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nated as known characterized sequences. 1141 sequenc-
es (55%) aligned with 1011 unique sequences had no 
useful annotations and were designated as known but 
uncharacterized sequences. Of the remaining 26 se-
quences (1%), 24 aligned with rat genomic sequences, 
but none matched previously described rat expressed 
sequence tags or mRNAs. No signifi cant alignment to 
the rat or human genomic sequences could be found for 
the remaining 2 sequences. Of the 2085 sequences ana-
lyzed, 86% were singletons. The known, characterized 
sequences were analyzed with the FatiGO online data-
mining tool (http://fatigo.bioinfo.cnio.es/) to identify lev-
el 5 biological process gene ontology (GO) terms for 
each alignment and to group alignments with similar or 
identical GO terms. Numerous genes were identifi ed that 
have not been previously shown to be expressed in the 
vestibular system. Further characterization of the novel 
cDNA sequences may lead to the identifi cation of genes 
with vestibular-specifi c functions. Continued analysis of 
the rat vestibular periphery transcriptome should pro-
vide new insights into vestibular function and generate 
new hypotheses. Physiological studies are necessary to 
further elucidate the roles of the identifi ed genes and 
novel sequences in vestibular function. 

 Copyright © 2005 S. Karger AG, Basel 
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 Abstract 
 The inserts from 2400 cDNA clones isolated from a nor-
malized  Rattus norvegicus  vestibular periphery cDNA li-
brary were sequenced and characterized. The Wackym-
Soares vestibular 3 �  cDNA library was constructed from 
the saccular and utricular maculae, the ampullae of all 
three semicircular canals and Scarpa’s ganglia contain-
ing the somata of the primary afferent neurons, micro-
dissected from 104 male and female rats. The inserts 
from 2400 randomly selected clones were sequenced 
from the 5 �  end. Each sequence was analyzed using the 
BLAST algorithm compared to the Genbank nonredun-
dant, rat genome, mouse genome and human genome 
databases to search for high homology alignments. Of 
the initial 2400 clones, 315 (13%) were found to be of 
poor quality and did not yield useful information, and 
therefore were eliminated from the analysis. Of the re-
maining 2085 sequences, 918 (44%) were found to rep-
resent 758 unique genes having useful annotations that 
were identifi ed in databases within the public domain or 
in the published literature; these sequences were desig-
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 Introduction 

 Considerable effort has been dedicated toward the un-
derstanding of the afferent mechanisms of the transduc-
tion of forces related to head acceleration and gravity 
into biological signals. The detection of change in angu-
lar and linear acceleration as well as the spatial position 
of the head in relation to the body is accomplished 
through specialized mechanoreceptors of the vestibular 
system. Signals from the type I and type II hair cell mech-
anoreceptors are transmitted to the central nervous sys-
tem through bipolar primary afferent neurons whose so-
mata comprise Scarpa’s ganglia. Efferent axons, originat-
ing in the brainstem, modulate the afferent sensory input 
to the central nervous system by innervating the afferent 
dendrites and calyces interfacing with type I hair cells 
and directly innervating type II hair cells as well as the 
dendrites associated with type II hair cells. At present, 
there is a basic understanding of the major neurotrans-
mitters, neuromodulators and their receptors within the 
vestibular periphery. Likewise much has been learned 
about the mechanisms of signal transduction, ion chan-
nels, transport mechanisms and cellular proliferation 
within the vestibular epithelia. Despite these advances, 
signifi cant gaps exist in our knowledge of the wide array 
of detailed mechanisms subserving vestibular function. 
These mechanisms require the coordinated expression 
of a large number of known genes, but also no doubt uti-
lize novel genes which are only expressed in the vestibu-
lar periphery. In order to better characterize this tran-
scriptome, various approaches can be used, including 
reverse transcription-polymerase chain reaction (RT-
PCR), cDNA library analysis, microarray expression 
profi ling and serial analysis of gene expression [Halum 
et al., 2003, 2004; Iijima et al., 2004; Kanzaki et al., 2002; 
Welling et al., 2002].  

 Our group has focused on understanding the molecu-
lar bases of the efferent-afferent interaction in the ves-
tibular periphery. In addition to immunohistochemical 
studies localizing specifi c efferent neuromodulators and 
receptors receiving efferent input, we have demonstrated 
the expression of transcripts encoding a wide range of 
nicotinic acetylcholine receptor subunits [Anderson et al., 
1997; Wackym et al., 1995], muscarinic acetylcholine re-
ceptor subtypes [Wackym et al., 1996], purinergic recep-
tors [Troyanovskaya and Wackym, 1998] and opioid re-
ceptors [Popper et al., 2004]. We have also focused on 
identifying genes involved in signal transduction and sec-
ond-messenger systems associated with the efferent-affer-
ent interaction, particularly with G protein  � -subunits 

[Cioffi  et al., 2003; Wackym et al., 2000b; Wackym et al., 
2005] and adenylyl cyclase isoforms [Wackym et al., 
2000a]. However, physiological data suggest that the pre-
cise molecular mechanisms of efferent modulation of af-
ferent vestibular function are not well understood, and a 
more global assessment of the molecular relationships be-
tween these two systems remains to be completed. A com-
prehensive knowledge of genes that are expressed in the 
vestibular periphery will allow a more system-based anal-
ysis of function and lead to greater insight into normal 
and abnormal vestibular function.  

 Characterization of expressed sequence tags (ESTs) 
derived from cDNA libraries has led to the discovery of 
several novel inner ear genes [reviewed in Heller, 2002] 
and greater knowledge of the genes expressed within the 
cochlea. Transcriptome analysis using these libraries typ-
ically involves sequencing randomly picked cDNA clones 
and comparing these sequences to databases within the 
public domain. Sequences representing known, charac-
terized genes may reveal genes not previously known to 
be expressed in the inner ear but important to normal 
physiology. Sequences not aligning with previously iden-
tifi ed sequences may represent novel organ-specifi c tran-
scripts, possibly conferring specialized function. Muta-
tions in these organ-specifi c genes resulting in loss of func-
tion or impaired function could result in hereditary 
pathology; consequently these genes represent good can-
didates for hereditary inner ear dysfunction. Recently, 
characterization of cDNA libraries from the inner ear of 
various species, tissues, and cell types using a range of 
techniques have been reported [Beisel et al., 2004; Coim-
bra et al., 2002; Harter et al., 1999; Luijendick et al., 2003; 
Maubaret et al., 2002; Resendes et al., 2001; Robertson 
et al., 2000].  

 While extensive analysis of the genes expressed in 
many mammalian tissues has been accomplished, analy-
sis of the mammalian vestibular system has been limited 
to date. Abe et al. [2003] reported the construction and 
partial characterization of a nonnormalized human ves-
tibular cDNA library by sequencing 506 randomly se-
lected clones and classifying known genes according to 
their functional profi le. In their study, 301 sequences 
(59.5%) matched known functional genes, 29 clones 
(5.7%) matched known ESTs, 22 clones (4.3%) were 
deemed novel, and the remaining clones matched mito-
chondrial DNA and repetitive sequences [Abe et al., 
2003]. Despite the small number of clones sequenced, 
their study provided insights into the expression profi le 
of the human vestibular system; however, 79 of 301 clones 
that matched known functional genes were present in 
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multiple copies [Abe et al., 2003]. Random selection of 
clones from a nonnormalized cDNA library, such as that 
used by Abe et al. [2003], favors identifi cation of high 
abundance transcripts, and consequently there is a high 
probability of failing to identify low abundance tran-
scripts that could be unique to the tissue of interest. Nor-
malized cDNA libraries help to ameliorate this problem 
by enriching the library with low copy transcripts and re-
ducing the number of high abundance transcripts. In an 
effort to more completely describe the transcriptome of 
the rat vestibular periphery with interest in identifying 
low copy transcripts, we analyzed a directionally cloned, 
normalized cDNA library prepared from microdissected 
vestibular end organs and vestibular nerves including 
Scarpa’s ganglia. To our knowledge, this analysis repre-
sents the fi rst gene expression profi le study of the rat ves-
tibular periphery. 

 The gene ontology (GO) project is an effort to provide 
a structured, precisely defi ned, consistent and controlled 
vocabulary that describes gene products in different da-
tabases (http://www.geneontology.org/) [Ashburner et al., 
2000]. The GO collaborators have developed three struc-
tured, controlled vocabularies (ontologies) that describe 
gene products in terms of their associated biological pro-
cesses, cellular components and molecular functions in a 
species-independent manner. There are three separate as-
pects to this effort: fi rst, writing and maintaining the on-
tologies themselves; second, making associations between 
the ontologies and the genes and gene products in the col-
laborating databases, and third, developing tools that fa-
cilitate the creation, maintenance and use of ontologies. 
The use of GO terms by several collaborating databases 
facilitates uniform queries across them. Any single gene 
product can be described by numerous terms in each cat-
egory or by none. GO terms are not names of gene prod-
ucts. The text string for each GO term and the parent-
child relationships between terms are defi ned by the 
members of the GO Consortium. This combination of a 
controlled vocabulary with defi ned relationships between 
items is referred to as an ontology. For each of the three 
categories of biological information, a set of terms has 
been selected and organized as directed acyclic graphs or 
networks. The difference between a directed acyclic graph 
and a hierarchy is that in the latter each child can only 
have one parent; a directed acyclic graph allows a child 
to have more than one parent. Within an ontology, a child 
may be a ‘part of’ or an example (‘instance’) of its parent 
[Ashburner et al., 2000]. The greater the level of evidence 
supporting a specifi c gene annotation, the higher the as-
signed level of gene ontology. These values range from 

level 2 up to level 5. Software analysis that utilizes GO 
terms is a convenient and consistent way to organize gene 
products identifi ed in analysis and has consequently been 
incorporated into our in silico data analysis scheme. 

 Materials and Methods 

 This study was performed in accordance with the United States 
Public Health Service Policy on Humane Care and Use of Labora-
tory Animals, the  NIH Guide for the Care and Use of Laboratory 
Animals  and the Animal Welfare Act (7 U.S.C. et seq.); the animal 
use protocol was approved by the Institutional Animal Care and 
Use Committee of the Medical College of Wisconsin.  

 cDNA Library Construction 
 Although the construction and normalization of the Wackym-

Soares  Rattus norvegicus  vestibular cDNA library has been de-
scribed in detail before [Cioffi  et al., 2003], a brief description fol-
lows. 104 adult male and female rats  (Rattus norvegicus)  were anes-
thetized and decapitated. The 208 temporal bones were quickly 
dissected on ice and microdissected to retrieve the saccular and 
utricular maculae, the ampullae of all three semicircular canals, and 
the superior and inferior vestibular nerves including Scarpa’s gan-
glia (primary afferent ganglia). The tissue was then frozen on dry 
ice and stored at –80ºC until RNA extraction. Total RNA was iso-
lated from the microdissected tissues using standard laboratory 
methods (TRIzol Reagent; Invitrogen, Carlsbad, Calif., USA). Af-
ter DNase treatment to eliminate genomic DNA, oligo-(dT) selec-
tion (Invitrogen) was used to isolate poly(A)+ RNA, prior to fi rst-
strand synthesis utilizing a  Not I-(dT) 18  oligonucleotide, followed 
by second-strand synthesis as described by D’Alessio et al. [1987]. 
The cDNAs were then blunt-end ligated to  EcoR I adapters, digest-
ed with  Not I and directionally cloned into a phagemid vector 
pT7T3-Pac. Bacteria were then transformed with the ligated nucle-
ic acids, and plasmid DNA was prepared using commercially avail-
able kits (Qiaprep kit, Qiagen, Valencia, Calif., USA). Nonrecom-
binant molecules were eliminated from the library by running
 Not I linearized clones on an agarose gel, followed by purifi cation 
with  � -agarase and recircularization. The recircularized DNA was 
then transformed into bacteria, and plasmid DNA was prepared. 

 Normalization of the cDNA Library 
 The directionally cloned library (in single-stranded circular 

form) was primed with an oligo-(dT) 18  primer, and short comple-
mentary strands were formed on each circular template using con-
trolled primer-extension reactions. This double-stranded DNA was 
then HAP (hydroxyapatite) purifi ed to remove any remaining sin-
gle-stranded circular DNA. The HAP-bound DNA was then melt-
ed and reassociated at a low C 0 t ( � 5–20 s mol/l). The remaining 
single-stranded fraction was purifi ed from the material on the HAP 
column and converted to double-stranded circular DNA by primer 
extension. This normalized library was then transformed into bac-
teria and propagated under antibiotic selection. The resulting nor-
malized vestibular cDNA library had a titer of 8  !  10 9  CFU/ml 
and an average insert size of 1–2 kb from the 3 �  end of the tran-
script.  
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 Further assessment of quality of the normalized cDNA library 
was completed by PCR amplifi cation of four rarely expressed tran-
scripts: nicotinic acetylcholine receptor subunit  � 9  (Chrna9)  and 
 � 10  (Chrna10) , myosin 6  (Myo6)  and myosin 7a  (Myo7a) . PCR 
primers and expected amplicon sizes were:  Chrna9,  TCTCT-
GGGAGTGACCATCCTAT (forward)/ATATTTTTCGCCAGT-
GCTTCAT (reverse), 476 bp;  Chrna10,  TCTCTCCCCAAAGT-
GCTGCTA (forward)/GCTGGAATTACCGTGCTCA (reverse), 
203 bp;  Myo6,  ATACGCAGAACTTCGCGATACAA (forward)/
TCTCTTCAAACTGTCTGGGCAAG (reverse), 485 bp;  Myo7a,  
CTGGTCACTATGACCCCAGACC (forward)/CACCAGGTGT-
GGAGGGTACTTC (reverse), 624 bp. Negative control PCR ex-
periments were conducted without template for all four amplifi ca-
tion targets. The amplicon identity was confi rmed by sequence 
analysis and/or restriction enzyme digestion with  Rsa I, followed by 
verifi cation of the predicted fragment sizes.  

 cDNA Library Amplifi cation, Clone Selection and Sequencing 
 The cDNA library was amplifi ed by methods well described by 

Soares and Bonaldo [1998]. Briefl y, library cDNA was used to 
transform  E. coli  DH10B electrocompetent cells (Invitrogen) via 
electroporation, and these cells were incubated using antibiotic se-
lection conditions. The culture was used to prepare frozen 10% 
glycerol stock solution and stored at –80   °   C. 

 Library stock solution was used to inoculate LB ampicillin  media 
and was incubated overnight at 37   °   C. This solution was serially 
diluted, plated on LB ampicillin  media containing IPTG and X-gal, 
and incubated at 37   °   C overnight such that there were approxi-
mately 300–500 well isolated colonies per plate. To begin charac-
terizing the normalized transcriptome contained in this rat ves-
tibular cDNA library, 2400 colonies containing inserts were ran-
domly picked and transferred to 96-well plates containing 200  � l 
of LB broth (100  � g/ml ampicillin) in each well and incubated at 
37   °   C overnight. 50  � l of a 50% glycerol solution was added to each 
well (fi nal concentration 10% glycerol), and then 100  � l from each 
well was transferred to a duplicate 96-well plate. Both sets of plates 
(stock and duplicate) were sealed and stored at –80   °   C. The dupli-
cate plates were sent to Seqwright (Houston, Tex., USA) for plas-
mid isolation and DNA sequencing. 

 In silico Analysis of the cDNA Library 
 Raw sequence chromatograms were imported into Chromas 

2.23 (Technelysium Pty Ltd., Helensvale, Queensland, Australia) 
and trimmed according to the following parameters. Vector se-
quence was removed by identifying the 5 �   Eco RI adapter and 3 �  
oligo-(dT) primer (which contains a tag unique to our library). 5 �  
sequence ends were trimmed until 25 bases contained less than 5 
ambiguities. 3 �  sequence ends were trimmed starting at position 
100 and removing the fi rst 25 bases containing greater than 6 am-
biguities. In order to assess sequence quality, Phred analysis was 
performed (Seqwright). On average, 694 bases per sequence had 
Phred scores  1 20, and 624 bases per sequence had Phred scores 
 1 30. These scores correspond to sequencing error rates of  ! 1 and 
 ! 0.1%, respectively. The insert sequences were then analyzed by 
comparison to the nonredundant Genbank database (http://
www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide) using the 
BLAST (basic local alignment search tool) algorithm. Sequences 
that did not align with any previously identifi ed sequence with high 
homology ( 1 95% over 100 nucleotides for rat alignments or  1 80% 
for other species over 100 nucleotides) or that aligned with sequenc-

es that have been previously identifi ed but that did not have any 
informative annotations ascribed to them were further analyzed 
using four NCBI databases (http://www.ncbi.nlm.nih.gov/Data-
base/index.html) including Unigene, Entrez Gene, Locuslink and 
OMIM. In addition, other databases were queried including the 
UCSC Genome Browser, the Mouse Genome Informatics mouse 
genome database (http://www.informatics.jax.org/) and the Rat 
Genome Database (http://rgd.mcw.edu/). UCSC Rat Genome As-
sembly v3.0 (June 2003), Unigene Build 138 (rat, November 30, 
2004), Unigene Build 143 (mouse, November 28, 2004) and Unige-
ne Build 177 (human, December 5, 2004) were used. Textword-
based literature searches using the Pubmed database (http://www.
ncbi.nlm.nih.gov/entrez/query.fcgi?db = Pubmed) were performed 
for clones whose aligned sequence had no functional annotations 
in any of the databases listed above. Sequences that had no signifi -
cant alignments or matches in the Genbank nonredundant data-
base were further analyzed with genome-specifi c BLAST searches 
within the rat genome data set to identify genomic, EST or trace 
EST sequences (http://www.ncbi.nlm.nih.gov/genome/seq/Rn-
Blast.html) and the mouse genome data set to identify mouse EST 
sequences (http://www.ncbi.nlm.nih.gov/genome/seq/MmBlast.
html). The remaining putative novel sequences were then subjected 
to a BLAT (blast-like alignment tool) alignment to the v3.0 Rat 
Genome Assembly (June 2003) to identify genome location as well 
as to determine its gene identity by comparison with non-rat 
mRNAs (http://genome.cse.ucsc.edu). 

 Classifi cation of Sequences 
 Sequence alignments were initially analyzed with the FatiGO 

online data-mining tool (http://fatigo.bioinfo.cnio.es/) to identify 
level 5 biological process GO terms for each alignment in the 
mouse, rat and human databases and to group alignments with 
similar or identical GO terms. Alignments that did not have any 
biological process level 5 GO terms or that had level 4 biological 
process GO terms or below were manually annotated, and consen-
sus regarding categorization was reached by three of the authors 
(J.A.C., P.P., P.A.W.) before fi nal assignment was made. The Jack-
son Laboratory’s web-based Visual Annotation Display analysis 
system (http://proto.informatics.jax.org/prototypes/vlad/) was 
used to allow graphical display of the identifi ed genes based on GO 
terms. Because of the extremely high annotation density of the 
Mouse Genome Informatics genome database, this annotation set 
was utilized in the fi nal analysis. 

 Results 

  Figure 1  summarizes the experiments verifying that 
the Wackym-Soares normalized rat vestibular periphery 
cDNA library contains known but rare transcripts. The 
expected amplicon sizes were obtained, and these were: 
476 bp  (Chrna9) , 203 bp  (Chrna10) , 485 bp  (Myo6)  and 
624 bp  (Myo7a) . The amplicon identities were confi rmed 
by restriction enzyme digestion using  Rsa I and then ver-
ifying the predicted fragment sizes. For  Chrna9 , the re-
striction fragment sizes were 64, 198 and 214 bp. For 
 Chrna10 , the restriction fragment sizes were 49 and 



 Roche/Wackym/Cioffi /Kwitek/Erbe/
Popper 
  

 Audiol Neurotol 2005;10:310–322 314

154 bp. For  Myo6 , the restriction fragment sizes were 36, 
174 and 275 bp. For  Myo7a , the restriction fragment siz-
es were 17, 144, 171 and 292 bp. Sequence analyses of 
the amplicons also confi rmed the authenticity of the 
expected products. The PCR control experiments with 
no template yielded no amplicons for the  Chrna9  and 
 Chrna10 , and  Myo6  and  Myo7a  primers. 

 As summarized in  fi gure 2 , of the initial 2400 clones 
sequenced, the data from 315 of the sequences (13%) were 
found to be of poor quality and did not yield useful infor-
mation (e.g. sequencing errors or double priming) and 
were therefore eliminated from the analysis. Of the re-
maining 2085 sequences, 918 (44%) were found to repre-
sent 758 unique genes (Unigenes) having useful annota-
tions that were identifi ed in databases within the public 
domain or in the published literature; these sequences 
were designated as known characterized sequences. 1141 
sequences (55%) aligned with 1011 Unigenes that have 
no useful annotations in the public domain and were des-

  Fig. 2.  Schematic diagram showing the sequence data distribution 
of 2400 randomly chosen clones obtained from a normalized rat 
vestibular cDNA library. cDNA sequences were analyzed using the 
BLAST against the Genbank nonredundant nucleotide database at 
NCBI (http://www.ncbi.nih.gov/Genomes/). The analysis algo-
rithm schematically designated ‘fi lter’ represents the following 
methods. Sequences that did not align with any previously identi-
fi ed sequence with high homology ( 1 95% over 100 nucleotides for 
rat alignments or  1 80% for other species over 100 nucleotides) or 
that aligned with sequences that have been previously identifi ed 
but that did not have any informative annotations ascribed to them 
were further analyzed using four NCBI databases (http://www.ncbi.
nlm.nih.gov/Database/index.html) including Unigene, Gene, Lo-
cuslink and OMIM. In addition, other databases were queried in-
cluding the Mouse Genome Informatics mouse genome database 
(http://www.informatics.jax.org/) and the Rat Genome Database 
(http://rgd.mcw.edu/). Textword-based literature searches using 
the Pubmed database (http://www.ncbi.nlm.nih.gov/entrez/query.
fcgi?db=Pubmed) were performed for clones whose aligned se-
quence had no functional annotations in any of the databases listed 
above. Sequences that had no signifi cant alignments or matches in 
the Genbank nonredundant database (potential new ESTs) were 
further analyzed with genome-specifi c BLAST searches within the 
rat genome data set to identify genomic, EST or trace EST sequenc-
es (http://www.ncbi.nlm.nih.gov/genome/seq/RnBlast.html), and 
the mouse genome data set to identify mouse EST sequences (http://
www.ncbi.nlm.nih.gov/genome/seq/MmBlast.html). There was an 
average redundancy of 14%, and, consequently, 86% of the se-
quences represented singletons. The entire data set can be found in 
the Hearing and Balance Gene Expression Database, URL: http://
www.genexpression.info. 
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  Fig. 1.  Products of PCR amplifi cation with primers for nicotinic 
acetylcholine receptor  � 9  (Chrna9)  and  � 10  (Chrna10)  subunits, 
myosin 6  (Myo6)  and myosin 7a  (Myo7a)  from the Wackym-
Soares normalized rat vestibular periphery cDNA library. Lane 7 
shows a 50- to 1000-bp ladder (Roche). Lanes 1 and 2 show the 
476-bp  � 9 and 203-bp  � 10 nicotinic receptor subunit products of 
PCR amplifi cation, respectively. Lanes 3 and 4 show the 485-bp 
myosin 6 and 624-bp myosin 7a products of PCR amplifi cation, 
respectively. The bands shown in lanes 1–4 were confi rmed by se-
quence analysis and/or restriction enzyme digestion using  Rsa I and 
subsequent verifi cation of the predicted fragment sizes. Lanes 5 and 
6 show negative control PCR experiments with no template which 
were conducted for  � 9 and  � 10, myosin 6 and myosin 7a, respec-
tively. 
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ignated as known but uncharacterized sequences. The re-
maining 26 sequences (1%) did not correctly correspond 
to any previously identifi ed rat EST ( table 1 ). Predicted 
rat chromosomal location and corresponding human or-
tholog location were identifi ed in 24 of the 26 new ESTs. 
Of the 2 ESTs which we were unable to place in the con-
text of the rat genome, one (Genbank accession CV681240) 
lacked    a    poly(A)    tail    and therefore may represent a 
 cloning artifact, while the other (Genbank accession 
CV681225) had a noncanonical poly(A) signal and a 
poly(A) tail [Beaudoing and Gautheret, 2001]. Both of 
these ESTs had very short predicted open reading frames, 
43 and 30 respectively. None of the new ESTs corre-
sponded to human chromosomal locations currently 
known to be associated with deafness loci. There was an 
average redundancy of 14%, and, consequently, 86% of 

the sequences represented singletons. The known, char-
acterized sequences were analyzed with the FatiGO on-
line data-mining tool (http://fatigo.bioinfo.cnio.es/) to 
identify level 5 biological process GO terms for each 
alignment and to group alignments with similar or identi-
cal GO terms into groups. Several of these groups were 
combined to form six categories, all summarized in sec-
tions within  table 2  (see online supplemental material): 
(1) synaptic mechanisms; (2) cell surface linked signal 
transduction; (3) intracellular signaling cascade; (4) trans-
port; (5) RNA transcription and metabolism, and (6) cell 
proliferation, neurogenesis, cell growth and programmed 
cell death. Genes with biological process GO terms at 
level 4 and lower, and genes without biological process 
GO terms, were annotated and assigned by the authors 
into these six categories.  

  Table 1.  New ESTs 

Genbank
Accession
No.

dbEST Sequence
length
bp

Longest open
reading
frame (A.A.)

Poly(A)
signal

Poly(A)
tail
present

Predicted rat
chromosomal location

Human conserved region; 
potential ortholog

1 CV681225 26255633 154 30 yes1 yes no alignment not applicable
2 CV681228 26255636 720 44 yes2 yes Chr14: 19713939-19714658 Chr4: 73892553-73892695
3 CV681232 26255640 673 57 yes2 yes Chr2: 166633531-166634199 Chr3: 169040075-169040659
4 CV681235 26255643 565 64 yes1 yes Chr16: 30817779-30818343 Chr4: 169721500-169721966; 

3’ region of FLJ20035
5 CV681236 26255644 1174 116 no yes Chr12: 3343531-3344687 Chr13: 33054263-33055360
6 CV681238 26255646 572 11 no yes Chr2: 139043560-139044019 Chr4: 139364520-139365035
7 CV681240 26255648 467 43 yes2 no no alignment not applicable
8 CV681241 26255649 514 112 yes3 yes Chr4: 159534008-159534522 Chr12: 8082080-8082309
9 CV681242 26255650 818 84 yes3 yes Chr11: 63829867-63846964 Chr3: 120211963-120227885; 

�-1,4-galactosyltransferase 4
10 CV681243 26255651 549 142 no yes Chr8: 113884663-113885211 Chr3: 48539971-48540642; NCKIPSD
11 CV681244 26255652 647 87 yes2 yes Chr8: 73977969-74029670 Chr15: 58098592-58171076
12 CV681246 26255654 1034 135 no yes Chr6: 75508516-75509535 Chr14: 33512508-33512902; C14orf24
13 CV681247 26255655 512 99 yes2 yes Chr8: 28567268-28567770 Chr11; gap
14 CV681249 26255657 648 42 no yes Chr4: 62768610-62769212 Chr7: 134505929-134507295; CNOT4
15 CV681250 26255658 1075 84 yes1 yes Chr15: 66436316-66437188 Chr13; gap
16 CV681251 26255659 727 108 yes2 yes Chr20: 30486-31213 not applicable
17 CV681252 26255660 672 55 no yes Chr2: 97729065-97729736 Chr8: 78129905-78130250
18 CV681253 26255661 705 65 yes2 yes Chr15: 99622307-99623011 Chr13: 90539700-90540161
19 CV681257 26255665 624 65 yes2 yes Chr1: 23643610-23644228 Chr6; gap
20 CV681258 26255666 329 62 yes2 yes Chr2: 59030408-59030723 Chr5; gap
21 CV681259 26255667 545 45 no yes Chr8: 75075651-75076192 Chr15: 56971247-56971785; 

intron of FLJ13213
22 CV681260 26255668 397 99 yes1 yes Chr6: 129775298-129775692 Chr14: 94737755-94738247
23 CV681262 26255670 437 44 yes2 yes Chr5: 137734765-137735167 Chr1; gap
24 CV681264 26255672 888 110 yes2 yes Chr2: 172392819-172393570 Chr4: 158468625-158469463
25 CV681267 26255675 1304 120 yes2 yes Chr7: 67788587-67789585 Chr12; gap
26 CV681270 26255678 470 63 yes2 yes Chr1: 41864236-41864698 Chr6: 160070566-160071064; 

cDNA FLJ36665

A.A. = Amino acid.
1 ATTAAA (noncanonical).
2 AATAAA (canonical).
3 AGTAAA (noncanonical).



 Roche/Wackym/Cioffi /Kwitek/Erbe/
Popper 
  

 Audiol Neurotol 2005;10:310–322 316

  Table 1  summarizes the dbEST (database for expressed 
sequence tags) number, Genbank accession number, se-
quence length and presence of a poly(A) tail, longest pre-
dicted open reading frame, predicted rat chromosomal 
location, human conserved region and potential ortholog 
for each of these 26 new ESTs. The Genbank accession 
numbers, associated dbEST numbers and other details 
regarding the entire data set can be found in the rat ves-
tibular periphery cDNA library section of the Hearing 
and Balance Gene Expression Database [Wackym, 
2005]. 

  Table 3  (see online supplemental material) summa-
rizes the description and number of unique clones belong-
ing to the same Unigene cluster. For the known anno-
tated function group, there were 918 sequences that cor-
responded to 758 Unigene clusters. Individual Genbank 
accession numbers assigned to each clone can be found 
within the rat vestibular cDNA library section in the 
Hearing and Balance Gene Expression Database [Wac-
kym, 2005]. There were no duplicate clones; however, 
288 sequences matched 128 Unigene clusters: 108 had 
only 2 matches per cluster; 14 had 3 matches per cluster; 
3 had 5 matches per Unigene cluster; 2 had 4 matches per 
Unigene cluster, and 1 had 7 matches per Unigene cluster. 
For the unknown function group, there were 1141 se-
quences that corresponded to 1011 Unigene clusters. In-
dividual Genbank accession numbers assigned to each 
clone can be found within the rat vestibular periphery 
cDNA library section within the Hearing and Balance 
Gene Expression Database [Wackym, 2005]. There were 
no duplicate clones; however, 228 sequences matched 
100 Unigene clusters: 85 had only 2 matches per cluster; 
12 had 3 matches per cluster; 1 had 4 matches per Uni-
gene cluster; 1 had 5 matches per Unigene cluster, and 1 
had 13 matches per Unigene cluster. By defi nition, the 26 
new EST sequences did not match Unigene clusters with 
the currently available Unigene builds. 

 The Visual Annotation Display analysis provided a 
graphical summary of the identifi ed genes based on GO 
terms. The analysis and graphical display of molecular 
function and cellular component was also completed (data 
not shown). The genes corresponding to each GO term 
used in this analysis can be found in the Hearing and Bal-
ance Gene Expression Database within the rat vestibular 
periphery cDNA library section [Wackym, 2005]. 

 Discussion 

 The experiments designed to determine if known but 
rare transcripts were represented in the library, together 
with a relatively large insert size and the robust library 
titer all demonstrate that the Wackym-Soares normalized 
rat vestibular periphery cDNA library is of high quality. 
Moreover, the data presented in  table 3  and the detailed 
data set found in the Hearing and Balance Gene Expres-
sion Database [Wackym, 2005] show that multiple Gen-
bank accession numbers are associated with each Unige-
ne cluster. The 86% rate of singletons further refl ects the 
quality of the normalization process. 

 While challenging to present the large volume of data 
resulting from this study, we have reported the 26 new 
ESTs ( table 1 ), the gene names and descriptions within 
six main categories which are relevant to the function and 
regeneration of the vestibular periphery ( table 2 ), and all 
of the associated data have been placed in the Hearing 
and Balance Gene Expression Database [Wackym, 2005]. 
In addition,  fi gure 2  shows the relative distribution of 
genes identifi ed by sequence analysis and associated 
Unigene representation. It is also important to recognize 
that transcriptome analysis of a normalized cDNA library 
will not determine the relative abundance of expressed 
genes, and that we have sampled only 2085 clones. Con-
sequently, many other genes relevant to the unique func-
tion of the vestibular periphery have not yet been identi-
fi ed in this study, but may be present in our library. We 
have sequenced an additional 20000 clones and are now 
beginning the Genbank submission process. We then 
plan to undertake the sequence analysis and annotation. 
It is also fair to state that the rat genome sequence is far 
from being completely sequenced or annotated. There-
fore, we must rely on currently available information as 
we await verifi ed functional information on the 35000 or 
so genes in the rat genome. Certainly, additional informa-
tion will evolve as the genome is annotated but does not 
negate the initial annotation. Indeed, GO trees are in con-
stant fl ux and change each day. GO based upon domain 
homology or cross-species homology is a reasonable fi rst 
step; however, even a gene defi ned in another species may 
well have a modifi ed function in another. We can only 
know this when each gene’s function is experimentally 
characterized. With this study we have taken a snapshot 
of the information at this time, and it must be acknowl-
edged that this data set will evolve. Despite this limita-
tion, the data reported herein are relevant and potential-
ly important to our research community. 



 Vestibular Periphery Transcriptome  Audiol Neurotol 2005;10:310–322 317

 There were several genes identifi ed that potentially 
have high clinical relevance. These genes and the associ-
ated or possibly associated disease included: natriuret-
ic peptide receptor 3 ( Npr3;  Ménière’s disease),  Ush3a  
also known as clarin 1 (Usher syndrome type III), 
 potassium voltage-gated channel, IsK-related subfamily, 
member 1 [ Kcne1;  Jervell and Lange-Nielson syndrome 
(JLNS2)], thyroid-hormone-receptor-associated protein 
2 ( THRAP2;  Noonan syndrome) and estrogen-related re-
ceptor  �  ( Esrrg;  age-related hearing loss in women and 
acoustic neuroma biology). Because mutations in proto-
cadherin 15 ( PCDH15;   DFNB23), 6 different myosins 
( MYO1A, MYO3A, MYO6, MYO7A, MYO15, MYH9;  
DFNA48, DFNB30, DFNB37, DFNA22, DFNB2, 
DFNA11, DFNB3, DFNA17), 2 different transcription 
factors ( POU4F3, POU3F4;  DFNA15, DFN3) and a sol-
ute carrier family 26, member 4 gene ( SLC26A4;  Pendred 
syndrome) cause deafness [Van Camp and Smith, 2004], 
and very similar genes were found in our vestibular cDNA 
library  (Pcdh13, Myo5a, Myr8, Pou4f2, Slc3a1, Slc4a4, 
Slc7a1, Slc9a6, Slc12a12, Slc12a5, Slc12a7, Slc13a3, 
Slc16a1, Slc22a6) , it is intriguing to speculate whether 
mutations in any of these genes would produce vestibular 
dysfunction. 

 The expression of  Npr3  in the vestibular periphery sug-
gests the possibility that natriuretic peptides play a role 
in regional fl uid homeostasis within the inner ear. High-
affi nity atrial-natriuretic-peptide-binding sites have been 
identifi ed in the guinea pig inner ear [Meyer zum Got-
tesberge and Lamprecht, 1989], and upregulation of all 3 
 Npr  genes has been demonstrated in the rat inner ear after 
round window injection of atrial natriuretic peptide 
[Dornhoffer et al., 2002]. Natriuretic peptides represent 
an important candidate group for the development of 
therapeutic agents in the management of hypertension 
[Vanderheyden et al., 2004], which suggests that a similar 
role may be developed in the pharmacological manage-
ment of endolymphatic hydrops. The mechanisms of reg-
ulation of endolymphatic fl uid volume are emerging [Salt, 
2001]; however, the fundamental pathology responsible 
for Ménière’s disease and the histological correlate of en-
dolymphatic hydrops remains unknown [Wackym and 
Sando, 1997].  

 The autosomal recessive disease Usher syndrome type 
III is characterized by sensorineural deafness and pro-
gressive retinitis pigmentosa, with vestibular dysfunction 
[Ahmed et al., 2003]. Thus, the presence of  Ush3a , also 
known as clarin 1, in our vestibular cDNA library is of 
clinical interest. It is known that  Ush3a  is expressed in 
the inner and outer hair cells of the organ of Corti and the 

spiral ganglion cells of the cochlea [Adato et al., 2002]; 
however, the pattern of expression of this gene in the ves-
tibular periphery has not been explored to date. Although 
the function of clarin 1 remains unknown, Adato et al. 
[2002] have speculated that clarin 1  (Ush3a)  plays a role 
in hair cell synapses due to the sequence homology to the 
AMPA-receptor-interacting protein stargazin [Cuadra et 
al., 2004]. Ultrastructural localization of epitopes of this 
protein would serve to clarify this issue. 

 Jervell and Lange-Nielson syndrome is characterized 
by the phenotype of profound congenital sensorineural 
hearing loss associated with syncopal episodes which are 
caused by ventricular arrhythmias [Tyson et al., 1997]. 
Although the phenotypes are indistinguishable, there are 
two genetic defects responsible for this syndromic disor-
der. One form (JLNS2) has a mutation in a delayed recti-
fi er potassium channel that corresponds to the potassium 
voltage-gated channel, IsK-related subfamily, member 1 
 (Kcne1)  gene which we identifi ed in our cDNA library. 
Although vestibular function has not been studied in 
these patients and that vestibular dysfunction has not 
been described, based on the presence of  Kcne1  in the 
vestibular periphery, it is likely that patients with JLNS2 
also have vestibular dysfunction. If the gene responsible 
for JLNS1  (Kvlqt1)  is not expressed in the vestibular pe-
riphery, it may be possible to distinguish JLNS1 from 
JLNS2 by vestibular function testing. Additional basic 
and clinical studies are needed to test this hypothesis, in-
cluding vestibular testing to determine if vestibular dys-
function also defi nes the phenotype of this disorder. Al-
though less well studied in patients with long QT syn-
drome (JLNS) another gene implicated in this disorder is 
ankyrin 2  (Ank2)  [Haack et al., 2004], which was also 
identifi ed in our library.  

 There are a wide range of conditions that result in hy-
pothyroidism and consequently cause hearing loss and 
vestibular dysfunction. There were 2 thyroid-related 
genes identifi ed in this initial library analysis. The fi rst is 
thyroid-hormone-receptor-associated protein 2  (Thrap2)  
which has been implicated in Noonan syndrome [Mus-
ante et al., 2004]. Noonan syndrome is characterized by 
sensorineural and conductive hearing loss as well as ves-
tibular dysfunction. The second is thyroid hormone re-
ceptor interactor 12  (TRIP12) . While no pathologies 
have been associated with mutations of this gene, the 
presence of this gene implies functional signifi cance in 
the vestibular periphery, and this gene may play a role in 
hypothyroidism-mediated vestibular dysfunction. An-
other disorder that results in hypothyroidism, hearing 
loss and vestibular dysfunction is Pendred syndrome, 
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which is an autosomal recessive genetic disorder charac-
terized by severe to profound congenital hearing loss, ab-
normalities of the bony labyrinth, particularly a wide ves-
tibular aqueduct, goiter and impaired vestibular function 
as a result of compensated hypothyroidism [Campbell et 
al., 2001]. Pendred syndrome is caused by a mutation in 
a gene encoding a solute carrier family 26, member 4 pro-
tein  (SLC26A4) ; however, there are 2 thyroid-related 
genes identifi ed in our transcriptome analysis that could 
potentially play a role in inner ear dysfunction. In addi-
tion, while  Slc26a4  was not found in the transcriptome 
sample that we report herein, it should be noted that 9 
solute carrier family genes were identifi ed ( table 2 ). 

 While sexual dimorphism has not been demonstrated 
in the auditory or vestibular systems, estrogen-defi cient 
individuals with Turner syndrome experience hearing 
loss [Stenberg et al., 2003]. In addition, Monsell and Wiet 
[1990] reported that 19% of acoustic neuromas (vestibu-
lar schwannomas) express estrogen receptors and that 
there was no difference in estrogen receptor expression 
between men and women. Our cDNA library contains 
estrogen-related receptor  �   (Esrrg)  which is an orphan 
nuclear receptor that shares signifi cant amino acid iden-
tity with the estrogen receptors and plays a role in consti-
tutive transcriptional activity [Huppunen et al., 2004].  

 There were a number of interesting genes associated 
with synaptic mechanisms and transport ( table 2 ). Since 
glutamate is the hair cell neurotransmitter, it was not 
unexpected that a number of glutamate receptors were 
identifi ed. There were however a number of interesting 
genes integral to synaptic function. These included: 
agrin  (Agrn)  which is associated with the aggregation of 
nicotinic acetylcholine receptor subunits, synaptosom-
al-associated protein  (SNAP25) , one of the SNARE pro-
teins concentrated at both poles of auditory hair cells 
[Safi eddine et al., 2002], collagen-like tail subunit of 
asymmetric acetylcholinesterase  (Colq)  which is impor-
tant to efferent cholinergic synapses, clarin 1  (Ush3a)  
whose function has been discussed above, early endo-
some antigen  (Eea1)  which is associated with internal-
ization of G-protein-coupled receptors, vesicle-associ-
ated membrane protein 4  (Vamp4)  and the unconven-
tional  Myo5a . Immunohistochemistry has been used to 
localize myosin V epitopes in the afferent calyces sur-
rounding vestibular type I hair cells of the guinea pig, 
and  Myo5a  has been implicated in the traffi cking of in-
tracellular vesicles in neurons and other secretory cells 
[Coling et al., 1997]. 

 Other interesting genes associated with transport in-
clude: the large number of potassium channels  (Kcna6, 

Kcnc2, Kcnh1, Kcne1, Kcnj13, Kctd15) , genes associated 
with lipid rafts  (Cav2, Edg1)  [Marchand et al., 2002], 
sorting nexins  (Snx1, Snx4, Snx9, Snx10, Snx15) , calci-
um channels  (Cacna1a, Cacna1d, Ecac1) , chloride chan-
nels  (Clcn2, Clns1a)  and solute carrier transcripts  (Slc3a1, 
Slc4a4, Slc7a1, Slc9a6, Slc12a12, Slc12a5, Slc12a7, 
Slc13a3, Slc16a1, Slc22a6) . All 5 of the potassium chan-
nels identifi ed are voltage-gated channels and therefore 
are likely to be associated with membrane potential func-
tion; however, because  Kcne1  can play a role in renal 
electrolyte exchange, it is possible that this gene plays a 
role with dark cell K +  recirculation [Peters et al., 2004]. 
Because of the biological function of each of these genes 
in other systems, further investigation of their role in the 
vestibular periphery is warranted. 

 Within this sample of the rat vestibular periphery tran-
scriptome there were relatively large numbers of genes 
associated with G proteins and Ca 2+  metabolism ( table 
2 ). Because of our work in signal transduction, the G-pro-
tein-related genes were of particular interest. In earlier 
studies we have identifi ed a number of the G  � -subunits 
in the vestibular periphery [Cioffi  et al., 2003; Cioffi  et 
al., 2005; Wackym et al., 2005] including some novel
alternatively spliced transcripts. The ascertainment of
 � - and  � -subunits  (Gnb1, Gng12) ,  � -subunits  (Gnai1, 
Gna13) , regulatory proteins  (Rgs7)  and other G-protein-
coupled receptors  (Gpr81, Gpr88, Gpr126)  leads to the 
question of functional signifi cance which can only be an-
swered after anatomical localization, pharmacological 
and physiological studies have been completed. There 
were also a large number of genes associated with Ca 2+  
metabolism. One important gene identifi ed is calbindin 
2  (Calb2) , also known as calretinin. Calretinin immuno-
histochemistry has demonstrated that this protein is 
found predominantly in the caliceal vestibular primary 
afferent dendrites within the center of the crista ampul-
laris, although in the rat calretinin also labels approxi-
mately 5% of type I hair cells and 20% of type II hair cells 
[Desai et al., 2005]. Within the primary afferent neurons, 
the exclusive expression of calretinin within the caliceal 
units suggests that it plays an important role in their func-
tion. Other transcripts associated with Ca 2+  regulation 
included: calcium-binding protein 39  (Cap39) , calcium-
binding protein p22  (Chp) , calcium-modulating ligand 
 (Camlg) , calcium/calmodulin-dependent protein kinase 
II  �   (Camk2g) , centrin 2  (Cetn2) , annexin A7  (Anxa7) , 
striatin and striatin 3  (Strn, Strn3)  and SPARC-related 
modular calcium-binding 1  (Smoc1) . 

 Another important group of identifi ed genes are those 
associated with transcription, cell proliferation, neuro-
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genesis, cell growth and programmed cell death ( table 2 ). 
Although the majority of effort of other groups interested 
in these processes has been focused on auditory hair cell 
regeneration, vestibular hair cell recovery and regenera-
tion remain an active area of investigation. In addition, 
there is evidence that vestibular hair cell regeneration is 
clinically relevant [Lambert, 1994; De Waele et al., 2002]. 
The majority of experimental paradigms have utilized an 
injury-regeneration model [Kevetter et al., 2000; Matsui 
et al., 2000; Boyle et al., 2002; Gale et al., 2002], and 
evidence of functional recovery has been presented [Boyle 
et al., 2002]. For damaged, but surviving hair cells, ste-
reocilia repair has been shown, revealing an example of 
intracellular self-repair in the absence of mitosis [Gale et 
al., 2002]. The basic mechanism of stereocilia functional 
architecture and self-renewal has been described recently 
[Rzadzinska et al., 2004]. 

 There were several genes identifi ed in our study that 
have been implicated in vestibular hair cell regenera-
tion. Kim et al. [2004] have recently demonstrated that 
 � -catenin may play a role in the induction of cell prolif-
eration in the vestibular epithelium of the rat.  � -Catenin 
is known to play an important role in both cell-cell ad-
hesion and signal transduction associated with cell pro-
liferation. E-cadherin has been reported to be expressed 
in supporting cells and downregulated in differentiating 
hair cells, and that constitutive expression in a condi-
tionally immortal utricular macula cell line inhibits the 
progression of hair cell differentiation [Hackett et al., 
2002]. Protocadherin  � 13  (Pcdha13)  is an associated 
gene that was identifi ed in our library. These genes are 
expressed at synaptic junctions and may be involved in 
the determination of synaptic density [Noonan et al., 
2003]. Fibroblast growth factor 2  (Fgf2)  has been shown 
to be expressed in vestibular hair cells and upregulated 
in dissociated supporting cells suggesting that  Fgf2  may 
play a role in regulating the proliferation of supporting 
cells [Cristobal et al., 2002]. While  Fgf2  was not found 
in the sampling of the rat vestibular periphery transcrip-
tome reported herein, we did fi nd the expression of 
 Fgf10  and  Fgf12 .  

 When considering other identifi ed genes belonging to 
the cell proliferation category, there are several that may 
prove to play an important role in vestibular epithelium 
proliferation.  

 The fi nal group of genes with known identity and func-
tion will be discussed in the context of vestibular schwanno-
ma (acoustic neuroma). Acoustic neuromas arise from the 
vestibular nerve, affect approximately 1.5% of the popula-
tion and arise as a result of a spontaneous or inherited 

mutation of the gene encoding schwannomin found on 
chromosome 22. Despite this relatively high prevalence, 
little is known about the basic mechanisms of tumor bi-
ology that defi ne the wide array of phenotypes; however, 
recent applications of cDNA library analysis, microarray 
expression profi ling and serial analysis of gene expres-
sion have been completed [Halum et al., 2003, 2004; 
Welling et al., 2002]. In the present study there were 8 
genes or groups of related genes that were of particular 
interest ( table 2 ). These include: v- maf  musculoaponeu-
rotic fi brosarcoma oncogene family protein B  (Mafb) , 
members of the Ras oncogene family  (Rab1, Rab7, 
Rab12, Rab21, Rab33b, Rasa1, Ralgds, Rheb, Rab2c, 
Ran, Rhot1, Rangap1, Rab2b, Rap1ga1) , ski-like which 
is a unique proto-oncoprotein  (Skil) , CGI-121 protein 
which is a novel p53-related protein-kinase-binding pro-
tein  (Cgi-121) , forkhead box 5 which is a candidate tu-
mor suppressor gene  (Foxn5) , Ahi-1 which is closely 
linked to the c- myb  proto-oncogene and may be involved 
in tumor development  (Ahi1) , nibrin which is associated 
with chromosomal instability and radiation sensitivity 
plus tumor development  (Nbn)  and vascular endothelial 
growth factor A  (Vegfa) .  Mafb  is associated with the ba-
sic leucine zipper transcription factor c- maf , and we have 
found c- maf  in a cDNA library that we constructed from 
an acoustic neuroma resected from a patient with neu-
rofi bromatosis type 2 (unpubl. data, Genbank AF540388). 
This particular gene has also been shown to be expressed 
in lens and spinal cord, both areas that develop charac-
teristic diseases in neurofi bromatosis type 2 – cataracts 
and spinal cord tumors [Sakai et al., 1997]. The fi nal par-
ticularly intriguing gene is nibrin. The human gene  NBS1  
encodes the protein nibrin which when defective is as-
sociated with chromosomal instability, radiation sensi-
tivity and tumor development [Demuth et al., 2004]. The 
expression of this gene in the vestibular periphery has 
clinical relevance because of the concern regarding ra-
diation-induced malignancy in patients with acoustic 
neuromas who elect to undergo radiation as their treat-
ment option [Wackym et al., 2004]. 

 Of the remaining 26 sequences (1%), 24 aligned with 
rat genomic sequences but none matched previously de-
scribed rat ESTs or mRNAs. No signifi cant alignment to 
the rat or human genomic sequences could be found for 
the remaining 2 sequences. Of these 26 ESTs, 13 con-
tained the canonical poly(A) signal while 6 contained 
noncanonical poly(A) signals [Beaudoing and Gautheret, 
2001]. We were unable to identify any type of poly(A) 
signal in 7 of these new ESTs. The possibility exists that 
these may represent cloning artifacts although 3 sequenc-
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es (CV681243, CV681249, CV681259) map to locations 
of potential human orthologs. Since some of these new 
ESTs have the potential to represent novel vestibular-spe-
cifi c genes or at least vestibular-relevant genes, it is im-
portant to pursue this direction of investigation. There-
fore, we are in the process of testing and screening these 
new ESTs using RT-PCR to determine expression in the 
rat within major organs and tissues including the brain, 
liver, lung, kidney, heart and skeletal muscle. It is also 
necessary to determine the cellular location of at least a 
subset of these 26 unknown genes within the vestibular 
periphery in order to ascertain which genes are expressed 
by vestibular hair cells, ganglion cells and supporting 
cells. One approach would be to use in situ hybridization 
to anatomically defi ne expression patterns; however, we 
have found this approach to be less sensitive in the ves-
tibular end organs than other molecular approaches. Con-
sequently, we are now approaching this problem with a 
combination of laser capture microdissection, RT-PCR 
and microarray expression profi ling [Cristobal et al., 
2005] using a custom array containing these 26 unknown 
as well as control sequences. In addition, we are further 
characterizing these potentially novel transcripts in order 
to obtain full-length cDNAs. 

 Future studies will include determination of rat chro-
mosomal locations and predicted human ortholog loci for 
useful sequences resulting from the analysis of the 22400 
clones that we have sequenced to date, as well as detailed 
annotation. Comparison to known deafness loci will then 
be completed which may yield potential candidate genes. 
However, it should be noted that very little information 
and objective vestibular testing is available for patients 
with syndromic or nonsyndromic hearing loss. Because 
very few deaf patients undergo vestibular testing there are 
gaps in our knowledge regarding this. Consequently, it 
would be useful to better defi ne the phenotypes of these 
deaf individuals via collection of vestibular histories, ves-
tibular system physical examinations and objective ves-
tibular testing. 

 Finally, it is acknowledged that our normalized ves-
tibular periphery cDNA library was constructed from 
vestibular end organs and ganglia, therefore cell types oth-
er than hair cells and primary afferent ganglion cells were 
also included. Dark cells, supporting cells, endothelial 
cells, Schwann cells and subepithelial fi broblasts are all 
represented in this library. Consequently, cellular local-
ization of specifi c genes is necessary to better understand 
the context of this transcriptome. 

 Conclusions 

 Initial in silico analysis of the rat vestibular periphery 
transcriptome revealed numerous genes that have not 
been previously shown to be expressed in the vestibular 
system. Further characterization of the new ESTs identi-
fi ed may lead to the identifi cation of genes with vestibular 
relevant functions. Continued analysis of the rat vestibu-
lar periphery transcriptome could provide new insights 
into vestibular function and generate new hypotheses. 
Physiological studies are necessary to further elucidate 
the roles of the identifi ed genes and novel sequences in 
vestibular function. The comprehensive analysis of the 
vestibular periphery transcriptome should provide fur-
ther insight into normal vestibular function and the 
mechanisms responsible for specifi c vestibular diseases.  
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 Supplemental Table Files 

 Table 2. Genes identifi ed in the Wackym-Soares normalized rat 
vestibular periphery cDNA library with Gene Ontology terms and 
organized by function. Genes with Gene Ontology terms which can 
be categorized into the subheadings included are found in this pa-
per. The entire expression database for the Wackym-Soares nor-
malized rat vestibular periphery cDNA library can be found in the 
Hearing and Balance Research Database (URL: http://www.genex-
pression.info). 

 Table 3. Description and number of unique clones belonging to 
the same Unigene cluster. 

 For further information please refer to http://www.karger.com/
doi/10.1159/000087348. 
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Gene symbol Description Unigene
cluster

Genbank
accession No.

Genes associated with synaptic mechanisms
Agrn Agrin, associated with the aggregation of nicotinic receptor subunits Rn.112106 CX569919
Amph1 Amphiphysin Rn.44463 CX570801
BEGAIN Brain-enriched guanylate-kinase-associated Rn.30036 CX569284
Chn2 Chimerin (chimaerin) 2 Rn.10521 CX569858
Cltb Clathrin, light polypeptide (Lcb), synaptic vesicle protein Rn.3440 CX569624, 

CX571033
Colq Collagen-like tail subunit (single strand of homotrimer) of asymmetric 

 acetylcholinesterase, associated with efferent cholinergic synapse
Rn.87303 CX570499

Cript Postsynaptic protein Cript Rn.30508 CX569283, 
CX569721

Dlg2 Disks, large homolog 2 (Drosophila) Rn.53628 CX569439
Eea1 Early endosome antigen, associated with early internalization events linked to 

G-protein-coupled receptors
Mm.210035 CX570527

Ehd4 Pincher, pinocytic chaperone for NGF/TrkA signaling endosomes Rn.7379 CX569848
Gabra1 �-Aminobutyric acid (GABA-A) receptor, subunit �1 Mm.338713 CX569130
Mlp MARCKS-like protein Rn.2486 CX569544
Myo5a Myosin Va, traffi cking of intracellular vesicles and found in afferent calyces Rn.44865 CX570645
Nrxn1 Neurexin I, transmembrane scaffolding protein at nodes of Ranvier Rn.86517 CX569595
Rnp24 Coated vesicle membrane protein Rn.1022 CX570172
Scg2 Secretogranin II Rn.45602 CX570820
Scg3 Secretogranin III, neuron-specifi c acidic secretory protein Rn.11093 CX570837
SNAP25 Synaptosomal-associated protein (human) Rn.107689 CX569379
Strn Striatin, calmodulin-dependent scaffolding protein, binds calveolin 1 Rn.37469 CX569252, 

CX570666
Gs2na Striatin, calmodulin-binding protein 3 Rn.8394 CX569252
Sv2a Synaptic vesicle glycoprotein 2a Rn.11264 CX569269
Ush3a Usher syndrome type III (clarin 1) Rn.57072 CX571115
Vamp4 Vesicle-associated membrane protein 4 Mm.10699 CX570325
Vapa Vesicle-associated membrane protein, associated protein a Rn.17540 CX570430

Genes associated with cell surface receptor-linked signal transduction
Antxr1 Anthrax toxin receptor 1 Rn.105486 CX571075
Araf1 v-raf murine sarcoma 3611 viral oncogene homolog 1 Rn.1714 CX570800, 

CX570953
Argbp2 Arg/Abl-interacting protein ArgBP2 Rn.24612 CX570422
Arhgap20 �-GTPase activating protein 20 Mm.26150 CX570546
Brd8 Bromodomain-containing 8 Mm.45602 CX569950
Crhr1 Corticotropin-releasing hormone receptor 1 Rn.10499 CX570557
CSNK1A1 Casein kinase 1, �1 Rn.23810 CX570917
Csnk2a1 Casein kinase II, �1-polypeptide Rn.4231 CX569772
Ctf1 Cardiotrophin 1 Rn.10253 CX570114
Ddr1 Discoidin domain receptor family, member 1 Rn.7807 CX569832
DTR Diphtheria toxin receptor Rn.10148 CX569129
Eif4ebp2 Eukaryotic-translation-initiation-factor-4E-binding protein 2 Mm.250329 CX571116
F2r Coagulation factor II receptor Rn.2609 CX569291
Fbxw7 F box and WD-40 domain protein 7, archipelago homolog (Drosophila) Mm.196475 CX570010
Glud1 Glutamate dehydrogenase 1 Rn.55106 CX570338
Gna13 Guanine-nucleotide-binding protein, �13 Mm.193925 CX569411
Gnai1 Guanine-nucleotide-binding protein, �-inhibiting 1 Rn.11391 CX570117
Gnb1 Guanine-nucleotide-binding protein, �1 Rn.7106 CX569538
Gng12 Guanine-nucleotide-binding protein (G protein), �12 Rn.17099 CX569762
GPR126 G-protein-coupled receptor 126 Hs.318894 CX570324

Table 2. Genes identifi ed in the Wackym-Soares normalized rat vestibular periphery cDNA library with GO terms and organized by 
function
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Gpr81 G-protein-coupled receptor 81 Mm.33362 CX570202
Gpr88 G-protein-coupled receptor 88 Rn.59513 CX570233
Gsk3b Glycogen synthase kinase 3� Rn.10426 CX569788
Igsf4a Immunoglobulin superfamily, member 4A Mm.234832 CX569788
Lancl1 LanC (bacterial lantibiotic synthetase component C)-like 1 Rn.38972 CX569807
Lphn2 Latrophilin 2 Rn.12089 CX569322
LPHN3 Latrophilin 3 Rn.17279 CX569282
Lrp6 Low-density-lipoprotein-receptor-related protein 6 Mm.9776 CX569847
Ltbp4 Latent-transforming-growth-factor-�-binding protein 4 Mm.272251 27192755
Lynx1 Ly6/neurotoxin 1 Mm.257067 CX570354
Madh4 MAD homolog 4 (Drosophila) Rn.9774 CX570506
Mist1 Muscle, intestine and stomach expression 1 Rn.9897 CX570103
Npr3 Natriuretic peptide receptor 3 Rn.11297 CX570752, 

CX570753
Omg Oligodendrocyte myelin glycoprotein (Omg) Rn.11850 CX569917
Osmr Oncostatin M receptor Rn.92110 CX571126
Pace4 Subtilisin-like endoproteases Rn.950 CX570107
Pde1a Phosphodiesterase 1A, calmodulin-dependent Rn.94981 CX569606
Peli2 Pellino 2 Rn.60323 CX570251
Pkd1 Polycystic kidney disease 1 homolog Rn.64559 CX569928
PLA2G3 Phospholipase A2, group III Hs.149623 CX571008
Ptprc Protein tyrosine phosphatase, receptor type, C Rn.90166 CX570195, 

CX571080
Ptprd Protein tyrosine phosphatase, receptor type, D Rn.91202 CX569120, 

CX569743
Ptprg Protein tyrosine phosphatase, receptor type, G Rn.87083 CX569151
Ptprk Protein tyrosine phosphatase, receptor type, K Mm.332303 CX569971
Ptprz1 Protein tyrosine phosphatase, receptor type, Z polypeptide 1 Rn.10088 CX569387
Ralgds Ras association (RalGDS/AF-6) domain family 4 (mouse), ral guanine nucleotide 

 dissociation stimulator (rat)
Rn.40174 CX569767

Rassf4 Ras association (RalGDS/AF-6) domain family 4 Mm.257931 CX569309
Rgs7 Regulator of G protein signaling 7 Rn.21234 CX569526
Sfrp1 Secreted frizzled-related sequence protein 1 Rn.34957 CX570712
Sik2 Salt-inducible kinase 2, upregulated in high-salt-diet-fed rats Mm.38316 CX570370
ST7 Suppression of tumorigenicity 7 Hs.368131 CX570584
STRAP Similar to UNR-interacting protein [serine-threonine-kinase-receptor-associated 

 protein (STRAP)]
Hs.504895 CX570661

Tcf7 Transcription factor 7, T-cell specifi c Mm.31630 CX569558
Tiam1 T-cell lymphoma invasion and metastasis 1 Rn.38763 CX570615
Tob1 Transducer of ERBB2, 1 Rn.7819 CX570708
Wnt5a Wingless-related MMTV integration site 5A Rn.48749 CX569760

Genes associated with intracellular signaling cascade
Add3 Adducin 3 (�) Rn.76589 CX569139, 

CX569167, 
CX570063

Arf3 ADP ribosylation factor 3 Rn.106440 CX570112
Arhgap5 �-GTPase-activating protein 5 Mm.35059 CX570052, 

CX570317
ARHGEF12 �-Guanine nucleotide exchange factor (GEF) 12 Hs.24598 CX569801, 

CX570379
Arl1 ADP-ribosylation-factor-like 1 Rn.3065 CX570254
Brap BRCA1-associated protein Mm.153372 CX570829
Btk Bruton agammaglobulinemia tyrosine kinase Mm.4475 CX569144

Table 2 (continued)
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Cab39 Calcium-binding protein 39 Mm.26135 CX569334, 
CX569455, 
CX570985

Calb2 Calbindin 2 (calretinin) Rn.10321 CX569239
Camlg Calcium-modulating ligand Rn.63999 CX569118
Cdc42 Cell division cycle 42 homolog (Saccharomyces cerevisiae), Cdc42 GTPase-activating 

protein
Rn.60067 CX570916

Cdgap Cdc42 GTPase-activating protein Mm.268397 CX569953
CHN1 Chimerin (chimaerin) 1 Rn.11166 CX570159
Chp Calcium-binding protein p22 Rn.11041 CX570980
Cipp Channel-interacting PDZ domain protein Mm.90218 CX569542
Crk v-crk sarcoma virus CT10 oncogene homolog (avian) Rn.96136 CX569340
Dixdc1 DIX domain containing 1  Mm.82598 CX570060
Dmd Dystrophin, muscular dystrophy Rn.10307 CX570612
DUSP21 Dual specifi city phosphatase 21 Hs.534478 CX569877, 

CX570240
Eif4ebp2 Eukaryotic-translation-initiation-factor-4E-binding protein 2 Mm.250329 CX571116
ERBB2IP Erbb2-interacting protein Hs.519346 CX569874
FRK Src-related tyrosine kinase (mouse or human) Rn.10556 CX569559
Fstl1 Follistatin-like 1 Rn.95652 CX570462
Gab1 Growth-factor-receptor-bound-protein-2-associated protein 1 Mm.277409 CX569812, 

CX571056
Gdap1 Ganglioside-induced differentiation-associated protein 1 Mm.18218 CX570490, 

CX570961
Gna13 Guanine-nucleotide-binding protein, �13 Mm.193925 CX569411
Gnb1 Guanine-nucleotide-binding protein, �1 Rn.7106 CX569538
Hpcal1 Hippocalcin-like 1 Mm.20937 CX570539
Inpp5b Inositol polyphosphate 5 phosphatase B Mm.296202 CX570307
Mapk8ip2 Mitogen-activated protein kinase 8 interacting protein 2 Mm.173337 CX569486, 

CX569487
MAPK8IP3 Mitogen-activated protein kinase 8 (human or mouse) Hs.207763 CX569515
Mpp2 Membrane protein, palmitoylated 2 (MAGUK p55 subfamily member 2) Rn.44271 CX569948
Mras Muscle and microspikes RAS Rn.10641 CX570003
Nrbp Nuclear-receptor-binding protein Mm.292040 CX570780
Pik3cg Phosphoinositide 3 kinase, catalytic, �-polypeptide Rn.109583 CX570088
Pkd1 Polycystic kidney disease 1 homolog Rn.64559 CX569928
Pkd2 Polycystic kidney disease 2 Mm.6442 CX571081
Ppp2r5c Protein phosphatase 2, regulatory subunit B (B56), �-isoforms Rn.2153 CX569386, 

CX569914
Prkce Protein kinase C, � Rn.34966 CX569223
PSEN2 Presenilin 2 Rn.11045 CX569546
Rab1 RAB1, member RAS oncogene family (mouse),  ras-related protein (rat) Rn.106743 CX569849
Rab12 RAB12, member RAS oncogene family Rn.11021 CX570389
Rab21 RAB21, member RAS oncogene family Rn.13001 CX570891
RAB2B RAB2B, member RAS oncogene family Hs.22399 CX570798
Rab33b RAB33B, member RAS oncogene family Mm.1664 CX570148
RAB6B RAB6B, member RAS oncogene family Hs.147164 CX570372
Rab7 RAB7, member RAS oncogene family Rn.1425 CX569615
Raf1 Murine leukemia viral (v-raf-1) oncogene homolog 1 (3611-MSV) Rn.33262 CX570533
Ralgds Ral guanine nucleotide dissociation stimulator (rat) Rn.40174 CX569767
Ran RAN, member RAS oncogene family Rn.107698 CX571034
Rangap1 RAN GTPase-activating protein 1 Mm.270975 CX570737
Rap1ga1 Rap1, GTPase-activating protein 1 Mm.180763 CX569521
Rap2c RAP2C, member RAS oncogene family Rn.101524 CX570493
Rasa1 RAS p21 protein activator 1 Rn.12223 CX570623

Table 2 (continued)
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Rgs7 Regulator of G protein signaling 7 Rn.21234 CX569526
Rheb Ras homolog enriched in brain Rn.859 CX569676
Rhoa �-Family GTPase, plysia ras-related homolog A2, alias Arha2 Rn.107401 CX569978, 

CX570151
Rhot1 Ras homolog gene family, member T1 Mm.261491 CX569462
Rock2 �-Associated coiled-coil-forming kinase 2 Rn.88642 CX569752
Sdcbp Syntenin, anchors AMPA receptor to cell membrane Rn.4309 CX570890, 

CX571093
SH3BP5 SH3 domain binding protein 5 (BTK-associated) Rn.28667 CX570234
Slc9a3r2 Solute carrier family 9 (sodium/hydrogen exchanger), isoform 3 regulator 2 Rn.39351 CX570896
Smoc1 SPARC-related modular calcium binding 1 Rn.55639 CX569541
Snag1 Sorting-nexin-associated Golgi protein 1 Mm.33721 CX570588
Snx1 Sorting nexin 1 Rn.2785 CX571038
Snx10 Sorting nexin 10 Mm.294166 CX570331
Snx15 Sorting nexin 15 Mm.329629 CX569431
Snx4 Sorting nexin 4 Mm.28196 CX570764
Snx9 Sorting nexin 9 Mm.89515 CX570161, 

CX570795
Sos2 Son of sevenless homolog 2 (Drosophila) Mm.3770 CX570160
Spag9 Sperm-associated antigen 9 Mm.260737 CX569461
Stat5b Signal transducer and activator of transcription 5B Rn.54486 CX569699
Stmn2 Stathmin-like 2 Rn.34335 CX570698
Tiam1 Cell lymphoma invasion and metastasis 1 Rn.38763 CX570615
Wsb1 WD repeat and SOCS box-containing 1 Mm.307022 CX570613
Ywhae Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, 

�-polypeptide
Rn.4225 CX569647, 

CX570618
Ywhag Tyrosine 3-monooxgenase/tryptophan 5-monooxgenase activation protein, 

�-polypeptide
Rn.29936 CX569658

Genes associated with transport and/or ion channels
Abca8a ATP-binding cassette, subfamily A (ABC1), member 8a Mm.344148 CX570766
Abcb10 ATP-binding cassette, subfamily B (MDR/TAP), member 10 Mm.274243 CX569475
Abcd2 ATP-binding cassette, subfamily D (ALD), member 2 Rn.19678 CX569603
AFURS1 ATPase family homolog upregulated in senescence cells Hs.529609 CX569209, 

CX569338
Ap1g1 Adaptor protein complex AP-1, �1-subunit Rn.9446 CX570904
Ap3d1 Adaptor-related protein complex 3, �-subunit Mm.209294 CX571094
App Golgi-associated PDZ and coiled-coil-motif-containing Rn.2104 CX570008
Appbp2 Amyloid-�-precursor-protein (cytoplasmic tail)-binding protein 2 Mm.271997 CX570630
Arf1 ADP ribosylation factor 1 Rn.93735 CX570644
Arf3 ADP ribosylation factor 3 Rn.106440 CX570112
Arf4 ADP ribosylation factor 4 Rn.35935 CX570339
Arl1 ADP-ribosylation-factor-like 1 Rn.3065 CX570254
Arntl Aryl hydrocarbon receptor nuclear-translocator-like Rn.14532 CX569745
Atp1a1 ATPase, Na+/K+ transporting, �1 Rn.2992 CX569887
Atp1b3 ATPase, Na+/K+ transporting, �3-polypeptide Rn.5041 CX570512
ATP5C1 ATP synthase, H+ transporting, mitochondrial F1 complex, �-polypeptide 1 

(human or mouse)
Rn.63959 CX569265

ATP5g3 ATP synthase, H+ transporting, mitochondrial F0 complex, subunit c (subunit 9) 
 isoform 3

Rn.2180 CX569532

Atp6s14 ATPase, vacuolar, 14 kDa Rn.6167 CX570076
Bet1 Blocked early in transport 1 homolog (Saccharomyces cerevisiae) Rn.3953 CX569346, 

CX569657
Bin3 Bridging integrator 3 Mm.24186 CX569642
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Cfh Complement component factor h Rn.101777 CX570315, 
CX570341

Cacna1a Calcium channel, voltage-dependent, P/Q type, �1A-subunit Rn.87769 CX570139
Cacna1d Calcium channel, voltage-dependent, L type, �1D-subunit Rn.89671 CX569572
Camk2g Calcium/calmodulin-dependent protein kinase II � (mouse), calcium/calmodulin-

dependent protein kinase (CaM kinase) II � (rat)
Rn.10961 CX570070, 

CX570371
Cav2 Caveolin 2, lipid-raft-associated Rn.81070 CX570273
Cbll1 Casitas B-lineage-lymphoma-like 1 Mm.273270 CX570449
Clcn2 Chloride channel 2 Rn.11073 CX569444, 

CX570218, 
CX570277

Clns1a Chloride channel, nucleotide-sensitive, 1A Rn.4089 CX569358
Cpt1a Carnitine palmitoyltransferase 1, liver Rn.2856 CX569915
Cpt1b Carnitine palmitoyltransferase 1b Rn.6028 CX570294
Dab2 Disabled homolog 2 (Drosophila) Rn.14763 CX570050
Dnch2 Dynein, cytoplasmic, heavy chain 2 Rn.44896 CX570555
Dnclic1 Dynein, cytoplasmic, light intermediate chain 1 Mm.128627 CX570329
Dst Dystonin Mm.33625 CX569627
Ecac1 Epithelial calcium channel 1 Rn.12948 CX569588, 

CX570541
Elmo3 Engulfment and cell motility 3, ced-12 homolog (Caenorhabditis elegans) Mm.237966 CX569114
ERBB2IP Erbb2-interacting protein Hs.519346 CX569874
Erp29 Endoplasmic reticulum protein 29 Rn.32904 CX569415
Fxyd6 FXYD-domain-containing ion transport regulator 6 Rn.839 CX570067
Gabt1 GABA transporter protein Rn.10035 CX570929
GOLGA7 Golgi autoantigen, golgin subfamily a, 7 Hs.7953 CX570696
Glra2 Glycine receptor, �2-subunit Rn.10379 CX569486, 

CX569486
Gria4 Glutamate receptor, ionotropic, AMPA4 (�4) Rn.10938 CX570526
Grid2 Glutamate receptor, ionotropic, �2 Rn.10046 CX569929
Grinl1a Glutamate receptor, ionotropic Rn.3796 CX569222
Gsk3b Glycogen synthase kinase 3� Rn.10426 CX569788
Heph Hephaestin Rn.43849 CX570368, 

CX570400
KCNA6 Potassium voltage-gated channel, shaker-related subfamily, member 6 Rn.64494 CX569988
Kcnc2 Potassium voltage-gated channel, Shaw-related subfamily, member Rn.9733 CX570895
Kcne1 Potassium voltage-gated channel, IsK-related subfamily, member 1, in humans 

 mutations in this gene result in Jervell and Lange-Nielson syndrome (JLNS2); 
also involved with renal potassium transport

Rn.9734 CX569446

Kcnh1 Potassium voltage-gated channel, subfamily H (eag-related), member 1 Rn.11071 CX570577
Kcnj13 Potassium inwardly rectifying channel, subfamily J, member 1 Rn.14516 CX569724
Kctd15 Potassium channel tetramerization-domain-containing 15 Mm.214380 CX571084
Kpna3 Karyopherin (importin) �3 Mm.25545 CX570042
Kpnb1 Karyopherin (importin) �1 Rn.11061 CX570834
Ldlr Low-density lipoprotein receptor Rn.10483 CX569181
LRP6 Low-density-lipoprotein-receptor-related protein 6 Hs.210343 CX569847, 

CX569991
M6pr Mannose-6-phosphate receptor, cation-dependent Mm.249225 CX569149
Madh4 MAD homolog 4 (Drosophila) Rn.9774 CX570506
Osbpl1a Oxysterol-binding-protein-like 1A Rn.19665 CX570244
Pkd1 Polycystic kidney disease 1 homolog Rn.64559 CX569928
Pkd2 Polycystic kidney disease 2 Mm.6442 CX571081
Prkar2a Protein kinase, cAMP-dependent regulatory, type II� Rn.9742 CX570109
Psma1 Proteasome (prosome, macropain) subunit, � type 1 Rn.2668 CX569498
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Rab1 ras-related protein (rat), RAB1, member RAS oncogene family (mouse) Rn.106743 CX569849, 
CX570178

Rab12 RAB12, member RAS oncogene family Rn.11021 CX570389
Rab21 RAB21, member RAS oncogene family Rn.13001 CX570891
Rab33b RAB33B, member RAS oncogene family Mm.1664 CX570148
Rab7 RAB7, member RAS oncogene family Rn.1425 CX569615
Ralbp1 ralA-binding protein 1 Rn.7107 CX570030
Ralgds Ras association (RalGDS/AF-6) domain family 4 (mouse), ral guanine nucleotide 

 dissociation stimulator (rat)
Rn.40174 CX569767

Ran RAN, member RAS oncogene family Rn.107698 CX571034
RAP-1A Ras-related protein RAP-1A Rn.106321 CX570846, 

CX570920
Rph3a Rabphilin 3A Rn.10976 CX570804
Scamp1 Secretory carrier membrane protein 1 Rn.20374 CX570429
Scamp3 Secretory carrier membrane protein 3 Rn.98518 CX569482
Scn1a Sodium channel, voltage-gated, type 1, �-polypeptide Rn.32079 CX570659
Sec23b SEC23B (Saccharomyces cerevisiae) Rn.8735 CX569808
SLC3A1 Solute carrier organic anion transporter family, member 3A1 Rn.11196 CX569289
Slc4a4 Solute carrier family 4, member 4 Mm.41044 CX569317
Slc7a1 Solute carrier family 7, member 1 Rn.9439 CX569652
Slc9a6 Solute carrier family 9 (sodium/hydrogen exchanger), isoform 6 Mm.17815 CX570784
Slc12a2 Solute carrier family 12, member 2 Rn.11523 CX570528
SLC12A5 Solute carrier family 12, (potassium-chloride transporter) member 5 Rn.10513 CX570132
Slc12a7 Solute carrier family 12, member 7 Mm.275800 CX569350
Slc13a3 Solute carrier family 13 (sodium-dependent dicarboxylate transporter), member 3 Rn.3587 CX570545
Slc16a1 Solute carrier family 16, member 1 Rn.6085 CX570720
Slc22a6 Solute carrier family 22, member 6 Rn.87849 CX570269, 

CX570289
SMC1L1 SMC1 (structural maintenance of chromosomes 1)-like 1 (yeast) Rn.11763 CX570710
Snag1 Sorting-nexin-associated Golgi protein 1 Mm.33721 CX570588
Snx1 Sorting nexin 1 Rn.2785 CX571038
Snx10 Sorting nexin 10 Mm.294166 CX570331
Snx15 Sorting nexin 15 Mm.329629 CX569431
Snx4 Sorting nexin 4 Mm.28196 CX570764
Snx9 Sorting nexin 9 Mm.89515 CX570161, 

CX570795
Stg Small glutamine-rich tetratricopeptide-repeat (TPR)-containing protein Rn.9655 CX571036
Stk38l Serine/threonine-kinase-38-like Mm.32212 CX570718
Sypl Synaptophysin-like protein Mm.80919 CX570044
Syt1 Synaptotagmin 1 Rn.7596 CX570599
Tfrc Transferrin receptor Rn.98672 CX570856
Timm17a Translocator of inner mitochondrial membrane 17a (yeast) Rn.22514 CX570827
Tmc6 Transmembrane-channel-like gene family 6 Mm.286963 CX569650
Tob1 Transducer of ERBB2, 1 Rn.7819 CX570708
Tram1 Translocating chain-associating membrane protein 1 Rn.104193 CX569235
Trpc3 Transient receptor protein 3 Rn.45385 CX569857, 

CX569927
Ttpa Tocopherol (�) transfer protein Rn.64565 CX570237
Tuba4 Tubulin, �4 Mm.1155 CX570937
Tubg1 Tubulin, �1 Rn.8218 CX570794
Ubl4 Ubiquitin-like 4 Mm.3979 CX569296
Vps26 Vacuolar protein sorting 26 (yeast) Mm.260703 CX569584
Vps35 Vacuolar protein sorting 35 Rn.8419 CX569258, 

CX570297, 
CX570740
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Xpo1 Exportin 1 (CRM1, yeast, homolog) Rn.34087 CX570807
Xpot Exportin, tRNA (nuclear export receptor for tRNAs) Mm.25042 CX570872
Ywhab Tyrosine 3-monooxgenase/tryptophan 5-monooxgenase activation protein, 

�-polypeptide
Rn.8653 CX569872

Ywhae Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, 
�-polypeptide

Rn.4225 CX569647

Ywhag Tyrosine 3-monooxgenase/tryptophan 5-monooxgenase activation protein, 
�-polypeptide

Rn.29936 CX569658

Ywhaz Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, 
�-polypeptide

Rn.1292 CX570313

Genes associated with RNA transcription and metabolism
Adnp Activity-dependent neuroprotective protein Rn.48777 CX569981
Aebp2 AE-binding protein 2 Mm.86453 CX570037
Arntl Aryl hydrocarbon receptor nuclear-translocator-like Rn.14532 CX569745
Atf7ip Activating-transcription-factor-7-interacting protein Mm.173271 CX570608
Atm Ataxia telangiectasia mutated homolog (human) Rn.98962 CX570256
Bat8 HLA-B-associated transcript 8 Rn.116518 CX569734
Bpnt1 3(2),5-bisphosphate nucleotidase Rn.8453 CX569645, 

CX570358
Bteb1 Basic transcription-element-binding protein 1 Rn.19481 CX569601, 

CX570034
Cbx3 Chromobox homolog 3 (Drosophila HP1�) Mm.280968 CX570135, 

CX570414
Ccnc Cyclin C Rn.106758 CX569348
Ccnl Cyclin L Rn.12962 CX571099
Cnot4 CCR4-NOT transcription complex, subunit 4 Mm.214525 CX570571
Col9a2 Procollagen, type IX, �2 Mm.269384 CX570928
Cops2 COP9 (constitutive photomorphogenic) homolog, subunit 2 (Arabidopsis thaliana) Rn.11556 CX571022
Cugbp2 CUG triplet repeat, RNA binding protein 2 Rn.30004 CX570663
DCPS mRNA-decapping enzyme Rn.101986 CX570864
Dut Deoxyuridine triphosphatase (dUTPase) Rn.6102 CX570340
E2f6 E2F transcription factor 6 Rn.79506 CX571006
Elf1 E74-like factor 1 Rn.98640 CX570394
Esrrg Estrogen-related receptor � Mm.89989 CX570676
Exosc1 Exosome component 1 Mm.289086 CX570213
Foxo1A Forkhead box O1, transcription factor Rn.102196 CX569970
Gabpa GA-binding protein transcription factor, �-subunit 60 kDa Rn.76236 CX569467
Gabpb1 GA-repeat-binding protein, �1 Mm.293266 CX570296
Gtf2a1 General transcription factor IIA, 1 Rn.44436 CX570522
Hlf Hepatic leukemia factor Mm.158903 CX570949
Hnrpf Ribonucleoprotein F Rn.20143 CX569723
Hnrph2 Heterogeneous nuclear ribonucleoprotein H2 Mm.315909 CX569144
Hnrpk Heterogeneous nuclear ribonucleoprotein K Rn.11854 CX570880
Hnrpr Heterogeneous nuclear ribonucleoprotein R Rn.14947 CX570301
Irf2 Interferon-regulatory factor 2 Mm.1149 CX571096
Irx2 Iroquois-related homeobox 2 (Drosophila) Mm.28888 CX569242
Isl1 ISL1 transcription factor, LIM/homeodomain (islet 1) Rn.36202 CX569363
ISL2 Insulin-related protein 2 (islet 2) Rn.10026 CX571066
Jarid1a Jumonji, AT-rich interactive domain 1A (Rbp2-like) Mm.354889 CX570120
Lamp2 Lysosomal membrane glycoprotein 2 Rn.1722 CX569410, 

CX570657
Lztr1 Leucine-zipper-like transcriptional regulator, 1 Mm.161726 CX570641
Madh4 MAD homolog 4 (Drosophila) Rn.9774 CX570506
Mafb v-maf musculoaponeurotic fi brosarcoma oncogene family, protein B (avian) Rn.10725 CX569552
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Me1 Malic enzyme 1 Rn.3519 CX571055
MEF2A Myocyte enhancer factor 2A Hs.268675 CX569192
Mist1 Muscle, intestine and stomach expression 1 Rn.9897 CX570103
Mll Myeloid/lymphoid or mixed-lineage leukemia Rn.62341 CX569305
Msc Musculin Mm.5820 CX569607
Mtpn Myotrophin Rn.3239 CX569183
Nfi a Nuclear factor I/A Rn.10550 CX569764
Nr1d1 Nuclear receptor subfamily 1, group D, member 1 Rn.29848 CX569951
Nr3c1 Nuclear receptor subfamily 1, group D, member 1 Rn.90070 CX569719
Pabpc1 Poly(A)-binding protein, cytoplasmic 1 Rn.29024 CX570543
PHF5A Transcription factor INI (human) Hs.474980 CX570115
Polr2k Polymerase (RNA) II (DNA directed) polypeptide K Mm.27375 CX570683
Polr3e Polymerase (RNA) III (DNA directed) polypeptide E Mm.193632 CX569125
POLR3F Polymerase (RNA) III (DNA directed) polypeptide F, 39 kDa Hs.472227 CX570610
Pou4f2 POU domain, class 4, transcription factor 2 Rn.92413 CX570611
Psip2 PC4 and SFRS1-interacting protein 2 Rn.93075 CX570375
Ptb Polypyrimidine-tract-binding protein Rn.64440 CX569478, 

CX569569
Rab1 RAB1, member RAS oncogene family (mouse), ras-related protein Rn.106743 CX569849, 

CX570178
RAB2B RAB2B, member RAS oncogene family Hs.22399 CX570798
Rab7 RAB7, member RAS oncogene family Rn.1425 CX569615
Rb1 Retinoblastoma 1 Rn.55115 CX570185
Rbl2 Retinoblastoma-like 2 Rn.11020 CX569140
Rnase4 Ribonuclease, RNase A family 4 Rn.1742 CX569828, 

CX570925
Rnf14 Ring fi nger protein 14 Mm.228903 CX569704
Rnf4 Ring fi nger protein 4 Rn.30015 CX570071
Rngtt RNA guanylyltransferase and 5’-phosphatase Mm.240024 CX571037, 

CX571042
Sfrs10 Splicing factor, arginine/serine-rich (transformer 2 Drosophila homolog) 10 Rn.8538 CX570478, 

CX570537
Sfrs5 Splicing factor, arginine/serine-rich 5 Rn.54448 CX570862
Sfrs8 Splicing factor, arginine/serine-rich 8 Mm.288714 CX569522
Sirt1 Sirtuin 1 (silent mating type information regulation 2, homolog) 1 (Saccharomyces 

cerevisiae)
Rn.42098 CX570156, 

CX571017
Six1 Sine-oculis-related homeobox 1 homolog (Drosophila) Rn.94813 CX570649, 

CX570675
Smarca1 SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, 

 subfamily a, member 1
Mm.229151 CX570664

Smarca3 SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, 
 subfamily a, member 3

Mm.209150 CX569578

Smcf1 Transcription factor 1 (human) Rn.22598 CX570212
Sox17 SRY-box-containing gene 17 Mm.279103 CX570427
Spnr Double-stranded-RNA-binding protein p74 Rn.98476 CX569844
Ssrp1 Structure-specifi c recognition protein Rn.35908 CX570924
Stat5b Signal transducer and activator of transcription 5B Rn.54486 CX569699
STRAP Similar to UNR-interacting protein [serine-threonine-kinase-receptor-associated pro-

tein (STRAP)] (LOC297699), mRNA
Hs.504895 CX570661

Syncrip Synaptotagmin-binding, cytoplasmic-RNA-interacting protein Mm.260545 CX570279
TAF13 TAF13 RNA polymerase II, TATA-box-binding-protein (TBP)-associated factor (Mus 

musculus)
Hs.502508 CX569395

Taf4a TAF4A RNA polymerase II, TATA-box-binding-protein (TBP)-associated factor Mm.235542 CX569230
Tbl1x Hepatic leukemia factor Mm.258476 CX571057
Tceb1 Transcription elongation factor B (SIII), polypeptide 1 Rn.5996 CX570147
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Tcf7 Transcription factor 7 (T-cell specifi c, HMG box) Mm.3163 CX569558
Thrap2 Thyroid-hormone-receptor-associated protein 2 Mm.206238 CX570989
Trpc3 Transient receptor protein 3 Rn.45385 CX569857, 

CX569927
Vars2 Valyl-tRNA synthetase 2 Rn.12314 CX570841
YT521 Splicing factor YT521-B Rn.48752 CX569190
Zdhhc2 Zinc fi nger, DHHC-domain-containing 2 Rn.17310 CX569994, 

CX570636
Zfhx1b Zinc fi nger homeobox 1b Mm.259595 CX570048
Zfp162 Zinc fi nger protein 162 Rn.1074 CX569903
Zfp191 Zinc fi nger protein 191 Rn.44991 CX569273
Zfp260 Zinc fi nger protein 260 Rn.98773 CX569165
Zfp36l1 Zinc fi nger protein 36, C3H-type-like 1 Rn.6142 CX569763, 

CX571117
Zfp426 Zinc fi nger protein 426 Mm.297660 CX570523
Zfp68 Zinc fi nger protein 68 Mm.27575 CX569651
Zfx Zinc fi nger protein-X-linked Mm.919 CX569105
Zhx1 Zinc fi ngers and homeoboxes 1 Rn.16902 CX570260
Znf265 Zinc fi nger protein 265 Rn.11361 CX569154

Genes associated with cell proliferation, neurogenesis, cell growth and programmed cell death
Abi1 Abl-interactor 1, regulation of actin dynamics, has overlapping SNARE domain Rn.24800 CX570640
Actr2 ARP2 actin-related protein 2 homolog (yeast) Mm.259045 CX569158, 

CX569343, 
CX570437

Ahi1 Ahi-1 may play important role in signal transduction and may be involved in tumor 
development

Rn.236737 CX570625

Ank2 Ankyrin 2, brain, implicated in development of long QT syndrome (Jervell and 
Lange-Nielson syndrome)

Rn.71011 CX569484, 
CX569582, 
CX570542

Anln Anillin, actin-binding protein (scraps homolog, Drosophila) Mm.282751 CX569784
Anxa7 Annexin A7, Ca2+-binding protein, Ca2+-signaling process Rn.106184 CX569433, 

CX570854
Api5 Apoptosis inhibitor 5 Mm.181824 CX569195
App Amyloid � (A4) precursor protein Rn.2104 CX570008
Asah2 N-acylsphingosine amidohydrolase 2 Rn.22738 CX570687, 

CX570892
Atm Ataxia telangiectasia mutated homolog (human) Rn.98962 CX570256
Bmi1 B lymphoma Mo-MLV insertion region 1 (mouse) Mm.289584 CX570285, 

CX570142
Camk2g Calcium/calmodulin-dependent protein kinase (CaM kinase) II � Rn.10961 CX570371
Catnb Catenin �, associated with cell proliferation in vestibular epithelia Rn.112601 CX570119
Ccnc Cyclin C, involved in cell cycle reentry Rn.106758 CX569348
Ccng1 Cyclin G1 Rn.5834 CX569833
Ccni Cyclin I Mm.250419 CX570514
Cdc37 Cell division cycle 37 homolog (Saccharomyces cerevisiae)-like Rn.17982 CX570717
Cdc42 Cell division cycle 42 homolog (Saccharomyces cerevisiae), Cdc42 GTPase-activating 

protein
Rn.60067 CX570916

Cdk5 Cyclin-dependent kinase 5 (Cdk5) Rn.10749 CX569253
Cetn2 Centrin 2, calcium-binding protein, duplication and segregation of the centrosome Rn.9472 CX570323
Cfl 2 Cofi lin 2, muscle Mm.276826 CX570425, 

CX570573
CGI-121 CGI-121 protein, PRPK (p53-related protein kinase)-binding protein Hs.157401 CX570314
Chrdl1 Chordin-like 1 Mm.157697 CX569787
CKLFSF5 Chemokine-like factor superfamily 5 (LOC290214) Hs.99272 CX569344
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Cks1 CDC28 protein kinase 1 Mm.3049 CX570033
Col1a2 Procollagen, type I, �2 Rn.107239 CX569233
Col27a1 Procollagen, type XXVII, �1 Rn.53800 CX569339
Col5a2 Procollagen, type V, � Rn.2875 CX570287
Col6a3 Procollagen, type VI, � Mm.7562 CX571091
Col8a1 Procollagen, type VIII, �1 Mm.130388 CX570262
Cops2 COP9 (constitutive photomorphogenic) homolog, subunit 2 (Arabidopsis thaliana) Rn.11556 CX571022
CORO2B Coronin, actin-binding protein, 2B Hs.24907 CX570038
Crk Crk sarcoma virus CT10 oncogene homolog (avian) Rn.96136 CX569340
Cxadr Coxsackievirus and adenovirus receptor Rn.92354 CX569477
Cxcl12 Chemokine (C-X-C motif) ligand 12 Rn.54439 CX570639
Cycs Cytochrome c, somatic Rn.2202 CX569492
Dcn Decorin, small leucine-rich proteoglycan, binds to collagen Rn.106103 CX569188
DIP13B Dip3 � Hs.506603 CX570163
Dst Dystonin Mm.336625 CX569627
E2f6 E2F transcription factor 6 Rn.79506 CX571006
Elmo3 Engulfment and cell motility 3, ced-12 homolog (Caenorhabditis elegans) Hs.7953 CX569114
Emp3 Epithelial membrane protein 3 Rn.6782 CX571058
Facl6 Fatty acid coenzyme A ligase, long chain 6 Rn.33697 CX569632, 

CX570126
Fgf10 Fibroblast growth factor 10 Rn.44439 CX569707
Fgf12 Fibroblast growth factor 12 Rn.45965 CX569312, 

CX569884, 
CX570064, 
CX570483, 
CX570498

FRK Src-related tyrosine kinase Rn.10556 CX569559
Gas1 Growth-arrest-specifi c 1 Mm.22701 CX569715
Gas2 Growth-arrest-specifi c 2 Rn.124724 CX569331
Gdap1 Ganglioside-induced differentiation-associated protein 1 Rn.10426 CX570490, 

CX570961
Gsk3b Glycogen synthase kinase 3� Rn.10426 CX569788
Has3 Hyaluronan synthase 3 Rn.91135 CX569718
HGF Hepatocyte growth factor (hepapoietin A; scatter factor) Rn.10468 CX569659
Hprt Hypoxanthine guanine phosphoribosyl transferase Rn.47 CX569790
HRPAP20 Hormone-regulated proliferation-associated 20-kDa protein Rn.106694 CX569836
Igf2 Insulin-like growth factor 2 Rn.964 CX570027
Igfbp3 Insulin-like-growth-factor-binding protein 3 Rn.26369 CX570134
Igfbp6 Insulin-like-growth-factor-binding protein 6 Rn.6431 CX570622
Igsf4a Immunoglobulin superfamily, member 4A Mm.234832 CX569946, 

CX570882
Il15 Interleukin 15 Rn.2490 CX570692
Inexa Internexin �, neuronal intermediate fi lament (NIF) protein, in CNS can be involved 

with NIF inclusion diseases (NIFID)
Rn.88941 CX569775

Lamc1 Laminin, �1 Rn.7145 CX570004, 
CX571039

Lats2 Large tumor suppressor Mm.347899 CX570275, 
CX570295

Lfg Lifeguard, neural membrane protein 35 (NMP35), plays role in Fas-mediated cell 
death, colocalizes with GluR2 (postsynaptic membrane)

Rn.21679 CX570940

Mab21l1 Mab-21-like 1 (Caenorhabditis elegans) Mm.252244 CX569364
Madd MAP-kinase-activating death domain Rn.90117 CX570750
Mapk4 Mitogen-activated protein kinase 4 Rn.92317 CX570433
MAPK8IP3 Mitogen-activated protein kinase 8 Hs.207763 CX569515

Table 2 (continued)
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Mina Myc-induced nuclear antigen Rn.77753 CX570081, 
CX570322

Mmp23 Matrix metalloproteinase 23 Rn.22562 CX570316
Mobp Myelin-associated oligodendrocytic basic protein Rn.91185 CX570716
Mrt1 PDZ protein Mrt1 Rn.7581 CX570962
Mylip Myosin-regulatory light-chain-interacting protein Mm.212855 CX569366, 

CX570883
MYR8 Myosin heavy-chain Myr 8 Hs.368522 CX569610
Nbn Nibrin, heterozygous Nbn-knockout mice develop tumors, animal model of Nijmegen 

breakage syndrome (NBS1 mutation)
Rn.25214 CX570587

Negr1 Neuronal growth regulator 1 Rn.42884 CX569591
Neurodap1 Protein carrying the RING-H2 sequence motif Rn.18446 CX570491
Nf1 Neurofi bromatosis 1, Ras GTPase-activating protein (Ras-GAP) neurofi bromin Rn.10686 CX571140
Nfi a Nuclear factor I/A Rn.10550 CX569764
NIPA2 Nonimprinted in Prader-Willi/Angelman syndrome 2, putative polypeptide with 

9 transmembrane domains, suggesting receptor or transport function
Hs.370367 CX569221

Pcdha13 Protocadherin �13 Rn.22308 CX569332
Pin1 Protein (peptidyl-prolyl cis/trans isomerase) NIMA-interacting 1 Mm.296604 CX571119
Pkd1 Polycystic kidney disease 1 homolog Rn.64559 CX569928
Pkd2 Polycystin 2 (nonselective cation channel), polycystic kidney disease 2 Mm.6442 CX571081
Plp Proteolipid protein, modulates viability and phenotype of neurons Rn.4550 CX569916, 

CX570186, 
CX570335, 
CX570377, 
CX570575, 
CX570681, 
CX570850

POLA2 DNA polymerase �-subunit II Rn.31773 CX569342
Pold3 Polymerase (DNA-directed), �3, accessory subunit Mm.37562 CX570399, 

CX570453
Pou4f2 POU domain, class 4, transcription factor 2 Rn.92413 CX570611
Ppp1cb Protein phosphatase 1, catalytic subunit, �-isoforms Rn.39034 CX569837
Ppp2ca Protein phosphatase 2a, catalytic subunit, �-isoforms Rn.1271 CX569267, 

CX569924, 
CX570152

Ppp6c Protein phosphatase 6, catalytic subunit Rn.9573 CX570150
Prkar1a Protein kinase, cAMP-dependent regulatory, type I, � Rn.10990 CX570249
Prkar2b Protein kinase, cAMP-dependent regulatory, type II, � Rn.4075 CX569141
Prkrir Protein kinase, interferon-inducible double-stranded RNA-dependent inhibitor, 

 repressor of (P58 repressor)
Mm.4428 CX569327

Ptn Pleiotrophin, highly expressed in neural stem (progenitor) cells of mouse ventral 
 mesencephalon and promotes production of dopaminergic neurons

Rn.1653 CX569602

Ptpn16 Protein tyrosine phosphatase, nonreceptor type 16 Rn.98260 CX569577
Ptprz1 Protein tyrosine phosphatase, receptor type, Z polypeptide 1 Rn.10088 CX569387
Qk Quaking, required for formation of myelin Mm.311104 CX570642
Raf1 Murine leukemia viral (v-raf-1) oncogene homolog 1 (3611-MSV) Rn.33262 CX570533
Ran RAN, member RAS oncogene family Rn.107698 CX571034
Rb1 Retinoblastoma 1 Rn.55115 CX570185
Rbl2 Retinoblastoma-like 2 Rn.11020 CX569140
Rsn Restin, traffi cking micropinosomes to cytoskeleton Rn.22069 CX570815
SASH1 SAM- and SH3-domain-containing 1 Hs.193133 CX569194
SCAP2 Src-family-associated phosphoprotein 2 Rn.17562 CX570193
Sema3d Sema domain, immunoglobulin domain (Ig), short basic domain, secreted 

(semaphorin), 3D
Mm.89313 CX571016

Sesn3 Sestrin 3, gene-family-related to p53-activated gene 26 Mm.325126 CX570660

Table 2 (continued)
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Set SET translocation Rn.105791 CX570066
Sgpp1 Sphingosine-1-phosphate phosphatase 1 Rn.8423 CX569110, 

CX570138
Shb Src-homology-2-domain-containing transforming protein B Mm.251716 CX569708
Sirt1 Sirtuin 1 (silent mating type information regulation 2, homolog 1) 

(Saccharomyces cerevisiae)
Rn.42098 CX570156, 

CX571017
Skil SKI-like, ski is a unique proto-oncoprotein Mm.15406 CX570047, 

CX570409
Slipr Scaffolding protein SLIPR Rn.22579 CX570652
SMC1L1 SMC1 (structural maintenance of chromosomes 1)-like 1 (yeast) Rn.11763 CX570710
Snn Stannin, mediates selective toxicity of organotins Rn.6147 CX569153
Spin Spindlin, interacts with spindle apparatus Mm.188432 CX569523
Spnb1 Spectrin �1 Mm.32881 CX570971
TAFA2 TAFA proteins are distantly related to MIP-1�, a member of the CC chemokine 

 family
Hs.269745 CX570686

Tcf7 Transcription factor 7, T-cell specifi c Mm.31630 CX569558
Thbs2 Thrombospondin 2 Mm.26688 CX570309
Tial1 Tial1 cytotoxic granule-associated RNA-binding-protein-like Rn.7555 CX570516
Tiam1 T-cell lymphoma invasion and metastasis 1 Mm.124100 CX570615
Tm4sf9 Transmembrane 4 superfamily member 9 Rn.98240 CX569145
Tnfrsf11b Tumor necrosis factor receptor superfamily, member 11b (osteoprotegerin) Rn.9792 CX569855, 

CX570658
Traf3 Tnf-receptor-associated factor Mm.27431 CX569503
TRIP12 Thyroid hormone receptor interactor 12 Hs.368985 CX569208
Ugt8 UDP-glucuronosyltransferase 8 Rn.9744 CX570079
Vegfa Vascular endothelial growth factor A Mm.282184 CX569472
VG5Q Angiogenic factor VG5Q Hs.213393 CX570960
Xpr1 Xenotropic and polytropic retrovirus receptor 1 Mm.266215 CX569667
Zfp330 Zinc fi nger protein 330 Mm.269248 CX570421
Zic2 Zic family member 2 (odd-paired homolog, Drosophila) Mm.358647 CX569471

Genes with GO terms which can be categorized into the subheadings included are found in this table. The entire expression database 
for the Wackym-Soares normalized rat vestibular periphery cDNA library can be found in the Hearing and Balance Research Database 
(URL: http://www.genexpression.info).

Table 2 (continued)
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1300018P11Rik RIKEN cDNA 1300018P11 gene Mm.32889 2
1810011E08Rik RIKEN cDNA 1810011E08 gene Mm.86437 4
2310012M18Rik RIKEN cDNA 2310012M18 gene Mm.41438 2
3930401E15Rik RIKEN cDNA 3930401E15 gene Mm.296043 2
4732418C07Rik RIKEN cDNA 4732418C07 gene Mm.283565 3
Acbd5 Acyl-coenzyme-A-binding-domain-containing 5 Mm.181973 2
Acp1 Acid phosphatase 1, soluble Rn.4226 2
Actb Actin, � Rn.94978 2
Actr2 Actr2: ARP2 actin-related protein 2 homolog (yeast) Mm.259045 3
Add3 Adducin 3 (�) Mm.44106 3
AFURS1 ATPase family homolog upregulated in senescence cells Hs.371148 2
Ak3l Adenylate-kinase-3� -like Mm.196067 2
Aldoa Aldolase A Rn.1774 2
Alg2 Asparagine-linked glycosylation 2 homolog (yeast, �-1,3-mannosyltransferase) Mm.22218 2
Ank2 Ankyrin 2, brain, implicated in development of long QT syndrome (Jervell and  

Lange-Nielson syndrome)
Mm.220242 3

Anxa7 Annexin A7, Ca2+-binding protein, Ca2+-signaling process Rn.106184 2
Araf1 v-raf murine sarcoma 3611 viral oncogene homolog 1 Rn.1714 2
Arhgap5 �-GTPase-activating protein 5 Mm.35059 2
Arhgef12 �-Guanine nucleotide exchange factor (GEF) 12 Mm.275266, (Hs.24598) 2
Arl10c Arl10c: ADP-ribosylation-factor-like 10C Mm.271178 2
Asah2 N-acylsphingosine amidohydrolase 2 Mm.104900 2
Asf1a ASF1 antisilencing function 1 homolog A (Saccharomyces cerevisiae) Mm.272989 3
Asph Aspartate-�-hydroxylase Mm.239247 2
Atp2a2 ATPase, Ca2+-transporting, cardiac muscle, slow twitch 2 Rn.2305 2
BC002236 cDNA sequence BC002236 Mm.281245 2
Bet1 Blocked early in transport 1 homolog (Saccharomyces cerevisiae) Rn.3953 2
Bmi1 B lymphoma Mo-MLV insertion region 1 Mm.289584 2
Bpnt1 3(2),5-bisphosphate nucleotidase Rn.8453 2
Bteb1 Basic transcription-element-binding protein 1 Mm.291595 2
C80913 C80913: expressed sequence C80913; human homolog PREFOLDIN Mm.23997 2
Cab39 Calcium-binding protein 39 Mm.26135 3
Cbx3 Chromobox homolog 3 (Drosophila HP1 �) Mm.344182 2
Ccni Cyclin I Mm.250419 2
Cd24 CD24 antigen Rn.6007 2
Cd81 CD81 antigen Rn.1975 2
Cfh Complement component factor h Rn.101777 2
Cfl 2 Cofi lin 2, muscle Mm.276826 2
CHN1 chimerin (chimaerin) 1 Rn.11166 3
Chpt1 Choline phosphotransferase 1 Mm.288897 2
Clcn2 Chloride channel 2 Rn.11073 3
Cltb Clathrin, light polypeptide (Lcb) Rn.3440 2
Cox7a2 Cytochrome c oxidase, subunit VIIa 2 Mm.3819 5
Cpsf6 Cleavage and polyadenylation-specifi c factor 6 Mm.288682 2
Crhr1 Corticotropin-releasing hormone receptor 1 Rn.10499 2
Cript Postsynaptic protein Cript Rn.30508 2
Cugbp2 CUG triplet repeat, RNA-binding protein 2 Mm.147091 2
Ddx3x DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 3, X-linked Mm.289662 2
Dlat Dihydrolipoamide acetyltransferase Rn.15413 3
DUSP21 Dual specifi city phosphatase 21 Hs.201790 2
Ecac1 Epithelial calcium channel 1 Rn.12948 2
Edg1 Endothelial differentiation sphingolipid G-protein-coupled receptor 1 Mm.982 2
Eea1 Early endosome antigen Mm.210035 2
Eif5a2 Eukaryotic translation initiation factor 5A2 Mm.193670 2
Elavl1 ELAV (embryonic lethal, abnormal vision, Drosophila)-like 1 (human antigen R) Mm.119162 2
Esp Osteotesticular phosphatase – ESP Rn.10048 2
Facl6 Fatty acid coenzyme A ligase, long chain 6 Rn.33697 2
Fgf12 Fibroblast growth factor 12 Mm.7996 5
G6pdx Glucose-6-phosphate dehydrogenase Rn.11040 2
Gab1 Growth-factor-receptor-bound-protein-2-associated protein 1 Mm.277409 2
Galnt1 UDP-N-acetyl-�-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase 1 Mm.30249 2
Gbe1 Glucan (1,4-�-), branching enzyme 1 Mm.29201 2

Table 3. Description and number of unique clones belonging to the same Unigene cluster
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Gls Glutaminase Rn.5762 3
Got1 Glutamate oxaloacetate transaminase 1 Rn.5819 2
Gpi Glucose phosphate isomerase Rn.84435 2
Heph Hephaestin Rn.43849 2
Hfe Hemochromatosis Rn.42931 2
Igsf4a Immunoglobulin superfamily, member 4A Mm.307293 2
Kidins220 Kinase-D-interacting substance of 220 kDa Rn.16792 2
KLHL7 Kelch-like 7 Mm.273768 2
Lamc1 Laminin, �1 Mm.1249 2
Lamp2 Lysosomal membrane glycoprotein 2 Rn.1722 2
Lap1c Plysia ras-related homolog A2 Rn.107401 2
Lats2 Large tumor suppressor 2 Mm.347899 2
Lpin1 Lipin 1 Mm.153625 2
MAF2 A230103N10Rik RIKEN cDNA; human homolog - MAF2 Mm.247113 3
Mina Myc-induced nuclear antigen Mm.7760 2
Mtap4 Microtubule-associated protein 4 Mm.217318 2
Mylip Myosin-regulatory light-chain-interacting protein Mm.212855 2
Mynn Myoneurin Mm.200378 2
Nap1l2 Nucleosome assembly protein-1-like 2 Mm.347470 2
Nedd4a Neural-precursor-cell-expressed, developmentally downregulated gene 4A Rn.99540 2
Npr3 Natriuretic peptide receptor 3 Mm.57219 2
NUCKS 8430423A01Rik: RIKEN cDNA 8430423A01 gene Mm.246869 2
Orp150 Oxygen-regulated protein (150 kDa) Rn.10542 3
Paip2 Polyadenylate-binding-protein-interacting protein 2 Mm.126534 2
Pdk4 Pyruvate dehydrogenase kinase, isoenzyme 4 Mm.235547 2
Pecr Peroxisomal 2-enoyl-CoA reductase Rn.19267 2
Peli2 Pellino 2 Mm.296457 2
Plp Proteolipid protein, modulates viability and phenotype of neurons Rn.4550 8
Pold3 Polymerase (DNA-directed), �3, accessory subunit Mm.37562 2
Ppp2ca Ppp2ca, protein phosphatase 2a, catalytic subunit, �-isoforms Rn.1271 3
Ppp2r5c Protein phosphatase 2, regulatory subunit B (B56), �-isoforms Mm.240396 2
PREI3 RGD:620183, preimplantation protein 3 Rn.12262 2
Ptb Polypyrimidine-tract-binding protein Rn.64440 2
Ptprc Protein tyrosine phosphatase, receptor type, C Mm.143846 2
Ptprd Protein tyrosine phosphatase, receptor type, D Mm.184021 2
RAP-1A Ras-related protein RAP-1A Rn.106321 2
Rnase4 Ribonuclease, RNase A family 4 Rn.1742 2
Rnf13 Ring fi nger protein 13 Mm.274360 2
Rnf4 Ring fi nger protein 4 Mm.21281 2
Rngtt RNA guanylyltransferase and 5’-phosphatase Mm.26153 2
Rnp24 Coated vesicle membrane protein Rn.1022 2
Sdcbp Syntenin, anchors AMPA receptor to cell membrane Rn.4309 2
Sept2 Septin 2 Mm.242324 2
Sfrs10 Splicing factor, arginine/serine-rich (transformer 2 Drosophila homolog) 10 Rn.8538 2
Sfrs5 Splicing factor, arginine/serine-rich 5 Rn.54448 2
Sgpp1 Sphingosine-1-phosphate phosphatase 1 Mm.280199 2
Sirt1 Sirtuin 1 (silent mating type information regulation 2, homolog) 1 

(Saccharomyces cerevisiae)
Rn.42098 2

Six1 Sine-oculis-related homeobox 1 homolog Mm.4645 2
Skil SKI-like, ski is a unique proto-oncoprotein Mm.15406 2
Slc22a6 Solute carrier family 22, member 6 Rn.87849 2
SLCO3A1 Solute carrier organic anion transporter family, member 3A1 Hs.113657 2
SNN Stannin Rn.6147 2
Snx9 Sorting nexin 9 Mm.89515 2
Spin Spindlin Mm.188432 2
Ssr3 Ssr3: TRAP-complex �-subunit Rn.3264 5
STRAP Similar to UNR-interacting protein [serine-threonine-kinase-receptor-associated 

protein (STRAP)] (LOC297699), mRNA
Hs.504895 2
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Tnfrsf11b Tumor necrosis factor receptor superfamily, member 11b (osteoprotegerin) Mm.15383 2
Trappc2 Traffi cking protein particle complex 2 Mm.279752 2
Trpc3 Transient receptor protein 3 Rn.45385 2
Txndc1 Thioredoxin-domain-containing 1 Mm.204670 2
Usp32 Ubiquitin-specifi c protease 32 Mm.178524 4
Vapa Lamina-associated polypeptide 1C Rn.11373 2
Vcl Vinculin Mm.279361 2
Vps35 Vacuolar protein sorting 35 Rn.8419 3
Xpr1 Xenotropic and polytropic retrovirus receptor 1 Mm.266215 2
Ywhae Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, 

�-polypeptide
Rn.4225 2

Zdhhc2 Zinc fi nger, DHHC-domain-containing 2 Mm.34326 2
Zfp36l1 Zinc fi nger protein 36, C3H-type-like 1 Rn.6142 2
ZFR Zinc fi nger RNA-binding protein Mm.273496 2

1 Number of clones that were assigned a unique Genbank accession number that corresponded to a single Unigene cluster.
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