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ABSTRACT
CDK10/CycM is a protein kinase deficient in STAR (toe Syndactyly, Telecanthus and Anogenital and Renal
malformations) syndrome, which results from mutations in the X-linked FAM58A gene encoding Cyclin M.
The biological functions of CDK10/CycM and etiology of STAR syndrome are poorly understood. Here, we
report that deficiency of CDK10/Cyclin M promotes assembly and elongation of primary cilia. We establish
that this reflects a key role for CDK10/Cyclin M in regulation of actin network organization, which is known
to govern ciliogenesis. In an unbiased screen, we identified the RhoA-associated kinase PKN2 as a CDK10/
CycM phosphorylation substrate. We establish that PKN2 is a bone fide regulator of ciliogenesis, acting in
a similar manner to CDK10/CycM. We discovered that CDK10/Cyclin M binds and phosphorylates PKN2 on
threonines 121 and 124, within PKN20s core RhoA-binding domain. Furthermore, we demonstrate that
deficiencies in CDK10/CycM or PKN2, or expression of a non-phosphorylatable version of PKN2, destabilize
both the RhoA protein and the actin network architecture. Importantly, we established that ectopic
expression of RhoA is sufficient to override the induction of ciliogenesis resulting from CDK10/CycM
knockdown, indicating that RhoA regulation is critical for CDK10/CycM’s negative effect on ciliogenesis.
Finally, we show that kidney sections from a STAR patient display dilated renal tubules and abnormal,
elongated cilia. Altogether, these results reveal CDK10/CycM as a key regulator of actin dynamics and a
suppressor of ciliogenesis through phosphorylation of PKN2 and promotion of RhoA signaling. Moreover,
they suggest that STAR syndrome is a ciliopathy.
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Introduction

Primary ciliogenesis is the dynamic cellular process of building
the primary cilium, a microtubule-based structure located at
the cell surface.1,2 After cell division, each daughter cell inherits
a centrosome composed of a mother and a daughter centriole,
surrounded by pericentriolar material.3 When the cell enters
quiescence, the mother centriole differentiates to form the so-
called basal body through maturation of subdistal and distal
appendages.4 The centrosome migrates toward the plasma
membrane where it anchors through its distal-end and nucle-
ates microtubules for axoneme formation and elongation. Dur-
ing the course of migration, a vesicle can associate with the
distal-end of the basal body to initiate axoneme formation prior
to plasma membrane fusion.1,5 Active vesicular trafficking at
the basal body supplies essential components for primary cil-
ium assembly and elongation.6-8 A constant equilibrium
between anterograde and retrograde intraflagellar transport
regulates axonemal assembly and disassembly, to maintain pri-
mary cilium length.9,10

Actin cytoskeleton dynamics plays a key role in ciliogene-
sis.11,12 Extended cells can assemble contractile actin filaments,
which repress ciliogenesis. In contrast, confined cells can orga-
nize a dorsal protrusive actin network, which promotes cilio-
genesis.13 Consistent with these observations, nucleating
factors that promote actin polymerization repress primary cil-
ium assembly and growth whereas actin severing enzymes pro-
mote ciliogenesis.14-17 Actin depolymerization promotes
ciliogenesis by stabilizing the pericentrosomal preciliary com-
partment, a vesiculotubular structure that contributes to cilio-
genesis,14,15,17 and by inhibiting transcription factors from the
Hippo pathway, which induce the expression of cilium disas-
sembly factors.17

The small GTPase RhoA plays a key role in actin net-
work regulation.18 It is required to promote actin stress
fiber assembly and maintenance, through a signaling path-
way that includes activation of Rho kinase and phosphory-
lation of myosin light chain 2 (MLC2).19 There is extensive
evidence that RhoA plays key roles in the regulation of
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ciliogenesis through its effects on actin networks. In the
context of multiciliogenesis, RhoA appears to act positively
by enabling formation of an apical actin web-like structure
and promoting basal body docking.20,21 In contrast, in
monociliated cells, activation of RhoA and its downstream
signaling pathway has been shown to suppress primary cil-
iogenesis by promoting the formation of actin stress fiber
networks.13,22,23 The presence of abnormal ciliogenesis and/
or abnormal primary cilium length during development has
been linked to severe developmental syndromes, collectively
dubbed ciliopathies.11,24 Notably, hyperactivation of RhoA
and consequent changes in actin polymerization have been
observed in several prototypical ciliopathies, including Bar-
det-Biedl, Meckel and Joubert syndromes.22,23,25

STAR syndrome is an X-linked dominant disorder caused
by mutations in family with sequence similarity 58, member A
(FAM58A).26 We recently reported that Cyclin M (CycM),
encoded by FAM58A, interacts with Cyclin-Dependent Kinase
10 (CDK10) to form an active protein kinase.27 We demon-
strated that STAR syndrome-associated CycM mutants fail to
interact with CDK10, thus compromising CDK10 kinase activ-
ity. Young girls affected by STAR syndrome suffer from gen-
eral growth retardation. Additionally, these individuals display
a number of renal, retinal, anogenital and digital anomalies
that are reminiscent of ciliary defects. This spurred us to
investigate whether mammalian CDK10/CycM plays a role in
the regulation of ciliogenesis. Here, we show that CDK10/
CycM is a key repressor of ciliogenesis through the regulation
of RhoA and modulation of actin dynamics. Moreover, we see
evidence of ciliary defects in renal tissue from a STAR syn-
drome patient, suggesting that STAR syndrome is a bona fide
ciliopathy.

Results

CDK10/CycM negatively regulates ciliogenesis and primary
cilium length

We investigated the role of CDK10/CycM in the regulation
of ciliogenesis using the human telomerase reverse tran-
scriptase retinal pigmented epithelial (hTERT RPE-1) cellu-
lar model. These immortalized cells maintain normal cell
cycle checkpoints. In the absence of growth factors, they
enter quiescence after mitosis and build a primary cilium.28

We introduced 3 different siRNAs against CDK10 and
CycM into hTERT RPE-1 cells and then withdrew serum
5 hours later to induce cell cycle exit. All of the siRNAs
yielded efficient knockdown CDK10 or CycM (Fig. 1A). We
then determined the consequence on ciliogenesis by detec-
tion and quantification of primary cilia via acetylated-tubu-
lin staining (Fig. S1A). There was no obvious difference in
the number of cilia at 24 or 48 hours post-transfection
(data not shown). However, by 72 hours post-transfection,
we observed a significant increase in the number of ciliated
cells in response to knockdown of either CDK10 (p �
0.001) or CycM (p � 0.01) such that almost all of the cells
now bore cilia (Fig. 1B). The time lag in the appearance of
this phenotype suggests that CDK10/CycM knockdown is
exerting its effect on cilia formation in serum starved cells.

We also measured cilia length 72 hours after siRNA treat-
ments (Fig. 1C, D). This analysis revealed a significant
increase of cilia length in response to CDK10 silencing (1.5
fold; p � 0.05) and an even greater effect of CycM silencing
(2 fold; p � 0.01). Thus, CDK10 and CycM both act to
repress cilia formation and elongation in serum starved
cells.

Ciliogenesis is a finely regulated process that occurs at
the G0/G1 phase of the cell cycle.29 Since CDK10/CycM
has been previously linked to cell cycle regulation 30 it
seems plausible that CDK10/CycM silencing might also
contribute indirectly to ciliogenesis by promoting quies-
cence. Hence, we assessed the cell cycle status of siRNA-
treated cells that were maintained in the presence of serum.
As reported previously,30 CDK10/CycM silencing yielded a
slight increase in the G2/M population. However, we saw
no detectable increase in the G0/G1 population in CDK10/
CycM depleted cells 72 hours post transfection (Fig. S1B),
arguing against an indirect effect on ciliogenesis by promot-
ing cell cycle exit.

The disassembly of primary cilium acts to enable cell
cycle progression at the G1/S transition.28,31-33 Thus, to
investigate whether CDK10/CycM silencing modulates cil-
ium disassembly and cell cycle re-entry, we took cells that
had been treated with control, CDK10, CycM siRNAs and
serum-starved for 72 hours (as in Fig. 1), and then reex-
posed them to serum for 14 hours. In this case, we found
that CDK10 and CycM silencing promoted the maintenance
of primary cilia (Fig. S1C) and impaired cell cycle resump-
tion, as judged by a reduction in the percentage of post-G0/
G1 cells (Fig. S1D). Taken together, these results establish
key roles for CDK10 and CycM in ciliogenesis. First, they
suppress primary cilium assembly and elongation in serum
starved cells without promoting cell cycle exit. Second, in
response to mitogenic signaling, they enable both cilia dis-
assembly and cell cycle re-entry.

CDK10/CycM maintains actin network architecture and
phosphorylates actin regulators

Maturation of the basal body and actin network reorganiza-
tion both play central roles in governing ciliogenesis. Thus,
we tested whether CDK10/CycM influenced either of these
processes. With regard to the basal body, we detected
intense immunofluorescence staining of CDK10 and CycM
at the base of primary cilia (stained by acetylated tubulin)
in control but not in siCDK10/CycM treated cells
(Fig. S2A). Moreover, further co-staining with centrosomal-
associated proteins suggested that CDK10/CycM was con-
centrated at the mother centriole (Fig. S2B). Given these
observations, we examined the subcellular localization of 2
centrosomal proteins, Cep170 (a mature mother centriole
marker) 34 and Cep290 (a centriolar satellite marker that is
mutated in various ciliopathies) 35 in our siCDK10/CycM
treated cells. We did not observe any alteration in the stain-
ing pattern of these proteins, compared to control cells
(Fig. S2C). Thus, while we cannot rule out the possibility of
subtle roles, CDK10/CycM deficiency does not grossly alter
basal body integrity.
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To assess the effect of CDK10/CycM knockdown on actin
network regulation, we used 3D deconvolution microscopy. Our
analyses revealed a striking disruption of the actin network
throughout the cell in response to CDK10/CycM silencing that
resulted in near complete loss of actin stress fibers (Fig. 2A). To
determine the magnitude of this disruption, we compared it to
the consequences of treating the cells with cytochalasin D, which
blocks actin polymerization by capping the fast growing, barbed
ends of actin filaments. We found that separate treatment with
cytochalasin D or CDK10/CycM silencing had a comparable

impact on ciliogenesis (Fig. S3A, B). Indeed, combined cytocha-
lasin D treatment and CDK10/CycM silencing had little or no
additive effect on the percentage of ciliated cells (Fig. S3B).
Thus, we conclude that CDK10/CycM silencing and cytochala-
sin D have a similar, profound impact on actin polymerization
and thereby influence ciliogenesis.

To better understand the mechanism by which CDK10/CycM
inhibits ciliogenesis, we used an unbiased screen to identify phos-
phorylation substrates of this kinase. For this, we performed in
vitro kinase assays using baculovirus-expressed, and purified,

Figure 1. CDK10/Cyclin M represses primary cilium assembly and growth (A-D) hTERT-RPE1 cells were transfected with control (siCTL), CDK10 or CycM siRNAs, subjected
to serum starvation, and analyzed 72 hour post transfection. (A) CDK10 and CycM knockdown was assessed by western blot. (B) The percent of siCTL, si CDK10 and siCycM
cells with primary cilia was determined by visualization using acetylated-tubulin staining (Figure S1A) and quantification. 500 cells were counted for each condition, in 3
independent experiments. (C) Measurement of cilia length (225 cilia/condition, in 3 independent experiments) using the LAS AF software on images randomly selected
across the coverslips. (D) Representative immunofluorescence images of primary cilia (acetylated-tubulin staining, shown in green), DNA (DAPI staining, shown in blue).
Scale bar: 10 mm.
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CDK10/CycM on a protein array containing 9,483 human recom-
binant proteins. Notably, this includesmany core centrosomal pro-
teins and ciliogenesis regulators (e.g. Cep72/290, BBS2/5/7/9/10/12,
IFT88/52/81/57, KIF2A/3A/19, NDE1, Tctex, MARK4, TTBK2,
Centrobin, AuroraA, HDAC6, PLK1, NEK2, MKS1) and also
numerous actin network regulators. None of the centrosomal pro-
teins were phosphorylated by CDK10/CycM. Strikingly, all 5 of the
positive hits in this screen (Fig. 2B; PKN2, PAR6C, ABL1, ABL2
and SYK) were known regulators of actin dynamics 36-39, reinforc-
ing the rationale for focusing on this process.

Identification of PKN2 as a CDK10/CycM substrate and as a
ciliogenesis regulator

Among the identified substrate candidates, Protein Kinase
C-like 2 (PKN2, also known as Protein kinase C-related

kinase 2, PRK2) exhibited the strongest phosphorylation
signal. To further validate this finding, we performed in
vitro phosphorylation assays using recombinant purified
proteins. We observed a small amount of PKN2 autophos-
phorylation in the absence of our purified CDK10/CycM
but inclusion of this kinase yielded a strong CDK10/CycM-
dependent phosphorylation (Fig. 3A), arguing that PKN2 is
a direct CDK10/CycM substrate in vitro. To determine

Figure 2. CDK10/CycM maintains actin network architecture and phosphorylates
actin dynamics regulators (A) Immunofluorescent visualization of primary cilia
(acetylated-tubulin staining, shown in green) and F-actin (Rhodamine-Phalloidin
staining, shown in red) without (siCTL) or with CDK10 or CycM silencing under the
same conditions as Figure 1. DNA was stained with DAPI (shown in blue). Scale
bar, 25 mm. The XZ view shows XZ optical projections of the cilia structure and
actin structure (taken from a horizontal middle cross section) in a baso-apical man-
ner. (B) In vitro kinase assay on protein arrays without kinase (CTL) or with recombi-
nant purified CDK10/CycM. Positive hits (differential signals between both arrays)
are indicated with black arrows and listed on the right.

Figure 3. PKN2 is a CDK10/CycM substrate and a ciliogenesis regulator (A) Quantifi-
cation of 33P protein labeling in in vitro kinase assays conducted with CDK10/CycM
alone, PKN2 alone or CDK10/CycM plus PKN2. CPM: counts per minute. (B) Western
blot analysis of PKN2, CDK10 and CycM in anti-PKN2 or control rabbit IgG immuno-
precipitates from serum-starved hTERT-RPE1 cells. Input is 1/25 of the total extract
used for the immunoprecipitation. (C-F) hTERT-RPE1 cells were transfected with
control (siCTL) or PKN2 (siPKN2) siRNAs, subjected to serum starvation, and ana-
lyzed 72 hour post transfection. (C) Western blot analysis of PKN2 protein levels. (D)
Immunofluorescent visualization and XZ optical projections of primary cilia (acety-
lated-tubulin staining, shown in green) and F-actin (Rhodamine-Phalloidin staining,
shown in red). Scale bar, 25 mm. (E, F) Percent ciliated cells and measurement of
cilia length (quantified as described in Fig. 1 legend). (G,H) hTERT-RPE1 cells were
serum starved for 24 hours, transfected with EGFP, EGFP-PKN2WT or EGFP-PKN2TATA
and analyzed 16 hours post transfection. (G) Western blot analysis of PKN2 protein
levels. (H) Percent ciliated cells (quantified as described in Fig. 1B) expression.
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whether this interplay is relevant in vivo, we immunopreci-
pitated PKN2 from cell lysates and found that we could
readily detect co-association of CDK10 and CycM by west-
ern blotting (Fig. 3B). Thus, we propose that CDK10/CycM
binds to PKN2 in vivo, and can directly phosphorylate this
target.

Several properties of PKN2 made it an extremely intrigu-
ing hit. First, PKN2 is known to be phosphorylated in vivo
by an unidentified CDK.40 Second, and directly relevant to
the regulation of actin dynamics, PKN2 interacts with
RhoA and it makes a positive contribution to various
RhoA-regulated processes, including stress fiber formation.39

Moreover, RhoA inhibition is known to promote ciliogene-
sis,22 a result we have confirmed in our assay system
(Fig. S3C, D). Notably, the nature of the interplay between
PKN2 and RhoA is poorly understood, and PKN2 has not
been examined for a role in ciliogenesis. Thus, we began by
assessing whether PKN2 can modulate this process. Consis-
tent with PKN20s known role in actin regulation,39 we
found that a relatively modest knockdown of PKN2
(Fig. 3C) yielded a dramatic decrease of actin stress fibers
(Fig. 3D). Importantly, this was accompanied by a signifi-
cant increase in both ciliogenesis (p � 0.001, Fig. 3E) and
cilia length (p � 0.001, Fig. 3F). Moreover, these effects
were comparable to those observed after CDK10/CycM
silencing (Fig. 1B, C). To complement this experiment, we
also assessed the consequences of ectopic PKN2 expression
in cells that had already been serum-starved for 24 hours
(Fig. 3G). In this case, upregulation of PKN2 was sufficient
to significantly decrease the percentage of ciliated cells (p �
0.01; Fig. 3H). Taken together, these results identify PKN2
as a direct phosphorylation substrate of CDK10/CycM.
Moreover, they establish PKN2 as a previously unappreci-
ated repressor of ciliogenesis.

CDK10/CycM maintains RhoA stability through PKN2
phosphorylation

Our data show that CDK10/CycM and PKN2 both promote
maintenance of actin stress fibers and suppress ciliogenesis,
and these act in the same direction as RhoA.13,22,23 PKN20s
N-terminal domain is known to mediate its interaction with
RhoA.39 Thus, we hypothesized that CDK10/CycM might
target this region, presumably in manner that would
enhance RhoA and PKN20s function in actin polymeriza-
tion. Hence, we tested the ability of purified CDK10/CycM
to phosphorylate a fragment of PKN2 (PKN21–174) that
encompasses the core of its RhoA-binding domain and that
lacks its kinase domain. We observed efficient phosphoryla-
tion of this fragment by CDK10/CycM in in vitro kinase
assays, establishing that PKN21–174 is a direct CDK10/CycM
target (Fig. S4A). We then analyzed the phosphorylated
fragment by mass-spectrometry and identified T121 and
T124 as the CDK10/CycM-targeted phosphorylation sites
(Fig. S4B-D). Notably, a general phosphoproteomic
endeavor verifies that these phosphorylated residues exist in
vivo.41 This, combined with our demonstration of CDK10/
CycM-PKN2 coimmunoprecipitation (Fig. 3B), provides

strong evidence that CDK10/CycM phosphorylates these
residues in the in vivo setting.

To investigate the biological impact of these 2 phosphor-
ylation sites, we generated a non-phosphorylatable double
mutant of PKN2 called PKN2TATA (T121A/T124A) and
expressed this, or a PKN2WT control, in cells that had
already been serum-starved for 24 hours. We consistently
achieved similar expression levels of PKN2TATA versus
PKN2WT (Fig. 3G). We found that PKN2TATA, and not the
wildtype PKN2 protein, triggered cell death that was first
observed 24 hours post-transfection (data not shown) indi-
cating that mutation of the phosphorylation sites disrupts
PKN2 function. To assess the effect on ciliogenesis, we
examined these cells at 16 hours post-transfection. As noted
above, PKN2WT acts to suppress ciliogenesis, and we found
that this ability is completely lost in PKN2TATA (Fig. 3H).
Thus, the CDK10/CycM phosphorylation sites are required
for PKN20s anti-ciliogenesis activity. At this timepoint, we
did not see an increase in ciliogenesis in PKN2TATA
expressing cells, relative to the vector controls. However, we
note that it takes 72 hours for enhanced ciliogenesis to
occur in our other transfections experiments (e.g., CDK10,
CycM and PKN2 knockdown).

We next examined the effects on RhoA protein. Remark-
ably, at the 16 hour timepoint, we found that PKN2TATA
caused loss of RhoA, while PKN2WT had no detectable
effect on RhoA levels (Fig. 4A, B). Thus, the absence of
CDK10/CycM phosphorylation sites within ectopic PKN2 is
sufficient to downregulate RhoA. Given this finding, we
wondered whether depletion of endogenous CDK10/CycM
or PKN2 could similarly affect RhoA. We used western
blotting to assess RhoA levels in cells with partial CDK10/
CycM or PKN2 knockdown, and observed a significant
reduction of RhoA in both cases (Fig. 4C, D). To determine
whether this reflects any change at the RNA level, we per-
formed quantitative PCR analysis in cells with partial
CDK10/CycM knockdown, or ectopic expression of
PKN2TATA or PKN2WT (Fig. 4E). Contrary to the observed
effect on RhoA protein levels, we found that RhoA RNA
levels were either significantly upregulated (siCDK10/CycM)
or not significantly altered (PKN2WT or PKN2TATA). Thus
we conclude that depletion of CDK10/CycM, depletion of
PKN2, or the presence of a non-phosphorylatable PKN2
mutant results in a destabilization of the RhoA protein,
which perhaps activates a feedback loop that upregulates
RhoA RNA levels.

CDK10/CycM represses ciliogenesis in a RhoA dependent
manner

To further confirm that the perturbation of CDK10/CycM
modulates RhoA signaling, we examined the effect of CDK10/
CycM silencing on Phospho-Myosin Light Chain 2 (pMLC2), a
downstream target of RhoA that is phosphorylated on serine
19 by the Rho-associated protein kinase, to promote actin stress
fiber assembly.19 Under normal conditions, pMLC2 staining
roughly decorates stress fibers. In stark contrast to this expected
pattern, CDK10/CycM knockdown resulted in either complete
loss of stress fibers and complete loss of pMLC2 or a reduction
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in stress fibers and diffuse pMLC2 staining, presumably reflect-
ing differences in the degree of CDK10/CycM depletion
(Fig. 5A). Thus, CDK10/CycM is required for appropriate
RhoA signaling.

The requirement for CDK10/CycM to phosphorylate
PKN2 and promote RhoA activity and stress fiber formation
had the potential to explain CDK10/CycM’s inhibitory effect
on ciliogenesis. However, we could not rule out that
another CDK10/CycM downstream pathway is actually
responsible. To directly test whether CDK10/CycM regulates
ciliogenesis via modulation of RhoA signaling, we overex-
pressed RhoA in cells treated with or without CDK10/
CycM siRNAs to yield comparable levels in the 2 settings
(Fig. 5B). As we previously established, CDK10/CycM
silencing significantly increased (p � 0.01) the percentage
of ciliated cells (Fig. 5C). Importantly, expression of RhoA

Figure 4. CDK10/CycM maintains RhoA stability through PKN2 phosphorylation (A-
D) Western blot analysis (A, C) and quantification using imageJ (B, D) of endoge-
nous RhoA protein levels in serum-starved hTERT-RPE1 cells: (A, B) without (empty
vector) or with ectopic expressed of Myc-PKN2WT or Myc-PKN2TATA; or (C, D) with-
out (siCTL) or with CDK10/CycM or PKN2 silencing (as described in the prior figure
legends). RhoA protein levels were normalized on GAPDH protein levels. (E) Quan-
tification of RhoA RNA levels in different conditions described above, using quanti-
tative RT-PCR. RhoA RNA levels were normalized on GAPDH RNA levels. n.s. D not
significant.

Figure 5. CDK10/CycM represses ciliogenesis through the modulation of RhoA
signaling (A) Immunofluorescent visualization of Actin (Rhodamin-Phalloidin
staining, shown in red), DNA (DAPI staining, shown in blue) and pMLC2
(shown in green) in serum-starved hTERT-RPE1 cells without (siCTL) or with
CDK10/CycM silencing. The arrowhead indicates a cell with diffuse pMLC2
staining and reduced stress fibers. The arrow indicates a cell lacking pMLC2
staining and stress fibers. Scale bar, 25 mm. (B) Western blot analysis of
exogenously-expressed Flag-RhoA protein levels in serum-starved hTERT-RPE1
cells, without (siCTL) or with CDK10/CycM silencing. (C) Percent ciliated cells
(quantified as described in Fig. 1 legend) in the absence and presence of
Flag-RhoA expression and CDK10/CycM silencing. n.s. D not significant.
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was sufficient to completely override this defect, while hav-
ing no detectable effect on ciliogenesis in the absence of
CDK10/CycM silencing (p � 0.05) (Fig. 5C). Taken
together, these results demonstrate that CDK10/CycM pro-
motes actin polymerization and suppresses ciliogenesis
through phosphorylation of PKN2 and promotion of RhoA
signaling.

A STAR patient presents dilated renal tubules with
abnormal, elongated cilia

Our original rationale for testing whether CDK10/CycM mod-
ulates ciliogenesis was the fact that CycM is mutated in STAR
syndrome, which displays a number of renal, retinal, anogenital
and digital anomalies that are reminiscent of ciliary defects.
Having established a bona fide role for CDK10/CycM in cilio-
genesis, we wanted to investigate its relevance for the disease
state. STAR syndrome is extremely rare, with only 9 patients
having been reported to date, and thus it is almost impossible
to access patient material. Fortunately, we were able to generate
histological sections of a renal biopsy taken from a single STAR
patient diagnosed with nephroblastoma.26,42 We compared
these sections with those from a control (non-STAR) nephro-
blastoma patient and, to ensure that the tumor did not interfere

with our investigation, we focused specifically on the adjacent
non-tumoral renal tissues. We observed dilated tubules in the
STAR patient tissue, compared to the control (Fig. 6A, B).
Moreover, we stained these sections for Arl13b, a well-establish
cilia marker, and found abnormal, elongated cilia specifically
within the STAR patient tissue (Fig. 6C, D). Thus, our analysis
of this single, available sample supports our hypothesis that
STAR syndrome is a ciliopathy.

Discussion

Although CDK10 was discovered more than 20 years ago, the
elucidation of its functions has been largely hampered by the
lack of an identified cyclin partner, which precluded analyses of
its kinase activity. The recent discovery of Cyclin M as a
CDK10 binding partner has enabled exploration of this novel
protein kinase’s function and downstream targets.27 Here, we
discover that CDK10/CycM is a negative regulator of ciliogene-
sis, by showing that knockdown of this kinase increases the per-
centage of ciliated cells and also cilia length. This effect was not
attributable to a perturbation in cell cycle phasing, which is
controlled by various CDKs.43 Instead, our data show that
CDK10/CycM regulates ciliogenesis, at least in part, by modu-
lating actin dynamics via phosphorylation of PKN2 and

Figure 6. Renal tubules of a STAR patient are dilated and exhibit longer cilia (A, B) Histopathological analysis (H&E staining) of renal biopsies from a CONTROL (A) and a
STAR patient (B). Scale bar, 100 mm. (C, D) Immunofluorescent visualization of primary cilia (Arl13b staining, shown in green) and DNA (DAPI staining, shown in blue) in
renal tubules from a CONTROL (C) and a STAR patient (D). Scale bar, 15 mm.

684 V. J. GUEN ET AL.



consequent activation of the RhoA pathway. First, an unbiased
search for CDK10/CycM phosphorylation substrates among
more than 9,000 human recombinant proteins led to the identi-
fication of known actin dynamics regulators, of which the top
hit is the RhoA interacting protein PKN2. Second, we establish
PKN2 as a bone fide regulator of ciliogenesis, whereby deple-
tion or ectopic expression of this kinase is sufficient to promote
or suppress this process, respectively. Third, we show that
CDK10/CycM associates with PKN2 in vivo, and can directly
phosphorylate 2 residues, T121 and T124, within the N-termi-
nal domain of PKN2 that is responsible for RhoA binding.
Fourth, we discovered that partial knockdown of either
CDK10/CycM or PKN2, or ectopic expression of a non-phos-
phorylatable version of PKN2 causes loss of the RhoA protein
and disrupts its downstream signaling. Fifth, we find that
ectopic expression of RhoA is sufficient to override the effect of
CDK10/CycM silencing on ciliogenesis, establishing its key
contribution in CDK10/CycM ciliogenesis role. Finally, we
detect dilated kidney tubules, and ciliogenesis defects in tissue
sections from a STAR syndrome patient.

Previous studies clearly established that PKN2 binds to
RhoA, and makes a positive contribution to various RhoA-reg-
ulated processes.39,40,44-47 Our study identifies CDK10/CycM as
a key upstream regulator of this biology. Combining our and
previous observations, we propose a model in which CDK10/
CycM phosphorylates PKN2 within its RhoA binding domain,
thereby promoting RhoA binding and stabilization, which
results in actin polymerization and consequent repression of
primary cilia formation at cell cycle exit (Fig. 7). Interestingly,
deficiency of CDK10/CycM also delays both cilia disassembly
and cell cycle re-entry in response to mitogenic signaling. In
view of recent studies with several other ciliogenesis regula-
tors,33 it seems likely that the prolonged maintenance of pri-
mary cilia is acting to delay cell cycle entry, not vice versa.

Our data do not address the mechanism(s) by which loss
of CDK10/CycM or PKN2 causes RhoA loss. However, we
note that previous studies have shown that a cell division
cycle 42-Partitioning defective 6-atypical Protein Kinase C
(cdc42-Par6-aPKC) complex acts to recruit the SMAD ubiq-
uitination regulatory factor 1 (Smurf1) E3-ubiquitin ligase

to the membrane, where is it is able to drive RhoA degrada-
tion.37 Thus, its tempting to speculate that CDK10/CycM
and PKN2 act to protect RhoA from this Smurf1-mediated
degradation. This could occur through 2 possible mecha-
nisms. In the first mechanism, phosphorylation of PKN2 by
CDK10/CycM could drive its interaction with RhoA and
thereby protect it from Smurf1. This model is intriguing
given the location of the CDK10/CycM phophosphorylation
sites within PKN2, and the fact that cell-cell adhesion regu-
lation depends upon the ability of PKN2 to bind RhoA, and
vice versa.44,45 If this model is correct, based on prior stud-
ies,39 it must require active PKN2 kinase. In the second
mechanism, CDK10/CycM-PKN2 could actively inhibit the
Smurf1 complex. This latter model is also very intriguing
because our protein kinase array identified Par6 homolog a

(PAR6C) as a putative CDK10/CycM partner and/or sub-
strate. Moreover, PKN2 has been reported to inhibit the
activating phosphorylation of aPKC (also called PKCz) by
PDK1.48 Thus, PKN2 has at least 2 known ways to modu-
late the activity of the cdc42-Par6-aPKC complex that is
required to recruit Smurf1. Notably, these 2 potential mech-
anisms are not mutually exclusive, and it seems plausible
that both could be involved. Obviously, additional experi-
ments are required to explore the potential involvement of
Smurf1.

While we have focused this study on the role of CDK10/
CycM on actin dynamics, it is noteworthy that we also see a sig-
nificant enrichment of CDK10/CycM at the basal body. Nota-
bly, CDK10/CycM did not phosphorylate any of the numerous
core centrosomal proteins and ciliogenesis regulators present
on the protein array. Moreover, based on immunofluorescence
staining of the Cep290 and Cep170 protein, CDK10/CycM
deficiency did not grossly disrupt the integrity of the basal
body. We cannot rule out the possibility that CDK10/CycM
plays a subtle role in basal body maturation that contributes to
the regulation of ciliogenesis. However, this would need to play
a more minor role, given our finding that RhoA overexpression
is able to rescue the ciliogenesis defect caused by CDK10/CycM
silencing. It is entirely possible that the positioning of CDK10/
CycM at the basal body could enable coordination of actin
remodeling and vesicle trafficking at this location. With regard
to this notion, we note that RhoA is also highly enriched at the
basal body.25

Our study also provides key insight into STAR syndrome,
which results from mutations in the FAM58A gene encoding
CycM. These patients are extremely rare, but the existence of a
biopsy from a STAR patient with nephroblastoma gave us the
opportunity to screen for evidence of ciliogenesis defects. The
STAR patient non-tumoral renal tissue shows abnormal, elon-
gated cilia as compared to the non-STAR, non-tumoral control
tissue. Thus, this FAM58A loss-of-function mutation mirrors
our CDK10/CycM silencing experiments. Like all of the
reported STAR patients,26 this patient displayed kidney dys-
function soon after birth, well before being diagnosed with
nephroblastoma in one kidney. Moreover, a recent paper
reports the presence of left multicystic kidney within another
STAR patient.49 Renal dysfunction is one of the most common
hallmarks of ciliopathies, due to abnormal cilia abundance
and/or length. Other clinical features observed among known

Figure 7. Model depicting CDK10/CycM regulation of actin dynamics and
ciliogenesis.
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STAR patients, such as retinal dystrophy, facial, digital and
anogenital abnormalities, are also frequently found in ciliopa-
thies.11 Based on these defects, and our cellular studies, we pro-
pose that STAR syndrome is a bona fide ciliopathy.

Materials and methods

Plasmids and recombinant purified proteins

The construction and production of these reagents is described
in detail in Guen et al.27 and/or the Supplementary material.

Cell culture, transfections and drug treatments

hTERT-RPE1 cells were cultured in DMEM/F12 Glutamax
medium with 10% fetal bovine serum (Life Technologies) and
transfected with plasmids or plasmids plus siRNAs, 24 hours
after serum starvation using Lipofectamine 2000 (Life Technol-
ogies), or with siRNAs prior or not to serum starvation using
Lipofectamine RNAi max (Life Technologies). Biochemical
analysis, FACS analysis and immunofluorescence staining were
performed 16 to 96 hours later.

Renal biopsies

Renal biopsies were fixed in formalin and paraffin-embedded.
6 mm sections were stained with haematoxylin and eosin or
dewaxed for immunoflurecence.

Immunofluorescence and image analysis

Cells were fixed in 4% paraformaldehyde for 10 min, permeabi-
lized with 0.3% Triton X100 for 15 min and blocked with 1%
BSA for 1 h before staining with primary antibodies against:
acetylated tubulin (Sigma T7451, 1:1000), Arl13b (Antibodies
Inc. 73-287, 1:200), CDK10 (Covalab pab0847p, 1:100), CycM
(Covalab pab0882-P, 1:100), g-tubulin (Abcam ab27074,
1:500), Cep164 (Santa-Cruz Biotechnology sc-240226, 1:500),
Cep170 (Life Technologies 41–3200, 1:500), Sas6 (Santa-Cruz
Biotechnology sc-81431, 1:300) or Phospho-Myosin Light
Chain 2 (Cell Signaling 3675, 1:100). Secondary antibodies
were: anti-mouse Alexa Fluor 488 (Life Technologies A11001,
1:1000) or anti-rabbit Alexa Fluor 594 (Life Technologies
A21207, 1:1000. Rhodamine-Phalloidin (Life Technologies
R415, 1:10) was used to probe F-actin. Mounted coverslips
were examined using Leica DMI6000B, Zeiss CellObserver,
Deltavision Olympus X71 microscopes. Images were acquired
using 20X, 63X and 100X objectives and CoolSNAP HQ and
HQ2 cameras. Z-stacks were deconvolved (Metamorph, Soft-
worx) and processed with ImageJ.

Protein kinase assays

ProtoArray Human Protein Microarrays v5.0 (Life Technolo-
gies PAH0525065) were incubated with recombinant purified
CDK10/StrepII-CycM in kinase buffer A (25 mM Tris-HCl,
10 mM MgCl2, 1 mM EGTA, 1 mM DTT, 3.7 mM heparin, pH
7.5). The array was scanned using a Typhoon 9200 (Amersham

Biosciences) and analyzed by ProtoArray Prospector software
(Life Technologies). Positive hits were manually confirmed.

To assess PNK2 phosphorylation, GST-CDK10/StrepII-
CycM was incubated for 30 min at 30�C in kinase buffer A con-
taining 22.7 mM BSA, 15 mM DTT and either 1 mM GST-
PKN2, 15 mM ATP and 2 mCi ATP[g-33P] or 1 mM GST-
PKN21–174, 100 mM ATP and 5 mCi ATP[g-32P]. [g-33P]-
GST-PKN2 was quantified on Whatman P81 phosphocellulose
papers. Papers were washed 5X with 1% phosphoric acid, and
put in 1 ml ACS scintillation fluid (Amersham) to perform
scintillation counting (Tri-Carb, PerkinElmer). [g-32P]- GST-
PKN21–174 was determined by running 10% Bis-Tris SDS-
PAGE gels. Substrate was stained by Coomassie (R-250, Bio-
rad) and the incorporated radioactivity was revealed by
autoradiography.

FACS, Immunoprecipitation and western blot experiments

These experiments were conducted using standard procedures,
as detailed in the Supplementary material. Briefly, DNA con-
tent was determined by FACS, on 30, 000 propidium iodide-
stained cells for each condition. Immunoprecipitations were
conducted on 500 mg of precleared cell lysates using 5 mg of
antibodies against Myc (Abcam ab9106) or PKN2 (Abcam
ab138514). Western blots were performed using primary anti-
bodies against CDK10 (Covalab pab0847p, 1:500), CycM
(Covalab pab0882-P, 1:500), GAPDH (Covalab 6357, 1:10000),
PKN2 (Abcam ab138514, 1:1000), Myc (Abcam ab9106,
1:1000), GFP (Roche 11814460001, 1:1000), RhoA (Cell Signal-
ing 2117, 1:1000), Flag (Sigma-Aldrich F3165, 1:500) and sec-
ondary antibodies HRP-coupled anti-mouse (Biorad 170–6516,
1:3000) or anti-rabbit (Biorad 172–1019, 1:5000).

Quantitative Real Time-PCR

Total RNA was isolated using the RNeasy Plus kit (Qiagen),
and cDNAs were generated with random primers and Super-
Script III Reverse Transcriptase (Life Technologies). Real-time
quantitative PCR reactions were performed with a StepOnePlus
Real-Time PCR system (Life Technologies) using the SYBR
Green PCR Master Mix (Life Technologies) and the following
primers. For: RhoA 50-ATGTGCCCACAGTGTTTGAGAAC-
30, 50-CGTTGGGACAGAAATGCTTGAC-30; for GAPDH 50-
CTGGGCTACACTGAGCACC-30 and 50-AAGTGGTCGTT-
GAGGGCAATG-30 (used for normalization).

Mass spectrometry

Procedures are detailed in the Supplementary material.

Statistical analyses

Excel (Microsoft) was used to analyze data, draw graphs and
perform statistical analysis. Significance was determined using
data from 3 independent experiments and Student T-tests were
used to determine p-values.
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Abbreviations

CDK10 Cyclin-Dependent Kinase 10
CycM Cyclin M
STAR Toe syndactyly, telecanthus and anogenital and

renal malformations
PKN2 Protein kinase C-like 2
pMLC2 phospho-myosin light chain 2
FAM58A Family with sequence similarity 58, member A
hTERT-RPE1 human telomerase reverse transcriptase retinal

pigmented epithelial 1
cdc42 cell division control protein 42
Par6 Partitioning defective 6
PKC Protein Kinase C
Smurf1 SMAD specific E3 ubiquitin protein ligase 1
Cep Centrosomal protein
Sas6 Spindle assembly abnormal protein 6
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
EGFP Enhanced green fluorescent protein
Arl13b ADP-ribosylation factor-like protein 13B.
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