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Primary cilia are polarized organelles that allow detection of extracellular signals such as Hedgehog (Hh). How the 
cytoskeleton supporting the cilium generates and maintains a structure that finely tunes cellular response remains unclear. 
Here, we find that regulation of actin polymerization controls primary cilia and Hh signaling. Disrupting actin polymerization, 
or knockdown of N-WASp/Arp3, increases ciliation frequency, axoneme length, and Hh signaling. Cdc42, a potent actin 
regulator, recruits both atypical protein pinase C iota/lambda (aPKC) and Missing-in-Metastasis (MIM) to the basal body 
to maintain actin polymerization and restrict axoneme length. Transcriptome analysis implicates the Src pathway as a 
major aPKC effector. aPKC promotes whereas MIM antagonizes Src activity to maintain proper levels of primary cilia, actin 
polymerization, and Hh signaling. Hh pathway activation requires Smoothened-, Gli-, and Gli1-specific activation by aPKC. 
Surprisingly, longer axonemes can amplify Hh signaling, except when aPKC is disrupted, reinforcing the importance of the 
Cdc42–aPKC–Gli axis in actin-dependent regulation of primary cilia signaling.
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Introduction
A key unresolved issue in cell biology is how the actin cyto-
skeleton regulates microtubule-based structures and signaling 
during development and disease progression. Primary cilia are 
polarized microtubule-based signaling organelles found on most 
vertebrate cells (Kim and Dynlacht, 2013). They form during G0/
G1 when the mother centriole (now termed basal body) docks at 
the apical membrane in epithelia or near the nucleus in fibro-
blasts. This docking event clears away cortical actin and nucle-
ates a membrane-enclosed microtubule shaft called an axoneme 
(Sorokin, 1968; Francis et al., 2011). Several signaling pathways 
use primary cilia to transduce signal, with Hedgehog (Hh) being 
the most well known (Goetz and Anderson, 2010). Deficits in 
ciliogenesis or cilia-mediated signaling can result in cancer or 
developmental abnormalities collectively termed ciliopathies 
that affect many parts of the body that rely on cilia for normal 
function (Atwood et al., 2012; Yuan and Sun, 2013).

After basal body docking, axoneme extension occurs at 
the plus ends of microtubules, eventually reaching a state of 
dynamic stability (Avasthi and Marshall, 2012). Transcriptional 
control, activity of intraflagellar transport complexes, transport 
of cargo by a complex of proteins called the Bardet-Biedl syn-
drome network, intracellular signaling components, and the 
actin cytoskeleton have all been shown to affect axoneme length 
(Avasthi and Marshall, 2012; Keeling et al., 2016), yet how the 
actin cytoskeleton in particular influences axoneme length and 

signaling remains unclear. Focal adhesion complexes connect 
the basal body to the surrounding actin cytoskeletal meshwork, 
and their down-regulation leads to similar defects as disrupt-
ing actin polymerization (Antoniades et al., 2014), pointing to a 
mechanical force that may regulate dynamic stability of the axo-
neme. Actin and Myosin6 mediate the scission of ectosomes from 
primary cilia tips, which is required for Hh signaling (Nager et 
al., 2017), indicating that vesicle release or docking may regu-
late cilia-specific signaling. Additionally, the ciliary membrane 
is enriched with actin-binding proteins that further accumu-
late when actin polymerization is disrupted (Kohli et al., 2017), 
suggesting that a balance of actin polymerization is needed for 
proper cilia-specific functions.

Polarity proteins such as the serine/threonine kinase atyp-
ical PKC iota/lamda (aPKC) direct polarizing events in many 
cell types and tissues to generate the architecture of organs to 
ensure proper development of organisms (Rodriguez-Boulan 
and Macara, 2014). Typically, aPKC is a constitutive partner of 
the PDZ domain containing protein Par6, and the GTPase Cdc42 
localizes the aPKC-Par6 cassette to specific locations within the 
cell. The PDZ protein Par3 is an aPKC substrate and transient 
member of the polarity complex that can influence complex 
activity and localization under certain contexts (Wirtz-Peitz 
et al., 2008; Morais-de-Sá et al., 2010). Although polarity pro-
teins can localize to the basal body or ciliary shaft depending on 
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the cell type and protein (Fan et al., 2004; Atwood et al., 2013), 
how they influence ciliogenesis has not been fully elucidated. 
The transmembrane protein Crumbs interacts with the polar-
ity proteins and the microtubule motor Kif3 to connect ciliary 
membrane proteins to anterograde transport (Fan et al., 2004; 
Sfakianos et al., 2007). Additionally, Par6 and Cdc42 can interact 
with Sec10, a component of the exocyst complex, at the cilium 
to potentially target and dock protein-containing vesicles that 
may be useful for ciliogenesis (Zuo et al., 2011; Choi et al., 2013). 
aPKC also drives Hh signaling by phosphorylating and activating 
the Hh transcription factor Gli1 (Atwood et al., 2013), providing a 
crucial functional link between protein localization and activity.

Here, we report the connection between actin regulation and 
polarity proteins during ciliogenesis and Hh signaling. We find 
that Cdc42 recruits distinct regulators of actin dynamics, aPKC 
and Missing-in-Metastasis (MIM), to the basal body to restrict 
both the frequency of ciliated cells and axoneme length. aPKC 
activity is necessary for these functions, and transcriptome 
analysis of cells undergoing pharmacological aPKC inhibition 
implicates the Src pathway as a major effector. The aPKC and 
MIM complexes differentially regulate Src activity to maintain 
homeostatic levels of filamentous actin. Loss of the Cdc42 sub-
strates N-WASp-Arp2/3 or the Cdc42 effector Toca1 also deregu-
lates cilia frequency and axoneme length, providing a direct link 
between actin dynamics and ciliogenesis. Surprisingly, axoneme 
length directly regulates Hh signaling independently of cilia 
frequency and is dependent on canonical Hh pathway activa-
tion through the Smoothened (Smo)–Gli–aPKC axis, indicating 
a functional role for axoneme length regulation of primary cil-
ia-mediated signaling.

Results
Axoneme length control regulates Hh response
One of the major functions of the primary cilium is to transduce 
the Hh signal, although how disrupting axoneme length influ-
ences signal transduction is unclear. Increases in ciliogenesis 
and axoneme length are seen when actin regulation is disrupted 
using genetic or pharmacological means in immortalized human 
retinal pigmented epithelial (htRPE) cells (Kim et al., 2010). 
Using cytochalasin B to block actin monomer addition to growing 
actin polymers, we also observed significant increases in axon-
eme length over 3 h of treatment with confluent Hh-inducible 
NIH 3T3 mouse embryonic fibroblast (MEF) cell line (Fig. 1, A and 
B). We observed similar changes in axoneme length in primary 
mouse dermal cells (mDCs), where length changes are revers-
ible when cytochalasin B is washed away (Fig. S1). Significant 
increases in Hh pathway activation coupled with axoneme length 
were seen during 3-h cytochalasin B treatment in the presence of 
Sonic Hh–conditioned media (Shh-CM), as determined by mRNA 
levels of Hh target gene Gli1, despite no significant changes in 
the percentage of ciliated cells (Fig. 1, C and D). This suggests 
that axoneme length control can influence primary cilia– 
mediated Hh signaling.

What mediates the increases in Hh signal in longer axonemes 
is unknown. Previous studies in mouse basal cell carcinoma and 
medulloblastoma have suggested that primary cilia are necessary 

for tumors driven by the canonical Hh pathway activator Smo 
but repress tumor growth driven by a constitutively active Gli2 
transcription factor (Han et al., 2009; Wong et al., 2009). Both 
studies demonstrate that primary cilia are necessary to cleave 
Gli3 into a repressor form, whose absence may help facilitate 
the enhanced Hh pathway activation and tumor growth seen in 
this background.

To begin to parse the relationship between axoneme length 
and Hh signal transduction, we used Gli2−/−; Gli3−/− MEFs 
(Lipinski et al., 2008), which are deficient in the transcription 
factors necessary to initiate and repress Hh target gene induction 
but still contain the transcriptional amplifier Gli1. These cells 
show significant increases in axoneme length and percentage of 
ciliated cells upon cytochalasin B treatment (Fig. 1, E and F) but 
do not display increases in Hh pathway activation in the presence 
of Shh-CM or cytochalasin B (Fig. 1 G), suggesting that Gli2 and 
Gli3 are necessary for the increases in Hh target gene induction 
and that Gli1 is not sufficient for Hh activation in this context. 
We next used Smo−/− MEFs (Varjosalo et al., 2006), which are 
deficient in the canonical Hh pathway activator Smo but leave 
the three Gli transcription factors untouched. These cells also 
show significant increases in axoneme length and percentage 
of ciliated cells with cytochalasin B treatment (Fig. 1, E and F). 
However, the Hh pathway was not activated in the presence of 
Shh-CM or cytochalasin B (Fig. 1 G). Altogether, these data sug-
gest canonical Smo-mediated and not noncanonical Gli-mediated 
activation is necessary for increased Hh signaling when actin is 
disrupted and that actin’s effect on axoneme length is separable 
from Hh signaling.

Actin polymerizing proteins restrict primary cilia 
and Hh response
Because cytochalasin B blocks actin polymerization by prevent-
ing monomer addition to a growing filament, we next looked at 
proteins responsible for actin polymerization and their effects on 
ciliogenesis and Hh signaling. Both the branched actin nucleator 
Arp3 of the Arp2/3 complex and actin nucleator N-WASp local-
ized to the basal body at the base of the primary cilium in mDCs 
(Fig. 2 A). Loss of Arp3 has been previously shown to increase 
axoneme length in htRPE cells (Kim et al., 2010), and we observed 
a similar increase in axoneme length and percentage of ciliated 
cells when Arp3 protein was knocked down using two distinct 
shRNAs targeting Arp3 in mDCs (Fig. 2, B and C; and Fig. S2). 
We also observed significant increases in axoneme length and 
ciliated cells when N-WASp was knocked down using two dis-
tinct shRNAs (Fig. 2, B and C; and Fig. S2). Loss of either Arp3 or  
N-WASp resulted in increases in Hh pathway activation in the 
presence of Shh-CM, similar to cytochalasin B treatment (Fig. 2 D). 
The increases in Hh signaling at least partly stem from lengthen-
ing of the axoneme, which was determined using an Arp2/3 small- 
molecule inhibitor (CK666) that suppresses actin filament 
binding (Hetrick et al., 2013). We found that acute treatment of 
confluent cells altered axoneme length but did not significantly 
alter cilia frequency, providing an assay to monitor signaling 
events while only changing one parameter. CK666 treatment of 
confluent NIH 3T3 cells produced significant increases in axo-
neme length and Hh pathway activation but no change in the 
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percentage of ciliated cells over the course of 3 h (Fig. 2, E–G). 
These data suggest that elevated Hh pathway activation is not a 
consequence of off-target effects of cytochalasin B treatment but 
is a genuine consequence of primary cilia alterations mediated 
through disrupting actin polymerization.

The Cdc42–Par6–aPKC complex restricts primary cilia
How actin-binding proteins are regulated at the primary cilium 
remains unclear. One potent actin regulator, Cdc42, has been 
shown to promote primary cilia formation in MDCK cells and in 
kidney collecting duct cells from Hoxb7-cre; Cdc42 fl/fl mice (Zuo 
et al., 2011; Elias et al., 2015). Cdc42 also localizes to the basal body 
in mDCs, mouse keratinocytes, and mouse basal cell carcinoma 
cells (Atwood et al., 2013). Cdc42 directly promotes N-WASp-
Arp2/3–mediated actin nucleation and indirectly affects N-WASp 
function through Toca-1 (Rohatgi et al., 1999; Ho et al., 2004), 
suggesting that Cdc42 is a strong candidate for regulating actin 
nucleators at the basal body. We detect both Cdc42 and Toca-1 
at the basal body in mDCs (Fig. 3 A). Knockdown of either pro-
tein using two distinct shRNAs results in significant increases in 
axoneme length and ciliated cells (Fig. 3, B and C; and Fig. S2), 

mimicking knockdown of Arp3 and N-WASp (Fig. 2, B and C; and 
Fig. S2) but in direct contrast to the Cdc42-deficient phenotype 
observed in kidney cells (Zuo et al., 2011; Elias et al., 2015). As 
expected, loss of Toca-1 results in significant increases in Hh 
pathway activation in the presence of Shh-CM; however, loss 
of Cdc42 suppressed Hh signaling, despite the increases in pri-
mary cilia frequency and length (Fig. 3 D). This disparity between 
primary cilia and Hh signaling when Cdc42 is lost is similar to 
our previous results obtained after we knocked down aPKC in 
mDCs and observed increases in the percentage of ciliated cells 
but significant suppression of Hh pathway activation (Atwood 
et al., 2013).

Indeed, when we replicated our work by knocking down aPKC 
using two distinct shRNAs specific to the iota/lambda isoform, 
we observed not only the expected increase in the frequency of 
ciliated cells and loss of Hh signaling but also increases in axo-
neme length, which we did not previously appreciate (Fig.  3, 
E–G; and Fig. S2). Because aPKC is typically part of a larger com-
plex of polarity proteins that regulate cell and tissue polarity 
across metazoa, we analyzed the role of other complex members 
Par6a and Par3 in primary cilia formation. Knockdown of Par6a 

Figure 1. Cytochalasin B induces axoneme length changes to regulate Hh signaling. (A) Immunofluorescence of NIH 3T3 cells treated with or without 
10 µM cytochalasin B (CytoB) for the indicated times and stained for Arl13b, γ-tubulin (gTub), and DNA (DAPI). Bar, 5 µm. (B and C) Violin plot of axoneme 
lengths from confluent NIH 3T3 cells (B) and percentage of cells displaying primary cilia (C) after treatment with 10 µM CytoB for the indicated amounts of time 
(n = 3 experiments). tx, treatment. (D) Gli1 mRNA levels of confluent NIH 3T3 cells treated with Shh-CM and 10 µM CytoB for the indicated amounts of time 
(n = 3 experiments). dR, delta reporter signal normalized to passive reference dye. (E and F) Violin plot of axoneme lengths from subconfluent Gli2−/−; Gli3−/− 
and Smo−/− MEFs (E) and percentage of cells displaying primary cilia (F) after 3-h treatment with 10 µM CytoB (n = 3 experiments). (G) Gli1 mRNA levels of 
Gli2−/−; Gli3−/− and Smo−/− MEFs treated with or without Shh-CM and/or 3 h of 10 µM CytoB (n = 3 experiments). CM, conditioned media. Error bars represent 
SEM. Significance was determined by unpaired two-tailed t test (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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expression phenocopied the gain in primary cilia frequency and 
axoneme length (Fig. 3, E and F; and Fig. S2). Surprisingly, knock-
down of Par3 did not substantially alter cilia frequency or axon-
eme length despite its prominent role in aPKC-Par6 function in 
other cell types, possibly because of Par3’s transient participation 
in the complex (Fig. 3, E and F; and Fig. S2; Rodriguez-Boulan 
and Macara, 2014).

Because Cdc42 recruits the Par6–aPKC complex to subcel-
lular locales in other contexts (Hutterer et al., 2004; Atwood et 
al., 2007), we wanted to determine how these polarity proteins 
localize to the basal body. Cdc42, aPKC, Par6a, and Par3 localize 
to the basal body or centrosome in multiple cell types with or 
without a primary cilium (Atwood et al., 2013). As expected, we 
observed an enrichment of polarity proteins at the basal body in 
mDCs and at the centrosomes during mitosis in mDCs and mouse 
keratinocytes, as seen with aPKC immunostaining (Figs. 3 H and 
S3). When we knocked down Cdc42, we observed loss of aPKC, 
Par6a, and Par3 basal body localization, positioning Cdc42 as the 
master regulator of polarity protein localization. Knockdown of 
aPKC or Par6a disrupted their basal body localization, but Cdc42 
remained at the basal body. Interestingly, Par3 knockdown did 

not disturb the basal body enrichment of Cdc42, Par6a, or aPKC. 
This is in sharp contrast to Par3’s role in directing apical recruit-
ment of the polarity proteins in epithelia (Rodriguez-Boulan and 
Macara, 2014). Although Par6a and aPKC recruit Par3 to the basal 
body, we observed no discernable Par3 function during ciliogen-
esis in mesenchymal cells, despite its reported role in epithelia 
(Sfakianos et al., 2007). Consistent with this idea, biochemical 
analysis in Par3 knockdown cells showed no changes in aPKC, 
Par6a, or Cdc42 protein, whereas Cdc42 knockdown altered aPKC 
and Par6a mobility and Par3 stability, which may stem from 
loss of posttranslational modifications from improper localiza-
tion (Fig. 3 I).

aPKC kinase activity is critical to restrict primary cilia
An essential function of Cdc42 during polarity establishment is 
to recruit and activate aPKC’s kinase activity at specific cellular 
locations to stimulate downstream signaling events (Drummond 
and Prehoda, 2016). To determine if aPKC kinase activity is 
essential at the primary cilium, we used the aPKC psuedosub-
strate peptide inhibitor (PSI;  Atwood et al., 2013) to block aPKC 
kinase activity in mDCs. The peptide inhibitor broadly inhibits 

Figure 2. Actin nucleators restrict axoneme length and Hh signaling. (A) Immunofluorescence of mDCs stained for Arp3 or N-WASp with acetylated-tu-
bulin (AcTub)–positive primary cilia. Immunoreactivity around the basal body is highlighted in the lower right of each panel. Bars: 10 µm; (inset) 2 µm. (B and 
C) Percentage of subconfluent mDCs displaying primary cilia (B) and violin plot of axoneme lengths (C) after shRNA knockdown of control (n = 4 experiments), 
N-WASp (n = 3 experiments), or Arp3 (n = 4 experiments). sh, short hairpin. (D) Gli1 mRNA levels of confluent mDCs after shRNA knockdown of control (n = 
9 experiments), N-WASp (n = 5 experiments), or Arp3 (n = 3 experiments) and treated with control-conditioned media or Shh-CM. CM, conditioned media; 
KD, knockdown. dR, delta reporter signal normalized to passive reference dye. (E and F) Violin plot of axoneme lengths from confluent NIH 3T3 cells (E) and 
percentage of cells displaying primary cilia (F) after treatment with 20 µM CK666 for the indicated amounts of time (n = 3 experiments). tx, treatment. (G) Gli1 
mRNA levels of confluent NIH 3T3 cells treated with Shh-CM and 20 µM CK666 for the indicated amounts of time (n = 3 experiments). Error bars represent 
SEM. Significance determined by unpaired two-tailed t test (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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Figure 3. Cdc42 regulates primary cilia and Hh signaling by recruiting aPKC–Par6a to the basal body. (A) Immunofluorescence of mDCs stained for Toca1 
or Cdc42 with acetylated-tubulin (AcTub) – or adenyl cyclase III (ACI II)–positive primary cilia. Immunoreactivity around the basal body is highlighted in the lower 
right of each panel. Bars: 10 µm; (inset) 2 µm. (B and C) Percentage of subconfluent mDCs displaying primary cilia (B) and violin plot of axoneme lengths (C) after 
shRNA knockdown of control (n = 4 experiments), Toca1 (n = 3 experiments), or Cdc42 (n = 4 experiments). sh, short hairpin. (D) Gli1 mRNA levels of confluent 
mDCs after shRNA knockdown of control (n = 9 experiments), Toca1 (n = 2 experiments), or Cdc42 (n = 3 experiments) and treated with control-conditioned 
media or Shh-CM. CM, conditioned media. dR, delta reporter signal normalized to passive reference dye. (E and F) Percentage of subconfluent mDCs displaying 
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both full-length aPKC isoforms (iota/lambda and zeta) but has 
little to no effect on catalytic-domain–only isoforms that do not 
contain the amino-terminal regulatory regions (Wu-Zhang et 
al., 2012; Tsai et al., 2015). Inhibiting kinase activity did not dis-
rupt aPKC basal body localization, protein expression, or protein 
maturation (Fig. 4, A and B), reinforcing the idea that aPKC is 
not regulated by autophosphorylation (Tobias et al., 2016). How-
ever, PSI treatment did inhibit aPKC-mediated phosphorylation 
of Gli1, which is necessary for robust Gli1 activation (Atwood et 
al., 2013), at the basal body, as determined by Western blot and an 
in-house–generated phospho-specific antibody that recognizes 
the aPKC-specific Gli1 T304 phosphosite (Fig. 4, A and B), sug-
gesting that loss of active phospho-Gli1 may be the root cause of 
Hh pathway inhibition when aPKC is inhibited.

Recapitulating the aPKC knockdown phenotype, the percent-
age of cells with primary cilia increased in a dose-dependent 
manner in cells treated with PSI (Fig. 4 C). PSI’s effect on pri-
mary cilia are at a concentration that does not affect the in vitro 
kinase activity of other PKC isoforms such as PKCalpha (Bogard 
and Tavalin, 2015), further reinforcing the role of aPKC kinase 
activity in this process. This effect was relatively rapid, as PSI 
stimulated more primary cilia with longer axonemes in as lit-
tle as 2 h (Fig. 4, D and E). We observed increased frequencies 
of primary cilia with longer axonemes in the presence of PSI in 
multiple cell type types, suggesting aPKC kinase activity may 
serve as a general mechanism to restrict primary cilia frequency 
and axoneme length (Fig. S3). Interestingly, Hh pathway activa-
tion initially increases before shutting down over the course of 
3-h PSI treatment in confluent NIH 3T3 cells despite increasing 
axoneme lengths and no change in ciliated cell frequency (Fig. 4, 
F–H), suggesting that aPKC’s effects on axoneme length are rapid 
and can indirectly influence Hh signaling before aPKC’s direct 
effects on Gli1 are seen. This may be caused by a delay in phos-
pho-Gli1 degradation that allows higher transient Hh pathway 
activation coupled to longer axonemes before the phospho-Gli1 
signal is lost.

To narrow down the molecular events that aPKC regulates to 
restrict primary cilia, we reanalyzed our 3′-end polyadenylated 
RNA sequencing dataset from PSI-treated keratinocyte-derived 
mouse cell line ASZ001 (Atwood et al., 2013). We performed dif-
ferential analysis using DE-seq, an R package to analyze count 
data from RNA-sequencing, with a minimum 100-count cutoff 
and found that expression levels of 2,781 PSI-dependent tran-
scripts changed twofold or more when compared with con-
trol-treated cells. Pathway analysis of down-regulated tran-
scripts indicated the Src pathway was significantly altered in our 
dataset (Fig. 4 I and Tables S1, S2, and S3). This was intriguing, 
as Src also restricts primary cilia number and axoneme length 
in mDCs (Bershteyn et al., 2010). In addition to Src, Cortactin, 

Mtss1 (MIM), and Cdc42 were down-regulated in our dataset 
(Fig. 4 J). We verified expression levels using quantitative RT-PCR 
in ASZ001 cells and found that the relative values from our data-
set closely mirror actual mRNA levels, suggesting that aPKC may 
cooperate with the Src pathway to restrict primary cilia number 
and axoneme length (Fig. 4 K).

aPKC antagonizes MIM’s ciliary function downstream of Cdc42
MIM is a scaffold protein that promotes primary ciliogenesis 
in part by restricting the activities of Src and actin polymeriza-
tion at the basal body (Bershteyn et al., 2010). Although aPKC 
interacts with MIM (Atwood et al., 2013), the functional effect of 
this interaction on ciliogenesis is unknown. As expected, MIM 
shRNA-mediated knockdown resulted in a loss of primary cilia in 
mDCs but did not result in shorter primary cilia (Fig. 5, A and B). 
Concomitant shRNA-mediated reduction in aPKC, but not Par3, 
rescued the MIM knockdown phenotype and resulted in longer 
axonemes (Fig. 5, A and B), suggesting aPKC’s role in restricting 
primary cilia is epistatic to MIM. MIM knockdown also sup-
pressed Hh signaling as expected from loss of cilia, but aPKC-
MIM double knockdown did not rescue the Hh signaling deficits. 
Linking these results to the alterations in actin polymerization, 
aPKC knockdown cells displayed significantly less phalloidin 
staining, whereas MIM knockdown cells displayed significantly 
more phalloidin staining than control cells (Figs. 5 D and S4 A), 
suggesting that their respective roles in regulating primary cilia 
frequency and axoneme length are actin dependent.

To determine whether aPKC and MIM operate in the same or 
parallel pathways, we knocked down MIM and the polarity pro-
teins to assess how depletion of one factor affects the basal body 
localization of the other proteins. aPKC, Cdc42, Par6a, and Par3 
all localized to the basal body in the absence of MIM, indicating 
MIM does not influence the Cdc42-aPKC complex localization 
(Fig. S5 A). However, MIM is lost at the basal body upon Cdc42 
knockdown, but not knockdown of the other polarity proteins, 
suggesting Cdc42 recruits both aPKC and MIM to the basal body 
to regulate actin polymerization, ciliogenesis, Hh signaling, and 
axoneme length (Fig. 5 E).

aPKC promotes Src activity to restrict primary cilia
Next, we sought to determine how aPKC antagonism of MIM 
regulates their function at the primary cilium. Because MIM is 
known to regulate ciliogenesis through antagonism of Src activ-
ity, we hypothesized that aPKC might promote Src activity. We 
assayed protein levels after shRNA knockdown of either aPKC or 
MIM and found that MIM and aPKC regulate each other, as loss 
of MIM increases aPKC protein levels and loss of aPKC decreases 
MIM levels (Figs. 6 A and S5 B). We also found an increase in 
phosphorylated Src protein, a readout of Src activity, after MIM 

primary cilia (E) and violin plot of axoneme lengths (F) after shRNA knockdown of control (n = 4 experiments), aPKC (n = 4 experiments), Par6a (n = 4 experi-
ments), or Par3 (n = 4 experiments). sh, short hairpin. (G) Gli1 mRNA levels of confluent mDCs after shRNA knockdown of control (n = 9 experiments) or aPKC 
(n = 6 experiments) and treated with control-conditioned media or Shh-CM. KD, knockdown. Error bars represent SEM. Significance determined by unpaired 
two-tailed t test (**, P < 0.01; ***, P < 0.001). (H) Immunofluorescence of control, aPKC, Par6a, Cdc42, or Par3 knockdown mDCs stained for indicated proteins 
and AcTub/ACI II–positive primary cilia or pericentrin/γ-tubulin (gtub)–positive basal bodies. Immunoreactivity around the basal body is highlighted in the lower 
right of each panel. Bars: 10 µm; (inset) 2 µm. (I) Western blot of control, Cdc42, or Par3 knockdown mDCs that are probed for polarity proteins and actin.
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knockdown without increasing total Src levels. aPKC knockdown 
decreased phosphorylated Src levels, suggesting regulation of Src 
activity may serve as a nexus between MIM and aPKC to regu-
late actin polymerization and primary cilia. shRNA-mediated 
knockdown of Src phenocopied loss of aPKC, displaying a greater 

frequency of ciliated cells and longer axonemes (Fig. 6, B and C). 
In addition, pharmacological inhibition of Src activity increased 
ciliogenesis in a dose-dependent manner (Fig. 6 D). As both aPKC 
and Src restrict primary cilia, we asked if they work in concert to 
perform their functions. Subthreshold concentrations of PSI or 

Figure 4. aPKC activity is necessary to regulate primary cilia frequency and axoneme length. (A) Immunofluorescence of control-treated or 10 µM 
PSI–treated mDCs stained for phosphorylated aPKC (P-aPKC), phosphorylated Gli1 (P-Gli), and primary cilia (AcTub). Immunoreactivity around the basal body 
is highlighted in the lower right of each panel. tx, treatment. Bars: 10 µm; (inset) 2 µm. (B) Western blot of control or PSI-treated mDCs that are probed for 
aPKC, P-aPKC, Gli1, P-Gli1, and actin. (C and D) Percentage of subconfluent mDCs with primary cilia upon dose-dependent (C; n = 2 experiments) or temporal 
addition of 10 µM PSI (D; n = 3 experiments). (E) Violin plot of axoneme length upon temporal addition of 10 µM PSI. (F and G) Percentage of cells displaying 
primary cilia (F) and violin plot of axoneme lengths (G) from confluent NIH 3T3 cells after treatment with 10 µM PSI for the indicated amounts of time (n = 3 
experiments). (H) Gli1 mRNA levels of confluent NIH 3T3 cells treated with Shh-CM and 10 µM PSI for the indicated amounts of time (n = 3 experiments). dR, 
delta reporter signal normalized to passive reference dye. (I) Pathway analysis of down-regulated transcripts in PSI-treated ASZ001 cells compared with DMSO 
control. Number of genes in dataset compared with total number of genes displayed as a fraction to the right of each bar. KEA, kinase enrichment analysis; 
PPI, protein–protein interaction database. Human endogenous complexome, HEC. (J) Heat map of significantly changed transcripts in the Src pathway in 
PSI-treated ASZ001 cells compared with DMSO control. (K) Quantitative reverse-transcription PCR validation of selected components of the Src pathway in 
PSI-treated ASZ001 cells compared with DMSO control (n = 3 experiments). Error bars represent SEM. Significance determined by unpaired two-tailed t test 
(*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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Src inhibitor (Srci) had modest effects on ciliogenesis in subcon-
fluent cells (Fig. 6 E). However, inhibiting both proteins resulted 
in a significant gain in primary cilia, suggesting aPKC and Src 
likely target similar pathways.

To further examine the aPKC–Src interaction, we used Src-
Yes-Fyn−/− (SYF−/−) MEFs (Klinghoffer et al., 1999) to delineate 
their respective contributions. Overexpression of aPKC robustly 
inhibited ciliogenesis in SYF−/− MEFs to a greater extent than 
overexpression of Src, whereas overexpression of both proteins 
mimicked the aPKC-only phenotype (Fig. 6 F). Although no sig-
nificant differences in axoneme length were observed in these 
cells (Fig. 6 G), addition of either aPKC or Src, or both proteins, 
resulted in significant increases in phalloidin staining (Figs. 6 
H and S4 B). These results are consistent biochemically, as we 
observed a loss in active, phosphorylated aPKC protein that was 
rescued upon Src addition, suggesting Src and aPKC positively 
regulate each other’s activity (Fig. 6, A and I; and Fig. S5C). We also 
observe a significant inhibition of Hh signaling in SYF−/− MEFs 
upon the addition of Src, whereas aPKC addition significantly 
increases Hh signaling despite the lower frequency of ciliated 
cells, suggesting that their Hh signaling functions are separable 
in contrast to their roles in ciliogenesis and actin polymeriza-
tion (Fig. 6, F and J). As aPKC activity consistently increases Hh 
signaling, we assayed whether disrupting actin increases aPKC 
activity. Using cytochalasin B, we observe significant increases 
in aPKC-specific Gli1 phosphorylation in both the nucleus and 
cytosol, where cytochalasin B–treated cells showed a higher 

nuclear-to-cytoplasmic ratio, suggesting that aPKC-mediated 
activation of Gli1 is responsible for the elevated Hh pathway 
activation when actin is disrupted (Fig. 6, K–M; and Fig. S5 D).

Discussion
Ciliogenesis represents a dynamic process where actin, microtu-
bule, and membrane dynamics work in concert to generate a sig-
naling organelle. Here, we show that Cdc42 localizes to the basal 
body to regulate Hh signaling and actin dynamics, restricting the 
frequency of ciliated cells and axoneme length. Cdc42 recruits 
both the aPKC–Par6a complex and MIM to the basal body, where 
they regulate the activity of Src to maintain appropriate levels 
of actin polymerization, ciliogenesis, axoneme length, and Hh 
signaling (Fig. S5 E). How Cdc42 recruits two genetically distinct 
complexes to the basal body may stem from complex heteroge-
neity where one molecule of Cdc42 can only interact with one 
Par6a–aPKC or one MIM. Alternatively, Cdc42 may recruit one 
large complex as aPKC and MIM interact at the basal body in 
mDCs (Atwood et al., 2013).

Actin dynamics orchestrate several processes that are nec-
essary for ciliogenesis. Transporting the mother centriole 
(future basal body) to the appropriate cortex of the cell is an 
actin-dependent process (Euteneuer and Schliwa, 1985). Once 
there, focal adhesion proteins anchor the basal body to the 
underlying actin cytoskeleton (Antoniades et al., 2014). Local 
clearing of the actin cytoskeleton commences (Francis et al., 

Figure 5. aPKC antagonizes MIM downstream of Cdc42. (A and B) Percentage of subconfluent mDCs displaying primary cilia (A) and violin plot of axoneme 
length (B) after shRNA knockdown (KD) of control (n = 4 experiments), MIM (n = 7 experiments), aPKC and MIM (n = 7 experiments), or Par3 and MIM (n = 3 
experiments). (C) Gli1 mRNA levels of confluent mDCs after shRNA knockdown of control (n = 9 experiments), MIM (n = 3 experiments), or aPKC and MIM (n = 3 
experiments) and treated with control-conditioned media or Shh-CM. CM, conditioned media. dR, delta reporter signal normalized to passive reference dye.  
(D) Phalloidin staining quantification of subconfluent mDCs after shRNA knockdown of control, aPKC, or MIM (n > 50 cells). Error bars represent SEM. Signifi-
cance was determined by unpaired two-tailed t test (**, P < 0.01; ***, P < 0.001). (E) Immunofluorescence of control, aPKC, Par6a, Cdc42, or Par3 knockdown 
mDCs stained for MIM and acetylated-tubulin (AcTub)–positive primary cilia. MIM staining around the basal body is highlighted in the lower right of each panel. 
Bars: 10 µm; (inset) 2 µm.
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2011) and the axoneme elongates through microtubule nucle-
ation. Once the basal body docks, a reduction in cortical actin 
would presumably promote more ciliated cells, as there would 
be no physical barrier to prevent axoneme elongation. How 
actin regulates axoneme length is less clear. One hypothesis is 
that cortical actin reinforces the ciliary necklace to help provide 
a diffusion barrier and prevent vesicle trafficking and antero-
grade transport to grow the axoneme shaft. This is particularly 
attractive as the polarity proteins are implicated in anterograde 
transport at the primary cilium (Fan et al., 2004; Sfakianos et 
al., 2007). Alternatively, actin may serve as a mechanical force 
that prevents the axoneme from growing too long, akin to twist-
ing balloons. Relaxation of the force or widening of the actin 
anchor surrounding the basal body would provide more slack 

to grow the axoneme, whereas constricting the actin anchor 
would result in the opposite effect.

Primary cilia are necessary to amplify Hh signal and loss 
of the cilium results in a host of Hh-deficient abnormalities 
(Briscoe and Thérond, 2013). How mutants that disrupt actin 
regulation and promote primary cilia alter Hh signaling is less 
clear. We show that disruption of actin through loss of direct 
actin nucleators amplify Hh target gene expression more than 
simply adding cells with primary cilia. In support of this idea, 
we show that axoneme length regulation is functionally import-
ant as longer primary cilia can transduce more Hh signal. This 
signaling requires canonical Hh pathway activation through 
Smo and Gli2/Gli3. Proteome mapping using APEX2 tagging has 
revealed an abundance of actin-binding and other actin-related 

Figure 6. aPKC and Src positively regulate each other to promote Gli1 activity. (A) Western blot of control, aPKC, or MIM knockdown mDCs that are 
probed for MIM, total and activated forms of aPKC and Src, and actin. (B and C) Percentage of subconfluent mDCs displaying primary cilia (B) and violin plot 
of axoneme length (C) after shRNA knockdown of control (n = 2 experiments) or Src (n = 2 experiments for each short hairpin). (D) Percentage of mDCs with 
primary cilia upon dose-dependent addition of Src inhibitor I (Srci; n = 2 experiments). (E) Percentage of subconfluent mDCs with primary cilia in control treat-
ment (tx) or subthreshold concentrations of PSI, Srci, or both (n = 3 experiments). (F–H) Percentage of cells displaying primary cilia (F), violin plot of axoneme 
lengths (G), and phalloidin staining quantification (H; n > 100 cells) from subconfluent Src/Fyn/Yes (SYF)−/− MEFs with or without stable transfection of aPKC 
and/or Src (n = 3 experiments). (I) Western blot of SYF−/− MEFs with or without addition of Src and probed for total and activated forms of aPKC and total Src. 
(J) Gli1 mRNA levels of SYF−/− MEFs with or without addition of Src or aPKC (n = 4 experiments). dR, delta reporter signal normalized to passive reference dye. 
(K) Immunofluorescence of NIH 3T3 cells treated with or without 2.5 µM cytochalasin B (CytoB) for 3 h and stained for the indicated proteins. Bar, 30 µm. (L 
and M) Quantification (L) and nuclear-to-cytoplasmic ratio (M) of the aPKC-specific phosphorylated-Gli1 immunostain (n > 100 cells). Error bars represent 
SEM. Significance was determined by unpaired two-tailed t test (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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proteins enriched at the primary cilium when actin is depolym-
erized using cytochalasin D in htRPE cells (Kohli et al., 2017). For 
instance, Myo5a volume at the primary cilium was increased 
upon cytochalasin D treatment, but not the intensity of staining, 
suggesting that a longer axoneme can hold more protein such as 
the positive Hh regulator SMO that could lead to more Hh sig-
naling. Additionally, many actin-related proteins enrich at the 
basal body upon actin disruption (Kohli et al., 2017), which could 
sequester these proteins away from other subcellular locations. 
This could be a mechanism to sequester the negative HH regula-
tor ACT RT1, which binds to the GLI1 promoter in humans to sup-
press HH signaling (Bal et al., 2017). Although disrupting actin 
has pleiotropic effects, we show that Hh pathway activation is not 
necessary for axoneme elongation, suggesting that actin’s effect 
on cilia and Hh signaling are separable.

aPKC activity is necessary for Hh pathway activation and 
functions by phosphorylating and activating Gli1. Intriguingly, 
our data also support a role for Cdc42 in Hh pathway activation, 
presumably by recruiting and activating aPKC at the basal body, 
which is consistent with the holoprosencephaly phenotype seen 
when Cdc42 is lost (Chen et al., 2006). The authors thought the 
defect was independent of the Hh pathway, but they only exam-
ined Shh expression and not downstream targets such as Gli1 or 
Ptch1, leaving open the possibility that the defect is Hh depen-
dent. Separately, aPKC and MIM antagonism controls ciliogen-
esis and axoneme length through regulation of Src activity. We 
provide several lines of evidence to support this model. First, 
aPKC promotes MIM protein levels, whereas MIM suppresses 
aPKC levels. Second, aPKC and Src positively regulate each other’s 
activity, whereas MIM suppresses both aPKC and Src activity, in 
line with previous observations that show interactions between 
aPKC and Src (Wooten et al., 2001) and MIM and Src (Bershteyn 
et al., 2010). Third, aPKC knockdown rescues the cilia defect in 
MIM knockdown cells. Finally, Src knockdown, or pharmacolog-
ical inhibition, phenocopies loss of aPKC. These data point to a 
signaling nexus that centers on appropriate control of Src activ-
ity at the basal body. In summary, our results open up new ave-
nues of inquiry into primary cilia length control and suggest that 
reanalyzing previously published cilia work may be beneficial in 
understanding cell and tissue-level Hh regulation.

Materials and methods
Cell culture, drug treatments, and quantitative PCR
Primary mDCs were isolated as previously described (Woo et 
al., 2013). In brief, skin was dissected from 1- to 3-d-old pups 
and incubated in 2.5 mg/ml dispase in HBSS overnight at 4°C. 
The dermis was separated from the epidermis and minced, and 
dermal pieces were incubated with 0.25% (wt/vol) collagenase 
type I in DMEM at 37°C for 1 h to isolate single cells. mDCs were 
grown in Amniomax media containing supplement and penicil-
lin/streptomycin (Life Technologies). ASZ001 cells were grown 
in 154CF media containing 2% chelated FBS, Human Keratinocyte 
Growth Supplement, and penicillin/streptomycin (Life Technol-
ogies). NIH 3T3, 10T1/2 (C3H10T1/2), SYF−/− MEFs, Smo−/− MEFs, 
and Gli1−/−; Gli2−/− MEFs were grown in DMEM media containing 
10% FBS and penicillin/streptomycin (Life Technologies). MDCK 

cells were grown in Eagle’s Minimum Essential Medium contain-
ing 10% FBS and penicillin/streptomycin (Life Technologies). 
Cells were serum-starved or serum-starved and treated with or 
without control-conditioned media or Shh-CM for 24 h to induce 
ciliogenesis before drug treatments unless stipulated otherwise. 
Drug treatments were performed with 10 µM myristoylated PSI 
(Atwood et al., 2013), 20 nM Srci (Src inhibitor I; Calbiochem), 
10 µM cytochalasin B (Sigma), or 20 µM CK666 (Calbiochem) 
unless otherwise specified. RNA was harvested using the RNeasy 
Minikit (QIA GEN). Quantitative RT-PCR was performed using 
the Brilliant II SYBR Green QRT-PCR Master Mix kit (Agilent 
Technologies) on a Mx3000P qPCR System (Agilent Technolo-
gies) or the StepOnePlus System (Invitrogen) using primers to 
Gli1 (forward: 5′-GCA GGT GTG AGG CCA GGT AGT GAC GATG-3′, 
reverse: 5′-CGC GGG CAG CAC TGA GGA CTT GTC-3′), Cdc42 (for-
ward: 5′-GCA GGG CAA GAG GAT TAT GAC-3′, reverse: 5′-TCT CAG 
GCA CCC ACT TTTC-3′), Mtss1 (forward: 5′-GAA GCT GCA GAA GAA 
GGC-3′, reverse: 5′-GAG CGC TGT CCA ACT GAG GC-3′), Cttn (for-
ward: 5′-ATT TGG TGT TCA GTC CGA GAG-3′, reverse: 5′-CTT GTC 
CAT CCG ATC CTT CTG-3′), Src (forward: 5′-GAC CGA GCT CAC CAC 
TAA GG-3′, reverse: 5′-CTG TGG CTC AGT GGA CGT AA-3′), Gapdh 
(forward: 5′-AAT GAA TAC GGC TAC AGC AAC AGG GTG-3′, reverse: 
5′-AAT TGT GAG GGA GAT GCT CAG TGT TGGG-3′). Fold change in 
mRNA expression was measured using ΔΔCt analysis with Gapdh 
as an internal control gene.

Lentiviral knockdown
Lentiviral pLKO.1 vector containing shRNAs (Open Biosystems) 
to Prkci (sh3: 5′-CCG TTC ACC ATG AAA TGG ATA-3′, sh5: 5′-CCA 
GAC AGA AAG CAG GTT GTT-3′; Atwood et al., 2013), Pard6a (sh4: 
5′-AAA CTG TCA TCG TTG GTG AGG-3′, sh5: 5′-AAG GAT CTC ATC 
ACT GAC CGC-3′), Cdc42 (sh2: 5′-AAG AAA GGA GTC TTT GGA CAG-
3′, sh4: 5′-TGT CTG TGG ATA ACT TAG CGG-3′), Pard3 (sh3: 5′-ATT 
TGC CTG CTA AAT CTA CTC-3′, sh4: 5′-TAT GTT CCC ATT ATC CTG 
CTC-3′), Src (sh1: 5′-ATT CCC GTC TAG TGA TCT TGC-3′, sh3: 5′-TTA 
TTG ACA ATC TGC AGC CGC-3′), Fnbp1l (sh8: 5′-TTA AGT TCA TCA 
ATG CGC TGC-3′, sh10: 5′-TGA TAG TCC CAT CAG AAA TGG-3′), Was 
(sh1: 5′-TAT GAG AGG TGA AAG GTG ACG-3′, sh5: 5′-TCT CTC CTC 
ATT GAT TGG TGC-3′), Actr3 (sh1: 5′-TTA GCT CTC TTC TAC ATC 
TGC-3′, sh2: 5′-AAA GTA ATG ATC TTC AGG TTC-3′); or pSicoR-puro 
vector containing shRNAs to Mtss1 (5′-GCA AGG CAC TCA TCG 
AAGA-3′; Bershteyn et al., 2010) were used. Lentiviral infection 
was performed and cells assayed between 2 and 4 d depending on 
the efficiency of knockdown, as determined by protein levels on 
Western blot or immunofluorescence.

Antibodies, immunofluorescence, and Western blots
Cells were fixed with either 4% paraformaldehyde or 100% 
methanol for 10 min in 1% normal horse serum, and 0.1% Triton 
X-100 in PBS was used for blocking. The following antibodies 
were used: rabbit anti-aPKC (1:500, sc-216; Santa Cruz Biotech-
nology), rabbit anti–p-aPKC T410 (1:100, sc-12894; Santa Cruz 
Biotechnology), rabbit anti-Pard6a (1:100, sc-25525; Santa Cruz 
Biotechnology), mouse anti-Pard6a (1:100, sc-365323; Santa Cruz 
Biotechnology), mouse anti-Pard3 (1:500, MABF28; Millipore), 
mouse anti-Cdc42 (1:500, sc-8401; Santa Cruz Biotechnology), 
rabbit anti-MIM (1:1,000; Bershteyn et al., 2010), rabbit anti-Src 
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(1:1,000, 2108; Cell Signaling), rabbit anti–p-Src Y416 (1:1,000, 
2101; Cell Signaling), rabbit anti-Fnbp1l (1:500, ab67310; Abcam), 
rabbit anti–N-WASp (1:100, sc-20770; Santa Cruz Biotechnology), 
mouse anti-Arp3 (1:500, ab49671; Abcam), rabbit anti–γ-tubulin 
(1:500, SAB4503045; Sigma), mouse anti–γ-tubulin (1:500, 
ab11316; Abcam), mouse anti–acetylated tubulin (1:2,000, T7451; 
Sigma), goat anti–adenyl cyclase III (1:50, sc-32113; Santa Cruz 
Biotechnology), mouse anti-Arl13b (1:2,000, 75–287; Antibodies 
Inc.) mouse anti–β actin (1:5,000, A2228; Sigma), rabbit anti-Gli1 
(1:1,000, AF3455; R&D Systems), and rabbit anti–P-T304 Gli1 
(1:500). Secondary antibodies included Alexa Fluor 488, 546, and 
647 (Jackson ImmunoResearch) and Alexa Fluor 488 phalloidin 
(Life Technologies). Slides were mounted with Prolong Diamond 
Antifade Mountant from Molecular Probes. Confocal images were 
acquired at room temperature on a Leica SP2 AOBS laser scan-
ning microscope with HCX PL APO 40× and 63× oil immersion 
objectives or a Zeiss LSM700 laser scanning microscope with 
Plan-Apochromat 40× and 63× oil immersion objectives. Fluo-
rescent images were acquired at room temperature on an EVOS 
FL Color Imaging System with Plan Fluorite 40× objective. Images 
were arranged with ImageJ, Affinity Photo, and Affinity Designer.

ImageJ was used to estimate the percentage of cells with cilia 
(total cells were counted by nuclear DAPI stain and compared 
with the number of acetylated tubulin– or Arl13b-positive cells) 
and axoneme length. For Western blots, cells were lysed with 2× 
SDS sample buffer (100 mM Tris HCl 6.8, 200 nM DTT, 4% SDS, 
0.2% bromophenol blue, and 20% glycerol) and boiled at 100°C for 
10 min. Samples were resolved on a 4–12% polyacrylamide gradi-
ent gel and transferred to nitrocellulose membrane by a semidry 
transfer apparatus. Membranes were blocked with 5% milk in 
TBS with 0.05% Tween-20 before sequential addition of primary 
and secondary antibodies. Membranes were either imaged using 
(a) HRP-conjugated secondary antibodies, ECL Western blotting 
substrate (Pierce), and x-ray film, or (b) Alexa Fluor secondary 
antibodies and the LI-COR Odyssey imaging system. Bands were 
quantified using ImageJ.

Pathway analysis
Total read counts from aligned 3′ end RNA sequencing of PSI-
treated ASZ001 cells (Atwood et al., 2013) were generated using 
DE-seq. Genes from differentially expressed transcripts with a 
100-count minimum threshold and at least a 50% reduction from 
control-treated samples were analyzed using Enrichr (Chen et 
al., 2013; Kuleshov et al., 2016). Src pathway signatures were 
extracted from protein–protein interaction hub analysis, kinase 
enrichment analysis, and NUR SA human endogenous complex-
ome analysis. All differentially expressed Src pathway signature 
genes were hierarchically clustered using the Cluster program 
and visualized in Java Treeview.

Statistics
Statistical analyses were done using two-tailed t tests and com-
pared with control cells using GraphPad Prism.

Online supplemental material
Fig. S1 shows cytochalasin B washout restores primary cil-
ium length. Fig. S2 shows Western blot analysis of protein 

knockdown. Fig. S3 shows aPKC controls primary cilia and Hh 
signaling. Fig. S4 shows phalloidin staining is altered upon dis-
ruption of upstream regulators of actin nucleators. Fig. S5 shows 
MIM and phospho-Gli1 staining. Table S1 shows protein–protein 
interaction hub proteins. Table S2 shows kinase enrichment 
analysis proteins. Table S3 shows human endogenous com-
plexome proteins.
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