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contained HBII-52, HBII-438B, UBE3A, ATPI0C,
and a part of GABRB3 (Fig. 1B). Proximal and distal
breakpoints were not related to any of PWS/AS-
related LCRs [Christian et al., 1999). It was surprising
that the sequences were completely identical to
those found in the family previously described
[Greger et al., 1993]. Relationship of the two families
could not be confirmed. However, coincidence of
proximal and distal deletion breakpoints as well as
inserted 15 nucleotides strongly suggests that the two
families originated from the same ancestor. Both
families indeed live in neighboring prefectures in
Japan.

Phenotype of the proband is compatible to AS and
was similar to that of the patient with the identical
deletion described by Saitoh et al. [1992] (detailed
clinical information was described by Sugimoto etal.
[1992]) (Table ). As his mother inherited the deletion
from his maternal grandfather, she may suffer from
some of PWS features if the deletion contains a
gene(s) for PWS. She was carefully evaluated
with regard to diagnostic criteria for PWS [Holm
et al., 1993]. Only one major criterion (genetic
microdeletion) and one minor (myopia) were
recognized, thus PWS was definitely unlikely. This

is consistent with the previous finding thata clinically
healthy mother of three AS sibs, all sharing an
idz:ﬂcxlzl deletion [Saitoh et al., 1992; Sugimoto etal.,
1992].

Recently brain-specific snoRNA HBII-52 was
found to regulate altemative spli of serotonin
receptor 2C, possibly influencing the serotonine
response [Kishore and Stamm, 2006]. Clustering 47
copies of HBII-52 are matemally imprinted and are
suggested 1o play an important role in pathogenesis
of PWS [Cavaille et al., 2000). However in this family
as well as the previously described family [Saitoh
et al., 1992], two healthy mothers possessed the
microdeletion inherited their fathers and the
deletion included the complete HBII-52 locus. Thus,
the normal ph of the mother described here
again supports that HBII-52 does not play any roles
in PWS. Similarly the paternally inherited 570-kb
deletion in a healthy mother also included HBII-52
[Burger et al., 2002; Runte etal., 2005]. Rare balanced
translocations involving paternal 15q11-q13 in PW§
i i letions now delimit the

HBH]-BS clusters [Wirth et al., 2001; Gallagher et al.,
2002].

TABLE 1. Phenotype of the Proband and Cases Previously Reported

Patient Proband Patient 1* [Saitoh et al, 1992)  B-5490 [Burger et al,, 2002
Psychomator

Mental retardation Severe Yes Yes

Absence of speech Yes Yes Yes

Able o speak single word No No No

Able 1o make sound Yes

Able 10 use sign language Yes (only at urination)

Age walked alone 2 years 7 months 1 year 6 months
Neurological features

Epllepsy Yes Yes

EEG Abnormal Abnormal No

Ataxia (When excited/running) (not Yes Yes Yes

marked)

Wide-based gait Yes

Flapping hands (when excited/running) Yes (slightly) Yes
Behavior

Happy disposition Yes

Characteristic laughter No Yes Yes
Physical features

Prominent mandible Yes Mild

Small widely spaced reeth Yes Yes

Large mouth Yes Na

Protruding tongue Yes (slightly) Yes Yes

Small head (<25th percentile) Yes Yes

Occiput Normal Flat

Sequint Yes Yes

Weight Within 90 percentile -0.25D

Height Within 90 percentile +08 5D

Hypopigmentation No No No
Miscellaneous

Sleep Disrupted

Mouthing No

Dribbling/drooling Yes

Other Father is dead (Biliary atresia)

This ble is made with reference 10 3 paper by Fung et al. (19981
“Clinical information of Patient 1 and his affected sihs was deserib

etal. (19921,
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In conclusion, a very rare identical 1,487-kb
deletion was found in two families possibly originat-
ing from the same ancestor. It should be stressed
that the deletion can be inherited without any
symptoms through patemnal lines. Finally HBII-52
may not be important for PWS pathogenesis.
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Abstract Marfan syndrome (MFS, OMIM #154700) is
a hereditary connective tissue disorder, clinically pre-
senting with cardinal features of skeletal, ocular, and
cardiovascular systems. In classical MFS, changes in
connective tissue integrity can be explained by defects
in fibrillin-1, a major component of extracellular mi-
crofibrils. However, some of the clinical manifestations
of MFS cannot be explained by mechanical properties
alone. Recent studies manipulating mouse Fbnl have
provided new insights into the molecular pathogenesis
of MFS. Dysregulation of transforming growth factor
beta (TGFp) signaling in lung, mitral valve and aortic
tissues has been implicated in mouse models of MFS.
TGFBR2 and TGFBRI mutations were identified in a
subset of patients with MFS (MFS2, OMIM #154705)
and other MFS-related disorders, including Loeys—
Dietz syndrome (LDS, #OMIM 609192) and familial
thoracic aortic aneurysms and dissections (TAAD?2,
#OMIM 608987). These data indicate that genetic
heterogeneity exists in MFS and its related conditions
and that regulation of TGFf signaling plays a signifi-
cant role in these disorders.
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Introduction

Marfan syndrome (MFS, OMIM #154700) is a con-
nective tissue disorder with autosomal dominant
inheritance. MFS is clinically diagnosed according to
the Ghent criteria, which describe pleiotropic mani-
festations affecting multiple organs (De Paepe et al.
1996). Typical MFS can affect the skeletal system
(marfanoid habitus including arachnodactyly, dolich-
ostenomelia, pectus deformity and scoliosis), the ocu-
lar system (ectopia lentis) and the cardiovascular
system (aortic aneurysm/dissection and mitral regur-
gitation), as well as other systems, including lung, skin,
integument, and dura mater. Significant phenotypic
variability of MFS is commonly observed between af-
fected members of different families and even among
affected members within a single family. Neonatal
MFS (nMFS) is the most severe type of MFS and is
characterized by severe atrioventricular valve dys-
function, arachnodactyly, joint contracture, crumpled
ears and pectus deformity. In addition to classic MFS,
incomplete forms of MFS are seen, in which symptoms
overlap with those of MFS but the phenotypes do not
satisfy the Ghent criteria.

This review focuses on the recent advances in the
genetics of MFS and its associated conditions, includ-
ing Loeys-Dietz syndrome, non-syndromic thoracic
aortic aneurysms and dissections, and Shprinizen—
Goldberg craniosynostosis syndrome. Abnormal
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transforming growth factor beta (TGFf) signaling will
be discussed as the core pathogenesis of MFS,

Genetics of Marfan syndrome and its related disorders
FBNI mutation-related disorders
Marfan syndrome

Molecular diagnosis of MFS became possible after
mutations had been identified in the FBNI gene (Dietz
et al. 1991; Lee et al. 1991). FBNI is a 230 kb gene,
containing 65 exons, which encodes the structural
protein fibrillin-1 (Corson et al. 1993). More than 600
FBN1 mutations are registered in the UMD-FBNI
database for MFS and its associated disorders (http://
www.umd.be:2030/) (Collod-Beroud et al. 2003), The
mutation detection rate of FBNI in MFS varies among
studies, ranging from 9% to 91% (Katzke et al. 2002;
Loeys et al. 2004; Tynan et al. 1993). This variability
could be explained, in part, by the different techniques
used, but the most significant influencing factor is likely
to be sample bias. The frequencies are quite different
between patients fulfilling the Ghent criteria and those
not fulfilling them (Biggin et al. 2004; Halliday et al.
2002; Loeys et al. 2001; Rommel et al. 2002, 2005;
Tynan et al. 1993),

Extensive mutational analyses failed to show FBNI
involvement in almost 10% or more of patients with
MFS satisfying the Ghent criteria. Although one pos-
sible explanation could be due to so-called missing
mutations in the promoter region or in other non-
coding sequences, the existence of a second locus for
MFS (MFS2) was hypothesized (Collod et al. 1994;
Dietz et al. 1995; Gilchrist 1994). In 2004, patients with
MFS2 were shown to have mutations in the TGFBR2
gene, which encodes the transmembrane receptor
type Il of TGFf (Mizuguchi et al. 2004). TGFBR2
mutations were later linked to other clinically over-
lapping syndromes, described below (Kosaki et al.
2006; Loeys et al. 2005; Pannu et al. 2005a).

Other fibrillinopathies

FBNI mutations were also found in incomplete forms
of MFS as well as in several other MFS-related disor-
ders such as nMFS, isolated ectopia lentis, Shprintzen—
Goldberg craniosynostosis syndrome (SGS), familial
thoracic aortic ancurysms and dissections (TAAD),
and autosomal dominant Weill-Marchesani syndrome
(Table 1) (Faivre et al. 2003; Francke et al. 1995;
Kainulainen et al. 1994; Milewicz et al. 1996; Sood

€ Springer

et al. 1996). This resulted in the recognition of “fi-
brillinopathies™ caused by FBNI aberrations (Char-
bonneau et al. 2004).

TGFBR mutation-related disorders
Marfan syndrome type 2

In 1993 Boileau et al. (1993) reported a large French
family (MS1 family) with a Marfan-like phenotype that
was not linked to the FBNI locus, The syndrome was
subsequently designated Marfan syndrome type 2
(MFS2, OMIM #154705). In this review we are defining
MFS2 genetically (not clinically) as the classic MFS
phenotype (based on the Ghent criteria) caused by
mutation in the TGFBR2 locus.

Marfan-like symptoms observed in this family con-
sisted of severe cardiovascular findings, including sud-
den death of affected members at young age, probably
due to a thoracic aortic dissection, and typical MFS
skeletal features, but no significant ocular findings were
seen, However, one affected family member (IV-83
from the large French family, MS1) was recently re-
ported to suffer from ectopia lentis, which is clinically
compatible with classic MFS according to the Ghent
criteria but surprising in light of the absence of the
condition in other family members (Mizuguchi et al.
2004). Clinical re-evaluation of this individual as well
as other affected members is warranted.

Genetic analysis of the French family enabled a
successful mapping of the second locus for MFS
(MFS$2) to 3p24.2-p25 (Collod et al. 1994). A Japanese
boy with MFS was later shown to have de novo com-
plex chromosomal rearrangements involving 3p24.1,
which is close to the MFS2 locus (Mizuguchi et al
2004). Detailed genomic analysis revealed that the
3p24.1 breakpoint disrupted the TGFBR2 gene. Sub-
sequent TGFBR2 sequence analysis in the MS1 family
identified in all affected members a nucleotide substi-
tution ¢.1524G > A (p.Q508Q) of TGFBR2, which is

Table 1 Marfan syndrome-related disorders and mutated genes

Disorder Gene
Marfan syndrome FBN1, TGFBRI, TGFBR2
Neonatal Marfan syndrome FBNI1
Familial thoracic aortic FBNI, TGFBRI, TGFBR2

aneurysms and dissections

Isolated ectopia lentis FBNI

Shprintzen-Goldberg FBN1, TGFBR2
craniosynostosis syndrome

Autosomal dominant FBN1
Weill-Marchesani syndrome

Loyes-Dietz syndrome TGFBRI, TGFBR2
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hypothesized to result in protein truncation due to
abnormal splicing. Further analysis of 19 unrelated
probands unlinked to FBNI identified ¢.923T >C
(p.L308P), ¢.1346C > T (p.S449F) and c.1609C > T
(p.R537C; recurrent in two independent families)
(Table 2 and Fig. 1). These missense mutations affect
an evolutionarily conserved amino acid in the serine/
threonine kinase domain of TGFf receptor type IL
This finding confirmed that the MFS phenotype can be
caused not only by mutations in FBN/ but also by
mutations in TGFBR2.

Loeys-Dietz syndrome

Loeys et al. (2005) reported a new aortic aneurysm
syndrome presenting with cardiovascular and skeletal
manifestations consistent with those seen in MFS,
along with other features not present in MFS. Loeys-
Dietz syndrome (LDS, OMIM #609192) is charac-
terized by hypertelorism, bifid uvula, cleft palate,
generalized arterial tortuosity, and ascending aortic
aneurysm and dissection. Hypothesizing that abnormal
TGFp signaling might cause vascular and craniofacial
phenotypes, Loeys et al. (2005) investigated TGFBR2
as a candidate gene for LDS. Heterozygous TGFBR2
mutations were found in six of ten LDS patients: five
missense mutations in the serine/threonine kinase do-
main  [c.1006T > A (p.Y336N), ¢1063G>C
(p.A355P), ¢1069G >T (p.G35TW), c1582C>T
(p-R528C), c.1583G > A (p.R528H)], as seen in MFS2,
and a single mutation in a splice-acceptor site (IVS1-
2A > G) (Table 2, Fig. 1). The remaining four patients
were shown to have TGFBRI mutations: three mis-
sense mutations in the serine/threonine kinase domain
[c.953T > G (p.M318R), c.1199A > G (p.D400G) and
¢.1460G > C (p.R487P)] and a missense mutation in
the glycine/serine-rich (GS) domain [c.599C>T
(p.T2001)] (Table 2, Fig. 1). Owing to the clinical
overlap of MFS and Shprinizen-Goldberg craniosy-
nostosis syndrome (SGS) with LDS, Loeys et al. (2005)
also screened seven MFS patients (unlinked to FBNI)
and five SGS patients for mutations in TGFBRI and
TGFBR2, but no abnormalities were seen at these loci.

Two other TGFBR2 mutations [c.773T > G
(p.V258G) and c.1067G > C (p.R356P)] and another
TGFBRI mutation [c.722C > T (p.S241L)] have since
been reported in other patients meeting the clinical
description of LDS by other groups (Table 2, Fig. 1)
(Ki et al. 2005; Matyas et al. 2006). Finally, Loeys et al.
(2006) collected 30 more probands of LDS and found
TGFBR2 mutations in 21 and TGFBRI mutations in
nine (Table 2, Fig. 1) (Loeys et al. 2006). Furthermore,
LDS type II (LDS2) without craniofacial features was

also proposed. Eight TGFBR2 and four TGFBRI
mutations were found in LDS2 patients (Tables 2 and

3, Fig. 1) (Loeys et al. 2006).
Familial thoracic aortic aneurysms and dissections

Non-syndromic thoracic aortic aneurysms and dissec-
tions (TAAD) have complex and heterogeneous eti-
ology, with some families inheriting TAAD in an
autosomal dominant fashion, with decreased pene-
trance and variable expression. To date, at least three
TAAD loci have been mapped by linkage studies of
large single families (Pannu et al. 2005b): TAADI at
5q13—ql14 (Guo et al. 2001), the familial aortic aneu-
rysm 1 locus (FAAT) at 11q23—q24 (Vaughan et al.
2001), and TAAD?2 at 3p24-p25 (Hasham et al. 2003).
The realization that TAAD2 (OMIM, #608987) and
MFS$2 are clinically overlapping diseases that both map
to 3p24-p25 led Pannu et al. (2005a) to look for
TGFBR2 mutations in 80 unrelated TAAD families,
including the large family with disease linkage to 3p24—
p25. Two TGFBR2 mutations [c.1378C > T (p.R460C)
and ¢.1379G > A (p.R460H)], both affecting the same
amino acid residue in the serine/threonine kinase do-
main, were identified in four families, or approximately
5% of the TAAD cases (Pannu et al. 2005a) (Table 2,
Fig. 1). Each mutation occurred in the unique haplo-
type block, indicating an independent mutation event.
The mutational hotspot at the p.R460 residue in
TAAD2 suggested a positive phenotype-genotype
correlation, and this observation was supported by the
discovery of another family with p.R460H that was
initially diagnosed as having TAAD2 and, later, as
having a distinctive condition with cardiovascular
findings consistent with TAAD?2, together with arteri-
ous tortuosity and aneurysm (Law et al. 2005, 2006),
Three additional missense 7TGFBR2 mutations
[c1159G > A (p.V387G), c.1181G > A (p.C394Y),
c.1657T > A (p.S553T)] and, more importantly, one
TGFBRI mutation [c.1460G > A (p.R487Q)] were
found in four TAAD patients (Matyas et al. 2006).

Shprintzen-Goldberg craniosynostosis syndrome

Shprintzen-Goldberg  craniosynostosis ~ syndrome
(SGS, OMIM, #182212) is characterized by craniosy-
nostosis and other craniofacial features, marfanoid
skeletal abnormalities, and developmental delay
(Robinson et al. 2005). Furlong syndrome (FS) is a
similar marfanoid disorder with craniosynostosis,
which differs from SGS by the absence of mental
retardation (Furlong et al. 1987).

4 Springer
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Table 2 Summary of TGFBR2 and TGFBR] mutations

Gene Disorder Exon Mutations Domain Splicing Nature  Ghent References
abnormali criteria
TGFBR2 MFS - Chromosomal - - De novo  Fulfilled Mizuguchi et al. (2004)
rearrangements
4 €.923T > C (p.L308P) Kinase - De novo  Fulfilled i et al. (2004)
4 ¢.1067G > C (p.R356P) Kinase -~ De novo Not Sakai et al. (2006)
fulfilled®
4 cl106G > T (p.G369V) Kinase - Familial ~Not fulfilled Matyas et al. (2006)
and ¢1159G > C
(p.V387L)"
4 ¢.1151A > G (p.N384S) Kinase - Familial  Not fulfilled Singh et al. (2006)
4 ¢.1188T > G (p.C396W) Kinase - De novo  Fulfilled Singh et al. (2006)
and ¢.-334T > A®
5 c.1273A > G (p.M425V) Kinase - Familial  Fulfilled Disabella et al. (2006)
5 ¢.1336G > A (p.D446N) Kinase - De novo Not fulfilled Disabella et al. (2006)
5 €.1336G > A (p.D446N) Kinase Not Sakai et al. (2006)
fulfilled®
5 ¢132C > T (p.S441F) Kinase - De novo Not fulfilled Singh et al. (2006)
S cl1346C > T (p.S449F) Kinase - Familial  Not fulfilled Mizuguchi et al. (2004)
5 c1378C > T (p.R460C) Kinase - Familial  Fulfilled Singh et al. (2006
5 c1379G > A (p.R460H) Kinase - Familial  Fulfilled Disabella et al. (2006)
6 €.1489C > T (p.R497X) Kinase - De novo? Not fulfilled Singh et al. (2006)
6 ¢.1524G > A (p.Q5080Q) Kinase + Familial  Fulfilled Mizuguchi et al. (2004)
7 ¢.1561T > C (p.W521R) Kinase - De novo  Fulfilled Matyas et al. (2006)
7 €.1609C > T (p.R537C) Kinase - Familial Fulfilled Mizuguchi et al. (2004)
LDS - IVS1-2A > G - + De novo? — Loeys et al. (2005)
4 ¢.773T > G (p.V258G) Kinase - Familial  Fulfilled Matyas et al. (2006)
4 pA329T Kinase - ? - Loeys et al. (2006)
4 cl1006T > A (p.Y336N) Kinase - Familial - Loeys et al. (2005)
4 c1063G > C (p.A355P) Kinase - Familial - Locys et al. (2005)
4 €.1067G > C (p.R356P) Kinase - De novo - Ki et al. (2005)
4 ¢.1069G > T (p.G357TW) Kinase - De novo - Loeys et al. (2005)
4 p-N384S Kinase - ? - Loeys et al. (2006)
5 p-P427L Kinase - ? - Loeys et al. (2006)
5 p.P4278 Kinase - 7 - Loeys et al. (2006)
S pY448H Kinase - ? = Loeys et al. (2006)
5 p.S449F Kinase - ? - Loeys et al. (2006)
S pM4sTK Kinase - ? = Loeys et al. (2006)
5 p-R460H Kinase - ? - Loeys et al, (2006)
5 p.C461Y Kinase - ? - Loeys et al. (2006)
- IVS5-1G > A + ? - Loeys et al. (2006)
6 p-R495X Kinase - ? - Loeys et al. (2006)
7 p.E519K Kinase - ? - Loeys et al. (2006)
7 p.C520Y Kinase - 7 - Loeys et al. (2006)
7  pD524N Kinase - ? = Loeys et al. (2006)
7 p-AS2TV Kinase - ? - Loeys et al. (2006)
T c.1582C > T (p.R528C) Kinase - De novo - Loeys et al. (2005,
2006)
7 c.1583G > A (p.R528H) Kinase - De novo - Loeys et al. (2005,
2006)
7 p.LS29F Kinase - ? - Loeys et al. (2006)
7 p.C533R Kinase - ? - Loeys et al. (2006)
7 p.C533F Kinase - 7 - Loeys et al. (2006)
7 p.R537C Kinase - ? - Loeys et al. (2006)
7 p-R537G Kinase - ? - Loeys et al. (2006)
TAAD - c.1159G > A (p.V3&8TM) Kinase - Familial - Matyas et al. (2006)
4 clI81G > A (p.C394Y) Kinase - ? s Matyas et al. (2006)
5 c.1378C > T (p.R460C) Kinase - Familial ~ Pannu et al. (2005a)
5 cl379G > A (p.R460H)  Kinase - Familial - Pannu et al. (2005a)
and Law et al
(2006)
) Springer
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Table 2 continued

Gene Disorder Exon Mutations Domain Splicing Nature  Ghent References
abnormality criteria
7 c1657T > A (p.S553T) - - De novo? - Matyas et al. (2006)
SGS (LDS?) - IVS52A > G - + De novo - Kosaki et al. (2006)
TGFBR1 MFS 4 c759G > A(p.M253I) Kinase -~ Familial Fulfilled Singh et al. (2006)
4 c799A > C (p.N267H) Kinase - Familial Not fulfiled Matyas et al. (2006)
5 €934G > A (p.G312S)  Kinase - Familial  Fulfilled Singh et al. (2006)
7 c1135A > G (p.M379V) Kinase - 7 Not fulfilled Sakai et al. (2006)
LDS 4 €.599C > T (p.T2001) GS - De novo - Loeys et al. (2005)
4 pK232E Kinase - ? - Loeys et al. (2006)
4 pF234L Kinase - 7 - Loeys et al. (2006)
4 ¢722C > T (pS241L) Kinase - De novo  Fulfilled Loeys et al, (2006)
and Matyas et al.
(2006)
5 c953T > G (p.M318R) Kinase - De novo - Loeys et al. (2005)
6 p-A3SOE Kinase - ? Loeys et al. (2006)
6 p.G353V Kinase - ? Loeys et al. (2006)
6 p.G374E Kinase - ? Loeys et al. (2006)
7 c1199A > G (p.D400G) Kinase - De nove - Loeys et al. (2005)
9 p.N4788 Kinase - ? Loeys et al. (2006)
9 c.1460G > C (p.R487P) Kinase - Familial - Loeys et al. (2005, 2006)
9 p-R487Q Kinase - ? Loeys et al. (2006)
9 p.R4ETW Kinase - ? Loeys et al. (2006)
TAAD 9 c.1460G > A (p.R4870Q) Kinase - De novo - Matyas et al. (2006)
FS 4 c722C > T (p.S241L) Kinase - De novo  Fulfilled Ades et al. (2006)

MFS Marfan syndrome, LDS Loeys-Dietz syndrome, TAAD Familial thoracic aortic aneurysms and dissections, SGS Shprintzen-

Goldberg craniosynostosis syndrome, FS Furlong syndrome
* LDS facial features were recognized

® Two nucleotide changes in one allele
¢ Compound heterozygote

Although a question was raised on the involvement
of FBNI abnormality in SGS (Robinson et al. 2005), at
least two FBN! mutations were identified (Kosaki
et al. 2006; Sood et al. 1996).

Furthermore, the initial study of five SGS patients
failed to reveal mutations in either TGFBRI or
TGFBR2 (Loeys et al. 2005), but Kosaki et al. (2006)
recently reported a TGFBR2 mutation [IVS5-2A > GJ
(Table 2, Fig. 1) in an SGS patient with craniofacial
and skeletal abnormalities, mild developmental delay,
and cardiovascular features, including aortic regurgi-
tation, annuloaortic ectasia and sigmoid configuration
of the brachiocephalic, left common carotid and left
subclavian arteries. Robinson et al. (2006), however,
suggested that this patient might be more appropri-
ately diagnosed as having LDS, due to the presence of
bifid uvula and arterial manifestations.

An identical TGFBRI mutation [c.72C>T
(p.S241L)] was reported in two unrelated patients de-
scribed as having probable FS (Table 2, Fig. 1) (Ades
et al. 2006). One of these patients had learning diffi-
culties, and the other had normal intelligence (Ades
et al. 2006). Systemic arterial tortuosity was not eval-
uated in either of them, but one showed bifid uvula,

consistent with LDS. The same mutation was also re-
ported in an LDS patient with hypertelorism, tortuous
arteries and bifid uvula (Matyas et al. 2006).

Germline TGFBR mutations and connective tissue
disorders

The various mutations, as well as gene disruption by
chromosomal structural abnormality, suggest that loss-
of-function mutations of TGFBR2 are responsible for a
wide spectrum of connective tissue disorders, but no
simple genotype-phenotype correlation has been ob-
served. It is intriguing that domain-specific germline
mutations of TGFBI cause Camurati-Engelmann dis-
ease (CED, OMIM #131300) (Kinoshita et al. 2000)
associated with marfanoid habitus, despite the absence
of connective tissue fragility. TGFBI mutations in
CED were shown to cause increased TGFf signaling
(Janssens et al. 2003). These findings suggest that
abnormal TGF signaling could be responsible for the
skeletal features of MFS. This hypothesis is corrobo-
rated by earlier studies describing the roles of TGFf
signaling in skeletal development (Alvarez and Serra
2004; Serra et al. 1999).
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Fig. 1 Mutation spectrum of
TGFBR2 and TGFBRI
identified in Marfan
syndrome and its related
disorders. Numbered boxes
indicate exons of each gene.
Open and filled circles
represent missense and
splicing abnormality
mutations, respectively. Each I
mutation was found in a

different family. Functional

domains are shown as

patterned boxes, MFS Marfan

syndrome, L.DS Loeys-Dietz

syndrome, TAAD Familial

thoracic aortic aneurysms and

dissections, SGS Shprintzen-

Goldberg craniosynostosis

syndrome, FS Furlong TAAD
syndrome

TGFBR2

MFS (Niling Ghent criteria)

MFS (ot hafiling Ghent critena)

e i o
(S oty ogsssy §%
© RETW
TAAD o Ae8T
o st
o missanse mutation  § TM domain jumr
o nonsense mutation

® spiicing abnormality [] Kinase domain [ GS domain

TGFBR2 and TGFBRI mutations found in MFS
and its related disorders are generally associated with
severe vascular consequences that differ somewhat
from those found in patients with FBN/ mutations.
The vascular consequences associated with TGFBR2
and TGFBRI mutations include aortic dissections in
young age and aneurysms at sites distant from the
aortic root. Thus, careful screening of arterial tortu-
osity and aneurysms from head to leg is highly rec-
ommended in this patient population.

Whether an MFS2 phenotype exists as a separate
disorder from LDS is debatable. TGFBRI and
TGFBR2 aberrations are highly prevalent in LDS,
which is characterized by severe cardiovascular fea-
tures and family histories of aortic dissection with
sudden death. Following the first report of TGFBR2

€ springer

mutations in MFS (Mizuguchi et al. 2004), LDS,
TAAD2, SGS, and FS were recognized as TGFBR
mutation-related disorders. Although the original
MFS2 patients with TGFBR2 mutations (Mizuguchi
et al. 2004) could not be reasonably re-examined for
the presence of LDS features such as bifid uvula,
hypertelorism, craniosynostosis, and arterial tortuosity,
at least three reports have since described TGFBRI or
TGFBR2 mutations in classic MFS patients in whom
LDS had been ruled out (Disabella et al. 2006; Matyas
et al. 2006; Singh et al. 2006). Four missense mutations
[c.1273A > G (p.M425V), ¢.1378C>T (p.R460C),
¢.1379G > A (p.R460H), and ¢.1561T > C (p.W521R)]
and compound heterozygous mutations [¢.1337G > A
(p.D446N) and ¢.-334T > A] in TGFBR2 were identi-
fied in five patients with MFS that satisfied the Ghent
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Table 3 Frequency of TGFBR2/TGFBR] mutations in MFS-related disorders

Diagnosis FBN1 involvement Gene tested Mutations (%) References
MFs Negative TGFBR2 235 (5/20) Mizuguchi et al. (2004)
Negative TGFBRI 0 [y} Loeys et al. (2005)
TGFBR2 1] (7
Negative TGFBR2 1007 GR)* Disabelia et al. (2006)
Negative or unknown TGFBR2 3 (1730 )° Ki et al. (2005)
Negative TGFBR1 5 (2/41) Singh et al. (2006)
TGFBR2 12 (5/41)
Negative TGFBRI1 s (1722) Sakai et al. (2006)
TGFBR2 9 (¥22)
LDS Unknown TGFBR1 40 (4/10) Loeys et al. (2005)
TGFBR2 60 (6/10)
Unknown TGFBRI1 30 (9/30) Loeys et al. (2006)
TGFBR2 T0 (21730)
LDs2 Unknown TGFBR1 10 (4/40) Loeys et al. (2006)
TGFBR2 20 (8/40)
TAAD Unknown TGFBR2 0 (0/10) Mizuguchi et al. (2004)
Unknown TGFBR2 5 (4/80) Pannu et al. (2005a)
SGS Unknown TGFBR1 0 (0/5) Loeys et al. (2005)
TGFBR2 0 (/5)
Negative TGFBR1 0 (or1) Kosaki et al. (2006)
TGFBR2 100 (171)
MD-CS/MR (FS) Negative TGFBR1 100 (2 Ades ct al. (2006)
TGFBR2 0 (072)
MFS-related phenotypes Negative TGFBRI1 4 (3/70) Matyas et al. (2006)
TGFBR2 9 (6770)

MFS Marfan syndrome, LDS Loeys-Dietz syndrome, LDS2 Loeys-Dietz syndrome type I1, TAAD Familial thoracic aortic aneurysms
and dissections, SGS Shprintzen-Goldberg craniosynostosis syndrome, MD-CS/MR Marfan-craniosynostosis/mental retardation, FS

Furlong syndrome
* Total number of patients screened was not described

® The patient was initially diagnosed as having an MFS variant, which was later refined as LDS
© The two patients with a TGFBRI mutation were categorized to Furlong syndrome

criteria. Seven more patients with MFS that did not
satisfy the Ghent criteria were also reported to have
mutations in TGFBR2 (Disabella et al. 2006; Matyas
et al. 2006; Sakai et al. 2006; Singh et al. 2006).
In addition, two TGFBRI missense mutations
[c759G > A (pM253I) and ¢.934G > A (p.G312S5)]
were found in two MFS patients and two TGFBRI
mutations [¢.799A > C (p.N267H) and c.1135A > G
(p.M379V)] were identified in two patients not fulfill-
ing MFS. Thus, TGFBR2 and TGFBRI aberrations
were observed in typical cases of classic MFS with no
signs of LDS (Singh et al. 2006).

However, it should be noted that arterial tortuosity,
a cardinal feature of LDS, was notl systematically
evaluated in any of the four studies (Disabella et al.
2006; Matyas et al. 2006; Sakai et al. 2006; Singh et al.
2006). Moreover, two research groups were unable to
identify TGFBR2 mutations in 29 MFS patients (FBNI
was normal in 24 and unknown in five) (Ki et al. 2005)
and seven patients (FBNI was normal) with MFS
compatible with the Ghent criteria (Loeys et al. 2005).
Thus, the question of whether an MFS2 phenotype and

LDS should be classified as the same disorder remains
unresolved.

At least six TGFBR2 mutations (R356P, N384S,
R460H, R460C, S449F, and R537C) and two TGFBRI1
mutations (S241L and R487Q) were recognized in two
or three conditions (i.e., R460H found in MFS, LDS,
and TAAD) (Ades et al. 2006; Disabella et al. 2006; Ki
et al. 2005; Loeys et al. 2006; Matyas et al. 2006; Miz-
uguchi et al. 2004; Pannu et al. 2005a; Sakai et al. 2006;
Singh et al. 2006) (Fig. 1, Table 2), implying that
TGFBR mutations may cause various clinical conse-
quences or that appropriate diagnosis is rather difficult
for these disorders.

Pathogenesis of Marfan syndrome

Fibrillin-1 involvement in connective tissue
disorders

Extracellular matrix (ECM) is formed by a number of
macromolecules that are secreted and deposited into
the space surrounding cells, where they are essential
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for tissue development and homeostasis. Fibrillin-1 is
an ECM protein that is assembled into microfibrillar
networks, where it interacts with other ECM proteins.
Fibrillin-rich microfibrils form peripheral components
of elastic fibers, which play a role as an architectural
foundation and provide elasticity to tissues (Kielty
et al. 2002),

Fibrillin-1 is a multi-domain protein that contains
three characteristic modules: an epidermal growth
factor (EGF)-like motif, a latent TGFJ binding protein
(LTBP) motif, and a fusion of the two (Fib motif). The
majority of the EGF-like modules in the FBNI gene
have a conserved calcium-binding sequence (cbEGF-
like module).

Mutations associated with MFS are distributed over
the entire FBNI gene. No genotype-phenotype corre-
lation has been clearly established, except for neonatal
MFS (nMFS). Most mutations causing nMFS seem to
be clustered in exons 24-32, although other phenotypes
are also associated with mutations in these exons.

The fibrillin-1 protein contains 47 EGF-like mod-
ules, characterized by six cysteine residues that form
disulfide bonds with one another. Most MFS missense
mutations occur in one of the 43 cbEGF-like modules
(Boileau et al. 2005; Robinson and Godfrey 2000).
These mulations are thought to influence the protein
structure and calcium binding affinity of ¢cbEGF-like
modules, with various deleterious effects (Boileau
et al. 2005; Downing et al. 1996).

In classical MFS the incidence of ectopia lentis was
significantly higher in patients harboring cysteine sub-
stitutions in the cbEGF-like modules than in patients
with premature termination codon (PTC) mutations
(Arbustini et al. 2005; Biggin et al. 2004; Loeys et al,
2004; Rommel et al. 2005; Schrijver et al. 2002). Fur-
thermore, isolated or predominant ectopia lentis is
frequently associated with cysteine substitutions (Ades
et al. 2004; Comeglio et al. 2002), suggesting that cys-
teine residues may have a critical function in suspen-
sory ligaments of the eyes, as previously described
(Rommel et al. 2005).

The dominant-negative mechanism of mutant fi-
brillin-1 in MFS pathology is an attractive hypothesis in
the light of the polymerizing nature of fibrillin-1 mol-
ecules into microfibrils. Various studies have examined
the correlation between the expression level of mutant
mRNA produced by PTC mutations and the degree of
clinical severity (Ades et al. 2004; Dietz et al. 1993;
Schrijver et al. 2002). Nonsense-mediated mRNA de-
cay could limit aberrant protein production from mu-
tated alleles in heterozygous patients, but remnant
mutant fibrillin-1 proteins may act in a dominant-
negative fashion. However, the hypothesized associa-
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tion between expression level and clinical severity is
controversial. It is also possible that different expres-
sion levels of normal FBNI alleles leads to different
phenotypes in MFS family members sharing the same
heterozygous PTC mutation (Hutchinson et al. 2003).

Support for the haploinsufficiency hypothesis as a
mechanism in MFS pathogenesis comes from the find-
ing of an FBNI deletion in a patient with a number of
marfanoid characteristics (Hutchinson et al. 2003;
Judge et al. 2004) as well as in mouse models (Judge
et al. 2004). In transgenic mice carrying human mutant
FBNI (p.C1663R), no obvious cardiovascular and
skeletal signs have been recognized, despite the co-
assembly of the mutant protein into mouse microfi-
brillar networks. Other knock-in mice (in which the
p.C1039G mutation Fbnl'™6"* argeted the endoge-
nous Fbnl) showed decreased microfibrillar deposition,
skeletal abnormalities and changes in the architecture
of the aortic wall. Notably, the aortic wall phenotype
was rescued by the wildtype FBNI transgene.

TGFf signaling and connective tissue disorders

TGEF§ is a secreted polypeptide that plays diverse roles
in cell proliferation and differentiation, apoptosis, and
extracellular matrix formation (Cohen 2003; Derynck
et al. 2001; Ignotz and Massague 1986; Massague et al.
2000). TGFf1 is abundant in the ECM. An inactive
form of mature TGFf1 stays in a complex with latency-
associated polypeptide (LAP), which is an N-terminal
peptide cleaved from proTGFp1, and latent TGFp
binding protein (LTBP). Mature TGFf1 and LAP are
noncovalently associated in a small latency complex
(SLC). The SLC binds to LTBP via disulfide bonds
between LAP and LTBP, forming a large latency
complex (LLC) (Annes et al. 2003). LTBP plays a role
in folding and secreting TGFp1, targeting it appropri-
ately to the ECM, and modulating TGFf activity
(Charbonneau et al. 2004; Kaartinen and Warburton
2003; Ramirez et al. 2004; Rifkin 2005).

A recent study revealed that LTBP-1 (one of the
LTBPs) and fibrillin interact in vitro and suggested that
fibrillin-1 may stabilize the latent TGFf complexes in
the ECM (Isogai et al. 2003). Support for this hypothesis
is seen in mouse models of MFS. Three strains of
transgenic mice, each harboring a different type of Fbnl
mutation, displayed several MFS features with variable
severity (Judge et al. 2004; Pereira et al. 1997, 1999),
Increased TGF activity was observed in at least four
organs (lung, mitral valve, aortic and dural tissues),
possibly as a result of excess free LLC due to inadequate
stabilization within the ECM, as previously hypothe-
sized (Habashi et al. 2006; Jones et al. 2005; Neptune
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et al. 2003; Ng et al. 2004; Rifkin 2005). Administration
of an anti-TGFf neutralizing antibody rescued the lung,
mitral valve, and aortic tissue phenotypes (Habashi
et al. 2006; Neptune et al. 2003; Ng et al. 2004). Fur-
thermore, aortic aneurysm was prevented by the
administration of losartan, an angiotensin IT type 1
receptor blocker that alleviates increased TGFf activity
(Habashi et al. 2006). Taken together, these findings
support an association of abnormal TGFf signaling with
MFS pathogenesis. Interaction between the affected
structural ECM components and aberrant TGFf sig-
naling may coordinately determine MFS phenotypes.

TGFp transduces its signals via two distinct types of
transmembrane receptors, type [ (TFRI) and type 11
(TARII), encoded by TGFBRI and TGFBR2, respec-
tively (ten Dijke et al. 1996; Wrana et al. 1994). Both
types of receptors consist of an extracellular domain, a
transmembrane domain and a serine/threonine kinase
domain. A glycine/serine-rich domain (GS domain) is
specific for TARI. The ligand-bound TSRII phospho-
rylates the GS domain, which then acts in signal
transduction (Wieser et al. 1995).

It is likely that abnormal TGF signaling is involved
in the human MFS phenotype. Identification of
TGFBR2 mutations in MFS2 supports the hypothesis
and provided the first direct link between a human
connective tissue disorder and abnormal TGFf sig-
naling. Loss-of-function 7GFBR2 mutations are
hypothesized to cause MFS2, LDS and TAAD2. In our
previous study mammalian cells were transfected with
MFS2-related mutant TGFBR2 constructs, and a
luciferase assay clearly showed decreased TGFf sig-
naling activity (Mizuguchi et al. 2004), If the highly
conserved p.R460 residue is essential for the structural
integrity of the catalytic loop of TSRII, the p.R460
missense mutations found in TAAD2 could dramati-
cally perturb TGFf signaling (Pannu et al. 2005a).

By contrast, aortic tissues from LDS individuals
showed increased TGFf signaling activity. The het-
erozygous state (with one normal allele and the other
mutant) of TGFBR2 abnormality in affected individ-
uals might not simply reflect a loss-of-function nature
of the mutation, probably because of the complex
regulation of the TGFp signaling pathway (Loeys et al.
2005). Paradoxically, increased TGFp signaling was
also shown in the kinase-deficient TARII transgenic
mice (Denton et al. 2003).

Conclusion

Recent genetic studies of MFS, both in mice and hu-
mans, revealed that TGFJ signaling is involved in the

pathogenesis of MFS and related disorders. FBNI
abnormalities appear 1o be the major genetic cause of
MFS, but not the only cause.

MFS-related disorders share many features with
MFS. Clinical data should be carefully evaluated, with
the recognition that incomplete data might lead to
different diagnoses. Further studies are needed in
order to establish frames of nosology for MFS and
MFS-related disorders, by collection and analysis of
extensive genetic and clinical data from many affected
patients. An appropriate diagnostic system(s) is nee-
ded to differentiate MFS and MFS-related disorders.
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Mouse Grbl0 is a tissue-specific imprinted gene with promoter-specific expression. In most tissues, Grbl0
is expressed exclusively from the major-type promoter of the maternal allele, whereas in the brain, it is
expressed predominantly from the brain type promoter of the paternal allele. Such reciprocally imprinted
expression in the brain and other tissues is thought to be regulated by DNA methylation and the Polycomb
group (PeG) protein Eed. To investigate how DNA methylation and chromatin remodeling by PcG proteins
coordinate tissue-specific imprinting of Grbl0, we analyzed epigenetic modifications associated with Grbl0
expression in cultured brain cells. Reverse transcriptase PCR analysis revealed that the imprinted paternal
expression of Grb10 in the brain implied neuron-specific and developmental stage-specific expression from the
paternal brain type promoter, whereas in glial cells and fibroblasts, Grb 10 was reciprocally expressed from the
maternal major-type promoter. The cell-specific imprinted expression was not directly related to allele-specific
DNA methylation in the promoters because the major-type promoter remained biallelically hypomethylated
regardless of its activity, whereas gametic DNA methylation in the brain type promoter was maintained during
differentiation. Histone modification analysis showed that allelic methylation of histone H3 lysine 4 and H3
Iysine 9 were associated with gametic DNA methylation in the brain type promoter, whereas that of H3 lysine
27 regulated by the Eed PcG complex was detected in the paternal major-type promoter, corresponding to its
allele-specific silencing. Here, we propose a molecular model that gametic DNA methylation and chromatin
remodeling by PeG proteins during cell differentiation cause tissue-specific imprinting in embryonic tissues.

Genomic imprinting in mammals describes the situation
where there is nonequivalence in expression between the ma-
ternal and paternal alleles at certain gene loci, depending on
the parental origin. Genomic imprinting plays essential roles in
development, growth, and behavior (6, 30, 31). Such parental
origin-specific gene regulation is caused by epigenetic modifi-
cations that occur during gametogenesis without any nucleic
acid changes. One of the well-known epigenetic modifications
is DNA methylation. In the imprinted loci, differentially meth-
ylated regions between the maternal and paternal alleles are
often found and associated with parental allele-specific expres-
sion (7). Another well-known epigenetic modification is his-
tone modification, which represents the determinant of epige-
netic features associated with imprinted genes. It has been
reported that parental origin-specific gene expression on some
imprinted genes is determined by DNA methylation and/or
histone modifications (12, 13, 16, 23, 29, 40). Polycomb group
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(PcG) proteins also play an important role in various epige-
netic phenomena (3), such as maintaining the silent state of the
homeotic genes, maintaining X-chromosome inactivation (36),
and silencing imprinted genes in mammals (24, 33). PeG pro-
tein complexes are thought to maintain long-term gene silenc-
ing during development through alterations of local chromatin
structure (3, 27).

Mouse Grbl0 encoding the growth factor receplor-bound
protein 10 (Grbl0) is an imprinted gene with tissue-specific
and promoter-specific expression. In most tissues, the major-
type transcript of Grb10 is expressed exclusively from the ma-
jor-type promoter of the maternal allele, whereas in the brain,
the brain type transcript is expressed predominantly from the
brain type promoter of the paternal allele (1, 17). DNA meth-
ylation analysis has revealed that the CpG island (CGI) in the
brain type promoter (CGI2) was gametically methylated in the
oocyte as a primary imprint and remained methylated exclu-
sively on the maternal allele in somatic tissues, while the CpG
island in the major-type promoter (CGI1) was biallelicaily hy-
pomethylated in somatic tissues (see Fig. 1 and 4) (17). Hikichi
et al. proposed the model for tissue-specific imprinting of
Grbl0 that the major-type transcript is regulated by DNA
methylation-sensitive insulator (CTCF) binding in CGI2 and
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the brain type transcript is regulated by putative brain-specific
activators (17). They suggested that allelic DNA methylation in
CGI2 can orchestrate reciprocal imprinting of the two promot-
ers of the Grb10 gene. This model was partially supported by
the imprinting analysis of knockout mice of the Dnmit3L gene,
encoding a factor for acquisition of maternal methylation im-
print in germ cells (14, 18). In the embryos (Dnme3L™ /"),
produced from Dnmi3L~'~ females, maternal chromosome-
specific DNA methylation in CGI2 was lost and null expression
of the major-type transcript was detected (2). Recently, the PeG
protein Eed (embryonic ectoderm development) was identified
as a member of a new class of rrans-acting factors, which
regulate the expression of some paternally repressed imprinted
genes, Cdknlc, Ascl2, Meg3, and Grbl10 (24). In Eed™~ em
bryos, the major-type transcript of Grbl0 was biallelically ex-
pressed from the major-type promoter without major alter-
ation of DNA methylation in gametically methylated CGI2,
albeit various hypomethylated patterns were observed on the
paternal allele (24). The expression analysis of these knock-
out mice suggests that DNA methylation and chromatin
remodeling by PcG proteins represent the epigenetic factors
that are necessary for establishing and/or maintaining the
imprinted expression of Grbl0. It remains unknown how
they coordinate the tissue-specific and promoter-specific im-
printing of Grb10.

Recently, mouse genes with brain-specific imprinting pat-
terns were reported. They are Ube3a and Mwrl, with neuron-
specific and brain developmental stage-specific expressions,
respectively. Ube3a is biallelically expressed in most tissues but
expressed exclusively from the maternal allele only in neurons,
leading to apparent partial imprinting with predominant ma-
ternal Ube3a expression in the whole brain (38). Murr! is
imprinted in the adult brain, especially in mature neurons, but
not in embryonic and neonatal brains (37). These lines of
evidence suggest that brain-specific imprinting may be regu-
lated in part by epigenetic modifications, depending on speci-
fication and maturation of cell lineages in the developing brain
(9, 19).

Since Grbl0 is a tissue-specific imprinted gene, we hypoth-
esized that issue-specific reciprocal imprinting of GrbI0 also
depends on cell-specific epigenetic modifications acquired dur-
ing cell differentiation. To examine our hypothesis, we per-
formed an epigenetic analysis of brain cells with the aid of
primary cortical cell cultures, in which neurons or glial cells
were cultured separately from products of reciprocal crosses
between the C57BL/6 and PWK strains (divergent strains of
Mus musculus). In each cultured brain cell, Grb]0 expression
and epigenetic factors such as DNA methylation and histone
modifications were analyzed to investigate how DNA methyl-
ation and chromatin remodeling by PcG proteins establish and
maintain the tissue-specific and promoter-specific imprinting
of Grbl0.

MATERIALS AND METHODS

Mice. All procedures were performed with approval from the Nagasaki Uni-
mmyhmntmﬂ&mﬂ(:ueudemenuF.bybndmm
nwwmmmmmmmmummemml

and vice versa [(PWK % CSTBL/6)F,). Telencephul and
embryonic fibroblasts were propared from embryonic day 10 (E10) to E1S,
Tissues were used for RNA and DNA jon or primary cul Brain tissue
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for reverse transcriptase (RT) PCR was dissected at E10, E16, postnatal day 1,
postratal day 5, 2 weeks, 4 weeks, 6 weeks, and 14 months.

Primary colture. Methods of primary cult of cortical glial cells,
and embryonic fibroblasts have been described cl (38). In bricf, E12
bral cortices without meninges were trypsinized to dissociate brain cells. For

I culture, dissociated cells were cul in basal medium (Gibeo

BRL, Carisbad, CA) with B27 supplement (Gibco BRL). Cultures were main-
tained in 5% CO; at 37°C for 5 days. For the long culture, half of the culture
medium was changed every 3 to 4 days, For glial cell culture, dissociated brain
cells were cultured overnight in Dulbecco's modified Eagle's medium (Sigma, St.
Louis, MO) supplemented with 10% fetal calf scrum, and then the medium was
hanged 1o Neurobasal medium (Gibco BRL) with G5 supplement (GIBCO
BRL). After 5 to 7 days in the primary culture, cultured glial components were
subcultured. Cultures were maintained in 5% CO; at 37°C for a 1ol of 14 days.
Far embryonic fibroblast culture, embryonic fibroblasts dertved from E1S em.
bryonic skin were cultured in Dulbecco’s modified Esgle's medium suppie-
mented with 10% fotal calf serum.
chAmedRNAwummhnnmmdulhmmwmth
RNeasy (QIAGEN, Hilden, G y) g Lo the i 'S
The BNA was treated with amplification ;rudc DNasc 1 (Invitrogen, Ln'ubtd.
CA) 1o degrade any genomic DNA present in the sample. The cDNA was
generated from total RNA by SuperScript 11 reverse tramscriptase (Invitrogen)
primed with oligo{dT),..,s primers. The first-strand cDNA was synthesized at
42°C for 50 min. Then, mRNA-cDNA chains were denatured and the reverse
transcriptase activity was arrested by heating at 70°C for 15 min. An identical
mﬁmwmdmvnhnmmmmmmamph:mml.
RT-PCR for expressi lysis. The cDNA obtained was used to perform
RT-PCR for expressi fysis. The of each Grbl0 transcript was
lm!ywdnmpﬂmlﬁmmfwmemwmmwm
primers 1bF and IR for the brain type Other
exom Ic, were amplified by primer sets 1cF/e2R md 1aF/1cR. PCR unpllﬁc.ulun
with primers 1aF and 1R was performed for 32 1o 35 cycles of 15 s mt 96°C, 205
at 60°C, and 60 5 a1 72°C, with primers 1bF and 1R for 32 to 38 cycles of 15 5 at
96%C, 20 s at 60°C, and 60 » a1 72°C, and with primer sets 1cF/e2R and 1aF/1cR
for 35 cycles of 15 s st 96°C, 20 s 21 60°C, and 60 s at 72°C. The primers for Map2,
Gfop, snd Gapdh used for evaluation of the cultured celis have been described
elsewhere (38). For a semiquantitative RT-PCR, optimal template cDNA con-
centrations were determined according 10 Gapdh amplification. PCR products
were amplified for 25 1w 30 cycles of 15 & al 96°C, 20 5 al 55°C, and 30 s ol 72°C.
Quantitative analysis of gene expression by real-time PCR. cDNA was applicd
1o realtime PCR for quantitative analysis of cach transcript using SYBR green
Mmmlhmmﬂwwmuﬁq CA). PCR was

performed on samples at least in tripli g to the f ‘s
pruilowntml!wPCR iation. To dardize each i the
results were rep: dnsag of i leul ‘by“" the

mvﬁnd&cmﬂmd&wmhthﬁdmmﬂmﬂm
Gapdh (38). The primers used for real-time PCR were primers 1aF and1R for the
mwmpwphmo-lwmmmhmmww
wias d with i RNAs two to three times.

MhMMAwmmwmdm
deteet allelic differences of PCR 4 Parental
wtruuuipumﬂubnhmdhdn:ymwﬂymﬂykTPCRuupﬂma
scis 1aF/coR and 1hFicoR for 35 1o 38 cycles of 15 s a1 96°C, 20 s &t 60°C, and
120 s at TI*C. Parenial chromosome-specific histone modifications in the magor-
type promoter were analyzed by PCR using the primer set ChiP-F/ChiP-R for 30
qdunf!ﬂ:u”‘t.!ﬂsmi&'&nud)ﬂsn?!‘t.ﬁ?t&mdnmm
lyzed by direct seq wﬁh:ﬂ@szmﬂiﬂwqﬂ:wkﬂ
(PE Applicd Biosy on an the ABI Prism 3100
mmﬂﬁmm).
DNA il DNA was tredted with sodium bisulfite
manGmomeDNA difi kn[l" ioon [ ] Inc., Te-
mecula, CA) g to the I. Bisulfite-treated DNA
samples were mh;wud to nested PCR mpliﬁwlm using the following first and
second primer pairs, respectively, for each CGL CGH, MelF/Me-1R and Me-
IF'Me-1R"; CGI2, Me-2F/Me-2R and Me-2F'/Me-2R'; and CGI3, Me-3F/
Me-3R and Me-3F'/Me-3R". Alier the first PCR using the first primer sei, the
products were used as templates for nested PCR using the second primer set.
The nested PCR products were cloned into the TA cloning vector (Invitrogen),
Mnbm?dom!mn:hnmphmw

ChIP. A ch i pitation (ChIP) assay was performed with a
Q]?m,k[l(Upﬂﬂ:BﬂuﬁnwbwhhMNY)mﬂqmtbe
manufacturer's protocol. In brief, the ch in of cultured cells was prep
from =lﬂx10“mntuﬂlmlndwuhbrmsld¢hydc|umlinkbm 0
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TABLE 1. Primers used in this study

Function(s) and primer Segquence (5°-3") (PCR "m(;c}
Expression and imprinting analysis
CACGAAGTTTCCGCGCA
1bF GCGATCATTCGTCTCTGAGC
1R* AGTATCAGTATCAGACTGCATGTTG
IcF ATCGCCATCTACAGTTTCTG
1cR CAAGGTACAGAGCTAGGACG
e2R CTGGTTGGCTTCTTIGTTGTGG
coR TACGGATCTGCTCATCTTCG
ChIP-F TCACTTTAGAAACCGGGCA
ChIP-R AAACTCGGGCTTGCTCA
Quantitative analysis
Q-1bF TCATTCGTCTCTGAGCGGCA
Q-1bR ATACGTGTTACATGCGCCAA
Q-ChIPIF TCACTTTAGAAACCGGGCA
Q-ChIPIR AAACTCGGGCTTGCTCA
Q-ChIPZF GATCATTCGTCTCTGAGC
Q-ChIPZR ATGCGGCAACATGCGCTGACA
Hot PCR and SSCP analysis
Ch -1 TCA AGCGGCA 60 (32)
ChiPZR-1 TCTGGAGCCTAGAGGAGCG
ChIP2F-2 AAGCGCGTGCTGGTTTGTA 60 (35)
ChiPZR-2 ATACGTGTTACATGCGCCAA
DNA methylation analysis
CGI1 1st 53 (35)
Me-1F TGGGGTTTAATATTAAGTTTGA
Me-1R TTACATCTCTTAAATAAAACA
CGI1 2nd 53(35)
Me-1F" TGGGGTTTAATATTAAGTTTGA
Me-1R' AAATCACCTATAACTCTCCTAC
CGI2 1st 50 (40)
Me-2F TGGAGTTTAGAGGAG
Me-2R AATAGTTATTTTAGTAAGGG
CGI2 2nd 50 (10)
Me-2F TGGAGTTTAGAGGAG
Me-2R' TAAGTGAAGTAATATAGTT
CGI13 1st 53 (40)
Me-3F AAAGAAGGTTTGGAGAGATTATTT
Me-3R CAAACCAAAACTTACTATATTTAATTTAAAC
CGI3 2nd 53(10)
Me-3F AAGGTTTGGAGAGATTATTTTTGATT
Me-3R' TAATTTAAACTTAACACTATTAAATACC
“ For expression and i lysis, the and PCR cycle number depend an the combination of primers used for each analysis. See details
in Materials and Methods. For quantitati i mrcnmmmmmmwunmw.m
s Also used for quantitative analysis.

protein in situ, sonicated 1o an sverage size of 0.5 kb, and immunoprecipitated
with antibodies. Antibodics against acetyl histone H3 (H3Ac, canlog no. 06
599), acetyl histone H4 (H4Ac; catalog no. (9-866), Lysd dimethylated histonc
H3 (H3mK4; cutalog no. 07-030), Lys9 trimethylated H3 (H3meJK9; catalog no.
WZIZ)MWWH!(W nl.lln;nn 07-449) were ob-
tained from Upstate Biotechnology. The ik w[.,-sa-

corresponding input DNA. For the dDNA' precip with
H3mK27 antibody, lb:mlum d &5 & p ge of i

cipitation, calculated by dividing the value of i ipitated DNA
bummmdmmwnmmmu
performed three times with independent ch used
hmPCRmpﬁnummlFmdmwmfwmllmw

methylated histone H3 (H3meZK9) was ped p

cipitated samples without amtibodies or with rabhit mnnqﬂmlm G
precipitation were used as negative controls for precipitations with specific an-
tibodies in each experiment.

Quantitative analysis of immunoprecipitated DNA by real-time PCR. Immu-
noprecipitated DNA and input DNA were analyzed by real-time PCR using the
same protocol as that used for gene expression analysis. For DNA immunopre-
mmwhﬂ“ﬂmﬂﬁhﬂmmmwm“d

DNA in each CGI was lized by dividing the
vﬂudoﬂCﬂ!thmwmmmmm
with H3me2K9 and H3me3K9 antibodies, the average value of
D13Mit53 was used instead of the value of Gapdh. Each normalized value of
immunoprecipitated DNA was further divided by the normalized value of the

Q-ChIPZF and Q-ChIPZR for CGI2 analysis. The primers for Gapdh
MDJJMEMMMMMUS)

Hoi-stop PCR and SSCP analysis. Hot-stop PCR was performed for the
analysis of allele-specific histone modifications as follows. After a number of
PCR cycles sufficient to deiect a product using ChIP2F-1 and ChIP2R-1,
mmlwhl?%ﬂwdﬂdmﬁmmmnnm
cycle of PCR was perf; were di d with the restric-

malduundtncﬂpﬂmmmwmaﬁpdpnﬁmd:pl
(SSCP) analysi

Single-strand y
puhmdtnwﬂkh—lpmkhﬂmwmmmemd[-p“mﬂ
Mmamzwdamazmmmmmnm

boresis in an MDE nond g acrylamide gel (FMC BioProduct, Rock-
fand, ME).
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FIG. 1. Tissue-specific transcripts of Grbl0. Filled boxes, open
boxes, and shaded boxes represent protein-coding regions, 5’ untrans-
lated regions, and extended exons lc, respectively. The dashed lines
indicate the CpG islands (CGIl and CGI2) in the promoters. The
primers used for RT-PCR are shown. The asterisk indicates the poly-
morphic site (G/A) between the CSTBL/6 and PWK strains.

Primers. The primers used for the analysis are listed in Table 1

RESULTS

Mouse GrbI10 has several tissue-specific promoters. Three
different promoters of Grb]0 have previously been reported to
mitiate tissue-specific transcripts (Fig. 1), We first analyzed the
expression of each transcript in E16 fetal tissues. The major-
type transcript amplified by PCR using primers 1aF and e2R in
exons 1a and 2, respectively, was detected in the fetal brain but
was less detected in other tissues, while the brain type tran-
script amplified by primers 1bF and 2R in exons 1b and 2,
respectively, was detected exclusively in the fetal brain (Fig.
2A). Another transcript which was previously reported 1o be
brain specific in adult tissues (1) was examined in fetal tissues.
PCR using primers 1cF and ¢2R in exons 1c¢ and 2, respec-
tively, showed that exon 1c was expressed not only in the fetal
brain but also in the fetal liver and kidney (Fig. 2A). To assess
whether exon Ic is an alternatively spliced exon of the major-
type transcript with exon 1a, we performed PCR using primers
laF and IcR in exons la and lc, respectively. The PCR prod-
uct containing exons 1a and 1c was detected in the fetal tissues
(Fig. 2A). Sequence analysis of the RT-PCR product revealed
that exon lc was extended 67 bp upstream of the previously
published exon ¢ with the consensus splicing site (Fig. 1). Any
RT-PCR products with both exons 1a and 1b or both exons 1¢
and 1b were not found (data not shown). Furthermore, we
identified another putative exon, 1d, located 1.2 kb upstream
of exon 1a in the expressed sequence tag database (GenBank
accession no. CA751271). The existence of the novel exon 1d
was confirmed by RT-PCR in the embryonic liver but not in
other tissues, including the brain (data not shown).

Expression of Grb10 shifts from the major-type to the brain
type transcript during brain development. To confirm whether
the expression level of the brain type transcript changes during
brain development, the major-type and brain type transcripts
arising from exons 1a and 1b, respectively, were quantitatively
analyzed at various developmental stages of the brain. Real-
time PCR analysis showed that in the brain, the major-type
transcript was highly expressed at E10 and decreased accord-
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FIG. 2. Expression analysis of each transcript in embryonic tissues
by RT-PCR. (A) Semiquantitative analysis of tissues from the E16
embryo. Exon 1c-2 and exon 1a-1c represent RT-PCR products am-
plified by primer seis 1cF/e2R and 1aF/1cR, respectively. The concen-
tration of each cDNA was adjusted for Gapdh amplification as an
internal control. (B) Quantitative evaluation of major-type and brain
type transcripts in brain tissues from different developmental stages by
real-time PCR. The relative amounts of major-type and brain type
transcripts are shown. The relative amount of each transcript was
calculated by normalizing each value with an internal control, Gapdh.
Standard errors of the means are indicated by bars. (C) Expression
analysis of major-type and brain type transcripts in the primary cell
culture. (D) Evaluation of expression of marker genes and each Grb 10
transcript according 10 the culture period. 1w (1 week), 2w (2 weeks),
and 3w (3 weeks) indicate the periods of neuron culture. P1, postnatal
day 1; 14M, 14 months.

ing to brain development, while expression of the brain type
transcript was high in the perinatal period and gradually de-
creased thereafter (Fig. 2B). The result indicates that Grb10
transcripts shift from the major type to the brain type during
early brain development.

The brain-specific transcript is expressed in neurons but
not in glial cells. Is the brain type transcript expressed exclu-
sively in the brain restricted to the cell type? To know which
type of brain cells, neurons or glial cells, express the brain type
transcript, expression analysis of cultured neurons and glial
cells was carried out. Prior to the analysis, we confirmed by
immunostaining and RT-PCR with the brain precursors, neu-
ronal and glial markers, that over 95% of the two cultured cell
types were postmitotic neurons and astrocytes, respectively
(data not shown). RT-PCR in cultured cells revealed that the
major-type transcript was expressed in all cultured brain cells
but that the brain type transcript was expressed only in neurons
(Fig. 2C). We next tried to investigate whether these tran-
scripts in the brain were associated with the maturation of
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FIG. 3. Impriniing analysis of promoter-specific expression of
Grb10 by sequence chromatograms. Upper panels show the chromato-
grams of the genomic PCR products from each strain. Middle and
lower panels show the chromatograms of the RT-PCR products from
tissues and cultured cells of the F, hybrid, in which alleles were dis-
tinguished by the single-nucleotide (G/A) polymorphism (*) at exon 9.

neurons. Neurons were cultured for 1, 2, and 3 weeks, and
semiquantitative RT-PCR was carried out. Before expression
analysis of Grb10, the status of cell proliferation and differen-
tiation by long culture was evaluated by primers for Map2 as a
marker for neurons and Gfap as a marker for astrocytes under
the normalization of cDNA concentration to Gapdh (Fig. 2D).
The expression of Map2 never changed in 3-week-cultured
cells, while that of Gfap was detected in the cells cultured for
3 weeks. In these long-culture cells, the brain type transcript
was continuously expressed during culture periods, while the
major-type transcript was less expressed than the brain type
transcript. These results suggest that both types of transcripts
are expressed in neurons and that the switching of the pro-
moter from the major type to the brain type is observed during
long culture periods.

Promoter-specific paternal expression of Grb10 in the brain.
To investigate the imprinted expression of Grbl0, we first
examined parental expression of the major-type and the brain
type transcripts in the brain and kidney from F, hybrid mice by
direct sequencing of the RT-PCR product. A polymorphic site
(G/A) in exon 9 between the C57BL/6 and PWK strains was
used to determine the paternal allele (Fig. 1). As previously
reported by Hikichi et al. (17), the major-type transcript was
expressed exclusively from the maternal allele in the kidney
and brain, while the brain type transcript was expressed from
the paternal allele only in the brain (Fig. 3). We next examined
promoter-specific imprinting in neurons, ghal cells, and fibro-
blasts. Expression of the major-type transcript originated ex-
clusively from the maternal allele in all cultured cells, but that
of the brain type transcript detected only in neurons originated
from the paternal allele (Fig. 3). Thus, predominant paternal
Grb10 expression in the brain, as previously described, can be
explained by a combination of paternally expressed brain type
transcript in neurons and maternally expressed major-type
transcript in all cells,

Differentially methylated CGI2 is maintained in cultured
neurons and glial cells. As we found that the brain type tran-

MoL Ceur. BioL

script was initiated from exon 1b of the paternal allele only in
neurons, we analyzed the methylation status of the brain type
promoter in neurons and glial cells by the bisulfite method. As
shown in Fig. 4A, three promoters are located within different
CGls: exon la in CGI1, exon 1b in CGI2, and exon 1c in the
“weaker” CpG island, CGI3. The parental origin of the meth-
ylated allele was identified by polymorphic sites in F, hybrids
between the CS7BL/6 and PWK strains. The methylation anal-
ysis of CGI2 showed that the differential methylation estab-
lished in the germ cells (1, 17) was maintained in neurons and
glial cells (Fig. 4B). That in other CpG islands, CGIl and
CGI3, revealed biallelic hypomethylation and hypermethyl-
ation, respectively. CGI1 and CGI3 did not show any differ-
ential methylation in the cells, although CGI3 was reported to
be a putative differentially methylated region in the mouse
brain with uniparental disomy for chromosome 11 (1) The
methylation status in CGIs, except CGI3, in cultured cells was
consistent with that previously reported for tissues (1, 17).

Parental chromosome-specific histone modifications in
CGI2 correlate with allele-specific expression of the brain type
transcript in neurons. Parental origin-specific histone modifi-
cations are reported to represent the determinant of epigenetic
features as well as DNA methylation. Using specific antibodies
against acetylated histone H3 (H3Ac), acetylated histone H4
(H4Ac), dimethylated Lys4 histone H3 (H3mK4), and di- and
trimethylated Lys9 histone H3 (H3me2K9 and H3me3K9), we
performed a ChIP assay with cultured cells. After evaluation of
ChIP DNA by allele-specific histone modifications in the Lit]
promoter region as a control (16), histone modifications in
CGIl, CGI2, and CGI3 were analyzed by real-time PCR to
quantify their precipitated chromatins in these CGls. To nor-
malize each value, Gapdh and D]3Mit55 were used as internal
control sequences, where acetylated and methylated histones
were known to be biallelically immunoprecipitated, depending
on the corresponding antibodies. In CG12, where the maternal
allele-specific DNA methylation was established in the oocyte.
H3Ac, Hé4Ac, H3mK4, and H3me3K9 were clearly immuno-
precipitated in neurons, while in glial cells and fibroblasts,
although H3mK4 and H3me3K9 were well immunoprecipi-
tated, H3Ac and H4Ac were less precipitated (Fig. 5A). The
results obtained with the antibody against H3me2K9 (data not
shown) were similar to those obtained with the antibody
against H3me3K9,

To elucidate the parental chromosome-specific histone
modifications in CGI2 in neurons, hot-stop PCR was per-
formed (15, 32). The restriction endonuclease Hpyl188I was
used to recognize the polymorphic site in CGI2. For cach of
the precipitated samples, the ratio of the paternal to maternal
band intensities was determined. These ratios were corrected
for the paternal-to-maternal ratios in the input chromatin,
because the maternal and paternal alleles were not equally
represented in the input chromatin. One of the parental
alleles is possibly more sensitive 1o sonication in these re-
gions because of relaxed chromatin (12, 16, 39), The result
revealed that histones H3 and H4 were hyperacetylated and
that H3K4 was hypermethylated predominantly on the pa-
ternal chromosome (Fig. 5B). To investigate allele-specific
histone trimethylation of H3K9 in neurons and fibroblasts,
SSCP analysis of PCR products was also performed. In
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FIG. 4. Mcthylation status of CpG islands in neurons and glial cells. (A) Schematic structure of CpG islands. The dashed lines indicate the
registered regions of CGI1, OGI2, and CGI3 (1, 17). Open boxes and arrows represent exons and primers used for methylation analysis and ChIP
analysis, respectively. (B) Allele-specific DNA methylation analysis of cultured cells by hisulfite PCR and sequencing, Numbers on the line in the
upper panel represent nucleotide positions, given according to GenBank accession no. AL663087. Each line shows an individual clone, and each
oval represents a CpG nucleoside: the filled and open ovals indicate hypermethylated and hypomethylated CpGs, respectively, The numbers with
“x" given a1 the right end of the clone lines represent the number of individual clones that show the same pattern of DNA methylation. Parental
slleles (M, maternal; P, paternal) are distinguished by DNA polymorphisms between the CS7BL/6 and PWK strains.

neurons and fibroblasts, H3K9 was hypermethylated on the
maternal chromosome (Fig. 5C).

Parental methylation of histone H3K27
but not H3K9 in CGI1 correlates with allele-specific expression
of the major-type transcript. Histone modifications in CGI1,
where CpGs were biallelically hypomethylated in tissues and
cultured cells, were next analyzed, In CGI1, H3Ac, H4Ac, and
H3mK4 were clearly precipitated in glial cells and fibroblasts,
while the precipitations were not observed in neurons (Fig.
5A). H3me3K9 and H3me2K9 in CGI1 were not precipitated
in neurons and glial cells (Fig. 5A; data not shown). The
maternal chromosome-specific histone H3/H4 acetylation and
H3K4 methylation in CGI1 were detected in glial cells and
fibroblasts (Fig. SD). We further analyzed histone H3K27 tri-
methylation, which is directly regulated by the PcG proteins,
because imprinted expression of the major-type Grbl0 tran-
script was reported to be relaxed in the knockout embryos of
the PcG gene, Eed (24). In neurons and fibroblasts, H3mK27
was clearly precipitated in CGI1 but not in CGI2 (Fig. 6A).
The paternal chromosome-specific methylation of H3K27
was observed in fibroblasts, but a significant allelic differ-
ence was not detected in neurons (Fig. 6B). These data
suggest that the paternally null expression of the major-type
transcript in fibroblasts correlates with paternal chromo-
some-specific methylation of H3K27 in CGI1. In CGI3, his-
tones H3 and H4 were hypoacetylated and H3K4 was hy-
pomethylated (data not shown). We could not detect
significant differences in histone acetylation and methyl-
ation in CGI3 between cultured cells.

DISCUSSION

It has been known that mouse Grb10 shows reciprocal im-
printing depending on the tissue-specific promoters. In most
tissues, Grb10 is expressed exclusively from the maternal allele,
whereas in the brain, it is expressed predominantly from the
paternal allele (1, 17). Such reciprocal imprinting of GrbJ0 in
a tissue-specific and promoter-specific manner is a good model
10 elucidate how promoter-specific imprinting is epigenetically
controlled in tissues. In this study, we have developed a cell
culture system with which cell-type-specific imprinting of
Grbl0 can be characterized in the mouse brain. We demon-
strated that promoter-specific and developmental stage-spe-
cific imprinting of GrbI0 expression in the brain is associated
with parental allele-specific epigenetic modifications in brain
cell lineages,

Two previous reports described that reciprocal imprinting of
Grbl0 occurs in a tissue-specific and promoter-specific manner
(1, 17). Our studies with cultured cortical cell§ revealed that
the brain type transcript containing exon 1b was expressed in
neurons but not in glial cells, while the major-type transcript
containing exon la was expressed in all cultured cells, including
necurons (Fig. 2C). These findings indicate that the brain-spe-
cific promoter actually implies the neuron-specific promoter
and that the major-type promoter works as the common pro-
moter in all tissues. Imprinting analysis of these transcripts
clearly showed that the brain type transcript is expressed ex-
clusively from the paternal allele and the major-type transcript
is expressed exclusively from the maternal allele (Fig. 3). These
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