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CHAPTER 1

INTRODUCTION

Casein kinase 1 in the protein kinase superfamily tree

Cell viability requires regulated stimuli-responsive signaling pathways. Internal
signaling pathways are the bases for biological processes necessary for cell viability.
For instance, transitioning between cell-cycle stages or communication from the cell
cortex to the nucleus in response to receptor-ligand signaling are dependent on different
combinations of signaling pathways. Post-translational modifications (PTMs) modulate
protein behavior along a signaling pathway [3-5]. Protein phosphorylation is an example
of a reversible PTM in which the gamma phosphate of ATP is transferred enzymatically
to a protein (Figure 1-1). The consequence of this type of PTM is a local electrostatic
change on the surface of a protein, which can affect protein stability, localization, activity
and protein-protein interactions [4, 6-8]. The importance of protein phosphorylation is
exemplified by a recent report suggesting that nearly three-quarters of the human
proteome is phosphorylated [9]. Deregulated protein phosphorylation can have
detrimental effects on cells, potentially leading to cell death or tumorigenesis [10].

A phosphoryl group can be added to nine different amino acids: serine,
threonine, tyrosine, histidine, lysine, arginine, asparagine, glutamine and cysteine [11].
The first residues discovered to be phosphorylated were serine and threonine, in 1932
and 1952, respectively [12, 13]. Their discovery partly benefitted from the methodology
used to identify phosphorylated residues, which used partial acid hydrolysis. Serine and
threonine are significantly acid stable while tyrosine is less so, and the other nine
residues are not [14]. It took nearly thirty years to isolate phospho-tyrosine, which
partially required a stroke of luck by way of aging buffers [15-17]. The buffers, which
became more acidic, were favorable for separating phospho-serine, phospho-threonine,

and phospho-tyrosine (pSer, pThr, pTyr). When referring to protein phosphorylation, it is
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common to focus on pSer, pThr, pTyr because they have been the most highly
characterized; however, phospho-histidine was discovered in the early 1960s and is
reemerging as an avenue of research. Phospho-histidines (pHis), unlike pSer, pThr,
pTyr, are acid-labile, making them very unlikely to withstand low-pH experimental
conditions [18]. Interest in the prevalence of pHis, and the kinases and phosphatases
responsible for its regulation, has reemerged with the development of an important tool
that has assisted investigations into pSer, pThr, and pTyr: a pHis-specific antibody [19-
21]. This tool has helped identify pHis proteins and some of the kinases responsible for
pHis regulation [11].

Protein kinases are enzymes that catalyze the transfer of phosphate from an
ATP molecule to their substrate (Figure 1-1). The human kinase superfamily of serine,
threonine and tyrosine proteins kinases consists of over 500 members across 13
families, and encompasses 1.7% of the human genome [10]. It is of little surprise that
nearly half of kinases are mapped to disease loci or cancer amplicons [10], and are
major drug targets in combating human disease [22, 23].

Serine, threonine and tyrosine protein kinases share extensive sequence
similarities within their catalytic domains. In fact, sequence conservation among kinases
was used to develop oligonucleotide probes to identify protein kinases from cDNA
libraries expressed in bacteria [24]. The catalytic domain can divided into eleven
conserved subdomains interspersed by regions of low sequence conservation [25].
Subdomain | has a Gly-rich loop (G-X-G-X-X-G), while subdomain Il contains an
invariant lysine (in cAPK-a: Lys72; Figure 1-1), both of which directly participate in
binding and orientating ATP for successful phosphate transfer. [26]. Subdomain VI has
two invariant residues (Aspies and Asni71 in cCAPK-a; Figure 1-1), while subdomain VIi
contains a highly conserved Asp-Phe-Gly triplet (Aspiss-Phe1ss-Glycise in CAPK-a). The
Asp residues in subdomains VI and VIl interact with ATP phosphate groups through
Mg+ salt bridges and function in phosphotransfer from ATP to a substrate. Subdomain
VIII contains a highly conserved Ala-Pro-Glu triplet that assists in catalytic activity by
stabilizing the structure of the kinase domain [27]. In proximity to subdomain VIII and

the catalytic cleft is a conserved threonine important for catalytic activity. This threonine



is present in a loop (Th197 and Thr 161 in cAPK-a and Cdc2, respectively) outside of

the catalytic cleft, and is referred to as the ‘T-loop’ [27]. T-loop phosphorylation

significantly increases kinase activity in vitro and in vivo [28-30].

The eleven domains within the
roughly 300 amino acids that constitute
all Ser/Tthr/Tyr protein kinase catalytic
domains are organized into a canonical
structure consisting of an N-terminal
lobe and a C-terminal lobe. The two
lobes are composed primarily of beta-
strands and alpha-helices, respectively
(Figure 1-2). the catalytic cleft is located
between the N- and C-lobes (Figure 1-
2). Substrate access to the catalytic
cleft is dependent on conformational
changes in protein kinases that may
arise from T-loop phosphorylation,
binding to accessory proteins and
target specificity. Some protein kinases
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Figure 1-1: Phosphate transfer in a kinase reaction.
Bold text refers to important ions and charged resi-
dues in the kinase domain. Charged residues relate
to cAPK-a as an example. a, B, and y relate to the
position of the phosphate in the ATP molecule.

CAMP for activity, other are activated by calcium and phospholipids; still others by

calcium and calmodulin and many require additional subunits. For example, certain

cyclin-dependent kinases require a transiently available subunit (a cyclin) for activity at

specific times during the cell cycle.

Sequence variations in Subdomains VI and VIl are important for determining the

amino acid specificity of protein kinases. For serine/threonine kinases, a commonly

found sequence between the invariant Asp and Asn residues in subdomain VI is Asp-

Leu-Lys-Pro-Flu-Asn. This is in contrast to tyrosine kinases, which commonly have Asp-

Leu-Arg-Ala-Ala-Asn or Asp-Leu-Ala-Ala-Arg-Asn. The amino-terminal side of

Subdomain VIII has a conserved sequence in tyrosine kinases that is Pro-lle/Val-



Lys/Arg-Trp-Thr/Met-Ala-Pro-Glu. This region is less conserved for serine/threonine
kinases, but is often Gly-Thr-Ser-X-X-Try/Phe-X-Ala-Pro-Glu. These sequence
preferences support conformations for transferring phosphate onto the appropriate side-
chain residue.

As the number of identified and sequenced protein kinases increased, new
sequence similarities emerged. Based on increased similarities, protein kinases are
clustered into eight families [25, 31]. The topic of my dissertation work is a subset of the
serine/threonine casein kinase 1 (CK1) family. CK1 enzymes were first identified based
on their ability to phosphorylate the negatively charged substrate, casein, in vitro [32].
CK1 family members have a preference for substrates that contain a pre-
phosphorylated or a cluster of negatively charged residues in the -3 position of the
target serine or threonine [33, 34]. However, this preference is by no means absolute
and there are examples of CK1 phosphorylating substrates that have not been primed
or vary from the canonical motif, such as phosphorylation by CK156 of p53 on Ser20 [35-
37]. The only other large family of kinases that shares a preference for negatively
charged substrates was named CK2. [38, 39]. However, CK1 and CK2 protein kinases
form distinct families within the kinase superfamily and have limited sequence identity,
significant structural differences, and non-overlapping substrates and functions.

The catalytic domain of CK1 enzymes is at their N-terminus; they all have a C-
terminal tail extending from the catalytic domain that is predicted to be unstructured
[25]. Only CK1 catalytic domain structures have been determined. The majority of the
crystal structures are in complex with newly designed small molecules [40-46].

_ CK18 Figure 1-2: Crystal structure of
CK16 (amino acids 1-294) kinase
domain. PDB ID number 5IH4
was used to visualize structure in
Pymol. S-I-N residues in the C-
lobe are in magenta. Residues
corresponding to first anion
binding site, Glyc215, Arg178,
and Lys224, are in green.
Residues corresponding to the
second anion binding site,
Argl57, His162, and Lys263, are
in yellow.

Catalytic
cleft

N-lobe

C-lobe

Front view Side view



However, there are two apo enzyme structures, one each of the mammalian CK10 and
CK1¢ proteins [46-48].

The crystal structure of a truncated mammalian CK1 family member, CK15
(amino acids 1-317), provided information about the kinase domain and C-terminal
extension of CK1 enzymes. CK1d was crystalized in the presence and absence of a
phosphate analog, tungstate. The CK1d structure was solved by using the structure of
the Schizosaccharomyces pombe (S. pombe) CK1 family member Cki1A298 as a
search model [45, 48]. The resolved structures revealed four interesting characteristics
about CK1 enzymes. First, the last 18 amino acids (aa 299-317) are unstructured. This
led to the hypothesis that the entire C-terminus is unstructured, making it difficult to
crystallize the full-length protein. Second, the substrate binding loop (amino acids 217-
223) had poor electron density, suggesting it is a dynamic, flexible loop. The dynamic
nature of this loop is of particular interest because it suggests the loop can take several
conformations. If true, then the flexible loop could have an effect on kinase activity
towards substrates. Third, there was high occupancy of a tungstate anion near the
kinase active site, creating hydrogen bond interactions with Gly215, Arg178 and Lys224
(Figure 1-2, green residues). Importantly, a similar anion binding site was identified in
the Cki1A298 structure, suggesting the hydrogen bond is a common feature among
CK1 family members [45]. This led to the hypothesis that the anion binding site relates
to CK1’s substrate recognition motif. Lastly, a secondary tungstate-binding site was
identified, but with a lower occupancy rate. The secondary binding site interacts with
Argl57, His162, and Lys263 (Figure 1-2, yellow residues) [48]. These sites are
conserved among CK1 family members and are on the opposite side to the active site
of the kinase. The presence of a tungstate ion in this location suggests that a
phosphorylated residue binds to the back of the kinase domain. If true, this would also
suggest that phosphate binding to the back of the kinase domain occurs in a more
dynamic manner than the phosphate-binding at the substrate binding region. The two
anion binding sites may represent important regulatory regions in the kinase domain of
CK1.



A characteristic of CK1 enzymes that distinguish them from other protein kinase
is the presence of a Ser-lle/Val-Asn triplet in place of the canonical Asp-Pro-Glu
sequence in subdomain VIII (Figure 1-2, magenta residues). The CK1 triplet exhibits the
same conformation as the canonical triplet; however, with increased stability because of
a hydrogen bond formed between the asparagine of the triplet and Arg198 and Asp199
[45]. This feature of the C-lobe was consistent among the many structures of CK1
enzymes that exist, whether bound or unbound to small molecules or substrates [40-
46]. Whether or why there is a benefit to increased stability is unclear.

CK1 enzymes are active when produced in bacteria. Thus, they do not require
additional subunits, or activation by small molecules or post-translational modifications.
Unlike many kinases including cyclin-dependent kinase 2, CK1 does not require T-loop
phosphorylation to become activated [27]. Taken together, these characteristics of CK1
have led to a popular idea that CK1 enzymes are constitutively active, if a primed
substrate is available [49-51]. However, over the decades since their initial discovery,
PTMs of CK1’s non-catalytic C-terminal tail have emerged as regulators of CK1 activity.

The C-terminal domains of CK1 enzymes vary in length from 65-123 amino acids
and sequence composition [52]. The C-terminal tail offers functional variability to family
members through multiple mechanisms. First, sequence variability in the C-terminus
differentiates between soluble (CK1a, CK16, CK1¢) and membrane-bound (CK1y1-3)
family members, and thus a way to determine their general localization patterns. The
membrane-bound family members contain a prenylation motif in their C-terminus that is
responsible for sequestering them to membranes [53-56]. Whether the C-terminus also
influences the localization of soluble family members is an area of current investigation.

The C-termini of soluble CK1 enzymes are highly phosphorylated. The
phosphorylation state of the tail was observed by comparing mock and phosphatase-
treated full length protein with a C-terminal truncation [57, 58]. The difference in mobility
shift on a polyacrylamide gel between untreated and phosphatase-treated recombinant
protein is significantly less for C-terminal truncation mutants than for the full-length
protein [57]. Further, phosphatase inhibitor treatment of cell lysates results in reduced

mobility of soluble CK1 enzymes on polyacrylamide gels, indicating an increased



phosphorylation in cells [59]. This affect was not observed when the CK1 enzyme was
mutated to inactivate the kinase, suggesting a cycle of in vivo autophosphorylation
followed by phosphatase-dependent dephosphorylation [59]. In addition to auto-
phosphorylation, the C-terminal tails are hypothesized to be phosphorylated by other
kinases [57-59], offering another potential layer of regulation.

C-terminal phosphorylation inhibits CK1 kinase activity. The kinase domain
alone, as well as full-length protein pre-treated with phosphatase, are more active
towards in vitro substrates than their phosphorylated counterparts [57-61]. Further,
partial proteolysis of the full-length enzyme that results in a loss of the C-terminal tail
increases CK1’s activity similar to phosphatase treatment. The similarity in activity
between the two types of CK1 truncations suggests that there is a physical association
between the phosphorylated C-terminal domain and the catalytic domain [60]. The
second anion binding site observed in the CK1d structure may pertain to binding a
phosphorylated tail. Altogether, these studies led to a model in which a phosphorylated
C-terminal tail binds to the kinase domain and blocks substrates from entering the
active site, thus inhibiting CK1 activity [60]. Although this model has never been directly
tested, it does stand in contrast to the view that CK1 is constitutively active. Further
investigations are necessary to determine how activity of these enzymes are regulated
in different biological contexts.

The focus of my thesis project has been to evaluate the binding partners and
substrates of two of the three soluble mammalian CK1 enzymes, CK16 and CK1g, with
a goal of determining whether they function in cell division. CK16 and CK1¢ have 98%
identity in their kinase domain and 53% sequence identity in their C-terminus, making
them the most closely related CK1 family members. In the next section of my
introduction, | will describe what is known about the functional orthologs of CK16 and
CK1e in the yeasts, Saccharomyces cerevisiae (S. cerevisiae) and S. pombe, that
served as impetus for my studies and informed my approaches. This will be followed by
a section introducing CK16 and CK1g, highlighting similarities and differences to their

yeast orthologs.



S. cerevisiae Hrr25

Hrr25 (HO and radiation repair 25) is the single soluble S. cerevisiae CK1
enzyme. Hrr25 is considered to be a functional ortholog of CK1d and CK1¢e because its
function can be compensated by the expression of human CK1g, but not CK1a [62]. The
hrr25-1 mutant, which contains a transposon in the middle of the open reading frame of
hrr25, was identified in a screen for mutants sensitive to X-rays [63], and subsequently
to expression of an endonuclease or exposure to radiomimetic alkylating agents. The
hrr25-1 mutant strain exhibited a growth defect, were enlarged, and contained a
primarily 2N DNA content suggesting a delay in passing through Gz- and M-phases of
the cell cycle [63, 64]. A hrr25A mutant strain exhibited the same phenotypes as hrr25-
1. These phenotypes could only be rescued an active Hrr25 enzyme [63].

There is limited information on why Hrr25 deficient cells are sensitive to DNA
damage. However, there is evidence that Hrr25 positively affects transcriptional
regulation of genes involved in DNA damage repair and its nuclear localization has
Hrr25 in the right location to participate in transcriptional control. Hrr25 and the
transcriptional co-activator Swi6é co-immunoprecipitate, and Hrr25 phosphorylates Swi6
in vitro. [65]. Swi6 forms two separate complexes. A complex with Swi4 activates
transcription of genes necessary for transitioning from Gi-phase to S-phase. A different
complex is formed with Mbp1 to transcribe proteins involved in DNA replication and
DNA-damage repair [66, 67]. swi6A mutants are sensitive to DNA-damaging agents to a
similar degree as hrr25A mutants. Additionally, both mutants (swi6A and hrr25A) have
reduced gene expression of the small subunit of ribosome reductase (RNR) 2 & 3 [65].
Positively affecting RNR2 & 3 protein levels is consistent with a role DNA-damage
repair because RNR2 & 3 expression increases upon activation of the DNA-damage
checkpoint [68, 69]. Oddly, loss of Swi4, but not Mbp1, reduces RNR transcription [65],
which is inconsistent with the reported roles of these Swi6-partners on gene expression.
Further, overexpression of Swi4 rescued the reduced expression of RNR2 & 3
associated with loss of Hrr25 or Swi6. These results suggest a mechanism in which
Swi6 phosphorylation by Hrr25 acts upstream of the Swi6/Swi4 transcriptional
regulation of RNR genes. Whether Swi6 phosphorylation by Hrr25 affects Swi6/Swi4



complex formation and function remains to be determined. It seems unlikely that Swi6 is
the only substrate of Hrr25 involved in DNA damage repair. It is also unclear if the
functional relationship between Hrr25 and Swi6 directly or indirectly mediates DNA-
damage repair. One possibility is that that Hrr25 phosphorylates Swi6 to mediate
chromosome remodeling, allowing the DNA-damage-repair machinery to function
properly. A more comprehensive study searching for Hrr25 substrates after treatment
with DNA damaging agents would be informative in establishing its mode(s) of action in
DNA metabolism.

A second function of Hrr25 is in the control of protein trafficking at various
different locations. First, Hrr25 phosphorylates the vesicle-coat protein COPII at sites of
macroautophagy [70], which depends on Hrr25’s interaction with the Rab1 ortholog
Yptl. Second, Hrr25 localizes to the Golgi apparatus, where it co-localizes with early
(Vrg4) and late (Sec7) Golgi markers to promote vesicle trafficking [71]. Hrr25 affects
ER-to-Golgi vesicle trafficking by phosphorylating the coat protein Sec23p at the Golgi,
ultimately promoting membrane fusion [71]. Lastly, Hrr25 is one of the initial proteins
recruited to sites of clathrin-dependent endocytosis (CME) [72]. Hrr25 helps initiate
endocytosis through its interaction with and phosphorylation of Edel, the same protein
that is partially responsible for Hrr25’s localization to the site of cell division [72, 73]. The
loss of Edel phosphorylation by Hrr25 results in a decrease in endocytic sites. Several
other proteins involved throughout the many steps of endocytosis were tested in vitro to
see if they also could be phosphorylated by Hrr25 and may be additional in vivo
substrates [72]. Indeed, the broad localization pattern of Hrr25 across several classes of
vesicles provides it the opportunity to affect trafficking at multiple points of protein
trafficking.

Hrr25 localizes to two mitotic signaling platforms, the cell division site and the
spindle pole body (SPB), which is the yeast equivalent of the mammalian centrosome.
The division site is where an acto-myosin-based cytokinetic ring is formed for the
purpose of physically divide the cell after chromosome segregation is complete.

Localization of Hrr25 to the site of cell division requires synergy between Edel and



Cyk3, a mediator of cytokinesis [74-79]. What Hrr25 does at the cell division site is
currently unknown.

Similar to other protein kinases involved in coordinating chromosome
segregation and cytokinesis, Hrr25 localizes to the SPB. (Figure 1-2) [73, 80]. The SPB
is a platform for the formation of the mitotic spindle, which is nucleated by the y-tubulin
ring complex (y-TURC). The S. cerevisiae y-TURC consists of fewer subunits than in
higher eukaryotes, just two molecules of y-tubulin and two y-tubulin complex proteins
(Spc97 and 98), and is termed the y-tubulin small complex (y-TuSC) [81, 82]. The y-
TuSC is composed of the S. cerevisiae y-tubulin, Tub4, and two accessory proteins,
Spc97 and Spc98. SPB localization of Spc97 and Spc98 is dependent on Tub4 [82]. At
the SPB, Hrr25 interacts with and phosphorylates the Tub4 [73] on five residues
localized on the interface of two y-tubulin molecules. Mutating the five Hrr25-dependent
phosphosites to alanine or phenylalanine (Tub4-5AP) led to loss of Spc97 and 98 from
the SPB. Further, the tub4-5AP mutant displayed elongated and fragmented mitotic
spindles [73]. Thus, CK1-mediated phosphorylation is key to Tub4 function in
microtubule nucleation. Again, a comprehensive analysis of Hrr25 substrates via
phosphoproteomics may reveal additional important targets of this enzyme in SPB-
organized processes.

Hrr25 also plays important roles in meiosis [63, 64, 83, 84]. Meiosis is
characterized by two rounds of chromosomal segregation and cytokinesis after a single
round of DNA duplication. In meiosis 1, homologous chromosomes are segregated

while the sister chromatids remain together, and in meiosis 2, sister chromatids are then

S. cerevisiae S. pombe Mammals separated. Accurate meiosis
Soluble CK1: Hrr25 Hhp1 CK1 .
Locaohzl.:uo?mensny i Hh ;“2 CK1g I reqUIres that the
. CK1e .
Low High centromeres of both sister
— Microtubules chromatids be directed
o
sl / ol towards a single pole, as
membrane
. ol opposed to being bi-oriented
centrosome
Nucleolus as in meiosis Il. Mono-

Figure 1-3: Localization pattern of soluble CK1 enzymes in S. orientation is achieved by

cerevisiae, S. pombe, and mammals.
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the monopolin complex (Mam1, Csm11 and Lrs4) that localizes to centromeres in
meiosis | [85, 86]. Sister chromatids are also held together or “cohesed” by the cohesion
complex, composed of Smcl, Smc3 and Rec8 subunits during meiosis. Cohesin is
removed along chromosome arms in meiosis 1 and at the centromere in meiosis I,
which is what allows the different forms of chromosomal segregation between the two
meiotic stages. Removal of cohesion involves Rec8 proteolyis.

Hrr25 has several functions in yeast meiosis and hrr25 mutants fail at monopolar
fusion, accurate chromosome segregation in meiosis Il, and a failure to produce a spore
membrane. First, Hrr25 appears to be a fourth integral component of the monopolin
complex at centromeres in meiosis |. The N-lobe of the kinase is responsible for its
association with Mam1, and is necessary for its localization to the centromere. Mam1
phosphorylation by Hrr25 promotes monopolar orientation of centromeres [64]. It is
currently unknown if Hrr25 has other substrates located at the centromere in meiosis I.

Second, Hrr25, in coordination with Dbf4-dependent Cdc7 kinase,
phosphorylates Rec8 along chromosome arms, promoting its cleavage during meiosis |
[87]. Rec8 is also present at the centromere, but is protected from degradation by the
shugoshin (Sgo)-protein phosphatase 2A (PP2A) complex [88] that counteracts Hrr25
activity towards Rec8. But whether it has additional substrates at the centromere is not
known. Hrr25 appears diffuse across chromosomes, which is consistent with its role in
Rec8 phosphorylation along chromosome arms [87].

Hrr25 also functions at the centromere during meiosis Il where its
phosphorylation of Rec8 is required for Rec8’s proteolysis by separase. Before
separase can cleaves e Rec8, it must be activated by the APCcdc20.This event promotes
sister chromatid separation. Failure to accomplish this goal explains why hrr25 mutant
cells fail at this step of meiosis. Failure in meiosis Il is hypothesized to cause failure of
pro-spore membrane formation, resulting in loss of spore formation [64].

S. pombe Hhpl and Hhp2

The S. pombe orthologs of Hrr25 (Hhpl and Hhp2) were discovered on the basis

of their sequence similarity to Hrr25 [89]. They were then each shown to rescue the

growth defect and sensitivity to DNA-damaging agents of hrr25A cells, suggesting they
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too are involved in DNA-damage repair [89]. Cell length phenotypes associated with
loss of Hhpl and Hhp2 are an indicator a role in DNA damage repair. S. pombe Cell
length is an indicator of cell cycle staging. Cells increase in length during G2, reaching a
length of ~12 um [90]. Cells that affect entry into mitosis can stall in G2, resulting in
elongated cells. For example, conditional depletion of Cdc25A, a positive mediator of
Cdk1 activation, and thus mitotic entry, results in severely elongated cells[91] .

hhplA mutant cells are elongated, and hhp2A are indistinguishable in length
from wild-type. However, the double deletion mutant, hhp1A hhp2A, is more elongated
than hhp1A, suggesting Hhp2 does contribute to the length phenotype and can perform
some of the functions of Hhpl. hhp1A hhp2A cells are very slow growing, reminiscent of
hhr25A, and are also temperature-sensitive [89]. Taken together, this indicates that
Hhpl and Hhp2 share largely overlapping, although not identical functions [89].

Hhp1/2 localization to the nucleus provides them with the opportunity to affect
DNA-damage repair pathways. Hhp1/2 function redundantly in DNA damage repair
resulting from UV and y-ray exposure [89]. However, Hhp1/2 appear to have different
responses to methylmethanosulfonate (MMS) treatment. hhp 1A mutants, but not
hhp2A, were sensitive to MMS, suggesting a role for Hhpl in excision or recombination
repair pathways. Furthermore, Hhp1/2 over-expression complement mutants that affect
DNA repair and S-phase completion [92, 93]. Beyond the discovery and initial
characterization of Hhp1/2, there have been no further publications directly investigating
their role in DNA repair. Determining Hhp1/2 substrates in the process of DNA repair
would advance our understanding of the similarities and differences between the
enzymatic activity of these proteins.

Hhpl and Hhp2 are enriched at the SPB [35, 61] where they directly interact with
a SPB scaffolding protein, Ppc89, through a basic patch in the C-terminal lobe of their
kinase domains (Figure 1-4) [61]. AT the SPB, these enzymes modulate the onset of
cytokinesis, keeping this process coordinated with chromosome segregation.

In S. pombe, cytokinesis is triggered by the septation initiation network (SIN).
The PIk1 ortholog, Plol, is responsible for activation of SIN signaling [94]. Upon entry

into mitosis, PIk1 is recruited to SPBs and binds Sid4, one of the two major scaffolding
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proteins of the SIN [95]. Their interaction sets off a kinase cascade that leads to
communication between the SPB and cytokinetic ring to coordinate chromosome
segregation and cytokinesis. In the presence of a mitotic arrest resulting from
depolymerization of the microtubule cytoskeleton, S. pombe deploy two parallel
checkpoints. The spindle-assembly checkpoint, which monitors the attachment between
chromosomes and microtubules, is mediated by the E3 ubiquitin ligase APC/C [96-101].
The second checkpoint consists of inactivation of the SIN by an E3 ubiquitin ligase
Dmal [102, 103]. Under microtubule stress, Dmal is recruited to the SPB, where it
ubiquitinates Sid4, which blocks Sid4-dependent recruitment of PIk1 [35, 95]. Sid4
phosphorylation is necessary for its interaction with Dmal. Hhp1/2 are responsible for
initiating Dmal recruitment by phosphorylating Sid4 on S275 and T278 [35]. Binding
between Ppc89 and Hhp1/2 at the SPB places Hhp1/2 in proximity to Sid4, allowing for
SIN signaling at the onset of microtubule stress. Failure to recruit Hhp1/2 to SPBs
through the use of Ppc89-binding mutants results in failure to inhibit the [61].

It is unclear what drives Hhp1/2 localization to the nucleus and division site.
Additionally, Hhp2 localizes to cell tips [61, 88]. Similar to the EImore et. al. study,
sequence and structural comparisons between Hhp2 and the membrane-localized CK1
family member Cki2 may shed light on surface residues responsible for their localization
pattern. Loss of the palmitoylation sequence in Cki2 results in a strikingly similar

localization pattern to Hhp2 [61]. The biggest difference in Cki2 being no SPB

Hhp1 Figure 1-4: Basic
, 2O patches in the C-lobe of
o catalytic 7 ‘ A, Hhpl are critical for SPB
= cleft e 3 \;: localization. Homology
X3 g "aat model of Hhp1 catalytic
) / )\ domain generated from

7 ol 4 I Phyrez software and
&/ ' fl} A/ AR visualized with
¢ MacPymol. Residues
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Y localization are in blue.
Adapted from Elmore et.

“NR272 K273 al. MBoC (2018).

localization. Therefore, there must exist one or more patches in the kinase domain of

CK1 family members that are responsible for their nuclear and tip localization.
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Hhp1/2 are functionally similar to Hrr25 in meiosis. Both enzymes are involved in
phosphorylating Rec8 for the purpose of targeting it to be cleaved by separase [88].
Similar to their role in DNA-damage repair, Hhpl and Hhp2 have varying abilities to
phosphorylate Rec8 and rescue Rec8-dependent growth retardation. Importantly,
targeted over-expression of Hhp2 to centromeres results in Rec8 cleavage, even in the
presence of Sgo-PP2A [88]. The data suggests that the balance between Hhp1/2 and
Sgo-PP2A protein levels mediates Rec8 phosphorylation, and thus whether it is target
for cleavage. Hhp1/2 have similar localization patterns in meiosis, although Hhpl

appears to have a more pronounced cytoplasmic localization than Hhp2 [88].

)

Figure 1-5: Cartoon representation of Hhp1/2 function in mitotic checkpoint signaling. Microtubule
stress results in Hhpl/2 phosphorylation of Sid4, leading to Dmal recruitment and ubiquitination of
Sid4. Plol localization to the SPB is inhibited.

Mammalian CK13 and CK1e

The closely related CK18 and CK1¢ were first discovered from different tissues.
The sequence of CK19, along with CK1a, CK1y and the bovin-specific isoform CK1[,
were first isolated from cDNA purified from bovine brain samples [104], and the 49 kDa
protein was subsequently purified from rat testis [32]. Two years later, a human
placental cDNA library was used to purify and characterize CK1¢ [105]. Like S. pombe
Hhp1/2, CK16 and CK1¢ (hereafter referred to as CK18/¢€) but not the third soluble CK1
isoform, CK1q, rescue the growth defects of hrr25A cells, indicating that they are the

Kinase domain Figure 1-6. Casein functional orthologs of
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degree of targeting specificity towards CK1d/e have an anti-proliferative effect on tissue
cultured cells [106]. Further, CK1d deletion in mice results in organismal death in the
perinatal period of development [107]. CK1d/e share the majority of their substrates
and interacting partners [108-111], which led to a hypothesis that they largely play
redundant functions. Similar to their yeast orthologs, CK1&/¢ function in a variety of
cellular processes, such as DNA-damage repair, ribosome biogenesis and cell cycle
control [83, 112-115]. Further, CK1&/¢ function in tissue development pathways, such
as Wnt and HIPPO signaling.

Like Hrr25, CK1&/¢ function in multiple signaling networks that impact gene
transcription [49, 107, 111, 116, 117]. There are at least three pathways in which
CK18/¢ function. First, CK18/¢ coordinates with GSK3 to phosphorylate the
transcriptional coactivator YAP, which activates the HIPPO pathway [111]. Second,
CK1d&/e have multiple functions in the canonical Wnt pathway. In the absence of Wnt
ligand, cytoplasmic 3-catenin protein levels are kept low through association with a
degradation complex. The complex consists of axin, adenomatous polyposis coli
(APC), and the enzymes GSK3[ and protein phosphatase 2A (PP2A). Phosphorylated
B-catenin is recognized by the F-box protein B-TrCP, which ubiquitinates 3-catenin,
resulting in its degradation. These events are also mediated by axin and APC
phosphorylation. In a simplified Wnt signaling model, extracellular Wnt ligand binds to a
receptor complex composed of Frizzled (Fz), disheveled (Dvl) and lipoprotein receptor-
related protein 5/6 (LRP5/6). Receptor-ligand binding results in its interaction with axin,
thus relieving B-catenin from its association with the degradation complex. Intracellular
levels of B-catenin are then stabilized, resulting in its cytoplasmic accumulation and
nuclear import. Once in the nucleus, B-catenin associates with the TCF family of
transcription factors, promoting expression of Wnt target genes [118]. Wnt signaling
functions in embryonic development to establish cell polarity, dorsal axis formation, and
tissue patterning [118-120].

CK1 family members have both positive and negative roles in Wnt signaling. In
neurites, the centrosomal localization of CK16 promotes Wnt3A-dependent neurite

development [121], which is predicted to be dependent on phosphorylation of Dvl-2/3.
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However, although CK18/¢ are known to activates the Wnt pathway through
phosphorylation of Dvl [122, 123], DvlI-2/3 phosphorylation at the centrosome has not
been demonstrated. Increased expression of CK1¢ and Dvl has a synergistic effect on
axis duplication and expression of Wnt-activated genes in Xenopus embryos [116,
124]. CK1d/e are also believed to negatively regulate the pathway through
phosphorylation of axin and -catenin [125]; The exact roles of each of CK1d/¢ is not
clearly understood due to overlapping substrates and the presence of multiple
substrates within a given cellular process.

CK1d/e-dependent regulation of circadian rhythm is a third example of a role for
these enzymes in transcription control. At the core of the circadian rhythm pathway are
the transcriptional co-activators, CLOCK and BMAL1 [126]. CLOCK and BMAL1 form a
heterodimer to bind DNA promotor regions and start transcription of a family of genes
that include their regulators, Period (Perl-3) and Cryptochrome (Cryl and Cry?2).
Increased transcription and subsequent translation leads to an accumulation of these
proteins in the cytoplasm, formation of heterodimers, and their association with CK16/¢
[127-130]. CK1d/e-dependent phosphorylation promotes Per/Cry nuclear entry and
cytoplasmic degradation, with the majority of the phosphosites present on the Per
protein [117, 131-134]. Nuclear entry of Per/Cry results in their association with
CLOCK/BMAL1 and repression of CLOCK/BMAL1-dependent gene expression [126,
135]. This results in the reduction of Per and Cry gene expression; thus, Per and Cry
negatively regulate their own expression. The period length of a circadian rhythm
depends on the duration of transcriptional and translational production of Per and Cry
genes, and their negative feedback of CLOCK/BMALL1 activity. CK18/¢ activity
establishes period length of the circadian clock by mediating the timing of nuclear entry
and degradation of Per and Cry proteins [107, 133]. Interestingly, the Tau mutation in
CK1¢ (R178C), loss of function mutation in CK18 (T44A), or the loss of a single
phosphosite in Per2 (S226G) results in reduced period length [136-139]. This is in
contrast to targeted inactivation of CK1&/¢ or loss of the enzymes in mice, which results
in an increase in the period length [107, 140-142]. These differences may be due to

effects of inhibiting one CK1 enzyme versus both. Further, Per protein is more heavily
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phosphorylated than its partner, Cry, suggesting a greater degree of complexity in
phosphoregulation. The functional consequence of Per2 phosphorylation by CK18/€ has
most closely been studied, where it CK1d/e are known to target multiple residues.

The precise mechanism of CK18/e in multisite phosphorylation of Per2 has only
recently been elucidated. CK182, the shorter transcript of CSNK1D, and CK1¢ are more
efficient at priming Per2 for sequential, multi-site phosphorylation than CK181 [143].
This is of particular importance because, aside from this most recent study, there is
limited information on the differences between CSNK1D splice variants. Future work
investigating the functional differences between CK1861, CK162 and CK1¢ in the
circadian clock would be beneficial to our understanding of the CK1 family. Similar to
their role in Wnt signaling, it is unclear whether CK18/¢ localization, beyond the
cytoplasm and nucleus, is important for its role in circadian rhythm control.

Although the roles of CK18/¢ are best understood in the context of circadian
rhythm and Wnt signaling, they are likely underappreciated or overlooked in other
cellular contexts. For instance, CK18/¢ localize to the acentriolar spindle pole and
meiotic spindle in meiosis [144]. While CK1¢ appears to associate with the meiotic
spindle throughout the process, CK1® concentrates on the meiotic spindle only during
meiosis I, suggesting their localization is differentially regulated in meiosis. Their
localization to spindles in meiosis may be a general characteristic of CK1&/¢, given that
CK19 localizes to the mitotic spindle in somatic cells [145] and CK1¢ localizes to
kinetochore microtubules in prophase of mitosis [146], and both enzymes localize to
the centrosome throughout the cell cycle. Their presence at meiotic and mitotic
spindles and spindle-poles may signify a general function in microtubule or cytoskeletal
dynamics, as well as their functional importance in cell cycle control.

CK1d&/¢ function in cell-cycle regulation by controlling entry into mitosis [114].
Mitotic entry depends on a shift in balance of Cdk1 phosphorylation. Prior to G2/M, Cdk1
is phosphorylated and thus deactivated by Weel kinase. Mitotic entry requires
deactivation of the Cdk1 negative regulator Weel[147-150]. Weel deactivation allows
Cdc25 phosphatase to alleviate the inhibitory phosphorylation on Cdk1, while cyclin-
activating kinase (CAK) phosphorylates and activates Cdk1 [151]. CK1d promotes
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Weel degradation at the G2/M transition through direct phosphorylation of Weel [114].
CK1g, on the other hand, affects entry into mitosis by promoting Cdk1 activation through
phosphorylation of its positive regulator, Cdc25A. Because of these reported roles in
mitotic entry, approaching investigations of CK18/¢ function in mitosis with protein
degradation is not ideal. These investigations were performed with the use of small
molecular inhibitors that target CK18/e and, therefore, it is unknown if both enzymes are
able to phosphorylate Weel and Cdc25A. Instead, it would be better to start by
determining and validating CK1&/¢ substrate phosphosites. This would be followed up
by determining the importance of phosphorylation on the substrates’ function, if one is
known.
Summary

Because important cell-cycle proteins localize to and function at the centrosome
[152-159], | hypothesized that the centrosomal localization of CK1&/¢ positioned them to
have a significant role in cell-cycle signaling. The absence of tools to directly visualize
CK1 enzymes in vivo, along with the development of CRISPR/Cas9 gene editing,
motivated me to produce gene-edited cell lines to visualize endogenous CK1&/e. The
construction of these lines, their characterization, and their use in identifying CK1&/¢
binding partners are described in Chapter II. In chapter Ill, | describe my efforts to
identify CK18/¢ substrates that relate to the localization of CK18/¢ to centrosomes.
Chapter IV describes future investigative routes that could be taken to understand each

data-set (interactors and substrates) individually and in relation to each other.
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Chapter 2

CRISPR-mediated gene targeting of CK18/¢ leads to enhanced understanding of their
role in endocytosis via phosphoregulation of GAPVD1

(Guillen, RX, Beckley, JR, Chen, JS, and Gould KL. (2020). Sci Rep. 2020 Apr 22;
10(1):6797. doi 10.1038/s41598-020-63669-2)

Introduction

The casein kinase 1 (CK1) family of serine/threonine protein kinases is
evolutionarily conserved from yeast to human [160]. Characterized by a conserved
catalytic domain, CK1 enzymes vary in the length and sequence of their non-catalytic C-
termini [161]. CK1s typically recognize substrates with acidic motifs N-terminal to
phosphorylation sites and tend to generate clusters of consecutive phosphoserines on
their substrates [162].

Seven CK1 family members exist in humans (a, a2, 9, €, y1-3). CKla, CK1a2,
CK16 and CKl1g are soluble, while CK1y1-3 attach to cell membranes via C-terminal
prenylation [53, 54, 163, 164]. Though the four soluble CK1s are highly related, CK16
and CK1¢ (hereafter referred to as CK1d/€) have the greatest degree of sequence
identity within their kinase domains, function in similar biological pathways, and share
interacting partners and substrates [108-110, 111 , 128, 146, 160, 165]. In particular,
CK18/e have well-characterized functions in circadian rhythm, ribosome biogenesis, and
are involved in endocytosis [72, 83, 131, 160, 166]. However, the full complement of
CK1d/e-interacting partners, substrates, and functions is still unknown.

In this study, we used CRISPR/Cas9 technology to individually tag CK16 and
CK1¢ at their endogenous loci, allowing us to visualize their localization at endogenous
protein levels, purify them, and identify associated proteins. Mass spectrometry (MS)
analysis identified 181 interacting proteins, the vast majority of which co-purified with
both enzymes. GAPVD1, a guanine nucleotide exchange factor (GEF) that is involved in
endocytosis [167], was one of the most prevalent interacting partners. GAPVD1

contains a GAP-like domain and a GEF domain at its N- and C-termini, respectively,
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that are separated by a predicted intrinsically disordered region (IDR). GAPVDL1 is
reported to function in insulin-stimulated glucose intake by acting as a GAP towards two
small GTPases, TC10 [168] and Ras [167], and as a GEF towards Rab5A and Rab31
[168-170]. Disruption of the Caenorhabditis elegans GAPVD1 ortholog, RME-6, reduced
the internalization of bovine serum albumin, while also reducing the volume of vesicles
containing Rab5 [171]. Furthermore, knock-down of GAPVD1 from HelLa cells results in
reduced internalization of transferrin (Tfn) and epidermal growth factor receptor (EGFR)
[172], and the loss of the Drosophila ortholog of GAPVD1 results in decreased FITC-
albumin intake in nephrocytes.[173]. Similar defects in nephrotic function were found in
humans with homozygous GAPVD1 mutations [173]. An association between GAPVD1
and CK1&/e was identified previously, also through affinity purifications and MS analysis
[128, 146], but the functional relevance of this interaction has not been previously
reported.

Here, we demonstrate that GAPVDL1 is not only associated with CK1d/¢ but is
also a very good substrate, containing ~38 CK1 phosphosites within its IDR. Eliminating
these phosphorylation sites inhibits GAVD1’s endocytic function while a
phosphomimetic version of GAPVD1 functions normally. Thus, our results indicate that
one way in which CK16/e modulates endocytosis is through phosphoregulation of
GAPVDL1.

Results
Characterization of CK16/¢ gene-edited HEK293 cells

We used a single round of CRISPR/Cas9-mediated gene editing to individually
tag endogenous CK16 and CK1¢ with the multifunctional Venus-MAP (VM) that contains
a Flag-streptavidin-Hiss insert into a loop of the Venus protein [174] or mNeonGreen
(mNG) [175] in HEK293 cells (Figure 2-1A, B). CSNK1E encodes a single CK1¢
isoform, while CSNK1D encodes two CK10 isoforms that differ in their C-terminus due
to differential splicing [146]. The longer CK156 form was tagged. In both cases,
sequences encoding the tags were placed between the final coding exon and 3’ UTR
(Figure 2-1A). We verified that all alleles in the selected clones had been modified to
produce CK186-VM, CK1e-VM, CK18-mNG, or CK1e-mNG by PCR amplifications of
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1000 base-pair regions flanking the insert sites of VM or mNG (Figure 2-1B). Using
antibodies that recognize CK16 or CK1¢, we confirmed that the desired tagging had
occurred by immunoblotting whole cell lysates (Figure 2-1C).
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Figure 2-2. Intracellular localization of endogenous CK15-mNG and CK1e-mNG. (A-C) Representative
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(D) Representative single z-sections of live-cell images of HEK293 CK16-mNG and CK1e-mNG cells.
Yellow arrows indicate examples of vesicle-like structures Scale bars, 10 um.

Because deletion of mouse CSNK1D results in embryonic lethality [107, 166], we

examined whether tagging CK10 or CK1¢ impaired cell proliferation. We found that

there was no change in the rate of cell proliferation of homozygous CK18vmvm,
CK1evmivm, CK18dmNG/mNG, or CK1emne/imng HEK293 cell lines (Figure 2-1D).
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Fixed-cell imaging showed diffuse and punctate localization of both CK16-mNG
and CK1e-mNG in the cytoplasm, and diffuse localization in the nucleus of interphase
cells (Figure 1A). Prominent localization to the centrosome was detected throughout the
cell cycle (Figure 1A-D), similar to previous observations based on overexpression of
the tagged enzymes in a variety of cell lines [61, 121, 146, 176]. In addition, we
detected these enzymes at the site of abscission marked by MKLP1 staining, a location
not previously reported (Figure 1C). By live cell imaging, many of the cytoplasmic
puncta of CK16-mNG and CK1e-mNG (Figure 1A and D) were mobile (Movie S1).
Given the known role of CK18/¢ in endocytosis [72], at least a portion of these moving
puncta are likely to be endocytic vesicles.

Identification of CK1d/¢-interacting partners in HEK293 cells

We used the cell lines producing CK16-VM and CK1¢-VM to identify CK18/e
interacting proteins. CK186-VM and CK1¢-VM (or VM protein alone as a negative control)
were each purified in duplicate from asynchronously growing or mitotic cells, and the
purifications were analyzed by liquid chromatography-tandem mass spectrometry (LC-
MS/MS). Proteins identified in the VM-only sample (Supplementary Table 1A) were
excluded from the list of potential CK1&/¢ interactors. The resulting list of candidate
interactors for each CK1 enzyme was filtered further by considering only those proteins
identified by a minimum of 10 total spectral counts in each purification. Next, a
normalized spectral abundance factor (NSAF) was calculated for each protein [177]
which takes into account the total spectral count and size of each identified protein in
relation to the entire data set. Using these criteria, 181 proteins co-purified with either
CK18 or CK1¢ (Supplementary Table 1B). Interestingly, 118 proteins, including all of the
most abundant proteins, were found in both the CK16-VM and in CK1¢-VM purifications,
indicating that these enzymes have many interacting partners in common
(Supplementary Table 1C). The proteins unique to either enzyme purification were of
low abundance and the majority of these were found in CK19 purifications (51 versus
30) (Supplementary Tables 1D and 1E). Additionally, there was significant overlap
between the identified proteins from asynchronous and mitotic cells that co-purified with
CK18-VM and CK1¢e-VM (Supplementary Table 1B), indicating that the primary

24



interacting partners of CK16 and CK1¢ are consistent throughout the cell cycle, or that
we failed to capture more labile interactions that distinguish CK18/¢ functions at different
cell cycle stages.

As expected from the pleiotropic functions assigned to CK1d/¢ [108, 165, 178],
the proteins associated with CK1&/¢ are involved in an array of biological processes
including protein transport, circadian rhythm, DNA repair, and cell division (Figure 2-3A).
Although the most striking localization of endogenously tagged CK18/e enzymes during
all stages of the cell cycle is to the centrosome (Figure 2-2A, B), centrosomal
scaffolding proteins were not among the most abundant interacting proteins, and we did
not identify the previously reported centrosomal anchor of CK18, AKAP450 [179]. A
significant subset of co-purifying proteins localize to endosomes and the Golgi
apparatus, indicative of the involvement of CK18/¢ in vesicular trafficking (Figure 2-3B)
[72, 172]. Indeed, one of the most abundant CK1&/¢ interacting proteins was GTPase-
containing and VPS9 domain-containing protein 1 (GAPVD1) (Figures 2-3C and 2-3D).
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Figure 2-4: CK1&/¢ interact with GAPVD1 throughout the cell cycle. (A and B) Immunoblots
of the indicated proteins from whole cell lysates (WCL) or immunoprecipitates (IPs) of CK16
(A) or CK1¢ (B) from Hela cell lysates. (C) Immunoblots of the indicated proteins from WCL
(bottom panels) or IPs of CK18/¢ from asynchronously (Asy) growing HelLa cells or HelLa
cells synchronized in S-phase (S), metaphase (M), or Gi-phase (G1). The black arrow and

arrow-head indicate phosphorylated and dephosphorylated CK1d/¢, respectively. pHH3,
phosphohistone H3; a marker of mitotic cells. The red arrow and arrow-head indicate
phosphorylated and dephosphorylated GAPVD1, respectively. (D) Yeast-two-hybrid showing
direct interaction between GAPVD and CK1& and CK1¢ as indicated by growth on -His
plates. (E) Bar graphs show B-galactosidase activity of the indicated bait and prey plasmids
tested for growth in D (represented as ratio to empty bait and prey luminescence intensity).
Each assay was performed in triplicate. **** p<0.001 determined using a one-way ANOVA
followed by Tukey’s posthoc test. ns, not significant. Error bars represent SEM.
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To validate this interaction in another cell line, we switched to HelLa cells for ease
of cell cycle synchronization and assaying endocytosis. We found that GAPVD1 co-
immunoprecipitated with CK18/e from HelLa cell lysates when CK1d/e were isolated with
polyclonal antibodies specific to CK18 (Figure 2-4A) or CK1¢ (Figure 2-4B). Because
our MS results indicated that GAPVD1 is associated with CK1&/¢ in both asynchronous
and mitotically arrested cells, we tested whether any changes in their interaction
A occurred during the cell cycle. Congruent

I | Hi il i | with the MS results, GAPVD1 and CK10

co-immunoprecipitated from cells arrested
B

MBP-CK1e FLWT: + - + - + - + -
MBP-CK1¢e FLK38R: - + - + - + - +

GAPVD1: WT WT 38A 38A WT WT 38A38A
250

at multiple cell cycle stages (G1, S and M)

(Figure 2-4C). Mitotic cells were validated

by the presence of phosphohistone H3 and

Figure 2-5: GAPVDL1 is a substrate of
CK1¢. (A) Cartoon representation of
GAPVD1 protein domains. Green relates
to the GAP domain, orange relates to the
GEF domain. Red lines correspond to
C CE8 Autpiad positions of serine or threonine residues
that are mutated to alanine in the
P GAPVD1 38A mutant. (B) In vitro kinase
Asy Asy S S M M G1 GI assays of recombinant MBP-CK1le WT
PP = 4 = % & # = of and K38R (kinase-dead) detected by
Ly |P- anti-GAPVD1 Coomassie brilliant blue (CBB) staining of
bt Bl gVt e | T 1B anti-GAPVDY SDS-PAGE gels, with GAPVD1 WT and
38A as substrates. Phosphorylated
GAPVD1 was detected by
autoradiography (AutoRad). Black arrow
indicates autophosphorylation of MBP-
CK1e. Red arrow indicates GAPVD1. (C)
Immunoblots of WCLs and IPs of
GAPVD1 from asynchronously (Asy)
growing Hela cells or HelLa cells
synchronized in S-phase (S), metaphase
D (M), or Gi-phase (G1). IPs were treated
P A (+) or not (-) with lambda phosphatase
(APP) and blotted with the indicated
antibodies. Red arrow and arrow-head
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GAPVDL1 or Flags-V5-GAPVD1-38A.
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interestingly, CK10 appeared to be hyperphosphorylated at this stage (Figure 2-4C). In

addition, GAPVD1 and CK1d/¢ interact in a yeast-two hybrid assay, suggesting that
aGAPVD1 and CK1d/e may directly interact (Figure 2-4D, E).

GAPVD1 is a CK10/s substrate in vitro

We next examined if GAPVDL1 is a substrate of CK18/e. Our MS experiments and
those of other labs [180-183] revealed that GAPVDL1 is highly phosphorylated,

predominantly in the IDR, and most of the phosphorylation sites match the consensus

motif for CK18/¢ [33, 34, 184].
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Figure 2-6: GAPVDL1 promotes
endocytosis. (A) Cartoon
representation of the 5’end of the
GAPVD1 (GAPD1) gene and the
repair plasmid that disrupts GAPVD1
expression. The orange arrow points
to the position where a gRNA was
designed to target Cas9 for gene
editing. Numbers correspond to
exons. BLAST: Blasticidin; P2A:
ribosomal skip sequence. (B)
Immunoblots of WCLs from WT and
GAPVDL1.-- cells (#1-3) with anti-
GAPVDL1 and anti-y-tubulin (loading
control) antibodies. (C) Quantification
of Alexa 594-coupled Tf uptake in
HeLa WT and GAPVDL1-- cells. (D)
Quantification of Alexa 594-coupled
Tf uptake in HeLa WT and GAPVD1.
- cells transfected with GFP-C2
vector or GFP-GAPVDL1. For C and
D, the mean and standard error of
the mean (SEM) from 4 independent
experiments (n = 40 cells per
experiment) are presented as the
ratio to control. ***, p <0.005,

***% p < 0.001, p values determined
using a one-way ANOVA followed by
Tukey’s posthoc test. ns, not
significant. (E) Representative
immunoblot of WCLs from cells in D.

Our LC-MS/MS analyses of CK18/e-VM purifications identified six sites of GAPVD1

phosphorylation on CK1&/¢ consensus sites (Supplementary Table 1F). However, our

experimental method did not include a phosphopeptide enrichment step, limiting our

ability to identify the full cohort of phosphorylated residues. For this GAeson, we

mutated all 38 serine and threonine residues to alanine in the IDR of the protein that fit
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the consensus motif for CK16/e and were identified using MS, either by us or others
[181, 185, 186] (Figure 4A). We found that wildtype recombinant MBP-CK1¢ but not a
kinase-dead MBP-CK1¢ phosphorylated the wildtype GAPVD1, but not GAPVD1-38A
(Figure 4B). Consistent with the cumulative MS data detecting 38 phosphorylated
residues clustered in the IDR of GAPVD1, and similar to the ‘strings’ of serines and
threonines phosphorylated in other substrates [162], we found that mutating only the
subset of the 38 sites identified in our purifications (S566, S569, S740, S742, S746,
S747, S902, S903) did not eliminate CK1e-mediated phosphorylation of GAPVDL1 in
vitro (data not shown).

As expected for a highly phosphorylated protein, GAPVD1 immunoprecipitates
treated with lambda phosphatase migrated faster on SDS-PAGE than untreated
immunoprecipitates, irrespective of cell cycle stage (Figure 4C). Mitotic cells were
validated by blotting with antibodies to phosphohistone H3 (Figure 4C). When
transiently transfected into HeLa cells, immunoprecipitated, and analyzed by
immunoblotting, Flags-V5-GAPVD1-38A migrated faster than Flags-V5-GAPVD1 WT,
consistent with the loss of phosphorylation in vivo (Figure 4D).

GAPVD1 phosphorylation promotes endocytosis

GAPVDL1 has reported roles in fluid-phase and receptor-mediated endocytosis
and CK10&/¢ are also required for efficient Tfn and EGFR internalization [72, 172], an
endocytic role conserved with the CK1d/¢ ortholog Hrr25 in Saccharomyces cerevisiae
[72]. Thus, we established cell lines in which we could test the effect of CK1 on
GAPVD1 function. The GAPVD1 gene was disrupted in HeLa cells using
CRISPR/Cas9-mediated gene editing (Supplementary Figure 2A). The consequent loss
of all copies of GAPVD1 from three independently isolated cell lines was validated by
immunoblotting (Supplementary Figure 2B). To confirm that loss of GAPVD1 resulted in
a defect in endocytosis, the internalization of Tfn conjugated to Alexa-594 (Tfn-594) was
assayed in GAPVD1.-- cells as previously described [187]. In all three GAPVD1-- cell
lines, we detected a reduction in the internalization of Tfn-594, consistent with a general

endocytic defect (Supplementary Figure 2C). Furthermore, the observed endocytic
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defect could be rescued by re-introducing GAPVD1 (Figure 5B and Supplementary
Figures 2D, E).
We next asked if phosphorylation at CK1 sites modulates GAPVD1’s role in endocytosis
by transfecting into the GAPVD1.- cell lines WT GAPVD1, the 38A mutant of GAPVD1,
or a mutant of GAPVDL1 in which the 38 phosphosites were replaced with aspartic acid
residues (38D), and then measuring either Tfn uptake as described above or Epidermal
Growth Factor (EGF) uptake as described previously [172] (Figure 5). Although
expressed to an equivalent level as WT, the 38A mutant of GAPVDL1 did not rescue the
endocytosis defects of GAPVD1.-- cells (Figure 5B-D). In contrast, GAPVD1-38D did
rescue the endocytic defects of these cells (Figure 5B-D). These results indicate that
GAPVD1 phosphorylation by CK18/e promotes endocytosis.
Discussion

The full complements of interacting partners and substrates of CK18/¢ have not
been well defined. Although this study is not the first to investigate the localization or
interactome of CK16/¢ [128, 146], we are the first to use CRISPR/Cas9 gene editing to
tag and purify these endogenous enzymes, which alleviates any issue that could arise
from overexpression studies. We confirmed all previous noted localization patterns for
CK1d/e (centrosome, nucleus, cytoplasm) [165] and discovered that CK1d/¢ also
localize to the midbody. In addition to identifying known interacting partners involved in
biological rhythms, such as Period protein 1 and 2 [127, 128, 131, 138], we identified
additional interacting proteins involved in other biological processes that CK1&/¢ are
involved in, such as endocytosis. Twenty-seven of the identified proteins are involved in
protein transport, with four having roles specific to endocytosis. Although CK18/¢ and
their Saccharomyces cerevisiae homolog, Hrr25, have been shown to localize to sites of
clathrin-mediated endocytosis (CME) [72] and loss of CK1d or CK1¢ significantly
reduces passive and ligand-stimulated CME [72, 172], CK1 substrates involved in CME
have only been identified in yeast [72]. Our analysis has shown that CK1d/e
phosphorylation of GAPVDL1 is key to its role in CME. In addition to GAPVDL1, our list of

interacting proteins contains good candidates for additional endocytic CK10/e substrates
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in human cells. Indeed, our study provides a plethora of information for further study of
the involvement of CK18/¢ in multiple biological processes.

The most striking localization of endogenously tagged CK16/e enzymes during all
stages of the cell cycle is to the centrosome. Due to the many contributions of the
centrosome to mitosis [188, 189], we sought to identify the interacting partners of
CK1d/¢ not only in asynchronously growing cells but also in mitotic cells but
centrosomal proteins were surprisingly not abundant co-purifying proteins. One potential
explanation for this result is that CK18/¢ centrosomal localization may be very dynamic,
and transient interactions are difficult to detect by co-purification approaches. Another
unexpected result from our MS data is that there were few co-purifying proteins specific
to either asynchronous or mitotic samples, which might indicate either that interaction
partners do not change appreciably during the cell cycle or that we failed to capture
more labile interactions that distinguish CK18/¢ functions at different cell cycle stages.

Similar to other substrates of CK1d/¢ [162], there are many sites of
phosphorylation on GAPVD1. The 38 CK1 consensus phosphorylation sites are
clustered in the IDR of GAPVD1 similar to the ‘strings’ of serines and threonines
phosphorylated in other substrates [162]. Many questions remain about GAPVD1
phosphorylation including whether all of these sites need to be phosphorylated in order
to support GAPVD1 function in endocytosis. It also remains to be determined whether
there is a specific order in which phosphorylation of GAPVD1 occurs and whether some
sites are more prevalent or important than others. Though the GAPVD1 GEF domain
has been shown to bind Rab5 via yeast two-hybrid [171] and act as a GEF toward
Rab5A in vitro [167], GEF or GAP activity of purified full-length GAPVD1 has never
been reported nor has it been shown to interact directly with another protein. Thus, it will
also be interesting to determine how phosphorylation impacts GAPVDL1 function,
whether by stimulating its GEF domain, modulating the function of its GAP-like domain,
and/or influencing other reported interactions [169, 170, 173].

While no other kinase has been shown to phosphorylate and regulate GAPVD1

function, other GAPVD1 phosphosites have been identified in phosphoproteomic
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screens that fit Cdkl1, p38 and PKA consensus motifs [181, 185, 186]. CK1d/¢
phosphorylation of GAPVD1 may thus be dependent upon and is likely coordinated with
phosphorylation by other kinases as in the case for YAP in the Hippo pathway [111].

Accession # Gene name Accession # Gene name
A9X7H1 B4DY72
B4DMA2 P61289 PSME3
B7Z2697 P08758 ANXA5
B4DPU3 B7Z602
Q14C86 GAPVD1 Q8N752 CSNKI1AI1L
P23588 EIF4B B4E1G2
D6R9F8 TARS1 015534 PER1
Q53RC5 DKFZp5471014 075821 EIF3G
P78371 CCT2 P23381 WARS1
E5RI05 ANXA6 Q9BRS2 RIOK1
P62937 PPIA B72525
E7ESKY YWHAZ E7ERJ7 PABPC1
Q58FF2 GRP94c Q01518 CAP1
P63173 RPL38 P17980 PSMC3
Q99417 MYCBP Q6ZRV2 FAM83H
Q75MM1 WUGSC P05023 ATP1Al
P50991 CCT4 Q9UKK9 NUDT5
014744 PRMT5 B4DRH6
Q59ET3 Q9P2F5 STOX2
Q5S4N1 B4DHQ3
B4DHR1 Q4J6C0 PPM1B
Q9UG54 MAP3K7 P24752 ACAT1
P16949 STMN1 Q96AG4 LRRC59
Q59GR8 Q5W0B1 OBI1
Q15750 TAB1 Q14247 CTTN
Q8WWY3 PRPF31 P17812 CTPS1
Q9BOQA1 WDR77 B4DMF5
E9PFF2 TKT Q13547 HDAC1
Q9BUA3 SPINDOC 043852 CALU
ABMXB7 SNX24 P48444 ARCN1
Q8TC76 FAM110B P33992 MCM5
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P22626 HNRNPA2B1 Q16526 CRY1
Q15208 STK38 D6W539 HADHB
Q13162 PRDX4 P55060 CSE1L
P98175 RBM10 Q9Y6Y0 NS1
Q9Y657 SPIN1 Q59F66

B4ADM33 Q9UNZ2 NSFL1C
B3KPZ8 Q9Y2H1 STK38L
E9PQD7 RPS2 075874 IDH1
E5RHC1 PPP2CB Q13310 PABPC4
Q53R94 RTN4 Q16630 CPSF6
B5MDF5 RAN Q9Y4ES USP15
043143 DHX15 P36871 PGM1
Q49ANO CRY2 Q06210 GFPT1
P35813 PPM1A Q9H4A4 RNPEP
Q9Y295 DRG1 Q9UNF1 MAGED2
Q9P2R3 ANKFY1 Q6U8BA4

Q01804 OTUD4 Q9Y2W1 THRAP3
Q6UWPS SBSN 015055 PER2
015397 IPO8 Q7L014 DDX46
Q9BXP5 SRRT Q96QK1 VPS35
B4DWX6 E7EVAO MAP4
Q9Y678 COPG1 Q92620 DHX38
Q99613 EIF3C P26358 DNMT1
060664 PLIN3 Q72627 HUWE1
Q08211 DHX9 Q9UQ35 SRRM2
Q08554 DSC1 Q14004 CDK13
QINYF8 BCLAF1 E9PRYS EEF1D
P12036 NEFH Q14008 CKAP5

Table 2-1. Proteins identified in both CK16 and CK1¢ MAP purifications
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Accession # Gene name Accession # Gene name
D6RD83 HNRNPD Q10567 AP1B1
E7EPA1 PRPSAP2 Q9C0C9 UBE20
P62316 SNRPD2 Q86XP3 DDX42
P60891 PRPS1 Q9UPT6 MAPKS8IP3
P09104 ENO2 Q9BSJ8 ESYT1
Q3MHV2 RPLPO 095163 ELP1
P67809 YBX1 060610 DIAPH1
Q99497 PARK7 075694 NUP155
P39687 ANP32A Q13464 ROCK1
B7Z213
P43487 RANBP1
P52565 ARHGDIA
QauUlIs4 SNRPB
043809 NUDT21
Q5JYRY RPN2
Q02878 RPL6
P22061 PCMT1
Q15417 CNN3
Q14558 PRPSAP1
Q8WUA2 PPIL4
P07339 CTSD
Q96P63 SERPINB12
Q59EH7
P60228 EIF3E
Q9P258 RCC2
P25685 DNAJB1
Q9BT78 COPS4
P55010 EIF5
P49189 ALDH9A1
015355 PPM1G
Q5T5C7 SARS1
Q13835 PKP1
ABMXP9 MATR3
060749 SNX2
Q9UQE7 SMC3
Q15459 SF3Al
Q8NB74
Q4VCS5 AMOT
000267 SUPT5H
060763 USo1
Q9P1Y5 CAMSAP3

Table 2. Proteins identified only in CK18 MAP purifications
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Accession # Gene name
P01040 CSTA
P63167 DYNLL1
Q5T3N1 ANXA1
P62269 RPS18
P42766 RPL35
P04792 HSPB1
A4D1G5 LOC392748
P61254 RPL26
AOPJ72 ABCF1
P80723 BASP1
P05783 KRT18
P30040 ERP29
P31947 SFN
P02545 LMNA
P31327 CPS1
P20042 EIF2S2
Q7Z7G8 VPS13B
P00966 ASS1
B3KXN5
P42765 ACAA2
P35237 SERPINB6
Q6NWZ1 CKAP4
Q9P270 SLAIN2
E9PMS6 LMO7
075330 HMMR
Q16513 PKN2
P78344 EIF4G2
QINZM1 MYOF
Q15149 PLEC
Q09666 AHNAK

Table 2-3. Proteins identified only in CK1¢ MAP purifications
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Amino Best Delta | Delta | Delta | Delta | Epsilon | Epsilon | Epsilon | Epsilon
Acid Site Ascore | Asy | Asy Mit Asy Asy Mit Mit
100%
66 S66 (51.96) 2
100%
390 T390 | (88.98) 16
100%
566 S566 | (22.45)
100%
569 S569 | (17.94)
100%
740 S740 | (26.83)
100%
742 S742 | (39.76)
99%
746 S746 | (24.11)
81%
747 T747 | (15.91)
100%
902 S902 | (33.98)
100%
903 S903 | (54.03)
70%
946 S946 | (11.10)
100%
1019 S1019 | (87.75)
100%
1023 S1023 | (1,000.00)
100%
1096 S1096 | (65.25)
89%
1103 S1103 | (12.42)
100%
1105 S1105 | (28.70)
100%
1130 S1130 | (76.61)
100%
1133 | S1133 | (84.74)

Table 2-4. GAPDV1 phospho-sites identified from MAP purifications




CHAPTER 3

Identifying CK1d/e substrates

Introduction

Casein kinase 1 (CK1) is a family of serine/threonine protein kinases conserved
from yeast to mammals that function in a variety of cell-signaling pathways. The CK1
family is comprised of six members that can be divided into those that are soluble
(CK1a, CK16 and CK1¢) and those that are membrane-bound (CK1y1-3) [3]. All six
family members have a N-terminal catalytic domain and a C-terminal tail. The catalytic
domains share a high degree of sequence similarity, and the C-terminal tails are of
varying length and sequence composition. Of the soluble family members, CK1d and
CK1¢ share the greatest degree of sequence identity, with 99% sequence identity in
their catalytic domain and 53% identity in their C-termini. This sequence similarity
between CK16 and CK1¢ may translate to functional redundancy. Indeed, CK16 and
CK1e have redundant substrates and functions in circadian rhythm, Wnt signaling,
Hippo signaling, ribosome biogenesis, and p53 stability [4-8]. Although there has been
extensive research on specific CK10 and CK1¢ targets in a variety of pathways, whether
they have important mitotic substrates has not been reported.

CK1d/¢ localize to mitotic structures from which spatial and temporal control of
mitosis are coordinated [9-11]. CK1d/¢ localize to the major microtubule-organizing
center, the centrosome, throughout mitosis, as well as the regenerating nucleus during
telophase [12]. Additionally, we have reported their localization to the midbody, while
others have identified its interaction with midbody-localized proteins during the
abscission process [13]. Further, CK1¢ is reported to localize to kinetochore
microtubules in prophase [12]. Taken together, this localization pattern raises the
possibility that these enzymes function in the control of mitotic processes, including cell
division.

To deepen our understanding of potential CK1d/¢ roles in mitosis, | employed a

combination of cell cycle synchronization, small molecule inhibitor treatment and
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isobaric tags for relative and absolute quantification (iTRAQ)-based, large-scale
phospho-proteomics to identify CK1&/e substrates. We identified 175 potential
substrates, the majority of which can be assigned to specific cellular functions.
Results

We used three small molecule inhibitors of CK18/¢ in our experiments. We chose
PF-670 because it has been previously used to inhibit CK1 enzymes in studies of
circadian rhythm and Wnt signaling [14-18]. We also used SR-1277 and SR-3029,
inhibitors with increased specificity towards CK1d/¢ [19, 20]. To determine appropriate
inhibitor concentrations to use in our phosphoproteomics experiments, we tested a wide
range of each for anti-proliferative activity. Cell numbers were determined after three
days of continuous DMSO or inhibitor treatment. SR-1277 and SR3-3029, but not PF-
670, had anti-proliferative activity, with EC50s of 44 nM and 89 nM for SR-1277 and
SR-3029, respectively. These values were similar to what was previously reported for
their activity on human melanoma A375 cells (Figure 1A) [19, 20]. Because loss of
CK1d/¢ activity has an anti- proliferative effect on cells [19, 21], we chose to use the
highest concentration from our experiment (1 uM).

To increase the probability of identifying CK16/e mitotic substrates, HeLa cells
were first arrested in S-phase through a sequential thymidine-aphidicolin block [22],
released into inhibitor-free media for a period of 10 hours, and then treated for 30
minutes with DMSO, 1 yM PF-670, 1 yM SR1277 or 1 yM SR-3029 (Fig 1B). Using this
synchronization protocol, the mitotic index of the cell populations prior to lysis was
~35%, a value that has been observed previously with this method [23]. Cells were then
lysed, their proteins were digested with trypsin, and the peptides were labeled with one
of four isobaric tags. The four samples were combined, phosphopeptides were enriched
using TiO2 resin, and the mixture was analyzed by LC-MS/MS. mass spectrometry
(Figure 1B).

Candidate CK16/¢ substrates were determined by identifying phosphopeptides
with greater-than-or-equal to 1.5-fold reduction in inhibitor-treated samples compared to
the DMSO-control sample. We identified 2292 phosphopeptides, corresponding to 627

proteins, with a minimum 1.5-fold reduction in at least one of the inhibitor-treated
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Figure 3-1: Mass spectrometry analysis of CK1&/e substrates A. Cell proliferation assay in which
cells were treated with DMSO, PF-670, SR-1277, or SR-3029 at varying concentrations for 3 days.
CK1d&/¢ inhibitor-treated cell populations were compared to DMSO-control samples at each
concentration. B. Graphical representation of the phosphoproteomics procedure. Cells were treated
with DMSO or 1 uM of one of the three CK1&/¢ inhibitors. Numbers refer to phosphopeptide or
protein identifications. C. Venn diagram of the number of proteins identified with reduced
phosphorylated peptides compared to DMSO for each inhibitor. D. A Pie chart depicting the
proportion of phospho-peptides with a =1.5-fold decrease in all inhibitor-treated sampled compared
to DMSO-control samples with the canonical CK1 consensus motif, a small variation to the motif, or
does not fit the motif. E. Venn diagram of the number of proteins identified with reduced
phosphorylated peptides compared to DMSO for each inhibitor with the canonical CK1 consensus
motif or a small variation to the motif. F.A Pie chart depicting the proportion of proteins where 1, 2 or
>2 unique phospho-peptides were identified. G. A Pie chart depicting the number of phospho-
residues identified in proteins where a single unique phospho-peptide was identified.
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samples. We first considered further only those proteins whose phosphopeptides were
identified as reduced in all three inhibitor-treated samples (Figure 1C), which brought
the list down to 257 phosphopeptides (Table S1), corresponding to 176 proteins (Table
S2). CK1d/e recognize substrates with acidic motifs N-terminal to phosphorylation sites
(pS/T-X-X-SIT or (D/E)2-6-X-X-S/T) and often generate stretches of phosphoserines on
their substrates [24-26]. A phosphorylation site matching a CK1 consensus was
identified in 98 phosphopeptides (Figure 1D). An additional 64 phosphopeptides varied
from the canonical motif by a single residue (pS/T-X-X-X-S/T or pS/T-X-S/T) (Figure
1D). These 162 phosphopeptides comprised 110 unique phosphopeptides and
corresponded to 75 proteins (Figure 1E and Table S3). In addition to the 162
phosphopeptides, we found reductions in a significant number of phosphopeptides with
a phosphorylated tyrosine or phosphorylated serine/threonine followed by a proline at
the +1 position. These identifications suggest that inhibition of CK18/¢ for 30 minutes
likely affects downstream tyrosine and proline-directed kinases.

We further considered the 75 proteins (Table S3) most likely to be substrates of
CK1d/¢ in the overlap of inhibitor-treated samples (Figure 1E). A single unique
phosphopeptide was identified in ~75% of these proteins (Figure 1F). Two or greater-
than two unique peptides were identified in 17% and 6% of the putative substrates,
respectively, with Ki67 covered by 13 unique phosphopeptides (Figure 1G). Consistent
with CK18/¢’s tendency to phosphorylate multiple closely spaced residues on their
substrates [24], 53% of the single unique phosphopeptides were identified with >2
phosphoresidues (Figure 1F). An additional 16 potential protein substrates were
identified by considering phosphopeptides that have signal reductions in the three
inhibitor-treated samples across multiple peptides (Table S3).

A subset of the putative substrate list (73/93) is associated with gene ontology
terms relating to a wide range of biological processes (Fig 2A). These include
processes in which CK18/e are known to participate in, such as biological rhythms,
endocytosis, and DNA repair [27-29]. Localization information is available for a different

subset of candidate substrates (73/93). The wide range of localization patterns of
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CSPP1 Centrosome and spindle pole-associated protein 1 3.814] 4.938 3.561
SHRM3 | Protein Shroom3 3.969| 3.417 2.635
NPM1 Nucleophosmin 1.552 1.777 4.903
| STMN1 Stathmin 1.632 2958 1.720
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XRCC1 X-ray repair complementing defective repair in Chinese hamster cells 1 2.146| 3.794 2.333
ERCC6 | DNA excision repair protein ERCC-6 1.584| DIV/O 1.705
MDC1 Mediator of DNA damage checkpoint protein 1 DIV/O [ DIV/O | DIV/O
Cytoskeletal dynamics

LIMA1 LIM domain and actin-binding protein 1 2.599 2.346 2.335
CTTN Src substrate cortactin DIV/0O] DIV/O | DIV/O
DNHD1 | Dynein heavy chain domain-containing protein 1 4.001] 2.955| DIV/O
Protein Transport

GAPVD1 | GTPase activating protein and VPS9 domains 1 1.565 1.775 2.335
SLC35A2 | UDP-galactose translocator 3.593 2.937 2.746
ANXA4 | Annexin 2.370[ 1.665 2.692
Transcription

BACH1 | Transcription regulator protein BACH1 3.772] 3.042 3.653
YAPA1 Transcriptional coactivator YAP1 2.830f 2.690 3.210
SLTM SAFB-like transcription modulator 2.830] 2.690 2.281
Ribosome biogenesis

RPLP2 608 acidic ribosomal protein P2 2.044 1.807 1.871
POP1 Ribosomal protein, large, PO 1.675 3.412 2.592
CK18 Casein Kinase 10 2.509] 2.365 1.724

Figure 3-2: Analysis of CK1&/¢ substrates A. Pie chart depicting the gene-ontology (GO) annotation [1,

2] for 73/93 candidate substrates. B. Pie chart depicting the gene-ontology (GO) annotation for

intracellular localization for 73/93 of the putative substrates. C. A table of potential CK18/¢ substrates
identified in the ITRAQ dataset.
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putative substrates (Fig 2B) is consistent with the broad localization and many known
functions of CK1&/¢ [30-32]. Figure 2C lists the most abundant hits from three of the
largest gene ontology groups (transcription, cell cycle/division, and protein transport)
and three other gene ontology groups relating to processes in which CK16/¢
arereported to function (DNA damage repair, cytoskeletal dynamics and ribosome
biogenesis) [6, 33-35].

Of the 93 proteins identified as putative CK18/¢ substrates, only five (YAP,
TOP2B, GAPVD1, and CK15d itself) were previously reported to be substrates [5, 36-38].
CK18/e are both known to autophosphorylate and there is evidence that they each
autophosphorylate multiple sites in their C-termini [36, 39]. We identified a single C-
terminal phosphopeptide (GAPVNIsSsDLTGR) of CK16 that fits a variant CK1
consensus (pS/T-X-S/T, Table S2).

A B
Biological Processes Cell Component
I Transcription I Nucleus
Il Protein transport [ Membrane
Il Cell cycle/division [l Cytoplasm
[ Apoptosis Il Endosome

Il Ribosome biogenesis
[l Cytoskeletal dyanmics
I Endocytosis

Il Biological rhythms
[ DNA replication

] DNA damage repair

Mitochondria
7] Cytoskeleton
[ Kinetochore
Il Chromosome
I Centrosome
I Cell junction

Figure 3-3: Analysis of CK1&/¢ putative substrates identified only in SR-1277-traeted samples
A. Pie chart depicting the gene-ontology (GO) annotation for 21/37 candidate substrates. B. Pie
chart depicting the gene-ontology (GO) annotation for intracellular localization for 35/37 of the

Three potential substrates identified by multiple phosphopeptides containing
multiple phosphosites (cortactin, GAPVD1, and NPM1) were also identified in CK1&/¢
interaction screens [12, 40]. The GAPVD1 phosphosites were validated as bonafide
CK10/e phosphosites previously. GAPVD1 phosphorylation by CK1&/¢ inhibits
endocytosis in interphase Hela cells.

The three small molecule inhibitors we used do not have the same degree of
specificity towards CK18/e. Though PF-670 has been used extensively to study CK1

function [14-18], in vitro it significantly inhibits other kinases including p38 mitogen-
43



activated protein (MAP) kinase, epidermal growth factor receptor, and MAP kinase 8
[16, 19]. While SR-1277 and SR-3029 have greater specificity than PF-670 and similar
ICs0 values for inhibition of CK18/¢ in in vitro kinase assays, SR-1277 inhibits still fewer
off target kinases than SR-3029 at a 10 yM concentration [19]. The possibility of off-
target inhibition by PF-670 in particular led us to consider further those
phosphopeptides reduced in the SR-1277-treated sample alone or that were reduced in
both the SR-1277-treated and SR-3029-treated samples. The 56 phosphopeptides that
were reduced when cells were treated with either SR-1277 or SR-3029 corresponded to
24 proteins (Table S3). Like proteins identified in the full overlap (Figure 2A), these
potential substrates are associated with several processes known to involve CK1
enzymes such as cell cycle/division, DNA repair and ribosome biogenesis; the majority
of them localize to the nucleus (Table S3). An additional 37 proteins can be considered
putative CK16/¢ substrates if we consider phosphopeptides with a reduction in just the
SR-1277-treated sample (‘Only SR-1277’ list) (Table S4). A subset of this list (21/37)
can be categorized in the same set of GO annotations as the previous lists (Figure 3A &
B). Importantly, another previously verified CK18/¢ substrate [41], TOP2A, was
identified by using this criterion (Table S4). Three phosphosites were identified on a
single peptide of TOP2A (Table S3), two of which fit the variant CK1d/e consensus
motif.
Discussion

Although there are many reported CK1d/¢ substrates that function in a wide
range of biological processes [3, 42, 43], there has been no previous large scale
phosphoproteomic analysis of its substrates. Here, we employed a combination of cell
synchronization, small molecule inhibitor-treatment and large-scale mass spectrometry
to more comprehensively identify CK18/e substrates. Depending upon the stringency of
our analysis (candidates identified by treating cells with one, two, or three CK18/e
inhibitors), we identified up to 621 potential new substrates, and additional
phosphorylation events that are dependent on CK1&/¢ activity. Our data suggest that
several previously identified CK18/¢ interacting partners are substrates of these

enzymes. We confirmed that CK16 is autophosphorylated in vivo and identified sites of
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autophosphorylation. Our list of putative CK18/¢ substrates provide an abundance of
opportunities to study CK1d/¢ functions in the cell cycle.

One caveat in the interpretation of our phosphoproteomic data set is that some
phosphopeptides were only detected in the DMSO-treated sample. This could mean
one of two things. First, those peptides may become dephosphorylated during CK16/¢
inhibition, which would make them very strong candidate substrates. Alternatively,
phosphopeptides may not have been detected in the inhibitor-treated samples due to
stochastic sampling variation, resulting in false positive substrate identifications. The
use of three inhibitors and our focus on overlapping results reduces somewhat this
technical consideration.

Several putative substrates identified in our phosphoproteomic screen have not
previously been identified as CK1d/e substrates, but function in pathways that are
known to contain validated CK16/¢ substrates. For example, CK1d/e-dependent
phosphorylation mediates the nuclear export of eukaryotic translation initiation factor 3A
[44]. Although we did not identify EIF3A, EIF3B, D, & G were identified as putative
CK1d/e substrates (Table S1). Similarly, promyelocytic leukemia protein (PML) was
identified as a putative substrate in each of the inhibitor-treated samples, and is
reported to function in the same DNA-damage response pathway as CK1d/e [45]. PML
is reported to protect p53 from MDM2 inhibition by facilitating p53 phosphorylation on
Thrl8 [46]. CK1d/¢ interact with PML and p53 in response to DNA damage[45], and
CK1d/¢ inhibition significantly reduces phosphorylation of p53 on Thr18. However,
inhibition was achieved through treatment with IC126, which inhibits many off-target
kinases[19], and negatively affects microtubule polymerization [47, 48]. In addition to
PML, we identified TP53BP1, a p53 effector binding partner [49], in the list of proteins
with a reduction in phosphorylation in just the SR-1277 sample.

The soluble CK1 ortholog in Saccharomyces cerevisiae, Hrr25, and
Schizosaccharomyces pombe, Hhpl and Hhp2, have roles in mitosis and meiosis, in
addition to roles in endocytosis, ribosome biogenesis, and DNA repair [29, 34, 50-54].
Hrr25, Hhpl and Hhp2 localize to the major microtubule organizing center of the cell,
the spindle-pole body (SPB), and the site of cell division [50, 52]. These three sites
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require extensive reorganization of cytoskeletal components. Several putative
substrates fall into the category of proteins involved in cytoskeletal dynamics, such as
stathmin and CSPP1 [55-57], providing the possibility that CK18/¢, like their yeast
ortholog, are important for microtubule dynamics in mitosis.

It is clear that their localization to the SPB is functionally important for mitosis, but
it is still unclear what function their activity has at the site of division. Whether CK1&/¢
function in a similar manner to Hrr25 and Hhp1/2, in nucleation of the mitotic spindle or
control of mitotic exit, is currently unknown Further, we identified two components

(Cdc27 and ANAPC4) of the E3 ubiquitin ligase anaphase-promoting complex (APC).
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Accession #

Gene name

Identified phosphosites

S1379s S1378s S2365s S351s S353s S2272s T2316t
T2275t S2280s T2289t T384t T400t S317s S323s

Q9UQ35 SRRM2 T318t S322s S323s
S212s S216s S5752s S5763s S5752s S5763s T5845t
Q09666 AHNAK S5749s S5762s S5780s T5798t
P06748 NPM1 S106s S112s S217s S125s S254s
T212t S213s T216t S218s T229t S233s S234s S237s
Q59HH7 XRCC1 S240s S243s T533t T537t S539s
S80s S91s S110s S113s S102s Y109y S50s T42t
Q9H6F5 CCDC86 S91s S18s S21s S47s
S240s S244s S351s S352s S359s S367s T349t Y356y
AOA024QZJ7 |CCDC6 T376t
T19t S21s S2526s T2613t T2153t T2160t T1396t
P49792 RANBP2 S1400s
AOA024RAY?2 |KRT18 S7s S15s S18s S30s S31s S34s
AOA024R8A2 | GAPVD1 S566s S569s S757s S758s S761s T762t
B2RTY4 MYQO9A S266s S293s S294s S1362s S1363s S1364s
Q53HG7 CTTN T399t T411t Y421y T401t S405s S418s
P29590 PML S485s S502s S518s S527s S530s
P98164 LRP2 S3281s Y572y T583t T585t Y586y
QI9NYV4 CDK12 S681s S685s S382s S383s
Q9UJ94 LINC00527 |T70t S104s
T9325t S9329s S9330s S9331s T9333t S9334s
Q8WXI7 MUC16 S9341s S9345s T9347t S9348s
C9JWU6 OPN4 T14t T22t S38s S12s S35s S37s
B4DQZ7 S380s S383s S384s S386s T388t S392s
A4D2J9 CAMK2B T320t T325t S327s T328t T333t
Q86UKO ABCA12 S721s 1724t S731s Y738y T740t
Q6XUX3 DSTYK S716s Y720y Y722y S726s S727s
Q6ZN14 T108t S110s S112s S116s T117t
Q8WWY3 PRPF31 S445s S446s S450s S451s T455t
Q86WJ6 HCN1 T646t S651s S652s5 T654t
AOAOD9SEY1 | MAP4K4 T576t S579s S580s S585s
AOAO0C4DH71 | PIGP S5s T6t S7s S19s
B1AN92 EIF4G3 S9s S12s T14t T20t

Table 3-1: Putative substrates identified in each of the inhibitor-treatment samples
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Identified

Accession # | Gene name phosphosites

S116s S134s S150s
Q14663 KBF2 T156t

S138s S141s S144s
Q53GA4 PHLDA2 T151t

S906s T908t T910t
B5MBZ0 EML4 S914s

S369s S373s S392s
Q01167 FOXK2 S398s

S963s S964s S988s
Q14676 MDC1 S990s

S678s S682s S686s
Q9BU23 LMF2 S699s
AOA024R821 | EIF3B S152s S154s S164s
Q9Y4M6 DKFZp434F222 | S118s T121t S124s
Q8IWJ2 GCC2 T1381t S1384s T1388t
Q8IWY7 TTBK2 S665s S667s S668s
014867 BACH1 T241t S244s S245s
B4DE15 SLC35A2 T314t S317s S321s
Q9NPI6 DCP1A T309t S315s S319s
AO0A024R9WS5 | HUWEL S$3919s T3924t T3927t
Q5T011 SZT2 S2116s Y2127y S2132s
Q52525 HLA-B S48s Y51y T55t
AOA024RA38 | KBTBD2 T11t Y13y S16s
J3KPF3 SLC3A2 S37s, T39t S41s
L8EBHS C180rf34 S4s S17s S19s
P43403 ZAP70 Y178y S179s T183t
Q96M86 DNHD1 T3967t S3970s S3974s
Q14511 NEDD9 S296s S298s T332t
Q13596 SNX1 S32s S39s T41t
Q70235 PREX2 Y502y T506t Y507y
Q9HCI5 MAGEE1 T270t S271s S277s
B4DDRS8 MED24 S326s S353s T364t
015371 EIF3D T526t S528s S529s

Table 3-1: Putative substrates identified in each of the inhibitor-treatment samples
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Identified
Accession # | Gene name phosphosites
E9PRY8 EEF1D T563t S578s
Q9H501 ESF1 S657s S663s
AOA024R168 | NR4A3 T266t S282s
Q6NZI2 CAVIN1 S$202s S203s
AOA024RBS2 | RPLPO S304s S307s
E9PAV3 NACA S$2029s T2037t
Q03468 ERCC6 S429s S430s
Q9Y3F4 STRAP S335s S338s
AOA024RCA7 | RPLP2 S102s S105s
Q1MSJ5 CSPP1 S95s T98t
AOA087WYRS8 | CDH23 T1307t T1312t
Q9Y664 KPTN S26s T45t
Q86TC9 MYPN T251t S255s

PPAN-

AOAOB4J1V8 | P2RY11 S238s S240s
Q8TF72 SHROOM3 Y344y S348s
Q07889 SOS1 S1136s S1137s
Q9H2B4 SLC26A1 S578s T580t
E9PAU2 RAVER1 S724s S728s
Q6V1P9 DCHS2 S1737s T1741t
Q6LES?2 ANXA4 S60s T61t
AOA024R5D9 | SF1 S80s S82s
Q9H736 S118s T149t
Q59GS5 Pxn S176s T193t
A7LNJ1 SLC20A1 T422t S432s
H7BYT1 CSNK1D S382s S384s
Q96CE4 STMN1 S16s S25s
P50406 HTR6 S249s S252s
Q96A49 SYAP1 S269s
B728Q2 S204s
B2RDQ3 S26s
Q53GG0 LIM1A S374s
Q9Y2Vv2 CARHSP1 T50t
Q92616 GCN1 T1631t
Q6P2E9 EDC4 S725s
Q86YB2 DHX8 T78t
G5E9U6 FKBP1B S30s
000264 PGRMC1 S181s
Q3KQU3 MAP7D1 T600t

Table 3-1: Putative substrates identified in each of the inhibitor-treatment samples

49




Accession # | Gene Identified phosphosites
H3BSD9 MYO7B Y21y S24s S30s
S1044s T1047t T1049t Y1051y
Q6YHKS3 CD109 T1054t
Q8WWI1 LMO7 T956t S960s S988s S991s S873s
P78332 RBM6 S912s T923t
Q5JTH9 RRP12 S1080s
P02545 LMNA S615s
AOA024R3W7 | EEF1B2 S106s
AOAOAOMTS7 | TTN S125s
T1063t T1064t S1066s S1082s
J3KP11 CACNAILE | T1083t
Q8N412 STPG2 S25s Y26y T53t S57s
B3KWL5 S36s T38t S44s T54t
AOA024R8R6 | CDR2L S304s S308s
Q8WUA2 PPIL4 S178s
Q9UJIX5 ANAPC4 | S779s
E9PJ14 ING4 T41t S43s
P07814 EPRS1 T868t S891s
S29s T37t S43s S31s S44s S199s
Q99618 CDCA3 S209s
P18858 LIG1 S141s T233t
Q14181 POLA2 S126s T130t S141s S150s S154s
QINQS7 INCENP | T298t S312s S314s
076021 RSL1D1 | T465t S467s S469s
Q12888 TP53BP1 | S1426s S1430s
Q9H3S7 PTPN23 S1123s S1133s

Table 3-2: Putative substrates identified in the SR-1277 and SR-3029-treated samples
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Gene Identified

Accession # | names phosphosites

S436s Y438y T446t
Q775J8 ANKAR Y448y

S435s T440t S433s
Q86VR2 FAM134C S436s

S143s T144t S146s
Q96NM8 S148s
P30260 CDC27 T356t S369s
AOA0C4DGZ0 S1864s
AOA087X1R1 | SMTN S411s T414t
Q8N6T3 ARFGAP1 S155s S160s
AOA024RA42 | BZW?2 S412s S414s
ABK6X9 T925t
BADEE7 CIAO3 T164t
AOA087WXU3 | ESYT2 S755s S758s

T228t S239s S242s
Q724Q2 HEATR3 S243s
P42331 ARHGAP25 | S395s S398s T409t
Q96105 SPOCD1 T336t

T557t S563s S565s
A0A024R2MO S566s
Q5VTM2 AGAP9 Y349y S363s Y367y
AOA024R9J3 | COLEC10 Y198y S202s
Q5JPT6 GIG10 S509s S511s
P20700 LMNB1 T575t

S218s T227t S231s
P25874 UCP1 S243s
Q9UPTS8 ZC3H4 T1106t S1108s

T135t S141s T152t
Q4KMP7 TBC1D10B | T154t
Q12802 AKAP13 S2749s T2750t T2753t
Q86XP3 DDX42 Sl1lls
QINYFS8 BCLAF1 T42t S44s
Q53EUO Kaput T398t S406s

T112t T122t S124s
075155 CAND2 T128t
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Accession | Gene Identified

# names phosphosites
P20020 ATP2B1 S1257s

Q8N8N7 PTGR2 T317t S331s S350s
AOA024R2

W3 PRKAR2A S78s S80s
Q8WYP3 RIN2 Y881y T894t S895s
Q562F6 SGO2 S1239s T1243t
AOA024R2

33 TIP2 S398s S400s
Q5JSH3 WDR44 S470s S471s
P11388 TOP2A S1387s

060832 DKC1 S451s S453s S455s
Q9NR30 DDX21 S171s S173s

Table 3-3: Putative substrates identified only in the SR-1277-treated sample
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CHAPTER 4

CK1d&/¢ inhibition affects multiple cellular processes

Introduction

Members of the casein kinase 1 (CK1) family were some of the first protein
kinases identified to modify proteins through the catalytic transfer of phosphate [1].
However, all family members were not identified until the early-to-mid nineties [2-5].
Members of the CK1 family are segregated by their localization pattern. In mammals,
CK1y1-3 localize to membranes, while CK1a, CK18 and CK1¢ are soluble and localize
throughout the cell. In Chapter 2, | showed that endogenous CK16 and CK1¢ are
enriched in the nucleus and centrosome, and therefore are in optimal positions to
influence cell cycle progression.

The multiple and apparently overlapping or redundant roles of CK16 and CK1g,
including in the Wnt and circadian clock pathways [6, 7], make it difficult to tease apart
specific functions using siRNA or shRNA knockdown. These methods require incubation
periods that are several cell cycles long, which can result in indirect consequences that
elicit confounding phenotypes. Furthermore, knockdown efficiency can be
heterogeneous within a population of cells, and this issue becomes more complex when
moving from knockdown of one protein to the simultaneous knockdown of two proteins.

Small molecule inhibitors are an alternative tool for determining the effect of
proteins, particularly those with enzymatic function, like kinases and phosphatases.
They are effective in much shorter times, and their use provides increased certainty that
an entire population of cells are uniformly affected. However, similar to shRNA and
siRNA treatment, a shortcoming of small molecule inhibition is the possibility of off-
target effects. Early CK10/¢ inhibitors required high concentrations and had significant
off-target effects, such as binding tubulin and disrupting microtubule nucleation [8, 9].
Small molecule inhibitors directed towards CK18/e have become increasingly specific in

vitro [10, 11], providing greater confidence that only CK1&/¢ are affected in vivo.
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Recently developed Scripps inhibitors inhibit far fewer off-target kinases and have low
ICs0 values for CK1/¢ [10].

To investigate whether CK1d/¢ activity is important for mitosis and/or the cell
cycle at large, | used small molecule inhibitors and imaging techniques to analyze a set
of molecular components involved in the cell cycle. | observed both mitotic defects and
increased DNA damage in cells treated with CK10/¢ inhibitors. The accumulation of
DNA damage is likely due to CK16/¢ functioning in a DNA damage repair pathway
activated by DNA replication stress.

Results
Long-term CK1&/¢ inhibition results in mitotic defects

To investigate whether CK18/¢ function in mitosis, | inhibited the enzymes for
varying periods of time in HeLa and RPE-1 cells, 8-16 hours, and analyzed the cells’
mitotic structures. First, an asynchronous cell population was treated with CK1d/¢-
inhibitors (0.5 uM SR-1277 or SR-3029) for the duration of a single doubling time
(experimentally determined to be 16 hours; Figure 4-5A). Small molecule inhibition of
CK10/e resulted in 7-fold and 50-fold increases of mitotic cells with misaligned and
unaligned chromosomes, respectively (Figure 4-5A & 5B). Additionally, there was a 6-
fold increase of mitotic cells exhibiting multipolar spindles (Figure 4-5D). This phenotype
is reminiscent of a mitotic spindle pole cohesion defect [12-15], suggesting CK1d/¢ may
be involved in keeping the spindle pole intact. Because of the similarity in phenotype
between cells treated with SR-1277 and SR-3029, only SR-3029 was used to test this
possibility. Following the same protocol as previously described, | assayed for the
presence of the centriolar marker centrinl at spindle poles of multipolar spindles. SR-
3029-treated cells with multipolar spindles had a significant increase in the percentage
of poles with no centrioles and a similar decrease in poles with two centrioles (Figure 4-
5E). This defect was observed in both HeLa and RPE-1 cells treated with SR3029,
suggesting this is a general effect associated with CK1&/¢ inhibition. These initial
experiments also led to the observation that SR3029-treated cells had mitotic spindles
with less y-tubulin at their spindle poles (Figure 4-5G). These results lead me to

hypothesize that reduced y-tubulin at the spindle poles affects spindle pole cohesion by
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reducing the amount of force that the centrosome can sustain during chromosome

congression [14]. To test this hypothesis, a CENP-E inhibitor was used to alleviate
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Figure 4-1. CK19/¢ inhibition results in multipolar spindles, defects in chromosome alignment, and
centrosome cohesion defects. A. Asynchronous Hela cells were treated with CK18/¢ inhibitors (0.5 uM
SR-1277 and SR-30293) or vehicle control (DMSO) for 16 hours. For the last three hours, cells were
treated with APC/C inhibitors to arrest cells in metaphase. Cells were fixed and stained with a-tubulin
and phospho-histone H3 or centrin and y-tubulin. B. Percent of metaphase HelLa and RPE-1 cells with
aligned, misaligned and unaligned chromosomes. Presented are representative cells with aligned,
misaligned and unaligned chromosomes. C. Percent of metaphase HelLa and RPE-1 cells with bipolar,
multipolar and monopolar spindles. D. Presented are representative cells with multipolar spindles. E.
Percent of poles in multipolar spindles from HeLa and RPE-1 cells that contain 0, 1, 2, 3, or 24
centrioles. Representative multipolar spindles with different number of centrioles at spindles poles. ns
= not significant. F. Percent of metaphase HelLa and RPE-1 cells with bipolar, multipolar and
monopolar spindles after treatment with DMSO or SR3029 and DMSO of GSK923 (A CENP-E
inhibitor) G. y-tubulin fluorescence intensity after treatment with DMSO or SR3029 in HeLa and RPE-1
cells. Scale bar is 10 ym.* = p<0.05, ** = p<0.001, *** = p<0.005, **** = p<0.0001
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some of the force imposed by the kinesin on the spindle pole to help mediate
chromosome congression. Simultaneous inhibition of CK16/e and CENP-E resulted in a
significant decrease, and near rescue, of the multipolarity defect that results from
CK1d&/¢ inhibition (Figure 4-1F). These data provide the first evidence that CK16/¢
function in promoting spindle-pole integrity in mitosis by promoting centrosome stability,
and thus allowing the centrosome to handle forces necessary for chromosome
congression.

Because long-term inhibition may present secondary phenotypes, | sought to
understand the effects of CK18/¢ inhibition within a shorter temporal scale. Treatment of
asynchronous cells with DMSO or SR3029 was reduced to eight hours. Furthermore,
instead of immunofluorescent analysis, | analyzed live HelLa cells expressing GFP-
tubulin and H2B-mCh using a spinning disc confocal microscope. | analyzed cells that
were about to enter or had just entered mitosis, as determined by a combination of the
two fluorescent signals. None of the DMSO-treated cells showed significant
chromosome misalignment, multipolarity or spindle-pole cohesion defects. However, all
of the SR3029-treated cells analyzed showed signs of chromosome misalignment once
cells entered mitosis (Figure 4-6A). Additionally, half of the cells became multipolar
within the duration of imaging and showed signs of spindle pole cohesion defects
(Figure 4-6A), similar to our immunofluorescence results (Figure 4-5E). As expected,
those cells that had the most severe chromosome alignment defects did not exit mitosis,
and either died or exceeded the duration of imaging (Figure 4-6B). These results
indicate that inhibition of CK1d/e during S/G2-phases of the cell cycle has an effect on
the subsequent mitosis. We sought to determine if any of the observed mitotic defects
arise when CK16/¢ are inhibited as cells enter mitosis.

Short-term CK10/¢ inhibition disrupts chromosome alignment in metaphase

To determine if the observed mitotic defects are a direct or indirect consequence
of inhibiting CK1d/¢ activity, | treated cells with DMSO or SR-3029 for a shorter period of
time (3 hours). | synchronized cells in S-phase using a sequential thymidine/aphidicolin
block and release protocol [16]. After synchronization, cells grew uninhibited for seven
hours. This was followed by inhibition of the APC/C in combination with DMSO or SR-
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3029 for three hours (Figure 4-3A). Cells treated with SR-3029 displayed significant
increases in misaligned and unaligned chromosomes (Figure 4-3B & C). The unaligned
chromosome phenotype was less severe in cells treated with a CK1d/¢ inhibitor during
entry into mitosis than cells treated for the duration of a single cell cycle. These results
suggest that CK18/¢ activity is critical for proper chromosome alignment as cells enter
mitosis. In cells treated with SR-3029, there was no increase in multipolar cells and a
negligible increase in the percentage of poles with no centrioles (Fig 4-3D). These two

phenotypes are likely indirect consequences from inhibition of CK1d/e.
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yH2A.X levels gradually increases over time as a result of CK16/¢ inhibition

While conducting the previous experiments, | noticed cell populations treated with
CK18/¢ inhibitors were sparser than those treated with DMSO. Initial characterization of
the Scripps inhibitors concluded that CK10/¢ inhibition has an anti-proliferative effect on
A375 cells [10]. These results are consistent with results from three previous

publications. First, CK1d-- mice do not survive past perinatal stage 8 [17]. CK1e
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Figure 4-4. CK1d/¢ inhibition results in an accumulation of DNA damage A. Growth assays of HelLa
and RPE-1 cells treated with DMSO and CK1&/¢ inhibitors. Cell number was counted every 24
hours. B. Asynchronous populations of HeLa and U20S cells were treated with CK18/¢ inhibitor for
8 or 16 hours. Cells were fixed and stained for DNA (DRAQ5) and yH2AX. The average
fluorescence intensity ratio of yH2AX to DRAQS in nuclei were measured. ** = P<0.01,

**+k = P<0.0001

depletion in tissue culture cells results in cell death [18]. Lastly, CK16-- mouse
fibroblasts have an increase in yH2A.X levels [19], suggesting it has a function in DNA
damage repair. Further, their function in cell survival is consistent with growth defects
observed in yeast hrr25A and hhplA /hhp24A mutants [20, 21]. To begin investigating
how CK1d/e promote DNA damage repair, | performed similar experiments to those
previously mentioned using the CK1&/¢ inhibitors. HelLa and RPE-1 cells treated with
SR-1277 and SR-3029 for 3-4 days showed a significant drop in proliferation, similar to
what has been observed previously (Figure 4-4A). | next tested whether CK16/¢
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Figure 4-5. CK18/¢ function in DNA damage repair resulting from replicative stress. A. Immunoblots of
HelLa WCL arrested in S-phase or released from S-phase and collected in two-hour increments.
Membrane was plotted with antibodies directed to phospho-Chk1, pHH3 and gamma-tubulin. B. Cells
were synchronized and released into S with DMSO. Cells were fixed and stained right after release, 4,
7, and 10 hours after release. The average number of yH2AX foci per cell were measured. C.
Experimental procedure utilized for D and E. D. The same experiment was conducted, but cells were
treated with CK18/¢ inhibitors or vehicle control for 10 hours after release. E. The mitotic index was
measured for each group. F. Percent of cells in interphase and mitosis for samples treated for the
indicated time frames after release from an S-phase arrest. ** = P<0.01, **** = P<0.0001

inhibition affects yH2A.X levels. | treated HeLa and U20S cells with DMSO or SR-3029
for 8 or 16 hours. Both cells gradually accumulated yH2A.X fluorescence intensity,
indicating an accumulation of DNA damage (Figure 4-4B).
CK16/¢ activity promotes DNA damage repair

To test if CK1d/e are involved in DNA repair, | began by studying the kinetics of
DNA damage repair following release from S-phase (Figure 4-5A-F). CK1&/¢ inhibition

blocked DNA-damage repair, as evidenced by the persistence of yH2A.X foci, which
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resulted in a near complete inhibition of mitotic entry (Figure 4-5D & E). Cells released
from an S-phase arrest prior to CK18/¢ inhibition gradually entered mitosis after the 6-
hour time-point (Figure 4-7F) and at this time point, yH2A.X foci are near their lowest
levels, indicating resolved DNA damage (Figure 4-7B). These data suggest CK18/¢
activity is necessary for DNA-damage repair.

Discussion

Multipolar mitotic spindles generally arise through one of two mechanisms. One
is through the presence of supernumerary centrosomes, resulting from centriole over
duplication or cytokinesis failure [13, 22]. A second is through spindle-pole shearing,
resulting from early centriole disengagement or loss of spindle-pole integrity [13, 23,
24]. The observed mitotic defects associated with long-term CK1&/¢ inhibition are
reminiscent of the last example. The mechanism by which loss of spindle-pole integrity
leads to spindle multipolarity is not well understood, but multiple pathways likely feed
into this function. One pathway involves Plk1-dependent phosphorylation of a
centrosome satellite protein, Kizuna [12]. Plk1 and centrosome satellite proteins are
important for y-tubulin localization to the centrosome [25, 26]. A second pathway
involves phosphorylation of ch-TOG and TACC3 by Aurora-A and integrin-linked kinase
[27, 28]. Similar to my results, loss of spindle-pole integrity can be rescued by inhibiting
spindle-assembly motors. Spindle-pole integrity resulting from dynein light-intermediate
chain depletion was rescued by inhibiting Eg-5 [15]. Defects associated with CLASP1/2
depletion were rescued by inhibition of CENP-E. My results suggest CK16/¢ activity
feeds into one of these pathways to promote spindle-pole integrity.

The spindle pole integrity defect is likely a consequence of CK18/¢ activity in S-
phase. CK1d/e activity is necessary to resolve DNA damage resulting from replication
stress. As a result, the DNA damage checkpoint is activated and stalls the G2/M
transition. One critical process that occurs during this period is centrosome maturation,
resulting in restructuring centrosomal scaffolding proteins and an increase in y-tubulin
protein levels at the centrosome [29, 30]. CK1d/¢ inhibition may disrupt these processes
by stalling cell cycle progression, increasing the likelihood of defects as time passes.

Many cell-cycle proteins localize to the centrosome [31-35]. It is possible that CK1d/¢e
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activity directly or indirectly promotes their centrosomal localization or just signaling as a
consequence of stalling DNA damage repair.

My data suggest CK1d/e have a more direct function in promoting chromosome
alignment in metaphase than spindle polarity or spindle-pole integrity. This would be
consistent with CK1e localization to the kinetochore[36]. Although | did not observe this
localization pattern in Chapter two, it may be transient and require live cell imaging to
observe. These results are also consistent with identification of several centromere and
kinetochore localized candidate substrates from Chapter three.

Soluble yeast CK1 orthologs were first characterized for their role DNA damage
repair. My results are consistent with previous conclusions that CK18/¢ function in DNA
damage repair, indicating this is an important function of soluble CK1 family members. It
is still unclear whether CK1&/¢ function directly or indirectly in DNA damage repair, but
my data suggests they are necessary for DNA repair before cells enter mitosis. My data
also leaves open the possibility that CK18/¢ function in G2 to promote entry into mitosis,

independent of any DNA repair function.
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CHAPTER 5

Conclusions and future directions

Chapter Summaries

Casein kinase 16 and casein kinase 1¢ (CK1&/¢) are serine/threonine protein
kinases that function in a wide variety of biological processes. They have the greatest
degree of sequence similarity among CK1 family members and are predicted to have
largely redundant functions. Although there have been hundreds of publications on their
importance in cellular processes, a precise characterization of their interacting partners
and substrates has not been undertaken. In the previous chapters, | presented the
production of tools and implementation of experiments to probe the localization,
interacting partners, and substrates of CK10/«.

In Chapter two, | identified the proteins that co-purify with CK18/¢. This was
accomplished by producing cells in which CK16 and CK1¢ were endogenously tagged
with a fluorescent protein containing a multi-affinity purification epitope. | identified
GAPVD1 as a major interacting partner of both CK18/¢ throughout the cell cycle.
GAPVD1 was determined to be phosphorylated by CK16/¢, and this phosphorylation
was necessary for GAPVD1’s function in promoting endocytosis. The cellular tools |
produced also allowed me to visualize the localization patterns of endogenous CK1d/¢
for the first time. By knowing their interacting partners, as well as having an accurate
grasp of their localization pattern, we have the opportunity to begin asking questions
regarding what is necessary for CK1&/¢ localization and function.

In Chapter three, | identified CK1d/¢ substrates using a combination of cell
synchronization, small molecule inhibition and quantitative phosphoproteomics. The
primary goal was to determine mitotic substrates of CK1d/¢, but we likely identified
substrates important in other cell cycle phases. Three small molecular inhibitors were
used to maximize the likelihood of identifying authentic substrates. Putative substrates
will be prioritized for future experiments based on the samples in which they were
identified. The top priority will be those identified in all three inhibitor-treated samples,
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followed by the identification in the two Scripps inhibitor samples, and then in just the
SR-1277-treated sample.

Collectively, my projects produced two catalogues of proteins that will provide
additional insights into CK1&/¢ functions. It will be important to validate interacting
partners and substrates, and determine how their association with CK1&/¢ affect the
cellular functions in which CK18/¢ are involved. It is also of great interest to me to
determine how the interacting proteins and substrates relate to each other through
CK1d/e.

The importance of CK15/¢ localizations

Chapter two describes the localization pattern of CK1&/¢ throughout the cell
cycle. My initial interest was in determining how CK1&/¢ localize to the centrosome. This
interest was primarily fueled by CK18/e enrichment to the centrosome in overexpression
models, as well as the importance of the centrosome as a signaling hub [2-6]. After
producing tools to visualize the localization of endogenous CK10/¢, it became clear that
their localization pattern is much more complicated and dynamic than previously
described [7]. They are consistently in the nucleus, at the cell periphery and in dynamic
puncta (Figure 2-2), suggesting their localizations are more similar to the yeast
orthologs, Hrr25 and Hhp1/2, than we had previously understood. The localization of a
protein is often important for its function in a specific cellular process. My hypothesis
that this is true for CK18/e stems from two observations in the literature. First, CK1d is
reported to accumulate in the nucleus after DNA damage [8], suggesting its change in
localization is functionally relevant to DNA damage repair. Second, Hhp1/2 protein
levels at the SPB increase after mitotic stress [9]. The SPB localization of Hhp1/2 is
necessary for inhibiting downstream signaling for cytokinesis, but it is unclear if the
increase in protein levels is required. To understand the localization pattern of CK15/¢
under homeostatic and stressed conditions, it will be imperative to determine the
proportion of CK18/¢ at different locations in the cell. The most accurate method for
making this determination would be to endogenously tag different cell cycle markers in
the CK1d8/emneimne cell lines, and use imaging approaches to measure the amount of

CK1&/¢ at these locations. For instance, a CK18/emneimne cell line with y-tubulin tagged
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with a red fluorescent protein could be used in combination with Hoechst staining to

compare CK18/e-mNG abundances in the nucleus with those at the centrosome. DIC

imaging could be incorporated to delineate the entire cell, allowing us to determine the

fractions of CK18/e-mNG in the nucleus and at the centrosome compared to their

overall cellular levels. This analysis could be performed at different stages of the cell

cycle and during different stress conditions. Of particular interest to me is to determine if

CK1&/e behave in a similar manner as Hhp1/2 (e.g. accumulate at centrosomes) under

conditions of mitotic stress.
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To our surprise, we did not find a single core
centrosomal protein (Cep), or AKAP450 [10], in our
search for CK1d/¢ interacting partners. Although we did
not identify a canonical centrosomal anchoring protein,
we did identify ch-TOG, a microtubule-binding protein.
ch-TOG functions in microtubule polymerization at the
centrosome in interphase, and spindle pole and
kinetochore during mitosis, making it very important for
microtubule-based transport, mitotic spindle assembly
and chromosome segregation [11-13]. ch-TOG contains
five microtubule-binding domains and a C-terminal
coiled-coil domain responsible for localizing it to the
centrosome [12]. CK1&/e co-immunoprecipitated with ch-
TOG from HEK293 lysates when ch-TOG was isolated
using a commercially available antibody (Figure 4-1).

Future experiments should focus on determining the
nature of their interaction. Does ch-TOG target CK1d/¢ to
the centrosome, and, if so, is their interaction direct? If
their interaction is direct, what are the residues on CK106/¢
that are responsible for their interaction? A CK18/¢

centrosome-targeting mutant would be an excellent tool
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for investigating the importance of CK1d/¢ localization to the centrosome. Further, do
CK1d/¢ affect ch-TOG localization or function through their interaction, and is ch-TOG a
CK1d/e substrate? A long-term direction would be to endogenously tag ch-TOG with a
fluorescent protein in unmodified cell lines, as well as in cell lines where CK18, CK1g, or
both enzymes are knocked out. These cells would be used to monitor ch-TOG
localization, and be compared to the effect of inhibiting CK18/¢ with small molecule
inhibitors.

An open question that arose in Chapter two was whether CK18/¢ affects any
catalytic function of GAPVD1. The GAP and GEF domains have been reported to have
function as individual recombinantly produced domains [14], but neither GAP nor GEF
activity has been demonstrated using full-length GAPVDL1. Further, the full-length
protein, as well as individual GAP or GEF domain deletion mutants, are unstable when
expressed in mammalian cells or bacteria. This made it technically impossible to
perform GAP and GEF assays, and to determine whether CK1d/e phosphorylation
affected those activities. Future experiments would focus on producing and purifying
recombinant GAPVD1 from insect cells. This approach may be more suitable for
isolating a more stable protein. Another possibility is that GAPVD1 stability is increased
when phosphorylated. This stems from our observation that all of the CK18/e-dependent
phosphosites are located in a region of GAPVDL1 that is predicted to be intrinsically
disordered (Figure 2-5A) and GAPVDL1 is consistently phosphorylated throughout the
cell cycle (Figure 2-5C). To test if phosphorylation is important for producing a stable
recombinant protein, GAPVD1 and CK1d/e could be co-expressed in insect cells or
bacteria. If both approaches are successful, purified GAPVD1 (unphosphorylated and
phosphorylated) would be used to test if phosphorylation affects its GAP and/or GEF
function.

Whether the interaction between CK16/¢ and GAPVD1 functions in biological
processes aside from endocytosis is an area of interest. GAPVD1 was implicated in the
circadian rhythm pathway through its participation in a complex containing CK18, Per
and Cry; Perl & 2 and Cryl & 2 were present in both our CK1d and our CK1¢

purifications [1]. Importantly, three Per complexes were identified in the aforementioned
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study; one in the
nucleus and two in
the cytoplasm.
CK156 was
identified in all
three complexes,
while GAPVD1
was identified in
the larger
cytoplasmic
complex, which
was referred to as
the Mature
Cytoplasmic Per
complex (Figure 5-
2A) [1]. GAPVD1
depletion from
mouse fibroblasts
resulted an
increase in
circadian period,
similar to small
molecule inhibition
of CK1&/¢ [1, 15-
17]. However, the
mechanism by
which GAPVD1

functions in the

control of circadian rhythm is an open question. My preliminary data regarding the effect

of GAPVD1 loss on the cell cycle suggests it is important for cell cycle duration (Figure
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5-2B). The increase in doubling time would be consistent with the relationship between
circadian rhythm proteins and the cell cycle machinery that affects cell-cycle timing [18-
21].

Several experiments can be conducted to determine how GAPVD1 feeds into the
circadian clock. Because GAPVDL1 is only present in a mature cytoplasmic Per complex
[1] and it is most notably known for its function in protein trafficking, one hypothesis is
that GAPVDL1 functions to transport the Per complex to the nucleus. Wild-type and
GAPVD1.- HelLa cells could be used to determine the proportion of Per and Cry proteins
in the nucleus versus the cytoplasm. If GAPVDL1 affects their transport to the nucleus,
then you would expect to see a reduction in Per and Cry protein levels in the nucleus. It
is likely that this effect could only be detected within a specific window of time in the
circadian clock and cell cycle. Therefore, GAPVD1 production could be knocked out in
mouse reporter fibroblasts [1] to assess whether it functions in delivering a mature Per
complex to the nucleus. These same cell lines can be used to determine if loss of
GAPVDL1 affects the composition of the cytoplasmic Per complex. Each Per and Cry
gene could be modified to produce a protein tagged with Venus-MAP in wild-type and
GAPVDL1.- cells. These cell lines would then be used to purify Per-VM and Cry-VM from
cytoplasmic extracts, followed by mass spectrometry to determine the associated
proteins. These experiments could be taken a step further and use iTRAQ-based
phosphoproteomics to have a quantitative readout of protein levels from each sample. If
an effect on cytoplasmic Per complex formation or transport to the nucleus is observed,
the GAPVDL1.-- cells could then be used to re-introduce wild-type and the phospho-
mutants to determine if CK18/e phosphorylation is important for GAPVD1 function in the
circadian rhythm pathway. The most accurate assessment would be made by making
GAPVD1-positive stable cell lines in the GAPVD1.- background, allowing you to have a
homogenous population of cells.

CK10/e mitotic substrates
We have only begun to scratch the surface in determining CK1&/¢ mitotic

substrates. Those proteins identified as putative substrates in all three inhibitor-treated
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samples should be the top priority for future work. DMSO SR-3029
Asy S M Asy S M

Analysis would begin by using lysates from cells
treated or not with CK1d/¢ inhibitor to probe for 50- | M s e - |anti-CK13
phospho-shifts on polyacrylamide gels. | have begun

by examining CK190 itself. CK10 clearly decreases in s
=== | anti-pHH
mobility during mitosis (Figure 5-3). The decreased >

mobility is partially eliminated by inhibiting CK1d/¢,

50 W D G e e | anti-a-tubulin

suggesting that CK10 is autophosphorylated or

phosphorylated in trans by CK1¢ in M phase (Figure Figure 5-3: CK13 is

_ _ ; autophosphorylated in mitosis.
4-3). A post-doctoral fellow in the Gould lab, Dr. immunoblots of WCLS of CK15, pHH3,
Sierra Cullati, is currently identifying all of the and a-tubulin from asynchronously
growing (Asy) WT HelLa cells or HelLa
autophosphorylation sites on Hhp1/2 and CK1&/¢ cells synchronized in S-phase (S) and

. ) metaphase (M). 1 yM SR-3029.
using in vitro assays. Future work could combine our

efforts to determine the importance of CK16 autophosphorylation in mitosis, and other
biological processes. An undergraduate student in the lab, Eric Zhang, assisted me in
producing multiple CK16-- U20S cell lines (data not shown). These cells could be used
to re-introduce wild-type and CK1d phospho-mutants to evaluate protein mobility at
different stages of the cell cycle. The three phospho-sites identified on CK15 in Chapter
3 have been tested by Sierra and verified as autophosphorylation sites (data not
shown). However, they were not the full complement of sites. The 3A phospho-mutant
and a phospho-mutant with the full complement of sites mutated to alanine would be
used in future experiments to determine which sites are important for a change in
protein mobility in mitotic samples. The mutant with the greatest effect could then be
used to evaluate if CK16 autophosphorylation is important for chromosome alignment in
mitosis, as seen in Chapter 4 (Figure 4-3B).

A parallel approach would be to create CK18/e C-terminal truncation mutant cell
lines. Because the C-terminal tails of CK18/¢ are autophosphorylated and targeted by
other kinases, this would have a more global effect on CK1&/¢ function. However, this
approach would be worthwhile for two reasons. First, CRISPR/Cas9 could be used to

introduce a stop codon at the end of the kinase domain of each enzyme; therefore,
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lines could be used to provide qualitative differences with the autophosphorylation
mutant, providing insight into how other kinases affect CK18/¢ function. Lastly, these
cells could be used to determine if endogenous CK1d/e depend on their C-termini for
their localization pattern. Most importantly, to the centrosome. Hhp1/2 kinase domains
alone localize to the SPB, indicating they do not require their C-terminal tails [6]. GFP-
tagged CK16/¢ kinase domains expressed in RPE-1 cells, over the endogenous protein,
largely localize to centrosomes, but at a significantly lower degree than the full length
enzyme [6]. This result suggests the C-terminus play a minor role in localizing CK1d/¢ to
the centrosome.
A role for CK1d/¢ in the G2/M-phase transition

The ultimate objective of a cycling cell is to accurately replicate its DNA and to
segregate the replicated DNA into two physically distinct, but chromosomally identical,
daughter cells. These two objectives are accomplished in S- and M-phase respectively,
and are separated by two periods of growth (Gi- and G2-phase). Coordination between
these four phases is critical to the survival of a cell, given the importance of
chromosomal separation to occur after DNA replication. Two sets of proteins that help
coordinate the cell cycle are cyclins and cyclin-dependent kinases (CDK). Cyclins are a
family of proteins that are expressed during discrete periods of the cell cycle (Figure 1-
2). Family members form a complex with, and subsequently help activate, different
cyclin-dependent kinases (CDKSs) [22]. The activity of cyclin-CDK dimers is largely
responsible for progression and completion of each phase of the cell cycle by

propagating specific signaling pathways.
Figure 5-5. Cell cycle
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Cells have multiple checkpoints that mediate proper cell cycle progression.
Checkpoints must sense errors in the cell cycle and halt cell-cycle progression until the
error(s) has been resolved, after which the cell cycle resumes. These checkpoints are
present throughout the cell cycle and are necessary for ensuring fidelity of genomic
replication and segregation (Figure 4-4A). The G2/M checkpoint ensures the cell has
accurately duplicated its genomic material and grown sufficiently to enter mitosis. The
G2/M checkpoint is dependent on CDK1 inactivation via a combination of Weel-
dependent phosphorylation of CDK1 and inactivation of Cdc25 (Figure 4-4B) [23, 24].
When the G2/M checkpoint if alleviated, Cdc25 becomes active, allowing for
dephosphorylation of the Weel sites on CDK1 [25-27]. The DNA-damage checkpoint
can feed into the G2/M phase transition by inhibiting Weel degradation and Cdc25
activation [23].

CK18/e are implicated in control of the G2/M transition in different ways. CK10 is
reported to inhibit mitotic entry by phosphorylating and activating Weel [28]. However,
some evidence for this mechanism was obtained using inhibitors at a concentration that
also blocks CK1g activity, making it difficult to interpret. CK1¢ is reported to
phosphorylate Cdc25A on Ser82 in interphase, and after DNA damage, to keep Cdc25A
levels low [29]. However, direct phosphorylation and phospho-mutants were not utilized
in this study, bringing into question whether CK1e¢ directly phosphorylates Cdc25A.
Interestingly, although we did not identify Weel or Cdc25A as putative substrates in
Chapter three, we did identify a negative regulator of Weel, the F-box protein
CDCA3/Tome-1 [30-32]. This raises the possibility that CK1d/e may function both
directly and indirectly to regulate Weel. The role of CDCA3 in Weel degradation has
not been directly tested, but its yeast ortholog, Tome-1, promotes Weel degradation at
the G2/M phase transition. After verifying CDCA3 as a CK1d/¢ substrate, | would
determine if Wee1 ubiquitination and degradation is affected by CK1&/¢ inhibition. If so,
it would provide evidence of a downstream effect of CK1d/¢ inhibition.

A role for CK18/¢ in mitosis
Cdk1 signaling activates PIk1 and Aurora A [33-38], which then promote

centrosome maturation and construction of the mitotic spindle [39-41]. Proper mitotic
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spindle assembly and accurate kinetochore-microtubule attachments are necessary for
chromosome alignment in metaphase. Proper kinetochore-microtubule attachment
generates tension at the centromeres of sister chromatids that is monitored by the
chromosomal passenger complex, composed of Aurora B, INCENP, and borealin. Once
chromosomes are properly aligned between the spindle poles, the M-phase checkpoint,
also known as the spindle assembly checkpoint (SAC), is alleviated. This results in
activation of the APC/C, an E3 ubiquitin ligase responsible for initiating the degradation
of cyclin B and securin [42, 43]. Cyclin B degradation results in inactivation of Cdk1 and
mitotic exit, while degradation of securin allows sister chromatid segregation to opposite
poles.

CK1e is reported to localize to the kinetochore, a significant mitotic signaling hub,
in prometaphase [44]. Although we did not observe kinetochore localization in our
CK1emneimne cell lines, CK1e-mNG is enriched at the centrosome and has a strong
signal throughout the cytoplasm in metaphase (Figure 2-2), which would make it difficult
to see kinetochore-specific localization. Consistent with the possibility that CK1¢
localizes at the kinetochore, putative kinetochore-associated substrates were identified
in Chapter 3. INCENP was identified in the overlap between the SR-treated samples,
shugoshin 2 was identified in the SR-1277-treated sample, and CENP-F was identified
in the SR-3029-treated sample (Table 3-2 & 3) [45-60]. Additionally, a mitotic pole-
associated protein that functions in spindle formation and proper cytokinesis, CSPP1,
was identified in the overlap between all three inhibitor-treated samples (Table 3-1) [61].
All four of these putative substrates provide avenues of research for determining how
CK1d/e may function in mitosis. Each of the proteins could be analyzed for protein
mobility using SDS-PAGE and immunoblotting. If they can be produced and purified
from bacteria, they could be tested as substrate with in vitro assays. If INCENP were
verified as a CK106/¢ substrate, its association with other CPC components could be
tested through immunoprecipitation of the protein.

Imaging GFP-tubulin and H2B-mCh cells for shorter periods of time could provide
insight into the severity of the chromosome alignment defect and whether it disrupts

chromosome segregation and cytokinesis. Future experiments would include
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incorporation of CENP-E inhibition to replicate the rescue experiment in a shorter time-
frame.
CK1d/e network connections

The experiments described in Chapters 2 and 3 provide a broad view of the
relationships CK18/e have with several signaling pathways. Although there are few
proteins that overlap between the two data-sets, such as GAPVD1 and HUWEL,
proteins from each of the data-sets function in the same pathways. Determining the
connections between CK1d/¢ interacting partners and substrates would contribute to a
mechanistic view of CK18/¢’s roles in these pathways. For example, ch-TOG, a CK1&/¢-
associated protein (Table 2-1), and CLASP1, a putative CK1d/e-substrate (Table 3-2),
both function at the kinetochore in mitosis to mediate chromosome alignment [12, 13,
62-68]. Loss of ch-TOG or CLASP1 and CLASP?2 results in severe multipolarity and
chromosome alignment defects [63, 69-71]. Both proteins localize to the mitotic spindle
poles, kinetochores, and kinetochore microtubules (K-MT). The precise importance of
these individual localizations to chromosome alignment is unclear. Depletion of D-
TACCS3, an interacting partner of ch-TOG in cultured cells [72], results in a near
complete loss of the kinetochore and K-MT, but not centrosomal, localization of ch-TOG
[71]. This affects mitosis by producing small mitotic spindles and reducing kinetochores
tension [71]. These phenotypes are in contrast to depleting ch-TOG, which causes
small spindles, but also increase multipolarity characterized by a loss of connection
between K-MTs and centrosomes [71]. The spindle poles of multipolar cells depleted of
ch-TOG, similar to CLASP1/2-depleted cells, have a high percentage of pericentriolar
material with no centrioles [63, 71, 73]. The spindle-pole cohesion defect associated
with loss of ch-TOG or CLASP1/2 is not seen in cells depleted of TACC3, suggesting
that ch-TOG'’s interaction with TACC3 is most important for its function at the
kinetochore, not the centrosome. Although ch-TOG and CLASP1/2 are not reported to
interact, it is possible they function in a similar pathway to promote spindle-pole
integrity. CK18/e may function in this pathway as well.

Importantly, CK1&/¢ inhibition results in phenotypes that are reminiscent of ch-
TOG, and CLASP1/2 depletion [63, 74-76]. If ch-TOG, and CLASP1 interact with and
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are phosphorylated by CK19/¢, it would more likely have a direct influence on their
kinetochore rather than centrosomal function. There are three reasons for this
conclusion. Phenotypes associated with long-term kinase inhibition are more likely to
produce indirect phenotypes. Secondly, CK18/¢ inhibition starting in G2 did not result in
a spindle polarity or spindle-pole defect, but it did result in a chromosome alignment
defect (Figure 4-3). A first step would be to verify CLASP1 as a CK1d/e substrate. First,
probe CLASP1 protein mobility with SDS-PAGE of lysate from cells treated with DMSO
or CK10/¢ inhibitors. Second, in vitro kinase assays using recombinant CLASP1 and
wild-type (WT) and kinase dead (K38R) CK1&/¢. If | was successful at determining the
binding regions between CK18/e and ch-TOG, | could investigate whether CLASP
phosphorylation is prevented, or generally affected. This would begin by SDS-PAGE
and immunoblotting WT cells and where CK18/e-ch-TOG interaction is ablated.
Immunofluorescence analysis of CLASP1 localization would also provide information on
whether it is affected by an interaction between CK18/¢ and ch-TOG.

Reduced y-tubulin levels at the spindle poles observed in Chapter four may arise
from defects in protein trafficking to the centrosome [38, 77-79]. Similar defects are
associated with depletion of ch-TOG, which is reported to traffic to the centrosome with
the help of clathrin [62]. | would begin by analyzing the localization pattern of ch-TOG in
cells treated with CK1&/¢ inhibitors. | would also analyze the protein levels of
centrosomal scaffolding proteins that could affect y-tubulin recruitment. Because CK1d/¢
function in endocytosis in coordination with GAPVD1, ch-TOG localization could be
analyzed in GAPVD1-- and GAPVD1 mutant cell lines.

A role for CK1 in DNA replication and DNA-damage repair

Although the exact role of CK18/¢ in DNA-damage signaling is not known, there
are several lines of evidence that they are necessary for the repair process. Initial
evidence for the importance of CK1 proteins in DNA-damage repair was that the yeast
strains, hrr25A, hhplA, and hhp2A were sensitive to DNA-damaging agents [80, 81].
Pulse field gel analysis of hhplA and hhp2A strains demonstrated a defect in DNA
repair as compared to wild-type cells, with a more sustained defect in the hhplA strain

[81]. Importantly, introduction of the human enzymes, CK18/¢, rescued the growth
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defect and sensitivity to DNA-damaging agents associated with loss of Hrr25,
suggesting that CK18/¢ are also involved in DNA repair [82]. More recently, it was
shown that CK1d deletion from cultured mouse fibroblasts resulted in decreased
proliferation and an increase in the average number of yH2A.X foci, consistent with the
idea that without CK186, DNA damage cannot be repaired [83].

In support of the hypothesis that CK18/¢ function in cell proliferation and DNA-
damage repair, inhibition of these enzymes with highly specific small molecule inhibitors
has an anti-proliferative effect (Figure 4-7A) [84]. Cell treatment for 8-16 hours results in
a gradual increase in the average nuclear fluorescence intensity of the DNA-damage
marker yH2A.X (Figure 4-7B). This data indicates CK1&/¢ inhibition results in an
accumulation of DNA-damage, similar to what was seen in mouse fibroblasts where
CK106 was deleted. There are at least two possible reasons for an accumulation of DNA
damage after CK1&/¢ inhibition. First, CK18/e may have a direct role in DNA replication.
Inhibiting the enzymes may lead to stalled replication forks that gradually lead to
replication fork collapse and thus DNA damage [85]. In Chapter 3, we identified the
catalytic subunit of DNA polymerase epsilon (Table 3-1) and subunit B of DNA
polymerase alpha (Table 3-2) as potential CK16/e substrates. Future experiments
should focus on determining if these are true substrates. If so, determining the effect of
CK18/¢ inhibition on DNA replication using DNA combing assays would be beneficial in
investigating if CK10/¢ functions in DNA replication. Cell would be synchronized in S-
phase and allowed to grow in inhibitor-free media for 2 hours. Thymidine analogs could
be pulsed into cells before, during and after treatment with DMSO or CK1d/¢ inhibitors
[86, 87]. Fluorescence imaging techniques would be used to determine the length of
analog incorporation in nascent DNA. If CK18/e function in DNA replication, you would
expect to see shorter track lengths in samples collected from CK1d/¢ inhibitor-treated
cells. Second, CK16/¢ may have a direct role in DNA-damage repair, and the observed
accumulation of DNA damage is due to an inability to repair damage associated with
regular levels of replication stress. These two possibilities are not mutually exclusive.
Several DNA-damage repair proteins were identified as potential CK18/¢ substrates in
Chapter 3, including XRCC1, ERCC6, and MDC1 (Table 3-1). All three proteins are
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phospho-regulated [88-101]. XRCC1 [102] and MDC1 [103-106] interact with
centrosomal proteins and localize to sites of DNA damage during mitosis. Although a
mitotic function of ERCC6 has not been reported, loss of the protein results in
chromosome fragility in metaphase at four specific loci [107]. To begin validating
XRCC1, ERCC6, and MDC1 as CK18/e | would analyze protein mobility in cell lysates
arrested at different stages of the cell cycle in the presence and absence of CK1d/¢-
inhibitors. A PhosTag reagent can be incorporated into polyacrylamide gels to enhance
changes in mobility. If a change in mobility is observed. Ultimately, the goal will be to
determine how CK1d/e-specific phosphorylation may affect the function of XRCC1,
ERCC6, and MDCL1.

Several DNA-damage repair proteins were identified in Chapter 3 as putative
substrates, and Chapter 4 describes experiments implicating CK1 in DNA damage
repair. XRCC1, ERCC6 and MDC1 are great candidates, but so are some proteins
identified in the overlap in only the ‘SR’-treated sample, such as 53BP1 and LIG1.
Future experiments could determine if CK1&/¢ inhibition effects the localization pattern
of these DNA damage repair proteins. 53BP1 is of particular interest because, as the
name indicates, it interacts with p53 [108-110], a known CK1d/¢ substrate [111].
Additionally, 53BP1 interacts with MDC1 and is involved in promoting non-homologous
end-joining during double-stranded break repair [112-114]. After verifying these
candidates are true CK10/¢ substrates using methods described earlier (SDS-PAGE
and immunoblotting), we could immunoprecipitate of 53BP1 and MDC1 from cells
treated with and without CK1&/¢ inhibitor, and assay for co-purification. Results from
these experiments would provide insight into the function of CK18/¢ in DNA damage
repair.

As described in the past, the CK1 family of enzymes is highly complex. Two family
members in particular, CK1&/¢, are remarkably similar and largely redundant pleiotropic
enzymes. In this thesis, | have described to you my efforts to study these enzymes. |
produced cellular tools used to visualize the localization of the endogenous proteins and
identify their interacting partners. | used small molecular inhibitors and quantitative

mass spectrometry to identify candidate mitotic substrates. Lastly, | described several
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cellular defects associated with inhibiting CK18/¢ under varying conditions. |
hypothesize that the most critical function of CK1&/¢ is to regulate DNA damage repair.
It is currently unclear if this function is direct, through phosphorylation of one of the DNA
damage repair proteins identified in Chapter 3, or indirect, through interaction and
phosphorylation of GAPVD1, Per, and Cry to influence circadian rhythm genes. These
are not mutually exclusive. | am confident that future experiments that utilize the two
catalogs of proteins I've produced will further our knowledge regarding the mechanism

by which CK1&/¢ influence mitosis and DNA damage repair.
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Appendix

Materials and methods

Molecular biology methods

GAPVD1 cDNA encoding isoform 6 was purchased from Dharmacon (Cat#:
MHS6278-211690496). Because this isoform lacks amino acids 1057-1074 relative to
the previously studied isoform 1 [170] and also has an insertion at amino acid 810
(DFLYILQPKQHFQHIEAEADMRIQLSSS), a geneBlockrm fragment from Integrated
DNA Technology (IDT) was used to construct the longer isoform. GAPVD1 plasmids
were constructed using Gateway cloning, in the case of Flags-V5-ccdB (Addgene
#87064). Gibson cloning was used for construction of peGFP-C2-GAPVD1

The ORF of CK1d was amplified by PCR from a plasmid (CK16 pGEX-6p-2)
kindly provided by Fanni Gergely (University of Cambridge). The CK1¢ ORF was
amplified by PCR from GST-CK1¢. Each PCR product was cloned into pMAL-C2, and
the correct sequence was validated by DNA sequencing.

For CRISPR/Cas9 gene editing, single guide RNAs (JRNA) were designed using
the algorithm designed by the Zhang lab [190] at crispr.mit.edu. The gRNAs were
cloned into pSpCas9(BB)-2A-Puro (Addgene, PX459). Repair plasmids for knock-in
gene editing were constructed using pUC19 as a backbone, with restriction sites BamHI
and EcoRlI. The regions flanking the tags were amplified using purified genomic DNA
from HEK293 cells using the Qiagen DNeasy blood and tissue kit (Qiagen, Venlo,
Netherlands). Repair plasmids were constructed using Gibson cloning, with at least 25
base pairs of overlapping sequence between each of the adjacent fragments. For
insertion of the blasticidin resistance gene, a geneBlocktv fragment consisting of a
ribosomal skip sequence followed by the blasticidin resistance gene was purchased
from IDT.

Cell culture and gene editing

HelLa and HEK293 cells were cultured in Dulbeco’s modified eagle medium

(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
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penicillin/streptomycin (Pen/Strep). For CRISPR-mediated gene-editing, cells were
transfected with gene editing reagents as described previously [190]. Briefly, for knock-
in cell line generation, 6 X10s cells were transfected with 300 ng of CRISPR/sgRNA
plasmid and 1.5 ug of repair plasmid using Lipofectamine 3000. 24 hours after
transfection, 5 ug/mL of puromycin was added for an additional 48 hours. For creating
knock-out cell lines, cells were further treated with 5 pg/mL blasticidin for 48 hours.
Following selections, cells were transferred to a 10-cm dish without selection for 24
hours. Cells were then single-cell sorted through the Vanderbilt Flow Cytometry core
facility into 10 96-well plates for each knock-in cell line and a single 96-well plate was
filled for the knock-out cell lines. Clones were validated through analysis of whole-cell
lysates via immunoblotting and PCR amplification of genomic DNA. Genomic DNA was
extracted using the Qiagen DNeasy blood and tissue kit, following the manufacturer’s
instructions.

For gene rescue experiments, cells were transfected with 2 pg of plasmid DNA
using the Nucleofection R kit according to manufacturer’s instructions (Lonza) using an
AMAXA instrument with their program 1-013.

Cell cycle synchronization

HelLa and HEK293 cells were synchronized using a sequential thymidine (Sigma-
Aldrich) and aphidicolin (Tocris Bioscience) block-and-release protocol with drugs used
at 2.5 mM and 5 pg/mL, respectively. To capture metaphase cells, cells were released
from the second block for eight hours, then treated with 25 yM proTAME (R&D
Systems) and 100 uM Apcin (R&D Systems) for four hours. Mitotic enrichment was
verified by analyzing cells using phase-contrast microscopy and measuring the percent
of rounded cells. For G1 synchronization, cells were released from the metaphase
arrest for 3-4 hours.

Protein Methods

Cell lysates were prepared as previously described [61]. Briefly, cell pellets were
lysed in 1% NP-40 buffer containing 6mM NazHPO4, 4mM NaH2POa4, 1% Nonidet P40,
150mM NaCl, 2mM EDTA, 50mM NaF, 0.1mM NazVO4 and supplemented with 1mM

PMSF, benzamidine, sodium orthovanadate, 3-glycerophosphate, sodium fluoride, and
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sodium pyrophosphate. For immunoblotting, IP samples or ~40 pg of WCL was
resolved by SDS-PAGE on 4-12% or 3-8% gels and transferred by electroblotting to
PVDF membrane (Immobilon P; Millipore, Bedford, MA). Proteins were
immunoprecipitated with anti-GAPVD1 (Bethyl Laboratoy; 2ug), anti-FLAG (M2; Sigma-
Aldrich) or a serum raised and purified against GST-CK156 (amino acids 1-415, VU477,
Cocalico Biologicals, 2ug) or serum raised against GST-CK1¢ (amino acids 1-416,
VU473, Cocalico Biologicals, 2ug). Antibody

Antisera were raised against recombinant GST-CK16 or GST-CK1¢ (Cocalico),
and their specificity was verified by immunoblotting. The anti-CK18/¢ serum was further
purified by ammonium sulfate precipitation. The serum was cleared by centrifugation
and then precipitated with 0.5 volumes of saturated ammonium sulfate added dropwise
and incubated overnight at 4°C. The precipitate was cleared from the serum by
centrifugation and then the serum was precipitated with an additional 0.5 volumes of
saturated ammonium sulfate added dropwise and incubated overnight at 4°C. The
precipitate was pelleted by centrifugation, resuspended in 0.4 volumes phosphate-
buffered saline (PBS), and dialyzed three times in PBS.

For multifunctional affinity purifications (MAPS), CK18/€ were purified as
described previously [174]. Briefly, twenty 10 cm plates of HEK293 cells at ~80%
confluence were released from plates with trypsin and washed three times with ice cold
PBS. Cell pellets were then lysed in 3 mL of lysis buffer containing 50mM Tris-HCI
pH7.5, 150mM NacCl, 0.5% Triton X-100, 5% glycerol, 1 mM EDTA, and protease and
phosphatase inhibitors (1mM PMSF, benzamindine, sodium othrovanadate, (3-
glycerophosphate, sodium fluoride, and sodium pyrophosphate). Lysates containing ~35
mg of protein were incubated at 4°C on a nutator for 20 minutes, followed by
centrifugation at 16,000xg for 15 minutes at 4°C. Lysate was incubated with 150 pL of
anti-Flag magnetic beads (Sigma-Aldrich) at 4°C for 2 hours. The magnetic beads were
washed three times with wash buffer (50mM Tris-HCI, pH7.5, 250mM NacCl, 0.05% NP-
40). Bait protein was then eluted using 300 ug/mL of 3X-Flag peptide (Sigma-Aldrich) in
2 mL of lysis buffer. The eluted sample was then incubated in 300 uL of streptavidin-

coated beads for 2 hours at 4°C. The beads were washed two times with wash buffer,
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transferred to a 10 mL column and washed once with elution buffer (25mM Tris-HCI, pH
7.5, 125mM NacCl). Proteins were eluted two times with 1 mL of 2.5 mM biotin in elution
buffer. The eluates were TCA precipitated by adjusting them to 25% TCA with 100%
TCA, placing them on ice for 30 min with periodic vortexing, and spinning at maximum
speed for 30min at 4°C. The TCA pellets were washed once with cold (-20°C) acetone
containing 0.05 N HCI and spun for 7 min at maximum speed at 4 °C. They are then
washed once with cold (-20 °C) acetone and spun for 7 min at maximum speed at 4 °C.
The supernatant was removed and the pellets dried in a speed-vac.
Endocytosis assay

Endocytosis assays were performed as described previously [187]. Specifically,
cells were washed with PBS and then serum starved with DMEM supplemented with
0.5% FBS, 1% Pen/Strep (low-serum media) for two hours at 36°C, 5% CO2. Cells were
incubated with 30 ug/uL transferrin-594 (Tfn-594, Thermo Fisher Sci, cat# T13343) or
100 ng/mL epidermal growth factor-488 (EGF-488 Thermo Fisher Sci, cat# E13345) in
low serum media for 30 minutes on ice and covered with tin foil. Cells were washed
twice with PBS, once with low-serum media, and incubated in low-serum media with
300 pg/mL Tfn or 200 ng/mL EGF (Sigma-Aldrich, cat# T8158) for 10 minutes at 36°C,
5% CO2. Cells were then acid washed four times for one minute per wash. Cells were
washed with PBS twice and fixed with 4% PFA.
Fixation and antibody staining

For methanol fixation, cells were washed once with cold PBS and once with
100% cold methanol, followed by fixation with 100% cold methanol for 15 minutes at -
20°C. Cells were then washed 3X with 1x phosphate buffered saline + 0.1% Tween-20
(0.1% PBST) at room temperature, followed by blocking with 2% normal goat serum
(NGS) in 0.1% Triton X100 in 1x PBS for 10 minutes. For paraformaldehyde (PFA)
fixation, cells were washed twice with PBS, once with 4% PFA, then fixed with 4% PFA
for 15 minutes at room temperature. Cells were incubated with antibodies against y-
tubulin (Sigma-Aldrich, GTU88; 1:500), Flag M2 (Sigma-Aldrich, 1:1500) clathrin heavy-
chain (CLHC; Cell signaling technology, 1:100), or MKLP1 (Bethyl laboratory, 1:1000).
Cells were then incubated with DAPI and secondary antibodies (Alexa Fluore Goat-anti
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Mouse or Rabbit IgG (H+L), ThermoFisher; 1:500) for 45 minutes at 22°C. Coverslips
were mounted on slides using Prolongtv Gold antifade mounting media.
Microscopy methods

Fixed-cell images of HeLa and HEK293 cells were acquired using a personal
DeltaVision microscope system (Applied Precision) that includes an Olympus IX71
microscope, 60x NA 1.42 PlanApo and 100x NA 1.40 UPlanSApo objectives, a
Photometrics CoolSnap HQ2 camera, and softWoRx imaging software. Images in
figures are maximum intensity projections of z-sections spaced at 0.2 um. Images were
deconvolved with 10 iterations. Quantitative analysis of microscopy data was performed
using Fiji (a version of ImageJ software) available at: https://fiji.sc/[191]. The mean
number of Tfn-594 particles per cell was determined by first setting an intensity
threshold for each of the control cells. This threshold was then used in the ‘3D object
counter’ plug-in for all of the images. At least 40 cells were analyzed per sample, per
experiment.
In vitro kinase assays

Bacterial expression of MBP-CK1 fusion proteins were performed in terrific broth
(TB) media at an ODses of ~1.2 and 0.4 uM Isopropyl B-D-1-thiogalactopyranoside
(IPTG). MBP-CK1 fusion proteins were purified on amylose beads (New England
Biolabs) in column buffer (20 mM Tris [pH 7.0], 150 mM NaCl, 2 mM EDTA, 1 mM DTT
and 0.1% NP40) and eluted with maltose (10mM). Kinase reactions were performed
with 1000 ng kinase, 1000 ng GAPVD1, 10 uM ATP plus 1 pCi y-[32P]-ATP in kinase
buffer (50 mM Tris [pH 7.5], 10 mM MgClz, and 5 mM DTT) in 20 pl at 30°C for
45 minutes. Reactions were quenched by adding SDS-PAGE sample buffer and
proteins were separated by SDS-PAGE. Phosphorylated proteins were visualized by
autoradiography and relative protein quantities were assessed by Coomassie blue
staining relative to known standards utilizing Odyssey software (LI-COR Biosciences).
Phosphorylated proteins were visualized and quantitated using an FLA7000IP Typhoon
Storage Phosphorimager (GE Healthcare Life Sciences).

Two-hybrid analyses
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Two-hybrid experiments were performed as described previously (Vo et al.,
2016). GAPVD1, CK15 and CK1g, cloned into pDEST DB and pDEST AD vectors,
respectively, were generously provided by Haiyuan Yu (Cornell University). These were
co-transformed into S. cerevisiae strain PJ69-4A. Leu+ and Trp+ transformants were
selected and then scored for positive interactions by streaking onto synthetic dextrose
plates lacking tryptophan, leucine, and histidine. B-Galactosidase reporter enzyme
activity in the two-hybrid strains was measured using the Galacto-Star
chemiluminescent reporter assay system according to the manufacturer’s instructions
(Applied Biosystems, Foster City, CA), except that cells were lysed by glass bead
disruption. Each experiment was performed in triplicate. Reporter assays were recorded
on a Multi-Detection Microplate Reader (Bio-TEK Instruments).

Mass spectrometry analysis

TCA-precipitated proteins MAP purifications were subjected to mass
spectrometric analysis on an LTQ velos by 3-phase multidimensional protein
identification technology (MudPIT) as previously described (McDonald et al., 2002,
Chen et. al. 2013) with modifications. Proteins were re-suspended in 8M urea buffer
(8M urea in 100 mM Tris, pH 8.5), reduced with Tris (2-carboxyethyl) phosphine,
alkylated with 2-chloro acetamide, and digested with trypsin or chymotrypsin. The
resulting peptides were desalted by C-18 spin column (Pierce). Raw mass spectrometry
data were filtered with Scansifter and searched by SEQUEST algorithm. Scaffold
(version 4.4.8 or version 4.2.1) and Scaffold PTM (version 3.0.1) (both were from
Proteome Software, Portland. OR) were used for data assembly and filtering. The
following filtering criteria were used: minimum of 90.0% peptide identification probability,

minimum of 99% protein identification probability, and minimum of two unique peptides.
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