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1. Introduction

1.1 The eukaryotic protein kinase (ePK) superfamily

Eukaryotic protein kinases (ePKs) are building one of the largest superfamilies of

homologous proteins, which account for about 1.7% of protein coding genes of the human

genome [88][92]. In eukaryotes, ePKs are phosphotransferases which can transfer the

γ-phosphate of adenosine triphosphate (ATP) or guanosine triphosphate (GTP) to the

hydroxyl groups of their protein substrate [56]. Depending on their acceptor amino acid

specificity, ePKs are classified into five categories: protein-serine (Ser)/ threonine (Thr)

kinases, protein-tyrosine kinases, protein-histidine kinases, protein-cysteine kinases and

protein-aspartyl or glutamyl kinases [66]. Among 518 identified kinases, 478 are classified

as ePKs exhibiting a characteristical domain structure and 40 as atypical protein kinases

(aPKs), not showing any similarity to the domain structure of ePKs [44].

ePKs have been subdivided into eight subgroups, which constitute in a phylogenetic tree

[20]. ePKs are involved in many eukaryotic cellular processes like cell metabolism and

differentiation, transcription, cell cycle progression, adhesion, apoptosis, motility,

proliferation, chromosome segregation, DNA-processing and repair as well as

inflammatory diseases. Therefore, abnormal phosphorylation often results in deregulation

of proteins and as a consequence, it can cause numerous human diseases, like neurological

diseases and cancer [27][44][56][66]. Thus, protein kinases represent interesting targets for

drug development as they are often overexpressed in various diseases [164].

1.2 The casein kinase 1 (CK1) family

Casein kinases (CKs) can be subdivided into casein kinase 1 (CK1) and casein kinase 2

(CK2), both exhibiting acidtrophic character [135]. However, whereas CK1 builds an own

kinase family [44][88], CK2 belongs to the group of cyclin-dependent kinases (CMGC)

family.

Members of the CK1 family were one of the first kinases that had been described and

characterized in literature [41]. The initial name casein kinase comes from the preference

to phosphorylate serine or threonine residues of the milk protein casein which are

N-terminally flanked by phosphorylated amino acid residues or acidic amino acids at

position -3 [16][83].
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CK1 kinases are evolutionarily highly conserved and ubiquitously expressed in all

eukaryotes from yeast to plants, mammals, and human [58][70]. The CK1 superfamily

includes the families of tau tubulin kinases1/2 (TTBK1/2), vaccinia-related kinases 1-3

(VRK1-3) and CK1 family (Figure 1A). In the following chapters, exhaustive knowledge

about the classification and structure, regulation, function and specific inhibitors of the CK

1 family will be described.

1.2.1 Classification and structure

All members of the CK1 family belong to the serine/threonine specific protein kinases

[44][51][88]. There are seven CK1 isoforms in mammals: α, β, γ1, γ2, γ3, δ, and ε as well

as multiple post-transcriptionally processed splice variants (transcription variants; TV).

Except CK1 they are all expressed in humans [49][83][135]. All CK1 isoforms contain a

highly conserved kinase domain (51-98%), while CK1δ and ε display the highest

homology level [41][51][86]. However, CK1 isoforms differ significantly in terms of

length and amino acid sequence of their regulatory N- and especially C-terminal

non-catalytic domains. While the short N-terminus comprises 9-76 amino acids, the length

of the C-terminus ranges from 24 up to more than 200 amino acids. Therefore, molecular

weights of various CK1 isoforms range from 32 kDa (CK1α) to 52.2 kDa (CK1γ3) (Figure

1B) [83].

Figure 1: CK1 Family. A: Phylogenetic relation of human CK1 isoforms , 1-3, ,  and other CK1 family
members: TTBK1–2 and VRK1–3. B: Schematic alignment of human CK1 isoforms , 1-3,  and
 are shown with their molecule weights (MW). The light green boxes represent the highly
conserved kinase domain, while the variable N- and C-terminus are displayed in the dark green [83].
This Figure is licensed under a Creative Commons Attribution 3.0 Generic License
http://creativecommons.org/licenses/by/3.0/. Abbreviations: CK1: casein kinase 1; TTBK1–2: tau
tubulin kinases1-2; VRK1–3: vaccinia-related kinases 1-3.

As a member of the superfamily of serine/threonine-specific kinases, CK1 family

represents the typical bilobal structure which includes a smaller N-terminal lobe mainly

http://creativecommons.org/licenses/by/3.0/
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containing β- sheets, and a larger α-helical C-terminal lobe (Figure 2). The hinge region

bridges the smaller N-terminal and the larger C-terminal lobe thereby forming a catalytic

cleft which functions as ATP binding pocket and the substrate binding site [83][100].

Within the variable N-terminus, antiparallel 5-stranded β- sheets consist of various regions

with different functions, while a salient α-helix within the N-terminal region is essential for

conformational regulation of the kinase activity [83]. The P-loop, a conserved glycine-rich

sequence, identified in the N-terminal lobe, seems to bridge strands β1 and β2, thereby

forming the roof of the ATP active site. Furthermore, it devotes to the coordinated transfer

of the γ-phosphate part of ATP [83]. Loop L-78 contributes to structure-based inhibitor

design and triggers CK1 inhibitor selectivity because of the approaching of the hinge

region [83]. The regulatory non-catalytic C-terminus participates in subcellular targeting

and CK1 interaction, which is believed to be regulated by a specific phosphate moiety

binding motif (W1). Additionally, CK1 protein kinases contain additional functional

structures, like a kinesin homology domain (KHD), which has been shown to contribute to

the interaction of kinesins with microtubules, as well as loop L-9D (activation-loop), which

play a role in CK1 regulation and substrate recognition [8][100][165]. Furthermore, a

nuclear localization signal (NLS) sequence, is located next to the ATP-binding site [82][83].

The dimerization domain (DD), being present in CK1δ, seems to be necessary for complex

formation, which affects the kinase activity of CK1δ [8]. The catalytic cleft of CK1 was

observed to be hydrophobic because of sharing one deep hydrophobic pocket (HPⅠ) and a

larger hydrophobic region (HRⅡ) [53]. All CK1 isoforms use ATP as a phosphate donor

and recognize N-terminally acidic amino acids for substrate recognition [8].

Figure 2: Schematic structure of human CK1 . A: Ribbon structure of CK1 : The variable N-terminal
lobe is characterized by β-sheets, while α-helices characterized the non-catalytic C-terminal lobe.
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The kinesin homology domain (KHD) and the L-9D loop, as well as the nuclear localization
sequence (NLS) are displayed. B: Surface diagram of CK1 The catalytic cleft, a putative
dimerization domain (DD), a deep hydrophobic pocket (HPI) and a spacious hydrophobic region
(HRII) are displayed. The kinase has a bilobal structure, N- and C-terminus are connected by the
hinge region, which then constitute the catalytic cleft as ATP binding pocket and the substrate
binding site. Figure obtained from Knippschild et al. [83]. The Figure is licensed under a Creative
Commons Attribution 3.0 Generic License http://creativecommons.org/licenses/by/3.0/.
Abbreviations: CK1  : casein kinase 1  ; KHD: kinesin homology domain; NSL: nuclear
localization sequence; DD: dimerization domain; HPI: hydrophobic pocket; HRII: hydrophobic
region; ATP: Adenosine triphosphate.

1.2.2 Regulation of CK1 activity

It has been described that CK1 expression levels differ in different tissue and cell types [98]

[135]. Numerous factors on different levels have been described to participate in

modulating the expression and activity of CK1 isoforms through different mechanisms,

such as stimulation with insulin or gastrin, viral transformation, treatment with

topoisomerase inhibitors or other small molecules like calotropin, γ-irradiation, or altered

membrane concentrations of phosphatidylinositol-4,5-bisphosphate (PIP2) [26][85][86]

[134].

On protein level, other mechanisms like dimerization, protein-protein interactions,

post-translational modifications, and subcellular localization have been identified as

regulatory mechanisms. CK1δ is able to form dimers, which results in the occupation of

the adenine binding domain and excluding ATP from the active center of the kinase by the

contacts of the dimerization domain [101]. Downregulation of endogenous CK1δ activity

by the expression of mutant CK1δ with impaired kinase activity is caused by formation of

dimers, thereby further supporting the obvious hypothesis [164].

Subcellular localization as well as cellular compartmentalization were also considered to

be regulatory strategies of kinase-substrate interactions and result in variation of the

availability or access of CK1 isoforms to their subset of substrates, which is ensured by the

binding of CK1 to intracellular structures, small molecules and other proteins

[139][157][161][168]. For example, in Saccharomyces cerevisiae the CK1 homologs Yeast

Casein Kinase I homolog 1 (YCK1) and Yeast Casein Kinase I homolog 2 (YCK2) are

recruited to the plasma membrane only when the CK1 homolog Hrr25 is already located in

the nucleus. In a further study, it was demonstrated that both, the existence of the kinase

domain and the catalytic activity of CK1 are needed for its subcellular localization, since

the inactive mutants CK1δK38M and CK1δT176I accumulate in the nucleus, which was

confirmed by analysis of CK1 kinase-dead mutants [110].

http://creativecommons.org/licenses/by/3.0/
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Furthermore, the activity of CK1 isoforms can be regulated by post-translational

modifications, which have mostly been identified as reversible phosphorylation events,

especially site-specific phosphorylation by autophosphorylation or other cellular kinases

[12][48]. Within the regulatory C-terminal domains of CK1δ and ε, autophosphorylation

events can consecutively act as pseudo substrates by blocking the catalytic center of the

kinase, and some putative intramolecular phosphorylation sites have been identified for

both isoforms [18][48][50]. Additionally, in the case of CK1δ, protein kinase A (PKA)

(cAMP-dependent protein kinase) phosphorylates CK1δ at Ser-370, protein kinase C,

isoform α (PKCα ) phosphorylates CK1 at Ser-328, Thr-329 and Ser-370, and checkpoint

kinase 1 (Chk1 ) phosphorylates CK1  at Ser-328, Ser-331, Ser-370 and Thr-397.

Furthermore, site-specific phosphorylation of CK1has also been shown for Akt (protein

kinase B, PKB) and CDC-like kinase 2 (CLK2) [12][47][67][109]. Moreover,

cyclin-dependent kinase 5/p35 (CDK5/p35) as well as cyclin-dependent kinase 2/cyclin E

(CDK2/E) are also able to phosphorylate CK1 in the regulatory C-terminus. COLO357

cells treated with inhibitors of CDK5/p35 and CDK2/E led to higher CK1δ kinase activity

[67]. Regarding forward investigations, Ser-370 was considered as the main target of other

cellular kinases-mediated phosphorylation of CK1δ in vitro and in vivo. Additionally and

interestingly, in the development of Xenopus laevis embryos expressing the CK1δS370A

mutant, abnormalities have been observed, which insinuate the phosphorylation status of

Ser-370 has an important physiological significance [47]. In addition, dephosphorylation

mediated by phosphatases can increase CK1 kinase activity [18][48][117].

1.2.3 Biological functions of CK1 isoforms

In recent years, an increasing number of substrates have been identified which are

phosphorylated by CK1 isoforms in vitro or in vivo. The wide range of substrates shows

that CK1 family members are involved in multiple cellular processes including circadian

rhythm, membrane trafficking, cytokinesis, vesicular transport, ribosome bio-genesis, DNA

repair, Wingless (Wnt)-, Hippo (Hpo)- and Hedgehog (Hh)- signaling. In the following

chapters, biological functions of the CK1 family in these cellular processes will be

discussed in detail.

1.2.3.1 CK1 in circadian rhythm

An autonomous timer, which is known and referred to as the circadian clock, consists of a

signal transduction pathway to integrate external signals for time adjustment, as well as
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circadian signal inducing oscillator and a signal transduction pathway [80]. The positive

regulator clock proteins brain and muscle ARNT- like protein1 (BMAL1) and negative

regulator cryptochrome (CRY) as well as the period length modulator prohibitin 2 (PHB2)

can be regulated by CK1 isoforms [79]. In general, CK1δ and ε are crucial regulators in

circadian rhythm and able to influence the length of the circadian period and the level of

Period (PER) degradation. Protein phosphatase 5 (PP5) was observed to dephosphorylate

CK1ε, which leads to higher kinase activity [117].

1.2.3.2 CK1 in cellular stress and DNA repair

Under cellular stress, CK1 family members are involved in the regulation of several

cellular functions, like DNA repair, cell cycle arrest, and checkpoint signaling through

phosphorylating different proteins, for instance, the tumor suppressor protein tumor protein

53 (TP53), mouse double minute 2 homolog (MDM2), ataxia telangiectasia mutated/

ataxia telangiectasia and Rad3-related protein (ATM/ATR), cell division cycle 25 (Cdc25),

Chk1, phosphatase and tensin homolog (PTEN), and topoisomerase IIα (TOPO-IIα)

[52][54][85][114][121]

Upon DNA damage, CK1α/δ/ε can phosphorylate the tumor suppressor p53, which is

mutated or inactivated in about 50% of all tumors and plays a key role in sustaining

genomic stability [36][85][103][154]. As a response to stress, phosphorylation of p53 at

Ser-15 and Thr-18 by CK1δ and ε leads to disruption of binding affinity between MDM2

and p53, thereby leading to subsequent accumulation of active p53 [55][158][164].

Activated p53 initializes the transcriptional activation of CK1δ, meanwhile, p53 can be

activated by CK1δ-mediated phosphorylation. These connections between CK1δ and p53

lead to the conclusion that CK1δ and p53 are regulated via an autoregulatory feedback

loop [85] (Figure 3). Additionally, as CK1 and p53 co-localize at the centrosome, the

centrosomal functions of p53 seem to be regulated by CK1
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Figure 3: Interaction between CK1 isoforms and DNA damage-induced signal transduction. After DNA
damage, the p53-regulatory component MDM2 will be phosphorylated by CK1 α, δ, and ε
[36][84][85][154]. While MDM2 is phosphorylated, p53 and Chk1/2 will be activated by
ATR/ATM-mediated phosphorylation. CK1δ and CK1ε can activate p53 by site-specific
phosphorylation. Activated p53 can initiate the expression of genes, such as Bax, p21. p53 can also
trigger the expression of CK1δ, which forms the autoregulatory feedback loop [85]. The binding of
Chk1 and claspin, promoted by phosphorylation of claspin by CK1γ1, finally results in activation of
Chk1[106]. CK1δ can also regulated HIF-1α, which will initiate the signaling mediated by p53 [78].
After DNA damage, CK1γ1 phosphorylate claspin, which will activate Chk1/2, and phosphorylates
Cdc25 at Ser-79 and Ser-82 [62][121], as well as initiates cell cycle progression. Figure obtained
from Knippschild et al. [83]. The Figure is licensed under a Creative Commons Attribution 3.0
Generic License http://creativecommons.org/licenses/by/3.0/. Abbreviations: CK1: casein kinase 1;
p53: protein 53; MDM2: mouse double minute 2 homolog; ATR/ATM: ataxia telangiectasia and
Rad3-related protein/ ataxia telangiectasia mutated; Chk1/2: checkpoint kinase 1/2; Bax:
Bcl-2-associated X protein; p21: cyclin-dependent kinase inhibitor 1A; HIF-1α: hypoxia-inducible
factor 1α; Cdc25:cell division cycle 25; SCF: skp, cullin, F-box containing complex; βTrCP:
beta-transducin repeat containing protein; UV: ultraviolet.

Under stress conditions and consequent DNA damage, ATM is activated and then

phosphorylates p53 and MDM2. ATM mediated phosphorylation of MDM2 at multiple

sites and leads to ubiquitin-mediated degradation of MDM2 [22][111][155]. Therefore, p53

is not further degraded but indicated by its ability to transcriptionally activate various

genes like Bcl-2-associated X protein (Bax) and cyclin-dependent kinase inhibitor 1A (p21)

in order to intervene for the DNA repair [69][158]. The disruption of the binding affinity

between MDM2 and p53 is mediated by both, phosphorylation of p53 at Thr-18 and

hyperphosphorylation of MDM2 [36][132][160]. Conversely, higher levels of

CK1δ-mediated MDM2 phosphorylation in its p53-central-binding domain resulted in

enhanced p53 binding to MDM2 [90]. CK1δ also participates in cellular responses to

hypoxia by regulating hypoxia-inducible factors 1α and 2α (HIF-1α, HIF-2 α) [78][116].

http://creativecommons.org/licenses/by/3.0/
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Interestingly, CK1α can promote p53 degradation by MDM2-binding and inhibition under

normal conditions [65]. Moreover, inhibition or depletion of CK1α as well as inhibition of

CK1α-MDM2 interaction was also associated with p53 stabilization and a consequent

p53-dependent protective hyperpigmentation in response to sunburn via ultraviolet

(UV)-independent pathways [19].

Under consequent DNA damage, CK1γ1 regulates the phosphorylation of claspin, which

acts as an adaptor protein critically involved in ATR-mediated activation of Chk1, and

finally enhances the binding of claspin and Chk1 [106].

1.2.3.3 CK1 in Hedgehog andWnt pathways

Hedgehog and Wnt signal transduction pathways have been implicated in embryonic

development and tissue homeostasis [75][102]. Deregulation of these signaling pathways

can trigger various human diseases including embryonic development like differentiation,

organogenesis, proliferation, and morphogenesis [68][76][86]. As some of the pathway

components are the same, like GSK3, CK1, and E3 ubiquitin ligase skp, cullin, F-box

containing complex (SCF)-Slimb (Slmb)/beta-transducin repeat containing protein (βTrCP),

the canonical Hh and Wnt pathways are often considered as “sister” pathways [76].

Hedgehog is an evolutionary and developmental pathway, which regulates a variety of

processes like differentiation, proliferation, and organogenesis during embryonic

development. It plays a crucial role in regulating epithelial maintenance and organs

regeneration in the adult organisms as well [7][68][76][152]. Consequently, mutations or

deregulation of Hh pathway can trigger tumorigenesis and is associated with cancer

development, including medulloblastoma, gliomas, basal cell carcinomas, gastrointestinal

tumors, small-cell lung cancer, and prostate cancer [86][95][159].

The Hh family consists of three homologous ligands including Sonic Hedgehog (Shh),

Desert Hedgehog (Dhh), and Indian Hedgehog (Ihh) [17][83]. In absence of Hh ligands,

the negative regulatory 12-pass membrane receptor Patched (PTCH) represses the

localization of Smoothened (SMO), a downstream protein in the pathway, to the cilia cell

surface, consequently resulting in signaling transduction via the glioma-associated

oncogene (GLI) transcription factors into the nucleus, which results in the inhibition of the

activity of SMO and the induction of transcription of Hh target genes. CK1-, GSK3-, and

PKA-mediated phosphorylation of the GLI transcription factors leads to their proteolytic

processing into the repressor forms GLI2/3R, which triggers the inactivation of target gene
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transcription [33][143]. On the contrary, in the presence of Hh ligands, binding of Hh to

PTCH alleviates inhibition of SMO and initiates Hh signaling. Phosphorylation of SMO by

G-protein coupled receptor kinase 2 (GRK2) and CK1 leads to accumulation of SMO on

the surface of cilia cells and consequently to activation and release of GLI transcription

factors from the multi-protein complex, consisting of intraflagellar transport proteins, PKA,

GSK3, CK1, and suppressor of fused (SUFU). Activated GLI accumulates in the nucleus

and controls the transcription of hedgehog target genes [33][60][76][83][143][162].

CK1 isoforms play both, negative and positive roles in the Hh pathway by regulating the

transcription factors Cubitus interruptus (Ci) and SMO [73][74][123]. In the absence of Hh

signal, PKA and the F-box protein Slmb are required for Ci processing. Meanwhile,

additional phosphorylation of CK1 and Shaggy (Sgg) plays a role in conjunction with PKA

to promote Ci processing by SCFSlim E3 ubiquitin ligase [73][74][123]. Interestingly, CK1δ

can additionally phosphorylate Ci thereby protecting it from degradation [137]. On the

other hand, PKA and CK1α sequentially phosphorylate and activate Smo, with PKA acting

as the priming kinase, which will positively influence Hh-signaling [3][74][77] (Figure 4).

Figure 4: CK1 isoforms in Hh-signaling A: In the absence of Hh ligand, PTCH suppresses the localization
of SMO, which results in the inhibition of SMO’s activity. GLI transcription factors can be
phosphorylated by PKA, GSK3 and CK1, which will generate the repressor forms GLI2/3R and stop
transferring the transcription of target genes to the nucleus. B: In presence of the Hh ligand, GRK2
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and CK1 phosphorylate and activate SMO, which can elicit a signaling cascade to stimulate the
expression of the Hh target genes. Figure obtained from Knippschild et al. [83] The Figure is
licensed under a Creative Commons Attribution 3.0 Generic License
http://creativecommons.org/licenses/by/3.0/. Abbreviations: CK1: casein kinase 1; Hh: Hedgehog;
PTCH: Patched; SMO: Smoothened; PKA: protein kinase A; GSK3: Glycogen synthase kinase 3;
GLI: glioma-associated oncogene; GRK2: G-protein coupled receptor kinase 2; SUFU: suppressor
of fused

It is well known that the Wnt signaling pathway is a conserved pathway which contributes

to many processes like tissue patterning, cell proliferation, cell migration, cellular gene

expression and stem cell regeneration [76][97]. Wnt signaling is subdivided in a canonical

or Wnt/β-catenin dependent pathway and non-canonical or β-catenin-independent

pathways [83].

In the canonical Wnt/β-catenin signaling pathway all CK1 isoforms are differently

involved. Glycogen synthase kinase 3β (GSK3β), CK1, adenomatous polyposis coli (APC),

Axin as well as β-catenin compose the β-catenin destruction complex. In absence of the

Wnt ligand, CK1 phosphorylates Axin, APC and β-catenin. Phosphorylated β-catenin can

be further phosphorylated by GSK3β. Thereafter, β-catenin will be subsequently degraded

[24][148]. In the presence of the Wnt ligand, similar to its role in the Hh pathway, by

phosphorylating different pathway components, CK1 also plays both, positive and negative

roles in the Wnt pathway [29][77]. Once Wnt ligand binds to Frizzled (FZD), Wnt

co-receptor low-density lipoprotein receptor-related protein 5/6 (LRP5/6) can be

phosphorylated by CK1γ, which can permit the recruitment of Axin [31]. CK1ε-mediated

phosphorylation on Ser-1420 and Ser-1430 of LRP6 negatively regulates the binding of

Axin to LRP6 [142] Interestingly, Wnt stimulus will result in higher CK1ε activity because

of its lower C-terminal phosphorylation, which represents a feedback loop between CK1ε

and Wnt signaling. Moreover, CK1δ and ε can phosphorylate Axin and the scaffold protein

Disheveled (DVL), which leads to conformational changes to the β-catenin destruction

complex. Then the scaffold protein Axin and the β-catenin destruction complex can be

recruited to the cell membrane by phosphorylated LRP5/6, which will introduce a

conformational change to β-catenin, thereby preventing β-catenin from being

phosphorylated and degraded. Accumulated β-catenin can then be translocated into the

nucleus to bind to and to activate T cell factor/lymphoid enhancing factor (TCF/LEF),

thereby triggering the transcription of Wnt-related genes (Figure 5) [13][113][148].

http://creativecommons.org/licenses/by/3.0/
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Figure 5: CK1 isoforms in Wnt-signaling. A: In the absence of Wnt ligand, β-catenin, Axin and APC are
phosphorylated by CK1 isoforms (1). Then, GSK3β phosphorylated β-catenin, which is recruited to
β-TrCP for ubiquitination (2) and subsequently is degraded in the proteasome (3). B: In the presence
of a Wnt ligand, upon Wnt ligand binds to FZD (1), CK1 or CK1 will phosphorylate LRP5/6 (2).
GSK3β gets inactivated as the recruitment of the β-catenin degradation complex (3,4). CK1 and
CK1  phosphorylate Axin and DVL, which can cause a conformational change of the β-catenin
degradation complex (5), and finally resulting in an accumulation of β-catenin (6). CK1 or CK1
can also phosphorylate TCF, which will increase the binding to β-catenin and format
TCF/β-catenin-complex (7,8). Supplementary, in the non-canonical Wnt pathway, CK1 and  can
phosphorylate the signal-induced proliferation-associated 1-like protein (Sipa1L1), which can
release Ras-related protein 1 (Rap1) from its inhibition and finally result in positive regulation (9).
The Ras homolog gene family/ c-Jun N-terminal kinase (Rho/JNK) signal cascade gets activated
when DVL is phosphorylated (10). Figure obtained from Knippschild et al. [83]. This Figure is
licensed under a Creative Commons Attribution 3.0 Generic License
http://creativecommons.org/licenses/by/3.0/. Abbreviations: CK1: casein kinase 1; APC:
adenomatous polyposis coli; GSK3β: Glycogen synthase kinase 3β; β-TrCP: beta-transducin repeat
containing protein; FZD: Fizzled; LRP5/6: lipoprotein receptor-related protein 5/6; DVL:
Disheveled; TCF: T cell factor; Sipa1L1: signal-induced proliferation-associated 1-like protein;
Rap1: Ras-related protein 1; Rho: Ras homolog; JNK: c-Jun N-terminal kinase.

1.2.3.4 CK1 in the Hippo pathway

The evolutionarily conserved Hippo (Hpo) signaling pathway plays a pivotal role in

limiting organ size and restricting tissue growth by controlling cell proliferation and

apoptosis. Hence, deregulation of the pathway leads to tissue overgrowth and

tumorigenesis [57][107][135].

Under low cell density, Yes-associated protein (YAP) and its co-activator Tafazzin (TAZ)

can bind to the transcriptional factors TEA domain (TEAD) and SMA/mothers against

decapentaplegic (SMAD), resulting in the activation of Hippo-related genes, which

promotes cell growth and differentiation.

Once the Hippo pathway activity is elevated by factors like cell contact inhibition,

mammalian STE20-like protein kinase 1/2 (MST1/2), as well as the scaffold proteins

vertebrate homolog of Drosophila Salvador (WW45) and MOB kinase activator 1A/B

http://creativecommons.org/licenses/by/3.0/.Abreviations
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(MOB1A/B) will phosphorylate the large tumor suppressor 1 and 2 (LATS1/2). YAP/TAZ

is then phosphorylated by LATS1/2 on Ser-381. Therefore, YAP/TAZ can be spatial

separated from its nuclear target transcription factors, such as TEA-domain-containing

proteins (TEADs)/Scalloped and Sma- and Mad-related proteins (SMADs), consequently

leading to YAP/TAZ ubiquitination and degradation[57][83][174].

Recently, CK1δ and ε were identified as new temporal regulators of Hippo signaling.

LATS1/2 primly phosphorylates YAP/TAZ on Ser-381 and provides a signal for CK1δ or ε

to phosphorylate YAP on Ser-127, allowing the recruitment of β-TrCP, which finally results

in YAP ubiquitination and degradation (Figure 6) [83]. Further investigations revealed an

interaction of Wnt and Hpo pathways via CK1 and YAP/TAZ [151]. The Hippo upstream

kinase MST1 can directly bind to CK1ε and inhibit CK1δ/ε-mediated phosphorylation of

Disheveled (DVL), leading to the inhibition of the Wnt/β-catenin pathway [166].

Meanwhile, Wnt-signaling can also be inhibited by the Hpo-pathway effector YAP/TAZ

binding to β-catenin, thereby reducing the Wnt-signaling dependent gene transcription

[59].

Figure 6: CK1 isoforms in Hpo-signaling. A: Under low cell density, YAP/TAZ can bind to SMADs and
TEADs, which will activate Hippo-related genes in the nucleus, and finally leads to tissue growth
and cell differentiation. B: Under high cell density, several upstream components regulate the high
cell-density activated signaling regulation, degradation of YAP/TAZ can suppress YAP/TAZ driven
gene transcription by triggering a chain reaction of diverse kinases. Initially, MST1/2
phosphorylates LATS1/2 (1), which can result in the phosphorylation of YAP/TAZ(2a). Then, CK1
or CK1 further phosphorylates priming YAP/TAZ (3a), and recruits β-TrCP as well (4a), which will
finally result in the degradation of YAP/TAZ (5a). Nevertheless, the formation of
14-3-3-YAP/TAZ-complexes, via the phosphorylation of YAP/TAZ on Ser-127 by LATS1/2 (2a),
which prevents YAP/TAZ getting into the nucleus (3b). Inhibition of DVL connects Hippo pathway
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and Wnt/β-catenin signalings. Figure obtained from Knippschild et al. [83]. This Figure is licensed
under a Creative Commons Attribution 3.0 Generic License. http://creativecommons.org/ licenses
/by/3.0/. Abbreviations: CK1: casein kinase 1; YAP: Yes-associated protein; TAZ: Tafazzin; SMAD:
SMA/mothers against decapentaplegic; TEAD: TEA domain; MST1/2: STE20-like protein kinase
1/2; LATS1/2: large tumor suppressor 1 and 2; β-TrCP: beta-transducin repeat containing protein;
DVL: Disheveled

1.2.3.5 CK1 in apoptotic pathways

Apoptosis is a highly regulated process of controlling cell elimination which plays crucial

roles in embryonic development and tissue homeostasis. It has been described that several

CK1 isoforms are involved in the regulation of apoptotic signal transduction [4].

In the tumor necrosis factor receptor superfamily member 6 (Fas)-mediated apoptotic

pathway, CK1 is supposed to phosphorylate the pro-apoptotic protein BH3-interacting

domain death agonist (Bid) at amino acids Ser-64 and Ser-66. Once phosphorylated by

CK1δ and ε, Bid cannot be processed by initiator caspase 8-mediated proteolysis, thereby

Fas-mediated apoptosis is inhibited [35].

CK1 isoforms are involved in additional apoptotic pathways. In the p75-mediated

apoptosis, CK1 phosphorylates the p75 neurotrophin receptor (p75NTR), which in turn

negatively regulates apoptosis [9]. Furthermore, CK1α has been reported to interact and

phosphorylate retinoid X receptor (RXR), one of the retinoic acid receptors, which can

regulate cell survival by building heterodimers with nerve growth factor 1B (NGF1B),

insulin-like growth factor binding protein 3 (IGFBP-3), and β-catenin. Consequently, RXR

agonist-induced apoptosis is inhibited by CK1 activity [104][173]. Moreover, in tumor

necrosis factor-related apoptosis inducing ligand (TRAIL)-induced apoptosis, CK1

generates reactive oxygen species (ROS) and activates c-Jun N-terminal kinase (JNK),

inducing autophagy mediated by death receptor 5 (DR5), which, consequently, upregulates

DR5 finally leading to sensitization of TRAIL and enhancement of TRAIL-induced

apoptosis [21].

Additionally, CK1α can phosphorylate Fas-associated protein with death domain (FADD)

allowing participation in regulation of non-apoptotic functions of FADD like cell cycle

interaction or sensitivity toward chemotherapeutics [1][2].

1.2.3.6 CK1 in the development of different diseases

Due to the involvement of CK1 isoforms in many cellular processes and its interaction

with key regulatory proteins of various signal transduction pathways, deregulation or

mutations of CK1 isoforms are associated with the pathogenesis of neurological diseases

http://creativecommons.
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like Alzheimer’s disease (AD), Parkinson’s disease (PD) or sleeping disorders, as well as

different kinds of cancers [14][38][87][120][122][133][145].

1.2.3.6.1 CK1 in neurodegenerative diseases

Immunohistochemistry and gene expression studies showed that CK1 isoforms are

associated with the corresponding specific pathological hallmarks of neurodegenerative

diseases, especially tauopathies, such as Alzheimer’s disease (AD) [136][171]. AD is an

irreversible progressive neurodegenerative disorder characterized by abnormal

hyperphosphorylation of the tau protein and increased amyloid-β production. All CK1

isoforms are elevated in the CA1 region of the AD hippocampus, while the CK1δ mRNA

level was upregulated more than 30-fold [46][140][171]. CK1δ phosphorylates tau at

residues Ser-202/Thr-205 and Ser-396/Ser-404 leading to dissociation of tau from tubulin

[34][93]. Moreover, it was demonstrated that CK1 in combination with GSK3

phosphorylates more than 15 sites of paired helicoidal filaments (PHF) tau, which will

result in their destabilization and finally in the death of neurons. In addition,

overexpression of CK1ε leads to an increase in amyloid-β (Aβ) peptide production, which

is accumulated in AD [42].

1.2.3.6.2 CK1 in cancer

Since CK1 family members are involved in various signaling pathways described above,

CK1 was considered to exhibit key regulatory functions by modulation key regulatory

proteins such as p53, MDM2, and β-catenin. Hence, it is obvious that mutations or

deregulation of CK1 is contributing to the development and progression of numerous

cancer entities [24][82][83][86] (Table1).

As functions of CK1α in tumorigenesis are multi-faceted, it is difficult to classify it as

oncogene or tumor suppressor [72][141]. Reduced expression level of CK1α in lymphomas,

ovarian, breast, and colon carcinomas, as well as primary melanomas and melanoma

metastases was observed compared to the respective benign tissue [141]. Loss of

heterozygosity of the CK1α gene causes a highly invasive carcinoma when p53 is

inactivated, which indicates that CK1α acts as a tumor suppressor [40]. However, in acute

myelogenous leukemia (AML) patients, an increased expression of CK1α was detected,

and inhibition of CK1α activity leads to highly selective killing of leukemia stem cells

[72].

Overexpression of CK1ε was detected in various cancers like adenoid cystic carcinomas of
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the salivary gland, epithelial ovarian cancer, and tumors of brain, head and neck, renal,

bladder, lung, prostate, and salivary gland, in leukemia, melanoma, and seminoma [128]

[170]. However, the relationship between CK1ε and survival rate is not generalized since it

depends on additional factors. Whereas overexpression of CK1ε leads to poor survival in

ovarian cancer [128], loss of CK1ε results in shorter survival of patients with oral cancer

[94].

It has been shown that CK1δ mRNA is overexpressed in various cancers like breast cancer,

kidney cancer, as well as hematopoietic malignancies. The oncogenic features of CK1δ

were also confirmed [6][15][112][129]. However, the correlation of expression of CK1δ

and the overall survival of patients can lead to different outcomes. While high expression

levels of CK1δ are associated with shorter patient`s survival in glioblastoma, lung cancer,

and colorectal patients, a high expression of CK1δ correlates with longer patient survival

time can be found in breast cancer, chronic lymphocytic leukemia, and astrocytic glioma

patients [82].

Table 1: CK1 isoforms in different tumor entities. Adapted from Knippschild et al. 2014. Copyright (2014)
Knippschild, Krüger, Richter, Xu, García-Reyes, Peiffer, Halekotte, Bakulev, and Bischof. This table is
licensed under a Creative Commons Attribution 3.0 Generic License
http://creativecommons.org/licenses/by/3.0/

Isoform Characteristic feature Tumor entity Ref.

CK1α low/absent expression
lymphomas, ovarian, breast,

and colon carcinomas
(Sinnberg et al. 2010)

CK1γ3
altered

activity/expression
renal cell carcinoma (Masuda et al. 2003)

CK1δ
increased expression

levels
choriocarcinomas (Stoter et al. 2005)

CK1δ reduced immunostaining

poorly differentiated breast

carcinomas and DCIS (Knippschild et al. 2005)

CK1δ/ε elevated protein levels high-grade ductal pancreatic

carcinomas

(Brockschmidt et al.

2008)

CK1ε reduced expression levels
pancreatic ductal

adenocarcinoma
(Relles et al. 2013)
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1.2.4 CK1 specific inhibitors

Because of the above described involvement of CK1 isoforms in tumorigenesis as well as

in neurodegenerative diseases like AD, PD, ALS, and sleeping disorders, interest in the

CK1 family as drug targets has increased enormously within the last decade. CK1

inhibitors can be classified into competitive or non-competitive inhibitors depending on the

structure of the enzyme-bound antagonist complex [130]. Depending on binding to the

active or inactive conformation of the kinase, ATP competitive inhibitors are divided into

type I (“DFG-in”) and type II (“DFG-out”), which are able to result in lower substrate

phosphorylation by binding into the ATP-binding pocket to compete with ATP binding

[175]. Type III inhibitors are non-competitive inhibitors, which are also defined as

allosteric compounds, because of their binding to a different site of the catalytic cleft next

to the ATP-binding pocket. Type IV inhibitors are also non-competitive inhibitors, which

can bind covalently and irreversibly to the active site, distant to the ATP-binding pocket of

the kinase [130][163]. So far, most of the investigated and characterized CK1 inhibitors

belong to ATP-competitive inhibitors and the development of highly effective small

molecule inhibitors (SMIs) was the main focus within the last decades. However, as the

similarity of CK1δ to other CK1 isoforms (CK1α, γ1- 3, ε) is much high, it is very

challenging to design SMIs being specific for CK1δ or ε only.

In 1989, one of the first CK1 inhibitors CKI-7 (N-(2-Aminoethyl)-5-chloroisoquinoline-

CK1ε
decreased

immunoreactivity

invasive mammary

carcinoma

(Fuja et al. 2004; Utz et

al. 2010)

CK1ε overexpression breast cancer (Shin et al. 2014)

CK1ε high gene expression
adenoid cystic carcinoma of

the salivary gland
(Frierson et al. 2002)

CK1ε overexpression epithelial ovarian cancer (Rodriguez et al. 2012)

CK1ε overexpression

tumors of brain, head and

neck, renal, bladder, lung,

prostate, leukemia,

melanoma, and seminoma

(Yang et al. 2008)

CK1ε
loss of cytoplasmic

expression

poor prognosis in oral cancer

patients
(Lin et al. 2014)
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8-sulphonamide; IC50 ~ 6uM) was developed. However, it did not show any CK1

isoform-specificity, instead it showed some additional effects for CK2 family or even other

kinases [25][167]. Later, inhibitor IC261 (3-[(2,4,6- trimethoxyphenyl)-methylidenyl]-

indolin-2-one; IC50 ~ 1uM) was developed to exhibit a higher potential and selectivity

towards CK1δ and ε through binding to the ATP binding pocket [105]. Additionally, it has

been demonstrated that the compound has therapeutic potential in xenotransplantation

models for pancreatic cancer and neuroblastoma tumors [15][146]. However, unfortunately

IC261 has also several off-target effects due to direct binding to microtubles and to block

voltage-gated sodium channels [43]. Later, D4476 (4-[4-(2,3-dihydro-benzo[1,4]

dioxin-6-yl)-5-pyridin-2-yl-1H-imidazol-2-yl]benzamide), first developed as a

transforming growth factor (ALK5) inhibitor, was found to be more selective towards CK1

(IC50~ 0.3uM) than the well-known IC261 [124].

Based on structure virtual screens, various highly potent CK1-specific inhibitors were

identified, among them amino-anthraquinone analogs, roscovitine-, imidazole- and

isoxazole- derivatives as well as N6-phenyl-1H-pyrazolo[3,4-d] pyrimidine-3,6-diamine

derivatives [115][118][169]. PF-670462 (4-[3-Cyclohexyl-5-(4-fluoro-phenyl)-3H-

imidazol-4-yl]-pyrimidin-2-ylamine dihydrochloride), a potent CK1 inhibitor with low

isoform selectivity between CK1δ and ε showed positive effects on bipolar disorder,

addictive behavior as well as in perturbed circadian behavior [5][81][108]. Moreover,

PF-670462 also showed beneficial effects for the treatment of chronic lymphocytic

leukemia (CLL) in cells and mouse models, resulting in a longer overall survival [71].

Conversely, PF4800567 (3-(3Chlorophenoxy)methyl]-1-(tetrahydro-2H-pyran-4-yl)-1H-

pyrazolo[3,4-D] pyrimidin-4-amine) showed much higher selectivity towards CK1ε than

CK1δ with a 22-fold higher inhibition. Stronger inhibition of CK1ε showed

anti-proliferative effects in different cell lines [156]. In addition, due to the low IC50 value

and its ability for brain-penetration, this CK1δ/ε inhibitor showed its potential for treating

ALS. Based on its potency in the treatment of ALS, synthesis of small molecule inhibitors

has been performed to develop CK1 inhibitors of next-generation.

Additionally, several benzimidazole-based CK1-specific inhibitors have shown their

potential and effectiveness to CK1δ and ε, including SR-3029 and SR-2890; Bischof-5 and

Bischof-6; Richter-2; IWP-2, IWP-4, and compound 19 [10][11][45][125].

Recently, inhibitors, 3-(2,5-dimethoxyphenyl)-N-(4-(5-(4-fluorophenyl)-2-(methylthio)-
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1H-imidazol-4-yl)-pyridin-2-yl)-propanamide (compound 11b) and

4-(2,5-dimethoxyphenyl)-N-(4-5-(4-fluorphenyl)-2-(methylthio)-1H-imidazol-4-yl)-pyridi

n-2-yl)-1-methyl-1H-pyrrole-2-carboxamide (compound 16b) were developed as highly

selective inhibitors for CK1δ (compound 11b: IC50 CK1δ = 4 nM, CK1ε: 25nM ;

compound 16b: IC50 CK1δ = 8 nM, CK1ε: 81nM), which were also to inhibit proliferation

of several pancreatic tumor cell lines [53].

Although most of SMIs are ATP-competitive type Ⅰ inhibitors, the efficacy of these

inhibitors is mediated not only through selective inhibition of CK1δ and ε, but also through

the inhibition of CK1α and γ. Interestingly, the inhibition of CK1α seems to have

therapeutic effect for myeloid or non-small cell lung cancer (NSCLC) cancer treatment

[37][89][149], while activation of CK1α inhibits the pro-oncogenic Wnt-signaling pathway.

For CK1, some specific inhibitors were also developed, like 2-phenylamino-6-cyano-

1H-benzimidazole, which has been identified with an IC50 about 140 nM, much lower than

for other CK1 isoforms [63].

There are numerous more inhibitors targeting CK1, which are well investigated (Table 2)

and which have to be explored in the future.

Table2: Small molecule inhibitors： IC50 values of CK1-inhibitors are listed below and reported in μM.
Additional targets of inhibition are also listed. n.p.: not provided.

Inhibitor
name IC50 [μM] ATP

[μM] Additional targets Reference

CKI-7 CK1 ~ 6-9.5 10 cAPK, CKII, CaM kinase [25][167]

IC261 CK1 ~ 1 10 mitotic spindle [105]

D4476 CK1 ~ 0.3 100 ALK5, p38α [124]

SR-series CK1 ~ 0.004 -0.260 20 FLT, MYLK, Cdks [10]

PF-670462 CK1δ: 0.014
CK1: 0.008 10 EGFR, SAPK2A/p38 [81][108]

PF-4800567 CK1ε: 0.711
CK1δ: 0.032 10 EGFR [156]

Bischof-5 CK1δ: 0.040
CK1ε: 0.199 10 CLKs, CK1α, DYRK [11]

Richter-2 CK1δ: 0.020
CK1ε: 0.210 10 AURK, CLK [125]

IWP-2 CK1δ: 0.9
CK1ε: 4 10 Porcupine [45]
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11b CK1δ: 0.004
CK1ε: 0.025 10 n.p. [53]

16b CK1δ: 0.008
CK1ε: 0.081 10 n.p. [53]

1.3 Aim of the study

The highly conserved CK1 family plays crucial regulatory roles in multiple cellular

processes from protozoa to human [135]. They are key regulatory enzymes modulating the

activity functions and interactions of their target proteins by site-specific phosphorylation.

Consequently, dysregulation or mutation of CK1 isoforms within their coding regions

contribute to the development of various different pathologies, including severe

neurological or proliferative diseases, like cancer [14] [87][122][133][135]. In this contet,

CK1 isoforms have become interesting new drug targets.

As a member of the CK1 family, CK1δ was considered as a new drug target because it is

often dysregulated in numerous cancers. In addition, numerous human (hum) CK1δ

mutations were found in human tumour entities, which might contribute to tumour

development and progression [91][126][147] (Figure 7). One of the investigated mutations

of CK1δ is CK1δT67S, which already showed increased oncogenic potential in colon cancer

[126]. However, although lots of CK1δ mutations were found and numerous CK1

inhibitors have been synthesized, it remains challenging to develop inhibitors specific for

CK1δ, due to the existence of the highly conserved CK1 isoforms (CK1α, γ1- 3, δ, ε), and

for hyperactive CK1δ mutants.

Figure 7: Mutations in CK1δ identified in different types of cancers. (www.cBioPortal.org (Cerami et al.,
Cancer Discovery (2012); Gao et al., Sci. Signal (2013)). Abbreviations: aa: amino acids, L:
leucine; P: proline; A: alanine; V: valine; R: arginine; H: histidine; Q: glutamine; I: isoleucine; M:
methionine; S: serine; W: tryptophan; G: glycine; *: stop codon; Y: tyrosine.

Therefore, 17 CK1δ mutants were characterized in regard to their kinase activity and

oncogenic potential (Table 3).
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Table 3: CK1δ mutations identified after a cBioPortal-based search [Cerami et al., Cancer Discovery
(2012); Gao et al., Sci. Signal (2013)]), which have been chosen for further experiments. CK1δ
mutants are listed with the corresponding cancer type where they have been identified. Abbreviations: L:
leucine; P: proline; A: alanine; V: valine; R: arginine; H: histidine; Q: glutamine; I: isoleucine; M:
methionine; S: serine; W: tryptophan; G: glycine; *: stop codon; Y: tyrosine.

CK1δ mutant Cancer Type

L25P Stomach Adenocarcinoma. Lung Adenocarcinoma.

A36V Colorectal Adenocarcinoma. Esophageal Squamous Cell Carcinoma.
Mixed cancer types

R115H Colorectal Adenocarcinoma. Mixed cancer types. Head and Neck
Squamous Cell Carcinoma. Uterine Endometrioid Carcinoma

R127L Lung Squamous Cell Carcinoma

R127Q Bladder Urothelial Carcinoma

I148M Cutaneous Melanoma

R160H Colorectal Adenocarcinoma. Mixed cancer types

R160P Colon Adenocarcinoma

R160S Mixed Cancer Types

R168H Uterine Endometrioid Carcinoma. Mixed cancer types.Uterine
Endometrioid Carcinoma

R178W Colorectal Adenocarcinoma. Mixed cancer types

E247K Uterine Endometrioid Carcinoma. Rectal Adenocarcinoma. Uterine
Endometrioid Carcinoma

L252P Mixed Cancer Types

R299Q Mixed Cancer Types

R316G Mixed Cancer Types

Q399* Pancreatic Adenocarcinoma

H414Y Pancreatic Adenocarcinoma

Within this doctoral thesis, three selected hyperactive mutants, namely CK1δT67S,

CK1δR127Q, CK1δR168H,will be characterized.

Ⅰ. The first part of the doctoral thesis will focus on the screening of established as well as

newly designed small molecule compounds as possible selective inhibitors for both, CK1

wt and CK1 mutants CK1T67S, CK1R127Q, CK1R168H.

Ⅱ. Characterization of the susceptibility of these three CK1 mutants to both, known and
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newly designed CK1δ inhibitors will allow for the identification of CK1 specific small

molecule inhibitors (SMIs) with lower IC50 values to the mutants than to humCK1wt.

Ⅲ. Transfection of a CK1 k.o. Hela cell line with CK1wt and CK1 mutants will

enable the characterization of susceptibility of the transfected cells to both known and

newly designed CK1δ inhibitors, and can be used to demonstrate mutant-specific effects of

the inhibitors.



Materials and Methods 22

2. Materials and Methods

2.1 Materials

2.1.1 Consumables

consumable manufacturer

Cell culture dish 100 mm Nunc, USA

Cell culture dish 60 mm Whatman, England

Cell culture plate 6 well Sarstedt, Germany

Cell culture plate 12 well Nunc, USA

Cell culture plate 24 well Sarstedt, Germany

Cell culture plate 96 well Sarstedt, Germany

TC Flask T75, standard Sarstedt, Germany

Cryovials 1.8 ml Sarstedt, Germany

Filtropur S 0.2 µm (sterile filter) Sarstedt, Germany

Gelloading tips Sarstedt, Germany

High performance autoradiography films GE Healthcare, Germany

Pasteur pipettes VWR, USA

PCR 8-well-SoftStrips, 0.2 ml Biozym, Germany

Pipette tips (0.1 – 10 µl) Eppendorf, Germany

Pipette tips (0.5 – 20 µl) Eppendorf, Germany

Pipette tips (2 – 200 µl) Eppendorf, Germany

Pipette tips (100 – 1000 µl) Eppendorf, Germany

Pipette tips (500 – 5000 µl) Eppendorf, Germany

Reaction tubes (0.2 ml) Eppendorf, Germany
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Reaction tubes (1.5 ml) Eppendorf, Germany

Reaction tubes (2 ml) Eppendorf, Germany

Sarstedt tubes 15 ml Sarstedt, Germany

Sarstedt tubes 50 ml Sarstedt, Germany

Serological Stripette (5 ml) Corning Costar, USA

Serological Stripette (10 ml) Corning Costar, USA

Serological Stripette (25 ml) Corning Costar, USA

Whatman qualitative filter paper Whatman, England

2.1.2 Chemicals and biochemicals

Chemical manufacturer

Acetic acid VWR, France

Acrylamide (Rotiphorese® Gel 30) Carl Roth, Germany

Ampicillin Carl Roth, Germany

Aprotinin Sigma-Aldrich, USA

APS Sigma-Aldrich, USA

ATP Sigma-Aldrich, USA

[γ-32P]-ATP Hartmann Analytic GmbH, Germany

BactoTMAgar BD Biosciences, USA

Benzamidine Sigma-Aldrich, USA

Bromphenol blue Sigma-Aldrich, USA

BSA Serva, Germany

Coomassie Brilliant Blue R-250 Waldeck/Chroma, Germany

Coumaric Acid Sigma-Aldrich, USA

DTT Sigma-Aldrich (Fluka®), USA
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DMEM Gibco® Life Technologies, Scotland

DMSO Sigma-Aldrich, USA

DPBS Life Technologies GmbH, Germany

EDTA Sigma-Aldrich, USA

EGTA Sigma-Aldrich, USA

Ethanol Sigma-Aldrich, USA

Ethidium Bromide Honeywell Fluka, Germany

Fetal bovine serum (FBS) BiochromAG, Germany

Formaldehyde Geyer, Germany

GeneRuler 1kb DNA Ladder Thermo Scientific, USA

Glutathione Sepharose 4 Fast Flow GE Healthcare, UK

Glutathione Sigma-Aldrich, USA

Glycerol Sigma-Aldrich, USA

Glycine AppliChem, Germany

G418 sulfate, cell culture Calbiochem, USA

Hydrochloric acid (HCl, 6 N) Sigma-Aldrich (Fluka®), USA

IPTG Fermentas, Germany

Isopropanol VWR, USA

Luminol Sigma-Aldrich (Fluka®), USA

Lysozyme Sigma-Aldrich, USA

L-Glutamine GE Healthcare, UK

L-Glutathione reduced Sigma-Aldrich, USA

Methanol Sigma-Aldrich, USA

Nonfat dry milk AppliChem, Germany
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Nonidet® P 40 (NP40) Sigma-Aldrich (Fluka®), USA

Penicillin/Streptomycin Life Technologies GmbH, Germany

Precision Plus ProteinTM Standards
Dual Color Bio Rad, Germany

RNase-free H2O QIAGEN, Germany

Puromycin Invivogen, France

SDS Carl Roth, Germany

Silver nitrate Merck, Germany

Sodium chloride (NaCl) Sigma-Aldrich, USA

TEMED Sigma-Aldrich, USA

MTT Sigma-Aldrich, USA

Tris USB Europe GmbH, Germany

Trypsin-EDTA GE Healthcare, UK

Tween-20 Sigma-Aldrich, USA

Yeast extract Sigma-Aldrich (Fluka®), USA

-casein Sigma-Aldrich, USA

2.1.3 Kits
kit manufacturer

AffinityScript Multiple Temperature cDNA Synthesis Kit Agilent Technologies, USA

Effectene Transfection Reagent QIAGEN, Germany

Plasmid Plus Midi Kit QIAGEN, Germany

RNeasy Mini Kit(50) QIAGEN, Germany

2.1.4 Primers

approach primer primer sequence

His-CK1 5’BamH1-His-CK1 5’-GGA TCCATG CAT CAC CAT CAC CAT CAC CCC
GGGATG GAG CTGAGAGTC GGGAAC-3’
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3’EcoR1-CK1TV1 5’-GAATTC TCA TCG GTG CAC GAC AGA CTGA-3’

3’BamH1-CK1TV2 5’-GGATCC CTACTT GCC GTG GTG TTC GAAA-3’

All primers were ordered at Eurofins Genomics, Germany.

2.1.5 Devices

device manufacturer

Biofuge stratos Heraeus Instruments, Germany

BioMax Autoradiography Cassette Kodak, USA

BioMetra OV5 Thermo Scientific, USA

CAWOMAT 2000 IR CAWO, Germany

Centrifuge 5810R Eppendorf, Germany

Centrifuge 5415R Eppendorf, Germany

Centrifuge 5417C Eppendorf, Germany

CERTOMAT® BS-1 Bacterial incubator Sartorius Group, Germany

CK2 Inverted Microscope Olympus, Japan

Diaphragm vacuum pump Vacuubrand GmbH + Co. KG, Germany

Heraeus HeraCell incubator Thermo Scientific, USA

HERAsafe Heraeus Instruments, Germany

IKA® KS 260 basic shaker IKA®Werke GmbH &Co. KG, Germany

Labcycler SensoQuest, Germany

Liquid scintillation counter LC6000IC Beckman Coulter, Germany

LUNATMAutomated Cell Counter Logos Biosystems, Südkorea

Megafuge 1.0R Heraeus Instruments, Germany

Mini-Protean® Tetra Cell System for SDS-PAGE BioRad Laboratories, Inc,USA

MP220 pH-meter Mettler Toledo GmbH, Germany

Pipettes (from 0.1-2.5 μl to 500-5000 μl) Eppendorf AG, Germany

Pipet boy Integra Bioscience AG, Switzerland
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Plateshake Wallac,

Power Supply, Model 1000/500 BioRad, Germany

QIAxpert QIAGEN, Germany

Savant™ Refrigerated Vapor Traps Thermo Savant, USA

SGD2000 Slab gel dryer Thermo Savant, USA

Sonifier 250, Branson Fisher Scientific, USA

Stuart™ Scientific roller mixer SRT1 Sigma-Aldrich, USA

Thermomixer comfort Eppendorf, Germany

TriStar2 LB 942 Microplate Reader Berthold Technologies, Germany

UV bench Syngene, UK

Water bath W80 Labortechnik Medingen, Germany

2.1.6 Software, online tools and databases
term company/URL

cBioportal Cbioportal.org

ClustalW genome.jp/tools-bin/clustalw

GraphPad Prism 6 GraphPad Software
ImageJ ImageJ Software
MS-Office Package Microsoft
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A

B

2.2 Methods

2.2.1 Purification of Glutathione S Transferase (GST) tagged proteins

Expression and purification of GST tagged proteins was performed for producing
(hum)TV1-CK1wt, (hum)CK1R127Q, (hum)CK1R168H, (hum)TV2-CK1wt and
(hum)CK1T67S as recombinant proteins in recombinant Escherichia coli by ITPG.

Figure 8: Purification of Glutathione S Transferase (GST)-tagged proteins A: Map of pGEX-6P-3 vector.
GST: gens for glutathione-S-transferase (GST), AmpR: gene for ampicillin resistance, MCS:
multiple cloning site, ori: origin of replication [http://www.snapgene.com/resources]. B: Flow
diagram of the expression and purification of GST-fusion proteins from recombinant bacteria.

XL-1 Blue bacteria previously having been transformed with the respective pGEX

expression vector, which was coding for the protein of interest. On the first day,
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recombinant bacteria was first inoculated in 50 ml LB-medium (containing 100 μg/ml

ampicillin), which was then incubated in the shaking incubators overnight (37°C, 125 rpm).

The next day, 400 ml LB-medium (containing 100 μg/ml ampicillin) were added before

incubating them for about 1 hour to obtain an optical density (OD) of 0.7 – 0.9 (37°C, 125

rpm).

To induce protein production, 450 l 0.5 M IPTG was added into the bacteria suspension,

activating the Lac promoter and initializing the expression of the fusion protein for 2h at

37°C. However, for expression of CK1 isoforms the bacteria suspension was incubated

overnight to reduce inhibiting autophosphorylation (15°C, 125 rpm). Next, the culture was

centrifuged at 4000 rpm for 10 min at 4°C. The supernatant was discarded and the pellet

was stored at -80 °C for 20 min or overnight. Then, the bacterial pellets were resuspended

with 10 ml fresh NP-40 lysis buffer, and transferred into Sorvall tubes. The solution was

incubated on ice for 30 min after adding 2.5 mg lysozyme.

After incubating, 10 ml NP-40 lysis buffer were added and cell lysates were sonicated for 2

seconds to break the bacterial DNA, which were later centrifuged for 30 min at 4°C and

10000 rpm. The supernatant was transferred into 50 ml falcon tubes, and 600 µL of

PBS/Glutathione Sepharose (1:1) were added. Tubes were rotated for 2h or overnight at

4°C. After rotation, Glutathione sepharose beads with the attached GST-tagged protein

were collected by centrifugation for 2 min at 4°C and 3000 rpm. After centrifugation, the

pellets were resuspended with 1 ml washing buffer 1 and collected into 1.5 ml Eppendorf

tubes. Therefore, the supernatant was discarded and the pellet was washed three times with

1 ml washing buffer 1 and additional two times with washing buffer 2. For washing step,

tubes were centrifuged at 14000 rpm for 30 seconds at 4°C. The expressed GST-tagged

proteins were then solved in 600 μl elution buffer containing free reduced glutathione and

rotated for 20 min at 4°C to increase the elution efficiency of the GST-tagged protein.

After rotation, the solution was centrifuged for 1 min at 4°C and 14000 rpm, and the

supernatant was transferred into a fresh 1.5 ml Eppendorf tube and stored on ice. To

increase the elution efficiency of the GST-tagged protein, this elution step was repeated

twice with 300 μl and 150 μl of elution buffer, respectively. The supernatants were all

combined and GST-p531-64 and GST-β-catenin1-181 proteins were dialyzed in the dialysis

solution overnight at 4°C by using dialysis membranes, for a kinase, dialysis was not

needed. At last, 10 % glycerol was added to expressed protein before they were

shock-frozen in liquid nitrogen and stored at -80 °C.
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LB medium
10 g/l NaCl, 5 g/l yeast extract, 10 g/l peptone, sterilized by
autoclaving, supplemented with 100 μg/ml ampicillin

NP-40 Lysis buffer
20 mM Tris-HCl [pH 7.6], 150 mM NaCl, 10 % (v/v) glycerol, 0.5%
(v/v) NP-40, 1 mM EDTA, 1 mM EGTA, 50 μM benzamidine,
25 μg/ml aprotinin，1 mM DTT,

Washing buffer 1 lysis buffer with 0.2 mM NaCl

Washing buffer 2
20 mM Tris-HCl [pH 7.6], 50 mM NaCl, 10 % (v/v) glycerol,
1 mM EDTA, 25 μg/ml aprotinin

Elution buffer 50 mM Tris-HCl [pH 7.0], 0.1 % (w/v) reduced glutathione, 1 mM
EDTA, 25 μg/ml aprotinin

Dialysis solution 50 mM Tris-HCl [pH 7.0], 1 mM EDTA

The concentrations of the purified proteins were analyzed by Coomassie staining (for

substrates) or silver staining (for kinases).

2.2.2 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE)

To separate proteins, 12.5 % acrylamide gels, consisting of upper and lower gel, were

prepared by using Bio-Rad plates and combs with a thickness of 0.75 mm and SDS-PAGE

was performed according to their molecular weight.

Protein samples were prepared with 3 ml 5x SDS loading buffer, then denatured after 5

min at 99 ℃ and shortly centrifuged to remove condensed liquid from the lid. The samples,

as well as the Dual Color standard (1:3 in H2O) were loaded into the gel pockets. The gel

was then placed in an electrophoresis chamber with 1 x electrophoresis running buffer.

Electrophoresis separation was started with 80 V for 20 minutes and increased up to 180 V

until the end of the run. Afterward, the part of the gel containing the bands of interest was

stained either by Coomassie or silver staining.

Upper gel
300 mM Tris-HCl [pH 6.8], 0.19 % (w/v) SDS, 4.4 % (w/v)
acrylamide; just before casting the gels 0.06 % (w/v) APS and
0.19 % (v/v) TEMED were added

Lower gel
310 mM Tris-HCl [pH 8.8], 0.19 % (w/v) SDS, 10.0 % / 12.5 %
(w/v) acrylamide; just before casting the gels 0.09 % (w/v) APS
and 0.063 % (v/v) TEMED were added

Running buffer 250 mM Tris-HCl, 1.9 M glycine, 1 % (w/v) SDS

5x SDS-loading buffer
250 mM Tris-HCl [pH 6.8], 25 % (v/v) β-mercaptoethanol
(MSH), 50 % (v/v) glycerol, 10 % (w/v) SDS, 0.5 % (w/v)
bromphenol blue
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2.2.3 Coomassie staining

In order to quantify and visualize proteins, proteins were stained with Coomassie. After

separation of proteins by SDS-PAGE, the gel was stained in Coomassie Brilliant Blue

R-250 solution under shaking conditions for 15-20 min. Afterward, gels were transferred to

destaining solution for 45 min until unspecifically bound of Coomassie Brilliant Blue was

washed out and protein bands were clearly visible. The gel was shortly washed in water

before being vacuum dried on a Whatman paper using a gel dryer connected to a cooling

trap and a diaphragm vacuum pump at 80°C for 60 min.

Coomassie staining solution
45 % (v/v) isopropanol, 9 % (v/v) acetic acid, 3.0 g

Coomassie Brilliant Blue R-250 solved in 1 L dH2O

Coomassie destaining solution
10 % (v/v) isopropanol, 10 % (v/v) acetic acid in

dH2O

2.2.4 Silver staining

Because of the high sensitivity of proteins to silver ions, silver staining was applied to

visualize and determine the concentrations of proteins like GST-CK1. For SDS-PAGE, 5

and 10 µl of each purified GST-CK1 solution and 1 µl of the protein ladder Precision Plus

ProteinTM Standards Dual Color (1:3 in dH2O) were loaded into the gel pockets. As

standard protein dilutions of BSA was loaded also. After electrophoresis, gels were

incubated for 1 h in fixation solution 1 and then in fixation solution 2 overnight. After

washing 3 times with dH2O, silver salt-impregnation was performed for 30 min. To remove

excess of silver ions, gels were washed in 2.5 % sodium-carbonate solution for 1 min.

Subsequently, the gels were developed in developing solution for 5-10 min. the reaction

was stopped by adding stop solution whenever the protein bands became clearly visible.

After another 3 times of washing with water, gels were conserved in 3 % glycerol for 1 h.

Finally, the dried gels were scanned and analyzed by using ImageJ.

fixation solution 1: 30 % ethanol (v/v), 10 % acetic acid (v/v) in dH2O

fixation solution 2:
0.2 M sodium acetate, 30 % ethanol (v/v), 1.43 ml

glutardialdehyde , 400 µl thiosulfate solution (2 %) in dH2O

silver nitrate solution: 0.2 % silver nitrate (w/v), 25 µl of 37 % formaldehyde in dH2O

developing solution: 2.5 % sodium carbonate (w/v), 40 µl of 37 % formaldehyde, 40 µl
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thiosulfate solution (2 %) in dH2O

stop solution: 1 % glycine in dH2O

conservation: 3 % glycerol in dH2O

2.2.5 Determination of kinase activity in vitro

In vitro kinase assays were performed to verify the kinases’ capacity to phosphorylate the

respective substrate. For each reaction, GST-CK1, , or  served as enzyme and -

casein as substrate. The kinase buffer contained 10 M ATP and 2 μCi [γ-32P]-ATP. After

mixing all reagents, reactions were incubated at 30°C for 30 min and stopped with 3 μl of

5x-SDS-loading buffer. Then the samples were heated at 95°C for 5 min and shortly

centrifuged before loading into the gel pockets and separating by SDS-PAGE. Gels have

been stained with Coomassie staining and dried with a gel dryer as described in chapters

2.2.2 and 2.2.3. Thereafter, dried gels were exposed to an X-ray film until the radioactively

labeled substrate bands became highly visible depending on the kinases and substrates. The

phosphorylated substrate bands were cut, and put into scintillation tubes to perform

Cherenkov counting. The resulting data were analyzed and evaluated by the software

GraphPad Prism 6.

Kinase buffer with ATP (10x) 250 mM Tris-HCl [pH 7.5], 100 μM ATP, 100 mM
MgCl2, 1 mM EDTA

5x SDS-loading buffer
250 mM Tris-HCl [pH 6.8], 25 % (v/v)
β-mercaptoethanol (MSH), 50 % (v/v) glycerol, 10 %
(w/v) SDS, 0.5 % (w/v) bromphenol blue

2.2.6 Determination of inhibitory effects of CK1 specific inhibitors in

vitro

In vitro kinase assays were performed to detect the effects of inhibitors on the purified

GST-CK1 isoforms (, 3, , and ) and various GST-CK1 mutants. Inhibitors IWP2,

IWP4 (Cayman Chemical, Ann Arbor, USA), 11b, 16b (Hakelotte et al., 2018), Richter-2

(Richter et al., 2014), Bischof-5 (Bischof et al., 2012), LKP-091, LKP-104, LKP-105,

LKP-106, LKP-112, LKP-114, LKP-115, LKP-116 (provided by Prof. Christian Peifer,

Kiel, Germany, see table 4) as well as DMSO control were used. IC50 values of selected

inhibitors were tested on CK1wt by using different concentrations of the tested

compound.
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2 µl of each inhibitor dilution was laid on the bottom of the 1.5 ml reaction tube. 3 µl of

the respective kinase was pipetted on the rear edge of the reaction tube. At last, 10 µl of the

Master Mix (MM: 1.5 µl 10 x kinase buffer with 100 µM ATP, 0.4 µl -casein, 0.2l

[32P]-ATP and 7.9 µl dH2O) was pipetted at the front edge of the reaction tube (Figure

9).

Figure 9: Procedure of in vitro kinase reaction for in vitro kinase assay. Kinase, inhibitor, and reaction
mix were added to a 1.5 ml reaction tube separated from each other and mixed by short
centrifugation. The reaction was stopped after incubation for 30 minutes at 30°C by addition of SDS
loading buffer. Subsequently, reactions are separated by SDS-PAGE, exposed to X-ray film, and
transfer of radioactive phosphate into substrate proteins is quantified by Čherenkov counting.

Thereafter, the reaction was started after spinning down all reagents by centrifugation.

Afterward, the same incubation, staining and drying as well as analysis procedures were

performed as described in chapter 2.2.5.

Table 4: Chemical structures of the newly designed inhibitors. Structures are modified from [96],
CC BY 4.0, https://creativecommons.org/licenses/by/4.0/

Code Structure Code Structure

LKP-091 LKP-112

LKP-104 LKP-114
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LKP-105 LKP-115

LKP-106

2.2.7 Determination of IC50 values

To determine the IC50 values of an inhibitor for GST-CK1 isoforms kinase assays were

performed by using the respective compound in serial dilutions ranging from 5 nM to 10

μM and DMSO as control (Table 5).

Then the experiment continued as described above and the resulting data was analyzed

using GraphPad Prism 6. The sigmoidal dose-response (variable slope) function was

selected to obtain the respective IC50 value after normalizing the data.

Table 5: Inhibitors serial dilutions

2.2.8 Cell lines and cell culture

HelaCK1-/- cells (CSNK1D Knockout Hela Cell Line catalogue no. CL0012906502A,

EdiGene, China) were grown in Dulbecco’s modified eagle medium (DMEM),

supplemented with 10 % (v/v) fetal calf serum (FCS), 100 units/ml penicillin and 100

Final concentration
(End volume 15 µl)

working dilutions #

10.00 µM 2 µl 10 mM + 266.66 µl DMSO 1
5.00 µM 50 µL #1 + 50 µL DMSO 2
2.50 µM 50 µL #2 + 50 µL DMSO 3
1.25 µM 50 µL #3 + 50 µL DMSO 4
625 nM 50 µL #4 + 50 µL DMSO 5
313 nM 50 µL #5 + 50 µL DMSO 6
156 nM 50 µL #6 + 50 µL DMSO 7
78 nM 50 µL #7 + 50 µL DMSO 8
39 nM 50 µL #8 + 50 µL DMSO 9
20 nM 50 µL #9 + 50 µL DMSO 10
10 nM 50 µL #10 + 50 µL DMSO 11
5 nM 50 µL #11 + 50 µL DMSO 12
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µg/ml streptomycin and additional 1g/ml Puromycin. Cells were cultured in 100 mm cell

culture dishes, respectively, and placed in an incubator with 5 % carbon dioxide (CO2) at

37°C. Cells were passaged each 2-3 days whenever the cells gained about 80 % confluence.

Cells were washed with Dulbecco’s Phosphate Buffered Saline (DPBS) and treated with

trypsin for 5 min at 37°C. The reaction was stopped by adding fresh medium. A ratio of 1:4

- 1:6 was selected for a subcultivation and seeded in 100 mm cell culture dishes with fresh

medium.

2.2.9 G418 selection

G418 is routinely used in gene selections to screen for resistant mammalian cells which

express the neo gene. First, HelaCK1-/- (EdiGene, China) cells were seeded in a 6-well plate

at the density of 100,000 cells/ml and incubated for 24 h at 37°C. After incubation, the

medium was gently removed and 1.5 ml medium containing varying concentrations of

G418 (0, 0.1, 0.2, 0.3, 0.4, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 mg/ml) was added. Thereafter,

cells were further incubated at 37°C. The selective medium was refreshed every 3-4 days

until determining the lowest concentration of G418 that kills a large majority of the cells

within 14 days.

2.2.10 Transfection

The transfection of TV1-CK1δwt, TV2-CK1δwt, CK1δR127Q, CK1δR168H, CK1δT67S in

HelaCK1-/- cells was performed by using Effectene (QIAGEN, Germany) as transfection

reagent. Vector pcDNATM 3.1/V5-His TOPO was selected because of bearing neomycin

and kanamycin resistance, allowing selecting of possible clones.

On the day before transfection, 2-8*105 cells were seeded in 60 mm dish with 5 ml

appropriate growth medium containing serum and antibiotics. Incubate the cells under

normal growth conditions (37 ℃ and 5% CO2) until the transfection day when the cells

gained approximately 40 - 80 % confluence.

The day of transfection, diluted 1 μg of the desired DNA with buffer EC to get a final

volume of 150 µl. Then 8 μl Enhancer was added into the Eppendorf tube and vortexed for

1 s. After 2-5 min incubation at room temperature, the DNA-enhancer mixture was

centrifuged for 10s to remove drops from the top of the tube. Hereafter, add 25 μl

Effectene transfection reagent into the mixture and mixed by vertexing for 10 s. Then the

samples were incubated for another 5 min to allow transfection-complex formation. While
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complex formation took place, the consumed medium was aspirated from the plate and 4

ml fresh growth medium was added after cells had been washed once with 4 ml PBS. After

incubation, 1 ml growth medium was added into the tube containing the transfection

complexes and mixed by pipetting up and down twice, instantly transferring the

transfection complexes drop-wise onto the cells. Finally, the dishes were gently swilled to

ensure uniform distribution of the transfection complexes. Transfected cells were then

grown under normal growth conditions. After 48 h, transfected cells were passaged 1:5 in

100 mm dishes with the appropriate selective G418 containing medium (DMEM

supplemented with 10 % (v/v) Fetal Calf Serum (FCS), 1 % penicillin (10000 units/ml),

1 % streptomycin (10000 µg/ml) and additionally 0.6 mg/ml G418 for Hela cells). Change

the selection medium 2-3 times a week until clones appeared.

2.2.11 Picking of stably transfected clones

When a single cell clone had been formed, cells were rinsed with 7 ml PBS after gently

aspirating the medium. After marking the single clone place with a marker pen, a yellow

pipette tip was used to oblique scrap and suck the cells as well as to transfer them into

96-wells plate containing the appropriate selective medium. After picking up and

transferring the transfected cells into a 96-wells plate, cells were incubated at 37 ℃ and

5% CO2 conditions until 80% confluence was contained in each well. The procedure of

splitting cells for transferring them to the next larger plate, which passed from 96

well-plate to 24 well-plate, 12 well-plate, 6 well-plate and 60 mm cell culture dishes up to

100 mm cell culture dishes is described in chapter 2.2.9.

cell culture vessels Medium [ml] DPBS [ml] trypsin/EDTA [µl]

96 well-plate 0.2 0.1 50

24 well-plate 0.5 0.5 250

12 well-plate 1 1 250

6 well-plate 2 2 250

60mm cell culture dish 4 3 500

100mm cell culture dish 10 7 1000

2.2.12 Purification of total RNA
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RNeasy Mini Kit (QIAGEN, Germany) was used for purification of total RNA. After

harvesting cells with a number of 7*106, the cell pellet was solved in buffer RLT, which

was then pipetted into a QIAshredder spin column to homogenize the cell lysate under

centrifugation for 2 min at full speed. After mixing the homogenized lysate with 600l of

70% ethanol, the mixture was transferred into a RNeasy spin column to perform a

centrifugation for 15 s at ≥ 10,000 rpm. Afterward, the flow-through after centrifuging for

15 s was discarded. The pellet was washed once with buffer RW1 and twice with buffer

RPE. In each case after centrifugation, the supernatant was discarded. Finally, to elute the

total RNA, 50 l RNase-free water was added into the RNeasy spin column, which was

placed in a 1.5 ml collection tube and centrifuged for 1 min at full speed. The QIAxpert

(QIAGEN, Germany) was used to detect the concentration of purified total RNA.

2.2.13 First-strand cDNA synthesis

The first-strand cDNA synthesis reaction in a microcentrifuge tube was prepared by adding

the following components in order:

1 g of total RNA

1 l of oligo(dT) primer (0.5 ug/ul)

RNase-free water to total volume 15,7 l

The reactions were incubated for 5 min at 65 ℃ after a short low-speed centrifugation,

which was later cooled down to room temperature to allow primers to anneal to the RNA.

Before starting the cDNA program by using Labcycler (SensoQuest, Germany), the

following components were added into the reaction for a final volume of 20 l.

2.0 l of 10 x Affinity script RT Buffer

0.8 l of dNTP mix (25 mM each dNTP)

0.5 l of RNase Block Ribonuclease Inhibitor (40 U/l)

1 l of Affinity Script Multiple Temperature RT
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The program cDNA performed:

Temperature (℃) Time (min)

42 5

55 60

70 15

Finally, the first-strand cDNA synthesis reactions were completed and stored at -20 ℃.

2.2.14 Polymerase chain reaction (PCR)

In order to amplify the destination sequence, PCR was performed as below. 1 µl of

template DNA and 24 µl of master mix were used to get a total volume of 25 µl. 2.5 µl of

10x PCR buffer, 250 µM of dNTPs, 100 nM of forward primers and reverse primers, and

2.5 U of Taq DNA polymerase were contained in each master mix solution. All reactions

were transferred to Labcycler (SensoQuest, Germany) after briefly mixing and low-speed

centrifugation, then a PCR program was performed with the cycling parameters given in

Table 6.

Table 6: PCR cycling parameters

product primers
PCR conditions

temperature duration cycles

CK1δ full length

5’BamH1-His-CK1

3’EcoR1-CK1TV1

or

3’BamH1-CK1TV2

94°C

94°C

62°C

72°C

72°C

10 min

1 min

1 min

1 min

10 min

35x

4°C ∞

The amplified cDNA samples were loaded into the well of 1% agarose gel, which was

separated at 80 V for 1.5 h. UV light system and UV bench were used to visualize DNA

fragments.

2.2.15 Preparation of cell extracts
In order to detect protein by Western blot analysis, pre-cooled DPBS were used to wash the

stably transfected cells twice. After adding NP40 lysis buffer, cells were then scraped from
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the culture dish and transferred into a 1.5 ml Eppendorf tube, which should keep on ice and

incubate for 30 min. The supernatant was collected after cell lysates were centrifuged for

15 min at 14,000 rpm and 4 °C, which was used for the corresponding experiment.

NP40 lysis buffer
50 mM Tris-HCl [pH 8.0], 120 mM NaCl, 0.5 % NP40, 10 % glycerol,

5 mM DTT, 1 mM EGTA, 1 mM benzamidine, 25 µg/ml aprotinin

2.2.16 Determination of protein concentrations

Protein concentrations of cell lysate were determined by Pierce® BCA Protein Assay kit

(Thermo Scientific, Germany) after lysing cellsby NP40 lysis buffer. First of all, dilute the

BSA protein stock to prepare 0.1, 0.3, 0.5, and 0.7 µg/µl protein standards. Then cell

lysates were diluted in 1:20 with dH2O. After adding 10 l of H20/BSA/sample dilution

and 200 l of the A: B (50:1) solution in the appropriate well (96-well plate), incubate the

96-well plate for 30 min at 37 °C. The measurement of the protein concentration was

performed after incubation by using the Berthold Tristar and analysis with BCA-template

excel file.

Table 7: Pipetting scheme-Berthold Tristar
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2.2.17 Western Blot analysis

In each case 20 g of the respective protein extract as well as positive and negative control

were first separated by SDS-PAGE as described in chapter 2.2.2 and blotted to a

pre-activated PVDF membrane in a wet blot Western blot system (BioRad Laboratories,

Hercules, USA), filled with 1x transfer buffer, for 1.5 hours at 60 V and 4°C. Thereafter,

incubate the transferred PVDF membrane 1 h at room temperature with 5 % (w/v) milk in

TBS-Tween (TBST) to block unspecific binding sites. The membrane was probed with the

appropriate primary antibodies (diluted in blocking solution) and incubated overnight at
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4°C. After three times washing with TBST for 5 min, the membrane was incubated 1 h at

room temperature with the secondary antibod. After another three times washing for 5 min

with TBST, ECL (enhanced chemiluminescence) solution (solution A: solution B in ratio

of 1:1) was prepared to detect proteins on the membrane, while a radiographic film was

used to expose the detected proteins.

10x TBS: 200 mM Tris-HCl [pH 8.0], 1.4 M NaCl in
dH2O

TBS-Tween: 0.1 % (v/v) Tween-20 in 1x TBS
Blocking solution 5% milk powder in TBST

ECL solution A 100 mM Tris-HCl [pH 8.5], 2.5 mM luminol,
400 µM coumaric acid

ECL solution B 100 mM Tris-HCl [pH 8.5], 13 mM H2O2

10x Transfer buffer 500 mM Tris, 780 mM glycine in dH2O

Table 8: Antibodies

Primary Manufacturer

β-actin monoclonal antibody Sigma-Aldrich, St. Louis, USA

His-Tag Polyclonal Antibody Cell Signaling Technology, Frankfurt, Germany

Secondary Manufacturer

Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Technology, Frankfurt, Germany

Anti-mouse IgG, HRP-linked Antibody Cell Signaling Technology, Frankfurt, Germany

2.2.18 MTT viability assay

To determine cell viability, MTT viability assays were performed. The MTT assay is a

colorimetric assay, based on the reduction of the yellow tetrazole dye in the purple

formazan.

Under sterile conditions, 200 l PBS were added to the two external rows and cells (5*104

cells/well) were seeded in 96-wells plates according to Figure 10 and incubated overnight

at 37 ℃ and 5 % CO2. Replace the old medium with fresh medium with desired inhibitor

for treatments and cells were incubated another 48 h (Figure 10). After adding 10 l

filtered, sterile MTT reagent (5 mg/ml, diluted in PBS) into each well, the cells were

incubated for 4 h at 37 ℃ and 5 % CO2. 100 l of acidic isopropanol (180 ml isopropanol

+ 20 ml 1N HCl) was added into each well after the medium was removed. Then, the

plates were covered with aluminum paper and shaken at room temperature for 30 min.

TriStar2 LB 942 Microplate Reader (Berthold Technologies, Bad Wildbad, Germany) plate
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reader was used for measurement of absorbance, while GraphPad Prism 6 was used for the

resulting data analysis.

MTT solution 5 mg/ml MTT in PBS
Acidic isopropanol 90 % (v/v) isopropanol, 10 % (v/v) 1N HCl

Figure 10 : Management for 96-well plate：200l PBS was added to the two external rows, in the middle
rows, respective medium, DMSO and treatments were added. Abbreviations: PBS: Phosphate
Buffered Saline; DMSO: dimethyl sulfoxide.
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3. Results
Since expression and/or activity of CK1δ are often deregulated in tumors, CK1δ is a new

potential target for the development of highly specific inhibitors, which could be used for

therapeutic purposes. Although interests in small molecule inhibitors (SMIs) against CK1δ

has increased, it is still very challenging to develop highly isofprm-specific SMIs, due to

the high similarity of CK1δ to other CK1 isoforms (CK1α, γ1-3, ε). Therefore, a set of

newly designed CK1-specific inhibitors was screened for their effects on CK1 isoforms.

Furthermore, based on the cBioPortal database, human hyperactive CK1δ mutants were

identified in various tumor entities and may have an oncogenic potential. Therefore, three

tumor-derived mutations detected within the kinase domain of CK1were selected and

used to identify small molecule inhibitors exhibiting a higher affinity to CK1 mutants

than to wt CK1.

3.1 Introduction of selected mutations into humCK1  on

pcDNATM 3.1/V5-His TOPO

First, human CK1 mutants CK1R127Q and CK1R168H were introduced into the full length

human CK1 transcription variant 1 (TV1) while the human CK1 mutant CK1T67S was

introduced into the full length human CK1 transcription variant 2 (TV2) by site-directed

mutagenesis as described in Material and Methods. Success of mutagenesis was confirmed

by sequencing. An alignment of wt and mutant CK1 proteins of the outlined sequence is

shown in Figure 11.

CK1variants Sequence (aa 51-100)

CK1V2_T67S IESKIYKMMQGGVGIPS IRWCGAEGDYNVMVMELLGPSLE DLFNFCSRKF

CK1_TV2_wt IESKIYKMMQGGVGIPT IRWCGAEGDYNVMVMELLGPSLEDLFNFCSRKF

***************** ************************************
Sequence (aa 101-150)

CK1V1_R127Q SLKTVLLLADQMISRIEYIHSKNFIHQDVKPDNFLMGLGKKGNLVYIIDF

CK1V1_R168H SLKTVLLLADQMISRIEYIHSKNFIHRDVKPDNFLMGLGKKGNLVYIIDF

CK1_TV1_wt SLKTVLLLADQMISRIEYIHSKNFIHRDVKPDNFLMGLGKKGNLVYIIDF

*************************** *************************
Sequence (aa 151-200)

CK1V1_R168H GLAKKYRDARTHQHIPYHENKNLTGTARYASINTHLGIEQSRRDDLESLG

CK1V1_R127Q GLAKKYRDARTHQHIPYRENKNLTGTARYASINTHLGIEQSRRDDLESLG

CK1_TV1_wt GLAKKYRDARTHQHIPYRENKNLTGTARYASINTHLGIEQSRRDDLESLG
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A

B

C

MW[kD]

MW[kD]

MW[kD]

BSA[ng]

BSA[ng]

BSA[ng]

5 105 10

GST-(hum)TV1-CK1wt[l]GST-(hum)CK1R127Q[l]

5 10 5 10

5 10

GST-humCK1δ

GST-humCK1δ

GST-humCK1δ

75

50
50

2.5 5 10 20

2.5 5 10 20

75

50

75

50

2.5 5 10 20
GST-(hum)CK1R168H[l]

GST-(hum)TV2-CK1wt[l]GST-(hum) -CK1T67S[l]

Figure 11 : Protein sequence alignment of human CK1δ variants (aa 51-200). The alignment was
performed using the online tool ClustalW. The position of the desired mutations is highlighted and
the mutated amino acid is marked in red. Abbreviations: CK1: casein kinase 1; wt: wild type; TV:
transcription variant; aa: amino acid.

3.2 Expression and purification of recombinant GST fusion

proteins

For further comparison of the kinase activity and features of CK1δ wt and mutants,

(hum)TV1-CK1δwt, (hum)TV2-CK1δwt and (hum)CK1δR127Q, (hum)CK1δR168Q as well as

(hum)CK1δT67S were expressed as GST fusion proteins in E. coli, purified by affinity

chromatography and eluted by addition of reduced glutathione as described in Material and

Methods. The concentrations of purified CK1δ wt and mutants were determined

densitometrically with ImageJ software after performing SDS-PAGE and silver staining.

Besides, for protein quantification, a BSA standard curve was generated (Figure 12).

Because of the differences in the phosphorylation states of the different GST-(hum)CK1δ

proteins, there are two bands with different intensity between 73 and 75 kDa (Figure 12).

The concentrations determined for GST-(hum)CK1δ wt and mutants are displayed in

Table 9.

Figure 12 : Densitometric quantification of GST-CK1δ variants after silver staining. Silver staining was
performed as described in Material and Methods to determine the concentration of purified
GST-(hum)CK1δ proteins separated by SDS-PAGE. BSA standard dilutions are visible at the size of

******************* *********************************
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~ 69 kDa, while GST-CK1δ variants show two bands between 73 kDa to 75 kDa due to differences
in their degree of site-specific phosphorylation. A: GST-CK1δ variants: BSA standard with amounts
of 2.5 ng, 5 ng, 10 ng and 20 ng, GST-(hum)CK1T67S and GST-(hum)TV2-CK1δwt with volumes of
5l and 10l are used. B: GST-CK1δ variants: BSA standard with amounts of 2.5 ng, 5 ng, 10 ng
and 20 ng, GST-(hum)TV1-CK1δwt and GST-(hum)CK1δR127Q with volumes of 5l and 10l are
used. C: GST-CK1δ variants: BSA standard with amounts of 2.5 ng, 5 ng, 10 ng and 20 ng,
GST-(hum)CK1δR168H with volumes of 5l and 10l are used. Molecular Weight (MW): Precision
Plus ProteinTM Standards Dual Color (10-250 kDa). Abbreviations: CK1: casein kinase 1; TV:
transcription variant; GST: glutathione S transferase; MW: molecular weight; SDS-PAGE: sodium
dodecyl sulfate-polyacrylamide gel electrophoresis; hum: human; kDa: kilo Dalton; BSA: bovine
serum albumin.

Table 9: Concentrations of purified GST-(hum)CK1 proteins as determined by ImageJ analysis.

Kinases concentration [ng/µl]

GST-(hum)TV1-CK1wt 1.009

GST-(hum)CK1R127Q 1.115

GST-(hum)CK1R168H 1.399

GST-(hum)TV2-CK1wt 3.271

GST-(hum)CK1T67S 4.786

3.3 Effects of small molecule inhibitors on the activity of

(hum)CK1 wild type and mutants.

Since it has been shown that several CK1 mutants contribute to tumor development due to

their higher oncogenic potential compared to CK1 wt, interest in identifying small

molecule inhibitors with higher affinity against CK1 mutants than against CK1 wt has

increased enormously. Therefore, the inhibitory capacity of the CK1 specific inhibitors

Richter-2 (Richter et, al., 2014), Bischof-5 (Bischof, J, et, al., 2012), 11b and 16b

(Halekotte J, et al., 2016), IWP-2 and IWP-4 (Garcia-Rheyes et al., 2018) against CK1

wt and mutants were compared in in vitro kinase assays at their IC50 concentrations

previously determined for GST-(hum)TV1-CK1δwt using -casein as substrate.
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Figure 13：Inhibitory effects of the compounds Richter-2; Bischof-5; 16b; 11b, IWP-2, and IWP-4 on
GST-(hum)CK1δ wt and GST-(hum)CK1δ mutants: In vitro kinase assays were performed to
determine the effects of selected compounds on GST-(hum)TV1-CK1δwt and GST-(hum)CK1δ
mutants GST-(hum)CK1R127Q and GST-(hum)CK1R168H (A, B) as well as on
GST-(hum)TV2-CK1δwt and GST-(hum)CK1T67S (C, D). Samples were separated by SDS-PAGE.
Coomassie stained and phosphate incorporation into -casein was determined by Cherenkov
counting. Results were normalized to the DMSO control (100%) using Prism 6. Bar graphs
represent the mean and the standard deviation (SD) of the triplicates. B: Residual kinase activity of
GST-(hum)TV1-CK1 wt and mutants after treatment with inhibitors. D: Residual kinase activity of
GST-(hum)TV2-CK1 wt and mutants after treatment with inhibitors. Modified from [96], CC BY
4.0. https://creativecommons.org/licenses/by/4.0/ Abbreviations: CK1: casein kinase 1; TV:
transcription variant; hum: human; GST: glutathione S transferase; SDS-PAGE: sodium dodecyl
sulfate-polyacrylamide gel electrophoresis; DMSO: dimethyl sulfoxide; SD: standard deviation.

#
Residual kinase activity (%)

GST-(hum)TV1-CK1δwt GST-(hum)CK1δR127Q GST-(hum)CK1δR168H

Bischof-5 50 ± 4 20 ± 2 32 ± 15
Richter-2 50 ± 20 25 ± 8 30 ± 16

16b 50 ± 14 9 ± 4 16 ± 14
IWP-2 50 ± 6 37 ± 5 50 ± 9
IWP-4 50 ± 20 36 ± 11 61 ± 19

A

B

#
Residual kinase activity (%)

GST-(hum)TV2-CK1δwt GST-(hum)CK1δT67S

Bischof-5 50 ± 17 40 ± 18

Richter-2 50 ± 13 80 ± 43

16b 50 ± 12 57 ± 13

11b 50 ± 33 62 ± 50

IWP-2 50 ± 17 81 ± 34

IWP-4 50 ±13 84 ± 54

C D

https://creativecommons.org/licenses/by/4.0/.
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The results presented in Figure 14 A and B indicate that GST-(hum)CK1  R127Q was

stronger inhibited by all tested inhibitors compared to GST-(hum)TV1-CK1wt, thereby

displaying 20 %, 25%, 36%, 9%, 37%, 36% residual activities, respectively. In contrast,

only Bischof-5, Richter-2 and 16b inhibited GST-(hum)CK1R168H stronger than

GST-(hum)TV1-CK1wt, with residual activities of 32%, 30% and 16%, respectively.

Compared to GST-(hum)TV2-CK1wt, GST-(hum)CK1T67Swas only stronger inhibited by

Bischof-5, resulting in a residual activity of 40% compared to 50% obtained for

GST-(hum)TV2-CKwt (Figure 13).

3.4 Determination of IC50 values against GST-(hum)CK1 wt

and GST-(hum)CK1 mutants

Since the initial screening results indicated that Bischof-5 and 16b had a much higher

inhibitory effect on GST-(hum)CK1δR168H and GST-(hum)CK1δR127Q than on

GST-(hum)TV1-CK1wt, the IC50 values of these two compounds were determined using a

serial inhibitor dilution in each case ranging from 5 nM to 10 μM (Figure 14).

GST-(hum)TV1-CK1 wt and GST-(hum)CK1 mutants were used as source of enzyme

and  -casein as substrate (0.8 μg/reaction) in the presence of 2 μCi [γ-32P]-ATP, 10 μM ATP,

and the specific CK1 inhibitors Bischof-5 or 16b.

A B
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Figure 14 : Determination of the IC50 values of Bischof-5 (A, B) and 16b (C, D) for GST-(hum)CK1δ wt
and mutants. Serial dilutions ranging from 5 nM to 10 μM of Bischof-5 and 16b were used to
determine the 50% inhibitory concentration (IC50) for GST-(hum)CK1δ wt and mutants. A: IC50
value of Bischof-5 for GST-(hum)TV1-CK1δwt, GST-(hum)CK1δR127Q and GST-(hum)CK1δR168H.B:
IC50 value of Bischof-5 for GST-(hum)TV2-CK1δwt and GST-(hum)CK1δT67S. C: IC50 value of 16b
for GST(hum)TV1-CK1δwt, GST-(hum)CK1δR127Q and GST-(hum)CK1δR168H. D: IC50 value of 16b
for GST(hum)TV2-CK1δwt and GST-(hum)CK1δT67S. Phosphorylated samples were separated by
SDS-PAGE, stained with Coomassie. Phosphate incorporation into -casein was quantified by
Cherenkov counting. Results were normalized to the DMSO control (100%) using Prism 6. Bar
graphs represent the mean and the standard deviation (SD) of the triplicates. Modified from [96],
CC BY 4.0. https://creativecommons.org/licenses/by/4.0/ Abbreviations: CK1: casein kinase 1; TV:
transcription variant; hum: human; SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel
electrophoresis; DMSO: dimethyl sulfoxide; GST: glutathione S transferase; IC50: 50% inhibitory
concentration.

In Figure 14, IC50 values of Bischof-5 and 16b against GST-(hum)TV1-CK1δwt,

GST-(hum)CK1δR127Q, GST-(hum)CK1δR168H, GST-(hum)TV2-CK1δwt and

GST-(hum)CK1δT67S are presented. Bischof-5 showed a higher inhibitory effect on both

TV1-CK1δ mutants compared to GST-(hum)TV1-CK1δwt, while the highest inhibitory

effect was observed on GST-(hum)CK1δR127Q, resulting in an approximately 3-fold lower

IC50 value than that of GST-(hum)TV1-CK1δwt. In addition, 16b also inhibited both

TV1-CK1δ mutants stronger than GST-(hum)TV1-CK1δwt. The determined IC50 values

were 4.5-fold reduced for GST-(hum)CK1δR127Q and 2-fold reduced for

GST-(hum)CK1δR168H compared to GST-(hum)TV1-CK1δwt (Figure 14 and Table 10). For

both inhibitors, no stronger inhibition of GST-(hum)CK1δT67S than

GST-(hum)-TV2-CK1δwt was observed.

Table 10: IC50 values of compounds Bischof-5 and 16b for GST-(hum)TV1-CK1δwt,
GST-(hum)CK1δR127Q and GST-(hum)CK1δR168H are presented in nM with their respective
standard deviation (SD).

Compounds GST-(hum)-TV1-CK1wt GST-(hum)CK1δR127Q GST-(hum)CK1δR168H

Bischof-5 113.2 nM ± 0.08 42.2nM ± 0.14 71.1 ± 0.09

16b 9.5 nM ± 0.04 2.1 nM ± 0.05 4.7 ± 0.02

C D
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#
Residual kinase activity (%)

CK1α CK1γ CK1δ CK1ε

LKP-091 87.5 ± 3.4 90.4 ± 8.0 23.0 ± 0.5 29.9 ± 2.2

LKP-104 90.4 ± 8.0 97.2 ± 1.7 28.3 ± 0.8 34.7 ± 1.3

LKP-105 101.8 ± 1.9 92.7 ± 3.0 20.4 ± 0.6 22.4 ± 2.0

LKP-106 101.7 ± 3.0 92.4 ± 4.7 33.5 ± 0.8 42.8 ± 0.7

A

B

3.5 Validation of newly designed CK1 small molecule inhibitors

Although numerous CK1δ inhibitors have been already developed, there is still the need

for improving their selectivity for CK1δ, especially for more specifically inhibiting highly

oncogenic CK1δ mutants, as well as improving their chemical stability, and cell

permeability. In this chapter, several newly synthesized small molecule inhibitors, designed

and developed by the working group of our cooperation partner Prof. Peifer (University of

Kiel) will be characterized and analyzed. Their chemical structures are shown in Table 4.

Due to the strong effects of IWP-derivatives on the CK1 gatekeeper mutant (García et al.,

2018), new IWP-derivatives have been tested for these hyperactive mutants (T67S (Richter

et al., 2015), R127Q, R168H). These compounds were tested for in vitro selectivity for

CK1 isoforms, potency for inhibiting CK1δ mutants and regarding their ability to inhibit

proliferation of tumor cell lines. The results are presented in the following chapters.

3.5.1 In vitro effects of LKP_compounds on CK1 isoforms activity

The inhibitory potency of LKP_compounds against four CK1 isoforms has been first

screened using 10 μM of each compound in in vitro kinase assays. CK1α, γ, δ, and ε were

used as a source of enzyme and α-casein as substrate (0.8 μg/reaction) in the presence of

2μCi [γ-32P]-ATP, 10 μM ATP, and 10 μM of the tested compound. Kinase activities of four

CK1 isoforms (CK1α, γ, δ and ε) in the absence and presence of the indicated

LKP_compounds are shown in Figure 15.

Figure 15 : Inhibitory effects of LKP_compounds against CK1 isoforms. A: In vitro kinase assays were
performed to determine the effects of LKP_compounds LKP-091, LKP-104, LKP-105, and
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B
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A

37

25

LKP-091

37

25

37

25

37

25

MW (kDa) 10 5 2.5 1.25 0.625 0.313 0.156 0.078 0.039

37

25

37

25

37

25


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the presence of 2 μCi [γ-32P]-ATP and 10 μM ATP.

source of enzyme (1μg/reaction), while -casein was used as substrate (0.8 μg/reaction) in 

to 10 μM as described in Materials and Methods. GST-(hum)TV1-CK1  wt was used as a 

for CK1 were determined using a serial inhibitor dilution in each case ranging from 5 nM 

Regarding to its strong inhibitory effects against CK1δ, IC50 values of LKP_compounds 

GST-(hum)CK1

3.5.2 Determination of IC50 values of LKP_compounds against 

67-80 %, while CK1ε kinase activity was inhibited from 58% to 78 % (Figure 15B).

inhibitory effects were observed on CK1δ kinase activity, which was inhibited more than 

almost no inhibitory effects on CK1α and γ (Figure 15A and B). Moreover, highest 

All newly designed LKP_compounds showed strong inhibitory effects on CK1δ and ε, but 

electrophoresis; DMSO: dimethylsulfoxide; SD: standard deviation.
Abbreviations: CK1: casein kinase 1; SDS-PAGE: sodium dodecyl sulfate-polyacrylamide  gel 
is summarized. Modified  from  [96],  CC  BY  4.0.  https://creativecommons.org/licenses/by/4.0/ 
standard deviation of the triplicates. B: Residual activity of four CK1 isoforms after treatment 
normalized to the DMSO control (100%) using Prism 6. Bar graphs represent the mean and the 
Phosphate incorporation into -casein was determined by Cherenkov counting. Results were 
and ε. Phosphorylated samples were separated by SDS-PAGE, and stained with Coomassie. 
LKP-106 against CK1,  , and  isoforms to verify their specificity as well as potency for CK1δ 
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Compounds CK1δ IC50[nM]

LKP-091 3592 nM

LKP-104 3455 nM

LKP-105 1742 nM

LKP-106 4764 nM

C

Figure 16 : IC50 values of LKP-091, 104, 105, 106 against CK1δ. Serial dilutions ranging from 5 nM to 10
μM of LKP-091, LKP-104, LKP-105, LKP-106 were used to determine the 50% inhibitory
concentration (IC50) for CK1δ as described in Materials and Methods. A: Coomassie stained
SDS-gels with -casein as substrate (~28 kDa). B: Corresponding autoradiography with -casein as
substrate (~28 kDa). MW: Precision Plus ProteinTM Standards Dual Color (10-250 kDa). C: IC50
values of LKP-091, LKP-104, LKP-105, LKP-106. Results were normalized towards the DMSO
control and the analysis was performed by using GraphPad Prism 6. Bar graphs represent the mean
and the standard deviation (SD) of the triplicates. Abbreviations: CK1: casein kinase 1; MW:
molecular weight; kDa: kilo Dalton; SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel
electrophoresis; DMSO: dimethyl sulfoxide; SD: standard deviation.

All LKP_compounds showed strong inhibitory effects against CK1δ with low IC50 values

(Figure 16), which are displayed in Table 12, while the highest inhibition was observed

for LKP-105 exhibiting the lowest IC50value.

Table 12: IC50 values of LKP-091, 104, 105, 106 compounds for CK1δ

3.5.3 Effects of LKP_compounds on the activity of (hum)CK1  wild

type and mutants



Results 51

Due to its strong effects against CK1δ and higher selectivity towards CK1δ compared to

the other CK1 isoforms, further experiments were performed to compare the inhibitory

effects of LKP_ compounds between CK1 mutants and CK1 wild type.

A

#
Residual kinase activity (%)

GST-(hum)TV1-CK1δwt GST-(hum)CK1δR127Q GST-(hum)CK1δR168H GST-(hum)TV2-CK1δwt GST-(hum)CK1δT67S

LKP-091 19.6 ± 3.0 16.5 ± 1.0 18.8 ± 2.5 53.1 ± 4.7 40.2 ± 2.0

LKP-104 23.1 ± 1.6 24.4 ± 0.3 21.6 ± 0.4 59.4 ± 1.2 47.5 ± 3.1

LKP-105 20.1 ± 0.6 19.9 ± 3.4 26.0 ± 1.3 40.5 ± 5.5 33.1 ± 3.7

LKP-106 25.5 ± 3.0 24.1 ± 1.3 16.5 ± 0.7 55.8 ± 4.6 52.9 ± 3.5

B

Figure 17：Inhibitory effects of LKP_compounds on GST-(hum)-CK1δ wt and mutants. In vitro kinase
assays were performed in the absence and presence of the indicated LKP compounds as described in
Materials and Methods. In (A), phosphorylated samples were separated by SDS-PAGE and stained
with Coomassie. Phosphate incorporation into -casein was determined by Cherenkov counting.
Results were normalized towards the DMSO control. Experiments were performed in triplicate and
GraphPad Prism 6 was used for the analysis. Bar graphs represent the mean and the standard
deviation (SD) of the triplicates. (B) Residual activities of GST-(hum)TV1-CK1δwt,
GST-(hum)-CK1δR127Q, GST-(hum)-CK1δR168H, GST-(hum)TV2-CK1δwt and GST-(hum)-CK1δT67S
after treatment with different LKP_compounds were summarized. Abbreviations: CK1: casein
kinase 1; TV: transcription variant; GST: glutathione S transferase; hum: human; DMSO: dimethyl
sulfoxide; SD: standard deviation.

LKP-091 inhibited GST-(hum)-CK1δR127Q slightly more than GST-(hum)TV1-CK1δwt,

whereas LKP-104 and LKP-106 showed stronger inhibition for GST-(hum)-CK1δR168H.

Similar inhibition of GST-(hum)-CK1δR168H and GST-(hum)TV1-CK1δwt were observed in

the presence of LKP-091 and LKP-105 as well as for GST-(hum)-CK1δR127Q and

GST-(hum)TV1-CK1δwt in the presence of LKP-104 and LKP-105 (Figure 17). The

results presented in Figure 18 also show that the four LKP_compounds reduced the kinase

activity of GST-(hum)TV2-CK1δwt to a residual activity between 40.5 and 59.4%, whereby

LKP-106 exhibited the strongest effects (residual activity 40.5 %). GST-(hum)CK1T67S

was inhibited by LKP-091, LKP-104, LKP-105, and LKP-106 to 19% stronger than

GST-(hum)TV2-CK1δwt (Figure 17).



Results 52

3.5.4 In vitro effects of second generation set of LKP_compounds on

CK1 isoforms activity

The inhibitory potency of a second generation set of three LKP_compounds (LKP-112,

LKP-114, LKP-115) against four CK1 isoforms (CK1α, γ, δ, and ε) has also been first

screened using 10 μM of each compound in in vitro kinase assays. CK1α, γ, δ and ε were

used as a source of enzyme, while α-casein was used as substrate (0.8 μg/reaction) in the

presence of 2 μCi [γ-32P]-ATP, 10 μM ATP and 10 μM of the tested compound. Kinase

activities of four CK1 isoforms (CK1α, γ, δ and ε) in the absence and presence of the

indicated LKP_ compounds are shown in Figure 18.

Figure 18 : Inhibitory effects of the newly designed LKP_compounds (LKP-112, LKP-114, LKP-115)
on CK1 isoforms: LKP-112, LKP-114, LKP-115 were tested against CK1α, γ, δ and ε isoforms to
verify their specificity as well as potency for CK1δ and ε. In vitro kinase assays were performed as
described in Materials and Methods. In (A) results were normalized towards the DMSO control.
Experiments were performed in triplicates and GraphPad Prism 6 was used for the analysis. Bar
graphs represent the mean and the standard deviation (SD) of the triplicates. Grouped method was
performed as a statistical analysis to compare the inhibitory effects of each compound to DMSO
control. B: Residual activity of four CK1 isoforms after each treatment with different
LKP_compounds is summarized. Abbreviations: CK1: casein kinase 1; TV: transcription variant;
DMSO: dimethyl sulfoxide; SD: standard deviation.

All three LKP_compounds (LKP-112, LKP-114, LKP-115) showed strong inhibitory

effects on CK1δ and ε, whereas highest inhibitory effects were observed on CK1δ kinase

activity, which was inhibited more than 79 to 93 %, while CK1ε kinase activity was

inhibited from 68% to 83%. All LKP_compounds displayed almost no inhibition of CK1α

and CK1γ (Figure 18A and B).

B

#
Residual kinase activity (%)

CK1α CK1γ CK1δ CK1ε

LKP-112 88.2 ± 15.5 106.2 ± 5.1 21.5 ± 9.8 32.4 ± 4.7

LKP-114 69.9 ± 5.6 99.4 ± 7.1 7.1 ± 0.5 17.4 ± 0.4

LKP-115 78.7 ± 5.2 105.8 ± 16.4 8.6 ± 1.3 29.1 ± 1.5

A
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B
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3.5.5 Determination of IC50 values of second generation set of

LKP_compounds against GST-(hum)CK1

Due to its strong effects against CK1δ and higher selectivity towards CK1δ, IC50 values of

LKP-112, LKP-114, LKP-115 were determined as described in Materials and Methods.

Therefore, serial dilutions ranging from 5 nM to 10 μM of the compounds LKP-112,

LKP-114, LKP-115 were used. GST-(hum)TV1-CK1wt was used as a source of enzyme,

while -casein was used as substrate (0.8 μg/reaction) in the presence of 2 μCi [γ-32P]-ATP

and 10 μM ATP.

Figure 19 : IC50 values of LKP-112, LKP-114, LKP-115 against CK1δ. Serial dilutions ranging from 5
nM to 10 μM of LKP-112, LKP-114, LKP-115 were used to determine the 50% inhibitory
concentration (IC50) for CK1δ as described in Materials and Methods. A: Coomassie stained

Inhibitor concentration[M] Inhibitor concentration[M]

37

25
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Compound CK1δ IC50[nM]

LKP-112 1095 nM

LKP-114 757.8 nM

LKP-115 1604 nM

SDS-gels with -casein as substrate (~28 kDa). B: Corresponding autoradiography with -casein as
substrate (~28 kDa). MW: Precision Plus ProteinTM Standards Dual Color (10-250 kDa). C: IC50
values of LKP-112, LKP-114, LKP-115. Results were normalized towards the DMSO control
(100%) and the analysis was performed using GraphPad Prism 6. Bar graphs represent the mean and
the standard deviation (SD) of the triplicates. Abbreviations: CK1: casein kinase 1; TV:
transcription variant; MW: molecular weight; kDa: kilo Dalton; DMSO: dimethyl sulfoxide; SD:
standard deviation

LKP-112, LKP-114, LKP-115 all showed strong inhibitory effects against CK1δ with low

IC50 values, which are displayed in Table 13, while the highest inhibition was observed for

LKP-114 with lowest IC50.

Table 13: IC50 values of LKP-112, LKP-114, LKP-115 compounds for CK1δ

In summary, from in vitro results, the analyzed LKP_compounds showed strong effects

and high selectivity towards CK1δ. Furthermore, higher inhibition capability of

LKP_compounds was observed against some CK1δ mutants when comparing to wt CK1δ.

Accordingly, cell-based MTT assays were performed to detect cellular permeability of

these compounds, which will be displayed in the following chapters.

3.6 Establishment of new HelaCK1-/- cell lines stably expressing

either wt CK1δ wt or CK1δ mutants

In order to compare the inhibition of newly designed LKP_compounds on both CK1δ wt

and mutants in cell-based assays, a CK1δ knockout Hela (HelaCK1) cell line was used

and stably transfected with pcDNA™3.1/V5-His TOPO® plasmids either encoding wt

CK1δ variants or CK1 mutants (generated by Bischof et al.) as described in Materials and

Methods.

The following five CK1 wt and mutants were transfected into HelaCK1 cels:

TV1-CK1δwt, CK1δR127Q, CK1δR168H, TV2-CK1δwt, CK1δT67S as described in Materials and

Methods. Stable clones were established after selection with G418 at a concentration of 0.6

mg/ml and expression of the respective CK1 variant/mutant was verified by PCR and

Western blot analysis.
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3.6.1 Experimental proof of successful transfection of HelaCK1 cells on

RNA level by Polymerase chain reaction (PCR)

In order to confirm the successful transfection of HelaCK1 cells with the respective

CK1 variant/mutant, total RNA from the respective cell lysate was purified and

transcribed into cDNA as described in Material and Methods. Thereafter, PCR for the

detection of the desired His-CK1δ variants/mutants was performed. The results are

displayed in Figure 20.

Figure 20 : Agarose gels of His-CK1δ PCR reactions: RNA was purified from lysates of HelaCK1 clones
stably expressing CK1δ wild type or mutants CK1δR127Q, CK1δR168H, CK1δT67S, respectively, and
transcribed into cDNAs, which were used as templates to amplify CK1δ wild type or mutants by
PCR with specific primers. Samples were separated by agarose gel electrophoresis and visualized
under UV light. M: GeneRulerTM 1kb DNA Ladder (250-10000bp). 1: TV2-CK1δwt (colony 1); 2:
TV2-CK1δwt (colony 2); 3: positive control; 4: CK1δT67S (colony 1); 5: CK1δT67S (colony 2); 6:
positive control; 7: TV1-CK1δwt (colony 1); 8: TV1-CK1δwt (colony 2); 9: positive control; 10:
negative control; 11: CK1δR127Q (colony 1); 12: CK1δR127Q (colony 2); 13: positive control; 14:
CK1δR168H (colony 1); 15: CK1δR168H (colony 2). Positive control: plasmids, negative control: RNase
free water. Abbreviations: CK1: casein kinase 1; PCR: polymerase chain reaction; wt: wild type;
UV: ultraviolet M: marker; bp: base pairs; kb: kilo base pairs.

The results of PCR for the His-CK1δ gene are presented in Figure 20, while 10 lanes of

product bands were revealed. The PCR reactions of TV1-CK1δwt and TV2-CK1δwt-

expressing colonies as well as the mutants CK1δT67S, CK1δR127Q and CK1δR168H-expressing

colonies showed clear bands at the height of approximately 900 bp, which is equal to the

size of the His-CK1δ fragment which can be obtained by using the above mentioned

primers. The positive controls in lanes 3 and lane 6 also displayed bands of this size, which

supports this result. Nevertheless, transfection of HelaCK1δ cells with TV2-CK1δwt,

CK1δT67S, TV1-CK1δwt, CK1δR127Q, and CK1δR168H could successfully be demonstrated on

RNA level.

3.6.2 Experimental proof of successful transfection of HelaCK1 cells on

protein level by Western Blot analysis

The transfected vectors encoding CK1δ variants and mutants are equipped with a His-tag,

which enables the detection of the translated proteins. On the protein level, Western Blot
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analysis was used to confirm the successful transfection of HelaCK1δ cells. Protein

concentration of HelaCK1δ cells and HelaCK1δ clones expressing CK1 variants/mutants

was determined by Pierce® BCA Protein Assay kit (Thermo Scientific, Germany) as

described in Material and Methods. His-Tag polyclonal antibody (Cell Signaling

Technology, Germany) was used as the primary antibody, which specifically recognizes the

His-CK1δ-specific 72 kDa band and anti-rabbit (Cell Signaling Technology, Germany) was

used as the secondary antibody. 20 g of the respective protein extract and control were

used and separated by SDS-PAGE as described in Materials and Methods. The detected

His-CK1-specific protein bands of all clones expressing CK1δ wt and mutants are shown

in Figure 21.

Figure 21： Detection of His-CK1δ by Western Blot Analysis: Cell lysates from untransfected and
transfected HelaCK1δ cells were separated by SDS-PAGE and transferred to a PVDF membrane,
which was probed with antibodies, incubated in ECL solution and finally exposed to a X-ray film. A:
His-tag polyclonal antibody was selected as primary antibody while anti-rabbit was used as
secondary antibody, CK1δ was detected by Western Blot analysis. B: β-actin monoclonal antibody
was selected as primary antibody while anti-mouse was used as the secondary antibody. 1,2:
TV2-CK1δwt; 3,4: CK1δT67S; 5,6: TV1-CK1δwt; 7,8: CK1δR127Q; 9,10: CK1δR168H; 11: HelaCK1δ.
MW: Precision Plus ProteinTM Standards Dual Color (10-250 kDa). Abbreviations: CK1: casein
kinase 1; hum: human; MW: molecular weight; kDa: kilo Dalton.

In summary, PCR and Western Blot analysis confirmed the successful transfection of

HelaCK1δ cells with CK1δ wt and CK1δ mutants.

After the successful establishment of HelaCK1δ cells stably expressing either CK1δ wt or

CK1 mutants, cell-based MTT assays were performed to characterize the effects of newly

designed LKP_ compounds on cell viability.

3.7 Effects of newly designed LKP_compounds on the viability

of Hela cell lines

Newly synthesized LKP_compounds have been tested for these hyperactive mutants (T67S

(Richter et al., 2015), R127Q and R168H) on cell-based MTT assay, which will be

A

B
50
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displayed in following chapters.

Effects of LKP_compounds on cell viability of parental Hela cells, untransfected

HelaCK1δ cells as well as HelaCK1δ  cells stably transfected with TV1-CK1δwt were first

tested with an inhibitor concentration of 50 μM and 25 μM (Figure 22).

Figure 22：Viability screening of LKP_compounds for parental Hela cell line as well as untransfected
and transfected HelaCK1δ-/- cells lines. A: Viability of parental Hela cell line as well as
untransfected and transfected HelaCK1δ-/- cells lines was first screened by MTT viability assay after
treatment with 50 μM and 25 μM of LKP_compounds as described in Material and Methods. B:
Residual cell viability of parental Hela cell line as well as untransfected and transfected HelaCK1δ-/-
cells lines after treatment with LKP_compounds are summarized. Results have been normalized
towards the DMSO control (100 %) and bars of normalized data were obtained using GraphPad 6,
with their respective standard deviation (SD) as error bars. Modified from [96], CC BY 4.0.
https://creativecommons.org/licenses/by/4.0/ Abbreviations: CK1: casein kinase; DMSO: dimethyl
sulfoxide.

AA

LKP_compounds [M]
Residual cell viability (%)

Helaparental HelaCK1 HelaCK1, TV1-CK1wt

LKP-091
50 38.7 ± 5.8 65.4 ± 0.6 59.3 ± 2.6

25 78.2 ± 11.7 83.4 ± 0.7 97.2 ± 9.9

LKP-104
50 76.5 ± 7.7 27.2 ± 1.8 36.8 ± 9.0

25 88.6 ± 2.4 59.9 ± 4.9 65.2 ± 13.9

LKP-105
50 14.3 ± 1.3 29.3 ± 5.3 6.2 ± 4.9

25 8.5 ±1.9 65.8 ± 7.0 14.9 ± 1.9

LKP-106
50 22.9 ± 1.3 40.6 ± 3.5 19.3 ± 2.9

25 88.9 ± 6.7 83.5 ± 11.8 45.5 ± 6.2

B

https://creativecommons.org/licenses/by/4.0/.
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#
EC50 values[μM]

HelaCK1δ-/- HelaCK1δ-/-, TV1-CK1δwt

LKP-105 18.5 7.4

A B

The results presented in Figure 22 clearly show that LKP-105 reduced cell viability of

HelaCK1-/-, TV1-CK1wt 4.5-fold more compared to the CK1δ depleted HelaCK1-/- cell line,

which seems to indicate that LKP-105 specifically targets CK1δ in cell-based assays.

Similar effects were observed for LKP-106, which reduced cell viability of HelaCK1-/-,

TV1-CK1wt cells 2-fold more compared to CK1δ depleted HelaCK1-/- cells, but effects

observed for LKP- 106 were much lower than LKP-105.

To confirm the effects of LKP-105 on cell viability of HelaCK1-/- cells and HelaCK1-/-,

TV1-CK1wt cells, EC50 values were determined and are shown in Figure 23.

Figure 23：EC50 values of LKP-105 for HelaCK1-/- and HelaCK1-/-, TV1-CK1wt.MTT assay was performed as
described in Material and Methods using the serial dilution ranging from 70 μM to 0.3125 μM of
LKP-105 and DMSO as control. After treating cells with MTT-solution and incubating for 4 h, the
absorption coefficient was measured at 570 nm. A: Results have been normalized towards the
DMSO control (100 %) and bars of normalized data were obtained using GraphPad 6, with their
respective standard deviation (SD) as error bars. B: EC50 values of LKP-105 on HelaCK1-/- and
HelaCK1-/-, TV1-CK1wt. Modified from [96], CC BY 4.0. https://creativecommons.org/licenses/by/4.0/
Abbreviations: CK1: casein kinase 1; DMSO: dimethyl sulfoxide; SD: standard deviation.

More than 2-fold increased EC50 value of LKP-105 against HelaCK1-/- than for HelaCK1-/-,

TV1-CK1wt was observed, which indicates stronger effects on cell viability of LKP-105 on

HelaCK1-/-, TV1-CK1wt cell line.

Afterward, further experiments were performed to compare the inhibitory effects of

LKP_compounds on CK1  wt and CK1  mutants in cell culture.LKP-105 showed

stronger effects on cell viability of HelaCK1-/-, CK1δR127Q cells compared to HelaCK1-/-,

TV1-CK1δwt cells at the concentrations of 10 and 20 μM. Slightly stronger effects on cell

viability of HelaCK1-/-, CK1δR168H cells in comparison to HelaCK1-/-, TV1-CK1δwtwere observed in

the presence of LKP-105 (Figure 24). For HelaCK1-/-, CK1δT67S cells, no stronger effects on

cell viability were observed comparing to HelaCK1-/-, TV2-CK1δwt cells.

https://creativecommons.org/licenses/by/4.0/.
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A

# Concentration
[μM]

Residual cell viability (%)

HelaCK1-/-, TV1-CK1wt HelaCK1-/-, CK1δR127Q HelaCK1-/-, CK1δR168H HelaCK1-/-, TV2-CK1δwt HelaCK1-/-, CK1δT67S

LKP-105
20 29.9 ± 6.7 17.5 ± 3.4 27.6 ± 9.7 33.7 ± 1.7 39.0 ± 2.4

10 83.4 ± 13.4 61.6 ± 4.7 65.8 ± 25.8 103.8 ± 6.2 84.2 ± 11.6

B

Figure 24：Viability screening of LKP-105 for HelaCK1-/- cells lines transfected with either CK1δ wt or
mutant CK1. A: Viability of HelaCK1-/-, TV1-CK1δwt, HelaCK1-/-, CK1δR127Q, HelaCK1-/-, CK1δR168H as well as
HelaCK1-/-, TV2-CK1δwt and HelaCK1-/-, CK1δT67S cells were first screened by MTT viability assay after
treatment with LKP-105 as described in Material and Methods. B: Residual cell viability of HelaCK1-/-,
TV1-CK1δwt, HelaCK1-/-, CK1δR127Q, HelaCK1-/-, CK1δR168H as well as HelaCK1-/-, TV2-CK1δwt and HelaCK1-/-, CK1δT67S
cells after treatment with different concentrations of LKP-105 are summarized. Results have been
normalized towards the DMSO control (100 %) and bars of normalized data were obtained using
GraphPad 6, with their respective standard deviation (SD) as error bars. Modified from [96], CC BY 4.0,
https://creativecommons.org/licenses/by/4.0/ Abbreviations: wt: wild type; TV: transcription variant;
CK1: casein kinase 1.

Afterward, effects of LKP-112, LKP-114 and LKP-115 on cell viability of Helaparental,

HelaCK1-/-, as well as HelaCK1-/-, TV1-CK1δwt were also tested at a concentration of 25 μM and

50 μM (Figure 25).

https://creativecommons.org/licenses/by/4.0/.
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Figure 25： Viability screening of LKP_compounds for Helaparental, HelaCK1-/- as well as HelaCK1-/-,
TV1-CK1δwt cell lines. A: Viability of Helaparental, HelaCK1-/- as well as HelaCK1-/-, TV1-CK1δwt cell lines
were first screened by MTT viability assay after treatment with 50 μM and 25 μM concentration of
LKP-112, LKP-114, LKP-115 as described in Material and Methods. Results have been normalized
towards the DMSO control (100 %) and bars of normalized data were obtained using GraphPad 6,
with their respective standard deviation (SD) as error bars. B: Residual cell viability of Helaparental,
HelaCK1-/- as well as HelaCK1-/-, TV1-CK1δwt cells after treatment with LKP-112, LKP-114, LKP-115
are summarized. Abbreviations: wt: wild type; TV: transcription variant; CK1: casein kinase;
DMSO: dimethyl sulfoxide.

The observed results clearly indicate that LKP-112, LKP-114 and LKP-115 all slightly

stronger inhibited the cell viability of HelaCK1-/-, TV1-CK1δwt cells compared to the CK1δ

depleted HelaCK1-/- cell line. Afterward, MTT-assays were performed to compare the

inhibitory effects of LKP-112, LKP-114 and LKP-115 against CK1  wt and CK1 

mutants in cell culture as described in Materials and Methods.

AA

Compounds Concentration
[μM]

Residual cell viability (%)

Helaparental HelaCK1-/- HelaCK1-/-, TV1-CK1δwt

LKP-112
50 10.6 ± 3.6 11.5 ± 1.7 10.3 ± 1.1

25 27.3 ± 2.0 28.8 ± 1.9 18.3 ± 0.2

LKP-114
50 61.8 ± 12.9 50 ± 18.8 46.4 ± 4.1

25 98.4 ± 1.5 98.0 ± 15.1 81.4 ± 10.8

LKP-115
50 47.7 ± 9.6 42.1 ± 1.4 36.5 ± 2.1

25 109.9 ± 3.6 106.9 ± 15.5 92.6 ± 14.6

B
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# Concentration[M]
Residual cell viability (%)

HelaCK1-/-, TV1-CK1δwt HelaCK1-/-, CK1δR127Q HelaCK1-/-, CK1δR168H HelaCK1-/-, TV2-CK1δWT HelaCK1-/-, CK1δT67S

LKP-112
25 18.3 ± 0.2 32.3 ± 4.8 9.8 ± 0.7 15.6 ± 2.3 22.9 ± 2.9

10 59.3 ± 3.0 92.6 ± 13.4 36.0 ± 5.2 65.8 ± 5.2 54.2 ± 5.3

LKP-114
25 81.4 ± 10.7 99.7 ± 6.4 93.6 ± 4.5 126.9 ± 6.0 71.1 ± 9.9

10 80.7 ± 7.8 85.8 ± 8.4 91.7 ± 11.5 103.1 ± 4.7 68.1 ± 7.7

LKP-115
25 92.6 ± 14.6 110.3 ± 7.9 94.9 ± 6.0 131.2 ± 13.2 101.5 ± 9.5

10 95.1 ± 5.8 99.8 ± 9.5 109.2 ± 11.0 107.6 ± 7.7 112.3 ± 7.5

A

B

Figure 26 : Viability screening of LKP-112, LKP-114, LKP-115 for HelaCK1-/- cells lines transfected
with both CK1δ wt and mutants. A: Viability of HelaCK1-/-, TV1-CK1δwt, HelaCK1-/-, CK1δR127Q,
HelaCK1-/-, CK1δR168H as well as HelaCK1-/-, TV2-CK1δwt and HelaCK1-/-, CK1δT67S cell lines were first
screened by MTT viability assay after treatment with LKP-1112, LKP-114, LKP-115 as described
in Material and Methods. Results have been normalized towards the DMSO control (100 %) and
bars of normalized data were obtained using GraphPad 6, with their respective standard deviation
(SD) as error bars B: Residual cell viability of HelaCK1-/-, TV1-CK1δwt, HelaCK1-/-, CK1δR127Q, HelaCK1-/-,
CK1δR168H as well as HelaCK1-/-, TV2-CK1δwt and HelaCK1-/-, CK1δT67S cells lines after treatment with
different concentrations of LKP-112, LKP-114, LKP-115 are summarized. Abbreviations: wt:
wild type; TV: transcription variant; CK1: casein kinase 1; SD: standard deviation.

The results indicated that LKP-112 showed 2-fold stronger effects on cell viability of

HelaCK1-/-, CK1δR168H cells in comparison to HelaCK1-/-, TV1-CK1δwt cells. Stronger effects on cell

viability of HelaCK1-/-, CK1δT67S cells in comparison to HelaCK1-/-, TV2-CK1δwt cells were

observed after treatment with LKP-114. No obvious stronger effects against CK1δ

mutant-expressing compared to CK1δ wild type-expressing cells were observed in

cell-based assays after treatment with LKP_compounds (Figure 26).
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B

A

Compound
EC50 values [μM]

HelaCK1-/-, TV1-CK1δwt HelaCK1-/-, CK1δR168H

LKP-112 12.4 7.1

Compound

EC50 values [μM]

HelaCK1-/-, TV2-CK1δwt HelaCK1-/-, CK1δT67S

LKP-114 37.1 40.8

Due to its higher inhibitory effects on CK1δR168H compared to CK1δ wild type in

cell-based assays, EC50 values of LKP-112 in both, HelaCK1-/-, TV1-CK1δwt and HelaCK1-/-,

CK1δR168H cells were performed. Furthermore, EC50 values of LKP-114 in both, HelaCK1-/-,

TV2-CK1δwt and HelaCK1-/-, CK1δT67Swere determined (Figure 27).

Figure 27 : Determination of EC50 values of LKP-112 and LKP-114 in HelaCK1-/-, CK1δwt as well as in
HelaCK1-/-, CK1δ mutants cell lines. MTT assays were performed as described in Material and Methods
with ta serial dilution of LKP-112 and LKP-114 ranging from 70 μM to 0.3125 μM. DMSO served
as control. After treating cells with MTT-solution and incubating for 4 h, the absorption coefficient
was measured at 570 nm. A: EC50 value of LKP-112 in HelaCK1-/-, TV1-CK1δwt and HelaCK1-/-, CK1δR168H
cell lines. Results have been normalized towards the DMSO control (100 %) and bars of normalized
data were obtained using GraphPad 6, with their respective standard deviation (SD) as error bars. B:
EC50 value of LKP-114 in HelaCK1-/-, TV2-CK1δwt, and HelaCK1-/-, CK1δT67S cell lines. Abbreviations: wt:
wild type; TV: transcription variant; CK1: casein kinase; DMSO: dimethyl sulfoxide; SD: standard
deviation.

Determination of EC50 values of LKP-112 in both, HelaCK1-/-, TV1-CK1δwt and HelaCK1-/-,

CK1δR168H cell lines indicated that LKP-112 showed higher inhibitory effects on mutant

CK1δR168H than on wild type CK1δ in cell-based assays. However, determination of EC50

values of LKP-114 in HelaCK1-/-, TV2-CK1δwt and HelaCK1-/-, CK1δT67S indicated that no obvious

difference was observed between the inhibition of cell viability of HelaCK1-/-, TV2-CK1δwt and

HelaCK1-/-, CK1δT67S cell lines after treatment with LKP-114.
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4. Discussion
Since a wide range of substrates are phosphorylated by CK1, CK1 family members play

crucial roles in the regulation of tumor suppressor functions and multiple cellular processes,

like membrane trafficking, cell differentiation and proliferation, DNA repair, Wnt-,

Hedgehog-, and Hippo- signalling pathways. Moreover, dysregulation or mutations of CK1

isoforms within their coding regions were found to result in the development of various

different pathologies, like neurodegenerative diseases and cancer development, which

suggests the therapeutic potential of CK1-specific inhibitors in the treatment of these

diseases [11][120]. However, although several mutations of CK1 were found in different

human tumor entities, knowledge about the role of the respective mutants is limited.

Thus, this thesis focusses on three hyperactive CK1δ mutants found in human tumour

entities, namely: CK1δT67S, CK1δR127Q, CK1δR168H.

The main results within this study are:

1) Mutants CK1δR127Q and CK1δR168H exhibit increased susceptibility to inhibitors

Bischof-5 and 16b compared to CK1wt.

2) Newly optimized and synthesized LKP_compounds showed CK1specific inhibition,

indicated by stronger inhibition of wild type and mutant CK1δ compared to other

CK1 isoforms in in vitro kinase assays.

3) Stably transfected HelaCK1δ-/- cell lines expressing CK1wt or CK1 mutants have been

established successfully. LKP-105 seems to have a CK1δ-dependent effect on the cell

viability and displays higher inhibitory effects on CK1R127Q than on wt CK1 in cell-based

assaywhile LKP-112 shows therapeutic potential specifically for the hyperactive, highly

oncogenic CK1δ mutant CK1δR168H in cell culture.

These results will be discussed in detail within the following chapters.

4.1 CK1-specific inhibitors have altered effects on CK1δ

variants

Members of the CK1 family play regulatory roles in tumor suppressor functions. Moreover,

because of the steric changes in the structure, mutations of CK1 can result in altered

expression levels and kinase activity, for example, abnormal expression levels and
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activities have been found in choriocarcinomas and pancreatic carcinomas, which can

contribute to the development of cancer [83]. Moreover, mutation of CK1 can result in

increased binding properties of inhibitor compounds compared to wild type

CK1 For instance, the highly oncogenic mtCK1δT67S shown increased kinase

activity and increased the sensitivity to the ATP-competitive CK1δ-specific inhibitors due

to the more flexible ATP binding after mutation [126]. Based on software-based chemical

modeling, identification of compounds specifically inhibiting CK1wt and

CK1mutants can be performed faster and more efficient. Such inhibitors can be

synthesized to target CK1mutants with increased oncogenic potential, thereby preventing

tumor development and progression.

As ATP-competitive inhibitor, compound Bischof-5 showed specific inhibition of kinase

activity of CK1 and effects on cell viability of several tumor cell lines. Moreover, in spite

of the ‘‘closed gate’’, the inhibitory effects of Bischof-5 against activity of CK1M82F was

stronger than that against CK1 wt because of the -hydrogen bond between the

benzimidazole moiety of Bischof-5 and phenylalanine 82 [11]. Bischof-5 was then selected

to compare the sensitivity of CK1 wt and CK1 mutants to CK1 inhibitors. In vitro

kinase assays were performed in the presence of Bischof-5 at the determined IC50

concentration, while GST-(hum)TV1-CK1wt or GST-(hum)CK1δR127Q or

GST-(hum)CK1δR168H were used as the source of enzyme. Stronger inhibitory effects

against GST-(hum)CK1δR127Q and GST-(hum)CK1δR168H were observed, which were

approximately 30% and 18% stronger than for GST-(hum)TV1-CK1wt being incubated

with Bischof-5. Stronger inhibition was confirmed by determination of IC50 values (IC50

(CK1R127Q)= 42.2 nM, IC50 (CK1R168H)=71.1 nM, IC50 (TV1-CK1wt)=113.2 nM)

Compound 16b has been synthesized with highly specific potential toward CK1δ, caused

by formation of hydrogen bonds to Lys38 and Asp149 of CK1 [53]. In presence of

compound 16b, in vitro initial screenings were performed by using

GST-(hum)TV1-CK1wt or GST-(hum)CK1δR127Q or GST-(hum)CK1δR168H as the source of

enzyme and -casein as substrate. Both CK1 mutants, GST-(hum)CK1R127Q and

GST-(hum)CK1R168H, were inhibited stronger compared to GST-(hum)TV1-CK1wt, while

GST-(hum)CK1R127Q was inhibited more than 5-fold stronger than GST-(hum)TV1-CK1wt

and GST-(hum)CK1R168H was inhibited more than 3-fold stronger than

GST-(hum)TV1-CK1wt. Subsequent determination of the more reliable IC50 (IC50 (CK1R127Q)
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= 2.1nM, IC50 (CK1R168H) = 4.7nM, IC50 (TV1-CK1wt) = 9.5nM) values demonstrated the

significantly stronger inhibition of CK1 mutants compared to wt CK1.

The stronger inhibition of GST-(hum)CK1δR127Q may be caused by the changed electrical

charge of the protein, which changed amino acid 127 from positively charged (R: arginine)

to polar uncharged (Q: glutamine) after mutation. Meanwhile, point mutations were

observed to affect the catalytic efficacy and sensitivity to CK1δ-specific inhibitors due to

effects on flexibility of ATP binding after mutation [125][172], which may explain the

higher sensitivity of GST-(hum)CK1R168H to Bischof-5 and 16b.Thus, both in vitro kinase

assays and IC50 values indicate higher selectivity of Bischof-5 and 16b for CK1mutants

R127Q and R168H compared to CK1wt.

These results are in line with previous results, showing that Richter-2 inhibits CK1T67S

2.4-fold stronger than wt CK1, and that the CK1 gatekeeper mutant M82F is inhibited

28-fold stronger by IWP-2 than wt CK1. Once these residues are mutated, the

phosphorylation of substrate, as well as the interaction and selectivity of CK1δ-specific

inhibitors can be affected [39].

4.2 Effects of newly optimized and synthesized CK1δ inhibitors

on CK1 wt and mutants in in vitro kinase assays and

cell-based assays

Due to the strong inhibitory effects on kinase activity with low IC50 values and the strong

inhibition of proliferation and cell growth, IWP-derivatives showed high potency and

selectivity for CK1δ in in vitro kinase assays and cell-based assays. Moreover,

IWP-derivatives showed higher affinity towards the gatekeeper mutant CK1δM82F than to

CK1 wt because of the additional π hydrogen bonding to phenylalanine 82. Therefore,

IWP-derivatives were considered as interesting scaffolds for developing new drugs with

high specificity toward CK1 and hyperactive CK1 mutants [45]. Based on

IWP-derivatives, newly optimized LKP_compounds have been designed and characterized

for CK1δ wt and selected hyperactive mutants. Seven LKP_compounds were initially

analyzed in in vitro kinase assays for inhibition of the activity of CK1 isoforms using

-casein as substrate to investigate CK1 isoform selectivity. An initial screening analysis

indicated that all LKP_compounds could strongly inhibit both, CK1δ and ε with low IC50
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values, but almost no inhibition on CK1 and CK1could be observed, which was in line

with reports about previously designed compounds [11][45][125]. Moreover, comparing to

other LKP_compounds, compounds LKP-112, 114, 115 showed increased selectivity

towards CK1δ than towards CK1 Among them, LKP-115 inhibited CK1δ more than

3-fold stronger than CK1Deletion of a methoxy group, which could increase the binding

properties to CK1δ might explain the increased selectivity towards CK1δ than towards

CK1 Because of the significantly improved binding properties, compounds

LKP-112,114,115 might be highly specific inhibitors for CK1δ.

Once high inhibitory effects of a compound were observed in in vitro kinase assays, its

cellular membrane permeability needs to be tested. As an ideal cell culture model, a

CSNK1D knockout Hela cell line was used to characterize the effects of LKP_compounds

on CK1 wt and CK1 mutants in cell culture. Helaparental cells express wild type

Ctranscriptionvariants, while CK1 is depleted in HelaCK1-/-cells, which had already

previously been used to successfully characterize CK1-specific cellular functions [119].

Moreover, transfection of HelaCK1-/- cells with CK1δ wt or the hyperactive CK1δ mutants

(TV1-CK1wt, TV2-CK1wt and mutants CK1R127Q, CK1R168H, CK1T67S), can ensure the

cells only express the selected CK1 variants and no endogenous CK1This makes it an

ideal model for revealing the effects of LKP_compounds on cell viability and the

inhibitory effects of LKP_compounds on CK1wt and CK1mutants in cell-based

assays.

Newly synthesized and optimized LKP_compounds were used to perform cell-based MTT

assays to compare the affinity of these inhibitory compounds towards CK1wt and

mutants in cell culture. An initial screen of LKP_compounds on untransfected and

transfected HelaCK1-/- as well as Helaparental cell lines was performed. The results showed

that compound LKP-105 inhibited the cell viability of transfected HelaCK1-/-, TV1-CK1wt

much more compared to the untransfected HelaCK1-/- cell line, which seems to indicate that

LKP-105 specifically targets CK1alsoin cell-based assays. These results were confirmed

by determination of EC50 values (EC50(HelaCK1δ-/-) = 18.3 μM, EC50(HelaCK1-/-, TV1-CK1δwt) = 6.0

μM), which revealed that cell viability was affected if CK1is presentbut less affected

once CK1 is depleted (HelaCK1-/-). Moreover, compound LKP-105 showed stronger

inhibition against CK1R127Q than against TV1-CK1δwt in cell-based assays. Interestingly,
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LKP-112 showed approximately three-fold higher selectivity towards Hela CK1-/-, CK1δR168H

cells than towards Hela CK1-/-, TV1-CK1δwt cells. This is indicated by its EC50 values of 7.1 μM

and 12.4μM, respectively. Differences among the impact of LKP_compounds on CK1δ wt

and CK1 mutants indicate the different affinities of these inhibitors to the ATP-binding

pocket because of the possible conformational changes after mutation. Many residues in

CK1 have been verified to be important for substrate binding. For instance, Arg-178,

Asn-172, Thr-176, and Gly-215 in CK1 influence substrate recognition by forming the

binding site [100]. However, although the structures and molecular weights of all the

LKP_compounds are semilar, different kinase affinity and cellular membrane permeability

could be observed in both in vitro kinase assays and cell-based assays, which might be

caused by differences in 3D-structures of the different compounds. Additionally, in the

cellular context, more parameters are influencing on the inhibitory effects of an inhibitor,

for example, the higher intracellular ATP concentration might influence the binding of an

inhibitor to the specific kinase [11][125]. Moreover, the CK1 inhibitor might be able to

bind to the ATP-binding pockets of other kinases as well, which will result in off-target

effects of CK1 inhibitors [32][153].

In summary, these findings suggest that newly designed LKP_compounds specifically

inhibit CK1δ and ε, and that compounds LKP-105 and LKP-112 show their high cell

membrane permeability and therapeutic potential the highly hyperactive CK1δ mutant

R127Q and R168H. Due to the higher affinity to CK1 mutants, these compounds could

serve as leading structure for the development of new drugs for hyperactive CK1 mutants,

and the development of optimized LKP_compounds may lead to the establishment of novel

therapeutics for personalized cancer treatment.

In the future, additional experiments like colony-formation assay, wound-healing assays,

migration assays and animal models (e.g. mouse xenotransplantation models) should be

performed to get insights into the relevance or importance of the potential CK1δ wt and

mutant variants with respect to properties like proliferative or invasive potential and

thereby, novel therapeutics for personalized cancer treatment could be established with the

development of optimized LKP_compounds.
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5. Summary
Members of the CK1 (formerly named casein kinase 1) family belong to the group of

serine/threonine specific protein kinases, which are evolutionaily highly conserved and

ubiquitously expressed in all eukaryotes. The increasing number of substrates

phosphorylated by CK1 indicates that CK1 is involved in the regulation of multiple

cellular processes like cell metabolism and differentiation, transcription, cell cycle

progression, apoptosis, proliferation, DNA-processing and repair as well as inflammatory

diseases and tumor diseases. Since CK1is often deregulated in various tumor entities and

since numerous CK1δ mutants exhibit high oncogenic potential, the interest in targeting

CK1and CK1 mutants has increased. In the past years, the development of highly

specific small molecule inhibitors (SMIs) against wild type and especially mutant CK1δ

has begun to broaden the therapeutic window for CK1δ-overexpressing or -mutated tumors.

Nevertheless, there is still high demand for improvements of CK1-specific inhibitors,

retaining limited off-target effects, high specificity and cellular membrane permeability.

So far, several CK1 inhibitors have been identified and proven of their specificity to

CK1. Based on the cBioPortal research, three hyperactive CK1 mutants: CK1  R127Q,

CK1R168H and CK1T67S were selected for characterization in course of the present study.

This study first concentrates on the effects of established CK1 inhibitors on CK1 wt and

selected mutants in vitro. After mutagenesis and purifications procedures, an initial

screening was performed for CK1 wt and mutants. Among all the inhibitors and CK1

transcriptionvariants, the sensitivity of CK1R127Q and CK1R168H to inhibitors Bischof-5

and 16b was higher than that of TV1-CK1wt, as indicated by the respective IC50 values.

However, the sensitivity of the highly oncogenic CK1T67S mutant to selected CK1

inhibitors revealed no significant difference compared to the corresponding wild type

TV2-CK1wt. In conclusion, established CK1 inhibitors, Bischof-5 and 16b, showed

selectivity towards CK1 and stronger effects for mutants CK1R127Q and CK1R168H,

compared to CK1wt.

Furthermore, newly developed small molecule inhibitors from our long-time collaboration

partner, have been synthesized based on IWP-derivates scaffolds and subsequently have

been characterized for their effects on selected CK1δ wt and hyperactive mutants. Initially,
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these compounds were assayed in vitro to check for their special inhibition on CK1and 

isoforms. In in vitro kinase assays, all LKP_compounds showed much higher potency

against CK1δ than against CK1 and while LKP-112, 114 and 115 showed higher

specificity towards CK1 than towards CK1. However, not all LKP_compounds could

show strong effects on cell viability, which might be caused by the poor cellular

permeability. In cell-based assays, LKP-105 seems to specifically target CK1δ. This could

be demonstrated by comparing effects on transfected HelaCK1-/-, TV1-CK1wt and

CK1depleted HelaCK1-/- cell lines, which resulted in EC50 values of 8.2 μM and 18.3 μM,

respectively. Furthermore, LKP-105 also showed stronger effects on HelaCK1-/-, CK1δR127Q

than HelaCK1-/-, TV1-CK1δwt. LKP-112 showed more remarkable effects and approximately

three-fold higher selectivity towards HelaCK1-/-, CK1δR168H than towards HelaCK1-/-,

TV1-CK1wt. Nevertheless, further cell-based assays and xenograft animal models will be

needed to reveal the connection between CK1mutants and tumorigenesis. Moreover,

3D-strucure analysis of CK1 should be established by modeling studies in order to verify

how each mutation affects the inhibitor binding affinity. Thereby, insight to diseases

affected by kinase dysregulation could be improved. In conclusion, new CK1δ-specific

inhibitor compounds with high cellular permeability and higher inhibitory potential

towards the hyperactive, highly oncogenic CK1δ mutants CK1δR127Q and CK1δR168H were

successfully characterized in the present study, which may lead to the establishment of

novel therapeutics for personalized cancer treatment.
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