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Soluble levels of cytosolic tubulin regulate ciliary

length control
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ABSTRACT The primary cilium is an evolutionarily conserved dynamic organelle important
for regulating numerous signaling pathways, and, as such, mutations disrupting ciliogenesis
result in a variety of developmental abnormalities and postnatal disorders. The length of the
cilium is regulated by the cell through largely unknown mechanisms. Normal cilia length is
important, as either shortened or elongated cilia have been associated with disease and de-
velopmental defects. Here we explore the importance of cytoskeletal dynamics in regulating
cilia length. Using pharmacological approaches in different cell types, we demonstrate that
actin depolymerization or stabilization and protein kinase A activation result in a rapid elon-
gation of the primary cilium. The effects of pharmacological agents on cilia length are associ-
ated with a subsequent increase in soluble tubulin levels and can be impaired by depletion of
soluble tubulin with taxol. In addition, subtle nocodazole treatment was able to induce cilio-
genesis under conditions in which cilia are not normally formed and also increases cilia length
on cells that have already established cilia. Together these data indicate that cilia length can
be regulated through changes in either the actin or microtubule network and implicate a pos-
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sible role for soluble tubulin levels in cilia length control.

INTRODUCTION

Microtubules (MTs) and actin are dynamic components of the struc-
tural network within a cell, and they regulate important processes,
including cell shape, migration, cytokinesis, and vesicular transport
(Rodriguez et al., 2003). Together, MT and actin networks are impor-
tant for cellular responses and signal transduction through their in-
fluence on channel and receptor transport, function, and localiza-
tion (Johnson and Rosenbaum, 1993; Saunders and Limbird, 1997;
Goswami etal.,, 2004; Montalbetti etal., 2005; Li etal., 2006;
Montalbetti et al., 2007). The dynamic nature of MTs results in pools
of polymerized and unpolymerized tubulin in the cytosol (Mitchison
and Kirschner, 1984). In addition to the dynamic population of MTs,
there is a fraction of stable MTs, often marked by posttranslational
modifications, such as tubulin acetylation, glycylation, and glutamy-
lation, that turn over relatively slowly (Gundersen etal., 1984;
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Webster et al., 1987). These modifications can also influence kinesin
motors and alter transport processes (lkegami et al., 2007; Konishi
and Setou, 2009; Hammond et al., 2010).

MT assembly is coordinated by the centrosome that functions as
the MT-organizing center (MTOC). The centrosome also forms the
basal body that serves as a template for extension of the microtu-
bules during ciliogenesis, thus connecting the axoneme of the cil-
ium with the MT cytoskeleton. In dividing cells, the cilium and its MT
axoneme must be retracted to release the centrosome/centrioles to
form the mitotic spindle (Tucker et al., 1979; Quarmby and Parker,
2005; Pugacheva et al., 2007), and subsequently the cilium and cy-
toskeletal MT must be reassembled during cell quiescence.

Cilium extension from the basal body and subsequent mainte-
nance requires intraflagellar transport (IFT). IFT involves molecular
motors that attach to a large complex of proteins (IFT particle) me-
diating the bidirectional movement of cargo along the polarized
microtubules of the axoneme (Kozminski et al., 1993; Scholey, 2003).
Defects in the cilia assembly process, its signaling components, or
ciliary length have been associated with severe developmental ab-
normalities and diseases, collectively known as ciliopathies (Fliegauf
etal., 2007; Sharma et al., 2008). For example, renal cystic disease
has been associated with excessively long cilia, as seen in bbs-4
(Mokrzan et al., 2007), mks-3 (Tammachote et al., 2009), and nek-8
(Sohara et al., 2008) mutants; shortened or elongated cilia in hypo-
morphic ift88°Pk mutant and rescued mice (Murcia et al., 2000); and
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complete cilia loss, as seen in the kidney-specific conditional IFT
mutants (Jonassen etal., 2008; Sharma and Yoder, unpublished
data). Although the significance of this organelle for normal tissue
function and development is now well appreciated, how the length
of the cilium affects tissue physiology and the molecular mecha-
nisms controlling ciliary length remains poorly defined.

Cilia/flagella length control has been best studied in model
organisms such as Chlamydomonas, in which the size of each flagel-
lum is under genetic control and several genes involved in the regu-
lation of flagella length have been identified (Asleson and Lefebvre,
1998; Tuxhorn et al., 1998; Wilson and Lefebvre, 2004; Wemmer
and Marshall, 2007). In Chlamydomonas, flagella length may be re-
lated to IFT as there is an inverse relationship between cilia/flagella
length and the size and possibly frequency of IFT particles entering
and leaving the cilium (lomini et al., 2001; Engel et al., 2009). In
mammalian cells, a recent study revealed that a decrease in calcium
or an increase in cyclic AMP (cAMP) can cause cilia elongation
(Besschetnova et al., 2010). These processes may be related as nu-
merous phosphodiesterases (PDE) are calcium-inhibited and could
subsequently also alter cAMP levels. Although the exact mechanism
is unknown, cAMP mediates this effect on cilia length through the
activation of protein kinase A (PKA), and in mammalian cells this
has been associated with increased anterograde rates of IFT
(Besschetnova et al., 2010). Thus, similar to what was reported in
Chlamydomonas, the regulation of cilia length in mammals may in-
volve altering the rates of delivery, retention, or retraction of ciliary
components mediated through IFT. With regard to cAMP, it is in-
triguing that cystic kidney diseases in humans and rodent models
are associated with elevated levels of cAMP (Yamaguchi et al., 1997,
Torres et al., 2004; Smith et al., 2006). This could provide an expla-
nation as to why there is a marked increase in cilia length observed
in some of the cystic models that do not directly involve mutations
in IFT genes (Smith et al., 2006; Mokrzan et al., 2007; Tammachote
et al., 2009).

In addition to cAMP and its potential effects on IFT, several re-
cent studies in mammalian cells have indicated that changes in cy-
toskeletal dynamics also affect cilia length. A study by Kim et al.,
using a small-molecule approach has identified several factors that
alter the activity of proteins known to regulate actin organization
(Kim et al., 2010). These include two gelsolin family members (GSN
and AVIL) that are important in actin filament severing and ARP3/
ACTR3, which promotes actin polymerization at filament branches.
Knockdown of GSN and AVIL caused an inhibition of ciliogenesis,
whereas disruption of ARP3/ACTR3 resulted in elongated cilia. The
importance of the actin cytoskeleton was further demonstrated by
treating cells with the actin polymerization inhibitor cytochalasin D
(CD), which also caused elongation of cilia. Intriguingly, this was as-
sociated with enhanced formation of a vesicular structure called the
preciliary compartment (PCC) at the basal body. These data sug-
gested that the PCC was a site of vesicle docking at the base of the
cilium, where it functioned as a temporary reservoir of lipid and cili-
ary membrane proteins. They proposed a mechanism whereby the
actin cytoskeleton inhibits cilia growth through destabilization of the
PPC and the effect of actin destabilization on cilia length was a result
of increased membrane transport into the cilium.

Alterations in tubulin cytoskeletal dynamics have also been as-
sociated with changes in cilia or flagella size. For example, disrup-
tion of katanin, a microtubule-severing protein, in Tetrahymena was
shown to cause stunted cilia and impaired ciliogenesis (Sharma
etal., 2007). In addition, the rate of flagella growth in Chlamydomo-
nas correlates directly with the activity of the microtubule depo-
lymerizing kinesin CrKinesin-13, and disruption of its activity leads

Volume 22 March 15, 2011

to defects in ciliogenesis and flagella regeneration (Piao etal.,
2009).

A connection between the cilium and the cytoskeleton is also
supported by ciliary proteins that have been implicated in cystic
kidney disorders, such as PKD-2, and Meckel-Gruber syndrome
(MKS). PKD-2, which is disrupted in nearly 15% of human polycystic
kidney disease (PKD) patients, was recently found to interact with
several cytoskeletal components (Rundle et al., 2004; Montalbetti
et al., 2005; Chen et al., 2008). The ciliary proteins MKS1 and Meck-
elin (MKS3) are known to interact with nesprin-2, a scaffold protein
involved in maintenance of the actin cytoskeleton (Dawe et al.,
2009). In addition, depletion of Meckelin by small, interfering RNA
(siRNA) leads to actin reorganization and defects in centriole/basal
body migration and/or docking at the cell membrane prior to
ciliogenesis.

The basic subunits of cilia axoneme are o~ and B-tubulin. These
subunits are synthesized in the cell body (Szymanski, 2002; Gaertig
and Wloga, 2008), and anterograde IFT transports these compo-
nents to the distal ends of the outer doublets, where they are then
incorporated into the cilia axoneme. Retrograde IFT is also impor-
tant for transport of recycled components back to the cytosol
(Pazour et al., 1998; Blacque et al., 2006; Absalon et al., 2008). Thus
in addition to modulating cilia length through IFT regulation, the
cell may be able to influence the length of the cilium by controlling
the levels of soluble tubulin needed to build the cilia axoneme. In-
deed, studies in Chlamydomonas have shown that tubulin levels are
markedly up-regulated in response to deflagellation (Weeks and
Collis, 1976; Silflow and Rosenbaum, 1981) and that altered micro-
tubule dynamics in the cell body may have a crucial role in flagella
regeneration (Piao et al., 2009). However, this has not been evalu-
ated carefully in the context of mammalian cells nor has there been
an association made between cytoskeleton and cAMP-induced cilia
elongation.

Here we used a pharmacological approach with distinct mouse
and human cell types to demonstrate that cilia length can be influ-
enced by changes in the dynamics of the actin and microtubule cy-
toskeleton and that these changes are associated with increased
levels of soluble tubulin. These findings provide a connection be-
tween the polymeric state of cell body microtubules and the regula-
tion of cilia length, and establish the basis for future investigations
into how fundamental changes in cytoskeletal elements, such as ac-
tin and tubulin, may be involved in some of the clinical features
observed in ciliopathies.

RESULTS

Changes in actin cytoskeleton affect primary cilia length
Several recent studies have uncovered a connection between dis-
ruption of the actin cytoskeleton and cilia length control (Bershteyn
et al., 2010; Kim et al., 2010); however, the downstream effects that
contribute to cilia elongation remained uncertain. Here we explore
this issue using multiple cell types and provide data indicating that
the ciliary length increase in response to actin depolymerization is
associated with increased levels of soluble tubulin.

To confirm previous data by Kim et al. and test the conservation
of the effect, we disrupted the actin cytoskeleton with CD in human
retinal pigmented epithelium (htRPE) cells, mouse inner medullary
collecting duct (IMCD) cells, renal epithelium (CAGGCre; Kif3a™f)
cells (see Materials and Methods for details), mouse embryonic fi-
broblasts (MEFs), and in an ex vivo whole mouse kidney culture.
Ciliogenesis in IMCD and Kif3a" cells is not dependent on serum-
starvation conditions; however, htRPE cells and MEFs will uniformly
form cilia only following serum deprivation. Cells were treated with
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Depolymerization and stabilization of the actin cytoskeleton causes cilia elongation.
(A) Kif3a" renal collecting duct and htRPE cells treated with 1 uM CD or 1 um Jasplakinolide
(Jaspl) resulted in cilia elongation. Actin cytoskeleton was stained with rhodamine phalloidin
(red), and cilia were stained with acetylated tubulin (green). (B) Cryosections of WT kidneys from
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C 1994; Watanabe et al., 2004). However, we
could not detect actin in primary cilia of our
cell lines when stained with rhodamine-
phalloidin (Figure 1A) or using a polyclonal
anti-actin antibody (Supplemental Figure
S2). These data suggest that actin depo-
lymerization/stabilization-mediated  effects
on cilia length are indirect and that this oc-
curs in the cell body itself.

Because actin depolymerization causes
cilia elongation, we asked whether actin sta-
bilization might promote cilia shortening or
complete disassembly. Jaspl stabilizes actin
filament by binding to three-monomer sub-
units along the length of the filament (Bubb
etal., 1994, 2000), causes aggregation of
actin filaments (Lee etal., 1998), and in-
duces formation of new filaments (Holzinger
and Meindl, 1997). We treated Kif3af/f,
htRPE, and IMCD cells with 1 uM Jaspl for
2 h. Unexpectedly, Jaspl treatment also re-
sulted in cilia elongation similar to what we
observed with actin  depolymerization
(Figure 1, A and C, and Figure 2).

Average cilia length (um)

7-d-old mice that were treated ex vivo with 1 pm CD resulted in elongated cilia as detected by

staining with anti-Arl13b (green). (C) Quantification of htRPE cilia length increase when treated
with 1 uM CD or 1 pM Jaspl. Mean cilia length for DMSO (3.38 + 0.113 pm), CD (5.19 £0.213
pm), and Jaspl (5.4 £ 0.27 pm). Values as mean = SEM. (D) IMCD cells were treated with 1 pM CD
for 2, 4, and 8 h and stained for cilia by anti-Arl13b (red) antibody. Cilia elongation was apparent
within 2 h of CD treatment and returned to normal length within an hour after CD removal
(lower right subpanel). (E) Quantification of IMCD cilia length increase over time in the presence

of CD. All scale bars 15 pm and nuclei stained in blue by Hoechst.

1 uM CD for 2-4 h and stained with rhodamine-phalloidin and
anti-acetylated tubulin. Actin depolymerization in Kif3a®" cells (se-
rum present), IMCD (serum present), and htRPE cells (without serum)
resulted in significant elongation of the primary cilium compared
with dimethyl sulfoxide (DMSQO) treatment (Figure 1, A, C, and D).
Similarly, treating renal explants with CD also led to a marked elon-
gation of cilia (Figure 1B). Collectively, these data show that pertur-
bation of the actin cytoskeleton results in a rapid increase in cilia
length across multiple cell types.

In cultured cells, we also detected a higher frequency of muilti-
nucleated cells with multiple cilia per cell after treating with CD for
24 h (Supplemental Figure S1). In these cases, both of the cilia were
elongated relative to the untreated controls. Formation of multicili-
ated cells could be blocked by serum starvation to inhibit cell prolif-
eration prior to CD treatment (data not shown). These data indicate
that multiciliated cells are likely a consequence of defects in cell divi-
sion associated with actin depolymerization, whereas the effects on
cilia length control are independent of cell division.

We next analyzed the temporal effects of the actin cytoskeleton
on cilia by assessing how rapidly cilia elongation occurs after CD
treatment and the rate at which cilia length returns to baseline after
CD is removed. Interestingly, elongated cilia were clearly evident
within 2 h of CD treatment and returned to basal length within 1 h
of drug removal (Figure 1, D and E). Although CD has multiple ef-
fects on the cell, these data support a coupling between the actin
cytoskeleton and cilium elongation and are also consistent with data
from the genomic screen (Kim et al., 2010).

Previous work has shown that actin localizes to cilia in nonmam-
malian cells (Chaitin et al., 1984; Chailley et al., 1986; Muto et al.,
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Stabilization of cytoplasmic
microtubules inhibits cilia elongation
mediated by either disruption or
stabilization of the actin cytoskeleton
In previous studies, it has been shown that
increasing MT stability through inactivation
of katanin, a MT-severing protein, impaired
ciliogenesis (Sharma et al., 2007). Thus we
next analyzed whether actin depolymerization or actin stabilization
may affect cytoplasmic MT dynamics, shifting the equilibrium to-
ward depolymerization and generating “extra soluble tubulin” avail-
able for axonemal incorporation. To test this hypothesis, cells were
grown to confluence and then serum starved for 72 h to ensure
analysis of preexisting cilia. BrdU staining confirmed inhibition of
cell proliferation, and most cells were found to possess a primary
cilium that was consistently 1-2 um long (data not shown). Cells
were then treated with 1 pm taxol for 2 h to stabilize MT prior to
adding CD or Jaspl. As indicated previously, CD or Jaspl treatment
alone caused a significant increase in cilia length but did not cause
an increase in the percentage of ciliated cells in IMCD and WT
Kif3a™" collecting duct cells. Intriguingly, the increase in cilia length
induced by CD or Jaspl could be inhibited by pretreatment of cells
with taxol (Figure 2 and Figure 3, A and B; see Supplemental Table
1 for CD treatment). Treating serum-starved cells with taxol alone
did result in an increase in the frequency of cells lacking cilia
(Figures 3B and 4B), and those that were ciliated were somewhat
stunted when compared with the cilia in DMSO-treated control
cells (Figures 3B and 4B; Supplemental Tables 1 and 2). Thus the
elongation of the cilium observed after stabilization or destabiliza-
tion of the actin network could be inhibited by prior treatment
with taxol.

Regulation of cilia length is associated with changes in
soluble and insoluble tubulin pools

Taxol binding to tubulin stabilizes MTs, decreasing the pool of free
tubulin in the cytosol, thereby reducing the amount of unpolymer-
ized tubulin in cytosol readily available for cilia elongation and
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FIGURE 2: Actin-stabilization induced cilia elongation is suppressed
by microtubule stabilization. (A) Immunofluorescence analysis of IMCD
cells treated with DMSO, taxol (1 pM), Jaspl (1 pM), and taxol (1 pM) +
Jaspl (1 uM). Cells were stained with anti-Arl13b (red) and anti-
acetylated tubulin (green) to visualize cilia. Then, 1 pM taxol was
added 2 h prior to Jaspl treatment. Scale bar 15 um and nuclei stained
in blue by Hoechst. (B) Mean cilia length in various treatments (right
bar graph). Mean cilia length for DMSO (1.38 + 0.06 pm), Jaspl (1.98 £
0.08 um), taxol (0.95 £ 0.04 pm), taxol + Jaspl (1.16 + 0.05 pm). Values
as mean + SEM. (C) Immunoblot analysis of soluble and polymerized
tubulin fractions extracted from DMSO, taxol only, Jaspl only, and
taxol + Jaspl treatments. Blot was reprobed using anti-Kif3a antibody
as loading control. Relative amount of tubulin present in soluble and
polymerized fractions in each treatment is represented by percent
band intensity. (D) Quantification of percentage of cells with a cilium
under different treatments.

maintenance. Furthermore, the ability of taxol to inhibit CD- or Jaspl-
meditated cilia elongation suggests a correlation between actin de-
polymerization and the levels of soluble tubulin pools in the regula-
tion of cilia length. We further analyzed this possible correlation by
determining soluble and polymerized tubulin fractions under each of
the treatment conditions. In support of the hypothesis, CD-treated
cells have a higher amount of soluble tubulin and lower polymerized
MTs compared with untreated cells (Figure 3C). In contrast, cells pre-
treated with taxol and then with CD show low levels of soluble tubu-
lin and a higher fraction of polymerized MTs. Thus CD’s effect on cilia
length correlates directly with increased levels of free tubulin
(Figure 3, B and C), although it must be noted that both CD and taxol
have broad affects on the cell that could contribute to cilia regulation
and were not evaluated here. The efficacy of the treatment regiment
and extraction procedure was assessed using cells treated with no-
codazole or taxol. Taxol resulted in a large reduction in the levels of
soluble tubulin and a concomitant increase in polymerized tubulin
pools. In contrast, nocodazole showed a modest increase in soluble
tubulin relative to DMSO under the conditions used in these assays.
Because taxol inhibited Jaspl-induced cilia elongation, we further
analyzed the effects of actin stabilization on soluble tubulin levels in
the cell body. Interestingly, as observed with actin depolymerization,
higher levels of soluble tubulin were detected when actin was stabi-
lized by Jaspl (Figure 2C). Additionally, cells treated with taxol fol-
lowed by Jaspl showed a higher fraction of polymerized MTs and
lower levels of unpolymerized tubulin (Figure 2C). These observations
suggest that perturbation of actin dynamics affect microtubule poly-
mers in the cell body, which influence the regulation of cilia length.
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Although the mechanisms regulating cilia length control in mam-
malian cells are still poorly defined, recent data have revealed that
cAMP-induced activation of PKA leads to cilia elongation that is as-
sociated with increased rate of anterograde IFT (Besschetnova et al.,
2010). However, possible effects of PKA activation on the cytoskel-
eton were not evaluated. Thus we first confirmed the effect of cAMP
on cilia length by treating IMCD and Kif3a™ (data not shown) col-
lecting duct cells with 0.05 mM forskolin. As reported, forskolin
treatment caused a significant increase in cilia length (Figure 4, A
and B); however, there was no apparent disruption of actin cytoskel-
eton as revealed by rhodamine-phalloidine staining (Supplemental
Figure S2). We next evaluated whether blocking microtubule depo-
lymerization was able to impair forskolin-mediated cilia elongation
by pretreating cells with 1 pM taxol prior to addition of forskolin.
Similar to the results obtained with taxol and CD, the cilia elonga-
tion induced by forskolin was attenuated by addition of taxol
(Figure 4, A and B, and Supplemental Table 3). However, taxol was
not able to completely abolish the forskolin effect, as there was a
statistical significant increase in cilia length in the taxol + forskolin—
treated cells relative to taxol-alone-treated cells. As observed ear-
lier, in taxol-only-treated samples, >30% of cells failed to assemble
cilia (Figure 4B and Supplemental Table 4).

Because forskolin induced cilia elongation that could be im-
paired by taxol, we evaluated whether these effects on cilia length
correlated with levels of soluble and polymerized tubulin. Forskolin
treatment caused an increase in cytosolic unpolymerized tubulin
(Figure 4C). In contrast, the truncated cilia in taxol-treated cells were
associated with a marked reduction in the levels of soluble tubulin
(Figure 4C). It should be noted that the levels of soluble tubulin re-
mained somewhat elevated in the taxol + forskolin group compared
with taxol alone, but was less than detected with forskolin alone.
These effects on soluble tubulin under the different conditions may
help explain why cilia length was intermediate in the taxol + forsko-
lin—treated samples. In addition, previous studies by Besschetnova
et al. (2010) have demonstrated that cAMP also increases the rate of
anterograde IFT, which may not be affected by taxol, contributing to
the intermediate phenotype.

Our data show that taxol-mediated depletion of unpolymerized
tubulin in the cytosol is associated with cilia shortening or complete
loss of ciliogenesis. However, it is possible that taxol-induced
posttranslational modification (PTM) on MTs could affect the bind-
ing of molecular motors involved in intracellular transport (Reed
et al., 2006; Hammond et al., 2010). To begin assessing this possi-
bility, we evaluated the effects of Lys40 a-tubulin acetylation on cilia.
MEFs were treated with 1 um tubacin for 4 h (generous gift from
Stuart Schreiber, Harvard University) (Haggarty et al., 2003). Control
cells were treated with niltubacin, which is an inactive derivative of
tubacin (Haggarty et al., 2003). Tubacin is a highly selective inhibitor
of HDAC6, an enzyme that is responsible for deacetylation of
o-tubulin both in vitro and in vivo (Hubbert et al., 2002). Although
tubacin-treated cells showed significant increase in acetylation of
cytoplasmic microtubules, it did not affect cilia assembly compared
with niltubacin-treated cells (Supplemental Figure S5). Tubacin treat-
ment did not affect polyglutamylation on microtubules (Supplemen-
tal Figure S5). These results suggest that an increase in microtubule
acetylation in the cell body does not affect cilia length. On the basis
of these data, we propose that the effect of taxol on cilia length is
related to polymerization state of the microtubules rather than ac-
cumulation of PTMs, in this case o-tubulin acetylation.

To further assess the connection between cilia length, PKA, and
the cytoskeleton, we analyzed whether PKA inhibition is able to
block actin depolymerization-induced cilia elongation. Cells were
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FIGURE 3: Suppression of microtubule depolymerization by taxol inhibits actin
depolymerization mediated elongation of cilia. (A) Immunofluorescence analysis of cilia from
DMSO, taxol only, CD only, and taxol + CD treated WT Kif3a™f collecting duct cells. Cilia
identity was confirmed by double staining with anti-Arl13b (red) and anti-acetylated tubulin
(green), and only double-positive structures were considered for cilia length quantification. Scale
bar 10 pm and nuclei stained in blue by Hoechst. (B) Measurements of mean cilia length in
response to different treatments (right graph). Mean cilia length for DMSO (1.57 + 0.051 pym),
CD (2.5 £ 0.082 pm), taxol (1.14 + 0.53 pm), and taxol + CD (1.27 + 0.071 pm). Values as mean +
SEM. Error bars are 95% confidence intervals (see supplemental materials for P values; Table 1).
Quantification of percentage of cells with a cilium under different treatments (left graph,
supplemental materials for P values; Table 2). Histogram of cilia length distribution in response
to different drug treatments (below). (C) Immunoblot analysis of soluble and polymerized tubulin
fractions extracted from DMSO, taxol only, CD only, and taxol + CD treatments. Nocodazole
treatment was used as a positive control for fractionation. Blot was simultaneously probed for
Kif3a and IFT88 (not shown) as loading controls. Relative amount of tubulin present in soluble
and polymerized fractions in each treatment is represented by percent band intensity.

preincubated with KT5720, a PKA inhibitor. CD or forskolin was then
added to cause actin depolymerization or activation of PKA, respec-
tively. Although treating cells with KT5720 was sufficient to block the
forskolin-induced cilia length increase (Figure 5, A and B), it did not
block cilia elongation caused by disruption of the actin cytoskeleton
(Figure 5, C and D, and Supplemental Table 5). However, we did
note an increase in the percentage of cells lacking cilia after treating
with KT5720 alone (Figure 5D and Supplemental Table 7) and that
it did not by itself alter the average length of the cilium (Figure 5, B
and D, and Supplemental Table é). Furthermore, inhibition of PKA
with KT5720 did not result in an increase in acetylated tubulin posi-
tive cytosolic MTs (Figure 5, A and C) as we observed in taxol-treated
cells (Figures 2A, 3A, and 4A). Together these data suggest that
PKA- and actin/tubulin cytoskeleton-mediated effects on cilia length
occur through independent pathways, both of which are also associ-
ated with increased levels of soluble tubulin.

Nocodazole-mediated depolymerization of cytoplasmic
microtubules affects cilia length and induces ciliogenesis
under nonciliogenic conditions

Collectively, our data suggest that cytosolic microtubules can influ-
ence ciliary length. To evaluate this further, we treated htRPE cells
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Cilia length (um)

with very low to high amounts of the MT
depolymerizing agent nocodazole. Cul-
tured cells treated with micromolar con-
centrations of nocodazole rapidly depo-
lymerize microtubules and are blocked in
mitosis (De Brabander etal., 1976; Lee
et al., 1980). However, at nanomolar con-
centrations of nocodazole, microtubules
exhibit slower elongation and decreased
velocities accompanied with increased mi-
crotubule catastrophe (Vasquez etal,
1997). The mechanism of nocodazole in
regulating microtubule dynamics is not
clear; however, according to current mod-
els, nocodazole affects microtubule dynam-
ics by promoting formation of nocodazole-
tubulin dimer and inducing tubulin GTPase
activity (Vasquez etal., 1997). Serum-
starved htRPE cells (Supplemental Fig-
ure S3) and nonstarved WT Kif3a'fl (data
not shown) were treated with different con-
centrations of nocodazole for 2 h at 37°C.
Intriguingly, treating htRPE cells with
100 nM nocodazole resulted in elongated
cilia (3.9 £ 0.14 ym) compared with DMSO-
treated cells (1.9 + 0.15 pym) (Figure 6, A
and B, and Supplemental Figure S3). This
phenotype was not observed in htRPE cells
treated with 10 nM nocodazole, and cilia
were not present on htRPE cells treated
with 1 pM nocodazole. The effects at higher
concentrations of nocodazole are likely due
to complete depolymerization of microtu-
bules within the cell body, which would dis-
rupt both the IFT process and cytosolic MT
transport in the cell. We further tested
whether there is a correlation between
amount of soluble tubulin in the cell body
and cilia length. To assess this possibility,
we treated serum-starved htRPE cells with
different doses of nocodazole and fractionated soluble and poly-
merized tubulin. Treatement with 100 nM nocodazole results in a
significant increase in soluble tubulin compared with DMSO-
treated cells (Supplemental Figure S3, bar graph). Interestingly,
1 nM and 10 nM nocodazole also affected microtubules, but the
levels of depolymerized tubulin were slightly lower than the depo-
lymerized tubulin in 100 nM treatment (blue bar represents soluble
tubulin in Supplemental Figure S3; DMSO = 47.1%, 1 nM = 49.2%,
10 nM = 52.6%, 100 nM = 61%, 1 uM = 79.2%). However, 1 pM
nocodazole resulted in dramatic reduction in polymerized
microtubules that affected ciliogenesis.

htRPE cells normally do not form cilia in the presence of serum.
Thus we asked whether subtle microtubule depolymerization
could induce cilia formation in htRPE cells cultured with serum.
For these studies, htRPE cells were cultured in high-serum me-
dium in the presence of 100 nM nocodazole. These conditions
were found to significantly increase the number of ciliated cells
(Figure 6, C and D). These observations indicated that ciliogenesis
and cilia length regulation may be susceptible to the amount of
free tubulin as well as polymerized tubulin in the cell body; how-
ever, at this point it is not clear whether this correlation is direct or
indirect.
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FIGURE 4: Forskolin-induced cilia elongation is inhibited by microtubule stabilization.

(A) Immunofluorescence analysis of IMCD cells treated with DMSO, forskolin (0.05 mM), taxol

(1 pM), and taxol (1 uM) + forskolin (0.05 mM). Cells were fixed and stained for anti-Arl13b (red),
anti-acetylated tubulin (green) to visualize cilia. Then, 1 pM taxol was added 2 h prior to forskolin
(=/4) treatment. Scale bar 15 pm and nuclei stained in blue by Hoechst. (B) Mean cilia length in
different treatments (right graph). Mean cilia length for DMSO (1.41 + 0.04 pm), forskolin

(2.39 £ 0.078 pm), taxol (1.11 £ 0.043 pm), and taxol + forskolin (1.54 £ 0.083 pm). Values as
mean = SEM. Error bars are 95% confidence intervals (see supplemental materials for P values;
Table 3). Percentage of cells with cilia in different treatment conditions (left graph, Supplemental
materials for P values; Table 4). Histogram of cilia length distribution in different drug conditions
(below). (C) Western blot analysis of soluble and polymerized tubulin fractions extracted from
IMCD cells after DMSO, taxol only, forskolin only, and taxol + forskolin treatments. Relative
amount of tubulin present in soluble and polymerized fractions in each treatment is represented

by percent band intensity.

Analysis of ciliogenesis in IFT88°Pk hypomorphic mutant
cells also indicates a role for the cytoskeleton network in
cilia elongation

Previously, we demonstrated that partial loss of IFT88 function in
IFT88°Pk hypomorphic mutant mice results in stunted cilia formation
(Yoder et al., 2002) and the development of phenotypes associated
with ciliopathies, including cystic kidney disease (Lehman et al.,
2008). We further evaluated whether actin disruption could rescue
the stunted cilia phenotype in these hypomorphic IFT88 mutant
cells as previously demonstrated (Kim et al., 2010). In agreement
with these previous data, CD-mediated actin disruption was able to
restore cilia to normal length in mutant cells (Supplemental Figure
S4). We extended these findings by analyzing whether activation of
adenylyl cyclase by 0.05 mM forskolin or subtle depolymerization of
microtubules with 100 nM nocodazole altered the length of cilia in
IFT88°Pk cells. Intriguingly, as seen with CD, both nocodazole and
forskolin increased cilia length (Supplemental Figure Sé). Together
our findings indicate that ciliogenesis and cilia length can be influ-
enced through the actin cytoskeleton and a pathway involving PKA,
both of which are associated with elevated levels of soluble
tubulin.

DISCUSSION

Defective assembly or function of primary cilia causes multiple dis-
eases and developmental disorders (Sharma et al., 2008). This recent
association between cilia and human disease has increased research
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and clinical interest into the mechanisms by

= which cilia are assembled and maintained
20 and how defects in cilia function may influ-

ence cellular physiology. Although the length
4 of primary cilia can vary between different
101 tissues or even between cell types within a
o tissue, it appears that length is under regula-

tory control as cilia are relatively consistent in
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[ Forskolin
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size within a specific cell type. This is also ob-
served in the flagella of Chlamydomonas, in
which multiple genes involved in length con-
trol have now been indentified (Wemmer
and Marshall, 2007). Whether similar mecha-
nisms exist in mammalian cells is not cur-
rently known; however, it seems likely as cells
that extended multiple primary cilia in this
study were found to have similar length un-
der the different treatment regiments. In ad-
dition, it is not known whether signaling ac-
tivities of the cilium alter its length and
morphology as seen in Caenorhabditis ele-
gans (Blacque et al., 2004; Mukhopadhyay
et al., 2008) or whether increased cilia length
can influence a cilium’s ability to propagate
a signal. It should be noted that multiple
cystic kidney disease models involving cilia
proteins have been reported and among
these are models with either excessively
long or short cilia (Taulman et al., 2001,
Mokrzan et al., 2007; Tammachote et al.,
2009), supporting the idea that abnormal
cilia length does have physiological conse-
quences. Furthermore, cilia length in the
kidney is markedly increased by acute
injury, raising the possibility that cilia are
important in regulating or sensing cellular
responses to external stresses (Verghese et al., 2008).

The data in this report indicate that there is an important link
between the cytoskeleton and regulation of cilia length. Similar to
the results reported by Kim et al. (2010) when the actin network is
destabilized with CD, there was marked increase in cilia length.
Here we extend this observation and show that actin stabilization
also results in cilia elongation and that there is a concomitant in-
crease in the level of soluble tubulin under these conditions. Impor-
tantly, taxol inhibited the effect of actin depolymerization and stabi-
lization, and cilia were also elongated when cells were treated with
subtle amounts of nocodazole. These data demonstrate a connec-
tion between the levels of soluble tubulin in a cell and the length of
its cilium. However, it must be noted that treatment with potent fac-
tors, such as nocodazole, taxol, or CD, have wide spanning conse-
quences that may not be directly related to the level of soluble tu-
bulin. For example, changes in cytoskeleton have major effects on
membrane and vesicular transport, cell division, cell spreading and
migration, cell stress, and responses to mechanical stimuli. Thus at
this point it cannot be unequivocally stated that there is a direct
connection between the cilia length as observed in our analysis and
the levels of soluble tubulin; however, the data do show a strong
correlation between these events.

Data shown here, as well as those reported by Kim et al. (2010),
indicate that actin disruption results in the elongation of cilia. In-
triguingly, Kim et al. used smoothened-GFP (Smo-GFP) to show that
this was associated with the formation of a vesicular structure around
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FIGURE 5: Inhibition of PKA suppresses forskolin-induced cilia elongation but not actin
depolymerization-induced cilia elongation. (A) PKA inhibitor KT5720 (0.01 mM) blocks forskolin-
mediated increase in cilia length. Confocal images are shown of IMCD cells treated with
KT5720/forskolin. KT5720 was added 15 min prior to forskolin and then incubated for an
additional 3 hours. Cilia were labeled with antibody against acetylated-o-tubulin (Cy5; purple).
Scale bar 14 pm and nuclei stained blue with Hoechst. (B) Mean cilia length observed in each
treatment paradigm (left graph, from A). Mean cilia length for —-KT5720/—forskolin (1.34 £ 0.044
pm), +KT5720/—forskolin (1.484 + 0.036 um), —KT5720/+forskolin (2.41 £ 0.11 um), and
+KT5720/+forskolin (1.704 + 0.066 pm). Error bars are 95% confidence interval (see
supplemental materials for P values; Table 5). Cilia length distribution in each treatment
paradigm (right graph, from A). (C) KT5720 does not inhibit CD-induced cilia elongation. KT5720
was added 15 min prior to CD treatment and cells were stained with anti-acetylated o-tubulin
(purple). Representative confocal images of IMCD cells are shown. Scale bar 14 pm and nuclei
stained blue with Hoechst. (D) Mean cilia after each treatment paradigm (from C). Mean cilia
length for -KT5720/-CD (1.29 + 0.033 pm), +KT5720/-CD (1.306 + 0.037 pm), —KT5720/+CD
(2.32 £ 0.066 pm), and +KT5720/+CD (2.48 + 0.077 pm). Values as mean £ SEM. Error bars are
95% confidence intervals (see supplemental materials for P values; Table 6). Percent of cells with
cilia after each treatment paradigm (see supplemental materials for P values; Table 7). Graph

showing the distribution of cilia length from each treatment (from C).

the PCC. The PCC is thought to be a site of vesicle docking and a
temporary reservoir for ciliary membrane and associated proteins.
They conclude in their study that the effect of actin destabilization
on cilia length was a result of increased membrane transport into the
cilium resulting from the destabilization of the PCC. Although we did
not assess the PCC, our data suggest that these effects are also
mediated through the microtubule cytoskeleton and increased
levels of soluble tubulin, keeping in mind the caveats of the phar-
macological approach mentioned above. Further support for a
soluble tubulin model in cilia length control comes from recent
Chlamydomonas studies in which the activity of CrKinesin-13, a
cytosolic microtubule-depolymerizing kinesin (mammalian homo-
logue; MCAK), was tightly coordinated with flagella regeneration
and establishment of normal flagella length (Piao etal., 2009).
Importantly, cells lacking kinesin-13 exhibit a much slower rate of
flagella regeneration that is thought to be caused by stabilized cell
body microtubules.

Unexpectedly, we found here that both actin stabilization and
destabilization caused similar effects with regard to the length of the
cilium. In nonmammalian cells in which actin localizes to cilia, disrup-
tion of actin results in cilia or flagella shortening (Boisvieux-Ulrich
et al., 1990; Dentler and Adams, 1992). Interestingly, CD can induce
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complete depolymerization of flagellar MTs
in Chlamydomonas (Dentler and Adams,
1992). Given the actin localization to fla-
gella, it is possible that MT depolymeriza-
tion might be mediated through actin dis-
ruption and thus flagellar shortening in
Chlamydomonas.

Several studies have identified molecular
candidates for mediating structural interac-
tions between actin filament and microtu-
bules in mammalian cells (Rodriguez et al.,
2003). For instance, p150 subunit of micro-
tubules motor dynein/dynactin complex co-
localizes to F-actin cortical spots and sites of
cell-cell contact (Busson et al., 1998) and is
involved in centrosome reorientation during
cell migration (Levy and Holzbaur, 2008).
BBS4, one of the Bardet-Biedl syndrome
proteins, localizes to the centrosome/basal
body of primary cilia and acts as an adaptor
of p150 dynactin to recruit PCM1 (pericen-
triolar material protein 1) to the centriolar
satellites (Kim et al., 2004). Kim et al. also
showed that silencing of BBS4 induces mis-
localization of PCM1 and disorganized mi-
crotubules within the cell body. It should be
noted that, later, another study showed that
BBS4 null mice possess longer primary cilia
in kidneys and in isolated renal tubules
(Mokrzan et al., 2007). These various obser-
vations suggest a connection between ac-
tin—microtubule structural interactions within
the cell body and regulation of primary cilia
length. Although we do not yet understand
the absolute cellular connection between
the actin network and tubulin dynamics, the
effect on cilia length correlated directly with
soluble tubulin levels and was impaired by
treatment with taxol.

In addition to actin depolymerization,
several studies have indicated that forskolin can increase cilia length
(Low et al., 1998; Besschetnova et al., 2010). This occurred through
adenylyl cyclase producing cAMP that in turn activates PKA. The
effects of cAMP/PKA on cilia length in Besschetnova et al. (2010)
were attributed to an increase in the rate of anterograde IFT. Data
from our study, as well as from Prasain et al. (2009), indicated that
cAMP also causes changes in the state of MT polymerization with a
concomitant increase in the level of soluble tubulin. Thus it was in-
teresting that cilia elongation in response to forskolin in our analysis
was attenuated by taxol, which would prevent the increase in solu-
ble tubulin. The fact that taxol did not completely inhibit cAMP-in-
duced effects supports the idea that cAMP may have multiple influ-
ences on cilia length control. As shown by Besschetnova et al.
(2010), this would include increasing anterograde IFT rates and, as
shown here, increased levels of soluble tubulin, the basic building
blocks of the cilia axoneme. Taxol would be able to inhibit the lib-
eration of free tubulin induced by cAMP but not the increase in IFT,
thus leading to the intermediate cilia length observed.

In contrast to what was observed with forskolin/cAMP, the in-
crease in cilia length caused by actin disruption was not blocked by
inhibition of PKA activity. These findings suggest either that PKA
functions upstream of actin depolymerization or that there are
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FIGURE 6: Nocodazole-mediated microtubule depolymerization
affects cilia length. (A) Forty-eight-hour serum-starved htRPE cells
were treated with 100 nM nocodazole for 2 h and stained with
antibodies to anti-acetylated a-tubulin (green) and anti-Arl13b (red).
Scale bar 15 pm and nuclei stained blue with Hoechst.

(B) Quantification of cilia length distribution in nocodazole-treated
cells (from A). Mean cilia length for 100 nM nocodazole (3.9 £ 0.14)
and DMSO (1.9 £ 0.15). Values as mean + SEM. (C) htRPE cells in
high-serum growth media were treated with 100 nM nocodazole for
2 h. Cells were stained with anti-B-tubulin (green) and anti-Arl13b
(red) antibody to visualize microtubules and cilia. Scale bar 15 pm and
nuclei stained blue with Hoechst. (D) Quantification of percentage of
ciliated cells (from C). P < 0.001.

independent pathways, both of which influence levels of soluble
tubulin. The possibility of functioning upstream seems unlikely
based on the data indicating that taxol can completely inhibit the
cilia length increase caused by actin depolymerization, whereas it
does not completely inhibit the cAMP-mediated increase in cilia
length. These data again support the possibility that cAMP/PKA has
multiple roles in regulation of cilia length.

In our studies, we used taxol to inhibit formation of soluble tubu-
lin. However, Reed et al. (2006) have demonstrated that taxol, in
addition to stabilizing MTs, also results in enrichment of MT post-
translational modifications (Hammond et al., 2010). This was found
to alter kinesin-1 trafficking in the cell. Thus we investigated the
possibility that the effects of taxol on cilia length in our assays may
involve increased PTMs that could subsequently alter the activity of
motor proteins, such as the IFT kinesin. This was accomplished by
globally increasing tubulin acetylation using inhibitor of HDACS.
Despite a massive increase in the levels of MT acetylation, cilia as-
sembly and length were unaffected. Furthermore, data have shown
that over expression of a-tubulin acetyltransferase, mec-17 in Tet-
rahymena thermophila does not affect cilia assembly (Akella et al.,
2010). Thus we do not believe that our findings are related to PTMs;
however, further studies are needed to evaluate whether other
PTMs of tubulin, such as detyrosination, glycylation, or glutamyla-
tion, have the ability to alter cilia assembly or length.

Findings reported recently by Besschetnova et al. (2010), as well
as by us here, indicate that forskolin increases cilia length; however,
another study has determined that cilia length can be increased by
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treatment with lithium chloride (LiCl), but not by forskolin (Ou et al.,
2009). Although LiCl is a potent inhibitor of GSK3p, which is known
to affect tubulin dynamics (Hong et al., 1997), the proposed mecha-
nism for LiCl by Ou et al. (2009) was through inhibition of adenylate
cyclase Ill (AC3). The cause of this discrepancy is not known and may
be related to the different cells used in the analyses. Ou et al. (2009)
analyzed LiCl in fibroblast-like synoviocytes, NIH3T3 cells, astro-
cytes, and PC12 cells, whereas both our analyses and those by
Besschetnova et al. (2010) used renal or retinal-pigmented epithe-
lia. In support of this possibility, another recent study has demon-
strated that LiCl treatment can cause cilia elongation in some re-
gions of the brain but not others, thus indicating that some cilia
respond differently to LiCl than others (Miyoshi et al., 2009).

Here we also show that the stunted cilia observed on cells with
reduced IFT (IFT88°Pk renal cells) can be rescued by forskolin.
IFT88°P is a hypomorphic allele where anterograde IFT is impaired;
thus, based on data from Besschetnova et al. (2010) it might be ex-
pected that, by increasing the rate of anterograde IFT by cAMP, it
would increase cilia length. As shown previously by Kim et al. (2010),
we also found that CD (as well as nocodazole) increased cilia length
in the IFT88°Pk mutant cells. In these cases, it is possible that the
increase in soluble tubulin precursors resulting from these treat-
ments makes them more readily available for IFT mediated trans-
port into the cilium under the impaired anterograde IFT conditions
in the IFT88°"k cells.

In summary, our data show that cilia length can be markedly in-
creased using multiple pharmacological approaches to increase
cAMP or to disrupt the actin and microtubule networks. In all of
these cases, the increase in cilia length was directly correlated with
the levels of soluble tubulin. On the basis of these findings, we pro-
pose that one aspect of cilia length control involves regulation of
soluble tubulin levels. Further studies will be needed to dissect the
mechanisms and signals that the cell uses to balance polymeriza-
tion/depolymerization state of microtubules and how this influences
the length and signaling or sensory capabilities of the cilium.

MATERIALS AND METHODS

Cell culture

Conditional cilia mutant cells lines CAGGCre®®; Kif3a were gener-
ated by microdissection of cortical collecting duct segments from
CAGGCrefR: Kif3af: SV40 ImmortoMouse as described (Yoder
et al., 2002). Cells were maintained as WT (nontamoxifen-treated)
for the present studies. Briefly, the renal collecting tubules were
generated by dilute collagenase treatment (0.1 g dI~! collagenase I,
5 mM glycine, 50 U mI~" DNase, in minimal essential medium). Mul-
tiple independent clonal cell lines were propagated from selected
tubules on collagen-treated culture dishes. Marker analyses indi-
cated that the cells were derived from the collecting duct (data not
shown). WT CAGGCrefR: Kif3a" cells were cultured in undifferenti-
ated conditions in collecting tubule medium (CT medium) at 33°C
with 5% CO in the presence of interferon-gamma (IFN-y). CT me-
dium contained the following components: phenol red free DMEM,
5% fetal bovine serum (FBS), 10 ml/I of insulin/selenium/transferrin
(ITS at 0.5 mg/ml) solution, 10 pl/I triiodothyronine (T3 at 13 mg/ml),
100 pl/I IFN=y (IFN-y at 200 U/ml), and 10 ml/I penicillin-streptomy-
cin (10,000 U/ml penicillin and 10,000 mg/ml streptomycin) antibi-
otic. IMCD and htRPE cells were maintained in DMEM/F-12 supple-
mented with 10% FBS. MEFs were isolated and maintained in MEF
media (DMEM with 10% FBS, penicillin/streptomycin, primocin, and
B-mercaptoethanol). To induce ciliogenesis in htRPE cells and in
MEFs, cells were serum starved for 24-48 h. IFT88°P* hypomorphic
mutant (94D pCDNA cells) and IFT88™e cells (94D-Tg737Bap-2)
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were derived from the collecting duct, maintained in CT medium,
and characterized previously (Yoder et al., 2002).

Antibodies and reagents

For immunofluorescence and immunoblotting, the following anti-
bodies were used: anti-acetylated a-tubulin (Sigma, St. Louis, MO;
mouse monoclonal; clone 611B1; 1:1000), anti—o-tubulin (Abcam,
Boston, MA; rabbit polyclonal; 1:1000), anti—B-tubulin (Sigma; mouse
monoclonal; Clone Tub2.1; 1:1000), anti-Arl13b (a gift from Tamara
Caspary, Emory University; rabbit polyclonal; 1:1500), anti-IFT88
(rabbit polyclonal; 1:1000), anti-actin (Sigma; rabbit polyclonal;
1:1000), GT335 antibody (mouse monoclonal; 1:1000, a gift from
Carsten Janke, Institut Curie, France). FITC or rhodamine-conju-
gated goat anti-mouse or goat anti-rabbit secondary antibodies
were obtained from Jackson ImmunoResearch (West Grove, PA).
Horseradish peroxidase—conjugated goat antibodies to mouse, and
rabbit immunoglobulin (Ig)G were obtained from Jackson Immu-
noResearch. Forskolin, nocodazole, taxol, CD, and Latrunculin B
were purchased from Sigma-Aldrich. Rhodamine-phalloidin (dis-
solved in methanol; 1:1000) and Jasplakinolide were purchased
from Molecular Probes, Invitrogen (Eugene, OR). KT5720 was pur-
chased from Calbiochem (San Diego, CA. Tubacin and niltubacin
were generous gifts from Stuart Schreiber (Harvard University).

Cell culture and immunofluorescence

For immunofluorescence, cells were cultured on gelatin-coated cov-
erslips and fixed using a protocol for preservation of cytoskeletal
structures (Bell and Safiejko-Mroczka, 1995). Briefly, cells were incu-
bated for 10 min each in Hank's balanced salt solution (HBSS) and
MTSB (microtubule stabilizing buffer) containing dithiobis[succini-
midylpropionate] (DSP) and then permeabilized and fixed in 0.5%
Triton and 4% paraformaldehyde. Cells were incubated with primary
antibodies (diluted in 3% bovine serum albumin containing 0.1%
normal goat serum) overnight at 4°C followed by 1 h with appropri-
ate secondary antibody at room temperature. Nuclei were visual-
ized by Hoechst staining. Coverslips were mounted with MOWIOL
(Fluka Analytical, Milwaukee, WI) or Immunomount (Thermo Fisher,
Logan, UT). For B-tubulin staining, cells were fixed and permeabi-
lized in —20°C methanol for 10 min, rehydrated in phosphate-buff-
ered saline (PBS), and processed for immunofluorescence. All im-
ages were captured on Perkin Elmer (Waltham, MA) confocal
spinning disk microscope, and images were processed and analyzed
using Volocity software.

Protein extraction and Western blot

Standard established methods were used for Western blotting
(Yoder et al., 2002). Cells were lysed in RIPA buffer, and total protein
concentrations were determined by the Bradford assay. Proteins
were separated by SDS-PAGE under reducing conditions and trans-
ferred onto a nitrocellulose membrane. Membranes were blocked in
5% dry milk and probed with specific primary antibodies and horse-
radish peroxidase-conjugated secondary antibodies. The proteins
recognized by the antibody were visualized by chemiluminescence
(Pierce [Rockford, IL] ECL substrate).

To fractionate soluble and polymerized tubulin, soluble tubulin
extraction buffer A (137 mM NaCl, 20 mM Tris-HCI, 1% Triton X-100,
and 10% glycerol) was added to cells at 4°C for 3 min, plates were
gently swirled two to three times, and buffer was removed and
saved as soluble fraction. Immediately after, polymerized tubulin ex-
traction buffer B (A + 1% SDS) was added for 1 min, cells were
scraped, and the polymerized fraction was sonicated briefly and in-
cubated on ice for 30 min. Soluble and polymerized fractions were
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quantified by Bradford assay, loaded on a gel, and transferred to
nitrocellulose membranes to probe with specific antisera as indi-
cated. Cells treated with nocodazole or taxol alone served as control
for efficient extraction of soluble and polymerized tubulin. ImageJ
was used to quantify the intensity of a-tubulin and loading protein
bands from each blot. Further, the ratio of o -tubulin/loading control
was calculated for each soluble (e.g., Spmso) and polymerized (e.g.,
Pomso) lane. The percent band intensity for a particular fraction from
each treatment was calculated relative to total tubulin as follows:
soluble fraction from DMSO; [(Spmso)/(Spmso+ Pomso)] x 100 or po-
lymerized fraction from DMSO; [(Ppmso)/(Somsot+ Pomso)] x 100.

Proliferation analysis

For CD and taxol drug treatments, we first established conditions in
which the majority of the cell population was in interphase and pos-
sessed a consistent length cilium. To ensure significant inhibition of
active cell divisions, WT Kif3a®f (nontamoxifen induced, CAGG-
CrefR; Kif3a™) or WT IMCD cells were cultured on coverslips and
grown to 80-90% confluency. Cells were washed in PBS and serum
starved (0.5% serum) for 72 h. Control cells were left in normal
growth media. BrdU labeling reagent was added to serum starved
and nonstarved cells. Proliferation index was calculated for starved
and nonstarved cells at 2- and é-h time points. At least 25 cells were
counted from 10 randomly captured confocal images in both condi-
tions. A very low proliferation rate was observed in serum-starved
cells compared with nonstarved cells, indicating an efficient block in
mitosis. These cell culture conditions were applied to later drug
treatment experiments to circumvent any effects that mitosis may
have on ciliogenesis and cilia length.

Drug treatment experiments

To analyze the effect of actin depolymerization on cilia length, non-
tamoxifen-induced CAGG-CrefR: Kif3alf: SV40 cells and WT IMCD
cells were treated with 1 pm CD. In subsequent experiments, 1 pm
taxol was added for 2 h prior to addition of CD followed by incuba-
tion for 3 additional hours. Similarly, IMCD cells were treated with
Jaspl to analyze the effect of actin stabilization on cilia length. Also,
1 pm taxol was added for 2 h prior to addition of Jaspl followed by
incubation for 3 additional hours. Forskolin, an activator of adenylyl
cyclase, was added to cells at 0.05 mM concentration for 3 h to ana-
lyze the effects of cAMP and PKA on cilia length. Again, 1 uM taxol
was added for 2 h prior to addition of forskolin followed by 3 h of
additional incubation. For PKA inhibitor experiments, KT5720 was
used at 0.01 mM concentration 15 min prior to the addition of CD
or forskolin. Cells were washed in PBS and fixed for immunofluores-
cence. To assess the effect of microtubule depolymerization upon
cilia length, htRPE cells and WT Kif3a™ were treated with 10 nM,
100 nM, and 1 uM nocodazole at 37°C for 2 h.

Rescue of the IFT88°Pk hypomorphic mutant collecting duct
cell cilia

The effect of actin depolymerization on the stunted cilia in hypo-
morphic, IFT88°Pk cells (94D pCDNA cells) (Yoder et al., 2002) was
determined by treating cells with 1 pm CD or 0.5 um Latrunculin B
for 3 h. Similarly, IFT88°Pk cells were treated with 0.05 mM forskolin
or 100 nM nocodazole for 2 h at 37°C.

Quantification and distribution of cilia length measurements
Cells were processed for immunofluorescence microscopy by
costaining coverslips with anti-Arl13b and anti-acetylated o-tubulin
antibodies. Only cilia double positive for Arl13b and acetylated
o-tubulin signal were used for cilia length quantification. At least
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25 confocal images were randomly captured from each experiment.
Rare incidences of multiciliated cells were evident in CD treatment,
and they were excluded from the analysis.

Cilia lengths were measured using confocal stacks and the Voloc-
ity Quantification skeletal length measurement. Once cilia lengths
were acquired, the data were log transformed to reduce skew and
produce a more symmetrical distribution prior to statistical analysis,
in order to improve the accuracy of the subsequent statistical tests.
P values were obtained using Student's t test with unequal variances.
To maintain a type | error rate of 0.05 across the multiple comparisons
performed, the cut-off for statistical significance was reduced from
0.05 to a rate determined by a sequential Bonferroni correction.

The number of ciliated cells and total number of cells were
counted in a given field to determine the percentage of ciliated cells
in each treatment. To determine whether these values differed sig-
nificantly between conditions, P values were obtained using the
goodness of fit test with contingency tables, and the significance of
multiple comparisons was determined using a sequential Bonferroni
to maintain a 0.05 type | error rate.
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