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Protein localization screening in vivo reveals novel regulators of
multiciliated cell development and function
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ABSTRACT
Multiciliated cells (MCCs) drive fluid flow in diverse tubular organs
and are essential for the development and homeostasis of the
vertebrate central nervous system, airway and reproductive tracts.
These cells are characterized by dozens or hundreds of motile cilia
that beat in a coordinated and polarized manner. In recent years,
genomic studies have not only elucidated the transcriptional
hierarchy for MCC specification but also identified myriad new
proteins that govern MCC ciliogenesis, cilia beating and cilia
polarization. Interestingly, this burst of genomic data has also
highlighted that proteins with no obvious role in cilia do, in fact, have
important ciliary functions. Understanding the function of proteins
with little prior history of study presents a special challenge,
especially when faced with large numbers of such proteins. Here,
we define the subcellular localization in MCCs of ∼200 proteins not
previously implicated in cilia biology. Functional analyses arising
from the screen provide novel links between actin cytoskeleton and
MCC ciliogenesis.
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INTRODUCTION
Multiciliated cells (MCCs) are decorated with numerous motile
cilia that beat in a coordinated manner to drive fluid flow, and
these cells play essential roles in development and homeostasis
(Brooks and Wallingford, 2014). Indeed, defects in MCC
development or function are associated with chronic respiratory
infection, hydrocephalus and infertility. In recent years,
genomic studies have defined an evolutionarily conserved
transcriptional circuitry that underlies MCC differentiation.
Among the key factors on this circuitry are the Rfx family
transcription factors, which play diverse roles in vertebrate
ciliogenesis (Choksi et al., 2014). In a recent genomic analysis
of Rfx2 function in MCCs, we identified over 900 direct target
genes, including regulators of MCC progenitor cell movement,
ciliogenesis, cilia beating and planar polarity (Chung et al.,
2014). Among these targets, we also identified hundreds that
have not been implicated previously in cilia or MCCs. We
therefore set out to systematically determine the subcellular
localization of these proteins.

RESULTS AND DISCUSSION
High-content screening of protein localization in MCCs
in vivo
High-content screening of protein localization is a powerful
approach for linking genomics to cell biology (Boutros et al.,
2015), so we turned to Xenopus embryos, where the epidermis
develops as a mix of MCCs and mucus-secreting cells similar to in
the mammalian airway (Hayes et al., 2007; Walentek and Quigley,
2017; Werner and Mitchell, 2011). Molecular mechanisms of MCC
development and function are highly conserved between Xenopus
and mammals, including humans (e.g. Boon et al., 2014; Toriyama
et al., 2016; Wallmeier et al., 2014, 2016; Zariwala et al., 2013), and
XenopusMCCs are very large and present on the external surface of
an externally developing animal. Combined with its molecular
tractability (Harland and Grainger, 2011; Wallingford et al., 2010),
these features make the Xenopus embryo an outstanding platform
for rapid imaging-based analysis of MCCs.

From our previous dataset of genes targeted by Rfx2 (Chung
et al., 2014), we chose candidate proteins for localization screening
based on several criteria: screened proteins were encoded by genes
that (1) require Rfx2 for their expression, (2) are bound by the Rfx2
transcription factor, (3) are expressed in the Xenopus mucociliary
epithelium, (4) have not been previously implicated in control of
cilia or MCCs, and (5) are available in the near-complete human set
of protein-encoding open reading frame (the human ORFeome)
collections (Rual et al., 2005). (Note: human ORFs were used for
screening, and Xenopus orthologs were obtained for follow-up
experiments, as noted below). These criteria led to our examining
>350 clones, of which sequencing revealed that ∼30% contained
sequence that were significantly different from the reported
sequence; aberrant clones were removed from the screen.

We used GATEWAY cloning to insert ORFs into vectors
containing N-terminal and/or C-terminal fluorescent protein tags as
well as an MCC-specific promoter (Fig. 1A). We then injected each
of the remaining 259 plasmids into Xenopus embryos (Vize et al.,
1991) and observed the localization of tagged proteins by confocal
microscopy. All plasmids were co-expressed with membrane–BFP
mRNA to visualize ciliary axonemes, ensuring that we imaged
MCCs (Fig. S1E).

Of the 259 candidates tested, 234 were effectively expressed as
judged by GFP or RFP fluorescence, and of these, 198 displayed
discrete localization patterns (Fig. 1B–D; Table S1). We also
included several proteins to serve as positive controls for the
specificity of our approach: the axonemal protein Efhc1, which
localizes to axonemes; the basal body protein Bbof1/C14orf45,
which localizes to basal bodies, and the transcription factor Dlx3,
which localizes to the nucleus (Table S1) (Bryan and Morasso,
2000; Chien et al., 2013; Ikeda et al., 2005; Zhao et al., 2016).
Consistent with the role for Rfx2 in cilia assembly and function,
several proteins localized to the ciliary axoneme and/or the basal
body (Fig. 1C,D; Tables S1). For example, Fam166b and Ccdc33,Received 23 May 2017; Accepted 20 November 2017
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Fig. 1. High-content screening of protein localization in MCCs in vivo. (A) Schematics of the screening pipeline; see Materials and Methods for details.
(B) Schematics of MCC subcellular structures, indicating themajor distinct subcellular structures identified in our screen. (C) Summary of screening results. Out of
259 candidates, 198 showed detectable signal localized to distinct subcellular structures, as categorized on the histogram. (D) Representative localizations of
screened Rfx2 targets. Left columns, expression patterns of selected genes; middle columns, expression patterns of reference genes. Afap1 localizes to
the actin cortex (marked by LifeAct–RFP), Efhc2 to axonemes (marked byCAAX–RFP), Ablim1 to basal bodies (marked by Centrin2–BFP), Dap3 tomitochondria
(marked by mito-RFP), Tmem38b to ER (marked by Cal–BFP-KDEL), Arfgap3 to the Golgi (marked by GalT–RFP), C10orf88 to cytosol, and Fam125b
to the basolateral membrane (marked by CAAX–RFP). Numbers at the bottom-left corner indicate the z-plane position in reference to the apical domain (0 µm z).
Scale bars: 5 μm. The yellow dotted line outlines the cell boundary of MCC.
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which are essentially unstudied, were found to be strongly restricted
to the ciliary axoneme. Mtmr11 and Ankrd45 are similarly
uncharacterized and were found specifically at basal bodies.
Some candidates have been previously studied in other contexts,

but their linkage here to MCC cilia structure or function may prove
informative (Table S1). For example, two known YAP and TAZ
(YAP/TAZ)-interacting proteins, Ccdc85c and Amotl2 (Wang et al.,
2014), were found to localize to basal bodies, potentially shedding
light on the recently described link between YAP/TAZ and
ciliogenesis (Grampa et al., 2016; Kim et al., 2015).
Curiously, the majority of candidates tested did not localize to

axonemes or basal bodies, but rather labelled diverse cellular
compartments, including the cell cortex, the nucleus, the Golgi, the
endoplasmic reticulum (ER) and what appear to be cytoskeletal
networks (Fig. 1C,D; Fig. S1). The preponderance of non-ciliary
localization from Rfx2 target genes in MCCs reflects that found
previously for FoxJ1 target genes in mono-ciliated cells (Choksi
et al., 2014a). Because these organelles are not specific to
multiciliated cells, it is possible that these proteins may not
actually perform a specialized function inMCCs. However, many of
the encoding genes are transcriptionally enriched in MCCs of the
mammalian airway (Table S2) (Treutlein et al., 2014), suggesting
that even these proteins localizing to ubiquitous organelles may
perform cell-type-specific roles in MCCs.
In summary, this screen defines the subcellular localization in

MCCs of nearly 200 proteins encoded by direct Rfx2 target genes,
and thus provides a strong foundation for future studies of MCC
biology.

Localization of proteins implicated in human disease
The ciliopathies represent a still-expanding spectrum of human
diseases that share an etiology of defective cilia structure or function
(Hildebrandt et al., 2011). It is notable then that many of the
candidates examined in our screen have been linked to human
diseases (Table S3). Indeed, some candidates have been implicated
in ciliopathies by other studies during the course of our screen,
providing additional positive controls for our approach; for
example, the genes encoding Armc4 and Ccdc65 are now known
to be involved in motile ciliopathies (Hjeij et al., 2013; Horani et al.,
2013). In addition, we also defined anMCC-specific localization for
proteins recently implicated in non-motile ciliopathies (e.g. Wdr60
and Tctn3) (Tables S1, S3), which is relevant because even core
ciliogenesis protein can perform MCC-specific functions; for
example, mutation of the IFT-A subunit Wdr35 disrupts MCC
cilia beating (Li et al., 2015).
Other localization data obtained here suggest new hypotheses

related to disease etiology. Human CERKLmutations are associated
with retinitis pigmentosa, a known ciliopathy (Tuson et al., 2004),
but the mechanism of CERKL action is poorly defined; we founbd
that Cerkl localized to axonemes, suggesting a novel avenue of
inquiry. Likewise, Rfx transcription factors are linked to hearing
loss (Elkon et al., 2015), and we identified three proteins with cilia
and/or basal body localization that are encoded by genes that are
known to be involved in human deafness (Elmod3, Lrtomta,
Cdc14a) (Ahmed et al., 2008; Delmaghani et al., 2016; Jaworek
et al., 2013).
Finally, many disease-related proteins encoded by Rfx2 target

genes did not localize to cilia or basal bodies. For example, the
osteogenesis imperfecta protein Tmem38B (Cabral et al., 2016)
localized to the ER in MCCs, which is of interest because of links
between cilia, ER stress, secretory membrane traffic and low bone
density (Symoens et al., 2015, 2013). There is also an intriguing link

between cilia and scoliosis (Grimes et al., 2016), and two Rfx2
target genes examined here are loci that are proposed to be involved
human scoliosis (Karasugi et al., 2009; Kim et al., 2013); Skt
localized to basal bodies and Rims2 to cytoplasmic foci (Table S1).

Divergent functions for actin regulators in MCCs
MCCs are characterized by a complex apical actin network that is
deployed first during assembly of the apical cell surface (Sedzinski
et al., 2016, 2017), then for basal body apical migration and docking
(Lemullois et al., 1988; Pan et al., 2007; Park et al., 2006, 2008), and
finally for basal body distribution and planar polarization (Herawati
et al., 2016; Turk et al., 2015; Werner et al., 2011). Interestingly,
core actin regulators such as RhoA play distinct roles in these
different processes (Pan et al., 2007; Park et al., 2008; Sedzinski
et al., 2017). In light of these findings and of the broader link
between actin and primary ciliogenesis (e.g. Avasthi et al., 2014;
Kim et al., 2010; Pitaval et al., 2010), we found it interesting that we
identified several proteins that colocalized to the MCC apical actin
network, and that we identified proteins implicated in actin
regulation at other sites, such as basal bodies (Table S1). Using
these localization patterns as a guide, we explored mechanisms by
which specific proteins directed divergent actin-dependent events
during development of MCCs.

Myo5c controls apical positioning of basal bodies
In nascent MCCs, numerous basal bodies are generated in the
cytoplasm, and these must migrate apically and dock to the plasma
membrane in advance of ciliogenesis (e.g. Klos Dehring et al.,
2013; Sorokin, 1968). Actin is essential for this apical migration of
nascent basal bodies (Antoniades et al., 2014; Boisvieux-Ulrich
et al., 1990; Lemullois et al., 1988; Pan et al., 2007; Walentek et al.,
2016), but no myosin motor has yet been identified that controls this
process. Our screen identified Myo5c as a basal body-localized
protein, although curiously, sequencing of the human Myo5c ORF
clone revealed it to be truncated (Table S1). We therefore expressed
a GFP fusion to the full-length Xenopus Myo5c, and it reported a
similar localization pattern to the truncated clone from our screen
(Fig. 2A).

Myo5c is a well-studied regulator of epithelial cell biology that is
broadly expressed, including in the mammalian airway (Rodriguez
and Cheney, 2002), but it has never been studied in MCCs. Like
other type V myosins, Myo5c controls actin-based movements of
intracellular cargoes, including organelles such as melanosomes
and secretory vesicles (Bultema et al., 2014; Marchelletta et al.,
2008; Rodriguez and Cheney, 2002; Sladewski et al., 2016). The
observed localization to basal bodies suggested that Myo5c might
play a similar role in basal body transport. Consistent with this idea,
Myo5c localized to basal bodies deep in the cytoplasm, at stages
when they are associated with actin cables (Fig. 2A,B).

Recent reports suggest that class V myosins are required for
primary ciliogenesis (Assis et al., 2017; Kohli et al., 2017), so we
sought to test the function of Myo5c in MCCs. Because these
myosins playmultiple roles inmany cells types, we circumvented any
potential early effects on development by expressing a dominant-
negative version of Myo5c (Rodriguez and Cheney, 2002)
specifically in MCCs through our MCC-specific promoter
(Fig. 2C,D). We used the cargo-binding Myo5C tail as a dominant-
negative (Fig. 2C), as this strategy has been widely deployed for
examining unconventional myosin functions (Rodriguez and
Cheney, 2002; Rogers et al., 1999; Wu et al., 1998). Expression
of this construct in MCCs resulted in profound defects in basal
body positioning (Fig. 2E). This identification of a myosin motor
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involved in actin-based apical positioning of basal bodies
demonstrates the value of protein localization screening to
identify novel cell type-specific functions for broadly acting
proteins.

St5/Dennd2b controls axonemogenesis after basal body
docking
Following apical surface emergence and basal body docking,
MCCs extend their many dozens of axonemes in a process that is

Fig. 2. Myo5c localizes to basal bodies and is required for basal body apical migration. (A) Myo5c–GFP (green) localized in proximity to basal bodies
(marked by Centrin2–RFP, magenta) and aligned with actin cables (as marked by LifeAct–BFP, cyan). Images were taken at stage 19 and at 3 µm below
(−3 μm Z) the apical surface of the MCC (outlined by a yellow dotted line). The orange square highlighted the region shown at a higher magnification in the four
right-most panels. Scale bar: 1 µm. (B) Sagittal sections of early stage intercalating MCCs showing basal bodies (marked by Chibby–GFP, green) apparently
migrating along actin cables (marked by phalloidin, magenta) to the apical surface of MCC. G, goblet cell. Scale bars: 5 µm. (C) The dominant negative (DN)
form of Myo5c was generated by truncating the myosin motor domain of Myo5c (amino acids 84–744) to disrupt its migration ability, while leaving the cargo-
binding domain (amino acids 1346–1713) intact. (D) Overexpression of the dominant-negative version of Myo5c (Myo5c-DN–GFP driven by α-tubulin promoter)
disrupted basal bodymigration. In controls (GFP driven by α-tubulin promoter), most of the basal bodies (white) docked within the apical actin network (marked by
phalloidin, magenta, and outlined by a yellow dotted line). Upon overexpression of Myo5c-DN, basal bodies failed to migrate apically and accumulated below
the apical surface, see orthogonal views. Scale bars: 10 µm. (E) Quantification (mean±s.d.) of basal body positions in controls and upon overexpression of a
Myo5c-DN in MCCs. More than 75% of the basal bodies in Myo5c-DN-overexpressing cells failed to migrate to the apical surface of MCCs. The mean±s.d.
depth of basal bodies increased from 0.08±0.06 µm in controls to 1.37±0.35 µm below the apical domain (reference position, 0 µm) in Myo5-DN-expressing cells
(***P<0.001, Mann–Whitney U-test; control, n=13 cells; Myo5C-DN, n=14 cells; N>5 embryos).
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similar to what occurs during primary ciliogenesis. Interestingly,
in many cell types, actin has been suggested to play diverse roles
in axonemogenesis (i.e. extension of the axoneme after basal
body docking) (Avasthi et al., 2014; Kim et al., 2015, 2010;
Pitaval et al., 2010), though such functions have not been
reported for actin in MCCs. In light of these findings, we explored
additional actin colocalizing proteins from our screen. Among
these, St5 (also known as Dennd2b) was particularly interesting,
as it has been associated with actin-based structures in
mesenchyme cells in culture (Ioannou et al., 2015; Yoshimura
et al., 2010). This protein has not been studied in MCCs or any
other ciliated cell type, but two previous studies have implicated
St5 in undefined birth defect syndromes that bear similarity to
ciliopathies (Gohring et al., 2010; Kleczkowska et al., 1988). One
of these patients presented with chronic otitis media and the other
with recurrent respiratory infections (Gohring et al., 2010;
Kleczkowska et al., 1988), which are hallmarks of motile
ciliopathies. We therefore examined St5 function in MCCs in
more detail.

MCC apical actin is comprised of two elements, an apical
meshwork and sub-apical foci (Werner et al., 2011), and we found
that full-length Xenopus St5 localized to both structures (Fig. 3A).
Knockdown of St5 severely disrupted the assembly of sub-apical
actin foci, but elicited only a mild disorganization of the apical actin
meshwork (Fig. 3B,C; Fig. S2A). Interestingly, St5 knockdown also
elicited a disruption of basal body planar polarity (Fig. 3D,E), an
effect that may be direct or may be secondary to a loss of fluid flow,
as both apical actin and cilia beating are required for the fluid-flow
dependent refinement of basal body planar polarity (Mitchell et al.,
2007; Werner et al., 2011).

Surprisingly, unlike disruption ofMyo5C (above), St5 knockdown
did not substantially affect basal body docking (Fig. S2D). Rather,
disruption of St5 specifically suppressed elongation of ciliary
axonemes from docked basal bodies (Fig. 4A,B; Fig. S2A,C),
suggesting that St5 has a novel actin-related activity that is required
for MCC axoneme assembly. By using the well established CRISPR
gene editing method in Xenopus (e.g. Tandon et al., 2016) knock out
of St5 elicited a similar phenotype (Fig. S2B,C).

Fig. 3. St5 localizes to apical actin networks and is required for basal body planar polarity. (A) GFP–St5 (green) localized to the apical and subapical actin
network (marked by phalloidin, magenta). Scale bars: 10 µm (main images); 1 µm (magnified image). Images were taken at stage 32. (B) St5 knockdown (KD)
reduced the number of subapical actin foci (actin marked by phalloidin, magenta). Scale bars: 10 µm. (C) The number of subapical actin foci was decreased
from 61.3±22.7 in controls to 8.7±9.7 in St5 KD (P<0.001, Mann–Whitney U-test; control, n=21 cells; St5 KD, n=33 cells; N>5 embryos). Data represent
mean±s.d. (D) St5 KD disrupts basal body orientation. Orientation of basal bodies was determined by measuring the angle (yellow dotted line) between a basal
body (marked by Centrin2, white) and its corresponding rootlet (marked by Clamp, green) in respect to the horizontal line. Scale bar: 10 µm (top panel),
1 µm (bottom panel). (E) Quantification of basal bodies orientation. Each arrow represents one cell, where length indicates uniformity of measured angle (as
shown in D) in that cell (resultant vector). The mean±s.d. resultant vector value was decreased from 0.71±0.18 in controls to 0.39±0.2 in the St5 KD cells.
(P<0.001, Mann–Whitney U-test; control, n=19 cells; St5 KD, n=22 cells; N>5 embryos).
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Recent work in both Xenopus and mammalian MCCs suggests a
complex interplay between actin and the centrosomal protein
Ccp110 (also called Cp110) (Cao et al., 2012; Chevalier et al., 2015;
Song et al., 2014; Walentek et al., 2016). Ccp110 is thought to be
removed from centrioles as they mature into basal bodies in primary
cilia (Tsang et al., 2008), but recent work has found that Ccp110 is

also required for ciliogenesis of both primary cilia and in MCCs
(Walentek et al., 2016; Yadav et al., 2016). Strikingly, we found that
knockdown of St5 elicited a significant increase in the amount of
Ccp110 at basal bodies in MCCs (Fig. 4D,E).

Curiously, this effect on Ccp110 was highly specific, as several
other factors linked to Ccp110, actin and cilia were not altered after

Fig. 4. St5 is required for ciliogenesis. (A) Perturbation of St5 disrupted ciliogenesis. Left panel, axonemes visualized by CAAX–RFP, magenta. Right panel,
SEM of a control MCC and MCC upon St5 knockdown (KD). Scale bars: 10 µm. (B) The axoneme number per MCC was significantly reduced from 67.1±15.4 in
controls to 14.0±8.2 in St5 KD (***P<0.001, Mann–Whitney U-test; Control, n=14 cells; St5 KD, n=32 cells; N>5 embryos). The number of axonemes was
increased by rescue expression of GFP–St5 with an α-tubulin promoter to 18.6±8.5 (*P<0.05, Mann–Whitney U-test; St5 KD with GFP–St5, n=25 cells,
N>5 embryos). Data represent mean±s.d. (C) St5 KD did not disrupt the recruitment of Ift20 (Ift–GFP, green). Scale bars: 10 µm. (D) St5 KD increases the level of
GFP–Cp110 (green) at basal bodies (marked by Centrin2–RFP, white). Scale bars: 10 µm. (E) The normalized Cp110 intensities around basal bodies increased
from 0.046±0.045 to 0.093±0.098. (***P<0.001, Mann–WhitneyU-test; Control, n=1430 intensities from eight cells; St5 KD, n=1413 from 10 cells;N>5 embryos).
Data represent mean±s.d. (F) St5 is dispensable for Ttbk2 recruitment. GFP–Ttbk2 showed ring shape structures in both control and St5 KD cells. (G) Network of
St5-containing protein complex predicted by assembled map of human protein complexes (Drew et al., 2017). Line weights represent support vector
machine confidence scores. (H) The level of Cep162–GFP (green) at basal bodies (marked by Centrin2–RFP, white) was decreased upon St5 KD. Scale bars:
10 µm. (I) The normalized Cep162 intensities around basal bodies decreased from 0.28±0.21 to 0.07±0.10. (***P<0.001, Mann–Whitney U-test; Control, n=1734
intensities from 10 cells; St5 KD, n=1710 from 13 cells;N>5 embryos). Data represent mean±s.d. The yellow dotted lines inD andH outline the cell boundary of MCCs.
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St5 knockdown with Morpholino. We observed no effect of St5 loss
on the localization of Fak (Antoniades et al., 2014; Walentek et al.,
2016), Ift20, Cep164 (Avasthi et al., 2014; Ye et al., 2014), or
Ttbk2 (Goetz et al., 2012) (Fig. 4C,F, Fig. S2E,F). Although
disappointing, these negative results provided an opportunity to
further test the utility of our localization data by integrating the
findings with other datasets. Intersecting our list of localized
proteins with our recently assembled map of human proteins
complexes (Drew et al., 2017) suggested that St5/Dennd2b interacts
with Afap1 and Ablim1(Fig. 4G), which were found to localize,
respectively, to apical actin and basal bodies in our screen.
Moreover, this complex also contains the poorly defined
ciliogenesis factor Cep162 (Wang et al., 2013) (Fig. 4G), and
knockdown of St5 resulted in a significant reduction of Cep162
localization toMCC basal bodies (Fig. 4H,I). Thus, our data suggest
that St5 links MCC apical actin to Ccp110 removal, Cep162
recruitment and axonemogenesis in MCCs.

Conclusion
Here, we used high-content protein localization screening in vivo to
advance our understanding of MCC biology. We screened 259
proteins, identifying specific localization patterns for 198, including
localization to axonemes, basal bodies, the cell cortex, the cytoskeleton
and specific compartments in the cytoplasm (Fig. 1). Directed studies
emerging from this screen provide new insights into mechanisms by
which the actin cytoskeleton directs MCC development and function
(Figs 2–4). Given the key role of MCCs in normal airway physiology,
our data also provide novel hypotheses for studies of acquired airway
diseases. For example, Ccp110 expression levels are altered in chronic
rhinosinusitis (Lai et al., 2011), so our links to St5 and apical actin may
be informative. Moreover, this study is also informative because apical
actin is a direct target of pneumococcal infection in the airway
(Fliegauf et al., 2013). In summary, our work highlights the power of
combining large-scale image-based screening in vivo with more
traditional ‘omics’ approaches for exploration in cell and
developmental biology and provides a rich dataset for further
investigation of MCC development and function.

MATERIALS AND METHODS
General scheme for high-content protein localization screening
in Xenopus
Details of individual methods are described below. Briefly, by performing
GATEWAY cloning reactions, 259 human open reading frames (ORFs, see
below) corresponding to genes that are direct targets of Rfx2 (Chung et al.,
2014) were inserted into destination vectors containing N-terminal or C-
terminal fluorescent tags along with a MCC specific α-tubulin promoter
(Stubbs et al., 2006), as indicated in Fig. 1A. All resulting plasmids were
then sequenced from both ends. Circular plasmid (∼50 pg) was then injected
into Xenopus laevis embryos at the four-cell stage as described previously
(Vize et al., 1991). Plasmids were injected along with membrane-targeting
BFP to visualize axonemes, thus ensuring that the localization reported was
for MCCs. To speed initial screening, we frequently injected two plasmids
encoding different proteins with RFP and GFP tags. Injected embryos were
grown and imaged between stages 20 and 31 (Nieuwkoop and Faber, 1967).
Plasmid injection in Xenopus is known to result in a wide range of
expression levels, based on unequal replication of the plasmids during cell
division (Vize et al., 1991). Because overexpression can lead to ectopic
protein localization, all proteins were examined at a wide range of
fluorescent intensities. Proteins for which localization was not consistent
across a range of intensities, including very low intensities, were discarded.

Xenopus handling
Experiments were performed following the animal ethics guidelines of the
University of Texas at Austin, protocol number AUP-2015-00160. Xenopus

laevis adult females were induced to ovulate through injection of human
chorionic gonadotropin. The following day, eggs were squeezed, fertilized
in vitro and dejellied in 3% cysteine (pH 7.9). Fertilized embryos were
washed and subsequently reared into 1/3× Marc’s modified Ringer’s
(MMR) solution. For microinjections, embryos were placed in a solution of
2% Ficoll in 1/3×MMR and injected by using glass capillary-pulled needle,
forceps and an Oxford universal micromanipulator.

Human ORFeome clones
Gateway entry vectors containing human gene ORFs were selected from
ORFeome library, version 7.1 (http://horfdb.dfci.harvard.edu/hv7/index.
php?page=orfsearch) (Rual et al., 2005; Team et al., 2009), distributed by
Open Biosystems (GE Dharmacon).

Gateway reactions
Destination vectors were modified from the destination vector Pcsdest (a gift
from the Lawson Laboratory, University of Massachusetts Medical School,
MA) by inserting aMCC-specific α-tubulin promoter (previously described
in Chung et al., 2014) along with EGFP or mRFP sequences. Fluorescently
tagged expression plasmids were made by an LR reaction of human
ORFeome entry clones and destination vectors containing α-tubulin
promoter using Gateway LR Clonase II Enzyme mix (Thermo Fisher
Scientific). MCC-specific destination vectors were sequenced from both
ends for validation.

Xenopus laevis plasmids
Myo5C, myo5cDN, st5, cp110, chibby and ttbk2 were amplified from
standard Xenopus laevis cDNA prepared by reverse transcription
(SuperScriptIII First strand synthesis, Invitrogen) via PCR amplification
using the primers listed in Table S4. The PCR products were subcloned into
gateway ENTRY clone (pENTR/D-TOPOCloning Kit, Life Technologies).
The sequences of cellular structure markers (CAAX-RFP, Centrin2-BFP,
mito-RFP, Cal–BFP-KDEL and GalT–RFP) are listed in Table S4. GFP–
FAK is a kind gift from Peter Walentek. (University Medical Center
Freiburg, Germany). The cilia rootlet marker Clamp-GFP is a kind gift from
Brian Mitchell (Northwestern University, IL).

Scanning electron microscopy
Electron microscopy was performed as previously described (Park et al.,
2008.) Embryos were fixed in phosphate-buffered 3% glutaraldehyde and
then in 2% phosphate-buffered OsO4. After dehydrating the tissue in a
stepwise manner, embryo samples were critical point dried and then
mounted on stubs using silver paste, and sputter-coated with 20 nm of
platinum.

Morpholino oligonucleotide and mRNA injections
Capped RNA was synthesized using mMessage mMachine kits (Life
Technologies AM1340). Morpholino oligonucleotides (MO) were ordered
from GeneTools. mRNAs and morpholino oligonucleotides at the correct
concentration were injected into the ventral blastomeres of Xenopus embryos
at four-cell stages. Morpholino sequences and used concentrations are listed
below: St5 MO#1, 5′-AGGCATTGATTTACCTGCTTTGGCT-3′ (30 ng);
St5 MO#2, 5′-GGACTGAGACCTGGAAATAAAACAA-3′ (10 ng).

Xenopus animal cap qPCR
The animal cap quantitative PCR (qPCR) assay were used to determine the
knockdown efficiency of morpholino oligonucleotides, as previously
described (Chung et al., 2014). Embryos were injected at the animal side of
all four cells at four-cell stage with control or morpholino oligonucleotides
solutions. Animal capswere collected at stage 9 andused forRNA extraction at
different stages. cDNAs were prepared using the Superscript kit (Invitrogen),
and qPCR was performed using the specific primers listed in Table S4.

sgRNA synthesis, CRISPR/Cas9-induced genomic editing and
genotyping
CRISPR/Cas9-mediated genome editing in Xenopus was performed as
previously described (Tandon et al., 2016; Toriyama et al., 2016). Briefly,
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single guide (sg)RNA was prepared by using the T7 MEGAscript kit
(Ambion) and purified with Illustra NICK Columns(GE). 500 pg Cas9
mRNA and 500 pg of sgRNA were injected into the animal pole at the
one-cell stage. Genomic DNA was extracted from stage 25 embryos by
using the Wizard® Genomic DNA Purification Kit (Promega). The
efficiency of CRISPR/Cas9-mediated genome editing was examined by
T7 endonuclease I (T7EI) assay, and DNA fragments were analyzed on a
1% agarose gel.

Xenopus embryo imaging
Embryos of stages 20–33were mounted as previously described (Kieserman
et al., 2010) and imaged alive directly by using protein fluorescence at 23°C
with a Zeiss LSM700 confocal microscope using a C-Apochromat 40×1.2
NA water immersion objective or Plan-Apochromat 63×1.4 NA oil DIC
M27 immersion lens.

Phalloidin staining
Xenopus embryos were fixed with MEMFA solution [100 mM MOPS pH
7.4, 2 mM EGTA, 1 mM MgSO4, 3.7% (v/v) formaldehyde] at room
temperature 2 h, then washed with PBST (1×PBS containing 0.10% Tween
20), stained with phalloidin solution (15 µl phalloidin per 500 µl of PBST),
incubated for 4 h at room temperature and washed with PBST for imaging.

In situ hybridization
In situ hybridization experiments were performed as described previously
(Sive et al., 2000). Images were captured with different magnifications on a
Leica MZ16FA fluorescent stereomicroscope.

Basal body depth quantification
Basal body numbers were counted manually at each frame of different depth
(0, 1, 2, 3 and 4 µm) below the apical surface ofMCCs by using Fiji software
(http://fiji.sc/).

Quantification of fluorescence intensities of proteins
colocalizing with basal bodies
Images were processed and analyzed with Fiji software. In short, basal
bodies were automatically selected with the ‘FindMaxima’ function and the
size was set to ‘Extra-large’ in the ‘Point Tool’ function. Intensities of
fluorescently tagged proteins of interest and fluorescently tagged basal body
markers were measured with the ‘Measure’ function separately. The
normalized fluorescence intensity of a candidate protein is a ratio of a
fluorescent intensity of the candidate protein to the fluorescence intensity of
a basal body marker.

Quantification of basal body orientation
To quantify the orientation of the basal body rootlet, vectors from the tip of the
rootlet to the basal body were drawn manually in Fiji on maximum intensity
projections. The vector length, mean angle and statistical significance of
differences were determined by using the CircStat MATLAB toolbox, and
Compass plots were generated in MATLAB.
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