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Translation initiation in eukaryotic cells typically begins at an
AUG start codon in a Kozak sequence (1). The consensus trans-
lation initiation sequence is GCCGCCACCJAUGG, with variations
leading to differences in translation efficiency (2,3). Variable effi-
ciency of Kozak sequences and their embedded start codons may
explain congenital profound recessive non-syndromic hearing
loss due to Golgi snap receptor complex member 2 (GOSR2) in an
extended consanguineous Palestinian family (Fig. 1A). This result
was unexpected, given that known pathogenic alleles of GOSR2
are responsible for a severe recessive neurological phenotype,
but with normal hearing. The paradox may be resolved by the
combination of unique features of the first codon mutation in the
family, and differences in GOSR2 binding partners of soluble-NSF-
attachment-protein-receptor (SNARE) complexes in brain neu-
rons versus GOSR2 binding partners of SNARE complexes in the
inner ear.

In family CJ, four children in two sibships have congenital
profound hearing loss. The parents of both sibships are first
cousins with normal hearing. The families reported occasional
febrile seizures in infancy for each of the deaf children, but these
did not persist into adolescence. As young adults, none of the
deaf individuals had any signs of epilepsy, ataxia, other severe
neurological abnormalities or other syndromic features (see
also Supplementary Material, Supplemental Methods). Whole
genome sequencing of 12 members of family CJ yielded linkage
of hearing loss, under an autosomal recessive model, to a region
of 4.8 MB on chromosome 17g21.3. The region harbored only one
likely candidate allele, GOSR2 c.1A > C, p.MetlLeu (NM_054022)
(Supplementary Material, Table S1). This variant appeared once
in the gnomAD database, as a heterozygote, and not in any of
~2000 in-house controls of Palestinian ancestry. The likelihood is
<0.005 that this variant co-segregates by chance with hearing loss
in the family. GOSR2 is ubiquitously expressed, including in the
inner ear (4).

GOSR2 encodes a transmembrane protein in the SNARE
family of vesicle locking proteins, which mediate membrane
fusion during transit of proteins to and from the endoplasmic

reticulum (ER) (5). The International Mouse Phenotyping Con-
sortium has shown that homozygous deficiency of Gosr2 is
embryonic lethal (mousephenotype.org). Knockdown of GOSR2
leads to a loss in ER-Golgi transport and interferes with Golgi
maintenance (6). In humans, homozygosity for a Northern Euro-
pean founder allele, GOSR2 p.Gly144Trp, causes a severe form of
childhood-onset progressive myoclonic epilepsy with ataxia, but
with apparently normal hearing (7,8), Compound heterozygosity
for GOSR2 p.Gly144Trp and GOSR2 ¢.2T>G, p.MetlArg, leads to
the most severe GOSR2-related phenotype, including both rapidly
progressive epilepsy and muscular dystrophy (8,9).

Previous analysis of start codons and Kozak sequences
genome-wide (3) predicted that mutation of codon 1 from ATG to
AGG (Metl1Arg, the severe European allele) would nearly abolish
translation, but that mutation of codon 1 from ATG to CTG
(MetlLeu, the allele of family CJ) would retain partial translation
(Fig. 1B). We tested this prediction by measuring GOSR2 protein
in Epstein-Barr virus (EBV)-transformed human lymphoblast cell
line (LCL) lysates from individuals in family CJ (Fig. 1C). Western
blot revealed that GOSR2 protein was detectable in homozygous
affected children III-6 and III-7, but significantly reduced, to
8.5% and 3.4% respectively, of protein levels in controls; protein
of heterozygous unaffected carrier II-4 was modestly reduced
compared with control. Gels were run sufficiently long to rule out
translation from the downstream start codon, methionine-19,
which would result in a protein of size ~23 kD.

Because GOSR2 encodes an integral component of the ER-
Golgi SNARE complex, we measured Golgi function and mor-
phology in LCLs of affected individuals (Supplementary Material,
Supplementary Methods). We did not detect any significant
differences among genotypes in total protein secretion (Fig. 1D).
Laser scanning confocal microscopy was used to visualize
gross Golgi morphology and GOSR2 subcellular localization.
In cells of all genotypes, GOSR2 protein was present, located
as expected exclusively outside the nucleus, and co-localized
with Golgi marker GPP130 diffusely throughout the cytoplasm
(Supplementary Material, Figs S2 and S3).
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Figure 1. Clinical and cellular features of GOSR2 p.Met1Leu. (A) Family CJ with congenital non-syndromic sensorineural hearing loss in four children
(filled symbols), with genotypes at GOSR2 c.1A>C, p.Met1Leu and an audiogram of III-3. (B) Nucleotide alignment of the GOSR2 Kozak sequence across
multiple species (left), with predicted translation efficiency of human GOSR2 alternate start codons, given the GOSR2 Kozak sequence in family CJ
[adapted from Ref. (3); center], and predicted translation efficiencies of CUG start codons with different surrounding Kozak sequences [adapted from
Ref. (3); right]. (C) Western blot of GOSR2 in cultured lymphoblasts (LCLs) from members of family CJ and a control, with quantification of band intensities
normalized to actin and to GOSR2 protein level of the control. (D) Total extracellular protein in culture media following 48 h incubation of LCLs from
family members of homozygous and heterozygous GOSR2 genotypes and five controls; all P-values less than E — 10. (E) Translation:transcription ratios,
indicated by monomeric green fluorescent protein:mCherry, for GOSR2 p.MetlLeu, p.MetlArg, and reference; and cellular translation:transcription
ratios, normalized to wild-type (see also Supplementary Material, Fig. S1). (F) Western blot of GOSR2 translation in transfected cells used in flow
experiments, with quantification of GOSR2 band intensities, normalized to actin and to reference protein levels. Error bars indicate standard errors;

*P <0.05, **P <0.01, ***P < 0.001, ****P < 0.0001.
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Finally, to test whether lower levels of GOSR2 protein were due
to decreased translation efficiency, we designed a flow cytometry
assay, based on previously published methods [Supplementary
Material, Fig. S4; (3)], to compare GOSR2 c.1A>C, p.Met1Leu and
GOSR2 c.2T>G, p.MetlArg to wild-type GOSR2. Mutant plasmids
GOSR2 p.Metlter and GOSR2 p.Metlter + Met19ter were also tested
to assess possible translation from downstream methionine-19.
Flow cytometry results indicated that the GOSR2 p.Met1Leu plas-
mid had 18% of the signal of wild-type plasmid (Fig. 1E); that
for all mutant plasmids, translation was significantly lower than
wild-type (P<E - 10); and that the GOSR2 p.MetlLeu plasmid
was translated at a significantly higher level than any of the
other mutants. Results from western blot experiments revealed
the same profile (Fig. 1F). Transfection with GOSR2 p.Met1Leu led
to 18% of wild-type protein levels. Corresponding bands were not
present for either nonsense mutant, indicating that translation
did not occur from Met-19.

The discovery of GOSR2 c.1A>C, p.MetlLeu as the best candi-
date allele for hearing loss in family CJ suggests a paradox. Why
do homozygotes for this allele have only hearing loss, given that
known pathogenic variants of GOSR2 are associated with severe
neurological features (7,8,9)? Conversely, why do homozygotes
and compound heterozygotes for the known GOSR2 pathogenic
variants have apparently normal hearing? More generally, why
do phenotypically severe alleles not necessarily impact organ
systems affected by milder alleles? In this case, the underlying
biology of vesicular transport by the ER-Golgi SNARE system and
the role in this system of GOSR2 may be responsible. Vesicular
transport is highly regulated, with each protein having a required
topological expression and tissue-specific binding partners (10).
In mammals, the synaptic SNARE complex of brain neuronal
cells differs from the analogous SNARE complex of inner ear
hair cells both in structural components and in protein reg-
ulators (11,12). In yeast, GOSR2 localizes to the cis-Golgi and
binds the SNARE-Qa molecule syntaxin-5/Sed5p (13). The yeast
ortholog of mammalian GOSR2 p.Gly144Trp changes the primary
structure of the GOSR2 SNARE-binding motif, leading to deficits
in SNARE-mediated ER-to-Golgi membrane fusion and hence to
failure of the SNARE complex to bind properly to the Golgi (14).
We speculate that this process models the binding of GOSR2
p.Gly144Trp to the ER-Golgi SNARE complex in mammalian brain
neuronal cells, but does not model GOSR2 binding to the SNARE
complex in hair cells of the mammalian inner ear. Given the
differences in mammals between synaptic SNARE complexes of
brain neurons and hair cells, GOSR2 may bind to an ER-Golgi
SNARE molecule in the inner ear that does not rely on the binding
motif including Gly-144. GOSR2 p.Gly144Trp correctly localizes
and does not affect Golgi morphology (7), so in the absence
of an effect of this missense on SNARE binding, the hair cells
of the inner ear could remain unaffected. In contrast, GOSR2
p-Metlleu has normal function in all cell types, with reduced
protein levels that are apparently adequate for function of brain
neuronal cells but insufficient for highly sensitive inner ear hair
cells.

In proposing this model, we recognize that the biology of
non-synaptic SNARE complexes in the inner ear is not fully
understood (11), so the mechanism by which the inner ear SNARE
complexes might evade the effects of GOSR2 p.Gly144Trp remains
speculative. The paradox of GOSR2 recalls the observations that
mutations in the inner-ear-specific synaptic SNARE-associated
protein otoferlin (OTOF) lead to hearing loss without syndromic
neurological features, and that mutations in genes of the
brain-neuronal-specific SNARE complex (STX1B, VAMP2, SNAP25,
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STXBP1, UNC13A) lead to epileptic phenotypes that do not include
hearing loss (15). The GOSR2 paradox is particularly intriguing,
however, because GOSR?2 is active in both brain neuronal and
inner ear hair cells.

Finally, the story of family CJ is a reminder that the impact
of mutations involving translation initiation depends on the
strength of the underlying Kozak translation initiation sequence.
The relatively mild effect of GOSR2 c.1A>C, p.MetlLeu depended
not only on the specific mutation in codon 1, but also on the
close-to-ideal (non-mutant) Kozak sequence at base pairs —1 to
—4. This observation suggests that for gene and variant discovery
projects, the entire Kozak sequence, at least positions —4 to +4,
be evaluated.

Supplementary Material

Supplementary Material is available at HMG online.
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