Rz o#< 82 A8t BT AT
SRR

Graduate Institute of Biochemical Sciences

College of Life Sciences

National Taiwan University

Doctoral Dissertation

mfhapBe 73 ZP domain F-¢ 9
AT 2 TR g g g
Expression and characterization -of ZP domain-

containing protéihs in |zebrafish ear
1 i

g
Chung-Hsiang Yang

hERE 28y B4
Advisor: Chang-Jen Huang, Ph.D.

PoER R 100 & 77

July, 2011



B 3L 28 K21 23 3
DREBGELE

5 &NIFE T4 7P domain & & 89 & B & R ELAF M5

Expression and characterization of ZP domain containing

proteins in zebrafish ear

A xth B B (D96BA6002) f B it &8 K4 A L 57
R EmzAE () +8mmx » »ERE 100 &7 A 26 AT I #
REBFEBBRUREMS  HILER -

=L
et & T T
(BEA)
Ao A
R /T 38

j\‘/;i /éf/i 3)3\ (8 H442)



EEFEOY ANz T APE LG 2T AR A DT R oA 5B
et SRR A ek 4 A Rl S OF R T R 2 o
FALAOAERHA PR EREFRT EF B EL S FEF I HL ]
&jﬁ_—\.J{m :g__“mlg;\ﬂp:vrst/\ (A %Aﬁq;jﬁ%%,frﬁyo_Lg}é%%%ﬁé
BEkEF I ADGEoR L EHEF LT RGP GLA - WP

WE A A i g e R AR AN e R P i A6 X

PO ALEHEIR FE LA AF I e fedp o X0 R F i Sy 5T

FELEEANCRLR L F Ao b s BURHT EE LS A dp g

FeuEZol 2 o B4R o}’rt_\_‘.‘ggﬁgg;iﬁ Tis 5 AR LF R 0%

%%ﬁﬂ*fﬁiﬁﬂﬁi%ﬁé’@aﬂﬁ%$¢éﬁo
ﬁi@ﬁﬁ%ﬁ%“%ﬁé%T@%#?“ﬁ ﬁ?%iﬁﬁy’%%aﬁ

2,

ww’é—i%¢%§%%$o§ ,f#@‘ﬁ?~4%‘§% B TR
TR F o heke e '\giﬂ%§9~\ﬁﬁﬁ@,ﬁﬁwgi
ibﬁ%’%iﬁWﬁﬁﬁﬁjl
@\gg\;ﬁ\%ﬁﬁiﬁfﬁﬂ%$%€ﬁﬁ—ggéﬁawgﬁjﬁ@ﬁ
fogde s PES il g o

Bofs o NER \“—’”i’k v BT EPE R A A A ’f‘-’"‘“ A ez es s R A
Lo AR T R pbfob i B AP ndife £ H R Mo A
E&ﬂ@z%ﬁﬁ@ﬁﬁ;ﬁﬂ,ﬁﬂﬂjQﬁigﬁﬁ%&ﬂﬁpflﬁo—
gpfﬁéwﬁﬁﬁﬁu{ﬁﬁ~@4ﬁﬂgﬁ E P F)pt B R S A 2b

¥ Aok Fl 5 P ER L@ ’ﬁ t"‘l‘l%/% NG I PR A m}i\:’&f zf’_f@E"'}\lﬁ’JﬁP

i o



Table of Content

PR BB e sas s s s a s s e a bbb s e s a b ees 1
ADSEIACE cuecnreeiiiiiiicniiniinniinniiniintessissnissseesssssssesssassssessssssssssssassssssssassssssssassssssssases 3
ADDIEVIATION couueriuniiiisnnicisnniissnnicssnnisssnnessssncsssncssssscssssscssssssssssesssssssssssessssssssssssssssssssns 5
INErOAUCTION ..uccneeiinniiniiiniiiiiitiintecteinticteeseesseessesssnssssesssessssessssssssssssassssesssssssens 6
ZP domain containing Proteins .........cceeccnseecssencssnecsssnecssseessssnessssssssssssssssssssnes 6
Functions of ZP domain containing Proteins .....c..ccceevercssercscercssnnrcssnnscssanscssanes 7
Structure of ZP domain containing pProteins ...........eeeeeeeneensecssnecssessssesssecssnes 8
Tectorial MEMDIANE ....ueiceeiieiiseiiiiiitintenitneecteseicseesessessssessseesssssssssssessses 9
Beta tectorin 10
Introduction to the zebrafish inner ear aNAOMY .ii...cccevericrverccsnrcnsnrcssnressnnne 11
The development of zebrafishdnner ear ....ccii. i iciiiiinnnenneniseensenssnecsaensaneens 12
Genes involved in inner'ear deyelopment of zebrafish ...........c..ccceevuvveineccnnnens 14
Hair cell function in zebrafish ........ : .............................................................. 15
FM1-43 Dye ,. .............................................................. 15
Morpholino Oligos knock-dowh ......................................................................... 16
Purpose of the StUAY .....coeeeiiiniiinnseiiineetoniiiinmsmsionessssessssssssssssssssssssssssssssssssnssss 17
SPECIfIC AIMS ceeenirrreninieireniiniieniennnenssenisnessessssesssnssssssssessssssssessssssssssssassssssssssssasssns 17
Materials and mMethods .........eiceeiniiiseiinsiiisninnieinsennninneineinsessseeseissesseesssesees 18
Zebrafish care 19

Total RNA isolation and reverse-transcription polymerase chain reaction

(RT-PCR) analysis of zebrafish f-tectorin mRNA .........uueeuervuenrueennecsnercnnenne 19
Cell CUILUTES .uueeenrennrernennennnnnnnsnennessenssessncssssssesssessssssessaesssssssssssssssssessassssssassssesss 19
In vivo and in vitro expression of zebrafish P-tectorin ...........cceevceeevvercssnerennnee 20
Cloning of the full-length ¢cDNA encoding zebrafish B-tectorin ...................... 20

Rescue of defects in f-7ectorin morphant by injecting f-Tectorin RNA ......... 21



Morpholino oligonucleotide (MO) injection .........ccccceereerescercssnnrcssnnscssasscsaseces 21
Whole-mount in sitiu hybDridiZation ........coeeeneeninenneensnenssnecsnenssnessseesssecssessncns 22
FM1-43 labeling of hair Cells .......cooeiivvercivninisnrinssnicssnrcsssencssnncssnncssssssssnssssones 23

Video recording of the swimming behavior of zebrafish f-tectorin

MOTPRANLS cereiiiriiiinniiiienciseisssnissssnissssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssas 23
Cloning of zpDL1 promoter region and establish zebrafish stable line .......... 24
RESUILS ueeiriiiiitiiitiiiintintncntintissecieesnessesssesssesssssssesssssssssssssssssessssssssssssasans 25
Cloning of f-tectorin from zebrafish .......coueeeeeeneensuinsennsnenssnecsenssecnsnecssneesaenes 26
Genomic structure of the zebrafish f-tectorin gene .........cceccevevvuercrcneicssenccsnnns 26
Molecular charcterization of zebrafish Beta tectorin protein ........c.ccceeeuueeenne. 27

Expression profiles of zebrafish f-tectorin messenger (m)RNA in adult tissues

and embryos at different developmental stages “...........c.......... 28

Abnormal otolith formation injf-téctorin morphants-..............ccceevurevrurcrcnnrcene 29

Development of the inner ear was affected|in the p-tectorin MO morphants as

shown by whole-mount in'situ hybri(i.ization .................................................... 32
Behavioral defects in B-tectoriﬁ morphants 33
Alignment of zebrafish ZpDLL ..o ... itinineicnnnisssnnesssnsscssssssssssssssssess 34
Expression profiles of zebrafish ZpDL1 .........ccoivviiniirinserinsercssercssneecssanccnns 34
Establish a stable line zebrafish; Tg(ZpDL1:EGFP) ........uuueeeeuerevsurcnssnncssssnonens 35
Conclusion and PersPeCtiVe .....ueeueeiseensenssrecsensssncssenssaesssessssssssssssasssssssssssssssssssssns 36
REfEIreNCeS ....ueeeveiiuiiiiiininiiitinsiintinneinsicsesssesssessssesssessssesssessssesssessssssssassssesssases 41
FIGUIES couueiiiniiiiniiiiniiiiinnicnintiinsntecssstscsssnicssssecssssessssssssssessssssssssnsssssnsssssssssssssssssssssnes 46

Figure 1. Zebrafish p-tectorin amino acid sequence alignment with those of
OtRET SPECIES .euuerieuriiiinriiinrininiessnncsstnicssnticssstecsssnecsssnesssnssssssessssnesssssessssnsssssseses 47
Figure 2. Genomic organization of zebrafish and mouse f-tectorin genes ..... 49

Figure 3. Molecular charcterization of zebrafish p-tectorin protein .............. 51



Figure 4. Expression profiles of zebrafish f-tectorin mRNAs by RT-PCR and

whole-mount in situ hybridiZation ............eeeeieiiviicnseicssninisencnsencnssncssssnesnes 54
Figure 5. Abnormal otolith phenotypes in f-tectorin morphants .................... 56
Figure 6. Characterization of ear defects in f-tectorin morphants ................. 58
Figure 7. Abnormal swimming behaviors of f-tectorin morphants ................ 60
Figure 8. Control experiments for morpholino specificity ......c.cceeeeerrueerveennens 61

Figure 9. The splice MO targeting and RT-PCR analysis of f-tectorin mRNAs
of embryos injected with splice MOS ......coveeeveenruensnensenssnensaenssnessnnessnecsanessanns 63
Figure 10. The morphology of f-tectorin morphants ..........cceveeeveecsuecseecnnene 65
Figure 11. Zebrafish pB-tectorin amino acid sequence alignment with other fish
species. The deduced amino acid sequences of zebrafish B-tectorin were
aligned with those from Tetraodon, fugu, andunedaka ...........c.cceeueevueesuercnneene 67
Figure 12. Zebrafish zpDL1 amino‘acid Sequence alighment with other species.
The deduced amino ‘acid sequencé::“of zebrafish zpDL1 were aligned with
those from human, mouse, and bovin;e ............................................................... 69

Figure 13. Expression profile of zpDLL.and established Tg(zpDL1:GFP) stable

Appendices 73

Figure 1. Structure and polymerization of ZP domain containing protein .... 74
Figure 2. Structure of human INNEer @ar .........cueeneenrenssnenseessnecsnessacssnesssecsanes 75

Figure 3. Structure of zebrafish inner ear , otoliths and hair cells ................. 76



P2 R

Zona pellucida (FMH )z ¢ F g - BRESHE - BN LFL
HFEAFE PP @ it ke F & KT BT o FLiEen g A A
§ Fokehdey SrEd o A u| £ IPL 0 ZP2 11 & ZP3 e Wil Fev o A b A
1R vk A 7T U F T - B F R ®F 9 7P domain (5P ¥ BiEE)

TEA T B RFE Y SR L LAPM B P A SR EGF S et

0ORATE G kiR 2L - o

B-tectorin = 336 B i F TS > FH G - BF AR KT ZP domain(E P
+ ) v AP B Y tectorial membrane(" f " ) ihA & A A2 - 0 BEAp
B R PR AR A A 5 - Be g R e p B S e
WA - Ame N T T FE N AHT petectorinie — &EAk G B ¥ SRR S J
i@@mgﬁwmﬂ%?Jgﬁ¥i$ﬁmaoﬁi,%gi%?agm%gg
o8 g AT TR AE T LA B 5 B A, Btectorin' R LR R 5 o B b

®rLx B A% B-tectorin FTiRY i ‘—gwﬁﬁ“ FI*B g d R 2per 2L F

¥ 47 0 F I 5 4 e B-tectorin L ﬁﬂ%.ﬁ%’ﬁ Bigde MR R BF - B At

e R iRy F R /»\ ’}fr B tbctorln L_EﬁfF'*fr B F ehd I 3 I B-tectorin
E-a i RAp RO EEE macula ® =0 d-morpholino * knockdown B-tectorin
IR R T gAY P BPA T fofc® o XY RN B P IS
Al o BLBRGE A T B ¥ chma l AT UE IR P AR AT S f TR o
£ 7 Prtectorin ehp F b o SRS BT R G X - B G B P 4 o0 zpDLI
Bd oo PRI A FFRAF S F 4 A A FFREE T zpDLL 3
9 R F) o d SR zpDLL Fev fRT R A G E R v AR AT 0 R
32245 p zpDL1 en& =% o zpDL1 & - 3 A AP B e £ BY crista> &
WA Z Bk o LB P A fads + (promoter) 8 A Rk R chm
B AT EIE R R E - DR e @ etk Tg(zpDL1:GFP)j B4 % 34 i
BERRE BT crista i ¥ o & 'fﬁ F 870 T S8 (7 LK crista i @ L% hair cell

1



LT

Ay E S B 0 8 g B-tectorin F-v B - & F AP B dhmacula T F

t"—'—ﬁf—l% ‘Q\F\ﬂ%—ﬁ’?ﬁlﬁi‘% ﬁ"'i'-g o—,E_T,ng"i B_tectorin %_g %’i’i}]\ﬂ";ﬁ?jﬁj
w4

v B AR fesb i R F o g b s i zpDL1 A7 ¢4 BEF 7 zpDL1 £ IR
BV - fAN BN R B crista dhhaircell ¥ 0 &3] ¥ ZP domain 3-v £ it

EEEF o LM o FMlA 5 > Ay & %5 22307 f27 § ZP domain

PN S EL I




Abstract

The zona pellucida (ZP) domain is part of many extracellular proteins with diverse
functions from structural components to receptors. The mammalian B-tectorin is a
protein of 336 amino acid residues containing a single ZP domain and a putative
signal peptide at the N-terminus of the protein. It is one component of a gel-like
structure called tectorial membrane which is involved in transmitting sound wave into
neuronal signals and is important for normal auditory function. [B-tectorin is
specifically expressed in mammalian and avian inner ear. We identified and cloned the
gene encoding zebrafish B-tectorin. Through whole-mount in situ hybridization, we
demonstrated that p-tectorin mRNA was expressed in the otic placode and in the
specialized sensory patch of the innersear during zebrafish embryonic stages. Analysis
by western blot and immunofluetrescence staining-suggested that B-tectorin may
undergo some posttranslatidnal modifications. Morphelino knockdown of zebrafish
B-tectorin affected the position and numl;:_é.:fo.f otoliths in the ear of morphants. Finally,
the swimming behaviors™ of B—;[e.ptori;ll‘-- motphants Were abnormal since the

|

development of inner ear was compromised:

1 |

In addition to studies of B-tectorin,” we-had.also studied another ZP domain
containing protein, zpDLI1. Through bioinformatics method, we predicted and
identified zpDL1. Since zpDL1 has not been reported in any literature yet, we first
characterized its expression by whole-mount in situ hybridization. The expression
profile of zpDL1 displayed a specific pattern in the three crista of the inner ear, with
an appearance correlated to the onset of crista emerging (about 48 hpf to 72 hpf ). A
transgenic 7g(zpDLI:GFP) line was generated using 2 kilo bps promoter region
upstream the start codon to drive GFP (green fluorescent protein) expression. Specific
expression of GFP in the crista will be used to label the hair cells in the crista and

further applied in hair cell ablations by intense laser beam.



Our results reveal that zebrafish B-tectorin is specifically expressed in the
zebrafish inner ear, specifically in the macula, and is important for regulating the
development of zebrafish inner ear. Lack of zebrafish B-tectorin caused severe defects
of inner ear, formation of otoliths and function. Furthermore, zpDL1, another ZP
domain containg protein, also showed expression pattern in hair cells related sensory
organ, crista. Taken together, our works contributed to better knowledge of the role of

ZP domain containing proteins in the zebrafish inner ear.
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Introduction

ZP domain containing proteins

The zona pellucida (ZP) was first discovered and recognized as a structural
element by Bork & Sander in 1992[1]. This specialized ZP domain was originally
identified in glycoproteins that are components of the extracellular matrix, zona
pellucida, surrounding the mammalian oocyte. The Zona pellucida contains
glycoproteins, mammalian ZP1, ZP2 & ZP3 which are receptors responsible for
inducing sperm acrosome reaction, forming interconnected fibrilous structures around
the oocyte. The association«of these' proteins relies-on a common motif called
ZP-domain[1,2,3]. Since then, various proteins are.known containing the ZP domain

and involved in different function, ile., being/expressed in-differentiated epithelia and

| — ]
e

neural tissues. | == -

The ZP domain 1s found in Yario;::s proteins, such.as previously mentioned
mammalian ZP1, ZP2, and. ZP3, A:mong others | arc the ‘non-mammalian egg-coating
proteins, Tamm-Horsfall protein. (THP)/uromodulin, glycoprotein (GP)-2, a- and
B-tectorins, transforming growth factor (TGF)-B receptor III, endoglin, deleted in
malignant brain tumor (DMBT)-1, no-mechanoreceptor potential-A (Nomp A),
Dumpy, and cuticlin-1 [2]. The ZP domain containing proteins have diverse functions.
For examples, the Tamm-Horsfall/uromodulin protein (THP), a major glycoprotein
secreted by the human kidney, is known to prevent urinary tract infection[4]. Owing to
their propensity to form a gel, THP filaments may ensure the water impermeability of
the thick ascending limb of Henle’s loop[5]. Whereas, Glycoprotein (GP)-2, a major
zymogen granule membrane protein in pancreatic tissue, is reported to be involved in

the formation and secretion of zymogen granules or binding scavenger receptors [6,7].
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As for a- and B-tectorins , they are the main components of the avian and mammalian
tectorial membrane, an extracellular matrix in the organ of Corti[2,8,9].
Transforming growth factor-f, TGF-p receptor type III (TGFR3), or betaglycan, are
the most abundant TGF-f binding proteins at the cell surface. In mammals, TGFR3
seems to be essential for restructuring of blood vessels during angiogenesis [10].
Endoglins, which is structurally related to TGFR3, are involved in angiogenesis,
cardiovascular development and vascular remodeling[11].

ZP domain-containing proteins are highly conserved among all species and are
often glycosylated [1]. They are generally modified with a variable number of
high-mannose type, N-linked oligosaccharides in the ER (endoplasmic reticulum).
These proteins can be furtherimodified'by the addition of O-linked oligosaccharides
and by processing of high-mannose-type, N-linked “eligosaccharides to the complex
type when transferred to Golgi apparatases. However, there are still few ZP domain

containing proteins lacking both N- anaﬂ’ﬁrlinked oligosaccharides[12]. Therefore,
[l MW
even though glycosylationis @ modification common to‘the majority of ZP domain

proteins, its extent and relevance in terms,of protein structures and functions can

differ significantly[2].

Functions of ZP domain containing proteins

It was first proposed in 1995 that the ZP domain might play a role in
polymerization of ZP domain—containing proteins into filaments and/or
matrices[13,14]. An assay was developed at that time. Epitotpe-tagged recombinant
ZP glycoproteins were examined for whether they can be integrated into ZP of the
mouse oocytes[15]. By this assay, ZP domain together with the N-terminal signal
peptide and C-terminal propeptide are both necessary and sufficient for assembling

nascent protein into ZP



ZP domain-containing proteins, often present in filaments and/or matrices, play
important roles in protein polymerization [2]. Ultrstructural studies of mouse egg ZP
proteins and other ZP domain containing proteins demonstrated that ZP domain
containing proteins are fibrillar in nature [2,16]. The ZP domain is a frequently found
module in extracellular proteins that polymerize into higher-order structures, such as

filaments and matrices.

Structure of ZP domain containing proteins

The ZP domain consists of ~260 amino acids (aa) and 8 conserved cysteine
(Cys) residues that participate in intramolecular disulfides forming [17] (Appendix
Fig. 1A). In addition, most ZP domain copntaining proteins are glycosylated and
possess an N-terminal signal peptide and either a €-terminal putative transmembrane
domain (TMD) or glycosyl phosphatidylinositol4GPI-) anchor(Appendix Fig. 1). ZP
domain containing proteins usually lare .(‘:;_éh;ﬂiposed of a signal sequence that drives the
protein to the endoplasmic feticulum .(ER).IE[I] [17,18].

ZP domain containing" pro‘éeins often form long interconnected fibrils or
filaments that exhibit a repeated. structure[16,19]..Furthermore, the ZP domain is
actually a module consisting of two domains, called ZP-N (N-terminal) and ZP-C
(C-terminal), separated by a short linker region. The ZP-N domain, in some cases,
seems sufficient to form polymers in vitro in some proteins[2].

Additional motifs or domains between the N-terminal signal peptide and the
ZP-domain are present in many ZP-domain proteins. These domains include
plasminogen activator N-terminal (PAN), Epidermal growth factor (EGF and
EGF-like), von Willebrand factor (vWA), scavenger receptor cysteine rich (SRCR),
and entactin domains[2]. Mutations in these additional domains may also affect the

activity of these ZP domain proteins[20,21]. Therefore, although the ZP-domain has
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an important role in the activity of ZP domain proteins, additional domains and
sequences may also contribute to the functional diversification of ZP domain proteins,

as well as the modifications of the juxtamembrane extracellular region.

Tectorial membrane
The Tectorin membrane is a specialized extracellular matrix that takes the role
in converting sound vibrations into neuronal signals. It is a gel-like matrix that located
in the inner ear organ, namely the organ of Corti, in the cochlea of inner ear
(Appendix Fig. 2 ). The tectorial membrane is coupled to the hair cells and attached to
the tip of hair cell stereocilium bundles. In higher vertebrates, when the sound waves
travel to the middle and inner ear, ‘the acoustic émergy is then transferred to
mechanical energy by the ossicles' (Known to' consist of three bones--the hammer,
anvil and stirrup). Stirtup conyerts the vibration of sound to' the fluid-filled cochlea of
the inner ear (Appendix Fig. 2 ). The o;giéiil!"bf corti is responsible for transferring the
vibration of sound into a n€uronal fra}nsdl;étion signals that.are sent to the brain. The
organ of corti is composed.of ‘threé canals, the ﬁpper canal ( vestibular ), the middle
canal (cochlear duct) and the Tower canal, and-filled with endolymph (Appendix Fig.
2). Since the tectorial membrane is attached to the stereocillia bundles of the hair cells,
sound vibration can cause a distortion in basilar membrane that bends and deflects the
stereocillia in the fluid filled canal. The fluid is comprised of endolymph that rich in
potassium ions and the influx of ions will trigger depolarization of hair cells, thereby,
excitating them and then transmitting the signals to the brain through VIIIth auditory
nerve.
The mammalian tectorial membrane (TM) is formed by 3 different collagens
(types 11, V, and IX) combined with 3 non-collagenous, glycosylated polypeptides,

called a-tectorin, p-tectorin, and otogelin [2]. The TM is composed of several

9



genetically distinct types of collagen, collagen Types II, V, IX and XI and three
non-collagenous glycoproteins, a-tectorin (Tecta), B-tectorin (Tectb) and otogelin
[2-8]. Tecta, Tectb and otogelin are proteins that are only expressed at high levels in
the inner ear and they account for ~50% of the protein present in the TM. The cDNA
sequences for otogelin and Tecta predict large, modular glycoproteins (313 and 239
kDa respectively), whilst the sequence for Tectb encodes a much smaller protein (36
kDa). As mentioned in previous text, both a- and p-tectorins belong to the ZP
domain-containing protein family, and mutations in a-tectorin or P-tectorin were
reported to result in human nonsyndromic deafness. For example, studies of the
human a-tectorin gene, TECTA, showed that it is related to dominant forms of
prelingual, nonprogressive «deafnessi DENAS (MIM601543) and DFNAI2
(MIM601842) [20] or a recessive form at locus’ DENB21 [22]. On the other hand, the
TECTB, which encodes B-téctorin, also, plays an important role in maintaining the

| —

normal function of the tectorial rriemb“_i':zhe. Previous studies on knockout mice
I

reported that the structure of the striated-sheet matrix|is disrupted and cochlear tuning

is sharpened in TECTB' .mice. [23]. Taken toge;her, both types of tectorins are

important for maintaining normal-auditory functions-of the inner ear .

Beta tectorin

Beta tectorin was identified as a glycoslyated ZP domain containing protein in
the vertebrates[13]. It is exclusively expressed in the inner ear and formed a part of
tectorial membrane. Along with alpha tectorin, beta tectorin is believed to form the
complex extracellular structure via its ZP domain. Beta tectorin double knockout mice
displayed dysfunction of tectorial membrane structure and defects in normal cochlear
function[23]. The expression of Beta tectorin is downregulated on a the doubly
knockout mice that lacks midkine and pleiotrophin genes; suggesting that these

10



growth factor or cytokine are important for regulating Beta tectorin  expression[24].
In addition, mice deficient in the thyroid hormone supply also displayed reduced beta
tectorin expression which leads to malfunctions of the tectorial membrane[25]. Taken
together, Beta tectorin is important in maintaining the normal function of tectorial
membrane. Even though many studies had been done in mice and chickens, few

information regarding Beta tectorins is found in the zebrafish.

Introduction to the zebrafish inner ear anatomy

The zebrafish inner ear is composed of a complex vestibular system
possessing many special features. These features are three semicircular canals and two
or more macular organs[26]. At the end of ea;lz'lzl‘ semicircular canal is a round mound
of sensory epithelium called"“rthe crista. The c"r"i’é%a is specialized in providing

information about the posmon of the head and angular acceleratlon movements of the

| W‘"h.__.v L

head caused the fluid inside canals r 111:1.2@921{1!1 defleet the kinocilia bundles of the

hair cells that are within the criT tra;%itt#n the information to the brain by

|

The early zebrafish larva bossé’éses* two' macular organs called the saccule

depolarizing the hair cells. A

(posterior macula ) and utricle ( anterior macula ). Besides, a third macular organ,
lagena, will form at the juvenile stage. Otoliths are calcium carbonate crystals serving
as mechanoreceptors which stimulate the kinocillia of the hair cells lying in the
macular organ (Appendix Fig. 3) When the body moves, otoliths are also moved and
deflects the underlying hair bundles [26]. The hair bundles in turn transmit the
information to the brain, which allows the animal to sense gravity and linear
acceleration. Previous reports show that a mutant fish with dysfunction in forming
utriclar otoliths and semicircular canals has deficiency in the gravity sensing [27].

In lower vertebrates, such as frogs and fish, macular organs are also important

11



for hearing [28]. Fish can manipulate their saccular organs (posterior macula) to
"hear" frequencies between 10-4000 Hz. Some fish can be classified as experts in
hearing due to presence of a series of bones known as Weberian ossicles that connect
the swim bladder to the saccule. Sound sets the air-filled bladder into motion and this
motion is transmitted to the sensory epithelium through ossicles and thereby
amplifying the sound. The zebrafish is considered as hearing specialist.

Basically, the organization and morphology of the inner ear neuroepithelium or
hair cells in fish resembles those of higher vertebrates[29]. In addition to hair cells in
the inner ear, fish possess other sensory organs called neuromasts, or lateral lines.
Therefore, the zebrafish becomes an excellent model in deciphering the mechanisms

of genetic hearing loss. -

The development of zebrafish innéi‘?ﬁ,;‘ £

Far I

At the mid-somite *stage, an ct'T__' IIF l!hickening, called the otic placode,
develops the ear [30] . The otic pl codé.r[&is Viglilﬁ)le on either side of the hindbrain.
The main components of the ’ié:rvajzibraﬁsh ear !illql}ldes v'ﬁve sensory epithelium, two
maculae and three cristae. Sens;ry "pétches are tﬁickened regions of epithelium
containing two major cell types,i.e., hair cells and supporting cells. It is known that
the supporting cells surround and isolate hair cells from one another[29].

Thickenings forof the maculae do not appear until hair cells begin to differentiate.
The ventral floor of the ear becomes thicker than the dorsal roof of the vesicle at first .
The first hair cells of the utricular (anterior) and saccular (posterior) maculae appears
at the rostral and caudal ends, respectively. [31] The zebrafish provides an important
model for vertebrate inner ear developments. The otic placode becomes visible at
approximately 16 hours and forms a vesicle with a lumen by cavitation at

approximately 18 hours. Two otoliths appear in the lumen by 19.5 hours, and at about
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24 hours when the first sensory hair cells are seen, they are grouped in two small
patches, one beneath each otolith, corresponding to future maculae. Otoliths attached
to the kinocilia around 20 hpf [32].Staining the hair cells with fluorescent phalloidin,
reveals about 10-20 hair cells in each macula around 42 hours. Between 3 days and 7
days the numbers increase to about 80 per macula[31]. At around 24 hours,
visualization of neurons of the statoacoustic ganglion can be done by staining with
HNK-1 antibody. It is shown that the neuronal precursors originate by delamination
from the ventral face of the otocyst; with the culmination of delamination takes place
between 22 hours and 30 hours. Between 42 hours and 72 hours, the system of
semicircular canals formed by outgrowth of protrusions from the walls of the otocyst
forms pillars of tissue spanning the lumen. 3 further clusters of hair cells also become
visible in this period, forming the 3¢Cristae [31]."As.a‘result, all key components of the
ear are appears by the end of the first week. The following growth includes
developments of thousands more hair c;:e;j-:g’"and additional ‘neurons derived probably
from proliferation of ganglion nel'mlonal’ “p‘recursors. Even though the timetable is
different from species to" Specfes, the fur;damental principles of inner ear
developments in the zebrafish seem to'be similar to those in  other vertebrates[31].
The zebrafish is considered a fish with excellent hearing in the teleost family due
to the function of Weberian ossicles which connect the swim bladder to the saccule
allowing sound amplification [28,30]. Although, the structure of the zebrafish inner
ear greatly differs from that of the mammalian inner ear due to the lack of a cochlea,
the convenience in handling it and the evolutionarily conserved molecular

mechanisms of inner ear development make zebrafish a good animal model for

studying development of the inner ear.
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Genes involved in inner ear development of zebrafish

The otic induction is the first step of inner ear development in zebrafish.
Transplantation experiments in very early stage demonstrated that the hindbrain tissue
is the source of inductive cues for otic placode development[33]. The candidate genes
involved inducting of otic placode are the fibroblast growth factors (Fgfs), evident
by the fact that they are expressed in the region next to the otic placode. Several
laboratories discovered that fgf3 and fgf8 are required for otic induction[34,35,36].
Since then, targets of the fgf3 and fgf8 signaling dependent and independent pathway
are also examined; The Sox9a, regulated by the fgf3 and fgf8 signaling pathway, is
showed to rescue the absenceof otic placodes in the mutant zebrafish line D*[37].
Other factors involved in otic’ induction such as the dix3b and dix4b were also
reported, however, in a fgf3 and fgf8 independent'manner..~

p— ]

The paired boxtranscription factors,”-Pax2 and' Pax8, are also downstream
1By
targets of Fgf signaling[38]. Loss of ;bade or pax8 alone‘results in abnormally small

|
1

ears. Further studies also concluded that Foxil, Whjch resides upstream of pax8 and
regulates the expression level of: pax8, also; takes part in otic placode
development[38,39]. In addition, DIx3b was shown to regulate the expression of
pax2a. The development of otic placode is blocked upon removal of both foxi/ and
DdIx3b.

Morphogenesis of the otic vesicle can be affected by mutations in some genes.
Studies of zebrafish mutants revealed such genes, for example, the jeky// mutant, with
defects in the inner that the protrusion of semicircular canals is affected. The gene
mutated in the jekyll mutant is the Ugdh [uridine 5'-diphosphate (UDP)-glucose
dehydrogenase], an enzyme that is crucial for production of the extracellular matrix
component hyaluronic acid (HA) [40]. Disorganized epithelial columns are also a
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prominent feature of dog-eared/eyal mutants. Disruption of eyal affects the survival
of sensory neural precursors [41]. Furthermore, Hedgehog pathway mutants,
chameleon (con(tf18b)) and slow muscle omitted (smu(b641)) showed disorganized
canals and abnormal ear morphology, exhibiting a partial mirror image duplication of

anterior otic structures, concomitant with a loss of posterior otic domains [42].

Hair cell function in zebrafish

The hair cells are presented in two systems in zebrafish, i.e., the lateral line
system and the inner ear. The overall morphology of these hair cell types closely
resemblse that seen in the vestibular hair cells of other vertebrates. Genes required for
normal hair cell functioning in the zebrafish are associated with auditory defects in
mice and humans, thus suggesting the function ceniservations of of these genes. In
higher vertebrates, sound is fransférred into’a force that-deflects the hair bundles if
hair cell in the cochlear.*The deﬂecitio:rfﬂffhair bundles by vibrations triggers the

[ 73

opening of mechanically gatediion (':hj[annell"s;, influx offendolymph that containing high

concentration of potassiumions$ will ausehair cell depolarizations[43].

FM1-43 Dye

FM1-43 is a small styryl dye, a vital fluorescent dye (used to stain living cells),
that can be used to label sensory hair cells in the inner ears and the lateral lines
(neuromasts) of the vertebrates. FM1-43 enters hair cells through the tips of
stereocillia; Blockades of the mechanically gated transduction channels will also
block the entry of FM1-43 into hair cells[44]. FM1-43 can be uptaken by hair cells as
early as 27 hpf, approximately the time when macular hair cells appear. Therefore,

FM1-43 can be used to label vital and functional hair cells.
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Morpholino Oligos knock-down

As a common reverse genetic method used in zebrafish, the microinjection of
zebrafish embryos with morpholino oligos, is an effective and specific way to
knock-down gene expressions. Morpholino oligos are small fragment of DNA
homologs binding to target RNAs and forms DNA-RNA hybrid that interrupt the
normal function of target RNA. The use of mophorlino oligos provides a non-toxic

and efficient technique to study the physiology of a target gene [45].

A6 “"J"‘iéﬁu”ﬁ“:’-‘ff’*
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Purpose of the study

In this study, we aimed to investigate the role of ZP domain-containing
proteins in the inner ear development. We used zebrafish as animal models due to
easy handling as well as high reproducibility. The inner ear of zebrafish is transparent
during the first two weeks of development, which make it a much more advantageous
for observing and tracing under a light microscope. This study was intended to set up
a model of ZP domain containing proteins involving in the morphogenesis of fish

Inner ear.

Specific Aims

(1) To predict and identify the two zebrafish ZP domain-containing protein, zebrafish
B-tectorin and zpDLI1 through+bioinformaties, method. We also aim to compare
identity and similarity ‘of their"amine.acid sequenceswith, other species via protein
alignments. i—x

e
_—

P
(2) To characterize the expression broﬁle of these proteins through RT-PCR and
whole-mount in situ hybridization. These results will. provide information about the

possible functions of the ZP domain containing proteins.

(3) To perform functional assay by designing specific morpholino oligos to
knock-down the expression of the ZP domain containing proteins; zebrafish
B-tectorins and analyse its role involved in the development of zebrafish inner ears.

The swimming behavior of the morphants will also be tested.

(4) To determine the possible promoter of zpDL1 and establish a Tg(zpDL1:GFP)

stable line to evaluate hair cell regenerations after ablationds.
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Zebrafish care

Zebrafish embryos were raised at 28.5 °C, and different developmental stages
were determined based on criteria described in the Zebrafish Book [46]. All animal
procedures were approved by the Animal Use and Care Committee of Academia

Sinica (protocol #10-12-114).

Total RNA isolation and reverse-transcription polymerase chain reaction
(RT-PCR) analysis of zebrafish f-tectorin mRNA

Total RNA was isolated from different developmental stages and various tissues
of adult zebrafish, using the RNAzol reagent (Tel-Test, Friendswood, TX, USA)
according to the instructions of the manufacturers After treatment with RQl1
RNase-Free DNasel (Promega,' Madison, WI, USA), 50~100 pg of total RNA was
subjected to the first-strand ¢DNA synthes1s PCR amplifications were performed
with the following zebrafish' fS-tectorin RTPCR primers (f-tectorin-RT-F, 5°- GCT
GCT GAA GAC CTA CAC AGG; AAC-S'i and B-tectorin=RT-R, 5’-TGG ATG TAT
GCA TGC ATG CGT GTC-3"). iebraﬁsh B-a&tin, primers (zACT-F, 5°-GTG CTA
GAC TCT GGT GAT GGT GTG-3’and zACT-R;, 5’-GGT GAT GAC CTG ACC GTC
AGG AAG-3) were used for the internal control to amplify a DNA fragment using
cDNA as a template. Primers for examining the efficiency of the splice MOs are as
follow (P1, 5'- GCT GCT GAA GAC CTA CAC AGG AAC-3'; P2,5' -GGC TAA

ACA CGG CGT TGT TGA CCA- 3")

Cell cultures
Monkey kidney fibroblast COS-1 cells were cultured in high-glucose Dulbecco's
modified Eagle's medium, supplemented with 10% fetal bovine serum (Hyclone, UT,

USA) in a humidified atmosphere of 5% CO, at 37°C.
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In vivo and in vitro expression of zebrafish p-tectorin

In vivo expression of zebrafish B-tectorin was performed by transfection of
expression plasmids into COS-1 cells. Transfection is conducted by using the PolyJet
In Vitro DNA Transfecton Reagent (SignaGen Laboratories, Ijamsville, MD, USA)
and followed procedures according to the manufacturer's protocol. COS-1 cells
transfected either with pcDNA3.1-B-tectorin-GFP or pcDNA3.1-B-tectorin-myc and
transfected cells were harvested at 24 hr or 48 hr and fixed with 4% paraformaldehyde
and permeabilized in PBS with 0.1% Triton X-100. Western blot analyses were
performed with anti-GFP polyclonal antibody (rabbit, 1:3000 dilution) or anti-myc
monoclonal antibody (Sigma, m4439, clone 9E10, mouse, 1:3000 dilution).
Immunostaining was performed using anti-GFP polyclonal antibody (rabbit, 1:500
dilution) or anti-myc monoclonal antibody (mouse, 1:500-dilution) at 4 °C overnight,

followed by incubation *with a Cy3:EF6ﬁjugated goat-anti-rabbit antibody or a
Cy3-conjugated rabbit-anti-mouse aqtibo%z for 30 min and DAPI for 5 min at room
temperature. Photo images ‘were tplrepeure:d usiﬁg an Olympus IX70-FLA inverted
fluorescence microscope (Olympus, ‘Fokye, Japan)-equipped with the SPOT system

(Diagnostic Instruments, Sterling Heights, MI, USA).

Cloning of the full-length cDNA encoding zebrafish p-tectorin

To identify zebrafish complementary (c)DNA related to the human f-tectorin
gene, we used the coding region of human pf-tectorin (accession no. XM _521604) to
search GenBank for related expression sequence tags (ESTs) using the tBLAST
program and found some zebrafish EST clones (CN315850 and EG585664) related to
human p-tectorin. Using 5°- and 3’-RACE to obtain the 5’- and 3’-untranslated
regions (UTRs), we assembled all sequences to obtain 1542-bp cDNA with an open
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reading frame (ORF) of 1011 bp encoding a protein of 336 amino acid residues. The
complete sequence was deposited in GenBank with the accession number of
FJ374270.

The full-length ¢cDNA encoding zebrafish p-fectorin was isolated by PCR
amplification using gene-specific primers with linkers (S-fectorin-BamHI1-F, 5'-CC
GGA TCC ATG GCA GCT GTT GGC CTT-3', and p-tectorin-EcoR1-R, 5'-GG GAA
TTC AAA AGT AAA GTA TCC TAA-3") according to the sequence submitted with
GenBank accession no. FJ374270. Full-length zebrafish f-tectorin was subcloned into
the BamH1 and EcoR1 sites of pcDNA3.1-myc to generate pcDNA3.1-f-tectorin-
myec. Full length f-tectorin was then further subcloned to T7TS plasmid using BamH 1

and Xbal sites.

Rescue of defects in f-Tectorin morphant by injecting f-Tectorin RNA

Full length B-Tectorin was cloned-into-T7TS plasmid' and synthesized in vitro.

[l MW
T7TS-p-Tectorin was lineatized to synthesize capping mRNA by using mMESSAGE
mMACHINE T7 Kit ( Ambion, Foster Gify, CA, USAY~100 pg of p-Tectorin RNA

was injected into embryos at the one--to two-cell stage.

Morpholino oligonucleotide (MO) injection

Antisense MOs were obtained from Gene Tools (Philomath, OR, USA), and the
sequence of zebrafish f-tectorin MO was as follows: 5’-GTG GCA GAA TCC AGA
AGA AAT GTT G-3’. The sequence of the two splice MOs used were as follow:
splice MO 1 : 5'- AAC CCA TCA AAC ATC TTA CCT CAG A-3"and splice MO 2 :
5'-CCT CCT ACA TAC TGA AAA GAA GGT A-3'. The morpholinos were resolved
to 24 pg/ul injection stock, and stored in a -20 °C refrigerator. The diluted morpholino
was injected into wild-type (WT) zebrafish embryos at the 1~2-cell stage using a
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microinjection system consisting of an SZX9 stereomicroscope (Olympus, Tokoyo,
Japan) and an IM300 Microinjector (Narishige, Tokoyo, Japan). The sequence of p53
MO was as follow (p53 MO: 5'-AAA ATG TCT GTA CTA TCT CCA TCC G-3") [47].

To confirm the specificities of the f-tectorin morpholino, several pCMV-GFP
reporter plasmids were created. The morpholino targeted a 25-bp sequence of the PCR
by the following primer pairs for the perfect match, bTec-GFP (bTec-GFP-F, 5'- GAT
CCC AAC ATT TCT TCT GGA TTC TGC CAC G-3' and bTec-GFP-R, 5'-AAT TCG
TGG CAG AAT CCA GAA GAA ATG TTG G-3'). For a 5-base exchanged mismatch,
MM-b-Tec-GFP was used (MM-b-Tec-GFP-F, 5'-GAT CCG AAG ATT ACT TCT
GCA TTC TGG CAC G-3' and MM-b-Tec-GFP-R,5'-AAT TCG TGC CAG AAT
GCA GAA GTA ATC TTC G-3"). The-5' region of the zebrafish S-tectorin mRNA was
fused to the N-terminal of /thet GFP proteins “Either construct bTec-GFP or
MM-b-Tec-GFP was co-injected pvithy zebrafish p-fectorin morpholino, and the

fluorescence was analyzed by a ﬂuorésce;ﬁnicroscope at 48 hpf.
[l MW

|

Whole-mount in situ hybridization.

Digoxigenin-labeled RNA probes: (Roche; Penzberg, Germany) were generated
by in vitro transcription using the linearized pGEM-T-easy plasmids (Promega,
Madison, WI, USA) carrying the 3’-UTR of the following zebrafish genes.
Whole-mount in situ hybridization was performed following a previously described
protocol [48]. Specific primers for stm (stm-F, 5'- GAA TCA ACT GAG ACA GTC
AAG ATA ACC -3" and stm-R, 5'- TGA GAG TGG AGA GCG GGA ATT ATC TGC -
3"), zpDL1 ( zpDLI1-F, 5'-GCG GGA CAT CAG TGT GTA TTG TGG AGT TCA -3'
and zpDL1-R, 5'- GCA AGC TGT GTG TTG TTG ACC AGG TAT TCC -3'), and
omp-1 (zomp-1-F, 5'- CAC ACT ACA GTC TTT GAC AAC ATG - 3" and zomp-1-R,
5'- CAT CAG ATC AAC ACA AAC CTT CAC - 3") were used to amplify the 3’-UTR
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of each gene. Primers used in the RT-PCR of zebrafish S-tectorin were also used to

make the zebrafish S-tectorin probe.

FM1-43 labeling of hair cells

Labeling the hair cells in the inner ear with 40 uM of FMI1-43
(N-(3-triethylammoniumpropyl)-4(4-(dibutylamino)styryl) pyridinium dibromide),
(Invitrogen, Carlsbad, CA, USA) dissolved in the extracellular solution. An injection
tube was used to inject FM1-43 into the otic vesicle following the protocols described
previously [49]. The formula of extracellular solution is described as follow, 134 mM
NaCl, 2.9 mM KCl, 1.2 mM MgCl,, 2.1 mM CaCl,, 10 mM HEPES, and 10 mM

glucose, and was adjusted to pH 7.8.

Video recording of the swimming behavior of zebrafish-f-tecforin morphants

Zebrafish f-tectorin morphants We;:é'—i recorded with a digital video camera (Sony
DCR-PC120 digital camera, Tokyo, J.apani)ﬁ"- at 5 dpf to examine their reactions to short
vibrations and tactile stimulation, SilOI’t vibrations were created by a Hielscher UpS0H
ultrasonic processor (Hielscher, ‘Teltow, Germany); at 30 kHz and 50 W with an
amplitude of 30% and 0.5 s per cycle. Tactile stimulation was created using a glass
tube to touch the head of a zebrafish, and instantaneous responses were recorded with
a digital camera. Zebrafish f-fectorin morphants and control MO-injected zebrafish
were touched on the head at least 5 times for each test. The swimming behavior of the

zebrafish was observed and defined by whether the fish swam in a straight or circular

manner.
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Cloning of zpDL1 promoter region and establish zebrafish TG(zpDLI1:GFP)
stable line

The 2 kilo bps promoter region of zpDL1 was cloned by PCR using following
primers; zpDLI-Promoter ( zpDL1-P1, 5'- CCT GAA TAC TTA GGA CCA TGT GAT
AGT TCA -3"and zpDL1-P2, 5'-TGT ACA GAT TAT TTC AAT TTC AAC ATT ACT
-3"), the BAC clone CH211-103F14 was used as template for amplification of the
promoter region. The approximate 2 kilo bps PCR product is first cloned to
pGEM-T-easy and then subcloned to pITR-GFP vector. Linearization of the vector
was done by cleavage using Clal. To obtain stable transgenic fish, embryos at the
one-cell stage were co-injected with 10 ng pl™' linearized pITR-zpDLI1-GFP. To
generate germline transgenic zebrafish, the injécted embryos were raised to adulthood
and 3-month-old fish (FQ) was cressed to wild-type fish. F1 embryos were examined
by fluorescence microscopy‘to identify germline-transmitted FO founders. Positive F1
embryos were raised to adulthood and vslzg-?’then screened ifi the same way to estimate
copy numbers of the trahsgene élpd tc;' lestablish stable transgenic lines. Three

independent lines (F2 and ‘more “advanced genépations) were obtained. This line

recapitulates the endogenous expression patternof zpDL1.
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Cloning of p-tectorin from zebrafish

The overall deduced amino acid sequences of zebrafish B-tectorin respectively
showed 49%, 50%, 50%, and 49% identities to those of human, mouse, chicken, and
Xenopus B-tectorin (Fig. 1). The zebrafish B-tectorin protein contains a conserved ZP
domain, which has highly conserved cysteines of C1 to C8, and Cx, Cy, Ca, and Cb. A
signal peptide of 16-amino acids, MAAVGLFFILLPVTWA, in the NH,-terminal was
predicted by the online software, SignalP 3.0
(http://www.cbs.dtu.dk/services/SignalP/), which likewise occurs in mammalian
B-tectorin proteins. Mammalian B-tectorin proteins have a signal peptide of 17 amino
acids. A hydrophobic C-terminus characteristic of proteins that are membrane bound
via a putative GPI-anchor was reported.in avian and mammalian f-tectorins [13,14].
Moreover, human B-tectorin is a glycoprotein and contains 4 N-linked sugar chains on
Asn80, Asnl04, Asnll6, énd Asn145..l,r Simiarly, the zébraﬁsh B-tectorin protein

contains 4 N-linked glycosylation sétps of "NHS, '""'NDS, "®NYT, and '*NGS (Fig.

A
L L

|

1.

1 |

Genomic structure of the zebrafish B-tectorin gene

We then used the 1542 bp of zebrafish p-tectorin ¢cDNA (with accession no.
FJ374270) to perform an online BLAST search of the GenBank database. The
zebrafish P-tectorin cDNA matched 10 non-contiguous regions of a 92,355-bp
zebrafish BAC clone, CH73-92E20 (GenBank accession no. CU462848).
Subsequently, a BLAST 2-sequence comparison of BAC CH73-92E20 with the
zebrafish B-tectorin cDNA indicated that f-tectorin ¢cDNA contained 10 putative
exons and 9 introns spanning at least 8.6 kb (Fig. 2). Using these putative exons as a
model, a sequence alignment was produced such that each intron concurred with the

GT/AG intron donor/acceptor site rule [50]. Exon 1 contained the 5'-UTR, while exon

26



2 contained the putative translation initiation site. Exon 2 contained 9 bp of the 5’-UTR
and 66 bp of the first coding sequences of f-tectorin cDNA. Exon 10 contained the
last 69 bp of the coding sequences and 362 bp of 3'-UTR. The size of the introns
considerably varied, ranging 81 (intron 8) to 2419 bp (intron 9).

Comparison of the exon-intron organization of zebrafish and mouse f-tectorin
genes indicated that their genomic structures were similar with 10 exons and 9 introns.
The mouse f-tectorin gene spanned approximately 15.4 kb. In addition, the average
intron size of the mouse pf-fectorin gene (1411 bp) was larger than that of the

zebrafish f-tectorin gene (799 bp) (Fig. 2).

Molecular charcterization of zebrafish Beta tectorin protein

To confirm whether zebrafish B-tectorin| protein undergoes posttranslational
modification to become a GPI-anchor_el;c}' protein, zebraﬁsh B-tectorin protein was
analysed by in vitro transcription andtrarjl:s??;"cion and western blot assay. We generated
full-length zebrafish p-tectorin thirohgh I:"CR ampliﬁcation and subcloned it into
expression vector pcDNA3.1.that c;)htains a cytomegavirus (CMV) promoter for both
in vitro and in vivo expression. We designed two different forms of recombinant
zebrafish B-tectorin. One contains a green fluorescent protein (GFP), while the other
contains a myc-tag at the C-terminal end of zebrafish B-tectorin. Both forms were able
to be transcribed and translated in vitro with correct sizes (Fig. 3A). However, when
both forms were expressed in COS-1 cells, only zebrafish B-tectorin fused with GFP

could be detected by western blot (Fig. 3B). The myc-tagged zebrafish B-tectorin

could not be detected (Fig. 3C).

Previous reports have suggested that a putative tetrabasic (KRKR) cleavage site
for endopeptidase recognitions is located upstream of the hydrophobic carboxyl tail of

the avian and the mammalian B-tectorin [13,14,51]. However, these basic residues are
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not present in the zebrafish B-tectorin (Fig. 1). Thus, some questions are raised upon
whether zebrafish [B-tectorin can be proteolytically processed at its C-terminal
tail. .The undetectability of myc-tagged zebrafish B-tectorins in western blot may be
the consequences of proteolytic cleavages. Further study wusing the
immunofluorescence  staining  assay  supports  this  hypothesis.  Our
immunofluorescence staining data demonstrated that myc-tagged zebrafish B-tectorin
was barely detectable as compared to either GFP alone or GFP-tagged zebrafish
B-tectorin (Fig. 3D). Based on these results, we hypothesized that a putative cleavage
site may be present at the C-terminal of zebrafish B-tectorin and the fusion of GFP
proteins hinders the proteolytic cleavage due to their large size. Such a hypothesis

requires further experiments to investigate the specific eleavage site.

Expression profiles of zebrafish f-tectorin/ messenger:(m)RNAs in adult tissues

and embryos at different developmént{l"ﬂages
| | .'#

Expression levels of Zebraﬁshlﬁﬁi‘rtectoli*in transcripts invadult tissues and embryos
from different developmental Stage; were examiﬁed,by an RT-PCR analysis. A pair of
primers was used to amplify a DNA*fragment that spanned exons 2 to 4 to avoid
genomic DNA interference in the PCRs. The amplified product of this pair of primers
was about 1208 bp long. As shown in Fig. 4A, a high level of p-fectorin expression
was detected in the brain, with moderate expression in the kidneys and less in the
intestines.

During embryogenesis, [-tectorin transcripts were not detected at 1 day
post-fertilization (dpf), and their expression levels constantly increased thereafter;
however, a significant decrease in the expression level was observed at 5 dpf and
thereafter (Fig. 4A).

Spatial and temporal expression patterns of zebrafish S-tectorin were further
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analyzed by whole-mount in situ hybridization. During different stages of
development, expression of the f-tectorin transcript was specifically detected in the
anterior and posterior maculae on both sides of the zebrafish from 48~120 h
post-fertilization (hpf) (Fig. 4B, panels a~ 1). It was interesting to note that the
expression of f-tectorin mRNA in the anterior macula was much weaker than that of
the posterior macula in 48-hpf embryos. The signals of S-tectorin in situ hybridization
are restricted to the macula of the inner ear, no signals in other parts of the embryos
can be detected in various stages (Fig. 4B, panels c, f, i and 1). Through longitudal
section of the zebrafish inner ear at 72 hpf, p-tectorin is both expressed in the hair
cells and supporting cells of macula, and the expression pattern resembles the early
expression of pax5 in the macula [52]. The overall expression pattern of zebrafish
[-tectorin in the inner ear was quite similar to that*ef the Starmaker gene, which is
also expressed in the antetior and posterior /maculae on‘both sides of the inner ear
[53]. || =2
Abnormal otolith formation in /;’-i‘ejctorin morélia__nts

Morpholino (MO)—mediated‘ knockdewnof genes in zebrafish embryos has
become a routine and efficient method to provide information about gene function in
vivo [54]. To examine the function of f-tectorin in vivo, we designed zebrafish
[-tectorin MOs, which targeted the sequence located at the 5’-UTR of f-tectorin
mRNA, to specifically knock down the translation of endogenous f-tectorin mRNA.

To determine the specificity of the MO used, a control approach was used. The
25-bp target sequence of the p-tectorin MO was cloned upstream of the green
fluorescent protein (GFP) ORF into a pCMV backbone expression vector (bTec-GFP).
As for the control, a target sequence containing 5 mismatches was used (MM
b-Tec-GFP). The MM b-Tec-GFP or bTec-GFP plasmid was injected into zebrafish
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embryos in the absence or presence of a 9-ng p-tectorin MO. Co-injection of
bTec-GFP RNA and the S-tectorin MO completely blocked GFP expression (n=22/24;
Fig. S1A). Conversely, GFP expression was not affected when 5 bp of the target
sequence was exchanged (MM b-Tec-GFP) (n=36/36; Fig. 8 ) indicating the
specificity of the S-tectorin MO.

After injecting 4 ng/embryo of fS-tectorin MO, we observed abnormal otolith
morphology in embryos at 120 hpf. There are 2 otoliths on each side in wild-type
(WT) zebrafish embryos; the one in the anterior has a flattened-oval shape, whereas
the other one in the posterior, is larger, and has a round shape (Fig. 5A, panel a).
[p-Tectorin morphants displayed 2 different phenotypes including the fusion of 2
otoliths (Fig. 5A, panel b, n=50/168,29%; Fng.SB) as well as a single otolith (Fig.5A,
panel c, n=5/168, 2.9%; Fig. 5B#). Changes inumorphology of the otoliths were
correlated with the irregulair formation, of the yestibular system in the inner ear;

T Ly

development of semicircular canals iseéﬁpﬂ—fo‘ be affected in S-tectorin morphants
when observed at 72~120" hpf. ﬂ-&T:kcto;"En morphants with either fused or single
otoliths were observed with a'bhorrr;lai semicircul;lf canal‘outgrowth (Fig. SA, panels e,
h, f, and i, arrows), whereas the éontrol showed 2 normal otoliths and outgrowth of
the semicircular canals (Fig. SA, panels d and g).

We also generated splice MOs to block splicings of the f-fectorin sequence
within exon 2 and exon 3 (Fig. 9A). The splice MO 1 which blocks a splicing donor
site locates at the boundry of Exon 2 and intron 2 while the splice MO 2 targets the
acceptor site at the boundry of intron 2 and Exon 3. Each of the splice MOs was used
individually, producing abnormal phenotypes similar to those of the ATG MOs,
differing only in efficiency (data not shown). The combination of the two splice MOs
is more efficient in generating abnormal phenotypes that include both the fused and

single otolith phenotype like the ATG MO. The efficiency of the splice MO mixture
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was analyzed by RT-PCR (Fig. 9B). After injecting a mixture of splice MOs 2ng each,
we observed the appearance of the fusion of 2 otoliths (n=113/287, 39.37%; Fig. 4B)
and single otolith (n= 7/287, 2.43%; Fig. 5B) in the resulting morphants. There were
no other severe morphological defects in the ATG MO (Fig. 10). Gradient increases
in the amount of ATG MO injected into the embryos also showed increases in the
abnormal phenotypes in a dosage-dependent manner (Fig 5B).

To rule out the possibilities that the phenotypes of these morphants are the
results of off-target effect of the morpholino used [55], the pS3 MO was used in
co-injecting with ATG MO into embryos and the phenotypes of these embryos were
observed. The percentage of abnormalities in the S-Tectorin morphants coinjected
with p53 MO was approximately equal to that of f-Tectorin morphants (Fig. 5B),
suggesting that the phenotypes of these morphantsswere not related to off-target effect
of the morpholino.

To further confirm the speciﬁcityl ::é-:fgene knockdowns by the p-tectorin MO,
mRNA rescue was performed. 'Elull "‘1‘:‘3‘ngth | p-Tectorin . mRNAs, which were
synthesized in vitro and injected int:o embryes iI£ dne- or'two- cell stage, were used to
investigate the rescue of f-Tectorin-morphants. Misexpressions of the p-Tectorin
mRNA have no effect on morphologies of the control embryos without MO injection.
Coinjection of 8 ng ATG MO with ~100 pg S-Tectorin mRNA into each embryo
resulted in a reduction in the percentage of the S-Tectorin morphant with abnormal
ear phenotypes, fused otoliths ( n= 12/35, 34%) and single otolith ( n= 3/35, 8.5%),
whereas injection of 8 ng ATG MO alone showed a percentage of as high as 84%
abnormalities in the inner ear, fused otoliths (n= 35/45, 78%), single otolith (n=3/45,

6%) (Fig. 5B). These results demonstrated that the p-Tectorin mRNA can rescue

defects in f-Tectorin morphants ,validating the specificity of p-Tectorin MO.
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Development of the inner ear was affected in the f-tectorin MO morphants as
shown by whole-mount in situ hybridization.

To further analyze inner ear defects observed in morphants, whole-mount in situ
hybridization was first performed with Starmaker (stm), which was reported to
regulate the growth, shape, and crystal lattice of otoliths [53]. In control MO-injected
zebrafish, the stm transcript was expressed in anterior and posterior maculae on both
sides at 96 hpf (Fig. 6A, lateral, panel a, dorsal panel a'). However, the stm transcript
was less expressed in the anterior macula of S-tectorin morphants either with fused
otoliths or a single otolith compared to control MO-injected zebrafish (Fig. 6A, panels
b, b' ¢, and c'; arrows). Otolith matrix protein 1 (omp-I) is important for otolith
growth and correct anchoringof otoliths to the:maculae [56]. The expression pattern
of omp-1 in f-tectorin morphants.was also reduced in the anterior macula compared
to the control, and its distribution séenied to/differ from that of control MO-injected

zebrafish (Fig. 6B). On the other hanl:,fﬂi-’z-éther gene marker, zona pellucida-like
domain-containing  protéin-like ‘! LI '(.%})DLI )‘ ( ‘Genbank accession no.
XM _001921951.2), was used ‘rto“lal;)eil anterior, lélt:er_al, and posterior cristae of otoliths
of control MO-injected zebraﬁsh‘ at-96 hpf (Fig 6C, panels a and b). In p-tectorin
morphants with fused otoliths, the zpDLI signal was detected only in the anterior and
posterior cristae of the inner ear, and the signal in the lateral crista was lost (Fig. 6C,
arrow).

FM1-43, a fluorescent dye, is known for labeling hair cells of the inner ear by
entering the mechanotransduction channels [44]. This function of FM1-43 allows us
to monitor the formation of active hair cells in the morphants. For this purpose,
zebrafish at diffenerent stages were injected with FM1-43 dyes specifically in lumen
of the otic vesicle through an injection tube. FM1-43 dyes, which were taken up by

macula and cristae, could be easily observed under a confocal fluorescence
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microscopy [44]. ATG MO-injected zebrafish embryos were further injected with
FM1-43 dyes at 72 hpf to investigate whether the functions of these hair cells are
affected. B-tectorin morphants with fused otoliths of 72 hpf had lost its lateral crista as
compared to control zebrafish (Fig. 6D). These results are consistent with the data
gained from whole-mount in situ hybridization, as signals of zpDLI lost in the lateral
crista in the B-tectorin morphants.

Taken together, the altered expression patterns observed in ear-marker genes
indicated that B-tectorin may play an important role in both otolith and inner ear

formation during zebrafish development.

Behavioral defects in p-tectorin morphants’

Altered swimming behaviorssand a lack of balance are. indices of abnormal ear
function, for example, swimining infa corkscréw or circularpath [57].Those f-tectorin
morphants with either fused [etoliths| 01; ::é-:ﬁngle otolith wére further tested for their
ability to maintain balance and swlm aﬁtér stimulation:*At 5 dpf, about 40% of
noninjected embryos (WT)"ahd éontrol MO-inj@cted embryos (N=70) displayed
floating in an upright position.and-sometimes swam spontaneously in random
directions. Another 45% of control MO-injected embryos remained lying down on the
bottom of the Petri dish. In order to test whether these 5-dpf zebrafish could respond
to vibration, several short vibrations were created by deploying an ultrasonic
processor in the water, and all zebrafish swam away immediately. The remaining 15%
of control MO-injected embryos were further stimulated using a glass tube to touch
the head of a zebrafish, and they swam away in a straight manner. On the other hand,
[-tectorin morphants with single or fused otoliths showed a failure to maintain
balance, and all stayed at the bottom of the Petri dish. About 10% of those f-fectorin

morphants responded to short vibrations created by the ultrasonic processor in the
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water with short irregular movements (n=70). The remaining f-tectorin morphants
with fused otoliths were stimulated on the head with a glass tube about 5 times, and
they either did not respond to the stimuli or swam a very short range in a circular path
(Fig 7, B1 to B4). p-Tectorin morphants with a single otolith had similar behavioral
defects as those with fused otoliths described above. Some swam in a corkscrew path

which implied profound defects (Fig 7, Al to A4).

Alignment of zebrafish zpDL1

Through bioinformatics and data, we obtain zebrafish zpDL/ mRNA and amino
acid sequence. Zebrafish zpDL1 is a protein with 419 amino acid residues. The
deduced amino acid sequence of “zebrafish -zpDL1- (zpDL1 z) showed overall
respectively about 63% identities t0 those of human;-mouse and cattle (Fig. 12). The
alignment results also showed that Zebrafish zpDL1 has an"average similarity as high
as 75%, compared to zpDL1 of other sp“-e:ﬁes Al conserved region of approximately

[ | I

260 a.a. and conserved cysteine residues were also present.

|
11

Expression profiles of zpDL1

In order to characterize the expression profile of zpDLI1, we conducted whole
mount in situ hybridization. Probe targeting the specific 3'UTR region of zpDLI
mRNA was designed. No signals were detected before 72 hpf on any part of the
zebrafish embryos. However, strong signals had appeared at the 3 cristae, the sensory
organ that are coupled to the semicircular canals, at 72 hpf and 120 hpf ( Fig. 13A,
panel a to d). The expression of zpDLI is unique to the crista in the ear suggest that
the ZP domain containing proteins are important in maintaining normal inner ear
function, especially related to the sensory hair cells. However, we could not clearly
distinguish whether zpDL1 is expressed in the hair cells only or may be also
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expressed in the surrounding supporting cells.

Establish a stable line zebrafish; Tg(zpDL1:EGFP)

We had cloned the upstream region of zpDL1 ATG codon start site with a size of
approximately 2000 bps. Then, we generate a ITR (inverted terminal repeats )
-mediated  transgene construct pITR-zpDL1-GFP via subcloning [58].
pITR-zpDL1-GFP vector was linearized by restriction enzyme and purified. The
purified DNA was microinjected into embryos of one to two cell stage. Embryos
expressed the zpDL1 driven green fluorescent protein approximately at 72 hpf, which
is consistent with the results of whole mount in situ hybridization.(Fig.13B). We had
established a stable line harboring-this transgene by breeding the offsprings that
displayed the green flourescence labeled crista (Fig. 13B). This stable line is useful in
observation of hair cell regéneration after photosensitizer-or high energy laser beam

induced ablation. Future perspectives|of. tffg"stable line remain to be evaluated.

[ | m
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In this study, the zebrafish p-tectorin gene and its cDNA were cloned and
characterized. The cDNA encodes a protein of 336 amino acids, which displays 49%
and 50% identities to human and chick B-tectorins. RT-PCR analyses showed that
zebrafish f-tectorin mRNA was primarily expressed in the brain with moderate
expression in the kidneys. Whole-mount in sifu hybridization showed that expression
of the p-tectorin transcript was specifically found in the anterior and posterior
maculae of the ear. Similar to human B-tectorin, zebrafish B-tectorin contains 4
N-linked glycosylation sites (Fig. 1). Knockdown of zebrafish B-tectorin expression
caused the fusion of 2 otoliths or there was only a single otolith, both of which led to
severe malfunction of the inner ear.

The predicted amino aeid sequence of zebrafish B-tectorin exhibited overall
identities of 49%, 50%, 50%, and:50% to B-tectorins.from the human, mouse, chick,
and Xenopus (Fig. 1). However, chick and mouse B-tectorins were homologous with

75% identity at the amino*acid level ‘[9,1?4‘1‘1'."The higher sinfilarity in identity of chick
| | .'#

B-tectorin to the human and rnouse;“ (:L‘ompa:réd to zebrafish'may be due to differences
in habitat, terrestrial and aquatic, retspectively. Tﬁis suggests that the environment may
influence the evolution of this'molecule. If fish-B-tectorins from different species were
compared, these fish B-tectorins might display higher identities to each other. Indeed,
zebrafish B-tectorin showed higher identities of 74%, 76%, and 74%, with 85%
similarity, to B-tectorin from Tetraodon, fugu, and medaka (Fig. 11).

In this study, zebrafish B-tectorin contained a highly conserved ZP domain,
which was a sequence of approximately 260 amino acid residues with 8 or 10 cysteine
residues and was located at the C-terminus (Fig. 1). Many ZP domain-containing
proteins with various functions were found in vertebrates [2]. Some of those proteins
constitute the extracellular coat of animal eggs, such as ZP1, ZP2 and ZP3. They are

responsible for egg/sperm recognition as well as for blocking polyspermy [59]. Other
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proteins like a- and B-tectorins are 2 major components of the tectorial membrane,
which is an extracellular matrix covering the sensory epithelia of the cochlea of the
inner ear [60]. In transgenic mice with a specific mutation in a-tectorin, the structure
of the tectorial membrane is disrupted leading to hearing loss [61]. Similarly, mice
lacking B-tectorin have sharpened cochlear tuning leading to low-frequency hearing
loss [23]. Interestingly, zebrafish B-tectorin is not expressed as a tectorial membrane
in the cochlea; instead, it is expressed in anterior and posterior maculae of the
zebrafish ear (Fig. 4B), which is similar to the expression of Starmaker mRNA [53].
MO knockdown of S-tectorin expression affected otolith formation in zebrafish larvae
(Fig. 4A). These f-tectorin morphants showed a failure to maintain balance and float.
Only a few f-tectorin morphants (10%)‘were able to respond to a vibration created by
an ultrasonic processor in the ‘water, while most, of them continued to lie on the
bottom of the Petri dish. [n‘addition to'their responses to-short vibrations, f-tectorin

morphants with either fused. or siﬂgle‘:g‘!b.liths also sshoWwed abnormal swimming
I m

patterns after tactile stimulation. Tfhei:jse phenotypes suggest that zebrafish f-tectorin
has crucial roles in the develdpmené and functior; of the zebrafish inner ear.

Some extracellular matrix proteins are reported to play important roles in the
development of the zebrafish inner ear. For instance, MO knockdown of specific
genes like omp-1 and otolin-1, which respectively encode otolith matrix protein 1 and
a collagen-like protein [56], also showed abnormal otolith formation and impaired
swimming behaviors. The omp-1 MO resulted in a reduced otolith size, while otolin-1
MO caused fusion of the 2 otoliths. Therefore, omp-1 was proposed to play important
roles in normal otolith growth, while otolin-1 is involved in stabilizing the otolith
matrix. In this study, S-fectorin morphants also showed similar fused otoliths, but the
zebrafish B-tectorin is not a collagen-like protein. Therefore, both otolin-1 and

B-tectorin may interact with each other and polymerize into the otolith matrix.
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In addition, the expression patterns of starmaker and p-tectorin mRNAs were
similar in the inner ear and in anterior and posterior maculae of the ear as shown in
Figs. 3B and 5A. The zebrafish Starmaker protein is a 66-kD protein that is enriched
in strongly acidic amino acid residues and 35% proteins, and is also extremely
hydrophilic [53]. During zebrafish development, the Starmaker protein is required for
otolith biomineralization, and starmaker morphants showed starry or chunky otoliths
with improper balance in freely swimming zebrafish larvae. Expression of the
starmaker transcript was slightly reduced in the anterior macula in zebrafish
[-tectorin morphants with fused otoliths. However, in zebrafish f-tectorin morphants
with a single otolith, a large portion of the starmaker signal was lost in the anterior
macula. Interactions among omp-1, B-tectorin, -and Starmaker proteins might be the
foundation of proper otolith formation.

We also studied the' expression % of zpDL] mRNA in zebrafish p-tectorin

morphants. zpDL1 can be*used as a mar@w'lqbel the'3 sénsory cristae of zebrafish

Il m |
embryos at 4 dpf. As shown in Fi%. C,.zpbL1 ‘\S‘ignals were lost in lateral cristae of

zebrafish f-tectorin morphaﬁté. Th;esie data sugéeét__that zebrafish fB-tectorin not only
regulates anterior macula formation but is also involved in the morphogenesis of
cristac. However, the underlying mechanisms require further investigation.

zpDL1 protein is conserved among many species and yet, information about its
function and expression profile is limited. Our results provided a new insight into
deciphering the possible function of zpDLI. Since, zpDL1 is specifically expressed in
the zebrafish inner ear, especially crista, the sensory organ, suggesting a conserved
function of ZP domain containing proteins associated with the hair cells. Mutations in
this gene may therefoe involved in human hearing loss or other defects related with
hair cells. Since, it is already known mutations in human tectorin proteins ( a-tectorin,

[-tectorin ) are associated with hearing loss[20] [22] [23]. One may think there is a
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possible role of zpDL1 involving in the human hearing disorder as well.

We have established Tg(zpDLI1:GFP) transgenic zebrafish, that specifically
labels the 3 cristae during the time while the cristae are developed. This stable line
will be useful in observation and tracing the development of cristae. Cristac are the
sensory organ that couples to the semicircular canals, loss of cristac may cause serious
faults to the perception and swimming behavior of zebrafish. Tg(zpDLI:GFP)
transgenic line allows us to ablate the GFP positive cells through femtosecond laser
pulses under a laser device [62]. Ablation of cristac at early stage of inner ear
development by femtosecond laser pulses, can be used to analyse whether or not the
development of the zebrafish inner ear is affected. Moreover, regeneration of hair

cells after ablation can be studied using this technique, too.
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Fig. 1. Zebrafish B-tectorin amino acid sequence alignment with those of other
species. Deduced amino acid sequences of zebrafish B-tectorin were aligned with
those of human, mouse, chicken, and Xenopus. All B-tectorin proteins contained a
conserved zona pellucida (ZP) domain of approximately 260 amino acids, with 12
highly conserved cysteine residues (indicated by arrows). Identical residues in 4 or 5
proteins are highlighted. Signal peptide and ‘putative GPI-anchored domains are
heavily overlined. The putative N-linked glycosylation sites are indicated by dots (...).
The accession numbers of €ach B+tectorin from different species are listed below:
human (XM _521604), mouse (X99é:(r)%;.~'chicken (AAA92461), and Xenopus

i
(CAJ82963). TR
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Fig. 2. Genomic organization of zebrafish and mouse f-tectorin genes. Coding
regions are shown as filled boxes numbered from 1 to 10 in both zebrafish and mouse
[-tectorin genes. The 5'- and 3'-untranslated regions are shown as open boxes, while

introns and 5'- and 3'-flanking regions are indicated by solid lines.
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Fig. 3. Molecular charcterization of zebrafish B-tectorin protein. (A) In vitro
transcription and translation of B-tectorin-GFP or B-tectorin-myc protein, respectively.
Two products of approximate 65 kDa and 39 kDa were indicated by arrows. (B)
Western blot analysis of total cell lysates from cells transfected with
pcDNA3.1-B-tectorin-GFP by using polyclonal antibody against GFP. Cells were
harvested at 48 h after transfection. “A product of approximate 65 kDa was detected
and shown by an arrow. (C) Western blot analysis-of total cell lysates from cells
transfected with pcDNA3.l;B—tectorin-myc by using anti“myc monoclonal antibody..

p— ]

(D) For immunofluorescence staining, tﬁt—ﬁfected COS-1 cells were immunostained
VA

with anti-GFP antibody or anti-myc' ajLntiboélly at 24 h after'transfection. The cell nuclei

1 |

were stained with DAPI (blue).’ Bars,'100.jim.
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Fig. 4. Expression profiles of zebrafish p-fectorin mRNAs by RT-PCR and
whole-mount in situ hybridization. (A) RT-PCR of the f-tectorin transcript was
performed using a pair of primers to produce a DNA fragment of 1208 bp. B-Actin
bands were also used to normalize the amount of ¢cDNA prepared from different
tissues and embryos at different developmental stages. (B) Whole-mount in situ
hybridization with antisense pf-tectorin at _different. developmental stages was
performed. The images were takendfrom the dorsal(a;.d, g, j).and the lateral view (b, e,
h, k), and complete lateral View (c, £, 1, 1) with the anterior-to the left and dorsal to the

e

top. Longitudinal sections® of the embrydjpmre at| 72 hpf with anterior to the left and
1
dorsal to the top (panel m). The ‘st}raighﬁ-line iin panel“n. represents the region of

|

sections in panel m. hc, hair ¢ell; sc, suppetting ce‘ll.ﬁ
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Fig 5. Abnormal otolith phenotypes in p-tectorin morphants. (A) The otolith
phenotypes of S-tectorin morphants are classified into normal (normal, panel a), fused
(fused, panel b) and single otoliths (single, panel c). Abnormal development of the
vestibular system is shown by arrows in f-tectorin morphants from 72 to 120 hpf
(panels d to i). (B) The percentage of abnormal otolith phenotypes in zebrafish
embryos injected with different /- tectorm MOs or combined with S-tectorin mRNAs

ol TS .
or p53 MOs.  All samples arﬂ,glgserveﬁ at 7%%pf Bé@; SOum
N i,
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Fig. 6. Characterization of ear defects in f-tectorin morphants. The expression
levels of the following inner ear marker genes, such as starmaker (stm) (A), otolith
matrix protein 1 (omp-1) (B), and zona pellucida-like domain-containing protein-like
1 (zpDLI) (C), were examined by whole-mount in situ hybridization in p-tectorin
morphants. Stm signals in the anterior macula (am) of S-tectorin morphants decreased
or even disappeared in fishesi with either fuseéd (panels b and b’) or single otoliths
(panels ¢ and ¢’), as indicated bysarrows. zpDLIsignals in the lateral crista (Ic) of
p-tectorin morphants vanished. Blaék bars, 100 um (D) €onfocal microscopy image

—

analysis of f-tectorin morphants injeétedﬁ'&h FM1-43 dyes into the otic vesicle at 72
|
hpf. After injection, hair cells n ante:rior erista (ac), lateral'crista (Ic), macula (m) and

posterior crista (pc) of control MO=-injected embljyos can take up FMI1-43 dyes.

White bar, 50 pm

58



Beta tectorin MO

A




Fig. 7. Abnormal swimming behaviors of p-tectorin morphants. [-Tectorin
morphants were examined for their abilities to remain balance and react to a stimulus.
Tactile stimulation was created by poking a zebrafish on the head with a glass tube:
[-tectorin morphants with a single (panel A) and a fused otoliths (panel B), and a
control with normal otoliths (panel C). Swimming behaviors of f-tectorin morphants
at 5 days post-fertilization under stimulation:were tecorded with a digital video
camera. f-Tectorin morphants with either single or “fused otoliths failed to maintain
their balance, tended to remain leaning on ong side, remained on the bottom (panel A,
B), and tended to swim in*a cerkscrew (i%ﬁel A, Al to/A4) or circular manner (panel
B, B1 to B4). Control zebrafish main{taine’(i -‘their“ balance, had immediate responses to

stimulation, and swam in.d straight liné(panel C, Cl.to C4). The trails of the

zebrafish movement were illustrated by dark arrows.

60



B-tectorin MO JFP | B-tectorin MO MM b-Tec-GFP

™\
-

48 hpf 48 hpf

61



Fig. 8. Control experiments for morpholino specificity. To determine the
specificities of the morpholinos used, pCMV-GFP reporter plasmids containing a
perfect (bTec-GFP) or mismatched (MM-b-Tec-GFP) MO target sequence were
employed. Both bTec-GFP (A) and MM-b-Tec-GFP were co-injected with the

[-tectorin  MO. All images were taken from zebrafish embryos at 48 h

post-fertilization.
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Fig. 9. The splice MO targeting and RT-PCR analysis of f-tectorin mRNAs of
embryos injected with splice MOs. (A) The exon-intron genomic structure from
exons 1- 4 was shown. Splice MO 1 and MO 2 target the donor and acceptor sites,
respectively. (B) Total RNAs were extracted from control MO (C) and splice MO1
/MO2-injected (MO) embryos at 72 hpf, then RT-PCR was performed. Primers (P1/P2)
flanking the region resulted in a single’500 bp band in the case of control embryos.
On the other hand, in the case of morphants, the level of this band was strongly
reduced and a second 1800 bp band was visible. The'second band resulted from the
use of an alternative splicé donor. B—Acl:.:g‘?f'bands were use€d to normalize the amount
1A

of cDNA prepared from both embyds;;

|
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Fig. 10. The morphology of f-tectorin morphants. The ATG MO injected zebrafish
embryos with fused (a, b), and single otoliths (c, d) appeared to be normal without

obvious defects. All photographs were taken at 72 hpf.
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Fig. 11. Zebrafish B-tectorin amino acid sequence alignment with other fish
species. The deduced amino acid sequences of zebrafish p-tectorin were aligned
with those from Tetraodon, fugu, and medaka. Identical residues in 3 or 4 proteins
are highlighted. The accession numbers of each fS-tectorin from different fish species
are listed below: Tetraodon (GenBank, accession no: CAG06543), fugu (ensembl no:

ENSTRUP00000021095), and medaka (ensembl no: ENSORLP00000014650).
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Fig. 12. Zebrafish zpDL1 amino acid sequence alignment with other species. The
deduced amino acid sequences of zebrafish zpDL1 were aligned with those from

human, mouse, and bovine. Identical residues in 3 or 4 proteins are highlighted. The
accession numbers of each zpDL1 from different fish species are listed below: human
(GenBank, accession no: AAH31261.1 ) , mouse ( GenBank, accession no:

NP 848835 ), and cattle (GenBank, accession no: DAA33555.1).
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Fig. 13 . Expression profile of zpDLI and established 7g(zpDL1:GFP) stable line.
(A) Whole mount in situ hybridization of zpDLI demonstrated signals in the 3 cristae
of zebrafish inner ear. 72 hpf to 120 hpf. (B) Tg(zpDLI1:GFP) stable line displays

green fluroescence in the 3 cristae at 72 hpf.
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Fig.1 Structure and polymerization of ZP domain containing protein. (Luca

Jovine et al., 2005)
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Fig. 2. Structure of human inner ear.(A) human ear. (B) Inside the cochlear and
diagram showing the organ of Corti. (C) Structure of tectorial membrane coupling to
hair cells in the organ of Corti. (Roger Russell et al., 2008)
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Fig 3. Structure of zebrafish inner ear , otoliths and hair cells. (a) mature zebrafish
inner ear. (b) larval zebrafish inner ear (c¢) hair cell patch arrangement. (d)&(e) EM of
hair patch. ac, anterior crista; am, anterior macula; 1, lagena; mc, medial crista; o,
otolith; pc, posterior crista; pm, posterior macula; s, saccule; u, utricle; he, hair cell;

k, kinocillia; sc, supporting cells.(Teresa Nicolson et al., 2005)
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