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Abstract

The casein kinase 1 (CK1) family of serine (Ser)/threonine (Thr) protein kinases participates in a
myriad of cellular processes including developmental signaling. Hedgehog (Hh) and Wnt
pathways are two major and evolutionarily conserved signaling pathways that control embryonic
development and adult tissue homeostasis. Deregulation of these pathways leads to many human
disorders including birth defects and cancer. Here | review the role of CK1 in the regulation of Hh
and Whnt signal transduction cascades from the membrane reception systems to the transcriptional
effectors. In both Hh and Wnt pathways, multiple CK1 family members regulate signal
transduction at several levels of the pathways and play either positive or negative roles depending
on the signaling status, individual CK1 isoforms involved, and the specific substrates they
phosphorylate. A common mechanism underlying the control of CK1-mediated phosphorylation
of Hh and Wnt pathway components is the regulation of CK1/substrate interaction within large
protein complexes. | will highlight this feature in the context of Hh signaling and draw interesting
parallels between the Hh and Wnt pathways.
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[. Introduction

Overview of the CK1 family kinases

CK1 protein kinases belong to a large family of evolutionarily conserved monomeric
Ser/Thr kinases in eukaryotes (Cheong and Virshup, 2011). The CK1 family has been
implicated in the regulation of diverse cellular processes, including membrane receptor
trafficking, cytoskeleton maintenance, cell division, DNA damage response and repair, and
nuclear translocation (Gross and Anderson, 1998; Knippschild et al., 2005). CK1 also
participates in complex developmental and physiological processes such as Hh and Wnt
signaling and circadian rhythms by phosphorylating key regulatory components in these
processes (Chen and Jiang, 2013; MacDonald et al., 2009).

CK1 family members are found in eukaryotic organisms ranging from yeast to human with
mammals possessing seven family members: a, B, y1, v 2,y 3, 8, and e. Drosophila has
eight CK1 family members whereas C elegans has up to 87 members (Plowman et al., 1999;
Zhang et al., 2006a). The CK1 family members contain highly conserved kinase domains
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but differ in their N- and C-terminal domains in terms of the length and amino acid
sequence. Unlike other CK1 family members that are found in the cytosol, CK1vy is
membrane associated due to palmitoylation of its C-terminus (Davidson et al., 2005). Due to
their sharing of a highly conserved kinase domain, the CK1 family kinases phosphorylate
similar target sites that conform the following consensus: D/E/(p)S/T(X)1.3S/T, with
underlined S/T as the phospho-acceptor site, (p)S/T as phosphorylated residue, and X
representing any amino acid (Knippschild et al., 2005). Although the spacing between the
phospho-acceptor site and the upstream acid residue or phosphorylated S/T can be one to
three amino acids, an optimal space is usually two amino acids and the phosphorylation
efficiency can also be influenced by the surrounding sequence. For example, a cluster of
acidic residues at the N terminus of the consensus site confer increased phosphorylation
efficiency by CK1. Many CK1 target sites contain S/T instead of an acid residue at -2, -3, or
-4 position, thus require a prior phosphorylation by a priming kinase. In general, CK1 family
kinases are constitutively active; however, the C-terminal extensions of CK16 and CK1e are
auto-phosphorylated, which inhibits the activity of their kinase domains, although /n vivo
phosphatases keep them constitutively active in many cases (Rivers et al., 1998).

Overview of canonical Hh and Wnt pathways

Hh and Wnt pathways are two major signaling pathways that control embryonic
development and adult tissue homeostasis (Jiang and Hui, 2008; MacDonald et al., 2009).
Malfunction of these signaling pathways have been attributed to numerous human diseases
including birth defects and cancer. The canonical Hh and Wnt pathways share many
pathway components, employ the same logic for pathway regulation, and thus are often
considered as “sister” pathways.

Hh acts through a largely conserved pathway to regulate the balance between activator and
repressor forms of the Gli family of zinc finger transcription factors (Gli* and GliR; Fig. 2).
While Drosophila only has one Hh and one Gli protein, Cubitus interruptus (Ci), mammals
have three Hh family members Shh, Ihh and Dhh and three Gli proteins: Glil, Gli2, and Gli3
(Jiang and Hui, 2008). In mice, GliR function is mainly derived from Gli3 through
proteolytic processing whereas Gli”* activity is primarily contributed by Gli2. Glil is a
transcriptional target of Hh signaling and acts in a positive feedback to reinforce Gli*
activity.

The reception system for Hh signals consists of a twelve transmembrane protein Patched
(Ptc) that binds directly to Hh and a seven transmembrane GPCR family protein
Smoothened (Smo) that transduces the signal into the cytoplasm (Jiang and Hui, 2008). In
the absence of Hh, the constitutive activity of Ptc blocks Smo activation, allowing the
proteolytic processing of full-length Gli/Ci to generate C-terminally truncated GIiR/CiR that
represses a subset of Hh target genes. Binding of Hh to Ptc alleviates inhibition of Smo, and
activated Smo signals intracellularly to block GIiR/CiR production and promotes Gli#/Ci#
activation. The fundamentals of Drosophilaand mammalian Hh signal transduction
pathways are very similar, although major differences can be found in several regulatory
steps including the utilization of primary cilia for Hh signal transduction in mammals but
not in Drosophila (Huangfu and Anderson, 2006).
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The primary cilium is a microtubule-based membrane protrusion and antenna-like cellular
structure (Goetz and Anderson, 2010). Genetic screens in mice identified multiple
intraflagellar transport proteins (IFTs) critical for appropriate Hh signaling (Garcia-Garcia et
al., 2005; Huangfu and Anderson, 2005). The major pathway components including Ptc,
Smo, and Gli proteins are present in the primary cilium in a manner regulated by Hh
signaling. Hh promotes ciliary exit of Ptc but ciliary accumulation of Smo (Corbit et al.,
2005; Rohatgi et al., 2007). Hh also stimulates the accumulation of Gli proteins at the cilia
tip, a step likely reflecting Gli” formation. Disruption of primary cilia impedes the
formation of both GIiR and Gli” (Haycraft et al., 2005; Huangfu and Anderson, 2005; Liu et
al., 2005). Thus, the primary cilium may function as a signaling center to orchestrate the
molecular events leading to Gli processing in the absence of Hh as well as Gli activation in
response to Hh although the exact biochemical mechanisms remain poorly understood.

In the canonical Wnt pathway, Wnt acts through a receptor complex consisting of Frizzle
(FZ) family of seven transmembrane proteins related to Smo and lipoprotein receptor-related
protein LRP5/6, which signal intracellularly to stabilize the transcription effector p-catenin
(Fig. 2) (MacDonald et al., 2009). In the absence of Wnt, p-catenin is degraded by the action
of a destruction complex consisting of Axin, APC and several kinases including CK1 and
GSKa3. Binding of Wnt to FZ and LRP5/6 leads to phosphorylation and activation of
LRP5/6, which binds to and inhibits the Axin/APC destruction complex, leading to
stabilization and nuclear translocation of p-catenin. In the nucleus, p-catenin binds the TCF
family of transcription factor to regulate Wnt pathway target genes.

Hence, in both Hh and Wnt pathways, the absence of pathway ligands allows proteolytic
degradation of the pathway transcription factor/effector by large “destruction complexes”
whereas ligand stimulation stabilize the pathway transcription factor/effector by inhibiting
the destruction complexes”. In addition, Hh and Wnt pathways share many common
pathway components including GSK3, CK1, and E3 ubiquitin ligase SCF-SIimb/BTRCP.

II. CK1in the regulation of Hh pathway

CK1 was initially identified as a negative regulator of Hh signaling at the level of
transcription factor Ci by genetic studies in Drosophilaand genome wide RNAI screen in
Drosophila cultured cells (Jia et al., 2005; Lum et al., 2003; Price and Kalderon, 2002).
Overexpression of a dominant negative form of CKle resulted in an ectopic expression of an
Hh target gene decapentaplegic (app) in wing imaginal discs and duplication of adult wings
(Jia et al., 2005), phenocopying ectopic Hh expression (Basler and Struhl, 1994). However,
further genetic study revealed that CK1 also plays a positive role in the Hh pathway at the
level of Smo (Jia et al., 2004). A kinome —wide RNA.i screen identified CK1a as a positive
regulator of Hh signaling in mammalian cultured cells (Evangelista et al., 2008), and a
subsequent study demonstrated that CK1a regulates Hh signaling by phosphorylating and
activating Smo (Chen et al., 2011). In Drosophila, CK1 also exerts its positive role by
phosphorylating Ci to stabilize the Ci® and by phosphorylating Fused (Fu) to promote its
activation (Shi et al., 2014; Zhou and Kalderon, 2011). Hence CK1 play a dual role in Hh
signaling and acts at multiple levels
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Regulation of Ci/Gli processing by CK1

An initial hint that CK1 plays a role in Hh signaling came from the study on Ci regulation in
Drosophila. Ci existed in a full-length form (CiF) and a C-terminally truncated repressor
form (Ci76 or CiR) that is derived from CiF by proteolytic processing in the absence of Hh
signal (Aza-Blanc et al., 1997; Methot and Basler, 1999). Ci processing requires protein
kinase A (PKA) and the F-box protein Slimb, the Drosophila Orthologue of mammalian -
TRCP that functions as a substrate recognition component of the CUL1-based SCF E3
ubiquitin ligase complex (Jiang and Struhl, 1995; Jiang and Struhl, 1998; Li et al., 1995;
Price and Kalderon, 1999; Wang et al., 1999). Genetic inactivation of either PKA or Slimb
in wing imaginal discs resulted in accumulation of CiF at the expense of CiR and ectopic
activation of gpp, leading to wing duplication, a phenotype similar to that caused by ectopic
Hh expression (Jiang and Struhl, 1995; Jiang and Struhl, 1998; Li et al., 1995; Pan and
Rubin, 1995). An important feature of the SCF family of E3s is that they only recognize
substrates after the substrates are phosphorylated, thus providing a link between kinase-
mediated phosphorylation and ubiquitin/proteasome-mediated proteolysis (Spencer et al.,
1999; Winston et al., 1999). Indeed, PKA can directly phosphorylate five Ser/Thr residues in
the C-terminal half of Ci, and mutating any one of the three PKA sites (sites 1-3) abolishes
Ci processing (Fig. 3)(Price and Kalderon, 1999; Wang et al., 1999). However,
phosphorylation of Ci by PKA alone does not confer recognition by Slimb, implying that
additional phosphorylation events are required for Ci processing. Further genetic studies
identified CK1 and Shaggy (Sgq), the Drosophila GSK3, as two kinases that act in
conjunction with PKA to promote Ci processing (Jia et al., 2002; Jia et al., 2005; Price and
Kalderon, 2002). Inactivation of either CK1a or CK1e/DBT alone did not significantly
affect Ci processing but their combined inactivation resulted in a blockage of Ci processing
in wing discs (Jia et al., 2005). PKA, GSK3 and CK1 phosphorylate Ci sequentially at three
SIT clusters, with PKA serving as the priming kinase for GSK3 and CK1 (Fig. 3), and these
phosphorylation events create docking sites for SCFS!IMb (Jia et al., 2005; Smelkinson and
Kalderon, 2006). Mutating individual phosphorylation clusters diminished the production of
CiR jn vivo, suggesting that these phosphorylation events act in concert to promote Ci
processing (Jia et al., 2002; Jia et al., 2005). A more careful analysis revealed that an
extended phosphorylation cluster primed by PKA sites 1 and 2 (SpTpYYGSp) closely
resembles the Slimb/B-TRCP binding site consensus DSpGX,.4Sp and provides the primary
contact site for Slimb (Fig. 3) (Smelkinson et al., 2007). In addition, multiple
phosphorylation events may recruit two copies of SCFSIIMb complex that bind Ci
simultaneously (Smelkinson et al., 2007). Thus, efficient Slimb binding and Ci processing
require coordinated phosphorylation at multiple sites by these three kinases, which may
render the regulation of Ci processing very sensitive to Hh. Indeed, low levels of Hh
signaling appear to be sufficient to block Ci processing (Strigini and Cohen, 1997). Similar
phosphorylation events mediated by PKA, GSK3 and CK1 regulate proteolysis of Gli2 and
Gli3 by recruiting -TRCP (Bhatia et al., 2006; Pan et al., 2006; Tempe et al., 2006; Wang et
al., 2000a; Wang and Li, 2006; Wen et al., 2010). In contrast to Gli3 where B-TRCP -
mediated proteolysis leads to partial degradation and therefore the production of GIiR, Gli2
proteolysis often leads to complete degradation of the protein, consistent with the genetic
studies suggesting that Gli3 is the major contributor of GIiR (Hui and Angers, 2011).
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In the absence of Hh, Ci forms a complex with several Hh pathway components including
the kinesin-like protein Costal2 (Cos2) and the S/T kinase Fused (Fu) (Robbins et al., 1997,
Sisson et al., 1997). In addition to restricting Ci nuclear translocation, the Cos2/Fu complex
also interacts with PKA, GSK3 and CK1 to facilitate Ci phosphorylation and processing
(Fig. 2) (Zhang et al., 2005). In the presence of Hh, the ability of Cos2/Fu complex to recruit
PKA, GSK3 and CK1 is compromised (Shi et al., 2011; Zhang et al., 2005), leading to
diminished Ci phosphorylation by these kinases; as a consequence, Ci processing and the
production of CiR are blocked. Exactly how Hh inhibits Cos2-Fu-Ci-kinase complex
formation is still not understood. Ci also forms a complex with Suppressor of Fused (Sufu),
another inhibitory component of the Hh pathway, which impedes Ci nuclear translocation
and inhibits Ci” activity in the nucleus (Methot and Basler, 2000; Ohlmeyer and Kalderon,
1998; Wang et al., 2000b).

In mammals, Gli proteins also interact with Sufu and Kif7, the mammalian homolog of
Cos2. In contrast to Drosophila where Cos2 plays a major role in inhibiting Ci in the
absence of Hh, Sufu plays a major role whereas Kif7 plays a minor role in restricting Hh
pathway activity in mammals (Cheung et al., 2009; Cooper et al., 2005; Endoh-Yamagami et
al., 2009; Kise et al., 2009; Liem et al., 2009; Svard et al., 2006). Both Sufu and Kif7 are
required for Gli3 processing (Chen et al., 2009; Cheung et al., 2009; Endoh-Yamagami et
al., 2009; Humke et al., 2010; Kise et al., 2009; Liem et al., 2009; Wang et al., 2010), raising
a possibility that they may also regulate Gli3 phosphorylation. Indeed, Sufu can
simultaneously bind GSK3 and Gli3 and thus recruit GSK3 to phosphorylate Gli3 (Kise et
al., 2009). Shh signaling may inhibit Gli phosphorylation by dissociating Sufu-Gli-kinase
complex (Humke et al., 2010; Kise et al., 2009; Tukachinsky et al., 2010). It remains to be
determined whether Sufu/Kif7 recruit PKA and CK1 to promote Gli3 phosphorylation and
processing.

Regulation of Smo activation by CK1 in Drosophila

Smo belongs to the GPCR family of transmembrane proteins and is an obligatory signal
transducer of the canonical Hh signaling pathway in both Drosophila and vertebrates (Jiang
and Hui, 2008). Activation mutations in Smo have been found in basal cell carcinoma (BCC)
and medulloblastoma (Jiang and Hui, 2008; Xie et al., 1998). Hence, Smo has emerged as a
prominent target for cancer therapeutics (Rubin and de Sauvage, 2006). Indeed, the FDA has
proved the use of Vismodegib, a potent synthetic oral Smo inhibitor, for the treatment of
advanced BCC.

In Drosophila, Hh induces cell surface accumulation and phosphorylation of Smo (Denef et
al., 2000). Identification of Smo kinases came from unexpected findings that both PKA and
CK1 play dual roles in Hh signaling in Drosophila embryos and imaginal discs (Jia et al.,
2004; Ohlmeyer and Kalderon, 1997). Gain of PKA function promotes Smo accumulation
and Hh pathway activation whereas loss of PKA function blocks Hh-induced Smo
accumulation as well as high levels of Hh signaling (Jia et al., 2004). Similarly, inactivation
of CKla/e by RNAI blocks Hh-induced Smo accumulation and high levels of Hh signaling
activity (Jia et al., 2004). Biochemical studies demonstrated that PKA and CK1 sequentially
phosphorylate three clusters of S/T residues in the Smo carboxyl-terminal cytoplasmic tail
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(C-tail), with PKA serving as the priming kinase for CK1 phosphorylation (Fig. 3)
(Apionishev et al., 2005; Jia et al., 2004; Zhang et al., 2004). Phospho-deficient Smo
variants with either PKA or CK1 sites mutated to nonphosphorable Ala exhibit reduced cell
surface expression and diminished Hh signaling activity whereas phospho-mimetic Smo
variants with both PKA or CK1 sites converted to acidic residues exhibit increased cell
surface level and constitutive activity (Apionishev et al., 2005; Jia et al., 2004; Zhang et al.,
2004). Interestingly, increasing the number of phospho-mimetic clusters in Smo results in a
progressive elevation of Smo activity, suggesting that graded Hh signals may induce
different levels of Smo activity through differential phosphorylation (Jia et al., 2004).
Indeed, using a phospho-specific antibody to monitor Smo phosphorylation, a later study
showed that Hh induces Smo phosphorylation in a dose-dependent manner (Fan et al.,
2012).

Mechanistically, PKA/CK1-meidated phosphorylation promotes Smo activity via at least
two paralleled mechanisms: regulating its subcellular localization and conformation. Two
recent studies revealed that Hh-induced phosphorylation promotes Smo cell surface
expression by inhibiting ubiquitination-mediated endocytosis and degradation of Smo (Li et
al., 2012; Xia et al., 2012). In the absence of Hh, Smo is both mono- and poly-ubiquitinated
at multiple Lys residues in the carboxyl-terminal cytoplasmic tail (C-tail), leading to Smo
endocytosis and degradation by both lysosome and proteasome-dependent mechanisms. In
addition, Smo endocytosis is also promoted by the binding of Kurtz (Krz), the Drosophila
non-visual arrestin (Li et al., 2012; Molnar et al., 2011). Hh inhibits Smo ubiquitination and
attenuates Smo/Krz interaction, thereby stabilizing Smo on the cell surface (Li et al., 2012;
Xiaetal., 2012). How Hh-induced phosphorylation of Smo inhibits its ubiquitination has not
be resolved. One possibility is that PKA/CK1-mediated phosphorylation of Smo C-tail may
inhibits the binding of one or more Smo E3 ubiquitin ligases. The identification of Smo E3s
may allow a direct test of this model.

In addition to regulating Smo trafficking, PKA/CK1-mediated phosphorylation also controls
the conformation of Smo C-tail (Zhao et al., 2007). In the absence of Hh, Smo adopts a
closed conformation in which the Smo C-terminus folds back to form salt bridge with
multiple basic clusters (mostly Arg) in the SAID domain (Smo auto-inhibition domain),
which is located in the middle region of the Smo C-tail (Zhao et al., 2007). Hh-induced
phosphorylation by PKA/CKZ1 brings negative charges to neutralize the positive charges of
the nearby Arg motifs in the SAID domain, which disrupts the intramolecular electrostatic
interaction that maintains the closed conformation and promotes an open conformation and
clustering of Smo C-tails. The pairing of positive and negative regulatory elements offers a
more precise regulation of Smo activity in response to graded Hh signals as increasing
phosphorylation may gradually neutralize the negative effect of multi-Arg clusters, leading
to a progressive change in Smo cell surface accumulation, conformation, and activity (Zhao
etal., 2007). Indeed, decreasing the number of functional Arg motifs has the same effect of
increasing the number of phospho-mimetic mutations, both leading to a progressive increase
of Smo activity (Jia et al., 2004; Zhao et al., 2007).

Phospho-mimetic mutations in the three PKA/CK1 phosphorylation clusters render Smo
constitutively active but fail to confer full pathway activity (Jia et al., 2004), suggesting that
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Smo activation may involve additional mechanisms. A mass spec analysis identified many
phosphorylation sites in Smo C-tail other than the three PKA/CK1 phosphorylation clusters
(Zhang et al., 2004). Subsequent studies identified both casein kinase 2 (CK2) and G protein
coupled receptor kinase 2 (Gprk2 or GRK?2) as additional Smo kinases (Chen et al., 2010;
Jia et al., 2010). Interestingly, GRK2 promotes high-level Hh signaling through both kinase-
dependent and kinase-independent mechanisms (Chen et al., 2010; Cheng et al., 2010).
GRK2 phosphorylates Smo C-terminal tail at Ser741/Thr742, which is facilitated by PKA/
CK1-mediated phosphorylation at adjacent Ser residues (Chen et al., 2010). In addition,
GRK?2 forms a dimer and binds Smo to stabilize its open conformation and promote the
dimerization of Smo C-tail (Chen et al., 2010). A recent study identified Gish/CK1+y as
another Smo kinase that fine-tunes Hh pathway activity as loss of Gish affects the expression
of high threshold Hh target genes (Li et al., 2016). Gish is a membrane-associated kinase
due to its C-terminal lipid modification and membrane association appears to be critical for
its function the Hh pathway. Mechanistically, Gish interacts with Smo and phosphorylates a
membrane proximal S/T cluster (CLII) on the Smo C-tail. Interestingly, interaction between
Gish/Smo and subsequent phosphorylation of CLII are stimulated by Hh and promoted by
PKA-mediated phosphorylation of the distal region on the Smo C-tail (Li et al., 2016).
Hence the Smo kinases fall into two categories: PKA and CK1la/e are the primary kinases
whose phosphorylation of Smo at multiple sites is critical for Smo activation whereas CK2,
Gprk2 are Gish/CK1vy are the secondary kinases whose phosphorylation of Smo is promoted
by the primary phosphorylation to further boost Hh pathway activity.

A conserved role of CK1 in mammalian Smo activation

Mammalian Smo (mSmo) and Drosophila Smo (dSmo) diverge significantly in their primary
sequences. For example, mSmo does not contain three PKA/CK1 phosphorylation clusters
found in dSmo (Fig. 2). In addition, mSmo traffics into primary cilia to transduce the Hh
signal whereas the primary cilium is dispensable for Drosophila Hh signal transduction
(Corbit et al., 2005; Rohatgi et al., 2007). These observations have led to the proposal that
mSmo and dSmo are regulated by fundamentally distinct mechanisms (Huangfu and
Anderson, 2006; Varjosalo et al., 2006). However, subsequent recent revealed striking
similarities in the activation mechanism between dSmo and mSmo: both dSmo and mSmo
are regulated by multi-site phosphorylation in a dose dependent manner and phosphorylation
regulates both their subcellular localization and conformation (Chen et al., 2011; Zhao et al.,
2007). Furthermore, both CK1a and CK1vy are involved in the phosphorylation and
activation of mSmo (Chen et al., 2011; Li et al., 2016).

A kinome RNAI screen identified CK1a as a positive regulator of mammalian Hh pathway
in cultured cells (Evangelista et al., 2008). Several studies also suggested that GRK2
(orthologue of Drosophila Gprk2) positively regulate mammalian Hh pathways and GKR2
promotes mSmo phosphorylation (Chen et al., 2004; Evangelista et al., 2008; Meloni et al.,
2006). Further study demonstrated that CK1a and GRK2 bind mSmo in response to Hh
stimulation and phosphorylate mSmo C-tail at six Ser/Thr clusters (S0-S5; Fig. 3) (Chen et
al., 2011). Studies using both cultured mammalian cells and chick neural tubes suggested
that multiple CK1a/GRK2 phosphorylation sites regulate mSmo activity in a dose
dependent manner, with the two membrane-proximal clusters (SO and S1) playing a major
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role (Chen et al., 2011). As is the case for dSmo (Fan et al., 2012; Jia et al., 2004), mSmo
phosphorylation is regulated in a dose dependent manner with increasing amounts of Hh
inducing a progressive increase of mSmo phosphorylation, suggesting that Hh gradient is
translated into mSmo phosphorylation and activity gradient (Chen et al., 2011).

CK1la/GRK2-mediated phosphorylation promotes mSmo ciliary localization as
phosphorylation deficient form of mSmo failed to accumulate to the primary cilium in
response to Hh stimulation or oncogenic mutations whereas phospho-mimetic mutations
resulted in constitutive mSmao ciliary accumulation (Chen et al., 2011). How
phosphorylation promotes mSmo ciliary localization remains an unresolved issue but it
correlates with enhanced binding of B-arrestin, which is thought to link mSmo to the
kinesin-11 motor responsible for anterograde ciliary transport (Chen et al., 2011; Kovacs et
al., 2008). Besides regulating mSmo ciliary localization, Hh induces a conformational
switch that results in dimerization/oligomerization of mSmo C-tail (Zhao et al., 2007). Hh-
induced conformational switch is also governed by CK1a/GRK2-mediated multi-site
phosphorylation of mSmo C-tail in a similar manner to dSmo (Chen et al., 2011).
Interestingly, cyclopamine traps ciliary localized mSmo in an unphosphorylated form that
adopts an inactive conformation whereas ciliary localized mSmo in response to Hh or Smo
agonists is phosphorylated and thus adopts an active conformation (Chen et al., 2011).
Hence, Smo phosphorylation is a more faithful readout for pathway activation than Smo
ciliary localization and can serve as a biomarker for cancers caused by deregulated Hh
pathway activation.

Hh enhances the recruitment of both CK1a and GRK2 to mSmo, which may explain the
signal-stimulated phosphorylation (Chen et al., 2011). In the absence of Hh, the kinase-
binding pockets appear to be masked when mSmo C-tail adopts a closed conformation. Shh
stimulates CK1a. binding to a juxtamembrane site, likely by inducing a conformational
change in the transmembrane helixes, to initiate phosphorylation and conformational change
of mSmo C-tail. This further increases the binding of CK1a/GRK?2 to the mSmo Ctail,
forming a feed forward mechanism to increase mSmo phosphorylation (Chen et al., 2011).
Interestingly, CK1a accumulates in primary cilia in response to Hh stimulation, which may
explain, at least in part, why phosphorylation of mSmo is more effective in primary cilia
(Chen et al., 2011).

A recent study revealed that exogenously expressed CK1vy is localized to the primary cilia of
NIH3T3 cells in a manner depending on its membrane association (Li et al., 2016). Using a
phospho-specific antibody against one of the major CK1 sites (S1) on mSmo to monitor
mSmo phosphorylation, Li et al found that transfection of wild type, but not a cytosolic form
(CK1y-AC) of CK1y stimulated S1 phosphorylation in a manner enhanced by Shh
treatment whereas transfection of dominant negative forms of CK1y attenuated Hh-induced
S1 phosphorylation (Li et al., 2016). In addition, overexpression of wild type CK1+y, but not
CK1y-AC, increased the expression of G/i-/uc reporter gene while the dominant negative
forms attenuated Hh-induced G/i-/luc expression (Li et al., 2016). The ability of CK1y to
promote mSmo phosphorylation and activity appears to depend on primary cilia as blockage
of ciliogenesis abolished the effect of CK1y on mSmo phosphorylation and activation (Li et
al., 2016). Taken together, these observations suggest that CK1+y plays a conserved role in
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the Hh pathway by directly phosphorylating Smo and boosting its activity after it
accumulates on the cell surface in Drosophila or on the primary cilia in mammals.

CK1 positively regulates Hh signaling downstream of Smo

Besides phosphorylating Smo to promote Hh pathway activation, CK1 plays additional
positive roles downstream of Smo because inactivation of CK1 inhibits Hh pathway activity
elicited by expressing a phospho-mimetic and constitutively active form of Smo in which
both the PKA and CK1 sites are converted into acidic residues (Shi et al., 2014; Zhou and
Kalderon, 2011). In Drosophila, the Fu kinase acts downstream of Smo to convert CiF into
an activator form (Ci#) in response to high levels of Hh signal (Ohlmeyer and Kalderon,
1998). Fu forms a stoichiometric complex with Cos2 and is recruited to the dimerized
intracellular tail of activated Smo, leading to its own dimerization, phosphorylation, and
activation (Shi et al., 2011; Zhang et al., 2011; Zhou and Kalderon, 2011). Phosphorylation
of Fu occurs at multiple Ser/Thr residues in the activation loop of its kinase domain as well
as in its C-terminal regulatory domain (Shi et al., 2011; Zhou and Kalderon, 2011).
Phosphorylation of the Fu activation loop and C-terminal regulatory domain is mediated by
Fu trans-autophosphorylation, which may prime their further phosphorylation by CK1
although direct evidence for phosphorylation of Fu by CK1 is still lacking (Shi et al., 2011;
Zhou and Kalderon, 2011). Phosphorylation of Fu activation loop appears to promote Fu
activation in a dose dependent manner: increasing levels of Hh induced increasing levels of
Fu phosphorylation, which in turn resulted in increasing levels of Fu activity (Shi et al.,
2011). Mutating a CK1 consensus site in the activation loop severely compromised Fu
activity whereas mutating a cluster of CK1 consensus sites in the regulatory domain also
attenuated Fu activity (Zhou and Kalderon, 2011). Taken together, these studies suggest that
CK1 may positively regulate Hh pathway by phosphorylating both the kinase and regulatory
domains of Fu.

Ci”is a labile form of Ci that is degraded by a Cul3-based E3 ubiquitin ligase containing the
BTB family protein HIB (also called Rdx) (Kent et al., 2006; Zhang et al., 2009; Zhang et
al., 2006b). }. Interestingly, /ib expression is induced by Hh signaling in both Drosophila
embryos and imaginal discs, thus forming a negative feedback loop to attenuate Hh pathway
activity (Kent et al., 2006; Zhang et al., 2006b). SPOP, which is the vertebrate homolog of
HIB, may play an analogous role in fine-tuning Hh signaling by degrading Gli2/3 proteins
(Chen et al., 2009; Wang et al., 2010; Wen et al., 2010). The degradation of CiA/GIiA by
HIB/SPOP is likely to be under tight control as excessive degradation can lead to premature
loss of Hh pathway activity. Indeed, a recent study showed that Hh stimulates Ci
phosphorylation by CK1 at multiple Ser/Thr-rich degrons to inhibit its recognition by HIB
(Shi et al., 2014). In Hh-receiving wing disc cells, reduction of CK1 activity accelerated
HIB-mediated degradation of Ci#, leading to premature loss of pathway activity (Shi et al.,
2014). Furthermore, this study showed that Gli# is regulated by CK1 in a similar fashion
and that CK1 acts downstream of Sufu to promote Shh signaling. Hence, depending on
availability of the Hh ligand, CK1 can either inhibit or activate Ci by phosphorylating
distinct sites.
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lll. CK1 in Wnt signaling

Similar to its role in the Hh pathway, CK1 also plays both positive and negative roles in the
Whnt pathway by phosphorylating different pathway components. The first indication that
CK1 family kinase regulates Wnt signaling is that injection of CK1e mRNA into the ventral
side of Xenopus embryos led to dorsalization and axial duplication similar to injection of
Whts (Peters et al., 1999; Sakanaka et al., 1999). It was further shown that CK1e forms a
complex with Disheveled (Dvl) and Axin and positively regulates Wnt signaling by
phosphorylating Dvl on multiple sites (McKay et al., 2001; Peters et al., 1999; Sakanaka et
al., 1999). However, the physiological relevance of Dvl phosphorylation by CK1 has not
been established. Other CK1 family members including CK1a and CK1+y have also been
implicated in Wnt signaling (see below). Although CK1le and CK1y mainly play a positive
role in Wnt signaling through their influence on LRP6 and Dvl whereas CK1a mainly plays
a negative role through its role in the regulation of B-catenin degradation, a genetic study in
Drosophila also reveals a negative role for CK1le and a positive role for CK1a in a genetic
sensitized background (Zhang et al., 2006a).

Regulation of p-catenin destruction: a negative role of CK1 in Wnt signaling

Regulation of the cytoplasmic p-catenin protein abundance is the hallmark of the canonical
Whnt signal transduction pathway. In the absence of Wnt, B-catenin is phosphorylated by
CK1la and GSK3, which target it for ubiquitin/proteasome-mediated degradation. p-catenin
contains a degron, DS33GIHS37GAVT 41QAPS,s, in its N-terminal region (Fig. 4), and
mutations of the S/T residues stabilized B-catenin in human cancers (Polakis, 2000). Two
studies showed that phosphorylation of Sy5 by CKla primes GSK3 to phosphorylation Ty,
S37, and Sg3 consecutively (Amit et al., 2002; Liu et al., 2002), which creates a docking site
for the SCF family of E3 ubiquitin ligase containing the F-box protein Slimb/g-TRCP (Jiang
and Struhl, 1998; Winston et al., 1999), leading to its ubiquitination and degradation of by
the proteasome.

Both CK1a and GSK3 are present in the destruction complex containing the scaffold
proteins Axin and APC (Amit et al., 2002). The Axin/APC also binds p-catenin, thus
bringing the substrate and kinases in close proximity to facilitate p-catenin phosphorylation
(Liu et al., 2002). Interestingly, APC is also phosphorylated by CK1 (in this case, CK1e and
CK18) as well as GSK3 at several sites within the 20 amino acid repeats that mediate its
binding to B-catenin, and these phosphorylation events greatly enhance its binding to B-
catenin (Ha et al., 2004; Xing et al., 2004), and its ability to downregulate §-catenin
(Rubinfeld et al., 2001). Phosphorylation of APC by CKle is greatly enhanced by the
presence of an Axin fragment containing the p-catenin and CK1-binding sites (Ha et al.,
2004; Rubinfeld et al., 2001). Thus, Axin functions as a scaffold in the destruction complex
to facilitate phosphorylation of both p-catenin and APC.

AXxin is also phosphorylated by CK1, but the biological significance of this phosphorylation
event is unclear (Gao et al., 2002). A recent study reveals that APC promotes efficient Axin
multimerization through multivalent interactions and that phosphorylation of the R2/B
region of APC by GSK3/CK1 induces a conformational change in APC to release APC’s
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Arm-repeats from Axin, allowing the release of phosphorylated B-catenin to the SCFB-TRCP
E3 ligase, leading to ubiquitination and degradation of -catenin (Pronobis et al., 2015).

Regulation of LRP6 phosphorylation: a positive role of CK1 in Wnt signaling

The Wnt receptor complex contains the Fz family seven transmembrane proteins and the co-
receptor LRP5/6. In the presence of Wnt, the destruction complex is recruited to activated
LRP5/6 through its binding to Axin, leading to inhibition of B-catenin phosphorylation, B-
catenin stabilization in the cytoplasm, and Wnt pathway activation (Mao et al., 2001; Tamai
etal., 2004). LRP6 and its Drosophilahomologue Arrow contain five PPPSP motifs that
mediate Axin binding when phosphorylated in response to Wnt (Fig. 4) (Tamai et al., 2004;
Zeng et al., 2005). Phosphorylation of PPPSP is mediated by GSK3, followed by CK1-
mediated phosphorylation at one or more adjacent sites C-terminal to the PPPSP motifs.
Multiple CK1 isoforms including CK1a, CK1e/8, and CK1y have been implicated in the
phosphorylation the sites adjacent to the PPPSP motifs (Davidson et al., 2005; Zeng et al.,
2005). Phosphorylation of LRP6 by both GSK3 and CK1 is required for Axin binding and
phosphorylated PPPSP motifs inhibit GSK3-mediated phosphorylation of B-catenin within
the destruction complex, leading to p-catenin stabilization and Wnt pathway activation (Piao
et al., 2008; Wu et al., 2009; Zeng et al., 2005). In addition, CK1y is involved in the
phosphorylation of T1497, which is adjacent to a S/T cluster (Fig. 4) (Davidson et al., 2005).
Similar to its binding to Smo, CK1+y binds LRP6 depending on its membrane association
through its C-terminal palmitoylation (Davidson et al., 2005).

Whnt-induce LRP6 phosphorylation requires the Fz receptor and its downstream partner Dvl
that promotes the formation of a large multimeric protein complex called LRP6 signalosome
(Bilic et al., 2007; Zeng et al., 2008). Further studies reveal that Wnt3a induces the
formation of PI(4 5)P2 to promote LRP6 phosphorylation and that Amerl/WTX couples the
Whnt3a-induced P1(4 5)P2 to LRP6 phosphorylation (Pan et al., 2008; Tanneberger et al.,
2011). Several other proteins including the transmembrane protein 198 and p120-catenin
have also been implicated in the regulation of LRP6 phosphorylation (Casagolda et al.,
2010; Liang et al., 2011). Furthermore, Wnt-induced LRP6 phosphorylation occurs in an
acidic vesicular compartment depending on the action of prorenin receptor (PRR) and
vacuolar ATPase (Cruciat et al., 2010).

Like in the Hh pathway, CK1 also exerts positive influence on Wnt signaling at multiple
levels. In addition to regulating the phosphorylation of LRP6 and Dvl, CK1 also
phosphorylates TCF3 to promote its interaction with p-catenin (Lee et al., 2001).

IV. Regulation of CK1in Hh and Wnt signaling

The involvement of CK1 in both Hh and Whnt signal transduction pathways and the findings
that CK1 regulates each pathway at multiple levels to exert both positive and negative
influence have raised import questions of how phosphorylation of CK1 substrates is
regulated and how Hh and Wnt signaling achieve pathway specificity despite being
regulated by a similar set of kinases. A prominent feature of Hh and Wnt signaling is that
the kinases and their substrates are present in large protein complexes organized by
pathway-specific scaffolding proteins (Fig. 2). In the Hh pathway, Ci and its kinases PKA,
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CK1, and GSK3 are present in protein complexes organized by Cos2 and Fu (Chen and
Jiang, 2013; Zhang et al., 2005). Similarly in the Wnt pathway, -catenin and its kinases
CK1 and GSK3 form a complex scaffolded by Axin and APC (MacDonald et al., 2009).
Therefore, to achieve pathway specificity, Hh and Wnt regulate different pools of kinases by
eliciting interaction between their receptor complexes and the pathway specific scaffold
proteins i.e., Smo/Cos2 interaction in the Hh pathway and LRP6/AXxin interaction in the Wnt
pathway (Jia et al., 2003; Jiang and Hui, 2008; MacDonald et al., 2009; Tamai et al., 2004).
In other words, Hh and Whnt signaling are regulated by specific pool of kinases that are
compartmentalized with their pathway effectors.

Another layer of CK1 regulation in the Hh and Wnt pathways is to employ different CK1
isoforms to phosphorylate distinct pathway components or even distinct sites on the same
substrates. In this regard, it has been shown recently that the membrane-associated CK1
isoform CK1vy, but not the cytosolic isoform CK1a or CKle, is responsible for
phosphorylating a membrane proximal cluster of S/T residues on the Smo C-tail to promote
high-level Hh pathway activity (Li et al., 2016). Similarly, CK1y has been shown to
phosphorylate a membrane proximal site (T1497) on the LRP6 intracellular domain to
modulate the activity of Wnt signaling (Davidson et al., 2005), and in Drosophila, CK1y is
the most potent CK1 isoform that phosphorylates Arrow, the Drosophilahomolog of LRP6,
likely due to its membrane association (Zhang et al., 2006a). On the other hand, CK1a is the
major CK1 isoform responsible for -catenin phosphorylation and degradation. However,
both CK1a and CK1e are involved in the regulation of Ci phosphorylation and degradation
in the Hh way (Jia et al., 2005). Interestingly, Hh switches the CK1a/e substrate from Ci to
Smo, thus converting CK1a and CK1le from negative to positive regulators of the pathway
(Jia et al., 2004; Zhang et al., 2005). This conversion is achieved, at least in part, by
regulating kinase/substrate interaction because Hh signaling inhibits the formation of Cos2-
Ci-kinase complex but promotes the formation of Cos2-Smo-kinase complexes (Li et al.,
2014; Zhang et al., 2005).

Although it is generally thought that CK1 activity is not regulated but rather its substrate
accessibility is regulated in the Hh and Wnt pathways, a recent study reveals a novel
mechanism of CK1 regulation by DDX3, which belongs to a family of ATP-dependent
DEAD-box RNA helicases (Cruciat et al., 2013). DDX3 was identified by a genome-wide
siRNA screen for novel Wnt regulators in cultured mammalian cells (Cruciat et al., 2013).
DDX3 directly binds to CK1e in a manner stimulated by Wnt, and DDX3 stimulates CK1e
kinase activity and promotes phosphorylation of DvI2 although the physiological relevance
of DvI2 phosphorylation has not been directly tested (Cruciat et al., 2013). The enzymatic
activities of DDXa3, i.e., ATP hydrolysis and RNA unwinding, appear to be dispensable for
binding to CK1e and, suggesting that DDX3 activates CK1e through an allosteric
mechanism (Cruciat et al., 2013). Interestingly, mutations in DDX3 were found in Wnt-
subgroup medulloblastoma, illustrating its physiological role in Wnt/B-catenin signaling in
humans (Jones et al., 2012; Pugh et al., 2012). It remains to be determined whether DDX3
regulates other CK1 isoforms /in vivo and whether other DDX family helicases are involved
in CK1 regulation.
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Conclusion

Multiple CK1 family members regulate both Hh and Wnt signaling, and in each pathway,
CK1 exerts both positive and negative influences depending on the signaling status, the
specific CK1 isoforms involved, and which pathway components CK1 phosphorylates.
Although many relevant CK1 substrates have been identified and the specific
phosphorylation sites on individual pathway components defined, not all the biological
relevant sites have been determined. For example, it has shown that CK1 activates the Hh
pathway at the level of Smo as well as downstream of Smo by phosphorylating Fu and Ci
(Shi et al., 2014; Zhou and Kalderon, 2011); however, the precise role and relevant CK1
sites on Fu remain to be determined. In addition, the precise function of individual CK1
isoforms in the Hh and Wnt pathways remains to be clarified, especially in the case of LRP6
phosphorylation where multiple CK1 isoforms have been implicated (Davidson et al., 2005;
Zeng et al., 2005). In the past, loss of function study mainly employed dominant negative
forms of individual isoforms, which may invoke cross-regulation among different CK1
isoforms and thus may not be exclusively “isoform specific”. In addition, redundancy among
different CK1 family members might have underscored the role of individual CK1 isoforms
in certain signaling processes, which is particularly problematic for CK1+y because of the
presence of three CK1y family members in mammals. Recent advance in gene editing
technology, especially the CRISPR/Cas9 technology that offers an efficient way to knock
out multiple genes in the same cells (Doudna and Charpentier, 2014), will undoubtedly
facilitate the loss-of-function study of individual CK1 family members in different cellular
and developmental contexts and help elucidating their roles in human diseases.
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CK1 family of kinases. (A) Family tree of CK1 isoforms from Drosophila and mammals.
(B) Schematic drawings of mammalian CK1 family members with kinase domains depicted
in grey. Numbers in parentheses indicate the lengths of CK1 isoforms generated from

alternative splicing.
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Fig. 2. Hh and Wnt pathways
(Top) Drosophila Hh pathway. In the “signaling off “ state, Ci and its kinases PKA, GSK3

and CK1 form a large protein complex scaffolded by Cos2 and Fu, leading to its
phosphorylation and proteolysis to generate a truncated repressor form that inhibits the
expression of Hh target genes. In the “signaling on “ state, Hh binds Ptc and releases its
inhibition of Smo, leading to Smo phosphorylation and activation. Smo interacts with
Cos2/Fu and promotes Fu phosphorylation and activation but inhibits PKA/CK1-mediated
Ci phosphorylation and processing. Activated Fu converts full-length Ci into an active form
that stimulates the expression of Hh target genes.

(Bottom) Wnt/B-catenin pathway. In the “signaling off * state, B-catenin and its kinases
GSK3 and CK1a form a destruction complex scaffolded by Axin and APC, leading to its
phosphorylation and degradation. In the “signaling on * state, Wnt binds Fz and LRP5/6,
leading to phosphorylation of LRP5/6 by GSK3 and CK1. LRP5/6 phosphorylation on the
PPPSP motifs recruits the destruction complex through Axin, leading to a blockage of 8-
catenin phosphorylation. As a consequence, p-catenin accumulates, translocate to the
nucleus, and binds TCF to turn on Wnt responsive genes.
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Fig. 3. CK1 phosphorylates both Ci/Gli and Smo in the Hh pathway
(Top) Diagrams of Ci, mouse Gli2, and human Gli3 showing the PKA/GSK3/CK1

phosphorylation clusters in Ci/Gli. Putative Slimb/B-TRCP binding sites in Ci/Gli are
underlined. Grey and blue boxes denote a Zn-finger DNA binding domain and a trans-
activation domain, respectively. Phosphorylation sites for the indicated kinases are color-
coded. (Bottom) Diagrams showing the Smo phosphorylation sites in Drosophila (top) and
mammalian Smo (bottom). Grey boxes indicate transmembrane helixes. The red box in
Drosophila Smo C-tail denotes the SAID domain. The phosphorylation clusters are
underlined and phosphorylation sites for the indicated kinases are color-coded.
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Fig. 4. Phosphorylation of p-catenin and LRP6 by CK1 and GSK 3
(A) Diagram of pcatenin with the CK1 and GSK3 phosphorylation cluster shown

underneath. p-TRCP binding site is boxed. Grey boxes denote the Armadillo (Arm) repeats
and the black box indicates the destruction box. (B) Diagram of LRP6 with the membrane
proximal S/T rich sequence and the first PPPSP motif shown underneath. Filled, open, and
grey boxes indicate the transmembrane domain, S/T rich domain, and multiple PPPSP
motifs.
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