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Summary

To date, malaria caused by Plasmodium falciparum is still a major health
threat. It contributes to illness and severe disease and is responsible for up to
one million deaths per year. The intra-erythrocytic asexual life cycle stage is
responsible for the pathology associated with malaria. The major virulence
factor P. falciparum erythrocyte membrane protein 1 (PfEMP1) is exposed at
the surface of infected red blood cells (iIRBC) and mediates binding to
endothelial cells. This leads to sequestration of iRBC in the microvasculature
and consequently to evasion of removal in the spleen. PFEMP1 is encoded by
the 60-member var gene family, which undergoes antigenic variation by in-situ
switching. Importantly, var genes are expressed in a mutually exclusive way,
such that only one member is expressed whereas all other copies remain
silenced. var genes as well as other gene families such as rif, stevor, phist
and pfmc-2tm are located in subtelomeric heterochromatic regions. The
function of these additional families is largely unknown, but they are thought
to be implicated in host-parasite interactions and to contribute to antigenic
variation.

With this work, | provide deeper insights into the transcriptional regulation of
virulence gene families in P. falciparum by using transfection-based
approaches. We functionally identified autonomous cis-acting var promoter
elements including an upstream activating sequence that is essential for
promoter activation. Notably, an element downstream of the transcriptional
start site determines mutually exclusive locus recognition. Further, | used
comparative transcriptional profiling to show that mutually exclusive
expression is restricted to the var gene family and is not used in the
transcription of other subtelomeric gene families. | show for the first time that
knock-down of endogenous var gene transcription is also conferred by
promoters of a var gene subfamily that is implicated in severe malaria. Taken
together, this work provides important insight into the mechanisms involved in
the regulation of virulence gene families and antigenic variation in P.
falciparum. Moreover, the findings presented here are consistent with a novel

mechanism of mutually exclusive gene choice in eukaryotes.






Chapter 1 Introduction

Introduction

Malaria

Malaria is a disease caused by Apicomplexan parasites of the genus
Plasmodium, commonly occurring in Sub-Saharan Africa, Asia and South
America. Infectious forms of this protozoan parasite are transmitted by female
Anopheles mosquitoes and cause morbidity in humans, monkeys, rodents
and birds. Four species of Plasmodium can infect humans: P. vivax, P. ovale,
P. malariae and P. falciparum, which causes the most severe form of human
malaria. However, it has been reported that P. knowlesi, a monkey malaria
parasite, can also infect humans (Singh et al, 2004). Moreover, human P.
falciparum malaria is of western gorilla origin and not of ancient human origin
(Liu et al, 2010).

About 3.3 billion people - half of the world's population - are at risk of malaria.
Every year, this leads to about 250 million malaria cases and in 2008, malaria
caused almost 1 million deaths (WHO, 2009). In areas of intense transmission
the main burden of disease is carried by young children (0-5 years) in sub-
Saharan Africa. It affects also other risk groups including pregnant women
and non-immune adults travelling to endemic areas.

People living in endemic areas which are subjected to repeated infections do
not gain sterile immunity. They develop a so called semi-immunity,
manifesting in asymptomatic infections with low numbers of parasites in the
blood.

Clinical manifestations of malaria include severe anaemia, respiratory distress
in relation to metabolic acidosis and cerebral malaria. Multi-organ involvement
is also frequent (MacPherson et al, 1985; Carlson et al, 1990; Berendt et al,
1994; Rowe et al, 1995; Pongponratn et al, 1991; Montgomery et al, 2007).
Resistance to anti-malarial drugs is emerging and so far, effective vaccines
against the disease are not available. Several vaccines are in the test pipeline
in preclinical studies up to phase 2b trials (WHO, vaccine projects 2010). The
most promising vaccine candidate against Plasmodium falciparum, RTS,S, is
in phase 3 trial and vaccine efficacy has been reported between 11 and 71%
(Casares et al, 2010; Olotu et al, 2011).
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Plasmodium falciparum has a complex life cycle which includes two hosts,
humans and the female Anopheles mosquito. The life cycle is complex and
characterised by extracellular forms and intracellular stages infecting different
cell types. This implies the transformation of the parasite into different

morphological forms and developmental stages (Figure 1).

Figure 1. The life cycle of Plasmodium (Wirth, 2002)

Shortly, sporozoites are injected into the human skin tissue during the meal of
an infected mosquito. These infective stages migrate via the blood stream to
the liver and invade hepatocytes where they develop into a liver schizont
containing thousands of merozoites. After seven to twelve days the host cell
bursts and releases the merozoites into the blood stream where they invade
red blood cells (RBC) (Mazier et al, 1985; Roestenberg et al, 2009). Within
the RBC, the parasite undergoes another round of asexual multiplication
within a 48 hour cycle. The intra-erythrocyte stages are named ring stage,
trophozoite and schizont. The bursting of a mature schizont leads to the
release of up to 32 merozoites which invade new RBCs to start the cycle
again. Importantly, all clinical symptoms of malaria are associated with the

intra-erythrocytic cycle. A subset of infected red blood cells develops into
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gametocytes, which are infectious to mosquitoes and once taken up, undergo
sexual reproduction and meiosis, and further development into ookinetes,

oocysts and finally sporozoites.

Host-parasite interactions

The blood stages of Plasmodium falciparum are able to evade antibody—
mediated host immunity by altering the profile of parasite-encoded antigens
exposed at the erythrocyte surface (Biggs et al, 1991; Roberts et al, 1992;
Smith et al, 1995; Kyes et al, 2001). The generation of this antigenic variation
is the result of the amplification of extensive repertoires of hypervariable
subtelomeric multigene families encoding erythrocyte surface proteins,
coupled with the ability of parasites to switch the expression of individual
genes or subsets of genes within these families. Furthermore, high
recombination rates facilitate their evolution and increase diversity (Scherf et
al.,, 2004). The extent of hypervariability within these multigene families
suggests that the antigenic diversity on the surface of the infected red blood
cell (iRBC) is virtually unlimited (Lavazec et al, 2006; Trimnell et al, 2006).
The var gene family encodes the most extensively studied family of
erythrocyte surface antigens, termed P. falciparum erythrocyte membrane
protein 1 (PfEMP1). On one hand, this major virulence factor undergoes
antigenic variation resulting in immune evasion and chronic infection. On the
other hand, members of this large variant family mediate adhesion of iRBCs
to a number of host receptors, including ICAM-1 (intracellular adhesion
molecule 1), CD36 (platelet glycoprotein 1V), complement receptor-1 (CR1)
and chondroitin sulphate A (CSA) (Baruch et al, 2002; Kyes et al, 2001;
Rogerson & Brown, 1997; Rowe et al, 1997). The adhesion process
sequesters iIRBCs away from the peripheral circulation and prevents
phagocytic clearance in the spleen. Accumulation of infected erythrocytes
within the microvasculature in vital organs such as the brain and the placenta
leads to complications such as cerebral malaria which is often fatal, and
placental malaria which predisposes to fetal and maternal death (Kraemer &
Smith, 2006; Rowe & Kyes, 2004). Repeated exposure to multiple infections
with P. falciparum leads to the development of semi-immunity that is partially

based on immune recognition of PfEMP1 and other antigens. As a
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consequence, severe disease is seen less commonly in adults; however,
during pregnancy women are again susceptible to disease due to adhesion of
iRBCs to a novel population of binding sites (CSA) in the placenta (Reeder et
al, 1999; Fried & Duffy, 1996, 1998).

PfEMP1 and the var gene family

Genomic organization of the var gene family

In the sequenced Plasmodium falciparum strain 3D7, 56 var genes plus three
small var-like genes are found and most of them are located subtelomerically
(Gardner et al, 2002). Each chromosome end typically contains one to three
var genes, followed by members of other multigene families; chromosome 14
is an exception with only two var pseudo-genes located close to each
telomere (Gardner et al, 2002). Many subtelomeric regions have two var
genes arranged in tail-to-tail orientation relative to each other with one or
more rif genes located in between. Chromosome-central var genes can
appear singly or in groups that are nearly always tandem arrays (head-to-tail)
containing three up to seven var.

var genes are preceded by a 5 non-coding sequence which is linked to its
chromosomal location and transcriptional orientation (Gardner et al, 2002;
Voss et al, 2000; Lavstsen et al, 2003). Based upon sequence similarity, the
5’ promoter regions can be defined into three major upstream (ups) sequence
groups (upsA, upsB, upsC) (Gardner et al, 2002; Kraemer et al, 2007;
Lavstsen et al, 2003). Interestingly, in all three sequenced parasite strains
(3D7, HB3, IT4) upsC var genes are chromosome-central, upsB var genes
are predominantly subtelomeric and transcribed away from the telomere and
some are also chromosome-central in tandem arrays with other upsB or upsC
var genes, and upsA var genes are subtelomeric but transcribed towards the
telomere in opposite direction to upsB var genes.

Furthermore, three unusual semi-conserved var genes (varlcsa, var2csa and
Type3 var) have been described which have unique features and are different
from all other var genes (Kraemer et al, 2007; Lavstsen et al, 2003). The
var2csa gene is flanked by the unique upsE upstream region (Lavstsen et al,

2003) and is the dominant var gene transcribed in CSA-binding parasites and

10



Chapter 1 Introduction

is also transcribed at high levels in parasites isolated from placentas (Salanti
et al, 2003; Kyes et al, 2003). It plays a critical role in the pathogenesis of
pregnancy-associated malaria (Salanti et al, 2004). However, no function has

yet been ascribed to the proteins encoded by varlcsa and Type3 var.

PfEMP1 protein structure
PfEMP1 is a highly polymorphic protein that varies greatly in size (200-

350kDa) and amino acid sequence (Su et al, 1995). However, all var genes
share a similar gene organization where two exons are separated by an intron
of approximately 1 kb (Su et al, 1995; Smith et al, 1995; Baruch et al, 1995).
Exon | encodes the highly variable extracellular part of PfEMP1, which is
extremely variable in both sequence and length, although it consists of a few
fundamental building blocks put together with some minimal rules (Smith et al,
2000): a short region of the N-terminal segment (NTS) contains sequence
features sufficient for transport beyond the parasitophorous vacuole that
surrounds the intra-erythrocytic parasite (Hiller et al, 2004; Marti et al, 2004).
The remainder of the extracellular part consists of two main adhesion
domains; Duffy binding-like (DBL; classes a-¢) and cysteine-rich interdomain
regions (CIDR; classes a-y). PfEMP1 is anchored to parasite-induced ‘knob’
structures underneath the infected RBC membrane through the conserved
acidic terminal segment (ATS) that is encoded by the second exon. The
extracellular portion of PFEMP1 is responsible for the adherence of iRBCs to
endothelial cells or uninfected erythrocytes via interactions with various host
surface receptors (Gardner et al, 1996; Reeder et al, 1999; Rowe et al, 1997;
Baruch et al, 1996). PfEMP1 was also shown to play central roles in rosetting
(the binding of infected to uninfected erythrocytes) (Rowe et al, 1997).
Consequently, iRBCs and cell aggregates sequester to microvasculatory
capillaries of various organs, resulting in complications that significantly
contribute to the severe morbidity and mortality associated with malaria
tropica (MacPherson et al, 1985; Carlson et al, 1990; Pongponratn et al,
1991; Berendt et al, 1994; Rowe et al, 1995).

A further role has been assigned to PfEMP1 in modulating host immune cell
activity. While dendritic cell modulation by PfEMP1 remains a controversial
issue (Elliott et al, 2007; Urban et al, 1999) the down-regulation of IFN-y

11
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production by y3-T cells and natural killer cells has recently been
demonstrated to be mediated by PfEMP1 (D'Ombrain et al, 2007).

Antigenic variation of PFEMP1

var genes are expressed in a mutually exclusive manner, i.e. only one
member is expressed in a single parasite (Scherf et al, 1998; Chen et al,
1998). Switching of var gene expression occurs through in situ transcriptional
activation of a previously silenced copy (Scherf et al, 1998) and this is the
basis for antigenic variation of PfEMP1. This mechanism is fundamentally
different from those employed by other pathogens such as African
trypanosomes and Borrelia hermsii where antigenic variation of VSGs and
VMPs, respectively, is mainly achieved by DNA recombination events (gene
conversion, homologous recombination, reciprocal exchange), translocating
silent copies into an active expression site (Deitsch et al, 2009).
Understanding the mechanisms of var gene switching, and analysing
switching rates, has been problematic because of the extreme difficulty of
monitoring switching in vivo. This made it impossible to determine if the
reported in vitro rates of antigenic variation in P. falciparum (Roberts et al,
1992; Horrocks et al, 2004; Frank et al, 2007) (Witmer, MSc thesis 2006)
reflect those in a natural infection. Over the last years many studies
investigated the switching rates of var genes for both in vitro and in vivo and
resulted in different findings. An in vitro study using P. falciparum line IT
4/25/5 showed that antigenic variation results in ~2% of the parasite
population switching away from the original antigenic type per generation
(Roberts et al, 1992). Switching away from a single var gene occurs without
switching preferences for any subtype and the switching rate is dissimilar for
different variants (Horrocks et al, 2004). In contrast, no switching was
observed during six months of continuous in vitro culture of unselected 3D7
parasites (Witmer, Master Thesis 2006). A longitudinal study by Kaestli et al.
(Kaestli et al, 2004) described var gene expression in naturally infected semi-
immune children from Papua New Guinea during a 4-month period. Many var
genes were transcribed simultaneously in the infecting population and
switched at short intervals, but some identical transcripts recurred in the same

child, even after 10 weeks. Lavstsen et al. (Lavstsen et al, 2005) analyzed
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samples from volunteers infected with the P. falciparum strain NF54 and
harvested parasites on day 8 post infection and cultured them for another 27
or 33 days in vitro. These cultures showed transcripts of all var genes and
most were transcribed at roughly similar levels. Interestingly, nine of the 10
lowest transcribed genes belonged to var group A or B/A, which have been
associated with severe malaria (Jensen et al, 2004).

Frank et al. (Frank et al, 2007) showed that an unselected population of NF54
parasites preferentially expresses central var genes and central loci display
low off rates ranging from 0 to 0.3% per generation. Conversely, subtelomeric
wild—type and transgenic var loci exhibited higher off rates of at least 1-2%,
indicating that var genes in subtelomeric locations may be subject to
additional constraints (Frank et al, 2007). Montgomery et al. (Montgomery et
al, 2007) analyzed var gene transcription by P. falciparum parasites from the
brain, lung, heart and spleen of samples taken from patients with fatal
pediatric malaria. Despite detecting expression of up to 102 different var
genes in a single host, the authors found that only one or two of these genes
were expressed at high levels within the brain and heart tissue of these
patients. These results provide the first evidence of organ-specific
accumulation of P. falciparum variant types and suggest that parasitized
erythrocytes can exhibit preferential binding in the body, supporting the
hypothesis of cytoadherence-linked pathogenesis.

It has been observed that var gene expression and switching behave
differentially in vitro and in vivo (Peters et al, 2007; Bachmann et al, 2009).
Short term in vitro cultivation of patient samples leads to a reduction of the
overall abundance of var transcripts (Peters et al, 2007) and P. falciparum
infecting a splenectomized patient showed no var gene transcripts
(Bachmann et al, 2009), undermining that var gene switching and var
expression is also strongly linked to the infected patient and a severe cross-

talk between the immune system of the host and the parasite

Transcription and epigenetic aspects of the P. falciparum genome

In P. falciparum transcriptional initiation of protein coding genes, as in all
eukaryotes, involves the RNA polymerase Il complex (RNAPII) assembled

within a larger pre-initiation complex (PIC), which contains additional general
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transcription factors (GTF). Bioinformatics approaches unveiled key
components of the PIC and a range of GTFs by identifying first or secondary
structure conservation (Coulson et al, 2004; Callebaut et al, 2005). Comparing
5'UTRs of P. falciparum to other eukaryotes revealed that they are unusually
long, suggesting a role in mRNA stability (Horrocks et al, 2009). The apparent
paucity of P. falciparum in specific transcription factors was overcome by the
discovery of a lineage-specific family named ApiAP2, related to plant
transcription factors (Balaji et al, 2005). The ApiAP2 family is present in all
Plasmodia, as well as in all other apicomplexans investigated so far, with 26
members in P. falciparum (De Silva et al, 2008). One member, PfSIP2, has
been shown to interact specifically with SPE2 elements in subtelomeric
regions, and putative binding sites cluster within telomere-associated repeat
sequences and subtelomeric var upstream sequences (Flueck et al, 2010).

A range of epigenetic molecular marks have been found in P. falciparum
(Salcedo-Amaya et al, 2009; Miao et al, 2006), with the exception of
reversible DNA methylation (Choi et al, 2006). Further, the RNAi machinery is
found to be absent (Baum et al, 2009). Moreover, P. falciparum lacks histone
1 and contains four different histone variants (H2A.Z, H2Bv, H3.3 and CenH3)
(Miao et al, 2006).

14
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Figure 2. Colocalization of PfHP1 and H3K9me3. Purple bars
represent the genome-wide distribution of PfHP1 and red bars indicate

H3K9me3, respectively (taken from Flueck et al., 2009).

Genome-wide chromatin immunoprecipitation showed the association of
PfHP1 (P. falciparum heterochromatin protein 1) with histone 3 lysine 9
trimethylation (H3K9me3) marks (Pérez-Toledo et al, 2009; Flueck et al,
2009). PfHP1/H3K9me3 cover subtelomeric and chromosome-internal
virulence gene clusters representing about 10% of the genome (Fig. 2)
(Flueck et al, 2009). In analogy to model organisms genes in
PfHP1/H3K9me3-enriched domains are transcriptional silenced (Flueck,
2009; Lopez-Rubio, 2009; Salcedo-Amaya, 2009). The rest of the genome,
however, is dominated by histone modifications that are associated with
transcriptionally active states of genes in yeast and higher eukaryotes
(H3K4me3, H3K9ac, H3K14ac and H4ac) (Trelle et al, 2009; Salcedo-Amaya
et al, 2009). The histone variant H2A.Z has been shown to localize to

euchromatic intergenic regions (Bartfai et al, 2010).

Transcriptional control of the var gene family

The regulatory mechanisms of var gene activation, silencing and allelic
exclusion are highly complex and under intense investigation in several
laboratories. In vitro culturing of parasites in the absence of immune selection
leads to antigenically heterogenous populations; hence var gene transcription
is difficult to investigate. Northern blot analysis of mRNA isolated from
parasite populations selected for binding of iRBCs to specific host endothelial
receptors (e.g. CSA, ICAM-1) detect a single var transcript only, and these
transcripts encode the PfEMP1 variant mediating the binding to their relevant
receptor (Taylor et al, 2000a; Kyes et al, 2003; Salanti et al, 2003; Horrocks et
al, 2004; Duffy et al, 2005). Recently, Kyes et al. demonstrated that mutually
exclusive control of var gene expression occurs at the level of transcription
initiation during ring stages and is most probably mediated by RNA
polymerase Il (Kyes et al, 2007). Furthermore, mutually exclusive expression

of var genes depends solely on non-coding elements at each var gene and is
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independent of production of a functional PfEMP1 protein (Dzikowski et al,
2006; Voss et al, 2006).

The conserved 5’ sequences of var genes have promoter activity since they
are able to mediate transcription of episomal reporter genes in transient
transfection experiments (Voss et al, 2000; Deitsch et al, 1999). var gene
promoters are regulated by epigenetic mechanisms and upsC and upsB
promoters are required to maintain chromosome-internal and subtelomeric var
genes, respectively, in their silenced default state (Voss et al, 2006, 2007;
Dzikowski et al, 2006). Furthermore, regulatory cis-acting var promoter
elements interact with sequence-specific DNA-binding proteins found in the
parasite nucleus (Voss et al, 2003). Another regulatory role has been
assigned to the var gene intron, which was shown to be involved in upsC
promoter silencing (Deitsch et al, 2001). This finding has been confirmed
(Dzikowski et al, 2006; Voss et al, 2006; Calderwood et al, 2003; Gannoun-
Zaki et al, 2005; Frank et al, 2006) but the underlying mechanisms, however,
remain obscure. These results established that each var gene locus is
associated with functional regulatory elements. Interestingly, Voss et al. (Voss
et al, 2007) recently demonstrated that two episomal var gene promoters in
cis are activated simultaneously, implying that mutual exclusion is not based
on single promoter competition but rather on locus activation. varlcsa is
unusual in that it is transcribed constitutively in all parasites, even as a
truncated pseudogene (PFE1640w in 3D7), and thus falls outside the controls
of mutually exclusive gene expression (Kyes et al, 2003).

Epigenetic regulation of var gene expression

Reversible histone-tail modifications and ATP-dependent nucleosome
remodelling are important for epigenetic control in eukaryotic gene regulation.
Indeed, activation and silencing of var genes correlates with specific histone
tail marks, suggesting that epigenetic memory is involved in maintenance and
switching of the transcriptional state of the var gene repertoire. H3K9ac and
H3K4me have been shown to be associated with var gene activation (Lopez-
Rubio et al, 2007), whereas H3K9me3 is associated with var gene silencing
(Lopez-Rubio et al, 2007; Chookajorn et al, 2007).

16
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The histone deacetylase PfSIR2, a homologue of the yeast silent information
regulator, has been shown to associate with silenced var genes and localise
to chromosome-end clusters at noncoding telomere-associated repeat
elements (TARE 1-6) and telomere repeats (Mancio-Silva et al, 2008; Freitas-
Junior et al, 2005). P. falciparum possesses two SIR2 paralogues, SIR2A and
SIR2B (Tonkin et al, 2009). Knock-out of the PfSIR2A gene leads to de-
repression of var genes transcribed towards the telomere and those in internal
chromosomal clusters (i.e., controlled by UpsA, Upsk, and UpsC,
respectively) (Merrick et al, 2010; Duraisingh et al, 2005; Tonkin et al, 2009;
Tham et al, 2007). This holds true for endogenous var genes as well as
episomal reporter constructs whose expression is driven by a var promoter
(Tonkin et al, 2009). In contrast, the most telomere proximal var genes (i.e.,
controlled by an UpsB promoter) were highly activated in APfSir2B (Tonkin et
al, 2009). As in yeast, P. falciparum telomeres form physical clusters that are
anchored to the nuclear periphery (Freitas-Junior et al, 2000) and form an
average of four to seven clusters per nucleus which appear to be cross-linked
by protein (Marty et al, 2006). As a consequence, subtelomeric var genes
inherently assume a perinuclear location, and it was recently shown that
central var clusters are also positioned at the nuclear periphery, independent
of their transcriptional state (Ralph et al, 2005; Voss et al, 2006; Marty et al,
2006). In yeast and other eukaryotes the nuclear periphery is associated with
enhanced transcriptional silencing (Gasser, 2001). Similarly, Duraisingh et al.
(Duraisingh et al, 2005) demonstrated that a subtelomeric transgene, as well
as the subtelomeric var2csa gene, were reversibly silenced in P. falciparum
and subiject to position effect variegation, a phenomenon commonly observed
for genes in or close to heterochromatic regions. Alterations in the
transcriptional states of both genes were found to involve perinuclear locus
repositioning. It is currently being discussed if the activation of a var gene
involves its migration outside of a cluster or not (Duraisingh et al, 2005;
Freitas-Junior et al, 2005; Marty et al, 2006; Lopez-Rubio et al, 2009).
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Interference of activated episomal var gene promoters with endogenous

var gene transcription

Stable transfection experiments with episomal var gene promoters driving
expression of a drug selectable marker gene proved to be a powerful strategy
to investigate var transcriptional control mechanisms. Upon transfection, var
promoters are silenced by default (Calderwood et al, 2003; Frank et al, 2006;
Voss et al, 2006, 2007). Multiple evidence indicate that the silenced state is
only efficiently induced if the promoter region is paired in cis with the var gene
intron (Dzikowski et al, 2007; Epp et al, 2008; Voss et al, 2006). However,
drug-induced selection for active var promoters showed that the upstream
sequence alone is sufficient to infiltrate a transgene into the mechanism of
mutually exclusive var gene transcription (Voss et al, 2006, 2007; Dzikowski
et al, 2006). Consequently, an active episomal var promoter driving
expression of a drug-selectable marker causes a knock-down of the
endogenous var gene family and this is dependent solely on the regulatory
information contained within the promoter sequence.

Telomeres and therefore also subtelomerically positioned var genes cluster
together at the nuclear periphery (Freitas-Junior et al, 2000). Additionally,
chromosome internal var genes are also found at the nuclear periphery
(Ralph et al, 2005; Voss et al, 2006). Generally heterochromatic, the nuclear
periphery is thought to contain a specialized var expression site within a
euchromatic zone (Ralph et al, 2005). Consistent with this hypothesis,
activation of var genes occurs in this perinuclear compartment and was
shown to be accompanied by locus repositioning (Duraisingh et al, 2005).
Interestingly, episomally active var gene promoters are associated with this
region as well lending further support to the idea that var gene promoters are
the major target of the regulatory steps involved in mutually exclusive

transcription.
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Other variant multigene families in P. falciparum

Introduction to other families

A number of subtelomeric P. falciparum gene families have been identified
including var (Su et al, 1995), rif (repetitive interspersed family) (Weber,
1988), stevor (subtelomeric variable open reading frame) (Cheng et al, 1998),
clag (cytoadherence-linked asexual gene) (Holt et al, 1999), Pf60 (Grellier et
al, 1994), phist (Plasmodium helical interspersed subtelomeric family)
(Sargeant et al, 2006) pfmc-2tm (P. falciparum Maurer's cleft two
transmembrane proteins) (Sam-Yellowe et al, 2004) and surf (surface-
associated interspersed genes) (Winter et al, 2005).

Unlike PfEMP1, the RIFIN, STEVOR, and PfMC-2TM proteins are predicted
to have two membrane-spanning domains flanking a hypervariable loop
forming a superfamily in terms of structure and, perhaps, function (Cheng et
al, 1998; Sam-Yellowe et al, 2004; Lavazec et al, 2006). The first exon
encodes a signal peptide sequence and a longer second exon encodes the
PEXEL/VTS trafficking motif (Hiller et al, 2004; Marti et al, 2004) followed by
family-specific sequences. The length of the predicted loop differs between
RIFIN, STEVOR and PfMC-2TM proteins and the predominant sequence
variability that exists within the respective gene families is found in the loop
region. In contrast, the N-terminal regions are highly conserved within each
family, as well as the short, positively charged C-terminal regions that follow
the second TM domain.

The first report of the rif family dates back to 1988 (Weber, 1988) and further
characterization followed 10 years later (Gardner et al, 1998). rif is the largest
gene family in P. falciparum with 134 members in the laboratory strain 3D7,
and can be subdivided into A-type and B-type RIFINs (Joannin et al, 2008)
due to a 25aa strech present only in A-type RIFINs (Gardner et al, 2002) and
the number of conserved cysteine residues (Joannin et al, 2008). They are
small two-exon genes (~1000 base pairs), with a conserved domain
architecture (Cheng et al, 1998; Gardner et al, 1998). Two transmembrane
regions have been predicted on both sides of the variable region; with this
stretch predicted to be exposed to immune pressure (Kyes et al, 1999; Cheng
et al, 1998). B-type RIFINs are co-transported with PfEMP1 to the surface of
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infected erythrocytes, whereas the localization of A-type RIFINs is restricted
to the parasite boundaries (Haeggstrom et al, 2004; Petter et al, 2007, 2008).
Recently, an additional role in merozoite invasion or immune evasion has
been proposed for RIFIN based on the expression of a subset of RIFINs in
merozoites (Petter et al, 2007). Due to their location at the RBC surface,
RIFINs are immunogenic in natural infections and are recognized by human
immune sera (Abdel-Latif et al, 2002, 2003; Fernandez et al, 1999). Moreover,
they were shown to be expressed in a clonally variant manner and to play a
role in rosette formation in some parasite isolates (Fernandez et al, 1999;
Kyes et al, 1999)

The proteins most closely related to RIFINs are of the subtelomeric variable
open reading frame (STEVOR) family (Cheng et al, 1998; Finn et al, 2006),
numbering ~30 copies in 3D7 (Gardner et al, 2002). However, STEVORs and
RIFINs differ in that the hypervariable region of STEVOR is up to 300bp
smaller than the equivalent region in RIFIN (Gardner et al, 2002). STEVORs
are exported to the iIRBC membrane and exposed on the surface (Lavazec et
al, 2006; Khattab et al, 2008; Blythe et al, 2008; Niang et al, 2009).

PfMC-2TM family members are exported to the Maurer’s clefts and also to the
erythrocyte surface (Sam-Yellowe et al, 2004; Lavazec et al, 2006). Maurer’s
clefts are P. falciparum specific organelles thought to function as a surrogate
golgi and exported proteins transiently locate to these structures (Sam-
Yellowe, 2009). The pfmc-2tm family contains 12 members (and one
pseudogene) in 3D7, and sequences between different isolates are highly
conserved with the only divergent sequence comprised within the 20aa long
loop region which is proposed to be exposed on the iRBC surface (Lavazec et
al, 2006).

The phist gene family contains 71 members in P. falciparum and shares
orthologs with other Plasmodium species. All members share a PHIST
domain with unknown function which is predicted to be solely composed of
alpha-helices (Sargeant et al, 2006). PHIST proteins have a PEXEL-motif and
can be subdivided into a, b and ¢ groups, from which only the phist a group is
P. falciparum specific.

A recent in silico study identified additional 53 putative exported proteins that

can be subgrouped into different families termed hypl1-17, containing up to
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eight members (Sargeant et al, 2006). Among these, the hyp4 and hyp5
family are a curiosity because they are amplified nine times each and exhibit
no differences between paralogs and isolates (Lavazec et al, 2006; Mok et al,
2008; Sargeant et al, 2006) Finally, some additional contingency gene
families exist within the Plasmodium genus that are predominantly found in
sub-telomeric regions. P. vivax, the most widely distributed human
Plasmodium species, contains a major subtelomeric multigene superfamily
termed vir (P. vivax variant genes), which corresponds to approximately 10%
of coding sequences and is composed of twelve subfamilies (A-L) (del Portillo
et al, 2001; Carlton et al, 2008). Subfamilies A and D display structural
features shared with the P. falciparum SURFIN and PfMC-2TM proteins,
respectively (Merino et al, 2006). Overall, some of multigene families are
species-specific, others are shared between some, though not all species,
and some are conserved within the genus Plasmodium. Indeed, it was
recently proposed that vir genes should be included within a new variant gene
superfamily (Plasmodium interspersed repeats, pir) together with rif/stevor in
P. falciparum, kir in P. knowlesi, and the cir/yir/bir family in P. chabaudi, P.
yoelii and P. berghei, respectively (Janssen et al, 2004; Hall & Carlton, 2005).
In P. knowlesi, the discovery of the SICAvar (Schizont-infected cell
agglutination variant antigen) gene family led to the first evidence of antigenic
variation in Plasmodium species (Al-Khedery et al, 1999; Brown & Brown,
1965; Howard et al, 1983). It encodes proteins expressed on the surface of
infected erythrocytes and implicated in antigenic variation in this species.
Despite these parallels there is little homology between the SICAvar and the
var genes. These studies suggest that species-specific evolution of antigen
genes, most probably in response to pressure from differing host immune
systems, has led to the current diverse repertoire of malaria antigens found in
different species.

It has been hypothesized that subtelomeric gene families show high rates of
ectopic recombination and that this would be important in the generation of
antigenic diversity. This has been demonstrated in the model yeast S. pombe
(Cooper et al, 1998) as well as in P. falciparum, where meiotic recombination
among var genes is at least eight times more frequent than the estimated

genomic average (Freitas-Junior et al, 2000; Taylor et al, 2000b). In addition,
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it is also possible that the proximity of Plasmodium subtelomeric antigen
genes to telomeres modulates the regulation of their expression, just like
telomere position effect (TPE) in yeast is responsible for variegated silencing

of genes placed near them (Gottschling et al, 1990).

Transcriptional control of multigene families

Despite multigene families in P. falciparum have been known for many years,
there is still a big gap in our understanding of the processes that regulate their
transcription. IFA (indirect immunofluorescence assay) experiments showed
that RIFIN variants of both subtypes (A and B) can be expressed
simultaneously in a single parasite (Petter et al, 2007); suggesting that the rif
gene family is not transcribed by strict mutual exclusion. Further, rif genes do
not have a critical role in determining the cytoadhesion specificity of infected
erythrocytes for CD36, ICAM1 and e-selectin (Cabral & Wunderlich, 2009).
The 5' UTR of rif genes is rather short (~245bp) compared to that of var genes
(about 1000bp) (Tham et al, 2007; Deitsch et al, 1999). The rif upstream
region possesses functional promoter activity, and two cis-acting regions have
been identified (Tham et al, 2007)

The analysis of clonal parasite lines showed that the expression of STEVOR
and PfMC-2TM is clonally variant and undergoes switching thus providing
evidence for a role in P. falciparum antigenic variation (Lavazec et al, 2007).
However, it remains unknown if these gene families are also transcribed in a
mutually exclusive manner.

A recent publication investigated the effect of varying copy numbers of
plasmid carrying active multigene family promoters in transfected parasites,
namely promoters of var, rif, stevor and pfmc-2tm genes (Howitt et al, 2009).
Surprisingly, increasing numbers of plasmids carrying the var, rif and stevor,
but not the pfmc-2tm, promoter introduced an overall down-regulation of the
endogenous var, rif and stevor families. Hence, the authors proposed the
existence of a common activation factor for the gene families var, rif and

stevor.
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Main aim of this thesis

Multigene families in P. falciparum undergo antigenic variation and hence, are
responsible for persistence of chronic infection and in the case of the var gene
family, for severe morbidity and death. Despite the efforts in many different
laboratories, the mechanisms involved in the global and individual
transcriptional control pathways of multigene family members remain largely
unknown. In addition, in case of the var family the enigma of how mutually
exclusive expression and switching are controlled, and hence how antigenic
variation of PfEMP1 is achieved, still persists. With this thesis | aimed at
contributing to our understanding of the regulation of var genes and other P.
falciparum multigene families. In particular, | was interested in (1) identifying
functional cis-regulatory elements in var gene promoters; (2) investigating if
other subtelomeric gene families are regulated by mechanisms similar to
those controlling var gene expression and in testing if gene families are co-
regulated; and (3) testing the existence of a unique DNA element responsible

for the mutual exclusion mechanism.

23



Chapter 1 Introduction

Specific objectives of this thesis

1. Functional identification of cis-regulatory elements in P. falciparum

var gene promoters

Establishment of a functional assay to map regulatory elements mediating var
gene activation and mutually exclusive recognition followed by ientification of
such elements by stable transfection and downstream analyses including
quantitative reverse transcriptase PCR (qRT-PCR), Southern and Western

blot and immunofluorescence.

2. Shedding light on the proposed regulatory linkage of multigene

families in P. falciparum

Using the transfection-based approach developed in Objective 1 to test if
promoters of rif, stevor, pfmc-2tm, phist genes are also silenced by default.
Furthermore, the aim of this project was to use whole transcriptome
microarray analyses to test if (1) these additional gene families are also
transcribed by strict mutual exclusion; (2) regulatory crosstalk between
individual gene families exists; and (3) to identify putative transcriptional
regulators that may be responsible for differential activation of var gene

subgroups A, B and/or C.

3. Testing the existence of a unigue enhancer element nucleating

mutually exclusive var gene activation

The perinuclear clusters of P. falciparum chromosome ends, and the
debatable hypothesis that the active var gene moves out of a cluster led to the
theory that a unique DNA sequence may exist which controls mutual
exclusive var gene transcription. The aim of this objective was to engineer
and integrate a suitable transfection construct to test this hypothesis and to
identify such a DNA element within the P. falciparum genome by chromosome

confirmation capture (3C).
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Abstract

Plasmodium falciparum is responsible for the most severe form of malaria in
humans. Antigenic variation of P. falciparum erythrocyte membrane protein 1
leads to immune evasion and occurs through switches in mutually exclusive
var gene transcription. The recent progress in Plasmodium epigenetics
notwithstanding, the mechanisms by which singularity of var activation is
achieved are unknown. We employed a functional approach to dissect the
role of var promoters in mutually exclusive activation. Besides identifying
elements involved in promoter activation, transcriptional initiation and
translational repression we describe a sequence-specific DNA-protein
interaction required to maintain singular gene choice. Activation of promoters
lacking this motif occurs no longer in competition with endogenous var genes.
Together, our findings identified a novel mechanism for the control of mutually
exclusive gene transcription in eukaryotes. In addition to its importance in P.
falciparum antigenic variation, our results may also help to explain singular

gene choice in other systems.

Introduction

Many unicellular pathogens use antigenic variation to escape adaptive
immune responses elicited in the host. The widespread occurrence of this
strategy in evolutionary distant species underscores its key role in pathogen
survival and spreading. While the underlying control pathways are highly
diverse in different systems, both mechanistically and in terms of complexity,
antigenic variation is defined by two basic concepts. First, the antigens are
encoded by gene families, the members of which are expressed in a mutually
exclusive manner. Second, switches in the expression of individual members
lead to antigenic variation of surface-exposed antigens. In several medically
important pathogens such as Borrelia spp., Neisseria spp., Giardia lamblia,
Plasmodium falciparum and Trypanosoma brucei, this paradigm of clonal
phenotypic variation reaches a remarkable yet poorly understood level of
sophistication (Morrison et al., 2009; Deitsch et al., 2009; Prucca and Lujan,
2009; Dzikowski and Deitsch, 2009).

The apicomplexan parasite P. falciparum causes several hundred million

malaria cases and close to one million deaths annually (World Health
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Organisation, 2010). Malaria-associated morbidity and mortality is a result of
the intra-erythrocytic developmental cycle (IDC) where repeated rounds of
parasite invasion into red blood cells (RBCs) are followed by intra-cellular
maturation and replication. Intra-erythrocytic parasites expose the major
virulence factor P. falciparum erythrocyte membrane protein 1 (PfEMP1) on
the host cell surface (Leech et al.,, 1984). This highly polymorphic antigen,
encoded by the 60-member var gene family, undergoes antigenic variation to
facilitate chronic infection and transmission (Su et al., 1995; Smith et al.,
1995; Gardner et al., 2002; Roberts et al.,, 1992; Biggs et al., 1991).
Furthermore, PfEMP1 mediates sequestration of infected RBC aggregates in
the microvasculature of various organs and is thus directly responsible for
severe outcomes, including cerebral and placental malaria (Pongponratn et
al., 1991; MacPherson et al., 1985; Beeson and Duffy, 2005; Baruch et al.,
1996; Gardner et al., 1996; Reeder et al., 1999).

Mutually exclusive expression of PfFEMP1 is controlled at the level of var gene
transcription and is carried out by RNA polymerase Il (RNA polll) in ring stage
parasites during the first half of the IDC (Kyes et al., 2007; Scherf et al., 1998;
Dzikowski et al., 2006). Only one var gene is transcribed at any time while all
other members are silenced (Scherf et al., 1998). Switches in var gene
transcription, and consequently antigenic variation of PfEMP1, occur by in situ
activation and are independent of detectable recombination events (Scherf et
al., 1998). Silencing is explained by the fact that all var genes are positioned
in subtelomeric and some chromosome-internal heterochromatic regions
(Gardner et al., 2002; Salcedo-Amaya et al., 2009; Flueck et al., 2009; Lopez-
Rubio et al., 2009). These chromosomal domains cluster at the nuclear
periphery and are uniformly enriched in histone 3 lysine 9 tri-methylation
(H3K9me3) and P. falciparum heterochromatin protein 1 (PfHP1) (Freitas-
Junior et al., 2000; Salcedo-Amaya et al., 2009; Flueck et al., 2009; Lopez-
Rubio et al., 2009; Perez-Toledo et al., 2009; Freitas-Junior et al., 2005;
Duraisingh et al., 2005). The presence of these epigenetic marks is directly
linked to var gene silencing (Chookajorn et al., 2007; Lopez-Rubio et al.,
2007). In contrast, the active var locus is associated with H3K9ac and
H3K4me2/me3 instead (Lopez-Rubio et al., 2007). Additionally, the process of

var gene activation is linked to perinuclear locus re-positioning (Voss et al.,
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2006; Duraisingh et al., 2005; Marty et al., 2006; Ralph et al., 2005; Dzikowski
et al., 2007).

In recent years, var gene promoters emerged as the key component in all
layers of var gene regulation. They play essential roles not only in var gene
silencing and activation, but also in recognition of the active family member by
the enigmatic mutual exclusion mechanism (Voss et al., 2007; Voss et al.,
2006; Dzikowski et al., 2006). Functional analysis has been most informative
in experiments using var promoters to drive transcription of drug-selectable
reporter genes. In absence of drug selection var promoters are predominantly
silenced, whereas drug challenge selects for parasites carrying active
promoters (Voss et al., 2006; Voss et al., 2007). This forced activation is
sufficient to infiltrate a drug-selectable reporter into the mutual exclusion
program (Dzikowski et al., 2007; Voss et al., 2007; Voss et al., 2006). In
addition to var promoters, the conserved intron of var genes acts as a
cooperative partner in silencing and mutual exclusion when placed
downstream of a var promoter-driven expression cassette (Frank et al., 2006;
Gannoun-Zaki et al., 2005; Calderwood et al., 2003; Deitsch et al., 2001;
Dzikowski et al., 2007).

Based on the current state of knowledge we postulated that transcriptional
control of var genes is mediated by unknown sequence information contained
within the promoter region. To date, however, functional entities responsible
for silencing, activation or mutual exclusion have not been discovered. In this
study, we developed a comprehensive functional promoter mapping approach
tailored to identify and characterise var gene-specific regulatory information.
We identified an upstream activating sequence (UAS) that is essential for
promoter activation. This region acts autonomously in the context of a minimal
heterologous promoter reminiscent of classical RNA polll-dependent
transactivation. Moreover, we identified a DNA-protein interaction downstream
of the transcriptional start site (TSS), which is required for inclusion of the
locus into the mutual exclusion pathway. In absence of this element var
promoters are fully active but, unlike wild-type promoters, do not compete with
endogenous var gene transcription. We also show that the var 5’ untranslated
region (5’ UTR) is a target of post-transcriptional regulation. Our findings show

for the first time that the complex regulation of mutually exclusive var gene
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transcription is mediated by functional cis-acting modules with intrinsic and
position-dependent activities. They are furthermore consistent with a novel

mechanism in sustaining singular gene choice in eukaryotes.

Results

Functional var promoter mapping by bidirectional deletion analysis

We made use of a system suitable to analyse promoter activity in stably
transfected parasites. All reporter constructs are based on the parental
plasmid pBC (Figure 1A) where the blasticidin deaminase (bsd) resistance
cassette selects for stable episomes. A 2.5kb var upsC upstream sequence
controls transcription of the dual reporter encoding human dihydrofolate
reductase fused to green fluorescent protein (hdhfr-gfp). A var gene intron
element is located downstream of the hdhfr-gfp cassette to account for its role
in var gene regulation. A telomere-associated repeat element 6 (TARE6 or
rep20) sequence is included for improved plasmid segregation (O'Donnell et
al., 2002). In such a context, homogenous populations carrying active upsC
promoters are obtained via selection with the antifolate drug WR99210 (WR)
(Voss et al., 2007; Voss et al., 2006).

To identify elements involved in promoter activation and mutual exclusion we
sequentially truncated the upsC promoter from either the 5’ or 3’ end (Figure
1B). We chose this bi-directional approach to identify possible functional
regions both up- and downstream of the putative TSS (Deitsch et al., 1999).
Transfected parasites were challenged with WR and resistant populations
were obtained for all but one cell line, 3D7/pBC3 (Figure 1B). Several
attempts to select for WR-resistant 3D7/pBC3 parasites failed showing that
the region between -1656 to -1217 comprises an important UAS and/or the
core promoter.

To test if any of the deletions affected promoter strength we determined
relative hdhfr-gfp transcript levels in ring stage parasites by quantitative
reverse transcriptase PCR (qRT-PCR). As shown in Figure 1B, transcript
levels in 3D7/pBC1 and 3D7/pBC2 were similar to those in 3D7/pBC
indicating that the sequence upstream of -1656 does not contribute to var
promoter activity. The promoter in pBC5, lacking 491bp of the 5 UTR, was
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also fully active. In contrast, the truncation encompassing bps -1057 to -1 in
pBC4 caused a significant reduction in transcript levels. Hence, two deletions,
located upstream and downstream of the TSS, respectively, caused a defect

in promoter activity.

Functional identification of an autonomous upsC upstream activating
sequence
To learn more about the nature of the putative UAS we set out to analyse its

function in the context of a minimal heterologous promoter. We decided to use
the knob-associated histidine rich protein (kahrp) gene promoter for three
reasons. First, the TSS of this gene has been mapped to 849bp upstream of
the ATG (Lanzer et al., 1992). Second, similar to var genes timing of kahrp
transcription peaks in ring stage parasites. Third, the kahrp locus is not
enriched in H3K9me3/PfHP1 (Salcedo-Amaya et al., 2009; Flueck et al.,
2009; Lopez-Rubio et al.,, 2009), which is important to prevent
heterochromatin-mediated masking of autonomous cis-acting activities.
Hence, we generated plasmid pBKnmin where bps -1115 to -1 of the kahrp
upstream sequence control transcription of the hdhfr-gfp reporter. The rep20
and intron elements were removed for initial experiments to avoid potential
interference of these modules with kahrp promoter activity (pBKnin-RI) (Figure
2A). Parasites carrying pBKqin-RI episomes were readily obtained. Notably,
the disposition of pBKnmi,-RI concatamers to integrate into the endogenous
kahrp locus allowed us to measure Knmin activity also in a chromosomal
environment. This integration event essentially causes a promoter swap
where K, drives expression of the endogenous kahrp gene and the
endogenous kahrp promoter controls transcription of the hdhfr-gfp reporter
(Figures 2B and S1). As shown in Figure 2C, the episomal Kmin promoter
exhibited three-fold higher activity compared to the chromosomal Kmin
promoter. Importantly, however, compared to the endogenous full-length
kahrp promoter, the episomal and chromosomal minimal promoters displayed
a 300-fold and 1000-fold reduced activity, respectively (Figure 2C). Hence,
Kmin clearly fulfilled the requirements for a minimal promoter.

Next, we asked if the upsC region implicated in transcriptional activation was

able to activate the minimal kahrp promoter. We kept the rep20 and intron
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elements in the following set of constructs for consistency with the setup used
in the upsC deletion constructs. We cloned two overlapping fragments
containing the putative upsC UAS upstream of the minimal kahrp promoter in
pBKnin to create upsC-Kmin hybrid promoters (pBC1Knyin and pBC2Kmin)
(Figure 2D). The region downstream of the upsC TSS encompassing bps -
463 to -20, which has no effect on upsC promoter activity (Figure 1B), was
used as control (pBC3Kin). qRT-PCR analysis revealed that upsC fragments
C1 (-1679 to -1200) and C2 (-1401 to -727) consistently activated Ky, to a
similar extent in both the episomal and chromosomal context whereas
fragment C3 had no effect (Figures 2D and S1). Furthermore, neither the var
intron nor the rep20 element altered K, activity. These findings corroborate
the results obtained with the upsC deletion constructs and are consistent with
the presence of a var UAS located between bps -1401 and -1217.
Remarkably, this element activates transcription from a heterologous minimal
promoter demonstrating an autonomous, context-independent function in

activating RNA polll-mediated transcription.

The upsC TSS and downstream sequence modulate levels of expression
To date, the TSS has only been mapped for a single upsC var gene (-1056
upstream of the ATG) (Deitsch et al., 1999). Based on a multiple sequence
alignment we expected the TSS of PFL1960w at position -1167 (Voss et al.,
2000). We therefore assumed the deletion of bps -1057 to -1 on plasmid
pBC4, which caused a substantial reduction in promoter activity (Figure 1B),
spanned most of the 5 UTR but did not remove the TSS. Northern blot
analysis confirmed the reduced abundance of steady state transcripts in
3D7/pBC4, but revealed that the size difference between pBC- and pBC4-
derived transcripts was much smaller than expected (Figure 3A). In spite of
the 1057bp deletion in the 5’ UTR, pBC4-derived transcripts were similar in
size to the transcripts originating from pBC6, where only 460bp of 5 UTR
were deleted. This suggested that transcription from the truncated promoter in
pBC4 initiated from an alternative upstream TSS. Consequently, the reduced
promoter activity observed for pBC4 was likely due to the lack of proper

transcriptional initiation from the natural upsC TSS.
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To investigate this possibility in more detail, we created another plasmid
termed pBCK (Figure 3B). The CK hybrid promoter consists of the upsC
fragment spanning bps -1679 to -914, which includes the identified UAS and
the suspected core promoter and TSS. This region was fused upstream to
764bp of the kahrp 5 UTR to maintain the approximate distance of the core
promoter in relation to the ATG. This hybrid promoter produced hdhfr-gfp
transcript levels comparable to those achieved by the full-length promoter in
3D7/pBC. Therefore, the upsC sequence spanning bps -1679 to -914
specifies a sub-region of the upsC promoter capable of proper transcriptional
activation and initiation.

We were still intrigued by the fact that 3D7/pBC4 parasites were able to
survive WR challenge at largely reduced hdhfr-gfp transcript levels.
Interestingly, parallel gqRT-PCR and semi-quantitative Western blot analysis
demonstrated that despite 20-fold higher hdhfr-gfp transcript levels in WR-
selected 3D7/pBC compared to 3D7/pBC4 both lines expressed similar
amounts of hDHFR-GFP (Figure 3C). An independent time-course experiment
confirmed these results and excluded the possibility of altered transcriptional
timing and/or transcript accumulation in 3D7/pBC4 parasites (Figure S2).
Comparable levels of hDHFR-GFP expression in both lines were also evident
from live fluorescence microscopy analysis (Figure S3). These findings
indicate a role of the upsC 5 UTR in translational repression. This hypothesis
is backed up by the fact that pBCK-derived transcripts, which carry the kahrp
instead of the upsC 5’ UTR, also give rise to substantially higher protein levels
(Figure 3C). Our results further demonstrate that (1) the upsC TSS of this
particular promoter is located in between bps -1057 to -914; (2) a 750bp upsC
core region fully recapitulates the activation potential of the 2.5kb upsC
upstream regulatory region; and (3) the region downstream of the TSS is

dispensable for upsC promoter activation.

Mutually exclusive var locus recognition is mediated by a regulatory
element downstream of the TSS

Transgenic parasites carrying activated full-length var promoters do not
transcribe endogenous var genes and fail to express PfEMP1 (Voss et al.,
2007; Voss et al., 2006; Dzikowski et al., 2007; Howitt et al., 2009;
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Chookajorn et al., 2007; Dzikowski et al., 2006). This implies that mutually
exclusive locus recognition may be mediated by cis-linked regulatory
sequence information. Therefore, we tested if any of the activated truncated
promoters escaped mutually exclusive activation (Figure 4A). As expected,
the control line 3D7/pBM, in which the unrelated ring stage-specific mahrp
promoter controls hdhfr-gfp transcription, expressed PfEMP1 at the expected
levels, whereas 3D7/pBC parasites exhibited a PfEMP1 knock-down
phenotype. PfEMP1 expression was also abolished in 3D7/pBC2 parasites
showing that the most upstream 832 bps of the upsC promoter are not
involved in mutually exclusive recognition. In contrast, 3D7/pBC5, 3D7/pBC4
and 3D7/pBCK parasites expressed PfEMP1 at wild-type levels similar to the
control line 3D7/pBM. The promoters on these three constructs all lack the
same 419bp element downstream of the TSS.

To map this functional region more precisely we cloned three additional
truncated promoters in pBC6, pBC7 and pBC8. WR-selected 3D7/pBC6 and
3D7/pBC7 parasites expressed PfEMP1 showing that these truncated
promoters were also not recognised by the mutual exclusion mechanisms
(Figure 4B). In contrast, 3D7/pBC8 parasites failed to express PfEMP1
demonstrating that the pBC8 promoter was activated in a mutually exclusive
manner similar to the full-length promoter. This series of experiments pinpoint
a 101bp mutual exclusion element (MEE) (bps -316 to -215) that drives the
upsC promoter into mutually exclusive activation; in absence of this element
promoters escape this restriction and can be fully activated in parallel to
endogenous var transcription.

Since such a proposed function of the MEE may be directly linked to the
interaction with an unknown nuclear factor we tested three overlapping
fragments (MEE1 - MEE3) in electromobility shift assays (EMSA) (Figure 4C).
Whereas MEE1 and MEE3 showed no sign of specific binding (data not
shown), the 47bp MEE2 fragment formed a specific DNA-protein complex
when incubated with parasite nuclear extracts. This interaction was
specifically competed in a dose-dependent manner by an excess of
homologous competitor only. Interestingly, the core 20 bp sequence of this
motif occurs in a strictly conserved position upstream of 32 var genes of the

upsC, upsB, upsB/C and upsB/A types (Figure S4). In summary, these
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experiments identified a cis-acting element downstream of the TSS that is
required for mutually exclusive var gene activation. Our functional data
combined with the demonstrated binding of a nuclear factor assign a potential
role to the MEE-protein interaction in active prevention of transcription.
Further, the conservation of this motif in over half of all var loci provides
circumstantial evidence for a conserved role of this element in mutually

exclusive var expression

The upsC downstream element inhibits expression from a heterologous
promoter in a position-dependant manner

Next, we asked if the upsC downstream sequence including the MEE is able
to modulate expression from a heterologous promoter when placed in a
conserved position downstream of the TSS. Noteworthy, insertion of the same
element upstream of the kahrp TSS in pBC3Kn,i» had no measurable effect on
transcription (Figure 2D). We replaced a stretch of the kahrp 5" UTR (-445 to -
1) in pBKnin with the upsC sequence ranging from bps -519 to -1 to obtain
pBKninC4 (Figure 5A). Transfected parasites were selected on BSD and the
plasmid was integrated into the kahrp locus. This recombination event created
the kahrp-upsC hybrid promoter kahrpC4, which controls transcription of the
first hdhfr-gfp gene on the integrated concatamer (Figure 5B). Strikingly,
3D7/pBKnminC4 parasites were completely refractory to WR selection in twelve
independent challenge experiments. Attempt number 13 was eventually
successful and we obtained a WR-resistant 3D7/pBKnminC4 population (Figure
5B). Interestingly, comparison of unselected and WR-selected 3D7/pBKinC4
to the control parasite 3D7/pBK.n revealed a dual role for the upsC
downstream element in (1) inhibiting translation; and (2) repressing
transcription. Firstly, unselected and WR-selected 3D7/pBKninC4 populations
transcribed hdhfr-gfp to similar levels, yet unselected parasites showed no
evidence for hDHFR-GFP expression. Importantly, this discrepancy was not
observed in 3D7/pBK,n control parasites where the wild-type kahrp promoter
controls hdhfr-gfp transcription (Figure 5C). This result provides direct second
evidence for an important function for the upsC 5 UTR in translational
repression. Secondly, qRT-PCR analysis indicates a role for the upsC

downstream element in repression of RNA Polll-dependent transcription. We
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observed two-fold lower relative hdhfr-gfp transcript levels in 3D7/pBKnminC4
compared to the control line 3D7/pBKmin (52.04% +/- 17.3 SEM) (Figure 5D).
This was not observed for an endogenous control gene that was transcribed
at virtually identical levels in both lines (95.51% +/- 16.33 SEM).

In light of the exceptional difficulties in generating WR-resistant 3D7/pBK,nC4
parasites, we considered a genomic rearrangement the most probable cause
for this altered phenotype. Indeed, we noted an additional restriction fragment
hybridising with the hdhfr probe in WR-resistant 3D7/pBK,inC4 parasites that
was absent in the unselected population (Figure 6A). A subsequent elaborate
mapping strategy based on Southern blotting and ligation-mediated PCR
uncovered a remarkable recombination event (Figures S5 and S6). Our
results are consistent with a gene conversion process that resulted in the loss
of the end of chromosome four and replacement with a duplicated copy of the
end of chromosome two (Figure 6B). This was mediated by a single crossover
between the most telomere-proximal hdhfr-gfp gene on chromosome two, and
the 3’ end of exon 1 of var gene PFD0005w (Figure 6B and Figures S5 and
S6). Consequently, transcription of a single functional hdhfr-gfp gene was now
under control of a var gene intron, which was previously shown to have bi-
directional promoter (Epp et al.,, 2009). Indeed, qRT-PCR using primers
specific to this recombined locus identified active hdhfr-gfp transcription
(Figure 6C). We therefore believe expression of hDHFR-GFP in the resistant
population was conferred by var intron-derived hdhfr-gfp transcripts rather
than those produced by the kahrpC4 promoter.

In conclusion, our reciprocal approach corroborates the findings obtained with
the upsC deletion constructs. We conclude that the upsC downstream
element acts in a position-dependent manner in inhibiting both RNA Polll-
dependent transcription and protein translation. Bypassing of this restriction
was only possible through an extremely rare recombination event, which

underscores the efficiency at which the upsC 5’ UTR inhibits translation.
Discussion

Mutually exclusive transcription of gene families is widespread in nature and

facilitates phenotypic plasticity within an isogenic background. The importance
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of this type of regulation is exemplified by antigenic variation in unicellular
pathogens as a prime strategy to secure survival and transmission. In
Trypanosoma brucei, the causing agent of African sleeping sickness, mutually
exclusive transcription of variant surface glycoprotein genes is carried out by
an extra-nucleolar RNA poll-containing body (Navarro and Gull, 2001).
Another paradigm of mutual exclusion is that of singular odorant receptor
(OR) gene choice in individual olfactory neurons in mammals (McClintock,
2010). Regulatory DNA elements are implicated in exclusive transcription of
one out of over a thousand OR genes including the DNA enhancer H
(Lomvardas et al., 2006; Fuss et al., 2007), promoter sequences (Vassalli et
al., 2002; Qasba and Reed, 1998) and OR coding regions (Nguyen et al.,
2007). Negative feedback on the protein level is also implicated in the one
receptor-one neuron rule (Shykind et al., 2004; Lewcock and Reed, 2004;
Serizawa et al., 2003). In remarkable analogy to mutually exclusive var
regulation, Lomvardas and colleagues recently described a functional
association of H3K9me3 and H3K4me3 with silenced and active OR loci,
respectively (Magklara et al., 2011). However, due to the complexity of the
control mechanisms involved, we still lack detailed knowledge as to how
mutually exclusive transcription is achieved in any system. In this study, we
developed and successfully applied a complementary functional approach to
study mutual exclusion in P. falciparum var gene transcription. For the first
time, we identified cis-acting entities as essential mediators of var gene
activation and singular gene choice.

var gene transcription is mediated by RNA polll and occurs stage-specifically
by activation in ring stage parasites and subsequent repression or poising
during the rest of the IDC (Lopez-Rubio et al., 2007; Kyes et al., 2007). We
identified an UAS element essential for upsC promoter activation. This
element activates a heterologous minimal promoter both on episomal
plasmids and at the endogenous locus. The position of this element upstream
of the natural TSS, and the competence to activate transcription from a
heterologous promoter are attributes inherently associated with the role of
UAS elements in transcriptional activation (Levine and Tjian, 2003). Our
results are therefore consistent with the sequence-specific recruitment of a

transcriptional activator(s) by the UAS to orchestrate the assembly of the pre-
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initiation complex (PIC) and/or to activate Polll-dependent transcription. The
fact that this element functions autonomously in a euchromatic context implies
a rather ubiquitous presence of this trans-acting factor and precludes a
restricted role in mutually exclusive activation.

The alternative upstream TSS identified in this study may also play a role in
var regulation. Active transcription through the promoter region was shown to
be required for chromatin remodelling and transcription of the S. pombe fbp1+
locus (Hirota et al., 2008) and it will be interesting to test if similar processes
act on the level of individual var gene activation. Analysis of the transcripts
emanating from this upstream TSS uncovered a role for the upsC 5' UTR in
translational repression. These alternative transcripts gave rise to significantly
higher protein levels compared to transcripts carrying the natural 5' UTR.
Conversely, insertion of bps -519 to -1 of the upsC 5’ UTR into the context of
the heterologous kahrp promoter rendered these transcripts incompetent for
translation. In this particular example the level of translational inhibition was
compelling and irreversible; 3D7/pBKinC4 parasites were only able to
overcome this repression through a spontaneous gene conversion event
placing the drug resistance marker under control of a different promoter.
Interestingly, two recent studies reported inefficient translation of the PfEMP1
variant VAR2CSA despite the presence of high levels of var2csa transcripts
(Amulic et al., 2009; Mok et al., 2008). Deitsch and colleagues showed that
this translational repression was controlled by an upstream open reading
frame (UORF) in the var2csa 5 UTR (Amulic et al., 2009). Similar to uORFs,
upstream translation initiation codons (UAUGs) can lead to a substantial
decrease in translation efficiency and have important roles in translational
control during development and conditions of cell stress (van der Velden and
Thomas, 1999; Spriggs et al., 2010). The upsC 5 UTR investigated here
contains one sense UORF and the remarkable number of 17 uAUGs within
150 bps upstream of the ATG. Notably, we find that uAUGs are generally
enriched in var 5 UTRs compared to other ring stage-specific genes (Figure
S7). Together, these findings indicate that P. falciparum may in fact use this
type of control to modulate expression of PfEMP1 under different

environmental conditions.
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The current model of mutually exclusive var transcription is based on a
number of recent studies (Voss et al., 2007; Voss et al., 2006; Duraisingh et
al., 2005; Dzikowski et al., 2007; Lopez-Rubio et al., 2009; Ralph et al., 2005).
It postulates the existence of a physically restricted perinuclear zone
dedicated to the expression of a single var gene. Activation requires entry into
this zone with concomitant substitution of the formally active locus. The
process of activation is linked to the removal of H3K9me3/PfHP1 and
deposition of H3K9ac and H3K4me2/3 marks predominantly along the region
downstream of the TSS (Lopez-Rubio et al.,, 2007). Here, we identified a
deletion downstream of the TSS as the common denominator of all six
promoter variants that escaped mutually exclusive activation. Unlike full-
length promoters, activation of promoters lacking this element does not occur
at the expense of, but in parallel to, the transcription of an endogenous var
gene. Notably, this deletion does not alter the relative activity of the upsC
promoter indicating that the MEE represents a functional entity with intrinsic
activity that is uncoupled from transcription initiation. The specific binding of
an unknown nuclear protein or protein complex to the MEE corroborates this
hypothesis. It is important to appreciate that this binding activity was soluble in
high salt nuclear extracts, ruling out a restricted distribution of this factor to a
sequestered perinuclear expression site.

To the best of our knowledge, this is the first description of a DNA-protein
interaction implicated in mutually exclusive locus recognition. Although the
exact function of this interaction remains to be discovered, we favour a role in
transcriptional repression of var genes. For instance, the mutual exclusion
element may orchestrate the assembly of a repressive complex that prevents
PIC recruitment or RNA polll progression. Our finding that the upsC
downstream element including the MEE caused a two-fold reduction in kahrp
promoter activity is consistent with such a scenario, although the extent of
repression in this heterologous context was only moderate. However, given
the specific role of mutually exclusive transcription in var regulation, it is
entirely feasible that cooperative interactions with additional var-specific
promoter elements would mediate solid repression in the natural context. At
the same time, the binding of a specific factor to the mutual exclusion element

may earmark var loci for mutually exclusive activation. Clearly, additional
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experiments tailored towards dissecting the exact role of this interaction are
now required to test these hypotheses.

Using promoter deletion analyses combined with ectopic insertion of
regulatory var elements into a euchromatic locus we were able to
systematically reconstruct some of the control steps of var gene activation
and mutual exclusion. Based on these novel findings, and by integrating
current knowledge, we propose a speculative mechanistic model for mutually
exclusive var gene activation (Figure 7). The position of var loci in
heterochromatic perinuclear clusters prevents accessibility to specific and
general transcription factors and is probably the most important determinant
of transcriptional inactivity (Freitas-Junior et al., 2005; Duraisingh et al., 2005;
Freitas-dunior et al., 2000; Flueck et al., 2009; Voss et al., 2006; Lopez-Rubio
et al., 2009; Ralph et al., 2005; Perez-Toledo et al., 2009). A MEE-interacting
factor or complex (MIF) may bind downstream of the TSS to reinforce
repression and to prevent leaky transcription from silenced loci. Importantly,
based on the escape of mutually exclusive activation in absence of the MEE,
and the repression conferred by this element in the kahrp locus, this complex
may also support transcriptional repression in absence of heterochromatic
marks. Such a function may be crucial in keeping var genes repressed that
are positioned within the previously identified euchromatic zone at the nuclear
periphery (Ralph et al., 2005). Singular var gene choice may occur through
the recognition of MEE/MIF, or an alternative var locus-specific sequence tag,
by the unique var gene expression site (VES) (Voss et al., 2006; Duraisingh et
al., 2005; Dzikowski et al., 2007; Lopez-Rubio et al., 2009). Once locked in,
the VES may trigger the exchange of H3K9me3/PfHP1 with H3K4me2/3 and
H3K9ac marks and the dissociation of the repressive MIF complex. Physical
association of the active var locus with the VES may also play a crucial role in
epigenetic memory, i.e. in keeping the var gene in place for re-activation in
daughter cells (Lopez-Rubio et al., 2007).

This model describes a novel logic in mutually exclusive gene expression and
provides us with an informed working hypothesis for further functional
dissection of the mechanisms orchestrating singular var gene choice. In
particular, targeted identification of the proteins or protein complexes

interacting with the regulatory elements characterised in this study will be a
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promising and exciting avenue to pursue. Detailed insight into this complex
regulatory system is important for our understanding of immune evasion and
virulence of P. falciparum and other pathogens. Furthermore, our results will

also help to understand conceptually similar systems in other organisms.

Experimental Procedures

Parasite culture and transfection

P. falciparum 3D7 parasites were cultured as described previously (Trager
and Jenson, 1978). Growth synchronisation was achieved by repeated
sorbitol lysis (Lambros and Vanderberg, 1979). Transfections were performed
as described (Voss et al., 2006). Parasites were selected on 2.5ug/ml
blasticidin-S-HCI| and 4nM WR99210. Transfection constructs are described in

Supplemental Experimental Procedures.

Quantitative reverse transcription PCR

gPCR was performed on reverse transcribed total RNA and gDNA isolated
from synchronous parasite cultures. A detailed protocol, relative transcript
calculation and primer sequences are provided in Supplemental Experimental

Procedures.

Southern and Northern blot analysis

gDNA was digested with appropriate restriction enzymes overnight and
separated on 0.7% agarose gels. Total RNA was isolated from saponin-
released parasites using Tri Reagent (Ambion). RNA was glyoxylated for 1h
at 60°C in five volumes glyoxal reaction mixture and electrophoresis was
performed using 1xBPTE-buffered agarose gels (Sambrook and Russell,
2001). Blots were probed with *’P-dATP-labeled hdhfr, kahrp, hsp86 and
PFD0005w PCR fragments. Membranes were stripped by boiling in 0.1%
SDS for 15min in between hybridisations.

Western blot analysis

Detection of hDHFR-GFP and GAPDH (loading control) was performed on
whole cell lysates. Primary antibody dilutions were: mouse anti-GFP (Roche
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Diagnostics, 11814460001), 1:1000; monoclonal mouse anti-GAPDH 1-10B
(kind gift of Claudia Daubenberger), 1:20'000. PfEMP1 was extracted from
trophozoite-infected RBC pellets (Triton X-100-insoluble/SDS soluble fraction)
as described (van Schravendijk et al., 1993). Extracts were separated by
SDS-PAGE using 5% polyacrylamide gels using Tris-glycine or Tris-acetate
buffers. PfEMP1 was detected using the monoclonal mouse anti-PfEMP1
antibody 1B/6H-1 (Duffy et al., 2002) diluted 1:500.

Electromobility shift assay

High salt nuclear extracts and EMSAs were prepared and carried out as
described (Voss et al., 2002) with the following modifications. Proteins were
extracted with 500mM KCI and incubated with 20fmol of radiolabeled probe in
1XEMSA buffer containing 100ng of poly(dA-dT) as nonspecific competitor.
Complementary oligonucleotide sequences used to generate double stranded

probes and competitors are listed in Table S1.
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Figure legends

Figure 1. Functional var promoter activity mapping by serial deletion
analysis

(A) Schematic map of pBC. The PFL1960w upsC upstream sequence
controls transcription of hdhfr-gfp. The approximate position of the TSS is
indicated (Deitsch et al., 1999). The bsd resistance cassette selects for stably
transfected parasites. The var intron is indicated by a thick dashed line. pBC
descendants were obtained by replacing the upsC promoter with truncated
sequences using Bglll and Notl. hsp86 5', hsp86 promoter; Pb DT 3', P.
berghei dhfr-thymidilate synthase terminator; rep20, 0.5kb TAREG6 repeat
element; hrp2 3'; histidine-rich protein 2 terminator.

(B) Activities of full-length and truncated promoters in WR-selected parasites.
Deletions are represented by dashed lines. Numbers represent nucleotide
positions in relation to the ATG. Successful WR-selection is indicated by
check marks. Values represent relative hdhfr-gfp transcripts normalised
against plasmid copy number and transcription of PF13_0170. Values
represent the average of three independent experiments (two replicates for
3D7/pBC1 and 3D7/pBC2) (mean +/- SEM). n.a., not applicable.

Figure 2. An upsC UAS element activates the minimal promoter Kpin

(A) Schematic map of pBKnin-RI. The position of the kahrp TSS is indicated
(Lanzer et al., 1992). See also Figure S1.

(B) Schematic map of pBKmin-RI concatamers integrated into the endogenous
kahrp locus (PFB0100c). See also Figure S1.

(C) Comparison of relative transcript levels produced by the episomal (hdhfr-
gfp transcripts) and chromosomal (kahrp transcripts) minimal promoters, and
the kahrp wild-type promoter (hdhfr-gfp transcripts) in 3D7/pBKqyin-RI
parasites. Values are derived from three independent experiments and
represent msp8-normalised transcripts (mean +/- SEM). Values for the
episomal Knin promoter were adjusted for plasmid copy numbers.

(D) Analysis of upsC-Knin hybrid promoters. upsC insertions are depicted by
bold grey lines. The rep20 element is indicated by a vertical array and the var

intron by a dashed line. The graph compares relative transcript levels (msp8-
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normalised) produced by the episomal (hdhfr-gfp transcripts, grey bars) and
chromosomal (kahrp transcripts, black bars) Ky, and upsC-Knin hybrid
promoters. Values for episomal promoters are adjusted for plasmid copy
numbers and derived from three independent experiments (mean +/- SEM).

Values for 3D7/pBKnmin-RI are identical to those in Figure 2C.

Figure 3. The upsC 5' UTR and TSS affect expression levels

(A) Identification of an alternative upstream TSS (dashed arrow). Full-length
and truncated promoters are schematically depicted on top. Transcript size
and abundance were estimated by Northern analysis. Ethidium bromide-
stained 18S and 28S rRNAs serve as loading control.

(B) Schematic map of the expression cassette in pBCK. The hybrid sequence
consists of a functional upsC promoter (-1679 to -914) (grey line) including the
TSS fused to the kahrp 5' UTR (bps -764 to -1) (black line). The graph shows
relative hdhfr-gfp transcript levels in WR-selected 3D7/pBC (control) and
3D7/pBCK parasites (normalised against PF13_0170 and plasmid copy
number). Values for 3D7/pBCK are derived from three independent
experiments (mean +/- SEM).

(C) Semi-quantitative analysis of transcript and protein abundance by parallel
gRT-PCR and Western blot. Values represent PF13_0170-normalised hdhfr-
ofp transcripts produced by a single promoter (first graph) or by a single
parasite (second graph) in WR-selected ring stage parasites. msp8 transcripts
serve as stage-specific control (third graph). Expression of hDHFR-GFP and
GAPDH (loading control) in the same parasite samples is shown below. See

also Figures S2 and S3.

Figure 4. Functional identification of a mutual exclusion element
downstream of the TSS

(A) Promoters are schematically depicted on top. upsC sequences are shown
in grey. Deletions are represented by dashed lines. The orange box highlights
the region required for mutually exclusive activation. PfEMP1 expression was
monitored by Western blot using a mAb against the conserved ATS region.

The antibody cross-reacts with human spectrin in uninfected RBCs. PfEMP1
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is detected at various sizes above 250kDa. The signal at 160kDa probably
represents smaller PfEMP1 species (asterisk). RBC, uninfected RBCs.

(B) The mutual exclusion element maps to a 101bp region downstream of the
TSS. Promoters are schematically depicted on top. The orange box identifies
the mutual exclusion element (MEE). WR-unselected 3D7/pBC carrying a
silenced episomal upsC promoter served as a second negative control. M,
size standard; -WR, unselected; +WR, WR-selected.

(C) The MEE is bound by a nuclear factor. EMSA probes and competitors are
schematically depicted on top. The autoradiograph shows a specific DNA-
protein complex between radio-labeled MEE2 and an unknown nuclear
factor(s). Competition was carried out in presence of 5-, 25- and 100-fold

molar excess of unlabeled DNA fragments. See also Figure S4.

Figure 5. The upsC downstream element inhibits expression from the
heterologous kahrp promoter

(A) Schematic map of the pBK,inC4 plasmid.

(B) Schematic map of the pBKmninC4 concatamer integrated into the
endogenous kahrp locus. Restriction sites used in Southern analysis and
fragment lengths are indicated and colour-coded. S, Stul; B, Bglll. The
Southern blot on Bglll/Stul-digested gDNA shows integration of pBKninC4 into
the endogenous kahrp locus. The membrane was hybridised with hdhfr (top)
and kahrp (bottom). Fragments are colour-coded according to the integration
map. wt, size of the kahrp fragment in 3D7 wild-type parasites. i, integration
event; p, plasmid fragment.

(C) Semi-quantitative analysis of transcript and protein abundance in
3D7/pBKmin (control) and 3D7/pBKninC4 parasites. hdhfr-gfp and hsp86
(loading control) transcripts are shown in the top panels. Ethidium bromide-
stained 18S and 28S rRNAs serve as second loading control. Expression of
hDHFR-GFP and GAPGH (loading control) in the same parasite samples is
shown below.

(D) The upsC downstream element represses kahrp promoter activity. The
bars represent the ratio of relative hdhfr-gfp (grey bar) and PF13_0170
(control; black bar) transcript levels in 3D7/pBKninC4 parasites compared to

the 3D7/pBKnin control. Results are the mean +/- SEM of six independent
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experiments using unselected and WR-selected parasites (three biological

replicates each) (p<0.002; unpaired t-test).

Figure 6. The upsC 5 UTR mediates irreversible translational
repression.

(A) Southern analysis on digested gDNA from unselected and WR-selected
3D7/pBKminC4 parasites. Additional hdhfr-containing fragments specifically
detected in WR-selected parasites are highlighted by pink arrows. Fragments
are colour-coded according to the map in Figure 5A. S, Stul; B, Bglll; K, Kpnl;
i, integration event; p, plasmid fragment.

(B) Schematic map of the gene conversion event in WR-selected
3D7/pBKminC4 parasites. The ends of chromosome 2 and 4 (4/2) in
unselected (WR-selected) parasites are schematically depicted. Gene IDs

(www.plasmoDB.org) are indicated for a subset of genes as reference. The

dashed arrow highlights the site of gene conversion. The blue box represents
the duplicated region of chromosome 2. The green box represents the region
of chromosome 4 that was deleted. The beige box displays a zoom-in view of
the gene conversion event and the resulting recombined locus. Detailed
mapping and identification of the recombination site is presented in Figures
S5 and S6.

(C) hdhfr-gfp transcripts are produced from the var gene intron on
chromosome 4. Values represent relative var intron-derived hdhfr-gfp (black
bars) and msp8 (open bars, control) transcript levels at three consecutive time
points in WR-selected 3D7/pBKinC4 parasites (PF13_0170-normalised).

Figure 7. A novel model for singular var gene choice

A chromosome end cluster located in a transcriptionally permissive
perinuclear region is schematically depicted on top. The unique var gene
expression site (VES) recognises a single var gene through specific unknown
DNA motifs at the locus (white hexagon) and/or the MEE element itself (red
oval). Interaction of the locus with the VES leads to establishment of a
permissive chromatin conformation (green circles) and dissociation of the MIF
complex (blue), and allows for RNA polll-dependent transcriptional

initiation/elongation. Transcriptional activation involves interaction between
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unknown transcription factors (orange) and the UAS (green oval). Additional
var genes within this subnuclear domain are excluded from the VES and
protected from illegitimate transcription by the repressive MIF complex. The
function of MIF may be to either block transcriptional elongation or to prevent
transcriptional initiation or PIC assembly on the core promoter. var genes in
heterochromatic perinculear zones that are silenced primarily through their
association with H3K9me3/PfHP1 are shown below. The MIF complex may be

assembled on each var locus to support transcriptional repression.
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Figure 2
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Figure 3
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Figure 4
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Figure 6
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Figure 7
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Supplemental Data

Figure S1. Southern analysis of gDNA isolated from parasites presented
in Figure 2. (A) Autoradiographs of Southern blots showing episomal
maintenance or plasmid integration into the endogenous kahrp locus in
3D7/pBKmin and 3D7/pBKnmin-Rl. gDNA was digested with Bglll and Hindlll.
Blots were probed with a radiolabeled kahrp fragment. E, episomal; I,
integrated. (B) Autoradiographs of Southern blots showing episomal
maintenance or plasmid integration into the endogenous kahrp locus in
3D7/pBC1Knin, 3D7/pBC2Kmin and 3D7/pBC3Kmin. gDNA was digested with
Bglll and Hindlll. Blots were probed with a radiolabeled kahrp fragment. (C)
Schematic map of the endogenous kahrp locus. (D-F) Schematic maps of the
integration events in 3D7/pBKnin (D), 3D7/pBC1K,in and 3D7/pBC2Kin (E),
and 3D7/pBC3Knmin (F). Bglll and Hindlll restriction sites and length of the

corresponding fragments are indicated.

Figure S2. The upsC 5 UTR mediates translational repression. The
promoters in pBC and pBC4 are schematically depicted on top. Semi-
quantitative analysis of transcript and protein abundance by parallel Northern
and Western blot in a time-course experiment. Total protein and RNA were
harvested simultaneously from synchronised 3D7/pBC and 3D7/pBC4
parasites at three consecutive time points during the IDC (ring stages, 8-
18hpi; late ring stages/early trophozoites, 16-26hpi; late trophozoites/early
schizonts, 24-34hpi). Expression of hDHFR-GFP and GAPDH (loading
control) was detected with anti-GFP and anti-GAPDH antibodies, respectively
(upper panels). Steady-state hdhfr-gfp and hsp86 (loading control) transcripts

were detected using radiolabeled hdhfr and hsp86 probes, respectively.

Figure S3. Assessment of hDHFR-GFP expression by live cell
microscopy. 3D7/pBC, 3D7/pBC4 and 3D7/pBM (control) cultures were
analysed by fluorescence microscopy (see Supplemental Experimental
Procedures) to determine the proportion of hDHFR-GFP-expressing parasites
in unselected (-WR) and WR-selected (+WR) populations. Images were

acquired at 40x magnification. iIRBCs were detected using DAPI. The
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percentage of hDHFR-GFP-expressing parasites (positive for DAPI and GFP)
is indicated and was determined by counting over 200 individual iRBCs (mean
277, +/- 61.2 s.d.). Note that the absence of hDHFR-GFP signal in unselected
3D7/pBC as compared to the control line 3D7/pBM indicates silencing of the

upsC promoter.

Figure S4. The core sequence of the 47bp MEE2 motif occurs in a
conserved position upstream of 32 var genes. The schematic shows the
presence and relative position of a 17-22bp consensus motif upstream of 32
var genes. This motif forms the core of the 47bp MEE2 element that is bound
in a sequence-specific manner by a nuclear protein (see Fig. 4). Gene
accession numbers are indicated on the left (www.plasmoDB.org). The colour
code clusters var genes into the different var gene subgroups upsA, upsB,
upsC, upsE, upsB/C, and upsB/A. The consensus sequence is shown on top.
Red boxes indicate the position of this motif in each upstream region.
Numbers on the right represent the position of the first nucleotide of the motif

relative to the translation initiation ATG.

Figure S5. Identification of a gene conversion event by Southern blotting
and ligation-mediated PCR. (A) The upper map schematically depicts the
end of chromosome 2 including the integrated plasmid concatamer (blue box)
in 3D7/pBKminC4 parasites. kahrp promoter sequences are depicted by thick
black lines. The upsC 5 UTR sequence is depicted in red. The grey circles
and squares represent the telomeric tract and telomere-associated repeat
elements (TAREs) 1-6, respectively. Triangles indicate ORFs. The gene
accession number refers to the upsB var gene PFB0010w. The lower map
shows a zoom-in view of the integrated concatamer (blue box). Restriction
sites used in Southern analysis are shown by vertical dashed arrows, and
expected fragment lengths are indicated and colour-coded. The hdhfr probe
used for hybridisation is shown below the hdhfr-gfp coding sequence (grey
box). (B) The autoradiograph shows the hybridisation results obtained after
digesting 3D7/pBKminC4 gDNA from unselected (-WR) and selected (+WR)
populations with EcCoRV/Ncol (red), EcoRV/Spel (blue) or EcoRV/Stul (green).

Note the presence of an additional hdhfr-containing fragment after each
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double-digest specifically in WR-selected, but not unselected, parasites
(highlighted by purple arrows). In each case, the size of the additional
fragment (schematically depicted to the right, bottom) is approximately 2 kb
smaller than the size of the EcoRV/Ncol, EcoRV/Spel or EcoRV/Stul plasmid
fragments (depicted to the right, top). This result suggested the presence of a
novel EcoRV site upstream of a single copy of hdhfr-gfp (highlighted in
purple). i, integration event; p, plasmid fragment. (C) Ligation-mediated PCR.
gDNA from WR-selected 3D7/pBKinC4 parasites was digested with EcoRV
and Ncol and ligated into EcoRV/Ncol-digested pET-41 (EMD Biosciences).
To amplify EcoRV/Ncol restriction fragments containing the hdhfr coding
sequence a primary PCR reaction was performed using T7 and hdhfr_R1 (R1)
as forward and reverse primers, respectively. The primary PCR product was
diluted 1:200 and used as template for a semi-nested PCR reaction using T7
and hdhfr_R2 (R2) as forward and reverse primers, respectively. This reaction
yielded three specific amplicons each of which was sequenced using primer
hdhfr_R3 (R3). Two fragments represented plasmid backbone sequences as
a result of semi-specific amplification (data not shown). The nucleotide
sequence of the third fragment is shown at the bottom (reversed sequence). It
begins with an EcoRV site within the intron of var gene PFD0005w on
chromosome 4 (orange letters) and continues into the 3’ end of exon 1 (purple
letters). The green letters highlight the 10 bp sequence involved in the
recombination event between the var and hdhfr-gfp loci. The grey box
represents the start of the hdhfr-gfp coding sequence. Above the nucleotide
sequence a detailed view of the recombination event is depicted. A single
cross-over occurred between the 10 bp sequence (green letters) directly
upstream of the hdhfr-gfp reporter (grey box) on chromosome 2, and an
identical sequence (green letters) at the very 3’ end of exon 1 of var gene
PFDOO00Sw (purple box) on chromosome 4. As a result, the hdhfr-gfp reporter
(grey box) was placed under control of the var gene intron promoter (orange

line) on the reverse strand via gene conversion.

Figure S6. Verification of the gene conversion event between
chromosomes 2 and 4 in WR-selected 3D7/pBK,inC4 parasites. (A) The

map schematically depicts the end of chromosome 2 including the integrated
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plasmid concatamer (blue box) in 3D7/pBKminC4 parasites. kahrp promoter
sequences are depicted by thick black lines. The upsC 5" UTR sequence is
depicted in red. The grey circles and squares represent the telomeric tract
and telomere-associated repeat elements (TAREs) 1-6, respectively.
Triangles indicate ORFs. The gene accession number refers to the upsB var
gene PFB0010w. The lower map shows a zoom-in view of the integrated
concatamer (blue box). Restriction sites used in Southern analysis are shown
by vertical dashed arrows, and expected fragment lengths are indicated and
colour-coded. The hdhfr probe used for hybridisation is shown below the
hdhfr-gfp coding sequence (grey box). EcoRI sites are absent from the
plasmid sequence. Hence, the EcoRI sites up- and downstream of the
integrated concatamer release a restriction fragment in the size of 6228 bp
(chromosomal DNA) plus n times 9475 bps (entire plasmid length) according
to the number of copies in the concatamer. (B) The map schematically depicts
the end of wild-type chromosome 4 including var gene PFDO0O0OSw (purple
box) in unselected 3D7/pBKninC4 parasites. The PFD0O005w exon 1 probe
used for hybridisation is shown below the coding sequence. The position of
the EcoRI restriction site downstream of the var locus and expected fragment
length are indicated. (C) The map schematically depicts the end of
chromosome 4 after the gene conversion event between chromosomes 2 and
4 in WR-selected 3D7/pBKminC4 parasites (“chromosome 4/2 end”). The
border between the green and blue boxes identifies the site of single cross-
over recombination. The green and blue boxes represent sequences of the
acceptor (chromosome 4) and donor (chromosome 2), respectively, of the
gene conversion event. Restriction sites used in Southern analysis are shown
by vertical dashed arrows, and expected fragment lengths are indicated and
colour-coded. (D) The autoradiograph shows the hybridisation results
obtained after digesting 3D7/pBKqminC4 gDNA from unselected (-WR) and
selected (+WR) populations with EcoRI, EcoRI/Ncol or EcoRI/Stul. The
membrane was hybridised with hdhfr (top) and PFD0005w (bottom). Arrows
are colour-coded according to the integration maps in A-C and identify the
expected restriction fragments. The red, orange and yellow arrows highlight
the restriction fragments that contain the single hdhfr-gfp cassette driven by

the var intron promoter on chromosome 4/2 specifically in WR-selected
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parasites. Hybridisation with the PFD0005w exon 1 probe highlights the
terminal chromosome 4 EcoRI fragment in unselected 3D7/pBKminC4
parasites. In WR-selected parasites this signal is absent demonstrating the
gene conversion-induced loss of the end of chromosome 4. i, integration

event; p, plasmid fragment.

Figure S7. uAUGs are significantly enriched in var 5 UTRs. The box
reflects the lower and upper quartiles, respectively. The median is indicated

by a thick vertical line. Outliers are shown as dots. For each gene, sequences

were downloaded from PlasmoDB version 7.2 (www.plasmoDB.org) and the
counts of the trinucleotide sequence 'ATG' were assessed in sets of 150bp
sequences upstream of the ATG annotated as translation initiation codon. The
counts of '"ATG' within each sequence were determined using custom-made
perl scripts, and the distribution of counts within each sequence set was
visualized as boxplots using R. The var gene set includes UTR sequences of
60 genes. The control set consists of UTR sequences of 404 genes with peak
transcription in ring stages. Selection of these sequences was based on RNA
Seq data (Otto et al.,, 2010) according to the following criteria: timing of
maximal expression: 8 hpi and 16 hpi; maximal expression ratio: 8-fold
induction; maximum expression percentile: 30" percentile. UAUGs are
significantly enriched in var 5 UTRs compared to the control set of ring stage-

specific genes (p=7.56x10""; Welch t-test).
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Figure S6
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Table S1. All primers used in this study are listed. Restriction sites are
indicated in bold.

primer sequence (5°—3’) RE sites
pBKmin
kahrp-Rev-N-N gatcgcggccgcatagctagcgattctctaataattatgtacg Notl, Nhel
kahrp-Fwd-P-B-C gatcctgcagatgactagatctacgtgtaatcgatcctaaaactgcatgtagtg Pstl, Bglll, Clal
upsC-Kmin hybrid promoters
upsC-1_forw cagtggatccatttcatcattattaaagtagag BamHI
upsC-1_rev cagtggatccttctatctatattatctaccac BamHI
upsC-2_forw cagtggatccttttttttcttttgatgttgtac BamHI
upsC-2_rev cagtggatccatatttcatactaatattattcac BamHI
upsC-3_forw cagtggatccccactacatggtattaccac BamHI
upsC-3_rev cagtggatccgttcgtgactacatgatgtc BamHI
upsC deletion constructs
upsC-F cagtagatctctttatgttggtacattatacatg Bglll
upsC-R cagtgcggccgcttttgtttttttgtttatcgttcg Notl
upsC1-F cagtagatctatagaaatattactgtttggag Bglll
upsC2-F cagtagatctatttcatcattattaaagtagag Bglll
upsC3-F cagtagatctatttattttcatagaaatgtgg Bglll
upsC4-R cagtgcggccgcaaaaagaattataatcgaagaac Notl
upsC5-R cagtgcggccgctgtttcttagtcgtactatatgtg Notl
upsC6-R cagtgcggccgctatttaatactttatattatgtgg Notl
upsC7-R cagtgcggccgcatttatattaccatgatgccg Notl
upsC8-R cagtgcggccgccacattattactctaatatgeg Notl
pBCK
kahrp-F-B cagtagatctctatgttagttatgataggacc Bglll
kahrp-R-N-S-B cagtgcggccgcagtcctgcaggagtggatccatttttcaatcttttttttcage Notl, Sbfl, BamHI
upsC-F-A cagtggcgcgccatttcatcattattaaagtagag Ascl
upsC-R-M cagtacgcgttatatttttaaaagattaaatatagc Miul
pBKminC4
kahrp-F-B cagtagatctctatgttagttatgataggacc Bglll
kahrp-R-N-S-B cagtgcggccgcagtcctgcaggagtggatccatttttcaatcttttttttcage Notl, Sbfl, BamHI
upsC-F-B cagtggatcccccatcacatatagtaggac BamHI
upsC-R cagtgcggccgcttttgtttttttgtttatcgttcg Notl
gPCR
PF13_0170F tggctaggatatgattggaaagaaca
PF13_0170R tacggttctatttctatatggtgaatca
afpF acacttgtcactactttcgcgtatggtcttc
afpR accttcaaacttgacttcagcacgtgtcttgtagt
kahrpF acggatccggtgactccttcgat
kahrpR tggtgaacctgtggtgcttggtgat
msp8F tgacgcaaaagcaagggacaacaataataatgatga
msp8R tcatcgtcatcatcattatcatcatcatcatcacc
hd-I-F cgacgatgcagtttagcgaac
hf-I-R atacagaaacacatatacatccacat

hybridisation probes
kahrpF

acggatccggtgactccttcgat

kahrpR tggtgaacctgtggtgcttggtgat
hdhfrF agctggatccgcggecgcaaaacatgcatggttcgctaaactg
hdhfrR agctgtcgacagcagcatcattcttctcatatacttcaa
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hsp86F
hsp86R
PFD0005wWF
PFD0005wWR

EMSA oligonucleotides
MEE2-F

MEE2-R

MEE3-F

MEE3-R

SPE1M-F

SPE1M-R

Ligation-mediated PCR
T7 terminator

gaattgattagtaatgctagtg
gtttcatccttagtaactgtg
ccaaaaacacatatacagaaacaca
caacgaatgcagtttagcgga

cagttgataatgatgttttttttttgttatagattatgataacaagcttta
gacttaaagcttgttatcataatctataac atcattatca

cagtacaagctttatgaatcgcatattagagtaataatgtgcatgcatgac
gactgtcatgcatgcacattattactctaatatgcgattcataaagcttgt
cacggacaaaaaaagtaaccgagaattattatatataaatat

atatttatatataataattctcggttactttttttgtccgtg

gctagttattgctcagegg

hdhfr_R1 agctgtgcagagcagcatcattcttctcatatacttcaa
hdhfr_R2 ccttgtggaggttccttgag
hdhfr_R3 ggtagtccecgttettgee

Supplemental Experimental Procedures

Transfection constructs

All transfection constructs generated in this study are derivatives of pBKnn,
which was itself obtained by replacing the cam promoter in pBcam
(unpublished) with the 1115bp minimal kahrp promoter (Kmin) amplified from
3D7 gDNA and Bglll/Notl restriction. Constructs pBC and pBC1 to pBC8 were
generated by replacing Knmnin with Bglll/Notl-digested upsC upstream
sequences (PFL1960w) amplified from pCAT5B1 (Voss et al., 2000). upsC-
kahrp hybrid promoters were obtained by cloning BamHI-digested upsC
fragments into Bglll-digested pBKmin. To obtain pBKninC4, the Kmin promoter
was replaced by a Bglll/Notl-digested kahrp promoter fragment (-1115 to -445
bps) containing a penultimate 3° BamHI restriction site. The resulting plasmid
was digested with BamHI/Notl to insert the upsC 5' UTR element (-519 to -1).
To generate pBCK the Knin promoter was replaced by a BamHI/Notl-digested
kahrp 5 UTR fragment (-764 to -1) containing Ascl and Mlul sites at the 5
end to allow subsequent fusion to the Ascl/Mlul-digested upsC promoter
sequence (-1679 to -914). The mahrpl promoter was amplified from gDNA
and cloned into Bglll/Notl-digested pBKmin to obtain pBM. All primer

sequences are listed in Table S1.
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Quantitative reverse transcription PCR

Pre-synchronised parasites cultures were synchronised twice 16 hours apart
to obtain an eight hour growth window. Total RNA was isolated using Tri
Reagent (Ambion) and further purified using the RNeasy Plus Mini Kit
(Qiagen) for removal of gDNA. Residual gDNA was digested with TURBO
DNA-free™ (Ambion). All samples were tested negative for contaminating
gDNA by qPCR. RNA was reverse transcribed using the RETROscript Kit
(Ambion). gPCR reactions for absolute transcript quantification of hdhfr-gfp,
kahrp, PF13_0170 (glutaminyl-tRNA synthetase), msp8 and var intron-derived
hdhfr-gfp were performed at final primer concentrations of 0.4uM using SYBR
Green Master Mix (Applied Biosystems) on a StepOnePlus™ Real-Time PCR
System (Applied Biosystems) in a reaction volume of 12ul. Plasmid copy
numbers were determined by gqPCR on gDNA isolated from the same parasite
samples and calculated by dividing the absolute hdhfr-gfp copy numbers by
the average value obtained for msp8 and PF13_0170. All reactions were run
in duplicate yielding virtually identical Ct values. Serial dilutions of gDNA and
plasmid DNA were used as standards for absolute quantification. Relative
transcript values were calculated by normalisation against the house-keeping

gene PF13_0170 or msp8. Primer sequences are listed in Table S1.

Live cell fluorescence microscopy

500ul culture (5% hematocrit, 3-8% trophozoites) were pelleted for 1min at
200g and washed twice in 1ml RPMI-HEPES. The pellet was resuspended in
400ul RPMI-HEPES containing 2.5ug/ml DAPI and incubated for 10min at
37°C. Cells were washed once in 1ml PBS. Three ul of packed RBCs were
mixed with 2ul Vectashield (Vector Laboratories Inc.) on a glass slide and
parasites were immediately analysed on a Leica DM 5000B microscope.
Images were taken at 40x magnification with a Leica DFC 300 FX camera
(exposure time for GFP and DAPI was 1.3s and 130ms, respectively) and
acquired via the Leica IM 1000 software. All images were processed using

Adobe Photoshop CS2 and identical settings.
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Abstract

The P. falciparum genome is equipped with several subtelomeric gene
families that are implicated in parasite virulence and immune evasion. The
members of these gene families are uniformly positioned within
heterochromatic domains of the genome and are thus subject to variegated
expression. The best-studied example is that of the var gene family encoding
the major parasite virulence factor P. falciparum erythrocyte membrane
protein 1 (PfEMP1). PfEMP1 undergoes antigenic variation through switches
in mutually exclusive var gene transcription. var gene promoters function as
crucial regulatory elements in the underlying epigenetic control strategy.
Transcriptional regulation of other subtelomeric gene families and their role in
parasite biology is much less understood. Here, we investigated the mode of
transcriptional control of var, rif, stevor, phist and pfmc-2tm families by
comparative genome-wide transcriptional profiling of transgenic parasite lines.
Our results establish a clear functional distinction between var and non-var
transcriptional control mechanisms. Unlike var promoters, we find that
promoters of non-var families are not silenced by default. Moreover, we show
that mutually exclusive transcription is unique to the var gene family. The
three major var promoter types are functionally equal and play an essential
role in singular gene choice. Further, we provide evidence suggesting that
mutually exclusive activation of all var types is regulated by a common control
mechanism. Our findings identified a differential logic in the regulation of var
and other subtelomeric virulence gene families, which will have important
implications for our understanding and future analyses of phenotypic variation

in malaria parasites.

Author Summary

Plasmodium falciparum causes the most severe form of malaria in humans.
During blood stage infection intra-erythrocytic parasites express different
surface antigens that are encoded by gene families. These are located in a
repressive genome environment, which facilitates expression of individual
antigens in a clonally variant manner. Consequently, P. falciparum

continuously escapes immune recognition and clearance. We used a
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comparative approach to study the function of gene promoters in
transcriptional regulation of clonally variant expression. Transcription of the
var gene family, encoding the major virulence factor PfEMP1, is controlled by
a different logic compared to other gene families. var gene transcription is
mutually exclusive; only a single family member is activated at any time. The
three major var promoter types act as equally crucial elements in this
specialised mode of regulation. In contrast, promoters of other gene families
lack this competence and their cognate gene families are not transcribed by
mutual exclusion. The inherent necessity to restrict var expression to a single
gene underscores the vulnerability of P. falciparum to immune responses
targeting PFEMP1. Our results are important to understand the significance of
antigenic variation in parasite survival and to elucidate the mechanism

underlying mutually exclusive var gene expression.

Introduction

The blood stages of Plasmodium falciparum evade antibody—mediated host
immunity by altering parasite-encoded antigens exposed on the surface of
infected red blood cells (iRBCs) through antigenic variation [1—4]. Antigenic
variation results from the amplification of hypervariable gene families, coupled
to the ability to switch expression of individual genes. Notably, these gene
families are predominantly located near the telomeres [5]. The positional
clustering of antigen gene families in subtelomeric regions is not unique to P.
falciparum but is common to a wide range of pathogenic protozoa and fungi
[6-10]. Subtelomeric gene families show high rates of recombination to
facilitate diversity and this has been demonstrated in the model yeast S.
pombe [11] and in P. falciparum, where meiotic recombination among var
genes is at least eight times more frequent than the estimated genomic
average [12,13]. Proximity to telomeres also modulates gene expression as
exemplified by variegated silencing of genes nearby telomeres [14]. Indeed,
P. falciparum subtelomeric regions are heterochromatic and predominantly
occupied by the epigenetic silencing marks trimethylated histone 3 lysine 9
(H3K9me3) and heterochromatin protein 1 (PfHP1) [15-17]. This repressive
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environment facilitates silencing and variegated gene expression thus
promoting antigenic variation in P. falciparum.

Subtelomeric P. falciparum gene families include var [3,18,19], rif (repetitive
interspersed family) [20], stevor (subtelomeric variable open reading frame)
[21], phist (Plasmodium helical interspersed subtelomeric) [22], pfmc-2tm (P.
falciparum Maurer's clefts two transmembrane) [23] and the hyp families 1 to
17 [22]. The best studied example is that of the ~60 member var gene family.
var gene tanscription is controlled by conserved promoter sequences that can
be sub-grouped into three main classes according to sequence and
chromosomal location [5,24—26]. upsB var genes are most closely located to
telomeres and transcribed towards the centromere. upsA var genes are also
telomerically located but transcribed towards the telomeres, and upsC var
genes appear exclusively in chromosome-internal clusters. PFEMP1, encoded
by var genes, is exposed on the iRBC surface and mediates adherence to
various endothelial receptors in the human host [4,18,27]. The resulting
sequestration of RBC aggregates in the microvasculature is a major cause of
severe clinical outcomes such as cerebral and pregnancy-associated malaria
[28—-31]. Moreover, antigenic variation of PfFEMP1 contributes substantially to
chronic disease and transmission.

Unlike PfEMP1, the function of other exported protein families in parasite
biology and disease is unclear, but there is indication for roles in host-parasite
interactions [32—-37]. With over 130 members, the rif gene family is the largest
in P. falciparum [36,38]. A-type RIFINs are associated with parasite-induced
membranous structures in the iRBC cytosol termed Maurer’s clefts (MC) and
are exported to the surface of the infected RBC. B-type RIFINs have been
shown to reside within the parasite [39,40]. Protein products of the ~35-
member stevor family localize to the surface of infected erythrocytes and are
also associated with MCs [41—44]. The pfmc-2tm family (twelve members) are
associated with MCs and RBC surface [23,41]. Members of the phist and hyp
families are predicted to be exported to the iRBC [22], but this has not yet
been experimentally confirmed.

var genes are transcribed in a mutually exclusive manner such that in single
parasites only one var gene is active and all other members are silenced [45].

var promoter regions are essential in these alternative states of activity [46—
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51]. Transfection experiments using episomal promoters to drive expression
of drug selectable markers proved a great strategy to investigate
transcriptional regulation of var genes [46,49,51]. Upon transfection, var
promoters are silenced by default [46,49,52,53] and this silenced state is only
induced properly in presence of the var gene intron [46,50,53,54].
Interestingly, drug-induced selection for active promoters is sufficient to
infiltrate drug-selectable markers into the pathway of mutually exclusive
transcription [46,49,51]. In such parasites, the active episomal var promoter
substitutes the active var gene, which leads to a shutdown of endogenous var
transcription and, consequently, absence of PfEMP1 on the iRBC surface.
These studies have been instrumental not only in understanding the
regulatory mechanisms underlying mutually exclusive transcription, but also in
reconstructing earlier observations with regard to the variable phenotype of
iRBCs [46,55-57].

Despite most other multigene families in P. falciparum have been known for
many years, our understanding of the processes that regulate their
transcription is limited. Furthermore, it is also unclear if and to what extent
transcriptional co-regulation and possible crosstalk between subtelomeric
virulence gene families exists. Expression of rif, stevor and pfmc-2tm genes is
also clonally variant in vitro and in vivo [32,35,39,40,43,58]. However, in
contrast to var genes transcription of the rif family is not mutually exclusive as
rif variants of both subtypes can be expressed simultaneously in a single
parasite [39]. Analysis of parasites selected for monogenic var expression
provided no evidence for co-regulation between the active var and
neighbouring rif or stevor genes [59,60]. These studies indicate that
juxtaposition to active var genes does not predispose the activity of other
gene family members. Interestingly, however, interference of several episomal
gene family promoters with transcription of various endogenous gene families
has been reported recently indicating that they may share a common
activation factor [61].

Here, we used genome-wide comparative transcriptional profiling to
investigate the extent to which activation of extra-chromosomal virulence
gene promoters affects transcription of endogenous gene families. Our results

establish a clear functional distinction between var and non-var promoters. In
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contrast to var genes, promoters of other gene families are active by default.
Activation of all three major var gene promoter types leads to the specific
down-regulation of endogenous var genes. In contrast, the rif, stevor, pfmc-
2tm and phistb promoters do not interfere with transcription of their respective
gene families. Moreover, we find only limited evidence for potential co-
regulation between subtelomeric gene families. Together, our findings
demonstrate that mutually exclusive transcription is unique to the var gene
family and that var promoters of all types play an essential part in singular

gene choice.

Results

Generation of stable reporter parasite lines

Parasites of the strain 3D7 were transfected with constructs carrying eight
different promoters: upsA-type var (PF13_0003), upsB-type var (PFLO005w),
upsC-type var (PFL1960w), rif (PF13_0004), stevor (PFL2610w), phistb
(PFL2540w), pfmc-2tm (final gene ID unknown due to high sequence
conservation between pfmc-2tm promoters) and cam (PF14_0323) (control).
Note that the rif and upsA promoters are present on the sense and antisense
strand, respectively, of the 2.8 kb intergenic sequence separating these head-
to-head oriented genes. All sequences were cloned into the context of the
parental reporter vector pBcam by replacement of the cam promoter (Fig. 1A).
The blasticidin-S deaminase (bsd) resistance cassette was used to obtain
transfectants carrying stable episomes. Importantly, this initial selection is
independent of the activity of the test promoters driving transcription of the
downstream drug-selectable reporter hdhfr-gfp (human dihydrofolate
reductase fused to green fluorescent protein). A var gene intron element is
located downstream of the hdhfr-gfp cassette on all constructs for
consistency. Transfection and subsequent selection on BSD-S-HCI (BSD)
was successful and generated stable reporter cell lines 3D7/upsAt,
3D7/upsB, 3D7/upsC, 3D7/rif, 3D7/stevor, 3D7/phist, 3D7/pfmc-2tm and the
control 3D7/cam. All lines exhibited similar plasmid copy numbers ranging
from two to eight copies per parasite (Fig. 1B). After WR99210 (WR)
selection, average plasmid numbers increased in each transfectant with the
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highest number of 33 observed in 3D7/rif. Unexpectedly, 3D7/upsAt was
completely refractory to WR selection in seven challenge experiments on
three independently generated BSD-resistant populations. This failure to
select for an active upsA promoter may have been related to efficient upsA
silencing. To exploit the possibility that rif promoter activity may predispose
the head-to-head upsA promoter for activation, we replaced the entire bsd
cassette in pBrif with an inverted bsd gene and terminator element to create
pBupsA (Fig. 1C). In this context, the reverse complement sequence of the rif
upstream region is expected to act as an upsA promoter driving bsd
transcription. Indeed, parasites transfected with this construct were
successfully selected on BSD. Hence, this BSD-resistant population
(3D7/upsA) carried an activated upsA promoter and was used in all
subsequent experiments. Southern blot analysis revealed that plasmids were
maintained episomally in all lines except 3D7/stevor where integration into the

endogenous stevor locus (PFL2610w) occured (Fig. S1).

Initial assessment of overall transcript profiles at four consecutive
intervals during intra-erythrocytic development.

We harvested total RNA at four consecutive time points during the intra-
erythrocytic developmental cycle (IDC) from 3D7 wild-type parasites and each
of the WR-selected transfected lines (except for 3D7/upsA where a BSD-
selected population was used). This sampling strategy was designed to
include the temporal peaks of transcription for each endogenous gene family
[23,36,45,62,63]. Transcript levels for each gene were determined relative to
a 3D7 reference cDNA pool by hybridisation to a genome-wide long
oligonucleotide microarray [64] (Dataset S1). Hierarchical average linkage
clustering revealed four distinct clusters corresponding to the four sampling
time points (Fig. 2A). Within each time point, the samples showed a high
degree of correlation but the individual datasets clustered differently. The
overall similarity between individual transcriptomes was lowest in early ring
stages and increased gradually with progression through the IDC (Fig. 2B).
This is explained by the variegated expression of a large number of genes
expressed specifically in ring stage parasites [65-67]. Compared to both
control parasites (3D7 wild-type and 3D7/cam), the ring stage transcriptomes
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of 3D7/upsA, 3D7/upsB, 3D7/upsC and 3D7/rif consistently displayed a higher
number of deregulated genes than the 3D7/stevor, 3D7/phist and 3D7/pfmc-
2tm transfectants. Notably, the transcriptomes of all reporter lines consistently
showed a higher degree of similarity to the control transfectant 3D7/cam than
to untransfected parasites (Fig. 2B). We explain this important observation by
the likelihood that perturbations associated with the generation of transgenic
parasites per se cause alterations in mRNA profiles. Indeed, we found 127
genes either up- or down-regulated by more than two-fold in at least one time
point in all transfected lines compared to the untransfected control (Fig. S2).
Interestingly, this set was characterised by a large number of genes coding for
proteins involved in DNA/RNA metabolism, protein translation and export, and
stress response. These changes are compatible with possible responses to
plasmid maintenance and replication as well as to the mode of BSD action,

which inhibits protein synthesis [68].

var and non-var subtelomeric gene family promoters display distinct
functional characteristics

As an important consideration for comparative analyses, we tested whether
the stage-specific activities of the episomal promoters matched the temporal
transcription profile of the cognate endogenous gene families. To do this, we
compared reporter gene mRNA abundance profiles to the average relative
expression of the corresponding gene family members (Fig. S3). This analysis
revealed high correlations for the var upsA, upsB, upsC, stevor, pfmc-2tm and
cam promoters. The episomal rif promoter profile correlated with endogenous
var rather than rif transcription implying that this bi-directional rif promoter
displays a var-specific activation pattern. For the phistb promoter we observed
divergence in early schizonts where episomal promoter activity increased and
endogenous phist transcription decreased. Hence, except for phistb the
episomal promoters analysed here contain sufficient information to
recapitulate the temporal expression of endogenous gene families.

Several studies reported that upsB and upsC var promoters are regulated by
epigenetic mechanisms and adopt either a silenced (default) or an active
(activated) state [46,49,51,53]. By quantifying reporter transcript levels in
unselected (default) and drug-selected (activated) populations we asked if the
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promoters of upsA var and subtelomeric non-var gene families show the same
behaviour. The non-epigenetically regulated house-keeping gene promoter
cam and the upsB promoter served as important negative and positive
controls for silencing, respectively. Quantitative reverse transcription PCR
(qRT-PCR) analysis revealed increased activities in drug-selected compared
to unselected populations for all promoters tested (Fig. 3 and S4). However,
only the upsB (18.2-fold induction +/- 1.0 s.d.) and upsA promoter (3.8-fold +/-
0.6 s.d.) showed a significantly elevated level of induction relative to the
negative control promoter cam (2.1-fold +/- 0.4 s.d.). In contrast, we found no
evidence for alternative states of activity for the stevor, phistb and pfmc-2tm
promoters. The head-to-head rif promoter displayed a 7.1-fold mean induction
(+/- 3.4 s.d.; not significant) in WR-selected versus unselected parasites,
which may be indicative for silencing in a considerable fraction of the
unselected population. In summary, these results demonstrate for the first
time that promoters of subtelomeric non-var gene families are unable to
recruit transcriptional silencing autonomously and are thus active by default.
This is in clear distinction to var promoters, which are characterised by

reversible responsiveness to epigenetic control mechanisms.

The capability to interfere with mutually exclusive var gene transcription
is restricted to var gene promoters

Activation of upsB and upsC promoters leads to down-regulation of
endogenous var transcription [46,49-51]. Here, we studied the specificity of
this crosstalk by comparative analysis of relative var transcription levels in all
cell lines. As shown in Figure 4A, mean relative var expression was strikingly
reduced in early and late ring stages in 3D7/upsA, 3D7/upsB and 3D7/upsC
compared to all other lines. Interestingly, this was also evident in 3D7/rif to a
level comparable to that induced by active var promoters. As expected, var
transcription was repressed/absent in trophozoites and early schizonts (TP3
and TP4) in all lines investigated, underscoring the specificity of the changes
observed for TP1 and TP2.

The box plot in Fig. 4A compares the distribution of relative var expression
levels at TP1. With the exception of 3D7/stevor, var transcription was reduced

in all transfected lines compared to 3D7. Importantly, however, var down-
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regulation was much less pronounced in 3D7/phist, 3D7/pfmc-2tm and
3D7/cam compared to the lines carrying activated var promoters. When
compared to 3D7/cam, significant down-regulation occurred specifically only
in 3D7/upsA, 3D7/upsB, 3D7/upsC and 3D7/rif parasites. This is also
illustrated by comparing the relative expression levels for each individual var
gene (Fig. 4B). In 3D7/upsA, 3D7/upsB, 3D7/upsC and 3D7/rif var gene
transcription was largely reduced or absent. In contrast, transcripts of all var
genes were detected in the 3D7/stevor, 3D7/phist, 3D7/pfmc-2tm and
3D7/cam populations. Compared to 3D7, the relative abundance of most
transcripts was slightly lower and some were transcribed at higher levels in
these lines. It is worth mentioning that 3D7/upsC parasites exhibited similar or
even elevated relative expression of a subset of var genes when compared to
the 3D7 control. Interestingly, all of these genes belong to the upsA and
upsB/A var subgroups. These genes are hardly expressed in 3D7 parasites
[69,70] and are thus only present in minute amounts in the 3D7 cDNA
reference pool. Consequently, these hybridisation signals have to be
interpreted with caution as they merely represent transcription slightly above
background. At this stage, however, we can not exclude the possibility of an
incomplete var knock-down effect in a small subset of 3D7/upsC parasites.

In addition to var genes, other heterochromatic genes also showed a trend
towards down-regulation in transfected versus untransfected parasites,
irrespective of the promoter used to drive hdhfr-gfp. However, when
comparing global transcription profiles to the control transfectant 3D7/cam this
effect disappears except for var genes, which remain specifically down-
regulated (Fig. S5). We therefore conclude that transcription of
heterochromatic genes is generally lower in episomally transfected parasites.
This hypothesis is corroborated by the finding that 3D7/stevor, the only cell
line where integration of the plasmid concatamer into the endogenous locus
had occurred, was the only cell line displaying wild-type var transcript levels.

In summary, this analysis shows that activation of the three main var promoter
types, and a head-to-head rif promoter, results in silencing of endogenous var
genes. Promoters of other gene families do not have this competence
underscoring the specificity of var promoter-mediated interference with

mutually exclusive var transcription.
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Variegated expression of other gene families occurs independently of
promoter activation and is not mutually exclusive

In striking contrast to var genes, neither of the rif, stevor, phist and pfmc-2tm
promoters caused a significant knock-down in transcription of their cognate
endogenous gene families (Fig. 5). These data clearly show that
transcriptional control of the rif, stevor, phist and pfmc-2tm families does not
obey the same strategy employed for var genes, and that these families are
not transcribed by strict mutual exclusion.

However, variegated expression of these families was still obvious. Except for
the phist families (Fig. 5C), we observed altered average expression in some
transgenic lines relative to 3D7/cam. For instance, rif transcription was slightly
but significantly altered in 3D7/upsA, 3D7/upsB, 3D7/stevor, 3D7/phist and
3D7/pfmc-2tm (Fig. 5A). Transcription of individual stevor and pfmc-2tm
members was characterised in general by a large dispersion of relative
expression about the mean (Figs. 5B and 5D). In trophozoites, average pfmc-
2tm transcription was significantly reduced in 3D7/stevor, 3D7/phist and
3D7/pfmc-2tm. Interestingly, in late ring stages average expression of the rif,
stevor and pfmc-2tm families was significantly lower in 3D7/upsA and higher
in 3D7/upsB, which was most pronounced for the pfmc-2tm family. If these
altered profiles are indeed linked to the activation of particular var promoters,
or if they are simply due to stochastic variation remains to be investigated
using more targeted approaches.

We were also interested in asking if any of the recently described hyp families
[22] were differentially expressed in our transfected cell lines. While the
temporal transcription profile of most hyp genes was similar in all lines, we
observed a striking up-regulation in relative hyp4 transcription in all time
points in 3D7/pfmc-2tm parasites compared to all other lines (Fig. S6). This
observation is particularly interesting given that all nine hyp4 paralogs are

located in head-to-tail orientation directly upstream of a pfmc-2tm gene locus.

Preliminary evidence suggests that activation of different var promoter
types is carried out by a common regulatory pathway
To date, it is unknown if var gene activation involves a single regulatory

pathway, or if distinct transcriptional regulators mediate subtype-specific
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activation of var genes. To gain insight into this interesting question we
interrogated our datasets to identify genes with differential expression in the
3D7/upsA, 3D7/upsB and 3D7/upsC transfectants. This analysis pinpointed a
total of only 20 transcripts with greater than three-fold changes in relative
expression in TP1 and TP2 in any one compared to both other cell lines. Nine
genes were differentially expressed in 3D7/upsC, all of which are
heterochromatic [16] and encode known or predicted exported proteins [22]
including one PHISTa paralog (Fig. 6A). Interestingly, a previous study
reported up-regulation of a phista gene in parasites selected to express an
upsC-type PfEMP1 [71]. Further, two pairs of directly adjacent genes,
PFB0975¢c/PFB0980w and PF07_0004/MAL7P1.6, were similarly up- and
down-regulated, respectively, suggesting that local alterations in the
heterochromatic environment affected their transcription equally. Two
conserved Plasmodium proteins with unknown function and ctrp [72] were up-
regulated in 3D7/upsB (Fig. 6B). Transcription of these three genes is higher
in gametocytes compared to intra-erythrocytic stages [73]. Hence, it is
possible that these changes were due to a higher proportion of committed
sexual stages in the 3D7/upsB population. Eight genes were differentially
expressed in 3D7/upsA, seven of which are associated with PfHP1 [16] (Fig.
6C). Two of the three down-regulated genes, PFB0972w and PFB0970c, fall
into the same heterochromatic cluster that was up-regulated in 3D7/upsC (see
above). Two up-regulated genes encode PHISTb paralogs and two encode
members of the ApiAP2 family of putative transcription factors. One of the
apiap2 genes codes for PfSIP2 (PFF0200c), which has been implicated in
upsB silencing [74]. The second apiap2 gene (PFL1085w) is the only member
of this family that is positioned in facultative heterochromatin [16] and thus
predisposed to variegated expression.

In summary, this comparative approach identified only minor transcriptional
differences between parasites selected for activation of upsA, upsB or upsC
promoters. Nearly all changes affected heterochromatic genes that are
subject to variegated expression. Despite the differential regulation of two
apiap2 genes, this preliminary analysis failed to detect a clear link between
distinct signatures of potential regulatory factors and activation of different var

promoter subtypes.
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Discussion

var upstream regions are the dominant functional elements involved in the
three main pillars of var gene regulation — silencing, activation and mutually
exclusive locus recognition [46,47,49-53,75,76]. Here, we were able to
expand our knowledge on this complex control strategy onto a genome-wide
level, and to incorporate the analysis of upsA and several additional non-var
promoters. Our comparative functional analysis separates the var and non-var
subtelomeric gene families into two groups based on a different logic of
transcriptional regulation.

The three main var promoter types share several functional attributes. First,
they display similar relative activities and similar temporal activation profiles
restricted to ring stages. Second, as shown here and elsewhere, upsA, upsB
and upsC promoters exist in two different states of activity; silenced or active
[46,49,51,77]. Third, activation of episomal copies of each promoter type
leads to a specific down-regulation of endogeneous var transcription.
Together, these findings suggests that despite considerable sequence
variation between upsA, upsB and upsC upstream regions mutually exclusive
activation of all var genes is governed by a common regulatory mechanism.
This assumption is supported by our failure to identify distinct signatures of
transcripts coding for potential transcriptional regulators in 3D7/upsA,
3D7/upsB and 3D7/upsC parasites.

Unlike var promoters, the stevor, phistb and pfmc-2tm promoters showed no
evidence for reversible states of activity. Similar to the house-keeping gene
promoter cam, they were active by default already in unselected parasites.
Moreover, we observed no specific down-regulation in transcription of the
endogenous rif, stevor, phistb and pfmc-2tm families in parasites carrying
extra copies of the corresponding promoters. Analysis of the rif promoter
delivered several lines of evidence suggesting co-regulation of head-to-head
rif and upsA var genes. First, the temporal activity profile of this rif promoter
matches that of endogenous var rather than rif genes. Second, both
promoters display reduced activity levels in the default compared to the
activated states. Third, and most compelling, selection for rif promoter

activation induced an endogenous var knock-down similar to that achieved by
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var promoters. These results imply that activation of this subset of rif genes
may be carried out by the same mechanisms that are also required for
mutually exclusive activation of upsA genes. Interestingly, head-to-head upsA
and rif genes were also co-regulated in parasites selected with IgG antibodies
from highly immune adults [78], and are similarly up-regulated in absence of
silent information regulator 2A (PfSIR2A) [79,80]. In light of this apparent co-
regulation in vitro and in vivo it will be interesting to test if upsA PfEMP1 and
RIFINs also co-operate on the protein level.

Our initial attempts to select for an active upsA promoter by WR-selection in
3D7/upsAt parasites were unsuccessful. Likewise, a previous study failed to
obtain activated upsA promoters based on drug selection [77]. Intriguingly, the
relative hdhfr-gfp mRNA levels in unselected 3D7/upsAt parasites were
higher than those in most other WR-selected lines (Fig. S4). Hence, the
refractoriness of 3D7/upsAt to WR challenge was not due to irreversible upsA
silencing. Rather, our results point towards a role for the upsA 5’ untranslated
region (5 UTR) in translational repression, and we recently made similar
observations for the upsC 5 UTR (unpublished). Alternatively, it is also
plausible that the phenotypic background in 3D7 parasites is rather
incompatible with expression of upsA genes. These var subtypes are
frequently expressed in clinical isolates and are associated with severe
disease [70,81-84]. In cell cultures, however, upsA genes are preferably
silenced and have faster switch off rates than upsB and upsC genes [69,70].
Hence, environmental cues are important in determining the predisposition to
express certain classes of var genes. The differential role of PfSIR2A and
PfSIR2B in silencing of var gene subgroups [79,80,85] may provide an
example of how such signals could be translated into changes in var
expression. Similarly, the observed increase in transcription of two apiap2
members in the 3D7/upsA population may indicate a role in modulating var
transcription. For instance, increased nuclear levels of PfSIP2 may be
required for enhanced silencing of upsB genes in upsA-expressing parasites.
Expression of the second apiap2 gene (PFL1085w) is also elevated in
parasite field isolates from pregnant women and children [86]. It is therefore
tempting to speculate that variegated expression of this regulator may be
implicated in expression of PfEMP1 variants linked to severe disease.
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Tailored functional genomics approaches are now required to test if these
ApiAP2 proteins are indeed involved in regulating differential var gene
expression.

A currently accepted model proposes the existence of a unique and physically
restricted perinuclear zone dedicated to the expression of a single var locus
only [46,50,79,87]. According to this concept, transcriptional switching would
occur through competition between a silenced and the active var gene. Our
results are fully concordant with this hypothesis. Amongst the gene families
investigated here, the mechanism by which singular var gene choice occurs is
unique and specific to the var gene family. Promoters of other gene families
do not interfere with this system. We envisage that specific cis-acting
elements in var upstream regions could target var loci to such an expression
site. Default silencing may be a prerequisite to protect var loci from illegitimate
expression elsewhere in the nucleus. In fact, the reversible responsiveness of
var promoters to silencing and activation may represent an inherent
contributor to the overall mechanism controlling mutually exclusive
transcription. On the contrary, activation of stevor, phistb and pfmc-2tm
promoters is not mutually exclusive and appears to be mediated by an
existing pool of readily available specific transcription factors.

In a previous study, Howitt and colleagues observed that with increasing
plasmid copy numbers, where var, rif, stevor or pfmc-2tm promoters
controlled transcription of the bsd resistance gene, transcription of
endogenous gene families decreased in a family-transcending manner [61].
To explain these observations, the authors proposed the existence of a
common titratable factor in activating subtelomeric gene families in P.
falciparum [61]. In spite of a similar experimental setup, and similar plasmid
copy numbers per parasite, our analysis is inconsistent with such a concept.
Similar to Howitt et al. we observed down-regulation of var and to some extent
also rif, stevor, pfmc-2tm and other heterochromatic families in several
transfected cell lines. However, this reduced transcription was not caused by
absorbance of a limiting factor specifically by subtelomeric virulence gene
promoters. We draw this conclusion since this effect was not specific to
plasmids carrying gene family promoters but was also observed in the control
transfectant 3D7/cam. Additionally, the episomal promoters maintained their
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characteristic temporal activation profiles suggesting that distinct sets of
transcriptional activators control transcription of different gene families.

Recent genome-wide ChIP experiments demonstrated the ubiquitous
enrichment of H3K9me3 and PfHP1 over P. falciparum-specific gene family
islands throughout the genome [15-17]. The reversibility of these epigenetic
marks provides the basis for clonally variant expression of subtelomeric
genes. For instance, var gene activation is linked to the local exchange of
H3K9me3/PfHP1 with H3K9ac and methylation of H3K4 predominantly in the
upstream region [48]. Such a functional epigenetic footprint is probably also
involved in transcriptional activation of silenced non-var family members
including stevor, pfmc-2tm, rif and others. However, the apparent lack of
autonomous cis-acting elements capable of recruiting the silencing machinery
to these promoters suggests that variant expression of these families is
passively controlled by cis and/or trans effects of neighbouring loci, which
actively participate in structuring the local chromatin environment.
Interestingly, parasites selected for the expression of a unique var gene show
no evidence for co-activation of neighbouring rif and stevor members [59,60].
Similarly, knock-down in endogenous var transcription in the four cell lines
analysed here was unlinked to concomitant down-regulation of juxtaposed
genes. Overall, this indicates that variant expression of non-var family
members is not directly linked to the activity of adjacent var loci, and that the
chromatin alterations required to permit var gene activation are locally
confined.

Overall, our study demonstrates a lack of systematic regulatory cross-talk
between different subtelomeric gene families in P. falciparum. The most
interesting circumstantial evidence for potential co-regulation is related to the
pfmc-2tm family. First, we observed a significant down- and up-regulation of
pfmc-2tm genes in 3D7/upsA and 3D7/upsB, respectively. It is worth
mentioning that similar to our in vitro data a previous study reported inordinate
pfmc-2tm expression patterns in vivo [58]. However, if pfmc-2tm expression is
truly co-regulated with subtype-specific var gene transcription, or if these
variations result from stochastic fluctuations in temporal pfmc-2tm activity,
needs to be tested in future studies. Second, hyp4 genes displayed a striking

up-regulation in 3D7/pfmc-2tm compared to all other cell lines. Due to 99%
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sequence identity between eight of the ten hyp4 paralogs [88], our
hybridisation data fail to distinguish between transcription of individual
members. It thus remains unclear if a single or several hyp4 genes were up-
regulated. Intriguingly, however, all hyp4 genes are located in head-to-tail
orientation directly upstream of pfmc-2tm genes. The specific up-regulation of
hyp4 transcription in 3D7/pfmc-2tm together with the strict positional link
between both gene types suggests that these two gene families are co-
expressed and that their exported gene products may be functionally inter-
connected.

To the best of our knowledge, this is the first study comparing multiple
transfected P. falciparum lines by global transcriptional profiling. Our data
suggest that drug selection of transfected parasites per se causes changes in
overall gene transcription. Such alterations may be linked to the initial
selection of subpopulations after electroporation, or may be elicited by
continuous drug challenge and/or forced replication of episomes. As an
important notion for future studies, we advise to use mock transfectants rather
than untransfected parasites as controls for comparative transcriptome
analyses involving transgenic lines. Another important technical aspect of this
study relates to the use of transgenic P. falciparum to study the function of
variant surface antigens. While the ability to create PfEMP1 knock-down
parasites using such a transfection-based approach continues to be extremely
informative for the analysis of immune responses to and binding properties of
PfEMP1 [46,55-57], our results show that this approach may not be feasible
for the analysis of other suspected surface antigens and virulence factors.

In this work we shed important light on the transcriptional control of virulence
gene families in P. falciparum and possibly that of other pathogens. We show
that activation of the three major types of var gene promoters is equally
important in the process of singular var gene choice in P. falciparum. The
transition of a var gene promoter from the silenced to the activated state most
likely represents an integral part of the overall mutual exclusion mechanism.
We also demonstrate that this mode of regulation is unique to var genes; non-
var families such as rif, stevor, phist and pfmc-2tm do not obey the same

principle of mutually exclusive transcription. This striking difference in the
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control of var versus non-var gene families underscores the high significance

of antigenic variation of PfFEMP1 in parasite survival and transmission.

Materials and methods

Plasmid construction

All transfection constructs generated in this study are derivatives of pBcam
which was itself obtained by the following procedure. The hdhfr gene in
pBcam_MCS [16] was replaced with a hdhfr-gfp fusion gene. The hdhfr-gfp
fusion was generated by ligation of a hdhfr PCR product into BamHlI/Sall-
digested pGEM3-Zf(+) (Promega). The Notl site at the 5’ end of the forward
primer is followed by a 5bp AAAACA sequence, which naturally occurs
directly upstream of the PFL1960w var ATG. The gfp gene was amplified from
pARLMTGFP [89] and ligated in frame with the hdhfr gene into Sall/Avrll-
digested pGEM-hdhfr. The fusion gene was excised with BamHI/Avrll and
cloned into BamHI/Avrll-digested pBcam_MCS to obtain pBcamHG. The var
gene intron was amplified from pHBupsCRI [46], digested with Mfel and
cloned into EcoRI-digested pBcamHG to obtain pBcam. 5’ upstream regions
of interest were amplified by PCR from 3D7 gDNA, digested with Bglll/Notl
and cloned upstream of the hdhfr-gfp reporter gene into Bglll/Notl-digested
pBcam. The resulting constructs were named pBupsAt, pBupsB, pBupsC,
pBrif, pBstevor, pBphistb and pBpfmc-2tm. To create plasmid pBupsA, the
bsd gene and PbDT3’ terminator sequence was amplified from pBcam,
digested with Bglll/Kpnl and cloned in reverse orientation into Bglll/Kpnl-
digested pBrif. Primer sequences, accession numbers and lengths of the

respective promoter sequences are shown in Table S1.

Parasite culture and transfection

P. falciparum 3D7 parasites were cultured as described previously [90].
Transfections were performed as described [46] and parasites were selected
on 2.50g/ml BSD and 4nM WR99210. Growth synchronisation was achieved
by repeated sorbitol lysis [91]. To obtain an eight-hour growth window pre-

synchronized parasites were synchronized twice 16 hours apart.
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Transcriptional profiling by microarray analysis

For microarray analysis, total RNA was harvested at four consecutive
timepoints: 6-14 hours post-invasion (hpi), 14-22 hpi, 22-30 hpi and 30-38 hpi.
A pool of total RNA isolated from sychronized 3D7 parasites at five
consecutive timepoints (10 hour growth window each) covering the complete
intra-erythrocytic developmental cycle was used as reference sample. Total
RNA was prepared by disrupting 1.5 ml of RBC pellet (>3% parasitaemia) with
10ml of TriReagent (Sigma-Aldrich) following manufacturer’s instructions.
cDNA was generated from total RNA and labelled as previously described
[65] and hybridised to a long oligonucleotide genome-wide microarray
containing 10166 probes [64]. The raw microarray data representing mRNA
abundance ratios between each sample and the reference pool were
subjected to lowess slide normalization and background filtering as
implemented by the Acuity 4.0 program (Molecular Devices). For genes
represented by more than one probe ratios were averaged (Dataset S1).
tRNA and rRNA signals and genes for which signals were detected in less

than 75% of all samples were excluded from the analysis.

Data analysis

Genes and arrays were clustered by average linkage clustering using Gene
Cluster 3.0 [92]. The array tree and heatmaps were generated using the Java
Treeview program [93]. Boxplots and scatterplots were generated using the
statistical package R (version 2.10.0). Paired and unpaired t-tests were used
to assess statistical significance between means of log2 ratios obtained from
microarray hybridisations and gRT-PCR triplicate values, respectively.
Differentially expressed genes presented in Fig. S2 were analysed by
functional pathway enrichment using the KEGG and MPMP databases [94,95]

and manual curation.

Genomic DNA extraction, RNA extraction and cDNA synthesis

Parasites were released from iRBCs in 0.15% saponin. Total RNA was
isolated using TriReagent (Sigma-Aldrich) and further purified using the
RNeasy Plus Mini Kit (Qiagen) for removal of gDNA. Residual gDNA was
digested with TURBO DNA-free™ (Ambion). All samples were tested negative
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for contaminating gDNA by quantitative PCR (qgPCR). RNA was reverse
transcribed using the RETROscript Kit® (Ambion). gDNA was extracted from
the same parasite samples by addition of 3% SDS/0.27 M Na-acetate to the
parasite pellet followed by phenol/chloroform extraction and precipitation.
gDNA was resuspended in ddH,0O and diluted 1:100 for gPCR analysis.

Quantitative real-time PCR

For determination of the temporal promoter activity profiles RNA and gDNA
were harvested from the same cultures that were also used for microarray
analysis. For analysis of promoter activities in unselected and drug-selected
populations parasites were synchronized as described above and gDNA and
total RNA was harvested at 6-14hpi (TP1) for 3D7/upsA, 3D7/upsB,
3D7/upsC, 3D7/rif, 3D7/phist and 3D7/cam, and at 22-30hpi (TP3) for
3D7/stevor and 3D7/pfmc-2tm, respectively. qRT-PCR experiments were
performed on three independent biological samples. Plasmid copy numbers
were determined by qPCR on gDNA and calculated by dividing the absolute
copy numbers obtained for hdhfr-gfp by the value obtained for the PFL0O900c
(arginyl-tRNA synthetase) locus [53]. All reactions were run in triplicate
yielding virtually identical Ct values. Five serial 1:10 dilutions of 3D7 genomic
or plasmid DNA were used as standard for absolute quantification. Relative
transcript profiles were calculated by normalisation against the house-keeping
gene PFL0900c. Cycling conditions were: 50°C, 2min; 95°C 10min, followed
by 40 cylces of 95°C, 15sec; 58°C 1min. Product-specific amplification was
ensured by performing melting curves for each reaction. Reactions were
performed at final primer concentrations of 0.4uM using Power SYBR® Green
Master Mix (Applied Biosystems) on a StepOnePlus™ Real-Time PCR
System (Applied Biosystems) in a reaction volume of 12ul. Primers are listed
in Table S1.

Southern blotting

gDNA was subjected to Southern analysis using standard procedures. gDNA
was digested with EcoRI/Pvull and separated on 0.7% agarose gels.
Southern blots were probed with random-primed *?P-dATP-labelled hdhfr.

102



Chapter 3 Regulatory linkage of multigene families in P. falciparum

Accession numbers

PlasmoDB (www.plasmoDB.org) accession numbers for genes and proteins

discussed in this publication are: upsA-type var (PF13_0003), upsB-type var
(PFLOOO5w), upsC-type var (PFL1960w), rif (PF13_0004), stevor
(PFL2610w), phistb (PFL2540w), cam (PF14_0323), PfSIP2 (PFF0200c),
ApiAP2 factor (PFL1085c), PfHP1 (PFL1005c).

Acknowledgements

We thank Sachel Mok for help in microarray analysis and Christian Flueck for
critically reading the manuscript. This work was supported by a Swiss
National Science Foundation award (PPO0OA-110835; PPOOP3_130203;
www.snf.ch), a Singapore Biomedical Research Council grant
(09/1/22/19/614; www.a-star.edu.sg), and a National Medical Research
Council grant (M48080019; www.nmrc.gov.sg).

References

1. Biggs BA, Gooze L, Wycherley K, Wollish W, Southwell B, et al. (1991) Antigenic
variation in Plasmodium falciparum. Proc Natl Acad Sci U S A 88: 9171-9174.

2. Roberts DJ, Craig AG, Berendt AR, Pinches R, Nash G, et al. (1992) Rapid switching to
multiple antigenic and adhesive phenotypes in malaria. Nature 357: 689-692.

3. Smith JD, Chitnis CE, Craig AG, Roberts DJ, Hudson-Taylor DE, et al. (1995) Switches in
expression of Plasmodium falciparum var genes correlate with changes in antigenic and
cytoadherent phenotypes of infected erythrocytes. Cell 82: 101-110.

4. Kyes S, Horrocks P, Newbold C (2001) Antigenic variation at the infected red cell surface
in malaria. Annu Rev Microbiol 55: 673-707.

5. Gardner MJ, Hall N, Fung E, White O, Berriman M, et al. (2002) Genome sequence of the
human malaria parasite Plasmodium falciparum. Nature 419: 498-511.

6. Barry JD, Ginger ML, Burton P, McCulloch R (2003) Why are parasite contingency genes
often associated with telomeres? Int J Parasitol 33: 29-45.

7. Deitsch KW, Lukehart SA, Stringer JR (2009) Common strategies for antigenic variation
by bacterial, fungal and protozoan pathogens. Nat Rev Microbiol 7: 493-503.

8. Myler PJ, Allison J, Agabian N, Stuart K (1984) Antigenic variation in African
trypanosomes by gene replacement or activation of alternate telomeres. Cell 39: 203-211.

9. De Las PA, Pan SJ, Castano |, Alder J, Cregg R, et al. (2003) Virulence-related surface
glycoproteins in the yeast pathogen Candida glabrata are encoded in subtelomeric
clusters and subject to. Genes Dev 17: 2245-2258.

10. Keely SP, Renauld H, Wakefield AE, Cushion MT, Smulian AG, et al. (2005) Gene arrays
at Pneumocystis carinii telomeres. Genetics 170: 1589-1600.

11. Cooper JP, Watanabe Y, Nurse P (1998) Fission yeast Taz1 protein is required for
meiotic telomere clustering and recombination. Nature 392: 828-831.

12. Freitas-Junior LH, Bottius E, Pirrit LA, Deitsch KW, Scheidig C, et al. (2000) Frequent
ectopic recombination of virulence factor genes in telomeric chromosome clusters of P.
falciparum. Nature 407: 1018-1022.

13. Taylor HM, Kyes SA, Newbold Cl (2000) Var gene diversity in Plasmodium falciparum is
generated by frequent recombination events. Mol Biochem Parasitol 110: 391-397.

103


http://www.plasmodb.org/
http://www.snf.ch/

Chapter 3 Regulatory linkage of multigene families in P. falciparum

14. Gottschling DE, Aparicio OM, Billington BL, Zakian VA (1990) Position effect at S.
cerevisiae telomeres: reversible repression of Pol |l transcription. Cell 63: 751-762.

15. Salcedo-Amaya AM, van Driel MA, Alako BT, Trelle MB, van den Elzen AM, et al. (2009)
Dynamic histone H3 epigenome marking during the intraerythrocytic cycle of Plasmodium
falciparum. Proc Natl Acad SciU S A

16. Flueck C, Bartfai R, Volz J, Niederwieser |, Salcedo-Amaya AM, et al. (2009) Plasmodium
falciparum heterochromatin protein 1 marks genomic loci linked to phenotypic variation of
exported virulence factors. PLoS Pathog 5: €1000569.

17. Lopez-Rubio JJ, Mancio-Silva L, Scherf A (2009) Genome-wide analysis of
heterochromatin associates clonally variant gene regulation with perinuclear repressive
centers in malaria parasites. Cell Host Microbe 5: 179-190.

18. Su XZ, Heatwole VM, Wertheimer SP, Guinet F, Herrfeldt JA, et al. (1995) The large
diverse gene family var encodes proteins involved in cytoadherence and antigenic
variation of Plasmodium falciparum-infected erythrocytes. Cell 82: 89-100.

19. Baruch DI, Pasloske BL, Singh HB, Bi X, Ma XC, et al. (1995) Cloning the P. falciparum
gene encoding PfEMP1, a malarial variant antigen and adherence receptor on the
surface of parasitized human erythrocytes. Cell 82: 77-87.

20. Weber JL (1988) Interspersed repetitive DNA from Plasmodium falciparum. Mol Biochem
Parasitol 29: 117-124.

21. Cheng Q, Cloonan N, Fischer K, Thompson J, Waine G, et al. (1998) stevor and rif are
Plasmodium falciparum multicopy gene families which potentially encode variant
antigens. Mol Biochem Parasitol 97: 161-176.

22. Sargeant TJ, Marti M, Caler E, Carlton JM, Simpson K, et al. (2006) Lineage-specific
expansion of proteins exported to erythrocytes in malaria parasites. Genome Biol 7: R12.

23. Sam-Yellowe TY, Florens L, Johnson JR, Wang T, Drazba JA, et al. (2004) A
Plasmodium gene family encoding Maurer's cleft membrane proteins: structural
properties and expression profiling. Genome Res 14: 1052-1059.

24. Voss TS, Thompson JK, Waterkeyn J, Felger I, Weiss N, et al. (2000) Genomic
distribution and functional characterisation of two distinct and conserved Plasmodium
falciparum var gene 5' flanking sequences. Mol Biochem Parasitol 107: 103-115.

25. Kraemer SM, Smith JD (2003) Evidence for the importance of genetic structuring to the
structural and functional specialization of the Plasmodium falciparum var gene family. Mol
Microbiol 50: 1527-1538.

26. Lavstsen T, Salanti A, Jensen AT, Arnot DE, Theander TG (2003) Sub-grouping of
Plasmodium falciparum 3D7 var genes based on sequence analysis of coding and non-
coding regions. Malar J 2: 27.

27. Leech JH, Barnwell JW, Miller LH, Howard RJ (1984) Identification of a strain-specific
malarial antigen exposed on the surface of Plasmodium falciparum-infected erythrocytes.
J Exp Med 159: 1567-1575.

28. MacPherson GG, Warrell MJ, White NJ, Looareesuwan S, Warrell DA (1985) Human
cerebral malaria. A quantitative ultrastructural analysis of parasitized erythrocyte
sequestration. Am J Pathol 119: 385-401.

29. Carlson J, Helmby H, Hill AV, Brewster D, Greenwood BM, et al. (1990) Human cerebral
malaria: association with erythrocyte rosetting and lack of anti-rosetting antibodies.
Lancet 336: 1457-1460.

30. Rowe A, Obeiro J, Newbold Cl, Marsh K (1995) Plasmodium falciparum rosetting is
associated with malaria severity in Kenya. Infect Immun 63: 2323-2326.

31. Pongponratn E, Riganti M, Punpoowong B, Aikawa M (1991) Microvascular sequestration
of parasitized erythrocytes in human falciparum malaria: a pathological study. Am J Trop
Med Hyg 44: 168-175.

32. Lavazec C, Sanyal S, Templeton TJ (2007) Expression switching in the stevor and Pfmc-
2TM superfamilies in Plasmodium falciparum. Mol Microbiol 64: 1621-1634.

33. Abdel-Latif MS, Khattab A, Lindenthal C, Kremsner PG, Klinkert MQ (2002) Recognition
of variant Rifin antigens by human antibodies induced during natural Plasmodium
falciparum infections. Infect Immun 70: 7013-7021.

34. Abdel-Latif MS, Dietz K, Issifou S, Kremsner PG, Klinkert MQ (2003) Antibodies to
Plasmodium falciparum rifin proteins are associated with rapid parasite clearance and
asymptomatic infections. Infect Immun 71: 6229-6233.

35. Fernandez V, Hommel M, Chen Q, Hagblom P, Wahlgren M (1999) Small, clonally variant
antigens expressed on the surface of the Plasmodium falciparum-infected erythrocyte are

104



Chapter 3 Regulatory linkage of multigene families in P. falciparum

encoded by the rif gene family and are the target of human immune responses. J Exp
Med 190: 1393-1404.

36. Kyes SA, Rowe JA, Kriek N, Newbold CI (1999) Rifins: a second family of clonally variant
proteins expressed on the surface of red cells infected with Plasmodium falciparum. Proc
Natl Acad Sci U S A 96: 9333-9338.

37. Schreiber N, Khattab A, Petter M, Marks F, Adjei S, , et al. (2008) Expression of
Plasmodium falciparum 3D7 STEVOR proteins for evaluation of antibody responses
following malaria infections in naive infants. Parasitology 135: 155-167.

38. Joannin N, Abhiman S, Sonnhammer EL, Wahlgren M (2008) Sub-grouping and sub-
functionalization of the RIFIN multi-copy protein family. BMC Genomics 9: 19.

39. Petter M, Haeggstrom M, Khattab A, Fernandez V, Klinkert MQ, et al. (2007) Variant
proteins of the Plasmodium falciparum RIFIN family show distinct subcellular localization
and developmental expression patterns. Mol Biochem Parasitol 156: 51-61.

40. Petter M, Bonow I, Klinkert MQ (2008) Diverse expression patterns of subgroups of the rif
multigene family during Plasmodium falciparum gametocytogenesis. PLoS ONE 3:
e3779.

41. Lavazec C, Sanyal S, Templeton TJ (2006) Hypervariability within the Rifin, Stevor and
Pfmc-2TM superfamilies in Plasmodium falciparum. Nucleic Acids Res 34: 6696-6707.

42. Khattab A, Bonow |, Schreiber N, Petter M, Schmetz C, et al. (2008) Plasmodium
falciparum variant STEVOR antigens are expressed in merozoites and possibly
associated with erythrocyte invasion. Malar J 7: 137.

43. Blythe JE, Yam XY, Kuss C, Bozdech Z, Holder AA, et al. (2008) Plasmodium falciparum
STEVOR proteins are highly expressed in patient isolates and located in the surface
membranes of infected red blood cells and the apical tips of merozoites. Infect Immun 76:
3329-3336.

44, Niang M, Yan Y, X, Preiser PR (2009) The Plasmodium falciparum STEVOR multigene
family mediates antigenic variation of the infected erythrocyte. PLoS Pathog 5: €e1000307.

45. Scherf A, Hernandez-Rivas R, Buffet P, Bottius E, Benatar C, et al. (1998) Antigenic
variation in malaria: in situ switching, relaxed and mutually exclusive transcription of var
genes during intra-erythrocytic development in Plasmodium falciparum. EMBO J 17:
5418-5426.

46. Voss TS, Healer J, Marty AJ, Duffy MF, Thompson JK, et al. (2006) A var gene promoter
controls allelic exclusion of virulence genes in Plasmodium falciparum malaria. Nature
439: 1004-1008.

47. Chookajorn T, Dzikowski R, Frank M, Li F, Jiwani AZ, et al. (2007) Epigenetic memory at
malaria virulence genes. Proc Natl Acad Sci U S A 104: 899-902.

48. Lopez-Rubio JJ, Gontijo AM, Nunes MC, Issar N, Hernandez RR, et al. (2007) 5' flanking
region of var genes nucleate histone modification patterns linked to phenotypic
inheritance of virulence traits in malaria parasites. Mol Microbiol 66: 1296-1305.

49. Voss TS, Tonkin CJ, Marty AJ, Thompson JK, Healer J, et al. (2007) Alterations in local
chromatin environment are involved in silencing and activation of subtelomeric var genes
in Plasmodium falciparum. Mol Microbiol 66: 139-150.

50. Dzikowski R, Li F, Amulic B, Eisberg A, Frank M, et al. (2007) Mechanisms underlying
mutually exclusive expression of virulence genes by malaria parasites. EMBO Rep 8:
959-965.

51. Dzikowski R, Frank M, Deitsch K (2006) Mutually exclusive expression of virulence genes
by malaria parasites is regulated independently of antigen production. PLoS Pathog 2:
e22.

52. Calderwood MS, Gannoun-Zaki L, Wellems TE, Deitsch KW (2003) Plasmodium
falciparum var genes are regulated by two regions with separate promoters, one
upstream of the coding region and a second within the intron. J Biol Chem 278: 34125-
34132.

53. Frank M, Dzikowski R, Costantini D, Amulic B, Berdougo E, et al. (2006) Strict pairing of
var promoters and introns is required for var gene silencing in the malaria parasite
Plasmodium falciparum. J Biol Chem 281: 9942-9952.

54. Deitsch KW, Calderwood MS, Wellems TE (2001) Malaria. Cooperative silencing
elements in var genes. Nature 412: 875-876.

55. D'Ombrain MC, Voss TS, Maier AG, Pearce JA, Hansen DS, et al. (2007) Plasmodium
falciparum erythrocyte membrane protein-1 specifically suppresses early production of
host interferon-gamma. Cell Host Microbe 2: 130-138.

105



Chapter 3 Regulatory linkage of multigene families in P. falciparum

56. Elliott SR, Spurck TP, Dodin JM, Maier AG, Voss TS, et al. (2007) Inhibition of dendritic
cell maturation by malaria is dose dependent and does not require Plasmodium
falciparum erythrocyte membrane protein 1. Infect Immun 75: 3621-3632.

57. Maier AG, Rug M, O'Neill MT, Brown M, Chakravorty S, et al. (2008) Exported proteins
required for virulence and rigidity of Plasmodium falciparum-infected human erythrocytes.
Cell 134: 48-61.

58. Mackinnon MJ, Li J, Mok S, Kortok MM, Marsh K, et al. (2009) Comparative
transcriptional and genomic analysis of Plasmodium falciparum field isolates. PLoS
Pathog 5: €1000644.

59. Cabral FJ, Wunderlich G (2009) Transcriptional memory and switching in the Plasmodium
falciparumrif gene family. Mol Biochem Parasitol 168: 186-190.

60. Sharp S, Lavstsen T, Fivelman QL, Saeed M, McRobert L, et al. (2006) Programmed
transcription of the var gene family, but not of stevor, in Plasmodium falciparum
gametocytes. Eukaryot Cell 5: 1206-1214.

61. Howitt CA, Wilinski D, Llinas M, Templeton TJ, Dzikowski R, et al. (2009) Clonally variant
gene families in Plasmodium falciparum share a common activation factor. Mol Microbiol
73:1171-1185.

62. Kaviratne M, Khan SM, Jarra W, Preiser PR (2002) Small variant STEVOR antigen is
uniquely located within Maurer's clefts in Plasmodium falciparum-infected red blood cells.
Eukaryot Cell 1: 926-935.

63. Kyes S, Pinches R, Newbold C (2000) A simple RNA analysis method shows var and rif
multigene family expression patterns in Plasmodium falciparum. Mol Biochem Parasitol
105: 311-315.

64. Hu G, Llinas M, Li J, Preiser PR, Bozdech Z (2007) Selection of long oligonucleotides for
gene expression microarrays using weighted rank-sum strategy. BMC Bioinformatics 8:
350.

65. Bozdech Z, Llinas M, Pulliam BL, Wong ED, Zhu J, et al. (2003) The transcriptome of the
intraerythrocytic developmental cycle of Plasmodium falciparum. PLoS Biol 1: E5.

66. Marti M, Baum J, Rug M, Tilley L, Cowman AF (2005) Signal-mediated export of proteins
from the malaria parasite to the host erythrocyte. J Cell Biol 171: 587-592.

67. Llinas M, Bozdech Z, Wong ED, Adai AT, DeRisi JL (2006) Comparative whole genome
transcriptome analysis of three Plasmodium falciparum strains. Nucleic Acids Res 34:
1166-1173.

68. Yamaguchi H, Yamamoto C, Tanaka N (1965) Inhibition of protein synthesis by blasticidin
S. |. Studies with cell-free systems from bacterial and mammalian cells. J Biochem 57:
667-677.

69. Frank M, Dzikowski R, Amulic B, Deitsch K (2007) Variable switching rates of malaria
virulence genes are associated with chromosomal position. Mol Microbiol 64: 1486-1498.

70. Peters JM, Fowler EV, Krause DR, Cheng Q, Gatton ML (2007) Differential changes in
Plasmodium falciparum var transcription during adaptation to culture. J Infect Dis 195:
748-755.

71. Mok BW, Ribacke U, Winter G, Yip BH, Tan CS, et al. (2007) Comparative transcriptomal
analysis of isogenic Plasmodium falciparum clones of distinct antigenic and adhesive
phenotypes. Mol Biochem Parasitol 151: 184-192.

72. Trottein F, Triglia T, Cowman AF (1995) Molecular cloning of a gene from Plasmodium
falciparum that codes for a protein sharing motifs found in adhesive molecules from
mammals and plasmodia. Mol Biochem Parasitol 74: 129-141.

73. Le Roch KG, Zhou Y, Blair PL, Grainger M, Moch JK, et al. (2003) Discovery of gene
function by expression profiling of the malaria parasite life cycle. Science 301: 1503-1508.

74. Flueck C, Bartfai R, Niederwieser I, Witmer K, Alako BT, et al. (2010) A major role for the
Plasmodium falciparum ApiAP2 protein PfSIP2 in chromosome end biology. PLoS Pathog
6: e1000784.

75. Voss TS, Kaestli M, Vogel D, Bopp S, Beck HP (2003) Identification of nuclear proteins
that interact differentially with Plasmodium falciparum var gene promoters. Mol Microbiol
48: 1593-1607.

76. Gannoun-Zaki L, Jost A, Mu J, Deitsch KW, Wellems TE (2005) A silenced Plasmodium
falciparum var promoter can be activated in vivo through spontaneous deletion of a
silencing element in the intron. Eukaryot Cell 4: 490-492.

106



Chapter 3 Regulatory linkage of multigene families in P. falciparum

77. Muhle RA, Adjalley S, Falkard B, Nkrumah LJ, Muhle ME, et al. (2009) A var gene
promoter implicated in severe malaria nucleates silencing and is regulated by 3'
untranslated region and intronic cis-elements. Int J Parasitol 39: 1425-14309.

78. Wang CW, Magistrado PA, Nielsen MA, Theander TG, Lavstsen T (2009) Preferential
transcription of conserved rif genes in two phenotypically distinct Plasmodium falciparum
parasite lines. Int J Parasitol 39: 655-664.

79. Duraisingh MT, Voss TS, Marty AJ, Duffy MF, Good RT, et al. (2005) Heterochromatin
silencing and locus repositioning linked to regulation of virulence genes in Plasmodium
falciparum. Cell 121: 13-24.

80. Tonkin CJ, Carret CK, Duraisingh MT, Voss TS, Ralph SA, et al. (2009) Sir2 paralogues
cooperate to regulate virulence genes and antigenic variation in Plasmodium falciparum.
PLoS Biol 7: e84.

81. Bull PC, Pain A, Ndungu FM, Kinyanjui SM, Roberts DJ, et al. (2005) Plasmodium
falciparum antigenic variation: relationships between in vivo selection, acquired antibody
response, and disease severity. J Infect Dis 192: 1119-1126.

82. Kyriacou HM, Stone GN, Challis RJ, Raza A, Lyke KE, et al. (2006) Differential var gene
transcription in Plasmodium falciparum isolates from patients with cerebral malaria
compared to hyperparasitaemia. Mol Biochem Parasitol 150: 211-218.

83. Rottmann M, Lavstsen T, Mugasa JP, Kaestli M, Jensen AT, et al. (2006) Differential
expression of var gene groups is associated with morbidity caused by Plasmodium
falciparum infection in Tanzanian children. Infect Immun 74: 3904-3911.

84. Kirchgatter K, Portillo HA (2002) Association of severe noncerebral Plasmodium
falciparum malaria in Brazil with expressed PfEMP1 DBL1 alpha sequences lacking
cysteine residues. Mol Med 8: 16-23.

85. Merrick CJ, Dzikowski R, Imamura H, Chuang J, Deitsch K, et al. (2010) The effect of
Plasmodium falciparum Sir2a histone deacetylase on clonal and longitudinal variation in
expression of the var family of virulence genes. Int J Parasitol 40: 35-43.

86. Vignali M, Armour CD, Chen J, Morrison R, Castle JC, et al. (2011) NSR-seq
transcriptional profiling enables identification of a gene signature of Plasmodium
falciparum parasites infecting children. J Clin Invest 121: 1119-1129.

87. Ralph SA, Scheidig-Benatar C, Scherf A (2005) Antigenic variation in Plasmodium
falciparum is associated with movement of var loci between subnuclear locations. Proc
Natl Acad Sci U S A 102: 5414-5419.

88. Templeton TJ (2009) The varieties of gene amplification, diversification and
hypervariability in the human malaria parasite, Plasmodium falciparum. Mol Biochem
Parasitol 166: 109-116.

89. Struck NS, de Souza DS, Langer C, Marti M, Pearce JA, et al. (2005) Re-defining the
Golgi complex in Plasmodium falciparum using the novel Golgi marker PfGRASP. J Cell
Sci 118: 5603-5613.

90. Trager W, Jenson JB (1978) Cultivation of malarial parasites. Nature 273: 621-622.

91. Lambros C, Vanderberg JP (1979) Synchronization of Plasmodium falciparum
erythrocytic stages in culture. J Parasitol 65: 418-420.

92. Eisen MB, Spellman PT, Brown PO, Botstein D (1998) Cluster analysis and display of
genome-wide expression patterns. Proc Natl Acad Sci U S A 95: 14863-14868.

93. Saldanha AJ (2004) Java Treeview--extensible visualization of microarray data.
Bioinformatics 20: 3246-3248.

94. Kanehisa M, Goto S, Kawashima S, Okuno Y, Hattori M (2004) The KEGG resource for
deciphering the genome. Nucleic Acids Res 32: D277-D280.

95. Ginsburg H (2006) Progress in in silico functional genomics: the malaria Metabolic
Pathways database. Trends Parasitol 22: 238-240.

107



Chapter 3 Regulatory linkage of multigene families in P. falciparum

Figure Legends

Figure 1. Transgenic reporter cell lines. (A) Schematic map of the parental
plasmid pBcam. The bsd resistance cassette (white box) selects for stable
plasmid maintenance. The hdhfr-gfp cassette (grey box) allows selecting for
active promoters of interest (red arrow). The var gene intron is indicated by a
v-shape. A 0.5kb TAREG6 element is shown by vertical lines. hsp86 5', hsp86
promoter; Pb DT 3', P. berghei dhfr-thymidilate synthase terminator; hrp2 3';
histidine-rich protein 2 terminator. (B) Descendants of pBcam were obtained
by replacing the cam promoter with promoters of interest (red arrows) using
Bglll and Notl. Numbers represent nucleotide positions in relation to the ATG
start codon. Grey dashed arrows represent the bi-directional upsA/rif
promoter. Plasmid names and cell lines are indicated. White and grey bars
represent average plasmid copy numbers in unselected and WR-selected cell
lines, respectively. n.a., not available. (C) Top: schematic map of pBupsA
where the bsd and hdhfr-gfp selectable markers are controlled by the bi-
directional upsA/rif promoter. Bottom: average plasmid copy number in BSD-

selected 3D7/upsA parasites.

Figure 2. Hierarchical clustering of 36 transcriptomes. (A) Hierarchical
average linkage clustering of 3D7 and eight transgenic cell lines at four time
points during the IDC. Numbers indicate similarity scores of two joined
elements by uncentered Pearson correlation. TP1, 6-14 hpi; TP2, 14-22hpi;
TP3, 22-30hpi; TP4, 30-38hpi. (B) Bars indicate the number of genes
displaying >4-fold change in relative expression (open bars, down-regulated;
grey bars, up-regulated) in each cell line and time point relative to 3D7 wild-
type (left panel) or the 3D7/cam control transfectant (right panel). Parasites
transfected with var promoter constructs are shaded grey. hpi, hours post-

invasion

Figure 3. Gene family promoters other than var are not silenced by
default. Relative reporter transcript levels were determined by gRT-PCR
(normalised against transcription of arginyl-tRNA synthetase (PFL0900c) and
adjusted for plasmid copy numbers). The bars represent the average increase
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in relative promoter activity in drug-selected compared to unselected parasites
at the time of peak transcription (fold increase). Values derive from three
independent biological replicates each (mean +/- s.d.) (see also Fig. S4). Note
that the value for the upsA promoter was calculated by dividing the relative
bsd transcript levels in 3D7/upsA by the relative hdhfr-gfp levels in unselected
3D7/upsAt. Significant levels of induction compared to the negative control

line 3D7/cam are indicated. hpi, hours post-invasion.

Figure 4. Mutually exclusive transcription is unique and specific to var
gene family. (A) Knock-down of endogenous var gene transcription. The
heat-map reflects the mean relative expression of all var genes at four time
points in each cell line. The box plot visualizes the distribution of relative var
expression levels in all cell lines at the time of peak transcription (TP1).
Parasites transfected with var promoter constructs are shaded. The box
reflects the lower and upper quartiles, respectively, and the median is
indicated by a horizontal line. Outliers are shown as dots. The solid and
dotted grey lines are drawn at the median for 3D7/cam and 3D7, respectively.
Significant changes in relative var expression compared to the control
transfectant 3D7/cam are indicated by asterisks (p<0.01). (B) The heat-map
reflects relative transcript abundance for each var gene at all four time points

in all cell lines.

Figure 5. Multigene families other than var are not subject to promoter-
induced mutual exclusion. Heat-maps reflect the mean relative expression
of all members of the endogenous gene families at four time points in each
cell line. Box plots visualize the distribution of relative expression levels for
each gene family in all cell lines at the time of peak transcription. The box
reflects the lower and upper quartiles, respectively, and the median is
indicated by a horizontal line. Outliers are shown as dots. The solid and
dotted grey lines are drawn at the median for 3D7/cam and 3D7, respectively.
Significant changes in relative expression compared to the control
transfectant 3D7/cam are indicated by asterisks (p<0.01). ns, not significant.

(A) Relative rif expression. (B) Relative stevor expression. (C) Relative phist
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expression. (D) Relative pfmc-2tm expression. Parasite lines transfected with

the cognate promoter construct are shaded.

Figure 6. Differential expression in parasite lines selected for activation
of different var promoter subtypes. (A) Genes with >3-fold changes in
relative expression at TP1 and TP2 in 3D7/upsC compared to both 3D7/upsA
and 3D7/upsB. (B) Genes with >3-fold changes in relative expression at TP1
and TP2 in 3D7/upsB compared to both 3D7/upsA and 3D7/upsC. (C) Genes
with >3-fold changes in relative expression at TP1 and TP2 in 3D7/upsA
compared to both 3D7/upsB and 3D7/upsC. The colour code refers to fold

changes in relative expression (2 log2 ratiosy
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Figure 2
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Figure 3
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Figure 5
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Figure 6
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Supplementary Information

Dataset S1. Averaged Cy5/Cy3 log2 ratios for all genes in all nine cell lines at

four timepoints each.
Table S1. List of primers used in this study.

Figure S1. (A) Southern blot of gDNA isolated from drug-selected transgenic
cell lines. gDNA was digested with Pvull/EcoRI. hdhfr was used as a probe to
visualize episomal fragments or plasmid integration into endogenous loci. The
size of the resulting fragments is indicated for each cell line. The second
fragment in 3D7/stevor reflects integration of pBstevor into the PFL2610w
locus (see D). (B) Plasmid map of pBcam and derivatives. (C) Schematic map
of the PFL2610w stevor locus. (D) Integration of pBstevor at the stevor locus
PFL2610w. The positions of EcCORV and Pvull restriction sites and the size of
the expected fragments hybridising with the hdhfr probe are highlighted.

Figure S2. Heat map showing all genes commonly de-regulated >2-fold in at
least one time point in all transgenic cell lines compared to 3D7/wild type
parasites. The colour code refers to fold changes in relative expression. The
colour scale indicates fold changes in relative transcript abundance (2%
atos) petween each of the transfected lines compared to 3D7 wild-type
parasites. GenelDs and annotations are according to PlasmoDB version6.3.

Coloured boxes group genes into four generic functional clusters.

Figure S3. Correlation between episomal promoter activity and endogenous
gene transcription. Grey lines refer to the left axis and represent relative
hdhfr-gfp mRNA levels produced per single promoter as determined by qRT-
PCR. Values are normalised against transcription of arginyl-tRNA Synthetase
(PFL0O900c) and adjusted for plasmid copy numbers. Black lines refer to the
right axis and represent the mean relative expression of the cognate gene
family members in 3D7/cam. Time points one to four are plotted on the x-axis.
Pearson correlation coefficients are indicated. (A) Correlation between

117



episomal upsA, upsB and upsC var promoter activities and endogenous var
gene transcription. Note that upsA activity is reflected in relative bsd
transcripts (black diamond). (B) Episomal rif promoter activity in correlation
with endogenous rif (top) or var transcription (bottom). (C) Episomal stevor,
phistb and pfmc-2tm activity in correlation with transcription of the
corresponding endogenous gene families. (D) Correlation between relative

activities of the episomal and endogenous cam promoters.

Figure S4. Relative promoter activities in unselected (default) and drug-
selected (activated) populations. Relative reporter transcript levels reflect
episomal promoter activities in each transfectant before (black bars) and after
(open bars) selection. Note that in 3D7/upsA the activated upsA promoter
drives transcription of bsd rather than hdhfr-gfp (diamond). Transcription of
the house-keeping gene arginyl-tRNA synthetase (PFL0900c) was used for
normalisation. Values have been adjusted for plasmid copy numbers. Total
RNA was harvested three times independently at time points of peak activity.

Values represent the mean +/- s.d. hpi, hours post-invasion.

Figure S5. (A) The scatter plots show the correlation of relative expression
levels of all genes at TP1 for 3D7/upsB (top), 3D7/pfmc-2tm (center) and
3D7/cam (bottom) in comparison to 3D7 wild-type parasites. (B) The scatter
plots show the correlation of relative expression levels of all genes at TP1 for
3D7/upsB (top) and 3D7/pfmc-2tm (bottom) in comparison to the 3D7/cam
control transfectant. Pearson correlation coefficients are indicated. var genes
are highlighted in blue, heterochromatic genes [1] are highlighted in red. All
other genes are shown in grey. Values on the y- and x-axis represent log2

ratios for each gene in the two cell lines.
Figure S6. Heat map showing relative expression levels (log2 ratios) of all

hyp family genes in all cell lines and time points. hyp4 family members up-

regulated in 3D7/pfmc-2tm are highlighted in grey.
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Figure S4
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Figure S5
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Figure S6
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Chapter 4 Testing for the existence of a singular var gene enhancer element

Testing for the existence of a singular var gene
enhancer element using 3C (chromosome

conformation capture)

Introduction

Investigations into the structure of the P. falciparum nucleus suggest the
existence of a region of uncondensed euchromatin in the largely
heterochromatic nuclear periphery (Ralph et al., 2005). This sub-nuclear
region has been proposed to function as a specific expression site for var
genes. The var gene family encompasses ~60 members per haploid genome
and can be subdivided into three major groups (upsA, upsB and upsC)
according to their upstream region (Gardner et al, 2002; Lavstsen et al, 2003).
var genes are transcribed in a mutually exclusive manner where only one
member is expressed whereas all others remain silenced (Scherf et al, 1998).
Switching in var gene expression leads to antigenic variation of PFEMP1 (P.
falciparum erythrocyte membrane protein 1), the main virulence factor of P.
falciparum-infected red blood cells (Scherf et al, 1998). A model for mutually
exclusive expression involves that the proposed expression site can activate
only one var locus at a time, similar to the transcriptional body mediating
mutually exclusive expression of vsg genes in African trypanosomes (Navarro
& Gull, 2001). Furthermore, recent publications reported that var genes move
to a different position in the nucleus upon transcriptional activation
(Duraisingh et al, 2005; Ralph et al, 2005; Marty et al, 2006). The var
upstream region plays a pivotal role in var gene silencing, activation and
mutual exclusion (Voss et al, 2006, 2007; Dzikowski et al, 2006). An active
episomal var gene promoter expressing a reporter gene is recruited to
chromosome end clusters where it interferes with endogenous var gene
transcription, causing a knock-down of the entire var gene family (Voss et al,
2006). However, to date the factor(s) controlling this sophisticated mode of

expression have not been identified.
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Chapter 4 Testing for the existence of a singular var gene enhancer element

Similar to var genes, the odorant receptor gene family in mammals
(comprising several hundred genes) is expressed in a mutually exclusive
manner (Rodriguez, 2007; Niimura & Nei, 2003). Every olfactory sensory
neuron expresses a single olfactory receptor (OR) gene resulting in hundreds
of functionally different neuronal populations in the nasal cavity. Recent
observations in the mouse argue for the existence of multiple levels of
regulation. Using the chromosome conformation capture (3C) technique
(Dekker et al, 2002), Lomvardas et al. show that a single enhancer (H) in mice
is able to associate with OR gene promoters on different chromosomes but
with only one OR gene (the active one) in any given olfactory neuron
(Lomvardas et al, 2006). However, in homozygous H knock-out mice, the
expression of only three OR family members that are located in cis
downstream of the H enhancer is abolished. Thus, the authors could not
corroborate the hypothesis of H as an essential trans-acting enhancer (Fuss
et al, 2007). Nevertheless, based on the parallels between the regulation of
odorant receptor genes in mammals and var genes in P. falciparum it is
tempting to speculate that a unique DNA enhancer sequence may be
employed by the parasite to control mutually exclusive var gene expression by
interaction with only one var promoter at a time.

| therefore proposed to test for the existence of a singular enhancer element
mediating the sequestration of the active var promoter to a var-specific
transcriptional factory at the nuclear periphery using a modified 3C approach.
Shortly, intact parasite nuclei carrying an active transgenic var promoter are
isolated and subjected to formaldehyde cross-linking. Cross-linked DNA is
digested to completion with a restriction enzyme frequently cutting in the P.
falciparum genome and releasing the entire transgenic var gene promoter.
DNA fragments are subsequently ligated at decreasing DNA concentrations to
favor intra-molecular end-joining. Cross-linking is then reversed, DNA purified
and individual ligation products are detected and quantified by PCR using
locus-specific primers. The PCR products are subsequently cloned into a
plasmid vector and sequenced. Figure 1 shows the principle of the 3C

technique employed to identify the putative var gene enhancer element.
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unknown DNA sequence

digestion
e
active T

var promoter formaldehyde
induced DNA-protein intramolecular
crosslinks ligation
reverse
inverse PCR crosslinks

* — =D

Figure 1. Schematic representation of the modified 3C strategy

proposed here (picture taken and modified from Dekker et al., 2002)

Material and Methods

Generation of a transfection construct tailored for 3C

To achieve plasmid integration into the rh3 locus (reticulocyte-binding like
protein homologue 3; PFL2520w) via double crossover, pCC4RH3 was used
as the parental plasmid. pCC4RH3 is a derivative of pCC4 (Maier et al, 2006)
and consists of two 900bp targeting fragments of the rh3 coding sequence,
the negative selection cassette FCU (a gene fusion of the S. cerevisiae
cytosine deaminase and uracil phosphoribosyl transferase) and a blasticidin-
S-deaminase bsd resistance cassette (T. Voss, unpublished) (Fig. 2A).
pCC4RH3 was digested with Spel and EcoRI, releasing the entire bsd
resistance cassette including the calmodulin (cam) promoter and the hrp2
(histidine rich protein 2) terminator. A DNA linker (linker1) with restriction sites
for Nhel-Mlul-EcoRI was inserted, eliminating the previous Spel and EcoRI
sites, to produce pCC4RH3-linker1 (Fig. 2B).

Plasmid pBcamHG (Brancucci and Witmer et al., submitted) was digested
with Pstl and Notl, removing the TAREG6 (rep20) sequence and the cam
promoter. To construct the plasmid pB-linker2 (Fig. 2C), a DNA linker
containing ten additional restriction sites (Nhel-Notl-Ascl-NgoMIV-Bglll-Mbol-
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Pstl-BamHI-Mbol-Notl) was inserted into Pstl/Notl-digested pBcamHG,
eliminating the previous Pstl site.

2482 bp of an upsC var gene upstream sequence (PFL1960w) was amplified
with primers pstl_T7 upsC_forw and bglll_SP6 upsC rev resulting in a var
promoter flanked by T7 and SP6 promoter sequences (Table 1). This PCR
product was digested with Pstl and Bglll and cloned into Pstl/BamHI digested
pB-linker2, generating plasmid pBupsC(T7_SP6)HG (Fig. 2D). From this
plasmid, the var upsC sequence driving expression of the hdhfr-gfp fusion
gene and the hrp2 3’ region was released by digestion with Nhel and EcoRI
and then ligated into the Nhel/EcoRI digested plasmid pCC4RH3-linker1,
generating the final plasmid pCC4RH3-43C, henceforth named pkrass (Fig
2E).

Parasite culture and transfection

P. falciparum 3D7 parasites were cultured as described previously (Trager &
Jenson, 1978). Growth synchronisation was achieved by repeated sorbitol
lysis (Lambros & Vanderberg, 1979). Transfections were performed as
described (Voss et al, 2006). Transfected parasites were selected on 2nM
WR99210 (WR) (a kind gift of Jacobus Pharmaceutical Co., Inc.). To select
for integration of the plasmid into the rh3 locus, transfected parasites were
subjected to repeated cycles off and on WR as previously reported (Maier et
al, 2006). Drug cycling was followed by negative selection against the FCU
cassette with 5nM 5-FC (Ancotil® , Valeant Pharmaceuticals, Switzerland)
(Maier et al, 2006).

Southern blotting

In order to test for successful integration of pkrass into the rh3 locus by
double crossover recombination, genomic DNA (gDNA) was isolated from
transgenic 3D7/pkrass parasites and subjected to Southern blotting using
standard procedures. gDNA was digested with Pvull, Spel/Sphl or Clal, and
separated on 0.7% agarose gels. Southern blots were probed with random-
primed *?P-dATP-labelled hdhfr, rh3 3’ and/or rh3 5’ coding sequences.
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Results and Discussion

Identification of an unknown sequence requires a modified 3C approach

The 3C (chromosome conformation capture) technology was originally used
to study the spatial organization of the yeast chromosome Il (Dekker et al,
2002). Since then, it has been applied to demonstrate long-range looping
interactions between genes and regulatory sequences in several mammalian
loci (Tolhuis et al, 2002; Palstra et al, 2003). 3C was also successfully used to
demonstrate trans-chromosomal interactions in mice (Spilianakis et al, 2005).
The main difference of the approach chosen here compared to previous
studies employing the 3C technique is that we aimed at identifying an
unknown unique sequence, rather than demonstrating the suspected
interaction of two known loci. The working hypothesis is that the interaction of
an active var promoter with a unique sequence promotes mutual exclusive var
gene expression. Hence, both primer recognition sequences used for
amplification of an unknown sequence must be positioned within the known
sequence, in this case the upsC var promoter. Complications arise from the
fact that var gene promoters occur multiple times in the genome and are
conserved by sequence which makes the designing of specific primer pairs
unfeasible. This required adjustment or tailoring of the var upsC promoter
sequence by generating a transgenic cell line carrying specific sequences
attached up- and downstream of the active var promoter.

With the planned 3C experiment, we rely on a system where an active var
gene promoter does not allow for switching to another var gene. Unselected
P. falciparum cultures do not fulfil this requirement due to continuous
switching such that almost all out of 60 var genes are found to be expressed
(Salanti et al, 2003) However, parasite populations can be selected to
homogenously express a single var gene (var2csa). This is achieved by
repeated rounds of panning parasites on chondroitin sulphate A (CSA), a host
receptor bound specifically by one of the 60 PfEMP1 variants, VAR2CSA
(Salanti et al, 2003). These parasites switch away from the active var gene to
other previously silenced variants (Scherf et al, 1998). Therefore, repeated
selection rounds are needed to maintain transcription of var2csa. To

circumvent this time-consuming and tedious selection procedure and the
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abovementioned difficulties to distinguish between individual promoters due to
sequence conservation | chose to take a transgenic approach.

Transfection with a plasmid containing an upsC var promoter driving
expression of a drug-selectable reporter is well established (Voss et al, 2006;
Dzikowski et al, 2006; Frank et al, 2006). In these systems the episomal var
promoter can be kept in its active state by constant drug selection. In addition,
the promoter on the reporter construct is competent to infiltrate the mutually
exclusive var gene expression mechanism (Voss et al, 2006). In other words,
active episomal var promoters displace the active endogenous var locus
resulting in a knock-down endogenous var gene transcription. This shows that
an episomal var gene promoter harbours the same information as a
chromosomal var gene promoter and hence is a suitable bait to perform 3C.
However, to ensure the episomal var promoter used is distinguishable from
endogenous upsC var promoters, bacteriophage T7 and SP6 primer
sequences on the 5’ and 3’ end of the upsC promoter were included (Fig 2).
Upon transfection, parasites create so-called concatamers, consisting of
multiple plasmid copies arranged tail-to-head (Williamson et al, 2002;
O'Donnell et al, 2002). In such a concatamer, multiple var promoters can be
active in cis (Voss et al, 2007). However, it remains uncertain whether this
phenomenon is related to the absence of boundary elements on the plasmids
that naturally block activation of cis-linked var genes or if it is due to a non-
natural chromatin environment. In this background, the hypothesis of a unique
DNA sequence mediating mutually exclusive var expression is difficult to test.
The simplest explanation is that one var promoter is linked with the unique
DNA sequence and other promoters on the concatamer are active due to the
absence of boundary elements. Therefore, the var promoters on the
concatamer that are unlinked to the unique DNA sequence simply outnumber
the single var promoter linked to this unique sequence. Hence, 3C
experiments with parasites harboring concatamers appear to provide
suboptimal conditions. As a consequence, we chose the strategy of
integrating a single copy of a tailored upsC promoter cassette into a

chromosomal locus.
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Design of a tailored plasmid construct suitable for 3C

The plasmid pkrass contains a 2472 bp var upsC 5’ sequence (PFL1960w)
driving expression of the drug-selectable reporter hdhfr-gfp, that confers
resistance to the antifolate drug WR. The upsC promoter in pkrass is flanked
at its 5’ and 3’ end with a T7 and SP6 primer sequence, respectively. T7 and
SP6 sequences are of bacteriophage origin and are thus uniquely occurring
sequences in parasites transfected with pkrass. Primers to these sequences
can be used to specifically amplify any sequences ligated to the reporter
promoter in a 3C experiment.

The 3C approach chosen here relies on a restriction enzyme digest to create
DNA fragments which can then be ligated in order to identify any sequence
bridged to the var promoter, such as the proposed putative unique DNA
sequence that mediates mutually exclusive var gene expression.
Furthermore, the restriction fragments need to be in a size range suitable for
ligation and subsequent amplification. The four-cutter enzyme Mbol was
chosen because (1) it cuts the P. falciparum genome frequently into
fragments of about 500-1000 base pairs on average; and (2) it does not act in
the upsC promoter sequence chosen for this experiment. Hence, the var
upstream sequence was engineered to be flanked by Mbol sites (GATC)
directly upstream and downstream of the Sp6 and T7 sites, respectively.
Upon digestion, the 2472 bp var 5 sequence including the flanking T7 and
SP6 promoter sequences is released, and intra-molecular ligation to DNA
sequences that are attached to the upsC promoter via DNA-protein
interactions is possible (see Figure 1).

The rh3 (reticulocyte binding like protein homologue 3, PFL2520w) locus was
chosen for integration of the upsC reporter construct. The rh3 gene, located
on chromosome 12, is a pseudogene and has been established as non-
essential by knock-out experiments using both double and single crossover
recombination strategies (Duraisingh et al, 2002; Taylor et al, 2001). We
flanked the upsC promoter reporter cassette with rh3 5 and 3’ coding
sequences to facilitate targeted homologous recombination into the rh3 locus
by double cross-over. Further, the S. cerevisiae fusion gene fcu is included on

the plasmid and used as a negative selection marker against the plasmid
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backbone (Erbs et al, 2000; Maier et al, 2006). An overview of the rh3 locus,

the plasmid pkrass and possible crossover events is given in Figure 3.

Attempts to integrate pkrass into the endogenous rh3 locus by double

crossover recombination

The plasmid pkrass was successfully transfected into 3D7 parasites, resulting
in the transgenic cell line 3D7/pkrass. Previous reports revealed that the
selection for a double crossover event in P. falciparum can be achieved upon
one to three cycles of off-on drug selection, followed by negative selection
against the plasmid backbone (Maier et al, 2006, 2008). Episomal plasmids
are lost rapidly in the absence of drug selection as they are distributed
unevenly between daughter cells whereas integrated plasmids are inherently
segregated with the chromosomes (O'Donnell et al, 2002). Passive selection
over time by on-off drug cycles entail that eventually all transfected parasites
obtained carry plasmid that are integrated into the genome by homologous
recombination. This useful method for gene disruption is limited due to the
persistence of stable episomal forms. To overcome these limitations, negative
selection of transfected parasites was developed using either the thymidine
kinase gene of the Herpes simplex virus or the cytosine deaminase (cd) gene
of E. coli (Duraisingh et al, 2002; Mullen et al, 1992; Moolten, 1986). The pro-
drug 5-fluorocytosine (5-FC) is converted by cytosine deaminase and
eventually inhibits thymidylate synthase and hence DNA synthesis. A fusion
gene of S. cerevisiae cd and uracil phosphoribosyl transferase (uprt) has
been shown to be 1000-fold more potent than cd itself (Erbs et al, 2000). This
chimeric enzyme (termed FCU) has been utilized for successful negative
selection in P. falciparum (Maier et al, 2006, 2008).

In our study, populations of stable 3D7/pkrass transfectants were cultured for
one month off drug allowing the parasites to shed episomes, followed by drug
selection (WR) until resistant parasites grew normally. These steps were
repeated twice. Different selection protocols were applied: 3D7/pkrass
parasites were subjected to negative selection with 5-FC after the first,
second or third drug cycle, respectively. Either way, the selection procedure
was terminated by the addition of 5-FC. gDNA from parasites that had

undergone different drug cycling schemes was subjected to Southern blot
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analysis to monitor the integration of pkrass at the rh3 locus. gDNA harvested
after the first WR cycle followed by 5-FC challenge was digested with Pvull
and the Southern blot was probed with either the rh3 3’ flanking site or the
plasmid marker hdhfr (Fig. 4A). The rh3 3’ band at 7087bp reflects either the
non-integrated plasmid or a single crossover event via the 5’ flank of the rh3
gene (Fig. 4A, C and E). The band detected with the hdhfr probe at 7078bp
does not distinguish between an episomal plasmid or a 5 single crossover
integration (4C and E). However, the expected band of 1385bp for the
endogenous rh3 gene is not included on the blot.

3D7/pkrass parasites subjected to two WR cycles followed by 5-FC challenge
were again monitored by Southern blot (Fig. 4B). As above, no double
crossover recombination was observed. These results clearly show that a
cycling strategy of one or two drug cycles does not result in a double
crossover recombination of pkrass into the rh3 locus. Rather, plasmids were
still maintained episomally or integrated into the locus by single crossover
recombination via the 5’ flanking sequence (Fig. 4B). The obtained rh3 3’
bands at 7087bp and 1385bp do not allow to distinguish between these two
alternatives (Fig. 4B, C and E).

This drug cycle strategy was repeated with a biological replicate. To further
promote the loss of all episomes, the off-drug period in the second cycle was
prolonged to three months. In addition, 3D7/pkrass was cycled three times
following standard protocols (Alex Maier, personal communication) before 5-
FC challenge (Fig. 5A). To distinguish more clearly between episomal
plasmid, double crossover or single crossover events, gDNA from 3D7/pkrass
was digested with Spel/Sphl and probed with the rh3 5’ flank (Fig. 5). In
summary, the different cycling strategies resulted in the same outcome,
namely a wild type and a plasmid band (10’566 bp and 3599bp, respectively),
proving that neither single nor double crossover events had occurred in these
3D7/pkrass parasites. However, an additional band was observed at around
8000 bp, which cannot be explained by alternative integration via the upsC
promoter into the PFL1960w locus (Fig. 5F). This band may be rather due an
incomplete digest of the concatamer, since it is also observed in the lane

loaded with pkrass only.

135



Chapter 4 Testing for the existence of a singular var gene enhancer element

Taken together, attempts to integrate an upsC var promoter driving
expression of a drug-selectable marker with abovementioned cycling
strategies were unsuccessful. 3D7/pkrass transfectants were found to carry
pkrass episomally still after three repeated off and on drug cycles as well as
after a prolonged second off-drug cycle. This is unexpected, since the rh3
locus has repeatedly been shown to be readily targetable for gene knock-out
(Duraisingh et al, 2002; Taylor et al, 2001). We therefore concluded that our
failing in integrating pkrass into rh3 may be directly linked to the sequence
attributes of the upsC promoter. Indeed, episomal var promoters were shown
to remain in the active state up to 10 weeks off drug selection (Chookajorn et
al, 2007). This entails that plasmids carrying an active var promoter are lost at
a much slower rate. We therefore decided to change the cycling strategy and
tested the consequences of a four-month period off drug without previous
drug cycling. This should minimize the formation of stably replicating
episomes (O'Donnell et al, 2002). Newly thawed 3D7/krass parasites from
initial stocks were used. WR challenge after four months was followed by
negative selection with the addition of the 5-FC prodrug. We observed that
after cultivation without drug pressure for four months, the majority of the
3D7/pkrass parasite population had indeed lost their episomes (Fig. 6A).
Addition of WR, however, resulted in the selection of transfectants still
carrying concatamers (Fig. 6A).

In summary, with the different cycling strategies applied to 3D7/pkrass we
were unable to target the rh3 locus, let alone to yield the desired double
crossover integration of the upsC promoter into the rh3 locus. In all cases, the
negative selection with 5-FC did not select against maintenance of episomes
arguing for the accumulation of mutations in the fcu negative selectable

marker resulting in resistance to 5-FC.

Conclusion

| have successfully cloned the plasmid pkrass designed for 3C experiments
and effectively transfected it into P. falciparum parasites, generating the
transgenic cell line 3D7/pkrass. Unfortunately, attempts to integrate the var
upsC &’ sequence driving expression to the hdhfr drug-selectable cassette
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into the rh3 locus by double crossover recombination failed. Therefore, the
planned 3C experiment to test for the existence of a unique DNA sequence in
P. falciparum mediating mutually exclusive var gene expression was not
performed. The existence of a unique DNA sequence controlling single var
gene expression thus remains obscure. | set out to explain the obtained
negative results and alternative approaches are discussed.

Chromosome ends in P. falciparum are clustered in aggregates at the nuclear
periphery and clusters are linked by proteins (Freitas-Junior et al, 2000; Marty
et al, 2006). Endogenous var genes co-localize with telomeric clusters
irrespective of their transcriptional status (Marty et al, 2006). Similarly,
episomal active var gene promoters localize to the nuclear periphery and are
associated with a chromosome-end cluster (Voss et al, 2006). This suggests
that the perinuclear subcompartment permissive for transcription (Duraisingh
et al, 2005) lies within or in close proximity to a telomeric cluster. This strongly
suggests that the active episomal var gene promoter in pkrass localizes to the
nuclear periphery and is associated with a telomeric cluster. The locus for
integration of pkrass is rh3 (PFL2520w). This locus is located 140kb away
from the right telomere and is thus uncertain to be contained into a telomeric
cluster or not. Either way, it is tempting to speculate that the active episomal
var promoter on pkrass and rh3 are delocalized in the nucleus. Consequently,
their spatial separation prevents the close proximity required for a
recombination event between an active var promoter and rh3.

Episomal plasmids are lost rapidly in the absence of drug selection as they
are partitioned unevenly amongst the daughter progeny (O'Donnell et al,
2002). However, it has been reported that an active episomal var gene
promoter driving expression to a drug-selectable marker persists active for
more than 10 weeks, even after the drug selection has been dismissed
(Chookajorn et al, 2007). This type of molecular memory for gene expression
is mediated through epigenetic factors. Trimethylated histone 3 at lysine-9
(H3K9me3) is significantly enriched at silent var genes (Chookajorn et al,
2007; Lopez-Rubio et al, 2007). In contrast, an active var gene locus is
marked with tri- and dimethylated lysine-4 at histone 3 and in ring stage
parasites (Lopez-Rubio et al, 2007). During schizogony, the active var gene

becomes poised for transcription with modified H3K4 marks that are thought
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to be inherited to the next generation and lead to reiterated var gene
expression. Such inheritance may also rely on spatial memory conferred by
epigenetic marks. | therefore conclude that a cycling strategy of one month
off-drug may not result in the release of episomes carrying an active var
promoter due to epigenetic memory. This is consistent with the fact that the
pkrass episomes persisted for several months in culture and that WR
selection after one month off drug did not directly influence parasite growth
(data not shown), indicating that the transfectants do rarely switch away of the
active episomal var promoter. Culturing of 3D7/pkrass for longer periods off
drug may help to select for a rare double crossover event with a single var
promoter cassette integrated. Indeed, continuous culturing of 3D7/pkrass for
up to four months off drug resulted in a parasite population carrying hardly
any episomes. The following drug selection, however, selected for a parasite
population still carrying pkrass episomally. This suggests that pkrass can only
be shed in a parasite where switching to an endogenous var gene occurred.
Consequently, the episomal var gene promoter would become silenced and
these plasmids would be lost upon subsequent WR selection. Whether a
double crossover recombination event is facilitated with a silenced episomal
var promoter is questionable. Episomal var promoters in their silenced state
still localize to the nuclear periphery (Voss et al, 2006). Locus repositioning
between an active and a silenced var gene appears to occur in the context of
telomeric clusters (Marty et al, 2006). However, it is up to debate whether a
silenced var promoter may come into closer nuclear vicinity to the rh3 gene
compared to an active var promoter.

An alternative approach is to include a second drug-selectable marker on
pkrass to select for stable episomes. This strategy would allow the episomal
var promoter to reside in its default silenced state. To keep the size of the
resulting plasmid in a workable range the generation of a bsd-fcu fusion gene
might be a promising option, combining both positive and negative selection in
one gene. Repeated drug cycles can then be performed with BSD-S-HCI and
only upon double crossover recombination, WR challenge selects for
parasites with an active var promoter driving expression of the hdhfr-gfp

fusion gene.

138



Chapter 4 Testing for the existence of a singular var gene enhancer element

However, one does not entirely rely upon the use of a transgenic cell line to
perfom 3C experiments: one possible approach would be the selection of
parasites to an endothelial receptor, e.g. binding to CSA (Pouvelle et al,
1998). Wild-type parasites selected to express var2csa could theoretically be
used for 3C experiments. Disadvantages of using an endogenous var gene
promoter are (i) the difficulty to design unique primer sequences due to
sequence homologies within the var gene family; and (ii) re-examination of

restriction sites suitable for this approach.
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Figure legends

Figure 2. Cloning strategy for pkrass. The different plasmids and
intermediates are schematically depicted. (A) pCC4RH3 (Voss, unpublished).
(B) pCC4RH3-linker1. (C) pB-linker2 (modified pBcamHG (Brancucci and
Witmer et al., submitted)). (D) pBupsC(T7_SP6)HG with the inserted var upsC
promoter flanked by T7 and SP6 sequences. (E) Final plasmid pkrass used
for transfection. Pb DT3’, P. berghei dihydrofolate reductase-thymidilate
synthase terminator; hsp86 5’, heat shock protein 86 upstream region; rh3
flank, reticulocyte binding-like protein homologue 3 5’ and 3’ flanking sites
(red and orange box, respectively); cam promoter, calmodulin upstream
sequence; bsd, blasticidin deaminase drug resistance cassette (open box);
FCU, S. cerevisiae cytosine deaminase and uracil phosphoribosyl transferase
fusion gene (black box); hrp2 3’, histidine rich protein 2 terminator sequence;
hdhfr-gfp, human dihydrofolate reductase and green fluorescent protein fusion

gene (grey box). Plasmid backbones are not shown.

Figure 3. Expected pkrass double and single crossover integrations at
the rh3 locus. (A) schematic depiction of the rh3 locus and pkrass. (B) pkrass
double crossover into the rh3 locus via coding 5’ and 3’ flanking sites. (C)
pkrass single crossover integration via the rh3 5 flanking sequence. (D)

pkrass single crossover integration via the rh3 3’ flanking sequence.

Figure 4. One and two drug cyclings did not result in a double crossover
integration of pkrass. (A) Southern blot of Pvull-digested of 3D7/pkrass
gDNA after a completed off and on WR cycle and negative selection with 5-
FC. pkrass, plasmid control. rh3 3’ and hdhfr probes were radiolabeled with
2P_ATP. The detected band at 7087bp does not distinguish between a 5’
single crossover integration or episomal plasmids. (B) Southern blot of Pvull-
digested gDNA of 3D7/pkrass after two completed off and on WR cycle and
negative selection with 5-FC. 3D7 wild-type gDNA and pkrass plasmid DNA
are controls. rh3 3’ and hdhfr probes were radiolabeled with *’P-ATP. The
detected band at 7087bp in the hdhfr-probed blot indicates either episomal

plasmids or a 5’ single crossover integration. The 1345bp band in the rh3 3’
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probed blot confers to an intact rh3 locus or a 5’ single crossover integration,
the 7087bp band confers to episomal pkrass or a 5’ single crossover
integration. (C-F) Pwvull restriction sites are shown for pkrass, the rh3 locus
and the three integration maps. The resulting bands in Southern blot probed
with rh3 3’ and hdhfr are indicated.

Figure 5. Two and three drug cyclings did not result in a double
crossover integration of pkrass. (A) Southern blot of Spel/Sphl-digested
gDNA of 3D7/pkrass after two or three completed off and on WR cycles and
negative selection with 5-FC. 3D7 wild-type gDNA and pkrass plasmid DNA
are controls. rh3 5’ probe was radiolabeled with **P-ATP. The band at about
10000bp confers to the endogenous rh3 gene, the band at 3699bp
corresponds to the fragment carrying the rh3 5 flank on the plasmid.
Unspecific bands are most probably due to incomplete digestion. (B-F)
Spel/Sphl restriction sites are shown for pkrass, the rh3 locus and the three
integration maps as well as for the PFL1960w locus. The resulting bands in

Southern blot probed with rh3 5’ are indicated.

Figure 6. pkrass remains episomal in 3D7/pkrass parasites after 4
months off drug selection. (A) Southern blot of Clal-digested 3D7/pkrass
gDNA after four months off WR selection, followed by WR drug selection and
negative selection with 5-FC. 3D7 wild-type gDNA and pkrass plasmid DNA
are controls. rh3 3’ probe was radiolabeled with **P-ATP. The band at 9336bp
confers to the endogenous rh3 gene, the band at 4837bp corresponds to the
fragment carrying the rh3 3’ flank on the plasmid. (B-E) Clal restriction sites
are shown for pkrass, the rh3 locus and the three integration maps. The

resulting bands in Southern blot probed with rh3 3’ are indicated.
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Supplementary table 1. Oligo sequences used in this study.

Primers used for cloning

primer name
linker1_CC4_F
linker1_CC4 R
pstl_T7 upsC_forw
bglll_SP6_upsC_rev
linker2_pBHG_F
linker2_pBHG_R

primer sequence

aattgctagcacgcgtgaatt

ctagaattcacgcgtgctage
catgctgcagccctatagtgagtcgtattattggtacattatacatgaatticatg
catgagatctctatagtgtcacctaaatcttttgtttttttgtttatcgticgtg
agctagcgeggcecgeggegcgecgecggcagatetgatcctgcagacgtggatccgatege
ggccgcgatcggatccacgtctgcaggatcagatctgeccggeggegegecgeggecgcegcetagettgea

Primers used for Southern probes

primer name
RH3 3'_F
RH3 3' R
dhfr_F
dhfr_R

RH35' F
RH3 5 R

primer sequence

aaaataaatccgctgatagtac

catcaactaaggtttcatca
agctggatccgcggcecgcaaaacatgcatggttcgctaaactg
agctgtcgacagcagcatcattcttctcatatacttcaa
cagtccgcggtattcaaaggaacaatgaagg
cagtactagtcccaatattctcttgtcc
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General Discussion and Outlook

With this work | provide deeper insights into the transcriptional regulation of
the var gene family and other multigene families in P. falciparum by using
transfection-based approaches. We show that among parasite virulence gene
families, the mutually exclusive mode of transcriptional control is restricted to
the var gene family. Based on functional data we find that mutually exclusive
transcription and var promoter activation are uncoupled, and that activation
appears to be achieved by a standard upstream activating sequence (UAS)
located upstream of the transcriptional start site (TSS). With regard to the
mechanism of mutual exclusion we demonstrate that the absence of a 101bp
sequence (MEE; bps -315 to -215 relative to the ATG) in a var gene promoter
disqualifies it from being recognized by the mutual exclusion mechanism
although it does not impair promoter activity. Hence, for the first time we were
able to identify cis-acting elements in a var gene promoter that are essential in
mediating var gene activation and dictating the singularity of gene expression.
These findings are clearly in support of the previously proposed existence of a
specialized perinuclear compartment where mutually exclusive transcription of

var genes is accomplished.

The phenomenon of mutually exclusive transcription

The expression of a single gene from a large gene family is a widespread
phenomenon used by many different organisms. In pathogens, single gene
choice of exposed antigens contributes to antigenic variation. Antigenic
variation serves to avoid eradication by the host’s immune system and helps
to maintain persistent infections. In African trypanosomes antigenic variation
is reflected by stochastic switches of the variant surface glycoprotein (VSG)
coat. VSG switching is driven by recombination events that bring a previously
silenced vsg gene into an active expression site (ES), or by transcriptional
switches in which the active ES is silenced and a previously silenced ES gets
activated (Morrison et al, 2009). In mammals, single gene choice occurs in in
B and T cell antigen receptors, as well as in olfactory sensory neurons, where

only one of ~1300 members of the odorant receptor genes is expressed
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(Chess et al, 1994). Intriguingly, DNA recombination is not involved in single
odorant receptor gene choice (Eggan et al, 2004; Li et al, 2004). A current
model of single gene choice implies a single trans-acting enhancer element H
that allows stochastic activation of only one odorant receptor allele
(Lomvardas et al, 2006). A similar mechanism may be employed by P.
falciparum.

The structure and organisation of P. falciparum chromosome ends is
remarkably conserved. They are characterised by telomere repeats that are
followed by telomere-associated repeat elements TARE1 to 6 that are
conserved by both sequence and position. This non-coding part of the
chromosomes is followed by a semi-conserved arrangement of members of
many gene families which encode proteins exported or predicted to be
exported into the red blood cell (RBC) and/or onto its surface. Subtelomeric
regions in P. falciparum are uniformly associated with H3K9me3/PfHP1-
enriched heterochromatin, an environment facilitating silencing and variegated
gene expression and setting the stage for antigenic variation (Flueck et al,
2009; Pérez-Toledo et al, 2009; Salcedo-Amaya et al, 2009). The best studied
gene family is the var gene family, encompassing ~60 members in the P.
falciparum 3D7 genome (Gardner et al, 2002). Based on their conserved
upstream regions and chromosomal location, var genes can be divided into
three main subgroups termed upsA, upsB and upsC, respectively (Lavstsen et
al, 2003). var genes are transcribed in a mutually exclusive way and in situ
switching of the expressed member leads to antigenic variation of the
encoded protein PfEMP1 (Plasmodium falciparum erythrocyte protein 1)
(Scherf et al, 1998). PfEMP1 is the major P. falciparum virulence factor,
mediating sequestration of infected red blood cells to the microvascular
system in the human host (Baruch et al, 1996; Gardner et al, 1996).
Importantly, antibodies of infected individuals directed against parasite
proteins on the surface of iRBCs mainly recognize PfEMP1 antigens (Voss et
al, 2006; Maier et al, 2008). Furthermore, PfEMP1 suppresses the IFN-y
production by host immunomodulatory cells (D'Ombrain et al, 2007). Other
subtelomeric gene families that are intermingled with var are termed rif,
stevor, phist and pfmc-2tm (Weber, 1988; Cheng et al, 1998; Sargeant et al,
2006; Sam-Yellowe et al, 2004). Unlike PfEMP1, the role of these proteins in

152



Chapter 5 General Discussion and Outlook

parasite biology and disease is unclear, but there is indication that they might
play a role in host-parasite interactions and antigenic variation as well
(Lavazec et al, 2007; Abdel-Latif et al, 2002, 2003; Fernandez et al, 1999;
Kyes et al, 1999; Schreiber et al, 2008). Nonetheless, the var, rif, stevor, phist
and pfmc-2tm families are highly similar regarding their subtelomeric location
and the resulting heterochromatic environment, and they encode the N-
terminal export signal termed PEXEL or VTS (Marti et al, 2004; Hiller et al,
2004). However, despite all these resemblances, we find that the
transcriptional regulation employed by the var and other gene families is
remarkably different.

We show that mutually exclusive transcription is uniquely adopted by the var
gene family and not by other gene families. We used a genome-wide
transcriptomic approach with transgenic cell lines carrying an active multigene
family promoter upstream of a selectable marker gene. While the activation of
the episomal var promoter induces a family-specific knock-down of the
endogenous var gene family, we did not see such an effect when activating
other gene family promoters. These results clearly show that the above-
mentioned non-var multigene families are not mutually exclusively
transcribed. Neither did we observe a downregulation of endogenous
multigene families independent of the source of the episomal promoter, a
phenomenon that has been previously reported (Howitt et al, 2009). In their
study, Howitt and colleagues propose a common activation factor for P.
falciparum multigene family transcription. A previous study of the same group
showed that increased copy numbers of an episomal var promoter gradually
downregulated the expression of the endogenous var gene family, and
proposed the existence of a limited nuclear factor that is required for var gene
activation (Dzikowski & Deitsch, 2008). The study of Howitt and colleagues is
based on these results but was expanded to other multigene families (Howitt
et al, 2009). The authors compared the transcription of endogenous gene
families in transfectants carrying active episomal var, rif, stevor and pfmc-2tm
promoters. Increasing copy numbers of these plasmids resulted in a
downregulation of not only the selfsame, but also of other gene family
members. However, in this study, this effect was not constant or consistent

since for example increased copy numbers of the pfmc-2tm promoter
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transfectant resulted in increased endogenous var expression. Our findings, in
contrast, do not show a downregulation of any gene family upon activation of
any promoter, apart from the well-established var-specific knock-down
induced by an active var promoter. Furthermore, in the study of Howitt et al.
only one developmental timepoint was investigated, coinciding with the peak
expression of the respective family. This approach is more susceptible to be
confounded by stage-specific differences in transcription of genes during the
IDC (intraerythrocytic developmental cycle). In our study, we monitored the
expression of multigene families at four consecutive time points, an
experimental design less prone to growth-induced variations. We further
included two controls, 3D7 wild-type parasites and mock transfectant where
the resistance gene is controlled by a the single-copy house-gene promoter
cam to build a solid basis for the comparison of transcriptional changes in the
seven test transfectants. Surprisingly, we observed a downregulation of var
and other heterochromatic genes even in the mock transfectant, | therefore
propose that transcription of heterochromatic gene families is per se
downregulated in transfected cell lines carrying episomes, and that increasing
plasmid copy numbers intensifies this effect. Parasites replicating high copy
numbers may be exposed to increased stress and may use more resources to
survive, and might balance this with decreased expression of non-essential
virulence genes. Alternatively, parasites carrying episomes are known to have
delayed growth compared to wild-type parasites. Thus, comparing wild-type
parasites to transgenic cell lines may to detect transcriptional changes that
are in fact due to slight differences in life cycle stage. It is therefore difficult to
differentiate between an observed effect being caused by a real phenomenon
or developmental timepoint.

The induced var knock-down in our transgenic cell lines, however, is due to
single var gene choice and is a specific transcriptional control of this family. In
our study, we confirm previous findings for upsB and upsC promoters (Voss et
al, 2006, 2007), but we also show for the first time that a knock-down of
endogenous var gene transcription is also mediated by an active episomal
upsA promoter. This clearly demonstrates that mutually exclusive var
expression is independent of the var promoter subtype. Taken together, we

demonstrate that the var gene family in P. falciparum responds to particular
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ordinances of transcriptional control. It may be speculated that in the in vivo
situation simultaneous expression of several PfEMP1 variants may be
detrimental to parasite survival whereas for other antigen families this may not
be the case. This can be explained by the fact that PfFEMP1 is highly
immunogenic and is the main inducer of P. falciparum-specific antibody
responses against the surface of iRBCs. Antigenic variation of this gene
family helps to establish chronic infection and consequently, prolongs parasite
survival and facilitates transmission. Why such a tight control of expression
doesn't appear to be required for other surface antigen families is unclear. It is
possible that antigens such as RIFINs and STEVORs are simply not
immunodominant, or their exposure on the surface is masked by the much

larger PFEMP1 antigens.

Are cis-acting elements the main players in singular gene choice in P.
falciparum?

To identify sequence elements contributing to var gene activation and
mutually exclusive transcription, we generated transgenic cell lines with
truncated upsC promoters and with upsC promoter fragments cloned into the
context of the heterologous minimal kahrp (knob-associated histidine-rich
protein) promoter. We identified an upstream activation sequence (UAS)
located upstream of the upsC TSS that acts independently of the promoter
context. Moreover, we identified a 101bp sequence (-315 to -215bp) acting
independently of transcriptional activity and orchestrating mutually exclusive
expression of var genes. This element was termed MEE for mutual exclusion
element. The absence of the MEE did not impair upsC promoter activity, but
excluded the upsC promoter from the mutual exclusion programme. The
function of the MEE is location-dependent in a heterologous context since it
did not impair kahrp promoter activity when positioned upstream of the TSS,
but led to a complete repression of the kahrp promoter when cloned
downstream of the TSS.

The specific binding of a protein or protein complex to a 47bp motif within the
MEE suggests its involvement in halting transcription, acting as a physical
block to prevent transcriptional elongation. We therefore propose the

existence of a mutual exclusion element interacting factor (MIF), consisting of
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one or several proteins that bind to the MEE. How MIF acts as a
transcriptional repressor remains elusive, but there are several ways how this
could be achieved. One possibility is that the MIF acts as a crude physical
block of transcription. Alternatively, MIF might act as a classical repressor
and/or MIF might recruit factors that establish silencing marks. Intriguingly, the
blocking effect of a sequence containing the MEE downstream of the
heterologous kahrp promoter can only be overcome by a spontaneous
deletion of the var intron in one copy of the integrated concatamer. These
results implicate that the intron is somehow involved in maintaining the
function of the MIF complex. Indeed, previous studies have demonstrated an
involvement of the var intron in episomal var promoter silencing (Deitsch et al,
2001; Voss et al, 2006; Frank et al, 2006). However, the exact role of the
intron (harbouring bidirectional promoter activity) (Epp et al, 2008) gets
complicated by the fact that its replacement with an unrelated promoter
similarly silences an episomal var promoter (Dzikowski et al, 2007). This
strongly suggests that the silencing effect of the var intron is not sequence-
specific, but may be rather conferred by its own promoter activity. | therefore
propose that the function of the MIF may require an interaction with general
transcription factors that are recruited to the intron.

Our proposed model of single var gene choice is currently based on the
identification of two regulatory elements of one out of 60 var promoters: the
UAS and the MEE. The assignment to this model to have a pan-var validity
implies that the UAS and MEE regulatory sequences are present in all var
genes. However, a conducted MEME search on 60 var upstream sequences
to define short motifs (an approach that is commonly used to identify binding
sites for transcription factors) did not result in the desired identification of
similar motifs (UAS and MEE) in other var promoters (Christoph Schmid,
unpublished). Putative conserved cis-acting elements may be masked by the
overall sequence conservation between the promoters. Thus, alternative
approaches to test for the existence of functional UAS and MEE in all var
promoters have to be undertaken. A very time-consuming and nerve-wracking
approach would be the experimental validation for another var promoter with a
similar transfection-based approach. Therefore, a modified in-silico approach

would be preferable. Positionally conserved nucleotide base composition or
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nucleosome positioning effects may help to elucidate if motifs similar to UAS
and MEE are present in other var promoters.

Endogenous var genes and active episomal var promoters co-localize with
telomeric clusters at the nuclear periphery irrespective of their transcriptional
state (Freitas-Junior et al, 2000; Marty et al, 2006; Voss et al, 2006). This
suggests that the perinuclear subcompartment permissive for var transcription
(Duraisingh et al, 2005) lies within or in close proximity to a telomeric cluster
(Ralph et al, 2005; Lopez-Rubio et al, 2009; Marty et al, 2006). Our repeated
attempts to integrate an active var promoter into a locus 140kb away from a
telomere failed. It is likely that integration of an active var promoter into this
locus is impossible due to spatial constraints. Taken together, this strongly
suggests that the VES (var expression site) is a restricted compartment only
accommodating the active var gene. In this context, we can alternatively
explain the strong repression of the construct pK,nC4: integration of this
plasmid in the kahrp locus created a promoter swap where the last 500bp of
the 5’UTR of the kahrp upstream region are substituted with a var sequence
harbouring the MEE. Assuming that the VES is indeed a restricted
compartment, it may be that the kahrp locus is spatially remote, similar to the
rh3 locus, such that an interaction of the VES and the MEE is impossible. As
a consequence, the removal of the intron may have abolished the blocking
effect of the MEE without the requirement for interaction with the VES
allowing for VES-independent expression of the reporter gene.

Previous studies revealed a dynamic epigenetic footprint on var promoters,
suggesting that epigenetic memory is involved in maintenance and switching
of the transcriptional state of the var gene repertoire. Activation and silencing
of var genes correlates with specific histone tail marks. H3K9ac and H3K4me
are associated with var gene activation (Lopez-Rubio et al, 2007), whereas
H3K9me3 marks silenced var genes (Lopez-Rubio et al, 2007; Chookajorn et
al, 2007). Heterochromatin formation can be nucleated via sequence-specific
DNA-protein interactions or RNAi (Bernstein & Allis, 2005). However, the
RNAIi machinery is absent in P. falciparum (Baum et al, 2009). A protein has
been identified that binds specifically to sequence motifs upstream of
subtelomeric upsB var genes and within TAREs. This interaction may serve in

nucleating formation of subtelomeric heterochromatin (Flueck et al, 2010). To
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date, however, it remains completely unknown how chromatin marks are
established at var promoters.

Previous findings together with this work provide evidence that mutually
exclusive transcription of the var gene family is accomplished by a novel
mechanism. | propose a multilayered regulation of mutually excusive var gene
transcription incorporating epigenetic marks, cis-acting elements, and a
specialized subnuclear compartment. The nuclear periphery represents a
heterochromatic environment where associated loci including silenced var
genes are marked with H3K9me3 and HP1 (Fig. 1B). Activation of a
previously silenced var locus involves a repositioning into a peripheral
euchromatic compartment. Consequently, loci residing within this
compartment are marked with H3K4me2, H3K4me3 and H3K9ac. Expression
of a singular var gene involves interaction with the VES and removal of the
MIF. The VES interacts with a var-specific sequence located in the upstream
sequence and/or directly with the MEE (Fig. 1A).

However, the question remains how the parasites ensure the singularity of the
var expression site VES in a nucleus. One possibility would be the targeted
assembly of a single VES on a specific DNA element that is unique in the
genome (depicted in pink), similar to the H enhancer sequence in odorant
receptors (Lomvardas et al, 2006). However, my attempts to identify such a
putative DNA element were unsuccessful due to an unsuited experimental
design. But | am still convinced this idea is worth pursuing using a slightly
modified approach, i.e. integration of a silenced var promoter into the

previously chosen rh3 locus.
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Figure 1. Proposed model of mutually exclusive var gene
transcription in the apicomplexan parasite Plasmodium
falciparum. (A) transcription of a single active var gene. The active
var gene locus interacts with the VES that ensures its singularity by
interaction with a unique DNA sequence (pink). The VES might
unbind the MIF from the MEE and may interact with a specific var
upstream element (1.), or the MEE itself (2.) resulting in
transcriptional initiation of the var gene promoter. MIF interacts with
the intron sequence. Transcription of var genes excluded from the
VES but close to/in the nuclear peripheral compartment permissive
for transcription is avoided by the interaction of MIF by acting as a
road block for transcription (a), by acting as a repressor element on
transcriptional initiation (b) and/or by recruiting epigenetic factors
establishing silencing marks (c). (B) var genes localized in
perinuclear heterochromatin are silenced by epigenetic marks.

MIF, mutual exclusion element interacting factor; MEE, mutual
exclusion element; VES, var expression site; UAS, upstream

activation sequence; HP1, heterochromatin protein 1.
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This proposed model of mutually exclusive var transcription is based on
integration of our new findings with current knowledge. How can we explain
the transcriptional behaviour of non-var multigene families in light of a var-
specific VES? rif and stevor genes have been shown to be transcribed
irrespectively of their relative location to the active var gene (Cabral &
Wunderlich, 2009; Sharp et al, 2006). This is in line with our study, where we
find rif and stevor genes to be similarly expressed independent of a knock-
down of endogenous var gene transcription. Hence, one could speculate that
variegated expression of gene families in P. falciparum might be dictated
primarily by their proximity to the permissive perinuclear zone harbouring the

VES combined with a stochastical activation of these members.

Outlook

Disruption of mutually exclusive var gene transcription may be a powerful tool
to open new avenues for intervention strategies against P. falciparum malaria.
Although we propose the existence for MIF and VES and a unique DNA
sequence, next steps veering towards identification of these putative
regulators of mutually exclusive var expression are needed to obtain a more
detailed picture of the processes involved. There are two possible drug-based
strategies that differently destabilize mutually exclusive var expression: First,
interference with single gene choice would result in parasites displaying their
complete PfEMP1 repertoire at once. Secondly, blocking access to the
putative VES could cause a var knock-down resulting in parasites that do not
expose PfEMP1 on their surface.

For example, experiments with the human intestinal parasite Giardia lamblia
showed that antigenic variation is essential for its survival (Rivero et al, 2010).
Similarl to P. falciparum, G. lamblia undergoes antigenic variation by
expressing only one member of the surface protein family VSP (variant-
specific surface proteins) (Nash & Keister, 1985). By interfering with single
VSP choice Rivero and colleagues generated parasites that expressed more
than one member of the VSP family (Rivero et al, 2010). Primary infection
with these parasites protected gerbils from subsequent Giardia infections.
Similarly, forcing P. falciparum to reveal its antigenic repertoire of PfEMP1

may decrease its virulence and in particular its ability to cause chronic
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infections. However, PfEMP1 variants vary in different isolates (Kyes et al,
1997; Barry et al, 2007; Fowler et al, 2002). Further, the adherence of
PfEMP1 variants to host-endothelial cells causes severe disease (Baruch et
al, 2002; Kyes et al, 2001; Rogerson & Brown, 1997; Rowe et al, 1997). Thus,
an intervention interfering with single var gene choice could be used only in
combination with anti-malarial drugs. Blocking the putative VES and therefore
inducing a PFEMP1 knock-down can reduce sequestration-mediated morbidity
and mortality. PFEMP1 knock-down parasites would circulate freely in the
blood stream rendering them vulnerable to clearance by the spleen
(Bachmann et al, 2009). However, the future will show if we are able to
interfere with single var gene choice in vivo and support anti-malarial therapy.
Our findings lead one step forward in prizing the secret of mutually exiclusive

var gene expression out of P. falciparum.
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