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Usher syndrome type I (USH1) is the most frequent cause of hereditary deaf–blindness in humans. Seven
genetic loci (USH1A-G) have been implicated in this disease to date, and four of the corresponding genes
have been identified: USH1B, C, D and F. We carried out fine mapping of USH1G (chromosome 17q24–25),
restricting the location of this gene to an interval of 2.6Mb and then screened genes present within this
interval for mutations. The genes screened included the orthologue of the Sans gene, which is defective in
the Jackson shaker deaf mutant and maps to the syntenic region in mice. In two consanguineous USH1G-
affected families, we detected two different frameshift mutations in the SANS gene. Two brothers from a
German family affected with USH1G were found to be compound heterozygotes for a frameshift and a
missense mutation. These results demonstrate that SANS underlies USH1G. The SANS protein contains three
ankyrin domains and a sterile alpha motif, and its C-terminal tripeptide presents a class I PDZ-binding motif.
We showed, by means of co-transfection experiments, that SANS associates with harmonin, a PDZ domain-
containing protein responsible for USH1C. In Jackson shaker mice the hair bundles, the mechanoreceptive
structures of inner ear sensory cells, are disorganized. Based on the known interaction between USH1B
(myosin VIIa), USH1C (harmonin) and USH1D (cadherin 23) proteins and the results obtained in this study, we
suggest that a functional network formed by the USH1B, C, D and G proteins is responsible for the correct
cohesion of the hair bundle.

INTRODUCTION

Usher syndrome (USH) is an autosomal recessive disease that
affects both the inner ear and the retina. It is the most frequent
cause of hereditary deaf-blindness, affecting 1 child in 25 000.
Three clinical subtypes have been defined (1). USH type I

(USH1), the most severe, involves severe to profound
congenital sensorineural deafness, constant vestibular dysfunc-
tion and retinitis pigmentosa with prepubertal onset. USH2
differs from USH1 mainly in the deafness being less severe, the
absence of vestibular dysfunction and the onset of retinitis
pigmentosa after puberty. Finally, USH3 differs from USH1
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and USH2 in the progressiveness of hearing loss and the
occasional presence of vestibular dysfunction. USH1 is
genetically heterogeneous. Seven loci responsible for this
disease have been defined (USH1A-G) (2,3) and four of the
corresponding genes have been identified: USH1B, C, D and F.
USH1B encodes the actin-based motor protein myosin VIIa (4).
USH1C encodes a PDZ domain-containing protein, harmonin
(5,6). At least 10 isoforms of harmonin have been described.
They may be classified into three subclasses referred to as
harmonin a, b and c, and are collectively referred to as
harmonin (6). Finally, mutations in the genes encoding two
cadherin-related proteins, cadherin 23 and protocadherin 15,
have been shown to cause USH1D (7,8) and USH1F (9,10),
respectively.

Mutations have also been reported in three murine orthologs
of the USH1 genes: Myosin VIIa, which is defective in shaker-1
(sh1) mutants (11); Cadherin 23, which is defective in waltzer
(v) mutants (12), and Protocadherin 15, which is responsible
for Ames waltzer (av) mutants (13). These mouse mutants are
congenitally deaf and display vestibular dysfunction. In
addition, the sensory cells of the inner ears of these mouse
mutants display similar disorganization of the stereocilia
comprising the hair bundle (12–14). We recently showed that
myosin VIIA, harmonin and cadherin 23 interact in the
developing inner ear sensory cells, ensuring the correct
development of the hair bundle (15).

We studied a consanguineous Jordanian family affected by
USH type 1 (JO-US1), and mapped the USH1G locus to an
interval of 23 cM between markers D17S1350 and D17S1830
on chromosome 17q24–25 (3). In this study, we narrowed
down the USH1G linkage interval, thanks to another USH1G-
affected family, and identified SANS, the human orthologue of
the gene defective in Jackson shaker ( js) mutant mice (16), as
the causative gene. We also showed, in co-transfection
experiments, that SANS associated with harmonin, the protein
underlying USH1C.

RESULTS AND DISCUSSION

Narrowing the limits of the USH1G interval

Eight members of a large family from Southern Tunisia (family
MB) were recognized as suffering from profound congenital
deafness. Vestibular dysfunction was assessed by caloric tests
in patients MB15, 16, 18, 20, 29 and 30 (Fig. 1). Severe
retinitis pigmentosa was assessed by funduscopy in all the
affected children (see Materials and Methods). All the affected
children were over the age of 16 years at the time of
examination, with the exception of MB20, who was only
5 years old. The clinical features observed in this family qualify
the disease as Usher syndrome type I.

We tested this family for co-segregation of the disease with
any of the seven known USH1 loci (USH1A-G), using
polymorphic microsatellite markers (see Materials and
Methods). Linkage was detected only with the markers of the
USH1G interval, D17S1807 and D17S1603. We then tried to
narrow down the USH1G interval, using markers located
between D17S1350 and D17S1830, the two markers flanking
the homozygosity region in the original USH1G family (Fig. 1).

As affected individual MB20 was heterozygous for marker
D17S1831, and the two affected individuals MB148 and
MB152 were heterozygous for marker D17S1603, we were
able to limit the USH1G interval to a 2.6 Mb region between
these two markers (maximum LOD score 4.6, at y¼ 0 for
markers D17S1807 and D17S1839).

SANS mutations cause USH1G

We first considered as candidate genes two genes located within
the USH1G interval that corresponded to two cDNAs isolated
from a subtracted cDNA library prepared from the vestibular
sensory patches of the mouse inner ear (6). The first, the human
giant larvae gene homologue (LLGL2) (GenBank accession
number X87342) corresponded to a 3480 bp cDNA, extending
over 19 kb, and comprised 23 exons (the 50 end is missing from
the Human Sequence Draft). Analysis of the sequences of these
exons in USH1G-affected families (JO-US1 and MB) resulted
in the detection of only silent polymorphisms. The other gene,
solute carrier family 9 (sodium/hydrogen exchanger), isoform
3 regulatory factor 1 (SLC9A3R1) (GenBank accession number
XM_046932), corresponded to a 1978 bp cDNA, extending
over 21 kb and comprising 6 exons. No mutation of this gene
was detected in either of the two affected families in analysing
the sequences of the coding exons.

We previously reported that the locus involved in js mouse
mutant, which presents deafness and vestibular dysfunction
(17), mapped to a chromosomal region syntenic to the human
USH1G region (3). Although the USH1G interval identified
here was much smaller, it nonetheless still matched with the js
locus. As the Sans gene was recently shown to be mutated in js
mice (16), we considered the human orthologue SANS
(GenBank accession number AK091243) as a candidate gene
responsible for USH1G. SANS is located between markers
D17S1807 and D17S1839. The cDNA for this gene is 3559 bp
long. Comparison with human genome sequences (GenBank
accession number AC068874) revealed that SANS encompasses
7.2 kb and comprises three exons, two of which are coding. The
1380 bp open reading frame (ORF) is predicted to encode a 460
amino acid (aa) protein. The translation initiation site was
identified at position 184 on the basis of the presence of a
Kozak consensus sequence (gcgccATGaacga) preceded by an
in-frame stop codon, 170 bp upstream. The human and mouse
ORFs display 90% nucleotide sequence identity, and the two
predicted protein sequences are 96% identical. Sequence
analysis of the encoded protein showed this protein to contain
three ankyrin-like domains (18) at the N-terminal end (aa 31–
63, 64–96 and 97–129), a central region (aa 130–385), and a
SAM (sterile alpha motif) domain (19) (aa 384–446; Fig. 2)
and a PDZ-binding motif at the C-terminal end. This protein
was therefore named SANS for scaffold protein containing
ankyrin repeats and SAM domain. Ankyrin domains are
involved in protein–protein interactions (18). SAM domains,
originally identified in yeast (19), are present in several proteins
involved in the regulation of a number of developmental
processes (e.g. protein kinase receptors, cytoplasmic scaffold-
ing proteins, transcription factors). These domains, which are
thought to be involved in protein–protein interactions, may
undergo homo- or heterodimerization with other SAM domains
(20,21).
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We designed primers (Table 1) to amplify and sequence the
two coding exons and the flanking intronic regions. In the three
affected members of family JO-US1 (3), a 20 bp deletion (829–
848del) was detected in exon 2, in the homozygous state (Figs 2
and 3A). The deletion was also found in a heterozygous state in
both parents of these individuals and in their three unaffected
siblings. This frameshift deletion is predicted to lead to the
production of a truncated protein, only 326 aa long (i.e. without
the SAM domain), the last 70 residues of which are not
in-frame. In the eight affected members of family MB, the
insertion of a single base (393insG) was detected in exon 2, in
the homozygous state (Figs 2 and 3B). The mutation was
present in the heterozygous state in the parents, and was absent

from the unaffected individuals MB17 and MB151. This
frameshift mutation is predicted to lead to the production of a
133 aa protein, in which only the three ankyrin repeats could
possibly be preserved.

We then analysed 39 sporadic and familial USH1 cases from
Germany, France, Israel, Iran and Morocco. In 19 of these
cases, no mutation had been detected in the gene encoding
myosin VIIA (responsible for USH1B) or in the gene encoding
harmonin (USH1C). In six other patients, no linkage had been
found to the USH1B locus. Two brothers (patients 54 and 55)
of German origin were found to be compound heterozygotes
for SANS mutations. One allele carried a C to T transition
(142C>T) in exon 1, which was predicted to lead to a L48P

Figure 1. Segregation of eight polymorphic microsatellite markers from the 17q24–25 chromosomal region in family MB. Solid symbols represent affected
individuals. Analysis of the haplotypes of individuals MB20, MB152 and MB148 defined the USH1G minimal interval as the 2.6 Mb region between
D17S1831 and D17S1603.
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substitution, whereas a dinucleotide deletion in exon 2
(186–187delCA) of the second allele (Figs 2 and 3C1 and
C2) was predicted to lead to the production of a truncated
protein 132 aa long, the last 70 residues of which were
predicted not to be in-frame. Each mutation was found in a
heterozygous state in one parent, the mother carrying the
missense mutation and the father the frameshift deletion. The
L48P aa substitution occurs in the first ankyrin domain of
the SANS protein, at a position at which none of the 442
ankyrin domain sequences analysed has a proline (leucine,
valine or isoleucine is present at this position in 75% of
the sequences; http://smart.embl-heidelberg.de) and is therefore
expected to be deleterious. None of the detected mutations was
found in 80 control individuals. These results identify SANS as
the gene responsible for USH1G.

We previously suggested (3) that USH1G and two genetic
forms of dominant late-onset hearing loss, DFNA20 (22) and
DFNA26 (23), might be allelic disorders because they have
overlapping linkage intervals. As SANS is located outside the
interval defined for these two forms of isolated deafness, it is
very unlikely that SANS is also involved in either DFNA20 or
DFNA26.

Sans interacts with harmonin

As ankyrin repeat-containing proteins have been reported to be
linked to the cytoskeleton (18), we explored the possible
association of Sans with the cytoskeleton. A full-length Sans
cDNA encoding a myc-tagged Sans protein was generated. In
transfected HeLa cells, immunolabelling for Sans gave a uniform
pattern of punctate staining throughout the body of the cell
(Fig. 4A). Double immunolabelling with rhodamine-phalloidin
or with antibodies directed against a-tubulin, cytokeratin 18 or
vimentin, or a pan-cytokeratin antibody showed that Sans was
not associated with actin microfilaments, microtubules or
intermediate filaments (Fig. 4A and data not shown).

A database search for sequences similar to that of Sans
revealed that the most similar protein was Harp, which was
reported as harmonin interacting protein (GenBank accession
number AF524030). The Harp and Sans proteins were predicted
to display 41% sequence identity and 65% sequence similarity
(the ankyrin and SAM domains of the two proteins were
predicted to be 72 and 51% identical, respectively). The two
proteins differed principally in the central region, which was
more divergent (26% identity) than the terminal regions. The
last three aa of the human and murine Sans proteins (TEL) and
of the murine Harp (TSL) protein match the class-I PDZ-
interacting consensus sequence (S/T-X-F, where X is any aa and
F is hydrophobic (24). We therefore carried out co-transfection
experiments in HeLa cells to determine whether any of the three
harmonin subclasses (a, b and c) (6) interacted with Sans. In
cells producing both harmonin and Sans, harmonin b was
associated either with punctate structures (Fig. 4B–D) or with
long, curved filaments (Fig. 4E–G), throughout the cytoplasm,
displaying perfect co-localization with Sans (Fig. 4D). This
co-localization appeared to be specific because no such pattern

Figure 2. Predicted amino-acid sequence of the human SANS protein. The three predicted ankyrin domains are indicated in red and blue (aa positions 31–63,
64–96 and 97–129) and the SAM domain (aa positions 384–446) in green. (A) Site of the deletion found in the family JO-US1. (B) Site of the insertion found
in family MB. (C) Site of the deletion found in patient 54, the substitution resulting from the 142C>T transition in patient 54 (L48P) is highlighted in yellow.

Table 1. Sequences of primers used for the amplification and sequencing of the
two Sans coding exons. Primers a and m were used for amplification and
sequencing, and primers 2F and 2R for sequencing only

Exon 1a 50-GGGTGAGCGTTTCAGATGTCTTG-30

Exon 1m 50-GGCAGCTCAGAGGAGTGGTGGA-30

Exon 2a 50-CTGTGACAGTGGGGAAGCTCCC-30

Exon 2m 50-CCTGAATAGGCAGATCTGTACCCCC-30

Exon 2F 50-TCTCCGAGGATGGGCGCAAG-30

Exon 2R 50-GAGGAACATGTCCCGGAGCGG-30
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was observed on co-transfection with constructs encoding Sans
and either green fluorescent protein (GFP)-tagged Rab4 or GFP-
tagged vezatin (Fig. 4J and data not shown). We recently
showed that harmonin b, the longest harmonin isoform, directly
binds actin filaments, inducing the formation of large actin
bundles, whereas harmonin a and harmonin c do not (15). In
co-transfected cells producing both Sans and harmonin b, the
presence of harmonin b modified the distribution of Sans: the
punctate Sans-labelled structures were replaced by longer
filaments that were also labelled with rhodamine-phalloidin
(Fig. 4E–G). This suggests that harmonin b may connect Sans to
actin filaments. Moreover, co-transfection experiments with
harmonin a and c revealed that the distribution of Sans was
identical to that of these harmonin isoforms (Fig. 4H, and data
not shown). To identify the harmonin PDZ domain involved in
this interaction, we co-transfected cells with a construct

encoding Sans and with a cDNA encoding either the PDZ1,
PDZ2 or PDZ3 domain (see Materials and Methods). Sans was
entirely co-localized with the PDZ1 domain (Fig. 4I) and
partially co-localized with the PDZ2 domain, whereas no
co-localization was observed with the PDZ3 domain (not
shown). These results suggest that Sans interacts with harmonin
by binding to the first PDZ domain of harmonin. Consistent
with these results, Harp has also been reported to interact with
the harmonin PDZ1 domain (GenBank accession number
AF524030).

We then used RT–PCR to investigate the expression of Sans,
Harp and the harmonin gene, in the inner ear, eye and kidney
(Fig. 5). Interestingly, whereas both the genes associated with
USH1 were expressed in the inner ear and eye, no Harp
expression was detected in these sensory organs. In contrast, in
the kidney, we observed transcription of the Harp and

Figure 3. Four mutations in the SANS gene in three USH1G patients. The mutated sequence is shown in the upper panel and below the corresponding wild-type
sequence. The deduced amino-acid sequence is indicated below the DNA sequence. (A) Affected individual in family JO-US1, homozygous for a 20-nucleotide
deletion in exon 2. (B) Affected individual in family MB, homozygous for a one-base insertion in exon 2 (393insG). (C) Affected individual 54. (1) Heterozygous
substitution in exon 1 (C182T). (2) Heterozygous deletion in exon 2 (186–187delCA).
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harmonin genes but detected no Sans transcripts (Fig. 5). The
differential tissue expression of Sans and Harp suggests that
the central region of Sans, which diverges from that of Harp,
plays a specific role in the inner ear and the eye.

Sans, which is produced in the sensory hair cells (16), may be
connected to the actin cytoskeleton via its interaction with
harmonin b, an isoform largely restricted to the inner ear (6).
From our previous (15) and present studies, the following
picture emerges: Sans interacts with harmonin, a scaffolding
protein that itself binds to myosin VIIa and cadherin 23; the
harmonin b isoform also binds actin filaments (see Fig. 6).
Harmonin, myosin VIIa and cadherin 23 are detected in the
growing hair bundles of the inner ear sensory cells (15,24).
Harmonin b may anchor cadherin 23-containing interstereoci-
liar links to the actin filament cores of growing stereocilia
(Fig. 6) (15).

The results of this study suggest that Sans is involved in the
functional network formed by harmonin, cadherin 23 and
myosin VIIa that is required for cohesion of the growing hair

bundle. Consistently, the js (Sans) mouse mutant displays
disorganization of the hair bundle (26) similar to that observed
in sh1 (myosin VIIa) (14) and v (cadherin 23) (12) mouse
mutants. The possible involvement in the network of proto-
cadherin 15 (USH1F) and of the proteins underlying the other
forms of USH1 remains to be determined.

MATERIALS AND METHODS

Patients

Informed consent was obtained from adult subjects and from
the parents of patients below the age of consent.

Clinical studies

Hearing loss was quantified by pure-tone audiometry with aerial
and bone conduction at 250, 500, 1000, 2000, 4000 and

Figure 4. (A) Sans in transfected HeLa cells. Sans (green) is distributed throughout the cytoplasm. No association with actin filament-labelled structures (red) is
observed. (B–D) Sans associates with harmonin b. In HeLa cells producing harmonin b (B) and Sans (C), the two proteins show identical distributions throughout
the cell (D). (E–G) Harmonin b connects Sans to F-actin. The presence of harmonin b clearly changes the distribution of Sans-labelled structures (green). The cell
on the right produces Sans only whereas the cell on the left (asterisk) produces both Sans and harmonin b. In the cell on the right, Sans displays a punctate dis-
tribution and no co-localization with actin filaments (red). In contrast, in cells producing both Sans and harmonin b (asterisk), the punctate or the long filamentous
structures labelled show the same distribution as actin (arrowheads). (H–J) Sans associates with harmonin a (H) and the GFP-tagged PDZ1 domain of harmonin (I),
but not with GFP-tagged vezatin (J). In co-transfected HeLa cells, Sans immunolabelling (red) displayed a distribution identical to that of harmonin a (H) and GFP-
tagged PDZ1 (I), throughout the cell cytoplasm (yellow). In contrast, no co-localization of Sans (red) with GFP-vezatin (green in J) was observed. Bars: 10mm.
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8000 Hz (Beltone 2000 clinical audiometer), in every individual
over the age of 5 years. Air conduction pure-tone average
(ACPTA) threshold in the conversational frequencies (0.5,1
and 2 kHz) was calculated for each ear, and hearing loss
was classified as mild (20�ACPTA� 40 dB), moderate
(40<ACPTA� 70 dB), severe (70<ACPTA� 90 dB), or pro-
found (ACPTA> 90 dB). In younger children, auditory function
was explored by recording audiometric brain response (ABR).
Vestibular dysfunction was assessed by caloric test. Retinitis
pigmentosa was diagnosed by funduscopy and functional
impairment was assessed on an electroretinogram (ERG).

Genotyping

Fluorescent polymorphic microsatellite markers were used.
PCR products were analysed by electrophoresis in a 6%
polyacrylamide gel. The markers used for the linkage analysis
of the MB family with the known USH1 loci were: D14S250,
D14S1006, D14S985, D14S1051, D14S292, D14S272,
D14S1010, D14S260 for USH1A; D11S527, D11S906,
D11S4186 for USH1B; D11S902, D11S4099, D11S4096 for
USH1C; D10S206, D10S1786, D10S532 for USH1D;
D21S1884, D21S1257, D21S265 for USH1E; D10S189,
D10S1684, D10S596 for USH1F and D17S1831, D17S1807,
D17S1603 for USH1G (sequences available at ftp://ftp.
genethon.fr/pub/Gmap/Nature-1995/data).

Linkage analysis

LOD scores were calculated using the FASTLINK version of
the Linkage Program Package (27). The defect was assumed to
be inherited, recessive and fully penetrant. The disease allele
frequency was estimated at 10�3. The allele frequencies for the
polymorphic markers, and meiotic recombination frequencies
in males and females, were assumed to be equal.

Sequence analysis

Nucleotide and protein sequence comparisons were carried out
with EMBOSS (www.uk.embnet.org/Software/EMBOSS/).
The presence of the various domains was assessed with
Interpro (www.ebi.ac.uk/interpro/).

Mutation screening

We established the exon/intron structure of the gene by
comparing the human cDNA sequences (GenBank accession
number AK091243) with the draft human genome sequence
(http://genome.ucsc.edu, UCSC, Human Genome Project
Working Draft, December 22, 2001). We designed primers
for the amplification and sequencing of the two coding exons
and their flanking splice sites (see Table 1). These exons were
amplified by PCR and sequenced as previously described (6).

RT–PCR

Reverse transcription was performed with 1 mg of total RNA, an
oligo (dT) primer and SuperScript II RNase H� Reverse
Transcriptase (Invitrogen). The full-length cDNA was recon-
stituted from brain mRNA. One-tenth of the reaction product was
amplified by PCR in a total volume of 50 ml, using forward primer
50-ATGAACGACCAGTACCACCGGG-30 and reverse primer
50-AAACACCCCAGCTGTGATTCCTGTG-30. RT–PCR ana-
lysis was used to assess gene expression in the inner ear, eye,
kidney and small intestine of mice on postnatal day 2 (P2), with
the following primers: Sans forward, 50-CCTACCATGGCAA-
CCTGGAGTC-30; Sans reverse, 50-AGCTTCTTCTGGATCTT-
GGCC-30; harmonin forward, 50-GAAGGCTGCCGAGGAG-
AATGAG-30; harmonin reverse, 50-CTGCGATCTGCTCTGG-
CGAGAA-30; harp forward, 50-ACACCCACTCTCCTGGCA-
GCCTAC-30, harp reverse, 50-CAGGCCTCTGCCCACTTC-
TTC-30. The reactions were carried out according to a standard
protocol, using 30 cycles and the Expand High-Fidelity PCR
system (Roche).

Cell lines and immunofluorescence analysis

HeLa cell lines were cultured in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal calf serum
(FCS). Cells were transiently transfected, using Effectene
(Qiagen). Immunohistofluorescence analysis was carried out
on fixed cells, as previously described (28). Briefly, HeLa cells
were incubated for 15 min with 50 mM NH4Cl in phosphate-
buffered saline (PBS), then washed in 0.01% saponin in PBS.
The cells were incubated for 1 h in 10% goat serum in PBS, and
then with the anti-myc antibody for 1 h at room temperature
(RT), followed by the secondary antibody, also for 1 h at RT.
Slides were examined under a conventional epifluorescence

Figure 5. RT–PCR analysis of Sans, harmonin and Harp expression in various tissues: harmonin (2A–D) is expressed in the vestibule (A), the eye (B), the kidney
(C) and the small intestine (D); Sans (1A–D) is expressed in the vestibule (A), the eye (B), and the small intestine (D); and Harp (3A–D) is expressed in the kidney
(C) and the small intestine (D). M: DNA marker.
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microscope (Leica) or a laser scanning confocal microscope,
LSM-540 (Zeiss).

The following mouse monoclonal antibodies were used: anti-
Myc (clone 9E10) (Santa Cruz); anti-a-tubulin; and anti-pan
cytokeratin (Sigma). Rhodamine-phalloidin (Sigma) staining
was used to visualize actin filaments.

The full-length mouse cDNAs encoding harmonin isoforms
a, b, and c subcloned into pcDNA (Invitrogen) have been
described elsewhere (15). cDNAs encoding truncated forms of
harmonin—PDZ1 (aa: 72–88), PDZ2 (189–307) and PDZ3
(738–849)—were inserted into the pECFP vector (Clontech).
The full-length mouse cDNA encoding Sans was inserted into
the myc-tagged pCMV vector (Stratagene).
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