








Figure 6. aPKC and Src positively regulate each other to promote Glil 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 PSl, 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 uM cytochalasin B (CytoB) for 3 h and stained for the indicated proteins. Bar, 30 um. (L
and M) Quantification (L) and nuclear-to-cytoplasmic ratio (M) of the aPKC-specific phosphorylated-Glil immunostain (n > 100 cells). Error bars represent

SEM. Significance was determined by unpaired two-tailed t test (*, P < 0.05; **, P < 0.0; ***, P < 0.001).

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
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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

Journal of Cell Biology
https://doi.org/10.1083/jcb.201703196



proteins enriched at the primary cilium when actin is depolym-
erized using cytochalasin D in htRPE cells (Kohli et al., 2017). For
instance, Myoba 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 ACTRT1, 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 Glil. 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 Glil or
Ptchl, 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 cilialength 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
in154CF 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 Glil”/~; Gli2/~ MEFs were grown in DMEM media containing
10% FBS and penicillin/streptomycin (Life Technologies). MDCK
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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 uM myristoylated PSI
(Atwood et al., 2013), 20 nM Srci (Src inhibitor I; Calbiochem),
10 pM cytochalasin B (Sigma), or 20 pM CK666 (Calbiochem)
unless otherwise specified. RNA was harvested using the RNeasy
Minikit (QIAGEN). 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
Glil (forward: 5-GCAGGTGTGAGGCCAGGTAGTGACGATG-3’,
reverse: 5-CGCGGGCAGCACTGAGGACTTGTC-3'), Cdc42 (for-
ward: 5-GCAGGGCAAGAGGATTATGAC-3', reverse: 5'-TCTCAG
GCACCCACTTTTC-3'), Mtssl (forward: 5'-GAAGCTGCAGAAGAA
GGC-3', reverse: 5-GAGCGCTGTCCAACTGAGGC-3'), Cttn (for-
ward: 5'-ATTTGGTGTTCAGTCCGAGAG-3', reverse: 5'-CTTGTC
CATCCGATCCTTCTG-3'), Src (forward: 5-GACCGAGCTCACCAC
TAAGG-3', reverse: 5'-CTGTGGCTCAGTGGACGTAA-3'), Gapdh
(forward: 5'-AATGAATACGGCTACAGCAACAGGGTG-3', reverse:
5-AATTGTGAGGGAGATGCTCAGTGTTGGG-3'). Fold change in
mRNA expression was measured using AACt analysis with Gapdh
as an internal control gene.

Lentiviral knockdown

Lentiviral pLKO.1 vector containing shRNAs (Open Biosystems)
to Prkci (sh3: 5-CCGTTCACCATGAAATGGATA-3', sh5: 5'-CCA
GACAGAAAGCAGGTTGTT-3"; Atwood et al., 2013), Pardéa (sh4:
5'-AAACTGTCATCGTTGGTGAGG-3’, sh5: 5-AAGGATCTCATC
ACTGACCGC-3'), Cdc42 (sh2: 5-AAGAAAGGAGTCTTTGGACAG-
3', sh4: 5-TGTCTGTGGATAACTTAGCGG-3'), Pard3 (sh3: 5'-ATT
TGCCTGCTAAATCTACTC-3’, sh4: 5-TATGTTCCCATTATCCTG
CTC-3'), Src (shl: 5-ATTCCCGTCTAGTGATCTTGC-3', sh3: 5-TTA
TTGACAATCTGCAGCCGC-3'), Fnbpll (sh8: 5-TTAAGTTCATCA
ATGCGCTGC-3', sh10: 5'-TGATAGTCCCATCAGAAATGG-3'), Was
(shl: 5-TATGAGAGGTGAAAGGTGACG-3’, sh5: 5'-TCTCTCCTC
ATTGATTGGTGC-3'), Actr3 (shl: 5-TTAGCTCTCTTCTACATC
TGC-3',sh2: 5-AAAGTAATGATCTTCAGGTTC-3'); or pSicoR-puro
vector containing shRNAs to Mtssl (5-GCAAGGCACTCATCG
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-Pardéa (1:100, sc-25525; Santa Cruz
Biotechnology), mouse anti-Pardéa (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-Fnbpll (1:500, ab67310; Abcam),
rabbit anti-N-WASp (1:100, sc-20770; Santa Cruz Biotechnology),
mouse anti-Arp3 (1:500, ab49671; Abcam), rabbit anti-y-tubulin
(1:500, SAB4503045; Sigma), mouse anti-y-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-B actin (1:5,000, A2228; Sigma), rabbit anti-Glil
(1:1,000, AF3455; R&D Systems), and rabbit anti-P-T304 Glil
(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 40x and 63x oil immersion
objectives or a Zeiss LSM700 laser scanning microscope with
Plan-Apochromat 40x and 63x oil immersion objectives. Fluo-
rescent images were acquired at room temperature on an EVOS
FL Color Imaging System with Plan Fluorite 40x objective. Images
were arranged with Image], 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 2x
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 Image].

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 NURSA 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
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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-Glil 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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