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Centrosomal protein Dzip1l binds Cby, promotes ciliary bud
formation, and acts redundantly with Bromi to regulate ciliogenesis

in the mouse

Chengbing Wang’', Jia Li'*, Ken-Ichi Takemaru?, Xiaogang Jiang®, Guogiang Xu?® and Baolin Wang'-4*

ABSTRACT

The primary cilium is a microtubule-based organelle required for
Hedgehog (Hh) signaling and consists of a basal body, a ciliary
axoneme and a compartment between the first two structures, called
the transition zone (TZ). The TZ serves as a gatekeeper to control
protein composition in cilia, but less is known about its role in ciliary
bud formation. Here, we show that centrosomal protein Dzip1l is
required for Hh signaling between Smoothened and Sufu. Dzip1l
colocalizes with basal body appendage proteins and Rpgrip1l, a TZ
protein. Loss of Dzip 1l results in reduced ciliogenesis and dysmorphic
cilia in vivo. Dzip1l interacts with, and acts upstream of, Cby, an
appendage protein, in ciliogenesis. Dzip1l also has overlapping
functions with Bromi (Tbc1d32) in ciliogenesis, cilia morphogenesis
and neural tube patterning. Loss of Dzip1l arrests ciliogenesis at the
stage of ciliary bud formation from the TZ. Consistent with this, Dzip1/
mutant cells fail to remove the capping protein Cp110 (Ccp110) from
the distal end of mother centrioles and to recruit Rpgrip1l to the TZ.
Therefore, Dzip1l promotes ciliary bud formation and is required for
the integrity of the TZ.
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INTRODUCTION

The primary cilium is a microtubule-based organelle that protrudes
from the cell surface of most vertebrate cells. It serves as a sensory
organelle and also functions in transducing extracellular signals,
such as Hedgehog (Hh), Wnt and PDGF. Defects in ciliary structure
and function lead to a diverse array of developmental abnormalities
and metabolic diseases, including open brain, holoprosencephaly,
polydactyly, microphthalmia, cystic kidney disease, retinal
degeneration, and obesity, which are collectively termed
‘ciliopathies’ (Bangs and Anderson, 2017; Gerdes et al., 2009;
Reiter and Leroux, 2017).
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Most of the developmental abnormalities caused by ciliary gene
mutations result from the disruption of Hh signaling from
Smoothened (Smo), a seven transmembrane G-protein-coupled
receptor, to Gli2 and Gli3 transcription regulators (Bangs and
Anderson, 2017). As a consequence, the processing of Gli2
and Gli3 into their C-terminally truncated repressors is reduced,
and Gli2 and Gli3 full-length activators are less active, although
their levels are increased. The exact step(s) between Smo and Gli2/
Gli3 at which the ciliary proteins act is unknown.

Primary cilia originate from the mother centriole of the
centrosome when cells exit the cell cycle to enter quiescence (Go).
Cilia are absorbed when cells re-enter the cell cycle (Kobayashi and
Dynlacht, 2011; Nigg and Stearns, 2011). In cultured cells, primary
cilia formation begins with the docking of ciliary membrane vesicles
to the mother centriole or basal body (Schmidt et al., 2012; Sorokin,
1962; Tanos et al., 2013), followed by the removal of the capping
protein Cp110 (Ccp110) from the distal end of the mother centriole
(Schmidt et al., 2009; Spektor et al., 2007), the recruitment of
intraflagellar transport (IFT) protein complexes (Pazour et al., 2000;
Qin et al., 2004; Rosenbaum and Witman, 2002), the formation of
the transition zone (TZ) (Chih et al., 2011; Garcia-Gonzalo et al.,
2011; Williams et al., 2011), the elongation of the ciliary axoneme,
and the fusion of ciliary vesicles with the plasma membrane to
expose cilia to the extracellular space (Garcia-Gonzalo and Reiter,
2017; Pedersen and Rosenbaum, 2008).

The docking of ciliary vesicles to basal bodies requires distal
appendages, accessary basal body structures that were initially
identified by transmission electron microscopy (TEM) as electron-
dense structures (Sorokin, 1962). Several recent studies showed that
the distal appendage components, including Cepl164 and several
other proteins, are essential for the docking of a ciliary vesicle to a
basal body (Burke et al., 2014; Joo etal., 2013; Schmidt et al., 2012;
Tanos et al., 2013; Tateishi et al., 2013; Ye et al., 2014).

The TZ is a specialized compartment between the basal body and
ciliary axoneme, and its assembly is dependent on Cep162 (Wang
et al., 2012). It serves as a ciliary gate that works together with the
septin ring (Hu et al., 2010) and nucleoporins (Kee et al., 2012), and
probably with distal appendages, to selectively regulate protein
transport to, and exit from, the ciliary compartment. Several
multiprotein complexes, including NPHP1-4-8, MKS/B9 and
Cep290/NPHP5 complexes, have been found at the TZ, and many
are associated with ciliopathies (Chih et al., 2011; Dowdle et al.,
2011; Garcia-Gonzalo et al., 2011; Lambacher et al., 2016; Li et al.,
2016; Roberson et al., 2015; Sang et al., 2011; Shi et al., 2017,
Shylo et al., 2016; Williams et al., 2011). These protein complexes
are required not only for ciliary biogenesis and protein composition
in cilia, but also for a sensory function.

Dzip1 and Dzip 1] are two mammalian homologs of the zebrafish
iguana (igu) gene, which was initially identified for its role in Hh
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signaling and later in ciliogenesis (Glazer et al., 2010; Sekimizu
et al., 2004; Tay et al., 2010; Wolff et al., 2004). Studies from our
lab and others showed that Dzipl and Dzipll localize to mother
centrioles (Glazer et al., 2010; Wang et al., 2013). Analysis of a
Dzipl mutant mouse line that we had generated revealed that Dzip1
is required for ciliogenesis, Gli3 processing and Gli2 activation
(Wang et al., 2013). A recent study showed that Dzipll is a TZ
protein and that a Dzip 1/ mutation affects Hh signaling and ciliary
function but not ciliogenesis in vivo, although ciliogenesis was
compromised in cultured mouse embryonic fibroblasts (MEFs) (Lu
et al,, 2017). Therefore, whether and how Dzipll regulates
ciliogenesis in vivo remain to be determined.

In the present study, we show that loss of Dzip1!/ gene function
results in reduced ciliogenesis and bulged cilia in vivo. As a
consequence, Hh signaling is compromised and Gli3 processing,
which generates Gli3®°P, is reduced. Mice homozygous for the
Dzipll mutation display enlarged brain and polydactyly. The
localization of Dzip11 at the mother centriole partially overlaps with
that of the appendage proteins of the mother centriole and Rpgrip11
(also known as Ftm), a TZ protein (Arts et al., 2007; Delous et al.,
2007; Garcia-Gonzalo et al., 2011; Gerhardt et al., 2015; Mahuzier
et al., 2012; Shi et al., 2017; Vierkotten et al., 2007). Dzip1l
interacts with Chibby (Cby), a component of mother centriolar
appendages (Burke et al., 2014; Lee et al., 2014; Steere et al., 2012),
and both function in a linear pathway to regulate ciliogenesis.
Drzip1l also genetically interacts with Bromi (Tbc1d32), mutations
of which affect ciliary morphology and function but not ciliogenesis
(Ko et al., 2010), to collaboratively control ciliogenesis and cilia
morphology in vivo. Mechanistically, loss of Dzipll arrests
ciliogenesis at the stage of ciliary bud formation from the TZ.
Consistent with this, the capping protein Cp110 fails to be removed
from the distal end of the mother centriole, and Rpgripll is not
recruited to the mother centrioles in Dzipll mutant cells. Thus,
Dzip1lis required for the remodeling of the distal end of the mother
centriole and the integrity of the TZ, which in turn promotes ciliary
bud formation.

RESULTS

Loss of Dzip1l results in a defect in Hh signaling

To understand Dzipll function in vivo, we used a targeted gene-
knockout approach to generate a Dzip]l mutant allele by deleting
exons 4-6 of the gene in mice. The allele is designated as Dzip/™ in
figures (Fig. 1A,B). The deletion was expected to cause a reading
frame shift and a stop codon after the 195th aa residue, if exon 3
were spliced to exon 7. Thus, the mutant protein, if expressed,
would contain the single zinc-finger domain (166-189 aa) but no
coiled-coil domain (204-450 aa).

Mice homozygous for the Dzipll mutation died between
embryonic day (E) 14.5 and birth (2>60 embryos and pups). At
E10.5, the gross morphology of mutant embryos was similar to that
of wild type (wt). However, at E14.5, enlarged brain size
(occasionally open brain) and polydactyly became apparent
(n=12/12). These phenotypes were confirmed by measurement of
brain size and limb skeletons of E18.5 embryos (Fig. 1C).

Given that expanded brain size and polydactyly are often
associated with Hh signaling, we next examined neural tube
patterning of the Dzipll mutant embryos. In wt embryos, Sonic
Hedgehog (Shh) expressed in the notochord specifies and patterns
different ventral neural cell types, including the floor plate marked
by Foxa2, Nkx2.2 (Nkx2-2)" p3 interneuron progenitors and Hb9
(Mnx1)" motoneurons. Shh signaling also restricts the ventral
expression of dorsal neural cell types labeled by Pax6 and Pax7

(Briscoe et al., 2000). Surprisingly, all these neural cell types
appeared to be generated and patterned normally in Dzip// mutant
embryos (Fig. 1D), suggesting that the effect of Dzip 1/ mutation on
Hh signaling in neural tube patterning, if any, is subtle, given that
Dzip1l is expressed in spinal cord and many other tissues of mouse
embryos (Fig. S1).

To directly monitor whether Hh signaling is affected in Dzipl!/
mutants, the Dzip/l mutant allele was crossed into a Ptchl-lacZ
knock-in reporter line background so that Hh signaling activity
could be assessed by lacZ expression levels (Goodrich et al., 1997).
The lacZ expression levels in both the floor plate and posterior
region of limb buds of mutant mice were slightly lower than those in
wt (Fig. 1E), suggesting that Hh signaling is reduced in the Dzip1!/
mutant.

To further determine whether Hh signaling is impacted in Dzip 1]
mutants, the response of primary MEFs (pMEFs) to stimulation
with the Smo agonist SAG (Chen et al., 2002) was examined. RT-
qPCR analysis showed that Ptchl and Glil RNA expression were
increased ~10- and 8-fold, respectively, in wt pMEFs upon SAG
stimulation, whereas they were upregulated only ~0.5-fold in the
mutant pMEFs (Fig. 1F). Taken together, these results indicate that
Hh signaling is compromised in Dzipll mutants.

Given that Gli2 and Gli3 are the transcription regulators that
primarily mediate Hh signaling (Bai et al., 2004), we next examined
Gli2 and Gli3 protein levels in Dzipll mutants. Western blotting
showed that both Gli2 and Gli3 full-length protein (Gli2t" and
Gli3fL) levels were increased in the mutant compared with wt, but
that Gli3 repressor (Gli3R°P) levels were reduced (Fig. 1G),
indicating that Gli3 processing, which generates Gli3RP from
Gli3FL (Wang et al., 2000; Wang and Li, 2006), is reduced in the
Dzipll mutant. In addition, because Hh signaling was decreased in
the mutant, but Gli2F* and Gli3F" levels are increased, these results
also indicate that Gli2F" and G1i3FL are less active in the mutant than
in wt.

Sufu is a negative effector that inhibits Gli2 and Gli3
transcriptional activity (Cooper et al., 2005; Ding et al., 1999;
Murone et al., 2000; Svird et al., 2006) and is also required for
Gli2FT and Gli3Fr stability (Chen et al., 2009; Jia et al., 2009; Wang
et al., 2010). To determine the epistasis between DzipIl and Sufu,
Dzip 1l mutants were crossed with Sufu mutants (Wang et al., 2010)
to finally generate Dzipll;Sufi double-mutant embryos.
Interestingly, Dzip1l;Sufu double-mutant embryos exhibited
exencephaly, which resembled that of Sufi,, but not Dzipll,
mutant embryos (Fig. 1H). In support of this, as in Sufir mutants,
Gli2Ft and Gli3F* levels in the double-mutant embryos were
markedly reduced (Fig. 1I). Thus, Sufu acts downstream of Dzip1l
in the regulation of Gli2 and Gli3 function.

Bulged cilia and reduced ciliogenesis in Dzip 1]/ mutants
The Dzip 1] mutant phenotypes described above resembled those of
ciliary gene mutants (Bangs and Anderson, 2017). Thus, we wanted
to know whether ciliogenesis is affected in Dzipl/ mutants.
Immunofluorescence of E10.5 mouse embryo sections for the
ciliary markers Arl13b and acetylated o-tubulin showed that cilia
density on both neuroepithelia in the neural tube and mesenchymal
cells in the limb buds of Dzip /] mutants were lower than in those of
wt. Quantitative analysis indicated that number of cilia in the mutant
was only approximately half that in wt. In pMEFs, the difference in
the percentage of ciliated cells between mutant and wt was even
greater: 3% versus 40% (Fig. 2A).

Given that some cilia were formed in Dzip 1/ mutant embryos, we
wanted to know whether ciliary morphology was normal in the
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Fig. 1. Loss of Dzip1l results in reduced Hh signaling, expanded brain size and polydactyly in mice. (A) The gene-targeting strategy used to create a mouse
Dzip1/ mutant allele. Open rectangles represent exons and lines represent introns. The probe used for Southern blots is shown. Triangles indicate the loxP site.
Neo, neomycin; DTA, diphtheria toxin A; number, exons; RI, EcoRI. (B) Southern blot of representative mutant and wt ESC clones (n=1 experiment). (C) The
morphology of wt and Dzip 1/ mutant embryos at E10.5, head and limb at E14.5, and brain and limb skeleton at E18.5. Expanded brain and polydactyly in mutant
embryos are noted. Forebrain and midbrain are indicated by arrows and arrowheads, respectively. Digits are labeled with asterisks. Brain size is measured by
lines with the same length. FL, forelimb; HL, hind limb; cx, cortex; mb, midbrain. n=12/12 embryos. (D) Neural tube patterning appears to be normal in Dzip1/
mutants. E10.5 neural tube sections were immunostained for the indicated protein markers. The Foxa2* floor plate is indicated by arrows (n>4 sections from 2-3
embryos). (E) lacZ expression directed by the Ptch1 promoter is reduced in the mutant. E10.5 embryos with indicated genotypes were subject to /lacZ staining and
subsequently sectioned. Staining of the floor plate (indicated by arrow) in the mutant is weaker than that in wt (n=3 embryos). (F) Gli1 and Ptch1 RNA expression
levels in wt pMEFs are significantly higher than those in Dzip 1/ mutant pMEFs upon Smo activation. RT-gPCR shows GIli71 and Ptch1 RNA expression levels
before and after stimulation of wt and mutant pMEFs with SAG, a Smo agonist. Two-tailed Student’s t-test P<0.0004 (n=3 experiments). Asterisks indicate
significance. (G) Increased Gli2F- protein level and reduced Gli3 processing in Dzip1/ mutant embryos. Immunoblot results show Gli2™-, Gli3™- and Gli3Re? levels
in wt and Dzip 1/ mutant embryos. Graphs to the right show quantitative results. Immunoblot with o-tubulin (oTub) is a loading control. Two-tailed Student’s t-test
P<0.036 (n=3). Asterisk indicates the significance. (H,l) Sufu is epistatic to Dzip1l in Hh signaling. Dzip1/~/~;Sufu~'- embryo phenotypes resemble those of
Sufu~'~ embryo. Arrows point to exencephaly (n=3/3 embryos). (I) Western blot shows that Gli2™, Gli3F-and Gli3Re? levels in Dzip1/~'~;Sufu~'- embryo are similar
to those in Sufu~'~ embryo (1) (n=1 experiment).

mutants. Scanning electron microscopy (SEM) showed that some  anterograde and retrograde IFT trafficking. Taken together, these
cilia on neuroepithelia in the lumen of the mutant neural tube were  observations indicate that ciliogenesis is reduced and cilia are
bulged at their tips (Fig. 2B), suggesting that there is an imbalance in ~ dysmorphic in Dzip// mutant embryos.
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Bulged cilia are often associated with the accumulation of
proteins in cilia. Thus, we wondered whether Smo, Gli2 and Gli3
accumulate in Dzipll mutant cilia. Wt and Dzip !l mutant pMEFs
were either treated, or not, with SAG and then subjected to
immunostaining for Smo, Gli2 or Gli3 together with ciliary markers
Arl13b or acetylated o-tubulin. Without SAG stimulation, Smo was
undetectable in wt cilia and occasionally detected in Dzip /] mutant
cilia (3.4% of cilia). Upon SAG stimulation, 42.2% of wt and 42.9%
of mutant cilia were Smo* (Fig. 3), indicating that Smo ciliary
localization is responsive to Hh signaling in both wt and Dzipl/
mutant cells. By contrast, although, as expected, SAG stimulation
significantly increased the percentage of Gli2" and Gli3™" cilia in wt
cells (41.5% versus 80% and 29.3% versus 73.7%, respectively), it
did not do so in the mutant cells (65.4% versus 60.4% and 60.3%
versus 57%, respectively). In addition, the percentages of Gli2" and
Gli3* cilia in ciliated Dzip /] mutant cells without SAG stimulation
were significantly higher than in ciliated wt cells (65.4% and 60.3%
in mutant versus 41.5% and 29.3% in wt, respectively, P=0.012 and
P=0.026, respectively) (Fig. 3). Together, these results indicate that
Gli2 and Gli3 accumulate in Dzip /] mutant cilia, which is consistent
with bulged cilia morphology (Fig. 2B), and that Hh signaling
between Smo and Gli2/Gli3 is impaired in Dzip/l mutant cells.

Dzip1l partially colocalizes with basal body appendage and
transition zone proteins

To understand how the loss of Dzip11 might affect ciliogenesis and
function, the subcellular localization of Dzipll was examined.
Immunostaining with a Dzipll antibody showed specific signal
between the basal body (y-tubulin staining) and the axoneme
(acetylated o-tubulin staining) in ciliated wt pMEFs or next to one
of the two centrioles (presumably the mother centriole) in
nonciliated wt cells but not in mutant pMEFs (Fig. 4A). These
results indicated that Dzip1] staining is specific and that the Dzip11
protein is recruited to the mother centriole independent of a fully

A Arl13b/ac-tub/DAPI
Limb bud

assembled axoneme. This was verified by immunostaining of
NIH3T3 cells stably expressing FLAG- and Strep-tagged Dzipll
(FS-Dzipll) (Fig. 4B).

To determine the more precise localization of Dzipll at mother
centrioles, FS-Dzip11 localization relative to several known mother
centriolar proteins was examined. FS-Dzipll localization
overlapped fully with that of Dzipl and partially with that of the
distal appendage marker Cepl164 (Graser et al., 2007), subdistal
appendage proteins Odf2 (Ishikawa et al., 2005; Tateishi et al.,
2013) and ninein (Mogensen et al., 2000), centrosomal protein
Cep290 (Chang et al., 2006; Sayer et al., 2006; Valente et al., 20006)
and TZ protein Rpgripll (Arts et al., 2007; Delous et al., 2007,
Garcia-Gonzalo et al., 2011; Gerhardt et al., 2015; Mahuzier et al.,
2012; Shi et al., 2017; Vierkotten et al., 2007), but not with Ofd1 at
the distal end of mother centriole (Singla et al., 2010) (Fig. 4C).
Thus, Dzip1l is an appendage and/or TZ protein.

Dzip1l interacts with Cby and controls Cby centriolar
localization

To elucidate the mechanism by which Dzipll regulates
ciliogenesis and function, we sought to identify Dzipll-
interacting proteins. To this end, a FS-Dzipll-NIH3T3 stable
cell line was used to perform immunoaffinity purification using
FLAG antibody beads, and the immunoprecipitated proteins were
then subject to mass spectrometry (MS) analysis. One of the co-
immunoprecipitated proteins was Cby, a known distal appendage
protein associated with ciliogenesis (Burke et al., 2014; Steere
etal., 2012), given that there were six identified peptide sequences
[peptide spectrum matches (PSM)=4] for the protein (Table S1).
The Dzipll-Cby interaction was verified by co-
immunoprecipitation using proteins overexpressed in HEK293
cells (Fig. 5A). Interestingly, Cby also interacted with Dzipl
(Fig. 5B), which also interacted with Dzipll (Fig. 5C). Thus,
Dzipll, Dzipl and Cby form a protein complex.

Fig. 2. Ciliogenesis is reduced and cilia are bulged
in Dzip1l mutant. (A) Reduced cilia number in Dzip1/
mutants. Neural tube and limb bud sections and
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To determine the significance of the interaction, we asked
whether Dzip1l, Dzipl and Cby colocalize at the mother centriole
and that, if they do, whether their localization is dependent on one
another. Immunofluorescence showed that both Dzipl and Dzip11
colocalized with Cby (Fig. 5D). Cby failed to localize to the mother
centriole in either Dzipl or Dzipll mutant cells (Fig. 5E). By
contrast, the mother centriolar localization of either Dzip1 or Dzip11
was not affected by loss of Cby (Fig. 5F). Similarly, the centriolar
localization of Dzipl did not depend on that of Dzipll, and vice
versa (Fig. 5G). Thus, Cby centriolar localization is dependent on
either Dzipl or Dzipll, but the mother centriolar localization of
Dzipl and Dzip1l is independent of Cby and each other.

Dzip1l interacts genetically with Cby in neural tube
patterning and Bromi in both ciliogenesis and neural tube
patterning
Given the physical interaction between Dzipll and Cby, we next
wanted to determine the relationship between the two in
ciliogenesis. Immunostaining for the ciliary markers Arl13b and
acetylated o-tubulin showed that the number of cilia on
neuroepithelia of Dzipll mutant neural tube and limb
mesenchymal cells was approximately half that in wt. Cilia
number on both cell types in Chy mutant embryos was
comparable to that in wt, whereas cilia number in Dzipll;Cby
double mutants was similar to that in Dzipl/ single mutants
(Fig. 6A). Thus, given that the mother centriolar localization of Cby
is dependent on Dzipl1l (Fig. SE), these data indicate that Dzipll
functions upstream of Cby in ciliogenesis.

We were also curious about the genetic interaction of Dzip 1/ and
Cbhy in terms of neural tube patterning. All the ventral cell types

stimulation with respect to Gli2/Gli3 ciliary
localization. Both wt and Dzip 1/ mutant pMEFs
were treated with SAG overnight and then
subjected to immunostaining for the proteins as
indicated. The graph is derived from three
independent experiments (cilia number n >30 for
mutant and >100 for wt per experiment). Ciliary
localization of Smo, but not Gli2 and Gli3, is
responsive to SAG treatment and Gli2 and GIi3
accumulate in Dzip 1/ mutant cilia compared with wt
in the absence of SAG. *P<0.028, two-tailed
Student’s t-test. P=0.012 and P=0.026 for Gli2* and
Gli3* cilia between wt and the mutant in the
absence of SAG, respectively.

examined in the neural tube, including the floor plate (Foxa2™ cells),
Nkx2.2" p3 interneuron progenitors and Hb9" motoneurons,
appeared to be specified and patterned normally in either Dzipl]
or Chy single mutants. Consistent with this, the dorsal marker Pax6
was ventrally restricted. However, unlike in single mutants, the floor
plate was missing in Dzipll;Cby double mutants. Consequently,
Nkx2.2" p3 interneuron progenitors, although specified, were
shifted to the most ventral region of the neural tube (Fig. 6B). Thus,
Dzipll and Cby have overlapping functions in neural tube
patterning.

A previous study showed that cilia were swollen in Bromi
mutants, although cilia number was normal (Ko et al., 2010). Given
that some cilia are bulged in Dzip 1/ mutants (Fig. 2B), we wondered
whether Dzipll and Bromi have an overlapping function in
ciliogenesis. A Bromi mutant mouse line was created using a
targeted gene knockout approach to delete exons 6-8. As predicted,
the homozygous Bromi mutant embryos died at mid-gestation and
displayed exencephaly (Fig. S2). Some cilia were bulged in the
Bromi mutants (see below), but the cilia density on the
neuroepithelia of the neural tube and limb bud mesenchymal cells
was similar to that in wt. Interestingly, however, when Bromi
mutants were crossed with Dzip /] mutants to generate Bromi;Dzip 1]
double mutants, cilia were scarce in both tissues of the double-
mutant embryos (Fig. 6A), indicating that Dzip1l and Bromi have
overlapping functions in ciliogenesis.

We also compared neural tube patterning between Dzipll and
Bromi single and double mutants. As shown in Fig. 1E and Fig. 6B,
neural tube patterning was unaffected in Dzip 1/ mutants. The floor
plate marked by Foxa2 expression was missing in Bromi mutants
and, consequently, Nkx2.2" p3 neural progenitors were ventrally
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Fig. 4. Dzip1l colocalizes partially with appendage markers of basal body
and Rpgrip1l at the TZ. (A) Dzip1l localizes to the mother centriole in the cell.
Wt and Dzip1/ mutant pMEFs were immunostained for Dzip1l and acetylated o-
and y-tubulins (axoneme and centriolar markers, respectively). Dzip1l staining
is positive in both ciliated and nonciliated wt mother centrioles, but not in
mutant cells. Insets show negative Dzip 1l staining in the centrioles indicated by
arrowheads. Arrows point to cilia, and arrowheads indicate centrioles or Dzip1l
staining. (B) The localization of overexpressed FS-Dzip1I recapitulates that of
endogenous Dzip1l. NIH3T3 and NIH3T3-FS-Dzip1l stable cells were co-
immunostained with Arl13b (labeling axoneme) and FLAG (for FS-Dzip1l)
antibodies. (C) NIH3T3-FS-Dzip1l stable cells were co-immunostained for the
indicated proteins and FS-Dzip1l (using FLAG antibody). Note the overlapping
localization in yellow.

shifted in the neural tube. This is consistent with a previous report
(Ko et al., 2010). However, both the floor plate and Nkx2.2" p3
neural progenitors were not specified in Dzipll;Bromi double
mutants. As a result, Hb9" motoneuron domains shifted ventrally.
Consistently, unlike that in wt, Dzip 1l or Bromi single mutants, the
dorsal marker Pax6 was expressed throughout the neural tube in
Dzipll;Bromi double mutants (Fig. 6B). Thus, as in ciliogenesis,
Dzipll and Bromi also have redundant roles in neural tube
patterning.

Ciliary bud formation is compromised in Dzip 1]/ mutants

To pinpoint which step in ciliogenesis is affected by Dzipll
mutation, we examined the ultrastructure of cilia on neuroepithelia
in the neural tube of wt, Dzipll, Bromi, Cby, Bromi;Dzipll, and
Cbhy;Dzip 1] mutant embryos by TEM. To objectively obtain data, all
mother centrioles that were observed from ~15 embryo sections
were imaged, and ~100 or more images were taken for each
genotype. The images were classified into five categories according
to the ciliary state and morphology: (1) mother centrioles only;
(2) mother centrioles with docked ciliary vesicle but no ciliary bud;
(3) mother centrioles with invaginated ciliary vesicle and ciliary bud
or axoneme; (4) cilia (mother centrioles with axoneme exposed to

the extracellular space); and (5) bulged cilia (Fig. 7). In wt, on
average, there were 2.7% mother centrioles with docked vesicle but
no ciliary bud and 14% mother centrioles with invaginated ciliary
vesicle and ciliary bud. Similar percentages in these two categories
were observed in Bromi (2.2% and 9.2%, respectively) or Chy
(3.2% and 9.9%, respectively) single mutants. By contrast, mother
centrioles in these two categories were 11.7% and 3.5% in Dzip1!]
mutants, 6% and 1.8% in Bromi;Dzipll mutants, and 6.7% and
0.9% in Chy;Dzip 1] mutants, respectively. These results suggest that
Dzip1l, but not Bromi or Cby, promotes ciliary bud formation. In
addition, the sum of the number of mother centrioles in these two
categories in either Bromi;Dzipll or Cby;Dzipll double mutants
(7.8% or 7.6%, respectively) was markedly lower than in wt,
Dizip1l, Bromi or Chy single mutants (16.7%, 15.2%, 11.4% and
13.1%, respectively). This suggests that Dzip1l and Bromi or Cby
act together to regulate ciliogenesis at a step before the docking of
ciliary vesicle to the basal body.

The other obvious difference between wt and Dzip 1/ mutants was
the cilia morphology. In wt, all the cilia, which accounted for 37.3%
of'the total basal bodies detected by TEM, were normal. By contrast,
only 11.7% of mother centrioles formed normal-looking cilia,
whereas 5.9% had bulged cilia in Dzipll mutants. Bulged cilia
(2.3%) were also observed in Bromi, but not Chy, mutants (Fig. 7
and Fig. S3). This number in Bromi;Dzip 1! and Cby;Dzip 1] mutants
was 5.4% and 1%, respectively, which is similar to, or lower than,
that in Dzipll mutants, respectively. However, because the
percentage of normal cilia was also lower in Bromi;Dzipll or
Cby;Dzip 1l double mutants (2.4% and 6.7%, respectively), either a
decrease or no increase in the number of bulged cilia in Bromi;
Dzipll or Chy;Dzipll mutants was likely the result of an overall
decrease in cilia formation in the double mutants. Therefore, Dzip11
and Bromi function together to support normal cilia formation.

Dzip1l is required for the removal of Cp110 from, and
recruitment of Rpgrip1l to, the mother centriole

Compromised ciliary bud formation in Dzip 1] mutants suggests that
Dzipl11 is required for an early step in ciliogenesis. Overexpression
and RNA interference (RNAi) knockdown studies in cultured cells
showed that Cpl10 inhibits ciliogenesis by capping the mother
centriole and that the removal of Cpl110 from the distal end of
mother centrioles is an essential step for the initiation of ciliogenesis
(Schmidt et al., 2009; Spektor et al., 2007). However, a recent in
vivo study demonstrated that Cp 170 mutation results in loss of cilia
in mice (Yadav et al., 2016). Thus, Cp110 plays both negative and
positive roles in ciliogenesis. To understand how loss of Dzipll
might result in a defect in ciliary bud formation, Cp110 localization
at centrioles was examined in wt and Dzip/ mutant cells. Cp110
staining was detected only at one of two centrioles in most
nonciliated and all ciliated wt pMEFs. By contrast, Cp110 signals
were seen at both centrioles in ~80% of nonciliated Dzip /] mutant
PMEFs, although only one centriole was Cp110 positive in ciliated
mutant cells. This was specific for Cp110, because the localization
of Ofd1 to the distal end of the mother centriole (Singla et al., 2010)
was unaffected in Dzipll mutant cells (Fig. 8A). Together, these
results suggest that the basal body protein composition that is
required for a specific early process of ciliogenesis is disrupted in
Dzip 1] mutant cells.

The TZ is immediately adjacent to the distal end of mother
centrioles. It begins to form after the docking of a ciliary vesicle to
the distal appendage of a mother centriole and serves as the base for
ciliary bud formation (Garcia-Gonzalo and Reiter, 2017). Thus, we
wondered whether loss of Dzipll alters the integrity of the TZ. To
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this end, the subcellular localization of Rpgrip1l and Tctn2, two TZ
proteins (Arts et al., 2007; Delous et al., 2007; Garcia-Gonzalo
etal., 2011; Gerhardt et al., 2015; Mahuzier et al., 2012; Sang et al.,
2011; Shi et al., 2017; Vierkotten et al., 2007), was examined.
Immunostaining showed that Rpgrip11 was recruited to the mother
centriole in both ciliated and nonciliated wt pMEFs, but not in
nonciliated mutant cells, although it was in two out of the 35 ciliated
mutant cells examined. Unlike Rpgrip1l, Tctn2 recruited to the TZ
in Dzip1l mutant cells (Fig. 8A,B). Together, these results indicate
that the integrity of the TZ is disrupted in Dzip/l mutant cells.

Given that Dzip1l centriolar localization partially overlaps with
that of the Cepl64, Odf2 and ninein appendage proteins and
centrosomal protein Cep290 (Fig. 3C), we wondered whether the
centrosomal localization of these proteins was affected in Dzipll/
mutant cells. Immunostaining results showed that the centriolar
localization of none of these proteins was disrupted (Fig. 8C) in both
ciliated and nonciliated mutant cells. This was consistent with our
TEM result: the docking of ciliary vesicles to mother centrioles, the
process that is dependent on appendages of mother centrioles, was
normal in Dzip 1/ mutant cells (Fig. 7).

The recruitment of IFT complexes to the mother centriole is
required for ciliary bud formation. Given that ciliary bud formation
is compromised in Dzip 1/ mutants, the localization of IFT proteins
was examined. Immunofluorescent results showed that, as in wt
cells, IFT88, a subunit of IFT-B, was recruited to the mother
centrioles in nonciliated mutant cells and transported to cilia in
ciliated mutant cells. Similarly, IFT 140, part of IFT-A complex and
normally localized at the mother centriole, was also recruited to the
mother centrioles in both ciliated and nonciliated Dzipl/ mutant
cells (Fig. 8C). Taken together, the above observations suggest that

..
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impaired ciliary bud formation in DzipI/ mutant cells results from
the failure to remove Cp110 from the mother centriole and from the
loss of TZ integrity.

DISCUSSION

In the present study, we showed that Dzipll is required for Hh
signaling and ciliogenesis; Dzipll, Dzipl and Cby form a protein
complex; and Dzip1l acts upstream of Cby to regulate ciliogenesis.
Dzipll also interacts genetically with Bromi, and both have
overlapping functions in ciliogenesis and neural tube patterning.
We also demonstrated that Dzip 11 promotes ciliary bud formation
through its regulation of the removal of Cp110 from the distal end of
the mother centriole and the maintenance of TZ integrity. Thus, our
study provides insights into the mechanism by which Dzipll
regulates ciliary biogenesis and function.

One of the hallmarks of ciliary gene mutations is the effect on Hh
signaling. So far, all known cilia-related proteins regulate Hh
signaling between Smo and Gli2/Gli3 (Bangs and Anderson, 2017).
As aresult, ciliary gene mutations often affect neural tube and limb
patterning, both of which are dependent on Hh signaling. Given that
most ciliary gene mutations result in only one extra digit and the
phenotype for some is not completely penetrant, the effect of most
known ciliary gene mutations on limb patterning appears to be
modest. On the one hand, Dzip// mutant mice exhibit 6-8 digits in
forelimbs and hind limbs with complete penetrance even in a largely
Swiss Webster (SW) outbred genetic background. On the other
hand, the neural tube patterning of Dzip /] mutant embryos appears
to be normal (Fig. 1C,D). Given that neural tube patterning relies
more on Gli2 activator function, whereas limb patterning is mostly
dependent on Gli3 repressor activity, these results suggest that
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Fig. 6. Dzip1/ genetically interacts with Cby in neural tube patterning and Bromi in both ciliogenesis and neural tube patterning. (A) Neural tube (NT) and
limb bud (LB) sections of E10.5 embryos with indicated genotypes were immunostained for Arl13b and acetylated o-tubulin (ac-Tub), two cilia markers. Graphs
to the right show average cilia number on neuroepithelia of NT per field under a 100x lens (n>5 sections from two embryos for each genotype) orin LB per 1/4 field
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under a 40x lens (n>4 sections from two embryos for each genotype). *P<0.0042, two-tailed Student’s t-test. Insets are enlargements of the boxed areas.
(B) Neural tube sections of E10.5 embryos with indicated genotypes were immunostained for neuronal markers and counterstained with DAPI (blue) (n>4
sections from two embryos for each genotype). Arrows point to specific staining for Foxa2 and Nkx2.2. Note that the residual Nkx2.2* domain is seen only in

Bromi~'~

observed in Cby~'=;Dzip1I~'~ neural tubes.

Dzip 1l mutation mostly affects Gli3 function. This regulation occurs
at a level upstream of Sufu, because Dzipll;Sufu double-mutant
embryo phenotypes, including Gli3 protein stability, are similar to
those of Sufu single mutants (Fig. 1H,I).

Although the effect of Dzip 1/ mutation on neural tube patterning,
on the basis of the specification of neuronal makers, appears to be
subtle, its impact on Hh signaling is clear. First, G112F L is stabilized
and Gli3 processing is reduced in Dzipl/ mutant embryos. Second,
Dzip 1l mutant cells fail to respond to SAG stimulation on the basis of
failure in the upregulation of Glil and Ptchl RNA expression
(Fig. 1F) and Gli2/Gli3 accumulation in cilia (Fig. 3). Third, Dzip1]
mutants exhibit expanded brain size, cleft lip and smaller nasal
structures (Fig. 1C, data not shown). These data suggest that Hh
signaling defects are the cause of Dzip// mutant embryonic lethality.

Defects in ciliary biogenesis and function affect not only Hh
signaling, but also other signaling pathways, including Wnt (May-
Simera and Kelley, 2012). Wnt signaling has been shown to
antagonize Hh signaling through activation of Gli3 transcription to
regulate neural tube patterning (Yu et al., 2008). Given that a lack of
cilia can potentiate canonical Wnt signaling (Lancaster et al., 2011),
it is possible that Wnt signaling is increased in the Dzip/l mutant
neural tube. In principle, this could lead to upregulation of Gli3
RNA transcription. In addition, because Gli3 processing is reduced
in Dzipll mutants, which increases the Gli3™::Gli3RP ratio
(Fig. 1G), an increase in Gli3 RNA levels could increase Gli3F-
levels, which may compensate the reduced Gli2F-/Gli3™L activity
caused by the reduced cilia number in theDzip // mutant neural tube.
This may in part explain why no obvious neural tube patterning
defect is detected in Dzip 1] mutants. Additional studies are needed
to determine whether this is the case.

but not Bromi~'=;Dzip1/~'~ neural tubes and that only the residual Nkx2.2* domain, rather than both Foxa2* and Nkx2.2* domains in Cby~'~, is

In addition to polydactyly, Dzipll mutant embryos also exhibit
enlarged brain, cleft lip and reduced nasal structures (Fig. 1C, and
data not shown). These phenotypes are similar to those found in
another Dzip 1/ mutant that was recently reported (Lu et al., 2017).
At least the enlarged brain phenotype is likely the result of the
increased Gli3F:Gli3ReP ratio, because we have previously shown
that experimentally increasing the Gli3F*:Gli3R°P ratio can result in
increased cerebral cortical size, a phenotype that resembles that of
the Kif3a mutant, in which ciliogenesis and function are disrupted
(Wilson et al., 2012). In addition to Hh signaling, Wnt signaling
might also be involved in expanded cerebral cortex of Dzipl/
mutants, because Wnt signaling was shown to be elevated in a
hypomorphic Iff{8§8 mutant mouse line (Willaredt et al., 2008).
Further studies are necessary to determine whether this is the case.

Dzip11 localizes to the mother centriole (Glazer et al., 2010), and
its localization partially overlaps with the basal body appendage
proteins Cep164, Odf2, ninein and Rpgrip11 at the TZ, but not Ofd1,
a protein at the distal end of the mother centriole (Fig. 4). This is in
agreement with a recent report showing that Dzip1l localizes to the
TZ (Lu et al., 2017). Consistent with its localization, the number of
cilia in Dzipll mutants is approximately half that in wt and even
lower in mutant pMEFs (on average, ~3.2%) (Fig. 2A). This differs
from a recent study showing that cilia number in Dzip/! mutant
tissues was largely unaffected and that ~30% Dzip /] mutant pMEFs
were ciliated (Lu et al., 2017). The difference in cilia number
between the two studies is most likely attributed to the different
mutant alleles used, because the Dzip ]/ mutants in the present study
would produce an N-terminal 195 aa fragment, if any (Fig. 1A),
whereas the Dzip 1FP” mutants in Lu et al. (2017) would express an
N-terminal 375 aa peptide. The genetic background is unlikely to
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contribute to the difference, because the Dzip 1] mutant allele in our
study is mostly in a SW outbred background.

In cultured cells, the formation of primary cilia begins with the
docking of the ciliary vesicle onto the basal body (Schmidt et al.,
2012; Sorokin, 1962; Tanos et al., 2013), followed by the removal
of Cpl110 from the distal end of the basal body (Spektor et al.,
2007), the recruitment of IFT components (Pazour et al., 2000; Qin
et al., 2004; Rosenbaum and Witman, 2002), the assembly of the
TZ (Chihetal., 2011; Garcia-Gonzalo et al., 2011; Shi etal., 2017,
Wang et al., 2012; Williams et al., 2011), the invagination of the
ciliary vesicle by the ciliary bud and then cilia, and, finally, fusion
of the ciliary vesicle with the plasma membrane to expose cilia to
the extracellular space (Garcia-Gonzalo and Reiter, 2017,
Pedersen and Rosenbaum, 2008). Disruption of any of these
processes may result in defects in ciliogenesis, and the type of
defect in ciliary structure may indicate which process in
ciliogenesis is disrupted. TEM analysis of neuroepithelia of
Dzip 1] mutant neural tube revealed that there was a large number
of basal bodies docked with the ciliary vesicle but no ciliary bud
(11.7% in the mutant versus 2.7% in wt) and a smaller number of
basal bodies with invaginated ciliary vesicle and ciliary bud (3.5%
in the mutant versus 14% in wt) (Fig. 7). These results indicate that
ciliary bud formation is compromised in Dzip// mutants. A similar
defect was also observed in igu mutant zebrafish, although the
molecular mechanism was unknown (Tay et al., 2010). Thus,
Dzipl1l and Igu most likely use the same mechanism to regulate
ciliogenesis.

Fig. 7. Ciliary bud formation is compromised and cilia
are bulged in Dzip1/ mutants. Shown are TEM
micrographs of cilia on neuroepithelia in the neural tube of
E10.5 embryos with indicated genotypes. Mother centrioles
(MC) are indicated by arrows, cilia by black arrowheads,
bulged cilia by arrowheads, and ciliary vesicles by asterisks.
CB, ciliary bud. The percentages of mother centrioles in each
category and total number of images are listed. Images for wt
and Bromi~'~;Dzip1/~~ are from two separate experiments
and the rest from one experiment.

In support of the TEM results, the capping protein Cp110 was not
removed from the distal end of the mother centriole in most of
nonciliated Dzip Il mutant cells, and Rpgrip1l was not recruited to
the TZ in Dzip 1l mutant cells (Fig. 8A). These results indicate that
Dzipll is required for the integrity of the TZ, which serves as the
base for ciliary bud formation (Garcia-Gonzalo and Reiter, 2017). A
recent study showed that Cepl62 RNAi knockdown arrested
ciliogenesis at the stage of TZ assembly (Wang et al., 2012). In
Cep162 RNAi knockdown RPEL1 cells, Rpgrip11 was also absent at
the TZ, but Cp110 was removed from the distal end of the mother
centriole. Thus, Dzip1l and Cep162 most likely regulate different
processes in the assembly and/or maintenance of the TZ.

Cby is required for ciliogenesis in cultured cells and facilitates
basal body docking to the apical cell membrane during airway cell
differentiation (Burke et al., 2014; Steere et al., 2012). In the present
study, we showed that Dzipll, Dzipl and Cby form a protein
complex (Fig. 5A-C). The localization of Cby to the appendages of
the mother centriole is dependent on either Dzipll or Dzipl,
whereas Dzip1l and Dzip1 do not depend on Cby (Fig. 5D-F). The
number of cilia on neuroepithelia in the neural tube and limb
mesenchymal cells of Chy mutant embryos was similar to that in wt,
but the number in Dzip1/;Chy double mutants was comparable to
that in Dzip 1] mutants (Fig. 6). In addition, the percentage of basal
bodies docked with the vesicle but with no ciliary bud in Dzip 11;Cby
double mutant neural tubes was not increase compared with that in
Dzipll mutants (Fig. 7). There was a difference in the number of
cilia counted by immunofluorescence versus TEM (Figs 6 and 7).
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This discrepancy is likely due to two reasons. First, the number of
cilia determined by TEM is likely undercounted because only fully
extended axonemes are counted as cilia, whereas both partially and
fully extended axonemes are included by immunofluorescence,
because both types of axonemes are stained. Second, the number of
cilia determined by TEM may have a larger experimental error than
that determined by immunofluorescence, because the sample size
was smaller. Thus, together, these results indicate that Dzip11 acts
upstream of Cby to regulate ciliogenesis. By contrast, Dzip1l and
Cby appear to have an overlapping function in neural tube
patterning, because the floor plate is absent in the double mutants
but present in either single mutant (Fig. 6B).

The finding that Dzip11 is required for ciliary bud formation is in
line with the model that Cby functions in ciliary vesicle formation
through vesicle trafficking or fusion (Burke et al., 2014). In fly
spermatogenesis, Cby, in cooperation with Azil, has been shown to
facilitate TZ assembly via the formation of ciliary vesicles (Vieillard
etal., 2016). Thus, given that Dzip11 interacts with Cby, Dzip11 may
also act in the trafficking or fusion of vesicles via Cby.

In addition to a high number of basal bodies with docked vesicles
but no ciliary bud in DzipIl mutants, the other defect was a high
percentage of bulged cilia. A similar ciliary morphology is also
found in Bromi mutants, although cilia number appears to be normal

(Fig. 6A, Fig. 7 and Fig. S3) (Ko et al., 2010). Interestingly, cilia
were scarce, and the neural tube patterning defect was also
exacerbated in Dzipll;Bromi double mutants (Fig. 6). The results
indicate that Dzip1l and Bromi have a redundant function in both
ciliogenesis and neural tube patterning. Given that IFT proteins are
recruited to basal bodies in Dzip 1/ and Bromi mutant cells (Fig. 8C),
the dysmorphic cilia seen in Dzip 1/ and Bromi mutants are probably
the result of inefficient anterograde and/or retrograde IFT
trafficking. Consistent with this, both Gli2 and Gli3 (and probably
Smo as well) accumulate in Dzip 1/ mutant cilia compared with wt in
the absence of Hh signaling (Fig. 3). A recent study showed that the
loss of Ccerk (Cdk20), a Bromi-interacting protein, results in bulged
cilia and imbalanced IFT trafficking. However, Ccrk mutation does
not lead to Gli2 and Gli3 accumulation in cilia (Snouffer et al.,
2017). Thus, Dzip11l and Ccrk most likely regulate different steps of
IFT trafficking. Additional experiments are needed to determine
whether this is the case.

MATERIALS AND METHODS

Mouse strains and the generation of a Dzip 1/ mutant allele

The Institutional Animal Care and Use Committee at Weill Cornell
Medical College approved this research, including the use of mice and
MEFs.

10

DEVELOPMENT


http://dev.biologists.org/lookup/doi/10.1242/dev.164236.supplemental

RESEARCH ARTICLE

Development (2018) 145, dev164236. doi:10.1242/dev.164236

A BAC clone containing mouse Dzipll genomic DNA sequences was
purchased from the BACPAC Resources Center and used to create a Dzip/1-
targeting construct. The construct was engineered by replacing 4-6 exons of
the Dzip 1] gene with the neomycin cassette flanked by loxP sites (Fig. 1A).
The linearized construct was electroporated into W4 embryonic stem cells
(ESCs), and targeted ESC clones were identified by digestion of genomic
DNA with EcoRI, followed by a Southern blot analysis of ESC DNA using a
probe as indicated (Fig. 1B). Two Dzipll-targeted ESC clones were injected
into C57BL/6 blastocysts to generate chimeric founders, which were then
bred with C57BL/6 to establish F1 heterozygotes. The Dzip 11 heterozygotes
were then bred with SW outbred mice and maintained in a SW background.
PCR analysis was used for routine genotyping with the following primers:
forward primer BW1199F, 5'-CTATGCCTGGAGTTATAGGCAG-3’ and
reverse primer BW1172R, 5'-ACTGCCCTAAGAACACATGTC -3’ for the
wtallele, which produced a 140 bp fragment; and forward primer BW1199F
and reverse primer CW649-loxpR, 5-CGAAGTTATATTAAGGGTT-
CCG-3' for the targeted Dzip1/ allele, which produced a 100 bp fragment.
Sufu and Chy mutants were described previously (Voronina et al., 2009;
Wang et al., 2010) and also maintained in a SW background.

Cell lines and cell culture

Wt and mutant Dzip /] pMEFs were prepared from E13.5 or E14.5 mouse
embryos and cultured in DMEM supplemented with 10% fetal bovine serum
(FBS), penicillin and streptomycin. Dzip! mutant MEFs (Wang et al., 2013)
and HEK293 cells were grown in the same medium.

NIH3T3 and NIH3T3-FS-Dzipll stable cells were cultured in DMEM
supplemented with 10% calf serum (CS), penicillin and streptomycin. The
stable cell line was established by transducing NIH3T3 cells with murine
retrovirus carrying the FS-Dzip1l construct and then selecting neomycin-
resistant clones with G418 (1 mg/ml) (Santa Cruz Biotechnology). HEK293
was purchased from ATCC and NIH3T3 was obtained from the Xin-Yun
Huang lab at Weill Medical College. The cells were free of contamination
and authenticated by cell morphology.

cDNA constructs, cloning and transfection

Dzip1l (BC099950) and Dzip! (BC098211) cDNAs were purchased from
Open Biosystem (now part of Dharmacon). FLAG-Dzip1l, FLAG-Dzip1 and
Myc-Dzipll expression constructs were created by cloning the respective
cDNAs into CMV-based pRK-FLAG and pRK-Myc plasmids, or murine
retroviral vector pLNCX-FS [FLAG and Strep double tags inserted in a
pLNCX vector (Clontech)] by PCR and conventional recombinant DNA
cloning techniques. Mouse Cby cDNA was amplified from a mouse cDNA
library by PCR and cloned into pRK-Myc or pEGFP vectors (Clontech).
pLNCX-FH-Tctn2 was developed as previously described (Wang et al.,
2017). The constructs were verified by DNA sequencing. Murine retrovirus
carrying a FS-Dzip 11 or FH-Tctn2 insert was generated by cotransfection of a
pLNCX-FS-Dzipll or pLNCX-FH-Tctn2 viral construct and a pEco
packaging construct into Phoenix-Eco cells (ATCC) using the calcium
phosphate precipitation method (Wang et al., 2013).

Embryo section immunofluorescence, whole-mount lacZ
staining and mouse skeleton preparation
For immunofluorescence of neural tube sections, mouse embryos at E10.5
were dissected, fixed in 4% paraformaldehyde (PFA)/PBS for 1 h at 4°C,
equilibrated in 30% sucrose/PBS overnight at 4°C and embedded in
optimal cutting temperature compound (OCT). The frozen embryos were
transversely —cryosectioned (10 um/section). Tissue sections were
immunostained using antibodies against Foxa2 (concentrated), Nkx2.2,
HDb9, Pax6 and Pax7 [Developmental Studies Hybridoma Bank (DSHB)],
or against Arl13b and acetylated o-tubulin together as described (Pan et al.,
2009).

Skeleton preparation of E18.5 embryos and lacZ staining of E10.5
embryos were performed as described (Hogan et al., 1994).

Immunofluorescence and microscopy
For cell ciliation studies, cells were plated on coverslips coated with 0.1%
gelatin for at least overnight and serum starved with 0.1% FBS for 20-24 h to

arrest the cycling of the cells. For centrosome staining, cells were fixed with
—20°C cold methanol for 5 min. For both cytoplasmic and cilia staining,
cells were fixed in 4% PFA/PBS for 15 min. For both centrosome and cilia
staining, cells were fixed either with 4% PFA for 2 min followed by cold
methanol for 5 min or with cold methanol alone. After washing with PBS,
the cells were incubated with blocking solution (PBS/0.2% Triton X-100/
2% heat-inactivated CS) for 20 min. The cells were then incubated with
primary antibodies in blocking solution for 1 h at room temperature. In other
cases, the fixed cells were incubated with PBS/0.2% Triton-X100 for 5 min
and then immediately with primary antibodies. The cells were washed with
PBS and incubated with secondary antibodies in blocking solution for 1 h at
room temperature. After washing three times with PBS, the coverslips were
mounted to glass slides with Vectashield mounting fluid with DAPI (Vector
Labs). The staining was visualized using a Zeiss Axiovert fluorescent
microscope.

Antibodies

Rabbits were immunized with the following insoluble His-tagged protein
fragments purified from bacteria to generate Dzip1l, Rpgrip1l, Ofd1, Cp110
and ninein antibodies: Dzip11 (276-503 aa) (Syd Lab), Rpgrip11 (715-1265
aa) (Biosynthesis), Ofd1 (1-408 aa), Cp110 (1-149 aa) and ninein (1291-E
aa) (Covance). Although anti-Dzipll antibodies may detect other
nonspecific proteins of the same size as Dzipll in western blot analysis
(data not shown), this antibody was also found to detect the protein in the
mother centriole (Fig. 4A). Smo antibodies were made in mice using its
C-terminal fragment fused with GST. Other antibodies included: Gli2, Gli3,
Dzipl, Arll13b, IFT88, Cepl64, Odf2, Cep290, GFP (all 1:1000) (Wang
et al., 2000, 2013; Wu et al., 2014, 2017), acetylated a-tubulin (1:2000),
y-tubulin (1:4000) (T6793, T6557, Sigma), IFT40 (1:1000) (Pazour et al.,
2002), Cby (1:500) (Cyge et al., 2011), rabbit Pax6 polyclonal (Covance),
and Foxa2, Nkx2.2, Hb9, Pax6 and Pax7 (Developmental Hybridoma Bank,
University of Iowa). Secondary antibodies [Alexa Fluor 488-conjugated
donkey anti-rabbit IgG (111-545-144) and Cy3-conjugated donkey anti-
mouse IgG (115-165-146)] were purchased from Jackson ImmunoResearch.

Immunoblotting, co-immunoprecipitation, immunoaffinity
purification and mass spectrometry analysis

E10.5 mouse embryos used to detect Gli2 or Gli3 were lysed in RIPA buffer
(50 mM Tris-HCI pH 7.4, 150 mM NaCl, | mM EDTA, 1% Triton X-100,
1% sodium deoxycholate, 0.1% SDS, protease inhibitors). Transfected
HEK293 cells used for co-immunoprecipitation were lysed in lysis buffer
(50 mM HEPES pH 7.4, 150 mM NacCl, 10% glycerol, 1% NP40, protease
inhibitors). Immunoblotting and co-immunoprecipitation were performed
as described (Wang et al., 2000).

For immunoaffinity purification, 20 15 cm plates of NIH3T3 cells stably
expressing FS-Dzip1l virus or NIH3T3 control cells were lysed by Dounce
homogenization in lysis buffer [SO mM HEPES (pH 7.4), 150 mM NacCl,
10% glycerol, 0.5% NP40, freshly add DTT (1 mM), protease inhibitor
cocktail]. After being cleared by centrifugation, the protein lysates were
incubated with 200 ul FLAG antibody conjugated with Sepharose beads
(A2220, Sigma) by rotation for 2 h at 4°C. The beads were washed with lysis
buffer at least four times. The immunoprecipitated proteins were denatured
with SDS loading buffer and resolved by SDS-PAGE. The gel lanes were
sliced into eight pieces, which were subjected to digestion with trypsin. The
resulting peptides were extracted and subjected to MS analysis according to
a method previously described (Duan et al., 2016). The MS/MS data were
searched using Proteome Discoverer 1.3 (Thermo Scientific) against the IPI
protein database released in September 2011 (Kersey et al., 2004) and
peptides with a 1% false discovery rate were obtained for protein
identification.

Scanning and transmission electron microscopy

E10.5 embryos were fixed with 2% paraformaldehyde/2.5% glutaraldehyde
in 0.1 M sodium cacodylate buffer (pH 7.4, EM quality) overnight at 4°C.
For SEM, the embryos were washed with 0.1 M sodium cacodylate buffer
and dissected to expose the lumen of the neural tube. The embryo fragments
were dehydrated using a graded ethanol series and subjected to critical point
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drying. The embryo fragments were mounted with the lumen face up on
aluminium stubs with adhesive tabs and sputter-coated with gold-palladium
alloy. Cilia of neuroepithelia in the neural tube were imaged using a field
emission electron microscope (Supra 25, Carl Zeiss). For TEM, after
washing with sodium cacodylate buffer and then water, the fixed embryos
were transversely cut into five segments. The embryos segments were
incubated with 1% OsOy, for 1 h in the dark. After washing with water, the
embryo segments were incubated in 1% uranyl acetate for 2 h at room
temperature, washed with water and dehydrated with a series of graded
ethanol. The embryo segments were then infiltrated and embedded with
Embed812 mixed solution according to the manufacturer’s instruction
(Electron Microscopy Sciences). Transverse ultrathin sections (65 nm) were
cut with Leica UC6 ultramicrotome (Leica Microsystems), stained with
uranyl acetate and lead nitrate, and imaged with a JEOL1400 transmission
electron microscope.

RT-qPCR

Confluent wt and Dzip// mutant pMEFs in 60 mm plates were incubated
with growth medium containing SAG (300 nM) (Cayman Chemical) or
vehicle control overnight. Total RNA was isolated from the pMEFs by using
TRIzol solution according to the manufacturer’s instruction (Thermo Fisher
Scientific). Five micrograms of each of the isolated total RNA were used to
synthesize first stranded cDNA using SuperScript II reverse transcriptase
according to the manufacturer’s instruction (Thermo Fisher Scientific).
Quantitative PCR was performed using a qPCR kit (MasterMix-R, Applied
Biological Materials) and primers described previously (Wang et al., 2017).
For a 20 pl reaction, 0.15 pl of the first stranded cDNA was used.
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