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Fig. 3 a Effect of the D6IN and E76D mutants on extracellular
signal-regulated kinase (ERK)2 activation. Lysates were subjected
to immunoprecipitation with anti-HA antibody (12CA5), and the
immunoprecipitates were subjected to immunoblot analysis with
anti-phospho-ERK antibody (upper panel). The aliquots of
immunoprecipitates were used to confirm that equal amounts of
HA-ERK2 were present in each lane (lower panel). Cell lysates
from epidermal growth factor (EGF)-treated 293 cells were used as
a positive control for phospho-ERK(1/2) immunoblotting (293).
HC heavy chain. C459S catalytically inactive mutant. b EGF-
stimulated transcription of the SRE reporter plasmid in cells
expressing wild-type (WT), dominant negative SHP-2, and SHP-2
mutants in the N-SH2 domain. Each value represents luciferase
activity in relative light units, which was normalized for Renilla
luciferase activity. White bars, in the absence of EGF; filled bars, in
. the presence of EGF. Results are expressed as the mean + SEM of
the three independent experiments

phosphatase activity. These observations support the
notion that the F71I mutation plays a pathogenic role.
One possible explanation for the discrepancy between the
clinical and in vitro data is the phenotypic change with
age. Allanson et al. (1958) documented the marked
change in phenotype with age and reported that mani-
festations in adults tend to be subtle. Although heart
defects and other medical problems had not been
observed in the father, it is possible that his facial
abnormalities during childhood had been more promi-
nent. Although SHP-2 was essentially expressed in adult
organs (Ahmad et al. 1993), in this case, the SHP-2
mutant could have affected specific signaling pathways at
the developmental stage. Another possible explanation
for his subtle phenotype was due to the poor penetrance
of the mutation. Since the genotype—phenotype correla-
tion was not observed in a previous report (Zenker et al.
2004), it is possible that genetic factors other than
PTPNI11 are associated with the phenotype of NS.

A recent paper showed that three PTPN1I mutations
were identified in 89 primary neuroblastomas (Bentires-
Alj et al. 2004). Two mutations (E69K and TS07K) were
identified as somatic mutations. Y62C was identified in
both tumor and normal adrenal tissues, suggesting that
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the patient might be NS. In our study, the patient with
S502T developed leukocytosis at 3 months of age and
neuroblastoma at 6 months of age (Kondoh et al. 2003).
Previous reports showed that the insulin-like growth
factor or the hepatocyte growth factor stimulated the
proliferation or invasion of neuroblastoma cells (Zum-
keller and Schwab 1999; Hecht et al. 2004). It is known
that SHP-2 regulates these growth-factor signal path-
ways (Neel et al. 2003). Although the exact mechanisms
remain unknown, it is possible that the activated
mutations were associated with the pathogenesis of
neuroblastoma. It is important to note that the neuro-
blastoma in the NS patient with the S502T mutation
spontaneously disappeared (Kondoh et al. 2003). A
similar phenomenon was observed in NS patients asso-
ciated with JMML, most of which spontaneously re-
solved (Choong et al. 1999).

A previous report showed that SHP-2 positively reg-
ulated the EGF-mediated ERK activation, ELK-1
transactivation, and cell cycle progression in 293 cells
(Bennett et al. 1996). In our experiments, two mutations
associated with NS failed to promote the RAS/MAPK
pathway in the EGF-treated 293 cells. It is controversial
as to whether constitutive active mutants lead to en-
hanced RAS/MAPK pathway. In Xenopus, it was shown
that the D61A and E76A mutants induced an elongation
of the animal cap. However, this elongation was accom-
panied by minimal activation of MAPK (O’Reilly et al.
2000). Fragale et al. (2004) reported that mutations such
as A72V, 1282V, and N308D detected in the NS patients
caused prolonged binding of GABI, a binding partner of
SHP-2, and sustained ERK activation when GABI1 was
cointroduced in EGF-treated COS cells. In contrast,
ERK was not hyperactivated in Ba/F3 cells expressing
mutants associated with JIMML (D61G and E76K) al-
though these cells showed enhanced growth-factor-inde-
pendent survival. A recent study analyzing knock-in mice
expressing the D61G mutation showed cell- and path-
way-specific EKR activation in the developing mice
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Table 2a Comparison of the phosphatase activities of mutants and
the phenotype in patients. Relative phosphatase activities and
number of patients at each residue were shown. Patients with NS
and leukemia reported previously were summarized on selected
residues where phosphatase activity was measured in this study.
References are as follows; 1, (Tartaglia et al. 2002); 2, (Musante
et al. 2003); 3, (Loh et al. 2004); 4, (Kosaki et al. 2002); 5, (Zenker

et al. 2004); 6, (Yoshida et al. 2004); 7, (Tartaglia et al. 2003); 8,
(Tartaglia et al. 2004); 9, (Maheshwari et al. 2002); 10, (Sarkozy
et al. 2003); 11, (Schollen et al. 2003). WT wild type, NS Noonan
syndrome, JMML juvenile myelomonocytic leukemia, MDS
myelodysplastic syndrome, AML acute myeloid leukemia, ALL
acute lymphoid leukemia

Domain Exon Codon WT Mutation Relative NS NS/IMML JMML MDS AML ALL References
phosphatase NS (germline) non-NS (somatic)
activity®
N-SH2 3 61 -~ Asp Asn 12.1 4 1 1-3, our study
Gly 8 1, 2, 4-6
Tyr 10.5 6 1 1 3,7, 8
Val 2 1 3,7, 8
N-SH2 3 63 Tyr Cys 25 23 1 1-6, 9, 10,
our study
N-SH2 3 71 Phe Leu 1 1 2,17
Ile 11.8 1 our study
Lys 2 3,7
N-SH2 3 72 Ala Ser 4 2,4,5
Gly 4 1, 5,10
Thr 3 1 3,7, 8
Val 10.2 3 2 3 3 3, 7, 8, our study
Asp 1 8
N-SH2 3 73 Thr Ile 6.0 9 7 1-7, our study
N-SH2 3 76 Glu Asp 24 3 1 1-3,5
Lys 4 2 4  3,7,8
Val 1 7
Gly 2 1 2 3,7, 8
Ala 10 1 1 7
Gln 1 2 3,8
N-SH2 3 79 Gln Arg 2.1 14 1,2,5,6, 11,
our study
Pro 1 10
PTP 7 282 Ile Val 6.3 4 1, 2, our study
PTP 8 308 Asn Asp 32 37 1, 2,56, 10,
our study
Ser 7 1, 4,5 10
PTP 13 502 Ser Thr 5.6 4 6, 9, our study
Pro 1 8
PTP 13 503 Gly Arg 3 1 5, 7,10
Ala 1 7
Val 2.7 1 our study
PTP 13 504 Met Val 6.1 7 : I, §, 10,
our study
# Variation of each assay was normalised; activity of WT cDNA was taken as | and that of E76A was taken as 10
Table 2b Highest r-phosphatase activity at each codon and patients’ phenotype
Highest r-phosphatase Codon NS, NS/IMML JMML, MDS,
activity in mutations (germline mutation) AML, ALL
at the codon (somatic mutation)
>10, 10 61, 71,72, 76 25 ‘ 53
< 10 63, 73, 79, 282, 117 4

308, 502, 503, 504

(Araki et al. 2004). These experiments and our data
suggest that the manner in which the constitutive active
mutants regulate their downstream signaling pathway(s)
depends on cell types and signaling pathways.

In conclusion, we showed that the phosphatase
activity of 14 mutations identified in NS and leukemia

was elevated to various degrees. High phosphatase
activity in mutations at codons 61, 71, 72, and 76 was
associated with leukemogenesis. A further analysis of
the downstream signals of the mutants would provide
the key to elucidate the role of PTPNII mutations in
patients with NS and leukemia.
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Electrophysiological and Histopathological Characteristics
of Progressive Atrioventricular Block Accompanied
by Familial Dilated Cardiomyopathy Caused by a Novel
Mutation of Lamin A/C Gene
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Conduction Defect Caused by Lamin A/C Gene Mutation. Introduction: Mutations of lamin A/C
gene (LMNA) cause dilated cardiomyopathy (DCM) with atrioventricular (AV) conduction defect, although
the electrophysiological and histological profiles are not fully understood.

Methods and Results: We analyzed a large Japanese family (21 affected and 203 unaffected members) of
DCM with AV block. The responsible LMNA mutation of IVS3-10A > G was novel and caused an aberrant
splicing. The first clinical manifestation was low-grade AV block or atrial fibrillation (AF), which developed
in affected members aged >30 years. We observed that the AV block progressed to third-degree within
several years. The electrophysiological study of the four affected members revealed an impairment of intra-
AV nodal conduction. Because of advanced AV block, pacemakers were implanted in 14 out of 21 affected
members at the mean age of 44 years. Three affected members died suddenly and two affected members died
of heart failure and/or ventricular tachycardia (VT) even after the pacemaker implantation. Postmortem
examination showed conspicuous fibrofatty degeneration of the AV node. Endomyocardial biopsies showed
remarkably deformed nuclei and substantial glycogen deposits in the subsarcolemma.

Conclusion: The clinical phenotype in this family was characterized by (1) the first manifestation of the
prolonged PQ interval or AF in adolescence, (2) progressive intra-AV nodal block to the third degree in
several years, and (3) progressive heart failure after pacemaker implantation. Histological study revealed
preferential degeneration at the AV node area and novel cellular damages in the working myocardium.
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Introduction

Two polypeptides, lamin A and lamin C, are encoded by
the lamin A/C gene (LMNA). These arise through alterna-
tive splicing of the same primary transcript.!> Lamin A and
lamin C proteins are components of the nuclear envelope,
forming the inner and the outer nuclear membranes, the nu-
clear pore complex, and the nuclear lamina.? It has been re-
ported that mutations in the LMNA cause various genetic
diseases referred to as “laminopathy.”* To date, seven dif-
ferent types of laminopathies have been established: auto-
somal dominant®/recessive® Emery-Dreifuss muscular dys-
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trophy, limb-girdle muscular dystrophy 1B,’ familial par-
tial lipodystrophy,® sensory and motor axonal neuropathy
Charcot-Marie-Tooth disorder type 2,° mandibuloacral dys-
plasia,'® Hutchinson-Gilford progeria syndrome,'! and au-
tosomal dominant dilated cardiomyopathy (DCM) with con-
duction defect.!?

The laminopathies have two major cardiac phenotypes,
progressive atrioventricular (AV) block, and myocardial dam-
age. The AV block in the laminopathies is mostly accompa-
nied by cardiomyopathy, but isolated AV block was reported
in limb girdle muscular dystrophy 1B7-!3 and autosomal dom-
inant DCM with conduction defect.!* We found a large fam-
ily with DCM with progressive AV block caused by a novel
mutation of LMNA and provide the clinical, genetic, electro-
physiological, and histopathological findings concerning this
particular familial DCM.

Methods
Participation of the Family

This familial DCM was first identified by the high inci-
dence of pacemaker implantation (PMI). We started the inves-
tigation of the family because the preliminary study revealed a
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high incidence of not only PMI but also DCM (Fig. 1A). Writ-
ten informed consent was obtained from all participants under
approval of the local ethics committee. The family members
showing DCM on echocardiogram were designated as af-
fected irrespective of the presence of the conduction defect.
The members who died suddenly or died of heart failure with-
out otherwise known causes were also regarded as affected.
We collected clinical data of the affected members from the
medical records, which included 12-lead electrocardiogram
(ECG), transthoratic echocardiogram, and serum creatine ki-
nase. The data of cardiac catheterization and postmortem ex-
amination were also evaluated when available. Neurological
assessment was performed for clinically affected members by
review of medical records, blood examination of serum cre-
atine kinase, and clinical neuromuscular examination evalu-
ated by neurological experts. The family members (=30 years
of age) showing no cardiac phenotypes were designated as
unaffected. We examined ECG, echocardiogram, and serum
creatine kinase in some unaffected members.

Mutational Analysis of LMNA

We obtained 5-10 mL blood samples from each family
member. Genomic DNA was extracted from the whole blood
in 25 family members or heart tissue obtained at autopsy.

Journal of Cardiovascular Electrophysiology Vol. 16, No. 2, February 2005

Because the LMNA-mutated DCM with conduction defect
was known, we first screened for mutations of LMNA.'?
Twelve coding exons of LMNA were amplified by polymerase
chain reaction (PCR) in the proband (IV-70 in Fig. 1A) as
described.!? Direct sequencing analysis was performed with
an automated fluorescence sequencer (ABI PRISM 310, PE-
Biosystems, Foster City, CA) by the dye-primer cycle se-
quencing method as described.!® The PCR-based restriction
fragment length polymorphism (PCR-RFLP) analysis was
performed in family members and in 100 chromosomes from
50 normal volunteers (randomly selected from our control
genomic store, >30 years of age) to test whether the muta-
tion was a polymorphism by using a modified forward primer,
5’-CCAGCACTCAGCTCCCAGGT-3' and a reverse primer,
3-"TGGTCTCACGCAGCTCCTGGAAGCG-5'. The under-
lined nucleotide represents an introduced mismatch, which
generated a recognition site for Hhal in DNA fragments am-
plified from the mutant allele. The thermoprofile consisted
of initial denaturing of 95°C for 3 min, 35 cycles of 98°C or
10 seconds, 55°C for 30 seconds, and 72°C for 30 seconds,
followed by 72°C for 7 min. A total of 10 L of PCR prod-
ucts were digested with 10 units of Hhal at 37°C overnight
followed by 4% agarose gel electrophoresis. The DNA flag-
ments were stained with ethidium bromide and visualized on
a UV transilluminator.
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Figure 1. The family pedigree and LMNA mutation. (A) The family pedigree with DCM with conduction defect caused by the LMNA mutation. Circles and
squares indicate male and female, respectively. Closed circles and squares indicate affected members. Roman and arabic numerals indicate generation and
case numbers. The letter P indicates affected members who received pacemaker implantation. Slash means deceased. Plus and minus indicate presence and
absence of the mutation, IV§3—10A> G, respectively. An arrow indicates the proband. The photographs in boxes show electrophoresis of Hhal-digested PCR
by PCR-RFLP analysis. Two DNA fragments of 156 bp and 134 bp show the presence of the mutation, IVS3-10A> G, while only the fragment of 156 bp
shows the absence of the mutation. (B) Direct sequencing analysis of the LMNA mutation. The proband had a heterozygous base substitution from adenine
(a) to guanine (g) at 10-base upstream from the junction between intron 3 and exon 4 (1VS3-10A>G, arrow points). Numbers above the amino acid symbols
indicate the codon number. (C) A cDNA analysis of the LMNA mutation. Direct sequencing analysis of a cDNA fragment of 158 bp reveals insertion of nine
bases, 5'-CCCTTCCAG-3', in the junction between exon 3 and exon 4. Amino acid symbols in bold and italic represent three codons inserted into the exon

3/exon 4 junction.
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Analysis of LMNA mRNA of a Lymphoblast Cell Line
Established from a Patient

A lymphoblast cell line was established from a blood sam-
ple of the proband by Epstein-Barr virus infection. Total RNA
was purified from the lymphoblasts with RNeasy Mini kit
(Qiagen, Germany) and subjected to reverse transcription as
described.’> A cDNA fragment containing the exon 3/exon
4 junction was amplified by PCR with a forward primer, 5'-
GAGAACAGGCTGCAGACCAT-3, and a reverse primer,
3-TTGTCAATCTCCACCAGTC G-5'. The RT-PCR prod-
ucts were size-separated by 5% NuSieve GTG agarose (FMC
BioProducts, Rockland) gel electrophoresis, and cDNA frag-
ments of 149 bp and 158 bp in size were excised for direct
sequencing analysis as described above.

Electrophysiological and Histological Examination

Conventional electrophysiological (EP) study was per-
formed in four affected members because of AV block. Three
standard electrode catheters were positioned in the high right
atrium, His bundle region, and RV. A quadripolar-catheter or
octapolar-catheter was inserted into the coronary sinus and
positioned to record the coronary sinus electrogram using
each pair of electrodes. The EP study included standard diag-
nostic protocols for sinus nodal function, AV nodal function,
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and ventricular tachycardia (VT) induction.'® Briefly, in the
induction of VT, up to three extrastimuli were induced (cou-
pling intervals > 180 ms) from the apex and the outflow tract
of the RV after conditioning pacing (basic cycle length =
600 or 400 ms). If negative, we repeated the protocol above
under intravenous administration of isoproterenol (started at
0.5 pg/min, a target heart rate was 20% increase from the
control).!”

Histopathological examination was performed in two
postmortem heart samples obtained from affected members
(IV-72, V-65) and in four biopsied samples of endomyocar-
dial tissues taken from the septum and apex of the RV. Light
and electron microscopical analysis was performed.

Results
Clinical Characteristics of Affected Family Members

The clinical characteristics of 21 affected members are
summarized in Table 1. Information concerning the first man-
ifestation was available in six affected members: first- or
second-degree AV block and/or atrial fibrillation (AF) ini-
tially developed in five of the six affected members, IV-70,
V-12, V-65, V-67, and V-69, while affected member IV-72
presented congestive heart failure with AF and third-degree

TABLE 1
Clinical Characteristics of Clinically Affected Members in the Family with Lamin A/C Gene Mutation

Clinical Course

Echocardiogram

Onset PMI Cause of LVEDD/ LAD
Case No. Gender (age) (age) Death (age) Age ESD (mm) LVEF (%) (mm) MD Comment
1-2* M ND No 53y CHF ND
-4+ F ND No 51ySD ND
m-2* F ND No 58 y CHF ND
-s* M ND No 55 y CHF ND
11-8* F ND No 45y SD ND
11-15" M ND No 59 y CHF ND
Iv-3* F ND 50y 71 y cause unknown ND
Iv-5* F ND 50y 59 y apoplexy ND
1v-9 F ND 49y 64 y live ND
v-11* F ND 40y 58 y CHF and VT ND
Iv-32* M ND 37y 55ySD ND
Iv-46* F ND 45y 62ySD ND
1v-50* M ND Yes Age and ND
cause unknown
1V-52* F ND Yes Live; age unknown ND
1V-70 M 42 y first- to second-degree 45 y high-degree 53y live 42y 55/38 68 35 NM 43y Holter ECG;
AVB and AF AVB and AF 45y 61/42 69 38 four consecutive PVCs
(QRS = 0.10 sec) 53y 61/45 60 47 CK 79 (mU/mL) (<197 mU/mL)
1V-72 M 47 y CHF and 47 y third-degree 50y SD 47y 69/56 36 55 NM  Diabetes mellitus, 48 y spontaneous
third-degree AVB AVB with AF 49 66/65 33 55 sustained VT, CK 155
with AF (QRS = 0.10 sec) 50  76/67 24 58 (mU/mL) (<200 mU/mL)
v-2* F . ND 38y 54 y live ND DCM
V-12 F 41 vy first-degree AVB No 42 y live 41y 43/30 65 23 NM 41 y Holter ECG; couplet
(PR = 0.22 sec, PVCs, Ergometer; PVC increased
QRS = 0.08 sec)
V-65 M 42 y paroxysmal AF 45 y high-degree 48 y CHF 45y 59/4 51 42 NM 47 y spontaneous sustained
(QRS = 0.10 sec) AVBand AF  and VT 48y 60/53 23 43 VT (LBBB+inferior axis type)
CK 134 (mU/mL) (< 195 mU/mL)
V-67 M 37 y paroxysmal AF 43 y high-degree 49 y live 43y 56/47 31 43 NM 47y spontaneous sustained VT
(QRS = 0.10 sec) AVB and AF 47y 62/43 58 49 (RBBB-+superior axis type)
CK 134 (mU/mL) (<195 mU/mL)
V-69 M 30y first- to second- 37 y third-degree 47 y live 39y 5245 31 43 NM 38y spontaneous sustained VT
.degree AVB AVB 44y 60/47 41 41 (RBBB+inferior axis type)
(QRS =0.11 sec) 42 y performed catheter .

ablation for VT, CK 49
(mU/mL) (< 195.mU/mL)

*Clinically affected member whose DNA was not available for the study.

AF = atrial fibrillation; AVB = atrioventricular block; CHF = congestive heart failure; CK = creatine kinase; DCM = dilated cardiomyopathy; F = female; LAD = left atrial diameter;
LBBB = left bundle branch block; LVEDD/ESD = left ventricular end-diastolic/end-systolic diameter; LVEF = left ventricular ejection fraction; M = male; MD = skeletal muscle
disorder; ND = not detectable; y = year; NM = no manifestation; PMI = permanent pacemaker implantation; PVC = premature ventricular contraction; RBBB = right bundle branch

block; SD = sudden death; VT = ventricular tachycardia.
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Figure 2. Onset and time course of AV block and LV dysfunction. The onset and the time course of AV block and LV dysfunction are illustrated. The first
manifestation, including first- or second-degree AV block and/or AF, occurred at 30 to 47 years of age. In four out of six affected members, AV block progressed
to third-degree AV block, and these members received pucemaker implantation within 3 1o 7 years. In two dead affected members, the first manifestation was
more likely to occurr later and progressed rapidly. LV dysfunction was defined by LV diameter > 60 mm or LV ejection fraction < 40%.

AV block at the onset of the disease (Fig. 2). The age of on-
set ranged from 30 to 47 years with a mean age of 40 years.
At the first manifestations, all affected members had normal
width of QRS complex, and intraventricular conduction de-
lay was not found. Because of the progression to advanced
AV block, 14 of the 21 the affected members received pace-
makers, and six affected members died before pacemakers
were clinically available. One affected member, V-12, was
42 years old and had only first-degree AV block. The mean
age of PM1was 44 years with arange of 37-50 years. The PMI
was needed within 7 years from the first manifestations such
as first- or second-degree AV block and/or AF (Fig. 2). The
width of QRS complex remained normal at the PMI. Four-
teen of the 21 affected members have died, and the affected
members with pacemakers died at a mean age of 57 (48—
71) years, while the affected members without pacemakers
died at a mean age of 53 (45-59) years. Sudden death was
observed in five of these 14 affected members and six af-
fected members died of congestive heart failure or fatal VT.
The affected members, IV-70, V-12, V-65, V-67, and V-69,
showed no clinical symptoms of congestive heart failure at
the first manifestation. In affected members, IV-70 and V-12,
echocardiography revealed normal LV dimensions and car-
diac function. After the first manifestation, affected member
IV-70 showed the progression of LV dilatation within 3 years.
Echocardiogarphical LV dysfunction (LV diameter > 60 mm,
or LV. ejection fraction <40%) was found 6 years after the
first manifestation in affected member V-65, 6 years later in
affected member V-67, and 9 years later in affected member
V-69. The affected member, IV-72, first visited a hospital for
clinical heart failure with third-degree AV block. No doc-
umentation was available concerning whether heart failure
was followed by AV block (Fig. 2). In the general neurologi-
cal assessment, no skeletal muscle abnormalities were found
by neurological experts or in the review of medical records
of clinically affected members in the family. Four genetically
affected members (IV-70, IV-72, V-65, and V-69) were exten-
sively evaluated by neurological experts and no manifestation
such as Emery-Dreifuss muscular dystropy, limb-girdle mus-
cular dystrophy, or Charcot-Marie-Tooth disorder was found.

Serum creatine kinase was within the normal rahge in some
affected members (IV-70, IV-72, V-65, and V-69).

Identification of LMNA Mutation

All coding regions of LMNA were screened for mutations
in-a DNA sample of the proband (IV-70). Direct sequenc-
ing analysis did not reveal any base change in each exon,
but a heterozygous base substitution from adenine to gua-
nine was detected 10-base upstream of the intron 3/exon
4 junction (IVS3-10A>G) (Fig. 1B). We screened for the
IVS3-10A>G by direct sequencing and PCR-RFLP anal-
ysis in 19 members (=30 years of age), which included
seven affected (IV-9, IV-70, IV-72, V-12, V-65, V-67, V-
69) and 12 unaffected members (III-12, IV-13, IV-14, IV-
16, IV-19, IV-28, IV-58, V-3, V-15, V-16, V-17, V-28), and
in seven members (<30 years of age) showing no cardiac
phenotype (VI-29, VI-30, VI-31, VI-32, VI-33, VI-34, VI-
35) whose fathers are affected members. The IVS3-10A>G
mutation was detected in all the seven members, but not
in all the 12 unaffected members. Furthermore, the muta-
tion was detected in six of the seven members (<30 years
of age) showing no cardiac phenotype. Results of the PCR-
RFLP analysis are shown in Figure 1A. On the other hand,
the mutation was not detected in 100 control alleles (data
not shown). These results suggested that the mutation was
tightly associated with the disease and that there were mu-
tant carriers (<30 years of age) before the onset of the
disease. :

The RT-PCR study revealed two cDNA fragments of 149
and 158 bp in size in the proband (data was not shown),
while only the 149-bp fragment was observed in the control
(data was not shown). Direct sequencing analysis showed
that a nine-base fragment, 5'-CCCTTCCAG-3’, was inserted
in the junction between exon 3 and exon 4 in the 158-
bp fragments (Fig. 1C). These results suggested that the
IVS3-10A > G altered a splicing site to the 10th nucleotide
(a/g heterozyzous) upstream from the 3’ end of the in-
tron 3 from the junction between the intron 3 and exon 4
(Fig. 1B).
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TABLE 2
Electrophysiological Characteristics of Affected Members with Lamin A/C Gene Mutation
Electrophysiologicat Conductive Parameters Induced Arrythmia
Case P Duration PR PA AH HV QRSS Wenckebach Rate at Atrial Ventricular
No. Gender Age (ms) Interval (ms) Iotervai(ms) Interval(ms) Interval(ms) Duration (ms) Atrial Pacing (beaty/min) Arrhythmia Arrhythmia
iv-70 M 45 110 470 30 370 55 100 100 AF (before EPS) NP
V65 M 45 - - 120 565 30 460 55 100 50 AF (before EPS)  Sustained VT
(LBBB++inferior
- axis type)
V6Tt M 43 AF AF AF AF 50 100 AF AF N1
V69 M 42 140 Wenckebach 80 Wenckebach 40 110 During sinus NP Sustained VT
rhythm (RBBB-+inferior
. axis type)
“During sinus mythm before EPS. administration of 1.0 mg of airopine sulph Wenckebach-type AV block to one 1o one AV conduction.

AF = atrial fibrillation; EPS electrophysiological study; LBBB = left bundle bmnch block: M = male; NI = not induced; NP = not performed; RBBB = right bundle branch block; VT =
ventricular tachyardia.

Electrophysiological and Histopathological His bundle to Purkinje fiber and intraventricles might not be

Characteristics ‘ impaired. Although affected member, V-65, had AF (Fig.

3A), the AV conductivity was evaluated after DC defibrilla-

EP study was performed in four affected members, IV-70,  tion. He demonstrated Wenckebach-type second-degree AV

V-65, V-67, and V-69, because of bradycardia and/or spon-  block (Fig. 3B) with prolonged AH interval (Fig. 3C). Fur-

taneous VT (Table 2). The EP study indicated that affected  thermore, VT could be reproducibly induced by programmed
members, I'V-70 and V-65, had AV nodal dysfunction with stimulation to the outflow tract of the RV (Fig. 3D).

marked prolongation of the AH interval. In contrast, the HV _ Heart specimens were obtained at autopsy from affected
interval and QRS duration were normal in all four affected members, IV-65 and V-72. Microscopical examination dis-
members, indicating that the conduction systems of the infra- ~ closed marked fibrofatty degeneration in the AV junction and
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Figure 3. Twelve-lead ECGs and intracardiac electrogram. Cardiograms were recorded during the electrophysiological study of affected member, V-65. At
the beginning of the electrophysiological study, (A) AF with complicated third-degree AV block (30 ventricular beats/min) was found. (B) After a direct current
defibrillation, the sinus riythm appeared in association with Wenckebach-type second-degree AV block. (C) In the intracardiac electrogram a prolonged AH
interval (460 ms) was detected during the sinus rhythm. (D) Sustained VT could be induced by programmed stimulations at the out-flow tract of the RV. HRA
and HBE indicate high right atrium and His bundle electrogram, respectively.
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A

Figure 4. Light and electron microgram. Light microscopic examination of the AV junction in affected member V-65 by Elastica-Masson staining revealed
atrophy of the AV node with fibrofatty degeneration (Panel A). The boxed area in (Panel A) is shown with a higher magnification in (Panel B). The number
of pacemaker cells appears to be decreased in the AV node in (Panel B). Electron microscopic analyses of myocardium samples obtained from affected
member V-65 by biopsy showed deformed nuclei with increased lipofuscin (Panel C, arrows) and accumulated glycogen granules around the mitochondria
and beneath the subsarcolemma (D, arrow heads). Scale bars in (Panel A) and (Panel B) represent 500 and 100 pum. respectively.

advanced atrophy of the AV node (Fig. 4A), and fibroscle-
rosic degeneration in the AV node associated with decreased
numbers of pacemaker cells (Fig. 4B). Endocardial biopsy of
the RV was performed in affected members, IV-46, V-65, V-
67, and V-69, and light microscopical examination revealed
interstitial fibrosis and contraction band without the disar-
ray arrangement (data are not shown). Electron microscopy
demonstrated a large number of deformed nuclei with in-
creased lipofuscin (Fig. 4C) and a prominent accumulation
of glycogen deposits beneath the subsarcolemma and around
the mitochondria (Fig. 4D). The nuclear membrane integrity
was preserved in all of the examined specimens.

Discussion

We examined familial DCM with progressive AV block
in a large Japanese family and identified a novel LMNA mu-
tation of IVS3-10A>G. Affected members initially showed

problems in ECG such as first- or second-degree AV block
and/or AF at 30-40 years of age without detectable LV dys-
function. Progression to third-degree AV block was observed
in 14 affected members, and they received pacemakers within
several years of the first ECG finding. Unfortunately, seven
affected members died suddenly or unexpectedly even af-
ter the pacemakers were implanted. Some affected members
with PMI died from congestive heart failure. The EP study
disclosed that the conduction defect occurred predominantly
in the AV nodal area as compared with the ventricular area,
which was supported by the histological findings that the fi-
brofatty degeneration was more striking in the AV node than
in the atrial or ventricular wall.

The LMNA Mutation in Familial DCM with Conduction
Defect : :

Since introns are noncoding sequences, a mutation in
an intron does not usually cause an mRNA. abnormality.
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However, the present mutation of the intron (IVS3-10A>G)
created an aberrant splicing site between intron 3 and exon 4.
The missplicing arose at the 10th nucleotide (a/g) upstream
of the 5’ end from the 3’ end of intron 3 (Fig. 1B), and con-
sequently inserted nine bases to the 5’ end of exon 4. The
genetic approach strongly indicated that this mutation has a
close relation to the clinical phenotype. In fact, the mutation
was never found in unaffected family members and 50 vol-
unteers. Although we showed the insertion of the nine bases
in the cDNA assay with RT PCR, we did not show the inser-
tion at the protein level. Protein analysis would be important,
especially for confirming the present interpretation and for
future functional analyses of the protein.

Although the relationship between the mutation site of
LMNA and the clinical phenotypes of the laminopathies re-
mains unclear, this mutation was novel and first described in
the present study. It also remains unknown why laminopathies
due to the LMNA mutations have various clinical phenotypes.
Further studies are necessary to elucidate the relationship be-
tween the phenotype and the prognosis of laminopathies and
the LMNA mutations.'®20

The incidence of the LMNA-mutated DCM with AV con-
duction defect remains controversial. Fatkin'? studied 11
families with autosomal dominant DCM with conduction de-
fect and identified five LMNA-mutated DCM families (45%).
Similarly, LMNA-mutated DCM was found in four of 49 fami-
lies (8%) by Taylor, two of 16 families (12.5%) by Jakobs,?'
and five of seven (71%) families by Arbustini.?? Thus, the
LMNA mutation may account for 19% of autosomal dom-
inant DCM with conduction defect. Therefore, mutational
analysis in LMNA should be first performed for the diagnosis
of familial DCM associated with conduction defect.

Electrophysiological Characteristics

The first manifestation in the affected members was first-
or second-degree AV block and/or AF, which developed at
the mean age of 40 years (range 3047 years). The EP study
revealed AH block, that is, conduction defects in the AV node
without those in the infra-Hisian conduction system. The PA
interval, which may reflect the intraatrium conductivity, was
within the normal range in affected members, IV-70 and V-65,
but was prolonged in affected member V-69 whose diseased
period had a long history (>12 years).

Progressive AV block prior to LV dysfunction was unique
in affected members with LMNA-mutated DCM. Some in-
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vestigators have reported a similar time-course of LMNA-
mutated DCM, that is, the conduction defect, including AV
block and AF, developed prior to LV dysfunction,'?14-20-23
despite different sites of the mutation (Fig. 5). The present
study indicated that the progressive AV block in LMNA-
mutated DCM was caused by AV nodal 1mpa1rment without
infra-Hisian conduction defect.

AF frequently occurred in LMNA-mutated DCM.?* How-
ever, AF may not be a particular phenotype of LMNA mu-
tations, because LV dysfunction frequently causes AF. It
remains unclear how LMNA and its locus, chromosome
1p1-q21, is related to familial AF.25-29

Sudden death accounted for 36% (5/14) of all causes of
mortality in the LMNA-mutated DCM. Sudden death could
not be prevented by PMI, and fatal VT. appeared to cause
sudden death. In fact, VT could be repeatedly induced by
electrical stimulations of the RV in two affected members
(V-65 and V-69). Affected member V-69 had spontaneous
VT, and affected member V-65 developed spontaneous VT
after the EP study. However, the incidence of sudden death is
nearly identical to that of patients with DCM (approximately
40%).3° Therefore, the susceptibility to VT and/or sudden
deaths might not be specific to LMNA-mutated DCM; rather,
it might be a common clinical feature of chronic heart failure
with LV dysfunction 3132

Histopathological Characteristics

The microscopical study revealed that fibrosclerotic de-
generation occurred predominantly in the AV node. Less se-
vere lesions were also observed in the sinoatrial node, atrium,
and ventricular walls. These supported the findings of the
clinical examination and EP study that the AV block preceded
the other myocardial involvements. The electron microscop-
ical study revealed the accumulation of glycogen deposits
beneath the subsarcolemma in the working myocardium in
all biopsy samples.

Arbustini?? reported the fibrosclerotic and fibrofatty de-
generation of the AV junction in LMNA-mutated DCM with
conduction defect, and described the nuclear membrane dam-
age showed by electron microscopical analysis.?? Lamin
A and lamin C null mice also showed obvious disconti-
nuities in the nuclear envelopes of embryonic fibroblasts
and hepatocytes, while those of wild-type and heterozy-
gous mice were intact.3* However, electron microscopical
study in the present report revealed that the nuclear mem-
brane remained intact. This may be related to the sampling
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Figure 5. Secondary structure of lamin A and lamin C proteins and sites of mutations of LMNA-mutated DCM with conduction defect with or without
muscular dystrophy. Secondary structure of lamin A and lamin C proteins is illustrated. The previously reported LMNA mutations (above) and the mutation
identified in this study (below) as the cause of the DCM with conduction defect are shown. Asterisks indicate cases with skeletal muscle symptoms. Amino

acids with bold and italic indicate the insertions those identified in this study.
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site, that is, our biopsy samples were taken from the right
ventricle.

Recently, it was reported that mutations in the gene cod-
ing the y? regulatory subunit of AMP-activated protein ki-
nase (PRKAG2), an enzyme that modulates glucose uptake
and glycolysis, cause glycogen storage disease associated
with cardiac hypertrophy and conduction defect including
AV block.3*35 Therefore, we may be able to propose the hy-
pothesis that the LMNA mutation causes cellular damage by
the intracellular accumulation of glycogen. However, it re-
mains unknown whether a dysfunction of lamin A and lamin
C proteins impairs glycogen metabolism. Some types of fa-
milial diseases preferentially develop cardiac conduction de-
fects even with a heterogenous genetic background.?7-36-37
Understanding the actual molecular mechanism involved in
the pathophysiology of familial diseases might enable us to
understand the mechanisms of “common” cardiac conduction
defects clinically recognized as “sporadic.”

Conclusion

This is the first report of the electrophysiological profile
of the progressive intra-AV nodal conduction impairment and
its histopathological findings in LMNA-mutated DCM. The
clinical phenotype of LMNA-mutated DCM in this study was
characterized by (1) the first manifestation of the prolonged
PQ interval or AF in adolescence, (2) progressive intra AV
nodal block to the third degree in several years, and (3) pro-
gressive heart failure after PMI. Histological study revealed
the preferential degeneration at the AV node area and novel
cellular damages in the working myocardium.
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Abstract Glycine encephalopathy (GE) (non-ketotic
hyperglycinemia) is an autosomal recessive neurometa-
bolic disease caused by defective activity of the glycine
cleavage system. Clinically, patients present usually in
the neonatal period with hypotonia, encephalopathy,
hiccups and breath arrests with or without overt seizures.
GE is considered rare, but its incidence is relatively high
in several geographical areas around the world. We
report a novel mutation causing GE in six extended
Arab families, all from a small suburban village (popu-
lation 5,000). A methionine to threonine change in the
initiation codon of the glycine decarboxylase gene led to
markedly reduced glycine decarboxylase mRNA levels
and abolished glycine cleavage system activity.
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introduction

Glycine encephalopathy (GE; or non-ketotic hypergly-
cinemia, OMIM 238300) is an autosomal recessive
neurometabolic disease caused by defective activity of
the glycine cleavage system (Hamosh and Johnston
2001). This complex is made of four proteins that work
in concert in the metabolic process of glycine: a P pro-
tein, a pyridoxal-phosphate-containing glycine decar-
boxylase (GLDC), a T protein, a tetrahydrofolate
requiring aminomethyltransferase, an L protein, a lip-
oamide dehydrogenase and a lipoic-acid-containing H
protein. The P protein, T protein and H protein are
encoded by the GLDC, AMT and GCSH genes,
respectively. Defects in the P protein, the GLDC, are the
most common causes of GE and lead to more than 80%
of GE cases.

Classical GE typically presents in the first days of life.
Assisted ventilation is needed to overcome severe and
prolonged apnoeic episodes with or without overt sei-
zures. Babies present also with hypotonia, lethargy and
hiccups. Most children who survive the neonatal period
are severely disabled. Despite the almost universally
similar clinical outcome of the disorder, the number of
disease-causing mutations in the genes encoding the P
and the T proteins is steadily growing, and a clear
genotype—phenotype correlation is not possible at this
stage.

The GE is considered rare, but its prevalence is rel-
atively high in several geographical areas around the
world (von Wendt et al. 1979; Kure et al. 1998; Apple-
garth et al. 2000). In the last 15 years, we have been
treating several children with GE from six Arab families
from a suburban village near Jerusalem. Some of these
children have been previously reported (Boneh et al.
1996). We report the finding of a single mutation in the
initiation codon of the P protein causing GE in all these
families.



Patients and methods
Patients

We analysed DNA samples from 31 individuals from six
families, including eight patients (Table ). The parents
of patients in five families were first cousins (Fig. 1). The
parents in family 4 were unrelated but originated from
families 1 and 2. Five of these patients (families 1 and 3)
have been previously reported (Boneh et al. 1996). All
patients except one presented with hypotonia and
respiratory abnormalities on days 3-4 of life, followed in
all patients by apnoea, poor reflexes and, in three pa-
tients, hiccups. Seizures were not a prominent feature of
their initial clinical presentation, but some patients had
seizures later. Patient II1:1 and patient I1I:4, both from
family 2, deceased at 14 and 9 years of age, respectively.
The patient in family 5 (patient 1), a female, fed poorly
and did not wake up for feeds on day 2 of life, and when
hospitalised on day 3, she was markedly hypotonic and
did not awaken even in response to painful stimuli.
Primitive reflexes could not be elicited. Convulsions were
observed on day 4. Neither apnoea nor hiccups were
noted at any stage. CSF and plasma glycine levels were

Table 1 The GLDC MIT mutation in six glycine encephalopathy
(GE) families in Jerusalem

Family Member Genotype

Family 1 IIL:2 Heterozygote
III:4 Heterozygote
Iv:1 Heterozygote
Iv:2 Heterozygote
Iv:3 Heterozygote
Ivi4 Heterozygote
1v:s Heterozygote
Vil No mutant allele
V2 No mutant allele
V:3 (proband) Homozygote
V5 Homozygote
V4 No mutant allele

Family 2 II:1 Heterozygote

’ 1I:2 Heterozygote
ITI:1 (proband) Homozygote
II:2 Heterozygote
II1:3 Heterozygote
11I:4 Homozygote
II1:6 Heterozygote
.7 Heterozygote
Iv:1 Homozygote

Family 3 Father Heterozygote
Mother Heterozygote
Brother Heterozygote
Patient Not determined

Family 4 Father Heterozygote
Mother Heterozygote
Patient Homozygote

Family 5 Father Heterozygote
Mother Heterozygote

. Patient Homozygote

Family 6 Father Not determined
Mother Not determined
Patient Homozygote
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Fig. 1 Family trees of families 1 and 2 are shown. Note
consanguinity. Asterisks denote individuals from whom DNA
was analysed. The probands in both families are marked with an
arrow

119 and 808 umol/l, respectively, with a ratio of 0.15.
The patient in family 6 (patient 2), a male, was noted to
be sleepy, not crying, flaccid and sucking poorly on day
2 of life. On day 3, CSF and plasma glycine levels were
210 and 2,187, respectively, with a ratio of 0.10. He re-
quired mechanical ventilation but later regained spon-
taneous respiration and resumed oral feeding. He has
not had seizures. Although he seemed to develop nor-
mally in the first months of life, at 18 months of age, he
had axial hypotonia, could not walk and said single
syllables but no words. He had not had seizures. All
other patients were severely disabled.

Sequencing analysis

We have amplified 25 exons of the GLDC gene by PCR,
as described (Takayanagi et al. 2000), as well as nine
exons of the AMT gene and five exons of the GCSH
gene. Exon Amplicons were subjected to 2.5% agarose
gel electrophoresis, and bands with the expected size
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were cut out for DNA purification. Nucleotide se-
quences were determined by the dye-terminator cycle
sequencing kit (PE biosystems, Foster City, CA, USA)
using the PEIF primer as a sequencing primer.

Muitiplex RT-PCR analysis

Lymphoblast cell lines were established from two pa-
tients: patient 1I:1 from family 5 (patient 1) and patient
I:1 from family 6 (patient 2). Total RNA was prepared
from each cell line, and 10 pg of each was used for re-
verse transcription in 20 pl of mixture, as described
(Kure et al. 1992b). GLDC cDNA fragment with 600 bp
was amplified with a set of primers GLDC-D1, 5'-
TGGCCAAGCGATTAGAAACACACT-¥; GLDC-
D2, S5-TATCAAATGCTCTGGGGAGAGGCAT-3’
while LPT cDNA fragment (772 bp) was amplified by a
pair of PCR primers using LPT21F, 5-AG-
GCGCCCGCACCACGCCCA-3; LPT17R, 5-
TCCTGATCCCTTGGTAAGGGCTC-3". Both PCRs
was performed in a single tube (30 pl of PCR mix) using
Multiplex PCR Kit (Qiagen, Germany) according to the
manufacturer’s protocol. A total of 2 pul of reverse
transcription mixtures was subjected to multiplex PCR
analysis, and 10 pl of PCR products were size-separated
on 2.5% agarose gel electrophoresis. The intensity of
each band and the ratio of the GLDC/LPT bands were
calculated by the NIH Image software.

Assay of the glycine cleavage system activity
m lymphoblasts ‘

Enzymatic activity of the glycine cleavage system in
lymphobalst cell lines (patients 1 and 2) was determined
by the decarboxylation reaction using [1-"4C]glycine, as
described (Kure et al. 1992a). The assay was performed
in triplicate, and means and standard deviations were
determined.

Results
Identification of the M1T mutation in GLDC exon 1

We screened the GLDC, AMT and GCSH genes for
mutations using DNA obtained from the proband in
family 1 (patient V:3). A homozygous single-base sub-
stitution from T to C (c.2T > C) was found in exon 1 of
the GLDC gene. This substitution changes the obligate/
consensus initiation ATG codon (encoding methionine)
to ACG (normally encoding threonine) and is hence
termed -the M1T mutation, as shown in Fig. 2. The
parents of the proband were heterozygous for this
mutation. The MIT mutation was then screened for in
all six families with GE from this village and was de-
tected in all of them. The results of the genotyping are
shown in Table 1. All patients in these families were

homozygous for the M1T mutation while all obligate
carriers were heterozygous for the mutation. A total of
122 control alleles from the same population were
analysed, and no MI1T mutant allele was identified in
these DNA samples.

Expression of the mutant transcripts

We considered the possibility that the mutant GLDC
mRNA would be unstable by a mechanism of nonsense-
mediated mRNA decay because the MIT mutation
abolished the initiator codon. To examine the level of
the GLDC mRNA expressed in lymphoblasts, we per-
formed a multiplex RT-PCR analysis using LPT mRNA
as a control. The LPT gene encodes a housekeeping
enzyme, lipoyl transferase, that generates holo-H-pro-
tein by conjugating lipoic acid to apo-H-protein (Fu-
jiwara et al. 1999). Both cDNA fragments, derived from
LPT and GLDC genes, were successfully amplified in a
single reaction mixture (Fig. 3). Ratios of cDNA band
intensity (GLDC/LPT) were calculated to be 0.95, 1.12,
0.14 and 0.08 in control 1, control 2, patient | and pa-
tient 2 lymphoblast cell lines, respectively, indicating
that GLDC mRNA levels were markedly reduced in the
tested patients’ cell lines.

Glycine cleavage system activity in lymphoblasts

Glycine decarboxylation activity of lymphoblasts was
0.1£0.20 and 0+0.15 (normal range 0.61-16) nmole of

Met!
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Fig. 2 Sequencing chromatogram of the MIT. mutation. PCR
fragments containing GLDC exon 1 were amplified from genomic
DNA from a control subject, an obligate heterozygote and a
patient, and was sequenced by the dye-terminator method. The
M1T mutation sites are indicated by arrows
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Fig. 3 Multiplex RT-PCR analysis of GLDC mRNA expressed in
patients’ lymphoblasts. Total RNA samples were prepared from
two control subjects (cont I and 2) and two patients (pt I and 2) and
subjected to reverse transcription and multiplex PCR (RT + lanes).
As a negative control, the same amount of total RNA was used for
multiplex PCR amplification without reverse transcription (RT —
lanes) ’

14CO,-formed/mg protein/h in patients 1 and 2 lym-
phoblast cells, respectively, indicating that the enzyme
activity was completely abolished in these patients.

Discussion

GE is a rare disorder, but its exact world-wide incidence
is not known. A high incidence of GE has been reported
in certain ethnic groups and geographical locations. In
Finland, the incidence of GE is 1 in 55,000 new-born
babies, but it is even higher in northern Finland, with an
incidence of 1 in 12,000 (von Wendt et al. 1979). The
incidence of GE in British Columbia, Canada, is 1 in
63,000, also probably higher than the expected world-
wide incidence (Applegarth et al. 2000). A high incidence
of GE has been previously reported in an Arab village in
Israel (Kure et al. 1998). Moreover, single mutations
have been reported as a cause of GE in some of these
populations. Thus, a single mutation, Ser564lle, has
been found to be the cause of the high incidence of GE
in Finland (Kure et al. 1992b). Likewise, a single
mutation in the T protein, His42Arg, was found to be
the cause of the high incidence in the Arab village in
northern Israel (Kure et al. 1998). :

The current report adds to the list of single mutations
leading to a high incidence of GE in isolated popula-
tions. A single novel mutation caused GE in eight pa-
tients (and one deceased proband from whom no DNA
was available for analysis) from six families, all from a
small geographical area near Jerusalem. The inhabitants
of this suburban village (approximately 5,000 people)
live as large kindreds, as is common to many commu-
nities in this geographical area (Jaber et al. 2000; Zlot-
ogora et al. 1996) (for example, see Fig. 1).
Consanguinity in this population is common and has
been estimated at ~33% of all marriages (Jaber et al.
2000). Interestingly, DNA analysis of another family
from a different area near Jerusalem revealed another
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causative mutation (Korman et al. 2004). Thus, based
on the theoretical calculations presented previously
(Zlotogora et al. 1996), it may be surmised that the
mutation reported here occurred around five generations
ago.

Mutations affecting the ATG start codon have not
been widely reported. In theory, there are several po-
tential consequences of such mutations, ranging from a
near-normal protein product to a complete absence of
the protein or a truncated protein, the extent of which
being dependent on the location of the next ATG se-
quence. '

It has been suggested that initiation codons are
recognised most efficiently when they are located in a
favourable context, as defined by the Kozak consensus
sequence ACCatgG (Kozak 1986). Different permuta-
tions of non-ATG codons have varying capacities to
substitute as initiation codons, but their efficiency is
questionable. Indeed, our results indicate that the
mRNA level was reduced in the patients’ cell lines.

The mechanism by which a moderate reduction of the
level of the mutant mRNA leads to severe dysfunction of
the gene product remains unknown. Given that our
patients had null GCS activity in the enzymatic analysis,
one would have expected the level of the GLDC mRNA
to be very low or negligible if one would attribute the
null activity to the level of the GLDC mRNA only.
However, although the level of GLDC mRNA in the
RT-PCR analysis was markedly reduced, it was not
negligible, suggesting that the reduction of the GLDC
mRNA was not the primary or only cause of null
enzymatic activity. One possible explanation for this
finding is that lack of recognition of the first initiator
methionine by the translation complex may lead to
instability of the mutant GLDC mRNA. Further anal-
ysis using in vitro expression of mutant GLDC RNA is
required to elucidate this possibility.

The other possible mechanism relates to the targeting
of the gene product to the mitochondria. The next ATG
codon in the GLDC gene at which translation could
initiate is located 231 nucleotides downstream. It is sit-
uated in-frame in a partially favourable context (GA-
GAGatgCT). Use of this codon for initiation of
translation would result in deletion of 77 amino acid
residues with loss of the mitochondrial leader peptide.
The GLDC is a component of the multi-enzyme system
that operates in mitochondria in concert with three other
GCS components. Thus, it may be predicted that as a
result of the M1T mutation, which abolished the initi-
ator methionine and could be expected to lead to the
truncation of the mitochondrial leader peptide of the
GLDC precursor, the mutant GLDC would not enter
into the mitochondria nor interact with other GCS
components. This would render the protein product
non-functional and may provide another explanation to
the null GCS activity in the lymphoblast cell line and
severe symptoms of the homozygous patients.

An initiation codon mutation was also reported in the
ornithine delta aminotransferase, causing gyrate atrophy
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of the choroid and retina (Mitchell et al. 1988). As in our
patients, the protein product of the mutated gene was
expected to truncate 138 amino acids of the ornithine
amino transferase enzyme, thus eliminating the entire
mitochondrial leader sequence and abolishing enzyme
activity (Mitchell et al. 1988). Likewise, Frank et al.
(1999) reported two mutations in the initiation codon of
the protoporphyrinogen oxidase gene, leading to varie-
gate porphyria due to a non-functional protein. By
contrast, a mutation in the translation initiation codon
of the mitochondrial acetoacetyl-CoA thiolase gene did
not affect the gene-product mRNA levels and did not
completely abolish enzyme activity, yielding a residual
activity of 15% (Fukao et al. 2003). Cremonesi et al.
(2004) have reported a mutation in the ATG initiation
codon of the L-ferritin gene that disabled protein
expression but did not cause iron deposition in the brain
and did not lead to any haematological or neurological
symptoms. Moreover, mutations in the ATG initiation
codon have also been shown to be markers of common
haplotypes. For example, the mitochondrial T3308C
mutation in the initiation codon of the NADH-dehy-
drogenase subunit 1 seems to be an ancient marker of a
common West African haplogroup (Rocha et al. 1999).
Likewise, in a large phylogeographic analysis of mito-
chondrial DNA haplogroups in China, the T12338C
mutation in the initiation codon of the NADH-dehy-
drogenase subunit 5 was shown to be a common poly-
morphic change in various populations across China
(Kong et al. 2004). It seems, therefore, that mutations in
the translation initiation codon do not necessarily cause
a severe deficiency of the gene product, and the effects of
these mutations need to be evaluated specifically for
each gene, as previously suggested (Fukao et al. 2003).

In summary, we have found a novel mutation, M1T,
in the initiation codon of the glycine carboxylase gene,
leading to reduced RNA levels, abolished enzyme
activity and clinical evidence of GE in several families
from a small geographical area. The identification of a
common mutation in this population is of significance in
that it will enable fast, easy and reliable genetic screening
and prenatal diagnosis for interested couples in this
community in the future.
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Abstract

Clinical symptoms in atypical nonketotic hyperglycinemia (NKH) are heterogeneous, in sharp contrast to uniform severe neu-
rological symptoms in the classical NKH. A review of the literature of atypical NKH cases reveals three forms: neonatal, infantile,
and late onset. The presentation in the neonatal form is similar to the classical one but the subsequent outcome is significantly better.
Mental retardation and behavioral abnormalities are prevalent in both infantile and late onset forms although the phenotype in late
onset atypical NKH is more heterogeneous. Patients with the atypical NKH tend to have a lower CSF/plasma glycine ratio when
compared with the classical form, but overlap occurs. Hyperglycinemia in the neonatal and infantile atypical NKH, similar to the
classical form, is caused by a deficient glycine cleavage system, whereas the cause of hyperglycinemia in late onset atypical NKH is
unknown. A mutation of the T-protein AMT gene and several mutations of P-protein GLDC gene have been identified in homo-
zygous or compound heterozygous state. Some of the GLDC mutations are associated with residual glycine decarboxylase activity
when expressed in COS7 cells and early therapeutic intervention may be crucial to improve the outcome in patients harboring such
mutations. Identification of more mutations causing atypical NKH and information about the mutations’ effect on enzyme activity
may help to predict patients with a milder phenotype as well as those who may respond to early therapeutic intervention.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Atypical nonketotic hyperglycinemia; Mild glycine encephalopathy; Infantile NKH; Late onset NKH; GLDC mutations; Glycine
decarboxylase activity

of four individual protein components, termed P-protein
(a pyridoxal phosphate-dependent glycine decarboxyl-
ase), H-protein (a lipoic acid-containing hydrogen carri-
er protein), T-protein (a tetrahydrofolate-dependent
aminomethyltransferace), and L-protein (a lipoamide
dehydrogenase), which are encoded by GLDC, GCSH,

Introduction

Nonketotic hyperglycinemia (NKH) or glycine
encephalopathy (GE) MIM 605899 is an autosomal
recessive inborn error of glycine degradation in which
large quantities of glycine accumulate in all body tissues,

particularly in the central nervous system. The biochem-
ical hallmark of NKH is increased glycine concentration
in the plasma and, to an even greater extent, in the cere-
brospinal fluid (CSF). The fundamental defect occurs in
the glycine cleavage system (GCS), a multienzyme com-
plex located in the inner mitochondrial membrane of the
brain, liver, kidney, and placenta. This complex consists
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AMT, and GCSL genes, respectively. Previous genetic
analysis of GCS revealed that the human P-protein gene
(GLDC) consists of 25 exons on chromosome 9p22-24
[1], the T-protein gene (AMT) consists of nine exons
on chromosome 3p21.1-21.2 [2], the H-protein gene
(GCSH) consists of five exons on chromosome 16q24
[3], and the L-protein gene (GCLS) consists of 12 exons
on chromosome 7q31-32 [4].

Classical NKH presents in the early neonatal period
with progressive lethargy, feeding difficulty, hypotonia,
myoclonic jerks, and apnea with most newborns
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requiring assisted ventilation in the first week of life.
Survivors almost invariably display profound neurolog-
ical disability and intractable seizures. Enzymatic analy-
sis suggests that most patients with classical NKH have
deficient P-protein (80%) and T-protein (15%), and H-
protein deficiency is rare [5]. With the exception of a
common, founder effect mutation (85641, G761R, and
R5158) [6,7] in the GLDC gene among Finnish and Cau-
casian patients, there are few reports of recurring GLDC
and AMT mutations [8], and most NKH patients are
likely to be compound heterozygotes [9].

There are several reports of patients with biochemi-
cal, enzymatic, and genetic evidence of NKH but a less
severe atypical presentation with variable age of onset.
Atypical variants of NKH have been diagnosed in pa-
tients with rather disparate manifestations partially be-
cause the diagnosis of most cases was based on the
plasma and CSF glycine concentration without the
enzymatic or genetic confirmation. To clinically, bio-
chemically, and genetically characterize the different
forms of atypical NKH, a literature review was per-
formed between the years of 1965 and 2005 in all ages.

Literature review

A MEDLINE search was performed of studies from
the years 1965 to-2005, in all ages. Studies were reviewed
in full and references of studies were also reviewed by
hand to locate additional studies missed by the comput-
er search. Data abstracted from eligible publications
included age of onset, symptomatology, initial biochem-
ical data (CSF glycine, plasma glycine, and CSF/plasma
glycine ratio), enzymatic assays in liver or fibroblasts,
other testing (glycine tolerance test, EEG, and brain
imaging,) and therapeutic interventions. In the study
were included cases with an NKH diagnosis based on
abnormal CSF/plasma glycine level and/or enzymatic
or genetic testing. Cases in which the diagnosis of
NKH was based only on plasma glycine level were
excluded. The type of the atypical NKH was labeled
according to the age of the initial presentation (neonatal:
0-4 weeks, infantile: 5 weeks-2 years, and late onset: >2
years). The degree of cognitive impairment was rated,
based on clinical information and, when possible
according to a validated scale. Normal designates no
cognitive impairment and normal IQ. Mild designates
global and language delay but able to attend school
(special education classes) and, overall, to live semi-in-
dependently, or 1Q of >51 and <70. Moderate to severe
indicates that they are completely dependant, or an 1Q
of <50 if reported. The CSF/plasma glycine ratio was
the main biochemical marker, that was used because it
is more specific for NKH and less prone to bias arising
by comparing values from different laboratories. To
identify whether there is an association between the met-

abolic defect and the phenotype, we measured the asso-
ciation between CSF/plasma glycine ratios and
cognitive impairment—normal, mild, and moderate/se-
vere—using the Kruskal Wallis H test.

Since the initial clinical and biochemical description
of the disease [10], 50 patients (27 females and 23 males)
in 32 sibships with an atypical presentation of NKH
have been described in the literature (Tabie 1). In 31
of them the diagnosis was confirmed either by enzymatic
essays on liver or lymphoblasts (11 patients) or by iden-
tification of a pathogenic mutation (20 patients). A P-
protein defect was found by direct enzyme measurement
in two patients and by a mutation on GLDC gene on 19
patients. Four patients in two sibships had a T-protein
defect and five a decreased GCS activity with unidentifi-
able specific defect. In 18 patients the diagnosis was
based on increased CSF glycine/plasma glycine ratio
with or without glycine loading test. According to the
age of presentation the number of patients in each form
of atypical NKH include: the neonatal form (eight pa-
tients), the infantile form (28 patients), and the late onset
form (11 patients). Three patients are described as
asymptomatic. In two of them treatment was initiated
soon after birth. The mean CSF/plasma glycine ratios,
the mean CSF glycine and the prevalence of different
clinical symptoms in the three different forms are shown
in Table 2.

Clinical characteristics

In the neonatal form of atypical NKH the presenta-
tion can be similar to classical NKH with hypotonia
and apneic episodes that may require assisted ventila-
tion, though seizures are less severe. Subsequently psy-
chomotor development is significantly better than in
the majority of patients with the classical NKH and,
in exceptional cases, normal development is reported
that may (cases 20a, b, c) [11] or may not (case 31b)
[12] be associated with early therapeutic intervention.

The infantile form is the most common presentation
of atypical NKH. Infants present with a mild to moder-
ate psychomotor delay, after nearly normal develop-
ment for the first 6 months of life. Seizures, occurring
in less than half of them, can be of any type (infantile
spasms, partial complex or generalized tonic or tonic-
clonic seizures) and are fairly easy to control with anti-
epileptics. Occasionally, intermittent or persistent ataxia
and choreoathetosis may complicate the presentation.
Gross motor development can range from normal to
moderately delayed (walking achievement by age 18
months to 6 years), but coordination may be poor.
Development progresses and during childhood a mild
to moderate developmental delay affecting mostly
expressive language is apparent. Behavioral problems
are common and occasionally difficult to control. Tem-



