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Retinoic Acid Signaling Mediates Hair Cell Regeneration by
Repressing p27kip and sox2 in Supporting Cells

Davide Rubbini,* Alex Robert-Moreno,* Esteban Hoijman, and Berta Alsina
Laboratory of Developmental Biology, Departament de Ciencies Experimentals i de la Salut, Universitat Pompeu Fabra, Parc de Recerca Biomedica de
Barcelona, 08003 Barcelona, Spain

During development, otic sensory progenitors give rise to hair cells and supporting cells. In mammalian adults, differentiated and
quiescent sensory cells are unable to generate new hair cells when these are lost due to various insults, leading to irreversible hearing loss.
Retinoic acid (RA) has strong regenerative capacity in several organs, but its role in hair cell regeneration is unknown. Here, we use
genetic and pharmacological inhibition to show that the RA pathway is required for hair cell regeneration in zebrafish. When regenera-
tion is induced by laser ablation in the inner ear or by neomycin treatment in the lateral line, we observe rapid activation of several
components of the RA pathway, with dynamics that position RA signaling upstream of other signaling pathways. We demonstrate that
blockade of the RA pathway impairs cell proliferation of supporting cells in the inner ear and lateral line. Moreover, in neuromast, RA
pathway regulates the transcription of p27°% and sox2 in supporting cells but not fgf3. Finally, genetic cell-lineage tracing using Kaede
photoconversion demonstrates that de novo hair cells derive from FGF-active supporting cells. Our findings reveal that RA has a pivotal
role in zebrafish hair cell regeneration by inducing supporting cell proliferation, and shed light on the underlying transcriptional

mechanisms involved. This signaling pathway might be a promising approach for hearing recovery.
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ignificance Statement

relevance in future regenerative strategies in mammals.

Hair cells are the specialized mechanosensory cells of the inner ear that capture auditory and balance sensory input. Hair cells die
after acoustic trauma, ototoxic drugs or aging diseases, leading to progressive hearingloss. Mammals, in contrast to zebrafish, lack
the ability to regenerate hair cells. Here, we find that retinoic acid (RA) pathway is required for hair cell regeneration in vivo in the
zebrafish inner ear and lateral line. RA pathway is activated very early upon hair cell loss, promotes cell proliferation of progenitor
cells, and regulates two key genes, p27° and sox2. Our results position RA as an essential signal for hair cell regeneration with
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Introduction
Cellular aging, exposure to loud noise or ototoxic drugs leads to
hair cell damage and subsequent hearingloss. In adult mammals,
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this loss is unfortunately translated into deafness and balance
deficits, two major medical problems in today’s society. Differ-
ently from their mammalian counterparts, nonmammalian ver-
tebrates can generate new hair cells after damage. In chick and
amphibians, hair cells are produced de novo by direct transdiffer-
entiation of supporting cells to hair cells and/or by reentry of
supporting cells into cell division, giving rise to new hair cells and
supporting cells (Corwin and Cotanche, 1988; Ryals and Rubel,
1988; Ma et al., 2008). Although regeneration-specific pathways
have been uncovered recently (Hawkins et al., 2007; Liang et al.,
2012), many pathways involved in the development of hair cells
have also been implicated in their regeneration. For this reason,
the most widely used strategies for generating new hair cells are
blockade of the Notch pathway and overexpression of Atohl
(Lindsell et al., 1996; Lanford et al., 1999; Stone and Rubel, 1999;
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Kawamoto et al., 2003; Izumikawa et al., 2005; Ma et al., 2008;
Daudet et al., 2009; Millimaki et al., 2010; Wibowo et al., 2011;
Mizutari et al., 2013). Transfection of Atohl leads to production
of new hair cells in newborn mice, although these cells do not
mature properly and complete hair cell regeneration is not
achieved (White et al., 2006; Gubbels et al., 2008; Doetzlhofer et
al., 2009). In parallel, Notch inhibition, which induces transdif-
ferentiation of supporting cells to hair cells, leads to depletion of
the supporting cell population, with consequences for long-term
hearing recovery (Lopez-Schier and Hudspeth, 2006; Lin et al.,
2011; Mizutari et al., 2013; Slowik and Bermingham-McDonogh,
2013; Li et al., 2015). Therefore, discovering other mediators of
hair cell regeneration that are capable of preserving the popula-
tion of supporting cells would pave the way to new therapies for
hearing restoration.

The retinoic acid (RA) pathway was found to have dramatic
regenerative potential in amputated amphibian limbs (Niazi and
Saxena, 1978; Maden, 1982; Gudas, 2012) and other organs, such
as the heart, spinal cord sensory neurons, lung, and lens (Tsonis
et al., 2000; Wong et al., 2006; Stinchcombe and Maden, 2008;
Kikuchi et al., 2011). During adult zebrafish heart and fin regen-
eration, aldhla2 expression is induced to mediate progenitor
proliferation and survival (Kikuchi et al., 2011; Blum and Bege-
mann, 2012). Recently, supporting cells of the zebrafish and axo-
lotls lateral line have been shown to have RA pathway activity or
express aldhla2, suggesting that RA pathway could participate in
hair cell regeneration (Monaghan and Maden, 2012; Pittlik and
Begemann, 2012). In vitro studies indicated a role of exogenous
RA in mouse and chick hair cell differentiation during embryonic
development (Represa et al., 1990; Kelley et al., 1993), as well as in
promoting hair cell regeneration in damaged organ of Corti of
newborn mice (Lefebvre et al., 1993). To date, the cellular and
molecular mechanisms of action of RA in hair cell regeneration
need yet to be explored.

Here, we use genetic and pharmacological inhibition of RA
signaling in zebrafish to uncover that the RA pathway is required
for hair cell regeneration in the inner ear and also in the lateral
line by promoting cell proliferation of supporting cells. Compo-
nents of the RA pathway are activated before other well-known
pathways, suggesting that it might be one of the earliest signals to
induce hair cell regeneration. Specifically, we show that the RA
pathway is required to repress p27°% and sox2 transcription in
neuromast supporting cells, two essential genes for sensory de-
velopment, but does not interact with the Fgf pathway. The reg-
ulation of the cell cycle through p27** would allow supporting
cells to reenter the cell cycle. Finally, we use genetic cell-lineage
tracing to show that new hair cells derive from FGF-active sup-
porting cells. Together, our results demonstrate that RA signaling
is a critical trigger of the molecular cascade necessary for hair cell
regeneration.

Materials and Methods

Fish maintenance and zebrafish transgenic lines. Zebrafish were main-
tained at the Parc de Recerca Biomedica de Barcelona Animal Facility
under standard conditions. Zebrafish experimentation followed the Eu-
ropean regulations and were approved by the Institutional Animal Care
and Use Committee, Comité Etico de Experimentacion Animal-Parc de
Recerca Biomedica de Barcelona (approved number JIB-08-1098P2).
The following zebrafish transgenic lines of either sex were used:
tg(brn3c:mGFP) (Xiao et al., 2005), tg(hsp70:dnraraa-GFP) (Kikuchi
et al., 2011), tg(erm:gal4;UAS:kaede) (Esain et al., 2010), tg(hsp70:
fgf3) (Lecaudey et al., 2008), tg(claudinb:GFP) (Haas and Gilmour,
2006), and tg(Xla.Eeflal:H2B-Venus) (Recher et al., 2013). We chose
the dominant negative form of the retinoic acid receptor (RAR) aa to
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block RA pathway because this mutant is the most potent of these
inhibitory receptor mutants (Damm et al., 1993). Embryos were de-
veloped in an incubator at 28.5°C in system water containing meth-
ylene blue and staged according to standard protocols (Kimmel et al.,
1995).

Laser ablation of lateral crista hair cells and blockade of the RA pathway.
Double transgenic tg(brn3c:mGFP;hsp70:dnraraa-GFP) embryos were
obtained by pairwise mating of adult carriers; 4.5-d-old larvae were anes-
thetized using Tricaine 20 uM (Sigma-Aldrich) and embedded on their
sides in 1% low melting point agarose (Ecogen). Lateral crista hair cells
were photoablated on SP5 upright Leica confocal microscope using a
25X water dipping objective and a two-photon laser beam (65-90%
intensity for 3—6 s, depending on the experiment). To avoid damaging
the entire sensory patch, only the upper row of hair cells were targeted,
with 70%-80% of hair cells ablated.

After laser ablation of the lateral crista, transgenic larvae were heat-
shocked at 39°C in prewarmed fish water for 45 min to 1 h. The hair cells
expressing membrane GFP (mGFP) were imaged using an SP2 Leica
confocal microscope at different time points: 2, 48 h postablation (hpa)
and 6 d postablation (dpa). A second short 20 min heat-shock was per-
formed at 20 hpa. z-stacks spanning the entire crista (ablated lateral crista
and posterior nonablated crista as an internal control) were taken at each
time point (one z-plane imaged every 2—4 um) using a SP2 Leica micro-
scope. Raw data were analyzed, and hair cells were counted with FIJI
software (Schindelin et al., 2012).

DiAsp staining of mature hair cells. In another set of experiments, hair
cell regeneration was analyzed by counting the generation of matured
hair cells in the inner ear. Before laser ablation, mature hair cells were
labeled with 5 mg/ml of the fluorescent vital dye DiAsp that exclusively
labels cells with active mechanotransducing channels. Briefly, DiAsp
solution was injected into the inner ear of 4.5-d-old wild-type or
tg(hsp70:dnraraa-GFP) larvae. One hour later, DiAsp-stained lateral
crista was laser-ablated and heat-shocked only once to block the RA
pathway (see above). Regeneration in ablated lateral crista was assessed at
48 h and 6 dpa by injecting DiAsp into the inner ear before confocal
imaging.

Pharmacological loss-of-function studies. Pharmacological blockade of
RA activity was performed by incubating larvae with 100 mm of the RA
synthesis inhibitor DEAB (Sigma-Aldrich) in system water or DMSO as a
control just after laser ablation of hair cells. DEAB was changed every 12 h
and maintained during the 6 d regeneration period. The hair cells of
lateral crista of tg(brn3c:mGFP) larvae were imaged at 4, 48 hpa, and 6
dpa.

Neomycin induced hair cell damage to assess hair cell regeneration in the
lateral line. Hair cell damage in the lateral line was induced by treating
4.5-d-old tg(brn3c:mGFP) or tg(brn3c:mGFP;hsp70:dnraraa-GFP)
zebrafish larvae with 250-500 pm of neomycin trisulphate salt hy-
drate (Sigma-Aldrich) in system water for 1 h as reported previously
(Harris et al., 2003). Following neomycin treatment, larvae were
washed extensively and allowed to recover for 3 h before DiAsp stain-
ing and live imaging. Some young and not fully mature Brn3c-
positive hair cells that survived to antibiotic administration could be
imaged at 4 h post-treatment (hpt); therefore, neuromasts were easily
detected (data not shown). Counting of brn3c-positive and DiAsp
stained-cells was performed at 12, 24, and 48 hpt in every individual
neuromast.

BrdU incubation and immunohistochemistry. Lateral crista: lateral
crista hair cells of 4.5-d-old tg(brn3c:mGFP;hsp70:dnraraa-GFP) and
tg(brn3c:mGFP) larvae were laser-ablated as previously described, and
larvae were heat-shocked at 39°C for 1 h; 24 hpa, larvae were treated with
10 mm BrdU (Sigma-Aldrich) for 24 h, washed two times, and fixed in 4%
PFA. After several washes with 0.1% PBT, larvae were embedded in 7.5%
gelatin/15% sucrose. Blocks were frozen in 2-methylbutane (Sigma-
Aldrich) for tissue preservation and cryosectioned at 20 um on a Leica
CM 1510-1 cryostat.

Neuromast. The 4.5-d-old tg(claudinb:GFP;hsp70:dnraraa-GFP) and
tg(claudinb:GFP) larvae were treated with 250-500 wm of neomycin
trisulphate salt hydrate and heat-shocked at 39°C for 1 h. After washing
the larvae, they were allowed to recover and were treated with 10 mm
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BrdU (Sigma-Aldrich) for 6 hat 9 hpt and 34 hpt. Larvae were fixed in 4%
PFA and washed several times with 0.1% PBT.

Immunohistochemistry. After a DNA denaturation step in 2N HCl
for 30 min at room temperature, larvae (sections to reveal BrdU-
positive cells in the inner ear) were washed three times in 0.1 M
sodium borate for 15 min, washed in 0.1% PBT, and blocked in 0.1%
PBT, 3% BSA, and 10% normal goat serum for 1 h at room tempera-
ture. Mouse anti-BrdU (Sigma; 1:200) and rabbit anti-GFP (Torrey
Pinnes; 1:400) were incubated overnight at 4°C in blocking solution.
After washing in 0.1% PBT for the whole day, anti-rabbit Alexa-488
and anti-mouse Alexa-648 (Invitrogen; 1:400) were incubated over-
night at 4°C in blocking solution.

Neuromast hair cell regeneration time-lapse. The 4.5-d-old tg(Xla.
Eeflal:H2B-Venus;brn3c:mGFP;hsp70:dnraraa-GFP) triple transgenic
larvae were treated with 250500 wm of neomycin trisulphate salt hy-
drate and heat-shocked at 39°C for 1 h. To perform the imaging, we used
a confocal sequential acquisition mode of two channels: (1) excitation at
488 nm (good excitation wavelength for GFP and poor one for venusFP)
and detection window was optimized to detect GFP emmision and min-
imize venusFP emission (green color was assigned to this channel for
presentation purposes); and (2) excitation at 515 nm (good excitation
wavelength for venusFP and also excites GFP) and detection window was
optimized to maximize venusFP emission detection (red color was as-
signed to this channel for presentation purposes). With these settings, in
channel 1 we only detect the signal from the dnRAR-GFP fusion, whereas
in channel 2 signals both nuclear FP were detected (the membrane of hair
cells coming from brn3c-mGFP signal is observed in red in the video
because the increased sensitivity settings for channel 2). The video dis-
plays an overlay of the two channels showing GFP ™ nuclei in red and
GFP * nuclei in yellow (expressing both FPs). z-stacks of 50 pm were
collected for every time point, and a z-projection of maximal intensity
comprising ~10 um depth (10 slices including all nuclei from the neu-
romast) was obtained to generate the video for presentation. The time
lapse was performed during 9 h. Divisions were identified by a detailed
4D analysis of every plane.

Cell lineage. Tg(brn3c:mGFP;erm:Gal4;UAS:Kaede) embryos were
obtained by pairwise mating of adult carriers. Hair cells from lateral crista
of 4.5-d-old larvae were ablated as described above and immediately
afterwards the Kaede protein of that crista was photoconverted from
green to red by exposure to UV light (12.5X intensity for 10 s). Larvae
were imaged at 48 hpa using a Leica SP5 confocal microscope.

In the case of the neuromast, Kaede photoconversion was performed
3 h after neomycin treatment. Immediately after photoconversion,
z-stacks spanning the entire neuromast were taken every 10 min (one
z-plane imaged every 1 um) using a Leica SP5 confocal microscope for
3 h (from 3 to 6 hpt). The larvae were again imaged every 10 min between
12 and 21 hpt and at 30 and 50 hpt using a Leica STED confocal micro-
scope. Raw data were analyzed, and hair cells were counted with Fiji
software (Schindelin et al., 2012).

Whole-mount in situ hybridization. Synthesis of antisense RNA and
whole-mount in situ hybridization were performed as previously de-
scribed (Thisse et al., 2004). The following probes were used: atohla
(Millimaki et al., 2007), aldhla3 (Canestro et al., 2009), cyp26al,
cyp26bl, and cyp26¢1 (White et al., 2007), sox2 (Mérz et al., 2010), cdkn1b
(Geling et al., 2003), and fgf3 (Maves et al., 2002). rarab and rarga probes
were generated by PCR amplification from 72 hpf embryos cDNA, adding
T7 polymerase binding side at 5" of the reverse primers and following RNA
transcription. rarab primers: forward, 5-GATGTGTGGTTTGTGTGG
CCTTC-3', and reverse, 5'-TAATACGACTCACTATAGGGATGCCTT
CCCCTCGCTCTGTCAG-3'; rarga primers: forward, 5'-CGAGGCTA
GGAACAGCTCAC-3’, and reverse, 5'-TAATACGACTCACTATA
GGGATGCAAGCAGGCAGATTTGAGAAGG-3'.

After in situ hybridization, embryos were postfixed overnight in 4%
PFA and analyzed in whole mount for neuromast imaging (larvae
mounted in 100% glycerol) or in sections for inner ear expression
analysis (larvae embedded in 7.5% gelatin/15% sucrose). Blocks were
frozen in 2-methylbutane (Sigma-Aldrich) for tissue preservation
and cryosectioned at 20 um on a Leica CM 1510-1 cryostat.
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Immunostaining with rabbit anti-GFP (Torrey Pines, 1:400) and
donkey anti-rabbit AlexaFluor-488 (Invitrogen, 1:400) was per-
formed to detect cells expressing brn3c:mGFP and/or the fusion pro-
tein dnRAR-GFP.

Statistics. All statistical comparisons were performed by unpaired Stu-
dent’s ¢ test. In figures mean and SD values are shown.

Results

Blockade of RA signaling impairs hair cell regeneration in the

lateral crista

To assess the role of RA signaling in hair cell regeneration in the
inner ear in vivo, we ablated hair cells using 2-photon microscopy
and quantitatively analyzed the dynamics of new hair cell gener-
ation with and without RA signaling. We took advantage of the
tg(brn3c:mGFP) transgenic line, which specifically labels the
body membranes and kinocilia of hair cells present in the various
sensory patches of the inner ear (three cristae and two maculae)
(Xiao et al., 2005). In vivo GFP labeling of hair cell membranes
was detected in the three sensory cristae of the inner ear (Fig. 1A):
lateral crista (Ic), posterior crista (pc), and anterior crista (ac) in
confocal microscopy reconstructed stacks. The number of hair
cells in each crista can be quantified in individual z-stacks (Fig.
1C"). Hair cells of the lc (the most superficial and accessible
crista) were damaged using 2-photon microscopy laser ablation
in 4.5 d postfertilization (dpf) larvae to induce hair cell regener-
ation (Fig. 1 A,B,D). The conditions of laser ablation were set to
ensure that the supporting cell layer was not damaged. Immedi-
ately following laser ablation, RA signaling was blocked by over-
expressing a dominant negative form of the RA receptor fused to
GFP (dnRARaa-GFP), a strategy previously reported to effi-
ciently block RA signaling (Kikuchi et al., 2011; Blum and Bege-
mann, 2012). The dnRAR-GFP protein (referred here as dnRAR)
was induced by heat-shock immediately after laser ablation and
again at 20 hpa (Fig. 1E). The number of hair cell kinocilia and
cell bodies was reduced by 72% in thelc of 2 hpa larvae with intact
and inhibited RA pathway (Fig. 1F,I). We then counted the
number of hair cells at 48 hpa and found that it was significantly
reduced in RA-depleted larvae compared with non—RA-depleted
larvae (the control larvae dnRAR-negative were also heat-
shocked for proper comparison) (dnRAR : 9.25 £ 3.2; dn-
RAR™: 3.2 = 2.3; Fig. 1F,G,I,J,M). A reduction in the total
number of hair cells in RA-depleted larvae was still evident 6 d after
laser ablation but was not significant due to the progressive dilution
of the dnRAR protein (Fig. 1 H,K,M). In the posterior crista (pc), in
which hair cells were not laser-ablated, the blockade of RA signaling
had no effect on hair cell number, showing a specific requirement of
RA activity during hair cell regeneration (Fig. 1L).

To further confirm the role of RA, we again overexpressed the
dnRAR, but this time hair cells were labeled with DiAsp, a vital
dye that enters mechano-active hair cells and stains their cyto-
plasm red (Hernandez et al., 2006) (Fig. 2 A, B). As in the previous
experiment, after counting labeled hair cells of the ablated Ic and
nonablated pc, we found that RA blockade significantly impaired
the production of new hair cells at 48 hpa (dnRAR ": 7.66 = 1.5;
dnRAR *: 4.5 *+ 0.6; Fig. 2D). Again, dnRAR did not have any
effect on the number of hair cells in nonablated crista (Fig. 2C).
Finally, using another approach to inhibit RA signaling, we phar-
macologically treated the laser-ablated larvae with the DEAB in-
hibitor that impairs the enzymatic activity of Aldhl enzymes. In
consequence, DEAB-treated larvae have reduced RA levels in tis-
sues. In these experiments, hair cell regeneration was again im-
paired in RA-depleted but not in non—RA-depleted larvae (Fig.
2F). RA inhibition did not have any effect on nonablated hair
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RAR activity is required for hair cell regeneration in the inner ear. A-D, Inner ear of 4.5-d-old tg(brn3c:mGFP) larvae with GFP labeling of hair cells in the three sensory cristae before (A)

and after (B) lateral crista hair cell 2-photon laser ablation (detail, right). C, €', High magnification view of the lateral crista showing hair cell bodies and kinocilia labeled with membrane-GFP. D, A
transient air bubble over the crista is generated after laser ablation. £, Schematic representation of experimental procedure to assess the role of RA in hair cell regeneration in the inner ear. Briefly,
afterlaser ablation of the lateral crista, two heat-shocks were performed to induce dnRAR expression, and hair cell number was quantified at 2 hpa, 48 hpa, and 6 dpa. F-K, Representative examples
of hair cell regeneration in the Ic after laser ablation in non-dnRAR (F—H') and dnRAR-expressing larvae (I-K). G, J, Arrows indicate kinocilia of the ablated crista at 48 hpa. J, K, dnRAR-GFP is visible
in the inner ear. L, M, Quantitative analysis of the number of hair cells at different time pointsin nonablated posterior crista (L) and ablated lateral crista (M). A, Anterior; D, dorsal; ac, anterior crista;

Ic, lateral crista; pc, posterior crista. **p << 0.01. Scale bars: 4, 50 m; F, 10 pm.

cells (Fig. 2E). Because the Aldh1 inhibitor was present through-
out the regeneration period, in comparison with the dnRAR
overexpression experiment, regeneration was significantly im-
paired at both 48 hpa and 6 dpa (48 hpa DMSO: 19.2 * 1.3;
DEAB: 18.25 = 1.3 and 6 dpa DMSO: 20.2 = 0.84; DEAB: 17.6 =
1.4). Together, these three different experimental approaches
provide new evidence that the RA pathway is required for hair cell
regeneration in the zebrafish inner ear.

RA is also required for hair cell regeneration in the lateral line
The zebrafish has a second mechanosensory organ, the lateral
line, distributed along the body that detects local disturbances of
water flow. The lateral line is composed of neuromasts with ro-
settes of hair cells on top of supporting cells and covered by a
single sheet of mantle cells (Williams and Holder, 2000). This
superficial sensory organ has been widely used in hair cell regen-
eration studies because of its ease of imaging and damaging hair
cells by aminoglycoside treatment. Thus, we also decided to eval-
uate the effects of the RA pathway in lateral line hair cell regen-
eration and compare these results with those found in the inner
ear. It has been shown that 4.5-d-old larvae exposed to 250-500
M neomycin for a period of 1 h become devoid of all hair cells at
4 hpt and that a peak of supporting cell proliferation takes place
by 12 hpt (Harris et al., 2003). We followed the same strategy to
induce hair cell regeneration and, in parallel, inhibited the RA
pathway by overexpressing the dnRAR protein with two heat-
shocks: one just after neomycin exposure and a second one at 20
hpt. The DiAsp-labeled hair cells of several neuromasts were

time-lapse imaged and quantified (Fig. 3A). As expected, at 4 hpt
almost no mature hair cells were present in neuromasts treated
with neomycin in non-dnRAR and dnRAR-overexpressing larvae
(Fig. 3 E, H; compared with Fig. 3B). Interestingly, at 24 hpt, hair
cell generation was significantly impaired after RA blockade
compared with control sibling larvae (24 hpt dnRAR": 5.5 =
1.29; dnRAR *: 1.45 * 1.36; Fig. 3F,I,K). The effect on new hair
cell production was also observed at 48 hpt, albeit at a lesser
extent (48 hpt dnRAR 7: 8.25 = 2.2; dnRAR *: 4.75 * 1.83; Fig.
3G,],K). Because the total number of hair cells in each neuromast
can vary slightly along the posterior line, the same neuromasts
were used in each larva to count hair cell numbers (positions
pl-p2-p3 from Harris et al., 2003). New generated hair cells,
labeled with DiAsp, did not present GFP staining, suggesting that
supporting cells expressing high dnRAR cannot proceed to be-
come hair cells (Fig. 31,]).

Regulation of supporting cell proliferation by RA pathway

To explore whether RA signaling impairs regeneration through
the control of cell proliferation, we labeled S-phase cells in the
inner ear and lateral line in homeostasis and upon regeneration
induction.

Ablated and nonablated lateral crista of tg(brn3c:mGFP) 4.5
dpflarvae were left to incorporate BrdU for a period of 24 h (from
24 hpa until 48 hpa). We could detect a high number of BrdU-
positive supporting cells adjacent to the central patch of differen-
tiated hair cells in the ablated crista (Fig. 4B) but not in the
nonablated crista (Fig. 4A), indicating that cell proliferation is
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Figure2. DiAsp staining and blockade of RA activity with DEAB confirm that RAR activity is required for hair cell regeneration. A, Hair cell regeneration was evaluated by labeling hair cells with
DiAsp, which labels mature hair cells. Schematic representation of experimental procedure: a 45 min 1 h heat-shock was performed 1 h after lateral crista laser ablation. Before laser ablation and
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is significantly impaired at 48 hpa in dnRAR-expressing larvae (D). In nonablated crista, overexpression of dnRAR does not affect the number of hair cells (C). E, F, RA synthesis was pharmacologically
inhibited in 4.5-d-old tg(br3c-mGFP) larvae using DEAB, an inhibitor of aldh1 activity. Brn3¢ GFP-positive hair cells were imaged and quantified at 2, 24, and 48 hpa and 6 dpa in DMSO- and
DEAB-treated larvae. F, Blockade of RA synthesis significantly impairs HC regeneration at 48 hpa and 6 dpa. In nonablated crista, DEAB treatment does not affect the number of hair cells (E). *p <
0.05. **p << 0.01. ac, anterior crista; I, lateral crista; pc, posterior crista. Scale bars: A, 50 pem; F, 10 em.

induced upon hair cell damage in the lateral crista. We also
checked whether dnRAR-expressing cells could incorporate
BrdU by repeating the same experiment but inducing the expres-
sion of dnRAR after laser ablation. In this experiment, we again
found increased numbers of BrdU-positive cells in ablated lateral

crista (Fig. 4D, arrowheads), compared with nonablated crista
(Fig. 4C). In both cases, dnRAR cells did not present BrdU stain-
ing, suggesting that dnRAR cells could not enter S-phase.

We next went to assess whether a similar blockade on cell
proliferation by RA inhibition could be taking place in the lateral
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The RA pathway is required for neuromast regeneration. A, Schematic representation of the experiment. Briefly, neuromast hair cell loss was induced by neomycin in 4.5-d-old

non-dnRAR and dnRAR-expressing larvae, and heat-shocked to induce dnRAR-GFP expression. Hair cells were stained with DiAsp (red) at 4, 24, and 48 hpt to evaluate the regeneration progress.
B-D, z-stack projection of neuromast stained with DiAsp in nonregenerating conditions. E-G, Neuromast with no DiAsp-labeled hair cells 4 h after neomycin treatment (E) and with newborn hair
cells at 24 hptand 48 hpt (F, G). H-J, Overexpression of dnRAR (shown in green) impairs hair cell regeneration at 24 hpt and 48 hpt, the effect being lower at 48 hpt when dnRAR is downregulated
(I,J). K, Quantitative analysis of the number of hair cells at different time points in non-dnRAR and dnRAR-overexpressing larvae. **p << 0.01, ***p << 0.001. Scale bar: B, 10 wm.

line. BrdU incorporation was performed for 6 h at two time
points, at 9 and 34 h after neomycin treatment in wild-type and
RA blocking conditions. Few or no BrdU-positive cells were de-
tected under resting conditions, either with an intact or inhibited
RA pathway (Fig. 4E,H ). However, following neomycin treat-
ment, an induction of S-phase was detected at 15 hpt only in
larvae with an intact RA pathway. While in regenerating neuro-
masts with intact RA signaling, many cells inside the neuromast
are positive for BrdU (Fig. 4F); in RA-depleted larvae, a very
limited number of cells entered S-phase (neo/dnRAR ": 8 = 2;
neo/dnRAR *: 1.17 + 1.47) (Fig. 4I). Again, none of the BrdU-
positive cells were dnRAR-expressing cells, indicating that RA
inhibition prevents supporting cells from entering S-phase, and
therefore generating new hair cells. In control larvae, incorpora-
tion of BrdU at 15 hpt was observed in supporting cells in the
center of the neuromasts (Fig. 4F) as previously reported (Ma et
al., 2008). In RA-depleted larvae at 40 hpt, the dnRAR protein
was diluted in neuromasts and extensive induction of cell prolif-
eration was then observed in peripheral cells surrounding the
neuromasts (Fig. 4]).

To have a better assessment of cell proliferation dynamics on
dnRAR-positive and dnRAR-negative supporting cells during re-
generation, we generated a triple transgenic larvae by crossing
tg(Xla.Eeflal:H2B-Venus) to label cell nuclei, with tg(brn3c:
mGFP) to label nascent hair cells and with tg(hsp70:dnraraa-
GFP) to inhibit RA pathway. By imaging of cell nuclei in
neomycin-treated larvae for a period of 9 h (from 15 to 24 hpt), 6

divisions of supporting cells are observed (nuclei observed in red
and dnRAR cells in yellow). We followed dnRAR cells, and none
of them divided during this period (in Movie 1, 5 divisions are
shown in a period of 3 h). During the imaged period of regener-
ation, no new brn3c-positive cells are observed, probably because
brn3c is a late marker of hair cell differentiation.

Regenerated hair cells of the crista derive from FGF-active
supporting cells

To trace the origin of newly generated hair cells in the zebrafish
inner ear and neuromast, we performed a genetic cell-tracing
experiment. Several FGFs are expressed in sensory patches in the
zebrafish and mouse inner ear throughout development (Pirvola
et al., 2000; Pickles, 2001; Chapman et al., 2006; Hayashi et al.,
2008). In mouse, FGF signaling mediated by FGFR1 maintains
Sox2 expression in sensory progenitors (Ono et al., 2014),
whereas FGFR3 signaling is required to inhibit transdifferentia-
tion of supporting cells (Hayashi et al., 2007; Jacques et al., 2012).
We found that erm (also named etv5), a downstream effector of
the FGF pathway, is expressed exclusively in the zebrafish sup-
porting cell population. Thus, we crossed the transgenic line
tg(erm:Gal4;UAS:Kaede), which expresses photoconvertible
Kaede protein in cells expressing erm, with fish with membrane
GFP staining in hair cells (Fig. 5A, B). The hair cells of the lateral
crista (Ic) were then ablated, and Kaede protein of supporting
cells was then photoconverted from green to red usinga 10 s UV
pulse (Fig. 5C,D). At 48 hpa, the ablated lc presented an overall
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yellow staining due to a mixture of red
and newly synthetized green Kaede pro-
tein in supporting cells. We observed sev-
eral cells with only red cytoplasmic Kaede
that displayed a GFP-labeled kinocilium,
indicative of hair cell differentiation (Fig.
5E,F).Because erm is not activated in hair
cells, the presence of photoconverted red
Kaede protein in these cells indicates their
supporting cell origin (Fig. 5E, F, arrows).
In the same regenerating crista, cells de-
void of Kaede protein and with mem-
brane GFP staining were also found;
presumably, those cells are hair cells that
remained intact after laser ablation (Fig.
5E, arrowhead). Our experiments dem-
onstrate that regenerated hair cells of the
zebrafish inner ear originate from sup-
porting cells, and differentiate in a short
period of time since by 48 hpa differenti-
ated hair cells with a kinocilium are al-
ready detected.

A similar cell-tracing experiment was
done in the regenerating neuromast. There,
GFP expression directed by erm also labels
supporting cells, albeit in a patchy manner
(Fig. 5G). We induced hair cell loss by neo-
mycin treatment, and at 3 hpt we photocon-
verted Kaede in supporting cells. We
generated two videos, one from 3 to 6 hpt
and a second one from 12 to 21 hpt. During
the first video, we could observe the appear-
ance of two new hair cells with cytoplas-
matic red Kaede and low brn3c membrane
staining that at 6 hpt begin to display a kino-
cilium. These two new hair cells most
probably arise from a hair cell precursor ex-
pressing erm at the moment of neomycin
treatment. During the second video, we ob-
served two high expressing erm cells that
differentiate to hair cells by 19 hpt. No new
hair cells are produced until after 30 hpt. At
50 hpt, we observed eight new hair cells,
with cytoplasmatic red kaede indicating that
these come from the photoconverted kaede
population of supporting cells (Fig. 5G).

Components of the RA signaling
pathway are activated upon hair

cell loss

We next assessed the dynamics of the RA
pathway activation during hair cell regener-
ation in the inner ear. Under basal condi-
tions, one of the RA-synthetizing enzymes,
aldhla3,butnotaldhla2, is expressed in the
sensory patches of 4.5 dpflarvae. At the pos-
terior macula, aldhla3 expression is de-
tected at the anterior side of the sensory
patch, encompassing supporting cells and

hair cells (lower layer and upper layers, respectively) (Fig. 6A,
merged panels with GFP in hair cells). Otherwise, the expression of
RA-degrading enzyme, cyp26b1, is detected only at the posterior side
of the sensory patch (Fig. 6B). It has been already shown in many
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Figure 4. The RA pathway is required for supporting cell proliferation. A—D, To evaluate the role of RA in proliferation, lateral
cristae of 4.5-d-old tg(brn3c:mGFP) and tg(brn3c:mGFP;hsp70:dnRARaa-GFP) larvae were laser-ablated and heat-shocked to
induce dnRAR-GFP expression after 1h. 4, B, Increase of BrdU-positive cells was detected 48 hpa in treated larvae compared with
the nonablated controls. C, D, Again, cell proliferation is induced in ablated lateral crista, and only non-dnRAR cells can enter the
cell cycle (arrowheads). E-J, To confirm the results from the inner ear, 4.5-d-old tg(claudinb:GFP) and tg(claudinb:GFP;hsp70:
dnRARaa-GFP) larvae were treated with neomycin and heat-shocked to induce dnRAR-GFP expression. E—G, The number of
BrdU-positive cells (red) increased significantly 15 h after neomycin-induced hair cell damage in non-dnRAR larvae (F). At 40 hpt,
cell proliferation was mainly detected in mantle cells (G). H-J, Cell proliferation is very low at 15 hpt in dnRAR-overexpressing
larvae, and only non-dnRAR cells can enter the cell cycle (non-green cells) (/). At 40 hpt, less dnRAR is present and extensive
proliferation is found in external cells (/).

tissues (e.g., hindbrain, limbs, and eye) that a gradient of RA activity
is generated by the complementary expression of aldhs and Cyp26
enzymes, producing a graded response in gene expression through-
out the tissue (Scadding and Maden, 1994; Dupé and Lumsden,
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Movie1. Imaging of supporting cell divisions in dnRAR larvae-regenerating neuromast. Cell
division during regeneration only occurs in supporting cells not expressing dnRAR. Time-lapse
of a neuromast during regeneration with nucleus of every cell shown in red (H2B-venus) and
nucleus of dnRAR-expressing cells shown in yellow (H2B-venus and dnRAR-GFP). The mem-
brane of a hair cell is also observed in red (mGFP). Arrowheads indicate the dividing nuclei,
highlighting the nuclear condensation or chromosome segregation.

2001; Mey et al., 2001; White et al., 2007; Shimozono et al., 2013). In
contrast, the RA receptor rarga is expressed throughout the sensory
patch (Fig. 6C). In the lateral crista, aldh1a3 and cyp26b1 expression
patterns are also complementary, displaying a mediolateral, instead
of an anteroposterior, gradient axis (Fig. 6 D, E). Again, rarga is ex-
pressed throughout the sensory patch (Fig. 6F).

Next, we sought to analyze whether any of the components of
the RA pathway responds to the induction of hair cell regenera-
tion upon laser ablation. When we analyzed the expression of the
RA pathway genes 24 hpa in the lateral crista, we observed that
aldhla3, cyp26bl, and rarga transcript levels were increased com-
pared with nonablated crista (Fig. 6G-I). In particular, aldhla3
expression seemed to extend to adjacent cells, whereas cyp26b1
and rarga transcript levels mainly increased in the cells already
expressing them. These results indicate a general surge in the
expression of the RA signaling pathway members during regen-
eration. In the regenerating neuromast, sox2 is transiently down-
regulated just after hair cell loss (Jiang et al., 2014); thus, we
checked the expression of sox2 in the lateral crista after hair cell
damage. After 4 hpa, we found that sox2 expression was also
reduced (Fig. 6],K) and, as in the lateral line, the reduction seems
to be transient because it could not be detected by 6 hpa (data not
shown).

Next, we checked whether the RA pathway is also activated in
the regenerating lateral line and assessed its temporal regulation.
In nonregenerating conditions, aldhla3 is not expressed in the
neuromast, whereas rarga is expressed throughout the neuromast
(Fig. 7). When regeneration was triggered by neomycin treat-
ment, we find that expression of aldhla3, rarab, and cyp26al is
induced at 1.5 hpt (Fig. 7). In particular, induced expression of
cyp26al does not occur in all neuromasts; and when observed, it
is restricted to two adjacent cells (Fig. 7). Expression of cyp26cl
increased at 3 hpt; and interestingly, its expression was mainly
restricted to the dorsoventral poles of the neuromast. Together,
the activation of the RA pathway components was very rapid and
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transient because aldhla3 and cyp26¢1 expressions were already
downregulated at 12 hpt (Fig. 7). In concert with the activation of
the RA pathway, as already shown, other essential genes for hair
cell development also changed their transcript levels: sox2 and
atohla (found in supporting cells and hair cells, respectively)
were downregulated and upregulated at 1.5 hpt, respectively (Fig.
7) (Hernandez et al., 2006; Jiang et al., 2014). These data indicate
that RA might be one of the earliest signaling pathways activated
in hair cell regeneration.

The RA pathway blockade impairs the downregulation of
sox2 and p27"* expression in supporting cells

During development of the murine organ of Corti, the cyclin-
dependent kinase inhibitor p27° is essential for the cessation of
progenitor cell division and the subsequent differentiation of
supporting cells and hair cells (Chen and Segil, 1999). Moreover,
previous studies demonstrate that the proliferative capacity of
supporting cell is directly linked to their ability to downregulate
p27"" in mouse (White et al., 2006). We speculated on the puta-
tive role of the RA pathway in regulating cell division of support-
ing cells via p27°, based on the fact that induction of the RA
pathway upon regeneration (during the first 1-3 h after neomy-
cin exposure) coincides with downregulation of the p27* gene at
1.5 hpt described by Jiang et al. (2014) (Fig. 8A,B). To address
this, we checked the effects on p27° expression in regenerating
neuromasts under wild-type conditions (heat-shocked and
dnRAR negative) and in RA-depleted conditions (heat-shocked
and dnRAR positive). Overexpression of dnRAR was induced 2 h
before neomycin treatment because we have observed that it
takes ~1.5-2 h for the dnRAR-GFP protein to be synthetised
following heat-shock (data not shown). Strikingly, downregula-
tion of p27"% expression was repressed cell-autonomously at 1.5
hpt after dnRAR overexpression (compare Fig. 8B with Fig. 8C).
The degree of p27°7 expression was directly proportional to the
degree of dnRAR overexpression. In the first example (Fig. 8C,
top), in which few cells express the dnRAR protein in the neuro-
mast, inhibition of p27** downregulation is only observed in
those cells. In a neuromast with higher levels of dnRAR, the lack
of repression is enhanced (Fig. 8C, bottom).

The activation of the RA pathway also parallels the downregu-
lation of sox2, suggesting that RA could mediate this downregu-
lation as for p27kip . We found that, under neomycin conditions,
sox2 downregulation at 1.5 hpt (compare Fig. 8D with Fig. 8E)
was not observed when RA signaling was impaired (shown in two
different examples Fig. 8F). This suggests that RA signaling, as for
p27"P, is required for the repression of sox2 expression in sup-
porting cells during hair cell regeneration. Overexpression of
dnRAR in non-neomycin-treated embryos did not change the
already high levels of sox2 found in non—neomycin-treated wild-
type embryos (data not shown).

Finally, because fgf3 expression is also transiently downregu-
lated at 1.5 hpt and RA signaling has been shown to interact
negatively with FGF pathway during otic patterning (Maier et al.,
2014), we also checked fgf3 expression after blocking RA signal-
ing. In contrast to what was observed for sox2 or p27*%, we could
not detect any change on fgf3 expression at 1.5 hpt after dnRAR
overexpression, suggesting that the downregulation of fgf3 ex-
pression during regeneration is not mediated by the enhanced
activity of the RA pathway (Fig. 8G-I).

We then checked whether, instead of RA regulating FGF sig-
naling, FGF3 could regulate the RA pathway during regeneration,
and low levels of fgf3 were required for the activation of the RA
pathway. Therefore, we decided to artificially maintain high lev-
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Regenerated hair cells derive from FGF-active supporting cells. A—F, Genetic cell-lineage tracing of regenerated hair cells of the lateral crista. 4, B, Two examples of a transgenic line

expressing Kaede protein in supporting cells tg(erm:gal4;UAS:kaede) crossed with tg(brn3c:mGFP). €, D, After hair cell laser ablation, Kaede was photoconverted to red, and hair cell regeneration
was analyzed after 48 hpa. E, F, New hair cells were observed with red cytoplasmic signal and membrane GFP staining, indicating their supporting cell origin (arrows), whereas membrane GFP
staining alone identifies hair cells survived to the laser ablation (arrowhead). G, Time-lapse of a regenerating neuromast. The 4.5-d-old tg(erm:gal4;UAS:kaede;brn3c:mGFP) larvae were treated

with neomycin, and Kaede was photoconverted at 3 hpt. Scale bar: 4, 10 um.

els of FGF3 after neomycin treatment by using the tg(hsp70:fgf3)
transgenic line. We found that, upon FGF3 overexpression,
aldhla3 is still activated at 3 hpt and no ectopic expression of
aldhla3 is visible (Fig. 8]-L), suggesting that FGF and RA path-
ways do not cross-regulate each other.

Together, our data strongly support a role of the RA pathway
in repressing p27*% and sox2 gene transcription under regenerat-
ing conditions. Regulation of p27° by RA activity is in agreement
with our previous findings that RA inhibition impairs S-phase
entry.

Discussion

In this paper, we describe, for the first time, the role of RA in hair
cell regeneration in an intact animal. Our data suggest that the
rapid burst of RA signaling in supporting cells of the zebrafish
inner ear and lateral line is key for its ability to allow supporting
cell to divide. We show that RA represses p27°f and sox2, two key
genes in hair cell development. RA pathway is therefore required
for the generation of new hair cells and to reconstitute the dam-
aged sensory organ.
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The RA pathway is induced shortly after hair cell loss in the inner ear. A-C, Coronal sections of the posterior macula show expression patterns of aldh7a3 (), cyp26b1 (B), and rarga (C)

in the inner ear of 4.5-d-old larvae. aldh1a3 is expressed specifically in the anterior domain of the posterior macula, whereas cyp26b1 is expressed in the posterior domain. The rarga receptor is
strongly expressed throughout the sensory patch. D—K, Coronal sections of the lateral crista. aldh7a3 is expressed in the lateral domain (D), low expression of cyp26b1is found in the medial domain
inwild-type larvae (), and rarga is expressed throughout the crista (F). Expression of aldh7a3, cyp26b1, and rargais induced at 24 hpa i the lateral crista (G—I), whereas sox2 is downregulated at
4hpa (J, K). In situ hybridization was performed in tg(brn3c:mGFP) larvae, and hair cells are immunolabeled in green. Scale bars: 4, D, 20 m.

RA signalingis active in the inner ear during development and
has different functions. Before otic vesicle stage, RA synthetized
by Raldh2 next to the otic placode affects early otic placode com-
mitment and patterning (Hans and Westerfield, 2007; Bok et al.,
2011; Radosevicetal., 2011). Later, another synthetizing enzyme,
Raldh3 (aldhla3 in zebrafish), is expressed within the otic vesicle
and regulates inner ear morphogenesis, and neuronal and sen-
sory differentiation (Choo et al., 1998; Romand et al., 2002;
Thompson et al., 2003; Maier and Whitfield, 2014). Of particular
interest for the present work, increased levels of RA applied ex-
ogenously could trigger ectopic differentiation of hair cells in
vitro and in vivo in embryonic otic tissue (Represa et al., 1990;
Kelley et al., 1993; Ledn et al., 1995). Kelley et al. (1993) postu-
lated that RA acts on sensory progenitors before they commit to
either hair cells or supporting cells because both cell types in-
creased their numbers upon addition of RA. Along this line, re-
cent transcriptomic work suggests a gradient of RA involved in
hair cell differentiation along the proximodistal axis of the co-
chlea (Thiede et al., 2014).

Despite the well-known role of RA signaling in regeneration in
the limb, heart, and eye (Niazi and Saxena, 1978; Maden, 1982;
Tsonis et al., 2000; Stinchcombe and Maden, 2008; Kikuchi et al.,

2011; Gudas, 2012), its role in inner ear regeneration has little
been studied. To date, only one study, in which exogenous RA
was applied to newborn organ of Corti tissue, indicated that RA
favored hair cell regeneration (Lefebvre et al., 1993). Here, we
unveil that the RA pathway is required for hair cell regeneration
in the zebrafish inner ear and lateral line and that the RA pathway
is rapidly induced upon hair cell damage in both sensory organs.
In the inner ear, expression of aldhla3, rarga, and cyp26b1 is
enhanced at 24 hpa, whereas in the lateral line, aldhla3, cyp26¢l,
cyp26al, and rargab are transcriptionally activated by 1.5-3 hpt.
Liang et al. (2012) identified the socs3 pathway as the first signal-
ing pathway induced upon damage, transcribed at 0 h after
acoustic damage in the inner ear, and returning to normal levels
by 24 h. Thus, one possible scenario is that the RA pathway is
activated by this cytokine signaling regulator. Other well-known
signaling pathways, such as the Notch, Wnt, and FGF pathways,
also regulate hair cell regeneration in birds and fish (Lindsell et
al.,, 1996; Lanford et al., 1999; Stone and Rubel, 1999; Ma et al.,
2008; Daudet et al., 2009; Millimaki et al., 2010; Wibowo et al.,
2011; Mizutari et al., 2013). Temporal mapping of the activation
of these pathways in the regenerating lateral line (Jiang et al.,
2014) indicate that Notch components are downregulated rap-
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Inthe lateral line, RA pathway is already induced at 1.5 hpt. Expression pattern of components of the RA pathway detected by in situ hybridization in resting state and at various time

points during regeneration. In regenerating neuromasts, expression of aldh7a3, rarab, rarga, and cyp26a1 was upregulated at 1.5 hpt, whereas cyp26¢7 was upregulated at 3 hpt. sox2 and atohTa
were downregulated and upregulated at 1.5 hpt, respectively. After transient downregulation of sox2 at 1.5 hpt, expression is rapidly recovered by 3 hpt. Scale bar, 10 um.

idly after hair cell death, whereas the Wnt pathway is active by 12
hpt. It has been suggested that downregulation of Notch in the
center of the neuromast, non—cell-autonomously activates Wnt
in the dorsoventral poles where supporting cells divide in a pro-
liferative, expanding manner (Romero-Carvajal et al., 2015). The
nature of this signal is unknown, but RA could fit with this role
for several reasons: (1) aldhla3 expression is induced concomi-
tant with Notch downregulation and before Wnt signaling acti-
vation; (2) cyp26s expressions are detected in the poles of the
neuromast; and (3) RA pathway regulates supporting cell prolif-
eration. In line with this, RA signaling enhances hematopoietic
stem cell properties upstream of Wnt during development
(Chanda et al., 2013). A possible gradient of RA activity from the
center to the outside in the neuromast might be regulating
supporting cell proliferation during regeneration. Also worth
mentioning, cyp26al is induced in few regenerating neuromasts
and, when it does so, expression lights up in two adjacent cells.
Whether these two cyp26al-expressing cells are a specific subset
of supporting cells with stem cell characteristics, as suggested
recently (Cruz et al., 2015), or labels supporting cells in a partic-
ular phase of the cell cycle remains to be characterized.

One of the roles of the RA pathway is to promote supporting
cell proliferation during regeneration, although other mecha-
nisms of action on hair cell production are plausible. We focused
on the cell cycle inhibitor p27° as a possible downstream medi-
ator of RA activity, finding that the RA pathway represses p27-"
transcription cell-autonomously after hair cell loss, most proba-
bly leading to cell cycle reactivation by supporting cells. While the
RA pathway has previously been reported to have a role in induc-
ing cell proliferation in the regenerating heart and limbs (Kikuchi

et al,, 2011; Blum and Begemann, 2012), our data indicate a pu-
tative molecular mechanism through which the RA pathway
might impinge on cell proliferation, and, for the first time, links
this signaling pathway to the cell cycle inhibitor. It is noteworthy
that the regulation of p27"? by RA might also occur during hair
cell development because a gradient in RA signaling has recently
been shown to regulate differentiation of chick basilar papilla,
and p27*" transcription is also regulated in a gradient (Chen and
Segil, 1999; Thiede et al., 2014). In neuromasts, it has recently
been shown that increased levels of NICD upregulate p275%*
(Romero-Carvajal et al., 2015); therefore, an interesting scenario
would be that both pathways converge on the regulation of cell
proliferation of supporting cells via p27*”, either in parallel or
synergistically.

Together with p27°, the RA pathway also inhibits sox2 ex-
pression during hair cell regeneration. Sox2, an essential gene for
sensory development, is expressed in sensory progenitors (Neves
etal., 2007, 2012). Sox2 and Atohl display a mutual antagonistic
interaction during hair cell development, being Sox2 regulated by
Notch (Dabdoub et al., 2008; Millimaki et al., 2010). We observe
a transient downregulation of sox2, both in regenerating lateral
crista and neuromast, in the latter regulated by RA pathway.
However, the exact meaning of this downregulation is unclear
because there are high levels instead of low levels of sox2, which
promote regeneration (Millimaki et al., 2010). Thus, the tran-
sient downregulation could be reflecting the inhibition of Notch
signaling during regeneration or could be necessary for the tran-
scriptional changes in the supporting cells leading to the activa-
tion of atohl expression. Further analysis in this direction should
address whether transient sox2 downregulation is fundamental
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Figure8. RARrepresses p27 % and sox2 during hair cell regeneration but has no effect on fgf3. A-C, p27*% is expressed in the supporting cells of neuromasts under wild-type conditions (4), but itis strongly
downregulated 1.5 h after hair cell damage (B), allowing supporting cells to reenter the cell cycle. €, Two representative neuromasts showing that the dnRAR-expressing cells are unable to downregulate p274%
transcription. D—F, sox2is expressed in the supporting cells of a neuromast in a 4.5 dpflarva under resting conditions (D) but downregulated 1.5 h after neomycin treatment (E). F, Two representative examples
of neuromasts overexpressing dnRAR show inhibition of sox2 downregulation. G-/, fgf3 is normally expressed in resting conditions (G), and it is repressed 1.5 h after neomycin (H). 1, Overexpression of dnRAR
does not alter the fgf3 downregulation after cell damage. J-L, Similarly, overexpression of FGF3 does not affect aldh7a3 expression in regenerating neuromasts 3 hpt.
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and whether it also takes place in other organisms during hair cell
regeneration.

During otic vesicle patterning, aldhla3 expression depends
positively on FGF3 signaling, whereas RA downregulate FGF ac-
tivity (Maier et al., 2014). However, when we checked for a pos-
sible interaction during hair cell regeneration, we did not find
evidence for a cross-regulation of both pathways, indicative that
in this case the interactions during hair cell regeneration do not
fully recapitulate development networks.

Although RA signaling has mostly been associated with hair
cell differentiation, in this paper we highlight a novel role for RA
during regeneration, in which transcriptional changes in sup-
porting cells lead to the initiation of cell proliferation. Recently,
RA has been proposed to have a role in facilitating reprogram-
ming of MEF cells into iPS cells when present in low concentra-
tions (Wang et al., 2011; Yang et al., 2015), compared with its
classical differentiation role at high concentrations. However, an-
other role of the RA pathway in hair cell differentiation during
regeneration or in transdifferentiation of supporting cells is still
possible. Transdifferentiation has been accounted as the main
mechanism involved in the laser-ablated regenerating zebrafish
larva macula (Millimaki et al., 2010), whereas saccule after acous-
tic trauma and neomycin-treated lateral line regenerate hair cells
by the activation of cell proliferation (Harris et al., 2003; Liang et
al., 2012). Here, we also find high numbers of proliferating sup-
porting cells after laser ablation of lateral crista, suggesting that
this sensory organ regenerates following similar mechanisms as
neuromast. In addition, RA pathway is required in both systems,
albeit they show some differences on the activated genes of the RA
pathway and the kinetics of hair cell regeneration. In the lateral
line, several works indicate that transdifferentiation is negligible
(Lopez-Schier and Hudspeth, 2006; Ma et al., 2008; Mackenzie
and Raible, 2012; Romero-Carvajal et al., 2015), but time-lapse
imaging of regeneration in the inner ear is needed to elucidate the
exact contribution of transdifferentiation events in zebrafish (as
it happens in chick) (Adler and Raphael, 1996). Together, our
results on RA signaling during regeneration might be useful to
further understand the molecular mechanisms underlying non-
mammalian vertebrate hair cell regeneration and at longer term
could be a potential therapeutic agent for treating hearing loss.
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