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Abstract

Large blocks of DNA repeats are commonly assembled into heterochromatin.
Heterochromatic regions impose a transcriptionally repressive environment that
can propagate over long distances stochastically silencing native genes as well
as reporter genes inserted at these regions independently of DNA sequence.
Heterochromatin, associated with repressive histone marks, not only down-
regulates transcription but also inhibits recombination at repetitive elements.
This epigenetic regulation could be a key regulatory step in organisms, such as
microbial pathogens, that have to adapt rapidly to different environments. Here
for the first time, we analysed the chromatin state of C. albicans repetitive
elements and addressed whether and how this epigenetic state controls C.

albicans genome stability.

The results show that classic SIR2-dependent heterochromatin is assembled at
the rDNA and telomeres. Interestingly, heterochromatin at telomeres is plastic
and remodelled upon environmental changes. Pericentromeric regions and
MRS (Mayor Repeated Sequences) are assembled into permissive chromatin
bearing features of both heterochromatin and euchromatin. Surprisingly, SIR2-
dependent heterochromatin does not control recombination at the rDNA.
However, it inhibits recombination at the TRE (TLO Recombination Element)
sequence associated with some TLO genes at subtelomeric regions. These
results show that epigenetic factors promote differential genome stabitlity at

different loci.
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Chapter 1. Introduction



1. Epigenetics

Conrad Waddington introduced the term Epigenetics in the early 1940s. In his
definition epigenetics wfdbislogyvenglcstudids thel
causal interactions between genes and their products which brings the
phenotype into beingdo (Waddington, 1942). The most established definition says
that it refers to heritable changes within a cell that do not involve changes of the
DNA sequence. Nowadays the term epigenetics covers a whole range of
chemical modifications and molecules, ranging from DNA, RNA and non-coding
DNA sequences to proteins and self-replicating prions (Bird, 2013). Epigenetics
was firstly observed in the fruit fly Drosophila melanogaster which displays
variegated expression of eye pigment due to the spread of repressive DNA
organization into adjacent regions of the genome (Muller, 1930). Years later,
around 1980, the field was established as an emerging discipline using genetics
in this organism (Henikoff, 1990). Epigenetics have been studied in many other
organisms ranging from yeast and plants to humans. One famous example
showing the influence of epigenetics is the Dutch Hunger Winter of 1944 during
World War 1l. The Hunger Winter resulted from a blockade of food and fuel
shipments into western Holland from September 1944 until the liberation of the
country from Nazi rule in May 1945. The Hunger Winter was well documented
and many studies of the effect of starvation on human health were recorded.
Results showed a link between famine of the mother during pregnancy and the
health of the offspring. Children were associated with diabetes, heart problems,
obesity and schizophrenia compared to children of normally fed mothers. These
illnesses were also observed in grandchildren of Hunger Winter mothers. This

data suggested that the diet of the grandmother could affect the health of

as



several generations, which further implies that an adaptation to her environment
produced a heritable trait. Surprisingly, these effects were observed not only in
the offspring of mothers who suffered starvation but also they were associated
with  men who suffered famine. Hypomethylation of the insulin-dependent
growth factor (IGF2) associated with male mass index was observed in the
offspring of Hunger Winter individuals, and in subsequent generations. This
shows how a heritable trait was acquired and inherited as a consequence of the

nutritional state of the parents (Heijmans et al., 2008).

2. Chromatin and the histone code

DNA is packaged with specific proteins which help to condense the DNA into a
small volume of space. This compact DNA-protein complex is called chromatin.
Histones are the proteins around which the DNA is wrapped in a repetitive
manner forming nucleosomes (Kornberg, 1974, 1977) (figure 1.1). Around 147
base pairs of DNA are wrapped around an octamer of histones. The octamer is
composed of two dimers of the histones H2A-H2B and the histone tetramer
(H3)2(H4).. Nucleosomes are organized into arrays linked by segments of linker
DNA (Correll et al., 2012). The variation in length of the linker DNA between
nucleosomes is associated with histone H1, this linker histone helps to promote

folding of chromatin into a compact fibre (figure 1.1) (Kornberg, 1974).

Histones are subject to post-translational modifications (PTMs). Highly basic
histone amino (N)-terminal tails protrude from the nucleosome core and they
can be post-translationally modified (figure 1.1). These modifications alter the
chromatin structure to influence different processes such as gene expression,

DNA repair, DNA replication or DNA recombination. These modifications are



thought to represent a code indicating the expression state of the underlying
chromatin, in the so-called histone code hypothesis (Jenuwein and Allis, 2001;
Strahl and Allis, 2000). This hypothesis states that multiple histone
modifications acting in a combinatorial or sequential fashion on one or multiple
histone tails specify unique downstream functions. This code is translated by
effector proteins that bind specifically to particular modifications on the histones
and, in turn, lead to further chromatin modifications that ultimately dictate
particular expression states. Histone modifications also reinforce one another,

with one modification affecting the likelihood of other modifications.

The histone code in a given cellular context is brought about by a series of
writing and erasing events carried out by histone-modifying enzymes. The writer
of histone modification refers to an enzyme (for example, a histone
methyltranferase) that catalyzes a chemical modification of histones in a
residue-specific manner, and the eraser of histone modification refers to an
enzyme (for example, a histone demethylase) that removes a chemical
modification from histones. The reading of the histone code is accomplished by
reader or effector proteins that specifically bind to a certain type or a
combination of histone modification and translate the histone code into a
meaningful biological outcome such as transcriptional activation, transcriptional

repression or silencing and other cellular responses (Chi et al., 2010).

There are several types of histone modifications: methylation, acetylation,
phosphoryl ati on, ubi qui tyl ati os;acetyksumol ya
glucosamination, histone proline isomerization, histone tail clipping and ADP
ribosylation (Bannister and Kouzarides, 2011; Cosgrove and Wolberger, 2005;

Weinhold, 2006). The histone code hypothesis provides a framework for
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understanding the role of histone modifications in chromatin assembly into

euchromatin or heterochromatin (Rusche et al., 2003).

K4 AcYkie ®

K9

K56

@‘// DNA

N

et r\
@ 12
K11
@ @ K6 @
K4
(A9
Acetylation H3 Histone 3

Me) Methylation H4 Histone 4

@ Sumolyation H2A Histone 2A
K Lysine residue H2B Histone 2B

Figure 1.1. Histones wrapping DNA to form the nucleosome. (A) Nucleosome
composition. Histones H3 and H4 assembled to form a heterotetramer containing two
copies of H3 and two copies of H4, while histones H2A and H2B form heterodimers
and then assemble into a tetramer. The (H3),(H4), heterotetramer and the H2A-H2B
heterodimer bind to DNA, wrapped in a left-manner to form the nucleosome. Histone
H1, a linker histone, binds to the linker DNA that connects successive nucleosomes,
facilitating the compaction of the chromatin. (N)-terminal tails of histones are subject to
post-translational modifications (PTMs) which are required to compact or to relax

chromatin architecture modifying its biological function.



Euchromatic regions are an open state of the DNA. The DNA wrapped around
the histones is loose so it remains accessible and allows different processes
such as transcription or DNA replication. In general euchromatin is associated
with histone acetylation and certain types of methylation that are associated
with actively transcribed genes. Some examples are methylation of lysine 4 and
lysine 36 at histone 3 (H3K4, H3K36) which are associated with (Polymerase Il)

Pol Il transcribed genes (van Steensel, 2011).

Heterochromatin is a closed state of the DNA. Two types of heterochromatin
can be distinguished: facultative and constitutive. Facultative heterochromatin is
associated with a chromatin state that can change in response to cellular
signals and gene activity. It is associated with cell differentiation and consists of
regions of the genome that were expressed and that become silenced. The
histone marks associated with this silence state are perpetuated to new
generations so facultative heterochromatin is maintained. One example is the
inactive X-chromosome present within female cells. One X chromosome is
packed as facultative heterochromatin and silenced, while the other X
chromosome is euchromatic and actively expressed (Bannister and Kouzarides,
2011). Constitutive heterochromatin contains silenced genes in genomic
regions common in all cells of the same species such as centromeres and

telomeres (Bannister and Kouzarides, 2011; Grewal and Jia, 2007).

Heterochromatin is associated in general with histones that are hypoacetylated
and hypomethylated on specific histone residues. For example, heterochromatic
regions contain low levels of methylation at lysines 4 and 79 of histone 3 (H3K4,
H3K79). In fission yeast, fruit flies and higher eukaryotes, heterochromatin is

not only hypoacetylated and hypomethylated at H3K4 and H3K79 but also
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highly methylated at lysine 9 histone 3 (H3K9). Methylation at H3K9 is
introduced by the histone methyltransferase (HMT) SU(VAR)3-9 (Clr4 in fission
yeast). Histone methylation by SU(VAR)3-9 helps to recruit the chromodomain
factor HP1. This is a good example of the histone code hypothesis. A histone
modifier enzyme or writer (SU(VAR)3-9) creates an histone mark that
subsequently tethers the effector reader (HP1). HP1 creates a platform for
binding other chromatin-modifiers promoting compaction of the chromatin that is
accompanied by gene repression (Bannister and Kouzarides, 2011; Bi, 2012;

Kornberg, 1977).

2.1. Heterochromatin functions

Heterochromatin governs different processes; such as gene expression,
imprinting dosage compensation, chromosome condensation and
recombination which are crucial for genome integrity and stability (Reik & Walter
1998; Cavalli 2002; Grewal & Jia 2007; Politz et al. 2013). In this thesis
concepts such as transcriptional silencing and inhibition of recombination

mediated by heterochromatin, are explained in detail.

2.1.1. Heterochromatin and transcriptionally silencing
Heterochromatin influences gene expression independently of the DNA
sequence. Heterochromatin usually nucleates at specific sites, termed
nucleation sites, and spreads across domains leading to transcriptional
silencing of associated genes (Grewal and Jia, 2007). Silencing is a stochastic
process that can be conveniently monitored by insertion of marker genes into
heterochromatic regions. At these regions marker genes show reduced

transcriptional expression compared to an euchromatic position (Allshire et al.,



1994; Bannister and Kouzarides, 2011; Freeman-Cook et al., 2005; Fritze et al.,
1997; Rusche et al., 2003; Thon and Verhein-Hansen, 2000; Weinhold, 2006).
Silenced regions are less accessible to restriction nucleases and DNA
methylases and display regularly spaced nucleosomes with a compact topology
(van Steensel, 2011). While some histone modifiers act promoting silencing at
specific gene promoters, heterochromatin assembly promotes a silenced state
comprising a region of the genome. This compact state of the chromatin can be
maintained and inherited to next generations during replication due to
incorporation of epigenetically modified histones and newly synthetized histones
which will be modified (Li and Zhang, 2012; Rusche et al., 2003).
Heterochromatic regions also cause position effect variegation (PEV) or
silencing of genes inserted close to these heterochromatic loci (Allshire et al.,
1995a; Gottschling et al., 1990; Schoeftner and Blasco, 2009; Stavenhagen and

Zakian, 1998; Tham and Zakian, 2002; Yankulov, 2013).

2.1.2. Heterochromatin and inhibition of recombination

Heterochromatin can also repress recombination, which protects genome
integrity by prohibiting illegitimate recombination between dispersed repetitive
DNA sequences (Heringa, 1998). Heterochromatin protects genome integrity by
rendering repetitive structures inert to recombination. At the [rDNA,
heterochromatin prevents an increase of recombination rates associated with
the repeated nature of the cluster promoting genome stability (Gottlieb and
Esposito, 1989a). Heterochromatin is also assembled at pericentromeric
regions. At these positions heterochromatin prevents recombination events
close to the centromere core which could impair correct kinetochore assembly

and chromosome segregation (Ellermeier et al., 2010). At telomeres
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heterochromatin protects them from telomere degradation and recombination
events which could lead to end chromosomal fusions (Schoeftner and Blasco,
2009). It also promotes silencing of parasitic transposable elements. Active
transposons are highly mutagenic causing chromosome breakage, illegitimate
recombination and genome rearrangements (Grewal and Jia, 2007; Henikoff,

1990; Slotkin and Martienssen, 2007).

3. Saccharomyces cerevisiae as a model system to study chromatin

structure and function

Budding yeast are an outstanding system for epigenetic studies by the use of
the well characterized model organism: Saccharomyces cerevisiae. This yeast
is an outstanding model system to investigate chromatin structure and function
due to the presence of silencing regions at the mating type, telomeres and the
rDNA. Genetic manipulation in yeast is easy and cheap and many epigenetic
factors from higher eukaryotes have homologs in S. cerevisiae facilitating their

study.

3.1. Euchromatin

As mentioned before in this introduction, euchromatin is associated with high
levels of acetylation and methylation. Histone acetylation is introduced by
histone acetyltransferases (HATs) and histone methylation by histone
methyltransferases (HMTs). Euchromatin in S. cerevisiae is associated with,
among others, acetylation at lysine 16 histone 4 (H4K16), at lysines 9 and 36
histone 3 (H3K9, H3K36) and at lysine 12 histone 4 (Bannister and Kouzarides,
2011; Ryu and Ahn, 2014). H4K16 is acetylated by the HAT Sas2 (Choy et al.,
2011; Oppikofer et al., 2011). H3K36 and H3K9 are acetylated by the HAT

9



Gen5 (Cieniewicz et al.,, 2014) and H4K12 is acetylated by the HAT Esal
(Chang and Pillus, 2009). Common methylation marks associated with
euchromatin are methylation at H3K36, and lysine 79 histone 3 (H3K79).
H3K36 is methylated by the HMT Set2 and H3K79 by HMT Dotl (van Leeuwen
et al., 2002; Morris et al., 2006; Ng et al., 2002). These marks are associated
with active gene transcription. Of special interest in this thesis is methylation at
H3K4. Setl is the HMT introducing methylation at H3K4. The SET catalytic
domain has high homology to Drosophila genes: Su(var) 3-9, Enhancer of
zeste, and trithorax (Jenuwein, 2001) from which it took its name. In S.
cerevisiae each modified lysine can exist in mono- (H3K4me), di- (H3K4me2),
or tri-methylated (H3K4me3) form. Setl deletion abolishes all H3K4 types of
methylation. While H3K4me3 peaks at the beginning of the transcribed portions
of genes, H3K4me2 is most enriched in the middle of genes, and H3K4me is

found predominantly at the end of genes (Dehé and Géli, 2006; Ng et al., 2003).

However, Setl action remains controversial. Studies showed that Setl is also
required for repression of Pol Il transcribed genes placed within the rDNA locus
(Briggs et al., 2001; Ng et al., 2003; Williamson et al., 2013). A reduction in
H3K4 methylation is associated with a loss of silencing not only at the rDNA
locus but also at telomeres and the mating cassette (Dehé and Géli, 2006;
Fingerman et al., 2005; Krogan et al., 2002; Nislow et al., 1997). One model
suggests that this could be due to the different localization of heterochromatin
factors associated with low methylation levels. Absence of methylation could
produce the redistribution of silencing factors being responsible of the silencing

defects observed at the different heterochromatic loci (Dehé and Géli, 2006).
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3.2. Heterochromatin

In S. cerevisiae heterochromatin assembles at different repetitive regions of
chromosomes: telomeres, ribosomal DNA locus (rDNA) and the mating type
locus (Buhler and Gasser, 2009; Cam, 2010; Cam et al, 2005).
Heterochromatin represses the cryptic mating type to maintain haploid cell
identity. At the rDNA heterochromatin suppresses unbalanced recombination of
the tandem repeated rDNA genes via association of cohesin and at the end of
the chromosomes it regulates subtelomeric gene expression (Rusche et al.,

2003).

The main structural proteins of silenced chromatin in budding yeast are known
as silent information regulators or Sir proteins. The hallmark of the Sir protein
family or Sirtuin family is a domain of approximately 260 amino acids that has a
high degree of sequence similarity in all sirtuins. The family is divided into five
classes (I-IlV and U) on the basis of phylogenetic analysis of different
organisms. Sirtuins have been found from bacteria to eukaryotes. Class | and
class IV are further divided into three and two subgroups, respectively. The U-
class sirtuins are found only in Gram-positive Dbacteria. The S.
cerevisiae genome encodes five sirtuins, Sir2 and four additional proteins
termed 'homologs of sir two' (Hst1-4). Within this family, Sir2 is the main master
silent regulator. Silenced domains consist of continuous distributions of Sir
proteins that, together with hypoacetylated nucleosomes, are thought to form
an ordered, compact structure restrictive to transcription (Freeman-Cook et al.,

2005; North et al., 2004; Rusche et al., 2003).

11



3.2.1. Sir2: Master silent regulator

Sir2 (silent information regulator) is a histone deacetylase (HDAC) class llI,
member of a large protein family (Sirtuin family) that is conserved from bacteria
to humans. Studies on the SIR2 bacterial homolog, cobB, led to the conclusion
that this gene could substitute for another bacterial gene, cobT, in the pathway
of cobalamin synthesis. cobT was known to encode an enzyme that transferred
ribosei phosphate from nicotinic acid mononucleotide to dimethyl benzimidazole
(Guarente, 2000). Class | HDACs share similarity in their catalytic cores. Class
Il HDACs are dependent on nicotinamide adenine dinucleotide (NAD") and
have no sequence similarity to class | and 1l HDACs (North et al., 2004). Sir2
couples a deacetylation reaction to the hydrolysis of NAD". In this reaction one
molecule of NAD" is cleaved into ADP-ribose and nicotinamide (NAM) per
acetyl group removed. The acetyl group is transferred to ADP-ribose, forming
the product 2"-O-acetyl-ADP-ribose (Imai et al., 2000) (figure 1.2). Sir2 is the
most widespread and well conserved of the Sir proteins. In fact, unlike the rest
of Sir proteins, which are restricted to budding yeast, Sir2 has homologs among
all domains of life including eubacteria and archaea (Hickman et al., 2011;

Rusche et al., 2003; Sauve et al., 2005; Yang and Seto, 2003).
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Figure 1.2. Sir2 deacetylation activity. Sir2 in the presence of NAD" removes acetyl
groups from lysines at the (N)-terminus of histone tails. This reaction deacetylates

lysine tails and releases the acetyl-group, to form NAM and 2"-O-acetyl-ADP-ribose.
3.2.2. Sir2 heterochromatin at mating-type

S.cerevisilsehapl oid cells are of one of two
by mating of opposite haploid types. The mating type is determined by the allele
of the mating type locus MAT. The MAT locus consists of two alleles: MATa and
MA T.UCells expressing the genes at MATa mate as a-type cells, cells
expressing genes at MATU mate as U-type cells, and cells expressing the genes
at both loci are unable to mate but are competent to go through meiosis. MATa
encodes for a single protein, Matal, a homeodomain protein, and MATU codes
for another homeodomain protein (MatU2) and an alpha-domain protein
(MatUL). The three transcriptional regulators, Matal, MatU1, and MatU2, control
mating type via a simple combinatorial circuit. In haploid U cells, MatUl turns on
Uspecific genes whi lsgecifigenes directivgphe el soe s
mat e as asspedific geres &re constitutively expressed in the absence
of Ma t © 2 d-spékific genes are not transcribed in the absence of Mat U1
Cells that have mated express both Matal and MatU2 proteins, and these form

a heterodimer that represses many of the mating genes, thereby blocking
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mating by the a/U cell but permitting meiosis under favorable environmental

conditions.

S. cerevisiae has the ability to convert some cells in a colony from one haploid
mating type to the other. This process is called homothallism and the
subsequent mating of the cells of the opposite mating type enables these
homothallic organisms to self-diploidise. The diploid state provides evolutionary
advantages, as the possibility to undergo meiosis and spore formation under

nutritionally limiting conditions (Haber, 2012).

Mating conversion is possible thanks to the presence of unexpressed copies of
mating type genes at other loci: the hidden mating type left (HML) and the
hidden mating type right (HMR) (figure 1.3 A). The two silent mating-type loci,
HMR and HML, donate information to the MAT locus, and are responsible for
the mating-type switch. The conversion of one mating type to the other involves
the replacement at the MAT locus of ao r U type cells b
induced by a double strand break (DSB) by a HO endonuclease. The DSB wiill
be repaired using the genetic information from the HML and the HMR. The
HO endonuclease cannot cleave its recognition sequence at either HML or

HMR, as these sites are occluded by nucleosomes in silenced DNA.

The HM loci are flanked by 150 bp of cis-acting elements, the silencers E and |,
both of which are located around 1 kb from the genes they regulate. The
silencers function to initiate the assembly of the Sir complex. Silencers contain
binding sites for the origin replication complex (ORC), Rapl and the
autonomous replication sequence binding factor (Abfl). Silencing at the HM loci

requires the Sir complex, which is composed of Sirl, Sir2, Sir3 and Sir4. Sir3

14

ger


http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002386
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002386
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000029214
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000029655

and Sir4 are recruited by Rapl. The Sir complex is just present at S.cerevisiae.
Sird is also recruited by Sirl which binds ORC. Once bound to chromatin, the
Sir complex is believed to spread over nucleosomes. Sir4 tethers Sir2 to
deacetylate H4K16. Sir3 has high affinity for low H4K16. This process spreads
the whole complex away from the nucleation site and silences the HML and

HMR copies (figure 1.3 B) (Bi, 2014; Huang, 2002; Rusche et al., 2003).

E HML / MAT E HMR /

Silencer E/I

@ H4K16

@ Acetylation
Figure 1.3. The assembly of Sir proteins at S. cerevisiae mating type locus. (A) Mating
type cassette containing the MAT locus encoding for one of the mating types and the
hidden mating cassettes encoding for silenced copies of both mating types. (B) Sir
proteins are recruited by Rapl, Abfl and ORC to silencers E/l. Sir2 deacetylates
H4K16. Once nucleated, heterochromatin spreads via Sir3 and Sir4 binding with low

acetylated H4K16 to silence the HMR and HML.
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3.2.3. Sir2 heterochromatin at telomeres

S. cerevisiae telomeres contain TG-rich repeats which have adjacent conserved
subtelomeric sequences called core X and Y  elements. While core X are
present at all S.cerevisiae subtelomeres, Y  elements are found in half of
S.cerevisiae subtelomeres. Insertion of a URA3" marker gene at subtelomeres
was subject to transcriptional silencing (Marvin et al., 2009). Cells were able to
grow in the presence of the drug 5-fluorotic acid (FOA), and when replica plated
to media lacking uracil most cells were also able to grow. This reversible
repression of URA3" transcription is termed telomere position effect TPE
(Gottschling et al., 1990; Tham and Zakian, 2002). However at S.cerevisiae,
silencing is observed at some, but not all chromosome ends. Not only that, TPE
is independent of ploidy number. Haploid cells showed as strong transcriptional
silencing at telomeres as diploid cells. However, haploid cells showed lower
level of telomeric reporter proteins compared to diploid cells (McLaughlan et al.,
2012). Moreover, silencing at subtelomeric regions is discontinuous. While there
is strong repression at core X elements and it is also observed at telomeric TG-

rich repeats, silencing at Y elements is weak (Marvin et al., 2009).

At budding yeast subtelomeres, the SIR complex that contains Sir2, Sir3 and
Sir4 is recruited by Rapl and the yKu heterodimer. Every Rapl molecule
provides a binding site for Sir4. Sir2 reduces the acetylation levels of H3K9ac
and H4K16ac, creating a high affinity binding site for Sir3. This results in the
spreading of the complex outward from the nucleation start site. Sir4 enhances
affinity of the SIR complex through its DNA binding domain while Sir3
specifically recognizes hypoacetylated histones contributing to the spreading of

nucleosomes via dimerization (Buhler and Gasser, 2009; Moretti et al., 1994;
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Schoeftner and Blasco, 2009) (figure 1.4). Deacetylation of histone tails
promotes the association of extra copies of Sir3, allowing Sir4 and Sir2 to bind
successively. Sir4 is necessary for the recruitment of the entire SIR complex,
although once nucleated, excess Sir3 can propagate along nucleosomes
without Sir4. The core region of heterochromatin contains all three Sir proteins
whereas surrounding regions contain mainly Sir3 (figure 1.4). Spreading of
heterochromatin eventually stops due to the increase of acetylation levels in
adjacent euchromatin at telomeres (Buhler and Gasser, 2009; Grewal and

Moazed, 2003; Rusche et al., 2003; Xu et al., 2007).

Deletion of members of the SIR complex abolishes silencing associated with
TPE, causes shortening of telomeric repeats and mitotic instability associated
with shortened chromosomes. Genome stability is kept in conjunction between
the yKu heterodimer and Sir-dependent silencing. Interestingly, binding of the
yKu heterodimer is Sir-independent at the core X element. However, stronger
binding of the yKu heterodimer is associated with subtelomeres subject to
silencing. For instance, the silenced subtelomere at the left arm of chromosome
Xl showed stronger yKu binding compared to the non-silenced subtelomere
present at the right arm of chromosome Il (Marvin et al., 2009). The yKu
heterodimer binds the TG-rich repeats and the core X element mediating a
protective fold-back structure at chromosome ends (Marvin et al.,, 2009;
McLaughlan et al., 2012). Thus, subtelomeric heterochromatin promotes
genome stability and integrity at telomeres (Huang, 2002; Tham and Zakian,

2002).
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@ H4K16
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Figure 1.4. The assembly of Sir proteins at S. cerevisiae telomeres. Sir proteins are
recruited by Rapl and the yKu heterodimer to telomeres. Sir2 deacetylates H3K9 and
H4K16 in the heterochromatin assembly process. Deacetylated histones serve to
recruit Sir3 and its dimerization. Sir3 dimers in complex with Sir2-4 result in spreading

of heterochromatin from nucleation sites.

3.2.4. Sir2 heterochromatin at rDNA

S. cerevisiae rDNA array consist of tandem repeated units of 9.1 kb in size
each. There are 100 to 200 copies located on chromosome XlIl. Each rDNA
repeat contains the 35S rDNA transcribed by Polymerase | (Pol 1), which is
processed into the 25S, 18S and 5.8S. It also contains the 5S which is
transcribed by Polymerase 11l (Pol Ill). 35S and 5S are separated by non-
transcribed spacers, NTS1 and NTS2 (figure 1.5 A). Pol Il marker genes
inserted at the NTS1 are transcriptionally silenced (Bryk et al., 1997; Fritze et
al., 1997; Smith and Boeke, 1997; Smith et al., 1999). Silencing at the rDNA is
SIR2-dependent. Sir2 forms part of the nucleolar RENT complex at budding
yeast rDNA (Straight et al.,, 1999). The RENT complex is formed by Netl
required for Sir2 binding to rDNA. It is also formed by Cdcl14, a phosphatase

required for mitotic exit (Cioci et al., 2003; Gottlieb and Esposito, 1989b;
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Straight et al., 1999). It is not clear yet, the mechanism by which Sir2 regulates

silencing at rDNA.

Silent chromatin at the rDNA is essential for repression of genetic
recombination via inhibiton of Pol Il non-coding transcripts arising from NTS1
independently of silencing at Pol | and Pol 1ll rDNA genes (Ganley et al., 2005;
Kobayashi, 2011). On the other hand, just a fraction of 35S and 5.8S genes are
transcribed by Pol | and Pol Ill respectively at a given time, where inactive
repeats seem to be associated heterochromatin (Grummt and Pikaard, 2003;
Nazar, 2004). Psoralen cross-linking and electron microscopy imaging studies
reveal that the coding regions of the active repeats are largely devoid of
nucleosomes, whereas the inactive repeats are associated with nucleosomes
(Rusche et al. 2003; Bhargava & Reese 2013; Hamperl et al. 2013).
Surprisingly, reporter genes are more strongly silenced when inserted at rDNA
genes in an active state associated with high Pol | transcription (Cioci et al.,
2003). This could inhibit Pol Il transcription of endogenous transposable

elements at the rDNA in favor of Pol | transcribed genes (Rusche et al., 2003).

One of the main functions of SIR2- dependent heterochromatin is inhibition of
recombination. The highly repetitive nature of the rDNA makes them highly
prone to recombination events. This leads to the loss of copies after deleterious
recombination events among repeats. Recombination between repeats of sister
chromatids leads to the formation of a secondary structure which could block
the DNA replication process. DNA replication blockage is repaired by
recombination losing rDNA copies in the form of extra chromosomal rDNA
circles (ERCs) (figure 1.5). These dynamic copy number variations make the

rDNA locus a very fragile part of the genome. Reduced numbers of non-
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transcribed rDNA regions in low copy strains leads to improper chromatid
segregation due to a lack of binding sites for cohesin (Ganley and Kobayashi,

2011; Kobayashi, 2011).

A counteracting recombination mechanism is well studied in S. cerevisiae.
During S phase, replication starts from replication origins and is inhibited at the
replication fork barrier site (RFB) by the fork blocking protein, Fobl. This stalled
replication fork makes the single-stranded region of the blocked structure a
target for endonuclease activity. This leads to the formation of a double strand
break (DSB). This DSB can be repaired by homologous recombination with a
sister chromatid. Due to the repetitive nature of the rDNA, the broken end of a
repeat may be also recombined with a neighbor repeat which increases the
number of copies in one of the sister chromatids (Huang et al., 2006b; Wang et

al., 2006).

The amplification mechanism is mediated by E-pro, a bidirectional promoter
directing transcription of non-coding transcripts. These transcripts may interfere
with cohesin molecules and its ability to connect sister chromatids (Chan et al.,
2011; Gartenberg, 2009; Hirano, 2012; Kobayashi and Ganley, 2005). This
impairment promotes unequal sister chromatid recombination and promotes
recombination with neighboring repeats increasing the number of rDNA units
(Ganley and Kobayashi, 2013; Salminen and Kaarniranta, 2009; Sinclair and
Guarente, 1997). When the repeat number is around wild-type level, Sir2 may
play its role binding E-pro promoter, promoting heterochromatin assembly and
repressing non-coding transcript formation. This allows cohesin molecules to

bind to rDNA repeats promoting correct chromatin recombination and rDNA
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stability (Li et al., 2006a) (Figure 1.5 B). How a cell monitors rDNA copy

number is still unclear (Ganley and Kobayashi, 2011; Kobayashi, 2011).

A
rDNA rDNA rDNA rDNA
E-pro
R ARS
| ] @ | | | ] | ] | |
258 Fob1 5S 18S 5.8S 258 5S
NTS1 NTS2
B
ohesin
. < .
E-pro Fob1 E-pro Fob1
ERC

Figure 1.5. Sir2 inhibition of recombination at S. cerevisiae rDNA. (A) rDNA tandem
repeated units. Each unit is composed of the rDNA genes (18S, 5.8S, 25 S and 5S)
and two non-transcribed regions (NTS1 and NTS2) flanking the 5S. NTS1 contains the
bidirectional promoter E-pro and the replication fork barrier protein Fobl. NTS2
contains an autonomous replication origin. (B) In the presence of Sir2, non-coding
transcripts arising from E-pro are stopped. This allows cohesin to bind to the rDNA
units and promote correct sister chromatid segregation. In the absence of Sir2, E-pro
bidirectional transcription produces non-coding transcripts impeding the correct binding
of cohesin and promoting recombination events leading to copy number variations of

the rDNA units and the appearance of ERCs.
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4. The role of heterochromatin in promoting genome stability

4.1. Heterochromatin and genome variability in eukaryotic pathogens

Eukaryotic pathogens must adapt to environmental stimuli to successfully
propagate within the host. Within the host, they need to avoid immune
resistance and ensure transmission to the next host. This process often
requires dramatic morphological changes, expression of virulence genes or
DNA repair genes to repair possible DNA damage incurred during the host
defense response. Many of these events involve chromatin alterations in order
to adapt to the changing environmental stimuli (Haldar et al., 2006; Lopes da
Rosa and Kaufman, 2012; Steinert, 2014). One well studied example of
epigenetics and pathogenicity are subtelomeric regions of the eukaryotic
pathogen Plasmodium falciparium. These regions are assembled into
heterochromatin. They contain around 60 copies of VAR genes required for
antigenic variation. Antigenic variation of VAR is an epigenetic survival
mechanism. Only one VAR gene is transcribed in individual parasites, while all
other members are silenced. Silenced VAR genes are associated with
H3K9me3, low levels of acetylation associated with Sir2, low levels of H3K4me,
and they are enriched in HP1l. Active VAR genes contain high levels of
acetylation and H3K4. Mitotic inheritance of these transcriptionally silent states
prevents premature presentation of the full antigenic repertoire by the growing
population. Furthermore, infrequent switches in mutually exclusive VAR genes
give rise to subpopulations that can proliferate in the presence of adaptive

immune responses (Voss et al., 2014).

22



4.2. Plasticity at the human fungal pathogen Candida albicans

Candida albicans is the most prevalent human fungal pathogen. It normally
resides as a harmless commensal within the gut, genito- urinary tract and skin.
It is an opportunistic pathogen as it is virulent in individuals with reduced
immune systems like AIDS patients, or in situations of an imbalance of
competing bacterial microflora (Berman, 2012). It can cause mucosal infections,
such as oral thrush or vaginitis. More severe are blood stream infections or
candidemia which are associated with high mortality rates. Due to its ability to
develop drug resistance it is one of the most common causes of nosocomial

infections (Berman, 2012; Pfaller and Diekema, 2007).

C. albicans has different mechanisms to survive as a pathogen. One of which is
morphological switching. It can grow in at least three different morphologies:
yeast, pseudohyphae and hyphae. While yeast form is the classical
morphology of budding yeast, pseudohyphae consists of chains of elongated
yeast cells with constrictions between adjacent compartments, hyphae form
long tube-like structures. C. albicans hyphae formation is found during tissue
invasion culture experiments, and cells that do not readily form hyphae have
reduced virulence. Nevertheless, yeast form is also crucial for dissemination of
the pathogen through the blood stream (Berman, 2012; Berman and Sudbery,
2002). C. albicans also undergoes phenotypic switching. Yeast cells normally
grow as smooth, white dome-shaped colonies known as white state but they
can also switch to darker, flat colonies known as opaque. The importance of the
opaque state resides in C. albicans ability to mate. White cells are unable to
mate whereas opaque cells are mating-competent (Bennett and Johnson,

2005). It i s thought that the presence of i p
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but not in white cells, facilitate the cell-cell interactions that occur during mating
and the reception of pheromones in a mating quorum sensing response
(Berman, 2012; Miller and Johnson, 2002). Frequency of switching between
white and opaque states is affected by chromatin modifiers such as the HDAC,
Hdal. Deletion of HDAL increases the frequency of switching from white to
opaque cells (Klar et al., 2001). Likewise, loss of the Set3/Hos2 HDAC complex
and the HMT Setl promotes the white phase. Set3/Hos2 HDAC complex is a
key regulator of the master opaque switching WORL1. Increasing levels of Worl

drive the transition from the white to the opaque phase (Hnisz et al., 2009).

Although being an asexual yeast and obligate diploid, C. albicans can mate at
low frequencies when one of the mating alleles is present in homozygosis (Hull
et al., 2000; Magee and Magee, 2000). Recombinants formed by the mating
process contain the genetic material of both parents. It requires the parental
strains to be homozygous and different at the MTL locus. The MAT locus
encodes proteins similar to the three transcriptional regulators encoded by S.
cerevisiae MTL locus (MA T a, Mand MA T | &lthough C. albicans has a
fouthgene MATal, MAT a and MMA U.R ortholog of a2 is missing
in S. cerevisiae. An important observation is that MATa and MATU are present
in single copies ruling out the possibility of a silencing-like mating cassette
(Bennett and Johnson, 2005; Hull et al., 2000). Most clinical isolates are
heterozygous for the mating-type locus but a small proportion of them are

homozygous, suggesting a potential to mate (Berman, 2012).

Cells must undergo a phenotypic switch from the predominant white form to the
opaque form to become mating competent. In S. cerevisiae diploid cells, the

product s 2é#inn adetedodiider that represses MATa or MATU specific

24



genes blocking mating. In C. albicans di pl oi d ¢ e R hedefodintehe a1/ U
blocks mating by preventing switching from white to opaque cells. a2 activates
thea-speci fic genes, -spedfic geoes,iamdatié?2 abe Woget he
to repress haploid-specific genes, including mating genes and genes required
for the whitel opaque transition such as WOR1 (Huang et al., 2006a). Mating of
diploid C. albicans cells generates tetraploid cells that must undergo a reducing
DNA division back to the diploid state. In most fungi this process occurs by
meiosis. However, in C. albicans this process occurs through chromosome loss
during rounds of mitotic division, thereby forming a parasexual cycle. During
mating process C. albicans switches from diploid state to a transitional
tetraploid state. This tetraploid state reverts to a more stable diploid stable
state. It is very frequent that aneuploidies and recombination events occur
during the reversion from tetraploid to diploid. This process is known as
parasexual cycle and it could generate the diversity that facilitates C. albicans
adaptation within the host (Bennett and Johnson, 2005; Bennett et al., 2014;

Berman and Sudbery, 2002).

4.3. Candida albicans genome instability

The C. albicans genome is composed of 16 Mb of DNA (32 Mb diploid) divided
into eight chromosomes. C. albicans belongs to the CTG fungi clade. Members
of this clade reassigned the CUG codon from leucine to serine through
decoding ambiguity which helps to generate genome evolution, phenotypic
variation and ecological adaptation. C. albicans genome contains a large
number of repeats which could contribute to the high genome instability
associated to this human fungal pathogen (Bezerra et al., 2013; Santos et al.,

1999).
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C. albicans is a highly successful pathogen due in great part to its genome
plasticity and adaptability (Rustchenko, 2007; Selmecki et al., 2006, 2008,
2010, 2009). C. albicans genetic diversity is driven by different events including
translocations and chromosome rearrangements, chromosome truncations,
supernumerary chromosomes (SNCs), whole-chromosome aneuploidy, loss of
heterozygosity (LOH) and ploidy changes (Selmecki et al., 2010). Some
examples of these events are chromosome truncations like the one observed in
the extensively used laboratory strain BWP17 which suffered a chromosome 5
break during disruption of HIS1, resulting in two separable size homologs

(Noble and Johnson, 2005).

The formation of aneuploidy is a rapid and flexible mechanism. It can confer a
selective advantage under conditions of severe stress within one or two
divisions. Once the stress condition is not exerted the extra chromosomes are
often readily lost in a quick single step. Appearance of isochromosome 5 after
fluconazole exposure is a well-studied example. Isochromosome 5, i(5L), is
composed by two identical left chromosome arms flanking the centromere
(figure 1.6). This isochromosome formation confers fluconazole resistance
(FIuR) and it does not have fitness cost in untreated cells (Ford et al., 2015;

Selmecki et al., 2008, 2009).

Fluconazole affects the production of ergosterol that is required for cell wall
integrity. Fluconazole target is the ergosterol biosynthetic enzyme lanosterol
demethylase encoded by ERG11. Fluconazole blocks the production of
ergosterol and this blockage leads to the formation of secondary toxic sterols
exerting severe membrane stress. ERG11 is located on Chr5L arm. In this

same chromosome arm is located TAC1, its product is a transcriptional factor
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that activates the transcription of the efflux pump genes CDR1 and CDR2
located on chromosome 3. Cdrl and Cdr2 are multidrug transporters that pump
fluconazole and other drugs out the cell. Formation of i(5L) results in an
increased copy number of ERG11 and TAC1l. As a result, ergosterol
biosynthesis is not completely blocked due to extra copies of ERG11 and
fluconazole is pumped out more efficiently due to an increase in copies of TAC1

(Shapiro et al., 2011) (Figure 1.6).

ERG11 TAC1 TAC1 ERGM

5L IR  CEN R 5L
CORE

Figure 1.6. Isochromosome i(5L) in C. albicans. One left arm replaces the 5R arm
conferring an increase in the number of copies of certain genes included in the 5L,

being of special importance ERG11 and TAC11.

Loss of heterozygosity (LOH) is a very frequent mechanism promoting genetic
diversity in C. albicans. Due to its diploid state, the major source of genetic
variability is provided by the maintenance of heterozygous alleles. LOH occurs
mainly through non-reciprocal break induced events (BIR) and one example of
its biological consequences is increasing azole resistance due to homozygosis
of the hyperactive alleles of ERG11 and the transcription factors for efflux
pumps TAC1 and MRR1 (Forche et al., 2011; Rosenberg, 2011; Selmecki et al.,

2010).
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4.4. Candida albicans genomic repeats

The C. albicans genome contains repeated DNA sequences: rDNA, telomeres,
centromeres and MRS (Major Repeated Sequences) (van het Hoog et al.,
2007) (figure 1.7). Repeats are hotspots for genomic instability driven events.
Across eukaryotes, heterochromatin assembled over repeats prevents
recombination events as mentioned earlier in the introduction. Nothing was
known about the chromatin status at C. albicans repeats and how chromatin

could control recombination at this fungal pathogen.
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Figure 1.7. Schematic of Candida albicans repeats. The cluster of ribosomal DNA
repeated genes (rDNA) is located on chromosome R. Major Repeated Sequences
(MRS) are located in all chromosomes except chromosome 3. Telomeric repeats are

present at the end of each chromosome (Freire-Benéitez et al., 2016a).

4.4.1. Centromeres

The C. albicans genome has an intermediate type of centromere between
budding yeast point centromeres and fission yeast regional centromeres
(Hegemann and Fleig, 1993; Henikoff and Henikoff, 2012; Steiner et al., 1993).
Each of the eight centromeric DNA sequences is different and unique for every

chromosome. They are enriched in the Histone 3 variant Cse4 (CnpA) across a
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3 Kb core region (Figure 1.8). In most organisms, centromeric DNA is
characterized by the presence of flanking DNA repeats. Seven of the eight
chromosomes of C. albicans centromeres are near short repeat-like sequences
(figure 1.8). Only centromere of Chr7 does not have any obvious repeated
sequences nearby (Sanyal et al., 2004). This is in opposition to what is
observed in C. tropicalis, where centromeres are flanked by inverted repeats
(IR) whose sequences are conserved across centromeres and are determinant
for CenpA loading. Repeat-associated centromeres in C. tropicalis share a high

degree of sequence homology with each other (Chatterjee et al., 2016).

At C. albicans chromosome fragments containing naked centromeric DNA
sequences are unable to load Cse4 and fail to create an artificial centromere.
This suggests the requirement of epigenetic marks associated with centromeres

rather than DNA sequence (Baum et al., 2006).

29



Chr
IRR IRR
R =
<—
Orf19.599 CENCcoreR 0Orf19.598

IR1 IR1
T oo— i —
0Orf19.4439 CENCcore1 tRNALeY 0Orf19.4438
epsilon LTR

0Orf19.1601 CENcore2  Orf19.1604
zeta LTR

3 = <
0Orf19.692 CENcore3 0rf19.2812

IR4 IR4

4 <=1

Orf19.3821 CENCcore4 0rf19.3820
IR5 IR5

S =<K TN
Orf19.3161  Orf19.3159.4 CENcore5 Orf19.4216
0rf19.3160
IR6 IR6 IR6
¢ i —"T—— I i1

Orf19.1097 CENCcore6

7 wfms——— -

0Orf19.6524 CENcore7 Orf19.6522

Figure 1.8. Schematic of C. albicans centromeres. On each chromosome, black
squares indicate centromere core regions (CENcore). Red squares indicate inverted
repeats (IR). Orange empty squares indicate Long Terminal Repeats (LTRs). Empty
arrows indicate tRNA codons. Grey arrows indicate ORF and their transcription

orientation (Freire-Benéitez et al., 2016b).

The epigenetic nature of C. albicans centromeres is also supported by the
assembly of new functional neocentromeres at Chr5 when a native centromere
is depleted. Neocentromere formation is independent of DNA sequence (Ketel
et al., 2009). Centromere core synteny is conserved among different C. albicans
strains (Mishra et al., 2007; Padmanabhan et al., 2008). Cse4 enrichment at
centromeres is proportional and dependent on the correct integrity of

kinetochore formation, suggesting an underlying epigenetic mechanism
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independent of DNA sequence for correct centromere function (Thakur and

Sanyal, 2012).

4.42. MRS

The C. albicans genome contains a specific type of repeats, the Major Repeat
Sequences, MRS, present in all chromosomes but chromosome 3. These
repeats are also present in C. dublinensis but they are not observed in other
members of the Candida family (van het Hoog et al., 2007; Jackson et al., 2009;
Joly et al., 2002). Larger MRS affect chromosome stability increasing miotitc
non-disjunction rates. A chromosome 5 homolog with a larger MRS has a
higher rate of chromosome nondisjunction than the same chromosome 5
homolog with a shorter MRS (Lephart et al.,, 2005). MRS have also been
shown to be hotspots for translocation events in C. albicans (Chibana et al.,

2000; lwaguchi et al., 2004).

MRS are composed by a region called RPS (around 2 Kb) flanked by HOK (8
kbp) and RB2 (6 kbp) regions. The RPS are composed themselves by repeated
sequences of around 172 bp called alts. Alts repeats contain at one end
between 6-8 copies of a 29 bp conserved palindromic sequence called COM29
and are very similar in all MRS. These repetitive sequences make them
hotspots for interchromosomal recombination. As a result, alts repeats are
responsible for RPS variability in length and MRS size expansion (Figure 1.9)
(Chibana et al., 1994, 2000; Iwaguchi et al., 1992; Lephart et al., 2005). MRS
contain the FGR6 genes. These genes are present in several copies in the

genome and are located within MRS repeats and are required for filamentous
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growth (Uhl et al., 2003). Interestingly, S. cerevisiae lacks any possible ortholog

suggesting a role specific for C. albicans pathogenicity.

C.albicans MRS

HOK  RPS=alts(n) RB2

// 74

Figure 1.9. Schematic of C. albicans MRS. HOK, RPS and RB2 are the three units
forming the MRS. The variable in size RPS unit, is composed by a repeated number (n)
of alts subunits. Every alt subunit contains at one extreme the conserved palindromic

sequence COM29.

4.4.3. rDNA

The rDNA cluster is located on chromosome R. It is composed by around 55
copies of rDNA units. The size of each unit is around 12 Kb. Each unit contains
the Pol | ribosomal gene 35S which is processed into 25S, 18S and 5.8S and
the Pol 1l 5.8S. NTS1 and NTS2 separate the 5S from the 35S and the next
rDNA unit. The overall identity of the mature rRNA sequences to S. cerevisiae
and other organisms is very high due to the strong evolutionary pressure that
has governed ribosome development (Pendrak and Roberts, 2011). In S.
cerevisiae recombination between rDNA repeats leads to the appearance of
rDNA extra chromosomal circles (ERCs). C. albicans accumulates linear and
circular rDNA extrachromosomal plasmids (Ahmad et al., 2008; Huber and
Rustchenko, 2001). The repetitive nature of the rDNA cluster makes it very

variable in size in C. albicans both in clinical and laboratory strains (Hirakawa et
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al., 2015; van het Hoog et al., 2007; Magee et al., 1987; Miletti-Gonzalez and

Leibowitz, 2008; Rustchenko, 2007).

4.4.4. Telomeres and subtelomeric regions

C. albicans telomeres are composed of a 23-bp tandem repeated element
(Sadhu et al.,, 1991). Subtelomeres are composed of two segments with
different levels of repetitiveness and divergence. Telomere-proximal sequences
include short tandem repeats, whereas, telomere-distal domains encode unique
genes, gene families, and repetitive elements of varying frequency (Pryde et al.,
1997). Recombination operates extensively at subtelomeres in all eukaryote

kingdoms (Louis et al., 1994).

C. albicans subtelomeres contain the telomere-associated (TLO) gene family. In
C. albicans there are 14 annotated TLO genes and one TLO pseudogene,
compared to only two TLO genes in the closely related oral pathogen Candida
dublinensis and a single TLO in most other candida species (Anderson et al.,
2012; Haran et al., 2014; van het Hoog et al., 2007). Tlo proteins function as

transcriptional activators of the Mediator complex (Zhang et al., 2012). There

are three clades of TLOgene s : U, b a n dnspbserecontaifiy or et r ot r

clade. The TLOU cl ade has 6 member s, t he Do cl

clade contains 6 members which encode transcripts with two possible RNA
isoforms, either a single exon or a spliced transcript. All of them encode a
predicted Med2 domain but not in the case of the TLO pseudogene. TLO U
clade has the highest levels of expression, while the TLO o clade is much lower
expressed. All Tlo proteins from the three clades are detected in the nucleus

and the Tlo o proteins also localize to mitochondria (Selmecki et al., 2009).
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In S. cerevisiae genes at telomeres are subjected to telomere position effect
(TPE). Marker genes inserted at telomere proximal positions are
transcriptionally silenced (Allshire et al. 1995; Stavenhagen & Zakian 1998;
Schoeftner & Blasco 2009). C. albicans subtelomeric TLO genes are subjected
to TAGEN effect (telomere adjacent gene expression noise) dependent on the
HDAC Sir2. In the absence of Sir2, TLO genes have more homogeneous gene
expression. TANGEN effect at TLO genes is dependent on telomere proximity.
TLO genes showed lower noise levels when they were inserted at an internal
locus (Anderson et al., 2014). Through subtelomeric recombination, TLO genes
generate genotypic diversity. Recombination events are observed at some TLO
genes, especially due to homology at (C)-terminal coding sequence. The
majority of TLO members contain at this position the BTS sequence (Bermuda
Triangle Sequence) which is a hotspot for LOH or crossover events (Anderson

et al., 2015).

4.5. Chromatin factors and pathogenicity in C. albicans

As a human fungal pathogen, C. albicans counteracts many stresses which
promote genotypic and phenotypic changes. One example is the effect of innate
immune system of the host to clear C. albicans infections (Cheng et al., 2012).
One host defense mechanism is the generation of reactive oxygen species
(ROS) such as hydroxyl radicals (‘OH), superoxide anions (O2) and hydrogen
peroxide (H,0,) within the phagosome. In order to react to this attack, many C.
albicans genes are up regulated such as oxidative response and repair genes.
This happens along with a change in morphology from budding form to hyphal
form to provoke mechanical rupture of the phagosome engulfing C. albicans

cells (Krysan et al., 2014).
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Histone post-translation modifications play a role in C. albicans pathogenicity. A
notable example is acetylation of histone H3 at lysine 56 (H3K56ac), by the
HAT RTT109 (Repressor of Ty-1 Transposition 109). The decay of this mark
depends on Sir2, Hst3 and Hst4 in S. cerevisiae. Acetylation of H3K56ac
promotes histone deposition onto DNA at the replication fork after DSB-induced
DNA repair and at promoters during transcriptional activity (Wurtele et al.,
2010). Deletion of both alleles of RTT109 in C. albicans and consequent loss of
H3K56ac reduces virulence of this pathogen and mortality in mice subjected to
systemic candidiasis (Lopes da Rosa et al., 2010). This reduced pathogenicity
is due to C. albicans cells being more susceptible to reactive oxygen species
(ROS) produced by macrophage response due to DNA damage (Lopes da

Rosa and Kaufman, 2012; Lopes da Rosa et al., 2010).

White-opaque switching has been shown to be regulated by chromatin
modifiers. Deletion mutants of the HMT SET3, the HDACs HOS2 and HST2 and
the HAT NAT4 show reduced switching frequencies from white to opaque form
(Hnisz et al., 2009) while the HDAC HDAL deletion promotes the switching from

white to opaque phase (Klar et al., 2001).

The master silent regulator HDAC SIR2 and the HMT SET1 also play a role in
C. albicans phenotypic and morphological response to adaptation. Sir2
participates in the control of colony morphologies and karyotypic changes
(Pérez-Martin et al., 1999) while Setl is required for virulence in C. albicans.
Disruption of Setl resulted in complete loss of methylation of H3K4. This loss
led C. albicans cells to hyperfilamentous growth in embedded agar, a reduction
in negative cell surface charges, reduced adherence to endothelial cells and

reduced virulence in murine infection models (Raman et al., 2006).
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5. Thesis aim

The aim of this Ph.D thesis is to analyze for the first time the chromatin state
associated with C. albicans DNA repeats and to understand whether, and how,
this chromatin environment controls C. albicans genome plasticity. C. albicans,
like S. cerevisiae, lacks an ortholog to SU(VAR)3-9 and most likely H3K9me. S.
cerevisiae SIR2 (ScSIR2) has a paralog, HST1 (ScHST1) (homolog of Sir two),
which arose through gene duplication approximately 100 million years ago
(Hickman et al., 2011). The mechanism of action of Hstl differs from Sir2 as it
represses single genes acting on promoters while Sir2 acts in larger scale
promoting heterochromatin assembly (Mead et al., 2007). C. albicans Hstl
(CaHstl) and Sir2 (CaSir2), both share homology with ScSir2. Interestingly,
CaHstl has a higher degree of homology to ScSir2 than CaSir2 (46% vs. 42%
amino acid identity respectively) (Freire-Benéitez et al., 2016a). This raises the
question as to whether CaHst1 and not CaSir2 could be the ortholog of ScSir2.
Interestingly, C. albicans lacks any other members of the SIR complex of S.
cerevisiae. The SIR complex acts at telomeres and the mating type locus via
Sir2 deacetylation of H3K9 and H4K16 as mentioned in the introduction. The
question at the beginning of this Ph.D was whether a homolog of Sir2 could
promote heterochromatin assembly in C. albicans. On the other hand C.
albicans genome could be devoid of heterochromatin (figure 1.10). The idea of
C. albicans lacking heterochromatin is supported by the high genome instability

associated with this organism.

Heterochromatin suppresses recombination among DNA repeats and promotes
genome stability (Grewal and Jia, 2007). Heterochromatin at centromeres

promotes proper sister chromatid segregation. At rDNA, telomeres and mating
36



locus of S. cerevisiae heterochromatin transcriptionally silences marker genes
inserted at these positions. In budding yeast, Sir2 is the master silent regulator
responsible for heterochromatin assembly at these three loci (Buhler and
Gasser, 2009). Furthermore, SIR2-dependent heterochromatin promoted
genome stability at S. cerevisiae rDNA locus (Kobayashi and Ganley, 2005). C.
albicansbgenome is plastic and undergoes numerous genome rearrangements
in order to promptly adapt to environmental stimuli. Whether heterochromatin
was assembled at C. albicans DNA repeats and whether this chromatin status

controlled recombination was not known (figure 1.10).

We revealed that C. albicans rDNA and telomere repeats are assembled into
transcriptionally silent heterochromatin. Heterochromatin at telomeres is plastic
and remodeled upon environmental changes. Centromeres and MRS display an
intermediate status of chromatin, bearing both features of euchromatin and
heterochromatin. In addition, we show for the first time that SIR2-dependent
heterochromatin is not required for rDNA stability whereas it has a major role

inhibiting recombination at subtelomeric regions.
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Figure 1.10. Model of hypothesis of chromatin status and function at C. albicans
DNA repeats. Deacetylation of histones H3 and H4 by Sir2 is a well-known
heterochromatic mark. Some of the aims of this thesis are to reveal if H3K9ac and
H4K16 are the targets for Sir2 deacetylating activity and if Sir2 plays a role in
heterochromatin assembly and control of recombination in C. albicans. Yeast
eucrhomatin is characterized by high acetylation of histones H3 and H4 and high
methylation of histone H3 at lysine 4. Setl is the HMT in charge of increasing levels of
H3K4me. The role of this HMT and its implications on heterochromatin is also studied

during this work.
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6. Thesis organization

The work of this Ph.D thesis is published in the form of three papers in peer

reviewed journals. The thesis includes six chapters.

Chapter 1: Introduction. It includes key aspects of heterochromatin assembly
in yeast and some of its roles. It also includes an analysis of C. albicans

genome, genome instability and adaptability of pathogenic organisms.

Chapter 2: Chromatin status at C. albicans DNA repeats. It contains the
article: Freire-Benéitez, V., Price, R.J., Tarrant, D., Berman, J., and Buscaino,
A. (2016a). Candida albicans repetitive elements display epigenetic diversity

and plasticity. Sci. Rep. 6, 22989.

Chapter 3: Chromatin status at C. albicans centromeres. It contains the
article: Freire-Benéitez, V., Price, R.J., and Buscaino, A. (2016b). The
Chromatin of Candida albicans Pericentromeres Bears Features of Both

Euchromatin and Heterochromatin. Front. Microbiol. 7.

Chapter 4: Heterochromatin and genome stability at C. albicans. It
contains the article: Freire-Benéitez, V., Gourlay, S., Berman, J., and
Buscaino, A. (2016c). Sir2 regulates stability of repetitive domains differentially

in the human fungal pathogen Candida albicans. Nucleic Acids Res. gkw594.

Chapter 5: Discussion. It includes a critical discussion of the goals and

findings of the work.

Chapter 6: Methods. It includes an extended version of all the methods used.
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Chapter 2. Chromatin status at C. albicans DNA

repeats

It contains the article: Freire-Benéitez, V., Price, R.J., Tarrant, D., Berman, J.,
and Buscaino, A. (2016a). Candida albicans repetitive elements display

epigenetic diversity and plasticity. Sci. Rep. 6, 22989.
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1. Summary

DNA is packed in nucleosomes, complexes formed by DNA and histones, which
constitute the so called chromatin. Chromatin can be divided into
heterochromatin, a transcriptionally repressive environment normally assembled
over repeats, or euchromatin, transcriptionally active chromatin. In budding
yeast, heterochromatin is characterized by nucleosomes that are
hypoacetylated and are hypomethylated on lysine 4 of histone 3 (H3K4), while
nucleosomes at euchromatin are acetylated and are methylated at H3K4. In this
chapter, we address how chromatin is assembled at the DNA repeats of

Candida albicans, the most common human fungal pathogen.

We show that the rDNA locus and telomeric regions are assembled into
transcriptionally silent heterochromatin. Sir2 is required for this silenced state by
deacetylation of lysine 9 at histone 3 (H3K9) at rDNA locus and deacetylation of
H3K9 together with lysine 16 at histone 4 (H4K16) at telomeres. RNA-
sequencing analyses revealed that coding and non-coding trascripts located at
the rDNA locus, telomeric and subtelomeric regions are repressed in a SIR2-
dependent manner. In contrast, MRS (Major repeated sequences), a specific
type of C. albicans DNA repeats, are assembled into transcriptionally
permissive chromatin. This chromatin state is associated with high levels of
acetylation and low levels of methylation. Silencing assays failed to detect
transcriptional silencing at MRS. Only gRT-PCR assays detected low levels of
transcription of a marker gene inserted at these repeats, defining a permissive
state of the chromatin. Moreover, RNA-sequencing analyses confirmed that
expression of genes located in proximity of MRS repeats is not regulated by

Sir2.
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One of the most remarkable findings showed that, SIR2-dependent
heterochromatin at telomeres is plastic. Thermic switch from 30°C to 39°C
enhances telomeric heterochromatin, reducing acetylation levels in a SIR2-
dependent manner and increasing transcriptional silencing of a marker gene

inserted at these regions.

In conclusion, in this chapter, we reveal the C. albicans repetitive elements are
assembled into distinct chromatin states and that telomeric heterochromatin can

be remodeled upon environmental changes.
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2. Main article
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Transcriptionally silent heterochromatin is associated with repetitive DMA, It is poorly understood
- whether and how heterochromatin differs between different organisms and whether its structure can
be remodelled in response to environmental signals. Here, we address this question by analysing the
chromatin state associated with DMA repeats in the human fungal pathogen Candida albicans. Our
analyses indicate that, contrary to model systems, each type of repetitive element is assembled into
a distinct chromatin state. Classical Sir2-dependent hypoacetylated and hypomethylated chromatin
- is associated with the rDMA locus while telomeric regions are assembled into a weak heterochromatin
that is only mildly hypoacetylated and hypomethylated. Major Repeat Sequences, a class of tandem
. repeats, are assembled into an intermediate chromatin state bearing features of both euchromatin
and heterochromatin. Marker gene silencing assays and genome-wide RNA sequencing reveals
that C. albicans heterochromatin represses expression of repeat-associated coding and non-coding
RMNAs. We find that telomeric heterochromatin is dynamic and remodelled upon an environmental
change. Weak heterochromatin is associated with telomeres at 30 °C, while robust heterachromatin
is assembled over these regions at 35 °C, a temperature mimicking moderate fever in the host. Thus in
C. albicans, differential chromatin states controls gene expression and epigenetic plasticity is linked
to adaptation.

Large blocks of DNA repeats are commonly clustered at rDNA loci, telomeres and centromeres and are assem-
bled into heterochromatin. Heterochromatic regions impose a transcriptionally repressive environment that can
propagate over long distances {up to 50kb) stochastically silencing native genes as well as reporter genes inserted
at these regions independently of the underlying DNA sequence' ™. Transcriptionally repressive heterochromatin
is distinguishable from transcriptionally active euchromatin by several epigenetic features where heterochromatin
is characterised by nucleosomes that are hypoacetylated, hypomethylated on lysine 4 of histone H3 (H3K4) and
methylated on lysine 9 of histone H3 (H3K%)%. Histone modifiers control the transcriptionally repressive state of
heterochromatin regions via chromatin modifications. For example, the conserved histone deacetylase Sir2 con-
trals the hypoacetylated state of heterochromatic regions while the histone methyltransferase Sulvar)3-% specifi-
cally methylates H3KS'27" Heterochromatin has the ability to propagate thanks to specific silencing complexes.
For example, in Saccharontpces cerevisiog, assembly of subtelomeric heterochromatin is mediated by the Sir silenc-
ing complex formed by Sir2, Sir3 and Sird', Likewise, heterochromatin assembly at the rDNA locus is dependent
on the RENT (REgulator of Mucleolar silencing and Telophase) complex formed by Sir2, Netl and Cdela™",
Heterochromatin modulation could be particularly important for organisms, such as microbial pathogens, that
hawve Lo adapl rapidly to different enviconments. This is because heterochromalin can modulate gene expression
without changes in DNA sequence. However, very little is known about heterochromatin-mediated transcrip-
tiomal regulation in this group of organisms, Here we address this question by investigating the chromatin states
assnciated with DNA repeats in the most commaon human fungal pathogen: Candida albicans, C. allicans nor-
mally lives as a commensal in humans but it can become virulent causing systemic life-threatenimg infections with
maortality rates of up 1o 50%', Upon environmental changes, C, albicans undergoes major morphological and
genomic changes that can promote adaptation and survival*'®. It is unknown whether the chromatin structure of
the C. alldcars genome is also plastic and capable of remodeling upon environmental changes.

*University of Kent, School of Biosciences Canterbury Kent, CT2 7). UK. “Department of Microbiology
and Biotechnolagy, George 5, Wise Faculty of Life Sclences, Tel Aviv University, Ramat Aviv, 63978, Israel,
Correspondence and requests for materials should be addressed to AB. (email: & Buscaino(@kent.ac.uk)
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The C. albicans genome has & diploid chromosomes and contains 3 major classes of large blocks of repetitive
DMA: the rDNA locus, Major Repeat Sequences (MRS} and telomeres'™'* (Fig. S1A) The riDNA locus consists of
a tandem array of a ~12 kb unit repeated 50 o 200 times on chromosome B Each unit contains the two highly
conserved 355 and the 55 rRNA genes that are separated by two Non-Transcribed Regions (NTS1 and NTS2),
whose sequences are not conserved across eukaryoles (Fig. 5187 In other organisms, while the 355 and 55
rDINA genes are highly expressed, the NTS1 and NTS2 regions are assembled in transcriptionally silent het-
crochromatin'*'%. At these locations, helerochromatin represses ranscription of non coding RNAs promoting
stability of the rDNA loci™*", The MRS loci are long tracts (10-100kh) of nested DNA repeats found on 7 of the
& . albicans chromosomes'™ ", These repetitive domains are formed by large tandem arrays of 2.1 kb RPS unit
flanked by non-repetitive HOK and RBP-2 elements (Fig. 51C). In addition, a EBP-2 element, bul not an intact
MRS, is found on chromosome 37, Given their highly repetitive nature, MRS repeats are expected to be ideal
substrates for heterochromatin assembly. C. albicans telomeres are composed of a terminal region composed of
tandemly repeating 23 bp units and subtelomeric regions (Fig. $11)%. Due to their size and repetitive nature, the
sequences of subtelomeric regions remain poorly characterised'.

DA repeats are central to €. albicans genome plasticity and pathogenicity as they play key roles in the
regulation of genome organisation and structure in the host'®. However, the chromatin state of these DNA
clements is unknown. The C. albicans epigenome, like the 5 cerevisae epigenome, most probably lacks H3KS
methylalion given that a Sulvar) 3-9 orthologue cannol be identilied in either C. albicans or 5. cerevisiae, In
contrast, the C. albicans genome encodes for two putative NAD-dependent histone deacetylases that resemble
Sir2 (orft 9. 1992 and orfl 2.4762)*, While it is possible te idemtify orthologues for RENT complex components,
components of the Sir silencing complex are not apparent. Therefore, while heterachromatin might associate
with the TDNA locus, it is possible that . albicans telomeres lack heterochromatin as it has been recently
shown for the yeast Clavispora lusitaniae'.

I this study, we investigated the chromatin states associated with C. albicans repetitive clements under daf-
ferent environmental conditions, We found that the different types of repetitive elements are assembled in dis-
tinct chromatin states. Classical hypoacetylated heterochromatin is associated with the non-transcribed region
of the FDNA locus, The histone deacetylase Sir2 (orf 19.0992) is required (o maintain this repressive epigenetic
state via hypoacetylation of Lysine § of Histone H3. Heterochromatin associated with these regions represses
non-ceding ENA transcription. In conlrast, MRS repeals are assembled inlo a transeriptionally permissive chro-
matin state bearing both heterochromatic and euchromatic histone marks. Finally, we find that, despite the appar-
cnt absence of the Sir silencing complex, telomernic regions are assembled into a Sir2-dependent hypoacetylated
and hypomethylated heterochromatin, This chromatin state silences expression of endogenouns transcripts as well
as inserted marker genes. Telomeric heterochromatin is plastic and affected by environmental conditions with
heterachromatin being more robust al higher temperature (38°C) than at lower temperature (20 °C), Thus, the
cpigenctic state associated with telomeric repeats switches in response to an cnvironmental change that are linked
to C. albicans virnlence and pathogenicity.

Results

Transcriptional silencing at the C. albicans rDNA locus.  Heterochromatin assembled onte repetitive
DMNA represses the transcription of marker genes inserted in their proximity*™*%, To assess whether transcrip-
tienally silent chromatin exists in C. albicans, the URAZ" marker gene was integrated into the NTS2 region of
the rDNA locus (rNAS URAIT) (Fig. 1A). We investigated whether URA3T was transcriptionally silenced when
present at this locus, by growing strains in non-selective (N/S) medium and in medinm hcking uridine { — Uri)
in which anly cells expressing sufficient Ura3 prolein are able to grow. Silencing of URA3™ is expected 1o result
in slower growth in —-Uri medium compared to N/S. The rDNA2URA3T strain displayed a reduced growth rate
in selective medium and it is, therefore, silenced (Fig., LAY, Consistent with the grewth assays the level of ITRAJ
mBNA levels at the rDNA locus were significantly lower (20 fold) for rDNA:URA3T than for a URAST gene
expressed [rom its own euchromatic locus, as determined by quantitative reverse transcriptase analysis {gRT-
PCR) (Fig, 1B). Therefore, in C. albicans, the non-transcribed region of the rDNA locus is assembled into a tran-
seriptionally repressed state that is normally associated with repetitive heterochromatic regions.

Sir2-dependent heterochromatin at the rDNA locus.  The ability of C. albicans rDINA repeats to cause
transcriptional silencing suggests that the rDNA NTS regions are assembled into heterochromatin. The histone
deacctylase Sir2 is a key regulator of heterochromatin in all organisms studicd'*. BLAST analyscs reveal that
the C. allucans genome contains 5 genes encoding proteins with homology 1o 5. cerevisioe SIRZ (Fig. 52). Among
these proteins, C. albicans Hst] (orf19,4762) and Sir2 (orf19,1992) share the highest homology with the 5, cerevi-
sige Sir2 (46% and 42% identity respectively) (Fig. S2AB). Given the high homology, it 1s possible that C. albicans
Hstl, and not Sir2, is the true ortholog of S, cerevisiae Sir2 as it has been demonstrated for the yeast Clavispora
Jusitaniae''. To determine whether Hstl (orf18.4762) and/or Sir2 (orf1%.1952) are required for maintaining the
repressive state of the rDNA NTS reglon, we constructed histd A/A and sir2 AJA null mutants in strains carrying
the rNA:URAZT reporter and performed marker gene silencing assay. Al the NTS region of the rDNA locus,
silencing was notalleviated in fist] ArA cells (Fig. 2A0 but it was strongly alleviated in sir2 AfA cells (Fig. 2B). In
agreement with these results, gRT-PCR analyses revealed that URAZ mRNA levels in the rDNAZTURAZ ' strain
were significantly higher in sir? null cells relative to wild-type (WT) cells (Fig. 2C). Thus, the histone deacetylase
Sir2, but not Hstl, is eritical for the maintenance of the transcriptionally silent state associated with vDNA repeats
in . albicans. In 8. cerevisiae, heterochromatin associated with the NTS region of the rDMNA locus has been
shown to repress transcription of a non-coding RNA™ In O albicans, genome-wide analyses have idemified
an uncharacterised non-coding RNA (Novel_Ca21ChrR_093) ariginating from the NTS region of the rDNA
locus®™. To test whether C. albicans helerochromatin represses ranscriplion ufihismn-cuding BMA, we tsolated
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Figure 1, Transcriptional silencing at the C. albicans rDNA locus, (A) Leji panel, Schematic of rDNAZDRAZT
reporter strain. Right parel: silencing assay of the rDNA:URA3' reporter strain. Ura" (URA3/URA3) and Ura
(wraddfuradn) strains were included as controls. (B) gRT-PCR analyses to measure URA3 transcript levels of
the rNA::URA3Z™ reporter strain relative to actin transcript levels (ACTT). Ervor hars in each panel: Standard
deviation (8D} of three biological replicates,

RMA from wild-type and sir2 AfA cells and performed gRT-PCR analyses. Dieletion of the STRZ gene resulls in
a clear upregulation of this non-coding transcript (Fig, 2D}, Therefore, Sirl is required to repress transcription
of an endogenous transcript as well as inserted marker genes at the tDMA locus. To assess whether the NTS
region of the rDMNA locus is associated with heterochromatic pattern of histone marks (hypoaceylation of HIK9/
H4K16 and hypomcthylation of H3K4), we monitored the presence of these histone modifications by quantita-
tive Chromatin ImmunoPrecipitation {gChIP)™, The rTINA locus, but not the enchromatic ACTT locus, showed
low enrichment for HIK9 acetylation, H4K16 acetylation and H3K4 methylation (Fig. 2E-0), a chromatin state
typical of helerochromalic regions. Sir2 deacetylates lysine 9 on histone H2 and/or lysine 16 on histone H4555,
Therefore, we compared the level of histone acetylation assoclated with the NTS rTINA region in WT and sir2
A4 cells by performing gChIF analyses. In the sir2 null strain we detected higher levels of H3IKSAc, but not of
H4K16A¢ (Fig. 2E.F) demonstrating that C. albicans Sir2 is required to maintain low levels of acetylated H3K9.
This is consistent with the idea that disruption of H3KY deacetylation is critical for maintaining the transcrip-
tiomally silent state associated with heterochromatic regions. We also compared the level of H3K4 methylation
associated with the NTS region of the rIXNA lecus in W and sir2 A/A iselates, HIK4 methylation levels did no
increase in sir? AfA solates compared toowt cells (Fig. 2G). Therefore hypomethylation of H3EK4 is maintained
independently of the histone acetylation and transcriptional state of the NTS region. Taken together these obser-
vations demonstrate that heterochromatin exists in C. albicans and it is assembled over the NTS region of the
VA locus. Histone modification by $ir2 is critical for the maintenance of the transeriptionally silent hetero-
chromatic state associated with this locus.

MRS repeats are assembled into transcriptionally permissive chromatin bearing euchromatic
and heterochromatic histone modifications. Having established that transcriptionally silent het-
crochromatin exists in C. aibicans and is associated with the NTS region of the rDNA locus, we analysed the
chromatin state associated with the MRS repeats by assessing silencing of a marker gene inserted into the tan-
dem RPS repeats (MRS URA3T) (Fig. 3A). As shown in Fig 34, the MRES:URA3Y is not silenced (Fig. 3a). [f
the MRS repeals are associated with Sir2-dependent heterochromatin, the genes close to these regions should
be upregulated in sir2 A/A isolates compared w W cells. To address this question, we isolated RMA (rom
WT and sirZ A4 cells and performed RNA-seq analyses. FPEM (fragments per kilobase of exons per million
mapped reads) were determined for all the genes proximal to MRS repeats and compared in sir2 A/A and WT
strains. Upon deletion of the 3IR2 gene, we did not observe any clear effect on expression of MRS associated
{orf C) and proximal genes (orf L and R) as only 3 out of 24 genes were expressed at more than 2 fold of WT in
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Figure 2. Sir2-dependent heterochromatin at the rDNA locus, (A) Left panel: Schematic of rDNA:URAZ!
reporter strain. Right pancl: Silencing assay of the rDNAZURAZY reporter strain in WT and fist] A/A isolates. A
URAT {URAZT) strain was included as a control. (B) Silencing assay of the rDNA: URAZ™ reporter strain WT
and sirZ Add isolates. A URAY (URAZY) strain was included as a control. (C) gRT-PCR analyses o measure
URA3" transcript levels relative to ACTT transcript levels in rDNA:URAST WT and str2 AZA isolates, A URAZ™
strain is included as a control () gRT-PCR analyses to measure levels of the rDNA non-coding RNA (Novel
Chr3_093) relative to ACTT in WT and s#r2 A/ tsolates. (E,F) gChIP to detect HIK9 A, HAK16Ae levels
associaled with the rDNA locus and ACTT in W and sir2 A/ isolates and (G} H3IK4me2 levels associated with
the rDNA locus and ACTD in WT, sir2 A%8 and sel] AdA isolates, Ervor bars in each panel: Standard deviation
(8D} of three hiological replicates.
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Figure 3. MRS repeats are assembled into transcriptionally-permissive chromatin, (A) Top panel:
Schematic of MRS::URA3" reporter strain. Bottom panel: Silencing assay of the MRS: URA3™ reporter
strain in WT and sir2 A/A isolates. A URA ' (URA3') strain was included as a control. (B,C) RNA deep-
sequencing of sir2 A/A and WT isolates. {B) Normalised read counts (FPKM) of MRS associated (MRS-C)
and proximal {MRS-L and MRS-R) genes were calculated from RNA-seq data for WT and sir2 A/A isolates.
The heat-map depicts the log2 fold ratio of FPKM data between sir2 A/A and WT isolates. (C) Boxplot
showing log2 fold changes in transcriptional expression for MRS-internal (MRS-C) and adjacent (MRS-1.
and MRS-R) genes between sir2 A/A and W isolates. (D,E) gCRIP to detect H3K9Ac, H4K16Ac levels
associated with the MRS repeats and ACT1 in WT and sir2 A/A isolates and (F) H3K4me2 levels associated
with the MRS repeats and ACTT in WT and set] A/A isolates. Error bars in each panel: Standard deviation
(SD} of three biological replicates.
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sir2 AA fsolates (Fig. 3B and Table 85). Averaging the log2 fold change of the MRS-associated genes confirms
these results (average log. fold change = 0) (Fig. 3C). These data demonstrate that MRS repeats do not impose
a Sir2-dependent transcriptionally repressive state.

Acetylated HIK9 and H4K 16 gChiP analyses demonstrated that MRSs are assembled into highly acetylated
chromatin where H3KS and H4K16 are acelylated to a level similar o the active and euchromatic locus actin 1
LACTI) {Fig. 3D.E). Histone acetylation level associated with these regions are similar in WT and sir2 A/A isclates
(Fig. 3D,E). In contrast, levels of H3K4 methylation associated with MRS repeats are strikingly low compared to
the euchromatic ACTT locus (Fig, 3F). Therefore, MRS repeats are not assembled into classical transeriptionally
silent heterochromatin but they are associated with an intermediate chromatin state bearing features of euchro-
miatin (high histone acetvlation) and heterochromatin (H3K4 hypomethylation).

Heterochromatin at C. albicans telomeric regions.  Tn many organisms, heterochromatin assembly
over telomeric regions is dependent not only on Sir2 but alse on the Sir silencing-complex'. With the exceplion
of Sir2, BLAST analyses (ail to identify orthologues of telomeric silencing proteins in C. alticans, It is therefore
possible that telomeres are not assembled into heterachromating To test this hypothesis, we analysed silencing of
a URAZ" marker gene imtegrated into a telomeric region (Tels:URAZY) The Tels: URAS marker gene displayed
a small but reproducible reduction in growth rate on -Uri media compared to N/S media. indicative of weak
silencing (Fig. 4A). Sir2 is required o maintain this transcriptionally repressive state as silencing is alleviated in
sird Afd cells (Fig. 4A). Consistent with the growth assays, the levels of URAZT mRNA levels are low in WT cells
and dramatically increased in sir2 A/ isolates (Fig. 53).

Telomeric heterochromatin has been shown to repress gene expression of proximal genes in a Sir2-dependent
manner™ ", To assess whether the weak marker gene silencing associated with telomere 5 is a general property
ol all €. albicans telomeres and il it extends over sublelomeric regions, we analysed the transeriptional profile of
coding and non-coding subtelomeric transcripts in WT and sirZ A/A isolates, This analysis reveals thal deletion
of 5IRZ results in transcriptional upregulation of many subtelomeric genes (Fig. 4B and Table 56]. Although
not all the subtelomeric genes are upregulated to the same extent, on average deletion of Sir2 results in a 2 fold
upregulation of telomeric-proximal genes compared to WT (Fig. 4C). We used gRT-PCR analyses with prim-
ers specific for each subtelomeric gene to validate the difference in gene expression between WT and sr2 AJA
isolates. All the genes tested were more highly expressed in sirZ A/A compared to W T cells (Fig. $4). Therefore,
telomeric heterochromatin silences expression of genes located in proximity (~10/15kb) of elomeres. Telomeres
are composed of a 23 bp unit tandemlby repeated ™, Their repetitive nature makes the design of suitable primers for
qChIP analysis particularly challenging. Thus, we assessed the telomeric chromatin state by performing qChIF
analyses wilh primers specific for the Tels: DRAZY marker gene, We found that telomeric chromatin is enly mildly
hypoacetylated on H3K9 and H4K16 and that histone acetylation levels are increased in sir2 A/A null mutant
compared to WT cells (Fig, 4DLE). In contrast, a low level of H3IK4 methylation is associated with telomeric
regions [Fig, 4F),

Taken together these observations demonstrate that telomeric repeats are assembled into weak heterochro-
matin, This chromatin state is dependent on Sir2 and is able to silence embedded marker genes as well as native
proximal genes.

Telomeric heterochromatin is plastic and remodelled upon environmental changes. €. albicans
is characterised by remarkable genomic and phenotypic plasticity that allow rapid adaptation to different environ-
mental niches™'*. Therefore, we tested whether the chromatin state of C. albicans repetitive elements is also plastic
and remodelled upon envirenmental changes, Remodelling could lead to dynamic chromatin structure where
DMA repeats are assembled into robust transcriptionally repressive heterochromatin under specific environmen-
tal conditions and into weak heterochromatin under different environmental conditions, To test this hypothesis,
we asked if physiologically-relevant stress conditions that . allicans regularly encounters in the host or stress
cansed by antifungal agents affects the transcriptional states associated with the N'T$ region of the rDNA locus,
telomeric repeats and MRS repeats. Silencing assays revealed that treatment with hydrogen peroxide (H.0,),
mimicking the production of reactive oxygen species by the brest’s imymune cells, or Flugonazole, the most widely
used antifungal drug. does not change the transcriptional state associated with any of the loci tested (Figs 85,
36 and 57}, Likewise we found that expression of the URA3 " marker gene inserted at the rDNA locus and MBS
repeats was not affected by high temperature (3% °C, mimicking moderate fever in the host) (Figs 85 and 56). In
contrast, lelvmere-associated silencing was much stronger at 39°C than 30°C (Fig. 5A) indicating the telomeric
chromatin is plastic. Growing cells at 3%°C did not strongly induce hyphal formation in the time frame of the
experiment {Fig. S8). Therefore, the observed stronger silencing is nol a consequence of a different morphology.
To assess whether temperature-dependent silencing is a general feature of all C. alficans telomeres, we analysed
silencing of 2 second reporter strain with a URA3™ gene integrated al the telomeric repeats of chromosome 7 lefi
arm (Tel7:URA3Y) As with the telomere repeat tract on Chrs, silencing of telomeric repeats on Che? was much
stronger at 39°C compared to 30°C (Fig. S£). Importantly, silencing was dependent on Sir2 as silencing growth
rate in -Uri was increased im sir2 Afa cells {Fig. 5A). These results were confirmed by analyses of URA3Y mBRMA
levels by qRT-PCR: in WT, but not in sir2 Ara cells, Tels: URAZ" RNA levels were lower at 39°C compared Lo
30°C (Fig, 5B), Consistent with the silencing assays, gUhlP of the TELS, URAZ™ marker revealed lower levels of
H3KS acetylation at 3%°C compared to 30°C (Fig. 5C). Thus telomere repeats are silenced (o a greater degree at
febrile temperature than at 30°C, a temperature considered relevant for growth of C. allicans on the skin, These
resulls indicate that telomeric heterochromatin is dynamic and can be remodelled in a Sir2-dependent manner
in response e an environmental change,
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Figure 4. Heterochromatin at C. albicans telomeric regions, Left panel: Schematic of Tel5: URAS
reporter strain. Right panels: Silencing assay of the Tel5: URA3Y reporter strain in WT and sir2 /A,

(A) URA® [URAZY) strain was included as a control, (B,C) RNA dcrpasrqurndhg of 5ir2 AlA and WT
isolates, {B) Mormalised read counts (FPEM) of subtelomeric genes were calculated from RNA-seq data
for WT and sir2 AfA 1solates, The heat-map depicts the log2 fold ratio of FPEM data between sir2 Afd and
WT isolates, (C) Baxplot showing log? fold changes in transcriptional expression of subtelomeric genes
between sir2 AfA and W isolates (D-F} gChIF 1o detect H3K9Ac and H4K 1 6ac levels associated with
Tela-URAF" and ACTE in WT and sir2 A7ZA strains, {C) HiK4me2 levels associated with Tel3: URAF and
ACTTin WT and set] A/A isolates, Error bars in each panel: Standard deviation {813) of three hiological
replicates.

Discussion
This study provides the first comprehensive analysis of the chromatin state of C. albicans DNA repeats. Our data

demonstrate that, tn C. albicans, differential chromatin states control gene expression and epigenetic plasticity is
linked to adaptation to a specific environmental niche.
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Figure 5. Telomeric heterochromatin is plastic, (A) Lefi pancl; Schematic of Tel5:URAZT reporter strain,
Right panels: Silencing assay assessing transcriptional silencing of the Tel5: URAZ" reporter strain in W and
strd ASA isolates at 30°C, in the presence of 1 mM H,Oy, 200 ngfpl fluconazole and at 39°C. A URA' (URA3 ')
strain was included as a control. (B) qRT-PCR analyses to measure Tol5: URAI™ transcript levels relative to
ACTI at 30°C and 39°C in WT (left panel) and sir2 474 (right panel} strains. (C) gCAIP to detect HIKAc
levels associated with Tel5:URAIT and ACTT in WT and sir2 A/ isolats at 30°C (Left panel} and 33°C (Right
panel). Error bars in cach panel: Standard deviation (503) of three biological replicates.

We find that the NTS region of the rfl2NA locus maintains a bona fide silent heterochromatin state that
represses coding and non-coding transeription and is marked by the histone modification pattern typical of het-
erochromatic regions: hypoacetylation of histone H3IK9 and histone H4K16 together with hypomethylation of
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H3K4 (Fig. 1). We identify Sir2 (orf19.1992) as one of the key enzyines necessary to malntain this chromatin state
(Fig. 2). In & cerevisiag, Sir2 targeting to the rDMNA locus is dependent on the RENT complex ™% BLAST analy-
ses identify orthologues of the RENT complex components Netl (orf19.267) and Cdel4 (orf 19.4192). Therefore,
it is very likely that, as ohserved in 8, cerevisiae, a conserved RENT complex targets heterochromatin at the
. albicans TDMA locus. However, the mode of action of $Sir2 in C. albicans differs from S, cerevisine: while at
5 cerevisige rDNA logus, Sir specifically deacetylates K16 on histone Hd, . albicans SivZ, reduces H3KS acetyl-
ation. Therefore, heterochromatin at the non-transcribed regions of the rDNA array seems uhiguitous but it can
differ in its structure,

We demonstrated that the MRS repeats are assembled into chromatin hypomethylated on H3K4, as observed
i heterochromatic regions, but haghly acetylated, as in euchromatic regions, Low levels of H3E4 methylation are
not sufficient to create a transcriptionally repressive environment as a marker gene inserted at MRS repeats is not
silenced. In addition, expression of MES-proximal genes is not regulated by Sir2 (Fig. 3).

I many organisms, insertion of artificial DNA areay is sufficient to seed heterochromatin®', Therefore, it is
surprising that MRSs, being composed of very long tracts of nested repeats, are not assembled into classical het-
erochromatin, Why are MRSs not associated with heterochromatin? One primary function of heterochromatin is
to inhibit recombination promoting genome stability, It is possible that hypomethylation on H3K4 is sufficient to
block recombination or that an alternative mechanism promote genome stability at the MRSs.

Altermatively, genome instability at the MESs could be beneficial for ©, albicans, an organism lacking a canon-
ical sexual cycle and meiosis™. Lack of heterochromatin at these loci could ensure high level of mitotic recombi-
mation, a key event to generate genomic diversity, In support of this hypothesis, analyses of clinical isolates suggest
that MESs might act as recombination hotspots as they can expand and contract and are known sites of translo-
cations™ *** However it has been shown that, under standard laboratory growth conditions, recombination rate
at the MRS repeats is not higher compared w0 a non-repetitive locus even though MESs might have an effect on
chromosome disjuncl.iﬂn"-"“ Cur understanding of the biology and the function of the MES loci remains limited,
making it very difficult to assess whether this epigenetic signature controls MRS function, Further studies will
reveal whether and how the epigenetic state associated with these repetitive clements contributes to C. albicarns
biclogy,

Traditionally, telomeric heterochromatin has been described as a repressive chromatin structure that silences
expression of sublelomeric genes®, Recent studies have challenged this hypothesis and highlighted the diversity
of structure and functions of telomeric chromalin across organisms, For example, in 8, cerevisiae the Sir silencing
complex is responsible for the assembly of hypoacetylated telomeric heterochromatin'. However, this chromatin
state has a limited ability to repress transcription of subtelomeric genes', The veast C. lusilaniae appears to lack
telomeric heterochromatin'. In the fungal pathogen Cryptococcus neaformans telomeric chromatin is methylated
on K27 of histone H3 and silences expression of genes located in a 40 kb subtelomeric region®. We find that,
. albicans telomeres have also a specialised chromatin structure. Despite the apparent absence of Sir silenc-
ing proteins, C albicans telomeres are associated with transcripionally repressive heterochromatin (Fig. 51, Sir2
(orf19.1992) controls heterochromatin assembly at telomeres by deacetylation of histones. We hypothesise that
am as yel unidentified protein complex targets Sir2 (o telomeres, We demonstrate that telomeric heterechromatin
transeriptionally silences subtelomeric genes as deletion of the 3TR2 gene causes their upregulation. This maod-
ulation is likely ko have major impacts on the biology and the pathogenicity of C. albicans as many subtelomeric
genes have key regulatory functions. For example, the subtelomeric TLO genes encode proteins with similarity to
Med2, a component of the Mediator complex that regulates transeription by RNA polymerase [1** and the subtel-
omeric gene Nagd encodes for a putative transporter™,

We find that telomeric heterochromatin is dynamic; the ability of telomere terminal repeats to repress the
expression of an embedded TRAS gene is affected by a physiologically-relevant stress condition with silencing
much stronger at a temperature {39°C} mimicking fever in the host than at lower temperatures (30°C), This
enhanced silencing is linked Lo changes in chromatin structure, as telomeres al 3% *C had lower levels of H3K$
acetylation and Sir2 was required for the increased silencing, This effect is specific for telomeric regions and for
temperature shift as other loci are not affected by temperature changes and other physiologically relevant stresses
do not lead to chromatin remodelling. Therefore, in C. allvcans, adaptation to hagher temperature is linked to
chromatin remodelling at telomeric regions.

Dynamic heterochromatin is seen at telomeres in many species: For example, in 5. cerevisioe, transcriplional
silencing at higher temperature is enhanced at telomeres and weaker at the rDNA locus™. This could be due toa
lemperature-sensitive protein important for telomere function™ or to changes in the levels of heat shock factors
al different temperatures™, The dynamics of heterochromatin alse affects virulence and pathogenesis in at least
some microbial pathogens. For example, welomeric heterochromatin regulates the expression ol the antigenic var-
fation gene in parasites™. The biological consequences of telomere chromatin plasticity in C. aflicans remain to be
determined. Tt is possible that changes in telomeric heterochromatin correlate with changes in expression of sub-
telomeric genes. Allernatively, chromatin remodelling at telomeres could regulate genomic stability of these loci.

In conelusion, this study highlights the diversity and plasticity of chromatin states associated with DINA
repeats in Candida albicans. the most common human fungal pathogen. We show that in C. albicans differential
heterochromatin states control gene expression independently of the underlying DNA sequence and remodelling
of heterochromatin is linked to adaptation in a stress condition.

Methods

Growth conditions.  Yeast cells were cultured in rich medium (YPAD) containing extra adening (0.1 mgfml)
and extra wridine (0.08 mg/ml}, complete SC medinm (Formedium™) or $C Drop-Out media (Formedium"™).
Cells were grown at 30 °C or 39°C as indicated.
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Yeast strain construction.  Strains are listed in Supplementary Table 1. Integration and deletion of genes
were performed as previously described™. Oligonuclentides and plasmids used for strain constructions are listed
in Supplementary Table 52 and Supplementary Table 54, respectively. Transformation was performed by electro-
poration (Gene Pulser'™, Bio-Rad) using the protocol described in™, Correct integration events were checked by
PCR and/for Southern blotting using primers listed in Supplementary Table 52 (Fig. 53]

Silencing assay. Growlh analyses with rDNAGURASY, Tels: URASY and MRS:URA3Y strains were per-
formed using a plate reader (SpectrostarMNana, BMG labtech) in 24 well or 96 well plate format at 30°C. When
indicated Silencing assays were performed in the presence of 200 ngfpl of fluconazole (Sigma), 1 mb H,0,
(Sigma} and 39°C. For each silencing assay in a 24 well plate format, 1 ml of a starting culture was inoculated in
SC or SC-Uri media to reach a concentration of 60 cells/pl. Growth was assessed by measuring A, ... using the
[ollowing conditions: QD600 nm, 36005 cycle time, 30 ﬂaaﬂ'l.usp:rwtll. Ak rpm shaking fn:qucnq.n douhle arbital
shaking mode, 850 5 additional shaking time after each cyele, 0,55 post delay, for 44 to 60 howrs at 30°C, For each
silencing assay in 96 well plate format, 1:100 dilution of an starting culture was inoculated in a final volume of
95 ul of $C or SC-Uri media to reach a concentration of 60 cells/pl, Growth was assessed by measuring A, using
the following conditions: QD00 nm, 616 cycle time, 3 flashes per well, 700 rpm shaking [requency, orbital shak-
ing mode, 545 s additional shaking time after each eyele 0.5 s post delay, for 44 hours.

Graphs represent data from three biological replicates, Errar bars: standard deviations of three biological rep-
licates, Data was processed using SpectrostarMNano MARS soltware and Microsell Excel.

RMA extraction and cDNA synthesis.  All strains were grown in YPAD rich media. RNA extraction
was performed using a yeast RNA extraction kit (E.Z.NA.® Isalation Kit RNA Yeast, Omega Bio-Tek) fallow-
ing the manufacturer's instructions. KNA quality was checked by electrophoresis under denaturing conditions
in 1% agarose, 1> HEPES, 6% Formaldehyde (Sigma). RNA concentration was measured using a NanoDirop
ND-1000 Spectrophotometer. cDNA synthesis was performed using iScript™ Reverse Transcription Supermix
for RT-qPCR (Bio-Rad) following manufacturer’s instructions and a Bio-Rad CFXConnect™ Real-Time System.

High-throughput RNA sequencing.  Strand-specific cDNA Tlumina Barcoded Libraries were generated
from | pg of total RNA extracted from WT and 5ir2 A/A and sequenced with an [lumina i5eq2000 platform.
Illumina Library and Deep-sequencing was pcrfurmcd by the Genomics Core Facility at EMBL (Heidelberg,
Germany), Raw reads were analysed lollowing the RNA deep sequencing analysis pipeline described ™ using
Galaxy (https:/usegalaxy.org/) and Linux platform. Heatmaps and boxplot graphs were generated with B {hetpe//
www.r-projectorg!). RNA sequencing data are deposited into ArrayExpress (accession number E-MTAB-4488).

Quantitative Chromatin ImmunoPrecipitation (qChIP). qChIP was performed as described™
with the following modifications: 5ml of an overnight culture grown in ¥ PAD with extra uridine (0,08 mg/
ml), diluted into fresh YPAD with extra uridine (0.08 mg/ml) and grown until QD800 nm of 1.4. Cells (50 mlf
sample) were fixed with 1% Paraformaldehyde (Sigma) for 15 min at room temperature. Cells were lysed using
acid-washed glass beads (Sigma) and a Disruptor genie ™ (Scientific Industries) for 30 min at 4°C. Chromatin
was sheared to 500-1000bp using a Bioruptor (Diagenode) for a total of 20 min (308 ON and OFF cvcle) at
4°C. Immunoprecipitation was performed overnight at 4 °C using 2 pL of antibody anti- 1 T3K4me2 (Active Motif-
Cat Mumber: 39141), anti-HIK%ac (Active Motif- Cat Number: 39137), and anti-H4K16ac { Active Motif- Cat
Number: 39167) and 25 pl of Protein G magnetic beads (Dynal - InVitrogen). DNA was cluted with a 10% slurry
of Chelex 100-resin (Bio-Rad) using the manufacturers instructions,

gPCR reactions. Primers used are listed in Supplementary Table 53, Real-time gPCE and BT-qPCR was
performed in the presence of SYBR Green { Bio-Rad) on a Bio-Rad CFXConnect ™ Real-Time System. Data were
analysed with Bio-Rad CFX Manager 3.1 software and Microsofl Excel, Enrichments were calculated as the per-
centage ratio of specific 11" over input for qChIP analysis and as enrichment over actin for RT-qPCIR, Hislograms
represent data from three binlogical replicates. Ervor bars: standard deviation of three biological replicates.

Southern blot. Genomic DNA was extracted using glass acid beads (Sigma), phenol: cholorform: isoamyl
aleohol {25:24:1) (Sigma) and RNAse A treated {Fisher). Following centrifugation, pellets were precipitated with
.05 mM Sedium Acctate (Sigma) and Ethanol {Fisher) at —20°C during 30 minutes and resuspended in water.
Genomic DINA was then digested with corresponding enzymes and run in 1% agarose gel, DNA was transferred
to a nylon membrane {Zeta probe membranes, Rio-Rad), probed with DIG probes {Roche) and hybridized as
described .

Microscopy.  Microscopy was carried oul using an Olympus IX81 inverted microscope. Images were captured
with a Hamamatsu photonics C4742 digital camera, with light excitation from an Olvmpus MT20 illumination
system. Olympus CellR imaging software was used to control the apparatus.,
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Supplementary Figure 1 C. albicans DNA repeals.

(A) Schematic of Candida albicans repeats. The cluster of ribosomal DNA repeated genes

(rDNA) is located on chromosome R. Major Repeated Sequences (MRS) are located in all

chromosomes except chromosome 3. Telomeric repeats are present at the end of each

chromosome. (B) Organisation of the rONA locus in C. albicans. The rDMA locus is formed

by tandem arrays of a 12 kb unit repeated 50 to 200 times on chromosome R. Each unit
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contains the 35 S and the 55 rRNA genes that are separated by two Non-Transcribed
Regions (NTS1 and NTS2). The 35 S gene is the precursar of the 188, 5.85 and 285 rRNAs
that are separated by ITS (Internal Transcribed Spacer) elements (C) Organisation of MRS
repeats. The MRS repeats are formed by tandem arrays of a 2 1 kb unit (RPS) flanked by
HOK and RBP-2 elements. (D) Crganisation of Telomeric repeats. Telomeric repeats are
found at the end of each chromosome and are composed of tandemly repeating 23 bp unit.

The sequence of the unit is indicated.
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Supplementary Figure 2. Sir2-like proteins in Candida albicans

(A-E) Left paneis: Diagram depicting protein length and domain organisation of the C. albicans
Sir2-like proteins. The percentage (%) protein sequence identity between the C. albicans
proteins and S. cerevisiae Sir2 is indicated. Right panels: Pairwise sequence alignments

between S. cerevisiae Sir2 and C. albicans proteins with similarity to S. cerevisiae Sir2.
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Supplementary figure 3. Transcripfional Silencing at C. albicans telomeric repeats.
gRT-PCR analyses to measure URA3 transcript levels relative to actin transcript levels (ACTT)
at 30°C in Tel5.URA3 wild-type and sir2 A/A strains compared to URA3 endogenous

transcription levels. Error bars: SD of three biological replicates.
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Supplementary Fig 4. qRT-PCR analyses to measure transcript levels of subtelomeric coding
and non-coding transcripts (Novel Chr3 001, onf19.7545, of19.2160, orffi9.7127 and
orf19.4054) relative to actin transcript levels (ACT7) in Tel5. URA3 wild-type and sir2 A/4
strains compared to URA3 endogenous franscription levels. Error bars in each panel:

Standard deviation (SD) of three biological replicates.
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Supplementary figure 5. Environmental changes do not affect the transcriptional state of the

rDNA locus

(A) Schematic of rDNA-"URAS3 reporter strain. (B) Silencing assay assessing transcriptional
silencing of the rDNA::URA3 reporter strain in wild-type and sir2 deletion mutant (sir2 A/A) at
30°C, 39°C, in the presence of 1 mM Hz20z, and 200 ng/pl fluconazole. Cells were grown in
non-selective {N/S) and media lacking uridine (-Uri) and Asx: was measured every hour for 44

hours. A URA® (URA3) strain was included as a control. Error bars: SD of three biological

replicates.
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Supplementary figure 6. Environmental changes do not affect the transcriptional state of MRS

repeats

(A) Schematic of MRS::URA3* reporter strain. (B) Silencing assay assessing transcriptional

silencing of the MRS::URA3" reporter strain in WT and sir2 deletion mutant (sir2 A/A) at 30°C,

in the presence of 1 mM H;O;, and 200 ng/ul fluconazole and at 39°C. Cells were grown in

non-selective (N/S) and media lacking uridine (-Uri) and Aspx was measured every hour for 44

hours. Error bars: SD of three biological replicates.
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Supplementary Figure 7. H202 treatment and Fiuiconazoie treatment does not affect

silencing at tefomeric regions

A) Left panel: Schematic of Tel5::URA3J" reporter strain. Right panels: Silencing assay

assessing transcriptional silencing of the Te!5::URA3* reporter strain in WT and sir2 deletion

mutant (sir2 A/A) at 30°C, in the presence of 1 mM Hz02, 200 ng/pl fluconazole. Cells were

grown in non-selective (N/S) and media lacking uridine (-Uri) and Asz was measured every

hour for 44 to 60 hours.
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Supplementary figure 8. Plastic Heterochromatin at telomeric region

A) Cell morphology of WT and sir2 D/D strains grown at 30 °C 39 °C for 24 hours in YPAD
medium. B) Left panel: Schematic of Tel7-:URA3™ reporter strain. Right paneis: Silencing
assay assessing transcriptional silencing of the Tei7::URA3" reporter strain at 30°C and at
39°C. Cells were grown in non-selective (N/S) and media lacking uridine (-Uri) and Asz was

measured every hour for S0 hours. Error bars: SD of three biological replicates.
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Supplementary figure 9. URA3+ marker gene reporter strains.

(A) Schematics of rDNA-URA3" and MRS-URA3". (B) PCR analyses confirming integration
of the URA3" marker gene at the rDNA locus (rDNA-URA3") and the MRS repeats
(MRS:"URA3"). (C) Southern blot of C. aibicans genomic DNA digested with arm specific
enzymes (Tel5L: Xbal, Tel5R- Sphl, Tel7L: Pstl, Tel7R- Sall) demonstrating that the URA3*
gene is inserted on Chromosome 5 left arm (Te/5LURA3) and Chromosome 7 left arm

(Tel7L"URAS3) . The blot was probed with a DIG probe targeting the URA3* gene.
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Supplementary Table

Supplementary Table 1 Strains used in this study

Strain Description Genotype

number

Bu_20 Sir200A ura3A Aimm434ura3Aimm434 his1 o hisGMisT hisG
arg4.-hisGlarg4.-hisG  sir2 A HIS1/5ir2 AZARGY

Bu 44 Tel5:URA3 Tel5 URAS ura3A - Aimm434/uradA Aimm434
his1. hisG/His1.hisG arg4.-hisGrarg4-hisG

Bu 435 Tel5:URAS sir2hih Tel5 URAS ura3A - Aimm434/uradA Aimm434
his1::hisG/Mhis1 . hisG arg4.-hisGrarg4: hisG
Sir2AHIS1/Er2AARGE

Bu_s0 BWP17 ura3d: Aimm434/4ura3fimm434
HIS1. his1 hisGMisT hisG ARG4-arg4. hisG/arg4..hisG

Bu_70 setTAA ura3A Aimm434ural3Aimm434 hisi1: hisG/isi hisG
arg4:-hisGrargd -hisG  set! A HIS1set AZLEUZ

Bu_83 Tel7:URA3 Tel7:URAZ ura3A- Aimm434/ura3i; - Aimm434
his1. hisG/his1.0hisG arg4.hisGrarg4-hisG

Bu_95 rONAURA3 rONAURAS ura3d Aimm434/ura3dimm434
his{:-hisG/Ais1-hisG argd  hisGsarg4: hisG

Bu_102 | rONA:URAS sir2AvA rODNAURAS ura3A Aimm434/ura3Aimm434
his{:-hisG/Ais1-hisG arg4d hisGsarg4: hisG
Sir2AHIS1/5ir2AARGS

Bu 106 | rDNA-URAS hst1A/A rONAURAS ura3d Aimm434/ura3dimm434
his{:hisGAis1 isG argd: hisGrarg4: hisG
hst1AHISTMSHAARGS

Bu_215 | BWPIY ura3A Aimm434/ura3A:Aimm434 hist1 hisG/his1. hisG
arg4: - hisGlarg4:-hisG

Bu_237 | MRS:.URA3 MRSIURAS ura3A Aimm434/ura3Aimm434
HIS1. his1 hisGMisT hisG ARG4. arg4 hisG/arg4. .hisG

Bu_244 | MRS:URA3 sir2A/A MRS URAZ ura3A Aimm434/ura3Aimm434

his1 hisG/Ais1 hisG arg4 hisGrarg4.-hisG
Sir2AHIS1/5ir2ANAT
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Supplementary table 2. Primers used in this study

Primer Sequence Figure Description
Bu_91 TTACATCTTATGGCTATGA | Fig 3A, 368 MRS URA3
ATTGGCACTAGTTGGETC
CTTCTAGCATCGAAACTGA
CTGTGTCAGCCTTAGCGG
AGTTAATTTCACATTGTTTT
CCCAGTCACGACGTT
Bu_52 TTGAAGCTACAATTATGTA | Fig 3A, S6B MRS IURA3
GAGTATTGGGTGTGAATTA
GGCATGAATCGGATCAAA
ATTGGTTGAGCTATTGAAG
AAAACGTTTTCTCCGTGGA
TGTGGAATTGTGAGCG
Bu_5& CCTTAACTCCGTCTCCGTG | Fig 3A, 56B Primer to check
T MRS:IURAS3
Bu_121 GGAGTACTCCTATACTAAT | Fig 1A-B, 2A-C | rDNAURA3
AACAAACACTCCACTATAA | 35B
TTGGCAACCACAATTATGE
CTGGGGAAATATTGTTTTC
CCAGTCACGACGTT
Bu_122 AATGCACGTGACCCACAC | Fig 1A-B, 2A- | rDNATURAS
AATTTTCAACCACCAACAA | C, 35B
CACACCAAAAATGTATGTA
CACTCGGAGTGGAATGTG
GAATTGTGAGCGGATA
Bu_131 GACTGGCCAATTATAAATG | Fig 1A-B, 2A- | Primer to check
TGAAGG C, 55B TONALURAS
Bu_132 GTCTAAATTCCCCTTCCCC | Fig 1A-B. 2A- | Primer to check
ATAC C, 835B rDNAURA3
Bu_135 CTAGAAATCACTAGTGCG | Fig 3A, 368 Primer to check
GCC MRS.URAS
Bu_1329 GAGTGAGTGAGTGGAGTA | Fig2B-C, Primer to check
GCG Fig3A, Figs5B, | sir2A/4 deletion
FigS6B
Bu_152 CTGGAGAAAATATAACCALC | Fig2B-C, sir2A/A deletion
GAGTCTAAGTTTCTTTATT | Fig3A, FigSsB, | mutant
ATATTGACGTTTCAGTTAT | Fig35B
TTGAGAGAAATCCTCTAGT
AGTTTTCCCAGTCACGACG
1T
Bu_153 ATATATAAATATATAAATAT | Fig2B-C, sir2A/A deletion
ATATATATAAAAGAATTGA | Fig3A, Fig3sB, | mutant
AAAGAAALACATTAAAGAC | FigSsB
ACCAATATTAATTTAATGT
GGAATTGTGAGCGGATA
Bu-158 CTATCAAAACACTCACTTA | Fig2A hst1A/4 deletion
GTTACATATATATTCTTATT mutant
CTTATCAATTATTACTAATA
ACAAATAACAATCAATAGT
TTTCCCAGTCACGACGTT
Bu-159 ACGTCTATAGTTTATCTAT | Fig2a hsi1A4 deletion
CGGGEGCTTTCTCTTCCTCT mutant
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TTGTCCTCGTTGTCCACTT

TATCTTGTTTTGGCTCTTG
TGGAATTGTGAGCGGATA
Bu_164 CGGTCTGGTAAATGATTGA | Fig2B-C, Primer to check
C Fig3A, FigSsB, | HIST integration
FigS6B
Bu_165 AGTGTGGAAAGAAGAGAT | Fig2B-C. Primer to check
GC FigSsB ARG integration
Pf_169 CACCACCACTTCTACCACT | Fig2A Primer to check
TC hst1A/A deletion
Bu_179 CTGTATCTATAAGCAGTAT | Fig 3A, FIgS5B | Primer to check
CATCC NAT integration
Bu_286 CTGGAGAAAATATAACCAC | Fig 3A, FIgS5B | sir2A/A deletion
GAGTCTAAGTTTCTTTATT mutant
ATATTGACGTTTCAGTTAT
TTGAGAGAAATCCTCTAGT
AGTAAAACGACGGCCAGT
GAATTC
Bu_287 ATATATAAATATATAAATAT | Fig 2A, FigSeB | sir2A/A deletion
ATATATATAAAAGAATTGA mutant
AAAGAAAAACATTAAAGAC
ACCAATATTAATTTAATGC
ATCAATTGACGTTGATACC
AC

Supplementary tabie 3. gPCR primer used in this study

Primer Sequence Figure Description
Bu_108 GGCACTAGTTGGGTCCTT | FigaD-F MRS: gChip
CT
Bu_109 GGGCCGTTTTGAAGCTAC | FigdD-F MRS qChip
AA
Bu_129 GTTGTCTGACCATGGGTA | Fig2E-G rDNA- qChip
TACCA
Bu_138 CCAGGCATAATTGTGGTT | Fig2E-G rDNA :qChip
GCC
Bu_141 GTTGGGCAGATATTACCA | Fig1B,2C, 5B-C, | URA3 probe.
ATG Figss3, Figso Tel5-URAS3 qChip,
RT-gPCR
Bu-142 CCTTCACATTTATAATTGG | Figs9 URA3 probe
cC
Bu_174 CTACGTTTCCATTCAAGCT | FiglB, Fig2C-G, | Actf: qChip, RT-
GTT FigaD-F, FigdD- | gPCR
F. FigsB-C
Figs3, Figs4
Bu_176 AAMACTGTAACCACGTTCA | Fig1B, Fig2C-G, | Acti: qChip, RT-
GACA FigaD-F, FigdD- | gPCR
F. FigsB-C
Figs3, Figs4
Bu_204 CAAATTCCTTATCGGATTT | Fig1B,2C, 6B-C. | URA3, Tel5-URA3
AGC FigS3Figs3 qChip, RT-gPCR
Bu_430 GGCAGAGGAAGCGAAGA | Figsd orf19.7127 RT-
AG gPCR
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Bu_431 CACTTGAACCTCCCTTCTA | Figs4 0rf19.7127 RT-
G gPCR

Bu_432 CTTGGACATGAACAACAT | Figsd orf19.4054 RT-
ACTTG gPCR

Bu_433 GTTGTAGAGTCGACTGAC | FigSd orf19. 4054 RT-
TCAAG gPCR

Bu_434 TGTCTGACCATGGGTATA | Fig2D Novel ChrR_R093
CCA RT-gPCR

Bu_435 CCGTAGCCCTAACCCTAA | Fig2D Novel ChrR_R093
TT RT-gPCR

Bu_436 GACGCTAGAAGCTTGGTG | Figsd 0rf19.2160 RT-
TC gPCR

Bu_437 CGTAAACCAGATTCCAGG | FigSd orf19.2160 RT-
TC gPCR

Bu_438 AAATACGAGGGGACCAGA | Figsd orf19.7545 RT-
AG gPCR

Bu_439 CTTCGATGTGGTGATTGC | Figsd 0rf19.7545 RT-
AC gPCR

Bu_440 CAGATGAAGAATGCAGTT | FigSd Nove]_Chr3_001
cle RT-gPCR

Bu_441 TCTCCAGCACTGTTCACT | Figs4 Novel_Chr3_001
cc RT-gPCR

Supplementary table 4. Plasmids used in this study

Plasmid Description

pGEMURA3 LIRAZ3 integration products
(Wilson et al, 1999)

pGEMHIS HI51 substitution products
(Wilson ef al, 1999)

pRS-Arg4Spel | Arg4 substitution products
(Wilson et al, 1999)

pHA_NAT NAT substitution products
(Gerami-Nejad et al, 2012)

Supplementary tabie 5. Gene expression profile of MRS-assaciated genes in sir2 A/ versus

wild-type isolates

Gene hame FFPKM
Orf name ratio orf Chr Distance from MRS
orfl9.1233 ADE4 0.123204 | OrfL 1| 2kb
orfl9.4712 FGRA-3 0.466022 | OrfC 1 | Inside MRS
orfl9.4713 0.0576256 | OrfR 1| 1kb
orfl9.1742 HEM3 -0.0372117 | OrfL 2| 4kb
orf19.3490 FGRE-4 0.0658554 | Orf C 2 | Inside MRS
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orf19.5316 FGR29 1.31931 | OrfR 2| 1kb
orf19.1801 CBR1 -0.202934 | OrfL 4| 6kb
orf19.1234 FGRE-10 0.349738 | Orf C 4 | Inside MRS
orf19.1235 HOM3 0.273063 | Orf R 4| 1kb
orf19.4349 - 0.307224 | OrfL 5| &kb
orf19.2655 EUB3 -0.454529 | OrfR 5| 1kb
orf19.5773 - -0.899313 | OrfL 6| 3 kb
NOVEL-Ca2lchré-

037 - -0.571963 | OrfC 6 | Inside MRS
orf19.1221 ALG2 0.0469119 | Orf R 6| 1kb
orf19.7006 - 0.109973 | OrfL 7| 5kb
NOVEL-Ca2lchr7-

016 - 0.228365 | Orf C 7 | Inside MRS
orf19.6898.1 - 0.122529 | OrfR 7| 3kb
orf19.3695 - -0.166099 | OrfL 7| 3kb
orf19.5191 FGRE-1 0.795988 | OrfC 7 | Inside MRS
NOVEL-Ca21chr7-

042 - 1.52733 | OrfR 7| 3kb
orf19.3888 FGIH -1.28362 | OrfL 3kb
NOVEL-

Ca21chrR-061 - 1.49026 | Orf C Inside MRS
orf19.726 FPFPZ1 0.0324678 | OrfR 4 kb

Supplementary Table 5

List of the MRS-proximal transcripts analysed in this study. The Log FPKM ratio of transcripts

detected in sir2 A/A versus wild-type isolates is indicated. Orf numbers, gene name,

chromasomal position and distance of each transcripts to MRS repeats is indicated.
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Supplementary table 6. Gene expression profile of subtelomeric genes in Sir2 A/ versus
wild-type isolates

Gene FPKM
Gene name ratio orf # Chr Distance from Telomeric repeats
NOVEL_Ca21chri- -
001 1.60282 | Of 1 1L ~2kKb
NOVEL_Ca21chri- -
002 275269 | Orf 2 1L ~3kb
orf19.6115 - 378323 | Orf3 1L ~4kb
orf19.6114 - 1.98411 | Orf4 1L ~4kb
MOVEL_Caz21chri- -
003 1.94456 | Orf5 1L ~5kb
orf19.7278 - 1.91178 | Orf 1 1R ~700 bp
orf19.7276.1 TLO4 | 0527333 | Of 2 1R ~2kh
orf19.7277 0.0458087 | Orf 3 1R ~7kb
orf19.7275 FGR24 | (0127308 | Orf4 1R ~Tkb
orf19.7274 -| 0.542814 | Orfa 1R ~7kb
NOVEL_Ca21chrz- -
001 1.37521 | Of 1 2L ~900 bp
MOVEL_Ca21chrz- -
002 0.659394 | O 2 oL ~3 kb
orf19.1925 TLGS 1.06682 | O 3 L -5 kb
orf19.1923 REN3 1.1434 | Orf4 2L ~7 kb
orf19.1920 - 210183 | Orfa i ~8kb
MOVEL_Ca21chrz- -
097 0.029059 | Orf 1 IR ~600 bp
orf19.5370 -| 0417282 | Orf 2 IR ~5 kb
orf19.5369 -| 0.802781| Orf 3 2R ~5 kb
orf19.5368 - | -0.471883 | Orf4 IR -8 kb
orf19.5265.1 - | -D.705217 | Orf5 IR ~10 kb
NOVEL_Ca21chra- -
001 1.93103 | Orf 1 aL ~2 kb
NOVEL_Ca21chra- -
002 258399 | Orf 2 aL -3 kb
orf19.5474 - 1.71582 | O 3 3L ~5 kb
orf19.5459 - 1.69472 | Orfd aL -8 kb
orf19.5458 - 211177 | Orf5 aL ~13 kb
NOVEL_Ca21chra- -
067 1.29225 | Of 1 3R ~700 bp
orf19.6192 - 1.59438 | Orf 2 3R ~4 kb
NOVEL_Ca21chra- -
085 1.12003 | O 3 3R ~5 kb
orf19.6191 TLOE 2.4063 | Orfd 3R ~-12 kb
orf19.6190 SRB1 1.37969 | Orf5 3R ~15 kb
orf19.362 TLOS 1.32941 | Orf 1 4L ~2 kb
MOVEL_Ca21chrd- -
001 0.750471 | O 2 4L ~2 kb
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orf19.364 -| 0295101 | O 3 4L -4 kb
orf19.366 - | 0.950516 | Orf4 4L ~5 kb
orf19.3567 CNHT | 0.0784385 | Orf5 4L ~7 kb
MOVEL_Ca21chrd- -

075 0.416886 | Orf 1 4R 1 kb
MOVEL_Ca21chrd- -

074 0.595045 | Of 2 4R 5 kb
orf19.3070 - | 0.0911503 | Orfd 4R 5 kb
orf19.3076 -| 0475355 | O 3 4R 7 kb
orf19.3077 ViD21 | 0933247 | Orf5 4R 9 kb
orf19.5700 TLO1I 1.33724 | Orf 1 5L 2 kb
orf19.5698 -| 0941254 | O 2 5L Skb
orf19.5693 -| 0994588 | Orfd 5L 5 kb
orf19.5694 -| 0779541 | Orf 3 5L 7 kb
orf19.5691 COCI1 | 0910976 | Q5 5L 10 kb
orf19.4055 -| 0.705101 | Orf 1 5R 2 kb
orf19.4054 CTAz4 1.08844 | Of 2 SR Kb
NOVEL_Ca21chrs- -

051 1.76277 | Orfd 5R 10 kb
orf19.4051 HTS1| 0995183 | Orf 3 5R 13 kb
orf19.4048 DEST | 056469 | OMS 5R 13 kb
orf19.6338 -| 0781793 | Orf 1 6L 4 kb
orf19.6337 TLO1S | 114565 | Orf 2 5L 5 kb
orf19.5336 PGA25 | -0.155507 | Orfd 5L 10 kb
orf19.6329 -| 131487 | O 3 5L 11 kb
orf19.5328 - | 0.902296 | Or5 5L 12 kb
MOVEL_Ca21chrs- -

044 1.10283 | Orf 1 6R 2 kb
orf19.2163 -| 0377088 | Orf 2 6R )
orf19.2160 NAG4 | 441018 | Orf4 6R S kb
orf19.2158 NAGS | 284948 | Orf 3 6R 10 kb
orf19.2157 DACT 1.86075 | OrfS 6R 12 kb
orf19.7125 -| 0.454194 | Orf 1 7L 1 kb
orf19.7124 RVS161 | 0.0573432 | Orf 2 7L 2 kb
orf19.7123 - | -0.142634 | Orf4 7L 3 Kb
orf19.7121 -| 102638 | O 3 7L 3 kb
orf19.711% RAD3 | 0133712 | Orf5 7L & Kb
orf19.7127 TLOTE | 232205 | O 1 7R 6 kb
orf19.7127 1 -| 220881 | 02 7R 8 kb
orf19.7128 SYS1| 0.110454 | Orf4 7R 9 Kb
orf19.7130 -|  1.41083 | Orf 3 7R 9 kb
orf19.7131 -| 0956586 | OS5 7R 10 kb
orf19.7545 -| 206856 | Orf 1 RR )
NOVEL_Ca21chrR- -

001 -0.770757 | Orf 2 RR 7 kb
orf19.7544 TLOA 1.81897 | Orf4 RR 9 kb
orf19.7539.1 -| 0471387 | O 3 RR 12 kb
orf19.7539 INOZ2 | 0.600065 | OrfS RR 14 Kb
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orf19.7680 CTA26 | 126797 | Orf 1 RL %00 bp
orf19.7678 ATP18 1.3481 | Orf 2 RL 2 kb
orf19.7676 X¥YL2 1.66989 | Orf4 RL 3 kb
orf19.7675 -| 0.766025 | O 3 RL 3 kb
orf19.7673 -| 0485425 | o5 RL 4 kb

Supplementary Table 6

List of the subtelomeric transcripts analysed in this study. The Log FPKM ratio of transcripts

detected in sir2 A/A versus wild-type isolates is indicated. Orf numbers, gene name,

chromosomal position and distance of each transcripts to telomeric repeats is indicated.
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Chapter 3. Chromatin status at C. albicans

centromeres.

It contains the article: Freire-Benéitez, V., Price, R.J., and Buscaino, A.
(2016b). The Chromatin of Candida albicans Pericentromeres Bears Features

of Both Euchromatin and Heterochromatin. Front. Microbiol. 7.
Author contributions

VFB performed all the experimental work, new mutant construction,
bioinformatics and result analysis show in figures 1 17 5A and 5B. VFB made all

the figures, supplementary tables and wrote the first draft of the manuscript.
JRP performed the work show in figure 5C.

AB wrote the final manuscript and VFB made the final figures.
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1. Summary

Centromeres at chromosomes provide the anchor for kinetochore assembly and
spindle attachment. At centromeric regions, histone 3 (H3) is replaced by the
histone variant CenpA. Centromeric regions are often associated with repetitive
sequences assembled into transcriptionally silent heterochromatin. This
heterochromatin is SIR2-dependent and it is associated with low levels of
acetylation on lysine 9 histone 3 (H3K9) and lysine 16 histone 4 (H4K16) and
also with low levels of methylation at lysine 4 histone 3 (H3K4). In S. cerevisiae
methylation at H3K4 is introduced by the histone methyltransferase Setl and
removed by the histone demethylase Jhd2. C .albicans centromeres have been
proposed to have an epigenetic nature independent of the underlying DNA
sequence. Centromere core sequences are all different and unique among all
chromosomes. Moreover, not all centromeres are associated with inverted
repeats (IR) or even the same type of IR. In this chapter we address if C.

albicans pericentromeres are assembled into heterochromatin.

We show that a URA3" marker gene inserted at pericentromeric regions, both
containing and lacking repeats, is not silenced. Silencing assays failed to detect
transcriptional silencing, while RT-PCR analyses detected a reduced
expression of this marker gene. Furthermore, ChIP studies showed that all
centromeres tested are associated with high levels of histone acetylation but
low levels of methylation. RNA-sequencing analyses revealed that most
proximal genes to the centromere core are expressed to a lesser extent than
the genome average. In addition, Setl is required to increase methylation levels

of H3K4 at centromeres. Surprisingly, Jhdl, the demethylase in charge of
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reducing those levels in other organisms, has no effect at C. albicans

centromeres.

In conclusion, our analyses show an intermediate state of the chromatin
associated with centromeres bearing both features of heterochromatin and
euchromatin. This state reduces transcriptional levels associated with genes

located in proximity to pericentromeric regions.
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The Chromatin of Candida albicans
Pericentromeres Bears Features of
Both Euchromatin and
Heterochromatin

Verdnica Freire-Benéitez, R, Jordan Price and Alessia Buscaino *

Fehoo! of Bigsomces Canlarbory Kenl, Uaiversty of Kent, Canterbuy, LK

Centromeres, sites of Kinetochore assembly, are important for chromosome stability
and integrity. Most eukaryotes have regional centromeres epigenetically specified by the
presence of the histone H3 variant CENP-A. CERNP-A chromatin is often surrounded
by pericentromeric regions packaged into transcriptionally silent heterochromatin.
Candida albicans, the most common human fungal pathogen, possesses small regional
centromeres assembled into CEMP-A chromatin, The chromatin state of C. albicans
pericentromeric regions is unknown. Here, for the first time, we address this question.
We find that C. albicans pericentromeres are assembled into an intermediate chromatin
state bearing features of both euchromatin and heterochromatin, Pericentromenc
chromatin is associated with nucleosomes that are highly acetylated, as found in
suchromatic regions of the genome; and hypomethylated on H3K4, as found in
hetercchromating This intermediate chromatin state s inhibitory to transcription and
partially represses expression of proximal genes and inserted marker genes. Our
analysis identifies a new chromatin state associated with pericentromeric regions.

Keywords: epigenetics, chromatin, centromers, Candida albicans, heterochromatin

INTRODUCTION

The centromere is the eis-acting DNA site of kinetochore assembly and spindle attachment during
chromosome segregation in mitosis and meiosis. Centromeric regions have a different organization
across different species. Some organisms, such as the budding yeast Saccharomyces cerevisine, have
“point” centromeres while other organisms, such as the hssion veast, the fruit fly and human,
have “regional” centromeres (Buscainoe et al, 2010). Point centromeres are only =125 bp long
and include specific DNA binding sites necessary for centromere function (Westermann et al.,
2007), Regional centromeres span large DNA domains (~10 to 10,000 kb) and do not contain
a specific DNA sequence but are epigenetically specified by the presence of the histone H3
variant, CENP-A {also termed Cse4 and CENH3) (Buscaine et al, 2010). Regional centromeres
are often associated with repetitive elements. The structure and organization of centromere-
associated DNA repeats varies across organisms. For example, human centromeres are composed
of tandem arrays of 171 alpha-satellite repeats and, in Drosophila melanogaster, centromeric DNA
contains shorl repetitive elements interspersed with transposable elements {Buscaino el al, 20100,
In the yeast Schizosaccharomyces pombe and the fungal pathogen Candida tropicalis, centromeres
are organized in a CENP-A-containing central/mid core domain flanked by inverted repeats
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(IRs) whose sequences are conserved across  cenlromercs
(Buscaino et al., 2010 Challerjee el al., 2016). In both organisms,
these IRs are imporlant for de nove CENP-A deposition on
a plasmid containing the central core sequence (Baum ¢l al,
1994; Chatlerjee el al., 2016). Pericentromeric regions are usually
assembled into transeriptionally silent heterochromatin that is
required for establishment of CENP-A chromatin and for faithful
chromosome segregation (Bernard el al, 2001; MNonaka el al,
2002, Foleo et al, 2008), At these locations, helerochromatin
is hypoacetylated at Lysine ¥ of Histone H3 (H3KY) and
Lysine 16 of Histone H4 (H4K16), Helerochromalic regions are
also hypomethylated at Lysine 4 of Histone H4 (H3K4) and
methylated at H3K9 (Strahl and Allis, 2000; Kowsarides, 2007).
Histone modihers control this modification state: for example
the histone deacetylase (HDAC) Sir2 deacetylates HIK% and/or
H4K16, the histone methyltransferase Setl methylates H3K4
and the histone methyltransferase Su{var)3-9 methylates H3K9
(Shankaranaravana et al, 2003; Wirén ¢l al., 2005; Blhler and
Gasser, 2009; Kueng et al, 2013). Allhuugh pericentromeric
heterochromatin is usually associated with pericemtromeric
regions, this repressive chromatin state is not absolutely required
for centromere funclion and faithful chromosome segregalion.
Por example, in Candida lusitaniae pericentromerie regions are
not assembled into heterochromatin (Kapoor ef al, 2015), Given
the diversity of cenlromere siruclure across eukaryoles, il is
important to analyre centromere organization in a variely of
OTgAnisms,

Candida albicans, the most common human flJtLBal pa.l.hugl.'u.
is am ideal system Lo investigale diversity and structure of
centromeres because il possess regional cemtromeres that are
much smaller and simpler than other regional centromeres
(Sanyal et al, 2004; Baum et al, 2006; Mishra et al, 2007),
Each of the 8 C. albicans diploid chromosomes has a relatively
small regional centromere (2-4 kb) assembled inte CENP-A
chromatin (Baum el al., 2008). The organization and sequence of
pericentromeric regions differs at each centromere (Figure 1A),
Centromeres on chromosome 1, 4, 5, 6, and R are similar
Lo centromeres of the fission yeast Schizosaccharomyces pombe
where [Hs flank the CENP-A containing domain, Contrary
to 5. pombe, the sequence of these repetitive elements is not
conserved across centromeres. On chromosome 2 and 3 Long
Terminal Repeats (LTRs) are found within ~3 kb of the CENP-
A containing domain. Cemtromere on chromosome 7 does
not have obwvious repeats nearby (Mishra et al., 2007; Ketel
et al., 2009). Therefore, 7 of the 8 pericentromeric regions are
associated with DNA repeats, Several lines of evidence suggest
that, in C. albicans, pericentromeric repeats are important for
centromere function andfor establishing centromere identity.
First of all, despite the lack of conservatiom in the DNA
sequence, repetitive DNA is also associated with centromere of
other Candida species such as C. dubliniensis {Padmanabhan
el al, 2008). In addition, following deletions of endogenous
centromeres, . albicans neocentromeres [orm I’.'IrZIC'i.I:IIll}' and
are often assembled in proximity to DNA repeats (Ketel et al,
2009). However, the lack of repetitive elements surrounding
the centromere on chromosome 7 argue against a role of
DNA repeats in centromere function. In many eukaryotes,
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The Chromatin State of O, aficans Pedcantromenss

pericentromeric reglons are assembled inle transeriptionally
silemt heterochromatin. It is possible that, despite the lack of
a conserved DNA sequence andfor DNA feature, the common
feature of C, albicans pericentromeric regions is a specific
chromatin structure resembling helerochromalin, Here, we
address this question.

The C. albicans epigenome, similarly to 8 cerevisiae, lacks
Sufvar) 3=% orthologs, hence H3 K9 methylation is absent in both
C. albicans and 5. cerevisiae.

We have recently shown that, in C. albicans, transcriptionally
silent heterochromalin s assembled at the mbosomal DNA
{(rDNA) locus and al telomeres (Freire-Benditex et al, 2016}, Al
these locations, heterochromatin is typified by nueleosomes that
are hypoacetyled and hypomethylated on H3K4, The histone
deacetylateses Sir2 {orf 19.1992) is required to maintain this
repressive epigenctic state via hypoacetylation of H3KS and
H4K16 (Freire-Benéitez et al., 2016,

In this sLLLd!.I'. we invesligale the chromalin state associaled
with . albicans pericentromeric  repeats. We find  that
peticentromeric regions are assembled inte an intermediate
chromalin stale bearing features of both cuchromatin (hagh
histone acetylation} and heterochromatin (hypomethylation
of H3K4) This inlermediate chromalin state is associated
with a weak transcriptionally silent environment that partially
represses expression of proximal genes and inserted marker
genes, Our analysis identifics a new chromatin state associated
with pericentromeric regions.

MATERIALS AND METHODS
Growth Conditions

Yeasl cells were cullured in rich medium (YPALY) containing
extra adenine (0.1 mg/ml) and extra uridine (008 mgfml),
complete SC medium {Formedium ™), or SC Drop-Outl media
(Formedium™ ). Cells were grown at 30 or 39°C as indicated.

Yeast Strain Construction

Strains are listed in Supplementary Table S1. Integration and
deletion of genes were performed using plasmids containing
marker genes for substitution or integration at endogenous locus
as pru!.l'inusl}' described (Wilson et al., 1995), Transformation
was performed by electroporation {Gene Pulser™, Bio-Rad)
using the protocol described in (e Backer et al,, 1999). URA3
marker gene was used for silencing assays (o defermine URA3
expression in complete SC medium (Farmedium™) or SC
URA Drop-Out media {Formedium ™). HISI, ARG4, and NAT
marker genes were used to replace both copies of SIR2, SETI,
and JHDZ genes. PCR was used for screening of positive
transformants. Oligonucleotides and plasmids used for strain
constructions are listed in Supplementary Tables 52 and 83,
respectively.

Silencing Assay

Growlh analyses were performed using a  plate reader
{SpectrostarNano, BMG labtech) in 96 well plate formats at
IPC. For each silencing assay in 96 well plate format, 1:100
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FIGURE 1 | Continued

The Chromatin S12te of L. afhicans Pesicaniromenas

Genes flanking centromeres display reduced expression. (A] Schomat o of Canoios sbivans cendromerss, On each chromosome, Black squares indioate

crmiroamers com regions (CENo), F
ndicale AN codons. Gray armows ind

wf sopsares refcate noerled repeals 1R8], Orangs emply squaress rcicate Long Termiral Repeals (LTRs]. Ermply arrowes
te CIRF and thesr transcriplion cdentation. (B) AMNA deep-secuencing of WT islales at 3070 and 39°C. Boxplols represant

narmaized read counts [FRKM; of medien genome expression compane to the median of all CENcove pradmal genes fram 1.5 1o 5 Ko flanking both sides of

CENcore reglons on all chromasomes,

dilution of and overnight culture was inoculated in a final velume
of 95 pl of SC or SC-URA media to reach a concentration of
60 cells/pl. Growth was assessed by measuring Agon, using the
following conditions: ODsponm. 616 cycle lime, three flashes
per well, 700 rpm shaking [requency, orbilal shaking mode,
545 s additional shaking time after each cycle 0.5 s post delay,
fur 44 h. Graphs represent data (rom three biological replicates.
Error bars: slandard deviation (53] of three biological replicales
generaled from three independent cultures of the same strain.
Data was processed using SpectrostarNano MARS soltware and
Microsofl Excel.

RNA Extraction and cDNA Synthesis

RNA  was  extracted from Log2 exponential  cultures
(ODgpam = 14} using a veast RNA  extraction kit
(EZN.A. *Isolation Kit RNA Yeast, Omega Bio-Tek) following
the manufacturers instructions, ENA quality was checked by
electrophoresis under denaturing conditions in 1% agarose, 1X
HEFES, 6% Formaldehyde (Sigma). RNA concentration was
measured using a NanoDrop ND-1000 Spectrophotometer.
cDNA  synthesis was  performed  using iScripI.T'“ Reverse
Transcription  Supermix for RI-qPCR (Bio-Rad) I'o]]ow[n§
manufacturers instructions and a Bio-Rad CFXConnect™
Real-Time System,

High-throughput RNA Sequencing
Strand-specific  ¢DNA - Mlumina  Barcoded
generated from 1 g of total RNA extracted from wtand sir2 Af A
strains and sequenced with an Mumina iSeq20m0 platform.
llumina Library and Deep-sequencing was performed by the
Genomics Core Facility at EMBL (Heidelberg, Germany). Raw
reads were analyzed using TopHat algorithm following the
RNA deep sequencing analysis pipeline described (Trapnell
el oal, 2013} using Galaxy' and Linux platform. Heatmaps
and boxplat graphs were generated with R, RNA sequencing
data are deposited into ArrayExpress {accession number
E-MTAB-4622),

Librarics  were

Quantitative Chromatin

ImmunoPrecipitation {qChIP)

Cuantitative  Chromatin  ImmunoPrecipitation  {qChIP)  was
performed as described (Fidoux et al., 2004) with the following
maodifications: 5 ml of an overnight culture grown in YPAD
with extra uridine (0.08 mg/ml), diluted into (resh YPAD with
extra uridine (0.08 mg/ml) and grown until QD& nm of

1.4, Cells (50 ml/sample) were fixed with 1% Paraformaldehyde

" https:dusegalaney orgl
hittpediwwwr- project.org!
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{Sigma} for 15 min al room lemperalure. Cells were lysed
using acid-washed glass beads (Sigma) and a Disruptor genie™
(Scientific Industries) (or 30 min at 47C. Chromatin was sheared
o 500=-1000 bp using a Bioruptor (Diagenode) for a total of
200 min (30 s ON and OFF cycle) al 4°C. Immunoprecipilation
was performed overnight at 4°C using 2 L of antibody anti-
H3K4me2 [Active Motil~ Cat Number: 39141), anli-H3K%c
{Active Motil- Cal Number: 39137), and anti-H4K16ac (Active
Motif- Cal Number: 39167} and 25 jul of Protein G magnelic
beads {Dymal - InVilrogen). DNA was eluted with a 10%
shurry of Chelex 100-resin {Bio-Rad) using the manufacturer’s
inslruclions,

qPCR Reactions

Primers used are listed in Supplementary Table 52, Real-
time qPCR and RT-gPCR were performed in the presence of
SYBR Green (Bio-Rad) on a Bio-Rad CFXConnect'™ Real-Time
System. Data was analyzed with Bio-Rad CFX Manager 3.1
software and Microsoft Excel. Enrichments were caleulated as
the percentage ratio of specific [P over input for qChIF analysis
and as enrichment over actin for RT-qPCR. Histograms represent
data from three biological replicates. Error bars: SD of three
biological replicates generated from three independent cultures
of the same strain.

RESULTS

Expression Level of

Centromere-Proximal Genes Is Low
Heterochromalin - represses  expression  of  associaled and
prurimal HENEs (Freitas-Junior et al, 2005 Kaur et al., 2005;
Hansen et al., 2006; Merrick and Duraisingh, 2006), Therefore,
il the pericentromeric regions of C. albicans were assembled
into heterochromatin, genes in proximity to these regions would
be poarly expressed. To test this hypothesis, we isolated RNA
from wild-type (WT) cells grown at a temperature relevant for
growlh of C, albicans on the skin (30°C) and at a temperature
mimicking fever in the host (39°C) and performed RNA-seq
analyses. FPKM {fragments per kilobase of exons per million
mapped reads) wvalues were determined for each annotated
gene. We then caleulated the FPEM for genes in cumulative
hins of 1 kb from the centromeres and compared these
values to the genome-wide average (Figure 1B). This analysis
reveals thal genes in proximily o centromeres (0 to 1.5 kb)
are less expressed compared with the genome-wide average
(p-value = 2.2 % 107 "%} These data suggest that pericentromeric
and centromeric regions impose a weak transcriptionally
repressive environment.

Mary 2016 | Violumee 7 | Article 7559

84



A Marker Gene Inserted at
Pericentromeric Repeats Is Partially

Repressed

Heterachromatin  assembled onto repetitive DMNA  represses
the transcriplion of marker genes inserted in their proximity
(HenikolT and Dreesen, 1989; Goltschling et al, 1990; Bryk ctal,,
1997; Smith and Boeke, 1997). We have previously shown that,
also in C. albicans, helerochromatin silences inserled marker
genes (Freire-Benéiter of al, 2016}, Our RNA-seq analyses
suggest that regions proximal o a centromere impose a weak
transcriptional repressive environment (Figure 1B). To test
whether C. allicans pericentromeres impose transcriptional
silencing dependently or independently of the presence of
DMA repeats, we integraled the URA3 marker gene into the
pericentromeric regions of centromeres surrounded by DNA
repeats [jJ\zre-CE'ﬂ.T-d'_'L'R;‘!,}"' and peri-CENS: URA3T) and into the
pericentromeric regions of CEN7, lacking DNA repeats (peri-
CENZ:URAST). (Figure 2A). To investigate whether the URA3
marker gene is transcriptionally silenced when inserled at these
locations, strains were grown in non-selective (N/5) medium and
in medium lacking uridine {-Uri) in which only cells expressing
sufficient Ura3 protein are able to grow. Silencing of URAZ is
expected to result in slower growth in -Urn medium compared (o
N/5. However, none of the strains grew poorly in -Uri medium
compared to N/S medium (Figure 2B). In contrast, quantitative
reverse transcriptase analysis (gRT-PCR) reveals that the levels
of URA3 mRNA for the prrf'—CEJ\'{'URﬁi' f ptrf'-CﬂNE:URﬁJ' .
and peri-CENZ:URAZT strains were significantly lower than the
LURAZ euchromatic gene ( Figure 2C), Therefore, pericentromeric
regions impose a wealt transcriptional silencing that can only
be detected at the RNA level independently of the presence of
repetitive elements.

Pericentromeric Repeats Are Assembled
Into an Intermediate Chromatin State
Bearing Features of Both Euchromatin

and Heterochromatin

We have shown that, in C. albicans, heterochromatin regions are
assembled into nucleosomes that are hypoacetylated on H3KY
and H4K16 and hypomethylated on H3K4 (Freire Benditez
2016). To assess whether pericentromeric regions are
associated with heterochromatic histone marks, we monitored
by gChIP the presence of H3K9Ae, H4K16A¢, and H3K4me at
pericentromeric regions surrounding CEN4, CEMS, and CEN7
(Figure 3A). As a control, the chromatin state associated with
the euchromatic ACTT locus was analyzed. We find that all
pericentromeric regions analyzed are assembled into chromatin
that is highly acetylated on H3K9 and H4K16 as levels of these
two histone modifications are similar to levels detected at the
active and euchromatic locus ACTI (Figures 3B,D, and F).
High levels of H4K16 acetylation are also found at the central
core region assembled into CENP-A - chromatin (Figure 3).
In contrast, pericentromeric chromatin is hypomethylated on
H3K4, a chromatin state more similar to heterochromatic
regions and different from the euchromatic ACTI locus

el al,

{Figures 3B,D, and F). Thus, pericentromeric regions have anly
one of the three marks (H3K4 hypomethylation) associated
with classic heterochromatin.g Importamtly, this chromatin
stale marks pericentromeric regions  independently of the
presence of repeals as pericentromeres with DNA  repeals
(CEN4 and CEN5) and withoul (CEN7) are associaled with
a similar histone modifications pattern. We concluded that
C. albicans pericentromeres are nol assembled inlo classical
transcriptionally silent heterochromatin but they are associated
with an intermediate chromatin stale bearing features of
euchromatin {high histone acetylation) and heterochromatin

{H3KA hypomethylation )

The Chromatin State Associated with
Pericentromeric Regions Is Independent

of the Histone Deacetylase Sir2

The HDAC 5ir2 specifically deacetylates H3KS and H4Kla
and it is required for heterochromatin assembly across the
eukaryotic kingdom {Rusche et al,, 2003). We have shown that
C. albicans Sir2 is necessary for heterochromatin integrity at the
rDNA locus and telomeric regions via deacetylation of H3K9
and H4K16 {(Freire-Benéiter et al, 2006), To assess whether
Sir2 contributes to the chromatin and transcriptional state of
pericentromeric regions, we isolated RNA from WT and sir2
AL cells and performed RNA-seq analyses. FPEM values were
determined for all genes proximal to CEN repeals and compared
between sir? AfA and WT strains, Upon deletion of the SIR2
gene, we did not observe any clear effect on expression of
CEN proximal genes (Figure 4A). Only 2 oul of the 12 genes
located in proximity (< 1.5 Kb} of centromeres were expressed
more than 2 fold in sir2 A/A isolates compared o WT cells
(Table 1). Therefore Sir2 does not contribute to the poor
expression of CEN-proximal genes. In agreement with these
resulls, deletion of the SIR2 gene does nol increase the levels of
H3E% and H4K16 acetvlation associated with pericentromeric
region on chromosome five as revealed by g-ChIP analyses
(Figure 4C),

The Histone Methyltransferase Set1, But
Not the Histone Demethylase Jhd2,
Contributes to the Chromatin State
Associated with Pericentromeres

Coordination of activities between histone methyltransferases
and histone demethylases ensures the right methylation
level associated with euchromatic and heterochromatic loci,
Therefore, specific histone methyltransferases and demethylases
might be important for maintaining the H3K4 hypomethylated
state associated with C. albicans pericentromeres. The C. albicans
genome encodes for the H3K4 methyliransferase Setl (Raman
et al, 2006) and for the putative H3K4 demethylase Kmd5/Thd2
{orfl9.5651). In 8. cerevisiae, both proteins have been implicated
in transcriptional silencing and  heterochromatin formation
{Briggs et al., 2001; Ingvarsdottir et al,, 2007; Ryu and Ahn,
2014). To assess whether Setl and/or Jhd2 contribute to the
chromatin state associated with C. afbicans pericentromeric
regions, we deleted both copies of the SETI and JHD2 genes

May 2016 | Velume 7 | Articke 753

85



Frere-Banéstez &1 al, The Chromatin State of C. aiicans Pesicantromeras
A
peri-CEN4:URA3 peri-CEN3:URA3 peri-CEN7:URA3
Chrs
- T o
URAs m’.* iris
1Kb 2Kb 900bp
Sllml'gm.my
B
225
L5
i
-
078
oo‘ll2l6202l2l323640“ blll2l620’02l!2“40“
TIME (hours) E (hours)
—: URA3' e peri-CEN4:URAS — .mJM'nJA
CENS
NS <URA
3
2
P
1
0043|2l620242!32]640ll 0 4 8 1216 24 28 32 36 40 44
TIME (hours) TlME (hours)
—: URAZ' e pert-CENS:URAT el wira3 Mura3 A
225
) ..,Lfmm
=
078
0
0‘!!1!6202‘28)23640“ 0‘0!11610242.32)64044
TIME (hours)
—_ URAJ ——: peri-CENT:URA3 ——: wrad Mwra3 A
c
RT-PCR
B 024 <
<
2
,E 0.18
[
2012
0.06
§ ’ W A
l\\"} \."\*’ .,\*‘ \:&'k
& & &
FIGURE 2 | Continued

Frantiers » Microbislogy | wwwfrontiessn,crg

May 2016 | Velume 7

Atchk 759

86



rare-Bendstez et al, The Chromatin Siate of £, aiicans Pericantramerss

FIGURE 2 | Continued

Weak iptional silencing of a URA3 marker gene integrated at peri ic region. (A) Sch ic of pari-CENA:URAZY, peri-CENS:URA3" , and
PerCENZLIRAI Y reporter strans. Distance from he UIRAZ marker gore 1o ezch CENGore i indoated in Kb (B) Silencing assay of the peri- CENAURAZ!
pen-CENS:URA3Y, and ped-CEN7LIRAT reponter stran. URASH [URAS/AUNRAS) and Ura™ fra3Ara3A) strans were included as coateols. (C) gRT-PCA enalyses
1o measura LIRA3* transcript levels of tha per-CENG:URAZY, pani-CENS:URAZ* | and per-CENT:URA3® reporter strain relative to actin transeript kevels ACTT).
Error bars in each panel. standard daviazion (S0} of three biclogical replcates.
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FIGURE 3 | The chromatin state of C. albicans centromeres. (A) Scremalic of C. aliicans CENG, Black arrows ndcate the primens used to study the
chromatn pattern agsaciated with CENG (B) gCHIF to datect H3K9ac end H3KAMa2 levels associated witn CEN 4, ACTT was usad as a control. (C) Schematic of
C. aibvicanz CENS. Black amows haicate the prmers used to study the chvomatin patiamn associsted with CENS. (D) gCHP 1o datect H3KAac and HIK4me2 lavels
associated with CENS. ACT? was used as a control (E) Schematic of C. aibwcans CEN?. Black emows ndicate the primers used to study the chromatn pattern
associaied with CENY. (F) oCHIP to detect H2K9ac, HAK 16ac and H3K4meZ lavals assocatad with CEN7. ACTT was usad a& a control. Error bars in each panal
SO of thvee biclogica replcates,
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