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Abstract

The casein kinase 1 (CK1) belongs to the serine/threonine protein kinases. CK1 members, which commonly exist
in all eukaryotes, are involved in the regulation of many cellular processes linked to cell cycle progression, spindle-
dynamics, and chromosome segregation. Additionally, CK1 regulate key signaling pathways such as Wnt (Wingless/
Int-1), Hh (Hedgehog), and Hippo, known to be critically involved in tumor progression. Considering the importance
of CK1 for accurate cell division and regulation of tumor suppressor functions, it is not surprising scientific effort has
enormously increased. In mammals, CK1 regulate the transition from interphase to metaphase in mitosis. In budding
yeast and fission yeast, CK1 phosphorylate Rec8 subunits of cohesin complex and regulate chromosome segregation
in meiosis. During meiosis, two rounds of chromosome segregation after a single round of DNA replication produce
haploid gametes from diploid precursors. Any mistake in chromosome segregation may result in aneuploidy, which
in meiosis are one of the main causes of infertility, abortion and many genetic diseases in humans. This review
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summarizes the expression and biological function of CK1 family members, especially their role in meiosis.
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Introduction

Meiosis, which is characterized by two rounds of chromosome
segregation but only one round of DNA replication, is the foundation
of propagation and inheritance in sexual reproduction. Errors in
chromosome separation result in aneuploidy, associated with oocyte
maturation failure and consequences for aneuploidy or dysplasia in the
embryo [1]. A variety of protein kinases regulate chromosome alignment
and separation through phosphorylation and dephosphorylation
pathways to achieve high quality-matured oocytes, and the ability to
support subsequent fertilization and embryo development [2].

The casein kinase 1 (CK1) is a family of serine/threonine protein
kinases, commonly existing in all eukaryotes [3]. This abundant
enzymes CK1, function as monomeric (34-55 k Da) and constitutively
active enzymes [4]. Until now, seven family members of CK1 were
identified, which are encoded by different genes, including alpha, beta
1, gamma 1, gamma 2, gamma 3, delta, and epsilon (a, B, y1, y2, y3,
§, €) [5]. All CK1 members are quite homologous (50% identical or
greater) and highly conserved within their kinase domains, but differ
significantly in the length and primary structure of their C-terminal
and N-terminal non-catalytic domain which is an extended tail in the
case of CK18/e as opposed to CKla which has a limited C-terminal
domain, but CKly isoforms on the other hand vary in a longer
N-terminal head [6]. Although CK1 isoforms and associated splice
variants are ubiquitously expressed, their activity is greatly regulated
via their expression levels [7], post-translational modifications by
various mechanisms including subcellular stimuli [8], subcellular
compartmentalization [9], proteolytic cleavage of the C-terminus, auto-
and de-phosphorylation of the C-terminal regulatory domain [10].

Substrates and Biological Functions of CK1-isoforms

A large number of substrates have been identified that are
phosphorylated by CK1 isoforms in vitro or in vivo. CK1 phosphorylates
the cytoskeletal proteins myosin, ankyrin, troponin, spectrin, and
protein 4.1; neural filaments; neural cellular adhesion molecules; RNA
polymerases I and II; translation initiation factors 4B, 4E, and 5; tRNA
synthetases; simian virus 40 large T antigen; the insulin receptor; the
regulatory subunit (phosphatase inhibitor 2) of protein phosphatase 1;
the erythrocyte anion transporter; and metabolic enzymes, including

glycogen synthase [9,11]. Some of these substrates undergo defined
functional changes when phosphorylated by CKI. The CK1 family
not only have numerous substrates but also regulates diverse cellular
processes including a plethora of pathways responsible for differentiation
[12], proliferation, cell cycle progression [13], DNA replication
and damage response [14], chromosome segregation [15], mRNA
metabolism [16], cytoskeleton maintenance, membrane trafficking [17],
nucleo-cytoplasmic shuttling of transcription factors [18], circadian
rhythms [19], Wnt signaling pathways [20], apoptosis [21], translation
initiation [22], and cell migration [23,24]. Therefore CK1 deregulation
has been linked to neurodegenerative diseases like Alzheimer’, sleeping
disorders and proliferative diseases such as cancer [25].

Expression and Subcellular Localization of CK1

The CK1 has been found in the nucleus, cytoplasm and membrane
fractions of eukaryotic cells [4]. The subcellular localization of the CK1
isoforms is mainly regulated by binding to intracellular structures or
protein complexes and thereby plays a role in substrate-recognition and
CKI1 activity [26,27]. The CK1 isoforms was found to play an important
role in cancer progression in different types of tumors [28]. The localization
of CKla in the mitosis was researched by immunofluorescent studies
using mouse fibroblasts and CHO cells [9]. In interphase cells, CK1a was
localized to vesicular cytosolic structures. When cells enter prophase, the
localization of CK1a increases around the centrosome, and there is uniform
colocalization of CKla with the microtubule aster. As cells progress into
mitosis, the CK1a becomes localized to mitotic spindle fibers and there is
no longer detectable astral microtubule localization. Moreover, in mitosis,
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CKlalocalizes to kinetochore fibers. As cells progress into anaphase, CK1a
localization appears restricted to regions of microtubules between the
centrosome and the chromosomes. The CK1a localization on microtubules
decreases as cells progress to telophase. In telophase, CKla is localized to
the centrosome, but there is no localization to midbody microtubules [29].
Taken together, these results suggest that CKla relocalizes from vesicular
structures to the centrosome and aster microtubules in prophase and with
kinetochore microtubules and possibly other interpolar microtubules
during mitosis [30]. CK16 was localized to the centrosomes, co-localized
with y-tubulin and associated with the mitotic spindle in many types of
cells [31]. CKle is most like CK18 with greater than 98% identity within the
protein kinase domain, and also reported to be localized to the centrosomes
in several types of cells [32].

During mouse oocyte meiosis maturation and early embryo
development, Ckla mRNA was all expressed from GV to the late 1-cell
stage (GV, GVBD, MI, AI-TI, MII, AII-TII, pronuclear and late 1-cell
stage), achieved the highest level in M phase, including MI, MII and
metaphase of the 1-cell stage when chromosomes are highly congressed.
The CKla protein expression profile was consistent with the profile of
mRNA levels except for GV [33]. The protein expression level of CK15
and CKle were same as CKla, relatively low at GV stages and then
gradually increased at MI and MII stages [34].

A Differential Interference
Contrast (DIC)

y-tubulin

a-tubulin

Iyce-CKla

The subcellular localization of CKla in oocyte meiosis had some
contradictory results (Figure 1). The first research showed that CKla
localized to the plasma membrane in the mouse GV oocyte and in the
spindle area in the MII stage [35]. Subsequent our results showed that
CKla was colocalized with condensed and congressed chromosomes in
mouse oocyte meiosis and mitosis of early embryo development, but was
not detected in the spindle area. Recently, Qi et al. investigated subcellular
localization of endogenous CK1 using immune fluorescent analysis
with CK18 and CKle specific antibodies and reported that CK18 was
distributed in both cytoplasm and GV, with slightly more concentrating
in the GV, and there were usually one or two point signals adjacent to or
around the GV at GV stage. At MI and MII stages, when chromosomes
were aligned at the equatorial plates, CK18 was localized to the two sides of
aligned chromosomes. The localization pattern of CK1e was similar to that
of CK18. They also detected the localization of exogenous CKla and found
that exogenous CK1la was mainly localized to the spindle poles in mouse
oocytes at both MI and MII stages. The different localizations of CKla
observed may be due to the different specificities of the CKla antibodies
that were used, as polyclonal antibodies could give non-specific signals.

The Role of CK1 Isoforms in Chromosomes Segregation

The CKI1 isoforms represent central components to regulate the

Figure 1: Subcellular localization of CK1a in mouse MIl oocyte. (A) CK1a was associated with the spindle. The data comes from Gross SD, 1997. (B) CK1a was
colocalized with condensed and congressed chromosomes. The data comes from Wang L, 2013. (C) CK1a was concentrated at spindle poles and co-localized with

y-tubulin. The data comes from Qi ST, 2015.
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cell cycle progression, spindle-dynamics, and chromosome segregation
[5]. CKla is located at the centrosome, microtubule asters, and the
kinetochore in mitosis. Depletion of CKla using an RNAi based
approach in Drosophila cultured cells, resulted in perturbation of
interphase nuclear morphology. The results also showed that CKla
functioned to prevent centromere dispersal, inhibited chromosome
compaction, and promoted chromosome pairing. Therefore, CKla is
an important modulator of interphase genome organization, regulating
homologous chromosome pairing, centromere clustering, and
chromosome compaction in Drosophila cultured cells and in vivo [36].
Furthermore, CK1a affected these processes by attenuating interphase
condensin II activity as CK1a function was required for protein turn-
over of the Cap-H2 condensin I subunit. CK1a was a negative regulator
of interphase condensin II activity by promoting Cap-H2 destruction
and limiting chromatin-bound Cap-H2 levels [37].

In addition, CK19§ especially associates with the spindle apparatus
during mitosis and directly modulates MT by phosphorylation of a-, p-,
and y-tubulin, thereby exerting stress-induced functions at the spindle
apparatus and the centrosome [38]. Recently, knockdown of CK18 by
siRNA was reported to inhibit microtubule nucleation at the Golgi
apparatus [39]. Furthermore, homologs of CK1, such as casein kinase
1-like 6 (CKL6), associate with cortical MT in vivo and phosphorylate
tubulin in vitro [40]. CK1§ regulates microtubule- and spindle-
dynamics in response to genotoxic stress in order to maintain genomic
stability by site-specific phosphorylation of tubulin.

The nuclear enzyme topoisomerase Ila (Topolla) is able to
cleave DNA in a reversible manner and can facilitate transcription
and replication of chromatin templates in mammalian cells. CKle
phosphorylates Topolla on serine 1106 in G2/M cells, inducing the
Topolla chromosome localization and decatenation function as well
as sensitivity to Topolla -targeting drugs. Cdc7 cosilencing or CKle
overexpression in geminin-silenced cells restored Topolla chromosomal
localization and prevented the formation of chromosome bridges. This
finding suggests that CKlIe is a positive regulator and Cdc7 is a negative
regulator of Topolla chromosomal localization and function [41].

Numerous studies have demonstrated that CK1 might regulate
cell cycle progression through interaction with the Wnt pathway and
p53. CKla formed a genetic and physical interaction with the murine

double minute chromosome 2 (MDM2) oncoprotein resulting in
degradation of the p53 tumour suppressor. Pharmacological inhibition
of CK1 increases p53 protein level and induces cell death, whilst RNAi-
mediated depletion of CKla stabilizes p53 and induces growth arrest
[25]. Therefore, the coordinated function of both CK1 and p53 could
ensure the integrity of the centrosome and thereby maintain genomic
stability. CK19 is associated to the centrosome and related to Wnt3-
dependent neurite outgrowth. CK1§ co-localizes with DVL2 at basal
bodies and gradually accumulates at centrosomes when cells proceed
through the cell cycle [42]. CK18 and CKle are anchored at the
centrosome through interaction with AKAP450 [31] and that CK18
phosphorylates EB1, which is relevant for centrosome positioning
during T-cell activation [43]. These further underlined that CK1 had
regulatory roles at the centrosome.

The Role of CK1 Isoforms in Meiosis

In mammalian cells, CKla was first reported to localize to
vesicular cytolic structures and centrosome in interphase cells, and
then associated with spindles in mitosis [9]; CK18 was localized to
centrosomes, co-localized with y-tubulin and was associated with the
mitotic spindles under DNA damage; and CKle was concentrated
at centrosomes [31]. Cell treated with IC261 caused mitotic spindle
defects and cell cycle arrest. All these results indicated that CK1 activity
may be related to spindle assembly [38].

In S. cerevisiae, deletion of CK1 (HRR25 gene) results in a
phenotype in which the yeast cannot enter meiosis or undergo division
but are defective in the ability to segregate chromosomes and during
mitosis a fraction of cells are defective in nuclear segregation [44]. Two
other protein kinases from yeast have been cloned (YCK 1 and 2) that
are homologous to the bovine CK1s; deletion of either of these CK1s
results in no phenotypic change, but when both are deleted, the cells
are not viable [45].

In budding yeast, CK1 8/¢ was a subunit of the monopolin
complex required for the mono-orientation of sister kinetochores
during meiosis I. The fission yeast CK1 /¢ isoforms Hhpl and Hhp2
were required for full levels of Rec8 phosphorylation and for efficient
removal of Rec8 at the onset of anaphase I revealing a novel function of
this evolutionarily conserved kinase (Figure 2). First, CK1/¢ isoforms
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Figure 2: Model of CK1 in the segregation of chromosomes during meiosis I. First, CK18/¢ isoforms phosphorylate Rec8. Second, a complex of Shugoshin (Sgo) and PP2Ais
recruited by Bub1 to centromeres to protect centromeric cohesin by dephosphorylating Rec8. Then, segregation of chromosomes during meiosis | was triggered by separase
cleavage of phosphorylated Rec8 along chromosome arms, while centromeric cohesin was protected from separase cleavage during meiosis | by the Sgo1/PP2A complex.
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phosphorylate Rec8. Second, a complex of Shugoshin (Sgo) and PP2A
is recruited by Bubl to centromeres to protect centromeric cohesin by
dephosphorylating Rec8. Then, segregation of chromosomes during
meiosis I was triggered by separase cleavage of phosphorylated Rec8
along chromosome arms, while centromeric cohesin was protected
from separase cleavage during meiosis I by the Sgol/PP2A complex.
Centromeric cohesin was only cleaved during meiosis IT, hence allowing
segregation of sister chromatids. Rec8 phosphorylation promotes its
removal at the onset of anaphase raises the possibility that the Sgol/
PP2A complex protects centromeric cohesin by dephosphorylating
Rec8. S. cerevisiae Rec8 with phosphomimetic mutations is no longer
protected from separase at centromeres during meiosis I and forced
localization of excess CK18/¢ at the pericentromeric region abrogates
the ability of Sgol/PP2A to protect centromeric Rec8. These results
suggested that Sgo1/PP2A protects centromeric cohesin from separase
cleavage by opposing CKl-dependent phosphorylation of Rec8.
This mechanism may be evolutionarily conserved, because similar
observations were made in budding and fission yeast, and both Rec8
and CK1 proteins are present in most eukaryotes.

Rec8 phosphorylation by CK1 and Cdc7-Dbf4 kinase regulates
cohesin cleavage by separase during meiosis. In addition, previous
studies showed that CKla exists and is activated in mouse oocytes
and that it regulates procession of interphase to mitosis during the first
mitotic cell cycle in embryos [35].

In 2010, we used proteomics analysis to compare protein difference
of mouse oocyte MII stage meiotic spindles between normal and
spindles that form after somatic cell nuclear transfer (SCNT). We
found that CKla was significantly decreased in SCNT constructs,
accompanied by chromosomes misalignment in SCNT embryos [46].
Then, we investigated function of CKla during mouse oocyte meiotic
maturation and early embryo development. The functions of CKla
on chromosome alignment also were studied by functional depletion,
pharmaceutical inhibition and activation approaches. The results
showed that both inhibition and activation of CKla had negative
effect on oocyte maturation and early embryo development. Depletion
of CKla with specific-morpholinos caused severe protein expression
decreased and consequently observed defects in the interaction of
microtubules and centromeres on chromosomes, plate thickness
increased and failure of the first polar body extrusion. Blocking of
CKla function with D4476, (4[4-(2,3-dihydro-benzo[1,4]-dioxin-
6-yl)-5-pyridin-2-yl-1-H-imidazol-2-yl]benzamidine) which is an
ATP-competitive inhibitor, had the same results with the morpholino
injection, such as expression of CKla was decreased; chromosome
congression failed; oocytes arrested at pro-MI phase; PB1 extrusion
failed or extruded giant PB1; the ability of embryo development was
impaired. However, mouse oocytes treated with pyrvinium pamoate
(PP), which increased phosphorylation and allosteric activation
of CKla [47], induced oocyte meiotic maturation failure, severe
congression abnormalities and misalignment of chromosomes.
These results indicated that CKla affect homologous chromosome
alignment, congression and segregation in the oocyte meiosis and play
an important role in early embryo development.

CKla exhibited analogous functions with surviving,that correlated
with the interaction of microtubules and centromeres on chromosomes
in the process of oocyte meiotic maturation [48]. Casein kinase 2
(CK2), another casein kinase family member, directly interacted with
survivin through B-catenin-Tcf/Lef-mediated transcription in Wnt
signaling [49]. Meanwhile, CK1a also participated in the same pathway
and allosteric activation of CKla as an effective mechanism to inhibit

Wht signaling. Wnt signaling increases cytoplasmic levels of p-catenin,
which enters the nucleus and interacts with other factors to activate
a B-catenin-Tcf/Lef-mediated transcriptional program [47]. But high
expression of P-catenin induced abnormal chromosome separation.
Therefore we suppose that CKla might involve in chromosome
alignment through the Wnt signaling pathway. Furthermore, two
homolog chromosomes were connected with each other at metaphase
I, and cohesion together with Rec8 mediated the linkage between
sister chromatid arms in the bivalent chromosomes [50]. Rec8 was
phosphorylated along chromosomes and Sgol-PP2A prevents the
centromeric Rec8 dephosphorylation in meiosis. Once anaphase I is
initiated, phosphorylated Rec8 on the chromosome arms was cleaved
by separase, leading to chromosome separation [51]. Blocking CKla
may cut off the phosphorylation of downstream factors and then
relevant proteins are unable to integrate with chromosome arms or
centromeres. Consequently, chromosome dynamics were affected and
anaphase I failed to proceed. However, constitutively activated Ckla
inhibits the function of the Wnt/p-catenin signaling pathway to affect
the function of securin, which was a key factor in oocyte meiosis and
a target of B-catenin transcriptional activation in colorectal adenomas
[52]. CK1la phosphorylated Ser45 of B-catenin is the priming reaction
of B-catenin proteasomal degradation [53]. And high expression of
B-catenin induced abnormal chromosome separation [52]. Thus,
constitutively activated Ckla might disturb the securin inducing the
PB1 extrusion failure and misalignment chromosome.

Our experimental data suggested that CKla has a pivotal role in
regulating chromosome congression and separation during oocyte
meijotic maturation and early embryo development [33]. However,
a recent study of Qi et al. was inconsistent with our results, which
showed that CK1a, CK168 and CK1¢ were not essential for chromosome
separation, as loss-of-function of CKla, CK18 and CKle either
individually or simultaneously by RNAi or dominant-negative approach
had no effect on homologous chromosome segregation and polar body
extrusion. Furthermore, overexpression of exogenous CKla, CK19
and CKle, both individually and simultaneously, caused little effect
on eitherthe meiosis process, spindle organization or chromosome
alignment. Their report demonstrate that although CKla, CK16 and
CKle were all localized to MTOC:s or spindle poles, they were not the
kinase responsible for Rec8 phosphorylation during mouse oocyte
meiosis, indicating that CK1 was probably not essential for mouse
oocyte meiotic maturation [34]. The contradictory results need further
investigation.

Conclusions

Isoforms of CK1 family have been shown to phosphorylate key
regulatory molecules involved in cell cycle, transcription and translation,
the structure of the cytoskeleton, cell-cell adhesion and receptor-
coupled signal transduction. Respecting this involvement in important
cellular signal transduction pathways, it is reasonable that dysregulation
of CK1 isoforms has been linked to the incidence of inflammatory
and proliferative diseases but also to neurodegenerative disorders. In
this review we are mostly interested in the cell division. CK1 isoforms
play an important role in cell division, both mitosis and meiosis. In
mammals, CK1 regulate the transition from interphase to metaphase
in mitosis. In budding yeast and fission yeast, CK1 phosphorylate Rec8
subunits of cohesin complex and regulate chromosome segregation in
meiosis. However, the functions of CK1 in mammalian oocyte meiosis
remain elusive and more researches are still need.
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