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Letter

Transcript Profiling of Functionally Related Groups
of Genes During Conditional Differentiation
of a Mammalian Cochlear Hair Cell Line

Marcelo N. Rivolta,’-*> Antony Halsall,' Claire M. Johnson,? Michael A. Tones,?

and Matthew C. Holley'

!Institute of Molecular Physiology, Department of Biomedical Sciences, University of Sheffield, Sheffield S10 2TN, United
Kingdom; #Pfizer Global Research and Development, Sandwich, Kent CT13 9NJ, United Kingdom

We have used Affymetrix high-density gene arrays to generate a temporal profile of gene expression during
differentiation of UB/OC-, a conditionally immortal cell line derived from the mouse cochlea. Gene expression
was assessed daily for 14 days under differentiating conditions. The experiment was replicated in two separate
populations of cells. Profiles for selected genes were correlated with those obtained by RT-PCR, TagMan
analysis, immunoblotting, and immunofluorescence. The results suggest that UB/OC- is derived from a
population of nonsensory epithelial cells in the greater epithelial ridge that have the potential to differentiate
into a hair-cell-like phenotype, without the intervention of Mathl. Elements of the Notch signaling cascade were
identified, including the receptor Notch3, with a transient up-regulation that suggests a role in hair cell
differentiation. Several genes showed a profile similar to Notch3, including the transcriptional co-repressor
Grouchol. UB/OC- also expressed Mel, a putative partner of Mathl that may confer competence to differentiate
into hair cells. Cluster analysis revealed expression profiles for neural guidance genes associated with Gata3. The
temporal dimension of this analysis provides a powerful tool to study genetic mechanisms that underlie the
conversion of nonsensory epithelial cells into hair cells.

[The entire data set published in this paper has been deposited in the National Center for Biotechnology
Information (NCBI) Gene Expression Omnibus Database (http://www.ncbi.nlm.nih.gov/geo/) under the series
accession no. GSE36 and sample numbers contained therein. Supplementary material is available online at

http:/ /www.genome.org. The following individuals

kindly provided reagents, samples or unpublished

information as indicated in the paper: T. Hasson, C. Petit, and P. Matsudaira]

We sought to discover gene expression patterns associated
with the early differentiation of mammalian auditory hair
cells. We used a conditionally immortal cell line (UB/OC-1)
selected from the cochlea of the Immortmouse at embryonic
day 13 (E13), to represent the time at which hair cell progeni-
tors cease proliferation and start to differentiate (Rivolta et al.
1998), and Affymetrix oligonucleotide arrays to assess gene
expression in the cells during differentiation in vitro. The cell
line UB/OC-1 was derived from Immortomouse embryos and
can be induced to differentiate in a conditional manner.
These mice have an immortalizing transgene, the tempera-
ture-sensitive variant tsAS8, regulated by a vy-interferon-
inducible promoter. When the cells are cultured at 33°C in
the presence of y-interferon, proliferation is maintained, but
following removal of y-interferon from the culture media and
an increase in temperature to 39°C, proliferation ceases and
the cells start to differentiate (Jat et al. 1991).

Synthetic oligonucleotide arrays and cDNA arrays have
been used to analyze gene expression in a wide range of cells
and tissues (Alon et al. 1999; Mochii et al. 1999; Perou et al.
2000; Ross et al. 2000). Although the technique is relatively
simple (Lockhart et al. 1996; Kozian and Kirschbaum 1999;
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Lipshutz et al. 1999), the experimental design and methods of
data analysis are critical. Clonal cell lines are valuable because
the genetic programs within a cell are highly ordered and this
is reflected in the coordinated expression of functionally re-
lated genes (Niehrs and Pollet 1999; Lockhart and Winzeler
2000). These ‘synexpression’ groups can most easily be ex-
plored by screening the genetic profile of a single cell type
with time following a specific experimental manipulation
(Hovland et al. 2001; Schulze et al. 2001). In a small, experi-
mentally inaccessible organ like the mammalian inner ear,
cell lines present a unique opportunity to investigate complex
cellular processes and are well suited to drug discovery (De-
bouck and Goodfellow 1999).

There are only 6600 auditory hair cells in the mouse
(Echteler et al. 1994). They are born between E12-E14 (Ruben
1967; Kelley et al. 1993) and differentiation proceeds from the
base to the apex of the cochlea with a delay of ~2-3 d (Lim
and Anniko 1985; Zine and Romand 1996; Nishida et al.
1998). Cells mature around postnatal days P12-P14, when the
ear becomes functional (Rubsamen and Lippe 1997; Kros et al
1998). Additional hair cells can be recruited during this period
(Kelley et al. 1993; Zheng and Gao 2000), but there is no
evidence for sensory cell replacement after P14. Progressive
loss of hair cells accounts for the largest proportion of hearing
loss, which affects more than 10% of the human population
(Rubel 1997). One advantage of the experimental approach
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that we have adopted lies in the potential identification of key
factors and signaling pathways that may allow therapeutic
stimulation of hair cell replacement. As a developmental
model, it also allows us to study transient events during dif-
ferentiation of a single cell type.

We have investigated profiles of selected regulatory
genes. These include the zinc finger transcription factor
Gata3, which is expressed in sensory and nonsensory epithe-
lial cells in the developing cochlea at E13 (Rivolta and Holley
1998; Karis et al. 2001; Lawoko-Kerali et al. 2002), the bHLH
transcription factor Math1 (Bermingham et al. 1999; Lanford
et al. 2000), and the associated genes Hes1 (Zheng et al. 2000;
Zine et al. 2001) and Hes5 (Lanford et al. 2000; Zine et al.
2001). Math1 can induce hair cell differentiation in nonsen-
sory embryonic epithelial cells from the greater epithelial
ridge (GER; Zheng and Gao 2000) and its action appears to be
opposed by Hes1 (Zheng et al. 2000). Hair cells and supporting
cells share a common progenitor (Fekete et al. 1998; Lang and
Fekete 2001) and cell specification depends upon a mecha-
nism of lateral inhibition mediated by Notch1 and its ligands,
Jaggedl and Jagged2 (Adam et al. 1998; Haddon et al. 1998;
Lanford et al. 1999). We show that UB/OC-1 probably origi-
nates from the nonsensory epithelial cell population in the
GER and that, when differentiated, closely resembles the hair
cell phenotype. Thus it has considerable potential for study-
ing the genetic processes underlying a potential mechanism
for recruitment of replacement hair cells.

RESULTS

Transition from Proliferation at 33°C

to Differentiation at 39°C

The transition from proliferating to differentiating conditions
is a functional event that should be reflected in the gene ex-
pression profiles, thus presenting an opportunity to test the
validity of the system. Genes associated with proliferation,
including cyclins A, B1, B2, E, and F, were down-regulated at
39°C, whereas those associated with the quiescent state, in-
cluding Gadd45, Chop-10, and Gasl, were up-regulated over
15-fold.

Expression levels for over 200 genes changed by more
than fivefold during the experiment (Supplemental Table 1
available online at www.genome.org). At day 2, expression
levels of 55 genes increased relative to day 0, whereas those
for 36 genes decreased. At day 4, 119 genes increased and 36
decreased, whereas at day 9, 101 genes increased and 62 de-
creased. Twelve and 37 genes increased at day 2 and 4, respec-
tively, and then dropped below the fivefold threshold, show-
ing transient expression early in differentiation.

Several loosely related groups of genes changed dramati-
cally. Those encoding extracellular matrix (ECM) proteins
such as decorin, Col6al, Col3al, matrix Gla protein, and
OSF-2 (similar to fascilin, not to be confused with osf2/cbfa)
increased from day 2, suggesting that the cells recondition
their environment to undergo differentiation by secreting
a different basement membrane. Col8al, Col6a2, laminin
B2 were detected at day 4 and laminin B3 at day 9. Genes
encoding growth factors, including cellular retinol binding
protein 1 (CRBP1), insulin-like growth factor binding protein
2 (IGFBP-2), and a member of the PDGF/VEGF family in-
creased at day 2. At day 4, the cells expressed TGFB3, whereas
at day 9 they also expressed insulin-like growth factor binding
protein S (IGFBP-5). The transcription factor C/EBPS increased
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almost 10-fold at day 2 and remained high during late differ-
entiation. The homeobox gene Prx2 was also up-regulated
early in differentiation, but its level dropped below 5-fold by
day 4, whereas goosecoid, another homeobox gene, peaked at
day 4 with a 6-fold increase.

Characterization of UB/OCH

UB/OC-1 was originally selected because it expressed key
markers for hair cell precursors (Rivolta et al. 1998). These
included the transcription factor Brn3c (also known as
Brn3.1), normally expressed from E14 (Ryan 1997) and es-
sential for hair cell survival (Erkman et al. 1996; Xiang et al.
1997, 1998), the a9 subunit of the acetylcholine receptor
(a9AChR), and the cytoskeletal proteins myosin VI, myosin
Vlla, and fimbrin (Fig. 1A). The expression of these genes
correlated with the developmental stage at which the cells
were derived.

One unexpected finding was the absence of the proneu-
ral gene Math1, which is normally expressed in differentiating
hair cells at E12.5-E13 (Bermingham et al. 1999; Lanford et al.
2000). It was recorded absent throughout the microarray
analysis and in all samples assayed by RT-PCR (Fig. 1B). Con-
trols with RNA minus reverse transcriptase (RT) and a mock
cDNA reaction without RNA were also negative. Furthermore,
the TagMan analysis did not detect any expression above the
background of the minus RT controls (Fig. 1C).

There was no obvious evidence for supporting cell mark-
ers in differentiated UB/OC-1. Immunoblots were negative
for OCP-2, a protein highly expressed by supporting cells in
vivo (Yoho et al. 1997). From the connexin family of mol-
ecules, only connexin 31 was detected at 33°C in the microar-
ray, but it disappeared after 2 d at 39°C. The results for con-
nexins 30, 26, and 43 were negative. o- and B-tfectorins are
specific to the ear and form part of the tectorial membrane
(Legan et al. 1997; Rau et al. 1999). The microarrays were
negative for a-tectorin at all time points. However, B-tectorin
was detectable at 33°C and quickly down-regulated during
differentiation. This ear-specific gene is normally expressed in
the sensory epithelium at E12.5, and at E14.5 it is restricted to
narrow bands that include the border cells along the inner
edge of the inner hair cells, the pillar cells, and the third row
of Deiters’ cells (Rau et al. 1999). It is not expressed in hair
cells.

The profiles obtained for Gata3 and p275? in the micro-
array were broadly similar to those obtained by TagMan
analysis (Fig 1C). These genes are important in inner ear
development and their expression in UB/OC1 correlated
with that described in vivo. Gata3 is normally expressed by
all cells of the sensory epithelium and is down-regulated ini-
tially in differentiating hair cells (Rivolta and Holley 1998;
Karis et al. 2001). In UB/OC-1, expression peaked at days 8-9
at 39°C and then dropped later to about half its peak level.
For p275#!1, there was an initial low level of expression at
33°C and the mRNA increased to peak transiently between
days 4 and 8. In vivo, p275** normally appears around E14 in
hair cells and supporting cells, but it is down-regulated in hair
cells at ~E16 (Chen and Segil 1999; Lowenheim et al. 1999).
Thus the expression profile in the cell line resembled that in
vivo, albeit on a slower timescale. This fact, already observed
for other genes in this cell line, could prove useful in identi-
fying and dissecting signaling cascade components that
would normally have a very short and transient expression in
vivo.
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Figure 1 (A) Western blot of protein samples extracted at 33°C and after 14 d at 39°C. (B) RT-PCR
for mathl. Lanes are 1, 33°C; 2, 2d at 39°C; 3, 4 d at 39°C; 4, 14 d at 39°C; and 5, genomic DNA.
(Q) Plots comparing the expression profiles for math1, gata3, and p27“P" obtained by TagMan
analysis (filled squares) and GeneChip microarray (open circles). Math1 plot includes only the
TaqMan results because the array values were called absent and are below the normalized thresh-
old. Scales for TagMan are on the left axis (AA Ct), whereas those for relative gene chip expression
are plotted on the right axis. Standard error bars are shown for the TagMan assays. The absolute
levels of math1 detected by TagMan were extremely low. Compare the differences in scale for
math1 and gata3. Each unit represents a difference of a power of 2, so at time point 0, gata3
expression is ~2'* greater than math1. Moreover, the values obtained for math1 were not different

from those of the minus reverse transcriptase controls.

Global Cluster Analysis

Global analysis of gene expression can reveal genes with clus-
tered expression profiles that are likely to be functionally re-
lated. To establish such groups we employed self-organizing
maps (SOMs). SOMs allow easy visualization of changing pro-
files through time and they place genes with similar profiles
in adjacent groups. This produces a matrix with progressive,
gradual transitions through the rows and columns. The 1675
genes that displayed a >2.5-fold change at any time point
were clustered into a 6 X 6 lattice (Fig. 2; Supplemental
Tables 2-37 available online).

The Cluster Containing Transcription Factor Gata3

In our SOM analysis, Gata3 located to cluster 1,4 in a group of
130 genes (Supplemental Table 5 available online). Poten-
tially related patterns of gene expression from this set include
those of Semaphorins A, E, and F; MEP (a member of the Eph
family of receptors that lacks protein tyrosine kinase activity);
the cellular retinol binding protein I (CRBPI); the putative
regulator of transcription AES1; the homeobox gene Pbx1;
and several ESTs similar to zinc finger genes.
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Expression Profiles of Elements
of the Notch Signaling System
in UB/OCI

The notch signaling system plays an
important role in the determination of
cell fates in the inner ear (Adam et al.
1998; Haddon et al. 1998; Lanford et
al. 1999) and four members of the
notch receptor family, Notch1-4, have
been described in the mouse (Wein-
master 1997). UB/OC-1 did not ex-
press Notch2 or Notch4 at any time
point. Notch1 was present throughout
the experiment, although at low levels
under proliferative conditions, and it
reached a peak after 3—4 d at 39°C (Fig.
3A). Notch3 was not expressed at 33°C
but was detectable after 2 d at 39°C
and reached a clear peak at days 3-4
(Fig. 3A). The expression of the notch
genes on the arrays correlated well
with results from immunoblotting.
Notch3 expression was only detected
from day 2 onward, whereas Notchl
was detectable at 33°C at low levels,
increasing its expression at days 2-3
(Fig. 3B). The expression of Notchl
protein is reduced during late differen-
tiation, being barely detectable after
14 d (not shown). This is in agreement
with the expression profile described
for differentiating hair cells in vivo
(Zine et al. 2000).

Hes genes are downstream effec-
tors of the notch cascade. Hesl was
present at 33°C, increased sharply
soon after the temperature switch, and
then dropped at days 3-4 to lower lev-
els, at which it remained constant un-
til day 9 (Fig. 3A). Its expression was
undetectable by day 14. In contrast,
Hes3 steadily increased during differ-
entiation and reached its peak at day 11 (Fig. 3A). Hes5 was
not detected.

Of the notch ligands, DII1 was not detected. Jagged2 ex-
pression peaked at day 11 (Fig. 3A) and on Western blots it
was detected from day 2 (Fig. 3B). Jagged1 probe sets were not
included in the MU11K microarray, so we explored its expres-
sion profile by Western blot. The anti-jagl antibody identified
a band of ~190 Kilodalton (Kd) at 33°C that was up-regulated
immediately after the temperature shift. A second band of
~130 Kd was also detected. This smaller band was more obvi-
ous at 33°C but was progressively down-regulated and virtu-
ally undetectable after 6 d at 39°C (Fig. 3B). Proteolytic pro-
cessing of the full-length ligand may have produced the 130-
Kd band. The fact that the extracts were prepared in the
presence of several protease inhibitors and that this band was
systematically down-regulated with differentiation, suggests
that the result reflected a real process within the cells rather
than degradation during sample preparation.
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Immunolocalization of Notch3
The pattern of distribution of Notch3 was investigated by im-
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Figure 2 A 6 X 6 matrix displaying the clustered profiles of genes
changing over 2.5-fold at any given point. Cluster number is enclosed
by parentheses; total number of genes per cluster are outside paren-
theses. The Y-axis represents normalized relative expression, the X-
axis shows both time courses (time course 1 following differentiation
over a 14 d period containing 12 data points and time course 2
following differentiation over a 9 d period containing 4 data points).
The average profile for each cluster is shown. Genes included in each
cluster are listed in Supplemental Tables 2-37 available online.

munolabeling on the cells and also on sections of the devel-
oping inner ear. In situ hybridization shows that it is ex-
pressed at E11.5 and E13.5 but is no longer detectable at E15.5
(Lardelli et al. 1994; Lindsell et al. 1996; Lewis et al. 1998). In
our study, Notch3 was visualized in the epithelium of the
inner ear at E14.5 (Fig. 3C). The receptor did not segregate to
any particular region or cell type, being homogeneously ex-
pressed by the entire epithelial lining, but it was absent from
the underlying mesenchyme. At E16.5, its expression was no
longer detectable. In UB/OC-1 Notch3 was localized to the
cell nuclei after 3 d at 39°C (Fig. 3D). This subcellular distri-
bution suggests that at this time point it was activated, trans-
located to the nucleus, and engaged in signaling.

Genes Associated with Notch3

On the 6 X 6 SOM analysis, Notch3 clustered to the 1,2 group
(Fig. 2). This cluster contained a total of 79 genes (Supplemen-
tal Table 3 available online.), including 32 ESTs with no sig-
nificant homology in the database. The annotated genes in-
cluded the transcription factors goosecoid, AREC3/six4, and
Sox4, the cyclin-dependent kinase inhibitor p15ink4b and the
vesicle trafficking gene Munc-18.

Other bHLH Genes

The list of genes expressed by UB/OC-1 was further explored
for genes encoding a bHLH protein. Mel (also known as fcf12-
htf4-heb) was expressed at steady levels from day O and Stral3,
a bHLH-gene inducible by retinoic acid, peaked late during
differentiation at days 9-11.

DISCUSSION

One of the main applications of global analysis of gene ex-
pression using microarrays is to establish hypotheses that can
then be tested experimentally. The data presented here have
enabled us to characterize further the origin of the cell line
UB/OC-1 and then to explore its properties in the context of
normal development. Cloned cell lines of known origin allow
us not only to identify genes not previously implicated in ear
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development, but also to propose potential synexpression
groups with or without reference to known genes.

Identity and Origin of UB/OC-

The results strongly suggest that UB/OC-1 was derived from
epithelial cells within the GER that have the potential to dif-
ferentiate into hair cells. Under differentiating conditions,
they adopt a hair-cell-like phenotype. None of the supporting
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Figure 3 Notch signaling cascade in UB/OC-1. (A) Relative gene
chip expression for Notchl, Notch3, Jagged2, hesl, and hes3. (B)
Western blot for notch and jagged proteins on protein samples taken
at daily intervals. (C) Cross-section of an E14.5 cochlear duct, showing
immunolabeling for Notch3. (D) UB/OC1 at 39°C for 3 d, showing
nuclear location of Notch3. Bars are 50 um.
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cell markers explored is expressed and the cells appear to com-
mit uniformly to the same phenotype, as shown by the ho-
mogenous expression of brn3c (Rivolta et al. 1998; and this
manuscript).

In earlier experiments designed to identify and target
proliferating precursors, whole organs of Corti from E13 Im-
mortomice were cultured at 33°C with 100 U/mL y-interferon
to activate the immortalizing T-antigen. However, in the de-
veloping sensory epithelium the cell nuclei remained unla-
beled by both BrdU and an antibody against the T-antigen.
Furthermore, cuticular plates and hair bundles differentiated
more or less normally (N. Grix, M. Rivolta and M. Holley,
unpubl. results). In the adjacent nonsensory regions, includ-
ing the GER and the lesser epithelial ridge (LER), the cell nu-
clei did express the T-antigen and labeled positively for BrdU.
A possible interpretation is that the T-antigen is unable to
override the controls imposed by intercellular interactions in
at least some regions of the intact epithelia. Consequently,
cell lines were derived from dissociated cultures and the exact
origin of UB/OC-1 is thus unknown. However, the genetic
profile suggests that UB/OC-1 originates from the GER. UB/
OC-1 expresses Gata3 and cytokeratins, which are also ex-
pressed by sensory and nonsensory epithelial cells in the co-
chlear duct at the age of derivation (Rivolta and Holley 1998;
Rivolta et al. 1998; Karis et al. 2001). It also expresses Hes1 and
B-tectorin at 33°C. Hes1 is present mainly in the GER and the
LER (Zheng et al. 2000; Zine et al. 2001), whereas B-tectorin
appears only in the GER and the pillar cells during develop-
ment (Rau et al. 1999). On the other hand, Hes5, which is
normally expressed in the LER (Zheng et al. 2000; Zine et al.
2001), is not expressed by UB/OC-1 at any time point. Finally,
Math1 is expressed in the prosensory cell population but not
in the GER.

Certain Hair Cell Characteristics Are Independent

of Mathl Expression

Our conclusion about the origin of UB/OC-1 is strengthened
by the discovery that cells in the GER can become hair cells
when transfected with Mathl (Zheng and Gao 2000). How-
ever, UB/OC-1 appears to achieve the expression of numerous
hair cell markers without expressing Mathl. Math1-null mice
fail to generate hair cells (Bermingham et al 1999), implying
that this gene is essential for hair cell production, but in chi-
meric mice where Mathl~/~ embryonic stem cells were intro-
duced into wild type blastocysts, Mathl /= hair cells have
been observed (Du et al. 2000). It thus is conceivable that the
pro-hair-cell function assigned to Math1 is redundant and
that other bHLH genes could compensate in its absence.
Math1 may require an inductive signal that is missing in our
in vitro system. In UB/OC-1 it is clear that Math-1 is not
directly linked to the up-regulation of myo7a, brn3c, or the
a9 AChR. However, Math1 could act by blocking the effect of
negative regulators such as Hes5, which could directly repress
the expression of hair cell genes in supporting cells.

The competence of cells in the GER to form hair cells
must be intrinsic because the transfection of other cell types
in the same preparations (such as non-neuronal ganglia cells
and connective tissue) does not lead to the generation of new
hair cells (Zheng and Gao 2000). It is known that Math1 re-
quires a partner protein, namely members of the class A of
HLH proteins (Akazawa et al 1995). The competence of the
GER can then be interpreted as the ability of these cells to
express such cofactors. With this aim we searched the expres-

sion profiles in the microarray for class A bHLH proteins that
were present at any given point. We identified Me1, a putative
partner of math1 that colocalizes with it during development
of the granular cells of the cerebellum (Uittebogaard and Chi-
aramello 1999) and that is highly expressed in brain regions
that display neuronal plasticity (Chiaramello et al. 1995). In
UB/OC-1, Mel is expressed at steady levels throughout differ-
entiation.

Notch3 Could Mediate an Instructive Signal for Hair
Cell Differentiation

The expression of Notch3 could resolve an outstanding issue
regarding the current model for notch signaling in the ear. In
this model, Notch1 activation, mediated by Jagged2, inhibits
the hair cell fate (Lanford et al. 1999; Zhang et al. 2000). The
in vivo expression pattern of the notch ligand Jagged1 is not
consistent with a simple model for lateral inhibition. Early in
development, Jaggedl is expressed in the sensory patches
(Morrison et al. 1999; Zine et al. 2000), whereas later its ex-
pression is segregated to the supporting cells, where it colo-
calizes with Notch1. The mouse mutants Htu and slalom, pro-
duced by missense mutations in Jagged1, show a reduction in
the numbers of outer hair cells (Kiernan et al. 2001; Tsai et al.
2001), as opposed to the increases seen in loss-of-function
studies for Jagged2, Notch1, and Hes1. Thus, Jagged1 appears
to be signaling in the opposite direction to Jagged2. It has
been proposed from gene reporter studies that Notch3 acts by
interfering with Notch1 signaling, possibly by blocking
Notchl-mediated HesI transcription (Beatus et al. 1999,
2001). In UB/OC-1, the level of Hes1 mRNA drops when
Notch3 increases. It has been shown that activated Notch3 can
induce astroglial differentiation (Tanigaki et al. 2001). Thus it
is possible that Notch3 may act as an antagonist of Notchl,
mediating an instructive rather than inhibitory signal for hair
cell differentiation. In conclusion, we propose that Jaggedl
could have an inductive effect on hair cell differentiation me-
diated by Notch3 (Fig. 4).

Several related genes cluster together with Notch3 or ap-
pear in nearby clusters in the SOM analysis, showing a peak of
expression early during differentiation. Grouchol/tlel is a
transcriptional corepressor that interacts with HLH proteins
(Fisher and Caudy 1998). It is up-regulated during early stages

A
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Hes5 N pi1 |, > Notchl

Hes3 «— Notchd —<+—|Jag
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Figure 4 A model for the proposed role of Notch3 in hair cell dif-
ferentiation. The conventional lateral inhibition cascade includes DIl
and Jag2, the ligands expressed by the hair cell that would activate
Notch1 in the adjacent supporting cells. On the other hand, Jag1l
expressed by the supporting cell could be activating Notch3 in the
hair cells and oppose the effects of Notch1 in this cell type, either by
repressing the transcription of Hes5 or by promoting differentiation
through Hes3.
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of neuronal differentiation in P19 cells exposed to retinoic
acid (Husain et al. 1996; Yao et al. 1998), as well as in CFK2
cells, which are a model for chondrocytic determination (Yao
et al. 1998). It is also transiently expressed during epithelial
differentiation (Liu et al. 1996). Goosecoid (Gsc) is a ho-
meobox-containing transcription factor that is expressed in
the middle ear, as well as in the cochlear epithelia (Yamada et
al. 1995; Rivera-Perez et al. 1999). Null-mutant mice have
defects mainly in the malleus and tympanic membrane, as
well as in the external canal (Yamada et al. 1995). In vitro,
expression of Gsc can enhance neuronal differentiation
(Sawada et al. 2000), whereas in Drosophila Gsc can interact
with groucho (Jimenez et al. 1999). AREC3/Six4 is also a home-
box-containing gene, homolog of the Drosophila gene sine
oculis (Kawakami et al. 1996). It is up-regulated during muscle
differentiation of C2C12 cells. In the chicken ear, cSix4 has
been identified at the otic placodes and later to the ventral
region of the otocyst that will develop into the cochlea (Es-
teve and Bovolenta 1999).

Another HLH gene that is up-regulated during differen-
tiation in UB/OC-1 is Hes3. During development in vivo, Hes3
is expressed in the cochlear epithelium (Lobe 1997). Although
there is no clear evidence that will support Hes3 as a positive
instructor of differentiation, it has been proposed that the
alternatively spliced variant Hes3a could inhibit the activity
of negative repressors like Hes1 by competing for a cofactor,
therefore promoting differentiation (Hirata et al. 2000).

Gata3 and Semaphorins

Gata3 has a broad pattern of expression in the ear (Rivolta and
Holley 1998; Karis et al. 2001; Lawoko-Kerali et al. 2002), but
there is strong evidence that it is involved in neural pathfind-
ing (Karis et al. 2001). In this context it may be important to
note that three semaphorin genes (semaA, semaE, and semaF)
clustered to the same group. Semaphorins are signaling mol-
ecules involved in axon pathfinding, mainly acting as a re-
peling cue for the guidance of axons during development (Ta-
magnone and Comoglio 2000). During innervation of the or-
gan of Corti, Gata3 is down-regulated in hair cells but remains
expressed by the surrounding supporting cells. If these sema-
phorin genes are under Gata3 regulation, it could be hypoth-
esized that they are preventing the axons from establishing
synaptic contacts with the supporting cells.

An understanding of the genetic programs that underlie
the conversion of nonsensory to sensory cell phenotypes
could be essential for developing therapeutic approaches to
sensory regeneration in the inner ear. We have shown that
the combination of a characterized cell line and gene array
technology can yield robust insights into such programs. The
data allows us to form sound hypotheses for the functions of
developmentally important genes, illustrated here by Mathl,
Gata3, and Notch3, that can be tested experimentally either in
vivo or in vitro.

METHODS
Cell Culture

UB/OC-1 and culture conditions have been described previ-
ously (Rivolta et al. 1998). Proliferation was maintained by
culturing cells in Minimal Essential Medium with Earle’s Salts
and Glutamax I (MEM, Life Technologies), 10% fetal calf se-
rum (FCS, Life Technologies), and 50 U/mL of y-Interferon
(y-IFN, Life Technologies) at 33°C. Differentiation was in-
duced by replacing the media without y-IFN and then trans-
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ferring the dishes to 39°C. RNA samples were collected at day
0 (before transfer to differentiating conditions) and then at
24-h intervals up to 14 d after the temperature shift. Two
independent time courses were performed and two separate
sets of RNA samples were collected.

RNA Isolation and Array Hybridization

Total RNA was prepared with a Qiagen RNeasy mini-kit ac-
cording to the manufacturer’s instructions. cCRNA was pre-
pared as described in the Affymetrix GeneChip Expression
Analysis Technical Manual. GeneChip oligonucleotide arrays
(Affymetrix), composed of 13,179 probe sets representing
over 11,000 genes and ESTs (MU11K; chips A and B) were used
for hybridization. A comprehensive list of genes present in
the chips and search tools to scan through their contents are
available at http://www.netaffx.com. Hybridizations were
performed according to the Affymetrix GeneChip Expression
Analysis Technical Manual. Arrays were scanned using an Af-
fymetrix confocal scanner. Array hybridization was per-
formed at the time points 0, 1, 2, 3, 4, 5,6, 7, 8,9, 11, and 14
d for the first experiment (Time Course 1) and at 0, 2, 4, and
9 d for the second experiment (Time Course 2).

Analysis of GeneChip Data

Scanned output files were visually inspected for hybridization
artifacts and then analyzed with GeneChip v. 3 (Affymetrix).
Arrays were scaled to an average intensity of 300 and analyzed
independently. The expression data for each array was saved
as an Excel file containing expression values (Average Differ-
ence) and detection of RNA species (Absence Call). These pa-
rameters were calculated by GeneChip according to standard
Affymetrix procedures. Comparison files were generated with
GeneChip for each differentiating time course, using day O as
a baseline. These comparison files contained a parameter that
measured whether gene expression had changed between two
time points (Difference Call). For further data mining, clus-
tering, and presentation, tab delimited Affymetrix Excel files
were imported into GeneSpring (v. 3.2.11-4.0.0, Silicon Ge-
netics) after values for Average Difference of <20 were given
an arbitrary value of 20. In GeneSpring, expression profiles
were normalized per time point, making the median of all
measurements 1, and normalized per gene to give a median
value of 1 for each gene expression profile. These normaliza-
tions reduced the influence of outliers and allowed the visu-
alization of expression profiles for different genes on the same
axis.

Criteria for Gene Selection

The following criteria were set for determining which genes
were responsive to differentiation in UB/OC-1. Gene lists were
generated for genes with Difference Calls that represented ex-
pression changes in at least one time point with respect to day
0in Time Course 1. This gene list was further filtered in Gene-
Spring by applying a 2.5-fold change restriction in at least
one time point for Time Course 1. However, lists were also
scanned for potentially interesting genes based on their Pres-
ence/Absence Call, despite their fold change.

Gene Clustering

Clustering was performed using a SOM algorithm in Gene-
Spring. SOMs have the benefit of being a well-studied
method of clustering and have been shown to be able to ex-
tract physiologically relevant patterns of gene expression in
an experimental setting (Tamayo et al. 1999). All genes modu-
lated by at least 2.5-fold in Time Course 1 were clustered ac-
cording to the relative behavior of each gene in both time
courses.
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Fold Change Lists

Restrictions were applied to Time Courses 1 and 2 and days 0,
2, 4, and 9 using the Affymetrix generated metrics Fold
Change, Absolute Call, and Difference Call. Lists were gener-
ated of genes with expression that changed measurably (Dif-
ference Call) by at least 2.5-fold (Fold Change) compared to
day O, were detected above background in at least one of the
time points (called Present in the Absolute Call), and were
maintained in both experiments for each day. These lists were
further restricted by including only those genes that had an
Average Fold Change =5-fold.

TagMan Assay

TagMan 5’ nuclease fluorogenic quantitative PCR assays were
performed using the TagMan Gold RT-PCR kit (PE Applied
Biosystems) according to manufacturer’s instructions. Total
mRNA was prepared from UB/OC-1 grown and harvested as
described above. Reverse transcription was performed with 2
ug of total RNA using random hexamer primers and identical
reactions were performed in the absence of reverse transcrip-
tase. Assays were performed in triplicate using an ABI Prism
7700 Sequence Detector (PE Applied Biosystems), VIC-labeled
ribosomal RNA control reagents (PE Applied Biosystems), and
the following oligonucleotides (5’ to 3'; MWG Biotech UK):

forward primer CTGAAAACTGAGACAACCAAATGC
reverse primer AAGGGTGCAGGGATATTTGTCA
FAM-labeled probe CTAGCGCGCGGGAAGCCCC.
GATA-3:

forward primer GAGTCTCCAAGTGTGCGAAGAGT
reverse primer TCGGGCTTCATGATACTGCTC
FAM-labeled probe TCCGACCCCTTCTACTTGCGTTTTTCG.
G1 cyclin-Cdk protein kinase inhibitor p27:

forward primer CTTCCGCCTGCAGAAATCTC

reverse primer CAGTGCTTCTCCAAGTCCCG
FAM-labeled probe TCGGCCCGGTCAATCATGAAGAACT

RT-PCR

End-point RT-PCR was performed on samples taken at 33°C
and after 2, 4, and 14 d at 39°C. Controls included genomic
DNA and samples without reverse transcriptase. Mathl prim-
ers and cycling conditions were taken from Ben-Arie et al.
(1996). Gapdh primers used as a normalizing control were as
previously described (Rivolta et al. 1998).

Immunoblotting and Immunolabeling

These procedures were performed as previously described (Ri-
volta et al. 1998; Lawlor et al. 1999). Primary antibodies used
were as follows: brn3c (rabbit polyclonal, Babco); myosin VI
(rabbit polyclonal, a kind gift from T. Hasson, UCSD), myosin
Vlla (rabbit polyclonal, a kind gift from C. Petit, Institut Pas-
teur), fimbrin (rabbit polyclonal, a kind gift from P. Matsu-
daira, Whitehead Institute for Biomedical Research). Poly-
clonal antibodies to Jaggedl, Jagged2, Notchl, and Notch3
were from Santa Cruz Biotech and the tubulin Ab-4 antibody
(Clone DM1A + DM1B) was from Neomarkers.
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