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Fig. 5. Allele-specific expression analysis of Kcnglot? in the lung tissue from normal and IVF-2 cattle. Direct sequencing analysis showed a SNP in the
transcribed region of Kenglot in normal and IVF-2 cattle. Direct sequencing analysis of RT-PCR products demonstrated that [VF-2 cattle had biallelic

expression of Kcngloti.

The use of two restriction enzymes with comple-
mentary methylation sensitivities, Hpall and McrBC, is
unsurpassed as a simple, rapid method for the anal-
ysis of methylation status (Yamada et al, 2004). We
therefore employed the Hpall-Mspi-McrBC PCR assay to
screen the methylation status of the Cdknic promoter,
KvDMR1, and ICR1 in bovines. Cdknlc, an imprinted
gene with maternal expression that encodes a cyclin-
dependent kinase inhibitor belonging to the CIP/KIP family,
has attracted attention as a key gene in BWS and can-
cer {Higashimoto et al., 2006). The Cdknlc promoter is
unmethylated on the both alleles in humans (Diaz-Meyer
et al., 2005), whereas it is methylated on the paternal allele
in mice (Bhogal et al, 2004). However, methylation sta-
tus of this region has not been reported in bovines. The
bovine Cdknlc promoter was unmethylated according to
Hpall-Mspl-McrBC PCR assay, and no aberrant CpG methy-
lation was observed in normal, NT, or IVF calves (data not
shown).

Kcnglotl is a paternally expressed non-coding RNA
associated with a maternally methylated CpG island
(KvDMR1) (Horike et al,, 2000, 2009). In mice and humans,
KvDMR1 is involved in the coordinate control of adjacent
imprinted genes including Cdkn I¢ (Fitzpatrick et al., 2002;
Horike et al., 2000). In BWS, about 50% of patients demon-
strate loss of CpG methylation on KvDMR1, resulting in

biallelic expression of Kenglot1 and subsequent repression
of Cdkn1c(Higashimoto et al., 2006; Lee et al., 1999). In this
study, loss of CpG methylation on KvDMR1 in most organs
from two of seven NT calves and one of two IVF calves
suffering with LOS, was observed with Hpall-Mspl-McrBC
PCR assay and bisulfate sequencing analysis. Recently,
Couldrey and Lee (2010) have also shown hypomethyla-
tion of KvDMR1 in mid-gestation bovine fetuses produced
by NT. In their study, Couldrey and Lee used the Mas-
SARRAY technology to look at multiple genomic regions
and found that the majority of the genome retains normal
CpG methylation patterns. However, they found statis-
tically significant differences between NT and artificial
insemination in some regions of the genome, particularly
KvDMR1 and SNRPN exon 1. On the other hand, we were
unable to identify hypomethylation of SNRPN exon 1 {data
not shown) although we did observe hypomethyiation of
KvDMR1 in two of seven full-term NT calves, suggest-
ing that many of the fetuses showing hypomethylation of
SNRPN exon 1 may die between mid-gestation and full
term.

Differential methylation of ICR1 upstream of H19 is
essential for the reciprocal imprinting of /gf2 and H19 in
humans and mice (Thorvaldsen et al., 1998). CTCF binds
to maternal unmethylated ICR1 and prevents the Igf2 pro-
moter from interacting with enhancers downstream of
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H19, resulting in transcriptional silencing of the mater-
nal Igf2 allele. In cattle and sheep, the genomic structure
and expression profile at the Igf2-H19 locus is conserved
as in humans and mice {Curchoe et al.,, 2009; Young et
al., 2003). In this study, we identified four putative CTCF-
binding sites on ICR1 upstream of bovine H19 {Fig. 1C),
and examined their CpG methylation status in NT and
IVF animals. We found that this region was differentially
methylated in all samples from normal, NT, and IVF animals
using Hpall-Mspl-McrBC PCR assay, whereas slight hyper-
methylation was observed in all lung samples from normal
{methylation density: 63.1-74.4%), NT (50.8-70.7%), and
IVF(65.9~70.0%) calves using bisulfate sequencing analysis.
Similar biases in the bisulfate sequencing assay have been
reported previously (Curchoe et al,, 2009; Kremenskoy et
al., 2006). In addition, the expression analysis of Igf2 using
RT-PCR revealed normal expression in all lung samples
(data not shown), indicating CpG methylation status of
ICR1 was, consistent with Hpall-Mspl-McrBC PCR assay
results.

RT-PCR revealed that Kcngiot1 was highly expressed
in clone-3, -5, and IVF-2, whereas Cdknlc expression was
reduced in those calves. H19 and Igf2 expression was
normal (Fig. 4, Table 3). Moreover, imprinted expression
analysis using SNPs showed that Kcngfot! was bialleli-
cally expressed in IVF-2. These findings are consistent with
the epigenetic mutation in the Kcnglot1/Cdkn1c domain of
human chromosome 11p15.5 that has been observed in
approximately 50% of BWS patients. The biallelic expres-
sion of Kenglot! and diminished expression of Cdknlc
observed in NT- and IVF-derived calves suffering with LOS
in this study suggest that aberrant imprinting of the bovine
Kcnglotl/Cdknic domain may contribute to LOS calves
derived from ART techniques.

To our knowledge, this is the first report to describe
aberrant imprinting of the Kenglotl/Cdknlc domain in
calves produced by ART techniques. However, no aber-
rant of DNA methylation in BWS-associated loci were
observed in six of nine calves. Although we further investi-
gated three other imprinted genes—Pegl/Mest, Kif14, and
Gtl2—no aberrant CpG methylation was found (data not
shown). Therefore, LOS in ART animals and the low pro-
duction rate in NT may not be caused by imprinting defects
such as aberrant CpG methylation alone, but other fac-
tors might also be involved. However, further epigenetic
investigations including not only CpG methylation analy-
sis but also other analyses such as histone modification are
needed to increase efficiency of animal production by ART
techniques.

In conclusion, imprinting disruption of KvDMR1 and
aberrant imprinting of Kenglotl and Cdknic identified
in NT and IVF calves may contribute to LOS in animals
conceived using ART techniques (Table 3). Qur findings
and those of Couldrey and Lee suggest that ART tech-
niques might induce an increased risk of epigenetic defects,
such as hypomethylation of KvDMR1, because epigenetic
changes can be caused by embryo culture itself or the
constituents of the culture medium. Therefore, a more thor-
ough understanding of the stability of CpG methylation
will be important for the continued safeguarding of ART
techniques.
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Ahstract

We report sidling cases of aromatic Lamine scid decarboxyhse (AADC) deficiency. which s a very rare congenital metabolic
dssorder. These poticats wene bors to heallhy and non-conssnguineous parents, and presented oculogeric crises, pasoxysmal dys
tonic allscks, and severe psychomolor retardation since carly nfiocy. fo werebruspinal Quid the bevels of homuvanific sad and
Seliydroayincdoleacetic acid were wery Tow and the level of Ldoge was very high. The disgnosis was cunlicmed by the Lick of AADC
activity in plasana, and & point mutation in the AADC gone. MRIrovealod 2 sﬂg{rﬁy sonadl volurse of the prefrontal sreas and nommal
wyelination in both paticots. Positron emission tomography nsing 2-dooxy-27F] fuoro-p-ghicose was perforasd ia oae patient,
which revealed bypometabolism in the prefroatal cortex and bilateral besal ganglia with a Little latorality, Those fiedings sugpested
that the severe dystenic features were caused by sbaormal function of bilateral basal ganglia and severe psychomotor sitardation

could be due to sbnormalitics in prefrontal cortical activity,
€ 2009 Elsevier BV, All rights reserved,

Kevwords: AADC deficiency; MRI; PLT; Prefrontal cortex; Candaze nocleus

{. Introdoction

Aromatic L-amino suid decurboxyluse (AADC or
dopa decurboxylase: DDC) deficiency [OMIM #608643)
1§ am extremely rare congenital metabolic disorder and
one of the mfuntik movement disorders, which is very
intractable to treut [I-4] Although less thun 100 cases
huve been reporied worldwide [1-8], a relutively high
occurrence rate was reported in Taiwan [7] AADC con-
verls L<dopu & dupamine and 3-kydeuxy tryptophan v
serotonin, and its deficiency results in the depletion of

* Carvesponding aurthor, Tel: =83 42 330 2711 fx <81 42 44
748,
Eand addvesr masaaskiivcnp.go jp (M. Sasakin

TA87.76041F - see Tront muatcer © 3068 Tlsevier BV Al righis reserved.
Suit] 6 3016 kruinder 200905004

baoth dopamine and scrotonin in the brain. As & conse-
quence, several characteristic symptoms arc causod.

We experienced mbling cases of AADC deficiency,
confirmed by enzymutic und genetic analysis. We repornt
magnetic resonance imaging (MRI) findings in both
cases, und positron emission tomogruphy (PET) using
2<deoxy-2{"F] fluoro-v-glucose (FDG) belween dys-
tonic attacks wus performed in pulient 1.

2. Cuse sepurts
2.1, Patieni |

This 3-year-0ld boy was bora o healthy and uace-
lated parents with mild asphyxia at full werm. He cried
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Table §
The convenirstion: of cuiacholamine o the C8F.
Do Hva MIHRG STHAA
Pattert | 136 7 <18 <18
Patient 2 T4 122 14 <10
Normul rarge <2 Ougfoal 28 20 gimi) 6.5 Slng'mly 17 114&cgmi)

VA, bamavanillic 2c3d; MTIPG, 3-methoxy-2-hydroxy-phenylglycal: SITTAA, Shvdroxyindelenceric acd.

weakly, was motion-less since birth, and noeded bk
tocding for 1 weck. He first showed oculogyric crisis ar
3 months of age. and had similar attacks scveral times
2 waek. Oculogyric crisis wsually lasted about 30 min.
He also suffered from gencralized dystonic attacks for
30-120 min several times a weck. Opisthotonus or bicy-
cle-riding movements were observed during  these
uttacks. He showed visual pursuit at 6 months of ape,
but had not yet obtained heud control or rolling over.

He had a scvere intellecmal and motor developmental
delay. He was always sasally congested and his face
was frequently running with sweat during wakefulness,

A ncurological cxamination between dystonic attacks
reveulod generul hypotonia, puwcity of movement, slightly
exaggerated deep tendon retiexcs and pathological reflexes.
Eyc movement was normal. Ovdinury blood analyscs were
normal. An ckctroencephalogram (EEG) showed no pur-
oxysmal discharges during either dystorme attacks or inter-

Fig L Asiad Tl-wvighted ilell} and T2-weightod frighty MBI ad the kol of the putaesse., Upper row is pationt 1 ued Jower row is patient 2. MRI
shows a sliphily sumll eolene of te profeontal swas in both pations, The volumes of bussd s wid brain vocies @ oo, and wyckombon is

alse porea ], Ne abooomal Inesiny aices 450 sooa,
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mittent states. A catecholamine analysis of the cerebrospi-
nal fluid (CSF) revealed a very high concentraton of
t-dopa and a very low concentration of homovanilic acid
{HVA] and S-hydroxyindoleacetic acid (-HIAA) (Tabk
1}. These results scrongly suggestod AADC deficiency.

2.2, Patient 2

This &-month-old girl was the younger sister of
patient . She was bora healthy with no adverse events.
She also shawed oculogyric erisis since 1 manth of age,
and parexvsmal general hyportonia lasting for a fow
hours since 3 manths of age but she was alert doring
the attack. She had not yet abtained head control or
rolling over. She slso disclosed gencral hypotonis and
paucity of movement between hypertonic attacks. Her
CSF reveuled a high concentration of t-dopu and a very
tow concentration of HYA and 5-HIAA {Tuble 1L

2.3. AADC getivity

AADC activity was measured in the scrum o confirm
the diagnosis using previously reported methods [9].

Serum AADC activity was very low in both patients
(AADC  activity: 0.5 pmal/min/ml  in patient |,
0.4 pmol/min/ml in patient 2, normal; 50-100).

2.4 Gene anolysis

The AADC gene mutation was analyzed alter obtain-
ing nformed consent from the parents of the patients,
Genomic DNA from peripheral blood of the patients
was extracted according to standard procedurcs, Bach
exon of the AADC gene was amplificd by PCR using
primers designed to amplify the ending and flanking
non-coding AADC regions. Bidirectional eyele sequence-
ing reactions were performed with the ABI Big Dye Ter-
minator Sequencing Kit (Applied Biosystems: Foster
city, CA, USA), and the purified products wors subject
to an automated capillary amray sequencer {ABI 3100,
Applicd Biosysterns). Sequencing results revealed a het-
crozygous point mutation {g.329C > A). The other
mutation wis not detected. We confirmed that this point
mutation wus pot present in 50 normal Jupanese
controls.

Fig. 2. By Lesourv immaging (6Z18) analysis of FOO-PET 0 ot 1. Hypouwstabolim s obsersad s bladutvoad casdate povula 1o putaneas (owor
f the RO side) sod asdar contex with some lateaalits. Upper) auad section, lower; comonal savtivg,
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3. Newnroradiological studies

MRI: Brain MRI1 in both padents revealed a slightly
small volume of the prefroneal arcas (Fig. 1} and normal
myclination. No abnormal findings in the basal ganglia
were obscrved.

PET: Glucoss metabolism was evaluated by FDG-
PET in paticnt [. We cvaluated the results by using an
cusy Z-score imaging system {eZ18) [10], ¢ZIS revealed
hypometsbolism in both caudate nuclel and putamina
with some faterulity (lower in the left side) (Fig. 2 and
prefrontal cortex (Fig. 3). "The arce m which the Jevel
of the ares was lower thun —28SD compured with the
stundard is colored with purple or blue and the area
Jower thun - 38D is colonad with greea.

4. Discussion

Patient | was at first assumed o have cerebial palsy
(CP) because be was born with mikl asphvxia. He had
been diagnosed with a dystonic type of CP befare patient
2was born. Patient 2, who was born bealthy, showed ocu-
Iogyric criscs and dystonic attacks. Sinos these symptoms
were the same as thosc in patient 1, it was presumed that
they both had a basic disorder. Repeated attacks of dys-
tomia reminded us of childhood mosvement dizorders,
cspecially neurorransmitter dizcascs, and the catechal-
amine in the SF indicated an abnormality in the level
of neurotransmitters. The low activity of AADC con-
frmed the disgnosis of AADC deticiency. The gene anal-
viis of the A4DC showed heterozyrous mutation. Since
we examined all exons and intron-cxon junctions, there
must be other mutation in other arca. Afler the dugnosis
wats established, both patients were treated with & mono-
amine oxiduse (MAO) inhibitor und » dopamine ayunist,
but showed no fuvorable response.

In MRI studivs, the volume of the prefrontal area
was reduved o both Gises by visual inspection. ulthvugh

we did not perfonped volumetsic study, The volwne of
the basal ganglia was noroal.

We performed FDG-PET in patient 1 to investigate
the brain glucose metabolism. The ZIS analysis
revesled hypometabolizm in hoth basal ganglia and pre-
frontal cortex. To our knowlodge, these findings have
not yet been reported in other paticnts with AADC defi-
ciency [3]

In AADC deficioncy, both dopamine and serotonin
depletion must have occurred in the brain, Dopamine
ix mostly involved in substantia nigra and huasal ganghia
circuits. Hypomctubolism in caudate nuclei shown in
this FDG-PEL study probably could be the cause the
symptoms of dystonia und muschk tone abnormality.

The mechunism for the slightly small size und hypo-
metabolism in the prefrontal vortex wus not identified.
Mesenvephalic dopaminersic neurens are known o pro-
et to the prefrontal curtex und steiatum [11] The dupa-
mine Jeplelion probubly  wsuses  dysleoction o
Jopuminergic innervation, and depleted dopaminergic
pathways in the prefrontal cortex probably cause the
vecurrence of preficatal cortical dysfunction, Simikar
dysfunction could occur in the serotoagegic pathways,
Most patients with AADC deficiency have both severe
motor developmental and severe intellectnal disability,
which might he explained hy the peefrantal cortical
dysfunction.

Bath dapamine and scratonin depletion could pro-
ducc not only basal ganglia dvsfunction but also pre-
frontal cortical dysfunction, cspecially in the
developing brain.
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