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Abstract

This work is focused on Barrier-to-Autointegration Factor (BAF)
protein. BAF is a nuclear envelope (NE) component that binds
chromatin and is required for NE reassembly (NER) at mitosis exit.
Previous work in our group showed that, in Drosophila, a small fraction
of BAF (cenBAF) associates with the centromere. BAF function is
regulated by cycles of phosphorylation and dephosphorylation. At the
entry of mitosis, BAF is phosphorylated by VRK1/NHK1 kinase and is
released from chromatin and the NE. At mitosis exit, protein
phosphatase 2A (PP2A) dephosphorylates BAF, which resumes
binding to chromatin and promotes NER. Here, we find that cenBAF
remains bound to the centromere during mitosis by the action of
protein phosphatase 4 (PP4), which is recruited to the centromere by
the constitutive centromere component CenpC. At the same time, BAF
stabilizes CenpC and PP4 at the centromere forming a functional
centromeric network essential for faithful chromosome segregation.
Disrupting centromeric localization of PP4 destabilizes cenBAF at
centromeres and induces ectopic PP2A-mediated dephosphorylation
of free phosphoBAF (pBAF) in mitosis, which results in the
accumulation of BAF in a perichromosomal layer surrounding the
chromosomes. Concomitantly, NE disassembly/reassembly during
mitosis is altered resulting in micronuclei formation and cells with
altered NE morphology. This suggests that CenpC, PP4 and cenBAF
form a centromeric network that signals pBAF dephosphorylation at
mitosis exit by regulating PP2A activity. We also identify T4 and S5 as
the main BAF phosphosites in Drosophila and study the actual
contribution of PP4 and PP2A to pBAF dephosphorylation.



Abstract

El present treball se centra en l'estudi de la proteina Barrier-to-
Autointegration Factor (BAF). BAF és una proteina de la membrana
nuclear (MN) que s’uneix a la cromatina i té un paper essencial en el
reassemblatge de la MN al final de la mitosi. BAF ha estat descrit per
primer cop en el nostre grup com una nova proteina centromerica
(cenBAF) a Drosophila. La localitzacié de BAF durant el cicle cel-lular
esta regulada per cicles de fosforilacié i defosforilacié. A I'entrada de
mitosi BAF és fosforilat per la kinasa VRK1/NHK1 perdent la seva
afinitat per unir cromatina i la MN. Aquesta situacié es manté fins que
PP2A desfosforila BAF al final de la mitosi, retornant al seu estat
inicial. En el present treball es mostra que BAF es manté al centromer
durant la mitosi degut a I'accié de PP4 que és reclutada al centromer
per CenpC. Al seu torn cenBAF estabilitza la localitzacié de CenpC i
PP4 al centromer formant un entramat centroméric responsable de
garantir la correcta segregacioé dels cromosomes. L’alteracio d’aquest
entramat centroméric desemboca en la desregulacié de l'activitat de
PP2A sobre phosphoBAF (pBAF) soluble, observant-se com a resultat
una acumulaci6 de BAF defosforilat envoltant els cromosomes a
metafase i com conseqliéncia, provocant la formacié de micronuclis i
alteracions en la morfologia nuclear. També hem identificat T4 i S5
com els principals residus implicats en la fosforegulacié de BAF a
Drosophila i hem estudiat la contribucié de PP4 i PP2A sobre la
defosforilacié de BAF.
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Introduction

1. THE CELL CYCLE

Cell cycle is the progression of events that a cell undergoes in order to
give rise to two daughter cells. It consists of a long interphase (S
phase) in which the DNA material is duplicated and a mitosis (M
phase) where the genetic content is faithfully segregated into the two
daughter cells. S and M phases are separated by two gap phases (G1
and G2 phases) where the cell grows and prepares for DNA synthesis

or division (fig 1).

Cell cycle progression is monitored by the activation of cyclin-
dependent kinases (CDKs). CDKs levels are stable during cell cycle
but CDK activity requires binding of regulatory cyclin subunits. Cyclins
are synthesized and degraded in a timely manner in order to activate
CDKs at specific times during cell cycle (fig 1). Active CDKs
phosphorylate and regulate the activity of target proteins that are

relevant for cell cycle progression.

A series of checkpoints control cell cycle progression (fig 1). When
sensing an alteration, a specific signalling pathway is activated in order
to inhibit CDK activity and arrest cell cycle progression to allow proper
repair of the defects. The G1-S or restriction checkpoint senses if there
are enough nutrients and growth factors to properly undergo cell cycle
and it also senses DNA damage. At the end of G2, the replication
checkpoint detects and repairs DNA damage and senses correct cell
size to enter mitosis. Later, during mitosis, the spindle assembly
checkpoint (SAC) controls correct chromosome alignment and
attachment to the mitotic spindle at the metaphase/anaphase transition
and ensures faithful segregation of the DNA material into the daughter

cells’ (fig 1).

Alteration of the checkpoints leads to deregulated CDK activation,

which promotes uncontrolled cell division and the accumulation of

3
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mutations that eventually may cause genomic and chromosomal

instability, a characteristic feature of cancer cells®.

Spindle asssembly
checkpoint

Replication
checkpoint cyclinB
CDK1
cyclin A

CDK1 /
cyclinA 1
CDK2 cyclinD
CDK4/CDK6
cyclin E\
CDKZI

Restriction
checkpoint

Figure 1. The cell cycle. Schematic representation of the different phases of the
cell cycle (G1-S-G2-M). Cyclin-CDK complexes that are activated at specific
timings are specified as well as checkpoints that control cell cycle progression
(restriction checkpoint, replication checkpoint, spindle assembly checkpoint).

Mitosis is a dynamic and complex process that involves an extensive

and coordinated remodelling of the nucleus. Mitosis is divided in five

phases depending on the level of DNA condensation and the

morphology of the cytoskeleton structure and the nuclear envelope

(NE) (fig 2).
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Figure 2. Mitotic phases: Schematic representation of the changes that the
DNA, the cytoskeleton structure and the nuclear envelope (NE) undergo during
the different phases of mitosis.

Prophase is the first step in mitosis. During prophase, the DNA
material is compacted into individualized chromosomes (fig 2). There
are two main mechanisms responsible for that, the formation of loops
by condensing complexes and a cascade of histone modifications that
involves increasing H3 phosphorylation at S10 (PS10), which is an
epigenetic modification usually used to identify mitotic cells®*. In
addition, during prophase microtubules start to polymerase to form the
mitotic spindle structure and the NE disassembles during the open

mitosis of most metazoan (fig 2)>°.

All these processes continue during prometaphase leading to
metaphase when chromosomes are found aligned at the metaphase
plate. At this point, the NE is completely disassembled and the mitotic
spindle is able to access and bind chromosomes (fig 2). Only when

each sister chromatid is attached to opposite poles of the spindle, SAC
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is satisfied and anaphase takes place (fig 1). Proper SAC function is
essential to ensure faithful chromosome segregation and equal

partition of the DNA material into the daughter cells.

During anaphase, centromeric cohesins, which are essential to keep
sister chromatids together and generate tension, are degraded and
spindle microtubules depolymerisation pulls sister chromatids to
opposite poles of the cell’. At late anaphase, chromosomes start to
decondense and the NE reassembles surrounding the bulk of
decondensing chromatin (fig 2). Mitosis ends at telophase when

chromatin is fully decondensed and cytokinesis takes place (fig 2)°.

During mitosis, many cellular organelles and molecules are also
remodelled and redistributed between daughter cells to ensure they
are functional and capable of synthesising new proteins, metabolise

nutrients, grow and response to internal and external signals®.
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2. THE NUCLEAR ENVELOPE
2.1 Structure of the NE

The NE is a highly specialized extension of the endoplasmic reticulum
(ER) that acts as boundary between the nucleus and the cytoplasm. It
is formed by two membranes, the outer nuclear membrane (ONM) and
the inner nuclear membrane (INM). A distinct set of membrane
proteins in the INM link the NE to chromatin and the nuclear lamina,
providing mechanical support and contributing to genome organization.
ONM and INM are connected at numerous sites creating nuclear pores
where specific nuclear pore complexes (NPCs) regulate nuclear-
cytoplasm transport. Moreover, the nucleoskeleton and cytoskeleton

(LINC) complex anchors the NE to the actin cytoskeleton (fig 3).

INM proteins

NPC )\ nfltiNC :
o | | |
INM#* N
Lamin\ .\
BAF

Figure 3. Structure of the NE: The left panel shows a schematic view of the NE
and the right panel shows the main NE components. RE: endoplasmic reticulum,
INM: inner nuclear membrane, ONM: outer nuclear membrane, NPC: nuclear pore
complex, LINC: linker of the nucleoskeleton and cytoskeleton complex, BAF:
Barrier-to-Autointegration Factor.
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2.1.1 Nuclear pore complexes

The ONM and the INM are separated by the perinuclear space and at
many sites both membranes are fused creating holes containing NPCs
(fig 3). NPCs are huge multi-subunit protein complexes structured in
the cytoplasmic and nuclear ring and the central pore. Cytoplasmic
filaments extend from the cytoplasmic ring and a nuclear basket
complex extends from the nuclear one. The central channel is
composed by nucleoporins (NUPs) that control the transport between
the nucleoplasm and cytoplasm (fig 4). It allows the trafficking of small
proteins but restrict the passive diffusion of molecular exceeding
30kDa. More than 500 nucleoporins have been described being

usually named by its predicted molecular weight®.

Cytoplasmic Central channel
filaments NUP45
[NUP3ss | NUPs4
NUP98 NUP58

NUP88

NUP155

NUP188
NUP205

—— Cytoplasmic ring
Nucleus ; .y NUP37
NUP43

Dynamic Stable
Y — ]
T a— Nuclear ring

RAEL |

Figure 4. An NPC overview. Schematic representation of the NPC structure.
NUP proteins composing each structural part of the NPC are indicated. Taken
from'?.
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2.1.2 LEM-d proteins

LEM-d proteins bind lamins and this interaction provides mechanical
support to the NE. LEM-d proteins also bridge chromatin to the NE
since the LEM-domain has the capability of binding Barrier-of-
Autointegration Factor protein (BAF), a chromatin binding protein. BAF
also interacts with lamins, which additionally contributes to anchor
chromatin to the NE. The interaction of LEM-d proteins with lamins and
BAF is regulated by phosphorylation and plays an important
contribution in both NE breakdown (NEBD) and NE reassembly (NER)
during mitosis. LEM-d proteins also interact with signalling effectors.
For example Emerin regulates the flux of B-catenin and MAN1
regulates TGF-B signalling by its interaction with receptor associated
Smads. LEM-d proteins have differential expression depending on the
tissue and their loss causes specific defects'"'2. For example, loss of
function of Emerin is responsible for the Emery—Dreifuss muscular
dystrophy (EDMD), mutations in Lap2 cause dilated cardiomyopathy

and MAN 1 deficiency leads to bone density disorders'"°,

LEM-d proteins are classified in three groups (Table 1). Group |
proteins (Emerin, LAP23 and LEMD1) have a single transmembrane
domain and a long N-terminal region facing the nucleoplasm that
contains the LEM-domain. Group Il proteins (MAN1 and LEMD2) have
two transmembrane regions and, in addition to the N-terminal LEM-
domain, they contain a C-terminal Man1-SRC1 (MSC) facing also the
nucleoplasm. Finally, group Ill (LAP2a, Ankle1 and Ankle2) proteins
contain Ankyrin (ANK) repeats and they lack a transmembrane
domain, being localized in the nucleoplasm and/or cytoplasm (fig
5)12,16'
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Figure 5. The human LEM-D protein family. Schematic representation of the
main features and subcellular localization of the 3 differents LEM-d proteins
structural groups. Taken from'".

Drosophila expresses 4 LEM-d proteins (table 1)%. Otefin and
Bocksbeutel are group | proteins and they are homologous to human
Emerin'. Otefin is highly expressed in embryos and in first-instar
larvae and it is crucial for stem cell homeostasis in the female
germline’. The Bocksbeutel gene expression is uniform throughout
development and encodes two different isoforms originated by
alternative splicing, resulting in lack of the transmembrane domain in
isoform B'°. dMAN1 and dLEM3 are the group Il and Il LEM-d proteins
of Drosophila, respectively. dMAN1 is involved in the regulation of the
TGF-B signalling impacting decapentaplegic(Dpp)-mediated patterning
along the embryonic dorsoventral axis®>?'. Finally dLEM3 is the single

protein composing group |ll LEM-d protein of Drosophila.
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Organism LEM-domain Proteins A-type lamins | B-type lamins BAF Type of
protein group mitosis
Schizosaccharo- 1] Lem2 Absence Absence Absence Closed
myces pombe Manl
(Fission yeast)
Saccharomyces ] Heh1 src1) Absence Absence Absence Closed
cerevisiae Heh2
Caenorhabditis 1 Ce-emerin Ce-lamin {single gene) Presence Semi-
elegans closed
I MANL
1] LEM3
LEM-4L
Drosophila | Otefin C Dm Presence Open
melanogaster Bocksbeteul (a,5)
1] dMAN1
1l dLEM3
Homo Sapiens 1 Emerin AandC Bland B2 Presence Open
LAP2 (a,8,1.6,57)
LEMD1 (crs, Lemp-1)
1l MANL (NET25)
1] Ankl1 (Lem3, ankrD41)
Ankle2 |Lems)

Table 1. LEM-d proteins. List of the LEM-d proteins of the indicated species. A
and B type lamins, BAF and type of mitosis are also indicated. Adapted from'®.

2.1.3 Nuclear lamina

The nuclear lamina is the underlying structure of the NE and is found
in metazoan (Table 1). The nuclear lamina is formed by a dense
meshwork of intermediate filaments called lamins and a large number
of lamin binding partners. Lots of proteins localized at the INM are
retained at the NE due to its direct binding to lamins, providing
mechanical rigidity and stability to the nucleus. Lamins associate with
chromatin, either directly or indirectly, and contribute to chromatin
organization, gene regulation, and cell

genome  stability

differentiation®.

Lamins are classified as an independent group V of intermediate
filaments. Mammals encode 4 main types of lamins: two A-type (A and
C) and two B-type (B1 and B2). Lamins A and C are encoded by the
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LMNA gene by alternative splicing and they are mainly found in
differentiated cell types. Lamins B1 and B2, which are products of the
LMNB1 and LMNB2 genes respectively, are constitutively expressed in

most somatic cells®.

Lamins are formed by an N-terminal head domain, a coiled-coil central
road domain and a C-terminal domain. Post-translational modifications
are key for its correct functioning. Processing of pre-lamins to
functional lamins involves methylation and farnesylation, as well as
cleavage, of the C-terminal CaaX motif (C: cysteine, a: aliphatic reside;
X: any residue). Regarding its organization, single lamin proteins form
dimers which in turn assemble into polymers that interact laterally to
form protofilaments. Phosphorylation is a reversible post-translational
modification crucial for the dynamic properties of lamin protofilaments
and to regulate binding of associated factors. Importantly, CDK1
phosphorylates lamins at the entry of mitosis causing their

depolymerisation and disruption of the nuclear lamina network®**.

Lamins contact chromatin either directly or indirectly, through lamin
binding factors. Chromatin regions tethered to the periphery of the
nucleus by the lamina are known as lamina associated domain (LADs)
and they mainly correspond to transcriptionally silent heterochromatic
regions (fig 6). Instead, the transcriptionally active and gene-rich
euchromatic regions locate at the centre of the nucleus. LADs are cell
type specific and invariant and have a global impact on the 3D
structure of the genome and in the regulation of cell type-specific
features of gene positioning and expression®. Nuclear lamina changes

are related with aging and senescence®.

12
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Figure 6. Schematic representation of LADS. LADs are heterochromatic
regions located at the nuclear periphery by the interaction with lamin and lamin
associated factors. Euchromatic regions are found in the centre of the nucleus.
Adapted from %,

Drosophila encodes for both a B-type (lamin Dm) and an A-type (lamin
C) lamins, which is in contrast with most invertebrates that express
only B-type lamins (Table 1), making Drosophila a good model
organism to study NE?. Lamin Dm is phosphorylated by CDK1 at the
entry of mitosis.

Laminopathies is the termed assigned to the group of diseases caused
by mutations in lamin genes (Table 2) and their main features are
severe nuclear morphology defects. Most mutations associated with
laminopathies mapped to the LMNA gene, affecting A-type lamins.
These mutations disrupt LADs formation and 3D genome organization.
Generally, laminopathies affect specific cell types (Table 2).
Hutchinson-Gilford progeria syndrome is the best understood
laminopathy. It is characterized by premature aging in childhood and
involves symptomatology that affects skin, bones and the
cardiovascular system. Myocardial infarction is the most frequent
cause of death and the average life span of these patients is 13 years

old?-28,

13



Introduction

Disease Mutated gene(s)" Affected tissues

Emery-Dreifuss muscular dystrophy LMNA (181350 AD; 616516 AR), EMD (310300 XR); Striated muscle
SYNET (612998 AD), SYNE2 612999 AD),
TMEM43 (614302 AD), FLHT (300696 XR)

Cardiomyopathy dilated 1A LMNA (115200 AD) Striated muscle
Limb girdle muscular dystrophy type 1B LMNA (159001 AD) Striated muscle
Congenital muscular dystrophy LMNA (613205 AD) Striated muscle
Heart-hand syndrome LMNA (610140 AD) Striated muscle
Torsion dystonia-1 TOR1A (128100 AR) Striated muscle
Greenberg dysplasia LBR (215140 AR) Skeleton
Buschke-Ollendorf syndrome LEMD3 (166700 AD) Skeleton
Familial partial lipodystrophy type 2 LMNA (151660 AD) Adipose
Mandibuloacral dysplasia with lipodystrophy LMNA (248370 AR); ZMPSTE24 (608612 AR) Adipose
Acquired partial lipodystrophy LMNB2 (608709 AD) Adipose
Adult-onset demyelinating leukodystrophy LMNBT (169500 AD) Central nerve system
Spinocerebellar ataxia-8 SYNE1 (610743 AR) Central nerve system
Charcot-Marie-Tooth disease type 281 LMNA (605588 AR) Peripheral nerve system
Pelger-Huét anomaly LBR (169400 AD) Blood system
Restrictive dermopathy LMNA (275210 AD); ZMPSTE24 (275210 AR) Skin
Hutchinson-Gilford progeria syndrome LMNA (176670 AD) Multiorgan disease

| Nestor-Guillermo progeria syndrome BANF1 (614008) Multiorgan disease

“Numbers in parentheses refer to OMIM entries (http://omim.org), XR X-linked recessive, AD autosomal dominant, AR autosomal recessive.

Table 2. Laminopathies. The mutated genes and affected tissues are presented.
Adapted from %.

2.1.4 BAF

Barrier-to-Autointegration Factor (BAF) is named after its ability to
prevent autointegration of the Moloney Murine Leukaemia Virus
(MoMLV)**?'. Upon entering the host cell, the viral RNA is
retrotranscribed in the cytoplasm and forms the pre-integration
complex (PIC) that enters the nucleus and promotes integration into
the host genome. In this process, viral DNA must not autointegrate
since this leads to its destruction. BAF was identified as a host factor
that prevents MoMLV autointegration by compacting the viral DNA
within the PIC and assembling higher nucleoproteins complexes®*,
BAF has also been reported to be a component of PICs derived from
HIV-1 infected cells®®. Paradoxically, BAF also plays a protective role
against viruses that, like vaccinia virus, express their own replication
and transcriptional machinery and replicate in the cytoplasm of the
host cell. In these cases, BAF re-localizes to the cytoplasm and
interferes with viral DNA replication and transcription. To overcome
BAF blockage, the vaccinia virus encodes the B1 kinase that
phosphorylates BAF to prevent its binding to viral DNA**". Apart from

its role in defence against foreign DNA, BAF has also been proposed
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to participate in multiple processes from the regulation of chromatin
structure and gene expression to DNA repair and, through the
interaction with LEM-d proteins and lamins, the regulation of NEB and

NER during mitosis®.

BAF is a small protein of 10kDa that, absent in unicellular eukaryotes,
is highly conserved in Metazoan (Table 1 and fig 7). BAF is
ubiquitously expressed in all cell types and tissues, except in thymus
and peripheral blood leukocytes®. Regarding subcellular localization,
BAF is found both in the cytoplasm and the nucleus, being enriched at
the NE. Viral infection and stresses, including heat shock and caloric
restriction, alter the subcellular distribution of BAF*°. BAF localization
is highly dynamic, changing during cell cycle progression, which is
important for BAF function and varies depending on the cell type*.
BAF localization is regulated by phosphorylation and the interaction

with specific partners*?.

1 10 20 30 40 % identity to human BAF

hBAF: M- TTSIQKHRDFVAEPMGEKP RGFDKAYV]
mMBAF: M- TTSQKHRDFVAEPMGEKPVGSLAGIGEVLS KRLEE RGFDKAYV
zbaf : M- STSQKHKDFVAEPMAMKSVMALAGIGEVLGKRLE EKGFDKAYV
XBAF: MS STSQKHRDFVAEPMGEKSVQCLAGIGEALGHRLE EKGFDKAYV
dBAF: MSGTSQKHRNFVAEPMGNKSVTELAG IGETLGGRLKDAGFDMAYT
ceBAF: M- STSVKHREFVGEPMGDKEVTCI AGIGPTYGT KLTDAGFDMAYV

50 60 70 80 89
hBAF: [VLGOQFLVLKKDEDLFREWLKDTCGANAKQSRDCFGCLREWCDAFL
mBAF: VLGQFLVLKKDEDLFREWLKDTCGANAKQSRDCFGCLREWCDAFL 97%
2BAF: VLGQFLVLRKDEE LLREWLKDTCGANAKQSRDCFGCLREWCSAFL 86%
XBAF: VLGQFLVLKKDEE LFKEWLKD ICSANAKQSRDCYGCLKEWCDAFL 84%
dBAF: VLGQYLVLKKDEE LFKDWMKEVCHAS SKQASDCYNCLNDWCEEFL 69%
ceBAF: LFGQYLLLKKDED LFIEW LKETAGVTANHAKT AFNCLNEWADQFM 60%

Figure 7. BAF conservation. Amino acid sequences of BAF from human (hBAF),
mouse (MBAF), zebrafish (zBAF), Xenopus (xBAF), Drosophila (dBAF) and
Caenorhabditis elegans (CeBAF). Non-conserved residues are shown in red. In
hBAF, residues involved in phosphorylation (T3 and S4) are indicated in green.
K6 and the HhH motif (from 20-35), which mediate DNA binding, are indicated in
orange. Residues 39 to 62, which are involved in homodimerization, are
highlighted with blue. Adapted from™.

15



Introduction

BAF has been reported to interact with a large number of factors (Table
3), of which the NE LEM-d proteins and lamins are the best studied***°.
BAF has also been shown to interact with histones and bind DNA.
Because of its interaction with NE proteins and its ability to bind
chromatin, BAF plays a critical role in the dynamics of the NE during
mitosis*®, a topic that will be further discussed in following chapters. The
interaction of BAF with transcription factors and chromatin modifiers has
an impact on gene expression. For instance, BAF directly interacts with
the transcription factor cone-rod homeobox (Crx) in differentiating retinal
cells. BAF also affects gene expression indirectly through its
interaction with LEM-d proteins that, in their turn, interact with
transcription factors. It has been proposed that the interaction of
transcription factors with LEM-d proteins induces their re-localisation to
the NE, antagonizing their transcriptional activity. For example, BAF
competes with the transcriptional repressor germ cell-less (GCL) for
binding to Emerin and lamin A complexes®. In addition, BAF is also
involved in chromatin remodelling. BAF overexpression reduces global
histone H3 acetylation and alters different histone marks***°. However,
BAF has not been described to directly associate with chromatin
modifiers/remodellers. Instead, it appears to act as an epigenetic
regulator that alters chromatin structure and, thus, the recruitment of

4930 BAF also interacts with factors

chromatin modifiers/remodellers
involved in DNA repair, such as poly ADP-ribose polymerase 1 (PARP1)
enzyme. Upon oxidative stress, BAF increases its binding to PARP and

blocks NAD*, which negatively regulates PARP activity®'.

BAF has also been reported to interact with BAF-like (BAF-L), a highly
related protein that, contrary to BAF, does not bind DNA or LEM-d
proteins and modulates BAF function in vivo. BAF-L expression is
limited to pancreas and testis, suggesting that it has a specific role in

regulating BAF function in the male germline®2.
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Protein group Protein Function References
Emerin Mitosis, inner NE 46,5357
component, transcriptional
LEM-d regulation.
proteins
LAP2 Mitosis, inner NE 5861
component, transcriptional
regulation.
Man1 Inner NE component. 62
LEMD2 Inner NE component, DNA | ©
damage repair.
Ankl1/ DNA damage repair, o4
resolution of chromatin
LEM3 bridges.
Ankle2/ Recruits PP2A for BAF 6
phosphorylation.
LEM4
Nemp1 Inner NE component, neural |
development.
Lamin A Mitosis, NE structural 55.56.67
component, cell signalling.
Lamins
Prelamin A Precursor form of lamin A. 68,69
Progerin Truncated and permanently |
farnesylated form of lamin
A.
H1.1 Linker histone. %0
Histones H3 Core histone. 5067
H4 Core histone. 49
EFF-1 Somatic cell fusion in C. 7
elegans.
Transcription
P15/SUB1/PC4 | Chromatin remodelling, o7
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regulators transcription, DNA repair.
Requiem Transcription factor in o7
myeloid cells, apoptosis.
Crx Organ morphogenesis ann
Sox2 Embryonic stem cell &
differentiation.
Oct4 Embryonic stem cell &
differentiation.
Nanog Embryonic stem cell &
differentiation.
PARP1 DNA repair, chromatin 51,67
structure and remodelling,
DNA damage transcription.
repair
proteins DDB1, DDB2 DNA repair, protein 67
degradation.
CuL4 Protein ubiquitination. &7
Vaccinia Ser-Thr kinases, mitosis, 7375
related kinases | protein phosphorylation.
Kinases
B1 Vaccinia kinase for viral 364273
DNA replication.
PP2A Ser-Thr phosphatase, 65
mitosis, protein
Phosphatases phosphorylation.
PP4 Ser-Thr phosphatase, 7
mitosis, protein
phosphorylation.
Others BAF-L Regulator of BAF DNA 52

binding

Table 3. List of BAF interactors. Adapted from 7" and .
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Important for its function, BAF forms homodimers. Dimerization
involves a hydrophobic interface (residues 39 to 62 in hBAF) that
creates a central pocket (fig 7 and 8)®. This hydrophobic pocket is the

binding site of LEM-domain proteins*>*%7°.

BAF binds DNA in a non-sequence specific manner. DNA binding is
mediated by the helix-hairpin-helix (HhH) motives of each monomer
that, in the dimer, occupy opposite positions (fig 8). K6 in the N-
terminal region has also been reported to contribute to DNA binding
(fig 7 and 8)*°. These DNA binding properties are fundamental for the
ability of BAF to bridge DNA fragments, either intra or inter-
molecularly, and condenses DNA by a looping mechanism’®%®'_ The
DNA bridging activity of BAF has been recently reported to play a
crucial role during NER by binding DNA distant sites to maintain the
bulk of decondensing chromosomes as a single entity and prevent

nuclear fragmentation®.

DNA k BAF monomer BAF monomer J DNA

Figure 8. DNA — BAF — Emerin complex structure. BAF monomers (blue and
red) interact to DNA (grey) thanks to the K6 residue and the HhH domain found at
its N-terminal. Residues 39-62 from both monomers are involved in BAF
dimerization creating a central pocket where LEM-d proteins (green) bind.
Adapted from®.
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BAF mutations associate with some rare laminopathies. A recessive
A12T mutation was reported to cause Néstor-Guillermo progeria
syndrome (NGPS), an atypical chronic progeria syndrome that partially
shares the same phenotype with the Hutchinson-Gilford progeria
syndrome (Table 2), though patients show milder symptoms and
longer life spam®®. Fibroblasts from Néstor-Guillermo patients exhibit
nuclear lamina abnormalities that are rescued by the ectopic
expression of a wild type BAF®*. This mutation impairs binding of BAF

to DNA and lamins*®

, while the interaction with PARP1 upon
oxidative stress is increased leading to defective DNA repair. In fact,
defective DNA repair of oxidative damage is observed in fibroblast
from NGPS patients®'. Overexpression of BAF has also been observed
in certain oesophageal, gastric and breast cancers, correlating with

8-8 However, the link

malignancy, metastasis and poor prognosis
between high BAF levels and cancer progression is not well

understood.

As mentioned above BAF is highly conserved in Metazoan. In this
regard, Drosophila BAF shows 69% identity to human BAF (fig 7). In
Drosophila, BAF is essential for viability since BAF null mutants are
lethal at the larval-pupal transition. Moreover, BAF is essential for
germ stem cells maintenance since its depletion leads to germ stem
cells loss. These phenotypes have been proposed to reflect the
contribution of BAF to NE®*®. BAF is also essential for karyosome
formation in the female germline®'. Finally, work in our group identified

BAF as a new centromere associated protein in Drosophila®.
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2.2 The NE in cell division

The NE is continuously being remodelled during cell cycle progression
and the most dramatic changes occur during mitosis. NE remodelling
during mitosis allows spindle microtubules to gain access and attach to

chromosomes ensuring their equal segregation into daughter cells.

The mitotic spindle forms early in mitosis. Centrosomes are
microtubule organizing centres (MTOCs) from which the spindle
assembles. The centrosome duplicates during S phase and each copy
locates on opposite sides at the spindle poles. There are two main
types of microtubules: astral microtubules, which are short and radiate
out from the centrosome and play a role in anchoring and stabilizing
the centrosome at the correct localization, and kinetochore
microtubules, which are polymers made by a and B tubulin
heterodimers bound by microtubule associated proteins (MAPs) that

regulate their dynamics®.

In eukaryotes, centrosomes and chromosomes are located in different
cellular compartments, the cytoplasm and the nucleus respectively.
The NE constitutes a barrier that prevents spindle microtubules to
reach the chromosomes. During evolution, different mechanisms have
been implemented to solve this problem, involving always more or less
extensive remodelling of the NE. There are basically two extreme
scenarios: open and closed mitosis. Most Metazoan undergo open
mitosis (fig 9a), in which the NE disassembles and retracts into the ER
at the beginning of mitosis (NEBD) to reassemble around the bulk of
decondensing chromosomes after chromosome segregation is
completed (NER). On the other extreme, budding and fission yeasts
undergo closed mitosis (fig 9b), in which the NE remains more or less
intact and the spindle assembles in the nucleus. This is achieved by

the integration into the NE of the spindle pole bodies that act as the
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MTOCs to assemble the spindle. Between these two extreme
possibilities, there are different forms of semi-closed mitosis (fig 9c and
d). For example, in the filamentous fungus Aspergillus nidulans, the
NE remains functional until anaphase when it partially breaks allowing
the spindle microtubules to access the DNA material®®. Semi-closed
mitosis has also been observed in Metazoan, such as during early
embryogenesis in Drosophila and in Caenorhabditis elegans early

embryos®%.
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© Solubilized nucleoporins nucleoporins Lamina

Figure 9. Schematic representation of the different types of mitosis. a: Open
mitosis that involves total breakdown of the NE early in mitosis. b: Closed mitosis
where the NE remains intact through mitosis. ¢ and d: Semi-closed mitoses, in
which the NEBD is only partial. Taken from ©.
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2.21 NEBD

Mitotic entry involves a cascade of phosphorylation events that drive
dramatic architectural changes such as chromatin condensation,
spindle assembly and disassembly of the NE (fig 10). NEBD is
triggered by the activation of mitotic kinases that phosphorylate various
substrates including nucleoporins (NUP), lamins and histones. NUPs
are hyper-phosphorylated by CDK1 and PLK kinases causing NPCs
disassembly and release from the NE. CDK1 also phosphorylates
lamins triggering nuclear lamina disassembly, while VRK1
phosphorylates BAF and disrupts the interaction of LEM-d proteins
with chromatin and lamins. Altogether, these phosphorylation events

results in increased NE permeability®~*°

. Microtubules also play an
important role in NEBD by mechanically pulling the NE and creating
and extending holes. Ultimately, all this processes lead to full
disruption of the NE. Microtubules are also involved in clearing up

remains of the NE from the chromatin (fig 10)'®

. The resulting
disassembled nuclear envelope membranes retract into the mitotic ER
that is excluded from the area occupied by the spindle and the mitotic
chromosomes to allow pulling of the mitotic chromosomes by the

spindle (fig 10)"".
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Figure 10. NEB. a: Immunostaining of HeLa cells with aTubulin antibodies (red).
The green signal corresponds to GFP-LAP2B. DNA is stained with Hoechst (blue).
Scale bars correspond to 10um. b: Schematic representation of the events that
trigger NEBD at the entry of mitosis. Taken from®.

2.2.2 NER

In late anaphase, when kinetochores are properly attached to the
mitotic spindle and SAC is satisfied, NER begins around the two
masses of decondensing chromosomes. NER involves the activity of
various phosphatases, which reverse the mitotic phosphorylations that
initiate NEBD, and requires coordination of membrane recruitment,

NPC insertion and lamina reformation (fig 11).
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Figure 11. NER. a: Immunostaining of HeLa cells with aTubulin antibodies (red).
The green signal corresponds to GFP-LAP2B. DNA is stained with Hoechst (blue).
Scale bars correspond to 10um. b: Schematic representation of the events that
lead to NER. Taken from®.

NE membranes emerge from the mitotic ER to reach chromatin. There
are different models regarding the morphology of the emerging
membranes and the way they wrap around chromatin, either in the
form of tubules or sheets. INM proteins anchor chromatin to the
reassembling NE. For instance, the INM protein laminB receptor (LBR)
interacts with histones H3/H4 and heterochromatin 1 protein (HP1),
while LEM-d proteins bind to chromatin and lamins either directly or
indirectly, through the interaction with BAF'%?. Membrane recruitment is
coordinated with  NPCs assembly. Upon NEBD, NUPs are
phosphorylated and associate with importin-3, a chaperone that
inhibits NUPs binding to the membrane and keeps them free in the
cytoplasm. In NER, high RanGTP levels generated in the proximity of
chromatin induces importin-f disassociation and NUPs are
dephosphorylated by yet uncharacterized protein phosphatases'®. At

this stage, two regions can be identified in the reassembling NE that
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differ in the type of INM proteins and abundance of NPCs. The “core”
regions are adjacent to the spindle and contain BAF, LAP2a, Emerin
and A-type lamins, but they are poor on NPCs. Instead, peripheral
“non-core” regions contain high levels of NPCs and are enriched in B-
type lamins and LBR proteins. Regions with low NPCs levels are
refilled during interphase by a de novo NPCs assembly mechanism (fig
12)°®*8_ Finally, the patches of reassembling NE membranes that wrap
chromatin are fused to form a continuous NE in a process involving the
activity of various GTPases such as SNAREs and atlastins.
Additionally, the ESCRT-machinery seals the sites of microtubule

insertion in a process known as annular fission'*.

Figure 12. “Core” and “non-core” regions formed during NER.
Immunostaining of a HelLa mitosis in late anaphase with aEmerin (green) and
aLBR (purple) that mark the “core” and “non-core” regions, respectively. The

lower panel shows a schematic representation of the “core” and “non-core”

regions indicating their main components. Taken from'®,

2.2.3 The contribution of BAF to NEBD and NER

Cycles of phosphorylation and dephosphorylation events regulate the
interaction of BAF with chromatin and NE components during mitosis.
At the entry of mitosis, the conserved Ser/Thr Vaccinia-related kinase
1 (VRK1) phosphorylates human BAF at S3 and T4 residues located in
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the N-terminal domain (fig 7)"°. The Drosophila VRK1 homologue is
Nucleosomal histone kinase 1 (NHK1). This phosphorylation impairs
binding of BAF to chromatin, as well as the interaction with LEM-d
proteins and lamins. BAF phosphorylation by VRK1 is an early event in
mitosis that triggers its release from chromatin and nuclear membrane
proteins and facilitates NEBD (fig 13). Depletion of VRK1 prevents
disassociation of BAF from NE elements and chromatin causing

delayed mitosis and NE morphology defects**">71%,

NE

— —

lamina e - %\.
g

Mitotic exity? DNA M m Mitotic entry
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Figure 13. Cycles of phosphorylation and dephosphorylation regulate
BAF binding to chromatin and the NE during mitosis. At the entry of
mitosis, BAF is phosphorylated by VRK1/NHK1 kinase and loses its affinity for
the NE and chromatin, facilitating NEBD. At the end of mitosis, PP2A

dephosphorylates BAF and restores its binding to the NE and chromatin,

playing a crucial role in NER. Taken from'®.

At the end of mitosis, BAF is dephosphorylated and recovers its ability
to bind chromatin and the NE proteins (fig 13). BAF is amongst the first
proteins detected at the “core” regions of the reassembling NE and it
has been proposed to nucleate the recruitment of LEM-d proteins and
A-type lamins (fig 14)*®°*'% In C. elegans and mammals, BAF
dephosphorylation at mitosis exit has been shown to be mediated by

PP2A protein phosphatase. PP2A-mediated BAF dephosphorylation
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requires Lem4 that promotes PP2A phosphatase activity and binds
and inhibits VRK1 (fig 13)°>'%. Along the same lines, in Drosophila
cells, PP2A/B55 also mediates dephosphorylation of BAF and lamins
and its depletion delays NER'®. PP4 protein phosphatase has also
been shown to be capable of dephosphorylating BAF in mammalian
cells and PP4 knock-down leads to BAF hyperphosphorylation and

causes NE defects’®.
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Figure 14. The contribution of BAF to NER. At the end of mitosis, BAF is
dephosphorylated and is amongst the first proteins recruited to the “core” regions
during NER. Taken from®®.

The ability of BAF to cross-bridge distant sites is also important to
maintain the bulk of decondensing chromosomes as a single entity
during NER. In the absence of BAF, the NE reassembles around
individual chromosomes leading to chromatin fragmentation and the

formation of micronuclei (fig 15)%.
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Chromosomes - é ........... ..

envelope

Figure 15. BAF prevents nuclear fragmentation at NER. The lack of BAF leads
to the formation of micronuclei due to the impossibility of keeping the chromatin all
together as a single mass. Taken from®.

BAF also plays a role in keeping the integrity of the NE by repairing NE
fractures. BAF localizes at the sites of rupture and recruits LEM-d
proteins and associated membranes to repair the rupture (fig16)'"°.

Before rupture

-BAF

-pBAF

-LEM domain protein
-LEMD2

-ESCRT Il

L R A

+# Repair

Figure 16. BAF is required for repairing NE ruptures. Cytosolic BAF is
mobilized to the sites of NE ruptures and recruits LEM-d proteins, ESCRT-III, and
membranes to the rupture to heal it. Adapted from'™.
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2.2.4 Micronuclei

Micronuclei (MN) are small nucleus-like structures (1-5um in diameter)

found in the cytoplasm separated from the primary nucleus.

MN form when the NE assembles on individual chromosomes or
fragments of chromosomes. Different mechanisms can give rise to the
formation of MN. During chromosome segregation, lagging
chromosomes are highly prone to MN formation. The SAC is the main
mechanism preventing MN formation and its malfunctioning is a major
cause of MN formation. In particular, the SAC is not efficient in sensing
merotelic attachments, in which one sister chromatid is attached to
microtubules from opposite poles, and, although in most cases, they
reincorporate to the main mass of chromatin, failure to do so give rise
to MN. Merotelic attachments are commonly seen in cells with extra
copies of centrosomes or when centrosomes are not properly
distributed in the spindle poles. Centromere inactivation or instability,
as well as defective cohesion cleavage, also cause lagging/broken
chromosomes and, thus, MN formation (fig 17 upper panel). NER
defects and NE ruptures in interphase can also give rise to MN (fig 17

lower panel)'"""2,
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Figure 17. Causes of MN formation. The upper panel shows MN origins caused
during mitosis such as SAC deficiency, merotelic attachment, centromere
dysfunction, cohesion cleavage defects and peripheral polar chromosomes. The

lower panel shows MN origins outside mitosis such as defects in NE reassembly

at the end of mitosis or rupture of the NE during interphase. Adapted from'"".

Not much is known about the fate of MN. In most cases, they persist
for one or more cell cycles, but they can also be extruded out of the
cell, fused back to the nucleus or disrupted and degraded'"'. MN are
unstable since their NE usually misses NPCs and “non-core” NE
proteins and, as such, they are deficient in DNA replication and repair,
and accumulate DNA damage. As a result, MN are prone to
chromotripsis’*®, a catastrophic event in which fragmented
chromosomes are randomly reassembled via double-stranded break

repair (DBR). This produces important chromosomal rearrangements
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and is a source of aneuploidy and chromosome instability (CIN), which

are hallmarks of cancer and other pathological conditions™**~'"®.
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3. MITOTIC PROTEIN PHOSPHATASES

Balance between the activity of different kinases and phosphatases

plays a crucial

role orchestrating mitosis progression. Table 4

summarizes the main mitotic kinases and phosphatases, and their

known functions in mitosis.

KINASES

FUNCTION

WEE

CDK?1 inhibition
Regulation of entry to mitosis

CDK1

Disassembly of the NE

Chromatin condensation

Assembly of the mitotic spindle

Assembly of the kinetochore

Golgi fragmentation

Positive regulator of the APC/ complex

Involved in localization of Aurora B and PLK to the
mitotic spindle

Main inhibitor of PP1 and PP2A/B55

CcchO

Aurora A type

Assembly of the mitotic spindle

Aurora B type

Chromatin condensation

Regulator of the kinetochore function
Regulator of the spindle dynamics

Positive regulator of the APC/C****° complex
Control of chromosome segregation
Cytokinesis

Polo like kinase

Centrosome activation

(PLK) Chromatin condensation
Positive regulator of the APC/C complex
Cytokinesis
BubR1 Positive regulator of the APC/C complex
MPS1 Main positive regulator of the APC/C complex
VRK1/NHK1 BAF phosphorylation
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PHOSPHATASES FUNCTION
PP1 Main CDK1 antagonizing phosphatase
Stabilization of the microtubule-kinetochore
attachments
PP2A/B55 Main CDK1 antagonizing phosphatase
PP2A/B56 Maintenance of centromeric cohesion

Counteracting Aurora B kinase at the kinetochore

PP4 Centrosome function
Centromeric integrity

PP6 Temporal regulation of the spindle formation

Table 4. Main mitotic kinases and phosphatases and their function in

mitosis.

In eukaryotes entry to mitosis is triggered by an abrupt activation of
key kinases, the most important of which is the CDK1/cyclin B complex
also known as maturation-promoting factor (MPF). In addition to MPF,
PLK or Aurora kinases play also important roles in the spatiotemporal
regulation of multiple mitotic events (Table 4). In order to exit mitosis,
this hyper-phosphorylated state must be reversed. This is achieved by
the inhibition and/or degradation of mitotic kinases and other key
mitotic factors, and the activation of mitotic phosphatases. In budding
yeast, Cdc14 is the main phosphatase driving mitotic exit. However, in
Metazoan, depletion of the Cdc14 homologues, hCdc14A and
hCdc14B phosphatases in the case of human, has no significant
phenotype. Instead, multiple members of the main protein
phosphatases families (PP1, PP2A, PP4, and PP6) are key players in

regulating mitotic exit.

There are three groups of phosphatases based on their sequence,

structure and catalytic mechanism. The first group is the protein
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serine/threonine-specific phosphatases (PSTPs). This group is
subdivided into two families: the metallodependent phosphatases
(PPM) family (PP2C) and the phosphoprotein phosphatases (PPP)
family (PP1, PP2A, PP2B, PP4, PP5, PP6 and PP7). Both groups are
dependent on metal ions for catalysis but they have different
mechanisms of dephosphorylation. A second group is formed by the
protein tyrosine phosphatases (PTP) and finally a third group consists
of the Asp-based protein phosphatases. PPPs are the main
phosphatases acting during mitosis and, in particular, PP1, PP2A, PP4
and PP6 have been most studied (Table 4 and figure 18)""".

& &
& 2
v\'\ ‘o‘o 25}
A z‘° & e
B('\“ 0"" 1\'} 506‘ é} w‘l’\"
& g A3 5] i &
S o & & & & &
& & <« & & « o
G2 b v ¢ MITOSIS ¥ y ¥ G1
[ PROPHASE- \SE-TELOPHASE 1
3 K 2 o)
o - =1d)
(- ) VD) = 2 {dx
g \ \\“ ¥ = 7
APC/C
activation
>
= — PPL
3] PP2A/BSS
< — PP2A/BS6
o — PP4 and PP6
< — a4 CDK1
=3 Gtw
x eyclin Blevels
a.
wy
o]
be
a

Figure 18. Schematic representation of the activity of the main mitotic
phosphatases and kinases. At the entry of mitosis kinases predominate and
this situation is reversed once the SAC is satisfied. Upon APC/C activation,
cyclin B is degraded causing the inactivation of CDK1 and the activation of the
phosphatases. Adapted from '*®.

In general, phosphatases are multisubunit complexes in which a
catalytic subunit associates with additional regulatory subunits that
provide substrate specificity, act as scaffolds, target an active complex
to specific subcellular locations and/or regulate phosphatase activity.

Generally, substrate specificity of PPPs depends on the recognition of
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short linear motifs (SLiMs) that are degenerated and bind to a
conserved pocket on the phosphatase. The activity of phosphatases is
usually controlled by phosphorylation and their activation depends on a
coordinated crosstalk between different phosphatases and/or
kinases'®. Overall, mitotic exit involves a sophisticated molecular
mechanism that regulates the correct timing of activation of each
phosphatase and the sequential dephosphorylation of specific
substrates in the right order and at the right place'®''*'® Table 5

summarizes the main mitotic phosphatases in Drosophila.

Gene name | Gene family Human Defects observed in
and subunit | orthologues | mitosis when performing
type a knockdown or in

Drosophila mutants

Pp1-87B PP1 catalytic PP1CA Cells accumulating at
prometaphase and failure in
chromosome segregation

fiw (flag PP1 catalytic PP1CB Chromosome segregation

wing) defects
mts PP2A Cells are arrested at
(microtubule catalytic prometaphase and a small
star) PP2CB number of cells making it to

telophase contain aberrant
phosphorylated H3 levels
on decondensed

chromosomes
PP2A-29B PP2A PP2A/A Instability of the catalytic
regulatory subunit
wdb PP2A PP2A/B56 | Cells with abnormal
(widerborst) regulatory chromatin dispersion

throughout the spindle and
alterations in sister
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chromatid cohesion
tws/aar PP2A PP2A/B55 Cells arrested at anaphase
(twins/abno regulatory showing high amounts of
rmal lagging chromosomes and
anaphase chromosome bridges
resolution)
Pp4-19C PP4 catalytic PP4C Aberrant centrosome
maturation
PP4R2r PP4 PP4R2 Aberrant centrosome
regulatory maturation
FIfl (falafel) PP4 PP4R3B Problems with the
regulatory centromere assembly
PPV PP6 PP6C Cells accumulating at
prometaphase
PpD3 PP5 PP5C Increased frequency of
cells with aberrant number
of centrosomes

Table 5. Main phosphatases involved in mitosis exit in Drosophila

Melanogaster. Taken from'".

3.1 PP1

PP1 is one of the most abundant phosphatases in the cell and
regulates a variety of processes including glycogen metabolism,
transcription, cell polarity, response to DNA damage, trafficking of
vesicles and cell cycle progression. PP1 is one of the main
phosphatases antagonizing CDK1 phosphorylation at the end of
mitosis and it also counteracts other kinases such Aurora B or PLK.
PP1 is involved in the regulation of kinetochore-microtubule
attachment, chromosome segregation, chromatin decondensation and

cytokinesis'?*'?°,
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PP1 is a heterodimer of one catalytic subunit and one of many
possible regulatory subunits that targets the active complex to specific
substrates and localizations. For PP1, the vast majority of substrates
contain the RVxF SLiM'?. In addition, the activity of PP1 is regulated
by mitotic kinases such as CDK1 and Aurora that directly regulate
activity of the phosphatase or modify the PP1-SLiM interaction'®. In
this regard, at the entry of mitosis, CDK1 phosphorylation inhibits PP1
activity. Upon CDK1 inactivation at mitosis exit, PP1 auto-
dephosphorylation reverts this phosphorylation and restores full PP1

activity'®.

3.2PP2A

PP2A phosphatases are abundant and are involved in several
functions such as cell growth, cell motility, apoptosis, differentiation,
DNA damage response and progression through cell cycle. PP2A
usually functions as a heterotrimeric complex consisting of one
catalytic C-type subunit, one scaffold A-type subunit and one
regulatory B-type subunit. The human genome encodes for two
catalytic isoforms (PP2Aa and PP2AB), two A-type subunits (PR65a
and PR65B) and at least 15 different B-type subunits, of which B55
and B56 are the B-subunits of the two main mitotic PP2A

complexes'?’.

In Drosophila PP2A catalytic subunit is known as Microtubule Star
(MTS), PP2A regulatory subunits involved in mitosis are a B55 type
Twins (TWS) and a B56 type Widerbroast (WDB) and their functions

seem to be evolutionary conserved (Table 5)'%"%°,

3.2.1 PP2A/B55

PP2A/B55 activity is tightly regulated during cell cycle progression. At

mitosis entry, PP2A/B55 is repressed and is maintained inactivate until
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late in mitosis when, together with PP1, acts as a major CDK1-
antagonizing phosphatase and induces mitosis exit. In Drosophila,
PP2A/B55 inactivation at mitosis entry depends on phosphorylation by
the mitotic kinase Greatwall (Gtw)™' (MASTL in humans) that, in its
turn, is activated by CDK1 phosphorylation. Active Gtw phosphorylates
Endos (ENSA/Arpp19 in humans), which are competitive inhibitors of
PP2A/B55. At mitosis exit, CDK1 inactivation prevents Gtw activation
and, in addition, activates PP1 that dephosphorylates Gtw, reinforcing
its inactivation. As a consequence, Endos are no longer activated and
PP2A/B55 activity resumes. On the other hand, PP2A/B55
dephosphorylates Endos and reinforces Endos inactivation™®'32"37 |t
has also been proposed that PP1 may directly activate PP2A/B55 (fig
19)"*®. The molecular basis of substrate recognition by B55 is not well
understood since no SLiM has yet been identified. However, it is
known that PP2A/B55 has a strong preference for phosphor-
threonines and it has been proposed to have higher affinity for
substrates in which the phospho-residue is flanked by basic residues

with @ nonpolar aminoacid in position +2  favouring

dephosphorylation''®"%.
MITOTIC ENTRY MITOTIC EXIT
P / “\
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Figure 19. PP2A/B55 regulation during mitosis. At mitotic entry (left panel)
PP2A/B55 is repressed by a mechanism that involves active CDK1 and Gtw. At
the end of mitosis (right panel) CDK1 and Gtw kinases are inactivated and no
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longer repress PP2A/B55. Adapted from 140,
3.2.2 PP2A/B56

One of the main functions of PP2A/B56 is to maintain CDC25 inactive
until mitosis entry. CDC25 activation counteracts MPF inhibition by
WEE kinases and promotes mitosis progression. PP2A/B56 activity is
maintained to a moderate level during mitosis. In fact, PP2A/B56
localizes to the centromere and kinetochore during mitosis through the
interaction with the SAC component BubR1 and shugoshin™'. The
interaction with BubR1 is mediated by a LxxIXE motif that has been
identified as SLiM for B56'? (fig 20) and places the phosphatase at the
kinetochore where stabilizes kinetochore-microtubule
attachments'?'*_ On the other hand, shugoshin does not have this
motif. Specific B56 isoforms that bind shugoshin localize at the
centromere and prevent cleavage of centromeric cohesins''*.
PP2A/B56 acts by counteracting various kinases such as CDK1, PLK1

and Aurora B.

C direct LxxIxE )

Figure 20. Substrate recognition by PP2A/B56. The regulatory B56 subunit

recognises the SLiIM motif LxxIXE and dephosphorylates residues located

upstream. Taken from'*2,

3.3PP4

The major form of PP4 functions as heterotrimeric complex consisting
of an evolutionary conserved catalytic subunit and two types of
regulatory subunits, a structural protein (R2) and a regulatory one

(R3). The regulatory subunit R3 contains a well conserved
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Enabled/VASP homology 1 (EVH1) domain at its N-terminal that
confers specificity to different substrates and subcellular localizations.
Typical EVH1 domains bind proline rich sequence'® but several
studies propose EVH1 domain of PP4 to represent a new class of the
EVH1 family that directly bind FxxP and MxPP motifs (fig 21)""'*®. The
exitance of SMK-1, a second target-binding domain that binds its
substrates in an FxxP, MxPP independent manner, has recently been

proposed'*®.

PP4 holoenzyme

®

=

Figure 21. Substrate recognition by PP4. The regulatory R3 subunit recognises
FxxP motif and dephosphorylates residues located upstream. Taken from'’.

Importantly for mitosis, PP4 has been described to regulate
microtubule organization at centrosomes during mitosis and to

76149150 Moreover, work in

dephosphorylate BAF in human cells
Drosophila has shown that PP4 localizes at the centromere and
regulates centromere integrity. PP4 is recruited to the centromere by
direct binding of the EVH1 domain of FIfl, to the Falafel- Interacting
Motif (FIM) present in the C-terminal part of CenpC (fig 22). The
expression of a mutant form of CenpC lacking the FIM domain impairs
the centromeric localization of PP4 complex and induces CenpC re-

localization to the spindle poles during mitosis'*®'*".
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Figure 22. Recruitment of PP4 to centromeres. In Drosophila, CenpC recruit

PP4 to the centromere through the direct interaction of FIfl with the FIM of CenpC.
At the centromere PP4 regulates CenpC phosphorylation. Taken from .

3.4 PP6

PP6 works as a trimeric complex composed of a catalytic subunit, a
Sit4-associated protein domain containing subunit and an Ankyrin
repeat domain subunit. PP6 inhibits Aurora A activity at centrosomes
by dephosphorylating its T-loop. It has been recently described that
CDK1 phosphorylation of the PP6 regulatory subunit creates a docking
site for PLK1 kinase. PLK1 phosphorylation negatively regulates PP6
ensuring high levels of Aurora A activity at the correct timing during
mitosis. This complex regulation between Aurora A, PLK1 and PP6
has an impact in chromosome alignment and spindle formation

temporal regulation'?"%?,
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4. THE CENTROMERE

The centromere is the region of the chromosomes where the
kinetochore assembles during cell division creating a platform for the
correct attachment of the spindle microtubules (fig 23). This
mechanism is essential for ensuring accurate sister chromatid

segregation to the daughter cells. Defective attachment of spindle

microtubules causes segregation defects and aneuploidy, which is a
154,155

common characteristic of tumour cells

Figure 23. Visualization of the centromere at different mitosis stages. Mitotic
Salamander cells drawn by Walther Fleming (top panel) are compared to
immunofluorescence images of human cells (bottom panel) stained for
microtubules (green), CenpA (red) and DNA (blue). Left images are cells at

prometaphase-metaphase, middle images are cells at anaphase and right images

are cells at telophase. Taken from'®.

4.1 Centromere identity: CenpA

Despite centromere function is evolutionarily conserved, the molecular
organization of centromeres shows important differences across
eukaryotes (fig. 24). Some plants and nematodes like C. elegans
contain holocentric chromosomes, in which the centromere assembles
along the entire length of the chromosome. However, most eukaryotes
have monocentric chromosomes, in which the centromere assembles
at a single chromosomal locus, whose size ranges from few basepairs
(point centromeres) to megabases (regional centromeres). Point
centromeres are best studied in budding yeast, in which all

chromosomes contain a short conserved 125bp long DNA sequence
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that is sufficient for kinetochore assembly. Instead, regional
centromeres are longer and more complex. In the regional
centromeres of S. pombe and C.albicans, a central AT-rich core region
is flanked by repetitive heterochromatic DNA elements, while the
regional centromeres of higher eukaryotes are largely composed by
highly repetitive heterochromatic DNA elements. In these case, the
actual primary sequence of centromeric DNA is neither necessary not
sufficient for centromere function, as shown by the formation of
neocentromeres at ectopic non-repetitive DNA sites and the random
inactivation of one centromere in dicentric chromosomes. Instead,
regional centromeres are epigenetically specified by the presence of a
specialized chromatin organization in which the canonical histone H3
is replaced by a centromere-specific H3 variant, CenpA (also known as
CenH3)™. CenpA is required for proper centromere/kinetochore
assembly, being essential for viability in all eukaryotic species studied

to date'®"1%®

HOLOCENTROMERE C. clegans

Telomere Telomere

YYVYVYYVYYVYYYYYYYYVYYYYVYY

POINT CENTROMERE s cerevisise
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CDEI CDEN
REGIONAL CENTROMERE
C. albicans S. pombe
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DR {00 | —i—
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Drosophila

~ 420 kb
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Figure 24. Schematic representation of the different types of centromeres. In
the holocentric chromosomes of C. elegans centromeres, the centromere
assembles along the entire chromosome (upper panel). Instead, S. cerevisiae has
point centromeres, in which centromere function resides in a short 125bp long
DNA sequence composed by a central AT-rich CDEII region flanked by conserved
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CDEI and CDEIll elements (middle panel). However, most other eukaryotes (i.e.
C. albicans, S. pombe, Drosophila and H. sapiens) have large regional
centromeres enriched in repetitive heterochromatic DNA elements (lower panel).
Taken from'®

CenpA was first identified in humans and, with some remarkable
exceptions, is present in all eukaryotes regardless of whether they
have holocentromeres, point centromeres or regional centromeres'*®
CenpA contains a characteristic central histone fold domain (HFD),
which shares significant homology with that of canonical H3, flanked
by unstructured N- and C-terminal domains, which are only weakly
conserved with respect to canonical H3, as well as in CenpA of
different species (fig 25)'®. The central HFD mediates centromere
targeting of CenpA, which depends of the L1a2 region (CenpA
targeting domain (CATD)). CATD is crucial for the interaction with
specific CenpA chaperones that mediate CenpA deposition. CATD
also mediates interaction with specific E3 ligases, which regulate
CenpA expression and prevent miss-incorporation at non-centromeric
sites, and with CenpN'®" and CenpC'®? centromeric proteins. The C-
terminal domain is also essential for CenpC binding. On the other
hand, the N-terminal domain is involved in recruitment of kinetochore

proteins, such as BubR1 and the COMA complex'®°
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Figure 25. Schematic representation of the main features of canonical
histone 3 and CenH3. The CATD domain is critical for targeting CenpA to the
centromere, while the N-terminal domain is involved in recruiting kinetochore
proteins and the C-terminal domain is recruiting CenpC. Taken from'®.
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Centromeric CenpA deposition is replication independent and, in most
species, occurs in late telophase-early G1, though deposition in
metaphase has also been observed in Drosophila'®'®. CenpA
deposition requires specific chaperones, such as HJURP in humans
and Scm3 in S. pombe. HJURP interacts with CenpA through the
CATD and prevents CenpA degradation. In Drosophila, CenpA
deposition depends on the unrelated chaperone chromosome
alignment defect 1 (CAL-1)">1%¢,

In centromeric chromatin, CenpA containing nucleosomes are
interspersed with H3 containing nucleosomes and, in mitotic
chromosomes, are positioned outwards in the surface of the
centromere facing to the kinetochore, while H3 containing face
inwards. This structural organization is proposed to mediate
recruitment of kinetochore proteins and facilitate its assembly. In
addition, centromeric chromatin is flanked by pericentromeric
heterochromatin that has high density of cohesins, being critical to
maintain sister chromatid cohesion up until the metaphase to

anaphase transition (fig 26)'®".
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Figure 26. Schematic representation of 3D organization of centromeric
chromatin in mitosis. CenpA nucleosomes face outwards in the surface of the
centromere, recruit kinetochore proteins to properly assemble the kinetochore and
attach spindle microtubules. Pericentromeric chromatin provides cohesion of the

46



Introduction

sister chromatids. Taken from'®.

Centromeric chromatin is characterized by a specific pattern of post-
translational modifications. In particular, centromeric H3 containing
nucleosomes carry epigenetic modifications of transcriptionally active
chromatin, such H3K4me2 and H3K36me, and, indeed, centromeric
regions are actively transcribed by RNA polymerase |l (RNAPII). This
more open conformation of the centromeric chromatin facilitates
CenpA deposition. CenpA containing nucleosomes are also decorated
with a number of modifications, which are only poorly understood. On
the other hand, pericentromeric chromatin contains typical

156

heterochromatic marks, such H3K9me2,3 (fig 27)
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Figure 27. The centromeric chromatin. Graphic representation of the post-
translational modification of the pericentromeric and core centromere chromatin.
Taken from'®.

Moreover, non-coding transcripts originated from both centromeric
chromatin and pericentromeric heterochromatin play functional roles at
the centromere (fig 28). Centromeric transcripts have been proposed
to mediate recruitment of centromeric proteins, such as CenpC, and to
maintain higher order chromatin structures, while pericentromeric
transcripts are involved in heterochromatinization and act as boundary

between these two chromatin types'®'°.
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Figure 28. Schematic representation of centromeric RNAs and their
functions. Centromeric RNAs act as a boundary between centromeric chromatin
and pericentromeric heterochromatin, recruit and stabilize centromeric proteins,
and contribute to higher order chromatin organization . Taken from'®°.

4.2 The constitutive centromere associated network
(CCAN): CenpC

The CCAN is an interface of proteins that constitutively binds the
centromere during the whole cell cycle and links centromeric chromatin
to the outer kinetochore in mitosis (fig 29). In vertebrates, the CCAN is
composed by 16 proteins grouped in 7 functional groups based on
genetic and biochemical analysis'*®:

e CenpB

e CenpC

e CenpH/Cenpl/CenpK

e CenpL/CenpM/CenpN

e CenpO/CenpP/CenpQ/CenpR/CenpU

e CenpT/CenpW

e CenpS/CenpX
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Although the CCAN is evolutionary conserved between yeast and
vertebrates, in Drosophila and C. elegans is composed by only the
CenpC (fig 29)'"".

Drosophila kinetochore Human kinetochore
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Figure 29. The CCAN of Drosophila and human kinetochores. In the
Drosophila kinetochore, CCAN is composed only by CenpC (left), whereas in the
hum?7r11 kinetochore (right) the CCAN is composed by 16 Cenp proteins. Adapted
from'"".

CenpC is an essential centromere component that links CenpA
containing nucleosomes to the outer kinetochore protein Mis12 and
plays a crucial role in kinetochore assembly. CenpC depletion
interferes  with  kinetochore assembly causing chromosome

segregation defects and mitotic delays'*'"®

. In vertebrates, CenpC
acts upstream of other CCAN components since its N-terminal domain
has been described to be responsible for recruiting other CCAN
components, outer kinetochore proteins and checkpoint elements

during mitosis'"®'"*

. In Drosophila, CenpC deposition at centromeres
occurs in interphase, at the late S and G2, and during metaphase'®.
Centromeric localization of CenpC depends on CenpA and, in
Drosophila, centromeric localization of CenpC, CenpA and CAL-1 is
interdependent’®. CenpC dimerizes and is capable of binding DNA

and RNA. In this regard, it has been shown that specific non-coding
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RNAs mediate centromeric CenpC localization in Drosophila'’®"'">17®.

CenpC is regulated by phosphorylation. In yeast, Aurora B has been
proposed to phosphorylate CenpC at the Mis12 binding site in
erroneous kinetochore-microtubule attachments. This phosphorylation
weakens microtubule attachment and prevents chromosome
missegregation'”. In chicken and human cells, it has been described
that CenpC phosphorylation by CDK1 at the C-terminal region favours
CenpA-CenpC interaction'”®. On the other hand, in Drosophila, the FIM
domain of CenpC directly interacts with the PP4 regulatory subunit FIfl
and mediates centromeric localization of PP4. This interaction is

crucial for stabilizing CenpC at the centromere during mitosis'’.

4.3 Centromeric BAF (cenBAF)

Previous work in our group showed that, in Drosophila, a fraction of
BAF (cenBAF) associates with the centromere throughout the cell
cycle (fig. 30) and co-immunoprecipitates with CenpC %. In interphase,
BAF also localizes to heterochromatin. At mitosis entry,
phosphorylation by VRK1/NHK1 weakens BAF binding to chromatin
and the bulk of BAF is released from heterochromatin, while cenBAF
remains bound to the centromere (fig 30a). In addition, while a
phospho-mimetic BAF mutant form is not capable of binding
chromatin, a phospho-dead BAF mutant localizes at centromeres in
metaphase chromosomes, (fig 30b). These results suggest that the
fraction of cenBAF that remains at the centromere during mitosis is not
phosphorylated. How cenBAF is kept not phosphorylated during

mitosis was not known.
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Figure 30. Centromeric BAF localization. a: The patterns of immunolocalization
with aBAF antibodies (green), and aHP1a (red, upper panel) or aCenpC (red,
lower panel). DNA is stained with DAPI. The upper panel shows interphase S2
cells where BAF co-localizes at the heterochromatic regions marked by HP1a.
Scale bars correspond to 5um. The Ilower panel presents metaphase
chromosomes from S2 cells showing co-localization between BAF and CenpC at
the centromeric localization. Scale bars correspond to 2,5um. b: Immunostaining
with aFLAG antibodies (green) in metaphase chromosomes from cells transiently
expressing a phosphormimic form of BAF (FLAG::BAF* (left panel)) or a
phosphodead form of BAF (FLAG:BAF* (right panel)). Immunostaining with
aCenpC antibodies (red) is also presented. DNA is stained with DAPI. Scale bar is
5um. Adapted from *.

cenBAF is important for centromere assembly and function since BAF
depletion leads to decreases centromeric CenpA and CenpC levels,
and increases the percentage of mitoses with chromosome

segregation defects (fig 31)%.
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Figure 31. cenBAF is required for centromere assembly and function. Taken
from®. a and b Centromeric immunolocalization with aCenpA®® and aCenpC
antibodies (red) in metaphase chromosomes from control (dsRNA"*%) and BAF
depleted (dsRNAP*F) S2 cells. DNA is stained with DAPI. Scale bars correspond
to 5 um. c: Mean grey values per centromere of aCenpA®® and aCenpC
fluorescence presented in a and b. Values correspond to a representative
experiment out of five independent experiments showing equivalent results (N >
382; Kruskal-Wallis test, ****p-value < 0.0001. d: Metaphase figures from
dsRNA®* and control dsRNA"** cells. aTubulin immunostaining (blue) marks the
mitotic spindle and DNA is stained with DAPI. Arrows indicate chromosome
segregation defects. Scale bar corresponds to 5 um. e: Percentages of mitoses
showing segregation defects for dSsSRNA®*" and control dsRNA"** cells. Values are
the sum of two independent experiments showing equivalent results (N > 104;
two-tailed Fisher’s test, **p < 0.01, ****p < 0.0001).

4.4 The outer kinetochore: SAC

CCAN recruits the components of the outer kinetochore which are
known as the KMN network and is integrated by KNL1 protein, the
Mis12 complex and the Ndc80 complex. These proteins begin to be

detectable at the kinetochores at G2 and are dissociated at the end of
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mitosis. Interaction between the kinetochore and microtubules is the
main task of the KMN network (fig 32)"%'8°.
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Figure 32. Schematic representation of the main outer kinetochore
components. The outer kinetochore is composed by Mis12 complex, KNL1 and

Ndc80 complex. They bind to the centromere during mitosis and mediate spindle
156

microtubule attachment. Taken from ™.

The outer kinetochore also contains activities that sense proper
spindle attachment and regulate metaphase to anaphase progression.
APC/C activation is key to promote transition to anaphase (fig
33)'8"182 APC/C is an E3 ubiquitin ligase that targets several proteins
for proteolytic degradation. One of its substrates is securin, a protein
that inhibits separase. When APC/C is activated, securin is degraded
by the proteasome allowing separase to be active and cleave
centromeric cohesins releasing sister chromatids cohesion. Another
important APC/C target is cyclin B that when degraded leads to CDK1
inactivation. As a consequence, APC/C regulates metaphase to
anaphase transition and mitosis exit. APC/C activity is inhibited until
kinetochores are properly attached to the mitotic spindle and the SAC

is satisfied. Unattached kinetochores are marked by MPS1, a kinase
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that drives a signalling cascade leading to the recruitment of the mitotic
checkpoint effector complex (MCC) components Mad2, BubR1, Cdc20
and Bub3 to the kinetochores. Importantly, MPS1 signalling induces a
closed configuration of Mad2 that binds and sequesters the APC/C
coactivator Cdc20 (fig 33)'®. Once sister chromatids are properly
attached to opposite poles of the mitotic spindle, tension is generated
that releases MCC components, inducing a conformational change in
Mad2 to an open conformation that no longer binds Cdc20. As a

consequence, free Cdc20 activates APC/C'8""82,
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Figure 33. Schematic representation of SAC. When kinetochores are properly
attached to microtubules the SAC is satisfied and Cdc20 is able to interact and
activate the APC/C complex. APC/C targets securin and cyclinB to degradation,

promoting metaphase to anaphase transition and mitosis exit. Adapted from'®4.

54



Introduction

Besides MPS1, there are several other kinases involved in SAC
regulation. CDK1 phosphorylates kinetochore components favouring
the stabilization of proteins that inhibit the progression of SAC. Aurora
B phosphorylates the outer kinetochore protein Ndc80 at kinetochores
that are not properly attached to microtubules, leading to its de-
attachment and indirectly promoting MPS1 recruitment. As soon as
correct attachments are formed, several phosphatases are involved in
dephosphorylating kinetochore proteins to stabilize microtubule
attachment and to favour SAC progression. In this regard, PP2A/B56,
which is recruited to the kinetochore via its interaction with BubR1,
opposes MPS1 and Aurora B stabilizing microtubule-kinetochore
attachments (fig 34)%'%.
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Figure 34. Schematic representation of the role of PP2A/B56 at the
kinetochore. PP2A/B56 is recruited to the kinetochore by its interaction with

BubR1 and antagonises MPS1 and Aurora B phoshorylations to stabilize
microtubule-kinetochore attachment and promote SAC silencing. Taken from'®¢.

The SAC ensures fidelity of chromosome segregation during mitosis.
However, some chromosome segregation aberrations, such as
merotelic attachments and acentric chromosome fragments caused by
DNA breaks are not well sensed by the SAC. These defects can lead
to the generation chromatin bridges and lagging chromosomes that are

left behind from the bulk of segregating chromosomes (fig 35)"'.
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Figure 35. Chromosome segregation defects. Immunostainings of retinal
pigment epithelium cells in mitosis in which the red signal corresponds to
kinetochores stained with PICH and the green signal to DNA stained with
Hoechst. Scale bars correspond to 10um. A normal mitosis is shown in the left.
Arrows indicate lagging chromosomes (centre) and chromatin bridges (right).

It has been proposed that a chromosome segregation checkpoint
senses these problems and delays anaphase progression (fig 36)'%.
This checkpoint consists of an Aurora B phosphorylation gradient, in
which high Aurora B concentration in the midzone prevents
decondensation of the lagging chromosomes and delays NER to
favour their incorporation to the bulk of segregating chromosomes.
This Aurora B gradient may act by stabilizing cyclin B therefore
converting the Aurora B gradient into a CDK1 activity gradient. Overall,
this checkpoint co-ordinately regulates chromosome segregation,
chromatin decondensation and NER to boost the correction of

192 In addition,

segregation defects left undetectable by the SAC'-
Aurora B is also involved in the NoCut pathway, also known as
abscission checkpoint. Aurora B locally senses the presence of

chromatin bridges and inhibits abscission'*"%.
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Figure 36. The Aurora B gradient favours the reincorporation of lagging
chromosomes into the main mass of chromatin. High levels of Aurora B at the

midzone area of the cell

cause phosphorylation of substrates delaying

decondensation of the chromatin and NER to happen around the lagging
chromosome. This facilitates its reincorporation to the main mass of chromatin.

Adapted from'®.
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5. THE PERICHROMOSOMAL COMPARTMENT

Mitotic chromosomes are surrounded by a perichromosomal
comparted composed by proteins and RNA molecules, many of them
derived from the nucleoli, that coat the mitotic chromosomes (fig 37)"%°.
This perichromosomal layer plays a protective role by creating a
physical barrier that insulates chromosomes from cytoplasmic
elements and maintains chromosome structure upon NEB'¥®'¥’.
However, its actual composition and functions are not fully understood
yet. The list of components of the chromosome periphery compartment
keeps growing, but little is known about the specific contribution of
each of them. The best characterized component of the
perichromosomal layer is the nucleolar protein Ki-67'%". Although Ki-67
is found only in vertebrates, oKi-67 antibodies recognizes an antigen

found in the NE of the early Drosophila embryo'®.

DAPI Nucleolin Ki-67 MERGE1 MERGE?2

Figure 37. The perichromosomal Ilayer. Immunostainings of mitotic
chromosomes from retinal pigment epithelial cells with cACA (light blue), which
marks the centromere, aoNucleolin (red) and oKi-67 (green), which are two

components of the perichromosomal periphery of nucleolar origin. DNA is stained

with DAPI (grey). Scale bar corresponds to 1um. Taken from'®.

Ki-67 is a well-known proliferation marker used to determine the
prognostic of tumour progression®”. Structurally, it is composed by a
C-terminal domain with chromatin binding properties and a N-terminal
domain that extends out from chromatin and contains a PP1 binding
site and a forkhead-associated (FHA) domain®®'. The chromatin

assembly factor 1 (CAF-1) has been proposed to work as the Ki-67
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chaperon®?. Ki-67 binds chromatin and interacts with components of
the perichromosomal, such as pescadillo ribosomal biogenesis factor 1
(PES1), nucleolin, nucleolar protein interacting with the FHA domain of
Ki-67 (NIFK) or B23, being required for their localization®®"?*®. Ki-67 is
regulated by CDK1 phosphorylation during mitosis and cooperates
with Repo-man to recruit PP1 to the perichromosomal layer at the end
of the mitosis, where dephosphorylates Ki-67 itself and other nucleolar

proteins®®.

Ki-67 is required for establishment and maintenance of the rod shaped
structure of mitotic chromosomes, prevents fusion of chromosomes
that are in close proximity and, at the end of mitosis, contributes to
create a boundary that insulates mitotic chromatin from cytoplasmic
components®®*?%. At early mitosis, Ki-67 forms repulsive molecular
brushes that maintain chromosomes as individual entities. These
brushes collapse at the end of mitosis, favouring the clustering of

206,207

chromosomes at NER (fig 38)
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Figure 38. The role of the perichromosomal component Ki-67 in nucleo-
cytoplasmic compartmentalization during mitosis. Ki-67 (green) keeps
chromosomes (purple) as individual structures but, at the end of the mitosis, it
helps clustering of chromosomes and insulates them from cytoplasmic elements

(yellow). Taken from'2.
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Obijectives

Barrier-to-Autointegration Factor (BAF) binds chromatin and interacts
with NE LEM-d proteins, helping to anchor chromatin to the NE.
Phosphorylation regulates BAF function. At mitosis entry, VRK1/NHK1-
dependent phosphorylation releases BAF from chromatin and
weakens the interaction with LEM-d proteins, contributing to NEBD.
Later, at mitosis exit, dephosphorylation of BAF restores binding to

both chromatin and LEM-d proteins, being crucial for NER.

Work in our group showed that a fraction of BAF (cenBAF) associates
with the centromere through mitosis and, most likely, stays non-
phosphorylated during mitosis. However, the mechanisms and factors
that regulate cenBAF localization and prevent its phosphorylation are
not known. This work addresses these questions. In particular, the

specific objectives of this thesis are:

1. Analysis of the role of protein phosphate PP4 in determining

cenBAF localization and the consequences of its disruption.

2. Analysis of the pattern of BAF phosphorylation and its regulation by
protein phosphatases PP2A and PP4.
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Results

1. THE REGULATION OF cenBAF LOCALIZATION

1.1 cenBAF localization depends on PP4

Previous work in our group suggested that, in contrast to the bulk of
BAF that is phosphorylated by VRK1/NHK1 and released from
chromatin at mitosis entry, the fraction of BAF that remains associated
to the centromere during mitosis (cenBAF) was not phosphorylated®.
However, the factors and mechanisms regulating centromeric cenBAF
localization were unknown. In this regard, it was shown that, in
Drosophila, PP4 localizes at the centromere during mitosis through the
direct interaction of the regulatory FIfl subunit with CenpC'™".
Moreover, it was shown that PP4 dephosphorylates BAF in
mammalian cells’. All these observations, led us to hypothesize that

PP4 may be involved in regulating cenBAF localization during mitosis.

To test this possibility, we used an experimental approach in which
centromeric localization of PP4 is impaired. The FIM domain of CenpC
mediates direct interaction with FIfl and, thus, PP4 recruitment. In
order to impair centromeric PP4 localization, we took advantage of
Drosophila S2 cell lines stably expressing an RNAi-resistant
GFP::CenpCAFIMR form that lacks the FIM domain (fig 39a) and, as
control, a cell line expressing full length RNAi-resistant GFP::CenpCF.
We expected that RNAI depletion of endogenous CenpC would affect
FIfl recruitment to the centromere in GFP::CenpCAFIM®-expressing
cells, but not in control GFP::CenpCR-expressing cells. Indeed,
immunostaining experiments showed that, upon CenpC depletion, aFIfl
signal was reduced to undetectable levels in a large proportion of
mitosis in GFP::CenpCAFIMR-expressing cells in comparison to control

GFP::CenpCR-expressing cells (fig 39b and c).
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Figure 39. Centromeric FIfl localization is impaired in cells expressing a
CenpCAFIMR form missing the FIM domain. a: Schematic representation of the
experimental approach used in this work. We hypothesized that depletion of
endogenous CenpC in cells expressing an RNAi-resistant GFP::CenpCAFIM®
construct would impair centromeric FIfl localization and, thus, PP4 recruitment.
The FIM domain is indicated in red and endogenous CenpC is indicated in
magenta. b: Immunostainings with aFIfl antibodies (red) are presented for CenpC
depleted cells expressing the indicated constructs. GFP signals (green) are direct
fluorescence. DNA is stained with DAPI (white). Scale bars correspond to 5um. c:
Quantitative analysis of the results shown in c: The proportion of mitoses where
FIfl is detected at the centromeres is presented for control dsRNA“*** and
dsRNAC®™C cells expressing the indicated constructs. Values are the sum of 3-5
independent experiments showing equivalent results (N> 45; two-tailed Fisher's
test, p-value **<0.01).

Next, we analysed the effects of impairing centromeric PP4
recruitment on cenBAF localization. We observed that, while depletion
of endogenous CenpC in control GFP::CenpCR-expressing cells did
not affect cenBAF levels, depletion in cells expressing
GFP::CenpCAFIMR strongly reduced cenBAF (fig 40a). In addition, we
observed that immunoprecipitation with aBAF antibodies pulled-down
full length GFP::CenpCR, but not GFP::CenpCAFIMR (fig 40b).
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Figure 40. cenBAF localization is impaired in CenpCAFIMR-expressing cells.
a: In the left, aBAF staining (red) presented in cells expressing GFP::CenpCF (left)
or GFP-CenpCAFIMR (right) upon CenpC depletion (dsRNA®®"™®) and in control
(dsRNA"**) cells. GFP (green) is direct fluorescence. DNA is stained with DAPI
(white). Scale bars are 2.5um. In the right, quantification of the mean grey value of
aBAF signal per centromere is shown for control dsRNA"*** and dsRNA“*"° cells
expressing the indicated construct. Values correspond to a representative
experiment out of five independent experiments showing equivalent results (N >
48; Kruskal-Wallis test, p-value: ns > 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001). b: In the left, co-IP experiments performed with aBAF antibodies using
extracts prepared from control dsRNA™ and dsRNA®"™° cells expressing
GFP::CenpCX (left) and GFP::CenpCAFIM® (right) (lanes 4). Lanes 3 correspond
to mock IPs performed with preimmune serum. Lanes 1 and 2 correspond to 2%
and 5% of the input material, respectively. IP-materials are analysed by WB using
aCenpC and aBAF antibodies. In the right, quantitative analysis of the co-IPs is
presented. The CenpC/BAF ratio normalized with respect to the corresponding
control dsRNA"** is presented for cells expressing the indicated constructs.
Results are the average of 2 independent experiments (two-tailed t-test, p-value:
*** <0.001).
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Similar results were observed upon FIfl depletion (fig. 41). FIfl-depleted
cells showed normal total BAF levels, as judged by WB analysis (fig.
41a). However, similar to what was observed in CenpC-depleted
CenpCAFIM-expressing cells, Flfl-depleted cells showed reduced
cenBAF levels (fig 41b) and impaired CenpC co-immunoprecipitation

with aBAF antibodies (fig 41c).
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Figure 41. FIfl depletion disrupts cenBAF localization. a: In the left, the levels
of FIfl (top) and BAF (bottom) are determined by WB in total cell extracts prepared
from cells treated with dsRNA against FIfl (dsRNA™) (right) or against LacZ
(dsRNA"*%) (left). Increasing amounts of extract are analysed (lanes 1-3).
aTubulin antibodies are used for normalization. The position of MW markers (in
kDa) is indicated. In the right, quantitative analyses. The relative FIfl and BAF
levels are presented for dsRNA™ and control dsRNA"* cells. Results are the
average of 3 independent experiments (error bars are SD; two-tailed t-test, p-
value ***< 0.001). b: In the left, immunostainings with aBAF (green) and aCenpC
antibodies (red) are presented for mitotic chromosomes from dsRNA™ (right) and
control dsRNA" (left) cells. DNA was stained with DAPI. Scale bars correspond
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to 2.5um. In the right, quantitative analysis. The mean grey values per centromere
of aBAF fluorescence are shown for dssRNA™ and control dsRNA"* cells. Values
correspond to a representative experiment out of 3 independent experiment
showing equivalent results (N= 67; Kruskal-Wallis test, p-value ****< 0.0001). c: In
the left, colP experiments performed with aBAF antibodies using extracts
prepared from dsRNA™ (bottom) and control dsRNA"% (top) cells (lanes 3).
Lanes 2 correspond to mock IPs performed with preimmune serum. Lanes 1
correspond to 3% of the input material. IP-materials are analysed by WB using
aCenpC and aBAF antibodies. The position of MW markers (in kDa) is indicated.
In the right, quantitative analysis. The relative ratio of aCenpC and aBAF signals
is presented for dSRNA™ and control dsRNA"** cells. Results are the average of
2 independent experiments (two-tailed t-test, p-value > 0.05).

Altogether these results suggest that centromeric localization of
cenBAF depends on PP4/FIfl.

1.2 Impaired centromeric localization of PP4 and cenBAF
induces the accumulation of perichromosomal BAF

during mitosis

We observed that, concomitant to decreased cenBAF, CenpC
depletion in GFP:CenpCAFIMR-expressing cells induced intense
aBAF immunostaining at the perichromosomal compartment in ~50%
of the mitosis, which is infrequent when CenpC depletion is performed
in control GFP::CenpCR-expressing cells (fig 42a). However, WB
analysis shows that total BAF levels do not significantly change upon
CenpC depletion in both GFP::CenpCAFIMR-expressing cells and
control GFP::CenpCF-expressing cells (fig 42b). Similarly, FIfl depletion
also increased the percentage of mitosis with perichromosomal BAF
(fig 43). We noticed that GFP::CenpCAFIMR-expressing cells also
showed increased perichromosomal BAF in control cells treated with
dsRNA"*? though to a much lower frequency than when endogenous

CenpC is depleted (fig. 42a, graph in the right).
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Figure 42. GFP::CenpCAFIM® expressing cells show aberrant accumulation
of perichromosomal BAF during mitosis. a: In the left, immunostainings with
aBAF antibodies (red) are presented in dsSRNA®™° cells expressing the indicated
constructs. GFP signals are direct fluorescence (green). DNA is stained with DAPI
(white). Scale bars correspond to 5um. In the right, the percentages of mitoses
showing perichromosomal BAF are presented for control dsRNA“*** and
dsRNA®"™C cells expressing the indicated constructs. Values correspond to the
sum of 3-4 independent experiments showing equivalent results (N > 73; two-
tailed Fisher’s test, **p-value < 0.01, ***p-value < 0.001). b: In the left, the levels
of BAF are determined by WB with aBAF antibodies in total extracts prepared
from cells expressing GFP::CenpCR (top) and GFP::CenpCAFIM® (bottom) treated
with dsRNA"™** (left) and dsRNA®®™° (right). Increasing amounts of extract are
analysed (lanes 1 and 2). aTubulin antibodies are used for normalization. The
position of MW markers (in kDa) is indicated. In the right, quantitative anala/sis is
shown. The relative levels of BAF in cells expressing GFP::CenpC™ and
GFP::CenpCAFIMR after treatment with dsRNA"** and dsRNA“®"*® are presented.
Results are the average of 3 independent experiments (error bars are SD; two-
tailed t-test, p-value > 0.05).

72



Results

dsRNALacz dsRNAF!M

)

=1

IBAF merge

N B @
o

(% MITOSES)
o

=]

PERICHROM. BAF

dsLacZ
dsFifn

Figure 43. FLFL depletion leads to aberrant accumulation of
perichromosomal BAF during mitosis. The left panel shows patterns of
immunolocalization with aBAF (green) and aCenpC (red) antibodies for control
dsRNA"** cells and cells treated with dsRNA against FIfl (dsRNA™). DNA is
stained with DAP (white). Scale bars correspond to 5um. The right panel shows
the percentage of mitosis with perichromosomal BAF for the indicated RNAi-
treated cells. Values are the sum of 7 independent experiments showing
equivalent results (N>300; two-tailed Fisher’s test, ***p < 0.001).

As shown above, impairing centromeric PP4 localization in CenpC
depleted GFP::CenpCAFIM®-expressing cells, as well as in FIfl-
depleted cells, reduces centromeric cenBAF levels (figs. 40 and 41). In
this regard, in CenpC-depleted GFP::CenpCAFIM®-expressing cells,
we observed a positive correlation between the presence of
perichromosomal BAF and reduced cenBAF levels at the centromere
since, mitoses showing perichromosomal aBAF immunostaining have
lower cenBAF levels than mitoses without perichromosomal BAF (fig
44).
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Figure 44. Perichromosomal BAF accumulation correlates with reduced
cenBAF levels. The mean grey intensity per centromere of aBAF fluorescence
for CenpC-depleted cells expressing GFP::CenpCAFIM® showing or not showing
perichromosomal BAF accumulation. Values correspond to a representative
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experiment out of five independent experiments showing equivalent results (N >
38; Kruskal-Wallis test, ***p-value < 0.001,).

Altogether these results suggest that disturbing centromeric
localization of PP4 and cenBAF induces aberrant accumulation of BAF

in the perichromosomal compartment.

1.3 The accumulation of perichromosomal BAF depends
on PP2A

Normally, in mitosis, the bulk of BAF stays phosphorylated and free in
the mitotic cell. Phosphorylated BAF (pBAF) re-associates with
chromatin only after chromosomes start to decondense in late
anaphase/telophase, an event that marks the formation of the “core
region” and the initiation of NER. The association of BAF with
chromatin is regulated by PP2A phosphatase that, at mitotic exit,
dephosphorylates free pBAF and restores its binding to chromatin®%.
In this regard, we hypothesized the accumulation of perichromosomal
BAF depends on PP2A function. To analyse this possibility, we used
Fifl-depleted cells that, as shown above, accumulate BAF in the
perichromosomal compartment (fig 43). We observed that co-depletion
of the Drosophila PP2A catalytic subunit Microtubule star (MTS) in FIfl-
depleted cells strongly reduces perichromosomal BAF, while, on the
other hand, MTS depletion alone does not induce perichromosomal
BAF accumulation (fig 45a). The efficiency of the knockdowns was
confirmed by WB (fig 45b). Altogether, these results suggest that the
accumulation of perichromosomal BAF observed when centromeric
PP4/cenBAF  localization is impaired involves premature
dephosphorylation of free pBAF by PP2A earlier than expected in
mitosis. In this regard, we observed that perichromosomal BAF was

not recognize by a apBAF®.
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Figure 45. Perichromosomal BAF accumulation depends on PP2A: a: In the
left, increasing amounts of extracts (lanes 1 and 2) prepared from control
dsRNA"* cells and from cells treated with dsRNA against FIfl (dsRNA™), MTS
(dsRNAM™), and both FIfl and MTS (dsRNA™™M™S) are analysed by WB using aFlfl
and oMTS antibodies. aTubulin antibodies were used for loading control. The
position of MW markers (in kDa) is indicated. In the right, quantitative analysis of
the results. The relative FIfl and MTS levels are presented for the indicated RNAi-
treated cells. Results are the average of 3 independent experiments (error bars
are SD; two-tailed t-test,”** p-value < 0.0001). b: In the top, the patterns of
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immunolocalization with oBAF (green) and aCenpC (red) antibodies are
presented for control dsRNA" cells and cells treated with dsRNA against FIfl
(dsRNA™™, MTS (dsRNAY™), and both FIfl and MTS (dsRNAT™MTS) DNA is
stained with DAPI. Scale bars correspond to 5um. In the bottom, the percentages
of mitoses showing perichromosomal BAF are presented for the indicated RNAI-
treated cells. Depletion is carried out for 3 or 6 days as indicated. Values are the
sum of 5-9 independent experiments showing equivalent results (N > 165; two-
tailed Fisher’s test, ****p-value < 0.0001).

1.4 Constitutive targeting of BAF to centromeres
stabilizes PP4 at centromeres and prevents

perichromosomal BAF accumulation

Next, we analysed the effect of constitutive targeting of BAF to the
centromere. For this purpose, we obtained cell lines expressing a
GBP::FLAG::BAF construct together with GFP::CenpCAFIM® truncated
form. We hypothesized that GBP::FLAG::BAF would be tethered to
centromeres by specifically recognizing the GFP-moiety of
GFP::CenpCAFIMR construct via the GFP-binding protein (GBP) (fig
46a). Immunostaining with oFLAG antibodies confirmed targeting of
GBP::FLAG::BAF to the centromere in both  control
GFP::CenpCAFIMR-expressing cells treated with dsRNA"** and upon
depletion of endogenous CenpC (fig 46b).
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Figure 46. Constitutive targeting of BAF to centromeres. a: Schematic
representation of the experimental approach used. Expression of
GBP::FLAG::BAF in GFP::CenpCAFIMR-expressing cells will constitutively target
BAF to centromeres via the recognition of the GFP moiety of GFP::CenpCAFIM®
by the GBP domain of GBP::FLAG::BAF. The absence of the FIM domain is
indicated in white. Endogenous CenpC is also indicated in magenta. b:
Immunostainings with oFLAG antibodies (red) are presented for mitotic
chromosomes from dsRNA®®™° (right) and control dsRNA“* (left) cells
expressing GFP::CenpCAFIM® and GBP::FLAG::BAF. GFP signals are direct
fluorescence (green). DNA is stained with DAPI (white). Scale bars correspond to
Sum.

To assess possible side effects of the expression of GBP::FLAG::BAF,
we analysed its expression in control GFP::CenpCR-expressing cells.
We observed that expression of GBP::FLAG::BAF in GFP: