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Abstract

In the alga Chlamydomonas reinhardtii, Odal6 functions during ciliary assembly as an adaptor for
intraflagellar transport of outer arm dynein. Odal6 orthologs only occur in genomes of organisms
that use motile cilia, however, such cilia play multiple roles during vertebrate development and the
contribution of Odal6 to their assembly remains unexplored. We demonstrate that the zebrafish
Odal6 ortholog (Wdr69) is expressed in organs with motile cilia and retains a role in dynein
assembly. Antisense morpholino knockdown of Wdr69 disrupts ciliary motility and results in
multiple phenotypes associated with vertebrate ciliopathies. Affected cilia included those in
Kupffer's vesicle, where Wdr69 plays a role in generation of asymmetric fluid flow and
establishment of organ laterality, and otic vesicles, where Wdr69 is needed to develop normal
numbers of otoliths. Analysis of cilium ultrastructure revealed loss of outer dynein arms in
morphant embryos. These results support a remarkable level of functional conservation for Odal6/
Wdr69.
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Introduction

Ciliopathies, disorders caused by cilia malfunction, include defects related to both motile
and non-motile cilia. Non-motile cilia, present on nearly all vertebrate cells, serve as sensory
organelles and their dysfunction leads to the onset of a wide range of disorders including
polycystic kidney disease (PKD). Functions of motile cilia/flagella include clearing airways,
circulating cerebrospinal fluid and facilitating fertilization, and their absence or dysfunction
leads to disorders categorized as primary ciliary dyskinesia (PCD) (Eley et al., 2005). In
addition, cilia are now recognized to play a number of roles during embryo development.
For example, motile cilia on the node of the mouse embryo generate a leftward fluid flow
that initiates the establishment of embryonic left-right asymmetry (Nonaka et al., 1998;
Okada et al., 2005), and about half of human PCD patients display situs inversus, a defect in
left-right asymmetry of internal organs. Ultrastructural analyses of cilia from PCD patients
reveal various defects in the normal 9 + 2 ciliary composition, including loss of central pair
microtubules, radial spokes, and dynein arms. The most often found defect is loss of outer
arm dynein, one of the ATPases that power ciliary bending (Olbrich et al., 2002; Carlen and
Stenram 2005).
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To better understand the range of mutations that can lead to defects in axonemal dynein
assembly and cause PCD, we have been analyzing dynein assembly mutations in
Chlamydomonas reinhardtii, a single-celled green alga that contains two flagella, which
structurally and functionally resemble cilia and which display both motile and sensory
functions. One such mutation, odal6, selected in a screen for Chlamydomonas proteins
involved in outer dynein arm assembly, was characterized as an intraflagellar transport (IFT)
adaptor needed for normal assembly of outer arm dyneins in this organism (Ahmed and
Mitchell 2005; Ahmed et al., 2008). This function is unique among dynein assembly defects,
and thus far represents the only example of an IFT-associated protein that plays an essential
role in assembly of a specific axonemal cargo. For comparison, most dynein assembly
defects are mutations in dynein ATPase subunits and not in IFT-associated proteins, and
most mutations in IFT proteins, such as IFT88 (Pazour et al., 2000), completely disrupt
ciliary assembly rather than creating cargo-specific defects. Homologs of Odal6, a WD
repeat protein (WDR69 in humans), are only found in organisms that retain motile cilia,
suggesting that Odal6 retains a function in axonemal dynein assembly (Ahmed and Mitchell
2005; Ahmed et al., 2008), despite the evolutionary distance between green algae and
vertebrates. However, no mutations have been identified that disrupt Odal6 homologs in
organisms other than Chlamydomonas, and recent experiments with other conserved genes
involved in axonemal dynein assembly have not always supported a universally conserved
assembly mechanism for these large ATPase complexes. In the case of mutations affecting
PF13/Ktu, similar disruption of both inner and outer row dynein assembly was observed in
Chlamydomonas, medaka fish, and human PCD patients (Omran et al., 2008), supporting a
conserved role for this protein in a cytoplasmic step in the assembly process. In contrast,
mutations in Oda7/LRRC50 only affect outer row dynein in the alga, leading to reduced beat
frequency but not complete paralysis of the flagella (Kamiya 1988), whereas mutations in
the vertebrate orthologs appear to affect both outer and inner row dyneins and to completely
disrupt ciliary motility in zebrafish (Sullivan-Brown et al., 2008; VanRooijen et al., 2008)
and in human patients (Duquesnoy et al., 2009). To confirm whether the IFT-dependent
dynein assembly mechanism defined by odal6 mutations in Chlamydomonas is relevant to
vertebrates, we turned to zebrafish as a useful model organism for such validation.

The role of ciliary motility in zebrafish development was first established through the
selection of random mutations with developmental defects (Sun et al., 2004; Zhao and
Malicki 2007; Sullivan-Brown et al., 2008), and more recently by direct knockdown of the
expression of known ciliary proteins (Essner et al., 2005; Kramer-Zucker et al., 2005).
Moatile cilia in zebrafish embryos play well-documented roles in embryonic left-right
asymmetry determination and pronephros function (Essner et al., 2005; Kramer-Zucker et
al., 2005), and were recently recognized as essential to otolith formation as well; knockdown
of a dynein regulatory complex subunit, which led to impaired ciliary maotility, resulted in
abnormal otolith formation (Colantonio et al., 2009). Asymmetry determination in zebrafish
involves Kupffer's vesicle (KV), a transient spherical cavity functionally analogous to the
mouse embryonic node. It has been hypothesized that a leftward flow generated by motile
cilia within KV initiates asymmetrical gene expression during embryogenesis (Essner et al.,
2005), and that failure to generate a directional flow within KV therefore leads to left-right
asymmetry defects during later organogenesis (Bisgrove and Yost 2006).

Here we provide the first characterization of the wdr69 gene, the zebrafish homolog of
ODA16. We show wdr69 is specifically expressed in organs that have motile cilia, including
the pronephros, otic vesicles and KV. Using antisense morpholino oligonucleotides (MO) to
knock down wdr69 expression, we show that Odal6/Wdr69 plays an essential role in
formation of otoliths in otic vesicles and in the generation of fluid flow in KV that is
necessary for establishing organ laterality. Otolith and laterality defects in morphant
embryos arise from disrupted ciliary motility, due to loss of outer arm dynein assembly onto
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ciliary axonemes. These results indicate that the role of Odal6 in dynein assembly is
conserved from Chlamydomonas to a vertebrate system, Danio rerio. It is highly likely that
functions of Odal6 identified in zebrafish will extend to other vertebrate systems as well,
and thus Odal6/WDRG69 should be considered as a candidate locus for human PCD.

Zebrafish wdr69 is only expressed in cells that assemble motile cilia

Chlamydomonas cells carrying odal6 mutations swim with greatly reduced beat
frequencies, a phenotype typical of outer arm dynein mutants in this organism (Ahmed and
Mitchell 2005). The reduced assembly of outer arm dynein in these strains is due to lack of
proper IFT-based transport of assembled dynein complexes from the cytoplasm into the
flagellar compartment for attachment to doublet microtubules (Ahmed et al., 2008). To see
if the zebrafish homolog of Odal6 serves a similar role, we first checked for the presence of
homologous genes and identified a single gene in the zebrafish genome database, wdr69,
which encodes a protein with high similarity to Chlamydomonas Odal6. Sequence
alignments indicate that Chlamydomonas Odal6 shares over 70% similarity and 60%
identity to its human and zebrafish homologs (Figure 1A).

To examine the expression pattern of wdr69 in zebrafish, we performed RNA in situ
hybridization with probes developed from a zebrafish wdr69 cDNA clone. wdr69 expression
was detected at several stages during embryogenesis, but only within organs that make
motile cilia. At 80% and 95% epiboly, expression of wdr69 was limited to dorsal forerunner
cells (Figure 1B-C), which later give rise to KV (Melby et al., 1996; Cooper and D'Amico
1996). At the 6 somite stage (SS), expression of wdr69 was detected in KV as well as in the
notochord and floorplate midline (Figure 1D-E). At 18 SS, wdr69 was expressed in otic
vesicle, pronephric duct and spinal cord, all locations where the existence of motile cilia has
been previously reported (Figure 1F-G).

Wdr69 morphants develop phenotypes associated with defects in ciliary motility

To determine the role of Wdr69 in zebrafish development, we used antisense MOs to reduce
wdr69 expression. Embryos injected with control MO had normal morphology at 2 days
post-fertilization (dpf) (Figure 2A), whereas embryos injected with wdr69 MOAUYG,
designed to block wdr69 translation, exhibited a curled tail phenotype (Figure 2B)
reminiscent of phenotypes previously associated with defects in either motility (Essner et al.,
2005; Kramer-Zucker et al., 2005) or assembly (Bisgrove et al., 2005) of cilia. By 3 dpf, a
portion of morphants (27%, n=92) developed kidney cysts visible by light microscopy
(arrow in Figure 2C), whereas no cysts were observed in control MO embryos (n=126). In
addition, wdr69 morphants developed pericardial edema (arrowhead in Figure 2C), which
can be caused by defects in either heart development or kidney function. We also examined
otolith formation, since motile cilia play a role in the formation of a normal number of
otoliths in zebrafish (Colantonio et al., 2009). Control MO injected embryos developed two
otoliths (98%, n=90), one at the anterior end and one at the posterior end of the otic vesicle
(Figure 2D). In contrast, wdr69 MOAYG morphants often developed an abnormal number of
otoliths with the majority (64%, n=77) containing three otoliths, two correctly positioned
and one ectopically positioned (Figure 2E).

To determine whether wdr69 MOAYG phenotypes were specific to wdr69 knockdown, rather
than due to MO off-target effects, we designed a second MO to block splicing of wdr69
transcripts at the intron 2 - exon 3 junction (wdr69 MO'2E3). Embryos injected with wdr69
MO!2E3 developed phenotypes similar to those observed in wdr69 MOAYCG morphants,
including a curled tail at 2 dpf (Figure 2F). The efficacy of wdr69 MO'2E3 was tested by
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RT-PCR. In control embryos, primers spanning exons 2-4 amplified a normally spliced
fragment of wdr69 (Figure 2G). In wdr69 MO'2E3 morphants, the amount of this fragment
was reduced and a smaller fragment was detected with a size equal to exon 2 plus exon 4 but
lacking exon 3 (Figure 2G). Sequence analysis confirmed that exon 3 is missing in this
smaller fragment, leading to a frame shift and premature stop codon. Taken together, the
exclusive expression of wdr69 in ciliated tissues and similar cilia-associated phenotypes
caused by two independent wdr69 MOs indicated these phenotypes are specific to wdr69
depletion and that Wdr69 is required for the function of motile cilia in zebrafish.

Wdr69 is important for the establishment of left-right asymmetry

To further characterize the role of Wdr69 in cilia-mediated developmental processes, we
next analyzed left-right asymmetry in wdr69 morphants. We examined heart and gut
laterality via RNA in situ hybridization using cmlc2 and foxa3 anti-sense probes,
respectively. In control embryos, we observed normal looping of the heart (Figure 3A) and
orientation of the gut (Figure 3D). However, the heart often showed reversed looping
(Figure 3B) or failed to loop (Figure 3C) in wdr69 MOAYC morphants. Similarly, gut
position in wdr69 MOAYCG morphants was randomized among normal, reversed (Figure 3E)
and bilateral (Figure 3F). Morphants with reversed heart looping also typically exhibited
reversed gut position, which strongly indicates complete situs inversus. Similar heart and gut
laterality defects were observed in wdr69 MO'2E3 morphants. The percentage of embryos
showing gut positioning as well as heart looping defects is shown in Figure 3J and reported
in Table 1.

The observation of randomized organ laterality in wdr69 morphants is consistent with a role
for Wdr69 in the function of KV cilia. Motile cilia in KV generate an asymmetric fluid flow
that is upstream of the earliest known left-right asymmetry in zebrafish—the left sided
expression of the nodal-related gene southpaw (spaw) (Long et al., 2003). In control
embryos at 18 SS, spaw expression was restricted to the left lateral plate mesoderm (LPM)
(Figure 3G). In contrast, wdr69 MOAYG morphants displayed abnormal right and bilateral
distributions of spaw expression in LPM (Figure 3H, 1), with the majority of wdr69 MOAYG
morphants showing bilateral expression (Table 1). Such randomized laterality of spaw
expression is consistent with defects in KV cilia form or function as previously described
(Essner et al., 2005; Bisgrove et al., 2005; Kramer-Zucker et al., 2005; Yamauchi et al.,
2009).

Wdr69 is needed for ciliary motility and outer arm dynein assembly

To see what role wdr69 plays in KV and other ciliated organs we first examined the length
and number of motile cilia. Using acetylated tubulin immunofluorescent staining, we found
that cilia were present in wdr69 MOAYCG morphants and appeared similar to cilia in control
embryos in KV (Figure 4A-B), the pronephric ducts (Figure 4C-D) and otic vesicles (Figure
4E-F). Measurements of cilia in KV at 6-8 SS revealed no significant difference in either
length or number in wdr69 MOAYS morphants compared with control MO injected embryos
(Figure 4G-H). Thus, similar to Chlamydomonas odal6 mutants, which have normal
flagellar length, Wdr69 knockdown does not affect length of motile cilia in zebrafish.

We next employed live video microscopy of ciliary motility, as seen by differential
interference contrast (DIC) microscopy, and fluid flow, as detected by the motion of
fluorescent beads microinjected into the KV, to determine the effects of Wdr69 knockdown
on ciliary function. At 8-10 SS, KV cilia were motile and beat in a rotational pattern in
control MO injected embryos (Movie 1). Consistent with previous results (Essner et al.,
2005), fluorescent beads injected into KV at 8-10 SS flowed in a counterclockwise direction
as visualized under DIC and fluorescent microscopy (Movie 2). In contrast, KV cilia
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motility was greatly reduced in wdr69 MOAYG (Movie 3) and wdr69 MO'2E3 (Movie 4)
morphants. In morphant embryos, some KV cilia totally lost their motility while others
retained minimal abnormal motility typified by jerky movements. Consequentially,
fluorescent beads injected in wdr69 morphants bounced uncoordinatedly and were not able
form a directional flow (Movie 5). Using tracking software to follow bead paths, we found
that in addition to a loss of flow directionality in wdr69 MOAYCG morphants (Figure 5B)
relative to controls (Figure 5A), the velocity of bead movement was significantly reduced in
Wdr69 knockdown embryos (Figure 5C). Abrogation of fluid flow in KV provides an
explanation for left-right asymmetry defects in wdr69 morphant embryos.

To test whether Wdr69 is also required for cilia motility in other organs, we imaged otic
vesicle cilia in live embryos. Otic vesicles contain two groups of cilia, short non-motile cilia
and long motile tether cilia. Tether cilia beating is essential for normal otolith formation in
the developing zebrafish ear (Colantonio et al., 2009). Video microscopy showed that unlike
the fast beating tether cilia observed in control MO injected embryos (Movie 6), the motility
of tether cilia was greatly impaired in wdr69 morphants at 24 hpf (Movie 7). Thus, the need
for Wdr69 to support normal motility is not limited to KV cilia.

Finally, to determine the extent of the ciliary ultrastructural defects that might be responsible
for these effects on motility, we used electron microscopy. Thin sections of KV cilia in
control MO injected embryos revealed the presence of typical outer dynein arms on all nine
outer doublets of all cilia examined (Figure 5D), whereas cilia from wdr69 MOAUG
morphants consistently displayed greatly reduced humbers of outer dynein arms (Figure 5E),
similar to reductions reported in Chlamydomonas odal6 axonemes (Ahmed and Mitchell
2005). Electron density in the inner row dynein region did not appear altered, but further
analysis will be needed to rule out the possibility of a loss of some inner row dynein species.
Interestingly, we observed two different groups of KV cilia, those with (9+2 arrangement) or
without (9+0) central pair microtubules, in both control and wdr69 MOAYCG morphant
embryos. Similar variability in the appearance of central pair microtubules has been reported
previously for nodal cilia in mouse (Caspary et al., 2007) and rabbit (Feistel and Blum
2006).

Discussion

Defects in motile cilia have been linked in mammals to developmental abnormalities in
visceral organs (due to heterotaxia) and, at least in rodents, in the brain (due to
hydrocephalus). In human PCD patients, ciliary motility defects correlate most frequently
with mutations in axonemal outer row dynein subunits such as DNAH5, DNAI1 and DNAI2
(Guichard et al., 2001; Olbrich et al., 2002; Loges et al., 2008). We have recently shown that
similar dynein assembly defects can result from mutations in proteins needed for
cytoplasmic pre-assembly of axonemal dyneins, such as PF13/Ktu (Omran et al., 2008) and
Oda7/LRRC50 (Duquesnoy et al., 2009), however, both of these proteins are also needed for
assembly of one or more inner row dynein in vertebrates. Here, we show that defects related
to loss of Wdr69 in zebrafish disrupt assembly of outer row dyneins. Wdr69, like Ktu and
LRRC50, is a protein needed for dynein assembly rather than a dynein subunit, but unlike
Ktu and LRRC50 mutations, loss of Wdr69 does not appear to alter inner row dynein
assembly. The zebrafish phenotypes in wdr69 morphants are consistent those seen
previously in embryos with outer row dynein heavy chain defects (Essner et al., 2005;
Kramer-Zucker et al., 2005), including curly tail, formation of pronephric cysts, and left-
right asymmetry defects. By electron microscopy only outer row dyneins appeared
specifically depleted from KV cilia of wdr69 morphants (Fig. 5E), without other obvious
changes in ciliary length, number, distribution or ultrastructure. Thus the role of Odal6/
Wdr69 appears to be identical in a vertebrate (zebrafish) and an alga (Chlamydomonas).
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A conserved function for Odal6/Wdr69 as a cargo-specific assembly factor in organisms as
distantly related as fish and algae suggests that this function evolved prior to the divergence
of all existing eukaryotes from a common ancestor, and has not changed in any obvious way
over the intervening ca. one billion years (Keeling et al., 2005). Consistent with this
interpretation, both the single IFT subunit that has been shown to interact directly with
Odal6/Wdr69, IFT46 (Ahmed et al., 2008), and subunits of the outer row dynein complex
itself that is transported by Odal6 (including both heavy chains and intermediate chains)
(Wickstead and Gull 2007; Wilkes et al., 2008) appear to have existed prior to eukaryotic
radiation. Although outer row dynein intermediate and heavy chain subunits diversified
further in vertebrates through gene duplications, organisms that use outer row dyneins have
retained just one Wdr69 homolog, which is likely to perform the same function in IFT-based
transport of outer row dyneins in all cell types that use motile cilia. The WDR69 gene
should therefore be considered as a candidate in screens for human PCD loci. Recent
success at in vitro rescue of ciliary motility by transfer of a dynein intermediate chain gene
into respiratory epithelial cells from a PCD patient (Chhin et al., 2009) points to the
potential for correction of such genetic defects.

Experimental Procedures

Zebrafish

AB wild type zebrafish were obtained from the Zebrafish International Resource Center
(ZIRC) and maintained as previously described (Westerfield 1995). Embryos were obtained
from natural matings and staged as described in (Kimmel et al., 1995).

RNA in situ hybridization

A zebrafish wdr69 cDNA clone was purchased from Open Biosystems (clone 1D 892486)
and subcloned into the pCR2.1 vector (Invitrogen). The pCR2.1-wdr69 construct was
linearized with Not | and served as template for the synthesis of antisense probes with SP6
RNA polymerase. Antisense probes for wdr69, southpaw (spaw), cardiac myosin light chain
2 (cmlc2), forkhead box a3 (foxa3) were generated using a DIG RNA labeling kit (Roche).
RNA probes were purified using Micro Bio-Spin Chromatography Columns (Bio-Rad). If
necessary, embryos were treated with 1-phenyl 2-thiourea (PTU) at 24 hpf to inhibit melanin
synthesis. Embryos were then fixed at the stages indicated with 4% paraformaldehyde in
sucrose buffer overnight at 4 degrees. Following dehydration and rehydration, embryos were
digested with proteinase K and pre-hybridized in hybridization buffer for 4 hours at 67
degrees. Embryos were then incubated with RNA probes diluted in hybridization buffer
(1ng/ml) overnight at 67 degrees. Embryos were then washed and incubated overnight with
pre-absorbed anti-digoxigenin alkaline phosphatase-conjugated antibodies (Roche) at a
concentration of 1:1000. Following washes, embryos were stained using NBT and BCIP
(Roche). Stained embryos were fixed in 4% paraformaldehyde and cleared in 70% glycerol.
Images were taken using a Zeiss Axiocam MRc digital camera on a Zeiss Discovery v12
stereo microscope and processed with Axiovision (Zeiss) and Photoshop (Adobe) software.

Morpholino injection

Antisense morpholino oligonucleotides (MO) directed against the zebrafish wdr69 start
codon to block translation (wdr69 MOAUYC: 5-TGTGCATCCGTTTCAGTCTCATCAC-3))
and the intron 2-exon 3 splice acceptor site to block mMRNA splicing (wdr69 MO'2E3: 5
ATCAGTCCTGGAGGAGAAATATAGA-3’) were synthesized by Gene Tools, LLC. A
standard negative control MO was also purchased from Gene Tools. To knock down
zebrafish wdr69 expression, embryos were injected with either 1.5 ng wdr69 MOAYG or 2.5
ng wdr69 MO'2E3 at the 1-2 cell stages.
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Total RNA was isolated from embryos using TRIzol Reagent (Invitrogen) and used to
produce cDNA via the Superscript First-Strand Synthesis System (Ambion). The resulting
cDNAs were used as templates to PCR amplify a small region of the wdr69 gene spanning
exons 2-4 using a forward primer in exon 2 (Splicing MO-F: 5’-gaatttttctagactatgag-3’) and a
reverse primer in exon 4 (Splicing MO-R: 5'-caagatcctgatttattgaagg-3'). Primers in the S-
actin gene (Forward 105: 5-GGTATGGGACAGAAAGACAG-3' and Reverse 106: 5'-
AGAGTCCATCACGATACCAG-3') were used as positive controls.

Whole-mount immunohistochemistry

Embryos fixed in 4% paraformaldehyde were dechorionated and incubated in blocking
solution (PBS containing 5% sheep serum, 1% bovine serum albumin, 1% DMSO and 0.1%
triton X) for 1 h and then incubated with primary antibody (mouse anti-acetylated tubulin
antibody, Sigma T-6793) overnight. Embryos were then washed and incubated with
secondary antibody (goat anti-mouse Alexa Fluor 488, Molecular Probes) overnight.
Embryos were mounted in Slow Fade Reagent (Invitrogen) and visualized using a 63%
objective on a Zeiss Axiolmager M1 microscope. Images were captured with a Zeiss
Axiocam HSm digital camera and processed using Axiovision software. All Z-series images
were assembled using Image J (NIH) and processed using Photoshop (Adobe) software.
Cilium length was measured using ImageJ.

Video microscopy of cilia and fluorescent beads

For imaging cilia in KV and otic vesicles, or fluorescent beads (Polysciences, Inc.) injected
into the KV lumen at 6-8 SS (Essner et al., 2005), live zebrafish embryos were treated with
0.4% tricaine (MS-222) and embedded in 1% low melting agarose. Ciliary motility or bead
movement was captured using a Zeiss Axiocam high-speed monochromatic camera mounted
on a Zeiss Axiolmager M1 microscope with a 63x water-dipping objective. Movies were
generated using Axiovision and Quicktime (Apple) software. Bead velocity was determined
using Axiovision tracking software.

Electron Microscopy

Dechorionated embryos were fixed in 2% formaldehyde, 2% glutaraldehyde, 0.5% tannic
acid in 0.1 M sodium cacodylate buffer, pH 8.0 for 1 hr at RT, and post-fixed in 1% OsO4 in
0.1 M sodium cacodylate for 30 min at RT prior to dehydration and infiltration with
embedding resin. Yolk was dissected away from embryos after infiltration but prior to resin
polymerization. Thin sections were stained with uranyl acetate and lead citrate, and
observed on a JEOL 100 C electron microscope.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Zebrafish wdr69 is expressed in cells that assemble motile cilia

(A) Protein sequence alignment of Odal6 homologs from Chlamydomonas reinhardtii,
Danio renio and Homo sapiens. Yellow color highlights conserved residues among the three
species, blue color highlights residues conserved in two species and green color highlights
conservative replacements. (B-G) RNA in situ hybridizations detecting wdr69 expression
during early zebrafish development. At the 80% (B) and 95% (C) epiboly stages, wdr69 is
expressed exclusively in dorsal forerunner cells (DFCs). At the 6 somite stage (SS), wdr69
is expressed in Kupffer's vesicle (KV) (D, E) and the floorplate (fp) of the neural tube (E).
At 18 SS, wdr69 is expressed in the spinal cord (sc), pronephric ducts (pnd) (F) and otic
vesicle (ov) (G).
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Figure 2. wdr69 MO knockdown embryos develop phenotypes associated with defects in ciliary
motility

(A-C) Live embryos at 2 days post fertilization (dpf). Control MO injected embryos
exhibited normal morphology (A), whereas wdr69 MOAYG morphant embryos developed
phenotypes associated with cilia defects, including a curled tail (B), kidney cysts (arrow in
C) and pericardial edema (arrowhead in C). (D-E) Otoliths in otic vesicles at 2 dpf. Control
MO injected embryos developed two correctly positioned otoliths (arrows in D). wdr69
MOAYC morphants often developed a third ectopically positioned otolith (red arrow in E).
(F) wdr69 MO'2E3 morphants developed the same phenotypes as wdr69 MOAYCG morphants
(this embryo was treated with PTU to inhibit melanin biosythesis for RNA in situ analysis).
(G) RT-PCR analysis shows wdr69 MO'2E3 causes mis-splicing of wdr69 transcripts. A
normally spliced cDNA containing exons 2-4 was detected in control MO injected embryos.
The level of this cDNA was reduced in wdr69 MO'2E3 morphants and a smaller fragment
lacking exon 3 was observed in wdr69 MO'2E3 morphants. -actin was amplified as a
loading control.
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Figure 3. Wdr69 is important for the establishment of left-right asymmetry

(A-F) Analysis of organ left-right asymmetry by RNA in situ hybridizations using the heart
marker cmlc2 (A-C) and gut marker foxa3 (D-F). Control morphants showed normal
rightward looping of the heart (arrow in A) and left-sided orientation of the liver (arrow in
D). In wdr69 MOAYG morphants, heart looping was often reversed (arrow in B) or linear
along the midline (arrow in C). Similarly, liver position in wdr69 MOAYG morphants was
frequently reversed (arrow in E) or bilateral (arrows in F). (G-1) RNA in situ hybridizations
detecting southpaw (spaw) expression in lateral plate mesoderm (LPM) at 18 SS. (G). spaw
expression was restricted to left LPM cells in control morphants (arrow in G), whereas
wdr69 MOAYG morphants displayed abnormal right (arrow in H) and bilateral (arrows in 1)
distributions of spaw expression. (J) The percentage of embryos injected with control MO
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(n=130), wdr69 MOAYG (n=67) or wdr69 MO'2E23 (n=75) showing laterality defects in the
heart and gut (see also Table 1).
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Figure 4. Cilia length and number is not changed in wdr69 morphants

(A-F) Cilia were visualized by immunofluorescent staining with acetylated tubulin
antibodies. Cilia in embryos injected with wdr69 MOAYG appeared similar to cilia injected
with control MO in Kupffer's vesicle (A-B), pronephric ducts (C-D) and otic vesicles
(arrows in E-F point to motile tether cilia). All red scale bars represent 10 pM. (G-H)
Measurements of KV cilia at 6-8 SS showed no significant differences in the average length
(G) or number (H) between wdr69 MOAYG (n=17) and control (n=21) morphants. Error
bars=one standard deviation.
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Figure 5. Wdr69 is needed for ciliary motility and outer arm dynein assembly

(A-B) Tracking software was used to follow the flow of fluorescent beads injected into KV
of live embryos. Tracks are superimposed on images of KV. In control morphants (A), beads
flowed in a circular counterclockwise direction. This directional flow was lost in wdr69
MOAYG morphants (B), where beads bounced around randomly. (C) Velocity of bead
movement was significantly reduced in wdr69 knockdown embryos (n=25 beads from 5
embryos) relative to controls (n=28 beads from 6 embryos). Error bars=one standard
deviation. (D-E) Electron microscopy of KV cilia. In control MO injected embryos (D),
typical outer dynein arms (arrow in D) were present on all nine outer doublets of all cilia
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examined. In contrast, KV cilia from wdr69 MOAYS morphants displayed greatly reduced
numbers of outer dynein arms (E).
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