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We sequenced genes coding for components of the SNARE
complex (STXIA, VAMP2, SNAP25) and their regulatory
proteins (STXBP1/Munc18-1, SYT1), which are essential for
neurotransmission, in 95 patients with idiopathic mental re-
tardation. We identified de novo mutations in S7XBPI
(nonsense, p.R388X; splicing, ¢.169+1G>A) in two pa-
tients with severe mental retardation and nonsyndromic ep-
ilepsy. Reverse transcriptase polymerase chain reaction and
sequencing showed that the splicing mutation creates a stop
codon downstream of exon-3. No de novo or deleterious
mutations in S7XBPI were found in 190 control subjects, or
in 142 autistic patients. These results suggest that STXBPI
disruption is associated with autosomal dominant mental re-
tardation and nonsyndromic epilepsy.
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Mental retardation (MR), the most frequent severe
handicap of children, is defined by the presence of sig-
nificant limitations in cognitive and adaptive behav-
ior." Most MR genes identified so far are either located
on the X chromosome or are associated with an auto-
somal recessive mode of inheritance. Only a small
number of autosomal dominant MR genes are known,
in part, because MR results in lower reproductive fit-
ness, decreasing the likelihood of identifying families
that are amenable to linkage analysis. The fact that de
novo copy number variants represent the most com-
monly recognized cause of MR indicates that monoal-
lelic lesions are sufficient to cause MR and raises the
possibility that smaller de novo genetic lesions, such as
point mutations, also represent a major cause of MR.
The identification of de novo point mutations, how-
ever, must rely on the sequencing of candidate genes.

Defects in synaptic function are thought to underlie
many common neurodevelopmental brain disorders,
including autism and MR."> One of the key events of
interneuronal communication at the synapse is the re-
lease of neurotransmitters by Ca”*-triggered synaptic
vesicle exocytosis. This vesicular fusion event is mainly
mediated by a well-characterized group of SNARE pro-
teins comprising the synaptic vesicle protein synapto-
brevin-2/VAMP2, and plasma membrane proteins syn-
taxin-1A/STX1A and SNAP25, which altogether bring
and fuse synaptic vesicles at the presynaptic plasma mem-
brane, releasing their neurotransmitter content into the
synaptic cleft.>* This process is regulated by Munc18-1/
STXBP1, which is essendal for SNARE complex forma-
tion and synaptic vesicle fusion, and by synaptotagmin-1/
SYT1, the main Ca®" sensor in neurons that mediates
fast synaptic vesicle fusion after Ca>* influx.>>"®

We postulated that de novo mutations in autosomal
genes that are involved in neurotransmission could lead
to cognitive deficits in humans. Specifically, we se-
quenced the coding exons and their flanking intronic
regions of genes encoding the main components of the
synaptic SNARE  machinery (S7XIA4, VAMP2,
SNAP25), together with those of their regulatory pro-
teins (STXBPI and SYTI), in 95 patients with idio-
pathic MR. We report the identification of de novo
truncating and splicing mutations in STXBPI in two
patients with MR and nonsyndromic epilepsy.

Subjects and Methods
Subjects and DNA Screening

Ninety-five French Canadian sporadic cases of idiopathic
MR without growth abnormalities or specific dysmorphic
features were recruited for this study. A subset of the MR
patients (25/95) also displayed some forms of epilepsy.
Moreover, cohorts of 142 patients with autism spectrum dis-
order (ASD) and 190 healthy ethnically matched individuals
were studied. Additional details concerning the MR and
ASD cohorts are provided in the supplementary materials.

Blood samples were collected from all members of these co-
horts, as well as from their parents after approval by institu-
tional ethics committees. Genomic DNA was extracted from
blood samples using the Puregene DNA kit (Quigan, Mis-
sissauga, ON, Canada). Paternity and maternity of each in-
dividual of all families were confirmed using six informative
unlinked microsatellite markers (D2S1327, D3S1043,
D4S3351, D6S1043, D8S1179, D10S677). Polymerase
chain reaction (PCR) amplification of the exons and intronic
splice junctions of STXI1A, VAMP2, SNAP25, STXBPI (iso-
forms a,b), and SY7, and subsequent sequencing and mu-
tation analyses were conducted according to standard proce-
dures (see supplementary materials).

RNA Analysis

Total cellular RNA from Patient 1 and her mother was iso-
lated from blood using the TRIzol reagent, and reverse-
transcribed (3pg) using MMLV reverse transcriptase (In-
vitrogen, La Jolla, CA). Complementary DNA (cDNA) was
PCR-amplified with S7XBPI-specific primers flanking
intron-3 (contains the splicing mutation): STXBP1_ex2F:
5'AAGAAGAAGGGGGAATGGAA-3" and STXBPI_ex4-
5R: 5'-GAGAGTGGACGGACTTCTCG-3', and with GA-
PDH-specific primers GAPDH_F: 5'-CCA CTCCTCCA-
CCTTTGAC-3" and GAPDH_R: 5-ACCCTGTTGCTG-
TAGCCA-3". The intensity of each PCR band was calcu-
lated using Quantity One software vs4.6.1 (BioRad, Missis-
sauga, ON, Canada). Statistical analysis (n = 4) was con-
ducted using a Student’s # test. cDNA from Patient 1 and
her mother were also amplified using forward primer
STXBP1_ex3-mut-int3F:5'-AGGGCATAACGAatgagca-3’,
specific for the mutated allele (c.169+1G>A splicing muta-
tion; underlined), and reverse primer STXBP1_ex4-5R. Re-
sulting PCR products were subcloned into TOPO-TA
PCR2.1 (Invitrogen) and sequenced.

Results

We identified three heterozygous mutations in
STXBPI in three patients of our MR cohort. These
mutations, including a missense (c.455C>G;
p.S152C), a nonsense (c.1162C>T; p.R388X), and a
mutation located in the consensus splice donor site of
intron 3 (c.169+1G>A), were found in single pa-
tents. The missense ¢.455C>G is unlikely to be
pathogenic because it is transmitted from a healthy fa-
ther. In contrast, the splice junction ¢.169+1G>A
(Patient 1) and the nonsense c¢.1162C>T (Patient 2)
mutations were de novo (not present in blood DNA of
the parents of the affected individuals) (Fig 1). Se-
quencing all STXBPI exons and intronic junctions in
two control cohorts by our group (n = 190) and by
the Sanger Institute’s ExoSeq project (n = 48 Europe-
ans;  htep://www.sanger.ac.uk/cgi-bin/humgen/exoseq/
exoseqview?gene=STXBP1) did not show any splicing
or amino acid-altering mutations. No amino acid-al-

tering or splicing mutations were found in the other
four sequenced genes (STXIA, VAMP2, SNAP25,
SYT1) in the MR cohort.
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Fig 1. Location of the heterozygous de novo mutations of
STXBP1. (A) Schematic presentation of STXBP1 exon-intron
regions (isoform a: NM_003165; isoform b, which lacks exon
19: NM_001032221); filled boxes represent coding exons,
whereas white boxes indicate untranslated sequence. (B) Do-
main organization of STXBP1 based on the rat STXBPI crys-
tal structure.” Amino acids 28 to 582 represent SECI do-
main, an evolutionary conserved region domain present in
Secl/Muncl8 family. (C) Families with de novo mutations in
STXBP1. Chromatograms corresponding to the STXBP1 se-
quence for each patient and her parents are shown. Wild-type
(WT) and mutant (MT) STXBP1 DNA sequences are shown
together with the corresponding amino acids. SD = indicates
consensus splice donor sequence. Coding nucleotide and amino
acid positions are based on isoform-a of STXBP1 (Refseq
NM_003165).

To determine the impact of the de novo mutation
c.169+1G>A on splicing, we performed reverse tran-
scriptase PCR targeting exons flanking intron 3 of
STXBPI, which contains this substitution, using total
RNA isolated from the blood of Patient 1 and her
mother (Fig 2A). Only one fragment (195bp), corre-
sponding to the wild-type STXBPI allele, was ampli-
fied from the patient’s and mother’s cDNA. A longer
fragment corresponding to the improperly spliced allele
was not observed in the patient, possibly because its
amplification may be difficult in the context of this
PCR assay where both wild-type and mutant STXBPI
cDNA compete for the same primers. Semiquantitative
analysis indicated that the intensity of the wild-type
band obtained from Patient 1 was approximately 50%
of that from her mother (see Fig 2B). This observation
is consistent with the possibility that this fragment was
amplified from only one allele in the patient but from
two alleles in her mother. We attempted to specifically
amplify the mutant STXBP! transcript using a forward
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primer (ex3-mut-int3F) targeting the exon-3/intron-3
junction and containing the ¢.169+1G>A mutation
at its 3'-end, as well as a reverse primer targeting the
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Fig 2. Characterization of the effect of the ¢.169+1G>A muta-
tion on STXBP1 splicing. (A) Schematic representation of the
genomic region between exons 2 and 5 of STXBP1. The muta-
tion at the beginning of intron three consensus donor site,
c.169+1 G>A, is underlined, and the primers used for polymer-
ase chain reaction (PCR) amplifications are represented by ar-
rows. Primer ex4-5R spans two adjacent exons, ensuring that only
complementary DNA (cDNA) would be amplified. (B) Agarose
gel electrophoresis of reverse transcript polymerase chain reaction
(RT-PCR) products from Patient 1 (Prob) and her mother
(Moth) with STXBP1 primers ex2Flex4-5R and GAPDH_F/R.
To detect any pom'b/e contaminating genomic DINA, we also per-
Jormed PCR on a negative control of reverse transcription (with-
out reverse transcriptase [RT—]) with total RNA from the mother
and Patient 1. The histogram shows the average * standard
error of the mean of band intensities obtained from PCR using
ex2F and ex4-5R normalized by band intensities of the GAPDH
amplification product (n = 4). *p < 0.001, Student’s t test. (C)
Agarose gel electrophoresis of products obtained by PCR on cDNA
from Patient 1 and her mother using primers ex3-mut-int3Flex4-
5R, which amplify specifically the mutated allele. (D) Representa-
tion of the three main alternative splicing isoforms that occur in
intron 3 when the normal splice donor is mutated

(c.169+ 1G>A), as demonstrated by sequencing of the cloned
PCR products shown in (C). Exons (ex) are represented by gray
boxes. ‘“at” represents the mutated splice donor site. Intronic se-
quences incorporated in the STXBP1 transcript because of the
splicing mutation are depicted as white boxes. (E) Predicted
translational consequence of ¢.169+ 1G>A mutation. Activation
of various cryptic splice sites in intron 3, leading to transcripts
retaining intronic sequences (shown in small letters) that are pre-
dicted to add, at position 57, an additional 7 amino acids fol-
lowed by an inframe premature stop codon (shown in italics).



Table. Clinical Features of Patients with De Novo Mutations in STXBP1

Initial type of seizures
Initial electroencephalogram
Neurological examination

Head circumference (centile)

Characteristics Patient 1 Patient 2

De novo mutation c169=1G>A c.1162C>T/ p.R388X
Age, yr 27 15
Sex F F
Ethnic origin French Canadian French Canadian
Severe mental retardation + +
Epilepsy

Age at first seizures 6 weeks 2 years 9 months

Partial complex

Focalized Focalized

56cm (75th)

Hypotonia + +
Tremor + +
Hyperventilation + -
Brain imaging

Magnetic resonance imaging Not done Normal

Computed tomographic scan Normal Normal

Partial complex

55.7cm (50-75th)

junction of exons 4 and 5 (ex4-5R) (see Fig 2A). Dif-
ferent PCR products of approximately 650, 1,000, and
1,250bp were amplified from the cDNA of Patient 1,
but no product was amplified from her mother’s (see
Fig 2C). These products were cloned and sequenced,
demonstrating the incorporation of intronic sequences
into the STXBPI transcript presumably because of the
activation of different cryptic splice sites in intron 3
(see Fig 2D). All the corresponding transcripts result in
the insertion of seven new amino acids at position 57
followed by a premature stop codon (see Fig 2E).
The splicing mutation in Padent 1 is predicted to
truncate STXBP1 in the domain-1 region (see Fig 1),
which is implicated in binding to syntaxin-1.>? Binding
of STXBP1 to syntaxin-1 and the SNARE complex is
essential for SNARE complex assembly and subsequent
neurotransmitter release.”'®™'? Similarly, the p.R388X
mutation in Patdent 2 is also predicted to truncate
STXBP1. This stop codon lies in domain 3 of STXBP1
(see Fig 1), which together with domain 1 form the cen-
tral cavity providing binding surfaces for syntaxin-1.”
The two patients with de novo mutations showed
severe MR with hypotonia, a particular gait, tremor,
and epilepsy (Table; see supplementary file). Patient 1
had her first seizures, described as loss of visual contact,
upward gaze deviation followed by clonic movements
of the face, when she was 6 weeks old. Her initial elec-
troencephalogram (EEG) showed epilepsy in the right
frontotemporal region. Phenobarbital administration
immediately controlled the seizures and normalized the

EEG. Seizures did not recur over the next 2 years and
the medication was stopped. She was seizure free until
8 years of age when she had two generalized seizures.
Over the years, she continued to suffer from recurrent
seizures despite the administration of several antiepilep-
tic drugs. She currently has three seizures per day, in-
cluding generalized tonic seizures beginning by a shout,
drop attacks, and complex partial seizures with staring.
Patient 2 first showed left versive seizures at 2 years
and 9 months of age, with an epileptic focus in the
right temporal region. Seizures were well controlled for
the next 2 years with carbamazepine. She then had
right versive seizures and clobazam was added. Since
then, she had one or two seizures every 6 months.
These seizures are now motor seizures on the right side
and occur exclusively at night.

Because MR and ASD tend to coexist in the same
patients, we also sequenced S7XBPI in a cohort of 142
cases of ASD. No de novo, splicing, or truncating mu-
tations were found in the ASD cohort. The number of
STXBPI de novo mutations in our MR cohort was sig-
nificantly greater (p < 0.05, Fisher’s exact test) than in
the rest of the tested cohorts (our control subjects,
ExoSeq control subjects, and ASD cases). The only
amino acid-altering mutation found was the heterozy-
gous missense variant ¢.1302G>A (p.R536H), which
lies in a domain that does not interact with syntaxin-
1.” This mutation is unlikely to be pathogenic because
it is transmitted from an unaffected parent.
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Discussion

We identified de novo mutations in the autosomal
gene STXBPI in two patients with similar clinical pic-
tures including severe MR, hypotonia, and epilepsy.
These mutations are likely to be pathogenic for several
reasons. First, both the ¢169+1G>A and p.R388X
mutations are predicted to truncate STXBP1 toward
the beginning and middle (see Fig 1), respectively, re-
sulting in a protein lacking a substantial portion of the
domains of interaction with syntaxin-1 (domains 1/3)”
(see Fig 1). Second, although SzxbpI homozygous de-
letion results in complete loss of neurotransmission and
postnatal lethality, heterozygous mice survive but dis-
play impaired neurotransmission, >4 suggesting that
disruption of a single allele in humans is also likely to
alter synaptic transmission. Similarly, studies done on
STXBPI orthologues in Drosophila (rop) and C. elegans
(unc-18) showed that truncating point mutations, situ-
ated in similar or even downstream positions to the de
novo mutations reported in this study, cause defects in
synaptic vesicle docking and neurotransmission.'>"”
Third, screening of 380 individuals belonging to con-
trol and ASD cohorts failed to identify any splicing,
truncating, or de novo amino acid—altering mutations.
Finally, Saitsu and colleagues'® recently described four
heterozygous missenses (three de novo) in STXBPI, in-
cluding one murtation that reduced binding to
syntaxin-1A, in patients with early infantile epileptic
encephalopathy (EIEE), also called Obtabhara syndrome.
These authors also described a de novo deletion en-
compassing STXBPI and 38 other genes in a patient
with EIEE. Collectively, these results suggest that loss
of STXBPI function is associated with epilepsy and
MR.

The patients that Saitsu and colleagues'® described
showed the typical features of EIEE, including onset of
seizure during the neonatal period, tonic spasms, initial
presence of suppression bursts on the EEG, transition
toward West syndrome and hypsarrhythmia, as well as
a poor outcome with intractable seizures and severe
MR." Although the patients described in our study
also suffer from severe MR and epilepsy, they were not
suspected to have EIEE. They never had the typical
tonic seizures or infantile spasms associated with EIEE
and West syndromes, respectively. Seizures started after
2 years of age in one patient and in both cases were
initially easy to control. Abnormal EEGs suggesting
burst suppression or hypsarrhythmia were never ob-
served in these patients. EEGs were inidally focalized
and rapidly became normal. With time they changed
to show a pattern that could evoke Lennox—Gastaut
syndrome, which can be later observed in patients with
EIEE, but none of the patients showed the atypical ab-
sence or tonic nocturnal seizures associated with this
syndrome. Indeed, our patients did not show any con-
sistent pattern of epileptic features. Our observation
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thus indicates that STXBPI disruption has the poten-
tial of causing a wide spectrum of epileptic disorders in
association with severe MR.

Interestingly, disruption of another synaptic vesicle
protein that also modulates neurotransmission, synap-
sin-1/SYN1, has been previously described to cause ep-
ilepsy and learning disability.”® This observation and
the documentation of mutations in S7XBPI raise the
possibility that mutations in other genes implicated in
synaptic vesicle exocytosis and neurotransmission may
be similarly involved in forms of MR and epilepsy. Al-
though no deleterious mutations were identified in the
other studied genes implicated in such pathways
(STXIA, VAMP2, SNAP25, and SYTI), screening of
larger cohorts would be needed before ruling out their
involvement in MR and epilepsy. In addition, our
work provides some validation for the use of a candi-
date gene approach to explore the involvement of such
synaptic pathways.
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Free Sialic Acid Storage

Disease without Sialuria
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We performed high-resolution in vitro proton nuclear mag-
netic resonance spectroscopy on cerebrospinal fluid and urine
samples of 44 patients with leukodystrophies of unknown
cause. Free sialic acid concentration was increased in cerebro-
spinal fluid of two siblings with mental retardation and mild
hypomyelination. By contrast, urinary excretion of free sialic
acid in urine was normal on repeated testing by two indepen-
dent methods. Both patients were homozygous for the K136E
mutation in SLCI7A5, the gene responsible for the free sialic
acid storage diseases. Our findings demonstrate that mutations
in the SLCI7A5 gene have to be considered in patients with
hypomyelination, even in the absence of sialuria.
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Mutations in the SLC17A5 gene encoding a lysosomal
transporter called sialin are associated with the free
sialic acid storage diseases: Salla disease (or the Finnish
type of sialuria) and the more severe infantile free sialic
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