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Abstract

Maternal 15g11-g13 duplication is the most common copy number variant in autism, accounting
for ~1-3% of cases. The 15911-g13 region is subject to epigenetic regulation and genomic copy
number losses and gains cause genomic disorders in a parent-of-origin-specific manner. One
15911-q13 locus encodes the GABA receptor B3 subunit gene (GABRB3), which has been
implicated by several studies in both autism and absence epilepsy, and the co-morbidity of
epilepsy in autism is well established. We report that maternal transmission of a GABRB3 signal
peptide variant (P11S), previously implicated in childhood absence epilepsy, is associated with
autism. Analysis of wild-type and mutant 3 subunit-containing a13y2 GABA, receptors
demonstrates reduced whole cell current and decreased B3 subunit protein on the cell surface due
to impaired intracellular B3 subunit processing. We thus provide the first evidence for association
between a specific GABA, receptor defect and autism, direct evidence that this defect causes
synaptic dysfunction that is autism-relevant, and the first maternal risk effect in the 15q11-q13
autism duplication region linked to a coding variant.
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Introduction

Autism spectrum disorders (ASDs) affect approximately 1 in 150 children and are
characterized by impaired development of communication and reciprocal social behaviors
and the presence of restricted and repetitive behaviors (1, 2). Autism predominantly affects
males, with a male:female ratio of 4:1 and is highly genetic, as revealed by concordance
rates of 60 to 90% in identical twins and sibling recurrence risk estimates of 25 times or
more that of the population prevalence (3, 4). While the underpinnings of autism are
predominantly genetic, efforts to identify common susceptibility alleles have been slowed
by locus heterogeneity and apparently small effect sizes. In contrast, we now understand that
highly penetrant rare variants constitute a major class of genetic risk factors in autism (2).
These range from rare point mutations in genes encoding, for example, synaptic proteins
(e.g. CNTNAP2, SHANK3, NLGN3), to gains or losses of DNA segments termed copy
number variation (CNV) (e.g. 16p11.2, 15q11-q13), to gross chromosomal rearrangements
that are estimated to occur in ~7% of autism cases (1, 2).

The most common chromosomal abnormalities in autism are 15g11-g13 duplications
(OMIM: 608636; a.k.a. AUTSA) that occur as an interstitial gain or a supernumerary idic(15)
chromosome with two additional copies of 15g11-q13 (5). While paternal duplications are
observed, autistic phenotypes are almost always associated with duplications of maternal
origin. Maternal deletion of this region leads to Angelman syndrome (OMIM: 105830), and
paternal deletion to Prader-Willi syndrome (OMIM: 176270), both of which share ASD
features (5, 6). As a consequence, the genes in this interval have become strong candidates
for investigation of their potential contribution to autism susceptibility. A cluster of GABAp
receptor subunit genes lies within this interval. GABA, receptors are ligand-gated chloride
channels, which mediate the majority of fast synaptic inhibition in the brain. In addition to
association studies, multiple lines of evidence have pointed to the potential involvement of
GABAergic systems in autism (7-12). Functional GABA receptors are composed of five
subunits that form a chloride ion channel and are typically composed of two a, two 3, and a
v or & subunit. One gene in the 15q11-q13 cluster encodes the p3 subunit, GABRB3. Several
reports have documented association of common alleles at GABRB3 with autism (13-19),
and one report with childhood absence epilepsy (CAE) (20). Data from autism studies (not
all of which are positive) show some evidence for replication, but also suggest allelic
heterogeneity. Recent epigenetic studies of the 15q GABA receptor subunit cluster by
Hogart and colleagues indicate biallelic expression of these genes in normal brain samples.
A subset of autism samples, however, showed monoallelic or allelic bias in expression (21,
22), suggesting epigenetic dysregulation. To complement ongoing efforts to characterize
common allele associations at GABRB3, we sought to determine if rare variants in this gene
contributed to autism pathogenesis.
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Materials and Methods

Subjects

Genetics

Phenotype

Families included in this study were recruited at VVanderbilt University, the University of
Chicago, the University of California at San Diego, or they were obtained from the NIMH
Repository (http://nimhgenetics.org). Affected individuals were subject to a research
diagnosis based on scoring of assessment using the Autism Diagnostic Interview — Revised
and the Autism Diagnostic Observation Schedule. All subjects provided informed consent
and this work was conducted under approvals from the Institutional Review Boards at
recruiting institutions.

Genotyping was conducted using Applied Biosystems (ABI, Foster City, CA, USA)
TagMan Assays-on-Demand (AoD). PCR for the P11S variant (rs25409; ABI assay

C_ 44811455 10) was carried out in 384-well plates in 5ul reactions containing 0.125 pl
20x AoD probe/primer mix, 5ng of genomic DNA and TagMan Universal PCR Mastermix
according to manufacturer's recommendations. Products were scanned on the ABI 7900HT
instrument to call genotyped. Genotyping efficiency was 98% and genotyped conformed to
expectations under Hardy-Weinberg Equilibrium. Quality control also included inter-plate
and intra-plate replicate samples, as well as checks for within-family Mendelian
inconsistency using PEDCHECK (23). Family-based association tests and genotype relative
risks were calculated using the GenAssoc module for STATA (v9.2) provided by David
Clayton (http://www.gene.cimr.cam.ac.uk/clayton/software/) (24). Log-linear models were
constructed using SAS version 9.1.

Subjects were classified as affected under a “strict” diagnostic classification if they met
criteria for autism on the ADI-R, while “broad” classification also includes individuals who
met ASD1 or ASD2 criteria according to Risi et al (25). Items from the ADI-R were the
basis for comparing S11 carriers and P11 homozygotes. Subjects with missing data were
excluded from analysis. Effect of genotype on seizures was conducted using a Fisher's Exact
test comparing numbers of subjects with definite seizures (score of 2) to those with no
history of attacks (score of 0) on the “Faints/Fits/Blackouts” item. Individuals with a history
of attacks without a diagnosis of epilepsy or suspected attacks (score of 1) or febrile seizures
only (score of 7) were treated as missing. For exploratory analyses, core behavior domain
and subdomain scores were compared using univariate analysis of variance (ANOVA) with
score as the dependent variable, genotype group as the independent variable, and age at
ADI-R as a covariate. Algorithm item scores were compared using Mahon's chi-square test
to account for the ordinality of the ADI-R scores which were intended to be scored
qualitatively (from 0 = “absence of behavior specified” to 2 = “behavior definitely present”).
When present, individual item scores of 3 were down-coded to 2 as instructed on the
algorithm. The “ever” or most severe scores for the following items were also down-coded
and compared when available: “Loss of Skills,” “Overall Level of Language,” Sensitivity to
Noise,” “Difficulties with Minor Changes in Subject's Own Routines or Personal
Environment,” “Resistance to Trivial Changes in the Environment,” “Gait,” “Coordination,”

Mol Psychiatry. Author manuscript; available in PMC 2012 August 27.


http://nimhgenetics.org
http://www.gene.cimr.cam.ac.uk/clayton/software/

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Delahanty et al.

Page 4

“Aggression toward Caregivers or Family Members,” “Aggression toward Noncaregivers or
Nonfamily Members,” “Self-Injury,” “Overactivity,” and “Special Isolated Skills.” Ages for
developmental milestones (including 15t steps, 15t words, 15t phrases, and continence) were
also compared between groups using ANOVA with age as the dependent variable, genotype
group as the independent variable, and age at ADI-R as a covariate; when codes rather than
specific ages were given (e.g., 997 for “not known, but apparently delayed”) the subject's
data was treated as missing.

Ancestry analysis

Classical multidimensional scaling (MDS) was conducted using PLINK (26) for the sample
of AGRE parents (founders). MDS dimensions were estimated from genome-wide average
proportion of alleles shared identical by state for each possible pair of founders in the
sample. Graphical representation of the first two dimensions were used to identify
population substructure and ancestry clusters.

Electrophysiology

Expression of recombinant GABA receptors and subsequent whole cell recordings from
lifted cells were conducted as previously described (27). Human embryonic kidney (HEK)
293-T cells were co-transfected with 2 pg of each subunit-encoding plasmid and 1 pg of the
pHook-1 cDNA (Invitrogen, Carlshad, CA) using a modified calcium phosphate
precipitation method and subsequently selected 24 hours after transfection using magnetic
hapten-coated beads.

Biotinylation and Western blot analysis

Cell surface receptor biotinylation and western blot procedures were modified from a
previous protocol (27). For cell surface receptor biotinylation, live, transfected cells were
washed with phosphate buffered saline (PBS) containing 0.1 mM CaCl, and 1 mM MgCl,
(pH 7.4) followed by incubation with sulfo-NHS biotin for 1 hour at 4° C. Sulfo-NHS biotin
was quenched with PBS containing 0.1 mM glycine. Cells were lysed in RIPA buffer (10
mM Tris, pH 7.4, 150 mM NaCl, ImM EGTA, 0.1% SDS, 1% Triton x-100, 1% sodium
deoxycholate), supplemented with protein inhibitor (Roche) for 1 hour at 4° C. The
extracted supernatant was then incubated with immobilized streptavidin overnight at 4° C.
Biotinylated proteins were eluted from the streptavidin by incubation with 1x NEB
glycoprotein protein denaturing buffer (5% SDS, 0.4 M DTT) at room temperature for 30
minutes. The supernatant was then either undigested or digested with Endo-H or PNGase F
prior to fractionation by 10% SDS-PAGE.

35S radiolabeling metabolic pulse-chase assays

353 methionine pulse-chase experiments were conducted with modifications from a
previously published protocol (28). Briefly, 48h hours following transfection, cells were
replenished with starving medium that lacked methionine and cysteine (Invitrogen), and
incubated at 37°C for 30 min. Starving medium was then replaced by 1.5 ml 35S
radionuclide methionine (100-250 uCi/ml (1 Ci = 37GBq); PerkinElmer, Wellesley, MA)
labeling medium for a series of different time points at 37°C. FLAG-tagged human 3
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subunits were then immunoprecipitated from radio-labeled lysates with an anti-FLAG M2-
agarose affinity gel by rotating at 4°C overnight. Immunoprecipitated products were then
eluted from the beads with FLAG peptide (Sigma-Aldrich)l, and immunopurified subunits
were then analyzed by 10 % SDS-PAGE and exposed on a digital Phosphorlmager (GE
Healthcare, Piscataway, NJ).

Data analysis

Results

Association

Macroscopic currents were low pass filtered at 2 kHz, digitized at 10 kHz, and analyzed
using pClamp9 software suite (Axon Instruments). Except for the pulse-chase assays,
proteins were quantified by Chemilmager AlphaEaseFC software. Data from pulse-chase
experiments were quantified using Quantity One software (Bio-Rad, Hercules, CA).
Numerical data were expressed as mean = SEM. When wild-type data were arbitrarily taken
as 1, column statistics were used. Statistical significance, using Student's unpaired t test
(GraphPad Prism), was taken as P < 0.05.

of GABRB3 P11S with Autism

To screen for novel functional variation, GABRB3 exons were sequenced in a discovery
sample of 100 unrelated probands, and from this effort a single nonsynonymous variant
(C87T, Prol1Ser) was identified in exon 1a, one of two alternative initiating exons for
GABRB3 (29). This variant, deposited into dbSNP (rs25409), was determined to be inherited
and of maternal origin in two unrelated cases in an initial study cohort. We subsequently
genotyped this variant in a sample of 1,152 combined simplex and multiplex families to
determine its frequency and potential association with autism in a larger population
(Supplementary table 1). Seventeen families (1.47%) were found to harbor the rare S11
variant (Figure 1), corresponding to an allele frequency of 0.40%. Given substantial
precedent for parent-of-origin effects in the region, parental transmissions were examined
separately, and we observed a maternal (but not paternal) S11 over-transmission (P = 0.045;
Table 1). Indeed, 12 of 16 maternal transmissions resulted in a broad autism phenotype (see
Methods), compared with only 3 of 8 paternal transmissions. For the strict autism phenotype
the maternal over-transmission was more pronounced (P = 0.008), with 12 of 14
transmissions resulting in a strict autism phenotype. The S11 variant confers a genotype
relative risk (GRR) of 3.00 (95% CI: 1.26-7.12, P = 0.013) for the broad autism phenotype
when the transmission is maternal in origin. Similarly, the S11 variant confers a GRR of
6.00 (95% CI: 1.62-22.16, P = 0.007) for the strict autism phenotype when transmission is
maternal in origin. Genotyping Caucasian controls identified a single S11 carrier from a
sample of 584 chromosomes, corresponding to a 0.17% allele frequency, compared with
0.40% observed in the overall autism sample.

Exploratory parent-of-origin tests were also conducted using a log-linear model framework
allowing for a maternal genetic effect (30). Application of this approach allowed us to
exclude the possibility that a simple effect of maternal genotype, in which offspring of
mothers with the S11 allele were at increased risk of developing autism regardless of
whether the S11 allele was transmitted to the offspring, accounted for our observations,
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since there was clearly preferential transmission of the S11 allele to affected offspring of
heterozygous mothers. Using either a broad or a strict autism phenotype, this parent-of-
origin effect was statistically significant (p=0.040 and p=0.004 respectively). Although it is
theoretically possible that there could be a direct effect of maternal genotype on offspring
risk of autism in addition to the parent-of-origin effect that we have established, we have
little power to test for a maternal effect in the presence of a parent-of-origin effect. and a
fully developed test for such joint effects would require a more fully characterized sample
with ascertainment of all affected and unaffected offspring from both mothers and fathers
carrying this risk allele.

The GABRB3 P11S mutation was recently identified in 2 independent families segregating
CAE in a Hispanic/Mexican-American cohort of 48 families (31). Self report data for the
families genotyped in our study suggested that the S11 variant was on a non-Hispanic
Caucasian background. To resolve uncertainty about ancestry, and to ensure that an
appropriate control sample was used, we examined genome-wide SNP data available for a
subset of subjects from the Autism Genetics Resource Exchange (AGRE) collection, which
was previously genotyped using the Affymetrix 5.0 (500k) SNP platform (32).
Multidimensional scaling (MDS) of SNP genotype data for all AGRE parents was
conducted using PLINK to estimate dimensions of population genetic variation (26). Figure
2 shows a graphical representation of the first two dimensions from this analysis that
identified population substructure and ancestral clusters for founders (parents). Our analysis
found that the S11 variant was present in Caucasian parents. The rare S11 variant had a
frequency of 0.94% (7/743) and 0% (0/105) in Caucasian and Hispanic founders,
respectively, though only 75 families screened were determined to have Hispanic ancestry.
Given the mixed ancestral history of Hispanic populations with Spanish Caucasians and
Native Americans, it is not surprising that the variant was identified previously in a Hispanic
sample. Our total sample was 0.48% in the overall sample.

Phenotypic Correlates of P11S in Autism

Given the association of the S11 mutation with CAE, we examined item level data from the
Autism Diagnostic Interview-Revised (ADI-R) (33) on seizure history. The rate of
confirmed non-febrile seizures was 16.7% (2/12) in affected probands with the maternal S11
compared to 4.9% (55/973) for those homozygous for the P11 allele, but this difference was
not significant (P = 0.10; Table S2). Seizure rates in autism increase with age, however, age
did not significantly differ between the maternal S11 (M = 97 mos + 45) and homozygous
P11 (M =94 mos + 52) groups, t(1137) = -0.18, P = 0.86.

Supplementary tables 3 and 4 provide characteristics of probands with maternally- and
paternally-derived variants, respectively. Inspection of S11 pedigrees indicate that maternal
transmission result in a narrowly-defined autism phenotype based on standard diagnostic
algorithms including the ADI-R. To further explore P11S phenotypic correlates, we
compared ADI-R dimensions between the maternal S11 to the homozygous P11 cases.
Individuals with the paternal S11 were considered unknown for these analyses and omitted
since the variant was not significantly over-transmitted from fathers to individuals with
ASD. Table S5 shows the results for the comparison of groups' domain and subdomain
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scores. The maternal S11 and homozygous P11 groups did not significantly differ on any
domain score. The maternal S11 group scored more severely than the homozygous P11
group on the subdomain “Stereotyped, repetitive, or idiosyncratic speech” and less severely
on “Preoccupations with part of objects or non-functional elements of material.” There were
no significant differences (P < 0.01) in ADI-R item level data between groups considering
items for which maternal S11 cases were more severe.

Functional Analysis of the P11S Variant

To identify the molecular defect underlying the genetic association, we engineered P11 and
S11-encoding human B3 subunit cDNAs for in vitro studies in HEK293T cells. B3 subunits
are incorporated into hetero-pentameric complexes at the cell surface (e.g. synapses), and
the most common combination involves co-assembly of B3 with y2 and a3 subunits during
development and/or a1 subunits in the adult brain. Therefore, we co-expressed both wild-
type and mutant p3 subunits with either al or a3 and y2S subunits. The y2S subunit was
used instead of the y2L subunit since it is much more abundant in the brain. To mimic the
heterozygous condition seen in patients, equal amounts of wild-type f3(P11) and mutant
33(S11) subunits were co-transfected with a3 and y2S subunits (Figure 3a and b). Compared
with wild-type a3B3y2S receptors, mutant receptors displayed reduced peak current
amplitudes with either mixed $3(P11)/33(S11) subunit expression or with only mutant
3(S11) subunit expression, and the amplitude reduction was greater with expression of only
mutant f3(S11) subunits than with the mixed condition. Reduced receptor function in the
context of the more developmentally relevant a3p3y2S subunit combination is consistent
with recent findings by Tanaka and colleagues (31).

The reduction of mutant receptor channel current could be due to a reduced number of
functional receptors. We expressed al and y2S subunits with B3(P11)HA and B3(S11)HA
subunits and used surface biotinylation to determine the relative expression of wild-type and
mutant 33 subunits. Cell surface membrane proteins were isolated following biotinylation of
live cells expressing wild-type a1f3(P11)HAYy2S receptors or mutant a1f3(S11)HAy2S
receptors and treated with PNGase F to remove all carbohydrates attached in the ER and
trans-Golgi. Products were then fractionated by SDS-PAGE and immunoblotted with anti-
HA antibody. Both mutant f3(S11)HA and wild-type B3(P11)HA subunits on the cell
surface appeared to the same size both before and after PNGase treatment, indicating likely
signal peptide cleavage for $3(S11) subunits (Figure 3C) as for wild-type subunits
Confirmation of signal peptide cleavage, however, will require verification by protein
sequencing. While mutant B3(S11) subunits were trafficked to the cell surface, when
compared to wild-type f3(P11)HA subunits, mutant $3(S11)HA subunit levels were reduced
both before (U) (1 vs. 0.4637 = 0.062; P < 0.0017) and after PNGase F treatment (F) (1 vs.
0.3799; P < 0.0092) (Figure 3D).

Our data are consistent with a molecular defect produced by the P11S substitution that
occurs at a post-translational level, with mutant subunits exhibiting abnormal intracellular
processing. Wild-type f3(P11)HA or mutant B3(S11)HA subunits were co-expressed in
HEK?293T cells with a1 and y2S subunits. Compared to wild-type f3(P11)HA subunits,
mutant B3(S11)HA subunits had a small but significant reduction in protein intensity (1 vs.
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0.7316 £ 0.1270; P =0.0012, N = 7). Although surface p3(S11) subunits appeared to have
the same molecular mass as wild-type f3(P11) subunits, it was possible that if the signal
peptides attached to mutant 3(S11) subunits were not cleaved, the subunits might not fold
and oligomerize properly, and thus, would be retained inside cells instead of trafficking to
the surface We thus determined the molecular mass of mutant 33(S11) subunit from total
cell lysates. Total wild-type (a1p3(P11)HAY2S) or mutant (a1p3(S11)HAY2S) receptors
were digested with PNGase-F, which removes all carbohydrates attached in both ER and
trans-Golgi regions, Without treatment (U), both wild-type p3(P11)HA and the mutant
B3(S11)HA subunits migrated in a main band at ~58-60 kDa, although a faint band with a
lower molecular mass representing different glycosylation form was also observed. With
PNGaseF (F) treatment, both the wild-type B3(P11)HA and mutant B3(S11)HA subunits
migrated in a single main band with the same molecular mass about 52 KDa consistent with
previous reports (34, 35), suggesting that the majority of wild-type and mutant 3 subunits
had successful signal peptide cleavage (Figure 4C). We also used 35S methionine metabolic
labeling to characterize biogenesis of wild-type B3FLAG and mutant B3(S11)FLAG
subunits. When expressed alone, both wild-type and mutant subunits migrated in two bands,
with the higher molecular mass band representing a more mature form and the lower band
representing a less mature form (Figure 4D). Compared to wild-type subunits, the ratio of
the higher molecular mass band to the lower band was lower for mutant subunits as soon as
10 min after translation (Figure 4E). The same molecular mass of wild-type p3(P11) and the
mutant f3(S11) subunits after PNGase F digestion suggested that the signal peptides were
both cleaved. The slightly reduced total amount of mutant 3 (S11) subunit protein
suggested that mutant subunits were not as stable as wild-type subunits.

Discussion

We have shown that a rare coding variant of the GABRB3 gene is associated with autism
when transmitted maternally. Statistical association is explained by an intracellular
processing defect imparted by the N-terminal P11S substitution in the signal peptide. While
the S11-encoded signal peptide is cleaved, molecular evidence indicates that the S11 signal
peptide defect results in reduced surface expression and resultant decreased receptor current,
probably due to abnormal intracellular processing, intracellular retention and fast
degradation of the mutant subunit. We suggest that impaired GABAergic signaling during a
critical time window in brain development could lead to both autism and CAE, and possibly
other more subtle neurological phenotypes.

To our knowledge, this is the first rare coding variant in a GABA receptor gene for which
TDT analysis has revealed a significant autism susceptibility effect. In this case, there was
an a priori expectation that risk would derive from maternal rather than paternal
transmissions. Maternal association is indeed significant, although ultimately these findings
need to be replicated in an independent cohort. A problem inherent in the study of rare
variants is the difficulty in amassing a sufficiently large clinical sample to detect risk effects
in the absence of full penetrance. Such is the case for P11S, which is analogous to numerous
inherited CNVs that affect loci widely regarded as “autism genes”. Loci such as NRXN1,
SHANKS and 16p11.2 have been identified on the basis of de novo events in autism
probands, however numerous cases at these and other similarly-identified loci show
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inherited gene disrupting variants (32, 36-40). Such cases reveal incomplete penetrance of
such (e.g.) loss-of-function mutations for a given gene. Indeed families may show
unexpected segregation patterns with only one of two affected sibs receiving the variant or
both an affected and unaffected sib inheriting the variant. The pattern is much the same for
P11S. In fact, even maternal duplication of the GABRB3-containing 15911-q13 region does
not always manifest with autism (41).

GABRB3 is known to play a major role in development of the CNS, being the major 8
isoform in a number of regions in prenatal and neonatal brain (42-44). The result of Gabrb3
disruption in the mouse is a useful comparison, given the effect of P11S substitution in
families segregating autism and epilepsy. In the 10% of null animals that survive to
maturity, epilepsy and hypersensitivity and various other behavioral and physiological
abnormalities are noted (45). Null mice produce fewer functional GABA, receptors, and
pharmacological evidence indicates that other § subunits do not compensate for the absence
of B3 (46). The Gabrb3 knock-out has been proposed as an autism model because of reduced
social and exploratory behaviors and a tendency for diminished nurturing behaviors (47, 48).

In light of the epigenetic regulation of 15911-q13 genes, and that it is typically maternal, but
not paternal duplication of the interval leads to autism, the S11 association is provocative.
Maternal bias implicates UBE3A in the dup(15) autism phenotype, however, a contiguous
gene effect including GABRB3 is very likely (49). Supporting potential contribution of
GABRBS in causing dup(15) autism, several genetic and epigenetic studies have
independently implicated the GABRB3 gene in autism in the absence of duplication (13-15,
17, 21, 22, 50-52). While genetic studies of common allele effects are largely positive, the
data suggest allelic heterogeneity, with associations seen in two or more regions at the
GABRBS locus (17). Maternal inheritance has also been noted in genetic epilepsies (53, 54),
and given the maternal specificity of dup(15) autism (55, 56), we speculate that epigenetic
effects at GABRB3 may tilt the balance to risk for autism when the origin of the S11 variant
is maternal. Studies such as a recent one by Nakatani et al (57) show that duplication of the
syntentic region in mouse results in behaviors analogous to some autistic traits. In this
instance it is paternal duplication that produces relevant deficits, but the authors recognize
that epigenetic regulation may differ between human and mouse. It is not clear at this time if
the phenotypic consequence of this murine duplication involves contribution from Gabrb3.

We also speculate that the presence of the mutation in both mother and fetus may lead to
greater impact at some key developmental stage. To formally test for maternal genotypic
effects, analytic approaches must assess any increased association due to the sex of the non-
transmitting parent. This would be consistent with maternal genotype-created environment
interacting with fetal genotype to increase risk even more in offspring, as opposed to a
classic parent-of-origin effect. If S11 effects on maternal environment are important, we
would expect to see increased risk in S11-carrier offspring of carrier mothers, relative to
offspring of noncarrier mothers (and carrier fathers). Tests of maternal and parent-of-origin
effects have been explored in this sample, allowing us to establish a parent-of-origin effect;
we were, however, unable to conduct an adequately powered test of whether there are
effects of maternal genotype on offspring risk of autism in addition to established parent-of-
origin effects.
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Epigenetic and expression studies of GABRB3 provide some context for considering the
observed association, although the picture vis-a-vis parent-of-origin effects on gene
expression is far from clear From their analysis of cerebral cortex (BA9) brain samples,
Samaco and colleagues reported that levels of GABRB3 protein were significantly reduced
in five of nine autism samples but not in controls (51). Another study by this group revealed
monoallelic expression of GABRB3 in one of seven autism frontal cortex samples
informative for an exon 1a SNP, and evidence from deletion PWS and AS samples
suggesting the allelic bias favors paternal expression (22). These reports cannot tell us,
however, whether similar effects might occur during fetal development and in other, perhaps
more phenotypically-relevant, brain regions. Nevertheless, the possibility that imprinting or
allelic bias in gene expression might, like with the serotonin 2A receptor gene (HTR2A)
(58), be a polymorphic trait, leads us to speculate that incomplete penetrance of S11 relates
to inter-individual differences in gene expression and/or epigenetic regulation of the region.

GABA receptor activity is critical for neurodevelopment and synaptogenesis in developing
brain and for mediating the majority of synaptic inhibition in adult brain. GABA, receptors
switch from excitatory to inhibitory from fetal to postnatal brain. In embryonic and neonatal
brains, GABA produces excitatory actions and acts as a trophic factor during nervous
system development. It plays important roles in proliferation, migration and differentiation
of precursor cells, synapse maturation and cell death that orchestrate the development of the
embryonic brain.

Spatiotemporal expression of GABA, receptor subunits is controlled through the use of
alternative initiating exons. The P11S variant is in exon 1a, which like exon 1, expresses an
alternative signal peptide. In adult, exon 1-containing transcripts are more abundant than
those containing exon 1a. However, the relative abundance of exon 1a transcripts is
significantly higher in fetal brain than in adult hippocampus (29). Thus, an exon 1a variant is
more likely to exert its effects developmentally, prior to the shift in balance of exon 1a to
exonl transcripts. Indeed, age effects are common in epilepsy, with the majority of CAE
patients having absence seizures that lessen or abate completely with age (59).

In our phenotype analysis, we asked initially whether or not epilepsy was associated with the
S11 variant, given the observation of S11 segregating in families with CAE (31). The rate
was higher in P11S carriers (14.3%) compared with P11 homozygotes (5.2%), but not
greater than overall estimates of epilepsy in autism (5-38.3%) (60). Aside from
ascertainment biases, the broad range of epilepsy estimates may reflect the inherent
difficulty in identifying more subtle epilepsy and/or EEG abnormalities in autism. The S11
variant displays incomplete penetrance in both autism and published CAE families, and thus
milder phenotypes may be present in S11 carriers (61). As functional data indicate that S11
reduces, but does not eliminate, functional GABA receptors, this would not be surprising.

Molecular defects produced by the P11S substitution in GABRB3 likely include impaired
GABAergic signaling and cellular homoestasis. The present study provides a direct link
between GABA receptor 3 subunit dysfunction and autism, and explains the observed
association with epilepsy. Precedent already exists for GABAp receptor subunit dysfunction
leading to epilepsy, with mutations in the y2 subunit also associated with CAE (27). Given
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the nature of its dysfunction, association of this specific, albeit infrequent, allele with autism
and epilepsy suggests a potential for individualized treatment in these cases.

In summary, we report (1) the first example of a GABA receptor subunit gene coding
variant statistically associated with autism; (2) the first signal peptide mutation associated
with autism; and (3) the first evidence for maternal over-transmission of a coding variant
within this known imprinted, autism-associated region. Since maternal duplication of
15g11-g13 is the most frequent chromosomal and copy number abnormality known to cause
autism, it is provocative that maternal over-transmission of the more discrete GABRB3 S11
variant may increase risk for autism and epilepsy. These findings complement other
common-allele linkage and association studies and provide further support for involvement
of GABRB3 in autism (13-19). It appears then that allelic heterogeneity at GABRB3, both
common and P11S, act as genetic risk factors. We predict for autism, as found for other
complex diseases, that rare variants possessing greater effect sizes will emerge in genes
showing association of common alleles conferring more modest effects (62, 63).
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Figure 1. Pedigree structure of ASD families bearing the P11S variant
17 ASD families in total were identified to harbor the variant. Individuals carrying the

variant are marked with asterisks. Individuals for whom DNA was not available are marked
N/A. Our strict analyses considered individuals affected if they met criteria for autism on the
ADI-R diagnostic algorithm (completely filled black). Our broad analyses considered these
individuals and individuals who met the AGP criteria ASD1 or ASD2 as affected (half filled
black) (see Risi et al. 2006 (25) for details); note no individuals met ASD2. Unfilled
individuals are considered unknown. For individuals who did not meet broad criteria Social
Responsiveness Scale (SRS) t-scores from teacher (/parent) report are provided when
available. SRS scores ranging from 60-75 are considered mild to moderate range for ASD;
children with high functioning autism may score in the t-score range of 55-59. AGR 80-4
had significant language delay and impairment per the ADI-R, but did not meet our broad
criteria or have a SRS. Individuals with definite seizures per the ADI-R are marked SZ = 2;
those with suspected seizures per the ADI-R are marked SZ = 1.
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Figure2. MDSplot of all AGRE parentscarrying the S11risk allele
Black dots represent parents with p11s mutation. Out of 22 AGRE samples with rare

variation, 7 are founders with AGRE Affy 5.0 genome-wide data available. Classical
multidimensional scaling (MDS) was conducted in PLINK using the total sample of AGRE
parents in order to estimate dimensions of population genetic variation. These dimensions
are estimated from genome-wide average proportion of alleles shared by state for each
possible pair of individuals in the sample. Graphical representation of the first two
dimensions is used to identify population substructure and ancestry clusters. Figure 3 shows
the variant to be present in Caucasian parents. Here colors represent best race and ethnicity
approximations while black represents parents with the P11S variant.
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Figure 3. Mutant 3(S11) subunit harboring receptorshad reduced current and subunit surface

expression

(A) Human GABAA receptor currents were obtained from HEK 293T cells co-transfected
with a3 and y2S subunit cDNAs and wild-type B3(P11) and the mutant 3(S11) subunit for
wild-type (wt a3p3y2S 1:1:1 cDNA ratio, black), mixed of the wild-type p3(P11) and
mutant 3(S11) (1:0.5:0.5:1, mix, green) or for mutant (mut a333(S11)y2S) and evoked with
1 mM GABA for 6 sec (A). In A arrows indicates the peak of each actual trace. (B) The
mean peak amplitude of each group was plotted (n = 10 for wt, n = 15 for mix, n = 13 for
mutant from three different transfections). (C) HEK 293T cells co-transfected with a1, p3HA
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(wt) or p3(P11S) HA (mut) and v2S subunit cDNAs. Equal amounts of membrane-bound
protein from live cells cell biotinylation, were pulled down with immobilized streptavidin,
eluted with 1x NEB glycoprotein protein denaturing buffer (5% SDS, 0.4 M DTT) at room
temperature for 30 min. The eluted products were then incubated in absence (U) or presence
of PNGAse F (F) for 1hr at 37°C before fractionated by 10% SDS-PAGE and probed with
monoclonal anti-HA antibody. (D) The relative amount of surface $3 P4 subunit protein of
wild-type and mutant receptors from C was plotted (n = 4). In B and D, the data ere plotted
as mean + SEM, *P < 0.05, **P < 0.01, ***P < 0.001 vs. wild-type).
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Figure 4. Mutant B3(P11S) subunit protein had impaired intracellular processing
(A) HEK 293T cells co-transfected with a1 and y2S subunits with HA tagged p3(P11)HA

(Wt) or B3(S11) HA (mut) subunit cDNAs. Equal amounts of total lysates protein were
analyzed by 10% SDS-PAGE and probed with monoclonal anti-HA and with monoclonal
anti-Na* K* ATPase antibody as internal loading control. (B) The relative amount of surface
B3HA subunit protein versus loading control of wild-type and mutant receptors from A was
plotted (n = 7) (C) Equal amount of total cell lysates from A were undigested (U) or
PNGase-F (F) at 37°C for 3 hr. (DE) HEK 293T cells containing pulse-chase 35S
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methionine radio-labeled wild-type p3F-AG (W) and mutant B3(S11)FLAG (M) subunits were
pulse-labeled for a series of time points. The cells were lysed and the same amount of
protein for each sample was used for immunopurification and SDS-PAGE (C). The relative
ratio of radioactivity of the upper versus lower band is plotted at each time point for either
the wild-type or mutant subunits (D, n = 4).
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