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The morphology of the nucleus is mostly spherical in many organisms across 

eukaryotes. However, this organelle needs to adapt when the cell is subjected to 

challenging physiological conditions, such as cell migration in higher eukaryotes, to 

travel through the narrow intercellular spaces, or cell division in organisms which 

perform closed mitosis (i.e. without dismantling the nuclear envelope), like yeast, to 

transform a single nucleus into the two daughter nuclei in mitosis. In addition, the nuclear 

morphology can be modified in pathological conditions too, being a hallmark of cancer 

cells. Strikingly, recent evidence in cell lines have linked aberrant nuclear morphology 

with defects in lysosomal function, related to the recycling process called autophagy, and 

with genome instability too. These data evidence a close relationship between nuclear 

morphology and function. Thus, understanding nuclear morphology dynamism and 

stability is of uttermost importance, as pathways and proteins involved in nuclear shaping 

may be key to develop targeted anticancer and antifungal drugs. 

Previously, our group and others have described, using the budding yeast 

Saccharomyces cerevisiae as model, that in a metaphase (mid-M) block triggered by 

microtubule depletion the nucleus and the nucleolus drastically change their shape. The 

spherical morphology is lost in favor of the appearance of a single finger-like projection 

which can bend to the point of forming a handle or loop. Furthermore, this projection 

affects the nucleolar domain, which allocates the ribosomal DNA (rDNA), ribosomal 

RNAs (rRNAs), the rRNA processing machinery, as well as ribosomal proteins and 

ribosome assembly factors. 

In this work, using the yeast model and fluorescence microscopy, we have observed 

that the rDNA loop in a mid-M block makes the nucleus resemble a toroid, as the ones 

recently and independently observed in higher eukaryotes, with the space under the rDNA 

loop occupied by the vacuole, which is the equivalent of the human lysosome. Besides, 

the establishment of this configuration depends on factors such as phospholipid synthesis 

and the absence of microtubules, as it does not form in the mid-M block caused by other 

mid-M blocks that preserve microtubules. Furthermore, we studied how these non-

canonical nuclear morphologies evolve once cells are released from the mid-M blocks, 

which appear to eventually recover a rounded shape by telophase, without apparently 

having a negative impact on genome stability. Interestingly, there seems to be an increase 

in autophagy levels, which may be triggered to recycle the excess of nuclear membrane 

accumulated during the mitotic block.
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1.1. Nuclear morphology and architecture 

The main feature that characterizes eukaryotes is the presence of the nucleus, a 

membranous organelle which protects the genetic material from the rest of the processes 

carried out in the cytoplasm while allowing selective communication between both 

through nuclear pores. However, the procedures that involve its formation and dynamics, 

as well as the factors that influence them are not fully understood, being extensively 

researched nowadays. 

1.1.1. Nuclear envelope components 

The nucleoplasm is separated from the rest of the cell by two concentric bilayers 

known as the nuclear envelope (NE), which nevertheless allows communication with the 

cytoplasm through nuclear pores, where both inner and outer membranes are fused in the 

core of a toroid. The outer layer of the NE (the outer nuclear membrane, ONM) is a 

continuum with the endoplasmic reticulum (ER) and it is also referred to as the 

perinuclear ER (pnER), although the ONM possesses unique proteins that mark the 

difference between them, evidencing different functions (Deolal & Mishra, 2021).  

In most eukaryotes, there is a network of proteins underlying the inner nuclear 

membrane (INM) which constitute a mesh named the nuclear lamina, which confers 

structural support to the nucleus and contributes to chromatin organization among other 

processes, like DNA repair and transcription regulation. This nuclear lamina is made of 

different types of proteins: a variety of filamentous lamins as main components and 

lamin-associated proteins, including the ones embedded in the INM (Dechat et al., 2008; 

Wilhelmsen et al., 2006).  

However, unicellular organisms and plants do not have lamins, even though they 

have other INM proteins that resemble lamins, either structurally or functionally, like 

CRWN proteins in plants and Esc1 in budding yeast (Deolal & Mishra, 2021). Although 

Esc1 is only present in yeast, Ebp2 and Rrs1, which are also lamin-related proteins 

playing key roles in telomere clustering and ribosome biogenesis in budding yeast, are 

universally conserved and are related to various human diseases (Horigome et al., 2011). 

Communication between the nucleoplasm and the cytoplasm occurs through the 

nuclear pores, in which the nuclear pore complexes (NPCs) are assembled to control 
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molecule trafficking. These are massive assemblies of approximately 550 nucleoporins 

of ~ 30 different types in budding yeast, which form a toroidal structure symmetric around 

a central channel with flexible filaments towards both sides, which serve as chromatin 

and cargo binding sites (Alber et al., 2007; D’Angelo & Hetzer, 2008; S. J. Kim et al., 

2018; Rout et al., 2000). The number of NPCs suffers a variation throughout the cell cycle 

together with the nuclear surface, ranging from ~ 65 in G1 to ~ 200 in mitotic cells in S. 

cerevisiae haploid strains (Winey et al., 1997). Their general structure and part of its 

components remain conserved from yeast to humans, although recent evidence remark 

that some elements vary substantially between species (Aitchison & Rout, 2012; De 

Magistris & Antonin, 2018; S. J. Kim et al., 2018). Far from being merely supportive 

structures of the NE, they have been shown to be involved in processes like alternative 

DNA recombination/repair, recombination-mediated telomere elongation and gene 

expression regulation, among others, suggesting that NPCs act as regulatory hubs for 

processes including coordination of transcript elongation, processing and export  (Gomar-

Alba et al., 2022; Nagai et al., 2008; Schmid et al., 2006). However, the effort to dissect 

the NPC fine structure is still present nowadays, using cutting-edge techniques to gain a 

better understanding of the form and function relationship (Hinterndorfer et al., 2022; S. 

J. Kim et al., 2018; Z. Li et al., 2022). Furthermore, recent evidence remark that there is 

heterogeneity regarding their configuration, which implies structural plasticity, correlated 

with different export dynamics (Akey et al., 2022; Bensidoun et al., 2022). 

The spindle pole bodies (SPBs) constitute the yeast analogue to centrosomes and in 

contrast to the latter, they are embedded in the NE, from which intranuclear microtubules 

and the mitotic spindle arise towards the nucleoplasm while astral microtubules nucleate 

outwards into the cytoplasm (Prunuske & Ullman, 2006; Ungricht & Kutay, 2017). 

During interphase, the centromeres of yeast chromosomes are attached to the SPB by 

short interphase microtubules, creating the centromere cluster around it, although 

treatment with the microtubule depolymerizing drug nocodazole (Nz) allows centromeres 

to move away from it (Bystricky et al., 2004; Guacci et al., 1997; Heun et al., 2001; Q. 

W. Jin et al., 1998). Furthermore, the SPB is located opposite to the nucleolus and is 

aligned with the site of new bud emergence (Bystricky et al., 2004, 2005; L. Lee et al., 

1999; Yang et al., 1989). The yeast SPB duplicates in S phase and partitions during 

mitosis, migrating to the opposite poles across the nuclear membrane in the mother-
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daughter axis, while pulling the chromosomes with them, promoting sister chromatid 

segregation (Jaspersen & Winey, 2004).  

The linker of nucleoskeleton and cytoskeleton (LINC) complex joins nuclear and 

cytosolic elements and is highly conserved from yeast to mammals. It consists of SUN 

(Sad1, UNC-84) and KASH (Klarsicht, Anc-1, Syne-1 homology) domain containing 

proteins, being the first group facing the nucleoplasmic side while the latter face the 

cytoplasmic flank. In yeast only one SUN-domain protein has been identified, Mps3, 

which constitutes a chromatin tether of the INM, besides its structural role in the SPB 

(Bupp et al., 2007; Jaspersen et al., 2002).  It is believed to pair with Csm4 or Mps2, 

which are KASH-like proteins, thus constituting  the cytoskeletal link (Fan et al., 2020). 

It is the cohibin complex, composed of Csm1 and Lrs4,  which mediates the interaction 

between Mps3 and the telomeres (Chan et al., 2011; Taddei & Gasser, 2012). 

There is a group of proteins of the INM which interact with lamins or lamin-like 

proteins through a helix-extension-helix motif containing LEM domain (LAP2, Emerin, 

MAN1), providing structural stability to the nucleus, chromosome attachment and 

silencing regulation (Banday et al., 2016). In the budding yeast the MAN1 homologs 

Heh1 (also known as Src1) and Heh2 regulate NPC quality and stability (Webster et al., 

2014, 2016). Furthermore, Heh1 belongs to the CLIP (chromosome linkage INM 

proteins) complex which, together with the cohibin and RENT (regulator of nucleolar 

silencing and telophase exit) complexes, attach the ribosomal DNA to the nucleolar 

periphery (Chan et al., 2011; Mekhail et al., 2008). 

1.1.2. Organization inside the nucleus 

Interphase nuclei of S. cerevisiae are characterized by a Rabl-like disposition of 

chromosomes as a consequence of chromosome positioning in late anaphase (Fig. 1.1). 

The centromeres are clustered adjacent to the SPB, opposite to the single nucleolus, while 

the telomeres are tethered to the NE in 3 – 8 clusters at distances dictated by the length 

of the chromosome arms (Duan et al., 2010; Palladino et al., 1993; Yang et al., 1989). 

Despite chromosomes displaying this characteristic organization, chromatin is subjected 

to constant motion, which is consistently reduced in  telomeres, centromeres and silent 

chromatin when compared to coding and non-coding regions along the longer 
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chromosome arms, as they are tethered through protein-protein interactions to the NE 

(Dion et al., 2012; Gasser, 2002; Marshall et al., 1997). 

Within the nucleus we differentiate several non-membrane-bound domains, 

generated by the combination of physical constraints on chromatin movement as well as 

interactions among different proteins and RNAs. Thus, they allow the existence of 

different microenvironments within the organelle, favoring or preventing certain 

activities. These domains are enriched in specific DNA sequences and factors, and carry 

out specific enzymatic activities, among which we find the nucleolus, the telomere 

clusters and sites of DNA repair (Taddei & Gasser, 2012). The assembly of these 

subcompartments is described as a self-driven process, initiated by production of 

ribosomal RNA, SIR (silent information regulator) proteins activity and accumulation of 

DNA repair proteins, respectively (Hernandez-Verdun et al., 2002; Lisby et al., 2004; 

Meister & Taddei, 2013; Miné-Hattab & Taddei, 2019; Trumtel et al., 2000). This highly 

regulated organization implies functional consequences, so its loss could affect processes 

such as gene expression and genome stability, via DSB (DNA double strand break) 

mobility, chromatin anchorage and recombination regulation (Taddei & Gasser, 2012). 

 

Figure 1.1. Rabl-like organization of the budding yeast nucleus. Centromeres are attached 

to the SPB through short microtubules, while telomeres form several foci, thus keeping these 

regions at the nuclear periphery. Opposite to the SPB, there is the nucleolus (in yellow), 

containing the ribosomal DNA repeats anchored to the NE by specific protein tethers. The NPCs 

allow communication and passage of molecules between the nucleus and the cytoplasm, while 
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lamin-like proteins provide structural support. NPCs, nuclear pore complexes; SPB, spindle pole 

body; MTs, microtubules (modified from Deolal et al., 2021 and created with BioRender.com). 

1.1.3. Nuclear morphology dynamics 

One of the main processes that cause a change in nuclear morphology is cell division. 

Organisms rely on mitosis to generate new cells, allowing growth and regeneration of 

tissues in multicellular organisms and population maintenance in single cell organisms. 

There are two main strategies throughout evolution to carry out this function: open and 

closed mitosis (Fig. 1.2). Open mitosis takes place in most eukaryotic cells, in which the 

NE is completely disassembled at the beginning of M phase to allow microtubule 

attachment to chromosomes and promote their segregation. Once chromosomes have 

reached each daughter cell, the NE needs to reassemble around them to constitute the two 

daughter nuclei. On the other hand, closed mitosis is performed by certain species of fungi 

and protists, in which the NE maintains its integrity, so chromosome segregation takes 

place entirely within the organelle (Güttinger et al., 2009). However, there are several NE 

remodeling strategies among different species (and even between cells which belong to 

the same organism), resembling intermediate forms of these two extremes, creating a 

spectrum of possibilities between open and closed mitosis. In fact, it is currently 

speculated that proper open and closed mitoses may not occur as such, highlighting the 

plasticity of the NE mitotic remodeling process (Dey & Baum, 2021; Makarova & 

Oliferenko, 2016; Mori & Oliferenko, 2020). This is supported by recent evidence in 

fission yeast, which show that this classic model of closed mitosis actually experiences 

partial NE disassembly in the later stages of nuclear division, localized at the bridge 

midzone (Dey et al., 2020; Expósito-Serrano et al., 2020).  
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Figure 1.2. Nuclear envelope remodeling in mitosis is considered as a spectrum, ranging 

from closed to open mitosis. This figure shows the main characteristics of both extremes of the 

mitotic spectrum according to NE remodeling. In closed mitosis, the NE maintains its integrity at 

all times, while in open mitosis the NE and the NPCs disassemble upon mitosis onset. Semi-open 

mitosis shares features of both, considered as an intermediate state which represents more 

accurately what happens in nature. However, this spectrum shares some key conserved features, 

such as NPC disassembly (whether it is partial or global) and NE permeabilization (i.e. local 

fenestrations to allow insertion of SPBs and NPCs or, on the other hand, complete breakdown). 

The cytoplasm is depicted in yellow, while the nucleoplasm is depicted in pink. NPCs, nuclear 

pore complexes; MTOCs, microtubule organizing centers; MTs, microtubules (created with 

BioRender.com).  

Nevertheless, what the different forms of mitotic remodeling of the NE across this 

spectrum have in common, is that they undergo remarkable structural changes. Towards 

“open” mitosis, the NE needs to be completely rebuilt around all of the chromosomes to 

avoid deleterious effects, such as the appearance of micronuclei, while in “closed” mitosis 

the NE need to increase its size and restructure to accommodate two nuclei, including 

being severed and sealed (karyokinesis) to be properly divided in a precise manner to 

avoid negatively affecting the integrity and number of chromosomes (S. Liu et al., 2018; 

Raab et al., 2016; Ungricht & Kutay, 2017; Varshney & Sanyal, 2019). To put it shortly, 

the nucleus experiences dramatic changes in shape in many organisms due to 
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physiological reasons, such as the aforementioned nuclear division, but also through 

processes not caused by the scheduled passage through the cell cycle, such as nuclear 

fusion during mating in yeast and development, differentiation and cell migration across 

higher eukaryotes (Manley et al., 2018; Stone et al., 2000; R. Wang et al., 2016). 

Most nuclei in eukaryotes are rounded/oval shaped, and it has been observed that the 

loss of sphericity is associated with various diseases, such as cancer (Zink et al., 2004), 

and also with the natural deterioration caused by aging (Scaffidi & Misteli, 2006). In 

contrast, altered nuclear shape is essential in certain cell types to exert their function, such 

as cells of the immune system. Precisely, neutrophils are a widespread example of this. 

They possess a multilobulated (from three to four lobes in humans) nuclei, which is 

associated with a different chromatin organization and gene expression and is in turn 

correlated to their ability to migrate through the vascular endothelium and reach the 

potential hazard. This change in the pattern of lamin expression, together with a different 

NE lipid composition, is key to attain this shape which is presumed to increases NE 

plasticity (Denholtz et al., 2020; Manley et al., 2018; Rowat et al., 2013). The 

physiological impact that nuclear shape has in this example is evidenced by work showing 

correlation between loss of this characteristic feature and the appearance of pathologies, 

such as the Pelger–Huët anomaly (Hoffmann et al., 2002; Rowat et al., 2013). Hence, it 

is important to understand the mechanisms that govern nuclear shape and the implications 

of changes in morphology in health and disease.  

In budding yeast, during exponential growth the nucleus is mostly spherical, until it 

gets enlarged and stretched through the bud neck in mitosis to accommodate chromosome 

segregation, finally requiring excision of the two daughter nuclei to complete the cell 

cycle (Fig. 1.3).  
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Figure 1.3. Changes in nuclear shape through the budding yeast cell cycle. In G1, yeast 

nuclei (pink) are rounded, and the nucleolus (dark red) is opposite to the SPB (light green), while 

chromatin acquires the Rabl-like conformation. Then, nuclei grow in size as the genome replicates 

in S phase, accompanied by the maturation of the daughter SPB, which starts to pull away from 

the mother SPB (as shown by the dashed arrow). Once cells reach mitosis onset, the nucleus 

acquires a bowtie or dumbbell like shape, which becomes elongated as segregation takes place 

towards the so-called hourglass morphology, finally producing two spheric nuclei once 

karyokinesis and cytokinesis take place to start a new cycle (created with BioRender.com). 

Another physiological change in nuclear shape is observed when yeasts are in the 

presence of the mating pheromone, which arrests cells in G1 in preparation for mating 

and thus for nuclear fusion, and cause the nucleus to adopt a bilobed shape with a distinct 

“pocket” enclosing the rDNA separated from the bulk of the DNA (Fig. 1.4); sphericity 

is also affected when carbon source is changed or when cells are quiescent (Laporte et 

al., 2013; Stone et al., 2000; R. Wang et al., 2016). In addition, an increase in the number 

and contact area between the nucleus and the vacuoles (the yeast equivalent of the 

lysosome), known as NVJs (nucleus-vacuole junctions), has been described upon 

different stress cues, such as glucose deprivation and failed NPC assembly (Hariri et al., 

2018; Lord & Wente, 2020; Pan et al., 2000; Tosal-Castano et al., 2021). This increase in 

the contact surface between both organelles is thought to facilitate communication 

between the pnER, where most of lipid metabolism takes place, and the vacuoles, the 

main catabolic cellular compartment, to emit a proper and coordinated cellular response 
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(Kohler & Büttner, 2021). Furthermore, these contact sites are a requisite for a specific 

branch of nucleolar and perinuclear material degradation known as piecemeal 

microautophagy of the nucleus (PMN), in which a portion of the nucleus is pinched off, 

forming a teardrop-like protrusion towards the vacuole (Otto & Thumm, 2020; Roberts 

et al., 2003). 

Besides, other deviations from the spherical shape of the yeast nucleus, due to defects 

in certain processes, have been described (Fig. 1.4). On the one hand, it has been 

described that during a mitotic delay membrane synthesis is not hampered, giving rise to 

membrane expansions specifically at the membrane adjacent to the nucleolus, which 

extends away from the bulk of the chromatin and are referred to as flares (Witkin et al., 

2012). These nuclear projections which appear upon mitotic delays depend on an active 

Cdc5 to maintain their selectivity towards the nucleolar region, as its absence under a 

mitotic arrest produces and isometric NE growth instead (Walters et al., 2014). 

Consequently, this protein is implicated in the compartmentalization of the NE, and thus 

in regulating nuclear morphology. In addition, mutants of the Nem1/Spo7-Pah1/lipin 

axis, which regulate conversion of phosphatidic acid into diacylglycerol, also trigger an 

increase in nuclear size confined to the nucleolar area (Campbell et al., 2006; Santos-

Rosa et al., 2005; Siniossoglou, 2009). However, when vesicle trafficking is impaired in 

conditions of membrane proliferation, the NE extension is no longer localized exclusively 

at the nucleolar region, producing highly deformed nuclei (M. T. Webster et al., 2010). 

Also an increased nucleolar volume is associated with a NE deformation which localizes 

adjacent to the nucleolus, although it does not always include it, that depends on rDNA 

tethering proteins and increased phospholipid synthesis (Male et al., 2020). Recently, 

Moriel-Carretero’s lab has described two interesting phenotypes in which the NE is 

altered. On the one hand, they describe that oxidative stress elicits a pnER deformation 

probably by inducing lipid stress while, on the other hand, they report the uptake of 

cytoplasm portions inside the nucleus due to genotoxic stress, coupled with an autophagy 

boost and with preference for the nucleolar NE proximity (Garcia et al., 2022; Torán-

Vilarrubias & Moriel-Carretero, 2021). 
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Figure 1.4. Processes that alter the spherical nuclear shape in budding yeast. The yeast 

nucleus experiments several changes in morphology due to physiological reasons, among which 

we find the appearance of a distinct rDNA pocket when cells prepare for mating, the increase in 

size and deformation through mitosis, teardrop protrusions towards the vacuole in PMN and an 

increase in NVJs size and/or number. Furthermore, other events trigger non-physiological 

changes, such as the appearance of flares (NE elongation confined to the nucleolar area) in 

mitotic arrests and lipin axis mutants, non-localized deformation when vesicle trafficking is 

disturbed in membrane overexpansion conditions, upon oxidative or genotoxic stress and when 

nucleolar volume is increased (created with BioRender.com). 

In conclusion, the yeast nucleus experiments several changes in shape in response to 

different cues, demonstrating that it is a highly adaptable organelle. More specifically, it 

seems that the nucleolar region has several traits which pose an advantage to cope with 

NE deformation more efficiently than the rest of the NE, overall protecting the nuclear 

contents (Meseroll & Cohen-Fix, 2016). 

1.1.4. Mitotic control of chromosome segregation 

After DNA replication and until anaphase onset the cohesin ring-like complex, 

conformed by Smc1, Smc3, Scc1 and Scc3, keeps sister chromatids together and well 

aligned by protecting them from the opposing pulling forces exerted by microtubules. 

The cohesin complex is of uttermost importance for the proper alignment of 

chromosomes in metaphase, but must be removed at anaphase onset to allow chromosome 

segregation (Hirano, 2000; Laloraya et al., 2000; Michaelis et al., 1997; Strunnikov et al., 

1993). 

Apart from cohesin removal, the proper compaction of chromosomes needs to be 

achieved to ensure segregation, so chromosomal arms are short enough that the spindle 

is able to pull of them entirely. The condensin complex, composed of Smc2, Smc4, Ycs4, 
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Ycg1 and Brn1 is in charge of this task, regulated by the Aurora B kinase Ipl1 (Guacci et 

al., 1994; Machín et al., 2005; Ouspenski et al., 2000; Strunnikov et al., 1995; Vas et al., 

2007).  

Once chromosomes are duplicated and sister chromatids are properly aligned and 

condensed, it is time to equally divide them between the two daughter cells. The 

anaphase promoting complex (APC) is a ubiquitin ligase composed of more than a 

dozen different subunits (the essential Cdc16p among them) that exerts a variety of 

essential functions from yeast to humans, including separation of sister chromatids in 

anaphase and exit from mitosis, all regulated by specific cofactor binding (Hwang et al., 

1998; Irniger et al., 1995; Lara-Gonzalez et al., 2012; Passmore et al., 2003, 2005; Peters, 

2006). It is when the APC binds to its regulatory cofactor Cdc20 that APCCdc20 targets 

securin (Pds1) for degradation, allowing separase (Esp1) to cleave the cohesin ring 

subunit Scc1 and therefore releasing sister chromatids for segregation (Fig. 1.5) (Cohen-

Fix et al., 1996; Peters, 2006; Uhlmann, 2001; Yamamoto et al., 1996). Because of this, 

blocking  the APC function causes a metaphase arrest from yeast to mammal cells 

(Michaelis et al., 1997). Together with the APC, Cdc5 (the single Polo-like kinase in 

yeast) promotes removal of the cohesin ring by phosphorylating Scc1 to enhance its 

cleavage (Alexandru et al., 2001). 

To prevent the APCCdc20 from releasing sister chromatids before all pairs are properly 

bioriented on the mitotic spindle, with all kinetochores attached to spindle microtubules 

and under tension, there is a control mechanism called the spindle assembly checkpoint 

(SAC), whose components in yeast are Mad1, Mad2, Mad3, Bub1, Bub3 and Mps1. Some 

of these proteins, namely Mad2, Mad3 and Bub3 constitute, together with Cdc20, the 

mitotic checkpoint complex (MCC), sequestering Cdc20 and thus controlling APC timely 

activation (Lara-Gonzalez et al., 2012). Despite previous literature described that 

degradation of Cdc16 inactivates the APC without interfering with the spindle and 

avoiding triggering the SAC, it has been reported that this may not be the case, hence 

APC inactivation may activate the SAC (Lai et al., 2003). 

While the SAC is involved in the metaphase to anaphase transition, there is another 

surveillance mechanism for proper mitotic progression, which regulates the transition 

between anaphase to mitotic exit (transition to a new G1) by sensing spindle misalignment 

in relation to the division axis, known as the spindle position checkpoint (SPOC) 
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(Caydasi & Pereira, 2012). The central SPOC kinase is Kin4, which counterbalances the 

mitotic exit network (MEN) activation by the Cdc14 early anaphase release (FEAR) 

network. Because FEAR promotes MEN after sister chromatid separation, regardless of 

the spindle orientation, Kin4 has been proposed to prevent mitotic exit when the spindle 

remains within the mother cell (Caydasi et al., 2017; Caydasi & Pereira, 2012). 

Additionally, Cdc5 acts as a central hub in the regulation of FEAR and MEN, and also 

for the functionality of the mitotic checkpoints mentioned above, as they require 

inhibition of mitotic exit signaling to achieve their purpose (Matellán & Monje-Casas, 

2020). 

 

Figure 1.5. SAC and SPOC regulate correct mitotic progression. After replication, the cohesin 

ring (orange) keeps the sister chromatids together. At this point, securin keeps separase 

(scissors) inactive to inhibit early chromosome separation. The red star marks the unilateral 

attachment of a chromosome, the signal to keep the SAC active, so that the MCC inhibits APCCdc20 

and thus mitotic progression. Once all chromosomes are properly attached, the SAC is inactivated 

and APCCdc20 releases separase from securin, which in turn degrades the cohesin ring and allows 

anaphase progression. Within anaphase we find two complex signaling cascades name FEAR 

and MEN, which regulate this critical step in mitosis and is mainly controlled by the master 

phosphatase Cdc14. To complete the anaphase to telophase transition and the entry into a new 

cell cycle, the spindle needs to be properly oriented in the mother-daughter axis, which is 

surveilled by the SPOC (the green star depicts an incorrect spindle orientation, which does not 

traverse the bud neck and is entirely within the mother cell). MCC, mitotic checkpoint complex; 

SAC, spindle assembly checkpoint; SPOC, spindle orientation checkpoint; APCCdc20, anaphase 

promoting complex bound to its cofactor Cdc20 (modified from Peters, 2006 and created with 

BioRender.com) 
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When these control mechanisms are activated, the cells delay the progression of the 

cycle to permit the correction of the cell insult which triggered them. Biochemically, 

metaphase or mid-M blocks are characterized by high cyclin dependent kinase 

(CDK/Cdc28) activity and inactive Cdc14 (the yeast master cell cycle phosphatase), a 

balance that is inverted upon anaphase onset through Cdc28 inactivation by Cdc14, along 

with dephosphorylation of many of its targets (D’Amours & Amon, 2004). There are 

several ways to achieve a mitotic arrest in metaphase and allow cell synchronization to 

ease interpretation of cell cycle studies, being the most commonly used microtubule 

depletion caused by the drug nocodazole (Nz), which promotes microtubule 

depolymerization and inhibit assembly dynamics (Jacobs et al., 1988). This triggers the 

SAC and inhibits the APCCdc20, and direct APCCdc20 inactivation through inducible 

mutants. The morphological traits among them are slightly different, presumably by the 

lack of microtubules in Nz, but both arrest as mononucleated dumbbell shaped cells. In 

Nz treated cells, the nucleus stays in the mother cell and presents a handbag structure, 

with the bulk of the chromatin in one big pocket and the rDNA as a handle (Guacci et al., 

1994; Machín et al., 2005). On the other hand, in APC inactive cells (either cdc20 or 

cdc16 defective), the nucleus traverses through the bud neck, leaving the right arm of 

cXII in the mother (although the centromere is predominantly located in the daughter, 

presumably within the centromere cluster) and hence defining the polarity of the nucleus 

(Guacci et al., 1994; Palmer et al., 1989, 1992). Interestingly, in cdc20 depleted cells 

under arrest, the nucleoporin Nup49 was missing from the bud neck, along with high 

mobility of the chromatin between both cellular bodies, together with high dynamism of 

the spindle (Palmer et al., 1989; Rai et al., 2017). 

1.2. The nucleolus and the rDNA 

The nucleolus is the most prominent functional compartment within the nucleus, 

where transcription and processing of ribosomal RNA (rRNA), as well as the first steps 

of ribosome assembly, take place in eukaryotic organisms (Klinge & Woolford, 2018). It 

is assembled around the rDNA locus, composed of the genes encoding rRNA, which are 

organized in tandem repeats that can be physically together in a single chromosome or 

spread throughout the genome. In budding yeast, there is a single nucleolus characterized 

by a crescent shape at the periphery of the nucleus, occupying roughly one third of the 

organelle volume, while in mammals, several nucleoli are close to the center of the 

organelle (Mekhail & Moazed, 2010). This crescent shape is severely lost in favor of 
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several granules called mininucleolar bodies when the RNA polymerase I (Pol I) gene is 

deleted or conditionally removed, meaning that Pol I plays a role in the maintenance of 

an intact nucleolar structure (Oakes et al., 1993). 

Furthermore, besides its role as ribosome factory, this domain also stores factors 

involved in other cellular functions, acting as a reservoir to control their timely release. 

This has been well described for the yeast master phosphatase Cdc14, that is sequestered 

by its inhibitor Net1 in the nucleolus until anaphase; its release allows mitotic progression 

and exit (Shou et al., 1999; Traverso et al., 2001; Visintin et al., 1999). Additionally, it 

has been considered that the assembly of this domain is a self-driven process initiated by 

production of rRNA, and that the spatial constraint of Pol I transcription is a critical 

feature of nucleolar assembly (Albert et al., 2011; Trumtel et al., 2000). Moreover, the 

processes in which the nucleolus is involved have increased in number, discarding the 

concept of this domain as only a ribosome factory. Among these we find that it has been 

proposed as a stress sensor, controlling the maintenance of genome stability, the response 

towards nutrient availability and cell senescence (Boisvert et al., 2007; Lindström et al., 

2018; Matos-Perdomo & Machín, 2019; Mayer et al., 2005). 

In budding yeast, the nucleolus is assembled around the single rDNA locus on the 

right arm of chromosome XII (cXII), which contains 150 – 200 copies of a 9.1 kb repeat, 

making it the largest yeast chromosome (Fig. 1.6). Also, this region is the last to 

segregate, making cXII an indicator of the end of anaphase. In each repeat we find, both 

35S (precursor of the 25S, 5.8S and 18S rRNAs) and 5S rRNA precursors, which are 

transcribed by RNA polymerases I and III, respectively, and two intergenic spacers (IGS1 

and IGS2) separating them (Pasero & Marilley, 1993). The autonomous replication 

sequence (ARS) is found in IGS2. Within IGS1 we find a cryptic non-coding bidirectional 

promoter (E-pro) transcribed by RNA polymerase II, which is regulated by Sir2, being 

active only when the rDNA copy number drops below the homeostatic range, so that 

rDNA amplification can occur. Besides, in IGS1 there is the replication fork block or 

barrier site (RFB), where the protein Fob1 binds to prevent replication and transcription 

machinery collapse between different rDNA repeats, as it is a highly active locus in which 

replication and transcription occur simultaneously (Brewer et al., 1992; Kobayashi, 2003; 

Kobayashi et al., 1992, 1998; Kobayashi & Horiuchi, 1996; Muller et al., 2000; Takeuchi 

et al., 2003). 
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Figure 1.6. Budding yeast rDNA structure. This unscaled schematic represents the 

organization of the basic 9,1 kb rDNA repeat, on the right arm of chromosome XII. 35S and 5S: 

genes for the corresponding pre-rRNAs; IGS 1 and 2: intergenic spacer 1 and 2; ARS: 

autonomous replication sequence; RFB: replication fork barrier; E-pro: a cryptic non-coding 

bidirectional promoter (modified from Matos-Perdomo et al., 2022 and created with 

BioRender.com).  

Cohesin, condensin and Sir2 are involved in rDNA compaction during the cell cycle, 

presumably helping to pack this piece of roughly 2 Mb of DNA withing this compartment 

(Guacci et al., 1994; Lavoie et al., 2002, 2004). Besides the general need for chromosome 

compaction to allow mitotic exit, condensation of the rDNA is specifically required in 

late anaphase to allow cXII segregation. But first, to allow condensin loading, Cdc14 

must shut down transcription of ribosomal genes. It does so by excluding Pol I subunits 

from the rDNA array by dephosphorylating its essential subunit Rpa43, thus inhibiting 

RNA Pol I activity (Clemente-Blanco et al., 2009; Machín et al., 2006; B.-D. Wang et al., 

2006). 

The mechanism behind copy number maintenance is mostly homologous 

recombination (HR) between the rDNA repeats, although an alternative and HR 

independent replication-based mechanism which causes a copy number increase has also 

been described (Houseley & Tollervey, 2011; Kobayashi & Nagata, 2014). A highly 

repetitive region like this is at high risk of unscheduled recombination. And thus, the 

generation of extrachromosomal rDNA circles excised from the locus has been shown to 

cause replicative senescence, implying that rDNA stability is critical for growth and 

survival (Sinclair & Guarente, 1997). However, HR is also suppressed at this locus up to 

a certain level, which was confirmed by Torres-Rosell et al. by showing nucleolar 
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exclusion of HR proteins (but not sensors of DSBs), being dependent on the Smc5/6 

complex (Petes, 1980; Torres-Rosell et al., 2007). In addition, work with cell cultures has 

evidenced that rDNA which presents DSBs also move towards the nuclear periphery, thus 

we observe this feature occurs not only in yeast, but in higher eukaryotes (Marnef et al., 

2019).  

To prevent this critical event, a subset of rDNA repeats is tethered to the NE (Fig. 

1.7) by the CLIP (chromosome linkage INM proteins) and cohibin complexes, keeping 

the rDNA tightly associated with the nuclear periphery -associated to silenced DNA- (and 

thus being partly responsible for its characteristic shape) and more importantly, 

contributing to genome stability. The CLIP complex is composed of the aforementioned 

Man1 homolog Heh1 and Nur1, both proteins inserted in the NE. Cohibin, composed of 

Lrs4 and Csm1, connects the rDNA and silent chromatin to the NE by linking the 

chromatin-bound RENT complex and either CLIP (for the rDNA) or Mps3 (for non-

rDNA regions) (Chan et al., 2011; Mekhail et al., 2008). RENT stands for regulator of 

nucleolar silencing and telophase exit, thus mediating transcriptional silencing at the 

rDNA locus, and its components are Sir2, Cdc14 and Net1, although the Net1 paralog 

Tof2 has been identified to interact with it as well (Straight et al., 1999; Tanny et al., 

2004). Net1 is in fact responsible for tethering the RENT complex to the rDNA through 

interaction with Fob1 (Huang & Moazed, 2003). During interphase, Net1 and Sir2 

colocalize with the nucleolus but, at the end of mitosis, a fraction of Sir2 leaves the 

nucleolus and disperses forming foci throughout the nucleus, indicating that the structure 

of silent rDNA changes during the cell cycle (Straight et al., 1999).However, if damage 

occurs at the rDNA, it needs to be detached from the NE tethers to allow relocalization 

of the break outside the nucleolus and be able to be repaired. This is regulated by post-

translational modifications in CLIP and cohibin components (mostly driven by Nur1 

phosphorylation), indicating the need of dynamism in anchoring/dislodgment to response 

to different necessities, not only in yeast, but in a similar fashion in human cell cultures 

(Capella et al., 2021). 
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Figure 1.7. The rDNA tethering to the INM requires the RENT, cohibin and CLIP complexes. 

This schematic shows the interaction between the three complexes involved in rDNA attachment 

to the nuclear envelope and its protein components. It is the RENT complex that binds the RFB 

protein Fob1, while cohibin mediates RENT and CLIP interaction, being the latter attached to the 

NE (modified from Mostofa et al., 2018 and created with BioRender.com). 

S. cerevisiae represents a unique genetic model to dissect chromosome behavior. 

Because precisely the rDNA is the only visible chromosome structure under the 

microscope, the locus has been widely used to unveil chromosome dynamics, including 

segregation and condensation events (Ayra-Plasencia & Machín, 2019; Clemente-Blanco 

et al., 2009; Machín et al., 2006; Miyazaki & Kobayashi, 2011; Torres-Rosell et al., 

2005). 

This locus experiments drastic morphological modifications through the cell cycle, 

defined by changes in compaction and condensation (Fig. 1.8). During interphase, the 

rDNA acquires a loosely organized structure that has been referred to as puffs, which 

evolves into a highly organized state on G2/M, attaining a line or arc-like morphology at 

the nuclear periphery (Guacci et al., 1994; Lavoie et al., 2002, 2004). As described above, 

Nz exposure and consequent microtubule depletion entails a mid-M arrest, where the 

rDNA adopts a remarkably complex loop shape mediated by condensin, and thus 

considered a condensed state of the repetitive locus (Freeman et al., 2000; Lavoie et al., 

2002, 2004; Matos-Perdomo & Machín, 2017). Additionally, cohesin, the Polo-like 

kinase Cdc5 and TORC1 (Target of rapamycin complex 1) are also involved in the 

establishment and maintenance of the rDNA loop (Harris et al., 2014; Lamothe et al., 
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2020; Matos-Perdomo & Machín, 2018; St-Pierre et al., 2009). As explained earlier, in 

mid-M blocks due to APC disturbance, such as the cdc16 mutant, the nucleus traverses 

the bud neck, being the rDNA elongated forming a line or hook (Guacci et al., 1994; 

Palmer et al., 1989, 1992). The relation of TOR, which involves TORC1 and TORC2, the 

master growth switch in response to nutrient availability, with nucleolar regulation is not 

surprising, because transcription of the rDNA genes require high levels of energy and 

cellular resources, thus needing to shut it down upon nutrient deprivation (H. Li et al., 

2006; Martin et al., 2006). Additionally, the TOR pathway is also implicated in rDNA 

chromatin structure apparently by regulating the localization of RNA pol I and the Rpd3 

histone deacetylase to rDNA (Tsang et al., 2003). 

 

Figure 1.8. rDNA morphological changes through the cell cycle and in mid-M blocks. The 

rDNA (in cyan, while the rest of the nucleus is depicted in pink) acquires different morphologies 

through a normal cell cycle, from a disorganized puff in interphase which gradually transforms 

into a condensed and organized arc or line in early mitosis. Nevertheless, in mid-M blocks caused 

by the microtubule depolymerizing drug nocodazole or APC inducible mutants, the rDNA 

develops nucleolar extensions around the rDNA array (created with BioRender.com). 

A connection between the nucleolus and NE morphological alterations has been 

established in the last years as various groups, including ours, have shown that abnormal 

structures of the NE triggered by membrane overextension arise adjacent to the nucleolus, 

being proposed as a membrane sink by Witkin et al. thanks to its ability to resist 

deformation (Barbosa et al., 2019; Campbell et al., 2006; Male et al., 2020; Matos-

Perdomo & Machín, 2018; Witkin et al., 2012). However, nuclear flares in fission yeast 
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and S. japonicus are not associated to the nucleolus, suggesting either that nuclear 

domains have species-specific effects on nuclear morphology or that they differ in the 

sites of new membrane synthesis, because symmetrical addition of new membrane differs 

from the phenotype observed in S. cerevisiae, producing an increase in nuclear area 

without the appearance of nuclear projections (Deolal & Mishra, 2021; Makarova et al., 

2016). Strikingly, besides the nucleolar ability to protrude, it has been recently reported 

that upon lipid stress, NE inward ingressions arise in association to the nucleolar 

subdomain and juxtaposed to vacuoles (yeast lysosome equivalents), evidencing the 

plastic nature of the nucleus and the nucleolus (Garcia et al., 2022). 

1.3. Factors that influence nuclear shape 

Considering the complexity of the nucleus and the wide variety of components and 

processes involved, from the lipids and proteins of the NE to the content enclosed within, 

it is likely that altering any of them might influence the morphology of the nucleus. 

1.3.1. Chromatin 

One of the factors expected to have an impact on nuclear shape is one of its main 

constituents, which is chromatin, because the size of the nucleus may be directly 

proportional to the amount of DNA it contains and its compaction degree. Species with 

larger genomes generally have larger nuclear and cellular volumes, supporting this idea, 

especially in plants (Cavalier-Smith, 2005; Jovtchev et al., 2006). Nonetheless, DNA 

content per se does not strictly affect nuclear shape, although ploidy differences induce 

nuclear shape changes during development (Jevtić & Levy, 2014; Jorgensen et al., 2007; 

Neumann & Nurse, 2007; M. Webster et al., 2009). Also, the size of the nucleus 

experiences a gradual increase in size from G1 to M , as the doubling of chromatin in S 

phase occurs (Jorgensen et al., 2007; Neumann & Nurse, 2007) 

However, architecture and packaging of chromosomes has been shown to contribute 

significantly to morphology in yeast studies. For example, forcing untethering of 

chromosomes from the INM increases chromatin mobility and nuclei susceptibility to 

deformation, mostly in response to cytoskeletal forces. Furthermore, RSC chromatin 

remodeling complex loss of function in sth1 mutants results in perturbed NPC localization 

along with NE aberrant organization (Schreiner et al., 2015; Stephens et al., 2019; Titus 

et al., 2010).  
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1.3.2. Proteins associated to the NE 

Proteins associated to the NE excluding chromatin tethers  

In several organisms including human cells, Drosophila and C. elegans, lamin 

dysfunction has been linked to nuclear morphology alterations and several health 

disorders under the umbrella term laminopathies (Lenz-Böhme et al., 1997; J. Liu et al., 

2000; Taimen et al., 2009).  

NPC assembly entails an intricate process in which inner and outer nuclear 

membranes must fuse, and disruption (absence by deletion or changes in regulation) of 

their components have been reported to result in distorted nuclear shape (Bogerd et al., 

1994; Goldstein et al., 1996; Titus et al., 2010; Webster et al., 2014; Wente & Blobel, 

1993). Some nucleoporins possess an amphipathic helix which can drive nuclear insertion 

and then NPC assembly (Drin et al., 2007; S. J. Kim et al., 2014; Mészáros et al., 2015; 

Patel & Rexach, 2008). Thus, NPC components have the ability to impact nuclear 

morphology by inducing NE deformations, which can lead to aberrant forms upon 

nucleoporin stoichiometric imbalance, such as lamellae, which consists of stacked 

flattened membranes that are structurally similar to the NE, but lack NPCs (Marelli et al., 

2001; Wente & Blobel, 1993). It is speculated that the aberrant morphologies observed 

in these mutants may be due to interactions between the NE and the nuclear content, 

because an altered NPC composition may disrupt chromatin attachment to the NE 

(Walters et al., 2012). Additionally, disturbing the evolutionary conserved reticulon 

proteins of the ER (like Rtn1 and Yop1), which regulate membrane curvature and 

expansion, result in aberrant NE, as they influence NPC insertion and hence nuclear 

import (Dawson et al., 2009). 

As microtubules nucleate from the SPBs, they exert force on the NE, comparable to 

nucleo-cytoskeletal components and thus influencing nuclear size and shape. When 

spindle positioning or separation is impaired, the NE loses its natural form in fission yeast, 

failing to segregate chromosomes properly. This happens also when microtubule 

attachment to SPBs or kinetochore proteins is altered due to excessive elongation of the 

spindle (Cantwell & Nurse, 2019a; Zheng et al., 2007). Besides, we have already 

described above that nuclear morphology is extensively altered when microtubules are 

depleted. 
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Proteins involved in chromatin tethering 

The attachment of chromatin to the NE comprises a mechanical link between nuclear 

components while also providing stiffness to the nucleus, meaning that a change in 

chromosome structure may affect the NE by altering the tethering (Male et al., 2020; 

Taddei & Gasser, 2012). 

Regarding INM lamin-like proteins, the coiled-coil domain containing protein Esc1 

(establishes silent chromatin) in S. cerevisiae is involved in anchoring silenced telomeres 

to the NE through its high affinity for Sir4 (silent information regulator) (Andrulis et al., 

2002; Hattier et al., 2007; Male et al., 2020). Its overexpression triggers NE projections 

referred to as “escapades”, which include NPCs but exclude chromatin, and arise adjacent 

to the nucleolus, hence opposite the SPB. Additionally, they are not inherited by daughter 

nuclei during mitotic growth (Andrulis et al., 2002; Hattier et al., 2007). 

Proteins that belong to the LINC complex have been established to provide shape 

and stability to the nucleus, and its disruption provokes distorted nuclear shape and 

organization because of disturbed cytoskeletal forces acting on the nucleus. Mps3, 

together with Esc1, anchor telomeres at the nuclear periphery, favoring telomere silencing 

and recombination suppression (Garapati & Mishra, 2018; D. I. Kim et al., 2015; 

Rothballer & Kutay, 2013; Taddei & Gasser, 2012). The overexpression of the toxic 

mutation MPS3-G186K causes mitotic arrest due to SPB insertion defects, together with 

INM over proliferation and NE aberrations, thus the authors proposed that this protein 

promotes SPB insertion into the NE by modulating NE lipid composition. In this mutant, 

membrane expanded symmetrically, not restricted to the nucleolar area, although this 

region was often partitioned away from the bulk of the nucleus either by a membrane or 

by the formation of a lobe (Friederichs et al., 2011). The overexpression of this mutant 

always led to extensions and protrusions, while the overexpression of the WT led to 

altered nuclear morphology in 50% of the cells even though they do not suffer from 

membrane overexpansion  (Friederichs et al., 2011; Rothballer & Kutay, 2013). 

Additionally, mutations in Mps3 or the related proteins Ebp2 and Rrs1 hamper ribosome 

biogenesis and disrupt telomeric silencing and clustering, not affecting anchoring to NE 

but deforming the nucleus, suggesting a connection between NE proteins, nuclear shape 

and chromatin function (Garapati & Mishra, 2018; Horigome & Mizuta, 2012). 
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Regarding LEM domain proteins, NE deformations are not triggered in budding 

yeast by loss of Heh1, despite nuclei are larger in size, while absence of MAN1 and LEM2 

in fission yeast causes blebbing of the nucleus and discontinuous membrane distribution 

(Gonzalez et al., 2012; Male et al., 2020). Heh1 or Heh2 null mutants are viable, but the 

double mutant is inviable or displays a growth defect. However, loss of the cohibin-CLIP 

anchoring pathway (including heh1 single mutant) leads to rDNA repeat instability, cell 

cycle arrest and premature senescence (Chan et al., 2011). 

To sum up, an extensive group of proteins and complexes stabilize nuclear structure 

by creating protein-protein interactions, but also interacting with the lipids of the 

membrane and the chromosomes inside the nucleus, as well as cytoskeletal elements, 

evidencing the complexity of nuclear morphology maintenance. 

1.3.3. Lipid homeostasis 

As the NE is mainly composed of phospholipids, it is to be expected that lipid 

regulation is involved in nuclear size and shape. According to Makarova et al., NE 

expansion is dependent on phospholipid biosynthesis, as defects in these pathways result 

in misshapen nuclei in S. pombe and S. japonicus (Makarova et al., 2016). Likewise, 

deletion mutants of genes involved in regulation of lipid homeostasis in S. cerevisiae also 

exhibit aberrant nuclear shape (Han et al., 2008; Santos-Rosa et al., 2005; Siniossoglou, 

1998). Because the ONM is a continuum with the ER, one may think that ER 

overexpansion could affect nuclear morphology. Indeed, even though there are mutants 

in which membrane excess arise in both compartments, there are also examples in which 

they are independent (pah1, spo7, nem1, MPS3-G186K and certain sec mutants), 

suggesting the existence of a barrier to membrane expansion between the peripheral ER 

and the NE (Campbell et al., 2006; Friederichs et al., 2011; O’Hara et al., 2006; 

Siniossoglou, 1998; Walters et al., 2019; Wright et al., 1988). 

Lipid precursors are used for phospholipid synthesis under nutrient rich conditions 

to maintain rapid proliferation but are redirected to triacylglycerol (TAG) production 

during starvation, which are stored in lipid droplets (LDs). Phosphatidic acid (PA) is the 

precursor used in the synthesis of membrane phospholipids used for membrane expansion 

and also LDs, and its fate is largely controlled by nutrient availability and the 

correspondent regulatory pathways (Carman & Han, 2019; Han et al., 2006; Henry et al., 

2012; Kwiatek et al., 2020; Makarova et al., 2016; Siniossoglou, 2009). The evolutionary 



1. Introduction

 

55 

conserved lipin, Pah1 in budding yeast, generates diacylglycerol (DAG) from PA and has 

been proposed as a metabolic switch in response to growth and environmental signals, 

controlling the balance between lipid storage as LDs and membrane biogenesis (Barbosa 

et al., 2015; Carman & Han, 2018; Han et al., 2006) (Fig. 1.9). Lipins are kept inhibited 

in the cytosol by multisite phosphorylation, mediated by Pho85, Cdc28 and protein kinase 

A in yeast (Choi et al., 2011, 2012; Su et al., 2012) and target of rapamycin (TOR) and 

mitotic kinases in mammals (Grimsey et al., 2008; T. E. Harris et al., 2007; Huffman et 

al., 2002). Pah1 translocation onto the ER membrane is achieved after activation by 

dephosphorylation catalyzed by the transmembrane Nem1 (catalytic subunit)-Spo7 

(regulatory subunit) complex, which is subjected to TOR regulation (H.-S. Choi et al., 

2011; Dubots et al., 2014; Karanasios et al., 2010; O’Hara et al., 2006; Santos-Rosa et 

al., 2005; Siniossoglou, 1998). Additionally, the activation of the DAG kinase Dgk1 

counteracts the action of Pah1 by resynthesizing PA from DAGs, rerouting the pathway 

towards membrane biogenesis (Han et al., 2008). 

 

Figure 1.9. Regulatory network of the yeast lipin/Pah1. Phosphatidic acid (PA) is the central 

precursor in lipid biosynthesis. Pah1, the PA phosphatase, remains phosphorylated (inactive) in 

the cytosol under growth conditions to favor phospholipid biosynthesis needed for membrane 

expansion through the CDP-DAG pathway. However, when nutrients are depleted the Nem1-

Spo7 complex, which is embedded at the ER membrane, dephosphorylates Pah1 to activate it 

and promote PA into DAG conversion, which are acylated and converted into TAG, stored in lipid 

droplets (LD). Dephosphorylated (or partially dephosphorylated) Pah1 is targeted for proteasomal 

degradation (modified from Carman & Han, 2019 and created with BioRender.com). 

Cells lacking any of these 3 proteins (Pah1, Spo7 and Nem1) exhibit aberrant nuclear 

shape due to a reciprocal increase in membrane biogenesis, which gives rise to nuclear 
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flares in the nucleolar region, suggesting that Pah1 regulation may be important for 

nuclear remodeling (Campbell et al., 2006; Santos-Rosa et al., 2005; Siniossoglou, 2009). 

Furthermore, not only NE morphology is altered. Cells with an impaired Nem1/Spo7-

Pah1 axis display defects in lipid droplet formation, vacuole morphology and autophagy 

(Rahman, Mostofa, et al., 2018; Xu & Okamoto, 2018). However, some of the phenotypes 

observed in the pah1Δ mutant are suppressed by the loss of Dgk1, suggesting that a proper 

balance of PA/DAG is required for lipid metabolism and cell fitness (Han et al., 2008; 

Pascual & Carman, 2013).  

The work from Witkin et al. suggests that nuclear expansion in closed mitosis is 

independent of spindle elongation and occurs in response to a cell cycle cue that signals 

mitotic entry (Witkin et al., 2012). The flare induced by mitotic arrests shares similarities 

to nuclear expansions caused by misregulation of the yeast lipin/Pah1 pathway (including 

its regulators Nem1/Spo7) (Campbell et al., 2006; Pascual & Carman, 2013). Using a 

mutant of this pathway, Campbell et al. demonstrated that nucleolar expansion is not 

enough to drive flare formation. Additionally, spo7Δ cells combined with mutations in 

vesicle-trafficking genes give rise to multiple flares around the entire nucleus instead, 

indicating that the spatial confinement of a single nuclear flare is dependent on vesicle 

trafficking  (Webster et al., 2010). It has been proposed that there is a mechanism that 

favors nuclear elongation next to the nucleolus to prevent disruption of nuclear inner 

chromosomal architecture, thus protecting the rest of the genome. Altogether, these works 

support the idea that the budding yeast nuclear envelope has domains of different 

properties (Arnone et al., 2013). Besides nuclear protrusions after lipid stress have been 

extensively shown, NE inward ingressions associated with the nucleolus also arise after 

lipid regulation impairment (Garcia et al., 2022).  

Lipid metabolism processes take place mainly  at the ER lumen, however recent 

studies in budding yeast have spotted lipid droplet synthesis inside the nucleus too, 

providing a possible connection between membrane remodeling, lipid metabolism and 

genome function (Barbosa et al., 2019; Romanauska & Köhler, 2018). Barbosa et al. show 

a translocation event of the phospholipid:DAG acyltransferase Lro1 from the ER to the 

INM, resulting in local TAG increase. Lro1 localization at the INM depends on cell cycle 

and nutrient availability signals, as it is excluded from the nucleolar territory under 

nuclear expansion but recruited there upon starvation, promoting LD biogenesis at the 

pnER adjacent to the nucleolus and allowing cell survival during starvation (Barbosa et 
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al., 2019; Barbosa & Siniossoglou, 2020). Likewise, recent evidence also confirms 

nucleus-vacuole junctions (NVJs) as a site for LD budding in response to nutritional 

stress, consistent with previous evidence showing Pah1 close to NVJs, and implicating 

the NE-vacuole tether Mdm1 in their biogenesis by interacting with enzymes of the fatty 

acid synthesis pathway (Barbosa et al., 2015; Barbosa & Siniossoglou, 2017; Hariri et al., 

2018; Henne et al., 2015; Kohler & Büttner, 2021; Kvam et al., 2005; Kvam & Goldfarb, 

2007; Otto & Thumm, 2020). 

1.3.4. Nuclear size  

Furthermore, not only nuclear shape must be controlled, but also the size plays an 

important role, given that nuclear volume is kept at 8-10% of cell volume in all organisms 

(Deolal et al., 2021; Jorgensen et al., 2007). Previous evidence supports that nuclear and 

cytoplasmic volumes are correlated and maintain a relationship known as the 

karyoplasmic ratio (N/C). This proportion remains constant in yeast through the cell cycle 

as growth increases its size, suggesting a mechanism which links nuclear an cellular 

volumes (Gregory, 2005; Jorgensen et al., 2007; Neumann & Nurse, 2007).  

In experiments done using sec mutants to stop cell growth without disturbing cell 

cycle biochemistry, nuclear extension was not hampered and it was observed that the ratio 

was kept constant by disturbing nuclear morphology in the form of flares (Walters et al., 

2012, 2019). Indeed, it has been shown that in single and multi-flared nuclei the NE 

surface area is increased, though they maintain the N/C ratio constant as in wild type cells, 

suggesting that flares may help to keep this ratio constant when NE proliferation is 

overstimulated (Webster et al., 2010). Nonetheless, disturbance of nuclear transport did 

lead to increased nuclear volume in S. pombe and also correlated with shape defects due 

to membrane excess (Kume et al., 2017). This difference between both organisms has 

been attributed by Walters et al. as a difference in the way of measuring cell and nuclear 

volumes.  

Recently, it has been observed that increased nucleolar size in budding yeast triggers 

a non-isometric NE expansion concomitant with abnormal nuclear morphology, where 

NE projections arise preferentially adjacent to the nucleolus. These extensions require 

rDNA tethering to the NE, as cells display symmetric NE growth when the attachment is 

impaired. Additionally, this phenotype can be suppressed by reducing nucleolar size 

using low rDNA copy number strains (Male et al., 2020). This phenotype differs in the 
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flares observed in cdc5 mutants, as these are unaffected by rDNA copy number and rDNA 

tethering to the INM (Walters et al., 2014). 

Taken all together, when over expansion of the NE takes place, the cell can take two 

approaches: either changing nuclear shape at specific locations to keep the N/C ratio 

constant or evenly expanding the NE leading to an increased nuclear volume without 

distortions in shape, and both also depend on the tethering of chromosomes to the INM 

(Fig. 1.10) (Deolal & Mishra, 2021). 

 

Figure 1.10. Possible outcomes upon nuclear membrane accumulation. Because cells tend 

to maintain a constant nuclear volume relative to the cytoplasm (known as the karyoplasmic ratio), 

upon membrane overexpansion conditions when the cell does not continue growing in size, loss 

of circularity due to altered nuclear morphology (single or multi-flared cells) can keep this ratio 

constant by increasing the nuclear surface (modified from Walters et al., 2019 and created with 

BioRender.com).  

1.3.5. The vacuole, TOR and nucleophagy 

Additionally, interaction of the NE with other organelles, including the vacuole and 

ER, may affect the NE capacity of expansion (Pan et al., 2000; Tomioka et al., 2020). 

Furthermore, the process of membrane remodeling involves membrane contact sites 

(MCS), which are characterized by physical proximity between different endomembrane 

systems, as it happens at the interface between the nucleus and the vacuole (Scorrano et 

al., 2019). 
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The vacuole is the yeast equivalent of the lysosome, and is frequently associated with 

the nuclear envelope adjacent to the nucleolus (Kvam & Goldfarb, 2007). WT cells under 

normal growth conditions contain between one and four vacuoles, depending on the strain 

background (Banta et al., 1988). It is critical for yeast viability, as it is required to perform 

multiple roles in response to cellular stressors and it has been demonstrated that this 

organelle is required for cell cycle progression, and thus, when vacuole inheritance to the 

daughter cell is prevented, it results lethal to the progeny (Jin & Weisman, 2015).  

Among its main functions we encounter the turnover of cellular components via 

autophagy, storage of certain components, including phosphate, and the buffering of 

cellular pH, playing a role in water and ion homeostasis (Weisman, 2003). Under nutrient 

deficiency, cells form a single vacuole, expanding their volume and probably facilitating 

autophagy (Baba et al., 1994). The fusion of vacuoles require DAGs and it is hampered 

in lipin axis mutants because DAG synthesis is abolished, leading to vacuole 

fragmentation (Michaillat & Mayer, 2013; Sasser et al., 2012). Strikingly, this phenotype 

is surpassed upon rapamycin induced TORC1 inactivation, after which these mutants 

display a single vacuole, suggesting that autophagy itself is dispensable for vacuole fusion 

after TORC1 inactivation (Rahman, Mostofa, et al., 2018). 

Autophagy is the general term to define a group of processes of import of a wide 

range of cargos, from portions of cytoplasm to entire organelles, into the 

vacuole/lysosome lumen for degradation by vacuolar hydrolases. We differentiate mainly 

between macroautophagy, in which the cargo is wrapped into a vesicle named 

autophagosome (which arises from expansion of the isolation membrane or phagophore) 

that fuses with the vacuole, and microautophagy, in which cargo is directly engulfed by 

the vacuole. Those two processes can be divided into selective or non-selective macro 

and microautophagy respectively, depending on whether a specific cargo or bulk cytosol 

is affected. The specificity in macroautophagy is achieved through the binding of specific 

receptors to the specific cargo to degrade and the protein Atg8, involved in 

autophagosome formation. Briefly, autophagy initiation requires the Atg1 kinase and 

Atg13 to trigger phagophore formation followed by vesicle nucleation and recruitment of 

Atg8, a ubiquitin like protein required for phagophore expansion during autophagosome 

biogenesis, among many other proteins (Papandreou & Tavernarakis, 2020). In a WT 

strain we consider a baseline level in which 30% of the cells display a PAS (phagophore 

assembly site), which is where the autophagy related proteins, Atg, assemble adjacent to 
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the vacuole, as measured by GFP-Atg8 foci location (Backues & Klionsky, 2022; Geng 

et al., 2008; Nair et al., 2011; Shintani & Klionsky, 2004). However, proteins involved in 

PAS formation may be dynamic and the PAS could also be a transient structure (Reggiori 

& Klionsky, 2013). 

 In organisms which undergo closed mitosis, because the NE remains intact through 

the cell cycle, misfolded and aggregated proteins from the nucleus must be eliminated 

somehow. Thus, cells must allow access to potential nuclear cargo by the autophagic 

machinery. Two mechanisms have been proposed: proteasomal degradation (either 

nuclear or after export to the cytoplasm) and autophagy of the nucleus (Chen & Madura, 

2014; Krick et al., 2009; Roberts et al., 2003). Regarding the selective degradation of 

nuclear components, until recently only microautophagic processes had been described 

in yeast. Up to date, we differentiate between macronucleophagy and two 

microautophagic processes, referred to as piecemeal microautophagy of the nucleus 

(PMN) and late nucleophagy, respectively (Mijaljica et al., 2012; Roberts et al., 2003).  

Macronucleophagy depends on the outer nuclear membrane receptor Atg39 (a 

homologue has not been found in mammals yet), which promotes selective engulfment 

of nuclear cargos by the phagophores by binding Atg8 (involved in autophagosome 

expansion) and Atg11, which recruits the autophagosome formation machinery onto 

receptor-target complexes, but it is independent of Nvj1 (essential in PMN) (Fig. 1.11). 

Additionally, the ER receptor Atg40 is partially involved in this process. These 

experiments identified as cargos portions of NE, including proteins of the INM and ONM, 

along with the nucleolar protein Nop1, which were found inside the autophagic vesicles. 

However, it is not known if nuclear partitioning of the cargo occurs before 

autophagosome formation or if these two processes are synchronized (Mochida et al., 

2015). Prolonged nitrogen starvation conditions trigger macronucleophagy, and in turn 

nuclear shape changes (Papandreou & Tavernarakis, 2020). Deletion mutants of ATG39 

also displayed aberrant nuclear morphology, and were less viable than WT cells after 

prolonged nitrogen starvation, envisioning the relevance of nucleophagy in this 

conditions, as non-selective autophagy was not affected (Mochida et al., 2015). 

PMN was the first mechanism of nucleophagy described in budding yeast by Roberts 

et al., 2003 and remains the best described. It takes place through direct contact between 

the two organelles at the NVJs, established by the Velcro-like interaction of the vacuolar 

protein Vac8 and ONM protein Nvj1, regulated by Snd3 upon nutrient stress (Pan et al., 
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2000; Tosal-Castano et al., 2021). The cargo is pinched off the nucleus directly to the 

vacuolar lumen thanks to an electrochemical gradient generated by the vacuolar ATPase. 

(Dawaliby & Mayer, 2010; Kvam et al., 2005; Pan et al., 2000; Roberts et al., 2003). 

Besides, there are other NE-vacuole contact sites established as sites for lipid droplet 

biogenesis which do not intervene in PMN that contain the tethers Mdm1, Nvj2 and Nvj3 

(Hariri et al., 2018; Henne et al., 2015). It was recently described that Atg39 was also 

required in PMN, making this autophagic cargo receptor a common feature of macro and 

micronucleophagy to target degradation, along with the core autophagic machinery and 

the additional requirement of Atg11. One difference between both autophagy modes is 

the size of the cargo, which is significantly bigger in PMN (Otto & Thumm, 2020, 2021). 

Within the PMN process, we differentiate two stages: the initial protrusion of nuclear 

membrane at the NVJ and the late step of vesicle scission (Dawaliby & Mayer, 2010). 

This pathway requires the core autophagic machinery for the latter, although not for the 

NVJ establishment (Krick et al., 2008). Through PMN several cargo are degraded, 

including NE components and parts of the nucleolus containing pre-ribosomes and RNA, 

but importantly NPCs and SPBs are excluded (Millen et al., 2009). Interestingly, there is 

a specific autophagy pathway to selectively degrade NPCs upon TORC1 inactivation, 

divided into two branches referred to as NPC-phagy and nucleoporinophagy, mediated 

by Atg8–Nup159 interaction but Atg39 independent (Lee et al., 2020; Tomioka et al., 

2020). Because parts of the nucleolus are targeted for PMN, it is crucial to prevent rDNA 

degradation. To avoid rDNA inclusion in the PMN nuclear projections, the CLIP and 

cohibin complexes drive the DNA away from the NVJ upon TORC1 inactivation to 

physically separate it from nucleolar protein degradation (Mostofa et al., 2018, 2019). 

This process of separation and repositioning of nucleolar proteins and rDNA is promoted 

by rDNA condensation after TORC1 inactivation (Mostofa et al., 2019). 
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Figure 1.11. Proposed model for nucleophagy in budding yeast. Both macro and 

micronucleophagy depend on the interaction of Atg8 and the specific cargo receptor Atg39, 

although Nvj1 is only detected in PMN vesicles. As described above, macronucleophagy involves 

autophagosome formation, depicted by Atg8, which recruits the rest of the autophagic machinery, 

in contrast to PMN, whose vesicles are not coated with Atg8 except for a focus which arises at 

the neck of nuclear protrusion into the vacuole. Remarkably, PMN cargo is bigger in size than 

macronucleophagic vesicles (modified from Otto & Thumm, 2021 and created with 

BioRender.com). 

The third type of nucleophagy described until now (only acknowledged by a subset 

of authors in nucleophagy reviews) is referred to as late nucleophagy, which is a form 

of micronucleophagy that differs in time and space from PMN. First, in contrast to PMN, 

it is independent of NVJs and some Atg core components, and second it is only observed 

after prolonged nitrogen starvation (20 – 24 h), while PMN is detectable in exponentially 

growing cells at a baseline level and at higher rates upon shorter nutrient deprivation (3 

h). Interestingly, inhibition of late nucleophagy caused by certain Atg mutations under 

nitrogen starvation conditions led to aberrant nuclear morphology, despite they recovered 

a rounded shape when exposed to enriched medium (Mijaljica et al., 2012).  

In contrast to other eukaryotes, in which several cues can activate autophagy, in yeast 

is nutrient depletion the main stimulus that triggers autophagy, although PMN is active at 

baseline levels in exponential growth under medium rich conditions as well (Mijaljica & 
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Klionsky, 2022; Papandreou & Tavernarakis, 2019; Reggiori & Klionsky, 2013; Roberts 

et al., 2003). It is the evolutionary conserved TOR complex that regulates growth by 

coupling nutrient sensing and cell metabolism. In yeast, unlike almost all other eukaryotes 

which only carry one, there are two TOR genes, which in turn form two different 

complexes: TORC1 (which contains either Tor1 or Tor2) and TORC2 (which contains 

Tor2 exclusively). Both complexes play a central role in regulating cell growth through 

two separate signaling branches. There is a TOR shared function redundant in both 

complexes, which is the one nutrient and rapamycin responsive that controls protein 

synthesis and degradation, mRNA synthesis and degradation, ribosome biogenesis, 

nutrient transport and autophagy; but there is also a TORC2 unique function, which 

controls polarization of the actin cytoskeleton, endocytosis and sphingolipid synthesis. 

The TOR shared branch executed by TORC1 is considered to mediate temporal control 

of cell growth (Loewith & Hall, 2011). 

TORC1 localizes mainly on the limiting membrane of the vacuoles (of note, the yeast 

vacuole acts as a nutrient reservoir) and acts as a metabolic switch in response to nutrient 

availability, being the primary sensor of nitrogen and amino acids, negatively regulating 

autophagy when they are present at sufficient concentrations, hence promoting cell 

growth. It does so by keeping Atg13 (among other proteins) phosphorylated, which 

inhibits the downstream cascade triggered by this protein to assemble the Atg1 kinase 

complex (Noda & Ohsumi, 1998). Additionally, it has been proposed that autophagy 

regulation by TORC1 requires at least a partial relocalization, in which it detaches from 

the vacuolar membrane upon inactivation, to allow Atg13 dephosphorylation and PAS 

recruitment (Noda, 2017). Another way to activate autophagy in mammal cells and yeast 

is rapamycin exposure because it is a TOR inhibitor and thus influences TOR signaling 

pathways, mimicking what happens under nitrogen deprivation. Furthermore, glucose 

deprivation can trigger autophagy too. Under higher concentrations of glucose protein 

kinase A (PKA) is active and inhibits macroautophagy by phosphorylating Atg1 and 

Atg13, at different sites from those targeted by TOR, inhibiting downstream reactions as 

well (Budovskaya et al., 2005; Stephan et al., 2009). Nonetheless, this complex process 

is regulated through many other different cue-specific mechanisms.  

      Besides inducing general autophagy, when TORC1 is inactivated under different 

kinds of stress, it promotes macro and micronucleophagy through the Nem1/Spo7-Pah1 

axis, as it properly localizes Nvj1 to the NVJ and the specific nucleophagy receptor Atg39 
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(Morshed et al., 2020; Mostofa et al., 2018; Rahman, Mostofa, et al., 2018; Rahman, 

Terasawa, et al., 2018; Ueda et al., 2019). Additionally, the yeast lipin/Pah1 is recruited 

to the nuclear membrane domain in contact with the vacuole when glucose is consumed 

from the media in the post-diauxic shift, suggesting it might play a role in lipid 

remodeling to promote PMN (Barbosa et al., 2015). Furthermore, other proteins involved 

in lipid biosynthesis (Tsc13 and Osh1) are targeted to the NVJs by Nvj1 and have been 

implicated in PMN, suggesting a connection between lipid composition and the ability to 

form NE extensions towards the vacuole (Dawaliby & Mayer, 2010; Kvam et al., 2005; 

Kvam & Goldfarb, 2006; Tosal-Castano et al., 2021). Additionally, TORC1 inhibition 

reduces nucleolar size both in interphase and mitosis, while also impinges on its 

morphology (Ha & Huh, 2011; Matos-Perdomo & Machín, 2018; Tsang et al., 2003). 

Cerulenin-induced fatty acid synthesis inhibition prevents the formation of these NE 

extensions, impairing PMN, implicating that enough lipid synthesis is needed to create 

these membrane protrusions (Inokoshi et al., 1994; Kvam et al., 2005). In mammalian 

cells, TORC1 phosphorylates lipin to keep it inactive and prevent it from binding the 

nuclear membrane in favorable conditions (T. E. Harris et al., 2007; Huffman et al., 2002). 

However, yeast TORC1 helps to keep Pah1 inactive by preventing its dephosphorylation 

by Nem1, keeping the latter phosphorylated (Dubots et al., 2014). It was suggested that 

abnormal nuclear morphology in these mutants could be worsened by nucleophagy 

impairment, as the cell could not recycle the excess of membrane created (Krick et al., 

2008; Nakatogawa & Mochida, 2015). TAGs present in LDs act as donors for 

autophagosome membrane formation, implying that impaired TAG synthesis has a 

negative impact in autophagy induction. This has been observed in yeast mutants of TAG 

synthesis or lipolysis, which show inhibited autophagosome formation and 

macroautophagy after nitrogen starvation (Shpilka et al., 2015). Furthermore, altering the 

lipin axis and impairing DAG production compromises bulk autophagy, and especially 

nucleophagy, after TORC1 inactivation (Rahman, Mostofa, et al., 2018; Rahman, 

Terasawa, et al., 2018). 

It is evident that impairing nucleophagic mechanisms must have implications for the 

organism health, as has been reported in many human pathologies, including cancer, type 

II diabetes and several illnesses of the central nervous system, such as Parkinson’s disease 

(Nakatogawa et al., 2009; Papandreou & Tavernarakis, 2019; Schneider & Cuervo, 2014). 

Furthermore, we can envision how intricate the balance of the NE is, taking into account 
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processes such as lipid composition and degradation of nuclear components via 

nucleophagy, connection to other organelles such as the vacuole and lipid droplets, which 

are in turn regulated by different pathways, such as TOR-mediated surveillance. This tight 

regulation might evidence that nuclear morphology is essential for proper cell survival. 

1.4. Saccharomyces cerevisiae as a model organism 

The yeast Saccharomyces cerevisiae, commonly known as baker’s or budding yeast, 

represents one of the main model organisms used in biological research. This non-

pathogenic unicellular fungus from the phylum Ascomycota has a size of 4 – 6 µM and 

has been used to study processes like cell cycle, maintenance of genomic stability, DNA 

damage and stress responses, including autophagy, within the eukaryotic domain because 

they are highly conserved through evolution and thus, unlike bacteria, being comparable 

to humans. 

 Thanks to a series of traits, its use presents many advantages compared to higher 

eukaryotes, being especially suitable for genetic, biochemical and cell biology studies. 

Some of its attributes include rapid growth with low requirements of media and 

temperature (generation time of approximately 90 – 120 min under optimal conditions), 

highly efficient genetic engineering thanks to a high rate of HR and a stable life cycle 

either as haploid or diploid cells. When they exist in haploid form, we distinguish two 

different mating types, so-called MATa or MATα, which are able to mate to produce a 

diploid cell. Nonetheless, when diploids face stressful conditions like nitrogen 

deprivation, they undergo meiosis and produce four haploid spores contained within an 

ascus, which will germinate under favorable conditions (Fig. 1.12). The different mating 

types produce different pheromones, a-factor and α-factor respectively, which block the 

cells of the opposite sex in G1 to prepare them for mating and start a new diploid cycle 

(Schrick et al., 1997). Also, the stages of the cell cycle are morphologically 

distinguishable under a simple bright field microscope by the existence and size of the 

bud.  
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Figure 1.12. S. cerevisiae life cycle. MATa and MATα cells mate to give rise to a diploid cell, 

which will undergo meiosis and sporulate under stressful conditions, forming an ascus containing 

four ascospores. Both, haploids and diploids, double by mitosis in a vegetative life cycle (modified 

from https://www.singerinstruments.com/resource/what-is-yeast/ and created with 

BioRender.com). 

An important advantage over other model organisms is that the yeast genome 

organization is far simpler, it was the first eukaryote entirely sequenced, and all related 

information is publicly available online at Saccharomyces Genome Database (Cherry et 

al., 2012). The size of the genome is 12.1 million base-pairs (bp), containing about 6000 

genes (of which about 4000 are not essential) with barely any introns distributed in 16 

chromosomes (Goffeau et al., 1996). 

  

https://www.singerinstruments.com/resource/what-is-yeast/
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As explained above, there are multiple scenarios which cause nuclear envelope 

morphological alterations, either caused by genetical or chemical means. There is a gap 

in the knowledge regarding how these non-spherical nuclear morphologies might affect 

chromosome segregation and if they compromise genomic integrity. Likewise, it is not 

well described the mechanism by which cells get rid of nuclear membrane imbalances to 

achieve proper mitotic exit and entry into a new cell cycle, reshaping the nucleus to 

reestablish an accurate nuclear/cytoplasmic volume ratio. 

The aims addressed in this work are:  

1. To characterize how different chemical and genetic factors affect nuclear 

morphology and architecture in mid-M delays. 

 

2. To evaluate the possible consequences of such mitotic delays on nuclear 

morphology and genome stability upon cell cycle reentry. 

 

3. To study the possible role of autophagy in the correction of nuclear membrane 

imbalances caused by mitotic delays. 

 

4. To evaluate the effect of toxic compounds from CEAMED S.A. in nuclear 

shape and chromosome segregation. 
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3.1. Strains 

Yeast strains used in this work are listed below on Table 3.1. The genetic 

backgrounds of these cells are W303 (Thomas & Rothstein, 1989), YJM789 (Wei et al., 

2007) and YPH499, derived from the S288C background (Sikorski & Hieter, 1989). 

Table 3.1. List of strains used in this work. 

Strain Relevant genotype Origin 

AS499 

(YPH499) 
MATa ura3-52 lys2-801 ade2-101 trp1-Δ63 his3-Δ200 leu2-Δ1 bar1-Δ A. Strunnikov 

W303 MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 R. Rothstein 

CCG771 [AS499] NET1-GFP::LEU2 CCGa 

CCG1326 
[AS499] TetR-YFP::ADE2 tetO(5.6Kb)::194Kb-ChrXII::HIS3 NET1-

CFP::KanMX4 
CCGa 

CCG1327 
[AS499] TetR-YFP::ADE2 tetO(5.6Kb)::450Kb-ChrXII::URA3 NET1-

CFP::KanMX4 
CCGa 

CCG1328 
[AS499] TetR-YFP::ADE2 tetO(5.6Kb)::487Kb-ChrXII::HIS3 NET1-

CFP::KanMX4 
CCGa 

CCG1329 
[AS499] TetR-YFP::ADE2 tetO(5.6Kb)::1061Kb-ChrXII::HIS3 NET1-

CFP::KanMX4 
CCGa 

CCG1582 [AS499] NET1-CFP::HygB NUP49-GFP::URA3 CCGa 

FM2010-

2012 

Mata/α ade2-1/ade2-1 can1-100/Δcan1::SUP4-o his3-11,15/HIS3 ura3-

1/ura3-1 trp1-1/TRP1 V9229::HYG/V V261553::LEU2/V 
Our labb 

FM2013-

2015 

Mata/α leu2-1,112/LEU2 his3-11,15/HIS3 ura3-1/ura3-1 ade2-1/ade2-1 

trp1-1/TRP1 Δcan1::NAT/Δcan1::NAT IV1510386::KANMX::can1-100/ 

IV1510386::SUP4-o 

Our labb 

FM2396 
[W303] ADH1-OsTIR1-9Myc::URA3 NET1-GFP::LEU2 cdc16-aid*-

9myc::hphNT 
Our lab 

FM2614 [W303] HTA2-mCherry::URA3 NET1-GFP::LEU2 Our lab 

FM2637 
[W303] ura3-1::ADH1-OsTIR1-9Myc::URA3 SEC61-ECFP::kanMX4 

NET1-mCherry::natNT2  trp1-1::PADH1-IAA17-EGFP-NLS::TRP1 
Our lab 

FM2639 
[W303] ura3-1::ADH1-OsTIR1-9Myc::URA3 SEC61-ECFP::kanMX4 

NET1-mCherry::natNT2  trp1-1:: PADH1-EGFP-IAA17-NLS::TRP1 
Our lab 

FM2658 

[AS499] TetR-YFP::ADE2 tetO(5.6Kb)::450Kb-ChrXII::URA3 

tetO(5.6Kb)::1061Kb-ChrXII::HIS3 SEC61-ECFP::kanMX4 NET1-

mCherry::natNT2 

Our lab 
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FM2676 
[AS499] TetR-YFP::ADE2 tetO(5.6Kb)::1061Kb-ChrXII::HIS3 cdc15-

2::9Myc::HphNT1 ADH1-OsTIR1-9Myc::URA3 SPC42-mCherry::natNT2 
Our lab 

FM2707 

[AS499] TetR-YFP::ADE2 tetO(5.6Kb)::1061Kb-ChrXII::HIS3 cdc15-

2::9Myc::HphNT1 ADH1-OsTIR1-9Myc::URA3 HTA2-mCherry::natNT2 

NET1-ECFP::klTRP1 

Our lab 

FM2732 
[AS499] pep4::HIS3 GFP-TUB1::URA3 cdc15-2::9myc::HphNT1 

SPC42-mCherry::natNT2 
Our lab 

FM2735 [FM2707] cdc16-aid*-9myc::KanMX Our lab 

FM2748 [FM2707] nem1-aid*-9myc::KanMX Our lab 

FM2795 
[AS499] pep4::HIS3 GFP-TUB1::URA3 cdc15-2::9myc::HphNT1 PPGK1-

mRuby2-3xNLS-TADH1::LEU2 NET1-ECFP::klTRP1 
Our lab 

FM2799 
[W303] HTA2-mCherry::URA3 NET1-ECFP::klTRP1 SEC61-

EYFP::kanMX4 
Our lab 

FM2829 [W303] HTA2-mCherry::URA3 NET1-ECFP::KanMX4 GFP-ATG8::TRP1 Our lab 

FM2965 [W303] HTA2-mCherry::URA3 NET1-ECFP::KanMX4 VPH1-GFP::HIS3 Our lab 

a. Strains courtesy of Dr. Luis Aragón (MRC, London, UK). b. Haploid strains used to create the 

diploid courtesy of Dr. Thomas Petes (Duke University, NC, USA). 

3.2. Culture conditions 

3.2.1. Bacteria culture conditions 

Bacterial strains DH5α and XL1-Blue were routinely used for cloning purposes or to 

amplify preexisting plasmids. To prepare competent cells and to amplify plasmid DNA, 

bacteria were grown in LB media at 37ºC with moderate shaking (150 – 200 rpm). 

3.2.2. Yeast culture conditions 

Strain stocks were kept at -80ºC in YPD + 20% glycerol in cryogenic tubes. When 

needed, they were grown for 2 – 3 days on YPDA plates at 25ºC, due to the presence of 

thermosensitive alleles such as cdc15-2, allowing ~ 32 – 48 cell divisions. The colonies 

obtained were used to inoculate liquid cultures. That is, cells were grown overnight in 

liquid YPD at 25ºC in an orbital shaker incubator at 150 – 200 rpm before every 

experiment, unless stated otherwise. Adenine was added to the media at 75 µg/mL if they 

were aimed for microscopy experiments to avoid autofluorescence due to accumulation 

of colored metabolic intermediates of the adenine synthesis pathway, as some strains used 

were ade2. Also, for some conditional depletion experiments, cells were grown overnight 

in the presence of IAA 5 mM. 
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The day after, exponentially growing cells were adjusted to an OD600 between 0.4 – 

0.7 to perform the experiment. If the culture had an OD600 slightly over 1, it was adjusted 

to 0.4 diluting in fresh media and grown in the orbital shaker for 1h before starting the 

experiment. In the case of nocodazole (Nz) arrest experiments aimed to study the rDNA 

loop, cultures were not diluted in fresh media, and they were grown to late exponential 

phase to favor loop formation. 

Auxin-mediated protein degradation 

We routinely used conditional depletion of proteins within different experiments to 

assess the effect of their absence in certain situations. The chosen method is based on 

proteasomal degradation of AID-tagged proteins mediated by the auxin-binding receptor 

(TIR1) when the plant hormone auxin (indole-3-acetic acid, IAA) is present in the media 

(Morawska & Ulrich, 2013). A concentration of 5 mM was used between 1 – 3 h, and its 

efficiency was examined by microscopy, Western blot and/or spot assays. 

Synchronization procedures 

For most experiments, synchronization of the cell population at different stages of 

the cell cycle was required. This was generally achieved after a 3h incubation under the 

effect of a specific drug or temperature (in the case of ts alleles) once the optical density 

of the culture was adjusted as described above (Fig. 3.1). 

 

Figure 3.1. Cell synchronization procedures used in this work. Cell boundaries and 

nucleoplasm are depicted in yellow while nuclei are indicated in red. To synchronize in G1, the 



3. Material and methods 

 

76 

pheromone α-factor was used at 50 ng/mL. For mid-M blocks, two approaches were used: the 

microtubule depolymerizing drug nocodazole or the inducible mutant of the APC cdc16aid. For 

late mitosis arrests, the ts alleles cdc14-1 or cdc15-2 were used. All these procedures were 

maintained for 3 h to achieve full synchronization of cultures. Note how different procedures 

render different nuclear morphologies among cell cycle blocks. 

Asynchronous cultures were blocked in G1 by adding 50 ng/mL of the pheromone 

α-factor to the medium and a following incubation of 3h, since all yeast strains used in 

this work belong to the sexual type MATa. As the Bar1 protease cleaves α-factor in the 

extracellular space, thus inactivating it, (Sprague et al., 1983), all strains used carried 

BAR1 deletions, so that small amounts of pheromone are required for an efficient 

treatment. When cells were required to resume cycling after synchronization, the culture 

was spun down and resuspended in fresh media containing 0.1 mg/mL of pronase E 

(mixture of proteolytic enzymes obtained from Streptomyces griseus used to hydrolyze 

proteins into individual amino acids) to wash and degrade the remaining α-factor. 

Mid-M or G2/M arrests were achieved through different methods. Mostly, the 

microtubule depolymerizing drug nocodazole (Nz) was used for this purpose, allowing 

DNA replication but not segregation. It was added to asynchronous cultures at a 

concentration of 15 µg/mL followed by a 2h incubation, and then supplemented again 

with 7.5 µg/mL to maintain the arrest, followed by a 1h incubation before cell cycle block 

completion. When cells were required to resume cycling after synchronization, the culture 

was spun down and resuspended in fresh media, because when Nz is no longer present, 

cells are able to start segregation. In some experiments, we depleted an essential 

component of the anaphase promoting complex (APC) through the conditional allele 

cdc16-aid. To achieve mid-M arrests in cdc16-aid strains, we added IAA 5 mM to the 

culture and incubated for 3h. 

Late anaphase or telophase blocks were accomplished by 3h incubations at restrictive 

temperature (34 – 37°C) of strains bearing the ts alleles cdc14-1 or cdc15-2 respectively. 

Cdc14 phosphatase is involved in FEAR and MEN networks, while Cdc15 kinase exerts 

its role in MEN. Therefore, inactivating each of these proteins cause a cell cycle block 

before cytokinesis. 

Occasionally, the experimental design required the use of drugs with different 

purposes, either alone or combined with the aforementioned synchronization procedures. 

A list of those drugs and their concentration is shown below (Table 3.2). 
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Table 3.2. Stock and usage concentrations of drugs used in this work. 

Drug Stock concentration Working concentration 

α-factor 5 mg/mL in H2O 50 ng/mL 

Cerulenin 5 mg/mL in EtOH 2 μg/mL 

IAA 500 mM in DMSO 5 mM 

Nocodazole 1.5 mg/mL in DMSO 15 μg/mL 

Pronase E 10 mg/mL in H2O 100 μg/mL 

Rapamycin 2.2 mM in DMSO 200 nM 

 

Clonogenic assays 

To assess the survival rate of a population under certain circumstances, we used 

clonogenic assays, plating a known number of cells after specific treatments and 

comparing the amount of CFUs grown vs an untreated control. We routinely diluted cells 

1:1,000 or 1:2,000, then 100 µL from that dilution were spread onto YPDA plates and 

incubated at 25°C for 2 – 4 days until colonies were easily visible. 

Cell viability assessment  

Spot dilution assays were used to evaluate the effect of certain chemicals on yeast 

populations. Yeast cultures optical density was adjusted to 0.5 and then serially diluted 5 

times in 10-fold steps on YPD in a 96 well plate. Then, a microplate replicator was used 

to apply the drops onto a Petri dish containing media plus the chemical product to test 

(usually IAA), and then they were incubated at 25ºC for 3 – 4 days.  

Growth curves 

To assess the growth dynamics of WT and mutant strains exposed to IAA at different 

concentrations we used the microplate reader TECAN Spark®. This machine recorded 

the OD600 of individual wells of a 96-well plate incubated at 96 rpm at room temperature 

for 24 h, measuring every 15 min. 
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3.3. Transformation procedures 

3.3.1. Transformation of Escherichia coli 

A standard protocol (Seidman, C.E., Struhl, K., Sheen, J., and Jessen, 1997), with 

slight modifications, was used to transform E. coli and thus to amplify plasmid DNA.  

First, competent cells were prepared as follows. A single colony was inoculated in 

liquid LB medium and incubated at 37ºC with moderate shaking until cells reached 

stationary phase. After this, they were diluted 1:400 and grown until they reached an 

OD590 = 0.375 (early or mid-log phase). Cells were aliquoted into eight 50 mL prechilled 

tubes and incubated on ice for 5 – 10 min. In all subsequent steps, cells were kept cold by 

incubating them on ice or performing centrifugation steps at 4ºC. Next, they were 

centrifuged at 1,600 g for 7 minutes, the pellet was resuspended in 10 mL of ice-cold 

CaCl2 solution and centrifuged at 1,100 g for 5 minutes. The pellet was resuspended again 

in 10 mL of ice-cold CaCl2 solution and incubated on ice for 30 minutes. Finally, cells 

were centrifuged again at 1,100 g for 5 minutes, the pellet was resuspended in 2 mL of 

ice-cold CaCl2 solution and then aliquoted and stored at -80ºC until needed. 

For bacterial transformation, 50 µL of competent cells were mixed with 1 – 5 µL of 

plasmid DNA from a miniprep, a midiprep (diluted 1:100) or a MoClo reaction. Then, 

the mixture was incubated on ice for 30 minutes and subjected to heat shock in a water 

bath at 42ºC for 45 seconds. After that, cells were shortly incubated on ice again for 2 

minutes before adding 950 µL of prewarmed LB medium. Cells were incubated for 1 hour 

30 minutes at 37ºC with mild shaking before plating on selective medium (LB + selection 

antibiotic). Concentrations of all antibiotics used for selection are listed below (Table 

3.3). 

Table 3.3. Stock and usage concentrations of antibiotics used for bacteria selection. 

Antibiotic Stock concentration Final Concentration 

Ampicillin (Amp) 50 mg/mL 100 µg/mL 

Kanamycin (Kan) 50 mg/mL 50 µg/mL 

Chloramphenicol (Cm) 25 mg/mL 25 µg/mL 
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3.3.2. Transformation of Saccharomyces cerevisiae 

Yeast strains created in this work were made following an adapted version from the 

original published by (Janke et al., 2004; Knop et al., 1999). Thus, many yeast constructs 

relied on the preparation of PCR-based transformation products, which are introduced 

into the cell by lithium acetate transformation. 

To prepare competent cells, a single yeast colony was grown overnight in 40 mL of 

YPD until an OD600 of 0.7 - 1. Then, cells were harvested by centrifugation at room 

temperature and washed, first with 25 mL of sterile distilled water and then with 1 mL of 

SORB. Finally, cells were resuspended in 350 µL of SORB + 50 µL of carrier DNA 

(sonicated and denatured herring or salmon sperm). These stocks were stored at -80ºC 

until needed. 

The transformation procedure starts by thawing yeast stocks on ice, and then mixing 

27 µL of competent cells with 3 µL of DNA obtained from a PCR, an enzymatic digestion, 

or a plasmid DNA preparation. Then, 180 µL of PEG solution were added before a 30 

min incubation at room temperature. After that, 33.3 µL of DMSO were added prior the 

heat shock step in a water bath at 42ºC for 15 min. Next, cells were harvested by 

centrifugation at 2,000 rpm for 3 min and treated as follows, regarding the selection 

process required: 

• Auxotrophic markers: the pellet was resuspended in 150 µL of distilled 

milli-Q water and then plated on the corresponding minimum media, which 

consisted of Synthetic Complete (SC) medium lacking particular amino acids 

or nucleotides. The media is made from Yeast Nitrogen Base (YNB), glucose 

at 2% (w/v) and a dropout of amino acids and nucleotides. 

• Antibiotic-resistance markers: the pellet was resuspended in 150 µL of 

YPD and incubated at 25ºC for 3h before plating, to allow cells to express 

the resistance gene product before exposing cells to the antibiotic on the 

selection plate, which consisted of YPDA + the selection antibiotic. 

Concentrations used for each drug are listed below on Table 3.4. 
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Table 3.4. Stock and usage concentrations of antibiotics used for yeast selection. 

Antibiotic Stock concentration Final Concentration 

Geneticin (G-418) 50 mg/mL 300 µg/mL 

Hygromycin B (Hph) 50 mg/mL 300 µg/mL 

Nourseothricin (Nat) 200 mg/mL 100 µg/mL 

 

3.4. Plasmid construction using Modular Cloning (MoClo) 

To create new complex constructs to be expressed in yeast, we used the Modular 

Cloning (MoClo) hierarchical strategy designed for S. cerevisiae (M. E. Lee et al., 2015). 

In this hierarchy, modules are categorized according to their function – such as promoters, 

CDS, tags, terminators, etc – and can be interchanged with other of the same type while 

maintaining the transcriptional unit structure (Fig. 3.2). 

 

Figure 3.2. Hierarchy of MoClo assembly designed for yeast. Taken from M. E. Lee et al., 

2015. 
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This approach is based on Golden Gate assembly, an efficient way to assemble 

multiple DNA sequences (called modules or parts in Synthetic Biology) into a plasmid in 

a single reaction (Engler et al., 2008, 2009). The method relies on Type II restriction 

enzymes (in this work we used BsaI-HF®v2 and BsmBI from NEB), which cut DNA 

outside of their recognition sequences, creating specific overhangs that allow 

simultaneous and directional assembly of the desired DNA fragments by a DNA ligase 

(in this work we used the T4 DNA ligase from Promega).  

The website https://spleonard1.shinyapps.io/paRting/ was used for primer design to 

amplify parts with the desired tails, adding the appropriate restriction enzyme target 

sequences and the bases that will constitute the desired overhang to achieve directional 

assembly, through PCR from yeast gDNA or other plasmids as templates. This 

hierarchical process can be divided into the following steps. First, the creation of dsDNA 

encoding the part for cloning. This was achieved by PCR, adding the appropriate flanking 

region (specific to the type of module) by using tailed oligos or by ordering synthetic 

dsDNA with the desired sequence ready for cloning. These sequences can be inserted into 

a part plasmid entry vector, to be further amplified in bacteria and stored as bacteria DNA 

preps. Then, the assembly of first-stage plasmids which contain one transcriptional unit. 

We created the vector pSS2, designed to be integrated in the yeast HO locus, using LEU2 

as selection marker for yeast and KanR for bacteria (Fig. 3.3). This vector contains a GFP 

stuffer sequence to be replaced with parts corresponding to promoters, CDS, tags and 

terminators, simplifying following cloning reactions by diminishing the number of 

modules to assemble at once. 

https://spleonard1.shinyapps.io/paRting/
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Figure 3.3. Assembly vector designed for integration in the HO locus in yeast. 

The Golden Gate Assembly Wizard from the website https://www.benchling.com/ 

was used to verify in silico assembly and correct design before ordering oligos and 

synthetic dsDNA from Thermo Fisher Scientific as GeneArt Strings. Reactions were 

prepared (Table 3.5) and incubated (Table 3.6) in a thermal cycler as follows, alternating 

between temperatures which allow cut and ligation processes. 

Table 3.5. MoClo reaction setup for BsaI-HF®v2. 

  

 

 

 

 

 

  

Reagent Amount 

dsDNA parts 1 µL of each part 

10x T4 DNA ligase buffer (Promega) 2 µL 

T4 DNA ligase (Promega) 1 µL 

BsaI-HF®v2 (NEB) 1 µL 

Milli-Q water Up to 20 µL total 

https://www.benchling.com/
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Table 3.6. MoClo thermal cycler program for BsaI-HF®v2. 

Step Temperature Time 

1 37ºC 1.5 min 

2 16ºC 3 min 

Cycles 1-2 Repeat 25x 

3 37ºC 5 min 

4 80ºC 10 min 

Once the assembly reaction was finished, 2 – 5 µL were used to transform competent 

E. coli as described above. A first screening was done visually by discarding green 

colonies on the plate (as they still harbor plasmids containing the GFP stuffer), indicating 

an improper assembly or uncut pSS2. Plasmid minipreps were prepared from WT colored 

colonies to survey accurate constructions through diagnostic restriction digestion with 

different enzymes, comparing with predictions obtained using SnapGene® or Benchling. 

Plasmids were linearized by NotI digestion, which also eliminates bacteria replication 

origin and selection marker, and then transformed in yeast as explained above, allowing 

the integration into the yeast genome in a stable manner. 

For this work, we created a plasmid which contains a construct that consists of PPGK1-

mRuby2-3xNLS-TADH1::LEU2 integrated in the HO locus (strain FM2795) to allow 

nucleoplasm visualization. 

3.5. DNA preparations 

3.5.1. Plasmid DNA preparation from E. coli 

Plasmid DNA extraction from E. coli was performed i) to obtain the amplified 

plasmid after bacterial transformation or ii) to check transformants carrying the 

appropriate plasmid ligation product after MoClo.  

According to these purposes, different commercial kits were used. For i), a plasmid 

DNA mid-scale preparation was performed using the PureYield™ Plasmid Midiprep 

System (Promega), while in case ii) the kit PureYield™ Plasmid Miniprep System 

(Promega) was used instead, always following manufacturer’s instructions. 
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These DNA preparations were subjected to a conventional agarose gel 

electrophoresis. In the case ii), restriction enzyme digestions were also needed to analyze 

the band pattern obtained compared to the expected regarding the sequence predicted 

using Benchling and SnapGene® software. 

3.5.2. Genomic DNA preparation from S. cerevisiae 

Genomic DNA from yeast was obtained from liquid cultures or colonies grown on 

solid media, either to screen positive clones after yeast transformation or to obtain 

templates for PCR.  

In the first case, 1 mL of culture was harvested and resuspended in 200 µL of 

breaking buffer, while yeasts from plates were directly resuspended in the same amount 

of buffer. Next, 200 µL of ice-cold phenol:chloroform:isoamyl alcohol (25:24:1) and ~ 

200 mg of glass beads were added, and the mix was vortexed for 2 min 30 s to break cells 

mechanically. To separate the organic and aqueous layers, 200 µL of 1x TE buffer were 

added and then centrifuged at 13,000 rpm for 5 min. The top aqueous layer (~ 300 µL) 

containing the DNA was transferred to a new Eppendorf tube and precipitated by adding 

1 mL of ice-cold 95% ethanol, letting stand for 10 minutes. Next, the sample was 

centrifuged at maximum speed for 2 minutes, the pellet was air dried or dried in a vacuum 

concentrator and finally resuspended in 50 µL of 1x TE buffer. Samples were stored at -

20°C until use. 

3.5.3. High molecular weight DNA preparation 

To preserve the integrity of large DNA molecules, such as whole yeast chromosomes, 

we used a specific protocol to prepare samples for PFGE.  

Before DNA extraction, we embedded cells taken from liquid cultures in low melting 

point agarose (LMPA) as follows. First, a sample of 4 mL was washed twice with ice-

cold 50 mM EDTA, then the pellet was resuspended in 10 µL of ice-cold 50 mM EDTA. 

After that, we added 20 µL of Solution I (containing zymolyase to digest cell walls) and 

then 60 µL of pre-heated LMPA (kept at 50°C). Swiftly, the mix was transferred into plug 

molds placed on ice, and let polymerize for 10 min. 

Once all the plugs were ready, they were transferred to 2 mL tubes filled with 

Solution II (containing RNaseA) and incubated overnight at 37°C to allow enzyme 

digestion. The day after, Solution II was removed and replaced with Solution III 
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(containing proteinase K), followed by another overnight incubation at the same 

temperature. Next day, Solution III was removed, and plugs were washed twice with 1x 

TE buffer for 1 h each, keeping the tubes on ice. Finally, TE was replaced with storage 

solution and DNA preparations were kept at -20°C until use. 

3.6. Polymerase Chain Reaction (PCR) 

Amplifications of DNA were done following enzymes manufacturer’s instructions, 

using a T100™ Thermal Cycle (Bio-Rad). To check transformants, the PCRBIO Taq Mix 

(PCR Biosystems) was mainly used, while the PCRBIO HiFi polymerase (PCR 

Biosystems) was used to create amplified DNA products aimed for transformations, either 

from plasmids or genomic DNA. For amplifications longer than 5 kb, PCRBIO Ultra Mix 

(PCR Biosystems) was used instead. The table below contains the list of primers used 

during this work (Table 3.7). 

Table 3.7. List of primers used in this work. 

Primer name Purpose Sequence (5’ → 3’) 

CDC15-S3 C-terminal tagging Cdc15 
AAGTGACGGCTTTTCCGTCCCCATTACAACATTTC

AAACACGTACGCTGCAGGTCGAC 

CDC15-S2 C-terminal tagging Cdc15 
TATTCTCTATATATGTATGTATGCACATGCAATTCC

TACAATCGATGAATTCGAGCTCG 

CDC15-F (-132) 
Verify integration of tagged 

Cdc15 
AAAGGCTTGGCGCATTATCG 

CDC15-R (+3023) 
Verify integration of tagged 

Cdc15 
CGGAAGACTGTGCCACTGC 

CDC16-S3 C-terminal tagging Cdc16 
TAATGCCGACGATGATTTTGACGCAGATATGGAAC

TGGAACGTACGCTGCAGGTCGAC 

CDC16-S2 C-terminal tagging Cdc16 
CTAAGTCGTGTCTTTATTCCTCGCCCGCCTTCGTA

CTTTAATCGATGAATTCGAGCTCG 

CDC16 C' tag CHK F 
Verify integration of tagged 

Cdc16 
ATGTTTTAGATGCGTTTTGG 

HO 5’ forward    
Verify integration of MoClo 

constructs at HO locus 
CACATCATTTTCGTGGATCC 

HO 5’ reverse 
Verify integration of MoClo 

constructs at HO locus 
ACAGCGATGGAACTTACGGC 

HO 3’ forward 
Verify integration of MoClo 

constructs at HO locus 
TATCGTGTTGCATCTGCGGC 

HO 3’ reverse 
Verify integration of MoClo 

constructs at HO locus 
CTTTGGACTTAAAATGGCGT 

HTA2-S3 C-terminal tagging Hta2 
TTGCCAAAGAAGTCTGCCAAGACTGCCAAAGCTTC

TCAAGAACTGCGTACGCTGCAGGTCGAC 
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HTA2-S2 C-terminal tagging Hta2 
ACAAGAATGTTTGATTTGCTTTGTTTCTTTTCAACT

CAGTTCTTAATCGATGAATTCGAGCTCG 

HTA2-F (-382) 
Verify integration of tagged 

Hta2 
GAGAACACCGCTTTATTAGG 

HTA2-R (+732) 
Verify integration of tagged 

Hta2 
CATGAAAAGGATGAAAATGG 

NEM1-S3 C-terminal tagging Nem1 
ACTGGCATTGAAACATGGAGAGAAGGCATTCAAC

ATAAACCGTACGCTGCAGGTCGAC 

NEM1-S2 C-terminal tagging Nem1 
AATTCTCATCTTTTTTGGAAGGACACAATAACAATT

GTCAATCGATGAATTCGAGCTCG 

NEM1 C' tag CHK F 
Verify integration of tagged 

Nem1 
AAGAATACGCTGATCCTGTG 

NET1-S2 C-terminal tagging Net1 
ACTAGCTTTCTGTGACGTGTATTCTACTGAGACTT

TCTGGTATCAATCGATGAATTCGAGCTCG 

NET1-S3 C-terminal tagging Net1 
CCAAGTGGTGGATTTGCATCATTAATAAAAGATTT

CAAGAAAAAACGTACGCTGCAGGTCGAC 

NET1 5'UTR CHK F 
Verify integration of tagged 

Net1 
TGTTTGTAGACGAGGGAAAG 

SEC61-S3 C-terminal tagging Sec61 
GTTTACTAAGAACCTCGTTCCAGGATTTTCTGATTT

GATGCGTACGCTGCAGGTCGAC 

SEC61-S2 C-terminal tagging Sec61 
ATTTTTTTTTTCTTTGGATATTATTTTCATTTTATATT

CAATCGATGAATTCGAGCTCG 

SEC61 C' tag CHK F 
Verify integration of tagged 

Sec61 
AAGCTCTTCTGGACCCTATC 

SPC42-S2 C-terminal tagging Spc42 
AGAACGCTTTAAGAATGCGCCATACTCCTTAACTG

CTTTTTAAATCATCAATCGATGAATTCGAGCTCG 

SPC42-S3 C-terminal tagging Spc42 
CTGAAAATAATATGTCAGAAACATTCGCAACTCCC

ACTCCCAATAATCGACGTACGCTGCAGGTCGAC 

SPC42-F (+770) 
Verify integration of tagged 

Spc42 
AGCTGAAGCGTGTCGAAGAA 

SPC42-R (+1530) 
Verify integration of tagged 

Spc42 
ACTTAGATGAAAGTTGTTGGT 

Vph1-F (-673) Amplify Vph1-GFP TCTCGGTGTGCAAACTTTGG 

Vph1-R (+2767) Amplify Vph1-GFP CCCCAAGGCAAATGATGGTC 

*The number in brackets corresponds to the 5' nucleotide position relative to the ATG start codon 

of the gene. That is, negative values for upstream nucleotides and positive for downstream. F: 

Forward. R: Reverse. S3 and S2: Forward and reverse in Janke's tagging and deletion system 

respectively. (Janke et al., 2004). 

3.7. DNA electrophoresis 

3.7.1. Conventional agarose gel electrophoresis 

Agarose gel electrophoresis was routinely used to i) verify DNA amplification 

through PCR, ii) check transformant colonies and iii) confirm restriction enzyme 

digestion patterns.  
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Most electrophoreses were done using agarose at a final concentration of 1% (w/v) 

dissolved in 1x TBE buffer, using 0.5x TBE as running buffer. To separate small 

fragments from enzyme digestions, agarose concentration in the gel could be as high as 

3%. Running conditions were approximately 90 V for 1 hour. Before loading, 5 µL of the 

sample were mixed with 1 µL of EZ-Vision® One DNA stain loading dye (Amresco), 

allowing us to visualize the bands directly after running under UV light on a Gel Doc 

system (Bio-Rad). The GeneRuler 1 kb DNA Ladder (ThermoFisher Scientific), 

peqGOLD 1 kb DNA Ladder (VWR) and peqGOLD 50 bp DNA Ladder (VWR) were 

employed as molecular weight markers depending on fragment size. 

3.7.2. Pulsed-Field Gel Electrophoresis (PFGE) 

To visualize whole chromosome integrity, we ran PFGE on a CHEF-DR III System 

(Bio-Rad). Gels were prepared at 1% (w/v) agarose in 0.5x TBE buffer, then loaded with 

1/3 of a DNA plug and then ran in 0.5x TBE buffer at 12°C according to the parameters 

shown in Table 3.8 to maximize cXII resolution. 

Table 3.8. Running conditions for PFGE used in this work. 

Parameter Settings used 

Voltage 3 V/cm 

Switching time 300 – 900 s 

Angle 120° 

Running time 68 h 

After the run, gels were stained with a 0.5 µg/mL ethidium bromide solution in milli-

Q water for 40 min and de-stained for 20 min in milli-Q water to visualize DNA bands 

under UV light using a Gel Doc system (Bio-Rad). 

3.8. Western blot 

In this thesis, Western blot analysis was used to assess the presence and expression 

level of certain proteins, detect post-translational modifications such as phosphorylation 

and to verify auxin-mediated protein degradation. 
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3.8.1. Protein extraction 

The trichloroacetic acid (TCA) method was used to extract whole-cell proteins from 

yeast samples, as it conserves post-translational modifications. First, samples of 5 mL of 

liquid cultures were taken and centrifuged for 3 minutes at 3,000 rpm. The pellet was 

resuspended in 1 mL of TCA 20% and transferred to a 2 mL tube, which was centrifuged 

for 1 minute at maximum speed. Next, the pellet was resuspended in 100 µL of TCA 20% 

and ~ 200 mg of glass beads were added before vortexing for 5 minutes. We added 200 

µL of TCA 5% and vortexed again before transferring the top 200 µL of the suspension 

to a new Eppendorf tube, which were centrifuged for 10 minutes at 3,000 rpm. The 

supernatant was removed with a vacuum pump and the pellet was resuspended in 100 µL 

of a mix consisting of Laemmli Sample Buffer (Bio-Rad) 1x + Tris-HCl pH 8 + β-

mercaptoethanol 2.5% before being boiled at 95ºC for 5 minutes. Finally, samples were 

centrifuged for 10 minutes at 3,000 rpm before quantification. 

A Qubit 4 Fluorometer (ThermoFisher Scientific) was used to quantify proteins 

before normalization to have 20 – 30 µg in ~ 20 µL to load onto each well of the gel. 

3.8.2. SDS-PAGE 

Samples were subjected to one-dimension polyacrylamide gel electrophoresis under 

denaturing conditions (SDS-PAGE) in 7.5% acrylamide/bisacrylamide 37.5:1 (Bio-Rad) 

separating gels, while the stacking gels were prepared at 4%. 

We used the mini-PROTEAN® Tetra Cell system from Bio-Rad. To remove 

undesired fragments from the polymerization remaining in the wells, gels were subjected 

to a pulse of 160 V for 12 minutes before sample loading. Running conditions included a 

gradual increase in voltage as follows: 20 min at 90 V, then 1 h at 120 V and finally 150 

V until the end of the electrophoresis. The molecular weight marker used was Precision 

Plus Protein™ Dual Color (Bio-Rad). 

3.8.3. Protein transfer and immunodetection 

Gels were equilibrated in cold transfer buffer for 30 min, while Immobilon-FL PVDF 

membranes (Merck Millipore) were activated by soaking in methanol for 20 s. Then, 

membranes were rinsed in milli-Q water for 5 min and incubated in cold transfer buffer 

up to 30 min. Afterwards, transfer was setup in a Mini Trans-blot® Cell (Bio-Rad) in 

transfer buffer with 20% methanol and ran at 30 V overnight at 4ºC. 
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Membranes were first rinsed in water and then stained with Ponceau S Solution BC 

(Panreac) for 5 minutes to verify proper protein transfer and sample standardization. 

Then, membranes were rinsed to remove staining, activated again as described above and 

blocked by incubating them in TBST + 5% skimmed milk + 0.1% NaAz for 1 h at 4ºC. 

This solution was substituted by a mix of the primary antibody diluted in blocking 

solution, followed by an overnight incubation at 4ºC. 

The following day, membranes were washed 3 times in TBST for 10 min each. Then, 

they were incubated in a solution of TBST + 5% skimmed milk + the appropriate 

secondary antibody for 1 h at room temperature. The 3 washing steps were repeated, and 

the membranes were covered in ECL Prime Western Blotting Detection Reagent 

(Amersham) to be further developed in a Fusion Solo S Documentation Chamber (Vilber 

Lourmat). Quantifications were performed with the Bio1-D Software when needed. 

Antibodies used in this work are listed below in Table 3.9. 

Table 3.9. List of antibodies used in this work. 

Antibody Working dilution Host Reference 

α-c-Myc 

(clone 9E10) 

1:500 Mouse 

Sigma-Aldrich 

(M4439) 

α-Rad53 

(clone EL7.E1) 

1:500 Mouse 

Abcam 

(ab166859) 

α-mini-AID-tag 

(clone 1E4) 

1:500 Mouse 

MBL Life Sciences 

(M214-3) 

α-GFP 1:5,000 Rabbit 

Abcam 

(ab6556) 

α-Mouse IgG (H+L) 

(HRP conjugated) 

1:5,000 Goat 

Promega 

(W4021) 

α-Rabbit IgG (H+L) 

(HRP conjugated) 

1:10,000 Goat 

Abcam 

(ab97051) 
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3.9. Microscopy 

Most of the work hereby presented was carried out using live cell imaging of yeast 

as the main technique, thanks to the versatility offered by the use of double and triple 

tagging with fluorescent proteins.  

Yeast attachment and fixation 

To create 3D cellular models on a super-resolution microscope and a few other 

experiments, cells needed to be fixed as follows. First, 1/10th of 37% formaldehyde was 

added to an aliquot taken from a yeast culture. Then, it was incubated in a nutating mixer 

at room temperature for 15 – 30 min and spun down at 10,000 rpm for 30 s. The pellet 

was washed in 500 µL of filtered PBS 1x and then resuspended in another 500 µL of PBS 

1x. Finally, suspensions were stored at 4°C for a week at most, until micrographs were 

taken. Right before use, suspensions were sonicated for 8 s in a bath sonicator to separate 

cells adhered to each other. 

For long time lapse microscopy films, living yeast cells needed to be immobilized. 

We used the lectin-binding protein concanavalin A (ConA) as an adhesive on Nunc Lab-

Tek chambered slides of 8 wells. First, 50 µL of ConA from a 1 mg/mL stock in PBS (pH 

= 7.4) were applied to a well and it was kept in the dark at 25°C for 20 – 30 min. Then, it 

was removed and washed twice with 50 µL of SC media. After, 500 µL were taken from 

an overnight grown yeast culture in exponential phase, spun down at 2,500 rpm for 2 min 

and resuspended in 250 µL of SC complete to concentrate it. 100 µL of the suspension 

were applied to the well and kept at room temperature for 20 min to allow cell adhesion. 

Non-attached cells were washed twice with 100 µL of SC media and finally they were 

covered with 250 µL of YPDade + Nz at a final concentration of 22.5 µg/mL to start live 

cell imaging. The higher concentration of Nz used in these experiments is actually equal 

to the initial plus the reinforcement doses applied in liquid cultures growing in an air 

incubator. We do this to avoid detachment of the cells by applying liquid in the middle of 

the experiment. Immobilized cells were photographed continuously or every 5 – 15 min 

for 3 h (unless stated otherwise) in single slices, or z-stacks when photobleaching and/or 

phototoxicity of our proteins of choice allowed it.  
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3.9.1. Wide-Field Microscopy (WFM) 

A Leica DMI6000B epifluorescence microscope (Leica) was used, equipped with an 

ultrasensitive DFC350 digital camera and employing a 63x/1.30 immersion objective in 

combination with immersion oil (UV-transparent, fluorescence-free) with a refractive 

index of 1.515 – 1.517 (Fluka). Filter cubes used are listed below (Table 3.10). 

Table 3.10. List of filter cubes used within the Leica DMI600B microscope. 

Fluorochrome Filter cube 
Excitation 

range 

Excitation 

filter 

Dichroic 

mirror 

Suppression 

filter 

mCherry, mRuby2 RFP Green BP 546/12 560 BP 605/75 

(E)YFP, (E)GFP 

cDCFDA 

YFP Blue BP 500/20 515 BP 535/30 

(E)CFP 

MDY-64, Blue CMAC 

CFP Violet-blue BP 436/20 455 BP 480/40 

DAPI A UV BP 360/40 400 BP 470/40 

A Zeiss Axio Observer.Z1/7 was also used, equipped with and Axiocam 702 sCMOS 

camera, a 63x/1.40 immersion objective in combination with Immersol™ 518 F (Carl 

Zeiss) and the Colibri-7 LED excitation system. A list of the filters used together with the 

excitation LED is shown below (Table 3.11).  
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Table 3.11. List of filters and LED lines used within the Zeiss Axio Observer.Z1/7 

microscope. 

Fluorochrome 
Excitation 

range 
Reflector 

Beam 

splitter 

Filter ex. 

wavelength 

Filter em. 

wavelength 

Excitation 

LED line 

mCherry Green 110 HE 

405, 

493, 

611, 

762 

375-395, 

455-483, 

583-600, 

720-750 

410-440, 

501-547, 

618-690, 

770-800 

567 nm 

(E)YFP, 

(E)GFP 

cDCFDA 

Blue 46 HE 515 488-512 520-550 511 nm 

(E)CFP 

MDY-64 

Violet-blue 47 HE 455 424-448 460-500 430 nm 

In general, for in vivo fluorescence microscopy, 200 – 1,000 µL samples were 

collected from cultures, harvested, and ~ 1.5 µL of the pellet were spread on microscopy 

slides. Sometimes, staining was required before visualization. When vacuolar stains were 

used, a wash in YPD (PBS 1x if fixed) was done prior to sample mounting to remove the 

remaining stain. A list of the stains used is shown below in Table 3.12. 

Table 3.12. List of microscopy stains used in this work. 

Stain Stock concentration Working concentration Incubation time 

Blue CMAC 10 mM in DMSO 100 µM 15 – 30 min 

Carboxy-

DCFDA 
10 mM in DMSO 10 µM 15 – 30 min 

DAPI 2 µg/mL 1 µg/mL 1 – 2 min 

MDY-64 10 mM in DMSO 10 µM 3 – 5 min 

On one hand, series of 10 – 20 z-focal planes (0.2 – 0.6 mm depth between each slice) 

were routinely captured and acquisition settings were optimized before the start of every 

experiment. On the other hand, short time-lapse movies were taken to analyze the 
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dynamics of certain cell components by acquiring single slices every 0.2 – 5 min for 5 to 

30 min as needed. 

3.9.2. Confocal Super-resolution Microscopy (CSM) 

An LSM980 with an Airyscan 2 detector, paired with a Plan-Apochromat 63x/NA 

1.40 Oil M27 DIC objective was used in this work. The Airyscan detector was used for 

the acquisition of all fluorescent signals. The resolution provided in Airyscan mode is 

lateral (x/y) resolution to 120 nm for 2D and 3D data sets (z-stacks) and 350-nm axial (z) 

resolution for z-stacks, with an improved resolution up to 1.7X compared to standard 

confocal (Huff, 2015). Bright field images were acquired with T-PMT detectors instead 

of the Airyscan. A list of the beam splitter combinations and the excitation lasers used is 

shown below (Table 3.13). 

Table 3.13. List of beam splitters and lasers used within the LSM980 microscope with an 

Airyscan 2 detector. 

Fluorochrome 
Excitation 

range 

Laser 

wavelength 

Excitation 

wavelength 

Emission 

wavelength 

Detection 

wavelength 

mCherry Green 561 nm 587 610 574-720 

(E)YFP Blue 514 nm 508 524 
420-480, 

495-550 

(E)GFP Blue 488 nm 488 509 
499-557, 

659-720 

(E)CFP/MDY-64 Violet-blue 405 nm 433 475 380-548 

For 3D reconstructions ~ 45 – 50 z-planes (0.15 µm thick) were acquired. Usually, 

fixed cells were used for this purpose, but when fixation conditions altered fluorescence 

patterns, alive cells were used instead.  

Images were processed using FIJI (Schindelin et al., 2012), Zeiss Zen Blue and Zeiss 

Zen lite 3.5 (blue edition) software. Statistical analysis and plots were done using the 

Prism 8 software (GraphPad). For z-stack 2D projections, the maximum intensity (for 

WFM) and sum intensity (for CSM) methods were used.
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4.1. Cytological characterization of metaphase cell cycle blocks 

with non-spherical nuclear morphologies 

4.1.1. The rDNA acquires a wide range of morphologies in a metaphase block 

induced by microtubule depletion 

As mentioned above, there are several ways to induce a mid-M cell cycle block. The 

first we are going to characterize in this work is triggered by microtubule depletion caused 

by nocodazole (Nz), mainly focusing on nuclear and nucleolar structure. In this cell cycle 

arrest, the rDNA acquires a wide range of morphologies, among which we found a 

remarkable loop that resembles the handle of a handbag, considering the bulk chromatin 

as the main body. This outstanding rDNA morphology has been shown before by FISH 

and using fluorescent tagging of proteins which bind the rDNA, such as Net1 (Guacci et 

al., 1994; Lavoie et al., 2002; Machín et al., 2005; Matos-Perdomo & Machín, 2018). In 

these conditions, the nucleus occupies a significant amount of the cell body, leaving an 

apparent gap or space between the handle and the chromatin mass, which we refer to as 

space under the loop (SUL) (Fig. 4.1. A). If this SUL were indeed of nuclear nature, the 

N/C ratio would not be maintained, so we aimed to further characterize this feature of the 

metaphase nucleus (Cantwell & Nurse, 2019b; Deolal & Mishra, 2021). As we show in 

this figure, the rDNA in 2D single slices or z-stack projections can take many shapes (Fig. 

4.1. B). However, these morphologies are highly dynamic and interconvert from one 

another in short periods of time, as observed in short time-lapse microscopy. Furthermore, 

3D projections of confocal z-stacks which contain a front view of the loop evidence that 

2D apparent non-horseshoe projections correspond in fact to horseshoe loops being 

observed from different spatial perspectives (Fig. 4.1. C). Considering these two features, 

further quantification of rDNA morphology may underestimate the amount of horseshoe 

loops. Due to the same reasons, loop length measurements on 2D projections should be 

considered as under-approximations of the real ones, because as it is shown in the 3D 

projection horseshoe loops might appear as a bent arc of shorter length. 
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Figure 4.1. The rDNA acquires many morphologies in a metaphase arrest induced by 

microtubule depletion. (A) Example of cells displaying the outstanding rDNA horseshoe loop 

and the space under the loop (SUL, pointed with dotted arrow) in a 3h Nz arrest (15 µg/mL). The 

rDNA is labelled with Net1-GFP, while the mass of the chromatin is stained with DAPI 

(pseudocolored in red). Occasionally, there are small gaps between both signals, pointed with the 

white arrow in the upper cell. Acquired by WFM, borders of the cells are marked with dotted lines. 

(B) Representation of all rDNA morphologies found in a Nz arrest under 4 major categories: 

unstructured, bars, loops and hooks. (C) 3D CSM reconstruction of a horseshoe loop obtained by 

confocal microscopy rotated in the y axis (left) and x axis (right), respectively. Thus, a horseshoe 

loop might appear as different morphologies when viewed from different perspectives. 

In asynchronous growing cells transiting through G2/M, the horseshoe loop arises 

infrequently, while most of the cells have small rDNA bars instead. However, there are 

small loops, mostly crossover and eight-like, which appear packed. After Nz treatment, 

the bars category is reduced in favor of loops (Fig. 4.2. A). Furthermore, there is an 

increase in the length of the rDNA in general, with the horseshoe loops at 3h in the 

metaphase arrest with a mean length of 5 µm (Fig. 4.2. B and C). This might indicate that 

the natural small loops observed under normal conditions open up and the small bars grow 

and bend in the Nz arrest to give rise to horseshoe loops, giving us a clue of their possible 

genesis mechanism. The remaining morphologies in budded cells, namely oval and 

resolved, correspond to cells that have not reached or have escaped the mid-M block, 

respectively. 
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Figure 4.2. The length of the rDNA increases in the metaphase arrest, accompanied by a 

shift in the main rDNA morphology observed in G2/M cells. (A) Proportion of rDNA 

morphologies in a Nz time-course experiment (mean ± SEM; n = 3). While asynchronous G2/M 

cells mainly display bars, this category is progressively reduced in favor of loop formation along 

the Nz arrest. (B) rDNA length in asynchronous and Nz time-course experiment, considering bars 

and loops (n > 100 cells/timepoint). (C) As in B, but only considering horseshoe loops. In (B) and 

(C), whiskers represent 5-95 percentile, mean is shown as ˈ+ˈ and dots represent outliers. 

If we relate the position of the rDNA to the chromatin mass using the histone H2A2 

(Hta2) tagged with a fluorescent protein, we observe mainly 4 categories (Fig. 4.3. B). In 

the first one, the rDNA appears as an attached or crossing bar over the mass histone signal, 

which may sometimes correspond to top views of loops (video 3, nuclei 3 and 15 and 

video 4, nuclei 3–5; videos available in supplementary materials of our LSA article 

following the aforementioned reference in https://www.life-science-

alliance.org/content/5/10/e202101161/tab-figures-data). In the second it takes the shape 

of a bar that protrudes away from the histone mass, which we refer to as protruding bars 

or flares and are sometimes side views of loops (video 3, nucleus 5). The last two are 

quite similar, showing a closed handle of rDNA which encloses de SUL. The difference 

between both is whether the rDNA signal fully coats the handle (full loops, Fig. 4.1. A) 

or if they contain small gaps devoid of Net1 signal but marked with the histone, denoting 

the presence of chromatin (partial loops, Fig. 4.3. A), although it only happens in 

approximately 10% of the cases, while fully Net1 coated loops account for a 40% of 

rDNA morphologies in the mid-M block. Besides, time-lapse microscopy shows that 

these two types of loops are interchangeable (video 3, nuclei 2, 4, 6 and 13).  

https://www.life-science-alliance.org/content/5/10/e202101161/tab-figures-data
https://www.life-science-alliance.org/content/5/10/e202101161/tab-figures-data
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Figure 4.3. There are zones devoid of Net1 signal in the flanks of the rDNA horseshoe loop. 

(A) Examples of cells showing partially Net1 coated horseshoe loops, marked with white arrows 

at the flanks, showing only Hta2-mCherry signal. Captured by CSM. [This image was provided by 

Matos-Perdomo, E] (B) Quantification of rDNA morphologies relative to the bulk chromatin mass, 

using Net1-GFP and Hta2-mCherry respectively, in z-stack projections (mean ± SEM; n = 3); a/c, 

attached/crossing bar; prot. bar, protruding bar. Others* mostly include oval and resolved into two 

rDNA signals. A/c bars may actually be top views of loops, while some protruding bars may be 

side views, so it is possible that the loop total proportion is higher than the ~55% accounted here. 

Next, we wanted to interrogate the nature of the SUL. Taking advantage of several 

strains carrying the tetO/TetR system, in which not all TetR-YFP molecules are bound to 

the tetOs, leaving a freely circulating pool in the nucleus that allows us to visualize the 

nucleoplasm. This signal is always present in horseshoe loops, surrounding the Net1 

signal (Fig. 4.4. A). In those strains, the tetO is inserted at a specific locus within the 

chromosome XII. Using a strain which contains two tetO loci which flank the rDNA 

array, one at the proximal flank of the rDNA array (450 kb) and the other one close to the 

right arm telomere (1061 kb), we observed that the rDNA array traverses the protrusion 

from side to side in a non-folded manner, as we find one tetO spot at every side of the 

handle. If the rDNA array was folded back, we would have observed the two tetO spots 

on the same side. That means that the bases of the rDNA horseshoe loop are the flanking 

regions of the rDNA array (Fig. 4.4. A). This also explains the appearance of partially 

Net1 coated loops, as the non-coated regions may correspond to the distal part of the right 

telomere of cXII. Strikingly, the nucleoplasm signal follows the loop, but it is not present 

in the SUL, suggesting that its nature is not nuclear. As we saw in Fig. 4.3, this space is 

not occupied by chromatin either, because it does not present histone staining. To further 

confirm this, we used other strains which carry a variety of nuclear markers, including 

Nup49 as a marker for the NPCs embedded throughout the NE, Sec61 to detect the pnER 

and a EGFP fused to an NLS to indicate the nucleoplasm. Despite Nup49 is a more 

specific reporter of the NE, its punctate nature complicates interpretation compared to 

Sec61, which is a marker for pnER; thus, we used the latter more throughout this work. 
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We observed that both Nup49 and Sec61, surround the loop on both sides, meaning that 

it is bordered by nuclear membrane in both its outer and inner faces (Fig. 4.4). However, 

there are certain regions which appear to show a decrease in the number of NPCs in close 

proximity to the loop (Fig. 4.4. F). With the data provided by all these markers, we 

conclude that the SUL is not nuclear, that the rDNA spans from side to side of the loop 

and that it is in fact surrounded on both sides by NE. 

 

Figure 4.4. The space between the rDNA handle and the bulk chromatin is not nuclear. (A) 

The freely circulating TetR-YFP which marks the nucleoplasm does not label the SUL and shows 

a donut-like nucleus. The tetO are positioned at both sides of the rDNA handle, located using 

Net1-mCherry and the pnER using Sec61-ECFP. BF, bright field. (B) The Sec61-EYFP signal 

delimits the rDNA on the internal and external faces in a donut-like nucleus, chromatin observed 

using Hta2-mCherry and rDNA with Net1-ECFP. (C) Like in (A) but the nucleoplasm is labeled 

with EGFP-NLS instead of TetR. (D) The rDNA loop (Net1-CFP) is also coated internally and 

externally by the NPC protein Nup49-GFP. (E) Cross-section intensity profile of a z-stack depth-

in-focus 2D projection of the horseshoe loop shown in (B). On the left, the cross section is depicted 

over the image. On the right, the intensity profile showing increase in Sec61 signal at both sides 

of the Net1 and Hta2 signals. Note that color pattern has been changed relative to (B), legend on 

the right of the graph. [This plot was provided by Matos-Perdomo, E] (F) CSM 3D projection of 

(D) rotated every 45º in the y axis. Arrows depict areas with poor Nup49 signal in the SUL 

compared to the rest of the NE.  

The nucleoplasm and NE labelling shows that the nucleus is arranged in a ring-shape 

toroidal way, often distributed asymmetrically forming two lobes, where one contains 

most of the nucleoplasm or chromatin signal, while the other contains the rDNA (Fig. 

4.5. A-D). These two lobes can overlap to various degrees, presumably caused by a 

protruding bar that bends back (Fig. 4.5. A). These two lobes are separated by a 

constriction that can be observed with NE markers like Nup49 (Fig. 4.5. C) as well as the 
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nucleoplasm (Fig. 4.5. D). Interestingly, when observing the Sec61 signal in a z-stack 

series, sometimes we can observe a circular patch-like shape in peripheral slices (Fig. 4.5. 

B). Most 3D reconstructions show Sec61 distribution in depth as a hemisphere in the 

SUL, suggesting that the NE (or the ER) could be ladle shaped in lateral views despite 

being donut-like in frontal views (video 6, top 2 cells). As this ladle was also observed 

with Nup49, this supports that it is made of NE, being these regions characterized by a 

lower density of NPCs, maybe due to restrictions to access these sites (Fig. 4.4. F). 

 

Figure 4.5. The nucleus acquires a toroidal shape with two lobes in the mid-M arrest 

achieved by Nz exposure. (A) A donut-like nucleus that results from the overlapping of the two 

nuclear lobes as seen with Sec61-ECFP, marked with two white arrows, one containing the bulk 

of the nucleoplasm while the other contains the rDNA. (B) The SUL can contain a NE/ER ladle, 

appearing like a closing ring while moving through a z-stack (white arrows). (C) CSM 3D 

projection of a horseshoe loop (Nup49-YFP, Net1-CFP) rotated every 45º in the y axis. The rDNA 

loop connects two lobes that touch each other in the constrictions marked with arrowheads. (D) 

Three cells displaying bilobed nuclei in which one of the lobes contains most of the TetR-YFP 

signal, marked with 1, while the other contains the rDNA (Net1-CFP), marked with 2. Arrows show 

constrictions where both lobes are in contact, while double dotted arrows indicate the polar axis. 

BF, bright field. 

4.1.2. The space under the loop is occupied by the vacuole 

The first hint regarding the nature of the SUL came from the observation of bright 

field (BF) images in which some cells showed rounded structures with different refraction 

pattern when compared to the rest of the cytoplasm, suggesting that it may be caused by 

the vacuole colocalization. Furthermore, using a strain with a cytosolic EGFP also 

suggests that the nature of the SUL is not cytosolic, as this area presents poor staining 

(Fig. 4.6. A). Thus, we decided to use several specific vacuolar markers, including the 

non-vital dye MDY-64 for the vacuolar membrane (VM), the vital dyes Blue CMAC and 

carboxy-DCFDA for the vacuolar lumen and fluorescent tagging of the VM protein 

Vph1-GFP. In all cases the SUL colocalizes with vacuoles, either one big vacuole or a 
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group of smaller ones (Fig. 4.6. A-G). Besides, the vacuole not only associates to the 

SUL in horseshoe loops, but it is also juxtaposed to the immense majority of protruding 

bars (Fig. 4.6. D). In some cases, the vacuole is not allocated inside the SUL when it is 

too big, but it still shapes the loop (Fig. 4.6. F, left). Of note, as we observed above, some 

protruding bars may actually be loops observed from a side or top view. Using 3D 

reconstruction of CSM images, we could observe how the vacuole occupies the SUL (Fig. 

4.6. G). 

Figure 4.6. Vacuolar stains colocalize with the SUL. (A) BF imaging hinted the presence of 

vacuoles (V) in close proximity to the loop. Cytosolic EGFP weakly stains the SUL in a strain 

bearing Sec61-eCFP and Net1-mCherry to delimit the SUL, indicating this space is not 

cytoplasmic. (B) The handle surrounds the vacuole (V) depicted in BF when using the rDNA 

marker Net1-GFP and chromatin marker Hta2-mCherry. (C) Vacuolar lumen is observed in the 

SUL by Blue CMAC staining. (D) Quantification of experiment from where example in (C) was 

taken to measure loop and flare association to the vacuoles. (E) Four examples of rDNA loops 
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surrounding one or multiple vacuoles in the SUL, stained with MDY-64. The size and number of 

accommodated vacuoles is variable, suggesting that the spatial orientation of the loop can vary 

in response. (F) Maximum projection examples of CSM images of cells stained as in (E). In both, 

the tridimensional shape of the vacuole appears to shape the spatial configuration of the loop. On 

the left, the loop appears partly collapsed because of the vacuole pushing it to towards the cell 

border, while on the right it appears expanded because of the wider space at its disposal. Of note, 

a portion of the rDNA separated from the main array is observed and marked with a white arrow, 

which matches a decrease in signal intensity in the Hta2-mCherry channel. (G) The vacuole sits 

on the SUL as observed while moving in a CSM z-stack. [Images B and C, and quantification in 

D were provided by Matos-Perdomo, E] 

The use of Vph1-GFP provides cleaner images while avoiding the need for extra time 

for staining, with a lower signal to noise ratio, higher specificity and evading the 

possibility of uneven staining among all cells. The results observed with the tagged 

version of the native VM protein validated what we saw using vacuolar stains (Fig. 4.7. 

B-F). In time-course experiments and time-lapse video-microscopy, we observed that the 

association of the flares and loops with the vacuole start as soon as they start to arise, 

showing a constant ~7:1 ratio in favor of juxtaposition through the time course (Fig. 4.7. 

A and video 10), so the influence of the vacuole may shape the protruding bar bending 

into the horseshoe loop from the very beginning of NE expansion. Of note, some 

protruding bars display a denser Hta2 signal at the tip that suggests the presence of the 

distal part of the right telomere of chromosome XII, confirming it is indeed a protruding 

bar instead of a side view of a loop (Fig. 4.7. D). Both z-stack walk-through and 3D 

projections indicate that the vacuole sits on the SUL (Fig. 4.7. E and F). Taken all 

together, it appears that vacuoles juxtapose to nascent flares at the beginning of the mid-

M arrest, modulating its bending by being in its close proximity until it acquires the 

horseshoe loop morphology, which represents the maximum bending it shows in the Nz 

induced mid-M block. 
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Figure 4.7. Flares and loops are associated to the vacuole since the beginning of the 

metaphase block. (A) Juxtaposition of growing nuclear extensions containing the rDNA and 

vacuoles in a Nz time-course experiment. “No flare or loop” (red triangles) indicate the absence 

of nucleolar extensions and SUL. As this category starts to descend, “juxtaposed to vacuoles” 

increase almost at the same rate, indicating that nuclear projections associate to vacuoles since 

they start to arise. [Experiment performed by SSS, quantified by EMP] (B) A horseshoe loop 

smaller than the vacuole diameter, so the latter partially sits on the loop rather than being entirely 

surrounded. Thus, in a z-stack projection it appears that the loop is crossing the vacuole. (C) 

Example of a protruding bar or side view of a loop juxtaposed to a large vacuole. (D) A protruding 

bar with a denser signal of Hta2 at the apex (white arrow), which might correspond to the distal 

telomeric region of cXII. [This image was provided by Matos-Perdomo, E] (E) The vacuole 

colocalizes with the SUL as observed while moving in a CSM z-stack. (F) A 3D reconstruction of 

(E) rotated every 45º in the y axis evidences how the loop leans onto the vacuole. 

4.1.3. Small loops and protruding bars grow and bend around vacuoles to give 

rise to the rDNA horseshoe loop  

Next, we decided to investigate the origin and the process of formation of the 

horseshoe loop by time-course and time-lapse microscopy after Nz addition. As we 

mentioned before, budded cells in asynchronous cultures have rounded nuclei (Fig. 4.8. 

A). Some of these appear squeezed between the vacuole and the cellular edge, suggesting 

that the nucleus is malleable enough to be pushed between two stiffer bodies, i.e., the 
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vacuole and the cell wall, as these two organelles never lose their rounded shape 

apparently. After Nz addition, budded cells start to expand their nuclei with different 

degrees of symmetry in relation to the amount of nucleoplasm and chromatin present 

along the extension, displaying either small handles or protruding bars (Fig. 4.8. A and 

video 7). Among extended nuclei, some display a primordial constriction that makes them 

resemble cashew nuts (Fig. 4.8. C and videos 7 and 8), indicating that bilobulation may 

be a primordial step in the reshaping of the nucleus after Nz exposure. Taking all these 

data together, the elongation of the nucleus could occur in two axes relative to the rDNA. 

In the first and most abundant category, the rDNA resides on one side or lobe, separating 

the nucleolus away from the nuclear center (Fig. 4.8. B and C, two upper cells, videos 7 

and 8, upper cell), as the Cohen-Fix’s laboratory has described before (Campbell et al., 

2006; Witkin et al., 2012). The second axis leads to the formation of an rDNA bar that 

spans across the extended nucleus (Fig. 4.8. B and C, lower cell, and video 8, lower cell). 

Strikingly, the Sec61 ladle is visible in some cashew-like nuclei which lack a proper SUL, 

and even traces of nucleoplasm colocalize with it, suggesting that this ladle is formed by 

the close apposition of two portions of the NE (instead of ER) that excludes most of the 

nucleoplasm from this area (Fig. 4.8. C, bottom cell).  

To determine the arrangement of the chromosome XII in the Nz induced mid-M 

block, we used a set of strains which carry the tetO in different positions along the 

chromosome XII. We looked at their location in protruding bars, as we cannot state what 

is an apical or basal position in a closed horseshoe loop. According to these results, in a 

Nz 3h block, the distal flank of the rDNA (tetO:487 kb) tended to be significantly present 

in nuclear projections (~65%), mainly in apical position, although the tetO of the proximal 

flank (tetO:450 kb) and the subcentromeric tetO (tetO:194 kb) were apical in ~18% and 

~10% of the protruding bars, respectively (Fig. 4.8. E). Taken all together, the fact that 

the distal rDNA flank was more frequently found in the apex of projections compared to 

the proximal flank, suggests that this region is more prone to be within the nuclear 

extension. The last tetO, present in the subtelomeric region of the right arm of 

chromosome XII (tetO:1061 kb), was less frequently apical than the tetO:487, suggesting 

that in these cases the apparent protruding bars are actually side views of loops. Observing 

the position of the subtelomeric tetO in a time-course experiment, as time goes by its 

presence in the mid and apical positions of the bar becomes more frequent (Fig. 4.8. D-

F). These rDNA bars and their surrounding nucleoplasmic flares often show extensive 
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bending, resembling incomplete states of the horseshoe loop, while in a few examples the 

nucleus traverses the bud neck reminiscent of what has been described for APC inhibition 

induced mid-M blocks (Fig. 4.8. D, right cell) (Palmer et al., 1989; Rai et al., 2017). 

 

Figure 4.8. The rDNA horseshoe loop stems from small loops and bars that grow and bend 

around vacuoles. (A) Quantification of nuclear morphologies in a Nz time-course experiment. 

Donut-like nuclei include toroidal nuclei in which there is a closed hole in the center, like in 

horseshoe loops, while extended nuclei show nuclear projections that deviate from the 

spherical/oval condition, often displaying a primordial constriction that makes them resemble 

cashew nuts (mean ± SEM; n = 3). (B) Proportion of the location of the rDNA in extended cashew-

like nuclei, which can be allocated in one lobe (one-sided) or traversing the ellongation axis (mean 
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± SEM; n = 3). (C) Examples of major nuclear morphologies representing the category “extended” 

resembling cashew nuts in which the rDNA is one sided forming a small loop (cell 1) or across 

the elongation axis (cells 2 and 3). In cell 3, there is a Sec61 ladle which colocalizes with traces 

of nucleoplasm, indicated with arrowheads. (D) Examples where the telomeric right flank of cXII 

is leading the formation of the protruding rDNA bar, as depicted by the apical position of the 

tetO:1061 kb. On the left (cell 1), the whole nucleus is within the mother cell, while on the right 

(cell 2), the extension traverses the bud neck. (E) Quantificaton of the sum of mid and apical 

position of the different tetO acrross cXII in rDNA protruding bars (from a pooled Nz time-course) 

(mean ± SEM; n = 3). (F) Quantification of the sum of mid and apical position of distal subtelomeric 

tetO in cXII in a Nz time-course (mean ± SEM; n = 3). 

4.1.4. The absence of microtubules is required for the rDNA horseshoe loop 

development  

As explained in the introduction, the mid-M block caused by Nz exposure is triggered 

by the SAC activation, because cells no longer have a bipolar spindle attached to 

kinetochores when microtubules are depolymerized (Jacobs et al., 1988). However, Nz is 

the most common experimental tool to achieve the metaphase block. To gain further 

insight into the development of the horseshoe loop and the plethora of nuclear 

morphologies acquired in the process, we decided to use a different approach to achieve 

a mid-M block by preserving the mitotic spindle. We used a conditional mutant of the 

essential protein Cdc16, which is a core component of the APC, based on the AID system, 

creating a cdc16-aid fusion. With this method, we avoid the need to use thermosensitive 

alleles, as our group and others have described before that a temperature increase induces 

a heat-shock response that affects the rDNA shape (Matos-Perdomo & Machín, 2018; 

Shen & Skibbens, 2017). The degradation of Cdc16-aid is triggered by exposure to the 

auxin indole-3-acetic acid (IAA) (Nishimura et al., 2009), allowing us to inactivate the 

APC without interfering with the spindle and SAC (Fig. 4.9. A). We have monitored the 

behavior of this strain using growth curves and spot assays, observing that it grows 

equally to a WT strain in rich medium and that the response to IAA is dose-dependent, 

being 5 mM the concentration used in further experiments as the response to 1 mM is not 

that strong for an essential protein, while in the spot assay at the higher concentration 

growth is completely abolished, consistent with an essential protein involved in cell cycle 

progression (Fig. 4.9. B and C). 
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Figure 4.9. The cdc16-aid mutant represents a good tool to study a mid-M block by APC 

inhibition, alternative to thermosensitive alleles. (A) Nz and cdc16aid are two different 

approaches to achieve a mid-M block which differentiate in microtubule and SAC response, but 

both inhibit the APC. The plus sign indicates active or present, while the minus implicates the 

opposite. The question mark indicates contradictory data according to previous evidence. APC, 

anaphase promoting complex; SAC, spindle assembly checkpoint; bi, bipolar spindle. (B) Growth 

curves at 25ºC of the cdc16aid (color lines) strain compared to a WT (grayscale lines) in YPD and 

different concentrations of IAA, i.e. 1 and 5 mM. Every line is the media of 3 technical replicates. 

(C) Spot assay of the cdc16aid strain compared to a WT in YPD and YPD + 5 mM IAA. Cdc16 is 

an essential protein, thus when it is depleted cell growth is abolished. However, under non-

restrictive conditions, this conditional allele allows WT-like growth. 

A three-hour incubation in the presence of IAA rendered the same morphological 

features already described for Cdc16 ts alleles, resulting in a correct mid-M block with 

the nucleus spanned across the bud neck leaving the rDNA in the mother cell in the shape 

of straight bars and bent hooks, sometimes to the point of forming a loop, while the gross 

of the chromatin mass resides in the daughter cell body (Fig. 4.10. A-E). We also 

observed the high dynamism in this block described before as “chromatin transits”, in 

which chromatin goes from the mother body to the daughter and back again in short 

periods of time (Palmer et al., 1989; Rai et al., 2017). Furthermore, we wanted to assess 

whether this characteristic morphology is related to the vacuole position, like what we 

observed in Nz. For that purpose, we used again the vacuole dyes carboxy-DCFDA 

(lumen) and MDY-64 (VM), even though our strain has a triple tagging pattern in the 

three fluorescent channels already. With the first dye, vacuole staining is brighter than 

the TetR-YFP signal, making them distinguishable, and the tetO signal was even brighter 
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than the stain, so in this case we could assess the position of this locus along with the 

chromatin and rDNA signals, using Hta2-mCherry and Net1-ECFP respectively (Fig. 

4.10. A). On the other hand, MDY-64 emits in the CFP channel and masks the Net1-

ECFP signal, so we differentiate the position of nuclear extensions by the TetR-YFP 

signal and the histone, locating the right arm of chromosome XII thanks to the tetO:1061 

kb (Fig. 4.10. B). Interestingly, despite the rDNA is in the mother body in ~80% of the 

cells, separated from the main Hta2 mass, the tetO:1061 kb is located in the rDNA in 

~70% of the cases, suggesting that the rDNA might be bent in the remaining ~30%, 

similar to what we observed in the Nz induced horseshoe loop (Fig. 4.10. D and E). 

Indeed, in both cases the vacuole showed a high colocalization (~90%) with nucleolar 

projections (Fig. 4.10. F), suggesting a role for this organelle in nuclear reshaping, as it 

happens under Nz exposure. In cells that take the shape of a hook, the vacuole was 

allocated in the space it leaves (Fig. 4.10. A), similar to what we observed regarding the 

SUL, while in straight bars, it is the apex which is more prone to be associated to the 

vacuole (Fig. 4.10. B). We do not know if this apparent association depends on the 

nucleus-vacuole junctions, which remains to be studied in the cdc16 arrest. 
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Figure 4.10. A conditional cdc16aid mutant reproduces the phenotype observed in 

thermosensitive mutants of the APC. Vacuoles are associated to nuclear projections 

observed in the mid-M arrest induced by APC inhibition. (A) Example of a mid-M blocked cell 

induced by cdc16aid in which the rDNA (Net1-ECFP) forms a hook enclosing the vacuole (c-

DCFDA). (B) Example of cdc16aid cell in which the right arm of cXII (TetR-YFP/tetO) is stretched 

as a bar, touching the vacuole at the apex (MDY-64). (C) In the mid-M block induced by APC 

inhibition the nucleus traverses the bud neck in the vast majority of cases. (D) In this block, the 

rDNA resides mostly in the body of the mother cell, in contrast to the bulk of the chromatin mass, 
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which is allocated in the daughter cell body. (E) The tetO:1061 kb is usually located in the nuclear 

projection formed by Net1, although in ~30% of the cases it is positioned in the main Hta2 body, 

suggesting that the projection might be bent as it happens in the horseshoe loop in Nz. In 

micrographs: BF, bright field. 

We investigated in a time-course experiment the time of projection appearance using 

this mutant. If we look at the cell morphology in BF images, asynchronous culture display 

roughly a 40% of budded mononucleated (MN) cells, which increase up to ~85% after 3 

h in IAA (Fig. 4.11. A). Regarding the nuclear shape of these budded MN, around 20% 

showed projections in asynchronous culture. However, we cannot differentiate early 

projections caused by IAA exposure and the ones that arise as a consequence of early 

nuclear division because both extend to the bud neck’s direction, meaning that this 20% 

of cells which show projections are not equal to the ones induced by the absence of Cdc16, 

which correspond to complete nuclear projections due to the cell cycle block. Thus, this 

20% of extensions may be considered as an overestimation in asynchronous cultures. 

During the time-course, between 150 and 180 min the culture peaks synchronization at 

mid-M, displaying the characteristic nuclear projections in ~85% of the budded MN cells 

(Fig 4.11. B). This strain still forms horseshoe loops upon Nz treatment, so the presence 

of the aid allele does not disturb this feature (Fig. 4.11. C). In the cdc16aid mid-M block, 

the rDNA acquires different morphologies compared to the ones we described for Nz. In 

contrast, the phenotype is not so variable, and we distinguish mainly four categories, 

being extended bars the predominant (~50%) followed by the oval shape (~30%), while 

the remaining ~20% consists of the sum of loops and hooks (Fig. 4.11. D). Additionally, 

the rDNA is slightly longer in the cdc16aid block than in the Nz-induced block (Fig. 4.11. 

E). As we see, in this mid-M block the loop is a minority morphology, thus we suggest 

that microtubules are required to form the rDNA horseshoe loop, in spite of a mid-M 

arrest being enough to modify nucleolar morphology towards a bar-like structure. 
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Figure 4.11. The rDNA in the cdc16aid mutant acquires mainly a bar morphology, being 

loops present in lower proportions than Nz-driven mid-M blocks. (A) Proportion of cells in 

G2/M compared to other cell cycle stages in an asynchronous culture exposed to IAA in a time-

course experiment, assessed by the presence and size of the bud and histone signal to 

differentiate between mononucleated cells and anaphase-telophase cells (mean ± SEM; n = 2). 

(B) Proportion of budded MN cells with nuclear projections compared to spherical nuclei in an 

asynchronous culture exposed to IAA in a time-course experiment (mean ± SEM; n = 2). (C) The 

cdc16aid strain forms extended bars across the division axis when exposed to IAA (top), but still 

displays the rDNA horseshoe loop upon Nz exposure (bottom). BF, bright field. (D) Proportion of 

rDNA morphologies in the cdc16aid mid-M arrest (mean ± SEM; n = 3). (E) rDNA length in the 

cdc16aid strain exposed to either IAA or Nz (n > 100 cells per condition). Whiskers represent 5-

95 percentile, mean is shown as ̍ +ˈ and dots represent outliers. [Data in C, D and E were provided 

by Matos-Perdomo, E] 

4.1.5. The horseshoe loop requires phospholipid synthesis and membrane 

overexpansion 

As reviewed in the introduction, in mid-M blocks phospholipid synthesis is still 

active, leading to the formation of the nuclear flare (Campbell et al., 2006; Witkin et al., 

2012). The Nem1-Spo7/Pah1 axis is the central hub that controls the balance between 

phospholipid and lipid droplet (LD) biosynthesis, by deciding the fate of its main 
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precursor, PA. Thus, activation of Pah1 by Nem1 favors DAG biogenesis, which further 

transform into TAG and are packed in LDs (Pascual & Carman, 2013; Siniossoglou, 

1998). We wondered whether mutants of this axis show and additive effect regarding 

nuclear morphology when blocked in mid-M. For this, we decided to use inducible 

mutants instead of the null mutants the literature has mainly used, to expose cells to 

membrane imbalances for shorter periods of time, avoiding carryover effects after growth 

of many generations. Using different approaches, we confirmed that the use of a nem1aid 

mutant is comparable to a wildtype strain regarding growth behavior, making this mutant 

useful for these studies (Fig. 4.12). 

 

Figure 4.12. Inducible mutants of Nem1 maintain their fitness as compared to a WT. (A) 

Growth curves at 25ºC of the nem1aid (color lines) strain compared to a WT (grayscale lines) in 

YPD and different concentrations of IAA, 1 and 5 mM. Every line is the media of 3 technical 

replicates. (B) Clonogenic assay of the nem1aid strain, in which survival after 3h of IAA 5mM 

exposure only decreases slightly (mean ± SEM; n = 2). (C) Spot assay of the nem1aid strain 

compared to a WT in YPD and YPD + 5 mM IAA. Nem1 is a non-essential protein, and thus shows 

a growth pattern comparable to the WT. 

Then, we confirmed that the nem1aid mutant shows nuclear projections as described 

for the null mutant after an overnight incubation on IAA (~6 generations), in agreement 

with previous knowledge of knockout mutants, and consistently Western blot showed a 

fast decrease in expression levels upon IAA exposure (Fig. 4.13. A and B). Surprisingly, 

when comparing rDNA morphology upon IAA addition and IAA + Nz coincubation, we 

observed that ~50% of budded cells present nuclear projections (sum of protruding bars 
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and loops) in the first case, which increased up to ~60% after Nz addition. Starting from 

~10% of loops, Nz exposure raised this number up to ~25%, which is lower than expected 

for Nz alone in WT cells (~70%) (Fig. 4.13. C). Furthermore, the position of the 

tetO:1061 kb in the nuclear mass suggests that the nem1 protruding bars are instead highly 

bent loops which expand after Nz exposure. Additionally, we noticed that even though 

loops are present in this mutant, they mostly take the shape of small hairpins. Because of 

that, we measured the rDNA through the Net1 signal and indeed, the mean length of the 

rDNA in loops and bars together is ~2.5 µm, which after Nz mid-M block increases 

significatively until reaching a length slightly shorter than 4 µm (similar to the sum of 

bars and loops in a WT Nz-induced mid-M block, Fig. 4.2. B) (Fig. 4.13. D). Like we 

assessed before in both models used for mid-M arrests, we wanted to know if the vacuole 

is associated with nuclear projections caused by impairment of the lipin axis. Indeed, the 

vacuole presence adjacent to nuclear flares and loops accounts for more than 90% of the 

cases (Fig. 4.13. E and F). However, no apparent additive effect arises when combining 

these two conditions that individually trigger changes in nuclear morphology. 

 

Figure 4.13. The vacuole shapes nuclear projections caused by mutations of the lipin axis. 

(A) Western blot of the degradation of Nem1 in the nem1aid mutant upon IAA incubation, in which 
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the OsTIR1 band serves as a load control because it is constitutively expressed. (B) Nem1aid 

mutants display nuclear flares and small loops under depletion conditions (YPD+IAA overnight 

culture) comparable to the null mutants. In both examples the tetO:1061 kb resides within the 

main Hta2 body. BF, bright field. (C) Quantification of the rDNA morphology of the nem1aid strain 

after IAA overnight incubation and exposed to Nz after nem1 depletion. Note that the number of 

loops doubles after Nz treatment, although it does not reach the 40 – 70% observed in WT cells 

exposed to Nz alone. (D) rDNA length of the nem1aid strain after IAA overnight incubation and 

exposed to Nz after nem1 depletion, which causes an increase in length (n > 100 cells each). 

Whiskers represent 5-95 percentile, mean is shown as ˈ+ˈ and dots represent outliers. (E) A 

representative example of asynchronous nem1aid cells grown in IAA in which the vacuole staining 

with carboxy-DCFDA shows that vacuoles reside adjacent to nuclear flares and rDNA bars. Five 

subcellular structures are labelled: bulk chromatin (Hta2-mCherry), the rDNA (Net1-ECFP), 

nucleoplasm (free TetR-YFP), subtelomeric right arm region of cXII (tetO:1061 kb) and vacuolar 

lumen (c-DCFDA). The three signals in the green channel are differentiated by intensity, 

morphology and position, as the nucleoplasm is the weakest signal and colocalizes with the Hta2 

signal, the tetO is the spot, and the vacuolar lumen is the stronger and does not coincide with the 

nuclear signal. (F) Proportion of flares and loops adjacent to the vacuole in a nem1aid mutant 

after an overnight incubation on IAA (mean ± SEM; n = 3). 

On the other hand, we wanted to study the nuclear morphology in the mid-M block 

when lipid synthesis is hampered. With that purpose we used the fatty acid synthase 

inhibitor drug cerulenin (Cer). Following nuclear morphology using a fluorescently 

tagged Sec61, we observed that the immense majority of nuclei are completely rounded, 

implicating that de novo lipid synthesis is required to form nuclear projections in a mitotic 

delay (Fig. 4.14. A and B), as has been described before by others, linking lipid synthesis 

and NE projections (Male et al., 2020; Walters et al., 2014, 2019; Witkin et al., 2012). 

There are two other minor categories in which nuclei appear squeezed, presumably 

between the vacuole and the cell envelope, and bowtie, which corresponds to cells 

escaping the mid-M arrest towards anaphase. These two categories together account for 

less than a 10% among budded cells in the block in the presence of Cer, evidencing the 

great tendency of nuclei to form a nearly perfect sphere when exposed to this drug. 

However, when closely examining the rDNA morphology, small loops are still frequent, 

mostly in the shape of hairpins, although bars are the main morphology it presents (Fig. 

4.14. C). The horseshoe rDNA loop with a proper SUL is never observed under these 

conditions, and the same happens for protruding bars when taking the histone signal as 

reference for the chromatin mass. Strikingly, the rDNA length is considerably reduced to 

a mean of ~ 2 µm, compared to a Nz incubation without cerulenin in which bars and loops 

have a mean length of ~ 4 µm (Fig. 4.14. D). Taking all this into account, phospholipid 

synthesis is required for the development of the rDNA horseshoe loop in the mid-M Nz 

arrest. 
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Figure 4.14. Lipid synthesis is a requisite for rDNA horseshoe loop formation. (A) Examples 

of NE morphologies observed by Sec61-EYFP tagging in a Nz arrest in the presence of the FAS 

inhibitor cerulenin. The arrowhead points to a small hairpin loop. BF, bright field; Bwt, bowtie; Sq, 

squeezed. (B) Quantification of experiment from (A). Most nuclei have a rounded shape, but 

nuclei through the bud neck in the shape of a bowtie and squeezed, presumably between the 

vacuole and the plasma membrane, are also present. (C) rDNA morphology quantified using 

Net1-ECFP maximum projections of z-stacks. Despite the lack of lipid synthesis, loops are still 

present, although most acquire a bar shape. Loops are smaller and have no SUL. (D) 

Measurements of rDNA length in a Nz+Cer arrest (n = 100 cells). Whiskers represent 5-95 

percentile, mean is shown as ˈ+ˈ and dots represent outliers. 

To conclude this first part, taking all these data into account, we propose the next 

model for horseshoe loop formation, in which we separate this morphology in classes I 

and II regarding their development and final structure. As we saw in the introduction, 

nuclei of asynchronous cells transiting through G2/M are characterized by a spherical 

shape and a crescent like nucleolus in the nuclear periphery. However, the rDNA 

transforms into bars and loops when the cell cycle is stalled in mid-M by microtubule 

depletion. Considering the plethora of morphologies we have observed, thanks to the 
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information provided by several nuclear markers and the most frequent positions of the 

tetO in chromosome XII, we propose three main ways to achieve the horseshoe loop 

shape, being the rest intermediate states in those pathways (Fig. 4.15. A). These findings 

shed light on the origin and development of the horseshoe rDNA loop structure, including 

the apparent void space enclosed between the rDNA handle and the chromatin mass, 

actually occupied by vacuoles, and the multiple ways of formation that ultimately lead to 

this characteristic structural change in the nucleus. Additionally, we now differentiate 

between two different SULs, regarding its formation process. In one, the presence of a 

NE ladle hints that vacuoles may push very close two portions of NE while excluding 

nuclear proteins when expansion is confined to the nucleolar area (Fig. 4.15. B), while 

the other does not possess a ladle because they arise after extensive bending of one nuclear 

lobe until it reaches the other. In both models used for mid-M block, almost always 

vacuoles and nuclear extensions colocalize. The large volume that vacuoles occupy inside 

the cell predicts a high degree of colocalization of these two. However, , data showing 

association of nascent projections to vacuoles, which wrap around the vacuole while they 

grow, suggest an intimate nucleus-vacuole connection since the begging of this 

morphological change. Also, in a cdc16aid block, the presence of microtubules 

apparently favors this interaction in the mother cell, where the nucleolar projection 

remains behind very often associated to vacuoles at its apical portion (Fig. 4.10. A, B and 

F). There may be a mechanism involved in the NVJs management to release the rDNA 

for segregation, explaining why this region is the only one left behind in this mid-M block 

where microtubules are present, despite the rest of the nuclear mass mostly being 

allocated in the daughter cell. Further investigation could shed light on the role of proteins 

involved in NVJs may have in the morphology and segregation of this locus, to envision 

if the role of vacuoles in nuclear and rDNA reshaping is active or passive. 

It has not escaped our notice that the existence of multiple morphologies converging 

into one involves a certain degree of randomness, likely influenced by the number and 

size of the vacuoles, the degree of overexpansion of the NE and the axis of elongation 

regarding the nucleolus. Additionally, our model fits well with data obtained by 

chromosome conformation capture (Hi-C), in which both regions flanking the rDNA 

array do not interact (Lazar-Stefanita et al., 2017). 

Strikingly, a unique phenotype in human cell lines referred to as toroidal or donut-

shaped nucleus has been recently described, in which the lysosome occupies the hole left 
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by the nuclear content, which unequivocally resembles the nuclear shape acquired in yeast 

mitotic arrests by microtubule depletion or under membrane excess conditions explained 

above. The toroidal nuclei in this study arise from mitotic errors after lysosomal 

impairment, linking genome stability with accurate lysosome function through 

autophagic degradation (Almacellas et al., 2021). The morphologies we describe in this 

work highly resemble these structural observations, but it remains to be confirmed if in 

yeast they are also correlated with this function. 

 

Figure 4.15. Model of the rDNA horseshoe loop origin and development upon Nz-driven 

mid-M cell cycle blocks. (A) Using different nuclear markers and the position the position of the 

tetO along cXII, we propose three main ways to achieve the rDNA horseshoe loop morphology in 

a Nz arrest, in which spherical nuclei start to expand, giving rise to small projections. In the first 

pathway (1), the nucleus becomes bilobulated with a primordial constriction, allocating the 

nucleolus in a second lobe, (2) which further elongates symmetrically in all directions until giving 

rise to a class I horseshoe loop around a SUL with a ladle inside (yellow). The second pathway 
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(3) starts with the growth of the nucleolus as a finger-like projection, (4) which pulls the distal flank 

of cXIIr into the projection, (5) resulting in a bilobed nucleus that bends at different degrees, finally 

overlapping in a frontal view. The third pathway (6) starts with the elongation of the nucleus to 

both sides of the nucleolus, taking a cashew-like shape, (7) which continues to expand giving rise 

to an rDNA handle that connects a bilobed nucleus, (8) that can bend until both lobes overlap 

forming the class II horseshoe loop with a proper SUL. The main chromatin mass is depicted in 

red, the nucleolus in blue, the rDNA array as a red spring, while the rest of cXII is represented 

with a black line, with the four tetO positions along itself as green dots in which C refers to the 

subcentromeric one, P is the proximal rDNA flank, D is the distal rDNA flank and T the 

subtelomeric portion of cXIIr (scheme of cXII and tetO positions at top left inlet). Black arrows 

indicate morphological transitions, dashed black double arrows the directions of NE expansion 

and red arrows the motion of nuclear subdomains during transitions. (B) Diagram of how the 

vacuole may act as a template to create the SUL NE ladle. The first example on the left, explains 

the presence of a NE ladle in cashew-like nuclei (see Fig. 4.8. C). The example on the right 

depicts a class I horseshoe loop in which the NE ladle forms by the vacuole pushing the nucleus 

towards the cell membrane. At the center, a schematic of the putative ladle configuration, showing 

that it is comprised of two close NE sheets leaving a narrow nuclear lumen in between, excluding 

most of the nucleoplasm (in green) from it. SUL, space under the rDNA loop; NE, nuclear 

envelope; INM, inner nuclear membrane; ONM, outer nuclear membrane; NL, nuclear lumen; 

PNS, perinuclear space. 
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4.2. Cytological characterization of cells released from a 

metaphase cell cycle block 

4.2.1. Cells released from a Nz-induced mid-M block tend to restore normal 

nuclear shape 

To continue our study, we wondered what happens to these nuclear extensions when 

cells are release from Nz. We hypothesized that these projections may be maintained and 

inherited by one or both daughter cells or, on the other hand, that they may be corrected 

by an unknown mechanism based on a reorganization of the surplus of NE or removal of 

membrane excess by autophagy.  

To start this part of the project, we observed cells transiting through late mitosis in 

an asynchronous culture and compared them with Nz released cultures. We used a triple 

labeled strain for the rDNA (Net1-mCherry), the NE (Sec61-ECFP) and nucleoplasm 

together with the proximal flank of the rDNA and the distal cXIIr (TetR-YFP/tetO:450 

kb/tetO:1061 kb). In asynchronous cells we observe the already characterized rounded 

nuclei from G2/M to the bowtie and hourglass shapes in anaphase and telophase, 

respectively (Fig. 4.16. Asyn row). We categorized anaphases in this strain by the 

presence of three tetO spots, according to the expected segregation pattern described for 

cXII in which the rDNA separates zipper wise, and thus the tetO 1061 is still unresolved 

when rDNA segregation has started (Torres-Rosell et al., 2004). On the other hand, in 

telophase we observe four tetO spots along with the two Net1 signals being resolved, 

indicating complete genome segregation. From now on, when using tetO strains, we will 

refer to these two stages as mononucleated (MN) if the cells pose a single tetO:1061 and 

binucleated (BN) when they show two, as they can be unambiguously correlated with the 

end of the last region to segregate, i. e. the rDNA.  

In several experiments we observed that cells transiting through anaphase and 

telophase after a Nz arrest frequently show nuclear projections derived from the arrest. 

Likewise, the rDNA horseshoe loops can be maintained even when the nucleus starts 

positioning between both cell bodies to start segregation, meaning that this feature may 

not be restricted to the mid-M block (Fig. 4.16. - Nz row, G2/M example). Also, Sec61 

ladles are often observed, presumably associated to the vacuole as we observed in the 

mitotic block (Fig. 4.16. - Nz row, telophase example). In this example, we can observe 
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a thin portion of nucleoplasm surrounding the Sec61 ladle, consistent with our hypothesis 

that the vacuole presses together two portions of NE excluding nucleoplasmic proteins 

from it. These non-spherical morphologies can be observed using an EGFP-NLS as well, 

using the same strain we used to evaluate the Nz arrest to investigate the nature of the 

SUL (Fig. 4.16. B). 

 

Figure 4.16. Cells released from a Nz mid-M block maintain NE non-spherical 

morphologies. (A and B) In this panel of micrographs, we compared cells transiting through 

different mitotic stages in asynchronous cycling cells (upper row, Asyn) vs cells release from a 

Nz induced mid-M block (bottom row, -Nz). We observed that nuclear projections and the NE 
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ladle are preserved after Nz removal (white arrowhead), easily observed with both nucleoplasm 

markers, i. e. free TetR and EGFP-NLS. In (B) bottom row, autofluorescence in the red channel 

is useful to hint the presence of the vacuole colocalizing with the Sec61 ladle. 

We further examined nuclear morphology and cXIIr segregation in time course 

experiments after Nz removal. Remarkably, ~20% of the cells still possess a single 

tetO:1061 even after 90 min of Nz had been cleaned from the media, indicating 

incomplete cXII segregation (Fig. 4.17. A). Furthermore, nuclear projections determined 

by TetR and Hta2 signal decrease in the time course, especially in the BN category (~50% 

within total budded cells). This suggests that cells get rid of nuclear projections in later 

stages of mitosis after the arrest. However, at least in the time window we covered in 

these experiments, the remaining 50% of cells still display nuclear projections (Fig. 4.17. 

B). This is in agreement with data from the Cohen-Fix lab, which shows that ~90% of Nz 

released cells proceed through mitosis, of which ~75%  of one or both daughter nuclei 

regained a rounded shape following nuclear division (Witkin et al., 2012). The differences 

in our observations may rely solely in the time window observed in both time-course 

experiments, as Witkin et al. maintain the Nz release up to 160 min. Because an entire 

yeast cell cycle lasts 90 – 120 min, we would not expect such a long time to transit from 

mid-M to a new cycle in undisturbed cells, implying a possible checkpoint mechanism to 

resolve nuclear extensions before the onset of the subsequent cell cycle. Thus, nuclear 

projections are not apparently corrected during mitotic progression, but rather once it has 

finished and both cells have inherited their corresponding genetic material. 

Because this mid-M block is triggered by the absence of microtubules, we decided 

to investigate the speed of mitotic spindle reassembly and its positioning, as it might 

influence nuclear morphology and segregation timing in the release. In time-course 

experiments we observed that microtubules (GFP-Tub1) are reassembled as soon as 15 

min after Nz removal, and that SPBs, detected by Spc42-mCherry, achieve a mean 

straight distance of 6 µm after 75 – 90 min (Fig. 4.17. C and D). However, the data are 

highly heterogeneous, indicating lack of synchrony in Nz released cells, so we decided to 

categorize cells according to the number and position of tetO and SPB signals they 

exhibit. We would expect the majority of cells to range from a single tetO and SPB signal 

in the arrest to two separated tetO and SPB signals, one of each in both daughter cells in 

late mitosis. Indeed, at 90 min almost 80% of cells achieved correct tetO and SPB 

segregation (Fig. 4.17. E). Considering these data, nuclear projections observed in BN 

cells are not strictly maintained by delays through anaphase due to failures in spindle 
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reorganization and SPB segregation. Interestingly, the latter process seems to be highly 

dynamic, because both in micrographs and short time-lapse movies there are a few 

apparent transition states, in which even the two SPB signals travel to the daughter cell, 

leaving a single tetO behind. We also observed a few other configurations which are 

probably explained by a temporal lack of cohesion, as for example happens when two 

tetO are observed when there is only one SPB signal or there are two in the same body, 

meaning that the spindle is not elongated as required for proper chromosome segregation. 

When reanalyzing SPB distance per category instead of time, variability was highly 

reduced, especially in the initial and transition stages towards division (Fig. 4.17. F).  



4. Results and discussion 

 

125 

 

Figure 4.17. Nuclear morphology and chromosome segregation timing in a Nz release. (A)  

Proportion of cells displaying one or two tetO:1061 kb signals in a Nz release time-course (mean 

± SEM; n = 2). (B) Quantification of nuclear shape determined by TetR and Hta2 signals in a Nz 

release time-course. MN, mononucleated determined by 1 tetO signal; BN, binucleated 

determined by 2 tetO signals; HG/BT, hourglass/bowtie shape; proj., projections. (C) Panel of 

micrographs showing that microtubules are present after 15 min of Nz removal and switching 

temperature to 34ºC (this strain carries the ts allele cdc15-2 to arrest in telophase), which 

constitute a fully elongated spindle in many cells after 60 min. Note that the SPBs are together in 

the Nz arrest, as described before, but quickly start to separate in the release. Ayn, asynchronous; 

Nz, 3h arrest; - Nz, release; BF, bright field. (D) Measurements of the distance between both 
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SPBs signals in a Nz release (n = 50 cells). Whiskers represent 5-95 percentile, mean is shown 

as ˈ+ˈ and dots represent outliers. (E) Quantification of Spc42 relative to the tetO signal as 

depicted in pictograms in a Nz release time-course, regarding one or two signals and presence 

in the same or different cell body. Most cells achieve the expected configuration of one tetO and 

one Spc42 signals in each daughter body in the final times. (F) Measurements of the distance 

between both SPBs signals in a Nz release pooling cells per category as described in (E) (n = 30 

cells). Whiskers represent 5-95 percentile, mean is shown as ˈ+ˈ and dots represent outliers. 

Using time-lapse microscopy and observing the position and length of the spindle in 

a time-course Nz release in a strain with the nucleoplasm marker mRuby2-3xNLS, we 

observed that in cells with horseshoe loops, the spindle is frequently positioned 

perpendicular to the rDNA loop (Fig. 4.18. A). During the time-course, most cells which 

still display nuclear projections are characterized by short spindles positioned at the bud 

neck or in the daughter cell, sometimes perpendicular relative to the division axis 

regardless of the timepoint (Fig. 4.18. B). This may explain the heterogeneity regarding 

SPBs distances in the Nz release in the previous figure (Fig. 4.17. D), because those cells 

are still trying to position and elongate the spindle in order to segregate, corresponding 

with highly dynamic microtubules, and consistent with what has been observed for cdc20 

and cdc16 arrested cells, where the spindle is undisturbed despite the cell cycle block. 

When Nz is removed, cells eventually achieve proper spindle positioning and elongation, 

displaying equal quantities of nucleoplasm and two rDNA signals, indicating at least 

proper cXII division (Fig. 4.18. C). In agreement with Cohen-Fix data, cells apparently 

do not suffer segregation errors due to non-spherical nuclear morphologies caused by this 

mitotic delay and recover a spherical shape. Still, the timing of reaching this point differs 

greatly between individuals, as seen in (Fig. 4.17. E). However, the factors that allow a 

subgroup of cells to position the spindle faster than others remain elusive to us. 
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Figure 4.18. Short spindles characterize cells with nuclear projections in a Nz release. The 

strain in this panel possesses the following fluorescent markers: Net1-ECFP (pseudocolored in 

yellow), GFP-Tub1 (pseudocolored in blue) and mRuby-3xNLS. (A) Example where the spindle 

is positioned perpendicular relative to the horseshoe loop in a front view, but parallel to the division 

axis. (B) Examples of short spindles in cells with nuclear projections at different times of a Nz 

time course release. (C) Cells eventually achieve proper spindle elongation and equal division of 

nucleoplasm and rDNA. Scale bars, 3 µm. 

Throughout the release, several nuclear morphologies arise in the transition from 

mid-M to late anaphase, consistent with the plethora of shapes observed in a Nz block. 

Strikingly, the rDNA horseshoe loop can be maintained once chromatin starts migrating 

through the neck, even when most of the chromatin is equally distributed between the 

progeny (Fig. 4.19. A, upper cell and C). Thus, nuclear projections caused by a Nz arrest 

can be retained in later stages of mitosis, even when both rDNA signals are resolved (Fig. 

4.19. A, bottom cell). Occasionally, we observed uneven signal of Net1 between both 

daughters, although they may likely pose different degrees of compaction (Fig. 4.19. B). 

Remarkably, once the rDNA has been segregated, we frequently detected denser spots of 

Hta2 signal lagging behind, suggesting a high compaction of the distal part of cXIIr, from 
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the rDNA distal flank to the telomere (Fig. 4.19. C, indicated by arrowheads). This is 

quite similar to the Hta2 intense spots we observed at the apex of nuclear flares in the Nz 

arrest, right on top of the rDNA signal of protruding bars. 

 

Figure 4.19. The rDNA horseshoe loop can remain until late stages of mitosis. (A) In these 

two examples of a Nz release, the rDNA horseshoe loop remains when most of the histone signal 

is evenly distributed. In the upper cell, a single rDNA signal indicates that cXII has not been 

segregated, while in the bottom cell, there are two Net1 signals, suggesting rDNA segregation is 

complete, despite both nuclear masses are still linked by a histone thread. (B) Eventually, rDNA 

segregation occurs, although in some cases the Net1 signal is unequal between both daughter 

cells, as in the left cell. (C) Spots of higher intensity histone signal are frequently observed when 

cXII are migrating to the opposite poles (indicated by arrowheads), presumably corresponding to 

the subtelomeric region. Asterisks indicate horseshoe loops. Scale bars, 3 µm. 

Interestingly, in time-lapse microscopy films, we observed a pattern of movement 

similar to what have been described for the mid-M arrest triggered by APC inactivation, 

in which most of the chromatin resides in the daughter cell, while the rDNA remains in 

the mother, showing highly dynamic movements referred to as DNA transits (Fig. 4.20. 

A). Apparently, once cells are allowed to resume cycling after Nz removal, they continue 

to divide first by acquiring intermediate phenotypes characteristic of the APC inhibition 

induced arrest, and then continue to seek an hourglass morphology until karyokinesis is 
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achieved (Fig. 4.20. B). This would place the Nz arrest upstream to the mid-M block 

caused by APC inactivation regarding cell cycle timing, presumably taking longer to end 

mitosis. Despite the appearance of all these morphologies that deviate from the classic 

hourglass mitosis, including stages of uneven DNA mass proportion between mother and 

daughter, cells seem to be able to correct them and achieve proper segregation and 

proceed to the next cycle if given enough time. However, similar to what has been 

observed for APC mutants, cells seem to possess a mechanism to maintain the rDNA in 

the mother cell until most of the chromatin has been equally divided, proceeding then to 

rDNA segregation. 

 

Figure 4.20. Cells in a Nz release exhibit morphologies reminiscent to the ones observed 

after APC inhibition. (A) Short time-lapse of a Nz released cell in which most of the chromatin 

resides in the daughter body, while the rDNA remains in the mother, like what we observed before 

in the cdc16aid mutant. The overlap between the histone and Net1 signals change in time, and 

part of the handle is non-coated by Net1, as we observed for partial loops in the first chapter 

(white arrowhead). In this example, the chromatin mass in the daughter cell appears to be pulled 

back, losing the rounded shape in favor of a kidney shape, and then released again from tension, 
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recovering the previous shape. (B) In this example, chromatin followed by the histone signal has 

a general bowtie shape, expanding across the division axis in time, and is more evenly distributed, 

despite the mother cell having an rDNA horseshoe loop. Scale bars, 3 µm. Frames are separated 

by 24 s. 

4.2.2. Remaining nuclear projections in a Nz release colocalize with vacuoles 

Because we described that nuclear extensions in a Nz arrest colocalize with vacuoles, 

we investigated if this association was maintained in the release. Indeed, this was the case. 

Either one big vacuole or groups of small vacuoles nearly always colocalized with nuclear 

projections after Nz removal, regardless of their shape (Fig. 4.21. A and B). Even in very 

late stages of mitosis when rDNA has been segregated, if nuclear projections are present, 

they are found in close association to vacuoles (Fig. 4.21. C).  

 

Figure 4.21. Vacuoles still associate with flares and loops after Nz removal. (A) Examples 

of Nz released cells with nuclear projections of different shapes, all associated to one big vacuole 

or a group of smaller vacuoles, indicated by arrowheads. (B) Quantification of Vph1 colocalization 

with histone and/or Net1 projections in a representative Nz release experiment. ~250 cells were 

pooled from timepoints between 15 and 75 min after Nz removal. (C) Example of a cell that 

presents a nuclear projection in contact with vacuoles in telophase (arrowhead). Scale bars, 3 

µm. 
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Whether this proximity involves nuclear-vacuole junctions, or it is just a consequence 

of the volume vacuoles occupy within the cell, remains to be investigated. However, the 

closeness of rDNA loops and flares regarding vacuoles, suggest there may be a 

mechanism linking them. Because the nucleolar region has been described as a membrane 

sink upon phospholipid overproduction (Witkin et al., 2012), being apparently more 

capable to cope with nuclear membrane overexpansion than the rest of the NE, an 

increased contact area with the organelle in charge of recycling cellular components 

would result useful, possibly coupling the process of NE remodeling by degrading 

membrane excess. This increased contact may favor the PMN pathway targeting the 

degradation of nuclear components via NVJ uptake. However, a step of clearance of the 

rDNA from the NVJ would be essential to avoid DNA uptake by the vacuole and its 

degradation. This process has been described to be carried out by the CLIP and cohibin 

complexes in conjunction to separate the DNA from nucleolar proteins (Mostofa et al., 

2018). 

4.2.3. The exit from a Nz-induced mid-M block triggers autophagy activation 

Next, we decided to investigate if autophagy was involved in the process of nuclear 

reshaping after Nz removal. Because this process oversees recycling of cellular materials, 

it would be logical that autophagy may be activated to remove the nuclear membrane 

excess accumulated in a mitotic arrest. For this purpose, we used the conventional GFP-

Atg8 tagging for microscope visualization (Backues & Klionsky, 2022; Geng et al., 2008; 

Nair et al., 2011). This protein localizes at incipient phagophores as well as growing and 

mature autophagosomes before vacuolar uptake (thus, giving rise to foci usually at the 

vacuole periphery) and is used as a marker for general autophagy activation, although it 

is involved in macro and micronucleophagy as well, as we described in the introduction 

(Otto & Thumm, 2021). We used a GFP-Atg8 centromeric plasmid kindly provided by 

Yoshiaki Kamada (NBRP ID: BYP9641; plasmid name: pRS314[GFP-ATG8]). 

Our data agrees with previous knowledge which situated a baseline level of 

autophagy in which approximately 30% of cells display at least one GFP-Atg8 focus 

(Reggiori & Klionsky, 2013). Furthermore, we noticed this level did not change in the 

mitotic arrest caused by Nz exposure (Fig. 4.22. A), which suggests that nuclear 

membrane accumulation keeps a steady rhythm in a mitotic arrest, not being constantly 

turned over while new membrane is synthesized. These foci often colocalized with the 
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rDNA horseshoe loop, that we now know is shaped by the vacuole (Fig. 4.22. B). To 

determine the level of autophagy activation during the Nz release, we further divided the 

culture in two after Nz removal and added rapamycin to one of them to induce autophagy 

due to TOR inactivation. As expected, there was a rapid increase in autophagy in the 

rapamycin treated culture, which serves as a positive control for autophagy stimulation, 

in which nearly 80% of cells had at least one GFP-Atg8 focus. Strikingly, when Nz was 

removed in cells without rapamycin addition, the percentage of cells displaying at least 

one GFP-Atg8 focus gradually increased in time up to a 60% after 90 min, nearly 

doubling baseline levels (Fig. 4.22. C). These foci were found both in the mother and the 

daughter bodies, using the rDNA single signal presence as reference of the mother cell 

(Fig. 4.22. D). 
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Figure 4.22. A Nz release triggers autophagy activation. (A) Proportion of cells displaying at 

least one GFP-Atg8 focus in asynchronous and Nz arrested cells (mean ± SEM; n = 3). (B) Two 

examples of Nz arrested cells with rDNA horseshoe loops in contact with GFP-Atg8 foci (marked 

with arrowheads), presumably at the vacuole periphery, which allocates in the SUL. (C) Proportion 

of cells displaying at least one GFP-Atg8 focus in a Nz release time-course experiment. Nz 

arrested cells were split into after Nz elimination, one culture was treated with rapamycin to serve 

as autophagy positive control, while the other remained untreated (mean ± SEM; n = 3; some 

error bars in the -Nz +Rap timepoints are not observable due to their small size, and thus are 

hidden by the software used to plot data). (D)  Examples of Nz released cells in which the GFP-

Atg8 focus can be located in the mother (top example) or daughter cell (bottom example), 

indicated by arrowheads. Scale bars in B and D, 3 µm. 

These results unveil a role of the autophagy pathway after a mitotic block. It would 

be interesting to test whether autophagy inhibition disturbs cell cycle continuation or if it 

has an impact in nuclear morphology. If our hypothesis that nucleophagy takes place after 

Nz removal to eliminate nuclear membrane excess were true, we would expect nuclear 
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deformation upon autophagy abrogation. Also, to confirm that this increase in autophagy 

is caused by membrane overexpansion and not only because of the arrest, the study of 

GFP-Atg8 foci would be interesting in the release of cells arrested in mid-M upon 

coincubation of Nz with cerulenin, which we know renders spheric nuclei due to FAS 

inhibition. We cannot confirm an increase in either macro or microautophagy at this point 

because this tool is not specific of these branches, but rather a common feature of 

autophagy, so we cannot rule out that other cellular compartments participate in this 

process. It remains to be seen whether Atg39, the specific cargo receptor for nucleophagic 

processes, is essential for NE recycling after a Nz block-and-release. 

4.2.4. The metaphase to end of mitosis transition occurs faster after a mitotic 

delay without microtubule depletion 

Continuing the approach we used in the first part of the results, we used again the 

cdc16aid model to characterize the mid-M release after a mitotic block and compare it 

with the results obtained with Nz. Strikingly, we observed that cdc16aid cells continued 

cycling and completed cXII segregation, as indicated by tetO:1061 kb, much faster than 

Nz released cells. More precisely, after 45 min of IAA removal, approximately 90% of 

cells had segregated the cXIIr telomere, which is the last part of the region to segregate 

(Fig. 4.23. A and B). Furthermore, if we categorize cells by their nuclear morphology, 

we observe that after 60 min of IAA removal around 90% of cells have recovered the 

hourglass morphology besides completing DNA segregation (Fig. 4.23. C). Taking a 

closer look at the proportions showed in the time-course release experiments, we observed 

the biggest change between 30 and 40 min, marking the time needed to achieve the 

transition between the arrest and the end of mitosis. Interestingly, the category in which 

cells display a single tetO but have a bowtie or hourglass morphology (Fig. 4.23. D) is 

not represented after the 60 min, probably because this population of cells achieved the 

BN status as they did not need to fix nuclear membrane extensions and could proceed 

faster. The remaining ~10% after 60 min is split between MN and BN cells which still 

possess non-spherical nuclear morphologies, which possibly end up being removed in 

posterior steps.  
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Figure 4.23. Cdc16aid cells complete segregation faster than Nz released cells. (A) 

Proportion of cells displaying one or two tetO:1061 kb signals in a cdc16aid release time-course 

experiment (mean ± SEM; n = 2). (B) Representative examples of MN and BN cells with nuclear 

projections in the experiment quantified in (A and C). The MN cell has the histone signal spanning 

the bud neck and an rDNA loop in the mother body (indicated by an arrowhead), while the BN cell 

has already segregated cXII, as indicated by the two Net1 and tetO signals, in which both nuclear 

masses have a small hairpin loop or flare formed by the rDNA. (C) Quantification of nuclear shape 

in a cdc16aid release time-course experiment (mean ± SEM; n = 2). MN, mononucleated 

determined by 1 tetO signal; BN, binucleated determined by 2 tetO signals; HG/BT, 

hourglass/bowtie shape; proj., projections. (D) Example of a MN cdc16aid cell from the IAA block-

and-release experiment with a nearly perfect bowtie nuclear morphology, with the rDNA capping 

the lobe in the mother cell in a crescent like shape. Scale bars in B and D, 3 µm. 

Thus, if we compare these results with the Nz time-course release, we observe that 

cdc16aid cultures achieve segregation and recover proper nuclear morphology earlier 

than Nz released cells (60 min vs > 90 min). The main difference between both mid-M 

blocks reside in the absence of microtubules in the Nz arrest. We assume that the reason 

behind this difference in timing resides in the extra time needed to reassemble and 

correctly reposition and elongate the spindle to proceed to anaphase, as we stated before 
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that nuclear projections are apparently corrected after segregation, in agreement with data 

from the Cohen-Fix laboratory. 

We evaluated the data from the experiment in the previous figure and represented the 

proportion of MN and BN cells which display nuclear projections vs an hourglass/bowtie 

shape, which clearly shows that most cells with nuclear projections are MN. Indeed, we 

prepared a 2x2 contingency table, counting the MN cells from the arrest and pooling the 

BN cells from the release (timepoints from 30 to 60 min), and ran a two-tailed Fisher’s 

exact test, which shows statistically significant differences between the MN and BN 

groups regarding nuclear shape (p < 0.0001) (Fig. 4.24. A). The choice to only select MN 

from the arrest and BN from the release is done to make sure we are only picking properly 

and timely arrested MN cells, as well as cells which are BN after they have been released 

from the mid-M block, thus avoiding counting cells which are MN or BN asynchronously, 

escaping the block. Of note, not all nuclear projections detected by nucleoplasm presence 

contain the rDNA (Fig. 4.24. B). It does not happen frequently, but we have observed 

cases in MN and BN cells. However, we cannot rule out that this type of extensions in 

MN cells are due to normal shaped nuclear division, because at early stages we cannot 

differentiate the finger-like projection which evolves into a bowtie shape from the ones 

that stay like this, as extended nuclei traverse through the bud neck in cdc16aid mid-M 

arrested cells. Thus, we decided to compare whether the presence of the rDNA in these 

projections differs between MN and BN cells. Again, we prepared a 2x2 contingency 

table and ran a two-tailed Fisher’s exact test, which renders a non-statistically significant 

p-value (p > 0.05), meaning that the rDNA occupies nuclear extensions equally in pre- 

and post-anaphase cells (Fig. 4.24. C). 
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Figure 4.24. Nuclear projections containing the rDNA in a cdc16aid block-and-release are 

present mainly in MN cells. (A) Proportion of MN vs BN cells, as measured by presence of one 

or two tetO:1061 kb signal(s), which exhibit bowtie/hourglass shape or nuclear projections. MN 

cells counted belong to the 3 h arrest timepoint, while BN are pooled from timepoints between 30 

and 60 min. Below, a 2x2 contingency table of the plotted data, used to perform a two-tailed 

Fisher’s exact text. (B) Microscopy examples of a MN (left) and BN (right) cell with nuclear 

projections in which the rDNA is not present. Scale bars, 3 µm. (C) Proportion of nuclear 

projections which contain or not the rDNA in MN and BN cells. On the right, a 2x2 contingency 

table of the plotted data, used to perform a two-tailed Fisher’s exact text. MN, mononucleated 

determined by 1 tetO signal; BN, binucleated determined by 2 tetO signals; HG/BT, 

hourglass/bowtie shape; proj., nuclear projections. 

4.2.5. Effect of nuclear membrane excess and defect in survival and genome 

integrity 

To further complete our study, we examined the effects of membrane imbalances on 

cell viability. With this purpose, we used a set of diploid strains which allow phenotypic 
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evaluation of genomic rearrangements by their colony color and sectoring pattern on YPD 

plates. These strains were created by mating cells with two different backgrounds with ~ 

0.5% sequence divergence, i.e. W303 (JSC12) and YMJ789 (JSC21) (Lee et al., 2009; 

Lee & Petes, 2010), which are differentiated by more than 55,000 SNPs along the 

genome, heterozygous in the resulting diploid strain (Wei et al., 2007). Furthermore, both 

parental haploid strains bear two different markers on the right arm of chromosome IV 

(KanMX/can1-100 in the W303 and the SUP4-o allele in the YMJ789 strain), which is 

one of the largest chromosomes, together with cXII, at position 1,510,386 bp. Also, they 

both are ade2-1 mutants, which corresponds to an ochre mutation at position 190 within 

the ADE2 gene and makes haploid and diploid homozygous strains form red colored 

colonies. On the other hand, the allele SUP4-o, an ochre suppressor tRNA gene, inhibits 

this phenotype and colonies become white colored by suppressing the ade2-1 mutation. 

In diploids bearing only one copy of SUP4-o, colonies are pink as an intermediate 

phenotype between red and white (Andersen & Petes, 2012; Barbera & Petes, 2006; St 

Charles & Petes, 2013). Besides the aforementioned diploid, we used another one 

developed by mating strains PSL2 (W303) and PSL5 (YJM789), which is similar in 

rationale but with the color reporting system designed for chromosome V instead (St. 

Charles et al., 2012).  

In our experimental approach, overnight cultures from these two strains were divided 

in four. Each culture was treated with Nz, cerulenin, a cotreatment with Nz together with 

cerulenin or left untreated as reference of growth in rich medium, while a sample from 

YPD was plated at t = 0 as a starting point reference. We performed clonogenic assays by 

plating on YPD after the 3h in the different conditions and incubated them until colonies 

were easily visible. We counted CFUs on each plate (Fig. 4.25. A) and then referenced 

all conditions to our 3h asynchronous culture, as it represents the maximum growth they 

would achieve in normal conditions when left untreated. We observed a decrease in CFUs 

in all conditions when compared to the control (Fig. 4.25. B). However, in the treatments 

involving Nz we cannot say that it is caused by increased cell death, because Nz induces 

a cell cycle arrest, meaning that cells are not able to double as much as their control 

counterparts. Regarding Cer, it is known that it is an antifungal agent and indeed, it caused 

a survival drop of ~ 40% compared to the asynchronous culture. The coincubation of both 

agents reduced colony count to approximately 25%, and we decided to investigate if there 

was a suppressive effect of cerulenin in Nz fitness by applying the multiplicative fitness 
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model, comparing expected and observed frequencies (Fig. 4.25. C), and then testing the 

mean value against 0 with a one sample t test, which indicates that there is no difference 

between expected and observed frequencies (Fig. 4.25. D). Indeed, this result suggests 

that these two drugs act independently, with a simple additive effect, so they do not cause 

synergism or suppression when combined. This supports our proposal that yeast cells are 

able to deal with nuclear projections before it has an impact on cell survival. 

 

Figure 4.25. Effect of Nz and cerulenin on cellular survival in diploid cells. (A) Total CFU 

count of clonogenic assays from an overnight culture (t=0) treated with Nz, Cer, Nz + Cer and an 

untreated control for 3 h (mean ± SEM; n = 6). (B) Percentage of CFUs after the 3 different 

treatments referenced to the 3 h asynchronous culture (same data from (A)). (C) Table of the 

observed frequencies of 6 individual replicates plotted in (B) for Nz, Cer and Nz + Cer. The 

expected frequency for independent contributors of Nz + Cer was calculated applying the 

multiplicative fitness model, and then the difference between the expected and observed values 

was calculated for each replicate. (D) The mean value of the difference between the expected 

and observed frequencies was tested using a one sample t test (mean ± SD; n = 6). Asyn, 

asynchronous; Cer, cerulenin; obs, observed; exp, expected; f, frequency; ns, non-significant. 
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Due to the difficulty to assess the color of the PSL2/PSL5 diploid, whose pink 

colonies were nearly white, we could only use the clonogenic assays of this strain for 

survival count, not to assess color categories for genomic rearrangement detection. To 

phenotypically evaluate genomic rearrangements, we used the clonogenic assays of the 

JSC21/JSC12 strain. We observed that the number of colonies which were not pink was 

maintained barely unchanged between all conditions; only the coincubation of Nz and 

Cer increased non-pink colony count (Fig. 4.26. A). Then, we categorized the non-pink 

colonies into four: white, red, and colonies which presented sectors, either white or red, 

each indicating different types of rearrangements which affect chromosome IV and the 

SUP4-o allele, and thus colony color acquired by the ochre ade2-1 mutation (Fig. 4.26. 

B). Most non-pink colonies in all conditions were red or white, and sectoring was hardly 

ever found. In the cotreatment of Nz and Cer, the count of red colonies coincides with the 

other conditions, and the category that increased the total non-pink count was white 

colonies, which account for cells with two copies of the SUP4-o allele, while the red ones 

have lost both copies. The exact nature of these genomic rearrangements could be studied 

subjecting these clones to further phenotypic testing on different selective media 

(assessing loss and gain of different resistance to auxotrophic markers or antibiotics) and 

Comparative Genomic Hybridization. However, the deviation between the different 

replicates suggests there is not a significant increase in genome instability.  

 

Figure 4.26. Genomic rearrangements in diploid cells apparently increase in Nz and Cer 

cotreatment. (A) Proportion of the sum of non-pink colonies of the clonogenic assays of Nz, Cer 

and cotreatment (mean ± SEM; n = 2). (B) Data from (A) categorised by colony color pattern. 

Note that the y axis has been cut to allow better visibility of the differences between categories 

due to large error bars. 
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Because in the diploid strains we apparently found no correlation between Nz and 

Cer exposure with an increase in genomic rearrangements, we decided to use a haploid 

strain to evaluate genome integrity through PFGE and DNA damage checkpoint 

activation through the phosphorylation of the protein Rad53, which becomes 

hyperphosphorylated in response to DSBs, among other DNA insults, such as replicative 

stress (Sanchez et al., 1996; Santocanale & Diffley, 1998; Sun et al., 1996; Tercero & 

Diffley, 2001). The experimental design we used included three subcultures from an 

overnight asynchronous culture (Fig. 4.27. A), which was first divided in two, one treated 

with Nz and the other Nz together with cerulenin for three hours. After the mid-M block, 

the Nz treated cells were released and sampled at 30, 45 and 60 min (line a), while the 

cotreatment culture was split into two again, Nz was removed from both, but Cer was 

added again in one of them (lines b and c respectively), so cells were allowed to resume 

cycling but without FAS activity and samples were taken as described for the Nz release. 

The Western blot revealed that Rad53 phosphorylation levels appear to be slightly higher 

in Nz released cells (line a) compared to the asynchronous culture but remained constant 

through the release (Fig. 4.27. B). However, in Cer treated cells Rad53 appears not to 

have a clear increase in phosphorylation levels after Nz removal (the multiband 

presentation of phosphorylated Rad53 is not seen despite the retardation observed on the 

right of the gel) (Fig. 4.27. C). Furthermore, the PFGE revealed that in all conditions 

where cells have been exposed to Cer, there is a decrease in signal intensity corresponding 

to the largest chromosomes, while it is noticeable for neither the rest of the chromosome 

bands nor in all lanes of Nz only treated cells (Fig. 4.27. D). Apparently, yeast haploid 

strains do not have an increase in DSBs appearance after a Nz arrest, maintaining genome 

integrity despite nuclear deformation. Of note, I have only been able to perform a single 

replicate of these experiments due to time limitation, which need further confirmation to 

support these observations, which may imply interesting insights into the mechanism of 

action behind cerulenin antifungal activity. 
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Figure 4.27. Chromosome integrity appears to be compromised in haploid yeasts after Nz 

and Cer combined exposure. (A) Experimental approach used in these experiments. An 

asynchronous culture was divided into two, one was treated only with Nz and the other with Nz 

combined with Cer for 3 h. After the mid-M block, Nz was removed from both, but the cotreatment 

culture was split again and Cer was added back to one of them after the medium had been 

washed. (B) Western blot against Rad53 of a Nz block-and-release, which corresponds to line a 

in (A), to detect phosphorylation levels. (C) Western blot against Rad53 of Nz arrested cells in the 

presence of Cer and their release without the readdition of Cer (line b, samples 2 – 4) or readding 

Cer (line c, samples 5 – 7). (D) PFGE of the experiment described in (A) using conditions to 

accurately resolve cXII. 

In sum, cells appear to fully recover nuclear shape and complete accurate segregation 

despite excess nuclear membrane accumulation due to mitotic arrests, meaning that 

mitotic blocks which alter nuclear morphology do not pose a risk in the budding yeast 

genome stability and survival. 
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4.3. Study of chemical compounds with potential to alter nuclear 

shape and cell cycle progression 

During the development of this work, we collaborated with the company CEAMED 

S.A. (Centro Atlántico del Medicamento S.A.), which provided us with newly developed 

chemical compounds they synthesized to be tested for toxic effects on our yeast model. 

The main interest of this company consists in the development of new anticancer drugs, 

based on natural products from the Canary Islands. More precisely, these agents were 

designed to find new treatments against the chronic myeloid leukemia (CML) whose 

patients present resistance to the treatment with Imatinib (Gleevec®), which constitutes 

one of the main chemotherapeutic agents used to fight this disease, and thus have the need 

of an alternative drug. CML is a type of cancer that starts in the myeloid cells of the bone 

marrow, occurs mostly in adults (average age at diagnosis is 64 years) and accounts for 

~10-15 % of leukemias, according to the American Cancer Society. Consequently, we 

used the budding yeast as a tool to easily evaluate microscopic changes in nuclear 

morphology and chromatin after exposure to these new compounds designed to 

complement or substitute Imatinib. 

In previous works undertaken by our group, two chemical agents, named CM-568 

and CM-728, were found interesting due to cytotoxic effects on halo assays and growth 

curves, whose profiles pointed towards a mechanism of action related to oxidative stress, 

although this remains to be confirmed. These molecules are derived from quinones fused 

to oxazepins, although their specific molecular structures are protected by a patent and 

will be disclosed when published.  

Thus, because yeast poses a cheap and easy-to-use model to screen compounds, we 

used it to evaluate the effect of exposure to these drugs on the yeast nuclear morphology 

and ability to complete a cell cycle. 

Due to the high resistance yeast have to xenobiotics because of the pleiotropic drug 

resistance systems, and also after previous data obtained in our group with other chemical 

entities, in our first experiment we used a relatively high concentration, i.e. 100 µM. The 

experimental rationale lies on the synchronization of a yeast culture in G1 in reach media, 

which is then released from the block and split into two. One of the cultures was kept as 

a control, in which 1% DMSO is added (the drug’s vehicle), while the other was treated 

with either CM-568 or CM-728, and the temperature switched to 34°C to block again 
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cells in telophase thanks to the cdc15-2 ts allele (Fig. 4.28. A). With this approach, we 

pretended to evaluate the number of cells which accurately reached telophase, with 

segregation of the two tetO:1061 kb, as well as their nuclear shape after being exposed to 

the drug throughout a single cell cycle. After this first experiment, we observed that cells 

from the control culture accurately reached telophase, and they formed pseudohyphae, 

which is known to happen in cdc15-2 arrests. However, in both cultures exposed to 

CEAMED drugs at the aforementioned concentration, cells could not exit from G1, 

according to cellular morphology on the bright field. There was nearly a complete loss of 

fluorescent signal for Net1-ECFP and the TetR-YFP, while the histone signal appeared 

highly packed (Fig. 4.28. B), suggesting a high toxicity which triggered a strong stress 

response or, perhaps, even cell death. 

 

Figure 4.28. Exposure to CM-568 and CM-768 at 100 µM is toxic for yeast cells. (A) 

Schematic for the experimental approach used to evaluate chemical compounds from CEAMED 

S.A., which consists of a G1 arrest and release to telophase. (B) Representative microscopy 

examples of the experiment described in (A). A concentration of 100 µM inhibits exit from G1 and 
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provokes disturbances in microscopy signals (loss of CFP and YFP signals and Hta2 

hypercompaction). Control cells exposed to the vehicle (DMSO) reached telophase despite 

showing pseudohyphae due to the cdc15-2 allele. Note that micrographs are pseudocolored: 

Net1-ECFP (yellow), TetR-YFP (cyan) and Hta2-mCherry (red). Mrg, merge. Scale bars, 5 µm. 

Hence, we confirmed that a concentration of 100 µM inhibits cell cycle progression 

and thus proceeded to assay a range of concentrations to evaluate the dose-response using 

the same experimental approach. The chosen concentrations were: 100, 10, 1, and 0.1 

µM. Surprisingly, we observed for both compounds that not even a decrease in 

concentration of the drug down to 1 µM allowed exit from G1 (Fig. 4.29. A and B). 

However, dropping the concentration to 10 µM recovered the Net1 and TetR signals, 

although the histone signal was still condensed. We manually measured the chromatin 

area using the Hta2 signal perimeter in all assayed concentrations for CM-728, since both 

chemicals behaved similarly (Fig. 4.29. C). We observed that the histone area was 

recovered to normal conditions, compared to untreated asynchronous cells, when the 

concentration was ≤ 1 µM. Interestingly, in G1 the nuclear area is increased, as cells show 

nuclear projections already characterized elsewhere (Stone et al., 2000), which we also 

observed in panels A and B in the G1 arrest. Finally, only cells subjected to 0.1 µM were 

able to reach telophase and segregate the rDNA and the subtelomeric tetO at cXIIr, which 

they did nearly in a 100 % of the cases (Fig. 4.29. D).  
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Figure 4.29. Concentrations of CM-568 and CM-728 lower than 1 µM allowed cells to reach 

telophase and achieve correct cXII segregation. (A) Representative micrographs of the G1 

block and release to telophase final timepoint (3 h 34°C) using a series of concentrations of CM-

568. BF, bright field. Scale bars, 3 µm. (B) As in (A) for CM-728. (C) Plot of nuclear areas 

measuring the Hta2 signal borders in experiments using CM-728 (n = 20 cells). Whiskers 

represent min to max values and mean is shown as ̍ +ˈ. Asyn, asynchronous; αF, α factor induced 

G1 arrest; Telo, telophase in DMSO. Concentrations indicate final timepoints’ areas. (D) 

Proportion of budded cells displaying one or two tetO:1061 kb signals in the final timepoint as in 

(A), using 0.1 µM of CM-568 and CM-728 respectively, which indicates correct segregation of 

cXIIr. 

Taking all of these into account, our model reveals that drugs CM-568 and CM-728 

result toxic for the cell at concentrations as low as 1 µM, inhibiting cell cycle normal 

progression. The mechanism of action remains to be elucidated, although the behavior it 

presents at higher doses may indicate oxidative stress, which trigger degradation or loss 

of fluorescence of fluorescent proteins derived from GFP and hypercompaction of the 

histone, tagged with the red fluorescent variant mCherry. To conclude, our yeast model 
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proved to be useful to easily evaluate nuclear morphology and chromatin segregation 

under the fluorescent microscope. The importance of this approach for future studies 

relies on the importance of nuclear shape relative to cell health, both in yeast and in higher 

eukaryotes, in which is a hallmark of cancer. 

Taken all together, this work has given new insight into the maintenance of nuclear 

shape, a feature of uttermost important to maintain cell health, related to several diseases 

upon disturbance. A thorough microscopic analysis details the relevance of the vacuole 

and lipid synthesis regarding nuclear morphology in mitotic delays, although the 

molecular mechanism by which the vacuole shapes the nucleus remains to be solved. 

Besides, the apparent increase in autophagy levels when Nz is removed may be a sign of 

nucleophagy, proposing a possible mechanism to explain how cells deal with nuclear 

membrane excess, allowing the regular continuation of mitosis without an evident loss in 

cell viability. Continuation of this work will shed light on how cells respond to nuclear 

membrane imbalances, especially by combining live cell imaging of strains with multiple 

fluorescent makers to observe protein and organelle interactions in vivo.
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1.  The rDNA loop in a mid-M block is a highly dynamic structure, with many 

intermediate states, ranging from a protruding bar to the full rDNA handle, which 

can arise from at least two main developmental pathways. 

2. The establishment of the rDNA loop depends on phospholipid biosynthesis and 

the absence of microtubules. 

3.  The space under the rDNA loop in a mid-M block caused by microtubule 

depletion is occupied by the vacuole, which serves as a template for nuclear 

expansion, and shapes the nucleus as a toroid. 

4. Nuclear projections caused by a Nz arrest remain present when they are released, 

although cells recover a spherical nucleus between later stages of mitosis and the 

beginning of the new cycle.  

5. There is an increase in autophagy levels in a Nz release, presumably to recycle the 

excess of membrane accumulated in the arrest. 

6. The recovery of spherical nuclei occurs faster in mid-M blocks triggered by APC 

inhibition than it does due to microtubule depletion, most likely for the need in 

the latter to reassemble and correctly reposition the mitotic spindle to allow 

segregation. 

7. Aberrant nuclear morphologies generated by the Nz-induced mitotic block do not 

apparently increase genome instability or affect cell viability. 

8. The close proximity of nuclear projections to vacuoles in the Nz-induced mid-M 

block and in a mid-M block induced by APC inhibition, suggest a possible 

functional role associated to the contact between the rDNA and the vacuole. 

9. CEAMED S.A. compounds CM-568 and CM-728 result highly toxic to yeast cells 

at concentrations as low as 1 µM, inhibiting cell cycle progression.
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Media 

S. cerevisiae culture 

• Liquid YPD medium (w/v) 

− 1% Yeast extract  

− 2% Peptone  

− 2% Glucose  

 

• Solid YPD medium (w/v) 

− 1% Yeast extract  

− 2% Peptone  

− 2% Glucose  

− 2% Agar  

 

• Synthetic Complete medium (SC) (w/v) 

− 0.17% Yeast Nitrogen Base (YNB) without ammonium sulphate and amino 

acids  

− 0.1% Monosodium glutamic acid  

− 0.2% Amino acid mix without the appropriate amino acid or nitrogenous base 

(see Table I)  

− 2% Glucose  

− 2% Agar (only in solid medium)  
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Table I. Nutrient concentration to prepare drop out media 

Nutrient 
Concentration 

(mg/L) 
Nutrient 

Concentration 

(mg/L) 

Adenine 
19 Leucine 379 

Alanine 
76 Lysine 76 

Arginine 
76 Methionine 76 

Asparagine 
76 

Para-aminobenzoic 

acid 
7.58 

Aspartic acid 
76 Phenylalanine 76 

Cysteine 
76 Proline 76 

Glutamine 
76 Serine 76 

Glutamic acid 
76 Threonine 76 

Glycine 
76 Tryptophan 76 

Histidine 
76 Tyrosine 76 

Inositol 
76 Uracil 76 

Isoleucine 
76 Valine 76 

E. coli culture 

• Liquid LB medium (w/v) 

− 1% Bacto™ tryptone 

− 0.5% Yeast extract 

− 1% NaCl 

• Solid LB medium (w/v) 

− 1% Bacto™ tryptone 

− 0.5% Yeast extract 

− 1% NaCl 

− 1.5% agar 
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Solutions 

Yeast transformation 

• SORB solution 

− 100 mM Lithium acetate  

− 10 mM Tris-HCl pH 8.0  

− 1 mM EDTA  

− 1 mM Sorbitol pH 8.0 (adjusted using 1 M acetic acid) 

 

• PEG solution 

− 100 mM Lithium acetate  

− 10 mM Tris-HCl pH 8.0  

− 1 mM EDTA  

− 40% Polyethylene glycol 3350 (w/v)  

 

Yeast gDNA extraction 

• Breaking buffer 

− 2% Triton X-100 (v/v) 

− 1% SDS (w/v) 

− 100 mM NaCl  

− 10 mM Tris-HCl pH 8.0  

− 1 mM EDTA pH 8.0  

 

• TE buffer 

− 10 mM Tris-HCl  

− 1 mM EDTA pH 8.0  

 

PFGE and conventional agarose gel electrophoresis 

• 1x TBE  

− 89 mM Tris base  

− 89 mM Boric acid  
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− 2 mM EDTA pH 8.0 

 

• LMPA solution 

− 1% Low melting point agarose (w/v) 

− 0.125 M EDTA 

 

• SCE 

− 1 M Sorbitol 

− 0.1 M Trisodium citrate dihydrate salt  

− 0.06 M EDTA 

 

• Solution I 

− SCE 

− 5 µL/mL β-mercaptoethanol 

− 1 mg/mL Zymolyase 100T (100 U/mL) 

 

• Solution II 

− 0.45 M EDTA 

− 0.01 M Tris-HCl pH 7 

− 7.5% β-mercaptoethanol (v/v) 

− 10 µg/mL RNase A 

 

• Solution III 

− 0.25 M EDTA 

− 0.01 M Tris-HCl pH 7 

− 1% N-lauroylsarcosine sodium salt (w/v) 

− 1 mg/mL Proteinase K 

 

• Storage solution 

− 60% Glycerol (v/v) 

− 0.05 M EDTA 
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Western blot 

• Laemmli buffer ready to mix with samples 

− 1x Laemmli buffer (from 4x Laemmli buffer, Bio-Rad) 

− 2.5% β-mercaptoethanol (v/v) 

− 0.75 mM Tris-HCl pH 8.0 

• Running buffer 

− 3 g/L Tris base  

− 14.4 g/L Glycine  

− 0.6 g/L SDS  

 

• Transfer buffer 

− 25 mM Tris-HCl pH 8.3  

− 192 mM Glycine  

− 20% Methanol (v/v) 

− 0.1% SDS (w/v) 

 

• TBST 

− 100 mM Tris-HCl pH 7.5  

− 150 mM NaCl  

− 0.1% Tween-20 (v/v) 

 

Other solutions 

• PBS pH 7.4 

− 2 mM KH2PO4  

− 10 mM NaHPO4  

− 2.7 mM KCl  

− 137 mM NaCl
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