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Cytokinesis and ciliogenesis are fundamental cellular processes that require strict coordination of microtubule
organization and directed membrane trafﬁcking. These
processes have been intensely studied, but there has
been little indication that regulatory machinery might be
extensively shared between them. Here, we show that several central spindle/midbody proteins (PRC1, MKLP-1,
INCENP, centriolin) also localize in speciﬁc patterns at the
basal body complex in vertebrate ciliated epithelial cells.
Moreover, bioinformatic comparisons of midbody and cilia
proteomes reveal a highly signiﬁcant degree of overlap.
Finally, we used temperature-sensitive alleles of PRC1/spd1 and MKLP-1/zen-4 in C. elegans to assess ciliary functions while bypassing these proteins’ early role in cell division. These mutants displayed defects in both cilia function
and cilia morphology. Together, these data suggest the conserved reuse of a surprisingly large number of proteins in
the cytokinetic apparatus and in cilia. V 2010 Wiley-Liss, Inc.
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ilia are microtubule-based organelles that project
from cells, and mutations of genes associated with
ciliogenesis underlie a broad spectrum of disorders in
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humans [Marshall, 2008; Sharma et al., 2008]. As such,
understanding the full complement of proteins required
for establishing and maintaining cilia structure and function will be important. Genomic and proteomic
approaches have deﬁned the basal body and cilia proteomes, but many proteins essential for ciliogenesis are
not present in these datasets [Gherman et al., 2006; Inglis
et al., 2006; Park et al., 2006; Hayes et al., 2007; Gray
et al., 2009]. Functional screens might be expected to
reveal these other important ciliogenesis factors [e.g., Kim
et al., 2010], but many proteins have pleiotropic functions
that may render their role in cilia invisible to such screens.
Indeed, recent reports demonstrate exocytic roles for some
proteins required for ciliogenesis [Finetti et al., 2009;
Gray et al., 2009].
Cilia assembly and function require strictly coordinated
microtubule organization and membrane delivery [Sorokin,
1968; Nachury et al., 2007; Park et al., 2008; Gray et al.,
2009]. Cells face a similar challenge during cytokinesis, as
proteins in the central spindle must both organize the
microtubule bundles and direct membrane trafﬁc into the
nascent cleavage furrow [Gromley et al., 2005; Albertson
et al., 2008; Glotzer, 2009]. In fact, a small number of regulatory proteins have been implicated in both processes (e.g.
CP110, the exocyst, BBS6, RhoA; [Gromley et al., 2005;
Kim et al., 2005; Pan et al., 2007; Spektor et al., 2007;
Park et al., 2008; Shah et al., 2008; Zuo et al., 2009]).
The protein network that includes PRC1, INCENP,
MKLP-1, and centriolin acts at the central spindle and
midbody and has been studied extensively for its role in
cytokinesis [Jiang et al., 1998; Kurasawa et al., 2004;
Gromley et al., 2005; Kieserman et al., 2008; Glotzer,
2009]. In this paper, we report novel roles for these proteins, showing that they localize to basal bodies in ciliated
epithelial cells and control cilia function and morphology.

Fig. 1. Central spindle/midbody proteins localize to basal bodies in multiciliated epithelial cells. (A) SEM of the ciliated epidermis of the Xenopus laevis tadpole showing a multiciliated cell and surrounding mucus secreting goblet cells. (B) Merged image of immunostaining of PRC1 (green) and a-tubulin (red) in the epidermis of a X. laevis tadpole. Arrow points to a ciliated cell with cilia
protruding from the surface and a punctate pattern of PRC1 under the cilia. Arrowhead points to a dividing cell in mid-telophase
with PRC1 localization at the central spindle. (b0 ) Same image as B showing only PRC1 localization. (b00 ) Same image as B showing
only a-tubulin localization. (C) Immunostaining of MKLP-1 in a ciliated cell. (c0 ) Merged image of immunostaining of MKLP-1
and a-tubulin to reveal cilia. (D) Immunostaining of INCENP in a ciliated cell. (d0 ) Merged image of immunostaining of INCENP
and a-tubulin to reveal cilia. (E, e0 ) Immunostaining of PRC1 (green) and acetylated tubulin (red) in human RPE serum starved cells
shows PRC1 localizing to the base of primary cilia. (F) Immunostaining of MKLP-1 (green) and acetylated tubulin (red) in RPE cells
also shows MKLP-1 localizing to the base of primary cilia. Nuclei stained with Hoechst. Scale bars B ¼ 10 lm, C, D ¼ 3 lm, E ¼
5 lm, and e0 , F ¼ 2 lm.

Our data suggest the possibility that a surprising amount
of cytokinetic regulatory machinery may also serve important functions related to cilia.

Results and Discussion
We have developed a method to identify novel ciliogenesis
factors based upon differential gene expression in the multiciliated epithelial cells of the Xenopus embryo epidermis
(Fig. 1A; see also Hayes et al. [2007]). Extending this system to protein localization, we identiﬁed the microtubulebundling protein PRC1 as localizing prominently to the
CYTOSKELETON

base of cilia in multiciliated cells (Figs. 1B and 1b0
arrow). PRC1 is one member of a well-deﬁned protein
network acting at the central spindle and the midbody
during cytokinesis [Glotzer, 2005; Glotzer, 2009; Jiang
et al., 1998] (Fig. 1B, arrowhead). These proteins organize microtubule bundles, position the cleavage furrow, and
also trigger vesicle recruitment for cell abscission [Jiang
et al., 1998; Glotzer, 2005; Gromley et al., 2005; Glotzer,
2009].
The localization of PRC1 near basal bodies was surprising, since central spindle proteins have not previously
been implicated in ciliogenesis. We therefore asked if
Central Spindle Proteins and Ciliogenesis
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Fig. 2. Spatially distinct localization of central spindle/midbody proteins at the basal body. (A) Early tailbud stage Xenopus laevis
embryo and diagram showing the planar polarization of cilium structures in the multiciliated cells of the epithelium, with the rootlet
(green) positioned on the anterodorsal face of the basal body (red). (B) PRC1 (green) and c-tubulin (red) immunostaining shows
that PRC1 is proximal to the basal body on the anterior dorsal side, (b0 ) x–y view of PRC1 and c-tubulin with diagram below showing section views. (b00 ) x–z plane view. (C) Coimmunostaining against MKLP-1 (green) and c-tubulin (red) shows MKLP-1 proximal
to but not colocalizing with the basal body on the anterior dorsal side. (c0 ) x–y plane view of MKLP-1 and c-tubulin localization
with diagram below showing section views. (c00 ) x–z plane view. (D) MKLP-1 colocalizes with rootlet marker CLAMP in a polarized
manner. (d0 ) x–y view showing colocalization between MKLP-1 and CLAMP, with diagram below showing x–z and x–y slices and
overlap. (d00 ) x–z plane view. Scale bars B–D ¼ 5 lm and b0 –d00 ¼ 1 lm.

other proteins in this network also localized to basal
bodies. We found that MKLP-1, INCENP, centriolin,
CENP-E, and Survivin also localized strongly to the base
of cilia in Xenopus multiciliated cells (Figs. 1C, 1c0 , 1D,
1d0 , 3C, and 3c00 ; data not shown).
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The PRC1 and MKLP1 antibodies used for immunostaining in Xenopus were ineffective in western blots with
Xenopus embryo lysates, and some antibodies made in rabbits can nonspeciﬁcally label centrosomes. Therefore, to
verify the observed localization patterns, we obtained
CYTOSKELETON

Fig. 3. INCENP colocalizes with the rootlet and Centriolin with the basal body. (A) Immunostaining of INCENP (green). (a0 )
Same image as A showing immunostaining of c-tubulin (red). (a00 ) Merged image INCENP and c-tubulin. (a000 ) Immunostaining
shows INCENP localizing proximal to, but not with, c-tubulin. (B) Immunostaining of INCENP (green). (b0 ) Same image as B
showing CLAMP-RFP localization. (b00 ) Merged image of INCENP and CLAMP-RFP. (b000 ) Immunostaining shows INCENP colocalizing with CLAMP-RFP. (C) Centriolin (green) localization in a multiciliated cell. (c0 ) Same image as C showing c-tubulin (red)
localization. (c00 ) Merged image of Centriolin and c-tubulin shows colocalization. Scale bars a0 –c0 ¼ 5 lm and a00 ,b00 ¼ 1 lm.

additional antibodies against these proteins (see Materials
and Methods) and tested them in a different cell type,
human RPE cells. Immunostaining for PRC1, MKLP-1,
INCENP, and Survivin revealed that each of these proteins prominently localized to the base of primary cilia in
serum-starved human RPE cells in culture (Figs. 1E, 1e0 ,
and 1F; Supporting Information Fig. 1, and data not
shown). These data therefore suggest that central spindle
proteins localize to the base of both specialized motile
CYTOSKELETON

cilia in Xenopus multiciliated cells and to the base of primary cilia in human RPE cells.
We further deﬁned the localization of these central spindle proteins in multiciliated cells by coimmunostaining
with c-tubulin, a marker of the basal body. Interestingly,
PRC1 did not localize to the basal body itself, but rather
lay immediately adjacent to it in a planar polarized fashion (Figs. 2B, 2b0 , and 2b00 ). This pattern was intriguing
because planar polarization of basal bodies in multiciliated
Central Spindle Proteins and Ciliogenesis
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cells is central to directed ciliary beating and ﬂuid ﬂow
(Fig. 2A) [Frisch and Farbman, 1968; Mitchell et al.,
2007; Park et al., 2008].
Basal body planar polarity is manifested in the stereotyped positioning of accessory structures, such as the ciliary rootlet and basal foot [Frisch and Farbman, 1968;
Mitchell et al., 2007]. In Xenopus multiciliated cells, rootlets are consistently positioned anterodorsally to the basal
body, opposite from the direction of ﬂuid ﬂow (Fig. 2A;
[Mitchell et al., 2007; Park et al., 2008]). In X/Y projections, PRC1, MKLP-1, and INCENP were consistently
present on the anterodorsal side of the c-tubulin-positive
basal body (Figs. 2B, 2b0 , 2C, 2c0 , 3A, and 3a00 ), suggesting that these proteins may localize in the vicinity of the
ciliary rootlet.
Rootlets in Xenopus multiciliated cells project basolaterally into the cytoplasm [Steinman, 1968]. Likewise, X/Z
projections from 3D datasets revealed that PRC1 and
MKLP1 signals extended basolaterally into the cytoplasm
from the anterodorsal face of the c-tubulin-positive basal
body (Figs. 2b00 and 2c00 ). Moreover, the microtubulebinding protein, CLAMP marks the vicinity of the ciliary
rootlet [Park et al., 2008], and coimmunostaining demonstrated that MKLP-1 and INCENP each partially colocalized with CLAMP-RFP (Figs. 2D, 2d00 , 3B, and 3b00 ).
Together, these data suggest that central spindle proteins
localize in a planar polarized fashion at the base of cilia in
the vicinity of the rootlet.
The rootlet is implicated as a key site where vesicular
trafﬁc is coordinated with microtubule-based structures
during ciliogenesis [Fariss et al., 1997; Yang and Li, 2005;
Park et al., 2008; Gray et al., 2009]. The localization of
central spindle proteins near this site suggested a potential
parallel between ciliogenesis and cytokinesis, as the central
spindle also governs vesicle delivery during cytokinesis
[Gromley et al., 2005; Albertson et al., 2008]. To further
explore this parallel, we examined centriolin, which localizes to the midbody ring, immediately adjacent to the central spindle proteins, and which directs the recruitment of
vesicles [Gromley et al., 2005]. We found that centriolin
was also localized to the base of cilia in multiciliated cells
(Figs. 3C and 3c00 ). Interestingly, centriolin did not localize near the rootlet, but rather colocalized with c-tubulin
at the basal body itself (Fig. 3c00 ). In summary, localization
experiments in Xenopus multiciliated cells revealed that
several components of the protein network governing
cytokinesis localize to spatially distinct domains at the basal body that reﬂect to some degree their function in the
midbody.
To more comprehensively explore the potential link
between cytokinesis and ciliogenesis, we used bioinformatic
approaches to compare the midbody proteome, as deﬁned
by proteins known to localize to the midbody [Skop et al.,
2004; Ren et al., 2009] with the cilia/basal body proteome,
as deﬁned by mass spectrometry and comparative genomics
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[Gherman et al., 2006; Inglis et al., 2006]. We found that
the two proteomes overlap signiﬁcantly (Fig. 4A, blue overlap; P  1014, hypergeometric probability). The cilia/basal
body proteome includes proteins identiﬁed directly, as well
as many predicted by comparative genomics and other
means [Gherman et al., 2006; Inglis et al., 2006]. To more
stringently examine the overlap of these proteomes, we reexamined the overlap using only centrosome or basal body
proteins as determined directly by mass spectroscopy.
Again, we observed far greater overlap than could be
expected by chance (Fig. 4A, green overlap, P  1013,
hypergeometric probability).
To ask if this overlap between midbody and basal body
proteomes is biologically relevant, we examined the positioning of these proteins in a functional gene network.
This network is composed of functional interactions
among human genes (determined as a probabilistic combination of evidence for coregulation, physical and/or
genetic interactions, coevolution, and interactions between
orthologs in other species) and serves as a useful indicator
of proteins operating in the same biological processes and
pathways [Lee et al., 2008b; Gray et al., 2009; Li et al.,
2009]. Proteins found in the midbody and cilia/basal
body proteomes were much more strongly interconnected
within the probabilistic network than would be expected
by chance (Fig. 4B; P  108, Z-score test). In fact, 80%
of the overlapping proteins clustered together tightly
within the network (Fig. 4B).
This cluster of proteins included not only the few already
known to play roles in both cytokinesis and ciliogenesis
[e.g. exocyst, RhoA [Glotzer, 2005; Gromley et al., 2005;
Pan et al., 2007; Park et al., 2008; Zuo et al., 2009] (Fig.
4B, red/brown)], but also several additional proteins of interest. For example, Plk1 was present in this cluster within
the network (Fig. 4B, purple); Plk1 interacts with PRC1 at
the central spindle [Neef et al., 2007] but has not been previously implicated in cilia. The cluster also contains several
MAP kinases, whose connection in this network may shed
light on the mechanisms by which FGF/MAP kinase signaling, which is well-known to control cell division, also controls cilia length [Berman et al., 2003; Burghoorn et al.,
2007; Neugebauer et al., 2009] (Fig. 4B, yellow). Finally,
the cluster contains a known human ciliopathy gene,
Dynll1 [Horvath et al., 2005].
PRC1 and other central spindle proteins are not present
in this cluster because they have not previously been associated with cilia or basal bodies. In order to link our bioinformatic analyses to our immunostaining results, we
added PRC1 and MKLP-1 to the overlapping proteome
set and re-examined the connectivity in our network.
Both PRC1 and MKLP-1 were tightly embedded in this
cluster of connected genes (Fig. 5).
Together with our immunostaining data, these bioinformatic analyses suggest the possibility that a functionally
analogous protein network acts at both the central spindle/
CYTOSKELETON

Fig. 4. Bioinformatic analyses reveal a large set of common proteins involved in cytokinesis and ciliogenesis. (A) Venn diagram
showing the overlap between the midbody and basal body/ciliary proteomes. The overlap between midbody proteome and either core
and extended basal body/cilia proteomes (see Supporting Information) is significantly greater than expected by chance (hypergeometric test). (B) A network diagram of gene–gene associations is drawn for proteins present in both the midbody proteome and core
(green squares) or extended (blue circles) basal body/cilia proteome. Lines connect proteins likely to function together on the basis of
coexpression, coregulation, and/or protein–protein interactions, as described in the Supporting Information. The core cilia proteome
is preferentially connected by network associations to midbody proteins (P  108, see Supporting Information). This cluster contains several notable proteins, including exocyst subunits (red), RhoA (brown), several MAP kinases (yellow), PLK1 (purple), and the
human ciliopathy gene DynLL1 (gray).

midbody to control cytokinesis and at the basal body to
control cilia structure or function. However, the essential
role for these proteins in cell division would render their
role in cilia invisible to standard loss-of-function approaches
in vivo. To circumvent this problem, we obtained a temperature-sensitive mutant of PRC1 in the worm, C. elegans.
This PRC1 allele, spd-1, has normal function at 15 C but is
nonfunctional at 25 C [O’Connell et al., 1998; Verbrugghe
and White, 2004]. Worms carrying this mutation were
reared at the permissive temperature through early developCYTOSKELETON

ment and then shifted to the restrictive temperature at the
time when cilia are thought to begin assembling on sensory
neurons [Perkins et al., 1986; Swoboda et al., 2000]. We
then assessed the function and morphology of neuronal cilia
in these animals.
The proper functioning of neuronal sensory cilia is essential for worms to detect chemoattractants [Perkins et al.,
1986], so we initially assayed the role of PRC1 in cilia function by scoring chemotaxis of spd-1 worms at permissive
and restrictive temperatures. Because spd-1 mutant worms
Central Spindle Proteins and Ciliogenesis
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Fig. 5. PRC1 and MKLP-1 are tightly linked in the cluster of cytokinesis and ciliogenesis genes in a probabilistic gene
network. A network diagram of gene–gene associations is drawn for PRC1, MKLP-1 and the proteins present in both the midbody
proteome and core (green squares) or extended (blue circles) basal body/cilia proteome. Lines connect proteins likely to function together on the basis of coexpression, coregulation, and/or protein–protein interactions, as described in the Supporting Information.

display a mild uncoordinated phenotype [O’Connell et al.,
1998], we designed a quantiﬁcation method that uncouples
effects on movement and chemotaxis (Fig. 6A). Worms
were placed equidistant from circles containing the attractant or containing no attractant (Fig. 6A), and chemotaxis
was quantiﬁed as the number of worms successfully moving
into the chemoattractant circle as compared to the number
successfully moving into the empty circle. In this assay, spd1 worms at the permissive temperature chemotaxed normally (Fig. 6B). Importantly however, when shifted to the
restrictive temperature, spd-1 worms failed to chemotax
(Fig. 6B). The chemotaxis defect observed with spd-1 mutant worms at the restrictive temperature was comparable to
that of daf-19 depleted worms, which are known to lack
cilia (Fig. 6B) [Perkins et al., 1986; Swoboda et al., 2000].
To conﬁrm a defect in cilia function, we next exploited
the ﬁnding that functional cilia mediate the uptake of dye
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by sensory neurons (Fig. 6C) [Hedgecock et al., 1985].
We observed that many neuronal cell bodies in spd-1
worms at restrictive temperatures failed to ﬁll with dye
(Fig. 6D, arrow). Moreover, those neurons in spd-1
mutants that did ﬁll were consistently less brightly labeled
than were control neurons (Fig. 6D, arrowhead). We
quantiﬁed dye intensity in several neurons from several
animals and observed that spd-1 mutant worms at restrictive temperature displayed a 43% reduction in ﬂuorescence intensity as compared to controls (Supporting
Information Fig. 2B). Similar phenotypes - both loss of
dye ﬁlling and reduction in intensity of dye ﬁlling - are
observed in bona ﬁde cilia mutants in C. elegans [Perkins
et al., 1986]. Thus, two distinct assays indicate that cilia
function was impaired in the absence of wild-type PRC1.
To examine the role of PRC1 in governing cilia morphology, we crossed the spd-1 worms into the str-1::GFP
CYTOSKELETON

Fig. 6. PRC1 is essential for cilia function in C. elegans. (A) Diagram on left shows the experimental set-up: worms were placed
in the middle of the plate and then the number present in a circle with chemoattractant (green) or without (blue) was scored. (B)
Graph shows that spd-1 mutants at 25 chemotax ineffectively compared to spd-1 mutants at 15 C (P < 0.0001, Fisher’s exact test)
and MT8189 controls (P < 0.0001, Fisher’s exact test), and this defect is comparable to worms fed RNAi against daf-19 (P-value
n.s.), which lack cilia [Perkins et al., 1986]. For the chemotaxis assay n > 200 for all strains. (C) FITC dye filling in neurons of a
control worm. (D) Defective neuronal filling with FITC dye in spd-1 worms at 25 C. Outlines in C and D represent approximate
position of neuronal cell bodies. Some cells fail to fill (arrow), while others display reduced filling (arrowhead). Overall, fluorescence
intensity in spd-1 mutant worms at 25 C was reduced to 57% of control levels (see Supporting Information Fig. 4).

strain, with which the cilia on AWB neurons can be
visualized [Mukhopadhyay et al., 2007, 2008]. The AWB
cilia develop a complex architecture that is perturbed by
mutation of genes involved in ciliogenesis, thus providing
a sensitive assay for candidate genes [Mukhopadhyay
et al., 2007, 2008; Murayama et al., 2005]. AWB cilia
typically display a two-pronged structure, though there is
some variability in control worms, and cilia with ectopic
branches are occasionally observed (Figs. 7A, 7B, 7E, and
7I; and see Mukhopadhyay et al., [2007, 2008]). In spd1(str-1::GFP) mutant worms at restrictive temperature, we
observed a dramatic increase in the number of cilia with
ectopic branches (Figs. 7C, 7F, 7G, and 7I). Moreover, we
observed an increased frequency of large bulges on sensory
cilia of mutant worms (Figs. 7H and 7I). These phenotypes in AWB cilia, both bulges and ectopic projections,
have been previously observed following mutation of
genes involved in ciliogenesis [Mukhopadhyay et al.,
2007, 2008].
Finally, because PRC1 acts at the central spindle together with MKLP-1 [Kurasawa et al., 2004] and because
both proteins localize to the base of cilia (Figs. 1B and
1C), we assessed the role of MKLP-1 in AWB cilia. Using
the temperature-sensitive MKLP-1 mutant zen-4, we
CYTOSKELETON

found that loss of MKLP-1 resulted in a signiﬁcantly
increased number of ectopically branched AWB cilia (Figs.
7D and 7I), consistent with our results for PRC1/spd-1.

Conclusions
Our data demonstrate that PRC1 and MKLP-1 are
required for normal AWB cilia morphology in C. elegans.
Coupled to the spatially distinct patterns of localization of
PRC1, MKLP-1, INCENP, centriolin, and other central
spindle/midbody proteins at basal bodies in Xenopus
motile cilia and in human primary cilia, our data suggest
that these proteins play a conserved role in regulating cilia
structure and function.
The function of the central spindle proteins in relation
to cilia remains unknown. One role for these proteins in
the central spindle is microtubule bundling, and so it is
possible that they are required for centrosome or basal
body structure; indeed, MKLP-1 and PRC1 can localize
to centrosomes. However, in postmitotic multiciliated cells
in Xenopus, we found these proteins to localize adjacent
to, but not in, the basal body, suggesting that they may
serve a different function. Another possibility is that these
proteins act in ciliary disassembly, as the Fa2p kinase
Central Spindle Proteins and Ciliogenesis
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Fig. 7. PRC1 and MKLP1 control morphology of sensory cilia in C. elegans. (A,B) Wild-type worms expressing GFP behind
the str-1 promoter in the AWB neurons. The majority (81%) of wild-type str-1::GFP worms have no ectopic projections (blue, E)
on their AWB cilia. In spd-1 worms at 25 C (C), however, over half (56%) have small (F) to large (G) ectopic projections (green,
purple, asterisk), while a minority have an additional phenotype of GFP accumulation at the distal tip (H, orange). In zen-4
worms (D) at 25 C there is also an increase in ectopic projections (42%). (I) Percentages of worms with cilia morphology. For cilia
morphology str-1::GFP, n ¼ 27, spd-1(str-1::GFP), n ¼ 43, zen-4(str-1::GFP), n ¼ 38. For A–C scale bars ¼ 5 lm, D–G scale
bars ¼ 2 lm.

regulates ciliary disassembly in Chlamydomonas but localizes to midbodies when expressed in mammalian cells
[Mahjoub et al., 2004].
Another possible role for the central spindle proteins is
in recruitment of exocyst-mediated vesicle trafﬁc to the
cytokinetic furrow [Gromley et al., 2005]. Given the
localization of exocyst components to the base of cilia and
their implication in ciliogenesis [Park et al., 2008; Zuo
et al., 2009], it is tempting to suggest that the central
spindle proteins may inﬂuence cilia-related vesicle trafﬁc.
This model would be consistent with our localization
data, as the rootlet is implicated as a site of vesicle trafﬁcking [Fariss et al., 1997; Yang and Li, 2005; Park et al.,
2008; Gray et al., 2009]. While the mechanisms of action
must be explored further, the identiﬁcation of this new
connection between the cytokinetic apparatus and cilia
should accelerate our understanding of both, as further
study in one context may now provide important new
insights for understanding the other (Supporting Information Fig. 3).
Finally, our data may shed light on the etiology of
human ciliopathies such as Bardet-Biedel Syndrome, as
the BBS6 protein localizes prominently to the midbody
during cytokinesis [Kim et al., 2005]. Indeed, while mutation of this gene in humans leads to a disease that is classiﬁed as a ciliopathy, experimental manipulation of BBS6
has been found to have relatively modest effects on cilia
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morphology and function [Shah et al., 2008]. By contrast,
knockdown of BBS6 prevents cell abscission during cytokinesis [Kim et al., 2005]. Likewise, knockdown of the
intraﬂagellar transport protein IFT27 leads to both ﬂagellar defects and cell division defects [Qin et al., 2007], and
this protein has been reported to localize to vesicles associated with the cytokinetic furrow [Baldari and Rosenbaum,
2010]. Together with these ﬁndings, our data raise the
possibility of a connection between cytokinesis defects and
ciliopathy phenotypes. Thus, while the pleiotropic roles of
central spindle proteins will make the study of their roles
in cilia challenging, further exploration of the functional
connection between the cytokinetic machinery and cilia
should be exciting.

Material and Methods
Xenopus Embryo Isolation and Injection

Female Xenopus laevis were injected with 700 ml of
human chorionic gonadotropin hormone and stored at
18 C overnight. The next day, oocytes were isolated
from mothers and fertilized [Sive et al., 2000]. Embryos
were dejellied with a 3% cysteine solution in 1/3X
MMR. To image CLAMP localization embryos were
injected on the ventral side of the embryo at the fourcell stage with 300 pg/per injection of CLAMP-RFP
CYTOSKELETON

mRNA made using the mMessage kit (Ambion).
Embryos were grown to stage 13, early neurula, and
stage 30, tailbud, before ﬁxation.
Immunohistochemistry on Xenopus Embryos

Immunostaining for central spindle and passenger proteins
was performed essential as previously described [Lee et al.,
2008a].
Embryos were grown to appropriate stages and ﬁxed in
Dent’s Fix (80% methanol/20% DMSO) [Becker and
Gard, 2006] overnight at 4 C. Embryos were fully dehydrated in methanol and stored at 20 C overnight.
Embryos were slowly rehydrated by 5 min washes in 75%
methanol in PTW (phosphate-buffered saline [PBS] þ
1% Tween-20), 50% methanol in PTW, 25% methanol
in PTW, and ﬁnally PTW. Embryos were bleached in a
light box in a solution of 10% H2O2, 0.5% formamide,
and 2.5% 2 SCC. Embryos were then washed 3 5
min in Tris-buffered saline þ 1% Tween-20 (TBST).
Embryos were blocked in 300 ml of TBS þ 10% FBS þ
5% DMSO. Primary antibody was added; rabbit-antiPRC1 (1:20; BioLegend), rabbit-anti-MKLP1 (1:200)
[Potapova et al., 2006], rabbit-anti-INCENP (1:800)
[Potapova et al., 2006], Aurora-B (1:50) [Potapova et al.,
2006], rabbit-anti-centriolin serum (1:100) [Gromley
et al., 2005], or mouse-anti-c-tubulin (1:250; Abcam
ab27076). Embryos were incubated overnight at 4 C.
Embryos were washed 5 1 hr in TBST at RT the next
day. Embryos were then blocked as before for 1 hr and
anti-rabbit Alexa ﬂuor 488 (1:250) and anti-mouse Alexa
ﬂuor 555 (1:250) were added. Embryos were incubated
again over night at 4 C and washed 5 1 hr in TBST at
RT the next day. For embryos that were being imaged for
a-tubulin localization TBST was removed and 300 ml of
mouse-anti-a-tubulin antibody þ blocking solution was
added (1:250). Embryos were incubated for 1 hr at room
temperature. Embryos were washed again for 3 1 hr
washes in TBST. Secondary antibodies were added as
above. In some cases during the last wash a dilution of
(1:2000) of DAPI was added to label nuclei.
Image Acquisition of Xenopus Embryos

methanol (ice cold) for 5 min on ice or 4% PFA for
15 min at room temperature. Following ﬁxation cells
were blocked for 1 hr in 3% BSA/0.1% Triton-X100
and incubated with primary antibodies; rabbit-antiPRC1 (1:50; Abcam, ab21437), rabbit-anti-MKLP-1
(1:100; Santa Cruz, sc-22793; H-110), and anti-acetylated-tubulin (1:10,000; Sigma-Aldrich T6793; clone 611B-1) 2–4 hr at RT in 3% BSA. Secondary antibody
incubation was performed for 1 hr at room temperature
using Jackson Immunoresearch secondary antibodies
(1:500) and Hoechst (1:100,000; 33342, Invitrogen).
Samples were embedded in Fluoromount-G (Beckman
Coultier). Imaging was performed using an Everest
deconvolution workstation (Intelligent Imaging Innovations) equipped with a Zeiss AxioImager.Z1 microscope
and a CoolSnapHQ-cooled CCD camera (Roper Scientiﬁc) and a 63x PlanApochromat, NA 1.4 objective and
processed using SlideBook 5 (Intelligent Imaging Innovations) and ImageJ.
Proteome Sets

Cilia proteins were downloaded from the ciliary proteome
database at http://v3.ciliaproteome.org/cgi-bin/index.php
[Gherman et al., 2006]. The core basal body proteome set
was deﬁned as centrosome and centriole proteins identiﬁed by mass spectrometry (MS) [Andersen et al., 2003;
Keller et al., 2005]. For the extended set, basal body, ﬂagellum, and cilium proteins identiﬁed by either MS or
comparative genomics were also included [Avidor-Reiss
et al., 2004; Li et al., 2004; Liu et al., 2007]. Human
midbody proteins were downloaded from MiCroKit 3.0,
a manually curated database of protein subcellular localizations, experimentally veriﬁed by ﬂuorescence microscopy
(http://microkit.biocuckoo.org, [Ren et al., 2009]). The
set of all human Entrez proteins were retrieved from the
Ensembl database at www.ensembl.org [Hubbard et al.,
2009].
Proteome Overlap Analysis

The hypergeometric distribution was used to assess if the
midbody and cilia proteomes share a signiﬁcant number
of proteins. The cumulative P-value was calculated using
  
minX
fm;ng m
n
i i
pcdf ¼
(1)
N
i¼k

All imaging was performed using a Zeiss LSM5 PASCAL
microscope with either 40x planNeoﬂuar (1.3na), 63x planApochromat (1.4na) oil immersion objectives or 100x
Fluar (1.3na). Confocal optical slices were collected and
maximum intensity projections made with Zeiss LSM5
software. For presentation purposes, some images have
been processed with Abode Photoshop.

where m and n are the number of proteins in the midbody and cilia proteomes, k is the number of overlapping
proteins, and N is the size of the human proteome.

Cell Culture and Imaging

Network Analysis

RPE-hTERT cells were cultured in DMEM/F12 (10%
FBS/PS/Glut). Conﬂuent cells were ciliated by serum
starvation in (0.2% FCS) for 48 hr. Cells were ﬁxed in

The functional network of human genes was prepared as
described previously [Gray et al., 2009] and is searchable
at: http://www.functionalnet.org/humannet/
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As a measure of connectivity, we asked whether the proteins most strongly connected to midbody proteins in the
gene network tended to be ciliary proteins using a method
of Gaussian ﬁeld label propagation [Mostafavi et al.,
2008]. First, a bias score was assigned to each gene in the
network: þ1 to known midbody genes and k to all other
genes. The value k is deﬁned as:
n
k¼
(2)
N

ter of the agar plate, equidistant from two circles—one
soaked with 50 ll of 100 mM ammonium acetate attractant, the other empty—and allowed to migrate for 1 hr,
at which time the worms within each circle were counted.
FITC ﬁlling was performed using standard protocols
[Hedgecock et al., 1985], and the ﬂuorescent intensity of
confocal projections was measured using Image Pro Plus.

where n is the number of midbody genes and N is the
total number of genes in the network. The connectivity
score was then computed as:
XX
X
f ¼ arg minf
ðfi  yi Þ2 þ
wij ðfi  fj Þ2 (3)

Worms for cilia and neuron imaging were mounted on
agar pads and anesthetized with sodium azide. Confocal
images of the AWB neuron cilia and dye-ﬁlled cell bodies
were obtained using a Zeiss LSM5 PASCAL microscope
with 63x plan Apochromat (1.4na) or 100x Fluar (1.3na)
oil-immersion objectives. Confocal optical slices were collected using Zeiss LSM5 software and three-dimensional
reconstructions of the cilia were made using Imaris x64
4.5.2.

i

i

j

where W is an association matrix where entry wij is the
network edge weight between genes i and j, yi is the bias
node of i, and f is the vector of ﬁnal scores where entry fi
indicatives how strongly connected gene i is to the set of
midbody genes. Each gene was rank-ordered by its ﬁnal
score as described previously [Lee et al., 2008b], and true
positive and false positive rates were calculated as a function of rank. From the resultant ROC curve, the area
under the ROC curve (AUC) was calculated. To obtain
the P-value, the mean and standard deviation of AUCs
obtained from 1000 random sets were calculated and a
one-tailed Z-test was performed.
C. elegans Strains and Assays

C. elegans strains were cultured in standard growth conditions on nematode growth medium with Escherichia coli
strain OP50. Except where indicated, all worms were
reared at 25 C. All assays were performed at 25 C. Temperature sensitive strains were maintained at 15 C with
the exception of assays. Strains used were lin-15B(n765),
spd-1(oj5), zen-4(or153), and kyls104(str-1p::gfp). spd1(oj5) and zen-4(or153) strains expressing GFP behind
the str-1 promoter were made using standard mating techniques. All strains were provided by the Caenorhabditis
Genetics Center.
Temperature sensitive spd-1 and zen-4 mutant strains
were grown at 15 C. Embryos were shifted to the restrictive temperature of 25 C when they were between the
twofold stage and L1. This timing allowed PRC1/MKLP1 function to be disrupted shortly after the commencement of daf-19 expression—seen to be from the twofold
stage to early L2 [Swoboda et al., 2000]—while avoiding
the early embryonic cell divisions. spd-1 adult worms that
had been raised at either the permissive or restrictive temperatures were assayed using chemotaxis plates set up in a
variation on previous protocols [Troemel et al., 1997].
Brieﬂy, adult worms were washed from OP50 fed plates
using M9 buffer, and washed again with M9 until all bacteria were removed. Worms were then placed on the cen-
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