
gen-presenting type 2 DCs upon terminal
differentiation.

Type 1 IFNs have pleiotropic effects on the
immune system, including up-regulation of
MHC class I on all cell types and activation of
macrophage and NK cells (2). IFNs are also
critical in the activation and survival of both
CD41 and CD81 T cells (25, 26). Now with
the ability to trace and isolate IPCs, it should be
possible to directly study the interaction be-
tween IPCs and other cell types within the
immune system. IFN-a has been widely used
for treating hepatitis B and C as well as various
cancers. A progressive loss of IPCs has been
observed during HIV infection, suggesting that
IPCs may represent targets for HIV-mediated
infection and deletion. The present study pro-
vides an approach to directly monitor the num-
ber and functional state of IPCs in these pa-
tients. The ability to purify and culture IPCs in
vitro will allow further studies on the molecular
mechanisms that control the survival and
growth of IPCs and their production of IFN,
which may lead to novel therapies for patients
with viral infections and cancer.
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Math1: An Essential Gene for
the Generation of Inner Ear

Hair Cells
Nessan A. Bermingham,1,2 Bassem A. Hassan,1,2 Steven D. Price,7

Melissa A. Vollrath,5 Nissim Ben-Arie,2* Ruth Anne Eatock,5,6

Hugo J. Bellen,1,2,4,5 Anna Lysakowski,7 Huda Y. Zoghbi1,2,3,4,5†

The mammalian inner ear contains the cochlea and vestibular organs, which are
responsible for hearing and balance, respectively. The epithelia of these sensory
organs contain hair cells that function as mechanoreceptors to transduce sound
and head motion. The molecular mechanisms underlying hair cell development
and differentiation are poorly understood. Math1, a mouse homolog of the
Drosophila proneural gene atonal, is expressed in inner ear sensory epithelia.
Embryonic Math1-null mice failed to generate cochlear and vestibular hair cells.
This gene is thus required for the genesis of hair cells.

The inner ear initially forms as a thickening
of the ectoderm, termed the otic placode, be-
tween rhombomeres 5 and 6 in the hindbrain.

The otic placode gives rise to neurons of the
VIIIth cranial nerve and invaginates to be-
come the otocyst, from which the inner ear

Fig. 3. RT-PCR amplification of IFN-a and IFN-b. PCR products amplified from each cell population
after 20, 25, 30, or 35 cycles were separated on a 2% agarose gel containing ethidium bromide.
Negative controls contained no cDNA. Marker is 1-kb DNA Ladder (Life Technologies, Grand Island,
New York). IFN-a mRNA is apparent in PBMCs, is increased in the DC2 precursors (pDC2s) with
enrichment and purification, and is diminished in the monocyte fraction. IFN-b mRNA is visualized
only in the most highly purified DC2 precursors.
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will develop. The mature mammalian inner
ear comprises one auditory and five vestibu-
lar organs: the utricle, the saccule, and three
semicircular canals (Fig. 1A). The sensory
epithelia of these organs consist of mechano-
receptive hair cells, supporting cells, and
nerve endings. Hair cells and supporting cells
proliferate and differentiate within the senso-

ry epithelia, with peak mitoses between em-
bryonic day 13 (E13) and E18 in mice (1).
Although several genes have been implicated
in the development of the inner ear (2), none
have been shown to be required specifically
for the genesis of hair cells.

Hair cells and supporting cells arise from
a common progenitor (3), but the mecha-

nisms that specify fate are unknown. Dur-
ing myogenesis and neurogenesis, cell fate
specification requires basic helix-loop-he-
lix (bHLH) transcription factors (4, 5).
Math1 [mouse atonal (ato) homolog 1], a
member of the bHLH family, is expressed
in the hindbrain, dorsal spinal cord, and
external germinal layer of the cerebellum

Fig. 1 (left). Inner ear b-Gal staining (blue) of (B, D, E, and G) Math11/b-Gal

and (C, F, and H) Math1b-Gal/b-Gal embryos. (A) Schematic of mature
inner ear. Blue indicates location of sensory epithelium, cochlea (C),
saccule (S), utricle (U), and semicircular canal ampullae (SCA). (B and C)
b-Gal staining in the otic vesicle at E12.5 demonstrates that Math1 is expressed before the differentiation of inner ear hair cells; (D) staining of an
E14.5 inner ear demonstrates staining throughout the sensory organ epithelia. (E and F) Surface views at the middle turn of an E18.5 cochlea. There
is positive staining of the three outer and one inner hair cell rows in (E) and nonspecific staining in (F). (G and H) Sections through the basal region
of an E18.5 cochlea: scala vestibuli (SV) and scala tympani (ST). Insets show high magnification of the middle region of the organ of Corti and
demonstrate the absence of hair cells. (G) Hair cells are deeply stained; (H) in the null mutant, hair cells are absent. Original magnifications are as
follows: (B and C), 3100; (D), 350; (E and F), 3630; (G and H), 3160; and insets in (G) and (H), 3400. Fig. 2 (right). Scanning electron
micrographs of E18.5 inner ear sensory epithelia in wt and Math1b-Gal/b-Gal mice. (A, C, and E) Wild-type epithelia; (B, D, and F) null epithelia. (A and
B) The organ of Corti of the cochlea at the middle turn. In wt mice, there are three rows of outer hair cells (1, 2, and 3), one row of inner hair cells
(I), all with hair bundles (HB). The tectorial membrane (TM), an accessory structure of the cochlea, is seen at the bottom. Above the hair cells are
nonspecialized epithelial cells with rudimentary kinocilia (RK). (B) In null mutants, there are only nonspecialized epithelial cells. (C and D) Crista
ampullaris of a vertical semicircular canal. The null crista is similar to the wt crista in overall shape, including the septum (eminentia) cruciatum (EC),
but is smaller and lacks hair cells. (E and F) The macula of the utricle. The null macula is smaller than the wt macula and lacks hair cells. Scale bars
represent 10 mm in (A) and (B), 50 mm in (C) and (D), and 100 mm in (E) and (F).
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(6 – 8). Mice that are heterozygous for a
targeted deletion of Math1 (Math11/–) are
viable and appear normal, but Math1-null
mice (Math1–/–) die shortly after birth and
lack cerebellar granule neurons (8). To
detect subtle Math1 expression patterns
missed by RNA in situ hybridization,
we generated a second Math1-null allele
(Math1b-Gal/b-Gal) by replacing the Math1
coding region with b-galactosidase (b-Gal)
(9, 10). Math1b-Gal/b-Gal mice showed all the
phenotypic features reported in the Math1–/–

mice (8). b-Gal expression in the cerebellum
and dorsal spinal cord was identical to that
of Math1 (10). b-Gal was also expressed
throughout the prospective sensory epi-
thelia of the otic vesicle at E12.5 of both
Math11/b-Gal and Math1b-Gal/b-Gal embryos
(Fig. 1, B and C). Expression was evident
throughout the sensory epithelia of the utri-
cle, saccule, semicircular canals, and cochlea
at E14.5 (Fig. 1D). By E18.5, b-Gal was
restricted to the hair cells of the developing
sensory epithelia in Math11/b-Gal mice (Fig.
1, E and G) (11). However, Math1b-Gal/b-Gal

mice retained b-Gal expression in some sup-
porting cell layers of the sensory epithelium. In
the cochlea, b-Gal expression was absent in the
basal turn (Fig. 1H), greatly decreased in the
middle turn (Fig. 1F), and similar to hetero-
zygotes in the apical turn at E18.5 (12), consis-
tent with the basal to apical developmental
gradient of the cochlea. Gross morphological
analysis of the inner ear of Math1b-Gal/b-Gal

mice at E18.5, 1 day before full gestation, re-
vealed no obvious defects in overall structure
compared with wild-type (wt) littermates. The
branches of the VIIIth cranial nerve were
present and reached the epithelia (12).

To examine the sensory epithelia, we ex-
cised utricles and cochleas of wt, Math11/b-Gal,
and Math1b-Gal/b-Gal mice and viewed the sen-
sory epithelia with Nomarski optics. Hair bun-
dles were present in both organs of wt mice and
heterozygotes but were completely absent in
Math1-null littermates. Scanning electron mi-
croscopy (SEM) of the cochlea and vestibular
organs confirmed the absence of hair bundles in
null mice (Fig. 2) (13). To determine whether a
lack of hair bundles reflects the absence of hair
cells, we examined cross sections of the sensory
epithelia of all inner ear organs, using both light
microscopy (LM) and transmission electron mi-
croscopy (TEM). Sensory epithelia in null mice
were considerably thinner, lacked the normal
stratification of cell nuclei, and stained uni-
formly. All of this is consistent with the absence
of hair cells (Fig. 3). TEM clearly distinguishes
between hair cells and supporting cells in nor-
mal utricles: Hair cells have hair bundles, less
electron-dense cytoplasm, more apical nuclei,
and no secretory granules (14). The sensory
epithelia of the null mutants lacked hair cells

entirely but did have supporting cells with a
normal appearance, including electron-dense
cytoplasm, basal nuclei, and secretory granules
(Fig. 4, A and B). In the cochlea, TEM analysis
demonstrated the loss of hair cells as well (Fig.
4, C and D). In addition, there was no evidence
of apoptotic cell death in the sensory epithelium
by LM and TEM analysis.

The lack of hair cells at E18.5 may be due
to a lack of sensory cell progenitors, the
inability of progenitors to differentiate into
hair cells, or the inability of hair cells to
maintain the differentiated state (15, 16). The
first possibility is unlikely because progeni-
tors give rise to both hair cells and supporting
cells (3), and supporting cells were present in
Math1b-Gal/b-Gal mice. To test the remaining
possibilities, we examined the expression of
the hair cell–specific markers, myosin VI and
calretinin. Both are expressed in differentiat-
ing hair cells (before hair bundle formation)
and in mature vestibular and auditory hair
cells, but not in supporting cells (17–19).
Myosin VI is first detected at E13.5 in the
developing inner ear (16), whereas calretinin
is expressed 2 days later at E15.5 (18). Anti-
bodies to myosin VI and calretinin were used
to detect expression of these hair cell markers
in wt and Math1b-Gal/b-Gal littermates. Myo-
sin VI–positive cells were clearly visible in
the developing otic vesicles of wt embryos but
were completely absent in Math1b-Gal/b-Gal

embryos (Fig. 5, A and B). Myosin VI stain-
ing was absent in the cochlea of E18.5
Math1-null mutants (12). Calretinin-positive
cells were observed in the sensory epithelia
of all E15.5 (12), E16.5 (Fig. 5, C through F),
and E18.5 (Fig. 5, G and H) wt mice, but they
were not observed in the sensory epithelia of
Math1b-Gal/b-Gal mice (Fig. 5, C through H)
(20). Given the basal to apical developmental
gradient of the cochlea, we examined sec-
tions from basal, middle, and apical turns.
Hair cells were lacking in all sections; repre-
sentative sections from the middle turn are
shown in Figs. 2 through 4. These data dem-
onstrate that hair cells never developed with-
in the sensory epithelia of Math1b-Gal/b-Gal

mice. The presence of the tectorial and oto-
lithic membranes [secreted in part by the
supporting cells (21, 22)], together with the
TEM results, indicates that the sensory epi-
thelia of Math1b-Gal/b-Gal mice have function-
al supporting cells. Preliminary data from
TEM and LM cross sections show apparent
overcrowding of nuclei in the basal layers of
the sensory epithelia of null mice, consistent
with an increase in the number of supporting
cells in the sensory epithelia (Fig. 4, C and
D). This finding, together with the absence
of apoptosis, raises the possibility that, in
Math1b-Gal/b-Gal mice, there is a fate switch
from hair cells to supporting cells.

Math1 is essential for hair cell develop-
ment in the inner ear. Its expression pattern
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Fig. 3. Light micrographs
of semithin transverse
sections of inner ear sen-
sory epithelia in (A, C,
and E) wt and (B, D, and
F) Math1b-Gal/b-Gal mice
at E18.5. (A) In wt cochlea
at the middle turn, three
outer hair cells (1, 2, and
3) and one inner hair cell
(I) are present, whereas
(B) the null mutant co-
chlea has only epithelial
cells in the same region.
The tectorial membrane
(TM) is seen at the top of
(A) and (B). Hair cells
(HC) and supporting cells
(SC) are present in (C) the
wt crista ampullaris and
(E) utricular macula, but
only supporting cells are
present in (D) and (F) null
mice. The crista was cut
obliquely, accounting for
the multiple layers of
hair cells in (C). The otolithic membrane (OM), an accessory structure of the utricle, is present in
both (E) wt and (F) null mice. Scale bars represent 100 mm in (A) and (B), 50 mm in (C) and (D),
and 25 mm in (E) and (F).
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and in vivo function are akin to those of
Math1’s proneural homolog, ato (23). ato is
expressed in a ring of epithelial cells within
the antennal disc of Drosophila. Some of these
cells will subsequently give rise to mechano-
receptors in the Johnston organ, which is nec-
essary for hearing (24) and negative geotaxis
(25). Mechanoreceptor progenitor cells are
affected in ato mutants (23), whereas only the
mechanoreceptors, and not their progenitors,
are absent in Math1-null mice.

To our knowledge, Math1 is the first gene
shown to be required for the specification of
hair cells. We propose that Math1 acts as a
“pro–hair cell gene” in the developing sen-
sory epithelia. Three recent studies provide
evidence supporting a lateral inhibition mod-
el for the determination of hair cells and

supporting cells (26), in which the interplay
of Delta and Notch homologs results in the
selection of individual hair cells from clusters
of competent cells. Such a model entails that
the sensory epithelia express a pro–hair cell
gene, whose function is essential for hair cell
fate specification. Math1 is a likely candidate
for such a gene.

Finally, because ectopic expression of ato
in the fruit fly (23) [and its homolog Xath1 in
Xenopus (27)] can recruit epithelial cells into
specific neuronal fates, it should be possible
to test whether expression of Math1 in inner
ear epithelia recruits hair cells. The potential
clinical applications of such studies cannot be
overlooked, because loss of hair cells through
disease, trauma, and aging is a common cause
of deafness and vestibular dysfunction.
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Crystal Structure of the Za
Domain of the Human Editing

Enzyme ADAR1 Bound to
Left-Handed Z-DNA

Thomas Schwartz,1 Mark A. Rould,2 Ky Lowenhaupt,1

Alan Herbert,1 Alexander Rich1*

The editing enzyme double-stranded RNA adenosine deaminase includes a DNA
binding domain, Za, which is specific for left-handed Z-DNA. The 2.1 angstrom
crystal structure of Za complexed to DNA reveals that the substrate is in the
left-handed Z conformation. The contacts between Za and Z-DNA are made
primarily with the “zigzag” sugar-phosphate backbone, which provides a basis
for the specificity for the Z conformation. A single base contact is observed to
guanine in the syn conformation, characteristic of Z-DNA. Intriguingly, the
helix-turn-helix motif, frequently used to recognize B-DNA, is used by Za to
contact Z-DNA.

Since the elucidation of the structure of left-
handed Z-DNA in 1979 (1), the question of a
biological role for this conformation has re-
mained in the forefront of research in the
field. The discovery of a Z-DNA binding
activity for double-stranded (ds) RNA aden-
osine deaminase (ADAR1) constituted an im-
portant step (2). ADAR1 deaminates adenine
in pre-mRNA, yielding inosine, which codes
as guanine. Such codon changes result in
alternative forms of the translated protein.
The NH2-terminus of ADAR1 includes a do-
main, Za, which is responsible for high-af-
finity binding to the Z conformation of DNA.
This was originally shown by a band-shift assay
(3), where the binding withstood a challenge of
a 10,000-fold mass excess of nonspecific B-
DNA competitor (2, 4). Circular dichroic and
Raman spectroscopic measurements have con-
firmed the specificity of Za containing peptides
for Z-DNA (4–6). Za is the prototype for a
family of related peptides, which share com-
mon amino acid sequence motifs (4). We have
now cocrystallized a proteolytically de-
fined Za domain [residues 133 to 209 (7,
8)] of human ADAR1 with the 6 – base pair
(bp) DNA fragment d(TCGCGCG)2. The
structure was determined by single isomor-
phous replacement including anomalous
scattering (SIRAS) and was refined to a

resolution of 2.1 Å (Table 1).
The monomeric Za domain binds to one

strand of the palindromic dsDNA. The con-
formation of the DNA substrate is very sim-
ilar to the canonical Z-DNA structure deter-
mined by Wang et al. (1, 9) [root mean
square deviation (rmsd) 0.80 Å, including all
atoms in the duplex]. A second monomer
related by the twofold axis of the DNA oli-
gomer binds to the opposite strand of the
DNA; however, the two proteins do not in-
teract with each other. In the asymmetric unit
there are three independent Za-DNA com-
plexes (10).

The Za domain has a compact a/b archi-
tecture containing a three-helix bundle (a1 to
a3) flanked on one side by a twisted antipa-
rallel b sheet (b1 to b3) (Fig. 1). The NH2-
terminal helix a1 (Ser134 to Leu150) is fol-
lowed by the short-strand b1 (Ala155 to
Thr157), which positions the COOH-terminal
b hairpin (b2: Leu185 to Ala188; b3: Pro193 to
Ile197) by means of two hydrogen bonds. This
arrangement of a b hairpin with exactly two
hydrogen bonds to a third b strand is a com-
mon feature of helix-turn-helix (HTH) pro-
teins with a/b topology. Helices a2 and a3
(Ala158 to Leu165 and Lys169 to Lys182) re-
side between b1 and b2 and form the HTH
motif. Aliphatic residues from the three heli-
ces, together with Trp195 in strand b3, inter-
digitate and form a hydrophobic core. The
secondary structure reported in a nuclear
magnetic resonance experiment indicates that
the unbound protein in solution adopts a very
similar fold (11).
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