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MECP?2 in neuronal development in terms of neuronal
stem cells, neuronal and glial cell differentiation during
all developmental stages, the function of differentiated
dopaminergic neurons, and the maturation of neuronal
cells. All these results should prove useful for under-
standing not only the biological roles of MECP2 but
also the pathogenesis of RTT. Recently, we also
developed an iPS cell system that may provide a novel
strategy for developmental analysis at the molecular
and cellular levels.

7. Conclusion

Finally, we should consider the potential for future
mouse studies on MECP2-null mutation using ES cells
and iPS cells and discuss the future perspectives for
the treatment and management of this disease.

The reversal of early lethality and of some neurolog-
ical abnormalities in MECP2-/Y mice through the post-
natal supply of normal MECP2 has raised hopes for an
effective treatment [54]. To this end, we should continue
to explore new therapeutic modalities, including ghrelin,
BDNF (32}, and other factors [35].
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Definition and History

Rett syndrome (RS, RTT; MIM 312750) is a neurodeve-
lopmental disorder caused by a mutation in the gene
methyl-CpG-binding protein 2 gene (MECP2) encoding
for methyl-CpG-binding protein2 (MeCP2).

Since the first clinical delineation, substantial progress
has been achieved in the clinical understanding of RS,
which has been further forified by the finding of the
causative gene.

Its clinical fearures consist of autistic symptomatology,
mental rerardation, stereotyped movements mainly
involving hands and mouth, dystonia, scoliosis, epilepsy,
abnormal respiratory patterns, acquired microcephalus,
and female preponderance.

In RS, particular signs and symptoms appear in an age-
dependent fashion and this is considered to be due to
abnormal synaptogenesis at certain stages of the course
of development caused by the MECP2 mutation. The
exploration of the role of MECP2 in RS is helpful in
understanding not only other developmental disorders
bur also normal brain development.

In 1966, Andreas Rett, a pediatrician in Vienna Austria,
described a disorder with the specific symptoms occur-
ring only in females as ‘Uber ein eigenertiges hirnatro-
phisches Syndriome bei Hyperammonimie' in German.
In 1977, Rett wrote a chapter in the Handbook of Clinical
Neurology entitled ‘Cerebral Arrophy associated with
hyperammonaemia’. Because his initial paper was written
in German and his iniual English paper was under the
misleading heading of hyperammonemia, his original
contribution had remained unknown outside of Austria
and Germany. The clinical characteristics of the disorder
were described as ‘hyperammonaemia, hypomimia or ami-
mia, alalia, stereotyped movement patterns in arms and
hands, enhanced reflex activity, spastic increase in tone,
gait apraxia, tendency to cerebral convulsive attacks, high
grade of mental retardation, gynecotrophy (only females),
and progressive course’. In 1972, this disorder was first
described as ‘Rete Syndrom’ by Leiber in a syndrome
textbook ‘Die klinischen Syndrom’ known in German-
speaking area. In 1978, Ishikawa et al. wrote a short case
report with identical symptoms and signs to the cases
reported in the artcle by Retr; however, this report
by Ishikawa was not noticed either. In 1983, the paper by
Bengt Hagberg et al. in Annals of Neurlogy brought
the disorder into medical nosology. We proposed for the

first time, in 1984, thar this disorder is a developmental
disorder involving monoamine systems. In April 8, 1983,
Retr organized the first meeting on this disorder in Vienna.
It was only then that the international collaboraton on
the research of the disorder began intensively.

In 1999, the causative gene MECP2 was idenufied by
Amir et al, and the new era started on the clinical-
biological-molecular correlation, and basic research of
MECP2 and its role in the development of brain began.

Pathogenesis/Pathophysiology

RS is associated with characteristic and complex pheno-
types. The narural course of RS consists of a unique age-
dependent appearance of the specific clinical symptoms
and signs. The age-dependent presentation of the features
of the disorder is important in considering its pathophysi-
ology, because it reflects the changes taking place along the
maturation of the responsible neurons or neuronal systems.

The onser of the disorder is in early infancy, although
the initial symptoms and signs are very subde. The early
motor signs of RS are hypotonia with failure of crawling,
abnormal pattern of walking, and disturbance in skillful
hand manipulation. Clinical evaluation has revealed that
the former results from postural hypotonia, with failure in
locomotion. Additionally, neurophysiological examina-
tion has showed this to be due to hypofunction of the
aminergic neurons of the brainstem. The latter signs are
considered to indicate dysfunction of the corticospinal
tract at higher levels.

Early psychobehavioral characteristics are a poor
response to environmental stimulation, a poor formation
of circadian rhythm, and more sleep during daytime,
which are the earliest fearures of autistic tendency and
can be speculated as being due to hypofunction of brais-
tem serotonergic and noradrenergic systems.

Along with these fearures, the deceleration of head
growth begins ro appear in late infancy. This is speculated
w0 be due to the dysfunction of noradrenergic neurons,
which is involved in the cerebral cortical synaptogenesis.

The pathognomonic stereotyped hand movements
appear in early childhood after the loss of purposeful
hand use. These occur on the background of dystonic
posturing and fixed position of the hands. With age,
rigid hypertonia appears and later, fixed dystonic posture.
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The frequency of the repetitive hand movements has
been found to be minimally affected by environmental
manipulations, suggesting that the movements are driven
by automatic reinforcement or neurochemical processes.

The pathophysiology of the stereotyped hand move-
ments with the loss of purpeseful hand use and appear-
ance of dysronic posturing are thought to be induced
by the dysfunction of the basal ganglia-premotor and
supplementary motor area with dopaminergic receptor
supersensitivity. Scoliosis, which manifests itself in early
childhood and shows progression with rime, is also con-
sidered to be part of the dystonia.

The psychobehavioral characteristics of the disease
include autistic features, and sudden episodes of scream-
ing, laughing, or crying. Abnormal sleep-wake rhythms
are present from early infancy.

With regard to the abnormal respiratory patterns and
suggested abnormal cardiorespiratory centers in the
brainstem, the involvement of the brainstem serotonergic
system has been proposed. It is also suggested from exper-
imental observations in mice that decreased substance
P and other neuromodulators in the brainstem are the
cause of the abnormal respiration.

The cause of sudden death in RS is not fully under-
stood, but alteration of brainstem cardiorespiratory center
can be an attributing factor.

Neurochemical studies in the cerebrospinal fluid and
brain tissues revealed the involvement of most systems of
transmitters, their receprors, and trophic factors, includ-
ing acerylcholine, dopamine, serotonin, glutamate, sub-
stance P, and the nerve growth facror. It is important to
note their roles as neurotrophins in brain development
and their later role in the normal function of mature brain.

Neuroimaging studies have revealed altered volume of
specific areas of the cerebral cortex, such as the prefrontal,
posterior frontal, and anterior temporal regions, and rela-
tive preservation of posterior temporal and posterior
occipital regions.

A neuropathological report by Armstrong showed
decreased brain weight to the level of a I-year-old and
decreased pigmentation of the substantia nigra pars com-
pacra. The weighe loss does not progress with age, indicating
that it is not degeneration. No degenerative, demyelinat-
ing, or gross malformative process is recognized. The neu-
ronal size is decreased and increased neuronal packing
density is observed in the cortex and subcortical areas.
Significant decrease of dendritic territories in the frontal,
motor, and subcortical cortices was shown by Golgi tech-
nique. In the midbrain and substanta nigra, the large neu-
rons of pars compacta have less melanin and tyrosine
hydroxylase staining than controls. Limited studies of the
brainstem suggest abnormalidies in serotonin receptors and
in the substance P content. These neuropathological find-
ings suggest a failure of development. General autopsies

show that all organs except the adrenal gland are small for
age but nor for height

Studies using receptor autoradiography demonstrate
abnormalities in the density of excitatory glutamate and
inhibitory gamma-aminobutyric acid (GABA) synaptic
receptors in postmortem brain tissue, supporting the
hypothesis that RS is a genetic disorder of synapic devel-
opment, especially that of the synapses that use glutamate
and GABA as transmitters.

RS is a generic disorder affecting mostly girls and is
primarily a sporadic disorder with few familial cases.

Mutations in MECP2, X-linked gene encoding methyl-
CpG-binding protein 2 (MeCP 2), in exons | 10 4 or DNA
deletions, represent the genetic cause of more than 90%
of typical cases of RS.

The phenotype-genotype correlation has revealed
that MECP2 correlates with clinical severity and charac-
teristics. The MECP2 mutation is also found in the case of
some phenotypes of Angelman syndrome and autism.

The mutation can also be found in normal females
or females with mild learning disability. The mutation
type, pattern of X chromosome inactivation, or other
unknown factors seem to play a role in these phenotypical
variations.

The mutation is also found in males, and the pheno-
types in males vary from faral infantile encephalopathy to
familial X-linked mental retardation. Classical RS can
occur in males with somatic mosaicism or with Kleinfelter
syndrome.

MECP2 mediates transcriptional silencing through its
methyl-CpG-binding domain (MBD) and transcriptional
repression domain (TRD), and modifies gene expression
of its targer genes. This epigeneric function seems to be
significant in the genetic control in brain development.

In normal early embryonic life, MeCP2 is expressed in
two developmentally important regions, that is, the
medulla and the thalamus. In normal brain development,
the neurons of the medulla express monoamines (nor-
adrenaline and serotonin), which act as the critical trophic
roles, and send nonspecific afferents to the developing
cortex, where they influence migration and organization
of neuronal systems. MeCP2 is also a marker of a maturing
neuron, being increasingly expressed in neurons as they
evolve. The increase in MeCp2 expression in the brain
after the prenatal period suggests that MeCP2 might also
be required for neuronal maintenance and function.

The abnormalities, observed in the features of clinical
symptoms and signs as well as the chemical and anatomi-
cal findings, suggest that MeCP2 is essential for neuronal
maturation of the specific systems. The signal for the
initial expression of MECP2 in a neuronal precursor
cell can be regulated by a cell-autonomous mechanism.
Its increasing expression in fully matured neurons can
then be regulated in part by external factors, such as
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synaptic input. Thus, MECP2 appears to be required for
both the structural and the funcrional maturity of the
neurons.

The establishment of the MECP2-deficient mice dis-
playing phenotypic features mimicking some symproms
of RS as well as the understanding of the function of
MECP2 at the cellular and molecular levels is developing.

Epidemiology/Risk Factors

Cases of RS have been reported worldwide among all
ethnic backgrounds. The classical form of RS was reported
to have a prevalence of about I in 10000-15 000 girls.

The frequency may increase with the addition of atyp-
ical cases, variants, or formes fruste cases. Particularly, the
discovery of the causative gene may increase the preva-
lence by clarifying the genetc bases of arypical, variants,
or formes fruste cases. There are some geographical areas
where the prevalence is higher.

There are no known risk factors for the occurrence of
the disorder.

Clinical Features and Diagnostic Criteria

The clinical presentaton of RS is characterized by the
specific psychomotor developmental delay, and patho-
gnomonic symproms and signs, which appear in an age-
dependent fashion.

The onset of the disorder was initially late infancy to
early childhood after a seemingly normal development.
However, placidity and mild muscle hypotonia are pres-
ent from early infancy, and the onset of RS is believed to
be in early infancy. Sleep—wake rhythm is abnormal with
increased sleep during the day, starting from early infancy.
These earliest clinical features are subtle in most of the
cases and are often overlooked.

These clinical features are similar to the ones observed
in autism, showing delayed development of the circadian
sleep—wake rhythm and poor response to environmental
stimulation.

In late infancy, failure to crawl, delayed development
of voluntary hand use, and the deceleration of head
growth are observed. From late infancy to early child-
hood, psychomotor regression and social withdrawal
appear. This social withdrawal seen in this period and
the aforementioned characteristics seen in early infancy
comprise the autistic fearures of RS.

The most striking and pathognomonic symptom of RS
is the stereotyped movements of the hands associated with
the loss of purposeful hand use appearing ar this period.
The typical hand stereotypies are characterized by repet-
itve squeezing, flapping, clapping, wringing, or bizarre
hand automatisms. These movements occur mostly in the
midline and virtually continue during wakefulness.

Before these stereotypies manifest themselves, habit-
like behaviors involving the hands are present, and exces-
sive clapping may be present.

Stereotyped movement of the tongue and mouth and
licking and teeth grinding are also characterisdcs.

These stereotypies are observed during wakefulness,
and increase when the child gets excited or becomes
anxious.

Age-dependent changes are also observed in the hand
stereotypies, evolving from simple to complex and fasg,
then to slow and simple with age.

In early childhood, dystonic pesture appears. Hand
stereotypies are obscured by dystonic rigidity. Because
of the dystonia, the stereotyped movements of the hands
become fixed and this does not change through the rest of
the course of the disease.

The pes varus or vulgus, dystonic posture of all extre-
mities progresses after childhood. Kyphosis and scoliosis,
which are the postural dystonia involving trunk, progress
after childhood to adulthood in some patients.

The deceleration of the growth of the head begins in
late infancy, and patients often become microcephalic
after early childhood.

The characteristic gait was initally described as
apraxic by Rett. However, both failure of crawling and
gait dysfunction are due to failure of locomotion.

Epilepsy may be seen, but the severity is variable
among individual cases.

Abnormal sleep—wake rhythm and inappropriate laugh-
ing or crving during wakefulness or sleep are also seen often,

Breathing abnormalities, such as hyperventilation,
breath holding, air swallowing, and bloating are striking
features seen in some RS. Heart rate variability, difficuley
in swallowing, and constipation suggest autonomic impair-
ment. Cold and small feet are also consistent with dysfunc-
tion of the autonomic nervous system.

Height, weight, and hand and foot sizes also decline
later. Overweight or emaciation may be seen in some
patients.

The age-dependent appearance of the clinical features
has led to the proposal of staging the disease.

Because of the difficulty in understanding the complex
clinical fearures, the efforts of constructing the diagnostic
criteria were set in 1984 and in 1988, With the increase
of reported cases and advances of the understanding of
the pathophysiology of the disorder, some components
of these diagnostic criteria need to be changed or deleted.

Differential Diagnosis

The diagnosis of RS is not difficule with careful history
taking of characteristic symptoms and signs, and noting the
age-dependent appearance of these symptoms and signs.
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However, there are disorders that need to be differen-
dated from RS. They include for example autism and
Angelman syndrome. Some female cases with autism,
particularly the cases with regression during the course,
may later prove to be RS. Infantile neuronal ceroid lipo-
fuscinosis may show temporarily similar features to RS.
Finally, some neurodevelopmental disorders may present
with similar features with RS. Therefore, in these cases,
some symptoms or some periods of the course may over-
lap with the features of RS.

X-linked-cyclin-dependent kinase-like 5 (CDKL5/
STK9) has been proposed as another causative gene for
RS, particularly early seizure cases with severe mental
retardation.

Diagnostic Workup/Tests

The clinical features and their evolution at specific ages
are typical of RS. Careful history taking and neurological
examination leads to the correct diagnosis in most cases.

There are no pathognomonic laboratory, neurophysio-
logical, or neuroradiological tests.

The finding of mutation of MECP2 is the best test to
clarify the diagnosis; however, it is important to keep in
mind that there are cases even with typical clinical fea-
tures that do not carry the MECP2 mutation.

Management

Therapeutic approaches are still sympromaric, and unfor-
tunately, no crucial treatments have been established.
Rehabilitation, including physical and occupational ther-
apy, and enhancement of communication with music
therapy have been tried with limited results. Trials of
theoretically artractive trearments in these areas have
been reported. Medications directed to possible correc-
tion of the underlying pathomechanisms have failed to
produce appreciative and sustained effects.

Seizure is one of the common symptoms of RS that
appears in early childhood. In such cases, administration
of a suirable anticonvulsant(s) is essential. However, there
is no antiepileptics specifically recommended for RS, and
some cases can be drug resistant.

The effort to control the abnormal respiratory patterns
is another challenge. Fach abnormal respiratory pattern
requires unique and special intervention. Some of the
phenotypes can partly respond to pharmacological inter-
vention, but others do not.

When physical therapy and orthopedic management of
scoliosis fail, surgical treatments are indicated.

With some patients, management of nutrition becomes
necessary, including gastrostomy.

General health care and prompt appropriate manage-
ment for the undercurrent or acute illnesses is also impor-
tant. All necessary managements for better quality of life
need to be considered.

Prognosis

Inidially, RS was thought to be progressive, but the clinical
course is basically one of a developmental disorder.

As for the life-expectancy, relatively healthy patients
survive into the fourth and fifth decades, although there is
an increased incidence of sudden death in adolescent
years. Cases surviving into their seventieth have been
reported.
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The catalytic subunit of DNA-dependent protein kinase
(DNA-PKes) is the key functional element @n the DNA-PK
complex that drives nanbomologoas end joinlng (NHED), the
predominant DNA doable-strand break (DSB) repair mechu-
pism operating fo rejoin such bresks in mammalian celis slter
expasure o fonizing rudintion, It has boen reported that DNA-
PKes phosphorylation and kinase activity are critical determi-
pants of radiosensitivity, based on responses reported afier
irradiation of asynchronously dividing populations of various
muotant cell lines. In the present study, the relative radiosensi-
tivity to cell killing as well as chromosomal instability of 13
DNA-PKes site-directed mutant cell Hnes (defective at phos-
phorylation sites or kinase actisity) were examined after
exposure of synchronized G, cells 1o 05 y raye DNAPKes
mutant cells defiective in phosphorylution al multiple sites within
the T26U9 cluster or within the PIIK domain displayed extreme
radiosensitivity, Cells defoctive at the S2086 cluster or T2609
single site alone were only mildly radiosomsitive; but colls
defective at even one site In both the S2056 and T2609 clusters
were maximally vadiosensitive, Thus & synergisor hetween the
capacity for tion at the S2056 and T260% clusters
was found to be celtical for lnduction of radiosendtivity, 2uuw

Hadlstkn Rewarct Swlvty

INTRODUCTION

DNA double-strand breaks (DSBs) are the principal
lesions responsible for the major hwiogml effects of
radiation. Suck DSBs can be repaired in mammalion
vells by ut least lwo major puthways: nonhomologous

b Address for comespondence: Department of Radintior Oasslogy,
University of Toxns Southwosiern Madical Center at Dallas, 2201
Inwoad Rd, Rm, NCLIQ, Tullas, TX 733008187 cmnil:
benfamin cher@utsonthwasternadu,

end joining (NHFEI), which aperates throughout the eell
cycle, or homologous rocombination repair {(HRR),
which operates during S or G; {/}, The NHEJ pathway
nses several cnzymes that capture both DNA onds and
bring them together in # synaptic complex to facilitate
direct ligation of the DNA break (2). One of the first
enzyns t¢ be attracted to DSBs s the Ku70/80
heterodimes: subsequently. the DNA-Ku7I80 scaffold
recruits a large 460-kDa serine/threoning kinase called
the DNA-dependent protein kinase catalytic subunil
(DNA-PKcs). The protein complex formed after the
association of both Ku7(80 and DNA-PKces at the
DNA ends is generally referred 1o as the DNA-
dependent protein kinase (DNA-PK). DNA-PK kinase
acuivily was shown 10 be dependent on the lunctional
Ku protein (3, 4). The xrs-6 cells defective in Ku DNA
binding lack DNA-PK activily und DSB8 repair, both of
which cun be restored in xrs-6 cells by introducing wild-
type Kull (31

A greater degree of radiosensitivity has heen reported
m terms of the cxtent of DNA repair, cell killing and
chromosomal aberrations in Ko-deficient colls than in
DNA-PKes-deficiont oclls {5 7). In addition, Ka70/80-
deficient xrs-3 and -6 oclls have been reported to have
greatly reduesd cellular repair throughom ool ey, no
raciation dose-rate effoct, and no repair of potem;aih*
lethal damage (3). The el cycle offect in particular
appears 1o be significantly different in Ku70/0-deficient
oells and DNA-PKes-deficient cells (9 14).

Several activites of DNA-PKes huve been shown o
contribute its {unction in DSB repair. including the
minnsic kinase activily and phosphorvlation. The kinuse
activity of DNA-PKcs is sssential for DSB repuir (45),
likely through phosphorylation and regulation of NTIES
factors including DNA-PKes itsell (2). Thus far, many
phasphoryladion residuss of DNA-PKes have been
identificd bath in vizre and in vive (16-22). Maost of the
DINA-PKes phosphorylation sites are in the §7TQ motify
(scrine or threonine followed by a glutamine residue)
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FIG. 1. Sommmary of DNAPKes mutations witkin the S2056 clusier, T2609 cluster und PI3K kinnse
domusin. |, §2056 phosphorylation cluster (refs. 16 7). 11, T280% phosphoryiation Guster {refs, 38 35, 11,

PIIK doentin (red. FASN

commaonly prosent in many DNA damage repair
proteins and are the cognate substrates of PIKK kimscs
(27}, In addition, the critical phosphorviation residucs of
DNA-PKes are largely concentrated at the T2609 and
the 52036 clusters (J6 20). Although the mechanism for
DNA-PKc¢s phosphorylation remains 1o be clarified, as
is the case lor its kinase activity, DNA-PKcs phosphor-
vlation is required for DSB repair.

The present study was designed to measure and
compare the relative radiosensitivity of GGG, synchro-
nized site-dirccted mutant cclls involving phosphoryla-
table residucs of the T2609 cluster (16 18), the S2056
cluster (79, 20), and the carboxyl-terminus PI3K domain
(13) of DNA-PKes. Radiosensitivity examined in
asynchronous randomly dividing cell populations may
be dependent on the cell Jine because it represents the
average response of a mixture of cells in different phases
of the cell cycle, pammlaﬂynfcd}smﬂmnm
radioresistant phases (24-26). In such instances the
vuntributions of other provesses such as ITIRR greatly
vomplicate the inlerpretation of resulls. We have thus
chosen to study synchronized cell populations in which
repair will occur primarily via the NIIET pathway to
reduce the confounding factor of differences in cell eycle
distribution amomg different cell hnes.

MATERIALS AND METHODS
Colf Liviex awed Colf Cubrars

For these studies, we emploved the wild-type Chinese humster oell
Fnes CHIO £27] aed AAS (28), NI deticient xrs.5 cells {26} and V3
vells (10} urad cell lines derived from DINA-PKcs nall V1 cells with
samplzmentsd humar DNAPKes (IWNA contziving aminn acid
substitutions ¢ varions positions thuy are described in e | und
Table | ({3, 18, 13, {19} The eslls were pwintained s 30°C in 2
Famidifed 93% ainds CO; simosphere in Bagle’s minimal essential
medium (MEM, comaining 32 mpfiter isoloucing) supplesented with
10% heat-inactivated foral bosine serum, pecicillin (50 pafml), and
sreptoteyein 30 mphml), When the cultares spprosched  30%
souflocace in T-25 tssue cuiture fasks, the sormal prowth mediow
was reenoved. The meedinn was then changed twice at 24-h intervals
to isolevrice-deficient MEM coniuining 55 3% dishyzed fetal bovine
serum lo syrchranize the cells in GJG, phase. mu;mm&wtm
imithried T day aller the second medium changs. At this time the celk
wers syrchronized in GJ00 phase (393 Cells wers pulse bihelesd with

36 i Bedl) for 15 min and then Bued in 708 athanol. Fixed celis
weore treated with () mgim] RNase A and IN HCT sequentially for
36 min at 37°C, then incubated with BedU conjugated with
mﬁmmﬂmﬂmm}fmszi&“c The celis wers unalyzed
using 3 FACSam low cylometer and CellQuest sollware {BD
Hinscremves), Althaugh mose thn HIE §-phsuse oells were abserved in
some of Une ol tines, others showed many feser S-phise cells alter
L-deficient syrchronization s shown in Table 2. The mese doubling
time was determined Trom the lizeur portion of the growlh curves of
the saporentially growng cell popalation,

Frradiation aed Chivay Formatice

Synchranized GGy cells weme inadiated asrobically &1 room
temperntare, The mdistion sowrce was & J, L. Shepherd snd
Associates Irmdintor that emittsd "Cs ¢ mays a1 3 dose mee of
2.5 Gyfmin. Swrvival curves were abtainsd hy messuring the colomy.
fmg ubility of irrudintsd ol populatians. Cellc wene pluted
pastirradiation onto 100-mm plastic petri diskes and incubated for 7
1 days Yor colony formation. The dishes were then fixad with 165
Mmekm&mﬁsmmm.\mym
more than S oells was seared 15 2 survivor,

Chromorane fwafyes

Exponcutially growing celis wore ieradisted with ™Cs ¢ rays at &
dose sate of 23 Gydmin, Coloewid was added to a fingl coaccatiativn
of | pp'ml starting ¢t 30 mie after irradiation, and the cclls were
barvested 4 h later so that the mitoric cells collscted woulkd have baen
in lateSG, phuse 21 the time of irradintion [¥51. Mitobic cells were
barveszed by trypsinization and byporonic treatuent. Cells were fived
in methanol acetic acid (Xl and chromosemes wers spread by air-
drying (313 Afrer the dides were stained with Gizman, chromosome
absrrations wers swared.

RESULTS AND DISCLSSION

Ina study using asyachronous exponentially growing
cells, it was reported that DNA-PKes oell lines
containing site-directed mutation at the S2056/T2609
clusters as well as the C-terminal phosphatidylinositol 3-
kinase (PI3K) kinase domain were radiosensitive (15
20). The synchronized DNA-PKes mntant ocll lines irs-
20 and V3 were very radiosensitive when irradiated in
the G, phasc (nearly the same a3 KuB0-deficient xrs-3
cells) but displayed rapidly increasing coll survival
{decreasing radioscnsitivity) when they were irmadiated
throughout § phase, pexking at late S phase und then
declinmg (73, 19, 12). Because other DNA repair



DNAPKe PHORSPHOR YLATIONS AND KINASE ACTIVITY IN RADIOSENSITIVITY 85

TABLE
Cell Liovs Derived from DNA-PRes Null V3 Cells with pri:mmird Human DNA-PKes eDNA Contuining Amine
Acid Substitstions af Yarions Positions in the DNAPKes Consfrucix
Substituled dommns
$2036 cluster 12609 Glaster* PLIK M
SHUEZ3 S2029 SMT SI08T SI0%6 TG0V N2612 TIA0 NI634 TI63E TIHAT YITLS LTS KITS2 D39

Coded Altered DNA-PRG
motanl  mutants (eomplensnind
vell fenes cDNAR

L1

Wild-type

VATA (SME6A § T209

Sluster to A)

VAIEA {T2R09 Clusler to A}
VIZA (SNI56AT609A )

VI-82058A

VATI6RA

L7 V3 {emply vector)
L8 VIKAS (kimase desd)

126474

Y3-KH20 (kinsse dead)
Y3-KC23 kenase dead)
V3-KDS] {kinase dead)
VISASIOS6cluslerto A1 A
V33A (FISUSAST 2838A)

A A A

B

A

A

l\
A

A A

* Serine {8} und threonine (T) substiutad by slunine (A} in the S2056 and TI609 clusler sites.
* YIKC2T mutant serries i Fnomeshifl 2l position of dmino acid 3713 thil readied in truncation of the profein fier 10 wmino dcids and loss
of the entire PIIK kirsse dowin,
" ¥I-KAL wetant substituted lysine 37352 (K3752) to arginine (R}
“¥3-KBI0 mutant substituted leucine 3750 (LITSH ol KI752 to arginine (R).
* VIKDSE mutaot substitoted aspurtic ackd (D) 1o aspurapioe (N).

prixesses such as ITRR also contribule o survival bul
operale virlually exclusively during S und G, it s
importunt to study radiosensitivity with synchronous
G,-phase eclls for proper interpretation of results. The

present study was performed with cells incubated in
isoleudine-deficient medium Lo syachronize the el
populations in G./G, phase (30). The radiosensitivity
of cells synchronized in G, by isoleucine deprivation i§

TABLE 2
Characteristics of Nonhradiated Chinese Hamster Celf Lines
Peroentans of S-phase oells Mode! chrompsme na.
Cell line Type of mutation i Asyn MDI (F per ol %)
CHO Wikd-type 34 613 14 395
AAS Wild-typs 14 343 13 M40
Xl Kuso nult {03 e 18 M OLD
1.1 Wikl-type 21 4.8 16 2w
1.2 DNA-PKos L% 434 13 ML
13 DNA-PKes g o 433 F RUTRAE:
14 DNAPKes 32 512 13 354214
1.5 DNAPKas 23 458 16 20188}
1.6 DNA-PKos §2.2 9.8 17 2
B DNA-PKes nall 0% Lk 1% i R paXiil
1.8 DNA-PRes {34 156 1% il
L9 DNA-PKe 131 a2 14 PN
L DNA-P'Kes 121 X 1% G5
-1 DNA-Kes 24 e 13 2 {4430
L-12-1 DNA-PKS 8.7 b U 2% B Lm
L-12-1%¢ DNA-FKG 28 48.2 {2 g
L-14 DNAPKes a1 #2.7 23 ERgE R ]

* Percentage of cells incarporsting Brdl) duricg 2 15-min pobelabeling afler 48 b 1L-deficient synchronizion oroin asyachronces cell

atian.

Mean doubling time (MDT) was devermined from the lineur porticn of growth curves of te axpopentally growing cell population,
* Madel chromosame numher per cell, More than 10 metaphuse cells were sworal Tor each cell Bre. No significant dilferences in ploidy were
found hebween nomirracdstead wnd srndinted cells, Numbers in parenthesys are penceniapes of vells soored with medel chromosome number.
“pwu clomes ware isohsted separately ws isdependent mutand choes.



86 NAGASAWA E7 AL

TABLE 2
Guamma-Ray Scasitivity snd Chromosomal Aberration Induced in DNA-PK Mutant Cell Lincs
Totd Chrompsrme. aberrations per cell Radistion

Cell Enc Type of munation 1, (Gsy Dy Gy 4{Gri 0.5 4Gy stnsitivine®
cHo Wikd:-type 117z 042 413z 0y Gt (13, LOST (139 N
AAR Wikl-Lype LIS = QD 435z 0% BA38 (139 L4 (1530 N
Xrs§ Kuf aull 048 = 00 972 = 0402 1 (106) LA (108 b\
11 Wild-typs 108 = 003 350 = 048 0019 (53} G170 (33} N
12 DNA-PRes 037 =002 114 2 008 LI53 (3% L2 (53 858
L3 DNA-PKo M2=0m LIZ 2008 G135 (159 0.5 (54 88y
L4 DNA-PKes 447 = 044 1.20 = 047 G128 (50 B2 (83N s5s
DNA-PKes 0.9 = 036 23Tz 01s BOTS (333 Mg (53} S
b DNA-PRG 092 =088 264 =04 0073 (3% LT 53 s
L7 DNA-PKes null 0.3 = 002 12+ 004 G094 (33 0.660 (53} 888
Ls DNA-PKes 035 = 002 LUe = 00s 0O (5 0.363 (39 S5
e DPNA-PKes 43+ 004 Lid 2020 DA 34 G2 (3% 858
-0 DNA-FRa 446 = 002 L1 = 006 DAST (106} .37 (108} 888
Lt DNA-FRes 436 & 0.02 LS % 0403 0084 (334 L.226 (3% 888
L-12-10 DNA-PKss Q.78 & 006 223 & 059 0189 (31 D388 3y S8
1-12-15 DNA-PKes Q70+ 012 241+ 049 0094 (105} 0334 {106) 88
142 DNAPKes G861 & 002 L3+ 61D 0180 (33} 01983 88

¥ D, & patanectes in te sulticarga equation (8 = |

[1-expd - DIOJTE the radiatios dose that roduses suevival o ¢ e, 0.379) of its

previous viloe on the cxpotential portion of the survival curve. Exch point sopresents of the mwan = SEM of the results from meone tan three

separle expermests,
* Du. rudistion dese veguired 1o reduce survival W 1073,

¥ Frequenvies of cheomosomal sberrstiovns wore normdizad 1o 21 chrsmosome per el bused un odel chromosome oumber per ool

Wa&i}.ﬂmﬁmmm&wmmzs@mm

¥ Radiosensitivity based on the D, valoe: N, soraw] (D, 1.0-1.4 Gy); S. slightly seasitive (D, 0.9 Gy} SS. seusitive (0, .6-0.9 Gy SSS, very

sensitive (O, 0.3%40.7 Gy).

similar to that of cells synchronized in G, by allowing
harvested mitotic oglis to progress into G, (33).

The experiments were varried out aflter all cell line
designations were coded blindly as lines 1-12 and 14
without knowing the genolype of each cell line
Radiation efTects on survival and chromosomal aberra.
tions were examioed in the site-directed mutant cell lines
with mutations at the S2056 cluster, the T2609 cluster
and the PI3K domain (Table 1 and Fig. 1), Table 3
shows ccll killing after ircadiation in GJG, as well as
radiation-induced total chromosomal aberrations in late
$iG-phase cells among the various Chinese hamster o2l
lincs comparcd to the DNA-PKes site-dirccted mutant
ccll lincs. We measurcd the D, and 0, from complete
survival curves for determining relative radiosensitivity
as deseribed in the last column and footnotes in Tahk 3.
These survival curves are shown graphically in Fig, 2

Both the L2 and L-3 cell Enes contain the mutated
T2609 cluster, in which all six serine/threonine sites were
replaced with alanine (A). When irvadiated in the GJG,
phase, these cell Jines were very radiosensitive and fell in
the same shaded arca on the dose-survival plot as xrs-5
and V3 cells {L-7 cmpty vector) (Fig. 2A). L~14 cells also
containing a mutated T2609 cluster with three threoning
residucs wore replaced with alanine (T2609A/T263R8A/
T2674A} and showed intermodiate radiosonsitivity, but
they were more radiasensitive than 1.6 cells, in which
only & single amino scid was replaced (T2609A)
(Fig. 2A).

The single-site replacement of alanine in L-3
(S2056A) and L-6 {T2609A) mutant «ll lines resulted
in only mild bypersensitivity to radiation. However, 14
(S2056A/T2609A) cells displayed  synergistically in-
creased radiosensitivity comparcd to cell lings with
camplete loss of the T2609 cluster {1.-3) or complete loss
of the 52056 cluster, The hyper-radiosensitivity of 4
cells in GG is distinctive from the mild radiosensitivity
when  cxponentially growing cclls wore drradiated,
whereas [-5 {(S2036A) colls showad similar radiascnsi-
tivity ta ¢ rays m GGy phase or in asynchronous
vonditions (18, {9).

It bas been reported that the measurement of NHEJ
direct end joining relative to alieraative microhomology-
directed end-joining activity increased dramatically in
celis defective in NHEJ compared to the normal cell
lines (34). Alhough there was no significant difference
in iopizing radiatiop-induccd ool killing between
S2056A (L-3) and S2036A/T2009A (1-4) cclls when
they wore irradiated in asynchronous cultures, measure-
ment of microhomology-directed end joining showed &
significant increase (~80%) in S2056A/T2609A (1.-4)
colls as weoll as in V3 {[.-7} cclls, whoreas S2056A (1.-5)
and T26D9A (1.-6) cclls showed less induction (~005:) of
microhomolagy-dirceted end joining (79). The difference
in micrahomology-dirceted end joining suggests that
NHEJ repair i severcly compromised in L4 (S2086A7
T2609A) cells, reflecting the hyper-radiosensitivity of L~
4 cells irradiated in GofGr . The results also imphied that
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FIG. 2. Paocd A Survival curves of sate-divestod wotant eoll Lines with sasine scd seplacesucnt i the 2056 and 126809 dusters. Colosod ascas
indicate difftrcatial radiosensitivities: green, D, — LO-1.4 Gy vellow, By < 0.6-0.9 Gyv: . B - 0.35-0.7 Gy, Pasel B: Survival curves of site-
directed mutkat coll lines with seplacement of amino acid or framoshift sutation on PISK domain. Colored nreas hndictte differential

rushoscusitivities as describad sbove,

the two sites (82036 and T2609) may have some kind of
interaction or synergistic elfect on radiosensitivity. It is
nol clear why there are larpe differences in sensitivity for
radiation-induced cell killing between L-4 and L-S/L-6
cells. Although the 52056 and T2609 clusters are 553
amingo acids aparnt {Fig. 1), this does not exclude a closer
location that depends on the three-dimensional structure
of DNA-PK¢s leading to synergistic interaction that
could inercasc radiosensitivity in the L4 cell ling,

The kinase activity of DNA-PKces is essential for
NHEJ repair because kinase-dead DNA-PKes mutant
cell lines (L-8, .9, <10 and -11}) with site-directed
mutations within the conserved PIIK donuain sigaifi-
cantly Jowered DNA-PKcs kinase activity and increased
radiosensitivity, ¢ven though they contained different
amino acid substitutions or truncation (15, All four
kinasc-dead mutant ool lines were vory sensitive when
the cells were irradiated in G/G, phase (Table 3 and
Fig. 28) and displayed five to ten times  greater
radiosensitivity in G/, phase than in asynchronous
oclf populations with 2 Gy (43).

In addition to mvestigating radiosensitivity of each
mutant cell lines in GJ/G., we found that ancuploidy
occurred in soveral DNA-PKes mutant coll lincs, as
shown in Table 2, The L-2 and L-3 cell lincs, in which all
six phosphorvlation residucs of the T2609 cluster ware
substituted to alaning, were both very radiosensitive and
ancuploid. Ancuploidy was also found in 1.-4 (820506A/7
T2609A) cclis bt not in the single-site mutated 1-3
(S2056A) and L-6 (T2608A) cell lines. On the other
hand, two L-12 cell nes (L-12-10, 1.-12-15) :n which ull
five pulative phosphorylution residues of the 82056

cluster were substituted to alanine showed canly mild
rachiosensitivity in GJ/G: phase (Table 3 and Fig. 2A)
but dnp!ayed severe aneuploidy {Table 2). All four
kinase-dead mutant cell lines with dilferent ypes of
mutations at the PI3K domaia were very radiosensitive
(Table 3 and Fig. 2B), but oaly the L-9 cell line was
aneuploid (Table 2). While there was no direct cause-
and-cffect relationship seen between ancuploidy and
radiosensitivity, it cannot be ruled owt that certain
DNA-PKes mutations can lead 1o a propensity to
dovelop ancuploidy,

Total spontansous chromosomal aberrations as well
as chromosomal aberrations induced by 0.5 Gy v rays in
G+ were analysed in wild-type (CHO and AAS) and
NHEJ mutated cells (tKu 7080 deficient ars-3 and DNA-
PKos site-directed mutant <ell lines). There were higher
frequencies of spontaneous chromosomal abesrations in
NHEJ mutated cells than in wild-type CHO and AAS
celis {Table 3). This may suggest that these mutant cell
lines developed genctic instability andfor ancuploidy
during the process of establishing stable mwutant clones
(Tables 2 and 3). An assay of radiation-induced G,
chromosomal aberrations was performed by irradiating
exponentially growing eclls foliowed by 4 h of Coleemid
freatment starting 30 min after irradiation, Mitotic oclls
collected under this protocol would have been in lae &
(3, phase at the time of irvadiation (4¥). The G.-phasc
chromnsomal assay has been applied to number of
rachosensitivity and cancer predisposition  syndromes
(35381 Chinese hamster cells deficient in cither NHE]
or HRR showsd similar increases in radiation-induced
chromosomal aberrations in late S/G, phase (39-42).
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Alfter 0.5 Gy of 1 rays, total chromosomal aberrations in
late S{G.-phase cells were also significantly elevated Ior
all NHEJ mutant cell lines compared with the wild-ype
CHO and AASB, except the L-§ and L-6 cell lines
(Table 3). These two cell lines showed near normal
radivsensitivities and near diploid chromosome numbers
(Tables 2 and 3). It is notable that L-12 cells, which
contain the mutated 2056 cluster, in which all five
serine sites were replaced with alanine, displayed 2 high
frequency of spontancous and radiation-induced chro-
mosomal aberrations, although L-12 oclls showed only
mild radiosensitivity in GG, phase (Table3 and
Fig. 2A).

The relationship between DNA-PKos activity and
DSB repair underlying the NTIET mechunism has boen
widely studied. Results from the current study provide
further insight into the comtributions of different
maodifications of DNA-PKes activity (phasphorylations
and kinase activity) to radiosenaitivity phenotypes in G/
Gy-phase cells, Mice deficient in DNA-PKes and NHEJ
componeats have been chamacterized by increased
sensitivity 10 agents causing DNA damage as well as
o chromosomal nstability, immunodeficiency and
predisposition 1o thymic lymmphomas (43). Studies of
chnikal sumples have adso correlated DNA-PKGs uctivily
with cancer risk and prognosis. A reduction of DNA-
PR expression or DNA-PK kinase activily in periph-
eral hlood lymphacytes (PBL) has heen found in
bronchial epithelial cells (2 progenitor cell for lung
cancer) (44) and was assoclated with a risk for breast
and wutcrine corvix cancer as well as an incroased
frequency of chiromosomal aborrations (47). Negative
expression of DNA-PKes has also been correlated with
tumor progression aad poor patient survival in gastric
cancer (451, Revently, several point mutations of DNA-
PKes have been identified in breast tumor samples: one
such mutativn, Thr2é609Pro, occurred specilically al the
T2809 phosphorvlation cluster (471, Taken topether,
these resulls supgest a lumor suppressor role of DNA-
PKus in the development of cuncer.

In summary, this study focused on radiosensitivity and
chromosomal instability in site-directed DNA-PKos
mutant cell Hises after ¢ ireadiation in the GG, phase.
Very chear dillerences i sadiosensitivity were observed
among cell Boes mutated in the T2609 cluster, the 82036
cluster amdd the PI3K kimase domain, AddiGonally, un
inleresting synergsim between defects in phosphorylution
sites thut occur together in both the $20%6 and 12609
clusters was found to be eritscal for conferring maximum
hyporsensitivity to radiationanduced celi killng. compa-
rable to DNA-PKes null mutants,
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Although somatic cell nuclear transfer (NT) and in vitro fertilization (IVF) have the poten-
tial to produce genetically superior livestock, considerable numbers of abnormally large
animals, including sheep and cattle affected by “large offspring syndrome” (LOS), have
been produced by these assisted reproductive technologies (ART). Interestingly, these phe-
notypes are reminiscent of Beckwith-Wiedemann syndrome (BWS) in humans, which is
an imprinting disorder characterized by pre- andfor postnatal overgrowth. The imprint-
ing control region KvDMR1, which regulates the coordinated expression of growth control
genes such as Cdknlc, is known to be aberrantly hypomethylated in BWS. Therefore, we
hypothesized that aberrant imprinting in this region could contribute to LOS. in this study,
we analyzed the DNA methylation status of the Kenqlot1/Cdknic and Igf2/H19 domains
on bovine chromosome 29 and examined the coordinated expression of imprinted genes
surrounding them in seven calves derived by NT (which showed signs of developmental
abnormality), two calves conceived by IVF (both developmentally abnormal), and three
conventional calves that died of unrelated causes. Abnormal hypomethylation status at an
imprinting control region of Kenglot1/Cdknic domain was observed in two of seven NT-
derived calves and one of two IVF-derived calves in almost all organs. Moreover, increased
expression of Kenglot! and diminished expression of Cdknlc were observed by RT-PCR
analysis. This study is the first to describe the abnormal hypomethylation of the KvDMR1
domain and subsequent changes in the gene expression of Kcnglot! and Cdknic in a sub-
set of calves produced by ART. Our findings provide strong evidence for a role of altered
imprinting control in the development of LOS in bovines.

© 2010 Elsevier B.V, All rights reserved.
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1. Introduction

Assisted reproductive technologies (ART) such as
nuclear transfer (NT) and in vitro fertilization (IVF) have
been used to produce genetically superior livestock. How-
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ever, animals produced by ART techniques suffer from a
higher frequency of various abnormalities including large
size at birth, enlarged umbilical cord, and enlarged organs
{Behboodi et al., 1995; Constant et al., 2006; Wilmut et
al., 2002; Young et al., 1998). These alterations in phe-
notype, called “large offspring syndrome” (LOS), have not
only been observed in cattle but also in sheep (Wilmut et
al., 1997, 2002) and mice (Eggan et al,, 2001; Fernidndez-
Gonzalez et al., 2004; Wakayama et al., 1998) produced
by ART techniques. These phenotypes are reminiscent of
Beckwith-Wiedemann syndrome (BWS) (OMIM:130650)
in humans, an overgrowth syndrome associated with con-
genital malformations and tumor predisposition (Amor
and Halliday, 2008; DeBaun et al., 2003; Maher et al.,
2003; Maher, 2005; Manipalviratn et al., 2009; Shiota and
Yamada, 2005).The molecular basis of BWS is complex and
heterogeneous. The syndrome is associated with epigenetic
alterations at 1 of 2 imprinted domains on human chro-
mosome 11p15.5, KvDMR1 and ICR1 (Enklaar et al., 2006;
Ideraabdullah et al., 2008; Delaval et al., 2006; Smith et al.,
2007, Weksberg et al., 2003, 2005). According to previous
studies (Horike et al., 2000), KvDMR1 is associated with
a paternally expressed untranslated RNA (Kcnglot1) and
downregulation in cis of CdknIc expression. An alternative
focus whose aberrant imprinting has been implicated in
LOS is ICR1. ICR1 is associated with the expression of genes
12f2 and H19, but not more centroric genes such as Cdkn Ic.
Several studies have shown that epigenetic alterations in
the Igf2/H19 domain are associated with LOS in cattle,
sheep, and mice produced by ART technigues (Curchoe et
al,, 2009; DeChiara et al,, 1991; Doherty et al., 2000; Khosla
et al, 2001; Li et al, 2005; Moore et al., 2007; Yang et
al., 2005; Young et al., 2003; Zhang et al.,, 2004). However,
50% of sporadic BWS cases show loss of CpG methylation
at KvDMR1, which may function as a regional imprinting
center on the Kenqlot1/Cdknlc domain. Therefore, it is pos-
sible that LOS is related to the loss of CpG methylation at
KvDMR1, leading to diminished expression of Cdkn1c.

Indeed, Couldrey and Lee (2010} have recently reported
hypomethylation of KvDMR1 in mid-gestation bovine
fetuses produced by NT. They have suggested that methyla-
tion levels at KvDMR1 might be associated with the variable
overgrowth phenotypes seen in NT fetuses. However, it
remains unknown whether hypomethylation at KvDMR1
is linked to the aberrant expression of Kcnglotl, Cdknlic,
Igf2, or H19. In this study, we analyzed the DNA methyla-
tion levels of the Kenglot1/Cdknic and Igf2/H19 domains
on bovine chromosome 29 and examined the expression
of Kenqlotl, Cdknic, HI9, and Igf2 in NT- and IVF-derived
full-term calves. Here we show that loss of CpC methyla-
tion of KvDMR1 and aberrant gene expression of Kenglot!
and Cdknlc may contribute to LOS in animals conceived
using ART techniques.

2. Materials and methods
2.1. Collection and maturation of cocytes
Cow ovaries were obtained from a slaughterhouse and

transported to the laboratory in physiological saline at
20°C. Cumulus oocyte complexes {COCs) were recovered

from ovaries by aspiration using disposable pumps. Groups
of 20-40 were matured in a 100-pL drop of Tissue Culture
Medium-199 (TCM199) (Invitrogen, Carisbad, CA) with 5%
calfserum (CS)covered with paraffin oil for 20h in a humid-
ified environment of 5% CO; in air at 38.5°C.

2.2. Donor cells, NT, and embryo transfer

Adult ear fibroblast cells from Japanese black bull
at passages 4-10 were used for NT. NT was performed
according to the method described by Goto et al. (1999)
with minor modifications. Briefly, metaphase I oocytes
were stripped of cumulus cells by pipetting in phosphate-
buffered saline (PBS) with 0.5% hyaluronidase (Sigma, St.
Louis, MO). The zonae pellucidae of the oocytes were cut
near the polar body and enucleated with a glass nee-
dle by pushing out the cytoplasm, including the nucleus,
in PBS containing 20% CS and 5pg/mL cytocharacin B
(Sigma). Successful enucleation was verified by visualizing
the polar body under UV light after staining with 5 pgfmL
Hoechst 33342 (Sigma) in PBS. The adult ear fibroblast
cells were prepared by trypsinization and resuspended in
TCM199 with 5% CS. Single cells were transferred to the
perivitelline space and electrically fused with one pulse
of 25V for 50 us using a needle-type electrode in Zim-
merman medium. The fused embryos were incubated in
TCM 199 with 5% CS and 10 pg/mL cycloheximide covered
with paraffin oil for 6h. After the activation treatments
described above, the nuclear-transplant oocytes were cul-
tured in CRlaa medium (Rosenkrans et al, 1993) with
5% CS under the same conditions used during oocyte
maturation for 8 d. A single morphologically normal
blastocyst developed to the blastocyst stage was trans-
ferred nonsurgically to the uterine horn of a synchronous
recipient.

2.3. IVF

The IVF was essentially performed as described previ-
ously (Imai et al., 2006). Briefly, straws of commercially
frozen sperm from a single Holstein bull were thawed in
a water bath at 37°C, layered on top of 3mL 90% Percoll
(Parrish et al,, 1995), and centrifuged at 750 x g for 10 min.
The top layer was discarded, spermatozoa were washed
with Brackett and Oliphant (BO)} medium (Brackett and
Oliphant, 1975), and the concentration of spermatozoa was
then adjusted to 3 x 10° spermatozoa/mL in BO medium
containing 5mM hypotaurine (Sigma), 2U/mL heparin
{Novo-Heparin Injection 1000; Aventis Pharma Ltd., Paris,
France), and 10mg/mL BSA (Sigma). Droplets of the sper-
matozoa suspension (100 uL) covered with paraffin oil
were prepared, and approximately 20 oocytes matured in
vitro were transferred to each droplet and incubated for
6 h. After insemination, presumptive zygotes were stripped
of cumulus cells by pipetting, washed in CR1aa contain-
ing 5% CS, and cultured under the same conditions used
during oocyte maturation for 7 d. Morphologically normal
blastocysts developed to the early-blastocyst or blastocyst
stage were transferred nonsurgically to the uterine horns
of synchronous recipients.
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Table 1

Symptom features of the clones and IVF calves used in this study.
Cattleno.  Breed Sex Body weight (kg  Overweight  Enlarged umbilicalcord  Enlarged organ  Day of death
Clone-1 Japanese black Male 480 + + - 1
Clone-2 Japanese black Male 68,5 + + - 21
Clone-3 Japanese black Male 62.0 + + + 2
Clone-4 Japanese black Maie 575 + + - 2
Clone-5 Japanese black Male 51.0 + + - 219
Clone-6 Japanese black Male 39.5 * - - 120
Clone-7 Japanese black Male 450 * - - 5
VF1 Holstein Female 60.0 * + - 5
V2 Holstein Femnale 60.0 * + - 1

4 At birth {normal weight: Japanese black, 29.5kg; Holstein, 45 kg (average weight of calves produced by artificial insemination or embryo transfer at

National Livestock Breeding Center, Tokachi station)).

2.4. Calves produced by NT or IVF and preparation of
genomic DNA

Production of NT or IVF calves was carried out according
to the Guide for Care and Use of Experimental Animals at
the National Livestock Breeding Center and the Fundamen-
tal Guidelines for Proper Conduct of Animal Experiments
and Related Activities in Academic Research Institutions
under the jurisdiction of the Ministry of Education, Culture,
Sports, Science and Technology of Japan. Nine calves, ie.,
seven derived by NT (clones-1, -2, -3, -4, -5, -6, and -7) and
twoby IVF(IVF-1 and 2), were used in this study. All animals
died or were slaughtered due to musculoskeletal abnor-
malities within 219 d after the perinatal period. Individual
clinical characteristics are listed in Table 1. Three animals
produced by conventional breeding that died within 163
d after birth due to accidents or diarrhea were used as
controls {(normal-1, -2, and -3). Lung, heart, liver, kidney,
and spleen samples were recovered from each calf. Al tis-
sues were collected immediately after death, Genomic DNA
from organ samples of NT, IVF, and conventional calves
was extracted using Wizard® Genomic DNA Purification Kit
(Promega, Valencia, CA) according to the manufacturer’s
instructions.

2.5. DNA methylation analysis by Hpall-Mspi-McrBC
PCR assay

Chromosome 29 of Bos taurus contains an imprinted
chromosomal region orthologous to the human 11p15.5
region and mouse distal chromosome 7, a 1-Mb clus-
ter of evolutionarily conserved imprinted genes with two
imprinting control regions (ICR1 and KvDMR1) (Beatty et
al., 2006; Horike et al., 2000, 2009). Sequences of bovine
Kenglotl, Cdknle, Igf2, and H19 on chr 29 were predicted
using the UCSC Genome Browser (http://genome.ucsc.edu)
(Fig. 1A). Primer pairs for the Hpall-Mspl-McrBC PCR
assay were designed in the Cdknic promoter region,
KvDMR1, and ICR1 (Fig. 1B and C) using Primer3 soft-
ware (http://frodo.wi.mit.edu/primer3). The sequences of
primers were as follows: Cdkn1c promoter forward primer
5-CCTTGCAGACAAAGGAGCTG-3' and reverse primer 5'-
GACTGCTCCTGAGGCTCGTT-3"; KvDMR1 forward primer
5-GTCTGGGCTCACAGTGCTC-3" and reverse primer 5'-
GTGGACTCAGCTACGCGACT-3'; and ICR1 forward primer

5'-AGGCTCACACATCACCACAA-3" and reverse primer 5'-
AGGCTCAGATGAGTGCCTGT-3".

Genomic DNA (3 pg) was digested with 30U Hpall,
Mspl, or McrBC overnight at 37°C in 100 pL of reaction
mixture following the instructions of the manufacturer
(Hpall, Mspl and McrBC; New England Biolabs Inc., Mas-
sachusetts, USA.). After incubation, digested samples were
purified by phenol-chloroform extraction and ethanol pre-
cipitation and dissolved in distilled water. For PCR, 1.0pL
(50ng) of digested genomic DNA was used in a 20-pL
PCR reaction solution. PCR was performed using GoTaq®
Master Mix {Promega) for KvDMR1 and ICR1, or KOD FX
(Toyobo, Osaka, Japan) for Cdknic promoter. For KvDMR1
and ICR1, we repeated all reactions at least three times
with the following PCR cycling protocol: 2 min heat start
at 95°C and 29 cycles of denaturation at 95°C for 30s,
annealing at 58°C for 30s, and extension at 72°C for
1 min. For the CdknIc promoter, cycling protocol consisted
of Zmin heat start at 94°C and 30 cycles of denatura-
tion at 98°C for 10s, annealing and extension at 68°C for
1 min.

2.6. DNA methylation analysis by bisulfite sequencing

Bisulfite conversion of genomic DNA and purification
of modified DNA was conducted using EpiTect® Bisulfite
Kits (Qiagen, Hilden, Germany) according to manufac-
turer's instructions. Specific primers for the amplification
of bisulfite-treated DNA were designed at the regions
consistent with Hpall-Mspl-McrBC PCR assay (Fig. 1B
and () using MethPrimer (http://www.urogene.org/
methprimer) as follows: KvDMR1 forward primer 5'-
TTGGATTTGTGTTTGGAGGTTAT-3' and reverse primer
5'-AACTCAAAATTTCCACTACACCTAAAA-3"; ICR1 forward
primer  5'-TTITAGATAGGGTTGAGAGGTTGTG-3' and
reverse primer 5-AACCCTATAAACCACTATAATATCC-3'.
PCR was performed using GoTag® Master Mix (Promega).
PCR conditions were as follows: 2 min heat start at 95°C
and 32 cycles of denaturation at 95°C for 30s, annealing
at 58°C for 30s, and extension at 72°C for 30s. The
PCR products were directly cloned into the pGEM®-T
Easy vector (Promega). Twenty individual clones were
sequenced from both ends using a 310 Genomic Analyzer
(Applied Biosystems Inc., Foster City, CA) according to the
standard protocol. In order to evaluate the differences
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Fig 1. Methylation analyses of chromosome 29 in cattle produced by NT, IVF and normal reproduction. A: Physical map of the imprinted cluster in bovine
chromosome 29. Previously identified genes or transcripts (boxes) are drawn approximately to scale. Transcriptional orientation is indicated by arrows
and arrowheads. Open circles indicate unmethylated CpG sites and filled circles indicate methylated CpG sites, We examined the DNA methylation status
of the CdknIc promoter, ICR1, and KvDMR1 using Hpall-Mspl-McrBC PCR assays. B: Bovine KvDMR1, with five ESTs indicated by filled circles. The primers
used for Hpall-Mspl-McrBC PCR, bisulfite modification PCR, and RT-PCR are indicated by open, filled, and spotted arrows, respectively. The genomic region
analyzed by Couldrey and Lee (2010} is indicated by an open box. C: The ICR1 domain upstream of H19. The filled triangles indicate putative CTCF-binding
sites. The primers used for Hpall-Msp!-MerBC PCR. bisulfite modification PCR, and RT-PCR are indicated by open, filled, and spotted arrows, respectively.

in the CpG methylation density (methylated CpGs/ftotal
CpGs) between normal and ART calves, a comparative
statistical analysis was performed. Arcsine transformation
was applied for the values of CpG methylation density.
The mean and 95% confidence interval of the transformed
values from three normal calves was calculated. The
values from NT and IVF calves were compared to those
from normal calves and any values above or below the 95%
confidence intervals were considered to be statistically
significant.

2.7. RT-PCR analysis

Total RNA was extracted using TriPure Isolation Reagent
(Roche, Mannheim, Germany) according to the manufac-
turer’s instructions. To remove any possible contamination
of gDNA, the total RNA was treated with RNase-free DNase
1 (Takara, Shiga, Japan). First strand cDNA synthesis was
carried out using the PrimeScript [ 1st strand cDNA Synthe-

sis Kit (Takara) according to manufacturer’s instructions.
For expression analysis of Kenglotl, Cdknlc, Igf2, and H19,
RT-PCR analysis was performed by using GoTaq® Master
Mix (Promega). We repeated all reactions at least three
times with the following cycling protocol: 2 min heat start
at 95°C and 35 cycles of denaturation at 95¢C for 30s,
annealing at 55°C for 30s, and extension at 72°C for
30s. Gene-specific primers were designed from bovine
EST sequence data (Table 2). All primers were designed
to encompass at least one intron, with the exception of
Kenglotl. The imprinting analysis of Kenglotl in normal
crossbred cattle (Japanese black X Holstein) was performed
using the forward primer 5'-TTGCTATGTTCCTCCCTGCT-3
and the reverse primer 5-ACCCCCATCTCTACCCTGAA-3'.
The imprinting analysis of Kcnglot1in IVF-2 was performed
using the forward primer 5'-CCAGAATGGGAGGAGAGTCA-
3’ and the reverse primer 5'-ACACCACACACTCACCCTGA-3".
The PCR product was then directly sequenced using the 310
Genornic Analyzer.
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Table 2
Primer sequences, GenBank accession numbers, and RT-PCR product size.
Sequence (§' « 3} GenBank accession no. Product size (bp)
Cdknic Forward: GCC TCTCAT CTC CCACTT CTT BC123620 355
Reverse: CAG TGT ACT CCT TGG GCA GA
Kenglort Forward: GAAGGCCTTGTACCAGCAGA DN546635 340
Reverse: CCCGGTCCTGAATAAGATCC
Igf2 Forward: ACCCTCCAGTTTGTCTGTGG BC126514 349
Reverse: GCTCACTCTTGGCCTCICTC
H15 Forward: TGA TAT GGT CCG GTG TGA TG CN433427 320
Reverse: CGTCCGTTC CITTAGGTC AA
Gapdh Forward: ACC CAC AAC ACT CTC GATGC DV778924 345
Reverse: CCC AGC ATC GAA GCT AGA AG
3. Results methyl cytosine, to uracil. Following PCR amplification of

3.1. Methylation status of the promaoter region of Cdknlic,
ICR1, and KvDMRT in NT, IVF, and normal calves

The imprinting control region KvDMR1 is known to be
aberrantly hypomethylated in BWS, which shows features
akin to those of LOS, and therefore aberrant imprinting
in this region could contribute to LOS. We examined the
DNA methylation status of the Cdknic promoter, ICR1,
and KvDMR1 using Hpall-Mspi-McrBC PCR assays (Fig. 1).
Digestion profiles were visualized by PCR amplification.
Hpall and Mspl recognize the CCGG sequence, but Hpall
digestion is inhibited by CpG methylation at the internal
cytosine while Mspl is not. McrBC cleaves DNA containing
a methylated cytosine and does not act upon unmethy-
lated DNA (Fiona et al., 2000; Panne et al., 1999). In the
case of a fully methylated sequence, amplification would
be obtained only from the Hpall-digested template. In con-
trast, an unmethylated sequence is digested only with
Hpall but not with McrBC, and hence amplification would
be obtained only from the McrBC-digested DNA. If the
target sequence is differentially methylated, such as the
imprinting control region, amplification will be obtained
from both Hpall- and McrBC-digested DNA. We employed
these enzymes to screen DNA methylation status in lung,
heart, liver, kidney, and spleen samples from NT, IVF, and
normal calves. For the CdknIc promoter, amplification was
obtained only from the McrBC-digested DNA, as indicating
that both maternal and paternal alleles are unmethylated
{data notshown). For KvDMR1, clone-3 {except the spleen),
clone-5, and IVF-2 {except the liver) displayed dimin-
ished amplification from Hpall-digested DNA; all other
samples demonstrated differentially methylated status
(Fig. 2A). Thus, the Hpall-Mspi-McrBC PCR assays revealed
aberrant KvDMR1 hypomethylation in clone-3, clone-5,
IVF-2, although comparable amplification from Hpall- and
McrBC-digested DNA was observed in some organs {(data
not shown). For ICR1, amplification was obtained from both
Hpall- and McrBC-digested DNA from all samples, indicat-
ing that this region is differentially methylated (Fig. 3A).

We further confirmed the results obtained from the
Hpall-Mspl-McrBC PCR assays by bisulfite sequencing
analysis. Treatment of DNA with sodium bisulfite leads
to the conversion of unmethylated cytosine, but not 5-

KvDMR1 and ICR1 from bisulfite-treated DNA, the PCR
products were cloned into the pGEM®-T Easy vector and
individually sequenced. The CpG methylation density of
KvDMR1 in lung samples from normal-1 (49.8%, 199/400),
-2 (47.0%, 79/168), and -3 (45.8%, 103/225) was consis-
tent with the Hpall-Mspl-McrBC PCR results. The CpG
methylation density of KvDMR1 in clone-3 (11.6%, 58/500),
clone-5 (23.0%, 109/475), and IVF-2 (32.2%, 228/708) were
low compared with those of control, also confirming the
Hpall-Mspl-McrBC PCR results (Fig. 2A, Table 3). The
arcsine-transformed values of clone-3 (0.116), clone-5
{0.23), and IVF-2 (0.332) were below the confidence inter-
val of the transformed values from the three normal calves
(0.437-0.554). Thus, these methylation densities were con-
sidered to be significantly lower than those of controls.
In addition, we identified a single nucleotide polymor-
phism (SNP) at KvDMR1 in IVF-2, enabling us to distinguish
between parental alleles at KvDMRI1. Bisulfite sequenc-
ing confirmed that the methylated allele (allele1: perhaps
the maternal allele, Fig. 2B) is specifically demethylated
in IVF-2, indicating aberrant hypomethylation status, The
KvDMR1 methylation densities of clones-1, -2, -4, -6, -7
and IVF-1 were 45.4% (227/500), 52.8% (264/500), 74.0%
(296/400), 54.0% (270/500), 66.3% (348/525), and 44.4%
(79/168), respectively (data not shown). For ICR1, although
Hpall-Mspl-McrBC PCR demonstrated that the amount of
PCR products obtained from Hpall- and McrBC-digested
DNA were almost equal, bisulfite sequencing demonstrated
a hypermethylation trend in the CpG methylation den-
sity of lung samples from normal-1 (66.2%; 176/266),
clone-3 (65.4%, 170/266), -5 (70.7%, 198/280), and IVF-2
(69.9%, 380/546) (Fig. 3B). However, the CpG methyla-
tion densities of ICR1 in normal-2 and normal-3 were also
77.4% (412/532) and 63.1% (159/252), respectively (data
not shown). Since the arcsine-transformed values of clone-
3 (0.713), clone-5 (0.785), and IVF-2 (0.774) were within
the confidence interval of the transformed values from
the three normal calves (0.498-1.02), these hypermethy-
lation trends were considered normal. Therefore, these
hypermethylation trends were due to bias in the bisulfate
sequencing assay, as reported previously (Curchoe et al.,
2009; Kremenskoy et al., 2006). Finally, we concluded that
there are no differences in the CpG methylation pattern at
ICR1 among NT, IVF, and control animals.
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Fig.2. DNA methylation status of KvDMR1 inlung samples from NT, IVF and normal cattle. A DNA methylation status of KvDMR1 using Hpall-Mspl-McrBC
PCR assays. B: Methylation profiles of 25 CpG dinucleotides of KvDMRT1. Each circle indicates a CpG site in the primary DNA sequence, and each line of
circles represents analysis of a single cloned allele. Filled circles represent methylated CpGs, and open circles represent unmethylated sites. Scores for the
methylation of each CpG were obtained by sequencing PCR clones derived from bisulfite-treated genomic DNA. “A” in [VF-2 indicates GJA SNPs.

3.2. Expression analysis of Kenglotl, Cdknlc, H19, and
1gf2 genes in clone-3, 5, IVF-2 calves

To determine whether hypomethylation at KvDMR1
was linked to the aberrant expression of Kenglotl, Cdknlic,
Igf2, or H19, we performed RT-PCR analysis on lung and
kidney samples from clone-3, -5, and IVF-2, and compared
gene expression patterns with those of a normal calf. The
expression of Gapdh was used as a control. We exam-
ined the expression of Kcnglot1 transcripts defined by five
expressed sequence tags {ESTs) across the 60-kb Kcnglot!
locus (Fig. 1). In comparison to the normal calf, Kcnglot1

Table 3

transcript levels were increased in clone-3, -5, and IVF-
2, whereas the Cdknlc transcript levels were reduced, No
significant differences between clone-3. 5, or IVF-2 and
the normal calf were detected in H19 or Igf2 expression
(Fig. 4, Table 3). We also examined the imprinted expres-
sion of Kcnglotl in lung tissue from normal cattle and
IVF-2 by using SNPs, enabling us to distinguish between
parental alleles of expressed Kengiot1 {Fig.5). The imprint-
ing analysis confirmed that bovine Kcnglot] transcripts are
monoallelically expressed in normal lung tissue. In IVF-2,
the Kcnglot! transcripts were biallelically expressed, con-
sistent with the aberrant CpG methylation of KvDMR1.

Summary of KvDMR1 methylation analysis and imprinted expression in NT, IVF, and normal cattle,

Clone-1 Clone-2 Clone-3 Clone-4 Clone-5 Clone-6 Clone-7 {VF-1 IVF-2 Normal-1 Normal-2 Normal-3

Methylation {lung)

Signs of developmental abnormality + + + +
Hpall-Mspl-McrBC assay DM DM Hypo® DM
Bisulfite sequence assay (%) 454 528 116 74.0
Expression {lung and kidney)

H19 +* ¢ L +
g2 + * ) *
Kenglotl * L ] Tt *
Cdknlc ] 1] i L

iy

P O

2]

Hypo DM DM DM Hypo DM DM DM
230 54.0 66.3 444 322 498 470 458

L] * L] 4 L ¢+ ¢
¢ L L] ¢ L ¢ ¢
1 4 ¢ L] e e + ¢
¢ + ¢ e + ¢

2 Differentially methylated.
b Hypomethylated.
¢ Biallelic expression, ¢ no change, ¢ upregulated, | downregulated.
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Fig. 3. DNA methylation status of ICR1 in lung samples from NT, IVF and normal cattle. A: DNA methylation status of ICR1 using Hpall-Mspi-McrBC PCR
assays. B: Methylation profiles of 14 CpG dinucleotides of ICR1. Filled circles represent methytated CpGs, and open circles represent unmethylated sites.
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Fig. 4. RT-PCR analysis of Kenglotl, Cdknle, H19, and Igf2 genes in the
fung and kidney tissues from clone-3, clone-5, and IVF-2. Gapdh was used
as a control. No amplification was detected from negative control tem-
plates and reverse transcriptase minus mock-cDNA reactions {data not
shown).

4, Discussion

Imprinted genes are expressed in a mono-allelic man-
ner, which is inherited either maternally or paternally.
This phenomenon is a particularly important epigenetic
mechanism in mammals, and is thought to influence fetal
and placental growth and development {Abu-Amero et al.,
2006; Angiolini et al., 2006; Coan et al., 2005; Fowden et
al., 2006; Hitchins and Moore, 2002). Aberrant imprinting
disturbs development and is the cause of various develop-
mental disorders, including BWS, Russell-Silver syndrome,
and Prader-WillifAngelman syndrome in humans (Enklaar
et al,, 2006; Horike et al., 2009; Horsthemke and Wagstaff,
2008; Weksberg et al., 2003, 2005). Recently, an associa-
tion between ART techniques and aberrant imprinting has
been recognized in hurnans and mice (Amor and Halliday,
2008; DeBaun et al., 2003; Maher et al., 2003; Maher, 2005;
Manipalviratnetal,, 2009; Shiota and Yamada, 2005, 2009).
In cattle and sheep, few reports to date have described
the aberrant expression of imprinted genes in LOS ani-
mals produced by ART techniques. In this study, to test
if disorders, such as LOS, that are more frequent in ART-
conceived cattle are caused by epigenetic alterations, we
investigated the CpG methylation status and expression of
Kenglotl, Cdknlc, igf2, and H19 in calves produced by ART
techniques.
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