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Wnt signaling regulates numerous cellular processes during embryonic development and adult tissue homeostasis.

Underscoring this physiological importance, deregulation of the Wnt signaling pathway is associated with many disease

states, including cancer. Here, we review pivotal regulatory events in the Wnt signaling pathway that drive cancer growth.

We then discuss the roles of the established negative Wnt regulator, casein kinase 1α (CK1α), in Wnt signaling. Although

the study of CK1α has been ongoing for several decades, the bulk of such research has focused on how it phosphorylates

and regulates its various substrates. We focus here on what is known about the mechanisms controlling CK1α, including

its putative regulatory proteins and alternative splicing variants. Finally, we describe the discovery and validation of a

family of pharmacological CK1α activators capable of inhibiting Wnt pathway activity. One of the important advantages of

CK1α activators, relative to other classes of Wnt inhibitors, is their reduced on-target toxicity, overcoming one of the major

impediments to developing a clinically relevant Wnt inhibitor. Therefore, we also discuss mechanisms that regulate CK1α

steady-state homeostasis, which may contribute to the deregulation of Wnt pathway activity in cancer and underlie the

enhanced therapeutic index of CK1α activators. 
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1. Introduction

The evolutionarily conserved Wnt signaling cascade has been extensively studied for over three decades and has been

shown to regulate numerous cellular events during development and adult tissue homeostasis, as well as in disease when

deregulated . The term ‘Wnt’ was first coined in 1991 from a combination of wingless, the gene that patterns the

development of many tissues in Drosophila melanogaster, including the wing, and its mouse ortholog Int-1, the proto-

oncogene that regulates mammary tumorigenesis in mice . Wnt ligands are a family of secreted glycoproteins that

trigger a unique signal transduction network . Wnt proteins undergo palmitoylation by the membrane-bound O-

acyltransferase porcupine (PORCN) in the endoplasmic reticulum (ER) . This modification promotes Wnt export from

the ER and subsequently out of the cell and facilitates its activation and binding to the membrane receptor frizzled (Fzd) 

. Two distinct arms of the Wnt signaling network have been identified, defined by their dependence on β-catenin:

canonical Wnt/β-catenin signaling and non-canonical Wnt signaling. In this review, we focus on the canonical Wnt

signaling pathway, discussing the role of its various critical components in cancer, with a focus on the established

negative regulator of Wnt signaling, casein kinase 1α (CK1α).

2. CK1α

2.1. CK1 Family Members

Casein kinases (CKs) were discovered in the 1970s as cytoplasmic protein kinases purified from rat liver, which were able

to phosphorylate casein on Ser and Thr residues . Subsequently, multiple CKs were identified and divided into two

major groups, CK1 and CK2, based on their biochemical properties . Besides CK1α, the CK1 family of genes encodes

CK1β, δ, ε, γ1, γ2, and γ3 . CK1 family members are broadly expressed throughout development and in numerous

adult tissues in humans, except CK1β, which is found only in cattle . The primary sequence alignment of CK1 family

members highlights a highly conserved Ser/Thr protein kinase domain flanked by distinct amino-terminal (N-term) and

carboxyl-terminal (C-term) extensions. Consistent with their homologous protein kinase domain, CK1 family members

exhibit similar substrate specificity in vitro. The consensus phosphorylation motif recognized by CK1 was originally

identified as a phosphorylated Ser/Thr residue (pSer/Thr) or an acidic group of amino acids upstream of two to four

residues, followed by a Ser/Thr phosphor-acceptor . CK1 is also able to phosphorylate substrates at non-consensus

sequences . For example, CK1α phosphorylates β-catenin at the first serine residue in a novel serine-leucine-serine

(SLS) motif upstream of an acidic cluster of six amino acids .
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2.2. CK1 in Wnt Signaling

Despite their substrate similarity in vitro, the substrates of CK1 family members likely vary in vivo. Multiple CK1 family

members (CK1α, δ, ε, γ1) regulate Wnt signaling, and this regulation occurs via the phosphorylation of distinct substrates

. CK1δ and CK1ε share the highest primary sequence identity and can play a redundant function, such as the

phosphorylation and positive regulation of Dvl . CK1ε and CK1γ1 also play positive roles in Wnt signaling, respectively,

by phosphorylating TCF3 to enhance its activity  or phosphorylating LRP5/6 to enhance signal transduction . In

contrast to other CK1 family members, CK1α plays a negative role in Wnt pathway regulation . In addition to its well-

established role in the cytosolic β-catenin destruction complex, CK1α also regulates the steady-state levels of nuclear

Pygo to attenuate β-catenin/TCF-driven Wnt pathway activity.

2.3. CK1α Splice Variants

The CK1α gene, CSNK1A1, undergoes alternative splicing to produce four splice variants . These splice variants

are distinguished by the absence or presence of a long insert (L) of 28 amino acids in the protein kinase domain or a short

insert (S) of 12 amino acids near the C-terminus. In human, the four CK1α splice variants include CK1α with both L and S

inserts (CK1αLS), CK1α with only an S insert (CK1αS), CK1α with no insert (CK1αNI), and CK1αLS with a truncated N-

term (CK1αSN) (Figure 1

). The L insert contains a nuclear localization signal (NLS), leading to the preferential nuclear enrichment of CK1α splice

variants with this insert . CK1α splice variants also exhibit other distinct biological properties, including kinetic

characteristics, response to small-molecule modulators, thermal stability, and autophosphorylation . In cells,

ectopic expression of the various CK1α splice variants leads to varying phosphorylation of cellular β-catenin on Ser45,

suggesting that CK1α splice variants might also affect Wnt pathway activity differentially .

Figure 1. CK1α splice variants. Human CK1α undergoes alternative splicing to produce four splice variants, as shown.

These CK1α splice variants are characterized by the insertion of two polypeptide sequences: a long insertion (L) that

contains a nuclear localization signal (NLS) into the protein kinase domain, and a short insertion (S) close to the C-

terminus. LS: CK1α with both L and S inserts; S: CK1α with only an S insert; NI: CK1α with no insert; SN: CK1α LS with

an N-terminal truncation.

2.4. Regulation of CK1α

Although the mechanisms by which CK1α regulates cellular processes, including Wnt signaling, are well established, the

regulation of CK1α itself is poorly understood and is thus an active area of investigation. Recently, multiple proteins have

been described that regulate the intracellular localization of CK1α (Figure 2) . For example, in prostate cancers,

glioma pathogenesis-related protein 1 (GLIPR1) mediates the translocation of CK1α to the nucleus, leading to the

phosphorylation and degradation of C-Myc and inhibition of Wnt activity . The protein levels of CK1α can also be

regulated: family with sequence similarity 83G protein (FAM83G) (also known as protein associated with SMAD1

(PAWS1)) interacts with CK1α in the β-catenin destruction complex and stabilizes CK1α protein, subsequently regulating

Wnt signal transduction (Figure 2) . In addition, CK1α gene expression and protein abundance are decreased in many

Wnt-driven cancers.

The protein kinase activity of CK1α can be regulated by the presence of DEAD-box RNA helicase 3 (DDX3) in the basal

state—upon loss of DDX3, CK1α kinase activity is decreased in cells (Figure 2) . However, whether DDX3 directly

regulates CK1α is unclear. The P53 inhibitor protein murine double minute X (MDMX) can also inhibit CK1α’s kinase

activity upon their binding, resulting in the activation of Wnt signaling (Figure 2) . This result suggests that MDMX,

which binds to CK1α in a stoichiometric fashion, functions as a regulatory subunit for CK1α in Wnt signaling. CK1α is also

capable of autophosphorylation, which limits its own kinase activity in vitro. Although the autophosphorylation of CK1δ/ε

can be reversed by Wnt signaling, there is currently no evidence showing that CK1α autophosphorylation can be

regulated by Wnt signaling .
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Figure 2. CK1α regulatory subunits. Proteins that have been reported to regulate CK1α are shown. These proteins bind to

CK1α and lead to indicated regulatory outcomes of CK1α. GLIPR1: glioma pathogenesis-related protein 1; FAM83G:

family with sequence similarity 83G protein; DDX3: DEAD-box RNA helicase 3; MDMX: murine double minute X.

3. CK1α Activators

3.1. Pyrvinium

Based on its important negative role in Wnt signaling, pharmacological activation of CK1α should attenuate Wnt activity.

The FDA-approved anthelmintic drug pyrvinium has been the first-in-class small-molecule CK1α activator (Figure 3A),

having been identified as a Wnt pathway inhibitor in a large-scale screen of FDA-approved drugs in Xenopus laevis
embryo extracts. Importantly, pyrvinium has no observable effect on other pathways examined. CK1α is identified as the

target of pyrvinium using a candidate approach and then validated in multiple ways. Although it is shown to bind to

multiple CK1 family members, pyrvinium only activates the protein kinase activity of CK1α, consistent with pyrvinium

acting as a pharmacological CK1α activator . Pyrvinium, but not its structural analog VU-WS211 (Figure 3A), activates

CK1α by increasing its V , without changing its K for its substrate . These results suggest that pyrvinium activation

of CK1α increases the catalytic activity of CK1α without affecting substrate binding, potentially through an allosteric

mechanism (Figure 3B) . Interestingly, when comparing the activity of cells transfected with plasmids expressing the

four CK1α splice variants, pyrvinium is only able to enhance the activity of those variants lacking the L insert and activated

CK1αS the most . Given the location of the L insert within CK1α’s protein kinase domain, which is close to its activation

loop (AA 156–190) , this result suggests that the L insert may interfere with the binding of pyrvinium to the active site of

CK1α.

Figure 3. CK1α activators. (A) The structures of two chemically distinct CK1α activators—pyrvinium and SSTC3—and

their inactive analogs—VU-WS211 and SSTC111—respectively, are shown. The red boxes highlight key structures

needed for maximal efficacy. (B) A model, highlighting how CK1α activators function to increase the catalytic efficiency of

CK1α. (C) A model of the mechanism underlying the differential therapeutic index of CK1α activators in normal tissue and

Wnt-driven cancer.

Consistent with the pivotal role of CK1α in Wnt signaling, pyrvinium attenuates the growth of Wnt-dependent CRC cell

lines in a CK1α-dependent manner. Pyrvinium also exhibits efficacy against a number of other Wnt-driven cancer cell

lines, including those derived from breast cancer and hepatocellular carcinoma . Pyrvinium inhibits Wnt pathway
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activity by reducing β-catenin levels in the cytoplasm and by increasing the degradation of the β-catenin/TCF coactivator

Pygo in the nucleus. Consistent with Pygo being a relevant nuclear target of CK1α in Wnt signaling, pyrvinium is able to

attenuate the growth of a CRC cell line, harboring a constitutively active β-catenin oncogenic mutant that lacks the CK1α

phospho-acceptor Ser. Despite its potent Wnt-inhibiting effect ex vivo, the subsequent evaluation of pyrvinium’s efficacy

against the growth of Wnt-driven cancers in vivo has been limited, as pyrvinium has low bioavailability outside of the

intestinal tract . However, pyrvinium has been evaluated in a Wnt-dependent FAP-induced colorectal adenoma mouse

model, in which it significantly decreases the formation of adenomatous polyps in an on-target manner. Based on this

work, pyrvinium has been designated by the FDA as an orphan drug for the treatment of FAP.

3.2. SSTC Compounds

A number of potent, chemically novel CK1α activators (SSTC3 and SSTC104- see Figure 3), which have significantly

improved bioavailability by comparison with pyrvinium, have been described. These second-generation CK1α activators

bind to CK1α in a manner that is competitive to pyrvinium, suggesting that they bind to a similar site on CK1α . They also

attenuate Wnt activity in a manner that is dependent on CK1α. SSTC3, but not its structural analog SSTC111 (Figure 3),

inhibits the growth of Wnt-driven CRC cell lines and patient-derived CRC organoids ex vivo . Consistent with its improved

bioavailability, SSTC3 remains in plasma for 24 h after intraperitoneal injection in mice and is able to penetrate the blood-

brain barrier . Furthermore, SSTC3 significantly inhibits the growth of primary and metastatic tumors that develop from

patient CRCs or a Wnt-driven CRC cell line implanted in mice. Importantly, when used at a dose that is efficacious against

CRC growth, SSTC3 exhibits no significant toxicity in mice. Specifically, the structure of normal intestinal tissue, which is

one of the sites primarily impeded from on-target toxicity of most Wnt inhibitors, is not disrupted by SSTC3 treatment. It

has been proposed that the greater therapeutic index of SSTC3 compared to other Wnt inhibitors is the result of the

decreased abundance of CK1α protein in CRC tissue versus normal intestinal tissue (Figure 3C). Thus, these reduced

levels of CK1α protein sensitize CRC cells to the enhanced activation of CK1α in response to SSTC3.
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