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I. LIST OF ABBREVIATIONS 

 
A: alanine 
APC/C: anaphase-promoting complex/cyclosome 
ATP: adenosine triphosphate  
CAK: cdk-activating kinase  
Cdc20: cell division cycle 20 protein  
Cdc25: cell division cycle 25 phosphatase 
cdk1: cyclin-dependent kinase 1 
Cdk1: cyclin B1/cdk1 complex  
cdk1AF: mutant of cdk1 rendered non phosphorylatable at T14 and Y15  
Cdks: cyclin-dependent kinases 
cdk1WT: cdk1 wild type  
ch-Tog: colonic and hepatic tumor overexpressed gene  
CHX: cycloheximide 
DTT: 1,4-Dithiothreitol 
EGTA: ethyleneglycol- bis(2-aminoethyl)-N,N,Nʹ,Nʹ-tetraacetic Acid 
F: phenylalanine 
FLB: fractionation lysis buffer 
GCPs: g- tubulin complex proteins  
GDP: guanosine 5’-diphosphate 
GTP: guanosine 5’-triphosphate 
high-RO: RO-3306 at 9 µM 
HSB: high salt lysis buffer 
i-Cdk1: inhibited form of Cdk1  
Ibs: immunoblotting 
IF: indirect immunofluorescence 
Ips: immunoprecipitations 
k-fiber: kinetochore fiber 
KRB: kinase reaction buffer 
LB: lysis buffer 
low-RO: RO-3306 at 0,5 µM 
M/C medium: medium supplemented with MG-132 and CHX  
Map4: microtubule associated protein 4  
MAPs: microtubule associated proteins  
Meta cells: metaphase-arrested cells  
MTB: microtubule binding domain 
MTOCs: microtubule-organizing centers 
MTs: microtubules  
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Myt1: membrane-associated tyrosine- and threonine-specific cdc2-inhibitory 
kinase 
NuMA: nuclear mitotic apparatus protein  
P fraction: pellet fraction  
p-Y15-cdk1: cdk1 phosphorylated at tyrosine 15 
PCM: pericentriolar material 
Plk1: polo-like kinase 1 
PP1: serine/threonine protein phosphatase 1 
PP1a: PP1 a isoform 
PP1C: PP1 catalytic subunit  
PP2A: serine/threonine protein phosphatase 2A 
PRB: phosphatase reaction buffer 
Pro cells: prometaphase-arrested cells 
S: serine 
S fraction: supernatant fraction  
SDS: sodium dodecyl sulfate 
siRNAs: small interfering RNAs 
T: threonine 
tGFP-Map4-PP1-KO: turbo-GFP-Map4 defective in PP1 binding to Map4 
tGFP-Map4-S787A: turbo-GFP-Map4 rendered non phosphorylatable at S787 
tGFP-Map4-WT: turbo-GFP-Map4-wild type 
V: valine 
W: tryptophan 
WB: washing buffer 
Wee1: Wee1-like protein kinase 
Y: tirosine 
g-TuRCs: g-tubulin ring complexes  
g-TuSCs: g-tubulin small complexes 
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II. ABSTRACT 

 

During cell division, mitosis involves profound rearrangements of the 

cytoskeleton such that the interphase microtubular network is rapidly 

dismantled while highly dynamic microtubules (MTs) nucleated from 

centrosomes start a chromosome search and capture process to build up the 

mitotic spindle, the structure deputed to chromosome segregation. The 

wholesale MT reorganization at mitotic entry is triggered by the activation of 

cyclin B/cyclin-dependent kinase 1 (cdk1) complex (Cdk1). During interphase, 

Cdk1 is kept inactive by Wee1-like protein kinase (Wee1)- and membrane-

associated tyrosine- and threonine-specific cdc2-inhibitory kinase (Myt1)-

dependent inhibitory phosphorylation while, at mitosis onset, Cdk1 gets 

activated via dephosphorylation at these sites by cell division cycle 25 

phosphatase (Cdc25) and starts positive feedback loops that ensure its full 

activation. Active Cdk1 drives dissolution of the long interphase MT arrays by 

phosphorylating and inhibiting stabilizing microtubule associated proteins 

(MAPs), like microtubule associated protein 4 (Map4) and colonic and hepatic 

tumor overexpressed gene (ch-Tog). Nevertheless, most of these MAPs are 

required for spindle MT growth. How mitotic spindles assemble overcoming 

the highly MT destabilizing environment imposed by active Cdk1 is unknown. 

During this work we uncovered that a small fraction of Cdk1, exclusively 

localized at spindle structures, avoided Cdc25 activating action and persisted in 

a phosphorylated and inhibited form (i-Cdk1). Abating i-Cdk1 impaired 

spindle assembly while its restoration rescued normal spindle formation. We 

found that centrosomes and their nucleating MTs promoted i-Cdk1 formation 

by tightly binding Wee1 but not Cdc25. Moreover, i-Cdk1 was required to 

locally promote serine/threonine protein phosphatase 1 (PP1)-dependent 

reversal of inhibitory phosphorylation of stabilizing MAPs for spindle MT 

growth. Thus, these data highlight a new control element for spindle assembly 

relying on compartmentalized control of Cdk1 activity.
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III. BACKGROUND 

 

III.1 Brief synopsis of mitosis 

 

Mitosis is the eukaryotic cell cycle phase deputed to precisely separate 

and segregate replicated chromosomes into two identical sets, when a mother 

cell duplicates in two daughter cells. To achieve this goal cells undergo 

profound structural rearrangements ending up with the assembly of an ad hoc 

cytoskeletal apparatus – the mitotic spindle - that both drives the duplicated 

sister chromatids to bisect and the cytoplasm to halve (McIntosh, 2016).  

Mitosis (nuclear division) and cytokinesis (cell division) collectively form the 

M phase and occupy only a restricted fraction (1 hour) of the cell cycle (24 

hours long) in a typical proliferating mammalian cell, which is mostly 

constituted by a longer portion known as interphase (Figure 1). During 

interphase cells continuously grow, metabolize nutrients, replicate DNA, 

duplicate proteins and organelles, and prepare for mitosis (Morgan et al., 

2015).  

The wide changes occurring during the M phase come in succession through 

six stages. At prophase, cytoplasmic MTs dissolve, chromosomes condense 

within the nucleus and outwardly short and dynamic MTs start radiating from 

each centrosome to form the bipolar spindle. During prometaphase, the nuclear 

envelope breaks down and the MTs elongating from the spindle set about 

searching for chromosomes. The ensuing chromosome lineup at the cellular 

equatorial level marks metaphase. During anaphase, chromosome spindle-

bound fibers depolymerize leading sister chromatids to split off and move 

towards opposite poles of the spindle. At telophase, both sets of daughter 

chromosomes begin to decondense, lose contact with spindle MTs and become 

surrounded by a new nuclear envelope. Simultaneously, the cytoplasm is 

divided in two by cytokinesis through a contractile ring of actin and myosin 
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filaments, so that the two daughter cells finally form by abscission, the ultimate 

step of separation (Morgan et al., 2015; Figure 1).  
 

 
Figure 1 | Cell division cycle in eukaryotic cells. Diagram showing the phases of cell 
cycle. Interphase and M phase constitute the two major phases of cell cycle. 
Interphase consists of three stages: G1 phase, S phase, G2 phase. G phases are gap 
phases situated between M phase and S phase (G1 phase) and between S phase and M 
phase (G2 phase). S phase delimits DNA replication. M phase includes mitosis and 
cytokinesis. In interphase chromosomes are largely decondensed and accurately 
contained in the nucleus while outwardly MTs extend from the centrosome throughout 
the cytoplasm in a radial array. At prophase, chromosomes become highly condensed, 
nuclear envelope begins to breakdown, centrosomes start separating and the wide 
interphase MT network progressively depolymerizes. At prometaphase, nuclear 
membrane completely dissolves making chromosomes no more constrained in the 
nucleus and spindle MTs able to capture them. At metaphase, chromosomes reach 
congression at the spindle equator. During anaphase, chromosomes move towards the 
poles. During telophase chromosomes start to decondense and nuclear envelope 
reforms. During cytokinesis the cytoplasm is divided in two identical parts and each 
daughter nucleus is distributed in an individual cell. 

 
III.2 MT structure and dynamics 

 
Since 1963, when enhanced fixation methods allowed Slautterback, 

Ledbetter and Porter to certainly define MTs, our knowledge about these 

ubiquitous cellular structures is constantly evolving (Wells, 2005). 

MTs are long hollow polymers composed of α- and β- tubulin heterodimers 

aligned head-to-tail, generally ≈ 25 nm wide and 1 - 100 μm long. Each fiber is 

composed of 13 linear protofilaments assembled laterally to form polar rods. 
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Indeed, the resulting polymer has a fast-growing plus end that exposes β-

tubulin monomers and a slow-growing minus end that exhibits α-tubulin ones 

(Figure 2).   

 
Figure 2 | MT structure. Model summarizing key components of MT structure, as 
indicated. 
 

Both α and β subunits bind the nucleotide guanosine triphosphate (GTP), but 

only the β-tubulin hydrolyzes GTP into guanosine diphosphate (GDP) 

(Goodson et al., 2018). MT growth results from GTP-tubulin subunits addition 

to their plus ends. After subunits are integrated into MT lattice, their GTP 

undergoes hydrolysis into GDP. GDP-tubulin is forced to be in an unfavorable 

conformation within MT fibers, thus promoting their shrinking (Figure 3). This 

special property of α- and β-tubulin, depending on which energy carrier 

nucleotide is bound to them, explains the rapid switch between elongation and 

shortening phases that MTs can undergo several times during their lifetime, 

known as dynamic instability (Kirschner et al., 1986b; Burbank et al., 2006). 

MT dynamics can be defined by some parameters. The growth and shrinkage 

rates are quantified as the frequency of incorporation and detachment of GTP-

tubulin subunits at the MT plus ends, respectively. Catastrophe is the MT 

transition from a growing state to a shrinking state. Vice versa, rescue refers to 

the MT transition from a shrinking state to a growing state (Margolin et al., 

2012; Figure 3). 
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Figure 3 | MT dynamics. a, GTP-tubulin subunits addition (red) to plus ends drives 
MT growth. After incorporation, GTP subunits undergo hydrolysis to GDP subunits. 
b, GDP-tubulin subunits in the MT lattice are forced to assume an unfavorable 
conformation, thus induce MTs to shrink.   
 

Because of their structure, MT plus ends regulate the extent of MT array, while 

the minus ends determine the structure of MT networks. Indeed, the MT minus 

ends are composed of a layer of GTP-tubulin trapped in a γ-tubulin complex 

cap, that protects them from polymerization and – as shown below - serves as 

MT nucleating site. 

 

III.3 MT nucleation and centrosomes  

 

a/b-tubulin heterodimers assembly is a kinetically unfavorable process, 

so much so that it rarely spontaneously occurs in vivo. A nucleating factor is 

required to trigger this polymerization process (Petry et al., 2015). g-tubulin, a 

member of the tubulin superfamily, ensures MT nucleation in eukaryotes. 

Indeed, it assembles with other proteins to form the g-tubulin ring complexes 

(g-TuRCs), that foster the assembly of MTs (Tovey et al., 2018).  
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In vertebrates g-TuRC is a multi-protein complex composed of g-tubulin, five 

related g-tubulin complex proteins (GCPs) and related factors (Zheng et al., 

1995; Wu et al., 2017; Liu et al., 2019). In detail, g-tubulin small complexes (g-

TuSCs), containing two molecules of g-tubulin associated with a dimer of 

GCP2 and GCP3 proteins, oligomerize into larger structures to form the g-

TuRCs, along with several additional factors, namely GCP4, 5, 6 (Doxsey, 

2001; Remy et al., 2013; Figure 4a and 4b). 

γ-TuRCs surround MT minus ends by tying to their a-tubulin subunits 

(Akhmanova et al., 2019), so that MTs protrude outward with their minus ends 

anchored to them and the growing plus ends moving toward the opposite 

direction (Figure 4c). In particular, both at interphase and mitosis, the most part 

of γ-TuRCs are dispersed within the pericentriolar material (PCM) of 

centrosomes, constituting the platforms to MT nucleation, also known as 

microtubule-organizing centers (MTOCs) (Vertii et al., 2016; Figure 4d).   

 

 
Figure 4 | γ- tubulin prior complexes. a, Two copies of g- tubulin associate with 
GCP2 and GCP3 to form the g- TuSC. b, Multiple g- TuSCs assemble with GCP4, 
GCP5 and GCP6 and arrange into larger ring shape structures, the g- TuRC. c, g- 
TuRC acts as a cap-like scaffold, exposing g-tubulin subunits to make contact with 
a/b-tubulin dimers. d, Several g-TuRCs localize within the pericentriolar material 
(PCM) of centrosomes. 
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In interphase, the centrosome is located nearness to the cell nucleus and 

duplicates. In early mitosis the centrosomes separate, maturate and 

progressively migrate to the opposite poles of the cell to form the mitotic 

spindle (Petry, 2016; Vertii et al., 2016; (Figure 5). During maturation, 

centrosomes undergo to a progressive enrichment of proteins at their PCM, so 

much that PCM enlarges and develops an outer expansive layer that promotes 

MT nucleation capacity (Fry et al., 2017; Figure 5). Cdk1, Polo-like kinase 1 

(Plk1) and Aurora A kinases play a key role in this process (Wang et al., 2014). 

Nuclear mitotic apparatus protein (NuMA) is included among the most 

abundant proteins recruited at PCM at mitosis onset and serves as mitosis-

specific MT minus end cargo adaptor (Zeng, 2000; Hueschen et al., 2017).  

 

   
Figure 5 | Centrosome location during cell cycle. At interphase, the centrosome is 
next to the nucleus. During S phase, the centrosome duplicates and divides. Starting 
from G2 phase, the centrosomes undergo progressive maturation, which is 
accomplished in M phase. During M phase, the centrosomes place at the opposite 
poles of the cell. 
 

The spindle apparatus positions chromosomes at the equatorial plane of the cell 

and drives sister chromatids to move towards the opposite poles so that each 

daughter cell inherits a single copy of the genome. Since Flemming’s 

description in animal cells in 1882, the mitotic spindle is one of the most 

challenging systems to understand. According to early spindle models, the 

spindle constructing MTs individually originate from spatially defined foci, the 

centrosomes (Kirschner et al., 1986a; Petry, 2016), and a cluster of ~20-40 
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MTs attach to the kinetochore of each sister chromatids (k-fibers) (DeLuca et 

al., 2012; Figure 6a). However, more recent works, along with computational 

modeling, suggested that the probability of centrosome-nucleated MTs to 

contact all kinetochores without exceeding the short duration of mitosis is 

extremely low (Wollman et al., 2005) and unveiled centrosome-independent 

MT growth during mitosis (Petry et al., 2015; Meunier et al., 2016; Scrofani et 

al., 2016). Indeed, in human metaphase spindles γ-TuRCs and similar g-

tubulin-dependent nucleating centers are recruited at pole-distal regions and/or 

intra-spindle regions and bound to minus ends of non-centrosomal spindle MTs 

(Lecland et al., 2014; Figure 6b). Thus, during mitotic spindle assembly, MTs 

nucleate not only at centrosomes but also within regions around chromosomes 

(Gruss et al., 2002; Sampath et al., 2004) and from pre-existing centrosomal 

MTs (branching MTs) (Goshima et al., 2008; Petry et al., 2011; Kamasaki et 

al., 2013; David et al., 2019; Figure 6b).       

                           

 
Figure 6 | Model for g-tubulin dependent nucleation of MTs. a, Early models 
reported that k-fiber constructing MTs nucleate individually from centrosomes. b, 
Recent evidences suggest g-TuRCs are recruited on pre-existing MTs by spindle-
bound proteins (not shown) and drive branching MTs nucleation starting from intra-
spindle poles. 
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III.4 Cdk1 activity regulation in and out of mitosis  

 

Cdk1 functions as the universal inducer of G2/M phase transition and 

the master regulator of mitosis in eukaryotic cells (Gavet et al., 2010; 

Kishimoto, 2015). Initial observations date back to 70s, when Masui and co-

workers discovered a meiotic maturation promoting factor in frog oocytes 

(Masui et al., 1971; Wasserman et al., 1976). Later, that factor was purified 

from mitotic Xenopus l. and starfish eggs and identified as the heterodimer 

cyclin B-cdk1 (Labbé et al., 1989; Gautier et al., 1988; Lohka et al., 1988a). 

During G2 phase, cyclin B binds to cdk1, and the Cdk1 complex is 

concomitantly phosphorylated by cdk-activating kinase (CAK) at threonine 

161 (T161) of cdk1, a phosphorylation required for T-loop activation (Krek et 

al., 1992, Solomon et al., 1992), and by the Wee1 kinase family members 

Wee1 and Myt1 that phosphorylate cdk1 at threonine (T) and tyrosine (Y) 

residues in the ATP binding site, phosphorylations that inhibit Cdk1 activity 

(O’Farrell, 2001). In human cells, Wee1 phosphorylates cdk1 at Y15 while 

Myt1 has a dual activity on T14 and Y15 residues (Parker et al., 1992; Fattaey 

et al., 1997; Mueller et al., 1995; Liu et al., 1997;). Together, Wee1 and Myt1 

ensure that Cdk1 remains inactive until M phase onset when, upon DNA 

replication completion, the cell division cycle 25 (Cdc25) phosphatase sets off 

Cdk1 activation, rapidly dephosphorylating cdk1 T14 and Y15 residues 

(Strausfeld et al., 1991; Perry et al., 2007). Once activated, Cdk1 

phosphorylates Wee1 and Myt1, inhibiting their activities (McGowan et al., 

1995; Watanabe et al., 2004; Watanabe et al., 2005; Nakajima et al., 2004;), 

while it phosphorylates Cdc25 and stimulates its activity, promoting this way 

auto-activatory feedback loops (Kumagai et al., 1992; Hoffmann et al., 1993; 

Trunnell et al., 2011). Thus, Wee1, Myt1 and Cdc25 regulate Cdk1 but they 

are in turn regulated by Cdk1. This interlocking system results in a double 

negative feedback loop (Wee1/Myt1 – Cdk1 – Wee1/Myt1) and a positive 

feedback loop (Cdc25C – Cdk1 – Cdcd25), that together rule Cdk1 self-
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sustaining activity during mitosis until the metaphase to anaphase transition 

(Novak et al., 1993; Thron, 1996). At this time, Cdk1 gets inactivated as a 

consequence of ubiquitin-dependent degradation of cyclin B by the anaphase-

promoting complex/cyclosome (APC/C Cdc20) (Clute et al., 1999; Castro et al., 

2005; Musacchio et al., 2007; Figure 7). 

 
Figure 7 | Fine tunings control Cdk1 activity during mitosis. Cyclin B accumulates 
post S phase and associates with cdk1. Cdk1 complex activation requires CAK-
dependent phosphorylation at T161 of cdk1 subunit. Because of its crucial role in cell 
division, Cdk1 activity is tightly regulated. Myt1 and Wee1 kinases restrain Cdk1 
activity during G2 phase by inhibitory phosphorylation at T14 and Y15 of cdk1, 
respectively. At mitosis onset, Cdc25 phosphatase removes those inhibitory 
phosphates and activates Cdk1. Cdk1 itself sustains its activity throughout mitosis 
initiating auto-activatory feedback loops: it phosphorylates and activates Cdc25 
phosphatase, while it  phosphorylates and inhibits Myt1 and Wee1 kinases. Cdk1 gets 
inactivated as a result of APC/CCdc20 – dependent degradation of cyclin B. 
 
Importance of Cdk1 activity regulation is evident from some data in the 

literature. Indeed, premature Cdk1 activation, like that deriving from 

overexpression of a non phosphorylatable mutant of cdk1 at its inhibitory sites 

T14 and Y15 (cdk1AF), induces early entry into mitosis (Krek et al., 1991b). 

Importantly, cdk1AF overexpression impairs spindle assembly (Krek et al., 

1991b) (Figure 8). These mitotic defects were explained as a result of an 

override of the normal G2/M checkpoint mechanism (Krek et al., 1991b). 
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Figure 8 | Cdk1AF overexpression impairs spindle assembly. HeLa cells were 
transfected with either wild type chicken p34cdc2 - another name for cdk1 kinase – (a - 
c) or the double non phosphorylatable mutant T14AY15F p34cdc2 (cdk1AF) (d - f). 30 
hours post transfection cells were processed for indirect immunofluorescence 
microscopy using anti-p34cdc2 antibody (a, d), anti-tubulin antibody (b, e) and the 
DNA stain Hoechst dye 33258 (c, f). (g) shows tubulin staining of an untransfected 
interphase HeLa cell. (h) and (i) illustrate an untransfected metaphase HeLa cells 
probed for tubulin (h) and DNA staining (i). Bar in (g): 15 µm (From Krek et al., 
1991b). 
 

Moreover, later studies have refined knowledge on Cdk1 activity in mitosis, 

reporting that phosphorylated Cdk1 at its inhibitory sites is present both in 

meiotic and mitotic extracts form Xenopus and mouse eggs (D'Angiolella et al., 

2007; Oh et al., 2011; Figure 9).  

 

                 
Figure 9 | Cdk1 activity in cycling Xenopus l. egg extracts. Cyclin B (Cyc B) 
autoradiographs and phospho-tyr15-cdk1 (Cdk1-Y15-P), cdk1 (Cdk1), phospho-ser-
287-Cdc25C (Cdc25C-S287-P), cdc25C (Cdc25C) immunoblots from samples of two 
independent cycling Xenopus l. egg extracts, incubated in the presence of 
[35S]methionine, taken at 2 min intervals. Cdk1 undergoes Y15 phosphorylation twice 
during the mitosis-to-interphase transition. An initial Cdk1-Y15-P decrease 
corresponds to cyclin B/cdk1 activation at mitosis onset. Then, Cdk1-Y15-P signal 
transiently increases just around the time of cyclin B degradation initiation and 
decreases again when cyclin B degradation almost accomplished (Adapted from 
D'Angiolella et al., 2007). 
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III.5 Cdk1 effects on MT remodeling 

 

Cdk1 exerts extensive protein phosphorylation, that ensure 

counteracting phosphatase repression until metaphase to anaphase transition, 

when their activity is restored in order to support mitosis completion 

(Wurzenberger et al., 2011; Hégarat et al., 2016; Figure 10).  

 

    
Figure 10 | Cdk1 opposes major mitotic phosphatases. Cdk1 activity increases as 
the cells enter mitosis (red line). Major mitotic phosphatases, including PP1 and 
PP2A, counteract Cdk1 activity and their activity decreases until metaphase to 
anaphase transition (blue line). At this time, in consequence of Cdk1 activity decline 
because of cyclin B degradation, phosphatases regain complete activity (blue line). 
 

Cdk1 directly and indirectly restrains the major mitotic phosphatases, like 

serine/threonine protein phosphatase 1 (PP1) and serine/threonine protein 

phosphatase 2A (PP2A; Qian et al., 2013). Indeed, as cells enter mitosis Cdk1 

inhibits PP1 phosphatase function by phosphorylating their catalytic subunit 

(PP1C), in particular the a isoform (PP1a) at threonine 320 (p-T-320-PP1a) 

and the other PP1 isoforms in analogous sites (Dohadwala et al., 1994; Kwon 

et al., 1997). At later stages of mitosis, PP1 auto-dephosphorylates and 

activates, as a consequence of Cdk1 inactivation (Wu et al., 2009). 

The phosphorylation wave triggered by Cdk1 at early M phase also acts to 

timely rearrange cell architecture and make it suitable for mitosis (Nigg, 1993). 
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The cytoplasmic interphase MT complex dissolution makes the cytoplasm an 

environment suitable for mitotic spindle MT growth and for safe chromosome 

segregation (Mchedlishvili et al., 2018). Early evidence in Xenopus l. egg 

extracts show that Cdk1 activation increases the MT catastrophe rate (Belmont 

et al., 1990) and drives the interphase MT networks to a complete 

destabilization (Lamb et al., 1990; Verde et al., 1990; Lieuvin et al., 1994; 

Ubersax et al., 2003; Figure 11).  

        

        
Figure 11 | Effect of Cdk1 on MT length and elongation rate in interphase egg 
extracts. I, Interphasic asters were obtained from centrosomes pre-incubation at room 
temperature for 10 min in an interphase Xenopus egg extract. Cdk1 kinase was then 
added and samples were fixed for immunofluorescence at the indicated time. Two min 
after Cdk1 addition, free MTs disappeared. Then, centrosome-nucleated MTs started 
to shrink (7 min) and continued to shrink until reaching a 7 µm stable length (15 min). 
II, Interphasic asters were obtained from centrosome pre-incubation in an interphase 
Xenopus egg at room temperature for 15 min without (a) and with (b) Cdk1. The 
elongation rate and the MT length in the Cdk1-treated extract dropped at 1 min 
compared to the untreated extract. (Adapted from Verde et al., 1990). 
 

 
In particular, Cdk1 directly antagonizes some stabilizing MAPs, like Map4 and 

ch-Tog (Ookata et al., 1997; Vasquez et al., 1999; Charrasse et al., 2000), 

inducing them to dissociates from the MT lattice (Drewes et al., 1998) or 

reducing their ability to stabilize MTs (Ookata et al., 1995).  

II. 

I. 
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III.6 MT stabilizing MAPs 

 

Bare MTs are unsteady structures able to quickly adapt to the cell 

needs. To balance their intrinsic instability, MTs are constantly assisted in their 

functions by a variety of specialized interacting proteins (Goodson et al., 

2018). MAPs are directly bound to tubulin subunits, probably by electrostatic 

interaction between the positive charge they are endowed with and the 

negatively charged C-terminal end of tubulin (Kavallaris et al., 2008).  

MAPs, whose basic domains and features are well conserved among different 

cell types, can be functionally categorized as MT stabilizers and destabilizers. 

Stabilizing MAPs promote MT polymerization and/or reduce 

depolymerization, generally by localizing at the plus end tips of MTs and 

stabilizing their growing conformation, or by placing along the MT lattice and 

acting as cross-linkers among neighboring fibers. Ch-Tog and Map4 belong to 

these categories, respectively (Nguyen et al., 1997; Charrasse et al., 1998; 

Ohkura et al., 2001). On the contrary, destabilizing MAPs induce MTs to 

depolymerize by binding free tubulin or MT growing tips, suppressing subunit 

addition (Kavallaris et al., 2008; Goodson et al., 2018). 

MAPs exert their function throughout the cell cycle, by both tightening up the 

interphase cytoskeleton and building up the mitotic spindle. 

Many types of MAPs share a common mechanism of regulation for MT 

interaction, i. e. phosphorylation at their C-terminal microtubule binding 

domain (MTB; West et al., 1991). Generally, stabilizing MAPs in their 

phosphorylated forms lose the ability to bind MTs, resulting in MT instability 

increase (Figure 12). 
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Figure 12 | Schematic representation of MAP interaction with MTs. 
Phosphorylation at their MBD regulates stabilizing MAP interaction with MTs. 
Phosphorylated MAPs dissociate from MTs causing shrinkage increase. Removal of 
MAP phosphorylation allows them to promote MT growth and stabilization. 
 

Among stabilizing MAPs, Map4 and ch-Tog are expressed almost ubiquitously 

in vertebrate cells and are the most characterized both structurally and 

functionally.  

Map4 is the major MAP found in proliferating non-neuronal cells. It associates 

with interphase MTs and mitotic spindle fibers, promotes MT assembly and 

stabilizes MTs in vitro and in vivo, by enhancing their rescue frequency 

(Nguyen et al., 1999). Phosphorylation of Map4 modulates its MT stabilizing 

activity, reducing its affinity to bind MTs and affecting MT polymerization rate 

(Aizawa et al., 1991; Chang et al., 2001). Map4 is widely phosphorylated at 

mitosis in mammalian cells (Tombes et al., 1991) and over the years several 

Cdk1-dependent phosphorylation sites have been identified within Map4 MTB 

but only serine 787 (S787) residue in the SPSK sequence showed an M-phase 

specificity, suggesting its critical role in regulating MT dynamics during 

mitosis (Ookata et al., 1995; Ookata et al., 1997; Kitazawa et al., 2000). S787 

sequence is conserved among mammalian species (West et al., 1991), 
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supporting the relevance of its role in stabilizing MTs, alone or in combination 

with other phosphorylation sites. 

Ch-Tog, a member of the Dis1/Tog MAP family (Charrasse et al., 1998; 

Ohkura et al., 2001; Kinoshita et al., 2002) is the human homolog of Xenopus 

l. XMAP215 protein, that was originally isolated as a MAP with increasing MT 

growth rate properties (Gard et al., 1987). As with many other MAPs, ch-Tog 

MT-stabilizing properties are regulated by cell cycle phosphorylation and ch-

Tog is phosphorylated during mitosis. Cdk1-dependent phosphorylation 

inhibits promotion of MT elongation by ch-Tog, even if it has no significant 

effects on ch-Tog ability to bind MTs (Vasquez et al., 1999). Nevertheless, ch-

Tog colocalizes with MT plus ends and with centrosomes in mitotic cells 

(Gutiérrez-Caballero et al., 2015; Lee et al., 2001; Gergely et al., 2003). 

Therefore, Cdk1 phosphorylation and inhibition of stabilizing MAPs helps 

dissolution of interphase MT cytoskeleton. Nevertheless, the activity of MAPs 

is required for growth and stabilization of spindle MTs. Thus, how can these 

MAPs promote spindle MT growth while Cdk1 is at its highest activity level 

and exerts an antagonistic function? This is the unsolved question that I have 

tackled in this thesis. 
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IV. AIMS OF THE THESIS 

 

Based on the previous observation that cdk1AF overexpression (Krek et 

al., 1991b) offsets spindle assembly and that a small fraction of Cdk1 is 

inhibited by phosphorylation (i-Cdk1) in mitosis (D'Angiolella et al., 2007; Oh 

et al., 2011), we aim at dissecting whether and how i-Cdk1 was required in 

mitosis for spindle assembly (Figure 13). 

  
 
 
 
 
 
 
 
 
 
 
 

       
Figure 13 | Interphase and spindle MTs. HTERT-RPE1 cells fixed at interphase and 
metaphase, and stained for a-tubulin (green), CREST (red) and DNA (blue). Scale 
bar: 10 µm. 

 
 
 

 
    
 
   

 

 
  

v 

interphase metaphase 



V. Materials and methods 
 

 
 

26 

 
 

 

 

 

 

 

 

 

 

 

 

V. MATERIALS AND METHODS 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



V. Materials and methods 
 

 
 

27 

V. MATERIALS AND METHODS 

 

V.1 Cell lines and cell culture 

 

HeLa cells were grown in Roswell Park Memorial Institute Medium 

(RPMI-1640; Sigma-Aldrich), HTERT-RPE1 cells were grown in Dulbecco's 

Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12; Gibco, Thermo 

Fisher Scientific), both supplemented with 10% fetal bovine serum (FBS; 

Gibco), 1% GlutaMAX-supplement (Gibco), 1% penicillin/streptomycin 

(Euroclone), at 37° C with 5% CO2.  

 

V.2 Transfections and siRNAs 

 

Transient expression transfections were performed using linear 

polyethylenimine (PEI; Polysciences, Inc.) or MegaTran 2.0 Transfection 

Reagent (OriGene Technologies, Inc.). 

The expression plasmids for turbo-GFP-Map4-wild type (tGFP-Map4-WT), 

turbo-GFP-Map4 rendered non phosphorylatable at serine 787 (tGFP-Map4-

S787A) and turbo-GFP-Map4 defective in PP1 binding to Map4 (tGFP-Map4-

PP1-KO) were generated and purchased by OriGene Technologies Inc. To 

generate tGFP-Map4-S787A mutant version, serine (S) 787 residue of human 

Map4 was mutagenized into alanine (A) in tGFP-Map4 expression construct as 

template (OriGene Technologies Inc.). To generate tGFP-Map4-PP1-KO- 

mutant version, the Map4 peptide KDVRW (from aa 318 to 322) was mutated 

into KDARA (V ® A; W ® A). Wild type cdk1 (cdk1WT) and non 

phosphorylatable cdk1 mutant (T14A, Y15F; cdk1AF) expression plasmids 

were purchased from Addgene. 3XFlag-Wee1 expression construct was 

obtained as described (Visconti et al., 2012).  

SiRNAs targeting the 3′-UTR of human Wee1 (5′-GGGCUUU 

AUUACAGACAUAUU-3′, 5′-GUACAUAGCUGUUUGAAAUUU-3′ and 5′-
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UGUAAACUUGUAGCAUUAUU-3′) were purchased from Dharmacon Inc. 

For efficient knockdown cells were transfected with 25nM of siRNA duplex 

using DharmaFECT 1 siRNA Transfection Reagent (Dharmacon Inc.). For 

siRNA treatment and complementation experiments in synchronized cells, 

HeLa and HTERT-RPE1 cells were mock- or 3XFlag-Wee1 expression 

construct-transfected 24 hours prior to treatment with non-targeting or specific 

siRNAs. 

 

V.3 Chemicals and treatments 

 

For synchronization of siRNA-treated cells, 6 hours after siRNA-

treatment, cells were incubated with RO-3306 (high-RO at 9 µM; Calbiochem) 

for further 16 hours of incubation, to have G2-arrested cells, or with 

nocodazole (Abcam) at 1 µg/mL and 100 ng/mL for further 14 or 12 hours of 

incubation for hTERT-RPE1 and HeLa cells, respectively, to have 

prometaphase-arrested cells (Pro cells). To obtain metaphase-arrested cells 

(Meta cells), Pro cells were collected and washed twice with fresh medium and 

twice with phosphate buffer saline (PBS; Euroclone) solution before plating 

into fresh medium containing MG-132 (20 µM; Calbiochem) and 

cycloheximide (CHX; 60 µg/mL; Santa Cruz Biotechnology, Inc.) for further 

60 min incubation. Meta- and -Pro cells were obtained by adding either 

DMSO, as control, or nocodazole (1 µg/mL) to Meta cells at 60 min and 

prolonging incubation for further 20 min. Where indicated, AZD1775 

(Selleckchem) was added at 1 µM. Where indicated, partial reversal of Cdk1 

activity was obtained by adding RO-3306 at 0,5 µM (low-RO). 

 

V.4 Antibodies  

 

Antibodies used for immunoblotting (Ibs) according to standard 

protocols: mouse anti-cdc2 (1:500; BD Biosciences), rabbit anti-phospho-
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tyrosine15-cdc2 (P-Y15-cdc2; 1:1000; Boster Bio), rabbit anti-phospho-

threonine14-cdc2 (P-T14-cdc2; 1:1000; Cell Signaling Technology Inc.; CST), 

rabbit anti-Wee1 (1:1000; CST), rabbit anti-Myt1 (1:1000; CST), rabbit anti-

Cdc25C (1:1000; CST), rabbit anti-phospho-threonine320-PP1a (P-T320-PP1; 

1:1000; CST), rabbit anti-cyclin B1 (1:2000; Bethyl Laboratories, Inc.), mouse 

anti-g-tubulin (1:2000; Sigma-Aldrich), mouse anti- a-tubulin (1:2000; Sigma-

Aldrich), mouse anti-PP1g (1:500; Santa Cruz Biotechnology, Inc.), rabbit anti-

Map4 (1:2000; Bethyl Laboratories Inc.), rabbit anti-NuMA (1:1000; Novus 

Biologicals), rabbit anti-ch-Tog (1:1000; Abcam), mouse anti-turboGFP 

(1:2000; OriGene Technologies). Rabbit polyclonal antibody against 

phosphorylate serine 787 of human Map4 (P-S787-Map4) was raised using C-

DAKAPEKRA[Sp]PSKPA-coNH2 peptide as immunogen; peptide synthesis, 

rabbit inoculation, serum production and cross-affinity antibody purification 

were carried out by CovalAb S.A.S. Sheep anti-mouse IgG peroxidase-(HRP) 

linked and donkey anti-rabbit IgG HRP-linked whole antibodies (1:2000; GE 

Healthcare).  

Antibodies used for indirect immunofluorescence (IF): rabbit anti-phospho-

tyrosine15-cdc2 (P-Y15-cdc2; 1:50; CST), anti-cdc2 (1:100; BD Biosciences), 

mouse anti-g-tubulin (1:1000; Sigma-Aldrich), mouse anti-a-tubulin (1:1000; 

Sigma-Aldrich), rabbit anti-g-tubulin (1:1000; Sigma-Aldrich), human anti-

centromere (CREST; 1:50; Antibodies Incorporated), rabbit anti-Map4 

(1:1000; Abcam), rabbit anti-ch-Tog (1:400; Proteintech Group, Inc.), rabbit 

anti-Wee1 (1:100; CST), goat anti-human IgG rhodamine conjugated (4 

µg/mL; Santa Cruz Biotechnology, Inc.), rabbit anti-human IgG FITC 

conjugated (4 µg/mL; Dako Agilent), Alexa Fluor 594 donkey anti-rabbit IgG 

(2 µg/mL; Invitrogen), Alexa Fluor 594 donkey anti-mouse IgG (4 µg/mL; 

Invitrogen), Alexa Fluor 488 donkey anti-rabbit IgG (2 µg/mL; Invitrogen), 

Alexa Fluor 488 goat anti-mouse IgG (4 µg/mL; Invitrogen).  
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Antibodies used for immunoprecipitations (Ips): rabbit anti-Map4 (2 µg/mL; 

Bethyl Laboratories Inc.), rabbit anti-ch-Tog (2 µg/mL; Abcam), mouse anti-g- 

tubulin (2 µg/mL; Sigma-Aldrich).  

Antibody-conjugated beads for Ips: mouse anti-cyclin B1 agarose (15 μL of 

25% suspension; Santa Cruz Biotechnology, Inc.), mouse anti-turboGFP 

agarose (10 μL of 50% suspension; OriGene), protein A/G PLUS-agarose (15 

μL of 25% suspension; Santa Cruz Biotechnology), mouse anti-g-tubulin 

agarose conjugated (15 μL of 25% suspension; Santa Cruz Biotechnology).  

  

V.5 Cell fractionation and extracts  

 

To isolate spindle-bound proteins we adapted a previously described 

method (Silljé et al., 2006). All the steps, except the final elution, were 

performed at room temperature (rt) to preserve MT conformations. Cells were 

harvested by centrifugation and washed once with PBS containing paclitaxel (1 

µM; Sigma-Aldrich). 5 x 106 cells were resuspended in 800 µL of fractionation 

lysis buffer (FLB; 40 mM β-glycerophosphate, 15 mM MgCl2, 20 mM EGTA, 

0,25% Igepal, 5 mM Hepes, 5 µM paclitaxel; 6 µg/mL latrunculin B; Sigma-

Aldrich) supplemented with 300 µg/mL RNase and 120 U/mL DNase I 

(Roche). After careful resuspension, samples were incubated in thermomixer at 

34 °C for 20 min with constant shacking at 1,200 rpm (Eppendorf thermomixer 

comfort). Lysates were spun at 6,800 rpm for 2 min (Eppendorf centrifuge 

5425): the supernatant fractions were collected and transferred into new tubes 

with the addition of 250 mM NaCl (S fraction) to enhance protein 

solubilization, while the pellet fractions were resuspended in FLB + 300 

µg/mL RNase and 120 U/mL DNase I and again incubated in thermomixer at 

34 °C for 20 min with constant shacking at 1,200 rpm (Eppendorf thermomixer 

comfort). Lysates were collected again by centrifugation and the pellets were 

washed twice with washing buffer (WB; 5 mM Hepes, 5 µM paclitaxel; Sigma-

Aldrich). Finally, the pellet fractions were resuspended in 180 µL FLB minus 



V. Materials and methods 
 

 
 

31 

paclitaxel supplemented with 250 mM NaCl (P fractions). Both S and P 

fractions were incubated on ice for 30 min, to help MT destabilization, and 

then spun by centrifugation at 13,200 rpm at 4 °C for 10 min (Eppendorf 

centrifuge 5424 R). The supernatants of S and P fraction were further analyzed 

by Ibs or Ips. 

To induce MT polymerization and analyze MT-bound proteins in mitotic cell 

extracts, HeLa cell extracts were obtained as previously described (Visconti et 

al., 2012). Cell extracts were supplemented with 1 mM guanosine-5'-

triphosphate (GTP; Sigma-Aldrich), 50 µL aliquots were treated with 

nocodazole (1 µg/mL; Abcam), as control, or paclitaxel (5 µM; Sigma-Aldrich) 

for 20 min at rt, diluted 10 times with FLB and spun at 6,800 rpm for 2 min 

(Eppendorf centrifuge 5425). The pellets were washed once more in FLB and 

finally resuspended in 30 µL FLB supplemented with 250 mM NaCl, incubated 

on ice for 30 min and then spun at 13,200 rpm at 4 °C for 10 min (Eppendorf 

centrifuge 5424 R). Supernatants were analyzed by Ibs; total samples = 5 µL of 

total mitotic extract.  

 

V.6 In vitro phosphorylation and dephosphorylation assays 

 

For kinase reaction, after two lysis buffer (LB; 80 mM β-

glycerophosphate, 15 mM MgCl2, 20 mM EGTA, 20 mM Hepes pH 7.4, 100 

mM NaCl, 0,1 % Igepal; Sigma-Aldrich) washes, Ips were washed once in 

kinase reaction buffer (KRB; 80 mM b- glicerophosphate, 15 mM MgCl2, 20 

mM EGTA, 20 mM Hepes pH 7.4, 100 µM ATP; Sigma-Aldrich) and 

incubated for 20 min at 37 °C in KRB -/+ recombinant human active Cdk1 

(0.05 mg/mL; Sigma-Aldrich) and + active Cdk1 + RO-3306 (10 µM). For 

phosphatase reactions, after two LB washes, Ips were washed once in 

phosphatase reaction buffer (PRB; 20 mM Hepes pH 7.4, 150 mM NaCl, 1 mM 

DTT, 1 mM MnCl2; Sigma-Aldrich) and incubated in PRB -/+ 0.01 mg/mL 

recombinant human PP1a (Novus Biologicals) for 20 min at 30 °C. 
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V.7 Immunoblotting and immunoprecipitation 

 

Ibs were performed as described (Serpico et al., 2019).  

For Ips from S fraction and P fraction eluates, samples were diluted 6 folds in 

LB supplemented with 1 tablet of phosphatase inhibitor cocktail (PhosSTOP; 

Roche) and incubated with antibody and protein A/G PLUS-agarose beads or 

with agarose bead-conjugated antibody overnight at 4 °C in constant rotation. 

Beads were washed twice in LB and beads-bound proteins were eluted by 

boiling in SDS loading buffer. For total cell lysates, 5 x 106 cells were lysed in 

180 µL high salt lysis buffer (HSB; 16 mM β-glycerophosphate, 3 mM MgCl2, 

4 mM EGTA, 0,5 mM DTT, 20 mM Hepes, 0,5% Igepal, 250 mM NaCl; 

Sigma-Aldrich) supplemented with 1 tablet of phosphatase inhibitor cocktail 

(PhosSTOP; Roche) to preserve phosphorylation. After 30 min incubation on 

ice, lysates were spun at 13,200 rpm for 10 min at 4 °C (Eppendorf centrifuge 

5424 R). Cleared lysates were incubated with the antibody and protein A/G 

PLUS-agarose beads or with agarose bead-conjugated antibody overnight at 4 

°C in constant rotation. Beads were washed twice in LB and beads-bound 

proteins were eluted by boiling in SDS loading buffer. 

 

V.8 Immunofluorescence staining and microscopy 

Cells were grown onto poly-D-lysine (0,1 mg/mL; Sigma-Aldrich) 

coated glass coverslips and treated as described in the text. Before IF procedure 

initiation, coverslips were washed twice with PBS, then cells were fixed with 

4% paraformaldehyde (PFA; Sigma-Aldrich) in PBS (Euroclone) for 10 min at 

rt and with a methanol (99,9%; Exacta + Optech) additional step at -20° C for 

10 min, the latter except for a-tubulin staining. Cells were permeabilized with 

0,25-0,5% Triton X-100 (Sigma-Aldrich) in PBS for 15-30 min, washed once 

with PBS and incubated with 3% bovine serum albumin (BSA; Sigma-Aldrich) 

in PBS for 1 hour at rt. Coverslips were transferred into a humidity chamber 



V. Materials and methods 
 

 
 

33 

and incubated with primary antibodies in 1,5% (w/v) BSA-PBS solution for 2-

12 h at 4° C. Samples were washed three times and incubated with 

fluorescently labelled secondary antibodies, dissolved in 1,5% BSA-PBS 

solution, for 1 hour at rt. DNA was stained with Hoechst 33258 (1 μg/mL; 

Invitrogen) by incubation for 10 min. Finally, samples were washed four times 

and mounted with Mowiol 40-88 (Sigma-Aldrich) on a glass side. Fixed cells 

were observed using a LSM 980 inverted confocal microscope (Zeiss) with a 

63X/1,4 oil objective. Representative images were obtained collecting 3 Z-

stack series over 42 μm. The acquisitions were deconvoluted and projected into 

one plane using the LAS-AF software.  

V.9 Statistics and reproducibility 

For quantitative analyses of IF experiments investigators were blinded 

to sample allocation. Metaphases were visually scored and those with more 

than three chromosomes falling outside the two internal quarters of the 

interpolar distance were considered misaligned; around 100 cells were scored 

in 4 fields of each slide for each experimental condition; each experiment was 

repeated 3-5 times with similar results.  
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VI. RESULTS 

 

VI.1 Preventing Cdk1 inhibitory phosphorylation in mitosis affects 

spindle assembly 

 

To assess whether Cdk1 inhibitory phosphorylation plays a role for 

spindle assembly, we analyzed spindle formation through indirect 

immunofluorescence (IF) upon downregulation of Wee1 expression by small 

interfering RNAs (siRNAs) in hTERT-RPE1 cells. 6 hours from Wee1-siRNA 

treatment, cells were further incubated with the selective and reversible Cdk1 

inhibitor RO-3306 at 9 µM (high-RO) for 16 hours to arrest cell cycle at G2 

and allow DNA replication completion, thus preventing premature mitosis 

onset upon Wee1 downregulation (Wee1 depletion reached 90% by the end of 

this period; Figure 14a) (Vassilev et al., 2006; Visconti et al., 2015). Part of 

Wee1-siRNA-treated cells were complemented with a siRNA-resistant Wee1 

expression plasmid and used as control cells. (Figure 14a) (Visconti et al., 

2015). G2-arrested cells were released in fresh medium containing the 

proteasome inhibitor MG-132 to block protein degradation and mitosis exit and 

the protein synthesis inhibitor cycloheximide (CHX) to prevent abnormal 

protein accumulation (M/C medium). Under this condition the majority of 

control cells built normal bipolar spindles within 60 min incubation and 

preserve this phenotype for further 20 min incubation (Figure 14b). 

Conversely, under the same incubation times, Wee1-downregulated cells 

exhibited defective spindle assembly, comprising monopolar spindle 

conformations and loosely structured bipolar spindles with evident 

chromosome alignment abnormalities (Figure14b).  

To establish whether impaired spindle assembly was due to Wee1 loss per se 

or to loss of Wee1-dependent inhibitory control of Cdk1, we asked if mild 

inhibition of Cdk1 activity in Wee1-downregulated cells could restore normal 

spindle assembly. Indeed, adding RO-3306 at 0,5 µM (low-RO) from 60 to 80 
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min post G2 release to Wee1-siRNA-treated cells restored bipolar spindle 

assembly in most mitotic cells (Figure 14b).   

In another set of experiments, non-targeting-siRNA-, as control, and Wee1-

siRNA-treated hTERT-RPE1 cells were synchronized at prometaphase with the 

reversible MT inhibitor nocodazole, added 6 hours post siRNAs treatment (as 

described in Materials and Methods section). Then, cells were released in M/C 

medium for 60 minutes (Figure 14c). At this time, a part of Wee1-

downregulated cells received low-RO to partially inhibit Cdk1 activity. 

Overall, cells incubation lasted up to 80 minutes. Within this period, the 

majority of control cells showed correct spindles formation, Wee1-siRNA-

treated cells exhibited deep abnormalities in spindle assembly that were largely 

rectified by low-RO addition (Figure 14c). 

 

          

 

a 

b 
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Figure 14 | Spindle assembly is affected by Wee1 downregulation. a, Lysates of 
hTERT-RPE1 cells treated with non-targeting-siRNAs (NT), with Wee1-siRNAs 
(Wee1) and with Wee1-siRNAs post siRNA-resistant, Flag-tagged Wee1 expression 
plasmid transfection (F-Wee1) were probed for indicated antigens. b, hTERT-RPE1 
cells were synchronized at G2 phase by high-RO treatment, released and fixed at 60 
and 80 min of incubation in M/C medium (see Materials and Methods section). 
Control: Wee1-siRNA-treated cells previously transfected with siRNA-resistant Wee1 
expression plasmid; Wee1-siRNAs: Wee1-siRNA-treated cells previously transfected 
with empty plasmid; Wee1-siRNAs + low RO: Wee1-siRNAs plus low-RO adding at 
60 min upon G2-arrest release. c, hTERT-RPE1 cells were synchronized at 
prometaphase with nocodazole, released and fixed after 80 min of incubation in M/C 
medium (see Materials and Methods section). Control: non-targeting-siRNA-treated 
cells; Wee1-siRNAs: Wee1-siRNA-treated cells; Wee1-siRNAs + low RO: Wee1-
siRNAs plus low-RO adding at 60 min upon prometaphase-arrest release. Cells were 
stained for a-Tub (a-tubulin; red), CREST (centromere marker; green) and DNA 
(blue). Addition of vehicle (DMSO) had no effect in spindle assembly in Wee1-
siRNA-treated cells. Graphs: quantitation of cells containing normal (aligned; blue 
bar) or abnormal (misaligned; orange bar) spindles at 80 min of incubation. Data 
shown are from two independent experiments (1-4, experiment 1; 5-8, experiment 2); 
around 100 cells were scored in 4 independent microscopy slide fields. Scale bar: 5 
µm. 
 

Conforming with Krek and Nigg observations from 1991, abnormalities in 

spindle assembly were also induced by overexpression of a non 

phosphorylatable mutant of cdk1 (cdk1AF) under similar conditions of G2-

arrest and release (Krek et al., 1991). hTERT-RPE1 cells were transfected with 

plasmids expressing wild type cdk1 (cdk1WT) or cdk1AF (Figure 15c) and 6 

c 
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hours post transfection cells were synchronized at G2 by high-RO addition for 

further 16 hour incubation. By 80 minutes of incubation in M/C medium upon 

release from G2 arrest the majority of cells overexpressing cdk1WT assembled 

bipolar spindles, that remained stable for the next 20 minutes (Figure 15a). 

Contrarily, cdk1AF overexpression markedly impaired in proper spindle 

formation and caused cells to assemble monopolar or aberrant spindles with 

chromosome mis-segregation (Figure 15b). Partial inhibition of cdk1 activity 

by low-RO addition to cdk1AF overexpressing cells, at 60 minutes post G2 

release, restored bipolar spindle assembly within 20 minutes (Figure 15b).  

 

 
Figure 15 | Expression of a non phosphorylatable version of Cdk1 impairs spindle 
assembly. hTERT-RPE1 cells were transfected with a, wild type cdk1 (cdk1WT) or b, 
a mutant cdk1 (cdk1AF). 6 hours post transfection, cells were arrested at G2 by high-
RO treatment. Cells were fixed and stained for DNA (blue), CREST (green) and a-
Tub (red) at 60 and 80 min upon release from G2 arrest. A portion of cdk1AF-treated 
cells received low-RO at 60 min; as control vehicle (DMSO) was added. Graphs: 
quantitation of cells containing normal (aligned; blue bar) or abnormal (misaligned; 
orange bar) spindles at 80 min incubation. Data shown are from two independent 
experiments, in which around 100 cells were scored in 4 independent microscopy slide 
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fields (1-4, experiment 1; 5-8, experiment 2). Scale bar: 5µm. c, samples of cells 
treated as in a, and b, were lysed prior to release and probed for indicated antigens. 
 

A result consistent with those described above was obtained by chemical 

inhibition of Wee1 via AZD1775 (Serpico et al., 2019). hTERT-RPE1 cells 

were synchronized at G2 by high-RO treatment, released into M/C medium and 

treated with either vehicle (DMSO; Control) or AZD1775 for 80 minutes 

(Figure 16). Control cells assembled mitotic spindles while those treated with 

AZD1775 failed to form bipolar spindles. Partially interfering with Cdk1 

activity by low-RO addition to AZD1775-treated cells almost completely 

restored spindles bipolarity (Figure 16). 

 

 
Figure 16 | Spindle assembly is affected by chemical inhibition of Wee1. hTERT-
RPE1 cells were synchronized at G2 phase by high-RO treatment and released into 
M/C medium (see Materials and Methods section) and either vehicle (DMSO; 
Control) or AZD1775 was added. A portion of AZD1775-treated cells also received 
low-RO 60 min post release. Cells were fixed after further 80 min of incubation and 
stained for DNA (blue), CREST (red) and a-Tub (green). Scale bar: 5µm. Graphs: 
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quantitation of cells containing normal (aligned; blue bar) or abnormal (misaligned; 
orange bar) spindles at 80 min incubation. 
 
Together, these data suggest that inhibitory control of Cdk1 activity by Wee1-

dependent phosphorylation is required for proper spindle assembly. 

 

VI.2 I-Cdk1 is spindle structure-bound 

 

To directly know if and where i-Cdk1 was present in mitotic cells, we 

performed an IF in metaphase arrested hTERT-RPE1 and HeLa cells. Growing 

cells were treated with MG-132 for 20 minutes, fixed and probed with an 

antibody recognizing cdk1 phosphorylated at tyrosine 15 (p-Y15-cdk1; Figure 

17). The p-Y15-cdk1 signal appeared to decorate the spindle area paralleling 

total cdk1 localization (Figure 17).  

 

 
Figure 17 | I-Cdk1 localizes at spindle structures. Growing hTERT-RPE1 and HeLa 
cells were treated for 20 min with MG-132, fixed and stained for indicated antigens (g-
Tub: g-tubulin). Scale bar: 5µm. 
 
 
To biochemically dissect the localization of i-Cdk1, we adopted and adjusted a 

method described by Nigg and co-workers (Silljé et al., 2006) to isolate mitotic 
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spindles and associated proteins by separating microtubular and insoluble 

pellet fraction (P) from the cytosolic and soluble supernatant fraction (S) (see 

Materials and Methods section). Prometaphase-arrested hTERT-RPE1 cells 

were collected and taken at time 0 (Pro) or taken after release in M/C medium 

for 60 minutes to gain metaphase-synchronized cells (Meta). Cells were 

fractionated and proteins from S and P fractions analyzed (Figure 18a). (The P 

fraction was enriched 4 folds compared to the S fraction). Key centrosome- and 

MTOC-associated proteins, g-tubulin and NuMA1, were present at comparable 

levels both in Pro and Meta cells P fractions (Figure 18a). Conversely, a-

tubulin distribution differed profoundly between P fractions of Pro and Meta 

cells, reflecting polymerization of spindle MT. Indeed, a-tubulin was 

substantially present in S fraction of Pro cells and much less in relative P 

fraction, as further proof of the chemical block to MT polymerization induced 

by nocodazole treatment. Paralleling a-tubulin distribution, the MAPs Map4 

and ch-Tog preponderated in Pro cells S fraction compared to P fraction 

(Figure 18a). Oppositely, in Meta cells a-tubulin and significant amounts of 

Map4 and ch-Tog were present in P fraction, reflecting MT polymerization and 

spindle assembly (Figure 18a). Meta cells P fraction also contained small 

amounts of Wee1, that were even less noted in Pro cells P fraction. Minimal 

amounts of Cdc25C were equally present in P fractions of both Pro and Meta 

cells (Figure 18a). Cyclin B1 and cdk1 were present in small amounts in P 

fraction of Pro cells and in slightly larger amounts in P fraction of Meta cells 

(Figure 18a). I-Cdk1, however, was found quite exclusively in P fractions, with 

a prevalence in Meta relatively to Pro cells, as shown by retarded Cdk1 

mobility on SDS/PAGE and confirmed by p-Y15-cdk1 signal detection (Figure 

18a). As indicated by densitometric quantitation of the upshifted cdk1 forms 

from Meta cell P fraction, i-Cdk1 represents less than 10% of total cdk1 

content. Similar protein distribution was found in HeLa cells under similar 

experimental conditions (data not shown). We also performed 

immunoprecipitations (Ips) of comparable amounts of cyclin B1 from Meta 
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cells S and P fractions to confirm the selective presence of i-Cdk1 in P fraction 

(Figure 18c). Another important piece of information we got from fractionating 

Meta cells content concerns Map4 and ch-Tog putative phosphorylation status 

(Figure 18a). Map4 and ch-Tog in P fraction of Meta cells seemed to have 

increased mobility on SDS/PAGE compared to the S fraction, suggesting these 

proteins were relatively dephosphorylated when associated to MTs. Indeed, 

when Meta cells were further treated to revert to a prometaphase condition, via 

nocodazole adding from 60 to 80 minutes post chromosome congression at 

metaphase plate, Map4 and ch-Tog reverted to a prometaphase distribution 

(Figure 18b). On the whole, distribution of all proteins between S and P 

fractions returned similar to Pro cells and Map4 and ch-Tog in S fraction 

regained slower migration on SDS/PAGE, presumably reflecting their re-

phosphorylation. Moreover, Wee1 and i-Cdk1 amounts were reduced in P 

fraction, implying their dependence also on MT polymerization status (Figure 

18b).  
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Figure 18 | Spindle assembly requires localized i-Cdk1. a, Prometaphase-arrested 
hTERT-RPE1 cells were released in M/C medium for 60 min and either nocodazole 
(Pro) or just vehicle (DMSO; Meta) were added at time 0 of incubation. S and P 
fractions were probed for indicated antigens. At the bottom, samples of Pro and Meta 
hTERT-RPE1 cells were fixed and stained for indicated antigens. b, Meta cells 
obtained as described in a, were further treated with vehicle (DMSO; Meta-) or 
nocodazole (-Pro) from 60 min to 80 min of incubation. S and P fractions were probed 
for indicated antigens. At the bottom, samples of Pro and Meta hTERT-RPE1 cells 
were fixed and stained for indicated antigens. c, Meta cell S and P fractions were 
processed for Cyclin B1 (Cyc B1) Ips and probed for indicated antigens.  
 
 

VI.3 I-Cdk1 is required for MT-stabilizing MAP association to 

spindle MTs 

 

To assess a cause-effect relationship between i-Cdk1 and Map4 and ch-

Tog dephosphorylation and distribution, we analyzed these proteins in cell 

fractionation experiments upon Wee1 expression downregulation. Control and 

Wee1-siRNA-treated cells were synchronized at prometaphase and release into 

M/C medium as described in Figure 14c. Cells were further fractionated and 

resulting S and P fractions were analyzed (Figure 19a). Control cells showed 

protein fractionation matching that described for Meta cells in Figure 18a, b. In 

Wee1-siRNA-treated cells g-tubulin and NuMA1 distribution between S and P 

fractions was similar to control cells. Contrarily, Map4, ch-Tog and even a-

tubulin were less present in the P fractions of Wee1-siRNA-treated cells 

compared to control cells, a distribution pattern resembling that found in Pro 

cells described in Figure 18a, b (Figure 19a). Spindle assembly restoration in 

Wee1-siRNA-treated cells via low-RO addition reversed protein distribution 

relocating Map4, ch-Tog and a-tubulin from S to P fractions similarly to 

control cells (Figure 19a). As expected, i-Cdk1 amount was reduced in Wee1-

downregulated cell P fraction compared to control, as supported by lowered p-

Y15-cdk1 detection. However, addition of low-RO restored i-Cdk1 content and 

induced localization of part of residual Wee1, escaping siRNA-mediated 

downregulation, in P fraction. (Figure 19a; note Wee1 in short, SE, and long 

exposures, LE). Moreover, low-RO adding did not induce any p-Y-15-cdk1 
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signal increase in S fraction, suggesting that small fluctuations of Cdk1 activity 

are buffered in the cytosol by hysteresis and bi-stability of Cdk1 auto-

activatory loops, while centrosome-nucleating MTs were separated from these 

loops and were subjected to different regulatory mechanisms (Figure 19a) 

(Pomerening et al., 2003; Hunt, 2013; Novák et al., 2021). Similarly, 

restoration of spindle assembly in cdk1AF-expressing cells by low-RO 

treatment (see Figure 15b) could be possibly explained as a result of localized 

inhibition of endogenous Cdk1. Map4 and ch-Tog altered MT localization 

upon Wee1 downregulation was confirmed by IF (Figure 19b). The defectively 

structured spindles in Wee1-siRNA-treated cells showed a reduced localization 

of the two MAPs compared to the control cells. Low-RO addition restored 

proper spindle assembly and induced Map4 and ch-Tog to regain a normal 

spindle accumulation (Figure 19b).  
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Figure 19 | Wee1 downregulation alters spindle protein distribution. a, b, hTERT-
RPE1 cells were treated with non-targeting-siRNAs (Control) and Wee1-siRNAs 
(Wee1-siRNAs), arrested at prometaphase and released in M/C medium for 80 min 
incubation as described in Figure 14c and a portion of Wee1-siRNA-treated cells 
received low-RO at 60 min post release. a, S and P fractions were probed for indicated 
antigens. b, Cells were fixed and stained for indicated antigens. Scale bar: 5µm. 
 

Chemical Wee1 inhibitor AZD1775 treatment of prometaphase-arrested cells 

induced similar mitotic defects and altered protein pattern distribution to those 

caused by Wee1-siRNA-induced downregulation, also in this case reversible in 

a low-RO addition (Figure 20).  

 

 
Figure 20 | Chemical inhibition of Wee1 alters spindle protein distribution. 
Prometaphase-arrested hTERT-RPE1 cells were released into M/C medium and either 
vehicle (DMSO; Control) or AZD1775 was added. A portion of AZD1775-treated 
cells also received low-RO 60 min post release. S and P fraction were prepared after 
80 min of incubation and probed for indicated antigens. 
 
Together, these data indicate that the i-Cdk1 pool persisting during mitosis is 

required for proper spindle assembly and provides conditions suitable for 

spindle MT association of stabilizing MAPs, like Map4 and ch-Tog. 
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VI.4 I-Cdk1 drives PP1-dependent MAP dephosphorylation 

 
To directly investigate whether MAPs were dephosphorylated at Cdk1-

dependent sites when bound to MTs, we developed an anti-phosphospecific 

antibody recognizing phosphorylated Map4 serine 787 (p-S787-Map4), a target 

site for inhibitory phosphorylation by Cdk1 in vivo (Ookata et al., 1997). To 

validate antibody specificity, plasmids carrying either Map4 wild type form 

(tGFP-Map4-WT) or Map4 mutant version, in which serine 787 was mutated 

into non-phosphorylatable alanine (tGFP-Map4-S787A), were expressed in 

hTERT-RPE1 cells and the fusion proteins were isolated after prometaphase 

synchronization (Figure 21a). As expected, the p-S787-Map4 specific antibody 

recognized wild type Map4 but not the mutant version (Figure 21a). Ips of 

comparable amounts of endogenous Map4 from S and P fractions of Meta cells 

were probed for p-S787-Map4 and the signal was readly detected from S 

fraction while hardly from P fraction (Figure 21b). In addition, P fraction Map4 

pool treated with active Cdk1 in vitro regained strong phosphorylation at S787 

and slower migration on SDS/PAGE (Figure 21c). These data indicate that 

Map4 is dephosphorylated at least at one Cdk1-dependent site when bound to 

MTs.  

 

 
Figure 21 | Spindle-bound Map4 is dephosphorylated at Cdk1-dependent site. a, 
hTERT-RPE1 cells were transfected with expression plasmids of tGFP-Map4 wild 
type (WT) or tGFP-Map4 non phosphorylatable mutant at serine 787 (S787A) and 
arrested at prometaphase. Total cell lysates (Tot) and relative anti-tGFP Ips were 
probed for indicated antigens (MK: mock-transfected cells). b, S and P fractions of 
Meta hTERT-RPE1 cells were processed for Map4 Ips and probed for indicated 
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antigens. c, Map4 Ips from S and P fractions of Meta hTERT-RPE1 cells were 
incubated in kinase reaction buffer for 15 min at 37° C: lane 1, from S fraction; lanes 
2, 3, 4, from P fraction – active Cdk1, + active Cdk1, + active Cdk1 + RO-3306, 
respectively. After incubation, Ips were probed for indicated antigens.  
 

Our data from Wee1 downregulation experiments indicated that Map4 and ch-

Tog distribution in the P fraction of mitotic cells relied on i-Cdk1 pool. These 

MAPs have been shown to physically interact with Cdk1, mediating its 

association with MTs (Ookata et al., 1995; Charrasse et al., 2000). We isolated 

comparable amounts of Map4 and ch-Tog from S and P fractions of Meta cells 

and we found only P fraction MAPs pool interacted selectively with i-Cdk1 

(Figure 22a, b). Together, these observations suggest that the binding of MT-

associated MAPs to i-Cdk1 was instrumental for their dephosphorylation 

(Figure 22a, b). In mitosis, Cdk1 directly or indirectly inhibits major protein 

phosphatases like PP1s and PP2As (Hégarat et al., 2016; Qian et al., 2013). 

PP1 catalytic subunit is directly inhibited by Cdk1 phosphorylation, in 

particular at threonine 320 in alpha isoform (p-T320-PP1a) and at analogous 

sites in other PP1 isoforms (Kwon et al., 1997; Dohadwala et al., 1994).  PP1 

can, however, activate by auto-dephosphorylation in the absence of Cdk1 

activity (Kwon et al., 1997). Moreover, PP1 phosphatases often interact with 

their substrates through specific domains (Meiselbach et al., 2006; Hendrickx 

et al., 2009; Heroes et al., 2013). Thus, we asked whether mitotic spindle-

associated Map4 and ch-Tog, that we had found relatively dephosphorylated, 

interacted with PP1. Indeed, these MAPs isolated from Meta cells were bound 

to PP1a only in the P fraction (Figure 22a, b). 
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Figure 22 | Spindle-bound MAPs selectively interact with i-Cdk1 and PP1. a, b, S 
and P fractions of Meta hTERT-RPE1 cells were processed for a, Map4 and b, ch-Tog 
Ips and probed for indicated antigens. 
  

Because of the presence of i-Cdk1, we hypothesized that PP1a present in P 

fraction could be less phosphorylated at its Cdk1-dependent inhibitory site 

compared to that in S fraction. Thus, we analyzed comparable amounts of 

PP1a from S and P fractions of Meta cells and we found the p-T320-PP1 

signal readly detected in S fraction but hardly in the P fraction (Figure 23a). In 

addition, we found that MAP-associated PP1a was dephosphorylated at T320. 

(Figure 23b). Moreover, recombinant active human PP1a was able to 

dephosphorylate p-S787 of Map4 isolated from S fraction in vitro (Figure 23c). 

These data indicate that i-Cdk1 in the P fraction helps locally PP1 reactivation 

to reverse Map4 and ch-Tog inhibitory phosphorylation.  

 

                  
Figure 23 | Spindle-bound MAPs interact with locally active PP1. From Meta 
hTERT-RPE1 cells: a, S and P fractions were probed for indicated antigens. b, Total S 
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fraction (S) and Map4 and ch-Tog Ips from P fraction (P) were probed for indicated 
antigens. c, Map4 Ips from S fraction were incubated in phosphatase reaction buffer 
for 15 min at 37° C in – or + active PP1a and then probed for indicated antigens. 
 

To reinforce the finding of MAP-PP1 binding depended on i-Cdk1, we 

analyzed Map4 and ch-Tog interaction with PP1a under Wee1 downregulation 

conditions. Prometaphase-arrested control-siRNA- and Wee1-siRNA-treated 

cells were released into M/C medium for 80 minutes and Map4 and ch-Tog Ips 

were performed from total extracts (in 250 mM NaCl). PP1a was found to 

interact with these MAPs in control cells but not in Wee1-siRNA-treated cells 

(Figure 24a, b, lane 7 and 8, respectively) nor in control cells maintained in the 

presence of nocodazole (Figure 24a, b, lane 6). PP1a-Map4 and PP1a-ch-Tog 

binding were restored by low-RO addition (Figure 24a, b, lane 9). Thus, the 

MT-associated i-Cdk1 allowed active PP1a to interact with Map4 and ch-Tog, 

promoting their dephosphorylation.  

 

 
Figure 24 | Spindle-localized MAP interaction with PP1 relies on i-Cdk1. a, b, 
Non-targeting-siRNA- (Control) and Wee1-siRNA-treated (Wee1) hTERT-RPE1 cells 
were arrested at prometaphase by nocodazole treatment and released into M/C 
medium for 80 min incubation. A sample of Control cells received nocodazole at time 
0 (Noco) and a sample of Wee1-siRNAs cells received low-RO at 60 min of 
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incubation (RO). Cells were lysed in high salt buffer and a, Map4 or b, ch-Tog Ips 
were probed for indicated antigens (lanes 1-4, total lysates; Mk Ip: mock Ips from 
Noco cell lysates).  
 

PP1 interact with their substrates through specific domains and one of the most 

conserved among them is R/KxVxF/W - where x represents any aa – motif 

(Meiselbach et al., 2006; Hendrickx et al., 2009; Heroes et al., 2013). Map4 

318-322 residues contain the putative PP1-binding consensus sequence 

KDVRW. By mutating KDVRW into KDARA in tGFP-Map4-WT expression 

vector, we produced a Map4 mutant version impaired in PP1 binding (tGFP-

Map4-PP1-KO). Indeed, when tGFP-Map4-WT and tGFP-Map4-PP1-KO were 

expressed at comparable levels and isolated from Meta cells, tGFP-Map4-WT 

but not with tGFP-Map4-PP1-KO associated with PP1a (Figure 25a). In 

addition, we analyzed the distribution between S and P fractions of tGFP-

Map4-WT and tGFP-Map4-PP1-KO proteins in Meta cells, and found that 

tGFP-Map4-WT was readly detectable in P fraction while tGFP-Map4-PP1-

KO substantially remained in S fraction (Figure 25b). These findings indicate 

that PP1-dependent Map4 dephosphorylation is crucial for spindle localization 

of the MAP. We conclude that i-Cdk1 is required for reversal of stabilizing 

MAPs inhibitory phosphorylation by PP1 in order to promote spindle MT 

growth and stability. 

 

                      
Figure 25 | PP1-dependent dephosphorylation is required for Map4 localization 
at spindle structures. a, b, hTERT-RPE1 cells were transfected with tGFP-Map4 
wild type (WT) and mutant tGFP-Map4-impaired in PP1 binding (PP1-KO) 
expression plasmids and arrested at metaphase. a, Cells were lysed in high salt buffer, 
processed for tGFP Ips and probed for indicated antigens. b, S and P fractions were 
isolated and probed for indicated antigens.  
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VI.5 Spindle-bound g-tubulin and nucleating MTs bind and foster i-

Cdk1 

 

To dissect the molecular bases of i-Cdk1 interaction with spindle 

structures, we first probed cyclin B1 Ips from S and P fractions of Meta cells 

shown in Figure 18c for g-tubulin and found that g-tubulin physical interacted 

with cdk1 selectively in P fraction (Figure 26a). When g-tubulin Ips from S and 

P fractions of Pro cells were probed for cdk1 and Wee1, we found that in the P 

fraction g-tubulin selectively interacted with Wee1 and i-Cdk1 (Figure 26b). 

These findings let us to conclude that centrosomes aggregate with Wee1 to 

promote i-Cdk1.  

       
Figure 26 | g-tubulin aggregates with Wee1 and fosters i-Cdk1. a, Cyclin B1 Ips 
described in Figure 18c were probed for g-tubulin. b, S and P fractions of Pro hTERT-
RPE1 cells were processed for g-tubulin Ips and probed for indicated antigens.  
 

We have previously shown that i-Cdk1 and Wee1 in P fraction of Meta cells 

were increased compared to their amounts in P fraction of Pro cells, suggesting 

a mutual relation between MT polymerization and i-Cdk1 enrichment (see 

Figure 18a, b). In addition, Map4 and ch-Tog binding to i-Cdk1 was 

exclusively found in P fraction of Meta cells (see Figure 22a, b). To better 

estimate the repartition of the Cdk1 inhibitory pathway players between S and 

P fractions in Pro and Meta cells, the P fractions were enriched 10 folds over 

the S fractions before proceeding to SDS/PAGE. Meta cells P fraction showed 

higher Wee1 amounts relatively to Pro cells P fraction and Myt1 also complied 
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with this trend even if to a much lesser extent (Figure 27a). Thus, Wee1 and 

Myt1 enrichment in Meta cell P fraction paralleled spindle MT polymerization. 

Instead, no changes in distribution between P fractions in Meta and Pro cells 

were detected for Cdc25 phosphatase family members (Cdc25A, Cdc25B, 

Cdc25C; Figure 27a). Thus, these findings suggest that Wee1, and some Myt1, 

aggregated with spindle MTs while no Cdc25 members were enriched at these 

structures (Figure 27a). Mitotic spindle localization of Wee1 was also 

confirmed by IF (Figure 27b). These data indicate that during mitosis 

centrosomes, and perhaps intra-spindle g-tubulin nucleating centers, along with 

their radiating MTs serve to promote Cdk1 inhibitory phosphorylation, 

insulating a Cdk1 fraction from the cytoplasmic auto-activatory loops. This 

seems achieved through Wee1 aggregation with polymerizing MTs and Cdc25 

exclusion from them, thereby locally off balancing the Cdk1 auto-activatory 

loops that instead sustain Cdk1 activity in the cytoplasm. To corroborate this 

hypothesis, concentrated cytoplasmic extracts from Pro HeLa cells were 

incubated with nocodazole or with the MT stabilizer paclitaxel at 23° C for 20 

minutes to destabilize or stabilize MTs, respectively. Insoluble pellets were 

isolated, eluted and analyzed (Visconti et al., 2012). Indeed, the pellets of 

extracts treated with paclitaxel aggregated with Wee1 and i-Cdk1 but not with 

Cdc25 family members (Figure 27c). 
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Figure 27 | Polymerizing spindle MTs bind to i-Cdk1 and promote its formation. 
a, S and P fractions from Pro, Meta, Meta- and -Pro hTERT-RPE cells as described in 
Figure 18, b. P fraction was enriched 10 folds over S fraction; samples were probed 
for indicated antigens. b, Growing hTERT-RPE1 cells were treated with MG-132 for 
20 min, fixed and stained for indicated antigens. Scale bar: 5µm. c, Eluates from pellet 
of mitotic HeLa cell extracts (P) were incubated with nocodazole (Noco) or paclitaxel 
(Tax) and then probed for indicated antigens; Tot: 1/20 of total extract. 
 
Thus, we conclude that during mitosis two spatially separated and functionally 

opposing Cdk1 fractions coexist. The bulk of Cdk1 in mitosis is active and 

sustained by auto-activatory loops to antagonize MT polymerization in the 

cytoplasm by phosphorylating stabilizing MAPs. At the same time, 

centrosomes, and perhaps intra-spindle g-tubulin nucleating centers, together 

with their nucleating MTs promote compartmentalized inhibition of Cdk1 to 

locally allow PP1 to reverse inhibitory MAP phosphorylation and promote 

spindle MT growth (Mchedlishvili et al., 2018; Woodruff et al., 2017).
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VII. DISCUSSION 

 

VII. 1 Cdk1 activity is partially restrained during mitosis  

 

T14 and Y15 have been identified as the major Cdk1 regulatory sites in 

vertebrate at the G2/M transition of the cell cycle (Krek et al., 1991a). Both 

residues are maximally phosphorylated during G2 phase by Myt1 and Wee1 

kinases to ensure Cdk1 inactivity and allow interphase stages completion 

(Hunt, 2013). Reversal of Cdk1 inhibitory phosphorylation at T14 and Y15 by 

Cdc25 phosphatase represents the limiting step for controlling entry into 

mitosis (Krek et al., 1991a). Once activated, Cdk1 itself maintains its activity 

priming positive feedback loops that maintain T14 and Y15 residues 

dephosphorylated throughout mitosis until the metaphase to anaphase 

transition, when Cdk1 activity drops as a consequence of cyclin B degradation 

(Hunt, 2013; see Figure 7). 

Cdk1 activation drives dramatic cytoskeleton reorganization at mitosis onset as 

a result of its disassembly-promoting activity on cytoplasmic MTs (Lieuvin et 

al., 1994) (see Figure 11). The MT polymerization counteracting activity of 

Cdk1 has been extensively showed in literature, indeed the microinjection of 

active Cdk1 both into starfish oocytes and xenopus egg extracts and rat 

fibroblasts has been shown to induce complete destabilization of interphase 

MTs (Lamb et al., 1990; Verde et al., 1990; Verde et al., 1992; see Figure 11). 

In accordance with these findings, the premature activation of Cdk1 resulting 

from the simultaneous mutation of T14 and Y15 into non-phosphorylatable 

residues (cdk1AF) causes premature interphase MT destabilization and entry 

into mitosis (Krek et al., 1991b; see Figure 8). However, cells expressing 

cdk1AF failed to assemble mitotic spindles (see Figure 8). These mitotic 

defects were interpreted as a result of mitosis onset in the presence of 

incomplete DNA replication (Krek et al., 1991b).  
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We asked whether lack of Cdk1 inhibitory phosphorylation would directly 

affect spindle assembly. To avoid early Cdk1 activation and ensure DNA 

replication completion, we transfected cells with either cdk1AF mutant or 

Wee1-siRNAs and we inhibited Cdk1 activity by high-RO treatment 6 hours 

post transfection for further 16 hours incubation, to allow DNA replication 

completion and to synchronize them at G2/M transition (see Figure 15 and 14b, 

respectively). We found that the defects in spindle assembly occurred also post 

G2 release, making us to exclude they were attributable to Cdk1 detrimental 

activity during S phase, but rather they were a consequence of Cdk1 

hyperactivity during M phase. Indeed, slight Cdk1 inhibition via low-RO 

adding to both cells expressing Cdk1AF and Wee1-siRNA-treated cells 

restored correct bipolar spindle assembly (see Figure 15 and 14b, respectively). 

This data demonstrated that partial Cdk1 activity inhibition during mitosis is a 

requirement for mitotic spindle assembly. This led us to hypothesize that Cdk1 

is not, as believed, fully active in mitosis but some fraction of it is in inhibited 

form (i-Cdk1). Evidence that i-Cdk1 is present in Xenopus and mouse meiotic 

and mitotic extract eggs had already been reported (D'Angiolella et al., 2007; 

Oh et al., 2011; see Figure 9). Here we unveiled the existence of an unexpected 

form of Cdk1 (i-Cdk1) that is inhibited by phosphorylation in mitosis and its 

crucial role for the assembly of the mitotic spindle. 

 

VII. 2 I-Cdk1 is selectively bound to spindle structures 

 

To dissect the localization of i-Cdk1 during mitosis, we adapted a 

method for cell fractionation, obtaining a fraction made of soluble cytoplasmic 

components (S fraction) and an insoluble fraction consisting of spindle 

structures and tightly bound proteins (P fraction) (Silljé et al., 2006; see 

Materials and Methods section). Through this approach we found that i-Cdk1 

was exclusively bound to spindle structures (P fractions; see Figure 18a, b). 
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In addition, we found i-Cdk1 directly interacted with g-tubulin localized at 

spindle structures but not with free cytoplasmic g-tubulin (see Figure 26b). 

Based on the most recent data concerning the MT structure, g-tubulin acts as 

nucleating factor for MTs not only at centrosomes associating with GCP 

proteins to form g-TuRCs, but also localizing along a pre-existing MT lattice to 

promote branching MT fiber nucleation through effector proteins aid (David et 

al., 2019; Thawani et al., 2019; Alfaro-Aco et al., 2020). Thus, as shown by IF, 

i-Cdk1 seems to localize at MT nucleation centers, spanning from centrosomes 

up to extend the entire spindle (see Figure 17).  

Moreover, we found i-Cdk1 directly interacted with the MT associated pools of 

Map4 and ch-Tog (see Figure 22a, b).  

 

VII. 3 I-Cdk1 allows PP1 to locally activate during spindle 

assembly 

 

PP1 are crucial Cdk1-counteracting phosphatases (Qian et al., 2013). 

Their activity is directly regulated by Cdk1 phosphorylation of inhibitory sites 

at their catalytic subunits, such as T320 residue of PP1a isoform (Dohadwala 

et al., 1994; Kwon et al., 1997). Thus, PP1 activity is suppressed by Cdk1 until 

metaphase to anaphase transition. Interestingly, we found that the spindle-

bound portion of PP1a was dephosphorylated at T320, suggesting its local 

activation during mitosis (see Figure 23a). 

Map4 and ch-Tog pools localized at mitotic structure (P fractions) seemed to 

be in a hypophosphorylated state compared to their cytosolic forms (S 

fractions; see Figure 18a, b). In particular, we found that S787 residue on 

Map4, which had been identified as an M-phase specific and Cdk1 

phosphorylation-dependent site (Ookata et al., 1997; Kitazawa et al., 2000), 

was dephosphorylated when Map4 associated with spindle structures (P 

fractions; see Figure 21b). Moreover, Map4 dephosphorylation at S787 is 

PP1a-mediated (see Figure 23c). We also demonstrated that spindle-bound 
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Map4 and ch-Tog directly interacted with active PP1a (see Figure 22a, b, 

respectively). Moreover, PP1 binding to these MAPs relied on i-Cdk1, since 

lack of Cdk1 inhibitory phosphorylation impeded PP1-Map4 and PP1-ch-Tog 

interaction (see Figure 24a, b, respectively). In turn, PP1 binding to Map4 

regulated its localization at spindle structures, since abolishing of Map4-PP1-

binding site (tGFP-Map4-PP1-KO mutant) prevented its distribution at P 

fraction (see Figure 25b). 

We found that i-Cdk1 increased during spindle MT polymerization and spindle 

assembly (see Figure 18a, b) and that polymerizing spindle MTs recruited 

Wee1 but not Cdc25, thus controlling Cdk1 activity in a compartmentalized 

fashion, insulated from the cytoplasmic auto-activatory loops (see Figure 27a). 

We concluded that this compartmentalized control of Cdk1 is required to 

locally reverse inhibitory phosphorylation of spindle MAPs. Thus, spindle-

bound i-Cdk1 allows PP1 to locally dephosphorylate MAPs to reactivate their 

MT stabilization properties and promote spindle assembly. 

Our findings provide an explanation for how cells in mitosis destabilize 

cytoplasmic MTs and, at the same time, allow growth of spindle MTs and 

spindle assembly.   
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VIII. CONCLUSIONS 

 

Cdk1 is largely active during mitosis and its activity is sustained by 

positive feedback loops within the cytoplasm where it induces MTs to 

destabilize and dissolve via MAP phosphorylation (Pomerening et al., 2003; 

Hunt, 2013; Novák et al., 2021). However, we find that a small fraction of 

Cdk1 escapes the activatory loops in mitosis and undergoes inactivation by 

phosphorylation (i-Cdk1). I-Cdk1 exhibits a defined localization at spindle 

structures. Thus, at the onset of mitosis, the MT polymerization-counteracting 

activity of active Cdk1 clears pre-existing interphase MTs and blocks further 

MT polymerization in the cytoplasm to enable safe chromosome movements. 

At the same time, at centrosomes, and perhaps at intra-spindle g-tubulin 

nucleating centers and along their nucleating MTs, a fraction of Cdk1 is 

inhibited by phosphorylation via reversal of cytoplasmic feedback loops trend 

(David et al., 2019; Thawani et al., 2020; Woodruff et al., 2017). Localized 

Cdk1 inhibition is required to reverse inhibitory MAP phosphorylation to 

locally restore their ability to stabilize MTs (Mchedlishvili et al., 2018). In 

particular, i-Cdk1 allows active PP1 to interact with MAPs and reverse their 

inhibitory phosphorylation to promote spindle MT growth and stabilization. 

In conclusion, our data demonstrate that correct spindle assembly at mitosis 

requires partial and localized Cdk1 activity restraint. This finding provides a 

possible explanation for the paradoxical coexistence of Cdk1 destabilizing 

activity on MTs and simultaneous spindle MT elongation and spindle assembly 

(Figure 28). 

Localized control of Cdk1 activity might also be supported by other 

mechanisms, in addition to inhibitory phosphorylation, and help to promote 

anaphase onset upon spindle assembly (Yim et al., 2010; Schmidt et al., 2021). 
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 Figure 28 | Localized Cdk1 activity control for mitotic spindle assembly. In 
mitosis, positive feedback loops maintain high Cdk1 activity in the cytoplasm. Active 
Cdk1 destabilizes cytoplasmic MTs by directly (continuous arrow) or indirectly 
(dashed arrow) phosphorylating and inhibiting stabilizing MAPs. At the same time, at 
centrosomes and along their nucleating MTs, a fraction of Cdk1 escapes the 
cytoplasmic feedback loops and is inhibited by phosphorylation (i-Cdk1). Localized i-
Cdk1 allows PP1 to reverse inhibitory phosphorylation of MAPs and promote spindle 
MT growth.   
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