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Neurobiology of Disease

The Intronic GABRG2 Mutation, IVS6+2T— G, Associated
with Childhood Absence Epilepsy Altered Subunit mRNA
Intron Splicing, Activated Nonsense-Mediated Decay, and

Produced a Stable Truncated y2 Subunit

Mengnan Tian (%44)"2 and Robert L. Macdonald'->?
Departments of 'Neurology, 2Pharmacology, and *Molecular Physiology and Biophysics, Vanderbilt University Medical Center, Nashville, Tennessee 37212

The intronic GABRG2 mutation, IVS6+2T— G, was identified in an Australian family with childhood absence epilepsy and febrile
seizures (Kananura et al., 2002). The GABRG2 intron 6 splice donor site was found to be mutated from GT to GG. We generated wild-type
and mutant y2 subunit bacterial artificial chromosomes (BACs) driven by a CMV promoter and expressed them in HEK293T cells and
expressed wild-type and mutant y2 subunit BACs containing the endogenous hGABRG2 promoter in transgenic mice. Wild-type and
mutant GABRG2 mRNA splicing patterns were determined in both BAC-transfected HEK293T cells and transgenic mouse brain, and in
both, the mutation abolished intron 6 splicing at the donor site, activated a cryptic splice site, generated partial intron 6 retention, and
produced a frameshift in exon 7 that created a premature translation termination codon (PTC). The resultant mutant mRNA was either
degraded partially by nonsense-mediated mRNA decay or translated to a stable, truncated subunit (the y2-PTC subunit) containing the
first six GABRG2 exons and a novel frameshifted 29 aa C-terminal tail. The y2-PTC subunit was homologous to the mollusk AChBP
(acetylcholine binding protein) but was not secreted from cells. It was retained in the ER and not expressed on the surface membrane, but
it did oligomerize with a1 and 32 subunits. These results suggested that the GABRG2 mutation, IVS6+2T— G, reduced surface a3y2
receptor levels, thus reducing GABAergic inhibition, by reducing GABRG2 transcript level and producing a stable, nonfunctional trun-

cated subunit that had a dominant-negative effect on «3y2 receptor assembly.

Introduction
Epilepsy is one of the most common neurological disorders, af-
fecting up to 3% of the general population. One-third to one-half
of all epilepsy syndromes have a genetic basis (Berkovic et al.,
2006), and patients with genetic epilepsy syndromes have ab-
sence, myoclonic, and/or generalized tonic-clonic seizures
(Beghi et al., 2006). Most mutations associated with genetic
epilepsies have been identified in genes encoding voltage- or
ligand-gated ion channels (Noebels, 2003).

GABA, receptors mediate the majority of inhibitory neu-
rotransmission in the CNS. Epilepsy mutations have been iden-
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tified in GABA, receptor subunit genes (GABRs) GABRAI,
GABRB3, and GABRG2 (Kang and Macdonald, 2009), but most
of the mutations are in GABRG2. The a1, B2, and y2 subunits
form the most abundant GABA, receptor subtype in the CNS
(Sieghart and Sperk, 2002; Whiting, 2003; Farrant and Nusser,
2005), and the y2 subunit plays a critical role in brain func-
tion. In mouse brain, ~75-80% of GABA, receptors contain
the 2 subunit (Olsen and Sieghart, 2008). Mice lacking y2 sub-
units (y2 /" mice) died shortly after birth (Giinther et al., 1995).
These y2 '~ mice lost 94% of their benzodiazepine bindingsites,
but GABA binding sites were only decreased slightly. The y2
subunit is required for maintaining postsynaptic GABA, recep-
tor clustering (Essrich et al., 1998). Heterozygous y2*'~ mice
had significantly decreased benzodiazepine binding sites and in-
creased extrasynaptic GABA , receptor radioligand binding sites
in the CNS, but unchanged muscimol binding sites (Sinkkonen et
al., 2004), and these animals had decreased GABA , receptor clus-
tering in hippocampus and cerebral cortex (Crestani et al., 1999).
The 2"/~ mice had increased anxiety (Crestani et al., 1999), a
behavior recapitulated in y2 subunit knockdown mice (Chandra
et al., 2005). Epilepsy, however, has not been reported in y2 =/~
or y2 "'~ mice.

GABR mutations have been associated with seizures ranging
from relatively benign absence and/or febrile seizures to severe
myoclonic seizures (Macdonald et al., 2006). The most well char-
acterized y2 subunit missense mutation is GABRG2(R82Q) asso-



5938 - J. Neurosci., April 25, 2012 - 32(17):5937-5952

ciated with childhood absence epilepsy and febrile seizures
(Wallace et al., 2001). This mutation impaired 1322 receptor
assembly, retained mutant y2 subunits in the endoplasmic retic-
ulum, and reduced receptor surface trafficking (Bianchi et al.,
2002; Hales et al., 2005; Eugene et al., 2007). Knock-in mice har-
boring the GABRG2(R82Q) mutation had reduced cell surface y2
subunit expression and reduced cortical inhibition, even in
heterozygous animals (Tan et al., 2007). Mice heterozygous for
the mutation also had absence seizures.

GABRG2(1VS6+2T— G) is a mutation of the intron 6 splice do-
nor site from GT to GG identified in an Australian family with child-
hood absence epilepsy and febrile seizures (Kananura et al., 2002).
The basis for the epilepsy in this family results from the specific
alteration in splicing of GABRG2(IVS6+2T—G) mRNA and on
subsequent translation of protein. To determine this splicing pat-
tern, we generated wild-type and mutant GABRG2(IVS6+2T—G)
bacterial artificial chromosomes (BACs) and determined how the
IVS6+2T—G mutation altered intron 6 splicing and y2 subunit
expression in HEK293T cells and transgenic mouse brain. We then
characterized the biogenesis and function of the translated mutant
y2 subunit.

Materials and Methods

Expression vectors with GABA , receptor subunits. The coding sequences of
human al, B2, y2S, and y2L GABA, receptor subunits from the trans-
lation initiation codon ATG to the stop codon were cloned into
pcDNA3.1 expression vectors (Invitrogen) or pLVX-IRES-ZsGreenl
vectors (Clontech) as previously described (Gallagher et al., 2005). The
cDNA encoding the HA peptide, YPYDVPDYA, was introduced between
the fourth and fifth amino acids of mature y2S and y2L subunits, which
has been reported to be a functionally silent position (Connolly et al.,
1996). In recent studies, the position of the mutant and variant amino
acids in al, B3, and 6 subunits have been specified in the immature
peptide that includes the signal peptide, but mutations in y2 subunit
have been reported in the mature peptide, excluding the signal peptide.
For consistency, in this study, the positions of y2 subunit mutations were
designated also in the immature peptide.

The BAC clone number RP11-1035120 (BACPAC Resources; http://
bacpac.chori.org) contains a human chromosome 5 fragment that in-
cluded the wild-type human GABRG?2 gene genomic sequence (and thus
a complete intron 6) and 20 kb upstream and 40 kb downstream human
chromosome 5 sequences (see Fig. 1A). The BAC sequence was con-
firmed by restriction enzyme digestion and direct DNA sequencing. The
BAC clone was recombined with the pEHHG vector (Wade-Martins et
al., 2001), which contained the eGFP reporter gene driven by the HSV
early gene promoter. In target cells expressing these BAC vectors, eGFP
fluorescence was detected. In this BAC clone, htGABRG2 was predicted to
be driven by the promoter sequence in the 20 kb upstream human chro-
mosome sequence, while the eGFP was driven by a separate HSV pro-
moter, and thus, expression of eGFP was independent of expression of
hGABRG2. To introduce the point mutation in htGABRG2 at the IVS6+2
position, we used galK-facilitated recombineering (Warming et al., 2005;
Chandler et al., 2007). The galK gene encodes galactose kinase and pro-
vides both positive and negative selection factors in this technique. Using
galK-facilitated BAC recombineering, the human chromosome sequence
upstream of the GABRG?2 translation initiation sequence ATG was re-
placed with a CMV promoter (see Fig. 1 A). Unless otherwise specified,
wt and mutant hGABRG2 BACs were driven by the CMV promoter and
contained the eGFP reporter gene. The oligo sequences for BAC recom-
bineering are available upon request.

Cell culture, transfection, and RNAi. Human embryonic kidney cells
(HEK293T) (ATCC; CRL-11268) and HeLa cells (ATCC; CCL-2) were
incubated at 37°C in humidified 5% CO,, 95% air and grown in DMEM
(Invitrogen) supplemented with 10% fetal bovine serum, 100 IU/ml pen-
icillin, and 100 pg/ml streptomycin (Invitrogen). Cells were transfected
with cDNAs using the FuGENE 6 transfection reagent (Roche Applied
Science) or Lipofectamine 2000 (Invitrogen) at a DNA/transfection re-
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agent ratio of 1:3 according to the manufacturer’s instructions. The
transfected cells were harvested after 36 h in culture for the following
experimental protocols.

Sprague Dawley rat cortex was dissected from E18 embryos and disso-
ciated using 0.25% trypsin and mild trituration (Banker and Goslin,
1998). Neurons were plated on poly-L-ornithine-coated coverslips in
DMEM (Invitrogen) supplemented with 10% horse serum, 2 mwm glu-
tamine, and 1 mm Na-pyruvate. After 4 h, medium was replaced by 1 ml
of serum-free culture medium containing Neurobasal with B27 supple-
ment, glutamine (2 mm), and penicillin/streptomycin. Cultures were
maintained at 36°C in a humidified CO, incubator for up to 4 weeks and
fed once a week. Cultured neurons were transfected with Lipofectamine
2000 (Invitrogen) at 7 DIV according to the manufacturer’s instructions.
A mixture of 1 g of DNA and 3 ul of Lipofectamine in 60 ul of Opti-
MEM (Invitrogen) was added to the well. One hour after incubation, the
culture medium containing the Lipofectamine/DNA complex was com-
pletely replaced with fresh serum-free Neurobasal/B27 culture medium.
Neurons were immunostained 7 d after transfection.

Nonsense-mediated mRNA decay (NMD) efficiency was decreased by
knocking down the essential factor UPF1. Silencer select predesigned and
validated siRNA (Ambion; siRNA ID s11926) was transfected to cells
using Lipofectamine RNAiMax (Invitrogen) according to the manufac-
turer’s manual. Twenty-four hours later, the same cells were transfected
again with the wild-type or mutant BAC constructs and harvested 2 d
later for RT-PCR. The efficiency of UPF1 knockdown was confirmed by
Western blot.

RNA extraction, RT-PCR, and TaqMan real-time qPCR. Total RNAs
were extracted from transfected HEK293T cells by using the PerfectPure
RNA Cultured Cell kit (5 PRIME) following the manufacturer’s proto-
col, total RNA in mouse brain tissue was expressed by TRIzol reagent
(Invitrogen) and PureLink RNA mini kit (Invitrogen) according to man-
ufacturer’s manual, and human total brain RNA was obtained from Am-
bion. Two hundred nanograms of total RNA of each sample was reverse
transcribed to cDNA in a 10 ul volume using the TagMan MicroRNA
Reverse Transcription Kit (Applied Biosystems). The transcribed cDNA
was used as a template to perform regular PCR using Expand High Fi-
delity PCR Kit (Roche Applied Science) following the manufacturer’s
manual. One microliter of the 50 X diluted transcribed cDNA was mixed
with TagMan Universal PCR Master Mix (Applied Biosystems) and Taq-
Man probes in a total volume of 5 ul for the TagMan qPCR experiments.
TaqMan probe detecting human GABRG2 gene mRNA, human GAPDH
gene, 18S rRNA, or eGFP (part number 4331348; Custom TagMan Gene
Expression Assay Service) were used. The catalog number of each probe
is available upon request. Each sample was run in triplicate, and the
average threshold cycle (Ct) value of each sample was calculated by the
Sequence Detection System, version 2.3, Standard Edition (Applied Bio-
systems). The average Ct values of GABRG2 gene mRNA were normal-
ized to the endogenous human GAPDH, 18S rDNA, or eGFP amount,
and the normalized Ct values of samples were compared to get the rela-
tive RNA abundance.

Generation and maintenance of hGABRG2 BAC transgenic mice. The
cesium chloride density centrifugation purified BAC DNAs were micro-
injected into the male pronucleus of C57BL/6] F, fertilized mouse em-
bryos and implanted into pseudopregnant ICR surrogate mice by the
Vanderbilt Transgenic/ES Cell Shared Resource Facility. Founder mice
were bred to C57BL/6] mice to establish transgenic lines. All animals used
in these studies were handled in strict compliance with the guidelines of
the American Association for Laboratory Animal Science and the Van-
derbilt University Institutional Animal Care and Use Committee Protec-
tion of Research Subjects.

Transgenic mouse genotyping PCR. Mouse tail samples collected at P14—
P21 were extracted using red Extract-N-AMP tissue PCR kit (Sigma-
Aldrich) according to the manufacturer’s manual. Forward primers binding
to either HA tag (primer sequence: TACCCCTACGACGTGCCCGAC-
TACGCC) or intron 1/exon 2 border (GTAATCTATGTGTTTTTTGAC-
CAATATGTTTTTTCTTAGCTTCACTAGCCAGAAATCTG) and reverse
primer binding to intron 2 (CACCTCTCCCACTCATAGGCCTGAATG)
were used for genotyping. PCR cycling conditions were as follows: 95°C, 5
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min initial denature step; 95°C, 1 min/68°C, 1 min/72°C, 1 min (30 cycles);
72°C, 5 min final step.

Immunohistochemistry. Brains were removed from CO,-killed mice,
fresh frozen in powdered dry ice, and stored at —80°C until sectioned.
Parasagittal sections, 20 um thick, were prepared with a cryostat
(CM1950; Leica Microsystems) and stored at —80°C until immunostain-
ing (Schneider Gasser et al., 2006). Brain slices were fixed and permeabil-
ized with 2% paraformaldehyde (Sigma-Aldrich) in PBS for 2 min, and
washed with PBS. Slices were incubated overnight in rabbit monoclonal
anti-HA epitope-tagged antibodies (1:500; clone C29F4; Cell Signaling)
in PBS with 0.2% Triton X (Sigma-Aldrich) to detect HA epitope-tagged
Y2 subunits, followed by 2 h incubation in IRDye800-conjugated donkey
anti-rabbit IgG secondary antibodies at 1:1000 dilution in PBS with 0.2%
Triton X. Immunolabeled slices were scanned with Odyssey imaging
system (LI-COR) after air dry. Scan parameters were as follows: resolu-
tion, 21 wm; quality, highest; focus offset, 0.0 mm; intensity, 5.0 in both
700 and 800 channels. The 700 channel fluorescence signal was scanned
to show autofluorescence of the brain sections. Scanned images were
analyzed with Odyssey, version 3.0 (LI-COR).

Immunocytochemistry and confocal microscopy. HEK293T cells were
plated on poly-L-ornithine-coated, glass-bottom imaging dishes ata den-
sity of 3 X 10° cells/dish and cotransfected with 0.5 ug each of human
subunit plasmid. Cells were fixed with 1% paraformaldehyde for 15 min
to stain surface proteins, or permeabilized with CytoPerm (BD Biosci-
ences) for 15 min to stain total proteins. The fixed/permeabilized cells
were stained with rabbit polyclonal BIP antibodies (Abcam) for an hour,
then a mixture of Alexa 568-conjugated donkey anti-rabbit secondary
antibodies, Alexa 488-conjugated mouse monoclonal HA antibodies,
and Alexa 647-conjugated mouse monoclonal «al subunit antibodies
(Millipore) for an hour. BIP protein (GRP78) is an ER specific marker.
BIP antibodies visualized ER in total staining and showed membrane
integrity in surface staining.

Neurons were fixed with 4% paraformaldehyde/4% glucose in PBS for
15 min to stain surface proteins, or permeabilized with CytoPerm (BD
Biosciences) for 15 min to stain total proteins. Coverslips were then
blocked for 1 h with 10% BSA in PBS, and incubated in mouse mono-
clonal antibody against the HA epitope tag (Covance) and rabbit poly-
clonal antibodies against ER marker BIP (Abcam) for 2 h, followed by
Alexa 568-conjugated donkey anti-mouse IgG antibodies (Invitrogen)
and Alexa 647-conjugated donkey anti-rabbit IgG antibodies (Invitro-
gen) for 1 h. Antibodies were diluted in 4% BSA in PBS for surface
staining, or in 4% BSA in PBS containing 0.2% Triton X-100 for total
staining. Coverslips were mounted with 5% n-propyl gallate (Sigma-
Aldrich) in PBS/glycerol. The ZsGreen translated from the pLVX-IRES-
ZsGreenl1 vector (Clontech) was a marker for transfected neurons.

Confocal experiments were performed in part using the Vanderbilt
University Medical Center Cell Imaging Shared Resource. Images were
obtained using a Zeiss LSM 510 META inverted confocal microscope.
Stained HEK293T cells or cultured neurons were excited with the 488 nm
laser for the Alexa 488 fluorophore or ZsGreen signal, 543 nm laser for
the Alexa 568 fluorophore signal, and 633 nm laser for the Alexa 647
fluorophore signal. We adjusted the pinhole of all channels to obtain 1
pm sections from HEK293T cells, or 2 um sections from cultured neu-
rons. In each experiment, we adjusted the laser intensity and detector
sensitivity to use the full linear range of detection. Images were obtained
with 8 bit, 1024 X 1024 pixel resolution, and an average of four scans was
taken to decrease the background noise.

Flow cytometry. To collect cells for flow cytometry analysis, monolayer
cultures of HEK293T cells were dissociated by 37°C trypsin (Invitrogen) for
2 min, and then isolated to single cell in 4°C PBS containing 2% fetal bovine
serum and 0.05% sodium azide (FACS buffer) by pipette up and down 10
times. Surface levels of each subunit were also quantified in 2 mm EDTA
dissociated cells compared with trypsinized cells. The relative surface levels
were not affected by trypsinization (data not shown). To evaluate total sub-
unit levels, cells were permeabilized with CytoPerm (BD Biosciences) for 15
min, and washed with CytoWash (BD Biosciences).

Following washes with FACS buffer for surface staining or CytoWash
for total staining, cells were incubated with anti-HA epitope-tagged an-
tibodies (clone 16B12; Covance) conjugated to the Alexa 647 fluoro-

J. Neurosci., April 25, 2012 + 32(17):5937-5952 + 5939

phore (Invitrogen) for 1 h. Cells were then washed three times and fixed
with 2% paraformaldehyde. Flow cytometry experiments were per-
formed in the Vanderbilt Medical Center Flow Cytometry Shared Re-
source, which is supported by the Vanderbilt Ingram Cancer Center and
the Vanderbilt Digestive Disease Research Center. Data were acquired
using FACSDiva 6.0 (BD Biosciences) and analyzed off-line using FlowJo
7.5 (Tree Star). The mean fluorescence intensity of each sample was
evaluated and normalized to the 100% control (alB2y2L"™* or
«l1B2y2S™4 as noted in each figure legend). The normalized mean fluo-
rescence intensity was represented as a percentage of the 100% control.

Immunoblotting. Transgenic mouse brain tissue samples or cultured
HEK293T cells were sonicated in radioimmunoprecipitation assay
(RIPA) buffers (Pierce) and a protease inhibitor mixture (Sigma-
Aldrich). Total tissue or cell lysates were cleaned by centrifugation at
20,000 X g for 30 min in 4°C. The supernatants were mixed with Nupage
LDS sample buffer (Invitrogen), and then subjected to SDS-PAGE. Pro-
teins in gels were transferred to Millipore Immobilon FL PVDF mem-
brane (Millipore). Nonspecific binding on the membrane was blocked
with the Odyssey blocking buffer (LI-COR). Rabbit polyclonal anti-
GABA, receptor y2 subunit antibodies (final concentration, 2 ug/ml;
Alomone) and monoclonal anti-HA epitope-tagged antibodies (0.2 g/
ml; clone 16B12; Covance) were used to detect endogenous mouse y2
subunits and HA epitope-tagged y2 subunits, respectively. Monoclonal
anti-GABA , receptor al subunit antibodies (final concentration, 5 ug/
ml; clone BD24; Millipore Bioscience Research Reagents) and monoclo-
nal anti-GABA, receptor 82/3 antibodies (4 ug/ml; clone 62-3Gl;
Millipore) were used to detect wild-type human a1l and 2 subunits,
respectively. The polyclonal anti-human Upf-1 (hUpf-1) antibodies
(Abgent; AP1905c) were used at a final concentration of 125 ng/ml.
Anti-Na */K *-ATPase antibodies (0.2 pg/ml; clone ab7671; Abcam)
were used to check loading variability. Following incubation with pri-
mary antibodies, IRDye secondary antibodies were used at a 1:10,000X
dilution (LI-COR) for visualization of specific bands with the Odyssey
imaging system (LI-COR). The band intensities of scanned images were
quantified with the Odyssey analysis software (LI-COR).

Glycosidase digestion. Whole-cell lysates obtained from 10 mwm Tris
RIPA buffer (10 mMm Tris-HCI, 150 mm NaCl, 1.0 mm EDTA, 1% Nonidet
P-40, and 0.25% sodium deoxycholate) extraction were subjected to
Endo H and peptide N-glycosidase-F digestion (New England Biolabs)
following the manufacturer’s recommended protocol. The digestion re-
actions were performed at 37°C for 3 h and terminated by addition of
sample buffer.

Immunoprecipitation. Protein complexes containing HA-tagged GABA
receptor subunits were immunoprecipitated using EZview Red anti-HA M2
beads (Sigma-Aldrich) for 30 min at room temperature following the man-
ufacturer’s manual. After three washes with extracting RIPA buffer, protein
complexes were eluted with 100 ug/ml HA peptide (Sigma-Aldrich).

Electrophysiology. Lifted whole-cell recordings were obtained from
transfected HEK293T cells as previously described (Bianchi et al., 2002).
Briefly, cells were bathed in an external solution consisting of the follow-
ing (in mm): 142 NaCl, 8 KCI, 6 MgCl,, 1 CaCl,, 10 HEPES, 10 glucose,
pH 7.4, 325 mOsm. Electrodes were fire-polished to resistances of 0.8—
1.5 M{) and filled with an internal solution consisting of the following (in
mwm): 153 KCl, 1 MgCl,, 2 MgATP, 10 HEPES, 5 EGTA, pH 7.3, 300
mOsm. The combination of internal and external solutions produced a
chloride equilibrium potential of ~0 mV. For all recordings, cells were
voltage clamped at —20 mV. GABA (1 mm) was applied to cells for 4 s,
and cells were then washed with external solution for 40 s. Zn>* (10 um)
was then preapplied for 10 s followed by coapplication of GABA (1 mm)
and Zn** (10 um) for 4 s. Finally, cells were washed with external solu-
tion for 10 s followed by application of GABA (1 mm) for 4 s. Whole-cell
currents were low-pass filtered at 2-5 kHz and digitized at 10 kHz, and
peak current amplitudes were quantified using the pClamp9 software
suite (Molecular Devices).

Statistical analysis. Data are presented as means = SEM. We used
Student’s t test for two group comparisons, and one-way or two-way
ANOVA with Bonferroni’s multiple-comparison test for multiple com-
parisons. Data were plotted and analyzed with GraphPad Prism 5
(GraphPad Software).
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Results

The GABRG2(IVS6+2T— G) mutation generated a mutant
hGABRG2(IVS6+2T— G) BAC transcript that retained a 53
bp intron 6 fragment

The GABRG2(1VS6+2T— G) mutation altered the GABRG2
intron 6 splice donor site sequence. As a result, it was proposed
that intron 6 is spliced out either with the donor site from
another intron, resulting in exon skipping, or with an alterna-
tive donor site downstream of the wild-type site, resulting in
cryptic splice donor site activation and partial intron 6 reten-
tion in the mutant mature mRNA (Kananura et al., 2002).
However, the actual splice pattern of the mutant mRNA is
unknown, and patient tissues or RNA samples are not avail-
able. Our approach to determine the splicing pattern of the
mutant gene was to study splicing in vitro and in vivo of a BAC
construct that contained #GABRG2 genomic sequence, and
thus a full-length intron 6 (Fig. 1A) (for construct details, see
Materials and Methods). Intron splicing is cell type specific, and
the optimal approach to study splicing of GABRG2 is to do so in
cells with endogenous GABRG2 expression. We used Lipo-
fectamine 2000 to transfect either wild-type or mutant t\GABRG2
BACs containing their native promoter and the eGFP reporter gene
into PC12 cells, which have been reported to have endogenous
GABRG?2 expression (Tyndale et al.,, 1994). Although GFP expres-
sion was observed in BAC-transfected PC12 cells, using RT-PCR we
were unable to demonstrate hy2 subunit mRNA. As an alternative
strategy, we replaced the tGABRG2 promoter witha CMV promoter
and expressed the CMV promoter-driven hGABRG2 BAC in
HEK293T cells (Fig. 1A) (for construct details, see Materials and
Methods), and using RT-PCR, we were able to demonstrate hy2
subunit mRNA expression. Thus, unless otherwise specified, all
hGABRG?2 BAC constructs in the remainder of the in vitro studies
used the CMV promoter.

To determine wild-type and mutant hGABRG?2 splicing pat-
terns, we expressed both wild-type hGABRG2 BAC and control
v2S cDNA constructs in HEK293T cells and collected total RNA.
DNA sequencing of hGABRG2 BAC RT-PCR products using
primers binding to exons 5 and 9 of the GABRG2 coding se-
quence showed that the intervening introns 6, 7, and 8 were com-
pletely spliced out, and only y2S subunit mRNA was transcribed
from the hGABRG2 BAC (data not shown). This was consistent
with the finding that the y2S subunit splice variant is the default
splicing product and that generation of the y2L subunit splice
variant requires positive regulation such as the function of
neuron-specific RNA binding protein Nova-1 (Zhang et al., 1996,
1999; Dredge and Darnell, 2003).

The mutant HtGABRG2(IVS6+2T— G) BAC transcript was
expressed in HEK293T cells and cloned and sequenced (Fig.
1B). The mutant hGABRG2(IVS6+2T—G) BAC intron 6
used a cryptic splice donor site 53 bp downstream of the wild-
type splice donor site, and thus the mutant transcript retained
a 53 bp intron 6 fragment (Fig. 1C,D). None of the intron
splice donor site prediction models that we used detected this
site, suggesting that its sequence did not comply with general
splice donor site rules. The mutant splice donor site was pre-
dicted to be much weaker than the wild-type site (Carmel et
al., 2004), having less hydrogen bonding with the splice ma-
chinery, and hence forming a less stable mRNA—protein com-
plex. These are all common properties of mutant splice donor
sites (Buratti et al., 2007).
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The mutant GABRG2(IVS6+2T— G) mRNA should be
translated to a truncated subunit containing the signal
peptide and N-terminal 217 aa of the wild-type y2 subunit

In silico translation, using Vector NTi (Invitrogen), showed that
the mutant transcript should be translated to a polypeptide con-
taining the signal peptide and N-terminal 217 aa of the wild-type
v2 subunit. The retained 53 bp intron 6 fragment caused a frame-
shift in exon 7, which generated a stop codon 33 bp from the end
of the fragment. The retained intron 6 fragment and the exon 7
frameshift sequence are predicted to be translated to a novel 29 aa
peptide tail at the C terminus of the mutant protein (Fig. 2A), so
the mutant protein contained the N terminus of the wild-type
subunit and the novel C-terminal tail [y2-premature translation
termination codon (PTC) subunit] (Fig. 2 B). The hydrophobic-
ity of the 29 aa tail was evaluated by ProtScale at Expasy.org
(Wilkins et al., 1999) and was found to be hydrophilic at the N
terminus and hydrophobic at the C terminus (Fig. 2C). The max-
imum hydrophobic region was the C terminus, where the calcu-
lated maximum hydrophobicity was 1.43 (Abraham and Leo,
1987). This was very close to the maximum hydrophobicity of the
wild-type y2S subunit, which was 1.75 when evaluated by the
same model. The structure of the mutant y2-PTC subunit was
unknown, but bioinformatics models did not predict that any
secondary structure formed in this fragment.

This truncated subunit was reminiscent of the soluble
acetylcholine-binding proteins (AChBPs) found in mollusk glial
cells (Smit et al., 2001; Hansen et al., 2004; Celie et al., 2005).
AChBP sequences are homologous to the N-terminal extracellu-
lar domains of cys-loop family ligand-gated ion channel (LGIC)
subunits, and the crystal structure and protein function are sim-
ilar to the ligand-binding domain of the nicotinic acetylcholine
receptor « subunit. GABA , receptors also belong to the cys-loop
LGIC family. AChBPs oligomerize to form homopentamers con-
taining binding sites for agonists and antagonists including ace-
tylcholine. Upon acetylcholine release, AChBPs are released from
glia cells into synaptic gaps and inhibit cholinergic neurotrans-
mission by binding free acetylcholine molecules (Smit et al.,
2001). Sequence alignment showed that the y2-PTC subunit has
the highest homology with the Aplysia californica AChBP (Ac-
AChBP) (Fig. 2 D). ClustalW alignment showed that the y2-PTC
subunit had a 21-29% sequence identity with AChBPs (data not
shown), which was even higher than the 13-25% sequence iden-
tity between AChBPs and LIGC subunit N-terminal extracellular
domains (Celie et al., 2005). The GABRG2(1VS6+2T— G) mu-
tation might generate a mutant protein, the y2-PTC subunit, that
structurally resembles AChBPs and interferes with GABAergic
neurotransmission in a similar way.

The expression pattern of tGABRG2"* BACs in transgenic
mouse brain was similar to that of the endogenous GABRG2
The transcription product of the CMV-driven hGABRG2
(IVS6+2T—G) BAC in HEK293T cells, the y2-PTC subunit
mRNA, retained a 53 bp intron 6 fragment in the mutant exon 6.
However, it has been reported that promoter usage can affect intron
splicing pattern (Kornblihtt, 2005), and thus the mutant
hGABRG2(IVS6+2T— G) BAC might be spliced to another mRNA
when driven by its endogenous promoter. The intron splicing pat-
tern is also cell type dependent. To minimize possible artifacts, we
studied intron splicing of the htGABRG2(IVS6+2T— G) BAC with
its endogenous promoter region in transgenic mouse brain (Fig. 3).
We first expressed an HA-tagged hGABRG2 BAC in C57BL/6] mice,
which is the C57BL/ 6-Tg(hGABRG2HA)RLM mouse line [according
to The Jackson Laboratory mouse nomenclature, Tg(hGABRG2"™*
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A hGABRG2 BAC.

Intron 6
| i II[—| I
>G

CMYV promoter-driven h(GABRG2 BAC

CMYV Promoter
Intron 6

IIIIII—I H

B Location of the IVS6+2T9G splice donor site mutation
T>G

Mutant tctzagaaataccaccgaagtagtgaagacaactt ccgggaagatgeact
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Wlldtype tctaagaaataccaccgaagtagtgaagacaacttecocggtaagatgeact 161463622

Mutant ggcaaagaatttcaagtgacccttocagagttgaaattttyg

. (RN R AR RN R R RN AR R AR R
Wlldtype ggcaaagaatttcaagtgaccocttoccagagttgaaattttg 161463663

C Mutant h(GABRG2 BAC transcript

Retained intron 6 fragment
Exon 1-6 L Exon 7-9
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Signal peptide Mature peptide

D Activation of cryptic intron 6 splice donor site resulted in

retention of 53 bp of intron 6.

ataatcattt ttaatgtgag ctttcctatc tcacggcaglh TGGECTATCCA 161463483
CGTGAAGARDL TIGITTATCA ATGGAAGCGA AGITCIGITIG AAGIGGGCGA 161463533
CACRAGATCC TGGAGGCTITT ATCAATTILTC ATTTGITGGT CTAAGARATA 161463583
CCACCGRAGT AGTGRAGACA ACTTECHSCA AGATGCACTG GCARAGAATT 161463633
TCAAGTGACC CITCCAGAGT TGARAT 3 tatga attagaagat 161463683
ttttcaatac ctctcaatga atgataatca gaaaattaaa tgaagtbgttt 161463733

Figure1.  TheGABRG2(IVS6+ 2T—> G) BACtranscriptretained 53 bp of intron 6 sequence. 4, Structures of the human GABRG2 genomic
sequence used in this study. The genomic sequence of GABRG2 in the BACused in this study (RP11-1035120) and the CMV promoter-driven
GABRG2 BACare shown. The yellow horizontal lines represent introns and 3'- and 5"-UTRs. The brown horizontal line represents intron 6.
The vertical dark blue lines represent exons. The black arrow points to the mutation. The brown arrow at the left end represents the CMV
promoter. Thelength of each lineis proportional to the molecular size of the represented region (nucleic acid number). B, The mutantmRNA
was cloned into the TOPO cloning vector (top) and human genomic mRNA (bottom) sequences were aligned. The last 91 bp of the mutant
exon 6 alignment result including the retained intron 6 sequence are presented. The number on the bottom line shows the position of each
nucleotide in human chromosome 5. The red arrow points to the IVS6+2T— G mutation, and the red line underlines the retained 53 bp
intron 6 sequence. , The structure of the GABRG2(IVS6 + 2T—> G) BAC transcript is shown. The arrows represent exons 1-9. The red line
represents the retained intron 6 fragment. The yellow lines represent 3'- and 5'-UTRs. The blue lines underline the signal and mature
peptides. The length of each arrow and line is proportional to the molecular size of the represented region (nucleic acid number). D, The
sequence of the mutant intron 6 splice donor site is shown. In the full mutant exon 6 sequence, a “t” in lowercase is shown at the T—G
mutation site. The dotted black box shows the wild-type intron 6 splice site conservative sequences, and the dotted red line marks the
wild-type splice site. The solid black box encloses the seven nucleic acids at the mutant donor site sequence, and the solid red line marks the
splice site. The nucleotides in uppercase are exon 6 sequences, and the nucleotides in lowercase are intron sequences.
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below 50 kDa and weak y2 subunit-specific
bands below the nonspecific band (Fig. 3A).
The Western blot on adult mouse total brain
tissue lysate showed that both transgenic
mice (Fig. 3Aa, lanes 4, 5) and wild-type
littermates (Fig. 3Aa, lanes 1-3) had en-
dogenous mouse y2 subunits, but only
transgenic Tg(hGABRG2"™) mice had both
endogenous mouse and HA-tagged human
v2 subunits (Fig. 3Ab, lanes 4, 5). The
merged image showed that the HA band
molecular mass was similar to the endoge-
nous mouse y2 subunit band (Fig. 3Ac). We
repeated this Western blot four times with
15 adult Tg(hGABRG2™) mouse brain
samples and detected the same HA tag band
in addition to the endogenous mouse y2
subunit band. Although the HA-tagged
hGABRG2 BAC construct had human
GABRG2 gene genomic sequence and
transcription regulatory elements, it was
translated to protein in the transgenic
mouse brain.

We then collected brain samples from
Tg(hGABRG2"*) mice and wild-type lit-
termates, cryosectioned them to 20 wm
sections, stained the sections with HA an-
tibodies and IRDye800-conjugated don-
key anti-mouse IgG secondary antibodies,
and scanned the immunolabeled sections
with the Odyssey imaging system (Fig.
3Ba,Bb). Wild-type mouse brain sections
only showed weak fluorescence signal in
the 800 channel (Fig. 3Bb). Its pattern was
similar to the pattern of its autofluores-
cence scanned in the 700 channel, which
did not receive any antibody labeling
(data not shown). The Tg(hGABRG2"*)
mouse brain section had enhanced 800
channel fluorescence signal primarily in ol-
factory bulb, cortex, hippocampus, thala-
mus, midbrain, pons, and cerebellum. The
expression pattern of HA-tagged human y2
subunits in the Tg(hGABRG2HA) mouse
brain was similar to endogenous mouse y2
subunits as reported previously (Fritschy et
al., 1994; Fritschy and Mohler, 1995). The
human GABRG2 gene promoter in
hGABRG2"* BACs and the endogenous
mouse GABRG2 gene promoter func-
tioned similarly.

The y2-PTC subunit was expressed as a
stable protein in HEK293T cells and
Tg(hGABRG2"5¢* 2T~ %) mouse brain
Having confirmed the expression pattern
of hGABRG2 BACs, we next determined
the effect of the mutation on mRNA splicing
in the transgenic mouse brain. We intro-

mice)]. The HA tag was introduced to a functionally silent position ~ duced the IVS6+2T—G mutation into the BAC without the HA
in the wild-type subunit coding sequence. The HA-tagged y2 sub-  tag,expressed themutant BACin C57BL/6-Tg(hGABRG2"5¢+21—6)
units were not recognized by polyclonal y2 subunit antibodies (data ~ RLM mice [Tg(hGABRG2'V**?T%) mice], collected transgenic
not shown). These antibodies recognized a strong nonspecificband ~ mouse and wild-type littermate brain total RNAs, and converted
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pattern in transgenic mice, we performed Ty Gn Phe Ser Phe Vd G
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Predicted translation product of mutant BAC transcripts.

Leu Arg Asn Thr Thr Glu Val Val Lys The Thr Ser Gy Lys Met His Trp Gin Arg lle  Ser Ser Asp Pro Ser Arg Vab

RT-PCR using primers binding to exon 5-7
of the y2 subunit cDNA. The amplified frag-

TATCAATTCT CATTTGITGG TCTAAGAAAT ACCACCGAAG TAGTGAAGAC AACTTCCGEEHT:R(erNfe v o ielelor. tu ety i kot ey {er. eelbm K ootife e
ATAGTTAAGA GTAAACAACC AGATICTITA TGGTGGCTIC ATCACTICTG TTGAAGGCIwwweesvitoierver Sloloewydosuy (rihiey orilos{elleleriteles (oo ol

ment from wild-type human or mouse y2

Val Glu lle Lew Gl lle Met Trp Ser Cys Leu Ser Thr Leu e . Bla Gl Gu Tp Asp Thr Lew Pro Ser Arg Pro lle Ser Pro Ala His Ser Leu

subunit cDNA was 320 bp, and the frag-

i e SEGAGATTATG TGGTCATGTC TGTCTACTTT GATCTGAGCA GARGAATGGG ATACTTTACC ATCCAGACCT ATATCCCCTG CACACTCATT
prleyenut@wCTCTAATAC ACCAGTACAG ACAGATGAAA CTAGACTCGI CTTCTTACCC TATGAAATGG TAGGTCTGGA TATAGGGGAC GTGTGAGTAA

ment amplified from the CMV-driven BAC

LleuSer Ser Ty Pro Gly Cys Leu Ser Gly Ser lle Arg Met Leu Phe Gin Pro Glu His Lew ™

Yol Ser Pro Lew Ser ™ Gn ™ Pro Pro Ser Al

transcript in HEK293T cell, the y2-PTC
subunit, was 373 bp. The primers ampli-
fied only one band from wild-type lit-
termate total cDNAs but two bands that
were almost overlapping from mutant
Tg(hGABRG2'**"21%) mouse total cD-
NAs (data not shown). The IVS6+2T—G
mutation generated an Ncil restriction en-
zyme site in the middle of the y2-PTC sub-
unit cDNA. Ncil should cut the amplified
mutant exon 5-7 fragment into two frag-
ments of 204 and 169 bp, thus allowing
more separation on the gel between the am-
plified mouse fragment (320 bp) and the di-
gested mutant transgene products (204 and
169 bp). We repeated the exon 5-7 RT-PCR
in mutant transgenic mouse brain total
RNAs and in wild-type human +y2S subunit
or y2-PTC subunit cDNA-transfected cell

B Predicted y2-PTC subunit topology.

GICGTCCTAT CCTGGGIGTC TTTCTGGATC AATAAGGATG CTGTTCCAGC CAGAACATCT TTAGGTATCA CCACTGTCCT GACAATGACC ACCCTCAGCA
CAGCAGGATA GGACCCACAG AAAGACCTAG TTATTCCTAC GACAAGGICG GICTTGTAGA AATCCATAGT GGIGACAGGA CTGITACTGG TGGGAGICGT

C C-terminal hydrophobicity

ProtScale output for user sequence

\
\
o - i
‘g..
Zh r
~1 /

Position

D ClustalW2 alignment of AChBPs and
predicted y2-PTC subunit.

total RNAs. We then digested the RT-PCR
products with Ncil and separated digested
products in ethidium bromide-stained aga-
rose gel (Fig. 4A). The human +2S subunit
PCR product was undigested and remained
~320 bp as expected (Fig. 4 A, lane a), but
the y2-PTC subunit PCR product was
digested to a broad ~200 bp band, consis-
tent with two 204 and 169 bp products (Fig.
4A, lane b). The Tg(hGABRG2"5¢+21C)
mouse total RNA RT-PCR product showed
two bands of ~320 and 200 bp (again con-
sistent with two 204 and 169 bp products)
after digestion (Fig. 4A, lane 5), while their
wild-type littermate RT-PCR fragments had
only one 320 bp fragment after digestion
(Fig. 4A, lanes 6—8). Direct DNA se-
quencing of the cloned RT-PCR products showed that the
Tg(hGABRG2"*"?T~%) mouse brain had human y2-PTC subunit
c¢DNA identical with the transcription product of CMV-
hGABRG2(IVS6+2T— G) BAC in HEK293T cells, as well as endog-
enous mouse y2 subunit cDNA. This RT-PCR was repeated in seven
Tg(hGABRG2'5**21%) mouse brain total RNA samples at differ-
ent ages (three at PO, four at P35), and the same mutant human BAC
transcript was detected in these animals. Thus, the splicing pattern of
the mutant hGABRG2(IVS6+2T—G) BAC intron 6 in mouse
brain was the same as the splicing pattern of the mutant CMV-
driven BAC intron 6 in transfected HEK293T cells.

Although mutant GABRG2(IVS6+2T—G) BAC 2 subunit
mRNAs were susceptible to degradation by NMD, we still de-
tected y2-PTC subunit mRNAs in transfected HEK293T cells and
Tg(hGABRG2'*°*2T=%) mouse brain. In silico translation pre-
dicted that the y2-PTC subunit retained most of the wild-type y2
subunit N terminus. We transfected wild-type y2S subunit cDNA
and y2-PTC subunit cDNA in HEK293T cells, separated total
cell lysates using a 4—12% gradient NuPage Novex Bis-Tris gel

Figure2.

Lymnaea stagnalis.

_l—Ac—Ad1I3P {0.3605)
g2-PTC (0.5248)
Bt-AchBP 1 (0.0136)
EBt—Pd‘lBP 2 (0.0202)
Ls-AchBP (0.2510)

The mutant BAC transcript was predicted to encode a truncated protein containing most of the -y2 subunit N terminus
and a novel hydrophobic C-terminal tail translated from the retained intron 6 fragment and the exon 7 frameshift product. 4, The
predicted sequence of the C-terminal tail of the GABRG2(IVS6+2T—>G) BAC transcript (y2-PTC subunit) is shown. The blue
background shows the retained 53 bp intron 6 fragment, and the red octagon shows the position of the PTCin exon 7. Sequences
of both DNA strands are shown. The predicted amino acids are shown in blue above the DNA sequences. B, The predicted mem-
brane topology of the y2-PTCsubunitis shown. The gray circles represent the wild-type 2 subunit N terminus 217 aa peptide. The
dark blue circles represent the 29 aa novel C terminus translated from retained intron 6 and exon 7 frameshift product. C, The
hydrophobicity of the novel C-terminal tail translated from retained intron 6 and exon 7 frameshift product was determined based
on an amino acid scale (Abraham and Leo, 1987). The average hydrophobicities of five adjacent amino acids ( y-axis) are plotted
against the amino acid positions in the peptide (x-axis). D, Peptide sequence alignment by ClustalW2 showing the -y2-PTC subunit
is homologous to AChBP identified from different species. Ac-AChBP, Aplysia californica; Bt-AChBP, Bulinus truncatusi; Ls-AChBP,

(Invitrogen), and ran Western blots using polyclonal y2 sub-
unit antibodies (Fig. 4 Ba). All samples had a faint nonspecific
band slightly smaller than 50 kDa and a specific y2 subunit
band of wild-type y2 subunit that was ~40 kDa (Fig. 4 Ba,
lanes 1, 2, top arrow). The y2-PTC subunit-transfected cells
had the same nonspecific band and showed a y2 subunit-
specific doublet band smaller than 37 kDa (Fig. 4 Ba, lanes 3, 4,
bottom arrow). The faint bottom band in the doublet was
visible only at the higher y2-PTC subunit amount and was
obvious in 3 ug of cDNA-transfected cells (Fig. 4 Ba, lane 3)
but not in the 1 pg of cDNA transfected (Fig. 4 Ba, lane 4). It
was probably generated by a different pattern of subunit gly-
cosylation (Lo et al., 2010). The predicted y2-PTC subunit
encodes a ~33 kDa protein containing a signal peptide of 4
kDa and mature peptide of 28 kDa. The molecular mass of this
protein band in SDS-PAGE gel was larger than predicted for
the mature peptide, probably because of posttranslational
modifications. Thus, the y2-PTC subunit was translated as a
stable protein in HEK293T cells.
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A kDa

Mouse 2 Human y2HA Merged
Subunits Subunits and
ATPase

a Tg(hGABRG2"1) mouse

b WT mouse

Figure 3.  The wild-type human hGABRG2™ BAC in transgenic mouse brain had the same
expression pattern as the endogenous mouse mGABRG2. A, Western blot on brain total lysate of
Tq(hGABRG2™) transgenic mice showing transgenic mice expressed both endogenous mouse
2 subunits and HA-tagged human -y2 subunits (n = 4). a, Endogenous mouse -y2 subunits
were labeled in the red channel. b, ATPase and HA-tagged proteins were labeled in the green
channel. ¢, The merged image showed the molecular size of HA-tagged human -2 subunits and
endogenous mouse 2 subunits were similar. The white arrows in b point to the HA bands. B,
The expression pattern of y2 " subunits in the Tg(hGABRG2) mouse brain was similar to that
of y2 subunits in wt mouse brain. HA antibodies stained parasagittal sections of adult
Tq(hGABRG2™) BAC transgenic mouse brain () or adult wild-type littermate brain (b). Sections
were scanned in Odyssey scanner as one image after immunolabeling, which was presented in
grayscale. The signal in the Tg(hGABRG2™) section was oversaturated in some regions because
the setting was chosen to visualize the nonspecific binding in the wild-type littermate section
(n=13).

We then collected Tg(hGABRG2' VS6+21—~6) mouse brain total
lysate and blotted with the same antibodies (Fig. 4 Bb). All mouse
samples had the y2 subunit-specific band at the same size as the
wild-type y2S subunit in HEK293T cells, which were endogenous
mouse <y2 subunits (Fig. 4Ba, lanes 5-8, top arrow). The
Tg(hGABRG2' VS6+2T=G) mouse brain sample (from mouse no. 5),
however, had an extra doublet band at the same size as the y2-PTC
subunit in HEK293T cells (Fig. 4Ba, lane 1, bottom arrow). We
evaluated 12 Tg(hGABRG2"**"2T~%) mouse brain samples at ages
varying from PO to P80 and detected the same staining pattern. We
also introduced the hGABRG2(IVS6+2T—G) BAC to the
B6D2F1/] mouse and made a B6D2-Tg(hGABRG2'*+21—)
mouse. Western blot on four B6D2-Tg(hGABRG2'*6+21—C)
mouse brain samples at P30 showed the same mouse y2 and human
v2-PTC subunit band migration pattern as the C57BL/6-
Tg(hGABRG2™5"2T~%) mouse brain samples. The mutant human
GABRG2(1VS6+2T— G) BAC transgene was detected as stable y2-
PTC subunits in the Tg(hGABRGZIVSGHTHG) mouse brain. These
mice expressed both endogenous mouse y2 and human y2-PTC
subunits in brain. Therefore, both Tg(hGABRG2"*¢*?775) mice

J. Neurosci., April 25,2012 + 32(17):5937-5952 + 5943

A Exon 5-7 RT-PCR then Ncil Digest
500
300
100
5 67 8 ab bp

a. WT y2S subunit cDNA transfected cells
b. Mutant y2-PTC subunit cDNA transfected cells

1. 3 pg y2S subunit
2. 1 pg y2S subunit
3. 3 pg y2-PTC subunit
4. 1 pg y2-PTC subunit

Figure 4.  The y2-PTC subunit was expressed as a stable protein in HEK293T cells and
Tq(hGABRG2"*6 ™) mouse brain. A, Mutant y2-PTC subunit mRNA was detected in
Tq(hGABRG2"*5*?7%) mouse brain total RNA. RT-PCR experiment amplifying exons 5-7 of
2 subunit, followed by Ncil digestion, showed that the IVS6+2T—>G mutant 2 subunit
mRNAs were expressed in Tg(hGABRG2'***2") mutant BAC transgenic mice brain total
RNA. Ba, The -y2S or y2-PTC subunit (DNAs were transfected in HEK293T cells at different
amounts, total protein levels were evaluated by Western blot using antibodies against the
epitope at the <2 subunit mature peptide N terminus. Bb, Western blot on the
Tq(hGABRG2"*6?7%) mouse and wild-type littermates total brain lysates show that mutant
~2-PTC subunits were expressed in Tg(hGABRG2"*°*?7—%) mouse brain. The numbers below
each lane represent the mouse numbers. The experiment was repeated three times, and seven
Tq(hGABRG2"56+275) mice were studied.

and transfected HEK293T cells can be used to study the function of
the y2-PTC subunit.

NMD decreased mutant y2-PTC subunit mRNA levels

The GABRG2 mutation, IVS6+2T— G, generated a PTC in exon
7. The mature mutant y2-PTC subunit mRNA, therefore, should
be degraded by the NMD machinery, since it contains a PTC that
is >55 bp upstream of an exon—exon junction complex. In con-
trast, the GABRG2(Q390X) mutation is an autosomal dominant
mutation associated with Dravet syndrome (Harkin et al., 2002).
The mutation generates a PTC in the last exon, so the mature
mutant GABRG2(Q390X) mRNA should not be degraded by
NMD and should be translated to truncated y2(Q390X) subunits
(Kang et al., 2009b). To determine whether NMD was activated
by these PTCs, wild-type hGABRG2, NMD-susceptible mu-
tant hGABRG2(IVS6+2T— G), and NMD-resistant mutant
hGABRG2(Q350X) BACs were expressed in HEK293T cells
expressing siRNAs against the NMD essential factor UPFI, and
v2 subunit mRNA levels were quantified using the TagMan real-
time PCR assay. BACs were also transfected into HEK293T cells
expressing siRNAs without cellular function according to the
manufacturer’s manual. The TagMan probe was designed to
bind to the borders of exons 4 and 5. The levels of BAC-derived
v2 subunit mRNAs were compared with GFP mRNA levels for each
condition, and then the 2 subunit mRNA levels of UPF1 siRNA-
transfected cells were compared with negative control siRNA-
transfected cells for each BAC construct. Western blot showed
that the UPF1 protein level was unchanged in negative control
siRNA-transfected HEK293T cells compared with untransfected
control cells but was decreased to ~20% in UPF1 siRNA-
transfected cells (data not shown). Real-time PCR results showed
that the wild-type y2 subunit mRNA levels were not changed
(1.16 = 0.14-fold; n = 6) after UPF1 knockdown (Fig. 5A). The
v¥2-PTC subunit mRNA level, however, was increased 2.14 *
0.52-fold after UPF1 knockdown (p < 0.05, n = 6), while as
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expected the y2(Q390X) subunit mRNA A B
level was not changed (1.19 * 0.20-fold; o
not significant; n = 6). We also evaluated 4.0 o 207 |
2 subunit mRNA level after blocking an- 9 | g
other NMD essential factor, SMG6, and 8 =
obtained similar results (data not shown). E 3.04 % é
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subunit levels £ 1.0 Qg
We collected the BAC-transfected cell ly- a E
sates and blotted proteins using endoge- - g
nous 7y2 subunit antibodies (data not 0.0 0.0- & & £
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the ATPase band intensity of the same N & @“’q bx'\»& 'k@
lane, and compared the normalized y2 xﬁo Ly @%
subunit band intensity between cells & X
expressing UPF1 siRNA and cells express- C D -
ing negative control siRNA (Fig. 5B). 1Da - —50
The wild-type band intensity was un- “ - —4
changed (87.2 + 18.9%; n = 4), the _f;g_ ._ " W - . W=
GABRG2(IVS6+2T—G) BAC protein U H F U H F
band intensity was increased to 232.6 = 123456789 Mutant *== -— —35
31.5% (p < 0.01; n = 4), while the L S —s
GABRG2(Q390X) BAC band intensity 1. y2SHA ¢cDNA cell lysate U H F U H F
was unchanged (116.0 = 20.5%; p = 2. yZS-PTCHAcDNA cell lysate
0.095; n = 4) relative to the wild-type 3. pcDNA cell lysate Single subunit Receptor
band intensity. The increased amount of 4. y2SHA cDNA cell lysate IP
GABRG2(IVS6+2T—G) BAC protein 5.y2S-PTCHA ¢DNA cell lysate IP
was consistent with the increased mRNA 6. pcDNA cell lysate IP
level. The wild-type and mutant y2 sub- 7. y2SHA media IP
unit protein level increases after blocking 8.v2S-PTCHA media IP
SMG6 had the same trend (data not 9' pcDNA media IP

shown).

These data demonstrated that the
amount of the GABRG2(IVS6+2T—G)
BAC translation product, the y2-PTC sub-
unit, was increased by decreasing NMD
efficiency in cells. The y2-PTC subunit
protein levels in the brain of the Tg
(hGABRG2"5"21=5) mouse, and pre-
sumably human patients, would be
determined by both mutant GABRG2
(IVS6+2T—G) gene transcription level
and NMD efficiency.

Figure 5.

The y2-PTC subunit was not secreted
into the culture medium

As noted above, the y2-PTC subunit is
homologous to the AChBPs (Brejc et al., 2001), which are se-
creted into the extracellular space by glial cells where they bind
acetylcholine to terminate synaptic transmission. When Ac-
AChBPs were expressed in HEK293T cells, homopentameric Ac-
AChBPs were secreted into the culture media (Hansen et al.,
2004). Thus, by analogy, it is possible that y2-PTC subunits are
folded correctly, form pentamers, and are secreted from cells.
However, due to the increased hydrophobicity at the C-terminal
tail, it is also possible that the subunit has a transmembrane seg-
ment that folds and assembles as a membrane bound protein and
is not secreted. Epitope-tagged y2-PTC™* subunits were used to

The mutant y2-PTC subunit mRNA level was decreased by NMD, while the undegraded mRNA was translated to the
immature -y2-PTC subunit with an ER glycosylation pattern. 4, The mRNA level of the y2-PTC subunit was increased after UPF1
knockdown (n = 6). RNA levels were evaluated by TagMan quantitative real-time PCR as described in Materials and Methods.
*p < 0.05, one-way ANOVA with Bonferroni’s multiple-comparison test. B, The protein level of the y2-PTC subunit was increased
also after UPF1 knockdown (n = 4).**p << 0.01, one-way ANOVA Bonferroni’s multiple-comparison test. Error bars indicate SEM.
C,InHEK293T cells, the y2-PTCsubunitis astable protein that was not secreted into the culture medium. HA-tagged wild-type y2S
subunit cDNA, y2-PTCsubunit cDNA, and pcDNA empty vector were expressed in HEK293T cells. Culture media of each cell and total
celllysate were both collected and incubated with HA beads to pull down HA-tagged proteins. Pull-down proteins were eluted with
HA peptide, separated by SDS-PAGE, and blotted with HA antibodies. The experiment was repeated three times, and a represen-
tative gel was shown. D, The y2-PTCsubunit had an ER glycosylation pattern. HA-tagged wild-type y2L and y2-PTCsubunits were
expressed in HEK293T cells as either single subunits or were coexpressed with 132 subunits (Receptor). Total cell lysates from
each condition were collected and digested with endoglycosidase Endo H or PNGase F. Digested and undigested proteins were
blotted with HA antibodies. U, Undigested; H, Endo H digested; F, PNGase F digested. The experiment was repeated four times, and
arepresentative gel was shown.

determine the cellular fate of the truncated y2-PTC subunits. The
HA tag was added to the same site that was functionally silent in
wild-type subunits. When wild-type y2S™ or y2-PTC"* sub-
units were expressed in HEK293T cells, both were stable pro-
teins (Fig. 5C). As the 2 subunit antibodies showed in
Tg(hGABRG2'V5¢*2T=%) mouse brain samples, HA-tagged mu-
tant y2-PTC™* subunits (lane 2) were smaller than wild-type
2874 subunits (Fig. 5C, lane 1). The HA beads successfully
pulled down HA-tagged wild-type y2S™* or mutant y2-PTC"4
subunits from total cell lysate (Fig. 5C, lanes 4, 5) but pulled down
nothing from the cell culture medium (Fig. 5C, lanes 7, 8). We
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collected ~15 ml of culture media from each sample. If the y2-
PTC™ subunit was secreted from cells at the same efficiency as
Ac-AChBP (1 - 3 mg/L) (Hansen et al., 2004), there would be
~15-45 ugof y2-PTC subunit protein in 15 ml of culture media.
We used the Odyssey quantitative Western blot system to detect
the y2-PTCH* subunit. According to the manufacturer’s (LI-
COR) document, even if the amount of y2-PTC HA subunit was a
hundred times less than 15-45 ug, it should still be sufficient for
detection by our Western blot. Although the y2-PTC subunit is
highly homologous to the secreted Ac-AChBP, y2-PTC"* sub-
units were present, but not secreted into the culture medium. In
Tg(hGABRG2"5°*2T~%) mouse brain or human patients, the
mutant allele would be translated to y2-PTC subunits, which are
likely to be also expressed inside of the neurons and not secreted
to extrasynaptic spaces.

The y2-PTC subunit attained altered ER-associated
glycosylation

While not secreted, y2-PTC subunits could still form homo-
oligomers or hetero-oligomers that are trafficked to the surface
membrane. During the process of subunit maturation, immature
N-linked mannose-rich oligosaccharides attached in the ER are
replaced by mature glycans that are attached in the trans-Golgi
region. Wild-type y2L subunits show only low levels of mem-
brane trafficking when expressed alone, which increased substan-
tially with coexpression of a1 and 82 subunits (Connolly et al.,
1999a). To determine whether the y2-PTC subunits had mature
glycosylation consistent with surface membrane trafficking, we
compared the glycosylation patterns of y2L and y2-PTC subunits
without or with cotransfection of @1 and 82 subunits.

Endo H cleaves immature N-linked mannose-rich oligosac-
charides attached in the ER but not the mature glycans attached
in the trans-Golgi region. In contrast, PNGase F removes all oli-
gosaccharides attached both in the ER and trans-Golgi regions
(Maley et al., 1989). When expressed alone, v2L "4 subunits on
Western blot ran as a single band that was sensitive to digestion by
endoglycosidases Endo H and PNGase F, consistent with primar-
ily immature glycosylation and suggesting that y2L" subunits
were retained in the ER (Fig. 5D, WT subunit). When coex-
pressed with a1 and B2 subunits, y2L™* subunits showed an
extra band on Western blots that was insensitive to Endo H di-
gestion, but was sensitive to PNGase F digestion (Fig. 5D, WT
subunit). With coexpression of a1 and 82 subunits, y2L™* sub-
units had mature glycosylation, suggesting processing in the
Golgi apparatus and trafficking to the cell membrane.

With expression alone or with coexpression of al and 32
subunits, y2-PTC ™ subunits showed only one band on Western
blot that was sensitive to both Endo H and PNGase F (Fig. 5D,
mutant subunit), suggesting that y2-PTCH* subunits were re-
tained in the ER and not transported to the Golgi apparatus. The
size of the digested y2-PTC™* subunit protein band was consis-
tent with the predicted size of the mature y2-PTC™* subunit
based on amino acid sequence. This phenomenon is consistent
with the finding that y2-PTC™* subunits were not secreted into
the culture medium, which requires Golgi translocation. These
data further suggested that the y2-PTC subunit might not be
trafficked to the cell membrane and might instead be retained in
the ER under physiological conditions such as in patients or in
Tg(hGABRG2'*°*2T%) mouse neurons.

The y2-PTC subunits oligomerized with a1 and 32 subunits
GABA, receptor subunit oligomerization is determined by se-
quences at the extracellular N-terminal domain (Taylor et al.,
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1999), and the y2-PTC subunit included >90% of the wild-type
v2 subunit N-terminal extracellular domain. A benzodiazepine-
binding site is present at the ay subunit interface. A radioligand
binding study showed that the amount of radiolabeled benzodi-
azepine binding in cells expressing a1 and full-length y2 subunits
was comparable with the cells expressing a1l subunits and the N
terminus of y2 subunits, but that cells expressing a1, 82, and y2
subunits had much higher benzodiazepine binding (Klausberger
et al.,, 2001). There is a 15 aa sequence in the 2 subunit
N-terminal extracellular domain around residue R82 (residue
numbered in the immature peptide) that was sufficient to pull
down (2 subunits, but the presence of an R82Q mutation in this
peptide abolished the interaction, suggesting that this site was
involved in the oligomerization of 32 and <2 subunits (Hales et
al., 2005). The y2-PTC subunit includes this 15 aa sequence, and
so to explore whether y2-PTC subunits can oligomerize with
partnering subunits, wild-type v2SHA L HA and mutant y2-
PTCH* subunits were coexpressed with a1 and 82 subunits in
HEK293T cells. HA-tagged proteins were pulled down using HA
beads and blotted for a1 and 82 subunits or for the HA tag (Fig.
6A). The amount of pulled-down a1 or 2 subunits reflected
binding between the y2 subunits and a1 or 32 subunits, respec-
tively. The eluted HA-tagged proteins showed a band pattern that
was similar to that of the total HA-tagged proteins. The wild-type
2874 or y2L 74 subunits both pulled down substantial amounts
of a1 and B2 subunits (Fig. 6A, lanes 2, 3). The y2-PTC" sub-
unit pulled down a1 and 2 subunits (Fig. 64, lane 4), but the
amounts pulled down were less than those pulled down by wild-
type y2L or 28 subunits (Fig. 6 A, lane 4). This was an expected
finding because the mutant y2-PTC™* subunits contain the en-
tire extracellular N-terminal domain of y2 subunits including the
15 aa peptide sequence that has been shown to be sufficient to
pull down B2 subunits. These data suggested that y2-PTC sub-
units in physiological conditions would be nonfunctional and
decrease GABAergic inhibition by decreasing surface y2 subunit
levels and having a dominant-negative action to reduce hetero-
pentameric GABA, receptor assembly and trafficking because of
its direct interaction with a1 and 2 subunits.

The y2-PTC subunit was a stable intracellular protein

The hGABRG2"* BAC had a CNS expression pattern that was
similar to that of the endogenous mouse y2 subunit gene (Fig.
3B), and mutant +y2-PTC subunits were identified in
Tg(hGABRG2'5°*2T%) mouse brain. Since mutant y2-PTC
subunits had immature glycosylation and impaired oligomeriza-
tion, it is likely that they had impaired assembly into receptors
and impaired membrane trafficking. Furthermore, it may be rec-
ognized as a misfolded or misassembled protein that was subject
to ER-associated degradation by the proteasome. To evaluate
this, we quantified mutant subunit expression and membrane
trafficking using high-throughput flow cytometry. We expressed
wild-type or mutant y2™* subunits in HEK293T cells either as
single subunits or coexpressed with a1 and 82 subunits and eval-
uated total and surface levels of each subunit in >50,000 cells. All
subunits were transcribed from the same pcDNA3.1 vector. The
total HA level obtained with cotransfection of a1, 82, and y2S'*
subunits was used as a control (100%) for other y2 subunit levels,
and total levels obtained from pcDNA mock-transfected cells
were used as a baseline control (0%). Total levels of the y2-
PTCH* subunit did not differ from those of wild-type y2L™ or
2874 subunits with single subunit expression (p = 0.02, 0.06,
respectively; n = 4), or when coexpressed with a1 and 82 sub-
units (Fig. 6B). Thus, the mutant y2-PTC™* subunit was not
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Figure 6.  The y2-PTC subunits oligomerized weakly with a1 and 32 subunits and had
impaired membrane trafficking. A, HA-tagged wild-type and mutant -y2 subunits were coex-
pressed with a1 and 82 subunits in HEK293T cells. Total cell lysate from each condition were
collected and incubated with HA beads. Pull down products were eluted with HA peptide and
blotted with antibodies against a1 subunits, 32 subunits, and the HA epitope tag. Western blot
on total cell lysate with HA antibodies are also shown. Total cell lysates were also blotted for o1
and (32 subunits in Western blot, but data are not shown. The experiment was repeated six
times and a representative gel was shown. B, The normalized mean fluorescence intensity
showing the total HA level from wild-type and mutant y2 " subunits expressed as either single
subunit (black) or with 132 subunit coexpression (gray). The total HA level with 1, 82, and
25" subunit coexpression was used as 100%. The total HA level of pcDNA mock-transfected
cells was taken as a 0% baseline. Data were analyzed with a two-way ANOVA with Bonferroni’s
multiple-comparison test. €, The surface HA level from wild-type and mutant 2" subunits
expressed as either single subunit (black) or with a1 and [32 subunits coexpression (gray). The
surface HA level with coexpression of a1, 82, and 25" subunits was used as 100%. The
surface HA level of pcDNA mock-transfected cells is 0% baseline. Data were analyzed with a
two-way ANOVA with Bonferroni’s multiple-comparison test. Error bars indicate SEM.

degraded and was as stable in these cells as wild-type y2S
subunits.

The y2-PTC subunit had impaired membrane trafficking

To assess surface trafficking of the mutant y2-PTC HA subunit,
we used the quantitative technique of flow cytometry without cell
permeabilization. We cotransfected cells using the same subunit
combinations used to assess total cell levels of a1 B2y2S™* sub-
units by measuring surface HA levels for each subunit (Fig. 6C).
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The surface HA level obtained with a1 82y28™* subunit coexpres-
sion was used as a 100% normalization control for y2"* subunit
surface level, and surface HA level obtained with pcDNA mock-
transfected cells was used as baseline (0%). The single wild-type
v2L P4 subunit had a low surface level (2.93 * 0.76%; nn = 4), which
was increased substantially (29.71 £ 0.88%; p < 0.01; n = 4) by
coexpression with a1 and 82 subunits. The wild-type y2S™* single-
subunit surface level was much higher than y2L™* subunit surface
level, probably because the y2S™ single subunits have higher traf-
ficking efficiency and lower PKC-dependent endocytosis (Connolly
etal.,, 1999a,b). Its single-subunit surface level (34.08 * 3.80%; n =
4) was substantially higher than the y2L™* subunits single-subunit
surface level. Its surface level with a1 and 82 subunit coexpression
was 100%, also substantially higher than with a1 82y2L"* coexpres-
sion (1 = 4). Compared with y2L™ and y2S™* subunits, the sur-
face levels of the y2-PTC" subunit were substantially smaller with
both expression conditions. The y2-PTC™ single-subunit surface
level waslow (0.76 = 0.56%; 1 = 4) and did not increase significantly
with al and 82 subunit coexpression (2.76 * 0.30%; n = 4; not
significant). The surface levels of y2-PTC" subunits with or with-
out al and B2 subunit coexpression were not significantly greater
than the mock control level ( p value: single subunit, >0.05; with a1
and 2 subunit coexpression: >0.05; n = 4). These results suggest
that, even though the mutant y2-PTC" subunit oligomerized with
a1 and B2 subunits, it was not trafficked to the cell surface.

The y2-PTC subunits were retained in the ER

We have demonstrated that y2-PTC subunits are stable in cells
and minimally trafficked to the cell surface when coexpressed
with al and B2 subunits. Given this impaired trafficking, it is
likely that the mutant y2-PTC subunits with or without oli-
gomerization with a1 and 82 subunits are retained in the ER with
little localization in the trans-Golgi or surface membrane. Be-
cause the mutant hGABRG2(IVS6+2T—G) BAC in the
Tg(hGABRG2™*°*2T~%) mouse does not have an HA tag, and
the antibodies against endogenous y2 subunits had a high non-
specific signal, we could not stain the Tg(hGABRG2'Y*¢"21—%)
mouse brain to detect where the y2-PTC subunit was expressed.
Therefore, we coexpressed wild-type and mutant y2-PTC™ sub-
units with a1l and B2 subunits in HEK293T cells, stained the
permeabilized cells with fluorescence-conjugated antibodies
against the a1 subunit or the HA tag, and obtained confocal
microscope images to visualize the cellular localization of the
subunits (Fig. 7A). The ER was visualized using antibodies
against the ER marker BIP. In addition, membrane expression
was confirmed further by confocal microscope images taken
from unpermeabilized HEK293T cells cotransfected with a1 and
B2 subunits and wild-type or mutant y2™* subunits (data not
shown). BIP staining was not detected in any of these samples,
showing that paraformaldehyde fixation did not permeabilize the
membrane (data not shown). With coexpression of al and 32
subunits without y2 subunits, the a1 subunit signal overlapped
the ER signal, but also showed a ring structure that surrounded
the ER signal (Fig. 7A, first row) and outlined the cell membrane
(data not shown), consistent with low levels of «132y2-PTC and
higher levels of @182 receptor expression on the cell membrane.
With coexpression of al, B2, and y2™* subunits, wild-type
y2L"4 or y2S™* subunits were both visualized in regions that
overlapped al subunits (Fig. 7A, second and third row; surface
staining not shown), consistent with coassembly with a1 and 32
subunits into receptors that were trafficked to the cell surface.
The y2-PTC™* subunit signal overlapped that of the ER signal
(Fig. 7A, fourth row) and was absent from the surface membrane
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Figure 7. When expressed with a1 and 82 subunits, mutant ~y2-PTC subunits were trapped in the ER. 4, Confocal images were
obtained of the distribution of GABA, receptor subunits in permeabilized HEK293T cells. In HEK293T cells, a1 and 32 subunits were
coexpressed with a blank pcDNA vector, and wild-type and mutant 2 ** subunits were coexpressed with o1 and 32 subunits at 1 g of
each (DNA. The transfected cells were permeabilized and stained with Alexa fluorophore-conjugated antibodies against HA tag (Alexa 488
conjugated; green) or a1 subunits (Alexa 647 conjugated; blue). The ER was visualized with primary rabbit antibodies against the ER
marker BIP, and Alexa 568-conjugated secondary antibodies against rabbit IgG (red). Scale bars, 5 um. B, Confocal images were obtained
of transfected cultured cortical neurons expressing y2 " subunits in pLVX-IRES-ZsGreen1 vectors. B1, Cultured neurons were permeabil-
ized and immunostained with mouse monoclonal antibody against the HA epitope tag and rabbit polyclonal antibodies against ER marker
BIP, followed by Alexa 568-conjugated donkey anti-mouse IgG antibodies (red) and Alexa 647-conjugated donkey anti-rabbit Ig@ antibod-
ies (blue). The ZsGreen, shown in green, labeled transfected neurons. Scale bars, 10 wm. B2, Cultured neurons were immunostained
without permeabilization, showing surface expression of HA epitope-tagged -y2 subunits. Neurons were stained with mouse monoclonal
antibody against the HA epitope tag and Alexa 647-conjugated donkey anti-mouse IgG (blue). The ZsGreen, shown in green, labeled
transfected neurons. Scale bars, 10 um.
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(data not shown). The wild-type al, y2L,
and y2S subunits often showed HA signals
in the region that was recognized by Golgi-
specific antibodies (data not shown), but the
v2-PTCH* subunit was not. Thus, the y2-
PTC™ subunit was retained primarily in
the ER, consistent with its background levels
on the surface membrane and its absence in
the culture medium.

We then cloned the y2S™* and vy2-
PTC™ subunit cDNAs into pLVX-y2 "4
IRES-ZsGreenl vectors expressing y2 ™
subunits and green fluorescent protein
ZsGreen from the same mRNA but sepa-
rated by internal ribosome entry site se-
quence (IRES) and expressed them in
cultured cortical neurons (Fig. 7B). Cyto-
plasmic ZsGreen protein showed green
fluorescence in both soma and processes
in transfected neurons. The y2 ™ subunit
fluorescence signal was detected in all
ZsGreen-positive neurons, but also in a
few ZsGreen-negative neurons, suggest-
ing that the cDNA downstream of IRES
has a lower probability for translation to
proteins (data not shown). The vy2-
PTCH* subunit fluorescence signal in
permeabilized neurons was diffusely dis-
tributed over the neuron soma and less
intensely over the process, and it colocal-
ized well with ER marker, BIP (Fig. 7B1).
On the contrary, the y2S"* subunit signal
was present in widespread, large clusters
on neuronal somata and dendritic arbors,
and spread outside of the ER marker sig-
nal (Fig. 7BI). The clustered expression
pattern of y2S™* subunit immunoreac-
tivity resembled that of endogenous y2
subunits in cultured neurons (Mangan et
al., 2005). The surface staining on cortical
neurons further confirmed that the y2-
PTCH* subunit was absent from cell
membranes (Fig. 7B2). While the y287*
subunit showed strong y2"™* clusters on
unpermeabilized transfected neurons,
both on cell somata and processes, the y2-
PTC"* subunit had only background
level of the HA epitope tag signal (Fig.
7B2), similar to the HA epitope tag signal
from pLVX-IRES-ZsGreenl empty vector
mock-transfected neurons (data not
shown). These data confirmed that the
v2-PTCH* subunit was retained in the ER
when expressed in neurons and was not
expressed on synaptic membranes.

The GABA-evoked current from

a132y2-PTC subunit coexpression was
similar to a1 32 receptor current

The data above suggest that the majority
of receptors on the surface of cells with
coexpression of a1, B2, and y2-PTC sub-
units would likely be o182 receptors. To
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Figure 8.  GABA-evoked currents recorded from cells coexpressing a1, B2, and y2-PTC
subunits were similar to those obtained with expression of cTand 82 subunits. 4, GABAergic
currents were recorded from coexpressed 182, a132y2-PT(, and a132y2S subunits. The
merged picture showed the relative peak amplitude of currents recorded from «1[32-y2-PTC
subunits was much smaller than that from c182-y2S subunits, but close to those obtained
from 132 subunits. B, Peak current amplitudes from wild-type and mutant receptors were
plotted. *p << 0.05, one-way ANOVA with Bonferroni’s multiple-comparison test. C, The cur-
rents recorded from coexpressed ar132y2-PTC subunits had a Zn* sensitivity that was sim-
ilarto that of coexpressed 132 subunits. Cells expressing o182 y2S, a18327y2-PTC, or 132
subunits were exposed to two 1 mm GABA applications 4 s apart or one 1 mm GABA application
followed by 10 wmZn2* washed 4 sand 10 umZn* with 1 mm GABA application. The peak
currents ratio of each cell was plotted. **p << 0.01, compared with the control conditions
(two-way ANOVA with Bonferroni’s multiple-comparison test). Error bars indicate SEM.

explore this, we coexpressed a1 and 32 subunits and a1 and 32
subunits with y2-PTC or y2S subunits in HEK293T cells and
recorded GABA-evoked current evoked by a saturating concen-
tration (1 mm) of GABA (Fig. 8 A). With coexpression of a1 and
32 subunits, GABA-evoked currents had a small peak amplitude
of ~400 pA and very fast desensitization (Fig. 8 A). With coex-
pression of al, 82, and y2S subunits, GABA-evoked currents
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were much larger and desensitization was slower. With coexpres-
sion of a1, B2, and y2-PTC subunits, GABA-evoked currents had
fast desensitization, and a small peak amplitude that was more
similar to «lB2 receptor currents than «lB2y2S receptor
currents.

We then recorded from cells coexpressing a1, 32, and y2S or
v2-PTC subunits (n = 8 cells) and measured peak current am-
plitudes (Fig. 8 B). With coexpression of a1, B2, and y2-PTC
subunits, the average peak current amplitude was 575.5 pA. With
coexpression of al, 32, and y2S subunits, the average peak cur-
rent amplitude was 3516.0 pA, and with coexpression of a1 and
B2 subunits, the peak current amplitude was 710.4 pA. The peak
current amplitudes of these two wild-type receptors fall in the
normal range of reported values. The a1 32y2-PTC receptor peak
current amplitude was significantly decreased from a182y2S re-
ceptors but was similar to that of a1 32 receptors.

The divalent cation Zn>* is an endogenous neuromodulator
(Kay and T6th, 2008). Its ability to inhibit GABA , receptor cur-
rents depends on receptor subunit composition (Nagaya and
Macdonald, 2001). The «1B2 receptors are highly sensitive to
Zn**, with ICy, values of ~0.1-1 uM, while the a1827y2 recep-
tors are very insensitive to Zn>", with ICs, values of ~200-600
uM. We bathed cells with an external solution containing 10 um
Zn*", applied 1 mM GABA alone or with 10 um Zn*", and then
compared the peak currents with and without Zn>" (Fig. 8C).
We also applied GABA at the same time interval but without
Zn**, and compared the peak currents to quantify current run-
down. With coexpression of a1 and 82, a1, B2, and y2S, or al,
B2, and y2-PTC subunits, currents showed minimum peak am-
plitude decreases with repetitive GABA applications. The «132
receptor peak current amplitude decreased 10%, the a132y2S
receptor peak current amplitude did not decrease, and the
alB2y2-PTC receptor peak current amplitude decreased 17%.
However, with Zn*" application, a1f2 receptor peak current
amplitude decreased 83.2%, a1B2y2-PTC receptor peak cur-
rent amplitude decreased 85.3%, and a1B2y2S receptor peak
current amplitude decreased 9.6%. Zn>" inhibited all three re-
ceptor currents with different efficiencies. The a182y2-PTC re-
ceptors had the same high sensitivity to Zn®" as the «a1832
receptors consistent with formation primarily of surface o132
receptors with coexpression of a1, 82, and y2-PTC subunits.

The y2-PTC subunits induced an increase in the ER stress
marker BIP
Although y2-PTC subunit mRNA was decreased by NMD, and
the translation product was expressed poorly on the cell mem-
brane, patients carrying one mutant allele had seizures. The mu-
tant y2-PTC subunit was clearly expressed in the transgenic
mouse brain and was stable in HEK293T cells and produced hap-
loinsufficiency and a dominant-negative effect on receptor as-
sembly. Since the y2-PTC subunit was so stable in transgenic
mouse brain, the possibility that the mutant subunit had addi-
tional functions that might contribute to epilepsy pathogenesis.
The y2-PTC subunits were stable ER proteins with a sequence
similar to a y2 subunit truncated in the middle of the first trans-
membrane domain. While the y2-PTC subunits were stable and
not degraded, the subunit may not have the same conformation
as wild-type y2 subunits and could induce the unfolded protein
response (UPR). The level of the ER chaperone BIP is an indica-
tor of UPR-induced ER stress. We expressed 3 ug of wild-type or
mutant y2-PTC™" subunits in HEK293T cells and then evalu-
ated cellular BIP levels by Western blot (Fig. 9A). The BIP band
intensity for each condition was normalized to that of pcDNA
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Figure9.  The y2-PTCsubunitsinduced anincreasein the ER stress marker BIP. 4, BIP protein
levels in -y2 " subunit-transfected cells or tunicamycin-treated cells were evaluated. HEK293T
cells were either transfected with 3 g of 25", v2-PTCH*, or y25(Q390X) " subunit cDNA,
orwere treated with 1 um tunicamycin for 3 h. Total proteins were collected and analyzed with
Western blot detecting ATPase and BIP (n = 5). B, The band intensities of BIP and ATPase
protein bands were quantified using Odyssey, version 3.0, software. The BIP intensity of each
condition was normalized to ATPase band intensity. The normalized BIP band intensities were
plotted. **p << 0.01 and *p << 0.05, compared with the normalized BIP level obtained from
either pcDNA mock-transfected cells or untreated and untransfected cells (one-way ANOVA
with Bonferroni’s multiple-comparison test). Error bars indicate SEM.

mock-transfected cells (100%) (Fig. 9B). BIP levels in untreated
and mock-transfected cells were not different, but treatment of
untransfected cells with tunicamycin, an ER stress inducer, sig-
nificantly increased BIP levels to 339.3 == 69.3% (n = 5; p < 0.01).
Wild-type y2S™* subunits induced an increase in BIP levels to
143.9 = 22.4% (n = 5), but it was not significantly different from
the mock-transfected condition or untreated untransfected cells
(not significant). The y2-PTC™ subunits increased BIP levels to
244.8 * 31.3% (n = 5), which was significantly more than that of
the y2S™* subunits (p < 0.05) or mock-transfected cells (p <
0.01). The y2-PTCH* subunit induced BIP more efficiently than
the wild-type subunit. The ER-retained y2(Q390X) subunit has a
strong dominant-negative effect on GABA, receptor assembly
(Kang et al., 2009b). The mutant subunit bound to a1l and wild-
type y2™* subunits when coexpressed in the HEK293T cells, re-
tained them in the ER, and decreased their surface expression.
Expressing y2S(Q390X) ™ subunits in HEK293T cells increased
the BIP level to 224.6 * 27.2% (n = 5), which was also signifi-
cantly higher than the y2S™ subunits (p < 0.05), but had a trend
to be lower than the y2-PTC subunits (not significant). We eval-
uated the number of apoptotic cells using Annexin V and found
that the expression of y2-PTC™ subunits did not significantly
increase cell apoptosis (data not shown). Thus, y2-PTC™ sub-
units increased cell stress but did not induce apoptosis in these
cells.
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Discussion

The intronic GABRG2 mutation, IVS6+2T— G, resulted in
activation of a cryptic mRNA splice donor site

The GABRG?2 intronic mutation, IVS6+2T— G, mutated the in-
tron 6 splice donor site sequence from GT to GG, thus destroying
the function of the site. It was suggested that the most likely pathway
for splicing of this mutant mRNA was via exon 5 skipping (Ka-
nanuraetal., 2002), but the actual splice pattern was not determined.
Analysis of mammalian EST sequences revealed that 98.7% of in-
trons contained canonical GU-AG junctions and that 0.56% con-
tained noncanonical GC-AG junctions (Burset et al., 2001). The
large mutant rabbit 8-globin intron with an IVS+2T— G mutation
was cleaved at the first step at the correct 5 site with reduced effi-
ciency, but the splicing intermediate was not cleaved at the 3’ site
leading to accumulation of the lariat intermediate (Aebi et al.,
1987). These findings suggested that intron 6 of the mutant
GABRG2(1VS6+2T— G) gene was unlikely to be normally spliced.

DBASSS5 is a database of aberrant 5" splice sites in human
disease genes (Buratti et al., 2007) and contains 40 mutations at
the U of the 5" GU sequence. In this database, the 5" GU sequence
was mutated most frequently to GG (35%), GC (35%), or GA
(22.5%) sequences. Interestingly, 92.5% of the mutations acti-
vated a cryptic 5" donor site within ~100 bp of the wild-type
donor site (data not shown). When expressed in HEK293T cells,
the GABRG2 mutation, IVS6+2T— G, activated a cryptic 5 do-
nor site 53 bp downstream of the wild-type site, consistent with
the function of these mutations in the DBASS5 database. While
alternative intron splicing is regulated differently among cell
types, the core intron splicing machinery is distributed ubiqui-
tously in every cell. To confirm that the splicing pattern found
HEK293T cells in vitro is also found in mouse brain in vivo, we
expressed the human hGABRG2 BACs driven by its endogenous
promoter in C57BL/6] mice. The Tg(hGABRG2"™) mice ex-
pressed the HA-tagged BAC clone RP11-1035120, and the
Tg(hGABRG2'S°"2T%) mice expressed the untagged BAC
clone carrying the IVS6+2T—G mutation. There is a 20 kbp
human chromosome 5 fragment upstream of the GABRG2 genomic
sequence in this BAC clone, which is predicted to contain the endog-
enous human y2 subunit promoter. This BAC clone was recognized
by the mouse transcription and translation machineries, resulting in
expression of wild-type and mutant human 2 subunits in the trans-
genic mice brain. When the BACs were expressed in mouse brain,
the mutant intron 6 splicing pattern was the same as the mutant
BAC:s expressed in HEK293T cells.

Pre-mRNA intron splicing is regulated by functional interac-
tions among transcription, splicing, and chromatin epigenetic
modifications (Kornblihtt, 2005; Alexander and Beggs, 2010).
The CMV-GABRG2 BACs were driven by a CMV promoter,
which could recruit a different set of transcription factors and
interact with the splicing machinery differently than with the
endogenous GABRG2 promoter. However, the GABRG2 BAC
and the GABRG2(IVS6+2T— G) BAC driven by the endogenous
promoter and the CMV promoter-driven BACs had the same intron
splicing pattern. Thus, the CMV promoter and the endogenous pro-
moter had the same effect on GABRG2 gene intron splicing.

The intronic GABRG2 mutation, IVS6+2T— G, resulted in
partial intron 6 retention and a frameshift resulting in a PTC
in exon 7 that activated NMD

The mature mutant mRNA retained a 53 bp intron 6 fragment
that resulted in an open reading frameshift in exon 7 and gener-
ated a PTC in exon 7. Thus, the mutant mRNA was NMD sus-
ceptible, and we confirmed this by demonstrating that the
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mutant mRNA was rescued partially by abolishing NMD func-
tion. NMD-susceptible mRNAs have lower translational effi-
ciency, and protein translated from NMD-susceptible mRNA is
often not stable, probably because such proteins are truncated
(Kang et al., 2009a; Zhang et al., 2010). Our study suggested that
the IVS6+2T— G mutation could significantly decrease mutant
v2 subunit mRNA levels due to NMD, suggesting that the disease
may be, at least in part, caused by GABRG2 haploinsufficiency.

Transcription of the mutant mRNA resulted in production of

a stable truncated protein, the y2-PTC subunit

Although y2-PTC subunit mRNAs were subject to degradation
by NMD, they were not necessarily completely degraded since
different cell types have different NMD efficiency (Linde et al.,
2007). For example, we demonstrated that 39.1% of
«1(S3261s328X) subunit mRNA survived NMD in HEK293T
cells, 17% survived in HeLa cells, and 24% survived in cortical
neuronal cell culture (Kang et al., 2009a). In cell types with less
NMD efficiency than HEK293T cells, the amount of mutant tran-
script could be >40%, and mRNA not degraded by NMD could
be translated to a stable protein. The mutant GABRG2
(IVS6+2T—G) mRNA translation product was shown to con-
tain the N-terminal 217 aa of the wild-type y2 subunit and a
novel 29 aa peptide tail (the y2-PTC subunit) composed of re-
tained intron 6 sequence and frameshifted exon 7 sequence at the
C terminus of the mutant protein. The y2-PTC subunit is homol-
ogous to a y2 subunit truncated in the middle of TM1. The se-
quence homology between the first 246 aa of wild-type y2
subunit and y2-PTC subunit is 88.2%. Surprisingly, the y2-PTC
subunit was a stable intracellular protein in HEK293T cells,
transfected rat cortical neurons, and Tg(hGABRG2'VS¢+21—¢)
mouse brain, and while the y2-PTC subunit total level was com-
parable with wild-type y2S or y2L subunits in HEK293T cells, its
surface level was significantly lower than the wild-type subunits.

The y2-PTC subunit has a structure similar to AChBPs but
has different functions

The y2-PTC subunit contains the N terminus of the 2 subunit,
and the sequence identity between y2-PTC subunit and AChBPs
was high (21-29%) (Brejc et al., 2001). Thus, the y2-PTC subunit
is homologous to AChBPs. AChBPs form homopentamers in
glial cells (Brejc et al., 2001; Hansen et al., 2004; Celie et al., 2005),
and the crystal structure of AChBP homopentamers resembles
the N terminus of assembled cys loop receptors. When wild-type
2 subunits were coexpressed with al and (2 subunits in
HEK293T cells or adult rat brain, they oligomerized with a1 and
32 subunits to form a132y2 heteropentamers, but not y2 homo-
pentamers or a132 heteropentamers (Angelotti and Macdonald,
1993; Klausberger et al., 2001), suggesting that the binding effi-
ciency of y2 subunits to @l and 32 subunits is higher than it is
between 2 subunits. Given the sequence similarity to AChBPs,
the y2-PTC subunit might also be able to oligomerize with al
and (32 subunits and might even be assembled into heteropen-
tameric receptors. Our studies showed that y2-PTC subunits
did oligomerize with a1 and B2 subunits; however, they did
not produce heteropentamers that were secreted or trafficked
to the cell membrane. Instead, they were retained in the ER
and had a dominant-negative effect on surface trafficking of
alB2y2 receptors. Thus, although y2-PTC subunits and ACh-
BPs are highly homologous, these two proteins clearly have
very different functions.
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The GABRG2(IVS6+2T— G) mutation could induce epilepsy
by both 2 subunit haploinsufficiency and y2-PTC subunit
dominant-negative functions

We demonstrated in vitro in transfected HEK293T cells and in
vivo in mice that the mutant mRNA was degraded partially by
NMD, and that the mRNA that was not degraded was translated
to the stable y2-PTC subunit. The y2-PTC subunit was primarily
retained in the ER and only minimally expressed on cell membranes.
GABA,, receptors containing y2 subunits are predominately synap-
tic receptors that mediate phasic synaptic neurotransmission, and
the y2 subunit is required for synaptic GABA, receptor clustering.
The IVS6+2T— G mutation decreased the y2 subunit mRNA level
and generated a mutant protein that was poorly trafficked to the cell
membrane. It should decrease the membrane level of y2 subunit-
containing GABA, receptors, decrease the amount of synaptic
GABA,, receptors, and impair inhibitory GABA , receptor currents.
Thus, the GABRG2(IVS6+2T— G) mutation could produce epi-
lepsy, at least in part, by y2 subunit haploinsufficiency. The y2-PTC
subunit oligomerized with a1 and 32 subunits and had a dominant-
negative effect on surface trafficking of a1B2+y2 receptors. The
GABRG2(1VS6+2T—G) mutation could also produce with epi-
lepsy due to the dominant-negative effects of the y2-PTC subunit.

The GABRG2(IVS6+2T— G) mutation could induce epilepsy

also by inducing chronic ER stress

The y2-PTC subunit is retained in the ER and increased the ER
stress marker BIP level significantly higher than wild-type y2S
subunits. Another GABRG?2 epilepsy mutation, the autosomal
dominant GABRG2(Q390X) mutation, is associated with Dravet
syndrome (Harkin et al., 2002). The mutant y2(Q390X) subunit
is also retained in the ER and not expressed on the cell membrane
(Kang et al., 2009b). The y2(Q390X) subunit also increased BIP
level in HEK293T cells, but to a level slightly less than that the
increase produced by the y2-PTC subunit. Increased BIP level
during UPR induced ER-stress induces both apoptosis and protec-
tive responses such as reduced translation, enhanced ER protein-
folding capacity, and clearance of misfolded ER proteins (Lin et al.,
2008). These adaptation and apoptosis responses are designed to
help adaptation to the stress or to remove affected cells, depending
on the nature and severity of the stress (Rutkowski and Kaufman,
2007). The fact that y2-PTC subunit-transfected cells did not induce
apoptosis suggested that the y2-PTC subunit induced mild, chronic
stress in the cell, but the adaptive responses induced by y2-PTC
subunits would affect how cells respond to other stress factors. ER
stress responses contribute to the pathogenesis of diseases including
diabetes mellitus, cancer, and AIDS (Rutkowski and Kaufman,
2007). Neurodegenerative diseases such as Alzheimer’s disease and
Huntington’s disease are often associated with ER stress responses
induced by mutant proteins. Thus, ER stress responses may contrib-
ute to the pathogenic mechanism of both GABRG2(Q390X) and
GABRG2(1VS6+2T— G) mutations.
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