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ABSTRACT

Candida albicans is a commensal harmless organism which
asymptomatically colonises the human population. However, this organism
can become a life-threatening pathogen causing systemic infections which
results fatal especially in immunocompromised patients. During colonisation
and infection, C. albicans must adapt rapidly to the different environments of
the host. C. albicans genome is highly plastic, and it can tolerate large-scale
genomic changes adapting to the stress environments it encounters. This is
because genomic instability increases genetic diversity allowing the selection
of the genotypes favourable to adapt to the stress environment. This genetic
instability increases virulence and resistance to the common antifungal
drugs. However, it remains unknown how stress-induced genetic instability is
regulated and what are the driving mechanisms to genome plasticity in the
stress environment. By this means, the aim of this project is to identify novel

regulators of C. albicans stress-induced genome instability.

To this end, | performed different parallel genetic screenings using a
homozygous C. albicans gene deletion library, using UV radiation and Methyl
methanesulfonate (MMS) as DNA damaging agents. This strategy has led to
the identification of ULP2 C. albicans gene as novel potential regulator of C.
albicans genome instability. ULP2 gene is involved in SUMO deconjugation,
and in this project it has proved to be hypersensitive to different genotoxic
stresses including UV, MMS, Hydroxy urea (HU), Hydrogen peroxide (H202)
and high temperature. In addition, cell lacking u | p 2eghipited chromosome
mis-segregation defects. The high genome instability of the u | p 2 sipam
leads to enhanced Fluconazole resistance via selection of novel fitter
genotypes. Whole-genome sequencing of u | p 2 ftpgpnazole resistance
cells exhibited stress-induced segmental aneuploidies of chromosome R and
chromosome |. Furthermore, intrachromosomal repetitive elements are the
site of formation of complex novel genotypes with adaptive potential. To sum
up, these results show that C. albicans ULP2 gene regulates genome
plasticity and drug resistance.
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Chapter 1. General Introduction



1.1 Fungal pathogens

The fungal kingdom includes around 6 million species (Taylor et al.,
2014). More than 600 species are associated with humans, this association
can be as commensals or as pathogens. Globally, the incidence of invasive
fungal infections is increasing, while the antifungal resistance by pathogenic
fungi is also increasing (Konopka et al., 2019). Three main fungal pathogens
can be represented by Aspergillus species, Cryptococcus species and
Candida species. The Aspergillus species are commonly found in different
environments and substrates. Some Aspergillus species such as A.
fumigatus and A. flavus can cause serious respiratory disease in humans
(Mousavi et al., 2016). In addition, Aspergillus species can cause infections
in animals and plants and produce toxins which lead to food spoilage
(Konopka et al., 2019). Cryptococcus species are environmental fungal
pathogens commonly found in soil, trees, and avian habitations. Two
species, C. neoformans and C. gattii, can cause serious diseases affecting
the lungs or the central nervous system (Konopka et al., 2019; Normile et al.,
2020). As mentioned above for Aspergillus and Cryptococcus, humans do
not represent the primary environmental niche. However, when the immune
system is compromised, they can cause dangerous diseases. Candida
species instead are present in the h u ma migrebiome. However, when the
host defences are compromised, Candida can become a pathogen and
cause systemic infections (Sun et al., 2020). Five Candida species are
commonly associated with pathogenicity, C. albicans, C. glabrata, C.
tropicalis, C. parapsilosis, and C. krusei. Of these, C. albicans remains the
most commonly isolated in clinics (Turner and Butler, 2014). In the 1950s,
medical progress such as immunosuppressive therapy, indwelling medical
devices and the development of chemotherapy allowed fungal pathogens to
exploit humans. In the same time frame, the first description of candidiasis
was reported consequent of treatments with antibiotic which caused
disequilibrium in the microbiota with loss of the 6 g o 0 d 6 (Kanopkaeet i a
al., 2019).



To parasite a human, fungal pathogens need to be able to accomplish
four criteria. First: grow at physiological and febrile temperatures. Second:
reach different tissues by penetrating host tissue barriers. Third: be able to
get nutrients and digest components of host tissues. Fourth: able to escape
the host immune system (Kohler et al., 2015). Nowadays, four classes of
antifungal drugs are available to treat life-threatening infection. Fungi as
eukaryotes share basic and cell biology with humans which makes this a
limiting factor in developing antifungal drugs that selectively target fungi.
Another threat which comes from the fungal species is the developing of
resistance to antifungal drugs. An emerging fungal pathogen, Candida auris,
has already developed multidrug resistance to all four class of antifungal
drugs (Sun et al., 2020). Therefore, fungal infections have become a global
threat which is evolving rapidly urging new target therapy for fast adapting
fungal pathogens.

1.1.1 Candida albicans

C. albicans is the most prevalent fungal species in humans. It is a
commensal organism which asymptomatically colonizes the mouth,
gastrointestinal tract, genitourinary tracts, and skin (Achkar and Fries, 2010;
Alonso-Monge et al., 2021; JM and BC, 2010; Kashem and Kaplan, 2016). It
is often harmless in healthy individuals, however a different range of stimuli
in the host environment (i.e., drugs, pH nutritional constituents) or host
immune system (immunocompromised individuals or response to
chemotherapy) lead C. albicans to overgrow and become a pathogen(Mayer
et al.,, 2013a). C. albicans can cause oral and vaginal infections and in
severe cases, it can penetrate into tissue and disseminate through the
bloodstream causing life threatening diseases (Hube, 2004). C. albicans
belongs to the CTG fungi clade, in which the members of this clade are
characterised by different genetic code in which CUG codons codify for
serine rather than leucine (Santos et al., 2011). The members of the CTG
clade are also related by the common feature of adaptation to stress

environments (Krassowski et al., 2018). It was shown by (Simdes et al.,



2016) that under normal conditions, CUG sites incorporate serine 97% of the
times. However, under stress conditions leucine incorporation is more

frequent.

Phenotypic diversity: C. albicans can exist in different morphotypes.

For example, C. albicans can switch between (i) white-opaque, (ii) white-
grey-opaque (iii) yeast to GUT and (iv) yeast to hyphae. White and opaque
cells are different in appearance, in gene expression and mating behaviour.
The master regulator for white-opaque switching is the transcription factor
WOR1 (Zordan et al., 2006). Under normal conditions, this switching occurs
at a very low rate. However, decreasing temperature, level of oxygen and
increasing of CO2 can induce C. albicans to switch to the opaque state
(Huang et al., 2009; Ramirez-Zavala et al., 2008). Mating plays the main role
in white-opaque transition. The mating type locus MTL, a/a or U/, Where a
and U represent the mating forms, control the switching a/U (Soll, 2004). In
addition, a tristable phenotypic switch has been demonstrated by (Tao et al.,
2014), in which C. albicans can undergo a white-grey-opaque transition. The
grey forms differ in colony appearance but also in gene expression (Tao et
al.,, 2014). Furthermore, C. albicans during the passage in the
gastrointestinal tract can switch its morphology resulting in gastrointestinal
induced transition (GUT) cells which differ in morphology (cells results
elongated) and in gene expression, with higher levels of genes for phosphate
uptake in addition to transcription factors for cell surface, secreted proteins
and cell wall remodelling enzymes (Pande et al., 2013). C. albicans can also
switch its morphology from budding yeast form to filamentous form as

described in the next section.

Yeast-hyphae switch: C. albicans is normally present in yeast form.

However, when it becomes pathogenic, this organism can undergo rapid and
reversable phenotypic changes from budding yeast to pseudo-hyphae to
hyphae form (figure 1.1) (Li and Nielsen, 2017; Tyc et al.,, 2014).
Pseudohyphae cells represent the intermediate cell type between yeast cells
and hyphae. They are formed of chains of elongated yeast cells with
constrictions at the septal junctions. Hyphae cells are tube-like, uniform in
width and lack septal constrictions. Hyphae possesses a specialised

4



organelle, known as Spitzenkorper which induces growth of the hyphal tip
mediating the vesicle secretion figure 1.5 (Berman, 2006; Berman and
Sudbery, 2002; Thompson et al., 2011a) .

Environmental stimuli affect C. albicans morphology such as pH < 6
induces C. albicans cells to grow in yeast form, in contrast, pH > 7 induces
hyphal form. In addition, conditions such as starvation, the presence of the
amino sugar N-acetylglucosamine (GIcNAc), the host physiological
temperature and CO:2 induce formation of hyphal forms (Mayer et al., 2013b).
The transition from yeast to hyphae forms has proven to be essential for host
invasion and virulence (Thompson et al., 2011b). The hyphae forms have
proved to be more invasive compared to yeast forms. However, yeast forms
are considered responsible for dissemination (Mayer et al., 2013b). Hyphal
forms can invade the epithelial layers by mechanical force in which hyphae
can grow between epithelial cells and/or penetrating them. Hyphae cells can
cause the rupture of endothelial cells followed by phagocytosis, in addition C.

albicans can lyse macrophages and neutrophils (Thompson et al., 2011a).

Yeast cells Pseudohyphae Hyphae

Figure 1.1 C. albicans different morphologies. Left: Yeast or budding cells.
Middle: Pseudohyphae cell. Right: Hyphae cell. Cells were viewed using Olympus
IX81 100x objective lens.

Genome organisation: C. albicans possesses a diploid genome

formed of eight pairs of chromosomes with sizes between 0.85 to 3.3 Mb

consisting of 16 Mb in total, harbouring around 6,100 genes (Jones et al.,

5




2004a; Van het Hoog et al.,, 2007a). The eight regional centromeres have
unigue DNA sequence on each chromosome bound to histone H3-variant
proteins Cse4. In addition, C. albicans centromeres lack of repeated DNA
elements and transposons (Mishra et al., 2007) (see section 1.2.1 for more
detailed description on centromere and kinetochore). Replication in C.
albicans begins from multiple genetic loci known as DNA replication origins
(ORI) and they can be of two types: arm ORIs, located in the chromosomal
arms; and centromeric ORIs, located close to the centromere. The arm ORIs
are featured by the presence of 15-bp AC-rich sequence and nucleosome
depleted regions while the centromeric ORIs replicates earlier (Koren et al.,
2010; Legrand et al., 2019; Tsai et al., 2014).

Telomeres, specialised nucleoprotein structures have two main roles
in maintenance of genome integrity: protect by capping the chromosomes
ends and maintain the telomere length promoting chromosome end
replication (Singh et al., 2002; Yu, 2012). In most organisms, telomeric DNA
consists of short repetitive sequences which are rich in G-residues (Singh et
al., 2002). The strand which contains the G-rich residues is longer compared
to the compl ementary s-stranged dverehand namedr ms 3 0
G-tail (Yu, 2012). The telomeres are maintained by telomerase, a specialised
reverse transcriptase which uses its RNA component as a template to
synthesise the G-rich strand of the telomere repeats (Singh et al., 2002; Yu,
2012). In S. cerevisiae and S. pombe, telomeres consist of short irregular
repeats (Singh et al., 2002). On the contrary, C. albicans have an unusual
long and regular repeat unit which is 23-bp-long (Mceachernt and Hicks,
1993). Adjacent to the telomeric repeats are present genomic regions
enriched for repetitive genetic elements, called subtelomeres. These
subtelomeric regions are rich in transposable elements and known to be the
hotspots for recombination events and mutations (Dunn and Anderson,
2019). In C. albicans, telomere associated genes (TLO), as the name
suggests, are localised in the subtelomeric regions. In C. albicans genome
there are 15 TLOs in which all except one TLO gene are located within 12 kb
of a telomere. The other TLO named TLO34 (since it is located between

TLO3 and TLO4) is located internally on chromosome 1 (Anderson et al.,



2012; Haran et al., 2014; Van het Hoog et al., 2007b). The TLO genes can
be classified in four clades based on gene structure. The U cl ade consi
members which are highly expressed; the
clade contains 7 members; | saaspseldpgenet he y
(Anderson et al., 2012). They are all oriented with transcription proceeding
toward the centromere. The TLO genes encode proteins with homology for

the N-terminal Med2 domain, a component of the Mediator complex (Haran

et al.,, 2014). The mediator is a multi-subunit complex which function is
transcription regulation, it interacts with RNA polymerase 1l (Pol 1) and the
general initiation factors at target gene promoter (Flanagan et al., 2018;
Karijolich and Hampsey, 2012). In addition, the mediator complex plays an
important role in expression of genes correlated to virulence and resistance

to antifungal drugs (Liu and Myers, 2017; Nishikawa et al., 2016;
Uwamahoro et al., 2012). The TLO/Med2 constitutes part of the Me di at or

o
(2]

tail in association with Med3 and Medl5 (Flanagan et al., 2018). It is
believed that TLO and MED3 play a role in virulence due to the inability to
form germ tubes in cells lacking MED3 (Zhang et al., 2012).

C. albicans genome possesses the major repeat sequence (MRS)
which consists of long repetitive DNA found in all the chromosomes except
chromosome 3. MRS is formed by three subunits: a 6 kb end named RB2, a
2kb central part with multiple repeats known as RPS and a 8kb centromere
proximal sequence called HOK (Lephart and Magee, 2006). The MRS are
assembled into transcriptionally permissive chromatin carrying marks for
both heterochromatin and euchromatin (Freire-Benéitez et al., 2016). The
MRS are associated with genome rearrangements such as chromosome
translocations, chromosome length polymorphisms in clinical isolates
(Asakura et al., 1991; Diaz-Guerra et al., 1997; Lockhart et al., 1995).



rDNA regions
T Major Repeat Sequences localised on Chr R
elomeres

/ / \

/ \

Subtelomeric Centromere
regions

Figure 1.2 Schematic organisation of the major classes of genetic repeats in
C. albicans genome. Indicated with the colour red are the telomeres which are
localised at the two ends of each chromosome. Adjacent are situated the
subtelomeric regions, inicated with the colour orange. In the subtelomeric regions
are localised the telomere associated genes (TLO). Indicated with the pink colour,
are the major repeat sequence (MRS), which consists of long repetitive DNA. The
MRS are found in all the chromosomes except chromosome 3. In green colour
indicates the ribosomal DNA (rDNA) situated on Chromosome R in C. albicans.

In C. albicans, ribosomal DNA (rDNA) units as tandem repeats are
grouped on chromosome R. The rDNA unit sizes are usually around 12 kb
repeated 50 to 200 times. Each unit of rDNA includes two highly conserved
35 S and 5 S ribosomal genes, these two rRNA gene are separated by two
non-transcribed regions, NTS1 and NTS2 (Freire-Benéitez et al., 2016;
Jones et al., 2004b). It was shown by Rustchenko et al., 1993 that the
numbers and sizes of rDNA units differ in clinical isolates. In addition, among
different strains the variability of chromosome R was attributable to the
length of rDNA clusters. The same study also shows that at 37°C there is a

higher accumulation of the number of rDNA units (Rustchenko et al., 1993).

Altogether these DNA repeats can undergo recombination events
which are associated with genome rearrangements such as DNA insertions
and/or deletions, copy number variation, karyotypic variation and loss of
heterozygosity, driving to genome instability (Todd et al.,, 2019). Genome
instability in C. albicans is described in section 1.4.4. Schematic




representation of the organisation of the major classes of genetic repeats in

C. albicans is illustrated in figure 1.2.
1.2 Cell cycle in yeast

The cell cycle is represented by a succession of events whereby a
single cell grows, replicates its DNA, and divides into two daughter cells with
identical genetic information. The cell cycle can be divided into four phases:
gap phase 1 (Gi), synthesis phase (S), gap phase 2 G2), and mitosis (M)
(figure 1.3). In the first phase G the cell grows and prepare to progress to
the next phase. During S phase the entire genome is duplicated, and two
identical copies of each chromosome, called sister chromatids, remain
physically associated. The third phase G2 the chromosome condense to
prepare for the last phase. During M phase, the sister chromatids are
separated, and segregation of chromosomes occurs (Griffiths et al., 2000).
The cell cycle progression is tightly regulated to ensure genome integrity, in
particular, DNA damage, stalled DNA replication forks or spindle attachments
defects is controlled by cell cycle checkpoints and can cause cell cycle arrest
(Rhind and Russell, 1998). The general checkpoints surveillance during the
cell cycle begins at G1 phase with the check of cell size and the absence of
DNA damage before entering in the S-phase. At Gz phase, the checkpoints
verify that the DNA synthesis is concluded, and the DNA is not damaged. In
the last phase of cell cycle, M phase, the checkpoints verify that the DNA
replication is finalised, and the chromosomes aligned. In addition, the mitotic
spindle must be bi-oriented such that the sister chromatids migrated in both
poles. Once all of these requirements are fulfilled the cell can correctly divide
(Barnum and O 06 Cohe rcdllcycle ch2okpbidty are mainly
controlled by cyclin-dependent kinases (CDKs) and cyclins. The CDKs are
active only combined with a regulatory cyclin subunit (Barnum and
O6Connel.l , 2014)

In C. albicans, Cdc28 is the central coordinator for the cell cycle
division, its activity is regulated by the temporal association with cyclins
(Sherlock et al., 1994). In G1 phase the binding of Cdc28 cyclins Ccnl and
CIn3 induce apical growth and bud elongation (Bachewich and Whiteway,
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2005; Cote et al., 2009). With the cell cycle progressing towards the G2
phase, the Gi cyclins are degraded, and new binding occurs with the G2
cyclins CIb2 and Clb4, However, CIb4 is also detected in early S-phase (Ofir
and Kornitzer, 2010). Furthermore, CIb2 and CIb4 cyclins inhibit the
polarised growth and induce isotropic bud expansion (Bensen et al., 2005).
For the mitotic exit, cytokinesis and cell separation, Cdc15 plays a crucial
role (Bates, 2018a). Alteration of Ccnl result in defective hyphal colony
formation (J. D. J. Loeb et al., 1999), while cells with Clb2 deletion are
inviable, on the contrary deletion of Cdc28, CIn3, Clb4 or Cdcl5 induce
filamentous forms (Bensen et al., 2005).

In fission yeast, the only CDK involved in the cell cycle regulation is
represented by Cdc2, and its activity is regulated by the association with
specific cyclins during the cell cycle. Rum1l inhibits Cdc2 maintaining low
levels of Cdc2 activity throughout late M-phase and Gi phase. During the
late Gi1 phase Cigl and Pucl associate with Cdc2 and degrade Ruml by
phosphorylation, increasing the levels of Cdc2. In S-phase, Cdc2 can bind to
Cig2. Cdc13 levels increase in G2 and are maintained high until end of M-

phase (Moser and Russell, 2000).
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Figure 1.3 Cell cycle in budding yeast. The cell cycle begins in Gi phase in

which the cell grows until it reaches the correct size, the bud starts emerging at

early S phase. During S phase the DNA replicates and the spindle pole body

duplicates. In G, phase the cell prepares for mitosis, the spindle body separates

and microtubes elongate to the opposite pole positioning the spindle pole bodies.

Then, the chromosome starts aligning in the mitotic spindle. In M phase, mitosis

occurs, the chromosome segregates to the opposite pole, the nuclei separate, and

cytokinesis signs the end of cell cycle separating the mother and daughter cells.

The cell cycle starts again with G; phase.
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In addition, mitosis can be divided into four substages: prophase,
metaphase, anaphase, and telophase (figure 1.4). The first phase is
prophase in which chromatin begin to condense into chromosomes. Since
the chromosomes were duplicated in the S-phase, each chromosome is
present in double copies consisting of two sister chromatids attached through
the centromere. The mitotic spindle begins to form. This array of
microtubules is responsible for separating the sister chromatid in the
opposite pole. Lastly, the nuclear membrane breaks down. During the
second phase, metaphase, the sister chromatids align at the centre of the
cell and the centromere are attached to the spindle fibers (Pierce, 2012). The
mitotic checkpoint also known as spindle assembly checkpoint (SAC) inspect
that all the kinetochores are properly attached to the spindle microtubules
(Musacchio and Salmon, 2007). Once this requirement is satisfied the cell
goes in the next stage called anaphase (Pierce, 2012). In this phase the
anaphase-promoting complex/cyclosome (APC/C) regulates the separation
of sister chromatids (Yamano, 2019) by degrading the nuclear protein Pdsl
(Agarwal and Cohen-Fix, 2002). The degradation of Pdsl allows Espl
protein to cleave cohesion and enable the sister chromatid separation (Ho et
al., 2015). Motor proteins generate forces allowing the migration of the
chromosomes towards the spindle poles. The last phase, called telophase, is
characterised by the arrival of the chromosome at each spindle pole and
nuclear membrane re-forming. In this way, each daughter cell has a
complete set of chromosomes within its own nuclei. Cytokinesis then divides

the cytoplasm between the two cells (Pierce, 2012).
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Figure 1.4 Chromosome segregation during cell cycle. Prophase: chromosomes
condense, and the spindle fibres start forming between the centrioles. The nuclear
membrane starts breaking down. Metaphase: the chromosomes align along the
spindle equator. SAC inspect that all the kinetochores are correctly attached to the
spindle microtubules. Anaphase: the APC complex regulates the separation of the
sister chromatids which start moving to the opposite poles. Telophase: the
chromatids arrive to each pole and new nuclear membranes re-form. Cytokinesis:
the cells division is complete, and each daughter cell receives a complete set of

chromosomes.

Since cytokinesis occurs at the mother-bud neck, it is essential that
the mitotic spindle and the nuclear division take place at the point of

maximum constriction between the mother and daughter cell as shown in
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figure 1.3 (Merlini and Piatti, 2011). In the budding form, the septin ring
appears before the formation of the bud. Then the bud grows across the
septin ring (Warenda and Konopka, 2002). In the event of spindle
mispositioned, the spindle position checkpoints (SPOC) arise and delay the
mitotic exit providing time for the realignment of the spindle (Merlini and
Piatti, 2011). In the pseudohyphal cells, after cytokinesis the cells remain
attached forming branching filamentous cells appearing as elongated buds
(Berman, 2006). Despite their morphology, pseudohyphae cells share
features as synchronous cell division and septation in the position of the
mother bud neck, characterising them from true hyphae (Veses and Gow,
2009). Furthermore, pseudohyphal cells grow slower in a polarised manner
and remain in G2 phase longer compared to yeast cells (Berman, 2006). In
contrast, hyphae cells show more tube-like filaments and no obvious
constrictions at the site of septation. The evagination and germ elongation is
continuous from the tip, and it shows high polarised growth (Berman, 2006;
Sudbery, 2011). The evagination takes place before the cell cycle starts. At
the tip of the germ tube, the septin ring is formed and it stays fixed as the cell
continues elongating. The nuclei migrate and divide into the germ tube where
mitosis occurs. After mitosis, one nucleus migrates into the mother cell and
the other migrates in the apical site of the septin ring. In addition, a septin
band is formed at the mother germ tube junction as showed in figure 1.5
(Berman, 2006; Sudbery, 2011).
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Figure 1.5 Schematic representation of cell division in filamentous forms.

(A) hyphae formation: A single germ tube evaginates from the mother cell, septum
ring marks the evagination point and stays fixed as the cell continues elongating.
The two nuclei migrate and separate into the germ tube during mitosis. At the end

of mitosis one nucleus migrate into the mother cell and the other into the germ

tube. The septin band remains at the circumference of germ tube neck.

(B) pseudohyphae cells formation, the cells remain attached creating a branching

filamentous cell. Pseudohyphae cells maintain the septing at the mother bud neck.
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1.2.1 Kinetochore

Centromeres are chromosomal regions which are crucial for
chromosome segregation. Specialised proteins assemble on the centromere
to form the kinetochore which binds to microtubules, during mitosis, allowing
the segregation of chromosomes. In eukaryotes, organisation of centrosome
can be grouped into three main types: (i) point centromeres such as the one
found in the model system well studied in S. cerevisiae. This types of
centromeres have a defined DNA sequence that is short in length  12fbp,;
(ii) long regional centromere such those found in S. pombe that possess
centromere having a |length of O 40
and uniqgue DNA elements; (iii) small regional centromere typically of C.
albicans (Cole et al., 2011; Roy et al.,, 2013; Steiner et al., 1993) further

described in this section.

C. albicans possesses regional centromeres with a 3-5 kb length with
a unique DNA sequence on each of its 8 chromosomes, characterised by
short nucleosome-length satellite repeats present in untranscribed AT-rich
region (Sanyal and Carbon, 2002a). In C. albicans, neocentromeres can
form adjacent to the native centromere, following deletion of native
centromeric sequences (Ketel et al., 2009). At centromeric regions, the
histone H3 is replaced by H3-variant proteins Cse4 (CENP-A homolog)
which act as epigenetic mark of centromeres from yeast to humans (Allshire
and Karpen, 2008). Disruptions of CENP-A lead to chromosomes
segregation and cell-cycle progression defects (Aristizabal-Corrales et al.,
2019; Régnier et al., 2005). Kinetochores are multi-subunit protein
complexes that assemble at the surface of the centromere connecting
chromosomes to the microtubules of the mitotic spindles. Kinetochores are
organised into two main layers figure 1.6 (i) inner kinetochore where subunits
bind to CENP-A, connecting the chromosomal DNA and form the platform to
assemble the kinetochore. This layer is often named as constitutive
centromere-associated network (CCAN); (ii) outer kinetochore which forms
connections with microtubules. These kinetochore layers are spatially

distributed from the DNA to the spindle microtubules. In addition to this,
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regulatory proteins control the kinetochores activities (Cheeseman, 2014;
Musacchio and Desai, 2017).

It is believed that CENP-A is the initiator of kinetochore formation
(Allshire and Karpen, 2008), however, it needs the assistance of a histone
chaperone for integration at the centromere. This chaperone is known as
Scm3 in budding as fission yeast (De Rop et al., 2012). CENP-A can
regulate the localization of most of the kinetochore proteins. However,
CaMtwlp can regulate CENP-A localization (Thakur and Sanyal, 2012). The
recruitment of CENP-A can involves genetic and epigenetic factors. In S.
cerevisiae it occurs in S-phase and anaphase, at S and G2 phase for S.
pombe and anaphase for C. albicans (Roy et al., 2013).

In order to segregate the chromosomes during mitosis, the
kinetochore is required to physically connect with the microtubule polymers
of the mitotic spindle (Cheeseman, 2014). CENP-A has an essential role for
chromosome segregation. However, other kinetochore proteins such as Mif2
(CENP-C homolog), Mtw1 (Mis12 homolog), Ndc80 complex (Hecl homolog)
and Daml complex together with CENP-A are crucial to mediate the
kinetochore-microtubules attachment (Roy et al., 2011; Sanyal et al., 2004;
Sanyal and Carbon, 2002b; Thakur and Sanyal, 2012, 2011) More
specifically the Ndc80 complex directly binds and forms clusters along the
microtubules (DeLuca and Musacchio, 2012). Furthermore, Dam1 complex
forms a ring around the microtubules which allow the complex to slide down

the microtubules in response to force (Westermann et al., 2005).

Kinetochores are highly regulated to ensure accurate kinetochore i
microtubule attachments. Kinetochore regulatory proteins phosphorylate the
kinetochore substrates regulating its function (Cheeseman, 2014). These
regulators are represented in yeast by Ipll (Aurora B homolog in human,
arkl in fission yeast) Cdc5 (Plk1l in humans and plol in S. pombe), Mps1,
Bubl and Cdc28 (Elowe, 2011; Gascoigne and Cheeseman, 2013; Lampson
and Cheeseman, 2011; Liu et al., 2012; Liu and Winey, 2012). An important
kinetochore regulation is to prevent improper microtubule attachments.

Aurora B can phosphorylate multiple components of the kinetochore-
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microtubule destabilising the incorrect attachment. This phosphorylation has
the combined effect of removing the improper kinetochore-microtubule
attachments and resetting the kinetochore for a fresh opportunity to be bi-
oriented, whereas correct attachments are stabilised. However, Aurora B
exhibits tension-sensitivity which results in decreasing of phosphorylation on
bi-oriented kinetochores. Indeed, Aurora B is located away from the outer
kinetochore in the presence of tension which distorts the kinetochore

structure (Cheeseman, 2014; Liu and Lampson, 2009).

Inner kinetochore Quter kinetochore
Mtw1 cc?:wmllx
CENP-A complex P
nucleosome

Mif2

Spc105 Ndc80

1
1
1
1
1
| Microtubule
1
1
1 complex complex
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1

Figure 1.6 Kinetochore organisation. Schematic organisation of the rough
position of kinetochore attachment to microtubule and assembly of kinetochore
proteins. Kinetochore can be divided into two main layers: the inner kinetochore
comprising of the CENP-A nucleosome and Mif2 protein; and the outer kinetochore
that includes the microtubules and the Mtw1, Spc105, Ndc80 and Daml1 complexes

ensuring a correct kinetochore attachment to the microtubule.
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1.2.2 Chromosome segregation regulation

Chromosome segregation is a complex process to ensure that the
mother and daughter cells receive the exact set of duplicated chromosomes
during cell division. Accuracy of chromosome segregation is essential; it
depends on the correct attachment and alignment of chromosome to the

segregation machinery (Marston, 2014).

During prophase, a protein complex named condensin compacts the
chromosomes. Cohesin proteins hold together the two sister chromatids
produced after replication (Petreaca, 2013). In yeast cohesin is a multiprotein
complex (structural maintenance chromosome (SMC) proteins) formed by
Smcl and Smc3 that together with Sccl/Mcdl subunit (also known as
kleisin) form a ring which (Marston, 2014). In addition, Scc3 subunit binds to
Sccl completing cohesin (Haering et al., 2002). Finally, Pds5 associate with
cohesin stabilising the ring (Kulemzina et al., 2012). The cohesin ring
requires Scc2 and Scc4 to be loaded onto chromosomes (Ciosk et al., 2000).
It has been proposed that the centromere is a cohesin-loading site, however
the chromosomal features/factors recognised by Scc2 and Scc4 for cohesin
are still to be defined (Marston, 2014). Loading of cohesin during Gi1 phase
may involve ATP hydrolysis by the Smcl and Smc3 ATPase head domain
that allow the ring to open and bind to DNA (Marcos-Alcalde et al., 2017).
Once bound to chromatin, Ecol facilitates the establishment of cohesin by

Smc3 acetylation (Marston, 2014).

In anaphase the sister chromatids separate. This process requires
breakage of sister chromatid cohesin, and it is induced by Aurora B, Cdc5,
condensin | and Wapl (cohesin-associated protein) (Gandhi et al., 2006; Lipp
et al., 2007; Sumara et al., 2002). Cdc5 plays a role in phosphorylating Scc3
subunit of cohesin. Aurora B induces the dissociation of cohesin throughout
the regulation of condensin | binding to chromatid (Lipp et al., 2007). Wapl
instead plays a crucial role in removing cohesin (Haarhuis et al., 2013).
Indeed, cells lacking Wapl result in reduction of cohesin dissociation (Gandhi
et al., 2006).
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During anaphase the loss of sister chromatids cohesin is induced by
the enzyme separease Espl which cleaves Sccl subunit (Uhlmann et al.,
1999). This process is irreversible, and it cannot be re-established until the
next cell cycle replication. Improper/ unregulated/ ectopic separase
activation, before bi-orientation of chromosomes on the mitotic spindle can
lead to segregation errors and aneuploidy (Uhlmann, 2001). Separase
activation is regulated by the securin Pdsl (in fission yeast cut2) that inhibits
separase before anaphase (Luo and Tong, 2017). During anaphase, the
Cdc20-dependent anaphase-promoting complex (APC€d20) degrade securin
which is crucial for the activation of separase (Qiao et al., 2016). Lastly, the
cohesin cleavage result in the separation of the sister chromatids and it is
followed by the pulling forces applied by the spindle poles which segregate
the chromosome in the two poles of the cells (Malumbres, 2015).

The last step for a complete cell division is the mitotic exit after
successful chromosome segregation followed by cytokinesis. For this, in this
section S. cerevisiae6 s MEN pat h wa yln buddingdyeastctheiexite d .
from mitosis and cytokinesis activation is regulated by mitotic exit network
(MEN) which is represented by GTPase kinase cascade (Bettignies and
Johnston, 2003). The MEN in C. albicans has been investigated, however,
deletion of S. cerevisiae ME N & components such as Teml, Dbf2 and
Cdc14 have shown different phenotypes suggesting different features for C.
albicans (Bates, 2018b; Clemente-Blanco et al., 2006; Gonzéalez-Novo et al.,
2009; Milne et al., 2014). The mitotic exit process requires inactivation of
Cdkl1 and dephosphorylation of its substrate. This GTPase cascade begins
with Tem1 which signals via the kinase Cdc15 which follows the activation of
Dbf2 and Dbf20. These two kinases together with the coactivator Mobl
release Cdcl4 from the nucleolus. Cdcl14 inactivates Cdk1 leading to cyclin
destruction. Dbf2 phosphorylates the cytokinesis machinery activating

cytokinesis process (Hotz and Barral, 2014; Milne et al., 2014).

In C. albicans, Tem1 and Dbf2 are essential components for the MEN
pathway, regulating filaments formation and spindle organisation in addition

to signalling for ring contraction, respectively (Gonzéalez-Novo et al., 2009;
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Milne et al., 2014). In contrast, Cdc14 is not essential, and it interacts with
the RAM pathways (Clemente-Blanco et al., 2006). On the other hand,
Cdc15 showed to be essential for mitotic exit and cytokinesis. Cells lacking
CDC15 exhibiting filaments formation that emerged from large budded cells.
In addition, the filaments formed in cdc15g gamutants lose viability and arrest
the cells with hyper-extended spindle which suggest the essential role of
Cdc15 in signalling for the mitotic exit and cytokinesis (Bates, 2018b).

In fission yeast, MEN is replaced with septation initiation network
(SIN) which is represented by a similar cascade to MEN. SIN regulates
initiation of cytokinesis at the end of anaphase and cytokinesis occurs by
constriction of actomyosin ring and the formation of septum (McCollum and
Gould, 2001).

1.2.3 Chromosome segregation defects

Despite the presence of multiple surveillance mechanisms, errors
leading to an imbalanced chromosome segregation can occur. During
mitosis different cellular defects can lead to chromosome mis-segregation
giving rise to whole chromosome aneuploidy and genomic imbalance. These
cellular defects include: (i) aberrant mitotic spindle, mispositioning, and
checkpoints (ii) merotelic kinetochores, (iii) supernumerary centrosomes
(Ganem and Pellman, 2012).

(i) aberrant mitotic spindle, mispositioning, and checkpoints. The
formation of a proper mitotic spindle is crucial for chromosome segregation.
In particular, defects in the mitotic spindle or chromosome attachment lead to
the activation of the spindle checkpoint (Chen et al., 1999). In budding and
fission yeast, mutations in MAD and BUB genes (components of the spindle
checkpoints), leads to the increase of the chromosome mis-segregation rate
even in the presence of proper mitotic spindle. In addition, Mad and Bub
might regulate the transition from metaphase to anaphase during cell cycle
(Chen et al., 1999; Hoyt et al., 1991; Li and Murray, 1991; Vanoosthuyse et
al., 2004) During the interphase of the cell cycle, it is important that the
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mitotic spindle is aligned with the bud neck formed in the constriction
between the mother and daughter cell (Merlini and Piatti, 2011). Mutations in
KAR9 and BIM1 genes, encoding for Karyogamy protein (Kar9) and Bim1,
respectively, lead to mispositioning of the spindle randomly in the cell (Miller
and Rose, 1998; Schwartz et al., 1997). However, the action dynein and its
cofactors Bik1l and Kip2, can correct the misposition of the spindle (Carvalho
et al., 2004; Grava et al., 2006). However, double deletion of genes encoding
for dynein and Kar9 lead to abnormal nuclear segregation which is lethal for
yeast cells (Grava et al., 2006; Miller and Rose, 1998).

(i) Merotelic kinetochores. The proper attachment of the kinetochores
to the microtubules emanating from the opposite spindle poles is crucial for a
correct chromosome segregation. However, merotelic kinetochores
attachment can occur and it leads to a single kinetochore attached to
microtubules emanating from both the spindle poles. This phenomenon
emerges in the early stage of mitosis, and it is corrected by Aurora B which
directly modulates the kinetochore-microtubule attachments (Gregan et al.,
2011). On the contrary, if it persists it results in the merotelic chromosome
lagging in the anaphase (figure 1.7 B) (Compton, 2011; Gregan et al., 2011).
The merotelic chromosome have been associated with chromosomal

instability leading to cancer for humans (Cimini, 2008).

(i) Supernumerary centrosomes. Another factor which is associated
with chromosome instability and cancer is the presence of extra
centrosomes. The supernumerary centrosomes lead to multipolar spindle
assembly which cause kinetochores attachments to multiple poles leading to
merotelic attachments (figure 1.7 C). This is followed by chromosome mis-

segregation and aneuploidy (Compton, 2011; Ganem et al., 2009).
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Figure 1.7 Chromosome mis-segregation. (A) Normal chromosome segregation
during the cell cycle. (B) Merotelic kinetochores, a single kinetochore is attached to
microtubules emanating from both the spindle poles. (C) Extra centrosomes,
multipolar spindle assembly causes kinetochores to attach to multiple poles

resulting to merotelic attachments.




1.2.4 SUMOylation and de-SUMOylation mitotic targets

SUMOylation is one type of post-translational modifications (PTMs).
PTMs are covalent modifications of proteins by proteolytic cleavage followed
by the addition of modifying group. They mainly consist of methylation,
phosphorylation, acetylation, ubiquitination, SUMOylation, glycosylation, and
ADP-ribosylation (Ramazi et al., 2020). PTMs play a crucial role in numerous
biological processes by affecting the structure and dynamics of proteins.
PTMs can be involved in signal transduction, gene expression regulation and
gene activation, DNA repair and cell cycle control (Ramazi and Zabhiri, 2021).
In this section, SUMOylation and its role in chromosome segregation will be

described in further detail.

The small ubiquitin-like modifier (SUMO) proteins are highly
conserved in eukaryotes. Humans have four genes which encode for the four
SUMO proteins: SUMO 1, 2, 3 and 4; while S. cerevisiae, C. albicans and S.
pombe have only one gene named SMT3 in S. cerevisiae and C. albicans
and PMT3 in S. pombe. (Ryu et al., 2020; Sahu et al., 2020). Despite this, in
S. cerevisiae SMT3 gene is essential, in C. albicans and S. pombe disruption
in SMT3 does not result in lethality (Johnson and Hochstrasser, 1997;
Michelle D Leach et al., 2011; Tanaka et al., 1999a).

In the SUMOylation pathway, SUMO is linked to its substrate via an
isopeptide bond betweenthe C-t er mi n a | carboxyl group
amino group of the lysine residue on the substrate proteins (Johnson,
2004a). More specifically, SUMOylation occurs on the lysine residues
situated i n t he consensus mot i f Yy Kx E,
hydrophobic residue, K represent lysine, x any amino acid and E is glutamic
acid (Sampson et al., 2001; Yang et al., 2006).

In yeast protein SUMOylation is catalysed by the heterodimeric E1
activating enzyme consisting of Aosl and Uba2 (Fub2 in S. pombe), the E2
conjugating enzyme Ubc9, and the E3 ligases Sizl, Mms21m Cst9, and
Wosl (Plil correspond to E3 ligase in S. pombe). Of these components,
Smt3, Aosl, Uba2, Ubc9 and Mms21 are not considered essential for

viability (Sahu et al.,, 2020). In C. albicans, localisation of Smt3p, for the
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yeast form, has been reported at the bud neck, instead Smt3p is localised at
the septation site in hyphae forms (Martin and Konopka, 2004).

In C. albicans, SMT3 deletion results in slower growth and sensitivity
to different stress conditions such as temperature, oxidative stress and cell
wall stress and defects in nuclear and cell segregation. In addition, smt 3yp
cells exhibit heterogeneous population of elongated and pseudohyphae cells
(Michelle D. Leach et al., 2011). The SUMO ligases deletion, lead to hyphal
formation and increases virulence (Islam et al., 2019). Although these
mutants exhibit sensitivity to different stresses, this might suggest a potential

role in the response to stress conditions for SUMO (Gupta et al., 2020).

SUMOylation is characterised by enzymes cascade that can be
summarised in five main steps as showed in figure 1.8. First step, SUMO-
specific proteases act on freshly synthetised SUMO, generating a mature
SUMO with C -terminal carboxyl GG motif exposed. Secondly, SUMO-
activating enzyme (E1) ATP-dependent, activates the C-terminus of SUMO
inducing adenylation of the SUMO C-terminal followed by bond formation
between the thiol group of cysteine in the E1 enzyme and the C-terminal
glycine of SUMO protein. Thirdly, the E1 enzyme transfer the SUMO moiety
to a SUMO-conjugating enzyme (E2) through the thioester linkage. Fourthly,
the SUMO ligase (E3) mediates the transfer of SUMO to a lysine side
chain(s) of a substrate protein. Lastly, the SUMO-specific protease cleaves
the isopeptide bond between SUMO and the target protein, generating an
unSUMOylated target protein and a free SUMO (Johnson, 2004a; Ryu et al.,
2020; Sahu et al., 2020). In figure 1.8 there is a schematic representation of
SUMOylation process.

As mentioned above, SUMOylation is reversed by specific proteases
of the Ulp family which cleave SUMO at the C terminus (Johnson, 2004a).
There are nine SUMO proteases in humans, two in S. cerevisiae and S.
pombe, Ulpl and Ulp2 (Ryu et al., 2020) and three in C. albicans Ulp1, Ulp2
and Ulp3. The two deSUMOylating enzymes have different functions and

localization. Ulpl is localised in the nuclear pore complex instead Ulp2 is
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localised to the nucleus (Jongjitwimol et al., 2014a; Li and Hochstrasser,
2000). In addition, Ulpl and Ulp2 have different substrate specificities.

( Aso1i Ubali
SUMO E1

A
|::> ¢
/
| @)
Maturation
SUMO E2

SUMO E3

Figure 1.8 SUMOylation pathway. SUMOylation begins on a new synthetised
SUMO by the action of a Ulp proteases to generate a mature SUMO. The mature
SUMO exposes the carboxyl-terminal (G-G) motif. The SUMO E1 enzyme activation
(ATP-dependent) binds between the thiol group of cysteine and the C-terminal
glycine of SUMO. SUMO is then transferred to the cysteine residue of SUMO E2
enzyme. The SUMO E3 Ligase mediate the transfer of SUMO to lysine side chain(s)
of a substrate protein. Lastly, SUMO proteases cleave the bond between SUMO

and the target protein realising the de-SUMOylated target and a free SUMO.

In C. albicans, little is known about the Ulps family. From this study, it
can be anticipated that ULP1 deletion does not compromise cell growth and
cell morphology. In addition, it does not show sensitivity to stress conditions.
On the contrary, cells lacking ULP2 exhibit slower growth, pseudohyphae
cells, chromosome segregation defects and hypersensitivity to different

stress agents. ULP3 deletion is lethal.
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In S. cerevisiae, ulplgxp cells are non-viable while ulp2gxp cells show
abnormal phenotypes such as slower growth, sensitivity to stress and high
temperature, spindle defects, and aneuploidy (Li and Hochstrasser, 2000).
During mitosis, cells lacking ULP2 exhibit higher frequency of precocious
centromere separation and defect in cohesion maintenance (Bachant et al.,
2002), hypersensitivity to DNA damage and chromosome segregation
defects (Schwienhorst et al., 2000).

In S. pombe, ULP1 mutants exhibit growth defects with elongated and
irregular morphologies. In addition to nuclear abnormalities and multiple
septation (Taylor et al., 2002). Deletion in ULP2 leads to growth defects and
sensitivity to different stresses (Jongjitwimol et al., 2014Db).

The mechanism of action of SUMO consists of altering the substrate
binding interactions with the other macromolecules. To date, there are three
models of this mechanism of action. The first mechanism hypothesises that
the linked SUMO itself might interact with other proteins. The second
mechanism of action theorises that both SUMO and the substrate are the
determinants of the interactions surface. The third model suggests that
SUMO can alter the conformation of the substrate by exposing or masking
the binding sites of the modified protein (Johnson, 2004b). The molecular
consequences of SUMOQOylation depends on the specific target proteins and it
appears to be very diverse, influencing different aspects of the target protein
within the cell, including activity, localisation, and stability (Geiss-Friedlander
and Melchior, 2007). Despite this, the mode of action is not fully understood,
in yeast, SUMOylated PCNA leads to the recruitment of the DNA helicase
Srs2 to the site replication forks (Geiss-Friedlander and Melchior, 2007;
Papouli et al., 2005). During replication, the recruitment of Srs2 by PCNA
prevents unscheduled recombination events by preventing ubiquitination at
the specific lysine residues. This is an independent regulated event and it
depends on the different upstream signals coming from the DNA damage
and the specific cell cycle phase (Geiss-Friedlander and Melchior, 2007). In
many cases, the regulation of SUMOylation takes place at the level of the
target itself and it can include other post-translational modifications. For
example, phosphorylation can act as a negative regulator for SUMOylation
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by masking the SUMO-acceptor site. The localisation of certain SUMO
enzymes can be modulated by environmental stimuli. During most of the cell
cycle, the E3 ligase Siz1 is localised in the nucleus. However, in G2/M phase
it translocates to the bud neck where it sumoylates septins (Geiss-
Friedlander and Melchior, 2007; Johnson and Gupta, 2001).

SUMOylation mitotic targets: SUMO conjugation and deconjugation

are crucial processes for mitosis and chromosome segregation (Wan et al.,
2012). The first evidence of SUMOylation and deSUMOylationdé sole in
centromere and kinetochore were given by the overexpression of SUMO
(Smt3) or SUMO protease (Ulp2) which suppresses the temperature
sensitivity of MIF2 (CENP-C in human) mutation (Wan et al., 2012). Little is
known about SUMOylation in C. albicans. For this, findings in S. cerevisiae

are reported in this section.

During mitosis, the APC complex is responsible for the degradation of
B type cyclins. SAC regulates and monitors the spindle formation and inhibits
APC prior to correct alignment of all the chromosomes (Dasso, 2008). It was
shown that the APC complex was inactivated in cells lacking SMT3 leading
to mitotic arrest. The same process happens for UBC9 deletion cells
(Dieckhoff et al., 2004). In addition, uba2gresults in hypersensitivity to
microtubule drugs and mitotic arrest (Dasso, 2008; Schwienhorst et al.,
2000). In fission yeast, pmt3qcells exhibit slower growth and cut phenotype
(Tanaka et al., 1999b). In addition, mutations in AOS1 and UBC9 result in
chromosome segregation errors (al-Khodairy et al., 1995; Shayeghi et al.,
1997).

There are different SUMOylation mitotic targets associated with
centromere, kinetochore which in turn are linked with chromosome

segregation:

() Kinetochore: In the budding yeast S. cerevisiae, kinetochore
proteins which are de-SUMOylated by Ulp2 are Ndcl10, Cep3 and Birl.

These proteins mediate the attachment of chromosomes to spindle
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microtubules substrates. Mutations in the lysine residues in the consensus
motif of these proteins results in chromosome instability, mis-localisation
from mitotic spindle, and defective anaphase spindles (Montpetit et al.,
2006). The kinetochore protein Ctf3 shows to be a binding site for the de-
sumoylase Ulp2. Indeed, Cft3 alteration which unable ulp2 activity result in
accumulation of sumoylated inner kinetochore proteins and chromosome

segregation defects (Quan et al., 2021).

(i) Cohesin and Condensin: Cohesin is crucial for chromosome
segregation, for this it is controlled by PTMs. In particular, SUMOylation
plays an important role for the sister chromatid cohesion. During DNA
replication, Smcl, Psd5 and Sccl have shown SUMOylation peak,
confirming that cohesin subunits become targets for SUMOylation
(Almedawar et al., 2012).

To form cohesin, Smcl and Smc3 proteins associate with Sccl and
Scc3. The proteins Smcl, Smc3 and Sccl were identified as SUMOtargets
(Dasso, 2008). The Smc subunits need an ATP binding and hydrolysis cycle
by the nucleotide binding domain during cohesin loading and establishment.
Smcl mutation abolish ATP binding and interaction with Sccl subunit which

interfere with sumoylation (Almedawar et al., 2012).

Pds5 protein represent another target of Ulp2. During prophase, Smc
proteins and kleisin subunits form the cohesin ring (Marston, 2014). The
Pds5 protein associates with cohesin stabilising and modulating its binding to
the chromosomes (Kulemzina et al., 2012). Pds5 is SUMOylated in a cell
cycle manner with SUMOylation increasing during mitosis. Ulp2
overexpression suppress the precocious dissociation of cohesin in Pds5
mutants which leads to a sister chromatid separation similar to wild type
cells. The double mutant for Pds5 and Ulp2 instead is lethal or very sick. This
might reinforce the concept of Pds5 interaction with cohesin and suggest the
important role of SUMOylation on Pds5 in the disruption of this interaction
and promote the release of cohesin and sister chromatid separation (Dasso,
2008; Stead et al., 2003).
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Some of the Condensin complex subunit Smc4, Ycs4, Brnl are
considered potential SUMOylation targets (Dasso, 2008). Currently, Ycs4
has demonstrated to be sumoylated before mitosis with higher sumoylated

forms during anaphase ( D6 Amour s et al ., 2004)

Topoi somer ase lisldde of he SWMO ltargety. This
iIsomerase is required for mitotic chromosome separation, its role is indeed to
resolve the catenation of centromeric DNA (Porter and Farr, 2004). It was
seen by (Bachant et al., 2002) that in ulp2qxp strain, the Topo Il is mis-
regulated with accumulation of its SUMOylated forms. In addition, u | pg o
cells result in delayed metaphase and centromeric cohesion defects. This
might suggest the specific Topo Il deSUMOylation modification by ulp2 is

responsible for the regulation of centromeric cohesion (Bachant et al., 2002).

Great advances have been made in identifying the SUMOylation

mitotic targets. However, links and targets in C. albicans remain uncovered.

1.3 Antifungal drugs

Antifungal drugs are used to fight fungal infections especially in
immunosuppressed and post-transplantation patients (Low and Rotstein,
2011). Antifungal drugs can be fungistatic or fungicidal. As definition,
fungistatic drugs inhibit growth of fungi, while fungicidal drugs kill the fungal
pathogen (Graybill et al., 1997). Currently, there are four classes of
antifungal drugs with different modes of action, polyenes, azole, allaylamines

and echinocandins.

Polyene: This class of antifungal drug acts by binding ergosterol
compromising cell integrity by increasing the membrane permeability which
leads to cell death (Brajtburg et al., 1990). The only systemic polyene used in
clinic is Amphotericin B (figure 1.9 A). However, since its higher affinity for
ergosterol compared to its functional analog cholesterol in mammalian cells,
Amphotericin B is less toxic for humans. Regardless, it can cause acute and

chronic side effects known as nephrotoxicity (Georgopapadakou, 1998).
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Azole: This class of antifungal drugs are first in line for Candida
infections. Azoles are fungistatic and include imidazoles (such as
ketoconazole and miconazole) and triazoles (fluconazole, itraconazole and
voriconazole). Fluconazole (figure 1.9 B) is the most used azole drug in the
clinic (Cowen et al., 2002). Azoles antifungal activity inhibit cytochrome P-
450-dependent-1 4idterol demethylase (encoded by ERG11). This enzyme
is involved in the conversion of lanosterol to ergosterol. More specifically, to
inhibit the ergosterol biosynthesis pathway, the free nitrogen atom of azole
ring binds to an iron atom within the heme group of the enzyme. This does
not allow the activation of oxygen and the demethylation of lanosterol leading
to the inhibition of ergosterol synthesis (Berkow and Lockhart, 2017). The
inhibition of 1 4-bemethylase leads to the depletion of ergosterol and
accumulation of unusual sterols ( 1 4migthylated sterols) (Frangois et al.,
2006; Ghannoum and Rice, 1999). This results in altered plasma membrane
with consequent compromised permeability and fluidity which leads to cell
growth arrest. A z o | effiéasy is owed to its precise nature of interaction with
each kind of P-450 | a n o s t edemédthylasetwhich amplifies the inhibitory
effect in different fungal species. However, the active site conformations of
lanosterol can vary between fungal species and mammalian P-450 lanosterol
1 4-demethylase (involved in cholesterol biosynthesis). This links to the
inclination of the wide use of azoles antifungal drugs in the clinic (Francois et
al., 2006).

Allaylamines: this class of antifungal drug acts by interfering with
ergosterol biosynthesis by inhibiting the enzyme squalene epoxidase. This
enzyme interferes with ergosterol biosynthesis pathway leading to depletion
of ergosterol and accumulation of toxic sterols (Cowen et al., 2002; Wellehan
et al., 2016). The allaylamines are fungicidal, however they have limited use
in clinic due to poor pharmacokinetics. Currently, Terbinafine (figure 1.9 C) is

the only allaylamines antifungal used in the clinic (Cowen et al., 2002).

Echinocandins: This class of antifungal drug have a peculiar

mechanism of action, echinocandins inhibits the b-(1,3)-D-glucan synthase.
This enzyme is an essential component of the cell wall integrity, therefore
blocking its synthesis compromises the cell wall integrity. The echinocandins
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are fungistatic against Aspergillus species and fungicidal against most
Candida species. The echinocandins include three antifungal agents:
caspofungin (figure 1.9 D), micafungin, and anidulafungin (Sucher et al.,
2009).

(A) Amphotericin B (B) Fluconazole
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Figure 1.9 Chemical structures of representative antifungal drugs. Chemical
structures realised using ACD/ChemSketch software.

1.3.1 Antifungal drug resistance

Antifungal drug resistance has significantly increased in the last
decade. Since 1970, the death rate caused by candidiasis has escalated
drastically. This can be associated with changes in medical practice and

widespread use of immunosuppressive and chemo therapies, in addition to

32




indiscriminate use of broad-spectrum antibacterial agents and indwelling
intravenous devices (Ghannoum and Rice, 1999).

For 30 years, amphotericin B was considered the only drug available for
fungal infections (Ghannoum and Rice, 1999). However, amphotericin B can
cause nephrotoxicity as a side effect, for this therapy is limited
(Georgopapadakou, 1998). The new discovery of azole agents, imidazoles
and triazoles were widely used as a result of their ability to treat local fungal
infections safely and effectively (Ghannoum and Rice, 1999). In particular,
fluconazole has been extensively used to treat patients with systemic fungal
infections. Despite the effectiveness of azole agents, limitation for these
antifungal drugs occur in treatment against Aspergillus species and against
Candida krusei and Candida glabrata (Francois et al., 2006).

1.3.2 Fluconazole resistance in C. albicans

Fluconazole resistance in C. albicans has been widely investigated.
Several mechanisms have been associated with genes of the ergosterol
biosynthesis pathways but also drug transporters, loss of heterozygosity and

aneuploidy (Berkow and Lockhart, 2017).

Drug targets alteration: Overexpression of ERG11 in many C. albicans

clinical isolates has been reported (Feng et al., 2017; Rosana et al., 2015). In
some cases, the level of overexpression is minimal, this compromises the
valuation of the direct impact of this overexpression on the resistant
phenotype (Monroy-Pérez et al., 2016; Morais Vasconcelos Oliveira et al.,
2021). In addition, strains exhibited UPC2 overexpression, Upc2p is a zinc
cluster transcription factor induced upon ergosterol depletion (Berkow and
Lockhart, 2017). It positively regulates the expression of ERG genes in
ergosterol synthesis (MacPherson et al., 2005). Mutation in UPC2 lead to
gain-of-function (GOF) which contributes to increase ERG11 expression and
consequently decreases the susceptibility to fluconazole resulting in
fluconazole resistance (Flowers et al., 2012).
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Mutation in ERG11 coding region can lead to amino acid substitutions
changing the protein structure. In this way the fluconazole loses its affinity
reducing the binding which results in drug susceptibility (Berkow and
Lockhart, 2017; Sanglard et al., 1998).

In addition to ERG11, the ERG3 gene plays a critical role for the
pathogenesis and resistance to fluconazole treatment during oral mucosal
infections (Zhou et al., 2018). ERG3 encode f o r s tS-@asaturaseqguhich
catalyses the formation of methylated sterols in the presence of azole agents
(Sanglard et al., 2003). The inactivation of this enzyme allows it to bypass
the toxic production of methylated sterols and therefore allows the cell to
gain polyenes and azoles resistance (Berkow and Lockhart, 2017; Kelly et
al., 1997; Martel et al., 2010; Sanglard et al., 2003).

Drug transporters: In C. albicans there are two classes, the ABC

proteins, and the MFS pumps. These pumps are located in the plasma
membrane. The ABC proteins are primary transporters ATP dependent, the
MFS pumps are secondary transporters which use the proton-motive force
across the plasma membrane The ABC transporters comprise a multigene
family including CDR1 and CDR2 genes (Cannon et al., 2009). Among the
MFS family, the MDR1 gene is shown to be involved in drug resistance.
Strains with deletion of the upper mentioned genes showed hyper
susceptibility to fluconazole (Ramage et al., 2002). Upregulation of CDR1
and CDR2 genes was observed in fluconazole-resistant isolates (Chen et al.,
2010). The CDR1 and CDR2 upregulation lead in GOF mutations in the
transcriptional activator TAC1 (Coste et al., 2004). In C. albicans, 17 different
point mutations have been identified in clinical isolates and are likely to be
linked to TAC1 GOF mutations (Coste et al.,, 2009). Regarding the MFS
class, only MDR1 has been associated with azole resistance in C. albicans
clinical isolates. MRR1, a multidrug resistance regulator, has been identified
as the central regulator of MDR1. Points mutations in the MRR1 regulator
(leading to GOF) induce constitutive overexpression of MDR1 efflux pump

and consequently multidrug resistance (Morschhauser et al., 2007).
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Aneuploidy and loss of heterozygosity: In C. albicans it was reported

the formation of an isochromosome 5 and its association with fluconazole
resistance. The increased resistance can be associated with the duplication
of the segment with additional copies of ERG11, and TAC1 (Selmecki et al.,
2008). See section 1.4.4.

Loss of heterozygosity (LOH) is involved in the fluconazole resistance.
Point mutations arise in the heterozygous state and then evolve to
homozygosity. Mainly the genes implicated are ERG11, TAC1, and MRR1
(Berkow and Lockhart, 2017; Alix Coste et al., 2007). See section 1.4.4.

1.4 Genome instability

Eukaryotic cells have developed specific features to preserve the
genome which include checkpoints to supervise DNA integrity, in specific
coordinate pathways of DNA replication and repair, and monitor the correct
cell-cycle progression and chromosome segregation. Indeed, genome
stability is crucial to preserve and accurately transmit the genetic material
from generation to generation. In contrast, genome instability can result in a
wide-ranging of mutations frequency which include inherited or acquired
defects in DNA repair, DNA replication, cell cycle propagation or
chromosome segregation. These alterations of the genomic materials
depending on the mechanism can accumulate in the DNA at different levels,
such as mutations, chromosomal gain/losses, chromosomal rearrangements,
copy number variation (CNV) or LOH (Aguilera and Garcia-Muse, 2013).
More specifically, mutation generated during events of genome instability can
include point mutations within a gene in which a change in single nucleotide
alters the DNA sequence. This can be the result of mistakes during the DNA
replication or defective DNA repair pathways (Aguilera and Garcia-Muse,
2013; Zeman and Cimprich, 2014). In addition, this kind of mutation can be
induced exogenously after exposure to ultraviolet radiation (UV) (Budden
and Bowden, 2013). Conversely, gross chromosomal rearrangements

(GCRs) and chromosome number variation can be caused by the disruption
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of mitotic checkpoint or chromosome segregation apparatus. Altogether,
these instabilities can be associated with DNA breaks, single stranded DNA
gaps generated by stalling/collapsed replication forks. These can also be
caused by secondary DNA structures, or defect from the replication
machinery, S-phase checkpoints, or double stranded break repair machinery.
Depending on the type of damage, DNA can be repaired by specific DNA
repair pathways (further described in section 1.5) (Aguilera and Gomez-
Gonzalez, 2008).

Genome instability can be enhanced in specific DNA regions which
contain gaps and breaks, these are knowns as fragile sites. They can be of
two type: common which represent the 95% of all known fragile site, and rare
which account for the remaining 5%. They are associated with hotspots for
translocations, gene amplifications, integration of exogenous DNA and other
DNA rearrangements (Aguilera and Goémez-Gonzalez, 2008). They are
associated with trinucleotide repeats which include GC-rich repeats or long
AT-rich nucleotide repeats (Durkin and Glover, 2007). A common aspect to
the different types of DNA repeats is to form unusual secondary structures
such as hairpins or DNA triplexes (Mitas et al., 1995; Wells, 1996). These
secondary structures might be formed on the lagging strand during
replication block. This is supported by different studies showing defects in
replication factors as DNA polymerases, DNA ligase or PCNA, and defect in
S-phase checkpoints as Mecl, Rad53, Radl7 or Rad24 lead to high
instability of repetitive DNA (Callahan et al., 2003; Lahiri et al., 2004;
Schweitzer and Livingston, 1999). Consequently, fragile sites are exposed
when replication is stalled leading to formation of DSBs and rearrangements

(Aguilera and Gomez-Gonzélez, 2008).

Another source of genome instability which lead to the formation of
breaks and secondary structures is transcription. This phenomenon is cause
mainly by the exposure of ssDNA during transcription. In particular, the
single stranded DNA (ssDNA) can form R loops with the nascent mRNA and
create RNA-DNA hybrid. In addition, the ssDNA can form stem-loop which
interfere with DNA replication (Aguilera and Gémez-Gonzalez, 2008).
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Cells, in addition to DNA repair systems, have evolved genes
guarding the genome stability. These are known as suppressor genes or
proteins. It was shown that mutations in specific endonuclease, helicase, and
nucleosome assembly factors, can increase recombination replication
defects leading to DNA breaks (Aguilera and Gdmez-Gonzalez, 2008).
Additionally, replication failure can be the most frequent product of DSB. This
is seen especially when replication mutants exhibit growth defects enhanced
by the presence of mutation in RAD52, an homologous recombination (HR)
substrate (Chen et al., 1998; Tishkoff et al., 1997). Studies have screened
and identified non-essential genes which can prevent the formation of GCRs.
However, mutations in these genes can cause GCRs only when combined
with mutation in other genes (Myung et al., 2001; CD Putnam et al., 2009;
Putnam et al., 2012).

1.4.1 Replication stress

During replication the opened genomic DNA can lead to genome
instability, and this is mainly caused by the increased ssDNA at stressed
replication forks which makes it vulnerable to DNA breaks. To avoid this,
cells have evolved checkpoints response as DNA surveillance, the S-phase
checkpoints are essential to preserve genome integrity and they are the
response to replication fork (RF) stalling/collapse (Aguilera and Gémez-
Gonzalez, 2008).

There are different DNA breaks generated by replication stress. To
start with, the formation of ssSDNA nick can suspend the synthesis of the
newly formed strand which might lead to DSBs. Another DNA break can be
caused by transient pausing or longer delay of the replication forks leaving
the leading-stand and the lagging-strand separated (Aguilera and Garcia-
Muse, 2013; Pages and Fuchs, 2003). This can lead to DSB in one of the
nascent double stranded DNAs (dsDNASs) or it can lead to fork regression
inducing a Holliday junction also referredasfic hi -€ b eh 0 s(Aguilarat ur e
and Garcia-Muse, 2013; Heyer, 2004). Lastly, the RF can block only one of
the DNA strands without stopping the fork progression. If the RF blocks the
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lagging-strand synthesis, this causes ssDNA gap or DSB (Aguilera and
GOmez-Gonzélez, 2008).

Under normal conditions, depending on the type of DNA damage
caused by replication stress, different pathways can intervene to repair the
damage. These can be break-induced replication pathway (BIR), translesion
synthesis (TLS) or HR (section 1.5.3.1).

However, one of the most frequent DNA lesions caused by DNA
replication stress is the DNA base damage. Apurinic/apyrimidinic (AP) sites
are originated by spontaneous depurination leading to abasic site which can
block DNA replication. This form of lesion is potentially highly mutagenic and
lethal if not repaired (Boiteux and Guillet, 2004; Ciccia and Elledge, 2010a).
DNA base damage can be cause also by exogenous DNA damage agents
such as UV radiation or reactive oxygen species (ROS). These can form
bulkier DNA lesions which can distort the DNA structure leading to bends

obstructing replication (Rastogi et al., 2010a) (section 1.5.1.1).

1.4.2 Chromosomal Instability

Chromosomal instability (CIN) is the event of genome instability in
which chromosomes are unstable. CIN lead to either the whole chromosome
or parts of chromosomes to be duplicated or deleted. However, the only
GCRs able to survive are those which comprises a centromere and two
telomeres. In particular, a chromosome that lacks a centromere will not be
dragged to either pole at anaphase and consequently it will not be included
in the progeny nucleus (Griffiths et al., 2000). CIN events can be classified in
two main subclasses: (i) chromosome structure rearrangements, (ii)
chromosome copy number variation. Both these alterations can affect the
genes activity and transmission by changing the position, order, or genes
number. This can result in alteration of genetic imbalance which can be
detrimental (Hartwell et al., 2020).

(i) Chromosome structure rearrangements is a type of chromosome

abnormality which involve changes in the structure of the native
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chromosome. There are four different types of rearrangements: duplication,
deletion, inversion, and translocations. These events are cause by DSBs
followed by DNA repair that fuses the broken ends, if the two broken ends
are re-joined correctly the original chromosome is repaired. However, if the
incorrect ends are re-joined, it results in a new chromosome arrangement of

genes.

Chromosome duplication is the event in which a part of the
chromosome generates an extra copy of that chromosome region. These
duplicated regions can be immediately located next to the original one, this
case generating a tandem duplication. On the contrary, if the duplicated
regions is in another location in the genome, it generates an insertional

duplication or displaced duplication (Griffiths et al., 2000; Pierce, 2012).

A chromosome deletion is the loss of a part of the chromosome
segment. It can occur within a gene leading to its inactivation, this deletion is
known as intragenic deletion. Alternatively, deletions can take place in
different genes (multigenic deletions) in which consequences of these
deletions are more severe of the intragenic deletion resulting in the disruption
of normal gene balance (Griffiths et al.,, 2000). If the deletion fragment
includes the centromere, then the chromosome can not segregate during
mitosis or meiosis and it will be lost. The deletion fragment can include
essential genes, in this case this alteration is lethal for the cell (Pierce, 2012).

Chromosome inversion is the event in which a segment of a
chromosome is detached, flipped of 180 degrees, and reinserted. Inversions
can be pericentric if it includes the centromere as part of inversion or
paracentric if the inverted fragment does not include the chromosome
centromere. If there are no breaks within a gene, inversion can only change
the orientation of the gene with only mild effects. However, the altered gene
orientation can lead to functional changes due to regulators of gene
expression which can be relocated outside the target resulting in abnormal

levels of genes products (Pierce, 2012; Pla-Victori, 2020).

Chromosomal translocation is the event when a segment of a

chromosome detaches and reattaches to a different non homologous
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chromosome. In humans, this type of mutation can have deleterious effects
such as cancer or neuropsychiatric disorders (Tabarés-Seisdedos and
Rubenstein, 2009). However, translocation can be reciprocal or
nonreciprocal. Reciprocal translocation occurs when the segment of
chromosome is exchanged between two nonhomologous chromosome
avoiding gain/loss of genetic materials. The nonreciprocal translocation
arises when a segment of chromosome is transferred to a nonhomologous

chromosome without reciprocal exchange of segments (Pierce, 2012).

(i) Chromosome copy number variation (CNVS) is the events in which
the number of copies of any DNA sequence, larger than 1000bp, varies from
one individual to another. The CNVs can include chromosomal duplication,
deletions, inversions, and translocations (Hartwell et al., 2020). CNVs can be
generally described as chromosomes gain or loss, this lead the cell nucleus
to possess an abnormal number of chromosomes. This phenomenon is
known as aneuploidy. Aneuploidy is the result of chromosomal mis-
segregation during mitosis and/or meiosis (Griffiths et al., 2000). Yeast
strains with higher rate of aneuploidy often have a defect in the SAC, this is
due to SAC function which ensures that chromosomes are correctly
orientated in the spindle before anaphase. This checkpoint can be activated
by two types of kinetochore defects: lack of kinetochore occupation by the
microtubules and lack of tension between sister kinetochores (McCulley and
Petes, 2010). Furthermore, there are other factors which can cause
chromosome mis-segregation such as UV irradiation, exposure to drugs
stress, heat shock or physical stress. For example, studies have shown that
aneuploidy can confer increased stress and drug resistance in the
pathogenic fungus C. albicans (Pavelka et al., 2010; Selmecki et al., 2015,
2009).

Aneuploidy and other alteration in gene copy number can lead to
differential gene expression levels of the genes that are gained or lost. In the
case of genes within duplicated regions, an increased expression level was
shown. However, for deletion genes the opposite phenomenon occurs.
Overexpression of genes involved in transcription factors and methylation

pathway can result in altered expression or in epigenetic changes in
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downstream target genes (Kojima and Cimini, 2019). In addition, in
aneuploid yeast strain, proteins aggregate formation due to the limited
quality-control system are likely to be compromised leading to misfolded
proteins accumulation causing proteotoxic stress (Oromendia et al., 2012).
Overall, under certain conditions, gene expression levels may provide fitness
benefits which can dominate the costs of maintaining the aneuploidy. In
particular, adaptation to stress environment, drug resistance, colonisation of
hosts and virulence can promote pathogenic taxa evolutionary diversification
(Selmecki et al., 2015, 2009; Yona et al., 2012)

1.4.3 Loss of heterozygosity

Loss of heterozygosity (LOH) is the event that affect the loss of one of
the two alleles of a diploid by deletion, gene conversion, or chromosome loss
(Aguilera and Garcia-Muse, 2013). LOH can uncover genetic variability by
exposing the phenotypes associated with recessive alleles. The length of
LOH can extent from short LOH tracts formed via gene conversion or double
crossover to long LOH tracts which can be formed via single crossover event
or by non-reciprocal events such as BIR which generate a region of
homozygosity from the recombination site to the telomere (A. Forche et al.,
2011). Defects in centromere/kinetochore/mitotic spindle function can lead to
whole-chromosome (whole-Chr) LOH resulting in aneuploidy. Compared to
their euploid parental strain, most of aneuploid strains grow lesser. However,
under stress conditions aneuploid strains exhibit a stronger fitness. For
example, in C. albicans, LOH events have been observed in strains growing
under antifungal stress. In particular, homozygosis of hyperactive alleles of
ERG11 and other genes which can provide advantages for drugs (Forche et
al., 2011).
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1.4.4 Stress induced genome instability in C. albicans

C. albicans exhibit extensive genomic diversity, its genome contains a
large number of DNA repeats sequence breakpoints, long repeats as TLO,
MRS and rDNA which are associated with genome rearrangements. These
are sources of genome instability and can provide adaptive phenotypes in
presence of stress environments, across different strain background as
clinical strains, environmental and experimental evolved isolated (Todd et al.,
2019). As mentioned above, C. albicans genome is highly plastic labile and it
can undergo from small-scale DNA mutations, i.e., single nucleotide
polymorphisms (SNPs) and indels, to large-scale genome rearrangements
as aneuploidy, GCRs, and LOH. These genetic alterations prevail in the
stressed environments such as host physiological conditions, for example:
pH, temperature, microbiota environment, oxidative stress, and drugs
(Avramovska and Hickman, 2019a; Berman and Hadany, 2012; Forche et
al., 2011). Different types of stress condition lead to different type of altered
genetic response which is directly correlated to the type of DNA damage
induce by the stress condition (Brown et al., 2014). However, the
mechanisms that regulate genome instability in C. albicans are still to be

determined.

C. albicans strains can manifest the formation of whole chromosome
and segmental aneuploidy with the acquisition of resistance to azole drugs.
More specifically, it was shown by (Selmecki et al.,, 2006) a gross
rearrangement with segmental aneuploidy which has risen to the formation of
an isochromosome 5L [i(5L)] after fluconazole exposure. This
iIsochromosome is composed of two identical arms flanking a centromere, it
presents increased gene copy numbers of chromosome 5L (Chr5L) which is
2-fold higher than chromosome 5R. The isochromosome 5 formation confers
resistance to fluconazole and this does not have fithess cost in untreated
cells (Yang et al., 2021). More specifically, two genes on Chr5L actively
contribute to Fluconazole resistance: ERG11, and TAC1 (Selmecki et al.,
2008). Fluconazole is the most common azole antifungal drug, and it affect
the production of ergosterol which is required for cell wall integrity.

Fluconazole function targets the ergosterol biosynthetic enzyme lanosterol
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demethylase (known as cytochrome P450) which is encoded by ERG11.
Fluconazole blocks the ergosterol production leading to formation of
secondary toxic sterols which impose membrane stress. TAC1 encode a
transcriptor factor that upregulates the expression of two efflux pumps,
CDR1 and CDR2 located on chromosome 3. The increased copy number
aneuploidy of ERG11 and TAC1 in the isochromosome 5 allows fluconazole
to be pumped out more efficiently (Shapiro et al., 2011). Aneuploidy
formation is a flexible mechanism which confer fithess advantages to the cell
under stress condition. However, when the stress condition is removed the

cell can lose the extra-chromosome (Selmecki et al., 2006).

Temperature stress such as febrile temperature (39°C) can increase
the rate of LOH and aneuploidy. This might be caused by a limitation in heat
shock protein chaperones and cochaperones (SGT1, STI1 and CDC37) the
role of which is involved in the assembly of functional kinetochore, spindle
pole bodies, centromeres, and mitotic checkpoints (Forche et al., 2011).

1.5 DNA damage and repair

Cells are under constant threat of DNA damage that can change the
basic structure of the DNA. The damage can be caused by environmental
sources such as chemicals and radiation or it can arise from cellular
processes as oxidative stress and breaks from replication fork stalling. DNA
damage, if not repaired, can give rise to mutations which can ultimately lead
to cell death. However, cells have evolved specific DNA repairs systems and

checkpoints which can detect and repair the DNA damage.

1.5.1 Checkpoint pathway

The first response to DNA damage is governed by the DNA damage
checkpoint signal-transduction pathways. This is represented by a signalling
cascade which begins with the PIKK proteins (Phosphatidylinositide 3-
kinase-related kinase) Mecl and Tell kinases (respectively, the ATR and
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ATM mammalian ortholog) (Ciccia and Elledge, 2010b). Mecl and Tell
respond to different types of DNA damages. Mecl and tell are partially
redundant, a double mutant me c tpg e lgplhgs synergistically higher
sensitivity to DNA damaging agents, increased rate of genome
rearrangements, and inability to maintain normal telomers length compared
to single mutants (Ciccia and Elledge, 2010b; Morrow et al., 1995; Ritchie et
al., 1999; Ritchie and Petes, 2000). During the cell cycles, Mec1l is important
inSand Gzphases, on the «cont r-ld2AX formatidn at
site of DSBs during the Gi1 phase (CD. Putnam et al., 2009).

Mecl is recruited in replication proteins A (RPA)-coated ssDNA, while
Tell is recruited on blunt-edged DSB ends with short ssDNA tails (Shiotani
and Zou, 2009). Mec1 binds to Ddc2, a protein that recognises ssDNA bound
by the RPA forming Mecl-Ddc2-RPA complex. After the PCNA-like Ddcl-
Mec3-Rad1l7 complex (homologs of 9-1-1 complex in fission yeast and
mammalians) is loaded on top of the partial duplex DNA throughout Rad24-
Rfc2-5 clamp (CD. Putnam et al., 2009). The colocalization of Ddcl subunit
with Mec1-Ddc2 complex activate the DNA damage response. In addition,
another checkpoint component, Dpbll, can initiate the DNA damage
response by activating Mec1-Ddc2 complex (Mordes et al., 2008).

Tell is recruited to the Mrell-Rad50-Xrs2 complex together with
Sae? endonuclease on the DSB ends which is then processes by Exol and
Dna2 nucleases together with Sgsl. While the resection take place, the
ssDNA tail is coated with RPA which recruits Ddc1l-Mec3-Rad1l7 complex
and Mecl. The initial steps of resections is determinant, in fact the choice of
DNA repair pathway depends on the structure of the DNA ends and on the

phase of the cell cycle (Symington and Gautier, 2011).

One of the most important roles of the checkpoint response is to stop
the cell cycle progression in the presence of DNA damage. The key
component for this is Chk1l which inhibits cyclin-dependent kinases (CDKs)
preventing the cell cycle to proceed. Chk1l is activated by the PIKK proteins
together with Rad53. Chkl and Rad53 are diffusible protein and
phosphorylation of Rad53 by Mecl and Tell result to Rad53 activation and
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subsequent autophosphorylation which multiply the signal (CD. Putnam et
al., 2009). In addition to Mecl and/or Tell, Rad53 can be activated by Rad9
or Mrcl by binding to the specific domains of Rad53. More specifically Rad9
is essential for DNA damage, on the contrary Mrcl is specific for signalling
replication stress. Rad53 activates and recruits Dunl which is important for
dNTP synthesis (CD. Putnam et al., 2009). Indeed, the activation of dNTP
synthesis facilitates the survival to DNA damage (Chabes et al., 2003).

Depending on the type of DNA damage, different DNA repair
pathways take place (figure 1.10). The damage that can be produced in the
double helix of DNA can be classified in two main groups: single strand
break, where the damage is localise only in one strand of the DNA double
helix; and double strand break, where the break arises in both the strands of
the DNA duplex.

Base excision repair

?

Mismatch repair

Abasic site

Uracil
8-oxoguanine

Single-strand break
Guanine alkylation

Base mismatch

XX

Bulky adduct Double-strand break

CPD Inter-strand cross-link
[(6-4)PPs]

Nucleotide excision Homologous recombination
repair Non homologous end-joining

Figure 1.10 DNA damages and DNA repair pathways. Bulky adducts as

pyrimidine dimers are repaired by Nucleotide excision repair. Single strand break
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damage in repaired by Base excision repair. DNA double strand break can be
repaired by tow pathways: Homologous recombination and non-homologous
recombination. Last, base mismatch is repaired by Mismatch repair pathway.

1.5.2 Single strand break

Single strand breaks (SSBs) are characterised by discontinuities in
one of the strands of the DNA. It can occur with the loss of a single
nucleotide and with abreakat s-atned S0& 36 ter mi ni of the
(Caldecott, 2008). Depending on the type of SSBs damages, breaks be
repaired by single-strand break repair (SSBR) pathways such as base
excision repair (BER) which base alteration are excites; nucleotide excision
repair (NER) which replace pyrimidine dimers and intrastrand crosslink;
mismatch repair (MMR) in which mispaired DNA bases are substituted with

correct bases (Ciccia and Elledge, 2010b).

1.5.2.1 Base excision repair (BER)

The base excision repair (BER) pathway is involved in damaged DNA
bases or single strand DNA breaks. These lesions can be the result of
spontaneous deamination or the outcome from exposure to environmental
alkylating agents ( D6 A n d r e.&he legidh is prpcessed by different DNA
glycosylases that cleaves damaged bases resulting in an
apurinic/apyrimidinic (AP) site. This AP site is then substrate for the AP
endonuclease Apel. The resulting ssDNA is filled by DNA polymerases and
finally processed by DNA ligases ( D6 An d r e.adn yea®tOdifférgnt DNA
glycosylases/AP lyases have been categorized such as Ungl, Oggl, Ntgl,
Ngt2, in addition to AP endonuclease Apnl and Apn2, and monofunctional
DNA glycosylase Magl. There are different types of modified bases which
correspond to a different DNA glycosylase (Maclean et al., 2003).
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Spontaneous deamination of cytosine results in the introduction of
uracil into DNA, this event can occur also during replication which lead to
misincorporation of dUMP instead of dTMP (Andersen et al., 2005; Burgers
and Klein, 1986). UNG1 encode for the uracil-DNA glycosylate (UDG) that
removes uracil from the DNA (Schormann et al., 2014).

Reactive oxygen species (ROS) can be formed by normal
mitochondrial activity; however, it can extensively cause DNA damage. All
the four DNA nucleobases are susceptible to oxidative stress, despite that,
guanine is the most frequently oxidized nucleotide. More specifically ROS-
induced DNA damage introduces an oxo group to the carbon at 8-position of
guanine and a hydrogen atom at N7 position to produce 8-oxo-7,8-dihydro-
2 -Ngoxyguanosine (8-oxoG or OG) (Jovanovic and Simic, 2002; Whitaker et
al.,, 2017). The DNA glycosylase encoded by OGG1 gene, repair the
misincorporation of 8-oxoG with adenine during replication (Ba and Boldogh,
2018).

The two DNA glycosylases, Ntgl and Ntg2, can also recognize and
remove oxidative base damage of pyrimidines. In addition, they can repair
damages formed by purine which undergo oxidative stress known as
formamidopyrimidine (Fapy) (Greenberg, 2012; You et al., 1999).
Furthermore, Ntgl is more effective in removing cytosine photoproducts
generated by UV irradiation, while Ntg2 remove only half of the cytosine
photoproducts released by Ntgl (Alseth et al., 1999; Gellon et al., 2001). In
C. albicans Ntg2 orthologue was not detected and Ntgl shows strong
similarity to both S. cerevisiae Ntgl and Ntg2 (Nthl and Ntpl in S. pombe).
However, it is still unknown if C. albicans Ntgl is functionally related to S.

cerevisiae Ntgl or Ngt2 (Legrand et al., 2008).

The DNA glycosylase Magl (Mag2 in S. pombe) recognises and
remove alkylated bases induced by methylating agents such as methyl
methanesulfonate (MMS) (Xiao et al., 2001). It was seen that HR is also
involved in repairing the damages cause by MMS as this agent is regularly
used to induce DSBs. It might be that the DSBs are formed by the replication
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fork collapsing when it encounters the MMS-induced SSBs (Lundin et al.,
2005a).

After that, the DNA adducts are removed by the specific DNA
glycosylase, the empty AP site can be filled in by two BER sub-pathways.
The first approach is mediated by AP endonuclease Apnl and Apn2 which

cleaves the phosphodiester bowRP).Mheadi ng

DNA polymerase U fills the gap athe
fl ap cont adRR.iLasty, the lsteand9séealed by Cdc9 DNA ligase
(Boiteux and Guillet, 2004). The second approach is mediated by the DNA
glycosylases Ntgl in C. albicans (Ntgl and Ntg2 in S. cerevisiae) which
cleaves the AP site leadingto 3 0 d e o x y rdRR).Censequerily the
nick can be processed by Apnl/Apn2, or it can be excised by the flap-
endonuclease Radl-Radl10. Finally, the gap is then filled by the DNA
pol ymer a sealeddy DNA tigase (Boiteux and Guillet, 2004).

1.5.2.2 Nucleotide excision repair

NER is highly conserved, and it is specialised in removal of a wide
class of bulky lesions which cause distortion of DNA helix (Prakash and
Prakash, 2000) including UV irradiation induced photoproducts (cyclobutene
pyrimidine dimers [CPDs] and 6-4 photoproducts [(6-4)PPs]). In addition to
photoproducts, NER can recognise environmental mutagens such as
cyclopurines and adducts formed by cancer chemotherapeutic drugs
(Schérer, 2013).

NER pathway can be divided into two sub-pathways, differing only in
the proteins that recognize DNA damage and converging then for repair
steps. (i) global genome NER (GG-NER) which can operate anywhere in the
genome. (ii) transcription-coupled NER (TC-NER) which occurs when the

damage is situated in the transcribed strand of active genes (Schérer, 2013).

(i) GG-NER: after the recognition of the distortion of the double helix,
Radl16, a chromatin remodelling factor, remodels the chromatin around the

lesion which allows Rad4 to bind to the damaged site (Yu et al., 2016). After
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binding, Rad4 is protected from degradation thank to the direct interaction
with Rad23 which also regulate Rad4 stability (Ortolan et al., 2004).

(i) TC-NER, is triggered by stalled RNA polymerase Il (Pol Il) which is
recognised by Rad26 and followed by recruitment of Rad4-Rad23 complex
(Hanawalt and Spivak, 2008; Ortolan et al., 2004).

After these difference in sub-pathways, the following steps are
communal to GG-NER and TC-NER. The first step is the formation of a
denaturation bubble which is mediated by the transcription factor TFIIH
recruited by Rad23. TFIIH contains two DNA helicases Rad3 and Rad25 and
two endonucleases Rad1l-Rad10 complex and Rad2 (Prakash and Prakash,
2000). The two helicases create the denaturation bubble consisting of
approximately 30 nucleotides while the two endonucleases cut the damaged
DNA strand. The dissociation of Rad4-Rad23 complex leads to the
recruitment of Rad14 and RPA proteins (Guzder et al., 2006). The TFIIH is
released, and the gap is filed by Pol U @aled byl DNA ligase
(Guzder et al., 1995; Prakash and Prakash, 2000).

1.5.2.3 Mismatch repair (MMR)

The mismatch repair (MMR) pathway is involved in the correction of
base-base mispair and insertion/deletion mispair which can be caused by
DNA polymerase misincorporation during replication but also by DNA
damage due to genotoxic agents. The DNA mismatches are recognised by
Msh2-Msh6 heterodimer which recruits Pms1-MIlh1l complex. This complex
acts as a DNA endonuclease which nicks the double strand DNA followed by
the excision of the incorrect base. Lastly, DNA polymerase resynthesize the
excised DNA (Chakraborty and Alani, 2016; Liu et al., 2020).

1.5.3 Double strand break

Double stand break (DSB) represents the most harmful type of

damage for cells. DSBs are generated by the simultaneous break of two
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complementary strand of DNA helix. DSBs can be cause by fork collapse or
by external DNA damaging agents such as ionizing radiation,
chemotherapeutic drugs, or chemicals. DSBs can induce mutations and/or
cell death. It can also induce chromosomal rearrangements, where in
humans this can lead to many kinds of cancers. However, cells have evolved
two main pathways DNA DSBs repair systems: homologous recombination
(HR) and non-homologous end-joining (NHEJ) (Jackson, 2002). The phase
of the cell cycle play an important role in the choice between HR and NHEJ
repair pathway. HR is generally restricted to the S and G2 phases, this is due
to the availability of sister chromatid to use as template. On the contrary
NHEJ seems more prevalent during the Gi phase, however, it can occur

throughout the cell cycle (Symington and Gautier, 2011).

1.5.3.1 Homologous recombination

Homologous recombination (HR) repairs DSBs DNA using the
identical or nearly identical genetic information using sister chromatids. It
begins removing some of the nucleotides at the broken strand, continue with

invasion, displacement and replication (Pierce, 2012).

DSBs are identified by Mrell-Rad50-Xrs2 (MRX) complex and Tell.
The MRX complex purpose is to start the initial resectionthe endst o i n
-3 6 gSydington and Gautier, 2011). MRX complex together with the
endonuclease Sae2 creates 3 6 s s D N(@leriti atiall, 2005). The ssDNA
become substrate for Exol or Dna2-Sgsl that extend the resection at the
DNA ends while the RPA proteins bind to the ssDNA protecting the strand
from degradation (Nimonkar et al., 2011; Paudyal and You, 2016). RPA
recruits Ddc1-Mec3-Rad17 complex and Mecl while the MRX complex-Sae2
dissociate from the damage site (Symington and Gautier, 2011). In addition,
RPA recruit Ddc2 and Rad52 which mediate the substitution of RPA proteins
with Rad51 recombinase which is stabilised by Rad59 (Chen et al., 2013;
Davis and Symington, 2003). The nucleoprotein filament can begin the
homology search encompassing the entire genome. Once the homologous

sequence is found the strand invasion can begin with the intact donor
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template. This phenomenon is known as D-loop formation, and it is the
substrate for the new strand DNA synthesis. After the synthesis of a short
DNA stretch the new DNA is reannealed and ligated with the broken arm to

restore the chromosome (Aylon and Kupiec, 2004).

Overall, repair by HR can be classified in three main sub-pathways: (i)
single strand annealing, (ii) gap repair leading to gene conversion, and (iii)
break-induced repair.

() Single strand annealing (SSA) is a type of DSB repair that involves
annealing of homologous repeats which flank the DSB leading to deletion

rearrangements between the repeats (Bhargava et al., 2016).

(i) Gap repair leading to gene conversion (GC) take place with the
formation of double Holliday Junction (dHJ) and it relates to a short patch of
DNA synthesis. It is considered the safest pathway for DSBs; however, it can
lead to mutation but rarely to genetic rearrangements (Sakofsky et al., 2012).

(i) Break-induced repair (BIR) occurs through the invasion of one
broken end into an intact donor chromosome. This pathway take place
during replication collapse in S-phase, and it can start a unidirectional
replication fork which duplicate the donor template until the end of the
chromosome. Furthermore, BIR elongates telomeres in absence of
telomerase preserving the chromosome ends (Lydeard et al., 2010). BIR can
result in genomic instabilities and various type of chromosome
rearrangements if the donor template come from a different chromosome
(Sakofsky et al., 2012). There are two main classes of chromosome
rearrangements that can be led by BIR: translocation and half-crossover.

Translocation can occur when the BIR initiated invasion take place at
non-allelic position of DNA repeat leading to non-reciprocal translocation.
This translocation is initiated by DSBs close to repeated sequence which
lead to invasion into a homologous sequence located somewhere else in the
genome (Sakofsky et al., 2012). An example of translocation is the study
conducted by (Lydeard et al., 2007) in which an HO endonuclease creates a

DSB next to the CAN1 gene situated on chromosome V. The DSB shares
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homology witha 3 0 s e ghe €EANI geod inserted in the chromosome
XI. This has led to strand invasion and restore of CAN1 gene. Furthermore,

translocation initiated by BIR can occur at locations of transposons.

Half-crossover (HC) is a type of chromosome rearrangements
associated with BIR in which a fusion between donor and recipient
chromosome occurs. This fusion lead to the loss of the remaining parts of the
participating chromosomes (Sakofsky et al., 2012).

1.5.3.2 Non homologous end-joining

Another mechanism to repair DSBs is the non-homologous end-
joining pathway (NHEJ). Th e terrhomobogouso i s due
mechanism of repair in which the broken ends are directly ligates without a
homologous template (Moore and Haber, 1996). For this reason, it is rarely
error-free with sequences deletions of various lengths (Jackson, 2002). This
pathway is uniquely dependent on two components: Ku complex and DNA
ligase IV. More specifically, the DSB is bound and recognised by the Mrell-
Rad50-Xrs2 complex followed by the binding of the heterodimer Yku70 and
Yku80 (Ku complex). Yku80 and Xrs2 bind Dnl4 and Lifl respectively, which
then recruit the DNA ligase IV (Daley et al., 2005).

1.6 Thesis aims

C. albicans possess a highly labile genome which can tolerate large-
scale rearrangements such as aneuploidy, CNV and LOH. These genetic
variations are essential for this pathogen to adapt to the stress environment.
However, it is still unknown how these mechanisms are regulated. For this,
the aim of this study is to identify and investigate a novel regulator of stress-

induced genome instability in C. albicans.

To identify a novel regulator of stress-induced genome instability a
parallel genetic screening using two DNA damaging agents (UV and MMS)
are used. For this genetic screening, a C. albicans homozygous gene

deletion library is used to identify the potential candidates as regulators of
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genome instability. Several steps will select one suitable candidate from the
parallel genetic screenings. To determine the potential stress-induced

regulator, 3 major steps will be followed:

1. Identification and selection of a potential regulator by
performing two parallel genetic screenings using UV radiation as
source to induce SSB DNA damage and MMS as DNA damaging
agents inducing DSB.

2. Investigate whether the deletion of the gene considered as
potential regulator leads to genotoxic stress and increased genome

instability.

3. Examine whether the loss of the stress-induced potential
gene leads to drug resistance throughout the selection of a novel

genotypes.
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Chapter 2. UV stress-induced novel regulators

of genome instability

54



2.1 Introduction

DNA damage can be caused by different types of DNA lesions such
as misincorporation of bases during replication; deamination of bases,
depurination and depyrimidination caused by hydrolytic damage; oxidative
damage due to UV or ionising radiation inducing free radicals, modified
bases caused by alkylating agents (Rastogi et al., 2010b; Sinha and Hader,
2002). UV radiation is an efficacious source for DNA damage, it can alter the
normal state of the double helix by inducing different mutagenic and cytotoxic
DNA lesions which can interfere with genome integrity (Rastogi et al.,
2010b). Specifically, UV irradiation can excite pyrimidine bases which give
rise to three main classes of DNA lesions: cyclobutene pyrimidine dimers
(CPDs), 6-4 photoproducts (Sinha and Hader, 2002) and 8-oxoGua (Rastogi
et al., 2010b). These lesions, lead to distortion of the DNA structure causing
bends which obstruct transcription and replication. Consequently, these
lesions can cause secondary breaks leading to DSBs (Rastogi et al., 2010b).

C. albicans is the most common commensal fungal species in
humans. However, it can become an opportunistic pathogen with high
lethality rate in immune suppressed patients (Mayer et al.,, 2013a). In the
host, C. albicans faces stressful environments and for this it must adapt
rapidly in order to survive under stressful conditions. The stressful
environment can promote mutagenesis generating different types of genetic
variations which C. albicans can act upon (Avramovska and Hickman,
2019b). Genome rearrangements such as chromosome length polymorphism
and chromosome copy number variation have been widely reported (Diogo
et al., 2009; Ene et al., 2018; Forche et al., 2009; Smith and Hickman, 2020).
Furthermore, these genetic changes have been associated with drug
resistance (A Coste et al., 2007; Zhu et al., 2010). C. albicans is clinically
relevant as it can evolve antifungal resistance resulting in an emerging
worldwide problem (Pappas et al., 2018). In a study in which C. albicans
clinical isolates were taken from patients with oral candidiasis, genetic
variations including single-nucleotide polymorphisms, copy number

variations and LOH were detected (Ford et al., 2015). As mentioned in
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section 1.3.2 and section 1.4.4, C. albicans can develop resistance to the
antifungal drug Fluconazole and gain a segmental aneuploidy of the left arm
of chromosome 5. This allows the pathogenic yeast to adapt to the stressful
condition conferring fitness advantages (Selmecki et al., 2006). In addition,
DNA damages, errors in DNA replication and DNA damage checkpoint
pathways compromise genome integrity if not properly repaired. In C.
albicans, defects in DSBs repair can increase genome instability (Legrand et
al., 2007), while mutation in DNA damage checkpoint MEC1 results in
increased LOH frequency (Ahn et al., 2004), as well as RAD52 deletion can
increase rate of LOH and form chromosome instability (Andaluz et al., 2011).

As mentioned above, C. albicans isolates can exhibit extensive
genomic plasticity caused by different types of events which include LOH
events, SNPs and indels, changes in gene and chromosome copy numbers
(Ene et al., 2019). However, the plastic genome of C. albicans has been
proven to contribute to the developing and selection of genotypes which it is
favourable to adapt and grow in the stress environment. The genome
instabilities that are developed in response to an extreme selective
environment can provide a quick means of adaptations throughout genetic
changes which confer to C. albicans fitness advantages (Siegel and Amon,
2012).

Despite this, the regulators of stress induced genome instability have
yet to be established. To identify potential regulator of C. albicans genome
instability, 1 have performed a genetic screen using UV radiation as source of
DNA damage, the genetic screen has identified 5 potential genes that
showed sensitivity to UV radiation and high percentage of flamentous forms.
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2.2 Results

2.2.1 Genetic library and screening procedure

The first step of this project was to identify novel regulators of genome
instability in C. albicans. To do so, a genetic screen was performed using a
homozygous C. albicans gene deletion library (Noble et al., 2010a). This
library includes homozygous deletion strains affecting 674 genes. These
genes are involved in a broad spectrum of cellular processes and represents
around 11% of the C. albicans genome. Each mutant was constructed in the
strain SN250 (Table 6.5), derivative of SC5314 C. albicans, where one allele
was deleted with the His marker and the second allele deleted with the Leu
marker (Noble et al., 2010b).

This library is composed of 16 plates in total, containing two
independent homozygous knockout isolates for each gene. To identify target
genes, UV irradiation was used as source of damaging agent to induce
single strand break after spotting the cell lines into YPAD solid media (further
detail in section 6.7). The energy of irradiation was 7.5uW/cm? which led to a

sub lethality rate in C. albicans.
The process of the UV screening was divided in 4 main stages:

1. Primary screening: in which the whole genetic library was subjected
to UV irradiation, and a first selection of UV sensitive mutants were
selected. Literature research of the location and function of each gene
was performed to select deletion mutants whose gene
location/function is focused in one or more of the following functional

groups: nuclear location, response to stress, cell cycle.

2. Spotting susceptibility assay: the selected sensitive mutants from
the primary screening were subject to serial dilutions and UV

irradiation in order to select the most sensitive candidates.

3. Confirmation of deletion mutants by colony PCR: absence of the

target genes was verified by colony PCR.
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4. Quantification of survival after UV irradiation: the final selected
knockouts were screened by quantification of survival after UV
irradiation. In addition, the quantification of filamentous forms was

investigated.

2.2.2 UV Primary screening

The first step of this genetic screening was the primary identification of
which homozygous deletion strains show sensitivity to UV irradiation. Each
library plate, containing around 96 different deletion mutants, was spotted in
two large YPAD plates (145x20) using a replica plater for 96 well plates.
Then, the plates subjected to UV stress were UV irradiated with a power
density of 7.5uW/cm? and grown in the dark for 48h at 30°C (screening

methodology details in section 6.7).

In the initial stage of screening, a total of 43 deletion strains were
identified to be sensitive to UV radiation as shown in Figure 2.1 and indicated
with red, blue, and green circles. After investigating the functions and
locations of each gene selected, the mutants were categorised in different
functional groups: nuclear location (NL), response to stress (SR), cell cycle
(CC), transporter (TR), lipid metabolism process (LMP), vacuole location
(VL) and DNA repair system component (DRS). In the case of unknown
functions for C. albicans selected genes, literature research on S. cerevisiae
was used as reference due to its close evolutionary correlation with Candida
clade (Hendriks et al., 1989).

To differentiate the mutants sensitive to UV and selected for the next
steps, a colour code was applied. The colour red indicates the UV sensitive
mutants whose gene function is in line with the aim of this study and are
categorised by the functional group of NL, SR, and CC. Therefore, the red-
circled strains were selected for the second step of the screening. These
mutants are listed in Table 2.1 The colour blue, instead, was chosen to
indicate mutants sensitive to UV irradiation but excluded from this screening

due to localisations and/or genes functions categorised as LMP and VL
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which were considered outside the aim of this study (Table 2.2). Lastly, the
colour green was used to indicate mutants for target genes which were
already known to have a role in the DNA repair system (Table 2.3). Figure
2.1 shows all the 16 plates of the homozygous deletion library used in this
study with the deletion strains showing sensitivity to UV irradiation and their

relative colour code.

Plate 1 Control Plate 1 UV
1 2 3 4 5 6 7 8 9 1011 12 1 2 3 4 5 6 7 8 9 1011 12

Plate 2 Control Plate 2 UV
1 2 3 4 5 6 7 8 9 10 11 12 2 3 4 5 6 7 8 9 10 11 12

Plate 3 Control Plate 3 UV

1 4 5 6 7 8 9 10 11 12 2 3 4 5 6 .7 8 9 10 11 12

2

3
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Plate 4 Control Plate 4 UV
1 2 3 45 6 7 8 9 10 11 12 1 2 3 45 6 7 8 9 10 11 12

Plate 5 Control Plate 5 UV
1 2 3 45 6 7 8 9 1011 12 1 2 3 4 5 6 7 8 9 1011 12

Plate 6 Control Plate 6 UV
4




Plate 7 Control

1 2 3 45 6 7 8 9 1011 12

Plate 8 Control

2 3 4 5 6.7 8 9 1011 12

1

Plate 9 Control

1

2

2

3

3

4

4

5

5

Plate 7 UV
6 7 8 9

Plate 8 UV
6 7 8 9

Plate 9 UV

10 11 12

10 11 12




Plate 10 Control
1 2 3 45 6 7 8 9 10 11 12

I O m m O N @ >

Plate 11 Control
1 2 3 45 6 7 8 9 10 11 12

@™

I &6 m m O N

Plate 12 Control
1 2 3 45 6 7 8 9 10 11 12

Plate 10 UV
1 2 3 45 6 7 8 9 10 11 12

L 6 m m O N @ 3>

Plate 11 UV
3 45 6 7 8 9 10 11 12

X 6 m m O N W >

Plate 12 UV
1T 2 3 4 5 6 7 8 9 10 11 12

W

m O N




Plate 13 Control Plate 13 UV
1 2 3 4 5 6 7 8 9 10 11 12

Plate 14 Control Plate 14 UV

1 2 3 4 5 6 7 8 9 1011 12

Plate 15 Control Plate 15 UV

1 2 3 4 5 6 7 8 91011 12
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Plate 16 Control Plate 16 UV
1 2 3 4 5 6 7 8 9 10 11 12

1 2 3 4 5 6 7 8 9 10 11 12

Figure 2.1 UV Primary screening. All 16 plates of the genetic library containing the
C. albicans homozygous deletion strains were plated on YPAD using a 96 well plate
replica plater and then UV irradiated with a power density of 7.5uW/cm? (right) and
grown in the dark for 48h at 30°C. The growth of the mutants was compared with
the YPAD control plate (left) and sensitive mutants were selected for the next step.
Red circles indicate the deletions strains sensitive to UV with functional role in CC,
NL and SR. Blue circles indicate the mutants sensitive to UV but excluded due to
functional roles outside the aim of this project. Green circles indicate deletion strains
with functional role in DNA repair pathways. Three biological repeats were

performed for all the 16 plates of C. albicans homozygous deletion strains genetic

library.

Table 2.1: Deletion mutants indicated with red circle in figure 2.1. The
mutants in this table were identified with the functional group of stress
response (SR), cell cycle (CC) and nuclear localisation (NL). These
deletion mutants showed sensitivity to UV radiation and therefore they
were selected for the next step.

Plate Mutant | Systematic Gene | Well | Relevant role for the | Function

number | No. name name | No. genetic screening al group

Protein abundance
increases upon DNA SR
replication stress in S.
cerevisiae(Tkach et al.,

2-10 230 ORF19.333 FCY2 | F3
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2012) and multi drug
resistance in Candida
species (Chapeland-
Leclerc et al., 2005)

253

ORF19.564

KAR3

G8

Microtubule motor
protein required for
mitotic division
(Sherwood and Bennett,
2008)

SR, CC,
NL

265

ORF19.663

GIN4

H3

Required from transition
to pseudohyphae to
hyphae and for the
formation of septin ring
(Wightman et al., 2004)

CC, NL

493

ORF19.2378

H7

Protein abundance
increases upon DNA
replication stress in S.
cerevisiae (Tkach et al.,
2012)

SR

584

ORF19.3207

CCN1

D7

Ga cyclin, important for
transition G1/S phase
(Sinha et al., 2007)(J.
Loeb et al., 1999a)

CC, NL

674

ORF19.3944

GRR1

A6

F-box protein
component of the SCF
ubiquitin-ligase complex
required for cell cycle
progression (Lu et al.,
2019)

CC, NL

729

ORF19.4312

SPT8

D4

TBP-binding
transcription coregulator
involved in histone
acetylation, chromatin
organization(Belotserko
vskaya et al., 2000),
subunit of SAGA
complex, localizes to
nucleus(Bhaumik and
Green, 2002)

NL

734

ORF19.4353

ULP2

D6

SUMO deconjugation
enzyme(Hochstrasser,
2001), involved in cell
cycle progression(Li and
Hochstrasser, 1999),
sequestered to the
nucleolus under stress
conditions(Sydorskyy et
al., 2010). Trigger multi
chromosome aneuploidy
in S. cerevisiae(H.-Y.
Ryu et al., 2016)

CC, NL

779

ORF19.4670

CAS5

F7

Transcription factor

SR, NL
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which couples stress
responses, drug
resistance and cell cycle
regulation (Xie et al.,
2017)

904

ORF19.5662

PEP7

D2

Might be involved in
virulence (Franke et al.,
2006)

SR

944

ORF19.6011

SIN3

F2

component of histone
deacetylase complexes
and important for host
colonisation (Tyc et al.,
2016)

SR, CC,
NL

1064

ORF19.7186

CLB4

D1

cell cycle cyclin (Ofir
and Kornitzer, 2010)

CC, NL

1091

ORF19.7353

KIP3

F1

Mitotic spindle
organisation (McCoy et
al., 2015)

SR, CC,
NL

89

ORF19.4567

F9

No S. cerevisiae
orthologous

11

379

ORF19.1567

E4

vCLAMPs component
involved in stress
resistance (Mao et al.,
2021)

SR

14

918

ORF19.5776

TOM1

D9

heat stress response
(Sasaki et al., 2000)

CC

Table 2.2: Deletion mutants indicated with blue circle in figure 2.1.
These mutants identified with the functional group of transporters (TR),

lipid metabolism process (LMP),

vacuole

location (VL),

showed

sensitivity to UV radiation, however they were excluded from this

study.
Plate Mutant | Systematic Gene Well | Role Functional
number | No. name name No. group
2-10 225 ORF19.290 KRES E10 | UDP- LMP
glucose:glycoprotein
glucosyltransferase
activity (Herrero et al.,
2004)
2 229 ORF19.328 NPR2 F2 putative urea TR
transporter in
(Navarathna et al.,
2011)
3-11 415 ORF19.1814 STT4 F10 Putative TR,
phosphatidylinositol-4- | | \ip

kinase (Vernay et al.,
2012)
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554

ORF19.2975

YPT7

C4

YPT/RAB component
induced during mating
process (Zhao et al.,
2005)

TR

573

ORF19.3122

ARR3

D2

Arsenite trasporter in
(R Wysocki et al.,
1997)

TR

14

863

ORF19.5300

B3

integral membrane
ER chaperone
(Kimura et al., 2005)

TR

14

932

ORF19.5915

DURS35

E6

Putative urea
transporter in (Kumar
etal., 2011)

TR

14

980

ORF19.6411

G8

Involved in vacuole
trafficking in (Dove et
al., 2002)

VL

Table 2.3: Deletion mutants indicated with green circle in figure 2.1. The
target genes for these mutants are known to play a role in the DNA
repair system and for this they were identified with the functional role
of DNA repair system component (DRS). The following deletion
mutants showed sensitivity to UV radiation.

Plate
number

Mutant
No.

Systematic
name

Gene
name

Well
No.

Role

Function

al group

3-11

307

ORF19.895

HOG1

B7

Component of MAP
kinase pathway
respond to
oxidative
stress(Haghnazari
and Heyer, 2004)

DRS

4-12

603

ORF19.3407

RAD18

E10

Postreplication
repair(S et al.,
1993)

DRS

5-13

741

ORF19.4412

REV1

D10

Error-free
translesion
synthesis

DRS

884

ORF19.5485

MEC3

C1

DNA damage
checkpoint (Kondo
et al., 1999)

DRS

1124

ORF19.8485

RAD32

G9

DNA polymerase
(Manohar et al.,
2018)

DRS
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From the 43 deletion strains showing sensitivity to UV radiation, 22 of
them are indicated with the red circles in figure 2.1, some of these deletion
mutants include duplicates (see table 2.1 plate number). The 22
homozygous deletion strains have gene localisation and/or known roles
which correlate with possible sources of genome instability. For example,
one of the selected strains, which gene has main function in cell cycle is
GRR1 (Lu et al., 2019). The g r rgdstain (Figure 2.1 plate 5, well A6) shows
strong sensitivity to UV radiation compared to the control. In C. albicans,
GRR1 is responsible for stabilisation of two cell cycle cyclins and
pseudohyphal growth. Indeed, when GRR1 is deleted, the cells are unable to
separate (Li et al., 2006). An example of stress response selected strain is
casbap (Fig.2.1 plate 5, well F7), which shows sensitivity to UV radiation,
although it is less compared to grrigap. C A&hé regulate cell dynamics
and response to stress in C. albicans (Xie et al., 2017). For the nuclear
localisation, ULP2 gene represent a good example. Ulp2gxp strain (Figure
2.2 plate 5 and plate 13, well D6) shows sensitive to UV radiation, In addition
it was seen that in S. cerevisiae, cells deleted for ULP2 exhibit
multichromosome aneuploidy (H.-Y. Ryu et al., 2016). Other deletion strains,
sensitive to UV radiation, indicated with the red circle in figure 2.1 represent
at this stage good candidates for the aim of this screening and they are listed
in Table 2.1. Of all the genes selected for the next step, relevant functions in
C. albicans were researched in literature. However, ORF19.2378 function in
C. albicans h a s n 6t reporee@ N S. cerevisiae, the ortholog is named
PKR1 (YMR123W) and it is a V-ATPase assembly factor which is in the
endoplasmic reticulum. In spite of this, pkrl protein levels increases in
response to DNA replication stressbutdeep i nvestigation on t
achieved. Therefore, SMART analysis of protein domain was performed.
However, this results in an uncharacterized protein in both C. albicans and S.
cerevisiae. Following this, BLAST analysis of C. albicans protein sequence
highlighted identities of 100% with S. cerevisiae in addition to hits with an E-
value of 1.9e%°. This indicates strong similarity between C. albicans
ORF19.2378 and S. cerevisiae PKR1. Therefore, at this stage of the

screening, we consider ORF19.2378 for the next steps.
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In figure 2.2, 11 UV sensitive strains are indicated with the blue
circles. Howe v er , their geneds fismotcfbcusednon
NL, SR and/or CC, for this reason, they excluded for the next steps of the
screening. Most knockout isolates are transporters (TR) such as npr2gxpand
d u r 3panqwhich both are involved in putative urea transporter (Kumar et
al., 2011; Navarathna et al., 2011). Kr e dpwas also marked as not suitable
due to function classified into lipid metabolism process (LMP) (Herrero et al.,
2004). Lastly, another example of not suitable candidate is orf19.6411qxpfor
its vacuole location (VL) (Dove et al., 2002). In table 2.2 are listed all the

sensitive UV strains excluded from this study at this stage of the screening.

Finally, the target genes of the 10 sensitive homozygous deletion
strains indicated by the green circles (listed in table 2.3) are already
acknowledged to be components of the DNA repair system pathways such
as h o g @ (pigure 2.1 plate 3 and plate 11, well B7), r a d IpJFigure 2.1
plate 4 and plate 12, well E10), r e vdi(Bgure 2.1 plate 5 and plate 13, well
D10), me c 8pdFigure 2.1 plate 6 and plate 14, well C1), r a d IpZFigure
2.1 plate 7 and plate 15, well G9). All these deletion mutants show sensitivity
to UV radiation as expected, and they were used as positive control in this

study.

2.2.3 UV Spotting susceptibility assay

The gene deletion homozygous deletion library used for this project
contains two independent homozygous knockout isolates for each gene. The
second stage of this screening focused on the phenotypic analysis
performed to quantify growth defects between the two homozygous knockout
isolates for each target gene and the wild-type SN250 strain after UV
irradiation. Serial dilution of each mutant was spotted onto YPAD plate and
then UV irradiated with 7.5uW/cm?, same energy of UV irradiation used
during the first stage of the screening (further details in the methodology in

section 6.8). After irradiation, the plates were grown in the dark and

and/ or

protected from natural light for 48h at 30 degrees. Three mutants, me ¢ 3

strain, r ad 1 S&imagp and r a d 3 Xmam, known to have a role in DNA
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repair pathways (Kondo et al., 1999; Manohar et al., 2018; S et al., 1993)
were used as positive control for the spotting susceptibility assay. This
genetic library containing two independent homozygous knockout isolates for
each target gene. Each gene selected as UV sensitive was tested for both
copies of the homozygous deletion strains. The results of this assay indicate
different grade of sensitivity to UV radiation as shown in figure 2.2. A
gradient scale to define the phenotype grade was made to classify the
degrees of UV sensitivity, going from 4 as strongest phenotype comparable
to the positive control, to value 1 as phenotype almost identical to control
plate and wild type. In table 2.4, the gradient value given to each deletion

strain is indicated.

From figure 2.2 it showed that deletion strains: ¢ ¢ n 1 P, rad1l8 o
cas5@p, spt8mp, meoBipge,bd eppp? posiowesd 2 @
sensitivity to UV irradiation in both copy of the deletion strains for the same
target gene. In addition, the deletion strains: or f 19. 456 7 p, kK ar
orfl19. 1567 mp, , orgfrr9a.gxB 7 8 alpp 2 pm, exhbii n 3 pm,
different sensitivity between the two copies of the homozygous deletion
strains for the same target gene. This can be caused by mistakes during the
disruption of one copy of the target gene leading to the wrong homozygous

deletion isolates.

In table 2.4 the different gradient values given based on the
phenotype of the spotting susceptibly assay after UV radiation are listed. It is
interesting to note that the deletion mutants involved in cell cycle such as
ki pg3(8h. 7), k ar 3(Blgl0),c cn 1l gor 1(Bhgill) andu |l p 2(BLp
13) and nuclear localisation as s p t 8stpyed very strong sensitivity to UV
radiation with gradient of UV sensitivity of 3 and gradient 4 for ki p 3
suggesting the crucial roles of the genes of interested. However, c | b 4 o
showed phenotype gradient of value 2. In yeast, clb3 and clb4 cyclins are not
crucial for mitosis and it is believed that cell lacking CLB3 and/or CLB4 do
not exhibit any obvious phenotype due to function being substituted by clbl
and clb2 (Richardson et al., 1992). Cell lacking GIN4 and ORF19.2378d i d n ot
display strong sensitivity to UV irradiation in both copies, this is due to the
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fact that in both copies of the deletion mutants respective genes werend t
successfully deleted (see section 2.2.2). Regarding the stress response
knockout isolates, fcy2qpp pep7g o sin3gpgp orfl9.1567g g show weak
sensitivity to UV radiation. This might imply that those genes of interested
might not have an essential role for UV stress response. On the other hand,

c a s 5 ephbits very strong sensitivity to UV radiation. Cas5 orchestrates
stress response, drug resistance and cell cycle regulation in which (under
normal condition) it was determined that 56 out of 604 genes have Cas5-
dependent RNA Pol Il binding. In cells lacking CAS5, 75% of those genes
have reduced RNA Pol Il binding (Xie et al., 2017).

The positive control me ¢ 3 camol r a d 3 2shogeed, as expected,
strong sensitivity to UV radiation. Although r a d 1 8Uygsensitivity was
ranked with value 3, this might be due to the fact that RAD18 might not be an
essential component required for NER or for UV survival response
(Armstrong et al., 1994; Fabre et al., 1989). Two deletion mutants, c a s 5
and ki p 3@®Ilp 7) have shown a similar phenotype to me ¢ 3 gagu
rad32omo

As a consequence of these results, the absence of the target genes
was investigated designing primers within the target genes and verified by
PCR.
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Figure 2.2 UV Spotting susceptibility assay. Serial dilution of the selected
deletion strains was spotted on YPAD plates followed by UV irradiation with power
of density 7.5uW/cm? and grown for 48 hours at 30°C. The gradient of sensitivity to
UV radiation is summarised in table 2.4. Three biological replicates were performed

for this assay. The black square was used to cover a strain unrelated to this study.
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Table 2.4. Gradient of sensitivity to UV radiation from spotting

susceptibility assay

Plate Mutant Phenotype Plate Mutant Phenotype
No. grade No. No. grade
orfl19. 4561 5 spt 8gpq 3
9 orfl19. 4562 13 spt 8pq 3
2 fcy2opmp 1 5 ul p2opql
10 fcy2opmp 1 13 ul p2opqs3
2 kar 3 pop 1 6 mec 3 pq 4
10 kar 3 pop 3 14 mec 3 pq 4
2 gi nd pop 1 6 pep7omq?2
10 gi n4dqpmp 2 14 pep7mqg?2
3 orfl19.156]|1 6 t oml g 3
11 orfl19.156]|2 14 t oml g 3
3 orfl19.237]|1 6 sin3opq?2
11 orfl19.237]|2 14 sin3opql
4 cecnlaop 3 7 cl b4 opq?2
12 ccnlaopp 3 15 cl b4 opq?2
4 radl8aomp 3 7 ki p3wmqi4
12 radl8aomp 2 15 ki p3wmpqg1l
5 grr lom 1 7 rad32q4
13 grrloop 3 15 rad32q4
5 cas5opp 4
13 cas5b5ogpmp 4

2.2.4 Screen of transformants by colony PCR

As mentioned above, the library contains two copies of the
homozygous deletion isolates for the same target gene. For this, mutants
that showed sensitivity to UV radiation from the first step of the screening
were tested for both copies of the homozygous deletion strains in step 2 and
step 3 of this screening. As showed in figure 2.2, the following mutants
orfl19. 4567 pm, kar 3 pom, orfl19. 15b6p pmpmp, orf
sin3 g, etibitedddiernt phenotypes between the two copies of the
strains after UV irradiation, despite presumed deletion for the same target
gene. For this, the aim of the third stage of the screening is to genetically
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confirm the absence of the target genes of both copies of the homozygous

knockout isolates.

0rf19.4567AA Neg. fey2AA Neg. kar3AA . Neg. gin4AA Neg.
pL1 PL "' Co P2 pLi0 V' Co pLz pL1o "' Co ez pLio Mt Co

Kilobases
10.0
3.0

1.0
0.5
0.1

0rf19.1567A4 Neg.  Orf-19237844 Neg ~ fom14A Nei cent4A L Neg rad1844
PL3 pLn W Co pLs pLu "' Co pL6 pPL1a "' Co PL4 PL12 Co PL4 PL12
Kilobases
10.0
30
10
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Neg. grr1AA Neg cas54A4 Neg spt8AA Neg
Wt Co pLs pL1s ' Co pLs pL1s ' Co pLs pPL13 ' Co
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Figure 2.3 Screening of transformants by colony PCR. The absence of the gene
from the selected deletion strains of the second step was verified. The wildtype
strain was used as positive control and ddH>.O as negative control. The PCR
amplicons were then verified in 1% agarose gel throughout gel electrophoresis. In

table 2.5 are listed the genes sizes and the expected sizes from the PCR reactions

used with the primers listed in table 6.6.
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Table 2.5 Genes sizes and expected sizes bands from PCR reactions.

Gene name Gene size (bp) Expected gene

size from PCR
(bp)
ORF19.4567 3105 1026
FCY2 1581 803
KAR3 2064 876
GIN4 4050 920
ORF19.1567 912 829
ORF19.2378 354 259
TOM1 9861 1436
CCN1 2082 802
RAD18 1137 758
GRR1 2343 776
CAS5 2466 747
SPT8 2313 900
ULP2 1476 812
MEC3 960 749
SIN3 3360 898
PEP7 1338 856
CLB4 1461 593
KIP3 2919 902
RAD32 1923 894

To confirm the absence of the target genes, colony PCR using
primers designed to anneal inside the target gene allowed to verify the
integrity of the homozygous knockout mutants. The primers used are listed
in table 6.6 and detailed methodology is described in section 6.9. The
wildtype was used as a positive control and ddH20 for the negative control.
The PCR amplicons were then verified in 1% agarose gel throughout gel
electrophoresis. Interestingly, for 6 knockout isolates only one of the two
mutants were knocked out for that specific gene. In table 2.6 the
homozygous knockout strains in which the target gene was fully deleted are
listed. On the contrary, in table 2.7 are shown the strains which target genes
was not fully or partially deleted and for this reason excluded from further

steps of the screening. The knockout isolate me ¢ 3 gipin, r a d 1 Stcpp
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andr a d 3 3trpigs used as positive control were also included to this stage
of the screening.

Table 2.6 Successful homozygous knockout isolates verified by colony
PCR

Plate | \iutantNo. | P13 | Mutant No.
No. No.

1 orflg.jl 13 spt8m
9 orf 19. 13 ul p2o
2 fcy2am 6 mec 3
10 fcy2am 14 mec 3
10 kar 3@ 14 sin3q
3 or f19. 1 6 pep7om
11 or f19. 1 14 pep7®
12 ccnllg 7 cl b4
4 radl8g 15 cl b4
12 radl8g 7 ki p3m
5 grrlao 7 rad32
5 casb5op( 15 rad3?2
5 spt 8m

Table 2.7 Unsuccessful homozygous knockout isolates verified by

colony PCR

Plate Mutant No. Plate Mutant No.
No. No.

2 kar 3@ 6 sin3q
2 gi ndm 6 tomlao
10 gi ndm 14 tomlao
3 orf19. 13 grrlao
11 orf19. 13 cassb5op
4 ccnlo 15 ki p3m

Importantly, the results of spotting susceptibility assay (figure 2.2)
correspond with the results of the colony PCR results (figure 2.3). For
example, the k i p 3nptgnt (PL. 7) exhibits strong sensitivity to UV radiation
which is consistent with the absence of the target gene by PCR (figure 2.3).
In contrast, k i p 3(lBhqil5) deletion strain does not exhibit sensitivity to UV
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radiation. In agreement with this result, the colony PCR demonstrated that

the k i p 3(Bhgl5) was incorrect as the KIP3 gene was detected. Similarly,

PCR analyses demonstrates that k a r 3(.g2), gr r 1(Bhpl3), ul p 2

(PL. 5) and s i n 3(Bhg®) are incorrect and indeed are not sensitive to UV

radiation. Instead, the other copies of the aforementioned deletion strains are

correct and sensitive to UV irradiation. As shown in figure 2.3. However, the

phenotypes of or f 1 9. 2&hd § a4 debption strains do not show

sensitivity to UV radiation and the colony PCR of both copies of

or f 19 . 2aBdrg8i g stpays the presence of the target genes into the

genome which results in the wrong homozygous deletion isolates. The

phenotype of t o m1l oplippws medium weak UV sensitivity (value 3).

However, the colony PCR showed the presence of the genes in both the

deletion strains for TOM1. This might be due to artefact during the
transformation process. Therefore, g i n 4 o, o r fardid9 .o 2n3 opR@Ep P
excluded from this study. Following, the colony PCR for c ¢ n 1 g, cl b4 mo
fcy2aopop, casbaopm, pep7oqp, orfl9. 1567 o, S [
radl8mep an dshow sutcésafgbgerletion of target genes in both the

copied of the knockout isolates.

2.1.4 Quantification of survival after UV irradiation

The results from the previous three steps of this genetic screening
allowed the selection of a total of 13 genes out of 674 target genes (Table
2.8). Having established that these 13 final selected homozygous deletion
isolates were sensitive to UV radiation from the first two steps of the
screening, in addition to the confirmation of target genes deletion form the
third step of the screening, the last step was to quantify the survival of these
final mutants after UV irradiation. The quantification of survival was
conducted by counting the number of colonies forming at 30 °C in the dark,
48 hours after the UV irradiation (7.5uW/cm?) (methods details in section
6.10). As expected, the positive control deletion strains, mec3 qpqradl8 o,
and rad32p geshowed strong UV sensitivity (figure 2.5). Interestingly, five of
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the selected deletions strains: k i p 3 pm, spt 8oy, grrlaoom,

showed significantly higher sensitivity to UV radiation compared to the WT
strain (p<0.05 figure 2.5). Defects in C. albicans stress response and DNA
repair leads to filamentation forms (Bachewich et al., 2005; Bai et al., 2002).
Therefore, the presence and quantification of filamentous forms has been
investigated for all the 13 final selected mutants in no stress conditions.

Interestingly, deletion strains: k i p 3 g, spt 8 qpom, grr 1aoom,

(showing high sensitivity to UV radiation) also exhibited the highest

filamentous forms formations (figure 2.6). Interestingly, s pt 8apdg r r 1 o

showed a percentage of filamentous forms higher compared to the positive
control mec3 gpgb-or this, the combination of strong UV sensitivity in all the
steps of this screening added to the higher filamentous forms, and their

functional roles in cell cycle, stress response and nuclear localisation (further

described in the next section) lead these five deletion strains (ki p 3 g,

spt 8 g, grr l1aom, k)ato Bequgnsidenedd as €inlal pp@teptipl

k a

candidates. The following deletion strains or f 1 9. 456 7 g, fcy2mpp

pep7oQo, or fah®s il Bdipgpap exhibit strong sensitivity to UV
radiation as showed in figure 2.5. These results are in accordance with the
results of spotting susceptibility assay in figure 2.2. However, cell lacking
CCN1 and CAS5 show a more percentage of survival compared to the
survival to UV radiation from the spotting assay (figure 2.2). The cause of
this might be explained by laboratory mistakes during the procedure of step 2
or step 4 of the screening. Furthermore, in figure 2.6, CCN1 and CLB4
deletions mutants exhibit formation of filamentous forms. However, these
results are inconsistent with studies showing that CLB4 and CCN1 regulates
morphogenesis in C. albicans (J. Loeb et al., 1999b).
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Homozygous deletion strains
Figure 2.5. Quantification of survival to UV radiation by colony counting of
final selected homozygous deletion isolates. The wildtype and the deletion
strains were subjected to UV irradiation with a power of density of 7.5uW/cm?. After
48 hours at 30°C, colony forming were counted. The positive controls me ¢ 3 g
radil8apdy ad 3 2gaisated with light blue colour) showed very strong
sensitivity. In addition, deletion strainsk i p 3 o, spt 8myp, grr 1
(red and orange colour, respectively) showed to be more sensitive to UV radiation
compared to the remaining deletion strains (green colour) which also exhibited a p
value > 0.05 and for this excluded as final candidates. Three technical and three

biological replicates were used to conduct this assay.

Table 2.8. List of homozygous knockout isolates selected from step 3.

Mutant No. Mutant No.
orf l19. 45|spt 8mwp
kiclopop ul p2 opop
fcy2aopop pep7omp
kar 3 pp sin3opp
orf19. 15|cl b4 pyp
ccnlaoop Ki p3mpp
grrlop
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Figure 2.6. Percentage of filamentous forms in final selected homozygous
deletion isolates. For the final 13 selected homozygous deletion strains the
formation filamentous forms was investigated in no stress condition. The deletion
mutants were grown on YPAD at 30°C with shaking until they reached log phase
(ODeoo between 0.8 -1). Three technical and three biological replicates were used for
this assay. Filamentous forms were quantified by counting the number of budding
yeast and/or filamentous cells up to 100 cells, selecting different parts of the

microscopy slides. Cells were viewed using Olympus IX81 100x objective lens.

Overall, the four steps of this genetic screening subjected to UV
radiation as DNA damaging agents led to the identification of five potential
candidates as regulators for genome instability in C. albicans. More detailed
investigation is needed. Further description of roles and functions of the five
final selected deletion strains for this UV genetic screening are described in

the next section.

2.3 Discussion

The CTG clade contains different opportunistic pathogenic yeast of
Candida genus including Candida albicans. This clade displays a particular
genetic code in which the CTG codon is translated as serine instead of
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leucine (Santos et al., 2011; TA et al., 2018). Genome instability has been
correlated with the yeast belonging to the CTG clade (M et al., 2019; Todd et
al., 2019). As genome plasticity is a consequence of DNA damage which is
not naturally repaired, this study is using UV light as a DNA damage agent to
induce single strand break. The aim is to identify potential novel regulators
which may play a role in genome instability in C. albicans. To do so, a
genetic screening of homozygous deletion strains targeting 674 different

genes in C. albicans was used.

The genetic screen led to the selection of 13 deletion mutants (Table
2.8) Of the 13 selected mutants, 5ofthem (ki p 3 pp, spt 8 pw,
and u ) havep pxhibited higher sensitivity to UV irradiation with
statistically significance. All these 5 potential candidates have shown higher
UV radiation sensitivity, and also shown higher filamentous forms compared
to wild type. Here the investigation of specific roles for the final 5 candidates
is presented.

The first target gene is KIP3. Not much information of KIP3 is reported
in C. albicans, for this protein BLAST analysis have reported 100% identity
with S. cerevisiae KIP3. Kip3 in S. cerevisiae, is involved in mitotic spindle
(McCoy et al., 2015). This Kinesin-like protein is part of kinesin-8-family
proteins which are necessary to regulate microtubule dynamics (Cottingham
and Hoyt, 1997). Accurate chromosome segregation is fundamental during
mitosis, to do so sister chromatids need to be orientated on microtubules of
the mitotic spindle. Kip3 protein has been shown to play a role during
anaphase in synchronize the poleward kinetochore movements (Tytell and
Sorger, 2006a). In particular, kip3 has also shown to play a role in nuclear
migration. K i p 3igederes with movement of the nucleus toward the bud
and mitotic spindle orientation (DeZwaan et al., 1997). When considered
together, the functions of KIP3 gene are in accordance with the aim of the
study but also with the sources of genome instability. Its highest sensitivity to
UV compared to the rest of the selected genes lead to consider this gene as

one of the potential candidates for this study.
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The second candidate of the UV sensitivity screening is SPT8 gene. It
encodes a subunit of SAGA complex (Spt-Ada-Gcn5-acetyltrasferase) which
allows the acetylation of H3 histone and deubiquitylation of H2B histones.
These two activities, acetylation and deubiquitylation are necessary for
transcriptional initiation and elongation (Liu et al., 2019). Interestingly, SAGA
may also have a role in preserve the genome integrity. It was shown that
deletion of GCNS5 results in the damage to UV irradiation, lacking acetylation
to lysine 9 and 14 of H3. In particular, both GCN5 and ADA2 may regulate
nucleotide excision repair (NER) which removes DNA damage induced by
UV radiation (Ferreiro et al., 2006). As demonstrated by (Sterner et al., 1999)
double mutant for s p t @@apd gcn5qxp show severe defective phenotypes
under different type of stress, which show that disruption of one subgroups
can interfere with the whole SAGA complex. From the same study, it was
shown also that Spt8 is crucial for SAGA interaction with TATA binding
protein (TBP).

The third candidate is GRR1, a component of the F-box protein of
SCF ubiquitin-ligase complex. It regulates the stability of several proteins
involved in cell division. Grrl targets cInl and cIn2 for degradation, these are
two G1 cyclins responsible for regulating the G1/S phase transition. These
initial cell cycle steps activate several numbers of genes which are involves
in DNA replication and spindle body duplication. DNA damage inhibits the
cell cycle by inhibiting the activation of G1/S-cyclin dependant kinase (CDK)
complex (JP and S, 2007; Landry et al., 2012; Sl, 2003). Additionally, (Butler
et al., 2006) showed that deletion of GRR1 gene leads to pseudo and
hyphae forms under normal conditions which associated GRR1 function in
controlling the switch of morphology in C. albicans. This is also consistent
with the investigation of morphology conducted in this study, indeed GRR1
mutant was present only in pseudo and hyphae forms as showed in figure
4.2.

The fourth candidate of this genetic screening is KAR3 gene. In C.
albicans, kar3 is required for normal mitotic spindle formation and nuclear
division (Meluh and Rose, 1990). In KAR3 mutant the cells exhibit abnormal

morphologies with tendency to form pseudo and hyphae forms, delayed
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anaphase, mitotic spindle instability and mitotic arrest (Middleton and
Carbon, 1994; Page et al., 1990; Tytell and Sorger, 2006b). In addition,
(Sherwood and Bennett, 2008) has shown kar3 proteins to be localised in the
spindle pole bodies in mitotically dividing cells. Defects in mitotic spindle lead
cells to abnormal chromosome segregation which lastly lead to genome
instability (Skoneczna et al., 2015). The results of KAR3 mutant, showing
sensitivity to UV radiation (figure 2.1 and 2.2) and high formation of

filamentous form (figure 4.2) motivate the choice to be a potential candidate.

The last candidate from this genetic screening is ULP2. This gene will

be further investigated in this thesis (Chapter 4).

2.4 Conclusion and future work

This first UV genetic screening has scrutinised the potential
candidates of novel regulators for genome instability in C. albicans. From
the genetic library containing homozygous deletion strains targeting 674
different genes, five of them showed strong sensitivity to UV radiation. These
five potential genes KIP3, SPT8, GRR1, KAR3, and ULP2 demonstrated to
be sensitive to UV radiation in all the steps of this genetic screening with cell
cycle appearing to be the main role for all the five final candidates. However,
no concreate conclusion can be produced at this point as deeper
investigations are necessary. To establish the potential candidate which will
be then subjected to further analysis, the genetic library is required to be
exposed to a different stress condition. In the next chapter, MMS is used as
another source of DNA damage. The comparison of the final selected
deletion mutants between the two genetic screenings will identify the
candidate which will be subjected to further investigation on genome

instability.
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Chapter 3. MMS stress-induced novel

regulators of genome instability
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3.1 Introduction

Genome stability is essential for the cell to preserve and transmit the
accurate genetic material from generation to generation. Cells can be
challenged by extrinsic and intrinsic factors which can results in single strand
breaks (SSBs) and double strand breaks (DSBs). This accumulation of DNA
lesion can lead cell to death, apoptosis or aberrant proliferation (Symington
and Gautier, 2011). To safeguard the genome, cells have evolved two main
DNA repair systems to deal and repair DSBs: homologous recombination
(HR) and non-homologous end joining (NHEJ) (Jackson, 2002). DNA repair
system pathways are further described in section 1.5.3. When DSB DNA
damage occurs, the phase of the cell cycle plays a crucial role in the choice
of the pathway to use to repair the damage. During S and G2 phases, HR is
the preferred pathway to use due to the availability of the sister chromatids to
use as template. The NHEJ pathway is used throughout the cell cycle with
more prevalence during the Gi1 phase (Symington and Gautier, 2011). The
cell responds to the DNA damage arresting the cell cycle and initiating the
whole DNA repair complex. However, when the unrepaired damage persists
after 6-8 hours, the cell adapts and continue the cell cycle (Kaye et al., 2004,
Morrow et al., 1997; Toczyski et al., 1997). Double strand break DNA when
unrepaired can lead to gross chromosomal rearrangements, whole or partial
loss of chromosomes. The breakage of a chromosome generates two
fragments in which one of them lack the centromere, leading to a
compromised chromosome segregation (Kaye et al., 2004). Errors during the
segregation process can lead to imbalances of the genome between the two
cells, leading to a phenomenon known as aneuploidy. Aneuploidy leads to an
abnormal number of chromosomes in the cells with the gain or loss of the
whole chromosome (Aguilera and Gomez-Gonzéalez, 2008). In humans,
aneuploidy is the cause of genetic disorders such a s Downods
karyotype mosaicism, and cancer (Ben-David and Amon, 2019; Biesecker
and Spinner, 2013; Hassold and Hunt, 2001). A double-edged sword is the
acquisition of aneuploidy in the pathogenic yeast C. albicans which can have
harmful effect on humans. As widely mentioned before in this thesis, C.

albicans can develop resistance to antifungal drugs through the acquisition of
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a segmental aneuploidy during stressful exposure to fluconazole (Selmecki
et al.,, 2006). The acquisition of C. albicans aneuploidy or gross
chromosomal rearrangement confers fithess advantages and drug resistance
to the pathogen, but at the same time drug resistance represents a
worldwide problem for patients with weakened immune system (Diogo et al.,
2009; Ene et al., 2018; Forche et al., 2009; Pappas et al., 2018; Smith and
Hickman, 2020).

In this chapter, the C. albicans gene deletion library is exposed to
methyl methanesulfonate (MMS), a DNA damaging agent inducing DSBs.
MMS is a DNA alkylating agent which modifies guanine and adenine to 7-
methylguanine and 2-methylguanine, respectively. These modified bases
lead to base mispairing and replication blocks (Beranek, 1990; Lundin et al.,
2005b). In the budding yeast it was seen that low doses of MMS induce
DSBs, this might be due to the multiple SSBs (Choy and Kron, 2002). In
addition, it was hypothesised that DSBs generated during replication are
caused by the MMS-induced SSBs leading to replication fork collapsing and
resulting in DSB (Lundin et al., 2005b; Pascucci et al., 2005).

This MMS genetic screening has led to the identification of 4 final
candidates: PPH3, PTC2, CLB4 and ULP2.
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3.2 Results

3.2.1 Genetic library and screening procedure

The homozygous C. albicans gene deletion library (Noble et al.,
2010a) previously used for the UV genetic screening was subjected to a
different stress in order to identify novel regulators of genome instability in C.
albicans. For this second screening, MMS was used as source of damaging
agent. The aim of this chapter is to compare the deletion mutants between
the two DNA damaging agents used in this study and identify the potential
candidate sensitive to UV and MMS.

The process of the MMS screening follows the principle of the UV genetic
screening with one less step (screens by colony PCR) caused by the
disruption of laboratory closure due to COVID-19 pandemic. Overall, this

MMS genetic screening was divided in 3 main steps:

1. Primary screening: all the 16 plates of the genetic library were
plates in YPAD media with the addition of 0.005% MMS. A first
selection of MMS sensitive deletion mutants was performed
comparing the sensitive mutants to YPAD plates control. Then,
literature research of gene locations and functions was carried to gain
an understanding of the existing research and chose which genes
location/functions in CC, SR, and NL.

2. Spotting susceptibility assay: The mutants selected from the first
step of this genetic screening were subjected to a spotting
susceptibility assay. The serial dilutions were plated in YPAD and
YPAD 0.005% MMS.

3. Growth curves: the final selected deletion mutants from the
previous 2 steps were screened by the analysing the growth curve in
the presence of MMS damaging agent.

From these steps, 40 mutants were selected, the phenotype of these
mutants was compared with the phenotype from the UV screening (if

available) and further literature research was performed in order to choose
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the ideal candidate as regulator of genome instability from the 2 genetic

screenings.

3.1.2 MMS Primary screening

For the first step of this genetic screening the primary investigation of
which homozygous deletion strains show sensitivity to MMS was performed.
Each library plate, consisting of around 96 different deletion mutants, was
spotted in two large petri dishes plates (145x20), one containing YPAD
media with 0.005% MMS and the other YPAD media. The strains were
spotted using a 96-replica plater and thereafter incubated at for 48h at 30°C
(details in section 6.7).

As used in chapter 2 for the UV genetic screening, the same colour
code and selection methodology was applied to this chapter as shown in
figure 3.1. As mentioned in section 2.2.1, the colour red was used to identify
deletion mutants sensitive to MMS drug with functions/location of the deleted
gene in line with this study. The colour blue was used to distinguish the
deletion strains sensitive to MMS but with functions/location not conforming
with the aim of this project. And finally, the colour green was used for DNA
repair components deletions strains. The functional groups were kept the
same as the one previously mentioned in section 2.2.1, with the addition of:
enzymes (ENZ), no defined information (ND), plasma membrane (PLM), and

cell wall (CW) indicated with colour blue.

In this first step of the MMS genetic screening a total of 40 deletion
mutants (Tables 3.1, 3.2 and 3.3) were identified as being sensitive to the
MMS DNA damaging agent (Figure 3.1 red, blue and green circles). From
the total of 40 deletion mutants, 19 were indicated with the red circles in
figure 3.1 and listed in table 3.1. Of these 14 mutants were also sensitive to
UV irradiation. The five mutants sensitive to MMS but not to UV radiation are
indicated in table 3.1. All the five deletion mutants sensitive exclusively to the
MMS drug were categorised with the functional group of stress response. Of
these five, gpd2go gstrain (figure 2.1 plate 10 H6) showed sensitivity to MMS
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compared to control. The GPD2 gene plays an important role in osmotic
stress adaptation (Enjalbert et al., 2003; Jacobsen et al., 2018a), the gpd2q g
sensitivity to MMS might be linked to the fact that hyperosmolarity can cause
DNA DSBs (Kiiltz, 2005). In addition, Gpd2 protein can act as a novel
virulence factor which can facilitate C. albicans immune evasion (Luo et al.,
2013). Ra s 1 (hgpre 2.1 plate 11 E9) is the second deletion mutant which
show sensitivity to MMS damaging agent but no sensitivity to UV light. Rasl
is a G-protein which regulates many biological processes such as white-
opaque switching and hyphal growth (David, 2013; Piispanen et al., 2013a).
Furthermore, the Ras family plays crucial role in regulating adaptations for
virulence (Pentland et al., 2018). Ptc2gp queletion mutant (figure 2.1 plate 12
A5) shows sensitivity to MMS. PTC2 gene regulates DNA damage-relates
protein phosphatases and it also plays a role in virulence (Feng et al.,
2019a). Interestingly, the same study has investigated the virulence in
double mutant for ptc2gpand pph3g g showing decreased virulence.
Pph3m gpdeletion strain is another selected mutant sensitive to MMS drug
(figure 2.1 plate 5-13 D5). PPH3 is a gene which play a crucial role in the
dephosphorylation of Rad53 after DNA damage ( O6 Nei | | e.t al
Pph3 gesensitivity to MMS was already documented in Feng et al., 2019a
study. The last deletion strain sensitive only to MMS is ccclopgp(figure 2.1
plate 7 B5). CCC1 is an important component of the Mrs4-Cccl-Smf3
pathway which is involved in cellular iron level. However, this pathway is
crucial also for other biological process such as cell-was stability, antifungal
tolerance, filamentous growth and virulence (Xu et al.,, 2014). These 19
deletion strains showing sensitivity to MMS were carried for the next steps of
the MMS genetic screening.
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Figure 3.1 MMS Primary screening. All the 16 plates of the genetic library
containing the C. albicans homozygous deletion strains were plated on YPAD (left)
and YPAD + 0.005% MMS (right) using a 96 well plate replica plater. The deletion
strains were grown at 30°C for 48 hours. The growth of the mutants was compared
with the YPAD control plate and sensitive mutants were selected for the next step.
Red circles indicate the deletions strains sensitive to MMS with functional role in
CC, NL and SR. Blue circles indicate the mutants sensitive to MMS but exclude due
to functional roles outside the aim of this project. Green circles indicate deletion
strains with functional role in DNA repair pathways. Three biological replicates were
performed for this assay, the pictures above are the representation of one of them.

Table 3.1: Mutants indicated with red circle for MMS screening in figure
3.1. The mutants in this table were identified with the functional group
of stress response (SR), cell cycle (CC) and nuclear localisation (NL).
These deletion mutants showed sensitivity to UV and/or MMS drug,
therefore they were selected for the next step.

Plate Muta | Systematic Gene | Well | Relevant role for | Functio | DNA
number | nt name name | No. | the _ genetic | damage
No. screening
group agent
sensitivity
3 493 ORF19.2378 H7 Protein abundance | SR uv, MMS
increases upon
DNA replication
stress in S.
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cerevisiae (Tkach et
al., 2012)

584

ORF19.3207

CCN1

D7

G: cyclin, important
for transition Gi1/S
phase (Sinha et al.,
2007) (J. Loeb et
al., 1999a)

CC, NL

uv, MMS

674

ORF19.3944

GRR1

A6

F-box protein
component of the
SCF ubiquitin-ligase
complex required for
cell cycle
progression (Lu et
al., 2019)

CC, NL

uv, MMS

729

ORF19.4312

SPT8

D4

TBP-binding
transcription
coregulator involved
in histone
acetylation,
chromatin
organization
(Belotserkovskaya
et al., 2000), subunit
of SAGA complex,
localizes to nucleus
(Bhaumik and
Green, 2002)

NL

uv, MMS

733

ORF19.4350

PPH3

D5

Mediate genotoxin-
induced filamentous
growth and
regulating Rad53
dephosphorylation
(Sun et al., 2011)

SR

MMS

734

ORF19.4353

ULP2

D6

SUMO
deconjugation
enzyme(Hochstrass
er, 2001), involved
in cell cycle
progression(Li and
Hochstrasser,
1999), sequestered
to the nucleolus
under stress
conditions(Sydorsky
y et al, 2010).
Trigger multi
chromosome
aneuploidy in S.
cerevisiae(H.-Y.
Ryu et al., 2016)

CC, NL

uv, MMS
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1037

ORF19.6948

CCcC1

B5

Component of
Mrs4i Cccli Smf3
pathway of cellular
iron homeostasis
involved in oxidative
stress response,
cell-wall stability,
morphogenesis, and
virulence (Xu et al.,
2014)

SR

MMS

1064

ORF19.7186

CLB4

D1

cell cycle cyclin (Ofir
and Kornitzer, 2010)

CC, NL

uv, MMS

1091

ORF19.7353

KIP3

F1

Mitotic spindle
organisation
(McCoy et al., 2015)

SR, CC,
NL

uv, MMS

89

ORF19.4567

F9

No S. cerevisiae
orthologous

uv, MMS

10

253

ORF19.564

KAR3

G8

Microtubule  motor
protein required for
mitotic division
(Sherwood and
Bennett, 2008)

SR, CC,
NL

uv, MMS

10

270

ORF19.691

GPD2

H6

osmotic stress
adaptation
(Jacobsen et al.,
2018b)

SR

MMS

11

379

ORF19.1567

E4

vCLAMPs
component involved
in stress resistance
(Mao et al., 2021)

SR

uv, MMS

11

406

ORF19.1760

RAS1

E9

G-protein regulating
virulence,
filamentous forms,
and stress
resistance
(Piispanen et al,
2013b)

SR

MMS

12

508

ORF19.2538

PTC2

A5

interact with  the
PP4 complex in the
DNA damage
response pathway
(Feng et al., 2019b)

SR

MMS
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Regarding the deletion mutants excluded from the study due to
functions/locations outside the aim of this study, a total of 15 homozygous
deletion isolates were identified as sensitive to MMS. Of these 15 mutants,
only 3 mutants, categorised as transporters, were sensitive to UV radiation
and MMS drug: arr3gpq(figure 3.1 plate 4 D2), sttdqp qo(figure 3.1 plate 11
F10), and dur35m qfigure 3.1 plate 14 E6) (table 3.2). Of the remaining 12
deletion mutants, half of them are mutants with no defined information and
no S. cerevisiae ortholog. All the mutants indicated with blue circles and

consequently excluded from this study are reported in table 3.2.

Table 3.2: Mutants indicated with blue circle for MMS screening in
figure 3.1. These mutants identified with the functional group of
transporters (TR), lipid metabolism process (LMP), vacuole location
(VL), enzymes (ENZ), no defined information (ND), plasma membrane
(PLM), and cell wall (CW) showed sensitivity to UV and/or MMS drug
however they were excluded from this study.

Plate | Muta | Systematic Gene | Well | Functional role Functio | DNA
No. nt name name No.
No.

nal damage
group agent

sensitivity

3 374 ORF19.1497 | ZCF6 El transcription  factor | ND MMS
(ACandi da
Dat abase, 0
no defined
information

4 573 ORF19.3122 | ARR3 D2 Arsenite transporter | TR uv, MMS
(Robert Wysocki et
al., 1997)

9 40 ORF19.1797 | - C4 D-arabinose 5- | ENZ MMS
phosphate
isomerase GutQ
domain (Tzeng et al.,
2002)

No S. cerevisiae
orthologous

9 55 ORF19.2463 | PRN2 D4 No defined | ND MMS
information
No S. cerevisiae
orthologous

9 71 ORF19.3335 E6 Plasma membrane | PLM MMS
protein (ACan

Genome Dat
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n.d.)
No S. cerevisiae

orthologous

9 80 ORF19.3901 | - F2 No defined | ND MMS
information
No S. cerevisiae
orthologous

9 101 ORF19.4831 | MTS1 | G7 Sphingolipid C9- | LMP MMS
methyltransferase
(Oura and Kajiwara,
2010)

10 164 ORF19.9470 | FAV3 | C2 No defined | ND MMS
information
No S. cerevisiae
orthologous

10 174 ORF19.1066 | - C4 Protein of unknown | ND MMS

5 function

No S. cerevisiae
orthologous

10 204 ORF19.138 FIG1 D4 Plasma membrane | PLM MMS
involved in Ca2*
uptake in  mating-
competent  opaque
cells (Yang et al.,
2011)

10 219 ORF19.220 PIR1 E6 Cell wall protein | CW MMS
(Martinez et al.,
2004)

10 229 ORF19.328 NPR2 | F2 Putative urea | TR MMS
transporter (D. H. M.
L. P. Navarathna et
al., 2011)

10 251 ORF19.557 - G7 Protein of unknown | ND MMS
function
No S. cerevisiae
orthologous

11 415 ORF19.1814 | STT4 F10 Putative TR, uv, MMS
phosphatidylinositol- | | MP
4-kinase (Audhya et
al., 2000)

14 932 ORF19.5915 | DUR3 | E6 Putative urea | TR uv, MMS
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5 transporter in (Kumar
etal., 2011)

With reference to DNA repair components indicated with the green
circles in figure 3.1, except r a d 3 2fopupe 3.1 plates 7-15 G9), all the
deletions mutants that were sensitive to UV radiation also showed sensitivity
to the MMS drug (table 3.3).

Table 3.3: Deletion mutants indicated with green circle in figure 3.1. The
target genes for these mutants are known to play a role in the DNA
repair system and for this they were identified with the functional role
of DNA repair system component (DRS). The following deletion
mutants showed sensitivity to UV and MMS drug.

Plate Mutant | Systematic Gene Well | Functional Functio | DNA

number | No. name name No. role nal damage

group agent

sensitivity

4-12 603 ORF19.3407 | RAD18 | E10 | Postreplication | DRS uv, MMS

repair(S et al.,
1993)

5 741 ORF19.4412 | REV1 D10 | Error-free DRS uv, MMS

translesion
synthesis

6-14 884 ORF19.5485 | MEC3 C1 DNA damage | DRS uv, MMS

checkpoint
(Kondo et al.,
1999)

11 307 ORF19.895 HOG1 B7 Component of | DRS uv, MMS

MAP  kinase
pathway
respond to
oxidative
stress(Haghna
zari and
Heyer, 2004)

3.1.3 MMS Spotting susceptibility assay

The second step of this genetic screening investigates the phenotype
of the selected deletion strains growing on solid media containing MMS.
Serial dilution of each mutant was spotted on YPAD with the addition of
0.005% MMS and incubated at 30°C for 48h (methodology detailed in

section 6.8). Previous verification by PCR of the absence of the target genes
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(section 2.2.4) allowed the use of only one copy for the mutants which
showed UV and MMS sensitivity. Due to circumstances brought about by the
beginning of the global pandemic, it was not possible to test both copies of
the five new deletion mutants chosen from step one. Only the DNA damage
checkpoint me ¢ 3 gigpin was used as a positive control as shown in figure
3.2. Also, in this screening the same gradient scale used in chapter 2 was
used to classify the phenotype grade for the MMS screening. As mentioned
in section 2.2.3, the gradient scale starts from value 4 indicating the
strongest phenotype comparable to the positive control, and it ends with
value 1 which classifies the phenotype as very similar to wild type. Table 3.4
lists the gradient value of the spotting susceptibility assay for each deletion

strains in figure 3.2.

Deletion mutants involved in cell cycle suchasgr r 1 o, ,amd p 2 @

which showed strong phenotype to UV radiation in figure 2.2 showed also
strong sensitivity to MMS in for the spotting susceptibility assay (figure 3.2).
The gradients for these deletionso
stresses. The same applies for s p t 8 igperhich it showed strong phenotype
to UV and MMS with sensitivity gradient of value 3. However, the remaining
cell cycle mutants, c ¢ n 1 apdoc | b 4 shogwed a milder phenotype (value
2) on MMS-containing media. For cells lacking CLB4 this phenotype is very
similar to the one obtained after UV irradiation. While cells lacking CCN1

showed slightly more sensitivity to UV radiation as shown in figure 2.2.

Regarding the two genes classified with functional groups/protein

motifs to be cell cycle, nuclear localisation, and stress response k a r 3agap

mut a

kip3 gpgshowed very different phenotypes. Kar 3 cqdp |l et i on strain

show any sensitivity to MMS while it displayed strong sensitivity to UV
irradiation. This was not an expected result and it is contrary to the MMS
sensitivity of S. cerevisiae k a r 3rgpgrted by (Svensson et al., 2011). On
the contrary, kip3 g gleletion mutant displayed strong sensitivity to UV and
MMS as comparable as to positive control mec3qg o The deletion mutant
kip3 pgvas already classified as one of the five final selected mutants from
the UV genetic screening (section 2.3) and it looks a good candidate for the

next step of this genetic screening.
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Control 0.005% MMS

ccn1AA PL.4 D7

grr1AA PL.5 A6
Spt8AA PL.5 D4
pph3AA PL.5 D5
ccc1AA PL.7 BS
clb4AA PL.7 D1

Kip3AA PL.7 F1

wild-type

ORF19.4567AA PL.9 F9
kar3AA PL.10 G8

gpd2AA PL.10 H6
ORF19.1567AA PL.11 E4
ras1AAPL.11 E9
ptc2AA PL.A2 A5

wild-type

ulp2AA PL.13 D6

Figure 3.2 MMS Spotting susceptibility assay. Serial dilution of the selected
deletion strains was spotted on plates containing YPAD and YPAD + 0.005% MMS,
and were grown for 48 hours at 30°C. The black square was used to cover a strain
unrelated with this study. Three biological replicates were done for this assay. The

black square was used to cover a strain unrelated to this study.
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Table 3.4. Gradient of sensitivity to MMS from the spotting

susceptibility assay in figure 3.2.

Plate Mutant Phenotype Plate Mutant No. Phenotype
No. grade No. grade
4 ccnlaopop 2 10 kar 3pq 1
5 grrlaom 4 10 gpd2opp 1
5 spt 8opmp 3 11 orfl19.1 1
5 pph3opp 4 11 raslaoq 1
7 ccclop 2 12 ptc2aopq 3
7 cl bdopop 2 13 pph3mp 4
7 Ki p3opp 4 13 ul p2opq 3
9 orf19.45 1 6 me c 3 4

Figure 3.2 shows that stress response deletion mutants: gpd5g o
orf19.1567p g raslgp g and orf19.4567q gpexhibit a very weak phenotype
(value 1, table 3.4) in response to MMS. The two deletion strains
orf19.156 7 guand orf19.456 7 gshowed weak sensitivity to UV radiation in
figure 2.2, which might imply some artefacts in the spotting during the first
step of both UV and MMS screening. The deletion mutant ccclo gexhibited
a mild sensitivity to MMS indicated with value 2 in table 3.4. CCC1 gene
encodes for an iron/manganese transporter. In addition, Cccl is a
component of the Mrs4-Cccl-Smf3 pathway affecting cellular iron
homeostasis (Xu et al., 2014). Therefore, CCC1 does not seem to have a
specific role for the response to DNA damage insults. Ptc2g gqdeletion strain
displayed a sensitivity to MMS classified with value 3. This result is
consistent with the study by Feng et al., 2019a where it shows the sensitivity
to MMS of C. albicans ptc2go o In addition, Feng et al., 2019a characterise
PTC2 gene as a potential DNA-damage-related protein phosphatase (Feng
et al., 2019a). Furthermore, Leroy et al., 2003 have hypothesised a possible
role for PTC2 in dephosphorylation of Rad53 triggering to inactivation of
Rad53-dependent pathway (Leroy et al., 2003). Lastly, pph3g gpdeletion
strain displayed strong sensitivity to MMS as showed in figure 3.2, indicated

with the maximum value in table 3.4. This sensitivity is also consistent with
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the study by Feng et al., 2019a where in addition it shows C. albicans double

mutant ptc2gp gand pph3g gdead to a decreased virulence in mice.

Following on from these results, the next step was supposed to be the
verification of the absence of target genes by PCR colony of pp h 3 oo,
ccclop, opg p dRt aigga s 1 gopmozygous deletion isolates.
Unfortunately, | was unable to perform this experiment due to the 2020
Lockdown. For this, the screen of transformants by colony PCR was
suspended for the aforementioned deletion strains and the genetic screening

continued without verification of the absence of the target genes.

3.1.4 Growth curves analysis

The previous 2 steps of this MMS genetic screening allowed to select
a total of 14 /674 genes. From the spotting susceptibility assays, some of the
chosen candidates exhibited various phenotypes based on MMS sensitivity.
For this, growth curve analysis was performed to examine the growth rate
pattern of the deletion mutants, and to compare the muta n t phehotype to
the wild type and the positive control me ¢ 3 .gf\g showed in figure 3.3 (A)
the wild type showed the typical S shape of the normal growth curve in both
YPAD media (blue colour) and in YPAD media with the addition of 0.005%
MMS (red colour), (legend at the end of the figure). For the wild type strain
(fig 3.3 A) it is possible to distinguish, in both untreated and treated cells, the
three major phases of the growth curve: lag, logarithmic, and stationary
phase. The presence of MMS in the media causes a longer lag phase. On
the contrary, the log phase and stationary phases of a wild type strain
growing with and without MMS is very similar. In contrast, the positive control
mec3g gstrain shows a good growth rate in untreated cells and strong
sensitivity to MMS (no S shape) (figure 3.3 B). For this reason, the lag,
logarithmic, and stationary phases are not distinguishable for the
homozygous deletion strain me ¢ 3 o dpeated cells. Seeing and considering
that the positive controls were used as guide in this genetic screening for the
possible candidates of the novel regulators of genome instability, visual

analysis and phenotyping comparison with the positive control in MMS media
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were the parameters used to select for the homozygous deletion strains
sensitive to the MMS drug.

Figure 3.3 shows all growth rate curves of the 14 chosen deletion
strains. The selected mutants were grown on YPAD and YPAD + 0.005%
MMS for 48 hours at 30°C with shaking (methodology detailed in section
6.11). The growth was analysed by the changes of ODsoo units over the time.
As showed in figure 3.3, not all the deletion mutants showed sensitivity to
MMS but only 4 exhibited strong sensitivity to MMS (p p h 3 o, pt c2mq
cl b 4apdou | p 3. Plepse mutants have the potential to be considered as
final candidates for MMS genetic screening.

For the genes classified with the functional group of cell cycle and
nuclear localization, cells lacking CCN1 (figure 3.3 C) show a normal growth
in the control media but not much sensitivity to MMS media. This result
matches the phenotype shown from this mutant in the spotting susceptibility
assay (figure 3.2). However, the lack of MMS sensitivity lead CCN1 gene to

be excluded from the final chosen candidate of this screening.

The deletion mutant s p t 8wgaspconsidered sensitive to MMS from
the spotting susceptibility assay in figure 3.2 (table 3.4 phenotype grade 3).
However, cells lacking SPT8 in the control media YPAD exhibited a strong
delay for the start of the log phase with the final ODeoo around 0.5. A similar
result was obtained for s p t 8impgedia with MMS (figure 3.3 E). Although,
SPT8 gene was one of the five final candidates from the UV genetic
screening (chapter 2, section 2.3), considering the weak growth in YPAD
control media, this strain cannot be considered as a good final candidate for
this genetic screening.
In addition to SPT8, another final candidate from the UV genetic screening
was GRR1 (section 2.3). However, the results of g r r ldgghion mutant
were inconclusive as figure 3.3 (D) shows, and for this reason it was
excluded as final candidate for the MMS screening. The abnormal growth
pattern found from the analysis of the growth curve in both YPAD media and
MMS media (figure 3.3 D), might be due to the high percentage of

filamentous forms of this deletion strain as showed in figure 2.6.
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Figure 3.3 Growth curves of C. albicans MMS selected strains. The growth
curve rate of the selected deletion strains was investigated. Deletion strains were
grown at 30 °C with shaking on YPAD media and YPAD + 0.005% MMS. Growth
was measured by the changes of ODeoo Units over the time in hours. The growth

curve assay was conducted in three technical and three biological replicates.

Interestingly, cells lacking CLB4 or ULP2 in figure 3.3 H and P,
respectively, showed a very similar phenotype to me ¢ 3 gwmdption (figure 3.3
B) in media containing 0.005% MMS. These deletion mutants in control
media YPAD show normal growth and the typical S shape. More specifically,
in YPAD, c | b 4aquop | p 2dgdepion strains exhibits a prolonged lag phase
compared to the wild type (fig 3.3 A). Cl b 4 gdetetion strain showed
sensitivity to both UV radiation and MMS drug. The deletion of the target
gene does not interfere much with the growth in untreated cells and
considering also its crucial role in the cell cycle (Ofir and Kornitzer, 2010)
(section 1.2), CLB4 is considered one of the final potential mutants for this
genetic screening. Cells lacking ULP2 showed strong sensitivity to MMS
drug in figure 3.3 (P), in addition it was considered one of the 5 final potential
candidates from the UV genetic screening (section 2.3) due to its strong
sensitivity to UV radiation. All these results taken in consideration with the
role of ulp2 protein in SUMOylation and chromosome segregation (sections
1.2.2 and 2.5) make ULP2 gene an ideal final candidate for this genetic
screening. This gene will be analysed further in this study.

Regarding the KIP3 and KAR3 genes belonging to the functional
groups of cell cycle, nuclear localisation, and stress response, the two
deletion strains k i p 3apdpk a r 3 dogmot exhibit MMS sensitivity (figure
3.3 I and K, respectively). This result, for cell lacking KAR3, is in line with the
phenotype exhibited in the spotting susceptibility assay (figure 3.2). Despite
the fact that k a r 3 detption mutant showed strong sensitivity to UV
radiation and for this considered one of the five candidates from the UV
genetic screening, the contrary result of non-sensitivity to MMS drug does
not allocate KAR3 as one of the final candidates of the screening. In

agreement with this finding, no MMS sensitivity was reported/investigated for
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KAR3 gene in C. albicans. Similar results are presented for k i p 3degletion
mutant. From the figure 3.2 of the spotting susceptibility assay it was
expected strong sensitivity to MMS from the analysis of the growth curve for
k i p 3dplgiion strain (figure 3.3 I). However, cells lacking KIP3 exhibit
delayed growth in both untreated and treated cells. Considered the strong
sensitivity to UV radiation (figure 2.1 plate 7 well F1, fig. 2.2, 2.5) and MMS
drug in the first two stages of this screening (figure 3.1 plate 7 well F1 and
fig. 3.2) of cell lacking KIP3, and its role in mitotic spindle, anaphase, and
nuclear migration (section 2.3), KIP3 gene could represented an ideal
candidate for a potential regulator of genome instability. However, due to
laboratory closure it was not possible to verify if the results obtained from the
growth curves analysis were a consequence of technical laboratory artefacts.
For this reason, with the results obtained KIP3 is excluded as final candidate
of this genetic screening.

Regarding CCC1 classified in the functional group of stress response,
c ¢ ¢ 1 detption strain shows in figure 3.3 (G) a normal growth rate for
untreated cells, but a slower and obligue growth rate in treated cells
compared to wild type (fig 3.3 A). The final ODsoo for treated cells is similar to
untreated and this result is comparable to the result in the spotting
susceptibility assay (figure 3.2). Due to the lack of strong sensitivity to MMS,
CCC1 is not considered as a final candidate for this screening. The same
exclusion is applied for GPD2, ORF19.1567, and RAS1 (fig 3.3 L, M, N
respectively). Al Istrong lsenstieity td iMiMB Gspotting h o w
susceptibility assay (figure 3.2) but also in the growth curves rate (figure 3.3).
From the same stress response functional group, PPH3 and PTC2, instead
have shown to be two potential final candidates from the genetic screening.
Cell lacking PPH3 (fig 3.3 F) or PTC2 (fig 3.3 O) showed good growth rate
for untreated cells and strong sensitivity for treated cells with phenotype

similar to the positive control (fig 3.3 B).

Lastly, ORF19.4597 di dn bt show any sensitivit)y
spotting susceptibility assay (fig 3.2) nor in the analysis of the growth rate

(figure 3.3 J). For this, it is also excluded from the final candidates.
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In conclusion, taken into consideration the results from the previous
UV genetic screening, 4 out of 14 selected candidates (PPH3, PTC2, CLB4
and ULP2) are considered the final candidates of this genetic screening. In
the next section, the roles and function of these 4 candidates are

investigates and discussed.

3.3 Discussion

The genome of C. albicans is highly plastic and it can undergo from
different small scale DNA mutations to large-scale genome rearrangements
such as aneuploidy, gross chromosomal rearrangements or LOH. All these
genetic changes arise when the pathogen is in the presence of stress
environments such as higher physiological temperature, changes in pH,
drugs or microbiota environment (Avramovska and Hickman, 2019a; Berman
and Hadany, 2012; Forche et al., 2011). The diverse species of stress
conditions that C. albicans can encounter in the host leads to a different type
of altered genetic response which is then directly correlated to the type of
DNA damage induced by the stress condition (Brown et al., 2014). How C.
albicans stress-induced genome instability is regulated is still unknown. To
elucidate this, |1 have performed a genetic screening using homozygous
deletion isolates targeting 674 different genes. For the genetic screening two
different type of DNA damaging agents were used: UV radiation (chapter 2)
and MMS drug. The screening was divided in 4 steps for the UV genetic
screening and 3 steps for the MMS screening. The first step was the primary
screening in which all the 16 plates of the genetic library were plated on
YPAD following UV irradiation with a power density of 7.5uW/cm? (figure 2.1)
for the UV screening, and on YPAD+0.005% MMS (figure 3.1) for the MMS
screening. The plates with the deletion mutants were kept in the dark and
grow for 48h at 30°C. Thereafter, identification of the deletion mutants
sensitive to UV radiation or MMS were selected for the second step. The
second step was characterised by the spotting susceptibility assay in which
the selected mutants were subjected to serial dilution and UV irradiate or
plated in YPAD+0.005% MMS. Due to COVID-19 laboratory closure, the third
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step was possible to be performed only for the UV genetic screening. The
third step investigated the absent of the target genes by colony PCR. The
last step was to quantify the survival to UV radiation and the growth rate to
MMS, respectively for the UV genetic screening and for the MMS genetic
screening. From these steps a final selection of 5 homozygous deletion
isolates were identified from the UV genetic screening. While, from the MMS
genetic screening a final of 4 deletion isolates were selected. The functions
of 5 final candidates from the UV genetic screening are described in section
2.3. Regarding the MMS genetic screening, the 4 final candidates are: PPH3,
PTC2, CLB4 and ULP2.

The first gene to be described is PPH3. The deletion mutants for
PPH3 gene showed strong sensitivity from the primary screening (figure 3.1
plate 5 and 13 well D5), followed from the strong phenotype similar to the
positive control me ¢ 3 dpgihe spotting susceptibility assay (figure 3.2) and
the growth curve rate (figure 3.3). In C. albicans, the MMS sensitivity of
PPH3 deletion strain was already reported by Feng et al., 2019a. Studies
have reported that Pph3 forms a phoshatase complex with Psy2 and this
complex is involved in Rad53 dephosphorylation after DNA damage,
especially as response to the DNA-damaging agent MMS (Wang et al.,
2012) ( O6 Nei | | e Howevér,.due ta2l&bOratory closure it was not
possible to verify the absence of the gene by colony PCR and the presence
and/or quantification of filamentous forms. As a result of this, PPH3 gene
could not be considered as a final candidate from this genetic screening.

The second gene is PTC2. This gene has showed strong MMS
sensitivity in all the steps of this MMS screenig (figure 2.1 plate 12 well A5,
figure 3.2 and 3.3). It was reported by Feng et al.,, 2019 that the double
mutation of ptc2gpgpand pph3g gexhibit reduce virulence in C. albicans
(Feng et al., 2019a). However, as for PPH3, with PTC2 deletion mutants it
was not possible to verify the presence of the deleted gene in the genome
and the formation of filamentous forms. For these reasons, the results are

uncertain and PTC2 gene was excluded as potential candidate.
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The third gene is CLB4. Clb4 is a G2 cyclin which is also detected in
the early S-phase (Ofir and Kornitzer, 2010). Clb4 together with Clb2 inhibits
the polarised growth and induce the isotropic bud expansion (Bensen et al.,
2005). From this study, CLB4 deletion strains showed sensitivity to both UV
radiation and MMS. From the primary screening of both UV and MMS
genetic screening (figures 2.1 and 3.1 plate 7 and 15 well D1), CLB4 showed
a mild sensitivity which was classified with value 2 out of 4 in the spotting
susceptibility assays for both the stresses (figures 2.2 and 3.2). It exhibited a
percentage of survival to UV radiation (figure 2.5) which was higher
compared to the positive control but similar to the wild type. On the subject of
filamentous forms, CLB4 displays a higher percentage compared to the wild
type but lower compared to the positive control. However, CLB4 deletion
mutant showed strong sensitivity to MMS regarding the growth curve rate as
showed in figure 3.3. Despite the results obtained, the mild sensitivity to both
UV and MMS are insufficient to considered CLB4 as a final candidate and

therefore potential regulator of genome instability.

The final candidate gene for this genetic screening is ULP2. This gene
is identified as the potential novel regulator of stress-induced genome
instability. The function of C. albicans ULP2 gene is studied in more detail in
this thesis (Chapter 4).

3.4 Conclusion and future work

The second part of the genetic screening identified the final candidate
as a potential novel regulator of genome instability in C. albicans. From the
genetic library containing homozygous deletion strains targeting 674 different
genes, ULP2 was the gene selected after ulp2m gpdeletions strain showed
strong sensitivity to UV and MMS stress. The combination of sensitivity to UV
and MMS DNA damaging agents, the specific kinetochore substrates de-
SUMOylation, added to the study on ulp2g leading to chromosome mis-
segregation and aneuploidy in S. cerevisiae by (Ryu et al., 2020; H. Y. Ryu

et al., 2016) provided all the criteria for ULP2 to be considered as the final
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potential candidate. To determine if ULP2 contribute to the genome plasticity
of C. albicans, further phenotypic analysis on different genotoxic agents,

drug resistance and adaptation is investigated in the next section.
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Chapter 4. The SUMO protease Ulp2 regulates
genome stability and drug resistance in the

human fungal pathogen Candida albicans

This chapter contains the preprint article: Marzia Rizzo, Natthapon
Soisangwan, Jan Soetaert, Samuel Vega-Estevez, Anna Selmecki and
Alessia Buscaino sent to BioRxiv (2021). The SUMO protease Ulp2
regulates genome stability and drug resistance in the human fungal
pathogen Candida albicans. https://doi.org/10.1101/2021.12.06.471441;

Author contributions

MR performed all the experimental work, UV and MMS genetic screenings,
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JS assisted with microscopy analysis
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AS assisted with sequencing analysis and bioinformatics analysis

AB checked and analysed the results, wrote the manuscript.
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Abstract

Stress-induced genome instability in microbial organisms is emerging as a critical
regulatory mechanism for driving rapid and reversible adaption to drastic
environmental changes. In Candida albicans, a human fungal pathogen that causes
life-threatening infections, genome plasticity confers increased virulence and
antifungal drug resistance. Discovering the mechanisms regulating C. albicans
genome plasticity is a priority to understand how this and other microbial pathogens
establish life-threatening infections and develop resistance to antifungal drugs. We
identified the SUMO protease Ulp?2 as a critical regulator of C. albicans genome
integrity through genetic screening. Deletion of ULPZ leads to hypersensitivity to
genotoxic agents and increased genome instability. This increased genome diversity
causes reduced fitness under standard laboratory growth conditions but enhances
adaptation to stress, making ulp24/4 cells more likely to thrive in the presence of
antifungal drugs. Whole-genome sequencing indicates that wip2441 cells counteract
antifungal drug-induced stress by developing segmental aneuploidies of
chromoesome R and chromosome |. We demonstrate that intrachromosomal
repetitive elements drive the formation of complex novel genotypes with adaptive

power.
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Introduction

Understanding how organisms survive and thrive in changing environments is a
fundamental question in biology. Genetic vanation is central to envirenmental
adaptation as it allows selection of certain genotypes better fit to grow in new
environments. Different types of genetic change contribute to genetic vanability,
including (i) mutations such as single-base alteration and small (<100 bp) insertions
or deletions (indels), (i) large (=1 kb) deletions and duplications, (i) whole-
chromosome or segmental-chromosome aneuploidy and {iv) translocations and
complex genomic rearrangements [1]. Furthermore, diploid cells can undergo Loss
of Heterozygosity (LOH) driven by cross-overs or gene conversions between the two
homologous chromosomes [2]. Excessive genome instability is harmful in the
absence of selective pressure as it alters the copy-number of many genes, leading to
unbalanced protein levels [3]. However, an unstable genome can provide rapid
adaptive power in hostile environments [4,5] because it provides genetic diversity
upon which selection can act.

Genome plasticity — the ability to generate genomic vanation — is emerging as a
crtical adaptive mechanism in human microbial pathogens that need to adapt rapidly
to extreme environmental shifts, including changes in temperature, pH and nutrient
availability following colonisation of different host environments [6,7]. One such
organism is Candida albicans, the most common human fungal pathogen and the
most prevalent cause of death due to fungal infection. C. albicans is part of the
nommal microflora of most healthy individuals where it colonises the skin, mucosal
surface, gastrointestinal and the female genitourinary tract. However, C. albicans
can become a dangerous pathogen causing a wide range of infections, from
superficial mucosal infections to life-threatening disseminated diseases [8]. Azole
antifungal agents, such as Fluconazole (FLC), are the most commonly prescribed
drugs for treating Candida infections [3-11]. FLC targets the enzyme lanosterol 14a-
demethylase, encoded by ERG11, blocking biosynthesis of ergosterol, an essential
component of the fungal cell membrane [12,13]. As a result, FLC arrests C. albicans
cell growth without killing the fungus. This fungistatic, rather than fungicidal, mode of
action allows for the evolution of drug-resistant strains [14]. One primary mechanism
of drug resistance is an increased production of the FLC target, Erg11 enzyme,
diluting the activity of the drug [12]. This high target production is often due to
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/& increased activity of the transcription factor Upc2 activating ERG1 1 transcription [15—
¢+ 18] Owerproduction of efflux pumps, such as the C. albicans proteins Cdr1, Cdr2 and
#  Mdr1, can also drive FLC resistance by decreasing intracellular FLC levels [19].

/4 In recent years, genome plasticity has emerged as a critical adaptive mechanism

g0 causing antifungal drug resistance. C. albicans is a diploid organism with a highly

g1  heterozygous genome organised into 2 = 8§ chromosomes (2n = 16) [20,21].

g2 Population studies have identified a remarkable genomic vanation among C.

g3 albicans isolates and specific chromosomal vanations are selected dunng host-niche
g1 colonisation [22-28]. Indeed, many drug-resistant isolates exhibit karyotypic

g5 diversity, including aneuploidy and gross chromosomal rearrangements that can

gt confer resistance due increased copy number of specific genes including ERG11,

g7 andfor multidrug transporters [7,29,30].

g2 C. albicans genome instability is not random: it occurs more frequently at specific
28 hotspots that are often repetitive [31-35]. Subtelomeric regions and the rONA locus
g0 are among the most unstable genomic sites [34,36]. Indeed, C. albicans
51 subtelomeric regions are enrched in transposons-derived repetitive sequences and
sz protein-coding genes [31,37]. Most notable are the telomere-associated TLO genes,
53 afamily of 14 closely related paralogues encoding proteins similar to the Mediator 2
31 subunit of the mediator transcriptional regulator [28—40]. The majority of TLO genes
g5 are located at subtelomenic regions except TLO34, located at an internal locus on
gt the left am of Chr1 [38]. The number and position of TLO genes vary widely
3¢ between clinical isolates, indicating significant plasticity with potenfial conseguences
g4 for the fitness of the organism [34]. The rONA locus consists of a tandem array of a
55 ~12 kb unit repeated 50 to 200 times on chromosome R; rDNA length
10 polymorphisms occur frequently [21,34]. In addition to these complex repetitive
11 elements, different types of Long Repeat Sequences (65 bp to 6.5 Kb) dispersed
12 across the C. albicans genomes have been shown to drive karyotype vanation
102 dunng adaptation to antifungal drugs and passage through the mouse host [32,33].
1 C. albicans genome plasticity is regulated by environmental conditions: the genome
1 is relatively stable under optimal laboratory growth conditions but becomes more
16 unstable under stress conditions [41,42). For example, FLC treatment drives a global
17 increase in LOH, chromosome rearrangements and aneuploidy [41,42]. This
18 increased genetic variation facilitates selection of fitter genotypes [28,29]. Similarly,
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higher rates of genomic variation are detected following passage of C. albicans in
vivo relative to passage in vitro [35,43]. It is unknown if and how stress regulates
genome plasticity. The discovery of such regulatory mechanisms will be essential to
reveal how resistance to antifungal drugs emerges.

This study posits that gene deletions for critical regulators of C. albicans genome
integrity would cause higher geanome variation and rapid adaptation to FLC. To test
this hypothesis, we performed a genetic screen to identify modulators of C. albicans
genome stability. The screen led to the identification of the SUMO protease Ulp2. In
the absence of stress, ULP2 deletion leads to elevated genome instability causing
fitness defects and hypersensitivity to genotoxic agents. In contrast, the elevated
genome instability of the ulp2 A/A strain is advantageous in the presence of high FLC
doses. This is because the increased genetic diversity expands the pool of
genotypes upon which selection can act, driving adaptation to a new stress
environment (FLC), concomitantly rescuing the fitness defects associated with ULFP2
deletion. We also demonstrate that intrachromosomal repetitive elements are sites of
genetic diversity that drive the formation of complex novel genotypes with adaptive
potential.

Results

A systematic genetic screen identifies the Ulp2 as a regulator of C. albicans

gennmxic Slress response

To identify factors regulating C. albicans genome integrity, we utilised a deletion
library comprising a subset (674/3000) of C. albicans genes that are not conserved
in other organisms or have a functional motif potentially related to virulence [44]. As
defects in genome integrity lead to hypersensitivity to genotoxic agents [45], the
deletion library was screened for hypersensifivity to two DNA damaging agents:
Ultraviolet (L) irradiation which induces formation of pyrimidine dimers [46], and
Methyl MethaneSulfonate (MMS), which leads to replication blocks and base
mispairing [47].

Genotoxic stress hypersensitivity was semi-quantitatively scored by comparing the
growth of treated versus untreated on a scale of 0 to 4, where 0 indicates no
sensitivity, and 4 specifies strong hypersensitivity (Fig 1A). The screen identified 32
gene deletions linked to DNA damage hypersensitivity (UV or MMS score 22).

L,
3
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Almost half of these hits (14/32; ~44%) are genes predicted to encode components
of the DNA Damage Response pathway (7/32; ~22%) or the cell division machinery
(7/32; ~22%) (Table $1). For example, the top 4 hits of the screen were MEC3,
RAD18, GRR1 and KIP3 genes. Although C. albicans MEC3 and RAD18 are
uncharacterised, they encode for proteins, conserved in other organisms, that are
universally involved in sensing DMA damage (Mec3) [48] and in DNA post-replication
repair (Rad18) [49]. C. albicans GRR1 and KIF3 are required for cell cycle
progression [50] and mitotic spindle organisation, respectively [51] (Fig 1B and
Table $1). ~25% (8/32) of the remaining hits are genes encoding proteins with no
apparent orthologous in the two well-studied yeast model systems (5. cerevisiae and
5. pombe). This high percentage is not surpnsing as one of the criteria used to select
target genes for the deletion library was the lack of conservation between C. albicans
and yeast model systems [44]. The remaining 10 hits are genes encoding for
proteins with diverse functions, including stress response (HOGT) [52],
transcriptional and chromatin regulation (5FPT8, SET3) [53-55], transport (YFT7,
DUR35, NPR2, FCY2) [56-59], protein folding (HCHT) [60], MAP kinase pathway
(5TT4) [61] and cell wall biosynthesis (KRES) [62].

One of the highest-ranked genes on our screen is ULF2 (CR_03820C/ orf19.4353:
EMS score:3, UV score:3) encoding for a SUMO protease (Fig 1C). SUMOvylation is
a dynamic and reversible post-translation modification in which a member of the
SUMO family of proteins is conjugated to target proteins at lysine residues by E1
activating enzymes, E2 conjugating enzymes and E3 ligases [63-65]. SUMD
proteases remove the polypeptide SUMO from target proteins, regulating their
function, activity or localisation [66,67].

C. albicans ULP2 is an excellent candidate for a modulator of stress-induced
genome plasticity for several reasons: (i) post-translation modifications (FTMs), such
as SUMOvyolation, are rapid and reversible. Consequently, PTMs can modulate
genome instability in response to rapid and transient environmental changes [68,69],
(ii) protein sumoylation is emerging as a critical stress response mechanism across
eukaryotes [66,70-73] (ii) C. albicans protein sumoylation levels change in response
to environmental stresses encounterad in the host [74].

Colony-Forming Unit (CFU) assays of U\V-treated cells confirm the importance of
ULP2in DNA damage resistance as UV treatment reduced the number of CFU in a
ulp2 AA strain (~14.5% survival) compared to a wild-type (WT) strain (~33.7%
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survival:) (Fig 10). Furthermore, the wip2 A/A strain also displayed a reduced growth
rate in liquid media containing MMS or Hydroxyurea (HU), a chemotherapeutic agent
that challenges genome integnity by stalling replication forks [75] (Fig 1E and 1F).
Thus, ULP2 has a role in the response to a wide range of genctoxic agents.

ULPZ2 but not ULP1 is required for survival under stress

C. albicans contains three putative SUMO-deconjugating enzymes: Ulp1, Ulp2 and
Ulp3 (Fig 2A). Sequence comparison between the three C. albicans Ulp proteins
and the two 5. cerevisiae Ulps (Ulp1 and Ulp2) reveals that although the C. albicans
proteins are poorly conserved, the amino acid residues essential for catalytic activity
are conserved. This analysis suggests that all C. albicans Ulps are active SUMO
proteases (Fig 2A and 2B). Accordingly, recombinantly expressed C. albicans Ulp1,
Ulp2 and Ulp3 have SUMO-processing activity in vitro [T68]. Similarly to 5. cerevisiae
ULP1, C. albicans ULP3 is an essential gene and was not investigated further in this
study [77].

Previous studies suggested that C. albicans Ulp2 is an unstable or a very low
abundant protein undetectable by Western blot analysis [76]. We reassessed ULP2
expression by generating strains expressing, at the endogenous locus, an epitope-
tagged Ulp2 protein (Ulp2-HA). Westem analyses show that Ulp2-HA expression is
readily detected in extracts from independent integrant strains. (Fig 2C). Thus, a
stable Ulp2 protein is expressed in cells grown under standard laboratory growth
conditions (YPD, 30 °C). To assess whether C. albicans ULP{ and ULPZ2 gene share
a similar function, we engineered homozygous deletion strains for ULPT (ulp1A/A)
and ULPZ2 (ulp2A/A). Growth analysis demonstrated that deletion of ULP2 reduces
fitness as the newly generated ulp24/A strain is viable, but cells are slow-growing
(Fig 2D and 2E). In contrast, the wlp TA/A strain grows similarly to the WT control in
solid and liquid media (Fig 2D and 2E). Phenotypic analysis confirms that ULF2 is
an important regulator of C. albicans stress response as, similarly to the deletion
library mutant, the newly generated wip2 A/A strain is sensitive to different stress
conditions including treatment with DNA damaging agents (UV and MMS), DNA
replication inhibitor (HU), oxidative stress (H20.) and high temperature (39°C) (Fig
2E) In contrast, deletion of ULP1 did not cause any sensitivity fo the tested stress
conditions (Fig 2E).
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In summary, we could not detect any phenotype associated with deletion of ULPY,
while loss of ULPZ leads to poor growth in standard laboratory growth conditions and

hypersensitivity to multiple stresses.
Loss of ULP2 leads to increased genome instability

To assess whether the hypersensitivity to DNA damage agents observed in the
ulp2A/A strain was indeed due to enhanced genome instability, we deleted the ULF2
gene from a set of tester strains containing a heterozygous URA3Z marker gene
inserted in three different chromosomes (Chr 1, 3 and 7) [41]. We quantified the
frequency of URAJI" marker loss by plating on plates containing the URAZ counter-
selective drug FOA and scoring the number of colonies able to grow on FOA-
containing media compared to non-selective (N/S) media. Deletion of ULPZ leads to
a dramatic increase in LOH rate at all three chromosomes (Chr: ~5000X, Chr3:
~18X, Chri: ~170X), indicating that ULP2 is required for maintaining genome
stability across the C. albicans genome (Fig 34).

In C. albicans, hypersensitivity to genotoxic stress often correlates with filamentous
growth [45,78-81]. Accordingly, and in agreement with a significant role for ULPZ in
genotoxic stress response, the wp2A/A strain displays a higher frequency of
abnormal morphologies than a WT strain, including filamentous pseudohyphal-like
and hyphal-like cells (Fig 3B). To assess whether the exacerbated wip24/4 genome
instability is linked to defective chromosome segregation, we deleted the ULF2 gene
in a reporter strain in which TefO sequences are integrated adjacent to the
centromere (CENY) of one Chromosome 7 homolog and TetR-GFP fusion protein is
expressed from an intergenic region [82]. Binding of TetR-GFF to tefO sequences
allowed visualisation of Chr7 duplication and segregation dunng the cell cycle. We
found that deletion of ULPZ leads to abnormal Chr7 segregation, including cells with
no TetR-GFP signals or multiple TetR-GFP-foci, which was ~5 fold higher in the ulp2
A strain than the WT control strain (Fig 3C).

Previous studies performed in the model system S. cerevisiae demenstrated that
loss of ULP2 leads to the accumulation of a specific multichromosome aneuploidy
(amplification of both Chrl and ChrXIl) that rescues the potential lethal defects of
ulp2 deletion by amplification of specific genes on both chromosomes [63,84]. To
determine whether loss of C. albicans ULFZ results in a specific aneuploidy, we
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sequenced the genome of 3 randomly selected wip2 A’A colonies by whole genome
sequencing (WGS) and compared their genome sequences to the C. albicans
reference genome. This analysis demonstrates that deletion of C. albicans ULP2
does not select for specific chromosome rearangements and identifies different
genomic varations that are not present in the parental WT strain (Fig 3D and Table
§2) [85]. While deletion of ULP2 leads to very few (<10) de novo mutations (Table
§2), two of the three colonies underwent extensive LOH on different chromosomes
(Fig 3D and Table §2). For example, chromosome missegregation followed by
reduplication of the remaining homologue is detected on isolate C1 (C1: ChrR) and
the genome of C2 contains a long-track LOH (C2:Chr 3L) that occurred within 4.6 kb
of a repeat locus on Chr3l (PGATS, [32]) (Fig 3D). Our analysis collectively
demonstrates that deletion of C. albicans ULP2 leads to increased genome instability

via the formation of extensive chromosomal vanation.
Loss of ULP2 leads to drug resistance via selection of novel genotypes

We hypothesised that the increased genome instability of the wip2 A4 strain would
facilitate adaptation to hostile environments via selection of fitter genotypes. To test
this hypothesis, we assessed whether WT and wip24:4 strains differ in their ability to
overcome the stress imposed by low or high concentrations of 2 drugs: Fluconazole
(FLC) and caffeine (CAF). FLC was chosen because it is the most used antifungal
drug in the clinic. CAF was chosen because it is associated with well-known
resistance mechanisms [86,87]. Senal dilution analyses demonstrate that the
ulp2A/4 strain is not sensitive to a low FLC (15 pg/ml) dose while it is sensitive a low
CAFF (5mM) doses (Fig 4A and 4B).

In contrast, deletion of ULP2 increases adaptation to high doses FLC and CAF. On
plates containing an inhibitory concentration of FLC (128 pg/ml), a WT strain
produced only tiny abortive colonies while the wip24/4 strain produces colonies of
heterogenous size (Large and Small, Fig 4C). The starting ulp24.4 strain is highly
sensitive to 12 mM CAF (Fig $1A), and therefore a reduced number of ulp24:4
colonies grew at this high drug concentration compared to the WT strain (Fig 4D).
Despite this difference, the uip2 A4 strain, but not the WT strain, produces large
colonies that can grow on high CAF concentration following passaging in the
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absence of the drug, indicative of adaptation (Fig 40, Fig $1B ). Thus, deletion of
ULP2 accelerates adaptation to lethal drug concentration.

To test whether enhanced drug adaption was linked with selection of novel
genotypes, we sequenced the genome of 4 independent wip2A44 FLC-adapted
isolates (FLC-1, FLC-2, FLC-3 and FLC-4). FLC-1, FLC-2 and FLC-3 were randomly
selected from the High FLC plates and sequenced immediately. In contrast, FLC-4
was selected because this isolate was still able to grow on high FLC following
passaging in non-selective (N/S) media (Fig $1C). To assess for genotype
heterogeneity, three FLC-4 derived single colonies (FLC-4a, b and c¢) were
sequenced (Fig S2A and B). The WGS analysis demonstrates that all FLC-adapted
colonies have a genotype that is distinct from the uip2 A/4 progenitor. We detected
very few (<10) de novo point mutations, and none of these are common among all
the sequenced FLC isolates (Table $3). In contrast, all colonies are marked by an
extensive segmental chromosome aneuploidy: a partial deletion (~ 388 Kb) of the
right arm of Chromosome R (ChrRR-Deletion). ChrRR-deletion occurs at the
ribosomal DMA (255 subunit) and it extends to the right telomere of ChrR
(ChrR:1,897 750 bp - 2,286,380 bp), reducing the dosage of 204 genes (Fig 4E,
S§2A and Table $4). GO analysis revealed that ChrRR-Deletion leads to a reduced
dosage of 34/204 genes associated with the “response to stress” pathways and
18/204 genes linked to "response to drug” pathways (Table $4). We posit that this
reduced gene dosage enables growth in the presence of high FLC. For example,
CKA1, a gene whose deletion leads to FLC resistance [88], is located within the
ChrRR-deletion (Fig 4G).

Interestingly, we found that all three FLC-4 sequences colonies (FLC-4a, band ¢,
are marked by a second segmental aneuploidy: a partial Chr1 amplification (Chr1-
Duplication) (Fig 4E and S2A). This novel Chri1-Duplication amplifies a genomic
fragment of ~1.3 Mbp containing 535 protein-coding genes (Table S$4). The Chri-
Duplication starts and ends near two distinct DMA repeat sequences with high
sequence identity elsewhere in the genome: the 5" breakpoint 1s within the TLO34
and its 3" breakpoint is within 3 kb of a Zeta-1a Long Terminal Repeat (LTR) (Fig 4G
and 83) [32,33,89]. These WGS data led us to hypothesise that a chromosome-
chromosome fusion event occumed between the Chri-Duplication and Chr within
homelogous TLO sequences (Fig 4G). Indeed, the TLO34 gene on Chrl has high
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