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Abstract

Ciliopathies are genetic disorders that are caused by dysfunctional cilia and affect multiple organs.
One type of ciliopathy, Bardet-Biedl Syndrome, is a rare disorder characterized by obesity,
retinitis pigmentosa, polydactyly, mental retardation and susceptibility to cardiovascular diseases.
The Wnt/Planar Cell Polarity (PCP) has been associated with cilia function and ciliogenesis in
directing the orientation of cilia and basal bodies. Yet the exact relationship between PCP and
ciliopathy is not well understood. Here, we examine interactions between a core PCP component,
Prickle2 (Pk2), and a central BBS gene, Bbs7, using gene knockdown in the zebrafish. pk2 and
bbs7 knockdown both disrupt the formation of a ciliated organ, the Kupffer’s Vesicle (KV), but do
not display a synergistic interaction. By measuring cell polarity in the neural tube, we find that
bbs7 activity is not required for Pk asymmetric localization. Moreover, BBS protein complex
formation is preserved in the Pk2-deficient (Pk2~/~) mouse. Previously we reported an
intracellular melanosome transport delay as a cardinal feature of reduced bbs gene activity. We
find that pk2 knockdown suppresses bbs7-related retrograde transport delay. Similarly,
knockdown of ift22, an anterograde intraflagellar transport component, also suppresses the bbs7-
related retrograde delay. Notably, we find that pk2 knockdown larvae show a delay in anterograde
transport. These data suggest a novel role for Pk2 in directional intracellular transport and our
analyses show that PCP and BBS function independently, yet result in overlapping phenotypes
when knocked down in zebrafish.
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INTRODUCTION

The cilium is a subcellular organelle that protrudes from the plasma membrane of almost
every vertebrate cell. The cilium serves as a sensory organelle for developmental signals or
as a motile structure that creates fluid flow (Marshall and Nonaka, 2006; Singla and Reiter,
2006). Dysfunctional cilia underlie a number of human genetic conditions that affect
multiple organ systems leading to blindness, heart disease, infertility, obesity or diabetes.
One such syndrome, Bardet-Biedl syndrome (BBS), is a rare genetic disorder characterized
by obesity, retinitis pigmentosa, polydactyly, mental retardation and susceptibility to
cardiovascular diseases (Bardet, 1995; Biedl, 1995; Green et al., 1989). There is
considerable interest in understanding the molecular mechanisms involved in BBS as
phenotypes associated with this disorder are commonly found within the general population.
While ciliopathies can present overlapping phenotypes, the extent to which the pathways
mechanistically overlap has yet to be determined.

Phenotypes associated with BBS can be attributed to defects in cilia maintenance and
intracellular transport (Blacque and Leroux, 2006). To date, nineteen BBS genes have been
reported (Aldahmesh et al., 2014; Scheidecker et al., 2014; Zhang et al., 2014). Seven
proteins (BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, BBS9 and BBS18, also known as
BBIP10) form a stable complex, the BBSome, which mediates protein trafficking to the
ciliary membrane and perhaps to other membrane compartments (Loktev et al., 2008;
Nachury et al., 2007). Another BBS protein, BBS3, is a member of the Ras superfamily of
small GTPases and controls BBSome recruitment to the membrane and BBSome ciliary
entry (Fan et al., 2004; Jin et al., 2010; Pasqualato et al., 2002; Zhang et al., 2011). Three
other BBS proteins (BBS6, BBS10, BBS12) form another protein complex with the CCT/
TRIiC family of group Il chaperonins and mediate BBSome assembly (Seo et al., 2010). The
discovery that various BBS proteins interact to form complexes (the BBSome and the BBS-
chaperonin complex) with critical ciliary function is consistent with the overlapping
phenotypes arising from mutations in different BBS genes (Nachury et al., 2007; Seo et al.,
2010; Tayeh et al., 2008).

Animal models have provided important mechanistic advances in understanding the role of
BBS proteins. In the zebrafish, there have been two hallmark phenotypes consistently found
with knockdown of all BBS genes tested to date: a reduced or absent Kupffer’s vesicle
(KV), a ciliated structure that is involved in proper left-right patterning of organs, and
delayed intracellular transport (Baye et al., 2011; Pretorius et al., 2010; Seo et al., 2010;
Tayeh et al., 2008; Yen et al., 2006). Individual knockdown of some BBS genes have also
been reported to lead to CE defects during gastrulation (Gerdes et al., 2007; May-Simera et
al., 2010; Ross et al., 2005).
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Many developmental pathways are important for cilia formation and function. The Wnt/
Planar Cell Polarity (PCP) pathway has been shown to influence cilia orientation and
polarity (Montcouquiol et al., 2003; Qian et al., 2007; Wang et al., 2005; Wang et al., 2006).
PCP was first described in Drosophila as affecting hair cell orientation in the wing and
directional cell arrangement in the ommatidia (Jenny et al., 2003; Jenny et al., 2005; Tree et
al., 2002). In vertebrates, the PCP pathway regulates cell movement such as convergence
and extension (CE) during gastrulation (Roszko et al., 2009). During gastrulation, cells
migrate toward the midline lengthening and narrowing the embryos along the anterior-
posterior (AP) axis. Defects in PCP components result in CE defects resulting in a shorter
AP axis (Roszko et al., 2009). Core PCP components, Dishevelled (Dvl), Prickle (Pk) and
Van Gogh (Vangl), have been linked to ciliogenesis and cilia tilting (Borovina et al., 2010;
Oteiza et al., 2010; Park et al., 2008). DvI localizes to basal bodies and promotes protein
docking (Hashimoto et al., 2010; Mahuzier et al., 2012; Park et al., 2008; Zilber et al.,
2013), while Pk and Vangl regulate cilia length and cilia tilting in the zebrafish KV,
respectively (Borovina et al., 2010; Oteiza et al., 2010).

PCP and BBS proteins both affect cilia, however previous studies have generated conflicting
interpretations as to the extent to which they act in a common pathway or have distinct roles.
The phenotypic overlap between PCP and gene knockdown of some bbs genes in zebrafish
suggests an interaction between BBS and PCP (Gerdes et al., 2007; May-Simera et al., 2010;
Ross et al., 2005). However, not all the bbs genes are involved in CE movements and CE
defects are not present in bbs hypomorphic genetic mutants (Balciuniene et al., 2013).
Additionally, zebrafish and mouse embryos that are mutant for ciliary proteins establish
proper planar polarity (Borovina and Ciruna, 2013; Huang and Schier, 2009; Jones et al.,
2008). Together these data indicate an indirect interaction between BBS and PCP proteins.
CE requires the coordination of many signaling pathways and tissue types, thus measuring
CE may not serve as an accurate assessment of gene interaction.

To evaluate functional interaction, we examine phenotypic overlap between BBS and PCP
genes in multiple tissue types in the zebrafish. We manipulate Bbs7 due to its central role as
part of the BBSome complex as well as interacting with the BBS-chaperonin complex
(Zhang et al., 2012). Bbs7 mouse knockouts display defects in photoreceptors, brain
ependymal cilia and sperm flagella (Zhang et al., 2013). Pk is a core component of PCP and
modulates CE and neuronal outgrowth (Jiang et al., 2005; Mapp et al., 2011; Mapp et al.,
2010; Mei et al., 2013; Ng, 2012; Tada et al., 2003; Takeuchi et al., 2003; Tree et al., 2002;
Veeman et al., 2003). Mutation in PK1 and PK2 were identified in human epilepsy patients
and loss of pk also contributes to seizure-like phenotype in mice, flies and zebrafish (Bassuk
et al., 2008; Mei et al., 2013; Tao et al., 2011). Mouse Pk1 is embryonic lethal with polarity
defects in the epiblast, but knock out of Pk2 results in viable animals with slightly smaller
body weight and seizure sensitivity (Tao et al., 2012; Tao et al., 2011; Tao et al., 2009).

We analyze shared and individual phenotypes of bbs7 and pk2 in the double knockdown
zebrafish. We find increased severity of phenotypes in the KV but not a synergistic
interaction. While knockdown of both pk2 and bbs7 disrupt neural tube polarity, Pk still
shows asymmetric localization in bbs7 knockdown embryos. In addition, BBSome assembly
in Pk2 knockout mice is not altered, suggesting an indirect relationship. We do find that pk2
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and bbs7 display opposing activities in intracellular transport. pk2 knockdown, as well as
knockdown of an anterograde transport component are both sufficient to suppress bbs7-
related transport defects. Moreover, knockdown of pk2 alters anterograde transport. Our data
suggest that bbs7 and pk2 act in independent pathways sometimes generating overlapping
defects in KV morphogenesis, but distinct phenotypes in the neural tube and in cellular
transport of melanosomes. Clarifying the interactions between PCP and BBS provides
insight into the normal developmental roles as well as interrogating disease
pathophysiology.

MATERIALS AND METHODS

Ethical statement

All the work with zebrafish and mouse is approved by University Animal Care and Use
Committee of the University of lowa.

Mouse Pk2 mutant

Pk2 knockout mice have been described previously (Tao et al., 2011).

Zebrafish husbandry

Zebrafish adults were maintained under standard conditions and eggs are collected from
natural spawnings (Westerfield, 1993). Staging of the embryos was performed according to
Kimmel. et al (Kimmel et al., 1995).

Morpholinos, expression constructs and primers

pk2 MO: 5-TGTCCTCCACACTGAAAATAAGAGA-3, bbs7 MO : 5’-
CAACATGGTTTAGGTTTAACTCCAT-3 and ift22 MO: 5’-
TCATCGCGGAAAATCACGGCGTTTC-3 are purchased from Gene Tools, LLC. Amount
of MOs delivered into the embryo are as follows: bbs7 MO: 3.5ng; ift22 MO: 1ng; pk2 MO
1.25ng and 2.5ng for KV morphology and retrograde transport assay, 2.5ng for cilia
measurements and 4ng for retinal neurogenesis and caffeine assay.

For sequential injections, we inject a group of embryos with one MO at one-cell stage, split
the group into two sets, and inject a second MO into one of the sets at two-cell stage. The
same needle for this second MO is then used to inject a new set of one-cell stage embryos.
The experiment are done in both ways, pk2 MO first and bbs7 MO first, to make sure there
is no difference with the order of MOs. The same sequential injection strategy was used for
RNA injection for the pk2 IPL rescue and the Centrin-GFP and GFP-Pk localization
experiments.

The zebrafish Centrin-GFP construct is a gift from Dr. Caren Norden at The Max Planck
Institute of Molecular Cell Biology and Genetics. The GFP-Pk construct is a gift from Dr.
Fang Lin at the University of lowa. The mcherry-CAAX construct is from lab stock (Lin et
al., 2010). Plasmids are linearized and in vitro transcription is performed using the
mMessage mMachine in vitro transcription kit (Ambion, Life Technologies) to make RNAs.
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The amount of RNAs injected into the embryos are as follows: Centrin-GFP: 60pg;
mcherry-CAAX: 50pg; GFP-Pk: 200pg.

Total RNA was extracted from uninjected and MO-injected embryos and converted to
cDNA by in vitro reverse transcription. PCR used primers 5/-
GTGAGATACTGCAACAGTCTG-3 and 5-ATACAAGGACTCGAAGCAGGT-3’ for
pk2 with Choice Taq DNA polymerase (Denville Scientific Inc.) in 35 cycles with the
annealing temperature of 59 °C. Products were run on a 2% agarose gel, purified from the
gel band and cloned into pCR ™11 Vector (Life Technologies) for sequencing.

Immunohistochemistry and cilia length measurements

Antibody staining was performed as described previously (Westfall et al., 2003). Embryos
were fixed at 8 to 10 somite stages in 4% paraformaldehyde in 1XxPBS. Anti-acetylated
tubulin primary antibodies (Sigma) are used at a concentration of 1:800 and fluorescent
secondary antibodies (Life Technologies) are used at a dilution of 1:400. Cilia length is
measured in the Leica Lite software and the average cilia length of all measured embryos in
each treatment group is calculated. ANOVA test is used to detect any statistical difference.

Whole mount in situ hybridization

Whole mount in situ hybridization was performed according to previously described
protocols (Thisse et al., 1993; Westfall et al., 2003). Embryos were fixed at 76—78 hpf in 4%
paraformaldehyde in 1xPBS. Digoxigenin-UTP labeled RNA riboprobes were made from
linearized constructs using the MAXIscript in vitro transcription kit (Ambion, Life
Technologies).

Retina preparation

Control and injected larvae are fixed at 7678 hpf in 4% paraformaldehyde in 1xPBS
overnight. Larvae are soaked first in 15% then 30% sucrose solution for at least 1h at room
temperature and left in OCT at 4 °C overnight. Larvae are then aligned and embedded in
OCT (Sakura), frozen and sectioned at a thickness of 12um. Sections are left dry overnight,
rehydrated in 1xPBS and stained by TOPRO3 (1:1000 in PBS). After PBS washes following
TOPRO3 (Life Technologies), sections are mounted in VectaShield mounting medium
(Vector Laboratories) and cover-slipped for imaging.

Light and confocal microscopy

KV morphology images were taken using a stereoscope with a Zeiss camera and Axiovision
software. Confocal imaging was done on a Leica SP2 microscope system (Leica). For cilia
imaging, embryos were dissected so the KV can be mounted on bridged cover slips with
Vectashield (Vector Laboratories). Imaging was done with a 63x oil objective and a 2x
digital zoom. Series of images were collected with 1um interval. Maximum projection was
used for quantification in the Leica software. For live neural tube imaging, embryos were
treated with tricaine and mounted in 1% low melt agarose with their dorsal side against the
coverslip. Imaging was done with a 63x oil objective and 2x digital zoom. Quantification
was done on single scanned images by counting cell numbers.
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Immunoprecipitation assay

Protein samples were prepared from mouse testes as described previously (Zhang et al.,
2013) and the BBSome are precipitated with antibody against BBS2 as described previously
(Zhang et al., 2013; Zhang et al., 2012).

Intracellular transport assays

5 dpf larvae were used for transport assays. Dark-reared embryos were treated with
epinephrine (500 pg/ml, Sigma) and the time it takes for them to retract their melanosomes
to the perinuclear region was recorded. The average time for all the larvae in each treatment
group is calculated and statistical difference is detected by ANOVA test. Light-reared
embryos were treated with caffeine (300 ug/ml, Sigma) and the number of larvae that show
a response within 15 min, 35 min, or longer are counted. Chi-square test is used to detect
any statistical difference between groups. Melanosome transport movies were taken using a
stereoscope with a Zeiss camera and Axiovision software.

RESULTS

Zebrafish pk2 modulates CE and retinal neurogenesis

In zebrafish, pkla and other PCP components were shown to regulate convergence and
extension during gastrulation (Bassuk et al., 2008; Lin et al., 2010; Roszko et al., 2009; Tada
et al., 2003; Veeman et al., 2003). Our previous work has also shown that pkla regulates
retinal neurogenesis (Mei et al., 2013). Here we tested whether pk2 knockdown disrupts CE
and retinal patterning using an antisense morpholino oligonucleotide (MO). Efficiency of
knockdown by a splice block MO was monitored by RT-PCR. The splice block MO
generated an aberrant shorter pk2 transcript through 5 day post fertilization (dpf). The
aberrant transcript was the result of mis-splicing that removed the beginning of exon 5
resulting in a premature stop codon (Fig. S1 and data not shown). This MO generated a
dose-dependent response for the phenotypes we evaluated in this paper (Supplemental Table
1). Similar to pkla (Mei et al., 2013), pk2 knockdown embryos displayed shorter antero-
posterior axis and body curvature (Fig. 1A-D).

pkla knockdown leads to a retinal neurogenesis defect in the inner plexiform layer (IPL)
(Mei et al., 2013). The IPL harbors synaptic connections between ganglion cells and inner
nuclear layer cells (Robles and Baier, 2012). We first determined the expression of pk2 in
the retina by whole-mount in situ hybridization and find that pk2 is expressed in the retinal
ganglion cell layer and inner nuclear layer (Fig. 1E-F). To visualize the IPL, we performed
gene knockdown in a transgenic line HUC:GFP that expresses GFP in ganglion cells and a
subset of amacrine cells (Link et al., 2000; Park et al., 2000). The processes from these
neurons form two parallel sublaminae in the IPL (Lin et al., 2010; Link et al., 2000; Park et
al., 2000). Previous work in our lab has shown that knockdown of wnt5b, the receptor ryk as
well as pkla all lead to disorganization of the sublaminae in the IPL (Lin et al., 2010). Here
we found that pk2 knockdown embryos also display disorganization of the sublaminae, as
seen by a loss of continuous tracks in the IPL (Fig. 1). This defect in the IPL could be
partially suppressed by pk2 RNA (Fig. S2). Thus, similar to pkla, pk2 also plays a role in
CE and in retinal neurogenesis.
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Analysis of pk2 and bbs7 in shared phenotypes in the Kupffer’s Vesicle

To dissect possible functional interactions between pk2 and bbs7, we analyzed shared and
individual phenotypes. The KV is a transient ciliated organ at the tailbud of the developing
embryo during somite stages and it is important for left-right patterning. KV morphogenesis
is altered by knockdown of bbs genes, characterized by smaller or absent KV, which we
scored as abnormal (Fig. 2A-B) (Yen et al., 2006). We used a bbs7 MO that generated dose-
dependent response in the embryos (Supplemental Table 2) (Yen et al., 2006). Both bbs7
knockdown (Supplemental Table 2) and pk2 knockdown disrupted KV morphogenesis (Fig.
2A-B, supplemental table 3) suggesting that pk2 and bbs7 may function in a similar
pathway. Synergistic interaction between BBS proteins was previously determined using
combined knockdown and we found that bbs7 was highly interactive with other BBS genes
(Tayeh et al., 2008). To test for interaction between bbs7 and pk2, we selected a dose of pk2
MO that generates a low percentage of KV defects in the individual knockdown, between
10% and 15% (Fig. 2C). In addition, to ensure accurate comparisons between injected
groups, the sequential injection strategy was used. In this approach, a clutch of embryos was
injected with one MO and the group is split with a subset injected with the second MO (see
methods). The percentage of KV defects in double knockdown was higher than either single
MO independent of the order of MO delivery (Fig. 2C, S3). This trend held true for a
different dose of pk2 MO (Fig. S4). The KV morphology defects appeared to be additive and
not the synergistic interaction that we have previously observed between BBS7 and other
BBS genes.

pk2 and bbs7 in KV cilia length control

KV morphogenesis requires proper migration of the precursor cells (Schneider et al., 2008),
proper lumen formation (Oteiza et al., 2010) as well as ciliogenesis (Tayeh et al., 2008; Yen
et al., 2006). A role for pkla in KV lumen formation and ciliogenesis has been demonstrated
(Oteiza et al., 2010) and bbs genes were shown to regulate KV cilia maintenance (Baye et
al., 2011; Pretorius et al., 2010; Tayeh et al., 2008; Yen et al., 2006). To quantitate the
interactions between pk2 and bbs7 in the KV cilia, we measured the cilia length by labeling
cilia with an antibody against acetylated a-tubulin (Fig. 2D-E). At 8 to 10 somite stage,
control embryos showed an average cilia length of 3.84+0.07 pm (n=8) (Fig. 2F). The length
of cilia was shortened in bbs7 MO injected embryos (3.25+£0.08 pm, p<0.01, n=5) and in pk2
MO injected embryos (2.67+0.08um p<0.01, n=5) (Fig. 2F). Thus, individual knockdown of
bbs7 or pk2 lead to shortened cilia. Using sequential injections we found that the cilia length
in double knockdown embryos (2.74+0.07um, p<0.01, n=6) was comparable to that of the
single knockdown embryos, specifically, it was not significantly different from pk2
knockdown (Fig. 2F). Of note, cilia length changes were independent of the KV morphology
that was scored as either small or normal (data not shown). The observation that “normal
sized” KVs still showed a cilia length defect suggested that K\ morphogenesis scoring
underestimates the penetrance of knockdown. In addition, the similar cilia length in double
and single knockdown embryos is consistent with our observation that pk2 and bbs7 do not
act in synergy.
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Neural tube polarity defects in pk2 and bbs7 knockdown

KV morphology and cilia length data suggest that bbs7 and pk2 do not directly interact. We
then directly tested bbs7 functions in cell polarity by examining the polarity of the cells in
the neural tube. Centrioles are placed medially in neural tube cells and this pattern has been
used as a marker for cell polarity (Borovina et al., 2010). We asked if pk2 or bbs7 function
was required for centriole placement by examining Centrin-GFP localization in live
embryos. In control embryos, Centrin-GFP was localized toward the midline in the
elongated dorsal neural tube cells (Fig. 3A). In the low-dose pk2 MO- and bbs7 MO-
injected embryos, the cell shape was maintained, however, some cells had lateral placement
of Centrin-GFP (Fig. 3B-D), suggesting mislocalization of basal bodies. We then tested
Centrin localization in pk2 and bbs7 double knockdown embryos. We also found a
milocalization of Centrin-GFP. To quantify the extent of defect, we measured the distance
from Centrin to the midline (Fig. 3E). In control embryos, the distance was 2.48+0.22um. In
individual knockdown of pk2 and of bbs7, the distance of Centrin from the midline was
3.82+0.40um and 3.33+0.36um, respectively. Although a greater distance from the midline
than in control, the difference is not significant (Fig. 3E). However, double knockdown
embryos displayed a statistically significant increase in the distance, at 4.88+0.48um,
compared to the control group (p<0.01) and to individual bbs7 knockdown (p<0.05) (Fig.
3E). In addition, we observed disrupted Centrin localization without severe cell shape
changes in the neural tube in knockdown embryos. Centrin-GFP localization in double
knockdown was not significantly different from pk2 single knockdown, indicating that the
two genes affect similar process in parallel or independent pathways.

Asymmetric Pk localization in bbs7 knockdown embryos

We demonstrated a Centrin localization defect in bbs7 knockdown, a new phenotype that
has not been described for BBS. We next set out to determine if the bbs7neural tube
polarity-related defect is mediated through pk. PCP components such as Pk show
asymmetric localization in polarized cells (Tree et al., 2002). In zebrafish, GFP-tagged
Drosophila Pk (GFP-Pk) shows asymmetric localization in puncta adjacent to the anterior
cell membrane in the neural tube (Yin et al., 2008). This localization is disrupted in PCP
related mutants (Hayes et al., 2013; Yin et al., 2008). We tested whether bbs7 knockdown
alters Pk localization. GFP-Pk with a membrane marker mcherry-CAAX was mosaically
expressed in control and bbs7 knockdown embryos (Fig. 4A-B). In the control embryos,
approximately 50% of GFP-positive cells showed Pk puncta adjacent to the anterior
membrane (Fig. 4C). In bbs7 knockdown embryos, we observe asymmetric localization of
GFP-Pk puncta, to the same extent as that of the control embryos (Fig. 4C). These data
suggest that while bbs7 knockdown leads to Centrin mislocalization, bbs7 activity is not
required for the asymmetric localization of Pk in the neural tube.

BBSome formation in Pk2 mutant mouse

Bbs7 is a core component of the BBSome that also interacts with the chaperonin complex
(Zhang et al., 2012). Manipulation of any BBSome component leads to disruption of the
complex (Zhang et al., 2013; Zhang et al., 2012). Thus, we evaluated BBSome assembly in
the absence of pk2. Due to the lack of Bbs antibodies for biochemical analysis in the
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zebrafish model, we utilized the mutant mice for Pk2. A viable Pk2 mutant (Pk27/7) is
available that has a neomycin insertion encompassing exon 4—6 and it is thought to be a null
allele (Tao et al., 2011). BBSome components were isolated by immunoprecipitation from
mouse testis samples. We found BBSome assembly in Pk2~/~ mutant was similar to wild-
type littermates (Fig. 4D). These data suggest that Pk2 is not required for BBSome
assembly. Together with KV morphology and cilia length data, our localization and protein
interaction results support the hypothesis that pk2 and bbs7 act independently in different
pathways that in specific tissue contexts converge on the same processes.

pk2 knockdown suppresses the bbs7-related intracellular transport defect

We have shown that bbs7 plays a role in neural tube cell polarity but it does not affect Pk
asymmetrical localization. To further probe the relationship between bbs7 and pk2, we
addressed the question whether pk2 modulates any other bbs7-related functions. One of the
cardinal features of bbs knockdown is a delay of the retrograde trafficking of melanosomes
in melanocytes (Yen et al., 2006). Thus, we investigated melanosome transport in individual
and double knockdown of pk2 and bbs7. Pigment redistribution is an adaptive response in
zebrafish. In response to light, melanosomes relocate from a dispersed state to a perinuclear
location in melanocytes (Fig. 5A). The trafficking of melanosomes can be chemically
stimulated and the rate of transport can be monitored. In dark-reared larvae, application of
epinephrine promotes retrograde melanosome transport, from dispersed to perinuclear
distribution (Supplemental movie S1). Under standard conditions, 5 days post fertilization
(dpf) wild-type larvae retract melanosomes within ~100 seconds (Fig. 5C). As previously
reported (Yen et al., 2006), bbs7 knockdown leads to a statistically significant delay (Fig.
5C). Individual knockdown of pk2 did not show a transport delay. Surprisingly in the
combined bbs7 and pk2 knockdown, we saw a suppression of the bbs7-induced delay (Fig.
5C). Statistically significant suppression was observed independent of the order of the
sequential injection (Fig. S4).

The pk2 mediated suppression of the bbs7-related transport delay lends insight into the
nature of the interaction. Phenotypic suppression was reported for intraflagellar transport
complex (IFT) components (Ocbina et al., 2011). Loss of an anterograde IFT gene Ift172
suppresses the cilia defects in homozygous mutants Dync2h1, a retrograde ciliary motor
(Ocbina et al., 2011). To determine if pk2 was acting by a similar mechanism, we tested
anterograde transport. In light-reared zebrafish, caffeine can be used to promote anterograde
transport of melanosomes from perinuclear to disperse. The rate of transport was slower
than retrograde, therefore the data were grouped by the number of embryos that responded
within a given segment of time (0—15min, 16-35 min and longer than 35 min). Almost half
of wild-type larvae responded within 15 min and the rest by 35 min (Fig. 6A). As previously
reported, bbs7 knockdown did not alter the rate of anterograde transport (Yen et al., 2006)
and we saw a similar distribution in bbs7 MO injected larvae compared to uninjected larvae
(Fig. 6A). As a control, we used gene knockdown of ift22, an IFT component important for
anterograde movement (Lucker et al., 2010; Sung and Leroux, 2013), and we found a
significant delay in anterograde transport. In addition, pk2 knockdown also led to a
statistically significant delay (Fig. 6A). We then posit that ift22 knockdown would suppress
bbs7-knockdown induced retrograde transport delay. Individual knockdown of ift22 did not
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lead to a retrograde transport delay (Fig. 6B). Yet, there was suppression of the bbs7-related
delay (Fig. 6B). This result combined with pk2 related delay in anterograde transport
suggests a novel role for pk2 in intracellular transport, and further support that bbs7 and pk2
modulate distinct pathways.

DISCUSSION

BBS is a cilia-related disorder and BBS functional mechanisms are known to require
formation of two complexes and trafficking of cellular components. PCP components have
been implicated in cilia orientation and PCP components such as Dvl localize to the basal
bodies. While BBS has been implicated in PCP, there are conflicting reports. Here we
investigate the relatedness of BBS to cell polarity using Pk2, a core PCP component, and
Bbs7, which interacts with both BBS-related complexes. Using knockdown of bbs7 and pk2
genes, we test for interactions in different tissue contexts in the zebrafish and also
investigate BBS complex formation in mouse Pk2 knockouts. Analyzing KV morphology,
cilia length and neural tube polarity, we find an apparent additive effect without synergy in
double knockdown of bbs7 and pk2. In marked contrast, pk2 knockdown suppresses the
bbs7-related melanosome retrograde transport defect, suggesting a novel role for pk2 in
intracellular transport.

Our analyses with KV morphology and cilia length support overlapping but distinct
functions of pk2 and bbs7. While the double knockdown KV morphology phenotype appears
to be additive, we find similar cilia length in double knockdown and single knockdown
embryos. These data suggest that KV morphogenesis can be uncoupled from KV
ciliogenesis. This is consistent with published reports in which reduced KV lumen can have
normal cilia length (Tay et al., 2013). Moreover, KV formation is a multistep process
requiring proper migration and adhesion of precursor cells, lumenogenesis and ciliogenesis
(Oteiza et al., 2010; Schneider et al., 2008; Tayeh et al., 2008; Yen et al., 2006). Pkla in
zebrafish is involved in organization of the KV precursors, adhesion and cilia length (Oteiza
et al., 2010). Thus, KV morphology takes into account pk2 function that might be unrelated
to ciliogenesis. In addition, we observed normal KV morphology with shortened cilia. We
reason that these cilia are still sufficient to generate fluid flow for proper KV
morphogenesis. It is worth to note that, in our cilia length analyses, we did not observe
changes in the number of cilia per embryo. Thus, combining the KV morphology and cilia
length analyses, we conclude that bbs7 and pk2 show overlapping functions in the KV, but
no direct genetic interactions, suggesting they act in distinct pathways.

Polarity in the neural tube has been proposed as a readout for vertebrate PCP (Borovina et
al., 2010). While PCP mutants have been shown to disrupt neural tube polarity (Hayes et al.,
2013; Yin et al., 2008) it has not been demonstrated for BBS. We find that pk2 knockdown
leads to altered Centrin localization in the neural tube, and bbs7 knockdown also disrupts
Centrin localization. Yet, this bbs7-related neural tube defect appears to be independent of
PCP as bbs7 morphants do not show altered asymmetric Pk-GFP localization. Taken
together, these data indicate that the polarization of the neural tube requires overlapping
networks and that bbs7 and pk2 may be acting in distinct pathways. Consistently, pk2 is not
required for BBSome assembly. The BBSome complex forms in Pk2~/~ mutant mouse
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testis. While we cannot rule out the contributions of other murine Prickle genes in other
tissues, the combined zebrafish and mouse data lead us to conclude that Bbs7 and Pk2 are in
distinct pathways that when mutated result in overlapping phenotypes.

In this study, we find a novel role for pk2 in anterograde intracellular transport. Whether pk2
has a similar function in ciliary transport remains to be determined. The core PCP protein
Dvl is shown to localize to the basal body and regulate its membrane docking (Hashimoto et
al., 2010; Mahuzier et al., 2012; Park et al., 2008; Zilber et al., 2013). Additionally, a PCP
effector, Fuzzy, has a role in protein trafficking at the base of the cilia (Heydeck et al., 2009;
Zilber et al., 2013). Therefore PCP may generally play a role at the basal body by affecting
its docking and protein loading to achieve proper cilia orientation. In the mouse node, the
basal body and cilium is posteriorly oriented while Pk2 localizes to the anterior/posterior
membrane boundary (Antic et al., 2010; Hashimoto et al., 2010). Therefore, pk2 may act in
intracellular transport in general rather than transport at the highly specified basal body and
cilium. Future studies visualizing Pk2 localization and particle trafficking will determine the
extent to which PKk2 is directly involved in anterograde transport, similar to some IFT
proteins.

BBS is a cilia-related disorder and BBS proteins function to regulate trafficking in the cilia,
as well as playing a role in intracellular trafficking such as melanosome trafficking in
zebrafish. We report that pk2 knockdown suppresses the bbs7-related retrograde transport
defect. Interestingly, we did not observe a similar suppression of KV cilia length defects.
The double knockdown embryos still display shortened cilia comparable to single
knockdown embryos. Ciliogenesis is a process in which the centrosome matures into the
basal body which then docks at the cell membrane before axoneme extension (Sung and
Leroux, 2013). In fact, cilia length is controlled by factors including timing of the cell cycle,
intraflagellar transport, and additional molecular pathways (Avasthi and Marshall, 2012;
Ishikawa and Marshall, 2011). bbs7 most likely affects KV ciliogenesis via its role in
intraflagellar transport while pk2 also influences other aspects including polarized cell
movement of the KV precursors, KV lumen formation and cilia tilt (Borovina et al., 2010;
Oteiza et al., 2010). Thus the additional tissue-specific functions of Pk2 in KV formation
and then ciliogenesis of the KV may not be countered by BBS gene knockdown. The need
for polarized cell migration, adhesion and lumen formation is not required in melanocytes
and analysis in this tissue allows us to uncover a novel interaction between BBS and prickle
pathways. Our study provides a useful system that can be used to dissect gene-gene
interactions.

In summary, we have functionally characterized the role of bbs7 and pk2 in the ciliated KV,
neural tube and melanocytes. Our interaction study suggests an indirect interaction between
bbs7 and pk2. They act in distinct pathways that converge on different processes. In the
melanocytes, we uncover a novel role for pk2 in intracellular transport. Our work here
clarifies the link between PCP and BBS and future work will focus on the detailed role of
pk2 in intracellular transport.
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Figure 1. pk2 knockdown leads to body curvature and IPL neurogenesis defects in zebrafish
A-D. Morphology of uninjected or pk2 MO injected embryos at 28hpf. Injection of pk2 MO

leads to body curvature phenotypes at different severity, from normal like to severe. E-F.
pk2 expression in the retina sections. E, sense control; F, anti-sense. pk2 is enriched in the
ganglion cell layer and inner nuclear layer. G-H’. Retinal neurogenesis defects in pk2
knockdown embryos. G-H, whole eye sections; G’-H’, zoom-in view of boxed areas in G-
H. pk2 knockdown leads to disorganization of inner plexiform layer synaptic connections,
characterized by discontinuous layers. Scale bars are 30um in each image.
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Figure 2. pk2 and bbs7 double knockdown shows no synergy in KV morphogenesis and KV cilia

length

A-B. An example of a normal KV (A) and a reduced KV (B). C. Graph of percentage of KV
defects. The double knockdown group show a KV defect that is comparable to each single
knockdown group. pk2 MO dose is 1.25ng. Uninj, n=159; bbs7 MO, n=134; pk2 MO,
n=159; bbs7 MO+pk2 MO, n=173. ns, not significant by Fisher’s Exact Test. D-E. An
example of normal cilia (D) and reduced cilia (E) at 8-10SS. Scale bars are 30um in each
image. F. Graph of cilia length measurements. bbs7 and pk2 knockdown each leads to
shortened cilia, and the double knockdown shows a defect that is comparable to each single
knockdown group. Uninj, n=223; bbs7 MO, n=201; pk2 MO, n=141; bbs7 MO+pk2 MO,
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n=191. Error bars are presented as standard error. *, p<0.01; ns, not significant; ANOVA
with Tukey.
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Figure 3. pk2 and bbs7 double knockdown shows defects in centriole placement in the neural
tube

A-D. Centrin localization in the developing neural tube in pk2 and bbs7 single or double
knockdown embryos. Green, Centrin-GFP; Red, mcherry-CAAX. In the control (A),
centrin-GFP are localized close to the midline. In the single and double knockdown embryos
(B-D), some cells have lateral placement of Centrin. Overall, the cell shape does not
change. Scale bars are 10um in each image. E. Quantification of distances of Centrin to the
midline. While bbs7 and pk2 knockdown each leads to slight increase in the distance of
Centrin to the midline, the double knockdown displays a significant increase in the distance.
For control, n=119; bbs7 MO, n=33, pk2 MO, n=30, bbs7 MO+pk2 MO, n=45. Error bars
are presented as standard error. **, p<0.01; *, p<0.05; ANOVA with Tukey.
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Figure 4. Normal Pk localization in bbs7 knockown embryos and normal BBsome formation in

Pk2~/~ mouse tissues

A-B. GFP-Pk localization in the developing neural tube at 24hpf. A, GFP-Pk localization.
B, GFP-Pk localization with bbs7 MO injected. Asterisks mark cells with anterior GFP-Pk
puncta. Anterior of the embryo is oriented to the top. Scale bars are 30um. C. Quantification
of percentage of GFP-positive cells with anterior puncta. For control, n=53; bbs7 MO, n=41.
D. Immunoprecipitation analysis demonstrates BBSome formation in Pk2 mutants.
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Figure 5. pk2 knockdown suppresses the bbs7-related retrograde melanosome transport defect
A. Diagram of melanosome transport in melanocytes by the intracellular transport

machinery. Dark-adapted are dispersed by anterograde transport while in response to light,
they move to the perinuclear region by retrograde transport. B-B’. 5dpf zebrafish larva
before and after epinephrine treatment. Epinephrine stimulates retrograde transport while
caffeine stimulates anterograde transport. C. Graph of retrograde transport time in different
groups. bbs7 knockdown leads to a delay in the retrograde transport while pk2 knockdown
alone does not. However, the double knockdown larvae show a suppression of the retrograde
transport delay. Uninj, n=50; bbs7 MO, n=52; pk2 MO, n=50; bbs7 MO+pk2 MO, n=51.
Error bars are presented as standard error. *, p<0.01; ANOVA with Tukey.
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Figure 6. pk2 knockdown shows a delay in anterograde melanosome transport
A. Graph of larva number by their anterograde melanosome transport time. Larvae are

grouped by the segment of time they need to spread out their melanosome by anterograde
transport. ift22 or pk2 knockdown but not bbs7 knockdown leads to a delay in the
anterograde transport. Uninj, n=452; bbs7 MO, n=221; pk2 MO, n=193; bbs7 MO+pk2 MO,
n=162. *, p<0.01; Chi-square test. B. Graph of retrograde transport time in different groups.
ift22 knockdown alone does not show a retrograde transport delay but suppresses the bbs7-
related retrograde transport delay. Uninj, n=67; bbs7 MO, n=74; ift22 MO, n=54; bbs7 MO
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+ift22 MO, n=54. Error bars are presented as standard error. *, p<0.01; ANOVA with
Tukey.
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