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PATTERNS & PHENOTYPES

Molecular Characterization of Conditionally
Immortalized Cell Lines Derived From Mouse Early
Embryonic Inner Ear

John A. Germiller,' ¥ Elizabeth C. Smiley,'T Amanda D. Ellis,! Jessica S. Hoff,' lan Deshmukh,’
Susan J. Allen,' and Kate F. Barald™

Inner ear sensory hair cells (HCs), supporting cells (SCs), and sensory neurons (SNs) are hypothesized to develop from
common progenitors in the early embryonic otocyst. Because little is known about the molecular signals that control
this lineage specification, we derived a model system of early otic development: conditionally immortalized otocyst
(IMO) cell lines from the embryonic day 9.5 Immortomouse. This age is the earliest stage at which the otocyst can
easily be separated from surrounding mesenchymal, nervous system, and epithelial cells. At 9.5 days post coitum,
there are still pluripotent cells in the otocyst, allowing for the eventual identification of both SN and HC
precursors—and possibly an elusive inner ear stem cell. Cell lines derived from primitive precursor cells can also be
used as blank canvases for transfections of genes that can affect lineage decisions as the cells differentiate. It is
important, therefore, to characterize the “baseline state” of these cell lines in as much detail as possible. We
characterized seven representative “precursor-like” IMO cell populations and the uncloned IMO cells, before cell
sorting, at the molecular level by polymerase chain reaction (PCR) and immunocytochemistry (IHC), and one line
(IMO-2B1) in detail by real-time quantitative PCR and IHC. Many of the phenotypic markers characteristic of
differentiated HCs or SCs were detected in IMO-2B1 proliferating cells, as well as during differentiation for up to 30
days in culture. These IMO cell lines represent a unique model system for studying early stages of inner ear
development and determining the consequences of affecting key molecular events in their differentiation.
Developmental Dynamics 231:815-827, 2004. © 2004 Wiley-Liss, Inc.
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INTRODUCTION epithelial sac. This structure willeven-  nating) zebrafish otocyst, the verte-

. tually give rise to the complex mem-  brate otocyst contains cells that are
Early Stages of Ofic branous labyrinth with its enclosed committed to specific inner ear cell
Development

The development of the vertebrate
inner ear is a complex, highly orches-
frated process. The mouse and
chick epithelial otic placodes invag-
inate to form the otocyst (otic vesi-
cle), which appears to be a simple

sensory organs. However, even from
early times, day 9 post coitum in the
mouse, the Hamburger and Hamil-
ton (HH) stage 12 (Hamburger and
Hamilton, 1951) ofic vesicle in the
chick and the primb (24 hr) stage in
the cavitating (rather than invagi-

fates (reviewed in Barald and Kelley,
2004). At these early stages, the
unique environment surrounding the
ofocyst influences its development.
Signals from the hindbrain, the undif-
ferentiated mesenchyme surround-
ing the ofocyst (periotic mesen-
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chyme/POM), the notochord, and
the neural crest (NC) provide induc-
five and patterning information nec-
essary for normal inner ear develop-
ment (Fritzsch et al., 1997; Fritzsch
and Beisel, 2001; Fekete and Wu,
2002; Liu et al., 2003b; Barald and
Kelley, 2004). By day 2 of chick em-
bryonic development (embryonic
day (E) 2, HH stage 13), genesimpor-
tant for ofic development are re-
gionadlized, with well-defined bor-
ders. Parallels to this organization
also exist in mouse, zebrafish, and
Xenopus (Fekete, 1996, 2000a.b;
Brigande et al., 2000q; Lang et al.,
2000; Fekete and Wu, 2002; Barald
and Kelley, 2004).

Cell Specification and
Differentiation

Cells in the epithelium of the ofic
vesicle give rise to specialized sen-
sory structures, among other caell
types. Hair cells (HCs) develop within
the cochlear duct and in other inner
ear sensory organs, including vestib-
ular organs. Primary sensory neurons
(SNs) of the statoacoustic ganglion
(SAG), which later contribute to cra-
nial nerve VI, delaminate as precur-
sors from the otic crest (Hemond
and Morest, 1991). It is sfill unclear
whether HCs, supporting cells (SCs),
and SNs are derived from a com-
mon precursor cell (Fritzsch and
Beisel, 2001; Barald and Kelley,
2004). Viral tfracing studies did not
find any progeny of labeled cells
that gave rise to both a HC and a
SN, but the authors (Lang and
Fekete, 2001) also could not rule out
this possibility in their experiments.
Sensory epithelia are intricately
patterned so that each HC is sepao-
rated from other HCs by intervening
SCs that form an invariant and alter-
nating mosaic throughout sensory
organs, including the cochlear duct
(Echteler et al., 1994; Barald and
Kelley, 2004). This alternating pattern
is postulated to result from the pro-
cess of lateral inhibition (Adam et
al., 1998; Lanford et al., 1999), in
which some cells within a collective
assume a certain fate, and then in-
hibit their neighbors from doing the
same (Lewis, 1996; Kimble and Simp-
son, 1997; Kopan and Cagan, 1997;
Lanford et al., 1999). Recent work

has implicated the Notch signaling
paradigm in molecular control of this
process. In the developing cochlea,
Notch-1 and its ligand jagged-2 are
expressed in alternating cell types,
starting at E14.5 in the basal turn
(Lanford et al., 1999), with jagged-2
restricted to presumptive HCs.

Markers of HC and SC

During later developmental stages,
the expression of several genes be-
comes restricted fo sensory organs,
and then specifically to HCs and/or
SCs; these genes have been used as
cell phenotype markers in the inner
ear. One of the earliest-expressed
genes specifically in HCs is murine
atonal homolog-1 (Math-1), a basic
helix-loop-helix  transcription factor,
which first appears in the sensory epi-
thelium of the utricle, saccule, semicir-
cular canals, and cochlea, and be-
comes restricted to HCs by the end of
gestation (Bermingham et al., 1999;
Kawamoto et al., 2003). Another early
"HC-specific” gene product is Brn3.1
(POU4F3, Brn3c), a POU family fran-
scription factor essential for HC differ-
entiation and survival (Erkman et al.,
1996; Ryan, 1997; Xiang et al., 1997).
Mutations in Brn3.1 (DFNA15) were
shown to cause familial adult onset
progressive hearing loss in humans
(Vahava et al., 1998). Later, HCs ex-
press unigue o9 and «10 subunits of
the nicotinic acetylcholine receptor
(a9 and «10 AChRs; Elgoyhen et al.,
1994, 2001; Glowatski et al., 1995). Sev-
eral other genes are expressed exclu-
sively by HCs, including myosin VIIA
(Hasson et al., 1997), parvalbumin 3
(PV3, Heller et al, 2002), and the
Notch ligand jagged-2. Several genes
have been identified that are charac-
teristic of SCs and absent from HCs.
These genes include the cytokeratins,
which are nonspecific epithelial mark-
ers; the a- and B-tectorins (Legan et
al., 1997); jagged-1; and the transcrip-
fion factors HES-1 and HES-5. The last
three genes mediate Notfch signaling
in presumptive SCs in early cochlear
patterning (Weir et al., 2000). Zc
genes have been postulated fo aof-
fect the fate of precursor cells com-
mon to neurons or sensory HCs by af-
fecting expression of downstream
atonal class genes, which may them-
selves be regulated by bone morpho-

genetic proteins (BMPs) and their an-
tagonists (Warner et al.,, 2003; Barald
and Kelley, 2004).

BMP Signaling System

We are beginning to learn more
about the molecular factors that reg-
ulate inner ear development (re-
viewed in Barald and Kelley, 2004).
Recent evidence points to the BMP4
signaling system as being of crifical
importance for inner ear develop-
ment (Hogan et al, 1994; Wall and
Hogan, 1994). In the developing ear,
BMP4 is one of the earliest genes and
is expressed as early as the oftic pla-
code stage. It then becomes local-
ized to distinct regions of the develop-
ing otocyst (Hemmati-Brivanlou and
Thomsen, 1995; Oh et al., 1996; Morsli
et al., 1998; Gerlach et al., 2000; Cole
et al., 2000) and later to specific re-
gions of the inner ear destined to pro-
duce sensory tissue (Morsli et al., 1998;
Barald and Kelley, 2004).

BMP4 signaling during develop-
ment is modulated by the action of
several endogenous antagonists
that block BMP4 downstream signal-
ing. Three of these, noggin, DAN,
and chordin, play a critical modula-
tory role in BMP signaling during de-
velopment of many organ systems
(reviewed in Thomsen, 1997 and
Barald and Kelley, 2004). Noggin is
expressed in the POM in the early
stage chick embryo (Gerlach et al.,
2000). Furthermore, antagonism of
BMP4 by exogenously applied an-
tagonists results in profound, specific
malformations of the inner ear, par-
ficularly of the semicircular canals
(SCC; Chang et al., 1999; Gerlach et
al., 2000). DAN is expressed in the
early developing chick medial otic
epithelium and in the mouse POM
(Gerlach-Bank et al.,, 2002). Both
gain- and loss-of-function experi-
ments show that DAN has a role in
ED/ES development and may help
partition the epithelium into the
ED/ES and the anterior and posterior
SCC (Gerlach-Bank et al., 2004).

Immortalized Otocyst Cell
Lines as Models of Early Otic
Development

Historically, molecular studies of the
developing and mature inner ear
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have been hampered by difficult
access to the temporal bone, the
small size of the developing sensory
organs, and in particular the ab-
sence of good organ and cell cul-
ture models of the early inner ear.
Therefore, our laboratory (Barald et
al., 1997) and other researchers (Hol-
ley et al., 1997; Kalinec et al., 1999)
developed conditionally immortal-
ized cell lines from the mouse inner
ear. Our cell lines were derived from
the earliest stage that otocysts could
be excised from 9- to 9.5-day em-
bryos. We used the H2KP1sA58
fransgenic mouse (Immortomouse),
which carries a temperature-sensi-
five variant of the SV40 large T anti-
gen under the control of a y-interfer-
on-sensitive promoter (Jat et al,
1991; reviewed in Noble, 1999). Im-
mortomouse otocyst (condifionally
immortalized otocyst, IMO) cells pro-
liferate in the presence of y-inter-
feron at 32-33°C, the permissive
temperature for fransgene expres-
sion, but stop proliferating and differ-
entiate after femperature shift o
37°-39°C and withdrawal of y-inter-
feron. Because the native otocyst
harbors progenitors of nearly all cells
in the inner ear, our hypothesis is that
immortalized cells should, given the
right culture conditions, eventually
demonstrate characteristics of mul-
fiple divergent sensory and nonsen-
sory phenotypes as they differenti-
ate. Inifially, they would have
characteristics of *common precur-
sor” or multipotent cells. By varying
the culture conditions, including
cell-cell interactions and/or trans-
fecting genes hypothesized to pre-
dispose these cells info specific lin-
eages, we can use this model to
determine which genes are impor-
tant for the development of identi-
fied cell types.

A major aim of auditory system re-
search is fo discover the fundamen-
tal differences that allow chicks to
regenerate a sensory epithelium,
whereas mammals cannot (Stone
and Rubel, 2000a,b). One notable
difference between chicks and
mice is that mature HCs of chicks
express BMP4, although SCs do not.
The reverse is true in the mature
mouse ear, where SCs but not HCs
express BMP4. We hypothesize that,
in both the chick and the mouse, the

common precursor cell (Brigande et
al., 2000b) expresses BMP4 (Barald
and Kelley, 2004). We therefore tar-
geted mouse IMO cells that express
BMP4 for initial characterization, be-
cause they are excellent candi-
dates for common precursor cells
and perhaps precursors to SN as
well. We analyzed the expression of
a panel of markers associated with
developing and mature HC, SC, and
nonsensory inner ear epithelia in se-
lected BMP4-expressing IMO cell
lines and in the uncloned, unsorted
Immortomouse otocyst (UIMO), iso-
lated from the original E9.5 mouse
otocysts. The clonal cell lines were
derived by fluorescence-activated
cell sorting (FACS)/light scattering
cloning (Barald et al., 1997).

We also tested the hypothesis that
spatially restricted cues such as cell-
cell interactions in culture influence
phenotype development on a local
level, as is true in the living ear
(Barald and Kelley, 2004). We have
studied expression of genes associ-
ated with BMP4 and Notch signaling,
including BMP4 and related growth
factors, BMP receptors, three BMP
antagonists (noggin, chordin, and
DAN). Notch-1, and its ligand
jagged-2. We have also examined
the expression of Zic genes, which
we hypothesize are downstream ef-
fectors of BMP4/chordin antagonis-
fic cascades and potentially impor-
tant for neuronal or HC specification
(Warner et al., 2003; Barald and
Kelley, 2004). One of the cell lines,
IMO-2B1, which we hypothesize is a
good model for an early “precursor
cell,” has been characterized in de-
tail in this study by real-time quanti-
tative polymerase chain reaction
(PCR) with a panel of 50 primer pairs
characteristic of HCs, SCs, SNs, and
presumptive precursor cells. We wish
to describe in as much detail as pos-
sible the baseline state of these cells
before determining effects of spe-
cific gene fransfections, cell-cell in-
teractions, or culture conditions. We
have already successfully used this
cell line to identify a novel BMP4 pro-
moter in infron 2, which our subse-
quent studies demonstrated is also
expressed in the inner ears of both
chicks and mice (Thompson et al.,
2003).

RESULTS AND DISCUSSION

Gene Expression Profiling by
PCR

A PCR analysis was used to measure
expression for a panel of genes im-
portant in inner ear development.
These fell into four categories: (1)
genes involved in BMP signaling; (2)
other signaling genes, including
those involved in Notch signaling; (3)
markers for the differentiated HCs;
and (4) SC phenotypes. Equal quan-
tities of RNA were used for all genes
tested to provide a sense of relatfive
abundance of the various mRNAs.
The E15 mouse embryo was used as
a control for primer efficiency, not
staging of the inner ear. Seven differ-
ent BMP4-expressing cell lines and
the UIMO cells were screened for
gene expression by conventional
PCR at 0 (proliferative) and 15 days
of differentiation; IMO-2B1 cells were
tested more frequently (O, 3, 7, 15,
and 30 days of differentiating condi-
fions; Table 1; Fig. 1).

In all of the IMO cell lines tested
(Table 1), BMP4 and its receptors
were detected at very high levels
during proliferation and levels were
unchanged after differentiation.
Chordin and noggin were detected
in many of the cell lines, but expres-
sion levels were variable. BMP signal-
ing genes included secreted growth
factors of the BMP/transforming
growth factor-g superfamily (BMPs 2,
4, and 6, and activins BA and BB),
the type TA and type 2 BMP4 recep-
tors, and three secreted antagonists
of BMP4: noggin, chordin, and DAN
(Gerlach-Bank et al., 2004).

An expression profile was first es-
tablished over time in UIMO caells,
which represent a random cell sam-
ple of the otocyst as a whole. A rep-
resentative cell line, IMO-2B1 (Fig. 1)
is one of the cell lines cloned from
the UIMO by light scattering on a
FACS (Barald et al., 1997). High levels
of expression of BMP4, the activins,
and the BMP4 receptor mRNAs were
found in both UMO and IMO-2B1
cells, with expression remaining high
throughout differentiation (Fig. 1).
The same pattern was found for
chordin and DAN; noggin was found
in UMO cells aofter differentiation
and in both proliferating and differ-
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TABLE 1. Gene Expression Profiling of Clonal IMO Cell Lines Selected on the Basis of their BMP4 Expression, Grown under
Proliferative (P) and Differentiating (D) Culture Conditions in Comparison to the Expression

in the Early Mouse Whole Embryo (E15)

1G1 2B1 2D2 2D3 3A1 3C3 3D1
Gene Embryo® P D P D P D P D P D P D P D
BMP4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
BMP4 R1A 4 4 4 4 4 4 4 4 4 4 4 4 4 4 3
BMP4 R2 3 3 3 3 3 3 3 3 3 3 3 3 3 2 2
chordin 4 4 4 4 4 4 4 3 2 2 4 4 4 0 0
noggin 3 2 4 4 4 4 4 0 1 3 3 1 2 0 0
jagged 1 4 4 4 4 4 4 4 4 4 4 4 4 4 3 4
jagged 2 4 3 3 3 3 3 3 3 3 2 3 3 3 2 2
notch 1 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
Math 1 3 2 1 0 0 0 3 0 2 2 0 0 1 0 0
a-9 AChR 3 1 0 1 0 0 0 0 0 0 0 0 1 0 0
a-10 AChR 1 1 1 1 1 2 1 0 0 2 1 1 1 0 0
brn 3.1 3 3 2 2 1 2 1 0 2 2 0 3 3 1 1
myosin 7a 3 4 2 4 4 4 4 4 4 4 4 4 4 4 4
HES 1 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
HES 1 3 1 0 0 0 0 0 0 0 0 0 0 0 0 0
a-tectorin 2 3 3 2 2 2 2 2 3 2 2 3 2 2 2
B-tectorin 3 0 0 0 0 0 0 0 0 0 0 0 1 0 0
pendrin 1 1 0 1 0 1 0 0 0 0 0 2 2 1 1
Zic 1 3° 2 4 0 0 0 0 0 2 1 1 2 0 0 2
Zic 2 3 1 0 4 4 0 3 1 2 2 3 2 2 0 0
GAPDH 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4

E, embryonic day.

“Mouse embryo RNA, embryonic day 15;

Scoring: 0, negative; 1, barely visible; 2, visible; 3, strong; 4, very heavy expression.

entiated IMO-2B1 cells in most ex-
periments (Table 1), although levels
are low in the experiment illustrated
in Figure 1. However, noggin was not
found in mouse inner ear RNA, the
kind gift of Drs. Margaret Lomax
(E15) and David Kohrman (postna-
tal, P = 1; Fig. 1). BMP6 was detected
in both cell groups under all condi-
fions but at lower levels overall than
BMP4. BMP2 was strongly expressed
in UIMO under proliferative condi-
tions and after 15 days of differenti-
ation. In IMO-2B1, BMP2 expression
became undetectable after 3 days
of differentiation (Fig. 1), and it was
not found at all by real-time quanti-
tative PCR (rt-gPCR; Fig. 2).

Expression of Phenotypic
Markers of Auditory Hair Cells

In both UIMO cells and clonal IMO-
2B1 (Figs. 1, 2; Table 1), RNAs for mul-
fiple markers of the HC phenotype
were detected in proliferating cells
as well as long-term differentiated
cultures. For both cell populations,
myosin Vlla was most abundant and

was expressed at relatively constant
levels throughout differentiation.
Similarly, jagged-2, a participant in
Notch signaling and an early marker
of the HC phenotype, was detected
at very high levels in both UIMO and
IMO-2B1 and the other IMO cell lines
at all stages (Table 1). The other four
HC-associated genes, Brn-3.1, the o9
and «10 AChRs, and Math-1, were
detected at much lower levels and
with variable tfemporal patterns. The
10 receptor was found at low levels
in approximately half of the cell lines;
a9 was barely detectable in only
three of the cell lines (Table 1). In
UIMO cells, Brn-3.1, the a9 and «10
were detectable during both
growth and differentiation (Fig. 1). In
cell line IMO-2B1, Brn3.1, a9, and « 10
were detectable both in proliferat-
ing and differentiated cells in the
qualitative PCR experiment, but ex-
pression levels appeared to drop sig-
nificantly early in differentiation,
then recover by the end of the 30-
day differentiation period. Brn3.1/
POU4F3 was found in many cell lines
but with considerable variation, a

finding that may allow inferesting
comparisons if the cells are used fo
study the role of this franscription
factor in ear development. Brn3.1
expression was highest in IMO3C3
and IMO1G1.

Math-1 was not detected in IMO-
2B1 and was only barely detectable
in UIMO cells (Fig. 1). Math-1 is critical
for specification of the HC fate in
vivo (Bermingham et al., 1999;
Kawamoto et al., 2003), and we had
predicted its presence in IMO cells
before or concomitant with HC
gene expression. Apparently, ex-
pression of Math-1 is either not essen-
tial for expression of certain HC
genes, including myosin Vlla and
Brn3.1, or is down-regulated early, at
least in these cell lines. An identical
sifuation was found in conditionally
immortalized cells from the organ of
Corti (UB/OC-1, Rivolta et al., 2002),
which express numerous HC genes
in the absence of Math-1. All HC
phenotype markers were easily de-
tected in the inner ear and in whole
embryo tissues.
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UIMO | Clonal Cell Line IMO-2B1 |  Controls

S

(-)RT (RT v 5 8
S o> & & S Days Diff S Days Diff S g v 9
¢ L 9| ¢ 3 7 15 30 3 7 15 30|<TE &« I

BMP-2
BMP-4
BMP-6
Activin B-A
Activin -B
BMPR 1a
BMPR 2
noggin
chordin
DAN
myosin Vila
Brn 3.1

09 AchR

a10 AchR
MATH-1

pendrin

jagged-2
Notch-1
HES-1
HES-5
jagged-1
o~tectorin
p-tectorin

GADPH

Fig. 1. Reverse transcriptase-polymerase chain reaction (RT-PCR) for genes involved in bone morphogenetic protein (BMP) signaling
and for markers of various phenotypes in the developing ear. RNA was harvested from uncloned, unsorted Immortomouse otocysts
(UIMO) and from clonal cell line IMO-2B1, under proliferative conditions and after differentiation for 3, 7, 15, or 30 days. For all RT-PCR
experiments, the same quantity of RNA was used in each lane and for all rows, to help permit rough comparison of signal intensity among
different genes. Glutaraldehyde phosphate dehydrogenase (GAPDH) was amplified 25 cycles; all the other cDNAs were amplified 35
cycles. (—)RT, controls lacking reverse transcriptase; Inner Ear, control RNA harvested from inner ears of postnatal day 1 mouse inner ear,;
E, embryonic day.
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Fig. 2. ReaMHime quantitative polymerase chain reaction (r--gPCR) analysis of proliferating (x-axis) and 15-day differentiated (y-axis)
IMO-2B1 cells. Gene expression is normalized to GAPDH and plotted on a logarithmic scale scatter graph. Genes neither up nor down
regulated fall on the diagonal. Upregulated genes fall above the diagonal; downregulated genes fall below the diagonal. A list of genes
that were not ampilified is also included. NGE, normalized gene expression.

Expression of Phenotypic
Markers of Supporting Cells
and Nonsensory Epithelia

Expression of pendrin and many
other markers of the SC phenotype

were detected in both UIMO cells
and proliferative clonal IMO-2B1
(Fig. 1; Table 1). In IMO-2B1, expres-
sion of a-tectorin and pendrin fol-
lowed a bimodal temporal pattern
similar fo that of some of the HC

genes described above, with ex-
pression dropping during the early
phases of differentiation, then re-
covering by 30 days. In UIMO, a-tec-
torin was easily deftected at both
stages, but pendrin only appeared
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in the differentiated cells. At least
one cell line (IMO3C3) expresses
enough pendrin fo make it poten-
fially useful for study of this gene,
which is implicated in Pendred syn-
drome (Table 1). B-tectorin was not
detected in either cell population by
conventional PCR.

The cell lines were uniformly posi-
five for HES-1, Notch-1, and
jogged-1 at relatively high levels;
Notch-1 was particularly abundant.
a-tectorin, a component of the tec-
forial membrane, was detected at
moderate levels in all lines both be-
fore and affer differentiation. In
strong conftrast is the finding that two
other supporting cell markers, B-tec-
torin and HES-5, were not detect-
able in UMO or IMO-2B1 cells by
conventional PCR. The finding of di-
vergent gene expression profiles in
IMO cell lines supports the idea that
phenotypic gene regulation may in-
deed occur in IMO cells, i.e., they
are not simply expressing all their
genes indiscriminately.

Expression of Zic Genes, Which
May Be Involved in Cell Fate
Decisions

Expression of the zinc-finger-of-the-
cerebellum gene family members
Zicl and Zic2 (Warner et al., 2003)
were measured during the screen-
ing of the seven clonal IMO cell lines
(Table 1). Many cell lines expressed
one or both Zic genes. Zic2 was par-
ficularly abundant in IMO-2B1. Zic2
expression increased  significantly
with differentiation in three cell lines:
1G1, 2D2, and 3D1. Whereas most
celllines expressed Zic2, very few ex-
pressed Zicl. The notable exception
is IMOT1G1, which has significant lev-
els of ZicT mRNA in both proliferative
and differentiated cultures. We hy-
pothesize that the Zic genes are part
of a signaling cascade that is down-
stream of BMP4 and its molecular
antagonist chordin (Eims et al., 2003)
and that up-regulation of Zicl in a
precursor cell common to both neu-
rons and HCs in turn up-regulates the
atonal gene neuroD], leading to a
neuronal fate. In contrast, we hy-
pothesize that up-regulation of Zic2
leads to up-regulation of a different
atonal class gene, Mathl, resulting
in a HC fate (Barald and Kelley,

2004). These cell lines provide an
ideal system to test and model these
molecular regulatory cascades.

r-qPCR

Because of the relatively high cycle
numbers (35), the qualitative PCR as-
say could only be used to determine
whether a cell line expressed or did
not express the cDNA. Only rt-gPCR
results, using the methods of Stank-
ovic and Corfas (2003), are quanti-
tative. We compared these ftwo
methods on the IMO-2B1 cell line
(Table 1; Figs. 1, 2).

We performed rt-gPCR on both
proliferating and 15-day differentiat-
ing IMO-2B1 cells using 50 primer
pairs (Fig. 2). As with the conven-
fional PCR, we found that Math-1,
Zicl, and B-tectorin were not ex-
pressed. We found that the following
genes also were not expressed:
Mash-1, BMP2, neurodl, neurod?2
and neurodé, neurogenin 1 and 2,
otx2, msx1, POU3F4 (Brn4) and
POU4F1 (Brn3a), Prox1, and pendrin
(slc26a4). Genes that were down-
regulated slightly include inhibin b
(4x). noggin (3x), and lunatfic fringe
(3x). Several genes were slightly up-
regulated (Fig. 2). Genes up-regu-
lated more than 10-fold included
DAN (nbl1)(16x), chordin (20x), sox?
(15x), and jag T (11x). DIx5, which
appears to be a key player in early
inner ear induction (Liu et al., 2003b),
was up-regulated more than 72-fold,
and Eya4 was up-regulated 60-fold
(Fig. 2, Barald and Kelley, 2004).
Primers for Brn3.1, HES-5, and the a9
and a10 AChRs are still under devel-
opment.

Most of the Cell Lines Cloned
to Date Express BMP4 and
Notch/Delta Signaling Genes

Early in our analysis, it became clear
that most of the IMO cell lines we
had cloned from the very early oto-
cyst (embryonic day 9.5) expressed
very high levels of BMP signaling
genes under both proliferating and
differentiated conditions (Table 1;
Figs. 1, 3). To date, we have found
only 6 clonal lines of the 27 initially
screened that either do not express
BMP4 or express it at very low levels.
The characterization of these BMP-

negative cell lines is in progress with
rt-gPCR. BMP4 appears to be se-
creted in active form in consider-
able quantity, as we showed previ-
ously with the cell line IMO3C6
(Gerlach et al., 2000). Implantation
of beads carrying cells that make
the BMP4 antagonist noggin into the
developing inner ear caused abnor-
mal development of semicircular
canals (Gerlach et al., 2000). How-
ever, coimplantation of the IMO3C6
cell line, which produces large
amounts of BMP4, rescued the nog-
gin-induced canal loss. Many IMO
cells also express high levels of BMP
receptors and BMP anfagonists in
addition to the growth factors them-
selves. These cells should provide
ideal model systems for further study
of this very complex signaling sys-
tfem, with its multiple interactions
among similar growth factors, re-
ceptors, binding proteins, and feed-
back loops.

IMO cells also appear to express,
simultaneously, very high levels of
gene products involved in Notfch sig-
naling, including Notch-1 and its li-
gand jagged-2. This, combined with
their ability to express genes associ-
ated with both HC and non-HC phe-
notypes, makes them potentially
useful models for study of pheno-
type specification by means of this
signaling paradigm.

Expression of Genes Found in
Mature HCs

The gene expression profiling exper-
iments highlight two interesting and
consistent properties of these condi-
tionally immortalized cells. First, de-
spite their origins from the primitive
otocyst, many cell lines express
genes that, in vivo, are typically as-
sociated with  more mature cell
types, such as the myosins, tectorins,
and AChRs. Moreover, they do so
even when proliferating, i.e.. under
conditions permissive for expression
of the immortalizihg transgene.
Clearly, it would be too simplistic to
think of the proliferative IMO cells as
being suspended in a primitive oto-
cyst-like state under the culture con-
ditions used here. However, it would
be equally simplistic to posit the op-
posite, i.e., that proliferative cells
have already fully differentiated, be-
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cause they continue to express high
levels of “early” inner ear genes,
such as BMP4. Second, as a general
rule, we found little variation in ex-
pression levels for most genes when
the cells were switched to differenti-
ating (nonpermissive) conditions, al-
though there were exceptions. In fu-
ture applications in inner ear
research, abundant gene expres-
sion in proliferating cells would be
desirable, such as in dissection of
factors regulating their franscription,
because it is more convenient 1o
work with stable proliferatfive cells.
However, demonstration of changes
in gene expression associated with
commitment to certain cell fates, will
likely require additional exogenous
signals, because the cells do not
demonstrate such shifts under our
simple “default” culture conditions.

Our otocyst-derived cells are not
unigue among inner ear cell lines in
their propensity to express mature
phenotypes before being induced
to differentiate. Conditionally im-
mortalized organ of Corti cells UB/
OC-2 express many hair cell markers
under proliferative conditions, in-
cluding myosin Vlla, a9 AChR, and
Brn3.1, and confinue to do so affer
differentiation (Rivolta et al., 1998),
whereas another cell line, UB/OC-1,
by confrast, up-regulates the same
genes. Similarly, another HC maker,
myosin VI, is strongly expressed by
both cell lines in proliferative condi-
fions and is unchanged after differ-
entiation (Rivolta et al., 1998). Al-
though these findings parallel our
own results regarding expression of
some HC genes, they may also re-
flect the later stage at which the
cells were derived (E13). Also infer-
esting are findings from another Im-
mortomouse cell line, UB/UE-1, de-
rived from P2 utricle (Lawlor et al.,
1999). These postnatal supporting
cells were shown to acquire charac-
teristics of HCs after differentiation.
However, expression of several HC-
specific genes was also found be-
fore differentiation, including Brn3.1
and myosiné, although others were
undetected (myosin Vlla, «9AChHR).
These results and our own remind us
that it should not be assumed that
the gene expression profile of im-
mortalized inner ear cells is identical
to that of their cells of origin.
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Fig. 3. Single-label and one double-label immunocytochemical localization of various an-
figens in a representative clonal cell line, IMO2D3. Cells are shown under proliferative condi-
tions (Prolif, 32°C, +~interferon) and after 15 days in differentiation conditions (15 D Diff, 37°C,
—vinterferon). A-C: Antibodies in the single-label experiments (all but the two bottom panels in
Fig. 3C) were localized with peroxidase-diaminobenzidine (DAB; brown labeling) and nuclei
were counterstained with hematoxylin. This cell line labeled positively for each antibody tested
except the control secondary antibody used alone (rabbit immunoglobulins; data not
shown). Labeling was relatively uniform in the smaller, proliferative cells, but for several
proteins, considerable intercellular variability in labeling intensity was observed after differen-
fiation (bone morphogenetic protein (BMP)2/4, and hair cell (HC) markers Brn3c, parvalbu-
min 3 (PV3), and myosin Vlla, and supporting cell (SC) marker ephrin Al). Other genes
(tectorins) had somewhat more uniform labeling among all cells in each group. Bottom two
panels in C: Double-label immunocytochemistry for a SC marker. a-tectorin (brown labeling,
peroxidase-DAB), followed by antibody to a HC marker, myosin Vlla (blue labeling, alkaline
phosphatase-Vector blue substrate). No counterstaining was performed. Variable labeling
was seen for both antibodies, particularly myosin Vlla, which appeared to label fewer cells
than did o-tectorin. Cells positive for myosin Vlla (blue) also generally were positively labeled
for a-tectorin, suggesting that the cells do not develop separate distinct HC and SC pheno-
types. Many other cells showed little or no labeling for either antibody, suggesting the exis-
tence of a possible nonsensory phenotype. IMO, conditionally immortalized otocyst; PV3,
parvalbumin.

Immunocytochemistry Shows
Cell Heterogeneity
Immunocytochemistry was used to
investigate patterns of protein ex-
pression at the cellular level, on
monolayer cultures of UIMO cells
and several clonal cell lines under
proliferative conditions and after 15
days of differentiation (Fig. 3). This
investigation was done both to con-
firm expression as seen in reverse

transcriptase (RT)-PCR experiments
and to determine whether variability
existed among individual cells within
single cultures (Fig. 3A-C). Double-
label experiments were used to co-
localize HC marker myosin Vlla and
one of the supporting cell markers:
either a-tectorin (Fig. 3C) or the eph-
rnn receptor EphA5 (data not
shown). These experiments were de-
signed to investigate further the PCR

finding that mRNAs for both the HC
and SC phenotype were simulta-
neously detected in RNA from many
IMO cell populations (Fig. 3C).

Multiple Phenotypes in One
Cell

It was of considerable interest that in-
dividual IMO cells express characteris-
fics of multiple phenotypes (Fig. 3C).
This finding suggests that these early-
otocyst-derived cell populations re-
tain at least some potential for acquir-
ing multiple inner ear phenotypes,
which may be characteristic of an
eqrly precursor or common progeni-
tor cell. These phenotypes are what
would be expected of ofocyst prog-
eny, that is, both sensory and nonsen-
sory epithelial cells. The ofocyst is also
the origin of the acoustic/spiral gan-
glion and auditory nerve, and so
might also be expected to have pro-
neuronal potential. We have tested
this aspect of the cells’ capabilities in
preliminary experiments in this study. A
notable finding from the PCR experi-
ments was that most IMO cells express
genes for different phenotypes simul-
taneously. We hypothesized that this
finding could result from differential
phenotype development in different
cells within single cultures and, thus,
designed the immunocytochemical
experiments to test this hypothesis.
HCs and SCs in vivo are known to orig-
inate from a common precursor
(Fekete et al., 1998). The alternate hy-
pothesis was that gene expression
would be uniform from cell to cell
within each cell line.

The cosegregation of HC and SC
markers to certain cells, while at the
same time their neighbors lack ei-
ther, might signify the existence of a
prosensory phenotype that acti-
vates both genes but is incapable of
further differentiation info HC or SC
in the absence of other signals in
vitro. Determining the identity of
those neighbors lacking either HC or
SC gene expression will have to
await future study, but one could
postulate that they represent other
otocyst derivatives, such as nonsen-
sory epithelial cells, neuronal/pro-
neuronal cells, or more primitive un-
differentiated cells.

Differential phenotypic develop-
ment within clonal inner ear cell lines
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has been demonstrated by others at
later stages of immortalization. In
postnatal utricle cell line UB/UE-T,
clear segregation among neighbor-
ing cells is seen in their loss of cell
labeling for cytokeratin upon differ-
entiation, signifying the onset of dis-
tinct HC-like cells (Rivolta and Holley,
2002a). Moreover, only 50% of cells
acquired slow-acting rectifier cur-
rents similar fo HCs, with only a sub-
set developing the fast inward recti-
fier currents, and finally only
approximately 3% develop actin
ring structures, all suggesting the
variable expression of HC pheno-
type and/or the presence of multi-
ple phenotypes.

Kalinec et al. (1999) report differ-
ential expression of nestin in P14 Im-
mortomouse organ of Corti cell lines
after 1 week of differentiation, with
considerable differences appearing
even between neighboring cells.
Both UB/UE-1 and the Kalinec OC
cells also appear to demonstrate
asymmetric cell divisions at the time
of differentiation (Rivolta and Holley,
2002b; Kalinec et al., 1999), which
may be one mechanism by which
clonal cells develop divergent phe-
notypes. By contrast, the well-stud-
ied organ of Corti cell lines UB/OC-1
and UB/OC-2 demonstrate uniform
phenotypes when studied by immu-
nocytochemistry (Rivolta et al.,
1998).

The effects of the immortalizing
oncogene that were discussed in
great detail by the laboratory that
originated the fransgenic mouse
from which these and many other
kinds of cell lines were derived (No-
ble, 1999) apply to these cells as well
as to cell lines from other organs that
were derived from these animals.
However, a study of the regenero-
tive capacity of these cells in the
presence of an immortalizing onco-
gene has not yet been done in this
or any other system.

CONCLUSIONS

Otic Cell Lines Provide a
Good Model System for Inner
Ear Development

Our results indicate that IMO cell

lines can express a broad repertoire
of genes found in both the develop-

ing and mature inner ear, including
important  signaling genes and
markers of various inner ear pheno-
types. The results of these studies
suggest that IMO cell lines are capa-
ble of developing characteristics of
multiple cell types of the mature in-
ner ear in culture, but the relation-
ships between phenotype develop-
ment and differentfiation staftus of
the IMO cells are not simple.

Many researchers who want to
use these cell lines ask how closely
they approximate the phenotypi-
cally differentiated HC or SC. The an-
swer is that they do not bear a phe-
notypic resemblance to these cells.
We never see stereocilia on these
cells unless we ftfransfect them
with specific cytoskeletal elements
(Cleveland et al., manuscript in
preparation); nor do they express
differentiated SC markers. However,
we believe that they serve as an ex-
cellent model system to study early
cues and influences on multipotent
precursor or progenitor cells that
can direct these cells into different
differentiated cell pathways.

IMO cells are easy to maintain in
large volumes, and their gene ex-
pression patterns remain reproduc-
ible over many experiments/pas-
sages. Moreover, they express many
inner-ear-specific genes at high lev-
els and do not require prolonged dif-
ferentiation periods to do so. These
cells are useful for predictive molec-
ular studies, for example, analysis of
inner-ear-specific regulation of their
gene promoter regions (Thompson
et al., 2003). Although all of the indi-
vidual cell lines characterized here
express BMP4, they present different
gene expression profiles for other
markers. For example, the 3D1 cell
line expresses neither chordin nor
noggin aft any stage, while the
IMO1G1 cell line expresses both
BMP4 inhibitors, and noggin in-
creases upon differentiation (Table
. IMO1G1 is also the only cell line
that increases its expression of Zicl
to high levels on differentiation (To-
ble 1). IMO-2B1 cells increase expres-
sion of Zic2 on differentiation, as
shown by conventional PCR (Table
1) and by rM-gPCR (Fig. 2).

These IMO cell lines provide a reli-
able, renewable, manipulable model
system in which to study gene regula-

tion in the early auditory system. We
have used this system to good effect
to discover a novel infron 2 promoter
in the BMP4 gene expressed in the
inner ear, which is down-regulated by
all-frans retinoic acid (Thompson et
al., 2003). Inifial molecular studies in
the IMO-2B1 cell line were then veri-
fied in “real” inner ears of chicks and
mice. These findings can now explain
why the results of exogenous RA ap-
plication to the early developing inner
ear (Choo et al., 1998) and BMP4 an-
tagonist application (Chang et al.,
1999; Gerlach et al., 2000) result in the
same phenotypic abnormalities and
solve a long-standing confroversy in
the literature.

We hypothesized that certain cell
lines might recapitulate the differen-
tiation of mature auditory cells from
their primitive precursors. We deter-
mined the phenotypic potential of
some of these isolated cell lines,
both in a global sense, as synchro-
nized whole cultures, and in a local
sense, as individual cells acting un-
der influence of their neighbors. We
found that a given cell line can ex-
press markers of multiple differenti-
ated auditory cell types (Fig. 3C). In-
dividual cells within the clone vary in
expression of these markers. We be-
lieve that these cell lines represent at
least multipotential precursor popu-
lations capable of responding to lo-
calized molecular signals from their
neighbors and the environment. The
null hypotheses, which these data
do not support, is that IMO cells ei-
ther maintain a primitive phenotype
in culture or proceed to differentiate
in a uniform manner into a single
mature fate. The latter, in particular,
is important to test in clonal cell lines,
because each line represents the
progeny of a single cell from the
original otocyst. If the ultimate fate
of ofic cells were dlready deter-
mined by the otocyst stage, then
each clonal cell line might be ex-
pected to proceed uniformly to a
single phenotype. This process was
clearly not the case in UIMO cells.
Several clonal lines expressed char-
acteristics of multiple cell types of
the developing inner ear.

One obvious question is how the
culture conditions elicit responses
from the cells. Another issue is the
infuence that neighboring cells
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have on the differentiation patterns
of specific cells in the culture. Con-
siderations include how many cell-
cell contacts a given cell encoun-
ters as it differentiates (colony
effects), the sequence of a specific
cell’'s differentiated gene expres-
sion, as well as limitations on differ-
entiation presented by diminishing
concentrations of certain factors, in-
cluding serum factors and cell-de-
rived growth factors and wy-inter-
feron, but also cell-secreted factors
that we have yet to identify.

EXPERIMENTAL PROCEDURES
Otocyst Cell Lines

Conditionally immortalized cells de-
rived from the otocyst of 9.5-day
embryos of the H2kP1sA58 Immorto-
mouse were maintained as either
proliferative or differentiated cells as
previously described (Barald et al.,
1997; Thompson et al., 2003). Un-
cloned, wunsorted Immortomouse
otocyst (UIMO) cells, representing a
random sample of the entire oto-
cyst, and clonal cell lines (e.g., IMO-
2B1, IMO2D3, and IMO1G1; Table 1)
derived from this uncloned pop-
ulation were analyzed. Chinese
hamster ovary cells were used as
negative conftrols for immunocyto-
chemistry experiments and were
grown under the proliferative and
differentiation conditions defined for
IMO cells. These cells do not express
BMP4 (Gerlach et al., 2000).

RNA Preparation, Reverse
Transcription, and PCR

RNA preparation, reverse franscrip-
fion, PCR, and r-gPCR were per-
formed with appropriate controls
and cycle conditions as previously
described (Thompson et al., 2003) by
using primers designed for either
conventional PCR or quantitative
PCR. We designed the primer pairs
for rt-gPCR study to unique areas of
each gene using the Beacon De-
signer program (Bio-Rad) using a
target Ta of 55°C, length 18-22,
and amplicon size 70-200. The
primers were synthesized from our
designed sequences by InVitrogen
Life Technologies (Carlsbad, CA).
For the quantitative study, we used

SYBRgreen-based detection on a
Bio-Rad iCycler. All of these primer
sequences are available by email
request (kfbarald@umich.edu).

Normalized Gene Expression
for ri-qPCR

The efficiency (E) of each primer set
was determined using dilutions  of
day-12 mouse embryo cDNA. Each
primer set was then used to amplify
IMO-2B1 cDNA made from proliferart-
ing cells or from 15-day differentiated
cells and the critical threshold (Ct)
was determined. The gene expression
was normalized to the housekeeping
gene glutaraldehyde phosphate de-
hydrogenase (GAPDH) using the for-
mula described by Stankovic and
Corfas (2003):

(Emrge‘r) ~ Chorget

(Egappr) ~Clorvor
The normalized gene expression
was plotted on a logarithmic scale
scatter graph on which it is easy to
depict both up- and down-regulation
and the relafive abundance of the
genes compared with  GAPDH.
Genes neither up- nor down-regu-
lafed fall on the diagonal. Up-regu-
lated genes fall above the diagonal;
down-regulated genes fall below the
diagonal. A list of genes that were not
amplified is also included (Fig. 2).

NGE M

Cell Preparation for
Immunocytochemistry

IMO cells were plated on eight-well
gloss slides (Nunc LabTekll), and al-
lowed to proliferate under permis-
sive conditions until they were ap-
proximately 70-80% confluent, at
which point some cultures were
fixed for immunocytochemical anal-
ysis of the proliferative phenotype,
and others were switched to differ-
entiation conditions for an addi-
tional 15 days (as in Barald et al.,
1997). Fixation, permeabilization,
binding and blocking conditions,
and single and double labeling
were performed as previously de-
scribed (Gardner and Barald, 1991).

Antibodies

Affinity-purified rabbit anti-human
myosin Vlla, specific for a portion of

the tail (AA 880-1070), provided by
Tama Hasson through an MTA from
University of California at San Diego,
was used at 10 wg/ml; rabbit anti-
serum to PV3, the kind gift of Stefan
Heller, Harvard University, was used
at 1:2,000; rabbit polyclonal anti-
serum fo Brn 3.1/Brn3c (BabCo-Co-
vance PRB-249c¢) at 1:500; rabbit an-
fisera to the tectorins (R? anfi-a-
tectorin, R7 anti-B-tectorin) were the
kind gift of Guy Richardson, Univer-
sity of Sussex; each was used af
1:200; rabbit anfi-phrin AT and rab-
bit anti-EphAS5 were from Santa Cruz,
both were used at 1:100; rabbit iso-
type control (Zymed, 08-6199) and
mouse isotype control (Zymed, 08-
6599) were both used undiluted;
monoclonal mouse  anti-BMP2/4
(H3B2/17.8.1) were obtained from
Genetics Institute (Gl) through an
MTA and were used at 10 pg/ml. Un-
der our MTA agreement with Gl,
Wyeth (who absorbed Gl) was al-
lowed to examine this manuscript for
30 days before ifs submission. Mono-
clonal anti-pan cytokeratin (Sigma
C2562) was used at 1:100 (157 pg/
ml; as in Rivolta et al., 2002).
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