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Fig. 2. GABA decreases due to increased GAT1 activity underlie the de-
creased tonic inhibition found in Ube3a™"* mice. (A) Representative traces
showing the effects of GABA (600 nM) application on base holding currents.
Each baseline is indicated by a dotted line. Tonic holding currents induced by
endogenous (lonic) and exogenous GABA (lsasa soo nw) are indicated by thick
white and black vertical arrows, respectively. (B) The fold increase of
lcaBA 600 nm @QaiNst honic is plotted for each cerebellar granule cell from
WT (black circle) and Ube3a™* (red circle) mice. The fitted curve (dotted line)

on tonic inhibition using a GAT1 inhibitor, NO711 (40 uM). Tonic
holding currents showed larger amplitudes after bath application of
NO711 (Inoy11) than before (Iionic) in all evaluated cells. Although
the increase in tonic currents induced by NO711 (Alnoy1;) was larger
in Ube3a™?* mice than in wild-type mice, Iy itself was significant-
ly decreased (P < 0.001; Fig. 2, C and D). Consequently, Iyo711 Was
not different between Ube3a™?* and wild-type mice (P = 0.51; Fig.
2D), suggesting that excessive uptake of GABA via GAT1 could give
rise to decreased tonic inhibition in Ube3a™ 7" mice. Indeed, GAT1
protein concentrations in the cerebellum of Ube3a™?* mice were sig-
nificantly elevated at P32 (P < 0.05; Fig. 3, A and B), and a tendency
toward an elevation was seen in 5-month-old mice (fig. S4). In con-
trast, expression of GABA 4 receptor subunit 06 did not differ between
wild-type and Ube3a™ %+ mice (Fig. 3, A and B).

Ube3a binds to GAT1 and regulates its stability

Because GAT1 mRNA expression did not increase in Ube3a
mice [GAT1/GAPDH (glyceraldehyde-3-phosphate dehydrogenase):
wild-type, 1.00 £ 0.22, n = 3, versus Ube3a™ %, 1.13 + 0.28, n = 3;
P = 0.65], aberrant posttranscriptional modifications relevant to
Ube3a deficiency seemed a likely mechanism for increased GAT1 ac-
tivity. To test this, we performed an in vitro degradation assay (25, 26)
using cerebellar lysates and found that GAT1 protein rapidly degraded
in cerebellar lysates derived from wild-type mice, but was stable in
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was integrally calculated from WT and Ube3a™P* mice with a Hill equation.
The inset graph shows a comparison of current densities in WT (n = 9, black)
and Ube3a™P* (n = 11, red) mice. (C) Representative current traces showing
the effect of NO711 on base holding currents. lyopnie, NO711-induced base
holding currents (Ino711), @and the change in holding currents (Alyoz14) are in-
dicated by thick white, black, and gray vertical arrows, respectively. (D) Com-
parison of current densities in WT (n = 7, black) and Ube3d™™P* (n = 9, red)
mice. **P < 0.01, ¥*P < 0001, unpaired t test. Data are means + SEM.

Ino711

those derived from Ube3a™ 7" mice (Fig. 3, C and D). This suggests
that Ube3a may be involved in degradation of GAT1 in the mouse
cerebellum.

We next investigated whether GAT1 interacts with Ube3a in intact
cells. Human embryonic kidney (HEK) 293 cells were transfected with
or without FLAG-GAT1 and/or Myc-Ube3a. Myc-Ube3a was immu-
noprecipitated with anti-Myc antibody from whole-cell lysates after
immunoblotting with anti-FLAG antibody. FLAG-GAT1 was co-
precipitated with Myc-Ube3a (Fig. 3E, middle and bottom panels, lane
1 versus lane 2). Alternatively, FLAG-GAT1 was immunoprecipitated
with anti-FLAG antibody from whole-cell lysates after immuno-
blotting with anti-Myc antibody. Myc-Ube3a was coprecipitated with
FLAG-GAT!1 (Fig. 3E, top panel, lane 4). GAT1 binding to Myc-Ube3a
was detected as indicated by the arrow in Fig. 3E (middle and bottom
panels, lane 2). Simultaneously, immunoblot analysis with anti-FLAG
or anti-GAT1 confirmed oligomerized GAT1 protein, which was de-
tected as a smear. Our results are consistent with those of previous
reports that exogenously overexpressed GAT1 protein tends to be oligo-
merized in cultured cells (27, 28). Because denaturing gels were used,
these results do not directly show that Ube3a binds to monomeric
GATI in intact cells but do suggest a potential interaction between
Ube3a and GAT1.

To investigate whether endogenous Ube3a can bind to GAT1 in mouse
cerebellum, we performed immunoprecipitation after immunoblotting
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the decreased tonic inhibition observed in
Ube3a™P* mice, we evaluated resting and
firing membrane properties using whole-cell
current-clamp recordings. Cerebellar gran-
ule cells of Ube3a™ 7+ mice showed higher
input resistance (table S1) and required low-
er current injection to reach action potential
threshold (Fig. 4A and table S1). The rela-
tionship between firing rate and the injected
current shifted to the left until the injected
currents reached about 20 pA, indicating that
lower current injections resulted in higher
firing rates in Ube3a™?* mice (Fig. 4B). In
contrast, the current-voltage relationships for
the leak conductances and input resistances
in the presence of BIC, strychnine, 6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX), p-(-)-
2-amino-5-phosphonovaleric acid (AP5), and
tetrodotoxin (TTX) were not significantly dif-
ferent (Jeak conductance: P = 0.98, Kolmogorov-
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Ube3a. (A) Immunobilots of the indicated

Smirnov test, Fig. 4C; input resistance: P = 0.82,
unpaired ¢ test, table S1), indicating a lack
of adaptive regulation for neuronal excit-
ability. Bath application of low-dose 4,5,6,7-

_ IgG-HC
- GAT1

proteins in the cerebellum from three pairs
of WT (W) and mutant (m) Ube3a™ " mice.
(B) Comparison of protein expression in WT

1B: Ube3a

tetrahydroisothiazolo-[5,4-c]pyridin-3-ol (THIP;
500 nM), a selective agonist for extrasynaptic
GABA, receptors containing the & subunit

- Ube3a

(n = 4, black) and Ube3a™™?* (n = 4, red)

mice. *P < 0.05, ***P < 0.001, unpaired t test. (C) Representative immunoblots of an in vitro degradation
assay for GAT1. (D) Percentage of GAT1 remaining after the indicated incubation times in WT (n = 4, black)
and Ube3a™P* (n = 4, red) mice. The percentage of GAT1 protein was normalized to a-tubufin and
calculated as the mean = SEM from four mice. **P < 0.01, **P < 0.001 by post hoc analysis for the geno-
typic group comparison after a two-way repeated-measures analysis of variance (ANOVA). (E) Interaction
between GAT1 and Ube3a in HEK293 cells transfected with or without FLAG-GAT1 and/or Myc-Ube3a. (F)
Interaction of endogenous GAT1 and Ube3a in the mouse cerebellum. Ube3a protein was immunopre-
cipitated (IP) with anti-Ube3a (Ube) or control immunoglobulin G (IgG) (Ct) antibody from lysates prepared
from WT mouse cerebellum. Then, the immunoprecipitates and the original cell lysates prepared from WT
and mutant Ube3a™P* mice were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE),
followed by immunoblotting (IB) with either anti-GAT1 or anti-Ube3a antibody. HC, heavy chain.

assays using lysates prepared with immunoprecipitation lysis buffer
containing the proteasome inhibitor MG132 from wild-type mouse
cerebellum (see Supplementary Materials and Methods). As shown
in Fig. 3F, endogenous GAT1 was detected in the immunoprecipitate
with anti-Ube3a antibody, but not with control IgG. This result indi-
cates that endogenous Ube3a binds to endogenous GAT1 in mouse
cerebellum.

Electrophysiological cerebellar dysfunction in Ube3a™ P+
mice in vitro is due to decreased tonic inhibition

Tonic GABA, receptor-mediated conductance can control the excit-
ability of cerebellar granule cells by decreasing total membrane input

(33), significantly increased tonic holding cur-
rents (from 0.84 + 0.35 to 4.26 0.6 pA/pF;
P < 0.01, paired ¢ test; n = 4) and reduced the
excitability (Fig. 4D and fig. S5D) of Ube3a™
cerebellar granule cells. THIP (500 nM) also
increased the tonic holding currents and tem-
pered the excitability in wild-type mice, but
the efficacy was lower than that in Ube3a™ %"
mice (fig. S5). These findings demonstrate
that the membrane excitability of cerebellar
granule cells increased to near action poten-
tial threshold due to the decreased tonic in-
hibition in Ube3a™#* mice.

We also found that cerebellar granule cells of Ube3a™#* mice ex-
hibited spike rate adaptation (Fig. 4, A and B) corresponding to the
decreased after-hyperpolarization (table S1). The spike rate adaptation
was still observed in the presence of THIP (Fig. 4D). The half width
and rise time of action potentials were also increased in cerebellar
granule cells of Ube3a™ " mice (table S1). Together, these results
suggest that intrinsic firing properties are altered by Ube3a deficiency
in cerebellar granule cells.

Purkinje cells are the only output cells in the cerebellar cortex. To
determine whether the decreased tonic inhibition in cerebellar granule
cells could be attributed to cerebellar dysfunction, we next evaluated
the spontaneous firing properties of Purkinje cells in acutely prepared
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The Purkinje cell firing rate and the coefficient of variance of
the interspike intervals during tonic firing did not differ be-
tween wild-type and Ube3a™?* mice (fig. S7). However,
Ube3a deficiency could affect the intrinsic firing properties of
Purkinje cells as witnessed by the characteristic tonic silent pat-
tern that was not affected by THIP (1 = 2).

THIP can partially rescue the cerebellar
dysfunction in vivo
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Previous studies have reported that hind paw width and stride
in Ube3a™ 7" mice were larger than (36, 37) or similar to those
in wild-type mice (2). In our evaluation, they were not signifi-
cantly different (P = 0.44 and 0.73, respectively; Fig. 6, A and B).
However, gait analysis revealed that the angle between the left
and right hind paw axes (paw abduction) was significantly larger
in Ube3a™P* mice (P < 0.001; Fig. 6, A and B). To discern the
contribution of decreased Iopic to cerebellar ataxia, we evaluated
the effects of THIP in vivo in mice aged 3 to 5 months. Intra-
peritoneal injection of THIP (2.5 mg/kg) reduced the hind paw
abduction in Ube3a™"* mice without affecting the width or
stride (Fig. 6, C to E). In contrast, THIP (2.5 mg/kg) did not alter

Membrane potential (mV) Injected current (pA)

Fig. 4. Decreased tonic inhibition increases cerebellar granule cell membrane ex-
citability in Ube3a™"* mice. (A) Representative responses of cerebellar granule
mice. (B)
Averaged input-output relationship of cerebellar granule cells from WT (n = 10)
and Ube3a™P* (n = 12) mice. (C) Averaged current-voltage relationship for leak K*
conductance in cerebellar granule cells from WT (n = 10) and Ube3a™ " (n = 10)
mice. (D) Averaged input-output relationship in cerebellar granule cells (n = 5) from
Ube3a™™* mice in the absence (red trace) or presence of THIP (blue trace). Inset
traces show representative responses of cerebellar granule cells (voltage held at
—65 mV) to 18-pA current injection in the absence (red) or presence of THIP (blue).

m-/p+

cells (voltage held at —65 mV) to current injection in WT and Ube3d

All data are means + SEM.

cerebellar brain slices with extracellular single-unit recordings. With
the exception of three Purkinje cells in Ube3a™ %" mice that showed
a characteristic tonic silent pattern, all successfully recorded Purkinje
cells from wild-type and Ube3a™ 7" mice showed either tonic or tri-
modal (34) firing patterns (Fig. 5A). Although only half of the wild-
type Purkinje cells presented a tonic pattern [as shown in previous
reports (34, 35)], the proportion reached 80% in Ube3a™#* Purkinje
cells (Fig. 5B), with only 2 of 25 cells displaying the trimodal pattern.
The firing pattern was consistent in each cell throughout recordings
lasting over 5 min. However, bath application of THIP (500 nM) al-
tered the firing pattern from tonic to trimodal in four of five Purkinje
cells in Ube3a™?* mice (Fig. 5C). The same change was observed in
the tonic firing pattern in wild-type mice (two of two cells; fig. S6A),
but the trimodal pattern in wild-type mice was not altered by THIP
(two of two cells; fig. S6B). It has been shown that intrinsic Purkinje
cell firing patterns show a trimodal pattern, because blockage of excit-
atory and inhibitory inputs changed the firing pattern from tonic to
trimodal (34). THIP increased tonic holding currents in cerebellar
granule cells (see above) but not in Purkinje cells from Ube3a™ 7"
mice (Fig. 5D). Thus, decreased tonic inhibition leads to increases
in spontaneous synaptic inputs from cerebellar granule cells to Purkinje
cells and can account for the abnormally high proportion of Purkinje
cells displaying tonic firing patterns in Ube3a™F* mice.

0 ¥ r
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gait parameters in wild-type mice (fig. S8, A and B).

When mice were held by their tails (tail suspension test),
Ube3a™P* mice (37) as well as mice of other strains presenting
cerebellar ataxia (23, 38) show a clasping reflex, represented by
forelimb clasping and flexion to the body. We evaluated the
clasping behavior with a previously reported scoring method
(38) and by measuring the forelimb angle against the body axis
viewed laterally. Scoring was conducted blindly, with evaluators
unaware of the mouse genotypes or the drugs used. All Ube3a™"#*
mice showed a mild to moderate clasping reflex (fig. S9A) and
smaller forelimb angles compared with wild-type mice due to
forelimb flexion (Fig. 6, F and G). Five of seven Ube3a™P*
mice showed improved clasping reflexes after treatment with
THIP (2.5 mg/kg) intraperitoneally (fig. S9B). THIP also signif-
icantly increased the forelimb angles in Ube3a™#* mice (P < 0.01;
Fig. 6, H and I, and movie S1) but not in wild-type mice (P = 0.56;
fig. S8C).

Consistent with previous findings, time spent on an accelerating
rotarod was shorter in Ube3a™ 7" mice than in wild-type mice
(Fig. 7A). This was improved significantly by THIP at 1.25 mg/kg
(P < 0.05) but not significantly by THIP at 2.5 mg/kg (P = 0.20;
Fig, 7B). Comparison of this effect between wild-type and Ube3a™ "7
mice revealed that THIP (1.25 mg/kg) was specifically effective for
Ube3a™"* mice but not for wild-type mice (Fig. 7C and fig. S8D).

THIP concentrations in the rat brain have been reported to reach
up to 700 nM with a subcutaneous administration of 2.5 mg/kg (39), a
concentration much lower than that needed to activate nonspecific
GABA , receptors that lack the & subunit (33). Therefore, these in vivo
analyses demonstrate that decreased tonic inhibition in cerebellar
granule cells underlies the cerebellar dysfunction in Ube3a™#* mice.

DISCUSSION

Here, we have demonstrated that cerebellar granule cells in a mouse
model of Angelman syndrome exhibit decreased tonic inhibition and
aberrant membrane excitability. Pharmacological enhancement of
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Fig. 5. Administration of THIP alters Purkinje cell firing patterns in Ube3a™ P+
mice. (A) Three representative firing patterns observed in Purkinje cells
using single-unit recordings. Firing rates (upper traces), waveforms (middle
traces), and expanded waveforms (bottom traces) are plotted. Left panel:
continuous, stable firing rate [tonic pattern (tonic)l; middle panel: recur-
rence of tonic and burst-like firing interspersed with silent periods [trimodal
pattern (tri)]; right panel: short, stable firing interrupted by repetitive pause
and followed by a silent period [tonic silent pattern (ts)]. (B) Proportion of

tonic inhibition reduces motor dysfunction in these mice, suggesting
that decreased tonic inhibition is an important mechanism underlying
the movement disorder in Angelman syndrome. Furthermore, we have
shown that Ube3a deficiency reduces the degradation of GAT1, and
that this, in turn, decreases tonic inhibition.

Extrasynaptic GABA 4 receptor-mediated tonic inhibition was first
identified in rat cerebellar granule cells (40), and its pharmacological
manipulation has been shown to regulate cerebellar granule cell (29-31)
and Purkinje cell (30) excitability. However, the effects of long-term
deficiencies in tonic inhibition on cerebellar function have not been
fully understood because extrasynaptic GABA, receptor-null mutant
mice did not show ataxia as a result of compensatory increases in po-
tassium conductance in cerebellar granule cells (32). We have shown
that decreased Iiopic resulting from the reduction in ambient GABA
concentrations causes cerebellar dysfunction in Ube3a™?* mice. Be-
cause cerebellar ataxia was successfully improved by administration of
an extrasynaptic GABA, receptor—selective agonist, THIP, our results
highlight the importance of ambient GABA regulation in maintain-
ing cerebellar function by regulating I;on;c and cerebellar granule cell
excitability.

More specifically, we have discovered that Ube3a regulates tonic
inhibition by controlling the degradation of GAT1. Although GAT1
can be expressed in astrocytes as well as neurons (22), Ube3a is ex-
pressed exclusively in neurons (18, 24). Therefore, our findings suggest
the importance of neuronal GAT1 in the regulation of ambient GABA
concentrations in the cerebellar granule cell layer. Neuronal GAT1
may also affect sIPSCs by decreasing decay time (23); however, our evi-
dence showing that sIPSCs were not altered in cerebellar granule cells

25 pA
10s

0.1s

each firing pattern in WT (n = 24) and Ube3a™P* (n = 25) mice. The hum-
ber of cells is indicated in each column. The tonic-pattern ratio was compared
between WT and Ube3a™P* mice with a y? test. *P < 0.05. (C) Repre-
sentative traces illustrating the change in firing pattern caused by bath
application of THIP (500 nM) in a brain slice from a Ube3d™"* mouse. (D)
Representative current traces of cerebellar granule cells (CGC) and Purkinje
cells from Ube3a™"* mice showing the effect of focal THIP (500 nM) ap-
plication on base holding currents. All data are means + SEM.

from Ube3a™P* mice is in agreement with previous data (20). Given
that inhibitory input onto cerebellar granule cells shifts from phasic
to tonic along with development (19), it is conceivable that the dom-
inant effect of GAT1 is exclusively on tonic inhibition.

Our in vivo studies using THIP represent a potential therapeutic
strategy for Angelman syndrome by compensating for the decreased
tonic inhibition. Tiagabine, an antiepileptic drug that inhibits GAT1,
might also be effective for similar reasons. However, for the clinical ad-
ministration of these drugs, the range of therapeutic doses should be
considered carefully because excessive tonic inhibition can also induce
neuronal dysfunction (16, 17). The regulatory mechanisms for ambient
GABA in the brain differ from region to region. For example, GAT1
in the rat thalamus is exclusively expressed in astrocytes (41), which
implies unchanged tonic inhibition in the thalamus of Angelman syn-
drome individuals. Therefore, a therapeutic increase in tonic inhibition
may adversely affect the functions of the thalamo-cortical network. This
implication is supported by a clinical report of vigabatrin-induced seizure
aggravation in Angelman syndrome (42). Whereas THIP (2.5 mg/kg) did
not affect rotarod performance in wild-type mice in line with the find-
ings of a previous report (43), a recent study reported reduced locomo-
tor activity in wild-type mice after administration of THIP (2.0 mg/kg)
(44). Thus, possible adverse effects of THIP (2.5 mg/kg) could mask im-
provements in cerebellar ataxia in Ube3a™7* mice, resulting in unchanged
rotarod performance with the higher dose of THIP. Whereas tiagabine
shows higher affinity in the thalamus than the cerebellar granule cell layer
(45), THIP displays the opposite pattern (46). Thus, we propose that low
doses of THIP potentially may be an effective treatment for the cerebellar
ataxia in Angelman syndrome.
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Fig. 6. Administration of THIP improves ataxia in Ube3a™P* mice. (A
and B) Representative footprint traces (A) and comparison of each pa-
rameter (B) in WT (n = 10) and Ube3a™P* (n = 11) mice. (C) Represen-
tative footprint traces before and 30 min after administration of THIP
(2.5 mg/kg) in Ube3a™* mice. (D) Changes over time of paw abduc-
tion angles after injection of THIP (blue) or saline (gray) in Ube3a™
mice. (E) Analyses over time of stride length (filled circles) and base
width (empty circles) after administering THIP (blue) or saline (gray)
in Ube3a™P* mice. (F) Representative limb postures responding to

Fig. 7. Administration of THIP improves
rotarod scores in Ube3a™ 7+ mice. (A) Com-
parison of time spent on a rotarod between
WT (black) and Ube3a™P* (red) mice. (B)
Effects of THIP (1.25 or 2.5 mg/kg) or saline
on time spent on a rotarod in Ube3a™P* mice.
(C) Comparison of the dose-dependent effects
of THIP on time spent on a rotarod in WT
(black) and Ube3a™P* (red) mice. The amount
of time 30 min after an injection was nor-
malized to the time before the injection.
*P < 005, ¥P < 001, **P < 0.001. Two-way
repeated-measures ANOVA (A and C) or
paired t tests (B) were performed. Data are
means + SEM.
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n = 14; Ube3a™P*, n = 15). (H) Representative responses to tail sus-
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Partial rescue by in vivo THIP administration in Ube3a™ ?* mice

suggests that other mechanisms, such as dysfunction of the nigro-
striatal pathway (37), could be involved in the motor dysfunction in
Angelman syndrome. We also observed THIP-insensitive aberrant
firing properties in both cerebellar granule cells and Purkinje cells
from Ube3a™"P* mice, the mechanisms of which are still being elu-
cidated. Increased Na/K-ATPase (adenosine triphosphatase) and
lower resting membrane potentials were recently shown in CA1 hip-
pocampal neurons from Ube3a™P* mice (47). The same deregula-
tion might explain the tonic-silent pattern of Purkinje cell firing in
Ube3a™P* mice.

The spike rate adaptation with lower amplitude after hyper-
polarization of cerebellar granule cells might result from deactivation
of large-conductance K* (BK) channels (48) due to the decreased ac-
tivity of calcium/calmodulin-dependent protein kinase IT in Ube3a™ 7
mice (5). Previous in vivo analysis in Ube3a™?* mice showed that
aberrant Purkinje cell firing consisted of the increased frequency and
rhythmicity of simple spikes (49). Because simple spikes are modulated
by parallel fiber input, our observation of lower threshold currents for
eliciting action potentials and reduced repetitive firing in cerebellar
granule cells in vitro can explain the results of in vivo Purkinje cell
firing analysis. Decreased burst firing of cerebellar granule cells due
to reduced repetitive firing can cause the higher rhythmicity of simple
spikes. Because reduced ongoing firing due to Iiop;c and intrinsic burst-
ing properties are both critical for shaping a high signal-to-noise ratio
of information flow via cerebellar granule cells in vivo (31), the col-
lapse of this regulation might synergistically aggregate cerebellar dys-
function in Ube3a™#* mice.

Because neuronal GAT1 is widely expressed in the CNS, its atten-
uated degradation could contribute to other symptoms of Angelman
syndrome (4) and to the phenotype-genotype correlation relevant to
the hemizygosity of GABA, receptor subunit genes such as 05 and 3
(11, 12). Although the number of GABA 5 benzodiazepine-binding re-
ceptors did not decrease (50), the relative expression of p3 and a5 was
reduced in Angelman syndrome patients lacking these genes (51). Be-
cause B33 is a major component of extrasynaptic GABA, receptors
(15) and 05 is primarily expressed extrasynaptically in the hippocam-
pus (52), tonic inhibition may be lower in these Angelman syndrome
patients in conjunction with Ube3a deficiency.

Here, we have shown that the GABAergic dysfunction in Ube3a
deficiency is caused by attenuated degradation of GAT1. The ubiquitin-
proteasome degradation pathway has been recently implicated as a
key regulator of neuronal activity by controlling the membrane traf-
ficking and stability of receptor channels (53, 54) and transporters (55).
To the best of our knowledge, a specific E3 ligase and its target proteins
have not been determined in inhibitory systems. Given that GAT1 and
Ube3a expression increases during neurodevelopment (56, 57), this
study provides new insight into the synaptic plasticity of inhibitory
neural systems and their pathophysiological contribution to neurode-
velopmental disorders.

MATERIALS AND METHODS

Animals

All experiments conformed to the guidelines for the ethical use of
animals for experimentation issued by Hamamatsu University School
of Medicine. Ube3a-null mutant mice were generated on a C57BL/6

www.ScienceTranslationalMedicine.org

genetic background at Nagasaki University (8) and shipped to Hamamatsu
University School of Medicine for all experimental procedures. A het-
erogeneous female mouse lacking a paternal Ube3a gene was crossed
with a wild-type male mouse to obtain either heterogeneous mice
lacking the maternal Ube3a gene (Ube3a™"P*) or littermate wild-type
mice. Genotyping was carried out by polymerase chain reaction (PCR)
of mouse tail DNA as described previously (8).

Electrophysiology

Unless otherwise noted, we carried out all electrophysiological analy-
ses in P25 to P28 Ube3a™ 7" or littermate wild-type mice. Record-
ings from mice of each genotype were performed on consecutive days
whenever possible. Recording temperature was set at 35°C except for
the initial series of recordings for tonic currents at P25 to P28 or P75
to P82, which were recorded at room temperature. We evaluated the
tonic currents by focal application of BIC (20 uM). For the first series
of experiments (Fig. 1A, C and D), we also evaluated the tonic current
by application of SR95531 (10 uM). Because the results obtained using
BIC and SR95531 were not different (fig. S10), consistent with the
findings of a previous report (58), we pooled both groups of data
for further analyses. Detailed protocols are available in Supplementary
Materials and Methods.

Immunoblotting

Mouse (P28 to P33) cerebellum samples were homogenized and lysed
in lysis buffer. Blots were probed with antibodies and detected using
horseradish peroxidase—conjugated secondary antibody and an en-
hanced luminescence kit (GE Healthcare). The experimental details
and a list of antibodies are provided in Supplementary Materials
and Methods.

Real-time PCR

Total RNAs obtained from mouse (P28 to P33) cerebellar samples
were extracted with TRIzol reagent (Invitrogen). Complementary
DNAs (cDNAs) were synthesized and quantitative real-time PCR
was performed to validate the expression changes of selected genes
in accordance with the manufacturer’s protocols. Real-time PCRs were
carried out in triplicate for each sample. Details are shown in Supple-
mentary Materials and Methods.

Analysis of the interaction between Ube3a and GAT1
HEK293 cells were maintained in Dulbecco’s modified Eagle’s medi-
um supplemented with 10% fetal bovine serum. cDNAs encoding
mouse GAT1 (59) (provided by H. A. Lester, California Institute
of Technology) were cloned into pCMV-3Tag-8 (Invitrogen). The
pcDNA3-Myc3-E6AP (Ube3a) expression plasmid was provided by
T. Ohta (St. Marianna University School of Medicine). Plasmids were
transfected into HEK293 cells with the calcium phosphate method.
For immunoprecipitation, cell lysates were incubated with 2 pg of
antibodies and protein G+ Sepharose 4FF (GE Healthcare) at 4°C
for 1 hour as previously described (26). Immunocomplexes were
washed five times with lysis buffer. Immunoprecipitated samples as
well as the original cell lysates (input) were separated by 7% SDS-
PAGE and transferred from the gel onto a polyvinylidene difluoride
membrane (Millipore), followed by immunoblotting. Proteins were vi-
sualized with an enhanced chemiluminescence system (Perkin Elmer).
Details of the methods of endogenous protein analysis are provided in
Supplementary Materials and Methods.
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In vitro degradation assay

Mouse (P28 to P33) cerebellum samples were extracted with lysis
buffer as described above. Cerebellum lysate (100 pg) was incubated
in 20 pl of ubiquitination mixture [50 mM tris-HCl (pH 8.3), 5 mM
MgCl,, 2 mM dithiothreitol, 5 mM adenosine 5'-triphosphate, and
ubiquitin (1 mg/ml)] for 0, 1, 2, 4, or 8 hours at 37°C. After incuba-
tion, each sample was subjected to 8% SDS-PAGE, followed by immu-
noblot analysis with anti-GAT1 antibody (Abcam) or a-tubulin
antibody (Sigma). Details can be found in previous reports (60).

In vivo analysis of motor functions

All in vivo analyses were performed with male or female mice aged 3 to
5 months. For the footprint analysis and the tail suspension test, eval-
uators were unaware of either the genotype or the injected drug until
analyses were completed. Except for the footprint analysis, the effect of
THIP was evaluated 30 to 45 min after intraperitoneal administration.
For the footprint analysis, hind paws were painted with black ink. Mice
were then allowed to walk in a narrow corridor placed on white paper.
We averaged the measurements from three trials for each recording.
For the tail suspension test, mice were suspended by the tail; after sta-
bilization, the clasping reflex was evaluated according to previously de-
scribed scoring scales (38). Upper limb angles against body axes were
evaluated by photographic capture of limb positions from a lateral view.
For accelerating rotarod analysis, the rotational speed increased from 5
to 50 rpm over a period of 5 min. Three trials were performed for each
recording, and median values were used for statistical analyses. Details
are provided in Supplementary Materials and Methods.

Statistical analyses

Unless otherwise noted, statistical analyses were performed with un-
paired Student’s ¢ tests. ANOVA (one- or two-way) and Bonferroni post
hoc analysis were used to analyze multiple comparisons. Two-group
comparisons were made with Student’s ¢ tests, except for the cases of
sIPSC frequency and Purkinje cell firing properties. These were analyzed
with Mann-Whitney U tests. Data are presented as means + SEM, and
P < 0.05 was considered to represent statistical significance.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/4/163/163ra157/DC1

Materials and Methods

Fig. 1. Ubiquitous expression of maternally expressed Ube3a in the cerebellar cortex.

Fig. S2. Electron micrographs of the cerebellar granule layer in wild-type and Ube3a™P* mice.
Fig. $3. Unaltered siPSCs of cerebellar granule cells from Ube3a™ ™" mice.

Fig. S4. Accumulation of GAT1 protein in 5-month-old Ube3a™?* mouse cerebellum.

Fig. S5. Effects of THIP on cerebellar granule cell membrane excitability in wild-type and
Ube3a™* mice.

Fig. $6. Effects of THIP on Purkinje cell firing patterns in wild-type mice.

Fig. S7. Firing properties of Purkinje cells that display tonic firing.

Fig. $8. Effects of THIP administration on motor functions in wild-type mice.

Fig. $9. Scoring for the clasping reflex during the tail suspension test.

Fig. 510. Comparison of tonic currents after treatments with BIC and SR95531.

Table S1. Resting membrane and firing properties of cerebellar granule cells from wild-type
and Ube3a™* mice.

Table S2. Primers for PCR.

Movie S1. Tail suspension test.
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Gain of methylation (GOM) at the H19-differentially methylated
region (HI19-DMR) is one of several causative alterations in
Beckwith—Wiedemann syndrome (BWS), an imprinting-related
disorder. In most patients with epigenetic changes at H19-DMR,
the timing of and mechanism mediating GOM is unknown. To
clarify this, we analyzed methylation at the imprinting control
regions of somatic tissues and the placenta from two unrelated,
naturally conceived patients with sporadic BWS. Maternal
HI9-DMR was abnormally and variably hypermethylated in both
patients, indicating epigenetic mosaicism. Aberrant methylation
levels were consistently Jower in placenta than in blood and skin.
Mosaic and discordant methylation strongly suggested that
aberrant hypermethylation occurred after implantation, when
genome-wide de novo methylation normally occurs. We expect
aberrant de novo hypermethylation of H19-DMR happens to a
greater extent in embryos than in placentas, as this is normally
the case for de novo methylation. In addition, of 16 primary
imprinted DMRs analyzed, only H19-DMR was aberrantly
methylated, except for NNAT DMR in the placental chorangioma
of Patient 2. To our knowledge, these are the first data suggesting
when GOM of H19-DMR occurs. © 2012 Wiley Periodicals, Inc.

Key words: Beckwith—Wiedemann syndrome;
aberrant DNA methylation; after implantation

H19-DMR;

INTRODUCTION

Beckwith—Wiedemann syndrome (BWS) is an imprinting-related
condition characterized by macrosomia, macroglossia, and
abdominal wall defects (OMIM #130650). The relevant imprinted
chromosomal region in BWS, 11p15.5, consists of two independent
imprinted domains, IGF2/H19and CDKNI1C/KCNQIOT1. Imprinted
genes within each domain are regulated by two imprinting control
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regions (ICR), the H19-differentially methylated region (H19-DMR)
or KvDMRI1 [Weksberg et al., 2010]. Several causative alterations
have been identified in patients with BWS: loss of methylation
(LOM) at KvDMR1, gain of methylation (GOM) at H19-DMR,
paternal uniparental disomy (UPD), CDKNIC mutations, and
chromosomal abnormality involving 11p15 [Sasaki et al., 2007;
Weksberg et al.,, 2010].

Additional supporting information may be found in the online version of
this article.
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Methylation of H19-DMR is erased in primordial germ cells
(PGCs) but becomes reestablished during spermatogenesis [Li,
2002; Sasaki and Matsui, 2008]: this methylation regulates the
expression of IGF2 and HI9 by functioning as a chromatin insu-
lator, restricting access to shared enhancers [Bell and Felsenfeld,
2000; Hark et al., 2000]. GOM on the maternal H19-DMR leads to
expression of both IGF2 alleles and silencing of both HI9 alleles.
Dominant maternal transmissions of microdeletions and/or base
substitutions within H19-DMR have recently been reported in a few
patients of BWS with H19-DMR GOM [Demars et al., 2010].
However, when and how the GOM on the maternal H19-DMR
occurs is not clear.

Here, we found epigenetic mosaicism in two BWS patients. We
also found that GOM at H19-DMR was discordant in blood and
skin versus placenta; specifically, methylation levels were lower in
placental samples. These findings strongly suggest that aberrant
methylation of H19-DMR occurred after implantation. As a result,
we expect aberrant de novo methylation happens to a greater extent
in embryos than in placentas.

MATERIALS AND METHODS
Patients

Two unrelated patients with sporadic BWS, Patient 1 (BWS047)
and Patient 2 (bwsh21-015), were delivered by cesarean in the third
trimester of pregnancy. The mothers of both patients conceived
naturally. Patient 1 and Patient 2 met clinical criteria for BWS as
described by Elliott et al. [1994] and Weksberg et al. [2001],
respectively (Table I). The placenta of Patient 1 was large and
weighed 1,065 g, but was without any pathological abnormality.
The placenta of Patient 2 was also large, weighing 1,620 g, and had
an encapsulated placental chorangioma, as reported previously
[Aoki et al., 2011]. The standard G-banding chromosome analysis
using peripheral blood samples showed no abnormalities in either
patient. This study was approved by the Ethics Committee for
Human Genome and Gene Analyses of the Faculty of Medicine,
Saga University.

Southern Blot Analysis

Genomic DNA was extracted from embryo-derived somatic tissues
and the placentas of the patients (Fig. 1). Methylation-sensitive

Southern blots with BamHI and No#l were employed for KvDMR1,
and blots with Pstl and Miul were employed for H19-DMR, as
described previously [Soejima et al., 2004]. Band intensity was
measured using the FLA-7000 fluoro-image analyzer (Fujifilm,
Tokyo, Japan). The methylation index (MI, %) was then calculated
(Fig. 1). Southern blots with Apal were used to identify the micro-
deletion of HI19-DMR as described previously [Sparago et al.,
2004].

Bisulfite Sequencing and Combined Bisulfite
Restriction Analysis (COBRA]

Bisulfite sequencing covering the sixth CTCF binding site (CTS6)
was performed. For COBRA, PCR products of each primary
imprinted DMR were digested with the appropriate restriction
endonucleases and were then separated using the MultiNA Micro-
chip Electrophoresis System (Shimazdu, Japan). The methylation
index was also calculated. All PCR primer sets used in this study
have been listed in Supplementary Table SI (See Supporting
Information online).

ONA Polymorphism Analyses

For quantitative polymorphism analyses, tetranucleotide repeat
markers (D1181997 and HUMTHOI) and a triplet repeat marker
(D1152362) from 11p15.4—p15.5 were amplified and separated by
electrophoresis on an Applied Biosystems 3130 genetic analyzer
(Applied Biosystems, NY); data were quantitatively analyzed
with the GeneMapper software. The peak height ratios of paternal
allele to maternal allele were calculated. A single nucleotide poly-
morphism (SNP) for the Rsal recognition site in HI9 exon 5
(rs2839703) was also quantitatively analyzed using hot-stop PCR
[Uejima et al., 2000]. Band intensity was measured using the FLA-
7000 fluoro-image analyzer (Fujifilm).

Mutation Search of HiS-DMR

To search for mutations in the binding sites of CTCF, OCT4, and
SOX2, we sequenced a genomic region in and around H19-DMR,
which included seven CTCE-binding sites, three OCT4 sites, and
one SOX2 site.
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RESULTS

We first examined the methylation status of the two ICRs,
KvDMR], and H19-DMR, at 11p15.5 using methylation-sensitive
Southern blot analysis. Methylation at KvDMR1 was normal in all
samples collected (Fig. 1A); however, methylation at H19-DMR
was aberrant (Fig. 1B). In Patient 1, hypermethylation at H19-DMR
was complete in cord blood and peripheral blood samples
(MI=100%), and hypermethylation in the placenta was partial
(MI=70%). In Patient 2, H19-DMR was partially hypermethy-
lated in cord blood (MI=90%) but less so in the placenta and
placental chorangioma (MI=71% and MI = 83%, respectively).
For further investigation of differences in methylation between the
patients’ somatic tissues and placentas, the CTS6 site was subjected
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to bisulfite sequencing (Fig. 1C and D). We could distinguish the
two parental alleles in each patient sample using informative SNPs
(rs10732516 and rs2071094). The maternal allele, which is normally
unmethylated, was completely methylated in the cord blood,
peripheral blood, and skin from Patient 1. However, in placental
samples from Patient 1, the maternal allele was only partially
methylated: 36% of all CpGs analyzed were methylated. Similar
results were observed in Patient 2: the maternal allele in the cord
blood was 68% methylated; however, the maternal allele was only
31% and 55% methylated in the placenta and chorangioma sam-
ples, respectively. The paternal alleles, which are normally fully
methylated, were fully methylated in all samples. These findings
supported the results of the Southern blots. Furthermore, we could
not find any microdeletions or mutations in or around H19-DMR,
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including seven CTCF-binding sites, three OCT4 sites, and one
SOX2 site, indicating that there was no genetic cause of the hyper-
methylation (Fig. 2A and data not shown).

Next, we analyzed polymorphic markers at 11p15.4-p15.5 to
determine whether copy number abnormalities or paternal UPD
might be involved in these BWS patients. Although smaller PCR
products were more easily amplified, paternal-maternal allele
ratios in blood samples were between 0.92 and 1.33, indicating
that both parental alleles were equally represented in both patients
(Fig. 2B). Therefore, we could rule out copy number abnormality
and paternal UPD within the patients’ blood. We also investigated
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maternal contamination in the placenta. D1151997and HUMTHO1
for Patient 1 and the Rsal polymorphism in HI9 (rs2839703) for
Patient 2 were used for this investigation because the mothers were
expected to be homozygous for such polymorphisms. Thus, we
investigated contamination of our samples by assessing the homo-
zygosity of the polymorphisms in the mothers. The paternal—
maternal ratios in Patient 1 were 0.94 and 1.03, indicating an equal
contribution of both parental alleles and suggesting no contami-
nation (Fig. 2B). In Patient 2, the ratios were 0.77 and 0.78 in the
placenta and chorangioma, respectively, suggesting a small amount
of contamination (Fig. 2C). However, such contamination was too
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small to affect the results of the methylation analyses. In addition,
sequence analysis did not show any mutations in CDKNIC (data
not shown). These findings indicated that H19-DMR was aber-
rantly hypermethylated in both BWS patients and their associated
placentas, but the aberrant methylation was consistently lower in
the placenta, and that the H19-DMR GOM was strictly an isolated
epimutation.

Finally, we analyzed the methylation status of 16 primary
imprinted DMRs scattered throughout the genome-using COBRA
(Fig. 2D and E). Only H19-DMR showed aberrant methylation
among all primary DMRs in all samples, except for NNAT DMR,
which was abnormal only in the placental chorangioma, indicating
that the IGF2/H19 imprinted domain was targeted for aberrant
methylation in both somatic tissues and the placenta.

DISCUSSION

Methylation associated with parental imprints are erased in PGC
and reestablished during gametogenesis in a sex-specific manner.
The paternal pronucleus in the zygote undergoes active demethy-
lation; extensive passive demethylation then ensues on maternal
and paternal chromosomes during the pre-implantation period.
After implantation, de novo methylation results in a rapid increase
in DNA methylation in the inner cell mass (ICM), which gives rise
to the entire embryo; in contrast, de novo methylation is either
inhibited or not maintained in the trophoblast, which gives rise to
the placenta [Li, 2002; Sasaki and Matsui, 2008]. The imprinted
DMRs, however, escape these demethylation and de novo meth-
ylation events that occur in early embryogenesis. H19-DMR GOM
in BWS patients is considered an error in imprint erasure in female
PGCs [Horsthemke, 2010]. However, H19-DMR GOM, whether
with or without microdeletions within H19-DMR, was partial,
indicating a mosaic of normal cells and aberrantly methylated cells
[Sparago et al., 2007; Cerrato et al., 2008]. These findings demon-
strated that aberrant hypermethylation at H19-DMR was acquired
after fertilization, although the precise timing was unknown.
Both participants in this study had isolated GOM at H19-DMR.
The partial and variable hypermethylation among samples
suggested epigenetic mosaicism. Furthermore, methylation levels
in the placentas were lower than those in the blood and skin,
suggesting that the aberrant methylation was acquired after implan-
tation—when genome-wide de novo methylation normally occurs.
Aberrant de novo methylation at H19-DMR is expected to be more
widespread in the embryo than in the placenta, as this is normally
the case for de novo methylation [Li, 2002; Sasaki and Matsuli,
2008]; this disparity in efficiency could lead to the discordance
between hypermethylation in trophoblast-derived placenta and
that in embryo-derived blood and skin. This hypothesis is sup-
ported by a mouse experiment in which a mutant maternal allele
harboring a deletion of four CTCF binding sites was hypomethy-
lated in oocytes and blastocysts, yet was highly methylated after
implantation [Engel et al., 2006]. To our knowledge, this is the
first evidence demonstrating that aberrant hypermethylation of
maternal H19-DMR is acquired after implantation in humans.
We found that of 16 primary imprinted DMRs analyzed, only
H19-DMR showed aberrant methylation; even methylation at
IG-DMR CG4, another paternally methylated, primary imprinted

DMR, was normal in our patients. Although we only studied two
patients, this finding indicated that the IGF2/HI9 imprinted
domain in both the embryo and placenta was more susceptible
than other imprinted domains to aberrant methylation acquired
after implantation.

In conclusion, we found that methylation of H19-DMR was
discordant in embryo-derived somatic tissue and placenta, strongly
suggesting that the aberrant de novo methylation occurred after
implantation. However, the precise mechanism of isolated H19-
DMR GOM is still unknown. Since no mutations in CTCF, an
important trans-acting imprinting factor, were found in these
patients with isolated GOM at H19-DMR, the potential for muta-
tions in the OCT and SOX transcription factors should be inves-
tigated because mutations of OCT-binding sites have previously
been found in a few patients with H19-DMR GOM [Cerrato et al.,
2008; Demars et al., 2010].
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BACKGROUND. There is an 1 increased madence of rare imprtntmg disorders assooated with assisted reproductlon technologles (ARTSs).

The identification of epigenetic changes at imprinted loci in ART infants has led to the suggestion. that the techniques themselves may pre-

dispose embryos to acquure xmprlntmg errors and diseases However it is still unknown at what pomt(s) these lmpnntrng errors arise, or the.
 risk factors. ~ ' , ~ , ' G

~ METHODS: In 2009 we conducted ajapanese natronW|de ep|demxologlcal study of four well known imprinting dlseases to determme any :
- association-with ART. Using. b;sulf te sequencung, we exam;ne the DNA methylation status of 22 gametic dlfferentlally methylated reglons
i (gDMRs) focated Withm the known |mpnnted Iocn in patients \Mth BeckW|th Wledemann syndrome (BWS n= l) and aiso S}Iver RusseH syn- '
f 'wdrome (SRS n= 5) bom after ART and compared these w;th patlents concelved natural!y . SR

o RESULTS' We found a 10- fold mcreased frequency of BWS and SRS assoc;ated WIth ART_ The | majonty of ART cases showed aberrantf
DNA methylatlon patterns at multlple |mpnnted loci both matek nal and paternal gDMRs (5/6), ‘with both hyper- and hypomethylatlon events
(5/6) and a!so mosaic methylation errors’ (5/ 6). AIthough our study may have been limited by a small sample number, the fact that many of

“the changes were mosaic suggested that they occurred afte“ fertlhzatron In contrast few of the patients who were conceived naturally exhib-
iteda sxmllar pattern “of mosaic alteratlons The dn‘ferences in methylatlon patterns between the patients who were conceived naturally orﬁ'
after ART did not manifest due to the dn‘ferences in the dlsease phenotypes m these lmpnntlng dlsorders =

CONCL SION‘ A posstble assocnatlon between ART and BWS/SRS was found and we observed a more wudespread disruptlon of
genomlc |mpr|nts after ART The mcreased frequency of xmpnntmg dlsorders after ART i is perhaps not surpnsmg glven the maj jor eplgenettc: i
. 'events that take place dunng early development ata time when the eplgenome is most vulnerable !

: fKey words. assxsted reproductlon technologles / genomlc lmprlnttng / DNA methylat:on / gamet|c dxfferentlally methylated reglons /
: Q.genomlc lmpnntmg dlsorders o : 5
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Introduction

Human assisted reproduction technologies (ARTs) are used in the
treatment of infertility and involve the manipulation of eggs and/or
sperm in the laboratory. Several recent studies have identified an
increased incidence of some normally very rare imprinting disorders
after ART, including Beckwith-Wiedemann syndrome (BWS: ONIM
130650), Angelman syndrome (AS: ONIM 105830) and Silver-Russell
syndrome (SRS: OMIM 180860) but not Prader-Willi syndrome (PWS:
OMIM 176270; DeBaun et dl., 2003; Gosden et al., 2003; Svensson
et al., 2005). Additionally, there are several reports suggesting that epi-
genetic alterations (epimutations) at imprinted loci occur during the in
vitro manipulation of the gametes, with both IVF and ICS| approaches
implicated (Cox et al., 2002; DeBaun et al., 2003; Gicquel et al., 2003;
Maher et al., 2003; Moll et al., 2003; Orstavik et al., 2003; Ludwig
et al., 2005; Rossignol et al., 2006; Bowdin et al, 2007; Kagami
et al., 2007). However, some studies do not support a link between
ART and imprinting disorders (Lidegaard et al., 2005; Doornbos
et al., 2007).

Epigenetic marks laid down in the male or female germ lines, and
which are inherited by the embryos, establish the imprinted expression
of a set of developmentally important genes (Surani, 1998). Because
imprinted genes are regulated by these gametic epigenetic marks, and
by further epigenetic modifications in the somatic cell, they are particu-
larly vulnerable to environmentally induced mutation. One of the best
studied epigenetic marks is DNA methylation. DNA methylation is
established in either the maternal or paternal germline at discrete
genomic loci. This methylation is preserved in the fertilized embryo to
generate differentially methylated regions (DMRs) which then signal to
nearby genes to establish domains of imprinted chromatin by mechan-
isms that are not fully understood (John and Lefebvre, 201 1). These
germline or gametic DMRs (gDMRs) can orchestrate the monoallelic ex-
pression of genes over megabases of DNA (Tomizawa et al., 201 |) and
are reset with every reproductive cycle (Lucifero et al., 2002; Obata and
Kono, 2002).

The increased frequency of epimutation(s) at imprinted loci in ART
infants has led to the suggestion that ART procedures may induce
imprinting error(s). However, these studies are confounded because
ART populations are, by their very nature, different from populations
who were conceived without the use of ART, with a low fertility rate,
an increased frequency of reproductive loss and usually of advanced
age, all of which are associated with increased occurrence of fetal
and neonatal abnormalities. Furthermore, it is difficult to determine
the causality of imprinting errors in any specific abnormality reported
after ART. Both IVF and ICS| appear to be associated with an
increased relative risk of imprinting disorders (Savage et al., 2011).
These procedures are often undertaken for unexpected infertility
and require ovarian stimulation, cocyte collection and in vitro culture
before the embryos are implanted. It has been suggested that infertility
and any resulting ovarian stimulation may predispose to epigenetic
errors (Sato et al., 2007). Animal studies suggest that in vitro
embryo culture may be associated with epigenetic alterations. In par-
ticular, the large offspring syndrome in cattle undergoing ART is asso-
ciated with the loss of maternal allele methylation at insulin-like growth
factor 2 receptor (IGF2R) gDMR (Young et al., 2001} and has pheno-
typic similarity to BWS. It is still unknown when these imprinting
errors arise and what factors predispose to epigenetic changes.

Previously, Chang et al. (2005) reported no phenotypic differences
between BWS patients who were conceived after ART and naturally.
However, Lim et al. (2009) reported that patients who were con-
ceived after ART had a significantly lower frequency of exomphalos
and higher risk of non-Wilms tumor neoplasia. Phenotypic differences
between patients who were conceived after ART and naturally are
largely unreported, while any changes to phenotype may be altered
by the frequency and the degree of epimutations. Studies revealed
that some patients with BWS born after ART presented with epimu-
tations that were not restricted to the 11p15 region (Rossignol et dl.,
2006; Bliek et al., 2009; Lim et al., 2009). Further analysis of abnormal
methylation patterns in imprinting disorders may provide clues as to
the cause of disease and identify the ART-related risk factor(s).

To address these questions in this study, we engaged in a nation-
wide epidemiological study of the Japanese population to determine
the frequency of four imprinting disorders after natural conception
and after ART. We then analyzed the DNA methylation status of
22 gDMRs in BWS and SRS patients conceived by the two routes.
Finally, we compared the abnormal methylation patterns and the
phenotypes reported for both sets of patients. As a result we
found that both BWS and SRS were more frequent after ART and
that ART patients exhibited a higher frequency of aberrant DNA
methylation patterns at multiple loci with, in some cases, mosaic
methylation errors.

Materials and Methods

Nationwide investigation of imprinting
disorders

The protocol was established by the Research Committee on the Epidemi-
ology of Intractable Diseases. The protocol consisted of a two-stage postal
survey. The first-stage survey was used to estimate the number of indivi-
duals with any of the four imprinting diseases: BWS, SRS, PWS and AS.
The second-stage survey was used to identify the clinico-epidemiological
features of these syndromes.

In the first-stage survey, the pediatric departments of all hospitals were
identified based on a listing of hospitals, as at 2008, supplied by the R&D
Co. Ltd (Nagoya, Japan). Hospitals were classified into seven categories
according to the type of institution and the number of hospital beds.
The survey was mailed to a total of 3158 departments in October 2009
with letters of request for participation in recording these diseases. A
simple questionnaire was used to ask about the number of patients with
any of the four imprinting disorders. Diagnosis was determined by karyo-
type analyses, genetic analyses and clinical phenotypes by their clinical
doctors. In December 2009, a second request was sent to departments
that had not responded to the earlier deadline (at the end of November
2009). Following the first-stage survey, we sent acknowledgement letters
to departments that had responded.

The second questionnaires were forwarded to the departments that
had reported patients with the imprinting disorders on the first question-
naires. Detailed clinical information for the patients with these imprinting
disorders was collected, including the age, gender, growth and develop-
ment pattern, the methods of the diagnosis, the presence of infertility
treatment and the methods of ART where applicable. Duplicate results
were excluded using the information regarding the patient’s age and
gender where available. The study was approved by the Ethics Committee
of Tohoku University School of Medicine.
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Estimation of prevalence of imprinting
disorders

The number of patients, who were diagnosed by genetic and cytogenetic
testing and by clinical phenotypes, was obtained from data from the
departments who responded to the first survey. The 95% confidence
interval (Cl) was calculated as previously described (Wakai et al., 1997).
The prevalence was determined, based on the population of Japan in
2009 (127 510000) with data from the Statistics Bureau of the Ministry
of Internal Affairs and Communications.

DNA preparation

Genomic DNA was obtained from blood or buccal mucosal cell samples
from patients with one of the imprinting disorders using standard extraction
methods (Kobayashi et al., 2007). For control DNAs, DNA was prepared
from the sperm and cord blood samples from unaffected individuals. The
study was performed after obtaining patients or their parents’ consent.

Bisulfite-treatment PCR including the SNPs

We first searched for single nucleotide polymorphisms (SNPs) within 22
previously reported human gDMRs (Kikyo et al., 1997; Smith et al., 2003;
Kobayashi et al., 2006, 2009; Wood et al., 2007) using 20 control Japanese
blood DNA samples. PCR primer sets were designed to span these SNPs
(Supplementary data, Table SlI) and human sperm DNA and blood DNA
was used to confirm that these PCR assays detected the methylation
status of the 22 DMRs. Paternal DMRs were shown to be fully methylated
in sperm DNA, maternal DMRs were fully unmethylated and in blood
DNA, both paternal and maternal DMRs showed ~50% methylation (Sup-
plementary data, Fig. SI). The human gDMRs and the non-imprinted repeti-
tive long interspersed nucleotide element (LINE!) and Alu repetitive
sequences were examined by bisulfite sequencing using established proto-
cols (Kobayashi et al., 2007). Briefly, PCR products were purified and
cloned into the pGEM-T vector (Promega, Madison, W1, USA). Individual
clones were sequenced using M3 reverse primer and an automated AB!
Prism 3130xI Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA). On average, 20 clones were sequenced for each sample.

Statistics
The frequency of the manifestation in patients who were conceived after

ART was compared with that observed in patients conceived naturally
using Fisher’s exact test.

Results

Frequency of four imprinting disorders and
their association with ART

We first investigated the nationwide frequency of four imprinting disor-
ders (BWS, AS, PWS and SRS) in Japan in the year 2009. Of a total of
3158 departments contacted, 1602 responded to the first-stage
survey questionnaire (50.7%). The total number of cases was calculated
using a second-stage survey ensuring the exclusion of duplicates
(Table 1). Using this information, and taking into account the number
of patients with suspect clinical signs but without a formal diagnosis,
we identified 444 BWS patients (95% Cl: 351-538), 949 AS patients
(95% Cl: 682—1217), 2070 PWS patients (95% Cl: 1504—2636) and
326 SRS patients (95% Cl: 235—416). From these figures (and using
the 2009 population of Japan: 127 510 000) we estimated the preva-
lence of these syndromes to be | in 287000, | in 134000, | in 62

Table I The 2009 frequency of four imprinting 'di“s.easesk
in Japan in relation to use of assisted reproduction
techniques (ART). ‘

Imprinting Total estimated  The total The

disorders patient number  prevalence of number of
(95% CI) the syndrome  patients
after ART/
total (%)
BWS 444 (351 -538) I in 287 000 6/70 (8.6)
AS 949 (682-1217) I'in 134000 2/123 (1.6)
PWS 2070 (1504-2636) | in 62000 4/261 (1.5)
SRS 326 (235-416) I in 392000 4/42 (9.5)

Results of a nationwide epidemiological investigation of four imprinting disorders in
Japan, under the governance of the Ministry of Health, Labor and. Welfare of the
Japanese government. Precise diagnosis was performed using fluorescence in situ
hybridization and DNA methylation analyses. The type of ART, obtained from the
questionnaires, was compared with the frequencies of these diseases and the
epimutation rates. BWS, Beckwith-Wiederann syndrome, AS; Angelman
syndrome, PWS, Prader-Willi syndrome; SRS, Silver—RUsseﬂ syndrome.

000 and | in 392000, respectively, for BWS, AS, PWS and SRS.
Further details are given in Supplementary data, Table Sl and Supple-
mentary data, Fig. S2.

Between 1997 and 2008, the period during which the ART babies in
this study were born, 0.64—0.98% of the total number of babies born in
Japan were born as a result of IVF and ICSI. We ascertained the
frequency of ART procedures in the cases of BWS, AS, PWS and SRS
via the questionnaire sent to doctors (Table |, Supplementary data,
Table Sif). The numbers of patients with PWS and AS we identified
was low; however, the frequency of ART in these cases was not
dissimilar to that expected, based on the population rate of ART use,
with 2/123 (1.6%) cases of AS and 4/261 (1.5%) cases of PWS born
after ART. In contrast, for BWS and SRS the frequency of ART
was nearly [0-fold higher than anticipated with 6/70 (8.6%) BWS and
4/42 (9.5%) SRS patients born after ART.

After analyzing the second questionnaire, the blood or buccal
mucosal cell samples were obtained from 15 individuals with BWS,
23 with SRS, 73 with AS and 29 with PWS. Using polymorphic
bisulfite-PCR sequencing, we examined the methylation status of
gDMRs within these samples at the imprinted regions implicated in
these syndromes. For BWS we assayed H/9 and KCNQ/OT! (LITT)
gDMRs, for SRS we assayed the H/9 gDMR and for PWS and AS
we assayed the SNRPN gDMR. For all patients (conceived naturally
and with ART), the frequencies of DNA methylation errors (epimuta-
tions) corrected were 7/15 (46.7%) for BWS, 9/23 (39.1%) for SRS,
6/73 (8.2%) for AS and 2/29 (6.9%) for PWS. When looking at the
ART cases exclusively, epimutation rates were 3/5 (BWS), 3/7
(SRS), 0/2 (AS) and 0/2 (PWS).

Abnormal methylation patterns in the ART
and naturally conceived SRS patients with
epimutations.

While hypomethylation of H/ 9 at chromosome | | is known to be a fre-

quent occurrence in SRS (Bliek et al., 2006), various additional loci at
chromosomes 7, 8, 15, 17 and 18 have been implicated as having a
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role in this syndrome (OMIM 180860). We first identified SNPs in the
previously reported 22 human DMRs using genomic DNA isolated
from human sperm and blood from unaffected individuals, which
could then be used in bisulfite-PCR methylation assays to assign methy-
lation to the parental allele. We next collected a total of 15 SRS samples,
including previously collected samples (ART: 2, naturally conceived: 4),
which had DNA methylation errors at the paternal gDMR at H/9. Five
of these were born from ART and [0 were from natural conceptions.
We analyzed and compared the DNA methylation status of the 3
other paternal gDMRs and the |9 maternal gDMRs (Supplementary
data, Fig. S3, Table, Supplementary data, Table SIV). In four out of the
five ART cases, DNA methylation errors were not restricted to the
H19 gDMR, and were present at both maternally and paternally methy-
lated gDMRs. These four cases showed a mixture of hyper- and hypo-
methylation with mosaic (partial) patterns. In contrast, only 3 of the
{0 naturally conceived patients showed DNA methylation errors at
loci other than H9 gDMR.

To determine whether DNA methylation errors occurred in
patients at a broader level in the genomes, we assessed the methyla-
tion profiles of the non-imprinted LINE| and Alu elements. We exam-
ined a total of 28 CpG sites in a 413-bp fragment of LINE| and 12
CpG sites in a 152-bp fragment of Alu (Supplementary data, Table
SIV), and no significant differences were found in the methylation
ratios between patients conceived by ART and naturally.

The abnormal methylation pattern in BWS
patients with epimutations

In BWS, hypermethylation of H/9 or hypomethylation of KCNQ/O-
TI(LIT!) at human chromosome || are both frequently reported
(Choufani et al., 2010). We collected seven BWS samples with
DNA methylation errors of the LIT/ gDMR, one of which was
derived from ART patient and six from naturally conceived patients
(Supplementary data, Fig. S3, Table Il, Supplementary data, Table
SIV). In the one ART (ICSl) case, we identified four additionally
gDMR methylation errors, again present at both maternally and pater-
nally methylated gDMRs and with mixed hyper- and hypomethylation
patterns. Furthermore, the methylation error at the NESPAS DMR was
mosaic in this patient. One of the six naturally BWS cases had similar
changes. Although we had only one BWS case conceived by ART,
widespread methylation errors were similar to those for the DNA
methylation error pattern in SRS.

Phenotypic differences between ART
patients and those conceived naturally

The increased frequency of DNA methylation errors at other loci in the
ART cases suggested that the BWS and SRS cases born after ART might
exhibit additional phenotypic characteristics. However, when we com-
pared in detail the clinical features from both categories of conception
(Supplementary data, Table SV), we found no major differences
between ART and naturally conceived patients with BWS and SRS.

Discussion

QOur key finding from this study was a possible association between
ART and the imprinting disorders, BWS and SRS. We did not find a
similar association with PWS and AS but our numbers were quite

low in this study and a larger due to the questionnaire return rate
and relative rarity of the diseases, international study will be required
to reach definitive conclusions. Furthermore, factors such as PCR
and/or cloning bias in the bisulfite method and correction for changing
rate of ART over time must be considered when analyzing any results.

In addition to the possible association between ART and BWS/SRS,
we observed a more widespread disruption of genomic imprints after
ART. The increased frequency of imprinting disorders after ART
shown by us and others is perhaps not surprising given the major epi-
genetic events that take place during early development at a time
when the epigenome is most vulnerable. The process of ART
exposes the developing epigenome to many external influences,
which have been shown to influence the proper establishment and
maintenance of genomic imprints, including hormone stimulation
(Sato et al., 2007), in vitro culturing (DeBaun et al., 2003; Gicquel
et al., 2003; Maher et al., 2003), cryopreservation (Emiliani et dl,
2000; Honda et al, 2001) and the timing of embryo transfer
(Shimizu et al., 2004; Miura and Niikawa, 2005). Furthermore, we
and others have also shown that some infertile males, particularly
those with oligozoospermia, carry pre-existing imprinting errors in
their sperm (Marques et al., 2004; Kobayashi et al., 2007; Marques
et al., 2008) which might account for the association between ART
and imprinting disorders.

Imprinting syndromes and their association
with ART

We report the first Japanese nationwide epidemiological study to
examine four well-known imprinting diseases and their possible asso-
ciation with ART. We found that the frequency of ART use in both
BWS and SRS was higher than anticipated based on the nationwide
frequency of ART use at the time when these patients were born.
Several other reports have raised concerns that children conceived
by ART have an increased risk of disorders (Cox et al., 2002;
DeBaun et al., 2003; Maher et al, 2003; Orstavik et al., 2003;
Ludwig et al., 2005; Lim and Maher, 2009). However, the association
is not clear in every study (Lidegaard et al., 2005; Doornbos et al.,
2007). The studies reporting an association were mainly from case
reports or case series whereas the studies where no association
was reported were cohort studies. Therefore, the differences in the
epidemiological analytical methods might accounts for the disparity
in findings.

Owing to the rare nature of the imprinting syndromes, statistical
analysis is challenging. In addition, the diagnosis of imprinting diseases
is not always clear cut. Many of the syndromes have a broad clinical
spectrum, different molecular pathogenesis, and the infant has to
have reached a certain age before these diseases become clinically de-
tectable. It is therefore likely that some children with these diseases
are not recorded with the specific diagnosis code for these syn-
dromes. Nonetheless, in this study we were examining the relationship
between ART and the imprinting syndromes and these confounding
factors are likely to apply equally to both groups.

Both BWS and SRS occurred after ART but our numbers for PWS and
AS were low, precluding any definitive conclusion for these two
disorders. However, while most cases of BWS and SRS are caused by
an epimutation, epimutations are very rare in PWS and AS (only |-
4%) and ART would not be expected to increase chromosome |5
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Table 1l Abnormal metﬁylation,in’ patients with SRS and BWS. "

Case ART Abnormal methylation

SRS-1 IVF-ET HI9 hypomethylated (mosaic) PEG! hypermethylated

SRS-2  IVF-ET HI9 hypomethylated (mosaic)

SRS-3  IVF-ET HI9 hypomethylated (mosaic) PEGI hypermethylated
(mosaic)

SRS-4  IVF-ET HI9 hypomethylated GRBI0 hypermethylated
SRS-5 IVF-ET HI9 hypomethylated (mosaic) INPP5F hypermethylated

SRS-6 H19 hypomethylated
SRS-7 H19 hypomethylated (mosaic) ZNF597 hypermethylated
(mosaic)
SRS-8 HI19 hypomethylated
SRS-9 H19 hypomethylated (mosaic)
SRS-10 H19 hypomethylated
SRS-11 H19 hypomethylated (mosaic) PEG| hypermethylated
SRS-12 H19 hypomethylated
SRS-13 H19 hypomethylated (mosaic) FAMS50B hypomethylated
SRS-14 H19 hypomethylated
SRS-15 HI19 hypomethylated
BWS
BWS-I ICSI LITI hypomethylated ZDBF2 hypermethylated
BWS-2 LT} hypomethylated
BWS-3 LTI hypomethylated
BWS-4 LITI hypomethylated
BWS-5 LITt hypomethylated
BWS-6 LITI hypomethylated ZDBF2 hypomethylated
BWS-7 LIT! hypomethylated

PEGI10 hypermethylated (mosaic) GRB10 hypermethylated; ZNF597

hypomethylated

ZNF331 hypomethylated (mosaic)

PEG| hypermethylated NESPAS hypomethylated (mosaic)

ZNF331 hypomethylated (mosaic)

ET, embryo transfer. Summary of the abnormal methylation patterns in the: ART conceived and naturaily concelved patlents with Silver-Russell syndrome (SRS) and
Beckwith-Wiedemann syndrome (BWS) with epimutations. Numbers in parentheses show the results of the methylation rates obtamed using bisulfite-PCR sequencing. The % of DNA
methylation of 22 gDMRs in all patients with SRS and BWS examined are presented. in Supplementary data, Table SIV. Deplctlons in.red represent. DMRs normally exclusively

methylated on ‘the maternal allele, while blue’ represent paternally: methylated sites.

deletions or uniparental disomy, consistent with our findings. Prior to
this investigation, there was some evidence for an increased
prevalence of BWS after ART but less evidence for an increased preva-
lence of SRS, with five SRS patients reported linked to ART (Svensson
et al., 2005; Bliek et al., 2006; Kagami et al., 2007; Galli-Tsinopoulou
et al, 2008). Our population-wide study provides evidence to
suggest that both BWS and SRS occur more frequently after ART in
the Japanese population.

Mechanisms of epimutation in the patients
conceived by ART

By performing a comprehensive survey of all the known gDMRs in a
number of patients with BWS and SRS, we found that multiple loci
were more likely to be affected in ART cases than those conceived
naturally. Lim et af. (2009) have reported a similarly increased fre-
quency of multiple errors after ART, with 37.5% of patients conceived
with ART and 6.4% of naturally conceived patients displaying abnormal

methylation at additional imprinted loci. However, while Bliek et al.
(2009) reported alterations in multiple imprinted loci in 17 patients
out of 81 BWS cases with hypomethylation of KCNQIOT/(LITI)
ICR, only | of the cases with multiple alterations was born after
ART. Similarly, Rossignol et al. (2006) reported that 3 of || (27%)
ART-conceived patients and 7 of 29 (24%) naturally conceived
patients displayed abnormal methylation at additional loci. In these
four earlier studies, not all gDMRs were assayed and it may be that
by doing so, these incongruities will be resolved.

The pattern of cellular mosaicism we observed in some patients
suggested that the imprinting defects occurred after fertilization
rather than in the gamete as DNA methylation alterations arising in
the gamete would be anticipated to be present in every somatic
cell. This suggested the possibility that the DNA methylation errors
occurred as a consequence of impaired maintenance of the germline
imprints rather than a failure to establish these imprints in the germline
or a loss of these imprints in the sperm or oocytes in vitro. Further-
more, some patients conceived by ART with SRS and BWS showed
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alterations at both maternally and paternally methylated gDMRs sug-
gesting that the defects were not limited to one parental germline.
The mechanisms controlling the protection of imprinted loci against
demethylation early in the development remain unclear. Our data
suggested that this protection may fail in ART resulting in the tissue-
specific loss of imprints, though it remains unclear if this ever occurs
naturally. Potential factors involved could include the culture
conditions for the newly fertilized oocyte and the length of exposure
to specific media or growth factors, as part of the ART procedure.
Some of the naturally conceived patients also had abnormal methyla-
tion at both maternally and paternally methylated gDMRs, which were
in some cases mosaic. This could indicate that fertility issues arise as a
consequence of pre-existing mutations in factors required to protect
and maintain imprints early in life and it may therefore be possible
to identify genetic mutations in these factors in this group of patients.

Clinical features

In our large-scale epidemiological study, we found differences in the
frequency of some classic features of SRS and BWS between patients
conceived by ART and those conceived naturally. We found that 7/7
(100%) ART conceived SRS patients showed body asymmetry,
whereas only 30/54 (55.5%) who were conceived naturally possessed
this feature. Similarly in BWS, earlobe creases were present in 4/7
(57.1%) ART conceived cases and 44/89 (49.4%) naturally conceived,
bulging eyes in 3/7 (42.8%) versus 21/89 (23.6%), exomphalos in 6/7
(85.7%) versus 61/89 (68.5%) and nephromegaly in 2/7 (28.6%)
versus 18/89 (20.2%), respectively. It is therefore possible that the
dysregulation of the additional genes does modify the typical SRS
and BWS phenotypes (Azzi et al., 2010). BWS patients with multiple
hypermethylation sites have been reported with complex clinical phe-
notypes (Bliek et al., 2009) and a recently recognized BWS-like syn-
drome involving overgrowth with severe developmental delay was
reported after IVF/ICS| (Shah et al., 2006).

In our study patients with diagnosed imprinting disorders that pre-
sented with defects at additional loci (i.e. other than the domain re-
sponsible for that disorder) did not display additional phenotypes
not normally reported in BWS or SRS. Since we were effectively
selecting for classic cases of BWS and SRS in the first instance, it is
possible that there are individuals born through ART showing entirely
novel or confounding phenotypes that were not identified in our
survey. Alternatively, as many of the alterations we observed
showed a mosaic pattern, it is possible that mosaic individuals have
more subtle phenotypes. In light of this new information on mosai-
cism, we may be able to use our knowledge of the individual’s epigen-
otype to uncover these subtle changes.

This study, and the work of our colleagues, highlights the pressing
need to conduct long-term international studies on ART treatment
and the prevalence of imprinting disorders, particularly as the use of
ART is increasing worldwide. It remains to be seen if other very
rare epigenetic disorders will also have a possible association with
the use of ART. Furthermore, it is not yet known what other patholo-
gies might be influenced by ART. For example, in addition to general
growth abnormalities, many imprint methylation errors also lead to
the occurrence of various cancers (Okamoto et al., 1997; Cui et dl.,
1998). Further molecular studies will be required to understand the
pathogenesis of these associations, and also to identify preventative

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

Supplementary data

Supplementary data are available at http://humrep.oxfordjournals.org/.
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