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Abstract

Clonally variant gene expression (CVGE) is a common survival strategy
used by many pathogens, including the malaria parasite Plasmodium
falciparum. Among the genes that show CVGE are several members of
the clag and eba families. The active or repressed state of clag3.1,
clag3.2 and eba-140 is transmitted epigenetically and is controlled by the
euchromatic or heterochromatic state of bistable chromatin domains,
characterised by H3K9ac and H3K9me respectively. Both of these
modifications are maintained throughout the asexual cycle to transmit
epigenetic memory. We have characterised CVGE on a genome-wide
level and found that it is widespread. Using clag3.2 in proof-of-principle
experiments, we demonstrate that CVGE for genes other than var can be
reproduced in an episomal system and provide preliminary evidence that
CVGE is regulated by the spontaneous formation of facultative
heterochromatin. The mutually exclusive expression of clag3.1 and
clag3.2 is also addressed, including the characterisation of a
neighbouring noncoding RNA.

Resum

La variacid clonal en l'expressié génica (CVGE) és una estrategia de
supervivencia comu utilitzada per molts patogens, incloent el parasit de
la malaria Plasmodium falciparum. Entre els gens que mostren CVGE hi
ha diversos membres de les families clag i eba. L'estat actiu o inactiu de
clag3.1, clag3.2 i eba-140 es transmet epigenéticament i és controlat per
I'estat eucromatinic o heterocromatinic de dominis de cromatina
biestables, caracteritzats respectivament per H3K9ac i H3K9me.
Ambdues modificacions es mantenen durant tot el cicle asexual per
transmetre la informacié epigenética. També hem caracteritzat la CVGE a
nivell de tot el genoma, i hem vist que afecta un gran nombre de gens.
Experiments preliminars amb clag3.2 ens demostren que la CVGE de
gens diferents que var es pot reproduir en un sistema episomal i
proporcionen evidencia preliminar de que la CVGE esta regulada per la
formacio espontania d’heterocromatina facultativa. També s’ha estudiat
I'expressid mutuament exclusiva de clag3.1 i clag3.2, incloent la
caracteritzacié d’'un ARN no-codificant vei.
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1. Introduction

1. Introduction

1.1 An introduction to Plasmodium falciparum

1.1.1 An introduction to P. falciparum malaria
Apicomplexan protozoans form a phylum of obligately intracellular

parasites that include important human pathogens, including
Plasmodium sp., the causative agent of malaria. Malaria is a mosquito-
borne infectious disease. Approximately half of the world’s population is

at risk of contracting malaria; however most malaria cases and deaths

occur in sub-Saharan Africa (Figure 1.1).

Hayetal.ZOOé
Figure 1.1 The spatial distribution of P. falciparum endemicity. The data
mapped are the annual mean P. falciparum parasite rate (PfPR) which refers
to the proportion those sampled showing detectable parasites in blood
samples for the endemicity class of children between 2 and 10 years of age.
Figure reproduced from Hay et al 2009.

In 2009, there were 225 million cases of clinical malaria and
approximately one million deaths, mainly in African children (WHO
2010). Most of these deaths are caused by Plasmodium falciparum, one
of the four distinct Plasmodium species that parasitize humans. Clinical
malaria caused by P. falciparum results in a wide range of flulike

symptoms including headache, nausea and cycles of fever. Complications

of P. falciparum malaria may lead to severe malaria that could result in

3



1. Introduction

symptoms such as coma, respiratory distress, severe anaemia and death.
Children, primigravid women and their unborn children and naive adults
are particularly susceptible to P. falciparum infection. Several important
features of P. falciparum biology that make it a successful parasite are its
high asexual multiplication rate, its ability to invade erythrocytes of all
ages due to redundancy in erythrocyte invasion pathways, and its
efficient evasion of host immunity by sequestration in peripheral
circulation and antigenic variation (Mackinnon & Marsh 2010). Despite
the substantial impact of this pathogen on human health, much of its

basic biology is poorly understood (Callaway 2007).

1.1.2 The P. falciparum life cycle

P. falciparum has a complex
life cycle involving several
differentiated forms and two
different hosts. During a
blood meal, a parasitized
female Anopheles mosquito
releases sporozoites that

migrate through the skin,

4 into the circulation and then
schizont Bannister and Mitchell 2003

Figure 1.2 The intraerythrocytic cycle (IEC) to the liver where they invade
of P. falciparum. Merozoites invade
erythrocytes, which  progress through
morphologically distinct ring, trophozoite sporozoite differentiates and
and schizont stages. Schizonts burst,

releasing merozoites  that  invade mMitotically  divides into
erythrocytes and the cycle continues. See
text for further details. Figure reproduced
from Bannister & Mitchell 2003. are released into the

hepatocytes. Each invading

thousands of merozoites that

circulation where they invade erythrocytes. This begins the asexual
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intraerythrocytic cycle (IEC) that lasts approximately 48 h (Figure 1.2). All
clinical symptoms of malaria are associated with the IEC, which begin
approximately 7-15 days after initial infection, and is the target for many

antimalarial drug and vaccine strategies.

Merozoite invasion is a multistep process that involves the molecular
interaction of numerous host receptors and parasite ligands. Parasite
molecules implicated in invasion are usually discharged from its apical
secretory organelles (micronemes, rhoptries and dense granules).
Merozoite invasion begins with a low affinity attachment of the parasite
to the erythrocyte which is followed by its reorientation to appose its
apical end with the erythrocyte membrane. A tight junction is formed
between the parasite and the erythrocyte membrane. This junction
moves from the apical to the posterior end of the merozoite as the
parasite propels itself into the erythrocyte by the action of its actin-
myosin motor. The merozoite invades in such a way that the internalized
parasite resides within a parasitophorous vacuole (PV), a membrane
composed of lipids that are derived both from the erythrocyte and the
merozoite, in which the parasite proliferates (Zuccala & Baum 2011).
Once inside the erythrocyte, the merozoite develops through
morphologically distinct ring, trophozoite and schizont stages. IEC
progression is accompanied by extensive remodelling of the host
erythrocyte where some parasite proteins are secreted and exposed on
the surface of the infected erythrocyte. In the schizont, many mitotic
divisions followed by nuclear envelope division and segmentation of the
cytoplasm occurs, resulting in approximately 16 developing merozoites.
Schizont rupture releases merozoites into circulation that are able to

invade other erythrocytes and the IEC continues. Parasites in the IEC are
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haploid, the only diploid forms of the parasite occur in the mosquito. A
small fraction of merozoites develop into gametocytes which are taken
up by mosquitoes upon a blood meal. The male gametocyte divides into
8 flagellated microgametes that escape from the erythrocyte, and once it
has fertilized a female macrogamete, forms a motile ookinete that moves
from the stomach to form an oocyst. Oocysts undergo clonal expansion
to form thousands of developing sporozoites. Once the oocyst bursts, the
sporozoites migrate to the salivary glands and are transmitted to a new

host upon mosquito feeding (Miller et al 2002).

1.1.3 P. falciparum genome features and organization
Sequencing of the P. falciparum genome was completed in 2002

(Gardner et al 2002). It is 23.3 Mb in size with a karyotype of 14
chromosomes. In addition to the nuclear genome the parasite has a 6 kb
linear mitochondrial and a 35 kb circular apicoplastic genomes. P.
falciparum has the most (A+T) rich genome sequenced to date, with an
overall average (A+T) content of 80.6%, which can surpass 90% at
intergenic and intronic regions. Genes associated with antigenic variation
are concentrated in the subtelomeres and the genome lacks DNA
transponsons and retrotransposons (Wickstead et al 2003). At the time
of genome sequencing, approximately 60% of the predicted protein
coding genes lacked sufficient sequence homology with proteins from
other organisms and thus precluded their functional assignment
(Gardner et al 2002). An abundance of antisense transcripts and non
protein coding RNAs (ncRNAs) also transcribed during the IEC
(Gunasekera et al 2004; Otto et al 2010; Broadbent et al 2011).
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1.2 An introduction to eukaryotic transcription

1.2.1 General aspects of eukaryotic transcription
To survive, all organisms require the proper temporal expression of the

appropriate genes. The expression of protein coding genes can be
regulated at many different levels. However, most regulation is believed
to occur at the level of transcription. Transcription is a complex process
that requires the coordinated recruitment of multiple DNA-binding
proteins, activators, coactivators and chromatin modifying enzymes
(collectively referred to as transcription associated proteins, TAPs) to the
specific DNA sequence that is to be transcribed (Figure 1.3). Typical
eukaryotic genes contain two cis-acting DNA regulatory elements, the
core promoter with its proximal regulatory elements (collectively
referred to as the promoter) and additional, distally located regulatory

elements (Figure 1.4)

Adapted from Struhl 1996
TATA  TSSs

core promoter

Figure 1.3 Typical eukaryotic transcriptional machinery. Activators bind to
enhancer elements that stimulate basal transcription via protein-protein
interactions with various components of the general transcription machinery.
See text for more information. Figure adapted from Struhl 1996 .
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enhancer

silencer insulator

locus
control
region

core

proximal
promoter

promoter
elements

promoter
Adapted from Maston et al. 2006

Figure 1.4 Schematic of a typical eukaryotic gene regulatory
region. Regulatory regions consist of the promoter and distally
located elements that may come in contact with the promoter via
looping out of the intervening DNA. See text for further details.
Figure adapted from Maston et al. 2006.

These cis-acting regions contain sequences for trans-acting transcription
factor (TF) binding which can activate or repress transcription.
Eukaryotic core promoters are composed of a number of cis-acting
sequence elements that may include well-defined elements such as the
TATA-box, initiator (Inr) element, downstream promoter element (DPE),
TFIIB-recognition element (BRE) and the motif ten element (MTE)
(Hampsey 1998; Maston et al 2006). Transcription begins with the
sequential assembly of several general transcription factors (GTFs, which
themselves are multiprotein complexes) over the core promoter to form
the preinitiation complex (PIC). The PIC is required to direct RNA
polymerase Il to the transcription start site (TSS). These components are
only sufficient for basal transcription, and the activity of this complex is
modulated by the interaction of another class of DNA-binding proteins
referred to as activators (such as specific transcription factors, STFs)
(Kornberg & Lorch 1999). Since STFs recognize specific DNA sequences,
they are important molecules in conferring specificity to the general

transcriptional machinery.
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Distal DNA regulatory regions can be broadly classified into several
categories that include enhancers, silencers and insulators. Enhancers
are regulatory elements that increase transcription. These elements
typically influence gene expression over long distances and are usually
distance and orientation independent relative to the promoter. Silencers
share many of the properties described for enhancers, however, they
negatively regulate transcription. Insulators are genetic elements that
prevent genes from being influenced by the transcriptional activity of
their neighbours and thus partition the genome into transcriptional
domains. Insulators are divided into two categories based on their mode
of action. Enhancer-blocking insulators are cis-acting elements that
prevent the interaction of an enhancer with a promoter when physically
placed between the two. Barrier insulators are cis-acting elements that
prevent against the spread of heterochromatin-mediated silencing
(Gaszner & Felsenfeld 2006). The cis-acting elements involved in
boundary formation are largely unknown, but CTCF (CCCTC-binding
factor), an 11-zinc-finger protein, has been implicated as an enhancer-
blocking insulator in vertebrates and tRNA loci have been implicated in
preventing the spread of pericentromeric heterochromatin in S. pombe
(Bell et al 1999; Cam et al 2005). However, some insulators have been
shown to posses both enhancer blocking and barrier activity (Donze &

Kamakaka 2001; Ishii et al 2002).

In eukaryotes, DNA is wrapped around histone proteins and organised
into chromatin. Not only does chromatin serve to efficiently package
DNA into the nucleus, but chromatin structure also plays an important
role in the regulation of gene expression. Chromatin and its role in

regulating gene expression will be discussed further in section 1.3. It is all
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of these aforementioned factors that collectively contribute to the

appropriate regulation of gene expression.

1.2.2 General aspects of P. falciparum transcription
Transcription in P. falciparum shares many of the characteristics that are

common to eukaryotic transcription. Functional analysis has
demonstrated that parasite promoters are of a typical bipartite structure
and often contain multiple TSSs that usually encode monocistronic
transcripts (Watanabe et al 2002; Lanzer et al 1992). The core promoter
elements of a TATA box-like and Inr-like sequences have been
functionally characterized in the kahrp and a in var gene respectively
(Ruvalcaba-Salazar et al 2005; Calderwood et al 2003). DNA elements
with enhancer and repressor activities have been identified (Horrocks et
al 1998; Lopez-Estrano et al 2007; Olivieri et al 2008; Osta et al 2002).
However these elements do not share similarities to known regulatory
regions in other eukaryotes and no common regulatory features have
emerged in the regulation of gene expression (Militello et al 2004). No
insulator elements have been identified in P. falciparum and a CTCF

homolog has not yet been described.

Two transcriptional components to be functionally characterized in P.
falciparum have been the large subunit of RNA pol Il (Li et al 1989) and
the TATA binding protein (TBP), part of the TFIID complex (McAndrew et
al 1993). Regarding trans-acting factors, extensive bioinformatic
analyses from several laboratories has lead to the identification of many
TAPs (Aravind et al 2003; Coulson et al 2004; Callebaut et al 2005;
Bischoff & Vaquero 2010). All 12 subunits of the RNA pol Il complex are

accounted for, as well as 44 additional GTFs (Coulson et al 2004;
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Callebaut et al 2005; Bischoff & Vaquero 2010). Although functional
analysis for the vast majority of these GTFs is still lacking, their total
number and relative conservation with other eukaryotes suggest that
they control transcriptional initiation and elongation as in other

eukaryotic organisms (Bischoff & Vaquero 2010).

There is conflicting data regarding the transcriptional responsiveness of
the P. falciparum genome to mount relevant responses to environmental
perturbations or drug exposure that has lead to polarised opinions in the
field. Numerous groups have detected large changes in gene expression
in response to environmental challenges such as febrile temperature and
to various chemical perturbations with drugs and growth inhibiting
compounds, including but not limited to, artenusate, artemisinin,
quinine, chloroquine and apidicine (Oakley et al 2007; Natalang et al
2008; Hu et al 2010; Tamez et al 2008). However, other groups have
controversially proposed that P. falciparum does not mount relevant
transcriptional responses (Ganesan et al 2008). This conclusion was been
based on observations that when treated with a lethal antifolate drug,
the gene expression of the main target of the drug did not increase, nor
were there any consistently reliable increases in RNA levels for any genes
across the entire genome (Ganesan et al 2008). A similar conclusion was
reached by another study that was undertaken to elucidate the target of
a potent antimalarial compound, T4, a choline analog (Le Roch et al
2008). There were no transcriptional changes observed in the genes
believed to be involved in phosphatidylcholine (PC) biosynthesis, and
only after proteomic and metabolomic studies was the down regulation
of the enzyme involved in the final step of PC synthesis identified (Le

Roch et al 2008). Consequently, it was concluded by these authors that
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Figure 1.5 Three types of transcriptional silencing observed along the
IEC in P. falciparum. A. Silencing associated with life cycle progression.
B. Clonally variant gene expression (CVGE). C. Mutually exclusive gene
expression. A. The transcript abundance for many asexual genes exhibit
one expression peak during the IEC. Gene X is representative of a gene
expressed in schizonts. Two full asexual cycles are shown. Solid lines
represent parasite strains. B. Clonally variant gene expression (CVGE)
refers to the phenomenon where some genes can be found in different
transcriptional states in genetically identical parasites at the same stage
of the IEC. In this example, gene Y is expressed in strain A and repressed
in strain B. C. Mutually exclusive gene expression. In this case, genes Z
and W (discontinuous lines) are members of the same gene family, but
are never expressed at the same time in a given parasite strain. In this
example, gene Z is only expressed in strain A, whereas gene W is only
expressed in strain B. Mutual exclusion does not permit for the examples
shown in hypothetical strains C and D where both genes are expressed or
repressed in the same parasite strain. In all cases, strains A and B are
genetically identical.
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the transcriptome of P. falciparum appears to respond in a general as
opposed to a specific or targeted manner when faced with a drug
challenge (Ganesan et al 2008; Le Roch et al 2008). Whether P.
falciparum is capable of directed transcriptional responses is still a

matter of debate.

1.2.3 Transcription along the intraerythrocytic cycle
(IEC)

The IEC encompasses four morphologically distinct stages: ring,
trophozoite, schizont and merozoite and this progression is largely
controlled at the level of transcription. There is a striking periodicity in
mMRNA expression profiles that parallels progression along the IEC. The
majority of genes follow what has been described as a “just-in-time”
pattern of expression, such that the time of gene expression correlates
with the stage when the protein is required, and repressed for the rest of
the cycle (Figure 1.5A, Bozdech et al 2003; Le Roch et al 2003). It was
additionally observed that over 80% of the genome is expressed during
the IEC and that there are no large co-regulated chromosomal regions,
suggesting that genes are each individually regulated. However, mRNA
steady state levels do not correlate well with translational activity, as
recent proteomic data has shown that protein abundances also exhibit
one expression peak during the IEC, but that this peak occurs
considerably later (a mean of 11 h) than is observed for the
corresponding transcript, implicating post-transcriptional processes in

progression along the IEC (Foth et al 2011).
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1.2.4 Specific transcription factors (STFs) are

underrepresented in P. falciparum
At the time the P. falciparum genome was sequenced, gene ontology

(GO) terms were assigned to the 40% of proteins with sufficient
sequence homology and it was observed that several GO categories were
underrepresented in the genome when compared to S. cerevisiae, a free-
living eukaryote with a similar number of genes. Importantly, it was
noted that the number of proteins designated as TAPs, GTFs and STFs

were underrepresented (Gardner et al 2002).

Soon after, initial comparative genomics analyses by other groups
identified a large number of GTFs and TAPs, but also noted the lack of
STFs, and thus it was hypothesized that transcription was predominantly

regulated by epigenetic and post-translational mechanisms (Callebaut et

al 2005; Coulson et al 2004).

An expanded family of 27 STFs was later identified by bioinformatic

|ll

analyses and this family is emerging as potential “master regulators” of P.
falciparum transcription (Balaji et al 2005; De Silva et al 2008; Campbell
et al 2010; Flueck et al 2010). These TFs represent a novel family of
proteins that posses a modified version of the AP2 (Apetala2)-integrase
DNA binding domain which is present in many plant TFs, and have thus
been termed ApiAP2s (Balaji et al 2005). This globular AP2 domain is
approximately 60 amino acids and can be found in various architectures
from single to triple arrangements within a single protein. The ApiAP2s
show a lineage specific distribution not only within other Plasmodium
spp. but are present in all other apicomplexans. The Llinds laboratory

demonstrated that protein-DNA specificity is conserved between

orthologs of phylogenetically distant apicomplexan species, when a
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Crytosporidium paravum protein bound the same DNA sequence as the
P. falciparum homolog, although the individual ApiAP2s are predicted to
regulate different sets of genes in the different species (De Silva et al

2008).

Using protein binding microarrays, the Llinds laboratory has also
determined that in addition to high affinity primary sequence binding
motifs, 14 ApiAP2s are able to bind secondary sequences, increasing the
complexity of ApiAP2 regulatory networks (Campbell et al 2010). The
ApiAP2s also show a cyclical pattern of expression along the IEC, and it
has been suggested that the ApiAP2s could regulate each other along the
IEC and collectively contribute to the cascade of gene expression
observed along the IEC (Bozdech et al 2003; Balaji et al 2005). Other
evidence implicating the ApiAP2s as master regulators of P. falciparum
transcription are based on yeast two hybrid studies that found physical
interactions of various ApiAP2s with putative chromatin modifying
enzymes and with other ApiAP2s (LaCount et al 2005). An ApiAP2,
PfSIP2, has been found to localize exclusively to subtelomeric
heterochromatin and to be associated with various proteins associated
with DNA metabolism (Flueck et al 2010, discussed further in section

1.5.2).

Two ApiAP2 homologs in P. berghei have been shown to be involved in
controlling gene expression in stages apart from the IEC; AP2-O was
reported to regulate the genes involved in midgut invasion of the
ookinete, and the disruption of Ap2-Sp lead to a total loss of sporozoite

formation (Yuda et al 2009; Yuda et al 2010). Additionally, putative
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binding sites for ApiAP2s were identified for a gene expressed exclusively

during liver stages in P. berghei (Helm et al 2010).

Additional bioinformatic analysis has identified another large group of
zinc finger-containing proteins (37 in total) and one cold-shock STF, none
of which have been functionally characterized. Eight helix-turn-helix
containing proteins have been identified and one (PfMybl), has been
subject to some biochemical characterization, however, the role of these
other STFs in transcriptional regulation is currently unclear (Bischoff &

Vaquero 2010; Gissot et al 2005).

Although the total number of STFs identified in this parasite has
increased (73 to date), this group of proteins remains underrepresented
in the genome as the number is still low when compared to other
eukaryotic organisms with a comparable number of protein coding

genes, such as S. pombe and S. cerevisiae (Bischoff & Vaquero 2010).

1.2.5 Clonally variant gene expression (CVGE)

Clonally variant gene expression (CVGE) refers to the phenomenon
where some genes can be found in different transcriptional states in
genetically identical parasites at the same stage of life cycle progression
while grown under homogenous conditions (Figure 1.5B). In P.
falciparum, populations of genetically identical parasites are
transcriptionally heterogeneous (Cortés et al 2007) consequently, CVGE
is often studied in subclones. Subclones refer to parasite populations
that originate from a single clonal parasite. When subclones are cultured
for the minimum number of cycles necessary to amass sufficient material

for transcriptional analysis, for genes that show stable, clonally
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transmitted expression patterns, it is akin to studying a single parasite
from within the clonal population from which the subclone was derived

(Cortés et al 2007).

Antigenic variation, a form of CVGE, refers to the expression of alternate
forms of a particular surface antigen in order to evade host immunity.
CVGE is used by many pathogens in order to proliferate and spread to
new hosts by evading mechanical clearance, recognition and destruction
(Deitsch 2009). In P. falciparum, the var genes are the paradigm of

antigenic variation and are discussed in section 1.5.
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1.3 Chromatin structure and dynamics

1.3.1 Histones and nucleosomes, the building blocks of

chromatin
In eukaryotic cells, the packaging of DNA into chromatin is a major

mechanism by which the access to genomic DNA is restricted and
regulated (Kornberg & Lorch 1999). The basic unit of chromatin is the
nucleosome and is comprised of 147 bp of DNA wrapped around an
octamer of the four core histone proteins: H2A, H2B, H3 and H4. The
unstructured amino-terminal domains of each histone protrude from the
globular nucleosome and are referred to as histone tails (Kornberg 1977).
Both histone tails and globular domains are subject to numerous
covalent post-translational modifications (PTMs) by reactions that are
enzymatically reversible (Kouzarides 2007). The amino acid sequence of
the core histones is remarkably similar, even between phylogenetically
distinct species (Figure 1.6). Canonical histones can be replaced by
histone variants, which are similar to canonical histones but differ by a
small number of amino acid changes. Histone variants can alter the
functional properties of chromatin by changing stability, DNA wrapping,
regulating access to DNA and by creating structurally and functionally

distinct chromatin domains (Talbert & Henikoff 2010).

Chromatin can be classified into three different conformational varieties:
euchromatin, constitutive heterochromatin and facultative
heterochromatin. Generally, euchromatin is uncondensed, accessible and
the transcriptionally active form of chromatin, whereas heterochromatin
is condensed, inaccessible and transcriptionally inactive. Facultative
chromatin is able to convert between euchromatic and heterochromatic

states (Trojer & Reinberg 2007). However, euchromatin is not devoid of
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Figure 1.6 Multiple sequence alignment of P. falciparum core histones H3
(A) and H4 (B) with other phylogenetically distant species. Histone
proteins are well conserved through evolutionary history. Acetyl- or
methyl- modified residues highlighted in bold were the target for
antibodies used in ChIP experiments (discussed in Chapter 4). * indicates a
conserved residue, : indicates a conservative substitution and . indicates a
semi-conservative substitution. Hs, Homo sapiens, Sc, Saccharomyces
cerevisiae, Tt Tetrahymena thermophila, Pf Plasmodium falciparum.
Sequences were aligned using ClustalW (Larkin et al 2007). Accession
numbers: Pf.H3 (PFFO510w), Hs.H3 (AAA52651.1), Sc.H3 (AAS64341.1),
Pf.H4 (PF11_0061), Hs.H4 (NP_003529), Tt.H4 (XP_001016593).

nucleosomes, and in order for transcription to proceed, nucleosomes
need to be repositioned and replaced. Consequently, chromatin
conformation and nucleosome positioning need to be highly dynamic
processes depending on the transcriptional needs of a cell at a particular
time. In a process called ATP-dependent nucleosome remodelling,
protein complexes are able to alter DNA-nucleosome interactions to
transiently allow the access of the transcriptional apparatus to DNA
(Becker & Horz 2002). Some of the complexes involved in these
processes are the SWI/SNF, IWSI, Mi-2 and NURD complexes (Becker &
Horz 2002). Through the energy released from the hydrolysis of ATP,

19



1. Introduction

these complexes are able to slide, displace and space histone octamers
as well as exchange canonical histones for histone variants. Apart from
ATP-dependent nucleosome remodelling, PTMs, particularly on histones
tails, are able to dynamically recruit a vast array of enzymes and
structural proteins that alter chromatin structure in order to either
permit or prevent transcription and are responsible for regulating higher

order chromatin structure (Kouzarides 2007).

1.3.2 Higher order chromatin structures
Eukaryotic chromatin is successively organized into different layers and

each layer is implicated in various aspects of gene regulation. Single
nucleosomal arrays, often referred to as “beads-on-a-string”, are 11 nm
in diameter and represents the first level of chromatin organization. The
incorporation of linker histone H1 organizes the 11 nm fibre into what is
referred to as the 30 mn fibre, which constitutes the second level of
chromatin organization. Two different topologies have been proposed
for the organization of the 30 nm fibre, referred to as the zig-zag and
solenoid models (Li & Reinberg 2011). All chromatin conformations that
involve self association of 30 nm fibres with itself or that involve inter-
fibre contacts are referred to as higher order chromatin structures.
Transcription is frequently regulated through the communication of
distal cis-regulatory elements that on the linear chromosome may be
separated by large distances, and how these interactions occur is not
entirely clear. Long-range chromatin interactions, such as the formation
of chromatin loops have been proposed as a way to bring distal
regulatory elements in contact with their promoters (Li & Reinberg
2011). The interaction of the transcriptional repressor CTCF with cohesin

complexes has been proposed as a way to mediate long distance
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interactions between enhancers and promoters within and between
chromatin fibres (Gondor & Ohlsson 2008). It is also becoming clear that
spatial organization of chromosomes within the nucleus and specific
chromosomal positions within defined chromosomal territories play a

role in genetic regulation (Li & Reinberg 2011; Zhu & Reinberg 2011).

1.3.3 Post-translational histone modifications (PTMs)

and gene regulation
Individual histone residues are selectively modified and the same residue

may be the target of antagonistic PTMs. Many different PTMs exist on
histones and they can be classified into eight different categories (Table
1). These various PTMs are associated with different functions such as
DNA repair, replication, chromosome condensation and gene expression

(Kouzarides 2007). Two classes of PTMs with a clear role in the regulation

Table 1 Categories of PTMs and their associated functions

Chromatin Modifications Residues Modified Functions Regulated

acetylation K-ac transcription, DNA repair, DNA replication, chromosome condensation
methylation (lysine) K-mel K-me2 K-me3 transcription, DNA repair

methylation (arginine) R-mel R-me2a R-me2s transcription

phosphorylation S-ph T-ph transcription, DNA repair, chromosome condensation

ubiquitination K-ub transcription, repair

sumoylation K-su transcription

ADP ribosylation E-ar transcription

deimination R-->Cit transcription

proline isomerization P-cis --> P-trans transcription

Kouzarides 2007
of gene expression are acetylation and methylation of lysine residues.
There are two described mechanisms for the way that PTMs function: by
disrupting chromatin contacts between adjacent nucleosomes and/or
between nucleosomes and DNA; by affecting the recruitment of
nonhistone proteins to chromatin, both of which are not mutually

exclusive (Bannister & Kouzarides 2011).
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Acetylation is generally associated with gene activation. Acetylation is
believed to reduce chromatin compaction by neutralizing the basic
charges of the -amino groups on lysines (Wolffe & Pruss 1996), affect
higher order chromatin structures by preventing self-association and the
formation of tertiary chromatin structures (Fletcher & Hansen 1996),
recruitment of nonhistone proteins that contain bromodomains that
function as transcriptional coactivators (Jacobson et al 2000) and by
directly competing against the deposition of repressive marks on the

same histone residue.

Unlike acetylation, methylation does not change the charge of the
histone and it is unlikely that the chemical moiety itself alters chromatin
compaction (Bannister & Kouzarides 2011). Methylation can be
associated with either activation or silencing depending on which histone
residue is methylated, whether the methylated position corresponds to
the promoter or coding region of a gene, and is further complicated by
the fact that lysines may be mono-, di- or tri-methylated (Kouzarides
2002). Although exceptions exist and methylation marks are difficult to
classify, methylation of H3K4, H3K36 and H3K79 are generally associated
with gene activation, whereas the methylation of H3K9, H3K27 and
H4K20 are generally related to transcriptional silencing. At the molecular
level, euchromatin is associated with hyperacetylation and H3K4me3,
constitutive heterochromatin is associated with H3K9me3, H4K20me3
and hypoacetylation, whereas facultative heterochromatin is generally
hypoacetylated and has H3K27me2 or H3K27me3 and/or H3K9me2
(Trojer & Reinberg 2007). The recruitment of nonhistone proteins to
chromatin, often called chromatin effectors, occurs via the specific

interaction between a PTM and particular protein domains.

22



1. Introduction

The interaction of enzymes with their target PTMs can be highly specific
and context dependent. Chromo-, Tudor, PhD, PWWP and MBT domains
recognize methylated residues, while acetylation is recognized by
bromodomains. The proteins containing these domains may associate
with other proteins and lead to the formation of large multiprotein
complexes that act in concert to alter chromatin structure in a variety of
ways. One such example is the recruitment of heterochromatin protein 1
(HP1), a repressive binding effector, to H3K9me3. HP1 contains two
binding domains, the chromodomain (CD) and the chromo shadow
domain (CSD). The CD domain binds to H3K9me3, while the CDS domain
is involved in HP1 dimerization and protein-protein interactions. Two
well characterized interactors are an H3K9 methyltransferase, SUV39H1
(KMT1) and an H3K9 deacetylase, HDAC1 (Yamamoto & Sonoda 2003;
Schotta et al 2002; Czermin et al 2001). Since HP1 interacts with both
KMT1 and HDAC1, a model of heterochromatin spreading involving these
components was proposed, where HDAC1 removes acetylation on H3K9,
permitting for the methylation of the same residue by KMT1 which
allows for HP1 binding, that in turn is able to recruit more KMT1 and

HDAC1 in a self-propagating process (Grewal & Elgin 2002).

1.3.4 Histone modifying enzymes
The steady state levels of PTMs is the result of a delicate balance

between their addition and removal. Histone acetylation is regulated by
the opposing actions of histone acetyltransferases (HATs) and histone
deacetylases (HDACs) that respectively add and remove acetyl groups
from histones. HATs are classified into many families based on conserved
structural motifs, three of which include the GNAT, MYST and p300/CBP

families. In general, these enzymes have broad specificities, as they
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acetylate more than one lysine residue (Kouzarides 2007). HDACs are
grouped into four different classes (1, I, Ill, IV) based on similarities to
yeast proteins and each class may be further divided into different
subgroups. These enzymes generally do not show specificity for a specific
residue but may show preference for a particular histone (Kouzarides
2007). Sirtuins are class Il NAD*-dependent HDACs that deacetylate
various acetylated lysine residues (with some preference for H4K16ac)

but which also have other nonhistone targets (Vaquero 2009).

Histone methylation is also regulated by the antagonistic enzymatic
activities of histone lysine methyltransferases (HKMTs) and histone lysine
demethylases (HDMs). HKMTs show marked specificities, typically
methylating a particular lysine on a particular histone. All HKMTs catalyze
the transfer of a methyl group from S-adenosylmethionine to a lysine’s ¢-
amino group (Zhang & Reinberg 2001). Two families of histone
demethylases have been identified, lysine specific demethylases 1 (LSD1)
and Jumonji-C domain-containing histone demethylases (JHDMs) with

lysine and methyl state specificities (Klose et al 2006).

1.3.5 The histone code hypothesis

Different PTMs are able to recruit enzymes that alter local chromatin
conformations and different patterns of histone modifications are
associated with distinct transcriptional states. It is also believed that a
single PTM does not lead to large alterations in chromatin structure nor
transcription. The Allis laboratory hypothesized that different
combinations of PTMs on different histone tails could constitute an
information-rich code. This histone code could be “written” and “read”

by different enzymes to orchestrate specific DNA-based tasks for
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particular biological outcomes (Jenuwein & Allis 2001). Considering the
vast number of chemical moieties that can be found on histones, all their
potential combinations, and the added complexity of potential cross-talk
between them, this could result in an almost infinite amount of stored
information. This hypothesis assumes that specific combinations of each
PTM leads to a defined biological consequence. Currently, the identity of
many PTMs are known, but there is no clear picture of how all these
modifications, and in what combinations, orchestrate specific biological
functions, and whether they constitute a code in the strictest sense of

the word is yet to be determined.

1.3.6 Histones and PTMs in P. falciparum

P. falciparum posses the four canonical core histones and the histone
variants H2A.Z, H2Bv, H3.3 and H3cen but is lacking histone H2AX
(Longhurst & Holder 1997; Miao et al 2006; Trelle et al 2009). Unlike in
vertebrates, histone transcripts are polyadenylated (Miao et al. 2006). A
recent study has found PfH2A.Z to be constantly and ubiquitously
localized to euchromatic intergenic regions and strongly correlated with
H3K9ac and H3K4me3 (Bartfai et al 2010). There is no annotated linker
histone H1 in the P. falciparum genome, nor has it been identified in any
other Apicomplexan sequenced thus far (Gardner et al 2002; Sullivan et
al 2006). This could have implications in the formation of higher order
chromatin structures in Apicomplexa, and especially P. falciparum as
(A+T) rich sequences are less efficiently packaged into nucleosomes
(Nelson et al 1987). This is reflected in the fact that the chromosomes of
P. falciparum do not condense during metaphase (Gerald et al 2011 and

sources therein).
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Figure 1.7 PTMs in P. falciparum. A
summary of the PTMs identified by mass
spectrometry indicating the identity and
position of each modification. ac,
acetylation, me, methylation, 1x, mono,
2x, di, 3x, tri, ubl, ubiquitylation. Figure
reproduced from Trelle et al 2009.

Mass spectrometry analysis has
identified a total of 44 different
PTMs far all P

thus on

falciparum histones, and
multiple modifications are found
on singe histone tails (Figure 1.7,
Miao et al 2006; Trelle et al
2009). The histone tail of H2A.Z
is longer in P. falciparum than in
mammals and is associated with
high levels of acetylation that
distinguishes this P. falciparum
histone from its human host
(Trelle et al 2009). Importantly,
there are an abundance of

marks associated with gene

activation and a lack of marks associated with gene repression; notably

methylation of H3K27, H3K36 and H3K79 are missing (Trelle et al 2009).

However, there is some conflicting data, as the Scherf group has

identified H3K79me3 by both western blot and immunofluorescence

assays (Issar et al 2009).

Genome wide ChIP-on-chip mapping of H3K9me3 from the Scherf lab

and later confirmed by the Stunnenberg lab, revealed that this mark is

specifically localized to gene families that are associated with host-

parasite interactions that are generally subtelomerically located, as well

as a few internal chromosome clusters (Lopez-Rubio et al 2009).
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H3K9me3 was not found to be a general mark of silencing in P.
falciparum, as it was not found on inactive genes outside of the
heterochromatin islands in either study. This was in contrast to the other
histone marks H4K20me3, H3K4me3 and H3K9ac that showed a broad
chromosomal distribution. Using RNA-seq, the Stunnenberg Ilab
demonstrated that H3K9ac at promoter regions is correlated with
transcriptional status, whereas H3K4me3 shows cycle-regulated
deposition, peaking at the trophozoite stage, but it does not correlate

well with changes in gene expression (Bartfai et al. 2010).

1.3.7 Histone modifying enzymes and chromatin

effectors in P. falciparum
In terms of HATSs, P. falciparum has PfGCN5 and PfMYST, members of the

GNAT and MYST family of HATs respectively, as well as an additional six
putative HATs (Bischoff & Vaquero 2010). PfGCN5 has been shown to
acetylate H3K9 and H3K14 in vitro and has been shown to interact with
the coactivator PfADA2, suggesting that they may interact in vivo to form

large multiprotein HAT complexes as described in yeast (Fan et al 2004).

Regarding HDACs, P. falciparum has PfHDAC1, a zinc-dependent class |
HDAC (Joshi et al 1999) and two sirtuins. Sirtuins are NAD*-dependent
HDACs. PfSir2A is most similar to group | sirtuins and also has ADP-
ribosyltransferase activity, whereas PfSir2B is most similar to group IV
sirtuins (Freitas-Junior et al 2005; Merrick & Duraisingh 2007; Tonkin et al
2009). There are also an additional three HDAC homologs that have yet

to be characterized (Chaal et al 2010).
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Different bioinformatic analyses have identified either six or nine
putative HKMTs in P. falciparum and two of these proteins expressed in a
eukaryotic system showed HKMT activity. PfSET8 was able to methylate
H4K20me1/2/3 and PfSET2 methylated histone H3 in vitro (Cui et al
2008a; Bischoff & Vaquero 2010). Through immunolocalization, PfKMT1
was shown to be located at the periphery of P. falciparum nuclei (Lopez-
Rubio et al 2009). This was confirmed by the Cowman lab, who in
addition to PfKMT1, also localised an additional 7 putative HMTs to the
nucleus (Volz et al 2010).

Two putative JHDMs have also been identified by bioinformatic analysis,
PfJmjC1 and PfJmjC2 (Cui et al 2008a). An LSD1 homolog identified by
bioinformatic analysis has also been observed to localize to the nucleus

(lyer et al 2008; Volz et al 2010).

Drugs that interfere with histone modifying activities have been
described as antimalarials in vitro. The inhibitory effects of apicidin, a
type | HDAC inhibitor was reported for P. berghei and another study
found that P. falciparum growth was inhibited by anacardic acid, a
compound that inhibits the HAT PfGCN5 (Darkin-Rattray et al 1996; Cui
et al 2008b). The Bozdech lab showed that treatment of P. falciparum
with apicidin led to P. falciparum death and to genome-wide
hyperacetylation which resulted in a deregulation of transcription along

the IEC (Chaal et al 2010).

The sole chromatin effector to be characterized in P. falciparum thus far
has been HP1. Studies found that PfHP1 specifically binds di- and tri-

methylated H3K9 but not to other methylated or repressive marks, the
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protein dimerizes, and is found in discrete foci localized to chromosomal
end clusters. PfHP1 was found to be localized to silent var genes and was
highly correlated with previously mapped H3K9me3 locations (Perez-

Toledo et al 2009; Flueck et al 2009).

High mobility group box (HMGB) proteins are proteins that can either
bind in sequence dependent or independent fashions to regulate
transcription and they have also have been implicated in chromatin
remodeling. Four HMGB homologs have been identified in P. falciparum,
and two (PfHMGB1 and PfHMGB2) have been shown to bind DNA in vitro
(Briquet et al 2006; Kumar et al 2008). Knockouts of HMGB2 in the
rodent malaria P. yoelii resulted in a reduced capacity to form oocysts

(Gissot et al 2005).
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1.4 An introduction to epigenetics

1.4.1 Epigenetics and criteria defining bona fide
epigenetic signals

Epigenetics refers to alternative states of gene expression that are stable
over time, heritable and are not associated with changes in DNA
sequence (Campos & Reinberg 2009). It is clear that many factors
contribute to the maintenance of an epigenetic phenotype, including
DNA methylation, PTMs, histone variants and various types of ncRNAs.
However, there is a tendency to classify any molecular factor, such as
every ncRNA or histone variant as an “epigenetic signal”. Since no
singular mechanism contributes to the maintenance of an epigenetic
phenotype, an attempt to integrate these factors has resulted in what is
referred to as “epigenetic pathways” (Berger et al 2009). This permits for
the inclusion of all the factors that contribute to the maintenance of an

epigenetic phenotype but permits us to distinguish between which

molecular signals are actually transmitting epigenetic memory.

For a molecular signal to be considered truly epigenetic, it is required to
i) self perpetuate ii) be heritable iii) have an effect on gene expression
and iv) be reversible (Bonasio et al 2010). Of the many factors that
participate in an epigenetic pathway, DNA methylation is one of the best
characterized that meets all of the above stated criteria to be considered
a true epigenetic signal that transmits information (Bonasio et al 2010).
The semi-conservative mode of DNA replication results in two hemi-
methylated double strands that are fully methylated by DNA
methyltransferases that specifically target hemi-methylated DNA (Goll &
Bestor 2005) ensuring its propagation through cell divisions and DNA

methylation patterns are robustly stable through many cell divisions
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(Wigler et al 1981). DNA methylation negatively regulates transcription
(Bird & Wolffe 1999), and DNA methylation is readily reversible by DNA
demethylases (Goll & Bestor 2005). However, epigenetic inheritance is
observed in several species that have little to no DNA methylation, as in
S. pombe , S. cerevisiae, C. elegans and D. melanogaster (Lavrov &
Kibanov 2007 and sources therein). This strongly suggesting that at least
in these organisms, other factors apart from DNA methylation function

as epigenetic signals.

In contrast to DNA methylation, it is clear that various types of ncRNAs
are important in the maintenance of epigenetic phenotypes (Margueron
& Reinberg 2010), but many are not themselves epigenetic signals. For
example, long ncRNAs such as the Kcnglotl and Xist transcripts have
been implicated in the genetic imprinting of specific loci (Koerner et al
2009, discussed further in section 1.7.1). It has been suggested that these
ncRNAs participate in epigenetic pathways by recruiting, in a sequence-
specific manner, the deposition of epigenetic signals, such as DNA
methylation and PTMs (Nagano et al 2008; Pandey et al 2008). Similarly,
short RNAs, derived from RNAi pathways, have also been demonstrated
to interact with DNA methyltransferases (Matzke et al 2007). However,
the ncRNAs themselves do not transmit cellular memory and thus are not
epigenetic signals, but can be considered effectors involved in

maintaining an epigenetic phenotype.

Similarly, histone variants may assist in maintaining an epigenetic
phenotype but do not function as epigenetic signals. For example,
nucleosomes containing histone H3.3 are unstable and this variant is

often deposited at transcribed genes, promoters and gene regulatory
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elements (Talbert & Henikoff 2010). A euchromatic epigenetic phenotype
might be associated with histone H3.3 but the histone itself may not
transmit cellular information, but may be required in the epigenetic
pathway to facilitate transcription. Whether PTMs function as true
epigenetic signals is currently debated and will be discussed below in

section 1.4.3.

1.4.2 Factors that contribute to the maintenance of
epigenetic pathways in P. falciparum
As stated above, many factors including DNA methylation, PTMs, histone

variants and various types of ncRNAs contribute to the maintenance of
an epigenetic phenotype. However, this list is somewhat attenuated in P.
falciparum, as several of these factors are missing. There is no 5-methyl-
2’-deoxycytosine (5mC) DNA methylation, nor has a gene encoding the
cognate methyltransferase (DNMTI) been detected in P. falciparum (Choi
et al 2006; Ponger & Li 2005). Although based on bioinformatic analysis,
an enzyme capable of methylating 6-methyl-2’-deoxyadenine (6mA), is
present in the P. falciparum genome, this methylated DNA residue has

been detected at low levels using methylation-sensitive restriction
enzymes, but the methyltransferase, when expressed in both E. coli and
yeast did not display enzymatic activity (Hattman 2005; Pollack et al

1991). Therefore, P. falciparum likely has little to no DNA methylation.

There is no regulation of gene expression via short-interfering RNAs
(siRNAs), as P. falciparum does not have a functional RNAi pathway, and
transient transfection assays expressing antisense RNA have not resulted
in gene silencing (Baum et al 2009). Gene silencing by antisense

transcripts could be possible in certain contexts by base pairing with
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cognate sense transcripts, (Militello et al 2004). Other ncRNAs could be
involved in the maintenance of epigenetic pathways; a recent study
identified 107 novel ncRNA transcripts using RNA-seq, the majority of
which are shared with other sequenced Plasmodium species (Otto et al
2010). Some ncRNAs have been found to be transcribed from P.
falciparum centromeres and to associate with centromeric chromatin (Li
et al 2008), and a recent study has identified a large number of telomere

associated long ncRNAs (Broadbent et al 2011).

Regarding histone variants, two recent publications have focused their
attention on H2A.Z, a variant that has been implicated in numerous
diverse functions in other organisms, ranging from heterochromatin
formation, chromosome stability and transcriptional activation (Talbert &
Henikoff 2010). The Stunnenberg lab analysed the genome-wide
distribution of PfH2A.Z and they suggest that this variant defines
euchromatic intergenic regions and propose that it could serve as a
platform for the assembly of chromatin effectors (Bartfai et al 2010).

Other work on H2A.Z from the M. Duffy lab has shown that the
deposition of this variant was correlated with var gene expression but

not with the activity of other transcribed genes (Petter et al 2011).

PTMs have been implicated in the transmission of epigenetic memory in

P. falciparum of clonally variant genes, discussed further in section 1.5.3.

1.4.3 Transmission of epigenetic memory by PTMs
It is perhaps intuitive to implicate PTMs in epigenetic processes as they

are closely associated with DNA and many have direct functional

consequences that affect transcription. However, not all PTMs transmit
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cellular memory, and it is debatable whether PTMs can fulfil any of the

criteria of an epigenetic signal as described above (section 1.4.1).

A mechanism is required to initiate and establish the PTMs for the
desired epigenetic phenotype, once established they need to be
propagated, mechanisms must exist to transmit PTMs through cell
divisions and the PTMs must be reversible. Data supporting PTMs as
epigenetic signals is scant, however, several compelling models have
emerged that support the hypothesis that PTMs transmit epigenetic

memory.

STFs are the leading candidates to orchestrate the deposition of PTMs for
the establishment of a specific phenotype, as they have been show to
interact with enzyme complexes that possess chromatin modifying
activities (Bonasio et al 2010). An important example is in the
Polycomb/Trithorax system of transcriptional regulation that requires
Polycomb group (PcG) and Trithoriax group (trxG) proteins to
respectively silence and activate genes. PcG and trxG group proteins
mediate these processes by the deposition of either H3K27me3, in the
case of repression, or H3K4me3 in the case of activation (Simon &
Kingston 2009). It has been shown that sequence-specific DNA binding
proteins are what recruit these chromatin modifying complexes to
particular sequences and it is hypothesized that these sequence specific
DNA binding proteins serve as platforms to recruit PcG and trxG complex
binding. These DNA-binding proteins include Pleiohomeotic,
Pleiohomeotic-like and Trithorax (Schuettengruber et al 2009). STFs can
also recruit DNA methyltransferases in a sequence-specific fashion

(Hervouet et al 2009).
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The replication of chromatin requires DNA synthesis and nucleosome
assembly to be carried out simultaneously. Nucleosomes ahead of the
replication fork need to be disrupted and reassembled behind the fork on
both the leading and lagging strands and replication experiments carried
out in vitro have shown that chromatin is faithfully reassembled close
behind the replication fork (Lucchini et al 2001). How parental
nucleosomes are deposited and segregated during DNA replication is at

the root of epigenetic transmission by PTMs.

Nucleosomes on replicating DNA are derived both from parental histones
and new, naive histones; but only parental histones contain any pre-
replication information. It is accepted that parental nucleosomes,
carrying the original PTMs, are deposited to both strands of newly
replicating DNA (Pospelov et al 1982; Jackson & Chalkley 1985). Thereby,
both copies of newly replicated DNA would contain information present
in the original template. However, the manner in which parental histones
are segregated remains unclear. Several models of histone segregation
have been proposed including a random model and two semi-
conservative models of histone segregation based on whether histones
are segregated as dimers or tetramers. As the name implies, the random
model of histone segregation suggests that histones are randomly
segregated between the leading and lagging strands and whether the
histones segregate as tetramers or dimers is inconsequential. The semi-
conservative models proposes that histones are equally distributed
between the leading and lagging strands, and only differ in whether the
H3-H4 tetramer is divided or remains intact during replication

(Annunziato 2005). If the H3-H4 tetramer is divided and the dimers are
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segregated onto the new DNA strands, the parental histones associate
with naive dimers to reconstitute the tetramer. This would imply that all
the newly formed nucleosomes contain H3-H4 tetramers that are
parental-daughter hybrids. If the tetramer remains intact, then the newly
replicated chromatin would contain two distinct populations of
nucleosomes, one that contains exclusively parental derived H3-H4
tetramers and another that are composed solely of new H3-H4
tetramers. It is still not entirely clear which is the method, but in vitro
replication studies have shown that the segregation of parental H3-H4
tetramers and histone octamers, not dimers or half nucleosomes, are
deposited onto newly replicated DNA (Annunziato 2005 and sources
therein). Regardless of the mode of histone segregation during
replication, only part of the newly formed chromatin contains the
original pre-replication information. This implies that mechanisms must

exist to propagate the message carried by the original PTMs.

Based on the PTMs that characterise mating-type switches in S. pombe,
the Thon lab has proposed a theoretical model of heritable bistability for
the transmission of PTM-mediated epigenetic memory, whereby PTMs

function as epigenetic signals (Figure 1.8, Dodd et al 2007).

The model is based on heritable bistability that is maintained by positive
feedback loops and cooperativity in PTMs. Bistability refers to networks
in which two states are equally stable under the same conditions, and in

this case, refers to heritable patterns of gene expression and/or gene
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Figure 1.8 Model for the transmission of epigenetic memory by PTMs. PF and
PTM refer to positive feedback and post-translational histone modification
respectively. HMT, HDAC, HAT and HDM refer to histone methyltransferases,
histone deacetylases, histone acetyl transferases and histone demethylases
respectively. Circular black arrows indicate an enzymatic action, discontinuous
black lines indicate cooperativity. Grey arrows indicate stable transmission
when PF>noise, and straight black arrows indicate switches from one stable
state to the other when noise > PF. See text for further details. Figure adapted
from Dodd et al 2007.

repression. Inherent to bistable systems are stochastic, low frequency
switch-like transitions from the one state to the other. Positive feedback

in their model refers to recruitment-based interconversions which refers
to the ability of a nucleosome that carries a particular PTM to directly or
indirectly recruit enzyme activities that either place the same PTM or
removes antagonistic PTMs on adjacent nucleosomes. Cooperativity
refers to the ability of modified nucleosomes not only to affect nearby
nucleosomes but also to non-adjacent nucleosomes. Another parameter
in their model is that of noise, which refers to recruitment-independent

conversions that occur due to the random gain or loss of PTMs. Their
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model is able to produce stable and heritable patterns of gene
expression depending on the positive feedback to noise ratios in PTMs,
even if the PTMs are highly dynamic and even if nucleosomes are
randomly partitioned during replication. It is the relationship between
positive feedback and noise that contributes either the maintenance of a
particular epigenetic state (positive feedback > noise) or a switch to the

opposite state (positive feedback < noise) (Dodd et al 2007).
Although the classification of PTMs as molecular signals is largely based

on theoretical models, it is clear that PTMs at least act as effectors in

epigenetic pathways.
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1.5 Clonally variant gene expression (CVGE) of var
genes

1.5.1 var genes, the paradigm of antigenic variation in P.

falciparum
var genes are a large family of = 60 members per haploid genome that

code for different forms of erythrocyte membrane protein 1 (PfEMP1)
(Gardner et al 2002). PfEMP1 is a parasite-derived, clonally variant
adhesion molecule that is exported to the surface of infected
erythrocytes and is an important factor in P. falciparum pathogenicity
(Baruch et al 1995; Su et al 1995; Scherf et al 1998). Different PfEMP1s
bind to different host molecules present on the endothelial lining of host
capillaries. These host molecules include CD36, CD31/PECAM1,
CD54/ICAM1 and CSA (Kraemer and Smith 2006). This binding of infected
erythrocytes to host molecules effectively sequesters the parasite within
the host vasculature away from circulation and thus the parasite avoids
clearance by the spleen (Miller et al 1994). PfEMP1 also mediates a
process called rosetting, the spontaneous binding of infected
erythrocytes to uninfected erythrocytes, via an interaction with several
different receptors on uninfected erythrocytes, a phenotype that may be
associated with severe malaria (Rowe et al 1995; Rowe et al 1997;

Juillerat et al 2011).

Importantly, PfEMP1 is also a key antigenic molecule. The expression of
PFEMP1 is mutually exclusive such that an individual parasite only
expresses a single form of PfEMP1 at a time, a phenomenon that involves
the simultaneous silencing of all other family members (Figure 1.5C,
Scherf et al 1998). PfEMP1 is exposed on the surface of the infected

erythrocyte and is exposed to the host immune system which readily
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makes antibodies against the expressed PfEMP1 (Bull et al 1998).
However, the var family of genes undergoes low level switching such that
before an infection has been successfully cleared, a subpopulation
emerges that has switched to express a distinct PFEMP1 that is no longer
recognized by host immunity (Roberts et al. 1992). This antigenic
variation mediated by PfEMP1 leads to waves of parasitemia and
persistent infections despite antibody-mediated immune pressure in
non-naive individuals (Miller et al 1994; Molineaux et al 2001). The
mutually exclusive expression program coupled with low level switching
allows the parasite to guard its antigenic repertoire. However, with
clinical parasite loads that can exceed 10" parasites and only =60 var
genes, it is unclear how the parasite prevents the squandering of its
limited antigens to establish chronic infections (Recker et al 2011). Based
on long term culturing of clones and mathematical modeling, the
Newbold lab has recently suggested that var gene switching is non-
random and highly structured, and that each var gene may possess an
intrinsic switching rate, with both slow and fast switching phenotypes
(Recker et al 2011). They suggest that this switching mode, termed
single-many-single (sms), permits the parasite to protect its repertoire
and simultaneously establish chronic infections in non-naive individuals
that already have immunity to some var variants and show temporary
cross-reactive responses. It is known that antigenic switching is
accomplished without DNA rearrangements, and involves epigenetic
mechanisms (Scherf et al 1998). Yet, the molecular mechanisms

underlying this process are not completely understood.

var genes have a conserved genetic structure composed of two exons

separated by an intron . The first exon is hypervariable and codes for the
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extracellular and single transmembrane domains of PfEMP1. The second
exon is conserved and codes for a region that anchors the protein within
a knob structure at the erythrocyte membrane (Smith et al 2000). var
genes are disinguished into different groups based on their 5° promoter
types, which are classified by chromosomal location and sequence
homology (Kraemer et al 2007). var genes have an additional promoter
with bidirectional promoter activity originating from within the intron
that results in the production of sense and antisense transcripts (Su et al
1995; Calderwood et al 2003; Epp et al 2009). These transcripts are not
polyadenylated and are transcribed when a particular var gene is active
or silent, and is thus independent of 5’ promoter activity (Epp et al 2009).
The two promoters are active at different times: the upstream promoter
is active in ring stages (8-20 h post invasion), whereas the promoter
within the intron is active 24-48 h post invasion (pigmented trophozoites
and schizonts, Kyes et al 2003; Kyes et al 2007; Scherf et al 1998). It is
know that the expression of var genes is regulated at the level of

transcription initiation (Scherf et al 1998; Kyes et al 2003).

1.5.2 Genetic elements involved in the mutually

exclusive expression of var genes
The var gene family shows mutually exclusive expression, and the

unknown molecular mechanism that maintains this transcriptional
phenomenon is often referred to as a counting mechanism (Scherf et al
2008). Several studies have implicated various genetic elements that
somehow establish or cooperate with the counting mechanism to keep
only one var gene active and the remaining var genes silent. It was
demonstrated that when removed from their chromosomal context, var
genes placed on an episome are transcriptionally active, implicating

other elements in their silencing (Deitsch et al 1999). It was later
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demonstrated that the silencing of episomal var promoters requires not
only passage through S phase (the phase of the cell cycle where
chromatin is assembled), but also the activity of both var promoters, that
within the 5" UTR and also from the intron (Deitsch et al 2001). This was
supported by another study that reported that the spontaneous deletion
of elements within the intron resulted in the activation of an episomal
var gene (Gannoun-Zaki et al 2005). This was supported by the previous
identification of varcommon, @ var gene found in several field isolates
taken from infected children in Gabon, that is constitutively transcribed
and lacks both the intron and exon 2 domains (Winter et al 2003). It was
later shown that var promoters become active when they are unpaired
from their intron (Frank & Deitsch 2006). However, the necessity of the
intron in var gene silencing was debated by other groups, when it was
shown that not all silent var genes were accompanied by the

transcription of the sterile transcript (Ralph et al 2005).

The Cowman group provided evidence that a var promoter itself is
sufficient to enter into the mutually exclusive counting mechanism,
suggesting that the intron was not required (Voss et al 2006), however, it
was later observed that any active promoter could pair with a 5’ var
promoter and silence a var gene after passage through S-phase
(Dzikowski et al. 2007). This was evidence to suggest that neither the var
intron nor its sterile transcript are required for var gene silencing, but
rather, it is the transcriptional activity of the intron that mediates
silencing. This observation could account for the silencing of a var
promoter in the absence of the var intron, as in these experiments
described by the Cowman lab, used a plasmid that contained an

additional promoter, that of hsp86. It was also demonstrated that var
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gene silencing is not dependent on production of the PfEMP1 protein,
suggesting that the 5" UTR and the intron contain all the necessary
elements to become included in the counting mechanism, and the silent
state is not maintained by negative feedback loops (Dzikowski & Deitsch
2006). var genes are also known to be silenced at the level of individual
genes as opposed to general heterochromatin spreading (Duraisingh et al
2005; Lopez-Rubio et al 2009; Flueck et al 2009; Swamy et al 2011). The
Deitsch group also showed that a titratable nuclear factor was involved in
var gene activation (Dzikowski & Deitsch 2008). How the phenomenon of
promoter pairing involves var genes in the counting mechanism is for the

moment unclear.

Genetic elements found in the upstream regions of different subsets of
var genes have been shown to be bound by different protein activities
(Voss et al 2003). These conserved motifs include SPE1 and SPE2,
common to upsB promoter types and CPE, common to upsC promoter
types. Recognition of SPE2 by a protein only occurrs during S-phase.
Further work on these elements revealed that the SPE2 element is bound
by an ApiAP2 transcription factor that has been named PfSIP2 (Flueck et
al 2010). The consensus sequence of PfSIP2 was biochemically mapped
and PfSIP2 binding sites were almost exclusively found in subtelomeric
heterochromatin in the upstream regions of upsB var genes. Purification
of native PfSIP2 resulted in the co-purification of 18 other proteins,
which included two other ApiAP2 transcription factors, and several other
proteins involved in DNA replication/repair and chromatin remodelling

(Flueck et al 2010).

43



1. Introduction

The Deitsch lab has shown that both sense and antisense transcripts that
originate from the var intron localize to distinct spots within the nucleus
and that they are associated with chromatin, however their expression
does not correlate with var gene expression status and whether they

localize to var DNA sequences in the nucleus is unknown (Epp et al 2009).

1.5.3 Epigenetic control of var genes
Although the transcriptional regulation of the var gene family is not fully

understood, it is known to involve epigenetic mechanisms. It was known
that the active var gene is clonally inherited after many rounds of
invasion, suggestive of some form of cellular memory. One of the first
indications of epigenetic control was the observation that silent var
genes are activated in situ and the activation does not involve DNA
recombination (Scherf et al 1998). Two studies published concurrently in
2005 strengthened this hypothesis when together they showed that var
gene silencing is reversible and mediated by heterochromatin formation
(Duraisingh et al 2005; Freitas-Junior et al 2005). The authors analysed
PfSir2, an HDAC, and observed that it spreads along the telomere and is
associated with silent var genes. It was observed that this HDAC is absent
from the promoter of active var genes where acetylation occurs and that
the activation of a var gene involves repositioning of the activated locus
to a subdomain in the heterochromatic nuclear periphery. They also
showed that its disruption lead to a partial loss of mutual exclusion
(Duraisingh et al 2005; Freitas-Junior et al 2005). Further work on the
two P. falciparum Sir2 homologs, PfSir2A and PfSir2B showed that both
proteins are involved in the maintenance of mutually exclusive var gene
expression (Tonkin et al 2009). The Cowman lab demonstrated that a var

promoter itself contains sufficient information to nucleate the formation
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of a silent chromatin state on an episome that is stably inherited (Voss et
al 2006). The Deitsch group suggests that active transcription is required
to establish the epigenetic memory in the var gene family but is
independent from antigen production (Dzikowski & Deitsch 2008). They
silenced all the endogenous var genes by introducing unpaired var
promoters on an episome. When the episomes were removed, the
parasite resumed the mutually exclusive expression of a single var gene,
however, var genes were activated at random and were not the var
genes that had previously been expressed. They also noted that
unpaired var promoters (i.e. episomes containing a var promoter without
any other additional promoter activities) could not be epigenetically

silenced.

Two studies published in 2007 showed that certain PTMs were
associated with var cellular memory (Chookajorn et al 2007; Lopez-Rubio
et al 2007a). Lopez-Rubio and colleagues characterised the PTMs that
were associated with a var gene that was expressed, bookmarked for
expression (poised) or repressed. The poised state refers to a var gene
that is transcriptionally inactive (i.e. in trophozoite and schizont stages)
but that will be activated during the ring stage in the next cycle. It was
observed that transcriptionally silent var genes were marked with
H3K9me3 throughout the IEC. The active var gene was associated with
H3K4me3, H3K4me2 and H3K9ac, whereas the poised state of a var gene

was associated with H3K4me2 (Figure 1.9, Lopez-Rubio et al 2007a).
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Figure 1.9 A summary of histone H3 PTMs associated with the silent,
bookmarked for activation (poised) or active states of var genes. See text
for details. Reproduced from Lopez-Rubio et al. 2007.

1.5.4 P. falciparum nuclear organization and

architecture
Almost all of what is known about the nuclear architecture in P.

falciparum has been acquired by the study of var genes. P. falciparum
subtelomeric ends share a common overall organisation. Telomeric
repeats are followed by six blocks of noncoding repeats called telomere-
associated repeat elements (TARES 1-6, Gardner et al 2002). These are
followed by subtelomeric var genes that are often interspersed with rifin
genes, although some var genes are found in internal chromosomal
clusters. Sequences found in the subtelomeres are responsible for the
physical clustering of chromosome ends, which are in turn tethered to
the nuclear periphery (Figueiredo et al 2002). One of the TAREs, TARE6
(also called Rep20) was shown to play a direct role in the physical
association of chromosome ends, presumably mediated by Rep20
binding proteins (O'Donnell et al 2002). A protein PfOrcl was shown to
bind several TAREs, and PfOrcl in combination with PfSir2 contributed to
the stability of chromosomal end clusters that perhaps involves the

subtelomeres folding back on themselves (Mancio-Silva et al 2008). The
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clustering of chromosome ends results in high levels of ectopic
recombination between members of antigenically important family and
explains why there is minimal overlap in var gene repertoires between

different strains (Freitas-Junior et al 2000).

Several studies have demonstrated that var activation is accompanied
with locus repositioning and have demonstrated that silent subtelomeric
var genes are associated with telomere clusters at the nuclear periphery
(Duraisingh et al. 2005, Ralph et al. 2005 PNAS, Voss et al. 2006). There is
debate as to the localisation of active central var genes, as one group
reports that they move away from a telomeric cluster, whereas another
reports an active central var gene at a cluster, both studies used DNA-
FISH (Ralph et al. 2005 PNAS; Voss et al. 2006). A study using RNA-FISH
provided evidence that active var genes, regardless of chromosomal
location, were all localised to the nuclear periphery in areas distinct from
telomeric clusters (Lopez-Rubio et al. 2009). However, as the nuclear
periphery itself contains both condensed and noncondensed chromatin
(Ralph et al. 2005 PNAS), and whether active var genes move towards or
away from a telomeric cluster, these studies support the hypothesis that
the nucleus is divided into distinct microenvironments that either permit

or restrict transcription.

It has been suggested that mutually exclusive var gene expression is due
to limited space in a var-specific expression site in the nuclear periphery,
although this theory has been challenged by the observation that two
active var promoters can be simultaneously accommodated in an
expression site (Dzikowski & Deitsch 2008; Dzikowski et al 2007) and with

the isolation of a single parasite line that expressed two different PFEMP1
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on the surface of an infected erythrocyte (Joergensen et al 2010). The
Scherf lab found other genes apart from var genes that are marked with
H3K9me3 also cluster at the nuclear periphery. They have proposed a
model where genes that are epigenetically silenced converge on what
they have termed perinuclear repressive centres (PERCs) via the
formation of small chromatin loops, the formation of which could be
mediated by H3K9me3 marks themselves (Lopez-Rubio et al 2009). These
PERCs are located in the nuclear periphery and are hypothesized to
contain the required enzyme activities to promote the deposition of
repressive marks and the removal of active marks, such as PfKMT1,
PfHP1 and PfSir2. An immunolocalization survey of several histone
methyl PTMs showed their enrichments in distinct sub nuclear zones,
again suggestive of transcriptional active and repressive compartments
(Issar et al 2009). A recent study has also identified a novel set of
telomere-associated long ncRNAs, terms IncRNA-TAREs. The function of
these ncRNA-TAREs is currently unknown but they are coordinately
expressed after S-phase and each one is adjacent to an upsB type var

gene (Broadbent et al 2011).
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1.6 Clonally variant gene expression (CVGE) beyond var
genes

1.6.1 CVGE in other gene families apart from var
In large part because of their role in pathogenesis, much attention has

focused on var genes. However, it has emerged that other genes
exported to the erythrocyte membrane also undergo expression
switches, as CVGE (Figure 1.5B) has also been observed in the rifin, stevor
and Pfmc-2TM families, that contain approximately 150, 35, and 14
members respectively (Kyes et al 1999; Lavazec et al 2007; Niang et al
2009). These three gene families are related as they constitute the two-
transmembrane (2TM) superfamily. However, the biological function of
the 2TM superfamily and how their expression is regulated remains
largely unknown. CVGE had also been observed in the small gene family,
PfRh, which consists of six members (Taylor et al 2001; Duraisingh et al

2003).

However, CVGE is not limited to large multigene families, PfRh, nor to
gene families that are exposed for long durations of time to host
immunity, as it was demonstrated that a wide variety of small gene
families (with 4-6 members) implicated in erythrocyte invasion also
showed CVGE (Cortés et al 2007). These authors showed that parasite
populations are mixtures of isogenic parasites that are transcriptionally
different and they observed CVGE for members of the eba, clag, and
acbp multigene families, and confirmed the clonally variant expression of
PfRh. They also found that two members of the clag gene family, clag3.1
and clag3.2, display mutually exclusive expression (Figure 1.5C), the only
other known example of mutual exclusion in P. falciparum apart from the

var genes.
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Other evidence indicating that epigenetic mechanisms were involved in
the transmission of cellular memory beyond var genes was shown by
Cortés and colleagues (2007) when they showed that expression status
of eba-140, clag3.1 and clag3.2 was clonally transmitted, promoter
mediated and occurred without detectable DNA rearrangements. The
Miller lab demonstrated that PfRh4, a clonally variant gene involved in
erythrocyte invasion, when transcriptionally silent was marked by
H3K9me3, and the active state of the gene was associated with H3ac,
H4ac, and H3K4me3, suggesting that PTMs may be involved in the
transmission of epigenetic memory in other families apart from var

genes (Jiang et al 2010).

1.6.2 Cytoadherence-linked asexual genes, clag3.1 and
clag3.2

The cytoadherence-linked asexual gene (clag) family is comprised of five
members, clag?, 3.1, 3.2, 8 and 9 that encode for RhopH1 (Kaneko et al
2001). RhopH1 is one member of the high molecular weight rhoptry
(RhopH) complex which also consists of RhopH2 and RhopH3, both of
which are encoded by single copy genes (Holder et al 1985; Cooper et al
1988). The inability to genetically disrupt rhopH2 or rhopH3 suggests that
the function of the complex is essential (Comeaux et al 2011 and sources
therein). The clag genes show lineage specific expansion as they are
found only in plasmodia and in all plasmodia species (Iriko et al 2008).
Phylogenetic analysis has shown that the clag family is split into two
distinct lineages, Type-AP clags that consist solely of clag9 and Type-A
clags that consist of the other four members. Type-A clags are highly

polymorphic and the polymorphisms of clag8 and 9 sequences are
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suggestive of diversifying selection (Kaneko et al 2005; Iriko et al 2008).
clag3.1 and clag3.2 are subtelomerically located on the left arm of
chromosome 3 and are only separated by a var pseudogene and a ncRNA

(Figure 1.10).

PFO3TROO1 PFO3TRO02
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Figure 1.10 Genomic context of clag3.1 and clag3.2. clag3.1 (PFC0120w) and
clag3.2 (PFC0110w) are located in tandem in a head to tail arrangement on the
left arm of chromosome 3. clag3.1 and clag3.2 are separated by a var
pseudogene, PFC0115c (whose transcript is referred to as PFO3TR001) and a
ncRNA, PFO3TR0O02. Upstream of clag3.2 is PFCO105w, a putative
serine/threonine protein kinase. clag3.1 is followed by PFC0125w, a putative
ABC transporter. The size of the genes and their intergenic regions are indicated
in base pairs. For exon-intron structure of clag3.1 and clag3.2, see Article 1,
Figure 5A.

At the nucleotide level, their coding sequences are 95% identical,
although their 5’ regions are more divergent. clag3.1 was recently
identified as one of eight genes that are differentially upregulated in
children compared to pregnant women in field isolates from Tanzania,
suggesting that it may have a role in childhood malaria pathogenesis
(Vignali et al 2011). clag3.1 and 3.2 are exclusively and highly expressed
in schizonts, which correlates with the time of RhopH1 production
(Kaneko et al 2005). Previous work has shown that clag3.1, 3.2 and 2
show CVGE, as different subclones that express one or the other can be
isolated. It is also known that the silencing of these genes is clonally
transmitted and stable for at least 25-30 asexual generations and does
not involve detectable changes in DNA sequence. Due to these

observations, the silencing of these genes was hypothesized to be
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mediated by epigenetic mechanisms (Cortés et al 2007). These authors
also found the expression of clag3.1 and clag3.2 to be mutually exclusive,

an observation that was later confirmed (Comeaux et al 2011).

The authors who characterized PfSIP2 tested the ability of this ApiAP2
transcription factor to bind SPE2-like consensus sequences that are
present in the upstream regions of other genes, including the clags and
rhopH3 (Young et al 2008; Flueck et al 2010). Although the consensus
sequences are quite similar, the sequences found in clag3.1 and clag9
were not bound by PfSIP2, whereas the sequence found in rhopH3 was
recognized by PfSIP2, although chromatin immunoprecipitations (ChlIP)

experiments did not confirm their interaction (Flueck et al 2010).

1.6.3 Biochemical function of clag3.1 and clag3.2

The RhopH complex was first identified as a three member complex
found in the rhoptries (Holder et al 1985) composed of three distinct
peptides (Cooper et al 1988). It was hypothesized that the complex was
involved either in invasion or the establishment/maintenance of the PV
(Cooper et al 1988). The genes that coded for the proteins in the complex
were identified and RhopH1 was found to be encoded by a member of
the clag family (Kaneko et al 2001). The clag family was named as such
because the absence or disruption of the first clag gene to be identified,
clag9, in addition to other phenotypes, resulted in reduced adhesion of
infected erythrocytes to CD36, a glycoprotein that mediates numerous
adhesive processes (Day et al 1993; Chaiyaroj et al 1994; Holt et al 1999;
Trenholme et al 2000; Gardiner et al 2004). Hydrophobicity analysis of
CLAGY predicts that the protein contains several transmembrane

domains (Trenholme et al 2000).
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Subcellular localization experiments localized the RhopH complex to
rhoptry bulbs in schizonts (Gardiner et al 2004) and to the apical end of
merozoites (Ling et al 2004; Kaneko et al 2005). The complex persists in
ring (Lustigman et al 1988; Ling et al 2004) and is distributed into the
host erythrocyte membrane and into the membrane of the
parasitophorous vacuole (Hiller et al 2003; Ling et al 2003). The complex
was found to be composed of a 1:1:1 ratio of the three components and
since RhopH1 is encoded by five different genes, it was hypothesized that
the different gene products could confer some specificity to the complex
(Kaneko et al 2005). It has also been shown that antibodies against
components of the RhopH complex partially inhibit the growth of P.
falciparum in vivo and in vitro (Kaneko 2007 and sources therein).
Cumulatively, these data supported the original hypothesis, implicating

the RhopH complex in invasion or in PV establishment for many years.

However recently, and unexpectedly, the products of clag3.1 and 3.2
have been identified by the Desai laboratory as either a main component
or a regulator of the plasmodium surface anion channel (PSAC) involved
in the new permeability pathways (NPP) of infected erythrocytes
(Nguitragool et al 2011). These NPP refers to the induction of new
pathways of solute permeability some hours after merozoite invasion in
the infected erythrocyte membrane upon the proliferation of P.
falciparum. NPP are necessary for the uptake of nutrients and the
disposal of parasite metabolic waste, they involve the translocation of
diverse organic and inorganic solutes and could involve several ion-
channel types (Huber et al 2005; Hill & Desai 2010). The Desai laboratory

screened two P. falciparum strains, HB3 and Dd2 with a chemical library
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to identify compounds that inhibited PSAC-associated lysis. They
identified two such compounds that differentially inhibited PSAC activity
in the two strains and they took advantage of a genetic cross that had
been performed between HB3 and Dd2 to genetically map and
eventually identify and confirm the association of clag3.1 and clag3.2
with PSAC activity. They convincingly correlated clag3 with PSAC activity
by allelic exchange experiments, were able to use the two different
chemical inhibitors to select for clag3.1 or clag3.2 expressing populations
and they demonstrated that part of the CLAG3.1 and CLAG3.2 proteins

are exposed on the surface of the parasitized erythrocyte.

In light of these recent findings, many questions regarding clag3
involvement in PSAC activity arise; CLAG3 is one member of a three
member protein complex, what is the involvement of the RhopH complex
in PSAC function? as the CLAG3 products are transmembrane proteins,
how are they transported from the rhoptry bulb to the surface of the
infected erythrocyte? if the gene is transcribed and the protein
translated in late schizonts, but PSAC activity does not begin until =20 h
after merozoite invasion, what is the role of CLAG3 during this
intervening time? why is clag3 mutually exclusively expressed if it
encodes an ion channel? These questions can now be addressed
experimentally and are sure to produce interesting results in the near

future.

1.6.4 Erythrocyte binding antigen-140 (eba-140)

Two multigene families that encode proteins that bind erythrocytes and
determine the invasion pathways utilized by the parasite have been

described in P. falciparum, the erythrocyte-binding-like (EBL) and
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reticulocyte-binding-like (RBL) families (Gaur et al 2004). These two
families participate in erythrocyte invasion, a complex process that
involves several redundant molecular interactions between parasite
ligands and host receptors that appear to function in a hierarchical
fashion (Baum et al 2005; Stubbs et al 2005). eba-140 is part of the EBL
family, whose other members include eba-175, eba-181, ebl-1, and eba-
165 (a pseudogene). eba-140 is subtelomerically located, expressed
during late schizont stages and also shows CVGE (Cortés et al 2007). The
genomic context of eba-140 can be found in Figure 1.11. eba-140 shows
CVGE which is stably transmitted and does not involve detectable
changes in DNA sequence, implicating an epigenetic signal in the
maintenance of eba-140 expression status (Cortés et al 2007). eba-140
expression is clinically relevant as it was determined to be a dominant
invasion ligand expressed in clinical isolates from The Gambia that were

cultured ex vivo (Gomez-Escobar et al 2010).
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Figure 1.11 Genomic context of eba-140. eba-140 is found on the left arm of
chromosome 13. Upstream of eba-140 is MAL13P1.61, a member of the hyp8
family of genes that encode for exported proteins of unknown function.
Downstream of eba-140 is MAL13P1.59, a member of the phista family of genes
that encode for exported proteins of unknown function. The size of the genes
and their intergenic regions are indicated in base pairs. For exon-intron structure
of eba-140, see Article 1, Figure 5A.

The biochemical function of eba-140 is well described. EBA-140 resides in

the micronemes and is discharged upon erythrocyte invasion. In concert
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with other proteins, EBA-140 assists in tight junction formation by
binding glycophorin C present on erythrocyte membranes via sialic acid
residues (Lobo et al 2003). High levels of antibodies against the EBA-140,
175 and 181 in children from Papua New Guinea were strongly
associated with protection from symptomatic malaria and high density
parasitemia, indicating that EBLs are important target of acquired

immunity (Richards et al 2010).
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1.7 Introduction to monoallelic and mutually exclusive
gene expression

Monoallelic gene expression (allelic exclusion) refers to the random or
predetermined transcription of a single allele in diploid organisms.
Although the expression of a single var gene is often referred to as
monoallelic, P. falciparum possesses a haploid genome in the human
host, and accordingly, there is no allelic selection. For clarification, the
expression of one member of a multigene family and the simultaneous
silencing of all other members of that family will be termed mutually
exclusive gene expression (Figure 1.5C). Mutually exclusive gene
expression has been documented solely for the =60 member var gene
family and two members, clag3.1 and clag3.2 of the five member clag
family (Scherf et al 1998; Cortés et al 2007). These two genes are

collectively referred to as clag3.

Antigenic variation is a common form of CVGE used by diverse pathogens
that often involves the mutually exclusive expression and periodic
switching of the exposed antigen in order to evade host immunity
(Deitsch 2009). In diploid organisms, mutually exclusive expression is not
associated with antigenic variation, but is often used when expression

of more than one gene would confound a certain physiological process,
such as in the case of mammalian olfaction, colour vision, or generation
of antibody diversity in the immune system. Mammalian olfaction and

colour vision are discussed in section 1.7.2.

Although monoallelic gene expression and mutually exclusive gene
expression are mechanistically different processes, they are analogous in

the sense that the end result is the same; only one member is selectively
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expressed while the other member(s) are repressed. Even though the
molecular mechanisms by which a single allele or one gene of a
multigene family is expressed have not been fully elucidated, several
recurrent themes have emerged in their regulation, including asymmetric
DNA methylation, PTMs, chromatin looping and ncRNAs. An overview of
the different forms of monoallelic and mutually exclusive gene

expression in diploid organisms and pathogens follows below.

1.7.1 Non-random and random monoallelic gene
expression

Genetic imprinting (non-random monoallelic expression)

Monoallelically expressed genes fall into two major categories: imprinted
and randomly monoallelic. Imprinted alleles are expressed exclusively
from the maternally or paternally inherited chromosome in a parent-of-
origin dependent manner, thus imprinted loci are functionally haploid.
This is in contrast to random monoallelic gene expression where alleles

can be expressed from either the maternal or paternal chromosome.

Imprinted genes often occur in clusters of 2-12 genes and one of these
genes often encodes a ncRNA (Koerner et al 2009). Within imprinted
clusters, imprinted gene expression is regulated by the imprint control
element (ICE), a DNA sequence that controls the expression of multiple
genes in cis. The ICE shows differential CpG methylation, where one
parental chromosome is methylated (imprinted) and the other
unmethylated, the later ultimately controlling the expression of the

entire cluster. Two major mechanisms have been described to regulate
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imprinted gene clusters; transcription of ncRNAs and allele-specific

insulation mediated by CTCF and cohesin.

The regulation of different imprinted clusters involves ncRNAs that
interact with various molecular components to orchestrate imprinted
gene expression. Once such example is the maternally imprinted Kcng1
cluster in mice and its cognate ncRNA, Kcnglotl. The Kcngl cluster is a
large imprinted cluster spanning 800 kb and contains nine imprinted
MRNAs that lie up- and downstream from where Kcnglotl is transcribed.
Kcnglotl is transcribed from a promoter within the unmethylated ICE on
the paternal allele (Mancini-Dinardo et al 2006). Truncation of the
Kcnglotl transcript from the paternal allele results in the loss of
repression of all the protein-coding genes in the imprinted cluster,
demonstrating that this ncRNA, not only the transcriptional activity
associated with its expression, is required for imprinted gene expression
(Mancini-Dinardo et al 2006). Kcnglotl was shown to physically
associate with several silent genes located hundreds of kb away from the
site of its transcription (Pandey et al 2008). It was also shown that
Kcnglotl physically interacts with polycomb repressive complex 2 (PRC2)
and with the HMT G9A, responsible for the deposition of the repressive
PTMs of H3K27me3 and H3K9me2 respectively (Pandey et al 2008).
Furthermore, it was shown that the ncRNA also physically interacts with
the DNA methyltransferase Dnmtl (Mohammad et al 2010). Taken
together, Kcnglotl acts to target HMTs and DNA methyltransferases to

the entire imprinted cluster in a lineage-specific manner.

CTCF can act as a methylation-sensitive insulator element to control

imprinted gene clusters (Koerner et al 2009). One such example of CTCF
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mediation of imprinted gene expression is in the mammalian paternally
imprinted Igf2 cluster and its cognate ncRNA, H19. It has been shown
that H19 is not necessary for the imprinted expression of the Igf2 cluster.
Rather, CTCF binds the unmethylated maternal allele and prevents the
interaction of enhancers with the H19 promoter, whereas CTCF is unable
to bind the methylated paternal allele and the enhancers are able to

interact with the H19 promoter (Bell & Felsenfeld 2000).

Random monoallelic expression of sex-linked genes

In contrast, genes showing random monoallelic expression can be
expressed from either the maternal or paternal chromosomes, in a
stochastic manner. The best documented example of random
monoallelic gene expression is in sex chromosome gene dosage
compensation (SCGDC). The strategies of SCGDC are diverse in different
organisms, however, in all known examples, compensation is targeted
exclusively to the X chromosome of one sex to modulate gene expression
solely in that sex (Lavrov & Kibanov 2007). In placental female mammals,
a hallmark of X-chromosome inactivation (XClI) is the expression of
numerous ncRNAs that regulate each other from the X-inactivation
centre (Xic), a region of approximately 500 kb. The X chromosome that is
to be silenced is randomly established during embryogenesis yet the
silencing is stably maintained through many cell divisions. To date, at
least seven distinct ncRNA genes have been identified to have a
regulatory role in XCl (Lee 2009 and sources therein). The ncRNA first
identified to be involved in this process was the X-inactive specific
transcript (Xist), a long 17 kb ncRNA that is transcribed solely from the X
chromosome that will be inactivated that accumulates and physically

coats the silent X (Brockdorff et al 1992). Xist itself is regulated by
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another ncRNA, Tsix, a transcript of approximately 40 kb that is the
antisense counterpart that antagonizes Xist and is required for the
establishment of the active X-chromosome. Tsix is in turn regulated by
Xite, another long ncRNA transcript, as well as by two shorter transcripts
that can have positive and negatively influence Tsix that arise from the
bidirectional promoter activity at the DXPas34 microsatellite repeat
element. In addition, the 1.6 kb RepA transcript and several other very
small (21-42 nt) RNAs are also implicated in XClI (Lee 2009 and sources
therein). Both Tsix and RepA transcripts have been shown to bind PRC2
(Zhao et al 2008). To summarize a proposed model for the spread of
silencing in an allele-specific manner along the entire X chromosome, the
initial heterochromatin seeding of the silent X is believed to involve the
recruitment of the PRC2 by RepA that deposits H3K27me3 at the 5’ end
of Xist. As Xist coats the entire chromosome, it is believed to then recruit
and distribute PRC2 which deposits repressive marks along the entire
length of the chromosome, whereas Tsix blocks these activities on the
active X (Lee 2009). Other PTMs and histone variants distinguish the
silent X chromosome from its active counterpart, including
hypoacetylation of histones H3 and H4 and enrichment of macro-H2A.1

(Koerner et al 2009).

1.7.2 Mutually exclusive gene expression of mammalian
odorant receptors and human trichromatic colour vision

Mammalian odorant receptors

The strict control of mutually exclusive gene expression is exemplified by
the mammalian olfactory system which relies on the expression of a

single gene from a large family of =1400 odorant receptor (OR) genes

61



1. Introduction

that are located in tandem arrays across the genome. The effective
expression of only one OR gene and the repression of all others is crucial
for the system, as transcription of the unselected ORs would lead to
sensory confusion. The exact mechanism of this process has not been

elucidated but is known to have several levels of regulation.

It is known that the activation of a single OR gene is not associated with
DNA rearrangements (Shykind et al 2004). cis elements located within
the proximal promoter are required for the mutually exclusive expression
of OR genes (Rothman et al 2005). The analysis of mutants that resulted
in full length mRNA transcripts but truncated peptides, resulted in the
activation of other OR genes, which suggested that the OR protein was
required to initiate a regulatory feedback process that ensured the
expression of a single OR gene (Serizawa et al 2003; Lewcock & Reed
2004; Shykind et al 2004). It was also observed that the episomal
expression of an OR by different exogenous promoters lead to the
silencing of the endogenous OR, reinforced the feedback loop hypothesis
and also indicated that the coding sequence contains information for the

regulation of mutually exclusive OR expression (Nguyen et al 2007).

The identification of a conserved, distant 124 bp enhancer sequence
termed the H element, was found to regulate the expression of an OR
gene cluster (Serizawa et al 2003; Lewcock & Reed 2004). It was
hypothesized that chromatin-remodelling complexes, together with the
transcriptional apparatus, assemble on the H element to activate one OR
gene at a time by the physical association with only one OR gene
(Serizawa et al 2004; Shykind et al 2004). Another group observed that

the H sequence could interact in trans with OR promoters on
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nonhomologous chromosomes (Lomvardas et al 2006). This lead to the
hypothesis that this H element was a limiting enhancer that mediated
the genome-wide regulation of OR gene expression by acting as a “pan-

enhancer”.

However, two groups showed that deletion of the H element abolished
the expression of three proximal OR genes located within a cluster, but
did not have an effect on OR genes located further away within the same
cluster, nor on genes located outside of the cluster (Fuss et al 2007,
Nishizumi et al 2007). This indicated that this single H element was not
an enhancer for all OR genes in the genome and that multiple cis-acting

elements reside within each cluster (Fuss et al 2007).

Recently, it was shown that the nonselected OR genes are silenced by
heterochromatin formation mediated by H3K9me3 and H4K20me3,
whereas the active OR is enriched in H3K4me3 (Magklara et al 2011). The
heterochromatin-mediated silencing does not require OR expression,
suggesting that heterochromatinization it is not the result of an OR-
elicited feedback signal. The authors suggest that a limited enzymatic
activity removes these repressive marks from a stochastically selected

allele permitting its transcription (Magklara et al 2011).

Trichromatic colour vision in humans

In humans, the expression of a single photopigment in each cone cell is
fundamental to trichromatic colour vision. The duplication and sequence
divergence of a gene on the X chromosome resulted in what are now red

and green cone pigment genes (Smallwood et al 2002). Human red and
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green cone pigment genes lie in tandem in a head to tail arrangement. A
LCR lies between 3.1 and 3.7 kb upstream of the red cone pigment TSS
and is highly conserved between diverse mammals and is not duplicated
in the human genome (Smallwood et al 2002 and sources therein).
Deletion of the LCR abolishes the expression of both red and green
pigments (Carroll et al 2010). There is dramatic variation in the red:green
pigment ratios in normal colour vision in humans and it was proposed
that differences in the nucleotide sequence in the promoter regions
contributed to the difference in pigment ratios (Smallwood et al 2002).
However it was later shown that the degree of variation was not
associated with nucleotide differences in red and green promoters
between individuals with different red:green ratios (McMahon et al
2004). Evidence also exists that both pigment genes are recognized by

the same transcription factor (Deeb et al 2010).

A stochastic model of mutually exclusive pigment expression was
proposed whereby the two pigment promoters compete to interact with
the single LCR (Smallwood et al 2002). This was supported by evidence
that switching between red and green pigment expression could occur
after cell division, as single cells expressing a single pigment would result
in clones that contained a mixture of red or green expressing cells (Deeb
2006). The authors suggest that the LCR-promoter interaction dissociates
during DNA replication, and upon reestablishment (mediated by protein
complexes) in daughter cells, occurs stochastically to generate a mixed

population of clones.

The resultant clonal population showed a slight preference (2.7:1) to

express red pigment, potentially because it is the pigment gene located
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closest to the LCR, a distance of 3 kb versus 42 kb (Deeb 2006; McMahon
et al 2008). However, calculations based on the linear genetic distance
between the LCR and the two promoters, a ratio of 1000:1 (red:green)
would be predicted and the authors suggested that some mechanism
must exist for the observed ratio that is much nearer to equal than
predicted (McMahon et al 2008). Although experimental data is lacking,
the authors propose that this genomic region is organized into looped
chromatin domains, as packing of chromatin loops would be a
mechanism whereby the LCR could be brought into nearly equal physical

proximity to the promoters of both genes (McMahon et al 2008).

Chromatin looping has been shown to play a critical role for the
regulation of genes within clusters that resulted from gene duplication
events (Sproul et al 2005). One such example is the regulation of the
murine B-globin locus. This B-globin locus is composed of five genes
spread along a 200 kb region that are not mutually exclusively expressed
but show differential expression throughout development. The
expression of these genes is controlled by a single LCR that is located
approximately 40 kb from the most proximal globin gene. The 5’ end of
the cluster contains numerous DNA hypersensitive sites (DHS), and the 3’
end also contains a DHS. DHS are sites that are hypersensitive to
cleavage by nucleases as they are nucleosome depleted regions that are
presumably TF binding sites. Using chromosome conformation capture
(3C, described in section 6.1, Figure 6.1), the de Laat group showed that
the active globin genes come in close physical proximity to the LCR, with
the intervening chromatin forming a loop that contains the inactive
globin genes. This interaction is mediated by two DHS sites that are

separated by a linear distance of 130 kb. Additionally, this physical
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clustering in the nucleus was solely observed in globin-expressing tissues,
such as erythroid cells and not in non-expressing cells such as in brain
tissue (Tolhuis et al 2002). Similar roles for chromatin looping in the
regulation of duplicated genes has also been observed in homeobox
(HOX) and major histocompatibility complex (MHC) gene families (Sproul

et al 2005 and sources therein).

1.7.3 Mutually exclusive expression of antigenic

variation in pathogenic organisms
The mutually exclusive expression of immunogenic antigens is a common

survival strategy that is achieved in a number of different ways in various
pathogenic organisms. The mechanisms involved in the mutually
exclusive expression of var genes involves genetic and epigenetic
mechanisms that were previously described in sections 1.5.2 and 1.5.3
respectively. However, the means by which mutually exclusive antigen
expression is accomplished in different pathogens can be broadly
classified into three categories: those that involve changes in the
underlying DNA sequence, those that involved post-transcriptional
mechanisms and those that involve transcriptional mechanisms all of

which could involve layers of epigenetic regulation.

Mutually exclusive expression of antigens as a result of changes in DNA
sequence

Large and small scale changes to DNA sequence can lead to the mutually
exclusive expression of variant antigens. Large scale changes in DNA
sequence can arise by various forms of DNA recombination, including
nonhomologous recombination, inversions, deletions and conversions.

One well characterized mechanism of mutually exclusive antigenic
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variation is gene conversion, a mechanism found in several pathogenic
organisms, but is typified by Trypanosoma brucei. Evasion of host
immunity by T. brucei is mediated by the large (=1000) variant surface
glycoprotein (vsg) family of genes that are subtelomerically located. vsg
transcripts are polycistronically transcribed in a mutually exclusive
manner from numerous telomeric bloodstream form vsg expression
sites (ES) (Pay 2005). The active ES is located in an extranucleolar body
that contains the appropriate enzymatic activities for transcription and
RNA processing necessary for vsg expression. T. brucei can undergo two
different forms of VSG switching, referred to as transcriptional and
recombination switching (Horn & McCulloch 2010). Both types of
switching refer to the coordinated silencing and activation of different
ESs from one telomere to another. However, transcriptional switching
refers to the expression of pre-existing vsg genes, whereas
recombination switching refers to the expression of a new, chimeric vsg
that arose from frequent segmental gene conversions that occur in this
parasite. These frequent recombination events play an important role in
the generation of new vsg variants that can evade acquired host
immunity (Marcello & Barry 2007). However, the mechanism used to co-
ordinately silence and activate different ESs is currently unclear. It is
known to be a rapid process that occurs stochastically at a low frequency
and does not involve DNA rearrangements. An ISWI homolog (a
chromatin remodelling protein), and DOT1B, an HMT responsible for the
deposition of H3K76me3 (equivalent to H3K79me in yeast and mammals)
were shown to be involved in the derepression of silent ESs (Hughes et al

2007; Figueiredo et al 2008).
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Smaller scale differences on the order of a few or even single nucleotides
can also lead to changes in gene expression. These types of mutations
can occur during DNA replication from slipped-strand mispairing (Deitsch
2009). This type of regulation has been documented for the trp genes in
Treponema pallidum, the causative agent of syphilis, whose gene
products are predicted to be exposed surface antigens. This family of 12
paralogs contain homopolymeric guanosine (G) repeats of varying
lengths (7-12 bp) located immediately upstream of their TSS within the
promoters of some of these genes. The transcription of some of these trp
operons with 8 or fewer Gs are transcribed, whereas the transcription of
those with longer poly-G tracts was dramatically reduced (Giacani et al

2007).

Mutually exclusive expression of antigens by post-transcriptionall
regulation

The var2csa gene in P. falciparum is a unique var variant that is
associated with sequestration of the parasite by binding to the
proteoglycan chondroitin sulphate (CSA) in the placenta of pregnant
women (Fried & Duffy 1996). var2csa has a unique promoter type, upsk,
that distinguishes it from other var gene promoters (Kraemer & Smith
2006). The var2csa gene is transcribed into an mRNA that contains an
additional small upstream ORF (UORF) that is able to repress translation
(Amulic et al 2009). The authors demonstrate that the peptide of this
UuORF is not required in the translational repression of the gene. The
selection of cultured parasites to express var2csa suggests that an
environmental cue is not necessary to induce expression of the second
ORF, rather that it might happen stochastically within distinct

subpopulations. It is hypothesized that the uORF is transcribed in men,
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children and non-pregnant women and that the ribosome dissociates
from the mRNA before reaching the var2csa ORF. However, the second
ORF is only transcribed in pregnant women where the encoded PfEMP1
functions in the presence of a placenta. As other var genes, var2csa is
also marked by H3K9me3 when transcriptionally silent (Lopez-Rubio et al

2009).

In contrast, antigenic variation in the parasite Giardia lamblia is also
achieved by post-transcriptional regulation, however, not by a uORF, but
via RNAi (Prucca et al 2008). G. lamblia expresses one variant-specific
surface (VSP) protein from a repertoire of = 190 genes. By nuclear run-on
analysis, these authors observed that most vsp genes were
simultaneously transcribed and their transcription was accompanied by a
low abundance of antisense transcripts for the expressed VSP and an
abundance of antisense transcriptions for the VSPs that are transcribed
but not translated. Deletion of key components in the RNAi pathway
resulted in the expression of multiple VSPs in individual parasites (Prucca
et al 2008). VSP expression changes by spontaneous switches to different
variants that occurs by an unknown mechanism, but is believed to

depend on the chromatin state of VSG genes (Kulakova et al 2006).

Mutually exclusive expression of antigens by transcriptional
mechanisms

The var genes in P. falciparum represent a family of antigens that
show mutually exclusive expression that is controlled at the level
of transcription. The mutually exclusive regulation of this gene
family involves both genetic and epigenetic mechanisms that were

previously described in sections 1.5.2 and 1.5.3 respectively.
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1.8 clag3.1, clag3.2 and eba-140 as models to study the
epigenetic _control of CVGE in P. falciparum

Much of the attention on deciphering the molecular mechanisms of
CVGE have focused on var genes, in large part because var was the first
gene family where variegated expression was detected and partly
because of their major role in pathogenesis. However, the discovery that
other small gene families involved in unrelated processes also show
CVGE that also has an epigenetic basis, is suggestive that CVGE is not
solely a phenomenon associated with var genes or antigenic variation
and therefore, the epigenetic regulation of CVGE may be central to P.
falciparum biology. The mutually exclusive expression of the clag3 genes
also presents an opportunity to investigate the mechanisms of mutually
exclusive expression in P. falciparum. The var genes represent a peculiar
family of genes; it is a large family where the majority of the members
are repressed. Therefore, it is unknown whether the same mechanisms
that regulate CVGE in other families, where the individual members are

often expressed, will apply.

The genes clag3.1, clag3.2 and eba-140 are good models to study the
epigenetic control of CVGE and mutually exclusive expression (in the case
of clag3.1 and clag3.2) in P. falciparum for several reasons. We have
distinct subcloned populations of parasites that are genetically identical
but have these genes either expressed or repressed. These parasite lines
have not been genetically manipulated and thus we can compare their
activation or repression as it occurs endogenously. By looking at these
three genes, at different life stages and in parasite lines where the genes

are differentially expressed, we can discriminate between the
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mechanisms that are involved in silencing associated with life cycle
progression, clonally variant and mutually exclusive gene expression
(Figure 1.5). Collectively, this should give us a comprehensive

understanding of the control of transcriptional variation in P. falciparum.
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2. Objectives

The general objective of this thesis is to investigate the epigenetic
regulation of clonally variant gene expression in P. falciparum using the
genes clag3.1, clag3.2 and eba-140 as models. More specifically,

1. Identify the promoter regions of clag3.1, clag3.2 and eba-140,
and functionally characterise their activity in isogenic parasite lines that
differentially express these three genes (Chapter 4).

2. Characterise the relevant histone modifications associated with the
clonally variant expression and those associated with life cycle
dependent silencing of clag3.1, clag3.2 and eba-140 using isogenic
parasite lines that differentially express these genes (Chapter 4).

3. Characterise the level of transcriptional variation in P. falciparum on a
genome-wide scale (Chapter 5).

4. Mimic the clonally variant gene expression of the clag gene family in
an episomal system using clag3.2 as a model (Chapter 5).

5. Investigate the mechanism of mutually exclusive gene expression in P.
falciparum using clag3.1 and clag3.2 as models. This includes
characterising the expression of a proximal ncRNA and optimising the
initial steps of chromosome conformation capture experiments (Chapter
6).
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3. Materials and Methods

3.1 P. falciparum culture

3.1.1 Media

P. falciparum complete medium is custom made (Invitrogen, 041 91762 A
NIMR) and contains Albumax Il and gentamycin (0.01 mg/ml). Complete
medium is supplemented with L-glutamine (Invitrogen, 25030024) to a
final concentration of 1 mM. Incomplete media (washing media)
contains 10.43 g/I RPMI 1640 (Gibco ® 51800-019, with L-glutamine and
without NaHCO;3), 5.95 g/l HEPES (free acid, Sigma H3375), pH adjusted
to7.4.

3.1.2 Basic maintenance of P. falciparum cultures
P. falciparum is cultured under sterile conditions according to standard

procedure in media without human sera as described by Trager and
Jensen (1976). To maintain sterile conditions, all laboratory prepared
solutions are filter sterilised. Cultures are maintained at 3% hematocrit.
Schizont parasitemias are not to exceed 8%. Media is changed every
second day, but with high schizont parasitemias (> 3%), the media is
changed daily. Cultures are grown in Falcon ® brand Petri dishes in
Billups-Rothenberg modular hypoxia incubation chambers (MIC-101).
Cultures are grown under low oxygen conditions, typically 94 %N,, 5%

CO,, 3% 0, at 37°C in incubators supplemented with 5% CO..

3.1.3 Parasite lines and invasion rates
The parasite lines used in this study and their corresponding invasion

rates can be found in Table 3.1. Invasion rate refers to the number of
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merozoites that successfully invade and infect erythrocytes upon
schizont bursting and is used to calculate expected parasitemias in the
next IEC. 3D7-A is a clonal parasite line originating from 3D7 that has
been maintained in culture for many years (Rosario 1981). 10G and 1.2B
are subclones of 3D7-A. 10Gluc and 10Gluc-derived subclones are

described in section 3.6.

Table 3.1. List of parasite lines used in these studies and their corresponding
invasion rates

Parasite line Invasion Rate {IR)
3D7-A 7.5
10G 7.5
1.2B 7.5
10Gluc ~4
10Gluc-derived subclones ~4

3.1.4 Washing of erythrocytes
Total blood of the B* blood group is purchased from the Banc de Sang i

Teixits (Generalitat de Catalunya, Departament de Salut). Full blood is
washed to remove plasma and buffy coat. Blood is centrifuged for 5 min
at 1217 x g at room temperature. The supernatant, containing plasma
and buffy coat, is removed by aspiration and the erythrocytes are
resuspended in washing media. The erythrocytes are centrifuged again
for 10 min at 1217 x g at room temperature. The supernatant is removed
and the erythrocytes are resuspended in washing media, and centrifuged
at 1217 x g. During this final centrifugation step, the rate of rotor
deceleration is lowered. The supernatant is removed and the washed
erythrocytes are resuspended in one pellet volume of complete media

and stored at 4°C.
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3.1.5 Preparation of Giemsa-stained thin smears
Giemsa specifically stains for phosphate groups of DNA, preferentially at

AT rich regions and permits for the morphological discrimination of the
different stages of the asexual IEC via microscopy. The erythrocyte is
stained pink, the chromatin content of the nuclei are stained dark purple,
the cytoplasm is stained blue, and crystals of hemozoin in mature
parasites appear yellow-brown. Approximately 0.2 ml of culture are
centrifuged for 30 s at 500 x g. The supernatant is removed and
approximately 3 plL of erythrocytes are used for the smear. The smear is
air dried and briefly fixed with methanol. Excess methanol is decanted
and while the slide is still wet, slides are stained with freshly prepared
Giemsa (Merck 109201), diluted 1:10 in Sorenson’s buffer (3 g/| Na,HPO,,
0.6 g/l KH,PO,, pH adjusted to 7.2, stored at room temperature) for
approximately 10 min, and then rinsed abundantly with water. Slides are

air or tissue dried.

3.1.6 Creation of P. falciparum stocks
Only ring stages survive freezing and thawing. Accordingly, the culture

must contain rings, ideally 5% or higher, for stabilate preparation.
Cultures are centrifuged for 5 min at 405 x g. The supernatant is removed
by aspiration and the erythrocyte pellet is slowly resuspended by the
gradual addition (drop by drop) of two pellet volumes of freezing
solution (for 50 ml, 0.324 g NaCl, 1.512 g D-sorbitol [Sigma S3889], 14 ml
glycerol [Sigma], 36 ml H,0, stored at -20°C). Cells are thoroughly mixed,

incubated at room temperature for 5 min and frozen directly in liquid N,.
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3.1.7 Thawing of P. falciparum stocks

Parasite stocks are removed from liquid N, and warmed in your hand.
The contents are transferred to a tube and the volume is estimated. All
thawing solutions are added gradually, drop by drop, with constant
swirling. To the stabilate, 0.2 ml per ml of stabilate of 12% NaCl (w/v) in
PBS is added. This is followed by the addition of 10 ml per ml of stabiliate
of 1.6% NaCl (w/v) in PBS. To this, 10 ml per ml of stabilate of 0.9% (w/v)
NaCl + 0.2% (w/v) glucose in PBS is added. The sample is centrifuged for 4
min at 259 x g, the supernatant removed by aspiration and the infected
erythrocytes are washed with the gradual addition of 10 ml washing
medium. This is followed by centrifugation at 259 x g for 4 min, the
supernatant is removed by aspiration and the erythrocyte pellet is slowly
resuspended in complete medium. The appropriate amount of washed

erythrocytes are added to establish the culture.

3.1.8 Saponin lysis

Saponin lysis is used to liberate parasites from the erythrocyte whilst
maintaining the parasitophorous vacuole intact. Parasite cultures are
centrifuged for 6 min at 461 x g. The supernatant is removed by
aspiration and the RBC pellet is resuspended in 2 pellet volumes of 0.15%
cold saponin (prepared in PBS and filter sterilised) and maintained on ice
for 5 min. This is followed by centrifugation at 1411 x g for 6 min at
room temperature and the supernatant is removed by aspiration. The
parasite pellet is washed twice with cold PBS with centrifugations of 6
min at 1411 x g. The resultant parasites are ready to be used in various

downstream applications.
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3.1.9 Determining parasitemias
3.1.9.1 Microscopy

Parasite growth is monitored by the microscopic examination of Giemsa-

stained thin smears, using an Olympus BX41 ® optical microscope.

3.1.9.2 Flow cytometry

Parasitemias are also determined via flow cytometry, using either
Beckman Coulter FC500-MPL or Epics XL flow cytometers to read either
96 well plates (200 ul volumes), or volumes of 1 ml respectively. The dye
used for parasite detection is the green-fluorescent nucleic acid stain
SYTO®11 (Invitrogen, Molecular Probes, S7573). SYTO®11-stained DNA
absorbs at 508 nm and emits at 527 nm. Stocks of STYO®11 are 5 mM
prepared in DMSO which are kept in the dark at 4°C. For analysis,
parasite cultures are diluted 1/200 in room temperature PBS, to which 1
pL of STYO®11 stock solution is added and the sample is mixed well prior

to cytometry. Data is analysed with Summit software, v4.3.
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3.2 P. falciparum synchronisation

3.2.1 Ring stage synchronisation by sorbitol lysis

Sorbitol is used to synchronise cultures to the ring stage, as sorbitol lyses
infected erythrocytes containing parasites >20 h. Cultures are
centrifuged at 405 x g for 5 min. The supernatant is removed by
aspiration and the erythrocyte pellet is resuspended in 7 pellet volumes
of 5% sorbitol (D-sorbitol Sigma, S3889). Samples are incubated for 7 min
at 37°C, and subsequently centrifuged for 4 min at 405 x g. The
supernatant is discarded and the infected erythrocytes are washed with
10 ml of washing medium. The samples are centrifuged for 5 min at 405 x

g and complete media is added to re-establish the culture.

3.2.2 Magnetic purification of late forms
Late P. falciparum forms contain an abundance of hemozoin. Hemozoin

is the by-product of haemoglobin degradation and contains iron in the
Fe®" state. Consequently, schizonts can be purified by depletion using
magnetic bead columns. CS columns (Miltenyi Biotech, 130-041-305)

are placed in the VarioMACS™ Separator (Miltenyi Biotech). To the
column, a 21 gauge needle (Becton Dickinson, 304432) is affixed to
restrict the flow rate. Parasite cultures are pooled and 15 ml of culture
are applied to the magnetic column and allowed to pass through the
column by gravity flow. Each 15 ml application of culture at 3%
haematocrit, is washed with 30 ml of washing medium. To elute the
bound schizonts, the column is removed from the VarioMACS™
Separator, the flow restrictor is removed and the schizonts are eluted
with washing medium. After the last elution, the remaining schizonts are
flushed out of the column with a syringe. The schizonts are centrifuged

for 6 min at 583 x g and the appropriate amount of washed erythrocytes
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are added to re-establish the culture. Columns are reused by cleaning
with Milli-Q H,0, NaOH, Milli-Q H,0 again, ethanol, and are stored at 4°C

in ethanol. The level of purity obtained is typically >80%.

3.2.3 70% Percoll™ density purification of late forms
Parasitized erythrocytes are less dense than uninfected erythrocytes and

thus can be purified on density gradients. Parasites cultures are
resuspended and centrifuged for 5 min at 405 x g. Most of the
supernatant is removed by aspiration and with the remaining
supernatant, the erythrocyte pellet is resuspended and slowly applied on
top of a tube containing 10 ml of 70% Percoll™ (in actuality, the Percoll™
solution is 63%. For 142.86 ml, 10 ml 10X PBS [2 tablets Sigma P4417-
50TAB in 40 ml H,0], 90 ml Percoll ™ [GE Healthcare, 17-0891-02], 42.86
ml washing media, store at 4°C). The samples are centrifuged for 11 min
at 1411 x g and the rate of rotor deceleration is lowered. The dark
uppermost layer contains purified schizonts. The schizonts are removed,
washed with washing medium and centrifuged for 6 min at 583 x g. The
supernatant is discarded and the schizonts are added to an appropriate
amount of washed erythrocytes to re-establish the culture. The level of

purity obtained is typically >90%.

3.2.4 Tight synchronisation

The analysis of gene expression in P. falciparum is complicated by the
periodic nature of gene expression associated with life cycle progression.
As a result, small differences in the stage of parasites between samples
can lead to artefactual differences in gene expression levels. Tight
synchronization allows us to i) separate the phenomenon of life cycle

dependent silencing from clonal variant gene expression ii) compare
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different parasite strains. Tight synchronisation refers to the
synchronisation of a parasite culture first to the ring stage, followed by a
synchronisation to the schizont stage (either by magnetic separation or
density gradient) either during the same IEC or the following IEC and
typically when the ratio of schizonts to rings is at least 1:1. A culture is re-
established with these schizonts and typically 5 h later, the culture is
synchronised to the ring stage. This ensures that the resultant parasites
are all within a 5 h window of each other in terms of progression along

the IEC.

3.2.5 Estimation of P. falciparum culture age
To ensure that tightly synchronised schizont samples are indeed at a

similar stage, the following calculation is used to estimate the age of the
culture. The age of tightly synchronised parasite cultures is defined as the
percentage of bursted schizonts. The number of rings and schizonts is
determined by microscopy and with the invasion rate of the parasite, the
following calculation is applied: % bursted schizonts = {(#rings/invasion

rate) / [#late + (#rings/invasion rate)]} *100

86



3. Materials and Methods

3.3 Nucleic acid isolation

3.3.1 Purification of genomic DNA, phenol-chloroform
extraction, ethanol precipitation and quantification of

nucleic acids
Cultures are centrifuged at 405 x g for 5 min in polypropylene tubes. The

supernatant is removed by aspiration and the erythrocyte pellet is
resuspended in 4 pellet volumes of Buffer A (50 mM sodium acetate, pH
5.2, 100 mM NaCl, 1 mM EDTA pH 8) at room temperature. Sample is
mixed well and the erythrocytes and parasites are lysed by the addition
of 1 pellet volume of 18% SDS. The sample is mixed by inversion and left
at room temperature for 2 min. An equal volume of room temperature
phenol/chloroform/isoamyl alcohol pH 8 (25:24:1, Amresco, 0883) is
added and the sample is mixed by inversion and centrifuged for 10 min at
720 x g at room temperature. The upper phase is recovered and
aliquoted into 1.5 ml microcentrifuge tubes, to which 1/10 volumes of 3
M sodium acetate pH 5.2 and 2.5 volumes of cold ethanol are added. The
samples are mixed well and the DNA is left to precipitate overnight at -
20°C . Microcentrifuge tubes are centrifuged for 15 min at 16 100 x g at
4°C, the supernatant is discarded and the pellet is resuspended in 500 uL
of TE. One volume of phenol/chloroform/isoamyl alcohol is added as
before, the tubes are mixed well by inversion and are centrifuged in a
microcentrifuge for 5 min at room temperature at 16 100 x g. The
supernatant is transferred to a new microcentrifuge tube and to it, 1/10
volume of 3 M sodium acetate pH 5.2 and 2.5 volumes of cold ethanol
are added. The samples are mixed well and the DNA is left to precipitate
overnight at -20°C. The samples are centrifuged for 30 min at 16 100 x g
at 4°C, the supernatant discarded and the DNA pellet is washed with 600

pL of cold 80% ethanol. The samples are centrifuged at 16 100 x g for 5
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min at 4 °C, the supernatant is discarded and the DNA pellet is air-dried
at room temperature for 5 min. DNA is passively redissolved by a 10 min
incubation at room temperature in either TE or Milli-Q H,0. The DNA is

ready for use in various downstream applications.

Genomic DNA extracted in this manner contains a large amount of RNA.
If RNA-free genomic DNA is required, a sample of genomic DNA is treated
with RNaseA (Fermentas, EN0531) for 30 min at 37 °C. The DNA is
subsequently purified via a phenol/chloroform/isoamyl alcohol
extraction and ethanol precipitation as described above. When the DNA
yield is expected to be low, the ethanol precipitation is supplemented

with 40 ug of glycogen (Sigma, GO885).

Small volumes (1-2 uL) of nucleic acids are quantified directly on a
NanoDrop ND-1000 Spectrophotometer (Thermo Scientific), using 40
ug/ml per 1AU,600m and 50 pg/ml per 1AU,60,m conversion factors for RNA
and dsDNA respectively.

3.3.2 Total RNA extraction

Parasites at the appropriate stage are resuspended and centrifuged for 6
min at 461 x g. The supernatant is removed by aspiration and the
erythrocyte pellet is resuspended in 20 volumes of TRIzol® Reagent
(Invitrogen, 15596) prewarmed to 37°C. The sample is thoroughly
homogenized by extensive pipetting and incubated at 37°C for 5 min and
then stored at -80°C. To extract RNA, TRIzol extracts are passively
thawed to room temperature and 0.2X volumes of chloroform per ml of
TRIzol used are added. The samples are mixed well by inversion and

subsequently centrifuged for 30 min at 3007 x g at room temperature. At
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least 0.5X the initial TRIzol volume of the aqueous phase is recovered,
and to it, 5/6 of the volume of the aqueous phase of isopropanol is
added. The sample is aliquoted into microcentrifuge tubes and allowed
to precipitate overnight at -20°C. The following day, samples are
centrifuged for 30 min at 16 x 100 g at 4°C. The supernatant is discarded
and the RNA pellet is washed with 0.5X per ml of initial TRIzol volume
used of 75% cold ethanol. Samples are centrifuged at 4°C for 5 min at 16
100 x g, the supernatant is discarded and the pellet is air dried at room
temperature for 10 min. The RNA pellet is resuspended in an appropriate
amount of RNase-free H,O and incubated at 63°C for 10 min to facilitate
resuspension of the pellet. RNA is stored at -80°C. Prior to cDNA
synthesis, the integrity of the RNA is determined via agarose gel

electrophoresis and quantified as described in section 3.3.1.

3.3.3 cDNA synthesis

3.3.3.1 Dnase | treatment and RNA purification
Total RNA containing traces of genomic DNA, is treated with Dnase | in

solution using the RNase-Free DNase Set (Qiagen, 7954) as per the
manufacturer’s instructions, but with a 30 min incubation at room
temperature and the reaction is not stopped by the addition of EDTA.
RNA is purified on spin columns (RNeasy minElute Cleanup kit, Qiagen,
74204) and resuspended in 10 pL of nuclease-free H,0. RNA is quantified

as described in section 3.3.1.

3.3.3.2 Reverse transcription and cDNA purification
A minimum of 0.5 ug of DNA-free, total RNA is reverse transcribed using

the Reverse Transcription System (Promga-A3500) according to the
manufacturer’s instructions but with the following modifications.

Samples are primed either with oligo(dT).s, random primers, or with a
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mixture of both (provided with the kit), depending on the downstream
application. No reverse transcriptase controls are always included. Once
the reactions have been set up, the samples are incubated at room
temperature for 10 min, followed by a 1 h incubation at 42°C. The
samples are then kept on ice for 5 min and diluted appropriately with
nuclease-free H,0. If the cDNA needs to be quantified, unincorporated
nucleotides are removed from the cDNA by spin column purification and

the cDNA is quantified as described in section 3.3.1.
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3.4 General Molecular Biology Techniques

3.4.1 Standard PCR

PCR is performed in an Eppendorf Mastercycler gradient thermal cycler
using recombinant Taq polymerase (Invitrogen, 10342-020). Standard
cycling conditions are a denaturation step of 94°C 2 min followed by 32
cycles of a 30 s denaturation step at 94°C, a 1 min annealing step at the
appropriate primer annealing temperature (typically 50-60°C), and 1 min
per kb of amplified product extension step at 68°C. The 32 cycles are

followed by a final elongation step of 5 min at 68°C.

3.4.2 Difficult PCR

PCR amplification from difficult templates, such as the amplification of
large AT rich fragments, or fragments with long homopolymeric repeats,
are performed using TaKaRa LA Taq™ polymerase (Takara Bio Inc.,
RRO02A). Thermal cycler conditions are a denaturation step of 92°C 1
min followed by 30 cycles of a 20 s denaturation step at 92°C, a 1 min
annealing step at the appropriate primer annealing temperature
(typically 50-60°C), and 1 min per kb of amplified product extension step
at 60°C. The 30 cycles are followed by a final elongation step of 5 min at

68°C.

3.4.3 Quantitative Real-Time PCR (qPCR)

gPCR was performed using Power SYBR Green master mix (Applied
Biosystems, 4368702) in 96 well MicroAmp ® Fast Optical PCR plates
(Applied Biosystems, 4346906) in a StepOnePlus™ Real Time PCR System
(Applied Biosystems). Plates were sealed with MicroAmp® Optical
Adhesive film (Applied Biosystems, 4311971) and final reaction volumes

are 20 pL. Prior to placement in the thermal cycler, samples are mixed in
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an Eppendorf Mixmate for 30 sec at 1000 rpm and centrifuged for 1 min
at 402 x g. Thermal cycler conditions are 95°C 10 min, 40 cycles of 95°C
15 sec (denaturation), 57°C 30 sec (annealing) , 60°C 30 sec (extension)
and melt curve analysis consisting of 95 °C 15 sec, 60°C 1 min with an
increment of 0.3°C/min up to 95°C, 95°C 15 sec. Melt curves were
analysed for the presence of multiple peaks or the presence of primer
dimers. Fluorescence measurements are taken during the extension
phase. Data was analyzed using delta Ct or relative standard curve

methods. Primers used for qPCR analyses are listed in Table 3.2.

Table 3.2. List of primers used in qPCR analysis

Name in text Primer name PlasmoDB ID Sequence 5'to 3' Final Concentration {(nM)
seryl tRNA synthetase PFO7_0073(seryl)_F PFO7_0073 aagtagcaggtcatcegtggtt 500
PFO7_0073(seryl)_R ttcggcacattcttccataa 500
luciferase or luc luc_gPCR_F - aactgectgegtcagattete 200
luc_gPCR_R cggaatgatttgattgccaaa 200
bsd bsdF_gPCR - tctetgaagactacagegte 200
bsdR_gPCR acgatacaagtcaggttgec 200
lucA lucA_gPCR_F - ccggegecattetatect 200
lucA_gPCR_R tcttcatagecttatgeagttget 200
TR1 P2 3TROO1_2F PFO3TROO1 tgcaataattatctgeccattca 200
3TROO1_2R tgatcccacacccgaagact 200
TR2 PA 3TRO02_AF PFO3TRO02 cttatgcgcaaattttattttaag 500
3TR0O02_AR ataaccgtatttctatgtttgac 1000
TR2 P2 3TRO02_2F PFO3TR0O02 gacacctaaaatgttttgtgatt 200
3TRO02_2R tttcttttggtgtictaatgaag 200
TR2 P3 3TRO02_3F PFO3TR0O02 attatcacctgatatatataccca 200
3TR0O02_3R tcatgtttctttttaatcatette 200
TR2 PC 3TRO02_Cf PFO3TR002 gtgcattaattataattctttttga 200
3TR0O02_Cr aatattttgatatattgtcttttcg 200
.
3.4.4 DNA sequencing

Plasmids were sequenced via single primer extension by Macrogen Inc.
to confirm the presence of the correct inserted sequence, proper
orientation, and to ensure no additional mutations have been introduced
during PCR amplification. The 5’ flanking regions of clag3.1 and clag3.2
PCR amplified from 10G and 1.2B were also sequenced in this fashion,
and the primers used are listed in Table 3.3. Due to the length and the

high number of low complexity regions, the sequencing of the clag3.1 5’
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flanking region could only be achieved by sequencing with a number of

different primers.

Table 3.3. Primers used to sequence clag3.1 and clag3.2 from 10G and 1.2B
parasites. The primers marked with asterisks were used to amplify the gene by
PCR for the sequencing

Primer Name

Sequence 5' to 3'

prom3.1F1kbAsp*

tggtgttggtaccataatgcactcattaataattttaaaccgtt

3.1_qRT_P3F cataaacataagagggtgattta
3.1seqlfwd gaagaaaaaagatgatatttaata
clag3.1 |3.1seq3rev ttttcttttttacagtttattctc
3.1_qRT_P2r gaagtgagataaaaatacatattc
3.1_3.2_qRT_P5r* catggattttaattgttcaatattg
3.1seq3fwd gagaataaactgtaaaaaagaaaa
3.1seq2rev attatgcacttaattcttgttgac
Prom3.2fAsp* tggtgttggtacctagaatatatttatttatagtcaaaatttge
clag3.2 |3.2seq2fwd ttcacggttacgtttctgttttt
3.1_3.2_qRT_P5r* catggattttaattgttcaatattg
3.2seqlrev tgatcggagtcttaaaaaatgaa
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3.5 Luciferase assays in transient transfections

3.5.1 Plasmid preparation

The plasmids used in the transient transfection assays are described in
the experimental procedures of Article 1. A mixture of 50 pg of test
plasmid (and 10 pg of control plasmid if required) in a final volume of 270
ul is precipitated with 750 pl of cold absolute ethanol and 30 pl of 3M
sodium acetate (pH 5.2) overnight at 20°C. Samples are centrifuged in a
microcentrifuge precooled to 4 °C for 30 min at 16 100 x g. All
subsequent steps are carried out under sterile conditions. The
supernatant is removed and the DNA pellet is washed with 900 pul of cold
70% sterile ethanol. Samples are centrifuged at 4°C for 10 min and
supernatant is removed. The samples are briefly centrifuged again to
remove the residual ethanol and the pellet is air dried for 8 min. DNA is
passively resuspended with gentle tapping in 22.5 pl sterile TE at room

temperature for 10 min.

3.5.2 Erythrocyte preparation

200 ul of erythrocytes are needed per transfection. The appropriate
volume of washed erythrocytes is centrifuged for 5 min at 583 x g. The
supernatant is removed by aspiration and 4 pellet volumes of cold
cytomix (120 mM KCl, 0.15 mM CacCl,, 2 mM EGTA, 5 mM MgCl,, 10 mM
K;HPO, pH 7.6, 25 mM HEPES pH 7.6, filter sterilised). Untransfected
erythrocytes are included in every experiment as a control. These
controls are prepared in the same way, but are resuspended in complete
medium instead of cytomix. Samples are thoroughly mixed by pipetting
and 1 ml of this mixture is aliquoted into 15 ml tubes and centrifuged at
room temperature for 3 min at 405 x g. The supernatant is removed by

aspiration.
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3.5.3 Electroporation of erythrocytes
To introduce the plasmids into the erythrocytes, under sterile conditions,

277.5 pl of cytomix is added to the corresponding DNA and this 300 pl is
added to 200 pul of erythrocytes in cytomix. This is mixed, transferred to a
0.2 cm gap electroporation cuvette (Gene Pulser ® cuvette, BioRad, 165-
2086) and immediately electroporated in a GenePulser X Cell
electroporator (Bio-Rad) at 310 V, oo ohmns, 950 uF and high
capacitance. Time constants are expected to be between 7 and 15.
Electroporated material is transferred to a 15 ml tube with a plastic
Pasteur pipette and cuvettes are rinsed twice with complete media.
Samples are centrifuged for 3 min at 405 x g, the supernatant is removed
by aspiration and plasmid-loaded erythrocytes are resuspended to 5 ml

with complete medium.

3.5.4 Parasite preparation
Percoll™-purified parasites (as described in section 3.2.3) are

resuspended in 1 ml complete medium. A 1:100 dilution of parasites is
prepared, 10 pl of this dilution are mixed with 10 ul of Trypan blue and
parasites are counted with a Countess® cell counter (Invitrogen) and the
required volume of parasites to add to each culture dish is determined

using the following formula:

V (ul)= 10" x Vol. dish (in ml) x Parasitemia wanted (in %) x Hematocrit (in %)
Reading from countess

For these experiments, 10 ml plates at 0.8% parasitemia and 2%
haematocrit are required. Parasites are cultured for 24, 48 or 50 h

(depending on the desired stage and on the promoter).
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3.5.5 Luciferase assay
Cultures are centrifuged for 5 min at 405 x g and smears are taken. The

supernatant is removed by aspiration and the parasites are released by
saponin lysis as described in section 3.1.8. The supernatant is removed
by aspiration and the parasites are resuspended in 900 ul PBS and
transferred to a microcentrifuge tube. Parasites are centrifuged in a
microcentrifuge precooled to 4°C for 3 min at 1500 x g. The supernatant
is removed and parasites are lysed with 85 pl of 1X Renilla lysis buffer
from the Renilla luciferase assay system (Promega, E2810) for 15 min at
room temperature. Firefly reagent (Promega, E1500) (and if necessary,
Renilla reagent, Promega, E2810) are passively warmed to room
temperature and maintained in a water bath at room temperature until
use. Parasites are centrifuged in a microcentrifuge for 1 min at 16 100 g
at 4°C and the supernatant is transferred to a new tube. Gloves are
removed to prevent static and luminescence is measure in a Lumat LB
9507 luminometer for 10 s by adding 20 ul of sample to 100 pl of either

firefly or Renilla assay reagent.
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3.6 Generation of 10Gluc transgenic parasite line

3.6.1 HLHprom3.2bsd plasmid
The HLHprom3.2bsdR plasmid was prepared by Nuria Rovira-Graells. This

plasmid was created by the insertion of the blasticidin cassette and
Rep20 sequence from the plasmid pHBupsC® into 3.2-LH-1371. 3.2-LH-
1371 is described in Article 1, experimental procedures. This fragment
was digested out of pHBupsC® by Smal/Bglll and was subcloned into
Smal/BamH1 digested 3.2-LH-1371.

3.6.2 Transfection of 10G with HLHprom3.2bsdR

The stable 10Gluc parasite line was created by Nuria Rovira-Graells by
the transfection of 100 pug of HLHprom3.2bsdR into 200 pl RBC of ring
infected 10G parasites (= 7% parasitemia). Electroporation conditions
were as described in section 3.5.3. Approximately 20 h after transfection,
blasticidin was added to the transfected culture to a final concentration
of 2.5 pg/ml. To prevent plasmid loss, this parasite line and its subclones
are continually cultured with 2.5 pg/ml of blasticidin. Media was changed
three times a week and the culture diluted in half once a week until
parasites were detected by microscopy, approximately 4 weeks post

transfection.

3.6.3 Subcloning of 10Gluc by limiting dilution

It is ring stages that are subcloned and the cycle prior to subcloning,
cultures are gently shaken (Minitron, 40 rpm, 37°C) to reduce the
number of double-infected erythrocytes. Parasitemias were determined
via flow cytometry (as described in section 3.1.9.2) and cultures were
diluted to 0.4 parasites/well (experimental wells) with uninfected

erythrocytes in a 96-well plate. Control wells containing 10000 and 100
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parasites /well are also included. The culture media was changed in the
experimental wells every second day and these wells were diluted in half
once a week. Control wells were checked regularly via microscopy.
Experimental wells were initially screened for positives via microscopy on

day 16, followed by a second screen one week later.

3.6.4 Luciferase assays on stable transfectants
The initial luciferase assay screen on 10Gluc and 10Gluc-derived

subclones at the schizont stage was performed as described in section
3.5.5, however, cultures were maintained in 24-well plates (volume of 1
ml at 2% haematocrit per well) and ring parasitemias were determined
by flow cytometry as described in section 3.1.9.2. Parasites were
resuspended in 50 ul of Renilla lysis buffer and luciferase readings were

normalised by ring parasitemias.
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3.7 Quantitative Chromatin Immunoprecipitation

(aChliP)

3.7.1 Fixed cell immunoflorescence (IFA)
Prior to performing qChlP, the antibodies were tested for cross-reactivity

with P. falciparum samples via fixed cell IFA. The antibodies tested are
listed in Table 3.4. Approximately 200 ul of culture are centrifuged for 30
s at 500 x g. The supernatant is removed and the erythrocyte pellet is
resuspended with 20 ul PBS and approximately, 4 ul are used per smear.

Dried smears are ready for fixation.

Table 3.4. List of antibodies used in qChIP analysis and their corresponding host
species, isotype and immunogen information

Antibody Company/Reference Number Host species/Isotype Immunogen

anti-H3 Abcam /ab1791 rabbit polyclonal / 1gG synthetic peptide derived from
within residues 100 to the C-
terminus of human histone H3

anti-H3K9me3 Millipore / 07-442 rabbit polyclonal / 1gG 2X-branched synthetic peptide
of human histone H3 and
trimethylated on K9

anti-H3K9ac Millipore / 07-352 rabbit polyclonal / IgG synthetic peptide
corresponding to amino acids
4-14 of yeast histone H3 with
a C-terminal cysteine added
for conjugation purposes and
acetylated on K9

anti-H3k4me3  Millipore / 04-745 clone MC315 mouse monoclonal / IgG ~ synthetic peptide derived from
human histone H3
trimethylated on K4

anti-H4ac Millipore / 06-866 rabbit polyclonal / IgG peptide corresponding to a.a.
2-19 of Tetrahymena histone
H4, acetylated on lysines 5, 8,
12 and 16

3.7.1.1 Acetone-methanol fixation
The smear is fixed in 45 ml of freshly prepared 90% acetone-10%

methanol for 2 min on ice. The acetone-methanol solution is not pre-
cooled. The slide is dried vertically and hydrophobic circles are drawn
using a hydrophobic marker (Dako, $2002). The slide is washed in PBS for

10 min.
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3.7.1.2 Formaldehyde fixation

Hydrophobic smears are drawn on the smear. The smear is fixed in 1%
formaldehyde in PBS for 5 min and rinsed twice in PBS. The cells are
permeabilised with 0.1% Triton X-100 in PBS for 5 min and subsequently

rinsed twice in PBS.

3.7.1.3 Antibody preparation and microscopy
Primary antibodies are diluted 1:100 in filtered 0.75% BSA in PBS. To

avoid over-drying, the slide is dipped in 0.75% BSA in PBS and the excess
liquid is dried with a tissue. Once the hydrophobic circles are dried,
diluted antibody is applied to each spot. The primary antibodies are
incubated at room temperature for 1 h at room temperature or
overnight at 4°C in a humid chamber. The slides are washed 3 times in
PBS for 5 min each. The secondary antibody is diluted in 0.75% BSA in
PBS + DAPI (Sigma, D9542, 1:500 from a 0.5 mg/ml stock). The secondary
antibody used was AlexFluor 555 goat anti-rabbit IgG (Invitrogen,
Molecular Probles) which absorbs at 555 nm and emits at 565 nm. The
slide is prepared and incubated as described for the primary antibody but
protected from light. The slides are washed 3 times in PBS for 5 min each.
Excess liquid is dried and to each circle, Mowiol 4-88 mounting media
(Merck, 475904) prepared as per the manufacturer’s instructions, is
applied and spots are covered with a coverslip. The slides are kept at 4°C
for at least a few hours before microscopy with a Nikon E600
fluorescence microscope and images were obtained by analySIS image

acquisition software.
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3.7.2 Harvesting of parasite material
Parasites synchronised to the appropriate stage are released by saponin

lysis (as previously described in section 3.1.8) and resuspended in room

temperature PBS to a concentration of approximately 1x10° parasites/pl.

3.7.3 Formaldehyde cross-linking, homogenization and

chromatin sonication
Parasites are cross-linked with a final formaldehyde (Sigma, F8775)

concentration of 1% and incubated in a water bath at 37°C for 5 min with
frequent agitation. Formaldehyde is quenched by the addition of glycine
to a final concentration of 125 mM and left on ice for 5 min with
occasional agitation. Samples are centrifuged for 5 min at 461 x g, the
supernatant removed by aspiration and pellets are washed 3 times with
10 ml of cold PBS. The cross-linked parasite pellets are resuspended in
cold lysis buffer (10 mM HEPES pH 7.9, 10 mM KCI, 0.1 mM EDTA pH 8,
0.1 mM EGTA pH 8, 1 mM DTT, 1X complete EDTA-free protease
inhibitor cocktail [Roche, 11873580001]) and left on ice for 30 min.
Sample are maintained on ice from this point forward. Samples are
transferred to a precooled glass dounce homogenizer (Kimble-Kontes
885300-0002, 2 ml capacity), NP-40 (Roche 1133247300) is added to a
final concentration of 0.25% and samples are homogenized with 200
strokes with tight pestle “B” (clearance, 0.0005-0.0025 inches) to release
cross-linked nuclei. Homogenized samples are pooled, transferred to
microcentrifuge tubes and cross-linked nuclei are pelleted by
centrifugation in a precooled microcentrifuge for 10 min at 16 100 x g.
Supernatants are discarded and pellets of cross-linked nuclei are
resuspended to a concentration of approximately 1.38x10° parasites/pl

in cold SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCI pH 8.1)
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and split into 300 pl aliquots in microcentrifuge tubes. Samples are

sonicated in a Diagenode Bioruptor ® sonicating water bath at 4°C

supplemented with ice, on high power using the following parameters:

20 sec ON, 2 min OFF, 20 sec ON, 2 min OFF, 30 sec ON. Samples are

centrifuged in a precooled microcentrifuge for 5 min at 16 100 x g.

Chromatin, now in the aqueous phase, is pooled and split into 100 pl

single-use aliquots in microcentrifuge tubes and stored at -80°C.

3.7.4 Confirmation of fragmentation size and DNA

quantification

Figure 3.1 Chromatin
fragmentation by
sonication.
Representative
chromatin smear
centred around 500
bp suitable for qChIP
analysis.

To ensure that the sonicated chromatin
fragments are of the appropriate size and to
determine the concentration of DNA in the
chromatin sample, 30 ul of chromatin are
analyzed by agarose gel electrophoresis and
spectrometry. To reverse cross-links, NaCl is
added to a final concentration of 0.22M and Milli-
Q H,0 is added to the chromatin for a final
volume of 900 pl with Milli-Q H,0 and incubated
for at least 4 h at 65°C. RNA is degraded by the
addition of 50 pug of RNaseA (Fermentas, EN0531)
and samples are incubated at 37°C for 30 min.
Subsequently, proteins are digested by the
addition of 50 pg of proteinase K (Sigma, P2308),
10 mM EDTA pH 8, 40 mM Tris HCl pH 7.4 and
incubated at 45°C for 2 h. DNA is extracted by a

phenol-chloroform extraction followed by an

ethanol precipitation (as previously described 3.3.1, except the samples

are precipitated at -80°C for 1 h) and resuspended in 10 pl of Milli-Q H,0.
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The average size of the DNA fragments is determined by running 7 pl on
a 1% agarose-EtBr gel at 90 V, 61 mA and 5 W for 45 min — 1 h. The
appropriate fragmentation size for proceeding with the ChIP protocol is a
smear centred around 500 bp. A representative example of appropriate
chromatin fragmentation is shown in Figure 3.1. DNA concentration is

quantified as described in 3.3.1.

3.7.5 Preclearing and immunoprecipitation
Frozen chromatin aliquots are thawed on ice. Approximately 1 ug of DNA

is used per ChIP and no antibody control, and approximately 0.2 ug of
DNA will used for the INPUT sample. All ChIP samples are to be
precleared at the same time in the same tube and aliquoted for separate
ChlIPs after preclearing. Consequently, the appropriate amount of
chromatin is diluted in cold dilution buffer (0.01% SDS, 1.1% Triton X-100,
1.2 mM EDTA pH 8, 16.7 mM Tris HCI pH 8.1, 167 mM NaCl, 1X protease
inhibitor cocktail) to a concentration of 0.002 ug DNA/ul . Samples are
precleared by the addition of 1/12 volume of the total diluted chromatin
volume of 50% protein G agarose/salmon sperm DNA (Millipore 16-201,
i.e. 3.6mL diluted chromatin is precleared with 300 ul of 50% beads) and
rotated for 1 h at 4°C. Agarose is pelleted by centrifugation at 4000 rpm
for 1 min in a precooled centrifuge. The precleared supernatant is
removed, 100 pl is retained as the INPUT sample and is frozen at -20°C,
and 500 pl aliquots are prepared for the no antibody control and each
immunoprecipitation. To each ChIP, the appropriate antibody is added
for a final dilution of 1:100. ChIP and the no antibody control are rotated

overnight at 4°C.
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3.7.6 Washes, elution and reversal of cross-links
To bind the immune complex, 40 ul of 50% of protein G agarose is added

to each ChIP and to the no antibody controls and samples are rotated for
1 h at 4°C. Agarose beads are pelleted by centrifugation in a
microcentrifuge at 1500 x g for 1 min. The supernatant is discarded and
beads are washed once in low salt wash buffer ( 0.1% SDS, 1% Triton X-
100, 2 mM EDTA pH 8, Tris-HCl pH 8.1, 150 mM NaCl ), once in high salt
wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA pH 8, Tris-HCI pH
8.1, 500 mM NaCl), once in LiCl wash buffer (250 mM LiCl, 1% NP-40, 1%
sodium deoxycholate, 1 mM EDTA, 10 mM Tris HCl pH 8 ) and twice in TE
(10 mM Tris-HCI pH 8). Each wash is performed with 900 ul of freshly
prepared, cold buffer and consists of a 5 min rotation at 4 °C with
centrifugations of 1 min at 1500 x g in a precooled microcentrifuge. After
the final wash in TE, remove all TE with gel loading tips (Costar 4884).
DNA-protein complexes are eluted by incubating the agarose beads with
100 pl of freshly prepared elution buffer (1% SDS, 0.1 M NaHCOs),
samples are vortexed, briefly centrifuged for 2 s at 100 x g and incubated
for 15 min at 65 °C. Samples are vortexed again, centrifuged for 1 min at
1500 x g and the supernatant containing DNA-protein complexes is
retained. The agarose beads are extracted a second time as described
with another 100 pl of elution buffer, except incubated at 65°C for 5 min.
The supernatant is extracted with gel loading tips and pooled with the
previous eluant. 100 ul of elution buffer is added to the thawed INPUTS.
The cross-links of all samples (ChlIPs, no antibody controls and INPUTS)

are reversed by incubating overnight at 65°C.

3.7.7 Protein digestion, DNA extraction and qPCR
Proteins are digested by the addition of 1 ug of proteinase K for 2 h at

45 °C, and the DNA is extracted via a phenol-chloroform extraction and
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precipitated with ethanol overnight at -20°C as described in section 3.3.1,
with the addition of 40 pg of glycogen and resuspended in 300 pl of Milli-
Q H,0. gPCR was performed as described in section 3.4.3 using 2 pl of
DNA per reaction and results were calculated using the relative standard
curve method against sonicated, RNaseA-treated gDNA. The sequences
of the primers used in gChIP analysis are listed in Article 1,

Supplementary Table S1, and in Table 3.2.
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3.8 Digestion of nuclei by restriction enzymes for
chromosome conformation capture (3C) and circular
chromosome conformation capture (4C)

3.8.1 Parasite material and formaldehyde cross-linking

of nuclei
These methods have been adapted from Hagege et al (2007) and Zhao

et al (2006) and reflect standard 3C and 4C procedures. Parasites are
isolated and cross-linked with formaldehyde as previously described for
ChlIP in section 3.7.1 and 3.7.2 until after the homogenization step. After
homogenization, the samples are pooled, transferred to microcentrifuge
tubes and centrifuged at 4°C for 10 min at 16 100 x g. The supernatant is
discarded and the cross-linked nuclei are resuspended in PBS and
aliquoted into in individual aliquots at = 1.8x10° parasites per aliquot

(which corresponds to =2.95x10” nuclei) and stored at -80°C.

3.8.2 Restriction enzyme digestion of cross-linked nuclei
A single aliquot of cross-linked nuclei are used per condition tested. Each

experiment also contains an undigested control that is treated in parallel
without the addition of restriction enzymes. The restriction enzymes for
3C analysis are Bcll and Bglll (Roche, 40 U/ul, 11 097 059 001 and 10 899
224 001, respectively). The restriction enzyme for 4C analysis is Dpnll
(NEB, 50 U/ul, R0O543M). Frozen cross-linked nuclei are thawed on ice
and pelleted by centrifugation at 4°C in a microcentrifuge at 2300 x g for
5 min. The supernatant is discarded and pellets are resuspended in 400
ul of 1X of appropriate restriction enzyme digestion buffer (Roche
SureCut buffer M for 3C samples and NEBuffer Dpnll for 4C samples).
Samples are centrifuged at 4°C for 5 min at 2300 x g, the supernatant is

removed and pellets are resuspended in 627 ul of the appropriate
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restriction enzyme digestion buffer. To perforate the nuclear membrane
and to open chromatin for restriction enzyme digestion, SDS is added to
a final concentration of 0.2%. To avoid the formation of nuclear
aggregates, samples are gently but thoroughly resuspended by pipetting
up and down and are subsequently incubated at 37°C with gentle
agitation for 30 min (Minitron incubator, 95 rmp). To sequester the SDS,
Triton X-100 is added to a final concentration of 1% and samples are
incubated for 30 min at 37°C with gentle agitation (Minitron incubator,
95 rmp). 3C samples are not subject to a simultaneous double digestion
because the optimal digestion temperatures for Bcl/l (50°C ) and Bglll
(37°C) are incompatible, and are first digested with 500 U Bgl/ll. 4C
samples are digested with 500 U of Dpnll. The samples are incubated at
37°C overnight with gentle agitation in a Minitron incubator at 95 rpm.
4C samples are subsequently kept at 4°C until the following day. 3C
samples are supplemented with 1 mM DTT, and 500 U of Bcll are added.
These samples are incubated at 50 °C overnight with gentle agitation in a

Minitron incubator at 95 rpm.

3.8.3 Preparation of samples to check efficiency of

restriction enzyme digestion by Southern blot
The following day, to inactivate the restriction enzymes and to release

digested chromatin, SDS is added to all samples (undigested controls, 3C
and 4C samples) to a final concentration of 2%. To reverse formaldehyde
cross-links, samples are incubated at 65°C overnight. Samples are
subsequently centrifuged at 16 100 x g at room temperature in a
microcentrifuge for 10 min, and the supernatant is transferred to
another microcentrifuge tube. To the supernatant, 380 ul TE buffer and
100 pg RNaseA are added and the samples are incubated at 37°C for 30

min. 100 g of proteinase K are added and samples are incubated for 2 h
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at 45°C. The DNA is purified according to the phenol-chloroform
extraction and ethanol precipitation protocol previously described in
section 3.3.1 with the addition of 40 ug of glycogen and DNA pellets are
washed 3 times with 70% ethanol and resuspended in Milli-Q H,0. DNA
is quantified as described in section 3.3.1 and approximately 300 ng of
DNA are run on a 1% agarose gel for visual verification of digestion prior

to proceeding with Southern Blot analysis.

108



3. Materials and Methods

3.9 Southern blot

3.9.1 Amplification, preparation and labelling of DNA

probes
Specific DNA probes were amplified by PCR from 3D7-A genomic DNA

and their sizes were verified by agarose gel electrophoresis. The primers
used to amplify the probes are listed in Table 3.5. Probes are excised
from agarose gels and purified on spin columns. 30 ng of purified probes
are radiolabelled with a*’-dATP (PerkinElmer, NEGO12H250UC) using the
NEBlot kit (New England Biolabs, 15005) as per the manufacturer’s
instructions. Nucleotides are removed from the probe using Probe-
Quant G-50 microcolumns (GE Healthcare, 28-9034-08) as per the
manufacturer’s instructions and the labelled probe is subsequently kept
on ice. Just prior to hybridization, the probe is incubated at 95°C for 5
min, kept on ice for 5 min and then added to the hybridization solution at

62°C.

Table 3.5 List of primers used to amplify the probes used for southern blot
analysis

Probe Primer name Sequence 5’ to 3’

3C BAIT clag3.2 SBAITfwd acaacgataacgaaaaacaacaa
SBAITrev gtetttttgegtccatattgttat

3C clag3.2 fragment 2 3CS2fwd cacaactacaaaaactatactca
3CS2rev ttgtggtgaagataatagagtaa

3C clag3.2 fragment 7  3CS1fwd gtagtacaccaaaaatatgactt
3CS1rev aaggtgatacgttttatttggta

4C BAIT clag3.2 3.2seq2fwd  ttcacggttacgtttctgttttt
3.2 gRT_P4r actaatactttattcacgtgtac

4C BAIT var 4CVBS_F aataatgtgcatgcatgtcagtggt
4CVBS_R tcggtgecagttgttteegt
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3.9.2 Southern blot digestion and agarose gel

electrophoresis
0.5-2 pg of genomic DNA is digested with the appropriate restriction

enzymes in a 37°C incubator for 4 h. The details of the digestions for each
Southern blot analysis are outlined in Figures 6.9-6.13. Digested samples
are run on large (20 x 20 cm) 1% agarose gels, prepared in 1X TBE,
supplemented with 0.5 pg/ul ethidium bromide. The gels are run in 1X
TBE at 30 — 60 V overnight (depending on the expected fragment sizes).
The following day, a picture of the gel, with a fluorescent ruler is taken.
The gel is depurinized by incubation for 10 min in 0.25 M HCI and then
rinsed twice with Milli-Q H,0. To denature the double-stranded DNA, the
gel is incubated for 30 min in denaturation buffer (1.5 M NaCl, 0.5 M
NaOH) and then rinsed with Milli-Q H,0. The alkaline gel is neutralized
with two, 30 min incubations in neutralizing buffer (1.5 M NaCl, 0.5 M

Tris pH7.4, 1 mM EDTA pH=8).

3.9.3 DNA transfer

The transfer is performed in the same electrophoresis tank in which the
gels were run. To the tank, 10X SSC is added (20X SSC is 0.3 M tri-sodium
citrate dehydrate, 3 M NaCl). A saline bridge is made with Whatmann
3MM paper. 10X SSC is added on top of the saline bridge. Six Whatmann
3MM papers cut to the appropriate size and wet with 10X SCC are placed
on top of the saline bridge. The gel is placed next and Parafilm is placed
around the gel if necessary to prevent contact between papers above
and below the gel. A positively charged Nylon membrane, cut to the
appropriate size (GE Healthcare, Amersham Hybond™ N, RPN203B) is
wet with Milli-Q H,0 then incubated in 10X SSC for 5 min and is placed
on top of the gel. Six Whatmann 3MM papers, wet with 10X SSC are

placed on top of the membrane. 90 pieces of dry bench paper and 15
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pieces of dry, folded paper towels, cut to the appropriate size are placed
on top of the wet Whatmann 3MM papers. Even pressure is applied to
ensure good contact and the DNA is transferred to the membrane by
capillary action overnight. The following morning, the uppermost wet
papers are removed and replaced with dry layers. The transfer is
dismantled, the outline of the gel is traced onto the membrane in pencil.
The membrane is placed on Whatmann 3MM paper and the DNA is fixed
in a Stratagene UV Stratalinker ® using the auto cross-link cycle, twice,
changing the position of the membrane in between cycles. Fixed
membranes are incubated in 2X SSC-0.1% SDS. Membranes are placed
into a hybridization tube and prehybridized for 1 h at 62°C with
prehybridization solution (6X SSC, 5X Denhardt’s solution, 0.5% SDS, 200
ug/ml sonicated salmon sperm DNA. 100X Denhardt’s solution is 2% w/v
Ficol™ PM400, 2% w/v Polyvinylpyrrolidone, 2% w/v BSA Fraction V)
whilst rolling. Prehybridization solution is then discarded and
hybridization solution (same composition as prehybridization solution
but with the addition of the radiolabelled probe) is added to the

membrane and the membrane is left rolling overnight at 62 °C.

3.9.4 Washing of the membrane

Hybridization solution is decanted and stored at -20 °C and membranes
are washed twice with 6X SSC-0.1% SDS and twice with 2X SSC-0.1% SDS.
Washes are for 15 min, rolling, at 62°C. Membranes are checked with a
Geiger counter, and if the radioactivity is too strong, two additional

washes are performed with 1X SSC-0.1% SDS.
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3.9.5 Phosphor imaging and X-ray film exposure
The washed membranes are placed in an exposure cassette (Molecular

dynamics) between layers of plastic wrap and covered with a
Hyperscreen™ intensifying storage phosphor screen (GE Healthcare,
Amersham, previously treated in the Image Eraser 810-UNV, Molecular
Dynamics) for a minimum of 4 h. The phosphor image signal from the
Hyperscreen™ is digitised in a Typhoon™ 8600 Scanner (Molecular
Dynamics). The membrane is subsequently exposed on X-ray film (Super
RX Fuji medical X-ray film) in a Hypercassette™ (GE Healthcare,
Amersham), at -80°C overnight (at least). The film is developed in a

Hyperprocessor™ Automatic Film Processor (GE Healthcare, Amersham).
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3. Materials and Methods

3.10 Optimised conditions for the restriction enzyme

digestion of cross-linked nuclei for 3C and 4C
Southern blot analysis revealed that under the standard digestion

conditions described in section 3.8.2, Bcll digested the DNA in
formaldehyde cross-linked nuclei efficiently, whereas Bglll and Dpnll did
not. Consequently the 3C/4C restriction enzyme digestion protocol is
performed as described in section 3.8.2, however, with the following
modifications:

-formaldehyde cross-linked nuclei are used immediately upon
preparation (i.e. they are not frozen)

-for 3C, samples are first digested with Bc/l at 50°C overnight, followed by
Bglll digestion at 37°C

-for 4C, samples are incubated at 50°C overnight and subsequently
digested with Dpnll the following day i

-the units of restriction enzyme per digestion was increased from 500 U
to 5960 U in the case of Bg/ll and from 500 U to 7500 U in the case of

Dpnll
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4. Article 1

4. Article 1

4.1 Introduction to Article 1
The genes clag3.1, clag3.2 and eba-140 are good models to study

epigenetic regulation in P. falciparum. These three genes show life cycle
dependent silencing and CVGE (Figure 1.5B and C). clag3.1, clag3.2 and
eba-140 are never expressed outside of the schizont stage, and the clonal
transmission of their variant expression status implies that in rings and
trophozoites, these genes are either bookmarked for expression or

bookmarked for repression.

By comparing these three genes at different life stages and in isogenic
parasite lines where the genes are either transcriptionally active or
repressed, or bookmarked for activation or repression, we intend to
determine the mechanisms involved in silencing associated with
progression along the IEC and with CVGE, and if different mechanisms

are involved, attempt to discriminate between them.

Towards this aim, we characterised the upstream sequences required for
promoter activity, determined nucleosome positions and degree of
chromatin compaction and characterised several relevant histone
modifications at different life stages in parasite lines where the genes are

differentially expressed.

117



4. Article 1

4.2 Article 1

Crowley VM, Rovira-Graells N, Ribas de Pouplana L and A

Cortés. Heterochromatin Formation in Bistable
Chromatin Domains Controls the Epigenetic Repression of
Clonally Variant Plasmodium falciparum Genes Linked to
Erythrocyte Invasion. Molecular Microbiology.2011;80(2):391-406
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clag3.1
ATTTCCATAATTTATTTTCTAATAATTATCTTCTTTTCTTTCCATTGCACCGATATTAAAAACAAAAA
CAAAAAAAAAAAAACCAAAAAACACCATTCATATTTATATTGAATATGTATTTTTATCTCACTTCTTT
TTATTTACCTA “°‘AGTAAATA “‘°TATATATA ATCATATAACAAATAACATGTTATGCAAAAATATG
CATAAACATAAGAGGGTGATTTAAAATAAAAATAAAAATATACTTTACAATATGTTCA->""AAATATA
ATTCGT A>3 TATTCATATA *2'TTCTCGAATAGTTTTATTTCCTTTTATATTAC ATAATGTACAC
TTTA 2 AAACA 25 AAATGTG 2*2GACA 25 AATATGATTTTGTACTAAAAGAAAAAAAAAAAAAAGT
A‘”OCAACATTAAAAAAATTCTTTT TGATATATATATATATGTTTA‘NSAACATA'”ZTATTTGTGTA
CTCCTTTTTGTACATGGTTTTTGATTTTGTTATATTTATGTACTATTCAATTCTGTACTTTTTTTTAA
TAATAACATAATAATAATTACTTATATATTTGTGCAATATATCAAAGTGTACATGCAATAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAATG

clag3.2
TTTTATTTTATTTTTTTATTTTTTGTTTTTATGGAGTTGCACCGACATTAAAAAGAAACGAAACGATA
TATACTTTTTTATAATCAACGTTCACGGTTACGTTTCTGTTTTTCTTITCTTTTTTTTTAATTATTTAT
TTATGTGTATTAACTTAAATATTTGGAAATATGCAAAATTATGCATAATACTGAAAATAAAGACTAAA
CAAATGGAAAATCAACATATATTTTATGTCTATTATATATGTCATTTCGATATTGTTATTGTTTATTA
ACAAATGGGTAARA *°TAATAAAAATGGTCATCATCGGTATTGTACAAAAATG *'® TGAARATTARAA
AATATGTACAAAAGTAAAAATATGTTATTCAATTATATATATATATATAT 2 ATATATAATATTTC
a~”%ca w9TACACAAACATATATATAACATATAATTGTG_MBTACTCCTTTTTGAATACGGTTTTTA
TTTTTGTTATTGTTTTTTCTTTTTATTCTGGGTTATTTTCTTCTGTACTTTTTTAAATATATATCGTA
ATAATAGTTGAGTACGCACTAATATGTCAATTTGAAAAAAAATATTGTACACGTGAATAAAGTATTAG
TAAAAAATG

eba-140

ATATATATA > TATTTATA % TT ***TTTTTTTTCCATA **°CTCTAGAACA **’ATTCTATATA *’
TTTAAATATTTCTTTCAATATGTAGTAATTATATATATATATATATAATATATATTATATATTTTTTT
TATTTATTTATTCATAAAAAATGTATGTTAATTTTTATTAT TAAAAAGGTTTTAAAATAAATGGGAAA
AATTATAAAAAAAATATAACAAATGAGAAATAAAAAGAGAGAGTAAGTTAAGAATTAAAAAAAGAATT
AACTTCAATAATTAAATGGTTAATATTTCTACTGCTTAAATTAATTAATTAAATATAATTCAAATTAA
TTTTGAAATGTGTTTTATAATTAATTTTTAATTCAATTTTTGGGTTGTAATTTTATATGGT TGTACAT
ATATATATATATATATATATATATATATATATATATGTATATTTAATTAAATTTTAATATTTAATTTT
TTTTTTTTTTTACTACCAAATATATTTATATATAGTACTTTTATAATATCGTTTTCTTATGAGCATTA
TATCATATAAATAATTAATTAAATAAATATATATATATATATAATTATAATTAGACCAATAAATTATA
TATAATG

1.0+
0.8

0.6 _T_ _T_
0.4

0.2

0.0
clag3.1 clag3.2 eba-140

Transcripts upstream of TSS (%)

Fig. S1. Transcription start sites (TSSs) in clag3.1, clag3.2 and eba-140. (A)
Nucleotide positions of TSSs as determined by 5° RACE. The nucleotides
corresponding to the TSSs of clag3.1, clag3.2 and eba-140 are indicated in bold and
are underlined. The numbers in superscript adjacent to the TSSs indicate the position



relative to the translation start codon, which is indicated in bold. The positions of the
primers used for nested PCR are underlined. (B) Percentage of transcripts initiated
upstream of the mapped TSSs, as determined by qPCR. ¢cDNA was generated by
reverse transcription with oligo (dT);s and analysed by qPCR with primer pairs
located upstream and downstream of the mapped TSSs (Table S1). Levels of cDNA
for each primer pair region were calculated relative to RNAse-treated genomic DNA

using the 2 method. Experiments with cDNA generated with random primers gave
identical results.
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Fig. S2. Promoter activity in parasites at non-schizont stages. Luciferase assays were
performed with the indicated plasmids in 3D7-A parasites at late ring/early
trophozoite stage. The plasmids HLH (47p3 promoter) and linker-LH (no promoter)
were used as positive and negative controls, respectively. Each construct was tested in

duplicate. Values correspond to average luciferase activity (in relative light units,
RLU), with standard deviation.
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Fig. S3. Alignment of experimentally derived data with predicted regulatory motifs in
the upstream regions of clag3.1 (A), clag3.2 (B), and eba-140 (C). All positions are
relative to the translation start site. Transcription start sites, as determined by 5' RLM-
RACE, are as in Fig. 1A. The position of restriction enzymes sites used in
accessibility assays (Fig. 4) are indicated in orange. Regions amplified for qCHIP
analysis are shown in green and are numbered as in Fig. 5 and S6. Regions where
major differences in micrococcal nuclease sensitivity were observed (arrows in Fig.
3) are indicated as dark grey boxes, whereas regions with minor differences are
indicated as light grey boxes (arrowheads and asterisks in Fig. 3). 5° upstream
fragments used for gene reporter experiments (Fig. 1B) are shown in blue, with
darker colours representing higher promoter activity. The percentage of promoter
activity relative to the construct with highest activity is indicated. Motifs enriched in
the upstream region of genes expressed in schizonts, as predicted by the FIRE
algorithm (Elemento et al., 2007), are indicated in magenta. The consensus sequence
of these motifs is shown in the inset. cis-regulatory elements predicted by the GEMS
algorithm (Young et al, 2008) are indicated in turquoise. PfIM18.1 (GGTGCA),
which is similar to FIRE motif G, is a motif common to genes that encode proteins
localised to the rhoptries. Two copies of a PfM18.1-like motif, separated by six
nucleotides, are present in clag3.l/ and clag3.2, a pattern common to other rhoptry
genes (Young et al, 2008). PfIM19.1 (GTTGTATA), found in eba-140 upstream
region, is a motif common to genes involved in cell invasion. Motifs recognised by
ApiAP2 transcriptional regulators whose expression pattern suggests that they may
act as activators of genes expressed in schizonts (Campbell et al., 2010) are shown in
purple. The positions of the motifs were obtained from PlasmoDB
(www.plasmodb.org). The numbers in brackets refer to the number of binding sites
for the indicated ApiAP2, and the ApiAP2 domain IDs are listed in the inset
(Campbell et al., 2010). All homopolymeric (dA:dT) tracts greater than four
nucleotides in length are shown in pink together with the number of nucleotides (nt)
encompassing the tract. A potential role of these tracts in regulating transcription in
P. falciparum has been suggested (Polson and Blackman, 2005).
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Fig. S4. Luciferase assays with constructs encompassing longer fragments of clag3./
and eba-140 upstream regions. Luciferase activity is tested at the schizont stage. The
length of the upstream sequences tested is included in the name of the constructs, as
in Fig. 1B. (A) Luciferase activity in 3D7-A parasites. Values are % luciferase
activity relative to 3.1-2198-LH or 140-1925-LH, as in Fig. 1B, and correspond to the
average of two independent experiments (each performed in duplicate), with standard
deviation. (B) Luciferase activity in 10G and 1.2B parasites. Values correspond to
average luciferase activity (in relative light units, RLU), with standard deviation,
normalised to 1% parasitemia, as in Fig. 2D.

eba-140

Fig. SS. Phosphor imager traces of the micrococcal nuclease digestion experiments in
Fig. 3, for clag3.1 (A) or eba-140 (B). Traces correspond to 0.5U schizont lanes (Sch.
panels) or 0.5U trophozoites lanes (Tr. panels). Arrows, arrowheads, asterisk and all
other symbols are as in Figure 3. It is important to note that it is impossible to adjust
precisely the amount of radioactivity and the degree of digestion between different
samples. Hence, differences between 10G and 1.2B in peak intensity over a large



region are not considered authentic differences in nucleosome positions. Only major
changes between 10G and 1.2B in peak intensities relative to neighbouring peaks,
absence of specific peaks or changes in peak position, observed both in digestion with
0.5 and 1.5 MN units, are considered to reflect differences in nucleosome positions.
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Fig. S6. Raw qChIP data for the analysis of histone modifications associated with the
variant expression of clag3.1, clag3.2, eba-140 and MAL13P1.59 in 10G and 1.2B
parasites. ChIP data is expressed as % input, defined as the percentage of
immunoprecipitated chromatin relative to the input sample. Chromatin from schizonts
(A,C,E,G) or trophozoites (B,D,F,H) was immunoprecipitated with antibodies against
the histone modifications indicated. Values are the average of three independent
experiments, with standard error. Two silent var genes (VA: MAL7P1.55 ORF, VB:
PFL1950w upstream region), and two single copy genes that do not display variant
expression, amal (Al: upstream region, A2: ORF) and rhopH2 (R1: upstream region,
R2: ORF) served as controls.



Table S1.

Primer Name

Sequence 5’ -3’

5> RLM-RACE

3.1RACEin TTTGTGGATCCGCATGTACACTTTGATATATTGC
3.1RACEout TCATGTTGGTTGACATTTTGAC

3.2RACEin TTTGTGGATCCCAAATTGACATATTAGTGCGTAC
3.2RACEout GCATTTTCGTTTTTATTTTCGCC

ebal40RACEin TTTGTGGATCCGATATAATGCTCATAAGAAAACG
ebal40RACEout TGTCTATTATAAAGTGTTCTACC

Primers used to generate luciferase plasmids

Plasmid Primer Name Sequence 5’ -3’

3.1-511-LH prom3.1F0.5kbAsp TGGTGTTGGTACCACACCATTCATATTTATATTGAATATGTA
prom3.1r1Nsi TGGAGATGCATTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTITTTTATTGC

ATGTACACTTTGATATATTGC

3.1-1020-LH | prom3.1F1kbAs TGGTGTTGGTACCATAATGCACTCATTAATAATTTTAAACCGTT
prom3.1r1Nsi

3.1-1354-LH | prom3.1f2Asp TGGTGTTGGTACCGATGATATTTAATAATATTGATATCCGTA
prom3.1r1Nsi

3.1-2198-LH | prom3.1fl1Asp TGGTGTTGGTACCAGGAAAAAATAATGCAATCTAAGTAATG
prom3.1r1Nsi

3.1-3265-LH | prom3.1f0.5Asp# TGGTGTTGGTACCTTCTACATTTTCTCCATCTGAAT
3.1seq3rev# TTTTCTTTTTTACAGTTTATTCTC

3.2-518-LH prom3.2F0.5kbAsp TGGTGTTGGTACCATCAACGTTCACGGTTACGTTTCTGTT
prom3.2rNsi GGAGATGCATTTTTTACTAATACTTTATTCACGTGTAC

3.2-1021-LH | prom3.2F1kbAsp TGGTGTTGGTACCATAAATTATACCAAATATGTTAATAATA
prom3.2rNsi

3.2-1371-LH | prom3.2fAsp TGGTGTTGGTACCTAGAATATATTTATTITATAGTCAAAATTTGC
prom3.2rNsi

140-803-LH | prom140F0.8kbAsp TGGTGTTGGTACCAAATAAGAGATAAGAAAAAGGCTCAT
Pr140rNsi TGGTGTTATGCATTATATATAATTTATTGGTCTAATT

140-1080-LH | Pr140f2.5Asp TGGTGTTGGTACCATTATTGAGGATCAATTAGTG
Pr140rNsi

140-1332-LH | pr140f2Asp TGGTGTTGGTACCAATACACACATTTTTGATTAGG
Pr140rNsi

140-1925-LH | pr140f0.5Asp TCGTCTGGTACCAAGCTTTTTGTTGTTATTACAC
Pr140rNsi

140-2377-LH | Pr140f6Asp$ TGGTGTTGGTACCCATCAATAAGAGAAAATATATGTC
Pr140r1.2$ CTCTTATATAAAAATAGCTAAAT

140-3279-LH | Pr140f3Asp$ TGGTGTTGGTACCTGTATGTATGTATGTATATTCCTT
Pr140r1.2§

amal-LH and | promAmalfAsp TGGTGTTGGTACCACGATTTTTTAATCAGATCCC

amal-RH promAmalrNsi TGGAGATGCATTTTTGTACAATTTATAACAAGTAC

linker-LH LinkAspNsiFw GTACCAGTTATTTTAAAAAATGCA
LinkAspNsiRev TTTTTTAAAATAACTG

Primer Name

Sequence 5’ -3’

Primers used to generate probes for Southern blot analysis

Probel40F GACCAATAAATTATATATAATGAAAG
Probel40R TGAAGGTGGAATTATATCATATGA
CI3.1fATG ATGGTTTCATTTTTTAAAACTCCA
3.1r0.5 GTTCAATATTGTCATTATCATTTACATT

Kan3.2f (Iriko et al.,

2008)

AATAGTTGAGTACGCACTAATATGTC




3.2r0.5

TTCAATATTGTCATACTCATTTAGAAG

Pfg377f1 TTTGTTAGATGCATATACAAATTTG
Pfg377rl CCATCCTTCTTATTATCATATAG
qChIP Primers Final Primer Concentration
(nm)
clag3.1 — 1F GATTTTATAATGCACTCATTAATAA 500
clag3.1 — 1R AATAAATGTATACGTAATTAGAACA 1000
clag3.l1 — 2F* TTTCCATTGCACCGATATTAAAA 200
clag3.1 — 2R* GAAGTGAGATAAAAATACATATTC 1000
clag3.1 - 3F CATAAACATAAGAGGGTGATTTA 200
clag3.1 —3R CCACATTTTGTTTTAAAGTGTAC 200
clag3.1 —4F* CATATATTTGTGTACTCCTTTTT 1000
clag3.1 —4R* TTGCATGTACACTTTGATATATT 500
clag3.1 — 5F TCAAAATGAAAATGATACCATTAGT 200
clag3.1 clag3.2 - 5SR CATGGATTTTAATTGTTCAATATTG 200
clag3.1 clag3.2 — 6Ft TAGTAATGAGAATTAGTTGGACA 200
clag3.1 —6R} ATAAATATTTGGATGCTTCAGCA 200
clag3.2 — 1F CATTACATATAAATAAATACGTGC 200
clag3.2 — 1R AGTGTTTTAAGGCAATAATTATATT 200
clag3.2 — 2F* TTCACGGTTACGTTTCTGTTTT 500
clag3.2 — 2R* GTTGATTTTCCATTTGTTTAGTC 1000
clag3.2 - 3F ATCGGTATTGTACAAAAATGTGA 200
clag3.2 - 3R GTATTCAAAAAGGAGTACACAAT 200
clag3.2 — 4F* ATTCTGGGTTATTTTCTTCTGTA 500
clag3.2 — 4R* ACTAATACTTTATTCACGTGTAC 500
clag3.2 — 5F TAGGCGAAAATAAAAACGAAAATG 200
clag3.2 — 6R¥ ACAAATATGTTTCTGAACTAGGA 200
eba-140 — 1IF GAAATAGTTAGTGAATAATTAAAATC 1000
eba-140 — IR TTTAATGCTTAACATAATGCGACT 250
eba-140 — 2F* GCTATTTTTATATAAGAGGGAAAT 1000
eba-140 — 2R* ATAATGAGCCTTTTTCTTATCTC 1000
eba-140 — 3F* TGAGAAATAAAAAGAGAGAGTAAGTTAAGAA 500
eba-140 — 3R* ACAACCCAAAAATTGAATTAAAAAT 500
eba-140 — 4F GAATCAATTATAGGTAGAACACT 1000
eba-140 — 4R TTACATCTTCGTAATCTGAATCA 1000
eba-140 — 5F TATGCAGATTTGGCAGATATTAT 500
eba-140 — 5R CTTCAAAGATTCTTCATTACGTT 500
eba-140 — 6F TGAATAGAACAACGAATGCACAAGA 500
eba-140 — 6R CCGATTGTCAAAGAACCTGAATT 500
eba-140 — 7Ff TTGTTCTAGAGAAGAAAGAAAGA 1000
eba-140 — 7Rt ACCCTCGCTTTTAAAACATTTAT 500
MALI13P1.59 5 - 1F TCTTTATTCTGTTTGAAAGACCA 500
MALI13P1.595° - 1R GTTATAGACACATTTAAACCTCA 500
MALI13P1.59 5’ - 2F GCATTTGTAGAACGCAATTTTAT 500
MALI13P1.595° - 2R CCATAAGTTATTTTACACATGAAA 500
MALI13P1.595° - 3F TAGGAAACACTGAATAAATTATAAA 3000
MALI13P1.595° -3R ACCTACACTTAATCCATAATAAG 500
MALI3P1.59 5’ —4F GAATTTTAGGATGAATGAAATACA 500
MALI13P1.595° —4R AAAAATATCTCCCTCCTTAATTG 500
(Al) amalP1F TTCACTTTTGTTAGAGTCTCTTA 200
(Al) amalP1R CCATTTTTCTTCTTTTTTCCCTT 200
(A2) amalP2R CGCCTTTGAGTTTACATATATGA 200
(A2) amalP2R TGGATATTCGTATTCTTTTGGAT 200
(R1) rthopH2P1R ACTTTAAAATGACATGTTGGTAAA 200




(R1) thopH2P1R AAACCACATACATATAACACACA 200
(R2) thopH2P2R TGTTGCTGTCCATATTTAGTTTT 200
(R2) rhopH2P2R AATATATCGCTACATAACTTCGT 200
(VA) MAL7P1.55F ACGTGGTGGAGACGTAAACA 500
(Salanti et al., 2003)

(VA) MAL7P1.55R CCTTTGTTGTTGCCACTTTG 500
(Salanti et al., 2003)

(VB) PFL1950w R CTATGTTGTATTATTCGATATTTTC 500
(Jiang et al., 2010)

(VB) PFL1950w F AGAATAGGAAAATACAAATTATAGC 500

(Jiang et al., 2010)

Primers for transcriptional analysis (in addition to primers above marked with )

MALI13P1.59 F AATTCCGTCAGATGAAGATCTTG
MALI3P1.59 R TTGCATTTCTTCATATTCATCCA
PF07_0073 F (seryl AAGTAGCAGGTCATCGTGGTT
tRNA synthetase)

(Ref. 2)

PF07 0073 R (seryl TTCGGCACATTCTTCCATAA
tRNA synthetase)

(Ref. 2)

Restriction sites are indicated in bold and are underlined

#The PCR product obtained with these primers was not cloned directly into the HLH
plasmid. Instead, it was digested with 4sp7181 and Bcll and cloned into the 3.1-2198-
LH plasmid digested with the same enzymes.

$ The PCR product obtained with these primers was not cloned directly into the HLH
plasmid. Instead, it was digested with 4sp7/81 and Bg/Il and cloned into the 140-
1925-LH plasmid digested with the same enzymes.

*Primers used to determine the number of transcripts initiated upstream of the
mapped TSSs

TqChIP primers that were also used for transcriptional analysis
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4.3 Additional results

4.3.1 Verification that commercial antibodies for qChIP

cross-react with P. falciparum histones
Since the commercial antibodies purchased for use in qChlIP analyses

were not raised against Plasmodium histones, the antibodies were
checked for cross-reactivity with P. falciparum samples via fixed
immunolocalisation assays (Figure 4.1). Segmented schizonts were used

in these analyses because of

DAPI Merge

Y

their distinctive morphology,
a-H3
and DAPlI was wused to

fluorescently stain DNA. The

a-H3K9ac . . .
signal obtained with the

commercial antibodies
a-H3K9me3

e ®

colocalised with the DAPI stain

as seen in the column where

a-H3K4me3
the two signals are merged.
The punctate staining pattern
a-H4ac

reflects individual merozoites

Figure 4.1 Immunolocalisation assays that develop  within the
with antibodies used in qChIP analyses
in P. falciparum segmented schizonts.
These samples were fixed with contains a nucleus. This

formaldehyde, using a 1:100 dilution of _
primary  antibody. The reference indicated that the commercial

schizont, each of which

numbers for the antibodies used are

antibodies raised against a
listed in Table 3.4 g

core histone and to modified
histones from other species cross-react with P. falciparum histones and
that the signal is localised to the appropriate cellular compartment,
suggesting that they are suitable for use in qChlIP experiments. The

samples in Figure 4.1 were fixed with formaldehyde, however similar
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results were obtained with acetone-methanol fixation (data not shown).
Information regarding the antibodies used, including reference numbers

and details about the immunogens used are listed in Table 3.4.

4.3.2 qChIP data using antibodies against core histone
H3 were highly variable

Often qChIP analyses against histone modifications are normalized by
nucleosome density. This refers to normalization of the %input obtained
with the antibody against a specific histone modification by the %input
obtained with an antibody against a core histone. As histone
modifications can only be detected at a particular DNA region if the DNA
region is wrapped into nucleosomes, this normalisation method would
correct for differences in the density of nucleosomes, rather than
changes in histone modification levels. qChIP was performed with an
antibody raised against unmodified histone H3 (Figure 4.2). However, the
%input levels that were recovered were often low and highly variable
between different sample preparations and thus we did not normalise
our qChIP results in Article 1, Figure 5 by these data. Similar results were
obtained with an antibody against core histone H4 (Millipore, 04-858,
data not shown). However, we observe antagonist enrichments with
antibodies against different modifications of the same histone residue,
i.e. trimethylation and acetylation of H3K9, ruling out the possibility that
the observed differences between the active and repressed states of

these genes is due to differences in nucleosome densities.
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Figure 4.2 Raw qChIP data for the analysis of core histone H3 in A. schizonts
and B. trophozoites. ChIP data is expressed as %input, defined as the
percentage of immunoprecipitated chromatin relative to the input sample.
Values are the average of three independent experiments, with standard
error. The position of the primers for clag3.1, clag3.2, eba-140 and phista
(MAL13P1.59) can be found in Article 1, Figure 5A. A description of the
control genes can be found in Article 1, Figure S6.
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5. Article 2

5.1 Introduction to Article 2

Our study of the epigenetic regulation of CVGE in genes other than the
var genes began with the study of clag3.1, clag3.2 and eba-140. We
demonstrated that akin to the var gene family, CVGE of the clag and eba
families was controlled by the formation of H3K9me3-faculatative
heterochromatin. During the course of our analyses, we observed that a
member of the phista family also showed CVGE that was controlled in
the same fashion. If the epigenetic regulation of CVGE is common to four
unrelated gene families that are expressed at different stages along the
IEC and participate (when the function is known) in unrelated processes:
how common is CVGE? are all clonally variant genes regulated by
H3K9me3-facultative heterochromatin? what is the biological function of
CVGE? In order to begin to address these questions, we need to know
which genes show CVGE. Towards this aim, a microarray-based study
was undertaken to identify the genes that show CVGE in P. falciparum

(Rovira-Graells et al submitted, Article 2).

Characterisation of the level of transcriptional variation across the P.
falciparum genome has revealed that this mode of regulation is
widespread. The gene families that show CVGE are implicated in many
host-parasite interactions apart from antigenic variation and therefore,
CVGE appears to be central to P. falciparum biology. Despite the critical
role of CVGE for survival and virulence of P. falciparum, the molecular
mechanisms that control it are largely unexplored. The striking

correlation between CVGE and heterochromatic marks is suggestive of an
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H3K9me3-faculatative heterochromatin based mechanism that

contributes to phenotypic variation.

As CVGE appears to be a fundamental process in parasite biology, the
molecular mechanisms involved in establishing this phenomenon need to
be understood. The study of CVGE would be greatly facilitated if it could
be studied in an episomal system. For example, sophisticated episomal
systems could be established where genes could be tested for their
ability to be epigenetically silenced, to test sequences for potential
barrier insulator activity, to calculate the switch rates of clonally variant
genes and to test candidate proteins for their involvement in CVGE. Also,
some aspects of CVGE, such as its spontaneous nature or whether it is a

stochastic process, cannot be studied using the endogenous genes.

It has previously been demonstrated that the CVGE expression of var
genes can be reproduced in an episomal system (Voss et al 2006),
however, it is not known whether the CVGE for genes other than var can
be mimicked using episomes. The var genes are a peculiar gene family,
where most members are repressed. Thus, it is not known if smaller gene
families where most members are expressed will demonstrate episomal
CVGE. Therefore, we began a series of proof-of-principle experiments, to
determine if the CVGE for genes other than var can be reproduced in an
episomal system, using the clonally variant gene clag3.2 as a model in

these experiments.
We hypothesize that CVGE is a spontaneous process that is mediated by

the promoter of the variant gene and is controlled by the formation of

H3K9me3-facultative heterochromatin, see figure legend for further
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details (Figure 5.1). If the CVGE of clag3.2 can be mimicked in this
episomal system, the system could be expanded to analyse multiple

different promoters and be used as a tool to study CVGE in the future.
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Figure 5.1. Simplified model to recreate episomal clag3.2 CVGE. A. A

population of genetically identical parasites is transfected with a plasmid that
contains a reporter gene under the control of a variant promoter (clag3.2). This
plasmid is stably maintained in the transfected population by the expression of a
gene that confers drug resistance. B. If CVGE is a spontaneous process, under
homogenous growth conditions, we expect the transfected population to consist
of individual parasites that express or repress the reporter gene. C. We will
isolate individual parasites by subcloning, grow them for a limited number of
cycles (D) and assay for reporter activity (E). F. We predict that the variant
episomal promoter that represses the reporter gene will be enriched in
H3K9me3, whereas the variant episomal promoter that expresses the reporter
gene will be enriched in H3K9ac.
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ABSTRACT

Malaria genetic variation has been extensively characterized, but the level of epigenetic
plasticity remains largely unexplored. Here we provide a comprehensive
characterization of transcriptional variation in the most lethal malaria parasite,
Plasmodium falciparum, based on highly accurate transcriptional analysis of isogenic
parasite lines grown under homogeneous conditions. This analysis revealed extensive
transcriptional  heterogeneity within  genetically-homogeneous clonal parasite
populations. We show that clonally variant expression is an intrinsic property of specific
genes and gene families, the majority of which participate in host-parasite interactions.
Intrinsic transcriptional variability, controlled at the epigenetic level, is not restricted to
genes involved in immune evasion, but also affects genes linked to lipid metabolism,
protein folding or transcriptional regulation, among many others. The degree of genetic
diversity and the predicted functions of variantly-expressed gene families indicate that
epigenetic variation results in both antigenic and functional variation. We observed a
general association between heterochromatin marks and clonally variant expression,
extending previous observations for specific genes to essentially all variantly-expressed
gene families. These results suggest that phenotypic variation of functionally unrelated
P. falciparum gene families is mediated by a common mechanism based on reversible
formation of H3K9me3-based heterochromatin. In changing environments, diversity
confers fitness to a population. Our results support the idea that P. falciparum uses a
bet-hedging strategy, as an alternative to directed transcriptional responses, to adapt to

the most common fluctuations in its environment.



Supplemental material is available. The microarray data presented in this study have
been submitted to Array Express under accession number E-MTAB-673 with the

following accession details: Username: Reviewer E-MTAB-673, Password: A7R009ai.



INTRODUCTION

Adaptation to environmental changes is essential for survival. In the case of P.
falciparum asexual blood stages, which are responsible for all clinical malaria
symptoms and complications, the intraerythrocytic niche provides a relatively stable
environment compared to the environments where free-living unicellular organisms
reside, but there are still challenges that the parasite must confront (Mackinnon and
Marsh 2010). Among the conditions that can change during the course of a blood
infection or between different human hosts are immune pressure, drug pressure, host
metabolic and nutritional conditions, presence and magnitude of febrile episodes, host

genetics, and presence of competing parasites.

Long-term, slow adaptation typically occurs at the genetic level. In P. falciparum, the
genetic basis of adaptation have been extensively studied (Mu et al. 2010; Ochola et al.
2010; Van Tyne et al. 2011). However, adaptation to fast-fluctuating environmental
pressures requires a much faster time-scale and reversibility, and operates at the
transcriptional level. In the majority of organisms, including bacteria, yeast and higher
eukaryotes, rapid adaptation typically occurs through directed transcriptional responses:
an external condition is sensed, which triggers a signaling cascade that results in
transcription factor-driven activation or repression of specific genes that mediate
adaptation to the new condition. Some evidence suggests that P. falciparum may have a
limited capacity to mount directed transcriptional responses: 1) there is a marked paucity
of specific transcription factors in the P. falciparum genome (Coulson et al. 2004), in
spite of the recent identification of an expanded family of AP2 domain-containing
transcription factors (ApiAP2), which probably play a role in controlling life cycle

progression (Balaji et al. 2005; Campbell et al. 2010). The number of identified specific



transcription factors seems insufficient to mount a wide range of transcriptional
responses; 11) analysis of transcriptional responses upon environmental perturbations
failed to detect large alterations in the levels of transcripts related with the challenge, in
contrast to similar studies in other eukaryotes (Gunasekera et al. 2007; Ganesan et al.
2008; Le Roch et al. 2008; Young et al. 2008). This led some authors to conclude that
P. falciparum has an unresponsive, hard-wired transcriptome (Ganesan et al. 2008; Le
Roch et al. 2008). This is controversial because other studies detected changes in
transcription upon various challenges (Functional Genomics Workshop Group: Deitsch
et al. 2007; Oakley et al. 2007; Natalang et al. 2008; Tamez et al. 2008; Hu et al. 2010),
but the changes observed where of low amplitude, and could be explained by cell cycle
arrest or sexual differentiation, or may represent pathways leading to parasite death,
rather than being authentic protective transcriptional responses (Functional Genomics

Workshop Group: Deitsch et al. 2007; Natalang et al. 2008).

Regardless of the ability of P. falciparum to mount directed transcriptional responses,
one source of transcriptional variability in malaria parasites is clonally variant gene
expression. Variantly-expressed genes can be found in different transcriptional states in
genetically identical parasites at the same stage of life cycle progression and grown
under homogeneous conditions. The transcriptional state is clonally transmitted by
epigenetic mechanisms (Scherf et al. 2008). Clonally variant gene expression has a clear
adaptative potential, because stochastic changes in expression lead to transcriptionally
heterogeneous populations. It is well-established in the population biology field that
heterogeneous populations are fitter than homogeneous populations in changing
environments, as diversity provides the grounds for natural selection of individuals with

phenotypes that confer maximum fitness upon an environmental change (Kussell and



Leibler 2005; Veening et al. 2008). Clonally variant gene expression in P. falciparum
was initially described for var genes (Scherf et al. 2008), a family of about 60 genes
encoding PfEMP-1, which plays a major role in immune evasion. Other P. falciparum
gene families also show clonally variant expression, including gene families encoding
proteins exported to the erythrocyte surface, and families linked to erythrocyte invasion.
Variant expression of these gene families may also play a role in immune evasion
(Cortés et al. 2007; Lavazec et al. 2007; Petter et al. 2007; Cortés 2008; Scherf et al.

2008; Gomez-Escobar et al. 2010).

Adaptation through clonally variant gene expression would imply that parasite
populations spontaneously show transcriptional diversity for genes relevant for
adaptation to common environmental pressures. While genetic variation in P.
falciparum has been extensively characterized (Jeffares et al. 2007; Mu et al. 2007;
Volkman et al. 2007; Van Tyne et al. 2011), the genome-wide extent of clonally variant
gene expression remains unknown. Some studies have compared global blood stages
transcription between different P. falciparum lines, but their sample size and
experimental design resulted in the identification of only a small number of variantly-
expressed genes: one study compared two isogenic lines selected to display different
antigenic and adhesive properties (Mok et al. 2007), whereas another study compared
the transcriptome of three genetically-different parasite lines, focusing on the
comparison of patterns of expression along the life cycle rather than comparing
transcript levels (Llinas et al. 2006). Genome-wide transcriptional differences have also
been analyzed in field isolates (Daily et al. 2007; Lemieux et al. 2009; Mackinnon et al.
2009), but these studies suffer intrinsic limitations such as the inability to distinguish

between spontaneous variation and selection, and the common occurrence of mixed



infections. Furthermore, some of the transcript level differences observed may be
attributable to genetic polymorphism. A recent study established that transcriptional

diversity in P. falciparum has a strong genetic component (Gonzales et al. 2008).

Here we comprehensively characterized the asexual blood stages transcriptome of 21
parasite lines, and compared transcript levels within sets of parasite lines sharing a
common clonal origin. With this approach, transcriptional variation was studied
independently of the genetic component. We identified the majority of inherently-
variant gene families, and observed extensive transcriptional heterogeneity among
essentially isogenic parasites. Variantly-expressed gene families participate in multiple
aspects of host-parasite interactions, including but not limited to immune evasion. We
also show that functionally diverse variantly-expressed gene families are regulated by a

common epigenetic mechanism involving heterochromatin formation.

RESULTS

Identification of genes under clonally variant expression.

Transcriptional variability was first assessed for two stocks of the clonal parasite line
3D7 maintained in different labs for several years, 3D7-A and 3D7-B, and three
subclones of 3D7-A (Fig. 1A, 3D7). 3D7-B differs from 3D7-A and subclones in its
ability to use different invasion pathways and to invade red cells with the malaria-
protective trait SAO (Cortés et al. 2004; Cortés 2005; Cortés et al. 2007). Subclones
were cultured for the minimal number of cycles necessary to obtain sufficient material
for transcriptional analysis. For genes with stable clonally-transmitted expression
patterns, this is akin to characterizing transcript levels in single parasites within the

clonal population from which the subclones were derived (Cortés et al. 2007). The five



parasite lines were tightly synchronized to a 0-5 h window and RNA was obtained at
seven time points along the asexual blood cycle. Relative transcript levels were
determined by hybridizing samples against a common reference pool in a long-
oligonucleotides microarray (Hu et al. 2007). Principal components analysis (PCA)
revealed clustering of samples collected at the same time point, as expected for well-
synchronized samples. Samples collected at the latest time points approached samples
collected at earlier time points, reflecting the cyclic nature of asexual blood growth (Fig.

1B).

The majority of P. falciparum genes show stage-specific expression, and even small
differences in the stage of cycle progression can lead to large differences in observed
transcript levels (Bozdech et al. 2003). This is a major confounder for microarray-based
studies comparing expression between different parasite lines. To account for this, we
estimated the stage of the cycle for each microarray sample using a statistical
likelihood-based method (Lemieux et al. 2009) (Supplemental Fig. S1) and plotted
expression levels against estimated times post-invasion (Fig. 1C-D). To quantify, for
each gene, the level of transcriptional variability among the parasite lines compared, we
developed a score termed aMAFC (adjusted maximum average fold change across half
the time interval compared, see Methods), which is a conservative estimate of the
expression fold-change between the parasite line that expresses the gene at the highest
level and the parasite line that expresses it at the lowest level. Only about 5% of the
genes showed substantial transcriptional variation (Fig. 1E). The median aMAFC

corresponds to the first gene in Fig. 1C.

We generated a high-confidence list of genes showing different transcript levels among



3D7-derived parasite lines, based on criteria dependent on the aMAFC and permutation
tests (see Methods). Comparative genome hybridization (CGH) analysis revealed that in
6 of the 144 genes selected, different transcript levels could be explained by genetic
differences (copy number variations, CNVs). Five of these 6 genes fell within a
duplication of approximately 56 kb in 3D7-B, which resulted in approximately two-fold
transcript levels relative to parasite lines without the duplication (Fig. 1F). After
excluding these genes, we generated a list of 138 genes that we called the 3D7
variantome (Supplemental Table S1), defined as the set of genes with clonally variant
expression in 3D7. Some of these genes (76 of 138) belong to the large hypervariable
families var, rif, stevor and pfmc-2tm, for which variant expression was previously

described (Scherf et al. 2008) (Supplemental Text and Supplemental Fig. S2-3).

Variant expression in parasites of different genetic backgrounds.

We followed the same approach to identify genes under clonally variant expression in
other sets of parasite lines sharing a clonal origin. Each comparison included the
parental parasite line, of clonal origin, and several subclones (Fig. 1A). We also
compared transcript levels among the genetically different parental (original) lines 7GS8,
D10, and HB3A (Fig. 1A, parasite lines in bold). 3D7 parental line could not be
included in this comparison because 3D7-derived samples were hybridized against a
different reference pool (see Methods). In total, we identified genes under variant
expression based on five comparisons, four between parasite lines sharing a clonal
origin (3D7, 7G8, D10 and HB3 comparisons), and one between genetically different

parasites (parentals comparison) (Fig. 1A).

As in the case of the 3D7 comparison, we excluded from the lists of variant genes all



cases where deletions, duplications or other genetic alterations (as determined by CGH)
may account for the differences in transcript levels observed. The number of genes
excluded was 8, 1, 22 and 15 for the 7G8, D10, HB3 and parental comparisons,
respectively (Supplemental Table S1). Furthermore, all genes from the highly
polymorphic gene families var, rif, stevor and pfmc-2tm were excluded from the
analysis of non-3D7 parasite lines, because CGH and blast analysis revealed that this
microarray (designed against the 3D7 reference genome) is unsuitable to study
expression of these families in non-3D7 parasite lines (Methods and Supplemental Fig.
S4). However, it is already well-established from our data with 3D7 parasites and by
others (Scherf et al. 2008) that these gene families show extensive clonally variant
expression. Even after excluding these large variant gene families from the analysis and
further filtering the lists of variant genes (Supplemental Text and Supplemental Fig. S5-
7), we identified a substantial number of variant genes in all comparisons (Fig. 2 and
Supplemental Table S1). No two single parasite lines analyzed were transcriptionally
identical. Transcriptional differences between isogenic subclones indicate that all the
parental parasite lines from which they were derived, of clonal origin but grown for
many generations after cloning, consist of a mixture of single parasites with different
transcriptional patterns, in spite of growing under homogeneous conditions. These
results demonstrate that genetically homogeneous clonal populations show high levels
of spontaneous epigenetic variation. Importantly, qPCR analysis on cDNA from
independent parasite preparations revealed that transcriptional patterns were stable for
the majority of genes tested (dots in Fig. 2 and Supplemental Fig. S8), implying stable

epigenetic heritability, with expression switches occurring at low frequency.

Overlap in the variant genes identified in the different comparisons.



There was extensive overlap in the genes that showed variant expression in the different
comparisons (Fig. 3A), indicating that variant expression is an intrinsic property of
certain genes. Eight genes showed variant expression in four or five of the comparisons.
More than 40% of the genes that showed variant expression in the 3D7 comparison also
showed variant expression in at least one other comparison, and the same was true for
the variant genes identified in each comparison (Fig. 3B). Remarkably, transcriptional
variability between genetically different parasites seems to affect similar genes as
transcriptional variability within clonal parasites populations: 70% of the genes
differentially expressed between the genetically different 7G8, D10 and HB3 parental
parasite lines (parentals comparison) were also variantly expressed in at least one of the
comparisons involving isogenic parasite lines. The cumulative number of variant genes
identified increased with the number of comparisons (Fig. 3C). In total, 193 different
variant genes were identified (excluding gene families that were only analyzed in 3D7-
derived parasite lines; 269 variant genes were identified including these families,

Supplemental Table S2).

The overlap between the gene families with variant expression in the different
comparisons was even more extensive (Fig. 3D), and the cumulative number of variant
gene families identified clearly approached a plateau (Fig. 3E). This result indicates that
we may have captured the majority of P. falciparum gene families under clonally

variant expression.

Gene families under clonally variant expression.
The majority of the variantly-expressed genes (180 out of 269) are members of

previously described gene families known or predicted to participate in host-parasite



interactions. In total, we identified 30 gene families with at least two members listed as
variantly expressed, or one member listed as variant in two comparisons (Table 1). Even
after excluding the dominant variant gene families var, rif, stevor and pfmc2tm from the
analysis, 104 of 193 variant genes were members of gene families, and 40% had
paralogs according to PlasmoDB/OrthoMCL, compared to only 9% in the full genome
(two-tailed Fischer’s exact test, P=0.000). Functional redundancy in some gene families

probably results in permissivity for variant expression.

Control gene sets encoding single-copy, essential genes showed minimal levels of
transcriptional heterogeneity in all sets of parasite lines compared (Fig. 4). In contrast,
we identified several gene families that showed extensive transcriptional variability in
all five comparisons, and gene families such as apiAP2 or lysophospholipases that
showed stable expression levels for the majority of genes, with substantial variant
expression restricted to specific members (Fig. 4 and Table 1). These results indicate

again that variant expression is an intrinsic property of some genes and gene families.

Many of the variant gene families are subtelomeric and encode proteins exported to the
erythrocyte (Table 1), including exported HSP40-type co-chaperones (dnaj) (Sargeant et
al. 2006), predicted exported protein kinases (fikk) (Nunes et al. 2007), and exported
proteins of unknown function (such as phist, hyp, and gbp families) (Sargeant et al.
2006). Additionally, variant expression was observed in gene families that encode
proteins that participate in lipid metabolism, such as acyl-CoA synthetases (acs), acyl-
CoA binding proteins (acbp) (Bethke et al. 2006) and lysophospholipases; proteins
involved in nutrients import and possibly in erythrocyte invasion (clag) (Cortés 2008;

Nguitragool et al. 2011); transcription factors (apidP2) (Campbell et al. 2010); proteins



involved in transmission (6-cys) (Templeton and Kaslow 1999); and proteins located at
the parasite-host cell interface (eframp) (Spielmann et al. 2003) (Table 1). Surprisingly,
many tRNAs were also expressed at different levels between different parasite lines.
Other genes were not part of any of the variant gene families included in Table 1, but
also showed clonally variant gene expression. Among those, there were 16 genes
encoding exported proteins (Sargeant et al. 2006); the gene eba-140, and the
pseudogene PfRh3 from families linked to erythrocyte invasion (Cortés 2008); surfind. 1
(Winter et al. 2005); Arplll from a gene family encoding secreted proteins with
functions in hemozoin formation and with procoagulant activity (Ndonwi et al. 2011);
three genes encoding putative Zn-finger proteins; genes related with gametocyte
formation, for which expression levels in asexual parasites may determine the
propensity to enter sexual differentiation (Supplemental Text); two more enzymes
linked to lipid metabolism (beta-hydroxyacyl-ACP dehydratase and dephospho-CoA
kinase); two tubulin-tyrosine ligases; and 46 genes encoding proteins annotated as

“unknown function” (Supplemental Table S2).

Gene set enrichment analysis (GSEA) (Subramanian et al. 2005) did not reveal any
additional gene family, metabolic pathway, biochemical process or protein domain
associated with high levels of variant expression (not shown). However, genes that have
paralogs, lack identified orthologs in other species, are located in subtelomeric regions,
are pseudogenes, or encode proteins with transmembrane domains, showed a
significantly skewed distribution towards high levels of transcriptional variability

(Supplemental Fig. S9).

Epigenetic mechanisms regulating clonally variant gene expression.



Many of the genes that showed variant expression were found to be positive for the
heterochromatin marks H3K9me3 and HP1 in previous chip on ChIP-based mapping
studies (Flueck et al. 2009; Lopez-Rubio et al. 2009; Salcedo-Amaya et al. 2009). Only
4 of the 30 variant gene families included in Table 1 were HP1 and H3K9me3 negative.
Likewise, of 35 gene families reported to be marked by HP1 or H3K9me3, only 5 small
families did not have any member showing clonally variant expression (Fig. 5A). The
striking correlation between heterochromatin marks and variant expression at the gene
family level was also observed at the individual gene level within some families such as
lysophospholipase, apidP2, acbp (Fig. 4), or clag. These results strongly suggest a
general mechanistic link between H3K9me3-based heterochromatin and phenotypic
variation. Previous studies showed that variant expression of var genes and genes
encoding merozoite proteins is mediated by reversible formation of heterochromatin-
like structures, with H3K9me3 associated to the repressed state (Chookajorn et al. 2007;
Lopez-Rubio et al. 2007; Jiang et al. 2010; Comeaux et al. 2011; Crowley et al. 2011).
Our data suggest that this is a general mechanism also controlling variant expression of
other functionally unrelated gene families, including members of non-subtelomeric gene
families such as apidAP2. However, the majority of the clonally variant genes that are
not members of gene families and do not encode exported proteins were not marked by
H3K9me3 or HPI, and may not be regulated by heterochromatin formation
(Supplemental Table S2). Specific transcription factors, such as an ApiAP2 (Campbell
et al. 2010) that showed variant expression (PFL1085w) and is HP1/H3K9me3 positive
(Flueck et al. 2009; Lopez-Rubio et al. 2009; Salcedo-Amaya et al. 2009) (Fig. 5B),

may be master regulators controlling the variant expression of other genes.

The stage of expression during the cycle is not coregulated along the chromosomes



(Bozdech et al. 2003). However, our results indicate that, at least for gene families
involved in host-parasite interactions, and in contrast with developmental regulation,
clonally variant expression is regulated by heterochromatin formation. H3K9me3-based
heterochromatin has the capacity to spread into adjacent regions (Grewal and Jia 2007),
which may result in coordinated repression of neighboring genes. Many of the genes
under variant expression cluster together in subtelomeric regions, but we observed little
evidence for coordinated expression patterns. Different patterns of expression were
often observed for genes within the same variant expression cluster (Fig. 5B), and stand
alone variant genes were observed in pairwise parasite lines comparisons (Fig. 5C-D).
Possible coordinated repression along a large chromosome region was only observed in
a subtelomeric region of chromosome 14 (Fig. 5E), which includes several genes
involved in gametocyte formation (Eksi et al. 2005), but further along the chromosome
neighboring genes showed opposite expression patterns in some parasite lines (Fig. SE).
Our results are consistent with the fact that activation of a var gene does not de-repress
adjacent genes (Scherf et al. 2008), and with recent data indicating that var genes are
repressed at the level of an individual gene, rather than by chromatin spreading (Swamy
et al. 2011). The general lack of coordinated expression in clusters of neighboring genes
that can be repressed by formation of heterochromatin indicates that subtelomeric
regions are organized into small chromatin domains, possibly delimitated by barrier
insulators (Gaszner and Felsenfeld 2006), as previously suggested by us (Crowley et al.
2011). This would allow independent variant expression of neighboring genes,
maximizing the number of possible combinations of expressed and repressed genes and

consequently the adaptative potential of clonally variant gene expression.



DISCUSSION

Here we present, to our knowledge, the most comprehensive characterization of
transcriptional variation in the malaria parasite Plasmodium falciparum. Our
experimental design and analysis resulted in unprecedented accuracy in the
transcriptional comparison of different parasite lines, which allowed us to distinguish
between authentic clonally transmitted transcriptional differences, and variation
attributable to genetic diversity or to different relative abundance of parasites at
different stages. This approach led to the identification of the majority of gene families
under variant expression, and demonstrated that genetically homogeneous parasite
populations derived from a single parasite (clonal) are epigenetically highly
heterogeneous. The extensive overlap in the genes and gene families that show variant
expression in comparisons involving different sets of parasites indicate that spontaneous
clonally variant expression is an intrinsic property of some genes and gene families.
Data showing expression variability for each P. falciparum gene, and the subclones
with defined transcriptional patterns, are important resources for both basic
malariologists and vaccine developers that will be available through PlasmoDB

(www.plasmodb.org) and MR4 (www.mr4.org).

The critical aspects of our study design and analysis that allowed identification of the
majority of inherently-variant gene families were: i) transcriptional comparisons
involving parasite lines of the same clonal origin, including recently subcloned parasite
lines; ii) transcriptional comparison along the full asexual blood cycle for a large
number of parasite lines (over 150 microarray hybridizations), belonging to four
different genetic backgrounds; 1iii) tight synchronization of parasites to a well-defined

narrow age window of 0-5 h post-invasion, completely avoiding contaminating parasites



from the previous cycle; iv) identification of transcriptional differences based on
expression plots with statistically-estimated times, and calculation of adjusted
expression fold-changes from the area underneath the curve of the plots (aMAFC
score); v) exclusion of different probes for the analysis of parasites of different genetic
backgrounds, based on CGH and blast analysis against partially-sequenced genomes;
and vi) CGH analysis of all parasite lines, to avoid the potential confounding effect of
genetic alterations. This workflow provides the necessary level of accuracy to identify
with high-confidence and sensitivity epigenetic differences between independent

parasite lines.

The vast majority of gene families that are positive for heterochromatin marks also
show variant expression, demonstrating a general association between H3K9me3-based
heterochromatin gene repression and phenotypic variation. This observation reveals a
scenario where specific regions of the largely euchromatic P. falciparum genome are
organized into bistable chromatin domains. These regions can be found in two
alternative clonally transmitted states, euchromatin or heterochromatin, which are
associated with transcriptional activity or repression, respectively. Bistable chromatin is
prone to infrequent spontaneous switches between its two possible states, as a
consequence of molecular noise (Dodd et al. 2007; Crowley et al. 2011). The striking
correlation between variant expression and heterochromatin marks allows us to predict
that the majority of the genes that were positive for heterochromatin marks in previous
studies may be variantly expressed, implying that about 10% of the genome may be
under clonally variant expression. Considering that we observed only very few cases of
co-regulated variant expression, this represents an unlimited number of possible

combinations of expressed and repressed genes, with the exception of families such as



var or clag where specific rules of mutually-exclusive expression apply (Cortés et al.

2007; Scherf et al. 2008; Comeaux et al. 2011; Crowley et al. 2011).

Our results provide a snapshot of transcriptional diversity within clonal parasite
populations, revealing that variable expression mainly affects gene families involved in
host-parasite interactions. The degree of genetic diversity between isolates in these gene
families provides insights into the physiological role of transcriptional variability. Gene
families specifically amplified in the P. falciparum lineage can be roughly divided into
those that show hypervariability between parasite isolates, such as var, rif, stevor and
pfmc-2tm, and those that are conserved between isolates, including the majority of other
amplified families (eg phist, dnaj, fikk, etramp, acs, lysophospholipases, and many
others) (Jeffares et al. 2007; Mu et al. 2007; Volkman et al. 2007; Templeton 2009).
Amplification of these two types of gene families was probably driven by immune
evasion and functional diversification, respectively (Templeton 2009). We clearly
observed clonally variant expression for both types of gene families, suggesting that
transcriptional variability results not only in antigenic variation but also in functional

variation.

This idea is further supported by the known or predicted function of the gene families
for which transcriptional variability is an intrinsic property, and is suggestive for a role
of variant expression in P. falciparum adaptation. Variant expression of var genes
mediates immune evasion, and the same may be true for other hypervariable gene
families such as rif, stevor and pfmc-2tm (Scherf et al. 2008). Other gene families for
which we observed variant expression participate in metabolic processes such as lipid

metabolism or nutrients import (acs, acbp, lysophospholipases and clag), protein



folding/stability (predicted co-chaperones of families dnajlll and phistb/dnaj), or
erythrocyte invasion (eba and possibly clag). Expression of alternative members of
these families, possibly with different functional abilities, has the potential to mediate
adaptation to changes in host metabolic/nutritional conditions, changes in temperature
associated to febrile episodes, or host genetic polymorphisms in erythrocyte receptors,
respectively, which are probably the major fluctuating environmental pressures that P.
falciparum faces in its intraerytrhocytic niche beyond immune pressure (Merrick and
Duraisingh 2010). Importantly, two of the transcriptionally different parasite lines
characterized in this study differ in their ability to use alternative invasion pathways or
to invade erythrocytes with the malaria protective mutation SAO (Cortés et al. 2004).
Of special interest is variant expression of the expanded gene family acs. This gene
family encodes enzymes that participate in host-parasite interactions by mediating
activation of fatty acids scavenged from the host, with different specificities predicted
for different members of the family (Tellez et al. 2003; Bethke et al. 2006). Also
supporting the idea that variant expression can modulate fitness and hence permit
adaptation upon challenge, switches in the expression of clag3 genes were recently
shown to result in altered sensitivity to chemical inhibitors (Nguitragool et al. 2011).
Several other conserved (between isolates) gene families, predominantly encoding
proteins at the host-parasite interface or exported to the erythrocyte, show clear
evidence of variant expression. The poor functional knowledge of these gene families
precludes prediction of the functional role and adaptative potential of their variant
expression. In any case, the extensive number and the characteristics of the gene
families under clonally variant gene expression indicate that they have the potential to
mediate adaptation to the major fluctuating conditions encountered by P. falciparum

asexual blood stages, clearly beyond immune evasion.



Adaptation through clonally variant gene expression is fundamentally different from
adaptation through directed transcriptional responses (Supplemental Fig. S10). We
propose that spontaneous, stochastic switches between the active and repressed states
for a large number of genes generates transcriptional diversity within clonal parasite
populations before any challenge is applied, thus representing a bet-hedging (risk-
spreading) strategy (Veening et al. 2008). Upon a change in the environment,
transcriptional heterogeneity provides the grounds for natural selection of pre-existing
parasites with transcriptional patterns that confer maximum fitness under the new
conditions. Diversity confers fitness to a population in changing environments, and
mathematical models predict that diversity generated by stochastic variation is favored
over sensing followed by transcriptional responses when the environment changes
infrequently (Kussell and Leibler 2005), as in the case of the environment where P.
falciparum blood stages reside. Adaptation through a stochastic phenotype-switching
mechanism, controlled at the epigenetic level, occurs at a much faster time-scale than
genetic adaptation, and is both heritable and reversible. Our results showing extensive
transcriptional variation for genes involved in the interaction of the parasite with its
environment provide strong support to the idea that bet-hedging strategies play a
predominant role in P. falciparum adaptation. While adaptation via spontaneous
clonally variant expression/selection and adaptation via directed transcriptional
responses are not mutually exclusive, the former strategy may compensate for the
reported limited ability of P. falciparum to mount immediate directed responses. This is
a testable hypothesis that has important implications not only to understand how this
devastating parasite adapts to natural fluctuating environmental conditions, but also to

predict how it may evolve in front of renewed efforts to control or eradicate the disease



(Mackinnon and Marsh 2010). Carefully designed future studies will need to identify
the variantly-expressed genes that may confer a growth advantage under specific
physiologically-relevant conditions. Any studies aimed at identifying genes that mediate
adaptation to specific environmental conditions should be designed and interpreted
considering that in P. falciparum adaptation may require a time-scale consistent with

selection of preexisting epigenetic variants.

METHODS

Parasites.

Clonal parasite lines 3D7, 7G8, D10 and HB3 have been previously described (Anders
et al. 1983; Burkot et al. 1984; Walliker et al. 1987). 3D7 stocks 3D7-A and 3D7-B, and
3D7-A subclones have also been described before (Cortés et al. 2004; Cortés 2005;
Cortés et al. 2007). HB3A and HB3B are stocks of the same HB3 clonal parasite line
obtained before (HB3A) or after (HB3B) mosquito and chimpanzee passage (Walliker
et al. 1987), kindly provided by O. Kaneko (Nagasaki University, Japan). 7G8 parental
parasite line and 7G8 subclones identified as 7GS8 self-fertilization events in a
7G8xGB4 genetic cross (Hayton et al. 2008) were obtained from MR4 (www.mr4.org).
Other subclones were generated in this study by limiting dilution. We cultured

subclones for as few cycles as possible between subcloning and transcriptional analysis.

Parasites were cultured under standard conditions in media containing Albumax II
(Invitrogen) and no human serum, in a 5% CO,, 3% O,, 92% N, atmosphere. Tight
synchronization was achieved by Percoll (3D7 parasite lines) or magnet (other parasite
lines) purification of schizonts followed by sorbitol lysis five hours later, to obtain a

population of a defined age window of 0-5 h post invasion. Parasites were split into 6 or



7 dishes that were cultured undisturbed for different periods of time (10, 20, 30, 34, 37,

40 or 43h) before collecting in Trizol and freezing at -80°C.

Microarray hybridizations.

RNA was purified using the Trizol method, and cDNA synthesized by reverse
transcription, purified, labeled and hybridized as previously described (Bozdech et al.
2003). Microarray images were analyzed using GenePix Pro 6.0 (Axon Instruments),
with careful visual inspection to refine automatic spot definitions and to eliminate poor
quality spots. All test samples (labeled with Cy5) were hybridized against a reference
pool (labeled with Cy3), which consisted of a mixture of cDNA from 3D7-A and 3D7-B
rings, trophozoites and schizonts in equal amounts for samples from 3D7-derived
parasite lines, or from D10, 7G8 and HB3 for all other samples. For CGH analysis,
sonicated gDNA of test parasite lines was labeled with Cy5 and hybridized against the

same amount of 3D7-A gDNA labeled with Cy3.

Data analysis.

All data was processed using Bioconductor in an R environment. Spots with Cy3 and
CyS5 intensities lower than 1.5 fold times the microarray background were eliminated.
When a spot had intensity higher than 1.5 times the background for only Cy3 or CyS5,
the other channel was assigned a value of 1.5 times its microarray background, to avoid
extreme ratio values. After background subtraction, the log, of the Cy5/Cy3 intensity
ratio was normalized using LOESS. Gene level logy(Cy5/Cy3) expression ratios were
computed from probe level values using median polish. We calculated the most likely
time post-invasion along the asexual cycle for each sample using a statistical likelihood

method (Lemieux et al. 2009), with the HB3 transcriptome as reference (Bozdech et al.



2003). Expression values for each gene [logy(Cy5/Cy3)] were plotted against estimated
times for each parasite line. For genes with values for at least five time points, missing
value(s) where estimated using linear models predictors. Estimated values were less

than 1% of the total.

To compare expression levels among a given set of parasite lines and to identify genes
under variant expression, the area under the curve of the time-course plots was
computed for the time interval between the latest first time point and the earliest last
time point among the parasite lines compared (time compared, TC). For each gene,
areas were only calculated for parasite lines that had values for all time points (either
experimental or estimated). For developmentally-regulated genes that are only
expressed during part of the asexual cycle (Bozdech et al. 2003), it is expected that
potential differences in expression levels would be observed only at stages when the
genes are expressed. To prevent a bias against such genes, areas were also computed for
the following overlapping half-TC intervals: 0 to 0.5x TC, 0.5x tolx TC, 0.25x to 0.75x
TC, and the complementary to the latter, 0 to 0.25x TC + 0.75x to 1x TC. The area
difference (AD) for a given half-TC interval was the difference between the largest and

smallest areas among the parasite lines compared.

Different sets of parasite lines compared showed different levels of background AD
attributable to technical variability, and background AD was also different between the
four half-TC intervals. To account for this, we calculated for each gene an adjusted
maximum average fold-change across half-TC (aMAFC). Because expression values
were in log, scale, aMAFC was calculated as: aMAFC=2"[max(AD-B)/0.5xTC], where

max refers to the maximum of AD-B among the four half-TC intervals, and B is the



background level of area differences. B was estimated as the 80" percentile of AD for
each comparison and each half-TC interval (calculated excluding var, rif, stevor and
pfmc2tm genes, which were eliminated for the analysis of non-3D7 parasites). The 80"
percentile was selected based on the assumption that in all comparisons less than 20%
of the genes have authentic variant expression. Thus, the 80" percentile reflects the
high-end of area differences attributable to experimental variability. Comparison of the
distribution of aMAFC with non-adjusted maximum average fold-changes (MAFC,
calculated as aMAFC but without the B parameter) demonstrates that the adjustment
corrects for the different levels of technical variability in the different comparisons

(Supplemental Fig. S11).

We set up empirical criteria to produce high-confidence lists of genes showing variant
transcript levels. These criteria were based on aMAFC and permutation tests with
10,000 permutations of parasite line labels within each time point, not allowing two
consecutive labels from the same parasite line. The P-values, which correspond to the
probability of a random permutation generating a higher value than the observed AD,
were corrected for multiple testing using Benjamini and Hochberg method. For the
comparison of sets of parasite lines with the same clonal origin, all genes with aMAFC
higher than 2.5 were included in the lists of variantly-expressed genes. In all cases,
these differences were larger than the average plus 3 standard deviations of aMAFC in
non-variant genes. Genes with aMAFC between 1.75 and 2.5 were only included in the
lists if the adjusted P value of the permutation test was P<0.05. Genes with aMAFC
lower than 1.75 were not included in the lists, even if the permutation test gave a
significant result, because such small changes in expression are unlikely to have

biological relevance. For the comparison of non-isogenic parasite lines (parentals



comparison), which show higher levels of technical variability, as expected, and a
different distribution of aMAFC (Supplemental Fig. S11), only genes with aMAFC >
3.5 were retained in the list of variant genes. Finally, plots for variant genes were
visually inspected and genes with differences in expression based only on data points
with low absolute Cy5 signal intensity (less than 3x background) were removed from
the high-confidence lists of variantly-expressed genes, as near background values

provide lower confidence.

We also normalized Cy5 intensity values (no ratio) using quantile normalization among
samples collected at the same time point. These values only give a semi-quantitative
estimation of the level of expression of a gene, because different oligonucleotides have
intrinsically different hybridization efficiencies, and in these arrays each gene is
represented by a small number of probes (average 1.9 probes/gene). Gene expression

values were calculated as the median of values for the different probes.

Heat maps and hierarchical clustering were performed using TMEV 4.4 (Saeed et al.
2006). Chromosome plots were constructed using IGV (Robinson et al. 2011). GSEA

analysis was conducted using GSEA Preranked (Subramanian et al. 2005).

Microarray reannotation.

The microarray used in this study is based on long oligonucleotides (70 nt) designed
against the PlasmoDB 4.4 release of the 3D7 reference P. falciparum genome (Hu et al.
2007). We reannotated the microarray against the 3D7 PlasmoDB 7.0 genome release.
The oligonucleotides in the array were blasted against PlasmoDB 7.0 transcripts

(excluding non-coding RNAs) using blast 2.2 default parameters. Based on the



comparison of blast scores with CGH values (Supplemental Fig. S4A), we selected
stringent cut-off blast scores to exclude probes with low first blast scores (<100, 70
oligonucleotides) or high second blast scores (>70, 258 oligonucleotides), because they
may not hybridize efficiently or they may cross-react with other genes, respectively.
Furthermore, 424 of the remaining probes were reassigned to a new gene ID

(Supplemental Table S5).

Additional probes were excluded for the analysis of parasites genetically different from
3D7, as some probes fall within highly polymorphic regions of the genome. All
oligonucleotides in the microarray were blasted against supercontigs of the incomplete
genomes of HB3, D10 and 7GS8 (http://www.broadinstitute.org/annotation/genome/
plasmodium_falciparum_spp) (Volkman et al. 2007). Probes for the gene families var,
rif, stevor and pfmc-2tm were excluded, because both blast and CGH analysis revealed
that this microarray is not suitable for the analysis of these hypervariable gene families
in non-3D7 parasite lines (Supplemental Fig. S4B-C). Furthermore, for each non-3D7
genetic background we excluded probes with low blast score and low CGH value
(exclusion criteria are detailed in Supplemental Fig. S12). We performed a stringent test
for the criteria used to exclude probes, and found that they resulted on correct exclusion
of probes even for genes that are polymorphic between parasite isolates, but have very

similar paralogs (Supplemental Table S5 and Supplemental Fig. S12).
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FIGURE LEGENDS

Figure 1. Identification of genes under clonally variant expression. (A) Parasite lines
used in this study. Parental parasite lines 3D7, 7G8, D10 and HB3A are of clonal origin.
3D7-A and 3D7-B are stocks of 3D7 maintained in different labs for some years (Cortés
et al. 2004). 7G8 subclones were identified as self-fertilization events after passage
through mosquito and splectomized chimpanzee (Hayton et al. 2008). HB3B was
derived from self-crossing HB3A (Walliker et al. 1987). Parentals comparison included
the three parasite lines shown in bold (7G8, D10 and HB3A parental parasite lines). (B)
Principal components analysis (PCA) of the time-course transcriptional analysis of 3D7
parasite lines. Samples from the same parasite line are represented by the same symbol,
whereas samples collected at the same time point are represented by the same color. (C)

Time-course expression plots of representative genes not showing clonally variant



expression. Expression levels (relative to the reference pool), in log, scale, are plotted
against statistically-estimated culture age (in hours post-invasion). The first gene has the
median aMAFC, whereas the other three genes are single-copy genes commonly used as
controls (rhopH2, seryl tRNA synthetase and ptex150, in this order). (D) Time-course
expression plots, as in C, but for genes showing clonally variant expression. The genes
belong to the phista, clag, acs and hrp families, in this order. (E) Distribution of
aMAFC. Genes are ranked by their aMAFC in descending order. (F) Duplication of a
region of chromosome 10 in 3D7-B. Transcript (blue) and gDNA (red) levels in 3D7-B
relative to 3D7-A (log, ratio) are shown for the second half of chromosome 10. The
names of the first and last genes duplicated in 3D7-B are shown. Time-course

expression plots for two of the genes within the duplication are shown.

Figure 2. Overview of genes showing variant expression. Expression patterns are
shown for the variant genes identified in the 3D7 (A), 7G8 (B), D10 (C), HB3 (D), and
parental lines (E) comparisons. The numbers in parenthesis indicate the number of
variant genes identified in each comparison. Genes from the families var, rif, stevor and
pfmc-2tm are excluded from the 3D7 heatmap, to make it comparable with the other
parasite lines. Values are expression fold-change (in log, scale) relative to the average
of the parasites lines compared within each set. Black dots indicate genes showing the
same transcriptional patterns in qPCR analysis of independent biological preparations,
whereas red dots are genes that showed different patterns (Supplemental Fig. S8 and

Supplemental Table S4).

Figure 3. Overlap in the variantly-expressed genes identified in the different

comparisons. (A) Genes (in rows) that showed variant expression in the 3D7, 7G8, D10,



HB3 or parentals comparisons are shown in yellow in the corresponding lane. Genes
from the families var, rif, stevor and pfmc2tm were excluded from this analysis, because
they were only analyzed in 3D7-derived parasite lines. (B) Percentage of variant genes
identified in each comparison that showed variant expression in at least one other
comparison. (C) Cumulative number of variantly-expressed genes identified with
increasing number of comparisons. Values are the average, with 95% ci, of all possible
combinations of comparisons. (D and E) Same as panels A and C, but at the gene

family level. Gene families are defined in Supplemental Table S3.

Figure 4. Distribution of variant expression in P. falciparum gene families. The
aMAFC for each comparison is shown for the genes of selected families. Aminoacyl-
tRNA-synthetases (ars) and genes encoding the basal transcription machinery (Transcr.)
(Bischoff and Vaquero 2010) provide appropriate controls as gene sets encoding
essential genes, for which variant expression is not expected. For phist, dnaj and hyp
families, the specific family identity is indicated at the right of the heatmaps. Gene
families are detailed in Supplemental Table S3. The tracks at the right indicate whether
a gene was included in the list of variant genes, whether it was positive for
heterochromatin markers HP1 or H3K9me3 in any of the published reports (Flueck et
al. 2009; Lopez-Rubio et al. 2009; Salcedo-Amaya et al. 2009), and whether it is
subtelomerically located (less than 150 kb from a chromosome end). Genes that show
high aMAFC in some of the tracks but are not in the list of variant genes were excluded
because changes in expression were attributable to CNVs, or for other reasons detailed

in the text.

Figure 5. Heterochromatin-based regulation of variant expression. (A) Correlation



between variant expression and heterochromatin marks at the gene family level.
Previously described P. falciparum gene families (Supplemental Table S3) are
considered variant if at least one member showed variant expression, and
HP1/H3K9me3 positive if at least one member had one of these heterochromatin marks
in any of the published reports (Flueck et al. 2009; Lopez-Rubio et al. 2009; Salcedo-
Amaya et al. 2009). Dark yellow indicates gene families with only one gene showing
variant expression in only one of the comparisons (gene families excluded from Table
1). (B-E) Chromosomal distribution of variantly-expressed genes. The top lane (green)
is the aMAFC in the 3D7 comparison. The next lanes represent the relative transcript
(blue) and gDNA (red) levels in pairwise parasite lines comparisons, expressed as the
log, ratio of the fold-change. The bottom lane (black) indicates HP1 or H3K9me3
positive genes in previous studies (Flueck et al. 2009; Lopez-Rubio et al. 2009;

Salcedo-Amaya et al. 2009).
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Table 1. P. falciparum gene families showing clonally variant expression.

Gene families N* exzf:sl:il:); A H3E§111:e3T Subtelom.} Exported#
6-cys 10 4 +/- - -
ApiAP2-TF 29 2 +/- - -
clag 5 3 + + -
etramp 14 4 - + -
PFDO0075-like 4 3 + + -
rRNA 9 2 +/- - -
tRNA 53 20 +/- - -
acbp 4 1 +/- + +/-
acs 12 4 + + +/-
Lysophospholipase 15 2 +/- + +/-
FIKK 21 2 +/- + +
gbp 3 2 + + +
hrp 1 1 - + +
hyp4 1 1 + + +
hyp6 2 2 + + +
hyp7 3 3 + + +
hyp8 2 1 - + +
hyp10 2 1 + + +
hyp12 3 1 - + +
hypl5 4 2 + + +
hypl7 2 2 + + +
PHISTa 20 11 + + +
PHISTDb 23 6 +/- + +
PHISTb_dnaj 7 3 +/- + +
PHISTc 16 7 +/- + +
dnaj III 8 4 + + +
pfmc-2tm$ 9 7 + + +
rif® 157 26 + + +
stevor® 36 9 + + +
var’ 75 34 + + +

Only gene families with more than one member showing variant expression, or a single
member showing variant expression in more than one comparison, are included. Gene
families are described in Supplemental Table S3.

*Number of genes of the family that were analyzed.

“Number of genes showing variant expression (included in the list of variant genes,
Supplemental Table S2).

'Gene families with more than 30% (+) or some, but less than 30% (+/-) of the members
marked by HP1 or H3K9me3 (Flueck et al. 2009; Lopez-Rubio et al. 2009; Salcedo-
Amaya et al. 2009).

SGene families with more than 50% of the members located at subtelomeric regions
(less than 150 kb from the chromosome end) are indicated as positive.

*Gene families encoding proteins predicted to be exported to the erythrocyte (Sargeant
et al. 2006) are indicated as positive, whereas +/- indicates gene families without a
PEXEL motif that may be exported (Templeton 2009).

$Analyzed only in 3D7 parasite lines.
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5.3 Additional results

To clarify some of our assumptions regarding CVGE and to establish
whether episomal CVGE can be reproduced for a gene family other than
the var family of genes, a number of proof-of-principle experiments were

performed, using the clonally variant gene clag3.2.

5.3.1 Generation of a parasite line that stably maintains
an episome with the clag3.2 promoter

To begin these analyses, a parasite line that stably maintains a plasmid
containing the clag3.2 5’'UTR was required. 10G parasites were
transfected with the plasmid HLHprom3.2bsdR to generate the parental
parasite line 10Gluc (Figure 5.2A). HLHprom3.2bsdR contains the entire
5’ UTR of clag3.2 driving the expression of the firefly luciferase gene. The
plasmid is stably maintained in this parasite line by continuous drug
selection with blasticidin through the expression of the blasticidin
deaminase gene driven by the constitutive hsp86 promoter. This plasmid
also contains a Rep20 sequence which is known to aid in plasmid

segregation (O'Donnell et al 2002).

5.3.2 10Gluc is a population of individual parasites that
differentially express luciferase

To determine if the 10Gluc population is a mixture of individual parasites
that differentially express luciferase under the control of the clag3.2 5’
UTR, the 10Gluc parental population was subcloned by limiting dilution
yielding 16 subclones. Gene expression analysis, when performed on
recent subclones, is akin to studying the gene expression pattern of a

single parasite. These 16 subclones and the 10Gluc parental population
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Figure 5.2 Preliminary luciferase assay screen on 10Gluc and 10Gluc-derived
subclones. A. 10Gluc parasite line. The plasmid HLHprom3.2bsdR was
transfected into the 10G parasite line. 10G parasites express endogenous
clag3.2 and repress endogenous clag3.1. B. Luciferase activity in schizont stages
in 10Gluc and subclones derived from 10Gluc. The subclones indicated in bold
were selected for further analysis. Values correspond to luciferase activity (in
relative light units, RLU) assayed in duplicate and normalized to 1% parasitemia
as determined by flow cytometry. Values are relative to 10Gluc which has been
setto 1.
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were grown in parallel and under homogeneous conditions.

To determine whether there was heterogeneity in levels of luciferase
expression amongst the subclones, an initial screen was performed
whereby the 16 subclones and the parental 10Gluc population were
synchronised twice with sorbitol (6 h apart) and assayed for luciferase
activity at the schizont stage (Figure 5.2B). In this initial screen, we
observed a broad range of luciferase expression levels in the 10Gluc-
derived subclones when compared to the parental 10Gluc population.
One subclone, 2B6, showed higher levels of luciferase expression,
whereas 1A4, 1D6, 2C10, 2F12, 2G10, showed markedly reduced levels of
luciferase expression when compared to the parental 10Gluc parasite
line. The remaining subclones either showed similar levels or modest

reductions in luciferase expression when compared to 10Gluc.

This result suggests that the 10Gluc parental population is composed of
individual parasites that maintain the plasmid in transcriptionally
different states and that this is controlled by the 5’ UTR of clag3.2. Based
on this preliminary screen, four subclones, 1A4, 2B6, 2C10 and 2F12 were
selected for further analysis as the results suggested that 2B6 parasite
line may maintain the plasmid in a transcriptionally active state, whereas
the 1A4, 2C10 and 2F12 parasite lines may maintain the plasmid in a

transcriptionally repressed state.

To complement the subcloning experiment, an immunolocalisation-
based approach was also undertaken to demonstrate that the 10Gluc
parental line is a population composed of individual parasites that

maintain the episome in transcriptionally different states.
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Immunolocalisation assays were performed with commercial antibodies
against luciferase (Abcam, ab64564) and blasticidin deaminase (EMC
Biosciences, BP1231). The rationale behind this approach was that all
parasites within the 10Gluc parental population would give a signal for
blasticidine deaminase (as the parasite line is grown with continuous
blasticidin pressure), but that the population would contain a mixture of
luciferase expressing and repressing individuals and this heterogeneity
would be visualised by immunofluorescence. However, using both
formaldehyde and acetone-methanol fixation, various secondary
antibodies and different antibody dilutions, the luciferase antibody did

not produce a signal (results not shown).

5.3.3 Tightly synchronised 10Gluc-derived subclones
differentially express luciferase as determined by gene
reporter assays and confirmed by qPCR

g 157 _
! Comparative gene
=a2lss
€ 04 L expression analysis is only
[
S 7.5 reliable when parasites are
©
;5 5 well synchronised; small
§ 2.5 differences in life stage
E . .
10Gluc 1A4 2B6 2C10 2F12  between parasite lines may
lead to artefactual
Figure 5.3 Luciferase assay on tightly differences n gene

synchronised schizonts (37-44 hpi) in
10Gluc and 10Gluc-derived subclones.
Values correspond to the average luciferase  solely attributable to
activity (in relative light units, RLU),
measured in duplicate, normalized to 1%
parasitemia as determined by flow
cytometry. Bars represent standard
deviation.

expression levels that are

parasite synchronicity

between different cultures.
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To determine whether the observed differences in luciferase expression
after double-sorbitol synchronisation was due to differences in parasite
stage, 1A4, 2B6, 2C10, 2F12 and 10Gluc were tightly synchronised to a 7

h window and schizonts were assayed for luciferase activity (Figure 5.3).

The result of this luciferase assay confirmed that these parasite lines
express luciferase at different levels and that these differences are not
attributable to differences in parasite stage. The parasite line 2B6
expresses luciferase at a higher level than the 10Gluc parental line,

whereas the 1A4, 2C10 and 2F12 parasite lines express lower levels of

0.05- luciferase  than the
= .
'%Z' 0.041 10Gluc parental line.
$g
o > 0.037
o8 To confirm whether the
23 0027
%E observed differences in
e 0.017
0.00 — luciferase activity were
) 10Gluc 1A4 2B6 2C10 2F12
also reflected in
Figure 5.4 gPCR analysis of luciferase luciferase transcript

transcript levels on tightly synchronised
schizonts (37-44 hpi) in 10Gluc and 10Gluc-  |evels, RNA was
derived subclones. Results are expressed in

arbitrary units relative to a standard curve  €xtracted from the same
using genomic DNA. Values were normalized
by rhopH2. Bars represent standard
deviation from gPCRs conducted in triplicate. samples, reverse

tightly synchronised

transcribed with a mixture of oligo (dT);s and random primers and
relative luciferase transcript levels were determined via gqPCR (Figure

5.4).
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These results indicate that the expression of luciferase transcripts is
higher in the 2B6 parasite line compared to the 10Gluc parental line, and
luciferase transcript levels in the 1A4, 2C10 and 2F12 parasite lines is
lower compared to the 10Gluc parental line, confirming the results

obtained by the luciferase assay in Figure 5.3.

5.3.4 Differences in luciferase expression observed
between 10Gluc-derived subclones does not increase

with the relative of amount of plasmid
To determine if the observed difference in luciferase expression is due to

different amounts of episomal DNA in the different parasite lines,
genomic DNA was extracted and genomic (seryl tRNA synthetase) and
episomal specific sequences (luciferase) were amplified by gPCR and the
relative amount of episomal to genomic content was calculated (Figure

5.6).

57 Stable episomes introduced

4 T in Plasmodium are known to

31 be maintained as large

2 A =T concatamers, ranging in size

1 from 9-15 copies of the

Relative amount of episomal
DNA (arbitrary units)

0 monomer, arranged in a
10G luc 1A4 2B6 2C10 2F12

head-to-tail array

Figure 5.6 Relative amount of episomal
DNA to genomic DNA in 10Gluc and (Williamson et al 2002).
10Gluc-derived subclones. Results are

. . The different parasite lin
expressed as the ratio of episomal to erent p ! INes

genomic DNA. The amount of episomal show different relative
and genomic DNA was calculated relative .
to a standard curve using genomic DNA. amounts of episomal to

Bars represent standard deviation from

enomic DNA content
gPCRs conducted in triplicate. &

206



5. Article 2

(Figure 5.6). However, a negative correlation is observed between
relative episomal DNA amount and luciferase expression, as the parasite
line with the highest luciferase expression, 2B6, has the lowest amount
of episomal DNA, whereas the 2F12 parasite line displays the lowest
amount of luciferase expression and contains the highest amount of
episomal DNA. Therefore, differences in luciferase levels between
10Gluc and its derived subclones cannot be explained by higher episome

content.
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5.3.5 Differences in luciferase expression between
10Gluc-derived subclones are not due to an episomal
recombination

HLHprom3.2bsdR contains two promoter activities, that of clag3.2 and
hsp86. Episomal var genes become active when they are unpaired from a
second promoter activity (Frank & Deitsch 2006). Consequently, one
possibility for the luciferase expression observed in the 2B6 parasite line
is that the episome has undergone some recombination event that has
uncoupled the clag3.2 promoter activity from that of hsp86. A
recombination event would likely be detected by PCR by the

amplification of additional bands of different sizes.

To determine if episomal recombination events in 10Gluc and 10Gluc-
derived subclones is responsible for the observed differences in
luciferase expression, preliminary PCR analysis was performed on
genomic DNA extracted from these parasite lines (Figure 5.7).

Monomeric HLHprom3.2bsdR served as a positive control.

The positions of the primers used in these analyses are depicted in Figure
5.7A. No differences were observed between the monomeric plasmid
and any of the parasite lines using primers 3.2_qPCR_P1r and bsdF_gPCR
(Figure 5.7B). The other half of the plasmid was screened with the
primers 3.2 _qPCR_P1f and bsdR_gPCR (Figure 5.7C). A band of the
appropriate size was amplified from the positive control, and in parasite
lines 1A4 and 2F12 (Figure 5.7C, lanes 1,3 and 6 respectively). This band
was not amplified from 10Gluc, 2B6 or 2C10 samples (Figure 5.7C, lanes

2,4 and 5 respectively).
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This half of the plasmid was analysed further by PCR using three other
primer pair combinations, however no differences were observed
between the monomeric plasmid and any of the parasite lines (Figure
5.7D,E,F). This suggested that perhaps the bands that did not amplify
using 3.2_gPCR_P1f and bsdR_gPCR (Figure 5.7C) from the 10Gluc, 2B6
and 2C10 parasite lines was the result of a PCR amplification problem, as
extensive smearing can be observed in these lanes. Cumulatively, these
preliminary analyses did not detect a recombination event in 2B6, nor
any of the other parasite lines, but we cannot exclude the possibility of
other recombination events that would not be detected by these
particular experiments. These results do suggest however that the
observed differences in luciferase activity between 10Gluc and its
derived subclones is attributable to factors other than episomal

rearrangement.

5.3.6 The episome that is expressed is enriched in
H3K9ac, whereas the episome that is repressed is
enriched in H3K9me3

To determine whether the repressed or active state of the episome was
correlated with the enrichment of H3K9me3 and H3K9ac, respectively,
gChIP was performed in schizonts on two parasite lines that differentially
express luciferase, 2B6 and 2F12 (Figure 5.8). In previous experiments
using isogenic subclones that differentially express clag3.2, we showed
that the 5’ UTR of clag3.2 is enriched in H3K9me3 when repressed and

enriched with H3K9ac when expressed (Article 1, Figure 5C,E). We are
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H3K9me3 H3K9ac
A B 1286 c

s =212 15

‘/IucA
A

HLHprom3.2bsdR

%INPUT

1
7
S luc 25 5

/ \— 0.0 0
bsd lucA luc bsd seryl lucA luc bsd seryl
tRNA tRNA
synthetase synthetase

Figure 5.8 Preliminary qChIP analysis in schizonts of the 10Gluc-derived
subclones, 2B6 and 2F12. A. Position of the fragments amplified by qPCR. B.
gChlP using antibodies against H3K9me3 C. qChIP using antibodies against
H3K9ac. ChlIP data is expressed as % input, defined as the percentage of
immunoprecipitated chromatin relative to the input sample. serARS refers to
the chromosomally located seryl tRNA synthetase.

not able to analyse the 5’ UTR of clag3.2 directly, as the results would be
confounded by the endogenous clag3.2 5" UTR. However, we observe an
enrichment of H3K9me3 on the luciferase gene in 2F12 parasites, the line
that has the reporter gene silenced, whereas the luciferase gene in 2B6,
where the reporter gene is expressed, is enriched in H3K9ac (Figure
5.8B,C). We do not observe a difference in either parasite line for the
chromosomally located seryl tRNA synthetase. We do observe an
enrichment of H3K9me3 over the blasticidine deaminase gene in 2F12
(Figure 5.8B). These are the results of a single experiment and further
experiments are required for confirmation. However, these results
suggest that the 5 UTR of clag3.2 is sufficient to recruit the enzyme
activities necessary for the formation of H3K9me3-facultative
heterochromatin. It is also suggests that in the absence of a boundary
element, H3K9me3-facultative heterochromatin spreads from the
clag3.2 5’ UTR nucleation site, into the luciferase gene and even into the
blasticidine deaminase gene. However we know that the blasticidine
deaminase gene is not entirely repressed, as the parasites are grown in

the presence of blasticidine. These preliminary results also suggest that
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silencing via the formation of H3K9me-heterochromatin happens in a
spontaneous fashion, as these subclones are grown in homogeneous
conditions, yet contain the plasmid in different transcriptional states.
Furthermore, this suggests that CVGE for clag3.2 may be mimicked using

an episomal-based system.

5.3.7 In transient transfection assays, HLHprom3.2bsdR

appears to be repressed
According to the level of luciferase transcripts observed in Figure 5.4, the

level of luciferase transcripts for the parental 10Gluc population is more
similar to the parasite lines 1A4, 2C10 and 2F12, where the episome
appears to be repressed. The opposite trend was observed with 10Gluc
in the gene reporter assay, where the level of luciferase expression for
the 10Gluc parental population is most similar to 2B6, the parasite line
that expressed the highest amount of luciferase (Figure 5.3). The gene
reporter assay was performed on tightly synchronised parasites and
normalised by parasitemia. However, gPCR can quantitatively normalise
for both the number of parasites and for parasite stage. Consequently,
the qPCR data could suggest that the majority of the parasites within the
parental 10Gluc population preferentially maintain the plasmid in its
repressed state and that the luciferase expression in the 10Gluc
population is contributed by a small proportion of parasites that

maintain the plasmid in its active state.

To determine the relative expression status of the HLHprom3.2bsdR
plasmid compared with other clag3.2 5'UTR containing plasmids,
transient transfections were performed. The composition of each

plasmid is shown in detail in Figure 5.5A-C. HLHprom3.2bsdR contains a
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drug resistance cassette that is driven by the hsp86 promoter. 3.2-LH-
1371-R20 and 3.2-LH-1371 do not contain drug resistance cassette and
thus the only promoter activity contained within these plasmids is that of

clag3.2.

A B
clag3.2 5’ UTR

/

clag3.2 5 UTR
-~

3.2-LH-1371-R20
7008bp

3.2-LH-1371
6490bp

~

rep20 \ \ \
/ luciferase hrp2 3' luciferase

hrp2 3'

clag3.2 5’ UTR

/

HLHprom3.2bsdR
9554bp

luciferase
/

w w T

L

4 Sy T T g
bsd | hrp2 3’ UTR e I a
hsp86 5’ UTR ;‘ e

2 Z

S £

Figure 5.5 Transient transfection using plasmids containing the clag3.2 5’
UTR in combination with other elements in 3D7-A parasites. A-C.
Schematic of the plasmids used in the transient transfection assay. D.
Luciferase activity was assayed in schizonts. Each construct was tested in
duplicate and values correspond to average luciferase activity (in relative
light units, RLU), with standard deviation.

In the transient transfection assay, the plasmid HLHprom3.2bsdR shows a
markedly lower level of luciferase expression when compared to 3.2-LH-
1371-R20 and 3.2-LH-1371 (Figure 5.5D). This supports the observation

with the stable transfectants that the majority of parasites within the
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10Gluc parental population maintain the episome in a repressed state

(Figure 5.4).

This plasmid contains two promoter activities, that of clag3.2 and that of
hsp86. Other elements apart from the second promoter activity could
also contribute to the decreased luciferase expression with this plasmid.
However, one hypothesis for the observed silencing of this plasmid is
that it is repressed via the promoter-pairing mechanism that has been
previously described for var genes. Whether this is a mechanism for all
variant promoters, mutually-exclusive promoters or is an artefact of the
episomal system is yet to be determined and requires further

investigation.
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6. Mutually exclusive gene expression in P. falciparum

6. Mutually exclusive gene expression
in P. falciparum

6.1 Hypotheses regarding clag3 mutual exclusion

10Gluc and 10Gluc-derived subclones provide a unique opportunity to
assess the mutually exclusive expression of clag3 genes in the presence
of multiple stable episomal clag3.2 promoters. We do not know whether
the episomal promoters will influence the mutually exclusive expression
program of the endogenous clag3 genes. However in the var gene family,
the expression of an episomal var promoter, coupled with a second
episomal promoter, leads to the repression of all endogenous var genes
(Voss et al 2006). Whether the mutually exclusive expression of the clag3
genes functions in a similar way is currently unknown but will be

addressed by these experiments.

ncRNAs play a predominant role in the establishment and/or
maintenance of monoallelic and mutually exclusive gene expression.
Apart from the IncRNA-TARES transcribed from the telomeres
(Broadbent et al 2011), only two long ncRNAs are known to be
transcribed from chromosome 3: PFO3TR0O01 and PFO3TR002 (Otto et al
2010). Both of these ncRNAs are located between clag3.1 and clag3.2.
PFO3TROO1 is a ncRNA that corresponds to a var pseudogene (PFC0115c).
Given the involvement of ncRNAs in the regulation of monoallelic and
mutually exclusive gene expression, we hypothesize that the ncRNA
PFO3TR002 may be involved in the mutually exclusive expression of clag3

genes and consequently, we expect the expression of PFO3TR002 to
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correlate with the expression/repression status of the clag3 genes in

parasite lines that differentially express these genes.

Our study of the mutual exclusive expression of clag3.1 and clag3.2 has
been based on parasite lines derived from the 3D7 parasite line. Just as
CVGE is an inherent property of many P. falciparum genes, we
hypothesize that the mutually exclusive expression of the clag3 genes is
an inherent property of clag3.1 and clag3.2 and not a phenomenon
associated with a particular genetic background. We will assess the
pattern of clag3.1 and clag3.2 in parasite lines other than 3D7 and
predict that the clag3 genes will show mutually exclusive expression in

these parasite lines.

We also hypothesize that the mutually exclusive expression of clag3.1
and clag3.2 is controlled by competition of their promoters for the
interaction with a single, limiting enhancer or repressor element, located
somewhere in the genome. We have come to this limiting enhancer or
repressor hypothesis for the mutually exclusive expression of clag3 genes

for numerous reasons.

We know that these genes are mutually exclusive at the level of
transcription and are encoded by monocistronic transcripts; thus
excluding post-transcriptional regulatory mechanisms such as RNAi (a
pathway that P. falciparum lacks) and regulation by other ORFs within a
polycistronic transcript. There is no appreciable DNA methylation in P.

falciparum, excluding it as a possible regulator of gene expression.
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We have shown that the mutually exclusive expression of clag3.1 and
clag3.2 in 10G and 1.2B parasites is not due to the presence or absence
of trans-acting factors present in one parasite line or the other, as there
is no difference in reporter gene activity in transient transfections with
plasmids containing either clag3.1 or clag3.2 5 UTRs in 10G and 1.2B

parasite lines (Article 1, Figure 2D).

We also have data in the lab that the mutually exclusive expression of
the clag3 genes is not due to limiting space in a transcriptionally
permissive  subnuclear compartment that can only spatially
accommodate one clag3 promoter at a time. A colleague has generated a
transgenic parasite that has extra copies of the clag3.2 promoter
integrated in its genome and when forced by drug pressure, the
transgenic parasite line can express both clag3.1 and clag3.2 (N. Rovira-

Graells, unpublished data).

We know that PTMs are involved in the maintenance of clag3 mutual
exclusion as the expression of a particular clag3 is maintained for many
generations by epigenetic memory (Article 1, Figure5). However, these
PTMs cannot explain how mutually exclusive gene expression is

established.

The active and repressed states of the clag3 genes in 10G and 1.2B are
not due to major genetic rearrangements, ruling out recombination as a
mechanism in their mutually exclusive expression (Cortés et al 2007).
The coding region of clag3.1 and clag3.2 in 10G and 1.2B parasites are
identical (A. Cortés, unpublished data). We cannot currently exclude the

possibility that small differences in nucleotide sequence between the 5’
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flanking regions of clag3.1 and clag3.2 contribute to their mutually
exclusive expression in 10G and 1.2B parasites. However, these two
parasite lines are subclones from the same parasite line and should be
genetically identical. However, to exclude this possibility, we will
sequence the 5’ flanking regions of clag3.1 and clag3.2 in these two

parasite lines.

We also cannot exclude the possibility that the mutually exclusive
expression of these two genes is established by other molecular entities,
such as RNA or proteins. However, proteins and RNA are not typically
single copy elements, whereas a single DNA enhancer or repressor
element could exist in the genome. Mutually exclusive expression implies
that there is a molecular counting mechanism that permits for the
expression of only a single gene while simultaneously repressing the
expression of all others. A single DNA enhancer or repressor, because it
would be limiting, could function as this counting mechanism in the case

of the clag3 genes.

Hence, by the exclusion of several factors, we predict that the mutually
exclusive expression of the clag3 genes is mediated by competition for a
limiting enhancer or repressor. We predict that the mutually exclusive
expression of the var gene family is also mediated by competition for a
limiting enhancer element (albeit a different one than the clag3 genes),
as has been previously proposed by the Scherf group (Lopez-Rubio et al
2007b). It would be more parsimonious for their expression to be
controlled by a single enhancer element rather than =59 repressors.
Other factors that contribute to the mutually exclusive expression for the

var gene family were previously discussed in sections 1.5.2 and 1.5.3.
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O,
e
e

limiting DNA element protein complex

Figure 6.1 Schematic for the limiting enhancer or repressor hypothesis
for the mutually exclusive expression of clag3.1 and clag3.2. A. A
limiting enhancer in cis interacts with the clag3.2 promoter, permitting
for the transcription of clag3.2 but preventing the transcription of
clag3.1. This could occur via intrachromosomal contacts and the looping
out of the intervening chromatin fiber. B. A limiting enhancer in trans
would involve interchromosomal contacts. C. The converse situation
could involve a limiting repressor that interacts with one clag3 promoter,
permitting for the expression of the other. A limiting repressor in cis is
depicted above but the repressor-promoter interaction could also occur
in trans (not depicted).

Pt

The mutual exclusion of two clag genes, as opposed to =60 var genes,
provides an amenable system in which to study mutually exclusive gene
expression and isogenic parasite lines that differential express the clag3

genes will be useful tools in these analyses.

221



6. Mutually exclusive gene expression in P. falciparum

We predict that the interaction between a mutually exclusive gene and
an enhancer or repressor would be mediated by protein complexes. The
enhancer or repressor and mutually exclusive gene could be physically
located on different chromosomes and thus would require the formation
of interchromosomal contacts. It is also possible that the two DNA
elements are located on the same chromosome and could be brought
into close physical proximity by the looping out of the intervening

chromatin fibre (Figure 6.1).

The limiting enhancer or repressor hypothesis is testable by the
techniques of chromosome conformation capture (3C) and circular
chromosome confirmation capture (4C, Figure 6.2). These are two
techniques that are able to identify physical interactions between
sequence elements that are located on the same or on different
chromosomes. 3C can be used to analyse chromosomal regions where
interactions are predicted to exist, whereas 4C is employed to detect
unknown interactions that could occur between any two regions in the
genome. To the best of our knowledge, neither of these techniques have
been published in Plasmodium. As these are technically challenging
experiments, our focus has been to optimise the initial steps including
restriction enzyme (RE) digestion of cross-linked nuclei, (indicated with a
star, Figure 6.2) a major bottleneck in 3C and 4C experiments and initially

in the 3D7-A parasite line (Hagege et al 2007) .
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Figure 6.2 Simplified overview of chromosome conformation capture
(3C) and circular chromosome conformation capture (4C). In both
techniques, cells are treated with formaldehyde, creating reversible
cross-links between proteins and between proteins and nearby DNA.
Cross-linked chromatin is digested with appropriate restriction
enzymes before undergoing intramolecular ligation. In the case of 3C,
after ligation, the cross-links are reversed and ligation products are
detected by gPCR. The cross-linking frequency of two specific
restriction fragments is measured by the amount of the corresponding
ligation product and is proportional to the frequency in which these
genomic sites interact. In the case of 4C, intramolecular ligations are
performed under conditions to favour two intermolecular ligation
events to form a circular template. The cross-links are reversed and the
unknown sequence is amplified by inverse primers designed against
the bait sequence. These PCR products are cloned, transformed into
bacteria and the unknown sequence is identified via sequencing. This
figure had been adapted from Simonis et al (2007) and Zhao et al
(2006).
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Incomplete RE digestion leads to a reduced number of restriction ends
available for ligation, lowering the efficiency of 3C and 4C experiments,
and potentially introducing biases. To obtain meaningful data, it is
recommended that the RE digestion efficiency be at least 60-70%, but
preferentially higher (Hagege et al 2007). RE digestions for 3C and 4C

analyses need to be performed in the context of cross-linked, intact
nuclei. In order for the RE to have access to the target chromatin, the
nuclei are permeabilised with the detergent sodium dodecyl suphate
(SDS). SDS also serves to inactivate any proteins that were not cross-
linked during the formaldehyde treatment and to relax chromatin
structure to facilitate enzyme digestion. However, after permeablisation
with SDS, the nuclei become distorted and form aggregates that may
hamper the accessibility of the RE. And in addition, SDS will inactivate
RE, so prior to RE digestion, SDS is sequestered by the addition of Triton
X-100. It is in these less than optimal conditions that the RE are required
to function, thus RE digestion efficiencies need to be carefully checked

and optimised.
We have decided to use clag3.2 in 3C and 4C analyses and the var gene

PFO7_0048 in 4C analysis. PFO7_0048 is the var gene that is expressed in

the 1.2B parasite line.
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6.2 Results

6.2.1 Mutually exclusive expression of clag3.1 and
clag3.2

6.2.1.1 10Gluc and 10Gluc-derived subclones have

switched clag3 expression
To determine if the presence of multiple episomal clag3.2 5 UTRs

altered the mutually exclusive expression of the endogenous clag3.1 and
clag3.2 genes, qPCR analysis of the chromosomally located clag3.1 and
clag3.2 genes was performed (Figure 6.3). 10Gluc and 10Gluc-derived

subclones that stably

I clag3.1 -5

maintain the episome
4 T clag3.2 -5

=
5]
!

present an opportunity

to assess the mutually

(arbitrary units)
[
o

o
t
)

exclusive  expression

Relative expression

0.0 -l— status of the
10G  10Gluc 1A4 2B6 2C10 2F12

Figure 6.3 PCR analysis of endogenous clag3.1  €Ndogenous genes as

and clag3.2 transcript levels in schizonts (37-44
h post invasion) in 10G, 10Gluc and 10Gluc-
derived subclones. The region amplified by gPCR  parasite stably
corresponds to the clag3.1 and clag3.2 coding
region. Results are expressed in arbitrary units
relative to a standard curve using genomic DNA.
Values were normalized by rhopH2. Bars
represent standard deviation from qPCRs be performed using
conducted in triplicate. The position of the
primers used are indicated in Article 1, Figure 5A.

each individual

expresses the plasmid.

This analysis could not

the transient

transfections discussed
in Article 1, Figure 2D and F, because the majority of these parasites do
not contain the plasmid as the transformation efficiency of P. falciparum

is on the order of =10 (O'Donnell et al 2002).

225



6. Mutually exclusive gene expression in P. falciparum

We know that the parasite line into which the plasmid was transfected,
10G, expresses clag3.2 and represses clag3.1 (Article 1, Figure 2B),
however, 10Gluc and these four 10Gluc-derived subclones show the
opposite pattern of expression where clag3.1 is expressed and clag3.2 is
repressed. It is for the moment unclear whether the switch in 10Gluc and
its derived subclones is due to the presence of the plasmid, or whether,
over time, the 10G parasite line would have switched to express clag3.1

in the absence of the plasmid.

The activation of an episomal var promoter paired with a second
promoter activity, results in the repression of all endogenous var genes
(Voss et al 2006). Previous experiments have shown that in the parasite
line 2B6, the episomal clag3.2 promoter is expressed in a construct that
also contains a second promoter (Figures 5.3, 5.4, 5,6 and 5.8). However,
the continuous expression of an endogenous clag3 gene (clag3.1) in 2B6
indicates that the mutual exclusive expression of clag3.1 and clag3.2 is

not the same as observed in the var gene family.

6.2.1.2 The ncRNA PFO3TR002 is correlated with the

expression of c/lag3.1 and the repression of clag3.2
To characterise the expression of PFO3TRO01 and PFO3TR002 in four

different parasite lines with different clag3.1 and clag3.2 expression
profiles, gPCR was performed at different stages along the IEC (Figure
6.4). Monoallelic and mutually exclusive gene expression often involves
the participation of ncRNAs and we wanted to determine if there was a
correlation of either of these two transcripts with clag3 expression
status. The position of the fragments amplified by gPCR can be found in
Figure 6.4A. Four different parasite lines, 3D7-A, 3D7-B, 10G and 1.2B
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(Article 1, Figure 2A) were analysed and the expression of clag3.1 and
clag3.2 in these parasite lines can be found in Figure 6.4B. 3D7-A,
although of clonal origin, is a transcriptionally heterogeneous population
that expresses both clag3 genes. 3D7-B expresses clag3.1 and represses
clag3.2, the repression of which is almost complete. 10G expresses
clag3.2 while 1.2B expresses clag3.1 and both of these parasite lines are
subclones of 3D7-A. In 10G and 1.2B, the repression of the repressed
clag3 is either not complete or some parasites within the population
have switched clag3 expression, as low levels of the repressed clag3 can

be detected (Article 1, Figure 2B).

The var pseudogene, PFO3TR001, is very high expressed during the ring
stage in 3D7-B parasites (Figure 6.4G), whereas it is expressed at very low
levels in rings of 3D7-A, 10G and 1.2B (Figure 6.4C, J and M). PFO3TR001
is somewhat expressed in schizont stages in 3D7-B (6.4H and |), however
the levels are dramatically reduced from its expression level in rings
(Figure 6.4G). This is consistent with the expected timing of expression
for var genes. However, the expression of PFO3TR001 does

not correlate with the expression status of the clag3 genes.

PFO3TR0O02 is expressed at moderate levels in the schizont stage in both
3D7-A and 1.2B (Figure 6.4E, F and O), whereas it is not expressed in 10G
schizonts (Figure 6.4L). PFO3TR002 is not expressed outside of the
schizont stage in 3D7-A, 10G, nor 1.2B (Figure 6.4C, D, J, K, M and N).
However, PFO3TR002 shows a different expression profile in the 3D7-B
parasite line, where it is highly expressed in the schizont stage (Figure
6.4H and 1), and shows moderate expression during the ring stage (Figure

6.4G). The PFO3TR002 transcript also appears to be of a different length
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in 3D7-B, or multiple transcripts of different lengths are transcribed from
this region, as there is amplification with the TR2 PA and TR2 PC primers
that is not observed in the other three parasite lines. However, in
contrast to the expression of PFO3TR0O01, PFO3TR0O02 expression
consistently correlates with the expression of clag3.1 and the repression

of clag3.2.

To determine whether a switch in clag3 expression is correlated with
PFO3TR0O02 expression, gPCR was performed on 10Gluc and 10Gluc-
derived subclones (Figure 6.5). These parasite lines switched clag3
expression from clag3.2 to clag3.1. (Figure 6.3). 10G parasites do not
transcribe PFO3TRO02 to any appreciable level (Figure 6.4 J ,K and L).

Figure 6.4 qPCR analysis of PFO3TR001 and PFO3TR002 in various
stages along the IEC in 3D7-A, 3D7-B, 10G and 1.2B parasite lines.
A. Genomic organization and position of the fragments amplified by
gPCR. PFO3TROO1 corresponds to the transcript derived from the var
pseudogene PFC0115c. PFO3TR002 is a ncRNA situated between
clag3.1 and clag3.2. It is currently unknown which DNA strand these
transcripts are transcribed from. B. Expression of clag3.1 and clag3.2
in schizont stages in 3D7-A, 3D7-B, 10G and 1.2B parasite lines. This
figure has been adapted from (Cortés et al 2007). C-O. gPCR analysis
of PFO3TR0O01 and PFO3TR002 in 3D7-A, 3D7-B, 10G and 1.2B
parasite lines. R, T and S refers to rings (10-15 hpi), trophozoites
(20-25 hpi) and schizonts (40-45 hpi) respectively. Often ncRNAs are
not polyadenylated, therefore, for cDNA synthesis, RNA was primed
using either oligo (dT) primers, random primers or a mixture of both,
and the priming method used is indicated above each graph. Results
are expressed in arbitrary units relative to a standard curve using
genomic DNA. Please note that the scale is different in panel G and
expression of these two transcripts was not assessed in 3D7-B
trophozoites. Values were normalized against seryl tRNA synthetase
which is expressed throughout the IEC.
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However, 10Gluc and four of its derived subclones that express clag3.1
all express high levels of PFO3TR002 (Figure 6.5). This is consistent with
the previous correlation of PFO3TR002 expression with the expression of
clag3.1 and the repression of clag3.2, suggesting that this ncRNA could
play a role in maintaining the mutually exclusive expression of these two

genes.

100
I TR2 PA

= C_1TR2 P3

A0 llnl

10G 10Gluc 1A4 2B6 2C10 2F12

Figure 6.5 qPCR analysis of the ncRNA PFO3TR002
transcript levels in schizonts (37-44 h post invasion)
in 10G, 10Gluc and 10Gluc-derived subclones.
Results are expressed in arbitrary units relative to a
standard curve using genomic DNA. Values were
normalized by seryl tRNA synthetase. Bars represent
standard deviation from gPCRs conducted in
triplicate. The position of the TR2 PA and TR2 PB
primers can be found in Figure 6.4A.

(arbitrary units)
Ul ~
o (%]
1 1

Relative expression
N
w
1

6.2.1.3 The differential expression of the clag3 genes in
10G and 1.2B parasite lines is not the result of

nucleotide differences in their 5’ intergenic regions
To determine if nucleotide differences in the 5’ intergenic regions of

clag3.1 and clag3.2 in the parasite lines 10G and 1.2B could account for
the mutually exclusive expression of these two genes in these two
parasite lines, we amplified the 5’ intergenic regions of both of these
genes from the two different parasite lines by PCR and sequenced the

PCR products by single primer extension (Figure 6.6). We know that the
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active and repressed states of clag3 genes in 10G and 1.2B are not due to
major DNA rearrangements (Cortés et al 2007). However, the 5’
intergenic regions of both clag3 genes contain heteropolymeric dA:dT
tracts , the lengths of which were correlated with transcriptional
efficiency in the P. falciparum calmodulin gene (Polson & Blackman
2005). However, we confirmed that the entire 5’ intergenic region of
clag3.2 and = 2.3 kb of the clag3.1 5’ intergenic are identical between
10G and 1.2B and identical to that of the reference strain 3D7, indicating
that the differential expression of these two genes in these two parasite
lines is not due to small difference in DNA sequence that could have

arisen from spontaneous mutations or from slipped-strand mispairing.

Figure 6.6 Sequencing results of clag3.1 and clag3.2 5’ intergenic regions
from 10G and 1.2B parasites. clag3.1 and clag3.2 were sequenced by single
primer extension from 10G and 1.2B parasites and were found to be identical
to each other and to the reference strain 3D7. 2384 bp of the clag3.1 5’
intergenic region and the entire clag3.2 5’ intergenic region (1371 bp) were
sequenced. The position of the primers used for sequencing are highlighted
in grey, forward primers are in bold, whereas reverse primers are underlined.
The figure is on the next page.
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clag3.1(2384 bp)
AGGAAAAAATAATGCAATCTAAGTAATGATCATATAAAAATTGAATTTTAATTAAAGAAGATGAT
TAAAAAGAAACATGATATATATTTAAAAAAAAAAAAAAATAATGAAAACAAAAAAATATAATATA
ATTATAATGAATTATAGGAACAAACATATAAAATTTTTTAATAAATTACTTCTGAAAAAATATAA
AATAATTATATATTTATACAAAAAATAAATATATAAATGAATAATAAAAAAATATTATGTTAAAA
ATAATATTTTTTTTTTTTTTTTTTTAATAAATAAATAAATAAAATATATTAAAAACCAAATGAAT
TATCTATCCAATAAAATATAAAAAAATAAAATAATTTCAAATTAGAAAAATTTATATATTAATCA
AAGTGCAATAATAAAATAAAAGTGCATTAATTATAATTCTTTTTGAATAAATAAAAAGAAAAGAA
ATAGAATCAACAAAGATTCCTATGAAAAAATATATATTTATATATATAGAGAATAAACTGTAAAA
AAGAAAAAAAAACGAAAAGACAATATATCAAAATATTTATATATAATTTTATTTTACAAACATTA
GAAAAATTAAAAGAATCCTTGTGCAATACAATATATTAAATATAACAAAAAAACAAACAACGATA
AAATATCAAATAAAAAATAAAAAAAAAAAAGAAAAACAATTAATAAAAATTAACATAAAAAATAA
GTCAACAAGAATTAAGTGCATAATTTTTTATTAAATAAACARATTTTGTGCATTAAAAAAAAAAA
AAAAAAATTCTTATTAAAATATATAGAAAGAAAAAAATAAAAAAAAAAAAAAAAGAAGAAAAAAG
ATGATATTTAATAATATTGATATCCGTAATGAAATTAATTATTTCAAATATTTATTTATTGATTT
ATTTTATTATTATTATTTTTTTTTTTTTAATGAAAAAAAATATATARAAATATTTATAAACATAT
TTATTAAAATAATAAATTAAAAATTAAAATATCCATTAATTATTTTTTTTTTTTTAATGTCGARA
AAAAATATATACGTATCGCAATATAATTTAATATAATATTTAAGTATTATGGATTTTTATATATT
TTTGAAAATTAAGAATTCTAAATAATTAGAAATGTATTCATAACTAATTTATTTTAAATATTATA
TAGATTTTATAATGCACTCATTAATAATTTTAAACCGTTTTATTTATTATATTTATTTATTATTA
TTTATTTTTTTCTTTTTTTTCTCTTATTTATTTTTTTTTTTTTTGTTCTAATTACGTATACATTT
ATTTAATAATTGAATAACCAATAAAAAAAATAGCTCACATAAATACATATATATAATATTATATT
TTTATTAATATAAATTTATTCAATAACGTATTAGGAAATATTACATAACTTATAATAATATATTT
TAACAATACATAAAGGAAGAAATGGAAAGAAAGAAACGTTTTACGTAACTAACATATATAATTAA
AACGCTACGTAAATATTAAAATAATTCATTTTGTATTTTTTTCTCCCTTTAACTTTACTTTGAAT
TCTTACATATTATAATACTCTAAATTCAATAAATGAAAATTTCCATAATTTATTTTCTAATAATT
ATCTTCTTTTCTTTCCATTGCACCGATATTAAAAACAAAAACAAAAAAAAAAAAACCAAAAAACA
CCATTCATATTTATATTGAATATGTATTTTTATCTCACTTCTTTTTATTTACCTAAGTAAATATA
TATATAATCATATAACAAATAACATGTTATGCAAAAATATGCATAAACATAAGAGGGTGATTTAA
AATAAAAATAAAAATATACTTTACAATATGTTCAAAATATAATTCGTATATTCATATATTCTCGA
ATAGTTTTATTTCCTTTTATATTACATAATGTACACTTTAAAACAARATGTGGACAARATATGATT
TTGTACTAAAAGAAAAAAAAAAAAAAGTACAACATTAAAAAAATTCTTTTTGATATATATATATA
TGTTTAAACATATATTTGTGTACTCCTTTTTGTACATGGTTTTTGATTTTGTTATATTTATGTAC
TATTCAATTCTGTACTTTTTTTTAATAATAACATAATAATAATTACTTATATATTTGTGCAATAT
ATCAAAGTGTACATGCAATAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAATGGTTTCATTT
TTTAAAACTCCAATCTTTATTTTAATTATCTTTTTATACTTAAATGAAAAGGTAATATGTTCAAT
AAATGAAAATCAAAATGAAAATGATACCATTAGTCAAAATGTCAACCAACATGAAAATATTAATC
AAAATGTAAATGATAATGACAATATTGAACAATTAAAATCCATG

clag3.2 (1371 bp)
TAGAATATATTTATTTATAGTCAAAATTTGCAAAAAAAATTTTAACTACAAGTAAATATATACAG
TTTATCATATATATTAATTTTTACAATTAATAAATAAAACAGCATGCACATAATATTTTATTATA
TTATTAAACCTAACGGGTACATTTTTTTACTTATTAAATATATCACATTATTTTTAATTAAAAGA
TTTATTGAATATCCATAACCTTTTTATATTAACATAAAATTGTGTGTTTCATTAAAATCATATTT
TTAAATGTTACAAAAATATAAATAGGGTCGATTAATAATATACATATATAAATATGTATATGTAA
TATTTCGTTTTACGTAATAATGTTTATAAATTATACCAAATATGTTAATAATATATATAATTAAG
TTTATATATATATATATTTCATTACATATAAATAAATACGTGCAATTATAATTTTATTTTATTTT
TTTTTAATTGTAAAATATAAATTTATTTTAATACAATATAATTATTGCCTTAAAACACTTAATAT
ATATTATAAAATAACTAAATAATATTATTTCAATTTATTTTATATATTTAAAATATATAATATAT
ATATATTTTGAAAATTATGTATAAAAAATTTTGAAATATAAATGAGAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAATTAAATATAAAATTAAAATTAAAATTAAATTATATATTTTAATTATTAATTTAA
TTTTTTTGTAAATTGATAAAATTCAATTTCCCAAAAAARATTTATTGTCTTATATTGTTTTATTTT
ATTTTTTTATTTTTTGTTTTTATGGAGTTGCACCGACATTAAAAAGAAACGAAACGATATATACT
TTTTTATAATCAACGTTCACGGTTACGTTTCTGTTTTTCTTITCTTITTTTTTTAATTATTTATTTA
TGTGTATTAACTTAAATATTTGGAAATATGCAAAATTATGCATAATACTGAAAATAAAGACTAAA
CAAATGGAAAATCAACATATATTTTATGTCTATTATATATGTCATTTCGATATTGTTATTGTTTA
TTAACAAATGGGTAAAATAATAAAAATGGTCATCATCGGTATTGTACAAAAATGTGAAAATTAAA
AAATATGTACAAAAGTAAAAATATGTTATTCAATTATATATATATATATATATATATAATATTTIC
ACATACACAAACATATATATAACATATAATTGTGTACTCCTTTTTGAATACGGTTTTTATTTTTG
TTATTGTTITTTCTTTTTATTCTGGGTTATT TTCTTCTGTACTTTTTTAAATATATATCGTAATA
ATAGTTGAGTACGCACTAATATGTCAATTTGAAAAAAAATATTGTACACGTGAATAAAGTATTAG
TAAAAAATGGTITCATTTTTTAAGACTCCGATCATTATTTTTTTTTTCCTCTTATGTTTAAATGA
AAAGGTATTATGTTCAATAAATGAAAATGAAAATTTAGGCGAAAATAAAAACGAAAATGCARAATG
TAAACACACCTGAAAATTTAAATAAACTTCTAAATGAGTATGACAATATTGAACAATTAAAATCC
ATG

Figure legend on preceding page
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6.2.1.4 clag3.1 and clag3.2 are mutually exclusive in
parasite lines other than 3D7

Our analyses of the mutually exclusive expression of clag3.1 and clag3.2
thus far have focused on parasite lines that are all derived from 3D7. To
determine whether clag3.1 and clag3.2 display mutually exclusive
expression in genetic backgrounds other than 3D7, we looked at the
relative expression of clag3.1 and clag3.2 in the other parasite lines 7G8,
D10 and HB3 using the microarray data from Article 2 (Table 6.1).
Quantitative data are not provided as the microarrays were designed
against the 3D7 reference genome, and many of the probes were cross
reactive. However, the expression of many samples was confirmed by
gPCR and these samples are denoted with an asterisk. The parasite line
D10 contains a single clag3 hybrid and PFC0115c, which is situated
between the two clag3 genes, has been deleted. This is reflected in all
D10-derived subclones. This was confirmed in our comparative genome
hybridisation analysis (CGH) and is consistent with reports by (Iriko et al
2008). A single clag3 and a deletion of PFC0115c are also observed in
LD10, a subclone of 7G8.

In the remaining parasite lines where both clag3.1 and clag3.2 are
present, mutually exclusive expression of the clag3 genes is consistently
observed with the exception of two parasites lines, KG7 and WES5,
subclones of 7G8. clag3.1 and clag3.2 are expressed at similar levels in
KG7, whereas clag3.1 expression predominates in WES5, but clag3.2
expression is also detected. One possible explanation for these two
observations is that after subcloning, some of the parasites have
switched to express clag3.2. As previously observed in Figure 6.4, the

transcript associated with the pseudogene, PFC0115c, does not correlate
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with the expression status of the clag3 genes. The microarray does not

contain probes that recognise PFO3TR002.

This suggests that the mutually exclusive expression of clag3.1 and
clag3.2 is not solely a phenomenon associated with the 3D7 genetic

background, but rather that it is an inherent property of these two genes.

Table 6.1 Qualitative summary of clag3.1, clag3.2 and a var pseudogene
(PFC0115c) expression in different parasite lines and their subclones.
The data were compiled from the microarray hybridisations described in
Article 2. These parasite lines are described in the methods section of
Article 2. Please refer to the legend for further details.

LEGEND
clag3.2 | PFC0115¢” | clag3.1
- * + expressed
3D7-A + +* + N
+ low level of expression
*

~ 106 u & not expressed
[=] *
m [1.2B i deletion

w41 i one clag3 hybrid

3D7-B +* +

* - confirmed by qPCR

7G8 + +* # - confirmed by CGH

KG7' +* + +* & - consistent with Irikio et al. 2008
® a - microarray data based solely on one probe
~ |LD10 # i # I -discrepancy in clag3.1 and clag3.2 mutual exclusion

WES' - + +*

ZF8 + +*

D10 H#H& 8 H&

E3 # #
o
2 |F # #

G2 #

G4 # #

He3a | ** £
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%

fé AB10 +
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6.2.2 Chromosome conformation capture (3C) and
circular chromosome conformation capture (4C)

6.2.2.1 3C strategy for clag3.2 and 4C strategy for
clag3.2 and the var gene PF07_0048

Since we have no a priori knowledge to guide our 3C analysis, we have
directed our 3C analysis to =65 kb upstream and =17 kb downstream of
clag3.2 (Figure 6.7). Based on RE analysis, Bcll and Bglll appear to be
suitable restriction enzymes for the 3C analysis of clag3.2 (Figure 6.7A).
Using these two enzymes, the entire clag3.2 5’ intergenic region, ORF
and 3’ intergenic region can be used as the bait (Figure 6.7B). The
digestion with Bcl/l and Bglll results in 13 suitable restriction fragments

(Figure 6.7A, named 1-10 and A-C).

Primers specific to each restriction fragment and to the bait are designed
in order to determine the interaction frequency between each fragment
with the bait. When the interaction frequencies of each fragment with
the bait are plotted against genomic distance, an interaction is identified

by a local peak in interaction frequency (Dekker 2006).

The interaction frequency is determined by quantifying the amount of
the corresponding ligation product in the 3C sample by gqPCR. To
determine the interaction frequency for each potential interacting
fragment with the bait, each primer pair (i.e. one primer specific to the
bait plus one primer specific to the fragment of interest) is divided by the
amount of PCR product obtained in the 3C template by the amount of

PCR product obtained from the control template.
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Figure 6.7 Schematic of the 3C strategy, using clag3.2 as the bait and
Bcll and Bglll as the restriction enzymes. A. The position of the Bcl/l and
Bglll restriction sites are indicated in blue and red respectively. The two
Bcll restrictions sites that delineate the clag3.2 bait are indicated with
asterisks. The green fragments numbered 1-10 and A-C are included in
the analysis, whereas the green fragments marked with an X are
excluded either because the fragment is too small or specific primers
could not be designed in these regions. B. A more detailed description of
what constitutes the 3.2 BAIT 3C fragment.

The control template refers to a sample that contains, in equimolar
amounts, all possible ligation products that could occur between the
fragments of interest and the bait. This template also serves as a control
for primer amplification efficiencies (Splinter et al 2004). This control
template for clag3.2, containing all fragment-bait interactions, was
generated by PCR amplification of DNA fragments that span each of the
restriction sites of interest (Figure 6.7A). These fragments were gel
purified, digested with the appropriate restriction enzyme (either Bcll or

Bglll) and ligated to the digested bait fragment (data not shown).
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Based on restriction enzyme analysis, Dpnll appears to be a suitable
enzyme for the 4C analysis of clag.3.2 and the var gene PF07_0048, as
the baits encompass their entire 5 UTRs (Figure 6.8A-D). Upon the
formation of circular ligation products, 4C is able to detect interactions
between the bait of interest and unknown sequences that could reside
anywhere in the genome. Consequently, this technique relies on the
amplification of the unknown sequence by inverse primers that are
specific to the bait. The position of these primers for the clag3.2 and var

baits are indicated as arrows in Figures 6.8B and D.

[ N N IR [ [ A O AN R N A | Dpnil o

S

Dpnit
pen!

_-PFCO105W
(212 bp)

3.2BAIT4C
(1611bp)

3.2 BAIT4C
(1611 bp)
|

clag3.2 5’ UTR
(1372 bp)

Dol

PFO7_0048 exon1

— (180 bp) ~
var BAIT 4C
I 2o05106)

var BAIT 4C
(2051 bp)

N
PF07_0048 5 UTR
(1871 bp)

Figure 6.8 Schematic of the 4C strategy for clag3.2 and the var gene
PFO7_0048, using Dpnll as the restriction enzyme. A. Dpnll restriction
sites around the clag3.2 locus. Dpnll restriction sites are indicated with
black lines B. A more detailed description of what constitutes the 3.2
BAIT 4C fragment (ligated to a hypothetical interacting fragment). C.
Dpnll restriction sites around the PFO7_0048 locus. D. A more detailed
description of what constitutes the var BAIT 4C fragment (ligated to a
hypothetical interacting fragment). Arrows in panels B and D represent
primers.
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6.2.2.2 Design of Southern blot experiments for the
analysis of restriction enzyme digestion efficiency in

cross-linked nuclei
To determine the efficiency of the restriction enzyme digestions in cross-

linked nuclei for 3C and 4C experiments, Southern blot analysis was
performed. A schematic and description of each Southern blot

experiment can be found in Figures 6.9 — 6.13.

3.2 BAIT 3C

- clag3.2

Bcll

PFC0105w

| *
1l | ‘
-—
1 1 1 |
— probe (464 bp)

— total digestion (502 bp)
zero digestion (1344 bp)

1

Figure 6.9 Schematic for Southern blot analysis for Bcll digestion of the 3.2
BAIT 3C. Bcll restriction sites are indicated with blue lines and the particular Bcll
restriction site under analysis is indicated with an asterisk. The restriction
enzymes used to digest the sample for Southern blot analysis were Ncol and
Ndel, their restriction sites indicated with green and orange lines respectively.
The position of the radiolabelled probe is indicated along with the size of the
expected bands.

Bcll
Bgill

_ﬁ. 3C clag3.2 fragment 2 (4887bp) IP-

_ probe (383 bp)

total digestion (4887 bp)

Bcll digestion only (6423 bp)
Bglll digestion only (7964 bp)
zero digestion (9500 bp)

Figure 6.10 Schematic for Southern blot analysis for Bcll and Bglll digestion of
3C clag3.2 fragment 2. Bcll and Bglll restriction sites are indicated with blue and
red lines respectively. The restriction enzyme used to digest the sample for
Southern blot analysis was EcoRl, its restriction sites are indicated with yellow
lines. The position of the radiolabelled probe is indicated along with the size of
the expected bands. The location of fragment 2 can be found in Figure 6.7.
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Bcll

3C clag3.2 fragment 7 Bghl
| 4 | ]
| | | BamHI

—_— probe (600bp)
total digestion (1430bp)
Bcll digestion only (3197bp)
Bglll digestion only (3769)
zero digestion (5536bp)

Figure 6.11 Schematic for Southern blot analysis for Bc/l and Bglll digestion of
3C clag3.2 fragment 7. Bc/l and Bglll restriction sites are indicated with blue and
red lines respectively. The restriction enzymes used to digest the sample for
Southern blot analysis were EcoRl and BamH], their restriction sites are indicated
with yellow and purple lines respectively. The position of the radiolabelled probe
is indicated along with the size of the expected bands. The location of fragment
7 can be found in Figure 6.7.

3.2 BAIT4C
Dpnll

BamHI

clag3.2 | I | l—

— probe (506 bp)

total digestion (1607 bp)
partial digestion (2027 bp)
partial digestion (2348 bp)
partial digestion (2576 bp)
partial digestion (2747 bp)
partial digestion (3296 bp)
partial digestion (3068 bp)
zero digestion (3633 bp)

Figure 6.12 Schematic for Southern blot analysis for Dpnll digestion of 3.2 BAIT
4C. Dpnll restriction sites are indicated with black lines and the two Dpnll sites
that create the bait fragment for clag3.2 are indicated with asterisks. The
restriction enzymes used to digest the sample for Southern blot analysis were
EcoRl and BamH]I, their restriction sites are indicated with yellow and purple
lines respectively. The position of the radiolabelled probe is indicated along with
the size of the expected bands.
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— probe (300 bp)

total digestion (2051 bp)
partial digestion (2055 bp)
partial digestion (2100 bp)
partial digestion (2466 bp)
partial digestion (2910 bp)
partial digestion (3004 bp)
partial digestion (3049 bp)
partial digestion (3415 bp)
partial digestion (3579 bp)
partial digestion (3594 bp)
partial digestion (3859 bp)
partial digestion(4528 bp)
partial digestion (4543 bp)
partial digestion (4774 bp)
partial digestion (4819 bp)
partial digestion (5185 bp)
partial digestion (5629 bp)
partial digestion (6298 bp)
partial digestion (6316 bp)
zero digestion (6477 bp)

Figure 6.13 Schematic for Southern blot analysis for Dpnll digestion of var BAIT
4C. Dpnll restriction sites are indicated with black lines and the two Dpnll sites
that create the bait fragment for PFO7_0048 are indicated with asterisks. The
restriction enzyme used to digest the sample for Southern blot analysis was
Xmnl, its restriction sites are indicated with light blue lines. The position of the
radiolabelled probe is indicated along with the size of the expected bands.

6.2.2.3 With optimization, cross-linked nuclei can be

efficiently digested by Bcll, Bglll and Dpnlli
To determine the digestion efficiency for the 3C and 4C RE, Southern blot

analysis was performed (Figure 6.14). Lanes denoted with a U represent
undigested controls and those denoted with a grey circle denote the
original digestion conditions. Southern blot analysis revealed that under
the original digestion conditions, Bcll digested the DNA in formaldehyde

cross-linked nuclei
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efficiently. This is observed in Figure 6.14A for 3.2 BAIT 3C in the lane
denoted with a circle. This band corresponds to the expected size for
total digestion by Bcll (see Figure 6.9 for details). However, Southern blot
analysis revealed that Bgl/ll and Dpnll did not efficiently digest the DNA in
formaldehyde cross-linked nuclei. For Bglll, this is observed in Figure
6.14B and C in the lanes denoted with a circle, where the prominent
band corresponds to digestion solely by Bc/l and not Bgl/ll (see Figure 6.10
and 6.11 for details). For Dpnll, this is observed in Figure 6.14D and E in
the lanes denoted with grey circles, as the bands in these lanes
correspond to partial Dpnll digestion products (see Figure 6.12 and 6.13

for more details).

Changes were made to the restriction enzyme digestion protocol to
optimise the digestion efficiency for Bgl/ll and Dpnll, and these lanes are
denoted with a star. The lowermost bands in the starred lanes in Figure
6.14B, C, and D correspond to the expected sizes for total digestion by
both Bcll and Bglll (B, C) or Dpnll (D). The starred lane in Figure 6.14E
contains two bands, the lowermost band corresponds to the expected
size for total digestion by Dpnll. It is possible that the upper band is one

of the numerous partial Dpnll digestion products; however, comparing
the intensities of the two bands, the majority of the sample appears to

be fully digested by Dpnll.
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Now that sufficient digestion of cross-linked nuclei can be achieved, we
can begin to optimise ligation conditions in order to test our limiting
enhancer or repressor hypothesis for the mutually exclusive expression

of clag3.1 and clag3.2 by 3C and 4C.
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7. General Discussion

7. General Discussion

Collectively, the work described in this thesis has contributed to our
understanding of the epigenetic regulation of clonally variant gene
expression in P. falciparum. We have demonstrated that clag3.1, clag3.2
and eba-140 are good models to study transcriptional silencing
associated with life cycle progression, clonally variant and mutually
exclusive gene expression and that isogenic parasite lines that
differentially express these genes are useful tools in the study of variant
gene expression. Importantly, we provide insights that implicate
epigenetics in the regulation of genes apart from the var family of genes,
and provide evidence that this mode of regulation is an inherent
biological property of the parasite that regulates processes apart from

antigenic variation.

Initial promoter characterisation revealed that clag3.1, clag3.2 and eba-
140 contain multiple TSSs and gene reporter assays revealed that
multiple proximal cis elements (enhancers) contribute to maximal
promoter activity during the schizont stage. This data indicates that these
genes conform to the typical bipartite structure of eukaryotic promoters.
When assayed in trophozoites, their 5’ flanking regions did not drive the
expression of the reporter gene, indicating that these regions contain the
necessary information to dictate correct temporal expression, and that
they contain binding sites for stage-specific transcription factors. gqPCR
analysis confirmed the differential expression of clag3.1, clag3.2 and
eba-140 in the isogenic parasite lines 10G and 1.2B, and additional
luciferase assays in these two parasite lines confirmed that the

differential expression of these genes in 10G and 1.2B is not due to the

247



7. General Discussion

presence or absence of STFs that are present in one parasite line or the
other. When these genes are expressed, changes in nucleosome position
were observed in comparisons between 10G and 1.2B, indicating that
chromatin remodelling complexes are involved in granting the
transcriptional machinery access to the underlying DNA. When clag3.1,
clag3.2 and eba-140 are repressed during schizont stages and
bookmarked for repression at the trophozoite stage, we observe reduced
restriction enzyme accessibility, suggesting that these regions are in a
heterochromatic conformation and that that this conformation persists

along the IEC.

Histone modifications are associated with the CVGE of clag3.1, clag3.2
and eba-140 in schizonts and with the epigenetic memory of these
genes in trophozoites

qChIP analysis was performed to characterise the PTMs associated with
the clonally variant expression status of clag3.1, clag3.2 and eba-140 in
10G and 1.2B parasites at the schizont stage. This analysis demonstrated
that the clonally repressed status of these three genes is associated with
an enrichment of H3K9me3, whereas the clonally active status of these
three genes is associated with enrichment of H3K9ac. As these genes can
adopt both open and compact conformations, the chromatin
architecture of these regions can be described as being organised into
facultative heterochromatin. Modest enrichments of H3K4me3 and H4ac

are also associated with the clonally active state of these three genes.

At the molecular level, facultative heterochromatin in P. falciparum,
which is hypoacetylated and enriched in H3K9me3, is more similar to the
constitutive heterochromatin (hypoacetylated and enriched in H3K9me3,

H4K20me) than the facultative heterochromatin (hypoacetylated and
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enriched in H3K27me3, H3K27me2, H3K9me2) found in other species.
Perhaps constitutive heterochromatin has been evolutionarily co-opted
by P. falciparum into a form that is functionally facultative without the

use of H3K27 methylation, PTMs that the parasite lacks.

Concurrent with the publication of Article 1, the Duraisingh lab published
a study where they also characterised the PTMs H3K9me3, H3K9ac and
H3K4me3 associated with the active and silent states of clag3.1 and
clag3.2 in schizonts (Comeaux et al 2011). The two data sets are in
agreement as they also report enrichments of H3K9ac and H3K9me3 with
the active and repressed states, respectively, of the clag3 genes. Their
study reports a larger enrichment of H3K4me3 near the TSSs of the active
clag3, where we observe a more modest enrichment of this modification.
In addition to these PTMs, they also analysed the distribution of
H3K4me2, a PTM that we did not include in our analyses. This PTM is
enriched in active var genes and var genes that are bookmarked for
activation (Lopez-Rubio et al 2007a), however, they did not observe a
correlation of H3K4me2 with clag3 expression status, suggesting that
perhaps different clonally variant gene families use different PTMs to

bookmark for activation.

We performed qChIP analysis on 10G and 1.2B parasites at the
trophozoite stage to characterise the pattern of PTMs associated with
clag3.1, clag3.2 and eba-140 when bookmarked either for expression or
repression. These analyses revealed that these genes, when bookmarked
for expression, are also enriched in H3K9ac and when bookmarked for
repression are enriched in H3K9me. The persistence of H3K9me3 and
H3K9ac along the IEC also suggests that they are capable of clonally

transmitting epigenetic memory, discussed further below.
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Collectively, our study and that by Comeaux and colleagues indicate that
akin to the var genes, the repressed and active states of other clonally
variant gene families, such as clag and eba, are associated with
enrichments in H3K9me3 and H3K9ac respectively. Similarly, the clag,
eba and var gene families are enriched in H3K9me3 when they are

bookmarked for repression.

H3K9me3 and H3K9ac may function as epigenetic signals for the
transmission of clag3.1, clag3.2 and eba-140 expression status

Not all factors that contribute to the maintenance of an epigenetic
phenotype function as epigenetic signals capable of transmitting the
requisite information for gene expression to the next generation, and it is
often difficult to discern what molecular signals carry epigenetic
information and which are effectors of certain processes (Campos &

Reinberg 2009).

For example, the histone variant H3.3 and the PTMs H3K4me3 and
H3K9ac are all characteristic of euchromatin; H3K9ac has been shown to
directly recruit TFIID, H3K4me3 is often found at the TSS of actively
transcribed genes and H3.3 is often incorporated at the site of active
transcription (Agalioti et al 2002; Santos-Rosa et al 2002; Talbert &
Henikoff 2010). These recurrent euchromatic signals may create
characteristic chromatin landscapes that facilitate a certain process, such
as transcription, and might even be considered hallmarks of such

processes, but whether they transmit cellular memory is another matter.

With the observation that both H3K9me3 and H3K9ac persist along the
48 h IEC, we propose that these PTMs fulfil the criteria necessary to be

considered true epigenetic signals that transmit cellular memory for the
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expression status of clag3.1, clag3.2 and eba-140. To be classified as an
epigenetic signal, the signal must i) self perpetuate ii) be heritable iii)
affect gene expression iv) be reversible. Although we do not know the
mechanism by which these two PTMs self perpetuate, we do know that
they are maintained after DNA replication and that these PTMs are
inherited within clonal populations (criteria i and ii). We also know that
H3K9ac and H3K9me3 have positive and negative effects on gene
expression, and that enzyme activities exist to remove (and deposit)

these modifications (criteria iii and iv).

Additionally, both states (activation and repression) are stable under
homogeneous conditions and thus their transmission is independent
from a triggering event. Consequently, H3K9me3 and H3K9ac fit well into
the model of heritable bistability for the transmission of PTM-mediated
epigenetic memory (Dodd et al.,, Figure 1.8). The control of gene
expression by the acetylation/methylation balance at a single residue,

H3K9, also fits well into this bistable model.

This suggests that H3K9ac can function both as an epigenetic signal
capable of transmitting cellular memory and as an effector of
transcription. Unlike the highly localised distribution of H3K9me3 in P.
falciparum, ChIP-on-chip analysis of H3K9ac show that it has a broad
distribution (Lopez-Rubio et al 2009; Salcedo-Amaya et al 2009), and its
role as an epigenetic signal of activation for some clonally variant gene
families could not have been implied from these studies and could only
be determined by comparing subclones (or selected parasite lines) that
stably express and repress genes of interest. Alternatively, this could also
suggest that H3K9ac might be the default PTM that marks many genes. P.

falciparum is often described as having a largely euchromatic genome as
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it lacks many of the PTMs associated with silencing, such as methylation
of H3K27me3, H3K36 and H3K79 (Salcedo-Amaya et al 2009; Trelle et al
2009). Perhaps H3K9ac is only absent when methylation has been

deposited on the same residue in clonally variant genes.

CVGE is controlled by PTMs, whereas progression along the IEC is
controlled by stage-specific transcription factors

The persistence of H3K9ac along the IEC, indicated that when
bookmarked for activation, the chromatin is in a transcriptionally
competent conformation; however, clag3.1, clag3.2 and eba-140 are not
transcribed because of the absence of the appropriate stage-specific
transcription factor. This also suggests that transcription associated with
progression along the IEC is independent of the PTMs that are associated

with CVGE.

The conclusion that correct temporal expression of genes along the IEC is
dictated by stage-specific transcription factors is consistent with other
studies where plasmids containing P. falciparum promoters transcribed
reporter genes in an appropriate temporal manner, such as in the
falcipain genes and PfPCNA, just to name a few (Sunil et al 2008; Wong
et al 2011). However, as we see temporal expression of the clag and eba
families that is not accompanied by changes in chromatin architecture,
our observations are not consistent with a recent study that suggests
that expression along the IEC is regulated by global changes in chromatin

conformation (Ponts et al 2010).

Collectively, data from the gene reporter, nuclease accessibility and
gChlP assays lead us develop a model whereby CVGE is controlled by the

formation of H3K9me3-facultative heterochromatin, and that correct
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temporal expression of clonally variant genes is dependent on the
presence or absence of the appropriate stage-specific transcription factor

(Article 1, Figure 7).

Our model is supported by experiments conducted in the Horrocks
laboratory where the transcription of PfPCNA, a gene expressed in
trophozoites, was studied upon treatment of parasite cultures with
sublethal doses (IC,-IC;) of SAHA (suberoylanilide hydroxamic acid) and
SBHA (suberohydroxamic acid), type | and type Il HDAC inhibitors (Wong
et al 2011). With these sublethal doses of inhibitor, they observed a
change in the absolute expression of a reporter gene driven by the
PfPCNA 5’ flanking region, but did not observe expression in rings or
schizonts, indicating that global hyperacetylation did not result in

changes to the temporal expression pattern of PfPCNA.

Our model could be tested if we knew the identity of the transcription
factor for a clonally variant gene, for example eba-140, constitutively
expressed this transcription factor in parasite lines that differentially
express eba-140 (i.e. in 10G and 1.2B) and assay for eba-140 expression
along the IEC. According to our model, we would expect eba-140
expression throughout the IEC in a 10G parasites where the chromatin is
maintained in a transcriptionally permissive conformation along the 48 h
IEC. In contrast, we would not expect eba-140 expression in 1.2B

parasites at any point along the IEC.
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Barrier insulators could separate neighbouring clonally variant genes
into distinct chromatin domains

The complex pattern of PTMs observed for eba-140 suggests that a
barrier insulator is located within its first exon. The large increase in
marks associated with activation adjacent to a heterochromatic region is
consistent with barrier insulator activity. In yeast, large increases in both
histone acetylation and H3K4me3 have been documented adjacent to
barrier insulators, due to the active recruitment of the barrier for HATs
and H3K4me3 HMTs (Oki et al 2004; West et al 2004; Zhou & Berger
2004). The observation that the inflection point where the transition
from repressive to active PTMs occur is found almost at the same
position in both 10G and 1.2B parasite lines is also suggestive of barrier
activity. In the absence of a barrier, as in position-effect variegation
(PEV), the balance of heterochromatic and euchromatic activities along a
chromosome is what dictates the point of transition (Gaszner &
Felsenfeld 2006), and consequently, we would expect to see different
points of transition between different parasite clones . This suggests that
a barrier is present to shield against the silencing of two neighbouring
genes, eba-140 and MAL13P1.59 from heterochromatin spreading. The
differential expression of clag3.1 and clag3.2, two other neighbouring

genes could perhaps be maintained by a barrier element.

The position of the potential barrier insulator activity within an ORF as
observed in eba-140 is atypical when compared to what is known in
other systems. For example, genome wide mapping of Su(Hw) (a
component of the D. melanogaster gypsy insulator) and of CTCF in the
human genome, revealed that their respective binding sites were

predominately in intergenic regions or within large introns of large genes,
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with only 3-4% of their binding sites corresponding to ORFs (Ramos et al
2006; Cuddapah et al 2009). However, now that the site of a potential
barrier insulator has been identified within the coding region of eba-140,
studies can begin to try to characterise the nature of this barrier and

attempt to find others in the P. falciparum genome.

Genome wide analysis of CVGE reveals that the P. falciparum genome is
epigentically plastic

Characterisation of the level of transcriptional variation in genetically
identical parasites revealed that P. falciparum is epigenetically plastic,
even in the absence of selection, suggesting that CVGE is an inherent

property of P. falciparum biology.

Two studies published during the course of this work mapped the global
distribution of H3K9me3 and HP1 in P. falciparum and it was observed
that these heterochromatic marks were restricted to gene families that
mediate host-parasite interactions and it was hypothesized that these
genes could show CVGE (Lopez-Rubio et al 2009; Flueck et al 2009). Our
work complements these studies, confirming a striking correlation
between genes that show CVGE and heterochromatic marks. Not only
was this phenotypic variation observed in antigenically important gene
families but also in gene families that are never exposed to host

immunity.

Since CVGE is not solely associated with evasion of host immunity, and
observed in both conserved and hypervariable gene families, we propose
the CVGE is a bet-hedging strategy employed by the parasite to mediate

fast, short time adaptation (Figure 7.1). We propose that CVGE caused
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Figure 7.1. Model for adaptation through directed transcriptional
responses (A) versus adaptation through clonally variant gene expression
(CVGE) (B). Small circles represent individual genes that can be either
expressed (green arrows) or repressed (red). In A, a change in the
environment results in an immediate protective transcriptional response,
such that the genes are activated or repressed to mediate survival under
the new conditions. In contrast, in (B), the population is transcriptionally
heterogeneous to being with as a consequence of spontaneous CVGE. Upon
a change in the environment, pre-existing parasite with the combination of
expressed and repressed genes that confer fitness under the conditions are
selected and survive, whereas those that do not, die (discontinuous line).
The end result is similar, but mechanism A results in immediate adaptation
where the individuals survive, whereas in B, some of the parasites are
eliminated.

3

by spontaneous switches that result from the molecular noise in bistable
systems (previously described in section 1.4.3, Figure 1.8), is exploited by
the parasite to generate transcriptional heterogeneity in a clonal
population. This could confer an adaptive advantage to a parasite
population, if the individuals that posses the appropriate combination of
expressed and repressed genes survive a change in the environment
(Figure 7.1, see legend for details). This is suggestive of an H3K9me3-
facultative heterochromatin based mechanism that contributes to
phenotypic variation and consequently parasite fitness. To test this
hypothesis the adaptive potential of transcriptionally homogeneous and
transcriptionally heterogeneous parasite lines would have to be
compared upon different challenges to determine if transcriptional

heterogeneity confers an adaptive advantage.

Not only is the knowledge regarding epigenetic plasticity important in

understanding the basic biology of P. falciparum, but knowing which
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genes and families are capable of CVGE has implications regarding
control and eradication strategies, such as vaccine design. We suggest
that CVGE is an inherent property of certain genes and gene families. For
example, the five member EBL family that mediates erythrocyte invasion
has the capacity for CVGE as demonstrated by eba-140. Although other
members have not been captured in a repressed state in our microarray
studies, eba-165 has been shown to be marked by HP1, strongly
suggesting that it also has the capacity to be repressed by facultative
heterochromatin (Flueck et al. 2009). Another member of the EBL family
that we did not detect CVGE for in vitro is eba-175. A knockout of eba-
175 by the Beeson lab demonstrated that its disruption resulted in a
slightly reduced growth rate (Persson et al 2008), and consequently, eba-
175 repressing parasites would be outcompeted by parasites that
express it and thus, the repressed state of eba-175 would not be
captured in our microarrays. Antibodies acquired by malaria-exposed
children in Kenya against EBA-175 have been shown to inhibit invasion of
P. falciparum in vitro (Persson et al 2008) and EBA-175 is a target for two
blood-stage vaccines currently in clinical development, the EBA-175-RlI
NG and JAIVAC-1 vaccines that either contain the EBA-175 antigen alone
or in combination with other antigens (Crompton et al 2010; El Sahly et al
2010). Although EBA-175 it is a dominant invasion ligand in field isolates
sampled from The Gambia, a cluster of the samples taken and cultured
ex vivo did not express eba-175. Additional evidence for the repression of
eba-175 comes from some field isolates from Kenya where it was
expressed at very low levels and the authors could not attribute this to
differences in copy number between samples, (Nery et al 2006), strongly
suggestive that eba-175 could be repressed in these samples. Therefore,

even if vaccines targeting EBA-175 prove to be strongly immunogenic,
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doubts regarding their widespread applicability could arise in light of
CVGE.

Proof-of-principle experiments indicate that the CVGE of clag3.2 can be
reproduced in an episomal system

Since CVGE is emerging as a fundamental process in parasite biology that
could play an important role in parasite adaptation and affect control
and eradication strategies, the molecular mechanism involved in
establishing this phenomenon and how switches are mediated need to
be understood. The CVGE of var genes has been mimicked in an
episomal system (Voss et al 2006), and the study of CVGE for other gene
families would be greatly facilitated if the CVGE of other gene families
could also be reproduced in an episomal system. An episomal system
would permit us to quantify switch rates, test possible insulator elements
and allow for the tagging and identification of proteins that are involved

in these molecular processes.

However, before a sophisticated episomal system can be developed as a
tool to study CVGE, proof-of-principle experiments were required to
determine whether CVGE could be mimicked in an episomal for other
gene families. The large var family of genes represent a peculiar family
where most members are repressed and it could not be assumed that
CVGE could be reproduced for other smaller gene families where most

members are expressed.

We began these proof of principle experiments by transfecting the 10G
parasite line with HLHprom3.2bsdR, a plasmid containing the entire

clag3.2 5’ flanking region driving the expression of luciferase, and a drug
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resistance cassette driven by the constitutive promoter hsp86.
Subcloning of this transfected population by limiting dilution resulted in
distinct subpopulations that maintained the plasmid in different
transcriptional states as determined by gene reporter assays. These
subcloned parasite lines were grown in parallel and in homogeneous

conditions.

This preliminary experiment suggested that the episomal clag3.2 is
capable of switching between the ON and OFF state and demonstrates
that the clag3.2 5’region is stably transmitted in both the active and
repressed states. However, we cannot exclude the possibility that
alternative chromatin states were induced or established at the time of
transfection and are thus not the result of switching events. To
demonstrate that the episomal clag3.2 is capable of switching between
the ON and OFF state would require assaying gene reporter activity in

second generational clones (i.e. subclones of 10Gluc-derived subclones).

Subclones that differentially expressed the episome were selected and
tightly synchronised to ensure that the observed differences in luciferase
expression was not due to difference in parasite stage between cultures,
and we confirmed by gene reporter assays that indeed, tightly
synchronised subclones differentially expressed the episome. These
results were confirmed by gPCR, indicating that these differences occur

at the level of transcription.

Furthermore, the differences could not be attributed to different relative

amounts of episome maintained by each parasite line, as the parasite
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line that showed the highest luciferase expression contains that lowest

relative amount of episome compared to the other parasite lines.

Although the origin of the parasite lines and subclones used in the
microarray analysis indicated that genetically identical parasite
populations are transcriptionally heterogeneous, we have been able to
provide experimental evidence of this with our reporter system. These
experiments also show that CVGE is mediated solely by the promoter of
the clonally variant gene, as the only component of a variant gene

contained within this plasmid is the 5’ flanking region of clag3.2.

Based on the gPCR results on the tightly synchronised parasite lines, it
appeared that the parental population predominately maintains the
HLHprom3.2bsdR episome in a repressed state. To confirm this,
HLHprom3.2bsdR was used in transient transfections in 3D7-A parasites
in parallel with two other plasmids that contain the clag3.2 5’ flanking
regions but do not contain drug resistance cassettes. In comparison with
3.2-LH-1371-R20 and 3.2-LH-1371, HLHprom3.2bsdR shows reduced
luciferase expression, which is suggestive that the activity from the
second transcriptional unit represses the activity of the episomal clag3.2
promoter. A similar result was observed with var genes. When removed
from their chromosomal context and placed on an episome, var genes
are active, even after a DNA replication phase when naked episomes are
formed into chromatin (Deitsch et al 1999). However, when placed in an
episome in the presence of any second promoter activity and after an S-
phase, var promoters are repressed (Deitsch et al 2001; Dzikowski et al
2007). Many more experiments are required to determine if promoter-

pair silencing is a phenomenon for all variant promoters, of mutually
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exclusive promoters or an artefact of these transfection assays. This
would require testing another variant promoter, such as eba-140, and a
non-variant promoter, such as amal, coupled to a second promoter.
Apart from the genes in this study and var genes, no other functional
promoter characterisation has been conducted with plasmids containing
two promoter activities to allow for comparisons (Horrocks et al

2009 and sources therein).

To determine if episomal recombination events between the subclones
are what contribute to the observed differences in luciferase expression,
we conducted a preliminary PCR screen on the episomes. Of particular
interest was the parasite line 2B6, the subclone that expresses the
episome, since unpaired var promoters become active, perhaps 2B6 was
active due to a recombination event that uncoupled the promoter
activities of clag3.2 and hsp86. However, we did not detect any
recombination events with these particular analyses, suggesting that the
episomes may not be rearranged and that the observed differences in
episomal expression are attributable to other factors, which could

include the spontaneous establishment of different chromatin states.

To determine if differential PTMs are associated with the active and
repressed state of the episome, qChIP was performed on 2B6 and 2F12,
parasite lines that respectively express and repress the episome. In
accordance with our hypothesis, we observed an enrichment of
H3K9me3 in 2F12, and an enrichment of H3K9ac in 2B6. This suggests
that the 5’ flanking region of clag3.2 is sufficient to nucleate the
formation of H3K9me3-facultative heterochromatin. Cumulatively, our

data suggests that the CVGE of the clag family can be mimicked in an
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episomal system. Our data indicates that episomal CVGE for clag3.2
happens in a spontaneous fashion. This episomal CVGE is mediated by
the 5’ flanking region of clag3.2, the expression status of the episome is
clonally inherited, and the repressed and active episomes are correlated
with enrichments in H3K9me3 and H3K9ac respectively. Therefore, we
provide support for the development of episomal-based systems to be

used as tools to probe the biology of CVGE.

Mutually exclusive expression of clag3.1 and clag3.2

The mechanism of mutually exclusive gene expression observed in
different systems remains elusive. The clag3 genes are an amenable
system in which to study the molecular mechanism of mutually exclusive
gene expression in P. falciparum, and isogenic parasite lines that
differentially express these two genes will serve as valuable tools
towards the elucidation of this phenomenon. The clag3 genes are the
only other genes currently known that are subject to mutual exclusion

apart from the var family, which consists of =60 members.

The molecular mechanism involved in maintaining mutually exclusive var
expression has been the subject of intense interest, mainly because this
phenomenon, coupled with a low switching frequency, is believed to
contribute to waves of parasitemia and persistent infections. Therefore,
not only would elucidating the molecular mechanism of mutual exclusion
for clag3 contribute to the understanding of this phenomenon in
general, but it could be reasonable to hypothesize that similar
mechanisms could apply to the antigenically important var gene family,
where one could envision that interventions that disrupt their mutual

exclusion could reduce chronic infections.
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The 10Gluc and derived subclones used to model episomal CVGE also
present an opportunity to assess what happens to the mutually exclusive
expression status of endogenous clag3.1 and clag3.2 in the presence of
multiple episomal clag3.2 promoters. The HLHprom3.2bsdR plasmid was
transfected into the 10G parasite line, which is known to express clag3.2,
however, upon gPCR analysis, 10Gluc and its derived subclones all

expressed clag3.1.

The transfection and maintenance of the HLHprom3.2bsd plasmid could
have induced a switch in 10Gluc and 10Gluc-derived subclones. It is also
possible that over time, these parasite lines would have switched to
clag3.1 expression in the absence of the plasmid. To exclude this second
possibility, nontransfected 10G would need to be grown in parallel and
for the same number of cycles and then check the expression status of
the clag3 genes. We know from previous experiments that the
expression pattern of clag3.1, clag3.2 and eba-140 is stable for at least
25-30 cycles (Cortés et al 2007). However, these parasites were grown
longer, for approximately 54 asexual cycles, and the expression of these
genes has not been checked in clonal untransfected parasite lines
cultivated in vitro for this duration of time. Random switching to express
clag3.1 is unlikely as it occurred in all five parasite lines. It has been
observed that clag3.2 expressing subclones (derived from 3D7)
maintained in the Duraisingh lab, quickly, even after approximately 15
asexual cycles, begin to switch to clag3.1 expression (Comeaux et al

2011).
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Whether the expression of clag3.1 confers a growth advantage over
clag3.2 in a 3D7 genetic background is unknown, but if that were the
case, we would expect solely clag3.1 expressing clones in vitro, and
subclones of 3D7-A produce clag3.1 and clag3.2 clones in a roughly equal
proportion that are stable for many asexual cycles (Cortés et al 2007).
The fact that the Duraisingh lab also have stable 3D7 clones that express
clag3.2 indicates that this is not a phenomenon associated with 3D7-A.
The Duraisingh lab reports that they could readily disrupt the clag3.2
locus but not clag3.1 (Comeaux et al 2011). Possible advantages of
expressing clag3.1 remain puzzling and experiments designed to address

this question are required.

Interestingly, the Duraisingh lab generated a transgenic parasite with a
disrupted clag3.2 that also has clag3.1 repressed, effectively resulting in
a double clag3 knockout line (Comeaux et al. 2011). This parasite line
was generated by a single homologous recombination event that
introduced a drug resistance gene driven by a calmodulin promoter into
the clag3.2 ORF, keeping the endogenous clag3.2 promoter intact. With
the addition and removal of drug pressure, they observe that the
repression of clag3.2 was reversible. They also performed a parasite
competition assay whereby they grew this clag3 null line together with
another parasite line and observed that the null line was out competed.
In comparison with the other parasite line, the clag3 null line had a slight
reduction in growth rate of =2.5% and the authors concluded that the
RhopH complex is required for efficient parasite growth. However, they
previously observed that the drug resistance gene is spontaneously
repressed in the absence of drug selection, and the reduced growth

efficiency could be attributed to the formation of H3K9me3-facultative
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heterochromatin at the clag3.2 promoter that spreads and silences the
drug resistance gene. Therefore, the reduced growth rate could be due
to a loss of drug resistance as opposed to loss of clag3 function in this
parasite line. Undoubtedly, this clag3 null parasite line will serve as a
valuable tool in further CLAG3, RhopH complex and PSAC analyses,
however, clag3 expression levels must be carefully monitored by qPCR,
considering the possibility of spontaneous clag3.1 activation and the
aforementioned possibility of the repression of drug resistance at the

disrupted clag3.2 locus.

The expression of the endogenous clag3.1 promoter and the concurrent
expression of the episomal clag3.2 promoter in the 2B6 parasite line, a
10Gluc-derived subclone, indicates that both clag3 promoters can be
active simultaneously and are thus not strictly mutually exclusive. This
supports other data obtained in our lab with a transgenic parasite that
can express both clag3.1 and clag3.2 when induced by drug pressure
(Rovira-Graells, unpublished data). This simultaneous express of the
episomal clag3.2 and the endogenous clag3.1 is unlike the situation
observed with the var gene family, where the episomal expression of a
var promoter silences all endogenous family members (Voss et al 2006;

Dzikowski et al 2006).

var genes are found on different chromosomes and in both subtelomeric
and chromosome internal regions, hence, the mechanism that permits
for the expression of only one member is required to work in trans.
Therefore, perhaps the introduction of another var promoter in trans (on
an episome) is able to be recognised by the counting mechanism because

the artificial situation is sufficiently similar to what occurs endogenously.
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Since the clag3 genes are in a tandem arrangement on the same
chromosome and the episome did not result in the silencing of the
endogenously expressed clag3, could suggest that the clag3 counting
mechanism solely functions in cis, and is not capable of silencing a clag3
in trans, as it is a situation that does not occur naturally. This could
suggest that in addition to or as part of the counting mechanism, local
chromosome conformation also plays a role in maintaining the mutually
exclusive expression of the clag3 genes as observed for the var family of

genes.

We can also conclude that the active transcription of clag3.1, does not
prevent transcription of the episomal clag3.2 promoter, nor does the
CLAG3.1 protein prevent clag3.2 promoter activity, conclusions that we
could infer from the transient transfections of plasmids containing 5’

flanking regions in 10G and 1.2B parasites, but could not confirm.

Correlation is not causation, but the consistent association of the ncRNA
PFO3TR002 with clag3.1 expression and clag3.2 repression, even in
parasites that have switched which clag3 is expressed, suggests a
potential role for this ncRNA in their mutually exclusive expression. It has
been previously shown that in 3D7-B, the repression of clag3.2 is nearly
complete (Cortés et al 2007). It is also the parasite line that has the
highest levels of PFO3TR002 in schizonts compared to the other parasite
lines tested. This ncRNA is also present, although to a much lower
degree, outside of the schizont stage in 3D7-B. qPCR analysis also
suggests that the PFO3TR002 transcript of 3D7-B is of a different
composition when compared to this transcript in 1.2B or 3D7-A parasites,

either longer or perhaps transcripts of different lengths are produced
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from this region, possibilities that would have to be investigated further
by Northern blot analyses. And although we did not check the PTMs
associated with the PFO3TR002 locus, the Duraisingh group looked at one
primer pair located within this region in parasite lines that differentially
express clag3, and there were no differences in enrichment for
H3K9me3, H3K9ac, H3K4me3, nor H3K4me2 between the two different
clag3 expression clones. PFO3TR002 could function as other ncRNAs do in
processes, such as genetic imprinting, by physically interacting with
proteins that may either contribute to the repression of clag3.2 or allow

for the expression of clag3.1.

The correlation of PFO3TR002 with the expression of clag3.1 could also
be the result of their physical proximity, as they could share the same
chromatin conformation. Consequently, when clag3.1 is in a
transcriptionally competent confirmation, the chromatin of the
PFO3TR002 locus could likewise be in a conformation permissive for
transcription, resulting in the transcription of both in the presence of

their appropriate stage-specific TFs.

Genetic disruption of this ncRNA locus could demonstrate if it is required
for the mutual exclusion of the clag3 genes, but considerations would
have to be made in order not to alter the local chromatin conformation
of clag3.1 and clag3.2 that may lead to erroneous conclusions. It would
also be interesting to determine the subnuclear localization of
PFO3TR0O02 by RNA-FISH to determine if it remains at the site of
transcription, and thus more proximal to clag3.1, or if it is also found

upstream of clag3.2.
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We have data from transgenic parasites (with stably maintained and
integrated episomes) that indicates that both clag3.1 and clag3.2 can be
simultaneously expressed when forced by drug pressure to form the
same open chromatin architecture. Thus, if the chromatin conformation
of both clag3.1 and clag3.2 are permissive for transcription, they can
both be transcribed and are thus not strictly mutually exclusive.
However, in their endogenous setting, the most favourable situation is to
express only one of the clag3 genes. Therefore, a mechanism is in place
that restricts the simultaneous transcription of both clag3 genes, one
that does not depend on large or small scale genetic differences between
parasite lines. Thus the limiting enhancer or repressor hypothesis is still
feasible and awaits testing. It is tempting to speculate that the location
from which PFO3TR0O02 is transcribed contains the limiting enhancer or
repressor element that works in conjunction with the ncRNA to regulate
the mutually exclusive expression of clag3.1 and clag3.2. For the
moment this remains purely speculative, nevertheless, now that some of
the critical steps have been optimised, it is an interesting hypothesis that

can be explored by 3C and 4C experiments in the future.
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8. Conclusions

The key conclusions of this work can be summarised as follows:

-the 5° UTRs of clag3.1, clag3.2 and eba-140 contain sufficient

information to direct their stage-specific expression

-the clonally variant expression pattern of clag3.1, clag3.2 and eba-140

is not controlled by the presence or absence of trans-acting factors

-clag3.1, clag3.2 and eba-140 are enriched in H3K9ac when
transcriptionally active and when bookmarked for activation, suggesting

that H3K9ac is an epigenetic signal for activation

-clag3.1, clag3.2 and eba-140 are enriched in H3K9me3 when
transcriptionally repressed and when bookmarked for repression,

suggesting that H3K9me3 is an epigenetic signal for repression

-eba-140 shows the histone modifications associated with two
independent chromatin domains, suggesting that a barrier insulator may

be located within its first exon

-the clonally variant expression status of clag3.1, clag3.2 and eba-140 is

controlled by the formation of H3K9me-facultative heterochromatin

-CVGE is a widespread phenomenon in P. falciparum that regulates many
gene families that participate in numerous host-parasite interactions

apart from immune evasion
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8. Conclusions

-correlation of clonally variant genes with heterochromatic marks
suggests that phenotypic variation is mediated by the formation of

H3K9me3-facultative heterochromatin

-the expression of the ncRNA PFO3TR002 consistently correlates with the

expression of clag3.1 and the repression of clag3.2
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