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ACF7 Is a Hair-Bundle Antecedent, Positioned to Integrate
Cuticular Plate Actin and Somatic Tubulin
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The precise morphology of the mechanosensitive hair bundle requires seamless integration of actin and microtubule networks. Here, we
identify Acf7a (actin crosslinking family protein 7a) as a protein positioned to bridge these distinct cytoskeletal networks in hair cells. By
imaging Acf7a–Citrine fusion protein in zebrafish and immunolabeling of vestibular and cochlear mouse hair cells, we show that Acf7a
and ACF7 circumscribe, underlie, and are interwoven into the cuticular plate (CP), and they also encircle the basal body of the kinocilium.
In cochlear hair cells, ACF7 localization is graded, with the highest concentration near each fonticulus—an area free of F-actin in the
region of the CP that contains the basal body. During hair-cell development and regeneration, Acf7a precedes formation of the hair bundle
and CP. Finally, electron tomography demonstrates that the ends of microtubules insert into the CP and are decorated with filamentous
linkers connecting microtubules to the CP. These observations are consistent with ACF7 being a linker protein, which may shape the
cytoskeleton of the hair cell early during hair-bundle genesis.
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Introduction
Mechanosensory hair cells of the inner ear are responsible for
transduction of sound stimuli and head movements to enable the
senses of hearing and balance, respectively. Protruding from the
apical surface of the hair cell is the hair bundle, which consists of
stereocilia of increasing height that hold extraordinarily sensitive
mechanically gated channels (Hudspeth, 1982). Development of
stereocilia is preceded by the formation of a microtubule-based
kinocilium, which has the basal body at its root (Tilney et al.,
1992).

The actin-based cuticular plate (CP) is thought to act as a
substratum on which stereocilia pivot (DeRosier and Tilney,

1989) and is linked in the soma by columns of microtubules
oriented parallel to the longitudinal axis of the hair cell (Jaeger et
al., 1994). Microtubules can also fan out from the basal body,
which resides in the fonticulus—a region in the CP devoid of
F-actin (Hawkins, 1976; Raphael et al., 1994; Raphael and
Altschuler, 2003; Chacon-Heszele et al., 2012). The ends of the
columnar microtubules are coated with a fuzzy cap of electron-
dense material and extend deep into the CP (Jaeger et al., 1994).
Whether there are direct physical linkages that connect the CP to
the microtubules remains unknown, as do the potential molecu-
lar linkers involved, should they exist.

Actin crosslinking family protein 7 (ACF7), encoded by the
microtubule and actin crosslinking factor 1 (Macf1) gene, is an
extremely large (�500 kDa) cytoskeletal crosslinking protein that
interacts with F-actin and microtubules to shape the morphology
of cells (Leung et al., 1999; Suozzi et al., 2012). Microtubule and
actin crosslinking factor 1 genes are known to be developmentally
important because a null mutation in the mouse ortholog is em-
bryonically lethal (Kodama et al., 2003; Chen et al., 2006), and, in
the zebrafish, a mutation results in defects in animal–vegetal po-
larity of the oocyte and egg (Dosch et al., 2004; Gupta et al., 2010).
ACF7 contains numerous protein domains to enable dynamic
interaction with the cytoskeleton. Toward the N terminus, cal-
ponin homology 1 and 2 domains facilitate direct interaction
with F-actin. Near the C terminus are the GAS2-related protein
domain, which associates with microtubules and facilitates mi-
crotubule stabilization, the GSR (Gly-Ser-Arg)-repeat domain,
which also interacts with microtubules, and the EF hand do-
mains, which bind calcium (Wu et al., 2011; Suozzi et al., 2012).
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Figure 1. Expression of microtubule and actin crosslinking factor 1 genes in vertebrates and localization of Acf7a in zebrafish hair cells. A, Detection of MACF1 mRNA in chicken hair cells by
RNA-seq. Depth of reads aligning to the chicken genome is displayed, with predicted splice junctions shown in red. Exons of the corresponding genes are displayed in blue. B, RT-PCR demonstrates
the presence of macf1a mRNA [RT plus (lane 1) and RT minus control (lane 2)] and macf1b mRNA [RT plus (lane 3) and RT minus control (lane 4)] in zebrafish maculae. (Figure legend continues.)
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In this report, we identify ACF7 as a candidate molecular
coupler, which is positioned to join CP actin and the somatic
microtubule array of the hair cell.

Materials and Methods
Animals. Zebrafish strains Gt(macf1a– citrine)ct68a /� (Trinh le et al.,
2011) and the wild-type strain Tübingen were used in these investiga-
tions. White Leghorn chickens and FVB/NJ mice were kept according to
standard procedures. Animals of either sex were used.

Hair-cell isolation and RNA-seq. Chicken hair cells were isolated by
picking with a glass micropipette (McDermott et al., 2007). RNA from
200 hair cells was isolated. Then, cDNA was synthesized, amplified (Ova-
tion RNA-Seq System; NuGen), and sequenced using a HiSeq (Illumina)
or a HiScan (Illumina).

The raw sequence data was assessed for quality using FASTQC soft-
ware. Reads were aligned to the galGal3 reference genome with TopHat
and provided to Cufflinks (Trapnell et al., 2010). Unannotated tran-
scripts were annotated based on homologous sequences predicted using
BLAST, with an E-value cutoff of 1 � 10 �5. The National Center for
Biotechnology Information (NCBI) BLAST program uses E values to
indicate how strong an alignment is above alignment by random chance.
Therefore, when we compared unannotated chicken RNA-seq transcript
sequences using BLAST with the Swiss-Prot protein sequence database,
we only considered strong alignments—those with E values �1 �
10 �5—to reveal the potential chicken orthologs of a given gene. Expres-
sion values for each transcript were calculated as read counts. The align-
ment of reads was visualized using the Integrated Genome Browser
through the Galaxy platform (Nicol et al., 2009).

RT-PCR. Macular tissue, from either adult mice or zebrafish, was isolated
and used to generate cDNA (McDermott et al., 2007). The primer pairs used
to amplify from mouse template cDNA were mus_macf1_1 forward (5�-
GAAGATTTCCTCTTAGAACTCAATAG-3�) and mus_macf1_1 reverse
(5�-TGATCAAGACAACATCCTGTTTCTG-3�), mus_macf1_2 forward
(5�-ACCAAGTACCTGTAGAAAAGCTTCA-3�) and mus_macf1_2 re-
verse (5�-GCAGCTTGTTGGAGAGCTCCTC-3�), or mus_macf1_3 for-
ward (5�-GGCAGAATTAAGCTGCCTCAAGG-3�) and mus_macf1_3
reverse (5�-CAAGTTCAGTCCGGGTCATCGG-3�). Primers to amplify
macf1a cDNA (NCBI reference sequence XP_003200667.1) from zebrafish
macular cDNA included zf_macf1a_8 forward (5�-CCCAGTCTCATTCTG-
GACACTGT-3�) and zf_macf1a_8 reverse (5�-TTCCTCCAGCTTGTGTT-
GCCTCT-3�). Primers to amplify macf1b cDNA (NCBI reference sequence
XM_690777.5) were Macf1b_F1 (5�-CGTTGCTGCGCAGGAGTTT-
CTCTG-3�) and Macf1b_R1 (5�-CTCAAAGCAGGACTCAAATC-
CAGTCGGTTC-3�). For negative controls, water was used in lieu of cDNA.
PCR products were confirmed by DNA sequencing.

Plasmid construction. A macf1a cDNA segment was amplified by PCR
using zebrafish macular cDNA. Primers used included zf_Macf1a_-
Forward1 (5�-TCACGTGTGATGGACTTCTTCAGA-3�) and zf_Macf1a_-
Reverse1 (5�-TCACTTCTTGCCTGCGGGTGTTT-3�). The product was
subcloned into pCRII-TOPO (Invitrogen) to generate pCRII:ACF7a.

Zebrafish �-actin cDNA was amplified with primer pairs XmaI_beta_
actin (5�-CCCGGGATGGATGATGAAATTGCCGCACT-3�) and PacI_
beta_actin (5�-TTAATTAAGAAGCATTTGCGGTGGACGATG-3�).
The product was inserted into pMT/SV/PV3b/mCherry (West and Mc-
Dermott, 2011) to create pMT/SV/PV3b/�-actin/mCherry.

RNA in situ hybridization. In situ hybridizations were performed (Mc-
Dermott et al., 2007) using sense and antisense probes synthesized from
pCRII:ACF7a.

Fish labeling and imaging. Gt(macf1a– citrine)ct68a /� zebrafish at 5 d
post-fertilization (dpf) were immunolabeled with anti-acetylated tubu-
lin (6-11B 1; Sigma) at a 1:1000 dilution and/or labeled with Alexa Fluor
546 phalloidin (Invitrogen) at a 1:50 dilution (Chou et al., 2011; West
and McDermott, 2011). When appropriate, Alexa Fluor 405-labeled goat
anti-mouse IgG (Invitrogen), at a 1:200 dilution, was used as secondary
antibody. Images were acquired by confocal microscopy with a 40�,
63�, or 100� objective (Leica Confocal Software; Leica).

Zebrafish transgenesis. To generate transgenic zebrafish, plasmid pMT/
SV/PV3b/�-actin/mCherry at 100 ng/�l was coinjected with Tol2 RNA
at 25 ng/�l (Balciunas et al., 2006) into embryos at the single-cell stage.

Labeling of mouse tissue. Maculae of mice, between 6 and 12 months of
age, were labeled as described previously (Pataky et al., 2004), except
fixed for 1 h, permeabilized for 2 h, and blocked for 2 h. Sections of
cochlea from P2 mice were cultured essentially as described previously
(Russell and Richardson, 1987). Primary antibodies, purified ACF7 an-
tiserum (Kodama et al., 2003) and mouse monoclonal antibody to acety-
lated �-tubulin (T6793; Sigma), were used at a 1:100 dilution. Secondary
antibodies, Alexa Fluor 488 goat anti-rabbit IgG and Alexa Flour 405 goat
anti-mouse IgG (Invitrogen), were used at a 1:200 dilution. Alexa Fluor
568 phalloidin (Invitrogen) was used at a 1:50 dilution. Mounting
medium (Vectashield; Vector Laboratories) was used when capturing
images on a confocal microscope with a 40� or 100� oil-immersion
objective. All labeling with ACF7 antibody was performed in parallel with
secondary antibody alone, and no significant labeling was detected (data
not shown).

Z-stacks of confocal sections, each 0.122 �m, through labeled tissue
were converted into 3D models (Volocity; PerkinElmer). In Figure 2H–L,
the green channel is amplified two times. In addition, the rendering
software was used to identify regions of overlap between the signals. The
non-overlapping signal was removed, and the overlapping signal was
amplified (Fig. 2G, 2.5�; M, 8�).

Electron microscopy and tomography. Anesthetized 5-dpf zebrafish
were fixed in 0.1 M sodium cacodylate buffer, pH 7.2, containing 2%
paraformaldehyde and 0.1% glutaraldehyde and then processed by pro-
gressive lowering of temperature (Auer et al., 2008) before embedding in
LR Gold (EMS). Tilt series were recorded at �1 �m underfocus on a FEI
Tecnai T12 using 120-nm-thick sections with a Gatan 1000 CCD set to
collect at 2048 � 2048 pixels with 0.8 nm/pixel. 3D volumes were recon-
structed and filtered with IMOD eTomo and Clip programs, respectively.
Amira 5.3 software (VSG/FEI Visualization Sciences Group) was used for
manual segmentation and surface rendering.

Results
Microtubule and actin crosslinking factor 1 genes are
expressed in hair cells of fish, birds, and mammals
To identify candidate cytoskeletal proteins that may play key
roles in establishing the unique morphology of the hair cell, we
determined the hair-cell transcriptome by performing RNA-seq
on manually isolated hair cells from the chicken. MACF1 mRNA
was highly represented (Fig. 1A). In fact, when compared with
other genes known to be specifically expressed in hair cells, such
as protocadherin 15 (PCDH15) (Alagramam et al., 2001),
MACF1 mRNA was more abundant. We calculated the reads per
kilobase of transcript per million mapped reads (RPKM) for both
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(Figure legend continued.) C, RT-PCR demonstrates that Macf1 is expressed in mouse vestib-
ular tissue using three primer pairs across the coding sequence of Macf1: RT plus (lanes 1, 3, 5)
and RT minus controls (lane 2, 4, 6). D–F, RNA in situ hybridization. Antisense probed 5-dpf
zebrafish demonstrate that macf1a is expressed in the otocyst (arrowhead, D). Magnified im-
ages of otocysts reveal macf1a expression in hair cells of the anterior macula (AM) and posterior
crista (PC) (E) but low background in control (F). In the lateral line, macf1a expression was
below the level of confident detection by whole-mount in situ hybridization. G, The macf1a
locus contains 97 exons (red bars), and the point of insertion (orange arrow) for the FlipTrap
vector in the Gt(macf1a– citrine)ct68a strain is shown. TE, Transposable element; SA, splice ac-
ceptor; SD, splice donor. H, The major functional domains of Acf7a and the position of Citrine.
CH, Calponin homology domain; GAR, GAS2-related domain. I–N, Images of Gt(macf1a–
citrine)ct68a /� zebrafish collected using confocal microscopy. In I, J, L, and M, red is F-actin
labeled with phalloidin. Hair cells expressing Acf7a–Citrine (yellow) have fusion protein encir-
cling the CP and the fonticulus in an anterior lateral-line neuromast (I–K). J, Enlarged view of I.
K, Localization of Acf7a–Citrine in four hair cells. L, A 3D reconstruction of hair cells from a lateral
crista demonstrates that Acf7a is concentrated toward the basal portions of the CPs. Hair bun-
dles (arrows) and CPs (brackets) are marked in L and M. In M, the volume of red–yellow overlap
from image L is pseudocolored in white. N, Immunolabeled microtubules (red) of lateral crista
hair cells demonstrate that Acf7a–Citrine is located toward the ends of the microtubules, prox-
imal to the apical surfaces of the cells. Arrowheads indicate kinocilia. Each c, f, or n denotes the
position of a CP, fonticulus, or nucleus, respectively. Scale bars: E, F, 5 �m; I–L, N, 2 �m.
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Figure 2. ACF7 distribution in mouse vestibular and cochlear hair cells. A–D, F–M, Images acquired using confocal microscopy. A–D, F, G, Adult mouse vestibular hair cells labeled with ACF7
antibody (green) and phalloidin (red). A, ACF7 is localized toward the base of the CP (bracket). B, ACF7 encircles the CP and forms a ring within the fonticulus. C, ACF7 coats the lumen of the fonticulus
(arrowhead). Bracket denotes CP, above which are stereocilia with normal morphology and a few bent stereocilia (arrows). D, Cell colabeled with tubulin antibody (blue). E, Fluorescence intensity
profile from hair cell in D, using the yellow-line region of interest (ROI), demonstrates that ACF7-associated signal (green) rests between phalloidin-associated (red) and tubulin-associated (blue)
signals. Intensity scale is linear, but the units are arbitrary. X-axis represents the length of the ROI, from top (0 �m) to bottom (4 �m). F, In 3D reconstruction, (Figure legend continues.)
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MACF1- and PCDH15-associated reads.
Single-end read counts yielded RPKM
values of 6.02 and 2.09 for MACF1- and
PCDH15-associated signals, respectively.
Next, we established that macf1a and
Macf1 mRNAs are expressed in maculae
of genetically tractable vertebrates (ze-
brafish and mice, respectively) by RT-
PCR (Fig. 1B,C). By RNA in situ
hybridization on zebrafish, it was demon-
strated that all cristae and maculae express
macf1a mRNA (Fig. 1D–F; data not
shown). Finally, because zebrafish some-
times have two paralogous genes because
of an antediluvian gene duplication event
(Postlethwait et al., 2000), we searched the
zebrafish genome and identified macf1b
on chromosome 16. We determined that
this paralog is expressed in maculae of ze-
brafish by RT-PCR (Fig. 1B).

Acf7a encircles the fonticulus and
circumscribes, underlies, and is
interwoven into the CP of zebrafish
To determine the localization pattern of
Acf7a in hair cells, we obtained a zebrafish
strain that has the FlipTrap vector in-
serted in macf1a on chromosome 19, al-
lele Gt(macf1a– citrine)ct68a (Trinh le et al.,
2011). Integration occurred in the intron
between exon 57 and exon 58 (Fig. 1G),
resulting in the expression of Acf7a fused
to Citrine protein (Fig. 1H) driven by
the endogenous macf1a promoter. We
fixed 5-dpf Gt(macf1a– citrine)ct68a /� ze-
brafish and labeled their F-actin with
fluorophore-coupled phalloidin. Confo-
cal micrographs demonstrated that
Acf7a–Citrine circumscribes the CP of
hair cells and forms a ring-like pattern
around the fonticulus, which is known to
contain the basal body (Fig. 1I–K). 3D re-
constructions of images demonstrated
that Acf7a–Citrine signal overlapped with
actin-associated signal in the CP (Fig. 1
L,M). Moreover, CPs were underlain by
fusion protein (Fig. 1L,M). Because
ACF7 has been shown to bind microtu-
bules, we determined the localization pat-
tern of Acf7a–Citrine in relation to
tubulin in hair cells. Immunolabeling of
tubulin in Gt(macf1a– citrine)ct68a /� ze-
brafish demonstrated that Acf7a–Citrine
is apical to tubulin in hair-cell somata

(Fig. 1N), excluding the area around the basal body that lacks
Acf7a (Fig. 1J). These studies suggest that Acf7a is positioned to
integrate these cytoskeletal networks, sandwiched between the
CP actin, which is more apical, and somatic tubulin, which is
more basal.

Localization of ACF7 in mammalian vestibular and auditory
hair cells
Because the primary amino acid sequences of actin- and
microtubule-binding domains of zebrafish Acf7a and mouse

4

(Figure legend continued.) yellow indicates volume of red and green overlap. Bracket indicates
position of CP. G, The volume of overlap from F with non-overlapping signals removed. No significant
differences in ACF7 localization were noted between type I and type II hair cells. H–M, 3D reconstruc-
tions of P2 mouse cochlear hair cells labeled with ACF7 antibody (green) and phalloidin (red). H, I,
Images of a basal turn of a cochlea demonstrate that ACF7 forms a ring around each fonticulus and
labeling is appreciable in and around each CP. Each arrow points out a typical fonticulus. Moreover,
increased ACF7 levels are observed closer to the fonticulus. Labeling of cells in the bottom row is out of
the plane of focus. J–M, Two inner hair cells. L, Image of two hair cells, from a lateral perspective,
demonstrates that ACF7 resides basal to, and within, the CP. Yellow indicates overlapping signals. M,
Yellow signal from L demonstrates that ACF7 overlaps with actin at the CP and at a restricted region
near the cortical surface of the hair cell (arrowhead). Scale bar, 1 �m.

Figure 3. Apical localization of Acf7a precedes hair-bundle and CP formation. Micrographs collected using confocal microscopy.
A, Hair cells of a posterior lateral-line neuromast, from a zebrafish at 5 dpf, expressing Acf7a–Citrine (yellow) are labeled with
phalloidin (red). B displays only the red channel of A. The CPs of the hair cells are oriented opposite to each other. Two cells (B,
arrowheads) within the rosette lack significant actin labeling at their apical surfaces, indicating lack of hair bundles and CPs, but
contain robust levels of Acf7a–Citrine (A). C, D, A live neuromast expressing Acf7a–Citrine and �-actin–mCherry 24 h after
neomycin treatment. �-Actin–mCherry of the CP and hair bundle is red, and Acf7a–Citrine is yellow. D displays red channel only.
Four hair cells have regenerated and contain both Acf7a–Citrine and �-actin–mCherry at apical regions (asterisk); however, there
are cells within the rosette that contain Acf7a–Citrine and no significant amounts of �-actin–mCherry (arrowheads). E, F, At 48 h
after neomycin treatment, the cells that lacked apical localization of �-actin–mCherry developed CPs with PCP, confirming their
status as hair cells (arrowheads). F displays red channel only. Scale bar, 1 �m.
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ACF7 are �93% similar, we hypothesized
that these proteins would localize simi-
larly in these different species. Labeling
using ACF7 antiserum and phalloidin re-
vealed that, in mouse vestibular hair cells,
ACF7 is adjacent to the basal face of the
CP (Fig. 2A), is around the circumference
of the CP, and forms a ring around the
fonticulus (Fig. 2B). Additionally, ACF7
coats the actin wall of the fonticulus (Fig.
2C). Fluorescence intensity profiles (Fig.
2D,E) revealed that ACF7 is couched be-
tween CP actin and immunolabeled mi-
crotubules. We also noticed faint but
consistent labeling in the CP with anti-
ACF7 antibody (Fig. 2A), the extent of
which was revealed by 3D reconstructions
(Fig. 2F,G).

To establish the localization pattern of
ACF7 in auditory hair cells, organotypic-
explant cultures from cochleae of P2 mice
were labeled with ACF7 antiserum and
phalloidin. 3D reconstructions show in-
ner and outer hair cells each have a ring of
ACF7 around their respective fonticulus,
and the level of ACF7 labeling decreases
with distance from each fonticulus (Fig.
2H–K). ACF7 also extended below the
CP, with a modest amount intercalated
into the CP, and localized to a restricted
region near the cortical surface toward the
apex of the hair cell (Fig. 2L,M).

Acf7a is a hair bundle and CP antecedent
We next endeavored to determine at what
stage of hair-cell development Acf7a is
positioned near the apical surface. Be-
cause the neuromast organ of zebrafish
replaces hair cells throughout the life of
the animal, we analyzed neuromasts of
phalloidin-labeled Gt(macf1a–citrine)ct68a /�

5-dpf embryos. Some cells contained api-
cally localized Acf7a–Citrine but did not
have CPs or hair bundles (Fig. 3A,B). Be-
cause these labeled cells were near hair
cells within the rosette, we hypothesized
that these cells were supporting cells, dif-
ferentiating into hair cells, and Acf7a an-
tecedes CP and hair-bundle formation.

To confirm that these cells are pre-
sumptive hair cells and not a supporting
cell subpopulation that harbors Acf7a–Citrine, we generated a
stable transgenic zebrafish strain that expresses mCherry fused to
�-actin under the parvalbumin 3b promoter (McDermott et al.,
2010). This promoter is active in hair cells and supporting cells,
which are transitioning to hair cells. This novel strain,
Tg(pvalb3b:�-actin-mCherry), labels stereocilia and CPs of the
lateral line with fusion protein, as confirmed by phalloidin label-
ing (data not shown), enabling observation of development in
live animals.

For spatiotemporal analysis of hair-bundle formation relative
to Acf7a localization, we performed a hair-cell regeneration assay

(Murakami et al., 2003). We crossed Gt(macf1a– citrine)ct68a /�

and Tg(pvalb3b:�-actin–mCherry) to generate double transgenic
offspring. At 7 dpf, neuromast hair cells were ablated with neo-
mycin, and live imaging was performed 24 h after exposure. A few
hair cells regenerated and matured to have �-actin–mCherry-
labeled CPs with a ring of Acf7a–Citrine encircling each CP and
each fonticulus (Fig. 3C,D). It was also noted that a few cells
within the rosette had Acf7a–Citrine near their apical surfaces but
with no observable �-actin–mCherry in the same regions (Fig.
3C,D). After an additional 24 h, i.e., 48 h after neomycin expo-
sure, these cells matured into hair cells with identifiable hair bun-
dles and CPs (Fig. 3E,F) and also retained Acf7a–Citrine

Figure 4. Microtubules inserted into the CP are bridged to the actin meshwork via filamentous linkers. A, 2D transmission
electron microscopy of an inner ear hair cell from a 6-dpf zebrafish reveals a microtubule (arrowhead) terminating within the CP.
Asterisk shows position of the apical surface of the cell. B, A �1-nm-thick slice through a tomographic 3D reconstruction corre-
sponding to the 2D projection view shown in A. C, An enlarged view of rectangle in B. Arrowhead indicates a filamentous
connection, which bridges the gap between the microtubule and actin. D, E, Manual segmentation and surface rendering of the
densities of interest, with microtubule depicted in mint, actin meshwork in purple, and connecting filaments in red, revealing a
�15- to 20-nm-wide gap between the microtubule and the actin meshwork, which is bridged by the filamentous connections.
Boundary of the actin meshwork is indicated in blue. Mitochondria adjacent to the CP are shown in yellow and green. D, Surface
rendering of the segmented volume overlaid onto a central section through the 3D reconstruction. E contains only the segmented
volume from D. Scale bars, 200 nm. F, Models of ACF7 function in the mature hair cell. Top, Image of a hair cell. CP and circumfer-
ential band (CB) are represented as solid purple structures. Blue structure is the basal body, which resides in the fonticulus. ACF7 is
shown in red. Model 1, ACF7 links a microtubule (mint), which penetrates into the CP, with the F-actin of the CP. Model 2, ACF7 links
F-actin of the circumferential band to a microtubule. Model 3, A microtubule that emanates from the basal body is joined to F-actin
of the CP by ACF7.
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localization. These findings combined demonstrate that, in addi-
tion to being maintained near the apical region in the mature hair
cell, Acf7a precedes hair-bundle and CP formation during hair-
cell development and regeneration.

Electron tomography reveals filamentous linkers that couple
microtubules to the actin meshwork of the CP
To determine whether there are linkers that join the CP actin to
the microtubules near the apical surface of the hair cell, we used
electron tomography. This technique has been successful at re-
vealing the architecture of other regions of the hair cell (Lenzi et
al., 1999; Auer et al., 2008; Fridberger et al., 2009; Vranceanu et
al., 2012), and it may allow the identification of linkers. 2D trans-
mission electron microscopy of sections of zebrafish inner ear
hair cells confirms incidences of insertions of microtubules into
the CP (Fig. 4A). In addition, the area surrounding the microtu-
bule appeared slightly less electron dense than the surrounding
CP (Fig. 4B). Using 3D tomographic reconstruction, we deter-
mined this gap to be �15–20 nm (Fig. 4C). A number of filamen-
tous connections bridge this gap, providing links between the
microtubule and the CP actin matrix (Fig. 4C). Manual segmen-
tation focusing on the high-contrast densities allows the visual
extraction of the features of interest, ultimately revealing the
structure of the linkers (Fig. 4D,E). The depicted connections
likely represent an underestimation because we did not include
connections that appeared at lower contrast, possibly as a result
of staining inhomogeneities. Filaments between the microtubule
and the actin meshwork are elucidated, and they may correspond
to Acf7a. These results provide well defined evidence of filamen-
tous connections between microtubules and the actin meshwork
of the CP.

Discussion
ACF7 links CP actin to the microtubule network
Ultrastructural studies have established that microtubules insert
into the CP to link the plate to the rest of the soma of the hair cell
(Jaeger et al., 1994). Our results reveal direct filamentous links
between the microtubules and the CP (Fig. 4); however, the iden-
tities, properties, and regulation of such linker proteins have yet
to be described. Here we demonstrate that, in hair cells, ACF7 is
positioned between the F-actin of the CP and the microtubules of
the soma, a pattern conserved between fish and mammals. Be-
cause ACF7 harbors both actin- and microtubule-binding do-
mains, this provides strong evidence to suggest that ACF7 serves
as a major linchpin between microtubules and CP actin (Fig. 4F,
model 1). It is also possible that ACF7 links microtubules to the
circumferential band (Fig. 4F, model 2); this notion is supported
by ACF7–actin colocalization near the apical portion of the lat-
eral membrane in mouse hair cells (Fig. 2L,M). Given the robust
labeling of ACF7 around the fonticulus, it is possible that the
microtubules emanating from the basal body (Slepecky et al.,
1981) are tethered to the CP by ACF7 (Fig. 4F, model 3). In
addition, ACF7 may help absorb and distribute the forces expe-
rienced during mechanotransduction through numerous spec-
trin repeats, which are thought to endow ACF7 with elasticity
(Suozzi et al., 2012).

The significance of ACF7 in hair-cell polarity
Our findings demonstrate that Acf7a precedes the hair bundle
and CP at the apical surface of the presumptive hair cell. ACF7
has been shown to bind and guide the growing end of microtu-
bules in endodermal cells (Kodama et al., 2003), and, in
epidermal cells, ACF7 promotes the coordinated tracking of mi-

crotubules along actin fibers that converge at integrin-mediated
focal adhesions, the polarized front of a wound edge (Wu et al.,
2011). Microtubules and associated proteins are able to specify
and maintain the site of cortical actin polarity in various cell types
by delivering positional information to the cortex and inducing
local actin polymerization. Therefore, ACF7 may play a role in
targeting microtubules to the cell cortex to participate in hair-cell
apical– basal polarity and may persist to assist in organizing the
actin of the CP.

In the organ of Corti and the vestibular epithelia, hair cells
display planar cell polarity (PCP). Wnt signaling has been impli-
cated in the development of the inner ear (Montcouquiol et al.,
2006; Sienknecht and Fekete, 2009) and in the establishment of
PCP of outer hair cells (Dabdoub et al., 2003). Interestingly, the
microtubule binding capacity of ACF7 is controlled through
phosphorylation by glycogen synthase kinase 3�, whose activity
is inhibited by Wnt signaling (Wu et al., 2011). The distribution
of ACF7 around the CP is asymmetrical (Fig. 2H–K), reminiscent
of other proteins known to be involved in PCP (Wang et al.,
2005). Therefore, the spatial and temporal regulation of ACF7 by
Wnt signaling may be involved in establishing PCP in hair cells.
Finally, we noted that ACF7 localized to a restricted region near
the cortical surface toward the apex of the hair cell (Fig. 2L,M).
This junctional region of the hair cell is part of the reticular lam-
ina, which contains both tight junctions and adherence junc-
tions. The reticular lamina serves two major functions in the ear.
It separates compartments of the cochlea that have significantly
different ionic contents, the endolymph and perilymph (Gulley
and Reese, 1976). In addition, the reticular lamina is capable of
enduring the mechanical stress exacted by sound-evoked stimu-
lation (Fridberger et al., 2002). Therefore, ACF7 may play a role
in formation or maintenance of this vital structure.
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