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Abstract
Deletions affecting the terminal end of chromosome 3p result in a characteristic set of clinical features
termed 3p-syndrome. Bilateral, sensorineural hearing loss (SNHL) has been found in some but not
all cases, suggesting the possibility that it is due to loss of a critical gene in band 3p25. To date, no
genetic locus in this region has been shown to cause human hearing loss. However, the ATP2B2 gene
is located in 3p25.3, and haploinsufficiency of the mouse homolog results in SNHL with similar
severity. We compared auditory test results with fine deletion mapping in seven previously
unreported 3p-syndrome patients and identified a 1.38 Mb region in 3p25.3 in which deletions were
associated with moderate to severe, bilateral SNHL. This novel hearing loss locus contains 18 genes,
including ATP2B2. ATP2B2 encodes the plasma membrane calcium pump PMCA2. We used
immunohistochemistry in human cochlear sections to show that PMCA2 is located in the stereocilia
of hair cells, suggesting its function in the auditory system is conserved between humans and mice.
Although other genes in this region remain candidates, we conclude that haploinsufficiency of
ATP2B2 is the most likely cause of SNHL in 3p-syndrome.
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1. Introduction
3p-syndrome is a rare disorder resulting from deletions involving the distal end of chromosome
3p. The hallmarks of the syndrome include developmental delay, growth retardation, and
craniofacial manifestations (reviewed in Fernandez et al., 2004). Severe (60–75 dBnHL),
bilateral sensorineural hearing loss (SNHL) has been reported in three cases (Higginbottom et
al., 1982;Narahara et al., 1990;Ramer et al., 1989), but hearing loss is not a universal feature
of the syndrome (Angeloni et al., 1999;Benini et al., 1999). Comparing the extent of the
deletions affecting patients with SNHL and those without suggests that the loss of a critical
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region in band 3p25.3 may be responsible for the SNHL phenotype (Angeloni et al.,
1999;Drumheller et al., 1996;Phipps et al., 1994).

To date, no genetic locus in the 3p25-pter region has been linked to dominant or recessive
hearing loss in humans (Hereditary Hearing Loss Homepage). The homologous region in mice
is located on chromosome 6, position 103–116 Mb (UCSC Genome Browser). Only one gene
in this region has been implicated in hearing (Hereditary Hearing Impairment in Mice
webpage): mutations in the Atp2b2 gene result in sensorineural deafness in several alleles of
the deafwaddler mouse (Street et al., 1998). Furthermore, haploinsufficiency of the Atp2b2
gene results in bilateral SNHL of 50–60 McCullough et al., 2004). The human homolog,
ATP2B2 (MIM 108733), is located in band 3p25.3; it has not been shown to cause human
hearing loss, but was shown recently to have a modifier effect, increasing the severity of hearing
loss caused in the first instance by mutations in other genes (Schultz et al., 2005).

ATP2B2 encodes the plasma membrane calcium ATPase, type 2 (PMCA2). In the mouse
cochlea, PMCA2 is expressed in spiral ganglion neurons and hair cells of the organ of Corti
(Dumont et al., 2001;Furuta et al., 1998;Wood et al., 2004). Hair cells are the receptor cells of
the auditory system; mechanical deflection of their stereocilia produces the transduction current
that depolarizes the cell (Holt et al., 2000). PMCA2 is localized to the stereocilia and provides
the primary mechanism for extruding calcium that enters the stereocilia during transduction
(Dumont et al., 2001;Lumpkin et al., 1998;Yamoah et al., 1998). Calcium in the stereocilia
controls the process of adaptation; increased levels reduce the open-probability of the
transduction channels (Fettiplace et al., 2006).

Here, we use deletion mapping in seven previously unreported 3p-syndrome patients to define
a 1.38 Mb region of 3p25.3 that, when lost, is associated with SNHL. This region contains 18
genes, including ATP2B2. Further, we show that PMCA2 localization is conserved between
humans and mice. We conclude that ATP2B2 is a strong candidate for the haploinsufficient
gene responsible for hearing loss in 3p-syndrome.

2. Materials and methods
2.1. Subjects

Potential subjects were identified locally or with the help of the chromosome disorder support
groups Unique and Chromosome Deletion Outreach. All subjects included in the study
provided buccal swabs for DNA extraction and access to existing auditory test information.
The only cytogenetic information available to us was the classification of each of the subjects
as having 3p-syndrome. A family history of deafness was reported for only one subject (S4),
and none of the subjects had a history suggestive of hearing loss secondary to exposure to
ototoxic agents. Auditory tests were evaluated without knowledge of the deletion mapping
results. Behavioral thresholds and physiological responses (i.e. auditory brainstem responses)
are presented. Informed consent was obtained from all participants and/or legal guardians, and
all protocols were approved by the University of Washington Institutional Review Board.

2.2. Deletion breakpoint mapping
Deletion mapping was done using quantitative real-time PCR (qPCR) as described elsewhere
with minor modifications (Duno et al., 2004). Briefly, published STS markers or primer pairs
designed to non-coding regions of relevant genes (see appendix) were used. Control markers
from autosomal regions distant from 3p were SHGC 56873 and SHGC 24090 on the long arm
of chromosomes 3 and the short arm of chromosome 4, respectively. Four replicates were used
for each sample and the threshold cycle (CT) was determined for each. Bio-Rad iQ SYBR
Green Supermix and iCycler were used to monitor amplicon production according to the
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manufacturer’s protocol. Four four-fold dilutions of control genomic DNA were used to
generate a standard curve for each primer pair, which plotted CT (ordinate) by the log2(DNA
dilution) (abscissa), where the greatest concentration was considered to be 1. The CT value
was determined for experimental samples and converted to log2(DNA dilution) as a measure
of relative genomic DNA concentration. The difference in relative DNA concentration for each
3p marker was calculated for both control markers (above). A difference of −1 (or log2[1/2])
equals a two-fold reduction in genomic DNA concentration at the 3p marker, or hemizygosity;
a difference of 0 (or log21) indicates a normal, equal DNA concentration. Genomic DNA from
a separate control individual was used for control data. Chromosomal band, genomic positions,
and gene annotations are from the March 2006 freeze of the human genome available at the
UCSC Genome Browser.

2.3. Sequencing
DNA from each subject was used as a template for PCR reactions using custom primers and
Faststart Taq DNA Polymerase (Roche Applied Science, Indianapolis, IN) according to the
manufacturer’s protocol. Amplicons were purified using the QuickStep 2 PCR Purification Kit
(Edge BioSystems, Gaithersburg, MD). Sequencing reactions were performed using the
BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) with
both forward and reverse primers according to the manufacturer’s protocol. Reaction products
were purified using Performa DTR Gel Filtration Cartridges (Edge BioSystems) and sequenced
locally at the University of Washington Department of Biochemistry DNA Sequencing
Facility. Sequences were aligned using CodonCode Aligner (CodonCode Corp., Dedham,
MA). All polymorphisms were confirmed with additional PCR and sequencing.

2.4. Immunohistochemistry
Human temporal bone samples were obtained from the Pathology Department, Massachusetts
General Hospital (Boston, MA). Bone samples were collected at autopsy, immersed in 10%
formalin, fixed for 24 hours, and decalcified in 120 mM EDTA. Samples were embedded in
paraffin and sectioned at 8 μm. Immunostaining was done on thin sections using the biotin-
amplified ABC method as described previously (Imamura et al., 2003). A PMCA2-specific
polyclonal IgG (Upstate Biotech) was used at a dilution of 1:20,000. In this protocol,
substituting normal serum for the primary antibody resulted in no signal.

3. Results
3.1. Auditory test results

Auditory test results revealed that subjects could readily be divided into affected (S1–S3) and
unaffected (S4–S7) groups (Table 1). Subjects S1–S3 all exhibited moderate to severe bilateral
hearing loss. The audiogram for subject S1 is given as a representative example of an affected
subject (Fig. 1A; solid lines). In this example, the right (O) and left (X) ears show moderate
(40–50 dBnHL) and severe (70–80 dBnHL) hearing loss, respectively. In contrast, subjects
S4–S7 had hearing within normal limits on at least one occasion. Representative audiograms
are presented for subjects S5 and S6 (Fig. 1A; dashed and dotted lines, respectively).

The hearing loss in affected subjects (S1–S3) was determined to be sensorineural in origin once
confounding conductive losses due to middle ear effusions were taken into account. Middle
ear effects were examined in S1 by analyzing wave V latencies (Fig. 1B). Latencies in both
ears were delayed compared to the normal range (dotted lines) for a lower stimulus level, but
were within the normal range at a presentation level of 60 dBnHL on the right (O), and
approached the normal range at a presentation level of 80 dBnHL on the left (X). Latencies
that approach normal with increasing stimulus levels indicate sensorineural hearing loss. Inter-
ear differences were due to a mild conductive hearing loss in the left ear: left ear sensorineural
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hearing was tested using bone conduction with right ear masking and showed near-normal
latencies at 60 dBnHL ( ] ). No response was obtained with left ear air conduction at this
stimulus level. Auditory tests in this subject were conducted following drainage of a middle
ear effusion; incomplete drainage of the middle ear may explain this residual conductive
component in the left ear. Subject S2 demonstrated similar SNHL to S1, with thresholds of
50–70 dBnHL in her best ear on one occasion. On a separate testing occasion, clinically evident
middle ear effusions resulted in bilateral conductive losses of similar severity to that seen in
subject S1; for comparison, the representative thresholds given in Table 1 reflect the best test
to most closely approximate the SNHL component. No middle ear information was available
for subject S3, but the magnitude of the hearing loss (70–90 dBHL) suggests that it is at least
partly sensorineural, since a maximal conductive loss is on the order of 60 dB.

Mild conductive hearing loss was also observed in subjects S4, S6, and S7 during at least one
auditory test session. In each subject, the losses were accompanied by an abnormal
tympanogram, suggesting a middle ear etiology. Subject S5 provided auditory test data from
only one date, when hearing was within normal limits and there was no evidence of a middle
ear effusion. Because the conductive losses seen in several patients were transient,
representative thresholds and diagnoses (Table 1) were based on the best ear or test date to
reflect most closely the sensorineural hearing component.

3.2. Deletion breakpoint mapping
We mapped the deletion breakpoints in all seven subjects using quantitative PCR to detect
hemizygous markers in genomic DNA. Table 2 presents the extent of the deletions of each
subject as inferred from the markers used. Six of the seven patients had terminal deletions of
3p and one (S1) retained a portion of the telomere as evidenced by two distal markers. No
balanced translocations were detected.

Subject S1 had the most centromeric breakpoint, between markers SHGC 148056 and SHGC
15229 in 3p25.3 and 3p25.2, respectively (position 11.21–12.91 Mb). The breakpoints for all
other subjects were in 3p25.3, with the most telomeric found between markers in the
SRGAP3 and ARPC4 genes (position 9.27–9.81 Mb) in subjects S6 and S7.

3.3. Identification of SNHL candidate gene region
We compared the hearing phenotypes with the extent of the deletions in all subjects and found
that those with SNHL (S1–S3) had deletions that extended further towards the centromere than
those without SNHL (S4–S7; Table 2). Subject S4 had the largest deletion that was not
associated with hearing loss. The breakpoint in S4 was between markers in the IL17RE and
VHL genes (position 9.92–10.16), suggesting the loss of genetic material distal to this point is
not essential for hearing function.

Subject S3 had the smallest deletion associated with SNHL in this study. To confirm and more
precisely localize the breakpoint, we examined additional markers in this patient. Figure 2
shows the relative levels of genomic DNA for all markers tested in subject S3 (hollow symbols)
as well as in a control subject without a 3p deletion (filled symbols). There is a two-fold relative
reduction in S3 genomic DNA compared to control at markers telomeric to (above) SHGC
19014, indicating hemizygosity. These results establish the breakpoint in S3 as being between
SHGC 19014 and a marker in the VHL gene (position 10.16–10.30 Mb). This represents the
minimal deletion associated with SNHL in this study.

Based on our deletion mapping results, the loss of genetic material centromeric to the
IL17RE gene in 3p25.3 corresponded with the presence of SNHL. While it is possible that the
smallest 3p deletion associated with SNHL may point to the gene or genes responsible, it is
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also possible that the regulation of nearby genes is affected. Chromosomal aberrations, such
as deletions or translocations, have demonstrated the importance of long-range, cis-acting
regulatory elements on gene expression; reductions in gene transcription and
haploinsufficiency phenotypes have been shown to be caused by loss or translocation of genetic
material distant to the gene of interest (reviewed in Kleinjan et al., 2005;Merla et al., 2006).
Therefore, we have defined a region for the candidate gene or genes responsible for SNHL in
3p-subjects that includes the smallest interval associated with SNHL (IL17RE to SHGC
19014), as well as an additional 1 Mb in the direction of the centromere (position 9.92–11.30
Mb). There are 18 genes located in the region we have defined (Table 3).

The ATP2B2 gene is included on this list of candidate genes. The gene itself was partially or
completely removed in subjects S1 and S2, both of which had SNHL. Subject S3, however,
demonstrated SNHL but did not lose the ATP2B2 transcription unit: the breakpoint was 45–
185 kb distal.

3.4. Genomic sequencing for confounding mutations
To consider the possibility that subject S3 had a separate point mutation in ATP2B2 that
accounted for his SNHL, we sequenced the entire ATP2B2 open reading frame in him and in
a subject with normal hearing, S7. We identified one single nucleotide polymorphism (SNP)
in subject S3 and three in subject S7, all of which were heterozygous, silent mutations
previously identified and listed online in dbSNP (Table 4A and NCBI-dbSNP). Since the SNP
found in S3 (3357G>A) was also found in S7, we conclude that it is not responsible for the
SNHL found in S3.

Mutations in the GJB2 gene (MIM 121011), which encodes the connexin 26 (Cx26) protein,
are known to be the most common cause of hereditary hearing loss (reviewed in Kenneson et
al., 2002). To minimize the potential for confounding, hearing loss-causing mutations from
this locus, we sequenced the entire open reading frame of GJB2 in all seven subjects. We
identified three sequence variants in two subjects, S3 and S4 (Table 4B, see also the Connexin-
deafness homepage). Subject S3 was heterozygous for a conservative V27I amino acid change
and a non-conservative E114G change. Both of these changes have been reported previously
and are not believed to cause hearing loss in the heterozygous state (Choung et al., 2002;Kudo
et al., 2000;Santos et al., 2005); however, congenital profound hearing loss was reported in
two members of a Korean family that were homozygous for the E114G change, and variable
hearing loss was seen in related carriers, suggesting a modifier may be involved (Park et al.,
2000). We therefore conclude that changes seen in GJB2 in S3 are unlikely to be the primary
cause of the SNHL observed in this subject although a cumulative or modifier effect may
contribute to hearing loss in this subject. Subject S4 was found to be heterozygous for a 35delG
mutation, which results in a frame shift and premature stop codon in Cx26. This single
nucleotide deletion (also known as 30delG) is one of the most common causes of GJB2-
associated, recessive deafness (Denoyelle et al., 1997). As S4 had hearing within normal limits,
we conclude that this individual is an unaffected heterozygous carrier of the mutation. Of note,
this subject did report a family history of hearing loss.

We also screened all subjects for the previously identified V586M mutation in ATP2B2
(Schultz et al., 2005). None of the subjects in this study contained this mutation.

3.5. PMCA2 staining in human cochlear sections
If ATP2B2 is involved in SNHL in humans—as Atp2b2 is known to be in mice—we would
predict that PMCA2 might be similarly distributed in the two species. In mice, PMCA2 has
been shown to be localized to neurons and to hair cell stereocilia where it is the primary calcium
transporter (Dumont et al., 2001;Lumpkin et al., 1998;Yamoah et al., 1998). To examine the
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localization of PMCA2 in the human auditory system, we used a PMCA2-specific antibody to
stain human cochlear sections. Fig. 3A shows PMCA2 staining in the stereocilia and cuticular
plates of outer hair cells (OHC; arrows). PMCA2 was not detected in other cells of the organ
of Corti (OC). Isolated dark spots were present in the stria vascularis (SV), but this appeared
to be due to pigment in melanocytes under higher magnification (not shown). Fig. 3B shows
a higher magnification view of the organ of Corti at a more apical location in the cochlea. In
this section, the stereocilia and cuticular plates of OHC (arrows) and inner hair cells (IHC;
arrowhead) were labeled. IHC staining was less robust and only apparent in some sections.
This expression pattern is similar to that seen in mice (Dumont et al., 2001;Wood et al.,
2004).

4. DISCUSSION
In this study, we investigated the genetic basis for the sensorineural hearing loss (SNHL) found
in some patients with 3p-syndrome. By comparing auditory test results with deletion mapping
in seven previously unreported subjects, we identified a 1.38 Mb region of 3p25.3 that, when
lost, was associated with the presence of moderate to severe, bilateral SNHL.

Previous studies of 3p-syndrome patients have reported auditory test results and deletion
breakpoint mapping similar to our own. Five published case reports provided or alluded to
hearing measurements: three patients had severe (60–75 dBnHL), bilateral SNHL, whereas the
other two did not show any SNHL (Angeloni et al., 1999;Benini et al., 1999;Higginbottom et
al., 1982;Narahara et al., 1990;Ramer et al., 1989). The deletion breakpoints were mapped in
two of these patients, one with SNHL and one without. The breakpoint in the patient with
SNHL (subject LD) was located between markers D3S1317 and D3S601 (position 10.21–10.43
Mb) while that of the unaffected patient (subject A) was located further towards the telomere,
between marker D3S18 and the VHL gene (position 8.77–10.16 Mb) (Angeloni et al.,
1999;Drumheller et al., 1996;Phipps et al., 1994;Ramer et al., 1989). Thus, the patient with
SNHL had a measurably larger deletion whose extent is in line with the candidate region for
SNHL we defined in our study (position 9.92–11.30 Mb).

These data support the hypothesis that haploinsufficiency of one or more genes in 3p25.3 is
responsible for the SNHL seen in 3p-patients. To date, no gene in this region of the genome
has been linked to dominant or recessive hearing loss in humans (Hereditary Hearing Loss
Homepage). Thus, this represents the identification of a novel hearing loss locus in human.

The region we have defined in 3p25.3 includes 18 candidate genes (Table 3). Of these, the
function is known or predicted for eleven, and auditory data from human or mouse exist for
only two, ATP2B2 and VHL (discussed below). Considering these limitations, we propose that
ATP2B2 is a strong candidate for the responsible gene.

Functional genomic analysis of the mouse homolog, Atp2b2, has demonstrated a hearing
phenotype similar to that seen in 3p-patients. Mice heterozygous for a functional null
Atp2b2 allele show moderate, bilateral SNHL (McCullough et al., 2004). The protein product
of this gene, PMCA2, is essential for proper hearing because it is the primary calcium
transporter in the stereocilia of hair cells in the cochlea (Dumont et al., 2001;Lumpkin et al.,
1998;Yamoah et al., 1998).

To consider the role of PMCA2 in human hearing, we used an antibody against PMCA2 in
human temporal bone sections to compare expression with mice. Results demonstrated that
PMCA2 is localized similarly to the stereocilia of hair cells in the human cochlea, suggesting
its function in the auditory system is conserved between humans and mice. Expression in the
spiral ganglion neurons in human cochlea could not be evaluated because of the somewhat
necrotic state of both specimens examined.
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Recent evidence also indicates ATP2B2 is involved in human hearing. A partial loss-of-
function allele (ATP2B2V586M) was shown to act as a dominant modifier of hearing loss in
patients with a deafness-causing recessive mutation in the CDH23 gene or a dominant mutation
in the MYO6 gene (MIM 605516 and 600970, respectively). The ATP2B2V586M allele was
insufficient to cause hearing loss in carriers without the accompanying mutations in CDH23
or MYO6, and no patients were identified that were homozygous for ATP2B2V586M (Schultz
et al., 2005). Of note, no subjects in our study carried the ATP2B2V586M allele. In mice, a similar
modifier effect has been reported between Atp2b2 and Cdh23, the mouse homolog of
CDH23: hearing loss was increased in mice heterozygous for the functional null Atp2b2dfw2J

allele when they were also homozygous for a hypomorphic allele of Cdh23 (ahl1) (Noben-
Trauth et al., 2003;Noben-Trauth et al., 1997). These data suggest ATP2B2 and CDH23 act
genetically as reciprocal modifiers. Additional parallels, including similarities in PMCA2
localization and functional data showing SNHL in heterozygous null Atp2b2dfw2J when in a
good hearing background (McCullough et al., 2004), further support the hypothesis that
haploinsufficiency of ATP2B2 is causing the SNHL in 3p-patients.

Of the other ten candidate genes with known or predicted function, hearing loss has only been
associated with mutations in VHL (MIM 608537) (Hinney et al., 2002;Manski et al.,
1997;Megerian et al., 2002). Hearing loss in these patients, however, is secondary to the
development of endolymphatic sac tumors as part of von Hippel Lindau disease (VHL; MIM
193300), not as a primary genetic disease. These tumors arise in the temporal bone surrounding
the cochlea, are locally invasive, and are amenable to surgical resection to preserve hearing
(Lonser et al., 2004;Manski et al., 1997;Megerian et al., 2002). VHL disease has not been found
in 3p-patients (Drumheller et al., 1996), suggesting VHL is not the cause of the hearing loss in
3p-patients.

Mutations have been reported in CRELD1 and GHRL, but hearing ability was not reported.
Missense mutations in CRELD1 were associated with atrioventricular septal defects in three
patients, one of which was said to have no extracardiac abnormalities (Robinson et al., 2003).
Mutations in GHRL were described in two patients and were not associated with an observable
phenotype (Hinney et al., 2002). Loss of function or targeted deletions of the mouse homologs
of HRH1, GHRL, FANCD2, and VHL have been characterized, but no auditory data were
reported for these mice (Houghtaling et al., 2003;Kleymenova et al., 2004;Ma et al.,
2002;Wortley et al., 2004). The remaining five genes with described functions include two
genes involved in cytokine signaling, two GABA transporters, and a DNase (UCSC Genome
Browser).

We cannot rule out the possibility that one of the 17 genes aside from ATP2B2 is at least partly
responsible for the SNHL in 3p-patients. In particular, the deletion in one subject with affected
hearing in our study (S3) left intact the ATP2B2 transcription unit, the sequence of which
showed only one benign SNP (Table 4A). It is possible that expression of ATP2B2 in this
subject could be affected by loss of cis-acting regulatory elements or by cis-acting suppression
of expression by the novel telomeric chromatin structure. Long-range regulatory elements have
been shown to be essential for proper expression of numerous genes, particularly those with
restricted spatial or temporal expression patterns (reviewed in Kleinjan et al., 2005;Merla et
al., 2006). Alternatively, the two functional SNPs in GJB2 may have contributed to the SNHL
in S3; although both SNPs identified have been reported to be benign, one (E114G) has been
associated with SNHL in a Korean family (Park et al., 2000). Furthermore, the contribution of
conductive hearing loss in this subject could not be assessed, so SNHL could be a minor
component of the total hearing loss. If, based on these ambiguities in the etiology of the hearing
loss in S3, we exclude S3 from the analysis, the critical region for SNHL in our 3p-syndrome
subject pool would include the same 18 genes considered above, but both of the patients
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demonstrating significant SNHL (S1 and S2; Table 2) would have been unambiguously
hemizygous for ATP2B2 function.

In conclusion, we have used deletion mapping in 3p-syndrome patients to identify a novel
human hearing loss locus in 3p25.3. The region we have defined contains 18 candidate genes.
Considering the mouse and human literature, we suggest that haploinsufficiency of ATP2B2
is the most likely cause of the observed phenotype. Further, we predict that loss-of-function
mutations specific to ATP2B2 would cause bilateral SNHL.
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Abbreviations
ABR  

auditory-evoked brainstem response

bp  
base pair

CT  
threshold cycle

dBHL  
dB hearing level (ANSI standard)

dBnHL  
dB for normal hearing level (ABR)

IHC  
inner hair cell

kb  
kilobase (1,000 base pairs)

Mb  
megabase (1 million base pairs)
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MIM  
Mendelian inheritance in man

OC  
organ of Corti

OHC  
outer hair cell

PMCA2  
plasma membrane calcium ATPase type 2

qPCR  
Quantitative (real-time) polymerase chain reaction

RM  
Reissner’s membrane

SNHL  
sensorineural hearing loss

SNP  
single nucleotide polymorphism

SPL  
sound pressure level

STS  
sequence tagged site

SV  
stria vascularis

VHL  
von Hippel Lindau Disease

Appendix
Primer sequences for deletion mapping markers.

Marker Forward Primer Reverse Primer

CHL* GCGGATGGTCGTAGCATATT GTCGCCAATCTGCTTTTCTC
SHGC 84547 GGTGTGAGGACGACATTAGGAAA TCTCAGCTGTTAAAGGAGGATGC
SHGC 15249 TTATGTTCTGTCCACACATTTGC TTGAACTCATATATCATTGGCCC
SRGAP2 (5’)* TGCTTGCAGTGAGTTCTGCT GGTGAACACAAGGCTGGACT
ARPC4* CTGAAGCTGGGCTGTACCAT CACCTAGGGCTGTCTCGGTA
IL17RE* GCACTCCAGCCTGGGTAATA ATGGAGCATTTGAGCAGCTT
WI 14152 TTTATTAGGGAAATATGAGAGGCA TGTGGCTGCCAGAGAATGTT
GDB:375126 ACAGTAACGAGTTGGCCTAG CTGCGTGCGCGCTCCCGAGT
VHL* CAACTACTCGGGAGGCTGAG TTTTCGCCCCTCTAAGGTTT
SHGC 19014 CACTTTATTTTCAGAAAAAGATGGC AGTGAAACCTCACCTGTGTGG
GHRL* CACCTGGCAGAAATGACTGA GAGCCAGGCTGGTGATTCTA
SEC13L1* (3’) CCACTTTGGCTCCATGTCTT GCAATGGGGAAGGGAGTTAT
SEC13L1* (5’) AGCTGCAGTGGGGTAGAAGA AGCTGGAGATGGTCACTGCT
WI 6061 GACACCGACCTGGAAGAAGA AGCTAAAGCGACGTCTCCAG
ATP2B2 (3’)* CTTCAGCGGAGGAAACTGAG AAAACGAGGCTGGAATCAGA
ATP2B2 (Middle)* GTCCATCAGCTCCCAGATGT CTCCTACAAACCCAGCCTGA
SHGC 148056 AGAAAGGCTAGGCTTCTCCTGAT TGGTCACTAAAAGAGCGAGTGTG
SHGC 15229 AACGCACTCCTTTCCTCTCA TCTTTTGCCTCCGAGTTGTT
WI 10567 AGCGATGAAATTTATATGTTATGCC AGGGTTAAATTCTTGCCGCT
TMIE* CAGGGTCCTGGCTTAGACTG AAGAAGCCAGCATCTTCAGC
SHGC 56873 CCATGTTCTGCTATGGTGCC TGCCAAGCTATGCACTCTCTG
SHGC 24090 CTTGTAGGCTTCCCACATTAGG TGCATTTCCCTCAGTATCAGG
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Marker Forward Primer Reverse Primer

*
Primers were designed to non-coding regions of the indicated genes using Primer3 software (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi).
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Fig 1.
Representative auditory test results from 3p-syndrome subjects. (A) ABR audiogram from
subject S1 (solid lines) showed moderate (40–50 dBnHL) and severe (70–80 dBnHL) hearing
loss in the right (O) and left (X) ears, respectively. Soundfield or conditioned play audiograms
from subjects S5 (dashed lines) and S6 (dotted lines) showed hearing within normal limits.
Binaural sound field (S) was used for subject S6, reflecting hearing in the best ear. (B) Wave
V latency plot for subject S1 showed a pattern indicative of sensorineural hearing loss, in which
latencies for the right (O) and left (X) ears approached normal (solid line; dotted lines are
normal range) with increasing stimulus level. No response was seen for stimulus levels below
50 dBnHL and 70 dBnHL for right and left ears, respectively. Bone conduction was also tested.

McCullough et al. Page 13

Hear Res. Author manuscript; available in PMC 2007 September 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Unmasked bone conduction (^) showed responses that nearly matched the right ear with air
conduction (O). The right ear was then masked and bone conduction tested again to test
sensorineural hearing in the left ear ( ] ). This showed a latency at 60 dBnHL that was similar
to the right ear with air conduction, indicating the difference between ears was mostly due to
a conductive loss.
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Fig 2.
qPCR deletion mapping in subject S3. The difference in relative genomic DNA from unlinked
(Chrs. 3q and 4p) control marker SHGC 56873 (triangles) or SHGC 24090 (circles) at each 3p
marker tested in S3 (left column) is plotted. Data from subject S3 (open symbols) are compared
with a normal hearing control without a deletion (filled-in symbols). Lines are drawn to
illustrate the mean value for all data points for each marker in each subject. Values on the
abscissa are log2(x), where x is the relative DNA calculated from a standard curve. A difference
of −1 in relative genomic DNA indicates a two-fold reduction or hemizygosity (see methods).
The decrease in CT at markers telomeric (above) to SHGC 19014 in S3 indicates the deletion
breakpoint is between a marker in the VHL gene (position 10.16 Mb) and SHGC 19014
(position 10.30 Mb).
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Fig 3.
PMCA2 immuno-labeling in human cochlear sections. (A) A cross-section of the scala media
from a basilar portion of the cochlea showed PMCA2 labeling in the stereocilia and cuticular
plates of the outer hair cells (arrows). PMCA2 staining was not evident in other cells of the
organ of Corti (OC), stria vascularis (SV), or Reissner’s membrane (RM). (B) A higher
magnification view of the organ of Corti (OC) from a more apical portion of the same cochlea
showed PMCA2 labeling in the stereocilia and cuticular plates of both inner (arrowhead) and
outer hair cells (arrows). The asterisk indicates an artifact that was not observed in any other
section of this cochlea or others. Both sections shown were from the same donor, a 55 year old

McCullough et al. Page 16

Hear Res. Author manuscript; available in PMC 2007 September 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



male for whom no auditory history was available. Similar staining was observed in a second
set of sections from a 49 year old male donor.
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Table 1
Summary of auditory test results for 3p-syndrome subjects

Subject Sex # of
Test

Reports

Test Age (years) Auditory Tests Done Representative Thresholds (ear) Diagnosis

S1 F 1 11 ABR 40–50 dBnHL (Right) Mod. Bilat. SNHL
S2 F 2 2 ABR 50–70 dBnHL (Left) Mod.-Sev. Bilat.

SNHL with CHL
component

S3 M 2 11 SF
SD

70–90 dBHL (Best)
60 dBHL (Best)

Mod.-Sev. Bilat.
SNHL with CHL

component
S4 M 4 4 SF, Tymp, DPOAE WNL (Best) Normal
S5 M 1 10 CP, Tymp, WNL (Both) Normal
S6 M 4 3 SF, Tymp, SD,

DPOAE
WNL (Best) Normal

S7 F 7 6 SF, Tymp, ABR,
DPAOE

WNL (Both) Normal

The number of auditory test reports available for each subject varied. The representative thresholds and hearing diagnoses were made using the best test
report available for each subject (see text). The age and ear for that test are given. Abbreviations: dBnHL, dB normal hearing level; dBHL, dB hearing
level (ANSI standard); WNL, Within normal limits; Mod., Moderate; Sev., Severe; SNHL, Sensorineural hearing loss; CHL, Conductive hearing loss;
Bilat., Bilateral; ABR, Auditory-evoked brainstem response; SF, Sound field audiometry; CP, Conditioned play audiometry; SD, Speech detection
threshold; DPOAE, Distortion product otoacoustic emissions; Tymp, Tympanogram.
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Table 2
Summary of deletion mapping results and corresponding hearing diagnoses in 3p- syndrome subjects

Marker Band Mb S1 S2 S3 S4 S5 S6 S7

TELOMERE
CHL1 3p26.3 0.21 + - - - - - -
SHGC 84547 3p26.3 1.23 + - - - - - -
SHGC 15249 3p26.1 7.77 - - - - - - -
SRGAP3 (5’) 3p25.3 9.27 ND

(-)
ND
(-)

- - - - -

ARPC4 3p25.3 9.81 ND
(-)

ND
(-)

- - - + +

IL17RE 3p25.3 9.92 ND
(-)

ND
(-)

- - ND + +

VHL 3p25.3 10.16 ND
(-)

ND
(-)

- + + ND()+ +

SHGC 19014 3p25.3 10.30 ND
(-)

ND
(-)

+ ND()+ ND()+ ND()+ ND()+

SEC13L1 3p25.3 10.32 ND
(-)

ND
(-)

+ + ND()+ ND()+ +

WI 6061 3p25.3 10.345 - - + + + + +
ATP2B2 (3’) 3p25.3 10.347 - - + + + + +
ATP2B2 (Middle) 3p25.3 10.39 - - + ND()+ + ND()+ ND()+
SHGC 148056 3p25.3 11.21 - + + ND()+ + + +
SHGC 15229 3p25.2 12.91 + + ND

()+
ND()+ ND()+ ND()+ ND()+

WI 10567 3p24.2 26.49 + + ND
()+

ND()+ ND()+ ND()+ ND()+

TMIE 3p21.31 46.72 + ND
()+

ND
()+

ND()+ ND()+ ND()+ ND()+

CENTROMERE

SNHL present? Yes Yes Yes Normal Normal Normal Normal
Hearing Level (dB) 40–

50
50–
70

70–
90

WNL WNL WNL WNL

+
, Present (normal); -, Absent (hemizygous); ND, Not done. Parentheses indicate inferred status. Shaded areas illustrate deleted segments of chromosome.

SNHL, Sensorineural hearing loss; WNL, Within normal limits.
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Table 3
Sensorineural hearing loss candidate genes

Location (Mb) Gene Function

9.93–9.95 IL17RC Cytokine receptor
9.95–9.96 CRELD1 Cell adhesion
9.96–9.97 PRRT3 Unknown
9.98–10.00 TMEM111 Unknown
10.00–10.02 AK092352 Unknown
10.03–10.04 CIDEC Unknown
10.04–10.12 FANCD2 Tumor suppressor
10.10–10.12 LOC115795 Unknown
10.13–10.14 C3orf10 Unknown
10.16–10.17 VHL Tumor suppressor
10.18–10.26 IRAK2 Cytokine receptor kinase
10.27–10.30 TATDN2* DNase (Predicted)
10.30–10.31 GHRL* Growth hormone secretagogue
10.32–10.34 SEC13L1* Unknown
10.34–10.47 ATP2B2* Plasma membrane Ca2+ pump
10.83–10.96 SLC6A11* GABA transporter
11.01–11.06 SLC6A1* GABA transporter
11.27–11.28 HRH1* Histamine receptor

*
Denotes genes within candidate gene region but not lost in all patients with SNHL (see text)
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Table 4
Polymorphisms identified in subjects by genomic sequencing of selected genes.

A. ATP2B2*

Subject Nucleotide Amino Acid Genotype

S3 3357G>A Silent +/ATP2B23357G>A

S7 603C>G Silent +/ATP2B2603C>G

1437C>T Silent +/ATP2B21437C>T

3357G>A Silent +/ATP2B23357G>A

B. GJB2

Subject Nucleotide Amino Acid Genotype

S1 None /++
S2 None /++
S3 79G>A V27I +/GJB2V27I

341A>G E114G +/GJB2E114G

S4 35delG Frame-shift, Premature stop +/GJB235delG

S5 None /++
S6 None /++
S7 None /++

+
denotes “wild-type.”

*
ATP2B2 was sequenced only in subjects S3 and S7.
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