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Fgf-Signaling-Dependent Sox9a and Atohla Regulate Otic
Neural Development in Zebrafish

Jialiang Wang,* Ying Wu,* Feng Zhao,* Yuting Wu, Wei Dong, Jue Zhao, Zuoyan Zhu, and Dong Liu
The Education Ministry Key Laboratory of Cell Proliferation and Differentiation and the State Key Laboratory of Bio-membrane and Membrane Bio-
engineering, School of Life Sciences, Peking University, Beijing 100871, China

Fibroblast growth factors (Fgfs) play important roles in developmental processes of the inner ear, including the ontogeny of the statoa-
coustic ganglia (SAG) and hair cells. However, the detailed genetic mechanism(s) underlying Fgf/Fgfr-dependent otic neural develop-
ment remains elusive. Using conditional genetic approaches and inhibitory small molecules, we have revealed that Fgfr-PI3K/Akt
signaling is mainly responsible for zebrafish SAG development and have determined that Sox9a and Atohla act downstream of Fgfr-Akt
signaling to specify and/or maintain the otic neuron fate during the early segmentation stage. Sox9a and Atohla coregulate numerous
downstream factors identified through our ChIP-seq analyses, including TIx2 and Eya2. Fgfr-Erk1/2 signaling contributes to ultricular
hair cell development during a critical period between 9 and 15 hours postfertilization. Our work reveals that a genetic network of the
previously known sensory determinant Atoh1 and the neural crest determinant Sox9 plays critical roles in SAG development. These newly

uncovered roles for Atohland Sox9 in zebrafish otic development may be relevant to study in other species.
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Introduction

Zebrafish otic neurogenesis, referring to otic neuronal specifica-
tion and differentiation (Maier et al., 2014), occurs during a rel-
atively long developmental period. After initial specification and
differentiation of otic neuroblasts at the early to midsegmenta-
tion stages, migration of neuroblasts begins at the 22 hours post-
fertilization (hpf) and ends at approximately the 42 hpf stage in
zebrafish (Haddon and Lewis, 1996; Whitfield et al., 2002). After
further cell divisions, delaminated neuroblasts differentiate into
postmitotic statoacoustic (VIIIth) ganglia (SAG), which send pe-
ripheral projections to the sensory patches in the ear and central
connections to their CNS targets. Fgf signaling has been sug-
gested to regulate otic neurogenesis in many species (Adamska et
al., 2001; Alsina et al., 2004; Millimaki et al., 2007; Vemaraju et al.,
2012), but how the signaling functions to direct SAG develop-
ment remains elusive.
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Many transcription factors that are dependent on Fgf signal-
ing to be activated or maintained in the ear are otic neurogenic
factors (Neurogenin, Neurod, Hmx3, etc.) (Adamska et al., 2000;
Ota and Ito, 2006). Fgf-dependent sox9a is expressed in the pre-
otic region in zebrafish (Yan et al., 2005; Esain et al., 2010). In
embryos carrying a homozygous deletion that removes dix3b,
dlx4b, and sox9a (Df***°), all otic sensory lineages are lost, yet
expression of otic neuroblast markers remains in residual otic
cells (Liu et al., 2003; Hans et al., 2013). Because the additional
knockdown of s0x9b function in the Df***® or Df***;fef8a '~
double mutant shows a complete loss of the residual otic cells
(Liu et al., 2003), the role of Sox9, particularly Sox9a (it is up-
stream of sox9b), in otic neurogenesis is implicated. Sox9 is in-
volved in neural differentiation within the CNS (Scott et al., 2010;
Martini et al., 2013), but whether it also promotes neurogenic
development in the peripheral nervous system is unknown. Ze-
brafish atohla marks the prospective maculae from otic specifi-
cation stages and indicates hair cell differentiation (Chen et al.,
2002; Adolf et al., 2004; Millimaki et al., 2007), the process called
otic sensorigenesis (Maier et al., 2014). It is worth noting that
Atohl is expressed at low levels in SAG/hair cell precursors of
mouse otocyst (Matei et al., 2005), implicating additional in-
volvement of Atohl1 in otic neurogenesis.

In the present study, we examined how Fgf signaling and can-
didate neurogenic factors such as Sox9a and Atohla are involved
in zebrafish otic neurogenesis. Using conditional approaches to
investigate the requirement of Fgf signaling, we discovered that
inactivation of Fgfr-PI3K/Akt signaling abolishes the formation
of the majority of SAG neurons, whereas Fgfr-Erk1/2 signaling
partially contributes to otic sensory (hair cell) development.
Downstream of Fgfr-PI3K/Akt signaling, Sox9a and Atoh1la bind
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to their direct/common targets such as eya2 and tIx2 to allow the
otic ganglion development to proceed.

Materials and Methods

Zebrafish stains and maintenance. All animal experiments were approved
by the Institutional Animal Care and Use Committee (IACUC) of Peking
University. The reference from IACUC of Peking University is LSC-
LiuD-01. Wild-type Tiibingen strain and all transgenic zebrafish lines
were kept and bred under standard conditions (Westerfield, 2007). One-
cell stage embryos were collected and incubated at 28°C in E2 medium as
described previously. We used the following transgenic lines: Tg(hsp70:
1¢f8) (Hans et al., 2007), Tg(hsp70:dnfgfr1) (Lee etal., 2005), and TgBAC-
(neurod:EGFP) (Obholzer et al., 2008). Heat-shock-inducible transgenes
were activated by incubating embryos at 38.5°C for 40 min as indicated in
the Results. We could not tell the sex of zebrafish embryos or larvae at
10-72 h after fertilization.

Antisense morpholino oligonucleotides and mRNA misexpression. For
morpholino oligonucleotide (MO) knockdowns, embryos were injected
at the one- to two-cell stage with translation-blocking MOs obtained from
Gene Tools Inc. MO injections were as follows: 10 ng of fgf3-MO, 5'-
CAGTAACAACAAGAGCAGAATTATA-3'(Léger and Brand, 2002); 7.5
ng of fgf8a-MO, 5'-GAGTCTCATGTTTATAGCCTCAGTA-3'(Maroon
et al., 2002); 8 ng of sox9a-MO, 5'-TCAGGTAGGGGTCGAG-
GAGATTCAT-3'(Liu et al., 2003); 6 ng of sox9b-MO, 5'-TGCA-
GAGAGAGAGTGTTTGAGTGTG-3'(Dutton et al., 2009);4 ng of
atohla-MO, 5'-ATCCATTCTGTTGGTTTGTGCTTTT-3" (Millimaki
et al., 2007); 6 ng of atoh1b-MO, 5'-TCATTGCTTGTGTAGAAATG-
CATAT-3'(Millimaki et al., 2007); 15 ng of tlx2-MO, 5'-CGCGGTTC-
TATATGTTACGCACAGC-3/, 6 ng of eya2-MO,
5'-CGTCTGTCCGAAGCTGCCATGAGC-3".

For mRNA injections, 80—100 pg of sox9a mRNA, 60—80 pg of atohla
mRNA, and 40-60 pg of eya2 or tlx2 mRNA was individually injected
into one-cell-stage embryos and incubated at 28°C until the desired
stages.

In situ hybridization and immunostaining. In situ hybridization and
immunostaining were performed as described previously (Westerfield,
2007). The following probes and antibodies were used: neurod (Korzh
et al., 1998), atohla (Millimaki et al., 2007), atoh1b (Millimaki et al.,
2007), sox9a (Yan et al., 2002), tlx2 (Langenau et al., 2002), eya2
(Lupo et al., 2011), anti-GFP (1:500; rabbit or mouse; Invitrogen),
anti-HuC/D (1:500; mouse; Invitrogen), and anti-MyoVI (1:200, rab-
bit; Proteus Biosciences).

Chemical inhibition. Embryos were treated with 50 um SU5402 (Cal-
biochem), 2.5 um wortmannin (Calbiochem), 25 um PD98059 (Calbio-
chem), 10 um U73122 (Calbiochem) in 10 um DMSO or with 10 um
DMSO alone in E2 medium.

Western blotting. Embryos were homogenized in lysis buffer with pro-
teinase inhibitors, run on a 12% SDS-PAGE gel, blotted onto a PVDF
membrane (Millipore), and then incubated with primary antibodies (3-
actin 1:1000 and c-Myc 1:500; Santa Cruz Biotechnology) at 4°C over-
night. Subsequently, the membranes were rinsed three times with TBST
and then incubated with anti-rabbit or anti-mouse IRDye (Odyssey) for
2 h at room temperature and visualized using an Odyssey Infrared Im-
aging System.

Quantitative RT-PCR. Total RNA was extracted from embryos using
TRIzol (Invitrogen). SuperScript II reverse transcriptase (Invitrogen)
was used to synthesize cDNA from 0.5 pg of total RNA. Quantitative
RT-PCR (qRT-PCR) was performed with an ABI-7500 using 2 X Fast-
Start SYBR Green Master Mix (Invitrogen). Total RNA from each sample
was normalized to B-actin. In each experiment, three pools of embryos
were run in duplicate. Primer pairs are listed in Table 1.

ChlIP analysis and ChIP-Seq. ChIP assays were performed as described
previously (Wardle et al., 2006). Thirty nanograms of pull-down DNA
from ChIP was amplified and sequenced using the Illumina platform
(HiSeq 2000). ChIP-seq reads were then mapped to the zebrafish genome
assembly (Zv9 genome assembly, July 2010) using BWA (Li and Durbin,
2009) and improper mapped reads were filtered out by Samtools (Li et
al., 2009). The regions significantly enriched in ChIP-seq reads from
sample and comparison controls were called by MACS (Zhang et al.,
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Table 1. Primer pairs used for RT-PCR

Gene Forward primer 5'-3’ Reverse primer 5'-3

atohla CAACGCCCTGTCCGACTTAC GGGAGATCGGTCCGTTTCTAA
atohTb TTCGGGAGGAGTTTTCCATCT TCCACGGCAGAGGAGTACTCA
b-actin TTTTCCCCTCCATTGTTGGA CCTCTCTTGCTCTGAGCCTCAT

bnc1 TCTGAGCAAGCTGAAGGTTCATC  GTCCCATAAAGCATCAGACTACAGATATC

col2ala AAGTCCATCAACGGGCAGATT ATTCAGGGTGGCAGAGTTTCAG
43 GCAGCACCATCTCCAATTCA GCCAATGGCTGCAACTCAT
dacha GGCTGGACCTGCCATTTATG TTCAGGTGGTTCATCTGGTTCA
dlc AGGCCCCCTCTGTGATGAGT TAGACCGCCCCAACCTTCTT
eya2 ATCACCACGGCGATACCCTAT GACTCGTGGGAGCCTGGTACT
fnl GAGCTGCATCGCCTACTCTCA GTAGCCTTCGTCGTGCCTTTT

hes6 GCATGCATGAAGTGCACACAT
ix2a GGTGGTTCATTCCTCTGTGGCG

TCGTTCAGAGGCATACATTCGA
CATATTACTCCTGACTGATCTGTGG

jag1b CACCCCCTCCACCCTCTAAA CCTTGAGGCATGTTCTCCTTGT

neol (GCGGCTATAAGATCGGTTATG  TGGCATCGAGGTTATCAATGC

notch1b  ACTTCGCAAACAATCCGGG TTCTTTTATCTTTGCCGTGATGAC

sox9a (GCGCAGGAAACTGGCCGAC CGCTTTTCCACCTCGTTCAGTAATCTCC

sox9b TGGAGACTGCTGAACGAGGGCGA  GCTGGTATTTGTAGTCTGGATGATCTTTCTTATGCT
spry1 GGACTCAGCCCAAATCTCTGAA CAGATGTACAGATGCGCAGAGTCT

tbx1 TCCCATTTTTGCGATGTTGC GCACGGCTCAAACTGGCTT

th2 GACCAGTCGAGTAGTTGCATGCT  AGGCCGGATACATGCTGTTG

uncsb CATGCAGATGGCAGCGATTA ATGCATCCTCGGGCTCACT

2qc77614  CTCTCACTGGAGCAGTTGITGAAG  AGCACAGGCTGGACTGGTACA

Table 2. Primer pairs used to verify Atoh1a targets in ChIP-PCR assay

Gene Forward primer 5’-3’ Reverse primer 5-3’

CAAAGGCAGAGAGTGGGAAAAC

bncl CACGGCTGAAACAGGGGAT

dlc CAGAATGTGTCCTAAAAGTGTGAGCAAATGA  GTGTGATCCAGTGGCAGAAGGCG
eya2 TCAACACTCGCACTATAGGTGAATTGTAT CTTATGTCGCCAAAGCAGAATGAAC
fnl TGAGGGTTCCAGCGAGAGATTATCC GAGGACATCTGATCTCCGGTGTCAG

i2a GGTGGTTCATTCCTCTGTGGCG CATATTACTCCTGACTGATCTGTGGTCAT

T

jag1b (GCGCAGTGTTTCAACCTGG GATTTCTCACCTTGGCATGATGTG

neol GATGGGTAGATGGTTTTATAGG(G ATTCATCCATTGATTCATTAGTCTGC
notch1b  ACTTCGCAAACAATCCGGG TTCTTTTATCTTTGCCGTGATGAC

spry1 GACTCAGCCCAAATCTCTGAACGCTCCCTTT - GTTCTCCGCCGAACACAAACACAATCCG

tlx2 CAACCAATGTAGGCAGAAGGGCA
2gc77614  TGGGTAAATAAGAAACAAGCAACA
hes6 CCTTTTCTATTCATACACT

(CAGGCAGCGTTTTTCCAATCC
GCAGAATATCCAAAATCTGAAGTGAT
TCAGAATCACAGAGGGAG

Table 3. Primer pairs used to verify Sox9a targets in ChIP-PCR assay

Gene Forward primer 5’-3’ Reverse primer 5'-3’

TGTATTGTCTTCATTCCATTGTAAATAC
TCAACTCTGCCCACACATTC
TTTTCTTAGGTGGGGCTTGATG
GTGTTTCTTACACCAGGGGTTC
ATCCAGAGAAGGTTCAGGCTGTGGTAAA
GCCTTCACTGACAGAGACATGAAGATGT
TTTTCGGTATTTTGCGCTTCAT
CTTTGCTTCATTATTTCTCCTTTG
CTGTAAAATGATGGTATCACAAATA

bncl TATTAATTTCATGTTCAGCTCAACC

43 ACCCTGAGCACACTGCCA

dacha GAGAGAGATTTTACTGTTTAGTTTGGCA
eya2 GCTGTTAGACTGTTGCACTTTTTT

fnl (TGAAGGGAGTCTTGGCGGAGGTT

neol TITGCCTAGTCTGAATGTATGTTTGCTTATG
spry1 CACCAACCCAGACGATATTTCACT

tbx1 GGACAGTGACTTTGGCCTTG

tlx2 CTGCTTCTTTAGTTTTTCAGTAGA

uncsb  AAATGGGCTCAGTGGGGGGTGG TGTTTGTGGGTGTCTACAGTGTTTCTGGGTA
2qc77614  TTTATTCCCCTTGATGATATTGTGCTTT TGCCATGAGATTTCTGAATTCTACATGC
col2ala  (CTGGTGGTAAGTGAGACCATTAGA GGTGTAAAATGTGGCCTCCTGTAG

2008). Potential target genes in each ChIP-seq experiment were identi-
fied by HOMER (Heinz et al., 2010) and annotated with gtf file of ze-
brafish genome assembly (ZV9).

For the ChIP-PCR assay, ~1/50 of the precipitated DNA was used for
PCR; an equivalent amount of starting material was used as Input DNA.
PCR was performed in 2XPCR buffer (GenStar), 10 um forward and
reverse primers, and one unit of Hot Start Taq polymerase (GenStar).
Primer pairs used for the PCR are listed in Tables 2 and 3.
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Table 4. SAG populations in morphants
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Stage

Genotype 26 hpf 36 hpf 42 hpf 48 hpf

Wild-type 1221 + 196 ;Lmz (n=16) 2048 = 388 pm’ 2n=12) 2968 + 258 um? (n = 15) 3273 + 381 um? (n = 11)
fgf3 MO 1034 + 95 pm’ 2(n=13) 1018 = 104;.Lm (n=9) 1171 = 68 um? (n = 14) 1150 = 51 um? (n = 10)
fgf8 MO 790 = 52 um? (n = 14) 840 = 79 um? (n = 13) 1020 + 82 um? (n = 11) 973 + 102 um? (n = 13)
sox9a MO 736 == 109 um 2(n =19 1010 = 127 um? (n = 19) 1019 = 60 wm? (n = 18) 1033 = 48 um? (n = 20)
s0x9b MO 787 =72 um? (n = 22) 785 = 171 um? (n = 15) 828 = 71 um? (n = 21) 1095 + 228 um? (n = 13)
atohTa MO 789 + 76 um? (n = 13) 1064 =+ 131 um? (n = 17) 1216 = 277 um? (n = 13) 1292 = 324 um? (n = 11)
atohTb MO 969 == 117 um? (n = 20) 2032 + 204 um? (n = 18) 2355 + 395 um? (n = 11) 2410 + 247 um? (n = 13)

Listed is a summary of SAG areas at 26, 36, 42, and 48 hpf in both wild-type embryos and fgf3, fgf8a, sox9a, sox9b, atoh1a, or atoh7b morphants.
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Figure 1.

SAG development isimpaired when Fgf-PI3K/Akt signaling is blocked. A—C, Heat-shocked controls (A), hs:dn-fgfr T embryos (B), and hs:fgf8a embryos (C) are immunostained by HuC antibody at

48 hpf. The 40 min heat shock starts at 10 hpf. D—F, HuC antibody staining in DMSO- (D), SU5402- (E), and wortmannin (F)-treated embryos at 48 hpf. The chemical treatment period is 10—14 hpf. G-I,
Expression of neurodin DMSO- (@), SU5402- (H), and wortmannin (/)-treated embryos at 30 hpf. The chemical treatment period is 10 —14 hpf.J, Summary of SAGsize after manipulating Fgf signaling at different

heat shock time point (n

= 10; 48 hpf). K, Summary of size of SAG populations after blocking the Fgf signaling (n = 10; 48 hpf). Allg, Anterior lateral line ganglion. White dotted lines indicate otic neurogenic

region; black dotted lines indicate otic region. A1, lateral views with anterior to left and dorsal up. ResultsinJand K are presented as mean == SEM. ***p << 0.001, one-way ANOVA. Scale bar, 30 um.

Imaging and data analysis. Live embryos and embryos processed for
ISH were imaged under a Zeiss Imager A1 microscope equipped with
differential interference contrast optics. Live embryos were first anes-
thetized in tricaine before imaging. Immunostained embryos were
imaged under a Zeiss Imager Al fluorescence microscope or a Leica
SP5 confocal microscope using 20X or 40 X objectives. Embryos were

prepared on glass-bottomed dishes in 1.5% LMP-agarose. For quan-
titative results, only one side of each embryo was included. Area
measurements were performed on reconstructed confocal z-stacks
using software equipped in Leica SP5. One-way ANOVA test was used
to compare control and experimental groups. *p < 0.05 is considered
significant.
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Figure 2.
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The sox9a and atohTa are two parallel targets downstream of Fgfr-PI3K/Akt signaling. A—C, Expression of sox9a in heat-shocked controls (A), hs:dn-fgfr1 embryos (B), and hs:fgf8a

embryos (€) at 12 hpf. The 40 min heat shock starts at 10 hpf. D—F, Expression of atohTa in heat-shocked controls (D), hs:dn-fgfr1 embryos (), and hs:fgf8a embryos (F) at 12 hpf. The 40 min heat
shock starts at 10 hpf. G-/, Expression of sox9a in DMSO- (G), SU5402- (H), and wortmannin (/)-treated embryos at 12 hpf. The chemical treatment period is 1012 hpf. J—L, Expression of atohTa
in DMSO- (/), SU5402- (K), or wortmannin (L)-treated embryos at 12 hpf. The chemical treatment period is 10 —12 hpf. M—N, Analyzing the expression profiles of sox9a (M) or atoh1a (N) genes
by gRT-PCR at 14 hpf. White dotted lines indicate the otic region. A-L, Dorsal views with anterior to top. Resultsin M and N are presented as mean == SEM (one-way ANOVA test). Scale bar, 30 um.

Results
Fgfr-PI3K/Akt signaling regulates otic neurogenesis at
10-14 hpf
To assess zebrafish SAG development, we measured the otic HuC
immunostaining area (SAG area) during different developmental
stages. At 26 hpf, the SAG area of wild-type embryos was nearly
15% and 35% larger than that in fgf3 and fgf8a morphants, re-
spectively (Table 4). The SAG area progressively increased in
control embryos over the course of development from 26 to 48
hpf, whereas in fgf3 and f¢gf8a morphants, the SAG area failed to
expand (Table 4), suggesting a defect in the initial SAG develop-
ment due to a low level of Fgf signaling. Fgf8 is sufficient for otic
induction (Yao et al., 2014), but when both Fgf3 and Fgf8a func-
tions are knocked down or abolished in zebrafish, no ear forms
(Phillips et al., 2001; Léger and Brand, 2002; Maroon et al., 2002;
Liu et al., 2003), making it hard to judge the role of these Fgf
ligands at later stages of otic neurogenesis. We instead used two
heat-inducible transgenic lines to test when Fgf signaling is criti-
cal for the otic neurogenesis: heat-activated dominant-negative
Fgfrl (hs:dn-fgfr1) and heat-activated Fgf8 (hs:fgf8a). In a series of
tests with heat shock treatment at different developmental stages,
we found that the activation of heat-activated dominant-negative
Fgfrl (hs:dn-fgfr1) at 10 and 12 hpf led to a drastic reduction in
the SAG area (Fig. 1A, B,J). Conversely, an increase of Fgf8a at 10
and 12 hpfslightly enlarged the SAG population (Fig. 1 A,C,J). In
both sets of experiments, however, heat activation of transgenes
at 14 hpf did not show any significant change of SAG area (Fig.
1]). Therefore, it appeared that Fgf signaling is involved in the
otic neurogenesis before14 hpf.

To further determine when Fgf signaling is directly involved in
SAG development, SU5402 was used to block Fgfr signaling at

10-12, 12-14, and 14-16 hpf. A reduction in the SAG area was
observed only in the 10—12 and 12-14 hpf groups (Fig. 1K). If
embryos were treated for 4 h (10-14 hpf), then SAG reduction
was comparable to that of hs:dn-fgfrlembryos heat shocked at 10
and 12 hpf (Fig. 1A,B,D,E,],K). Together, these experiments
have defined the critical time when otic neurogenesis is sensitive
to Fgf signaling to be between 10 and 14 hpf.

To determine which signaling pathways were downstream of
Fgf in SAG development, we also used PD98059 to block Fgfr-
Erk1/2 signaling, wortmannin to block Fgfr-PI3K/Akt signaling,
and U73122 to block phospholipase C, the noncanonical intra-
cellular Fgfr signaling active in the otic region between 10 and 14
hpf (Millimaki et al., 2007; Boeldt et al., 2014; Penumarti and
Abdel-Rahman, 2014; Tocharus et al., 2014). We found that only
wortmannin reduced SAG area, comparable to that of SU5402
treatment (Fig. 1D-F,K). Furthermore, SU5402 and wortman-
nin treatments between 10 and14 hpf drastically reduced the ex-
pression of SAG marker neurod at 30 hpf, yet the ear sizes of
treated and untreated embryos were comparable (Fig. 1G-I),
suggesting that the otic induction is largely unaffected by the
chemical treatments during this period. Together, these experi-
ments demonstrated that the critical timing of Fgf/Fgfr-Akt-
dependent SAG development is between 10 and 14 hpf.

Sox9a and Atohla are Fgfr-PI3K/Akt signaling dependent to
direct otic neurogenesis

The onset of zebrafish sox9a at the end of gastrulation in the
pre-otic region suggested that it was a good candidate to regulate
otic neurogenesis. We first analyzed whether sox9a expression
was regulated by Fgf signaling at 12 hpf. Activation of hs:dnfgfr]
and hs:fgf8a heat shocked at 10 hpf resulted in dramatically
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staining in wild-type embryos (D), sox9a morphants (), and atoh7a morphants (F) at 48 hpf. G—J, sox9a (I) and atohTa (J) mRNA can individually and partially restore SAG areas of SU5402-treated
(1014 hpf) neurod:EGFP embryo (H) at 30 hpf. K, Summary of the restored SAG areas in mRNA-injected embryos. The chemical treatment period is 10 —14 hpf (n = 10; 48 hpf). Allg, Anterior lateral
line ganglion; Pllg, posterior lateral line ganglion. White dotted lines indicate the otic neurogenic region; black dotted lines indicate the otic region. A-J, Lateral views with anterior to left and dorsal
up. Results in K are presented as mean == SEM. **p << 0.01, ***p << 0.001 (one-way ANOVA). Scale bar, 30 wm.

changed expression of sox9a in the otic region (Fig. 2A—C). The
reduced expression of sox9a was also evident in SU5402- or
wortmannin-treated embryos treated between 10 and 12 hpf (Fig.
2G-T). When Sox9a function was knocked down by MO, neurod
expression and SAG area were reduced (Fig. 3A, B, D, E, Table 4),
suggesting that Sox9a may mediate the Fgf-dependent otic
neurogenesis.

Fgfrs are required to activate atohla (Millimaki et al., 2007;
Sweet etal., 2011). In hs:dnfgfr] transgenic embryos heat shocked
at 10 hpf, atohla expression was almost lost in the otic region,
whereas in hs:fgf8a embryos, it was significantly increased (Fig.
2D-F). When embryos were treated with SU5402 and wortman-
nin between 10 and 12 hpf, atohla expression was completely
blocked (Fig. 2J-L). In embryos injected with atohla MOs, otic
neurod expression and SAG area showed significant decreases
(Fig. 3A,C, D, F, Table 4), suggestive of a role of Atohla in Fgf-
dependent otic neurogenesis.

We next tested whether we could rescue impaired otic neuro-
genesis in neurod::EGFP transgenic and wild-type embryos
treated with SU5402 (10-14 hpf) by mRNA misexpression of
sox9a and atohla and found partially restored SAG area in both
cases (Fig. 3G-K). Because of early onset of both genes in the
pre-otic region, it is possible that Sox9a and Atohla regulate each
other at the transcriptional level. However, qRT-PCR assays
failed to detect any changes in corresponding expression after

MO injection for atohla or sox9a (Fig. 2M,N), indicating that
they act independently to mediate Fgfr-PI3K/Akt-dependent otic
neurogenesis.

Identification of direct targets of Sox9a and Atohla

To determine whether Sox9a and Atohla shared common down-
stream targets, we performed ChIP-seq analysis. We injected
Myc-tagged versions of atohla or sox9a plasmid DNA (Fig. 4A)
individually into one-cell-stage embryos and collected crude pro-
tein from 10 to 14 hpf embryos. Sox9a-Myc or Atohla-Myc fu-
sion protein could be detected by Western blot analysis (Fig. 4B).
We validated the effectiveness of our ChIP assay by detecting the
presence of known Sox9 and Atohl target genes such as col2ala
and hes6 (Bell et al., 1997; Scheffer et al., 2007; Yokoi et al., 2009),
respectively, in embryo (14 hpf) extract by ChIP-PCR assay (Fig.
4C). The enriched Sox9a- and Atohla-binding chromatin DNA
fragments collected from injected embryos of at least 10 separate
experiments were then sequenced. A total of 2112 (Sox9a group)
and 4580 (Atohla group) peaks were mapped to 1217 and 3106
candidate genes, respectively, with a vast majority of binding sites
in either intergenic regions (59.34% Sox9a and 49.63% Atohla)
or intronic regions (34.92% and 33.78%, respectively; Fig. 4D).
Based on the distance of peaks from the transcription starting site
to 50 kb upstream of the last intron of each candidate gene (Fig.
4E) and their otic expressions, we narrowed the list to 18 candi-
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Table 5. A summary of targets of Sox9a and Atoh1a

Sox9a targets Atoh1a targets
(gene/location) (gene/location)
Verified, targets of both bnc1/-8217hp bnci/-1331bp
eya2/ 1*intron eya2/-39376bp
fn1/-14566bp fn1/-26089bp
neo1/-1010bp neol/1* intron
spry1/-3886bp spry1/5'UTR
tx2/1* intron tlx2/-423%bp
20¢77614/-4658bp 277614/-187bp5
Verified, targets unique to one dacha/ 2™ intron dlc/-2774bp
x43/-16069bp in2a/-8618bp
tbx1/1* intron Jjag1b/1* intron
unc5b/1*tintron notch1b/-7642bp
Not verified cdh2/-4914bp cdh2/-32746bp
irx1a/-29014bp dacha/1* intron

notch1b/2™ intron
prdm1a/-1668bp
robo7/1* intron
spry2/-31106bp
spry4/4™ intron

irx1a/-36793bp
irx5a/1*tintron
pax2b/-18427hp
pou3f3b/-27665bp
prdm1a/4™ intron

spry2/-16082bp
spry4/-27068bp
unc5b/1* intron

Allof these genes are relevant to the otic development. By performing ChIP-PCR assay, we verified 11 of 21 genes for
AtohTaand 11 of 18 genes for Sox9a. Among verified genes, seven are common to both sets.

date targets of Sox9a and 21 targets of Atohla and found that 15
targets were common to both datasets (Table 5). ChIP-PCR assay
verified 11 of 21 genes for Atohla and 11 of 18 genes for Sox9a as
reproducible targets (Fig. 4 F, Table 5).

On the Atohla list, dlc, jaglb and notchlb are related Notch
signaling, but Sox9a target genes did not fit into this category. The
transcription factor-encoding genes eya2, irx2a, and tix2 and
structural protein encoding genes such as bncl and fnl were also
identified. On the Sox9a list, we found nucleotide-binding
protein-coding genes such as dacha, tbx1, and unc5b that were
previously shown to be involved in the inner ear development. In
addition, Fgf signaling related spryl and neural development fac-
tor gene neol were also listed as Sox9a-targeted genes. Among all
verified genes, seven were common to both sets (Fig. 4F, Table 5).
Furthermore, our qRT-PCR assay confirmed that these genes
were substantially reduced in sox9a or atohla morphants (Fig.
4G). Together, these results suggest that we have successfully
identified a number of novel players that are directly regulated by
Sox9a, Atohla, or both.

Eya2 and TIx2 are involved in otic neurogenesis

We selected #Ix2 and eya2 for further study as potential dual tar-
gets of Atohla and Sox9a. Our ChIP-PCR assay revealed binding
sites for Atohla (—4239 bp) and Sox9a (+1543 bp) on the tix2
locus and binding sites for Atohla (—39376 bp) and Sox9a
(+22707 bp) on the eya2 locus (Table 5). Whole-mount in situ
hybridization revealed that both genes are expressed early and
specifically in ear neurogenic region. Expression of tIx2 was
downregulated in both sox9a and atohla morphants at 24 hpf
(Fig. 5A-C). Notably, eya2 expression was also reduced in the
morphants at 14 hpf, when it was first detectable in the develop-
ing otic placode at both anterior and posterior portions (Fig.
5E-G). In sox9a and atohla double morphants, expression of tx2
and eya2 were further reduced (Fig. 5A—-H ). SAG area was obvi-
ously decreased in eya2 or tIx2 morphants at 30 hpf, but in double
morphants, no further reduction in SAG area was readily evident
(Fig. 5I-L). The reduction in SAG areas was apparently not as
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pronounced as those for sox9a and atohla morphants or for
SU5402-treated embryos (Fig. 3G,H,K). When either #Ix2 or
eya2 mRNA was injected into two-cell-stage embryos that were
previously injected with either sox9a or atohla MO at the one-cell
stage, the area of the SAG was partially restored (Fig. 5M). To-
gether, these experiments suggest a model in which Fgfr-PI3K/
Akt signaling regulates otic neurogenesis through Sox9a and
Atohla, at least partially by joint regulation of their common
downstream targets, TIx2 and Eya2.

Fgfr-Erk1/2 signaling regulates otic sensory development
Blocking Fgfr-Erk1/2 signaling did not show any influence on
sox9a expression, but slightly reduced atohla and diminished
atoh1b expression (Fig. 6A—F). Because Atohlb plays an impor-
tant role in otic sensorigenesis, we sought to test whether Fgfr-
Erk1/2 signaling is responsible for hair cell development. We
treated embryos with SU5402 or PD98059 from 10 to 14 hpfand
observed >50% reduction of ultricular hair cells in both cases
(Fig. 6G-1,K), supporting the idea that Fgfr-Erk1/2 signaling is a
primary pathway for otic sensorigenesis. Such a reduction was
not found in wortmannin-treated embryos (Fig. 6],K), indicat-
ing that Fgfr-PI3K/Akt signaling does not play a role in the otic
sensory development.

To determine when Fgf signaling is needed for otic sensori-
genesis, we performed SU5402 treatment for distinct windows of
development. Treatment at 9—11, 11-13, and 13-15 hpf, but not
at 15-17 hpf, resulted in significant reductions of hair cells in the
utricle, although the drop in hair cell counts was less pronounced
in the 11-13 hpf treatment group (Fig. 6L). These experiments
support the notion that Fgfr-Erk1/2 signaling controls part of otic
sensory development starting as early as gastrulation ends.

Discussion

In the present study, we investigated when and how Fgfr signaling
regulates zebrafish otic neurogenesis. We bypassed the early crit-
ical period for Fgf-dependent otic induction using conditional
approaches and found both Atohla and Sox9a to be involved
primarily in Fgfr-PI3K/Akt signaling-mediated otic neurogenesis
between 10 and 14 hpf. Using ChIP-seq, we identified potential
genetic targets of Atohla and Sox9a and, among their shared
targets, we show that eya2 and #Ix2 also participate in SAG devel-
opment. We have also discovered that blocking Fgfr-Erk1/2 sig-
naling between 9 and 15 hpfleads to reduced ultricular hair cells.
Therefore, we have confirmed the predicted role of Sox9a and
demonstrated a direct involvement of Atohla in otic neurogen-
esis. We propose that zebrafish otic neurogenesis and sensorigen-
esis require distinct Fgf-dependent gene networks (Fig. 6M).

In zebrafish, Fgf signaling participates in otic neurogenesis
(Vemaraju et al., 2012). By blocking Fgf-Fgfr signaling at selected
developmental stages, we have found that Fgf-Fgfr signaling ac-
tivates and/or maintains sox9a and atohla via Fgfr-PI3K/Akt sig-
naling at 10—14 hpf (Figs. 1, 2). When Fgfr signaling is blocked
between 10 and 14 hpf, overall ear development is normal but the
SAG area is drastically reduced. Otic neuroblasts develop nor-
mally when Fgf signaling is blocked after 14 hpf. It is therefore
reasonable to claim that 10-14 hpf is the critical time of SAG
development in zebrafish. However, the starting point of the otic
neurogenesis remains unclear, because residual SAG area re-
mains even when Fgf signaling is blocked at 10 hpf. It is possible
that otic neurogenesis overlaps with Fgf-dependent specification
of the otic placode at earlier stages, precluding analysis, or that the
ground neuronal state of the caudal preplacodal region, which
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gives rise to the otic and epibranchial fates, is preset by Fgf-
independent factors such as Foxil (Hans et al., 2013) before 10 hpf.

It is intriguing that Fgf signaling is partitioned so that Fgfr-
PI3K/Akt signaling directs SAG whereas Fgfr-Erk1/2 signals play
arole in HC development. Active PI3K/Akt signaling can be de-
tected in developing chick inner ear in organotypic cultures
(Aburto et al., 2012). Consistently, we observed the colocaliza-
tion of p-AKT and sox9a mRNA in many pre-otic cells at 12 hpf
(our unpublished observation), suggesting active PI3K/Akt sig-
naling during otic neurogenesis. In chick organ culture studies,
PI3K/Akt signaling, triggered by Igf-1, is found to affect the sur-
vival of neuronal progenitors that actively divide during inner ear
development (Aburto et al., 2012), whereas Fgfr-Erk1/2 signaling
is thought to be crucial for HC survival of mammalian cochlea
(Battaglia et al., 2003). However, we observed normal SAG pro-
liferation or cell death when Fgf signaling (both wortmanin and
PD98059 treatments) was blocked during otic development (our
unpublished observation). Our experiments indicate that a com-
bination of downstream neurogenic factors of Fgfr-PI3K/Akt sig-
naling are responsible for otic neurogenesis, but neither sox9a
nor atohla is Fgfr-Erk1/2 signaling dependent (Fig. 6). The in
vivo experiments conducted in our study may partially explain
the discrepancy.

Perhaps the most important finding of our study was that
Atohla participates in otic neurogenesis. Atohla and Atohlb
function in otic hair cell fate determination (Millimaki et al.,
2007) and hair cell damage regeneration (Lewis et al., 2012; Kraft
et al., 2013). In the developing otic region, the initial expression
of atohla is genetically downstream of Atohlb and the mainte-

nance of atohlb expression requires Atohla (Millimaki et al.,
2007). Therefore, the reduction of ultricular hair cells by blocking
Fgfr-Erk1/2 signaling at 10—12 hpf is most likely due to tempo-
rarily reduced atoh1b expression, which affects the arohla expres-
sion level (Fig. 6). In fact, a slight reduction of SAG area was also
evident in atohlb morphants (Table 4), reinforcing the idea that
atoh1b is genetically upstream of atohla. Interestingly, in Atoh1-
null mice, fewer afferent fibers from SAG were found to innervate
sensory epithelia from embryonic day 12.5 to 18.5 (Fritzsch et al.,
2005). Because SAG afferent neurons send a single axon toward
their targets, it is likely that correspondingly SAG cell body num-
ber was also reduced in these mice (Fritzsch et al., 2005; Matei et
al., 2005). Because of the presence of both atohla and atohlb, a
duplicated pair of mammalian Atohl ortholog resulting from an
evolutionary genome-wide duplication event (Adolf et al., 2004),
we were able to distinguish additional roles of Atoh1 in both otic
neurogenesis and sensorigenesis. Because PD98059-treated ani-
mals (during 9-15 hpf) still develop significant number of ul-
tricular hair cells (Fig. 6), even with much lower level of atohlb,
further investigation of the role of Atohlb and perhaps other
factors(s) in the otic sensorigenesis is desirable. Nevertheless, it
appears that, during vertebrate evolution, one of the duplicated
Atoh1 encoding genes (atohla) retains its role in otic neurogen-
esis, whereas the other (atoh1b) drives sensory epithelia differen-
tiation in zebrafish.

It is already known that Sox9 is involved in altering the poten-
tial of CNS stem cells from neurogenic to gliogenic states and that
Sox9 may be a direct target of Fgf signaling critical for neural crest
development (Scott et al., 2010; Martinez-Morales et al., 2011;
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Yardley and Garcia-Castro, 2012). Because zebrafish sox9b ini-
tially labels the neural crest whereas sox9a marks mainly otic cells
at the early segmentation stage (Yan et al., 2005), we focused our
attention on Sox9a to illustrate its role in otic neurogenesis and
indeed confirmed our speculation that it is important in defining
otic neuronal fate (Figs. 2, 3). Because the SAG area of sox9b
morphants is similarly reduced compared with that of sox9a mor-

phants (Table 4) and onset of sox9b in the otic region depends on
sox9a, we speculate that both Sox9s are required sequentially and
continuously in otic SAG development.

Using a ChIP-PCR assay, we have verified 11 targets of Atohla
and 11 targets of Sox9a that are all expressed in the otic placode or
vesicle. The low number of verified genes might be because we
used cell extract of whole embryos misexpressing Sox9a-Myc or
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Atohla-Myc fusion proteins. Among the verified genes, irx2a and
thx1 were already known to be involved in the neurogenesis
(Choy et al., 2010; Radosevic et al., 2011), indicative of the rele-
vance of our ChIP-seq analysis. Sox9a and Atohla share seven
targets, which may indicate their essential roles in SAG develop-
ment. Targets unique to Atohla are Notch signaling components
such as dlc, jaglb, and notchlb. Whether Atohla triggers Notch
lateral inhibition in Sox9a * cells to direct neurogenic develop-
ment may warrant further investigation.

In addition, we have verified that eya2 and #Ix2, the common
targets of Sox9a and Atohla, are two novel neurogenic genes in
the ear (Figs. 4, 5). Some members of Eya family serve as tran-
scriptional cofactors both in Drosophila and vertebrates and are
related to inner ear developmental defects (Schonberger et al.,
2005; Wang et al., 2008). Our study adds Eya2 to Eya family
members that participate in zebrafish otic neurogenesis and sug-
gest that its role lies downstream of Sox9a and Atohla. Among
four zebrafish tix genes, only tlx2 is expressed in the otic vesicle
(Andermann and Weinberg, 2001; Langenau et al., 2002). Tlx2
has been shown previously to regulate the neural crest develop-
ment and enteric neuron specification (Borghini et al., 2006;
Borghini et al., 2007), so our study potentially expands its role to
the ear. Importantly, whereas tix2 and eya2 show effects on SAG
development, they are milder than those seen for atohla or sox9a
loss, suggesting that other Atohla/Sox9a targets are also impor-
tant. Therefore, understanding the individual roles/functions for
other genes identified from our ChIP-seq analysis will broaden
our view of the complicated process of neurogenesis in the ear.

In summary, between 10 and 14 hpf during zebrafish embryo-
genesis, Fgfr-PI3K/Akt signaling sequentially activates and main-
tains sox9a/b and atohla functions in newborn otic cells and both
Sox9 and Atohla turn on their target genes, including #/x2 and
eya2, in some pre-otic cells, allowing a portion of them to even-
tually become SAG.
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