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Résumé 
Pendant le bris de l'enveloppe nucléaire, la kinase dépendante des cyclines liée à 

la cycline B (CDK1-cycline B) et d'autres kinases phosphorylent des protéines nucléaires 

conduisant au désassemblage des complexes de protéines de l'enveloppe nucléaire. Les 

protéines nucléaires phosphorylées sont ensuite déphosphorylées par un groupe de 

phosphatases en sortie mitotique. La protéine phosphatase 2A en complexe avec la sous-

unité régulatrice B55 (PP2A-B55) est connue pour être la principale phosphatase à 

déphosphoryler les protéines critiques à la fin de la mitose. Cependant, les substrats 

nucléaires déphosphorylés par PP2A-B55 à la sortie mitotique sont peu connus. 

En utilisant des cellules de drosophile en culture, nous avons démontré que PP2A-

B55 est nécessaire pour le recrutement de protéines de l'envelope nucléaire telles que 

BAF, la protéine de lamina nucléaire Lamin B et la nucléoporine Nup107. De plus, nous 

avons trouvé que les œufs de femelles des drosophiles hétérozygotes pour une mutation 

dans les gènes codant pour la Lamine B et Tws (B55 chez la drosophile) n’éclosent pas. 

Ces œufs présentent divers défauts au stade de la méiose et des divisions nucléaires de 

l’embryon syncytial. De plus, des tests in vitro et d'autres analyses biochimiques indiquent 

que PP2A-Tws se lie et déphosphoryle BAF. J'ai d'autres résultats qui suggèrent un rôle 

de la protéine Ankle2 dans la régulation du recrutement de BAF pour réassembler les 

noyaux à la sortie mitotique. Mes résultats suggèrent également que Ankle2 en complexe 

avec PP2A est responsable de la bonne progression mitotique. Mes résultats mettent en 

évidence l'utilité de la drosophile comme système modèle dans l'étude de différents 

aspects du cycle cellulaire. Ils démontrent également un rôle de PP2A dans la reformation 

de l'enveloppe nucléaire en fin de mitose. 

Mots clés: PP2A-B55, Ankle2, reformation d’enveloppe nucléaire, Drosophile, mitose. 
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Abstract  

During nuclear envelope breakdown, the cyclin-dependent kinase 1 bound to 

Cyclin B (CDK1-Cyclin B) and other kinases phosphorylate a number of nuclear proteins 

leading to the disassembly of nuclear envelope protein complexes. Phosphorylated 

nuclear proteins are then dephosphorylated by a group of phosphatases at mitotic exit. 

The protein phosphatase 2A in complex with the regulatory subunit B55 (PP2A-B55) is 

known to be the major phosphatase to dephosphorylate critical proteins at the end of 

mitosis. However, little was known about the nuclear substrates dephosphorylated by 

PP2A-B55 at mitotic exit. Using Drosophila cells in culture, we demonstrated that PP2A-

B55 is required for the recruitment of nuclear envelope proteins such as BAF, the nuclear 

lamina protein Lamin B, and the nucleoporin Nup107. Also, eggs from Drosophila females 

heterozygous for a mutation in genes coding for Lamin B and Tws (B55 in Drosophila), 

didn’t hatch. These eggs showed various defects during the nuclear division stage and 

meiosis. Moreover, in vitro assays and other biochemical analyses indicate that PP2A-

B55 binds and dephosphorylates BAF. I have other results that suggest a role of the 

protein Ankle2 in regulating BAF recruitment to reassembling nuclei at mitotic exit. My 

results also suggest that Ankle2 in complex with PP2A is responsible for the proper mitotic 

progression. Our results highlight the importance of Drosophila in investigating different 

aspects of the cell cycle. It also demonstrates a role of PP2A in the nuclear envelope 

reformation at the end of mitosis.  

Key words: PP2A-B55, Ankle2, nuclear envelope reformation, Drosophila, mitosis.  
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Background and Organization of the Chapters 
 

As I am writing these words, I remember how this project was born. During my first 

meeting with Dr. Vincent Archambault in 2013 to discuss my master’s project, he told me 

that the only thing we know is that there is a potential interaction between the gene lamin 

(expresses the protein Lamin B of the nuclear lamina) and the gene tws (expresses the 

B55 regulatory subunit of the protein phosphatase 2A (PP2A). From that point, we became 

interested in whether PP2A-B55 plays a role in regulating nuclear envelope reformation 

during the exit from mitosis. Many results showed that a significant number of proteins are 

phosphorylated at the beginning of mitosis, principally by the cyclin-dependent kinase 1 

bound to cyclin B (CDK1-cyclin B). However, little is known about the nature of the 

phosphatase that dephosphorylates these proteins when the cell exits mitosis. Recent 

publications suggested a role of PP2A-B55 in dephosphorylating CDK1-cyclin B 

substrates. Following a genetic screen performed in the laboratory, we found a possible 

genetic interaction between tws and several genes expressing nuclear envelope proteins. 

Therefore, my project was to discover the potential role of PP2A-B55 in the nuclear 

envelope reformation (NER) at the end of mitosis.  

 I will start my thesis by an introduction in Chapter 1 were I first explain the different 

stages of the cell cycle and the different events taking place during mitosis in section 1.1. 

Since I used the fruit fly Drosophila melanogaster as the model organism in my project, I 

talk about the life cycle of this organism and discuss its importance in research in section 

1.2. In section 1.3, I talk about the cell cycle control system, which is composed of cyclin-

dependent kinases bound to proteins called cyclins. I discuss the roles of these enzymes 

and how they are regulated during the cell cycle. Since my project is principally about 

mitosis, I talk about the different events taking place during mitotic entry in section 1.4 

and mitotic exit in section 1.5. In addition, in these sections, I also discuss the kinases 

regulating mitotic entry and the phosphatases regulating mitotic exit. In section 1.6, I 

describe the different components of the nuclear envelope. I also focus on describing the 

role of the different proteins in each part of the nuclear envelope. Then, I describe the 

processes of nuclear envelope breakdown (NEBD) and reformation in sections 1.7 and 

1.8. I focus more on discussing previous publications about the role of the different kinases 

and phosphatases in the process of NEBD and NER, concentrating more on the role of 
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PP2A-B55 in the reformation process. I end the introduction by raising questions about 

the role of PP2A-B55 in the NER process and the role of a new protein called Ankle2 in 

this mechanism.  

 In Chapter 2, I present my work published in JCB in 2018, where we showed that 

PP2A-B55 promotes NER by dephosphorylating a small protein called BAF and possibly 

other nuclear envelope proteins. 

 In Chapter 3, I show strong evidence of the role of the protein Ankel2 in NER. In 

addition, I show results from in vivo experiments about the role of Ankle2 in mitotic 

progression during early fly embryo development.  

 In Chapter 4, I discuss the major questions that need to be answered in this project 

and experiments that are required to be done to answer these questions. I also discuss 

how my project will help in the advancement of knowledge in the cell cycle field. I also 

mention how results from my project might help in finding new targets for cancer drug 

discovery.  
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1.1 The Cell Cycle 
 
One of the essential properties of the cell is its ability to divide. Cell division is a 

requirement for a multicellular organism to develop and grow. During development, the 

fertilized egg (zygote) divides successively to give rise to a new multicellular organism. 

Moreover, cells of an organism need to divide repeatedly to renew old or dead cells for 

maintaining tissue integrity [1]. The cell cycle is a series of events by which a mother cell 

divides, giving rise to two genetically identical daughter cells. In eukaryotic cells, the cell 

cycle is composed of interphase (consisting of G1, S, and G2 phases) and M-phase 

(consists of mitosis and cytokinesis) (Fig 1.1) [2]. I will be discussing the processes taking 

place during interphase and M-phase in more detail below.  

 

1.1.A. Interphase 

The interphase is the most prolonged phase of the cell cycle. The first period of 

interphase is called the Gap 1 phase or G1 (Fig. 1.1). The G1 phase is critical for preparing 

chromosomes for DNA replication and starts when the cell manufactures all RNAs and 

proteins required for DNA synthesis [3]. These events are not induced spontaneously but 

triggered by external stimuli. In the absence of growth factors, the cell is in a quiescent 

phase known as the G0 phase. When growth factors are present, the cell exits G0 and 

enters G1. A restriction point called the R point is also present between both phases and 

determines whether the cell stays in G0 or progresses to G1 [4]. When the cell crosses 

this point, it enters G1 independent of external stimuli [2, 4]. The second period of 

interphase is the DNA synthesis phase or S phase. During this phase, the cell also 

expresses proteins required for DNA repair, thus maintaining DNA integrity during 
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replication. In addition to DNA replication, centrosomes are duplicated during the S phase. 

These structures are crucial for cell division, as they are the principal Microtubule 

Organizing Centers (MTOC) from which most cell microtubules nucleate. These 

microtubules serve as an essential requirement during the process of mitosis [5]. The last 

phase of interphase is another Gap phase known as the G2 phase, in which the cell grows 

and prepares for division (Fig. 1.1). During this phase, duplicated centrosomes start to 

separate to opposite cell poles [5], and the cell expresses proteins required for mitosis. 

 

 

 

Figure 1.1: Different stages of the 

cell cycle. Briefly, the cell cycle is 

composed of interphase which 

consists of G1, S and G2 phase, and 

M-phase which consists of mitosis 

(nuclear division) and cytokinesis 

(cytoplasmic division).  

 

 

 

1.1.B. Mitosis 

Mitosis is known to be composed of five events: prophase, prometaphase, 

metaphase, anaphase, and telophase. Each of these events constitutes a set of different 

processes (Fig 1.2). The most important events that occur during prophase are chromatin 

condensation to chromosomes and cytoskeleton reorganization to form the mitotic spindle 

[2]. The thread-like structured chromatin twists around proteins called histones to form an 
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octamer structure. This process takes place during the S phase. At early mitosis, several 

twisting events of chromatin follow, and mitotic chromosomes are constructed [6]. These 

chromosomes constitute of two sister chromatids attached at the centromere. In the 

cytoplasm, the mitotic spindle, consisting of microtubules, assembles between the two 

centrosomes [7]. This process is also maintained through the help of microtubule-

dependent motor proteins called kinesins [2, 8]. Microtubules of the mitotic spindle are 

divided into three categories: Astral microtubules, kinetochore microtubules, and overlap 

microtubules, each of which serves a specific function during cell division. After 

chromosome condensation and mitotic spindle assembly, the nuclear envelope 

breakdown (NEBD) marks the end of prophase (Fig 1.2). This process takes place during 

prometaphase. Various proteins of the nuclear envelope (NE) disassemble and are 

soluble in the cytoplasm [9]. During prometaphase, also, centrosomes continue to 

separate and are found at opposite poles of the cell, and microtubules are now ready for 

division (Fig 1.2). The attachment of kinetochore microtubules to kinetochores also takes 

place during prometaphase. Kinetochores are protein complexes of about 100 

polypeptides that assemble and bind to each chromatid of a chromosome [6, 10]. After 

binding of microtubules to kinetochores, chromosomes start to move and align to the cell 

equatorial plate during metaphase (Fig 1.2). Metaphase is a quick process and is 

sometimes hard to specify since some chromosomes do not stay at the equator. However, 

it is easier to notice the end of metaphase, as it happens when the first sister chromatid 

separates, and the cell enters anaphase [6]. Early anaphase, known as anaphase A, starts 

when microtubules shorten to decrease the distance between chromosomes and the 

poles (Fig 1.2). During late anaphase or anaphase B, the spindle elongates to push the 

chromosomes to the poles [6]. Astral and overlap microtubules are the types of 
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microtubules known to function during anaphase A and B. The last step of mitosis is 

telophase, where the spindle elongation persists, pushing more chromosomes to the 

poles. Also, proteins of the NE start to assemble around chromosomes to mark the start 

of nuclear envelope reformation (NER) (Fig 1.2). Chromosomes then decondense to 

chromatin, and the cell prepares for its physical separation or cytokinesis [6] (Fig 1.2). 

 

1.1.C. Cytokinesis 

Cytokinesis is the process by which the cytoplasm of a dividing cell splits into two 

daughter cells. It first starts with the formation of the central spindle, a region of antiparallel 

overlapping microtubules, at the equatorial zone of the cell. A molecular signaling 

pathway, that depends on the function of the protein RhoA between the cortex and the 

anaphase spindle, is known to induce the formation of the contractile ring [11]. After The 

contractile ring is composed of other types of filamentous proteins such as myosin, actin, 

and anillin. These structural proteins create forces that further constrict the ring to form 

the midbody region. Finally, a complex of filamentous proteins called ESCRT-III catalyzes 

the cell membrane scission to generate the two daughter cells (Fig 1.2). This process is 

also known as abscission [11]. 
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Figure 1.2: Different events occurring during M-phase. During 

prophase/prometaphase, chromatin condenses to chromosomes and the nuclear 

envelope breaks down. Chromosomes align at the equatorial plate at metaphase. At 

anaphase, sister chromatids separate to opposite poles. Chromosomes decondense and 

the nuclear envelope reforms at telophase. Two daughter cells form during cytokinesis.  
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1.2 Drosophila melanogaster as a model  

1.2.A. The fruit fly model, its short life cycle and advantages:   

The Drosophila melanogaster, or the fruit fly, is one of the known model organisms 

currently used in biomedical research. The fruit fly has also been extensively used in the 

past for many genetic investigations [12]. The first interest in using the fruit fly as a model 

organism was the discovery of polytene chromosomes found in the fruit fly salivary glands 

[13]. Then, the fruit fly was used to investigate complex developmental processes and 

important developmental genes were identified. Scientists use Drosophila because of its 

ease of manipulation, a small number of chromosomes (4 chromosomes), a short life 

cycle, and a small well-sequenced genome [12, 14]. Also, most of the fruit fly genome is 

well conserved through evolution. For example, about 61% of the fruit fly genome is 

present in the human genome, and about 75% of human disease-causing genes also exist 

in Drosophila [15]. At 25 0C, the life cycle of the fruit fly from the moment when the egg is 

laid to become an adult is 10 days (Fig 1.3). One day after the egg hatches, the first instar 

larva forms which then increases in size to become a third instar larva after two days. 

Three days after that, the larva sticks on a surface, and turns into a pupa. Then, after 

about four days, all the organs and the tissues of the fly in the pupa are completely formed, 

and the adult fly is now ready to exit the pupa case (Fig 1.3) [14].  
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Figure 1.3: The life cycle of the 

Drosophila melanogaster. 

Following egg fertilization, an 

embryo starts to develop to reach 

the third instar larva after three 

days. After another two to three 

days, a pupa is formed. An adult 

fly then exits the pupa after about 

four days. The figure was taken 

from [16], with permission from 

McGraw-Hill.  

 

 

 

1.2.B. The fruit fly as a tool in research 

The great advantage of using Drosophila melanogaster as a model organism is the 

vast number of different approaches that could be developed. Regarding genetic 

approaches, the existence of P-element and chemically generated mutations made it 

possible to perform different genetic screens. P-elements are transposable DNA pieces 

that are inserted in genes to modify their function. However, some P-elements fail to affect 

the gene function, and the protein expressed by that gene remains functional [17]. Hence, 

null mutations are more powerful than gene mutations created by P-element insertions. 

In addition, and due to the presence of the Gal4/UAS system, expressing an external DNA 

fragment is possible [18, 19]. The system had been previously discovered in yeast [19]. 

The Gal4 protein binds to the upstream activating sequence (UAS) promoter to induce the 
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expression of the downstream gene. With that system, a gene or a dsRNA could be placed 

downstream of the UAS promoter and inserted in the fly genome [18]. Also, the Gal4 

protein could be inserted in another fly where it would be expressed. Interestingly, a drug-

inducible or tissue-specific promoter could be placed upstream of the DNA sequence 

coding for Gal4 [19]. Then, the fly expressing Gal4 is crossed with another fly having the 

UAS sequence with the transgene, and the transgene is expressed in the F1 generation 

[18].  

The most exciting aspect of the fruit fly is the ability to be used for performing 

genetic screens. One of the best-known types of genetic screens that are performed using 

Drosophila is the one used to identify recessive lethal genes [20]. Flies are either exposed 

to UV or fed with a mutagen to create mutations at different sites of the genome. Then, 

after multiple crosses, flies homozygous for a lethal gene die, and a recessive lethal gene 

is identified. Since the identified gene is homozygous lethal, it is difficult to maintain that 

fly line over time. For this, balancer chromosomes now exist to maintain fly lines with 

recessive lethal mutants [20]. These chromosomes are homozygous-lethal and possess 

several chromosomal inversions, which make it impossible for meiotic recombination to 

take place, thus maintaining one copy of the mutant gene in the fly line [20].  

The Bloomington stock center contains a massive number of fly stocks with genes 

mutations and chromosomal deletions covering the whole fly genome. Now, specialized 

companies exist to produce transgenic lines that might be difficult to produce in the 

laboratory. Also, other companies provide services to generate a fly with a CRISPR/Cas9 

knockout genes [21]. In addition, an RNAi screen library is also available to be tested in 

fly cells in culture. Immunofluorescence could be easily applied either on fly embryos, 

ovaries, or any other fly tissue. Recent studies showed that it is also possible to inject 
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embryos with inhibitors, dyes, or specific proteins followed by live imaging. For our 

research, the fruit fly is an excellent model organism to study different aspects of cell 

division.  

 

1.2.C. Meiosis and mitosis in Drosophila 

 When a fly egg is ovulated in the female ovary, the egg is arrested in metaphase 1 

of the first meiotic division. After the egg is laid, meiosis proceeds and four meiotic 

products are formed next to the egg cortex [22]. One of the four products come to proximity 

with the male pronucleus, and NEBD takes place (Fig 1.4). The genetic content of both 

pronuclei divide separately, and the first mitotic nuclear division occurs. The other four 

meiotic products fuse and form a polar body. Following this division, thirteen cycles of fast 

nuclear divisions take place in a syncytium [22]. These divisions are a series of S and M 

phases without Gap phases (Fig 1.4) [22]. The stage of development where these 

divisions occur is called the syncytial embryo development stage.  

Drosophila mitosis during these nuclear divisions is semi-closed since a complete 

NEBD does not take place before prometaphase. Instead, small invaginations in the NE 

takes place near the poles, to allow astral microtubules to enter the nucleus [23]. Other 

than the absence of NEBD in the Drosophila nuclear division during early development, 

centrosome duplication doesn’t take place during prophase but only during anaphase. 

Cytokinesis only occurs after the thirteenth cycle of nuclear division during a process 

called cellularization [24]. Since the RNA and proteins implicated in these thirteen nuclear 

divisions are maternally contributed, the role of a specific gene in these divisions can be 

investigated by modifying the female genome.  
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Figure 1.4: Meiosis and mitosis during early fly development. (a) When the egg is 

laid, it is arrested at the metaphase of the first meiotic division. (b) and (c) Meiosis 

completes until the formation of four meiotic products. d. The sperm fertilizes one of the 

four products and mitosis takes place in (e) and the three other meiotic products form a 

polar body. Figure taken from [22]. 

 
 

1.3 The cell cycle control system 

For ensuring that the different processes of the cell cycle occur properly, a cell 

cycle control system, composed of a large group of proteins, exists. This control system 

works on three stages or checkpoints of the cell cycle: The G1/S transition which controls 

S phase and DNA replication, the G2/M which regulates the entry into mitosis, and the 

metaphase-anaphase transition that is important for completion of mitosis [25].  
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1.3.A. The cyclin-dependent kinases (CDKs) are master elements of the 

cell cycle control system 

The cyclin-dependent kinases (CDKs) are serine/threonine kinases that are the 

critical components of the cell cycle control system. The name of these kinases comes 

from the fact that they are only active once they bound to a regulatory subunit called 

“cyclin.” These kinases are well conserved throughout evolution. For example, the cell 

cycle is controlled by CDK1 in both fission and budding yeast, CDK1, and CDK2 in 

Xenopus, CDK1, CDK2, and CDK4 in Drosophila, and CDK1, CDK2, CDK4, and CDK6 in 

humans [26]. Most of these CDKs are involved in regulating cell cycle events. However, 

other CDKs exist that either indirectly regulate the cell cycle (CDK7) or regulate other 

different processes such as gene transcription (CDK11) [26] and nerve cell differentiation 

(CDK5) [27]. CDK7 or cyclin activating kinase (CAK) is known to regulate the cell cycle by 

phosphorylating different CDKs leading to their activation. CDKs are responsible for 

phosphorylating a significant number of substrates. Following an extensive proteomic 

study, CDKs are known to favorably phosphorylate substrates on serine/threonine (S/T) 

followed by a proline (P) followed by any amino acid (X) and an arginine (R) and a lysine 

(K) [27, 28].  

 

1.3.B. Mechanisms for Cyclin-dependent kinases activation 

Activation of these kinases do not depend on their cellular concentration, but mostly 

on variable cyclin levels during each checkpoint of the cell cycle. Once present at high 

levels, cyclin binds tightly to CDKs to induce a conformational change leading to their 

activation. In the absence of cyclin binding, a stretch of amino acids found at the carboxy-



 30 

terminal lobe of CDK called the T-loop, blocks the substrate binding to the CDK active site 

[29, 30]. Each CDK can bind several types of cyclins which are expressed and degraded 

at a specific stage of the cell cycle (Fig 1.5). Some cyclins are expressed during G1, while 

others are encoded at G1/S, S phase, or M-phase, and hence are called G1 cyclins, G1/S 

cyclins, S cyclins, and M cyclins respectively. For example, in human cells, G1 cyclins are 

cyclin D1,2, and 3, G1/S cyclin is cyclin E, S cyclin is cyclin A at S, and M cyclin is cyclin 

B (Fig 1.5) [2, 27]. Due to their importance in the control of the cell cycle, these cyclins 

are conserved among different organisms. Also, other forms of cyclins are present. For 

instance, cyclin B3 is a well-conserved cyclin and is critical for the metaphase-to-

anaphase transition both in mitosis and meiosis [31, 32]. Moreover, a recent study in 

female mice shows that cyclin B3 is essential for a proper progression of oocyte meiosis 

[33].  

The cyclin binding to CDK is not only essential for its activation but also helps in 

the ability of CDK to recognize specific substrates. For instance, a hydrophobic patch, 

found on the surface of cyclin A, is necessary for the cyclin interaction with another 

hydrophobic patch called the RXL motif found in the substrate [34]. When the substrate-

cyclin patches interact, the substrate-kinase affinity increases, leading to an increase in 

the rate of substrate phosphorylation. Moreover, cyclin binding to CDK is also crucial to 

target the CDK-cyclin complex to specific subcellular regions. For example, before NEBD 

in an animal cell, CDK1-cyclin B is found in the cytoplasm [35]. When the cell enters 

mitosis, CDK1-cyclin B translocates to the nucleus to phosphorylate NE substrates to 

induce NEBD [35].  
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Figure 1.5: The level of expression of different cyclins in a eukaryotic cell during 

different stages of the cell cycle. Cyclin D expression is maximal during G1 and 

becomes in complex with CDK4/6. Cyclin E expression is high during the G1/S transition 

and is in complex with CDK2. Cyclin A expression peaks during S phase and becomes in 

complex with CDK1/2. Cyclin B expression is maximal during M phase and is in complex 

with CDK1.  

 

Cyclin binding to CDKs is the first step in their partial activation, but other 

requirements are critical for their full activation. The first indispensable requirement is the 

phosphorylation of CDK on a Thr residue at positions 160/161 (depending on the type of 

CDK) next to its kinase active site [29, 36]. CDK7-cyclin H or CAK is the kinase responsible 

for phosphorylating these sites. Another requirement for full CDK activation is the 

dephosphorylation of Thr14 and Tyr15 residues next to the ATP-binding pocket. The 

kinase Wee1 phosphorylates these sites leading to CDK inhibition, possibly by affecting 

ATP binding to the ATP-binding pocket. Another kinase is also responsible for 

phosphorylation of these sites exits in vertebrates and is called Myt1 [29, 36]. To fully 
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activate the CDK-cyclin complex, the phosphatase Cdc25 dephosphorylates CDK on 

Thr14 and Tyr15. The dephosphorylation of these sites leads to a conformational change 

exposing the ATP-binding site to ATP for full CDK-cyclin activation. It is interesting to know 

that CDK1-cyclin M regulates Wee1 and Cdc25 activities at early mitosis. The active 

CDK1-cyclin M complex inhibits Wee1 and activates Cdc25 creating a positive feedback 

loop for further CDK1-cyclin M activation [36].  

 

1.3.C. Mechanisms for of Cyclin-dependent kinases inhibition 

At critical periods of the cell cycle, different mechanisms exist to inhibit the cell 

cycle control system or at least prevent its excessive activation. These mechanisms 

mainly inhibit CDK-cyclin complexes. One of the simplest ways to inhibit CDKs is to 

dephosphorylate Thr160/161 next to the kinase domain. Studies in human cells show that 

the kinase-interacting phosphatase (KAP), is responsible for the dephosphorylation of 

Thr160 on the human CDK2 monomer [37]. Also, the phosphatase PP2C is known to be 

capable of dephosphorylating CDK2 on Thr160 and CDK6 on an unknown site [38].  

However, the nature of the phosphatase(s) dephosphorylating other CDKs remains 

unexplored.     

Moreover, the inhibition by CDK inhibitor proteins (CKIs) is another mechanism 

responsible for reducing CDK-cyclins activity. These proteins inhibit the cell cycle control 

system by inhibiting CDK-cyclin complexes for maintaining a stable G1 or inducing a cell 

cycle arrest, such as in the case of DNA damage [39]. They do so by inhibiting CDK-

cyclins S and M activity before G1. Like all elements of the cell cycle control system, CKIs 

are widely conserved through evolution, but their number varies between organisms. For 

example, two CKIs exit in Drosophila and about seven in humans. Two different families 
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of CKIs are known: Cip/Kip and INK4 family. The Cip/Kip family of CKIs inhibits CDK-

cyclin complexes required for the G1/S transition and S phase [40]. Interestingly, inhibitors 

such as those of the Cip/Kip family can function to activate some CDK-Cyclin complexes. 

Members of the Cip/Kip family can bind to CDK4/CD6-cyclin D complexes and help in 

their assembly [39]. The other CKI family, INK4, lacks this feature and is mainly 

responsible for inhibiting the assembly of CDK4/CDK6 with their respective cyclins. Due 

to their vital role, different mechanisms are available to tightly regulate the activity of these 

CKIs. For instance, CKIs are phosphorylated by CDKs and destroyed by the proteasome 

to reduce the inhibition of CDK-cyclins S when the cell passes G1 [39].  

Another, though more crucial mechanism for inhibiting the cell cycle control system 

is through protein degradation taking place at the G1/S phase and metaphase-to-

anaphase transition. During the G1/S phase, CDK inhibitors are first ubiquitinated by a 

ubiquitin-protein ligase called SCF. This enzyme is composed of the subunits Skp1, cullin, 

and, the F-box protein [41]. The former two proteins are core subunits required for SCF 

activity. The latter component of the SCF enzyme is the most critical one as it confers 

substrate specificity [41]. For example, the binding of the F-box protein Cdc4 to the CKI 

inhibitor Sic1 in Saccharomyces cerevisiae leads to the start of the S phase after CDK-S 

cyclin activation. When SCF is active, it can ubiquitinate several CKIs. However, the 

ubiquitination and the destruction of such CKI are not random but are time specific. For 

the S phase to start, CDK-cyclin G1/S is active and phosphorylate Sic1 leading to its 

ubiquitination by SCF and its degradation by the proteasome [42]. Another ubiquitin-

protein ligase is present during the cell cycle and is called the anaphase-promoting 

complex (APC). The APC is a massive E3 ubiquitin ligase complex that regulates the 

metaphase-to-anaphase transition and the stability of the G1 phase [43]. During the 
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metaphase-to-anaphase transition, a complex called the spindle assembly checkpoint 

(SAC) ensures correct attachment of sister chromatids to kinetochores [44]. When this 

happens, the SAC activates the APC [44] to ubiquitinate a protein called securin, leading 

to its proteolytic degradation. When securin is degraded, a protease called separase is 

active and releases the cohesion from sister chromatids leading to their separation at 

anaphase [43]. Also, the APC promotes S and M cyclin degradation to inactivate CDK-

cyclin S and M, thus driving the cell to exit mitosis. APC targets such as securin and 

cyclins contain specific amino-acid motifs that are important for their ubiquitination and 

degradation. APC substrates targeted for degradation possess two motifs known as the 

D-box and the Ken-box that are required for APC-substrate recognition [43]. The targeting 

of the APC to its specific substrates doesn’t depend on their phosphorylation as it is the 

case for SCF but requires the APC to bind to specific proteins called activator subunits. 

Two known proteins, Cdc20 and Cdh1, are known as APC activator subunits and are 

essential for APC activity during the cell cycle. The activation of APC by CDK 

phosphorylation induces Cdc20 binding leading to securin and M cyclins degradation and 

the exit from mitosis. On the other hand, and to stabilize the G1 phase, Cdh1 binds the 

APC complex, which continuously works on ubiquitinating S and M cyclins to target them 

to the proteasome [43]. During cell preparation for another division, CDKs phosphorylates 

Cdh1 releasing it from the APC. This event deactivates the APC until the metaphase-to-

anaphase transition of the second cycle [43].  
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1.4 Regulation of mitotic entry  
 
1.4.A. Cyclin-dependent kinases: Master regulators of mitotic entry 
 

As explained before, the significant events occurring during the entry into mitosis 

are chromatin condensation, mitotic spindle assembly, and NEBD. During mitotic exit, 

chromatin decondenses, the mitotic spindle disassembles, and the NER takes place [45]. 

These processes are tightly regulated both in time and in space. Most substrates 

implicated in these events of mitotic entry were shown to be phosphorylated by CDK- 

cyclins M at mitotic entry [45]. When active, these CDK-M cyclins complexes 

phosphorylate multiple mitotic substrates to induce entry to mitosis [46, 47]. At the end of 

mitosis, M-cyclins are degraded by the APC, leading to CDK inactivation [48]. 

Phosphorylated mitotic substrates are then dephosphorylated by several phosphatases 

for the cell to exit mitosis [2, 45]. The major CDK implicated in the process of mitotic entry 

is CDK1, although some studies show that CDK2 could perform some mitotic functions in 

mammals [49]. As for all CDKs, CDK1 activates once bound to its respective cyclin. M-

cyclins are widely conserved in evolution, and most organisms possess at least one M 

cyclin. For example, budding yeast contains six versions of cyclin B, four of which, when 

bound to CDK1, are implicated in mitotic entry regulation [50]. Fission yeast, on the other 

hand, composes three versions of cyclin B, where only one has mitotic functions [51]. The 

fruit fly contains three M cyclins: cyclin A, B, and B3 [32, 52]. When bound to CDK1, both 

cyclin A and B are essential in regulating specific major events of mitotic entry in 

Drosophila, whereas cyclin B3 contributes more in mitotic exit [31] and meiosis [33]. As in 

Drosophila, cyclin A and B are crucial in regulating entry to mitosis in vertebrates, and 

each of these cyclins is found in two versions: A1, A2, and B1, B2. Most studies performed 
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in human cells show that CDK1-cyclin B1 is vital in regulating major events of mitotic entry, 

though CDK1-cyclin A seems to be important in regulating critical mechanisms during 

prophase [53]. As mentioned before, cyclin binding to CDK is not enough to fully activate 

the CDK-cyclin complex. Indeed, cdc25 must dephosphorylate the sites Thr14 and Tyr15 

on CDK1, initially phosphorylated by Wee1, for the full activation of the CDK1-M cyclin 

complex.  

As my project is focusing on the mechanisms occurring after prophase, I will focus 

more on the role of CDK1-cyclin B and not CDK1-cyclin A. To induce events of mitotic 

entry, CDK1-cyclin B phosphorylates a vast repertoire of critical mitotic substrates. In 

Xenopus, CDK1 phosphorylates an essential microtubule-associated protein called 

XMAP215, an event that is essential for spindle assembly during mitosis. When CDK1 

was incubated with XMAP215 in vitro, the rate of elongation of tubulin increased by more 

than 4-folds [54], suggesting that spindle assembly at mitotic entry requires XMAP215 

phosphorylation by CDK1. The cytoskeleton disassembly is another event occurring at 

mitotic entry. In a study done using mouse cells, CDK1 phosphorylates the protein 

vimentin, an intermediate filament protein, found in the cell cytoskeleton. The 

phosphorylation of vimentin by CDK1 leads to its disassembly and thus contributes to 

cytoskeleton disassembly at the entry to mitosis [55]. Moreover, CDK1 is best known to 

regulate NEBD. After prophase, CDK1-cyclin B localizes to the NE and phosphorylates 

multiple NE proteins. We will discuss this in more detail in the following sections. CDK1-

cyclin B also phosphorylates PRC1 [56], a microtubule-bundling protein [57], that is 

essential for spindle elongation at anaphase. This phosphorylation prevents PRC1 activity 

before anaphase [56]. Another fundamental substrate of CDK1-cyclin B is the APC 

complex. To activate the APC, CDK1-cyclin B first phosphorylates several members of 
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the complex. This phosphorylation induces the binding of Cdc20 to APC, leading to the 

full APC activation [58]. Then, the APC ubiquitinates cyclin B and induces its degradation 

by the proteasome, thus inactivating CDK1-cyclin B at the end of mitosis [59].  

 

1.4.B. Other kinases also function in mitotic entry regulation 

The importance of CDK-M cyclins in the regulation of mitotic entry has been 

highlighted long ago through studies performed in different model organisms. However, 

other kinases have been found to regulate some processes of mitotic entry. A genome-

wide screen was conducted to identify kinases required for cell cycle progression. In this 

study, many kinases other than CDKs were found to regulate different phases of mitosis 

[60]. However, two of these kinases, the polo-like kinases (PLKs) and aurora kinase A 

and B, were shown to be important kinases for regulating mitotic entry.  

PLKs contain an N-terminal kinase domain, required for their catalytic activity. In 

their C-terminal region, PLKs contain a domain called the Polo-box domain, which confers 

substrate specificity and targets the protein to different cellular locations [61]. To highlight 

their functional diversity, most PLKs localize to different subcellular compartments [62]. 

For example, the Drosophila PLK called Polo is diffused in the cytoplasm in interphase 

cells. During prophase, polo concentrates on centrosomes and kinetochores. Then, it 

localizes to the central spindle at anaphase and to the midbody during cytokinesis [62]. 

Most PLKs phosphorylates a wide range of substrates required for different mitotic events. 

For example, during cytokinesis, human Plk1 was shown to phosphorylate the protein 

Ect2. When phosphorylated, Ect2 binds the protein CYK4 to initiate a signaling cascade 

that leads to the initiation of the formation of the contractile ring during early cytokinesis 

[63]. Also, Plk1 phosphorylates PRC1 on a site different from that phosphorylated by 
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CDK1, to prevent early midzone formation before cytokinesis [64]. Due to its important 

role, PLKs are tightly regulated during mitosis. For example, human Plk1 is 

phosphorylated during mitosis on Ser 137 and Thr 210. These sites might be either 

phosphorylated by the kinases the Ser20-like kinase (SLK) or the polo-like kinase kinase 

1 (xPlkk1). In mammalian cells, SLK phosphorylates and activates the mammalian Plk1 

during the G2/M transition [65]. The Xenopus xPlkk1 is important for phosphorylating Plk1 

during the G2/M transition, as the injection of xPlkk1 in Xenopus oocytes leads to a quick 

entry to mitosis [66]. Interestingly, the phosphorylation of Plk1 on Ser 137 and Thr 210 is 

sensitive to DNA damage, as the phosphorylation of Plk1 on these sites was inhibited 

during DNA damage, possibly through a Chk2-dependent mechanism [67, 68]. 

Aurora kinases are another type of kinases that regulate mitotic entry events. 

Aurora kinases are composed of an N-terminal kinase domain and another domain that 

confers substrate specificity and protein localization [69]. Two aurora kinases, A and B, 

are essential during mitotic entry [69]. Studies performed in different models, such as 

Drosophila, C. elegans, and human cells, showed that the aurora kinase A functions to 

assemble and stabilize the bipolar spindle during early mitosis [69, 70]. On the other hand, 

the aurora kinase B has roles in controlling the structure and segregation of sister 

chromatids, where it functions in stabilizing the interaction between kinetochores and the 

mitotic spindle [69, 71]. The activation of aurora kinases not only relies on their 

phosphorylation state but also on their binding to regulatory proteins for their subcellular 

localization. For example, the aurora A kinase binds a protein called TPX2, required for 

targeting the kinase to microtubules [70]. Also, a study in yeast and human cells showed 

that the phosphatase inhibitor-2 is also vital for aurora A activation [72]. For aurora B 

activation, the kinase first binds to the proteins INCENP and survivin, which are members 
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of the chromosomal passenger complex [73]. When attached to these proteins, aurora B 

translocates to its respective locations to perform its function.  

 

1.5 Regulation of mitotic exit 
 
 When the APC complex triggers the degradation of cyclin B, CDK1-cyclin B is 

inactivated to prevent the overphosphorylation of mitotic substrates and to prepare the 

cell for mitotic exit [74]. On the other hand, different events that occur at mitotic entry 

needs to be reversed. For example, the mitotic spindle should disassemble, the NE should 

reform, and chromosomes must decondense [2]. For these events to occur, a wide range 

of substrates that were phosphorylated at mitotic entry are dephosphorylated by multiple 

phosphatases at mitotic exit [74, 75]. Among the vital phosphatases implicated in the 

dephosphorylation of mitotic substrates is the protein phosphatase 2A carrying the 

regulatory subunit B55 (PP2A-B55) and PP1 [76]. However, many other phosphatases 

also contribute to this process. In this section, we will be discussing the role of these 

phosphatases in mitotic exit and the mechanisms of their regulation.  

 

1.5.A. The protein phosphatase 2A: An important regulator of mitotic 

exit 

1.5.A.a. The structure of the PP2A complex 

PP2A belongs to the PPP protein phosphatase family, the largest family of 

serine/threonine phosphatases that is found in eukaryotes. The family includes, in addition 

to PP2A and PP1, PP2B, PP4, PP5, PP6, and PP7 [76]. As other protein phosphatases, 

PP2A is not functional in its monomeric form but is only active when it forms a 
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heterotrimeric complex. The complex composes of a catalytic subunit (PP2AC), a 

scaffolding subunit (PP2AA), and a regulatory B subunit that is essential for PP2A 

substrate specificity and subcellular localization [76] (Fig 1.6). The regulatory subunits in 

mammals are diverse and grouped in four families based on the similarity of their amino 

acid sequence and their three-dimensional structure. The four families of the PP2A 

regulatory subunits are B55 (PR55/B), B56 (PR61, B’), B72 (PR72/B’’), and Striatin 

(PR93/B’’’)  [76]. Both the B55 and B56 subunits play essential roles in regulating events 

of mitotic exit, while other subunits have other functions in the organism. B55 and B56 

also exist in different isoforms in mammals. The B55 subunit is present in the , , , and 

 isoforms, while B56 exists in , , ,, and  [76]. All of the different subunits of PP2A 

are present in various species, though in varying numbers. The PPP2AC in mammals and 

Xenopus is also named PPH21 in budding yeast [77], mts in Drosophila [78], and let-92 

in C.elegans [79]. The scaffolding subunit PPP21RB in mammals and Xenopus is also 

named TPD3 in budding yeast [77], Pp2A-29 in Drosophila [78], and ppa-1 in C.elegans 

[79]. The B55 and the B56 regulatory subunits are not present in different isoforms in other 

species. The B55 subunit is found in one isoform called Twins (Tws) in Drosophila [78], 

Cdc55 in budding yeast [77], and sur-6 in C.elegans [79]. The B56 subunit is present in 

two isoforms called widerborst (wdb) and well-rounded (wrd) in Drosophila [80], and pptr-

1 and pptr-2 in C.elegans [79]. No B56 subunit is present in budding yeast, and multiple 

isoforms of both B55 and B56 are present in Xenopus. 

The assembly of the heterotrimeric structure of PP2A is a multi-step process. In 

mammals, both the catalytic and the scaffolding subunits form a dimer. To build a trimeric 

structure, B subunits bind both the catalytic and the scaffolding subunits of PP2A (Fig 

1.6). For the binding to the various regulatory subunits, the scaffolding subunit contains a 
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stretch of 15 repeats called the HEAT repeat [81, 82]. The B56 subunit structure also 

includes a similar HEAT repeat structure that helps in recognizing and binding the PP2A 

scaffolding subunit [82]. The structure of the B55 subunit consists of a seven -propellers 

and a -hairpin-like structure which are essential in binding to the PP2A scaffolding 

subunit and substrates [83] (Fig 1.6).  

 

Figure 1.6: The structural composition of PP2A-B56 and PP2A-B55. PP2A is a 

trimeric complex composed of a catalytic subunit (green), scaffolding subunit (purple), and 

a regulatory subunit (red). Figure taken from [75]. 

 

1.5.A.b. The functions of PP2A-B55 during mitotic exit 

As mentioned above, the PP2A in complex with the B55 and B56 regulatory 

subunits have an essential function during mitotic exit, though PP2A-B55 is more critical 

in this process. Studies in Drosophila, Xenopus egg extracts, and human cells show that 

PP2A-B55 dephosphorylate substrates at mitotic exit, that were initially phosphorylated 

by CDK1-cyclin B. Extracts from Drosophila females with tws mutant brains were unable 

to dephosphorylate histone H1 previously phosphorylated by CDK1-cyclin B [84]. In two 

recent studies using Xenopus egg extracts, authors show that PP2A-B55 is essential for 

dephosphorylating multiple substrates previously phosphorylated by CDK1-cyclin B [85, 

86]. Moreover, human PP2A-B55 seems to be essential for PRC1 dephosphorylation 
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initially phosphorylated by CDK1-cyclin B [87]. In the same study, PP2A-B56 also 

dephosphorylates PRC1, but on a different site previously phosphorylated by Plk1 [87]. 

These findings suggest that PP2A-B56 can dephosphorylate substrates that were not 

phosphorylated by CDK1-cyclin B. 

Studies in different model organisms show that PP2A-B55 is essential for 

regulating different processes during mitotic exit. In a screen done in human cells, PP2A-

B55 was found to be critical for regulating spindle disassembly and NER [88]. Also, 

PP2A-Tws (PP2A-B55 in flies) regulates mechanisms that are essential for centrosome 

attachment to nuclei during early embryo development [89]. Embryos laid by females 

heterozygous for a tws mutation show clear centrosome attachment defects to nuclei [89]. 

However, the identity of the PP2A-Tws substrates required for this mechanism is still 

elusive. More recently, a proteomic-based screen using Xenopus egg extracts discovered 

more than 100 binding partners of B55 and B55 responsible for cell division, DNA 

replication, DNA repair, and cell signaling [90]. From the screen, authors found that PP2A-

B55 interacts with the DNA-binding protein complex RPA, previously shown to be 

phosphorylated by CDK2 during replicative stress. Interestingly, the levels of B55 

increased upon replicative stress [90]. These results made the authors suggest that 

PP2A-B55 can regulate RPA functions under replicative stress. However, the exact 

mechanism for this regulation was not investigated in this study.  

 It has now become evident that PP2A-B55 preferably dephosphorylates phospho-

sites previously phosphorylated by CDK1-cyclin B, which is S/TP. However, an in-depth 

proteomic analysis identified recognition signals that control PP2A substrate 

dephosphorylation during mitotic exit [91]. In this study, PP2A-B55 seems to favorably 

dephosphorylate sites containing S/TP that are flanked by polybasic amino acids, which 
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are thought to bind to the negative patches on B55 [91]. Sites on PP2A-B55 substrates 

flanked with more basic amino acids are dephosphorylated more rapidly than those 

containing few basic amino acids. In the same study, PP2A-B55 was able to 

dephosphorylate spindle proteins (with sites flanked by many basic amino acids) more 

rapidly than NE proteins (with sites flanked by few basic amino acids) [91]. 

Dephosphorylation kinetics is not only controlled by the presence of polybasic amino acids 

near dephosphorylation sites, but also by the PP2A catalytic subunit preference towards 

the sites phospho-T or phospho-S [92]. PP2A-B55 dephosphorylates substrates more 

rapidly with phospho-T than those with phospho-S sites [92]. These results suggest that 

PP2A-B55 would dephosphorylate substrates with phospho-T flanked with more basic 

amino acids during early mitotic exit, while it will dephosphorylate substrates with 

phospho-S flanked by less basic acids during late mitotic exit. 

 

1.5.A.c. The regulation of PP2A-B55 during mitosis 

Since PP2A-B55 opposes CDK1-cyclin B by dephosphorylating its substrates, an 

active PP2A-B55 at mitotic entry can lead to premature substrate dephosphorylation and 

an early exit from mitosis. For this, PP2A-B55 should be inactivated at mitotic entry and 

must get fully active only once the cell is ready to exit mitosis. PP2A-B55 inactivation 

occurs at the beginning of mitosis through a mechanism that depends on the Ser/Thr 

kinase greatwall (Gwl) and the small proteins ENSA and Arpp19 [93]. The regulation 

mechanism is simple. At mitotic entry, CDK1-cyclin B phosphorylates MASTL (Gwl in 

human cells) at the site Thr207 at its kinase domain  [93, 94]. After being phosphorylated, 

the autophosphorylation of MASTL takes place at the Ser875 site leading to its full 

activation. Following its activation, Gwl phosphorylates ENSA on Ser67 and Arpp18 on 
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Ser62 [75, 87, 93, 95]. However, CDK1-cyclin B is also capable of phosphorylating Arpp19 

on a different site than the one phosphorylated by MASTL [96]. The phosphorylation of 

ENSA and Arpp19 allows their binding to PP2A-B55, leading to its inhibition at mitotic 

entry [75, 87, 93, 97]. At mitotic exit, Gwl, ENSA, and Arpp19 are dephosphorylated, which 

causes a release of ENSA and Arpp19 from PP2A-55, leading to its activation at mitotic 

exit  [75, 87] (Fig 1.7). 

The mechanism of inactivation of PP2A-B55 at mitotic entry has been extensively 

examined in different model organisms [98]. In fly cells in culture, for instance, Gwl is 

present in the nucleus [99]. After being phosphorylated by CDK1-cyclin B, Gwl 

translocates to the cytoplasm [99], where it phosphorylates endos (ENSA in Drosophila), 

which exits the cytoplasm (Fig 1.7). PP2A-Tws, found in the cytoplasm, is then inhibited 

by the phosphorylated endos, leading to its inhibition at mitotic entry [99]. Surprisingly, no 

ortholog of Gwl has been identified in C. elegans, although ENSA is present in this 

organism [97], which raises the question of the mechanism by which PP2A-B55 is 

inactivated in worms.  

The mechanisms by which PP2A-B55 reactivates at mitotic exit has also been 

studied. The degradation of cyclin B partially activates PP2A-B55, where it partially 

dephosphorylates ENSA and Arpp19 [75, 100]. Therefore, ENSA and Arpp19 are PP2A-

B55 substrates and inhibitors [101]. By this “unfair competition” mechanism, ENSA and 

Arpp19 are dephosphorylated [101], and PP2A-B55 can now bind and dephosphorylate 

various mitotic substrates. Another study shows that ENSA/Arpp19 could also be 

phosphorylated by the RNA polymerase II carboxy-terminal domain phosphatase, also 

known as Fcp1 [100]. For Gwl dephosphorylation, a study in Drosophila shows that the 

partially active PP2A-Tws dephosphorylates Gwl on a site next to a nuclear localization 
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signal (NLS) initially phosphorylated by CDK1-cyclin B [102]. This dephosphorylation 

activates the NLS in Gwl, leading to its translocation to the nucleus to prevent endos 

phosphorylation and to fully activate PP2A-Tws at mitotic exit [102] (Fig 1.7). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7: The regulation of PP2A-B55 (PP2A-Tws) in Drosophila during mitosis. 

During mitotic entry, active CDK1-cyclin B and other kinases phosphorylate a myriad of 

mitotic substrates. These substrates are then dephosphorylated during mitotic exit mainly 

by active PP2A-B55. PP2A-B55 is inactive during mitotic entry. CDK1-cyclin B 

phosphorylates Gwl (MASTL in mammals), which then phosphorylates Endos (ENSA or 

ARP19 in mammals). Phosphorylated Endos binds to and inhibits PP2A-B55 at mitotic 

entry. Gwl and Endos are dephosphorylated at mitotic exit, and PP2A-B55 is active. Figure 

provided by Vincent Archambault. 

 
 
1.5.A.d. PP2A-B55 and Cancer 

A cell in an organism does not operate individually but is subjected to external 

signals from neighboring cells that order the cell to act during different situations. These 

signals can order the cell to divide, differentiate, or die [103]. This notion of cell 

collaboration is essential to keep tissues and thus, the whole organism alive. However, 

an unrepairable mutation in a gene of a cell in a tissue may lead to the development of a 
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new behavior that other cells in the tissue do not have. One example of a gene mutation 

is a one that leads to an increase in cell proliferation [103]. 

Multiple mutations in a gene, either due to a heritable cause [104] or an exposure 

to a carcinogen (a cancer leading agent) [105], followed by natural selection [106], will 

form an individual cell clone which will abnormally utilize nutrients available for other cells, 

and hence affects the viability of the whole tissue and then the whole organism [103]. 

These are the general events that lead to the formation of a cancerous tumor or neoplasm. 

In this tumor, several critical cellular processes are affected, such as cell proliferation and 

division, differentiation, apoptosis, migration, and others. These are also known as the 

hallmarks of cancer [107]. Different genes regulating these processes are found to be 

mutated in multiple cancer types. These genes are known as cancer-critical genes. 

Mutation in these genes could either be gain-of-function or loss-of-function mutations. 

Genes, where a gain-of-function mutation induces cancerous cell formation, are called 

oncogenes, such as the genes KRAS, cyclin D1 and cyclin E1, and HER [108]. Whereas 

genes, where a loss-of-function mutation increases the risk of a cancerous cell formation, 

are called tumor-suppressor genes, such as p53, INK4 and, PTEN [108].  

 As cancer is now among the leading death-causing diseases worldwide [109], 

many efforts are being made to treat cancer patients using diverse strategies. One of the 

approaches is to kill cancer cells by targeting mitosis. Many studies indicate that multiple 

cell division regulatory proteins are either defective or overexpressed in several cancer 

types, such as PLKs, cyclins, and aurora kinases [110, 111]. For targeting mitotic entry, 

scientists identified drugs that could be either microtubule poisons, such as Taxol, or drugs 

targeting the kinases controlling mitotic entry such as CDKs and PLKs [112, 113]. 

Although this strategy was efficient in killing cells, some cells were able to escape the drug 
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effect through a mechanism called mitotic slippage [112, 114]. Moreover, in some cases, 

these drugs were being resisted by cells, making them inefficient for being a part of cancer 

chemotherapy [115]. However, drugs that were targeting proteins regulating mitotic exit, 

such as proteins of the APC(Cdc20) [116], blocked cells at the metaphase-to-anaphase 

transition leading to cell death [112]. Hence, it seems that finding strategies to target other 

mitotic exit proteins could be promising for future cancer treatment.  

 After treating tumors with okadaic acid (OA), a PP2A/PP1 inhibitor [117], tumor 

growth increased, suggesting that PP2A is a tumor suppressor gene [118, 119]. 

Therefore, identifying drugs that activate PP2A instead of stopping it might be a good 

strategy for cancer treatment. Different members of the PP2A trimeric complex show 

abnormal levels of expression in various cancer types. The level of expression of B56 

was high in metastatic cells from a B16 mouse melanoma model [119]. Moreover, the 

level of expression of B55 was very low in patients with acute myeloid leukemia [120]. 

Also, mutations in the scaffolding subunit PPP2R1A and PPP2R1B were present in both 

ovarian and cervical cancer, and a deletion in gene expressing B55 was found in breast, 

prostate, and ovarian cancer [121]. Since PP2A-B55 is an essential regulator of mitotic 

exit, it is critical to identify substrates it dephosphorylates and mechanisms regulating its 

activity. Understanding the role and the regulation of PP2A-B55 in mitotic exit will enable 

scientists to develop drugs that target PP2A-B55 and could be part of combinatorial 

cancer therapy.  
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1.5.A.e. Other phosphatases regulating events of mitotic exit 

 Other than PP2A-B55, PP1 is also known to play essential roles in the regulation 

of mitotic exit. The PP1 enzyme is composed of a catalytic subunit but lacks a scaffolding 

subunit. To be active, PP1 must bind to a regulatory subunit, of which more than two 

hundred exist. The most studied PP1 regulatory subunits are Sds22, Repo-man, KI-67, 

PNUTS, and AKAP149 [122]. PP1-Sds22 localizes at kinetochores and dephosphorylates 

the cytoskeleton proteins ezrin/radixin/moesin, also known as ERM proteins. These 

proteins play critical roles in linking actin filaments to the plasma membrane [123]. The 

dephosphorylation of ERM proteins by PP1-Sds22 induces cortical relaxation, thus 

facilitating the process of anaphase elongation and proper cell division [123]. The subunit 

Repo-man recruits the PP1 catalytic subunit to late anaphase chromosomes, where PP1 

is thought to be important in the early reassembly of the Nup107 complex at mitotic exit 

[75, 124]. However, whether PP1-Repo-man dephosphorylates any nucleoporin is still 

unknown. For KI-67, the only piece of evidence indicating its role as a PP1 regulatory 

subunit is the ability to recruit PP1 to chromosomes at anaphase [125]. KI-67 depletion 

leads to a reduced localization of PP1 to anaphase chromosomes with normal cell 

division[126]. These results might also suggest that KI-67 is redundant with Repo-man. 

However, data that show this kind of redundancy are still missing. The regulatory subunit 

PNUTS targets PP1 to reforming nuclei for the regulation of chromatin decondensation 

[127], although PP1 substrates implicated in this process are still unknown. Finally, the 

transmembrane-domain-containing protein AKAP149 also recruits the PP1 to 

reassembling nuclei and is thought to be essential for PP1 function in Lamin B 

dephosphorylation at mitotic exit [128].  
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 PP2A-B55 and PP1 are not the only phosphatases implicated in regulating events 

during mitotic exit. An RNAi phosphatase screen performed in Drosophila S2 cells 

identified the roles of several phosphatases with mitotic functions [129]. Phosphatases 

such as PP4, PP2C, and PTP seem to function in regulating some events during mitotic 

entry and exit [129]. 

 

1.6 The nuclear envelope structure 
 
 The nuclear envelope, found in eukaryotic cells, is a lipid bilayer that separates the 

cytoplasm from the genetic material found in the nucleus. The envelope consists of an 

inner nuclear membrane (INM), and an outer nuclear membrane (ONM), both of which 

are continuous with the endoplasmic reticulum (ER) [130]. The envelope also includes 

large complex spanning both membranes, required for the nucleo-cytoplasmic transport, 

called the nuclear pore complex (NPC) [131]. The inner part of the INM consists of a 

fibrous-like structure called the nuclear lamina that provides strength and rigidity for the 

whole envelope [130, 132]. Chromatin in the nucleus connects to the nuclear envelope 

through various proteins that bind both DNA and proteins in the envelope [130]. In this 

section, we will be describing the different structures of the NE, the proteins that make 

these structures, and the functions of these proteins (Fig. 1.8). 
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Figure 1.8: The structure of the nuclear envelope. The nuclear envelope is composed 

of the outer and inner nuclear membranes (ONM and INM), the nuclear lamina, nuclear 

and pore complexes. The envelope is connected to chromatin via different proteins such 

as Elys, BAF, and HP1. Figure provided by Vincent Archambault. 

 

1.6.A. The nuclear lamina 

1.6.A.a. The nuclear lamina and lamins 

 The nuclear lamina is a filamentous structure found at the inner part of the INM and 

composed of intermediate filament proteins called lamins [133] (Fig. 1.8). As it gives 

stability to the NE, the nuclear lamina is present in almost all invertebrate and vertebrate 

cells [133]. In interphase cells, lamins play crucial roles in chromatin organization, gene 

expression, and structural and functional organization of the nucleus [132-137]. Lamins 

are also important for organism development [138], as a mutation in lamin expressing 

genes was found with patients suffering from laminopathy diseases, one of which is 

striated muscle laminopathy [139].  

 In mammalian cells, three types of closely related lamins, having a size between 

65- 70 kDA, exist termed lamins A, B, and C [132, 139]. While Lamins A and C are soluble 

in the cytoplasm during cell division, B-type lamins associate with membranes [139]. Other 
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organisms such as birds have lamins A, B1 and, B2, while five types of lamins exist in 

Xenopus [134, 136]. The human genome contains three lamin genes synthesizing seven 

different lamin proteins [129]. In Drosophila, it was thought that only one type of lamin, 

called Lamin Dm0, exists in the nuclear lamina [133]. However, other studies found that 

Lamin C also exists, but expressed at later stages of the fly development [136] [140]. This 

is also the case for mammals, as B-type lamins are constitutively expressed in all body 

cells, while Lamins A and C are only expressed in differentiated cells [132]. It is important 

to note that in most organisms, one gene expresses Lamin B, and another one expresses 

both Lamins A and C. The slight differences between the amino acid sequence of Lamin 

A and C are likely because both gene products arise from alternative splicing [133].  

 

1.6.A.b. Lamin structure 

 As most intermediate filaments, the structure of lamins consists of an N-terminal 

head domain, a central -helical central region, and a C-terminal tail domain [132-134]. 

These domains are essential for the proper dimerization of lamin molecules, a process 

that is important for the construction of the nuclear lamina. The central region of lamins is 

composed of four coiled-coil domains and is responsible for the early lamin assembly 

process [133]. The head and the tail domains are subjected to various modifications that 

are essential for the late stages of lamin assembly. The C-terminal domain of lamins 

contains an NLS, a feature not present in other intermediate filament proteins, which is 

critical for lamin import to the nucleus through the NPC [132]. The C-terminal domain also 

consists of a CAAX box, which is necessary to link lamin molecules to the INM [132] [133] 

[137, 139]. This process does not occur spontaneously with newly formed lamin molecules 

but requires further processing steps. After lamin synthesis, the C-terminal domain of 
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lamin is trimmed by peptidases and then isoprenylated at a cysteine residue [132] [136, 

137]. These processing steps enable new lamins to associate with the INM [137]. This C-

terminal isoprenyl group is maintained on Lamin B molecules and cleaved from Lamin C 

molecule [132]. These observations explain why Lamin B molecules link membranes 

during mitosis, while Lamin C molecules are soluble in the cytoplasm.  

 

1.6.A.c. The nuclear lamina assembly  

 The nuclear lamina assembly is a multi-step process. First, two lamin monomers, 

of a 50 nm length, assemble through their central region [134]. This dimerization step 

occurs through hydrophobic interactions between the two central regions of the lamin 

monomers [132]. The second step of assembly is the literal head-to-tail association of 

lamin dimers to form a 70 nm structure, where tails are present inside the structure, and 

heads are kept outside the structure [134]. It is thought that during mitosis, the nuclear 

lamina disassembles into these 70 nm structures [134]. The third step is the lateral 

stacking of several 70 nm structures to form another 10 nm width structure. These newly 

formed structures from the third step can also bind longitudinally to create a more 

extended paracrystalline structure, which is the central part of the nuclear lamina [134]. 

Both the N-terminal and C-terminal domains of lamins are necessary for their assembly 

process, as the deletion of one of the two domains leads to an increase in lamin solubility 

in vitro [132]. The disassembly and the reassembly of the nuclear lamina during mitotic 

entry and exit depend on the phosphorylation state of the molecules of the nuclear lamina. 

Different kinases and phosphatases play vital roles in the disassembly and reassembly of 

the nuclear lamina during mitosis. We will be discussing these kinases and phosphatases 

in the subsequent sections. 
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1.6.B. The nuclear pore complex 

 Traversing both the ONM and INM are large protein complexes, that act as gates 

between the cytoplasm and the nucleus, termed nuclear pore complexes (NPCs) [133] 

(Fig. 1.8, 1.9). NPCs, with a molecular size between 40 and 60 MDA, contain a set of 

more than 30 different proteins called nucleoporins [141]. The NPC is an eight-fold 

symmetrical structure [142] with a diameter of 80 nm [133] that exists in all NEs of 

eukaryotic cells and is conserved from yeast to mammals [133, 142]. The most critical 

function of the NPC is to mediate the transport of cargos, most of which are mRNA and 

proteins, between the cytoplasm and the nucleus [143]. However, lately, the NPC seems 

to be essential in performing other functions such as the regulation of gene expression, 

cell differentiation, epigenetic and heterochromatin regulation, cell development, DNA 

repair, and the assembly of the mitotic spindle [141, 143].  

 

1.6.B.a. The structure of the NPC 

 The NPC consists of different subcomplexes that constitute a cytoplasmic and a 

nuclear ring found on opposite sides of the complex, a transmembrane and an inner ring, 

nuclear basket composed of nuclear filaments, a central channel that maintains selective 

permeability, and cytoplasmic fibrils [144] (Fig. 1.9). The cytoplasmic, nuclear, and the 

inner rings are essential for forming the central channel of the complex. Although 

cytoplasmic fibrils extend from the outer cytoplasmic rings as seen by electron 

microscopy, it is still controversial whether these fibrils are part of the NPC [144]. As 

mentioned before, the NPC is composed of different nucleoporins (Nups) (Fig. 1.9). These 

proteins exist in different subcomplexes of the NPC based on their amino acid 

composition. Nups can be classified as transmembrane, scaffold (outer and inner rings), 
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linker, and Phe-Gly (FG) [144]. Three transmembrane Nups, GP210, NDC1, and POM121 

in vertebrates, are building blocks of the transmembrane ring and are critical in linking the 

NPC to nuclear membranes. Nups that are part of the outer and inner rings that form the 

central channel are biochemically stable and conserved Nups essential for assembling 

the NPC [144]. Nups that assemble the outer ring belongs to the vertebrate Nup107 

complex, while those that are a part of the inner ring belong to the vertebrate Nup155 

complex [144]. FG Nups, such as vertebrate Nup98 and Nup62, are present in their 

unfolded state and are critical for the transport mechanism. Linker Nups, such as 

vertebrate Nup93 and Nup88, link the scaffold to the FG Nups [144].  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9: The structure of the nuclear pore complex. The NPC is composed of 

scaffold and transport channel, nuclear basket and cytoplasmic fibrils. Each of these 

structures is made of a set of different nucleoporins. Figure taken from [141].  
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1.6.B.b. The disassembly and assembly of the NPC 

 During mitosis, the NPC disassembles in the cytoplasm. Studies using different 

model organisms show that the disassembly process is a step-wise synchronous 

mechanism [142]. For instance, in starfish oocytes, the disassembly process starts with 

the removal of Nups of the nuclear basket and cytoplasmic fibrils, which leads to a loss in 

nuclear permeability [142]. A similar process exists in Drosophila, and the proteins of the 

Nup107 complex disassembles after the removal of nuclear basket Nups. In budding 

yeast, where no NEBD takes place, the process of NPC disassembly is absent. However, 

in budding yeast with closed mitosis, partial disassembly of NPC takes place by the 

removal of some FG Nups during prophase [142]. This partial disassembly of NPC 

increases complex permeability allowing different mitotic regulators to pass to the nucleus 

[142]. The disassembly of NPC is shown to depend on phosphorylation. Several kinases 

play an essential role in this process. We will discuss this in the following sections.  

 During mitotic exit, more specifically at early anaphase, the NPC should assemble 

back on newly formed nuclei [142]. Similar to NPC disassembly, the NPC assembly 

process is also a stepwise controlled mechanism. The first step of assembly starts with 

the recruitment of the large DNA binding protein ELYS/Mel-28 to chromatin [142, 145]. 

ELYS/Mel-28 binding to chromatin induces the recruitment and binding of the Nup107 

complex to form what is known as the pre-pore complex [141]. Then, the Nup107 complex 

binds the nuclear membrane via the transmembrane Nup, POM121 [145]. After binding 

to the nuclear membrane, other NPC complexes assemble starting by the Nup155 

complex, linker Nups such as Nup88, FG Nups such as Nup62, and other Nups that form 

the nuclear basket and cytoplasmic fibrils[145]. For the initiation of the NPC assembly 
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process, critical Nups are dephosphorylated. We will discuss this in detail in the following 

sections.  

 

1.6.B.c. The nuclear transport machinery and mechanism 

 The primary role of the NPC is to transport cargos between the cytoplasm and the 

nucleus. Cargos such as ions and molecules having a size less than 40 kDA can easily 

diffuse through the NPC. However, larger proteins are actively transported by a large 

family of proteins called karyopherins [142]. Karyopherins can be importins that import 

cargos through the NPC to the nucleus, or exportins that carry cargos through the NPC 

to the cytoplasm (Fig. 1.10). Proteins targeted to the nucleus possess an NLS in their 

amino acid sequence, while those that need to exit the nucleus might have a nuclear 

export signal (NES). Since it is an active transport mechanism, a source of energy is 

required for this process [146]. This energy comes from the small GTPases Ran. The 

energy that comes from GTP hydrolysis is not essential for the translocation through the 

NPC but is critical to trigger the assembly and disassembly of transport complexes in the 

cytoplasm and the nucleus. For instance, in the cytoplasm, importins bind cargos with an 

NLS only following Ran-GTP hydrolysis to Ran-GDP by a Ran-GAP (Fig. 1.10). Then, 

after the importin-cargo complex passes through the NPC, a Ran-GEF transfers Ran-GDP 

to Ran-GTP. Importin releases the cargo in the cytoplasm when it binds cytoplasmic Ran-

GTP [146] (Fig. 1.10). On the other hand, high Ran-GTP in the nucleus helps in the 

binding of exportins to their cargo. After the exportin-cargo complex passes to the 

cytoplasm, it releases its cargo after binding to Ran-GDP in the cytoplasm [146] (Fig. 

1.10). Although it seems that Ran-GTP, Ran-GDP, Ran-GEF, and Ran-GAP are only 

soluble in the cytoplasm or the nucleus, these molecules also bind at different sites on the 
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NPC. Some of these molecules bind the Nup 358 [146] found on the cytoplasmic part of 

the NPC, while others bind to the Nup 153 [147] that exists at the nucleocytoplasmic 

portion of the NPC.  

 In addition to their importance in the nucleo-cytoplasmic transport machinery of the 

NPC, importins, and Ran-GTP can play other functions, specifically during mitosis. One 

of the roles of importins and Ran-GTP is during NPC assembly at the end of mitosis. To 

prevent their interaction with chromatin and other Nups, ELYS/Mel-28 and the Nup107 

complex bind importins before the start of the NPC assembly mechanism [142]. After 

binding to Ran-GTP, known to bind chromosomes during mitosis, importins release 

ELYS/Mel-28 and the Nup107 complex, which are now able to bind chromatin and initiate 

the NPC assembly process [142]. Another vital role of importins takes place during the 

contractile ring assembly at early cytokinesis. Anillin, a protein of the contractile ring, binds 

importin- through its C-terminal NLS and localizes to the cortex of mammalian cells. This 

mechanism is critical both for cortical polarity and cytokinesis [148].   
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Figure 1.10: The nucleo-cytoplasmic transport mechanism in the cell. Importins such 

as importin  and  transport cargo from the cytoplasm to the nucleus. CRM1 is an 

exportin that carry cargo from the nucleus to the cytoplasm. RanGTP hydrolysis is 

required for this transport mechanism. LMB (Leptomycin B) is an export inhibitor. Figure 

taken from [149].  

 

1.6.B.d. Nuclear pore complexes are also present on annulate lamellae 

 Annulate lamellae (AL) are organelles present in the cytoplasm as membrane 

sheets containing NPCs, and are also known to be subdomains of the ER [150, 151]. Like 

NPCs bound to NE, those bound to AL consist of more than 30 different types of Nups. 

However, they lack the Nups ELYS/Mel-28, POM121, and Tpr. AL are found in cells with 

high dividing capacity such as germ cells and embryos during early development in frogs, 

fruit flies, worms, and humans [150, 151]. However, the exact function of these structures 

in the cells is still under investigation. In a study using HeLa cells, the number of AL in the 

cells seems to be critical for the nuclear transport mechanism [150]. An upregulation of 



 59 

AL increases the number of NPCs on AL and decreases those found on the NE. This 

affects the distribution of transport proteins such as importins causing a decrease in the 

nuclear export and import rate [150]. This suggests that these structures act as a control 

of the nucleo-cytoplasmic process. Also, a recent study shows that AL are essential for 

immature and pre-assembled NPC insertion in the NE during syncytial embryo 

development in Drosophila [151]. This model of AL function gave one of the important 

explanations to how the INM is continuous with cell ER [151]. More investigation is 

required to reveal the roles of these structures on normal cell function under various 

conditions.  

 

1.6.C. The outer nuclear membrane 

 The ONM is a lipid bilayer that contains transmembrane proteins and serves in 

several developmental processes. The integral proteins of the ONM share an N-terminal 

KASH (Klarsicht, Anc-1, Syne-1, homology) domain. These proteins bind INM proteins 

having SUN (Sad1p/UNC-84) domains to mediate different functions [130, 152]. In 

addition, proteins of the nuclear lamina bind proteins with a SUN domain found on the 

INM [153]. This binding is essential for the processes of nuclear migration and cellular 

polarization. ONM proteins such as nesprin also interact with the cell actin cytoskeleton 

through an N-terminal actin domain [152]. By connecting to both the nuclear lamina and 

the actin cytoskeleton, ONM proteins with KASH domains provide a connection between 

the nuclear envelope and the MTOC [138]. This connection is critical for different cellular 

processes such as nuclear migration of photoreceptor cells during Drosophila eye 

development [138].  
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 As mentioned above, the ONM continues and links with both the smooth and the 

rough ER, and some ribosomes bind different regions of the ONM [154]. However, other 

functions of the ONM are still unexplored. Therefore, more efforts should be made to 

uncover new ONM proteins and investigate their functions.  

 

1.6.D. The inner nuclear membrane, a site for binding chromatin 

1.6.D.a. Proteins of the inner nuclear membrane, structure and, functions 

 The INM is a critical region of the NE, as it plays vital roles in gene expression and 

DNA metabolism [130]. It also provides a site of contact between the NE and both the 

nuclear lamina and chromatin. Transmembrane proteins are present on the entire INM.  

Most of the proteins that exist in the INM are known to share a 40 amino acid conserved 

globular module called the LEM domain. The 3D structure of the domain consists of two 

parallel -helices that are connected by a loop [155]. The name of the domain comes from 

the first letter of first discovered INM protein families called LAP2, Emerin, and MAN1. 

Other LEM-domain proteins, such as LEM2, LEM3, LEM4, LEM5, and the Drosophila 

proteins Otefin and Bocksbeutel, also exist [155]. The known function of most of these 

proteins is to interact with a small conserved protein called the barrier-to-autointegration-

factor (BAF) and to proteins of the nuclear lamina. For example, the lamina-associated 

polypeptide-2 (LAP2) family consists of different isoforms. The N-terminal region of most 

of the proteins in the LAP2 family consists of two domains, a LEM domain that can bind 

the chromatin indirectly via its interaction with BAF, and a LEM-like domain which can 

directly interact with chromatin [155]. The C-terminal domain of proteins of this family 

includes a lamina-binding domain which helps in binding lamins, most of which are A-type 

lamins [139]. Regarding the protein MAN1, its N-terminal domain consists of a conserved 
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LEM domain, and the C-terminal domain composes an RNA recognition motif (RRM) 

[155]. MAN1 also binds lamins, and its role is critical in chromosome segregation and cell 

division [139]. Emerin is another INM protein with a typical LEM domain on its N-terminus. 

The Emerin gene (EMD) is present on the X-chromosome of the human genome and 

expresses a 34 kDA protein [139]. Other than its ability to interact with BAF, Emerin binds 

several lamin proteins, but favorably binds Lamin C [139]. Emerin is critical for cell survival 

and development, and mutations in the EMD had been linked with patients having Emery-

Dreifuss muscular dystrophy [139]. There are three LEM domain proteins in Drosophila: 

Otefin, MAN1, and Bocks [156]. The functions of these proteins are not well understood, 

but their ability to bind BAF is conserved. Interestingly, flies with a single mutant for a gene 

that encodes one of the LEM domain proteins are viable. However, flies with double 

mutant genes that expresses two LEM domain proteins failed to hatch, suggesting that 

LEM domain proteins are functionally redundant [156].  

 Other INM proteins also exist, but in contrast to INM proteins described above, 

these INM proteins lack a conserved LEM domain. An example of such protein is the 

Lamin B receptor protein or LBR. As all INM proteins, LBR also binds lamins, and can 

also associate with chromatin by a BAF-independent process. In addition to binding 

chromatin, LBR can interact through its N-terminal domain with the heterochromatin 

specific protein 1 (HP1) [139, 157]. This interaction also helps to link chromatin to the NE.  

  

1.6.D.b. BAF, its structure, and functions in linking the NE to chromatin 

 As discussed above, multiple sites of attachment between the NE and chromatin 

exist. However, the most critical attachment is the one taking place between proteins with 

LEM domains and BAF (barrier-to-autointegration factor). BAF is a small protein of a size 
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between 10 and 20 kDA that is widely conserved among different metazoans [158, 159]. 

The name BAF comes from its role in the biogenesis of the Molony Murine Leukemia Virus 

(MoMLV). When MoMLV infects a cell, the reverse transcription complex reverse 

transcribes the viral RNA into DNA [158]. This viral dsDNA is present in the cell cytoplasm 

as a nucleoprotein called the pre-integration complex (PIC). BAF is recruited to the PIC 

during complex formation and protects viral DNA from its autointegration in the cell 

genome [158]. Failure of BAF recruitment to the PIC complex leads to viral DNA 

autointegration and viral self-destruction. By binding DNA, BAF prevents the viral DNA 

from being inaccessible to viral integrases and thus to viral DNA integration to the host 

genome [158]. Previous studies showed that BAF forms dimers that bind DNA in a non-

sequence specific manner. After binding DNA, BAF dimers undergo a 3D-conformational 

change that enhances BAF binding to other proteins such as LEM domain proteins or 

lamins [158]. The 3D structure of the DNA unbound BAF monomer and BAF dimer bound 

to DNA is already present. The BAF monomer consists of a non-specific DNA binding 

motif composed of two helix-hairpin-helix structure. This DNA binding motif is located on 

opposite surfaces of the BAF dimer [160].  

 The most critical function of BAF is to regulate nuclear assembly during mitosis. 

BAF regulates proper nuclear assembly by binding various NE proteins. In interphase 

cells, BAF is present in the cytoplasm and on the NE where it binds LEM domain proteins, 

lamins, and histones. During early anaphase, LEM domain proteins such as LAP2 bind 

a fraction of BAF at the telomere region [158]. Then, during early telophase, the BAF-

LAP complex spread on the surface of the central zone of telophase chromosomes 

proximal to the mitotic spindle, known as the core region [158]. Then, other NE proteins 

assemble to complete the NER process. However, these studies failed to explain the role 
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of the free BAF fraction during the exit from mitosis. Recently, in a study performed in 

HeLa cells, the depletion of BAF by RNAi leads to the formation of nuclei fragments 

(known as micronuclei) [161]. These micronuclei are vulnerable to DNA damage and are 

assumed to cause genome instability and cancer formation. In this study, BAF seems to 

create a stable anaphase chromosome structure, which is necessary to shape a single 

nucleus at late mitosis [161]. This study contradicts previous studies showing that BAF 

accumulation at the core region is essential to recruit LEM domain proteins during nuclear 

assembly. However, the role of BAF seems essential for linking the different scattered 

chromosomes, rather than binding LEM domains [161]. This conclusion was made after 

observing that BAF mutants that fail to bind DNA are unable to bind LEM domain proteins, 

whereas BAF mutants that fail to bind LEM domain proteins can still bind DNA [161]. 

Moreover, BAF binding to DNA is critical to protect the mass of anaphase chromosomes 

from being invaded by LEM domain proteins. This conclusion is due to the fact that LAP2-

GFP strongly accumulated at the inner-chromosomal regions in cells depleted from BAF 

[161]. The importance of the role of BAF in nuclear assembly was also noticed in other 

model organisms. BAF depletion in C. elegans leads to the formation of anaphase bridges 

and to mislocalization of LEM domain proteins and lamins on the NE [158]. In Drosophila, 

BAF-null mutant flies lay eggs having dead larvae with small brains and missing imaginal 

discs [162]. Brain tissues from these larvae showed improper chromatin reorganization of 

interphase cells, improper nuclei shapes, unusual distribution of lamin, and abnormal M-

phase progression [162]. This suggests that BAF plays an essential role both in chromatin 

organization and proper shaping of the nucleus. The binding event of BAF to DNA is not 

random but is tightly regulated by phosphorylation. We will discuss the regulatory 

mechanism of BAF-DNA binding in the following sections.  
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 In addition to its role in nuclear assembly at the end of mitosis, BAF functions in 

regulating gene expression [158]. BAF plays critical roles in the formation of 

heterochromatin formation, by its ability to bridge-DNA and to bind the core histone H3 

[158]. Through its binding to LEM domain proteins, BAF indirectly regulates the 

expression of several genes. For instance, LAP2 binds several transcription factors such 

as the retinoblastoma protein pRB, to inhibit E2F activity [158]. It seems that BAF 

regulates gene expression by competing with pRB for binding to LEM domain proteins 

such as LAP2. 

 

1.7 The nuclear envelope breaks down in early mitosis 
 
1.7.A. The general process of nuclear envelope breakdown 

 In organisms with open mitosis, the process of NEBD is critical for the mitotic 

spindle to gain access to condensed chromosomes. In mammalian cells, this process 

starts at late prophase by the disassembly of NPCs and which finishes within minutes 

[163]. Following NPC disassembly, microtubules found at the external face of the NE 

exerts pulling forces that create NE invagination [163]. This process is essential in 

finalizing mitotic spindle assembly, lamina stretching, and getting rid of NE membranes 

bound to chromosomes. The next step is the completion of lamina depolymerization, 

which initiates in early prophase. The last step is the detachment of INM proteins and 

lamins from chromatin, mainly by the dissociation of these proteins from BAF [163]. As 

most of the NE proteins disassemble, their fate and localization during mitosis were 

always under question. In the past decade, there was a great interest in the role of the ER 

during NEBD. At mitotic entry, and in mammalian cells, the ER reorganizes and forms a 
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tubular-like network [163]. Disassembled proteins such as INM and lamins reabsorb into 

the ER, while Nups are mostly released in the cytoplasm [130]. The formation of the 

tubular-like structure of the ER during mitosis is still under investigation. For instance, in 

C.elegans and some mammalian cells, the ER is present in the form of a cisterna that 

localizes at the cell cortex and doesn’t form a tubular-like structure during mitosis as in 

most mammalian cells [163]. More efforts are necessary to solve this contradiction in the 

role of the ER during NEBD.  

 

1.7.B. CDK1, a principal kinase phosphorylating NE protein during NEBD 

 For triggering events of NEBD, multiple kinases phosphorylate a myriad of NE 

proteins. Kinases such as CDK1, Plk1, Aurora A, PKC, and others play an essential role 

in this process [132, 163]. However, among these, CDK1 is the most critical kinase that 

triggers NEBD [163] (Fig. 1.11). Proteomic analysis of samples from HeLa cells arrested 

in M-phase identified more than 1000 proteins, most of which were phosphorylated on 

S/TP, the known consensus sequence phosphorylated by CDK1. Many of these 1000 

proteins were nucleoporins, LEM domain proteins, and lamina proteins [46]. Although 

CDK1-cyclin B is the principal kinase triggering NEBD, depletion of cyclin A2 from HeLa 

cells delayed the process of NEBD, suggesting that CDK1-cyclin A2 might be implicated 

in that process [164].  

 Many studies showed that CDK1-cyclin B phosphorylate several Nups, such as 

members of the Nup107 and Nup53 complexes, to induce NPC disassembly and 

detachment from the NE  [163] (Fig. 1.11). Peptides from these Nups from M-phase 

arrested HeLa cells were mostly phosphorylated on S/TP, although phosphorylation of 

other sites was also present [46], suggesting that other kinases could phosphorylate these 
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Nups. It would be interesting to mutate some of these sites to determine their effect on 

the process of NPC disassembly at mitotic entry.  

 As for Nups, CDK1 is also responsible for phosphorylating lamina proteins to 

induce their disassembly at early mitosis. In vivo and in vitro experiments performed in 

different model organisms identified different CDK1 phosphorylation sites on lamina 

proteins (Fig. 1.11). For instance, the head-to-tail disassembly of chicken Lamin B2 

polymers seems to depend on the various phosphorylation events on S/TP sites present 

mostly on the N and C-terminus of the protein [137]. In another study, the incubation of 

CDK1 with isolated chicken nuclei in vitro induced their disassembly by phosphorylating 

the sites found on the N-terminal region of Lamin B2 [137]. Also, bacterially purified Lamin 

C filaments incubated with active CDK1 induced disassembly of these filaments [165]. 

Head-to-tail disassembly of Drosophila Lamin Dmo also depends on the phosphorylation 

on an N-terminal Ser 24 [135] and a site in the C-terminal region by CDK1 [166]. Moreover, 

human cells expressing two serine phospho-mutants, Ser22 and Ser392 found on the N 

and C-terminal part of Lamins A and C respectively showed exciting phenotypes [167]. 

Cells expressing these mutants were unable to disassemble their nuclear lamina leading 

to failure in chromosome segregation and mitotic arrest [167]. These results suggest that 

phosphorylation of sites within the N and C-terminal part of lamins is sufficient to induce 

lamina disassembly. Other phosphorylation sites might be important for the detachment 

of lamins from other NE proteins during NEBD [167].   

 CDK1 activity is also necessary for phosphorylating several INM proteins during 

NEBD. In normal rat kidney epithelial cells (NRK), LAP2 dissociates from chromosomes 

during metaphase. LAP2 dissociation from chromosomes might depend on its 

phosphorylation by CDK1 since multiple CDK1 consensus sites exist in the LAP2 amino 
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acid sequence [168]. Indeed, in a study using a mouse neuroblastoma cell line, CDK1 

was responsible for phosphorylating LAP2 on Thr 74 and Thr 159 [169]. CDK1 also 

phosphorylates LBR for its dissociation from lamina proteins. Studies using chicken cells 

identified Ser 71 [170] and Thr 188  [171] as the sites phosphorylated by CDK1 during 

mitosis. More recently, another study using HeLa cells, revealed that Ser 71 is the 

principal site in LBR being phosphorylated by CDK1. Also, CDK1 might be responsible for 

the interaction between LEM domain proteins and BAF. A study using the Xenopus egg 

cell-free system identified multiple phosphorylation sites on Emerin that are crucial for its 

dissociation from BAF during mitosis. Among these sites, Ser 49 was the only identified 

site followed by a proline [172]. The identity of the kinase implicated in the Emerin-BAF 

dissociation mechanism is still unknown.  

 

1.7.C. Other kinases also participate in phosphorylating NPC, lamina, and INM 

proteins 

 As already mentioned, kinases such as Plk1 and aurora A are also essential for 

inducing NEBD. The depletion of Plk1 in C. elegans leads to NEBD defects in worm 

oocytes before ovulation [173] (Fig. 1.11). Also, treating HeLa cells with the Plk1 inhibitor, 

BI 2536, strongly delayed NEBD [174]. However, the identity of the NE substrates 

phosphorylated by Plk1 was still unknown. Recently, a study performed using HeLa cells 

showed that the inhibition of Plk1 localizes importin  and some Nups to condensed 

chromosomes instead of being diffused in the cytoplasm, while the localization of Lamin 

A/C was not affected [175]. These results and others in that study made the authors 

suggest that Plk1 is responsible for NPC but not lamina disassembly during NEBD. 

Moreover, in a quantitative phospho-proteomic study, phospho-peptides from multiple 
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Nups were enriched in BI 2356 treated cells confirming the role of Plk1 in phosphorylating 

members of the NPC [176]. In the same study, phospho-peptides of some Nups were 

enriched upon aurora kinase inhibition [176]. However, these results seem to contradict 

data that shows no effect on NPC disassembly following aurora B inhibition [175]. In 

contrast, the depletion of aurora A [177] in C. elegans delayed NEBD. Time-lapse 

experiments in worm embryos depleted from AIR-1 (aurora A in C. elegans) showed a 

delay in the disassembly of lamina and NPC proteins [177]. Whether aurora kinases are 

necessary for lamina and NPC disassembly in organisms other than C. elegans remains 

unexplored. However, recently, HeLa cells treated with ZM447439, an aurora B inhibitor, 

showed a delay in the dissociation of LBR from chromosomes [178]. It remains to be seen 

whether aurora B phosphorylates LBR, and whether this phosphorylation is necessary for 

LBR dissociation from HP1 or chromatin during NEBD.  

 Other kinases, though with less importance, phosphorylate various NE substrates 

during NEBD. In the past decades, many in vitro assays were performed using purified 

Lamin B and Lamin C from various model organisms. These experiments show that the 

protein kinases A and C (PKA and PKC) [132], the S6 kinase II [165], and the CAM kinase 

II [132], have the ability to phosphorylate multiple sites both on the N and C-terminal 

regions of Lamin B and C. Also, some kinases are responsible for phosphorylating INM 

proteins. Among these kinases, the RS kinase can phosphorylate LBR on multiple sites 

in vitro [170]. However, in vivo studies showing the role of these kinases in the 

phosphorylation of lamins and INM proteins are still absent. Moreover, multiple kinases 

participate in phosphorylating several Nups. In vitro and in vivo studies in yeast showed 

that the casein kinase Hrr25p binds to and phosphorylates Nup53 [179]. Since no role of 

Hrr25p in phosphorylating NPC proteins in other organisms exist, the role of Hrr25p seems 
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restricted to yeast. Also, the kinases PKA and the glycogen synthase kinase can 

phosphorylate Nup 62 in vitro [180]. However, the specificity of these in vitro assays 

should be taken into consideration.   

 

1.7.D. BAF dissociation from chromatin and NE proteins during NEBD depends on 

phosphorylation by VRK1 

 During NEBD, BAF dissociates from chromatin, LEM domain proteins, and lamins. 

The dissociation of BAF from these structures during NEBD depends on its 

phosphorylation by the human vaccinia-related kinase 1 (VRK1) (Fig. 1.11). The first 

discovered role of VRK1 was its ability to phosphorylate histone H2A in vitro. VRK1 is 

widely conserved through evolution. One VRK1, called NHK-1, is found in Drosophila, one 

VRK1 in C. elegans, and three, VRK1,2,3, in mammals [181]. In human cells, the 

overexpression of VRK1 weakens the interaction between BAF and chromatin [182]. In 

an in vitro assay from the same study, VRK1 phosphorylates three sites located on the N-

terminal region of BAF [182]. Moreover, the expression of a phospho-Ser 4 deficient 

mutant form of BAF leads to abnormal localization of Emerin to the NE [183]. Also, VRK1 

depletion decreased the cytoplasmic portion of GFP-BAF compared with control cells. 

However, in contrast with previous studies, VRK1 depletion had no effect on the 

localization of Emerin and Lamin A/C in interphase cells [184]. These observations might 

be due to the incomplete loss of VRK1 by RNAi in these cells. Taken together, these 

results indicate that VRK1 phosphorylates BAF on Ser 4 for its dissociation from LEM 

domain proteins and chromatin during NEBD (Fig. 1.1 1).   

 The mechanism of VRK1 phosphorylation of BAF, leading to its dissociation from 

chromatin and LEM domain proteins is also present in Drosophila. During the early stages 
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of fly oogenesis, meiotic chromosomes scatter the whole oocyte nucleus [181]. 

Chromosomes then form a compact structure in the middle of the oocyte nucleus at later 

stages of fly oogenesis called the karyosome. In the fly ovaries, the fly oocyte is blocked 

at the first metaphase of the first meiotic division [22]. When the female fly lays the egg, 

meiosis completes and four meiotic products form. The male sperm joins one of these 

meiotic products, while the other three form a polar body [22].  

 Interestingly, the karyosome in oocytes from females heterozygous for an NHK-1 

mutation, which reduces NHK-1 expression by about 20%, was less compact and meiotic 

chromosomes were found near the NE [181]. Purified wild type NHK-1, but not a kinase-

dead mutant, was able to phosphorylate BAF in fly ovary extracts, indicating that BAF is 

a substrate of NHK-1 [181]. To test whether the phosphorylation of BAF is essential in 

karyosome formation, the authors designed a phospho-deficient BAF mutant by replacing 

three known phosphorylation sites on the N-terminal region of BAF by alanine [181, 182]. 

The expression of this phospho-deficient BAF mutant in flies leads to a less compact 

karyosome with meiotic chromosomes near the NE of oocytes [181]. This phenotype was 

weaker than the phenotype seen in oocytes from NHK-1 mutant female flies, probably due 

to the presence of the wild type BAF in flies expressing the phospho-deficient BAF 

mutation. Moreover, the expression of this mutant increased the level of the fly LEM 

domain protein on the NE, indicating the BAF phosphorylation by NHK-1 is necessary for 

the dissociation of BAF from LEM domain proteins in flies [181]. It would be interesting to 

investigate the different phenotypes in syncytial embryos from females heterozygous for 

NHK-1. 
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Figure 1.11: The regulation of nuclear envelope disassembly. Various kinases are 

implicated in phosphorylating nuclear envelope proteins to induce nuclear envelope 

disassembly. CDK1-cyclin B is known to phosphorylate several NE proteins such as 

proteins of the nuclear lamina and nucleoporins. Plk1 was also shown to phosphorylate 

nucleoporins. VRK1 is mostly known to phosphorylate BAF leading to its disassembly 

from LEM domain proteins such as LBR, Emerin, and MAN1.  

 

1.8 The nuclear envelope reassembles at the end of 
mitosis 
 
1.8.A. The general process of nuclear envelope reformation 

 The NER starts at late anaphase and finishes at the end of telophase. The first 

essential step in initiating NER is chromatin decondensation and nucleus shaping [122]. 

Many mechanisms are involved in this process. The first mechanism for chromatin 

decondensation depends on microtubule dynamics and occurs mostly in mouse oocytes 

and early embryos [185]. The chromokinesin KID is a plus-end-directed DNA binding 

motor that seems to be necessary during nuclear reassembly as its loss results in the 

formation of micronuclei in mouse oocytes [185]. Although the exact contribution of KID 

in the process of nuclear reassembly is still unexplored, it is thought that the KID-DNA 
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complex slides on microtubules to form a compact chromatin structure at anaphase of 

mouse oocyte meiosis. The second mechanism of chromatin decondensation relies on 

the AAA+ ATPase and the ubiquitin-dependent chaperone p97 [186]. This ubiquitin 

chaperone activates when it binds to its known cofactors, NPL4 and UFD1 [186]. During 

nuclear reassembly, and following ATP hydrolysis, the complex binds and removes 

polyubiquitinated aurora B found on chromatin [186, 187]. The removal of aurora B from 

chromatin is necessary to release its inhibitory effect on chromatin decondensation and 

NER. However, the identity of the aurora B substrates required for such an inhibitory role 

is still obscure. The final mechanism that is critical for shaping the nucleus during NER 

depends on the function of the small protein BAF. This mechanism was already discussed 

in section 1.6.B.c. 

 After chromatin decondensation, NE membranes and proteins are recruited to the 

properly shaped nucleus. The ER provides an essential source of the NE membrane 

during the process of NER. In section 1.7.A, we discussed that during NEBD, the ER 

forms a tubular-like structure where most NE proteins reside following NE disassembly. 

During NER, the ER extends toward the chromatin forming tips of ER tubules on the 

chromatin surface [188]. Integral proteins that are present within the ER membrane are 

also targeted to the chromatin surface and help in ER binding to chromatin [189, 190]. 

Once ER tips are bound to chromatin, more membranes are recruited to form a flat sheet 

of membranes that covers the chromatin and forms the NE [191]. During this process, 

more NE proteins, such as Emerin, LAP2, and Lamin A, bind to the chromatin core region 

through a BAF-dependent mechanism [192, 193]. Other proteins such as Lamin B, some 

nucleoporins, and LBR are present at the noncore chromatin region [194]. ELYS/MEL-28 

is one of the proteins that bind to the noncore region initiating NPC reassembly. 
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ELYS/Mel-28 binding to chromatin recruits members of the Nup107 complex to form the 

pre-pore complex [195]. More nucleoporins are recruited to complete the NPC assembly, 

as discussed in section 1.6.B.b. During the NPC assembly, the complex is also being 

anchored to the formed nuclear membrane. Two models of NPC anchoring to membranes 

have been proposed [145]. The first model, also known as the insertion model, proposes 

that during NPC assembly, the complex anchors between two membrane sheets of the 

NE [145]. The other model, called the enclosure model, suggests that the assembly first 

starts by binding of nucleoporins to chromatin, during which nuclear membranes enclose 

the anchored NPC [145]. It is thought that the anchorage of the assembled NPC to the 

NE could take place through each of the two proposed models. As already discussed in 

section 1.6.B.b, the function of the nucleoporin POM121 is critical to mediate the 

interaction between nuclear membranes and the NPC [196].  

 Following NPC membrane anchorage and the formation of nuclear membrane 

sheets over the chromatin, some gaps are still present in some regions of the NE. The 

process of NE sealing takes place to close these gaps, and is critical for perfect 

compartmentalization of the NE [122]. Several protein complexes are known to be 

implicated in the process of NE sealing. A group of proteins known as SNAREs, 

discovered in Xenopus extracts, seem to be required for NE sealing, as removal of these 

proteins from extracts leads to NER inhibition [197]. Also, the addition of an antibody that 

blocked SNARE activity in these extracts, accumulated vesicles on the chromatin surface 

and prevented NE sealing [197]. However, how do SNARE contribute to NE sealing and 

what are the specific SNARE proteins implicated in this mechanism are all questions that 

need to be answered. The ESCRT-III complex is another complex implicated in the 

process of NE sealing [198]. This complex is mostly known in the process of membrane 
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scission at the late stages of cytokinesis. It seems that this complex functions to cut the 

small pieces of membranes that might form at the end of NER [198].  

 The final step in NER is the reassembly of the nuclear lamina. We already 

explained that some ER tubules recruit some lamins to the chromatin surface. However, 

these lamins are not sufficient to assemble the whole lamina structure. When the NER 

finishes and the transport through NPC initiates, several karyopherins import lamins to the 

nucleus, and the lamina assembly begins [199]. The assembly of lamins to form the lamina 

depends on their dephosphorylation by phosphatases [122]. We will discuss the regulation 

of nuclear lamina reassembly and NER as a whole in the following section. When 

assembled, the nuclear lamina establishes several connections with regions of the NE. 

An interaction between the nuclear lamina and members of NPC is well demonstrated. By 

performing GST-pulldowns and other assays in vitro, the Nup 153 was found to strongly 

associate with nuclear lamina proteins such as Lamin A and Lamin B [200] A similar 

association also exists between Nup 88 and Lamin A, but not Lamin B1 and B2 [201]. By 

performing in vivo experiments in HEK cells and in vitro assays, it is clear that the N-

terminal part of Nup 88 binds tightly to the tail region of Lamin A [201]. Another interaction 

takes place between the nuclear lamina and ONM proteins. The interaction between the 

nuclear lamina and ONM proteins having a KASH domain (section 1.6-C), which is lost 

during NEBD, reestablishes at the end of NER. The interaction between the nuclear 

lamina and the ONM is critical for the association of the nucleoskeleton with the 

cytoskeleton [122].   
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1.8.B. PP2A-B55 and PP1 as principal regulators of NER 

 Since many kinases phosphorylate a large group of substrates to induce NEBD, 

NER fails to occur if these substrates were not dephosphorylated. Several phosphatases 

are known to dephosphorylate these substrates. However, the phosphatases PP2A-B55 

and PP1 are critical regulators of the process of NER, since the treatment of cells with OA 

delayed the process of NER [71]. Interestingly, human cells depleted from B55 also 

delayed nuclear reassembly [88]. Moreover, worm embryos depleted from Let-92, the 

catalytic subunit of PP2A in C. elegans, resulted in embryos with abnormally shaped 

nuclei [202]. These results suggest that PP2A-B55 and PP1 are essential for the process 

of NER. For instance, PP1-Repo-man localizes to mitotic chromosomes during anaphase 

and prevents chromatin condensation [203]. Also, PP1-PNUTS locates to reassembling 

nuclei and is thought to function in chromatin decondensation [127]. However, the proteins 

dephosphorylated by PP1-Repo-man and PP1-PNUTs to inactivate chromatin 

condensation and activate chromatin decondensation respectively are not known. PP2A 

and PP1 are also required for NPC reassembly. The injection of OA in Drosophila fly 

embryos prevents the reassembly of the NPC [203]. As discussed in section 1.6.B.c, PP1-

Repo-man is necessary for NPC reassembly at the end of mitosis (Fig. 1.12). It remains 

to be seen whether some Nups are dephosphorylated by PP1-Repo-man. For PP2A-B55, 

a proteomics-based study identified high confidence PP2A-B55 dependent substrates. 

Among those identified, PP2A-B55 dephosphorylates sites on Nup98, Nup153, Nup107, 

and POM121 [91] (Fig. 1.12). However, the implication of the dephosphorylation of these 

Nups by PP2A-B55 is unknown. For instance, are all these dephosphorylation events 

essential for NPC reassembly at mitotic exit? It would be interesting to mutate some of 

these sites to identify the Nup (s) that is critical for NPC assembly at the end of mitosis.  
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 PP1 is also thought to be a Lamin B phosphatase. Using multiple biochemical 

assays to measure different Lamin B phosphatase activities, the study shows that PP1 

but not PP2A is responsible for Lamin B dephosphorylation in vitro. Also, in vitro 

experiments show that the PP1 regulatory subunit AKAP149 recruits PP1 to reassembling 

nuclei for Lamin B dephosphorylation [128] (Fig. 1.12). Loss of AKAP149 fails to recruit 

PP1 to the NE leading to failure in nuclear lamin reassembly and abolishment of NER 

[128]. However, in vivo results showing the role of PP1 and not PP2A in Lamin B 

reassembly, are still missing. For example, what is the effect of depleting PP1, PP2A, or 

B55 on Lamin B reassembly in cells? Do PP1 and PP2A work together to promote NER? 

What are the Lamin B sites dephosphorylated by PP1 or PP2A? How is Lamin B 

dephosphorylation linked with NER? We will answer all of these questions in Chapter two 

of this thesis. We will also discuss the credibility of results showing that PP1 is a Lamin B 

phosphatase in Chapter four of this thesis.  

 

Figure 1.12: The regulation of nuclear envelope reassembly. At the end of mitosis, 

PP2A-B55 dephosphorylates BAF and might also dephosphorylate proteins of the nuclear 

lamina and nucleoporins. PP1-AKAP149 is also known to dephosphorylate proteins of the 

nuclear lamina. PP1-Repo-man dephosphorylate nucleoporin. These and other 

dephosphorylation events lead to the reformation of the nuclear envelope at mitotic exit.  
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 In another study, an in vitro phosphatase assay showed that PP2A 

dephosphorylates BAF (Fig. 1.12). Increased concentrations of purified PP2A actively 

dephosphorylated recombinant BAF, previously phosphorylated by VRK1 [202]. However, 

the regulatory subunit required to target PP2A for BAF dephosphorylation was not 

explored in that study. For instance, what is the effect of depleting B55 or B56 on BAF 

recruitment to nuclei? What are the BAF sites dephosphorylated by PP2A? How does 

BAF dephosphorylation by PP2A affect the proper NER? Is BAF dephosphorylation 

essential for its interaction with other NE proteins? We will also respond to these questions 

in Chapter two of this thesis.  

 In a previous study, authors performed a genetic screen to identify genes that 

express proteins implicated in the process of NER during mitotic exit in C. elegans. Many 

genes were found, but authors were interested investigating in the role of the protein 

LEM4/ Ankle2, as worm embryos with temperature-sensitive mutants of LEM had severe 

NE defects [202]. Interestingly, the knockdown of LEM4 by RNAi completely abolished 

the recruitment of BAF to reassembling nuclei. These results and others made the authors 

conclude that, at mitotic exit, LEM4 binds both VRK1 and PP2A. LEM4 binding inhibits 

VRK1 and activates PP2A to promote BAF dephosphorylation and its binding to LEM 

domain proteins during NER [202]. More recently, a study showed that the knockout of 

Ankle2 by the CRISPR/Cas9 system also abolishes BAF recruitment to reassembling 

nuclei in HeLa cells [204]. LEM4 also interacts with both the catalytic and scaffolding 

region of PP2A [204]. However, what is the nature of the protein Ankle2? Is Ankle2 a 

PP2A regulatory subunit? Is PP2A-Ankle2 involved in regulating NER? Does PP2A bound 

to Ankle2 possess a phosphatase activity? Does PP2A bound to Ankle2 dephosphorylate 

BAF? We will be answering these questions and others in Chapter three of this thesis.  
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1.8.C. PP4 also regulates NER by dephosphorylating BAF 

 The importance of the role of PP2A and PP1 is in dephosphorylating multiple 

substrates, one of which is dephosphorylating mitotic exit substrates. The wide range of 

PP2A and PP1 regulatory subunits is essential for increasing substrate specificity and 

targeting the phosphatase to different cell compartments [122]. However, other 

phosphatases can function in triggering some events of NER. In human cells, for instance, 

the protein phosphatase PP4 dephosphorylates BAF for its recruitment to newly formed 

nuclei during NER. Cells depleted from the catalytic subunit of PP4 increased BAF 

phosphorylation and produced irregular and wrinkled shaped nuclei [205]. This indicates 

that PP4 dephosphorylate BAF in human cells and that BAF dephosphorylation is 

essential for proper NER. We will discuss the results of this study in Chapter four of this 

thesis.  We will also discuss some results that might contradict with data from this study 

in Chapter two. 
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2.1 Abstract 

As a dividing cell exits mitosis and daughter cells enter interphase, many proteins must 

be dephosphorylated. The protein phosphatase 2A (PP2A) with its B55 regulatory subunit 

plays a crucial role in this transition, but the identity of its substrates and how their 

dephosphorylation promotes mitotic exit are largely unknown. We conducted a maternal-

effect screen in Drosophila to identify genes that function with PP2A-B55/Tws in the cell 

cycle. We found that eggs that receive reduced levels of Tws and of components of the 

nuclear envelope (NE) often fail development, concomitant with NE defects following 

meiosis and in syncytial mitoses. Our mechanistic studies using Drosophila cells indicate 

that PP2A-Tws promotes nuclear envelope reformation (NER) during mitotic exit by 

dephosphorylating BAF and suggests that PP2A-Tws targets additional NE components 

including Lamin and Nup107. This work establishes Drosophila as a powerful model to 
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further dissect the molecular mechanisms of NER and suggests additional roles of PP2A-

Tws in the completion of meiosis and mitosis. 

 

2.2 Introduction 

The roles of kinases in mitosis have been extensively characterized in the last 

decades. Cyclin B-CDK1 triggers entry into mitosis [206]. Phosphorylation of multiple 

substrates by this enzyme alters their activities to promote chromosome condensation, 

nuclear envelope breakdown and spindle assembly [207]. Other kinases, including Aurora 

A and Polo, peak in activity when cells enter mitosis and promote this transition [208, 209]. 

The onset of chromosome segregation, concomitant with the degradation of mitotic 

cyclins, marks the beginning of mitotic exit. While some phosphorylated substrates are 

degraded by the proteasome, thousands of sites on hundreds of proteins are 

dephosphorylated in an orderly manner during mitotic exit to ensure proper return to G1 

[45, 210]. Although phosphatases are equally important as kinases, their roles in the cell 

cycle have been much less studied. Which proteins must be dephosphorylated, at which 

sites and by which phosphatases for correct mitotic exit to take place is still poorly 

understood. 

  Phosphatases are increasingly recognized as highly regulated and selective 

enzymes in the coordination of cell division [211]. While the number of catalytic 

phosphatase subunits is inferior to the number of kinases, many phosphatases are 

regulated by a myriad of associated subunits and posttranslational modifications. The 

trimeric Protein Phosphatase 2A (PP2A) is composed of a catalytic subunit C, a scaffold 

subunit A and a regulatory subunit B [212]. Several alternative types of B subunits, 
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generally termed B, B’, B’’ and B’’’, can modulate PP2A, by conferring substrate specificity 

and directing PP2A to different sub-cellular locations. In vertebrates, 4 subtypes of B-type 

subunits co-exist: B55α, β, γ and δ. B55α and B55δ are ubiquitously expressed and have 

been shown to play important roles in cell division. PP2A-B55 enzymes efficiently 

dephosphorylate CDK substrates [84-86]. In Xenopus, depletion of B55δ from interphase 

egg extracts accelerates mitotic entry [85]. In human cells, silencing B55α delays nuclear 

envelope reformation, chromosome decondensation and interferes with spindle function 

in cytokinesis [88]. Genetic work in mice has provided evidence for functions of B55α and 

B55δ in mitotic exit [213]. In Drosophila, the sole B-type PP2A subunit is encoded by twins 

(tws). Mutations in tws are lethal and lead to anaphase defects in larval neuroblasts [214]. 

Thus, PP2A-B55 plays an important role in mitotic exit in vivo across animal species. 

 PP2A-B55 activity is cell-cycle regulated: low in early mitosis and high in late M-

phase and interphase [85]. This regulation depends on Greatwall (Gwl) kinase, which is 

activated by CDK1 at mitotic entry and phosphorylates Endosulfine proteins (ENSA and 

Arpp19 in vertebrates, Endos in Drosophila). Once phosphorylated by Gwl, Endosulfines 

act as selective competitive inhibitors of PP2A-B55 [215-217]. Endosulfines are 

substrates of PP2A-B55 which have very high affinity for the enzyme but are 

dephosphorylated inefficiently, transiently inhibiting PP2A-B55 with respect to its other 

substrates [101]. This inhibition of PP2A-B55 promotes the phosphorylation state of CDK1 

substrates. At mitotic exit, PP1 initiates Gwl inactivation [218, 219]. Endosulfines are 

eventually dephosphorylated by PP2A-B55, which then becomes active towards other 

substrates [101]. The delay between Cyclin B-CDK1 inactivation and PP2A-B55 activation 

allows an orderly sequence of events in mitotic exit in human cells, with PP2A-B55 acting 

only after chromosome segregation [87].  
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PP2A-B55 regulates spindle function in cytokinesis and promotes chromosome 

decondensation and nuclear envelope reformation (NER) [71, 87, 88]. However, the 

important substrates of PP2A-B55 in these functions, and the mechanistic impact of their 

dephosphorylation are largely unknown. The reassembly of interphase nuclei after mitosis 

is an orderly process that requires the reconstruction of a nuclear envelope around 

chromatin [122, 220, 221]. Proteins of the nuclear lamina and nuclear pores are 

assembled in a step-wise manner on chromatin-binding adaptors including Barrier-to-

Autointegration Factor (BAF). In C. elegans, BAF recruitment to reassembling nuclei has 

been shown to depend on PP2A, although the mechanism of this regulation is still unclear 

[202]. Little is known about the mechanisms of NER in Drosophila. 

 In this study, we have used Drosophila to search for essential functions of PP2A-

B55/Tws in the cell cycle. We conducted a maternal-effect genetic screen to identify 

enhancer mutations of a partial loss of PP2A-Tws function. We hypothesized that we 

would identify factors that function with PP2A-Tws in mitotic exit, as an entry point towards 

a better mechanistic understanding of this process. We found genetic interactions that 

pointed towards an important role of PP2A-Tws in NER. We followed up with functional 

and biochemical studies to dissect the roles of PP2A-Tws in NER. Our results suggest 

that PP2A-Tws dephosphorylates multiple proteins including BAF and Lamin to promote 

the reassembly of nuclei after mitosis. 
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2.3 Results 

2.3.A. A maternal-effect genetic screen for interactors of PP2A-Tws. 

To identify genes that collaborate with PP2A-Tws in the cell cycle, we conducted a genetic 

screen in Drosophila. We exploited the fact that female meiosis and the first embryonic 

cell cycles are sensitive to genetic alterations in the cell cycle machinery. Oogenesis and 

early embryogenesis rely on maternally deposited mRNAs and proteins (Fig. 2.1.A) 

Several genes that encode cell cycle regulators or effectors were identified from maternal-

effect lethal mutants [222]. We used flies that are heterozygous for a strong hypomorphic 

allele of tws (twsP) [223]. These flies are viable and fertile, but are sensitized to partial loss 

of function in genes that collaborate with PP2A-Tws. We hypothesized that genes of which 

the loss of a single allele is maternal-effect synthetic-lethal in the twsP/+ background may 

function in a common mechanism with PP2A-Tws in the cell cycle (Fig. 2.1.B, C). 

Similarly, we previously identified mutations in tws as heterozygous enhancers of gwlScant, 

which encodes a constitutively active form of Gwl, a kinase that antagonizes PP2A-Tws 

[89]. 

 We screened through a collection of deletions on the 2nd and 3rd chromosomes, 

mostly obtained from the Drosdel isogenic deficiency kit [224]. Most of them are large 

genomic deletions, and together they cover nearly 70% of the genome. Each line was 

crossed with the twsP/TM6B line to generate Df/+, twsP/+ females that were subjected to 

fertility tests. Deletions that, when combined with twsP, resulted in a hatching rate below 

50% were selected for further analysis. In parallel to the screen against twsP, we similarly 

screened against a null allele of microtubule star (mtsXE-2258), which encodes the catalytic 

subunit of PP2A [225]. The genetic interactors of tws and mts overlapped only partially, 
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suggesting that the mutant allele in mts also sensitizes eggs or embryos in PP2A-

dependent functions that rely on regulatory subunits other than Tws. Not surprisingly, 

deletions uncovering mts interacted with tws, and deletions uncovering tws interacted with 

mts, probably because halving the levels of both Tws and Mts simultaneously further 

compromises the levels of PP2A-Tws holoenzyme. An overview of the primary results is 

shown in (Fig. 2.1.D). The complete dataset is presented in Table 1. 

Finer mapping with overlapping deletions, followed by the testing of candidate 

genes included in the uncovered genomic intervals, led us to the identification of individual 

genes for which mutation of one allele in combination with one mutant allele of tws or mts 

strongly decreases the viability of embryos in a maternal effect (Fig. 2.2.A). As expected, 

we recovered an interaction between tws and polo, which encodes a mitotic kinase, as 

previously found [89]. A strong interaction was found between tws and CycB3, which 

encodes the mitotic Cyclin B3, required for anaphase [226]. Interestingly, we also found 

interactions between tws and lamin (lam; Dm0), which encodes the Lamin protein, a 

structural component of the nuclear lamina, around which the nuclear envelope is 

assembled during mitotic exit [122].  
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Figure 2.1 A maternal-effect second-site noncomplementation screen for 

interactors of PP2A-Tws. A. Completion of meiosis in the egg and early embryogenesis 

in Drosophila depends on maternally provided mRNAs and proteins. B. Design of the 

screen. Genetic deletions (deficiencies, Df) were combined with a mutant allele of tws 

(twsP) or mts (mtsXE-2258) in one cross. Heterozygosity for either twsP (or mtsXE-2258) or the 

Df (or mutation) allows viability and fertility, but heterozygosity for both results in females 

whose eggs fail to hatch. C. Genes identified in this screen could function upstream (X), 
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downstream (Y) or in parallel (Z) to PP2A-Tws in the cell cycle. D. Overview of primary 

results. Names of particular genes found to interact genetically with tws and mts are 

indicated on data points corresponding to deficiencies that uncovered them. Experiment 

in D was performed by Vincent Boudreau. Drawings in A and B were done by Vincent 

Archambault.  

 

 

 

 

 

Figure 2.2. Genetic interactions of PP2A-Tws identified. A. Genetic interactions 

between tws, mts and hits identified in the screen. The percentages of embryos hatching 
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from females of the indicated genotypes were quantified. Genotypes are the combination 

of what is labeled under the graph and what is indicated by the color code. Error bars: 

S.D. *P=0.0132, **0.0056<P<0.0068, ***0.0001<P<0.0009, from two-tailed t-test between 

the double mutant and the single twsP (green symbols) or mtsXE-2258 (red symbols) 

mutants, or between the double mutant and the single mutant allele of the identified 

interactor (blue). B. Genetic interactions between nucleo-cytoplasmic transport factors 

and tws. Introduction of one hypomorphic allele of embargoed/Crm1 (embk16715) in 

lamK2/+; twsP/+ females or cse1k03902/+; twsP/+ females rescues the development of 

embryos they produce. Percentages of hatching of embryos from females of the indicated 

genotypes were scored. Error bars: S.D. *0.0239<P<0.0417, **P=0.0014, from two-tailed 

t-test. Experiment in B was performed by Vincent Boudreau. 

 

2.3.B. Eggs and embryos with reduced PP2A-Tws and Lamin incur 

nuclear envelope defects and abort development. 

We hypothesized that the genetic interaction between tws and lamin might reflect a role 

of PP2A-Tws in NER during mitotic exit. To confirm the genetic interaction between tws 

and lamin, we tested different alleles of both genes. Three hypomorphic alleles of tws 

were tested and all of them enhanced alleles of lamin in the following strength order: 

twsaar1 > twsP > twsaar2. Reciprocally, all 3 alleles of lamin tested enhanced alleles of tws 

in the following strength order: lamK2 ≈ lamA25 > lam04643 (Fig. 2.3.A). To begin exploring 

the cellular basis for the lethality observed, we examined embryos aged between 0 and 2 

hours from lamK2/+; twsP/+ mothers. Western blots confirmed that mothers heterozygous 

for the twsP and lamK2 mutations produced embryos with lower levels of Tws and Lamin 

(Fig. 2.3.B). Immunofluorescence revealed that the majority of embryos undergoing 

mitotic development have severe defects (Fig. 2.3.C). Nuclei are often mispositioned and 

have abnormal sizes and shapes. Centrosomes are frequently disjoined from nuclei 
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(quantified in Fig. 2.3.D). Chromatin masses are seen free in the cytoplasm, often 

attached to nuclear envelope fragments, as if shredded. All these phenotypes could result 

from a weakness or defect in the nuclear envelope. Time-lapse imaging of syncytial 

embryos from lamK2/+; twsP/+ mothers also expressing GFP-Polo as a marker of mitotic 

structures [227] reveals that the disintegration of nuclei/centrosome units leads to further 

disorganization including spindle fusions and uneven nuclear spacing (Movies S1-S2). 

Embryos laid by twsP/+ or lamK2/+ mutants displayed only minor developmental defects 

such as occasional centrosome detachment from nuclei (Figures 2.4 and 2.3.D). 
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Figure 2.3. Collaboration between PP2A-Tws and Lamin is required for syncytial 

embryonic development. A. Genetic interactions between different alleles of tws and 

lam. Percentages of hatching of embryos from females of the indicated genotypes were 

scored. Error bars: S.E.M. ***P<0.0001, from two-tailed t-test. B. Western blots from 

embryos showing how protein levels are affected by the maternal genotypes. C. 

Phenotypes in embryos revealed by immunofluorescence against -Tubulin (green), γ-

Tubulin and Lamin (red), and DNA (DAPI, blue). In embryos from lamK2/+; twsP/+ females, 

several defects are observed: aberrant nuclear distribution (left), interphase nuclei of 
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abnormal shapes and sizes, centrosome detachments (yellow arrows), broken nuclei (red 

arrowheads). All scale bars: 20 µm. D. Quantification of free centrosomes observed at 

different cell cycle stages in embryos of the indicated genotypes. E. Quantification of 

global embryonic development for the indicated genotypes. Error bars: S.E.M. *P=0.0165, 

**0.0021<P<0.0027, ***P<0.0001, from two-tailed t-test. 

 

 

 

Figure 2.4. Embryos from females heterozygous for lamK2 or twsP alleles alone 

show only minor developmental defects. Immunofluorescence against -Tubulin 

(green), -Tubulin and Lamin (red), and DNA (DAPI, blue). Arrows indicate detached 

centrosomes. All scale bars: 20 m. 

 

Although major defects are prevalent in lamK2/+; twsP/+ derived embryos where 

mitotic nuclei are detected at the cortex, we found that the majority of eggs laid do not 

reach that stage (Fig. 2.3.E). We therefore investigated potential earlier defects, as early 

as meiosis. Normally, an oocyte arrests in metaphase of meiosis I until it is laid by the 

mother. Ovulation triggers completion of meiosis I, and meiosis II immediately follows with 
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two spindles attached together at one pole. At the end of meiosis II, four haploid nuclei 

assemble a nuclear envelope around decondensed chromatin, in post-meiotic interphase. 

If the egg has been fertilized, the innermost nucleus generally becomes the female 

pronucleus and it joins the male pronucleus before the first mitosis occurs. The other three 

nuclei eventually come together and undergo NEBD, chromatin condenses and 

associates with a microtubule array as a polar body (Fig. 2.1.A). If the egg is not fertilized, 

all four post-meiotic nuclei assemble into a polar body. We collected eggs/embryos aged 

between 0 and 20 minutes and analyzed them by immunofluorescence after fixation using 

a protocol allowing deep staining. We found lamK2/+; twsP/+ eggs at all stages of meiosis, 

with similar frequencies to single-mutant eggs (Fig. 2.5.A-I). However, in eggs from 

lamK2/+; twsP/+ mothers, we found that NE structures as detected by Lamin staining were 

often absent or of irregular shape (Fig. 2.5.F, G, and J). These results suggest that when 

levels of PP2A-Tws and Lamin are halved, the assembly of post-meiotic interphase nuclei 

is compromised. Using FISH against the X-chromosome, we found that most eggs from 

lamK2/+; twsP/+ mothers form a zygotic nucleus containing at least one X-chromosome, 

indicating that a female pronucleus contributed to zygote formation (data not shown). 

Therefore, while nuclear envelope formation is compromised, pronuclear apposition can 

still occur, suggesting that the failure of embryos to develop is due primarily to defects that 

happen after meiosis, in the early mitotic divisions. 

To explore the specificity of the genetic link between Lamin and PP2A-Tws, we 

tested for potential genetic interactions between lamK2 and different mutant alleles of 

various phosphatase subunits (Table 2). Strong genetic interactions were found only 

between lamK2 and tws or mts mutant alleles, suggesting that PP2A-Tws plays a 

particularly important role in relation to Lamin. 
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Figure 2.5. PP2A-Tws and Lamin cooperate for nuclear envelope reformation in 

meiosis. Eggs were collected for 0 to 20 min, fixed in methanol and stained for  -Tubulin 

(Blue), DNA (Green) and Lamin (Red). A-D. Representative images from lamK2/+ or twsP/+ 

eggs. A. Meiotic spindles in anaphase II. B,C. Post-meiotic interphase; 3 nuclei are shown 

with nuclear envelopes present around each nucleus. D. a polar body is formed after 

completion of meiosis. E-H. Representative images from lamK2/+; twsP/+ double eggs. E. 

Normal meiotic spindles in anaphase II. F,G. Several lamK2/+; twsP/+ eggs in post-meiotic 

interphase show either 3 nuclei with faint and irregular nuclear envelopes (F compared to 

B and C) or 3 nuclei without nuclear envelopes (G). H. The majority of eggs from lamK2/+; 



 94 

twsP/+ mothers are able to complete meiosis normally, indicated by the formation of a 

polar body. I. Eggs from lamK2/+; twsP/+ mothers complete meiosis. Phenotypes observed 

were classified as either in meiosis, in post-meiotic interphase (PMI) or completed meiosis 

(indicated by the formation of a polar body). J. Quantification of the fraction of eggs in 

post-meiotic interphase with detectable nuclear envelopes. For data in I and J, numbers 

were pooled from two separate stainings and scorings done with eggs cumulated after 

multiple collections with immediate fixations. All scale bars: 5 m. Experiments in this 

figure were performed by Mohammed Bourouh.  

 

2.3.C. CDK phosphorylation consensus sites in Lamin control its 

solubility. 

Based on these results, we hypothesized that PP2A-Tws could dephosphorylate Lamin 

to promote its function at the nuclear envelope. The regulation of lamins by 

phosphorylation is complex and not completely understood, but their phosphorylation at 

CDK sites has been shown to promote lamina disassembly in various systems [136, 167, 

228]. In Drosophila Lamin, 6 of the 7 minimal CDK motifs (S/T-P) were so far found to be 

phosphorylated [228]. To begin testing if phosphorylation at CDK sites is required for the 

dispersal of Drosophila Lamin in mitosis, we mutated all 7 CDK sites into Ala (7A) or Asp 

(7D) residues (Fig. 2.6.A). We then made stable cell lines allowing inducible expression 

of RFP-LaminWT, 7A or 7D and imaged cell division. While RFP-LaminWT localizes to the NE 

in interphase, it becomes dispersed throughout the cell in mitosis (Fig. 2.6.B  top). By 

contrast, RFP-Lamin7A fails to disperse in mitosis, forming an elongating mass around the 

presumptive chromosome mass that is successfully split into two nucleus-like structures 

as the cell divides (Fig. 2.6.B bottom). These results suggest that phosphorylation of 

Lamin at CDK consensus sites is required for normal dispersion of Lamin in mitosis. 
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However, we observed that RFP-Lamin7D also fails to become dispersed in mitosis (data 

not shown), possibly because the 7 Asp substitutions do not fully mimic the effect of 

phosphorylation.  

To test biochemically if phosphorylation of Lamin at CDK sites promotes its 

dispersion in the cell, we made cells expressing the different forms of Myc-Lamin. Cells 

were lysed and extracts were centrifuged to separate a soluble fraction (supernatant) from 

an insoluble fraction (pellet) containing the chromatin. Lysates were analyzed by Western 

blots. While 40% of Myc-LaminWT is soluble, 80% of Myc-Lamin7D is soluble under these 

conditions (Fig. 2.6.C, D). Myc-Lamin7A behaves similarly to Myc-LaminWT in these 

extracts from asynchronous cells. These results suggest that phosphorylation at CDK 

consensus sites in Lamin may disrupt an interaction that promotes lamina assembly. 

Treating cells with okadaic acid (OA), which inhibits a subset of phosphatases including 

PP2A, increased the solubility of Myc-LaminWT, consistent with the idea that PP2A-Tws 

promotes lamina assembly (Fig. 2.6.C, D). However, Myc-Lamin7A was similarly affected 

by OA, suggesting that phosphorylation outside CDK sites on Lamin can also disrupt the 

lamina (see below). 

Finally, we used genetics to test if Cyclin B-CDK1 antagonizes the collaboration 

between PP2A-Tws and Lamin in embryos. We found that introduction of a CycB mutant 

allele in lamK2/+; twsP/+ females partially rescues their fertility, suggesting that PP2A-Tws 

promotes NER partly by dephosphorylating Cyclin B-CDK1 sites, possibly on Lamin (Fig. 

2.6.E). 
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Figure 2.6. Phosphorylation at CDK phosphorylation consensus sites in Lamin may 

promote its dispersion in mitosis. A. All 7 minimal CDK phosphorylation consensus 

sites, shown here in a schematic Lamin structure (adapted from [229]), were mutated into 

Ala or Asp residues. *phosphorylation sites observed experimentally [228]. B. Cells 
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expressing RFP-LaminWT or RFP-Lamin7A were filmed on a spinning-disk confocal 

microscope. T0 was defined as the beginning of the cell’s elongation as it divides. While 

RFP-LaminWT becomes dispersed in mitosis and starts being recruited at 6 min (yellow 

arrow), RFP-Lamin7A is never dispersed as the cells progress through mitosis. C. Mutation 

of all CDK consensus sites into Asp in Lamin (Myc-Lamin7D) increases its solubility. Stable 

cell lines expressing the indicated proteins were treated as indicated before being lysed 

and the insoluble material was pelleted (see Materials & Methods). Fractions were 

analyzed by Western blot. D. Quantification of relative Western blots signals from soluble 

and insoluble fractions from 3 independent experiments as in B. Error bars: S.D. 

*P=0.0437, from two-tailed t-test. E. Introduction of one null allele of CycB (CycB2) in 

LamK2/+; twsP/+ females rescue the development of embryos they produce. Percentages 

of hatching of embryos from females of the indicated genotypes were scored. Error bars: 

S.D. ** 0.0051<P<0.0095, from two-tailed t-test. Experiment in E was performed by 

Vincent Boudreau. 

 

2.3.D. PP2A-Tws promotes the recruitment of Lamin and Nup107 to 

nascent nuclei during mitotic exit. 

The genetic and biochemical results described above suggested that PP2A-Tws might 

promote Lamin reassembly on nuclei at the end of mitosis. To test this idea, we generated 

a Drosophila D-Mel2 cell line that stably expresses GFP-Lamin and mCherry-α-Tubulin 

and examined the effect of Tws depletion by RNAi on the reassembly of GFP-Lamin. 

Silencing of Tws was confirmed by Western blot (Fig. 2.7.A). In control cells (transfected 

with KAN dsRNA), GFP-Lamin starts to enrich on reforming nuclei 5 to 10 min after 

anaphase spindle elongation. By contrast, in Tws-depleted cells, GFP-Lamin appears 

later, 20 to 25 min after spindle elongation (Fig. 2.7.B-C). We conclude that PP2A-Tws 

promotes the recruitment of Lamin during NER. 
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 We wondered if PP2A-Tws specifically promotes the recruitment of Lamin in NER 

or if it also affects other components of the NE. We examined Nup107, a component of 

the Nup107-Nup160 subcomplex whose recruitment at the NE nucleates nuclear pore 

complex assembly and does not depend on Lamins in human cells [122, 195]. Moreover, 

human Nup107 is phosphorylated in mitosis and is efficiently dephosphorylated by PP2A-

B55 [91, 230]. As for GFP-Lamin, the recruitment of GFP-Nup107 is delayed upon Tws 

depletion (Fig. 2.7.D-E). We also tested mutations in Nup107 and found that they 

genetically interact with tws, like mutations in lamin, with similar embryonic phenotypes 

(Fig. 2.8). These results could reflect a role of PP2A-Tws in the dephosphorylation of both 

Lamin and Nup107 to promote their recruitment to the nuclear envelope. Alternatively, 

PP2A-Tws could dephosphorylate a factor upstream of both Lamin and Nup107, to 

promote NER.  



 99 

 

Figure 2.7. PP2A-Tws is required for timely recruitment of Lamin and Nup107 to 

reassembling nuclei during mitotic exit. A. Western blots showing the RNAi depletion 

of Tws. B, D. Live imaging of cells expressing GFP-Lamin (B) or GFP-Nup107 (D), and 

mCherry-Tubulin was performed after transfection with dsRNA against Tws or the 

bacterial KAN gene (non-target control). Red frames and yellow arrows indicate the onset 

of recruitment of GFP-Lamin or Nup107-GFP to reassembling nuclei. C, E. Quantification 

of GFP-Lamin or GFP-Nup107 recruitment on reassembling nuclei from the experiments 

in B and D. The fluorescence intensity in a fixed-size area at reassembling nuclei was 
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quantified for each time point. Between 29 and 45 cells were quantified in each condition. 

Shaded areas indicate the standard deviation. P values are from a two-tailed t-test. 

 

Figure 2.8. Collaboration between PP2A-Tws and Nup107 is required for syncytial 

embryonic development. A. Genetic interaction between tws and Nup107. Left: 

percentages of hatching of embryos from females of the indicated genotypes were scored. 

Error bars: S.D. ***P<0.0001, from two-tailed t-test.  Right: quantification of embryonic 

development defects for the indicated genotypes. B. Immunofluorescence against -

Tubulin (green), -Tubulin and Lamin (red), and DNA (DAPI, blue). Arrows indicate 

detached centrosomes. All scale bars: 20 m. In embryos from Nup107DG40512/+; twsP/+ 

females, nuclei are unevenly distributed and centrosome detachments (arrows) are 

observed. 
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2.3.E. PP2A-Tws promotes the recruitment of the upstream factor BAF 

to nascent nuclei during mitotic exit. 

In light of the above results, we searched for a protein that could be regulated by PP2A-

Tws upstream of Lamin and Nup107 during NER. We became interested in BAF, as its 

human ortholog may be the first protein to be recruited in the NER cascade [122]. BAF is 

a conserved protein that interacts with both DNA and LEM-domain proteins of the nuclear 

envelope in interphase [158]. In human cells and in C. elegans, BAF becomes dispersed 

in the cytoplasm in early mitosis and is recruited back on DNA in telophase, where it holds 

chromosomes together allowing the formation of the NE around a single nucleus [161, 

231]. Moreover, the recruitment of BAF to chromatin during telophase has been shown to 

depend on PP2A in C. elegans and HeLa cells, although the identity of the regulatory 

subunit(s) of PP2A involved was unclear [202].  

To examine the dynamics of Drosophila BAF in cell division, we made a stable cell 

line expressing GFP-BAF and mCherry-Tubulin. We found that Drosophila BAF is nuclear 

in interphase and becomes dispersed in the cell in mitosis. During mitotic exit, GFP-BAF 

is quickly recruited to chromatin, starting 4 min after spindle elongation (Fig. 2.9.A top, 

2.9.B). We tested if this recruitment of BAF depends on PP2A-Tws. Depletion of Tws 

results in a delay in GFP-BAF recruitment during NER. In addition, the recruitment pattern 

is altered. In control cells, GFP-BAF is initially strongly recruited all over the chromosomes 

while they still appear condensed (early phase), and GFP-BAF then becomes restricted 

to the nuclear periphery (late phase). Similar BAF dynamics were observed in human cells 

[161, 231]. Instead, in Tws-depleted cells, GFP-BAF recruitment is immediately restricted 

to the nuclear periphery and never reaches the peak intensity seen in control cells (Fig. 

2.9.A bottom, 2.9.B). We conclude that PP2A-Tws promotes the timely recruitment of BAF 
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to chromosomes during mitotic exit. Moreover, PP2A-Tws appears to be specifically 

required for the early phase of intense BAF recruitment to segregated chromosomes at 

the onset of NER. Further evidence that PP2A-Tws regulates the loading of BAF on 

reassembling nuclei comes from our observation that depletion of Endos, which 

selectively inhibits PP2A-Tws in early mitosis [217], advances the recruitment of BAF (Fig. 

2.10). 
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Figure 2.9. PP2A-Tws is required for timely recruitment of BAF to reassembling 

nuclei during mitotic exit.  A. Live imaging of cells expressing GFP-BAF and mCherry-

Tubulin was performed after transfection with dsRNA against Tws or the bacterial KAN 

gene (non-target control). B. Quantification of GFP-BAF recruitment on reassembling 

nuclei from the experiments in A. The fluorescence intensity in a fixed-size area at 

reassembling nuclei was quantified for each time point. For RNAi KAN and RNAi Tws, 26 

and 25 cells were quantified, respectively. Shaded areas indicate the standard deviation. 

P values are from a two-tailed t-test. 
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Figure 2.10. Depletion of Endos advances the recruitment of BAF on reassembling 

nuclei after mitosis. A. Live imaging of cells expressing GFP-BAF and mCherry-Tubulin 

was performed after transfection with dsRNA against Endos or the bacterial KAN gene 

(non-target control). B. Quantification of GFP-BAF recruitment on reassembling nuclei 

from the experiments in A. The fluorescence intensity in a fixed-size area at reassembling 
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nuclei was quantified for each time point. For RNAi KAN and RNAi Endos, 17 and 21 cells 

were quantified, respectively. Shaded areas indicate the standard deviation. *P<0.05 from 

two-tailed t-test. C. Western blots showing the RNAi depletion of Endos. 

 

In C. elegans, the release of BAF from chromatin in mitosis is triggered by the 

phosphorylation of BAF by the VRK-1 kinase [232]. Although Drosophila BAF is known to 

be required for normal cell cycle progression and NE organization in somatic cells, its 

regulation in mitosis has not been explored [162]. However, in oogenesis, BAF is 

phosphorylated in prophase by the NHK-1 kinase, the ortholog of VRK-1 [181]. As a result, 

chromosomes detach from the NE before it breaks down, forming a compact structure 

called the karyosome. Disruption of NHK-1-dependent phosphorylation of BAF results in 

persistent association between chromosomes and the NE, ensuing meiotic defects and 

female sterility [181]. We hypothesized that the role of NHK-1 in phosphorylating BAF to 

trigger its release from chromatin in female meiosis may also be important in mitosis in 

Drosophila. To test this, we mutated the 3 known NHK-1 phosphorylation sites in BAF 

[181] into alanine residues (BAF3A, Fig. 2.11.A). GFP-BAF3A remains on chromosomes in 

mitosis, unlike GFP-BAFWT, suggesting that phosphorylation of BAF by NHK-1 is required 

for BAF dispersal in mitosis (Fig. 2.12.A, C top, and Fig. 2.11.B). By contrast, the 

phosphomimetic GFP-BAF3D was defective in its recruitment to chromosomes during 

mitotic exit compared to GFP-BAFWT and its dynamics was similar to GFP-BAFWT after 

depletion of Tws (Fig. 2.11.C, compare with Fig. 2.9.A). These results suggest that PP2A-

Tws promotes the recruitment of BAF on reassembling nuclei by dephosphorylating NHK-

1 sites on BAF. 

We next tested if the Tws-dependent recruitment of BAF on chromosomes is 

sufficient for the recruitment of Lamin. In cells expressing both GFP-BAFWT and RFP-
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Lamin, we found that depletion of Tws delays the recruitment of RFP-Lamin during NER, 

as expected (Fig. 2.12.A, B). By contrast, no delay of Lamin recruitment is observed in 

cells expressing GFP-BAF3A depleted of Tws (Fig. 2.12.C, D). These results suggest that 

dephosphorylation of BAF by PP2A-Tws promotes Lamin recruitment during NER. 

However, the fact that GFP-BAF3A does not retain Lamin on chromosomes throughout 

mitosis indicates that Lamin recruitment is not solely dependent on BAF 

dephosphorylation and is likely regulated by additional mechanisms. One of these 

mechanisms may be the direct dephosphorylation of Lamin by PP2A-Tws, as proposed 

above.  

 The above results suggest that the observed genetic interaction between tws and 

lamin in embryos may partly reflect a role of PP2A-Tws in the dephosphorylation of BAF 

at NHK-1 sites, and that this dephosphorylation is required for Lamin recruitment to the 

reassembling nuclear envelope. Thus, we hypothesized that weakening NHK-1 function 

in lamK2/+; twsP/+ females might rescue their fertility. Interestingly, the introduction of a 

single copy of either one of two mutant alleles of nhk-1 in lamK2/+; twsP/+ females rescues 

the viability of the embryos they produce (Fig. 2.12.E). This result suggests that PP2A-

Tws plays a critical role in antagonizing NHK-1 to promote NER after female meiosis and 

in syncytial mitoses.  
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Figure 2.11. Phosphorylation of BAF at NHK-1 sites controls its localization in 

mitosis. A. The conserved NHK-1 phosphorylation sites mutated in BAF. The red asterisk 

indicates major phosphorylation site at Ser5 [181]. B-C. Live imaging of cells expressing 

GFP-BAF3A and mCherry-Tubulin (B) or GFP-BAF3D and mCherry-Tubulin (C). See Fig. 

2.10 for comparison with GFP-BAFWT. 
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Figure 2.12. The recruitments of BAF and Lamin to reassembling nuclei depend on 

BAF dephosphorylation. A, C. Live imaging in cells expressing RFP-Lamin and GFP-

BAFWT (A) or GFP-BAF3A (C) was performed after transfection with dsRNA against Tws 
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or the bacterial KAN gene (non-target control). Red frames and yellow arrows indicate the 

onset of recruitment of RFP-Lamin to segregated chromosomes. The white arrow 

indicates BAFWT recruitment. B, D. Quantification of RFP-Lamin recruitment from the 

experiments in A and C. The fluorescence intensity in a fixed-size area at reassembling 

nuclei was quantified for each time point. Between 20 and 35 cells were quantified in each 

condition. Shaded areas indicate the standard deviation. E. Introduction of one copy of 

mutant alleles of nhk-1 in lamK2/+; twsP/+ females rescues the development of embryos 

they produce. Percentages of hatching of embryos from females of the indicated 

genotypes were scored. Error bars: S.D. **P=0.0012, ***P<0.0001, from two-tailed t-test. 

Experiment in E (left) was performed by Damien Garrido. 

 

2.3.F. Dephosphorylation of BAF promotes its association with Lamin. 

In vertebrates, BAF associates with Lamin via multiple LEM-domain proteins [122]. In 

human cells, these interactions are negatively regulated by the phosphorylation of BAF 

by NHK-1 [158]. Using co-immunoprecipitation, we confirmed that Drosophila BAF 

associates with Lamin. We used this assay to investigate how the BAF-Lamin association 

is regulated (Fig. 2.13.A). Treatment of cells with OA abolishes the association between 

GFP-BAF and Myc-Lamin, consistent with the idea that PP2A-Tws promotes the 

association between BAF and Lamin during NER (Fig. 2.13.A, lanes 2 vs 1). 

To test if the BAF-Lamin association is negatively regulated by NHK-1, we 

transfected cells with dsRNA against NHK-1 (or against KAN as a negative control). The 

efficiency of the dsRNA against NHK-1 was verified by monitoring the depletion of a PrA-

tagged form of NHK-1 by Western blot (Fig. 2.13.B). We found that silencing NHK-1 tends 

to promote the BAF-Lamin association (Fig. 2.13.A lanes 4 vs 1), and even partially 

rescues this association in OA-treated cells (lanes 5 vs 2). Treating the cells with RO-

3306, a CDK1 inhibitor that prevents mitotic entry, reinforces the association between BAF 
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and Lamin, consistent with the idea that NHK-1 phosphorylates BAF in mitosis (Fig. 

2.13.A). These results suggest that the BAF-Lamin association is negatively regulated by 

NHK-1 in mitosis. 

To test if the disruption of the BAF-Lamin association by OA treatment depends on 

the NHK-1 phosphorylation sites on BAF, we performed co-purifications using BAF3A (Fig. 

2.13.C). Unlike BAFWT which fails to associate with Lamin upon OA treatment (Fig. 2.13.C, 

lanes 4 vs 3), BAF3A associates with Lamin even in the presence of OA (Fig. 2.13.C, lanes 

6 vs 5). Conversely, BAF3D fails to associate with Lamin even without OA treatment (Fig. 

2.13.C, lanes 7 and 8). These results suggest that NHK-1, by its known ability to 

phosphorylate BAF, disrupts the BAF-Lamin association and that OA-sensitive 

phosphatase activity, likely including PP2A-Tws, counteracts this phosphorylation to 

promote the BAF-Lamin association in addition to promoting the earlier recruitment of BAF 

to chromatin. We did not observe a decrease in BAF-Lamin association upon Tws RNAi 

(data not shown). This result is expected because Tws RNAi delays Lamin recruitment by 

only 10-15 minutes (Fig. 2.12.B), and as Drosophila cells in culture are notoriously difficult 

to synchronize, the assay uses asynchronous cultures where most cells are in interphase.  

To explore when and where PP2A-Tws may regulate BAF in the cell, we used a 

proximal ligation assay (PLA), which monitors proximity between two proteins, as when 

they interact. A cell line stably expressing GFP-BAF and Myc-Tws was used, with primary 

antibodies against GFP and Myc. We detected abundant PLA foci between GFP-BAF and 

Myc-Tws (Fig. 2.14.A). The PLA signal is specific as it is not detected in cells expressing 

only GFP-BAF or Myc-Tws or neither protein. Moreover, no PLA signal is detected in cells 

expressing both fusion proteins if either primary antibody is left out (data not shown). 

Interestingly, the number of PLA signal foci per cell is significantly higher in late mitosis 
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and cytokinesis than in interphase and early mitosis. In addition, foci are mostly present 

in the cytoplasm (Fig. 2.14.A). These results are in agreement with a function of PP2A-

Tws in the dephosphorylation of cytoplasmic BAF to promote its subsequent recruitment 

to the reassembling nuclei during mitotic exit.  

We used an in vitro assay to test the dephosphorylation kinetics of a BAF peptide 

phosphorylated at Ser5 (BAF-pS5, Fig. 2.11.A). This site is equivalent to the known major 

NHK-1 site in human BAF, and its dephosphorylation was shown to promote BAF binding 

to DNA and LEM proteins at the NE [181, 182]. As enzymes, we used PP2A obtained by 

immunoprecipitation of Flag-tagged regulatory subunits. We found that PP2A-Tws can 

dephosphorylate BAF-pS5 (Fig. 2.14.B). This reaction is slower than the 

dephosphorylation of well-documented PP2A-B55 sites in human PRC1 (PRC1-pT481 

and PRC1-pT602) [87]. This result is expected because PP2A-B55 enzymes are known 

to dephosphorylate pThr residues more rapidly than pSer residues in their substrates [91, 

92]. For comparison, we tested the ability of PP2A-Wdb/B56 to dephosphorylate the same 

sites, normalizing activities for the amount of the PP2A catalytic subunit (Mts), present in 

the reaction as quantified by Western blot. Consistent with results in human cells, PP2A-

Wdb was capable of dephosphorylating PRC1-pT602 much better than PRC1-pT481 [87]. 

Very little activity of PP2A-Wdb was detected on BAF-pS5. These results confirm that Tws 

confers specificity to PP2A for its dephosphorylation of BAF at its major NHK-1 site. 

Although our results strongly suggest that BAF is a target of PP2A-Tws, Lamin and 

Nup107 could also be its targets, as discussed above. We tested the ability of these 

proteins, tagged with GFP, to associate with Myc-tagged Tws, using co-IP. BAF, Lamin 

and Nup107 all associated specifically with Tws (Fig. 2.14.C-D). These results suggest 

that PP2A-Tws targets multiple proteins to promote NER. 
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Figure 2.13. The association between BAF and Lamin is regulated by mitotic 

kinases and phosphatases. A. Cells stably expressing GFP-BAF and Myc-Lamin were 

submitted to different treatments as indicated followed by immunoprecipitation against 

GFP and Western blots. The ratios between co-immunoprecipitated Myc-Lamin and GFP-

BAF, averaged between three experiments, is shown below. Error bars: S.E.M. B. The 

efficiency of the dsRNA against NHK-1 was verified by transfecting cells stably expressing 

NHK-1-PrA followed by Western blot. C. Disruption of the BAF-Lamin association requires 

NHK-1 phosphorylation sites in BAF (experiment as in A). 
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Figure 2.14. Tws associates with BAF during mitotic exit and PP2A-Tws 

dephosphorylates BAF. A. Proximal Ligation Assay (PLA). Left: Cells transfected with 
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Myc-Tws and GFP-BAF were submitted to PLA using antibodies against Myc and GFP 

(red foci). Immunofluorescence for Myc was done in parallel and DNA was stained with 

DAPI. Right: Quantification of PLA foci per cell. Cells expressing only Myc-Tws or GFP-

BAF were analyzed as controls. Error bars: S.E.M. *P=0.0488; **P=0.0082; ***P=0.0002, 

from two-tailed t-test. B. PP2A-Tws dephosphorylates a BAF peptide in vitro. Flag-Tws, 

Flag-Wdb or Flag-GFP were immunoprecipitated and incubated with the indicated 

phosphopeptides for different times. Left: Phosphate release was measured as described 

in Materials and Methods. Error bars: standard deviation. Right: Immunoprecipitation 

products were analyzed by Western blotting. The relative quantification of the Mts band 

intensities is shown below the blot. All results shown were obtained in the same, 

representative experiment. Error bars: S.D. from triplicates. C-D. Cells transfected with 

the indicated proteins were submitted to co-IP against GFP followed by Western blot 

analysis. * indicates a background band in co-IP product, probably corresponding to a 

dimer of IgG heavy chain. 

 

2.4 Discussion 

The molecular mechanisms mediating an orderly mitotic exit and return into 

interphase are much less understood than the mechanisms of mitotic entry. Moreover, 

while phosphatases are known to play crucial roles in promoting the mitosis to interphase 

transition, their specific contributions to the various events of this process remain largely 

unknown. Here, we have used the Drosophila system to search for and dissect the 

molecular events controlled by the PP2A-B55/Tws phosphatase in the cell cycle. Second-

site noncomplementation (SSNC) screens have been used in various model organisms to 

identify functionally linked genes [233]. This work builds on the power of SSNC maternal-

effect screens in Drosophila to identify close collaboration between genes in cell cycle 

regulation [89, 234, 235]. 
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Our genetic screen uncovered a strong link between PP2A-Tws and NER at the 

end of M-phase. We found that simultaneously reducing the levels of Tws and Lamin in 

eggs using heterozygous mutations in mothers causes major defects in NER after meiosis 

II or after mitosis for embryos that initiated syncytial nuclear divisions. This result is striking 

considering that Lamin is not an essential protein in several cell types. Hypomorphic lamin 

mutants develop to adulthood, despite showing nuclear migration defects in 

photoreceptors and being female sterile [138]. In lamin null mutants, neuroblasts continue 

to proliferate in the absence of detectable Lamin [236]. In mice, the orthologous B-type 

lamins are dispensable for cell viability and proliferation, at least in keratinocytes; 

however, B-type lamins are essential in neurons [237]. In general, B-type lamins may play 

a crucial role in structuring nuclei and withstanding force in cells where nuclear 

migration/positioning is essential. Such cell types include Drosophila eggs, where 

pronuclei must converge before fusing, and syncytial embryos, where nuclei migrate 

towards the cortex. 

Using cells in culture, we found that PP2A-Tws promotes the recruitment of several 

nuclear envelope components after mitosis, namely BAF, Lamin and Nup107. In 

Drosophila oogenesis, BAF phosphorylation by NHK-1 promotes the detachment of 

chromatin from the germinal vesicle during karyosome formation [181]. In this work, we 

found that BAF requires NHK-1 phosphorylation sites to dissociate from chromatin during 

NEBD, as in C. elegans [202, 232]. Our genetic, biochemical and imaging results suggest 

that phosphorylation of BAF by NHK-1 is reversed by PP2A-Tws to promote its recruitment 

on chromatin at the onset of NER (Fig. 2.15). This is consistent with results in C. elegans 

that showed a role for PP2A in this process, although the relevant phosphorylation sites 

in BAF were not investigated and the PP2A adaptor subunit involved was unclear [202]. 
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Recent work shows that BAF plays a crucial role in holding chromosomes together just 

after anaphase to promote the assembly of the NE around a single nucleus [161]. Our 

findings suggest that PP2A-Tws dephosphorylates BAF to promote this function. Our 

results also suggest that regulation of BAF phosphorylation by NHK-1 and PP2A-Tws 

regulates its ability to form complexes with Lamin. In vertebrates, BAF is known to interact 

with lamins via LEM domain proteins at the NE [122]. Human BAF phosphorylation by 

VRK1/NHK-1 decreases its ability to interact with a LEM domain [182]. LEM domain 

proteins have also been shown to be phosphorylated to negatively regulate their ability to 

interact with BAF in Xenopus extracts [172, 238]. Thus, PP2A-B55 could dephosphorylate 

LEM proteins to further promote their association with BAF during NER, and this possibility 

should be investigated. 

By inducing the recruitment of BAF on reassembling nuclei, PP2A-Tws likely 

promotes the recruitment of multiple downstream NE components. Nevertheless, PP2A-

Tws likely has other targets in NER, possibly including Lamin and Nup107 (Fig. 2.15). 

Both proteins contain multiple CDK phosphorylation motifs, and PP2A-B55 enzymes have 

been shown to dephosphorylate many such sites efficiently [84-86]. Moreover, we 

observed that Lamin and Nup107 both associate with Tws. We found that mutation of all 

CDK consensus sites in Lamin prevents lamina disassembly in mitosis and, although the 

attempted phospho-mimetic mutation of all sites did not disrupt lamina assembly in live 

cells, it increases Lamin solubility in cell lysates. The CDK sites on Lamin are grouped in 

2 clusters flanking the coiled region, and some of these sites have already been shown to 

negatively regulate homotypic interactions of Lamin (Fig. 2.6.A) [228]. We have not 

explored the effect of mutating CDK sites in Nup107. However, Nup107 is rapidly 

dephosphorylated at multiple sites during mitotic exit in human cells [210] and 
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dephosphorylation of at least one CDK site in Nup107 was shown to depend on PP2A-

B55 [91]. However, although PP2A-B55 is capable of dephosphorylating several CDK 

sites, many of these sites are probably regulated mainly by another phosphatase in vivo. 

Moreover, numerous examples of PP2A-B55-dependent, non-CDK sites were recently 

identified [91]. This is further exemplified here by the dephosphorylation of BAF by PP2A-

Tws at a NHK-1 site, which cannot be a CDK site as it lacks the proline residue in position 

+1. Nevertheless, with its positively charged amino-acid residues in positions +2 to +4 

(Fig. 2.11), this site resembles the recently defined PP2A-B55 consensus motif [91] and 

a consensus motif for sites lacking a Pro residue at position +1 but that are rapidly 

dephosphorylated during mitotic exit [210]. 

Overall, PP2A-B55 appears to target multiple proteins, dephosphorylating them at 

various sites that depend on multiple kinases, to promote NER cooperatively. A recent 

phosphoproteomic study found that several proteins of the nuclear envelope are 

particularly prone to rapid dephosphorylation during mitotic exit, in a process that likely 

involves other phosphatases [210]. Much work remains to be done to fully dissect the 

mechanisms at play. The fact that NER is only delayed and not completely prevented 

when PP2A-Tws is silenced in cell culture could be due to an incomplete inactivation of 

PP2A-Tws inherent to the RNAi approach. Alternatively, other phosphatases may partially 

compensate for the loss of PP2A-Tws activity. Protein phosphatase 4 (PP4) may function 

in this way as it has been shown to dephosphorylate BAF in human cells [205]. In addition, 

Protein Phosphatase 1 enzymes likely contribute to NER in Drosophila as they promote 

this process through multiple mechanisms in vertebrates, including the dephosphorylation 

of Lamin B [220, 239].  
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Our screen results point at other functions of PP2A-Tws in the completion of M 

phase that remain to be explored, although some of the genetic interactions identified 

could reflect roles of PP2A-Tws unrelated to mitotic regulation. Our preliminary, 

unpublished results suggest that the genetic interaction between tws and CycB3 reflects 

their collaboration in the completion of meiosis (Fig 2.2.A). Interestingly, we uncovered 

genetic interactions between tws and genes that encode nucleo-cytoplasmic transport 

factors. Mutations in the gene for Cse1/CAS, which transports importin β back to the 

cytoplasm to promote its function in nuclear import, enhances tws-dependent embryonic 

lethality (Fig. 2.2.A) [240]. Conversely, mutations in embargoed (emb), which encodes 

the nuclear export factor Crm1, rescues tws-dependent embryonic lethality (Fig. 2.2.B) 

[241]. These results suggest that active nuclear import plays an important role in NER or 

other aspects of interphase nuclear formation after mitosis and/or meiosis, presumably by 

promoting the nuclear localization of crucial enzymes or structural factors. The identities 

of rate-limiting factors for NER and for the return of nuclei to interphase, and the regulation 

of their nucleo-cytoplasmic transport in this process are important open questions that 

should be the topic of future investigations. 

In this work, we have used a genetic strategy to search for the roles of PP2A-Tws 

in the cell cycle in vivo. We found that PP2A-Tws promotes NER and we have begun to 

dissect the molecular mechanisms at play. This study opens the door to the use of 

Drosophila to gain a better mechanistic understanding of NER. Moreover, it will be a 
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powerful system to further dissect the functions of PP2A-Tws and other phosphatases in 

the coordination of mitotic exit. 

 

Figure 2.15. Model for the role of PP2A-Tws in promoting NER after mitosis. As the 

cell enters mitosis, Cyclin B-CDK1 phosphorylates Lamin (red) and probably other 

proteins including Nup107 (Nups are in yellow) to induce NEBD. NHK-1 phosphorylates 

BAF (blue), inducing its dissociation from chromatin. As the cell exits mitosis, PP2A-Tws 

dephosphorylates BAF, inducing its rapid recruitment to condensed chromatin in late 

anaphase (green: PP2A-Tws active). Lamin and Nup107 are likely also dephosphorylated 

by PP2A-Tws to promote their assembly in NEs. When the NE is reformed, BAF becomes 

restricted to the inner periphery of the nucleus. Figure made by Vincent Archambault. 

 

2.5 Materials and Methods 

2.5.A. Plasmids and mutagenesis 

Plasmids were generated by using the Gateway recombination system (Invitrogen). The 

cDNA of each gene was cloned in a pDONOR221 entry vector before being recombined 

into destination vectors containing copper-inducible (pMT) or constitutive (pAC5) 

promoters. The following plasmids were generated: pAC5-GFP-LaminWT, pAC5-Myc-

LaminWT, pAC5-Myc-Lamin7A, pAC5-Myc-Lamin7D, pMT-RFP-LaminWT, pMT-RFP-
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Lamin7A, pAC5-mCherry-Tubulin, pMT-GFP-Nup107, pAC5-Myc-Nup107, pMT-GFP-

BAFWT, pMT-GFP-BAF3A, pMT-GFP-BAF3D, pAC5-Myc-BAFWT, pAC5-Myc-Tws, pAC5-

GFP-Tws, pAC5-Flag-Tws, pAC5-Flag-Wdb, pAC5-Flag-GFP, pAC5-NHK-1-PrA. Amino 

acid substitution mutants were generated using QuikChange Lightning Site-Directed 

Mutagenesis Kit (Agilent) as described by the manufacturer protocol. cDNAs for plasmids 

expressing Lamin mutants were generated by BioBasic.  

2.5.B. Fly culture, genetic screen, and fertility tests 

Fly culture was done according to standard procedures. For the genetic screen, a 

collection of 417 lines containing most Drosdel deficiencies and a few additional ones 

(obtained from Marc Therrien) covering most of chromosomes II and III was used (see 

Table 1 for the complete list). Each line was crossed to the y w; twsP/TM6B or mtsXE-

2258/CyO lines. Flies heterozygous for both the deletion and the twsP or mtsXE-2258 mutation 

were selected based on the absence of balancer chromosomes and their fertility was 

tested (see below). Table 3 provides a list of all mutant alleles used in this study, their 

molecular lesion and their origin. Flies expressing GFP-Polo were from Claudio Sunkel. 

For fertility tests shown in Figures 2.6.E, 2.12.E left, 2.2.B and Table 2, 3 to 5 virgin 

females of 1 to 4 days of age were crossed with 3 to 5 Oregon R males per tube and kept 

at 25°C for one day. Flies were then transferred to tubes containing grape juice agar with 

yeast paste. After one day, flies were transferred again to new tubes. Twenty-four hours 

later, the percentage of hatched embryos was counted. Approximately 100 embryos were 

counted each time and this scoring was repeated at least 3 times. For experiments shown 

in Figures 2.3.A, 2.12.E right, and 2.8, the fertility of 5 to 10 single virgin females crossed 

with 3 to 5 Oregon R males was scored. For the genetic screen (Figure 2.1.D and Table 
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1), the fertility of a group of 3 to 5 females (not necessarily virgins) crossed to 3 to 5 

Oregon R males was scored on 3 consecutive days and numbers were pooled. 

 

2.5.C. Embryo and egg immunostaining 

For immunofluorescence shown in Figures 2.3.C, 2.4 and 2.8, females were kept to lay 

embryos on grape juice agar for two hours at 25°C. Embryos were immediately 

dechorionated and fixed as described [235]. The following primary antibodies were used 

for staining: anti-Lamin Dm0 from mouse (1:100; DSHB Hybridoma Product ADL84.12, 

by P.A. Fisher), anti--Tubulin YL1/2 from rat (1:50; #6160, Abcam), anti-γ-Tubulin GTU-

88 from mouse (1:50; #T5326, Sigma). After an overnight incubation of primary antibodies 

at 4°C, embryos were incubated with secondary antibodies coupled to Alexa-488 (1:200; 

Invitrogen) or Cy3 (1:200; Jackson) for two hours at room temperature. DNA was marked 

with DAPI. Embryos were mounted using Vectashield (Vector laboratories). Images were 

generated using the LSM 700 confocal microscope (Zeiss), using the 63 X oil objective, 

and treated using Photoshop.  

For examining meiosis (Fig. 2.5), females were kept to lay eggs on an agar plate for 20 

minutes after which eggs were dechorionated and washed in a solution of 0.7% NaCl, 

0.05% Triton-X. Eggs were then fixed in a solution of 1 heptane : 1 methanol before being 

washed in 100% methanol, and rehydrated sequentially in a 90%, 70% and 50% methanol 

followed by a wash in Phosphate Buffer Saline (PBS) + 0.2% Tween. Eggs were then 

incubated with 1:100 anti-Lamin ADL 67.10 from mouse (Developmental Studies 

Hybridoma Bank), 1:2000 rat anti--Tubulin YL1/2 (Sigma) and Oligreen (Invitrogen). 

Secondary Alexa-conjugated antibodies were used 1:1000. Eggs were then mounted 

using 1,2,3,4-Tetrahydronaphthalene (Sigma). Images were taken on an Olympus 
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FV1000 scanning confocal microscope with 60X water objective lens.  

 

2.5.D. Drosophila cell culture and drug treatments 

D-Mel2 cells were cultured in Express Five medium (Invitrogen) supplemented with 

glutamine, penicillin and streptomycin. Stable cell lines were generated in a selection 

medium containing 10 μg/ml of blasticidin. Expression of transgenes under a copper-

inducible promotes was induced by adding CuS04 (300 μM) to the media for at least 8 

hours. For phosphatase inhibition, cells were treated with 100 nM okadaic acid (Bioshop) 

for 30 minutes before being lysed for immunoprecipitation. For CDK1 inhibition, cells were 

treated with 10 μM RO-3306 (Tocris Bioscience) for 1 hour and 30 minutes before being 

lysed. 

 

2.5.E. Transient transfections  

D-Mel2 cells of 70% to 80% confluence in six well plates or 25-cm2 flasks were transfected 

with 2.5 μg or 5 μg of plasmids respectively using the X-tremeGene HP DNA transfection 

reagent (Roche) as described by the manufacturer’s instructions. Cells were cultured 

between 24 and 72 hours at 25°C before being assayed. For RNAi, cells of 60 to 70% 

confluence were plated in 6-well plates and transfected with 25 μg dsRNA for Tws, NHK-

1 or Endos, along with the Transfast reagent (Promega). dsRNA against the bacterial 

resistance gene kanamycin (KAN) was used as a non-target control. Cells were incubated 

at 25°C for 72 to 96 hours before being analyzed.  
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2.5.F. Time-lapse microscopy 

Time-lapse fluorescence imaging of cultured cells and embryos was performed on a 

Spinning-Disk confocal system (Yokogawa CSU-X1 5000) mounted on a fluorescence 

microscope (Zeiss Axio Observer.Z1) using a 63X oil objective an Axiocam 506 mono 

camera (Zeiss).  

2.5.G. Proximal-ligation assay (PLA) 

D-Mel2 cells stably expressing GFP-Tws and myc-BAFWT were fixed using 37% 

formaldehyde (Sigma), after which cells were blocked then incubated with anti-GFP from 

rabbit (1:200; Invitrogen) and anti-Myc 9E10 from mouse (1:200; Santa Cruz 

Biotechnology, Inc.) for one hour at room temperature. PLA was performed using the 

Duolink starter kits (Sigma) as described by the manufacturer. The Duolink anti-rabbit plus 

and anti-mouse minus probes were used. During the amplification step, cells were 

incubated with secondary antibodies coupled to Alexa-488 from rabbit (1:200; Invitrogen), 

Cy3 from mouse (1:200; Jackson), and Alexa-566 from mouse for two hours at room 

temperature. DAPI was used to stain DNA. Images were taken using a LSM 700 confocal 

microscopy, and treated using Photoshop. 
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2.5.H. Immunoprecipitation and western blotting 

For each sample, between 4 and 20 million cells transfected as above were harvested 

and washed in PBS containing protease inhibitors: 1 mM PMSF, 10 μg/ml aprotinin and 

10 μg/ml leupeptin. Cells were lysed in 75 mM K-HEPES pH 7.5, 150 mM NaCl, 1 mM 

DTT, 2 mM MgCl2, 2 mM EGTA, 1% Triton X-100, with protease inhibitors as above.  

Lysates were centrifuged at 14 600 rpm for 10 min at 4°C. Clarified lysates were incubated 

with anti-GFP from rabbit (Invitrogen) on a wheel for 1 hour at 4°C and then incubated 

with 15 to 20 μl of Protein A-conjugated Dynabeads suspension (Life Technologies) for 

another 45 min at 4°C. Beads were washed in 1 ml of lysis buffer 4 X 5 min and eluted 

directly in Laemmli sample buffer for SDS-PAGE. Primary antibodies used in Western 

blotting were anti-GFP from rabbit (Invitrogen), anti-Myc 9E10 from mouse (Santa Cruz 

Biotechnology, Inc.), anti-Lamin Dm0 (DSHB Hybridoma Product ADL84.12), anti--

Tubulin DM1A from mouse (Sigma), anti-Tws from rabbit (Thermo Fisher Scientific), anti-

H3 from rabbit (NEB), anti-Endos from rabbit (custom made by Thermo Fisher Scientific), 

anti-Flag M2 from mouse (Sigma), peroxidase AffiniPure Goat anti-mouse IgG (Jackson), 

and peroxidase-conjugated AffiniPure Goat anti-rabbit IgG (Jackson). For analyzing 

protein levels of mutant embryos of Figure 2.3, embryos from Oregon R and single and 

double mutant females were collected as described above and washed with PBS solution 

containing protease inhibitors before being crushed and clarified by centrifugation at 14 

600 rpm for 10 min at 4°C. Before SDS-PAGE, protein levels in supernatants were 

quantified using the Bradford protein assay kit (Biorad). The same masses of total proteins 

were loaded for all samples and proteins were analyzed by immunoblotting.  
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2.5.I. Phosphatase assay 

Approximately 200 million D-mel2 cells stably expressing either Flag-Tws, Flag-Wdb or 

Flag-GFP were collected and centrifuged at 1500 rpm for 5 min at 4°C. Pellets were 

suspended in Tris buffer saline containing protease inhibitors: 1 mM PMSF, 10 μg/ml 

aprotinin and 10 μg/ml leupeptin. Cells were lysed in buffer containing 20 mM Tris-HCl pH 

7.5, 150 mM NaCl, 2 mM EGTA, 0.5% NP-40, 1 mM DTT, and the protease inhibitors as 

above and incubated on a wheel for 15 min at 4°C, before being centrifuged at 4600 rpm 

for 15 min at 4°C. Supernatants were incubated with anti-Flag antibody for 75 min on a 

wheel at 4°C and with Protein G-conjugated Dynabeads (Life Technologies) for an 

additional 45 min. Beads were washed 4 X 5 min with lysis buffer before being used as 

sources of enzymes for the phosphatase assay. The following peptides were used as 

substrates: BAF-pS5: MSGTpSQKHRNFVAEPMGNK; PRC1-pT481; 

SKRRGLAPNpTPGKARKLNTTT; PRC1-pT602: LSKASKSDATSGILNSpTNIQS (all 

synthesized by Biobasic). The 2X reaction solutions contained 400 μM of peptides, 20 

mM Tris pH 7.5, 5 mM MgCl2, 1 mM EGTA, 20 mM β-mercaptoethanol, and 1,45 mg/ml 

of bovine serum albumin. For the phosphatase reactions, equal volumes of 2X reaction 

solution and washed bead suspensions were combined and incubated at room 

temperature in 96-well plates. Reactions were stopped by the addition of 90 mM HClO4. 

Phosphate release was revealed by the addition of one volume of 1 M malachite green 

solution. The absorbance was then measured at a wavelength of 620 nm using a plate 

reader (Tecan Infinite 200 PRO). For results presented in Figure 2.14.B, the colorimetric 

measurements obtained with Flag-GFP for each time points were subtracted from the 

measurements obtained with Flag-Tws and Flag-Wdb. Values for T0 were also subtracted 
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from both series. All values were normalized by fixing the highest value obtained to 1 (the 

activity associated with Flag-Tws on PRC1-pT602 peptide after 2 hours). In addition, 

activities were normalized for the amount of PP2A catalytic subunit (Mts) present in the 

reactions by dividing the activities associated with Flag-Wdb by the ratio of the Mts band 

intensities from the Flag-Wdb IP/Flag-Tws IP purified complexes. 

2.6 Tables 
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Table 1. Complete results from the genetic deletion screen. Percentages of embryos 

 hatching from females heterozygous for each deletion and heterozygous for twsP or 

mtsXE-2258 are shown. For each deletion, its Bloomington stock number, its name, its 

cytological breakpoints and its balancer chromosome are indicated. Interacting genes that 

were validated with mutant alleles are indicated next to the deletion(s) that uncovered 

them. One deletion (labeled tws?) that should uncover tws did not genetically interact with 

twsP or mtsXE-2258. This could occur if the deletion additionally uncovers a suppressor 

gene, of if its breakpoints differ from those published in the databases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. A screen for genetic interactions between lamin and genes encoding 

various phosphatase subunits. Percentages of embryos hatching from females 

heterozygous for each of the indicated mutant alleles only (left) or additionally 

heterozygous for lamK2 deletion (right) are shown, along with standard deviations (S.D.). 
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Values indicating strong interactions are green. All values were obtained from the same 

experiment, except for those marked with an asterisk (*) which were quantified separately. 
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Table 3. Mutant alleles used in this study, their source and their molecular lesion. 
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Deciphering the functions of Ankle2 during mitotic exit 
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3.1 Abstract 
 

Chapter 2 presented evidence that PP2A-B55 dephosphorylates the small NE 

protein BAF. When dephosphorylated, BAF binds to DNA and shapes the nucleus for the 

recruitment of downstream nuclear proteins such as the nuclear lamina protein Lamin B 

and the nucleoporin Nup107. In this chapter, I am presenting progress I accomplished at 

the end of my project in dissecting the role of the protein LEM4/Ankle2, which was 

previously shown to regulate BAF recruitment to reassembling nuclei in human cells and 

C. elegans. However, the nature of Ankle2 and the molecular mechanism by which it 

promotes BAF functions during NER are still not well known. I first confirm that the function 

of Ankle2 in recruiting BAF to reassembling nuclei is conserved in Drosophila. I also show 

that Ankle2 is required for proper mitotic progression during fly embryo development. 

Using biochemical assays and mass spectrometry, I demonstrate that Ankle2 forms a 

complex with PP2A-A and PP2A-C that has phosphatase activity. This study sheds light 

on a role of a new protein that is important for the reformation of the nuclear envelope and 

mitotic progression. More efforts are being made now in our lab to reach a full picture of 

the nature and the role of Ankle2 in Drosophila. 

 I want to emphasize that this Chapter contains unfinished work, with either 

preliminary results or experiments that should be confirmed with further repetition. In this 

context, one could argue that this part should not be included in my thesis, though I 

decided to include it as it contains exciting findings that are worth showing. Also, since 

senior authors contributed to writing the published paper shown in Chapter 2, this 3rd 

Chapter was a chance to write in my own words. This Chapter contains data from 

experiments performed in collaboration with Laia Jordana, a new Ph.D. student I 
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supervised in our laboratory. Laia is currently working on this project to decipher the 

different molecular mechanisms by which Ankle2 regulate NER and mitosis.   

 

3.2 Introduction 
 

In a previous study, we show that the depletion of Tws didn’t lead to a complete 

failure in the reassembly of NE proteins at NER, suggesting that other phosphatases are 

also implicated in the regulation of NER [242]. Interestingly, a study in C. elegans showed 

that the protein LEM4 might be required for proper NER [202]. Ankle2 (LEM4 in human 

cells) is a member of the LEM domain protein family as it contains a LEM domain in its N-

terminal region [202]. However, LEM4 lacks an N-terminal LEM domain in C. elegans (Fig. 

3.1). Worm embryos with LEM4 mutations show irregularly shaped nuclei with an 

abnormal organization of Lamin and nucleoporins, and these phenotypes were rescued 

upon LEM4 overexpression [202]. Similar phenotypes were also observed when Ankle2 

(LEM4) in HeLa cells was depleted by RNAi [202] or knocked-out by CRISPR/Cas9 [204], 

suggesting that the role LEM4 is conserved through evolution. Also, an RNAi screen using 

fly S2 cells, shows that the depletion of Ankle2 decreased the cell mitotic index, cell count, 

and nuclear size [243]. Intriguingly, depletion of LEM4 in worm embryos expressing GFP-

BAF strongly abolished BAF recruitment to reassembling nuclei [202]. A similar phenotype 

was also observed in human cells when Ankle2 was either knocked down by RNAi [202] 

or knocked out by CRISPR/Cas9 [204]. These results suggest that Ankle2/LEM4 is 

required for proper NER by its role in BAF recruitment on reassembling nuclei at mitotic 

exit. This requirement seems to be independent of the Ankle2 LEM domain, as the 

overexpression of an Ankle2 fragment lacking a LEM domain rescued BAF recruitment to 
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reassembling nuclei in cells with Ankle2 knockout [204]. In addition, Ankle2 forms a 

complex with both the catalytic and scaffolding subunits of PP2A [202, 204]. These 

subunits could not interact with an Ankle2 lacking the first 241 amino acid and another 

lacking the last 110 amino acids. Interestingly, these two Ankle2 fragments were not able 

to rescue BAF recruitment to reassembling nuclei during NER [204]. These results 

indicate that PP2A binding to Ankle2 is crucial for BAF recruitment on reforming nuclei at 

mitotic exit. In addition, in human cells, LEM4 interacts with and inhibit VRK1 from 

phosphorylating BAF in vitro [202]. These results and others in these studies propose a 

model where, at mitotic exit, LEM4 interacts with VRK1 and PP2A. This interaction inhibits 

VRK1 and activates PP2A to dephosphorylate BAF and induce its interaction with LEM 

domain proteins found on the INM during NER [202, 204, 244]. However, is Ankle2 a 

PP2A regulatory subunit and what is the role of Ankle2 in BAF dephosphorylation during 

NER are questions that need to be answered.   

Ankle2 localization is still under investigation. One of the few studies investigating 

Ankle2 localization shows that Ankle2 is found mostly cytoplasmic and weakly localizes 

to the NE in interphase U2OS cells [245]. Another study using fly larvae brain cells shows 

that Ankle2 colocalizes with ER proteins [244]. However, the localization of Ankle2 during 

cell division is not yet explored. Also, the function of Ankle2 at the ER is still unknown.  

 At the developmental level, Ankle2 seems to have a function in brain development 

both in humans and flies. A large mutant screen identified an Ankle2 mutation that resulted 

in fly adults with abnormal development of sensory organs and loss of thoracic bristles 

[246]. Also, larvae with this mutation had smaller brains, mainly because cell proliferation 

in these brains was strongly affected [246]. These observations are in accordance with 

data that shows a decrease in cell counts and the mitotic index seen in fly cells depleted 
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from Ankle2 [243]. Interestingly, the role of Ankle2 in brain development is also conserved 

in humans, as the genome of a family with microcephaly contained a deleted variant of 

Ankle2 [246]. Also, Ankle2 expression was downregulated in brain tissues from patients 

with Parkinson [247]. Hence, it seems that studying more about the role of this protein is 

of great interest not only for fundamental cell biology but also for clinical research. 

 In this study, we used Drosophila embryos and cells in culture to investigate the 

role of Ankle2 during cell division. We found that Ankle2 is in complex with PP2A and have 

preliminary data that shows that PP2A-Ankle2 can dephosphorylate two phospho-

peptides in vitro. Ankle2 depletion leads to a failure of BAF recruitment to newly formed 

nuclei in cells, and an arrest in metaphase of the first mitotic division in fly eggs. Our 

results suggest a role for PP2A-Ankle2 in regulating NER and proper mitotic progression.  

 

 

 

 

 

 

 

 

 

Figure 3.1 Schematic representation of the protein structure of LEM4/Ankle2 in 

Human, worm and Drosophila. The alignment was based on [202]. The length of the 

Drosophila-Lem4/Ankle2 was taken from [248].   
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3.3 Results 
 
3.3.A. Drosophila Ankle2 promotes NER by regulating BAF and Lamin 

B recruitment to reassembling nuclei 

 Mutations in Lem4 in C. elegans lead to the formation of improperly shaped nuclei. 

However, whether Ankle2 promote NER was not tested. First, we wanted to test if Ankle2 

genetically interacts with genes coding for NE proteins. To do so, I crossed female flies 

heterozygous for an Ankle2 mutation (Ankle2A) with male flies heterozygous for two lamin 

mutations (lamK2 and lamA25). Double mutant female flies were kept to lay eggs, and the 

percentage of hatched eggs was determined. Wild type flies and single female mutants 

were used as negative controls. I found that the percentage of hatching eggs from 

Ankle2A/+; lamK2/+ and Ankle2A/+; lamA25/+ females was lower when compared with 

hatching percentages of eggs from single mutants (Ankle2A/+, lamK2/+, and lamA25/+) 

females and wild type females (Fig. 3.2). These data show that Ankle2 genetically 

interacts with lam and suggest that Ankle2 collaborates with Lamin, presumably in 

promoting the integrity of the NE.  
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Figure 3.2 Genetic interaction between an allele of Ankle2 and different alleles of 

lamin. The percentage of hatched eggs from females with the indicated genotypes was 

determined from two experiments. Error bars: range. This experiment was performed by 

Laia Jordana and me.  

 

Ankle2 knockdown by RNAi and knockout by CRISPR/Cas9 in HeLa cells 

abolished the recruitment of BAF on reassembling nuclei at mitotic exit [204]. To test if 

this is the case for fly Ankle2, I generated Ankle2 dsRNA to deplete Ankle2 in cells stably 

expressing GFP-BAF and mcherry-α-Tubulin. In cells transfected with KAN dsRNA 

(control), GFP-BAF is soluble in the cytoplasm after NEBD. After spindle elongation at 

anaphase onset (T=0), GFP-BAF recruits to chromatin after 3.6 min and concentrates 

more on chromatin after 4.8 min, and then to the NE at a later time (Fig. 3.3.A). In contrast, 

in cells transfected with dsRNA Ankle2, GFP-BAF fails to recruit to reassembling nuclei 

after spindle elongation but instead forms aggregates in the cell cytoplasm (Fig. 3.3.A). 
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Following quantification, the intensity of GFP-BAF at reassembling nuclei in Ankle2 

depleted cells is very low after spindle elongation (Fig. 3.3.B). These results indicate that 

Ankle2 promotes the recruitment of BAF to reassembling nuclei at mitotic exit. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Ankle2 depletion leads to an abolishment in GFP-BAF recruitment to 

reassembling nuclei at mitotic exit. A. Live-imaging of cells stably expressing GFP-

BAF and mcherry-α-Tubulin transfected with either dsRNA against Ankle2 or dsRNA 

against the bacterial resistant gene KAN (control). Time=0 was taken as the time where 

spindle elongation takes place. An image was taken each 1.2 min. The red square is the 

time where BAF is recruited after spindle elongation. The yellow arrow shows the 

recruitment of GFP-BAF. Scale bar is 5 m. B. Quantification of the fluorescence intensity 

of GFP-BAF at reassembling nuclei at each time point. For RNAi Kan and RNAi Ankle2, 
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15 and 20 cells were quantified, respectively. The shaded area indicates the standard 

deviation. P values are from a two-tailed t-test. 

 

To test whether the abolishment of BAF at reassembling nuclei after Ankle2 

depletion affects the recruitment of other NE proteins to nuclei, I depleted Ankle2 in cells 

expressing GFP-BAF and RFP-Lamin B. As expected, the depletion of Ankle2 leads to an 

abolishment in GFP-BAF recruitment to newly formed nuclei (Fig 3.4). Interestingly, the 

recruitment RFP-Lamin B appeared to be delayed by several minutes upon Ankle2 

depletion in the dividing cells examined (Fig. 3.4). However, the quantification of this 

phenotype is still lacking. Laia Jordana in our laboratory will repeat these experiments and 

quantified the fluorescence. These results suggest that Ankle2 is also required for the 

timely reassembly of other NE proteins during NER.  
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Figure 3.4 Ankle2 depletion leads to delay in RFP-Lamin B to newly formed nuclei 

recruitment at mitotic exit.  Live imaging of cells stably expressing GFP-BAF and RFP-

Lamin B transfected with either dsRNA Ankle2 or dsRNA KAN (control). Time=0 was 

taken as the time where spindle elongation takes place. An image was taken each 3 min. 

The red square is the time where BAF and Lamin B are recruited after spindle elongation. 

The yellow arrow shows GFP-BAF localization and the white arrow shows RFP-Lamin 

localization. The red arrow shows an aggregate of Lamin B. Scale bar is 5 m. 
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3.3.B. Ankle2 is required for the maintenance of nuclear integrity  

A screen was recently performed to identify proteins which, when depleted, cause 

micronucleation. In this study, HeLa cells were first depleted from more than 1295 proteins 

that are known to be important during mitosis and then treated with nocodazole (inhibitor 

of microtubule polymerization) and reversine (inhibitor of the spindle assembly 

checkpoint). This drug combination will enable cells with defective spindles to exit mitosis. 

Following treatment and time-lapse microscopy, the depletion of BAF gave the highest 

percentage of cells with micronuclei [161]. However, the effect of Ankle2 depletion on the 

formation of micronucleated cells was not tested in that study. To test this, cells expressing 

GFP-Lamin B and mcherry-α-tubulin were depleted from Ankle2 and treated with 

nocodazole and reversine. When analyzed by live imaging, I observed that cells depleted 

from Ankle2 and treated with both inhibitors contained more micronuclei than control cells 

(Fig. 3.5.A-B). Laia repeated that experiment and Dmel cells were fixed and 

immunostained for Lamin B and a DNA marker (DAPI). Surprisingly, cells transfected with 

dsRNA Ankle2, even without drug treatment, showed about 25% increase in the 

percentage of micronuclei when compared with the control cells (RNAi Kan, data not 

shown). Most of the micronuclei observed in cells depleted from Ankle2 lacked a lamin 

staining. These were excluded from the previous experiment as the DNA in cells was not 

marked. These results indicate that Ankle2 is required for maintaining nuclear integrity, 

probably by regulating BAF recruitment at newly formed nuclei during NER. 
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Figure 3.5 Ankle2 is required for nuclear integrity. A. Cells stably expressing GFP-

Lamin B and mcherry-α-Tubulin transfected with either dsRNA against Ankle2 or dsRNA 

against the bacterial resistant gene KAN (control) and treated with nocodazole and 

reversine. Cells depleted from Ankle2 and treated with both inhibitors form micronuclei. 

Scale bar is 5 m. B. Quantification of cells with micronuclei transfected with either dsRNA 

Ankle2 or dsRNA KAN and treated with different inhibitors as shown. The experiment was 

done three times, and, in each experiment, more than 500 cells were quantified per 

condition. Error bars represent standard deviation. *0.0051<P<0.0095, ***P<0.0001 from 

a two-tailed t-test 
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3.3.C. Ankle2 promotes the progression of mitosis during early embryo 

development  

I then wanted to investigate the role on Ankle2 in vivo during syncytial embryo 

development. In a fruit fly ovary, and following egg ovulation, the egg arrests in the 

metaphase I of the first meiotic division. After the female lays the egg, meiosis continues 

within twenty minutes till the formation of four meiotic products near the egg cortex [22]. 

When the egg is fertilized, the male pronucleus and one of the fourth female meiotic 

products come in close proximity without fusing [22]. Then, NEBD takes place, and the 

genetic content of both pronuclei divide separately during the first mitosis. After that, 

thirteen cycles of quick nuclear divisions, which lasts for two hours, take place in a 

syncytium [22]. The three other female meiotic products combine to form a polar body. 

Most of the RNAs and proteins required for these rapid divisions are contributed by the 

mother fly.  

Before looking at the phenotypes resulting from Ankle2 depletion in fly embryos, I 

wanted to test whether Ankle2 depletion affects embryo survival. For this, I crossed male 

flies with a UAS-dsRNA Ankle2 with female flies expressing Gal4 under the effect of a 

maternal α promoter (mat- α-Gal4), which expresses the transgene in the germline. As a 

negative control, female flies with the mat-α-Gal4 driver were crossed with Oregon R (wild 

type). Eggs laid by females from the F1 generation were counted, and the percentage of 

hatched eggs was determined. Interestingly, none of the eggs depleted from Ankle2 

hatched (Fig. 3.6.A), indicating that Ankle2 is indispensable for embryo survival. Ankle2 

depletion was confirmed by immunoblotting (Fig. 3.6.B). 



 153 

I next wanted to identify the phenotypes that could explain this strong embryonic 

lethality. For this, females from the F1 generation of the above crosses were kept to lay 

eggs for 2 hours (enough time to monitor the whole thirteen nuclear division stage) and 

fixed with formaldehyde, allowing examination of mitosis nuclei near the cortex, using 

immunofluorescence. However, no structures were detected, suggesting that defects 

occurred earlier in development, when structures are deeper in the egg or embryo. To 

investigate this hypothesis, I kept females from the F1 generation to lay eggs for 1-2 hours, 

fixed then with methanol, which allows deeper immunofluorescence observation, and 

looked at the phenotypes. Most of the Ankle2 depleted eggs that I observed successfully 

completed meiosis, as indicated by the presence of a polar body near the egg cortex (Fig. 

3.6.C). Some eggs also showed normal meiotic divisions, indicating that Ankle2 is not 

essential for the completion of meiosis (data not shown). Intriguingly, the vast majority of 

these eggs were blocked in metaphase of the first or second mitosis, compared to controls 

that progressed normally with successive mitoses (Fig. 3.6.D). These results suggest that 

Ankle2 is essential for normal mitotic progression during early embryo development.  

 

 

 



 154 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Ankle2 is essential for proper mitotic progression in fly embryos. A. The 

percentage of hatched eggs depleted from Ankle2 was determined and compared with 

the control (eggs from females only expressing the Gal4 driver). The quantification is an 

average of two experiments. Error bars: range B. Confirmation of Ankle2 depletion by 

immunoblotting. Eggs were crushed, and proteins were extracted and loaded on a protein 

gel. The membrane was blotted with anti-Ankle2 antibody. (*) is a non-specific band and 

used as a loading control. C. Eggs depleted form Ankle2 aging between 1-2 hours are 

arrested at the first metaphase of the first mitotic division. PB: Polar body. Normal embryo 

development was seen in the CTRL (eggs from females only expressing the Gal4 driver). 

Scale bar is 20 µm D. Quantification of embryos with 0,1,2 or more than 2 mitotic nuclei. 

This experiment was done three times. Error bars represent standard deviation. All 

experiments of this figure were done by Laia Jordana and me.  
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3.3.D. Ankle2 localizes to the ER during interphase and concentrates on 

the NE during NEBD 

I next wanted to investigate the localization of Ankle2 during mitosis, as this was 

never explored before [245]. To do so, I generated fly cells stably expressing GFP-Ankle2 

and mcherry--tubulin. As seen in [245], GFP-Ankle2 localizes mostly in the cytoplasm 

and weakly to the NE in interphase cells (Fig. 3.7.A). In cells I have analyzed, GFP-Ankle2 

formed cytoplasmic foci in interphase cells, which suggests that GFP-Ankle2 associates 

with structures in the cytoplasm (Fig. 3.7.A). However, surprisingly, the GFP-Ankle2 

signal concentrates at the NE during NEBD, and then became cytoplasmic and partially 

nuclear at mitotic exit (Fig. 3.7.A). The concentration of GFP-Ankle2 to the NE during 

prometaphase was not expected, especially after I have seen that Ankle2 is critical for 

proper GFP-BAF recruitment to newly formed nuclei at mitotic exit. Since no previous 

study visualized N-terminal tagged Ankle2 localization, I reasoned that the N-terminal 

GFP tag might affect the proper Ankle2 localization. For this reason, I looked at cells stably 

expressing Ankle2-GFP and mcherry--tubulin. Ankle2-GFP showed a similar localization 

dynamics as GFP-Ankle2 (Fig. 3.7.B). These results show that Ankle2 localizes to the NE 

during NEBD, but the function of Ankle2 during NEBD has not been explored yet. 
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Figure 3.7 Ankle2 localizes cytoplasmic structures during interphase cells and 

concentrates on the nuclear envelope during NEBD. A. Live-imaging of cells 

expressing GFP-Ankle2 and mcherry-α-Tubulin. In interphase cells, GFP-Ankle2 localizes 

to cytoplasmic structures and is weakly nuclear. In prometaphase cells, GFP-Ankle2 

concentrates on the nuclear envelope during NEBD. In a cytokinetic cell, GFP-Ankle2 is 

present in the cytoplasm and weekly to the nuclear envelope. B. Cells expressing Ankle2-

GFP and mcherry-α-Tubulin were fixed and stained with Lamin B and DNA. Similar 

localizations as cells expressing GFP-Ankle2 were also noticed. Scale bar is 5 m. The 

experiment in A was done by me, and of the experiment in B was done by Laia Jordana 
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As seen in interphase cells, both GFP tagged versions of Ankle2 localize to 

cytoplasmic structures. In a study using HeLa cells, both endogenous and GFP-tagged 

LEM4 localized to the ER [202]. I wanted to test whether this also applies to Drosophila 

Ankle2. To do so, cells stably expressing Ankle2-GFP were fixed and stained for a known 

ER protein called calnexin. Interestingly, a clear colocalization signal was seen between 

both GFP-tagged Ankle2 and this ER protein (Fig. 3.8.A).  Interestingly, a recent study 

showed a clear colocalization between Ankle2 and ER proteins in fly brain cells and a 

localization of Ankle2 to the NE during NEBD [244]. To investigate this possibility in fly 

cells, I purified Ankle2 from cells stably expressing GFP-tagged Ankle2 and submitted the 

purification products for mass spectrometry analysis at IRIC’s proteomics platform. Flag-

GFP cells were used as a negative control. A fraction of the purified product was migrated 

on a gel, and the gel was then silver stained (Fig. 3.8.B). Interestingly, I found several ER 

proteins such as Vap33, Sec16, Tango5, and GammaCOP, that co-purified with both 

GFP-tagged Ankle2, but not with Flag-GFP (Fig. 3.8.A). Laia Jordana repeated the same 

experiment, but this time by purifying both GFP-tagged Ankle2 forms. The same Ankle2 

protein interactors were identified using mass spectrometry. Taken together, these results 

indicate that Ankle2 associates with the ER, however the mechanism by which Ankle2 

binds ER proteins and its role at that cellular component need to be investigated.  
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Figure 3.8 Ankle2 protein partners identified using mass spectrometry. A. Cells 

expressing Ankle2-GFP were fixed and stained for the ER protein Cx99A and DNA. A 

clear colocalization of the two proteins can be noticed. Scale bar is 5 m. This experiment 

was done by Laia Jordana. B. GFP-Ankle2 was purified using GFP Chromotek beads 

from fly cells stably expressing this tagged protein. A small fraction of the purified products 

was loaded on a gel and silver stained. The remaining fraction analyzed by mass 

spectrometry. Some Ankle2 binding partners are listed along with their identified peptide 

count. Cells expressing Flag-GFP were used as negative control. 
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3.3.E. Ankle2 may function as a PP2A regulatory subunit 

 Previous studies showed that Ankle2 associates with the PP2A complex in human 

cells [202, 204]. I asked whether fly Ankle2 is also found in a common complex with PP2A. 

When I went back to our mass spectrometry results of purified Ankle2, I found that both 

the PP2A catalytic and the scaffolding subunits co-purified with both GFP-tagged Ankle2, 

suggesting that these proteins are found in a common complex (Fig. 3.8.B). However, no 

peptides of Tws were identified with both tagged forms of Ankle2. To confirm the 

purification results, I purified both GFP-tagged Ankle2 from stable cell lines expressing 

these tagged proteins and blotted the purification products using anti-Mts and ant-Tws 

antibodies. Flag-GFP and GFP-Tws were also purified from cells and used as negative 

and positive controls, respectively. Interestingly, Mts but not Tws was co-purified with 

GFP-tagged forms of Ankle2 (Fig. 3.9.A). The fact that Ankle2 copurified with both the 

catalytic and scaffolding subunits of PP2A, without detection of a known PP2A regulatory 

subunit, is consistent with the idea that Ankle2 may function as a PP2A regulatory subunit.  

 If Ankle2 is a PP2A regulatory subunit, it should work in a common pathway with 

Mts, and genes expressing these proteins should interact with each other. To test this 

possibility, I crossed female flies heterozygous for an Ankle2 mutation (Ankle2A) with 

males flies heterozygous for an mts (mtsXE-2258) or two tws mutations (twsP and twsaar1). 

Double mutant female flies from the F1 generation were kept to lay eggs, and the 

percentage of hatched eggs was determined. Wild type flies and single female mutant 

flies from the F1 were used as negative controls. After egg counting, I found that the 

percentage of eggs from Ankle2A/+; mtsXE-2258/+ females was low (about 20%) when 

compared with the hatching percentage of eggs from single mutants (Ankle2A/+ and mtsXE-

2258/+) females and wild type females (Fig. 3.9.B). Surprisingly, the hatching egg 
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percentage from Ankle2A/+; twsP/+ and Ankle2A/+; twsaar1/+ females was high compared 

with the percentage of hatched eggs from single mutants (Ankle2A/+, twsP/+, and 

twsaar1/+) females and wild type females (Fig. 3.9.B). These results indicate that Ankle2 

genetically interacts with mts but not with tws. These results suggest that Ankle2 

collaborates with PP2A and are consistent with the idea that Ankle2 may function as a 

PP2A regulatory subunit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Ankle2 is a potential regulatory subunit of PP2A A. GFP-Ankle2 and 

Ankle2-GFP was purified and blotted for Mts and Tws. Purifications from cells expressing 

Flag-GFP and Tws-GFP were used as controls. As observed in the figure, Mts was co-
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purified with Tws, and both GFP-tagged Ankle2 versions. This experiment was done three 

times. Red spots on the blot represent saturated signals. B. Genetic interaction between 

and Ankle2 allele and an mts allele, but not with tws alleles. The percentage of hatched 

eggs from females with the indicated genotypes was determined from two experiments.  

Error bars: range. These experiments were performed by Laia Jordana and me. 

 

3.3.F. Ankle2 may not associate with BAF in fly cells 

 Ankle2 was found to be in complex with BAF in human cells, though the association 

between these two proteins is weaker than that between BAF and LEM2 [204]. Although 

no LEM domain is present in the Drosophila Ankle2(Fig. 3.1), I wanted to test if Ankle2 

associates with BAF in fly cells. For this, I purified myc-BAF from cells transiently 

expressing myc-BAF and either Flag-GFP, GFP-Tws, GFP-Ankle2, and Ankle2-GFP. 

Cells only expressing GFP-tagged Flag, Tws, and Ankle2 were used as negative controls. 

I then blotted the purified products using an anti-GFP antibody. A small amount of GFP-

tagged Ankle2 was co-purified with BAF, compared with the positive control (GFP-Tws, 

Fig. 3.10). No GFP signal was seen in all negative controls suggesting that the 

interactions I see are specific. Unfortunately, I couldn’t reproduce these results after trying 

the same assay for two times. Therefore, there is a possibility of a possible interaction 

between Ankle2 and BAF, but of low affinity. However, the conditions which I am using to 

do the experiment do not allow me to conclude either way.  
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Figure 3.10 Ankle2 and BAF may not be found in a common complex. Fly cells were 

co-transfected with either GFP-Ankle2 or Ankle2-GFP and myc-BAF. Myc-BAF was 

purified used magnetic beads, and the purified products were blotted with anti-GFP 

antibody. Cells transfected with only Flag-GFP, GFP-Tws, both versions of GFP-tagged 

Ankle2, or co-transfected with either Flag-GFP or GFP-Tws and myc-BAF were used as 

controls. The results of this experiment were only seen once, hence a confirmation of 

these results is required using different conditions.  

 

3.3.G. The Ankle2-PP2A complex possesses a phosphatase activity 

 Since I showed that Ankle2 is present in a common complex with PP2A, I 

hypothesized that this complex possesses a phosphatase activity. To test this hypothesis, 

Flag-tagged forms of Ankle2 were purified from stable cell lines expressing these proteins. 

Flag-GFP and Flag-Tws were also purified from cells and used as negative and positive 

controls, respectively. I then incubated the purified products with the following phospho-

peptides derived from human proteins: PRC1-pT48, BAF-pS5, and Knl1-pT875. The sites 
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in the former two peptides are known to be dephosphorylated by PP2A-B55 [242], while 

that that on the protein Knl1, a kinetochore binding partner of SAC proteins, is known to 

be dephosphorylated by PP2A-B56 in HeLa cells [249]. After two hours of incubation, I 

noticed that PP2A-Tws was able to dephosphorylate all three peptides (Fig. 3.11.A). 

Interestingly, Flag-tagged forms of Ankle2 were able to dephosphorylate Knl1-pT875, 

partially PRC1-pT48, but not BAF-pS5. However, while Mts was detected in the Flag-Tws 

purification product, it was not detectable in the Flag-Ankle2 or Ankle2-Flag purification 

products (Fig. 3.11.B). This could explain why Ankle2-associated phosphatase activity 

was much lower than that of Tws in this experiment (Fig. 3.11.A). These preliminary 

results suggest that PP2A-Ankle2 has phosphatase activity.  
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Figure 3.11 PP2A-Ankle2 possesses a phosphatase activity. A. The amount of 

phosphate released when three phosphopeptides were incubated with Flag-GFP, Flag-

Tws, Ankle2-Flag, or Flag-Ankle2 purified from fly cells. B. Protein samples from the 

purified products and the input were loaded on gels and membranes were blotted with 
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either anti-Flag or anti-Mts antibodies. This experiment was done by me and by Laia 

Jordana.  

 

3.4 Discussion 

 The role of different phosphatases in the process of NER and in mitotic exit is 

incompletely understood. Our recent study using Drosophila shows that PP2A-B55 plays 

a crucial role during NER. The depletion of Tws (B55 in flies) leads to a delay in the 

recruitment of several vital NE proteins. However, other phosphatases seem important in 

promoting NER, since a complete failure of NER was not observed following Tws 

depletion. Several studies show that the protein LEM4/Ankle2 contributes to the process 

of NER. Nevertheless, little is known about the nature of this protein and the mechanisms 

by which Ankle2 regulates NER. Here, I show that Ankle2 is a potential PP2A regulatory 

subunit that is also essential in recruiting different NE proteins such as BAF and Lamin B. 

The recruitment of other NE proteins to reassembled nuclei might also depend on Ankle2 

function. I also show that PP2A-Ankle2 is necessary both for NER in D-Mel cells and 

proper mitotic progression in embryos.  

 For its contribution to NER, I have preliminary data showing that Ankle2 genetically 

interacts with lamin. It seems that removing half of Ankle2 and Lamin B is deleterious for 

fly development. This was expected since we know that PP2A-Ankle2 promotes BAF 

recruitment to reassembling nuclei and we show that the dephosphorylation of BAF is 

important for Lamin B recruitment [242]. It would be interesting to examine the different 

phenotypes in embryos from females heterozygous for Ankle2 and lamin mutations.  

 The contribution of Ankle2 in NER was observed when Ankle2 is depleted in cells 

expressing GFP-BAF and RFP-Lamin B. As seen in human cells [204], the recruitment of 
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GFP-BAF was abolished, and that of RFP-Lamin was delayed during NER [204]. Since 

we have shown that BAF associates with Lamin B [242], I expected that the abolishment 

of BAF recruitment would also lead to a Lamin B recruitment failure during NER upon 

Ankle2 depletion. My preliminary results show that Lamin B recruitment to reforming nuclei 

at NER is delayed but not abolished upon Ankle2 depletion (Fig. 3.4), though more cells 

should be quantified for confirmation. This result suggests that either Ankle2 is required 

for Lamin B recruitment, probably by regulating PP2A-B55 activity, or that Lamin B 

recruitment to reassembling nuclei does not depend solely on its binding to BAF but can 

also bind other NE proteins. It was already shown that lamins associate with proteins of 

the NPC [200, 201]. Therefore, Lamin B might associate with some Nups for its 

recruitment to newly formed nuclei. More experiments should be done to examine whether 

Ankle2 depletion affects the localization of Nups to the NE during NER.   

 Moreover, Ankle2 depletion in cells treated with some mitotic inhibitors leads to an 

increase in the percentage of cells with micronuclei. These results were also noticed in 

human cells, depleted from BAF [161]. In that study, the effect of these inhibitors on cells 

was tested. For instance, the treatment of HeLa cells with nocodazole increased the 

percentage of cells with depolymerized microtubules [161]. When I looked at fly cells, I did 

not observe a similar phenotype. However, I was not surprised by that observation as I 

knew that nocodazole is not efficient in depolymerizing microtubules in fly cells. However, 

and although I did not see such effect, it was evident that these inhibitors were functioning 

in these cells (Fig. 3.5) since I noticed an apparent increase in the percentage of cells 

with micronuclei only upon treatment with both inhibitors and Ankle2 depletion. Performing 

live imaging on these cells could confirm if there might by a small effect on microtubule 

depolymerization. In addition, marking DNA in Ankle2 depleted Dmel cells without inhibitor 
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treatment revealed more micronucleated structures seen in Ankle2 lacking a nuclear 

envelope. These structures were not visible and therefore could not be scored in the 

quantifications shown in Figure 3.5, as Laia Jordana noticed a 25% increase in 

micronuclei in Ankle2 depleted cells when she stained for DNA, compared to 4% only in 

Figure 3.5. Several reasons could explain the increase in micronuclei percentage upon 

Ankle2 depletion. The first reason is that, since BAF dephosphorylation was necessary 

for shaping a nucleus, BAF might not be dephosphorylated following Ankle2 depletion, 

which might lead to failure of BAF to shape a nucleus, and thus the nucleus becomes 

fragmented. It would be interesting to test whether cells expressing a phospho-mimetic 

BAF mutant, as used in [242], will show an increase in the percentage of cells with 

micronuclei. A depletion of endogenous BAF would also be required. Another explanation 

is that Ankle2 depletion doesn’t impair NER but might induce apoptosis. It is known that 

apoptosis is often correlated with micronuclei formation [250]. Hence, it is important to test 

whether micronuclei formation upon Ankle2 depletion is linked to apoptosis by staining 

Ankle2 depleted cells with anti-caspase antibodies.   

 Next, I wanted to study the role of Ankle2 in vivo using the fly model. Ankle2 RNAi 

was expressed in the female germline using the UAS system. Since Ankle2 function is 

essential for promoting proper NER, I expected to see a failure or defects of nuclear 

divisions during syncytial embryo development when Ankle2 is absent. I was surprised to 

see that no nuclear divisions took place at that stage of development. When I looked at 

eggs depleted from Ankle2 during meiosis, I noticed that meiosis completed normally, but 

eggs were mostly blocked at the metaphase of the first mitotic division (Fig. 3.6.C-D). A 

similar phenotype was never seen either in human cells [204] or C. elegans [202] when 

Ankle2 was depleted, suggesting that Ankle2 plays a specific or particularly important role 
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in mitotic progression in fly embryos. In other studies, a similar mitotic arrest phenotype is 

either when genes expressing Drosophila proteins of the APC complex such as morula 

(APC2) or fizzy (Cdc20)  are mutated [251, 252] or in the case of DNA damage [253]. In 

embryos from females with fizzy mutants (CDC20 in flies), precursors of the dorsal 

peripheral nervous system were arrested at metaphase [251]. A similar arrest was also 

seen in nurse cells of flies with morula mutations [252]. My experiment indicates that 

Ankle2 might have a role in regulating APC activity. APC activation during different phases 

of the cell cycle is phosphorylation dependent. The APC activator, Cdc20, only binds and 

activates a phosphorylated APC complex at the end of mitosis [254]. In addition, Cdh1 

bound-APC can ubiquitinate some substrates when the APC is phosphorylated and 

ubiquitinate other substrates when the APC is dephosphorylated [255]. Therefore, Ankle2 

bound to PP2A might function in dephosphorylating some APC complex proteins for its 

activation. Many experiments are still needed to investigate that hypothesis. 

 The crucial scientific question that I am trying to answer in this study is whether 

Ankle2 is a potential PP2A regulatory subunit. The first requirement for Ankle2 to be a 

regulatory subunit is to be in complex with PP2A and not with other PP2A regulatory 

subunits. Many studies showed that Ankle2 is in complex with PP2A [202, 204]. However, 

whether other PP2A subunits were also present in that complex was not examined. Our 

Ankle2 purification confirmed that Ankle2 is in complex with both the catalytic and the 

scaffolding subunits of PP2A (Fig. 3.8). I did not detect Tws or any other PP2A regulatory 

subunit peptides in the purification samples. Also, I confirmed the Ankle2-PP2A 

association by western blotting, but no Tws was detected (Fig. 3.9.A). As we know that 

PP2A regulatory subunits are mutually exclusive in the PP2A holoenzymes [256], this 

result is consistent with the idea that Ankle2 function as PP2A regulatory subunit. 
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Moreover, a genetic interaction between Ankle2 and mts (PP2A catalytic subunit in fruit 

flies) exists but is absent between Ankle2 and tws (Fig. 3.9.B). These results suggest that 

PP2A and Ankle2 act together to promote a specific molecular mechanism where Tws is 

not involved. More experiments are needed to reproduce these results and to test whether 

no interaction exists between Ankle2 and genes expressing other PP2A regulatory 

subunits.  

The second requirement needed for Ankle2 to be a potential PP2A regulatory 

subunit is the ability of the PP2A-Ankle2 complex to dephosphorylate substrates. I found 

that when the PP2A-Ankle2 complex is purified, two phospho-peptides, phospho-PRC1 

and a phospho-Knl1, which are known to be dephosphorylated by PP2A-B55, were also 

dephosphorylated This could indicate that PP2A-Ankle2 dephosphorylates these 

peptides, or that there is a small amount of PP2A-Tws purified with Ankle2 that is able to 

dephosphorylate these peptides. Depleting Tws by RNAi could be done to confirm that 

only PP2A-Ankle2 is responsible for dephosphorylating these peptides. Also, I noticed 

that PP2A-Ankle2 did not dephosphorylate a phospho-BAF peptide in vitro. This could be 

explained by the possibility PP2A-Ankle2 does not dephosphorylate BAF or that enough 

PP2A catalytic protein was not purified with Ankle2 to dephosphorylate the peptide. I think 

that with the results we have, both possibilities are plausible. For the first possibility, PP2A-

Ankle2 might not directly dephosphorylate BAF. It is still unclear whether Ankle2 is found 

in complex with BAF (Fig. 3.10). However, this result was seen using cells in culture. If 

the interaction between Ankle2 and BAF is taking place during mitotic exit, then it might 

be difficult to see this interaction knowing that a small fraction of these cells is undergoing 

mitosis, and it is impossible to synchronize these cells efficiently. Therefore, to test 

whether that interaction between Ankle2 exists, this experiment should be done using fly 
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embryos during nuclear divisions. In this context, nuclei in embryos are in continuous 

divisions, and an interaction (if it exists) may be more clearly noticed. As another 

explanation, Ankle2 might not interact with BAF, due to the absence of a LEM domain in 

the N-terminal region of Ankle2. Another possibility that explains why PP2A-Ankle2 did 

not dephosphorylate the phospho-BAF peptide is the low amount of mts copurified with 

Ankle2. Many optimizations should be done to increase the amount of purified Mts before 

the phosphatase assay is done.   

Also, a PP2A regulatory subunit often targets the PP2A dimeric complex to specific 

subcellular localization such as in the case of the regulatory subunit PR72/RSA-1 which 

targets PP2A to centrosomes in C. elegans [257], and B56 which sends the PP2A dimeric 

complex to the cytoplasm and the nucleus of human cells [258]. According to my results, 

Ankle2 localizes in the cytoplasm and NE in interphase cells and unexpectedly 

concentrates on the NE during NEBD and then to the cytoplasm during NER (Fig. 3.7). 

Ankle2 localization to NE during NEBD might suggest that Ankle2 plays a role during this 

process. In my purification results, Ankle2 purified with the Megator, a spindle matrix 

protein [259]. Whether Ankle2 is required for targeting Megator inside the spindle region 

during NEBD is unknown. In addition, I have some results that show that Ankle2 

colocalizes with the ER. This was also seen before in Drosophila and HeLa cells [244, 

245]. However, it is still unknown whether Ankle2 and PP2A colocalize in the cell and, 

more specifically, in the ER. Performing immunofluorescence in cells by staining for the 

scaffolding or catalytic subunits of PP2A might provide us with an answer.   

Finally, a structural analysis is required to test whether Ankle2 is a regulatory 

subunit of PP2A. As discussed in Chapter 1, the B56 subunit contains a structural motif 

called a HEAT repeat composed of two alpha-helices linked by a short loop [75]. On the 
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other hand, the structure of the B55 regulatory subunit consists of seven -propellers and 

a -hairpin-like structure [75]. X-ray crystallography or nuclear magnetic resonance (NMR) 

analysis of Ankle2 can indicate whether it contains a similar structure as the B55 or B56 

subunits.  

 The above results enable me to suggest a model in which Ankle2 in complex with 

PP2A localizes to the ER and dephosphorylate BAF and other NE proteins. This leads to 

the recruitment of BAF to chromatin and the initiation of the NER cascade (Fig. 3.12). It 

also suggests that PP2A-Ankle2 is required for APC function and mitotic progression. 

More experiments are indeed needed to test this model. This study will be necessary for 

identifying the role of Ankle2 in NER and other processes during cell division. This also 

confirms that phosphatases other than PP2A-B55 are implicated in NER and could be 

studied using the Drosophila model.  

 

 

 

 

 

 

 

Figure 3.12 A model that describes the role of PP2A-Ankle2 for promoting proper 

mitotic progression and NER.  During exit from mitosis, Ankle2 in complex with PP2A 

might be responsible for regulating the APC bound to Cdc20 complex activity to induce 
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securin and cyclin degradation leading to proper mitotic progression. Also, PP2A-Ankle2 

promotes NER possibly by dephosphorylating BAF and other NE proteins. Figure by 

Vincent Archambault.  

 

3.5 Materials and Methods 

3.5.A. Plasmids 

Plasmids were generated using the Gateway recombination system (Invitrogen). The 

cDNA of each gene was cloned in a pDON OR221 entry vector before being recombined 

into destination vectors containing copper-inducible (pMT) or constitutive (pAC5) 

promoters. The following plasmids were generated: pMT-GFP-Ankle2, pMT-Ankle2-GFP, 

pMT-Flag-Ankle2, pMT-Ankle2-Flag. The following plasmids were already generated and 

used in [242]: pMT-GFP-BAF, pAC5-GFP-Lamin B, pMT-RFP-Lamin B, pAC5-Flag-Tws, 

pAC5-Flag-GFP, pAC5- mcherry-α-Tubulin, pAC5-myc-BAF.  

3.5.B. Fly culture and fertility tests  

Fly culture was done according to standard procedures. For fertility tests in Figures 3.1 

and 3.8, three to five virgin females of the corresponding genotype were crossed with 

three males of either the corresponding mutation or wild type Oregon R in normal food fly 

tubes. Flies were kept at 25°C for 10 days, after which virgin females from there crosses 

were selected based on the absence of balancer chromosomes. Each of these females 

was placed in a grape juice agar tube with yeast paste and were kept to lay eggs for 1 

day at 25°C. After 1 day, flies were transferred again for two consecutive days to new agar 

tubes. Tubes containing laid eggs were kept at 25°C for 1 day, and later, the percentage 

of hatched eggs was determined. The scoring of egg hatching was repeated two times, 

and the numbers were pooled. Same procedure was done in the experiment of Figure 
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3.5, but three to five virgins were placed in a grape juice agar tube instead of one. Mutant 

fly lines were obtained from the Bloomington Drosophila Stock Center (Bloomington, IN), 

David Glover (University of Cambridge, Cambridge, England), and Hugo Bellen (Baylor 

College of Medicine, Houston, Texas). 

 

3.5.C. Fly egg and cell immunostaining 

For the immunofluorescence shown in Fig. 3.5, females were kept to lay eggs in cages 

on grape juice agar for either 20 min or 1 hour at 25°C. For the 1 to 2 hours collection, 

grape juice agar plates were left without flies for 1 hour at 25°C. Eggs were then 

dechorionated by a quick wash using 100% bleach. Then, eggs were washed with water 

and then with an embryo washing buffer containing 0.5% Triton X-100 and 7% NaCl. Eggs 

were then transferred to tubes containing 1:1of heptane: methanol and were then shaken 

vigorously. Then, heptane was removed, and more methanol was added. Eggs were then 

incubated at 4°C overnight for fixation. After fixation, eggs were rehydrated by adding 

incubating them with varying percentages of methanol as follows: 90% methanol: 1X 

Phosphate-buffered saline (PBS), 75%, 50%, and 25%. Eggs were then rinsed and 

incubated with a solution of PBS+ 0.2% Triton X-100 (PBT). Then, eggs were blocked by 

incubating them in a solution PBT+5% BSA 1 hour at room temperature. Then, eggs were 

incubated with a solution containing the anti--Tubulin YL1/2 from rat (1:500; #6160, 

Abcam) antibody and [800µg/ml] of RNAseA at 4°C overnight. Eggs were then incubated 

with a solution containing the secondary antibody anti-rat-Alexa-488 (1:200; Invitrogen) 

and 10ug/ml propidium iodide (PI) for 2 hours at room temperature. Finally, eggs were 

mounted using 1,2,3,4-Tetrahydronaphthalene (Sigma). Images were taken on a Leica 
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SP8 confocal microscope using the 63X oil objective lens. Images were processed using 

Adobe photoshop. 

For cell immunostaining, cells were fixed using a solution containing 37% formaldehyde, 

PIPES 0.2M pH 6.8, HEPES 0.2M pH 7, EGTA 0.5M pH 6.8, and MgSO4 1M. Cells were 

then washed with PBS then blocked with a solution of PBT+5% BSA. Then, cells were 

incubated with the antibodies: anti-Lamin Dm0 from mouse (1:100; DSHB Hybridoma 

Product ADL84.12, by P.A. Fisher), anti- Cnx99A from mouse (1:100, DSHB Hybridoma 

product, by Munro, S.).  

 

3.5.D. Drosophila cell culture and drug treatments  

D-Mel2 cells were cultured in Express Five medium (Invitrogen) containing penicillin, 

streptomycin, and glutamine (PSG). To express transgenes under a copper-inducible 

promoter, a concentration of 300 μM of CuS04 was added to the media for 8 hours. For 

inhibitor treating: cells were treated with 200 ng/ml of nocodazole and 320 nM of reversine 

as used in [161], and were incubated for 20 hours at 25 0C. For the generation of stable 

cell lines, 70 % to 80% confluent D-Mel2 cells were first seeded in a six-well plate before 

being transfected with 5 μg plasmids, using the X-tremeGene HP DNA transfection 

reagent (Roche) as instructed by the manufacturer. After 48 hours in culture, cells were 

treated with 1 ug/ml of Blasticidine and were passed every two days until the stable cell 

line is acquired. For RNAi, 60% to 70% D-Mel2 cells were seeded in a six-well plate before 

being transfected with 25 μg dsRNA for Ankle2 in the presence of the Transfast reagent 

(Promega). Cells were transfected with dsRNA against the bacterial resistance gene KAN 

and were used as a negative control. Cells were incubated at 25°C for 72–96 h before 

being analyzed.  
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3.5.E. Time-lapse microscopy  

A fraction of cultured cells was platted into a small 8 well plate and was placed on a 

spinning-disk confocal system (CSU-X1 5000; Yokogawa) mounted on a fluorescence 

microscope (Axio Observer.Z1; Zeiss) using a 63X oil objective an Axiocam 506 mono 

camera (Zeiss).  

 

3.5.F. Immunoprecipitation and Western blotting  

For each cell line, two T75 flasks of cells were used, and cells were collected and washed 

in PBS containing protease inhibitors (1 mM PMSF, 10 μg/ml aprotinin, and 10 μg/ml 

leupeptin). Cells were then lysed in a solution containing 75 mM K-Hepes pH 7.5, 150 mM 

KCl, 2 mM EGTA, 2 mM MgCl2, 0.5% Triton X-100, 5% Glycerol, 1 mM DTT, 1 mM PMSF, 

10 μg/ml aprotinin, and 10 μg/ml leupeptin. Lysates were then centrifuged at a speed of 

14600 rpm for 8 min at 4°C. Clear lysates were incubated with ChromoTek GFP-Trap 

beads (Chromotek) for 2 hours at 4°C. Beads were then washed in lysis buffer for 4 × 5 

min and eluted directly in Laemmli sample buffer for SDS-PAGE. Antibodies used for 

western blotting: anti-Myc 9E10from mouse (1:2000, Santa Cruz Biotechnology, Inc.), 

anti- GFP from rabbit (1:1000, Invitrogen), anti-Tws from rabbit (1:1000, Thermo Fisher 

Scientific), anti-Mts from mouse (1:1000, Thermo Fisher Scientific), anti-Cyclin A from 

mouse (1:2000, DSHB Hybridoma Product, by C.F. Lehner), anti-Cyclin B from mouse 

(1:2000, DSHB Hybridoma Product by by P.H. O’Farrell), anti-Cyclin B3 from rabbit 

(1:2000, ThermoFisher scientific, custom made), anti-Ankle2 from rabbit (1:2000, 

ThermoFisher scientific, custom made), anti-actin from mouse (1:5000, EMD Millipore), 

anti-Flag from mouse (1:1000, Sigma), peroxidase-conjugated AffiniPure Goat anti–
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mouse IgG (Jackson), and peroxidase-conjugated AffiniPure Goat anti–rabbit IgG 

(Jackson). 

 

3.5.G. Protein purification and Mass spectrometry 

For each cell line, two T175 flasks of cells were used, and the same purification procedure 

explained above was used. 10% of the total sample volume was loaded on a gel for silver-

nitrate staining, while 90% was sent for mass spectrometry analysis.  

 

3.5.H. Phosphatase assay  

The same procedures were followed as described in [242].  
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  An important scientific question I was trying to answer in my project is the role of 

PP2A in regulating crucial events of mitotic exit. More specifically, I was trying to identify 

substrates which when failed to be dephosphorylated by PP2A can lead to various mitotic 

exit defects. After analyzing different hits from our screen, I was interested in studying the 

role of PP2A-B55 during NER and this is what was shown and discussed in Chapter Two. 

Also, a similar role of PP2A-Ankle2 was demonstrated and discussed in Chapter Three. 

However, results from our screen suggest that other functions of PP2A are still 

unidentified. In this chapter, I first discuss results from Chapters Two and Three that were 

not discussed. I compare my results to other studies in the cell cycle field and examine 

their findings. In another part of this chapter, I raise different questions regarding new 

PP2A functions and give ideas to test these questions. Finally, I discuss different 

approaches where PP2A can be considered a target in cancer treatment.  

 

4.1. PP2A and the nuclear envelope reformation 
 

Many studies over the past decades highlighted the importance of the kinase 

CDK1-cyclin B and other kinases during NEBD at mitotic entry [132, 136, 137, 165, 170, 

173, 180, 184]. However, few efforts were made to identify phosphatases that counteract 

kinase activity and dephosphorylate nuclear envelope protein complexes to promote NER. 

In the past few years, a growing interest in discovering the roles of protein phosphatases 

in promoting mitotic exit in different model organisms is observed [45, 75, 129, 260]. 

Recently, close attention to discovering a function of the phosphatases PP2A-B55 and 

PP1 is noticed. In my project, I wanted to study the role of PP2A-B55 in NER using 

Drosophila. In Chapter Two of this thesis, I have interesting findings that show an 

important role of PP2A-B55 in promoting NER [242]. I found that PP2A-B55 
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dephosphorylate BAF in vitro. When dephosphorylated, other nuclear envelope proteins 

such as Lamin B are recruited to the nuclear vicinity to complete NER. This is in 

accordance with a study that identified a role of PP2A in dephosphorylating BAF [202]. 

However, whether PP2A-B55 is responsible for that role was not extensively studied in 

that paper. Also, a clear mechanistic explanation of the role of PP2A in BAF 

dephosphorylation was still missing in that study. Another study using human cells 

suggested a role for PP4 in dephosphorylating BAF [205]. Fertility tests for Drosophila 

females with heterozygous mutations for genes coding for Lamin B and several PP4 

subunits suggest no genetic interaction (Chapter 2, Table 2). Although other pieces of 

evidence contradict our findings, their results could still suggest that PP4 dephosphorylate 

BAF in human cells, but not in Drosophila. However, it would be difficult to explain this 

fact when looking from an evolutionary perspective.  

In Chapter Two, my results suggest that BAF dephosphorylation by PP2A-B55 is 

required for recruiting nuclear envelope proteins such as Lamin B and Nup107 during 

NER. We also provide pieces of evidence that PP2A-B55 might dephosphorylate these 

proteins in vivo. Eggs laid by females heterozygous for a tws, lamin, and CycB mutation 

hatched normally compared to those laid by females heterozygous for a double tws and 

lamin mutation (Chapter 2, Fig. 2.6.E). Since the introduction of a heterozygous CycB 

mutation partially rescued embryo hatching, one could imagine that, in that context, Lamin 

B was over phosphorylated in the presence of low levels of PP2A-Tws, which leads to a 

failure of embryo hatching. A low hatching percentage was also seen from females 

heterozygous for a tws and Nup107 mutation ((Chapter 2, Fig. 2.8.A), suggesting that 

PP2A-Tws also dephosphorylates Nup107 in vivo. However, we could not find clear 

biochemical evidence that PP2A-B55 dephosphorylate Lamin B and Nup107. The 
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increase in solubility of Lamin B when cells are treated with OA (Chapter 2, Fig. 2.13.A-

C) could suggest that PP1 is a Lamin B phosphatase. This is in accordance with other 

biochemical evidence that confirms that hypothesis [239]. Also, the fact that BAF and 

Lamin B interaction is lost upon OA treatment (Chapter 2, Fig. 2.13.A-C), but not Tws 

depletion could also suggest a role of PP1 in dephosphorylating Lamin B. However, we 

did not find any evidence that confirms this hypothesis (Chapter 2, Table 2). It would be 

interesting to test whether the depletion of PP1 or its regulatory subunits could affect the 

recruitment of Lamin B to reassembling nuclei during mitotic exit. Regarding the role of 

PP2A-B55 in dephosphorylating Nup107 or other nucleoporins, we observed a strong 

interaction between PP2A-Tws and Nup107 (Chapter 2, Fig. 2.14.C). It would be 

interesting to test if PP2A-B55 can dephosphorylate a phospho-Lamin B or phospho-

Nup107 peptide in vitro. 

 In Chapter Two, we confirm previous studies that show that CDK1-cyclin B is not 

the only Lamin B kinase. A phospho-deficient Lamin B protein mutated on all 7 possible 

CDK1-cyclin B phosphorylation sites becomes soluble when cells expressing this mutant 

were treated with OA (Chapter 2, Fig. 2.6.C). This either shows that other kinases 

phosphorylate Lamin B as discussed in [132] or that these kinases phosphorylate Lamin 

B interacting proteins which affects Lamin B solubility . Also, and despite other studies 

suggesting that PP2A-B55 mainly dephosphorylates sites phosphorylated by CDK1-cyclin 

B [85], our results provide strong evidence that PP2A-B55 dephosphorylates sites 

phosphorylated by other kinases such as those phosphorylated on BAF and Lamin B.  

 Taken together, our results in Chapter Two are consistent with several scientific 

findings in the field about the role of PP2A-B55 in promoting NER. Other experiments are 

still needed to identify more PP2A-B55 substrates that are required for NER during mitotic 
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exit.   

 Our results in Chapter Two show that PP2A-B55 promotes NER during mitotic exit. 

However, a complete failure of the recruitment of nuclear envelope proteins was not 

observed upon B55 depletion. This was also observed before in human cells [88]. This 

suggests a role of other phosphatases in promoting NER. I became interested in studying 

about Ankle2/LEM4, as its loss by either RNAi or CRISPR in C. elegans or human cells 

lead to a complete failure in BAF recruitment to reassembling nuclei during NER [202, 

204]. Other results in these studies suggest that Ankle2/LEM4 is a PP2A regulatory 

subunit [204]. My findings confirm that the role of Ankle2 is also conserved in Drosophila. 

Our current model suggests that PP2A-Ankle2 bound to the ER is crucial for regulating 

NER at least by dephosphorylating BAF. In the phosphatase assay shown in Chapter 

Two, section 2.3.F, PP2A-B55 dephosphorylated the BAF-pS5 peptide, although results 

from that chapter and from [181] suggest that the two other BAF phospho-sites might be 

important for BAF functions. It is still under debate whether PP2A-Ankle2 can 

dephosphorylate the other sites not dephosphorylated by PP2A-B55. BAF recruitment to 

reassembling nuclei is a two-step process, in which first it binds chromatin through its DNA 

binding capability and then binds LEM domain proteins [161]. Since Ankle2 depletion 

leads to a complete abolishment of BAF recruitment during NER, one could imagine that 

BAF dephosphorylation by PP2A-Ankle2 is crucial for BAF DNA binding capability, and 

PP2A-B55 is important for its binding to LEM domain proteins. Another explanation that 

favors that hypothesis is Ankle2 localization to the ER. As discussed in Chapter one, 

section 1.8, the ER is an important factor during NER. Hence, one could imagine that 

PP2A-Ankle2 bound to the ER might be the first phosphatase in contact with NE proteins 

during NER and can thus dephosphorylate BAF to induce its binding to DNA. To test this 
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hypothesis, it would be necessary to identify the region by which Ankle2 binds to ER 

proteins. Then, one can test whether expressing an Ankle2 lacking that region leads to a 

destruction of the PP2A-Ankle2 complex and an improper BAF recruitment to newly 

assembling nuclei.  

 When analyzing the genetic screen results in Chapter 2, Table1, we found that a 

female with a female heterozygous for a tws or mts mutation and a chromosomal deletion 

laid eggs with a low hatching percentage. This deletion covers a chromosomal region 

containing the gene ote, which codes for the protein Otefin, a known Drosophila LEM 

domain protein [156]. As discussed in Chapter One, section 1.6.D.a, LEM domain 

proteins interact with BAF or chromatin through a phosphorylation-dependent manner 

[168, 172]. CDK1-cyclin B and other kinases were shown to phosphorylate LEM domain 

proteins during mitosis [170-172], though the nature of the phosphatase(s) that 

dephosphorylate(s) these proteins is still unknown. Results from the screen suggest that 

PP2A-Tws and Otefin are found in a common pathway. Also, preliminary mass 

spectrometry results from Myreille Larouche, a Ph.D. student in our laboratory show that 

the level of phospho-Otefin increases in cells either depleted from Tws or treated with OA. 

These results suggest that PP2A-Tws can either directly or indirectly dephosphorylate 

Otefin. Other experiments are still needed to examine the role of PP2A-B55 in regulating 

Otefin functions during the cell cycle.  
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 Results from this study and other studies show that NER in cells of different 

organisms is a complex process that cannot be regulated by only one phosphatase. 

However, PP2A in complex with different regulatory subunits is crucial in promoting NER 

(Fig. 4.1). The future challenge is to identify substrates of the nuclear envelope that are 

only regulated by PP2A bound to a specific regulatory subunit.  

 
Figure 4.1: The model for the regulation of nuclear envelope reassembly. Our results 

suggest that PP2A-B55 dephosphorylate BAF and other nuclear envelope proteins. Also, 

our and other findings suggest that PP2A-Ankle2 localized to the ER is able to 

dephosphorylate BAF during NER at mitotic exit.  

 
4.2     PP2A cellular functions that are still missing  

 In Chapters Two and Three, we highlighted the importance of PP2A in regulating 

the process of NER at mitotic exit. Nevertheless, PP2A regulates other functions during 

mitotic exit. In Chapter One, section 1.5.A.b, I discussed the roles of PP2A-B55 during 

mitotic exit. PP2A-B55 seems to play crucial roles during cytokinesis through its function 

in dephosphorylating PRC1 in human cells [87]. I have results that suggest that the role 

of PP2A-B55 during cytokinesis is also conserved in Drosophila. In fly cells expressing 

GFP-Lamin B, mcherry--tubulin and depleted from Tws, the percentage of binucleated 

cells was 30% more than that of control cells (Fig. 4.2.A). Also, the central spindle 
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structure in cells depleted from Tws was more dispersed compared to control cells which 

had an hourglass-like structure (Fig. 4.2.B). These results suggest that PP2A-Tws is 

important for the formation of a proper central spindle during cytokinesis, failure of which 

leads to cytokinetic defects and cell binucleation. More experiments are still needed to 

investigate the role of PP2A-Tws during cytokinesis in flies and identify the substrates 

regulated by PP2A-Tws during cytokinesis.  
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Figure 4.2 PP2A-Tws is required during cytokinesis in Drosophila cells.  
A. Left. Cells expressing GFP-Lamin B and mcherry--tubulin were transfected with either 

dsRNA Kan or Tws and live imaging was performed. These two images were taken at the 

end of cytokinesis. Scale bar is 5 µm. Right. The percentage of normal and binucleated 

at the end of cytokinesis was quantified in both conditions. Error bars present standard 
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deviation. **P=0.0061, from a two-tailed t-test. B. Left. Live imaging of cells transfected 

with either dsRNA KAN or Tws during cytokinesis. In control cells, the central spindle 

adopts an hourglass-like structure compared to being more dispersed when Tws is 

depleted.  Scale bar is 5 µm. Right. The percentage of normal and cells with dispersed 

central spindle during cytokinesis was quantified in both conditions. Error bars present 

standard deviation. *P=0.32 from a two-tailed t-test.  

 

Although the majority of studies highlighted the importance of PP2A in regulating 

events of mitotic exit, PP2A can also contribute to other cellular processes. Recently, 

interest has been growing in understanding the role of PP2A in regulating mRNA 

translation to proteins [261]. At the beginning of this process in eukaryotic cells, a pre-

initiation complex, composed of the 40S ribosome and several protein initiation proteins, 

forms and scans the mRNA for the start codon [262]. After start codon recognition, the 

pre-initiation complex joins with the 60S ribosomes and translation initiates [262]. Studies 

showed that the functions of many of the translation initiation proteins are regulated by 

kinases such as the mTOR kinase [263], S6 kinase, eEF2 kinase, and others [261]. 

Interestingly, a study using human cells shows that translation initiation protein eIF4G1 is 

phosphorylated by CDK1-cyclin B [264]. When phosphorylated on Ser1232, eIF4G1 loses 

the ability to bind RNA [264]. The phosphorylation of translation initiation proteins is also 

conserved in other systems. Another study using plants demonstrates that CDK1 

phosphorylates eIF4A on Thr164 within the RNA-binding domain [265]. This might 

suggest a mechanism by which CDK1 negatively regulates translation during cell division. 

Recent studies demonstrated that several phosphatases are necessary to regulate 

essential functions of translation initiation proteins [261]. For instance, depletion of the 

PP1 in human cells decreased the dephosphorylation of the translation initiation protein 
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eIF2α on Ser51 [266]. The dephosphorylation of eIF2α by PP1 seems to be crucial for cell 

response to stress [266]. Also, PP2A seems to be involved in regulating the functions of 

translation initiation proteins. For example, a study using Neuro-2A cells shows that PP2A 

dephosphorylates eIF4B [267]. When dephosphorylated by PP2A, the affinity of eIF4B 

and BC RNA translational repressors decreases, thus allowing eIF4B to bind the 40S 

ribosome and initiate translation [267]. In addition, a study using HEK293 cells showed 

that PP2A directly binds and dephosphorylates eIF4E [268]. Treating these cells with OA 

or depleting PP2A by RNAi increased eIF4E phosphorylation levels [268]. These studies 

and others suggest an important role of PP2A in dephosphorylating translation initiation 

proteins. However, the nature of the trimeric PP2A complex involved in this process is 

unknown.  

When looking at other hits in our screen, I found that females with tws mutation and 

deletion in regions containing genes coding for eukaryotic translation initiation proteins 

laid eggs with low egg hatching percentage. Some of the deleted regions contained the 

genes that expressed the proteins eIF4A, eIF3f2, eIF3k, and eIF6. To test this possibility, 

genetic interaction must be first confirmed by performing fertility tests for females with a 

tws mutation and mutations in genes coding for translation initiation proteins. Also, it is 

known that maternal mRNA translation is very active during syncytial embryo 

development [269]. Thus, the role of PP2A during translation could be studied using 

embryos at this early developmental stage. Moreover, depleting B55 by RNAi could be 

performed to test its effect on the interaction between translation initiation proteins. Also, 

in vitro phosphatase assays could be conducted to determine if PP2A-B55 can 

dephosphorylate phospho-peptides of translation initiation proteins. This will provide new 

insights on a role of PP2A-B55 in regulating mechanisms that are not only implicated in 



 188 

events of mitotic exits but in other cellular processes.  

PP2A might also be involved in mechanisms of development. A mutation in the gene 

coding for Ankle2 leads to the formation of a smaller brain [244] and defects in the 

formation of sensory organs [246]. Also, a family suffering from microcephaly carries 

different mutations in Ankle2 [246]. These results suggest a role for Ankle2 in brain 

development. A recent study using Drosophila proposed a mechanistic explanation of this 

role. When Ankle2 levels decrease, the BAF phosphorylating kinase, NHK-1, is dispersed 

in the cytoplasm of fly neuroblasts compared to being nuclear in control neuroblasts. 

These results were also confirmed when using human fibroblasts [244]. Interestingly, 

cytoplasmic NHK-1 leads to a decrease in the phosphorylation levels of aPKC and spindle 

alignment defects. Also, in flies with the Ankle2 mutation, the localization of the Par-6 

complex, which is essential for asymmetric divisions of neuroblasts, is disrupted [244]. 

These results highlight the importance of Ankle2 during the early stages of fly 

development. Since a mutation of NHK-1 rescues the phenotypes associated with the 

Ankle2 mutation, it remains to be seen whether the phosphorylation state of BAF is 

affected in these neuroblasts. It is also important to identify the mechanism by which the 

localization of the Par-6 complex is disrupted. It is known that Par-6 is phosphorylated by 

aPKC [270]. One hypothesis could be that aPKC is activated when it is either 

phosphorylated by NHK-1 or dephosphorylated by PP2A-Ankle2 during the division of 

neuroblasts. More experiments are still needed to test that hypothesis. 
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4.3     PP2A and cancer treatment 
 

 In Chapter One, section 1.5.A.d, I discussed that PP2A is considered a tumor 

suppressor gene [118], and its level of gene expression is abnormal in various cancer 

types [120]. I also discussed that targeting mitotic exit regulatory proteins might be a 

promising approach for identifying new cancer drugs [112]. Therefore, since PP2A-B55 is 

an essential regulator of mitotic exit, it presents an important target for cancer drug 

discovery. Over the past decade, great efforts have been made to identify PP2A-activating 

drugs (PADs). One promising PAD is the drug FTY720, a sphingosine analog, that binds 

the PP2A endogenous inhibitor, SET, and prevents its interaction with PP2A, thus leading 

to PP2A premature activation [271]. Studies show that SET binds to the PP2A catalytic 

subunit and inhibits its activity [272]. Treatment of acute myeloid leukemia cell line HL-60 

with FTY720 restored PP2A activity and reduced cell proliferation by 50% [271]. The 

activation of PP2A by FTY720 showed important results in treating lung cancer [273], B-

cell malignancies [274], and myelogenous leukemia [275]. It would be interesting to test 

the effect of this drug on the process of NER.  

 Scientists also developed a drug that can inhibit the interaction between MASTL 

(Greatwall in human cells) and ENSA. Such a compound will prevent MASTL 

phosphorylation of ENSA and thus prevents PP2A-B55 inhibition. An active MASTL was 

successfully purified and an inhibitor was already discovered [276]. Treatment of human 

cells with the MASTL kinase inhibitor GKI-1 leads to a decrease in ENSA phosphorylation 

[276]. However, the ability of this drug to prevent PP2A-B55 inactivation was not tested in 

that study. It remains to be seen whether treating cells with MASTL inhibitors will lead to 

PP2A-B55 constitutive activation, mitotic collapse and cancer cell death.  
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One of the disadvantages of cancer drug therapy is that drugs target both 

cancerous and normal cells [277]. This will lead to loss of body tissues and vital body 

functions. Therefore, researchers nowadays are putting efforts to find strategies to kill 

cancerous cells without affecting normal cells. It is known that specific surface markers 

are found on cancerous cells and absent from normal cells [278]. Viruses are known to 

recognize specific cell surface receptors. This receptor recognition mechanism is 

important for viral entry to the cell [279]. Many encouraging results have emerged from 

using viral gene delivery mechanisms in cancer treatment [279]. A virus is engineered in 

a way that recognizes a specific cell surface receptor of a specific cancerous cell type. 

When this virus enters the cell, it integrates its genome in the genome of the host cell. 

Genetic material integrated is expressed using the host cell machinery [279]. Expressing 

a mutant form of a gene or an shRNA that leads to a depletion of a host gene can lead to 

the death of these cancerous cells [279]. Nowadays, scientists are using nanotechnology 

to develop means for gene delivery [280]. This approach is new and seems like a 

promising one to cancer treatment. As seen in Chapter Three, the depletion of Ankle2 

leads to the abolishment of BAF recruitment to reassembling nuclei and cells with 

micronuclei. When they persist in the cell, micronuclei can trigger an innate immune 

response which leads to the lysis of the defective cell [281]. This mainly happens through 

a mechanism that depends on the cyclic GMP-AMP synthase (cGAS), a nucleic acid 

sensor that binds DNA [281]. In a micronucleated cell, cGAS is active and activate Type I 

Interferon response via a protein called Stimulator of Interferon Genes (STING) [281]. This 

will activate an immune response that will eliminate the micronucleated cell.  

In our laboratory, we are trying to identify proteins that when depleted will lead to 

micronuclei formation in cells. The results of this project can be used by other groups that 
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are currently developing DNA delivery techniques to cancerous cells in a way that can 

deplete proteins leading for micronucleation in these cells.  
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