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Developmentally regulated GTP-binding protein
1 modulates ciliogenesis via an interaction with
Dishevelled
Moonsup Lee1, Yoo-Seok Hwang1, Jaeho Yoon1, Jian Sun1, Adam Harned2, Kunio Nagashima2, and Ira O. Daar1

Cilia are critical for proper embryonic development and maintaining homeostasis. Although extensively studied, there are still
significant gaps regarding the proteins involved in regulating ciliogenesis. Using the Xenopus laevis embryo, we show that
Dishevelled (Dvl), a key Wnt signaling scaffold that is critical to proper ciliogenesis, interacts with Drg1 (developmentally
regulated GTP-binding protein 1). The loss of Drg1 or disruption of the interaction with Dvl reduces the length and number of
cilia and displays defects in basal body migration and docking to the apical surface of multiciliated cells (MCCs). Moreover, Drg1
morphants display abnormal rotational polarity of basal bodies and a decrease in apical actin and RhoA activity that can be
attributed to disruption of the protein complex between Dvl and Daam1, as well as between Daam1 and RhoA. These results
support the concept that the Drg1–Dvl interaction regulates apical actin polymerization and stability in MCCs. Thus, Drg1 is a
newly identified partner of Dvl in regulating ciliogenesis.

Introduction
Ciliogenesis is an essential developmental process for organo-
genesis and tissue homeostasis in vertebrates. Cilia are
microtubule-based structures generated from the basal body, a
modified centriole, and protrude from the cell membrane. Most
cells in vertebrates possess nonmotile monocilia (primary cilia)
that contribute to signal transduction (e.g., shh) and the sensing
of environmental stimuli during development (Goetz and
Anderson, 2010). Multiciliated cells (MCCs) are represented in
the brain ventricles, respiratory track, and reproductive track in
mammals and the mucociliary embryonic epidermis of Xenopus
laevis. Multicilia are critical for regulating extracellular mole-
cules and fluid flow (Brooks andWallingford, 2014; Meunier and
Azimzadeh, 2016; Spassky and Meunier, 2017). To generate
multicilia, basal bodies, a specialized form of centriole, migrate
collectively to the apex of MCCs and dock at the MCC plasma
membrane (Dawe et al., 2007; Zhang and Mitchell, 2016). Basal
body docking requires the formation of an apical actin mesh-
work that is regulated by actin regulators, such as RhoA (Pan
et al., 2007; Werner et al., 2011).

As motile cilia develop inMCCs, the planar cell polarity (PCP)
components play a critical role in transducing polarization in-
formation and refining metachronal ciliary beating (Park et al.,
2006, 2008; Gray et al., 2009a; Mitchell et al., 2009; Yasunaga

et al., 2011). The core PCP component Dishevelled (Dvl; referred
to as Dsh elsewhere) plays a variety of roles in both normal
development and disease states (Gao and Chen, 2010). The de-
velopmental roles of Dvl are primarily governed by dynamic
changes in location and stability upon the interaction with dif-
ferent binding partners (Wong et al., 2003; Lee et al., 2018). In
part, it is the particular Wnt ligands and receptors that ulti-
mately determine Dvl-mediated signaling. Canonical Wnt sig-
naling will lead to β-catenin stabilization and induction of Wnt
target genes through TCF/LEF (T-cell factor/lymphoid
enhancer-binding factor) transcription factors (MacDonald
et al., 2009), and the canonical Wnt signal has been implicated
in vertebrate ciliogenesis (Shi et al., 2014; Zhao et al., 2016).
Noncanonical Wnt signaling leads to the activation of RhoA
through an interaction with Daam1 and promotes JNK signaling
(Schlessinger et al., 2009). Another noncanonical route of sig-
naling involves the transduction of signals through G proteins to
phospholipase C and inositol triphosphate, resulting in the re-
lease of calcium (Komiya and Habas, 2008). To fulfill this variety
of roles, Dvl collaborates with numerous binding partners
largely through three conserved domains (DIX, PDZ, and DEP),
along with two regions (the basic region and the proline-rich
region) that reside between the domains (Gao and Chen, 2010).
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The DIX and PDZ domains are required for activation of the
canonical Wnt signal by interacting with Frizzled receptors and
recruiting the Axin–GSK3β complex to the plasma membrane,
leading to β-catenin stabilization and localization in the nucleus
(Cliffe et al., 2003; Wong et al., 2003). The C-terminal DEP and
PDZ domains are essential for Wnt/PCP signaling (Liu et al.,
2008) and control a variety of PCP components that direct po-
larized cell behavior, including ciliogenesis (Pan et al., 2004; Yu
et al., 2007; Ganner et al., 2009). There are three Dvl genes in
vertebrates (Dvl1, Dvl2, and Dvl3), and they display divergent
expression patterns and distinct developmental roles among
different species (Gray et al., 2009b).

As a core PCP component, Dvl regulates multiciliation by
modulating the formation of the apical actin meshwork and
basal body docking in the epidermis of the Xenopus embryo (Park
et al., 2008), and loss of Dvl disrupts the function of MCCs in
adult mouse ependymal cells (Ohata et al., 2014). Although Dvl is
also known to contribute to ciliogenesis in MCCs through an
interaction with ERK7 or serving as a substrate for PTEN
(Miyatake et al., 2015; Shnitsar et al., 2015), it remains unclear
how Dvl modulates ciliogenesis in cooperation with its binding
partners during MCC development. Daam1, a member of the
Formin family of actin nucleation factors (Kühn and Geyer,
2014) and PCP effectors, associates with Dvl (Habas et al.,
2001). Daam1 has a critical role in morphogenetic processes
during vertebrate embryonic development (Li et al., 2011; Miller
et al., 2011; Ossipova et al., 2018), and a recent report demon-
strated that knockdown of Daam1 also causes ciliogenesis defects
in MCCs (Yasunaga et al., 2015), but whether a Dvl and Daam1
interaction is necessary to control multicilia formation in MCCs
was not addressed.

Developmentally regulated GTP-binding protein 1 (Drg1) is a
highly conserved Obg family GTPase among different species (Li
and Trueb, 2000), and it displays a broad range of expression in
both adult tissues and vertebrate embryos (Sazuka et al., 1992;
Kumar et al., 1993; Li and Trueb, 2000). There are two DRG
family members, Drg1 and Drg2 (Li and Trueb, 2000). These
proteins contain a GTP-binding domain, followed by a ThrRS,
GTPase, and SpoT (TGS) domain toward the C-terminus (Pérez-
Arellano et al., 2013). The generalized role of the TGS domain
relates to protein–protein interactions, such as ligand binding,
or a regulatory role in the context of certain enzymes (e.g.,
GTPases; Wolf et al., 1999). While Drg1 and Drg2 have 55%
identity at the amino acid level, they demonstrate a similar
broad spatial expression pattern by whole-mount in situ hy-
bridization (Ishikawa et al., 2009). It was previously reported
that Drg1 stimulates the transforming activity of c-myc and ras
by an interaction with TAL1 (Mahajan et al., 1996) and that Drg1
modulates protein translation in complex with Dfrp1 in mam-
malian cells (Ishikawa et al., 2005, 2009). A recent study also
indicates that Drg1 locates to mitotic spindle checkpoint proteins
and promotes tumorigenesis through an effect on cell cycle (Lu
et al., 2016). In Xenopus, Drg1 expression has been reported in
several regions of the brain, eye, otic vesicle, branchial arches,
somites, and all along the neural tube (Sazuka et al., 1992; Kumar
et al., 1993), while broad expression was found in mouse and
human tissues. The physiological role of Drg1 during vertebrate

development is still unclear, with no null vertebrate models
reported. In our study, we identify Drg1 as a novel binding
partner of Dvl that is required for the proper Dvl interaction
with Daam1. These interactions play a crucial role in modulating
the formation of the apical actin meshwork and basal body
docking in the MCCs.

Results
Drg1 associates with Dvl2 and Dvl3 in Xenopus embryos and
human cell lines
Dvl have several interacting proteins that mediate or regulate
their morphogenetic functions during development (Sharma
et al., 2018). To identify novel binding partners of Dvl in Xen-
opus embryos, we overexpressed a Dvl2 protein lacking the DIX
domain that is associated with canonical Wnt signaling and
performed immunoprecipitation (IP) and mass spectrometry
analysis. This analysis revealed Drg1 as a candidate Dvl2 binding
partner in Xenopus embryos (Table S1). To validate the Drg1–Dvl2
interaction, we performed co-IP using embryos exogenously
expressing tagged versions of both proteins. Drg1-V5 was de-
tected in Dvl2-HA immune complexes, and Dvl2-HA was de-
tected in Drg1-V5 immune complexes (Fig. 1 A). Co-IP analysis
from two human colon cancer cell lines, HT29 and LS174T,
demonstrated endogenous Drg1 in Dvl2 immune complexes
(Fig. 1 B), confirming that Dvl2 and Drg1 associate in vivo and
validating the IP/mass spectrometry data. Since Dvl consists of
three family members (Dvl1, Dvl2, and Dvl3; Gray et al., 2009b),
we determined which members associate with Drg1 by coex-
pressing each one along with Drg1 in embryos. Interestingly,
reciprocal co-IP analysis shows that Drg1 shows themost affinity
with Dvl2, followed by Dvl3, but displays little interaction with
Dvl1 (Fig. 1 C).

The DEP domain and the contiguous C-terminal region
(DEP+C) domain of Dvl and the TGS domain of Drg1 are
required for Dvl2–Drg1 interactions
Dvl have a host of interacting partners that bind via the various
domains within the protein (Gao and Chen, 2010). To locate the
region within Dvl2 necessary for an association with Drg1, de-
letion mutants of Dvl2 described in a previous study (Lee et al.,
2006) were used (Fig. 1 D). Co-IP analysis indicated that the Dvl2
mutant lacking the DEP+C domain significantly decreased the
interaction between Dvl2 and Drg1. Moreover, a protein con-
sisting of the DEP+C region was sufficient to interact with Drg1
(Fig. 1 D). Consistent with these results, the DEP+C domain of
Dvl3 is also required for an interaction with Drg1 (Fig. S1 A).

Protein domainmapping of Drg1 was performed to determine
the region necessary for an interaction with Dvl2 (Fig. S1 B).
Four deletion mutants of Drg1 (Δ1–65 [ΔN], Δ66–150 [ΔM1],
Δ151–290 [ΔM2], and Δ291–367 [ΔTGS]) were generated and
expressed along with Dvl2 in embryos. Co-IP analysis showed
that the TGS domain is required for a Drg1–Dvl2 interaction (Fig.
S1 B). Further testing was performed with several internal de-
letion mutants within the TGS domain (Fig. 1 E), and we found
that amino acids 329–344 of Drg1 is necessary for a robust as-
sociation with Dvl2. In contrast, a construct with the adjacent
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Figure 1. Drg1 associates with Dvl. (A) Exogenous Drg1 interacts with Dvl2. Dvl2-HA and Drg1-V5 mRNAs were injected in Xenopus embryos, and reciprocal
co-IPs were performed. 2.5% of input was loaded. (B) Endogenous Drg1 associates with Dvl2. Using lysates from HT-29 and LS174T colon cancer cells, en-
dogenous co-IPs were performed by precipitating endogenous Dvl2. 2.5% of input was loaded. IgG pull-down is a negative control. (C) Drg1 interacts with Dvl2
and Dvl3, but not Dvl1. The indicated Dvl-HA and Drg1-V5 mRNA were coinjected, and co-IPs were conducted by pull-down in both directions. 2.5% of input
was loaded. (D) Drg1 interaction domain mapping of Dvl2. The DEP+C region of Dvl2 is necessary and sufficient to interact with Drg1. The indicated WT and
deletion mutants of Dvl2-HA and Drg1-V5 mRNAs were expressed in Xenopus embryos, and co-IPs were performed in both directions. 2.5% of input was loaded.
(E) Dvl2 interaction domain mapping of Drg1. WT and the indicated deletion mutants of Drg1-V5 and Dvl2-HA were expressed in Xenopus embryos, and co-IPs
were conducted in both directions. Amino acids between 329 and 344 of Drg1 are required for the association with Dvl2. 2.5% of input was loaded. (F) Dvl2-HA
associates with Drg1-GST in vitro. 1 µg of the purified recombinant proteins was used for the in vitro binding assay. The asterisk marks a dimerized form of
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amino acids 313–328 deleted maintained the interaction with
Dvl2 (Figs. 1 E and S1 C), suggesting that amino acids 329–344 in
the TGS domain are required for the Drg1–Dvl2 interaction. To
address whether Drg1 has a direct interaction with Dvl2, we
performed an in vitro binding assay using purified recombinant
proteins and observed that the amino acids 329–344 are neces-
sary to associate with Dvl2 and that the TGS domain of Drg1 is
sufficient for the Drg1–Dvl2 interaction (Fig. 1 F), consistent with
the Drg1 domain mapping data (Fig. 1 E).

Drg1 localizes to the basal body area in MCCs
In Xenopus embryos, Drg1 transcripts are abundant in several
developing tissues and organs such as head, developing eye,
neural crest, pronephros, and notochord at the early tailbud
stages (Ishikawa et al., 2003). Since the development of MCCs
begins around the neurula stage (Zhang and Mitchell, 2016), we
examined the localization of Drg1 transcripts in the embryos at
these stages using whole-mount in situ hybridization. Drg1
transcripts are expressed in the ectoderm and neural plate (Fig.
S2 A). Although Drg1 protein localizes to both the cytoplasm and
nucleus in cultured cells (Ishikawa et al., 2005; Lu et al., 2016),
proteomic studies suggest that Drg1 may be a potential compo-
nent of cilia (Liu et al., 2007; Ishikawa et al., 2012). Thus, we
expressed a Drg1-GFP fusion protein along with centrin-RFP (as
a basal body marker) in embryos. In the MCCs, Drg1 localized to
the basal body region (Fig. 1 G), implicating a potential role of
Drg1 in ciliogenesis.

Drg1 is required for ciliogenesis in MCCs
Several lines of evidence indicate a potential role for Drg1 in
ciliogenesis, including studies identifying Drg1 as part of the cilia
proteome (Liu et al., 2007; Ishikawa et al., 2012), the demon-
stration that Dvl plays a critical role in ciliogenesis (Park et al.,
2008), and the preceding experiments showing the basal body
localization of Drg1 (Fig. 1 G). To test whether Drg1 participates
in ciliogenesis in MCCs, morpholino oligonucleotides (MOs)
against Drg1 were used. To target morpholinos to the epidermis
of embryonic MCCs, they were microinjected into the marginal
regions of both ventral blastomeres of four-cell-stage embryos.
Immunostaining showed acetylated tubulin was significantly
decreased in the MCCs of Drg1 morphants (Figs. 2 A and S2 D),
which is similar to phenotypes observed with MOs against Dvl2
and Dvl3 in the MCCs (Fig. S2 E). The reduced acetylated tubulin
staining observed upon Drg1 knockdown was rescued by MO-
resistant WT Drg1 expression (Fig. 2 A). The Drg1 MO–mediated
ciliogenesis defects and the rescue by WT Drg1 were also con-
firmed by scanning EM ofMCCs from the Drg1 morphants (Fig. 2
B). This analysis shows both the length and number of cilia in
Drg1 morphant MCCs decrease, and MO-resistant WT Drg1 ex-
pression partially but significantly rescues the length and pop-
ulation of MCC cilia (Fig. 2, C and D). However, when compared
with control, the Drg1 knockdown did not affect the surface area

of MCCs on the epidermis (Fig. 2 E). Also, we observed that
when compared with control embryos, Drg1 morphants dis-
played a significant decrease in the fluid flow across the epi-
dermis (Fig. 2 F and Videos 1, 2, and 3), suggesting that the Drg1
knockdown compromises the function of cilia in the MCCs. The
specificity of MOs and the efficient expression of MO-resistant
Drg1 mRNAs were affirmed using immunoblots (Fig. S2, B and
C). As an experimental control, exogenous expression of WT or
Drg1 mutants alone showed no effect on MCCs. Intriguingly, a
mutant Drg1 lacking amino acids 329–344 (required for an in-
teractionwith Dvl) failed to rescue acetylated tubulin staining in
the Drg1 morphants (Fig. 2 A), suggesting Drg1 may modulate
ciliogenesis in cooperation with Dvl in the MCCs.

Drg2 has >50% amino acid identity with Drg1 (Li and Trueb,
2000). Thus, we tested whether Drg2 is capable of associating
with Dvl, and although exogenously expressed Flag-tagged Drg2
formed an immune complex with HA-Dvl2 and HA-Dvl3 (Fig. S2
F), the endogenous Drg2 failed to interact with either Dvl2 or
Dvl3 in HT29 cells (Fig. S2 G). Moreover, unlike Drg1 morphants,
Drg2 morphants did not show any alterations in acetylated tu-
bulin staining (Fig. S2 H). These data clearly suggest that despite
the similarity in amino acid sequence between Drg1 and Drg2,
only Drg1 appreciably contributes to ciliogenesis in MCCs.

In addition to multicilia in MCCs, there are motile monocilia
in the gastrocoel roof plate (GRP) of neurula-stage Xenopus em-
bryos, which contribute to the determination of left–right
asymmetry (Schweickert et al., 2007).We testedwhether Drg1 is
required for motile monocilia formation in the GRP. To target
the GRP cilia, a mixture of MOs and mRNAs were injected to
both dorsal marginal regions of four-cell-stage embryos. Drg1
knockdown caused a reduction in the number and length of cilia
in the GRP, and the shortened length and the reduced number of
cilia in GRP cells was partially restored byMO-resistantWT Drg1
expression, but not by the Δ329–344 mutant that fails to interact
with Dvl (Fig. 2, G–I). These data suggest that Drg1 affects cili-
ogenesis in both MCCs and the GRP and that the interaction
between Drg1 and Dvl may be required for ciliogenesis.

Drg1 is required for planar polarization and apical docking of
basal bodies in MCCs
Since the planar polarization of basal bodies is essential to
multicilia function in the MCCs (Mitchell et al., 2007; Park
et al., 2008), we assessed the orientation of basal bodies in
Drg1 morphants using centrin-RFP (a basal body marker) and
CLAMP-GFP (a rootlet marker) as previously described (Park
et al., 2008). To determine the direction of basal body/root-
lets, we measured the mean orientation and the circular SD of
the rootlets within a single MCC relative to the anterior–
posterior axis of an embryo. The mean direction of basal
body/rootlets in the MCCs from control embryos at stage 27
oriented toward the posterior direction as expected (Mitchell
et al., 2007); however, the Drg1 morphants displayed marked

isolated TGS domain. 10% of input was loaded. (G) The subcellular localization of Drg1 in an MCC. Drg1-GFP (green) and centrin-RFP (red, basal body marker)
mRNAs were coinjected into the marginal region of both ventral blastomeres at the four-cell stage. The embryos were observed at stage 25. Images were
generated by maximum intensity projection from serial z-stack images. Scale bar, 5 µm.

Lee et al. Journal of Cell Biology 2662

A Drg–Dvl interaction regulates ciliogenesis https://doi.org/10.1083/jcb.201811147

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/218/8/2659/1609984/jcb_201811147.pdf by guest on 05 D

ecem
ber 2025

https://doi.org/10.1083/jcb.201811147


Figure 2. The Drg1–Dvl interaction is important for ciliogenesis in MCCs and the GRP. (A) Drg1 knockdown causes a significant reduction of acetylated
tubulin on the epidermis of tadpoles, and the expression of WT Drg1, but not the Δ329–344 mutant, rescues the knockdown phenotype. A cocktail of synthetic
mRNAs and morpholinos (7.5 ng each) was injected into both ventral blastomeres at the four-cell stage of embryos. The injected embryos were fixed at stage
27. For immunostaining, anti-acetylated tubulin antibody was used to visualize multicilia (red), and membrane-GFP (green) was used as a tracer. Relative
acetylated tubulin intensity is quantified (image n = 45 from 15 embryos for each condition). ****, P < 0.0001, one-way ANOVA; scale bars, 100 µm. Error bars
indicate ± SD. (B) Scanning EM of embryonic epidermis confirms Drg1 knockdown causes ciliogenesis defects. 7.5 ng of control and Drg1 morpholinos was
injected into both marginal ventral blastomeres at the four-cell stage, and embryos were fixed at stage 31. Scale bars, 12 µm. (C)Quantification of cilia length in
MCCs. Data are plotted as the mean, with error bars representing SD. Measured cilia, n > 100; embryos per group, n = 3; ***, P < 0.001; *, P = 0.012, one-way
ANOVA. (D)Quantification of cilia number per MCC, n = 10; embryos per group, n = 3; ****, P < 0.0001, one-way ANOVA. Error bars indicate ± SD. (E) The area
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directional misorientation of basal body/rootlets (Fig. 3 A).
Although WT Drg1 expression rescued the misorientation of
the rootlets in Drg1 morphants, the Drg1 Δ329–344 mutant
failed to rescue the posterior directionality, resulting in a
random orientation of basal body/rootlets (Fig. 3 A).

During multicilia formation, basal bodies migrate and
dock to the apical region of the MCCs (Boisvieux-Ulrich et al.,
1990; Werner and Mitchell, 2012; Zhang and Mitchell, 2016).
We expressed CLAMP-GFP and centrin-RFP in embryos as
markers of rootlets and basal bodies, respectively (Park et al.,
2008; Werner et al., 2014). CLAMP is enriched at the rootlets
associated with motile cilia and regulates PCP signaling as
well as asymmetric microtubule accumulation in MCCs (Kim
et al., 2018). To test whether Drg1 affects this process, em-
bryos expressing CLAMP-GFP and centrin-RFP were also
injected with Drg1 MO alone or along with WT or Drg1
Δ329–344 mutant RNAs. Comparing lateral views of MCCs
(via z-stacks), the apical location of CLAMP-GFP and centrin-
RFP was significantly disrupted upon Drg1 knockdown when
compared with control MO–injected embryos (Fig. 3 B). Even
when examining the focal plane 2 µm below the apical region,
apical localization of CLAMP-GFP was disrupted upon Drg1
knockdown, resulting in CLAMP-GFP also localizing below
the apical surface (Fig. 3 C). In the Drg1 morphants, expres-
sion of MO-resistant WT Drg1 restored the apical location of
CLAMP-GFP in the MCCs, as shown by the lack of CLAMP-
GFP signal below the apical plane (Fig. 3 C). In contrast, Drg1
Δ329–344 (Dvl-interaction mutant) failed to rescue this defect
(Fig. 3 B and C).

One plausible explanation for the apparent defect in basal
body docking upon Drg1 knockdown might be failure of the
MCCs to migrate to the epidermal surface. To determine
whether this was the case, we performed immunofluorescence
(IF) using an α-tubulin antibody to markMCC progenitors in the
epidermal epidermis. MCC progenitors maintain a high level of
α-tubulin expression (Chevalier et al., 2015). When compared
with the control morphants, Drg1 morphants did not display any
significant migration defects of the MCC progenitors (Fig. S3 A).
Consistent with this finding, examination of the surface area of
MCCs in earlier-stage embryos (stage 22) showed no significant
difference in the MCC surface area between control and Drg1
morphants (Fig. S3 B). This result is similar to that observed in
later stage (stage 27) embryos (Fig. 2 E). These data are also
supported by the scanning electron micrographs showing de-
fective cilia at the epidermal surface (Fig. 2 B). Taken together,
these data indicate that Drg1 regulates the behavior of basal
bodies in the MCCs through an interaction with Dvl.

An interaction between Drg1 and Dvl is required for apical
actin meshwork formation
The apical and subapical actin meshwork is required for the
basal bodies to dock within the apical region of the MCCs
(Boisvieux-Ulrich et al., 1990; Pan et al., 2007). Using phalloidin
staining to examine the actin layer in MCCs, we found that Drg1
morphants demonstrate significantly decreased phalloidin
staining in the apical region (Figs. 4 A and S3 C). Restoration of
phalloidin staining was observed when WT Drg1 was expressed
in the presence of the Drg1 MO. Unlike WT Drg1, no rescue was
observed by expressing the Drg1 Δ329–344 mutant (Figs. 4 A and
S3 C), suggesting that the interaction between Drg1 and Dvl
contributes to the formation of the actin meshwork in the apical
region of MCCs.

Small GTPases such as RhoA regulate actin cytoskeleton or-
ganization and remodeling (Hall, 1998; Sit and Manser, 2011;
Spiering and Hodgson, 2011), and Dvl-mediated regulation of
Rho activity is required for ciliogenesis in MCCs (Park et al.,
2008). Thus, we hypothesized that the Drg1–Dvl interaction
has an impact on Rho activity, thereby affecting formation of the
apical actin meshwork. To test this hypothesis, the Rho-binding
domain of Rhotekin-GFP (RBD-GFP) was used to detect endog-
enous active Rho, and centrin-RFP was used as a basal body
marker. Drg1 knockdown in embryos led to a marked reduction
of RBD-GFP signal in the MCCs when compared with the
abundant RBD-GFP signal accumulated at the basal bodies in the
control MCCs (Fig. 4 B). This decrease in RBD-GFP signal was
rescued upon Drg1 WT expression, but not upon expression of
the Drg1 Δ329–344 mutant expression (Fig. 4 B). The Western
blot for RBD-GFP showed that Drg1 knockdown did not affect the
amount of RBD-GFP protein (Fig. 4 B). Collectively, these data
suggest that the association between Drg1 and Dvl is critical to
forming the apical actin meshwork in the MCCs through Rho
activation.

One prediction from this concept is that important down-
stream targets of Rho GTPases such as LIM kinase (LIMK) and
cofilin, which are consequential to remodeling of the actin cy-
toskeleton (Etienne-Manneville and Hall, 2002), would also be
affected by Drg1 knockdown. LIMK directly phosphorylates co-
filin, leading to actin fiber stabilization and polymerization
(Bernstein and Bamburg, 2010). Thus, we assessed whether Drg1
knockdown affects the activity of Rho downstream targets in the
MCCs by performing IF with phospho-LIMK1 (phospho-Thr508)
and phospho-cofilin (phospho-Ser3) antibodies. The phospho-
LIMK1 and phospho-cofilin expression in the Drg1 morphant
MCCs was substantially decreased when compared with the
control MO–injected embryos (Fig. 4, C and D). Expression of

of epidermal MCCs of stage 27 embryos; MCCs, n = 100; embryos per group, n = 10; two-tailed unpaired t test. Error bars indicate ± SD. (F)Quantification of the
fluid flow with green fluorescent beads (Videos 1, 2, and 3). Velocity of five beads along the body axis was manually measured. Measured bead velocity per
embryo, n = 5; embryos (stage 27–28) per group, n = 10; stage 27 embryos; ****, P < 0.0001, one-way ANOVA. Error bars indicate ± SD. (G) Drg1 knockdown
decreases the length of cilia in the GRP. The indicated mRNAs and MOs were injected to both marginal dorsal blastomeres at the four-cell stage, and embryos
were harvested at stage 18. Dissected GRPs were fixed, followed by immunostaining using acetylated tubulin antibody (red) and anti-GFP antibody (green).
Mem-GFP is used as a tracer. Scale bars, 30 µm. (H) Quantification of cilia length in the GRP, measured cilia per group; n > 900, dissected GRPs per group; n =
10, ****, P < 0.0001, one-way ANOVA. Error bars indicate ± SD. (I) Quantification of cilia number on GRP; the ratio of the number of ciliated cells expressing
GFP to total GRP cells expressing GFP in experimental groups is normalized to the control and expressed as a relative value to the control (set as 1). GRPs per
group; n = 10, ****, P < 0.0001, one-way ANOVA. Error bars indicate ± SD. a.u., arbitrary units; n.s., not significant.
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WT Drg1, but not the Δ329–344 mutant, rescued phosphoryla-
tion of the Rho downstream targets in the Drg1 MO bearing
MCCs (Fig. 4, C and D). Since the available antibodies were
unable to detect endogenous total cofilin or LIMK as references,
we exogenously expressed a minimally detectable (by IF and
immunoblotting [IB]) amount of HA-tagged cofilin and HA-
tagged LIMK1 protein and found that the expression of these
proteins was unaltered in the absence of Drg1 (Fig. S3 D). These
data suggest that the decrease in phospho-cofilin and phospho-

LIMK1 found in Drg1 morphants is not likely due to total protein
reduction. These data confirm that the association between Drg1
and Dvl is required for Rho activation in the MCCs, resulting in
downstream targets modulating the formation of the apical actin
meshwork.

Drg1 GTPase activity is dispensable for ciliogenesis in MCCs
It remains unclear what physiological role is imparted by the
GTPase activity of Drg1 in vertebrate development. Therefore, we

Figure 3. Drg1 is required for planar polarization and apical docking of basal bodies in MCCs. (A) Planar polarization defect in Drg1 morphants. CLAMP-
GFP (rootlet marker) and centrin-RFP (basal body marker) were coinjected with the mixture of the indicated MOs and mRNAs. Areas enclosed by the red box
are magnified in the insets, and arrows indicate the orientation of basal body/rootlets in MCCs. The circular plots depict polarity of basal body/rootlets in
MCCs. Each arrow indicates the mean polar direction of basal body/rootlets in a single MCC. Arrow length depicts 1 minus circular variance of basal body/
rootlet orientation around the mean. Different colored arrows represent data from different embryos. Scale bars, 5 µm. (B) Basal body docking defect at the
apical regions of MCCs upon Drg1 knockdown. CLAMP-GFP and centrin-RFP mRNAs were coinjected with the cocktail of the indicated MOs and mRNAs. Serial
z-stack confocal images were projected in the y-z plane. Arrowheads indicate the position of MCC apical surface. Scale bars, 3 µm. (C) Basal body docking
defect at the MCC apical region upon Drg1 knockdown. CLAMP-GFP (green) and membrane-RFP (red) mRNAs were injected with the indicated morpholinos
and mRNAs. Top panels indicate apical region of MCCs and bottom panels 2 µm below the apical region. Scale bars, 5 µm.
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Figure 4. Drg1–Dvl interaction modulates apical actin enrichment in MCCs through Rho activation. (A) Apical actin meshwork decreases upon Drg1
knockdown. The loss of apical actin signal is rescued by expression of Drg1 WT, but not by the Drg1 Δ329–344 mutant. The embryos were injected with the
indicated MOs and mRNAs, fixed at stage 25, and stained with phalloidin (red) to visualize cortical F-actin in apical region of MCCs. GFP-CLAMP (green) marks
rootlets. ****, P < 0.0001, one-way ANOVA; n = 65. Scale bars, 5 µm. Error bars indicate ± SD. (B) Drg1 knockdown decreases Rho activity. Synthetic mRNAs of
RBD-GFP (green) and centrin-RFP (red) were coinjected with the indicated MOs and mRNAs, and embryos were fixed at stage 25. Fluorescence intensity of
experimental groups is normalized to the control MCCs and expressed as a percentage relative to control. Expression level of RBD-GFP was tested by Western
blot. Images are generated by maximum intensity projection of serial z-stack confocal images from apical (0 µm) to subapical region (−2.5 µm). ****, P <
0.0001, one-way ANOVA; n = 49. Scale bars, 5 µm. Error bars indicate ± SD. (C and D) Phosphorylation of Rho downstream targets is decreased by Drg1
knockdown. The embryos injected with the indicatedMOs and mRNAs were stained for phospho-cofilin (C) and phospho-LIMK1 (D). Statistical analysis by one-
way ANOVAwith post hoc Turkey’s multiple range tests. All results are derived from three independent experiments. ****, P < 0.0001, one-way ANOVA; n = 42
(C), 40 (D). Error bars represent mean ± SD. Scale bars, 30 µm. a.u., arbitrary units; n.s., not significant.
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assessed whether this activity may be required for ciliogenesis in
the MCCs. We generated a mutant Drg1 harboring two mutations
(S78N-T100D) that have been reported to greatly diminish the
GTPase activity (Francis et al., 2012; Pérez-Arellano et al., 2013;
Schellhaus et al., 2017). Similar to WT Drg1, the expression of the
S78N-T100Dmutant restored the acetylated tubulin expression in
the Drg1morphants (Fig. S4 A).MO-resistantWT andmutant Drg1
protein expression was confirmed by Western blot (Fig. S4, B and
C). Of note, the interaction between Drg1 and Dvl2, as evidenced
by co-IP analysis, was unchanged by the mutation (Fig. S4 D).
Although cilia morphology was restored by the GTPase mutant,
we tested whether ciliary function was also restored by assaying
fluid flow. While the Drg1 morphants displayed a significant de-
crease in the fluid flow across the epidermis, the exogenous ex-
pression of the S78N-T100D mutant or the WT control rescued
fluid flow (Fig. S4 E). Collectively, these data indicate that the
GTPase activity of Drg1 is not required for proper ciliogenesis in
the MCCs.

Drg1 knockdown has a mild effect on Dvl localization to the
basal body region in MCCs
Dvl2 is known to localize to basal body/rootlet areas in MCCs
(Park et al., 2008). Since Drg1 also localized to the basal body
region (Fig. 1 G), it was possible that Dvl2 may colocalize with
Drg1 in the MCCs. To assess this possibility, we carefully ti-
trated a minimal amount of RNA encoding the Dvl2 C-terminal
fragment fused to mCherry (Dvl2-C-term-mCherry) that
would allow detection of basal body/rootlet regions without
causing phenotypic effects in cilia (Park et al., 2008). Dvl2-C-
term-mCherry was coexpressed with Drg1-GFP, and a small
region of overlap is observed with the two proteins in the
MCCs (Fig. 5 A), which was confirmed by co-IP, indicating
that Drg1 associates with the Dvl2 C-terminal fragment (Fig. 5
B). We then tested whether knockdown of Drg1 affects Dvl2
localization in the MCCs. The indicated mRNAs and MOs were
injected into two ventral blastomeres at the four-cell stage,
and immunostaining was performed. In the control MO–
injected MCC controls, the C-terminal fragment of Dvl2 lo-
calized adjacent to centrin-RFP. Upon Drg1 knockdown, the
localization of the C-terminal fragment of Dvl2 was not as
restricted to the centrin-RFP and spread more easily within
the cytosolic region, but a considerable amount of C-terminal
fragments were still colocalized with the centrin-RFP (Fig. 5
C). WT Drg1 expression in the Drg1 morphants led to re-
stricted localization of the Dvl2 C-terminal fragments to the
basal body areas, but the Drg1 Δ329–344 Dvl2-interaction
mutant failed to suppress the Drg1 knockdown effect (Fig. 5
C). Notably, Drg1 localization to basal bodies was not affected
by the knockdown of Dvl (Fig. S5 A); however, as expected
with Dvl morphants, the spacing and distribution of the basal
bodies was disrupted (Fig. S5 A). Collectively, these data in-
dicate that Drg1 is not a primary contributor to the regulation
of Dvl location to the basal body/rootlet region and that Dvl is
not required for Drg1 localization to the basal body area
in MCCs.

Drg1 associates with Daam1 through Dvl
Having established that Drg1 has only a limited effect on
Dvl localization, we examined how a Dvl-interacting partner,
Daam1, might be impacted. Daam1 has been shown to directly
interact with Dvl (Habas et al., 2001) and play a critical role in
ciliogenesis in the MCCs (Yasunaga et al., 2015). Since the pre-
ceding experiments established that Drg1 interacts with Dvl and
affects ciliogenesis, we posited the question of whether Daam1
may be a component of the Drg1–Dvl complex. To examine this
concept, we tested whether Drg1 associates with Daam1 in em-
bryos exogenously expressing Drg1 and Daam1-GFP. Co-IP
analysis showed that Daam1 interacted with WT Drg1, but not
the Drg1 Δ329–344mutant (Fig. S5 B), revealing that amino acids
329–344 of Drg1, which are required for an interaction with Dvl,
are also required for an association with Daam1. One clear
possibility is that Dvl may mediate the interaction between Drg1
and Daam1 or that Daam1 mediates the Drg1–Dvl interaction.
Since antibodies to detect endogenous Drg1, Dvl2, and Daam1
proteins in Xenopus are not available, the extent of over-
expression of these proteins relative to the endogenous proteins
cannot be quantified. To determine whether there was a marked
difference in the affinity of protein interactions among Drg1,
Dvl2, and Daam1, we adjusted the expression levels of two
proteins tagged with the same epitope to comparable levels
while expressing the other binding partner tagged with a dif-
ferent epitope for IP. With the same expression levels of Dvl2
and Daam1, Drg1 tended to interact with Dvl2 somewhat more
robustly (Fig. 6 A). Reciprocally, Dvl2 preferred associating with
Drg1 relative to Daam1 when Drg1 and Daam1 were similarly
expressed (Fig. 6 B). Likewise, when Drg1 and Dvl2 were ex-
pressed at similar levels, the affinity between Daam1 and Dvl2
was slightly more robust than that between Drg1 and Daam1
(Fig. 6 C). Overall, these data did not indicate a dramatic dif-
ference in affinity of partner interactions among Drg1, Dvl2, and
Daam1 but showed that the Drg1–Dvl2 association was stronger
than the Drg1–Daam1 association. While the data collectively
suggest that Dvl may mediate the interaction between Drg1 and
Daam, it was still unclear. Thus, we explored whether removing
one of the endogenous proteins in the co-IP analysis would more
definitively determine which protein may be the critical link of
the complex. As both Dvl2 and Dvl3 interact with Drg1 (Figs. 1 C
and S2 G) and both are present in embryos, we testedwhether the
association between Drg1 and Daam1 could be detected in the
absence of Dvl2 and Dvl3. Embryos were injected with RNA en-
coding Drg1 and Daam1-GFP along with MOs against Dvl2 and
Dvl3. Co-IP analysis showed that the Drg1–Daam1 interaction
decreased upon the knockdown of Dvl2 and Dvl3 and that MO-
resistant Dvl2 expression was sufficient to restore the association
between the two proteins (Fig. 6 D). Interestingly, knockdown of
Daam1 did not affect the Drg1–Dvl2 interaction (Fig. S5 C), sup-
porting the concept that Dvl functions as a central scaffold to form
a complex that includes Drg1 and Daam1.

Drg1 is required for proper basal body and Daam1 localization
in MCCs
Since our data indicate that Dvl mediates the interaction be-
tween Drg1 and Daam1, we tested Daam1 localization within
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MCCs. Using IF microscopy in embryos exogenously expressing
Daam1, Daam1 localized to the apical and subapical area of MCCs
andwas detected in a diffuse manner both proximal and distal to
the basal bodies (Fig. S5 D). This locale is consistent with a
previous report showing Daam1 localization in the proximal
and/or distal side of basal bodies as well as decorating basal
bodies (Yasunaga et al., 2015). Exogenous expression of full-
length Daam1 was present in a broader pattern than Dvl,
which may not be unexpected, since Daam1 contains a Formin-

homology domain that associates with actin filaments. To test
whether Daam1 localization within MCCs is affected by the
presence of Drg1, we expressed the Daam1-GFP protein in the
presence or absence of the Drg1 MO. In contrast to the Daam1
localization in control embryos, the usual even spatial distri-
bution of Daam1-GFP around the basal bodies at the apical and
subapical regions of MCCs was severely disrupted in embryos
injected with the Drg1 MO (Fig. S5 E). Expression of WT Drg1
restored the spatial distribution pattern, but the Dvl-binding

Figure 5. Drg1 knockdown has a mild effect on Dvl localization to the basal body region inMCCs. (A) Drg1 colocalizes with the Dvl2 C terminus in MCCs.
The mRNAs of the Dvl2 C-terminal fragment tagged with mCherry and Drg1-GFP were coinjected into both marginal ventral blastomeres of four-cell-stage
embryos and fixed at stage 25. Images are generated bymaximum intensity projection of serial z-stack confocal images. Scale bar, 10 µm. (B) The C-terminus of
Dvl2 associates with Drg1. The indicated HA-tagged Dvl2 mutants were coexpressed with Drg1-Flag, and co-IP was performed. (C) Drg1 knockdown diminishes
Dvl2 C-terminal localization to the basal body area. mRNAs of Dvl2-c-term-GFP and centrin-RFP (basal body marker) were coinjected with the indicated MOs
and mRNAs. The expression level of Dvl2-c-term-GFP was tested byWestern blot. Embryos were fixed at stage 25–27. Serial z-stack images were generated. A
maximum intensity projection image is shown. Scale bars, 5 µm.
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Figure 6. Drg1 is required for Dvl–Daam1 signaling inMCCs. (A–C) The affinity of protein interactions among Drg1, Dvl2, and Daam1 were tested by IP with
the adjusted expression levels of two proteins tagged with the same epitope while expressing the other binding partner tagged with a different epitope. The
indicated mRNAs were injected at the one-cell stage, and co-IPs were performed using embryos at stage 12. (D) The Drg1–Daam1 interaction is disrupted by
Dvl knockdown. Drg1-V5 and Daam1-GFP mRNAs were coinjected with Dvl2 and Dvl3 MOs and/or Dvl2-Flag (MO resistant) mRNA, and co-IPs were performed
with embryos harvested at stage 20. The reduced interaction between Drg1 and Daam1 is restored by Dvl2-Flag expression. (E)mCherry-DAD and GFP-CLAMP
mRNAs were coinjected with the indicated mRNAs and MOs, and MCCs of embryos at stage 25 were observed. The close location of mCherry-DAD to CLAMP-
GFP was disrupted by Drg1 or Dvl knockdown in MCCs. Images were generated by maximum intensity projection of serial z-stack confocal images from surface
to subapical regions (up to −2 µm). Scale bars, 5 µm. DD, dimerization domain; DID, diaphanous inhibitory domain; FH1, formin homology 1; FH2, formin
homology 2; GBD, GTPase-binding domain.
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mutant (Drg1 Δ329–344) failed to restore the normal distribution
of Daam1-GFP in Drg1 morphant MCCs (Fig. S5 E).

Due to the more diffuse localization of full-length Daam1, it
was difficult to assess whether the Daam1 that is associated with
Dvl at the basal body area was affected by the loss of Drg1.

Therefore, we tested whether the diaphanous autoregulatory
domain (DAD) that interacts with Dvl may be responsible for
localizing Daam1 with Dvl in MCCs. We generated mCherry
fusion proteins, one with the N-terminal fragment (as a control)
and another with the DAD of Daam1. As expected, the DAD-
mCherry fusion protein colocalized with GFP-CLAMP in MCCs
(Fig. S5 F), whereas Dvl mostly localizes in MCCs (Park et al.,
2008). Unlike the N-terminal fragment of Daam1, mCherry-DAD
colocalized with GFP-Drg1 (Fig. S5 F), suggesting that the DAD of
Daam1 may play an important role in localizing Daam1 with the
Drg1–Dvl complex in MCCs.

Having observed that the DAD of Daam1 is responsible for
Daam1 localization in MCCs (Fig. S5 F), we tested whether Drg1
knockdown has an impact on the DAD localization in MCCs. A
minimal amount of DAD-mCherry RNA that was observed to
have no effect on ciliogenesis was coinjected with the CLAMP-
GFP RNA and the indicated MOs. Drg1 knockdown markedly
disrupted the localization of DAD-mCherry to the basal body/
rootlet regions, as indicated by the lack of colocalization with
CLAMP-GFP (Fig. 6 E). The introduction of anMO-resistant Drg1
RNA partially but substantively rescued the localization of DAD-
mCherry. As expected, the knockdown of both Dvl2 and Dvl3
phenocopied the DAD-mCherry localization observed in the Drg1
morphants (Fig. 6 E). Despite the disruption of basal body
spacing and distribution in Daam1 morphant MCCs, Daam1
knockdown did not affect Drg1 localization to basal bodies (Fig.
S5 G). Together, these data suggest that the Drg1–Dvl association
plays a substantive role in localizing Daam1 in MCCs.

Active Daam1 expression is sufficient to suppress Drg1
knockdown phenotypes in MCCs
It has been shown previously that the interaction between
Daam1 and Dvl is critical for Daam1 activation via release from
an autoinhibited state, which allows Daam1 to have enhanced
interactions with Rho-GTP (Liu et al., 2008). Our data suggest
that Drg1 plays a role in proper Daam1 localization with Dvl as
well as RhoA activation. Although we have shown that Daam1
knockdown does not affect the Drg1–Dvl interaction (Fig. S5 C),
our data showing that DAD-mCherry mislocalizes away from the
basal body/rootlets in the Drg1 morphants (Fig. 6 E) suggest that
Drg1 may affect the association between Daam1 and Dvl. More-
over, it was also important to determine whether Drg1 has a role
in the known Daam1 interaction with RhoA (Habas et al., 2001).
To address these issues, we performed co-IP analyses of em-
bryonic lysates from embryos exogenously expressing Daam1
and Dvl2 in the presence of Drg1 MO to block endogenous Drg1
expression. Drg1 knockdown decreased the Daam1–Dvl2 inter-
action, which was restored by expressing an MO-resistant WT
Drg1 (Fig. 7 A). Likewise, we performed co-IP analysis of lysates
from embryos expressing HA-tagged Daam1 and RhoA-GFP in
the presence of the Drg1 MO. The interaction between Daam1
and RhoA was also reduced by Drg1 knockdown and restored by

re-expression of WT Drg1 (Fig. 7 B). These data suggest that Drg1
plays a substantive role in the Dvl–Daam1 interaction, which is
an important determinant of RhoA activity and the formation of
the apical actin network.

One important test of the Drg1–Dvl–Daam1 pathway model is
whether Daam1 activation is sufficient to suppress the Drg1
knockdown effects on ciliogenesis. We employed a constitu-
tively active form of Daam1 consisting of the Daam1 C-terminus
(C-Daam1; Liu et al., 2008). The C-Daam1 encoding plasmid was
coinjected with the indicated MOs and RNAs, and acetylated
tubulin staining was performed. We titrated the C-Daam1 en-
coding DNA and injected the minimum amount required to re-
store the acetylated tubulin staining of the cilia that had been
markedly inhibited in the Drg1 morphants (Fig. 7 C). As ex-
pected, a similar amount of nonactivated WT Daam1 protein
expression failed to rescue the cilia-associated acetylated tubulin
staining in the Drg1 morphants. Moreover, phalloidin staining
clearly showed that the active Daam1 rescued the ciliogenesis
defects in the Drg1 morphants through restoration of the apical
actin meshwork inMCCs (Fig. 7 D). Thus, these data suggest that
upon Drg1 knockdown, Daam1 has decreased interactions with
RhoA and may compromise actin polymerization mediated by
these molecules and their downstream effectors (Liu et al.,
2008). Taken together, the Drg1–Dvl interaction maintains the
proper interactions between Dvl and Daam1 in the MCCs and
regulates the actin nucleation activity of Daam1.

Discussion
In the current study, we used overexpression of N-terminally
truncated Dvl2 in Xenopus embryos along with IP and mass
spectrometry to identify a Dvl-interacting protein, Drg1. Since
Dvl is required for both apical docking and planar polarization of
basal bodies in vertebrate mucociliary epithelial development
(Park et al., 2008), we examined the role of the Drg1–Dvl in-
teraction in multicilia formation. As multicilia are specialized
structures required for tissue homeostasis and organ develop-
ment and functions, multiciliogenesis consists of several critical
steps, including basal body docking and apical actin meshwork
formation, that require fine-tuned choreography among a va-
riety of proteins. One example is the PCP proteins governing
multicilia formation (Brooks and Wallingford, 2014; Meunier
and Azimzadeh, 2016). In MCCs, the core PCP component Dvl
modulates basal body polarization, docking, and Rho activity
(Park et al., 2008) in cooperation with the PCP effector Inturned
(Park et al., 2006). Although Daam1, another PCP effector, is a
known downstream target of Dvl, it remains unclear whether
Dvl–Daam1 interactions contribute to multicilia formation. In-
stead, Daam1’s association with NPHP4, an actin nucleating
factor, is known to be required for subapical actin formation in
MCCs (Yasunaga et al., 2015). Although it is not a PCP compo-
nent, ERK7, an atypical mitogen-activated protein kinase, also
associates with Dvl through the DEP+C domain, leading to
phosphorylation of CapZIP, a regulator of actin and ciliogenesis
(Miyatake et al., 2015). Since interaction with this region of the
protein is shared by other molecules, it may be required to
generate a signaling complex to modulate ciliogenesis.
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Figure 7. Drg1 modulation of Daam1 activity is critical for multiciliation. (A) Drg1 knockdown reduces the Dvl2–Daam1 interaction. The cocktail of the
indicated mRNAs and MOs was injected into embryos, and co-IPs were conducted with embryos harvested at stage 20. MO-resistant Drg1-V5 expression
rescues decreased the Dvl2–Daam1 interaction upon Drg1 knockdown. (B) Drg1 knockdown decreases the Daam1–RhoA interaction. The indicated mRNAs and
morpholinos were coinjected into embryos, which were collected at stage 20 for co-IP analysis. (C) C-Daam1 expression rescues reduced acetylated tubulin
staining upon Drg1 knockdown. The indicated mRNAs and MOs were injected to two ventral blastomeres at the four-cell stage. For C-Daam1 expression, 2.5 pg
of HA-tagged C-Daam1 encoding plasmid DNAs were injected. The embryos fixed at stage 27 were used for immunostaining. Expression levels of Daam1-WT
and C-Daam1 were tested by Western blot. Relative acetylated tubulin intensity is quantified (image n = 40 from 15 embryos for each condition). ****, P <
0.0001, one-way ANOVA. Scale bars, 50 µm. (D) C-Daam1 expression restores the formation of the apical actin meshwork that was decreased upon Drg1
knockdown. The indicated mRNAs and MOs were coinjected into two ventral blastomeres of four-cell-stage embryos and fixed at stage 27 for phalloidin and
acetylated tubulin staining. ****, P < 0.0001, one-way ANOVA; n = 40. Scale bars, 5 µm. Error bars indicate ± SD. n.s., not significant.
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Since the basal body is a microtubule organizing center, the
basal body localization of Drg1 (Fig. 1 G) is consistent with pre-
vious reports demonstrating that Drg1 may play a role in mi-
crotubule dynamics (Lu et al., 2016; Schellhaus et al., 2017). We
hypothesized that the novel Dvl binding partner Drg1 modulates
ciliogenesis through the interaction with Dvl in the MCCs. This
concept was based on the following compelling initial evidence:
(1) Drg1 localized to basal body regions (Fig. 1 G), (2) Drg1 colo-
calized with the C terminus of Dvl in MCCs (Fig. 5 A), and (3)
proteomic studies indicated that Drg1 may be a ciliary protein
(Liu et al., 2007; Ishikawa et al., 2012).

Within the region inhabited by basal bodies, the Drg1–Dvl
complex controls apical actin enrichment by two different but
related mechanisms (Fig. S5 H). One mechanism is that the
Drg1–Dvl complex stabilizes the apical actin cytoskeleton through
RhoA- and GTPase-associated kinases that target LIMK-1 (Fig. 4 D),
which in turn phosphorylates cofilin on serine (Fig. 4 C) and
compromises cofilin severing activity, leading to actin fiber stabi-
lization (Bernstein and Bamburg, 2010; Fig. 4 A). In support of such
a process, cofilin-1 phosphorylation increases during MCC differ-
entiation in human airway epithelial cells (Chevalier et al., 2015).
Using anothermechanism, the Drg1–Dvl complex can interact with
Daam1 (Fig. 6, A–D; and Fig. S5 B), and relieve its autoinhibition,
thus activating Daam1’s ability to polymerize actin (Liu et al., 2008;
Fig. 4 A). Consistent with both mechanisms, knockdown of Drg1
caused a significant decrease in the interaction between Dvl and
Daam1 (Fig. 7 A) as well as the association of RhoA with Daam1
(Fig. 7 B). Drg1 MO–mediated disruption of the Drg1–Dvl–Daam1
complex led to a loss of active Rho in the MCCs (Fig. 4 B). This
mechanism is supported by our data showing that the con-
stitutively active Daam1 (C-Daam1) expression is sufficient to
bypass the requirement for Drg1 and suppress Drg1 knock-
down effects by restoring the apical actin meshwork in MCCs
(Fig. 7, C and D). Together, these data indicate that Drg1
scaffold function is critical for Daam1 activation, resulting in
apical actin enrichment.

Although Drg1 belongs to the subfamily of Obg GTPases,
the physiological role of Drg1 as a GTPase is largely unknown.
Expression of the Drg1 mutant (S78N-T100D) rescued the
acetylated tubulin levels (Fig. S4 A) as well as the velocity of
fluid flow on MCCs that were diminished upon Drg1 knock-
down, and these mutants maintained the ability to associate
with Dvl2 (Fig. S4, D and E). Thus, the role of Drg1 and its
interaction with Dvl is independent of GTPase activity and
may function as a scaffold to recruit Dvl and other binding
partners to the basal body region.

It is of interest that our data indicate that the other Drg
subfamily member, Drg2, may not play a role in ciliogenesis in
Xenopus MCCs. The association between Drg2 and Dvl occurred
only when overexpressed (Fig. S2, F and G). A similar differ-
ential interaction of Drg1 and Drg2 with respect to other proteins
was observed in a previous study (Ishikawa et al., 2009) that
showed Drg1 interacts with Dfrp2 only when ectopically over-
expressed, while Drg2 endogenously interacts with Dfrp2
(Ishikawa et al., 2009). Furthermore, contrary to an expected
functional redundancy between Drg1 and Drg2 based upon the
structural similarities, they do not share physiological functions.

For example, the Drg1–Dfrp1 complex is found in ribosomal
subunits, but Drg2–Dfrp2 was not detected in ribosomal frac-
tions. This differential subcellular distribution pattern between
Drg1 and Drg2 may contribute to the exclusive endogenous in-
teraction of Drg1 with Dvl. In addition, the Drg1 amino acid se-
quence (329–344) that is required for the Dvl interaction is
highly homologous but not identical in the Drg2 counterpart.
The amino acid differences may impact the interaction with Dvl.
For example, threonine 327 and serine 328 of Drg2 are not
shared by Drg1 (isoleucine 330 and lysine 331) and may repre-
sent potential phosphorylation sites leading to protein structural
changes upon phosphorylation. We cannot comprehensively
preclude the possibility that Drg2 may have involvement in
ciliogenesis in a different context (e.g., nonmotile primary cilia),
since Drg2 has been reported to modulate Rab5 activity in hu-
man cells (Mani et al., 2016). Rab5 is implicated in ciliary en-
domembrane processes at or near the ciliary base (Blacque et al.,
2018). Also, Drg2 appears to regulatemembrane tubulin stability
cooperatively with Rac1 in mammalian cells (Mani et al., 2017).
However, our Drg2MO results (Fig. S2 G), along with the lack of
an interaction between endogenous Drg2 and Dvl (Fig. S2 H),
strongly suggest that the ciliary role for Drg1 is not shared
with Drg2.

Taken together, the Drg1–Dvl interaction plays a critical role
in ciliogenesis in MCCs by regulating the localization of Daam1
and commensurate RhoA activity, contributing to basal body
docking and the formation of the apical actin meshwork. In
addition to its function in multicilia, Drg1 might contribute to
other types of cilia such as monocilia (motile or nonmotile). This
assertion is supported by our evidence showing that Drg1
knockdown in the GRP reduced the length of motile monocilia
(Fig. 2, G–I). Additionally, Drg1 morphants in which the mor-
pholinos were targeted to dorsal embryonic regions show a re-
duced head size, decreased Vax1 expression, and diminished
separation of the two eye fields. These phenotypes are quite
similar to the cranial defects observed in hedgehog signaling
mutants (Fig. S5 I). Since mutant proteins required for cilia
function are implicated in impaired hedgehog signaling
(Murdoch and Copp, 2010), the comparable phenotypes of Drg1
morphants may also suggest a role of Drg1 in the formation of
nonmotile monocilia. Consistent with this concept, other studies
identify Drg1 is a potential component of the mouse photore-
ceptor sensory cilium complex (Liu et al., 2007) as well as pri-
mary cilia from mouse kidney cells (Ishikawa et al., 2012). Thus,
Drg1 may play a similar Dvl-dependent scaffold role during the
development of a variety of cilia.

Materials and methods
Xenopus embryo microinjection and manipulation
To obtain eggs, female frogs were injected with human chorionic
gonadotropin (SG-10; Sigma-Aldrich) at 600 U a day before
microinjection. The next day, collected eggs were in vitro fer-
tilized with sperm for 30 min before dejellying embryos. SP6
mMESSAGE mMACHINE kit (AM1340; Life Technologies) was
used to prepare synthetic mRNAs for microinjection. Drg1
morpholinos (Drg1-MO1: 59-CTAGCCAGTGTCCCGCTCATTGTT
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C-39, and Drg1-MO2: 59-CCGGTGTAGGTCGCTTCACAGCAAA-39),
Dvl2 morpholino (Dvl2-MO: 59-TCACTTTAGTCTCCGCCATTC
TGCG-39), Daam1 morpholino (Daam1 MO: 59-GCCGCAGGTCTG
TCAGTTGCTTCTA-39), Dvl3 morpholino (Dvl3-MO: 59-GGTAGA
TGACCTTGGTCTCCCCCAT-39), and control MOswere purchased
from Gene Tools and prepared according to the manufacturer’s
instructions. Embryos were microinjected with RNAs and/or
MOs at the animal pole at the one-cell stage for co-IP experi-
ments. To target MCCs on the epidermis, morpholinos and
mRNAs were injected to both marginal ventral blastomeres of
embryos at the four-cell stage. To target cilia on GRP, morpho-
linos and mRNAs were injected to both marginal dorsal blasto-
meres of embryos at the four-cell stage.

Immunoblots
Embryos were lysed using TNSG buffer (50 mM Tris-HCl, pH
7.4, 150 mM NaCl, 1% NP-40, 10% glycerol, and protease in-
hibitors). Protein lysates were loaded on SDS–polyacrylamide
gels (8–12%) and transferred to polyvinylidene difluoride
membrane. After blocking in TBST (TBS buffer with 0.1%
Tween20) containing 5% nonfat dry milk, antibodies were in-
cubated as per the manufacturer’s instructions.

Co-IP
For co-IPs of exogenous protein interactions, the injected
embryos were lysed with TNSG buffer including protease
inhibitors. Tagged proteins were precipitated with mono-
clonal anti-HA agarose beads (A2095; Sigma-Aldrich), anti-
V5 agarose beads (A7345; Sigma-Aldrich), or anti-Flag M2
affinity gel (A2220; Sigma-Aldrich). For GFP-tagged protein
pull-down, anti-GFP antibody was used. The resultant im-
munocomplexes were formed for 8 h at 4°C on a nutator and
washed with lysis buffer four times. For co-IPs of endoge-
nous protein interactions, HT29 and LS174T cells were lysed
with TNSG containing 0.5% NP-40, and 10 µl of anti-Dvl2
antibody was incubated with 2 mg of total lysates at 4°C
overnight, followed by an additional incubation with protein
A/G plus agarose beads (sc-2003; Santa Cruz Biotechnology)
for 2 h. Bead immunocomplexes were washed three times
with the same lysis buffer. To examine coprecipitation of
Drg1 with Dvl2, IB with Drg1 antibody was followed.

Recombinant protein purification and in vitro binding assay
The pGEX4T-2 plasmids encoding WT, Δ329–344, and the TGS
domain of Drg1 or Dvl2-HA were transformed into Rosetta
(DE3)-competent cells (70954; Sigma-Aldrich). The production
of GST fusion proteins was induced by isopropyl-β-D-thio-
galactopyranoside at 0.1 mM. GST-Drg1 (WT, Δ329–344, and the
TGS domain) proteins were precipitated by glutathione se-
pharose 4B resin and eluted by incubating with glutathione at
184 mM. For the purification of Dvl2-HA protein, the complex of
GST-Dvl2-HA and glutathione resin was incubated with
thrombin. For the in vitro binding assay, 1–2 µg of the purified
recombinant proteins was used, and the proteins were incu-
bated in in vitro binding buffer (20 mM Tris, pH 7.5, 150 mM
NaCl, 0.1% NP-40, and PMSF) for 1–2 h before washing with the
in vitro binding buffer.

IF and confocal microscopy
Embryos were fixed with MEMFA (4% formaldehyde in 1×
MEM salt) for 2 h at RT or 4°C overnight and permeabilized
with 0.2% Triton X-100 in PBS. For immunostaining to detect
phospho-proteins, embryos were fixed with 2% TCA (T6399;
Sigma-Aldrich) for 20–30 min at RT and permeabilized with
0.3% Triton X-100 in PBS for 30 min, followed by blocking
embryos with PBS containing 2% BSA. Then, embryos were
incubated with primary antibody in blocking solution at 4°C
overnight. For secondary antibody incubation, Alexa Fluor 488
goat anti-rabbit IgG (dilution 1:500, A11034; Invitrogen), Alexa
Fluor 594 goat anti-mouse IgG (dilution 1:500, A11005; In-
vitrogen), and Alexa Fluor 647 goat anti-mouse IgG (dilution 1:
500, A28181; Invitrogen) were used. Confocal microscopy was
performed with an LSM 780 microscope equipped with a Plan-
Apochromat 63×/1.4 oil differential interference contrast ob-
jective. Serial z-stack images for a single MCC and multiple
MCCs (low magnification) were taken with 0.2 µm and 0.8 µm
distance, respectively.

Quantification of PCP defects in MCCs
The images of CLAMP-GFP and centrin-RFP were taken using
Plan-Apochromat 63×/1.4 oil differential interference contrast
objective. The planar polarization defects were quantified as
previously described (Werner and Mitchell, 2013). The relative
angle composed of a reference anterior-posterior axis and the
line connecting basal body and rootlet was measured using Fiji
and analyzed using Oriana 4.0 (Kovach Computing Services)
circular statistics software.

Antibodies
The following antibodies were used for IB, IF, and IP experi-
ments: anti-Drg1 antibody (dilution 1:1,000 for IB, PAB20044;
Abnova), anti-Drg2 antibody (1:1,000 for IB, NBP2-16227; Novus
Biological), anti-acetylated tubulin antibody (1:1,000 for IF,
T7451; Sigma-Aldrich), monoclonal anti–α-tubulin antibody
(1:500 for IF, T9026; Sigma-Aldrich), anti-Dvl2 antibody (1:1000
for IB, 1:200 for IP, 3216S; Cell Signaling Technology), anti-Dvl3
antibody (1:2,000 for IB, 2 µg for IP, 13444–1-AP; Proteintech),
anti-phospho-cofilin (Ser3) polyclonal antibody (1:500 for IF, 44-
1072G; Thermo Fisher Scientific), anti-phospho LIMK1 (phospho
T508) antibody (1:500 for IF, ab38508; Abcam), anti-GAPDH
antibody (1:5,000 for IB, FL-335; Santa Cruz Biotechnology),
anti-GFP antibody (1 µl/tube for IP, 1:500 for IF, NB600-308;
Novus Biological), anti-GST antibody (1:2,000 for IB, ab19256;
Abcam), HA-tag (C29F4) antibody (1:1,000 for IF, 3724; Cell
Signaling Technology), anti-V5-peroxidase antibody (dilution
1:10,000 for IB, V2260; Sigma-Aldrich), and monoclonal anti-
Flag-M2 HRP antibody (dilution 1:5,000 for IB, A8592; Sigma-
Aldrich).

Molecular cloning and plasmids
Xenopus Drg1 and Xenopus Drg2 constructs were kindly pro-
vided by Dr. Jun-ichiro Inoue (The University of Tokyo, To-
kyo, Japan). The PCR-amplified coding regions were cloned
into pCS2. To produce proteins with tags (e.g., HA, Flag, and
V5), tag coding sequences were added to reverse primers. The
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point mutants of Drg1 (S78N-T100D) were generated by a site-
directed mutagenesis method. The deletion mutants of Xen-
opus of Dvl2 were previously described (Lee et al., 2006; Yoon
et al., 2018). Full-length Xenopus Dvl1 and Dvl3 were PCR
amplified from cDNA pools generated frommRNAs of stage 20
embryos and subcloned into pCS2 vector. The deletion mu-
tants of Drg1 (Δ313–328 and Δ329–344) and Dvl3 (ΔPDZ) were
generated by site-directed mutagenesis. For the other deletion
mutants of Drg1 and Dvl3, inserts were PCR amplified and
subcloned into pCS2 vector. Daam1-HA plasmid is a gift from
Dr. Sergei Sokol (Icahn School of Medicine at Mount Sinai,
New York, NY). To generate mutants N-Daam1, C-Daam1, and
DAD (Liu et al., 2008; Ju et al., 2010), the DNA sequences were
PCR amplified and subcloned into pCS2 or pCS2-mCherry
(34936; Addgene). HA-tag encoding DNA sequence was
added to a forward primer. CLAMP-GFP and Centrin4-RFP
constructs were kindly provided by Dr. John Wallingford
(The University of Texas at Austin, Austin, TX). The se-
quences of all subcloned plasmids were verified by DNA
sequencing.

Scanning EM
The embryos at stage 31 were fixed in a cocktail of 4% formal-
dehyde and 2% glutaraldehyde in 0.1 M cacodylate buffer and
post-fixed using a 1% osmium tetroxide solution, followed by
dehydration in a series of graded alcohols ranging from 35% to
100%with a final dehydration course of tetramethylsilane and air
dried. The samples were subsequently mounted on stubs, sputter
coated with a thin layer of iridium, and imaged at 2.0 kV using a
Hitachi S-4500 field emission scanning electron microscope.

Assessment of fluid flow
The experimental setup and materials followed the previous
publication (Werner and Mitchell, 2013). To visualize fluid flow,
a dissecting scope equipped with a digital camera (Canon Pow-
ershop G10) was used. Fluorescent beads (F8836; Invitrogen)
were diluted 1:20 with 0.1× Modified Barth’s Saline (MBS) and
washed two or three times by centrifuging at 5,000 rpm for
1 min. Bead pellets were resuspended with 0.1× MBS including
1.5% glycerol and dropped onto anesthetized embryos at stage 27
before imaging started. Videos were taken with 10 embryos per
group, and velocity of fluid flow was manually measured by
tracking individual beads along the body axis on full zoomwith a
27-inch monitor using the 2× reverse playing mode of Quick-
Time player.

Mass spectrometry
Embryos were microinjected with mRNAs encoding Xenopus V5-
tagged Dvl2 lacking the DIX domain, and 600 embryos per group
were harvested, followed by IP. Gel running was conducted
using a 4–12% Bis-Tris gradient gel (NP0321PK2; Thermo Fisher
Scientific). After staining with SimplyBlue SafeStain (LC6060;
Invitrogen), gel bands were excised and digested with trypsin.
Digested peptides were analyzed by an Easy-nLC 1000 instru-
ment with a LTQ Velos Pro mass spectrometer (Thermo Fisher
Scientific), as previously described (Ding et al., 2017). Acquired
tandem mass spectrometry spectra UniProt Xenopus protein

database with SEQUEST interfaced with BioWorks 3.3 (Thermo
Fisher Scientific) was used to identify the acquired tandemmass
spectrometry spectra.

Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed as previously
described (Harland, 1991). Briefly, we used MEMFA (100 mM
MOPS, pH 7.4, 2 mM EGTA, 1 mM MgSO4, and 3.7% formalde-
hyde) as a fixative. Fixed embryos were dehydrated in methanol
at −20°C overnight and rehydrated in PBST (PBS + 0.1%
Tween20), followed by incubation in 100 mM triethanolamine.
After incubation in 100 mM triethanolamine containing 0.25%
acetic anhydride, embryos were refixed in 4% paraformaldehyde
and washed with PBST. RNA probes were generated from Xen-
opus Drg1 cDNA (nucleotide from +1 to +1,104; Ishikawa et al.,
2003) using MEGAshortscript T7 kit (AM1354; Invitrogen), and
embryos were hybridized with RNA probes at 60°C overnight.
Embryos were washed with 2× SSC and 0.2× SSC solutions at
60°C and treated with RNases (RNaseA and RNaseT). Following
blocking, embryos were incubated with anti–Digoxigennin-AP
antibody (11266027; Roche). BM purple alkaline phosphatase
substrate (19457200; Roche) was used for chromogenic reaction.

Statistics
The one-way ANOVA with Turkey’s multiple comparisons test
and the unpaired two-tailed t test were performed using Prism8.

Online supplemental material
Fig. S1 shows that Dvl3 interacts with Drg1 through DEP+C and
that the TGS domain of Drg1 is required for the Dvl2–Drg1 as-
sociation. Fig. S2 shows that Drg1 knockdown with MO2 having
another target sequence also causes decreased acetylated tubulin
staining and that coknockdown of Dvl2 and Dvl3 phenocopies
the Drg1 knockdown; however, Drg2 knockdown does not in-
duce ciliogenesis defects. Fig. S3 shows that the migration of
MCC progenitors to the surface of the epidermis is not delayed
upon Drg1 knockdown and that Drg1 knockdown does not affect
total amount of exogenous cofilin and LIMK1 proteins. Fig. S4
demonstrates that Drg1 knockdown phenotypes are independent
of the GTPase activity. Fig. S5 shows the DAD of Daam1 coloc-
alizes with Drg1 in MCCs and that Drg1 knockdown causes ab-
normal localization of Daam1 in MCCs. Table S1 shows a list of
proteins detected in the mass spectrometric analysis of Dvl2 IPs
from Xenopus embryos expressing Dvl2. Videos 1, 2, and 3 show
that Drg1 knockdown causes defects in ciliary fluid flow across
the epidermis of embryos at stage 27–28. Videos 4, 5, 6, and 7
show the GTPase activity of Drg1 is not required for ciliary
function in the MCCs.
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