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Abstract: Receiving complete and undamaged genetic information is vital for the survival of daugh-
ter cells after chromosome segregation. The most critical steps in this process are accurate DNA
replication during S phase and a faithful chromosome segregation during anaphase. Any errors in
DNA replication or chromosome segregation have dire consequences, since cells arising after division
might have either changed or incomplete genetic information. Accurate chromosome segregation
during anaphase requires a protein complex called cohesin, which holds together sister chromatids.
This complex unifies sister chromatids from their synthesis during S phase, until separation in
anaphase. Upon entry into mitosis, the spindle apparatus is assembled, which eventually engages
kinetochores of all chromosomes. Additionally, when kinetochores of sister chromatids assume
amphitelic attachment to the spindle microtubules, cells are finally ready for the separation of sister
chromatids. This is achieved by the enzymatic cleavage of cohesin subunits Sccl or Rec8 by an
enzyme called Separase. After cohesin cleavage, sister chromatids remain attached to the spindle
apparatus and their poleward movement on the spindle is initiated. The removal of cohesion between
sister chromatids is an irreversible step and therefore it must be synchronized with assembly of the
spindle apparatus, since precocious separation of sister chromatids might lead into aneuploidy and
tumorigenesis. In this review, we focus on recent discoveries concerning the regulation of Separase
activity during the cell cycle.

Keywords: separase; chromosome division; segregation errors; cohesin; securin; Cyclin B1; CDK1;
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1. Introduction

Since DNA replication occurs during S phase, sister chromatids are connected along
their longitudinal axes, and this connection allows them to be properly segregated at
anaphase. The ties between sister chromatids are formed by a protein complex called
cohesin [1-3] (reviewed in [4-6]). This complex is not only crucial for sister chromatid
cohesion, but it is also essential for homologous recombination and DNA repair, and the
regulation of gene expression and structuring of chromatin (reviewed in [7-10]). The
cohesin complex core proteins form a ring-shaped complex, which consists of heterodimers
of Structural maintenance of chromosomes proteins 1 and 3 (Smcl, Smc3), Sister chro-
matid cohesion protein 1 (Sccl) or Meiotic recombination protein Rec8 homolog (Rec8),
kleisin subunits and Stagl-3 (SA1, SA2 or SA3) subunits. Since the cohesion fulfills diverse
functions, there are other proteins interacting with the cohesin complex, which are re-
quired for cohesion loading or displacement, such as, for example, Precocious dissociation
of sisters 5 (Pds5) [11], Sister chromatid cohesion protein 3 (Scc3) [12], Wings apart-like
protein homolog (Wapl, protein was originally identified in Drosophila) [13] and many
others [5,14,15]. Cohesin complex is loaded onto chromosomes during late telophase
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and subsequent G1 by activity of the Sister chromatid cohesion protein 2/4 (5CC2/4)
complex (in human Nipped-B-like protein/MAU?2 sister chromatid cohesion factor, NIPBL-
MAU?2) [16-19]. Acetylation of Smc3 during the S phase then facilitates recruitment of
another cohesin regulator called Sororin [20], which opposes Wapl in its cohesin-releasing
activity [21]. Sororin is therefore important for cohesion maintenance until mitotic entry.
Additionally to the cohesion, the sister chromatids are held together by topological inter-
twines of DNA, also known as catenanes [22,23]. However, it was shown that the stability
of concatenations between sister chromatids also requires cohesion [24]. After entry into
mitosis, the DNA catenations are resolved by Topoisomerase II and condensin complex
before anaphase [25,26] (reviewed in [27]). Currently published surprising results showed
that some connections between sister chromatids are preserved even after anaphase and
they are important for chromosome movements after the separation of chromatids [28].

To allow chromosome segregation in anaphase, the cohesin, holding together sister
chromatids, must be removed from chromosomes. In vertebrate cells, this process is divided
into two waves (Figure 1). After entry into mitosis, during prophase, the bulk of cohesion
is removed from chromosome arms by a mechanism called the prophase pathway [29].
Liberation of chromosome arms causes the typical X shape of metacentric chromosomes,
visible on chromosome spreads from metaphase cells. The removal of cohesion in prophase
does not involve its cleavage. It requires, however, inactivation of Sororin by Anaphase-
promoting complex/cyclosome Cdc20 homolog 1 (APC/C Cdhl)-dependent ubiquitination
and proteolytic destruction, which in turns activates the Wapl protein. Other factors, such
as the activity of kinases Plk1, CDK1 and Aurora B, are also required (reviewed in [5,30]).
The prophase pathway in vertebrates is an essential process, and deletion of the gene
encoding Wapl was shown to be embryonically lethal [31]. The prophase pathway removes
the cohesin complex from chromosome arms almost entirely, leaving only small traces at
the centromeres. However, this amount is sufficient to keep sister chromatids together
until anaphase. The protection of cohesion located there is facilitated by proteins called
Shugoshins (Sgol/2) [32-34]. Together with Protein phosphatase 2A (PP2A), they colocalize
to the centromere, where PP2A protects the centromeric cohesion and Sororin by opposing
phosphorylation induced by Plk1, CDK1 and Aurora B kinases [35,36] (reviewed in [37]).

The second wave of cohesin removal is scheduled to anaphase. During anaphase,
sister chromatids are separated and then segregated to the opposite poles of the spindle.
The separation and poleward movement of sister chromatids is triggered by the removal of
cohesion, holding together sister chromatids. In yeasts, because of the absence of prophase
pathways, the cohesin is preserved and at this point still connects sister chromatids along
their entire longitudinal axes, whereas in vertebrate cells, the remaining cohesion after
the prophase pathway is located mostly in the vicinity of the centromeres. Similarly to
the yeast, in vertebrate female germ cells, the prophase pathway against cohesion holding
together sister chromatids (and therefore also bivalents after chiasmata formation) is almost
entirely suppressed [38]. Wapl-dependent cohesin removal in mouse meiosis I is however
also operational, but its activity is aimed at dismantling only cohesion-containing Sccl [39].
The pathway removing cohesion at anaphase is conserved from yeasts to vertebrates, and
it requires cohesion cleavage, which finally separates sister chromatids [29,40-43]. The
protease carrying this function was first discovered in budding and fission yeast, as Extra
spindle poles-like protein 1 (Espl), respective cutl mutants, which exhibited problems
during chromosome segregation and later were called Separase [44,45]. Separase cleaves
the cohesin kleisin subunits Sccl during mitosis [29,41] or Rec8 during meiosis [38,46]. The
cleavage of Sccl or Rec8 by Separase is dependent on phosphorylation by Cell division cycle
5/Polo-like kinase 1 (CDK5/Plk1) in mitosis [47,48], or by Casein Kinase 1 and Cdc7-Dbf4
kinases in meiosis [49].
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Figure 1. Two-step cohesin removal in mitosis. The prophase pathway removes the cohesin complex
from chromosome arms [29]. Inactivation and destruction of Sororin by APC/C Cdh1 activates Wapl
protein and leads to loss of cohesion at chromosome arms [21,31]. The PP2A and Shugoshin protect
the centromeric cohesin [32-34] by counteracting phosphorylation caused by Plk1, CDK1 and Aurora
B [35-37]). The separation of sister chromatids during anaphase requires the cleavage of remaining
cohesion by Separase.

2. Separase Structure and Functional Motifs

Separase is a large protease from the caspase family, with molecular weight in different
organisms ranging from 140 to 240 kDa. The protein (Figure 2) consists of an N-terminal
part, which contains ARM and HEAT repeats, and a C-terminal part with an unstructured
region in between [50]. The N-terminal part is responsible for the regulation of Separase
activity by binding of its inhibitor Securin, and also for the interaction of Separase with sub-
strates. Its length varies between species. The crystal structure of Separase, in complex with
its inhibitor Securin, elucidated the mechanism of Securin binding and inhibition [51,52],
as well as the details of cohesion cleavage [53], and will be discussed later. Two Separase
catalytic domains, of which only the second is active, are located within the C-terminus,
which exhibits, in contrast to the N-terminal part, higher conservation between species. The
N-terminal and C-terminal parts are separated by an unstructured region, to which another
Separase inhibitor, the Cyclin B/CDK1 complex, binds. An unstructured region between
the N- and C-terminal parts also serves as a binding site for other proteins (Figure 2) and
supports additional Separase functions. Namely, the nuclear export sequence (NES), RG
motif and Lys1034 sensitive to sumoylation, which together are crucial for the role of
Separase in DNA damage repair [54,55]. The Ser-Pro-containing region of this segment is
also important for isomerization by the peptidyl-prolyl isomerase Pinl [56]. This region
also carries residues phosphorylated by Cdk1 [57].



Int. J. Mol. Sci. 2023, 24, 4604 40f16
HEAT-repeat domain TPR-like domain Unstructured region Protease domain
1 | 666 667 | 1706 1707 | 2120
Auto-cleavage sites
B Pin1 binding domain Catalytic residues
NA -C

Securin binding

T 1T
/ \
Ser1126 PP2A-Ba Cys2029
Cyclin B1 binding loop

Thr1346 Ser1399
Cdc6-like domain

Figure 2. Structural motifs of Separase. (A) Human separase consists of super-helical N-terminal and
C-terminal domains, which is also called proteolytic domain [50]. The N-terminus consists of a HEAT-
repeat domain [50] and a TPR-like domain [49]. The C-terminus contains pseudo protease domain
(PPD) and active protease domain (APD) [50,58]. (B) The N-terminus contains securin binding
site [50] and Pinl binding domain [56], whose binding depends on Ser1153 residue. The mutation of
Ser1126 prevents inhibition of Separase by Cdk1/cyclin B [59]. The unstructured region of separase
also contains a cell division cycle 6 (Cdc6)-like domain [60], with two important phosphorylation
sites (Thr1346 and Ser1399) [61]. PP2A binds to a 55 amino acids motif (residues 1419-1473). The
unstructured domain also contains three Separase auto-cleavage sites (residues Arg1486, Arg1506
and Argl535 in human Separase) [62—-64]. The APD contains two conserved residues, a histidine
(His2003) and a cysteine (Cys2029) [41]. The function of individual domains is discussed further in
the text.

3. How Is the Activation of Separase in Mitosis Controlled?

Separation of sister chromatids is an irreversible step. Therefore, several pathways,
controlling Separase activity have evolved, ensuring that the enzyme will not activate
precociously. It is also important to synchronize the timing of the activation of Separase
with other cellular processes, namely with the assembly of the mitotic spindle apparatus
and with correct attachment of the chromosomes. The first glimpse of how such a system
might work came from experiments with fission [45,65,66] and budding [67-69] yeasts.
It was shown that the proteins Cut2 or Pds1 are in complex with Separase, and that the
destruction of these proteins is required for cohesion cleavage and anaphase entry. Proteins
with similar behavior, but no sequence homology to Cut2 or Pds1 from yeasts, were later
found in vertebrate species and were called Securins [70]. The mechanism of Separase
inhibition by Securin involves one of the Securin domains, which has the ability to serve as
a pseudosubstrate of Separase [51,58]. It was further discovered that Securin also carries a
conserved LPE motif, similar to the one found in Sccl, which additionally to the pseudo-
substrate domain blocks the interaction of Separase with its substrates [71]. The binding of
Securin also affects Separase conformation and therefore upon Securin release, Separase
undergoes important conformational change, from a trans to cis form, which is imposed
by the binding of Peptidyl-prolyl cis/trans isomerase (Pinl). The conformational change
is important for the prevention of Securin rebinding and thus for Separase activation [56].
The binding to Separase also has consequences for the stability of Securin. It was shown
that the population of Securin in complex with Separase is more stable in comparison to
the unbound Securin [72]. The stability of Securin attached to Separase depends on PP2A
associated with Separase [62]. Specifically, the PP2A bound to Separase prevents Securin
phosphorylation and subsequent destruction and this way increases its stability [73]. The
free Securin, on the other hand, is cleared from cells in mitosis by phosphorylation, perhaps
by Calcium/calmodulin-dependent protein kinase II (CaMKII), and then by ubiquitination
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by APC/C [73]. It was shown in mouse oocytes that phenylalanine 125 and 128, which
affect Securin stability, are perhaps masked by binding to Separase, and when they are
exposed in unbound Securin, they lead into D-box- and KEN-box-dependent Securin
destruction [74].

Another well-known inhibitor of Separase is complex of Cyclin B/CDK1 [57]. Ad-
ditionally, Separase is inhibited by this complex only in vertebrates. Complex of Cyclin
B/CDK1 is a master regulator of M phase across species [75-77] and its activity was found
to be essential for spectacular and dramatic events during mitosis, such as mitotic entry,
with disassembly of the nuclear membrane, chromosome condensation and assembly of
the spindle apparatus. On the other hand, the inhibition of the activity of this complex is
required for chromosome segregation, spindle disassembly and for the exit from mitosis.
It was discovered that the activity of Cyclin B/Cdk1 is required for the phosphorylation
of serine at position 1126 in human Separase and also for the phosphorylation of sev-
eral residues within the Cdcé6-like domain [57,60]. The phosphorylation of serine 1126,
however, represents merely an initial step, required for the binding of Cyclin B/CDKI1 to
Separase, which then leads into Separase inhibition [59,61]. Serine 1126 phosphorylation
is also required for Separase isomerization by Pinl which, after Securin release, changes
the conformation of Separase from a Securin-sensitive into a Securin-resistant form [56].
This model is supported by the observation that more Cyclin B/CDK1 was found in the
complex with Separase in cells closer to anaphase [56,72]. The Cyclin B binds to Separase
within the Cdcé-like domain [60,61]. In this regard, it is interesting that Cyclin A1, ectopi-
cally expressed in oocytes, also induces Separase inhibition, which was abolished by the
mutation of S1121A in mouse Separase [78]. This might indicate that the interaction of
Separase and Cyclin/CDK is not restricted only to Cyclin B, but other Cyclins might be
capable of binding to this site and inhibiting Separase.

Our understanding of the actual mechanism of Separase inhibition by both Securin
and Cyclin B/CDK1 was recently significantly improved by cryo-electron microscopy
results from Yu and colleagues [58]. They confirmed previous findings that the activity of
human Separase is blocked by Securin, acting as pseudosubstrate of Separase [58]. They
also discovered that the interaction of the Cyclin B/CDK1/Cksl complex with Separase also
blocks Separase active site by pseudosubstrate motif, this time, however, provided from
the unstructured region of Separase itself. Importantly, the interaction between Separase
and Cyclin B/CDK1 also leads into the inactivation of CDK1 by the pseudosubstrate
motif also delivered by loop from Separase. The mutual inhibition between Separase and
Cyclin B/CDK1 upon binding was discovered earlier [61], however recent work provided
important mechanistic details for our understanding of this interaction. It was shown that
Separase, in complex with Securin, is sensitive to Cyclin B/CDK1 phosphorylation on
serine 1126, but the Cyclin B/CDK1 is unable to bind to Separase, while it is associated
with Securin [61].

When Separase is activated, it cleaves not only its targets, such as cohesin, but also
itself [63]. The autocleavage plays an important role in the regulation of Separase activity, as
well as in the regulation of Cyclin B/CDK binding, and it is specific to vertebrates. Human
Separase has three autocleavage sites positioned closely to each other, with sequence
motifs similar to the Sccl cleavage site. It was also shown that even after the cleavage,
the fragments remain associated. The biological significance of the autocleavage is not so
clear and it is difficult to study this phenomenon since the autocleavage is not required
for Separase activity in vitro. However, the effect of abolishing autocleavage has a strong
phenotype in in vivo experiments. For example, it was shown that Separase with mutated
autocleavage sites delays G2/M transition and chromosome congression [79]. It was
also shown that Separase autocleavage impacts its association with PP2A. Additionally,
expression of Separase with mutated autocleavage sites caused a loss of sister chromatid
cohesion [62]. A recent study addressed further consequences of abolishing Separase
autocleavage in vivo [80]. Authors found that the noncleavable Separase is activated
much earlier during M phase, but the overall activity is lower in comparison to wild-
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type Separase. Additionally, abolishing autocleavage reduced Cyclin B/CDK1 binding, in
contrast to the cleavage fragments, and cells exhibited increased frequency of chromosome
bridges, spindle rocking and overall perturbed chromosome segregation [72].

Recently, a new inhibitory pathway controlling Separase was uncovered [81]. Namely,
the inhibition of Separase by binding of Shugoshin 2/Mitotic arrest-deficient protein 2 (Sgo
2/Mad2) complex during the period of activity of the Spindle Assembly Checkpoint (SAC).
The quantification of Separase, distributed in complexes with Securin, Sgo2/Mad2 and
CDK1, showed 59%, 35% and 6%, respectively. Securin depletion increased the amount of
Separase in complex with Sgo 2/Mad?2 to 85%. The formation of the inhibitory complex
requires prior Mad2 activation, and the complex is abundant in early stages of mitosis,
during prometaphase, and it is disassembled in anaphase. The simultaneous deletion of
Securin and Sgo2 in interphase cells increased centriole duplication several folds, indicating
that the Sgo2/Mad2 complex is also involved in Separase inhibition during interphase.
The Sgo2/Mad?2 is released from the complex with Separase by Thyroid hormone receptor
interactor 13 (TRIP13) and p31lcomet or by APC/C, which makes even this new axis of
Separase inhibition at least partially APC/C-dependent. It will have to be tested whether
this pathway is active or sufficient to maintain Separase inactivity in all cell types. In mouse
oocytes, for example, it was shown that simultaneous overexpression of Separase with
51121A and T1342A mutations and Securin reduction by morpholino lead into a partial
precocious separation of bivalents and sister chromatids in meiosis I [82].

The changes to Separase localization are an important part of the control of its activity.
It seems that in interphase, Separase is sequestered from its main substrate, the chromosome
cohesion. This is under control of the nuclear export signal sequence motif (NES), in the
unstructured region of Separase (Figure 2). In HeLa cells, Separase is excluded from the
nucleus during interphase and it is predominantly localized to the cytoplasm [83]. This
localization pattern, however, changes upon DNA damage, when the NES is inactivated
and the Separase accumulates in the nucleus [55]. In budding yeast, it seems that the
transition of the Separase to the nucleus requires Securin [84]. In mitosis, the activity of
Separase is restricted to the region in the vicinity of the chromosomes [72].

4. How Is Separase Activation Linked to Assembly of the Spindle?

A period of Separase activity during mitosis requires accurate synchronization with
spindle assembly and proper connection and orientation of the chromosomes. The con-
struction of the spindle is monitored by the Spindle Assembly Checkpoint (SAC) pathway
(reviewed in [85-87]). According to the currently accepted model, during the process of
spindle assembly, unattached kinetochores catalyze the conformational change of Mad2
from an open to closed form, which in the cytoplasm then sequesters CDC20 into Mi-
totic checkpoint complex (MCC—additional components are Budding uninhibited by
benzimidazoles 3 and R1 (Bub3, BubR1), with participation of Aurora B and Monopolar
spindle 1 (Mpsl) kinases mediating recruitment of Mad1-Mad2 complex to kinetochores),
thus preventing activation of APC/C and anaphase entry. Simultaneously, the orientation
of sister kinetochores is arranged in a manner that their kinetochores face the opposite
spindle poles (amphitelic attachment). This is achieved by tension sensing and correction
mechanisms involving Aurora B [88]. Once the proper connection of all kinetochores to the
spindle is achieved, the production of MCC ceases and cells are ready for metaphase to
anaphase transition. Once the CDC20 is released from MCC, it binds to and activates the
APC/C [89-91] (reviewed in [92]). This leads into the ubiquitination of multiple substrates,
with specific sequence motifs called destruction box [93]. Such motifs are also carried by
Separase inhibitors Cyclin B and Securin, and their destruction by APC/C and proteasome
leads into full Separase activation and cohesin cleavage. According to the current model of
Separase inhibition, Securin and Cyclin B/CDK1 inhibitory pathways are both sensitive to
APC/C activity. It seems that the Sgo2/Mad2 pathway is, albeit partially, also sensitive to
APC/C [81]. The linkage between the activity of SAC and APC/C and Separase activation
ensures that the cohesion cleavage will not be initiated precociously before the correct
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spindle assembly is achieved (Figure 3); however, there are some exceptions, for example
the case of chromosomes with merotelic type of attachment, which evade detection by
SAC [94].

Metaphase Anaphase
APC/C
A .—4 Cdc20

Securin
Ubiquitination Separase
Autocleavage
Pin1
Isomeration

Cyc.B1
Ubiquitination

Separase activity

e

Sgo/Mad2
Displacement

Figure 3. Schematic illustration of mechanisms of Separase inhibition. (A) Separase activation is
controlled by APC/C activity [57], whose activation is controlled by SAC [92]. After ubiquitination
and destruction of Securin and Cyclin B, and disassembly of Sgo2/Mad 2 complex, the Separase
is activated and subsequently the sister chromatids separate in anaphase. (B,C) After activation
of APC/C, Securin and Cyclin B ubiquitination is commenced and simultaneously Pinl isomerase
changes the Separase conformation [56]. (D) The recently discovered third pathway involves the
Sgo2/Mad2 complex, and upon its removal from Separase, after prometaphase and metaphase, the
Separase is activated [81]. During the metaphase to anaphase transition, Separase shows abrupt
activation and cleaves cohesion. Consequently, the separase undergoes autocleavage [63,64,72].

5. Other Targets Than Cohesin?

Separase is the only enzyme capable of cohesion cleavage and, therefore, in addition
to its role during chromosome segregation, it is also required for cohesion cleavage during
DNA repair [55,95,96] (Figure 4). On the other hand, the Sccl or Rec8 are not the only
targets of Separase protease activity and, throughout the time, additional targets carrying
similar cleavage motifs were discovered. For example, in budding yeast, Separase was
found to be a part of a molecular pathway orchestrating exit from mitosis called FEAR (Cdc
Fourteen Early Anaphase Release) network [97,98]. Separase was shown to be important for
several tasks within this network, including cleavage of the kinetochore-associated protein
SIk19 during anaphase [99], and activation of Cdc14 [97,97]. The FEAR network, however,
seems to be specific for budding yeasts, and mammals use different phosphatases to control
the exit from mitosis [100]. It was shown that in vertebrates, the Separase participates on
exit from mitosis by inactivation of associated Cyclin B/CDKI1. This Separase function
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does not require proteolytic activity and it is based on the formation of a complex with
Cyclin B/CDK1 [58,61]. It was proposed that the inhibition of CDK1 activity by Separase is
instrumental for poleward movements of chromosomes after cohesion cleavage [72].

Separase
Proteolytic activity Proteolytic + Nonproteolytic activity
Cohesin cleavage Mitotic Exit| — |Vertebrates
Sister chromatid separation
Centrosome disengagement Cdk1 inactivation
DNA repair by binding to MPF
Yeast
Separase autocleavage
P rocleavag FEAR

Regulation of separase activity

Segregation of repetitive DNA

_— Cdc14~{ Cdk1 inactivation
Meikin cleavage Spindle organization

Mono-orientation of sister kinetochores Spindle stabilization
Protection of centromeric cohesion Slk19

Figure 4. Separase key roles during cell cycle. The proteolytic activity of Separase is required for
cohesion and Meikin cleavage and also for autocleavage and centrosome disengagement. For some
other roles of Separase, the proteolytic activity is not required, partially for FEAR network in yeasts,
although the cleavage of the kinetochore-associated protein Slk19 during anaphase requires Separase
proteolytic activity. In vertebrates, Separase is involved in CDK1 inactivation during mitotic exit by
formation of a complex with Cyclin B/CDK1 (MPF).

It was recently shown that the protein Meiosis-specific kinetochore protein (Meikin)
is required for proper chromosome segregation in mouse meiosis I, namely for mono-
orientation of sister kinetochores and the protection of centromeric cohesion [101]. Meikin
is an essential factor for proper chromosome segregation in meiosis and both males and
females are infertile without this protein. Interestingly, Meikin is also a substrate of
Separase. Meikin cleavage in meiosis I exposes the centromeric cohesion for cleavage
in meiosis II [102]. Meikin carries the same motif ExxR, recognized by Separase in its
targets, and mutation of this site prevents Meikin cleavage during meiosis I and causes
chromosome alignment defects in meiosis II.

Cell proliferation, proper spindle assembly and chromosome division, are dependent
on a correct number of centrosomes per cell [103]. In G1 cells, there is one centrosome
inherited from the maternal cell, which consists of two centrioles. During S phase, two
new centrioles are formed, eventually giving rise to the new centrosome. This process is
very complex and also requires the proteolytic activity of Separase, which was shown to be
required for centriole disengagement prior to entry into mitosis [104]. Consistently with
participation of Separase, the process of centriole disengagement in late mitosis is blocked
by nondegradable Securin. Later, it was shown that Plk1 is also required for centriole disen-
gagement [105]. The precise role of Separase in this process is, however, still not completely
understood, namely the cleavage targets. So far, the cohesin ring, as well as pericentrin,
were identified as Separase targets during the duplication of centrosomes [106,107]. In
Drosophila embryos, however, it seems that the cohesin cleavage alone is not sufficient for
centriole disengagement [108].
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6. Role and Regulation of Separase during Meiosis and Early Development

Early development in mammals is characterized by a high frequency of chromosome
segregation errors, which represent the single most frequent case of termination of de-
velopment in mammals [109]. Separase is a key player in chromosome segregation, and
therefore it is conceivable that its regulation might be implicated in the susceptibility of
germ cells and embryos to chromosome segregation errors and aneuploidy. In meiosis,
Separase is required for the removal of cohesion between sister chromatids, which holds
together homologous chromosomes during meiosis I and sister chromatids during meiosis
II (reviewed in [110]). It was shown that in mice, the transition from meiosis I to meiosis II
is Separase-dependent [38,111,112]. In contrast to the somatic cells, however, the prophase
pathway in mammalian female meiosis is suppressed, with the exception of cohesion,
which contains Sccl kleisin subunit, which is also targeted in meiosis [39]. Separase is
therefore solely responsible for the removal of cohesion holding bivalents and sister chro-
matids [38]. Additionally, for accurate segregation of chromosomes in meiosis, the cohesin
between sister chromatids has to be preserved until meiosis II, despite the activation of
Separase in anaphase I. The protection of centromeric cohesion is accomplished by complex
Sgo2/PP2A, which preserves Rec8 against cleavage in the vicinity of the centromeres [113].
How the Separase activity during meiosis is controlled is nevertheless not entirely clear.
It was shown that standalone depletion of Securin by morpholino or preventing Cyclin
B/CDK1 inhibition by Separase mutation has no effect, it is only when both inhibitory
pathways are inhibited simultaneously that the chromosomes separate precociously [101].
This shows that, at least in meiosis I, both inhibitory pathways can fully compensate
in case of inhibiting one of them. However, the removal of Securin inhibitor has dire
consequences in meiosis II, causing the precocious separation of sister chromatids [114].
The importance of Securin for Separase regulation during meiosis II was supported by
the observation that in eggs from aged animals, the Securin levels are lower, which also
leads into a precocious separation of sister chromatids before anaphase [115]. Therefore,
it seems that in mammalian meiosis, particularly in meiosis II, the regulation of Separase
is mostly Securin-based, and although in meiosis I Cyclin B/CDK1 is able to compensate
for Securin loss, this is not the case in meiosis II. Moving further in development, it seems
that after fertilization, the blastomeres in early embryos become dependent on Separase
regulation by Cyclin B/CDKI1 [116]. This was tested by replacing endogenous Separase
with mutated S1121A, required for Cyclin B/CDK1 binding, which caused failure of early
embryonic development. Similarly, it was shown that mouse primordial germ cells also
require Separase accessible to Cyclin B/CDK1 binding [116].

7. Conclusions and Future Perspectives

From its original discovery as an enzyme which cleaves cohesin, Separase was iden-
tified as a key player in multiple events during the cell cycle (Figure 4). Additionally,
the most important aspect is certainly the regulation of its enzymatic activity. This can
be clearly demonstrated in the case of sister chromatid cohesion. Precocious separation
of sister chromatids, before the spindle apparatus is fully matured, would unavoidably
lead into uneven distribution of genetic information between daughter cells and finally
into cell loss, or tumorigenesis, in multicellular organisms [117]. Therefore, in higher
eukaryotes, multiple pathways exist, which inhibit the Separase activity until the right
time. Importantly, all three known inhibitory pathways are, at least partially, sensitive
to the APC/C activity. This ensures that the Separase will be activated only after SAC is
satisfied, and not precociously before accurate spindle assembly. At the same time, removal
of Separase inhibition before anaphase by the powerful activity of APC/C is essential for
preventing chromosome nondisjunction, which is another problem that cells might face
during anaphase, and which will also cause aneuploidy. The redundancy in pathways
inhibiting Separase in vertebrate cells is essential, since it provides necessary plasticity
for cells to achieve correct chromosome segregation in various conditions. Although the
Separase inhibitory pathways are abundant, experiments using transgenic animals showed
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that there might be specific cell types which are more dependent on one certain pathway for
its inhibition. For example, in case of whole-body knockout of Securin, the fetal fibroblasts
showed defects in cell proliferation and division [118,119]. This demonstrates that for this
cell type, Securin might be indispensable; in the case of regulation by Cyclin B/CDKI, the
female germ cells and early embryos seems to be affected when Separase is resistant to this
pathway [116].

Despite indisputable recent progress in our understanding of Separase inhibition, there
are still open questions requiring more experimental work. Some of these efforts should be
aimed at studying the importance of each type of regulation in specific cells and tissues
within the organism, while others can address the differences between results obtained
by live cell assays and biochemical studies [80]. Additionally, it will be also important to
resolve how the different pathways inhibiting Separase are coordinated temporally and
spatially as cells are progressing throughout mitosis. It is also equally important to address
the significance of inhibition of CDK1 by Separase during the exit from mitosis. Although it
seems that in prometaphase and metaphase only a small portion of Separase is engaged in
such a complex [81], its importance increases towards anaphase, when the levels of Securin
and Cyclin B become reduced by APC/C-proteasome machinery and a rapid inhibition of
the remaining CDK1 activity is required [72].

Separase is an essential enzyme, and it might be important as a potential target for
anticancer therapy, and additionally its expression might also serve as a cancer prognosis
marker [120-125]. In the past few years, several promising inhibitors of Separase were
identified, based on in vitro compound screening using Rad21 cleavage assay [120,124,125].
The independent screens revealed several small molecules, called Separase inhibitor or
Sepin 1 or Separase Inhibitory Compounds (SIC) 1, 3, 5 and 6 (Table 1), which were
subsequently characterized further. The design of such inhibitors is by no means trivial. The
first problem is that the potential Separase pharmaceutical inhibitors should discriminate
between separase and other caspases. Then, there is a problem with the residual activity of
separase, which might be sufficient for the execution of sister chromatid separation in tissue
culture cells [120] or might contribute to the resistance of tumors with higher separase levels
in vivo [124]. Despite the potential problems surrounding the first generation of Separase
inhibitors, this area of research is very important. Future work should be directed towards
procedures making cells susceptible to Separase inhibition in case of lower expression,
as well as characterizing molecular mechanisms responsible for the inhibition of cellular
proliferation [125].

Table 1. Separase inhibitors—Separase is overexpressed in many cancer cells and its deregulated
activity might lead into aneuploidy. Since the activity of Separase is essential for cell division, it
also represents a potential chemotherapeutic target for anticancer drugs, such as Sepin-1 or Separase
Inhibitory Compounds (SIC) 1, 3, 5 and 6 [120,123,124].

Inhibitor Effect References

Identified by Rad21 cleavage in vitro, good in vitro inhibitory effect
Sepin-1 and selective in vivo inhibition, molecular mechanisms of [124,125]
inhibition involve transcription factor FoxM1.

Identified by Rad21 cleavage in vitro, the in vivo activity requires
lower Separase levels.

SIC5—-6 Improved in vitro inhibitory effect. [120]

SIC1, 3,5 [120]
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Abbreviations

APC/C Anaphase-promoting complex/cyclosome

APD Active protease domain

ARM Armadillo repeat

BUB Budding uninhibited by benzimidazoles

CaMKII Calcium/calmodulin-dependent protein kinase II
Cdcl4 Cell division cycle 14

CDC20 Cell division cycle 20
Cdc7-dbf4  Cell division cycle 7-related protein kinase, DBF4-dependent kinase

Cdh1 Cdc20 homolog 1
CDK Cyclin-dependent kinase
Cksl Cyclin-dependent protein kinase regulatory subunit I
CSF Cytostatic factor
D-box Destruction box
DNA Deoxyribonucleic acid
ESPI1 Extra spindle poles-like protein 1
FEAR Fourteen early anaphase release
MAD Mitotic arrest-deficient protein
MAU2 MAU?2 sister chromatid cohesion factor
MCC Mitotic checkpoint complex
MEIKIN Meiosis-specific kinetochore protein
MPS1 Monopolar spindle 1 kinase
NES Nuclear export sequence
NIPBL Nipped-B-like protein
Pds Precocious dissociation of sisters
Pinl Peptidyl-prolyl cis/trans isomerase
Plk1 Polo-like kinase 1
PP2A Protein phosphatase 2A
PPD Pseudo protease domain
Rec 8 Meiotic recombination protein Rec8
RNA Ribonucleic acid
SAC Spindle assembly checkpoint
SCC Sister chromatid cohesion protein
5GO Shugoshin
SMC Structural maintenance of chromosomes
S1k19 Kinetochore-associated protein Slk19
TRIP13 Thyroid hormone receptor interactor 13
Wapl Wings apart-like protein
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