School of
Medical and Dental Sciences, Niigata, 951-8510, Japan, Department of Pediatrics {T.1), Niigata National
Hospital, Niigata, 945-8585, Japan; and Department of Pediatrics (T.0.), Hamamatsu University School
of Medicine, Hamamatsu 431-3192, Japan

Context: Acrodysostosis is a rare autosomal dominant disorder characterized by short stature,
peculiar facial appearance with nasal hypoplasia, and short metacarpotarsals and phalanges with
cone-shaped epiphyses. Recently, mutations of PRKARTA and PDE4D downstream of GNAS on the
cAMP-mediated G protein-coupled receptor (GPCR) signaling cascade have been identified in
acrodysostosis with and without hormone resistance, although functional studies have been per-
formed only for p,R368X of PRKARTA.

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

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

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

Conclusions: The results indicate that acrodysostosis with hormone resistance is caused by a
heterozygous mutation at the cAMP-hinding domain A of PRKAR1A because of impaired cAMP-
mediated GPCR signaling. Because GNAS, PRKAR1A, and PDE4D are involved in the GPCR signal
transduction cascade and have some different characters, this would explain the phenotypic sim-
ilarity and difference in patients with GNAS, PRKARTA, and PDE4D mutations. (J Clin Endocrinol
Metab 97: E1808-E1813, 2012)

langes with cone-shaped epiphyses, and variable degrees of
mental retardation {1, 2}, Recent studies have shown that
acrodysostosis iscaused by mutations of PRKAR 1A {protein

Acrodysastosis is a rare autosomal dominant disorder
characrerized by short stature, peculiar facial appear-
ance with nasal hypoplasia, short metacarpotarsals and pha-
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kinase, cAMP-dependent, regulatory type 1,&) and PDE4D
{phosphodiesterase 4D, cAMP-specific) involved in the
cAMP-mediated G protein-coupled recepror (GPCR | signal-
ing cascade {3-5). PRKARTA consists of 11 exons and en-
codes type 1a regulatory subunit (RIa) of protein kinase A
{PKA) with a dimerization domain, an inhibitory site, and
two cAMP-binding domains A and B (6). The PKA holoen-
zZyme Is a tetramer consisting of two regulatory subunits and
two catalytic subunits, and cooperative binding of two
cAMP molecules to each regulatory subunit leads to the dis-
sociation of the catalytic subunits from the regulatory sub-
units {7). The regulatory subunit-associated catalytic sub-
units remain inactive, whereas the free catalytic subunits
released from the regulatory subunits can phosphorylate a
variety of substrate proteins including the cAMP-responsive
element (CRE}-binding (CREB) protein (7, 8). It is likely,
therefore, that the PRKAR 1A mutations hinder the cAMP-
mediated dissociation of the catalytic subunits from the reg-
ulatory subunits, thereby leading to rediiced PKA signaling
(3). PDE4D comprises 15 exons and encodes cAMP-depen-
dent phosphodiesterase 4D (PDE4D) that regulates intracel-
lular cAMP concentrations by converting cAMP to AMP (9).
Thus, the PDE4D mutations appear to result in desensitiza-
tion to cCAMP because of persistently elevated intracellular
cAMP concentrations, thereby affecting the cAMP-mediated
GPCR signaling cascade {4). However, functional studies
have been performed only for the PRKARIA p.R368X mu-
tation that resides on the last exon and is predicted to escape
nonsense-mediated mRNA decay (3}, whereas protein mod-
cling analysis argues for the pathological consequences of the
remaining PRKARIA and PDE4D mutations (4, 5).
‘Notably, nine of 10 PRKARIA mutation-positive pa-

tients and two of seven PDE4D mutation-positive patients -

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

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

jeemn.endojournals.org E1809

typic findings in patients with PRKAR1A, PDE4D, and
GNAS murations.

Patients and Methods

Case report

This Japanese female patientwas born to nonconsanguineous
parents at 38 wk of gestation. At birth, her length was 46.5 cm
{—0.75 sp)and her weight 1.81 kg {—2.8 sb). Neonaral screening
tests were normal. Her gross motor milestones were somewhar
delayed, with sitting alone without support at 10 months and
walking alone ar 21 months of age. Her stature remained below
~2.0 5D of the mean.

 Ar3yrand 10 monshs of age, she was referred to us becanse

of short stature. Her height was 86.9 em {~3.1 s} and her
weight 10.6 kg {—2.3 snj. She exhibited round face, nasal
hvpoplasia, anteverted nostrils, severe brachydactyly of the
hands, and mild developmental retardation, and hand roent-
genograms showed generalized shortening of the tubular
bones with cone shaped epiphyses {Fig. 14). Brain compur-
erized tomography showed neither sc nor intracranial calci-
fications. Biochemical and endecrine studies revealed 1) in-
creased serum PTH and plasma ¢cAMP values and normal
serum calcium, phosphate, and vitamin D values; 2} decreased
urine calcium/creatinine ratio and normal percent tubular re-
absorption of phosphate; 3} slightly elevated serum TSH value
and normal free T, value; 4) age-appropriate serum LH and
TFSH values; and 5) normal GH response to GHRH stimulation
{Table 1}. Thus, she was suspected as having acrodysostosis
with mild resistance to PTH and TSH.

The parents showed neither brachydactyly nor abnormal en-
docrine findings {Table 1), although the mother had shortstature
{144 cm, —2.6 50).

Molecular and functional studies

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

Results

Analysis of PRKARTA, PDE4D, and GNAS

No pathological mutation was found for PDE4D and
GNAS, nor was an aberrant methylation pattern detected
for the DMR around GNAS. By contrast, a novel
heterozygous missense mutation {¢.715A-G; p.TZE?A)
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p.3277
B p.R335P
) p.R368X
p.TESQ@ p@Y@SH .
Human_ PRKARTA GS{TILRKRKM
E1 2 345867 8910 - ,
gDNA : S Rhasus_prkartia  GS|TjLRKRKM
) Mouse_prkaria GS |T|LRKRKM
Dog prkaria GS [TILRKRKM
Opossum_prkarla GS [TILRKRKM
Direct sequence & Chicken_prkarla  GS|TILRKRKM
P X tropicalis_prkar1a GS {T|LRKRKIM
Subcloned normal allele © ¥ Zebrafish_prkaria GS [TLRKRKM
Subcloned mutant allsle ___ Ty
D E
Percent Maximal Response
£ 5 £ g 1607 g@Empty
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FIG. 1. Representative clinical and experimental findings of this patient. 4, Radiograph of the left hand at 3 yr and 10 months of age.
Note the shortening of ali tubular bones with cone-shaped epiphyses {arrows) and early infusions (arrowheads). B, The structure of
PRKARTA and the position of the mutations identified, The black and while boxes on genomic DNA {gDNA) denote the coding regions on
exons Z-11 and the untranstated regions, respectively. PRKARTA encodes a dimesization domain (DD), an inhibitory site (1S}, and two cAMP-
binding demains A and 8 (CBD-A and -B). A missense mutation (p.T233A) was identified on exon 8 for the caMP-binding domain A of this
patient, whereas the pravicusly described one nonsense and three missense mutations have been found on exon 11 for cAMP-binding
domain B (3-5). C, Aming acid sequence of PREARTA. Note that the T239 residue is well conserved among species. D, Representative
results of Western biot analysis for lymphoblasteid cell lines of the patient and a control subject. The cells were collected before (basal) and
after stimulation with 10 pm farskolin. The samples were probed wilh antibodies for phaspho-CREB protein (Ser 133) (P-CREB) and CREB
protein, together with those {or S-actin used as an internal control. £, Transactivating activities of the wild-type and the mutant PRKARTA
for the CRE-luc reporter, HEK293 cells were transfected with an empty expression vector or with vectors containing either the wild-type
PREARTA or the p.T239A mutant. Samples were treated with various concentrations of forskelin. The values (percentages to the maximal
CRE-luciferase activity} are expressed as the mean * sz, Curves are fitted with sigmoidal dose-response models. In cells expressing the
mutant protein, forskelin induced 2 concentration-dependent increass in CRE-lucifarase activity, yet with a shift to the right in the dose-
response curve, Tha EC., values were significantly higher in the cells expressing the mulant prolein than those expressing the wild-type
protein (P <2 0.00715. The resulis are obtained from thres independent experiments.

was identified on exon § at the cAMP-binding sire A of

PRKARIA (Fig. 1B). This mutarion was absent from her
parents and 100 Japanese control subjects.

Parental testing
Microsatellite genotyping data were consistent with

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

Functional characterization of the mutant
PRKARITA

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

p.T239A resulted in loss of the hydrogen bond between
the M236 and the T239 residues and inaberration of the
random c¢oils in the mutant PRKARTA protein, al-
though there was no gross conformational alteration
affecting a-helices and B-strands (Supplemental Fig. 1},
Western blot analysis indicated obviously reduced for-
skolin-induced CREB protein phosphorylation in the
presence of the apparently normal amount of CREB
protein in the lymphoblastoid cell line of this patient
{Fig. 1Dj}. Similarly, forskolin-induced PKA activity
was significantly lower in the HEK293 cells expressing
the mutant PRKAR1A protein than in those expressing
the wild-type protein (Fig. 1E}.
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TABLE 1. Clinical and faboratory data of the patient and her parents
Patient Father Mother”
Age (yr) 31012 21 30
Height {cm) (SES) 86.9(~3.1) 177 {+1.0) 144 (-2, 6)
Weight (kg (SD3) 10.9 (-2.3) 89 (+2.5) 45%
Blood
Intact PTH (pg/mi) 128 {10-65) 42 {10-65) 23 (10-65)
Calcium {mg/di) 5.4{8.5-10.2) 9.4 (8.5-10.2) 9.0{8.5-10.2)
Phosphate (mg/dl) 5.6 (3.5-5.9) 3.2{2.4-4.3) 3.6(2.4-43)
25-Hydroxyvitamin D {ng/ml) 26 {741} MA ' NA
TSH {mbiliter 7.2 {0,5-5.0) 1.7 {0.5-5.0} 1.2 {0.5-5.0)
Free T, {ngfmi) 1.2 {0.9-1.6) 1.3{0.8-1.6) 1.1{0.9-1.6}
LH (fU/liter) =01 (=0.7) 4.1{0.8-5.7) 0,17 (1.8-10.2)
FSH (IU/liter) 09i(0.6-53) 6.6(2.0-8.3) 0,07 (3.014.7F -
GH (ng/ml} stimulated® 19.5 (=9) NA N&
cAMP {pmol/m!) 39.6 (6.4-20.8) MA MNA
Urine
Caldumfcreatinine ratio 0.04{0.13-0.25) A . WA
% TRP §914{81.3-93.3) NA MA

The values in parentheses indicate the so score (SDS) for heights and weights and the age-and sex-matched reference bload and urine hormone
and laboratory dala. The conversion factors to the SLunit sre as follows: intact #TH, 1.0 {nanograrms per liter); serum calcium, 0.25 {millimolss per

liter); serum phosphate, 0.3228 (millimoles per fterl; 25-hydroxywitamin D, 2.496 {nanomoles per liter); free 7,

12.%%picomoles per fiter); GH, 1.0

{micrograms per liter); and cAMP, 1.0 (nanomoles per liter). Hormone values have been evaluated by the age- and sex-matched Japanese reference
data; abnormal data are in bold. NA, Not available; TRP, tubular reabsorption of phosphate.

9 During the secand trimester of pragnancy,
® Not assessed because of pregnancy.

 Low LHFSH values are consistent with pregnant status of the mother {18,
¢ Blood sampling during the provocation tests were done at 0, 30, 60, 90, and 120 min after GHRH stimulation {1 potka).

Discussion

We identified a novel de novo heterozygous PRKARIA
mutation in a patient with acrodysostosis and mild resis-
tance to PTH and TSH. In this regard, several findings are
noteworthy. First, although the phenotypic findings of
this patient are similar to those of PHP-Ia, the severe skel-
etal lesion weuld be regarded as acrodysostosis rather
than AHO. Consistent with this, a mutation was identified
in PRKARIA rather than GNAS. Second, the p.T23%A
was present at the cAMP-binding domain A, in contrast to
the previously reported PRKARIA mutations that were
invariably located at the cAMP-binding domain B (3-35).
In this regard, because cAMP binds first to the binding
domain B and then to the binding domain A, it has been
suggested that the binding domain B acts as the gatekeeper
of the PKA activation, and that the binding domain A is
relatively inaccessible to cAMP {8). Despite such a hier-
archical phenomenon, this study indicates that muatations
at the cAMP-binding domains A and B lead to a similar
clinical phenotype. Third, functional analyses showed ob-
viously reduced PKA signaling of the mutant PRKARTA
protein. Thus, the p.T239A mutation appears to impair
the dissociation of the catalyric subunits from the Rla
regulatory subunits, thereby leading to the reduced GPCR
signaling, as has been stated by the funcrional studies for
the p.R368X mutation {3). Although the underlying fac-

rors remains to be elucidared, loss of the hydrogen bond
and aberration of the random coils in the mutant
PRKARIA protein may be relevant to this functiona!
alteration.

To date, GNAS, PRKAR1A, and PDE4D mutations
have been identified in patients with overlapping skeletal
and endocrine phenotypes (3-5). Irappears, however, that
GNAS abnormalities usually lead to relatively mild skel-
etal phenotype and clinically discernible hormone resis-
tance, whereas PRKAR1A and PDE4D mutations usually
result in relatively severe skeletal lesion and mild or absent
hormone resistance. In this regard, it is predicted in pa-
tients with maternally derived GNAS murations that nor-
mally functioning GNAS is absent from several tissues
including renal proximal tubules where GNAS is pater-
nally imprinted and is present in a single copy in other
tissues including skeletal tissues where GNAS is biparen-
tally expressed (11, 12). By conrrast, it is likely in patients
with PRKARIA and PDE4D mutations that normaily
functioning PRKARIA and PDE4D are present ina single
copy in all the tissues because of the absence of DMR
around these genes {13}, Such a difference in the functional
gene dosage in several GNAS-imprinted tissues may more
or less be relevant to the prevalent hormone resistance in
GNAS mutations. Furthermore, because there are four
genes encoding the regulatory subunits of PKA (Rla, Rlb,
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Rifa, and RIIb) and three genes encoding the catalytic
subunits (14}, such redundancy would also be related to
the apparently mild hormone resistance in PRKARTA mu-
tations. Flowever, these factors are unlikely to account for
the apparently severe skeletal lesion in PRKARIA and
PDE4D mutations. Furthermore, although aberrant sig-
naling via PTHrP receptor belonging to the GPCR families
may play an important role in the development of skeletal
lesions in PRKARIA mutations, this perturbation is also
relevant to the occurrence of skeletal lesions in GNAS
abnormalities (15). Thus, there may be a hitherto un-
known factor involved in the development of severe skel-
etal phenotype in PRKARIA and PDE4D mutations. No-
tably, hormone resistance is apparently infrequent in
acrodysostosis (2}. It remains to be clarified whether acro-
dysostosis with and without hormone resistance may repre-
sent genetically heterogeneous conditions, and whether hor-
mone resistance may have been overlooked or remained ara
subclinical level in a certain fraction of parients with
PRKAR1A and PDE4D mutations.

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

In summary, we idenrified a heterozygous PRKARTA
mutation affecting cAMP-mediated GPCR signaling in a
patient with acrodysostosis with hormone resistance. Ad-
ditional studies will permit a better clarification of the
underlying causes in acrodysostosis with and without hor-
mone resistance.
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Paternal uniparental disomy 14
and related disorders

Placental gene expression analyses
» and histological examinations
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Abbreviations: PEGS, paternally expressed genes; MEGs, maternally expressed genes; DMRs, differentially methylated regions:,
1G-DMR, DLKI-MEG3 intergenic DMR; RTLias, RTLI antisense; upd{14)pat, paternal uniparental disomy 14;
BWS, Beckwith-Wicdemann syndrome; q-PCR, quantitative real-time PCR; CGH, oligoarray comparative genomic hybridization;
LM, light microscopic; EM, electron microscopic; IHC, immunohistochemical

Although recent studies in patients with paternal uniparental disamy 14 [upd{14)pat] and other conditions affecting
the chromosome 14g32.2 imprinted region have successfully identified underlying epigenetic factors involved in
the davelopment of upd(i4)pat phenotype, several matters, including reguiatory mechanism(s) for RTLT exprassion,
imprinting status of D103 and placental histological characteristics, remain to be elucidated. We therefore performed
molecular studies using fresh placental samples from two patients with upd(14jpat. We observed that RTLT expression
level was about five times higher in the placental samples of the twa patients than in control placental samples, whereas
Di03 expression level was similar between the placental samples of the two patients and the control placental samples.
We next performed histological studies using the abave fresh placental samples and formalin-fixed and paraffin-
embedded placental samples obtained from a patient with a maternally derived microdeletion involving DLK], the-1G-
DMR, the MEG3-DMR and MEG3. Terminal villi were associated with swollen vascular endothetial cells and hypertrophic
pericytes, together with narrowed capillary lumens. DLK1, RTLT and DIO3 proteins were specifically identified In vascular
endaothelial cells and pericytes, and the degree of protein staining was well correlatad with the expression desage of
corresponding genes. These results suggest that ATL1as-encoded microRNA functions as a repressar of RTLT expression,
and argue against DIO3 being a paternally expressed gene. Furthermore, it is inferred that DLK1, DIO32 and, specially, RTL1
proteins, play a pivotal role in the development of vascular endothalial cells and pericytes.

Introduction

Human chromosome 14¢32.2 region carries 2 cluster of
imprinted genes including protein coding paternally expressed
genes (PEGS) such as DLKT and RTLI {alias PEGI1) and non-
cading materniﬂy expressed genes (MEGs) such as MEG3
(alias GTL2) and RTLIas {RTLI antisense encoding microR-
NAs)'? The 14932.2 imprinted gegion alse harbors two
differentiaily methylated regions (DMRs), Le., the germline-
derived primary DLEI-MEG3 intergenic DMR (IG-DMR}
and the postfertilization-derived secondary MEG3-DMR.!?

*Canrespondence (o Tsutomu Cgata; Email omogata@hame-med.adjo
Subrmitted: 06/21712; Revised: 08/2012; Accepted: 0B/22/12
hitpAd dolong/ 10461208 21937
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Both DMRs are hypermethylated afrer paternal wansmis-
sion and hypomethylated after maternal transmission in the
body, whereas in the placenra the IG-DMR alone remains as
a DMR and the MEG3-DMR is rather hypomethylated.? We -
have previously revesled that the hypomethylated IG-DMR
and MEG3-DMR of maternal origin, function as imprinting
contrel centers in the placenta and the body, respectively, and
that the IG-DMR functions hierarchically as an upstream reg-
ulator for che methylation patrern of the MEG3-DMR on the
marernally inherited chromosome in the body, but not in the
placenta’
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Consistent with these findings, paternal uniparental disomy
14 [upd(14)pat] resules in a unique phenotype characterized by
facial abnormality, small beli-shaped thorax with coar hanger
appearance of the ribs, abdominal wall defects, placentomegaly
and polyhydramnios.™ We have studied multiple patients with
upd(14)pat and related conditions, such as epimutations of the
maternally derived DMRs and various types of microdeletions
involving the maternally inherited imprinted region, suggesting
that rmarkedly increased RTLI expression s the major underlying
factor for the development of upd(14)pat-like phenotype.* The
notion of excessive RTL! expression is primarily based on the
following mouse data indicating a trans-acting repressor function
of Rellas-encoded microRNAs for Re/f expression: (1) rargeted
deletion of the maternally derived IG-DMR causes maternal o
paternal epigenotypic switch of the imprinted region, with -4.5
times rather than -2 times of R#/J expression as well as -2 times
of DIk expression and nearly absent Mess expression, in the pres-
ence of two functional copies of Pegs and no functional copy of
Megs® and; (2) targered deletion of the maternally derived Reifar
resules in 2.5-3.0 times of Ref expression, in the presence of a
single functional copy of £41% Similarly, in the human, typi-
cal upd{14)par phenotype is observed in patients with epimu-
tations that are likely associated with markedly increased RTLYS
expression because of the combination of two funcrional copies
of RTLI and no functional copy of RTZlas, whereas relatively
mild upd{14) pat-like phenotype is found in patients with mater-
nally inherited microdeletions involving R7L1as thar are likely
accompanied by moderately elevated RTLI expression because
of the combination of a single functional copy of RTLI and no
functional copy of RTLIns?

Human imprinting disorders are wsually associated with
placental abnormalities. For example, Beckwith-Wiedemann
syndrome {BWS) and upd(14)pat are associated wich placento-
megaly,* and Silver-Russell syndrome is accompanied by hypo-
plastic placenta.” Similarly, mouse imprinting aberrations also
usually affect placental growth and development” In agreement
with this, virtually all the imprinted genes studied o dare are
expressed in the placenta and play a pivotal role in the placental
growth and development,” although placental structure is more
or less different between placental animals !

However, several matters remain to be clarified in upd{14)
pat and related conditions. For example, it is unknown whether
human RTLI expression is actually elevated in the absence of
functional RTLlas-encoded microRNAs, It is also unknown
whether DIO3 isa PEG, although mouse Dio3 has been shown to
undergo partial imprinting? In this regard, while we examined
fresh blood cells, cultured skin fibroblasts and formalin-fixed and
paraffin-embedded placental and body samples obrained from
patients with upd(14)pat-like phenotype, precise assessment
of RTLI aad DIO3 expression levels was impossible because of
extremely low RTLI and DIO3 expression levels in fresh blood
cells and cultured skin fbroblasts and poor quality of RNAs
extracted from paraffin-embedded dssues?? In addition, while
¢SNP genotyping has demonstrated paternal DLAT and RTLI
expression and maternal MEG3 expression in the body and the
placenta,™® no informative cSNP data showing paternal D703
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expression have been obtained.®* Furthermore, although stan-
dard light microscopic (LM} examinations have been performed
using formalin-fixed and paraffin-embedded placental samples,
fine placental histopathological studics, such as clectron micro-
scopic (EM) examinations and immunohistochemical (THC)
examinations, rerain to be performed.

To examine these unresolved matters, fresh placental tissues
are highly useful, because precise quantitative realtime PCR
{g-PCR; analyses and EM studies can be performed with fresh
placentas. Thus, we performed q-PCR analyses and EM stud-
ies, as well as IHC studies with RTL1 antbodies produced by
ourselves and commercially available LK1 and DIO3 antibod-
ies, using fresh placental samples obrained from two previously
reported patients with prenatally diagnosed upd{14)par.** We
also performed IHC studies using formalin-fixed and paraffin-
embedded placental samples obtained from a previously reported
patient with a microdeletion invalving DLKJ, but not RYL!
and /03, to compare the placental protein expression levels
between upd(14)pat and the microdeletion. Furthermore, we
also studied a hitherro unreported patient with an unbalanced
translocacion invelving the 14932.2 imprinted region, to obzain
additional data regarding the RTZI-RTL a5 interaction and the
primary factor for the development of upd(14)pat phenotype,

Results

Patients and samples. This study consisted of three previously
reported patients with typical body and placental upd(14)pat
phenatype and a normal karyorype (cases 131,77 and 2 new
patient with various non-specific features and a 46,XX,der(17)
t{14;17)(q31;p13) karyotype accompanied by three copies of the
distal 14q region and a single copy of the terminal 17p region
(case 4) . Clinical phenotypes of cases 1-4 are summarized in
Table S1. In brief, cases 1 and 2 were suspected to have upd(14)

-pat phenatype including bell-shaped thorax by prenatal ulira-

sound studies performed for polvhydioamnios, and were con-
firmed w have upd(14)pat by microsatellite analysis after birth,
Case 3 was found to have typical upd{14]pat phenotype during
infancy and was shown to have a maternally derived microdele-
tion affecting the chromosome 14¢32.2 imprinted region. Case
4 had growth failure, developmental delay, multiple non-specific
anomalics, and omphalocele. There was no history of polyhy-
dramnies or placentemegaly. Thus, except for omphalocele, case
4 had ne upd(14)pat-like phenotype, The parental karyorype
was normal, indicating a de novo occurrence of the unbalanced
translocation. ‘

We obtained fresh placental samples immediately after birth
from prenatally diagnosed cases 1 and 2 for molecular studies
using genomic DNA and RNA, and [resh leukocyte samples
from cases 1, 2 and 4 and their parents for molecular studies
using genomic DNA. The fresh placensal samples of cases 1 and
2 were also utilized for histopathelogical examinations, together
with formalin-fixed and paraffin-embedded placencal samples of
case 3. For controls; we obtained three fresh placentas ar 37 weeks
of gestation, and fresh leukocytes from three adule subjects; for
molecular studies using placentas, we prepared pooled samples
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consisting of an equal amount of DNA or RNA extracted from
each placenta.

Molecular studies in cases 1 and 2. We performed micro-
satellice analysis for 19 loci on chromosome 14 and bisulfite
sequencing for the [G-DMR (CG4 and CGG6) and the MEG3-
DMR (CG7), using placental and leukocyre genomic DNA
samples; while microsatellite analysis had been performed for 15
lociin case I and 16 loci in case 2, only leukocyte genomic DNA
samples were examined in the previous study.® Consequently,
we identified two peaks for DI45609 and single peaks for the
remaining locl in case I (the combination of parernal heterodi-
somy and isodisomy), and single peaks for all the examined
loct in case 2 (apparently full paternal isodisomy) (Table S2).
Furthermore, no trace of maternally inherited peak was identi-
fled in both placencal and leukocyte genomic DNA samples
{Fig. 1). Bisulfite sequencing showed that both the [G-DMR
and the MEG3-DMR were markedly hypermethylared in the
leukocytes of cases 1 and 2, whereas in the placental samples
the 1G-DDMR was obviously hypermethylated and the MEG3-
DMR was grossly hypomethylated to an cxtent similar ro thar
identified in control placentas (Fig. 2). Furthermore, g-PCR
analysis for placental RNA samples revealed thar DLKT, RTLI,
and D/O3 expression levels were 3.3 times, 6.1 tmes and 1.9
times higher in the placental samples of casc | than in the con-
trol placental samples, respectively, and were 3.1 times, 9.4 times
and 1.7 times higher in the placental samples of case 2 than in
the control placental samples, respeetively (Fig, 3A). By conrrast,
the expressions of all MEGs examined were virrually absent in
the placental samples of cases 1 and 2. PCR products were suf-
ficiently obtained after 30 cycles for the fresh placental as well
as leukocyte samples, consistent with high quality of DNA and
RINA obtained from fresh materials,

Molecular studies in case 3. Deuwiled melecular findings
‘have already been reporsed previously.” In brief, microsatellite
analysis revealed biparentally derived homologs of chromosome
14, and a deletion analysis demonstrated a maternally inher-
ited 108,768 bp microdcletion involving DLKI, the IG-DMR,
the MEG3-DMR, and ME(3, but not affecting RTLI/RTL las,
Since loss of the DMRs causes maternal to paternal epigeno-
typic alteration,® it is predicted thar case 3 has a single fune-
tional copy of DLKT and two functional copies of RTLI and
DI03, as well as no funetional copy of B77 /a5 and other MEGs.
Bisulfite sequencing showed that both the IG-DMR and the
MEG3-DMR were markedly hypermethylated in leukocytes,
whereas in the formalin-fixed and paraffin-embedded placental
samples the IG-DMR was obviously hypermethylated and the
MEG3-DMR was comprised of roughly two-thirds of hyper-
methylated clones and roughly one-third of hypomethylated
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Figure 1. Representative results of microsateiiite analysls, using
leukocyte genomic DNA samples of the patient and the parenisand
placental genomic DNA samples. In cases 1 and 2, one of the two pater- 7
nal paaks is inherited by the patients and the placentas, and no trace of
maternal peaks is identified. In case 4, both paternally and maternally
derived peaks are found in the patient, with the paternally derived long
pezk being largar than the maternally inherited short paak.

clones. In addirion, RT-PCR analysis for such placental sam-
ples indicated positive PEGSs (especially RTLY) expression and
absent MEGs expression. For the formalin-fixed and paraffin-
embedded placental samples, PCR products could be obrained
only after 35 cyeles, because of poor quality (severe degrada-
tion} of DNA and RNA.

Molecular findings in case 4. We examined the presence or
absence of the 14q32.2 imprinted region on the der{17) chro-
mosome {Fig, 4). Oligoarray comparative genomic hybridiza-
tion (CGH) indicated three coples of a -19.6 Mb 14g31-gter
egion, and FISH analysis fer four segments around the chro-
mosome 14q32.2 imprinted region delineated positive signals on
the der(17) chromosome as well as on the normal chromosome
14 homologs. This demonstrated the presence of the 14q32.2
imprinzed region on the der(17) chromosome. In addicion, simi-
lar oligoarray CGH and FISH analysis revealed loss of 2 -435 kb
region from the distal chromosome 17p (Fig. S1).

Thus, we investigated the parental origin of the translo-
cated 14q discal region. Microsatellite analysis for DI45250 and
D1451G07 on the translocated 14q distal region delineated bipa-
rentally derived two peaks, with patcrnally derived long PCR
products showing larger peaks than maternally derived shore
PCR products {Fig. 1; Table §2). Since short products aze usually
more easily amplified than long producss, this indicared paternal

from three control placentas homozygous for that SNP.
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Figure 2 (See opposite page), Bisulfite sequencing analysis of the IG-DOMR {CG4 and CG8) and the MEGI-DMR (CG7), using leukocyte and placental
genomic ONA samples. Filled and open circles indicate methylated and unmethylated cytosines at the CpG dinuclectides, respectively, Upper part:
structure of CG4, (G, and CG7. Pat, paternally derived chromosome; Mat, maternally derived chromosome. The PCR preducts for CG4 (311 bp) harber
6 CpG dinuclectides and a G/A SNP {r512437020), those for CG6 (428 bp) carry 13 CpG dinuclectides and a C/T SNP {rs10133627) and those for CG7
(168 bp) harbor 7 CpG dinucieotides. Lower part: the results of cases 1, 2, 4 and a control subject, Each horizontal fine indicates a single subclonad
allele. The control data represent the methylation patterns obtained with a leukacyte genomic DNA sample extracted from a single subjact hetero-
zygous for the G/A SNP {rs12437020) (body) and those oblained with a pooled DNA sampls consisting of an equal amount of genomic DNA extracted
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Figure 2. For figure legend, see page 1144.
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arigin of the der(17) chromosome
harboring the chromosomeldq32.2
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imprinted region. Consistent with
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this, bisulfite sequencing showed

moderate hypermethylation of the

1.0

IG-DMR and the MEG3-DMR
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(Fig. 2).

Placental histopathological

studies. We performed LM and

g

0.5

-
O e DI BN OO :D

EM studies, and IHC examinations
{Fig. 5). LM examinations showed
- proliferated chorionic villi in cases
1-3. Capillary lumens were irregu-
larly dilated with thickened endo-

DLKT
s bebtada
DIO3 s

O - LY

MEG3 e
MEGE}e
RTLY

miRT27 e

miR433le

thelium in the stem to intermediate
villi, but not in the terminal villi.
Immature villi were present in case
3, probably because of 30 weeks of
~ gestational age. Chorangloma was
also identified in case 3. There was
no villous chorangiosis, edematous
change of villous stroma, or mes-

. Figure 3, Quantitativa real-time PCR analysis using placental samples. For a contral, a pooled RNA sam-

. ple consisting of an equal amount of total RNA extracted from three fresh contrel placentas was utilized.

| {A] Relative mANA expression levels for DLKCI, RTLT, and DIO3 against GAPDH (mean = SE) and lack of MEGs |

| expression (indicated by arrows) (miR432 and mif127 are encoded by RTL10s} in the placental sampies of |

| zases 1 and 2. (B) Relative mRNA, expressicn levels for DLKL, RTLY, and ©I03F against GAPDH {mean £ SE),in -

. the equal amount of expression positive placental cells (vascular endothelial cefls and pericytes} of cases
1and 2 {corrected for the difference in the relative proportion of expression positive cells between the

- placental samples of cases 1 and 2 and the control placental samples, on the assumption that the DLKT

- expression fevel is “simply doubled” in the expression positive placental cells of case T and 2},

enchymal dysplasia characterized

by grapelike vesicles in cases 1-3.

Although the rerminal villi exhibited no definitive abnormali-
ties in the LM studies, EM examinations revealed swelling of
vascular endothelial cells and hypertrophic change of pericytes
in the terminal villi, together with narrowed capillary lumens, in
cases 1 and 2.

THC examinations identified RT1L1, DLK1 and DIO3 protein
expressions in the vascalar endothelial cells and pericytes of cho-
rionic villi, but not in the cytotrophoblasts, syncytiotrophoblasts,
and stromal cells, in the placentas of cases 1-3 and in the conrrol
placenta, The PEGs protein expression level was variable in the
control placenta, with moderate DLK] expression, high RTL1
expression, and low DIO3 expression. Furthermore, DLK] pro-
tein expression was apparently stronger in the placentas of cases
1 and 2 than in the placenta of case 3 and the control placenta,
RTLI protein expression was obviously stronger in the placen-
tas of cases 1-3 than in the control placenta, and DIO3 protein
expression was apparently similar berween the placentas of cases
1-3 and the control placenta.

Discussion

We studied placental samples obtained from cases 1-3 with typi-
cal body and placental upd(14}pat phenorype. In this regard, the
microsatellite data suggest that upd(14)pat with hererodisomic
and isedisomic locl in case 1 was caused by wrisomy rescue or
gamere complementation, and that upd(14)pat with isodisomic
loct alone in case 2 resulted from monosomy resciie or post-
zygotic mitotic error, although it is possible that heterodisomic
locus/loci remained underected in case 2. Norably, there was no
trace of & maternally inherited locus indicative of the presence of
trisomic cells or normal cells with biparentally inherited chromo-
some 14 homologs in the placentas as well as in the leukocyres of
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cases 1 and 2. In addition, the microdeletion of case 3 has been

shown w be inherited from the mother with the same microdele-

tion.” These findings imply that the placénral tissues as well as
the leukocytes of cases 1-3 almost exclusively, if not totally, con-
sisted of cells with upd(14}pat or those with the microdeletion.
The g-PCR analysis was performed for the fresh placental
samples of cases 1 and 2. In this context, two matters should
be pointed our. First, the proportion of vascular endothelial
cells and pericyres expressing DLKI, RTLI, and DIO3 would
be somewhat variable among samples, because only a small por-
ton of the placenta was analyzed. This would be relevant to the
sorme degree of difference in the expression levels between the
placental samples of cases 1 and 2. Second, the relative propor-
tion of vascular endothelial cells and pericytes expressing DLKY,
RTLI, and DIO3 would be higher in the placental samples of
cases 1 and 2 than in the control placenial samples, because the
placentas of cases 1 and 2 were accompanied by proliferation of
the chorionic villi with such expression positive cells. Thus, it
would be inappropriate to perform z simple comparison of rela-
tive expression levels against GAPDH berween the placental sam-
ples of cases 1 and 2 and the control placental samples. Indeed,
although a complex regulatery mechanismf{s}, as implicated for
the RTLI expression,'? is unlikely to be operating for the DLKJ
expression, the relative DLET exprescion level was 3.3 times
and 3.1 times, not 2 times, higher in the placental samples of
cascs 1 and 2 than in the contral placental samples, respectively
{Fig. 3A). Assuming thar DLKT expression level is simply dou-
bled in expression positive cells of cases 1 and 2, ir is predicted
that the relative proportion of such expression positive cells is
1.65 times (3.3 = 2.0} and 135 times (3.1 = 2.0) larger in the
placencal samples of cases 1 and 2 than in the control placental
samples, respectively. Thus, the expression level egainst GAPDH
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in the equal amount of expression positive cells is estimared as
3.69 times {6.1 + 1.65) increased for R7TLI and 1.15 times (1.9
= 1.65) increased for DJO3 in case 1, and as 6.06 times (9.4 +
1.53) increased for R777 and 1.09 times {1.7 + 1.53} increased for
DIO3 in case 2 (Fig. 3B). )

Thus, the expression data are sumumarized as follows (Fig. 6).
- First, it is inferred that the relative RTLS expression level is mark-
edly {~5 times) increased in the expression positive cells of the
placentas with upd(14)par, as compared with the control placen-
tas. This degree of elevation is grossly similar to that identified
in the body of mice with the targeted deletion of the marernally
derived IG-DMR (-4.5 times).* Such a markedly increased RTLI
expression would be explained by assuming that R7LIss-encoded
microRNAs {e.g., miR433 and miRI27) function as a repressor
for RTLI expression through the RNAI mechanism, as has been
indicated for the mouse RelI-Rellas interaction.'™” Second, it is
unlikely that DJO3 is salely expressed from the paternally inher-
ited allele, although it remains to be determined whether 2703
undergoes partial imprinting like mouse 703" or completely
escapes imprinting, In cither case, the results would explain why
patients with upd(14)pat and upd(14)mar lack clinically recog-
nizable thyroid disorders,? although /03 plays a critical role in
the inactivation of thyroid hormones.'®

This study provides further support for a critical role of exces-
sive RTL] expression in the development of upd (14} pat phenotype
(Fig. 6. Indeed, markedly {~5 times) increased RT'LJ expression
is shared in common by cases 1-3 with typical upd(14)par body
and placental phenotype. In this context, it Is notable that case
- 4 had no clinically recognizable upd(14)pat body and placental
phenotype, except for omphalocele. This would imply that a sin-
gle copy of RT'Llas can almost reduce the RTLY expression dos-
age below the threshold level for the development of upd(14) pat

www landeshioscience.com

Figure 4. Array CGH and FISH aralysis for the distal chromasome 14 region in case 4. In CGH analysis, the black, the red, and the green dots denote
signals indicative of the normal, the Increased (> +0.5), and the decreased (< -1.0) copy numbers, respectively. In FISH analysis, red signals (srrowsj are
derived fram the probes detecting the various parts of the 14q32.2 imprinted region {the physical positions are indicated with yellow bars), and the
green signals {arrowheads}) are derived from an RP11-56612 probe for 14911.2 used as an internal control.
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phenotype by exerting a trans-acting repressor effect on the twe
functional copies of RTLI. By contrast, the relevance of DLKJ to
upd{14)par phenatype is unlikely, because case 3 exhibired typi-
cal upd(14)pat phenotype in the presence of a single functional
copy of DLKY, and case 4 showed no upd(14)pat phenotype
except for omphalocele in the presence of two functional cop-
ies of DLKY. Similarly, if DIO3 were more or less preferentially
expressed from parernally inherited allele, the relevance of /O3
1o upd(14)pat phenotype would also remain minor, if any. Case
4 had no upd{14)pat phenotype except for omphalocele in the
presence of with two copies of DIO3 of paternal origin. [t should
be pointed our, however, that the abssnce of MEG; expression
may have a certain effect on the development of upd(i4)pat
phenotype,

The placental hiswological examinations revealed several
informative findings. First, DLKI, RTL1, and DIO3 protwins
were specifically identified in vascular endothelial cells and peri-
cytes of chorionic villi in the control placenta, with RTLE pro-
tein being most strongly expressed, These results, together with
abnormal LM and EM findings of such cells in cases 1-3, sug-
gest that these proteins, especially RTLI protein, plays a pivotal
mle in the development of endothelial cells and pericytes. In this
regard, it may be possible that the endothelial thickening and
resultant narrowing the capillary lumens in the werminal villi
have resulted in the dilatation of the stem to intermediate por-
tions of the chorionic villi,

Second, the degree of protein staining was well correlated with
the expression dosage of corresponding genes. In this regard,
since characreristic macroscopic and microscopic placental fea-
tures were identified in cases 1-3 who shared markedly clevared
RTLI protein expression, this is consistent with the notion that
upd{14)par phenotype is primarily caused by the markedly

1147

— 162 —



