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ix 
  

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. 
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-to-

Autointegration Factor (BAF). BAF és una proteïna de la membrana 

reassemblatge de la MN al final de la mitosi. BAF ha estat descrit per 

primer cop en el nostre grup com una nova proteïna centromèrica 

(cenBAF) a Drosophila. La localització de BAF durant el cicle cel·lular 

mitosi BAF és fosforilat per la kinasa VRK1/NHK1 perdent la seva 

afinitat per unir cromatina i la MN. Aquesta situació 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 centròmer 

per  CenpC. Al seu torn cenBAF estabilitza la localització de CenpC i 

PP4 al centròmer formant un entramat centromèric responsable de 

de 

PP2A sobre phosphoBAF (pBAF) soluble, observant-se com a resultat 

una acumulació de BAF defosforilat envoltant els cromosomes a 

metafase i com conseqüència,  provocant la formació de micronuclis i 

alteracions en la morfologia nuclear. També hem identificat T4 i S5 

com els principals residus implicats en la fosforegulació de BAF a 

Drosophila i hem estudiat la contribució de PP4 i PP2A sobre la 

defosforilació de BAF.  
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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 

cells1 (fig 1). 

Alteration of the checkpoints leads to deregulated CDK activation, 

which promotes uncontrolled cell division and the accumulation of 
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mutations that eventually may cause genomic and chromosomal 

instability, a characteristic feature of cancer cells2. 

 

 
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 cells3,4. 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)5,6.  

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 cell7. 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)8.  

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 signals8. 
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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). 

 

 

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 weight9. 

 
Figure 4. An NPC overview. Schematic representation of the NPC structure. 
NUP proteins composing each structural part of the NPC are indicated. Taken 
from10. 
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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 E -catenin and MAN1 

regulates TGF-

Smads. LEM-d proteins have differential expression depending on the 

tissue and their loss causes specific defects11,12. 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 disorders13 15.   

LEM-d proteins are classified in three groups (Table 1). Group I 

proteins (Emerin, LAP2  and LEMD1) have a single transmembrane 

domain and a long N-terminal region facing the nucleoplasm that 

contains the LEM-domain. Group II 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 III (LAP2 , 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 from11.  

 

Drosophila expresses 4 LEM-d proteins (table 1)12. Otefin and 

Bocksbeutel are group I proteins and they are homologous to human 

Emerin17. Otefin is highly expressed in embryos and in first-instar 

larvae and it is crucial for stem cell homeostasis in the female 

germline18. 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 
19. dMAN1 and dLEM3 are the group II and III LEM-d proteins 

of Drosophila, respectively. dMAN1 is involved in the regulation of the 

TGF- mediated patterning 

along the embryonic dorsoventral axis20,21. Finally dLEM3 is the single 

protein composing group III LEM-d protein of Drosophila. 
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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 from16. 

 

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, genome stability and cell 

differentiation22.  

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 cells23.  

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 network22 24.  

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 expression25. Nuclear lamina changes 

are related with aging and senescence26. 
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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 25. 

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 NE27.  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 

old26,28. 
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Table 2. Laminopathies. The mutated genes and affected tissues are presented. 
Adapted from 29. 

 

2.1.4 BAF 

Barrier-to-Autointegration Factor (BAF) is named after its ability to 

prevent autointegration of the Moloney Murine Leukaemia Virus 

(MoMLV)30,31. 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 complexes32,33. 

BAF has also been reported to be a component of PICs derived from 

HIV-1 infected cells34,35. 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 DNA36,37. 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 mitosis38.  

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 leukocytes39. 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 BAF40. BAF localization 

is highly dynamic, changing during cell cycle progression, which is 

important for BAF function and varies depending on the cell type41. 

BAF localization is regulated by phosphorylation and the interaction 

with specific partners42. 

 
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 from43. 
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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 studied44,45. 

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 

mitosis46, 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 

cells47. 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 complexes48. In addition, BAF is also 

involved in chromatin remodelling. BAF overexpression reduces global 

histone H3 acetylation and alters different histone marks49,50. 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 

chromatin modifiers/remodellers49,50. BAF also interacts with factors 

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 activity51. 

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 germline52. 



Introduction 

 17   
   

Protein group Protein Function References 

 

LEM-d 
proteins 

Emerin Mitosis, inner NE 
component, transcriptional 
regulation. 

46,53 57 

LAP2 Mitosis, inner NE 
component, transcriptional 
regulation. 

58 61 

Man1 Inner NE component. 62 

LEMD2 Inner NE component, DNA 
damage repair. 

63 

Ankl1/ 

LEM3 

DNA damage repair, 
resolution of chromatin 
bridges. 

64 

Ankle2/ 

LEM4 

Recruits PP2A for BAF 
phosphorylation. 

65 

Nemp1 Inner NE component, neural 
development. 

66 

 

Lamins 

Lamin A Mitosis, NE structural 
component, cell signalling. 

55,56,67 

Prelamin A Precursor form of lamin A. 68,69 

Progerin  Truncated and permanently 
farnesylated form of lamin 
A. 

69 

 

Histones 

H1.1 Linker histone. 50 

H3 Core histone. 50,67 

H4 Core histone. 49 

 

Transcription 

EFF-1 Somatic cell fusion in C. 
elegans. 

70 

P15/SUB1/PC4 Chromatin remodelling, 67 
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regulators transcription, DNA repair. 

Requiem Transcription factor in 
myeloid cells, apoptosis. 

67 

Crx Organ morphogenesis 47,71 

Sox2 Embryonic stem cell 
differentiation. 

72 

Oct4 Embryonic stem cell 
differentiation. 

72 

Nanog Embryonic stem cell 
differentiation. 

72 

 

DNA damage 
repair 
proteins 

PARP1 DNA repair, chromatin 
structure and remodelling, 
transcription. 

51,67 

DDB1, DDB2 DNA repair, protein 
degradation. 

67 

CUL4 Protein ubiquitination. 67 

 

Kinases 

Vaccinia 
related kinases 

Ser-Thr kinases, mitosis, 
protein phosphorylation.  

73 75 

B1 Vaccinia kinase for viral 
DNA replication. 

36,42,73 

 

Phosphatases 

PP2A Ser-Thr phosphatase, 
mitosis, protein 
phosphorylation. 

65 

PP4 Ser-Thr phosphatase, 
mitosis, protein 
phosphorylation. 

76 

Others BAF-L Regulator of BAF DNA 
binding 

52 

Table 3. List of BAF interactors. Adapted from 77 and 38. 
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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)78. This hydrophobic pocket is the 

binding site of LEM-domain proteins45,53,79.  

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)80. 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 mechanism78,80,81. 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 fragmentation82.  

 
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 from53. 
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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 spam83. Fibroblasts from Néstor-Guillermo patients exhibit 

nuclear lamina abnormalities that are rescued by the ectopic 

expression of a wild type BAF84. This mutation impairs binding of BAF 

to DNA and lamins45,85, 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 patients51. Overexpression of BAF has also been observed 

in certain oesophageal, gastric and breast cancers, correlating with 

malignancy, metastasis and poor prognosis86 88. However, the link 

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 NE89,90. BAF is also essential for karyosome 

formation in the female germline91. Finally, work in our group identified 

BAF as a new centromere associated protein in Drosophila92. 
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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 mad

heterodimers bound by microtubule associated proteins (MAPs) that 

regulate their dynamics5.  

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 material93,94. Semi-closed 

mitosis has also been observed in Metazoan, such as during early 

embryogenesis in Drosophila and in Caenorhabditis elegans early 

embryos95,96.  

 

 
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. c and d: Semi-closed mitoses, in 
which the NEBD is only partial. Taken from 6. 
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2.2.1 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 permeability97 99. 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)100. 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)101. 
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Figure 10. NEB. a: 
The green signal corresponds to GFP-

b: Schematic representation of the events that 
trigger NEBD at the entry of mitosis. Taken from6. 

 

 
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: 
The green signal corresponds to GFP-

b: Schematic representation of the events that 
lead to NER. Taken from6. 

 

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 BAF102. Membrane recruitment is 

coordinated with NPCs assembly. Upon NEBD, NUPs are 

phosphorylated and associate with importin-  

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-

dephosphorylated by yet uncharacterized protein phosphatases103. At 

this stage, two regions can be identified in the reassembling NE that 
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regions are adjacent to the spindle and merin 

and A-type lamins, but they are poor on NPCs. Instead, peripheral 

-  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)56,58. 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 fission104.  

 
Figure 12. non-core formed during NER. 

Emerin (green) and 
-  respectively. The 

-
regions indicating their main components. Taken from103. 

 

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 



Introduction 

 27   
   

the N-terminal domain (fig 7)73. 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 defects42,73 75,105. 

 

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 from106. 

 

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 

has been proposed to nucleate the recruitment of LEM-d proteins and 

A-type lamins (fig 14)46,56,107. 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)65,108. Along the same lines, in Drosophila 

cells, PP2A/B55 also mediates dephosphorylation of BAF and lamins 

and its depletion delays NER109. 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 defects76. 

 
Figure 14. The contribution of BAF to NER. At the end of mitosis, BAF is 

regions 
during NER. Taken from56. 

 

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)82.  
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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 from82.   

 
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)110.  

 
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 from110. 
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2.2.4  Micronuclei 

Micronuclei (MN) are small nucleus-like structures (1-

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)111,112. 
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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 from111. 

 
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 degraded111. MN are 

-

proteins and, as such, they are deficient in DNA replication and repair, 

and accumulate DNA damage. As a result, MN are prone to 

chromotripsis113, 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 conditions114 116. 
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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 CDK1 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/Ccdc20 complex 
Involved in localization of Aurora B and PLK to the 
mitotic spindle 
Main inhibitor of PP1 and PP2A/B55 

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/Ccdc20 complex 
Control of chromosome segregation 
Cytokinesis 

Polo like kinase 
(PLK) 

Centrosome activation 
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)117.  

 
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 118. 

 

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 

kinases106. 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 place106,119,120. Table 5 

summarizes the main mitotic phosphatases in Drosophila. 

Gene name Gene family 
and subunit 

type 

Human 
orthologues 

Defects observed in 
mitosis when performing 

a knockdown or in 
Drosophila mutants 

Pp1-87B 

 

PP1 catalytic PP1CA 

 

Cells accumulating at 
prometaphase and failure in 
chromosome segregation 

flw (flag 
wing) 

PP1 catalytic PP1CB Chromosome segregation 
defects 

mts 
(microtubule 

star) 

PP2A 
catalytic 

 

 

PP2CB 

 

Cells are arrested at 
prometaphase and a small 
number of cells making it to 
telophase contain aberrant 
phosphorylated H3 levels 
on decondensed 
chromosomes 

PP2A-29B PP2A 
regulatory 

PP2A/A Instability of the catalytic 
subunit 

wdb 
(widerborst) 

PP2A 
regulatory 

 

PP2A/B56 

 

Cells with abnormal 
chromatin dispersion 
throughout the spindle and 
alterations in sister 
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 Table 5. Main phosphatases involved in mitosis exit in Drosophila 
Melanogaster. Taken from121. 

 

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 

cytokinesis122 125.   

 
chromatid cohesion 

tws/aar 
(twins/abno

rmal 
anaphase 
resolution) 

PP2A 
regulatory 

 

PP2A/B55 Cells arrested at anaphase 
showing high amounts of 
lagging chromosomes and 
chromosome bridges 

Pp4-19C PP4 catalytic PP4C Aberrant centrosome 
maturation 

PP4R2r PP4 
regulatory 

PP4R2 Aberrant centrosome 
maturation 

Flfl (falafel) PP4 
regulatory 

PP4R3B Problems with the 
centromere assembly 

PPV PP6 PP6C Cells accumulating at 
prometaphase 

PpD3 

 

PP5 

 

PP5C Increased frequency of 
cells with aberrant number 
of centrosomes 
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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 SLiM126. 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 interaction127. 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 

activity128. 

3.2 PP2A 

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 

-

-type subunits, of which B55 

and B56 are the B-subunits of the two main mitotic PP2A 

complexes129.  

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)121,130.  

 

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)131 (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 inactivation120,132 137. It 

has also been proposed that PP1 may directly activate PP2A/B55 (fig 

19)138.  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 a nonpolar aminoacid in position +2 favouring 

dephosphorylation119,139.  

 
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 shugoshin141. The 

interaction with BubR1 is mediated by a LxxIxE motif that has been 

identified as SLiM for B56142 (fig 20) and places the phosphatase at the 

kinetochore where stabilizes kinetochore-microtubule 

attachments143,144. 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 cohesins141,145. 

PP2A/B56 acts by counteracting various kinases such as CDK1, PLK1 

and Aurora B.  

 
Figure 20. Substrate recognition by PP2A/B56. The regulatory B56 subunit 
recognises the SLiM motif LxxIxE and dephosphorylates residues located 
upstream. Taken from142. 

 

3.3 PP4 

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 sequence146 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)147,148. The 

exitance of SMK-1, a second target-binding domain that binds its 

substrates in an FxxP, MxPP independent manner, has recently been 

proposed148.  

 
Figure 21. Substrate recognition by PP4. The regulatory R3 subunit recognises 
FxxP motif and dephosphorylates residues located upstream. Taken from147. 

 

 

Importantly for mitosis, PP4 has been described to regulate 

microtubule organization at centrosomes during mitosis and to 

dephosphorylate BAF in human cells76,149,150. Moreover, work in 

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 Flfl, 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 mitosis148,151.  
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Figure 22. Recruitment of PP4 to centromeres. In Drosophila, CenpC recruit 
PP4 to the centromere through the direct interaction of Flfl with the FIM of CenpC. 
At the centromere PP4 regulates CenpC phosphorylation. Taken from 151. 

 

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 regulation152,153. 
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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 

common characteristic of tumour cells154,155. 

 
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 from156. 

 
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)156. CenpA is required for proper centromere/kinetochore 

assembly, being essential for viability in all eukaryotic species studied 

to date157,158. 

 
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 CDEIII 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 from159. 

 

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 centromeres158. 

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)160. The central HFD mediates centromere 

targeting of CenpA, which depends of the L1 2 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 CenpN161 and CenpC162 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 complex160. 

 

 
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 from160. 
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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 Drosophila163,164. 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)165,166.  

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)167.  

 
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 
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sister chromatids. Taken from168. 

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 II (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 

heterochromatic marks, such H3K9me2,3 (fig 27)156.   

 

 
Figure 27. The centromeric chromatin. Graphic representation of the post-
translational modification of the pericentromeric and core centromere chromatin. 
Taken from156. 

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 types169,170. 
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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 from169. 

 

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 analysis156:  

 CenpB 

 CenpC 

 CenpH/CenpI/CenpK 

 CenpL/CenpM/CenpN 

 CenpO/CenpP/CenpQ/CenpR/CenpU 

 CenpT/CenpW  

 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)171. 

 

 
Figure 29. The CCAN of Drosophila and human kinetochores. In the 
Drosophila kinetochore, CCAN is composed only by CenpC (left), whereas in the 
human kinetochore (right) the CCAN is composed by 16 Cenp proteins. Adapted 
from171. 

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 delays172,173. 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 mitosis173,174. In Drosophila, CenpC deposition at centromeres 

occurs in interphase, at the late S and G2, and during metaphase163. 

Centromeric localization of CenpC depends on CenpA and, in 

Drosophila, centromeric localization of CenpC, CenpA and CAL-1 is 

interdependent163. 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 Drosophila170,175,176.  

 

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 

missegregation177. In chicken and human cells, it has been described 

that CenpC phosphorylation by CDK1 at the C-terminal region favours 

CenpA-CenpC interaction178. On the other hand, in Drosophila, the FIM 

domain of CenpC directly interacts with the PP4 regulatory subunit Flfl 

and mediates centromeric localization of PP4. This interaction is 

crucial for stabilizing CenpC at the centromere during mitosis151.   

 

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 92. 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 BAF antibodies (green), and HP1a (red, upper panel) or CenpC (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 5 m. The lower panel presents metaphase 
chromosomes from S2 cells showing co-localization between BAF and CenpC at 
the centromeric localization. Scale bars correspond to 2,5 m. b: Immunostaining 
with FLAG antibodies (green) in metaphase chromosomes from cells transiently 
expressing a phosphormimic form of BAF (FLAG::BAF3E (left panel)) or a 
phosphodead form of BAF (FLAG::BAF3A (right panel)). Immunostaining with 

CenpC antibodies (red) is also presented. DNA is stained with DAPI. Scale bar is 
5 m. Adapted from 92. 

 

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)92. 

 

  



Introduction 

 52   
   

 

Figure 31. cenBAF is required for centromere assembly and function. Taken 
from92. a and b CID C 
antibodies (red) in metaphase chromosomes from control (dsRNALacZ) and BAF 
depleted (dsRNABAF) S2 cells. DNA is stained with DAPI. Scale bars correspond 

c: CID 
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 
dsRNABAF and control dsRNALacZ ostaining (blue) marks the 
mitotic spindle and DNA is stained with DAPI. Arrows indicate chromosome 

e: Percentages of mitoses 
showing segregation defects for dsRNABAF and control dsRNALacZ cells. Values are 
the sum of two independent experiments showing equivalent results (N > 104; 
two-  

 

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)179,180.  

 
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 
microtubule attachment. Taken from156. 

 

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)181,182. 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)183. 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/C181,182.  

 
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 from184. 



Introduction 

 55   
   

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)6,185.   

 
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 from186. 

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)187. 
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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 10 m. 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)188. 

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 

segregation defects left undetectable by the SAC189 192. In addition, 

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 abscission193,194. 
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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 from190. 
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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)195. 

This perichromosomal layer plays a protective role by creating a 

physical barrier that insulates chromosomes from cytoplasmic 

elements and maintains chromosome structure upon NEB196,197. 

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-67197. Although Ki-67 

is found only in vertebrates, Ki-67 antibodies recognizes an antigen 

found in the NE of the early Drosophila embryo198. 

 
Figure 37. The perichromosomal layer. Immunostainings of mitotic 
chromosomes from retinal pigment epithelial cells with ACA (light blue), which 
marks the centromere, Nucleolin (red) and Ki-67 (green), which are two 
components of the perichromosomal periphery of nucleolar origin. DNA is stained 
with DAPI (grey). Scale bar corresponds to 1 m. Taken from199. 

 

Ki-67 is a well-known proliferation marker used to determine the 

prognostic of tumour progression200. 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) domain201. The chromatin 

assembly factor 1 (CAF-1) has been proposed to work as the Ki-67 
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chaperon202. 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 localization201,203. 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 

proteins203.  

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 

components204,205. 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 

chromosomes at NER (fig 38)206,207. 

 

 
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 from132. 
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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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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 phosphorylated92. 

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 Flfl subunit with CenpC151. 

Moreover, it was shown that PP4 dephosphorylates BAF in 

mammalian cells76. 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 Flfl and, thus, PP4 recruitment. In 

order to impair centromeric PP4 localization, we took advantage of 

Drosophila S2 cell lines stably expressing an RNAi-resistant 
R form that lacks the FIM domain (fig 39a) and, as 

control, a cell line expressing full length RNAi-resistant GFP::CenpCR. 

We expected that RNAi depletion of endogenous CenpC would affect 
R-expressing 

cells, but not in control GFP::CenpCR-expressing cells. Indeed, 

immunostaining experiments showed that, upon CenpC depletion, Flfl 

signal was reduced to undetectable levels in a large proportion of 
R-expressing cells in comparison to control 

GFP::CenpCR-expressing cells (fig 39b and c).  
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Figure 39. Centromeric Flfl localization is impaired in cells expressing a 
R 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- R 
construct would impair centromeric Flfl localization and, thus, PP4 recruitment. 
The FIM domain is indicated in red and endogenous CenpC is indicated in 
magenta. b:  Immunostainings with Flfl 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 5µm. c: 
Quantitative analysis of the results shown in c: The proportion of mitoses where 
Flfl is detected at the centromeres is presented for control dsRNALacZ and 
dsRNACenpC cells expressing the indicated constructs. Values are the sum of 3-5 
independent experiments showing equivalent results (N> 45; two-tai
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 
R strongly reduced cenBAF (fig 40a). In addition, we 

observed that immunoprecipitation with BAF antibodies pulled-down 

full length GFP::CenpCR R (fig 40b).  
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Figure 40. R-expressing cells. 
a: R (left) 
or GFP- R (right) upon CenpC depletion (dsRNACenpC) and in control 
(dsRNALacZ) cells. GFP (green) is direct fluorescence. DNA is stained with DAPI 

LacZ and dsRNACenpC 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- BAF antibodies using 
extracts prepared from control dsRNALacZ and dsRNACenpC cells expressing 
GFP::CenpCR R (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 

sis of the co-IPs is 
presented. The CenpC/BAF ratio normalized with respect to the corresponding 
control dsRNALacZ 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 Flfl depletion (fig. 41). Flfl-depleted 

cells showed normal total BAF levels, as judged by WB analysis (fig. 

41a). However, similar to what was observed in CenpC-depleted 

-expressing cells, Flfl-depleted cells showed reduced 

cenBAF levels (fig 41b) and impaired CenpC co-immunoprecipitation 

with BAF antibodies (fig 41c). 

 
Figure 41. Flfl depletion disrupts cenBAF localization. a: In the left, the levels 
of Flfl (top) and BAF (bottom) are determined by WB in total cell extracts prepared 
from cells treated with dsRNA against Flfl (dsRNAFlfl) (right) or against LacZ 
(dsRNALacZ) (left). Increasing amounts of extract are analysed (lanes 1-3). 

alization. The position of MW markers (in 
kDa) is indicated. In the right, quantitative analyses. The relative Flfl and BAF 
levels are presented for dsRNAFlfl and control dsRNALacZ 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, 
antibodies (red) are presented for mitotic chromosomes from dsRNAFlfl (right) and 
control dsRNALacZ (left) cells. DNA was stained with DAPI. Scale bars correspond 



Results 

 71   
   

to 2.5µm. In the right, quantitative analysis. The mean grey values per centromere 
Flfl and control dsRNALacZ 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, 
prepared from dsRNAFlfl (bottom) and control dsRNALacZ (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 

In the right, quantitative analysis. The relative rati
is presented for dsRNAFlfl and control dsRNALacZ 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/Flfl. 

 

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 
R-expressing cells induced intense 

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 
R-expressing cells and 

control GFP::CenpCR-expressing cells (fig 42b). Similarly, Flfl depletion 

also increased the percentage of mitosis with perichromosomal BAF 
R-expressing cells also 

showed increased perichromosomal BAF in control cells treated with 

dsRNALacz, though to a much lower frequency than when endogenous 

CenpC is depleted (fig. 42a, graph in the right). 

 



Results 

 72   
   

 
Figure 42. R expressing cells show aberrant accumulation 
of perichromosomal BAF during mitosis. a: In the left, immunostainings with 

CenpC cells expressing the indicated 
constructs. GFP signals are direct fluorescence (green). DNA is stained with DAPI 

showing perichromosomal BAF are presented for control dsRNALacZ and 
dsRNACenpC cells expressing the indicated constructs. Values correspond to the 
sum of 3-4 independent experiments showing equivalent results (N > 73; two-

-value < 0.01, ***p-value < 0.001). b: In the left, the levels 
of BAF are determined by WB with BAF antibodies in total extracts prepared 
from cells expressing GFP::CenpCR R (bottom) treated 
with dsRNALacZ (left) and dsRNACenpC (right). Increasing amounts of extract are 
analysed (lanes 1 and 2). Tubulin antibodies are used for normalization. The 
position of MW markers (in kDa) is indicated. In the right, quantitative analysis is 
shown. The relative levels of BAF in cells expressing GFP::CenpCR and 

R after treatment with dsRNALacZ and dsRNACenpC are presented. 
Results are the average of 3 independent experiments (error bars are SD; two-
tailed t-test, p-value > 0.05). 
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Figure 43. FLFL depletion leads to aberrant accumulation of 
perichromosomal BAF during mitosis. The left panel shows patterns of 

dsRNALacZ cells and cells treated with dsRNA against Flfl (dsRNAFlfl). DNA is 
 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- p < 0.001). 

As shown above, impairing centromeric PP4 localization in CenpC 
R-expressing cells, as well as in Flfl-

depleted cells, reduces centromeric cenBAF levels (figs. 40 and 41). In 

this regard, in CenpC- R-expressing cells, 

we observed a positive correlation between the presence of 

perichromosomal BAF and reduced cenBAF levels at the centromere 

lower cenBAF levels than mitoses without perichromosomal BAF (fig 

44).  

 
Figure 44. Perichromosomal BAF accumulation correlates with reduced 
cenBAF levels. 
for CenpC- R 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 

chromatin is regulated by PP2A phosphatase that, at mitotic exit, 

dephosphorylates free pBAF and restores its binding to chromatin65,109. 

In this regard, we hypothesized the accumulation of perichromosomal 

BAF depends on PP2A function. To analyse this possibility, we used 

Flfl-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 Flfl-

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 pBAF92. 
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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 
dsRNALacZ cells and from cells treated with dsRNA against Flfl (dsRNAFlfl), MTS 
(dsRNAMTS), and both Flfl and MTS (dsRNAFlfl+MTS) are analysed by WB using Flfl 
and MTS antibodies. Tubulin 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 Flfl 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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presented for control dsRNALacZ cells and cells treated with dsRNA against Flfl 
(dsRNAFlfl), MTS (dsRNAMTS), and both Flfl and MTS (dsRNAFlfl+MTS). DNA is 

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-

-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 R truncated 

form. We hypothesized that GBP::FLAG::BAF would be tethered to 

centromeres by specifically recognizing the GFP-moiety of 
R construct via the GFP-binding protein (GBP) (fig 

46a). Immunostaining with FLAG antibodies confirmed targeting of 

GBP::FLAG::BAF to the centromere in both control 
R-expressing cells treated with dsRNALacZ 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 

R-expressing cells will constitutively target 
BAF to centromeres via the recognition of the GFP moiet R 
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 FLAG antibodies (red) are presented for mitotic 
chromosomes from dsRNACenpC (right) and control dsRNALacZ (left) cells 

R and GBP::FLAG::BAF. GFP signals are direct 
fluorescence (green). DNA is stained with DAPI (white). Scale bars correspond to 
5µm. 

 

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::CenpCR-

expressing cells did not significantly affect centromeric CenpACID levels 

(fig. 47a) or increase the frequency of segregation defects (fig. 47b), 

suggesting that centromere integrity and function was not affected. 

Similarly, expression of GBP:FLAG::BAF in GFP::CenpCR-expressing 

cells did not affect NE morphology, as determined by immunostaining 

with LaminB antibodies (fig 47c). 
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Figure 47. Expression of GBP::FLAG::BAF in control GFP::CenpCR-
expressing cells. a: In the left, immunostainings with FLAG (red) and 

CenpACID (magenta) antibodies are presented for mitotic chromosomes from 
GFP::CenpCR cells expressing GBP::FLAG::BAF (bottom) or not (top). GFP signal 
is direct fluorescence (green). DNA was stained with DAPI (white). Scale bar 
corresponds to 5µm. In the right, quantitative analysis of the results. The mean 
grey values per centromere of CenpACID fluorescence are shown for 
GFP::CenpCR cells expressing GBP::FLAG::BAF or not (N>451). b: In the left, 
metaphase figures from GFP::CenpCR cells expressing GBP::FLAG::BAF 
(bottom) or not (top). Immunostainings with FLAG (green) and Tubulin 
(magenta) antibodies are shown. GFP signal is direct fluorescence (green). DNA 
is stained with DAPI (white). Scale bar corresponds to 5µm. In the right, 
quantitative analysis of the results. The percentage of segregation defects are 
presented for GFP::CenpCR cells expressing GBP::FLAG::BAF or not (N>18). c: 
In the left, immunostainings with LaminB antibodies (red) and FLAG (magenta) 
antibodies are presented for GFP::CenpCR cells expressing GBP::FLAG::BAF 
(right) or not (left). GFP signal (green) is direct fluorescence. DNA is stained with 
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DAPI (white). Scale bar corresponds to 5µm. In the right, quantitative analysis of 
the results. The percentage of cells showing altered NE morphology is presented 
for GFP::CenpCR cells expressing GBP::FLAG::BAF or not ( N>111). 
 

Interestingly, we observed that targeting GBP::FLAG::BAF to 

centromeres in CenpC- R-expressing cells 

rescued centromeric localization of Flfl (figs. 48a and 48b) without 

affecting the efficiency of depletion of endogenous CenpC (fig 48c). 

These results suggest that constitutive targeting of BAF to 

centromeres stabilizes centromeric PP4 independently of the 

interaction with CenpC. 

 
Figure 48. Constitutive targeting of GBP:FLAG::BAF to centromeres in 
CenpC- R-expressing cells rescues centromeric 
Flfl localization. a: Immunostainings with Flfl antibodies (red) are presented for 
CenpC-depleted cells expressing the indicated constructs. GFP signals (green) 
are direct fluorescence. DNA was stained with DAPI (white). Scale bars 
correspond to 5µm. b: Quantitative analysis of the results shown in a. The 
proportion of mitoses where Flfl is detected at the centromeres is presented for 
control dsRNALacZ and dsRNACenpC cells expressing the indicated constructs. 
Values are the sum of 3-5 independent experiments showing equivalent results 
(N> 45; two- -value **<0.01). c: WB analysis with CenpC 
antibodies of increasing amounts of extracts (lanes 1 and 2) prepared from control 
dsRNALacZ and dsRNACenpC cells expressing the indicated constructs. The 

R form are indicated. 
The position of MW markers (in kDa) is indicated. 
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Importantly, we observed that expression of GBP::FLAG::BAF in 

R-expressing rescued the accumulation of 

perichromosomal BAF observed upon CenpC depletion (fig. 49). We 

noticed that expression of GBP::FLAG::BAF also reduced the 

accumulation of perichromosomal BAF observed in control cells 

treated with dsRNALacZ (fig 49). 

 

 
Figure 49. cenBAF prevents the accumulation of perichromosomal BAF in 
mitosis. a: Immunostainings with Flfl antibodies (red) are presented for CenpC-
depleted cells expressing the indicated constructs. GFP signals (green) are direct 
fluorescence. DNA was stained with DAPI (white). Scale bars correspond to 5µm. 
b: Quantitative analysis of the results shown in a. Percentages of mitoses 
showing perichromosomal BAF are presented for control dsRNALacZ and 
dsRNACenpC cells expressing the indicated constructs. Values correspond to the 
sum of 3-4 independent experiments showing equivalent results (N > 73; two-
tailed  

 

 



Results 

 81   
   

1.5 Disrupting centromeric cenBAF/PP4 localization 

alters NE morphology 

We observed that impairing centromeric cenBAF/PP4 localization 

alters nuclear morphology since, in comparison to control 

GFP::CenpCR-expressing cells, CenpC- R-

expressing cells showed an increased frequency of NE morphology 

defects, as determined by immunostaining with LaminB antibodies 

(figs 50a and b). These defects ranged from nuclear budding and the 

formation of micronuclei, to multinucleated cells and cells with 

enlarged nucleus of irregular NE (fig 50c). Notably, these defects were 

significantly rescued when BAF was constitutively targeted to 

centromeres in cells expressing GBP::FLAG::BAF (figs 51a and 51b), 

suggesting that they are a direct consequence of the disruption of 

cenBAF/PP4 localization at the centromere. 

 
Figure 50. R expressing cells show altered nuclear 
morphology. a: ta) of control 
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dsRNALacZ and CenpC-depleted dsRNACenpC cells expressing the indicated 
b: Quantitative analysis of the results 

shown in a. The percentage of cells showing altered nuclear morphology is 
presented for control dsRNALacZ and dsRNACenpC cells expressing the indicated 
constructs. Values are the sum of 3 4 independent experiments showing 
equivalent results (N > 334; two-tailed Fishe -value < 0.001, ****p-
value < 0.0001). c: 
(magenta) of dsRNACenpC cells (images 3 7) and control dsRNALacZ cells (images 

R. GFP signals are direct fluorescence. 
 

 
In this regard, live cell imaging experiments performed in our group 

R-

expressing cells increased the overall duration of mitosis in 

comparison to control dsRNALacZ cells92. In particular, the time from 

NEBD to anaphase onset was significantly increased. These defects 

were not observed in GFP::CenpCR-expressing cells92. These results 

suggest that disruption of the centromeric localization of cenBAF/PP4 

affects mitosis progression.  

Next, we analysed NE status during mitosis. For this purpose, we 

LacZ cells, 

LaminB immunostaining marks the NE in interphase, becomes diffuse 

through the cytoplasm after NEBD start in late prophase and it 

relocates to the NE during NER in telophase (fig 51a left panel). 

However, in CenpC- R-expressing cells, we 

-positive cells 

showing NE-
R-expressing cells in comparison 

with control GFP::CenpCR-expressing cells (fig 50b). Altogether these 

results suggest that, upon disruption of cenBAF/PP4 localization, the 

NE remains partially assembled during mitosis. 
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Figure 51. R expressing cells show NE defects during 
mitosis. a: 
of control dsRNALacZ and CenpC-depleted dsRNACenpC cells expressing 

R. Mitotic phases are indicated. GFP (green) is direct 
b: The relative proportion of mitoses 

showing NE-
respect to control dsRNALacZ cells is shown for GFP::CenpCR and 

R-expressing cells. Values are the sum of 5 8 independent 
experiments showing equivalent results (N > 92; Chi-square test, ***p < 0.001). 
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2. BAF PHOSPHORYLATION  

 
2.1 T4 and S5 are the main phosphosites of Drosophila 

BAF 

Phos-tag gel electrohoresis analyses performed in our group identified 

mono- (1pBAF) and diphosphorylated (2pBAF) BAF species92 (see 

also fig 54) and three residues in the N-terminal region (S2, T4 and 

S5) have been proposed as putative phosphosites90. In this regard, 

work in our group showed that replacement of these three residues by 

A or E abolishes BAF phosphorylation92. However, no detailed analysis 

of the specific contribution of each residue was carried out. For this 

purpose, we determined the pattern of phosphorylation of mutant 

forms in which one, two or all three residues are mutated to A (fig. 

52a). Stable S2 lines expressing FLAG-tagged constructs from the 

endogenous BAF promoter could be derived for all the mutants except 

for the double T4AS5A and the triple S2AT4AS5A forms. Phos-tag gel 

electrophoretic analysis showed that, while both 1pBAF and 2pBAF 

species were detected in the S2A mutant, only 1pBAF species could 

be detected in the single T4A and S5A mutant forms (fig 52b, left), 

suggesting that T4 and S5, but not S2, are phosphorylated. In good 

agreement, the double S2AT4A and S2AT5A lack 2pBAF species (fig 

52b, right). To determine the pattern of phosphorylation of the double 

T4AS5A mutant, we performed transient expression experiments since 

the corresponding stable S2 lines could not be obtained. In transient 

expression experiments, after transfection, cells were treated for 3 

hours with the phosphatase inhibitor okadaic acid (OA) to increase 

phosphorylation. These transient expression experiments recapitulate 

the results obtained with the stable S2 lines and, in addition, showed 

that the double T4AS5A mutant was not phosphorylated (fig. 52c). 

Similarly, the triple S2AT4AS5A mutant form was not phosphorylated 
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either (fig 52c). Altogether these results suggest that T4 and S5 are 

the main phosphosites of BAF in Drosophila and that they can be 

independently phosphorylated. 

 

Figure 52. T4 and S5 are the main residues involved in BAF 
phosphorylation. a: Sequence of BAF N-terminus (aa1-7). For each mutant, 
phosphorylable residues that are replaced to A are marked in red. All the mutants 
were stable expressed in S2 cells except for the double T4AS5A and triple 
S2AT4AS5A which were only analysed by transient expression. b: Analysis by 
phostag gels of the phosphorylation pattern of the indicated phosphomutant forms 
of BAF stably expressed in S2 cells. Increasing amounts of total extracts (lines 1-
2 or 1-3) are analysed by WB using FLAG antibodies.  The positions 
corresponding to non-phosphorylated (noP), and mono- (1P) and di-
phosphorylated (2P) BAF species are indicated and highlighted by *. c: Analysis 
by phostag gels of the phosphorylation pattern of the indicated phosphomutant 
forms of BAF transiently expressed in S2 cells. Cells were treated for 3hours with 
OA prior to the preparation of the extract. Increasing amounts of total extracts 
(lines 1-2) are analysed by WB using  antibodies. The positions 
corresponding to non-phosphorylated (noP), and mono- (1P) and di-
phosphorylated (2P) BAF species are indicated and highlighted by *. 
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The inability to derived stable cell lines with the double T4AS5A and 

triple S2AT4AS5A mutants may reflect a deleterious effect of their 

expression in S2 cells. In this regard, work in our group showed that a 

C-terminal BAF::YFP form acts as a dominant negative mutant, while a 

N-terminal YFP::BAF form is functional92. Interestingly, while the N-

terminal YPF::BAF construct showed a normal phosphorylation 

pattern, phosphorylation of the C-terminal BAF::YFP was strongly 

impaired (fig 53a). Replacing the YFP-tag by an smaller HA-tag did not 

recover phosphorylation of the C-terminal BAF::HA form (fig 53b). 

These results confirm that phosphorylation is essential for normal BAF 

function and that forms that cannot be phosphorylated might act as 

dominant negative mutations. Furthermore, coIP experiments showed 

that, while the N-terminal YFP::BAF form interacted with endogenous 

BAF, the C-terminal BAF::YFP construct did not (fig 53c), suggesting 

that BAF::YFP is not able to dimerized. In fact, the structure of BAF 

dimers suggest that a C-terminal tag interferes with dimerization (fig. 

8). On the other hand, dimerization is essential for the interaction of 

BAF with other factors, such as emerin that binds to the dimer 

interface (fig. 8). These observations suggest that dimerization is 

required for BAF phosphorylation by VRK1/NHK1. 
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Figure 53. Tagging BAF at its C-terminal impairs its proper phosphorylation. 
a: The patter of phosphorylation of BAF::YFP and YFP::BAF is analysed by 
phostag gel electrophoresis. Extracts were prepared from cells transiently 
expressing BAF::YFP or YFP::BAF treated with alkaline phosphatases (lines 4-6) 
or not (lanes 1-3). Increasing amounts of extracts are analysed by WB using 

BAF antibodies. The positions corresponding to non-phosphorylated (noP), and 
mono- (1P) and di-phosphorylated (2P) BAF species are indicated. b: The patter 
of phosphorylation of BAF::HA and HA::BAF is analysed by phostag gel 
electrophoresis. Total extracts were prepared from cells transiently expressing 
BAF::HA treated for 3hours with OA. Increasing amounts of extracts (lines 1 and 
2) are analysed by WB using HA antibodies as indicated. The positions 
corresponding to non-phosphorylated (noP), and mono- (1P) and di-
phosphorylated (2P) BAF species are indicated and highlighted by *. c: co-IP 
experiments with GFP antibodies in extracts from control S2 cells (left), and cells 
stably expressing BAF::YFP (central) or YFP::BAF (right) (lanes 2). Lanes 1 
correspond to 5% of the input. IPs were analysed by WB using GFP and BAF 
antibodies. The position of MW markers (in kDa) is indicated. Quantitative 
analysis of the results of the IP is shown in the right panel. The ratio of the input of 
the endogenous BAF and IP endogenous BAF signals normalized respect to 
YFP::BAF is presented for cells expressing BAF::YFP. Results are the average of 
three independent experiments (error bars are SD, two-tailed t-test, **p-value = 
0.01). 
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2.2 PP2A is the main BAF phosphatase 

 

Both PP2A and PP4 phosphatases have been postulated to 

dephosphorylate BAF65,76,108,109. To determine their specific contribution 

to BAF dephosphorylation, we have performed knock-down 

experiments in S2 cells. In these experiments, we treated cells for 3 

hours with OA to induce BAF phosphorylation and, then, after 

removing OA, we followed recovery of non-phosphorylated BAF. Cells 

treated with DMSO were taken as control. A time course experiment 

performed in control dsRNALacZ cells showed increased 

phosphorylation upon OA treatment and full recovery 3h after OA 

removal (fig 54).  

 

 
Figure 54. OA treatment and recovery in for control dsRNALacZ S2 cells. a: 
The pattern of BAF phosphorylation is analysed by phostag gel electrophoresis. 
Cells are treated for 3 hours with either DMSO (control) or OA. After OA 
treatment, cells are recovered for 3, 6, 21 and 30 hours. Increasing amounts of 
total cells extracts (lines 1-2) are prepared from each condition and analysed by 
WB using BAF antibodies. The positions corresponding to mono- (1P) di- (2P) 
and non-phosphorylated (noP) BAF species are indicated. b: Relative levels of 
total phosphorylated BAF, including mono- and di-phosphorylated forms, to non-
phosphorylated BAF are presented for control dsRNALacZ treated with DMSO or 
OA and at increasing times after OA treatment. Values are normalised to the 
DMSO condition and correspond to the average of 5 independent experiments 
(errors bars are SD, two-tailed t-test, **p<0.01, ****p<0.0001). 
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Next, we analyzed recovery after OA treatment in cells depleted for the 

PP2A catalytic subunit (MTS in Drosophila) and the PP4 catalytic 

subunit (PP4c). The extent of MTS and PP4c depletion was 

determined by WB analysis (fig. 55a). We observed that, in 

comparison to control dsRNAlacZ cells, MTS- and PP4c-depleted 

showed increased BAF phosphorylation after OA treatment. However, 

while BAF phosphorylation is recovered to control levels in PP4c-

depleted cells, it remains high in MTS-depleted cells even 30h after 

recovery (fig 55b). These results indicate that BAF dephosphorylation 

is impaired in MTS-depleted cells, but not in PP4c-depleted cells, 

suggesting that BAF is mainly dephosphorylated by PP2A. 

Interestingly, we observed that, while the ratio of 2pBAF/1pBAF 

remains constant during recovery in control and PP4c-depleted cells, it 

decreased in MTs-depleted cells (fig 55c), indicating that 1pBAF 

accumulates during recovery. These results suggest that MTS 

depletion strongly impairs dephosphorylation of 1pBAF species. 

 

Altogether these results suggest that PP2A is the main BAF 

phosphatase that preferentially dephosphorylates mono-

phosphorylated BAF species. 
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Figure 55. PP2A is the main BAF phosphatase. a: The efficiency of the MTS 
and PP4c depletion is determined by a WB analysis. The levels of MTS (top) and 
PP4c (bottom) are determined by WB in total cell extracts prepared from S2 cells 
treated with the indicated dsRNA. Increasing amounts of extracts are analysed (1-
2). Tubulin antibodies are used for normalization. The position of MW markers 
(in KDa) is indicated. Quantitative analysis of the results is shown in the right, 
where the relative MTS and PP4c levels are presented for dsRNALacZ, dsRNAMTS 
and dsRNAPP4c treated cells. Results are the average of 3 independent 
experiments (error bars are SD, two tailed t-test, p-value**<0.01, p-
value****<0.0001). b: Time course of recovery after OA treatment of BAF 
phosphorylation is presented for control dsRNALacZ cells, and MTS-depleted 
(dsRNAMTS) and PP4c-depleted (dsRNAPP4c) cells. The ratio of total 
phosphorylated BAF (including mono- and diphosphorylated) to 
nonphosphorylated BAF is shown. Values correspond to the average of 3 or more 
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independent experiments and are normalized to the control DMSO condition 
(errors bars are SD, mixed linear model, p-values adjusted for multiple testing 
using Benjamin-Hochberg,, *p<0.05, ***p<0.001, ****p<0.0001). c: The ratio of 
diphosphorylated BAF versus monophosphorylated BAF during recovery after OA 
treatment is presented for control dsRNALacZ cells, and MTS-depleted (dsRNAMTS) 
and PP4c-depletec (dsRNAPP4c) cells. Values are the average of 3 or more 
independent experiments and are normalized to 0h recovery condition (error bars 
are SD, mixed linear model, p-values adjusted for multiple testing using Benjamin-
Hochberg,  **p<0.01). 

 

 

 

Next, we analysed which PP2A isoform is involved in BAF 

dephosphorylation. For this purpose, we performed similar 

experiments in cells depleted for the PP2A regulatory subunits B56 

(WDB in Drosophila) and B55 (TWS in Drosophila) (fig. 56). The extent 

of WDB and TWS depletion was determined by WB analysis (fig. 56a). 

We observed that, in both cases, recovery of BAF dephosphorylation 

after OA treatment was compromised (fig 56b), suggesting that 

PP2A/WDB and PP2A/TWS are both involved in BAF 

dephosphorylation. In this regard, work performed in our laboratory 

showed, similar to depletion of the catalytic MTS subunit, depletion of 

WDB and, though to a lesser extent of TWS, rescue the accumulation 

of perichromosomal BAF observed in Flfl-depleted cells. 
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Figure 56. WDB and TWS are both involved in BAF dephosphorylation. a: 
The efficiency of WDB and TWS knockdowns is determined by a WB analysis. 
The levels of WDB (top) and TWS (bottom) are determined by WB in total cell 
extracts prepared from S2 cells treated with the indicated dsRNA. Increasing 
amounts of extracts are analysed (1-2). Lamin antibodies are used for 
normalization. The position of MW markers (in KDa) is indicated. Quantitative 
analysis of the results is shown in the right, where the relative WDB and TWS 
levels are presented for dsRNALacZ, dsRNAWDB and dsRNATWS treated cells. 
Results are the average of 4 independent experiments (error bars are SD, two-
tailed t-test, p-value**<0.01, p-value****<0.0001). b: Time course of recovery after 
OA treatment of BAF phosphorylation is presented for control dsRNALacZ cells, 
and WDB-depleted (dsRNAWDB) and TWS-depleted (dsRNATWS) cells. The ratio of 
total phosphorylated BAF (including mono- and diphosphorylated) to 
nonphosphorylated BAF is presented for control dsRNALacZ, dsRNAWDB and 
dsRNATWS. Values correspond to the average of 3 or more independent 
experiments and are normalized to the control DMSO condition (errors bars are 
SD, mixed linear model, p-values adjusted for multiple testing using Benjamin-
Hochberg,, *p<0.05, **p<0.01). 
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1. cenBAF FORMS A CENTROMERIC NETWORK WITH PP4 

AND CenpC 

Work in our lab showed that a fraction of BAF (cenBAF) localizes at 

the centromere92. At mitosis, while the bulk of BAF is phosphorylated 

by VRK1/NHK1 and released for chromatin73 75,105, cenBAF remains 

associated with centromeric chromatin and, most likely, stays not-

phosphorylated92. Here, we have shown that the protein phosphate 

PP4, which is recruited to the centromere by the interaction of its 

regulatory Flfl subunit with CenpC151, is required for centromeric 

cenBAF localization in mitosis. Our results show that deletion of the 

FIM domain of CenpC, which mediates interaction with Flfl/PP4151 and 

its recruitment to the centromere (fig 39)151, destabilizes centromeric 

cenBAF localization (fig 40). These results support the hypothesis that 

recruitment of PP4 by CenpC keeps cenBAF non-phosphorylated and 

bound to the centromere in mitosis. However, the situation is more 

complex since work in our lab showed that depletion of BAF, which 

strongly reduces cenBAF, destabilizes CenpC at the centromere92 (see 

also fig 31 in section 4.3 of the Introduction) and, thus, reduces 

centromeric localization of PP492. The mechanisms by which cenBAF 

stabilizes CenpC at the centromere are not well understood. It is 

possible that, either directly or indirectly, cenBAF interacts with CenpC 

since BAF and CenpC co-immunoprecipitate92. Alternatively, given that 

BAF has been shown to affect histone modifications and higher-order 

chromatin organization49,50, it is also possible that cenBAF modifies 

centromeric chromatin in a way that stabilizes CenpC. Altogether, 

these results suggest a model by which CenpC mediates recruitment 

of PP4 to centromeres, PP4 retains cenBAF at centromeres in mitosis, 

which in turn stabilizes CenpC (fig 57). Consistent with this hypothesis, 

decreased centromeric PP4 in Flfl-depleted cells reduces centromeric 

CenpC levels92. Interestingly, results reported here suggest that 
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cenBAF also stabilize PP4 at centromeres independently of CenpC, 

since constitutive targeting BAF to the centromere rescues centromeric 

which lacks the FIM domain and fails to recruit PP4 (figs 48).  

 
Figure 57. Interdependence of cenBAF, Flfl/PP4 and CenpC for their 
centromeric localization. CenpC directly interacts with Flfl/PP4 and recruits it to 
the centromere localization. Flfl/PP4 is required for the proper positioning of 
CenpC and cenBAF . cenBAF stabilizes CenpC and centromeric Flfl/PP4. 

 

On the light of the interdependent centromeric localization of CenpC, 

PP4, and BAF, we would like to propose that these three factors form 

a novel network of centromeric interactions. Whether they physically 

interact to form a centromeric complex remains to be determined. This 

network forms a positive feedback loop that reinforces assembly of 

centromeric chromatin and kinetochore formation and, hence, ensures 

faithful chromosome segregation, explaining why BAF-depleted cells 

show strong chromosome segregation defects92 (see also fig 31 in 

section 4.3 of the Introduction).  
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2. THE CENTROMERIC cenBAF/PP4 NETWORK REGULATES 

PP2A-DEPENDENT BAF DEPHOSPHORYLATION 

 

The present work shows that disruption of the centromeric 

cenBAF/PP4 leads to an abnormal accumulation of BAF at the 

perichromosomal compartment in mitosis (fig 42 and 43). Our results 

also show that depletion of MTS, the catalytic subunit of PP2A, 

significantly reduces the accumulation of perichromosomal BAF (fig 

45), suggesting that perichromosomal BAF is nonphosphorylated and 

that PP2A is required for its accumulation upon disruption of the 

centromeric cenBAF/PP4 network. Consistent with this possibility, 

results from our group showed that perichromosomal BAF is not 

recognized by an antibody that specifically recognises phosphorylated 

BAF92. 

 

The observation that the accumulation of perichromosomal BAF in 

mitosis depends on PP2A was somehow unexpected since, under 

normal conditions, PP2A is silenced at the entry of mitosis120,132 138 and 

remains inactivate until late anaphase-telophase, when its reactivation 

induces dephosphorylation of multiple substrates, including BAF. Thus, 

our results suggest that the centromeric cenBAF/PP4 network 

regulates PP2A silencing in mitosis. Our model proposes that ectopic 

PP2A activation in mitosis counteracts VRK1/NHK1-dependent 

phosphorylation of BAF, which stays largely non-phosphorylated and, 

thus, associates with chromatin, accumulating at the perichromosomal 

compartment (fig. 58). 
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Figure 58. The centromeric cenBAF/PP4 network regulates PP2A 
inactivation and BAF phosphorylation in mitosis. Left: Under normal 
conditions, the centromeric cenBAF/PP4 network keeps PP2A silenced during 
mitosis. Right: Disruption of the centromeric cenBAF/PP4 network induces ectopic 
PP2A activation in mitosis, counteracting VRK1/NHK1-dependent phosphorylation 
of BAF that stays non-phosphorylated and associates with chromatin, 
accumulating at the perichromosomal compartment. 

 

How does centromeric cenBAF/PP4 regulate PP2A silencing in mitosis 

is not known. In this regard, we have also shown here that constitutive 

abolishes accumulation of perichromosomal BAF (fig 49). Importantly, 

under these conditions, centromeric PP4 localization is rescued (fig 

48), suggesting that restricting PP4 localization at centromeres may 

play an important role in the regulation of mitotic PP2A inactivation. It 

is possible that, either directly or indirectly, free PP4 activates PP2A. 

For instance, PP4 could dephosphorylate Endos, or another yet 

unknown PP2A inhibitor, relieving PP2A silencing. Restricting PP4 

localization to the centromere might prevent Endos inactivation. It is 

also possible that PP4 counteracts CDK1 phosphorylation of Gtw that, 

in its turn, activates Endos. Further work is required to clarify the 

mechanism by which the centromeric cenBAF/PP4 network regulates 

PP2A silencing during mitosis.  

 



Discussion 

 99   
   

The model proposed above (fig 58) suggests that centromeric 

cenBAF/PP4 regulates BAF dephosphorylation at mitosis exit. Though 

highly speculative, the centromeric cenBAF/PP4 network might act like 

a checkpoint that signals PP2A activation at mitosis exit. It is possible 

that, at some point after transition to anaphase, centromeric 

cenBAF/PP4 localization could be released and PP2A inactivation 

could be alleviated, contributing to the cascade of events that drives 

mitosis exit and, in particular, inducing BAF dephosphorylation. From 

this point of view, disruption of the centromeric cenBAF/PP4 network 

would greatly impact mitosis progression. In fact, work in our group 

showed that impairing centromeric cenBAF/PP4 localization increases 

mitosis duration with a strong delay in anaphase onset92. At least in 

part, these defects could be due to altered BAF phosphorylation since 

it has been shown that VRK1 depletion, which impairs BAF 

phosphorylation, causes a similar delay in anaphase onset and 

increases mitosis duration in mammalian cells75. 

 

The regulation of BAF phosphorylation is important for both NEBD and 

NER. At mitosis entry, BAF phosphorylation weakens its binding to 

chromatin and NE LEM-d proteins, facilitating NEBD42,73,75,89,105, while, 

at mitosis exit, BAF dephosphorylation restores its binding to 

chromatin and the NE LEM-d proteins, being essential for recruitment 

of BAF to the core regions and NER46,56,65,107. In this regard, upon 

disruption of the centromeric cenBAF/PP4 network, we observed 

mitoses with partially assembled NE (fig 51) and cells with strong NE 

morphology defects (fig 50). These observations suggest that the 

centromeric cenBAF/PP4 network regulates dynamics of NE 

disassembly/reassembly during mitosis. 

As discussed above, the centromeric cenBAF/PP4 network stabilizes 

CenpC at centromeres and, thus, regulates centromere/kinetochore 
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assembly and chromosome segregation92 (see also fig 31 in section 

4.3 of the Introduction). cenBAF/PP4 ensures accurate chromosome 

segregation, while, on the other hand, it signals for mitotic NE 

disassembly/reassembly. This dual role of cenBAF/PP4, as a regulator 

of NE assembly and in the control of chromosome segregation, 

suggests a contribution to the co-ordination of these central mitotic 

events. Apart from BAF, several other NE components have been 

shown to play a role in kinetochore function. For instance, Mel-

28/ELYS is required for NPC reassembly at the end of mitosis by 

recruiting the NUP107 subcomplex and associates with kinetochores 

during cell division being necessary for correct chromosome 

segregation208 210. 

To some extent, our observations reinforce the idea of a mitotic 

checkpoint that delays chromosome decondensation and NER until 

chromosome segregation is completed at the end of anaphase188. This 

likely involves cross-talk between different phosphatases that co-

ordinately regulate the cascade of dephosphorylation events 

happening during mitotic exit. Centromeric PP4, but also PP2A/B56, 

which also localizes at the centromere141, are potential candidates to 

be involved in this signalling pathway. 

In summary, the results shown in this work led us to propose that 

cenBAF, together with PP4 and CenpC, forms a functional centromeric 

network that is required for faithful chromosome segregation and 

controls mitosis progression by regulating PP2A activity in mitosis. 

This network might participate in a mitotic exit checkpoint, co-

ordinating chromosome segregation and NER. 
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3. BAF PHOSPHOREGULATION AND THE ROLE OF PP2A 

AND PP4 

Phosphorylation is known to regulate BAF function. Here, we have 

determined that T4 and S5 are the main phosphosites of BAF in 

Drosophila (fig 52). Recent in-vitro studies showed that the equivalent 

T3 and S4 residues of human BAF (fig 7) are the main sites of 

phosphorylation by VRK1, with S4 being phosphorylated first and T3 

accounting for BAF diphosphorylation44. However, our results show 

that, in Drosophila, both T4 and S5 can be monophosphorylated 

independently in-vivo. In Drosophila, S2 was also proposed to be a 

potential site for VRK1/NHK1 phosphorylation91,92. Instead, our results 

show that this residue, which is not conserved in human BAF, is not a 

main phosphosite in Drosophila. The identification of the main BAF 

phosphosites opens the door to the analysis of the specific contribution 

of each phosphorylation to BAF localization and function. From this 

point of view, phosphorylation mutants generated in the course of this 

work are going to be a very useful tool. 

Phosphorylation is proposed to impair binding of BAF to DNA and the 

interaction with NE LEM-d proteins and lamins42,73 75,105. However, 

recent results by Marcelot et al.44, showed that, in-vitro, BAF 

phosphorylation abolishes binding to DNA, but does not impair binding 

to Emerin and lamin A/C. BAF dimerization appears essential for 

binding to LEM-d proteins since they interact through a central 

hydrophobic pocket in the BAF dimer interface (fig 8)45,53,79. In this 

regard, BAF dimerization involves extensive interactions between the 

C-terminal regions of each monomer (fig 8)78,79, which are not likely 

perturbed by phosphorylation since it occurs at the N-terminal 

region42,44,73,105. On the other hand, the N-terminal HhH domain and K6 

are involved in DNA binding (fig 8)78,80,81. Thus, it is likely that 

phosphorylation of the nearby T4 and S5 residues would strongly 
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impair binding to DNA. Our results show that a C-terminal BAF::YFP 

tagged form shows impaired dimerization, likely due to distortion of the 

dimer interface by the C-terminal tag, and phosphorylation (fig 53). 

This suggests that dimerization also may mediate phosphorylation. It is 

feasible that the hydrophobic pocket at the dimer interface also 

mediates interaction with VRK1/NHK1. 

These observations suggest that a main effect of BAF phosphorylation 

is to regulate binding to DNA and release from chromatin. In this 

regard, work in our group showed that, likely due to impaired 

phosphorylation, the C-terminal BAF::YFP form is not fully released 

from chromatin in mitosis and, concomitantly, its expression is 

deleterious, showing a strong dominant negative effect92. It is possible 

that, if at some point in anaphase cenBAF is released from the 

centromere, the BAF::YFP form might not, which could be the cause of 

its deleterious effect.  

At the end of mitosis, BAF dephosphorylation is essential for its 

function. PP2A and PP4 have been proposed to be involved in BAF 

dephosphorylation65,76,108,109. Here, we have analysed their specific 

contribution to BAF dephosphorylation after OA treatment. Our results 

show that depletion of the catalytic PP2A subunit MTS strongly impairs 

BAF dephosphorylation and recovery after OA treatment (fig 55), 

which is in agreement with previous results in our group92 and confirms 

PP2A as a main BAF phosphatase. In addition, our results show an 

accumulation of monophosphorylated BAF during OA recovery in 

MTS-depleted cells (fig 55), suggesting that PP2A preferentially acts 

on monophosphorylated BAF, as previously proposed92. We also show 

that depletion of the regulatory subunits TWS (B55) and WDB (B56) 

induce similar defects on recovery after OA treatment (fig 56), 

suggesting that the both PP2A/TWS and PP2A/WDB phosphatases 
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isoforms regulate BAF phosphorylation. It was previously shown that 

PP2A/TWS dephosphorylates BAF at mitosis exit109. However, TWS 

depletion was shown to delay, but not abolish, BAF dephosphorylation 

and recruitment to the core regions109, suggesting that additional 

phosphatases regulate BAF phosphorylation. From this point of view, 

the involvement of PP2A/WDB is particularly interesting since in 

Drosophila it localizes at the centromere in mitosis211 and, unlikely 

PP2A/TWS, its activity is not fully silenced after mitosis entry (fig 

18)118,212,213. WDB/B56 recognizes a short LxxIxE docking motif (SLiM) 

in their substrates142. BAF contains such motif (residues 24 to 32), 

which is well conserved among species (fig 59). Interestingly, a G25E 

mutation in human BAF has been reported to impair BAF dimerization 
46,50,78, 

suggesting that PP2A/WDB might be involved in BAF 

dephosphorylation and chromatin binding at mitosis exit. 

 

 
Figure 59. BAF from different species contains a conserved WDB/B56 
binding motif. The amino acid sequence of BAF from human (hBAF), mouse 
(mBAF), zebrafish (zBAF), Xenopus (xBAF), Drosophila (dBAF) and 
Caenorhabditis elegans (CeBAF) is presented. The conserved LxxIxE WDB/B56 
binding motif is indicated (residues 24 to 32), as determined using the B56 binding 
motif resource tool (http://slim.icr.ac.uk/pp2a/ ). Amino acid colour is defined by 
clustal X colour criteria. 

 
Our results also show that depletion of PP4 does not significantly 

impair BAF dephosphorylation and recovery after OA treatment (fig 

55), suggesting that PP4 does not regulate phosphorylation of free 

BAF. In this regard, previous results from our group showed that, 

opposite to what would be expected, depletion of the PP4 regulatory 
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subunit Flfl decreased total BAF phosphorylation92, which could reflect 

enhanced PP2A-mediated BAF dephosphorylation in the absence of 

PP4. Although recent results suggest high flexibility of substrate 

recognition by PP4148, the lack of known PP4 SLiM binding motifs in 

BAF supports that PP4 is not directly interacting with BAF. 

Nevertheless, our results cannot exclude the possibility that direct 

PP4-mediated BAF dephosphorylation is restricted to centromeres, 

and/or to a specific moment during cell cycle progression, since 

cenBAF accounts for only a small fraction of total BAF. It is possible 

that, at the centromere, CenpC serves as a platform for PP4-BAF 

interaction. 

Further work is required to clarify the actual contribution of PP4 to BAF 

dephosphorylation at centromeres, as well as to determine the 

possible differential roles of PP2A/WDB and PP2A/TWS in the 

regulation of BAF phosphorylation. Current studies in our group aim to 

further characterize the specific subcellular localizations where these 

phosphatases may act on BAF and the specific functional contribution 

of each BAF phosphosite. 
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1. Protein phosphatase PP4, which is recruited to centromeres by 

CenpC, is required for centromeric BAF localization. Disrupting 

centromeric localization of PP4 in cells expressing a truncated 

CenpC FIM form missing the PP4 binding domain (FIM), or upon 

depletion of the PP4 regulatory subunit Flfl, prevents cenBAF 

localization. 

 

2. Disrupting centromeric localization of cenBAF and PP4 results 

in the accumulation of BAF at the perichromosomal compartment in 

mitosis. 

 
3. The accumulation of perichromosomal BAF depends on PP2A, 

which is normally inactive in mitosis, suggesting that disrupting 

centromeric localization of cenBAF and PP4 results in ectopic 

activation of PP2A in mitosis. 

 
4. Disrupting centromeric localization of cenBAF and PP4 results 

in mitoses with partially assembled NE in metaphase, cells with altered 

NE morphology and the formation of micronuclei. 

 
5. Altogether these results suggest a model by which CenpC, PP4 

and cenBAF form a centromeric network that signals BAF 

dephosphorylation at mitosis exit by regulating PP2A activity. 

 
6. T4 and S5 are the main BAF phosphosites in Drosophila and 

they can be independently phosphorylated. 

 

7. Impaired BAF dimerization disturbs BAF phosphorylation, 

suggesting that dimerization is required for phosphorylation by 

VRK1/NHK1. 

 

8. Depletion of the PP2A catalytic subunit MTS, as well as of the 
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main mitotic PP2A B-regulatory subunits TWS(B55) and WDB(B56), 

impairs BAF dephosphorylation and recovery after treatment with 

okadaic acid (OA). These results suggest that PP2A/TWS and 

PP2A/WDB are both capable of dephosphorylating BAF. Instead, 

depletion of the catalytic PP4 subunit does not affect recovery of BAF 

phosphorylation after OA treatment, suggesting that the bulk of BAF is 

not targeted by PP4 and that its activity on BAF might be restricted to 

the centromere. 
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1. Materials 

1.1 Plasmids 

1.1.1 Generated plasmids 

List of plasmids generated during this thesis. 

Name Description  Cloning information 

pBAF-

FLAG::BAF 

WTR 

Plasmid used for the 

expression of a full length 

WT BAFR fused to N-

terminal FLAG under the 

control of BAF promoter. 

Kanamycin. 

R: dsRNA resistant. 

Plasmid Backbone: pBAF-

HA::BAFR. 

HA-tag was replaced by Flag-tag by 

PCR with oligos PromBAF-NheI-

FLAG rev and BAFWTR fw. 

It contains a NheI restriction 

enzyme site between pBAF and 

FLAG. 

pBAF-

FLAG::BAF 

S2AR 

Plasmid used for the 

expression of a full length 

BAFR with S2 mutated to A 

fused to N-terminal FLAG 

under the control of BAF 

promoter. 

Kanamycin. 

R: dsRNA resistant. 

Plasmid Backbone: pBAF-

HA::BAFR. 

HA-tag was replaced by Flag-tag by 

PCR with oligos PromBAF-NheI-

FLAG rev and BAFS2AR fw. 

It contains a NheI restriction 

enzyme site between pBAF and 

FLAG. 

pBAF-

FLAG::BAF 

T4AR 

Plasmid used for the 

expression of a full length 

BAFR with T4 mutated to A 

fused to N-terminal FLAG 

under the control of BAF 

promoter. 

Plasmid Backbone: pBAF-

HA::BAFR. 

HA-tag was replaced by Flag-tag by 

PCR with oligos PromBAF-NheI-

FLAG rev and BAFT4AR fw. 



Materials and methods 

 112   
   

Kanamycin. 

R: dsRNA resistant. 

It contains a NheI restriction 

enzyme site between pBAF and 

FLAG. 

pBAF-

FLAG::BAF 

S5AR 

 

Plasmid used for the 

expression of a full length 

BAFR with S5 mutated to A 

fused to N-terminal FLAG 

under the control of BAF 

promoter. 

Kanamycin. 

R: dsRNA resistant. 

Plasmid Backbone: pBAF-

HA::BAFR. 

HA-tag was replaced by Flag-tag by 

PCR with oligos PromBAF-NheI-

FLAG rev and BAFS5AR fw. 

It contains a NheI restriction 

enzyme site between pBAF and 

FLAG. 

pBAF-

FLAG::BAF 

S2AT4AR 

 

Plasmid used for the 

expression of a full length 

BAFR with S2 and T4 

mutated to A fused to N-

terminal FLAG under the 

control of BAF promoter. 

Kanamycin. 

R: dsRNA resistant. 

Plasmid Backbone: pBAF-

HA::BAFR. 

HA-tag was replaced by Flag-tag by 

PCR with oligos PromBAF-NheI-

FLAG rev and BAFS2AT4AR fw. 

It contains a NheI restriction 

enzyme site between pBAF and 

FLAG. 

pBAF-

FLAG::BAF 

S2AS5AR 

Plasmid used for the 

expression of a full length 

BAFR with S2 and S5 

mutated to A fused to N-

terminal FLAG under the 

control of BAF promoter. 

Kanamycin. 

R: dsRNA resistant. 

Plasmid Backbone: pBAF-

HA::BAFR. 

HA-tag was replaced by Flag-tag by 

PCR with oligos PromBAF-NheI-

FLAG rev and BAFS2AS5AR fw. 

It contains a SpeI restriction enzyme 

site between pBAF and FLAG. 

pBAF-BAF 

WTR::FLAG 

Plasmid used for the 

expression of a full length 

Plasmid Backbone: pBAF-

HA::BAFR.  
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BAFR fused to C-terminal 

FLAG under the control of 

BAF promoter. 

Kanamycin. 

R: dsRNA resistant.  

FLAG-tag at the C-terminal of BAF 

was added by PCR with oligos 

BAFR Ct FLAG NheI rev and BAFR 

C3 Ct BAF fw. 

HA-tag at the N-terminal was 

removed by a second PCR with 

oligos pBAF Ct SpeI rev and BAF 

WTR fw. 

It contains a SpeI restriction enzyme 

site between pBAF and BAF and a 

NheI at the C-terminal of FLAG. 

pBAF-BAF 

WTR::HA 

Plasmid used for the 

expression of a full length 

BAFR fused to C-terminal 

HA under the control of 

BAF promoter. 

Kanamycin. 

R: dsRNA resistant. 

Plasmid Backbone: pBAF-

HA::BAFR.  

HA-tag at the C-terminal of BAF 

was added by PCR with oligos 

BAFR Ct HA NheI rev and BAFR C3 

Ct BAF fw. 

HA-tag at the N-terminal was 

removed by a second PCR with 

oligos pBAF Ct SpeI rev and BAF 

WTR fw. 

It contains a SpeI restriction enzyme 

site between pBAF and BAF and a 

NheI at the C-terminal of HA. 

 

1.1.2 Template plasmids for generating double strand RNA 

List of plasmids used as a template for generating double strand RNA 

used during this thesis. For each of them, information regarding how it 

is obtained is presented in the following table.   
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Name Cloning information/Source 

pMK33-TAP::CenpC Contains CenpC cDNA. 

Previously generated in the lab. 

Flfl template  Contains Flfl cDNA. 

DGRC reference: FMO 09514. 

MTS-TOPO MTS sequence was amplified by PCR using genomic 

material from S2 as a template and dsMTS fw and 

dsMTS rev primers and then it was introduced in the 

TOPO 2.1 vector.  

PP4c-TOPO PP4c sequence was amplified by PCR using genomic 

material from S2 as a template and dsPP4c fw and 

dsPP4c rev primers and then it was introduced in the 

TOPO 2.1 vector. 

TWS-TOPO TWS sequence was amplified by PCR using genomic 

material from S2 as a template and dsTWS fw and 

dsTWS rev primers and then it was introduced in the 

TOPO 2.1 vector. 

pOT2-WDB Contains WDB cDNA. 

Gift from Dr. Lipinszki. 

 

1.1.3 Lab plasmids 

List of plasmids, previously generated in the lab, used during this 

thesis.  

Name Description Source 

pBAF-BAF::YFP Plasmid used for the expression of a full 

length BAF fused to C-terminal YFP under 

the control of BAF promoter. 

Dr Sònia Medina 



Materials and methods 

 115   
   

Kanamycin  

pBAF-YFP::BAF Plasmid used for the expression of a full 

length BAF fused to N-terminal YFP under 

the control of BAF promoter. 

Kanamycin  

Dr Sònia Medina 

pBAF-HA::BAFR Plasmid used for the expression of a full 

length BAFR fused to C-terminal HA under 

the control of BAF promoter. 

Kanamycin. 

R: dsRNA resistant. 

Dr. Mònica 

Torras 

pBAF-FLAG::BAF 

S2AT4AS5A 

Plasmid used for the expression of a full 

length BAF with S2, T4 and S5 mutated to 

A fused to N-terminal FLAG under the 

control of BAF promoter. 

Kanamycin. 

Dr Mònica Torras 

 

1.2 Oligonucleotides 

The list of the oligonucleotides used during this thesis is presented in 

the following tables. 

1.2.1 Nucleotides for directed mutagenesis 

Name -  

PromBAF-NheI-FLAG rev CTTGTCGTCATCGTCTTTGTAGTCCATGGCTAGCGT

TTGTAGTTTGCT 

BAF WTR fw ATGAGCGGAACCAGCCAAAA 
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BAF S2AR fw ATGGCGGGAACGTCGCAAAAGCATC 

BAF T4AR fw ATGTCGGGAGCGTCGCAAAAGCATC 

BAF S5AR fw ATGTCGGGAACGGCGCAAAAGCATC 

BAF S2AT4AR fw ATGGCCGGAGCCAGCCAAAAGCATCGC 

BAF S2AS5AR fw ATGGCCGGAACCGCCCAAAAGCATCGC 

BAF T4AS5AR fw ATGAGCGGAGCGGCGCAAAAGCATCG 

BAFR Ct FLAG NheI rev GCTAGCTCACTTGTCATCGTCTTTGTAGTCCAGAAA

TTCTTCACACCAGTC 

BAFR Ct HA NheI rev GCTAGCTCAGCGTAATCTGGAACATCGTATGGGTA 

BAFR C3 Ct BAF fw GGATCCACCGGATCTAGATAACTG 

pBAF Ct SpeI rev GCTAGCGTTTGTAGTTTGCTTTGCTGC 

 

1.2.2 Oligonucleotides for double strand DNA synthesis 

The T7 RNA polymerase promoter is highlighted.  

Name -  

dsCenpC fw TAATACGACTCACTATAGGGAGAGGTACCACCTCCTATCGAAT

A 

dsCenpC rev TAATACGACTCACTATAGGGAGAGAATTCCAATTTGGATCTGGA 

dsFlfl fw TAATACGACTCACTATAGGGAGAATGACGACTGACACCCGC 

dsFlfl rev TAATACGACTCACTATAGGGAGAACAACTTTTCCTTTCGCA 

dsLacZ fw TAATACGACTCACTATAGGGATGACCATGATTACGCCAAGC 

dsLacZ rev TAATACGACTCACTATAGGGCAATTTCCATTCGCCATTCAG 
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dsMTS fw TAATACGACTCACTATAGGGGCCAAGGAGATTCTCTCC 

dsMTS rev TAATACGACTCACTATAGGGCTGGCCAAAGGTGTAACC 

dsPP4c fw TAATACGACTCACTATAGGGAGAATGTCCGACTACAGCGAC 

dsPP4c rev TAATACGACTCACTATAGGGAGACCACACGGCCGTCGATCC 

dsTWS fw TAATACGACTCACTATAGGGAGACTGATCCGGGATCCACAGAA

TGTAA 

dsTWS rev TAATACGACTCACTATAGGGAGACACACTTTGATGCTCAAGTAA

TCCC 

dsWDB1 fw TAATACGACTCACTATAGGGAGATCGATCCGCCGCAGTTTGTC

AAGAT 

dsWDB1 rev TAATACGACTCACTATAGGGAGATCGACTGCTGCTGATGAGAG

TTCAG 

dsWDB2 fw TAATACGACTCACTATAGGGAGAGCTCAAGAAGAAGGGTAAAA

AGAGT 

dsWDB2 rev TAATACGACTCACTATAGGGAGACCATATATACGATGCAATACC

GTCT 

 

 

1.3 Stable cell lines  

Stable cells lines used in this thesis are shown in the following table. 

The name of each of them, which correspond to the protein that is 

stably expressed, is presented in the first row. In the second row the 

construct transfected to create the cell line and the appropriate 

antibody selection are shown. Finally, in which cell original cell line, 

either S2 cells or DMel-II, has been used to produce the cell line and 

several comments about it is presented in the third row.  
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Expressed protein Construct and 

Selection 

Original cell line and 

Comments 

Results 

chapter 

GFP::CenpCR pMT-GFP::CenpCR 

Blasticidin 

DMel-II cells 

Generated by Dr. 

Lipinszki 

Resistant to RNAi  

Cooper induction: 

0.5mM, 22-24 hours 

3.1 

R pMT- R 

Blasticidin 

DMel-II cells 

Generated by Dr. 

Lipinszki 

R: dsRNA resistant  

Cooper induction: 

0.5mM, 22-24 hours 

3.1 

GFP::CenpCR + 

GBP::FLAG::BAF 

pMT-GFP::CenpCR 

pMT-GBP::FLAG::BAF 

Blasticidin + Hygromycin 

DMel-II cells 

Generated by Dr. 

Lipinszki 

R: dsRNA resistant  

GBP=GFPbinding 

protein 

Cooper induction: 

0.5mM, 22 hours 

3.1 

R+ 

GBP::FLAG::BAF 

pMT- R 

pMT-GBP::FLAG::BAF 

Blasticidin + Hygromycin 

DMel-II cells 

Generated by Dr. 

Lipinszki 

3.1 
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R: dsRNA resistant  

GBP=GFPbinding 

protein 

Cooper induction: 

0.5mM, 22 hours 

BAF::YFP pBAF- BAF::YFP 

Neomycin 

S2 cells 

Previously generated 

in the lab  

3.2 

YFP::BAF  pBAF- YFP::BAF 

Neomycin 

S2 cells 

Previously generated 

in the lab  

3.2 

FLAG::BAFR WT pBAF-FLAG::BAF WTR 

Neomycin  

S2 cells 

R: dsRNA resistant  

3.2 

FLAG::BAFR S2A pBAF-FLAG::BAF S2AR 

Neomycin 

S2 cells 

R: dsRNA resistant  

3.2 

FLAG::BAFR T4A pBAF-FLAG::BAF T4AR 

Neomycin 

S2 cells 

R: dsRNA resistant  

3.2 

FLAG::BAFR S5A pBAF-FLAG::BAF S5AR 

Neomycin 

S2 cells 

R: dsRNA resistant  

3.2 

FLAG::BAFR 

S2AT4A 

pBAF-FLAG::BAF 

S2AT4AR 

Neomycin 

S2 cells 

R: dsRNA resistant  

3.2 

FLAG::BAFR pBAF-FLAG::BAF S2 cells 3.2 
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S2AS5A S2AS5AR 

Neomycin 

R: dsRNA resistant  

 

1.4 Antibodies 

The primary and secondary antibodies used for western blot, 

immunostaining and immunoprecipitation experiments are presented in 

the following tables.  

1.4.1 Primary antibodies 

Name Specie Characteristics Dilution Source 

 Rabbit Rabbit polyclonal. It 

was raised against 

bacterially expressed 

full length D. 

Melanogaster BAF. 

WB: 1/2500 

IF: 1/300 

IP 1/200 

Dr Azorin Lab 

Described in92 

 Rabbit Rat polyclonal 

purified. It was raised 

against bacterially 

expressed D. 

melanogaster CenpC 

fragment (AA 505-

1227). 

IF: 1/250 Dr Azorin Lab 

Described in92 

 Rat Rat polyclonal. It was 

raised against 

bacterially expressed 

D. melanogaster 

CenpC fragment (AA 

505-1227).  

WB: 1/3000 

IF: 1/300 

Dr Azorin Lab 

Described in92 

 Chicken Chicken polyclonal IF: 1/2000 Dr Lipinszki Lab 
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purified 
Described in151 

 Rat Rat polyclonal  WB: 1/10000 

IF: 1/600 

Dr Lipinszki Lab 

Described in151 

 Mouse Mouse monoclonal IF: 1/2000 Sigma, F3165 

 Rabbit Rabbit purified WB: 1/2500 Sigma, F7425 

 Mouse Mouse monoclonal WB: 1/2500 Roche, 

1181446001 

 Rabbit Rabbit polyclonal IP: 1/55 TermoFisher 

Scientific,   

A-11122 

 Rabbit Rabbit polyclonal IF: 1/3000 Millipore, 06-570 

 Mouse Mouse polyclonal IF: 1/1000 DSHB, ADL67.10 

 Mouse Mouse monoclonal WB: 1/1000 BD-Transduction 

Laboratories, 

610555 

 Mouse Mouse monoclonal WB: 1/5000 

IF: 1/5000 

Millipore, 

MAB3408 

 Rabbit Rabbit polyclonal WB: 1/2000 Dr Archambault 

Lab   

 Rabbit Rabbit polyclonal WB: 1/2000 Dr Lipinszki Lab 
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1.4.2 Secondary antibodies 

 

 

 

 

 

 

 

 

 

 

 

Name Dilution Source 

Cyanine 2 AffiniPure Goat  IgG IF: 1/400 Jackson, 111-225-144 

Cyanine 3 AffiniPure Goat  IgG IF: 1/400 Jackson, 111-165-144 

Cyanine 3  AffiniPure Goat  IgG IF: 1/400 Jackson, 115-165-146 

Cyanine 5   IF: 1/400  Jackson, 703-175-155 

Cyanine 5 AffiniPure Goat  IgG IF: 1/400 Jackson, 115-175-146 

Cyanine 5 AffiniPure Goat  IgG IF: 1/400 Jackson, 115-175-144 

Cyanine 5 AffiniPure Goat  IgG IF: 1/400 Jackson, 112-175-143 

Peroxidase AffiniPure Donkey  IgG WB: 1/10000 Jackson, 715-035-150 

Peroxidase AffiniPure Goat  IgG WB: 1/10000 Jackson, 111-035-144 

 WB: 1/10000 Jackson, 712-035-150 
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2. Methods 

2.1 Manipulation of cells 

2.1.1 Culturing cells 

Drosophila S2 cells (SL2, Schneider 2; ATCC CRL-1963): The S2 

cell line is derived from a primary culture of late stage (20-24 hours 

old) Drosophila Melanogaster embryos214. 

Drosophila MeI-II: The DMel-II cell line is derived from a culture of S2 

cells adapted to grow in a free-serum media.   

Both, S2 and DMel-II cells, are cultured at 25ºC and they grow semi-

adherent to the surface of the flask. Cells are collected by pipetting 

and 3,5 · 106 cells are seeded in T25 (Corning) every 3-4 days.  

S2 cells a L 0207-500, 

Biowest) supplemented with 10% heat-inactivated FBS (10270, Gibco) 

and 1% penicillin-streptomycin (15140-122, Gibco). 

DMel-II cells are grown in Insectagro DS2 Medium (13-402-00, 

Corning) supplemented with 2mM L-Glutamine (25030-032, Gibco) 

and 1% penicillin-streptomycin (15140-122, Gibco).  

D.Mel-II cells are the ones used for double strand RNA treatment since 

this treatment has higher efficiency due to the lack of serum in the 

medium they are grown in. On the other hand, S2 cells are used for 

the experiments involving recovery from OA treatment since they are 

capable of recovering better from it.  

Drosophila S2 and Drosophila DMel-II cell lines are frozen in FBS/10% 

DMSO and Free Medium/10% DMSO respectively in liquid nitrogen.  
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2.1.2 Cell transfection 

2.1.2.1 Transitory transfection 

Plasmid DNA is transiently transfected in S2 cells by the calcium 

phosphate precipitation method. This method allows DNA entrance to 

the cell by creating DNA-phosphate precipitates.  

Day one: Plate cells 

1. Two 60 mm2 culture plate (Corning) are plated with 3·106 

cells/ml in a final volume of 5ml each of them and are incubated for 24 

hours.  

Day two: Transfection 

2. Each plate is transfected with 20 g of DNA. Reagent mix is 

prepared for 2,5 transfections. Therefore, 50 g of DNA are added to a 

final volume of 125 l that is completed by sterilized water. Then 1 ml 

of 0.25M CaCl2 is included to the mix.  

3. Separately, in a 15 ml falcon tube 1ml of HEBS 2X (250mM 

NaCl 250, 9mM KCl, 1,5mM Na2HPO4, 10mM glucose, 50mM pH 7,1 

HEPES) is added.  

4. HEBS is softly vortexed while the CaCl2-DNA mixture is added 

drop by drop in order to create visible white precipitates. These 

precipitates are incubated at room temperature for 30minutes.  

5. After this 30minutes the precipitates are re-suspended and 

850 l of this mixture is added to each plate. Plates are incubated at 

25ºC for 48hours.  

Day four: Experiment 

6. Collect the cells and proceed with the downstream experiment. 

.  
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2.1.2.2 Stable cell lines 

After day 2 of transient transfection protocol, proceed with the following 

methodology: 

Day three: Change of medium 

6. 24 hours post-transfection, calcium phosphate precipitates are 

removed by centrifugation at 1000rpm and complete fresh medium is 

added to the cells.  

Day five: Drug selection 

7. The actual medium is removed and complete medium 

supplemented with the appropriate selection agents is added in order 

to select cells that express the DNA plasmid.  

8. Medium is refreshed by centrifugation every 4-5 days to 

remove death cells and cells are re-plated in the old flask until selected 

clones show up.  

A list of the stable cell lines used during this thesis project is presented 

in the Materials section. 

2.1.2.3 CuSO4 induction 

The expression of some of the constructs used in this thesis is 

regulated by a metallothionein promoter (pMT) that is inducible by its 

exposure to metal. Therefore, CuSO4 is added to the medium of cells 

to express the DNA.  

A stock solution of 1M CuSO4 (C8027, Sigma) is prepared and kept at 

4ºC. A 1:10 dilution of the stock medium is freshly prepared right 

before using it by diluting it with complete growth medium and the 

appropriate amount is added to the cells.  
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The specificities of the cupper treatment for each cell line are 

presented in the Materials section. 

2.1.2.4 Okadaic acid treatment 

OA is a well-known phosphatase inhibitor and a powerful tool for 

studying the role of phosphatases during mitosis215. 

39302, Sigma) is dissolved in DMSO to a final 

l are prepared and kept at -

20ºC. 

For the OA treatment, 3·106 cells/ml S2 cells are seeded 48 hours 

before treatment. OA diluted with Schneider medium is added to a final 

concentration of 20nm during three hours. Since OA is diluted in 

DMSO cells treated with the same amount of DMSO is always added 

as a control.  

When performing recovery experiments, after three hours of OA 

treatment this medium is carefully removed from the plate and 

replaced by fresh Schneider complete medium.  Cells are collected at 

different times for further analysis.  

 

2.1.3 Double strand RNA treatment  

2.1.3.1 S2 cells 

Day one: First dose 

1. On the first day, 3·106   S2 cells are re-suspended in 2ml of pre-

warmed serum-free medium. The corresponding amount of dsRNA is 

added to this medium and incubated for 1hour at room temperature. 

The appropriate amount of dsRNA treatment is presented in the 

following table:    
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Gene depleted dsRNA concentration 

LacZ 70 g 

MTS 70 g 

PP4c 100 g 

TWS 70 g 

WDB1 + WDB2 35 g +  35 g 

 

2. 3mL of 1,7X FBS-medium are added to the mixture of cells and 

placed in 5ml flasks.   

Day four: Second dose 

3. Cells are diluted to a final concentration of 0.5 ·106 cells/ml and 

a second dose of the same amount of dsRNA is added. 

Day seven: Experiment day 

4. Cells are collected to perform the appropriate experiment.  

2.1.3.2 DMel-II cells 

Since DMel-II cells are grown in free-serum medium there is no need 

to pre-incubate the cell with dsRNA in an independent medium for 

1hour.  

The following amounts of dsRNA are directly added to DMel-II cells 

that have been previously seeded at 0.7 · 106 cells/ml concentration.   

Gene depleted dsRNA concentration 

LacZ 30-50 g 

MTS 30 g (single dose) 

Flfl 40 g 

CenpC 50 g 
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Three days after the first dose of dsRNA, DMel-II cells are diluted to a 

final concentration of 0.5 ·106 cells/ml and a second dose of the same 

amount of dsRNA is added before starting the appropriate experiment.  

For MTS knockdown in DMel-II a single dose of dsRNA for 3 days is 

carried out since longer depletion time results in high cell death. In Flfl-

depleted cells, MTS co-depletion is carried out simultaneously to Flfl-

depletion during the last 3 days of the 6 days of treatment with 

dsRNAFlfl. 

2.2 Molecular biology methods 

2.2.1 dsRNA synthesis 

2.2.1.1 MEGAscript reaction 

dsRNA is produced using a MEGAscript T7 kit (AM1334, Thermo 

Fisher Scientific). To set up the MEGAscript reaction (total volume 

40µl) the following components are mixed:  

16µL  

4µL 10X Buffer 

4µL Enzyme mix  

16µL PCR product flanked with T7 

 

The reaction is incubated at 37°C overnight. 

2.2.1.2 dsRNA purification 

The double strand RNA generated is purified with the RNeasy Mini Kit 

(74104, Qiagen).  

1. First 2µL TURBO DNase are added and incubated for 15 

minutes at 37°C in order to get rid of the non-translated DNA PCR 

product.  

From here on, RNeasy Mini Kit is used according to 
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recommended protocol.  

2. The volume is increased to 100µL with RNase free H2O and 

350µL Buffer RLT and 250 µL of 100% ethanol are added and mixed 

by pipetting.  

3. The sample (700µL) is transferred to an RNeasy spin column 

and spun down for 15s at full-speed.  

4. Then, it is washed with 500µL Buffer RPE, spun down twice for 

15seconds at full-speed and centrifuged an extra minutes at full-speed 

without any buffer.  

5. Finally, the column is placed into a fresh collection tube and 

50µL RNase-free water are added to the column membrane to elute 

the RNA. The tube is spin down for 1minute at full-speed and it is 

repeated using 30µL of RNase-free water to increase the amount of 

eluted RNA.  

The RNA concentration is measured using nanodrop and an aliquot is 

saved to be checked on an agarose gel before keeping the dsRNA at -

20°C. 

2.3 Analysis of BAF phosphorylation 

2.3.1 Extract preparation 

Total cell extract 

Cells are collected and spun down 5minutes at 1000rpm. Medium is 

removed and the pellet is re-suspended with a solution containing ½ 

5xPLB and ½ water. 2  of mercaptoethanol 

added. This mixture is vortexed and boiled for 2minutes prior to 

analysis by phostag gel.  
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Extracts with and without alkaline phosphatase treatment. 

Extracts with and without alkaline phosphatase (AP) inhibitors are 

prepared in parallel when analysing phospho-BAF. Then, the extract 

treated without AP inhibitors is treated with AP in order to 

dephosphorylate BAF. This serves as a control to evaluate if certain 

bands seen in the gel correspond to phosphorylated forms of BAF. 

1. 10ml of cells at 3.5 · 106cells/ml concentration are collected and 

divided into three different tubes: two tubes of 4.5ml and one tube of 

1ml. All of them are washed three times with PBS. 

2. Total cell extract is prepared with the tub containing 1ml of cells 

by suspending it with PLB- mercaptoethanol. Each one of the other 

two tubes is re-suspended with 200 l of lysis buffer. One of them 

containing AP inhibitors and the other one without and they are left on 

ice for 30minutes. 

 

3. Cells are gently pipped up and down for 30 times and spun 

down for 15minutes full speed at 4ºC. The supernatant can be kept at -

20ºC or the protocol is continued. 

Lysis buffer with AP inhibitors Lysis buffer without AP inhibitors 

1% NP40 (Igepal) 1% NP40 (Igepal) 

0.1% SDS 0.1% SDS 

10% Glycerol 10% Glycerol 

150mM NaCl 150mM NaCl 

50mM Tris ph8 50mM Tris ph8 

1x Protease Inhibitor cocktail 

(Sigma) 

1x Protease Inhibitor cocktail 

(04693159001, Roche) 

1mM PMSF 1mM PMSF 

50mM NaF  

50nM OA  
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4. 50 l of the extract without inhibitors is mixed with 10 l of 10xAP 

buffer and 40 l of AP (40 units) and left for 1hour at 37ºC so the 

alkaline phosphatase can de-phosphorylate this sample. 30 l of 5xPLB 

and 15 l of -mercaptoethanol are added and the sample can be 

stored. 50 l of the extract with inhibitors is mixed with 50 l of water, 

30 l of PLB and 15 l of HOH and can be stored at -20ºC. 

5. The high salt content of these extracts can disturbed the 

following phostag gel electrophoresis. In order to avoid that, these 

extracts are diluted in half with ½ 5xPLB and ½ water before running 

them in the gel.  

2.3.2 Phostag gel analysis 

Phostag gels are polyacrylamide gels containing the PhostagTM ligand. 

This technic allows separating proteins depending not only on its 

molecular weight but also on its phosphorylated state. 

The PhostagTM ligand acts as a phosphate-trapping molecule. 

Phosphorylated proteins reversible bind to the PhostagTM immobilized 

in the gel during electrophoresis and they migrate slower. That creates 

a mobility delayed for the phosphorylated proteins in comparison to the 

non-phosphorylated that is detectable when developing the WB (fig 

60). 

 

Figure 60. Phostag gel electrophoresis overview. Due to its reversible 
interaction with the PhostagTM ligand phosphorylated proteins run slower 
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during electrophoresis. 

The protocol for analysing cell extracts by Phostag gels is the 
following.  

-pendant PhostagTM ligand (AAL-107) 

2 are added to 13% polyacrylamide resolving gel 

solution when detecting endogenous BAF or 12% when detecting 

tagged BAF before polymerization. The stacking gel is prepared as for 

a normal electrophoresis. 

2. After electrophoresis, gels are washed 10minutes in transfer 

buffer containing 1mM EDTA and 15 minutes in transfer buffer without 

EDTA. EDTA binds and gets ride of the manganese ion from the gel in 

order to preventing its interference with electroblotting. 

After that, the protocol is followed as a typical western blotting. 

2.4 Immunoprecipitation 

2.4.1 Preparation of the cell extract:  

1. Approximately 200 · 106 cells are collected. Cells are pelleted 

and washed with PBS 3 times. 

2. The pellet is re-suspended in 3x volumes of IP lysis buffer 

and incubated on ice for 30minutes. 

 

 

 

 

 

 

IP buffer 

50mM Tris ph 8 

150mM NaCl 

10% Glycerol 

5mM EDTA 

0.5% NP40 (Igepal) 

0.1mM PMSF 

1x Protease Inhibitor Cocktail 

(04693159001, Roche) 
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3. 30x strokes using a Dounce homogenizer with clearance 

B/tight pestles are carried out in order to disrupt the cellular and 

nuclear membranes.  

4. NaCl is added to a final concentration of 300mM and is 

minutes with rotation.  

5. The lysate is centrifuged at 14.000 rpm for 15minutes  

and the supernatant is collected. 2-5%µl of protein extract is 

separated, mixed with PLB- Mercaptoethanol and kept at -

(input). 

 

2.4.2 Immunoprecipitation: 

1. For the pre-washing, 30µL of Protein A sepharose (170780, 

GE Healthcare) at 

 

2. The sample is centrifuged at 3,000 rpm for 2minutes and the 

supernatant is transferred to a new tube where the appropriate 

antibody is added (for amounts of antibodies see Materials). They are 

 

of Protein A Sepharose previously 

equilibrated with the appropriate buffer are used to bind BAF and GBP 

antibodies. It is incubated for 2hours  

4. The beads are washed 5 times with IP buffer for 5minutes 

with rotation and then spun down at 2,000rpm for 2minutes  

5. The beads are finally re-suspended in 60µL PLB- HOH, 

vortexed and boiled for 2minutes un down as only 

the supernatant is used.  

It is important to always add a negative control (MOCK). When doing a 

BAF IP, the extract is divided into two. In one tube, the BAF antibody 

is added, and in the other one a pre-immune rabbit antibody. When 
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doing a GFP IP, S2 cells that do not express GFP protein are used as 

MOCK. 

2.5 Directed mutagenesis 

2.5.1 Primer phosphorylation  

The appropriate primers were previously phosphorylated with the 

polynucleotide kinase (20350427, Roche). The following mix is 

prepared: 

 1 l of the 100 M oligonucleotide  

 1 l 10x of the polynucleotide buffer 

 2 l 10mM of ATP  

 10u (1 l) of polynucleotide kinase  

 5 l of nuclease-free water 

 

The reaction takes places for 2hours at 37ºC and then the enzyme is 

inactivated by incubating the mixture 10minutes at 70ºC 

 

2.5.2 PCR 

The full plasmid is amplified with primers containing the appropriate 

modifications (for primers used see Materials section) using the 

enzyme Phusion High Fidelity DNA polymerase (M0530, New England 

Biolab).  

To set up the PCR reaction the following components are mixed:  

10ng of the template DNA 

2 the 10 M phosphorylated forward oligonucleotide 

2 10 M phosphorylated reverse oligonucleotide 

2 deoxynucleotides 

10  fusion HF buffer 
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Up to a final volume -free water 

 

The amplification program is the following one: 

Denaturation:   98°C  15seconds  

Annealing:   58°C  30seconds  

Extension:   72°C  1:40minutes 

 

2.5.3 Ligation and transformation 

12 l of the PCR reaction are run in an agarose gel. The corresponding 

band is cut from the gel and eluted in 40 l by using the PCR DNA and 

gel band purification kit (28903470, Cytiva). 

40 l of the eluted PCR product is ligated with the T4 DNA ligase 

(EL0016, Fermentas), overnight at 18ºC. The ligated product is 

transformed in bacteria and the subsequent colonies are validated by 

sequencing.  

 

2.6 Cell immunostaining 

2.6.1 Impacted cells 

Day 1: Plate cells 

1. One flask is plated by 3·106 cells in a final volume of 5ml 

medium.   

Day 4: Colchicine treatment and first day of immunostaining 

2. Cells are (10295892001, 

Sigma). Colchicine is a drug that binds microtubules and prevents its 

assembly; as a consequence cells are arrested at mitosis. 
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3. 300 l of collected cells diluted at a concentration of 3 ·106 

cells/ml are incubated for 5min with MAC buffer. MAC is a hypotonic 

buffer causing that the water gets into the cells pumping them up. It 

allows to properly visualizing the nuclear components when performing 

the subsequent immunostaining.   

 

 

 

 

 

4. 200 l of these cells are immobilized onto a slide by 

centrifugation for 10minutes at 500rpm with low acceleration in a 

ThermoShandon Cytospin using a single-chamber Cytofunnel. 

5. Cells are fixed in 4% paraformaldehyde for 10minutes, washed 

with PBS and permeabilized by incubating 10minutes twice in 3%BSA, 

0.5%TritonX-100 in PBS. 

6. Cells are incubates with 20-30 l of the appropriate antibody 

dilution in 1%BSA and 0.1%TritonX-100 PBS solution (for antibodies 

used see Materials) and left 1hour at room temperature and then 

overnight at 4ºC in a humid chamber. 

Day 5: Second day of immunostaining 

7. Samples are washed twice with 1%BSA and 0.1%TritonX-100 

in PBS. 

8. Samples are incubated with the appropriate secondary 

antibody for one hour at room temperature. 

MAC hypotonic buffer 

50mM Glycerol 

5mM KCl 

12mM NaCl 

0,8mM CaCl 

19mM Sucrose 
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9. They are washed twice with 0.1%TritonX-100 in PBS and once 

with PBS.  

10. For visualization, slides were mounted in Mowiol (475904 

Calbiochem-Novabiochem) containing 0.2 ng/ml DAPI (D9542, 

Sigma). 

Finally, samples are analysed in a Leica SPE confocal microscope 

equipped with LAS/AF software. Images are acquired and processed 

using ImageJ (http://imagej.nih.gov/ij/)and Adobe Photoshop software. 

Mean grey intensities are calculated using ImageJ macros on 

thresholded images at DAPI-masked regions of interest running 

analysed particles to plugin on the FeatureJLaplacian 

(http://imagescience.org/meijering/software/featurej/). 

2.6.2 Coverslips coated with concanavalin. 

Immunostaining protocol with impact cells previously treated with MAC 

does not allow to properly evaluating elements that are found outside 

from the nucleoplasm. Moreover, we get a 2D image of the cell losing 

its 3D structure perspective. In order to overcome these issues and 

preserve an intact cell structure to properly evaluate the NE 

morphology cells are plated in well plates containing cover slips that 

have been previously treated with Concanavalin A promoting that the 

cells are glued at the top of the cover slip. The immunostaining 

protocol is the following: 

1. Cells are plated at 1.2 ·106cells/ml in 24 well plates containing 

cover slips coated with 0.5 mg/ml Concanavalin A (C2010, Sigma). 

After 6 hours, cells are processed for immunostaining  

2. Medium from the well is removed and washed with PBS for 10 

minutes with very slow agitation. 

3. Cells are fixed in 4% paraformaldehyde for 15minutes, washed 
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with PBS and permeabilized by incubating them 10minutes twice in 

3%BSA, 0.5%TritonX-100 in PBS. 

4. Cover slips are incubated with 100-150 of the appropriate 

antibody dilution in 1%BSA and 0.1%TritonX-100 PBS solution (for 

antibodies used see Materials) and left 1hour at room temperature and 

then overnight at 4ºC in a humid chamber. 

5. The following day samples are washed three times with 1%BSA 

and 0.1%TritonX-100 in PBS. 

6. Samples are incubated with the appropriate secondary antibody 

for one hour at room temperature. 

7. They are washed twice with 0.1%TritonX-100 in PBS and twice 

with PBS.  

8. For visualization, slides were mounted in Mowiol (475904 

Calbiochem-Novabiochem) containing 0.2 ng/ml DAPI (D9542, 

Sigma). 

Finally, samples are analysed in a Leica SP5 confocal microscope 

equipped with LAS/AF software. Images are acquired and processed 

using ImageJ and Adobe Photoshop software.  

2.7 Statistical analysis 

Statistical significance of the difference in the proportion of mitoses 

showing perichromosomal BAF and centromeric Flfl and in the 

proportion of cells with aberrant NE morphology defects is assessed 

via two-  

Statistical significance of the difference in the proportion of NE-

assembled mitoses between GFP::CenpCR and GFP::Cenp R-

expressing cells is assessed via comparative Chi-square test using the 
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cp.chisq.test function from the DiffXTables package version 0.1.0 

using R 3.5.1216. 

Statistical significance of the difference in centromeric intensity of BAF, 

immunostaining is determined by Kruskal Wallis test.  

Statistical difference in the extent of BAF/CenpC co-IP and the 

efficiency of protein depletion is determined by two-tailed t-test 

comparison of the means.  

Statistical difference between phosphatases depletions in the post OA 

recovery is assessed by mixed linear models 

using Experiment and technical replicate as nested random effects 

(lme4 1.1-23, multcomp 1.4-9, R-3.5.1). P-values are adjusted for 

multiple testing using Benjamini-Hochberg. 

For each experiment, the number of independent biological replicates 

(n) and sample sizes (N) are indicated in the corresponding figure 

legend. 
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