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ABSTRACT (in English)

In this doctoral, thesis we aimed to find and study novel mechanisms regulating cell cycle phase transitions
in non-stressed conditions and in context of the cell response to various types of stress. First, we focused
on studying Polo-like kinase 3 that has previously been implicated in activation of the cell cycle checkpoint
after DNA damage. For this, we employed CRISPR/Cas9- mediated gene editing to knock-out PLK3 in
RPE cells while in parallel performing RNA interference assays and submitting the cells to different types
of stress. The main observation was that in both systems PLK3 was disposable for response to DNA
damage, hypoxia and osmotic stress. Through mass spectrometry analysis of purified EGFP-PLK3 we
identified PP6 and its regulatory subunits PPP6R1 and PPP6R3 as novel PLK3 interactors. We observed
that PLK3 is phosphorylated in its conserved residue Thr-219 and that PP6 depletion boosted PLK3
phosphorylation status but did not affect its kinase activity. The possible regulation of PLK3 trough PP6 is
interesting and its biological relevance will be addressed by future research. Next, we performed a
transcriptomic analysis in human RPE-FUCCI cells aiming to identify new regulators of the cell cycle. We
selected Family with sequence similarity 110 member A (FAM110A) for further characterization as the
protein was highly expressed in G2 cells and localized to the mitotic spindle and spindle poles throughout
mitosis. Through siRNA-mediated depletion of FAM110A we observed an impairment in chromosomal
congression, delayed Metaphase-to-Anaphase transition and misorientation of the mitotic spindle. By
implementing a mass spectrometry analysis of purified mitotic FAM110A we identified the CK1 family
isoforms CK 1¢e and CK 19, alongside with the cytoskeletal proteins tubulin, actin, o/p-catenin and a-actinin
as potential interactors. Through in vivo and in vitro assays, we showed that CK18 interacted with
FAM110A through its C-terminal domain. In addition, CK1 phosphorylated Ser-252-255 residues, which
proved to be necessary for FAMI110A’s binding to tubulin and for chromosomal alignment during
metaphase. Following with other cytoskeletal interactors, FAM110A interaction with actin proved to be
relevant for chromosomal congression and during actin dynamics during mitosis. These observations pave
an interesting path for future studies over FAMI110A potential cytoskeletal cross-talk regulation roles

during mitosis.
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ABSTRAKT (v Czech)

V této doktorské praci jsme se zamétili na nalezeni a pochopeni novych mechanismi fidicich bunécny
cyklus v normalnich podminkéch i v kontextu bunééné odpovédi na rizné formy stresu. Nejdiive jsme se
zaméfili na studium Polo-like kindzy 3, ktera byla jiz diive popsana v aktivaci kontrolnich boda cyklu v
disledku poskozeni DNA. Pomoci technologie CRISPR/Cas9 jsme cilené inaktivovali gen PLK3
v lidskych RPE buiikach a paralelné rovnéz potlacili expresi PLK3 pomoci RNA interference. Hlavnim
pozorovanim bylo zjisténi, ze PLK3 neni nezbytna pro kontrolu buné¢né odpoveédi na poskozeni DNA,
hypoxii a osmoticky stres. Metodou hmotnostni spektrometrie jsme identifikovali fosfatazu PP6 a jeji
regulac¢ni podjednotky PPP6R1 a PPP6R3 jako nové interak¢ni partnery PLK3. Dale jsme pozorovali, ze
PLK3 je fosforylovana na konzervovaném zbytku Thr219 a ze deplece PP6 zvysuje uroven fosforylace
PLK3 ovSem bez vlivu na jeji enzymatickou aktivitu. Tyto vysledky naznacuji moznou regulaci funkce
PLK3 prostiednictvim PP6 a biologicka relevance tohoto pozorovani bude pfedmétem dalsiho studia. Dale
jsme provedli transkriptomovou analyzu v lidskych RPE-FUCCI buiikach s cilem nalézt potencionalni
nové regulatory bunééného cyklu. V dalsim studiu jsme se zaméfili na Family with sequence similarity
110 member A (FAM110A), jehoz exprese byla vysoka v G2 fazi buné¢ného cyklu a protein lokalizoval
na poélech déliciho vieténka v pribéhu mitozy. Po depleci FAM110A jsme pozorovali poruchy kongrese
chromozomil, oddéaleny prechod mezi metafazi a anafazi a porusenou orientaci déliciho vieténka. Pomoci
hmotnostni spektrometrie mitotického FAM110A jsme identifikovali kindzy CK 1 a CK196 a cytoskeletalni
proteiny tubulin, actin, o/B-catenin a a-actinin jako nové interakéni partnery FAM110A. Pomoci in vitro a
in vivo experiment jsme prokazali, ze CK 16 interaguje s C-terminalni ¢asti FAM110A a fosforyluje oblast
Ser-252-255. Tato modifikace FAM110A je nezbytna pro vazbu tubulinu a pro spravnou organizaci
chromosomt v pribéhu metafaze. Rovnéz interakce FAM110A s dal$imi cytoskeletalnimi proteiny byla
nezbytnd pro kongresi chromosomi a dynamiku aktinu v pribéhu mitozy. Tato pozorovani naznacuji
moznou funkci FAM110A v propojeni cytoskeletalnich systémi v pribéhu mitozy a davaji zaklad pro dalsi

vyzkum.
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1. INTRODUCTION
1.1. The cell cycle

The eukaryotic cell cycle is a series of highly controlled molecular processes that lead to the complete
duplication of a single cell into two identical daughter cells. The purpose if this process is controlled
proliferation by completely and accurately duplicating the genome and then precisely segregating the two
copies between the two future daughter cells. This purpose defines the two major phases of the cell cycle:
Phase S, were DNA duplication occurs and M phase were chromosome segregation and cell division take
place. This two major phases are separated by two “buffer” or “gap phases” known as G1 phase between
M phase and S phase and G2 phase between S phase and M phase (Figure 1); together, G1/S/G2 are known
as interphase (Malumbres and Barbacid 2009).

Cell cycle transitions between phases are regulated by cyclin-CDK protein kinases, protein phosphatases
and ubiquitin-protein ligases. An important aspect of this regulation is the fact that only cyclins present an
oscillatory nature during the cell cycle, while the presence of the rest of the participating proteins remains
constant (Malumbres and Barbacid 2009). Therefore, the cyclins are regulated by timely transcription and

ubiquitin-mediated proteasomal degradation.
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Figure 1. The Eukaryotic cell cycle. The eukaryotic cell cycle is composed of two major phases (S phase and Mitosis) separated
by two gap phases (G1 and G2). Cell cycle transitions between this phases are regulated by CDKs that are activated by phase-
specific cyclins, activated/deactivated by phosphatases and targeted for proteasome destruction by ubiquitin-protein ligases.
Throughout the progression of the phases, checkpoints work as a surveillance mechanism that monitors the order, integrity and
fidelity of the major events in the cell cycle in order to prevent deregulated proliferation. On first instance the restriction point
happens during GO and is overcome when the cell compromises to enter a new cycle. The G1 checkpoint where the cell arrest in
the presence of either new or inherited DNA damage, the S checkpoint ensures correct and complete DNA replication and deals
with DNA insults that occur during genomic duplication, the G2 checkpoint that will prevent cells from entering mitosis when
there is presence of severe DNA damage and the spindle checkpoint that verifies the mitotic spindle formation and integrity to

ensure proper chromatid segregation.



1.2. Protein kinases as the master regulators of the cell cycle

Progression through the cell cycle is controlled by activity of the PKs (Protein kinases) (Pines 1994). At
first glance we have the widely known CDKs (Cyclin dependent kinases) which are evolutionary conserved
master regulators of the cell cycle in all eukaryotes. CDKs depend on a cyclin subunit in order to be
activated and to excerpt their control functions during transitions between individual phases of the cell cycle
(Lukasik, Zaluski et al. 2021). The MAPKs family (Mitogen activated protein kinases) are in charge of
responding to extracellular stimuli. MAPKs are further subdivided in ERKs (Extracellular-regulated
kinases) that respond to growth factors and mitogens, JNKs (C-Jun N-terminal kinases) that respond to
cellular stresses like osmotic or heat shock and p38s (p38 mitogen-activated protein kinases) that respond
to stress, inflammatory cytokines and apoptotic signals (Pearson, Robinson et al. 2001, Yu, Sun et al. 2020).
In addition, several families of other protein kinases are implicated in specialized functions throughout the
cell cycle. For example NEK1 (Never in mitosis A-related kinases) participate during DNA damage
response and in cell cycle checkpoint control (Chen, Chen et al. 2008) alongside the ATM/ATR kinases
and DNA-PK that are the main regulators of the DNA damage response (Blackford and Jackson 2017).
Other crucial families are Polo-like kinases and kinases of Aurora family that both contribute to control of
the bipolar spindle formation, correct attachment of microtubules to the kinetochores and cytokinesis (Lee,
Jang et al. 2014, Willems, Dedobbeleer et al. 2018). More recently, Casein kinase 1 family has been
attributed with key cell cycle regulatory functions, ranging from Cdc25 family regulation and DNA damage
response to orchestrating delicate mitotic functions (Knippschild, Gocht et al. 2005). Throughout the
extension of this work, functions of CDKs, PLKs and CK1s families will be described in detail.

1.2.1. Cyclin-dependent Kkinases: critical regulators of the Cell cycle
CDKs (Cyclin-dependent kinases) are a subfamily of the PTKs (protein kinases). The human CDK family
has 13 members that can interact with 29 cyclins or cyclin-related proteins; however, only ten of this 29
cyclins have been reported as directly involved in control and regulation of the mammalian cell cycle

(Malumbres and Barbacid 2005).

Human CDKs can be classified in two groups: The interphase CDKs (CDK2, CDK4 and CDK6) and the
mitotic CDK (CDK1), nevertheless other CDKs have also been reported to participate in the regulation of
non-cell cycle related processes. For instance, human CDKS5 is active in post-mitotic neurons,
phosphorylating a plethora of substrates that participate in the neuronal actin cytoskeleton remodeling, both
in healthy and diseases states (Shah and Rossie 2018). Another example is CDK7 and cyclin H, who aside
from phosphorylating and activating CDK1 and CDK2, also control transcription trough association with

TFIIH and by phosphorylating the carboxyl-terminal domain of the RNA Pol II largest subunit (Fisher
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2005). In the case of CDKS, it has been reported to be needed for the expression of several B-catenin
transcription targets (Firestein, Bass et al. 2008) and that its increased kinase activity is needed to repress
E2F1 apoptotic targets (Morris, Ji et al. 2008). In future sections of this text we will focus on describing the

functions of conventionally known CDKs throughout the Cell cycle in detail.

1.2.2. The Polo-like kinase family
Polo-like kinases are a family of evolutionary conserved Ser/Thr PKs that play critical roles during cell
cycle progression, DNA damage response and G2/M checkpoint regulation (Korns, Liu et al. 2022).
Originally, the first ortholog was discovered in the model organism Drosophila melanogaster when
Glover’s group found weak hypomorphic alleles of the genes encoding for Polo and Aurora and saw that
homozygous embryos presented monopolar spindle poles due to centrosome maturation failure and failed
to achieve cytokinesis (Sunkel and Glover 1988, Carmena, Riparbelli et al. 1998). Later on the protein was
also detected in Saccharomyces cerevisiae, S. pombe and in Xenopus (Cdc5, Plol and Plxs respectively)
(Glover 1989, de Carcer, Manning et al. 2011). In humans, the Polo-like family is comprised of five
members (PLK1 - 5); in vertebrates, PLK 1 duplication produced PLK2 and PLK3 and later on, PLKS5 came
out from a second duplication; PLK4 turned up from a PLK1-like protein (de Carcer, Manning et al. 2011).
The PLK family present differential functions and regulation mechanisms throughout the cell cycle (Takai,
Hamanaka et al. 2005) that have been shown to be relevant in oncogenesis and tumor progression, proving

to be interesting subjects of study (Korns, Liu et al. 2022).

1.2.2.1. PLKSs Structure, Activation and Regulation
The conserved nature of the PLKs among species can be observed in their structure and domains; all
members of the PLK family share a similar structure within their N-terminal catalytic domain and the
distinct PBD (Polo box domain) at their C-terminal region (Zitouni, Nabais et al. 2014). Plk1 — 4 present a
catalytic domain at their N-terminal piece responsible for the phosphorylation of serine/threonine residues;
on the contrary PLKS5 catalytic domain is cut by half and has no activity therefore themed “pseudo-kinase
domain” (Lowery, Lim et al. 2005). PLK1, PLK2, PLK3 and PLKS5 have their PBD composed of two PBs
in tandem (PB1 and PB2), while PLK4 presents a “Cryptic PB” and a third PB (PB3) that may assist during
protein-protein interactions allowing PLK4 to homodimerize to perform its functions and exhibits a low

level of homology with PLK1’s PB1 and PB2 (Park, Soung et al. 2010) (Figure 2).
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Figure 2. Protein architecture of the PLK family isoforms. Schematic diagram of human PLK1 — 5 isoforms; each one contains
a catalytic kinase domain at their N-terminal region and a tandem of two repeats of the PBD domain (PB1, PB2) at their C-terminal
region. Sequence identities with the corresponding domains in PLK1 are given in percentages. Numbers indicate the positions of

amino acid residues for each given protein (Lee, Park et al. 2014).

The PBD is responsible for PLKs intracellular localization and works as a phospho-recognition module that
regulate their functionality and substrate specificity (Elia, Rellos et al. 2003). For instance, mutations in the
PBD of PLK1 prevent it from properly localizing to the spindle poles, it is believed that PLK2 (also known
as Snk) and PLK3 (Also known as Fnk or Prk) are regulated in a similar manner (Lowery, Lim et al. 2005).
In the case of PLK4 (also known as Sak23), the cryptic polo-box (CPB) function is to form a stable
homodimer (Leung, Hudson et al. 2002, Slevin, Nye et al. 2012) and bind to a target in a manner that does
not require a phosphorylated motif (Liu, Kim et al. 2020). On the other hand, whether the PBD of P1k5 also
binds to a phospho-epitope is not known, however since it lacks a functional catalytic domain it seems to
lack any function throughout the cell cycle; nonetheless it is highly expressed in non-proliferating neuronal

cells (de Carcer, Escobar et al. 2011).

The PLKSs kinase catalytic domain contains a conserved activation T-loop where key residues for enzymatic
activation and ATP-binding are located: In the case of PLK1 the ATP binding residue is its Lys-82, for
PLK2 it’s Lys-111, for PLK3 it’s Lys-91 and for PLK4 it’s Lys-51. For enzymatic activation, the residue
located at the T-loop in PLK1 is Thr-210, for PLK?2 is Thr-239, for PLK3 is Thr-219 and for PLK4 IS Thr-
169. Human PLKS5 lacks any residue that resembles the previously described ones however, mouse PLKS5

contains a complete kinase domain and a PBD (Lee, Jang et al. 2014).



1.2.2.2. PLKs Biological Functions

The PLK family have important and diverse functions during cell cycle control (Korns, Liu et al. 2022).
PLKI1 functions throughout the cell cycle are the widest studied and best characterized of all the PLKs
family members. PLK1 plays crucial roles during the G2/M transition, progression through mitosis,
functional maturation of centrosomes , cilia disassembly and in establishment of mitotic spindle bipolarity;
it has been shown that PLK1 is needed for y-Tub and MPM-2 recruitment to centrosomes (Lane and Nigg
1996, Casenghi, Meraldi et al. 2003). PLK1 is also needed for successful mitotic entry, progression and
exit through APC/C regulation as well as participating in the SAC recovery process and proper cytokinesis
(Toyoshima-Morimoto, Taniguchi et al. 2002, Zhou, Aumais et al. 2003, Macurek, Lindqvist et al. 2008).
A detailed description of all PLK1 functions in the cell cycle are provided throughout this work.

Up to date, the functions of PLK2 and PLK3 are the least well studied, however some functions during the
cell cycle regulation have been described. For instance, PLK2 has been involved in centriole duplication
during S phase (Cizmecioglu, Krause et al. 2012) while PLK3 has been linked to DNA replication aiding
through the G1-S phase transition by phosphorylating transcription-related proteins Topo lia. and DNA Pol
0 (lida, Matsuda et al. 2008) Additionally, PLK3 is localized to the Golgi Apparatus and is involved in
Golgi dynamics regulation throughout G2 phase and during Golgi fragmentation for mitotic entry (Lopez-
Sanchez, Sanz-Garcia et al. 2009) and it has been reported to be activated upon cellular stress and DNA
damage (Bahassi el, Conn et al. 2002, Zimmerman and Erikson 2007). PLK2 has been functionally linked
to PLK4, since both of them localize to the centrioles during the M/G1 transition where both are in charge
of duplicating the centrioles once G1 phase is restored, this function is conserved from Drosophila to
mammals (Kleylein-Sohn, Westendorf et al. 2007). Additionally, it has been reported that depletion of
PLK2 impairs embryonic development and placenta establishment in mice due to decreased cell
proliferation (Ma, Charron et al. 2003). Asl (Asterless) functions as a scaffold protein by binding to PLK4
on its Cryptic PBD; during interphase it promotes PLK4 homodimerization and auto-phosphorylation and
during mitosis it stabilizes it, targeting it to centrioles where its responsible for initiating centriole
duplication (Klebba, Galletta et al. 2015). In order to prevent cells from double duplicating its centrioles,
PLK4 auto-phosphorylates, priming itself for ubiquitin-mediated degradation and thus preventing the
generation of multipolar spindles (Slevin, Nye et al. 2012).



1.2.2.3. PLKSs and cancer
As mentioned throughout this work, the PLK family shows multiple functions throughout the cell cycle,
thus roles in both mitotic and non-mitotic cancer development have been described for the PLK isoforms
(Lee, Jang et al. 2014). For instance PLK1 has important roles during the SAC regulation and errors in this
process can lead to faulty cell division which is a hallmark of cancer (Jang, Ji et al. 2007). Overexpression
of PLK 1 contributes to cancer development as it promotes excessive proliferation, which has been reported
in cancers like gliomas, head and neck squamous carcinomas and breast malignancies (Degenhardt and
Lampkin 2010). Other isoforms have roles in tumor development as well; PLK?2 is a transcriptional target
of stabilized p53 and PLK3 gets activated upon DDR and allegedly is capable of phosphorylating p53 in
its Ser-20 residue (Xie, Wu et al. 2001). Parallel to this, overexpression of PLLK3 has proven to suppress
proliferation by impairing cytokinesis and by inducing apoptosis (Conn, Hennigan et al. 2000). Because of
all the previously mentioned characteristics, PLKs isoforms are a good target for cancer therapy; for
instance PLK 1 inhibition to prevent centrosomal maturation has been proved to be an effective strategy to
induce apoptosis in a tumor-selective manner (Lane and Nigg 1996). Currently several PLK1 inhibitors are

under clinical studies (Degenhardt and Lampkin 2010).

1.2.3. The Casein Kinase 1 family
The members of the casein kinase 1 (CK1) family are known to be constitutive kinases that play key roles
in diverse biological processes trough regulation of several cellular signal transduction pathways (Cheong
and Virshup 2011). The CK1 family belongs to the Serine/Threonine-specific PTKs category (Manning,
Whyte et al. 2002), they were named after their ability to phosphorylate the milk protein casein in vitro,
however, casein is not a physiological substrate of the CK1 family (Venerando, Ruzzene et al. 2014).
Numerous substrates have been reported to be targeted by the CK1 family isoforms for phosphorylation,
thus involving them in an ample catalog of biological processes (Knippschild, Gocht et al. 2005). Amongst
this biological processes, both canonical and non-canonical functions have been ascribed to the CK1 family

(Knippschild, Gocht et al. 2005, Fulcher and Sapkota 2020).

The CK1 genes form a unique branch of the PTKs kinome tree and are evolutionary conserved within
eukaryotes having several orthologues identified in animals, fungi, plants and protozoans (Hoekstra,
DeMaggio et al. 1991, Casas-Mollano, Jeong et al. 2008, Wang, Liu et al. 2011, Tan, Dai et al. 2013). Being
a small group, they show the closest relative sequence similarity with tau-tubulin binding kinases I and 2
(TTBK1/2), and the vaccinia-related kinase 1-3 (VRK1 — 3) (Cheong and Virshup 2011, Fulcher and
Sapkota 2020). There are six human CK1 isoforms (0, J, €, ¥1, y2 and y3) that are encoded by independent

genes and post-transcriptionally processed to yield several splice variants.



1.2.3.1. CK1s Structure, activation and regulation
CK1 family members possess a highly conserved amino-terminal kinase domain (55-98% identical) that is
adjacent to a more variable carboxyl-terminal extension which in turn show little homology between CK1
members (Cheong and Virshup 2011) (Figure 3). CK1 kinases do not require phosphorylation on the
activation loop and have been reported to act as monomeric, constitutively active enzymes. They
exclusively use ATP as a phosphate donor and are cofactor independent. CK1 family members are
ubiquitously expressed and are considered to exist in a constitutive active state (Schittek and Sinnberg
2014). Nevertheless, the majority of studies reporting this constitutive activity have been performed in vitro,
using purified catalytic domains, therefore failing to capture any potential interaction/regulation with other

enzymes or accessory proteins in vivo (Cruciat, Dolde et al. 2013).
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Figure 3. Protein architecture of the CK1 family isoforms. A. Phylogenetic tree of the CK1 family of protein kinases and their
relation with the kinases with the closest sequence similarity (Manning, Whyte et al. 2002). B. Schematic diagram of the CK1
isoforms architecture; percentage values represent the sequence similarity of the kinase domain of each CK1 isoform relative to

the CK1a kinase domain (Fulcher and Sapkota 2020).

The kinase domain of CK1 is similar with the rest of the PTKSs, presenting its catalytic cleft in between the
binding sites for ATP and its substrates, with a smaller N-terminal domain and a large C-terminal domain
(Knippschild, Gocht et al. 2005). The activation of isoforms a, 6, and ¢ is inhibited by auto-phosphorylation
of the C-terminal residues, thus regulating their catalytic activity (Graves and Roach 1995, Budini, Jacob
et al. 2009). In addition, the C-terminal domain has shown to play key roles regulating the kinase ability to
recognize substrates such as relief of the auto inhibition (Cegielska, Gietzen et al. 1998). Because it is
considered that CK1 C-terminal domain is relatively small (regarding that of other PTKs), the interaction

with functional partners or regulatory subunits may be necessary for their proper cellular regulation



(Fulcher and Sapkota 2020). In this sense, several potential regulatory mechanisms for CK1 have been
investigated and described, such as activation trough phosphorylation by PKA (Giamas, Hirner et al. 2007),
binding to 14-3-3 proteins (Clokie, Falconer et al. 2009) and the previously described timely auto-inhibition
(Cegielska, Gietzen et al. 1998).

1.2.3.2. CK1s Biological Functions
Amidst the most deeply studied pathways where CK1 isoforms exercise their kinase activity we find
membrane transport processes (Lampe and Lau 2004), ribosome biogenesis (Zemp, Wandrey et al. 2014),
cellular morphology regulation (Robinson, Menold et al. 1993), vesicular transport (Gross, Hoffman et al.
1995), modulation of the Wnt/B-catenin and Hedgehog pathway during development (Price 2006),
regulation of the circadian rhythms (Eide and Virshup 2001, Ebisawa 2007), ciliogenesis (Greer, Westlake
et al. 2014), microtubule assembly (Peng, Moritz et al. 2015) and most relevant for our field, during DNA
repair regulation (Hoekstra, Liskay et al. 1991, Winter, Milne et al. 2004, Knippschild, Wolff et al. 2005).

1.2.3.3. CKls in DNA Damage Response
During DNA damage response Chkl activation is supported by claspin and said binding has been reported
to be mediated by CK1y1 phosphorylation (Meng, Capalbo et al. 2011). Several studies have shown that
p53 is stabilized through CK1 phosphorylation during the apoptotic response and cell cycle arrest (Dumaz,
Milne et al. 1999) and that prior Ser-15 phosphorylation is required for this interaction (Dumaz and Meek
1999), showing CK1 modification to be sequential, creating an auto-regulatory feedback loop (Knippschild,
Milne et al. 1997). CK1a has been reported to mediate MDM2-p53 interaction by phospho-priming p53 for
further phosphorylation by CK18 and CK1e, which enhances MDM2-p53 interaction (Kulikov, Winter et
al. 2006). However MDM?2 phosphorylation in its Ser-118 and Ser-121 by CK 16 has been shown to target
it for proteasomal degradation by SCFPTRCP depending on the cell context (Inuzuka, Tseng et al. 2010).
Hypoxia response regulation via CK18 can also induce p53 stabilization (Kalousi, Mylonis et al. 2010).
CK16 and CK ¢ have also been reported to phosphorylate Cdc25A, inhibiting and subsequently enhancing
its proteasomal-mediated degradation upon DNA damage (Honaker and Piwnica-Worms 2010, Piao, Lee

et al. 2011).

1.2.34. CKl1s in Mitosis
The after mentioned processes are very well described functions performed by the CK1 family, however,
recently novel functions during proper mitotic spindle positioning and chromosomal segregation have been
described (Brockman, Gross et al. 1992, Behrend, Stoter et al. 2000, Milne, Looby et al. 2001, Peng, Moritz
et al. 2015, Fulcher, He et al. 2019). The first roles for CK1 during mitosis where reported in lower



eukaryotes. Using the model organism S. pombe, it was shown that CK1 is a key modulator of the SAC. It
was established that CK 1 phospho-primes Sid4 for subsequent Dmal (RNF8 in humans) ubiquitination and
targeted degradation, thus establishing the SAC; Sid4 is a scaffold protein in charge of recruiting Plo1 to
the spindle poles under normal conditions (Johnson, Chen et al. 2013). Parallel to this, it was shown in S.
cerevisiae that Hrr25 (CK1D in humans) forms part of the yTuSC (y-tubulin small complex), depending on
its kinase activity for the association; further it was reported that Hrr25 mediated —phosphorylation of
yTuSC promoted its integrity and functionality (Peng, Moritz et al. 2015). CK 16 and the yTuSC are highly
conserved, therefore it is speculated that similar regulatory mechanisms may have a general similarity in

the majority of eukaryotes.

In the case of human cells CK 16 has been reported to localize to centrosomes displaying a high affinity
towards MTs under DDR and stress, suggesting that this isoform might have regulatory functions upon cell
division checkpoint establishment (Behrend, Milne et al. 2000, Stoter, Bamberger et al. 2005, Peng, Moritz
et al. 2015). Additionally, it was observed that specifically inhibiting both CK16/e caused mitotic arrest
(Behrend, Milne et al. 2000). CK1d appears to be constitutively expressed in invasive extravillous
trophoblasts, localizing to the centrosomes and to the mitotic spindle; it was also reported that CK195-
specific inhibition caused structural alterations in the centrosomes, favored the formation of multipolar
spindles and impaired proper mitotic progression (Stoter, Bamberger et al. 2005). More recently, CK1a has
been reported to mediate mitotic spindle positioning through its scaffold protein FAM83D and that
disruption of their normal interaction lead to a delayed MAT (metaphase to anaphase transition) (Fulcher,
He et al. 2019). Putting this information into perspective, a recent phosphoproteomic analysis of cell cycle
progression showed that around 50% of phosphorylated peptides present consensus putative motifs for
CK1, and that this peptides belong to specific mitotic sub-phases (Ly, Whigham et al. 2017). Together this

data suggests that CK1 isoforms have important unexplored functions in mitosis.

1.2.3.5. CKls in Cancer
Because CK1 proteins are involved in critical cellular processes, a strict regulation of their activity is needed
in order to prevent the development of certain diseases. For instance, studies on the expression levels of
CK106 and CK g in young, healthy mice suggests that CK1 expression is strongly regulated, and different
isoforms are expressed to different levels in distinct tissues (Utz, Hirner et al. 2010). The incidence of
mutations in the coding sequence of CK1 isoforms or the improper regulation of their cellular activity have
been linked to neurodegenerative disorders including Alzheimer disease (Flajolet, He et al. 2007, Perez,

Gil et al. 2011, Adler, Mayne et al. 2019).
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Moreover, it has been shown that both CK16 and CKle expression appears to be up-regulated in some
cancers and actively participate in the pathways regulating p53 stabilization (Huart, MacLaine et al. 2009,
Inuzuka, Tseng et al. 2010). Taking on consideration the high relevance of CK13 and CKle in genomic
stability maintenance processes it seems obvious to consider that mutations leading to dysregulated activity
of the CK1 family may lead to cancer development (Knippschild, Wolff et al. 2005). Loss of CKla
heterozygosity in p53 deficient gut leads to highly aggressive and invasive carcinoma pointing out this
isoform as a potential tumor suppressor when p53 is lacking (Elyada, Pribluda et al. 2011). It has been
shown that mutations in CK1g frequently found in breast cancer lead to Wnt/B-catenin pathway function
loss and concomitantly result in abnormal activation of the Wnt/Rac1/JNK and Wnt/Ca+ pathway, which
generates an increment in cells migratory capacity and also decreased cell-adhesion (Foldynova-
Trantirkova, Sekyrova et al. 2010). A mutation in the C-terminal domain of CK1d has been reported to
provide high oncogenic potential in ACPs (adenomatous colorectal polyps) by promoting adenomas
development in the adjacent intestinal mucosa (Tsai, Woolf et al. 2007). Also, in BC (Breast carcinomas),
CK 10 has been reported to present immunoreactivity changes correlated to the tumor differentiation degree;
for instance immunohistochemistry of highly differentiated BC like low grade DCSI (ductal carcinoma in
situ) show strong CK 196 staining while low differentiated cancers with low invasive capacity show reduced

staining signals (Rosenberg, Cleveland et al. 2016).

In brief, there is a growing field of evidence pointing out the CK1 family as oncogenic drivers since their
uncontrolled activity promotes genomic instability, proliferation and apoptotic processes inhibition.
However it is not possible to deem them as oncogenes or tumor suppressors since their role in the
malignancies progression is manifold and may strongly depend on the cellular context (Elyada, Pribluda et

al. 2011).

1.2.3.6. CK1s and their substrates
Key regulatory proteins that participate in the control of the after mentioned biological processes have been
identified as substrates targeted for phosphorylation by the CK1 isoforms (Knippschild, Gocht et al. 2005).
The first attempts to identify specific characteristics shared by CK1 substrates pointed out the need of a
priming phosphorylation event in the -3 position of the site pS/pT-X-X-S*/T*, it was later shown that the
presence of a cluster of acidic residues located at the N-terminal side to the after mentioned site can
effectively substitute for the priming phosphorylation event (Flotow and Roach 1991, Marin, Meggio et al.
1994). More recently, a non-canonical S-L-S motif with a parallel C-terminal cluster of acidic residues has
been shown to be targeted by CK1 isoforms, although with less efficiency than the canonical phospho-
primed motif (Marin, Bustos et al. 2003). In conjunction, this observations suggests that the CK1 family
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can phosphorylate Ser/Thr residues even if they are not defined by a specific sequence motif, suggesting
that the targeting of specific substrates is likely to be regulated by other factors, such as subcellular
localization and substrate recruitment (Fulcher and Sapkota 2020). To date, the discovery and
characterization of novel CK1 substrates is helping to broaden and deepen our knowledge on the previously

reported functions for this kinase family, as well as opening new doors for unexplored cellular functions.

1.1.1 GO phase and the Restriction Point
In multicellular living organisms, most cells that are terminally differentiated remain in a non-proliferative
state (or quiescent state) known as GO; however, there are also some specialized cells that will continue to
proliferate even well into adulthood. In both cases, the cells have committed to a specific cycle state were
they will either exit the cell cycle and become quiescent (G0) or will start their own cell cycle (G1) in
response to extracellular stimuli (Pardee 1989). Once the cell receives this extracellular signals to enter a
new cycle of division (this transition is known as START in yeast and as the restriction point or “R” in
mammalian cells) it won’t be able to remain or eventually return to G1/GO, as cells that pass this restriction

are committed to completion of the cell cycle and consequent division (Blagosklonny and Pardee 2002).

Originally, it was considered that once the R point is surpassed, any extracellular signals were no longer
needed and the cell would be committed to enter the G1 phase and into a new cell cycle (Donjerkovic and
Scott 2000). However, recent studies have shown that that instead of only being able to evaluate their
mitogenic environment in the short window frame of time that the restriction point allows them,
proliferating cells have the capacity of storing MAPK activity history in response to mitogenic stimuli and
stress signals that are present throughout the whole life of a mother cell (Yang, Chung et al. 2017). In this
manner, mother cells will transmit to the daughter cells mitogen-induced cyclin D1 mRNA and DNA
damage-induced p53 protein, which in turn will induce variable expression of cyclin D1 and of p21
respectively and will determine in a great extent the future path of the daughter cells. Another important
aspect to consider is that the molecular competition between stress and mitogenic signaling received by
daughter cells also plays a key role in the cell cycle path decision-making (Yang, Chung et al. 2017). It has
been proposed that protein synthesis rates function as a record system, given that the translation rate is
strongly correlated with cell size and growth and it’s directly regulated by extrinsic mitogenic stimuli that

will influence the proliferation-quiescent behavior of daughter cells (Min, Rong et al. 2020).

One, if not the most important regulator of the GO quiescent phase is TP53, a gene that transcribes for the
renowned protein 53 (p53), the “guardian of the genome”. P53 function is to regulate cell proliferation by

preventing uncontrolled growth and division (Matlashewski, Lamb et al. 1984). P53, together with the Ras
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(proto-oncogene) pathway are responsible for downregulating cyclin D1 and maintaining cells in GO;
nevertheless, once mitogenic signals induce cyclin D1 production, Ras activity can be overcome (Peeper,
Upton et al. 1997). Once stabilized, cyclin D1 can bind to CDK4 and CDK®6, which in turn are activated by
CAK (CDK-Activating kinase composed by CDK7-Cyclin H) (Makela, Tassan et al. 1994) and can move
the cell pass through to the R point (Lolli and Johnson 2005). This process is carefully monitored by CKlIs
(CDK inhibitors), such as p21 or the Ink4 proteins (p16, p15, p18, p19) that are in charge of preventing
unregulated CDK4/6-Cyclin D activity (Peter 1997). Other key regulators both during GO and at the
beginning of G1 are pocket proteins (pRb, p107 and p103) whose job is to bind and inhibit the expression
of genes regulated by the E2F transcription regulators family (Helin, Harlow et al. 1993). Parallel to this,
growth factors such as VEGF, PDGF, FGF and EGF to name a few, are also important extracellular signals
that stimulate cells to past by the R point and to entry into the cell cycle (Blagosklonny and Pardee 2002).

1.1.2 G1 phase
The G1 phase is subdivided in three parts: Entry or Early-G1, Mid-G1 and Late-G1. During early G1, which
we consider the beginning of the cycle, no CDKs-Cyclin complexes are active and its mainly characterized
by the transcriptional activation of immediately early genes by mitogenic stimulation and activation of key
early transduction pathways (Zetterberg, Larsson et al. 1995). In this sense, there are three main pathways
involved in regulation of cyclin D promoter and its consequential expression: MAPK, PI3K/Akt and Wnt;

other pathways include ER, NF-KB, JAK/STAT and Racl/NADPH oxidase (Guo, Hao et al. 2011).

Depending on the cellular context, transcription factors E2F1 or E2F4 can activate cyclin D1 promoter,
driving its accumulation through a positive feedback loop, aiding in the accumulation of Cyclin D, pushing
progression trough G1 (Muller, Moroni et al. 1997). Rho/RAC1/Cdc42 signaling, which in principle
induces changes in cytoskeletal conformation in response to mitogenic stimuli, can also promote early
Cyclin D1 expression (Roovers and Assoian 2003). From the early stage to mid G1 phase, CDK4-Cyclin
D and CDK6-Cylin D complexes hypophosphorylate pRb (Retinoblastoma protein) (Ho and Dowdy 2002).
This hypophosphorylation allows pRb to associate with the transcription factors family E2F disabling them
from activating transcription. Concomitantly, pRb phosphorylation causes it to dissociate from histone
deacetylases, leading to derepression of the CCNEI1 gene (Harbour, Luo et al. 1999), allowing for Cyclin
E enrichment and its binding to CDK2.

Mid-G1 is marked by the conformation and activation of the CDK4/6-cyclin D complex thanks to sustained
cyclin D accumulation induced by MAPK/ERK (Mitogen-activated protein kinase, originally called
extracellular signal-regulated kinase) activity. MAPK/ERK is promoted by Rho kinase, who in turn
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suppresses Rho/Cdc42 activity and who in turn its balanced out by MKP (Mitogen-activated protein kinase
phosphatase) creating a flexibly balanced positive feedback loop. (Bhalla, Ram et al. 2002, Roovers and
Assoian 2003).

G1 is considered in its late stage when pRb becomes hyperphosphorylated by active CDK2-Cyclin E, which
causes E2F to dissociate from pRb, allowing the transcription factor to initiate transcription of the genes
required for entry intro S phase (Bertoli, Skotheim et al. 2013). One of its targeted genes is Cyclin E,
generating a positive feedback loop to aid in the CDK2-Cyclin E complex formation and activation, then
the cell is considered to be in the G1/S transition (Ekholm, Zickert et al. 2001). Activation of the CDK2-
Cyclin E complex on its Thr160 residue is performed by CAK (Larochelle, Pandur et al. 1998) and it can
be dephosphorylated in the same residue by KAP phosphatase, rendering CDK2 inactive until it binds to
its respective cyclin (Poon and Hunter 1995). CDK2-Cyclin E is inactivated by phosphorylation on
Thr14/Tyrl5 by Weel/Mikl related protein kinases, while dephosphorylation of the same residues by
Cdc25A phosphatase activates the complex (Gu, Rosenblatt et al. 1992). In turn, Cdc25A is regulated on a
transcriptional level in a positive manner by c-Myc in response to mitogenic signals or serum stimulation
to lead cell cycle progression (Donjerkovic and Scott 2000) and negatively regulated by transcriptional
inhibition from E2F4/p130 complex by recruiting histone deacetylase to Cdc25A promoter in response to
TGF-B (Iavarone and Massague 1999). The KIP/CIP family members (p21, p27 and p57) of CKlIs can also
negatively regulate Cdc25A. In this late stage Cyclin D expression is sustained by PI3k/AKT pathway
instead of MAPK/ERK (Marino, Acconcia et al. 2003).

During the after mentioned processes, CDC6 -a regulator of DNA replication- together with ORC (Origin
recognition complex), Cdtl (Chromatin licensing and DNA replication factor 1) and the heterohexameric
MCM2-7 (minichromosome maintenance) complex, make up the pre-RC (pre-Replicative complex). CDC6
is recruited by ORC to the DNA origin sequence (rich in thymine) in an ATP dependent manner where it
helps load two MCM2-7 complexes (DNA-Helicase) at each side of the replication origin for bidirectional
replication (Speck, Chen et al. 2005); once MCM2-7 complexes are loaded, the rest of the after mentioned
proteins become dispensable (Harvey and Newport 2003). During mid G1, CDC6 levels become highly
enriched in the nucleus, helping with the conformation of the pre-RC at replication origins; however, they
remain inactive because they depend on CDK2-Cyclin A activation trough phosphorylation (Petersen,

Lukas et al. 1999).
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1.1.3 S phase
The transition between G1 and S phase involves the conversion of pre-RCs into fully active replication
forks; this involves unwinding of the DNA origin by the DNA replicative helicase (MCM2-7 complex),
stabilization of the newly formed single-stranded DNA and loading of the replication machinery (Takeda
and Dutta 2005). This processes depend on replication factors and CDK2-Cyclin A activity along with
CDC7 (also known as DDK or ASK1/Dbf4 dependent kinase) (Kim, Yamada et al. 2003). The CDC7-
ASK1/Dbf4 kinase is directly involved in the activation of chromosome replication, suggesting that it

functions as a critical molecular switch for the start of S phase (Masai, Sato et al. 1999).

The complex CDK2-Cyclin E activity is at its peak during the G1/S transition, but as the cell fully enters S
phase, cyclin E will be rapidly degraded (Hengstschlager, Braun et al. 1999). As S phase initiates, the SCF
ubiquitin-protein ligase (Skpl/Cullin/F-box containing complex), targets CDK2 and GSK3p
phosphorylated-Cyclin E for its ubiquitin-mediated degradation; SCF is responsible as well for the
degradation of p27 and p21. This way the SCF complex will maintain the activities of CDK1 and CDK2
(in complex with Cyclin A) through the rest of the cell cycle by keeping the levels of this inhibitors down
(Tsvetkov, Yeh et al. 1999, Bornstein, Bloom et al. 2003). Once CDK2 is free from Cyclin E, it can bind
to Cyclin A; then Cdc25A will proceed to dephosphorylate the complex on its CDK2’s Tyr-15 residue,
consequently activating it (Blomberg and Hoffmann 1999). Cyclin A actively regulates multiple aspects of
S phase, at first stance by driving phosphorylation of the pre-RC component CDC6, and components of the
replication machinery like DNA pol A (Cardoso, Leonhardt et al. 1993, Frouin, Toueille et al. 2005), CDC6
localization is nuclear during G1, but relocates to the cytoplasm during S phase after CDK2-Cyclin A2

activation to perform its duties (Petersen, Lukas et al. 1999).

DNA replication is an all-or-nothing process; once it starts, it will proceed to completion and once it’s
complete it won’t occur again. The first step of this process is known as “Replication initiation”. As
mentioned before, the pre-RCs have been assembled during the G/S transition but remain stalled, this is
where the Protein kinase CDC7 comes into action (Kim, Yamada et al. 2003). This cell division cycle
protein is activated by the ASK protein (Known as Dbf4 in yeast) by binding into a complex who’s main
job is to activate/phosphorylate the MCM2-7 complexes (Sato, Arai et al. 1997). The loading of the MCM2-
7 proteins onto replication origins is essential for replication fork firing, therefore it is also known as the
RLF-M (Replication licensing Factor); as a consequence of replication, the MCM2-7 proteins are removed
from the new duplex. This control mechanism ensures that no section of the genome will be replicated more
than once by stopping the initiation of a new S phase round prior to mitosis (Blow and Hodgson 2002).

This process is also known as the activation of Oris (DNA replication origins) and it’s followed by the
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loading and activation of Cdc45 in the Oris, also by action of the CDC7-Dbf4 complex during early S phase
and in late origins during late S phase (Jares and Blow 2000). Cdc45 protein and GINS proteins-composed
of Sid5 and Psf1-3 (Takayama, Kamimura et al. 2003)-work together to bind and activate the latent MCM2-
7 helicase, creating the CMG (Cdc45/MCM2-7GINS) complex, where MCM2-7 proteins provide motor
activity for unwinding the double helix DNA for replication and forming what is known as the replication
fork (Petojevic, Pesavento et al. 2015). In this context Cdc45 is required for the recruitment of the
replicative polymerases and will act as a physical link between initiation and elongation factors (Kukimoto,
Igaki et al. 1999). After the CMG complex starts an initial origin unwinding event, the RPAs (Replication
protein A) are in charge of binding the single stranded DNA to prevent the formation of unwanted hairpins
(hydrogen bonds that bind single strand DNA in improper places) and to further stimulate origin unwinding
(Walter and Newport 2000). As helicase unwinds the DNA, the DNA ahead is forced to rotate, which can
result in super coiling which can eventually halt the replication fork by torsional resistance. To prevent this
problem, Gyrase (a type of Topoisomerase) is in charge of alleviating this resistance by temporarily
breaking the DNA strands, releasing the supercoil and immediately rejoining them (Wang 2002). This
whole process is necessary for replicative polymerases recruitment, which is the final step for replication

initiation (Jares and Blow 2000).

The next step is the formation of the initiation complex. In higher eukaryotes, three polymerases are
essential for the replication process: DNA pol a (also known as Primase), DNA pol & and DNA pol ¢; all
of them possess a conserved catalytic core but have specialized functions during elongation. After origin
unwinding, DNA pol a (which is the only polymerase that can initiate synthesis de novo on the single
stranded DNA) is recruited to synthesize a short RNA primer for the leading strand and several short RNA
primers for the lagging strand (Sun, Shi et al. 2015). This primed template is needed by DNA pol é and ¢
to bind the DNA strands and switch places with DNA pol a after primer synthesis; both DNA pol 6 and ¢
poses proofreading exonuclease activity and perform at higher speed than DNA pol a. For the subsequent
DNA processing and proper DNA binding, the DNA pols need to associate with the ring-shaped factor
PCNA (Jonsson and Hubscher 1997). PCNA also requires the templated DNA so it can be positioned by
the clamp loader known as RFC (ATPase similar to CDC6) to begin with the DNA synthesis (Ellison and
Stillman 2001).

The conjuncture of all this molecular machinery is known as the eukaryotic replisome, and once is fully
assembled, the cell can proceed with the processivity of the DNA; the standard replication speed is 1-2 kb
per minute. DNA is read by the DNA polymerase in a 3’ to 5’ sense, which means that the new strand has

to be synthesized in the 5’ to 3’ sense. The leading strand is continuously extended from the single primer
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by DNA pol € by adding the complementary nucleotides to the 3-OH’ end. At the same time, DNA pol & is
responsible for the synthesis of the lagging strand replication, which has to be done in the opposite direction;
the cell manages this by elongating the lagging strands trough discreet short pieces, known as Okazaki
fragments (Okazaki, Okazaki et al. 1968). This is the reason why primase adds several primers to the
lagging strand, so that each time helicase has opened enough length, the DNA pol 6 binds to the primer
with the help of the clamp complex and starts synthesizing the Okazaki fragments sending the fresh lagging
duplex back towards the replication fork. When DNA pol  reaches a new RNA primer, it disassociates and
will bind again once helicase has unwound enough lagging strand (Takeda and Dutta 2005). The maturation
of the Okazaki fragments is done by primer removal and nicks ligation as follows: RNAse H performs base
pair excision through its 5’ to 3’ exonuclease activity to remove the left over unstable ribonucleotides in
the lagging duplex, then DNA pol I replaces them with stable deoxynucleotides. After this DNA ligase
connects each single gap that remains in the sugar-phosphate backbone between the lagging duplex and the
Okazaki fragment through a phosphodiester bond. This whole mechanism is known as elongation and is

how both the lagging and leading strands will be replicated in their totality (Takeda and Dutta 2005).

During the whole replication process, the histones, which are highly basic proteins that act as spools around
which DNA strands wind and create the structural units known as nucleosomes, must be duplicated as well.
During the G1/S phase transition the CDK2-Cyclin E complex phosphorylates a nuclear coactivator of
histone transcription known as NPAT whose job is to recruit the Tip60 chromatin remodeling complex to
promote transcription of histone genes (DeRan, Pulvino et al. 2008). As DNA is being actively replicated,
histones are divided between the parent and daughter strands and the freshly synthesized histones are
assembled in nucleosomes by the CAFs (chromatin assembly factors such as Asfl and CAF-1) that actively
travel along with the replication fork (Zhang, Shibahara et al. 2000). At the same time, replication fork
progression depends on nucleosome assembly, potentially through a feedback loop mechanism where CAF-
1 might signal to PCNA to unload from the new duplex upon nucleosome assembly (Groth, Corpet et al.
2007). Maintaining a proper Histone supply throughout the whole replication process is key in order to
maintain proper fork speed and to avoid accumulation of DNA damage (Hoek and Stillman 2003,
Gunesdogan, Jackle et al. 2014). This collaborative action between the DNA replisome and the CAFs is
known as chromatin assembly (Alabert and Groth 2012). Immediately after replication and chromatin
assembly, the cell has to re-establish its chromatin domains and epigenetic information; the PRC2
(Polycomb Repressive Complex 2) and other histone-modifying complexes can “copy” modifications

present in old histones on the new histones (Ramachandran and Henikoff 2015).
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Replication termination implicates fork convergence, synthesis completion, replisome disassembly and
decatenation (Dewar and Walter 2017). As mentioned before DNA replication starts at multiple replication
origin sequences, therefore replication forks encounter and terminate at many sites along the chromosome,
this is known as convergence and is immediately followed by the disassembly of the replisome. The first
step for the replisome disassembly is the removal of the CMG complex, this is performed by the SCF
ubiquitin ligase by polyubiquitinating MCM2-7 causing the whole complex to be removed from the strand
by VCP (Also known as ATPase p97) (Moreno, Bailey et al. 2014, Fullbright, Rycenga et al. 2016). It is
believed that this polyubiquitination does not target the CMG complex for degradation, but that instead
promotes its recycling. It is also important to point out that CMG will be unloaded only after the gap left
between the lagging strand and the leading strand of a converging fork has been filled and ligated,
suggesting that MCM2-7 ubiquitination will occur once the CMG complex finds and encircles double-
stranded DNA (Dewar, Budzowska et al. 2015). It is possible that for the rest of the replisome and because
the CMG complex has either direct or indirect contact with the proteins of the replication machinery, its
unloading leads to passive disassociation of the complete replisome (Dewar, Budzowska et al. 2015).
Proteins that do not interact with the CMG complex like PCNA, have to be removed in an independent
manner; PCNA is unloaded by ELG1 (Also known as ATADS) which also leads to the removal of the
PCNA-interacting proteins such as DNA ligase and DNA pol & (Kubota, Nishimura et al. 2013). The final
step, named decatenation consists in the relief of the accumulated topological stress between the converging
forks (Bermejo, Doksani et al. 2007). This can be achieved either by topoisomerase action ahead of the
traveling fork or by coupling helicase activity with rotation of the whole fork relative to the unreplicated
DNA (Schalbetter, Mansoubi et al. 2015). The latter method, relaxes the topological stress but at the
expense of generating double-stranded intertwines behind the replication fork, which are deemed
“precatenanes”, this can be resolved by type Il but not type I topoisomerases, and gaps are filled by

extension of the leading strands (Bermejo, Lai et al. 2012).

The end of S phase and the S/G2 transition are marked by multiple positive feedback loops and specific
transcriptional regulation that gradually increment CDK 1 and PLK1 activities that will continue throughout
G2 phase and culminate in enforced mitotic entry (Crncec and Hochegger 2019). At the end of S phase,
once DNA replication has been successfully completed, a new cascade of transcription begins in response
of activation of transcription factors such as NF-Y, FOXM1 and B-Myb (MYBL2) (Sadasivam, Duan et al.
2012). FOXM1 (Forkhead box protein M1) is a transcription factor that regulates de expression of a large
group of G2/M-specific genes, such as PLK1, Cyclin B1, Nek2, SKP2 and CENPF; it also participates in
the maintenance of genomic stability by aiding trough chromosomal segregation (Laoukili, Kooistra et al.

2005). FOXM1 accumulates upon entry into S phase (Major, Lepe et al. 2004) and it translocate to the
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nucleus via the Rat/MEK/MAPK complex when it’s Ser331 and Ser704 residues are phosphorylated,
promoting its transcriptional activity (Ma, Tong et al. 2005). Eventually, MuvB and B-Myb will be required
for the subsequent recruitment of FOXMI1 to late gene promoters during G2 (Knight, Notaridou et al. 2009,
Sadasivam, Duan et al. 2012).

During S phase, cyclin A localization is restricted to the nucleus by p21, however a recent study reported
that during S/G2 transition, CDK2-Cyclin A2 complex re-localizes to the cytoplasm were it directly
phosphorylates BORA initiating the characteristic activation of PLK1 during this transition. (Silva
Cascales, Burdova et al. 2021). Further down on G2 the CDK2-Cyclin A2 complex will continue

functioning as a trigger for mitotic kinase activation (Vigneron, Sundermann et al. 2018).

1.1.4 G2 phase
During G2 phase, Cyclin A2 is in charge of stimulating still on-going transcription and to inhibit
degradation of key mitotic regulators in order to promote their accumulation (Lukas, Sorensen et al. 1999).
At the same time that mitotic regulators enrich, Cyclin A dependent positive feedback loops promote CDK1
activation (Mitra and Enders 2004). It has been shown that Cyclin A depletion leads to G2 arrest probably
due to errors in completing DNA replication lagging from S phase (Oakes, Wang et al. 2014) or by
preventing proper PLK1 activation (Silva Cascales, Burdova et al. 2021). At this moment of G2 phase,
CDK2-Cyclin A/E complexes will phosphorylate FOXM1 in its Thr600, Ser638, Thr611 and at Ser251
residues, this last one being critical for CDK1-Cyclin Bl subsequent targeted phosphorylation (Chen,
Dominguez-Brauer et al. 2009). The phosphorylation at Thr596 by CDK1-Cyclin B1 recruits PLK1 to
continue phosphorylating FOXM1 at its Ser715 and S724 residues, which will promote its transcriptional
activity, recruiting the transcriptional co-activator CBP (p300/CREB binding protein) to enhance G2
specific transcription (Major, Lepe et al. 2004). FOXMI1 is also essential during G2/M and mitotic
progression by driving the transcription of cyclin B1, Cdc25B, PLK1 Aurora B, surviving and centromere

proteins A/B (Krupczak-Hollis, Wang et al. 2004, Wang, Chen et al. 2005).

As previously mentioned, cyclin A depletion leads to G2 arrest and blocks mitotic entry, while depletion
of Cyclin B1 does not block mitotic entry, but instead affects later on mitotic progression (Hegarat, Crncec
et al. 2020). CDK1-Cyclin B1 complex activity is exclusive to the G2/M transition and checkpoint and is
responsible for catalyzing entry into mitosis (Nurse 1990). After centrosomal separation, gradual
accumulation of cyclin B increases the activity of CDK1 as cells prepare to enter mitosis (Lindqvist, van
Zon et al. 2007). However, the CDKI1-Cyclin Bl complex will remain inactive until inhibitory
phosphorylation is removed; through a positive feedback loop, the CDK1-Cyclin B complex activates the
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phosphatase Cdc25A which in reciprocity, activates the complex further by removal of phosphate groups
on the Tyr15 and Thr14 from the activation site and deactivates the complex inhibitors responsible for this
phosphorylations, known as Weel and Mytl (Parker and Piwnica-Worms 1992, Mueller, Coleman et al.
1995). This loop is indirectly amplified by the complex formation and accumulation of the Aurora A kinase
and its cofactor, BORA and in turn, this complex regulates the activation of PLK1 (Macurek, Lindqvist et
al. 2008). Later in G2, the combined activities of CDK2-Cyclin A2 and CDK1-Cyclin B will generate
massive modifications in BORA, protecting it from being targeted for degradation by the SCF complex and
resulting in mitotic commitment (Vigneron, Sundermann et al. 2018, Silva Cascales, Burdova et al. 2021).

This whole process will trigger the onset of prophase (Gavet and Pines 2010).

As previously mentioned, activated PLK1 will target Weel and Myt1 for phosphorylation, which will single
it out for degradation through the SCF#T complex (Nakajima, Toyoshima-Morimoto et al. 2003); at the
same time, PLK1 activates/phosphorylates Cdc25B/C, feeding further in the CDKI1 activation positive
feedback loop (Lobjois, Froment et al. 2011). The end of the G2 phase and entry into mitosis occurs when
a threshold level of activated CDK1-Cyclin B1 (also known as Maturation promoting factor or MPF) has
been reached (Lindqvist, van Zon et al. 2007). Attenuated CDK2-Cyclin A2 and fully activated CDK1-
Cyclin B1 complex (also referred to as MPF) trigger irreversible but crucial processes by phosphorylating
a large number of substrates during the remains of G2 phase and early phases of mitosis (Holt, Tuch et al.
2009) to trigger centrosome duplication alongside the NEB (nuclear envelope breakdown) and
chromosomal condensation, reversible disassembly of the Golgi ribbon into fragments to be split between

future daughter cells, among other processes (Shorter and Warren 2002).

1.1.4.1 Centrosome maturation and duplication
Up to this point of this description of the cell cycle, we haven’t discussed the cycle dynamics of the
Centrosome, therefore it will be explained in detail before dwelling with the intricacies of the mitotic
process. The cell enters G1 with only one centrosome composed of two centrioles and their pericentriolar
material. One of the two centrioles is two cycles “older” than the other, which was generated on the previous
cycle. During G1/S transition, the centriole pair splits, a process that is directly regulated by CDK2-Cyclin
A/E activity and possibly by the SCF complex (Freed, Lacey et al. 1999). From each individual centriole a
new one will grow in a perpendicular manner making the process semiconservative (Hinchcliffe, Li et al.

1999).

The pericentriolar material is also known as MTOCs (Microtubule Organizing Centers), it contains all the

needed elements to nucleate and organize microtubules along with hundreds of other proteins (O'Connell,
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Caron et al. 2001). This large plethora of proteins contained in the MTOCs must have specific interactions
with the centrioles and with its functional components, however this interactions have not been
characterized in their totality, nor has the structural core of the pericentrioles been fully described (Stearns

2001).

The earliest point of the cell cycle were two centrosomes can be found as individual bodies with their own
pericentriolar material is when the cell is undergoing DNA replication, although it remains unclear if this
happens during early or late S phase. At this point, the oldest centriole is marked by presenting distal
appendages, by the presence of the cenexin protein (Lange and Gull 1995) and of e-tubulin (Chang,
Giddings et al. 2003) ; by the time that the cell reaches the G2/M transition, both centrosomes will have
this characteristics. At the start of M phase, the amount of pericentriolar material on each duplicated
centrosome increases side by side with the number of nucleated microtubules (Smith, Hegarat et al. 2011).
During this whole process active CDK1 will depolymerize interphase astral MTs and MTs associated
proteins, whose function in G2 was to inhibit centrosome separation (Crasta, Huang et al. 2006, Smith,

Hegarat et al. 2011).

The last step of the centrosome cycle is separation. During prophase the two sister centrosomes will separate
from each other as chromatin condenses at approximately one hour before the NEB (Nuclear envelope
breakdown). The separation is propelled by microtubule motor-mediated sliding towards opposite poles of
the cell aided by dynein (Whalley and Malliri 2015). The MT-sliding activity of Eg5 (Kinesin related motor
protein) is crucial for this process, as it has been extensively shown that treatment of cells with Eg5
inhibitors like STLC (S-trityl-L-cysteine) produces monopolar spindles and arrest in mitosis (Mayer,
Kapoor et al. 1999). It is believed that counteracting forces that oppose centrosome separation are crucial
to achieve the proper force balance required for correct chromosome alignment (Woodcock, Rushton et al.
2010). Eg5 is positively regulated by CDK 1 by regulating its localization trough phosphorylation/activation
of Nek9, and by directly phosphorylating it on the Thr927 to stimulate MT-binding (Blangy, Lane et al.
1995). CDK1 also phosphorylates the GEF (guanine-nucleotide exchange factor) protein known as TIAM 1
and its substrate RAC that localize to the spindle poles to create an inward force that helps stabilize and
tighten the mitotic spindle (Woodcock, Rushton et al. 2010). CDK1 regulates proteins that both drive and
oppose centrosome separation with the ultimate goal to achieve the perfect balance for correct chromosome
alignment (Whalley and Malliri 2015). During mitosis, the two centrosomes define the poles of the mitotic

spindle and will be segregated along with the chromatids at the end of cell division (Stearns 2001).
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1.1.5 Mitosis
As described previously, mitosis initiation is triggered in an irreversible manner by the concomitant and
culminating activation of CDK1-Cyclin B1 complex (Gautier, Norbury et al. 1988). When in mitosis, the
cell objective is to equally distribute one of the centrosomes and half of the replicated genetic material
between the two future daughter cells. Such an important task has to be accomplished with stringent fidelity,
since failures in the process can lead to death in unicellular organisms and aneuploidy or polyploidy in
multicellular organisms which is a huge aspect of cancerous progression (Mclntosh 2016). Excessive cell
division is an important aspect of malignancy in cancer, and on the other hand, insufficient or defective
division may dwell down in conditions such as anemia. This relevant particularities of the mitotic process
have tracked attention for deep and detailed study resulting in impressive advances in its understanding.
However, a complete and detailed grasp of the mitotic process as a whole is currently in process (Mclntosh

2016).

1.1.5.1 Prophase
The beginning of Prophase, the first step in mitosis is marked by very specific cellular morphological
changes: At first glance, protein synthesis slows down but doesn’t stop completely, maybe to allow for
rapid re-start after division completion (Sivan, Kedersha et al. 2007). MTs and microfilaments lose their
characteristically interphase stability and are dissolved by extensive phosphorylation (Maller 1986), stress
fibers disappear but fibrous actin remains at the cell cortex and will be critical for the constriction ring
formation during cytokinesis (Mitsushima, Aoki et al. 2010). Aside from this processes the most obvious
change is the visible condensation of duplicated chromatin that occurs during Prophase. Chromosome
compaction consists in the “packing” of the condensed chromatin loops in discrete individual bodies known
as chromosomes (Kornberg 1977) with the help of crisscrossed strands of proteic fibers constituted by
condensins and ATPases that have positive supercoiling activity, creating superhelical tension in the
dsDNA (Kimura and Hirano 1997, Thadani, Uhlmann et al. 2012). Chromatin posttranslational
modifications such as acetylated and/or phosphorylated histones, among other chromatin proteins aid in the
compaction process, while at the same time shutting transcription down mainly because transcription

factors are disassembled (Martinez-Balbas, Dey et al. 1995).

Chromatin condensation also marks the start of the process known as NEB (Nuclear Envelope Break-down)
which takes place in late prophase, is characteristic of an “open mitosis” and can be completed within
several minutes (Dultz, Zanin et al. 2008). The process starts with the dispersal of the NUPs (nucleoporins),
lamins and intermediate filaments as a result of CDK1-Cyclin B1 directed phosphorylation. NUPs are

soluble proteins that are the main components of the NPCs (Nuclear Pore Complexes) and are released to
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the cytoplasm as stable subcomplexes (Terasaki, Campagnola et al. 2001). NUP98 has been reported to be
a key phosphorylation target at the onset of this process; NUP53, the NUP107-160 complex and
transmembrane NUPs NDC1, POM121 and GP210 are also phosphorylation targets during NEB onset,
nevertheless the modulation mechanisms of this phosphorylations remains under intensive study
(Eisenhardt, Redolfi et al. 2014, Weberruss and Antonin 2016). In the case of mammalian somatic cells,
the NEB is supported by a mechanism that uses MTs pulling mechanical forces to tear further apart the
holes left by the disassembly of the NPCs (Salina, Bodoor et al. 2002). The next step in nuclear disassembly
is the lamina depolymerization (Gerace and Blobel 1980); phosphorylated A-type lamins are released into
the nucleoplasm (Georgatos, Pyrpasopoulou et al. 1997) causing the proteins that conform the inner
membrane of the nucleus to detach from the chromatin (Beaudouin, Gerlich et al. 2002). This whole chain
of events is a result of the disruptive hyper-phosphorylation carried out by the CDK1-Cyclin B1 complex
on the NE components, causing the retraction of the NE remains into the ER (Endoplasmic Reticulum)

membrane system (Torvaldson, Kochin et al. 2015).

The ER undergoes complete structural re-organization during Prophase in conjunction with the NEB; The
ER gets re-organized from its characteristic network of sheet-like cisternae and ribbon-like array into
tubular structures (Lu, Ladinsky et al. 2009). Interestingly it has been shown in Drosophila embryos that
this process is driven by a CDK1-Cyclin A directed phosphorylation of the ER complex and therefore is a
hallmark process of early mitosis (Bergman, McLaurin et al. 2015). This tubular structures allow the ER to
accumulate and align along the mitotic spindle as it forms itself and along the midbody/central spindle

during late mitosis (Poteryaev, Squirrell et al. 2005).

In a similar manner during prophase, the Golgi apparatus has to be fragmented. The interphase Golgi goes
from its characteristic flattened stacked cisternae morphology to VGMs (Vesiculated Golgi membranes)
that can be found dispersed throughout the prophase cytoplasm (Seemann, Pypaert et al. 2002). The
breakdown process starts with the Golgi structural protein GM130 being phosphorylated by the
CDK1/Cyclin B complex at Ser-25; then as the cell enters telophase, GM130 is dephosphorylated by PP2A
allowing its reassembly (Lowe, Gonatas et al. 2000). It has been reported that PLK3, a member of the Polo-
like kinase family, localizes to the Golgi apparatus throughout interphase and mitosis, however said
localization is lost when the Golgi is disrupted, either because of the activity of Golgi poisons (BFA) or by
disruption of microtubule structures (Nocodazole) (Ruan, Wang et al. 2004). During cell cycle progression,
PLK3 protein levels remain constant, however its kinase activity peaks during late S and G2, coinciding
with the Golgi apparatus breakdown (Ouyang, Pan et al. 1997) PLK3 has been linked to actively participate

during this process since it has been shown that an enhanced PLK3 kinase activity induces abnormal Golgi
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fragmentation (Ruan, Wang et al. 2004). After fragmentation is completed, the VGMs become associated
with the two maturing spindle poles and during anaphase, the vesicles move together with the sister
chromatids and as the nuclear envelope reforms, the vesicles relax around the new nucleus and the

centrosome (Seemann, Pypaert et al. 2002).

As we described previously, centrosome migration requires the help of dynein motor direction on MTs and
as it turns out, this process helps accomplish the NEB by dynein-binding and colocalizing with proteins
LIS1 and NDELI1 in the NE during prophase; the absence of this interaction delays entry into prometaphase
(Hebbar, Mesngon et al. 2008). Prophase is considered finished when NEB is completed however, the
mitotic spindle starts to form before this point is reached (Beaudouin, Gerlich et al. 2002). As mentioned
before, duplicated centrosomes will physically separate and distance themselves from each other as
chromatin condenses (Whalley and Malliri 2015). At this moment PLK1 can be localized to the
centrosomes, where in conjunction with Aurora A are needed for proper maturation of centrosomes during
prophase (Hannak, Kirkham et al. 2001); modifications by this enzymes promote y-tubulin ring complexes
formation which will nucleate the centrosome-associated MTs that will later on become the two distinct
asters that will form the mitotic spindle (Haren, Stearns et al. 2009). The border between Prophase and
Prometaphase is hard to delimitate since spindle formation will start at the time that chromosome

condensation is finished (Mclntosh 2016).

1.1.5.2 Prometaphase
The beautifully complex structure known as mitotic spindle becomes fully formed during prometaphase, in
this phase the chromosomes are captured by the spindle by attaching to the structures known as
kinetochores, one in each sister chromatid. Kinetochores are an impressive molecular machine composed
of approximately 100 different proteins and complexes that have the ability to bind to specialized chromatin
known as centromeres (Cheeseman 2014). Centromeric chromatin is composed at its core by 16 CENPs
kinesins (Histone 3 variant centromere proteins, also known as CenH3) and it defines the localization of
the core component CCAN (Constitutive Centromere associated network) (McAinsh and Meraldi 2011)
present in centromeres during the entire cell cycle (Perpelescu and Fukagawa 2011). The CCAN serves as
a physical platform were the KMN network assembles, being composed by the KNL1 (Kinetochore null
protein 1), the MIS12 (4 subunit missegregation 12 complex) and the NDC80 (four subunit nuclear division
cycle 80 complex) (Cheeseman, Chappie et al. 2006). This way the CCAN and the KMN network bind the
kinetochore to the spindle MTs during prometaphase. The KMN network MT-binding is performed as
described next: The NDC80 complex is a heterotetramer composed by NDC80 (known as HECI in
humans), NUF2 (nuclear filamentous 2), SPC24 and SPC25 (Spindle pole component 24). SPC24-SPC25
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heterodimers target the complex to the kinetochore and bind directly to the MIS12 complex (Petrovic,
Pasqualato et al. 2010) while the NDC80-NUF2 heterodimer forms the calponin homology domain binding
to MTs (Cheeseman, Chappie et al. 2006, Ciferri, Pasqualato et al. 2008).

Spindle MTs are dynamic and unstable by nature; frequently transitioning from growing to shortening and
exceeding the rates of catastrophe by 10 times more than their interphase counterparts (Belmont, Hyman et
al. 1990, Alberico, Zhu et al. 2016). According to the “Search and capture model” MTs continuously probe
using diffusive rotations (Kalinina, Nandi et al. 2013) around the chromosome trying to find the
kinetochores and once they finally do, they become stabilized by stable end-on attachments and removed
from the dynamic pool (Kirschner and Mitchison 1986). In some instances, kinetochores attach to the end
of the growing MT, but they bind more commonly with the MT wall (Magidson, O'Connell et al. 2011);
this can lead to one kinetochore attaching to both spindle poles (merotelic connection) which will cause
problems during segregation (Magidson, O'Connell et al. 2011). This can be solved by the fact that
kinetochores are motile on the MTs that they bind. Kinesisn-5 and dynein (minus-end directed motor
proteins) are attracted by their negatively charged end to the positively charged end of the growing spindle
MT where they cluster, pulling the kinetochore and helping to position it properly (Heald, Tournebize et al.
1996). This whole process is aided by NUMA1 (Nuclear Mitotic Protein 1) binding to dynein and providing
motor support for the establishment of the aspired bipolar array in metaphase (Chakravarty, Howard et al.
2004). It has been reported that MTs can also be nucleated from the kinetochore region and extend to

interact with pole-nucleated MTs, enhancing the attachment (Kitamura, Tanaka et al. 2010).

When each opposite pole is correctly attached to each sister kinetochore, the chromosome is submitted to
pulling force from each pole, putting its centromere under the tension necessary to promote attachment
stability; MTs-kinetochore attachments that reach this point will persist, while those that lack this feature
are unstable and tend to dissolve (Nicklas, Campbell et al. 1998). This process is known as EC (Error
correction) and is the main mechanism by which proper spindle attachment occurs without the cell having
to appeal immediately to checkpoint activation (Krenn and Musacchio 2015). As mentioned before, MTs-
kinetochores interactions are highly dynamic, which helps when erroneous attachments occur and
immediate destabilization is needed for proper correction. Aurora B is the main player in charge in this case
localizing to the proximity of centromeres and kinetochores during prometaphase and is a component of
the CPC (Chromosome Passenger Complex) (Adams, Maiato et al. 2001, Tanaka, Rachidi et al. 2002); The
NDC80 complex is phosphorylated by Aurora B, reducing its affinity to MTs and promoting their
detachment (DeLuca, Lens et al. 2011); it has been shown that PP1 (Protein Phosphatase 1) is responsible

for counteracting this phosphorylations (Liu, Vleugel et al. 2010). This dynamic process will continue until
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the proper tension is achieved and the kinetochore is physically “pulled away” from where Aurora B resides

(Lampson and Cheeseman 2011).

The cell needs Cyclin A to be completely eradicated to be able to proceed through metaphase, as it has been
reported that its permanence blocks entry into anaphase and subsequent mitotic phases (Su and Jaklevic
2001). During prometaphase to metaphase transition Cyclin A is targeted for degradation by the APC/C
(anaphase-promoting complex APC/Cyclosome), a giant multi-subunit E3 ubiquitin-protein ligase that
catalyzes the ubiquitination of many proteins through the 26S proteasome in an independent manner from
the spindle assembly checkpoint (den Elzen and Pines 2001, Geley, Kramer et al. 2001). The APC/C is a
machinery conserved from yeast to humans, relying in two independent cofactors to recognize specific
targets at specific phases of the cell cycle, in the case of mitosis is Cdc20 for the metaphase to anaphase
transition (Li, York et al. 2007) and Cdhl during late mitosis but also in the G1/S transition where it
prevents the accumulation of mitotic cyclins, stopping premature entry into S phase (Garcia-Higuera,

Manchado et al. 2008).

1.1.5.3 Metaphase
Following complete spindle attachment, chromosomes commence their migration towards the middle of
the rounded cell axis to align tightly in what is called the metaphase plate; this process is known as
chromosome congression and it’s the first step for the mitotic spindle to achieve the characteristic
metaphase architecture where it aligns symmetrically achieving equal physical tension from each pole

(Kapoor, Lampson et al. 2006).

The process of aligning the chromosomes on the same starting point minimizes the chances of chromosomes
being left behind, although this process is still under investigation, there are two of the proposed
mechanisms from which this can be achieved: The first proposed mechanism is called the “Polar ejection
force” that states that as dynamical and unstable MTs grow, they push the prometaphase chromosomes
towards the cell equator as a result; evidence of this can be the fact that chromosomal arms end up pushed
away from the metaphase plate (Brouhard and Hunt 2005). The other mechanism is based on Kinesins-4
and -10 motor ability to walk over the MTs towards their positive ends while at the same time binding
chromatin; it has been shown that independently knocking down each one of this kinesins does not impede
proper metaphase alignment but that knocking down both of them at the same time does (Wandke, Barisic
et al. 2012). Even after the chromosomes reach perfect metaphase alignment, chromatids cannot separate
until the APC/C®*? complex ubiquitinylates and marks Securin for degradation (the anaphase inhibitor

protein) (Peters 2002). Securin is an inhibitor of Separase, a cysteine protease responsible of hydrolyzing
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cohesin complexes (Holloway, Glotzer et al. 1993), therefore the degradation of Securin allows for the
breakdown of the cohesin network responsible for linking the sister chromatids, permitting their proper

separation (Peters 2006).

The metaphase spindle is a complex and fleeting state; even after chromosome congression is achieved,
spindle MTs remain highly dynamic as those MTs that did not bind to kinetochores turn over with a half-
life of ~30 seconds (Saxton, Stemple et al. 1984). At this point the end of metaphase is the moment when
sister chromatids begin to segregate; the transition between metaphase to anaphase marks the point of no
return as it implies the proteolysis of the mitotic regulators: Along with Securin, cyclin B1 is targeted for
26S-proteasome destruction by the APC/C “4** complex, leading to full CDK1 inactivation (den Elzen and
Pines 2001, Geley, Kramer et al. 2001). Phosphatases then proceed to undo the characteristic
phosphorylations of the mitotic state. It is assumed that until this moment the assembly of the APC/C !
complex (characteristic of G1 phase) is inhibited by Cdh1-CDK1-Cyclin B1-dependent phosphorylation to
prevent its premature activation (Peters 2006). At this point, Cyclin B1 destruction can be delayed if the
SAC (spindle assembly checkpoint) is activated and won’t happen until proper formation and alignment of
the metaphase plate. Only after the SAC is successfully overcome, the APC/C4?° will trigger Cyclin B1
degradation, pushing the cell into anaphase (Clute and Pines 1999). For the case of cultured mammalian
cells, there is an interval of ~20 min between the last chromosome attachment and the firing of anaphase

(Rieder, Cole et al. 1995).

1.1.5.3.1 Mitotic Spindle orientation

Achieving a properly oriented cell division is pivotal in a wide range of contexts; for instance to produce
healthy daughter cells, for maintaining tissue cohesiveness/homeostasis and during the whole process of
embryonic development along with tissue differentiation (Kotak 2019, Lechler and Mapelli 2021). Proper
orientation of the cell division is achieved by correctly positioning the mitotic spindle relative to a defined
polarity axis (Lu and Johnston 2013). During metaphase, as polarized MTs connect to kinetochores to guide
chromatids to the metaphase plate, the astral MTs protrude from the poles towards the opposite poles of the
cell cortex; this will stabilize and position the whole mitotic spindle structure, and consequently will help

the cell to achieve proper division orientation (Lechler and Mapelli 2021).

The Goi-LGN-NuMA complex along with the dynein-dynactin complex compose the basic molecular
machinery in charge of attaching the astral MTs to the actomyosin cortex and generating the cortical force
needed to pull and position the spindle (Zheng, Zhu et al. 2010). The GDP-loaded Ga; (o subunit of the

three guanine nucleotide binding proteins) accumulates at the plasma membrane, concentrating in caveolin-
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rich membrane blotches where it binds to LGN. This biding causes a conformational change that allows
LGN to bind to the C-terminal domain of two NuMA (Nuclear mitotic apparatus) dimers. Simultaneously,
NuMA interacts with dynein’s light intermediate chain subunit through its N-terminal domain and LGN
intercalates itself between dynein and dynactin, composing the LGN-NuMA-dynein cortical networks
(Kotak, Busso et al. 2012). Further, it has been reported that NuMA is able to directly bind MTs plus ends
(Seldin, Muroyama et al. 2016). The force needed for this system to position the spindle by pulling on the
astral MTs is generated by ATP-dependent dynein; this is achieved thanks to dynein’s capacity to perform
retrograde movement towards MTs minus ends, therefore pulling the spindle poles towards the cell cortex
(Laan, Pavin et al. 2012). Meanwhile, myosin physically links the astral MTs to the cortical actin
cytoskeleton, cooperating with the dynein-dynactin network by providing additional pulling force by
working alongside with the Go;i-LGN-NuMA complex for spindle orientation (Woolner, O'Brien et al.
2008, Kwon, Bagonis et al. 2015). The actomyosin cortex provides a rigid scaffold that is able to withstand
the traction forces exerted over the astral MTs by the MT motors (kinesin and dynein) that pull towards the
spindle poles (Rizzelli, Malabarba et al. 2020).

The mitotic spindle orientation process is also aided by +TIPs (microtubule plus-end binding proteins) that
serve as a cortical bait for the MTs to “capture” and gain stability; some of this proteins are members of the
XMAP215/CLASP family (Slep 2010), EB1 (End-binding protein 1) (Rogers, Rogers et al. 2002). EB1 is
capable of recognizing astral MTs plus ends (growing ends) helping CLASP1 and CLAPS2 to capture and
stabilize them by linking them to the opposite cell cortex, this way stopping their constant depolymerization
(Mimori-Kiyosue, Grigoriev et al. 2006). EB1 is also in charge of recruiting other +TIPs like the CLIP-170
that promotes MTs growth towards the cortex and regulates spindle orientation and (Miller, D'Silva et al.
2006) p150-dynactin, which is necessary for rotating the centrosome properly along the long axis of the
cell, thus promoting proper spindle orientation (Skop and White 1998). EB1 has been reported to regulate
the spindle orientation in cultured cells that have lost their tissue polarity by a MTs stabilizing mechanism
downstream of Pl-integrin mediated adhesion, helped by myosin-dependent remodeling of the actin
cytoskeleton (Toyoshima and Nishida 2007). Concomitantly, guidance of microtubule assembly along the
actin retraction fibers is mediated by the EB1/EB3 complex and is supported by MACF1 (microtubule-
actin cross-linking factor 1) (Byers, Beggs et al. 1995).

As mentioned before, actin has a very well-studied scaffold function during cell round-up as part of the
actomyosin ring, by controlling the generation of oriented force towards cell poles and by bearing said
mechanical force (Blanchoin, Boujemaa-Paterski et al. 2014). Interestingly, a recent study performed in

Xenopus embryonic epithelia has shown that mitotic actin filaments are also associated with spindle MTs
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and present a coordinated assembly with physiological relevance (Dogterom and Koenderink 2019, Kita,
Swider et al. 2019), and that Xenopus oocytes have been reported to nucleate actin filaments that apparently
influence the anaphase spindle length (Woolner, O'Brien et al. 2008). This microfilaments may act as a
structural scaffold during metaphase progression to enable chromosome segregation in the upcoming
anaphase (Mogessie and Schuh 2017). Additionally, the novel discovery of centrosome’s capability to
nucleate actin in both interphase and mitotic cells, places centrosomes as the perfect command center for
the crosstalk between MTs and actin microfilaments to take place (Farina, Gaillard et al. 2016, Farina,
Ramkumar et al. 2019). During mitosis, this bursts in actin microfilaments are known as mitotic spindle
actin clouds; being nucleated by the Arp2/3 complex present at the mitotic spindle-pole vicinity and
localizing mainly in subcortical clusters or around the centrosomes, dissolving into the contractile ring in
cytokinesis (Farina, Ramkumar et al. 2019). It is considered that their function is to dissuade the mechanical
forces coming from the cortex resistance, possibly influencing mitotic spindle positioning and that
preventing their nucleation leads to impaired mitotic spindle formation and can lead to severe mitotic
defects (Plessner, Knerr et al. 2019). Apparently, the after mentioned actin structures have an
uncharacterized function in mitotic spindle formation, with special relevance during metaphase
congression, however the underlying mechanisms remain to be fully described along with the participation

of unknown cross-linking proteins.

1.1.5.4 Anaphase
Anaphase is the period in mitosis when sister chromatids start to get pulled apart towards each opposite
spindle pole until they get completely separated and become anaphase chromatids. This process is termed
“Resolution of Sister Chromatids” and it requires the decatenation of centromeric chromatin by TOPOllo;
this topoisomerase needs to be sumoylated by RanBP2 in order for it to be recruited to the centromeres
(Dawlaty, Malureanu et al. 2008). RanBP2 is an E3 SUMO-Protein Ligase that forms part of the NPCs
during interphase and that if absent during anaphase, leads to formation of anaphase bridges and aneuploidy

(Dawlaty, Malureanu et al. 2008).

Anaphase can be further subdivided in Anaphase A, where the distance between each chromatid and the
spindle pole it faces gets decreased and Anaphase B, where said separation increases along with the distance
between each spindle pole and the polymerization of the interpolar spindle takes place (Saxton and
MclIntosh 1987, Uhlmann 2001). Anaphase A starts when the KMTs (Kinetochore attached to MTs) begin
shortening as a result of tubulin subunits loss at the kinetochores and at the spindle poles (Mitchison, Evans
et al. 1986). The Kinesin-14 and Dynein present at the kinetochores participate in the shortening process

by pulling the chromosomes as the KMTs they use as a bridge depolymerize; in the case of animal cells
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this process is aided by the NuMA recruited during metaphase (Elting, Hueschen et al. 2014). During
Anaphase A, the chromatids will reach the spindle poles and the KMTs will disappear. Studies analyzing
the positions of non-KMTs positive ends have shown that during Anaphase B, this MTs slide past the
kinetochores by continuing their nucleation and are aided by Kinesin-5 to form the interpolar spindle
(Saxton and McIntosh 1987, Brust-Mascher and Scholey 2011). It has been shown in some specific types
of cells (fungi and nematodes) that this MTs sliding serves as a break on the speed of the spindle elongation
(Aist, Bayles et al. 1991). As previously described, the sliding force needed for the elongation comes from
the dynein bound to each opposite pole of the cell cortex where the Astral MTs attach (Aist, Bayles et al.
1991). The elongated interpolar spindle will persist into telophase and cytokinesis; this will assure that the
two sets of chromosomes have enough space between each other so cytokinesis can occur without crunching

or damaging the traveling chromatids.

1.1.5.5 Spindle assembly checkpoint
The SAC (Spindle Assembly Checkpoint) is a signaling pathway that ensures correct chromosome
segregation trough modulation of the mitotic master CDK1. Defects in SAC activity may result in unequal
repartition of genetic information that if remained un-attended may facilitate accumulation of chromosomal
aberrancies that can in turn lead to malignancies (Kops, Weaver et al. 2005). The spindle assembly
checkpoint occurs during prometaphase. As described in detail previously, correct chromosome segregation
depends on the establishment of proper binding and tension between chromosomes kinetochores and
spindle microtubules, however when persistent issues arise that delay this process, the SAC becomes
activated and arrests the cell in prometaphase until all chromosomes have properly attached to the spindle

(Burke and Stukenberg 2008, Foley and Kapoor 2013).

In the SAC signaling pathway, the main components are the Ser/Thr kinases MPS1 (Monopolar spindle
protein 1), BUB1 (Budding uninhibited by benzimidazole 1) and the non-kinase components MADI and
MAD?2 (Mitotic arrest deficient 1/2), BUB3 and BUBR1 (BUB-pseudo kinase related 1) (Kitagawa and
Rose 1999). Throughout interphase and when the SAC is not activated, MAD1 and MAD?2 are kept in the
NPCs associated with their inhibitor p31 along with MPS1 (Iouk, Kerscher et al. 2002). Whether the NPCs
shared localization and association with this proteins keeps the inactivated remains to be clarified.

The SAC catalyzes the formation of the MCC (Mitotic Checkpoint Complex) that captures CDC20
(Sudakin, Chan et al. 2001); BUBR1/MAD1/2 bind directly to CDC20 blocking access to the recognition
sites inside the D-Box, disrupting its association with APC10. This promotes APC/C-dependent auto-
ubiquitination of CDC20 stablishing prometaphase arrest by completely quenching the CDC20 pool (Foe,

Foster et al. 2011). Studies in yeast showed a similar mechanism, where the putative proteins Mad and Bub,
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function by sequestering Cdc20 (Peters 2002). In summary, this pathway delays segregation by preventing
the APC/C from ubiquitinating Cyclin B1 and Securin trough inactivating its cofactor CDC20 (Hwang, Lau
et al. 1998).

Kinetochores are essential for SAC activation; the KMN network constitutes the core MTs-binding
machinery in eukaryotic chromosomes and it’s in charge of relaying the MTs-binding status to the SAC,
making it its main signaling activator (McAinsh and Meraldi 2011). KNLI1, one of the main components of
the KMN network in the kinetochore is targeted by MPS1 for phosphorylation, creating a docking motif
for BUB1 and BUB3 binding (Cheeseman, Niessen et al. 2004). When BUBI localizes to the kinetochore,
it recruits the rest of the SAC components. Strikingly, it has been shown that phosphorylation on KNL1

carried out by MPSI is also required for proper chromosomal alignment (Yamagishi, Yang et al. 2012).

Aurora A is required for SAC maintenance during prometaphase; it has been shown that its overexpressed
is a hallmark of various cancers, as it is thought to permit SAC bypass (Hoar, Chakravarty et al. 2007).
Under normal conditions, Aurora A phosphorylation of histone H3 variant CENP-A on its Ser7 residue is
required for Aurora B recruitment at the kinetochore (Kunitoku, Sasayama et al. 2003); couple with this,
Aurora A inhibition leads to spindle assembly defects, defective chromosome congression, premature entry
into anaphase and loss of MAD?2 from unattached kinetochores (Hoar, Chakravarty et al. 2007, Courtheoux,
Diallo et al. 2018). Once all of the chromosome kinetochores have been properly attached to the mitotic
spindle the MCC becomes disassembled and the SAC is turned off by, freeing and relieving CDC20
inhibition (Buffin, Lefebvre et al. 2005). This allows CDC20 to activate the APC/C as previously described

and the cell continues with chromosome segregation and reaching anaphase (Foley and Kapoor 2013).

1.1.5.6 Telophase
As chromosomes reach each opposite cell pole, the new NE starts its reform and by the end of telophase, it
will be completely reassembled. In order for this process to begin, the phosphorylation events that drove
NPC disassembly during prophase have to be reverted. Having no traces of active CDK1, PP1 (Protein
Phosphatase 1) with the help of specific targeting subunits, begins to massively dephosphorylate chromatin
associated factors, Lamins, nucleoporins and NE membrane proteins allowing them to start the NE
reassembly (Steen, Martins et al. 2000, Landsverk, Kirkhus et al. 2005, Vagnarelli, Hudson et al. 2006).
First, NE reformation will take place around several pieces of compacted chromatin, the segregated
chromosomes start the formation of this compact clusters by contracting their arms (axial shortening) next
to the spindle poles, probably because of the renewed activity of condensins (Renshaw, Ward et al. 2010).
This process is dependent on Aurora B inhibition by p97 (also known as Cdc48) and its subsequent

31



dissociation from chromatin effectuated by CUL3/KLH3/KLH9 (E3 ubiquitin ligase cullin 3 and adaptor
proteins) (Hetzer, Meyer et al. 2001, Sumara, Quadroni et al. 2007).

The assembly of the new NE and NPCs depends on direct regulation by the small GTPase Ran. RanGTP
(GTP-bound Ran) can be found enriched in the mitotic chromosomes thanks to the help of RCC1 (Ran
guanine exchange factor 1) (Hetzer, Bilbao-Cortes et al. 2000). RanGTP will then bind to Importin-1 and
—B2 generating and allosteric conformational change that will cause them to release key NE and NPCs
proteic components such as Lamin B, LBR (Lamin B receptor) and the NUPs (Harel, Chan et al. 2003,
Walther, Askjaer et al. 2003). This displacement of Importins is the premise that guides both NE and NPC
assembly, a process that was initiated in anaphase by the deposition on chromatin of prepores composed of
the NUP107-160 complex (Sheehan, Mills et al. 1988, Walther, Alves et al. 2003). Targeting of the
segregated mitotic ER tubules to the compacted chromatin regions where they will undergo massive
reorganization over the chromatin surface, will give rise to the NE juxtaposed membranes (defined as INM-
inner and ONM-outer nuclear membranes) (Anderson and Hetzer 2007). The nuclear lamina will attach to
the inner membrane and associate to the decondensing chromatin after being dephosphorylated by PP1; in
this sense the LBR provides essential chromatin docking sites for the starting sites of the new NE (Wilson
and Newport 1988, Pyrpasopoulou, Meier et al. 1996). The DNA-binding inner nuclear membrane proteins
that are located in the tips of the tubular ER have pivotal roles in establishing this chromatin—-membrane
contacts. Proteins like NDC1, POM121, NPC-associated SUN1 (SUN domain-containing protein 1) or the
after mentioned NUP107-160 complex might mediate this interactions (Devos, Dokudovskaya et al. 2004).
NE start to reform as discrete pieces when this proteins start to associate with chromosomes and lamins
(Guttinger, Laurell et al. 2009). The conversion of the chromatin-associated ER tubules to the double NE
membrane is controlled by the removal of ER-tubule-forming proteins like the Reticulon family proteins,
Atlastins GTPases and Lunapark (Wang, Tukachinsky et al. 2016, Powers, Wang et al. 2017) (Anderson
and Hetzer 2008).

The last step of the process is the closure of the NE which includes NPCs insertion in the area where the
chromatin-associated prepores were established in anaphase by the NUP107-160 complex (Walther, Alves
et al. 2003). But how does this assembly takes place? One of the proposed hypothesis is that the chromatin-
associated prepores attract the membrane patches from aside, causing the membranes to encircle around it
without having to fusion (Walther, Alves et al. 2003, Anderson and Hetzer 2007). Studies in vitro have
reported that NE membrane-patch sealing is mediated by the SNARE protein receptor and the Atlastins in
conjunction with the multiple interactions between the INM proteins with chromatin (Baur, Ramadan et al.
2007).
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The successfully completed Telophase is marked by fully reassembled, transport-competent NPCs in the
closed NE compartment with completely reconstituted the nuclear lamina, stablishing the interphase
architecture of a defined nucleus, independent from the cytoplasm. By the end of the ER remodeling, it
will acquire the flatten membrane-ribbon-like appearance extending from the NE to the periphery of the
daughter cell (Anderson and Hetzer 2008). Chromatin decondensation will proceed throughout all
telophase and by the end of it the nucleoli have become discernible, a hallmark that transcription has been

re-started (Sheehan, Mills et al. 1988).

1.1.5.7 Cytokinesis
The process by which the mitotic cell is physically split in two is called Cytokinesis (Fededa and Gerlich
2012). The whole process and its culmination with daughter cell’s abscission is coordinated with post
mitotic NE assembly (Mackay, Makise et al. 2010). It is considered that cytokinesis begins in Anaphase B
due to the formation of the interpolar spindle and because MTs stabilization and reorganization of the
mitotic spindle can take place due to complete CDK1 inactivation. As described during Anaphase B, the
formation of the interpolar spindle helps generate the space where the central spindle and later on the
midbody will localize, providing the necessary MTs and the platform for abscission factors assembly
(Glotzer 2009). The central spindle is built in part from overlapping MTs bundles that derive from the
interpolar and de novo MTs that are nucleated during anaphase through the Augmin complex (Uehara,
Nozawa et al. 2009, Uehara and Goshima 2010). When the nuclei of the daughter cells begin to reform, the
Augmin complex starts to concentrate near the minus ends of the interpolar MTs, after they become
detached from the poles. As a result, the freed y-tubulin ring begins nucleating new MTs that become
intertwined with the released interpolar MTs at the spindle midplane extending all the way to the cell cortex.
A key component in this process is the PRC1 (MT bundling protein required for cytokinesis 1), a CPC
factor that becomes activated during anaphase onset when CDK1-Cyclin B1 is quenched and that acts as a
homodimer that binds selectively to the antiparallel MTs at the central spindle stabilizing them (Bieling,
Telley et al. 2010, Subramanian, Wilson-Kubalek et al. 2010, Hu, Coughlin et al. 2011). This stable MTs
are now able to bind the Tetrameric Centralspindlin Complex composed of a MKLP1 homodimer (Kinesin
Motor Protein 1 and 2) and the Rho family GTPase MgcRacGAP (also known as CYK4) (Mishima, Kaitna
et al. 2002, Pavicic-Kaltenbrunner, Mishima et al. 2007, Hutterer, Glotzer et al. 2009). MKLP1
phosphorylation by Aurora B releases it from inhibitory 14.3.3 binding proteins and promotes the formation
of Centralspindlin clusters (Mendoza, Norden et al. 2009, Steigemann, Wurzenberger et al. 2009); Kinesin-
6 will direct them to the MTs plus ends to accumulate at the central region where the Rho GTPase becomes

active and initiate with the cell cleavage (Pavicic-Kaltenbrunner, Mishima et al. 2007, Hutterer, Glotzer et
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al. 2009). PLK1 can be found at the central spindle after being targeted there by PRC1, where it participates
in the division plane specification by phosphorylating MKLP2 (Neef, Preisinger et al. 2003) and CKY4
whose job is to bring ECT2 (Epithelial cell transforming 2) to activate RhoA helping stablish the area where
the actomyosin contractile ring will be assembled (Yuce, Piekny et al. 2005, Wolfe, Takaki et al. 2009).

At the same moment that the Centralspindlin machinery is being assembled, the division plane where
abscission will take place has to be established; how the mitotic spindle determines the positioning of the
division plane has been extensively studied in a wide variety of model organisms and cell lines, therefore
generating an intense debate due to controversial and conflicting results. Overall there are three possible
mechanisms that orchestrate this process two of which are considered redundant that involve the astral MTs.
The first hypothesis is known as “Astral stimulation hypothesis™ that states that the astral MTs carry a
furrow-inducing signal towards the cell cortex that derives from the spindle asters (Bringmann and Hyman
2005, Werner, Munro et al. 2007) and the second and redundant one, “the astral relaxation hypothesis”
postulates that inhibition of the contraction of actin-myosin bundles exclusively near the spindle poles
results in waves of contractile activity that concentrates at the central spindle, this way providing the
necessary force for the actomyosin contraction (Fededa and Gerlich 2012). The third postulate is called
“central spindle hypothesis”; it states that furrow induction originates at the central spindle because of the
role it plays in the establishment of the division plane by concentrating and activating the cleavage

machinery (Fededa and Gerlich 2012).

After the molecular machinery has been assembled at the division plane, the small GTPase RhoA stimulates
the nucleation of unbranched actin filaments trough activation of Diaphanous-related formins (Castrillon
and Wasserman 1994, Severson, Baillie et al. 2002) and by promoting myosin Il activation trough
phosphorylation of its light chain by the kinase ROCK (Matsumura 2005). This whole procedure is aided
by Anillin, a scaffold protein that binds actin, myosin RhoA and CYK4 creating a link through which the
equatorial signals will reach the central spindle (D'Avino, Takeda et al. 2008, Piekny and Glotzer 2008)
and anchoring the actomyosin ring to the plasma membrane (Piekny and Maddox 2010). After actomyosin
ring assembly, its physical contraction leads to the cytokinetic furrow ingression of the attached plasma
membrane finally partitioning the cytoplasm of the two daughter cells. The force required for the contractile
process is generated by motor protein myosin II; using the energy provided by ATP hydrolysis myosin II
moves along the actin filaments gradually but efficiently constricting the cell membrane forming the
cleavage furrow (Schroeder 1972, Egelhoff, Lee et al. 1993). This process also requires a supply of
additional membrane components to compensate for the gradual increase of total cell surface; this involves

targeted secretion of vesicles and specific lipids that travel along the MTs towards the cleavage furrow
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(Bluemink and de Laat 1973, Skop, Bergmann et al. 2001, Albertson, Cao et al. 2008). The furrow ingresses
until it reaches a diameter of 1-2 um and remains there for 1 to 2 hours until abscission takes place
(Steigemann and Gerlich 2009, Guizetti and Gerlich 2010). Immediately after complete furrow ingression,
vesicles derived from Golgi and endosomes accumulate adjacent to the midbody, adding with the assembly
of the new plasma membrane by fussing with it (Gromley, Yeaman et al. 2005, Schiel, Park et al. 2011).

This striking and beautiful process is clearly visible through the light microscope.

Abscission consists in the removal of all the remaining cytoskeletal structures from the intercellular bridge
along with a secondary ingression of the cell cortex involving 17 nm diameter helices filaments spawned
trough the intercellular bridge and finally a fission of the plasma membrane (Steigemann and Gerlich 2009,
Guizetti and Gerlich 2010). The incoming furrow bundles up the MTs of the interpolar spindle to form the
intercellular bridge that contains the “midbody”, an electron-dense matrix whose composition is not fully
known, having ~100 proteins localizing there (Skop, Liu et al. 2004); this structure can persist like a
pinched bundle for some time into the subsequent interphase. Ultimately the midbody is lost through a
combination of proteolysis and completed cleavage along with the retraction and active removal of central
spindle MTs (Byers and Abramson 1968). Disassembly of this structure is performed by the MTs-
remodeler ATPase Spastin (Spastic paraplegia protein) (Roll-Mecak and Vale 2008, Connell, Lindon et al.
2009, Guizetti, Schermelleh et al. 2011). It is believed that high levels of polyglutamylation of the MTs
attracts Spastin to the midbody (Lacroix, van Dijk et al. 2010). Following up comes Actin filament
disassembly during late cytokinesis; this process depends on the PKCe-14-3-3 complex inactivating RhoA
after furrow ingression is completed (Saurin, Durgan et al. 2008); the process is further controlled by Rab35
and its effector OCRL (Dambournet, Machicoane et al. 2011). Following successful abscission the
midbody residues left behind (midbody derivatives) will have different fates depending on the cell type; it
can either be excreted to the extracellular medium (Dambournet, Machicoane et al. 2011, Ettinger, Wilsch-
Brauninger et al. 2011), degraded by autophagy (Pohl and Jentsch 2009, Kuo, Chen et al. 2011) or persist
in the cytoplasm (Gromley, Yeaman et al. 2005, Ettinger, Wilsch-Brauninger et al. 2011).

Putting the cell cycle environment in context: As described previously, APC/C activation by
phosphorylated Cdc20 depends on the positive feedback created by CDK1-Cyclin B1 peak performance,
CDKI1 inactivation leads to decreased activation of APC/C, by dissociation from Cdc20 (Kramer,
Scheuringer et al. 2000). Cytokinesis is completed when the free APC/C can be activated by its other
cofactor Cdh1, forming the APC/C“! complex that will proceed with Cdc20, Aurora B and PLK 1 targeted
degradation (Pfleger and Kirschner 2000, Stewart and Fang 2005). This way the end of cytokinesis is

coordinated with the re-establishment of the interphase cellular environment, reestablishing the nuclear and
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interphase cytoplasm environment with the disassembly of the spindle. The two disassembled spindle poles
begin to function as centrosomes, initiating new interphase MTs nucleation to help establish the normal

interphase cytoskeleton (Gupta, Mana-Capelli et al. 2013).

1.1.6 End of one cycle, start of the next one
As daughter cells have completed mitosis successfully and re-enter G1 phase, the APC/C"! will continue
to target Skp2 and its cofactor Cksl along with cyclin A and B for degradation, which will keep CDK1 and
CDK2 activity null (Bashir, Dorrello et al. 2004). Because key components of the SCF ubiquitin ligase are
being degraded, the CK1 inhibitors p21 and p27 come again into the picture and ensure permanence either
on GO or G1, before the young cell becomes stimulated and is ready to start with a new cycle. This scene
however raises the question, how will CDK2 bind to Cyclin A and Cyclin E if APC is still targeting them
well after mitosis is over? Here is where Emil, a FBP (F-box protein) come into play; Emil transcription
is induced by the previously described E2F transcription factors (which also induce Cyclins A, B and E
transcription). When Emil accumulates, it inhibits APC/C®®! in a non-proteolytic manner (Reimann,
Gardner et al. 2001) and as a side effect it frees Skp2 and Cyclins A and B from APC/C“"! ybiquitination-
mediated degradation. In this scenario and in order to prevent premature push through G1, since CDK1’s
cyclins are being subtly transcribed and stabilized, a mechanism that keeps them at bay has to step up to
the plate. As mentioned previously, in order for CDK1 to fully perform, it needs to be dephosphorylated by
Cdc25A, however, in the context of G1/S and G2 phases, SCFPT™P degrades phosphorylated Cdc25A
(Busino, Donzelli et al. 2003), therefore maintaining a timely balance between CDK2 activity and CDK1
ablation. Further on, CDK2 also aids in APC/C“! inactivation by phosphorylating its coactivator Cdhl,

preventing the conformation of the fully functional cyclosome (Peters 2002).

1.1.7 Checkpoints for coordination and control of Cell cycle progression
Maintenance of a normal cell cycle ensures controlled proliferation and prevents the development of various
diseases such as cancer. In order to maintain this control, the cell regulates its own cell cycle by activating
mechanisms known as “Cell cycle checkpoints” (Bartek and Lukas 2007). Cell cycle checkpoints are
specialized molecular pathways composing the cell’s surveillance mechanisms that monitor proper
progression of the cell cycle and that are in charge of detecting and correcting DNA insults (Bartek and
Lukas 2007). Therefore, checkpoints overall function is the maintenance of genomic integrity. This is
achieved by delaying or completely arresting the progression into the next phase of a cycle when damaged
DNA is detected and by not allowing the cycle to continue until said damaged has been effectively corrected
or mitigated until it the cell can deal with it (Kastan and Bartek 2004). Another crucial function of cell cycle

checkpoints is to trigger processes like apoptosis or senescence, for instance if the cell has suffered
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irreparable damage, if the cell’s DNA damage response is ineffective or if proliferation is out of control,
thus eliminating the threat this scenarios represent to an organism. On the other hand, accumulation of DNA
damage without the proper activation of the specific checkpoints can lead to extensive genomic instability,
resulting in small mutations or even chromosomal rearrangements that can lead to cell transformation and
oncogenesis (Kastan and Bartek 2004, Medema and Macurek 2012). The cell cycle can potentially arrest
at several stages, but overall, the timely responses can be classified in four major checkpoints: the G1 phase
checkpoint, the S phase checkpoint, the G2/M transition checkpoint and the Spindle assembly checkpoint
(previously explained in this work in the “Mitosis” subtheme) (Kastan and Bartek 2004, Aguilera and
Gomez-Gonzalez 2008).

1.1.7.1 DNA Damage response as the main driver of checkpoint activation

The DNA Damage response is composed of a series of highly complex and specialized processes whose
function is to detect a DNA lesion, identify its nature and activate the respective molecular pathway to
repair it, while at the same time triggering cell cycle arrest (Bartek, Lukas et al. 2004, Aguilera and Gomez-
Gonzalez 2008). This damage can be caused by endogenous agents such as replication stress and toxic by-
products of the normal intracellular metabolism or by exogenous genotoxic agents such as ionizing
radiation, UV light, exposure to free radicals or cancer-treatment drugs (Kastan and Bartek 2004).
Nevertheless, regardless of the source of the DNA insult the DNA Damage response pathways will be
activated; we will start by referencing DSBs repair (DNA Double strand breaks), the most serious DNA
damage type.

The first step in the DDR process is detecting the presence of the damage, this is achieved through the
recruitment of the MRN complex to the DNA lesions by RAD17 and yYH2AX (Kinner, Wu et al. 2008,
Bian, Meng et al. 2019). The MRN complex is a hetero-hexamer composed of two subunits of MRE11
(Meiotic recombination 11 homolog 1), two subunits of RAD50 (Double strand break repair protein) and
two subunits of NBS1 (Nijmegen breakage syndrome protein 1) (Deshpande, Lee et al. 2017). Its known
biochemical functions are: RADS50 ATP-dependent hydrolysis, DNA binding by multiple subunits,
exonuclease/endonuclease activity and bridging the DNA molecules together (Hopfner, Craig et al. 2002).
The MRN complex is relevant in the first stage response to DNA damage by acting as a flexible scaffold
for DDR machinery recruitment and as a combined activator and regulator of the DSB signaling cascade
(Williams, Lees-Miller et al. 2010). The MRN complex will also establish the pathway choice in DSB
repair, the two major pathways are HR (Homologous recombination) and NHEJ (non-homologous end
joining) (Hustedt and Durocher 2016). HR is error-free but requires resection and a sister chromatid to use

as a recombination template, hence is favored during S and G2 (Li and Heyer 2008). Also, HR is the primary
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mechanism (if not exclusively) for repair in the case of replication fork collapse caused by DSBs (Rothstein,
Michel et al. 2000). On the other hand, NHEJ is error-prone but does not require a template and is
incompatible with resection, which makes it functional throughout interphase and it has been shown to be
activated by both the MRN complex and possibly in a specific manner by phospho-activated DNA-PK
(Allen, Halbrook et al. 2003, Zhao, Kim et al. 2020). In the case of mammalian and yeast models, it has
been reported that 25-50% of DSBs are repaired by NHEJ with high precision (Clikeman, Khalsa et al.
2001).

1.1.7.1.1 HR — Homologous recombination

The MRN complex licenses HR by starting the resection process through an endonuclease cut performed
by MREI11 generating a 3’ ssDNA overhang that blocks NHEJ from operating. This initial cut is followed
by the bidirectional resection aided by EXO1 (exonuclease 1) and BLM (Bloom syndrome protein)
therefore fully committing to HR (Shibata, Moiani et al. 2014). DNA-end resection establishes the DSBs
repair pathway but also helps with degradation of stalled replication forks (Symington and Gautier 2011).
BRCAI1-CtIP mediate end-resection collaborates with the MRN complex to promote end resection and to
trigger ATR signaling cascade (Sartori, Lukas et al. 2007). The resulting 3’ ssDNA overhangs are quickly
coated by RPA to protect them from nucleases (Chen, Lisby et al. 2013) and will later be replaced by Rad51
in a process mediated by PALB2-BRCA?2 that are in turn recruited by BRCA1 (Sy, Huen et al. 2009).
Rad51 is stabilized by BRCA1-BARD1 complex (Zhao, Steinfeld et al. 2017) and then, with the help of
Rad54, Rad51 invades the homologous sequence, aligns the two homologous DNA overhangs and then its
released from the ssDNA by Srs2 helicase, giving space for normal-base pairing between the invading and
complementary strand and for subsequent DNA pol extension (Sung and Klein 2006). After extension is
complete, the extended strand dissociates and anneals back with the non-invading strand (in the opposite
side of the DSB), a process known as SDSA (synthesis-dependent strand annealing) (Helleday, Lo et al.
2007); on the other hand, both ends can invade each other, producing a double-Holliday structure and after
resolution, will generate non-crossover or crossover recombinants; the remnants of ssDNA nicks and gaps

are sealed by DNA pol and DNA ligase (Sung and Klein 2006).

1.1.7.1.2 NHEJ — Non-homologous end joining

NHE] is considered to be the first line of response upon DNA damage; its first aim is to process the lesion
as fast as possible to restore genomic continuity and to prevent further genomic instability, hence the fast
response (30 min upon DNA insult) but low fidelity (Mao, Bozzella et al. 2008). Later on during following
phases of the cell cycle (2-7 hours after DNA lesion occurred), homology-directed processes will restore

the errors left behind by NHEJ (Asaad, Zeng et al. 2000, Mao, Bozzella et al. 2008). NHEJ can be
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subdivided in the classical (C-NHEJ) and alternative (A-NHEJ) this last one being more active during S
phase (Guirouilh-Barbat, Huck et al. 2008). The C-NHEJ goes as follows: After DBS recognition by Ku
and subsequent recruitment of DNA-PK, DNA-PK phosphorylates itself (Thr-2609 and Thr-2647) and
other targets such as RPA, the WRN helicase (with and without ATM absence) (Pichierri, Rosselli et al.
2003) and 53BP1, which recruits RIF1 to the DSB lesion to inhibit BRCAT1 recruitment, thus promoting C-
NHEJ and blocking HR (Zimmermann and de Lange 2014). Parallel, the MRN complex is also capable of
firing NHEJ start by removing covalently bound proteins from DNA like the topoisomerase complex, this
way facilitating the repair by NHEJ (Liao, Tammaro et al. 2016). The first step of NHEJ is “End
processing”’; NHEJ is ideal when repairing “clean” DSBs that present complementary overhangs (3’
hydroxyl and 5’ phosphate termini) such as those created by nucleases, however when said ends lack this
complementary nature or present damaged bases, NHEJ appeals to “microhomology” to bind the few
complementary bases and direct the repair (Davis, Chen et al. 2014). This process can lead to small
insertions and deletions, hence the term “error-prone”. The broken DNA strands get bridged and if needed,
the ends get processed by the nuclease Artemis which will process DNA-ends and is specifically in charge
of repairing DSBs induced by IR trough NHEJ (Jeggo and O'Neill 2002). Next Pol A and Pol p will fill in
the gaps (Daley, Laan et al. 2005). Finally, XRCC4-DNA ligase IV complex seal the break through end
ligation (Hentges, Ahnesorg et al. 2006), and the whole NHEJ machinery dissociates (Davis, Chen et al.
2014).

1.1.7.1.3 The ATM/ATR pathways roles during checkpoint activation

After assembly, the MRN complex will trigger the upstream activation of kinases ATM (Ataxia
Telangiectasia mutated kinase), ATR (Ataxia Telangiectasia and Rad3-related kinase) (Blackford and
Jackson 2017) (Awasthi, Foiani et al. 2015) while proteins Ku70 and Ku80 recruit and activate the other
primary DDR player DNA-PK (DNA dependent protein kinase), depending on the nature of the lesion and
the chosen repair pathway (Meek 2020). This upstream kinases belong to the phosphatidylinositol-3-OH
kinase related family and present substantial overlapping similarities in their substrate specificity,
nevertheless each one of this kinases also targets exclusive substrates (Bennetzen, Larsen et al. 2010). For
instance the H2AX histone variant can be phosphorylated by ATM/ATR or DNA-PK on its Ser-139 residue
producing the YH2AX, enhancing the DDR primary response (Burma, Chen et al. 2001, Cui, Yu et al.
2005).

Active ATM continues with YH2AX phosphorylation in the chromatin surrounding the DSB, which triggers
the recruitment of the rest of the downstream participants for efficient DNA repair like TRIM49 (also
RNF18), RNF168, HERC2, 53BP1 and BRCA1 (Bekker-Jensen and Mailand 2010) and also triggers
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checkpoint activation (Medema and Macurek 2012). 53BP1 (TP53BP1 — Tumor suppressor p53 binding
protein 1) is a key regulator of the DSB repair pathway favoring C-NHEJ; its accumulation depends on
ATM/ATR through the recruitment of TRIM49 trough MDCI1 binding to YH2AX (Schultz, Chehab et al.
2000). 53BP1 foci can be found still present in G1 phase cells that underwent replicative stress or DNA
damage in the prior S phase (Lukas, Savic et al. 2011). C-NHEJ becomes defective in the absence of 53BP1
but not in the absence of YH2AX phosphorylation. However it has been shown that the MRN complex is
considered to be an alternative S3BP1 recruiter, given the fact that a phospho-defective H2AX does no lead

to defective 53BP1 foci formation (Yuan and Chen 2010).

For the checkpoint activation, the recruited and activated ATM phosphorylates Chk2 (Checkpoint kinase-
2) at its Thr-68 residue, for instance in response to IR (ionizing radiation), which leads to stabilization of
p53 promoting the transcription of the apoptotic genes Bax, Puma and Noxa (Ahn, Schwarz et al. 2000,
Hirao, Kong et al. 2000). Apparently, Chk2 has specific regulating activity during apoptosis in response to
DSB-creating agents, since UV-induced apoptosis does not involve Chk2 activation (Hirao, Kong et al.
2000), which is in good agreement with ATM specifically targeting Chk2 for activation (Jiang, Reinhardt
et al. 2009). By contrast, in response to single stranded DNA lesions like resected DSBs or collapsed/stalled
RF (Replication forks), RPA (replication protein-A) coats the single stranded DNA and participates in the
recruitment and activation of ATR along with its cofactor ATRIP (Zou and Elledge 2003). Concomitantly,
RPA binds Radl7 and recruits the ring-shaped trimeric complex 9-1-1 (Rad9-Husl-Radl) which is
phosphorylated by ATR and in turn burst ATR activation trough TopBP1 and RHINO (Cotta-Ramusino,
McDonald et al. 2011). Fully activated ATR can then phospho-activate Chk1 (Checkpoint kinase-1) at its
Ser-317 and Ser-345 residues (Bartek and Lukas 2003), upon activation Chkl is released from the
chromatin and proceeds to establish the checkpoint response (Smits 2006). It has been observed that ATR
can be activated in a secondary manner by the processing of DSBs by ATM (Sartori, Lukas et al. 2007).

The ATM pathway tends to be favored during S checkpoint, since it favors HR which is a more convenient
repair strategy due to on-going replication. On the other hand, ATR activation favors C-NHEJ and A-NHEJ
during G1 and G2 checkpoints since during this phases there is no easy access to a homologous strand for
HR to take place (Iliakis, Wang et al. 2003). Additionally DNA-PK is capable of activating both NHEJ and
HR to repair DSBs depending on the cell context (Budman and Chu 2005, Convery, Shin et al. 2005, Cui,
Yu et al. 2005). In all cases, phospho-activation of RPA by DNA-PK, Chkl by ATR and Chk2 by ATM
will trigger cell cycle arrest by cascading the ablation of CDKs activity (Abraham 2001). CDKs activity is
demolished by phosphorylation of Thr-14 and Tyr-15 performed by Weel and Mytl kinases (Boutros,
Lobjois et al. 2007). Contrary to this, CDKs can be re-activated by de-phosphorylation of the same residues
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by action of the Cdc25 phosphatase family, driving forward the cell cycle progression (Rhind and Russell
2000). Therefore DNA damage response-induced cell-cycle arrest is also established by inhibiting one of
the three (Cdc25A, B and C) phosphatases (Donzelli and Draetta 2003). For instance, upon DNA damage
detection Cdc25A is phospho-inactivated in its Tyr-15 residue by Chkl and targeted for proteasomal
destruction (Mailand, Falck et al. 2000).

As previously described Cdc25B acts as a pioneer phosphatase that initiates a positive feedback loop that
drives the G2/M transition (Lammer, Wagerer et al. 1998). Cdc25C sustains CDK1-Cyclin B1 activity
during Mitosis when both of them are translocated inside the nucleus by PLK1 (Takizawa and Morgan
2000, Toyoshima-Morimoto, Taniguchi et al. 2002). After DNA damage detection, Cdc25B/C are phospho-
inhibited by Chkl or Chk2 at Ser-323 or Ser-216 respectively this way being inactivated by 14-3-3
phospho-affinity binding (Peng, Graves et al. 1997, Forrest and Gabrielli 2001). Meanwhile Cdc25A
participates throughout the whole cell cycle by activating both CDK2-Cyclin E during S phase and CDK 1-
Cyclin B1 during the G2/M transition (Molinari, Mercurio et al. 2000). Upon genotoxic stress, Cdc25A is
quickly targeted for proteasomal degradation through phosphorylation performed by either Chk1 or Chk2
(Mailand, Falck et al. 2000, Donzelli and Draetta 2003). This opens the field for Chk1 and Nek11 (Never
in mitosis gene-A-related kinase 11) to phospho-inhibit CDK2 or CDK1 in their Tyr-15 substrate targeting
them for SCFPTP degradation, causing the activation of the G1 or the G2 checkpoint respectively (Mailand,
Falck et al. 2000, Jin, Ang et al. 2008, Melixetian, Klein et al. 2009).

The DDR pathways need time to fully repair the DNA damage, therefore checkpoint activation needs to be
maintained long enough for this to be fully accomplished (Medema and Macurek 2012). This means that
DDR pathways are functionally connected with checkpoint activation and maintenance signaling. DNA
damage can occur at any point during the cell cycle, therefore the checkpoint response aids by providing
time for repair in the phase of the cell when the DNA insult occurred, propitiate a safe transition to a point
where the damage can be repair optimally by allowing a partial processing and preventing a reaching a
transition where the repair could be undermined (Iliakis, Wang et al. 2003). In the next sections a description

of this processes will be provided.

1.1.7.2 G1 phase checkpoint

Upon DNA damage detection, p53 is the main driver of cell cycle arrest by transcriptionally activating the
G1 checkpoint (Agami and Bernards 2000). In the case of DSBs detection during G1, activated DNA-PK
phospho-inhibits HDM2 (Human double minute 2) in its Ser-17 residue to prevent it from stimulating p53
proteasomal degradation (Shangary and Wang 2008). Concomitantly, DNA-PK stabilizes p53 by inducing
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a conformational change that protects it from HDM?2 trough phosphorylating its Ser-15 and Ser37 residues
(Shieh, Ikeda et al. 1997). This way p53 is able to induce p21 transcription that will block CDK2-Cyclin E,
therefore establishing and maintaining the G1 checkpoint (Lukas, Bartkova et al. 2001). In this context but
in an independent manner, both ATR and ATM can activate Chk1 or Chk2 respectively and phosphorylate
HDM2 to reinforce the checkpoint establishment, phospho-stabilize p53, and further drive the G1
checkpoint establishment by blocking Cdc25A from dephospho-activating CDK4-Cyclin D1 (Bao, Tibbetts
et al. 2001). Additionally, active p53 can drive MDM?2 transcription, which generates a negative feedback
through which p53 keeps itself in check; plus, subcellular localization of p53 and HDM2 appear to change
in a dynamic manner, which provide additional regulatory levels of response (Melchionna, Chen et al. 2000,

Lukas, Bartkova et al. 2001).

A similar process driven by Chkl1 is believed to take place upon UV light irradiation (Mailand, Falck et al.
2000). Another mechanism leading to G1 checkpoint activation is GSK3-f3 mediated phosphorylation of
cyclin D1 which leads to its degradation via the SCF-E3 ligase complex (Agami and Bernards 2000). This
cyclin D1 destruction happens after IR exposure and is also mediated by ATM phospho-activation of
FBXO31 (Santra, Wajapeyee et al. 2009). CDK2-Cyclin D1 complex disruption releases p21, which in turn
will inhibit the CDK2-Cyclin E and CDK4-Cyclin D1 complexes preventing the cells from progressing
through the G1/S transition (He, Siddik et al. 2005). Additionally, p38 might be involved in the Gl
checkpoint establishment through phospho-activation the protein HuR at Thr-118, aiding with quick
stabilization of p21-mRNA and its subsequent transcription (Lafarga, Cuadrado et al. 2009).

The G1 checkpoint can also be activated by external cues, independent of DNA damage, like the cell
sensing the availability of nutrients and stored mitogenic history (Min, Rong et al. 2020). Anti-mitogens
such as TGF-B (Transforming Growth Factor ), can cause G1 arrest by inhibiting Cdc25A transcription
and activating the R point (Mukherjee, Winter et al. 2010). TGF-f signaling also activates the SMADs
proteins, who in turn bind to transcription factors E2F4/5 to conform the Myc-repressor complex (Siegel
and Massague 2003). In parallel SMADs can partner with the transcription factor Mizl1 that activates the
expression of p15 (of the Ink4 family) that will block the activity and conformation of the CDK4/6-Cyclin
D1 complex, this arrest leads to accumulation of p21 and p27 (Shi and Massague 2003). GSK3-f can also
be activated by growth factor withdrawal and similarly to its activation by DNA damage, will lead to Cyclin
D targeted proteasomal degradation (Malumbres and Barbacid 2009). It has been shown that incapability
to establish the G1 checkpoint is a landmark of a large subset of cancers, most probably because of the
presence of mutations or loss of the TP53 gene, responsible for the expression of p53, the “guardian of the

genome” (Powers, Pinto et al. 2020). Therefore, this cells have to rely on the activation of the G2 checkpoint
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in order to survive through the activation of the ATR/Chkl1, p38MAPK/MK2 and ATM/Chk2 (Reinhardt,
Aslanian et al. 2007).

1.1.7.3 S phase checkpoint

The G1 checkpoint ultimate goal is to prevent the cell from entering S phase with severely damaged DNA,
however when DNA damage takes place during DNA replication, the activation of the S phase checkpoint
takes place (Lamb, Petit-Frere et al. 1989). The typical lesions that trigger the S phase checkpoint activation
are IR-provoked DSBs and stalled replication forks (Cimprich 2007), or UV irradiation-caused pyrimidine
dimers or photoproducts (Cadet, Grand et al. 2015). DNA breaks during S phase trigger the ATR/ATM-
mediated activation of Chk1/Chk2 who will phosphorylate Cdc25A in its Ser-123 residue, targeting it for
proteasomal degradation (Falck, Mailand et al. 2001, Kastan 2001) through the SCF complex (Busino,
Donzelli et al. 2003); the loss of Cdc25A will keep both CDK2-Cyclin E/Cyclin A complexes in a phospho-
inhibited state, thus establishing the S checkpoint arrest (Mailand, Falck et al. 2000, Xiao, Chen et al. 2003).
Parallel to this process, it has been reported that ATM-dependent phosphorylation of several intermediates
drives forward the S checkpoint. For instance, phospho-activation of NBS1 and MRE11 (components of
the MRN complex) is required for proper S checkpoint execution (Lim, Kim et al. 2000, Goldberg, Stucki
et al. 2003). MDC1, a BRCT-repeat containing protein is considered to be activated by ATM to recruit
DDR machinery proteins to YH2AX sites (Stewart, Wang et al. 2003). BRCA1 targeted phosphorylation at
its Ser-1387 by ATM is necessary for S checkpoint response, since it has been observed that if this site is
mutated, BRCA1 is incapable of responding to IR induced damage (Xu, O'Donnell et al. 2002). On the
other hand, the BRCA1-BARD1 complex is required for p53 stabilization upon IR trough ATM but not
trough ATR response upon UV damage (Cortez, Wang et al. 1999, Fabbro, Savage et al. 2004).

As established before, HR is the go-to repair mechanism during S checkpoint. During HR repair, DNA-PK
participates in the establishment of the S checkpoint by phosphorylating RPA32 in its Ser-4 and Ser-8
residues, which in turn causes growth arrest and delays progression into the G2/M transition (Liu, Opiyo et
al. 2012). ATM activated Chk2 can also drive the S checkpoint by phosphorylating FOXM1 at Ser-361,
leading to increased transcription of XRCC1 (Base excision repair factor X-ray cross-complementing group
1) and BRCA2 (Breast cancer associated gene 2) genes, proteins specifically required for DNA damage
repair during DNA replication (Tan, Raychaudhuri et al. 2007).
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1.1.7.4 G2/M checkpoint

The G2/M DNA damage checkpoint goal is to prevent cells presenting DNA lesions from entering mitosis
at least until the most serious damage or staled replicative DNA has been successfully repaired (Nurse
1990). Under normal conditions, cells need the participation of the CDK1-Cyclin B1 complex to enter
mitosis (Nigg 2001); however when cells are dealing with DNA lesions, CDK1-Cyclin B1 is inhibited
through the phosphorylation of CDK1 in the T14/Y'15 residues by the Weel and Myt1 kinases (Parker and
Piwnica-Worms 1992). Normally, this inhibitory phosphorylations are removed by the phosphatase
Cdc25C to trigger the onset of mitosis, so in order to prevent this from happening before the DNA damage
is repaired, ATR/ inhibiting Cdc25C trough Chk1/Chk2 (O'Connell, Raleigh et al. 1997, Peng, Graves et
al. 1997, Matsuoka, Huang et al. 1998), sequestering it in the cytoplasm via 14-3-3 proteins binding or by
direct phosphatase activity inhibition (Furnari, Blasina et al. 1999, Lopez-Girona, Furnari et al. 1999). A
parallel target for inhibition by Chkl its Cdc25A and is considered to be determinant for proper G2
checkpoint response (Zhao, Watkins et al. 2002). Concomitantly, Chk1 phosphorylates Weel in its Ser-549
residue, promoting its binding to 14.3.3 protein enhancing the inhibitory activity of the kinase towards
CDK1 (Lee, Kumagai et al. 2001) this way helping to consolidate the G2 checkpoint arrest state. Parallel
to this, ATM/ATR inhibit PLK 1, preventing it from activating Cdc25C and thus, delaying entry into mitosis
(van Vugt, Smits et al. 2001, Elia, Cantley et al. 2003). PLK1 phosphorylation by ATM/ATR has been
shown to be related to the DDR, plus it correlates with CDK1-Cyclin B1 downregulation and the G2
checkpoint establishment (Smits, Klompmaker et al. 2000). Additionally, it has been observed that the
checkpoint protein CHFR drives PLK1 stabilization, delaying entry into mitosis upon mitotic stress
(Scolnick and Halazonetis 2000, Kang, Chen et al. 2002). On the other hand, it has been reported that PLK3
is activated by ATM upon DNA damage detection; PLK3 phosphorylates Cdc25C in its Ser-216 which
leads to its inactivation (Xie, Wu et al. 2001). Another strategy to regulate the G2 checkpoint maintenance
is by abrogating CDK1 activity trough diminishing Cyclin B1 expression levels in response to IR and
controlling its subcellular localization (Crawford and Piwnica-Worms 2001, Bulavin, Amundson et al.
2002). It has been shown in several cell lines that, upon DNA damage Cyclin B1 is sequestered in the
cytoplasm by 14.3.3 binding, which in turn prevents Cyclin B1 to interact with its nuclear export factor

exportin or CRM1 (Pines and Hunter 1994).

MAPK p38 and its downstream effector MK2 (MAPKAP kinase-2) play a crucial role establishing the G2
checkpoint by phosphorylating transcription factors like ATF2, MAC, MEF2 and p53, (Manke, Nguyen et
al. 2005) for instance after UV exposure (She, Chen et al. 2000), heat or osmotic shock, response to
cytokines and apoptosis or autophagy signals (Anerillas, Abdelmohsen et al. 2020). In this specific scenario,

G2 checkpoint activation does not need p53 to be established but it does fully depend on the activity of the
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p38MAPK/MK?2 pathway for activation and maintenance (Reinhardt, Aslanian et al. 2007, Reinhardt,
Hasskamp et al. 2010); this is achieved by ATM/ATR mediated activation of TAO (Thousand and one
aminoacid protein kinases) that induce p38 activity trough MEK3 and MEK6 (Raman, Earnest et al. 2007).
Even though p53 is not essential for a functional G2 checkpoint, it helps to sustain it through transcriptional
repression of mitotic-inducing proteins like Cyclin B1, Cdc25B and PLK1 (McKenzie, King et al. 2010,
Dalvai, Mondesert et al. 2011) and by inducing expression of its transcriptional target p21 (He, Siddik et
al. 2005).

Once the DNA damage has been successfully repaired cells can begin to recover and prepare to exit the G2
checkpoint. This process starts with Wipl (Wild-type p53-induced phosphatase) dephosphorylating the
ubiquitin-ligase Mdm2 that targets p53 for proteasomal degradation and activates MdmX by
dephosphorylating it in its Ser-402, allowing it to inhibit p53 transcriptional activity (Lu, Nannenga et al.
2005, Zhang, Lin et al. 2009). PLK1 is also an essential player during G2 checkpoint recovery, since it has
been shown that its depletion completely abrogates cells ability to exit this checkpoint (van Vugt, Bras et
al. 2004). Aurora A-activated PLK1 phospho-targets claspin and Weel for SCFPT™P proteasomal
degradation, having CDK1 and CK2 aid with the phosphorylation process (Watanabe, Arai et al. 2005).
Additionally, PLK1 can negatively regulate pS3 by phospho-activating GTSE1 (G2 and S phase-expressed
protein 1) which is a p53 negative regulator (Liu, Li et al. 2010). PLK1 also promotes the translocation of
Cdc25B/C to the nucleus (Lobjois, Jullien et al. 2009), and inhibits Chk2 directly (van Vugt, Bras et al.
2004). Activated Cdc25B de-phosphorylates the CDK1-Cyclin B1 complex, inducing its translocation to
the nucleus, while Cdc25C translocation to the nucleus enhances the re-activation loop, allowing the cell to

progress from G2 to mitosis (van Vugt, Bras et al. 2004, Lindqvist, Kallstrom et al. 2005).
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1.3. The Family with Sequence Similarity 110
Little is known about the three protein homologues that compose the Family with sequence similarity 110
(FAM110). This protein family was identified in a yeast two-hybrid screen when searching for CSPP
(centrosome/spindle pole-associated protein) interacting proteins. The C200rf55 open reading frame was
detected as a strong CSPP interactor through a B-Galactosidase assay and was further tested for
colocalization with CSPP, which showed to be high (Hauge, Patzke et al. 2007). Through a homology
search, it was found that C20o0rf55 belonged to a gene family consisting of three members, deemed
FAMI110A, FAM110B and FAM110C (as suggested by the HUGO Nomenclature Committee) that had not
been yet described. The three members of the FAM110 family showed localization to centrosomes and
spindle poles, while at the same time presenting specific characteristics of their own (Hauge, Patzke et al.
2007). For instance, it was reported that ectopic expression of FAM110B and FAM110C impaired the
progression of the cell cycle, specifically in the G1 phase (Hauge, Patzke et al. 2007). Further, it was
described that FAM110C overexpression caused microtubules aberrancies and in contrast, FAM110C
depletion reduced integrin-mediated filopodia formation (Hauge, Fjelland et al. 2009); observations were
also complemented with co-precipitation experiments that confirmed interaction of FAM110C with

microtubules.

1.3.1. FAM110 homologues structure, regulation and localization
The three identified FAM110 homologues encode for proteins of 295 (FAM110A), 370 (FAM110B) and
321 (FAM110C) aminoacid residues. Their sequences present an apparently disordered pattern, with no
previously described functional domain. A proline-rich stretch (aminoacids 161 — 182 in FAM110A) is
present among all the three family members; additionally FAM110A has a unique proline-rich region
ranging from aminoacids 136 — 146 (Figure 4). Species-specific homologues of the three human FAM110

members are found exclusively in vertebrates (Hauge, Patzke et al. 2007).
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Prolin-rich region

FAM110A 31.2kDa (100%)

FAM110B

40.7 kDa (31%)

FAM110C

33.9kDa (26%)

N-terminal C-terminal

Prolin-rich stretch

Figure 4. Protein architecture of the FAM110 homologues forms. Schematic diagram of the FAM110 homologues architecture;
percentage values represent the sequence similarity of the complete sequence of each FAM110 isoform relative to the FAM110A
sequence (Hauge, Patzke et al. 2007). A proline-rich stretch localized in the middle of the sequences is marked in blue, while a

Proline-rich region, exclusive for the 110A homologue, is marked in pink.

In the study that first reported the existence of the FAM110 homologues, a cell cycle dependent expression,
exclusively for FAM110A was described. By separating cells trough sorting in specific cell cycle phases
(G1, S and G2/M) and extracting mRNA for RT-PCR and qPCR analysis, they observed that FAM110A
expression levels increased in S and G2/M phases. This observation was compared to the levels present in
asynchronic and G1 populations, indicating that FAM110A has a cell cycle-regulated expression pattern
(Hauge, Patzke et al. 2007). The FAM110 family homologues were reported to localize to the centrosomes
in interphase cells and to the mitotic spindle. FAM110A presents a diffuse cytoplasmic localization but it
enriches at the centrosome during interphase; meanwhile during mitosis, its cytoplasmic localization
remains while also enriching the spindle poles (Hauge, Patzke et al. 2007). Although the FAM110
homologues have several features in common, differences concerning cellular localization and their
possible roles in cell cycle progression have been discussed. While FAM110A has been reported to have a
cell cycle-regulated expression specifically increased in G2/M, it was observed that FAM110B and
FAM110C induce G1 arrest when overexpressed (Hauge, Patzke et al. 2007). Additionally, FAM110A
protein levels appear to have higher expression in endocrine tissue, gastrointestinal tract, testis, bone
marrow and lymph node tissues; meanwhile FAM110A-mRNA presented the highest expression in skin
tissue followed by the proximal digestive tract (esophagus and salivary glands) (Uhlen, Fagerberg et al.
2015).
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1.3.2. FAM110 and cancer

The complete Family with sequence similarity 110 was shown to be aberrantly methylated in 241 breast
cancer patients, marking a reduced time for distant metastasis occurrence (Hartmann, Spyratos et al. 2009);
this observation was eventually reiterated by a following report were the same methylation status was
observed in breast cancer cells (Locke and Clark 2012). In the specific case of FAM110A, it has been
reported to be enriched in the adherent junctions colocalizing with E-cadherin and B-catenin which may
suggest a relevant involvement during epithelial to mesenchymal transition during cancer pathogenesis
development; additionally FAM110A has been observed to be normally expressed in primary PrCA
(Prostate Cancer) but appeared to be significantly increased (1.5-fold) in prostate cancer metastasis
(Tsuruta, Verhaegh et al. 2014). These results support the hypothesis that this unexplored family of small
proteins play a role in cytoskeletal cellular functions and in cancer pathogenesis. In a study aimed to explore
new molecular mechanisms involved in CRPC (Castration-resistant prostate cancer), authors analyzed a
transcriptional data set of 329 cases of prostate cancer and obtained a list of potential gene products whose
overexpression was driven by abnormal amplification. Through a first screen using a siRNA proliferation
assay (short interfering RNA) FAM110B was identified among six recurring targets. They observed that
FAMI110B was able to regulate the AR (Androgen Receptor) signaling pathway in prostate cancer cells and
vice versa; moreover, they observed that FAM110B depletion inhibited in vitro cell growth but that
overexpression caused aneuploidy (Vainio, Wolf et al. 2012). Through a differential expression analysis in
diverse tumor differentiation grades, FAM110B upregulation was reported to be negatively correlated with
low survival time rates in patients with pancreatic adenocarcinoma and BRCA cancer (Huang, Guo et al.
2020); concomitantly it was observed that FAM110B expression levels gradually decreased in a parallel
manner with tumor differentiation which means it may play a role during oncogenesis (Xi and Zhang 2018).
In contrast with this, a very recent study using the Kaplan-Meyer survival analysis showed that FAM110B
positive expression favored the median survival time in patients with NSCLC (Non-small cell lung cancer)
in comparison to those with negative expression levels; Moreover they showed that FAMI110B
overexpression hampered several cancer cell lines invasion and proliferation while its depletion exerted the
opposite effects in the same models. Interestingly this favorable FAM110B upregulation seemed to be
linked to its capacity to stimulate B-catenin inhibitory phosphorylation, this way inactivating the Wnt/p-
catenin pathway (Xie, Cai et al. 2020).
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2. AIMS OF THE THESIS

The cell cycle is the sequence of events that a cell employs to duplicate its genome and divide it into two
identical daughter cells. Polo-like kinases are major regulators of the cell cycle progression including
promotion of the G2/M transition, formation of the mitotic spindle and the successful completion of cell
division. The main member of this family, PLK1 has been deeply studied and its participation throughout
mitosis and inhibition during checkpoint activation is well understood. In contrast, the closely related PLK3
has been reported to be activated upon checkpoint establishment, however the reported functions remain
controversial. Here we propose to study the function of PLK3 in the cellular response to different kinds of
stress and elucidate its protein partners. In parallel, we aim to identify potential new regulators of the cell
cycle and mitosis by using gene expression profiling in human non-transformed cells. Resulting identified
genes will be collated by analyzing published information about them and we will focus on pin-pointing
genes that have not yet been characterized. The molecular mechanisms and underlying functions of a
selected candidate gene will be investigated by a combination of immunofluorescence microscopy, live cell

imaging and biochemical assays.

2.1 Aim 1. To identify function of PLK3 kinase in the cell cycle and DNA damage

response.

(i) To pin point the role of PLK3 in the cellular response to stress.

(ii) To identify proteins that regulate PLK3 function through protein-protein interaction.

2.2 Aim 2. To identify and describe novel regulators of the cell cycle in mammalian

cells.

(i) To identify novel genes that are differentially expressed during the cell cycle.
(ii) To describe the role of FAM110A during cell cycle progression and its function in mitosis.
(iii) To identify proteins that regulate FAM110A function through protein-protein interaction.

(iv) To identify the impact of casein kinase 1 on progression through mitosis.
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3. MATERIALS AND METHODS

3.1 Antibodies and reagents

For the PLK3 focused goals, the primary antibodies used for Western blot analysis and
Immunofluorescence assays are next listed: rabbit monoclonal to PLK3 (clone D14F12, Cell Signaling
Technology, #4896); rabbit polyclonal to PLK3 (Novus Biologicals, Abingdon, UK, NBP23-2530); goat
polyclonal to PLK3 (Bio-Rad, Hercules, CA, USA, VPA00063); rabbit polyclonal to PLK3 (Sigma-
Aldrich, St. Louis, MO, USA, HPA060318); mouse monoclonal to PLK3 (clone B37-2, BD Pharmingen,
San Jose, CA, USA, 556518); rabbit polyclonal to PLK3 (St. Johns Laboratory, London, UK, STJ93099);
rabbit monoclonal Phospho-PLK1 (Thr210) Antibody (Cell Signaling Technology, Danvers, MA, USA
#9062); -tubulin (Sigma-Aldrich); GM130, p38-pT180/pY 182, cJun-pSer73, phospho-histone H2AX-
Ser139 (referred to as -H2AX) and HIFla (Cell Signaling Technology); PPP6R1, PPP6R2 and PPP6R3
(A300-968A, A300-970A, A300-972A, Bethyl Laboratories, Montgomery, TX, USA); 14-3-3, mouse
monoclonal to PPP6C and TFIIH (Santa Cruz Biotechnology, Dallas, TX, USA); and rabbit polyclonal to
PPP6C (Abcam, Cambridge, UK). HRP-conjugated secondary antibodies were from Bio-Rad, Alexa Fluor-
conjugates from ThermoFisher Scientific (Waltham, MA, USA). Etoposide, leptomycin B and nocodazole

were from Sigma-Aldrich, calyculin from Santa Cruz Biotechnology.

For the FAMI10A focused goals, the primary antibodies used for Western blot analysis and
Immunofluorescence assays are next listed: mouse monoclonal antibodies against FAM110A (clones F4
and B11, Santa Cruz Biotechnology), rabbit polyclonal against FAM110A (Novus Biotechnology), rabbit
polyclonal against y-Tubulin (Sigma Aldrich); mouse monoclonal against y- tubulin (clone GTU-88, Sigma
Aldrich); mouse monoclonal against a-Tubulin (Biorbyt); CSNKI1E (clone A-6), CSNKI1D (clone C8),
CSNKI1A (clone H7) from Santa Cruz, CSPP1 (Proteintech), B-actin (clone D6AS, Cell Signaling). HRP-
conjugated secondary antibodies were from Bio-Rad, Alexa Fluor-conjugates from ThermoFisher
Scientific (Waltham, MA, USA). Small molecule inhibitors BI2536, MLLN8054, RO3306, and PF-670462

were dissolved in DMSO and were from MedChemExpress.

3.2 Generated constructs

pcDNA4/TO/PLK3-myc construct was obtained from Abgent. DNA fragment coding for EGFP was cloned
in-frame into HindIII-EcoRI sites of pcDNA4/TO/PLK3-myc-His. Alternatively, fragment carrying PLK3
was sub-cloned into pEGFP-C2 (Clontech, Mountain View, CA, USA). PLK3-H590A-K592M, PLK3-
K91R, PLK3-T219A, and PLK3-T219D mutants were generated by site-directed mutagenesis. To generate
EGFP-PLK3-DPBD mutant lacking the C-terminal PBD domain, we PCR amplified the fragment
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corresponding to residues 1-465 of PLK3 and ligated it into pcDNA4/TO/EGFP-myc backbone using
Gibson assembly. All constructs were validated by sequencing. This constructs were used to generate the

stable cell lines used in this work and for the transient transfection for Immunoprecipitation assays.

pFucci-S/G2/M Green-Hyg and pFucci-G1 Orange expressing hGeminin (1-110) and hCdtl (30-120)
fragments fused with fluorescent reporters in order to generate a cell line stably expressing the FUCCI
indicator. Plasmids were obtained from MBL International (Sakaue-Sawano, Kurokawa et al. 2008).
pCMV6-FAM110A-Myc DDK carrying the coding sequence for mouse FAM110A (NM_028666) was
ordered from Origene. DNA fragment coding for FAM110A was subcloned into pEGFP-C1 backbone
using Gibson assembly. Site-directed mutagenesis of the pEGFP-FAM110A was performed as described
previously (Zheng, Baumann et al. 2004). Numbering of the putative phosphorylation sites corresponds to
sequence of the human FAM110A (NP_001035812). pEGFP-FAM110A-AC was generated by opening
pEGFP-FAMI110A with Pstl and blunting with Klenow fragment. pPEGFP-FAM110A-C was generated by
ligation of the Pstl/BamHI fragment of FAM110A (corresponding to amino acids 185-296) to pEGFP-C1.
To generate pEGFP-FAM110A-N (corresponding to amino acids 1-136), the HindIII/BamHI fragment was
removed from pEGFP-FAM110A, the plasmid was blunted with Klenow and re-ligated. All constructs were
validated by sequencing. This constructs were used to generate the stable cell lines used in this work and

for the transient transfection for Inmunoprecipitation assays.

3.3 Cells

Human hTERT-immortalized RPE1 cells, HEK-293 cells, U20S cells and HeLa cells were obtained from
ATCC and were grown in DMEM supplemented with 6% FBS (Gibco, Waltham, MA, USA) and
Penicillin/Streptomycin antibiotics. Cells were regularly tested for mycoplasma infection using MycoAlert

kit (Lonza, Basel, Switzerland).

3.3.1 CRISPR-Cas9 PLK3 knock out cell lines generation

To generate PLK3 knock out cell line, RPE cells grown at 6-well plate were transfected with synthetic
sgRNA (CRISPRevolution sgRNA EZ Kit; Synthego, Menlo Park, CA, USA) and recombinant EnGen Spy
Cas9 NLS (New England Biolabs, Ipswich, MA, USA) using CRISPRMAX reagent (ThermoFisher
Scientific). Two independent targeting sequences in exon 2 of human PLK3 were
UGUCAGUGGCCUCGUAGCAG and GGGCUUCGCCCGCUGCUACG. Three days after transfection,
single cells were seeded on 96-well plates and individual clones were expanded. Genomic DNA was
isolated from individual clones and the fragment corresponding to DNA from intron 1 to exon 3 was

amplified by PCR, sequenced and analyzed by TIDE software (Desktop Genetics, Cambridge, MA, USA).

51



For selected clones, PCR fragments were inserted into pcr2.1-TOPO plasmid, and plasmid DNA from 10
bacterial colonies was sequenced to confirm individual alleles of PLK3. The following two independent
clones were selected for further functional testing: RPE-PLK3-KO clone crl.2 carries a single nucleotide
insertion in the target site and a 54 bp deletion at intron/exon2 transition; RPE-PLK3-KO clone cr2.3 is a
homozygote carrying a single nucleotide insertion within the target sequence in exon 2. Loss of PLK3

expression in the knock-out cells was further validated by immunoblotting.

3.3.2 EGFP-PLK3 stable ectopic expression cell lines generation

To generate the EGFP-PLK3 stable cell lines, HEK293 cells were transiently transfected with
pcDNA4/TO/EGFP-PLK3-myc plasmid; after 48 hours of transfection, cells were treated with zeocin for
3 weeks. Formed colonies were harvested and sorted for GFP positivity as a polyclonal stable cell line;

EGFP stable cell line was taken as control for selection and future experiments.

3.3.3 hTERT- immortalized RPE1 cell line and EGFP-FAM110A variants cell lines
generation
Human hTERT-immortalized RPE1 cells (here referred to as RPE) were obtained from ATCC and were
grown in DMEM supplemented with 6 % FBS (Gibco,Waltham, MA, USA) and Penicillin and
Streptomycin antibiotics. U20S stable cell line expressing Tubulin-mCherry-H2B-GFP were reported
previously (Tanenbaum, Macurek et al. 2008). Cells were regularly tested for mycoplasma infection using
MycoAlert kit (Lonza, Basel, Switzerland). To generate RPE cells stably expressing the FUCCI indicator,
we transfected RPE cells with pFucci-S/G2/M Green-Hyg plasmid, cultivated in media supplemented with
hygromycin for 2 weeks and selected cells expressing the reporter using Influx cell sorter (BD Biosciences)
(Macurek, Benada et al. 2013). Subsequently, we transfected these cells with pFucci-G1 Orange plasmid,
cultivated them for 2 weeks in media with geneticin, sorted single cells expressing the G1 reporter using
Influx cell sorter (BD Biosciences) and expanded individual cell clones. The resulting RPE-FUCCI cells
were tested for expression of both components of the FUCCI indicator by flow cytometry. To generate the
RPE stable cell line expressing EGFP-FAM110A-WT, cells were transfected with the linearized pEGFP-
FAMI110A plasmid, incubated with the transfection cocktails for 4 hours and then supplemented with fresh
media. After 48 hours of transfection, the cells were submitted to selection with Geneticin for 3 weeks.
Formed colonies were harvested and sorted for GFP positivity as a polyclonal stable cell line; EGFP stable
cell line was taken as control for selection and future experiments. Transfection of plasmid DNA was

performed using Lipofectamine 2000 (Thermo Scientific) or by polyethylenimine.
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3.3.4 EGFP-FAM110A (and variations) stable ectopic expression cell lines generation

To generate the EGFP-FAM110A-WT and variants stable cell lines, RPE cells were transiently transfected
with pEGFP-FAM110A-flag and variants plasmids; after 48 hours of transfection, cells were treated with
geneticin for 2 weeks. Formed colonies were harvested and sorted for GFP positivity as a polyclonal stable

cell line; EGFP stable cell line was taken as control for selection and future experiments.

3.4 siRNA knock-down assays

To perform knock down assays, 200 000 cells were seeded per well in 6 well-plates. They were incubated
for 12 hours before attempting knock down. Controls were cells that received non-coding siRNA cocktails
alongside treated cells. RPE and HelLa parental cells were transfected with Silencer Select siRNA
oligonucleotides at final concentration 5 nM using RNAIMAX (Thermo Scientific) has transfection agent
(old media was replaced with fresh media before adding the transfection cocktails). After 24 hours of
incubation with the complexes, cells were split and incubated for 24 hours more. Cells were collected after
48 hours of initial transfection, fractionated for total protein lyse in SB Buffer and/or fixed in 70% EtOH
or 4% PFA for future FACS preparation. Targeting sequences for PLK3 are:
GGCUUUGGGUAUCAACUGU for siRNA PLK3-I and GCAUCAAGCAGGUUCACUA for PLK3
siRNA-II.  Targeting sequences for PLKI, PP6C, PPP6RI and PPP6R3 are:
UCAUAUUCGACUUUGGUUGCC for siRNA PLK1, AUCUUUCAUCACAACGUCCUC for siRNA
PP6C, UUGCGGUUGACGACCUUGCAC for siRNA SAPS1 and UUAGGUGUCCCAUGUAACCAT
for siRNA SAPS3. Targeting sequences for FAM110A are: CAAUACAAGGUUUUUGACA for siRNA
FAMI110A#4, GGCUCCACCCUGUUGUGAA for siRNA FAMI110A#5. Targeting sequences for
FAMI110B and CSPP1 are: CCUGGGAAUGGAAAACUUU for siRNA FAMI110B and
UCAAUGUCUAGUCCUUUCCAT for siRNA CSPP1. Targeting sequences for CK1d and CKleg are:
AUUUCUUCUCGCUAAUCCTT for siRNA CSNKID and UAUGUUGAGAAUUCGGAGGGA for
siRNA CSNKI1E. Cells were collected 48 h after transfection.

3.5 Stress induction assays

For the stress induction assays, 200 000 cells were seeded per well in 6 well-plates. They were incubated
for 12 hours before starting each treatment. Controls were cells that received no treatment alongside treated
cells. To induce DNA Damage by UVC radiation, cells were exposed to 10 and 20 J/m2 in a Bio Rad Gs
Gene Linker UV Chamber® (Gentile, Latonen et al. 2003). First, culture media was aspirated and cells
were washed once with 1X PBS. Cells were submitted to the UV light immediately after PBS wash was
removed; afterwards, warm media was provided and cells were incubated for 30 minutes in normal

conditions before total cell lysates were collected in SB Buffer. To submit cell to hyperosmotic shock,
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normal media was replaced with media supplemented with 350 mM NaCl or 480 mM mannitol (Wang, Dai
et al. 2011). For hypotonic shock induction, normal media was replaced with media diluted 1:1 with water.
Cells were incubated for 40 min under this conditions. For the hypoxia-response assay, the normal media
was replaced with media supplemented with 150-300 uM CoCI2 (hypoxia-mimic agent) and incubated for
12 hours (Wang, Gao et al. 2008). Total cell lysates were collected in SB. For the ionizing radiation assays
cells were exposed to 3 Gy using an X-RAD 225XL Biological Irradiator (Precision; Cu filter 0.5 mm).

Total cell lysates were collected after 1 hour and 8 hours of exposure.

3.6 Cell sorting, RNA isolation and BeadChip hybridization

Asynchronously growing RPE-FUCCI cells were collected by trypsinization and RFP+/GFP-
(corresponding to G1 cells) and RFP-/GFP+5 (corresponding to G2 cells) populations (approx. 0.5 x 10s
cells) were sorted using Influx cell sorter into RNAlater Stabilization Solution (Thermo Scientific). Total
asynchronic population was collected as control. RNA was isolated by RNeasy Mini Kit (Qiagen) and its
quality was verified by Qubit Fluorometer (Thermo Scientific). RNA was transcribed to cDNA by Illumina
TotalPrep RNA Amplification Kit, hybridized to Illumina HumanHT-12_v4 Expression BeadChip and
scanned using BeadStation 500 (Illumina). Four biological replicates were processed in parallel on one
BeadChip. Fold change in gene expression and statistical significance were calculated by limma software

package (Ritchie, Phipson et al. 2015).

3.7 Quantitative Real-Time Polymerase Chain Reaction (qQRT-PCR)

RPE parental cells were transfected with siPLK3-I, siPLK3-II and control. After 48 hours of siRNA
transfection cells were collected and total RNA was isolated using RNeasy Mini Kit (Quiagen, Hilden,
Germany). cDNA was synthesized from 3 pg total RNAs using random hexamer and RevertAid H Minus
Reverse Transcriptase (ThermoFisher Scientific). Real-time quantitative PCR was performed on
LightCycler 480 Instrument II (Roche, Basel, Switzerland) using LightCycler 480 SYBR Green I Master
(Roche) and the following primers: PLK3-forward TGAGGACGCTGACAACATCTAC, PLK3-reverse
CAGGTAGTAGCGCACTTCTGG, ATP5B-forward TGAAGAA-GCTGTGGCAAAAGC, and ATP5B-
reverse GAAGCTTTTTGGGTTAGGGGC. Relative amount of PLK3 mRNA is presented as the ratio to
ATP5B mRNA. RNA was isolated from RFP+/GFP-(corresponding to Gl cells), RFP-/GFP+
(corresponding to G2 cells) and RFP+/GFP+ (corresponding to S cells) RNeasy Mini Kit (Qiagen). cDNA
was synthetized using 0.5 pg RNA, random hexamer, and RevertAid H Minus Reverse Transcriptase
(Thermo Scientific). RT-qPCR was performed using LightCycler 480 SYBR Green [ Master mix (Roche)

using following cycle conditions: initial denaturation 95°C for 7 min, followed by 45 cycles of denaturation
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95°C for 15 s, annealing 60°C for 15 seconds and extension 72°C for 15 seconds. Ct values were determined

using LigtCycler480 software. Data are presented as the ratio of the tested mRNA to GAPDH mRNA.

3.8 Cell synchronization

RPE cells were synchronized in GO by growing to confluency, then cells were split to fresh medium
supplemented with 2 mM thymidine and incubated for 36 hours (Benada, Burdova et al. 2015). After two
washes in PBS, cells were released to fresh medium and were collected at 2 hours intervals. After 4 hours
from thymidine release, nocodazole (100 ng/ml) was added to the media to arrest cells in prometaphase.
All cells were collected by trypsinization, spinned down and fractionated as follows: 1/10 of the sample
was separated and fixed in 70% ice-cold Ethanol, stored at -20 °C for subsequent staining FACS and 9/10s
were immediately lysed with SB buffer and boiled for 5 minutes. Alternatively, nocodazole-arrested cells
were collected by mitotic shake off at 16 h after release form thymidine block and submitted to the same

sample preparation treatment.

3.9 Flow cytometry (FACS)

The cells that were fixed with 70 % ice-cold EtOH as described before, were spinned down to remove
supernatant and then permeabilized with 0.5 % Triton X-100 for 15 minutes at room temperature and
blocked with 1 % BSA for 30 min. Subsequently, cells were incubated with pMPM-Cy5 conjugated
antibody (Cell Signaling, 1:500) for 1 hour at room temperature, washed once with 1X PBS and
resuspended in 1X PBS supplemented with DAPI (5 pg/ml). FACS analysis was performed using LSR 11
(BD Bioscience) and the obtained data was analyzed using the FlowJo.10 software (Tree Star, BD). Single
cells were gated using SSC and FSC, DNA content was determine using DAPI and mitotic cells were

quantified using the Cy5 channel.

3.10 Cell fractionation

RPE cells fractionation was performed as previously described (Xu and Stern 2003, Macurek, Lindqvist et
al. 2010). Soluble cytosolic fraction was obtained by incubating cells in buffer A (10 mM HEPES pH 7.9,
10 mM KCl, 1.5 mM MgClz2, 0.34 M sucrose, 10% glycerol, 1 mM DTT, 0.05% Triton X100 and protease
inhibitor cocktail) at 4 °C for 10 minutes and spin down at 1500X g for 2 minutes. Pelleted nuclei were
further extracted with an equal amount of buffer B (10 mM HEPES pH 7.9, 3 mM EDTA, 0.2 mM EGTA,
I mM DTT) and spin down at 2000X g for 2 minutes yielding a soluble nuclear fraction. Insoluble

chromatin was washed with buffer B and resuspended in SDS sample buffer.
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3.11 Immunofluorescence

Cells grown on coverslips were fixed with 4% PFA for 20 min at room temperature, washed once with 1X
PBS and permeabilized with 0.5% Triton X-100 for 15 min. Cells were further incubated with ice-cold
methanol for 5 min and blocked with 3% BSA-1X PBS for 30 min. Coverslips were incubated with primary
antibodies for 3 hours at room temperature inside a wet chamber. After washing 3 times with 1X PBS, cells
were incubated with AlexaFluor-conjugated antibody for 1 hour at room temperature. Coverslips were
subsequently washed 3 times with 1X PBS, incubated with DAPI (0.1 pg/ml) for 5 min at room temperature,
washed once with distilled water and mounted on microscopy glass slides using VectaShield as mounting
media. Imaging was performed using Leica Sp8 confocal microscope equipped with HC PL APO 63x/1.40
oil objective (NA 1.40). Images were analyzed and processed using LAS AF Lite software (Leica, Wetzlar,

Germany).

For the induction of DNA damage response experiment, a previously described protocol was implemented
(Burdova, Storchova et al. 2019); cells exposed to ionizing radiation were fixed with 4% PFA for 15
minutes, permeabilized with 0.5% Triton X-100, and probed with antibody against H2ZAX (Cell Signaling
Technology). Images were acquired using Olympus ScanR system equipped with 40X/NA 1.3 objective
(Olympus, Tokio, JApan). Number H2AX-positive foci per nucleus was determined using spot detection

module. More than 300 nuclei were quantified per condition.

Cells grown on coverslips were fixed with 4 % PFA for 20 min at room temperature, washed once with 1X
PBS and permeabilized with 0.5% Triton X-100 for 15 min. Alternatively, cells were incubated with ice-
cold methanol for 5 min and blocked in 3 % BSA dissolved in 1X PBS for 30 min. Coverslips were
incubated with primary antibodies for 3 hours at room temperature inside a wet chamber. After washing
with 3 times with 1X PBS, cells were incubated with AlexaFluor-conjugated antibody for 1 hour at room
temperature. Coverslips were subsequently washed 3 times in PBS, incubated with DAPI for 5 min at room
temperature, washed once with distilled water and mounted on microscopy glass slides using VectaShield
as mounting media. Imaging was performed using Leica Sp8 confocal microscope equipped with HC PL
APO 63x/1.40 oil objective (NA 1.40). Images were analyzed and processed using the LAS AF Lite
software (Leica, Wetzlar, Germany). For the mitotic spindle orientation (angle quantification) assay, cells
were grown on fibronectin-coated coverslips and were fixed 48 h after transfection with indicated siRNAs
and stained for y-tubulin. Metaphase cells were imaged by Leica SP8 confocal microscope at 0.5 pm z-
stacks with a 5.00 zoom value. Angle of the mitotic spindle relative to the growth surface was calculated
from the linear distance between the spindle poles and the relative height distance (number of z-stacks) of

both spindle poles as previously described (Toyoshima and Nishida 2007).
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For the actin dynamics measurement, cells that had undergone 48 hours after respective siRNA transfection
and seeded on coverslips were incubated for 18 hours with STLC to arrest in prometaphase and generate
monopolar mitotic spindles. Cells were then forced out of mitosis by supplementing them with 20 pM
R0O3306 and incubated for the stipulated time points (Farina, Ramkumar et al. 2019)). Cells were then pre-
extracted for 60 sec and fixed with 4% PFA for 20 min. For actin filament staining, cells were permeabilized
with 0.5% Triton X-100 for 15 min and blocked with 3% BSA-1X PBS for 30 min. Coverslips were
incubated with primary antibody against y-tubulin (mouse-monoclonal) for 3 hours at room temperature
inside a wet chamber. After washing 3 times with 1X PBS, cells were incubated with Alexa-647-mouse
secondary antibody for 1 hour at room temperature. Coverslips were subsequently washed 3 times with 1X
PBS and incubated with Alexa-568-phalloidin (200 nM) for 20 min and washed once with 1X PBS. Lastly,
chromatin was labelled with DAPI (0.1 pg/ml) for 10 min at room temperature, washed once with 1X PBS
and mounted on microscopy glass slides using VectaShield as mounting media. Coverslips were sealed
using clear nail polish and the tops were washed with distilled water to retrieve salt residues. Fixed cell
images were acquired using a Leica Sp8 confocal microscope equipped with HC PL APO 63x/1.40 oil
objective (NA 1.40). Images were analyzed and processed using LAS AF Lite software (Leica, Wetzlar,

Germany).

3.12 Time-lapse microscopy

U20S-H2B-GFP/Tub-mCherry cells, parental RPE or RPE cells stably expressing EGFP-FAM110A
variants were transfected with control or specific siRNA oligonucleotides as described above and after 24
hours of transfection, seeded into Lab-TeklIl coverglass chambers (Thermo Scientific). After 32 hours post
transfection, subconfluent cells were imaged every 5 minutes for up to 24 hours using Leica DMI16000
microscope equipped with N PLAN 40x/0.55 CORR DRY objective inside a 37°C, 5% CO2 environmental
chamber. Films were analyzed using LAS AF Lite software (Leica). Division kinetics was determined
manually by counting each 5 min interval from the nuclear envelope breakdown to metaphase-to-anaphase

transition. In total, 100 individual cells were quantified per condition in three independent experiments.

3.13 Spindle angle orientation measurement

To analyze orientation of the cell division, we measured the angle between the long axis determined in the
interphase cell just before mitotic entry and the division axis determined in anaphase as described
previously (He, Kannan et al. 2017, Fulcher, He et al. 2019). Cells in which longitudinal axis was not
apparent at G2/M transition were excluded from the analysis. Cell division was considered mis-oriented
when the angle exceeded 15°. In total, 30 individual cells were quantified per condition in three independent

experiments
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3.14 Actin dynamics measurement

After 48 hours of respective siRNA transfection, cells grown on coverslips were incubated for 18 hours
with STLC to arrest in prometaphase and generate monopolar mitotic spindles. Cells were then forced out
of mitosis by supplementing them with 20 uM RO3306 and incubated for the stipulated time points (Farina,
Ramkumar et al. 2019). Cells were then pre-extracted for 60 sec and fixed with 4% PFA for 20 min. For
actin filament staining, cells were permeabilized with 0.5% Triton X-100 for 15 min and blocked with 3%
BSA-1X PBS for 30 min. Coverslips were incubated with primary antibody against y-tubulin (mouse-
monoclonal) for 3 hours at room temperature inside a wet chamber. After washing 3 times with 1X PBS,
cells were incubated with Alexa-647-mouse secondary antibody for 1 hour at room temperature. Coverslips
were subsequently washed 3 times with 1X PBS and incubated with Alexa-568-phalloidin (200 nM) for 20
min and washed once with 1X PBS. Lastly, chromatin was labelled with DAPI (0.1 pg/ml) for 10 min at
room temperature, washed once with 1X PBS and mounted on microscopy glass slides using VectaShield
as mounting media. Coverslips were sealed using clear nail polish and the tops were washed with distilled
water to retrieve salt residues. Fixed cell images were acquired using a Leica Sp8 confocal microscope
equipped with HC PL APO 63x/1.40 oil objective (NA 1.40). Images were analyzed and processed using
LAS AF Lite software (Leica, Wetzlar, Germany).

3.15 Immunoprecipitation and mass spectrometry

HEK293 cells stably expressing EGFP or EGFP-PLK3 were extracted in CO-IP buffer (20 mM HEPES pH
7.5, 10% glycerol, 150 mM NacCl, 0.5% NP40) supplemented with cOmplete protease and PhosSTOP
phosphatase inhibitors (Sigma) and sonicated during 20 seconds for 3 rounds; samples were kept on ice at
all times. Cell extracts were cleared by centrifugation at 15,000 rpm for 10 min at 4 °C. Supernatants were
recovered and  fractionated as  follows: 1/10 of the sample was taken as
“Input” and 9/10s were subsequently given the GFP-Trap beads (Chromotek, Planegg, Germany); beads
were activated by washing for 3 times with ice cold non-supplemented CO-IP buffer. Cell lysates containing
the GFP-Trap beads were incubated for 3 hours at 4 °C with constant rotation. After incubation time was
completed, GFP-Trap beads were spin down and the supernatant was removed; beads were washed three
times in ice-cold CO-IP buffer. Bound proteins were eluted from beads by adding Laemli buffer and boiling
the samples for 5 min. Input and CO-IP samples were analyzed in the same gel by immunoblotting.
Alternatively, bound proteins were analyzed by mass spectrometry using Orbitrap Fusion (Thermo
Scientific). Proteins bound to EGFP-PLK3 that were enriched compared to the empty EGFP control in at
least two out of three independent experiments were considered as potential interactors and were validated
by immunoprecipitation followed by immunoblotting. For in vitro kinase assay, wild-type or mutant EGFP-

PLK3 was immunoprecipitated using GFP Trap, washed three times in CO-IP buffer and incubated with
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casein in kinase buffer (10mM HEPES pH7.4, SmM MgCl2, 2mM EGTA, 1mM DTT, 2.5mM -
glycerolphosphate, 100 pM ATP and 5 p Ci 32P-y-ATP) for 20 minutes at 30 °C. Proteins were separated
using SDS-PAGE, and phosphorylation was visualized by autoradiography.

RPE cells stably expressing EGFP or EGFP-FAMI110A were grown in the presence of nocodazole for 12
hours to enrich the mitotic population, mitotic cells were collected by mitotic shake off and extracted in
CO-IP buffer (20 mM HEPES pH 7.5, 10 % glycerol, 150 mM NacCl, 0.5 % NP40) supplemented with
cOmplete protease and PhosSTOP phosphatase inhibitors (Sigma) and sonicated for 20 seconds for 3 times,
samples were kept on ice at all times. Cell extracts were cleared by centrifugation at 15 000 rpm for 10
minutes at 4°C. Supernatants were recovered and fractionated as follows: 1/10 of the sample was taken as
“Input” and 9/10s were subsequently given the GFP-Trap beads (Chromotek, Planegg, Germany); beads
were activated by washing for 3 times with ice cold non-supplemented CO-IP buffer. Cell lysates containing
the GFP-Trap beads were incubated for 3 hours at 4 °C with constant rotation. After incubation time was
completed, GFP-Trap beads were spin down and the supernatant was removed; beads were washed three
times in ice-cold CO-IP buffer. Bound proteins were eluted from beads by adding Laemli buffer and boiling
the samples for 5 min. Input and CO-IP samples were analyzed in the same gel by immunoblotting.
Alternatively, bound proteins were analyzed by mass spectrometry using Orbitrap Fusion instrument
(Thermo Scientific) and MaxQuant software. Three biological replicates were analyzed by mass
spectrometry and median peptide intensities were compared. Statistical significance was calculated using
Student's T-test. Alternatively, cell extracts from EGFP-FAMI110A cells were incubated with 2 pg of mouse
IgG, CSNKI1E or CSNKI1D antibodies (all Santa Cruz) for 2 hours at 4 °C with constant rotation. After
primary incubation was completed, bound proteins were immobilized by adding Protein A/G UltraLink
beads (Pierce) to the cell extract and incubated for 3 hours at 4 °C with constant rotation. Beads were
spinned down and washed 3 times with ice-cold non-supplemented CO-IP Buffer. Bound proteins were
eluted from beads by adding Laemli buffer and boiling the samples for 5 min. Input and CO-IP samples
were analyzed in the same gel by immunoblotting. Where indicated, cell extracts were prepared in RIPA
buffer (25 mM Tris pH 7.6, 150 mM NaCl, 1.0 % NP40, 1.0 % sodium deoxycholate, and 0.1 % SDS) to

reduce background binding in immunoprecipitation.

3.16 In vitro phosphatase assay

For the in vitro phosphatase assay, cells were synchronized in G2 or in mitosis by overnight treatment with
RO3306 or nocodazole respectively. Cells were extracted using RIPA buffer, sonicated for 20 seconds on
ice and spun down for 10 minutes at 4°C. Endogenous FAM110A was immunoprecipitated from cell

extracts using rabbit polyclonal antibody (2 pg/reaction, Novus Biotechnologies) and immobilized by
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incubation on pA/G beads for 2 hours at 4 °C with constant rotation. After washing four times in 1X PBS,
beads were incubated with mock or A-phosphatase (800 U/reaction, Santa Cruz) at 20°C for 30 minutes.
Reaction was stopped by addition of 4x Laemli buffer and mobility of FAM110A was evaluated by

immunoblotting.

3.17 Invitro Kinase assay

Wild-type or mutant EGFP-FAM110A or EGFP alone was immunoprecipitated from transiently transfected
HEK?293 cells using GFP-Trap beads and the CO-IP buffer supplemented as described above, but in this
specific case, the CO-IP buffer contained a 1 M NaCl concentration. Beads were washed three times in the
CO-IP bufter containing high salt, then once in ice-cold 1X PBS and finally, bound proteins were eluted by
2 M glycine, immediately neutralized and stored at -80°C. Purified proteins were checked by
immunoblotting for the absence of co-purified protein kinases CDK1 and CKI1. Purified proteins were
incubated with 100 ng of GST-tagged CSNK 1D (Sigma) in kinase buffer (10 mM HEPES pH 7.5, 2.5 mM
B-glycerolphosphate, | mM EDTA, 4 mM MgCI2 and 100 uM ATP) for 20 min at 30°C. Where indicated,
kinase buffer was supplemented with 5 uCi of gamma-32P-ATP. Reaction was stopped by mixing with 4X

Laemli buffer and boiling the samples for 5 minutes. Samples were analyzed by immunoblotting.

3.18 Statistical analysis

For Western blots quantification, signal intensity of the bands from 3 biological replicates (n = 3) was
calculated using gel analysis plug-in in ImageJ. After background subtraction, signal was normalized to the
corresponding loading control and to non-treated condition. Statistical significance was evaluated using
two-tailed unpaired t-test or by ANOVA test in GraphPad Prism version 5.0 (GraphPad Software).
Experiments were performed at least three times unless stated otherwise. Values in bar graphs are presented
as mean + SD. Statistical significance was evaluated using Student’s two-tailed unpaired t-test or by
ANOVA test in GraphPad Prism version 5.0 (GraphPad Software) and p values < 0.05 were considered
significant (* p<0.05, **p<0.005, ***p<0.001, ****p<0.0001).

3.19 Data availability
The complete data set from expression profiling of RPE-FUCCI cells was deposited in ArrayExpress

database (https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-9626/) under accession number E-

MTAB-9626. Data is currently available to the general public.
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4. RESULTS
4.1 Aim 1

4.1.1 PLK3 localizes to plasma membrane, Golgi and Centrosome

PLK3 subcellular localization has been a subject of contention. Some studies have reported that PLK3 can
be localized to the Golgi apparatus (Ruan, Wang et al. 2004, Xie, Wang et al. 2004), enriching in the plasma
membrane (Holtrich, Wolf et al. 2000) and even inside the nucleus and nucleolus (Zimmerman and Erikson
2007, Wang, Gao et al. 2008). Nonetheless, some of this studies relied on non-validated PLK3 antibodies,
therefore we decided to first address the veracity of the existing published data in order to stablish a
grounded starting point for our study. We started by screening all commercially available PLK3 antibodies
by testing them through immunoblotting and immunofluorescence. By implementing siRNA knock down
of PLK3 in RPEs parental cells, we observed that the PLK3 antibodies corresponding to BioRAD, Novus
Biologicals, Sigma and BD Pharmingen, had unspecific reactivity (Fig. A). The only antibody that managed
to recognize endogenous PLK3 was the rabbit monoclonal antibody (clone FD4F12) from Cell Signaling
Biotechnology. This antibody recognized three bands, the slowest migrating one (80 - 90 kDa) was
determined as unspecific since the other two that migrated faster (65 — 75 kDa) disappeared after treatment
with two independent siRNAs specifically designed to target and knock-down PLK3 (Figure 5-A). In
another independent experiment, using one of this siRNAs against PLK3 and one against PLK 1 and probing
with the Cell Signaling PLK3 antibody, we confirmed that the two observed bands between 65 to 75 kDa
disappeared but were not affected by the knock down of PLK3’s homolog, PLK1 (Figure 5-B).
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Figure 5. PLK3 commercial antibodies specificity testing in Western Blot. A. RPE cells transfected with non-targeting control
siRNA or two siRNAs targeting PLK3. After 28 h, whole cell lysates were separated by SDS-PAGE and probed with indicated
antibodies. Numbers indicate mobility in kDa. Position of PLK3 is indicated by arrowheads. Importin was used as loading control.
B. RPE cells were transfected with non-targeting control siRNA or siRNA to PLK3 or PLK1. Whole cell lysates were probed with
rabbit monoclonal PLK3 antibody (Cell Signaling). Protein 14.3.3 was used as loading control. The position of PLK3 is indicated

by arrowheads.

Then, we proceeded to test the detection capacity of this antibodies trough IF; unfortunately, none of the
after mentioned antibodies managed to recognize endogenous PLK3 successfully trough
immunofluorescence assays. Because of this issue, we decided to generate a stable cell line using HEK293
cells that would express an ectopic PLK3 tagged with EGFP. The PLK3 localization pattern in the stable
cell line was also contrasted with the one observed in transiently transfected parental RPE cells. In both
instances, EGFP-PLK3 was observed enriched in the plasma membrane, partially colocalizing with GM130
at the Golgi apparatus, and in the centrosome, which was delimitated by probing for y=-tubulin (Figure 6).
The observed PLK3 intracellular pattern showed enrichment in the plasma membrane, localization in the
centrosome and in punctual areas of the Golgi apparatus, partially confirming some of the previously
reported data (Holtrich, Wolf et al. 2000, Xie, Wang et al. 2004, Zimmerman and Erikson 2007, Wang,
Gao et al. 2008).
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Figure 6. PLK3 localizes at plasma membrane and Golgi apparatus. On the top panel, we show HEK293 cells stably expressing
EGFP-PLK3. This cells were grown on coverslips, fixed and probed with antibodies against GM130 as Golgi marker and against
y-tubulin as centrosome marker and imaged by confocal microscopy. On the bottom panel RPE cells were transiently transfected
with EGFP-PLK3, grown on coverslips, fixed and probed with the after mentioned antibodies. Arrow heads indicate the position

of the centrosome. Bar indicates 5 pm.

We also tested the reactivity of the mentioned PLK3 antibodies by immunofluorescence in the EGFP-PLK3
cell line; probing with the rabbit monoclonal antibody from Cell Signaling showed a perfectly overlapping
signal with the overexpressed PLK3 and presented no apparent sign of cross-reactivity. This suggested that
this antibody can recognize and is specific for PLK3 but that its titer may be too low for detection of the
endogenous protein (Figure 7-first vertical panel). In the case of the St. John laboratory PLK3 antibody,
we observed that while it successfully stained the enriched ectopic EGFP-PLK3 in the centrosomal vicinity,
it also presented an unspecific signal in the nucleus (Figure 7-last vertical panel), a localization that has
been reported in the past for PLK3 (Zimmerman and Erikson 2007, Wang, Dai et al. 2014) but where the
antibodies used were not validated. Finally, the rest of the listed PLK3 antibodies (Novus, Sigma and BD
Pharmingen) failed to recognize even the overexpressed EGFP-PLK3 (Figure 7-three vertical panels in

the middle).

63



.ﬂ*,l

4 F
r B

PLK3-Novus PLK3-Sigma PLK3-BDP. § PLK3-St.John

Figure 7. PLK3 commercial antibodies testing in EGFP-PLK3 Stable cell line. The HEK293-EGFP-PLK3 Stable cell line was

fixed and probed with the indicated PLK3 commercially available antibodies. Bar indicates 5 pm.

We then decided to test the titer of the after mentioned antibodies trough WB using the EGFP-PLK3 stable
cell line. We proceeded then to obtain total protein lysates from a control EGFP stable cell line that was
generated side-by-side with the EGFP-PLK3 stable cell line, and of the HEK293 parental cells. We
observed that the majority of the antibodies failed to recognize the endogenous and ectopic EGFP-PLK3
(BD Pharmigen, Novus, Sigma) and two of them showed high cross-reactivity (BioRad and St. Jhons). On
the other hand and as we expected, the Cell Signaling antibody presented high affinity to the EGFP-PLK3
ectopic protein and lacked cross reaction bands, this in contrast with the St. Jhons antibody, which also

recognized the ectopic EGFP-PLK3 but presented multiple cross reactivity bands (Figure 8).
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Figure 8. Analysis of commercial antibodies capacity to recognize overexpressed PLK3. Cell lysates from HEK293, HEK293-
EGFP-PLK3 and HEK293-EGFP were probed with indicated antibodies by immunoblotting. Note that only PLK3 antibodies from
Cell Signaling and St. Johns recognized the ectopic EGFP-PLK3. Antibody from St. Johns presented high cross-reactivity. Numbers

indicate mobility in kDa.

Due to the fact that the majority of the commercially available antibodies showed poor performance and
that our experimental observations on PLK3 intracellular localization were conflicting with the data
previously published, we decided to test PLK3 localization dynamics and response to genotoxic stress
(Figure 9). PLK3 has been reported to be localizing in discrete nuclear inclusions inside nucleoli under
non-stressed conditions and throughout several cell lines (HeLa, MCF10A, RPEm T98G and 293T cells)
(Zimmerman and Erikson 2007); because we failed to observed said reported localization, we took in the
possibility that shuttling between the cytoplasm and the nucleus by PLK3 under specific conditions might
be the case, as it was reported for its murine homolog Fnk (FGF-inducible kinase) (Alberts and Winkles
2004). To test this we submitted the EGFP-PLK3 stable cell line to leptomycin B (LMB) plus proteasome
inhibitor MG132 treatment to stop protein export dynamics dependent on CRM1 function. Our results did
not show any accumulation of EGFP-PLK3 in the nucleus suggesting that, opposite to the homolog Fnk,
human PLK3 is not constantly shuttling between the nuclear and cytosolic compartments. Next, we
submitted the EGFP-PLK3 stable cell line to UV light irradiation to test PLK3 response upon DNA damage
(Figure 9-B). As opposed to what has been previously reported, we did not observe accumulation of EGFP-
PLK3 in the nucleus neither in non-stressed conditions nor after exposure of cells to UV light (Zimmerman

and Erikson 2007, Wang, Dai et al. 2014).

Fractionation assays performed in RPEs showed that PLK3 localizes principally in the Triton X100 soluble
fraction where cytosolic proteins are contained, meanwhile PLK3 was not detected in the chromatin fraction
(Figure 9-C). This observations correspond with a recently reported function of membrane-associated
PLK3 during Fas-L-mediated cell death and with other reports implicating PLK3 in Golgi apparatus
integrity (Xie, Wang et al. 2004, Helmke, Raab et al. 2016).
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Figure 9. PLK3 localization in response to genotoxic stress. A. HEK293-EGFP-PLK3 Stable cell line was treated with
Leptomycin and proteasomal inhibitor MG132 for 3 h. fixed and imaged using confocal microscopy. Bar indicates 5 pm. B.
HEK293-EGFP-PLK3 Stable cell line was fixed 2 h after exposure to mock or UVC and imaged using confocal microscopy. C.
Cytosolic, nuclear soluble and chromatin fractions of RPE cells were probed with indicated antibodies. Tubulin was used as a
marker for the cytosolic fraction, CHK2 for the nuclear soluble fraction and histone H2AX for chromatin. Asterisk indicates non-

specific band of PLK3 antibody.

Next, we wanted to study EGFP-PLK3 distribution and behavior throughout the cell cycle. We observed
that PLK3 expression levels were comparable starting from G1 phase to Mitosis (Figure 10-A), contrary
to what was previously described (Alberts and Winkles 2004). PLK3 localization to the plasma membrane
was showed to be constant through all the phases of mitosis and also enriching spindle poles during mitosis

(Figure 10-B) (Jiang, Wang et al. 2006).
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Figure 10. Distribution of EGFP-PLK3 during the cell cycle. A. Stable HEK293-EGFP-PLK3 cells were synchronized at G1/S
transition with a thymidine block for 36 hours. After incubation time, cells were washed twice with PBS and released to fresh
media. After 4 hours of release, Nocodazole was added to stop cell cycle progression at prometaphase. Cells were collected at 2
hours intervals. Last sample presented in the gel was collected by mitotic shake-off to obtain an exclusive mitotic population.
Histone H3-pS10 was used as a marker for mitotic cells. Asterisks indicate the non-specific reactivity bands. B. Stable HEK293-
EGFP-PLK3 cells were fixed, stained for y-tubulin and analyzed by confocal microscopy. Shown are maximal projections of

representative cells in interphase and throughout mitosis phases. Bar indicate 10 pm.
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4.1.2 PLK3 is disposable for cell response to genotoxic stress and osmotic stress
In the light of our previously described observations, we wished to reassess PLK3 relevance over various
cellular functions attributed to it. For this purpose we generated a stable Knock-out PLK3 cell line in the
human diploid RPE cells using CRISPR/Cas9-mediated gene editing. Through genomic DNA sequencing
we confirmed the successful targeting of both alleles in the exon 2 of PLK3 (Figure 11-A) and subsequently
the absence of PLK3 protein expression by immunoblotting with the functional PLK3 antibody from Cell
Signaling and also with the rest of the after mentioned antibodies (Figure 11-B, C).
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Figure 11. Generation of RPE-PLK3 knock out cell lines. A. Schematic diagram of CRISPR/Cas9-mediated targeting of human
PLK3 and of domain organization of PLK3 protein. Black arrowhead indicates the position of the key ATP-binding Lysine 91 in
the catalytic C-terminal domain. Empty arrowheads indicates the position of the epitope of the PLK3 antibody from Cell Signaling.
Fragments of the genomic DNA from selected clones were PCR amplified and analyzed by sequencing. B. Parental RPE and
selected clones of RPE-PLK3-KO cells were analyzed by immunoblotting using rabbit monoclonal PLK3 antibody (Cell
Signaling). C. Parental RPE and two independent clones RP-PLK3-KO cells were probed with indicated antibodies. The position
of PLK3 is being indicated by an empty arrowhead. Please pay careful attention to the missing band corresponding to PLK3 in
staining with St Johns antibody and the high level of cross reactivity bands.

After confirmation that the RPE-PLK3-KO cells were lacking PLK3 and were functional, we submitted
this cells alongside the parental RPE cells to various forms of stress and probed their ability to trigger the
respective downstream signaling response. This assays were also implemented in parental RPE cells that

had underwent PLK3 depletion through two independent siRNAs; this was done with the intention to collate
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the results in the RPE-PLK3-KO cell lines with a temporal PLK3-KD in case of the activation of genetic

compensatory mechanisms in our Knock-out model (El-Brolosy and Stainier 2017).

As the first stress response assay, cells were exposed to different intensities of UVC light (10 or 20 J/m?),
incubated for 30 min and analyzed by immunoblotting (Figure 12). Exposure of cells to UVC led to the
increment of YH2AX as a result of DNA crosslinks generation and activation of NER (Oh, Bustin et al.
2011) and phosphorylation of ¢-JUN (by JNK) in its pS73 residue to protect cells from UV-induced
apoptosis (Wisdom, Johnson et al. 1999). Notably, we did not observe any impairment in the activation of
this pathways when comparing visually between parental and KO cell lines (Figure 12-A) and neither
trough immunoblot intensity quantification (Figure 12-B). Concomitantly, PLK3 depletion through siRNA
presented the same after mentioned lack of impairment (Figure 12-C, D) (Wang, Dai et al. 2007).
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Figure 12. Loss of PLK3 does not affect cell response to DNA damage generated by UV irradiation. A. Parental RPE cells or
the RPE-PLK3-KO stable cell lines were exposed to UVC irradiation, collected after 30 min and total cell lysates were harvested
(n=3). A representative immunoblot is shown; antibody against cJUN-pS73 was used to measure the DNA damage response
dynamics when WT-PLK3 was present or absent in the system. Concomitantly, probing for YH2AX was used as an additional
DNA damage marker and TFIIH was used as loading control. B. Bar graph shows the immunoblot quantification of the cJUN-pS73
activation after treatment time points. Values were normalized to control (non-irradiated) treatment in the Parental RPE cells.
Statistical significance was analyzed by two-tailed Student’s T-test. Bars indicate median £SD. C. Parental RPE cells were
trasnfected with control or two various PLK3 siRNAs and were treated in the same manner as cell lines shown in panel A; total
cell lysates were harvested (n=2) and analyzed by immunoblotting. D. Quantification and validation of PLK3 knock down trough
siRNA by using RT-qPCR. PLK3 mRNA levels were normalized to ATP5B.
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Next, cells were submitted to hypertonic or hypotonic osmotic stress for 40 min and analyzed by
immunoblotting (Figure 13). Phosphorylation of ¢-JUN (by JNK) in its pS73 residue alongside p38 in its
pT180/pY 182 residues was used to detect osmotic stress-induced pathways activation (Sheikh-Hamad and
Gustin 2004). Similar to the case of UVC irradiation, we did not observe a decrease in the level of ¢c-JUN
activation neither in the PLK3-KO cell lines nor in the PLK3 depleted cells (Figure 13-A-C); both
experimental observations suggest that, upon DNA Damage insults PLK3 is not involved in c-JUN

regulation as it was previously reported (Wang, Dai et al. 2011, Wang, Payton et al. 2011).
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Figure 13. Loss of PLK3 does not affect cell response to Osmotic stress. A. Parental RPE cells or the RPE-PLK3-KO stable
cell lines were submitted to either hypotonic or hypertonic shock for 40 min; total cell lysates were harvested (n=3). A representative
immunoblot is shown. Antibody against the active form of p38-pT180/pY 182 was used to detect the activation of the adaptive
osmotic stress response. Concomitantly, cJUN-pS73 probing was used to measure immediate cell stress response and TFIIH was
used as loading control. B. Bar graph shows the immunoblot quantification of the cJUN-pS73 activation after treatment time points.
Values were normalized to control (isotonic) treatment in the Parental RPE cells. Statistical significance was analyzed by two-
tailed Student’s T-test. Bars indicate median +SD. C. Parental RPE cells were trasnfected with control or two various PLK3 siRNAs
and were treated in the same manner as cell lines shown in panel A; total cell lysates were harvested (n=2) and analyzed by

immunoblotting.
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With the objective of analyzing the role of PLK3 during cellular response to hypoxia cells were treated with
cobalt chloride (CoCl,), a hypoxia-mimicking agent in two different concentrations. The assay was
implemented in the PLK3-KO cell lines and in the RPE and HeLa parental cell lines after siRNA mediated
PLK3 depletion (Figure 14). We observed similar HIF-1a induced levels after immunoblot quantification
(Figure 14-B) and in the parental cell lines, suggesting that PLK3 does not inhibit HIF-1a stabilization in

human cells as it was previously reported (Yang, Bai et al. 2008).
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Figure 14. Loss of PLK3 does not affect cell response to hypoxia. A. Parental RPE cells or the RPE-PLK3-KO stable cell lines
were submitted to hypoxia-mimicking conditions by media supplementation with CoClz (100 — 300 uM); cells were collected after
24 hours and total cell lysates were harvested (n=3). A representative immunoblot is shown. Antibody against HIF-1a was used to
detect the stabilized protein and thus, the activation of the hypoxia response pathway. TFIIH and Pan14.3.3 probing were used as
loading controls. B. Bar graph shows the immunoblot quantification of the HIF-1a stabilization after treatment. Values were
normalized to control (Normoxia) treatment in the Parental RPE cells. Statistical significance was analyzed by two-tailed Student’s
T-test. Bars indicate median +SD. C. Parental RPE cells were trasnfected with control or two various PLK3 siRNAs and were

treated in the same manner as cell lines shown in panel A; total cell lysates were harvested (n=2) and analyzed by immunoblotting.
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Finally, for DNA Damage response evaluation, we performed quantification of YH2AX nuclear foci
formation after exposure of the PLK3-KO cell lines to IR (ionizing radiation) (Figure 15). As expected
after IR exposure, an increase in the number of nuclear foci of the RPE parental cells at the early 1 hour
time point was observed, followed by a decrease at the later 8 hours’ time point corresponding to DNA
damage repair activity (Burdova, Storchova et al. 2019). After 8 hours of irradiation it was possible to detect
induction of p21, a well-known p53 target and cell cycle mediator (Marino, Acconcia et al. 2003).
Nevertheless, recurrence and disappearance of the YH2AX nuclear foci was not significantly different than
in the PLK3-KO cell lines (Figure 15-A). Parallel to this, total cell lysates were analyzed by immunoblot
to observe the activation of the ATM-CHK?2 pathway (Figure 15-B). In comparison to RPE parental cells,
PLK3-KO cell lines did not present any difference in the levels of phosphorylated CHK?2 at the T68 residue,
neither for KAP1 at S824 and S473. In the same manner, RPE parental cells that were temporarily depleted
of PLK3 were subjected to the same IR treatment, presenting no significant differences in DDR between

PLK3 depleted and control RPE cells (Figure 15-C).

Together this observations suggest that loss of PLK3 does not affect the ATM-CHK2 activation pathway
(Ziv, Bielopolski et al. 2006, Kleiblova, Stolarova et al. 2019). In consonance with the results obtained in
the PLK3-KO cells, RPE parental cells that were submitted to the same ionizing radiation treatment but
after PLK3 depletion trough siRNA showed no impairment in the DNA damage response activation (Figure
15-C). Based on this observations, we concluded that, even in the absence of PLK3 cells are able to activate
ATM, arrest in the cell cycle checkpoint and repair DNA with comparable dynamics as cells with full

functional PLK3 expression.
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Figure 15. Loss of PLK3 does not affect stress cell response to ionizing radiation. A. Parental RPE or RPE-PLK3-KO cells

were exposed to 3 Gy of ionizing radiation and fixed after 1 and 8 hours’ time points. Number of YH2AX positive foci per nucleus

were quantified trough ScanR microscopy (n=3). Statistical significance was analyzed by two-tailed Student’s T-test. Bars indicate

median +SD. B. Parental RPE pr RPE-PLK3-KO cells were treated as in A and whole cell lysates were analyzed by immunoblotting

(n=2). C. Praental RPE cells were transfected with control or two various PLK3 siRNAs and were treated as in A and whole cell

lysates were aalyzed by immunoblotting (n=2). D. Parental RPE cells were transfected with the wild-type PLK3 or kinase-dead

K91R mutant; PLK3 was isolated by GFP trap and incubated with casein in kinase buffer supplemented with radioactive ATP.

Phsophorylation of casein was detecetd by autoradiography.

73



As opposed to PLK1, a sensitive kinase that is immediately deactivated upon genotoxic stress, PLK3 has
been reported to be robustly activated upon various forms of stress (van Vugt, Smits et al. 2001, Bahassi
el, Conn et al. 2002).To test this premises, we performed an in vitro kinase assay employing casein as a
target substrate and EGFP-PLK3 purified from cells previously exposed to various forms of stress (Figure
16). At first instance we tested the ability of the purified EGFP-PLK3 and observed that the wild-type but
not the kinase-dead PLK3-K91R mutant managed to efficiently phosphorylate casein in vitro (Figure 15-
D). We employed the same process of purification for EGFP-PLK3 after submitting the cells to a variety
of cellular stressors. The resulting purified EGFP-PLK3 was then tested for degree of activation (Figure
16-A). Upon immunoblotting signal quantification, it was very interesting to see that there was no
significant change in PLK3 activity upon exposure of cells to UVC, treatment with etoposide, CoCl, or
exposure mannitol as an osmotic stress agent (Figure 16-B). Taken together, this results compile good
evidence to support our premise that enzymatic activity of PLK3 is not responding nor activated upon
different types of stress and it confirms our finding that PLK3 is disposable for genotoxic and osmotic stress

cellular response.
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Figure 16. Assessment of PLK3 Kinase activity upon treatment with various types of stress. A. Cells were exposed to various
forms of stress including treatment with CoCl12 (200 uM, 12 h), exposure to UV (10 J/m2), etoposide (4 uM, 1 h), hypertonic media
(480 pM mannitol) or left untreated as control. EGFP-PLK3 was isolated using GFP trap and kinase assay was performed as in
Figure 11D. Induction of stress pathways was analyzed by immunoblotting of cell extracts, probing for HIF-1a and CHK1-pS317.
Empty arrowheads indicate identical position on the electrophoretic gel. B. Quantification of the kinase assay performed in (A)
Signal was normalized to the non-treated control (n=3). Statistical significance was analyzed by two-tailed Student’s T-test. Bars

indicate median £SD.
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4.1.3 PLK3 interacts with PP6 Phosphatase through the PBD domain

The next step was searching for PLK3 functional modulators through protein-protein interactions; for this
purpose we immunoprecipitated EGFP-PLK3 from the stable cell line generated in HEK293 and identified
co-immunoprecipitated proteins through mass spectrometry. Those protein hits that were enriched in
complex with EGFP-PLK3 in comparison to the EGFP control for at least two out of three independent
experiments were considered as potential interactors (Table 1). Amid other proteins, four components of a
serine/threonine-protein phosphatase 6 were identified highly enriched in complex with EGFP-PLK3.
These included the regulatory subunits PPP6R1, PP6R3 and ANKRD28 plus the catalytic subunit PPP6C.

Table 1. Mass spectrometry analysis of purified EGFP-PLKS3. Soluble fraction of total cell extracts from the HEK293-EGFP-
PLK3 and HEK293-EGFP stable cell lines were incubated with GFP-trap beads, washed three times and submitted to mass

Spectrometry analysis for bound proteins identification. Three biological replicates were performed. Numbers in the first column

indicate the average log difference between EGFP-PLK3 and EGFP samples.

Avg. log | Gene Protein name

difference

13.32 PLK3 Serine/threonine-protein kinase PLK3

8.77 VPRBP Protein VPRBP (DDB1 — and CUL4-associated factor 1)
8.11 ANXA6 Annexin A6

6.97 ANKRD28 Serine/threonine-protein phosphatase 6 regulatory Ankyrin repeat subunit A
6.90 RPL34 60S ribosomal protein [.34

6.40 PPP6R1 Serine/threonine-protein phosphatase 6 regulatory subunit 1
6.39 MOV10 Putative helicase MOV-10

6.39 VDAC3 Voltage-dependent anion-selective channel protein 3

6.36 HNRNPDL | Heterogeneous nuclear ribonucleoprotein D-like

6.25 ACTGI Actin, cytoplasmic 2

6.10 EBNAI1BP2 | Probable rRNA-processing protein EBP2

6.01 BRIX1 Ribosome biogenesis protein BRX1 homolog

5.87 STAU1 Double-stranded RNA-binding protein Staufen homolog 1
5.76 MVBI12B Multivesicular body subunit 12B

5.68 MARCKSL1 | MARCKS-related protein (MARCKS-like protein 1)

5.66 RPL37A 608 ribosomal protein L37a

5.65 TMED2 Transmembrane emp24 domain-containing protein 2

5.62 ANK3 Ankyrin-3

5.60 NDUFA13 NADH dehydrogenase 1 alpha subcomplex subunit 3

5.55 PPP6R3 Serine/threonine-protein phosphatase 6 regulatory subunit 3
4.36 PPP6C Serine/threonine-protein phosphatase 6 catalytic subunit
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Following this interesting result, we performed immunoprecipitation using the EGFP and EGFP-PLK3
stable cell lines in order to confirm the interaction with the after mentioned complex in vivo (Figure 17).
Our results confirmed that PLK3 interaction with the endogenous PPP6C as well with its regulatory
subunits PPP6R1 and PPP6R3 was specific, since interaction with PPP6R2 deemed to be null (Figure 17-
A). After confirming that PLK3 exists in complex with PP6 and its regulatory subunits, we opted to map
said interaction. Through a series of immunoprecipitation assays we managed to pin point that interaction
with the PP6 complex was mediated through the PBD domain since the EGFP-PLK3-APBD mutant
(lacking the PBD domain) failed to pull down the PP6 complex (Figure 17). In a similar manner, the EGFP-
PLK3-H590A-K592M mutant, predicted to be the site of interaction inside the PBD domain also impaired
the interaction with PP6 and its subunits, marking the PBD domain as necessary for interaction with the
PP6 holoenzyme (Figure 17-B) (Elia, Rellos et al. 2003). Interestingly, PP6 subunits were recently
identified in a complex with PLK 1, marking the possibility that interaction with PP6 might be conserved
among the polo-like kinase family (Kettenbach, Schlosser et al. 2018).
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Figure 17. Mass spectrometry results verification trough EGFP-PLK3 immunoprecipitation. A. EGFP or EGFP-PLK3 was
immunoprecipitated using GFP-trap beads from cell extracts obtained from the asynchronic growing stable cell lines, Bound
proteins were analyzed by immunoblotting (n=3). Representative blot is shown. B. Cell extracts obtained from HEK293 cells
transiently transfected with EGFP-PLK3, EGFP-PLK3-APBD or EGFP-PLK3-H590A-K592M (referred to as PLK3-HM) were

incubated with GFP-Trap beads and bound proteins were analyzed by immunoblotting.

76



Subsequent to this observations we wished to study the subcellular distribution of PLK3 and its possible
colocalization with the PP6 complex. For this purpose we performed siRNA mediated depletion of PP6,
PPP6R1 and PPP6R3 and analyzed the KD efficiency and the intracellular localization (Figure 18). Trough
immunofluorescence assays and confocal imaging we observed colocalization between EGFP-PLK3 and
endogenous PP6C at the centrosome (Figure 18-A). Antibody against PPP6R3 showed a strong nuclear
staining and a partial colocalization with y=tubulin and EGFP-PLK3 at the centrosome. Knock-down assays

also helped us validate the specificity of the antibodies employed (Figure 18-B).
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Figure 18. Intracellular localization of PLK3 and confirmed interactors. A. The EGFP-PLK3 stable cell line was transfected
with control siRNA, siRNA against PP6C (upper panel) and siRNA against PPP6R3 (bottom panel). 48 hours after transfection,
cells were fixed, probed for PP6C and PPP6R3 respectively and y-Tubulin in both instances. Imaging was performed using confocal
microscopy. Arrowheads indicate the position of the centrosome. Bar indicates 20 um. B. Representative WB of the knock-down

efficiency validation from panels in (A).
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4.1.4 PLK3 is phosphorylated in the T-Loop but this does not affect its kinase activity
PLKI1 has been shown to be activated by phosphorylation of the T210 residue in its T-loop by Aurora-A
kinase during the G2/M and throughout mitosis (Chan, Santamaria et al. 2008, Macurek, Lindqvist et al.
2008). Because the T-loops of PLK1 and PLK3 present a high percentage of homology, we fathomed the
possibility of PLK3 being modified trough phosphorylation in the same manner, since PLK3 presents a
similar phosphorylatable motif (T219) (Figure 19-A). Through immunoprecipitation of EGFP-PLK3-WT
and EGFP-PLK3-T219A mutant and by probing with an antibody directed against PLK1-pT210 we
confirmed that PLK1-pT210 antibody is able to specifically recognize phosphorylated PLK3-pT219
(Figure 19-B). To understand further the nature of this phosphorylation we treated the stable EGFP-PLK3
cell line to a broad spectrum phosphatase inhibitor known as calyculin and immunoprecipitated EGFP-
PLK3 to enrich the protein for PLK1-pT210 probing trough immunoblotting (Figure 19-C). While we
observed that untreated cells presented a mild PLK3 phosphorylation, those treated with calyculin showed
a massive increase in the level of PLK3 phosphorylation at T219, which leads us to consider that
phosphorylation of this site is being constantly removed by an opposing phosphatase (Swingle, Ni et al.
2007). As we have shown with our previous described data, we considered PP6 to be a promising candidate
for this ordeal. To test this, we performed co-transfections in the EGFP-PLK3 stable cell line using a
plasmid expressing PP6C and PPP6R1 both tagged with FLAG and immunoprecipitated EGFP-PLK3. We
observed that, effectively, PP6 counteracted PLK3 phosphorylation in its T219 residue and that said
dephosphorylation was enhanced when both PLK3 and PP6 where in complex with the regulatory subunit
PPP6R3 (Figure 19-D). This result is in concordance with the observation that EGFP-PLK3-APBD showed
higher levels of phosphorylation in the T-loop compared to the wild type PLK3 (Figure 17-B).
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Figure 19. PLK3’s T-Loop is targeted for phosphorylation in the same manner as PLK1. A. Analysis of the T-Loop sequence
in four members of the Polo-like family. The T-Loop sequences appear to be highly conserved; Threonine residues corresponding
to the T210 in PLK1 and to T219 in PLK3 are shown in bold. B. EGFP-PLK3-WT and EGFP-PLK3-T219A were
immunoprecipitated from transiently transfected cells using GFP-Trap beads. Immunoblots were probed using a specific antibody
against pT210-PLK1 and against GFP. C. EGFP-PLK3 was isolated from transiently transfected HEK293 cells that were previously
treated with mock or calyculin using GFP-Trap beads. Isolated EGFP-PLK3 was incubated in presence of lambda phosphatase for
20 min. All samples were probed with pT210-PLK1 antibody. D. EGFP-PLK3 stable cell line was transfected with PP6C and/or
PP6R1, cell lysates were obtained and EGFP-PLK3 was immunoprecipitated using GFP-Trap beads. Level of PLK3
phosphorylation was evaluated by immunoblotting with the pT210-PLK1 specific antibody.

Interestingly, we noted that siRNA mediated depletion of endogenous PP6 increased the T219
phosphorylation signal, indicating that PP6 phosphatase controls PLK3 phosphorylation levels in cells
(Figure 20-A). By employing an in vitro kinase assay, we tested the contribution of the pT219 modification
in the T-loop over PLK3 activation. We found that EGFP-PLK3-WT was able to efficiently phosphorylate
casein, opposite to the kinase-dead mutant EGFP-PLK3-K91R, however the activation of the EGFP-
PLK3PT219 and the phosphorylation mimicking mutant EGFP-PLK3-T219D were the same as for the
activity of the wild-type PLK3 (Figure 20-C). Concomitantly, we noted that neither depletion of PP6 nor
treatment of cells with calyculin affected the activity of PLK3 (Figure 20-A). Finally, we performed co-
immunoprecipitation of EGFP-PLK3 with PP6C-FLAG and its regulatory subunit PPP6R1-FLAG and used
them to perform an in vitro kinase assay (Figure 20-D). Results showed that EGFP-PLK3 co-precipitation
in complex with the PP6 holoenzyme did not affect the kinase activity of PLK3. Based on this data, we
conclude that PLK3 activation does not require phosphorylation of the T-loop at the T219 residue and that
PP6 phosphatase does not control the PLK3 activity levels in cells.
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Figure 20. PP6 dephosphorylates PLK3. A. EGFP-PLK3 Stable cell line was transfected with control siRNA or siRNA against
PP6. After 48 hours, cells were treated with calyculin for 20 min right before total cell lysate extraction. EGFP-PLK3 was
immunoprecipitated using GFP-Trap beads. PLK3’s phosphorylation level was evaluated by immunoblotting using the pT210-
PLK1 specific antibody. PLK3’s kinase activity was measured by incubating the isolated EGFP-PLK3 with casein and 3?P-y-ATP
for 20 min at 30 °C. Phosphorylation levels after the assay were detected by autoradiography, EGFP-PLK3 presence was
determined by probing with GFP antibody. B. Representative Immunoblot of PP6 knock-down efficacy. C. Kinase assay was
performed as in A (n=2). PLK3’s kinase activity was measured by incubating the isolated EGFP-PLK3 with casein and 3*P-y-ATP
for 20 min at 30 °C. Phosphorylation levels after the assay were detected by autoradiography, EGFP-PLK3 presence was
determined by probing with GFP antibody. Arrowheads indicate casein’s position on the electrophoretic gel. D. HEK293 cells were
co-transfected with EGFP as control and EGFP-PLK3 plus PP6C-FLAG and/or PPP6R1-FLAG constructs. Kinase assay was
performed as in A. PLK3 phosphorylation levels were evaluated by probing with the pT210-PLK1 specific antibody and

phosphorylation of the casein by autoradiography (n=2). Arrowheads indicate casein’s position on the electrophoretic gel.
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4.2 Aim 2
4.2.1 Screen for G2/M expressed genes in human non-transformed RPE-FUCCI cells

The premise of this project consisted in identifying novel or poorly described genes that are involved in cell
cycle control and regulation by comparing gene expression trough out the different cell cycle phases using
non-transformed human cells, having a particular interest on the G2/M transition. Inhibitor-reliant
synchronization techniques have been the to-go strategy implemented to study periodically expressed genes
in individual phases of the cell cycle, both in normal and cancer human cell lines (Chaudhry, Chodosh et
al. 2002). Unfortunately, chemical cell cycle synchronization is not optimal for this purpose/ since it
generates a substantial level of cellular stress having a significant impact over what would be considered
canonical gene expression, meaning under no external stimuli or stress influence (Cooper and Shedden
2003, Grant, Brooks et al. 2013). In order to avoid generating alterations in the overall normal gene
expression fluctuations during each phase of the cell cycle we generated a human hTERT-immortalized
RPE cells that stably expressed the fluorescent ubiquitination-based cell-cycle indicator (FUCCI) (Sakaue-
Sawano, Kurokawa et al. 2008, Sakaue-Sawano, Yo et al. 2017). This RPE-FUCCI cell line permitted us
to identify the G1 (RFP positive), G2/M (GFP positive) and S (double positive) populations in asynchronic
cultured cells (Figure 21-A). Next, asynchronic RPE-FUCCI cells populations were separated by FACS-
sorting in the G1 (RFP+) and G2 (GFP+) populations (Figure 21-B).
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Figure 21. Screen for cell cycle regulated genes using RPE-FUCCI cells. A. Representative image of asynchronic FUCCI cells
imaged by immunofluorescence microscopy; arrows and legends pin point the specific color for each cell cycle phase. Scale bar
indicates 10 um. B. Schematic of flow cytometry sorting of RFP+ and GFP+ cells from asynchronously growing RPE-FUCCI
cells. DAPI was used to probe for DNA content.

This sorted populations were used to perform gene expression profiling by Expression BeadChip (Illumina)
to measure the activity (expression levels) of hundreds of genes depending the cell cycle phase; fold change
expression was focused on hits enriched in G2 phase (Figure 22). Enrichment of CCNE1 (Cyclin E) mRNA
in the G1 (RFP+) and asynchronic populations contrasted with CCNA2 (Cyclin A) mRNA and CCNBI
(Cyclin B1) mRNA along with Fos transcription factors (FOS) mRNA levels in G2 cells confirmed the
efficacy of the sorting procedure (Pines and Hunter 1989, Pagano, Pepperkok et al. 1992, Baldin, Lukas et
al. 1993, Ohtsubo, Theodoras et al. 1995, Hyun, Becam et al. 2006).
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The G2 sorted population showed high enrichment of canonical mitotic operators involved in mitotic entry,
organization of the mitotic spindle and sister chromatids segregation such as: Mitotic kinases Mpsl
(MPS1/TTK), PLK1 (PLK1), Aurora A (AURKA) and CENP proteins (INCENP); Kinetochore proteins
like kinetochore complex component Ndc80 (NDC80) and Kinetochore protein Nuf2 (NUF2); Centromeric
histone associated proteins like the CENPs CENPA, CENPF, INCENP); MTs motor proteins from the
Kinesin proteins superfamily (KIF2C, KIF14, KIF18A) and components of the APC/C like the Ubiquitin
conjugation enzyme E2 C (UBE2C) (Lindqvist, Rodriguez-Bravo et al. 2009, Hara and Fukagawa 2018,
Srivastava, Zasadzinska et al. 2018). Along with the after mentioned canonical gene expression profiles,
701 significantly upregulated transcripts were identified as differentially expressed between G2 and Gl
populations (q < 0.05, fold change >2) (Figure 22). A group of this transcripts was selected for further
analysis. Among the identified upregulated genes we found ubiquitin modifying enzymes (NEURLID,
TRAIP, DCAF15), DNA or histone associated proteins (PIF1, BRD8, RAD51AP) and genes with unknown
function (FAM72D, FAM110A, LAS2, GAS2L3).
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In order to confirm the differential expression pattern of selected transcripts, GFP positive, RFP positive
and double positive populations were used to extract total mRNA for quantitative real-time PCR analysis
(Figure 23). This assay confirmed the expected expression pattern of the after mentioned known genes
involved in the cell cycle control. In accordance with the expression profiling result, we found significant
enrichment of Cyclin E in G1 and S phase followed by a sharp decline in G2 (Ohtsubo, Theodoras et al.
1995); on the contrary Cyclin A2 mRNA levels were low during G1 increasing gradually trough S phase
and peaking during G2/M transition (Pagano, Pepperkok et al. 1992).

One of the selected transcripts for quantification was DNA helicase PIF1, which presented a clear
upregulation during G2 as it has been shown that it participates in DNA replication termination and that it
associates to telomeres in a cell cycle-specific manner (Budd, Reis et al. 2006). The Neuralized member
NEURLID (also known as NEUR2), an E3 ubiquitin ligase that targets the PDE9A phosphodiesterase, an
important secondary messenger in several physiological and pathological processes (Taal, Tuvikene et al.
2019) and CKAP2 (Cytoskeleton-associated protein 2) that is found associated to MTs during late G2 and
that is targeted by the APC/C®! during mitotic exit (Seki and Fang 2007), presented a similar expression
pattern as PIF1. Family 110 member A presented a similar expression trend as Cyclin A2; low levels during
G1 that seemed to double during S phase and increase 3 times in the G2/M transition according to the

previously reported cell cycle-dependent expression pattern (Hauge, Patzke et al. 2007).

FAM72D was recently reported as part of the FOXMI1 transcription factor network, participating in cell
proliferation control and survival (Chatonnet, Pignarre et al. 2020). FAM72D presented a similar expression
pattern as FAMI110A, although its upregulation was 10 times higher in G2 than in G1. CDCA2 (Cell
division cycle associated 2 also known as PPP1 regulatory subunit 81) is a subunit responsible for targeting
PP1 to chromatin during anaphase (Liu, Vleugel et al. 2010) was also one of the observed hits, alongside
G2E3, an E3 ubiquitin ligase considered essential during embryogenesis and the DNA damage response
(Brooks, Banerjee et al. 2007, Brooks, Helton et al. 2008). This hits behaved in a similar manner, showing

gradual increase in expression trough S phase towards G2 phase.
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Figure 23. Confirmation of differential expression of the selected transcripts by QRT-PCR. RFP+ (G1 phase), GFP+ (G2
phase), and GFP+/RFP+ (S phase) RPE-FUCCI cells were sorted by flow cytometry, RNA was extracted and analyzed using qRT-
PCR (n=3). Expression is normalized to GAPDH mRNA. Bars show mean £SD.

Based on the commercially available tools, we proceeded to test several of the mentioned candidate genes
that are highly expressed in G2 but have so far not been implicated in the cell cycle control or their role in
cell cycle is not well explored. We observed that the small protein known as FAM110A (Family with

sequence similarity 110 member A) showed interesting attributes, so we selected it for further analysis.

4.2.2 FAM110A antibody validation

In order to validate and asses the degree of specificity of three commercially available antibodies against
FAMI110A, we performed a siRNA-mediated depletion of this hit in parental RPE cells. First, we addressed
the specificity through WB. The visible decrease of the detected bands validated the functionality and
specificity for WB detection. Another aspect of our interest in testing FAM110A knockdown was to detect
any possible effect over the normal progression of the parental RPEs cell cycle; therefore we immunoblotted
with the mitotic marker Phospho-Ser10 modification in Histone3. We observed a slight visible increment
in the band when cells were partially depleted of FAM110A, which could signal an enrichment and
therefore delay in the mitotic population (Figure 24).
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Figure 24. FAM110A commercial antibodies validation trough WB. RPE cells were transfected with control of FAM110A

siRNA, whole cell lysates were prepared after 48h and indicated antibodies were tested by immunoblotting.

Following with the antibodies functionality test, we performed IF staining for detection of endogenous
FAMI110A in control cells and compare it to FAM110A depleted cells (Figure 25-A). We observed an
interesting enrichment of the protein in the spindle poles and in the proximal mitotic spindle microtubules
in the control metaphase cells. FAMI10A signal intensity quantification of enriched signal in the
centrosomes showed a significant reduction after FAM110A KD (Figure 25-B). In contrast, a persistent
nuclear signal could be observed in the interphase cells even after siRNA KD, suggesting that the antibody
presents non-specific binding capacity and therefore we deemed the nuclear localization as antibody cross-
reactivity (Figure 25, Figure 26).The observed intracellular localization of FAM110A was in accordance
with what was previously reported in transiently transfected HEK293 cells both in mitotic and interphase

cells (Hauge, Patzke et al. 2007).
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Figure 25. FAM110A endogenous localization validation trough immunofluorescence in RPE cell line. A. RPE cells
transfected with control of FAM110A siRNA were fixed with 4% PFA, probed with rabbit polyclonal antibody against FAM110A
and mouse monoclonal y-tubulin, and were analyzed by confocal microscopy. First two panels show maximal projection of
representative mitotic (metaphase) cells while lower panels show interphase cells. Scale bars indicate 10 um. B. FAM110A spindle
pole intensity quantification in control and siFAM110A treated RPE cells from (E). Signal intensity of the rabbit polyclonal
antibody to FAM110A was determined in regions positive for y-tubulin, Each dot represents a single spindle pole. Bars show

median +SD. Significance was evaluated by a t-test (n=3), (****p<0.0001).

Endogenous immunofluorescence staining using the validated rabbit polyclonal antibody in the U20Os cell
line showed an enriched signal in the centrosome and a diffused cytosolic distribution in interphase cells
that also disappeared after siRNA KD. The localization in the spindle poles and the proximal spindle
microtubules previously observed was also noted (Figure 26-A). A similar but weaker signal was detected
using the mouse monoclonal mouse antibody clone B11 from Santa Cruz, maybe do to the previously
discussed inability of the antibody to recognize the phosphorylated epitope (Figure 26-B). This helped us
to confirm in another cell line and with two different antibodies the specificity of the e observed intracellular

localization of FAM110A.



DAPI y-Tubulin FAM110A rb Merge

SiINC

siNC siFAM110A

SiFAM110A

FAM110A
y-Tubulin m (B11)

siNC

siFAM110A

Figure 26. FAM110A endogenous localization validation trough immunofluorescence in U2Os cell line. A. U20s cells

transfected with control of FAM110A siRNA were fixed with 4% PFA, probed with rabbit polyclonal antibody against FAM110A
and mouse monoclonal y-tubulin. First two panels show maximal projection of representative mitotic (metaphase) cells while lower
panels show interphase cells. B. The same U2Os transfected cells were probed using the Clone B11 mouse polyclonal antibody

against FAM110A and monoclonal y-tubulin; all samples were analyzed by confocal microscopy. Scale bars indicate 10 pm.
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4.2.3 FAM110A is highly expressed in G2 and localizes at mitotic spindle during mitosis
As after mentioned, during the antibody testing we observed that FAM110A specific intracellular
localization appeared to be in the spindle poles and proximal mitotic spindle in two independent cell lines,
we decided to further down explore its distribution throughout mitosis in RPE cells. Starting from
prometaphase cells, we observed the presence of FAMI110A in the already duplicated centrosomes,
localization that was maintained as mitosis progressed through metaphase and anaphase and also a slight
decoration of the plasma membrane could be discerned. During telophase an enrichment in the constriction

ring was visible (Figure 27).
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Figure 27. FAM110A localizes to the mitotic spindle during mitosis. Asynchronously growing RPE cells were fixed and probed

Prophase

Metaphase

Anaphase

Telophase

with the rabbit polyclonal antibody to FAM110A. Shown are representative images of cells in mitotic phases. Individual z-stacks
were de-convoluted using Huygens Deconvolution Software, processed sequentially and are presented as maximum projections.

Scale bars indicate 10 pm.
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To complement the expression analysis performed in the asynchronic FUCCI cells, we deemed necessary
to establish FAM110A’s expression pattern throughout the cell cycle; for this we performed a single
thymidine block to synchronize parental RPE cells at the G1/S transition. After 36 hours of arrest, cells
were troughly washed and released in fresh media and time points were taken every 2 hours after release.
After 4 hours of thymidine release Nocodazole was added to the media to stop the cells at prometaphase,
avoiding this way for fast cells to start a new cycle and ensuring that populations would be phase specific;
cell samples were also analyzed through FACS (Figure 28-A). Trough Western Blot band intensity
quantification we observed that FAM110A was expressed at basal levels in G1/S-arrested cells and that its
total expression increased as cells progressed through S and G2 phase, reaching its highest expression rate

during G2/M transition and mitosis (Figure 28-B).

Interestingly, as the cells progressed synchronized through the cell cycle and FAM110A expression levels
increased, FAM110A seemed to slow down its migration trough the SDS-PAGE, culminating in the slowest
band when the cell population was exclusively mitotic. In contrast, this mobility shift did not happen when
cells were arrested in G2 and mitotic entry was prevented. During this experiments it was very interesting
to observe that the FAM110A-Clone B11 antibody (Santa Cruz Biotechnology) failed to recognize the
slower migrating bands trough immunoblotting which suggest that it’s only capable of recognizing the non-
phosphorylated epitope of the protein (Figure 28-A). By contrast, by releasing a mitotic population from
Nocodazole arrest and analyzing the mobility behavior of FAM110A it was clearly visible that the shift
present in the mitotic cells disappeared (Figure 28-C). We hypothesized this mobility shift could be due to
extensive post-translational modifications of FAMI110A, mainly phosphorylation. To test this we
immunoprecipitated endogenous FAM110A from G2 and Mitosis arrested cells and supplemented them
with lambda phosphatase. By analyzing the treated Mitotic immunoprecipitated FAM110A using the non-
treated G2 and M samples as mobility shift references, it was possible to observe that after the lambda
phosphatase treatment, the mobility shift partially decreased, indicating that the post-translational
modification responsible for it is phosphorylation, although other types of modifications cannot be

discarded (Figure 28-D).

92



=
g C
A g
£ 2
N 3
NZ N
0 2 4 6 B 10 12 14 16 16 16 h after NZ release
FAM110A rb
M M M M M M
0% 0% 6.6 % 28% 965 % 0%
1 I
0h 6h 12h 16h 16hMS 16hRO
B
D

1, {» Input  IP:FAM110A

G2 M G2 M M

=
=
=
—

FAM110A rb

pS10-H3

2 ﬁ £ 5 + A-PPase
o 1

0 2 4 6 8 10 12 14 16 MS RO

normallzed FAM110A Intensity

Figure 28. FAM110A expression is upregulated during G2 phase and is post-translationally modified during mitosis. A.
RPE cells were released for indicated times from a thymidine block (2 mM) and collected cells were analyzed by immunoblotting
and FACS. Nocodazole was added after 4 h to arrest cells in mitosis. Alternatively, RO3306 inhibitor was added to prevent mitotic
entry. Where indicated sample was collected by mitotic shake-off (MS) to obtain pure mitotic population. Samples were analyzed
by immunoblotting (upper panel). In parallel, cell cycle progression was followed by flow cytometry using DAPI and MPM2
staining. Representative histogram plot is shown, M indicates percentage of mitotic cells. B. Signal of the rabbit FAM110A
antibody was quantified in three independent replicates and normalized to the loading and to the thymidine arrested sample. Bars
show median +SD. C. RPE cells were arrested in mitosis by Nocodazole, collected by mitotic shake-off and released to fresh media
for indicated times to allow mitotic exit. Loss of p10-H3 signal was used as marker of mitotic exit. D. Immunoblotting of RPE cells
arrested with RO3306 (G2) or with Nocodazole (M) were extracted and endogenous FAM110A was immunoprecipitated using
rabbit polyclonal antibody immobilized on pA/G beads. Beads were incubated with mock or with lambda phosphatase for 20 min
at 30 °C.
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We decided to test if this pattern of expression was extended among other cell lines by comparing total
protein lysates of G1, G2, Mitotic and RO3306 arrested populations in RPE, U20s and HeLa (Figure 29-
A, C). In all the mentioned cell lines FAM110A presented a similar enrichment from G1 to G2, showing a
fold change of ~7 in RPEs and of ~8 in U20s (p<0.001 and p<0.005, respectively); a very similar value of
that observed in RO3306 arrested populations; the mitotic populations showed a slight increase in the
FAMI110A enrichment relative to G2 but was not statistically significant (p = ns and p = ns, respectively)
(Figure 29-B).
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Figure 29. FAM110A expression profile analysis and comparison between the RPE, U20s and HeLa cell lines. Representative
blots and corresponding FACS data comparing FAM110A expression levels in G1 (thymidine arrested), G2 (8 hours after
thymidine release), M (Nocodazole arrested) and G2 (RO3306 arrested). B. Signal of the rabbit FAM110A antibody was quantified
in three independent replicates and normalized to the loading and to the G1 thymidine arrested sample. Bars show median +SD,
significance was evaluated by ANOVA (n=3), **p<0.005, ***p<0.001, ****p<0.0001. C. HeLa cells were treated in the same
manner as RPE and U20s’ Cyclin B was used as an additional marker for G2 and prometaphase populations. Enrichment of p10-

H3 signal was used as marker of mitosis.
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So far, our results in FAM110A endogenous localization, along with its cell cycle-specific expression
pattern and clear extensive post-translational modifications during mitosis led us to wonder what could be
FAMI110A role in mitosis. For this matter we decided to study in more detail the FAM110A depletion

phenotype during the cell cycle and also focusing specially in mitotic progression.

4.2.4 Depletion of FAM110A slows down mitotic progression and leads to mitotic defects
In order to study FAM110A function in the cell cycle we used siRNA mediated depletion of this protein to
analyze the consequent effects in the cell cycle profile using FACS by comparing the population
distributions between control and treated cells. We found that depletion using two independent siRNA
sequences generated a slight enrichment in the mitotic population (more specifically a 70% increase).
Parallel to this, KD of the homologue FAM110B and CSPP1 was also carried out (Figure 30-A). Mitotic
populations were quantified and our results showed that the apparent mitotic delay was exclusive for
FAMI110A KD suggesting that FAM110A might have specific functions during mitotic progression and
that KD of the other two proteins had no direct effect in the mitotic population (Figure 30-B). The mitotic
population enrichment after FAM110A KD was also detected trough immunoblotting with the mitotic

marker Phospho-Ser10 modification in Histone3 (Figure 30-C).

Although FAMI110A was initially identified as a putative binding partner of the centrosome/microtubule
associated protein CSPP1, their biochemical interaction in vivo has never been described. Even though the
FAMI110 and CSPP1 proteins have been shown to share certain features, like their subcellular localization,
vertebrate-restricted expression, cell cycle-dependent expression levels (for the case of FAM110A and
CSPP1) and induction of G1 arrest when overexpressed (for the FAM110B-C homologues and CSPP1)
(Patzke, Stokke et al. 2006, Hauge, Patzke et al. 2007) we failed to see any direct link between FAM110A
hypothesized mitotic function and CSPP1 (Figure 30-B).
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Figure 30. Depletion of FAM110A impairs progression through mitosis. A. RPE cells transfected with control or FAM110A
siRNA were fixed, stained with MPM2 antibody (marker of mitosis) and DAPI, and were analyzed by flow cytometry.
Representative panels are shown gating for each cell cycle phase. B. Quantification of the mitotic index from three independent
experiments in the A-panel set-up, shown is median £SD (n=3); statistical significance was determined by ANOVA (* p<0.05, **
p<0.005). C. Representative Immunoblot analysis of total RPE lysates after control, FAM110A, FAM110B and CSPP1 siRNA

treatment.

With the objective of validating the mitotic delay phenotype we observed in the parental RPE cell line
through a rescue experiment, we generated a stable cell line in this same cells using a selection plasmid that
would ectopically expressed the WT FAM110A tagged with EGFP. We performed siRNA mediated KD of
endogenous FAM110A using this stable cell line (Figure 31-A) and through FACS analysis we detected
that the ectopic expression of EGFP-FAM110A prevented the enrichment of the mitotic population (Figure
31-B). Further, by employing confocal microscopy in this EGFP-FAM110A stable cell line we observed a
comparable intracellular localization throughout mitosis as the endogenous FAMI10A and that the

enrichment in the plasma membrane outline was also present (Figure 31-C). It was previously reported that
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ectopic expression of the FAM110C homologue triggered impairment of cell morphology and caused
microtubule bundle formation (Hauge, Patzke et al. 2007), however in our FAM110A-EGFP stable cell line
no apparent morphology problems occurred, neither in cell morphology nor in the organization of the

mitotic spindles, indicating that this mild expression is well tolerated by the RPE cells.
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Figure 31. Ectopic expression of GFP tagged FAM110A rescues mitotic delay and localices to mitotic spindle poles and
plasma membrane. A. RPE cells stably expressing mouse EGFP-FAMI110A were transfected with control or two various
FAM110A siRNAs and whole cell lysates were analyzed by immunoblotting with indicated antibodies; empty arrowhead indicates
position of the endogenus FAM110A, filled arrowhead the EGFP-FAM110A. B. mitotic index was determined by flow cytometry.
Statistical significance was evaluated by ANOVA (n=3). Bars indicate median +SD. C. RPE cells stably transfected with EGFP-
FAMI110A were fixed, probed with a mouse monoclonal antibody against y-tubulin and analyzed by confocal microscopy. Shown

are representative images of cells in various phases of mitosis. Scale bars indicate 10 um.
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With the intention to elucidate the nature of the observed mitotic delay phenotype in FAM110A depleted
cells, we decided to carry out a mitotic defect scoring using control and siRNA treated cells for microscopy
analysis. We concluded that depletion of FAM110A significantly increased the recurrence of aberrant
chromosomal alignment and multipolar spindles, specifically during metaphase (Figure 32-A). The most
common aberrancies observed were lagged chromosomes that failed to attach to the mitotic microtubules
and where left out of the mitotic plate and loosely attached chromosomes (Figure 32-B). In this same
FAMI110A depleted cells, we also observed frequent lagging or broken chromosomes during anaphase

(Figure 32-C, D).
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Figure 32. FAM110A depletion causes impaired chromosomal alignment. A. RPE cells transfected with control or FAM110A

siRNA were grown for 48 h and treated with MG132 (10 pM) for 30 min prior fixation to trap mitotic cells in metaphase. Impaired
chromosomal alignment and multipolar spindles were scored and representative images are shown. Scale bars indicate 20 pm
arrowheads point to misaligned chromosomes. 30 metaphases were evaluated per condition (n=3). Bars indicate median £SD.
Statistical significance was determined by two-tailed Student’s T-test, (*** p<0.001, *p<0.05). B. Representative panels of
impaired chromosomal alignment in metaphase and multipolar spindle after control or FAM110A siRNA treatment. C.
Representative panels of lagging chromosomes during anaphase after FAM110A depletion. D. Quantification of lagging
chromosomes in anaphase cells from (C). More than 30 anaphases were evaluated per condition (n=3). Representative images of
abnormal anaphase are shown, scale bars indicate 20 pm, arrowheads point to incorrectly segregating chromosomes. Statistical

significance was determined by two-tailed Student’s T-test. Bars indicate median +SD (*** p<(.001).
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In order to be able to describe with more detail the metaphase misalignment phenotype caused by loss of
FAMI110A, we performed live imaging in asynchronously growing U20s-H2B-GFP cells. We measured
the time from nuclear envelope breakdown (NEB) to the metaphase to anaphase transition (MAT) and
compared between the control cells or FAM110A depleted cells (Figure 33-A, B, D). We observed that
FAMI110A depletion significantly increased the required time needed for initiation of anaphase. During the
analysis, we observed that a fraction of cells with depleted FAM110A that failed to segregate the
chromosomes died during the experiment or progressed to the G1 presenting a severely impaired nuclear
organization (Figure 33-C, D). Based on this data we conclude that FAM110A depletion extends the time
that cells spend in mitosis, specifically in metaphase, most probably because of defects in mitotic spindle

organization that lead to impaired chromosomal alignment.
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Figure 33. FAM110A depletion increases metaphase length and causes segregation problems. A. Progression through mitosis
was categorized in cells from (A) (100/condition) as follows: nuclear envelope breakdown to the metaphase-to-anaphase transition
(MAT), anaphase, telophase and interphase. Data from one of three experiments are shown, each bar indicates one cell. Cells that
died during imaging are shown in grey. B. Time from the nuclear envelope breakdown to MAT was quantified from (A). Shown
is median +SD (n=3). Statistical significance was determined by ANOVA (**** p<0.0001). C. Abnormal nuclear organization was
scored in cells from (A) that completed cell division. Representative images of aberrant nuclei are shown. Scale bar indicates 15
um. Plotted is percentage of cells with aberrant nuclei. Shown is median £SD (n=3). Statistical significance was determined by
ANOVA (***p<0.001). D. Representative sequential panels of U20s cells stably expressing H2B-EGFP treated with control or
two different FAM110A siRNAs and after 48 h (n=3). Cells were filmed in 5 min intervals; the bellow line marks the panels
corresponding to the beginning of NEB (0 min) to the MAT.

4.2.5 FAM110A interacts with cytoskeletal-related proteins and two casein kinase 1
isoforms during mitosis.

In order to unravel the mechanism by which FAM110A might influence mitotic progression, the first step
was to identify its potential interactors during mitosis by mass spectrometry analysis. For this purpose, cell
extracts from the control EGFP and the EGFP-FAM110A stable cell lines that where enriched in mitosis
using Nocodazole were obtained. Using GFP-trap beads, control EGFP and EGFP- FAM110A were
immunoprecipitated along with their interacting proteins and their identities were elucidated through mass
spectrometry (Table 2). The obtained results showed an interesting list of cytoskeleton-related proteins,
with actin showing the highest fold change score and a/p-catenin as some of the strongest hits suggesting
that FAM110A might be associated with the actin cytoskeleton and to cell adhesion complexes. This

proteomic analysis also showed that the genes TUBB8 and TUB1AC (coding for B-tubulin and a-tubulin
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respectively) were also significantly enriched in complex with EGFP-FAM110A during mitosis, although
their enrichment was considerably lower than that of actin, possibly due to the depolymerizing effect that

Nocodazole has on microtubules.

Table 2. Mass spectrometry analysis of purified EGFP-FAM110A from a mitotic arrested cell population. Cells extracts
from RPE cells table expressing EGFP or EGFP-FAM110A arrested in mitosis by Nocodazole were incubated with GFP trap.
Bound proteins were analyzed by mass spectrometry. Shown are top ten proteins that were significantly enriched in EGFP-
FAM110A complex compared to EGFP in three independent experiments Number indicates the fold change interaction compared

to the control.

Protein ID | Gene Protein Fold change
Q9BQ8Y FAMI110A | Protein FAM110A 671
P68133 ACTA1 Actin 216
P49674 CSNKI1E | Casein kinase I isoform epsilon 96
P35221 CTNNAL1 | Catenin alpha-1 80
Q13813 SPTANI1 Spectrin alpha chain, non-erythrocytic 1 | 43
P35222 CTNNB1 | Catenin beta-1 42
Q13049 TRIM32 E2 ubiquitin-protein ligase TRIM32 41
P62258 YWHAE | 14-3-3 protein epsilon 41
043707 ACTN4 Alpha-actinin-4 40
P48730 CSNKI1D | Casein kinase I isoform delta 23
Q3ZCM7 | TUBBS Tubulin beta-8 9
QI9BQE3 TUBAI1C | Tubulin alpha-1C 7

Aside from the cytoskeletal related-proteins, the Casein kinase isoforms epsilon (CSNK1E or CKlg) and
delta (CSNK 1D or CK16) where detected as mitotic EGFP-FAMI110A interactors. Next, we performed
immunoprecipitation assays using asynchronic or mitotic populations of the same cell lines using the after
mentioned setup, and validated the proteomic analysis results (Figure 34-A). The results showed that CK 1¢
and CK 10 but not CK1a are able to interact with FAM110A throughout the whole cell cycle but that said
interaction increases substantially during mitosis. Interestingly, the interaction with actin appeared to be
exclusive for mitosis, unlike the case of a-catenin which presented a similar interaction pattern like the CK1
isoforms. Conversely, immunoprecipitation of endogenous CK 1€ and CK 16 in the EGFP-FAM110A stable

cell line confirmed the interaction, showing the strongest interaction during mitosis (Figure 34-B).
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Figure 34. Immunoprecipitation assays to confirm FAM110A binding interaction with CK1 isoforms. A. Cell extracts from
asynchronously growing or mitotic RPE-EGFP or RPE-EGFP-FAM110A cells were incubated with GFP Trap and bound proteins
were analyzed by immunoblotting. Antibody against PS10-H3 was used as a marker of mitosis. B. Cell extracts from
asynchronously growing or mitotic RPE-GFP-FAM110A cells were incubated with CSNK1D (upper panel) and CSNK1E (lower
panel) antibody or control IgG and then immobilized on protein A/G beads. Bound proteins were probed with antibody against

GFP or CK16. Staining for pS10-H3 was used as marker of the mitotic population.

Next, we aimed to map the interaction between EGFP-FAM110A and the endogenous CK1¢ and 6 isoforms
by generating a series of truncated mutants and punctual aminoacid mutations of the WT-FAM110A
sequence (Figure 35-A). The first part of the immunoprecipitations aimed to establish the regions
responsible for actin, tubulin and CK1 isoforms binding, therefore focusing on truncated mutants (Figure
35-B). Interestingly, deletion of the C-terminal part of FAM110A prevented its binding to tubulin and to
the CK1¢ and ¢ isoforms and concomitantly, the deletion of the rest of FAM110A aside from the C-terminal

domain was sufficient to maintain this interaction.
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Figure 35. Mapping of FAM110A interactions trough truncation mutants by immunoprecipitation assays. A. Scheme of the
EGFP-FAM110A mutant constructs used for tubulin and CK1 isoforms interaction mapping. Numbering is based on human
FAM110A. N, C and Pro represent N-terminal, C-terminal and Pro rich domains, respectively. B. HEK293 cells were transfected
with indicated constructs and after 48 h they were lysed in RIPA buffer. Cell extracts were immunoprecipitated with GFP Trap and
probed by immunoblotting (n=2).

Contrariwise, actin and the o/B-catenin isoforms showed an opposite binding behavior to the one previously
described (Figure 36-A), being able to bind to the mutants presenting exclusively the N terminal domain
but failing to bind when only the C terminal domain was present. In the case of the APro mutant (lacking
the Proline-rich stretch) pull down of all reported interactions proved comparable to that of the WT-
FAMI110A. By analyzing FAM110A aminoacid sequence we identified a short peptide sequence (F-X-X-
X-F) resembling a reported consensus docking motif for CK1 within the C-terminal domain (Okamura,
Garcia-Rodriguez et al. 2004, Fulcher, Bozatzi et al. 2018). Based on this, we hypothesized that performing
punctual mutagenesis of the F205, F206 and F208 residues (that we deemed corresponded to this consensus
docking motif) to alanines would impair the interaction of EGFP-FAM110A with the CK1 isoforms
(Figure 36-B). Through immunoprecipitation we confirmed that indeed, FAM110A presented the CK1
docking motif detected in its C-terminal domain and that it is the region responsible for binding to CK1
isoforms. Through this experiments we concluded that FAM110A binding to tubulin and actin is mediated
by opposite regions in the protein and that CK1 binding depends on the presence of the after mentioned

consensus docking motif.
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Figure 36. Mapping of FAM110A interactions trough truncations and point mutations by immunoprecipitation assays. A.
HEK?293 Cells were transfected with indicated constructs, synchronized in mitosis by Nocodazole and were lysed in IP buffer 48
h after transfection. Cell extracts were immunoprecipitated with GFP Trap and probed by immunoblotting. B. HEK293 cells were
transfected with EGFP, EGFP-FAM110A-WT and EGFP-FAM110A-FA. Cell extracts were immunoprecipitated with GFP-Trap

and binding of CK1 was determined by immunoblotting (n=3).

104



4.2.6 C-terminal domain of FAM110A is phosphorylated by CK1 in mitosis

As we have stated before, FAM110A appears to undergo extensive post-translational modifications,
showing a clear decrease in its migration speed when the cell enters mitosis. We also previously showed
that one of this modifications is phosphorylation. In order to identify protein kinases that could be
responsible for directly phosphorylating FAM110A during mitosis we treated RPE cells that were arrested
in mitosis with selective small-molecule inhibitors with specificity against the main known protein kinases
that are active during the G2 and M phases of the cell cycle. We tested the effect of this inhibitors over
FAMI110A trough WB to visualize any effect over its electrophoretic mobility (Figure 37-A). One of the
selected inhibitors, BI2536 increased the mobility of Cdc27 due to its specific inhibition of PLK1 (Kraft,
Herzog et al. 2003, Lenart, Petronczki et al. 2007) while the Aurora A inhibitor MLN8054 prevented its
auto phosphorylation at the T288 residue (Manfredi, Ecsedy et al. 2007) thus showing that inhibition of this
kinases was successful. However, both instances failed to have any effect over FAM110A mobility,
therefore discarding FAM110A as potential substrate of this kinases. On the contrary, treatment with the
CDK1 inhibitor RO3306 resulted in the loss of the mobility shift of FAM110A, suggesting that CDK1
might phosphorylate FAM110A during mitosis. Following with this possibility, by performing a kinase
assay we found that CDK1/Cyclin B phosphorylates FAM110A in vitro (Figure 38-B), however it is
important to take note that RO3306 treatment forces cells out of mitosis and that this effect could be directly
responsible for the loss of FAM110A phosphorylation.

Taking in account our previous observations, we decided to test if quenching CK 1€ and § activity using the
PF670462 inhibitor had an effect over FAM110A mobility shift in mitosis. In fact we observed that the
mobility shift was reduced after treatment without inducing mitotic exit both in RPE (Figure 37-A) and
U20s cells (Figure 37-C) allowing at the same time for FAM110A detection with the B11 monoclonal
antibody, consistent with its dephosphorylation. Cyclin Bl was employed as a marker of mitotic
permanence. With the intention of validating the after described observations after the inhibitors treatment,
we performed siRNA mediated depletion of the CKle and CK16 isoforms and enriched the mitotic
population by treating with Nocodazole (Figure 37-B). By analyzing the mobility shift of FAM110A trough
WB we observed that depletion if CK 16 but not of CK1¢ impaired partially the mobility shift. This result
indicated that in fact, CK1 is responsible for FAM110A phosphorylation in mitosis, specifically by the &

isoform and that the € isoform might perform redundant functions over it.
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Figure 37. C-terminal domain of FAM110A is phosphorylated by CK1 in mitosis. A. RPE cells arrested in mitosis by
Nocodazole (Z) were treated with DMSO, PLK1 inhibitor B12536 (100 nM), Aurora-A inhibitor MNL8054 (0.25 pM) CDK1
inhibitor RO3306 (20 nM) or CK1 inhibitor PF670462 (1 uM) for 60 min, collected and analyzed by immunoblotting with indicated
antibodies. Asynchronously growing RPE cells are shown for comparison (first line, non-treated). Staining for H3-PS10 served as
a marker for mitosis (n=3). B. RPE cells were transfected with control. CSNK1D or CSNKI1E siRNA and Nocodazole was added
12 h before collecting the cells by mitotic shake-off. Whole cell lysates probed with indicated antibodies. C. U20s cells were
trapped in mitosis by overnight treatment with Nocodazole or PLK1 inhibitor BI2536 (100 nM) and collected by mitotic shake-off.
Part of the Nocodazole arrested cells was further treated with CK1 inhibitor PF670462 (1 uM) for 60 min. Whole cell lysates were

probed with indicated antibodies. Staining for pS10-H3 served as a marker of mitosis.

To confirm the ability of CK18 to phosphorylate FAM110A in the specified regions responsible for their
binding, we used purified EGFP-FAM110A-WT along with the AC and APro mutants to perform a kinase
assay (Figure 38-C). We found an induction of a similar mobility shift in the WT and APro but not in the
AC mutant showing that while CDK1 phosphorylates the N-terminal domain of FAM110A, CK16 does it
in the C-terminal domain (Figure 38-A, B). Through this results we concluded that CK1 interacts and
phosphorylates FAM110A in its C-terminal domain during mitosis even though FAM110A’s aminoacid
sequence lacks the canonical consensus phosphorylation motifs for CK18. Nevertheless, data obtained from
the PhosphoSitePlus database showed two phosphorylated regions within human FAM110A C-terminal
domain, specifically the S189-192 and S252-255 residues that could correspond to non-canonical
phosphorylation motifs for CK1 (Flotow, Graves et al. 1990, Hornbeck, Zhang et al. 2015). By generating
stable cell lines expressing this two mutants, we observed that out of the two motifs, only S252-255

substitution to alanines affected FAM110A mobility in mitosis while S189-192 substitution had no apparent

106



effect over it (Figure 39-A). Concomitantly with this, incubation of purified EGFP-FAM110A-S252-255
with active CK196 in presence of hot ATP showed to have a reduced mobility shift as well as less ATP
incorporation compared to the WT variant (Figure 38-D), although the observed incomplete reduction of
the phosphate incorporation in the in vitro assay might mean that additional residues are phosphorylated by

CK1 in FAMI110A C-terminal domain.
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Figure 38. Mapping FAM110A interaction with CDK1 and CK1 A. Diagrams of truncated mutants used to map interaction
with CDK1 and CK1, the two Kinases identified interacting with FAM110A. B. Isolated EGFP-FAM110A-WT or AC proteins
were incubated with active CDK1/GST-cyclin B1 in a kinase buffer containing 32P-yATP for 20 min at 30°C. Phosphorylation
was detected by autoradiography and position of FAM110A by immunoblotting. Empty arrowhead indicates position of CDK1.
Mobility of the proteins was analyzed by immunoblotting (n=2). C. EGFP-FAM110A-WT, -APro or -AC proteins isolated from
transfected HEK293 cells using GFP-trap were incubated with mock or with active GST-CK 16 for 20 min at 30°C. Mobility of the
proteins was analyzed by immunoblotting (n=2). D. Isolates EGFP-FAM110A —WT or -S252-255A proteins were incubated with
mock or with active GST-CK13 in the presence of 32P-yATP for 30 min at 30°C. Phosphorylation of the substrate was detected
by a mobility shift in immunoblotting with anti-GFP antibody or by autoradiography. Empty arrowhead indicated the same position
on SDS-PAGE gel.
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A non-canonical motif sequence (K/R-X-K/R-X-X-S/T) has been reported to be phosphorylated by CK 15
in several sulfatides and cholesterol-3-sulfate binding proteins (Kawakami, Suzuki et al. 2008) There are 3
putative sites in FAM110A that resemble this non-canonical motif. This observation may suggest that CK 16
is capable of phosphorylating Ser/Thr residues that lack any specific sequence motif (Fulcher and Sapkota
2020), and that in the case of FAM110A could be regulated by other factors, such as its subcellular
distribution, previous priming phosphorylations and even the stage of the cell cycle. Altogether this results

confirm that CK1 phosphorylates FAM110A during mitosis, specifically in the S252-255 cluster.
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Figure 39. Phosphorylation of key aminoacids (S252-255A) contained within de C-terminal domain of FAM110A is
performed by CK1 in mitosis. A. Cells stably expressing EGFP-FAM110A-WT or the listed mutants were arrested in mitosis by
Nocodazole and collected by mitotic shake-off. Whole cell lysates were analyzed by immunoblotting (8% SDS-PAGE). B.
Diagrams of point mutations generated in FAM110A sequence; Serine residues S252, S253 and S255 were mutated to alanines,
making this motif non-CK1 phosphorylatable (top panel).This same Serine residues were mutated to glutamic acid, which mimics
the phosphorylation (middle panel). Serine residues S189 and S192 were also mutated to alanines, as this were also hipothesized

to be targeted by CK1 (bottom panel).
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4.2.7 Phosphorylation of FAM110A by CKI1 controls its function in mitosis
In order to uncover the functions of FAM110A along with CK1 during mitosis, the next step was to compare
the impact of their depletion and inhibition over mitotic progression. For this we employed a U20S stable
cell line expressing an EGFP tagged H2B making it an excellent tool for mitosis live imagining without the
need of live DNA staining. U20S-H2B-EGFP were depleted of FAM110A and CK1 activity was inhibited
with PF670462; we observed that CK1 inhibition extended the duration of mitosis and caused metaphase
misalignment along with segregation errors in a similar manner than that of FAM110A depletion (Figure

40-A, B).

A B
— 50
E
= 40
=
S 304
[==]
E 204
E
s
E 104 + PF670462
-Y\c, P @
X /\
AN N (o
P
&S
C D

0 10 15 20 25 30 35 40 45 50 60 Time (min)

H2B-GFP

siNC

Phase contrast

Control

Merge

-10 -5 0 5 10 15 20 25 30 35 40 45 50 60 65 Time(min)

siF AM 110A#4

g H2B-GFP
G5 “ | Phase contrast
n |-
EX o
S ot - Merge
EE - A N E Y Ly T
z
: I NEBto MAT
3 [ Anaphase
é Il Telophase
o [ Interphase
Il Celldeath

0 20 40 60 80 Time (min)
Figure 40. Metaphase delay phenotype caused by FAM110A KD and CK1 inhibition in U20S-H2B-EGFP cell line. A.
U208S-H2B-EGFP cells were transfected with indicated siRNAs for 48 h or were treated with PF670462 for 12 h and filmed in 5
min intervals for 24 h. time from nuclear envelope breakdown to MAT was quantified in 100 cells. Shown is mean of the medians
+SD (n=3). Statistical significance was determined by ANOVA (**** p<0.0001). B. Representative panels of impaired

chromosomal alignment in metaphase and multipolar spindle after PF670462 treatment. C. Progression through mitosis was
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categorized in cells from (A) (100/condition) as follows: nuclear envelope breakdown to the metaphase-to-anaphase transition
(MAT), anaphase, telophase and interphase. Data from one of three experiments is shown, each bar indicates one cell. Cells that
died during imaging are shown in grey. D. Representative sequential panels of U20S-H2B-EGFP cells treated with control or with
the PF670462 inhibitor (n=3). Cells were filmed in 5 min intervals; the bellow line marks the panels corresponding to the beginning
of NEB (0 min) to the MAT.

In accordance with this results, we noted that extended mitosis was also observed after siRNA mediated
depletion of CK 16 and CK1¢ in an individual manner, suggesting that both isoforms are involved in mitotic

progression regulation (Figure 41-A, B).

A B
=
= 50~
2 B NEB to MAT £ >
*
§ Bl Anaphase Eaol —o -|-
g Bl Telophase =
e 3 Interphase 2 304 J_
2 B Cell death @
c pd
- E 20'
U
z o
@ o 101
S
0 20 40 60 80 Time (min) = oA
% 2 S & &
S 3 & O
s = s 9
=) =]
2 RS
2 =
= 2
a) W
:
=
g O
‘©n @
"0 20 4 60 8 O 20 40 60 80 Time (min)

Figure 41. Metaphase delay phenotype caused by CK18 and CKle isoforms KD in U20S-H2B-EGFP cell line. A. U20S-
H2B-EGFP cells were transfected with control, CK18 or CKle siRNA; after 48 h of transfection, cells were filmed in 5 min
intervals for 24 h. Time from NEB to MAT was quantified in 100 cells, shown are plots from one of the three replicates. B.

Quantification of cells in (A). Shown is mean of the medians + SD. Statistical significance was determined by ANOVA (n=3).

Encouraged by this observations we decided to test if the CK1-mediated phosphorylation of FAM110A
modulates its function during mitosis. In order to accomplish this we generated a series of cell lines that
would express the mutant variants (truncations and point mutations) of the FAM110A sequence and assayed

their ability to prevent the effects generated by the loss of endogenous FAM110A.
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In the first instance, NEB to MAT transition timing was measured as described previously and the mitotic
index was measured by flow cytometry (Figure 42). This assays revealed that when endogenous FAM110A
was depleted and contrary to the RPE parental cell line, cells expressing the ectopic EGFP-FAM110A-WT
did not enrich the mitotic population and managed to progress through mitosis with normal speed. In a
comparable manner ectopic EGFP-FAM110A-APro mutant rescued the depletion phenotype too, which
suggests that the proline-rich stretch is disposable for FAM110A mitotic function (Figure 42-A, C). In
comparison, ectopic expression of either FAM110A-AC, FAM110A-FA or FAM110A-S252-255 mutants
showed a significantly increased mitotic population and NEB to MAT delay, comparable to that observed

in the RPE parental cell line.
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Figure 42. Metaphase delay phenotype caused by FAM110A KD in FAM110A variants stable cell lines. A. RPE parental
cells or RPE cells stably expressing the wild-type or indicated mutant EGFP-FAM110A variants were transfected with control
(siNC) or two various FAM110A siRNAs and were analyzed by time-lapse microscopy. Plotted are means of the medians of the
time from NEB to MAT +SD. A hundred cells were quantified per condition (n=3). Statistical significance was determined by
ANOVA (*¥*#% p<0.0001, ** p<0.005). B. Representative Inmunoblot analysis of samples from (A). Full arrow indicates migration
of the EGFP-FAM110A-WT and other variants, empty arrow indicates endogenous FAM110A. Staining for TFIIH was used as a
loading control. C. Quantification of the mitotic index from three independent experiments in the A-panel set-up, shown is median

+SD (n=3); statistical significance was determined by ANOVA (** p<0.005, *** p<0.001).
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In the second instance we tested the same FAM110A variants for metaphase chromosomal alignment rescue
after endogenous FAM110A and CK 18 siRNA mediated depletion or by CK1 isoforms inhibition (Figure
43-A, C). Our results showed that EGFP-FAM110A-WT rescued the metaphase misalignment but failed
to rescue the same phenotype but caused by CK 18 depletion; concomitantly, the EGFP-FAM110A-S252-
255A mutant failed to rescue the metaphase alignment issues both upon depletion of FAM110A and CK 18
as well as by PF670642 treatment. Contrariwise, we noted that the phosphorylation-mimicking mutant
EGFP-FAM110A-S252-255E rescued the metaphase misalignment phenotype in both instances of siRNA
mediated depletion of FAM110A and CK16 and after the PF670642 inhibitor treatment (Figure 43-A, C).
Upon this observations we concluded that CK 16 controls FAM110A mitotic function by phosphorylating

the S252-255 cluster present in its C-terminal domain.
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Figure 43. FAM110A-S252-255E rescues chromosome misalignment and disrupted mitotic spindle positioning caused by
FAM110A KD and CK1 KD or inhibition. A. RPE parental cells or RPE cells stably expressing indicated EGFP-FAM110A
variants transfected with control (siNC), FAM110A or CSNK1D siRNA and grown for 48 h. Alternatively, cells were incubated
with PF670462 for the last 12 h. Cells were treated with MG132 for 30 min prior fixation. Impaired chromosomal alignment was
scored in >30 metaphase cell per condition. Error bars indicate median +SD. Statistical significance was determined by ANOVA
(n=3) (**** p<0.0001, *** p<0.001). B. Representative Immunoblot analysis of samples from (A and B). Full arrow indicates
migration of the EGFP-FAM110A-WT and other variants, empty arrow indicates endogenous FAM110A. Staining for TFIIH was

used as a loading control.
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Recently a mitotic function has been adjudicated to the CK1 isoforms, specifically involving them in the
establishment of the mitotic spindle (Brockman, Gross et al. 1992, Panbianco, Weinkove et al. 2008,
Fulcher, He et al. 2019). Originally, it was considered that the longest axis of a cell acted as a determinant
for the placement of the spindle axis according to Hertwig’s rule, postulated all the way back to 1884
(Rizzelli, Malabarba et al. 2020). However, state-of the art studies have demonstrated the importance of
cell anisotropy as a major predictor for mitotic spindle alignment. Moderately anisotropic cells obey
Hertwig’s rule only partially while symmetrically elongated cells oblige their division along their longest
axis; meanwhile, tension and mechanical cell shape deformation represent relevant factors influencing
spindle placement as well (van Leen, di Pietro et al. 2020). Taking this into consideration, we wished to
investigate the possibility that CK 18 performs specific functions in mitosis through its phosphorylation of
FAMI110A we employed our U20S-H2B-GFP cell line to measure the nuclear division axis relative to the
longitudinal axis of the cell (Figure 44-A, C). We excluded cells that showed a marked anisotropic
morphology and focused on cells that presented a clear elongated shape; we observed that control cells did
follow Hertwig’s rule, while the cells treated with PF670462 or depleted of FAM110A and CK16 presented
an increased angle (>15°) between the long axis and the division axis (Figure 44-B) (Tame, Raaijmakers
et al. 2016, Fulcher, He et al. 2019). In a similar manner, by analyzing the cell division orientation in the
EGFP-FAMI110A stable cell line variants, we observed that EGFP-FAM110A-AC, EGFP-FAM110A-FA
and EGFP-FAM110A-S253-255A failed to rescue the phenotype while EGFP-FAM110A-WT and EGFP-
FAM110A-APro rescued it (Figure 44-D).
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Figure 44. FAM110A and CK1 control the axis of cell division. A. Diagram depicting evaluation of the cell division orientation

criteria B. Quantification of (C). Angle between the long cellular axis and nuclear division axis was determined from the time-lapse

films. Plotted is the percentage of cells exhibiting miss oriented cell division with the angle exceeding +15°. Thirty cells were

quantified per condition (n=3) Statistical significance was determined by ANOVA. Bars indicate median £SD (*** p>0.001). C.
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U20S-H2B-EGFP cells were transfected with control, CK 19, or two various FAM110A siRNAs and were analyzed by time-lapse
microscopy. Alternatively, cells were treated with CK1 inhibitor PF670462 (1 uM) overnight. Angle between the long axis (black
line) of each individual cell and axis of the nuclear division in anaphase (red line) was measured. Representative images of
interphase cells just before mitotic entry and of anaphase cells are shown. Scale bars indicate 15 um. D. Parental RPE cells or
EGFP-FAM110A stable cell line variants that were transfected with control (siNC) or with two different FAM110A siRNAs were
filmed and percentage of ells in three independent experiments. Statistical significance was determined by ANOVA. Bars indicate

median £SD (*** p<0.001).

To ascertain whether the observed cell division disorientation was a consequence of spindle positioning
impairment, we proceeded to measure the angle between the spindle axis and the growth axis as (Toyoshima
and Nishida 2007) (Figure 45-B). We employed the U20S-H2B-EGFP cell line by growing them in
fibronectin-coated coverslips, depleting them from FAM110A and CK 19 or by inhibiting CK1 activity with
PF670462. We detected an increase in the spindle angle after all the treatments (Figure 45-A). By
employing the EGFP-FAM110A stable cell line variants used in the metaphase misalignment rescue assay
but this time to measure their spindle angle degree, we found that after endogenous FAM110A depletion,
EGFP-FAM110A-WT and EGFP-FAM110A-APro fully rescued the increased spindle angle (Figure 45-
C, D). On the other hand the EGFP-FAM110A-AC, EGFP-FAM110A-FA and EGFP-FAM110A-S253-
255A stable cell lines failed to re-establish the proper spindle positioning angle (Figure 45-E). Based in
this observation, we pondered the possibility of CK18 controlling the mitotic spindle orientation through
FAMI110A phosphorylation. On first instance we noted that EGFP-FAM110A-WT successfully rescued
spindle angle after FAM110A depletion but failed to do so when CK 16 was depleted or the CK1 isoforms
were inhibited. Interestingly, we found that the EGFP-FAM110A-S252-255E cell line that mimics a
phosphorylated FAM110A had a normal spindle angle both after depletion of CK13 or after inhibition of
the CK1 isoforms (Figure 45-E). Based on this exciting observations, we concluded that FAM110A
interacts with and it’s phosphorylated by CK 19, and that said interaction is needed for key mitotic processes,
such as correct chromosomal alignment during metaphase, thus allowing a correct positioning of the mitotic

spindle which in turn permits correct segregation of sister chromatids.
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Figure 45. FAM110A and CK1 independent KD or inhibition indirectly cause disruptions in correct mitotic spindle

positioning. A. RPE cells transfected with control, CK 13, or two various FAM110A siRNAs and cells treated with PF670462 were

fixed after 48 h stained for y-tubulin and metaphase cells were imaged by confocal microscopy (Z-stacks 0.5 pm). Plotted is a mean

of medians of the spindle angle degree determined by the elevation of the spindle axis and growth axis parallel to surface. A total

of 30 cells were quantified per condition. Statistical significance was determined by one-way ANOV A (n=3). Bars indicate median

+SD (*¥** p<0.001, ** p<0.005). Diagram depicts the spindle angle measurement. B. Diagram that exemplifies how the spindle

angle degree was measured. C. RPE parental cells or RPE cells stably expressing the wild-type or indicated mutant EGFP-

FAMI110A variants were transfected with control or two various FAM110A siRNAs, fixed after 48 h and stained for y-tubulin.
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Metaphase cells were imaged by confocal microscopy (z-stacks 0.5 um) and spindle angle between the spindle axis and growth
axis was determined. Plotted is a mean of medians from three repeats where 30 cells were imaged for each condition. Error bars
indicate median +SD. Statistical significance was determined by (ANOVA) (n=3) (*** p>0.001, ** p<0.005). D. Representative
Immunoblot analysis of samples from (A). Full arrow indicates migration of the EGFP-FAM110A-WT and other variants, empty
arrow indicates endogenous FAM110A. Staining for TFIIH was used as a loading control. E. RPE cells or RPE cells stably
expressing the wild type FAM110A, -252-255A or -252-255E mutants were transfected with control, FAM110A or CSNK1D
siRNAs. In parallel, cells were treated with PF670462 (1 pM) for 12 h.

After obtaining this interesting information on FAM110A function in the mitotic spindle alongside CK19,
we wished to investigate if there might be a connection between the observed metaphase misalignment and
spindle orientation defect upon FAM110A depletion or phosphorylation obstruction. A recent report on the
LGN protein (also known as GPSM2), a motif protein that interacts with dynein during spindle positioning
in metaphase, showed to be displaced if chromosomes get in close proximity to the plasma membrane
during metaphase (Kiyomitsu and Cheeseman 2012). When performing depletion of endogenous
FAMI110A on the HeLa-LGN-GFP cell line, we noted that metaphase cells treated with control siRNA
presented a normal metaphase alignment and symmetrical distribution of GFP tagged LGN (Figure 46-A),
while the ones treated with siRNA against FAM110A showed displacement of GFP-LGN signal when
misaligned chromosomes where in proximity to the plasma membrane (Figure 46-B). Altogether this
results imply that the impaired spindle orientation observed in FAM110A-depleted cells might by a

secondary effect, consequence of the misaligned chromosomes triggering LGN displacement.
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Figure 46. FAM110A and CK1 control the axis of the cell division. A. HeLa cells stably expressing GFP-LGN were transfected
with control siRNA. B. HeLa cells stably expressing GFP-LGN were transfected with FAM110A siRNA, fixed after 48 h and
imaged by confocal microscopy. Shown are maximal projections of de-convoluted z-stack images from representative metaphase

cells. Arrowheads show regions with a low level of GFP-LGN. Scale bars indicate 10 pm.
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4.2.8 CK1-dependent phosphorylation of FAM110A promotes its interaction with mitotic
spindle

So far, our results have shown that FAM110A is phosphorylated in the C-terminal domain by CK1 and that
said C-terminal domain is responsible for tubulin binding (Figure 35-B). Parting from this premise we
hypothesized that interaction and phosphorylation of FAM110A by CK18 or both CK1 isoforms could
control its ability to localize to the mitotic spindle trough tubulin interaction. In agreement with this we
found that depletion of CK16 trough siRNA prevented endogenous FAM110A to localize to the spindle
poles ( Figure 47-A, B). Interestingly, treating the cells with the CK1 inhibitor PF670462 reduced further
endogenous FAM110A enrichment in the spindle poles, presenting the possibility of a combined inhibition
of CK16 and CKle effect. It was also possible to observe metaphase impairment after CK1 depletion or

inhibition (Figure 47-A).
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Figure 47. CK1 knock-down or inhibition prevents FAM110A localization to the mitotic spindle. A. RPE parental cells were
transfected with control siRNA or CSNK1D siRNA or were treated with PF670462. MG132 inhibitor was added for 30 min prior
fixation. Cells were probed with rabbit polyclonal to FAM110A and mouse monoclonal to y-tubulin. Representative images are
shown, scale bars indicate 10 pm. B. Quantification of (A). Plotted is median FAM110A endogenous intensity at spindle poles

positive for y-tubulin +SD. Each dot represents a single pole. Statistical significance was determined by ANOVA (n=3) (****
p<0.0001).

Next, we wished to elucidate the intracellular localization of our previously analyzed EGFP-FAM110A
variants. By performing confocal microscopy on the EGFP-FAM110A-WT and the truncated and point
mutated variant cell lines we managed to observe their intracellular behavior, presenting a pattern that

seemed to coincide with their CK 1 interaction capacity (Figure 48-A). With the intention to assert this first
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hand observation, we performed signal intensity quantification at the spindle poles (Figure 48-B). As
expected, EGFP-FAM110A-WT enriched at the mitotic spindle poles. It was interesting to see that the
EGFP-FAM110A-C fragment presented a comparable enrichment at the poles, indicating that the C-
terminal domain of the protein is enough to promote its binding to microtubules. On the contrary, the CK1-
binding deficient EGFP-FAM110A-FA mutant bestowed low spindle pole enrichment. This observation
was concomitant to that of the truncated variant EGFP-FAM110A-AC, which presented the same low
enrichment due to its lack of CK1 binding domain. Along this line it was very interesting to see that the
spindle pole enrichment of the EGFP-FAMI110A-S252-255A mutant was also significantly reduced,
although in a lesser manner that the -FA and -AC mutant. However the phosphorylation mimicking mutant
EGFP-FAM110A-S252-255E presented a comparable enrichment in the spindle poles such as the —-WT

variant.
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Figure 48. CK1-dependent phosphorylation of FAM110A promotes its interaction with mitotic spindle. A. Cells expressing
the wild-type or mutant EGFP-FAM110A were fixed and stained for y-tubulin and a-tubulin and analyzed by confocal microscopy
(z-stack 0.16 pm). Representative images of maximal projections of the metaphase cells are shown. Scale bars indicate 10 pm.
Merged images show signal of DAPI, y-tubulin and EGFP. Insets show a single Z plane at the spindle pole. B. Quantification of
(A). Plotted is median EGFP intensity at spindle poles positive for y-tubulin + SD. Each dot represents a single spindle pole.
Statistical significance was determined by ANOVA (n=3) (*** p<0.001).
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As mentioned before, the localization patterns of this stable cell lines matched with the CK1 binding
capacity we have been discussing in an intensive manner trough out this work. Therefore the next step was
to establish if the CK1 phosphorylation-targeted S252-255 motif had an essential role in FAM110A
intracellular localization and function. For this purpose the EGFP-FAMI110A-WT and the EGFP-
FAMI110A-S252-255E stable cell lines were treated with the PF670462 inhibitor and imaged trough
confocal microscopy for visual assessment and intensity quantification (Figure 49-A, B). We observed that
treatment of cells with the CK1 inhibitor PF670462 prevented EGFP-FAM110A-WT to properly localize
to the spindle poles and that on the contrary, PF670462 treatment did not affect localization of the
phosphorylation mimicking mutant EGFP-FAM110A-S253-255E. Following trough, we tested the impact
of CKl-dependent phosphorylation of FAMI110A over its capacity to bind with tubulin trough an
immunoprecipitation assay (Figure 49-C). The obtained data showed that CK1-inhibition prevented the
interaction between the ectopic EGFP-FAM110A-WT and tubulin; meanwhile this inhibition did not affect
EGFP-FAM110A-S252-255E capacity to bind to tubulin. Added to this, EGFP-FAM110A-S252-255A
failed to interact with tubulin, even in non-CK 1-inhibited conditions. Altogether, this results helped us to
conclude that CK1-mediated phosphorylation of the S252-255 residues is key for FAM110A interaction
with the mitotic spindle, however we do not discard the possibility that additional phosphorylation sites

might be also key regulators of FAM110A interaction with the mitotic spindle microtubules.
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Figure 49. CK1-dependent phosphorylation in the 252-255 serine-motif is key for its localization to mitotic spindle and it’s
binding with tubulin. A. RPEs cells expressing the wild-type FAM110A or FAM110A-S252-255E mutant were treated with
DMSO or with PF670462 for 6 h and were stained and images as in (Fig.22 A). B. Quantification of (A). Plotted is median EGFP
intensity at spindle poles positive for y-tubulin + SD/ Each dot represent a single spindle pole. Statistical significance was
determined by ANOVA (n=3) (*** p<0.001, *p<0.05). C. HEK293 cells transfected with indicated constructs were treated or not
with PF670462 for 6 h. Pull down from cell extracts was performed using GFP trap and binding of tubulin was determined by

immunoblotting (n=2).
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Next, we wished to investigate FAM110A’s previously observed ability to bind with actin. At first instance
we tested if the FAM110A-252-255A or the FAM110A-FA mutants had any effect over the interaction
with actin; we confirmed that this mutants impaired tubulin interaction but had no effect over actin
interaction (Figure 50). Concomitantly, the interaction pattern was conserved for the other FAM110A
interactors: o/f-catenin and a-actinin (Figure 50). Based on this observations we concluded that actin

binding is entirely regulated through the N-terminal domain of FAM110A (Figure 36).
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Figure 50. Assessment of point mutations (-S252-255 and -FA) effect on actin binding through immunoprecipitation assay.
HEK293 cells were transfected with EGFP, EGFP-FAM110A-WT, EGFP-FAM110A-S252-255A and EGFP-FAMI110A-FA. Cell

extracts were immunoprecipitated with GFP Trap and binding of interactors was determined by immunoblotting (n=3).

Previously we observed that Tubulin binding pattern was opposite to that of Actin, having the C-terminal
domain binding Tubulin and the N-terminal domain binding Actin (Figure 36). So in order to understand
in more detail the interaction of FAM110A with Actin we generated new truncation mutants in the N-
terminal domain to map the actin-binding site. The first mutant lacks aminoacids ranging from sites 1 to
136 (A1-136), the next truncations lacked the 1-43 residues (A1-43) and the 1-8 residues (A1-8); all of the

mutants still contained the Proline rich region (Figure 51-A).
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By implementing immunoprecipitation assays we observed that the A1-136 and A1-43 mutants failed to
interact with actin but the A1-8 mutant had no issues binding to it; interestingly the o/B-catenin and a-
actinin followed the same binding trend as actin while all of the mutants bound tubulin normally (Figure

51-B).
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Figure 51. Mapping of FAM110A acting binding site through truncation mutants by immunoprecipitation assays. A.
Schematic representation of the EGFP-FAM110A mutant constructs used for actin binding site mapping. Numbering is based in
human FAM110A. “N”, “C” and “Pro” represent N-terminal, C-terminal and Proline rich domains respectively. B. HEK293 cells
were transiently transfected with indicated constructs and after 36 hours were arrested in mitosis with NDZ. 12 hours later cells
were lysed in CO-IP buffer. Cell extracts were immunoprecipitated with GFP-trap (ChromoTek) and probed by immunoblotting;
(n=3).

By analyzing the predicted protein structure of FAM110A, we observed that the N-terminal region
contained a predicted a-helix structure ranging from the residues Lys-39 to the Glu-65 (Figure 52-A).
Mutant A1-136 failed to bind actin since it lacks the complete N-terminal domain, and A1-43 mutant failed
to bind to it probably because the after mentioned a-helix structure is lacking 4 residues that might be

important for proper protein folding (Figure 52).
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Figure 52. FAM110A predicted protein structure (AlphaFold). A. FAM110A predicted protein structure observed from its left
side. Pointed lines with scissors show the places where the mutants were cut. Residues Lys-39 to Glu-65 composed a predicted a-

helix that could be a putative binding site for actin. B. FAM110A predicted protein structure observed from bellow.

After analyzing the actin-binding capacity of this mutants through immunoprecipitation we asked if
impairment of FAM110A’s ability to bind actin could affect its intracellular localization. In order to answer
this we used RPE cells to generate stable cell lines with the FAM110A-A1-136 and FAM110A-A1-8 and
used them alongside the FAM110A-WT stable cell line to perform immunofluorescence assays in
metaphase cells (Figure 53-first panel). It was possible to observe an enrichment of FAM110A-WT in the
plasma membrane and stress fibers that appear to overlap partially with the signal from the phalloidin-
labelled actin in the actomyosin ring. For the FAM110A-A1-136 and FAM110A-A1-8 mutant stable cell
lines it was possible to see a clear mitotic spindle localization in both cases which coincides with the ability
of both mutants to bind tubulin; however in the case of the FAM110A-A1-136 mutant the enrichment in
the plasma membrane was lost, we attribute this to the fact that this mutant is incapable of binding actin

(Figure 53-second panel).
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Figure 53. EGFP-FAM110A-WT localizes to mitotic spindle and to the plasma membrane; the N-terminal domain of

FAM110A is disposable for localization to the mitotic spindle but needed for plasma membrane localization enrichment.
FAM110A-WT, FAM110AA1-136 and FAM110AA1-8 (EGFP) stable cell lines were fixed, probed with a mouse monoclonal
antibody for y-tubulin detection (grey) and probed with phalloidin-568 for actin detection (red). Shown are single stacks of

representative metaphase cells. Scale bars indicate 10 pm.

Previously we observed that FAM110A binds to actin exclusively during mitosis (Figure 34-A), therefore
we decided to investigate if this interaction could have any relevancy in the metaphase misalignment
phenotype we reported previously. For this purpose we used the after mentioned cell lines to knock down
FAMI110A through siRNA and analyzed the metaphase alignment phenotype (Figure 54-AError!
Reference source not found.). After 48 hours of transfection, cells were treated with MG132 inhibitor to
generate a tight metaphase plate and the misaligned chromosomes where scored. A total of 30 cells per cell
line, per condition where counted. We observed that both WT and -A1-8 rescued the chromosomal
misalignment observed in the EGFP cells and that the -A1-136 stable cell line showed significantly more
misalignment metaphases. This led us to believe that FAM110A actin-binding is relevant during metaphase
and that it’s mitotic function it’s not exclusive to tubulin binding. We also analyzed the effects of FAM110A
depletion in this cell lines through FACS and observed a mitotic population enrichment following the same

trend as the metaphase misalignment prevalence (Figure 54-B).
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Figure 54. Metaphase misalignment phenotype and mitotic delay caused by FAM110A KD in FAM110A stable cell lines
expressing acting-binding deficient variant (A1-136) and small deletion (A1-8). A. RPE parental cells or RPE cells stably
expressing indicated EGFP-FAM110A variants transfected with control or FAM110A siRNA and grown for 48 h. Cells were
treated with MG132 for 30 min prior fixation. Impaired chromosomal alignment was scored in >30 metaphase cell per condition.
Bars indicate median +SD. Statistical significance was determined by two-tailed Student’s T-test (n=3) (** p<0.005, *** p<0.001).
B. Quantification of the mitotic index from cells collected from the same group of experiments; cells were probed for pS10-H3 and
consequently with Alexa-647 (n=3). Statistical significance was determined by two-tailed Student’s T-test. Bars indicate median
+SD (*¥*** p<0.0001, *** p<0.001). C. Representative Immunoblot analysis of samples from (A), note that the FAM110A rb
antibody was unable to detect mutant A1-136, most probably due to loss of the recognition epitope. Full arrow indicates migration
of the EGFP-FAM110A-WT and other variants, empty arrow indicates endogenous FAM110A. Staining for TFIIH was used as a

loading control.

Finally, we wished to address the relevancy of FAM110A’s ability to bind to Tubulin and actin at the same
time in the mitotic context. Farina and collaborators showed that during the metaphase to anaphase
transition, actin is nucleated from the centrosomes reaching its enrichment peak in early anaphase which is
accompanied by reduction in microtubules density (Farina, Ramkumar et al. 2019). This cross-talk between
the microtubules and the actin microfilaments is currently a hot topic in the cytoskeleton dynamics field
(Dogterom and Koenderink 2019, Rizzelli, Malabarba et al. 2020), and new proteins that act as
intermediaries in this cross-talk are currently being described. Since FAM110A localizes to the centrosomes
and interacts with both actin and tubulin during mitosis, we decided to replicate Farinas approach to
measure if FAM110A might be involved in the actin-tubulin cross-talk during mitotic progression. For this,
we employed RPE cells to knock-down FAMI10A, arrested them with STLC overnight, generating

monopolar spindles and prometaphase arrest (Skoufias, DeBonis et al. 2006). By consequently
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supplementing with RO3306 to inhibit the CDK1/Cyclin B1 complex, cells were forced to progress out of
mitosis, triggering centrosomal actin nucleation (Figure 55) (Farina, Ramkumar et al. 2019). Cells were
imaged through confocal microscopy and subsequently actin intensity was measured at the starting point
(0 min) and at the last point (10 min) of RO3306 supplementation (Figure 55-B). We observed the
enrichment of the actin nucleation in a ring that surrounds the centrosomes when control cells reached 10
min after forced mitotic exit and surprisingly we observed that FAM110A depletion hampered actin

enrichment in comparison to control’s 10 min time point (Figure 55-C).
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Figure 55. FAM110A depletion impairs centrosomal actin enrichment. RPE parental cells where transfected with control or
FAM110A siRNA and after 24 hours re-seeded in coverslips. After 12 hours cells attached to coverslips were treated with STLC
for 12 hours; STLC arrested cells were then treated with RO3306 (20 pM) for the annotated time points (0, 5 and 10 minutes)
(Farina, Ramkumar et al. 2019). A. Representative Immunoblot to assess the efficacy of FAM110A KD and the cell cycle status
of the cells. B. Immediately after treatment, cells were pre-extracted and fixed. Cells were then stained with phalloidin for actin
labeling (green) and with DAPI from chromatin labeling (red). C. Quantification of actin enrichment around monopolar

centrosomes. Bars indicate median £SD. Statistical significance was determined by ANOVA (n=3) (*** p<0.001).
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Taken together, these results paved a path to an interesting plethora of possibilities regarding FAM110A’s
molecular functions during cytoskeletal dynamics during mitosis. Excitingly, it was possible to observe that
FAMI110A loss hindered the enrichment of actin surrounding the centrosome, which might give us a clue
on why the lack of actin binding produces misaligned metaphases in a similar manner as the lack of tubulin
binding does (Figure 32Figure 30, Figure 55). Future research will help us establish the molecular basis of

the effect of FAM110A depletion over the centrosomal actin dynamics.
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S.  DISCUSSION

In this work, we planned to study molecular mechanisms underlying transitions between individual phases
of'the cell cycle with a special focus on activation of the cell cycle checkpoints upon various forms of stress.
In the first part of this study, we took a candidate approach and focused on PLK3 that was previously
implicated in checkpoint control but its functions still remained controversial. By combining targeted gene
editing technologies and biochemical assays we established that PLK3 was not involved in the cell response
to three different cellular-stress contexts, specifically DNA damage, hypoxia and osmotic stress. The
discrepancy between our findings and previous reports could be explained by lack of specificity of the tools
(including antibodies and shRNA) that were not properly validated in the previous studies. We have
demonstrated that some of the previously used reagents show a cross reactivity with non-specific protein
targets and therefore we challenge the former conclusions on the role of PLK3 in cellular stress response.
We confirmed the localization of PLK3 to the Golgi apparatus and plasma membrane that could suggest a
novel function during Golgi dynamics and death response but since this reached beyond our research

interests we did not follow this possibility in detail.

For the second part of this work, we performed a cell cycle-phase focused transcriptomic analysis using
diploid-non transformed human RPE-FUCCI cells. We employed a non-stress-triggering sorting approach
that allowed us to observe cell cycle-mediated transcription without the need of cell arrest or
synchronization. Through this strategy we obtained an informative cell cycle-dependent transcription
profile that might prove to be a valuable source of information for the study of cell cycle genetic expression
regulation in unperturbed, normal cells. We identified a total of 701 transcripts that presented a differential
expression pattern between the G1 and G2 phases. Overall our results showed high correlation with a
current study that reported a differential gene expression pattern across cell cycle using non-transformed
RPE cells and by basing the sorting parameters trough live-DNA staining, sorted phase specific populations
for total RNA extraction and pair-end total RNA sequencing to validate their observations (Van Rechem,
Ji et al. 2020). Our results showed to be in accordance with the extensively-described functions of cell-
cycle control genes and in addition, we managed to pin-point several new genes, highly expressed
specifically during the G2 phase of which their function remained elusive. Among this genes with
unbeknownst function we had FAM83D, FAM72D and FAM110A. During the time the experimental work
of this study was in process, a novel FAM8&3D function was published, adjudicating it a mitotic spindle
positioning function (Fulcher, He et al. 2019) and coinciding with our observations of its cell cycle

expression profile.
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5.1. PLK3 role in cell cycle progression and DNA damage response
As the first aim of this work, we wanted to identify PLLK3 kinase function during cell cycle progression and
during cell cycle checkpoint activation. PLK3 has been reported to be an IEG (Immediate early gene)
(Donohue, Alberts et al. 1995, Holtrich, Wolf et al. 2000) being rapidly activated upon a wide variety of
stimuli that can lead to DDR activation (Bahassi el, Myer et al. 2006). In contrast, PLK1 function has been
reported to be inhibited upon DNA damage detection, marking opposing activities of this two PLKs and
evidencing the complexity of their specific cell cycle functions. At first instance PLK3 subcellular
localization has been a matter of constant debate, it has been reported to enrich nucleoli (Zimmerman and
Erikson 2007), to localize to the cytoplasm and translocate to the nucleus upon catalytic domain activation
(Alberts and Winkles 2004), to localize to the Golgi apparatus and centrosome (Ruan, Wang et al. 2004)
and to enrich the plasma membrane (Helmke, Raab et al. 2016). Due to the lack of immunofluorescent-
working antibodies we generated a cell line stably expressing EGFP-PLK3 to study its intracellular
localization. In our stable cell line, we observed enrichment of EGFP-PLK3 at the plasma membrane, which
coincides with a report of PLK3 being activated upon interaction with CD95 during FasL (Fas ligand)
apoptosis induction (Helmke, Raab et al. 2016). We also observed that PLK3 localized in the centrosome
and Golgi apparatus confirming the observations of previous reports about this specific localization (Xie,
Wang et al. 2004, Sadasivam, Duan et al. 2012). However, ectopically expressed PLK3 did not translocated
to the nucleus upon genotoxic stress. Concomitantly, our cell cycle analysis showed that PLK3 protein

levels remain constant throughout the cell cycle progression and are not boosted upon stress stimulation.

By performing an extensive reviewing of PLK3 published literature, we noted that preceding PLK3 studies
relied mainly on purifying the endogenous PLK3 by immunoprecipitation with a polyclonal antibody whose
specificity was never validated (Wang, Gao et al. 2008, Wang, Payton et al. 2011, Wang, Dai et al. 2014).
Unfortunately, the employed antibody reported in this studies was discontinued, therefore it was not
possible to validate it by ourselves. Nevertheless, we tested several commercially available antibodies the
majority of which, lacked specificity or completely lacked sensitivity to detected endogenous PLK3. The
only antibody that proved useful for western blotting of endogenous protein was from the brand Cell
Signaling, but it lacked immunofluorescence capacity. The rest of the antibodies presented poor affinity to
ectopically expressed PLK3 along with high cross-reactivity in western blots and a non-specific nuclear
staining in the case of immunofluorescence. Seeing the antibodies poor performance, we strongly believe
that previous reported data involving PLK3 during the stress and DNA damage response should be taken
in consideration with healthy skepticism, as the veracity of the reported data may be affected by low

specificity of the primary antibodies employed.
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Next, we aimed to pin point the role of PLK3 in the stress cellular response. We generated two independent
PLK3 Knock-out cell lines in the hTERT immortalized human RPE cells using CRISPR/Cas9-mediated
gene editing targeting two different regions inside the critical ATP-binding cluster inside the catalytic
domain. After validation, this cell lines were then submitted to several types of DNA insults and stress-
inducing agents. The two independent RPE-PLK3-KO clones did not present any difference in HIF-1a
stabilization during hypoxia-mimicking conditions, in phosphorylation of C-Jun after exposure of cells to
UVC irradiation and in activation of the DNA damage response after exposure of cells to ionizing radiation.
It is important to state that we corroborated our observations by depleting PLK3 in parental non-transformed
RPE cells and in transformed HelLa and U20Os cell lines. With the intention to contrast this data, we purified
EGFP-PLK3 from cells that were exposed to the after mentioned stress-inducing treatments and employed
it to perform kinase assays using casein as a substrate and as a way to measure the level of PLK3 kinase
activity; our results showed that there was no significant increase in PLK3 activity after the stress
treatments. To amplify the specificity of this kinase assay we tested the EGFP-PLK3 side by side with the
kinase dead mutant EGFP-PLK3-K91R. In conjunction, our data shows that PLK3 is disposable during cell
response to hypoxia, osmotic stress or different types of DNA damage (Ionizing radiation and UVC
exposure). Therefore we concluded that contrary to what was previously reported, PLK3 is irresponsive to

cellular stress.

Another important goal was to identify proteins that regulate PLK3 function through protein-protein
interaction. PLK3 presents a conserved Thr-219 residue (homologous to PLK1 Thr-210) reported to be the
key aminoacid for PLK1 activation (Macurek, Lindqvist et al. 2008), therefore we decided to explore the
functional relevance of this modification in PLK3. Indeed, we observed that PLK3 is post-translationally
modified in this residue and that the nature of the modification was phosphorylation. Further we identified
PP6 (Protein Phosphatase 6) holoenzyme to be in charge of continuously dephosphorylating PLK3. PP6
has been reported to regulate ASK3 (also known as MAP3K15) kinase by inactivating it through de-
phosphorylation, this way promoting cell survival upon hyperosmotic stress (Watanabe, Umeda et al. 2018).
Based on this observation we decided to test if PLK3 response to osmotic stress was modulated by PP6
however, after implementing both hypertonic and hypotonic conditions we observed that neither PLK3
activation (by assessing the phosphorylation status of Thr-219 ) nor interaction with PP6 where significantly
affected. Further we did not detect any effect over PLK3 activity after PP6 depletion, inhibition or
overexpression. Finally we observed that the T219D phospho-mimic mutant and the non-phosphorylatable
T219A enzymatic activities turned out to be comparable to the one showed by PLK3-WT which leads us
to believe that PLK3 regulation mechanism is distinct to PLK1's and may need additional modifications

that control its physiological functions.
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Following with the previously described enrichment in the plasma membrane, centrosomes and Golgi
apparatus that we observed in our cell line stably expressing EGFP-PLK3, we extrapolate that PLK3
physiological relevance resides in its potential impact on cell-to-cell adhesion, membrane receptors
interaction and regulation of Golgi-related intracellular trafficking processes that in turn have been reported
to be functionally regulated by PP6 (Bhandari, Zhang et al. 2013, Ohama, Wang et al. 2013). Remarkably,
PLK3 kinase function is activated upon interaction with death receptor CD95 and other DISC components
via a novel PLK activation mechanism (Helmke, Raab et al. 2016), which coincides with our observations
that PLK3 does not follow the same activation mechanism as PLK 1. Upon said activation, PLK3’s capacity
to phosphorylate pro-caspase 8 on its Thr-273 residue and stimulate its apoptotic function represents a novel
extrinsic apoptotic pathway directly regulated by kinase-active PLK3 (Helmke, Raab et al. 2016). PLK3
upregulation and pro-caspase 8 Thr-273 phosphorylation status correlates with higher survival rates in
cancer patients, marking PLK3 as an interesting target through which the extrinsic death pathway can be
activated in tumors that present high expression levels of this PLK. Unfortunately, due to RPE cultured
cells innate resistance to FasL stimulation (Kaestel, Madsen et al. 2001) we were unable to validate this

interesting function in our system.

Finally, recent reports have shown that upon PLK3 downregulation, prostate cancer exhibits reduced
proliferation and metastasis which highlights it as a potential as a tumor suppressor (Lin, Bai et al. 2019);
contrastingly PLK3 overexpression induces apoptosis and suppresses cell proliferation by cytokinesis
interference (Conn, Hennigan et al. 2000). In specific contexts PLK3 expression is elevated in breast and
ovarian cancers and downregulated in head, neck, lung and liver cancers suggesting that PLK3’s expression
status varies depending on cancer type (Deng, Lu et al. 2021). Due to this variability the use of PLK3
expression as a prognostic marker depends on the tumor type, nevertheless it could prove to be an interesting
therapeutical target to induce apoptosis in cancer cells (Lin, Bai et al. 2019, Ou, Sun et al. 2019, Babagana,
Kichina et al. 2020). Phosphoproteomic studies can be an interesting tool to identify novel PLK3 substrates,

helping to describe in more detail its role during cell cycle progression and carcinogenesis.
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5.2. FAMI110A as a novel CK1 substrate during mitotic progression
We followed with investigating the cell cycle function of the previously reported but uncharacterized
protein FAM110A (Hauge, Patzke et al. 2007). We found that FAM110A localized to the centrosome and
diffusely in the cytoplasm in interphase cells, but that once the cell entered mitosis and progressed to
metaphase, FAM110A enriched at the poles of mitotic spindles and at the proximal spindle microtubules
colocalizing with CSPP1 and y-tubulin. Further down in telophase, FAM110A was found localizing to the
cleavage furrow. FAM110A depletion assays performed trough siRNA caused cells to accumulate in
mitosis, with an important percentage of this cells (~60%) presenting chromosomal alignment aberrations
and spindle organization defects; interestingly this aberrant mitotic phenotype proved to be rescued by
ectopic expression of EGFP-FAM110A-WT. Further, live cell imagining showed that FAM110A KD
caused mitotic progression to slow down, particularly by delaying the metaphase-to-anaphase transition.
Interestingly, it has been reported that prometaphase-metaphase lengthening, even if the chromosomal
segregation was correct, may induce a cell cycle arrest in the following G1 phase of the daughter cells
(Uetake and Sluder 2010), suggesting that this delay in mitosis causes stress accumulation, even if the delay
is only transient. Coupled with this observations, by analyzing the cell division behavior and mitotic spindle
orientation of FAM110A depleted cells, it was possible to detect an impairment of the correct cell division

axis set up along with a faulty spindle orientation establishment.

Analysis of FAM110A cell-cycle expression profile trough SDS-PAGE showed that during mitosis
FAMI110A underwent massive post-translational modifications. Based on this observations we employed
siRNA and small-molecule inhibitors assays to establish that CDK1 and CK1 are the kinases responsible
for an important wedge of the post-translational phosphorylation observed in FAM110A during mitosis.
Trough in vitro kinase assays, CDK1 proved to be responsible for phosphorylating the N-terminal domain
of FAM110A, while CK1 showed to phosphorylate the C-terminal domain. Along this line, CK1 was
identified in complex with FAM110A through mass spectrometry analysis and immunoprecipitation assays;
it was clear that this interaction incremented during mitosis when comparing it to the interphase interaction.
FAM110A domain mapping trough protein truncations and immunoprecipitations revealed that FAM110A
C-terminal domain mediates its interaction with CK1 through a hypothesized residue sequence (F-X-X-X-
F) that resembled a reported consensus docking motif. This was further proved by the inability of the
corresponding EGFP-FAM110A-FA mutant to bind with CK1. Subsequently we implemented site-directed
mutagenesis of the S252-255 residues that we identified as potential CK1 phosphorylation substrates to test
their functional relevancy. Interestingly we observed that the -FA mutant deficient in CK1 binding and the
—S252-255A mutant deficient in CK1 phosphorylation failed to counteract the depletion of endogenous

FAMI110A during chromosomal misalignment and mitotic progression delay rescue experiments. We
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would like to emphasize that additional residues within the C-terminal domain might also be targeted for
phosphorylation by the CK1 isoforms. Following with the mitotic defects analysis, we found that inhibition
of the CK1 isoforms or depletion of CK 16 generated a similar spindle positioning defect of that caused by
FAMI110A siRNA-mediated KD. This turned out to be very interesting as the previously mentioned
FAMS3D study reported that the CK1la isoform is targeted to the mitotic spindle through its interaction
with FAMS83D where they aid during proper spindle positioning (Fulcher, He et al. 2019). Our data helps

us support the premise that other CK1 isoforms also contribute to the organization of the mitotic spindle.

In order to elucidate the role of FAM110A during mitosis and to determine if said role was dependent on
its interaction with CK1 and its consequent phosphorylation, we obtained data that showed a similar
incapability of between EGFP-FAM110A-WT and the —FA and -S252-255A mutants to rescue the mitotic
spindle positioning defect generated by CK 15 depletion or by CK1 isoforms inhibition. On top of this, by
submitting the phosphorylation mimicking EGFP-FAM110A-S252-255E mutant to the after mentioned
phenotype rescue assays, we found that it was able to prevent the chromosomal misalignment and spindle
misorientation that otherwise the EGFP-FAM110A-WT and the -FA and -S252-255A mutants were
incapable to rescue. Altogether this results suggest that FAM110A is a highly relevant substrate of CK16
during mitosis. Based on this results, we propose that CK 16 controls proper chromosomal alignment during
metaphase by directly targeting the FAM110A-S252-255 residues for phosphorylation, this way promoting
its interaction with the mitotic spindle microtubules. We consider that the observed displacement of GFP-
LGN generated by the proximity of misaligned chromosomes as a result of FAM110A depletion, is
responsible at least partially, of the resulting spindle positioning defects. The mentioned putative
contribution could be similar as the previously reported for CLIP-170 or CENP-E depletion (Tame,
Raaijmakers et al. 2016). Interestingly, mitotic spindle positioning defects have been reported to be
prevalent in mice-tumors, (Fleming, Temchin et al. 2009) which puts in context the importance of impaired
spindle orientation during oncogenic progression. Paired to this, the CK1 family has been reported to have
relevant functions during mitotic progression (Knippschild, Gocht et al. 2005). For instance the CKla
isoform was reported to localize to the centrosome during interphase and to MTs asters and kinetochores
during chromosome segregation (Brockman, Gross et al. 1992, Stoter, Bamberger et al. 2005). More
recently it was reported to be targeted to the spindle poles by the spindle protein CHICA (also known as
FAMS3D), where it participates in the mitotic spindle proper positioning process (Fulcher, He et al. 2019).
The CK1 family has also been linked to cancer progression due to disruption of their regulatory activities
in the Wnt/B-catenin pathway, leading to defects on cell-to-cell adhesion and dysregulated migration.

Further we decided to address the functional nature of FAM110A’s ability to bind actin and its mitotic

relevance. “Spindle actin” has been reported to participate during metaphase, specifically during meiosis
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(metaphase II) in several species of mammalian eggs including humans. Spindle actin function proved to
be essential for chromosomal congression and segregation by stabilizing kinetochore-fibers (MT bundles
that align and segregate the chromosomes) (Mogessie and Schuh 2017). We have observed the dynamic
formation of said spindle actin fibers in RPE cells arrested with STLC and forced out of mitosis by RO3306
addition (Farina, Ramkumar et al. 2019) and analyzed the effects of FAM110A’s loss in said process. An
interesting observation is that depletion of FAM110A does not affect the formation and functionality neither
of the mitotic spindle nor of the astral microtubules. The actomyosin ring presented a normal shape even
after depletion of FAM110A and CK16, however centrosomal actin filaments nucleation seemed to be
either slowed down or impaired. This suggests that the issues caused by FAM110A depletion like the
metaphase misalignment and NEB to MAT delay could be caused by the lack of FAM110A possible

bridging or “gluing” function between spindle actin and spindle MTs.

Backed up by the present data, we have demonstrated that FAM110A is a mitotic substrate targeted for
phosphorylation by CK198, where it’s needed for chromosome congression and that this process is also aided
by FAM110A’s ability to bind actin. We observed that the actin-binding deficient mutant FAM110A-Al-
135 showed a similar metaphase phenotype misalignment than FAM110A-depleted RPE cells. One exiting
possibility could be that FAM110A works as a bridge trough which spindle microtubules might interact
with the actin cytoskeleton, as it has been recently reported that during early anaphase actin transiently
accumulates around the spindle poles, proposing a new centrosomal function both as actin and microtubule
organization centers (Farina, Ramkumar et al. 2019). On another perspective, the cortical actin cytoskeleton
has been directly linked to mitotic spindle morphogenesis and at the same time unexpected mitotic spindle
functions are being granted to the actin filaments (Kunda, Pelling et al. 2008, Mogessie and Schuh 2017,
Plessner, Knerr et al. 2019). Both of this premises turn out to be very interesting as we have reported in this
study that FAM110A localizes to the spindle poles throughout mitosis and that mass spectrometry analysis
along with immunoprecipitation assays show an interaction with tubulin and actin during mitosis. Our
results showed that the C-terminal domain of FAM110A was sufficient to bind to spindle microtubules and
to pull down tubulin; on the other hand it turned to be disposable for actin binding (binding that showed to
happen exclusively in mitosis). Taken together, these observations tell us that FAM110A interaction with
actin and tubulin is mediated through the opposing terminal domains of the protein, marking this small

protein as a possible emissary during spindle MTs and mitotic Actin filaments crosstalk dynamic.
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Following through, the results of the mass-spec analysis performed on purified mitotic FAM110A showed
interaction with a-actinin and with the o/B-catenin isoforms, known cytoskeletal-related proteins (Perez-
Moreno, Jamora et al. 2003). Let’s put the functional relevance of this interactions in context: Metaphase
cells maintain contact to their substrate trough mitotic focal adhesion complexes (Taneja, Fenix et al. 2016)
formed by FAK (focal adhesion kinase), that promotes the recruitment of talin (Lawson, Lim et al. 2012)
and paxillin to the retraction fibers, where they bind to the cytoplasmic tail of the B1l-integrin subunit
(transmembrane receptor protein), linking the extracellular matrix to the actin contractile machinery
(Kanchanawong, Shtengel et al. 2010). The contraction machinery is composed of actin retraction fibers
that bind to B1-integrin subunits trough talin and tensin, while vinculin reinforces the tension (Garcin and
Straube 2019). In this context, paxillin is phosphorylated by FAK and will work as a messenger activating
several signaling pathways that promote cell migration (Lopez-Colome, Lee-Rivera et al. 2017). Myosin
and a-actinin are in charge of inter-connecting the actin retraction fibers in proximity if the mitotic focal
adhesion complexes (Blanchard, Ohanian et al. 1989); a-actinin dimers bind to actin microfilaments in an
anti-parallel manner, crosslinking two microfilaments through the opposite ends of their dumbbell shape
(Murphy and Young 2015). Therefore we consider the possibility that FAM110A interaction with the o-
actinin and o/B-catenin isoforms might be happening in the mitotic focal adhesion complexes and that
FAMI110A might help bridge and anchor the focal machinery to the mitotic actin filaments. Interestingly,
abnormal a and B-catenin staining has been detected in crypts of tumors from APC mutant mice, suggesting
a possible role for this proteins in spindle orientation (Fleming, Temchin et al. 2009). Concomitantly, o/f-
catenin isoforms link the actin microfilaments attached to afadin-bound LGN to the transmembrane E-
cadherin, a protein that has been reported to participate in control of cell polarity and migration. This
interesting interactors’ pin-point a plausible role for FAM110A and its homologs 110B and 110C in other

cytoskeletal related processes that have potential relevance in cell transformation susceptibility.

Currently, there is robust evidence that shows a direct association between mitotic spindle misorientation
with tumor formation, metastasis and developmental pathologies (Lu and Johnston 2013). The FAM110
family downregulation has been linked to carcinogenic events, mainly related to metastasis proneness and
loss of cell-to-cell adhesion (Xi and Zhang 2018, Huang, Guo et al. 2020) due to faulty or unstable focal
adhesion machinery. In this context, FAM110A’s relevance in metaphase alignment and spindle positioning
proves to be relevant for instance, during early carcinogenic events when spindle misorientation may
contribute to the loss of normal tissue organization and early tumor formation (Fleming, Temchin et al.

2009) and later on during the detachment of malignant cells that can lead to metastasis.
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6. CONCLUSION

6.1. Aim 1. To identify function of PLK3 Kkinase in the cell cycle and DNA

damage response.
By employing CRISPR-Cas9-mediated gene editing, we knocked-out PLK3 in non-transformed RPE cells
and tested for impairment of the stress response and for DNA damage dynamics changes. By performing
mass spectrometry of purified EGFP-PLK3 we aimed to identify protein interactors that could modulate
the function of PLK3. The results obtained during my PhD studies show that PLK3 is disposable during
cellular stress response and that its dephosphorylation is performed by Protein phosphatase 6. The key
conclusions of this work are:

- Loss of PLK3 showed to have no relevant effect over the cellular stress response upon hypoxia,
osmotic stress and ionizing radiation. The results obtained in our PLK3-KO model were validated
trough siRNA Knock-down and in two additional cell lines. Therefore we conclude that PLK3 is
disposable during the stress response in transformed and non-transformed human cells.

- Protein phosphatase 6, in complex with the regulatory subunits PP6R1 and PP6R3 were identified
as novel interacting partners of PLK3 through mass spectrometry and were confirmed through
immunoprecipitation. The PP6 complex showed to interact with PLK3 through the PBD domain
and to actively dephosphorylate PLK3 on its T219 residue.

138



6.2. Aim 2. To identify and describe novel regulators of the cell cycle in

mammalian cells.
FAMI110A protein was selected from a list of candidate genes generated by a Cell cycle-specific gene
expression profiling performed in hTERT-immortalized RPE cells stably expressing the FUCCI system.
We employed genetic silencing assays to deplete cells of endogenous FAM110A in order to assess its
function during the Cell cycle. The results generated during my PhD studies show the mitotic role of the
uncharacterized FAM110A and through direct interaction with the CK16 and CKleg isoforms. The key
conclusions of this work are:

- FAMI110A localizes at the spindle poles and at the proximal spindle microtubules during mitosis.

- Phosphorylation of FAM110A at S252-255 by Casein kinase 1 isoform & promotes its interaction
with tubulin and localization to the spindle poles.

- Depletion of FAM110A or inhibition of CK1 activity lead to chromosomal misalignments, delayed
progression through mitosis and spindle position defects.

- A phosphorylation-mimicking FAM110A-S252-255E mutant rescues the defects generated by
endogenous FAM110A depletion during chromosomal alignment and the consequent spindle
positon defects caused by depletion or inhibition of CK1.

- FAMI110A interaction with actin is mediated through its N-terminal domain and it’s important for

proper chromosomal alignment during metaphase.
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