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Abstract

Antigenic variation is an immune evasion mechanism used by the malaria parasite Plasmod-
ium falciparum to establish prolonged infection. It prevents parasite clearance by switching
the display of variant surface antigens encoded by the 60-member var gene family. Blood
stage parasites express var genes in a mutually exclusive manner, with a single var active at
a given time, ensuring that the immune system remains naive to a parasite sub-population.
Despite multiple factors known to be involved in default var gene silencing, such as histone
modi�cations and nuclear architecture, a speci�c activation factor has not been identi�ed
yet. In this thesis work, a polymerase III-transcribed family of GC-rich ncRNA was ex-
plored as a candidate regulatory factor of var gene activation. The GC-rich ncRNA family
consists of 15 homologous members positioned adjacent to chromosome-central var genes.
RNA FISH analysis revealed that the GC-rich ncRNA is targeted to the var expression site in
trans. Furthermore, overexpression of one GC-rich ncRNA member overrules singular var
expression and induces transcription of a speci�c subset of var genes. We developed a dead
Cas9 system aiming to target transcription of all GC-rich members. Strikingly, transcrip-
tional blocking of all GC-rich members by CRISPR interference results in down-regulation
of var transcription to background levels. Our data support a role of this ncRNA in the
activation process of var genes. Moreover, we show that the GC-rich ncRNA gene family
is clonally variant, indicating that this may determine switch rates and switch order of the
var gene family. We developed a robust ChIRP (chromatin isolation by RNA puri�cation)
protocol that allowed us to identify potential chromatin binding regions and interacting
partners of this ncRNA family. The validation of several promising candidate proteins ob-
tained my mass spectrometry is currently ongoing. Additionally, we investigated whether
the GC-rich genes display long-range interactions using a chromosome conformation cap-
ture technique. We obtained evidence that the gene loci of these ncRNAs display long-range
interactions between them and can thus play a role in nuclear spatial foci organization. This
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study provides the �rst functional link between Pol III and Pol II transcription in the process
of mutually exclusive expression of virulence genes. Moreover, exploring this ncRNA is a
key step in unveiling the process of immune evasion and pathogenesis of P. falciparum.
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Résumé

La variation antigénique est un mécanisme d’évasion immunitaire utilisé par le parasite
du paludisme Plasmodium falciparum pour établir une infection prolongée. Il empêche la
clairance parasitaire en modi�ant l’expression des antigènes variables de surface, codés par
la famille de gènes appelés «var», comprenant 60 membres. Au stade sanguin, les parasites
expriment les gènes var d’une manière mutuellement exclusive, avec un seul gène var actif
à un moment donné, permettant ainsi au parasite d’échapper au système immunitaire qui
reste naïf envers une sous-population de parasites. Malgré les multiples facteurs connus
pour être impliqués dans l’inactivation des gènes var par défaut, tels que les modi�cations
des histones et l’architecture nucléaire, un facteur d’activation spéci�que n’a pas encore été
identi�é. Dans ce travail de thèse, une famille d’ARNnc riche en GC, transcrite par l’ARN
polymérase III, a été explorée comme facteur régulateur candidat à l’activation des gènes
var. La famille des ARNnc riches en GC se compose de 15 membres homologues, positionnés
de façon adjacente aux gènes var situés au centre du chromosome. L’analyse d’expériences
de FISH de l’ARN a révélé que l’ARNnc riche en GC cible le site d’expression du gène var en
trans. De plus, la surexpression d’un membre des ARNnc riches en GC surpasse l’expression
mutuellement exclusive des gènes var et induit la transcription d’un sous-ensemble spéci-
�que de gènes var. Nous avons développé un système de dead Cas9 ciblant la transcription
de tous les membres riches en GC. Il est frappant de constater que le blocage transcription-
nel de tous les membres riches en GC par interférence CRISPR entraîne une régulation à la
baisse de la transcription des gènes var à un niveau basal. Nos données con�rment le rôle
de cet ARNnc dans le processus d’activation des gènes var. De plus, nous montrons que la
famille de gènes de l’ARNnc riche en GC est une variante clonale, ce qui indique que cela
peut déterminer les taux de commutation et l’ordre de commutation de la famille de gènes
var. Nous avons développé un protocole ChIRP (chromatin isolation by RNA puri�cation)
robuste qui nous a permis d’identi�er des régions potentielles de liaison à la chromatine et
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des partenaires interagissant avec cette famille d’ARNnc. La validation de plusieurs pro-
téines candidates prometteuses obtenues par spectrométrie de masse est en cours. De plus,
nous avons cherché à savoir si les loci géniques de ces ARNnc présentent des interactions
à longue distance, à l’aide d’une technique de capture de conformation chromosomique.
Nous avons obtenu la preuve que les loci géniques de ces ARNnc présentent des interac-
tions à longue distance entre eux et peuvent donc jouer un rôle dans l’organisation spatiale
des foci nucléaires. Cette étude fournit le premier lien fonctionnel entre la transcription
de l’ARN Pol III et Pol II dans le processus d’expression mutuellement exclusive des gènes
de virulence. De plus, l’exploration de cet ARNnc est une étape clé dans le dévoilement du
processus d’évasion immunitaire et de la pathogenèse de P. falciparum.
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PART 1. INTRODUCTION

1.1 Introduction to malaria

Malaria is a deadly vector borne disease caused by protozoan parasites of the phylum Api-
complexa and genus Plasmodium infecting mammals, reptiles and birds. The parasites are
transmitted to the host during a blood meal of the vector, female mosquitoes from the genus
Anopheles. Human malaria is an ancient disease and detailed description of its symptoms
already appear in the Chinese Canon of Medicine, Nei Ching, from c. 2700 BC, clay tablets
from Mesopotamia from c. 2000 BC and Egyptian papyri from c. 1500 BC [Cox, 2010].
However, most likely the disease has a�ected humans since much longer than that, perhaps
throughout the entire history of our species. Currently, the oldest proof of its causative
agent Plasmodium is parasite DNA isolated from a mosquito fossil dated to 30 million years
ago [Poinar, 2005]. The name malaria was given by Francesco Torti in 1718 believing that
the disease was air borne and came from the "bad air" -mal aria in Italian- of swamps. It was
not until 1880 that Alphonse Laveran discovered the cause of the disease by identifying the
protozoan parasites in a blood smear from a malaria patient. Finally, in 1897 Ronald Ross
proved that avian malaria parasites were transmitted by mosquitoes and suggested that it
was also the case for human malaria. In fact, one year later Giovanni Battista Grassi to-
gether with other Italian malariologists were the �rst to demonstrate that human malaria
was transmitted by anopheline mosquitoes [Cox, 2010].

1.1.1 Malaria epidemiology

Malaria caused 435000 deaths in 2017 and there were an estimated 219 million cases ac-
cording to the latest WHO World malaria report. Despite the control strategies deployed in
endemic regions which led to an unprecedented period of success in global malaria control
until 2015, the unceasing emergence of drug resistant parasites and the lack of an e�ective
vaccine, the number of malaria cases increased in 8 million over 2015. The malaria endemic
areas comprise almost exclusively tropical and subtropical regions of the world (Fig. 1.1).
Africa carries the highest share of global malaria burden, being home to 92% of cases and
93% of deaths, followed by Southeast Asia and the Eastern Mediterranian region with 5%
and 2% of cases respectively. Young children under 5 years old are at highest risk of malaria
and accounted for 61% of the global malaria deaths in 2017 [WHO, 2018].

There are �ve species of Plasmodium parasites known to infect humans: P. falciparum,
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1.1. INTRODUCTION TO MALARIA

Figure 1.1: Worldwide distribution of countries with malaria cases in 2000 and their
status in 2017. Countries without malaria cases during the last three years are considered
malaria free. Taken from World malaria report 2018 [WHO, 2018].

P. vivax, P. malariae, P. knowlesi and P. ovale. However, only the �rst two pose the greatest
threat and are more prevalent. Particularly, P. falciparum is the most virulent and deadliest
malaria parasite accounting for over 99.7% of estimated malaria cases in Africa [WHO, 2018].
This parasite is responsible for the vast majority of severe malaria cases which can lead to
fatal disease if untreated.

1.1.1.1 Current drugs and control strategies for malaria

Available tools for malaria control basically include mosquito nets, insecticides and drugs,
both prophylactic and treatment. However, the lack of an e�ective vaccine and the alarming
emergence of resistance to current antimalarial drugs and insecticides pose a great challenge
to the �ght against malaria and emphasize the necessity for novel therapies and transmis-
sion blocking strategies.

Emergence of drug resistant parasites has been reported since the introduction of the
�rst malaria drugs (Fig. 1.2) [Calderón et al., 2013]. For most recent drugs, resistance has
appeared soon after drug introduction [Calderón et al., 2013,Cottrell et al., 2014]. Amongst
all currently available drugs, artemisinin and its derivates (ARTs) are the most e�ective
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PART 1. INTRODUCTION

against P. falciparum. Artemisinin is produced by Artemisia annua, a plant used in tradi-
tional Chinese medicine as a fever treatment, and was isolated by Youyou Tu in 1972 who
was awarded The Medicine Nobel Prize in Physiology or Medicine in 2015 for its discov-
ery [Tu, 2011, Miller and Su, 2011, Paddon et al., 2013]. ARTs compounds are often used
together with other antimalarials as Artemisinin Combination Therapies (ACT) since the
combination of drugs with di�erent targets and mechanisms of action considerably reduces
the likelihood of parasite resistance [WHO, 2018].

Figure 1.2: Timeline of antimalarial drugs resistance. Top panel indicates the year of the
introduction of each drug, and lower panel, the year of appearance of resistance. Modi�ed
from [Calderón et al., 2013].

Nowadays, ACT are the �rst line treatment for P. falciparum malaria as recommended
by WHO. However, the recent appearance of P. falciparum parasites resistant to artemisinin
chemotherapy plays a key role in the decline of success to control malaria observed in the
recent years and represents one of the major challenges for malaria elimination [WHO,
2018, Zhu et al., 2018, Dondorp et al., 2009, Ashley et al., 2014]. First P. falciparum resis-
tance to artemisinin was reported in Cambodia in 2009 [Dondorp et al., 2009] and few years
after already appeared in other regions of Southeast Asia [Ashley et al., 2014, Tun et al.,
2015]. Speci�cally, artemisinin resistance is associated with nonsynonymous single nu-
cleotide polymorphisms (SNPs) in the P. falciparum gene Kelch13 (PfK13) [Straimer et al.,
2015]. The identi�cation of this molecular marker [Ariey et al., 2014] allows the track-
ing and monitoring of emergent resistant parasite populations. As a matter of fact, rise
of artemisinin resistance in Africa is a concerning public health threat and would have a
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1.1. INTRODUCTION TO MALARIA

devastating e�ect in malaria burden, but also in the economical situation of the countries
a�ected [Dondorp et al., 2010, Lubell et al., 2014, Ariey and Ménard, 2019].

The above reported also accentuates the need for an e�ective malaria vaccine which
would be key to the disease eradication. Currently, the most promising vaccine candidate is
RTS,S/AS01 and has been in clinical phase III trials. This vaccine is a recombinant protein
which includes epitopes from P. falciparum circumsporozoite protein (CSP), together with
a viral envelope from hepatitis B virus (HBsAg) and a chemical adjuvant (AS01). Unfortu-
nately, the RTS,S/AS01 vaccine candidate provides only modest protection, 28% in children
and 18% in young infants, which decreases over time [RTSS Clinical Trials Partnership,
2015].

Development of new drugs, insecticides and vaccines, together with epidemiological
surveillance are crucial to face the current challenges to malaria control. Hence, both basic
research to better understand the molecular basis of parasite biology and interactions with
the host and further application studies are of pivotal importance for the development of
novel therapeutic targets.

1.1.2 Plasmodium biology

Plasmodium spp. akin to other parasites such as Toxoplasma, Cryptosporidium and Theileria
belong to the phylum Apicomplexa. This large phylum of alveolates comprises exclusively
intracellular parasites [White and Suvorova, 2018]. Most apicomplexan parasites possess
a peculiar organelle, a non-photosynthetic plastid named apicoplast, which evolved from
a red algal endosymbiont [van Dooren and Striepen, 2013]. The life cycle of these para-
sites is particularly complex due to the multiple stages they undergo and wide spectrum
of environments they live in. Each stage of the life cycle has a distinct morphology and
biochemistry [White and Suvorova, 2018, Frénal et al., 2017, Francia and Striepen, 2014].
The name Apicomplexa comes from an apical complex structure characteristic of the extra-
cellular invasive stages of these parasites, the zoites. These stages are polarized and one
pole contains the apical complex which comprises two types of vesicules, rhoptries and mi-
cronemes, that facilitate parasite entrance into the host cell [Bargieri et al., 2014] (Fig. 1.3).
Zoites have gliding motility and invade the host cell by forming a junction with the host
cell membrane, further invagination of the membrane forms the parasitophorous vacuole
in which the parasites grow and multiply [Bargieri et al., 2014].
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PART 1. INTRODUCTION

Figure 1.3: Structure of a merozoite, the Plasmodium zoite. Intracellular organization of a
P. falciparum merozoite, showing the apical complex with the two particular type of organelles:
micronemes and rhoptries. Modi�ed from [Cowman et al., 2017].

1.1.2.1 P. falciparum life cycle

All malaria parasites have a complex but similar life cycle that involves both sexual and asex-
ual replication in the mosquito vector and host respectively. The particularities in patho-
genesis for each species are due to di�erences in structural and biochemical aspects as well
as in the length of each parasite cycle, which corresponds to the periodicity of the symp-
toms [Fujioka and Aikawa, 2002].

P. falciparum is transmitted through the bites of infected female anopheline mosquitoes,
primarily Anopheles gambiae. During a blood meal, the mosquito vector injects sporozoites
into the skin that travel through the blood stream into the liver within 30 minutes. Sporo-
zoites multiply within the hepatocyte, exoerythrocytic schizogony, to yield thousands of
merozoites which are released in the blood stream after 7-14 days. Merozoites invade red
blood cells and undergo asexual reproduction within the erythrocyte before it bursts after
∼48 hours. Upon bursting, newly formed merozoites reinvade other erythrocytes perpetuat-
ing the infection. Some parasites fail to progress and divide, di�erentiating by gamecytogen-
esis into female and male gametocytes which will be taken by theAnopheles mosquito during
a blood meal to complete the sexual cycle in the mosquito midgut. Sporozoites are formed
by asexual multiplication or sporogony and travel to the salivary glands of the mosquito
ready to be injected into the human host during a blood meal [Miller et al., 2002,Josling and
Llinás, 2015]. An overview of the P. falciparum life cycle is shown in Fig. 1.4.
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1.1. INTRODUCTION TO MALARIA

Figure 1.4: Scheme of P. falciparum life cycle. After transmission into the skin of the hu-
man host during a mosquito bite, sporozoites reach the liver and invade hepatocytes. Within the
hepatocyte one sporozoite generates tens of thousands of hepatic merozoites, which enter the
bloodstream and invade erythrocytes. The parasite asexual blood cycle causes the clinical symp-
toms of malaria and is initiated with erythrocyte invasion by a merozoite followed by its further
development through ring, trophozoite and schizont stages, generating ∼16-32 daughter mero-
zoites. These merozoites are in turn released during egress and invade new erythrocytes com-
pleting the cycle. One asexual cycle typically lasts ∼48 hours and few (<5%) intraerythrocytic
parasites develop into male or female gametocytes, which are taken up by a mosquito during
a blood meal to undergo sexual reproduction in the mosquito midgut lumen. An ookinete, the
motile zygote, crosses the gut epithelium and transforms into an oocyst. Thousands of sporo-
zoites develop within the oocyst and are released into the mosquito body cavity to travel to the
salivary glands and allow the process to begin again. Taken from [Josling and Llinás, 2015].
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PART 1. INTRODUCTION

The intraerythrocytic cycle

Erythrocyte invasion by merozoites begins when the merozoite contacts with low a�nity
and reversibly the erythrocyte [Bannister and Dluzewski, 1990], followed by reorientation
of the polar apical end of the merozoite towards the erythrocyte, the surface of which then
wraps around the merozoite [Cowman and Crabb, 2006]. Subsequently, a tight junction is
formed between the apical end of the merozoite and the erythrocyte membrane and moves
through the merozoite surface until its posterior end, fueled by the parasite actin-myosin
motor [Keeley and Soldati, 2004]. With the erythrocyte membrane invagination, the mero-
zoite forms a parasitophorous vacuole which establishes an environment for parasite devel-
opment isolated from the host erythrocyte cytoplasm [Zuccala and Baum, 2011, Cowman
et al., 2017]. A scheme of erythrocyte invasion is shown in Fig. 1.5.

Figure 1.5: Phases of merozoite invasion into the host red blood cell. Erythrocyte in-
vasion takes approximately one minute. This process involves an initial reversible attachment,
followed by apical reorientation and tight attachment. During the tight attachment, a pore is
formed between the merozoite and erythrocyte mediated by the PfRh5/PfRipr/CyRPA protein
complex. Then, a tight junction is formed by ligand-receptor interactions between AMA1 on
the merozoite surface and RON2 on the erythrocyte membrane. This tight junction, powered
by the actin-myosin motor of the parasite, moves from the apical to posterior pole of the mero-
zoite. When reaching the latter, the adhesive proteins forming the junction are proteolytically
removed allowing the membrane to reseal. This mechanism allows the parasite to invade the
host cell and create the parasitophorous vacuole without penetrating the erythrocyte membrane.
Modi�ed from [Cowman et al., 2017].

During this∼48 hour intraerythrocytic asexual cycle the haploid parasite develops through
morphologically di�erent stages while enlarging its cytoplasm within the parasitophorous
vacuole (Fig. 1.6). After invasion, the ring stage parasite, ∼0-24 hours post invasion (hpi),
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1.1. INTRODUCTION TO MALARIA

develops through trophozoite, ∼24-36 hpi, and schizont, ∼36-48 hpi, stages. During schizont
stage, mitotic divisions followed by nuclear membrane division and cytoplasm segmenta-
tion result in the formation of 16-32 daughter merozoites. Schizont bursting and erythrocyte
rupture, release the merozoites in the blood stream enabling the cycle to restart by invading
new erythrocytes.

Figure 1.6: Stages of the intraerythrocytic asexual cycle. After erythrocyte invasion by
a merozoite, the parasite develops through the ring (∼0-24 hpi), trophozoite (∼24-36 hpi) and
schizont (∼36-48 hpi) stages. After 24 hpi, membranous structures can be found in the erythro-
cyte cytoplasm and knobs are formed in the erythrocyte membrane where exported parasite
antigens like PfEMP1 are displayed. Hemoglobin degradation, to obtain amino acids for protein
synthesis, causes the accumulation of hemozoin crystals in the parasite digestive vacuole. ∼48
hpi the infected erythrocyte bursts, releasing 16–32 daughter merozoites. Taken from [Maier
et al., 2009].

Blood stage parasites remodel the host erythrocyte by secreting and exposing proteins
on the surface of the infected erythrocyte in order to acquire nutrients and to evade the
immune system [Maier et al., 2009]. To this end, over 10% of the parasite proteins are �rst
exported to the host erythrocyte cytosol prior to displaying a subset of them on the surface
of the infected red blood cell (iRBC). This protein tra�cking involves parasite-derived mem-
branous structures, named Maurer’s clefts, found in the erythrocyte cytosol [Mundwiler-
Pachlatko and Beck, 2013]. The mature parasite iRBC membrane becomes distorted by a
particular type of protrusions called knobs [Leech et al., 1984a], constituted primarily of
knob-associated histidine-rich protein (KAHRP), in which exported surface antigens in-
volved in cytoadhesion like P. falciparum erythrocyte membrane protein 1 (PfEMP1) are
anchored (Fig. 1.6). Indeed, iRBC containing ring stage parasites appear in peripheral blood
circulation while iRBC containing mature stage parasites are sequestered in di�erent or-
gans and do not circulate [David et al., 1983]. As a consequence, this adhesion phenotype
prevents phagocytic clearance by the spleen and is also involved in lethal complications
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PART 1. INTRODUCTION

of the disease [Maier et al., 2009]. Moreover, the parasite uses antigenic variation of these
surface antigens as a mechanism to escape the host immune system and establish chronic
infection [Scherf et al., 1998]. Further characterization of the molecules involved in cytoad-
hesion and immune evasion can be found in section 1.3.

1.1.3 P. falciparum malaria pathology and pathogenesis

Malaria is an acute febrile illness with at least a week of incubation prior to the appearance
of its symptoms since the intraerythrocytic cycle is accountable for the disease pathogene-
sis. P. falciparum is responsible for the most virulent form of disease although its infection
outcome can be very diverse, varying from asymptomatic to lethal. Likewise, P. falciparum
malaria has a wide spectrum of clinical symptoms such as fever, chills, headache, vomiting,
diarrhea, muscular and abdominal pain [Bartoloni and Zammarchi, 2012]. The characteristic
waves of fever associated with malaria coincide with the bursting of red blood cells during
the parasite intraerythrocytic cycle. In a minority of cases (<0.5% of infections [Sachs and
Malaney, 2002, WHO, 2018]) mild malaria progresses to severe disease with symptoms like
anaemia, acute renal failure, pulmonary edema, generalized seizures, circulatory collapse,
prostration, followed by coma and death [Bartoloni and Zammarchi, 2012]. Each of these
complications is associated with P. falciparum iRBC sequestration in di�erent tissues and
organs. Particularly, this adhesion is mediated by parasite variant surface antigens (VSA)
displayed on the iRBC membrane. Cerebral malaria is the most severe pathology associated
with this parasite and is caused by iRBC sequestration in the brain microvasculature which
impairs the blood brain barrier and leads to an unrousable coma.

Naturally acquired immunity to P. falciparum plays a crucial role in protecting indi-
viduals living in endemic countries from severe malaria. Indeed, young children, preg-
nant women and travellers are at highest risk of developing severe malaria [WHO, 2018].
Pregnant woman are at risk of a particular pathology termed pregnancy-associated malaria
(PAM), caused by iRBC sequestration in the placenta which can lead to infant death due to
low birthweight [Sharma and Shukla, 2017].
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1.2. GENOME ORGANIZATION AND GENE REGULATION IN P. FALCIPARUM

1.2 Genome organization and gene regulation in P. fal-

ciparum

Eukaryotic regulation of gene expression involves several layers of transcriptional, post-
transcriptional and translational control. Nevertheless, regulation at the level of transcrip-
tion is accepted to play a key role. Transcription is primarily controlled by the binding
of transcription factors to regulatory DNA elements. Essentially, typical eukaryotic genes
contain a promoter, comprising the core promoter and its cis-acting proximal regulatory
elements, and distal elements such as enhancers, silencers and insulators (Fig. 1.7) [Maston
et al., 2006]. The packaging of DNA into chromatin regulates the accessibility of transcrip-
tion factors and polymerases to these DNA elements and constitutes a second layer of tran-
scriptional control. In its turn, the state of chromatin condensation is modi�ed by epigenetic
factors such as histone modi�cations and nucleosome repositioning [Kornberg and Lorch,
1999]. Additionally, chromatin is also organized spatially within the nuclear architecture
which also contributes to transcriptional regulation [Branco and Pombo, 2007].

Figure 1.7: Typical eukaryotic gene regulatory region. The core promoter and proximal
promoter elements compose the promoter. Upstream distal regulatory elements can be en-
hancers, silencers insulators, and other control regions, which are located up to 1 Mb from
the promoter and enter in contact with it via DNA looping. Taken from [Maston et al., 2006].

Coordinated regulation of gene expression is crucial for P. falciparum development and
survival within the host environment. Indeed, transcriptomic analysis of both sexual [Young
et al., 2005] and asexual stages [Bozdech et al., 2003,Le Roch et al., 2003] of the parasite have
shown functionally related genes to be speci�cally expressed and tightly regulated in the
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di�erent stages (Fig. 1.8). Transcription in P. falciparum akin to most eukaryotes is predomi-
nantly monocistronic [Lanzer et al., 1992a]. The parasite genome organization and di�erent
layers of gene regulation including epigenetic regulation but also speci�c transcription fac-
tors, alternative splicing and post-transcriptional regulation are described in the following
sections.

Figure 1.8: P. falciparum intraerythrocytic cycle transcriptome. Transcriptional pro�les
for 2712 genes grouped by biochemical processes and functions (B-M) and ordered along the
y-axis by phase of expression throughout the 48 hour cycle. Average expression pro�le for each
group is represented and the mean peak-to-trough amplitude is shown in parentheses. Taken
from [Bozdech et al., 2003].
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1.2.1 P. falciparum genome organization and features

Sequencing of P. falciparum genome was completed in 2002 [Gardner et al., 2002]. The
genome has a total size of 23.3 Mb and, in addition to the nuclear genome, includes both a
35 kb circular apicoplastic and a 6 kb mitochondrial genome. The haploid nuclear genome
comprises 14 chromosomes which range from 0.64 to 3.3 Mb in size. P. falciparum has the
most AT-rich genome sequenced so far, with a striking∼79.6% AT-content genome-wide and
rising up to 93% in intronic and intergenic regions [Gardner et al., 2002]. There are currently
∼5700 open reading frames (ORF) annotated of which nearly 60% lack homologues outside
the Plasmodium genus.

P. falciparum chromosomes comprise two distinct regions: an internal region, where
house-keeping genes are located, and the chromosome ends comprising the telomeric DNA
and the telomere-associated sequences (TAS) [Scherf et al., 2001]. The telomeric DNA
consists of degenerate G-rich repeats primarily of the motif GGGTT(T/C)A protected by
the shelterin/telosome complex. TAS adjacent to the telomere comprise 6 polymorphic
repetitive non-coding elements termed telomere-associated repetitive elements (TAREs 1-
6) which are variable in length (15-30 kb) [Figueiredo et al., 2000]. Following the TAREs,
the subtelomeric region contains most members of clonally variant multigene families as-
sociated with antigenic variation and cytoadhesion [Gardner et al., 1998, Bowman et al.,
1999,Gardner et al., 2002]. Schematics of chromosome organization can be found in Fig. 1.9.

Genome sequencing of P. falciparum allowed for the computational prediction of puta-
tive centromeres as 2.6 kb regions particularly AT-rich [Bowman et al., 1999,Gardner et al.,
2002]. Experimental evidence described tandem repeat-rich centromeric regions of 2.3 to 2.5
kb with ∼97.3% AT-content in all chromosomes except 10 [Kelly et al., 2006]. Interestingly,
these centromeres had a well de�ned size range and lacked repeat conservation amongst dif-
ferent chromosomes. Only two homologues for centromere associated proteins have been
described in P. falciparum: PfCENH3 and PfCENP-C [Miao et al., 2006, Verma and Surolia,
2014]. Non-coding RNAs (ncRNAs) from centromeric regions have been reported [Li et al.,
2008] and have been suggested to facilitate the loading of histone variant PfCENH3 to cen-
tromeres [Vembar et al., 2014]. Centromeres have been reported to cluster together during
mitosis and cytokinesis in mature parasites and to dissociate after invasion [Hoeijmakers
et al., 2012]. However, the lack of comprehensive information on centromere associated
proteins leads to a limited understanding of the chromosome segregation mechanism.
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Figure 1.9: Chromosome organization in P. falciparum. Top panel: The 14 lineal chro-
mosomes are composed of an internal region and the chromosome ends. Middle panel: End of
chromosome 3 is represented as an example including the telomere and TAS. The latter com-
prise both a non-coding region, composed of 6 TAREs, and a coding region, which is the locus
of gene families associated to virulence like var, rif and stevor. Lower panel: AT-content plotted
for the di�erent regions of the TAS. Taken from [Scherf et al., 2001].

1.2.2 Transcriptional regulation by epigenetics and chromatin struc-
ture

The uniqueness of P. falciparum life cycle encompassing multiple stages in two di�erent
hosts requires a highly dynamic type of gene regulation, in which epigenetic mechanisms
play a major role. Di�erent epigenetic factors contributing to the tight regulation of gene
expression including chromatin remodeling, DNA methylation and nuclear architecture are
brie�y described below. Long ncRNAs participation in P. falciparum epigenetic regulation
is further detailed in section 1.5.2.

1.2.2.1 Chromatin structure

Eukaryotic DNA is wound around histone proteins forming nucleosomes, which are tightly
packed into chromatin [Olins and Olins, 1974, Kornberg, 1974]. One nucleosome is consti-
tuted by an octamer comprising two copies of each core histone (H2A, H2B, H3 and H4)
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wrapped by 147 bp of DNA. A nucleosome bound to the linker histone H1 constitutes the
chromatosome. P. falciparum encodes for the four canonical core histones and four histone
variants, H2A.Z, H2Bv, H3.3 and CenH3, [Miao et al., 2006] though no linker histone H1
has been identi�ed for Apicomplexa [Sullivan et al., 2006].

Figure 1.10: Chromatin states. Chromatin is classi�ed in heterochromatin and euchromatin
depending of its compaction level. Euchromatin is less compact and is described as a 11 nm
�ber which resemble ‘beads on a string’, where the beads are the nucleosomes and the string
is the DNA. The euchromatic state is open and permissive, thereby associated with active gene
transcription. In contrast, heterochromatin is compact and comprises a nucleosome array con-
densed into a 30 nm �ber. The condensation into heterochromatin reduces the access of the
transcriptional machinery and is associated with repressed genes.

Chromatin can be found in two di�erent states: euchromatin, which is uncondensed,
open and accessible for transcriptional machinery, and heterochromatin, which is con-
densed, inaccessible and transcriptionally inactive (Fig. 1.10). Furthermore, facultative chro-
matin can switch between euchromatic and heterochromatic states. Typically, eukaryotes
exhibit lower nucleosome occupancy upstream of transcriptionally active genes whereas
nucleosome occupancy is increased in regulatory regions of repressed genes [Lee et al.,
2004, Struhl and Segal, 2013]. Nucleosome occupancy in P. falciparum has been reported to
be low in intergenic regions, similar to other eukaryotes, and initially did not seem to cor-
relate with gene expression during the intraerythrocytic asexual cycle [Westenberger et al.,
2009,Ponts et al., 2010]. Furthermore, transcription start sites (TSSs) and core promoters are
globally nucleosome-free during the asexual stages allowing the parasite for a general tran-
scriptionally active state, albeit TSSs and promoters of genes expressed during sexual stages
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do exhibit high nucleosome occupancy [Ponts et al., 2011]. However, a growing body of ev-
idence suggests that nucleosome occupancy is indeed associated with transcriptional levels
also for the majority of genes expressed within the asexual stages [Bunnik et al., 2014,Ken-
sche et al., 2016]. Additionally, transcription-coupled eviction of nucleosomes has recently
been detected on strong TSSs in a study that also demonstrated that regulatory DNA ele-
ments function can be predicted by nucleosome positioning and dynamics [Kensche et al.,
2016].

1.2.2.2 Histone post-translational modi�cations

Histone post-translational modi�cations (PTMs) are covalent modi�cations in various residues
of the N-terminal tails of core histones. There are 8 types of PTMs which are associated with
diverse functions such as regulation of gene expression, chromatin condensation, DNA re-
pair and replication (Table 1.1). Amongst those, acetylation and methylation of lysine (K)
residues are the most common and play a major role in gene regulation: acetylation is gen-
erally associated with gene activation while methylation can be associated with both acti-
vation or silencing, depending on the a�ected residues [Kouzarides, 2007].

Table 1.1: Histone PTMs and their functions. Modi�ed from [Kouzarides, 2007].

Modi�cations Residues Modi�ed Functions Regulated
Acetylation K-ac Transcription, DNA repair, Replication, Condensation
Methylation (lysines) K-me1/me2/me3 Transcription, DNA repair
Methylation (arginines) R-me1/2a/me2s Transcription
Phosphorylation S-ph, T-ph Transcription, DNA repair, Condensation
Ubiquitylation K-ub Transcription, DNA repair
Sumoylation K-su Transcription
ADP ribosylation E-ar Transcription
Deimination R > Cit Transcription
Proline Isomerization P-cis > P-trans Transcription

Histone PTMs are dynamic and regulated by histone modifying enzymes that add (his-
tone writers) and remove (histone erasers) these modi�cations. For instance, histone acety-
lation is controlled by histone acetyltransferases (HATs) and histone deacetylases (HDACs)
that deposit and remove acetyl groups from histones respectively, whereas histone methyl-
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transferases (HMTs) and demethylases (HDMs) have a comparable function in adding and
removing methyl groups. Finally, histone readers are proteins that recognize speci�c PTMs
and orchestrate the di�erent functions in DNA transcription. Reader proteins contain bind-
ing domains that allow for the recognition of the modi�ed residues of histone tails. Fur-
thermore, many histone modifying enzymes also contain these reader domains [Kouzarides,
2007].

The �rst evidence for the role of histone PTMs in plasmodial gene regulation comes
from studying antigenic variation by the Scherf laboratory [Freitas-Junior et al., 2005]. Sub-
sequently, mass spectrometry and antibody-based analyses have demonstrated that P. falci-
parum has a large repertoire of histone PTMs [Miao et al., 2006, Cui et al., 2007, Issar et al.,
2008,Trelle et al., 2009,Treeck et al., 2011,Dastidar et al., 2012]. A recent study identi�ed 232
histone PTMs throughout the intraerythrocytic cycle, of which 88 had never been detected
in any other species [Saraf et al., 2016]. However, only a few histone PTMs modi�cations
have been studied in depth: histone H3 lysine 9 acetylation (H3K9ac), lysine 9 mono-, di, and
tri-methylation (H3K9me1, H3K9me2, H3K9me3) and lysine 4 methylation (H3K4me3) (Fig.
1.11). H3K9ac and H3K4me3 are predominantly euchromatic marks whereas H3K9me1/2/3
are primarily heterochromatic [Lopez-Rubio et al., 2007, Chookajorn et al., 2007, Cui et al.,
2007, Cui et al., 2008b]. A recent study revealed a highly dynamic landscape for histone
PTMs throughout the life cycle of P. falciparum unveiling speci�c PTMs subsets associated
with asexual stages and with sexual di�erentiation [Coetzee et al., 2017]. Several orthologs
for eukaryotic histone modifying enzymes have been identi�ed in P. falciparum so far: three
HAT (PfGCN5, PfMYST, PfHAT), four HDACs (PfHDAC1, PfHDAC2, PfHDAC3 and PfSir2),
ten HKMTs (PfSET1-10) and two HKDMs (PfJmjC1 and PfJmjC2) [Cui et al., 2007,Fan et al.,
2004,Patel et al., 2009,Miao et al., 2010,Andrews et al., 2008,Duraisingh et al., 2005,Freitas-
Junior et al., 2005,Merrick and Duraisingh, 2007,Cui et al., 2008a,Volz et al., 2012,Jiang et al.,
2013, Chen et al., 2016].

The best characterized histone reader in P. falciparum is the heterochromatin protein
1 (PfHP1) which binds speci�cally to H3K9me3. Genome-wide enrichment of HP1 and
H3K9me3 are highly correlated and associated with repressive subtelomeric arrays and cen-
tral chromosomal clusters of virulence genes [Flueck et al., 2009, Pérez-Toledo et al., 2009].
Additionally, PfHP1 is found in invasion related genes which lack H3K9me3. Notably, un-
like in other eukaryotes, PfHP1 is absent from centromeric regions [Flueck et al., 2009].
In fact, P. falciparum epigenome is mostly euchromatic with heterochromatin restricted to
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these repressive virulence genes subtelomeric and central clusters [Salcedo-Amaya et al.,
2009].

Figure 1.11: Histone H3 PTMs and their associated recognition domains in P. falci-
parum. Silencing marks are shown in red and marks associated with active and poised states,
in green. Reader protein PfHP1 binds to H3K9me, and Pf14-3-3 to H3S28P. Other putative reader
proteins have been bioinformatically predicted in P. falciparum genome containing recogni-
tion domains such as bromodomains, chromodomains, Tudor domains and plant homeodomains
(PHDs). Taken from [Doerig et al., 2015].

Additionally, a novel type of irreversible PTM consisting in proteolysis of histone H3
tails previously identi�ed in yeast [Santos-Rosa et al., 2009] has recently been detected in P.
falciparum. Clipped histone 3 was found to be enriched in the 5’ UTR of genes involved in
DNA replication [Herrera-Solorio et al., 2019].

1.2.2.3 Histone variants

Histone variants constitute a fundamental level of chromatin alteration and play key roles
in establishing and maintaining epigenetic states, chromosome segregation, transcriptional
regulation and DNA repair among other functions. Replacement of canonical histones by
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histone variants is a dynamic process that results in the generation of functionally special-
ized chromatin domains [Heniko� and Smith, 2015].

In P. falciparum, PfH2A.Z variant is found in euchromatic intergenic regions together
with H3K4me3 and H3K9ac during the intraerythrocytic cycle [Bártfai et al., 2010]. More-
over, PfH2A.Z has been shown to dimerize with PfH2B.Z (PfH2Bv) forming a double-variant
type of nucleosome, enriched in AT-rich promoters and correlating with their strength
rather than temporal activity [Hoeijmakers et al., 2013, Bártfai et al., 2010]. Interestingly,
the latter is an apicomplexan speci�c histone H2B variant that has evolved independently
of the H2Bv from trypanosomid parasites despite both dimerize with H2A.Z [Dalmasso
et al., 2011, Mandava et al., 2008, Siegel et al., 2009]. PfH3.3 variant is found in euchro-
matic GC-rich coding regions and subtelomeric repetitive sequences of the P. falciparum
genome [Fraschka et al., 2016]. Finally, centromeric histone variant PfCenH3 occupies the
centromeres, which are surprisingly devoid of pericentric heterochromatin in contrast with
model eukaryotes [Hoeijmakers et al., 2012, Lopez-Rubio et al., 2009, Grewal and Jia, 2007].
In addition, centromeric regions are also enriched with PfH2A.Z variant [Hoeijmakers et al.,
2012]

1.2.2.4 DNA methylation

Methylation of DNA in the 5th carbon of cytosines (5mC) has been broadly studied in eu-
karyotes. This modi�cation frequently occurs in the context of CpG islands, is stably in-
herited and has been associated with di�erent mechanisms such as genomic imprinting,
regulation of gene expression and chromosome stability. However, the most widely ac-
cepted role for DNA methylation is gene silencing [Jones, 2012]. DNA methyltransferases
(DNMTs) enzymes catalyze the transfer of the methyl group to DNA. Despite 5mC be-
ing the most abundant modi�ed base of DNA, further oxidation of 5mC by ten-eleven-
translocatin (TET) enzymes into 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC)
and 5-carboxylcytosine (5caC) increases the DNA methylome repertoire [Rasmussen and
Helin, 2016]. Amongst those, 5hmC has been implicated in the regulation of many cellular
and developmental processes in di�erent organisms [Shi et al., 2017]. Modi�cations on the
5C of DNA and their related enzymes are summarized in Fig. 1.12.

Despite several attempts to demonstrate it, the presence of 5mC in P. falciparum still
remains unclear. Initially, a �rst study reported the absence of DNA methylation by mass

20



PART 1. INTRODUCTION

Figure 1.12: DNA methylation in cytosines. DNMTs catalyze the methylation of C5 and
TET enzymes catalyze the oxidation of 5mC to 5hmC. Further TET-mediated oxidation result in
the successive conversion of 5hmC into 5fC and 5caC. Removal of 5fC and 5caC by thymine-
DNA glycosylase (TDG) and reparation by the base excision repair (BER) pathway, leads to the
generation of an unmodi�ed cytosine.

spectrometry (MS) [Pollack et al., 1982] but some years later very low levels of 5mC were
detected using methylase-sensitive restriction analyses [Pollack et al., 1991]. Subsequently,
two further studies had again discrepancy with their results: Choi et al. could not detect
5mC by MS [Choi et al., 2006] while Ponts et al. detected the highest levels described so
far and reported the genome-wide distribution of methylation using bisul�te sequencing
(BS-seq) [Ponts et al., 2013]. Furthermore, a recent study reported that a putative P. falci-
parum DNMT2 homolog methylates tRNA instead of DNA using a truncated recombinant
DNMT2 [Govindaraju et al., 2017], pointing once more towards the lack of DNA methy-
lation in the parasite. Interestingly, mass spectrometry analysis of DNA from two other
apicomplexan parasites, Cryptosporidium parvum and Toxoplasma gondii, resulted in lack of
detectable 5mC [Gissot et al., 2008]. Recently, the existence of a 5hmC-like modi�cation and
its genome-wide distribution has been determined (Hammam et al, unpublished data). In-
deed, the previously reported detection and genome-wide distribution of 5mC [Ponts et al.,
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2013] could be due to this 5hmC-like modi�cation since the technique used, BS-seq, cannot
di�erentiate between 5mC and 5hmC.

1.2.2.5 Nuclear organization

Eukaryotic chromosomes are dynamically and hierarchically organized within the nucleus
into di�erent large compartments, which in turn are constituted by smaller regions named
topologically associating domains (TADs). In higher eukaryotes the CCCTC-binding factor
(CTCF) forms DNA loop domains in a process that also involves cohesin, participating in
establishing the 3D genome organization [Rowley and Corces, 2018]. Spatial chromatin
organization mediates interactions between regulatory DNA elements that are essential for
gene regulation, such as bringing together a distant enhancer to its target promoter (Fig.
1.7) [Merkenschlager and Nora, 2016].

Likewise, in P. falciparum, genome organization within the nucleus appears to be crucial
for gene regulation. The nucleolus is the most prominent domain and is formed by tran-
scription of ribosomal DNA (rDNA) into rRNA by RNA polymerase I (Pol I). Despite, rDNA
genes are spread throughout di�erent chromosomes, they cluster together forming the nu-
cleolus in pre-replicative stages of the intraerythrocytic cycle. Another domain comprises
RNA Pol II and Pol III transcription sites, which cluster in few loci during the early stages
and more during later stages (Fig. 1.13) [Mancio-Silva et al., 2010]. These foci probably har-
bor co-regulated genes transcription independently of their chromosomal location [Iengar
and Joshi, 2009].

Nuclear architecture in this parasite plays a key role in the regulation of clonally variant
gene families associated with virulence. Most of the genes belonging to these families are
located in subtelomeric regions, with some also in internal chromosomal clusters [Gardner
et al., 2002]. Dynamic nuclear repositioning of these loci is critical for activation and silenc-
ing of virulence genes. P. falciparum telomeres form clusters that are tethered to the nuclear
periphery [Freitas-Junior et al., 2000]. Subtelomeric and central virulence genes localize to
the nuclear periphery forming 4-7 repressive clusters [Lopez-Rubio et al., 2009, Lemieux
et al., 2013,Ay et al., 2014]. This perinuclear localization is associated with heterochromatin
and H3K9me3 enrichment in repressed virulence genes [Lopez-Rubio et al., 2009]. For the
virulence var gene family, the single active member segregates away from these repressive
clusters into a permissive site allowing its transcription [Ralph et al., 2005b,Kyes et al., 2007].
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The e�ect of nuclear positioning in gene regulation of clonally variant multigene families
is further detailed in section 1.3.

Furthermore, P. falciparum genome organization within the nuclear architecture is re-
modeled throughout the parasite life cycle correlating with transcriptional changes and
adding an additional layer of complexity to this 3D structure. In the transition between
ring and trophozoite stages, the number of nuclear pores, widely associated with active
transcriptional regions and export of messenger RNA (mRNA) to the cytoplasm, increases
while chromatin becomes more open by nucleosome eviction and also displays more inter-
chromosomal contacts [Weiner et al., 2011]. These changes are correlated with the higher
transcriptional activity characteristic of the trophozoite stage and are later reversed when
the parasite enters schizogony. Rearrangements on the genome organization have also been
observed in other developmental stages of the parasite. For instance, in sporozoites the
genes associated with sporozoite mobility and hepatocyte invasion display long-range in-
teractions while erythrocyte invasion genes are associated with repressed virulence clus-
ters [Bunnik et al., 2018].

Figure 1.13: Nuclear organization in P. falciparum. Schematics of the genome organization
within the nucleus for ring stage parasites, displaying the nucleolus constituted by rDNA tran-
scription by Pol I, the transcription sites for the RNA Pol II and Pol III machinery, the telomeric
and virulence gene families clusters in the nuclear periphery. Taken from [Scherf et al., 2017].
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1.2.3 Transcription factors and DNA elements

Eukaryotic transcription is achieved by three RNA polymerases that transcribe di�erent
types of genes. As mentioned before, Pol I is responsible for rRNA synthesis. Pol II tran-
scribes protein-coding genes into mRNA, but also synthesizes some micro RNAs (miRNAs)
and other ncRNA. Finally, transcription by Pol III results in the formation of tRNA, 5S rRNA,
and other small ncRNAs. RNA polymerases rely upon speci�c transcription factors (TFs)
binding to DNA elements for proper recruitment onto gene promoters. Canonical eukary-
otic promoters contain a binding site for the preinitiation complex (PIC), containing general
TFs, proximal to the TSS, and upstream regulatory regions to which specialized TFs bind in
order to enhance or repress transcription [Vannini and Cramer, 2012].

Protein-coding genes in P. falciparum are monocistronically transcribed by RNA Pol II
and contain both UTRs and introns, similarly to other eukaryotes. Also the promoters re-
semble canonical eukaryotic promoters [Horrocks et al., 1998]. Core promoters with TATA
box-like and Initiator-like sequences has been characterized for some genes [Ruvalcaba-
Salazar et al., 2005, Calderwood et al., 2003]. However, the distances between the TSS to
both the initial ATG and the regulatory element are variable [Horrocks et al., 2009]. De-
spite many putative DNA regulatory elements have been identi�ed bioinformatically [Gu-
nasekera et al., 2007, Wu et al., 2008, Young et al., 2008], only a few have been validated
experimentally [Lanzer et al., 1992b, Voss et al., 2003, López-Estraño et al., 2007, Olivieri
et al., 2008,Osta et al., 2002]. Despite DNA elements with enhancer and repressive activities
have been described, no insulator elements have been identi�ed so far and neither a CTCF
homolog.

There are currently 202 genes coding for TFs or proteins with DNA binding domains in
P. falciparum, which represent 3.5% of the genome [Bischo� and Vaquero, 2010]. Amongst
those, 73 speci�c TFs but also chromatin-associated proteins and components of the tran-
scriptional machinery have been identi�ed. Amongst the speci�c TFs, 27 belong to a highly
conserved Apicomplexa-speci�c family of transcription factors [Balaji et al., 2005]. This
family of TFs contains a modi�ed version of the Apetala 2 (AP2)-integrase DNA binding
domain found in a family of plant TFs [Riechmann and Meyerowitz, 1998] and hence termed
ApiAP2. TFs from the ApiAP2 family are indeed central for P. falciparum transcription. TFs
for which validation has been achieved are summarized in Table 1.2.

All ApiAP2 members contain at least one 60 aminoacid AP2 domain and their tran-
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scriptional pro�les correspond principally to four di�erent stages of the intraerythrocytic
life cycle [Balaji et al., 2005] but some of them are also transcribed in exoerythrocytic
stages [Campbell et al., 2010]. Moreover, the majority of members exhibit unique DNA
binding preferences that are conserved amongst apicomplexan orthologs [De Silva et al.,
2008, Campbell et al., 2010]. The DNA binding speci�city and expression throughout par-
ticular stages of the life cycle, strongly suggest the di�erent ApiAP2 members to have key
roles in stage-speci�c gene regulation

Table 1.2: Validated DNA binding proteins regulating transcription or chromatin re-
modeling in P. falciparum. Modi�ed from [Scherf et al., 2017].

DNA binding
protein

Gene ID Class / Subclass Biological process Ref.

PfMyb1 PF3D7_1315800 Speci�c TF / HTH Transcriptional reg-
ulation of genes
involved in cell cy-
cle regulation and
progression

[Gissot et al., 2005]

PfAP2-Sp PF3D7_1466400 Speci�c TF / ApiAP2 Transcriptional reg-
ulation of genes
involved in sporozoite
development

[Campbell et al., 2010]

PfSIP2 PF3D7_0604100 Speci�c TF / ApiAP2 Binding subtelomeric
non-coding regions

[Flueck et al., 2010]

PfAP2-varint PF3D7_1107800 Speci�c TF / ApiAP2 Binding to intron ele-
ment of var genes in
a complex with nuclear
actin

[Zhang et al., 2011]

PfPREP PF3D7_1011800 Speci�c TF / KH Transcriptional
regulation of intraery-
throcytic stages

[Komaki-Yasuda et al.,
2013]

PfAlbas PF3D7_0814200
PF3D7_1346300
PF3D7_1006200
PF3D7_1347500

Alba Non-speci�c DNA
binding enriched in
subtelomeres

[Chêne et al., 2012,
Goyal et al., 2012]

PfHMGBs PF3D7_1202900
PF3D7_0817900

Chromatin remodel-
ing factor / HMGB

Non-speci�c DNA
binding; regulates
transcription of ga-
metocyte genes and
ookinete formation

[Briquet et al., 2006,
Kumar et al., 2008]

Recently, two studies using transposase accessible chromatin sequencing (ATAC-seq),
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identi�ed novel regulatory regions in P. falciparum genome during intraerythrocytic stages
[Toenhake et al., 2018,Ruiz et al., 2018]. Chromatin accessibility correlates with active tran-
scription and with H3K9ac and H3K4me3 histone marks and can correspond to DNA ele-
ments such as TSS or enhancers [Ruiz et al., 2018]. The majority of ∼4000 novel regulatory
regions identi�ed are found within 2 kb upstream of the transcribed gene [Toenhake et al.,
2018]. Interestingly, motifs enriched in these regions are predictive of ApiAP2 TF bind-
ing [Toenhake et al., 2018, Ruiz et al., 2018].

1.2.4 Post-transcriptional and translational gene regulation

Regulation of gene expression occurs at many levels besides the previously described tran-
scriptional control. Mechanisms regulating mRNA splicing and stability also play a key role
together with translation and post-translational regulation. Many post-transcriptional reg-
ulation mechanisms rely on RNA-protein interactions that either target mRNA for degrada-
tion or avoid the access of the ribosome to its translation start codon [Day and Tuite, 1998].
P. falciparum genome encodes a large number of proteins coding for mRNA decay and trans-
lational rate control. However, post-translational regulation in this parasite has not been
studied in depth. Di�erent processes involved in gene regulation at the post-transcriptional
level are brie�y described below. Antisense ncRNAs participating in this layer of regulation
are discussed with further detail in section 1.5.2.

1.2.4.1 Alternative Splicing

Once mRNA is transcribed, it must be processed to create mature RNA that is ready to be
translated. This involves the removal of introns that do not code for protein. Alternative
splicing is a modulator of gene expression by expanding the protein repertoire within the
cell and by regulating the protein isoforms synthesized accordingly. Approximately half
of P. falciparum genes contain introns and since over half of those have at least two in-
trons, alternative splicing does play a role in gene regulation [Yeoh et al., 2019]. Several
studies have focused on the alternative splicing of di�erent genes in this parasite [Knapp
et al., 1991,van Dooren et al., 2002,Muhia et al., 2003,Singh et al., 2004] and a genome-wide
study detected alternative splicing events in 4.5% of the genes [Sorber et al., 2011]. Alter-
native splicing in P. falciparum is predicted to lead to the synthesis of truncated proteins,
to the generation of multiple isoforms of the protein, and to further post-transcriptional

26



PART 1. INTRODUCTION

regulation. Besides, di�erent serine/arginine-rich proteins that act as splicing regulators in
other eukaryotes [Chen and Manley, 2009] have also been validated in P. falciparum [Dixit
et al., 2010,Agarwal et al., 2011,Eshar et al., 2012] and there are more than 10 encoded in its
genome [Sorber et al., 2011].

1.2.4.2 mRNA decay, stability and regulation of translation

Upon deadenylation mRNA transcripts are susceptible to degradation by the RNA exo-
some [Chen and Shyu, 2011]. The P. falciparum RNA exosome complex has recently been
puri�ed and is associated with degradation of diverse RNAs, but seems to play a particularly
important role in degradation of cryptic and antisense RNA, highlighting the importance of
post-transcriptional control in the regulation of gene expression [Droll et al., 2018]. Further-
more, another layer of post-transcriptional regulation is mediated by a chromatin-associated
exoribonuclease (PfRNase II) that silences a subset of the var gene family by degradation of
nascent cryptic RNA independently from the RNA exosome [Zhang et al., 2014].

Another mechanism of post-transcriptional regulation is mediated by the DNA/RNA-
binding protein PfAlba1, which has recently been identi�ed as a factor binding to mRNAs
and maintaining mRNA stability [Vembar et al., 2015]. Translational delay occurs for over
30% of transcribed genes in P. falciparum [Vembar et al., 2016]. PfAlba1 binding to some
invasion mRNAs during the trophozoite stage is linked to translation repression whereas
their release from the protein in late stage parasites correlates with protein synthesis [Vem-
bar et al., 2015]. This is the �rst described P. falciparum factor that regulates translation and
protein expression timing by regulating mRNA association with the ribosome in a stage-
dependent manner.

1.2.4.3 RNA epitranscriptome

Post-transcriptional modi�cations on mRNA and ncRNA in�uence RNA structure, expres-
sion and function [Schwartz, 2016]. In P. falciparum, a repertoire of chemical modi�cations
of tRNA has been reported to be highly coordinated throughout the di�erent stages [Ng
et al., 2018]. Increased number of modi�cations in the trophozoite stage, consistent with the
increased translation, are suggested to participate in the modulation of protein abundance
by enhancing translational e�ciency of codon-biased transcripts [Ng et al., 2018]. Addition-
ally, the methylation modi�cation N6-methyladenosine (m6A) has recently been described
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as the dominant modi�cation in the mRNA of the parasite and shown to be associated with
mRNA outcome [Baumgarten et al., 2019]. The characterization of this modi�cation to-
gether with its writer m6A methyltransferase, PfMT-A70, has shown an inverse correlation
between transcripts with m6A and mRNA stability or translational e�ciency [Baumgarten
et al., 2019].
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1.3 Antigenic variation in P. falciparum

Multiple pathogens undergo antigenic variation as an immune evasion mechanism. This
strategy consists in coordinated changes of expression between variant surface antigens
(VSA) that are exposed to the immune system, reducing immune clearance and leading to
chronic infection [Deitsch et al., 2009]. Two main mechanisms enable pathogens to achieve
antigenic variation: random and programmed variation. Random variation through DNA
alterations such as recombination or errors in DNA replication and repair diversify the anti-
gen repertoire. In contrast, programmed variation is characterized by the ability to switch
between the expression of members of a gene family encoding proteins with similar func-
tions. Nevertheless, in the case of programmed variation, the repertoire can also evolve by
random changes despite an underlying mechanism regulating switching [Borst, 2003]. A
summary of protozoan parasites using programmed antigenic variation and the involved
gene families can be found in Table 1.3.

Table 1.3: Multigene families encoding variant surface antigens in di�erent protozoan
parasites. Modi�ed from [Deitsch et al., 2009].

Organism Gene Copy number Variant surface antigen
Trypanosoma brucei vsg ∼1000 Variant surface glycoprotein
Babesia bovis vesα and vesβ ∼130-160 Variant expressed surface antigen
Giardia lamblia vsp ∼150 Variant surface protein
Plasmodium falciparum var ∼60 Erythrocyte membrane protein 1

The �rst evidences for antigenic variation in Plasmodium parasites came from the ob-
servation of relapses in parasite populations and infection for species not infecting hu-
mans [Cox, 1959,Brown and Brown, 1965,McLean et al., 1982,Handunnetti et al., 1987]. Sub-
sequently, antigenic variation for P. falciparum was shown in squirrel monkeys [Hommel
et al., 1983] and �nally in humans (Fig. 1.14) [Miller et al., 1994]. The most important VSA
involved in this mechanism in P. falciparum are PfEMP1 proteins (P. falciparum erythrocyte
membrane protein 1), encoded by the var multigene family [Leech et al., 1984b]. This gene
family is also found in all species from the Laverania subgenus of Plasmodium [Larremore
et al., 2015, Otto et al., 2018b]. Laverania species infect African great apes and amongst
these P. falciparum is the only one that infects humans. For non-Laverania species the ma-
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jor multigene family identi�ed associated with antigenic variation is the pir (Plasmodium
interspersed repeat) present in P. vivax (vir), P. knowlesi (kir), P. yoelii (yir), P. berghei (bir),
and P. chabaudi (cir) [Cunningham et al., 2010].

Figure 1.14: Waves of P. falciparum parasitemia. P. falciparum chronic infection in the
blood after a single mosquito bite. Levels of parasitemia are shown for a period of 260 days.
Taken from [Miller et al., 1994].

A particular mechanism of antigenic variation is mutually exclusive expression, in which
only one member of the variant gene family is expressed at a given time, with the remain-
ing members maintained in a repressed state. The number of distinct surface antigenic
phenotypes is then at least as high as the number of members in the family, although it
can be much higher than that if recombination occurs amongst them leading to unlimited
diversity [Deitsch et al., 2009]. In P. falciparum the var gene family encoding for the VSA
antigen PfEMP1 is expressed in a mutually exclusive manner and is the major player in im-
mune evasion and pathogenesis [Scherf et al., 1998, Smith et al., 1995]. Despite advances
in the understanding of regulation of this multigene family expression, major mechanistic
questions concerning how a single member is activated while the other remains silenced
still remain elusive. Gaining insight on the regulation of mutually exclusive expression of
var genes was the main original goal of this thesis (see section 1.6).

Besides the var gene family, the genome of P. falciparum contains several other clonally
variant multigene families encoding VSA which are displayed on the surface of iRBC and
undergo antigenic variation. These VSA are a target of the host immune system but they
show hypervariability in part of their sequences, increasing the repertoire of antigens and
avoiding sterile immunity. A description of these gene families (summarized in Table 1.4)
can be found in the following sections 1.3.1 and 1.3.2.
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Table 1.4: Multigene families encoding variant surface antigens in P. falciparum. Ab-
breviations: PV (parasitophorous vacuole), MC (Maurer’s clefts).

var rif stevor Pfmc-2TM
Copy number ∼60 ∼150 ∼30 ∼13
Gene location Subtelomeric and

central
Mainly subtelom-
eric

Mainly subtelom-
eric

Subtelomeric

mRNA 3-18 hpi 12-27 hpi 22-32 hpi 18-30 hpi
Function Cytoadherence,

Immune evasion
Cytoadherence,
Immune evasion

Rosetting Unknown

Immunogenicity Yes Yes Yes Unknown
Location iRBC surface, MC iRBC surface, MC,

PV, merozoite
iRBC surface, MC,
PV, merozoite

iRBC surface, MC,
PV

Molecular weight 200-360 kDa 30-45 kDa 30-40 kDa 20-25 kDa

1.3.1 Mutually exclusive expression of the var gene family

Antigenic variation of var genes encoding for PfEMP1 is the most important immune eva-
sion mechanism used by the fatal malaria parasite P. falciparum during its 48 hour in-
traeyrthrocytic asexual cycle. It prevents parasite clearance from the blood stream by switch-
ing between the display of PfEMP1 proteins. These proteins are assumed to be the major
target of the host protective antibody response [Bull et al., 1998, Fried et al., 1998]. The
periodic switching between the expression of di�erent var members, ensures that the im-
mune system remains naive to a parasite subpopulation, causing parasitemia waves, and
ultimately leading to chronic infection. These antigens are also responsible for pathogen-
esis by mediating adhesion to the vascular endothelium and other tissues, and hence pre-
venting spleen-dependent killing. Antigenic variation also gives rise to functionally distinct
PfEMP1 that serve as ligands for di�erent host receptors (Fig. 1.15) [Miller et al., 2002]. Thus,
both immune evasion and functional diversity are mediated by antigenic variation and are
key to pathogenesis [Scherf et al., 2008]. For instance, a single var member, var2csa, medi-
ates adhesion to condroitin sulfate A (CSA) and is responsible for placental malaria [Du�y
et al., 2006]. Other adhesion phenotypes, such as rosetting, binding to intracellular adhe-
sion molecule 1 (ICAM-1) and endothelial protein C receptor (EPCR) are also associated to
particular var types [Jensen et al., 2004, Wahlgren et al., 1992, Bernabeu and Smith, 2017].

Besides PfEMP1 expression on the surface of iRBC has broadly been studied, recently it
has been shown that transcription also occurs during the mosquito stages and PfEMP1 are
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also displayed on the surface of sporozoites [Zanghì et al., 2018, Gómez-Díaz et al., 2017].
PfEMP1 in this stage has been suggested to play a role in hepatocyte invasion [Zanghì
et al., 2018]. The repurposing of PfEMP1 in the various transmission stages requires further
characterization.

Figure 1.15: PfEMP1 variant antigen family is central to immune evasion and patho-
genesis. PfEMP1 play a key role in host-parasite interactions. These proteins are expressed on
the surface of mature iRBC, undergo clonal antigenic variation and can bind to many receptors
of the host. Both sequestration by PfEMP1 to di�erent tissues for evading spleen-dependent
killing and antigenic variation for evading antibody-dependent killing contribute to virulence
and pathogenesis in P. falciparum and are essential for parasite survival. Parasite sequestration
in the brain and placenta contribute to the complications of cerebral and placental malaria, re-
spectively. Binding to several receptors, rosetting with uninfected RBC, and clumping of iRBC
through platelets are all associated with disease pathogenesis. The binding of parasite iRBC
to dendritic cells downregulates the host immune response. Abbreviations: HA (hyaluronic
acid), TSP (thrombospondin), ELAM-1 (endothelial/leukocyte adhesion molecule 1), P-Sel. (P-
selectin), VCAM-1 (vascular cell adhesion molecule 1), PECAM (platelet endothelial cell ad-
hesion molecule 1), CR1 (complement receptor 1), HS-like GAGs (heparin sulphate-like gly-
cosaminoglycans), IgM (immunoglobulin M). Taken from [Miller et al., 2002].
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As previously mentioned, var genes antigenic variation is mutually exclusive, and a sin-
gle member of the multigene family is expressed at a given time while the others remain
silenced. Epigenetics play a major role in this highly coordinated regulation and several
layers of control are required to achieve activation of one member while simultaneous si-
lencing of the rest. Details on the organization, structure and regulation of var genes are
included in the following sections.

1.3.1.1 Organization of var genes within the genome

There is considerable variability on the repertoire of var genes amongst di�erent P. falci-
parum strain isolates [Freitas-Junior et al., 2000,Kraemer et al., 2007,Otto et al., 2018a]. Most
sequenced genomes have ∼60 members but the number varies from 47 in the 7G8 isolate
to 90 in the GN01 isolate [Otto et al., 2018a]. Despite this variability, all strains present the
same patterns in organization and types of var genes. For simplicity, we focus the descrip-
tion on the 3D7 strain.

The genome of P. falciparum 3D7 strain contains 60 var genes. Amongst these, 36 var
genes are subtelomeric and the other 24 are located in central chromosome clusters. There
are one to three members in both subtelomeric regions of all 14 chromosomes, while only
chromosomes 4, 7, 8 and 12 harbor central members distributed in head-to-tail tandem ar-
rays; two clusters in chromosome 4 and a cluster in each of the other three chromosomes
(Fig. 1.16) [Gardner et al., 2002]. The location of most var genes in subtelomeric regions
enables frequent recombination events which contribute to a limitless diversity in var se-
quences [Freitas-Junior et al., 2000]. In fact, not only var but also other clonally variant
multigene families encoding for VSA such as rif, stevor and Pfmc-2TM are also found in
subtelomeric regions [Gardner et al., 2002].

The chromosomal position and orientation of var genes determines three di�erent ma-
jor types of 5’ �anking regions, termed ups: upsA, upsB and upsC. Var genes are classi�ed
according to their ups. Subtelomeric genes transcribed towards the centromere are of upsB
type; members transcribed towards the telomere are generally of upsA type; and �nally, the
genes in central chromosomal clusters are of the upsC type. However, some central members
belong to an intermediate group termed upsB/C (Fig. 1.16) [Lavstsen et al., 2003, Kraemer
et al., 2007]. Additionally, a particular subtelomeric member in chromosome 12, var2csa,
transcribed towards the telomere belongs to its own group upsE [Lavstsen et al., 2003].
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Figure 1.16: Genomic location and organization of var genes. Subtelomeric var genes are
located adjacent to TAREs. Normally, the most proximal to the TAREs is a member from the var
upsB type followed by a var upsA type member transcribed in the opposite direction, towards
the telomere. Four chromosomes present var clusters of the upsC type in central chromosomal
regions and arrayed in tandems. Rif genes can often be found interspersed within var genes.
Taken from [Scherf et al., 2008].

1.3.1.2 Var gene structure

The var gene structure is conserved amongst genetically di�erent P. falciparum 3D7 strains
with variable var repertoire [Kraemer et al., 2007]. Var genes contain two exons and one
conserved intron of length 0.8-1.3 kb. Exon 1 is 3.9-9 kb long and codes for the variable ex-
tracellular domain of PfEMP1, whereas exon 2 is 1-1.3 kb long and codes for the transmem-
brane and intracellular domains, which are more conserved amongst the di�erent members
(Fig. 1.17) [Su et al., 1995].

Figure 1.17: Structure and features of var genes. All var genes are composed of two ex-
ons and comprise one intron between them. Exon 1 codes for the polymorphic extracellular
domain which contains variable numbers of Du�y-binding-like (DBL) adhesion domains and
cysteine-rich interdomain regions (CIDR). Exon 2 encodes for the intracellular domain, contain-
ing the transmembrane domain and a highly conserved acidic terminal segment (ATS). Taken
from [Scherf et al., 2008].
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1.3.1.3 Var gene regulation

Var genes are transcribed by RNA Pol II and the expression is developmentally regulated
throughout the intraerythrocytic cycle [Kyes et al., 2007,Schieck et al., 2007]. The transcrip-
tional peak of the active var gene occurs around 12 hpi on ring stage parasites and expres-
sion is repressed during the later stages of the intraerythrocytic cycle (Fig. 1.18) [Kyes et al.,
2000], when the encoded PfEMP1 proteins are displayed on the iRBC membrane [Gardner
et al., 1996, Kriek et al., 2003]. However, the activated var gene remains in a poised state
that enables reactivation during the next cycle [Lopez-Rubio et al., 2007]. Switching from
one active var gene to another occurs at low frequency within a parasite population and the
rate is variable depending on the member [Horrocks et al., 2004]. Central var genes have
been shown to be more stable, with switch rates of ∼0-0.3% per cycle, while subtelomeric
members switch faster, at rates of at least ∼1-2% per cycle [Frank et al., 2007].

Figure 1.18: Var gene transcription throughout the intraerythrocytic cycle. A single var
gene is transcribed in ring stages parasites and its transcription ceases before DNA replication.
The active var remains in a poised state during trophozoite and schizont stages and is reactivated
during the next cycle in the majority of the population, while some parasites switch to another
member. Taken from [Guizetti and Scherf, 2013].

Default silencing of var genes requires distinct epigenetic mechanisms such as histone
PTM, facultative heterochromatin and remodeling of the nuclear architecture. As mentioned
in section 1.2.2.5 (Fig. 1.13), silenced var genes are tethered in repressive clusters in the nu-
clear periphery with the silencing histone modi�cation H3K9me3 enriched in their promoter
region [Freitas-Junior et al., 2005, Lopez-Rubio et al., 2007, Chookajorn et al., 2007, Lopez-
Rubio et al., 2009]. The sirtuin (silent information regulator) HDAC PfSir2 is enriched in
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telomeric and subtelomeric heterochromatic regions containing var genes [Freitas-Junior
et al., 2005]. This HDAC could enable the establishment of H3K9me3 found in the pro-
moter [Chookajorn et al., 2007] and exon 1 of repressed var genes (Fig. 1.19) [Lopez-Rubio
et al., 2007]. In fact, disruption of PfSir2A caused the de-repression of several var genes,
particularly of the upsA types, together with some rif genes located in the proximity [Du-
raisingh et al., 2005, Tonkin et al., 2009]. Additionally, a similar e�ect was observed when
disrupting another HDAC gene from the same family, PfSir2B, that in this case a�ected
mainly upsB type genes [Tonkin et al., 2009]. H3K9me3 modi�cation promotes silencing
heterochromatin formation by recruitment of PfHP1 [Pérez-Toledo et al., 2009]. Indeed, as
previously mentioned in section 1.2.2.2, genome-wide distribution of PfHP1 highly corre-
lates with H3K9me3 enrichment [Flueck et al., 2009]. However, it remains to be elucidated
how are PfHP1 boundaries regulated. Another histone PTM enriched in silenced var genes
is H3K36me3 and has been shown to be controlled by HKMT PfSETvs [Jiang et al., 2013].
Telomeres and thus subtelomeric var genes cluster at the nuclear periphery. Moreover,
var genes located in chromosomal central regions, are also tethered to the nuclear periph-
ery [Ralph et al., 2005b,Lopez-Rubio et al., 2009]. Indeed, this perinuclear localization seems
to be essential for default silencing of var genes and, despite the mechanism enabling this
positioning is not well understood, interaction of actin with the intron of central var genes
seems to be required [Zhang et al., 2011].

The active var gene segregates away from the repressive clusters and locates to an elu-
sive perinuclear expression site (Fig. 1.13) [Ralph et al., 2005b, Mok et al., 2008]. Transcrip-
tion of var genes by RNA Pol II is controlled at the level of transcription initiation [Kyes
et al., 2007, Schieck et al., 2007]. The histone marks H3K4me2/3 and H3K9ac are associ-
ated with the promoter of the active var gene [Lopez-Rubio et al., 2007]. Interestingly, the
activating mark H3K4me2 remains associated with the poised var gene throughout the cy-
cle (Fig. 1.19) [Lopez-Rubio et al., 2007], in concordance with the function of this mark in
higher eukaryotes [Schneider et al., 2004]. Furthermore, the H3K4 HKMT PfSET10 colo-
calizes with the poised var gene once transcription has stopped and probably maintains it
in this state during cell division [Volz et al., 2012]. Indeed, the active var gene is devoid
of silencing mark H3K9me3 and PfHP1 [Lopez-Rubio et al., 2007, Pérez-Toledo et al., 2009].
Additionally, H4Kac and its potential writer PfMYST are also enriched in the promoter of
the active var gene during transcription [Freitas-Junior et al., 2005, Miao et al., 2010]. The
PfH2A.Z/PfH2B.Z double histone variants are incorporated to the active var gene only dur-
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ing transcription and depleted later [Bártfai et al., 2010,Petter et al., 2011,Petter et al., 2013].
Conversely, PfH3.3 is enriched in the promoter region of both active and poised var gene
but not in the silent ones [Fraschka et al., 2016].

Figure 1.19: Histone H3 marks linked to var activation and silencing. Histone H3 modi-
�cations are shown for the active or poised var gene (varON or varPOISED) and for the other si-
lenced members (varOFF). Chromatin modi�cations for the intron and exon 2 have not been ana-
lyzed in depth due to the high sequence homology amongst most var genes. Taken from [Lopez-
Rubio et al., 2007].

Perinuclear repositioning of the active var gene in a transcriptionally permissive site at
the nuclear periphery has been shown by DNA and RNA �uorescence in situ hybridization
(FISH) [Ralph et al., 2005b,Freitas-Junior et al., 2005,Voss et al., 2006,Lopez-Rubio et al., 2009]
but remains ill de�ned as neither a mechanism for this localization nor factors associated
with the expression site have been described so far. Furthermore, it has been suggested
that the expression site could be a highly localized structure with this repositioning also
happening within telomeric vicinity in episomally transfected lines [Duraisingh et al., 2005,
Marty et al., 2006, Voss et al., 2006]. RNA FISH from an exceptional case in which two var
genes were expressed at the same time, showed that simultaneous transcription occurred in
the same expression site [Brolin et al., 2009]. Additionally, an activated episomal promoter
of a rif gene family has also been reported to colocalize with the active var expression
site [Howitt et al., 2009], suggesting that di�erent clonally variant gene families could share
a perinuclear expression site. Since in yeast, nuclear pores play a role in enhanced gene
expression [Akhtar and Gasser, 2007], it was tested whether it could be the case for var
genes in P. falciparum but no association between those and the var expression site was
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identi�ed [Guizetti et al., 2013].

Several studies have highlighted the importance of the promoter and intron elements to
regulate var expression. These elements have been suggested to control silencing and acti-
vation at the level of transcription [Dzikowski et al., 2006, Voss et al., 2006]. The promoter
has been shown crucial for the mutually exclusive expression counting mechanism [Voss
et al., 2006]. Additionally, the ApiAP2 protein PfSIP2 binds to speci�c sequences in the
promoters of var genes and seems to promote heterochromatin formation and var silenc-
ing [Flueck et al., 2010]. The intron has been reported to silence var genes by one-to-one
interaction with the promoter [Deitsch et al., 2001, Frank et al., 2006, Swamy et al., 2011].
The var intron comprises a bidirectional promoter transcribing ncRNAs [Calderwood et al.,
2003,Epp et al., 2009] and might be regulated by an ApiAP2 TF that putatively binds to a do-
main of the intron [Zhang et al., 2011]. Conversely, another study suggested that antisense
ncRNA from the intron regulates var activation [Amit-Avraham et al., 2015]. However, all
these studies relied on arti�cial systems and episomal expression. Recently, a novel marker-
free deletion of the intron in its genomic location, has proved the var gene intron not essen-
tial for either activation or silencing in placental malaria associated var gene var2csa, but
suggested it could potentially play a role in switching [Bryant et al., 2017].

As brie�y mentioned in section 1.2.4.2, PfRNase II also plays a role in regulation of var
expression. Chromatin-associated PfRNase II silences var genes of the upsA type by degra-
dation of nascent cryptic var mRNA and also antisense intronic ncRNA [Zhang et al., 2014].
The described hallmarks for each state of var genes are summarized in Fig. 1.20.

Figure 1.20: Hallmarks of silenced, active and poised var genes. Summary of mechanisms,
modi�cations and factors associated with the di�erent states of var genes.
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Despite multiple factors known to be involved in default silencing of var genes, nei-
ther a speci�c regulator of mutually exclusive activation nor switching factors have been
characterized yet. It is plausible that a limiting activation factor could drive single var tran-
scription [Dzikowski et al., 2006]. In fact, for most var genes, an 8 base pair motif named
mutually exclusive element (MEE) has been identi�ed and seems to play a role in the var
counting mechanism [Brancucci et al., 2012]. Activation of promoters lacking the MEE
causes no competition with endogenous var genes [Brancucci et al., 2012], suggesting that
could be the binding region for such limiting activation factor. It has also been hypothesized
that an enhancer could drive mutually exclusive activation of var genes; however, no such
element has been identi�ed using genome-wide chromosome conformation capture (Hi-C)
methods [Lemieux et al., 2013, Ay et al., 2014]. Thus, single var activation remains to be
elucidated.

Lastly, var gene switching also remains elusive. Two studies have suggested that switch-
ing between di�erent members is non-random [Recker et al., 2011, Enderes et al., 2011] but
further investigation is required to con�rm this. Similarly, little is known about the mech-
anisms driving switching and modulating switch rates. An interesting question is whether
external factors play a role or the regulation is hard-wired.

1.3.2 Other clonally variant gene families associated with virulence

P. falciparum encodes for multiple clonally variant gene families regulated at the epigenetic
level, several of which are associated with virulence. Nevertheless, clonal variation is not
restricted to virulence and antigenic variation and a�ects also gene families involved in lipid
metabolism, transcriptional regulation, protein folding amongst others. A common feature
in the variegated transcription of all these gene families is the regulation by H3K9me3-
linked heterochromatin [Rovira-Graells et al., 2012].

Similarly to PfEMP1 encoded by the var gene family, RIFIN and STEVOR proteins, en-
coded by clonally variant multigene families rif and stevor respectively, are VSA that un-
dergo antigenic variation, have adhesion properties and contribute to virulence by binding
to the microvasculature, non-infected erythrocytes, a mechanism known as rosetting, and
immune cells [Kaviratne et al., 2002, Goel et al., 2015, Niang et al., 2014, Wahlgren et al.,
2017, Saito et al., 2017].

The multigene families rif (repetitive interspersed families of polypeptides), stevor (sub-
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telomeric variant open reading frame) and Pfmc-2TM (Maurer’s cleft two transmembrane
protein) are globally considered a superfamily of genes which code for proteins with two
transmembrane domains (2TM). For all these three families the 2TM domains are found
�anking an hypervariable region that codes for the exposed part of the antigen (Fig. 1.21)
[Lavazec et al., 2006]. They also contain a PEXEL motif required for the export of the pro-
teins [Hiller et al., 2004, Marti et al., 2004].

Figure 1.21: VSA displayed on the surface of P. falciparum iRBC. All molecules repre-
sented are tra�cked via Marurer’s clefts to the erythrocyte membrane. PfEMP1 are the �rst
antigens exposed, at ∼18 hpi, and the other are displayed later on in the intraerythrocytic cycle.
These VSA are coded by clonally variant gene families. surf (surface-associated interspersed
genes) are also found in subtelomeric regions like the other gene families, and code for SURFIN
proteins that mediate merozoite invasion. Taken from [Scherf et al., 2008].

Similarly to var genes, these gene families contain a variable number of members amongst
strain isolates [Otto et al., 2018a] and, interestingly, they are also conserved in all the Lav-
erania species of Plasmodium [Otto et al., 2018b]. P. falciparum 3D7 strain contains ap-
proximately 150 rif, 30 stevor and 13 Pfmc-2TM genes. Most of the members are located
in subtelomeric regions, and some within central chromosomal var gene clusters [Gardner
et al., 2002]. A study suggested that all these families share a potential common regulator
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factor since promoter titration for di�erent genes results in downregulation for members
of all the families [Howitt et al., 2009]. Additionally, transcriptionally active promoters for
the di�erent families were shown to colocalize in the same expression site, highlighting the
similarities in regulation and the importance of nuclear architecture not only in regulation
of var but also of other multigene families coding for VSA [Howitt et al., 2009].

1.3.2.1 Rif genes

Rif genes constitute the largest multigene family of P. falciparum. These genes are ∼1 kb
long, contain two exons [Joannin et al., 2008] and code for small proteins of 28-45 kDa [Kyes
et al., 1999,Helmby et al., 1993,Fernandez et al., 1999]. Despite two transmembrane domains
were initially predicted for RIFIN proteins, only one of the domains seems to be stably in-
serted into the membrane, while the other seems to be involved in dimerizing RIFINs [Goel
et al., 2015]. They are subdivided in two major groups, A-RIFIN and B-RIFIN, according to
an extra 25 aminoacid domain only found in A-RIFIN proteins [Joannin et al., 2008], and in
the rif genes upstream sequences [Petter et al., 2008]. There are also functional di�erences
between the proteins coded by the two groups. Only A-RIFINs, comprising 70% of the mem-
bers, mediate rosetting (Fig. 1.22). Interestingly, A-RIFINs are known to interact with ABO
blood group A antigen and glycophorin A (GYPA), which might explain why individuals
from blood group A have worse outcome in severe malaria [Goel et al., 2015].

Importantly, RIFINs have recently been shown to participate in immune evasion by tar-
geting two immune inhibitory receptors. The binding of a subset of RIFINs with leucocyte
immunoglobulin-like receptor B1 (LILRB1) inhibits the activation of B cells and natural killer
(NK) cells and is associated with severe malaria [Saito et al., 2017].

Clonally variant transcription of several rif genes occurs at around 18-24 hpi [Kyes et al.,
2000, Cabral and Wunderlich, 2009, Kyes et al., 1999] and, as previously mentioned, their
genomic organization and transcriptional regulation shares characteristics with those of
var genes, despite not having been studied so extensively.

1.3.2.2 Stevor genes

STEVORs resemble RIFINs in their protein structure. In particular, they are similar to B-
RIFINs as they lack the extra 25 aminoacid domain only found in A-RIFINs [Joannin et al.,
2008]. However, similarly to A-RIFINs, STEVOR proteins also mediate rosetting (Fig. 1.22)
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but by binding to glycophorin C (GYPC) instead of GYPA like 1-RIFINs [Goel et al., 2015].
In contrast with PfEMP1, some RIFINs and STEVORs are also found in the surface of mero-
zoites, suggesting they might play a role in invasion [Petter et al., 2007, Khattab et al.,
2008, Khattab and Meri, 2011].

Figure 1.22: P. falciparum induced iRBC rosetting with uRBC. (a) Transmission elec-
tron micrograph showing knobs on a P. falciparum iRBC and binding to an uRBC. (b) Adhesins
PfEMP1, RIFINs and STEVOR displayed on knobs at the surface of the iRBC mediate rosetting.
Taken from [Wahlgren et al., 2017].

Stevor transcription occurs during the trophozoite stage and clonal variation and switch-
ing have been demonstrated [Lavazec et al., 2007]. Di�erent patterns of transcription have
been observed for this gene family. Initially, several genes were shown to be transcribed in
single parasites [Kaviratne et al., 2002], however, a later study reported several clones with
predominant transcription of a single member, suggesting an underlying mutually exclusive
mechanism [Lavazec et al., 2007]. Additionally, switch rates for this gene family are very
variable among di�erent members [Lavazec et al., 2007].
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1.3.2.3 Pfmc-2TM genes

Pfmc-2TM genes are transcribed during the trophozoite stage [Sam-Yellowe et al., 2004] and
have been shown to be clonally variant and undergo switching [Lavazec et al., 2007]. Despite
evidence showing that the encoded PfMC-2TM proteins are 20-25 kDa and displayed on the
surface of iRBC exposing an hypervariable domain [Lavazec et al., 2006], the function of
these VSA remains to be elucidated.
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1.4 Mutually exclusive expression in other systems

Mutually exclusive expression mechanisms are not only characteristic of gene families like
var that undergo antigenic variation in pathogens. In the following sections, we brie�y
describe some examples of other organisms that present mutually exclusive expression and
their regulation in and outside the context of antigenic variation. Even though single gene
activation has not been fully elucidated in any system studied, several epigenetic regulatory
mechanisms such as histone PTMs, DNA methylation, chromosome looping, remodeling
of nuclear architecture and ncRNAs, recur in di�erent models. It is worth noticing that
mutually exclusive expression can be also termed monoallelic gene expression or allelic
exclusion, referring to single allele transcription in diploid organisms.

In P. falciparum, mutually exclusive expression has only been con�rmed for the var
gene family [Scherf et al., 1998] and for the clag3 family, that contains two members and is
involved in erythrocyte permeation pathways [Cortés et al., 2007].

1.4.1 Mutually exclusive expression in antigenic variation

As mentioned in section 1.3 many pathogens use antigenic variation as an immune evasion
mechanism. In many cases, antigenic variation is mutually exclusive but the mechanisms
underlying single gene expression vary among di�erent organisms and gene families. In
broad terms, mutually exclusive expression is achieved either by modi�cations of the un-
derlying DNA sequence, by transcriptional regulation, or by post-transcriptional regulation.
Nevertheless, in all cases, epigenetic regulation mechanisms seem to be involved.

1.4.1.1 VSG expression in Trypanosoma brucei

T. brucei VSG genes code for variant surface glycoproteins (VSGs). The VSG gene family
comprises∼2500 members most of which are located in subtelomeric arrays [Berriman et al.,
2005]. A subset of VSGs are located proximal to the telomeres, at the ends of polycistronic
transcription units, named expression sites (ES). Strikingly, VSG genes are transcribed by
RNA Pol I, representing an exception for this polymerase that normally only transcribes
rDNA [Günzl et al., 2003]. Mutually exclusive expression of subtelomeric VSG genes in T.
brucei occurs at an extranucleolar RNA Pol I transcription factory, known as the expression
site body (ESB) [Navarro and Gull, 2001] which is depleted of nucleosomes [Figueiredo
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and Cross, 2010, Stanne and Rudenko, 2010]. In fact, RNA Pol I transcription initiates at
di�erent sites but is then attenuated in the silent VSGs suggesting that the control does not
occur only at the transcription initiation level but also during transcription elongation or
RNA processing [Kassem et al., 2014].

VSG switching can be either transcriptional, activating an existing VSG gene, or re-
combinational, activating a novel chimeric VSG due to recombination. Despite the acti-
vation mechanism remains unclear, several factors have been identi�ed involved with si-
lencing, such as the chromatin remodeler ISWI [Hughes et al., 2007], the HMT responsi-
ble for H3K76me3, DOT1B [Figueiredo et al., 2008], a speci�c hypermodi�ed DNA base J
and H3.V [Schulz et al., 2016, Reynolds et al., 2016]. Recently, a VSG exclusion complex,
VEX1-VEX2, has been identi�ed to interact with the chromatin assembly factor CAF-1, and
restrict expression to a single VSG and prevent others to activate [Glover et al., 2016, Faria
et al., 2019]. Furthermore, it has also recently been reported that H3.V and H4.V regulate
nuclear architecture and chromatin conformation playing a role in VSG expression. Deple-
tion of these two histone variants increases ES clustering and DNA accessibility, enhancing
recombinational switching [Müller et al., 2018].

1.4.2 Monoallelic expression in higher eukaryotes

Mutually exclusive expression in diploid higher eukaryotes is not linked to antigenic varia-
tion but to expression of genes from a single allele for necessity of the phenotypic outcome,
in contrast to the more usual expression of both alleles at similar levels. Monoallelically
expressed genes fall into three major classes: parent-of-origin imprinting, and two kinds of
random monoallelic expression (RMAE), X-inactivated genes and autosomal RMAE. In the
�rst deterministic case, always the same allele is chosen, whereas in the latter two stochastic
cases, any of the alleles can be expressed [Chess, 2016].

1.4.2.1 Genomic imprinting

Genomic imprinting refers to the monoallelic expression of one of the two alleles in a parent-
of-origin speci�c manner. Imprinted genes are expressed exclusively from the paternally
or maternally inherited chromosome and are then functionally haploid [Chess, 2016]. This
type of monoallelic expression is determined by epigenetic marks such as DNA methylation
and histone PTMs placed during gender-speci�c gametogenesis. Thus, the fertilized egg
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has di�erent marks on the imprinted genes inherited maternally and paternally [Ferguson-
Smith, 2011].

Imprinted genes are often found in clusters and amongst them one gene encodes a long
non-coding RNA (lncRNA) that is essential for the regulation of allele-speci�c expression
(Fig. 1.23). DNA methylation established during gametogenesis silences transcription of
imprinted lncRNA genes and thereby activates imprinted coding genes within the clus-
ter [Sleutels et al., 2002,Royo and Cavaillé, 2008]. An example of an imprinted gene cluster
and its regulation in cis by lncRNA is the maternally expressed Igf2r/Slc22a2/Slc22a3 gene
cluster in mice and the cognate paternally expressed Air lncRNA encoded antisense of Igf2r
(insulin-like growth factor 2 receptor gene). The Air promoter is located within an hyper-
methylated CpG island in the maternal allele and is thus repressed, allowing transcription
of the nearby coding genes. Conversely, the paternally transcribed Air silences the paternal
imprinted gene cluster, potentially by transcriptional interference [Sleutels et al., 2002].

Figure 1.23: Genomic imprinting regulation by DNAmethylation and lncRNAs. Allele-
speci�c methylation silences expression of a lncRNA within the imprinted gene cluster, allowing
coding genes of cluster to be expressed. In contrast, the other allele, lacking DNA methylation,
exhibits expression of the lncRNA, repressing the coding genes of its cluster. Taken from [Quinn
and Chang, 2015].

Similar mechanisms have been described for many imprinted lncRNA such as paternal
Kcnq1ot1 at the maternal Kcnq1/Cdkn1c/Ascl2 gene cluster [Pandey et al., 2008], paternal
Nespas at the maternal Gnas/Nesp gene cluster [Williamson et al., 2011], maternal H19 at
the paternal Igf2 locus [Zhang and Tycko, 1992], and maternal Gtl2 at the paternal Dlk1/Rtl1
gene cluster [Lin et al., 2003]. Additionally, CTCF binding to unmethylated alleles, which
prevents interaction of enhancers with the lncRNA promoter, has also been shown to play
a role in regulation of imprinted gene clusters [Bell and Felsenfeld, 2000].
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1.4.2.2 X chromosome inactivation

Monoallelic expression is characteristic of sex chromosome dosage compensation, that in-
activates one of the two X chromosome in females, equalizing the output of single X chro-
mosome in males. X chromosome inactivation renders a transcriptionally silent heterochro-
matic X chromosome. In placental mammals, the choice of which X chromosome gets inac-
tivated is random but the monoallelic expression choice is stably transmitted mitotically and
remains inactivated in all the cells [Lyon, 1986]. Similarly to genomic imprinting, dosage
compensation is regulated by epigenetic processes that depend on lncRNAs. The major
player in this regulation is the lncRNA Xist (X-inactive speci�c transcript) that is transcribed
in only one of the two X chromosomes and coats its chromosome in cis, leading to transcrip-
tional silencing of most genes on the chromosome [Brockdor� et al., 1992, Clemson et al.,
1996]. DNA methylation at CpG islands and histone hypoacetylation are epigenetic marks
enriched in the inactive X chromosome. On the active X chromosome, the antisense lncRNA
Tsix silences Xist in cis. A third lncRNA, Jpx is responsible for activation in cis and in trans
of Xist in the inactive X chromosome. Several other ncRNAs have been identi�ed to play a
role in dosage compensation [Lee, 2009].

Interestingly, in marsupials, X inactivation is not random, and a similar process involv-
ing the lncRNA Rsx inactivates always the paternally inherited X chromosome, basically
constituting a mechanism of chromosome-wide genomic imprinting [Grant et al., 2012].

1.4.2.3 Monoallelic expression of olfactory receptors

Autosomal allelic exclusion was �rst reported for immunoglobulins and T-cell receptors, in
both cases by mechanisms involving DNA rearrangement [Hozumi and Tonegawa, 1976,
Raulet et al., 1985]. However, many more genes have been reported to present monoallelic
expression by di�erent mechanisms. Interestingly, despite the functions of genes that un-
dergo autosomal RMAE are very diverse, there is an overrepresentation of genes coding for
cell surface molecules [Chess, 2016]. Amongst them, olfactory receptors (ORs) have been
broadly studied [Chess et al., 1994].

The sense of smell allows the detection of an extensive range of odorants. This sen-
sitivity is achieved by a highly regulated expression of the large gene family coding for
∼1400 ORs in olfactory sensory neurons of mice [Wang et al., 1998]. ORs are expressed in
a monogenic and monoallelic fashion, with only one out of the ∼2800 alleles expressed in
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each neuron [Chess et al., 1994]. Transcription of the chosen single OR is stabilized by a
feedback loop preventing the activation of additional ORs [Serizawa et al., 2003, Shykind
et al., 2004]. This feedback loop regulation depends on the detection of the newly translated
OR [Dalton et al., 2013, Lyons et al., 2013]. This feedback loop is possible because consti-
tutive heterochromatin causing OR silencing occurs during neuron di�erentiation, before
the transcription onset of OR [Magklara et al., 2011]. Additionally, all silenced OR loci con-
verge in few heterochromatic foci, while the single active OR dissociates of these foci for
expression, highlighting the importance of spatial compartmentalization in monoallelic ex-
pression of ORs since disruption of this nuclear architecture causes multiple alleles to be
expressed at the same time [Clowney et al., 2012, Armelin-Correa et al., 2014].

Despite single OR choice has not fully been elucidated yet, recent progress has been
made in this direction. An enhancer H has been identi�ed to associate with the active OR
allele, whether from the same or di�erent chromosomes [Lomvardas et al., 2006]. Notwith-
standing, deletion of enhancer H only a�ects proximal OR loci [Khan et al., 2011], suggesting
that other enhancer H-like elements could play a redundant role [Williams et al., 2010]. In-
deed, circularized chromosome conformation capture (4C) and FISH analyses have shown
that multiple enhancers converge with the single active OR locus and Hi-C analysis revealed
a high number of interactions between these elements [Markensco�-Papadimitriou et al.,
2014]. Thus, intergenic OR enhancers have a critical role when acting in cis, which may
help open up chromatin, and a redundant function when acting in trans together with other
enhancers to activate the chosen OR (Fig. 1.24).

Figure 1.24: Essential and redundant function of OR enhancers. OR enhancers (circles)
are essential to open chromatin for a proximal OR (box) in cis, but redundancy of multiple en-
hancers interacting in trans is required for OR transcriptional activation. Red �ags indicate
heterochromatin (H3K9me3) and green �ag indicates derepressed chromatin landscape. Taken
from [Markensco�-Papadimitriou et al., 2014].
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1.5 Regulatory non-coding RNA

Non-coding RNAs (ncRNAs) are de�ned as transcripts which do not encode for proteins and
are thus not translated, in contraposition to messenger RNAs (mRNAs). ncRNA can be di-
vided in two big classes: housekeeping or structural ncRNA and regulatory ncRNA. House-
keeping and structural ncRNAs comprise transfer RNA (tRNA), ribosomal RNA (rRNA),
small nucleolar RNA (snoRNA), small nuclear RNA (snRNA), and telomerase RNA compo-
nent (TERC). tRNA and rRNA are involved in mRNA translation, snoRNA is involved in
rRNA modi�cation, snRNA is involved in RNA splicing, and �nally, TERC plays a role in
telomere elongation. Regulatory ncRNAs, often referred simply as ncRNAs, include all the
other ncRNAs and can have very diverse functions. Regulatory ncRNAs are further clas-
si�ed arbitrarily by their size: short ncRNAs, (< 50 bp), medium ncRNAs, (50-200 bp) and
long ncRNAs (lncRNAs, > 200 bp) [Ponting et al., 2009, Ma et al., 2013].

The relatively new �eld studying regulatory ncRNAs and their functions is increasing
exponentially and it is now well established that these ncRNAs play crucial roles in the reg-
ulation of gene expression via a wide variety of mechanisms. In fact, despite novel functions
for regulatory ncRNAs are steadily emerging, the role of the vast majority of ncRNAs re-
mains to be elucidated [Holoch and Moazed, 2015,Cech and Steitz, 2014,Quinn and Chang,
2015]. The functions of some regulatory ncRNAs are summarized in Table 1.5.

Table 1.5: Examples of regulatory ncRNAs.

ncRNA full name Class, size Function
siRNA small interfering RNA short ncRNA mRNA degradation
miRNA micro RNA short ncRNA, 22-23 nt mRNA stability
piRNA piwi-interacting RNA short ncRNA, 26-31 nt Transposon silencing
paRNA promoter-associated RNA medium ncRNA Transcription repression
eRNA enhancer RNA lncRNA Promoter activation
NAT natural antisense transcript lncRNA mRNA stability
lincRNA long intergenic ncRNA lncRNA Transcription control
iRNA intronic RNA lncRNA Transcription control
satellite satellite ncRNA lncRNA Centromere assembling
repeat ncRNA repeat-associated ncRNA lncRNA Repeat silencing
pseudogene RNA pseudogene ncRNA lncRNA mRNA stability

In this section, we focus in particular on medium and lncRNAs which constitute the

49



1.5. REGULATORY NON-CODING RNA

most diverse and prevalent type of regulatory ncRNAs, and are often de�ned according to
their genomic location relative to coding genes and referred as a whole as lncRNAs (Fig.
1.25). In contrast, short regulatory ncRNAs such as siRNA, miRNA and piRNA have rel-
atively well established functions (Table 1.5) and mechanisms of action, for example the
RNA-interference (RNAi) pathway that mediates mRNA silencing [Fire et al., 1998].

Figure 1.25: Genomic locations of lncRNAs. Antisense ncRNAs are transcribed on the op-
posite direction of coding genes and their initiation is inside or 3’ of the coding genes, causing
some overlap with them. Intronic ncRNAs initiate within the intron of a coding gene in either
direction. Upstream divergent ncRNAs (uaRNAs) are transcribed within a few hundred base
pairs of the promoter of a coding gene in the opposite direction. Intergenic lncRNAs (lincRNAs)
are found between coding genes and further than 5 kb from these. Colored boxes represent
exons. Taken from [Rinn and Chang, 2012].

1.5.1 Functions and mechanisms of action of ncRNA

RNA has a great biochemical versatility, allowing ncRNAs to have a broad diversity of func-
tions and interaction partners to undergo their function. The ability to base pair with nucleic
acids makes RNA unique in interacting with DNA and RNA targets via simple base pair-
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ing, in contraposition to proteins that require much longer sequences to bind to nucleic
acids with the same speci�city. Additionally, RNA folding in three-dimensional structures
allows for recognition and binding of many sorts of partners, ranging from small molecules
to big proteins. Another key point in RNA versatility is its dynamism since it can be rapidly
transcribed and degraded, giving an advantage over proteins for temporal and transient
regulation. Furthermore, changes mediated by RNA can be inherited, as exempli�ed by
RNA-templated modi�cations of the genome [Geisler and Coller, 2013].

The most broadly studied function of lncRNAs is regulation of transcription by chro-
matin modulation. However, an increasing number of functions are being elucidated within
gene regulation but also on diverse biological processes such as allosteric regulation of
proteins, organization of protein complexes or cell-cell signaling [Geisler and Coller, 2013,
Quinn and Chang, 2015]. Here, we focus on the functions of ncRNAs as regulators of gene
expression.

1.5.1.1 Transcriptional regulation by ncRNA

LncRNAs have crucial functions as cis and trans regulators of gene expression. They can
play important functions in epigenetic regulation as described in section 1.4.2 for genomic
imprinting and X inactivation. LncRNAs can regulate transcription by acting as sca�olds
for chromatin- and histone-modifying complexes and orchestrate their organization spa-
tially and temporally [Pandey et al., 2008, Tsai et al., 2010, Khalil et al., 2009, Spitale et al.,
2011, Yap et al., 2010]. For example the lncRNA HOTAIR interacts with PRC2 (Polycomb
repressive complex 2) and LSD1 (Lys-speci�c demethylase 1) which mediate the deposition
of repressive H3K27me3 and removal of active H3K4me2 marks respectively [Tsai et al.,
2010]. Many antisense lncRNA transcripts have been reported to repress mRNA transcrip-
tion in di�erent loci by transcriptional interference [Hongay et al., 2006, Latos et al., 2012].
Furthermore, lncRNAs transcription can regulate the binding of regulatory factors [Hirota
et al., 2008, Lefevre et al., 2008, Bumgarner et al., 2012].

Another mechanism by which lncRNAs regulate transcription is by directly binding to
RNA Pol II, like is the case of ncRNAs from Alu SINEs (short interspersed nuclear elements)
that repress transcription of speci�c genes by binding to Pol II upon heat shock [Mariner
et al., 2008]. Moreover, lncRNAs can also impair the assembly of the transcription PIC by
forming RNA:DNA triplex structures [Martianov et al., 2007] or interact directly with TFs to
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either activate or repress transcription [Shamovsky et al., 2006,Kino et al., 2010]. Schematics
of some mechanisms of transcriptional regulation by ncRNA are found in Fig. 1.26.

Figure 1.26: Examples of ncRNA-mediated transcriptional regulation. (a) LncRNAs can
target chromatin-modifying complexes, or TFs, to speci�c loci. (b) Chromatin-modifying com-
plexes can be bound to RNA Pol II and act while lncRNAs are being transcribed. (c)Transcription
of lncRNAs can also cause either activating or repressing chromatin remodeling. (d) LncRNAs
binding to RNA Pol II represses transcription of target genes. (e) LncRNA-DNA triplex structures
inhibit assembly of the PIC and repress transcription.Taken from [Geisler and Coller, 2013].

Enhancers are DNA regulatory elements that normally regulate neighbouring genes in
cis. Evidence has shown that, in fact, enhancers are transcriptionally active and produce
enhancer RNAs (eRNAs), which can be bidirectionally transcribed by RNA Pol II. Enhancers
and promoters interact physically and the eRNA expression tends to be correlated with that
of the target gene mRNA [Kim et al., 2010, De Santa et al., 2010]. It has been reported that
in some cases the eRNA transcript is required for the enhancer activity (Fig. 1.27) [Ørom
et al., 2010,Wang et al., 2011], while in others it just seems to be a hallmark of the enhancer
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being active [Li et al., 2016].

Figure 1.27: Enhancer RNA and chromosome looping. Cis-acting eRNAs, like LUNAR1,
mediate chromosome looping between the enhancer and their target genes, in this case IGF1R
(insulin-like growth factor 1 receptor), via protein complexes. Taken from [Quinn and Chang,
2015].

LncRNAs have also been associated with transcriptional activation and repression by
mediating the organization of nuclear architecture. It remains unclear how nuclear sub-
domains are organized, but increasing evidence suggests that ncRNAs could play a role in
the regulation or establishment of this compartmentalization [Yang et al., 2011, Yamazaki
et al., 2018]. These ncRNAs can behave as sca�olds for subnuclear domains and have been
reported to be implicated in the nucleation of interchromatin granules, histone locus bod-
ies, nuclear stress bodies and paraspeckles [Carmo-Fonseca and Rino, 2011, Shevtsov and
Dundr, 2011]. For instance, paraspeckles [Fox et al., 2002] have been reported to require
the lncRNA NEAT1 for their assembly [Sunwoo et al., 2009, Sasaki et al., 2009] and ongo-
ing NEAT1 transcription for their maintenance [Mao et al., 2011]. Recently, a study showed
that NEAT1-dependent paraspeckle formation is achieved by phase separation upon NEAT1
interaction with NONO protein [Yamazaki et al., 2018]. Interestingly, several other studies
have reported the implication of ncRNAs and even mRNAs in the regulation and formation
of liquid-liquid phase separated granules both by interaction with RNA-binding proteins
(RBPs) [Maharana et al., 2018, Langdon et al., 2018] and independently of RBPs [Jain and
Vale, 2017], highlighting the importance of RNA as a driver of functional compartmental-
ization.

Notably, the broad range of functions and means deployed by lncRNAs known to date,
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probably only represent a modest contribution of lncRNAs in gene regulation, with further
mechanisms to be unveiled in the future.

Relationship between ncRNAs and the boundaries of heterochromatin

RNA Pol III transcription sites have been reported to function as boundary elements block-
ing chromatin spreading. In particular, genes coding for tRNA have a well established func-
tion as boundary elements, which requires the recruitment of TFIIIC, but not Pol III [Donze
and Kamakaka, 2001, Scott et al., 2006, Ebersole et al., 2011, Raab et al., 2012]. Loci of some
types of ncRNAs transcribed by RNA Pol III contain the A and B box sequences for the
recruitment of TFs TFIIIC, TFIIIB and RNA Pol III [Orioli et al., 2012]. The boundary func-
tion only requires the B box sequence which is responsible for the recruitment of TFIIIC,
but not Pol III, and is thus independent of transcription. TFIIIC plays an important role in
genome organization and is responsible for clustering DNA regions at the nuclear periph-
ery, resulting in the boundary function at tRNA loci [Noma et al., 2006]. SINEs, which are
also transcribed into ncRNAs by Pol III, and additionally by Pol II, have also been shown
to function as boundary elements when being transcribed [Lunyak et al., 2007, Ferrigno
et al., 2001]. However, it remains unclear whether these ncRNAs are directly linked to the
boundary function or whether it is linked to the transcription process.

Other mechanisms have been described by which ncRNAs, like BORDERLINE in �ssion
yeast, can directly mediate the boundary function by directly binding to heterochromatin
factors and blocking heterochromatin spreading [Cam et al., 2005]. Additionally, ncRNAs
have also been associated with the regulation of CTCF function in chromatin insulation
[Lefevre et al., 2008, Sun et al., 2013].

1.5.1.2 Post-transcriptional regulation by ncRNA

Natural antisense transcripts (NATs) can regulate splicing of their cognate mRNAs, how-
ever the mechanism of such regulation remains unclear [Beltran et al., 2008,Hastings et al.,
1997, Munroe and Lazar, 1991, Faghihi and Wahlestedt, 2009]. Besides mRNA processing,
lncRNAs are also involved in regulation of translational e�ciency [Carrieri et al., 2012] and
positive and negative regulation of mRNA stability [Faghihi et al., 2008, Gong and Maquat,
2011]. One mechanism mediated by lncRNA to stabilize target mRNA consists in com-
peting for the same binding region of the mRNA with miRNAs involved in mRNA repres-
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sion [Faghihi et al., 2008]. Additionally, lncRNAs can also act as miRNA sponges and directly
compete with the mRNA for binding to the regulatory miRNA, inhibiting it and avoiding its
interaction with mRNA targets [Salmena et al., 2011, Cesana et al., 2011, Wang et al., 2010].
Recently, a novel class of lncRNA with circular structure, named circular RNAs (circRNAs),
have been described to act also as miRNA sponges with many miRNA binding sites [Hansen
et al., 2013, Memczak et al., 2013].

1.5.1.3 Other functions of ncRNA

Many novel functions are continuously arising for ncRNAs. For example, lncRNAs, together
with miRNAs and mRNAs, have been found in exosomes, suggesting that they can play a
role as signalling molecules between cells. This cell to cell communication mediated by exo-
somal shuttle RNAs (exRNAs) could potentially serve as a signal to regulate gene expression
in the arrival cell [Skog et al., 2008, Huang et al., 2013]. LncRNAs have also been shown to
play important roles in the generation of genetic diversity by participating in V(D)J and
class switch recombination events to generate antibody diversity [Cobb et al., 2006,Selsing,
2006].

1.5.2 ncRNA in P. falciparum

Since ncRNAs are increasingly recognized as important regulators of eukaryotic gene ex-
pression, as described in the previous sections, understanding the role of ncRNA in P. falci-
parum is of great interest, specially, their contribution to mutually exclusive expression of
var genes. Furthermore, ncRNAs are particularly important for mutually exclusive expres-
sion in other systems (section 1.4.2). Thus, the study of regulatory ncRNAs in this parasite
might be key not only to better understand how are gene regulation and epigenetic mecha-
nisms regulated, but also to potentially decipher the elusive mechanism orchestrating single
var choice and mutually exclusive expression.

Interestingly, P. falciparum genome sequencing unveiled a great share of predicted RBPs,
suggesting an important potential for RNA-mediated regulation in the parasite [Gardner
et al., 2002]. This parasite seems to lack the components of the RNAi pathway [Gardner
et al., 2002, Baum et al., 2009] but many lncRNAs and NATs have been identi�ed [Patankar
et al., 2001, Gunasekera et al., 2004, Upadhyay et al., 2005, Chakrabarti et al., 2007, Mourier
et al., 2008, Raabe et al., 2010, Broadbent et al., 2011, López-Barragán et al., 2011, Sierra-
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Miranda et al., 2012, Siegel et al., 2014,Broadbent et al., 2015]. However, only structural but
no regulatory ncRNAs have been functionally characterized in the parasite so far.

Centromeric ncRNAs were the �rst described chromatin-associated ncRNA in P. fal-
ciparum. These ncRNAs are transcribed from bidirectional promoters and associate with
centromeres themselves [Li et al., 2008], but their function remains elusive. Addition-
ally, telomere-associated ncRNAs have also been described in the parasite. In contrapo-
sition to TERC that plays a role in telomere elongation, many eukaryotes contain a type of
subtelomeric lncRNA termed telomeric repeat-containing RNA (TERRA), which is consti-
tuted by stretches of G-rich repeats transcribed towards the telomere ends and seems to be
involved in telomeric heterochromatin formation and maintenance, and in negatively af-
fecting telomere length [Nergadze et al., 2009, Azzalin et al., 2007, Schoeftner and Blasco,
2008]. TERRA transcripts seem to colocalize in a particular foci at the nuclear periph-
ery and form DNA:RNA hybrids with their DNA template at chromosome ends which can
promote homologous recombination among telomeres and genome instability [Balk et al.,
2013]. TERRA-like transcripts have been described in P. falciparum, transcribed from the
TAREs (described in section 1.2.1) [Broadbent et al., 2011, Sierra-Miranda et al., 2012]. Sim-
ilar to TERRA for other eukaryotes, ncRNAs from TAREs have been reported to cluster in
perinuclear foci and be linked with heterochromatin [Sierra-Miranda et al., 2012], and po-
tentially to maintain telomere ends since chromosome breakage and loss of subtelomeric
regions leads to telomere elongation [Figueiredo et al., 2002]. The location in proximity of
subtelomeric virulence genes, might be key to facultative heterochromatin and silencing of
these clonally variant gene families.

P. falciparum NATs seem to be present in ∼24% of all ORFs and be developmentally co-
ordinated [Siegel et al., 2014]. For some NATs, transcriptional levels seem to associate with
those of the downstream gene. However, most cases lack this relationship, suggesting NATs
transcription from cryptic promoters [Siegel et al., 2014]. NATs, mRNA and protein levels
seem to not be correlated in this parasite [López-Barragán et al., 2011, Siegel et al., 2014],
and the function of these NATs remains uncharacterized. Recently, it has been shown that
for one NAT presenting a particular multi-exonic structure, transcription is indeed highly
correlated to that of its mRNA cognate coded by the gene PfGDV1 (P. falciparum gameto-
cyte development 1). As a consequence, it has been suggested that this antisense transcript
could regulate PfGDV1, a key player in early sexual commitment [Broadbent et al., 2015].
Indeed, it has recently been shown that PfGDV1 targets heterochromatin and triggers HP1
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eviction of ap2g to derepress it in response to the environmental changes, and this process
is controlled by PfGDV1 antisense RNA [Filarsky et al., 2018].

In concordance with the lack of RNAi, no P. falciparum miRNA have been detected [Xue
et al., 2008]. Strikingly, human-derived miRNA signatures have been reported in particular
mRNAs from the parasite, suggesting they are translocated into the parasite and incorpo-
rated to mRNAs to mediate ribosome loading blocking and consequently repress transla-
tion [LaMonte et al., 2012]. Interestingly, host miRNAs have been also detected in iRBC-
derived exosomes, known to mediate cell-cell communication and induce sexual di�erenti-
ation [Regev-Rudzki et al., 2013, Mantel et al., 2013]. A recent study validated several cir-
cRNAs and predicted over 1000 more in the P. falciparum genome [Broadbent et al., 2015].
Given their role as miRNA sponges discussed in section 1.5.1.2, it remains intriguing their
potential role in the regulation of host-parasite interactions through host-derived miRNAs.

Finally, there is a great interest in the ncRNAs related to var genes that have the potential
to regulate mutually exclusive expression. As discussed in section 1.3.1, intronic var ncRNAs
from a bidirectional promoter (Fig. 1.28) have been studied but their function still remains
unclear [Bryant et al., 2017,Calderwood et al., 2003,Ralph et al., 2005a,Epp et al., 2009,Amit-
Avraham et al., 2015]. In the following section we brie�y describe a novel family of ncRNA
associated with these virulence genes.

Figure 1.28: Transcriptional model for intronic ncRNAs of var genes. Intronic tran-
scription from a bidirectional promoter in var genes is developmentally regulated. Late stage
parasites exhibit sense and antisense intronic lncRNAs in silent var genes, while in ring stage
parasite the active var gene presents ncRNA transcription only in the antisense direction. Taken
from [Vembar et al., 2014].
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1.5.2.1 RNA of unknown function 6 (RUF6)

Sequencing of the P. falciparum genome identi�ed conserved sequences with high GC-
content for the parasite, ∼40%, in intergenic regions of central chromosomal var clusters
[Hall et al., 2002, Hyman et al., 2002, Gardner et al., 2002]. This sequences code for a novel
family of 15 highly homologous ncRNAs (89.9-100%) with loci interspersed between central
var and rif genes, and annotated as RNA of unknown function 6 (RUF6) [Chakrabarti et al.,
2007,Mourier et al., 2008,Panneerselvam et al., 2011]. Their positioning relative to var genes
and their high sequence conservation amongst the di�erent members suggest that they can
be involved in the regulation of var expression (Fig. 1.28).

Figure 1.29: Central var genes in 13 P. falciparum strains. Organization of the central
chromosomal var arrays in the genome of 13 sequenced P. falciparum strains. The number of
RUF6 genes per isolate are: 3D7, 15; 7G8, 10; HB3, 8; KH01, 16; KE01, 13; GA01, 10; GN01, 11;
CD01, 16; SN01, 13; IT, 11; Dd2, 8; GB4, 12; KH02, 12; and SD01, 12. Colored boxes represent
gene as indicated in the legend. Taken from [Otto et al., 2018a].

Transcripts from several RUF6 loci have been detected in di�erent transcriptomic studies
and indicate the transcriptional peak for these ncRNAs occurs at late ring stages [Mourier
et al., 2008, Otto et al., 2010, Broadbent et al., 2011, Siegel et al., 2014, Wei et al., 2014]. Ad-
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ditionally, a recent study suggested RUF6 transcription is clonally variant [Wei et al., 2015].
Interestingly, the exonuclease RNAse II responsible for the degradation of nascent cryptic
var RNA transcripts, also regulates transcript levels for these RUF6 ncRNAs [Zhang et al.,
2014].

As previously mentioned in section 1.3, all Laverania species have var genes and other
virulence-related clonally variant gene families. Strikingly, all these Laverania species con-
taining var genes also have the RUF6 gene family [Otto et al., 2018b]. Despite there are
di�erences in the repertoire of both var and RUF6 genes amongst di�erent species and also
intraspecies variability, the general disposition is conserved (Fig. 1.28) [Chakrabarti et al.,
2007, Otto et al., 2018a].
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1.6 Scope of the thesis

The identi�cation of the RNA of unknown function 6 (RUF6) gene family exclusively found
in Plasmodium species that have var genes [Chakrabarti et al., 2007,Otto et al., 2018b], opens
up avenues to gain insight into the regulation of var genes mutually exclusive expression.
Strikingly, all RUF6 members are interspersed between central var genes [Chakrabarti et al.,
2007, Panneerselvam et al., 2011], pointing to a role in clonally variant gene expression.

This PhD project aims to elucidate the biological role of this GC-rich ncRNA family
annotated as RUF6. We seek to determine whether this ncRNA family is involved in the
regulation of var genes and to gain insight into the molecular mechanism by which this
GC-rich ncRNA might regulate mutually exclusive expression of var genes. In addition, we
also aim to determine whether this GC-rich ncRNA plays a role in regulating other clonally
variant gene families associated with virulence.

In order to achieve the main goal of deciphering the function of the GC-rich ncRNA, the
PhD has several concrete objectives, listed below:

- Overexpress di�erent GC-rich ncRNA members and study the e�ect on the var gene
family mutually exclusive expression. (Results section 2.1)

- Analyze the GC-rich ncRNA transcriptional pro�le in di�erent parasite clones express-
ing distinct var gene members. (Results section 2.2)

- Develop methods to block GC-rich ncRNA transcription and analyze the transcriptome
of the knockout or knockdown strains. (Results section 2.2)

- Elucidate the mechanism of action of the GC-rich ncRNA by identifying the binding
partners. (Results sections 2.3 and 2.4)
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This second part contains the main results of the thesis, linked to the study of RUF6. Each
section is presented in the format of an independent manuscript including the summarized
methods used and a brief discussion.

Section 2.1 comprises data that have already been published and is presented in the
published format, and section 2.2 corresponds to results currently under review for publi-
cation. Finally, sections 2.3 and 2.4 describe preliminary results. Supplementary data linked
to the main RUF6 results presented in this part can be found in the appendices A, B and C.
Additional preliminary results can be found in Appendix D.
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2.1. GC-RICH NON-CODING RNA AT THE EXPRESSION SITE AFFECTS VAR COUNTING

2.1 GC-rich non-coding RNA at the expression site af-

fects var counting

The highlights of this section are:
- FISH analysis demonstrates that GC-rich ncRNA colocalizes in trans with the expres-

sion site of both central and subtelomeric var genes.
- Episomal overexpression of di�erent GC-rich ncRNA members disrupts mutually ex-

clusive expression of var genes activating concrete var subsets.

The results of this section have been published in Nucleic Acids Research (2016) un-
der the title "Trans-acting GC-rich non-coding RNA at var expression site modulates gene
counting in malaria parasites". My contribution to this work was generating constructs for
the mutants. Additionally, I performed RNA sequencing (RNA-seq) analysis of the overex-
pression strains to validate that the GC-rich ncRNA element overexpressed was indeed the
one with highest transcription (see Appendix A).
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ABSTRACT

Monoallelic expression of the var multigene family
enables immune evasion of the malaria parasite Plas-
modium falciparum in its human host. At a given time
only a single member of the 60-member var gene
family is expressed at a discrete perinuclear region
called the ‘var expression site’. However, the mecha-
nism of var gene counting remains ill-defined. We hy-
pothesize that activation factors associating specif-
ically with the expression site play a key role in this
process. Here, we investigate the role of a GC-rich
non-coding RNA (ncRNA) gene family composed of
15 highly homologous members. GC-rich genes are
positioned adjacent to var genes in chromosome-
central gene clusters but are absent near subtelom-
eric var genes. Fluorescence in situ hybridization
demonstrates that GC-rich ncRNA localizes to the
perinuclear expression site of central and subtelom-
eric var genes in trans. Importantly, overexpression
of distinct GC-rich ncRNA members disrupts the
gene counting process at the single cell level and
results in activation of a specific subset of var genes
in distinct clones. We identify the first trans-acting
factor targeted to the elusive perinuclear var expres-
sion site and open up new avenues to investigate
ncRNA function in antigenic variation of malaria and
other protozoan pathogens.

INTRODUCTION

Antigenic variation is an effective mechanism for pathogens
to evade the immune response of the host organism. It
is used by the human malaria parasite Plasmodium falci-
parum, who remains a major health threat and the cause
of death for hundreds of thousands of people per year
(1,2). During its 48h-long blood stage cycle the para-

site invades and asexually replicates in red blood cells. It
goes through three morphologically distinct developmental
stages namely ring, trophozoite and schizont. Upon rupture
of the infected red blood cell 16–32 newly formed daughter
cells are released and start a new infectious cycle.

To promote adhesion to the vascular endothelium and
prevent clearance by the spleen, the parasite remodels the
infected red blood cells by exporting variant surface pro-
teins (3). The virulence surface adhesion protein P. fal-
ciparum Erythrocyte Membrane Protein 1 (PfEMP1) has
been highly implicated in pathogenesis and is encoded by
the well-studied var variant gene family. The var gene fam-
ily is subject to monoallelic expression whereby only a sin-
gle gene of the about 60-member gene family is transcribed
while all others remain silenced (4). Switching between var
genes allows the parasite to regularly expose surface pro-
teins for which the human immune system is yet naı̈ve. Tran-
scription of the var gene peaks around 10–14 h post invasion
(hpi) (5) and is repressed during later developmental stages,
but the gene remains in a state ‘poised’ for reactivation in
the next cycle (6,7).

Monoallelic expression in P. falciparum involves multi-
ple layers of epigenetic regulation that mediate silencing,
activation and poising of a single var gene while still al-
lowing var gene switching rates optimized for efficient par-
asite infection and transmission (8–11). Post-translational
modifications of histones and especially facultative hete-
rochromatin regulated by various histone-modifying en-
zymes are required to establish a default silencing pathway
for var genes (6,12–14). Heterochromatin Protein 1 silences
var genes by binding to modified histones (15,16). Further,
conserved genetic elements within the var gene play an im-
portant role in monoallelic expression. Var genes contain
an upstream promoter sequence (ups), an exon 1 coding for
the variant extracellular protein domain, a conserved intron
and a highly conserved exon 2 containing the intracellu-
lar domain (Supplementary Figure S1A). A total of 36 var
genes are subtelomeric and driven by subtype-specific pro-
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moters termed ups A or B (Supplementary Figure S1A).
The 24 central var genes localize in 5 tandem arrays dis-
tributed over 4 chromosomes and are driven by ups C (or
B/C) promoters (Figure 1A). The promoter contains motifs
essential for monoallelic expression (8,17–19). The intron is
thought to mediate var gene silencing by strict one-to-one
pairing with the promoter and has bidirectional promoter
activity (20–23).

In addition, spatial organization of var genes is tightly
controlled and has been implied in var gene transcriptional
control. All silent var genes are targeted to a few repressive
clusters at the nuclear periphery except the active var gene,
which localizes to a distinct expression site (14,24–27). Per-
inuclear localization is mediated by telomeric sequences as
well as specific intronic motifs (25,28). Lastly, exonuclease
activity is involved in controlling cryptic transcription of
multiple var genes (29). Despite the tremendous advances
in understanding regulation of monoallelic expression key
questions remain unanswered. Default silencing and poten-
tial poising factors have been identified. The histone methyl-
transferase, PfSet10, associates with the poised var gene at
trophozoite stage when transcription is halted for the rest of
the blood stage cycle (7), but a factor specifically regulating
the activation of var genes has yet to be identified. Hence,
the perinuclear expression site remains undefined and no
factors strictly associated with it have been found to date.

Non-coding RNAs (ncRNAs) are emerging as impor-
tant regulators of eukaryotic gene expression and have been
linked to monoallelic expression in other organisms (30).
They frequently act as lynchpins for epigenetic regulators
targeting non-specific enzymes to specific sites within the
genome. Also, in P. falciparum ncRNAs have been asso-
ciated with regulation of virulence genes (31,32). Various
ncRNA transcripts have been detected by different meth-
ods (33–37). Telomeres produce long ncRNAs that local-
ize to a distinct nuclear compartment that does not overlap
with telomere clusters (38,39). Natural antisense transcripts
are very frequent and associate with >24% of all open read-
ing frames (36). Recently, transcription of TR2 ncRNA has
been correlated with permeation pathway gene expression
(40). Var genes produce ‘sterile’ transcripts from a bidirec-
tional promoter within the intron (20,41). The function of
the sense transcript produced from the intron of var genes
remains elusive. The natural antisense RNA remains asso-
ciated with chromatin and its transcription has been corre-
lated with var gene activity (21,31,42). However, it is not yet
clear whether this antisense RNA is cause or consequence
of transcriptional activation.

The RNA of Unknown Function 6 (RUF-6) gene fam-
ily encodes 15 ncRNAs with an unusually high GC-content
for P. falciparum (>50% versus 20% genome-wide aver-
age) (43). Therefore, they have been referred to as GC-rich
ncRNA or GC-rich elements (44–46). Their sequences are
highly homologous (Supplementary Figure S1B) and in-
terestingly, their gene loci are strictly associated with cen-
tral var gene clusters where they are interspersed between
var genes mostly in a tail-to-tail configuration (Figure 1A).
Their transcripts have been detected in various transcrip-
tomic studies, which indicate peak expression around late
ring stage (34,36–38,47). Bioinformatical analysis shows
conserved promoter elements, namely A- and B-box, within

the GC-rich element sequence, suggesting transcription via
RNA polymerase III (Supplementary Figure S1B) (48–50).
A recent study shows that GC-rich ncRNA expression is
clonally variant, although the members are not transcribed
in a mutually exclusive fashion (51).

Here, we characterize GC-rich ncRNA using fluores-
cence in situ hybridization (FISH) and quantitative PCR.
We find that even though GC-rich ncRNA genes can form
multiple clusters within the nucleus, their transcripts local-
ize to a single perinuclear locus in early ring stages. This
locus colocalizes with the var gene expression site of central
as well as subtelomeric var genes. Overexpression of distinct
GC-rich ncRNAs causes activation of a specific subset of
var genes and perturbs monoallelic expression at the single
cell level. We uncover the first factor strictly associated with
the active var gene expression site and provide functional
characterization of a ncRNA gene in P. falciparum. These
findings represent an important step toward better under-
standing of the mechanism of monoallelic expression in the
malaria parasite.

MATERIALS AND METHODS

Parasite culture, synchronization and panning

P. falciparum blood stage parasites were cultivated as de-
scribed previously (14). Parasite culture was synchronized
by sorbitol lysis during ring stage, subsequent plasmagel
enrichment in schizont stage, followed by another sorbitol
treatment at 6 h post invasion. Synchronized parasites were
harvested at 4% hematocrit and ∼3–5% parasitemia. Par-
asite development was monitored by Giemsa staining. To
enrich for FCR3 parasites expressing var2csa panning on
CSA receptor was carried out as previously described (52).
In brief, cell culture flasks were coated with CSA receptor to
specifically bind red blood cells infected with parasites ex-
pressing the PfEMP1 protein encoded by the var2csa gene.

RNA-FISH, DNA-FISH and immunofluorescence

Infected red blood cells were lysed with 0.015% Saponin
in RPMI and the released parasites were fixed in suspen-
sion with 4% paraformaldehyde in phophate buffered saline
(PBS) over night at 4◦C. Parasites were then deposited
on #1.5 cover glasses, permeabilized 15 min with 0.1%
Triton-X-100 and subjected to DNA or RNA FISH as
described previously in a detailed methods chapter (53).
For sequential RNA-, DNA-FISH the transcript was la-
beled first with a GC-rich ncRNA probe. After another
fixation step we carried out DNA-FISH using a probe la-
beling exclusively the non-transcribed 5′ region of all GC-
rich genes. FISH probes were PCR amplified from genomic
DNA using primers (Supplementary Table S1) and labeled
by nick translation using FITC, DIG or Biotin High-Prime
(Roche). RNA-FISH combined with immunofluorescence
was carried out in an endogenously tagged PfSet10-HA par-
asite strain using anti-HA antibody (Roche, 3F10) at 1:200
in PBS/3%BSA as described previously (7,53,54).

RNA extraction and quantitative real-time PCR

RNA was extracted after Saponin lysis in 0.06% Saponin
in PBS followed by one wash in PBS and resuspension in
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Figure 1. GC-rich ncRNA localizes to the perinuclear var gene expression site in trans. (A) Genomic organization of all GC-rich ncRNA elements (red
arrowheads) and var genes (black arrowheads) on chromosomes 4, 7, 8 and 12. Only five last digits of gene IDs are displayed (PF3D7 chr#xxxxx). Direction
of the arrowhead indicates orientation of gene. Drawing is not to scale and only parts chromosomes are shown. Upstream promoter sequence (ups) subtype
for each var gene is labeled (A, A/B, B, B/C, C or E). (B) Fluorescent microscopy images of RNA-FISH labeling of parasites at different life cycle stages
using a probe targeting all GC-rich ncRNA transcripts (green). All nuclei are stained with DAPI (blue) and overlayed with widefield image. All scale bars,
1 �m. On the right real-time PCR quantification of GC-rich ncRNA levels at the respective stages. (C) Colocalization analysis of GC-rich ncRNA and
var gene expression site. Fluorescent microscopy images of ring stage parasites labeled in two colors with RNA-FISH probes targeting GC-rich ncRNAs
(green) and mRNA (red) of a central (PF3D7 0412700) var (left), subtelomeric (var2csa) (middle) or Serine-tRNA ligase control gene (right). Percentages
indicate frequency of colocalization. (D) Combination of DNA-FISH using a probe against GC-rich element gene loci (red) with RNA-FISH using probe
targeting all GC-rich ncRNA transcript (green). Images of one representative cell with overlapping signal (left panels) and with non-overlapping signals
(right panels) are shown. Percentages indicate occurrence of overlap or non-overlap within the imaged population.

Trizol. RNA was purified using the miRNeasy kit, which
collects RNA fragments down to 20 bp in size (Qiagen). Af-
ter on-column DNase treatment (Qiagen) reverse transcrip-
tion of 200 ng of RNA was carried out using Superscript
VILO kit (Life technologies) with random hexamer primers,
to prevent loss of ncRNAs. cDNA levels were quantified
in the CFX384 qPCR machine (Bio-Rad) using gene spe-
cific primers (Supplementary Table S2) and 2x Power SYBR
Green master mix (Applied biosciences). Data were ana-
lyzed using the Bio-Rad CFX manager software after nor-
malization to T-Serine ligase (PF3D7 0717700) transcrip-
tion levels. GC-rich ncRNA was quantified by using two
primer pairs covering small sequence variation in all mem-
bers of the gene family. To assess total var gene levels expres-
sion values for all ups subtype specific primers were added.
Quantitative real-time PCR experiments were carried out

in triplicates. Limits of detection were calculated as mean
of the blank plus three times the standard deviation.

Plasmid construction and transfection

To construct overexpression vectors synthetic gene frag-
ments containing parts of U6 promoter either coding for
a GC-rich ncRNA gene PF3D7 1241000, PF3D7 0808500
or a Luciferase control fragment of same size were or-
dered (Custom gene synthesis, Genscript) and cloned into
pL6-egfp vector previously described in (55) using DraII
and SwaI restriction site followed by Gibson assembly (In-
fusion, HD Clontech). pU6-Luc, pU6-GC12 and pU6-
GC08 constructs were transfected as described previously
(56) and maintained under WR99210 drug selection pres-
sure.
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Image acquisition and analysis

Images were captured using a Nikon Eclipse 80i microscope
equipped with 100x NA 1.42 objective and CoolSnap HQ2
camera (Photometrics). Camera pixel size corresponds to
64 nm. NIS Elements 3.0 software (Nikon) was used for
acquisition and Fiji (http://fiji.sc) for analysis. Numbers of
FISH dots were quantified counting all cells positive for
staining. Colocalization was scored in cell nuclei positive for
both fluorescent signals when they overlapped while using
the same contrast adjustments throughout all images. Scor-
ing was performed by direct optical observation using Fiji
(http://fiji.sc). For each analysis images from at least two in-
dependent replicas were combined.

RESULTS

GC-rich ncRNA localizes to the perinuclear var gene expres-
sion site in trans

GC-rich gene loci are adjacent to central var genes (Figure
1A), which have been reported to cluster at the nuclear pe-
riphery (14). Our DNA-FISH analysis confirms that GC-
rich ncRNA genes form between 1–4 perinuclear clusters
(n = 75, 48, 20 and 9, respectively) in a population of ring
stage parasites prior to genome replication (Supplementary
Figure S2). To characterize the localization pattern of GC-
rich ncRNA transcripts we carried out RNA-FISH using
a probe targeting all GC-rich ncRNAs. We analyzed fluo-
rescent images of labeled cells at 12, 24 and 36 hpi (Figure
1B). Notably, at 12 hpi all labeled cells exhibited only a sin-
gle perinuclear focus (n > 50). At 24 hpi most of the cells
still show a single focus of increased fluorescence intensity.
However, this signal was no longer particularly associated
with the nuclear periphery. All detected signals were exclu-
sively nuclear. In the trophozoite stage, at 36 hpi, we did not
detect any cells with a distinct GC-rich ncRNA signal. Flu-
orescent signal intensities throughout the cell cycle corre-
late with the GC-rich ncRNA levels quantified by real time
PCR carried out on RNA harvested at the same timepoints
using primer pairs detecting all GC-rich ncRNA members
(Figure 1B). Peak ncRNA levels occur at 24 hpi and drop
again at 36 hpi. The lack of distinct GC-rich ncRNA signal
at 36 hpi suggests that transcripts do not accumulate at a
single site that can be detected by FISH. Next, we investi-
gated the colocalization of GC-rich ncRNA with PfSet10,
a histone methyltransferase that associates with the poised
var gene during trophozoite stage (7). Due to the different
temporal expression we could, however, not test for over-
lap between the PfSet10 and GC-rich ncRNA signal (Sup-
plementary Figure S3). Importantly, the GC-rich ncRNA
localization pattern that does not mimic the clustered dis-
tribution of the GC-rich gene loci in ring stage parasites,
but suggests targeting to a specific perinuclear site.

Since the localization pattern of GC-rich ncRNA is rem-
iniscent of the var gene expression site, we carried out
dual color RNA-FISH of GC-rich ncRNA and var gene
mRNA in ring stage parasites to test for colocalization. We
used two different parasite lines that express either a cen-
tral var gene (PF3D7 0412700) or the subtelomeric var2csa
gene. As a negative control we used a T-serine ligase RNA
(PF3D7 0717700, see Supplementary Figure S1A) probe.

We found that GC-rich ncRNA signal overlapped with the
central var mRNA in 30 of 32 cells, with var2csa mRNA in
19 out of 19 cells whereas T-Serine ligase mRNA showed
colocalization in only 3 out of 16 cases (Figure 1C). While
the central var gene could colocalize with GC-rich ncRNA
due to spatial proximity of both genes on the chromo-
some, var2csa mRNA is expressed from a subtelomeric lo-
cus distant from any GC-rich element cluster (Supplemen-
tary Figure S1A). These data on GC-rich ncRNA localiza-
tion demonstrate the first specific targeting of a molecular
factor to the active var gene expression site.

Colocalization of var mRNA and GC-rich ncRNA could
occur by two different mechanisms. The GC-rich ncRNA
and active var gene loci could loop together via a long-range
chromosomal interaction. Alternatively, GC-rich ncRNA
could freely diffuse before being targeted to the var gene ex-
pression site. To test these hypotheses we combined DNA-
FISH of the GC-rich gene loci with RNA-FISH of the GC-
rich ncRNA transcript (Figure 1D). After FISH labeling
GC-rich ncRNA in cells primarily expressing the subtelom-
eric var2csa gene, we labeled the GC-rich gene locus with a
DNA-FISH probe exclusively targeting the 5′ region of all
gene family members to avoid any recognition of the tran-
script. We found overlap between signals in only 7 out of
30 cells. These data suggest that GC-rich ncRNA can relo-
cate to the var gene expression site independently of its gene
locus.

Overexpression of GC-rich ncRNAs activates distinct subsets
of var genes

Despite their high sequence similarity (Supplementary Fig-
ure S1B), in silico prediction using the RNAfold webserver
indicates some structural variability within the gene family
resulting in four major ‘classes’ of RNA secondary struc-
tures (Figure 2A). While the lower stem loop structure is
highly preserved, the ‘head’ region displays much more flex-
ible base pairing configurations. Conservation of specific
promoter elements, the A- and B-box, suggests that RNA
Polymerase III drives GC-rich ncRNA transcription (Sup-
plementary Figure S1B). Hence, we designed a construct
overexpressing GC-rich ncRNA under the highly active Pol
III-dependent U6 promoter (Figure 2B). We inserted GC-
rich ncRNA sequences of two distinct structural variant
types (PF3D7 1241000, PF3D7 0808500) or a Luciferase
control fragment of similar length and GC content into the
previously described pL6-egfp vector backbone (55), gen-
erating pU6-GC12, pU6-GC08 and pU6-Luc, respectively.
We transfected these constructs into a 3D7 parasite line and
isolated one clone carrying pU6-Luc and two independent
clones each carrying pU6-GC12 and pU6-GC08. Quanti-
tative real time PCR analysis of cDNA derived from RNA
harvested at 12 hpi demonstrated that pU6-GC12 and pU6-
GC08 transfected clones have increased in GC-rich ncRNA
levels (Figure 2C). Total var RNA levels, as quantified by a
subset of qPCR primers covering the entire gene family, are
also increased in GC-rich ncRNA overexpression clones.

Next, we analyzed the RNA levels for all individual var
genes in the five clones also using T-Serine RNA ligase lev-
els for normalization (Figure 2D). The pU6-Luc transfected
clone expressed only a single var gene, displaying func-
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Figure 2. GC-rich ncRNA overexpression causes activation of distinct subsets of var genes. (A) Bioinformatic RNA structure prediction using RNAfold
webserver (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi). Four representative structures covering diversity within entire GC-rich ncRNA gene family
are shown. Members with similar structure are listed below. Colored scale represents relative base pairing probabilities. (B) Plasmid map of pU6-GC or
pU6-Luc constructs used to overexpress GC-rich ncRNA (PF3D7 1241000 and PF3D7 0808500) or Luciferase control fragment, respectively. (C) Real
time qPCR quantification of GC-rich ncRNA and total var mRNA levels in pU6-Luc transfected clone (C12, blue), two pU6-GC12 transfected clones
(E11 and F7, red) and two pU6-GC08 clones (D9 and D10, green). (D) Expression profile of all var gene mRNAs as quantified by real time qPCR for
pU6-Luc and pU6-GC clones. Relative copy numbers are normalized to T-Serine ligase (PF3D7 0717700) transcription levels. Limit of detection (LOD)
for this data set is 0.0114.

tional monoallelic expression. Notably, both GC12 over-
expressing clones primarily transcribed the same four var
genes, while both GC08 overexpressing clones transcribed
the same set of six var genes. Despite transfections being
carried out in the same 3D7 parent strain, the expression
profiles for pU6-Luc, pU6-GC12 and pU6-GC08 did not
have any var genes in common except for PF3D7 0600200
(Figure 2D and Supplementary Figure S4). RNA levels
of up-regulated var genes varied slightly within the same
cloned parasite line, but the profile was virtually identical
between two clones. Given, that we observe a similar sub-
set of var gene expression in bulk culture before the cloning

step, overexpression of distinct GC ncRNA could lead to
the activation of that specific var gene subset (Supplemen-
tary Figure S4). The temporal regulation of var and GC-
rich ncRNA levels was not altered in mutant parasite clones
(Supplementary Figure S5A). Lastly, to interfere with GC-
rich ncRNA function, we also attempted overexpression
of GC-rich antisense RNA in the same vector, which did
not cause a significant change in GC-rich ncRNA levels
or affected var gene mRNA levels (Supplementary Figure
S5B). Taken together, our data suggest that distinct GC-
rich ncRNA members activate distinct subsets of var genes
establishing a ‘hardwired’ expression profile.
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GC-rich ncRNA overexpression perturbs monoallelic var
gene expression at single cell level

Our quantitative PCR data suggest that GC-rich ncRNA
overexpression interferes with monoallelic var gene expres-
sion. To test this in individual parasites we carried out
multi-color RNA-FISH with gene specific probes target-
ing three of the highly expressed var mRNAs in the context
of GC-rich ncRNA (PF3D7 1241000) overexpression (Fig-
ure 2D). Parasites carrying the pU6-Luc control construct
show a single var gene (PF3D7 0808600) signal colocaliz-
ing with GC-rich ncRNA in 20 out of 21 cells (Figure 3A).
When labeling GC-rich ncRNA overexpressing parasites
with probes against a central var mRNA (PF3D7 0712000)
and var2csa mRNA, we found that 31 out of 59 labeled
cells were positive for both signals (Figure 3B). We found
similar results when combining the central var mRNA
(PF3D7 0712000) probe with another subtelomeric var
mRNA (PF3D7 1300300) probe (double staining in 12 out
of 19 cells). The lack of double staining in about half of
cells could be explained by incomplete labeling of all cells by
all probes. Nevertheless, our data show that overexpression
of GC-rich ncRNA can disrupt monoallelic expression at
single cell level, linking a trans-acting ncRNA to antigenic
variation in malaria parasites.

DISCUSSION

In this work, we demonstrate the specific targeting of GC-
rich ncRNA to the actively transcribed expression site of var
genes. This is the first identification of a marker molecule
for a nuclear structure that remains ill-defined despite be-
ing a hallmark for monoallelic expression in protozoan
pathogens such as P. falciparum and African Trypanosomes
(57). It has been postulated that, in the context of monoal-
lelic expression, an as yet unknown limiting factor exists
that allows for the activation of only a single var gene lo-
cus (10,18). GC-rich ncRNA is a potential candidate for
such a limiting factor. Indeed, when we overexpress GC-
rich ncRNA, we detect multiple different var transcripts in a
single cell. Our study predicts that GC-rich ncRNA knock-
down mutants could reduce var gene expression. However,
due to the presence of 15 GC-rich ncRNA genes generating
mutants by sequential knockout, despite the recent intro-
duction of CRISPR technology to malaria parasites, rep-
resents a long-term approach (55,58). A recent study ob-
served only a minor effect of GC-rich ncRNA overexpres-
sion on var gene transcription (51). Important technical dif-
ferences used in their study such as the use of a Pol II in-
stead of a Pol III promoter for the production of the GC-
rich ncRNA could explain the observed phenotype. In addi-
tion, their study focused only on central var genes, omitting
most members of the multigene family represented by the
subtelomeric var genes from their transcriptional analysis
(51).

Previous studies in P. falciparum described the transcrip-
tion and localization of various ncRNA species such as
subtelomeric RNA and natural antisense RNA, but their
mechanisms or biological roles are still unclear (32). In
this study, we present experimental data that posits GC-
rich ncRNA as a trans-acting factor that contributes to the
control of var gene activation at the perinuclear expression

site. Because GC-rich ncRNA elements are only in close
proximity to central var genes (Supplementary Figure S1),
a cis-regulatory function has been suggested for these ele-
ments. Furthermore, their positioning in intergenic spaces
and recent experimental evidence based on GC-rich ele-
ment associated silencing of an adjacent GFP gene on epi-
somal constructs has led to speculation that they might act
as insulator elements that prevent spreading of epigenetic
marks (51). While this hypothesis remains possible, our data
strongly support a general trans-acting function linked to
monoallelic expression of all var gene members (Figure 3C).
The mechanism by which GC-rich ncRNA is targeted to
the expression site remains unclear. Bioinformatic predic-
tion, however, suggests a relatively strong secondary RNA
structure (Figure 2A), which could mediate specific RNA–
RNA and RNA–protein interactions (34,43). Since cryptic
var gene transcription has recently been demonstrated (29)
GC-rich ncRNA could, hypothetically, bind to nascent var
mRNA to target transcriptional activation factors to the
expression site. Transcriptional activation would generate
more var RNA recruiting more GC-rich ncRNA thereby
generating the positive feedback loop that drives singular
gene choice. A similar mechanism has recently been de-
scribed in the Epstein-Barr virus (59). Here, a viral ncRNA,
EBER2, recruits a host transcription factor to the viral
DNA locus via base-pairing interactions with nascent tran-
script and thereby modulates transcription. Hence, it is of
utmost importance to identify interacting proteins to ob-
tain insight into the underlying molecular mechanism by
which this ncRNA regulates monoallelic expression. It is
noteworthy that GC-rich ncRNA levels peak only at 24 hpi
when var gene transcription is already repressed. GC-rich
ncRNA function at this stage remains elusive, but despite its
distinct colocalization with var genes, it is possible that it is
linked to the expression of other clonally variant genes such
as rifins as well (60,61). RNA-seq analysis of parasites that
overexpress GC-rich ncRNA may reveal regulation of other
target genes or gene families. Interestingly, Plasmodium re-
ichenowi, the only other species carrying a GC-rich ncRNA
gene family with almost identical sequences and structures,
is also the only other sequenced malaria species encoding
the var and rifin gene families (plasmodb.org).

The most striking result of this study is that overexpres-
sion of a single member of the GC-rich gene family dis-
rupts monoallelic gene counting. Interestingly, five out of
nine of the preferentially activated var genes are subtelom-
eric, emphasizing that GC-rich ncRNA function is not re-
stricted to central var genes. Further, in distinct overexpres-
sion clones, the same subset of var genes is up-regulated,
indicating a ‘hardwired’ activation program. A similar ob-
servation was made when the histone deacetylase PfSir2a
was inactivated, resulting in the de-repression of a specific
subset of var genes (62). Considering that GC-rich ncRNAs
are clonally variant it is tempting to speculate that indi-
vidual GC-rich elements could have a preference for spe-
cific subsets of var genes and thus, decide on which silent
var gene may be activated at the next switch in expression.
Given that switching is not understood in malaria parasites
at the molecular level, our work points to a promising new
research avenue that may lead to a better insight into a pro-
cess that is key to antigenic variation.
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Figure 3. GC-rich ncRNA overexpression disrupts monoallelic expression. (A) Fluorescent microscopy images of multicolor RNA-FISH labeling. pU6-
Luc transfected parasites were labeled with probe against GC-rich ncRNA (green) and var mRNA PFD3D7 0808600 (red). (B) pU6-GC transfected
parasites were triple labeled with probe against GC-rich ncRNA (green), var mRNA PFD3D7 0712000 (yellow) and var2csa mRNA (red, middle panels)
or var mRNA PFD3D7 1300300 (red, lower panels). Nuclei are stained with DAPI (blue) and overlayed with widefield image. Scale bars, 1 �m. (C)
Schematic working model shows relocalization of GC-rich ncRNA (green) from central var gene clusters (red-green stripes) to the distinct perinuclear var
expression site (red). Telomeres (black) cluster at the nuclear membrane (blue).

Many years after the discovery of monoallelic var gene
expression, we are only now beginning to understand the
elusive expression site. These findings expand our knowl-
edge about ncRNA genes as novel players in monoallelic
expression and will open avenues to deepen our understand-
ing of antigenic variation in the malaria parasite and other
protozoan pathogens.
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Supplementary Figure 1. Genomic organization and sequence alignment of GC-rich ncRNA gene family. (A) Genomic organization of GC-rich 
elements and shows proximity to central var genes. Top panel displays two occuring genomic arrangements for GC-rich elements. In most cases 
they are in a tail to tail conformation with the closest var gene (9/15) while sometimes (5/15) a rifin gene is intercalated between them. Schematics 
below show chromosomal location of var genes (black arrowheads), GC-rich ncRNA elements (red arrowheads) and T-serine ligase gene (green 
arrowhead) within the 3D7 genome (modified from Fastman et al., 2012). Only five last digits of gene numbers are displayed (PF3D7_chr#xxxxx). 
Direction of the arrowhead indicates orientation of gene. Drawing is not to scale and chromosome 14 is omitted since it does not contain any var 
genes or GC-rich elements. Promoter subtype for each var genes is shown (ups A, A/B, B, B/C, C, E). (B) Multiple sequence alignement of highly 
conserved GC-rich non-coding RNA elements. 15 members of RUF-6 gene family aligned by Clustal Omega (http://www.ebi.ac.uk) and presented 
in Jalview (http://www.jalview.org). Degree of conservation per base and consensus sequence are displayed below. Black lines show position of 
potential A- and B-box consensus motifs (as assessed in Dieci et al., 2013).
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Supplementary Figure 2. Perinuclear clustering of GC-rich ncRNA gene loci.  Fluorescent microscopy images of DNA-FISH labeling of four different 
ring stage parasites using a probe targeting all GC-rich elements (green). Nucleus is stained with DAPI (blue). Scale bar, 1 µm. Percentages indicate 
occurrence of cells with 1,2,3, or 4 foci within the imaged population.
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Supplementary Figure 3. Differential temporal expression of PfSet10 and GC-rich ncRNA. Fluorescence images show combination of RNA-FISH 
using probe against all GC-rich ncRNA trasncripts (red) with immunolabeling of endogeneously tagged PfSet10-HA using anti-HA antibody (red) for 
three stages of the blood stage cycle. Nucleus is stained with DAPI (blue) and overlayed with widefield on the right. Scale bar, 1 µm. We used identic 
acquisition parametres and contrast settings for all images.
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Supplementary Figure 4. Var gene mRNA profile in GC-rich ncRNA overexpressing bulk cultures and control strains. Individual var gene mRNA levels 
are quantified by real time PCR as relative copy numbers after normalization to T-Serine Ligase levels. Error bars shown standard deviation within 
triplicates. Limit of detection (LOD) for this data set is 0.0114 (relative copy number).   
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Supplementary Figure 5. Temporal regulation of var and GC-rich ncRNA gene expression is not affected by overexpression of GC-rich ncRNA or 
GC-rich ncRNA antisense. (A) Total var gene mRNA levels are quantified by real time PCR using ups subtype specific primers covering all genes at 
three timepoints of the blood stage development. Var mRNA levels of 3D7 wildtype (black) and GC-rich ncRNA overexpressing (orange) parasites 
peak at 12 hpi. GC-rich ncRNA levels are also quantified for both parasite lines and peak at 24 hpi. Limit of detection (LOD) for this data set is 0.0114 
(relative copy number). (B) Total var gene mRNA and GC-rich ncRNA levels are quantified by real time PCR in three different parasite lines at 12 hpi. 
Control line pU6-Luc expresses luciferase fragment (black), pU6-GC line overexpresses GC1241000 ncRNA (red), and pU6-GC-antisense 
GC1241000 antisense transcript (green). No significant difference between pU6-Luc and pU6-GC-antisense can be detected. Graph shows relative 
expression levels. Limit of detection (LOD) for this graph is 0.0019 (relative expression level).



 

Supplementary Table 1. Primer pairs for FISH probes 
 
Target Forward primer Reverse primer 
Seryl (0717700) AGGAGGGAATCCTGACAAGA AAGAAGACAACATAAGAATC 
FBA (1444800) ATTAGCAACCACCGCCCAAA CCTGCATTTTCACCACCTGC 
GC-rich-ncRNAs CTGCCTCAGTAGCCCAGTCG CGGGTAACTCAGCAGCTCGAT 

var2csa (1200600) AGCTGATCCTAGTGAAGTG TGAAGTATCTTGTTCAGCAG 

upsA-subtype var ATTCCATACATCCGATATAGG CCGAAATCACCTGTTGACCTC 
central var (0412700) CTA GTG GAT GAG GAT TGG GTG CTA GTG GAT GAG GAT TGG GTG 
GC-rich 5'UTR F1 GAATTTGGTCTAGTTTGTCTA GTCGAACCAACGTTCTCA 
GC-rich 5'UTR F2 GAATTTGGTCTGGTTTGTCTAT GTCGAACCAACGTTCTCA 
upsA var (1300300) AAGTCACAACAGTGCAAGGG ACAATCGTAACCCTCACGAC 
upsC var (0712000) CGCCTACAAGTGATGGTGGT TACTTGCATCAGTTCCGCGA 
upsA var (0600200) GCAACGTGCCGAAGATTCTAA TGCATTTATTCGAACACGGAGT 
upsC var (0808600) GGTTGGTGGTAGTCCACAGG TCCACGACATTTTTGTATCGCA 
 



 Supplementary Table 2. Real time PCR primer pairs 
 
Target Forward primer Reverse primer 
Seryl (0717700) AAGTAGCAGGTCATCGTGGTT TTCGGCACATTCTTCCATAA 
FBA(1444800) TGTACCACCAGCCTTACCAG TTCCTTGCCATGTGTTCAAT 
GC-rich-ncRNA-A AAGCTGCCTCAGTAGCCCA AAAAATTGCGCCACCCCC 
GC-rich-ncRNA-B AAGCTGCCCCAGTAGCCCA AAAAATTGCGCCGCCCCC 

 
Var genes 
PF3D7_1240400/900 AAAGCCACTAGCGAGGGTAA TGTTTTTGCCCACTCCTGTA 
PF3D7_1240600 CATCCATTACGCAGGATACG AAATAGGGTGGGCGTAACAC 
PF3D7_1300300 CACAGGTATGGGAAGCAATG CCATACAGCCGTGACTGTTC 
PF3D7_0412700 TAAAAGACGCCAACAGATGC TCATCGTCTTCGTCTTCGTC 
PF3D7_0412900/3100 ACTTTCTGGTGGGGAATCAG TTCACCGCCACTTCATTCAG 
PF3D7_0425800 AAACACGTTGAATGGCGATA GACGCCGAGGAGGTAAATAG 
PF3D7_0500100 GAAGCTGGTGGTACTGACGA TATTTTCCCACCAGGAGGAG 
PF3D7_0632500 ATGTGTGCGAGATGAAG TGCCTTCTAGGTGGCATACA 
PF3D7_0421100/300 ACCAAGTGGTGACAAAGCAG GGGTGGCACACAAACACTAC 
PF3D7_0617400 ATTTGTCGCACATGAAGGAA AACTTCGTGCCAATGCTGTA 
PF3D7_0412400 ACCGCCCCATCTAGTGATAG CACTTGGTGATGTGGTGTCA 
PF3D7_0420900 AGAGGGTTATGGGAATGCAG GCATTCTTTGGCAATTCCTT 
PF3D7_0533100 AAGAAAGTGCCACAACATGC GTTCGTACGCCTGTCGTTTA 
PF3D7_0937800 CACACGTGGACCTCAAGAAC AAAACCGATGCCAATACTCC 
PF3D7_0600200 TGGAAAGAACATGGACCTGA TTCCTCGAGGGAAGAATCAC 
PF3D7_1200600 TGGTGATGGTACTGCTGGAT TTTATTTTCGGCAGCATTTG 
PF3D7_0712800 ACGTGGTGGAGACGTAAACA CCTTTGTTGTTGCCACTTTG 
PF3D7_0712400 GCGACGCTCAAAAACATTTA TCATCCAACGCAATCTTTGT 
PF3D7_1200400 TCGATTATGTGCCGCAGTAT TTCCCGTACAATCGTATCCA 
PF3D7_0600200 TGGAAAGAACATGGACCTGA TTCCTCGAGGGAAGAATCAC 
PF3D7_0100300 TCATTATGGGAAGCACGATT TGATTTCTACCATCGCAAGG 
PF3D7_0712000 GTTGAGTCTGCGGCAATAGA CTGGGGTTTGTTCAACACTG 
PF3D7_0712600 CGTGGTAGTGAAGCACCATC CCCACCTTCTTGTGGTTTCT 
PF3D7_0711700 CAATTTTTCCGACGCTTGTA CACATATAGCGCCGTCCTTA 
PF3D7_0712900 CACACATGTCCACCACAAGA ACCCTTCTGTGGTGTCTTCC 
PF3D7_0808600 CCTAAAAAGGACGCAGAAGG CCAGCAACACTACCACCAGT 
PF3D7_0712300 GGTGGAGGTAGTCCACAGGA CAGCTATTTCCCCACCAGAA 
PF3D7_0809100 TGCAAGGGTGCTAATGGTAA CCTGCATTTTGACATTCGTC 
PF3D7_0808700 TTTGTCCGGAAGACGATACA ATCTGGGGCAGAATTACCAC 
PF3D7_1240300 AGCAAAATCCGAAGCAGAAT CCCACAGATCTTTTCCTCGT 
PF3D7_0800200 GGTGTCAAGGCAGCTAATGA TATGTCCTGCGCTATTTTGC 
PF3D7_0400400 ATATGGGAAGGGATGCTCTG TGAACCATCGAAGGAATTGA 
PF3D7_1100200 GACGGCTACCACAGAGACAA CGTCATCATCGTCTTCGTTT 
PF3D7_0600400 CGTAAAACATGGTGGGATGA GGCCCATTCAGTTAACCATC 
PF3D7_1150400 TGCTGAAGACCAAATTGAGC TTGTTGTGGTGGTTGTTGTG 
PF3D7_0632800 GACAAATACGGCGACTACGA TGTTTCACCCCATTCTTCAA 
PF3D7_0733000 TGACGACGATAAATGGGAAA TTCTTTTGGAGCAGGGAGTT 
PF3D7_0800100 GTCGTGGAAAAACGAAAGGT TATCTATCCAGGGCCCAAAG 
PF3D7_1000100 GACGAGGAGTCGGAAAAGAC TGGACAGGCTTGTTTGAGAG 
PF3D7_1041300 GTGCACCAAAAGAAGCTCAA ACAAAACTCCTCTGCCCATT 
PF3D7_1100100 GAGGCTTATGGGAAACCAGA AGGCAGTCTTTGGCATCTTT 
PF3D7_1300100 ACAAAGGAACGTCCATCTCC GCCAATACTCCACATGATCG 
PF3D7_1373500 CGGAATTAGTTGCCTTCACA CATTGGCCACCAAGTGTATC 
PF3D7_0100100 TGCGCTGATAACTCACAACA AGGGGTTCATCGTCATCTTC 
PF3D7_0115700 AACCCCCAATACCATTACGA TTCCCCACTCATGTAACCAA 
PF3D7_0200100 ATGTGCGCTACAAGAAGCTG TTGATCTCCCCATTCAGTCA 
PF3D7_0223500 CAATTTTGGGTGTGGAATCA CACTGGCCACCAAGTGTATC 



PF3D7_0300100/24900 CAATCTGCGGCAATAGAGAC CCACTGTTGAGGGGTTTTCT 
PF3D7_0400100 GACGACGATGAAGACGAAGA AGATCTCCGCATTTCCAATC 
PF3D7_0426000 TGACGACTCCTCAGACGAAG CTCCACTGACGGATCTGTTG 
PF3D7_0900100 TGCAAACCACCAGAAGAAAG GTTCTCCGTGTTGTCCTCCT 
PF3D7_1200100 CGGAGGAGGAAAAACAAGAG TGCCGTATTTGAGACCACAT 
PF3D7_1219300 GACGCCTGCACTCTCAAATA TTGGAGAGCACCACCATTTA 
PF3D7_1255200 GGCACGAAGTTTTGCAGATA TTTGTGCGTCTTTCTTCGTC 
PF3D7_0800300 TTTGGGATGACACCAAGAAA GTCGCTTGATGAAGGAGTCA 
PF3D7_1240400 TGCCGACAAGCCAAATACCG CAAAAGTCTTCTGCCCATTCCTC 
PF3D7_1240400 ACCGCCTTTGAAGAGGACGATG TTGGTGCTGGTGTTTGTGCTGGAC 
PF3D7_1240900 CAAAATGGTAGTGATGGTGGTCG CCCCCTGCTTTATTATCTTTCGTC 

 
Var ups subtypes 
upsA-1 TTGGGRAATBTGTTAGTTAYRGCAA CTGCAAAACTKCGWGCAAG 

upsA-2 AACCCATCTGTRRATGATATACCTATGGA GTTCCAASGATCCATTRGATGTATTA 

upsB-1 CATCCGCCATGCAAGTATAA CGTGCACGATTTCGATTTTTTG 

upsB-2 ATCAAGGTAATTTCATACATATGTGATA GTCCGTGCACGATTTCGATTTT 

upsBC-1 AATGATCGGTGTAACCACTATC GACAAAACTTTCACCCAATAGA 

upsBC-2 CATCTGTTGCAAATTTATTCCAAATAC TCAGTAGTATCAGACATAAATGCATA 

upsC-1 CACATCGATTACATTTTAGCGTTT TGTGGTAATATCATGTAATGG 

upsC-2 CATTGTTAACATAGTCTACCATTA GTAGCGACAACCACGRYATCATGG 
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2.2 Down-regulation of GC-rich ncRNA by CRISPRi in-

hibits var expression

The highlights of this section are:
- Characterization of the GC-rich ncRNA as a clonally variant gene family with mutually

exclusive pro�le coordinated with adjacent active var gene.
- Development of a new CRISPRi method to down-regulate an entire gene family in P.

falciparum.
- Down-regulation of all GC-rich ncRNA members by CRISPRi leads to repression of var

expression.
- GC-rich ncRNA might play a role regulating other clonally variant multigene families

coding for VSA.

The results of this section are currently under review in mBio under the title "CRISPR
interference of a clonally variant GC-rich non-coding RNA family leads to general repres-
sion of var genes in Plasmodium falciparum". Supplementary tables with NGS data have
not been included in this thesis due to space reasons. My contribution to this work in-
cluded: conceptualization, experimental design, constructs and strains generation, perform-
ing CRISPRi, RT-qPCR, RNA-seq and ChIP-seq experiments, analyzing the data, and writing
the manuscript.

Additional results linked to the CRISPRi method and to the down-regulation phenotype
can be found in Appendix B.
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ABSTRACT

The human malaria parasite Plasmodium falciparum uses mutually exclusive expression of
the PfEMP1-encoding var gene family to evade the host immune system. Despite progress
in the molecular understanding of the default silencing mechanism, the activation mecha-
nism of the uniquely expressed var member remains elusive. A GC-rich ncRNA gene family
has co-evolved with Plasmodium species that express var genes. Here, we show that this
ncRNA family is transcribed in a clonally variant manner with predominant transcription
of a single member when the ncRNA is located adjacent to and upstream of an active var
gene. We developed a speci�c CRISPR interference (CRISPRi) strategy that allowed for tran-
scriptional repression of all GC-rich members. Lack of GC-rich ncRNA transcription led to
down-regulation of the entire var gene family in ring stage parasites. Strikingly, in mature
blood stage parasites, the GC-rich ncRNA CRISPRi a�ected transcription patterns of other
clonally variant gene families, including the down-regulation of all Pfmc-2TM members. We
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provide novel evidence for the necessity of GC-rich ncRNA transcription in var gene acti-
vation and discovered a molecular link between transcriptional control of various clonally
variant multigene families involved in parasite virulence. This work opens new avenues
for elucidating the molecular processes that control immune evasion and pathogenesis in P.
falciparum.

IMPORTANCE

Plasmodium falciparum is the deadliest malaria parasite species, accounting for the vast
majority of disease cases and deaths. Virulence of this parasite is reliant upon the mutually
exclusive expression of cytoadherence proteins encoded by the 60-member var gene family.
Antigenic variation of this multigene family serves as an immune evasion mechanism ulti-
mately leading to chronic infection and pathogenesis. Understanding the regulation mech-
anism of antigenic variation is key to developing new therapeutic and control strategies.
Our study uncovers a novel layer in the epigenetic regulation of transcription of this family
of virulence genes by means of a multigene-targeting CRISPR interference approach.

Keywords: ncRNA, Plasmodium falciparum, antigenic variation, mutually exclusive ex-
pression, epigenetics, var genes, virulence

INTRODUCTION

The protozoan parasite Plasmodium falciparum is responsible for the deadliest form of hu-
man malaria, causing hundreds of thousands of deaths every year (1) and, akin to other
protozoan parasites (2), relies on mutually exclusive expression of virulence gene families
to survive within the host (2–6). Among them, the 60-member var gene family encodes
PfEMP1, an important variant surface adhesion molecule (7). Var genes are located in sub-
telomeric regions and central chromosomal clusters, and their transcription is epigenetically
controlled (4). Transcription of a single var gene peaks around 12 hours post invasion (hpi)
(8) and is then silenced, but poised during the later stages of the 48-hour intraerythrocytic
cycle (9, 10). All other var genes remain transcriptionally silenced throughout the cycle and
are tethered in repressive heterochromatic clusters enriched in H3K9me3 and H3K36me3
at the nuclear periphery (9, 11, 12). In contrast, the active var gene is euchromatic, en-
riched in H3K4me3 and H3K9ac, and localizes to a distinct perinuclear expression site (9,
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11, 13) (schematic shown in Fig. 1A). Since the �rst description of this expression site (13),
the mechanism of activation has remained elusive. Long non-coding RNAs (lncRNA) tran-
scribed from the var intron have been implicated in a cis-activation process (14, 15); how-
ever, the necessity of the intron-derived lncRNA was questioned by a recent study showing
that an intron-less var gene could be activated and silenced (16).

The initial characterization of a gene family encoding 15 GC-rich ncRNAs (annotated
as RUF6) located adjacent to central var genes suggested a role in regulation of var genes
(17, 18). Fluorescence in situ hybridization (FISH) revealed that these ncRNAs co-localized
to the var gene expression site, and episomal overexpression of distinct GC-rich ncRNAs
resulted in de-regulation of mutually exclusive var gene expression (17). However, their
mechanism of action remains unknown. In this study, we use CRISPR interference (CRISPRi)
to down-regulate the entire GC-rich gene family and provide evidence for the necessity of
the GC-rich ncRNA in mutually exclusive var gene activation. Our results demonstrate a
clear link between the transcription of both gene families, along with other clonally variant
gene families involved in malaria virulence.

RESULTS

GC-rich ncRNA shows predominant transcription of a single member when adja-
cent to an active var gene

Recently, RNA FISH was used to demonstrate the physical association of GC-rich ncRNAs
with the expression site of central and subtelomeric var genes (17). Given the restricted
genomic location of the GC-rich genes adjacent to some, but not all, central var genes (Fig.
1A), we investigated whether transcription of GC-rich and var multigene families are co-
ordinated. To this end, we generated an array of P. falciparum 3D7 wild type (WT) clones
and performed paired-end RNA sequencing (RNA-seq) analysis at 12 hpi to determine the
transcriptional pro�le of the highly homologous GC-rich ncRNA and var gene families. In
three clones, a single member of the 15 GC-rich genes was predominantly transcribed (Fig.
1B and Fig. S1A). In these same clones, we observed mutually exclusive transcription of
the central var gene adjacent to the upstream region of the active GC-rich gene (Fig. 1B
and Fig. S1A). Notably, when the active central var gene lacks an adjacent GC-rich gene,
ncRNA transcripts from several loci were detected, but at much lower levels compared to
the former situation (Fig. 1C). Since subtelomeric var genes are prone to switch faster in
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culture, we were only able to isolate a clone with a dominant subtelomeric var gene that
also expressed a second central var gene. In this clone, we observed low-level transcription
from several GC-rich ncRNA genes in addition to the dominant GC-rich ncRNA adjacent
to the transcribed central var (Fig. S1B). Additionally, we performed receptor panning with
chondroitin sulfate A (CSA) to enrich for parasites expressing subtelomeric var2csa. In this
parasite panned line, we observed predominant transcription of var2csa and low levels of
transcripts from several GC-rich genes (Fig. S1B). These data suggest that the GC-rich gene
family is expressed in a clonally variant manner related to the chromosomal location of the
active var gene. GC-rich genes are being predominantly transcribed from a single locus
when adjacent to and upstream of an active central var gene.

CRISPRi of the entireGC-rich gene family leads to transcriptional down-regulation
of the var gene family

To determine the role of GC-rich ncRNA in var gene expression regulation, we aimed to
down-regulate the transcription of all GC-rich ncRNA genes. An attempted simultane-
ous knockout of all 15 highly homologous members was unsuccessful, likely due to the
widespread distribution of the GC-rich genes or the diversity of their up- and down-stream
regions required for such an approach. Thus, we developed a CRISPR interference (CRISPRi)
(19) strategy for multigene families to block transcription via binding of dead Cas9 (dCas9),
a mutated Cas9 protein lacking endonuclease activity. We designed an sgRNA targeting a
homologous region common to all GC-rich gene members (Fig. 2A). We transfected the 3D7
G7 parasite strain (WT clone expressing the central var gene PF3D7_0412700) with the pUF-
dCas9-GFP-3HA plasmid and either pL8-gRNA-GC-tc or a control plasmid with a scrambled
guide RNA (pL8-gRNA-control). Chromatin immunoprecipitation (ChIP) of dCas9 followed
by quantitative PCR with universal GC-rich gene primers showed a strong enrichment of
dCas9 at GC-rich ncRNA loci in two independent CRISPRi clones when compared to two
scrambled control clones (Fig. S2A). ChIP followed by massively parallel DNA sequencing
(ChIP-seq) analysis of dCas9 showed enrichment at all 15 GC-rich gene loci in both CRISPRi
clones, but not in the scrambled control (12 hpi in Fig. 2B and 24 hpi in Fig. S2B).

To determine the transcriptional e�ect of GC-rich gene CRISPRi, we performed reverse
transcription quantitative PCR (RT-qPCR) with universal GC-rich ncRNA primers for two
clones each of CRISPRi and scrambled control lines. The housekeeping gene fructose-
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bisphosphate aldolase (PF3D7_1444800) was used for normalization. CRISPRi clones showed
signi�cantly reduced levels of GC-rich ncRNA compared to the control line clones at 12 and
24 hpi (Fig. 2C and Fig. 4A, respectively).

The global transcriptional e�ects of GC-rich gene CRISPRi were analysed by RNA-seq.
Strikingly, CRISPRi lines exhibited a global down-regulation of var genes in two indepen-
dent clones, suggesting a role for the GC-rich ncRNA in the activation of var gene tran-
scription (Fig. 3A). Conversely, scrambled control clones showed transcription of a single
dominant var gene (Fig. 3A), similar to wild type clones (Fig. 1B), suggesting that the ex-
pression of dCas9 alone does not a�ect var gene transcription. Additionally, a rescue exper-
iment was conducted by removing the drug pressure required to maintain the plasmids and
using negative drug selection to ensure plasmid removal from the CRISPRi lines (Fig. S5).
Rescue control clones recovered var mutually exclusive transcription (Fig. 3A). Di�erential
gene expression analysis of CRISPRi and scrambled control clones with a false discovery
rate (FDR) cuto� of 0.01 returned 125 genes, 115 (92%) of which were down-regulated in the
CRISPRi lines in three independent replicates (Fig. 3B and Fig. 3C, Fig. S3 and Table S1).
Among these down-regulated genes were 13 GC-rich genes, 23 var genes (including the ac-
tive var in the scrambled control clones, PF3D7_0712000), and several rif genes (Table S1).
Di�erentially expressed genes other than GC-rich genes were validated for not presenting
o� target dCas9 binding. Altogether, our results suggest that GC-rich ncRNA transcription
is essential for mutually exclusive expression of var genes.

Given that the GC-rich gene family is located within several central chromosome re-
gions that are silenced by facultative heterochromatin enriched in Heterochromatin Protein
1 (PfHP1), we hypothesized that HP1 occupancy would determine the variegated transcrip-
tion pro�le for the GC-rich genes. Indeed, ChIP-seq using anti-HP1 antibodies revealed that,
as with var genes, all GC-rich genes are enriched for HP1 except the single active GC-rich
gene, adjacent to the active var gene (Fig. S6). Notably, in the CRISPRi clones, all GC-rich
genes were enriched in HP1 (Fig. S6).

GC-rich ncRNACRISPRi a�ects othermultigene families encoding variant surface
antigens

GC-rich ncRNA is highly transcribed at the same later time point (∼24 hpi) as rif and stevor
genes (20, 21). Interestingly, several virulence gene families with a transcriptional peak later

87



2.2. DOWN-REGULATION OF GC-RICH NCRNA BY CRISPRI INHIBITS VAR EXPRESSION

in the blood stage cycle than var genes showed signi�cant transcriptional down-regulation
upon GC-rich gene CRISPRi, even at 12 hpi (Fig. 3B and Table S1). To investigate a po-
tential role for GC-rich ncRNA in the transcriptional control of these gene families, we
performed RNA-seq and di�erential expression analysis in the CRISPRi lines at 24 hpi. The
total number of signi�cantly di�erentially expressed genes (FDR cuto� of 0.01) in CRISPRi
compared to scrambled control clones at 24 hpi was 77, of which the majority (77%) were
down-regulated (Fig. 4B, Fig. S4 and Table S1) in three independent replicates. Besides GC-
rich genes, most signi�cantly down-regulated genes belonged to multigene families encod-
ing variant surface antigens with 2 transmembrane (2TM) domains (22): rif, Pfmc-2TM and
stevor (Fig. 4B). These three multigene families exhibited a transcription down-regulation
of most members in the CRISPRi compared to the control lines (Fig. 4C). In the case of
Pfmc-2TM gene family, the global transcription level was signi�cantly lower in the CRISPRi
compared to the control lines whereas total levels of stevor and rif gene families were not
signi�cantly lower. Altogether, these data strongly suggest that the GC-rich ncRNA is an
important trans-activating element shared by at least Pfmc-2TM and var gene families.

DISCUSSION

The perinuclear compartment that is key to mutually exclusive expression of a single var
gene in P. falciparum remains poorly understood. In a previous study, we identi�ed the
GC-rich gene family as the �rst trans-acting ncRNA localizing to this expression site (17).
Here, we show that this ncRNA is essential for the transcriptional activation of a single var
gene, and we provide evidence that this function of the GC-rich element is shared with other
clonally variant gene families.

By performing RNA-seq analysis on freshly cloned parasite lines that each transcribed
a single var gene, we showed that GC-rich ncRNAs are transcribed in a clonally variant
manner (Fig. 1B). We observed two pro�les of GC-rich gene transcription depending on the
relative chromosomal location of the GC-rich genes and active var gene. In cases where
there is one GC-rich gene predominantly transcribed (5-10 fold higher than other mem-
bers), it is always found adjacent to the 5’ region of an active central var gene. The ncRNA
transcription pro�le for a clone with an active central var gene or subtelomeric var lacking
an adjacent member of the GC-rich gene family at its 5’ upstream region showed multiple
ncRNA transcripts, but at much lower levels than in the former case. It is tempting to spec-
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ulate that high levels of GC-rich ncRNA transcription adjacent to a central var gene may
stabilize the expression site of a central var gene over subtelomeric var genes. A previous
study reported variable switch rates depending on the chromosomal location of var genes,
with central var genes more stably expressed and less prone to switching compared to the
subtelomeric ones (23). Our data suggest that varying levels of ncRNA at the var gene ex-
pression site modulate the switch rate of individual var genes. Furthermore, transcription of
GC-rich genes may open the local chromatin structure and enhance the accessibility for the
transcription machinery to the adjacent var gene. This hypothesis �nds support in a recent
study showing increased chromatin accessibility of GC-rich genes when they are adjacent
to the active var and/or rif gene (24).

Until recently, it was not possible to inactivate an entire multigene family dispersed over
many chromosomes in P. falciparum. We adapted the CRISPRi technique for simultaneous
knockdown of the entire GC-rich multigene family by targeting a conserved region that
includes part of the Pol III B-box present in all 15 members. All members of this GC-rich
family have unique DNA motifs (internal A- and B-boxes) (17, 18) only found at polymerase
III-transcribed tRNA genes and short interspersed nuclear elements (SINE) in other organ-
isms (25), suggesting that transcription of this multigene family is mediated by polymerase
III (Pol III). Upon down-regulation of GC-rich ncRNA transcription, var gene expression
was abolished, revealing an unprecedented regulatory interaction between Pol III- and Pol
II-transcribed clonally variant genes. Interestingly, the GC-rich gene family is conserved
throughout all Laverania subgenera of Plasmodium along with var genes and other clonally
variant gene families involved in immune evasion, such as rif and stevor (26–28). Since GC-
rich genes are transcribed at their highest levels at approximately 24 hpi, the question arises
whether GC-rich ncRNA might also play a direct or indirect role in regulating clonally vari-
ant virulence gene families expressed at later stages of the asexual blood cycle, such as rif
(20, 29). A previous study suggested that an activation factor may be common to multiple
clonally variant families (30). Our work suggests that GC-rich ncRNA could be indeed such
factor regulating di�erent clonally variant gene families.

Although the precise molecular mechanism of ncRNA action remains to be investigated
using techniques such as chromatin isolation by RNA puri�cation (ChIRP), we postulate
that the ncRNA associates with var gene control regions and acts as an activator. Indeed, a
recent study showed that Pol III-transcribed SINEs act as enhancers of Pol II genes activation
in response to depolarization of neurons (31). However, the lack of sequence homology
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between GC-rich genes and var loci suggests the need of additional protein factors for such
a physical interaction. Alternatively, GC-rich ncRNA could interact with nascent var mRNA
stabilizing it for transcription. It is also possible that GC-rich ncRNA could participate in
ncRNA-mediated HP1 eviction from heterochromatic var genes as previously described in
�ssion yeast (32). Whichever hypothesis is correct, an essential next step would be to use
this ncRNA as a molecular tool to pull down interacting partners from the var expression
site, elucidating the molecular mechanism of var gene activation.

In conclusion, we developed a novel CRISPRi system that allows for the simultaneous
down-regulation of the entire GC-rich multigene family. In doing so, we establish the GC-
rich ncRNA as an epigenetic regulatory element that plays a role in the activation of var
genes transcription and several other clonally variant gene families. We also provide a �rst
glimpse into the molecular process that controls switch rates of var genes, which is currently
a black box in the �eld of var gene transcription. The identi�cation of a trans-activating
factor of the expression site opens novel experimental approaches to identify regulatory
proteins needed for mutually exclusive var expression.

METHODS

Parasite culture and synchronization

Blood stage P. falciparum parasites were cultured as previously described (11). Parasites
were synchronized with a 6 h time window by sorbitol lysis during ring stage, followed
by plasmagel enrichment in schizont stage and another sorbitol treatment 6 h after corre-
sponding to 3±3 hpi. Synchronized parasites were harvested a 3.3% haematocrit and ∼2-4%
parasitemia. Parasite development was monitored by Giemsa staining.

Receptor panning

Plastic cell culture dishes were coated with 1mg/mL CSA receptor (Sigma, C9819) in PBS
overnight at 4°C. The dishes were blocked with 1% BSA (Sigma, A4503) in PBS for 1 h at
37°C. Mature stages iRBC were isolated plasmagel enrichment and resuspended in 8 mL of
binding medium (RPMI 1640 with 25mM HEPES pH 7.2). Culture dish was washed with
binding medium and iRBC were added and allowed to adhere for 1 h with gentle agitation.
The dish was washed until no unbound cells were observed by microscopy and bound cells
were recovered with culture medium.
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RNA isolation and reverse transcription quantitative PCR (RT-qPCR)

RNA was harvested from synchronized parasite cultures after saponin lysis in 0.075% saponin
in PBS followed by one wash in PBS and resuspension in Qiazol. Total RNA was extracted
using the miRNeasy mini kit and performing on-column DNase treatment (Qiagen). Re-
verse transcription was achieved using SuperScript VILO (Thermo Fisher Scienti�c) and
random hexamer primers. cDNA levels were quanti�ed by quantitative PCR in the CFX384
real time PCR detection system (BioRad) using Power SYBR Green PCR Master Mix (Ap-
plied Biosystems) and primers from a previous study (17). Transcript levels were quanti�ed
by normalizing the starting quantity mean to the one of a housekeeping gene (fructose-
bisphosphate aldolase, PF3D7_1444800). Starting quantity means of three replicates were
extrapolated from a standard curve of serial dilutions of genomic DNA.

Chromatin immunoprecipitation and next generation sequencing

ChIP was performed as previously described (11) with some modi�cation using ring or
trophozoite stage parasites (12 or 24 hpi). Sonicated chromatin (500 ng DNA content) was
combined with either 0.5 µg of anti-HP1 (Genscript) or 1 µg anti-HA (AbcamAb9110) poly-
clonal rabbit antibodies. After overnight incubation, 25 µL of Dynabeads Protein G (Invit-
rogen) were added to each sample and additional two hour incubation was conducted. Sub-
sequent washing, cross-link reversion and DNA extraction were carried out as described
before (11). Sequencing libraries were produced with the immunoprecipitated DNA using
the MicroPlex Library Preparation Kit v2 (Diagenode) with the KAPA HiFi polymerase (Kapa
Biosystems) for the PCR ampli�cation. For each ChIP sample a control DNA corresponding
to the ChIP input was processed in parallel. Multiplexed libraries were subjected to 150 bp
paired-end sequencing on a NextSeq 500 (Illumina). Fastq �les were obtained by demulti-
plexing the data using bcl2fastq (Illumina) prior to downstream analysis. A minimum of
two biological replicates were analyzed for each clone and time point.

RNA library preparation and sequencing

Total RNA was subjected to rRNA depletion to ensure ncRNA and mRNA capture using
the RiboCop rRNA Depletion Kit (Lexogen) prior to strand-speci�c RNA-seq library prepa-
ration using the TruSeq Stranded RNA LT Kit (Illumina) with the KAPA HiFi polymerase
(Kapa Biosystems) for the PCR ampli�cation. Multiplexed libraries were subjected to 150
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bp paired-end sequencing on a NextSeq 500 (Illumina). Fastq �les were obtained by demul-
tiplexing the data using bcl2fastq (Illumina) prior to downstream analysis. A minimum of
three biological replicates were analyzed for each clone for the knockdown experiment and
a minimum of two biological replicates for each WT clone (Table S2).

Plasmid construction, transfection and plasmid removal

A sequence coding for a control gRNA (targeting Luciferase) �anked with an autocleavable
ribozyme (custom gene synthesis, GeneScript) was ligated with backbone pL6-eGFP vector
(35) using DraII and SwaI restriction sites and T4 DNA ligation to obtain the pL8-gRNA-
control plasmid. A sequence coding for a gRNA targeting all GC-rich ncRNA loci �anked
with an autocleavable ribozyme (gBlock, Intregrated DNA Technologies) was cloned into
the pL8-gRNAcontrol using HpaI and PmlI restriction sites followed by Gibson assembly
(In-Fusion HD cloning kit, Clontech) to generate the pL8-gRNA-GC-tc plasmid. Constructs
were transformed into Escherichia coli XL10-Gold Ultracompetent Cells (Agilent Technolo-
gies) and isolated with NucleoBond Xtra Maxiprep (Macherey-Nagel). pUF-dCas9-GFP-HA
was constructed by primer mutagenesis of pUF1-Cas9 and addition of a GFP tag, three
HA tags and an inducible riboswitch. pUF-dCas9-GFP-HA together with either pL8-gRNA-
control or pL8-gRNA-GC-tc were transfected in ring stage parasites as previously described
(36) and maintained under WR99210 and DSM1 drug selection pressure. Parasite clones
were obtained by limiting dilution. Rescue lines were obtained by drug removal from the
CRISPRi lines and negative selection treatment over 21 days using 5-�uorocytosine (Ancotil)
to ensure pL8-gRNA-GC-tc removal. Negative selection was further maintained during par-
asite cloning.

ChIP-seq and RNA-seq data analysis

Fastq �les were subjected to quality control using the FastQC software (37). Sequenc-
ing reads were mapped to the P. falciparum genome (38) (PlasmoDB, v.9) using Burrows-
Wheeler Alignment tool (BWA-MEM) with default settings (39). PCR duplicates were re-
moved without further quality score �ltering since 4 GC-rich ncRNA fall in low mappabil-
ity regions. ChIP-seq data were normalized over input and likelihood ratio calculation and
peak calling was performed using the MACS2 (40) software with default parameters and
a false discovery rate (FDR) cuto� of 0.05. RNA-seq data gene counts were calculated us-
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ing bedtools (41). Di�erential gene expression analysis was performed with the R package
edgeR (42) with an FDR threshold of 0.01. RPKM (reads per kilobase per million of mapped
reads) normalization of gene counts for gene length and sequencing depth was calculated
using the R:limma package (43). Data were visualized using Integrative Genomics Viewer
(44).

Data availability

Sequencing data from this study are available in Genebank repository under accession num-
ber PRJNA498234 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA498234).
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Figure 1. GC-rich ncRNA and var clonal variation. (Continued next page).
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Figure 1. GC-rich ncRNAand var clonal variation. (A) Schematic model showing repressed
var genes perinuclear clustering and active var gene relocation to active expression site colo-
calizing with GC-rich ncRNA. (B) Transcriptional pro�le of var genes and GC-rich ncRNA at 12
hpi in WT clones assessed by RNA sequencing. Chromosome schematics (modi�ed from (33))
highlighting active var genes and GC-rich genes in di�erent clones. Clones 3D7 B6 (blue) and
3D7 D6 (red) have predominant transcription of the GC-rich ncRNA adjacent to their active var
locus. (C) Transcriptional pro�le of var genes and GC-rich ncRNA at 12 hpi in clones 3D7 C9
(green) and 3D7 A9 (yellow) that do not have a GC-rich gene upstream from their respective
active central var locus and have several GC-rich ncRNA transcripts at lower levels. Mean of
RPKM of two independent experiments at 12 hpi. Further clones are shown in Fig. S1.
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PART 2. RESULTS

Figure 2. GC-rich ncRNA knockdown by CRISPR interference. (A) Multiple sequence
alignment of the 15 GC-rich ncRNA members showing the dCas9 target region (not shaded)
where the sgRNA binds on the DNA coding strand of all GC-rich genes. Below, the black lines
show the position of polymerase III A- and B-box consensus motifs (34). (B) ChIP sequencing
data shows enrichment of dCas9 in the 15 GC-rich gene loci for the CRISPRi line. Logarithmic
scale of likelihood ratio of fold enrichment over input for dCas9 computed with MACS2 is repre-
sented in red for the CRISPRi clones and in green for the scrambled control clone D11. Data range
for each track is 0 to 14. Data are representative of two independent experiments at 12 hpi. (C)
GC-rich ncRNA levels at 12 hpi as quanti�ed by RT-qPCR for two GC-rich gene CRISPRi clones
(B3 and A11) and two scrambled control clones (Control D11 and B6). Expression is normalized
to fructose-bisphosphate aldolase (PF3D7_1444800) transcript levels. Mean±SEM of three inde-
pendent experiments are shown. Statistical signi�cance was determined by two-tailed Student’s
t-test (*** p<0.001).
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Figure 3. GC-rich ncRNA knockdown leads to the down-regulation of var gene expres-
sion. (A) Transcriptional var genes pro�le at 12 hpi assed by RNA sequencing for the control
gRNA clone D11, two GC-rich ncRNA knockdown clones (CRISPRi B3 and A11) and the res-
cue control clone E4. Two control gRNA clones and two rescue control clones were analyzed
but only one representative example for each control is shown. Central chromosome cluster
schematics schematics highlighting active var and GC-rich genes in control clones. Mean±SEM
of three independent experiments are shown. (B) Top panel: Volcano plot for di�erential ex-
pression between CRISPRi clones and scrambled control line. Di�erentially expressed genes
with a 0.01 FDR cuto� are represented by dots highlighted in red. Total number of signi�cantly
di�erentially expressed genes is 125; 92% of which are down-regulated and 8% up-regulated.
Lower panel: families of top down-regulated genes in CRISPRi clones compared to scrambled
control clones, signi�cantly di�erentially expressed with a 0.01 FDR cuto� in three independent
replicates. (C) Left panel: Di�erential expression of var genes for CRISPRi clones compared
to scrambled control line shows down-regulation of the entire var gene family. Log of fold
enrichment (log2FC) for three replicates of two CRISPRi clones compared to two scrambled
control clones is represented. Right panel: Mean±SEM transcriptional levels of var gene family
as assessed by RNA-seq for three replicates of two CRISPRi and two scrambled control clones.
Statistical signi�cance was determined by two-tailed Student’s t-test (** p<0.01).
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PART 2. RESULTS

Figure 4. GC-rich ncRNA knockdown lines exhibit down-regulation of 2TM-type su-
pergene family. (A) GC-rich ncRNA levels at 24 hpi as quanti�ed by RT-qPCR for two CRISPRi
clones (B3 and A11) and two control gRNA clones (Control D11 and B6). Transcription is normal-
ized to house-keeping gene fructose-bisphosphate aldolase (PF3D7_1444800) levels. Mean±SEM
of three independent experiments are shown. Statistical signi�cance was determined by two-
tailed Student’s t-test (** p<0.01). (B) Left panel: Volcano plot for di�erential expression between
CRISPRi clones and scrambled control line. Di�erentially expressed genes with a 0.01 FDR cuto�
are represented by dots highlighted in red. Total number of signi�cantly di�erentially expressed
genes is 77; 77% of which are down-regulated and 23% up-regulated. Right panel: families of top
down-regulated genes in CRISPRi clones compared to scrambled control clones, signi�cantly
di�erentially expressed with a 0.01 FDR cuto� in three independent replicates. (C) Left panels:
Di�erential expression of 2TM multigene families for CRISPRi clones compared to scrambled
control line shows general down-regulation of most Pfmc-2TM, stevor and rif gene family mem-
bers. Log of fold enrichment (log2FC) for three replicates of two CRISPRi clones compared to
two scrambled control clones is represented. Right panels: Mean±SEM transcriptional levels of
entire gene families as assessed by RNA-seq for three replicates of two CRISPRi and two scram-
bled control clones. Statistical signi�cance was determined by two-tailed Student’s t-test (***
p<0.001, ** p<0.01).
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PART 2. RESULTS
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PART 2. RESULTS

Supplementary Figure 1. GC-rich ncRNA and var clonal variation. Transcriptional pro-
�le of var genes and GC-rich ncRNA at 12 hpi in WT clones assed by RNA sequencing. Chro-
mosome schematics (modi�ed from (33)) highlighting active var genes and GC-rich genes in
di�erent clones. (A) Clone 3D7 A6 (red) has predominant transcription from the GC-rich gene
(PF3D7_0808500) adjacent to their active var locus (PF3D7_0808600). (B) Clone 3D7 B9 (green)
has two dominant active var genes, one central and one subtelomeric and several GC-rich
ncRNA transcripts with dominance of the one adjacent to the active central var. Clone 3D7
CSA panned (brown) has predominant transcription from subtelomeric var2csa and several GC-
rich ncRNA transcripts. Mean of RPKM of two independent experiments at 12 hpi.
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PART 2. RESULTS

Supplementary Figure 2. GC-rich ncRNA knockdown by CRISPR interference. (A)
dCas9 enrichment at GC-rich genes calculated as percent of input quanti�ed by qPCR for two
GC-rich ncRNA knockdown clones (CRISPRi B3 and A11) and two control clones with dCas9
and a control gRNA (Control D11 and B6) at 12hpi. (B) ChIP sequencing data shows enrichment
of dCas9 in the 15 GC-rich gene loci for the CRISPRi line. Logarithmic scale of likelihood ratio
of fold enrichment over input for dCas9 computed with MACS2 is represented in red for the
CRISPRi clones and in green for the control gRNA clone D11. Data range for each track is 0 to
20. Data are representative of two independent experiments at 24 hpi.

111



2.2. DOWN-REGULATION OF GC-RICH NCRNA BY CRISPRI INHIBITS VAR EXPRESSION

up-regulated
22%

down-regulated
78%

up-regulated
19%down-regulated

81%
up-regulated

10%

down-regulated
90%

n = 150 n = 79 n = 48

Top differentially expressed genes, replicate 1 Top differentially expressed genes, replicate 2 Top differentially expressed genes, replicate 3
C

snoRNA
5%

other
45%

rif
15%

GC-rich ncRNA
11%

var
24%

snoRNA
6%

other
33%

rif
28%

GC-rich ncRNA
13%

var
20%

other
9%

rif
41%

GC-rich ncRNA
16%

var
34%

n = 64n = 117 n = 44

Top down-regulated genes, replicate 1 Top down-regulated genes, replicate 2 Top down-regulated genes, replicate 3
D

Replicate 1 Replicate 2 Replicate 3

1e
+0

8
1e

+0
5

1e
+0

2
1e

+0
1

Va
ria

nc
e 

(lo
g1

0)

Mean expression (log10)

1e+01 1e+031e-01 1e+05

1e
+0

8
1e

+0
5

1e
+0

2
1e

+0
1

Va
ria

nc
e 

(lo
g1

0)
Mean expression (log10)

1e+01 1e+031e-01

1e
+0

8
1e

+0
5

1e
+0

2
1e

+0
1

Va
ria

nc
e 

(lo
g1

0)

Mean expression (log10)

1e+01 1e+031e-01 1e+05

A

B
Replicate 1 Replicate 2 Replicate 3

●

●

●

●●
●●

●

●●

●

● ●

●●

●
●

●

●
●● ●

●
●

●
●

●
●● ●

● ●

●● ●●● ●
●

●
●● ● ●●●● ●

●● ●●●●● ●●● ●
●● ●●● ●●● ●●● ●●●●● ● ● ●●● ●● ●●●●● ●●● ● ●● ●● ● ●●●● ●● ●● ●●●● ●● ● ●●●●●● ●● ● ●● ●● ●● ●● ●● ●● ●●● ●●●●● ●● ●●●● ●● ●●● ● ●● ● ●●●● ●●●●●●●● ●●●●●● ●●●●●●●●●● ●●●● ● ●● ●●● ●● ●● ●●●● ●● ● ●● ●●● ●● ●● ●● ●● ●● ●● ●● ●● ●●●● ●●● ●●●● ●● ●●●●● ●● ● ●● ●● ●● ●● ●● ● ●●●● ●● ●● ●● ●● ●●●● ●● ●●● ● ●● ● ●●●● ● ●●●●●● ●● ●● ●●●● ●●● ●●● ●●●●●●●●●●●●●●●●●●●●●● ●●●● ●●●●●●●●●●● ●●●●●●●●●●● ●● ●● ●●●● ●● ●●● ●● ● ●●●●●● ●●●●● ●●●● ● ●●●●●● ● ●●● ●●●● ●●●●● ●● ●●● ●●●● ●● ● ●●●●● ●● ●●● ●● ● ●● ● ● ●● ●●● ● ●●●●●● ● ●●● ●● ●● ● ●●●●●● ● ●● ● ●●● ●● ●● ●●●●● ●●● ●● ● ●●● ● ●●● ●● ●● ●●●●● ●●●● ● ●●●●●● ●● ●●● ●●● ●●●●●●●●●●●●●●●●●●● ●●●●● ● ● ●●●●●●●●● ● ●● ●●●● ●●●● ●●● ●●●● ●● ●●●●● ●●● ●● ●● ●● ●●● ● ●●●●●●● ● ●● ●●● ● ● ●●●●●●●●● ● ●●●● ●● ● ●●● ●● ●● ●● ● ●●●●●● ●●●● ●●● ● ●● ●●● ●● ●●●●● ●● ● ●●● ● ● ●● ●●● ●●●●● ●●●● ●●●●●●●● ●●●●●●●●●●● ● ●● ●●●●●●● ● ●●●● ●● ●●● ●● ●●●●●●●●●● ●●●● ● ●● ●●● ● ●●●● ●●● ●●●●●●●●●●●●● ●● ● ●● ●●●● ●● ●● ●● ● ●●● ●● ●●●●●●●●●●●●●●●● ● ●●●● ●● ●● ● ●●● ●●●● ● ●●●●●●●● ● ●●● ●● ●●● ●●●●●●●●●● ● ●● ● ●●● ●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ● ●●●● ●●● ●● ●● ●●● ●●●●●●●●●●●●●●●●●●●● ●●● ●●● ●● ●●● ●●● ●● ● ● ●●●●●●● ●●● ●●●●●●●●●●● ●●●● ● ●●● ●●●● ●● ●●●● ●● ●●● ●● ●● ●●●● ●●● ●● ●● ●●● ●●●● ●●● ● ●●●●● ● ●●● ● ●● ● ●● ●●●●● ●● ●●● ●●● ●● ●● ● ●●●●●●●●●●●●●●●● ●●●●● ● ●●●●● ●● ●●● ●●●● ● ●●● ●● ●●●● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●● ●●●● ● ●● ●● ●● ●●●●● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●● ●● ●●● ●● ●●●● ● ●● ●●●●● ●●● ●●● ●●● ●● ● ●●● ●● ●●●●●● ●● ●● ●●●●● ● ●●●●● ●● ● ●●● ●●●● ●●● ●●●● ●●● ●● ●●●●● ●● ●●●●● ●● ●● ●●●●● ●●● ●●●● ● ●●●● ●● ●● ●●●●●●● ● ● ●● ● ●●●●●●●●●●●● ● ●● ●●●●●● ● ●●●●● ●●● ●● ●● ●●● ●●● ●●●●● ●●● ●●●●●● ●●● ●● ●● ●●●● ●●● ●●●● ●●●●● ●●● ●●●●●●●● ● ●●●●●●●●●●●●●●●●●●●●●● ●●●● ●● ●●●● ●● ● ●●● ● ● ●●●●● ● ●●●●●● ● ●●●● ● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●● ● ●●● ●● ●●●●● ●● ●● ●● ●●●● ●● ●● ● ●● ●●● ●●● ●● ●●●●●●●●●●●●●●●●●●●●● ●●● ●● ● ●● ● ●●●●● ●● ●●●● ●● ● ●● ●●● ●● ●●●●●●● ● ●● ●●● ●●● ●● ●●●● ●● ●●● ● ●●●●● ●●●●● ●●●●●●●● ●● ●●● ● ●●● ●● ●● ● ●●●● ●● ●●● ●●●●● ●●● ●● ●●● ●●●●●●●●●●●●●●●●●●● ● ●● ●●●●●●●●●●●●●●●● ●● ●● ●●● ●●●● ● ● ●● ●●●●● ●● ●●●●●●●● ●●●●●● ●●● ●●● ●●●●●●● ●● ●●●●● ● ●●●●●● ●●● ●●● ● ●●●●●● ●●● ●● ●● ●●● ●●●●● ● ●●● ●●● ●● ●● ●●●●●●●●●●●●●●●●●●●●●●●● ●●●●● ●●● ●●●●●● ●●● ●● ●●● ●● ● ●● ●●● ●●●●● ●● ● ●● ●● ● ●●●●● ●● ●● ●● ●● ●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●● ●●●● ●●●● ●●● ●●●● ●●●●● ●● ●●●● ●●●●●●●●● ● ●●●● ●●●● ●●●●● ●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●● ●●● ●●●● ● ●●●● ●●●●● ● ●● ●● ●●● ●● ●●● ●● ●● ●●● ●●●●●● ●● ●●● ●●● ●●●●●● ●●●● ●● ●● ●●●● ●●●●●●● ●●●●●● ●●●● ●● ●● ●●●●●● ●● ● ●●● ●●●●● ●●● ●●● ● ●●● ● ●●●●●● ● ●●● ●● ●● ●●● ●●●● ●● ● ●●● ●●●●● ●●● ●●● ●●● ●●●●●● ● ●●●● ●●● ●● ●●● ●●●● ●●●●●●●● ●● ● ●●●●● ●● ●●● ●●●●●●●●● ● ●●● ●●●●● ●●●●● ●●●● ●●●●●●● ●● ●●●●● ●●●●● ●● ●● ●●● ●● ●● ●● ● ●●●● ●● ●●●●●●●●●● ● ●●●●●● ●● ● ●● ● ●●● ●● ●● ●●●●● ●● ● ●●●●● ●●● ●● ●●●●● ●● ●● ●● ●●●● ●●●●●● ●●●● ● ●●●●●●●●●●●●●● ● ●● ●●● ●●●●●●● ●● ●●●●● ●●● ●● ●●●● ●●● ●● ●● ●● ●●●● ● ● ●● ●●●●● ●● ● ●● ●● ●● ●● ●●● ●● ●● ●●● ●● ●●●●●●●●● ●●●● ●●● ●●●●●● ● ●●● ●● ● ●●●●●● ● ●● ●●● ●●●●● ● ●●●●●●● ●●● ●●● ●●●●●●● ●●●●● ● ●● ●●●●●●● ●● ●●●● ●●●●● ● ●●●●●● ●●●●●●●● ●● ●●●● ●●● ● ●● ●●●●●●●●● ● ●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●● ●●●● ●●●●● ● ●●● ●● ●●●●●●●●●●● ●●●● ●●●●●●● ●●●●●●●●● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●● ●●● ●●● ●●● ●● ●●●●●●● ●●●●● ●● ● ●● ●●● ●●● ●●● ●●●● ●● ●●● ●●● ●● ● ●●● ● ●●● ●●●●●●● ●●●●●●● ●●●● ● ●● ●●● ●●●●● ●●●●●●●●●●● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●●●● ● ●●● ●●● ●●●●●●●●●●●●●●●●●● ●● ●●●●●●●●●● ●●●●●●●● ● ●●●● ●● ● ●●●●● ●●● ●● ●●●● ●●● ●●●●●●● ●●●● ●● ●●●● ●●●●●●●● ● ●●●● ●●●●●● ●●● ●●●● ●●● ●●● ●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●● ●●●●●●●● ●●● ● ●● ●●● ●● ●●●●● ●● ●●●●●●●●●●● ●●●●●● ●● ●●●●●●●●● ●●●●● ●● ●●●●● ●●●●● ●●● ●●● ●●●●●●●●●● ●●●●● ●●● ●●●●●●● ●●●● ●●●● ●●●●● ●● ●●●● ●● ●●●●● ● ●●●●● ● ●●● ●●●●●●●●● ●●●●●●●●●● ●●●●●●●●●● ● ●●●●●●●●●●●●● ●●●●●●●● ●●● ●●●●● ●●●● ●●●●● ●●● ●●●●● ●●●●●● ●●●●●● ● ●●●●● ●●●●● ●●●●●●● ●●●●● ●● ●●●●●●●●●●●● ● ●●● ●●●●●● ● ●●● ●●●●●●●●●● ●●●● ●●●●●●●● ●● ●●●●● ●● ●●●●●●●●●●● ●●● ●●●●●●● ●●●● ●●●● ●●● ●●●● ●●●● ●●●● ●●● ●●● ●●●● ●●● ●●● ●●● ●●● ●●●●● ●● ●● ●● ●●●● ●●● ● ●●●●● ●●● ●●●● ●●● ●●●●●●●●●● ●● ●●●● ●●●●●●●● ●●●● ●● ●●●●●●● ●●●● ●●●●● ●●●●●●●● ● ●● ●● ●●●●● ● ●●●● ●●●● ●●●● ●●● ●● ●● ●●●●●●●● ●●●●● ●● ●●●● ●●● ●●●● ●●●●●● ●●●●●● ● ●● ●●●● ●●●● ●●●● ●●●● ●● ●●●●●●●●●●●● ●●●●●● ●● ●●●●● ●●● ●●●● ●●●●●●●● ● ●● ●●●● ●●●●●● ●●● ●●● ●●● ●●● ●●●● ●●●● ●●●●●● ●●●●● ●●●●● ●●●●●● ●●●● ●●●●●●●●● ●●●●●●●●●● ●●●●●●●●●●● ●●●●● ●● ●●●●● ●●● ●● ●●●●● ●●● ●●●●●●●●●● ● ●●● ●● ●●●●●●● ●● ●●●●● ●●●● ●●● ●●●● ●● ●● ●●●●●●●●●● ●●●●●● ●● ●●●●●● ●●●●●● ●●●●●●●●●●● ●●● ●● ●●●● ●●● ●●●●●●● ●●●●●●● ●●●●●●●●● ●●●●●●● ●●●●● ●●●●● ●●● ●● ●● ●● ●●●●●● ●●● ●●●●●● ●●● ●●●●● ●●● ●●●●● ●●●●●●●●●●●●●●●● ●●●●● ●●●● ●●●●●● ●●●●● ●● ●●●●●●●●●●●●●● ●●● ●● ●●●●●●● ●● ●●●●● ●●●●●●●● ●● ●● ●●●● ●●●●●●●●●●●●●●●●●●● ● ●●●●●● ●●●● ●●●●●●●●●●●●●●●●●● ● ●●● ●●●●●● ●●●● ●● ●● ●●●●● ●● ●●●●●●●●● ●●●●●● ●●●● ●●●●●● ●●● ●●●●●●●●●●●● ●●●●● ●●● ●●●●●●●●● ●●●●● ●●●● ●●●●●●●●●●●●●●●● ●●●●● ●●●●● ●● ●●●● ●●●● ●●●● ●●● ●●●●●●● ●●●●●●●●●●●●●●●●●● ●●●● ●●● ●●●●●●● ●●●●●●●●●●●●● ● ●●●●●●●● ●●●●● ●●●● ●●● ●●●●●● ●●● ●●●● ●●● ●●●●●●●● ●● ●● ●● ●●●●●●●●● ●●● ●●●●●● ●●● ●●● ●●●●●●●●●●●●●●●●●● ●● ●●●●●●●●●● ●●●●● ●●●●● ●●●● ●● ●●●●●●●●●● ●●●●●● ●● ●●●●●●●●●●●●●● ●●● ●●●●●●●● ●●●●●●● ●●●●●●●●●●●●●● ●●● ●● ●●●●●● ●●●●●●●●●●●●●● ●●●● ●● ●●●●●● ●●●● ●●●● ● ●●● ●●●● ●●● ●●●●●●●●●●●●●●●●● ●●●●● ●●● ●●●● ●●● ●● ●● ●●●●●●●● ●● ●●●● ●●● ●●●● ●● ●●●●●●●●● ●● ●●● ●● ●●●●●●●●●● ●●●●●● ●● ●●●●● ●● ●●● ●●● ●●●● ●●●●●●● ●●●●●●●● ●●● ●●● ●●● ●● ●● ●●●● ●● ●●●●●●●●●● ●●●● ●●● ●●●●●● ●●●●● ●● ●● ●● ●●●● ●●● ●●●●●● ●●●● ●● ●●●●● ●●● ●●●●●●● ●●●● ●●●●●●● ●●●● ●●●●●●●● ●●●●●●● ●●● ●●●●●●●●●●●●●●●●●● ●●●● ●●●●●●●●●●●●●●● ●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

−5 0 5

0
5

10
15

Volcano plot

log2FoldChange

−l
og
10
(p
va
lu
e)

●

●

●

●●
●●

●

●●

●

● ●

●●

●
●

●

●
●● ●

●
●

●
●

●
●● ●

● ●

●● ●●● ●
●

●
●● ● ●●●● ●

●● ●●●●● ●●● ●
●● ●●● ●●● ●●● ●●●●● ● ● ●●● ●● ●●●●● ●●● ● ●● ●● ● ●●●● ●● ●● ●●●● ●● ● ●●●●●● ●● ● ●● ●● ●● ●● ●● ●● ●●● ●●●●● ●● ●●●● ●● ●●

●

●

●

●

●
●

●● ●

●
●

●

●
●●

● ●●
●

●
●● ●●●

●
●

● ●● ●●●
●● ●● ● ●

●● ●
● ●● ● ●●

●● ●●●
●● ●● ●●●● ●●● ●●●●

● ●● ● ●●● ● ●●
●● ●●●●●● ●●●●●● ●●●● ●● ●●● ●● ●● ●●● ●● ●●●● ●●● ● ●● ●●● ●●●●●●● ●●●●●●●●● ●●● ●●● ● ●●● ●●●●● ●● ●●●● ●●● ●● ●●● ●●●● ●●● ●● ●● ●● ● ● ●●● ●●● ●●●● ●● ●●●● ●●● ●●●●●●● ●● ● ●●● ●●●●●● ●● ●●●●● ●● ●●●●●● ●●●●● ●● ●●● ●●●●●● ●●●● ● ● ●● ●●●●●●●●● ●●●●● ● ●● ●●●● ●●●●● ● ●●●●●● ●●●● ●● ●●●●●●●●●●●●●●●●●●● ●● ●●●●●●●●●● ● ● ●●●●● ●● ● ●●● ●●● ●●●●●●●● ●● ● ●●●●●●● ●●●● ●● ● ●● ●● ●●●● ●●●●●●●● ●●●● ●●● ●●●●●● ●● ●●●●● ●●●● ●●● ●●●● ●●●● ●● ●●●●●●●●●●●●● ● ●● ●● ●●● ●●●●● ● ●●●●● ●●●● ●●●●● ●● ●● ● ●●●●●●●●● ●● ● ●●●● ●●●●● ● ●● ● ●●● ●●●● ●● ●●● ●●● ●●● ● ●●● ●●● ●●● ●●●●● ●● ● ●● ●●●●●●●●●●●●●●●●● ●●● ●●●●●● ● ● ●●● ●●●●●● ●●● ●●●● ●●● ●● ● ●●● ●● ●●●●●● ●● ●●● ●● ●● ●● ●● ●●●● ●●●● ●● ●●●●● ●●●● ●● ●● ● ●●●●●●●●●● ●●●●● ●●●●●●●●●●●● ●●●●●●●● ●●●● ●●● ●●●●●● ●●●● ●● ●●● ●● ●●● ●●●●●● ● ●● ●●●● ●● ●● ●● ●●●● ●● ●●● ● ●●● ●●●●●● ●● ●●●● ●●●● ●●● ● ●●●●● ● ●●● ●● ●●●● ● ●● ●●●● ●● ●● ● ●●●●●●●●●●●●●●●●●●●● ●● ●●●●● ●●● ● ●● ●● ●●● ● ●●● ●●● ●●●●●●●●● ● ●●● ●●●● ●● ●●●● ●●●●●●●● ●● ● ●● ●●●●● ●●●●● ●●● ●●●● ●●● ●●● ●●●●●●●● ●● ●●●●●● ●● ●● ●●●● ● ●● ●● ●● ● ●●● ●● ● ●●● ●●● ●●●● ●●●●●● ●●●● ●●● ● ●● ●●●●●●●● ●●● ●●●●●●●●● ●●●●●● ● ●● ●●●● ●●●●●●●●●●● ●●● ● ●●●●● ●● ●● ●●● ●●● ●●● ●●● ●● ●● ●●●● ●● ● ●●●●● ●●● ●●● ●● ●●●●●●●●●● ●●●● ●●●●● ●●● ●●● ●●●●● ●● ●●●●●● ●● ●●●● ●●● ● ●●●●● ●● ●●●●● ● ●●●● ●●● ● ●● ●●● ● ●●● ●●●● ●●●●● ●●● ●●● ●●● ● ●●●●●● ●●●●● ●●●●● ●●●● ●●● ●●●● ● ●●●●●●●● ●● ●● ●●●● ●●●●● ●●●●●●●● ● ●●●● ●●● ●●●● ●●●● ●● ●●● ●●● ●●●●●● ●●● ●●● ●●●● ●●●●● ● ●●● ●●●● ●●●●● ●●●● ●● ●● ●●●● ●●● ●● ● ●● ●●●●●● ●●● ●●●●●● ● ●●● ●●●●●● ●● ●●● ●●●● ● ●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●●● ●●● ●●● ●●●●●● ●●●●●●●● ●●● ●● ●●●● ●●●●●●●●● ●●●●●● ●●● ●● ●●●●● ●●● ●●●● ●●●●●●●● ●●●●●●●●●●● ● ●●● ●●●●● ●● ●●●● ●●●●● ● ●●● ●●● ●●●●●●●● ● ●● ●●● ●●●●● ●● ●●●● ●●●● ●●●● ●●●●●● ●●● ●●●● ●●● ●●●●● ●●●● ●●●● ●●●●●●●●●● ● ●●●● ●●●●●● ●● ●●●●●●●● ●●●●●● ●●●●● ●● ● ●● ●●●● ●●● ●●● ●●●●●● ●● ●● ●●● ●●●● ●●●● ●● ●●●●●● ●● ●● ● ●●●● ●●●●● ●● ●● ●●●● ●● ●●●●● ●●●●●●● ●●●● ● ●●●●●● ●● ●● ●●● ●●● ●● ●● ●●●●● ●●● ●●●●● ●●● ●●●●● ●●● ●●●● ●●● ●● ●●● ●●●●●● ●●● ●●●●● ●●●● ●●●●● ●●●● ●●●●●●●● ●●●● ●● ●●● ●● ●●●●● ●●● ●●● ●●● ●● ●●●●● ●● ●●● ●● ●● ●●● ●●●● ●●●●● ●●●● ●●●●●● ●●●●● ● ●●● ●●●● ●●●●●● ●●● ● ●●●●●●●●● ●● ●●●●●●●●●●●● ● ●●● ●●●●●● ●●●●● ●● ●●●● ●●●● ●●● ●●●●●● ●● ●● ●●●● ●●●●● ●● ●●● ●●● ●●●●● ●●●●●●●● ●●● ●●●●●● ●● ●●● ●●●● ● ●●● ●●●● ● ●● ●●● ●●●● ●● ● ●●●●● ●● ●●●●● ●●●● ●● ●●●● ● ● ●● ●● ●●●●● ●●● ● ●●●● ●●●●●● ●●● ●●● ●●●●●●● ●●●● ●●● ●●●●●●●●●● ●●●●●●●●●● ●●● ●●● ● ●●●●●●●●● ●●●● ●●●● ●●●●● ●●●●● ●●●● ●●●● ●● ●● ●●● ●●● ●●● ●●● ●● ●●●● ●●●●● ●●●● ●●●●●●●●● ●●●●●● ●●●●● ●●●● ●● ●● ●●● ●●●●●● ●●● ●●● ●● ●● ●●●●● ●●● ●●●● ●● ●● ●● ●● ●●●●●●●● ●● ● ●●● ●● ●●● ●●●●● ●●●●●●● ●●●● ●● ●● ●●●●● ●● ●●●●●●●●●● ●● ●●● ●●● ●●●● ●● ●●●●●●● ●●●●●●● ●● ●●●●●● ●●● ●●●●● ●●● ●●●●● ●●●●●●● ●● ●● ●●●●●● ●● ●●●●●● ●●● ●● ●● ●● ●●●●●●●● ●●●●●● ●●●● ●●● ●●● ●● ●● ●●● ●●●● ●●● ●●●●● ●● ●●● ●●●●● ●● ●● ●●●● ●●●●● ●●●●● ●●● ●●●●●●●● ●●●● ●●●●●●●● ●● ●● ●●● ●●●●●●●● ●● ●●●●●●●● ●●●●●●●●●●● ●● ● ●●●● ●●● ●●● ●●●●●● ●●●● ● ●●● ●●● ●● ●●●●●● ●●●● ●● ●●● ●●● ●●●●●● ● ●●●● ●● ●●●●●●●● ●●● ●● ●●●● ●●●●● ●● ●●●● ●●●● ●● ●● ●● ●●●●● ●● ●●●●●●●● ●●● ●●● ●●●●●● ● ●●●●●●●●●● ●●●● ●●●● ●● ●●●●● ●●●● ●● ●● ●●●●●●●●●● ● ●●●●● ●●● ●●● ●●●●●●●●● ●● ●●●●●●●● ●● ●●●● ●●●●●●● ●● ●●●● ●●● ●●● ●● ●●● ●●●●●● ●●● ●●●●●●● ●● ●●●● ●●● ●● ●●●●●●●●● ●●●● ●●●● ●● ●●●●●● ●●●●●●●● ●●●●● ●●●● ●● ●●● ●●● ●● ●●● ●●●●●●●● ●●● ● ●●●●● ●●● ●●● ●●●●●● ●● ●● ●●●● ●●● ●●●● ●●●●●● ●● ●●● ●●●●●● ● ●●● ●●●●●●●● ●●● ●●● ●●●●● ●● ●●●●●●● ●● ●● ●●● ●●●● ●●●●●●●● ●●●●●●● ●●●● ●● ●●● ●●● ●● ●●● ●● ●●● ●●●● ●● ●●●●●●●● ●●● ●● ●●●●● ●● ●●●●●●● ●●●●● ●●●●●● ●●●● ●●●● ●●● ●● ●●● ●●●●●●● ●●●●●● ●●●● ●●● ●● ●●● ●●●●●● ●●● ●● ●● ●●●● ●●●● ●●●●●● ●●●● ●● ●●● ●●● ●●● ●● ●●●●● ●● ●●● ●●● ●● ●●● ●●●● ●●●●●● ●●●●● ●●● ●● ●●● ●●●●●●●● ●●●●● ●●● ●●●● ●●●●●● ●●●● ●●●●● ●● ● ●●● ●● ●●● ●● ●● ●● ●●●●●●● ●●●●● ●●●●● ●●●●●●● ●●●●● ●●●●●●●● ●●●● ●●● ●●●●●●●●● ●●●●●●●●●●●● ●●● ●●● ●●●● ●●●●●● ●●●●● ●●●●● ●● ●●●● ●● ●●●● ●●●● ●●● ●●●● ●●●●● ●●●●●●●● ●●●●● ●●●●● ●●●●●●●●● ●●●● ●●●● ●●●●● ●●●●● ●●●●● ●● ●●●● ●●● ●●●● ●●● ●●● ●●● ●● ●●●●●●●●●●● ●●●●● ●●●●●● ●● ●● ●● ●●●●●● ●●●●●●● ●●●●●● ● ●●● ●●● ●●●●●● ●● ●● ●● ●●●●● ●● ●● ●●● ●●●●●●●● ●●●● ●● ●●●●●● ●●●● ●● ●●●●● ●●●● ●●●●●●●●●●●● ●●● ●● ●● ●● ●●● ●●●●● ●● ●●● ●●● ●● ●● ●●●●● ●● ●● ●●●● ●●●● ●●● ●● ●●● ●●●●●●●●● ●●●●● ●●●●●●●●●● ●●●●●●● ●● ●●●● ●●●●●● ●● ●●●● ●●●●● ●●●● ●●● ●●●●●● ●●●●● ●●●●●●● ●●●●●● ●●●●●● ●●●●●●● ●●● ●●● ●●●●●●●● ●● ●●● ●● ●●●●● ●● ●●●●● ●● ●●●● ●●●●● ●●● ●● ●● ●● ●●●●●●●● ●●●● ●●●● ●●●●● ●●●●●●●●●●●● ●●● ●●●●● ●●●●●●● ●●●● ●●●● ●●● ●●●● ●●● ●●●●●● ●●● ●●●●● ●●●●●● ●●● ●● ●●●● ●●● ●●● ●●● ●● ●●●●●●● ●● ●● ●●●●●●●●● ●●● ●●●● ●●●● ●●●● ●●●●● ●●●●●●● ●●●● ●●●●● ●●● ●●●●● ●● ●●●● ●●●● ●●●●●●● ●●●●● ●●● ●●●●●●●●●● ●●● ●●●●●●● ●●●●●● ●● ●●●● ●●● ●●●●●● ●● ●●●● ●●●●●●●● ●●●●●●● ●●● ●●●● ●●●●● ●● ●● ●●●●● ●●●●●●● ●●● ●●●●●● ●●● ●●●● ●●● ●● ●●●●● ●●●●● ●●● ●●●●● ●●●●●●●● ●●● ●●● ●● ●●● ●●● ●●●●●● ●●● ●●●●●● ●●●● ●●●●● ●●●● ●●●●● ●● ●●● ●●●●●●● ●●●●● ●●●●● ●●●● ●●● ●● ●●● ●● ●●●●●●●● ●●●●● ●●●● ●●●●●●●● ●●● ●●●●●●●●●●● ●●●●●● ●●●● ●●● ●●● ●● ●● ●●●● ●● ●●●●● ●● ●●●●●●●●● ●●●●●● ●●●● ●● ●●●●●●● ●●● ●●● ●● ●●●● ●●● ●● ●● ●●●●● ●●● ●●●● ●● ●●● ●●●● ●●●●● ●●●● ●●●●●● ●●● ●●●●●●●●●● ●●●● ●●●●●●● ●●●●●●● ●●●● ●● ●●●● ●●●●● ●● ●● ●● ●● ●●● ●● ●●●●●●●● ●●●● ●●● ●● ●●●●●●● ●●●●●●●●●●●●●●●●●●● ●●●●●●●● ●● ●●●●● ●●●●●●● ●●● ●●●●● ●●●●● ●●●●● ●●●●●●●● ●●●●●●●● ●●●●●●● ●●●●●● ●● ●● ●●●● ●●●●●● ●●●●● ●● ●●● ●●●●●●●● ●●●● ●● ●● ●● ●● ●●● ●●● ●●● ●●● ●● ●●●●●● ●●● ●●●●●●● ●●●● ●●●●●●●● ●●●●●●● ●●● ●● ●●●●● ●●● ●● ●●●●● ●●●● ●●● ●●●● ●●●● ●●●●●●●●●●●●●● ●●●●●●●●● ●●●●● ●● ●● ●●●●●●●● ●●●●● ●● ●●●● ●●●●●● ●●●●●●● ●●●●●●●●●● ●●●● ●●●●● ●●●●● ●● ●●●● ●● ●●● ●●●●● ●● ●●●●● ●●● ●●●●● ●●●●●●● ●●● ●●● ●●●● ●●●●●●● ●●●●●●●●●●●●●● ●●● ●● ●●●●●● ●●● ●●● ●●●●● ●●●● ●●●● ●●●● ●●●● ●●●● ●●●●● ●●● ●●●●●●●● ●●●●● ●●●● ●●● ●●● ●●●● ●●● ●●●● ●●●●●●● ●●●●●●●●● ●●●● ●●●● ●●● ●●●● ●●●●●● ●●●●●● ●●●● ●●● ●●● ●●●●●●●●● ●●●● ●● ●● ●●●●● ●● ●●●●● ●●●●● ●● ●●● ●●●●●●● ●●● ●●●●●●● ●● ●● ●● ●● ●● ●●●●●●●●● ●●●● ●●●● ●●●●● ●●●●●●● ●●● ●●●●●●● ●●●●●●●●● ●● ●●●●●● ●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

−5 0 5

0
5

10
15

Volcano plot

log2FoldChange
−l
og
10
(p
va
lu
e)

●

●

●

●

●
●

●● ●

●
●

●

●
●●

● ●●
●

●
●● ●●●

●
●

● ●● ●●●
●● ●● ● ●

●● ●
● ●● ● ●●

● ●●
●

● ●

●●●● ●
●

●
●●●

●
● ●
●

●●
● ●

●● ● ●●● ●●
●

● ●●●● ●●●●● ●
● ●● ●●● ●
●● ● ●●● ● ●● ●●●● ●●

●●● ●●● ● ●●● ●●● ● ●●●● ●● ●●● ●●●● ●● ●● ●●●●●●● ● ●●● ● ●●● ● ●●● ●● ● ●●●●●● ●● ● ●● ●●●● ●●●● ● ●●●●●● ● ●●● ●● ●●●● ●●●●● ●●● ●● ●● ●● ●●● ●● ● ●●●●●● ●●●●●● ●●● ● ●● ● ●● ●●●● ● ●●●●●●● ● ●●●●● ●●● ●●●● ●●● ●●●● ● ● ●● ● ●● ●●● ● ●●● ●●● ●● ●● ●● ● ●●●● ●● ●●●●●●●● ● ●● ●●● ●●● ●● ●●●● ● ●●● ● ● ●● ● ●● ●●● ● ●●●● ●● ●●● ● ●● ●● ● ●●● ●● ●●● ●●● ● ●●●● ●●●● ●● ●● ●●● ●● ● ●● ●● ● ● ●●●● ●● ●●● ●●● ●●● ● ●●● ●●●●●●●●●●●●●●●●● ●● ● ●● ●●● ● ●● ●● ● ●●● ● ●● ●● ●●●●●●●●●● ●●● ●● ●●●●●●●● ● ●●●●● ●● ●●●●● ●●●● ● ● ●●●● ●●●●● ●●● ●● ● ●● ●●●●●●●●● ●●●●●●● ●● ●●●●●●●● ●●● ●●● ●● ●●●● ● ●●●● ● ●●●● ● ● ●●● ●● ●●●●● ●● ●●● ●●● ●●●●●●●● ●● ●●●●● ●●●●●●●● ●●● ●●● ● ●●●●●●●●●●●●●● ● ● ●● ●● ●● ●●●● ●● ●●● ●● ● ●● ●● ● ● ●●●●● ●●●●●● ● ●● ●● ●●●● ●●●●● ●●●●●●●●●●● ● ●● ●● ●● ●●●● ● ●● ●● ●●● ●●● ●●●● ● ●●●● ●●● ●●●●●●● ●●● ●●●● ●● ●● ● ●● ●● ●● ●●●●● ●●● ●●●●●● ●●● ●●●●●●●●● ●● ●●●●●●●●●● ● ●●●● ●●● ●●●●● ●● ● ● ●●● ● ● ●● ● ●●●● ●●● ● ● ●●●● ●●●● ● ●●●● ●●● ● ●●● ●●● ●●●●● ●●●● ●●● ●●●●●●●●●● ●●● ●● ●● ●●●● ●●● ●●●●●●●●●●●●●● ●●●● ●● ●● ●● ●●● ●● ●● ●●●●●● ● ● ●●●●●● ●● ●●● ●●●● ●● ●●● ●● ●●●● ●● ●● ● ●● ●●● ●●●●●●● ● ●●● ●●● ●●●●● ● ●● ●●●● ●●● ● ●●● ● ●● ●●●●●●●●●●●●● ●●●● ●●●● ●●● ●●● ●● ● ●● ●● ● ●● ● ●●●●●●● ●●●● ●● ●● ●● ● ●●●●●● ●●●●● ●● ●●● ●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●● ●● ●●●●● ● ●● ●● ● ●●● ●● ●●●●●● ● ●● ● ●●●● ● ●●●● ● ●●● ●●● ●● ●● ●●● ● ●●● ●●● ● ● ●●●● ●● ●●● ●● ● ●●●●●●●●●●●● ●●●●● ●● ●●● ●● ●●● ●●●● ●●●● ●●●● ● ●●● ●●● ●●● ●● ●●●●●●●● ●●●●● ●● ●● ● ●●●● ● ●●●●●●●●●●●● ●● ●●● ● ●●●●●●●●●●●●●●● ●● ● ● ●●●●●● ●●●● ●●●● ●●●●● ● ●●●●● ● ●●● ●●●●●●● ●●●● ● ●●●● ●●●●●●●● ●●●● ●●●●●●● ● ●●●●●● ●● ●● ●●● ●● ● ●●● ●● ●● ●● ● ●●●●●● ●●● ●● ●●● ●●●●● ●● ●● ●●● ●●●●● ● ●●●● ●● ●●●●● ●● ●● ●●●● ●● ●● ●●●● ● ●●●●●●● ●● ● ●● ●● ●●● ●●●●●●●●●●●●● ●●●● ●●● ●●●● ● ●● ●●●●●●●● ●● ●●●● ● ●●● ●●●●● ●● ● ●●●●● ● ●●●●● ●●● ●●●●●● ●●●● ●●● ●●● ● ●●● ●●● ●● ●●● ●●● ●●● ●●●●●● ● ●●● ●●● ●●●● ●● ●●●● ● ●●● ●●●●●●●●●●● ●●●●● ●●●● ●●● ●●●● ●●●● ●●●●● ●● ●● ●●●● ● ●● ●●●●● ●● ●●●● ●●● ●● ● ●● ●●● ●● ●●●● ●● ●●● ●●●●●●● ●● ●● ●● ● ●● ●●●● ●●●●● ●●● ●●● ●●●●●● ● ● ●●● ●●●●●●●● ●●● ●●●● ● ● ●●●● ●● ● ●● ● ●●● ●●● ●● ●●●● ●●● ●● ●● ●● ●●●● ●●●●●●●●●●●●●●●●●●●●●●● ●●● ●● ●● ●●●●●●●●●● ●●●●●●●● ●●● ● ●●●●●●● ● ● ●●● ●● ● ●●● ●● ●●●● ●● ●● ● ●● ●● ●●● ●● ●●● ●●●● ●● ● ●●●● ● ●● ● ●● ● ●● ●● ●● ● ●●● ●●● ●●●● ● ●● ●●●●● ●● ●● ●●●● ●●●● ●●● ●● ●●●● ●●● ●● ●● ●● ● ●●● ● ●●●●●●● ● ●●●● ●●●● ●●● ●●● ●●●● ●● ●●● ●●●●● ● ●●●●●● ●●●● ●●●●●●● ●●● ●● ●● ●●● ● ●●●● ●●●●● ●●●● ●●●● ●●●● ●●●●●●●● ●● ●●●●●●●●● ●● ●●●● ● ●●●●●●●●●●●●●●●●●●● ●●● ●●●●●● ●●●●●●● ● ●●●● ●●● ●● ●●●●●●● ●●●● ●●●●● ●●●●● ●●●●●●●● ●●●● ●● ●●●●● ●● ●●●● ●●●●●● ●●● ●●●●●● ●● ● ●●●●●●● ●● ●●●● ●●● ● ●●● ●● ● ●● ●● ● ●●●●●● ● ●●●●● ●●● ● ●● ● ●●● ●● ●●●●●● ●●● ●●●● ●●● ●●● ●●● ●● ●●● ●● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●● ●●● ●● ●●●● ● ●●●●●●● ●●● ●●● ●● ●● ●● ●●●●●● ●●●● ●● ●●● ●● ●● ●● ●●●● ●● ●● ●●●● ●●● ●● ●● ●●●● ●● ●● ●●● ●●● ●●● ●● ●●●●● ●● ●●●●●●●● ●● ●●●●●●●● ●● ●●●● ●● ●● ●●● ●●● ●●● ●● ● ●●●● ● ● ●●●● ●●●●●●●●●● ●● ●● ●●●●● ● ●● ●● ●●●●●●●● ●●●●●● ●●● ●●●● ●● ● ●●●● ● ●●● ●●●● ●● ●●●●● ●●● ●●● ● ●●●●● ●●●●●●● ●●● ●●● ●●● ●● ●●● ●●●●●● ●● ●●●●●● ●● ●●●●●●●●●●●● ●●●● ●● ●●● ● ●● ●●●●● ●●●●● ●●●● ●●●● ●●● ●●●● ●●●● ● ●●●● ●● ●●●● ●●●●●● ●●●●● ● ●● ●●● ●●●● ● ●●●●●● ●●● ●●●● ●●●●● ●●● ● ●●●●●●●●● ●● ●● ●●● ●● ●● ●●●●●●● ●● ●●●● ●●●● ●●●●●● ●●● ●●●●● ●●● ●●●● ●●● ●●●●● ●●●●● ●● ●● ●● ●●● ●● ●●●● ●● ●●●● ●●●● ●● ●● ● ●●● ●●●●●●●●●●●●●●●● ●● ● ●● ●● ●●●● ●●● ●● ●●● ●●●● ●●●●● ●● ●●●● ●● ●●●●● ●●●●● ● ●●●● ● ●●●●●● ●●●● ●●●● ●●● ●●●● ●● ●●●●● ●●● ●● ●●● ●●● ●●●●●●●●● ● ●●●●● ● ●●●●●● ●●●●●●● ●● ●●●●●●●●● ●●● ●●●● ●●●●● ●● ●●●● ●● ●●●●● ●●●●● ●●● ●●●●●●● ●● ●●● ●● ● ●●● ●● ●● ●●●●● ●●●●●● ● ●●●●●● ● ●●● ●●●●●●●● ●●●●●●● ●●●●●●● ●●● ●●● ●● ●●●● ●●●●●● ●●●●●●●●●● ●●●●●●●● ●● ●● ●●●●● ● ●● ● ●● ●●● ●●●● ●●●●●● ●●●● ●●●●●●●●●●●●●●●●●●●●●●● ●●●●● ●●● ●● ●● ●●●●● ●●●●● ●●●● ●●●●●● ●● ●● ●●● ●●●●●● ●●●● ●●●●● ●●●●●●●●● ●●●●●● ●● ●●●●● ●●●●●●●● ●●●●● ●●● ●● ●●●●●● ●●● ● ●●●●● ●● ● ●● ●●●●● ●●●● ●●●●● ●● ●●●●●●●●●● ●● ●● ●●●● ●● ● ●●●●● ●● ●●● ●● ●●● ●●●● ●● ●●● ●● ●●●● ●●●●● ●●● ●●●●●●● ●●● ●●● ● ●● ●●●●●●● ●●●●● ●●●●● ●●●●● ●●●● ● ●●●●● ●●●● ● ●● ●●● ●●● ●●● ● ●●●● ●●●●●●●● ●● ●● ●● ●●● ● ●● ●●●● ●● ●●●●● ●●● ●●●●●● ● ●●●●●● ●●●●● ●●● ●●● ●●●● ●●●● ●●●●●● ●●●● ●●●●●●●●● ●●●● ●● ●●● ● ●●●● ●● ●●●● ●●● ●●●● ●● ●●●●● ●●●●● ●●●●● ●●●● ●● ●●●●●● ●●●●● ●●●●●●● ●● ●●●● ●● ●● ●●● ● ● ●●●●●●● ●●●●●●●●● ●● ●● ●●●●● ●●●●●● ●●●●● ●●● ●● ●●●● ●● ●● ●●● ●●●● ●●●●●●●●●●●●●● ● ● ●●●●●●● ●●●●● ●●● ●●● ●●● ● ●● ●●●● ●●●●●●●●● ●●●●● ●● ●●●● ●●● ● ●●●●●●●● ●● ●●●● ●● ● ●●●●● ●● ●●● ●●●●●●●● ●●●●●● ● ●● ●●●● ●●● ●● ●●●●●● ●● ●●● ● ●● ●● ●●●● ●● ●●● ●● ●●●●● ●●●● ●●●● ●●●● ●● ●● ●●●● ●●● ●● ●●●● ●● ●● ●●●● ●● ●●●● ●●●●●●●●● ●● ●●●●● ●●●● ●●●● ●● ●●● ●● ●●● ●● ●●● ●●●● ●●● ●●●●●● ●●●●●● ●●●●● ●●●●●● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●● ●●● ●●●●● ●●●● ●●●●● ●●●●● ●●● ●● ●● ●● ●● ●● ●●●● ● ●●●●●●● ●●●●●●●● ● ●●●●●●●● ●●●● ●●● ●●●●●●●● ●● ●●●● ●●● ●● ●●●● ●●● ●●●● ●● ●●●●● ●●●●●●● ●● ●● ●●●● ●●●● ●●●● ●●●●●●●●● ●●●●● ●● ●●●● ●● ●●●●●● ●●●●●● ●●● ●●●●●● ●●● ●● ●●●● ●●●● ●●●● ●●●● ●●●●●● ●●● ●●● ●●● ●● ●●●●●●●●● ●●● ●●●●● ●●● ●●●●●●● ●●●●● ●●●●●●●● ●●●●●●● ●●● ●● ●●● ●●●● ●● ●●● ●●●● ●● ●●● ●● ●●●●●● ●● ●● ●● ●●●●●●●● ●● ●●●●●● ●●●●●●●●●●●● ●●● ●●●●●● ●●●● ●●●●●●●●●● ●● ●●●●●●●●● ●●●●●● ●●●●● ●●●●● ●●● ●●●●●●●●●● ●● ●●●●● ●●● ●●●●● ●●●●● ●●●● ●● ●● ●●●●●●● ●●●●●●●●●● ●● ●●●●● ●●● ●●● ●●●● ●●●● ●●●●● ●● ●●● ●●●●●●●●●●●●● ●● ●●●● ●●●● ●●●● ●●●● ●●●●●● ●●●●●●●●● ●●● ●●●●●●●●● ●●●●●●● ●●●●●● ●●●●●●● ●●●●●●●● ●●●●●● ●● ●●● ● ●●●●● ●● ●●● ●●● ●●●●●●●● ●●●●●●●●●●●● ●● ●●●●● ●●● ●●●●●●●●●● ●●● ● ●● ●●●● ●●●●● ●●●●● ●●●●●●●●● ●●●●●● ●●●● ●●●●●●●●●●● ●●● ●● ●●●● ●●●●● ●●● ●●●● ●●●●●● ●●●● ●●●● ●●●●●●● ●●●●●● ●●● ●●●●●● ●● ●●●● ●● ●● ●●●● ●●●●●●●●● ●●● ●●●●●●●● ●●●● ●●●● ●●●●● ●●●●●● ●●●●●●●●● ●●●● ●●●●●●●●● ●●● ●●●●●●●● ●● ●●●●● ●●● ●● ●●●●● ●●● ●●● ●● ●●●● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●● ●●● ●●●●● ●●●●● ●●●●●●●●●●● ●● ●●● ●●●● ●●● ●●●● ●●● ●●●● ●●●●● ●●● ●●●● ●●●●● ●●●●● ●●●● ●●● ●●● ●●●●●●●●●●●●●● ●● ●● ●● ●●●●●● ●●●●●●● ●●● ●● ●● ●●● ●● ●●● ●●● ●● ●●●●●● ●●● ●● ●●● ●●●●●●●●●● ●●●●● ●●● ●●● ●●●● ●● ●●●●● ●● ●●●●●● ●●●●●● ●●●● ●● ●● ●●●●●●●● ●●●●●●●●●●●● ●●●●●●●●● ●●●● ●●●●●● ●●●●●●● ●●●● ●●●●●● ●●●●● ●●●● ●●●● ●●●● ●●●●● ●●●●●● ●● ●●●●● ●●●●●●● ●● ●●●●●● ●●● ●●●●● ●●● ●●●● ●●●●●●●●●●●●●●●● ●●● ●●● ●●● ●●● ●● ●●●●●●●● ●●●●●●●●●● ●●●●●●●● ●●●●● ●●●●●●● ●●●●●●● ●● ●● ●●● ●● ●● ●●●●●●● ●● ●●●●●●●●●●●●● ●● ●● ●● ●●● ●●● ●●●●●●●● ●●●●● ●●● ●●●●●●●●● ●●●●●●●●● ●●●● ●●●●●●●●●●●●●●●●●●● ●●● ●●●●●●● ●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

−5 0 5

0
5

10
15

Volcano plot

log2FoldChange

−l
og
10
(p
va
lu
e)

● ●●
●

● ●

●●●● ●
●

●
●●●

●
● ●
●

●●
● ●

●● ● ●●● ●●
●

● ●●●● ●●●●● ●
● ●● ●●● ●
●● ● ●●● ● ●● ●●●● ●●

●●● ●●● ● ●●● ●●●

0

5

10

15

0 5-5

log2FC

lo
g1

0 
(p

va
lu

e)

0

5

10

15

0 5-5

log2FC

lo
g1

0 
(p

va
lu

e)

0

5

10

15

0 5-5

log2FC
lo

g1
0 

(p
va

lu
e)

112



PART 2. RESULTS

Supplementary Figure 3. Di�erential gene expression in GC-rich ncRNA knockdown
at 12 hpi. (A) Mean-variance scatterplot for di�erential expression between CRISPRi clones
(A11 and B3) and scrambled control clones (D11 and B6) for three independent replicates at
12 hpi. (B) Volcano plot for di�erential expression between CRISPRi clones (A11 and B3) and
scrambled control clones (D11 and B6) for three independent replicates at 12 hpi. Di�erentially
expressed genes with a 0.01 FDR cuto� are represented by dots highlighted in red. (C) Plot
showing percentage of up- and down-regulated genes amongst the di�erentially expressed genes
with a 0.01 FDR cuto� in CRISPRi clones (A11 and B3) compared to scrambled control clones
(D11 and B6) for three independent replicates at 12 hpi. (D) Families of top down-regulated genes
in CRISPRi clones (A11 and B3) compared to scrambled control clones (D11 and B6), signi�cantly
di�erentially expressed with a 0.01 FDR cuto� in three independent replicates at 12 hpi.
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2.2. DOWN-REGULATION OF GC-RICH NCRNA BY CRISPRI INHIBITS VAR EXPRESSION

n = 55 n = 13 n = 58
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PART 2. RESULTS

Supplementary Figure 4. Di�erential gene expression in GC-rich ncRNA knockdown
at 24 hpi. (A) Mean-variance scatterplot for di�erential expression between CRISPRi clones
(A11 and B3) and scrambled control clones (D11 and B6) for three independent replicates at
24 hpi. (B) Volcano plot for di�erential expression between CRISPRi clones (A11 and B3) and
scrambled control clones (D11 and B6) for three independent replicates at 24 hpi. Di�erentially
expressed genes with a 0.01 FDR cuto� are represented by dots highlighted in red. (C) Plot
showing percentage of up- and down-regulated genes amongst the di�erentially expressed genes
with a 0.01 FDR cuto� in CRISPRi clones (A11 and B3) compared to scrambled control clones
(D11 and B6) for three independent replicates at 24 hpi. (D) Families of top down-regulated genes
in CRISPRi clones (A11 and B3) compared to scrambled control clones (D11 and B6), signi�cantly
di�erentially expressed with a 0.01 FDR cuto� in three independent replicates at 24 hpi.
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75
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21d 
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Supplementary Figure 5. CRISPRi rescue phenotype experiment. PCR results with oligos
for the DHFR cassette from pL8 plasmids on parasite gDNA. Plasmid was successfully removed
in all rescue control clones (�rst 9 lanes). Plasmid removal was obtained by removing drug
pressure and using negative selection with 5-�uorocytosine (anc.) over 21 days. Subsequently,
clones were obtained by limiting dilution. pL8 plasmid and gDNA from a WT strain are used as
controls.
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Supplementary Figure 6. HP1 pro�le for GC-rich genes. (A) ChIP sequencing data shows
similar enrichment pro�le of HP1 for GC-rich ncRNA knockdown (CRISPRi A11) and control
gRNA line (Control D11). Coverage of fold enrichment over input for dCas9 computed with
MACS2 is represented in red for the CRISPRi clone, in green for the control gRNA clone D11 and
in blue for the WT. Data are representative of two independent experiments at 12 hpi. (B) GC-
rich ncRNA members show variegated HP1 enrichment corresponding to transcriptomic data.
In Control D11 only the active GC-rich gene PF3D7_0712100 (highlighted in green), adjacent to
the active var (PF3D7_0712000, see Fig. 3A) is not enriched by HP1 while all down-regulated
GC-rich genes in CRISPRi A11 clone present HP1 enrichment.
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2.3 Mechanistic insight on the GC-rich ncRNA

The highlights of this section are:
- Development of methods for studying RNA interaction in P. falciparum: ChIRP, RNA

EMSA and RNA pulldowns.
- Identi�cation of candidate proteins interacting with GC-rich ncRNA.

The results of this section are preliminary data summarized in a draft under the title "Ex-
ploring the interactome of a ncRNA gene family that activates expression of a gene family
linked to severe malaria". My contribution to this work included: conceptualization, experi-
mental design, performing ChIRP, RNA EMSAs and RNA pulldowns experiments, analyzing
the data, and writing the manuscript. Supplementary ChIRP results can be found in subsec-
tion 2.3.1.
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Exploring the interactome of a ncRNA gene family that activates ex-
pression of a gene family linked to severe malaria

Anna Barcons-Simon1,2,3,4, Gretchen M. Di�endall1,2,3,4, Florent Dingli5, Damarys Loew5

and Artur Scherf1,2,3,#

1Unité de Biologie des Interactions Hôte-Parasite, Institut Pasteur, Paris, 75724, France
2INSERM U1201, F-75724 Paris, France
3CNRS ERL9195, F-75724 Paris, France
4Sorbonne Université, Ecole doctorale Complexité du Vivant ED515, F-75005 Paris, France
5Institut Curie, PSL Research University, Centre de Recherche, Laboratoire de Spectrométrie
de Masse Protéomique, F-75248 Paris, France
#Correspondence: artur.scherf@pasteur.fr

Preliminary data

ABSTRACT

The role of ncRNAs in the human malaria parasite P. falciparum remains ill de�ned. Re-
cently, the knockdown of a GC-rich ncRNA gene family has been associated with the ex-
pression of a major pathogenesis factor encoded by the var gene family. The interactome
of this ncRNA (annotated as RNA of unknown function 6 RUF6) with chromatin remains
unknown. Here, we developed a robust Chromatin Isolation by RNA Puri�cation (ChIRP)
protocol for P. falciparum to explore the RUF6 interacting partners in their native context.
This method was used to pull down proteins that interact with RUF6. We identi�ed several
candidate proteins that are linked to gene transcription. Our studies using ChIRP point to
RUF6 as a potential chromatin assembly factor involved in gene transcription of clonally
variant virulence genes.

Keywords: ncRNA, RUF6, Plasmodium falciparum, ChIRP, RNA pulldown
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INTRODUCTION

Non-coding RNAs (ncRNAs) are increasingly recognized as key players in eukaryotic gene
regulation by a broad variety of mechanisms (1, 2). In the protozoan parasite Plasmodium
falciparum, responsible for the most severe form of human malaria (3), many potential regu-
latory ncRNAs have been detected by transcriptomic analyses (4–7) but they remain mostly
uncharacterized. Recently, a gene family coding for 15 highly homologous ncRNAs, anno-
tated as RNA of unknown function 6 (RUF6) (8), has been linked to the regulation of mutually
exclusive transcription of the var multigene family (9, 10) encoding variant surface adhe-
sion molecules associated with disease pathogenesis, virulence and chronic infection (11).
In fact, ncRNAs have also been shown to be crucial for the regulation of mutually exclusive
expression in other systems (12, 13).

RUF6 members contain the A- and B-box required for RNA polymerase III (Pol III) tran-
scription and have a GC-content higher than 50% compared to 20% genome-wide. Interest-
ingly, this ncRNA gene family is conserved only in Plasmodium species from the Laverania
subgenus that also contain var, rif and stevor virulence gene families (14) but not in other
species causing malaria. All RUF6 genes are interspersed between var genes in central chro-
mosomal clusters (8). Additionally, these virulence gene families also contain members in
subtelomeric regions (15), which are devoid of RUF6 loci. Transcriptional pro�ling of RUF6
and var genes demonstrated an association between the two gene families. In all the cases
studied, parasites with an active var gene harboring a RUF6 gene in their upstream region,
also transcribe this proximal ncRNA predominantly over the other members (10). Further-
more, it has been reported that all RUF6 loci show transcriptional activity but most RUF6
members are degraded in situ by a plasmodial RNase II resulting in clonal variation of these
ncRNAs at the steady state RNA level (16). Importantly, these ncRNAs have been associated
with the perinuclear var expression site and with transcriptional activation of var and other
virulence gene families (9, 10, 17). However, the molecular mechanism of RUF6-dependent
gene activation remains unknown. In particular, proteins that bind directly or form a com-
plex with this ncRNA may lead to new insight into the process of var gene activation.

In this study, we shed light on the mode of action of this ncRNA by exploring its chro-
matin interaction partners. To this end, we adopted a recently reported method to identify
ncRNA interacting partners to the cellular context of malaria parasites. This method called
Chromatin Isolation by RNA Puri�cation (ChIRP) (18) allowed the identi�cation of several
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candidate chromatin factors linked to gene activation that co-precipitate with RUF6. This
work points to this ncRNA as a potential chromatin assembly factor involved in gene tran-
scription of virulence genes.

RESULTS

Identi�cation of RUF6 protein binding partners in vitro

Proteins are often associated with ncRNAs and their functionality (1). Furthermore, the pre-
dicted secondary structures (9) of the RUF6 family are highly stable and conserved within the
di�erent members suggesting potential protein binding regions that may contribute to var
gene activation. Additionally, the lack of high sequence homology between var and RUF6
genes, suggests that if the ncRNA can bind to var loci, such interaction should be mediated
by protein partners. To test this hypothesis, we conducted electrophoretic mobility shift
assays (EMSAs) using a biotinylated probe for a RUF6 member (PF3D7_1241000). A speci�c
gel shift was observed when incubating the probe with nuclear extract of asynchronous par-
asites and was reproducible among four independent experiments. The speci�c shift was
veri�ed by competition with unlabeled probes. Namely, in presence of the unlabeled probe
(200-800x), the target biotinylated probe migrated similarly as the free probe. Conversely,
in presence of unspeci�c competitor, the shift of the probe did not have a signi�cant change
(Fig. 1).

To identify the RUF6 binding proteins, we performed streptavidin-biotin a�nity puri�-
cation. A biotinylated RUF6 probe was used in parallel with an antisense probe as a control.
Bound proteins were eluted with RNase A and analyzed by SDS-PAGE followed by silver
stain prior to mass spectrometry. Eluted proteins were identi�ed after trypsin digestion by
LC-MS/MS using Orbitrap-based detection of HCD. In total 177 unique peptides from 45 P.
falciparum proteins were identi�ed and 12 proteins showed enrichment in the RUF6 probe
compared to the control in two independent experiments (Table S1). Other 33 candidate pro-
teins were identi�ed with at least 2 unique peptides in only one experiment. Interestingly,
the candidate protein with highest peptide enrichment which also had no peptides iden-
ti�ed in the control pulldown corresponds to a transcription factor (PRE-binding protein,
PF3D7_1011800) activating gene expression in the intraerythrocytic stage and containing
four K-homology RNA-binding domains (19).

However, due to the limitations of the in vitro interaction and the lack of a high number
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Nuclear extract + - + + +

GC-element probe - + + + +

200x unlabelleded GC-element 
probe

- - - + -

200x unspecific competitor - - - - +

Figure 1. RNA electrophoretic mobility shift assays for GC-rich RUF6. Representative
example of a native EMSA gel showing speci�c shift for the RUF6 probe in presence of nuclear
extract. Lane 1: nuclear extract only; lane 2: biotinylated probe only; lane 3: nuclear extract
and biotinylated probe; lane 4: unlabeled probe, nuclear extract and biotinylated probe; lane
5: unlabeled unspeci�c competitor, nuclear extract and biotinylated probe. tRNA is used to
minimize unspeci�c binding in all lanes.

of promising candidates, we used ChIRP followed by mass spectrometry (ChIRP-MS) in
order to explore the protein interactome in the native cellular context of asexual parasites
prior to establish a list of candidate genes.

Optimization of ChIRP for RUF6 in P. falciparum blood stages

In order to elucidate the interactome of RUF6, we used ChIRP on the WT 3D7 clone B6
which expresses the RUF6 gene PF3D7_0412800 and the adjacent var gene PF3D7_0412700
(10). We designed two sets of antisense probes (odd and even) hybridizing the active ncRNA,
targeting the regions less prone to base pair on a loop according to the predicted secondary
structure (Fig. 2A, Table S2). Additionally, we used scrambled probes of similar size and
GC-content as negative controls (Table S2). In a pilot experiment with chromatin harvested
at 24 hpi, we �rst tested di�erent crosslinking conditions and analyzed the retrieval of tar-
get and control RNAs compared to the input (Fig. 2B). For all the tested conditions, the two
sets of probes retrieved speci�cally RUF6 and not the control RNA. Crosslinking with 1%
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formaldehyde yielded the highest retrieval (50-80%) but has been suggested suboptimal for
RNA crosslinking (20). Subsequent experiments were performed with 1% formaldehyde and
1% glutaraldehyde, which yielded the second highest retrieval (25-40%), and 3% formalde-
hyde for ChIRP-MS experiments, as previously suggested (21).
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Figure 2. ChIRP of RUF6. (A) Lowest free energy secondary structure of the RUF6 coded
by PF3D7_0412800, as predicted by RNAstructure bioinformatics webserver. The four oligonu-
cleotide probes used for ChIRP are shown along their binding regions of the ncRNA structure.
Odd probe (O) set is colored in purple and even probe (E) set is colored in brown. Base coloring
in the structure indicates probability of pairing. (B) Percentage of RNA retrieval in ChIRP com-
pared to input samples for di�erent crosslinking conditions using odd (O), even (E) and scram-
bled (Scr) sets of probes. Transcript levels were assessed by RT-qPCR and fructose-bisphosphate
aldolase (FBA, PF3D7_1444800) levels were used as negative control. FA, formaldehyde; GA,
glutaraldehyde; PFA, paraformaldehyde.
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Identi�cation of RUF6-binding proteins by ChIRP-MS

We performed ChIRP followed by MS at 18 hpi to identify proteins that interact with RUF6 in
vivo. We used odd, even and scrambled sets of probes, with an additional control sample that
underwent RNAse A treatment in order to discard further non RUF6-speci�c interactions
(Fig. 3A). Using this method, we obtained sixfold increase of the number of unique peptides
compared to the in vitro pulldowns: 977 compared to 177.

We did 4 experimental replicates and performed statistical analysis for enrichment in
samples with odd and even probes compared to those with scrambled probes and RNAse
A treatment. In order to restrict the list of candidate proteins, we excluded those appear-
ing in only one or two replicates and those presenting with high enrichment compared to
only one of the two controls. Finally, we obtained a list of 13 candidates and we selected
6 to begin with the further validation according to their RNA-binding properties (Fig. 3B,
Table 1). We selected uncharacterized putative RNA-binding proteins, a conserved protein
of unknown function and transcription and chromatin associated proteins such a subunit
of RNA polymerase II (Pol II) and an helicase. Validation for these 6 candidates is currently
ongoing.
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Figure 3. RUF6 ChIRP-MS. (A) Percentage of RNA retrieval in ChIRP-MS compared to input
samples using odd (O), even (E) and scrambled (Scr) sets of probes, and in RNase A treated
sample. Transcript levels were assessed by RT-qPCR and fructose-bisphosphate aldolase (FBA,
PF3D7_1444800) levels were used as negative control. Only one out of four replicates is shown
as an example. (B) Volcano plot of enrichment for all replicates in samples with even probes
(E) compared to those with scrambled probes (Scr). Highlighted protein IDs belong to the �nal
candidate list (see Table 2).

124



PART 2. RESULTS

Table 2. Putative RUF6 interacting candidates identi�ed by ChIRP-MS. Protein can-
didates from ChIRP identi�ed by LC-MS/MS with at least three peptides in two independent
replicates and enriched over the control. Highlighted proteins are currently being functionally
validated. Number of peptides for samples with odd (O), even (E) and scrambled (Scr) sets of
probes and RNase A treated sample (R) are shown for the 4 replicates.

Protein ID Annotation MW
(kDa)
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PF3D7_1237700 conserved protein, un-
known function

23.7 3 - - - 5 - - - - - 3 - 5 4 4 -

PF3D7_1468700 eukaryotic initiation fac-
tor 4A

45.3 - - 3 - 7 - - - - - 3 - 12 4 - -

PF3D7_1002400 transformer-2 protein
homolog beta, puta-
tive

30.1 - - 4 - 5 - - - - - - - 7 5 6 -

PF3D7_1002400 transformer-2 protein
homolog beta, puta-
tive

29.8 - - 4 - 4 - - - - - - - 6 5 5 -

PF3D7_1202900 high mobility group pro-
tein B1

11.3 - - 3 - 4 - - - - - - - 7 3 4 -

PF3D7_1110400 RNA-binding protein,
putative

173.9 - - - - 13 - - - - - - - 21 4 6 3

PF3D7_1423700 conserved Plasmod-
ium protein, unknown
function

183.6 - - - - 6 - - - - - - - 7 3 3 -

PF3D7_0605100 RNA-binding protein,
putative

85.6 - - - - 4 - - - - - - - 3 3 3 -

PF3D7_1445900 ATP-dependent
RNA helicase DDX5,
putative

60 - - - - - - - - - - - - 5 4 - 4

PF3D7_0318200 DNA-directed RNA
polymerase II subunit
RPB1

278.7 - - - - - - - - - - - - 5 - 3 3

PF3D7_1023900 chromodomain-helicase-
DNA-binding protein 1
homolog, putative

381.3 - - - - - - - - - - - - 3 - 3 -

PF3D7_1459000 ATP-dependent RNA he-
licase DBP5

84,3 - - - - - - - - - - - - 4 - - 5
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DISCUSSION

Despite the association of ncRNA with malaria parasite virulence and pathogenesis, the
biology of ncRNAs remains largely unexplored in P. falciparum. For this reason, we estab-
lished �rst a robust ChIRP protocol, to explore the interactome of ncRNAs of this parasite in
their natural chromatin context. Once validated, this new tool was used to identify the pro-
tein interactome of RUF6, a ncRNA reported to be involved in activation of the var virulence
gene family (9, 10). The lack of var mRNA retrieved with ChIRP, suggests the mechanism of
action of RUF6 may not involve direct interaction with var transcripts during transcription
(data not shown).

We used four biological replicates with a parallel RNAse treatment control to identify
protein candidates that either bind directly or are associated with RUF6. Our ChIRP-MS
allowed for the identi�cation of potential interaction proteins. Those hits were compared
with RUF6 pulldowns obtained from nuclear extracts. Both techniques revealed strikingly
di�erent candidates, demonstrating that the “native” ChIRP method may detect interactions
that cannot be reconstituted once the nucleus is disrupted. We decided to give priority to
candidates obtained by the ChIRP method. Among those candidates are genes that en-
code proteins implicated in gene transcription and candidates with unknown function. We
hypothesize that some proteins bind speci�cally to RUF6 and others form complexes via
protein-protein interactions. Interestingly, RUF6 genes are predicted to be transcribed by
RNA Pol III but one of the candidates is a subunit of RNA Pol II, which transcribes var genes.
In fact, it has recently been reported that SINEs transcribed by Pol III can act as enhancers
of Pol II genes in neurons (22). Further validation will con�rm whether RUF6 could play a
similar role in activation of var genes. We are currently analyzing these candidate proteins
to gain insight in the underlying molecular mechanism of RUF6-dependent activation of
clonally variant virulence gene families. Several key questions linked to the expression of
var genes, such as mutually exclusive expression and switching remain elusive and explor-
ing the function of this ncRNA may open avenues to understand these important processes
in malaria biology.

METHODS

Parasite culture and synchronization

Blood stage P. falciparum parasites were cultured as previously described (11).
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Parasites were synchronized with a 6 h time window by sorbitol lysis during ring stage,
followed by plasmagel enrichment in schizont stage and another sorbitol treatment 6 h after
corresponding to 3±3 hpi. Synchronized parasites were harvested a 3.3% haematocrit and
∼2-4% parasitemia. Parasite development was monitored by Giemsa staining.

Chromatin isolation by RNA puri�cation (ChIRP)

ChIRP was performed as previously described (18, 20) with the following modi�cations.
8x108 parasites were harvested and subjected to saponin lysis prior to 1% glutaraldehyde
crosslinking or after 1% or 2% formaldehyde or 1% paraformaldehyde crosslinking. An extra
lysis step was performed prior to sonication with lysis bu�er containing 1% NP40. DNA
sonication for di�erent times at 4°C (30 s on/o� intervals, high power) with a Bioruptor
(Diagenode) was assessed on an agarose gel. Optimal sonication times varied depending on
the crosslinking conditions: 12 min for 1% formaldehyde or paraformaldehyde, 17 min for
2% formaldehyde, 30 min for glutaraldehyde and 22 min for 3% formaldehyde.

ChIRP-MS was performed as previously described (21) with the following modi�cations.
4x1010 parasites were harvested and lysed with saponin prior to 3% formaldehyde crosslink-
ing. After �nal wash bu�er washes, �ve additional washes with 500 mM NaCl followed by
another �ve washes with 25 mM NH4HCO3 bu�er (ABC) were performed. Bound proteins
were analyzed by SDS-PAGE followed by silver stain prior to mass spectrometry.

Mass spectrometry analysis

On-beads digestion was performed for one hour with 0.6 µg of trypsine/LysC (Promega).
Samples were then loaded onto home-made C18 StageTips for desalting. Peptides were
eluted using 40/60 MeCN/H2O + 0.1% formic acid and vacuum concentrated to dryness.

The online chromatography was performed with an RSLCnano system (Ultimate 3000,
Thermo Scienti�c) coupled online to a Q Exactive HF-X with a Nanospay Flex ion source
(Thermo Scienti�c). Peptides were �rst trapped on a C18 column (75 µm inner diameter × 2
cm; nanoViper Acclaim PepMapTM 100, Thermo Scienti�c) with bu�er A (2/98 MeCN/H2O
in 0.1% formic acid) at a �ow rate of 2.5 µL/min over four minutes. Separation was then
performed on a 50 cm x 75 µm C18 column (nanoViper Acclaim PepMapTM RSLC, 2 µm, 10
nm, Thermo Scienti�c) regulated to a temperature of 50°C with a linear gradient of 2% to
30% bu�er B (100% MeCN in 0.1% formic acid) at a �ow rate of 300 nL/min over 91 min.
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MS full scans were performed in the ultrahigh-�eld Orbitrap mass analyzer in ranges m/z
375–1,500 with a resolution of 120,000 at m/z 200. The top 20 intense ions were subjected to
Orbitrap for further fragmentation via high energy collision dissociation (HCD) activation
and a resolution of 15,000 with the intensity threshold kept at 1.3 × 105. Ions with charge
state from 2+ to 6+ were selected for screening. Normalized collision energy (NCE) was set
at 27 with a dynamic exclusion of 40s.

For identi�cation, the data were searched against the P. falciparum FASTA database us-
ing Sequest HF through proteome discoverer (version 2.2). Enzyme speci�city was set to
trypsin and a maximum of two-missed cleavage sites were allowed. Oxidized methionine
and N-terminal acetylation were set as variable modi�cations. Maximum allowed mass de-
viation was set to 10 ppm for monoisotopic precursor ions and 0.02 Da for MS/MS peaks.
The resulting �les were further processed using myProMS (version 3.6) (24). FDR calcu-
lation used Percolator and was set to 1% at the peptide level for the whole study. The
label free quanti�cation was performed by peptide Extracted Ion Chromatograms (XICs)
computed with MassChroQ version 2.2 (25). For protein quanti�cation, XICs from pro-
teotypic peptides shared between compared conditions (TopN matching) with two-missed
cleavages were used. Median and scale normalization was applied on the total signal to cor-
rect the XICs for each biological replicate (n4̄). To estimate the signi�cance of the change
in protein abundance, a linear model (adjusted on peptides and biological replicates) was
performed and P values were adjusted with a Benjamini–Hochberg FDR procedure with a
control threshold set to 0.05. Proteins with at least 1.5 fold enrichment, P value < 0.05, and at
least three total peptides in all replicates were considered signi�cantly enriched in sample
comparisons.

RNA isolation and reverse transcription quantitative PCR (RT-qPCR)

Reverse transcription from ChIRP eluted RNA was achieved using SuperScript VILO (Thermo
Fisher Scienti�c) and random hexamer primers. cDNA levels were quanti�ed by quantita-
tive PCR in the CFX384 real time PCR detection system (BioRad) using Power SYBR Green
PCR Master Mix (Applied Biosystems) and primers from a previous study (9). Starting quan-
tity means of three replicates were extrapolated from a standard curve of serial dilutions of
genomic DNA. RUF6 and housekeeping fructose-bisphosphate aldolase (PF3D7_1444800)
transcript levels were compared in ChIRP and input samples.
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Nuclear extract preparation

Asynchronous parasite cultures were lysed in 0.15% saponin in PBS followed by three washes
in PBS. Parasites were resuspended in cold low salt lysis bu�er (20 mM Tris-HCl, 10 mM
NaCl, 1.5 mM MgCl2, 2 mM DTT, 1% Triton and protease inhibitors) and incubated for 1
h at 4°C under rotation. Nuclei were pelleted at 17000 g for 20 min at 4°C and the super-
natant corresponding to the cytoplasmic fraction was removed and stored at -80°C. Nuclei
was extracted with high salt lysis bu�er (20 mM Tris-HCl, 600 mM NaCl, 1.5 mM MgCl2, 2
mM DTT, 1% Triton and protease inhibitors) for 30min at 4°C under rotation. After short
vortexing, the sample was sonicated for 3 min (30 s on/o� intervals, high power) at 4°C
with a Bioruptor (Diagenode). Cell debris was pelleted by at 17000 g for 15 min at 4°C. The
supernatant containing the nuclear fraction was stored at -80°C.

RNA electrophoretic mobility shift assay

Probe sequences for RUF6 (PF3D7_1241000) and its antisense were ampli�ed with primers
containing the SP6 promoter sequence. In vitro transcription was performed on 0.2 µg of
the PCR products with the MAXIscript T7/SP6 Kit (Ambion) using the SP6 enzyme mix.
RNAs were checked for size on a denaturing urea polyacrylamide gel and biotin was in-
corporated on the 3’ end of the RNA fragments using the Pierce RNA 3’ End Biotinylation
Kit (Thermo Fisher Scienti�c). Alternatively, synthesized 5’ biotinylated RNA probes were
also used. RNA electrophoretic mobility shift assays (RNA EMSA) were performed based
on LightShift Chemiluminiscent RNA EMSA Instructions (Thermo Fisher Scienti�c). RNAs
were relaxed and refolded by incubation to 64°C and gradual cooling to 4°C prior to bind-
ing. 20 µL of binding reaction containing 5 µg of nuclear extract, 2 µg of tRNA, 10, 20 or 40
fmol of biotinylated probe and when indicated 8 pmol of unlabelled probe were incubated
in REMSA bu�er (10mM HEPES, 20mM KCl, 1mM MgCl2, 1 mM DTT) with RNAsin Ri-
bonuclease Inhibitor (Promega) at room temperature for 25min. After electrophoresis on a
native polyacrylamide TBE gel, transferred RNA was cross-linked to the nylon membrane at
120mJ/cm2. Detection of biotin-labelled RNA was performed using the Chemiluminiscent
Nucleic Acid Detection Module (Thermo Fisher Scienti�c) and imaged with the ChemiDoc
XRS+ system (Bio-Rad).
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A�nity puri�cation of RNA binding proteins

RNA-binding proteins were puri�ed by streptavidin-biotin a�nity. Nuclear extract corre-
sponding to 4x109 parasites was concentrated and subsequently precleared with Dynabeads
MyOne Streptavidin T1 (Thermo Fisher Scienti�c) for 30min at 4°C. Same RNA probes used
for EMSAs were relaxed and refolded by incubation to 64°C and gradual cooling to 4°C
prior to binding. RNA pulldown was performed based on a recently published protocol (26).
Precleared nuclear extract was diluted in binding and wash bu�er (20 mM Tris-HCl, 300
mM NaCl, 5 mM MgCl2, 2 mM DTT, 2 mM ribonucleoside vanadyl complex and protease
inhibitors) containing RNAsin Ribonuclease Inhibitor (Promega) and tRNA as unspeci�c
competitor. After addition of 500 pmol of 5’ biotinylated RNA (GC-rich ncRNA or control)
the binding reaction was incubated for 1 h at 4°C under rotation. To isolate RNA-protein
complexes, Dynabeads MyOne Streptavidin T1 (Thermo Fisher Scienti�c) were added to the
binding reaction before further incubation of 1 h at 4°C under rotation. Bead-RNA-protein
complexes were immobilized on a magnetic rack and washed 5 times with binding and wash
bu�er containing RNAsin Ribonuclease Inhibitor (Promega), changing the tube every two
washes, and once with elution bu�er (20 mM Tris-HCl, 30 mM NaCl, 5 mM MgCl2, 2 mM
DTT). Proteins were eluted after 15 min at 4°C incubation with 100 µL of elution bu�er con-
taining 3µg of RNase A. A 10 µL aliquot was used for SDS-PAGE followed by silver staining
and the remaining 90 µL of the �nal samples were processed for mass spectrometry analysis.
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Table S1. Putative RUF6 interacting candidates identi�ed in vitro. Protein candidates
from in vitro protein a�nity puri�cation identi�ed by LC-MS/MS with at least two peptides in
two independent experiments and enriched over the control. Number of peptides is shown.

Protein ID Annotation MW
(kDa)

RUF6
(exp1)

Control
(exp1)

RUF6
(exp2)

Control
(exp1)

PF3D7_0818900 Heat shock protein 70 73.9 14 6 3 2
PF3D7_1011800 PRE-binding protein 131.6 6 - 10 -
PF3D7_1357000 Elongation factor 1-alpha 49.0 7 3 7 -
PF3D7_0818200 14-3-3 protein 30.2 6 5 7 -
PF3D7_0500800 Mature parasite-infected erythro-

cyte surface antigen
168.3 9 3 2 -

PF3D7_1006200 DNA/RNA-binding protein Alba 3 12.0 2 2 7 4
PF3D7_0617200 conserved Plasmodium protein,

unknown function
53.0 6 2 2 -

PF3D7_0202000 Knob-associated histidine-rich
protein

69.4 3 - 3 2

PF3D7_1410400 Rhoptry-associated protein 1 90.1 3 1 2 1
PF3D7_0929400 RhopH2 162.6 2 - 3 -
PF3D7_1471100 Exp-2 protein 33.0 2 - 2 -
PF3D7_0905400 RhopH3 104.9 2 - 2 -

Table S2. ChIRP probe sequences. Biotinylated (3’-TEG Biotin) DNA oligonucleotides used
for ChIRP.

Probe name Sequence
RUF6 1 (odd set) TACCTAACGACTGGGCTACTG
RUF6 2 (even set) TCGAACCAACGTTCTCACAAG
RUF6 3 (odd set) TGAAATTGTTGGCAAGCGGAG
RUF6 4 (even set) CTCCGGGTAACTCAGCAGCTC
Scrambled 1 GGCCTGTTATGTCGATTCGA
Scrambled 2 GGAACGACATAGTCTGAATG
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2.3.1 Insight on the RUF6 interactome by ChIRP

The highlights of this section are:
- Development of ChIRP-seq method for studying ncRNA interaction with the genome

in P. falciparum.

The results of this section are supplementary ChIRP results not included in the previ-
ous draft and presented as preliminary data under the title "Insight on the DNA and RNA
interaction partners of a GC-rich ncRNA family in P. falciparum". My contribution to this
work included: conceptualization, experimental design, performing ChIRP, analyzing the
data and writing.

136



PART 2. RESULTS

Insight on theDNAandRNA interactionpartners of aGC-richncRNA
family in P. falciparum

Anna Barcons-Simon1,2,3,4, and Artur Scherf1,2,3,#

1Unité de Biologie des Interactions Hôte-Parasite, Institut Pasteur, Paris, 75724, France
2INSERM U1201, F-75724 Paris, France
3CNRS ERL9195, F-75724 Paris, France
4Sorbonne Université, Ecole doctorale Complexité du Vivant ED515, F-75005 Paris, France
#Correspondence: artur.scherf@pasteur.fr

Preliminary data

INTRODUCTION

The mechanisms by which ncRNAs mediate chromatin regulation are very diverse still of-
ten involve targeting to a speci�c genomic locus. These interactions can be either directly
with the DNA sequence, through canonical Watson-Crick base pairing or non-canonical
complexes such as triple helices, or mediated by proteins or nascent transcripts (1). In the
human malaria parasite Plasmodium falciparum, the role of a the GC-rich ncRNA family
in mutually exclusive activation of the var virulence genes has been inferred from descrip-
tive observations and indirect e�ects of ncRNA perturbation (2, 3). However, the molecular
mechanism of action of this ncRNA, annotated as RNA of unknown function 6 (RUF6), re-
mains unknown. Here, we developed ChIRP-seq (4), to study the potential interactions of
this ncRNA with the parasite genome with the aim of gaining insight into RUF6 mode of
action. Genome-wide analysis revealed RUF6 enrichment in several var loci but also in
many other genes, and no clear distinct interaction was observed speci�cally for the ac-
tive var gene. Additionally, ChIRP-RNA-seq was performed in order to investigate whether
RUF6 might interact with mRNA or other ncRNAs but no RNA interaction partners could
be identi�ed.
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2.3. MECHANISTIC INSIGHT ON THE GC-RICH NCRNA

RESULTS

Optimization of ChIRP-seq for RUF6 in P. falciparum blood stages

In order to elucidate the interactions of RUF6 with the genome, we used ChIRP on the WT
3D7 clone B6 which expresses the RUF6 gene PF3D7_0412800 and the adjacent var gene
PF3D7_0412700 (3). We performed the experiments in parallel for synchronized parasites
at 14 hours post invasion (hpi) and 24 hpi, timepoints with var and RUF6 transcriptional
peaks respectively. We used two sets of antisense probes (odd and even) hybridizing the
active ncRNA and negative control scrambled probes, as described in the previous sec-
tion. Additionally, we used sense probes as a second negative control (Table S1). For all
the tested crosslinking conditions described in the previous section, 1% formaldehyde gave
the highest retrieval (50-80%) but has been suggested suboptimal for RNA crosslinking (5).
Thus, we tested both 1% formaldehyde and 1% glutaraldehyde, which gave the second high-
est retrieval (25-40%), for performing ChIRP-seq. DNA eluted from ChIRP was sequenced
and similar enrichment over input pro�les were observed in samples crosslinked with 1%
formaldehyde and 1% glutaraldehyde. Speci�c peaks in samples with the odd and even
probe sets not present in the scrambled control sample were similar with both crosslinking
conditions. However, samples crosslinked with 1% glutaraldehyde displayed signi�cantly
less background of unspeci�c enrichment also observed in the control (Fig. S1). Thus, 1%
glutaraldehyde crosslinked samples have been used for the analysis.

Study of RUF6 genome interactions by ChIRP-seq

Sequencing analysis of the DNA eluted by ChIRP showed speci�c enrichment in all 15 RUF6
loci not present in the scrambled control but observed at lower levels with sense probes that
do not retrieve the ncRNA (Fig. 1A and Fig. 1C). The high sequence similarity amongst all
RUF6 members (>90%) is likely to cause the probes designed for the predominantly tran-
scribed ncRNA (Fig. 1A and Fig. 1B) to bind transcripts from all members, and additionally
to also bind all RUF6 loci independently of the transcript, since enrichment is also observed
when using sense probes (Fig. 1C).

ChIRP on chromatin harvested at 12 and 24 hpi showed similar results but levels were
much higher at 24 hpi, so we proceeded with the analyses at this time point. Genome-wide
analysis of fold enrichment detected 3405 genes with peaks in the even probes sample, 2257
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Figure 1. ChIRP-seq of GC-rich RUF6. (A) Percentage of RNA retrieval in ChIRP compared
to input samples using odd (O), even (E), scrambled (Scr), sense odd (Se_O) and sense even (Se_E)
sets of probes. Transcript levels were assessed by RT-qPCR and fructose-bisphosphate aldolase
(FBA, PF3D7_1444800) levels were used as negative control. (B) Transcriptional pro�le of var
genes and RUF6 at 12 hpi in 3D7 B6 clone assessed by RNA-seq with predominant transcription
of the RUF6 (PF3D7_0412800) adjacent to the active var locus (PF3D7_0412700). (C) IGV tracks
for RUF6 ChIRP-seq of 3D7 B6 clone at 24 hpi. Fold enrichment compared to input is shown for
samples pulled with odd (O), even (E), sense (Se) and scrambled (Scr) probes. Two regions with
RUF6 genes in chromosomes 4 and 7 are shown. Upper tracks contain the active var and active
RUF6 genes (in bold). Lower tracks contain RUF6 member with second highest transcriptional
levels (PF3D7_0711800) that is located upstream of a var gene. RUF6 genes are labeled.
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2.3. MECHANISTIC INSIGHT ON THE GC-RICH NCRNA

in the odd probes sample and 1916 in the scrambled probes sample with FDR < 0.05. 482
genes had signi�cant enrichment only in the odd and even probes samples but not in the
control sample with scrambled probes. Amongst those, the ones with highest peak score
were all members of the RUF6 family. This list contains 5 var genes, 2 of which present
the highest scores after RUF6 loci, but not the active member for the studied clone. Gene
ontology analysis for molecular function of the genes with signi�cant RUF6 enrichment,
other than their own loci, revealed that many of them code for proteins with transferase
activity or cation binding properties (Fig. 2). Analysis of the gene ontology enrichment for
biological process revealed that many are involved in carbon �xation, mRNA catabolism,
cellular communication, cellular response to stimulus and actin �laments regulation (Fig.
S2). In-depth analysis of the genes with the strongest RUF6 enrichment peaks is currently
ongoing.

Figure 2. ChIRP-seq gene ontology enrichment. Tree map created with Revigo (re-
vigo.irb.hr) for gene ontology terms related to molecular function of genes with ChIRP-seq peaks
in samples with odd and even probes but not in control with scrambled probes.

Interestingly, the exon 1 of the active var gene (PF3D7_0412700), located adjacent to
the predominantly transcribed RUF6 gene (PF3D7_0412800), showed speci�c enrichment
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PART 2. RESULTS

with the odd probes set but not with the controls or even sets of probes (Fig. 1C). We
infer that the sample with the even probe set did not display such enrichment due to lower
total sequencing depth, or alternatively, because the even probes targeted regions required
for such interaction. Furthermore, the silent var gene adjacent to the RUF6 gene that has
the second highest transcriptional levels (PF3D7_0711800) (Fig. 1B), also displayed similar
enrichment in exon 1, suggesting that transcripts from ncRNAs adjacent and upstream of a
var gene could interact with that gene (Fig. 1B). Notwithstanding, it would be required to
reproduce the data in another WT clone that has di�erent active var and RUF6 genes and
also test whether the same interaction can be observed when using the even set of probes
in another experiment.

Analysis of ChIRP eluted RNA

Since ChIRP-seq results did not give a clear clue to a regulatory mechanism for mutually
exclusive var gene activation, we analyzed the ChIRP eluted RNA to elucidate whether RUF6
could interact with var transcripts and participate in the regulation of nascent transcription
or mRNA stability.
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Figure 3. ChIRP-RNA-seq of GC-rich RUF6. IGV tracks for RUF6 ChIRP-RNA-seq of 3D7
B6 24 hpi chromatin. Fold enrichment compared to input is shown for samples pulled with
odd (O), even (E), and scrambled (Scr) probes. Regions with RUF6 genes in chromosomes 4 and
7 are shown. RUF6 genes are labeled. Targeted active RUF6 (PF3D7_0412800) and active var
(PF3D7_0412700) genes are highlighted (in bold).
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2.3. MECHANISTIC INSIGHT ON THE GC-RICH NCRNA

Sequencing of ChIRP eluted RNA, treated with DNase I, pulled the targeted RUF6 but
also most other members of the highly homologous ncRNA family (Fig. 3), as expected from
the ChIRP-seq results (Fig. 1C). No other signi�cant enriched RNA was observed suggesting
albeit the probes are not speci�c only for predominantly transcribed RUF6, there is no o�-
target e�ect and no RNAs other than RUF6 are nonspeci�cally pulled.

DISCUSSION

The role of ncRNAs remains largely unexplored in P. falciparum, here we optimized the
ChIRP-seq protocol for this parasite, which is an important tool for their study. We analyzed
the interactome of RUF6, a ncRNA reported to be involved in activation of the var virulence
gene family (2, 3). The lack of var mRNA retrieved with ChIRP eluted RNA, suggests the
mechanism of action of RUF6 does not involve interaction with var transcripts during tran-
scription or post-transcriptionally. We could not �nd a clear association of RUF6 with the
active var gene reproducible using di�erent sets of probes. Despite detecting high enrich-
ment in several var genes using both sets of probes, we could only detect interaction with
the active one using one set of probes. Additionally, RUF6 enrichment was not speci�c for
var genes and was present in many other genes with diverse functions. It is possible that
these ncRNAs mark var genes with the potential of being expressed or switched to, while
also regulating other genes.

We hypothesize that RUF6 might require protein partners in order to perform its func-
tion which could mediate the interactions with the genome or var transcripts and thus pose
a limitation for using ChIP-seq to detect them.

METHODS

Parasite culture and synchronization

Blood stage P. falciparum parasites were cultured as previously described (11). Parasites
were synchronized with a 6 h time window by sorbitol lysis during ring stage, followed
by plasmagel enrichment in schizont stage and another sorbitol treatment 6 h after corre-
sponding to 3±3 hpi. Synchronized parasites were harvested a 3.3% haematocrit and ∼2-4%
parasitemia. Parasite development was monitored by Giemsa staining.
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Chromatin iisolation by RNA puri�cation and next generation sequencing

ChIRP was performed as previously described (18, 20) with the following modi�cations.
8x108 parasites were harvested and subjected to saponin lysis prior to 1% glutaraldehyde
crosslinking or after 1% or 2% formaldehyde or 1% paraformaldehyde crosslinking. An extra
lysis step was performed prior to sonication with lysis bu�er containing 1% NP40. DNA
sonication for di�erent times at 4°C (30 s on/o� intervals, high power) with a Bioruptor
(Diagenode) was assessed on an agarose gel. Optimal sonication times varied depending on
the crosslinking conditions: 12 min for 1% formaldehyde or paraformaldehyde, 17 min for
2% formaldehyde, 30 min for glutaraldehyde and 22 min for 3% formaldehyde.

RNA isolation and reverse transcription quantitative PCR (RT-qPCR)

Reverse transcription from ChIRP eluted RNA was achieved using SuperScript VILO (Thermo
Fisher Scienti�c) and random hexamer primers. cDNA levels were quanti�ed by quantita-
tive PCR in the CFX384 real time PCR detection system (BioRad) using Power SYBR Green
PCR Master Mix (Applied Biosystems) and primers from a previous study (9). Starting quan-
tity means of three replicates were extrapolated from a standard curve of serial dilutions of
genomic DNA. RUF6 and housekeeping fructose-bisphosphate aldolase (PF3D7_1444800)
transcript levels were compared in ChIRP and input samples.

ChIRP-DNA and ChIRP-RNA library preparation and sequencing

Sequencing libraries were produced with the ChIRP eluted DNA using the MicroPlex Library
Preparation Kit v2 (Diagenode) with the KAPA HiFi polymerase (Kapa Biosystems) for the
PCR ampli�cation. For each ChIRP sample a control DNA corresponding to the ChIRP input
was processed in parallel.

RNA eluted from ChIRP was subjected strand-speci�c RNA-seq library preparation us-
ing the TruSeq Stranded RNA LT Kit (Illumina) with the KAPA HiFi polymerase (Kapa
Biosystems) for the PCR ampli�cation. For each ChIRP sample a control RNA corresponding
to the ChIRP input was processed in parallel.

Multiplexed libraries were subjected to 150 bp paired-end sequencing on a NextSeq 500
(Illumina). Fastq �les were obtained by demultiplexing the data using bcl2fastq (Illumina)
prior to downstream analysis. A minimum of two biological replicates were analysed for
each time point.
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ChIRP-seq and ChIRP-RNA-seq data analysis

Fastq �les were subjected to quality control using the FastQC software (7). Sequencing
reads were mapped to the P. falciparum genome (8) (PlasmoDB, v.9) using Burrows-Wheeler
Alignment tool (BWA-MEM) with default settings (9). PCR duplicates were removed with-
out further quality score �ltering since 4 GC-rich ncRNA fall in low mappability regions.
ChIRP-seq data were normalized over input and fold enrichment calculation and peak call-
ing was performed using the MACS2 (10) software with default parameters and a false dis-
covery rate (FDR) cuto� of 0.05. Data were visualized using Integrative Genomics Viewer
(11).
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Table S1. ChIRP probe sequences. Biotinylated (3’-TEG Biotin) DNA oligonucleotides used
for ChIRP.

Probe name Sequence
RUF6 1 (odd set) TACCTAACGACTGGGCTACTG
RUF6 2 (even set) TCGAACCAACGTTCTCACAAG
RUF6 3 (odd set) TGAAATTGTTGGCAAGCGGAG
RUF6 4 (even set) CTCCGGGTAACTCAGCAGCTC
Scrambled 1 GGCCTGTTATGTCGATTCGA
Scrambled 2 GGAACGACATAGTCTGAATG
Sense RUF6 1 AAGCTGCCYCAGTAGCCCAG
Sense RUF6 2 TBGTTAGGTAKGTARCYTTT
Sense RUF6 3 CCTTGTGAGAACGTTGGTTC
Sense RUF6 4 CCGCKTGCCRACAATTTCMT
Sense RUF6 5 GAAAAGTTGCARAYCGAGCT
Sense RUF6 6 CYCGGAGGGGGGYGGCGCAA
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Figure S1. Formaldehyde produces more brackground than glutaraldehyde crosslink-
ing. IGV tracks for RUF6 ChIRP-seq of 3D7 B6 24 hpi chromatin crosslinked with 1% formalde-
hyde (FA) and 1% glutaraldehyde (GA). Fold enrichment compared to input is shown for samples
pulled with odd (O), even (E) and scrambled (S) probes. An example region of chromosome 12
containing several RUF6 genes is shown.
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Figure S2. ChIRP-seq gene ontology enrichment. Tree map created with Revigo (re-
vigo.irb.hr) for gene ontology terms related to biological process of genes with ChIRP-seq peaks
in samples with odd and even probes but not in control with scrambled probes.
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2.4 Caracterization of the GC-rich DNA element

The highlights of this section are:
- GC-rich ncRNA is transcribed by RNA Pol III.
- Development of Capture-C technology in P. falciparum to study genome organization.
- The GC-rich DNA elements cluster and present long-range chromosomal interactions.

The results of this section are preliminary data summarized in a draft under the title
"High resolution Capture-C analysis reveals long-range interactions between dispersed Pol
III transcribed GC-rich ncRNA genes in P. falciparum". My contribution to this work in-
cluded: conceptualization, experimental design, performing Pol III inhibition assays and
Capture-C experiments, analyzing the data, and writing the manuscript.
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ABSTRACT

Singular expression of gene family members determines phenotypic outcomes at the single
cell level in a wide variety of organisms. In the human malaria parasite Plasmodium falci-
parum, the underlying mechanisms leading to mutually exclusive expression of the major
virulence gene family, encoded by the 60-member var gene family, is coordinated by mul-
tiple epigenetic layers involving silencing by perinuclear heterochromatin and active locus
repositioning. The singular activation process, however, remains vague. Recently, a GC-
rich ncRNA encoded by a gene family of 15 members, has been identi�ed as an activation
factor of var genes. Here, we show that this ncRNA is transcribed by RNA Pol III using
a Pol III speci�c inhibitor. Furthermore, we used the high resolution Capture-C technique
to demonstrate long-range interactions between the GC-rich gene members. Given their
location interspersed between var gene clusters, the GC-rich genes may contribute to their
spatial organization into foci at the nuclear periphery. Our work might establish a link be-
tween Pol III and nuclear organization of Pol II transcribed genes and the process of immune
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evasion and virulence of malaria parasites.

Keywords: RUF6, Plasmodium falciparum, Capture-C, oligonucleotide capture technology,
RNA polymerase III, ncRNA

INTRODUCTION

The protozoan parasite Plasmodium falciparum undergoes antigenic variation of surface
molecules in order to escape the immune system and survive within the host (1, 2). The
major player in immune evasion and antigenic variation are the PfEMP1 proteins, encoded
in a mutually exclusive manner by the var multigene family (3). Var genes are located in
subtelomeric regions and central chromosomal clusters (4) and their expression is controlled
by di�erent layers of epigenetic regulation (1). Silenced var genes are tethered together in
heterochromatic repressive clusters at the nuclear periphery and the single euchromatic ac-
tive var member relocates to a distinct perinuclear expression site (5–7). Recently, a GC-rich
ncRNA family, annotated as RNA of unknown function (RUF6), with location interspersed
between central var genes has been associated with var gene activation (8, 9). Interestingly,
these ncRNAs contain the canonical A- and B- boxes for recognition by the RNA polymerase
III (Pol III) machinery, while neighboring var genes are transcribed by RNA pol II. Anno-
tated putative RNA Pol III subunits in P. falciparum share 25-55% identity with the human
homologues and 30-53% identity with Saccharomyces cerevisiae homologues, while these
two model organisms share 30-70% identity between their subunits as compared by BLAST.

RNA Pol III-transcribed loci of class 2 contain A- and B-boxes in their sequences allow-
ing the direct binding of the RNA Pol III initiation factor TFIIIC and have been associated
with genome organization (10, 11). TFIIIC binding to class 2 genes such as tDNA and SINE
elements, which can occur independently of the RNA Pol III machinery assembly, has been
reported to mediate clustering at the nuclear periphery and have a role as heterochromatin
boundary in yeast, mice and human (12, 13). Additionally, TFIIIC binding to SINE genes
has been also reported to mediate their relocation to transcriptional factories in response to
external stimuli and thereby mediating the activation of nearby poised genes (14). Since nu-
clear organization is critical for mutually exclusive expression, we hypothesized that RUF6
loci could participate in the spatial organization of var genes and thus contribute to their
regulation. Here, we used high resolution Capture-C to study potential long-range genome
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interactions of RUF6 loci. This method combines chromosome conformation capture (3C),
oligonucleotide capture technology (OCT), and high-throughput sequencing, to analyze the
interactome of these genes with the rest of the genome. We show that RUF6 genes present
long-range interchromosomal interactions between them. Our data suggest a role of these
Pol III transcribed ncRNA genes in clustering of central var genes.

RESULTS

RUF6 belong to class 2 of RNA Pol III transcribed genes

We performed RNA Pol III inhibition assays with synchronized wild type parasites to test
whether RUF6 genes are transcribed by this polymerase as predicted by the A- and B- boxes
found in their sequences. We observed a similar downregulation in the levels of tRNA and
RUF6 transcripts after treatment with 50 µM of an RNA Pol III inhibitor (CAS 577784-91-
9, Calbiochem) for 20 hours, not observed in the transcript levels of control housekeeping
gene, ubiquitin-conjugating enzyme (PF3D7_0812600) transcribed by RNA Pol II (Fig. 1).
Our data strongly suggest that RUF6 genes are transcribed by RNA Pol III, corroborating
DNA sequence predictions.
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Figure 1. RNA polymerase III inhibition assay. Transcript levels as quanti�ed by RT-qPCR
in synchronized wild type parasites at 24 hpi for tRNA-Asp, tRNA-Val, RUF6 and housekeeping
control gene coding for ubiquitin-conjugating enzyme, in untreated cultures and in the presence
of RNA Pol III inhibitor and DMSO. Expression is normalized to fructose-bisphosphate aldolase
(PF3D7_1444800) transcript levels. Mean±SEM of two independent experiments are shown. Sta-
tistical signi�cance was determined by two-tailed Student’s t-test (*** p<0.001).
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Optimization of Capture-C for P. falciparum blood stages

In order to study whether RUF6 genes can be involved in 3D organization of the genome,
similarly to other RNA Pol III-transcribed genes in other systems (11–14), we adapted the
high resolution Capture-C method established recently (15, 16) to asexual P. falciparum
blood stage parasites (Fig. 2).

PCR  amplification

Formaldehyde fixation Nla III digestion Ligation

De-crosslinking and DNA extraction Sonication Addition of indexed 
sequencing adaptors

Hybridization with 
biotinilated oligos

Streptavidin beads 
purification

Second round of capture

RUF6

interaction?

Figure 2. Capture-C method overview. Schematics of Capture-C method for detecting chro-
mosomal interactions of RUF6 capture points.

We designed speci�c probes to target three di�erent RUF6 genes as “viewpoints” (Ta-
ble S1) to optimize the resolution with NlaIII digested 3C libraries. Since RUF6 genes se-
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quence similarity is extremely high (>90%) we targeted the most diverse regions outside
the gene body that would allow to di�erentiate the RUF6 genes used in this study. The
viewpoints of interest were the following RUF6 genes: PF3D7_1240800 (chromosome 12,
with a restriction fragment of 1142 bp), PF3D7_1241000 (chromosome 12, 972 bp fragment)
and PF3D7_0809000 (chromosome 8, 861 bp fragment). We used three di�erent WT clones,
NF54 A11, 3D7 D6 and 3D7 B6 (9). The �rst two clones, A11 and D6, presented predominant
transcription of one member of the RUF6 gene family used as viewpoint, PF3D7_1240800 (9).

We tested di�erent conditions of parasite lysis, crosslinking and sonication to optimize
the generation of 3C library preparation and determined that 2% formaldehyde crosslinking
prior to parasite lysis gave the highest DNA yields. We assessed the 3C library generation by
agarose gels (Fig. 3A) before proceeding with enrichment of capture points by hybridization
with biotinylated oligos. Enrichment of viewpoints in Capture-C compared to 3C libraries
was con�rmed by qPCR (Fig. 3B). All targeted regions presented a very signi�cant enrich-
ment after oligonucleotide capture (50- to 600-fold) and the retrieval of a control gene was
negligible.
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Figure 3. Capture-C for RUF6. (A) Examples of assessment of 3C library generation on a
1% agarose gel. The di�erent lanes correspond to puri�ed DNA before digestion, after NlaIII
digestion, after ligation and after sonication. (B) Fold enrichment of viewpoints in Capture-C
compared to 3C libraries as assessed by qPCR using the housekeeing gene fructose-bisphosphate
aldolase (PF3D7_1444800) as a non targeted control. Example enrichment for the 3D7 B6 clone
is shown.
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Capture-CofRUF6 viewpoints reveals long-range chromosomal interactions amongst
di�erent members of the gene family

High-throughput sequencing analysis of Capture-C libraries revealed a highly conserved
pro�le of intra and interchromosomal interactions for each viewpoint in the three indepen-
dent wild type clones used (Table S2), suggesting a high reproducibility of the method. As
expected for this technique, most enrichment of viewpoints concentrated in proximal re-
gions (Fig. 4) since sequences from capture points interact with the surrounding regions
of the genome in a distance-dependent manner (15, 16). Strikingly, the strongest inter-
chromosomal interactions observed for RUF6, corresponded to other members of the same
gene family (Fig. 4). This points to physical interactions of RUF6 genes and would suggest
that they could mediate central var clustering by zipper-like interchromosomal binding.
We did not observe RUF6 interaction di�erences between strains in which the viewpoint
was transcriptionally active or silent. Interestingly, the strongest intrachromosomal inter-
action observed outside a RUF6 viewpoint central cluster, corresponded to a gene coding for
an ApiAP2 transcription factor (PF3D7_0802100). In-depth analysis of obtained Capture-C
data and validation of the detected inter and intrachromosomal interactions by PCR on 3C
libraries are currently ongoing.

DISCUSSION

Transcription of the RUF6 ncRNA gene family has been associated with the active state of
var and other virulence gene families, by mechanisms that remain elusive. Here, we provide
evidence for a novel transcription-independent function of these elements based on long-
range DNA interactions.

Genome-wide 3C (Hi-C), has previously been used in this parasite (17, 18) to explore the
genome organization and predict regulatory regions. This method con�rmed clustering of
central and subtelomeric var genes by chromosomal looping established earlier using single
cell FISH analysis (7, 5). However, since these studies focused in all-vs-all loci interactions,
despite producing a comprehensive global picture of the parasite genome organization, they
lack the resolution required to study particular loci of interest. Thus, to analyze RUF6 inter-
actions we opted for the Capture-C method, which uses OCT to pull loci of interest from 3C
libraries combined with multiplexed high-throughput sequencing. The observed interplay
between dispersed RUF6 genes points to a role as spatial organizers of central var gene clus-
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Figure 4. RUF6 genes display long-range interactions among each other. Capture-C nor-
malized interactions displayed on IGV for the A11 and B6 wild type clones and the three RUF6
captured points (PF3D7_0809000, PF3D7_1240800 and PF3D7_1241000). Full view of chromo-
somes 7, 8 and 12 is shown.
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ters and could represent a novel layer of var gene regulation. We suggest that similarly to
telomeric sequences mediating clustering of subtelomeric var genes at the nuclear periph-
ery, RUF6 genes could play a comparable function and target central members to the nuclear
periphery. The A- and B-box binding protein TFIIIC may be the best candidate to promote
the long-range interactions similarly to what has been observed in other organisms (10–13).
FISH DNA analysis may reveal if episomes containing a RUF6 gene are able to target the
episome to the perinuclear var foci. Ongoing studies will explore TFIIIC binding to RUF6
genes.

It is tempting to hypothesize that TFIIIC binding independently of RNA Pol III transcrip-
tion could mediate the observed long-range interactions between di�erent members and by
these means facilitate heterochromatization and perinuclear clustering of central var loci, as
previously reported in other systems (12, 13). Interestingly, we observed derepression of a
var gene when knocking out the RUF6 member located immediately downstream (Guizetti,
unpublished data) supporting this hypothesis.

In summary, we show that the Capture-C method applied to P. falciparum is a new high
resolution and high throughput tool to study speci�c biological questions linked to parasite
virulence. This method applies to any gene or loci of interest such as var promoters and
represents a largely improved tool compared to the previously used Hi-C methods (17, 18).
It may help to uncover insulator, enhancer and other regulatory regions of gene expression
in P. falciparum.

METHODS

Parasite culture and synchronization

Blood stage P. falciparum parasites were cultured as previously described (5). Parasites were
synchronized with a 6h time window by sorbitol lysis during ring stage, followed by plas-
magel enrichment in schizont stage and another sorbitol treatment 6 h after corresponding
to 3±3 hpi. Synchronized parasites were harvested a 3.3% haematocrit and ∼2-4% para-
sitaemia. Parasite development was monitored by Giemsa staining.

Polymerase III inhibition assay

Parasites were treated with 50 µM of RNA Pol III inhibitor CAS 577784-91-9 (Calbiochem,
Merck) after sorbitol treatment at 3±3 hpi and RNA was harvested at 24 hpi in parallel with
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untreated and control samples. The control was treated with the same volume of DMSO
added to the inhibitor treated �asks of stock solution.

RNA isolation and reverse transcription quantitative PCR (RT-qPCR)

RNA was harvested from synchronized parasite cultures after saponin lysis in 0.075% saponin
in PBS followed by one wash in PBS and resuspension in Qiazol. Total RNA was extracted
using the miRNeasy mini kit and performing on-column DNase treatment (Qiagen). Re-
verse transcription was achieved using SuperScript VILO (Thermo Fisher Scienti�c) and
random hexamer primers. cDNA levels were quanti�ed by quantitative PCR in the CFX384
real time PCR detection system (BioRad) using Power SYBR Green PCR Master Mix (Ap-
plied Biosystems) and primers from a previous study (17). Transcript levels were quanti�ed
by normalizing the starting quantity mean to the one of a housekeeping gene (fructose-
bisphosphate aldolase, PF3D7_1444800). Starting quantity means of three replicates were
extrapolated from a standard curve of serial dilutions of genomic DNA.

Capture-C and sequencing

Capture-C was performed as previously described (15, 16, 19) with the following modi�ca-
tions. Synchronized parasite cultures at 14 and 24 hpi were crosslinked with 2% formalde-
hyde for 10 min at RT with shaking and subsequently quenched with 125 mM cold glycine.
Parasites were lysed by two rounds of 0.15% saponin/PBS treatment. 3C libraries were gen-
erated with digestion enzyme NlaIII, sonicated at 4°C for 3 min (30 s on/o� intervals, high
power) with Bioruptor (Diagenode) and assessed on an agarose gel. Sequencing adaptors
were added with the MicroPlex Library Preparation Kit v2 (Diagenode) with the KAPA HiFi
polymerase (Kapa Biosystems) for the PCR ampli�cation and resulting libraries were as-
sessed on a DNA High Sensitivity Bioanalyzer chip (Agilent Technologies). Enrichment by
oligonucleotide capture of RUF6 viewpoints was performed twice in order to increase the
fold enrichment of the Capture-C library over 3C library, as previously described (16, 19).
Final Capture-C libraries were assessed on a DNA High Sensitivity Bioanalyzer chip (Ag-
ilent Technologies). Multiplexed libraries were subjected to 150 bp paired-end sequencing
on a NextSeq 500 (Illumina). Fastq �les were obtained by demultiplexing the data using
bcl2fastq (Illumina) prior to downstream analysis.
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Capture-C data analysis

Fastq �les were subjected to quality control using the FastQC software (20). Sequencing
reads were mapped to the P. falciparum genome (4) (PlasmoDB, v.29) using Bowtie. PCR
duplicates were removed. The rest of the analysis was performed as described in the pipeline
of CapC-MAP (21). Data were visualized using Integrative Genomics Viewer (22).
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Table S1. Capture-C probe sequences. 5’ biotinylated oligonucleotides used for Capture-C.

Probe name Sequence
0809000_CapC_1 CC ATT GTA TGT ACA TAT ATA AAA TAT ATC ATA ATT GAA ATA TAA ATA TTT

TGA AAA TAA AAG TAC AAA TTT TAT ATT TAA ATT TAA TGA AAA AAA ATA
TAT GTT ATA TAT TTA TAT ATA TAT ATA TAT ATA TTC ATG

0809000_CapC_2 CA TGA ATT ATA GCA CAA ATG CAA TAT ATA TAT AAG TGT ATA TAA TTA TTA
TTA GTT ACG AAT CAG CAG AAC AAA ATT TTG AAA ATA ATA ATT TTG TCA
TAT GGA TAA ATA TAT AAT ATA ATA ATG TGT G

1240800_CapC_1 GC ACA TAA TAT ATA TAT ATA TAT ATA TAT TTA CCA CTG TAT GTA CAT ATA
TAA AAT ATA TCA TAA TTG AAA TAT AAA TAT TTT GAA TAT AAA AGT ACG
AAT TTT ATA TTT AAA TTT AAT GAA AAG AAA AAT ATA TGT TAT ATA TTT
ATA TAT ATA TAT ATA TAT ATT CAT G

1240800_CapC_2 CA TGT TAT ATG AAT ACT TTC CTT TTT TAT ATT TTA TTT TAA TTA TCA TTA
TTA ATA TTC TTC CTC TCA TCA TAA TAT AAT ATA ATA TAA TTA TTT GAT AAA
ATC AAT TCA TTT TGC TAA ATA CTG TCA AAC G

1241000_CapC_1 CA TAA AAG GGT AAA ATA TAT TTT TTT CTT TTT TTT TTT TGT ATG CAC GTT
TTT TCC ATT TTG AAT ATA TAA CTA TTT ATA TTC CAA AAA AGA ATA ACA
TAA TAT ATT TAT TTA TAG AAT ATA ATT TCA TG

1241000_CapC_2 CA TGA ATA TGC ATA TCA CAT TAT GTT GGA ACA TAA ATT ATA TAA ATA TAT
AAT TAT TTA ATA AAA GAA TTA AAA CAA AAA AAA AAA AAT ATA ATA GAC
ATA CAT AAT AAA TGA ATA AAC CAA TTA TC

Table S2. Summary of valid interactions for the di�erent RUF6 viewpoints used. Per-
centages of intra and interchromosomal interactions are shown for each wild type clone and
viewpoint used.

Clone ID of RUF6
viewpoint

Intrachrom.
interactions
(%)

Interchrom.
interactions
(%)

Total valid in-
teractions

NF 54 A11
0809000 31% 69% 2470
1240800 83% 17% 775
1241000 64% 36% 2549

3D7 D6
0809000 32% 68% 205
1240800 94% 6% 70
1241000 58% 42% 3650

3D7 B6
0809000 32% 68% 7147
1240800 79% 21% 1629
1241000 53% 47% 74010
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General discussion and outlook
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This third part of the thesis summarizes and contextualizes the main results presented.
It also aims to discuss the concepts that remain yet unclear and to serve as a basis for future
research perspectives.
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3.1. CHARACTERIZATION OF THE GC-RICH NCRNA

3.1 Characterization of the GC-rich ncRNA

Default heterochromatin silencing of var genes has been broadly studied and many factors
involved with it have been identi�ed. Notwithstanding, activation and switching of this
gene family and their mutually exclusive counting are subject of many open questions and
remain ambigous. Our study aimed to shed light to this topic with the hypothesis that a GC-
rich ncRNA family, annotated as RNA of unknown function 6 (RUF6), could be involved in
var gene activation and contribute to var switch rates. Importantly, as described in section
1.5.2.1, RUF6 gene loci are found interspersed between var genes of central chromosomal
clusters and their sequences are highly homologous [Gardner et al., 2002].

Central var without adjacent 5’ GC-rich ncRNA 

RUF6varvar

Central var with adjacent 5’ GC-rich ncRNA 

RUF6 varRUF6 var

Subtelomeric var (without adjacent GC-rich ncRNA) 

varvar

Figure 3.1: Scheme of GC-rich and var genes relative chromosomal location. There are
three di�erent situations for the chromosomal location of var genes relative to that of GC-rich
RUF6 genes. Only central var genes harbor GC-rich genes within their clusters and when they
are adjacent to the 5’ upstream sequence of an active var, that ncRNA presents the predominant
transcriptional levels.

We analyzed the steady state transcript levels of the 15 GC-rich ncRNA members. Our
data indicate a clonally variant expression mode with two di�erent pro�les according to
their chromosomal location relative to var genes (Fig. 3.1 and section 2.2). When a single
GC-rich gene is predominantly transcribed, it is always found adjacent to the 5’ region of
an active central var gene. Conversely, clonal populations with an active subtelomeric or
central var devoid of a GC-rich gene in this con�guration, show ncRNA transcription from
multiple loci at lower levels. We infer that high transcriptional levels of a given GC-rich
ncRNA could stabilize the expression site for its adjacent active var gene and thus reduce
the switch rate when compared to subtelomeric members. Indeed, it has previously been
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PART 3. GENERAL DISCUSSION AND OUTLOOK

reported that switch rates are linked to var chromosomal location and that central members
are less prone to switch than subtelomeric ones [Frank et al., 2007], concurring with this
hypothesis. Active transcription of the adjacent ncRNA could help open local chromatin
and enhance accessibility of the transcriptional machinery to the var gene. This rationale is
supported by a recent study reporting increased accessibility at GC-rich genes adjacent to
actively transcribed var and rif genes [Ruiz et al., 2018]. Our work may have identi�ed the
�rst molecular component associated to var gene switching and may be explored further to
study this mechanism that is key to antigenic variation in P. falciparum. For example, we
speculate that insertion of a GC-rich gene adjacent to a subtelomeric var might signi�cantly
reduce its switch rate.

3.2 GC-rich ncRNA is associated with var gene activa-

tion and expression site

Several studies have described perinuclear repositioning of the active var gene to a tran-
scriptionally permissive site [Ralph et al., 2005b,Freitas-Junior et al., 2005,Voss et al., 2006],
but neither the mechanism for this localization nor factors associated with it had previously
been described. We have identi�ed the �rst factor targeted in trans to the active var expres-
sion site of both central and subtelomeric var genes (section 2.1) [Guizetti et al., 2016], a
nuclear structure that remains elusive (Fig. 3.2). It has been previously suggested that a
limiting factor might allow the activation of a single var gene locus [Howitt et al., 2009]. In
fact, GC-rich ncRNA could potentially be such factor as episomal overexpression disrupts
var mutually exclusive expression at single cell level (section 2.1) [Guizetti et al., 2016].
Furthermore, we developed a CRISPRi approach targeting all 15 GC-rich members simulta-
neously and con�rmed their implication in var activation, as ncRNA down-regulation led
to var gene family repression (section 2.2). Additionally, another study has also suggested
that transcripts from this ncRNA are associated with var activation [Wei et al., 2015].

Moreover, it has been postulated that P. falciparum clonally variant gene families could
share a common activation factor because promoter titration of var, rif, stevor and Pfmc-2TM
genes results in down-regulation also of other families [Howitt et al., 2009]. It is notewor-
thy, that the GC-rich ncRNA family is conserved throughout all species from the Laverania
subgenus of Plasmodium, along with these clonally variant gene families coding for VSA
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3.2. GC-RICH NCRNA IS ASSOCIATED WITH VAR GENE ACTIVATION AND EXPRESSION SITE

          Telomere
          var gene
          GC-rich ncDNA locus
          GC-rich ncRNA

expression site

nuclear periphery

central cluster

subtelomeric cluster

Figure 3.2: Scheme of GC-rich ncRNA and var expression site colocalization in trans.
Var genes cluster at the nuclear periphery and the active member relocates to a transcriptionally
permissive site colocalizing with GC-rich ncRNA.

associated with virulence [Otto et al., 2018b]. Our work suggests that the GC-rich ncRNA
could be the postulated common activator factor since CRISPRi of the GC-rich ncRNA fam-
ily leads to transcriptional down-regulation also of these other clonally variant gene families
coding for surface antigens (section 2.2). Additionally, episomal overexpression of GC-rich
ncRNA also perturbs the transcriptional pro�le of var and stevor gene families in a similar
manner (Appendix A).

The work presented in this thesis strongly associates these ncRNAs with var activation
(sections 2.2 and 2.1) but we are just starting to have a glimpse into their mechanism of
action (section 2.3) which is the current focus of our work. In order to gain in-depth insight,
we developed a ChIRP protocol to identify chromatin interacting partners of RUF6. First,
we identi�ed proteins potentially associated with RUF6 in the chromatin context. Several
of the identi�ed candidates are involved in gene transcription, indicating that this ncRNA
might assemble these factors at the var expression site in order to promote transcription.
Further validation of these candidates is currently ongoing.

We also report interaction of actively transcribed GC-rich ncRNA with exon 1 of adja-
cent active var gene and some other members, including the one adjacent to the second pre-
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dominantly transcribed ncRNA, although these data need further validation as come from a
single clone and were detected with only one set of ChIRP probes. Additionally, we observe
interaction of this ncRNA with many other genes, including some other subtelomeric var
members. However, in the parasite population, albeit clonal, we can not distinguish what
is happening at single cell level. In fact, we aim to understand whether at single cell level
predominant transcription of GC-rich genes is in fact mutually exclusive (see Appendix C).
It is possible that transcription of these ncRNAs marks var genes with the potential of be-
ing transcribed but only the one with highest transcription is able to stabilize the active var
locus. Interestingly, both var and GC-rich genes are controlled at the level of nascent tran-
scription [Zhang et al., 2014], suggesting that albeit several genes can display transcription
initiation, a feedback loop could end up stabilizing a single locus.

Further studies should shed light in the molecular mechanisms involving these ncRNAs
and their association with the var expression site and activation. Validation of interacting
proteins could indicate whether they target chromatin modifying enzymes or TFs to the
active var locus. Alternatively, RUF6 could play a role as architectural RNAs (arcRNAs) and
thus serve as sca�olds for nuclear bodies [Chujo et al., 2016] associated to var gene control
or for the var expression site itself.

3.3 RUF6 genes as spatial organizers

Spatial organization of the genome plays a critical role in gene regulation, and in particu-
lar of mutually exclusive gene expression by separating silent from active loci [Yang and
Kuroda, 2007]. Indeed, nuclear organization of var genes seems to be a key layer of regu-
lation for their expression [Ralph et al., 2005b, Lopez-Rubio et al., 2007, Chookajorn et al.,
2007, Lopez-Rubio et al., 2009].

RUF6 genes contain the canonical A- and B-boxes for RNA Pol III recognition in their
sequence. Furthermore, we report a decrease of RUF6 transcription when using an RNA Pol
III inhibitor, similar to that of tRNA genes, suggesting transcription is indeed mediated by
this polymerase (section 2.4). Thus, we assume that RUF6 loci can harbor the RNA Pol III
initiation factor TFIIIC, which can also associate with chromatin to promote changes in the
nuclear organization independently of RNA Pol III assembly [Kirkland et al., 2013].

As reviewed in section 1.5.1.1, TFIIIC binding to genes transcribed by RNA Pol III is
associated with genome organization, clustering at the nuclear periphery and heterochro-
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matin boundary function. In particular, it is the case for RNA Pol III transcribed genes of
class 2, which are those containing A- and B-boxes in their sequences allowing the direct
binding of TFIIIC [Canella et al., 2010]. Insulation mediated by TFIIIC bound DNA elements
has been described in many eukaryotes so far, including yeast, mice and human and has
been reported to occur both by barrier activity and by enhancer-blocking activity in tran-
scription independent and dependent manners [Gdula et al., 1996,Noma et al., 2006,Lunyak
et al., 2007, Raab et al., 2012]. In fact, TFIIIC binding to SINE genes has been also reported
to mediate their relocation to transcriptional factories in response to external stimuli and
thereby mediating the activation of nearby poised genes [Crepaldi et al., 2013]. Despite
evidence for a relationship between GC-rich ncRNA transcription and the active state of
var genes, the question arises whether the RUF6 DNA sequence recruits TFIIIC to mediate
interactions with other loci, repositioning or insulation, similarly to tRNA or SINE genes in
other systems.

Interestingly, our 3D analysis revealed that RUF6 genes present long-range interactions
between them (section 2.4), supporting this hypothesis. We are currently validating these
interactions and aim to analyze whether they interact with other regions of the genome.
It is possible that these elements facilitate the default silencing of proximal var genes, and
that active transcription of a member into ncRNA, facilitates the escape from this silenc-
ing con�guration allowing the adjacent var to be ready for activation and enhancing its
transcription. Indeed, a cis-regulatory function for these genes has previously been sug-
gested based on GC-rich gene associated silencing of an adjacent gfp gene on episomal
plasmids, leading to speculations that they might act as insulator factors preventing spread
of heterochromatin [Wei et al., 2015]. Additionally, we observed the derepression of a var
gene when deleting speci�cally the RUF6 located immediately downstream (Guizetti, un-
published data) and are currently analyzing whether the deletion of another member has
a similar e�ect. Further investigation will be required to con�rm the function of RUF6 in
spatial organization and insulation, and to characterize its involvement in the regulation of
neighboring var genes.

3.4 Hypothetical models

Taken all our data together, we can hypothesize several models that would require further
validation for the mechanism of action of the GC-rich genes.
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PART 3. GENERAL DISCUSSION AND OUTLOOK

The observation of long-range interactions between several RUF6 genes and their tran-
scription by RNA Pol III, strongly suggests they participate in nuclear organization by the
binding of TFIIIC. We can hypothesize RUF6 genes mediate perinuclear heterochromatinized
clustering of central var genes through TFIIIC anchoring, and ongoing transcription of the
ncRNA allows activation of var genes (Fig. 3.3). One possibility could be that high tran-
scriptional levels of the ncRNA could facilitate the stabilization of the expression site by
RNA phase separation mechanisms. Further studies should formally con�rm TFIIIC bind-
ing to RUF6 genes by ChIP. Additionally, in order to test whether these elements mediate
relocation or anchoring to the nuclear periphery, it would be useful to perform DNA FISH
with an episome containing a RUF6 gene and analyze its nuclear positioning.

RUF6

var

TFIIIC

RNAPIII

Nuclear periphery

Expression site

Figure 3.3: Hypothetical model of 3D chromosomal organization by GC-rich DNA ele-
ments. TFIIIC binding to RUF6 genes B-box could mediate the observed clustering and anchor-
ing to the nuclear periphery. The spatiotemporal events leading to transcriptional activation
and relocation of a single var member remain unknown. The trans-acting ncRNA might asso-
ciate with the var once in the expression site or initiate the selection process of a singular var
member followed by the relocation.

It remains to be elucidated which mechanism triggers the activation of GC-rich genes
and whether their activation occurs through signaling in response to external stimuli, which
is a tempting hypothesis since RNA Pol III machinery has been reported to mediate tran-
scription of genes in response to nutrient sensing and external stimuli [Dieci et al., 2007,Poli-
carpi et al., 2017].

One of the protein candidates predicted to interact with GC-rich ncRNA is a subunit of
RNA Pol II, polymerase that transcribes var but not RUF6 genes, suggesting the ncRNA could
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be a potential molecular link between RNA Pol III and Pol II transcriptional machineries and
thus activate var transcription (Fig. 3.4). Further validation of RNA Pol II binding to the GC-
rich ncRNA is the scope of current study.

RNAPII

RNAPIII

var

RUF6

ncRNA

var

RUF6

X

X

Figure 3.4: Hypothetical enhancer model of GC-rich ncRNA interaction with RNA Pol
II.Transcripts from GC-rich ncRNA could enhance adjacent var transcription by binding to RNA
Pol II at var promoter and mediating the relocation to the transcription site. This could lead to
more stable transcription of central var and less switching to other members when compared
to subtelomeric members

3.5 Conclusion and further directions

Our �ndings broaden the number of players in antigenic variation by identifying a new fac-
tor involved in the activation process and potentially participating in the switch rate modu-
lation of clonally variant virulence genes. Furthermore, this study highlights the importance
of ncRNA as regulators of gene expression in P. falciparum, and provides new tools for their
study which have not been previously used in malaria parasites such down-regulation of an
entire gene family and identi�cation of ncRNA interactions with chromatin.

We strongly associate transcription of GC-rich ncRNA with the active state of var genes
but can only start to get a glimpse on the molecular mechanism of action of these ncRNAs.
Our current data still miss the molecular details on how ncRNA transcripts contribute to var
gene activation. Several candidate proteins have been identi�ed to potentially interact with
these ncRNAs and might be new leads to achieve mechanistic insight into mutually exclusive
expression. Furthermore, we highlight the potential of the GC-rich loci as regulatory DNA
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PART 3. GENERAL DISCUSSION AND OUTLOOK

elements, which in coordination with ncRNA transcription could orchestrate a mechanism
involving several layers of regulation.

We are currently analyzing in-depth the obtained ChIRP and Capture-C data while also
validating protein candidates interacting with this ncRNA, which can shed light on the
molecular mechanism involved in activation of var and other clonally variant gene fam-
ilies coding for VSA.
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Appendix A

Additional results of GC-rich ncRNA
overexpression strains

RNA-seq analysis of overexpression strains showed that the GC-rich gene in the episome
was indeed overexpressed in the parasites (Fig. A.1).
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Figure A.1: GC-rich ncRNA transcription in overexpression strain. Transcriptional pro-
�le of GC-rich ncRNA at 24 hpi in GC1241000 overexpressor and Luc control clones assessed by
RNA-seq. Example replicate of clones GC1241000 F7 and Luc H2 is shown.
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RNA-seq analysis of overexpression strains con�rmed the var pro�le phenotype ob-
served by RT-qPCR (Fig. A.2).

Overexpressor 1241000

RP
KM

0

375

750

1125

1500

PF
3D

7_
01

00
10

0
PF

3D
7_

01
00

30
0

PF
3D

7_
01

15
70

0
PF

3D
7_

02
00

10
0

PF
3D

7_
02

23
50

0
PF

3D
7_

03
00

10
0

PF
3D

7_
03

24
90

0
PF

3D
7_

04
00

10
0

PF
3D

7_
04

00
40

0
PF

3D
7_

04
12

40
0

PF
3D

7_
04

12
70

0
PF

3D
7_

04
12

90
0

PF
3D

7_
04

13
10

0
PF

3D
7_

04
20

70
0

PF
3D

7_
04

20
90

0
PF

3D
7_

04
21

10
0

PF
3D

7_
04

21
30

0
PF

3D
7_

04
25

80
0

PF
3D

7_
04

26
00

0
PF

3D
7_

05
00

10
0

PF
3D

7_
06

00
20

0
PF

3D
7_

06
00

40
0

PF
3D

7_
06

17
40

0
PF

3D
7_

06
32

50
0

PF
3D

7_
06

32
80

0
PF

3D
7_

07
00

10
0

PF
3D

7_
07

11
70

0
PF

3D
7_

07
12

00
0

PF
3D

7_
07

12
30

0
PF

3D
7_

07
12

40
0

PF
3D

7_
07

12
60

0
PF

3D
7_

07
12

80
0

PF
3D

7_
07

12
90

0
PF

3D
7_

07
33

00
0

PF
3D

7_
08

00
10

0
PF

3D
7_

08
00

20
0

PF
3D

7_
08

00
30

0
PF

3D
7_

08
08

60
0

PF
3D

7_
08

08
70

0
PF

3D
7_

08
09

10
0

PF
3D

7_
08

33
50

0
PF

3D
7_

09
00

10
0

PF
3D

7_
09

37
60

0
PF

3D
7_

09
37

80
0

PF
3D

7_
10

00
10

0
PF

3D
7_

10
41

30
0

PF
3D

7_
11

00
10

0
PF

3D
7_

11
00

20
0

PF
3D

7_
11

50
40

0
PF

3D
7_

12
00

10
0

PF
3D

7_
12

00
40

0
PF

3D
7_

12
00

60
0

PF
3D

7_
12

19
30

0
PF

3D
7_

12
40

30
0

PF
3D

7_
12

40
40

0
PF

3D
7_

12
40

60
0

PF
3D

7_
12

40
90

0
PF

3D
7_

12
55

20
0

PF
3D

7_
13

00
10

0
PF

3D
7_

13
00

30
0

PF
3D

7_
13

73
50

0

Control Luc

RP
KM

0

375

750

1125

1500

Figure A.2: Var transcription in overexpression strain. Transcriptional pro�le of var genes
at 12 hpi in GC1241000 overexpressor and Luc control clones assessed by RNA-seq. Example
replicate of clones GC1241000 F7 and Luc A6 is shown.
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Additionally, the genome-wide transcriptome revealed that GC-rich ncRNA overexpres-
sion clones present a subset of active stevor genes compared to the clones with the control
plasmid that show major transcription of a single member, similarly to the observed phe-
notype for var genes (Fig. A.3).
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Figure A.3: Stevor transcription in overexpression strain. Transcriptional pro�le of stevor
genes at 24 hpi in GC1241000 overexpressor and Luc control clones assessed by RNA-seq. Ex-
ample replicate of clones GC1241000 F7 and Luc H2 is shown.
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Appendix B

Additional results of CRISPRi

CRISPRi strains show lower levels of PfEMP1 on the surface of iRBC (Fig. B.1). Western
blot of membrane fraction for PfEMP1 was performed as previously described [Bryant et al.,
2017]. PfEMP1 proteins were detected with guinea pig anti-ATS [Nacer et al., 2015] primary
antibody and goat anti-guinea pig horseradish peroxidase (HRP) (Abacam; ab6908). Total
protein was detected by Ponceau staining.

- Var downregulation is conserved at the protein level

→ Background var gene transcription in CRISPRi strains compared to WT

Figure B.1: Var down-regulation in CRISPRi strains is conserved at the protein level.
Western blot of PfEMP1 in WT, CRISPRi clones and CRISPRi control with anti-ATS antibody.
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The dCas9 of the CRISPRi strains is tagged with HA and GFP. Additionally, it also con-
tains an inducible riboswitch which degrades the transcript in presence of glucosamine. We
con�rmed the nuclear localization of the episome (Fig. B.2) and assessed the levels of dCas9
protein in presence of 1.25mM glucosamine (Fig. B.3). Despite observing a decrease in the
dCas9 protein levels the band was still visible indicating presence of dCas9 molecules. An
increase in the GC-rich ncRNA expression was observed in presence of glucosamine but
the repression of var transcription was sustained, suggesting the remaining dCas9 could
still mediate the down-regulation phenotype (data not shown).

DAPI GFP Merged Widefield

dCas9	+	gRNA_control

- GLN	

+	GLN	

- GLN	

dCas9	+	gRNA2
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CRISPRi A11

CRISPRi control D11
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Figure B.2: dCas9 episome is targeted to the parasite nucleus. Localization of pUF-dCas9-
3HA-GFP in mutant strains. One CRISPRi clone (A11) and a control clones (D11) are shown.
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CRISPRiCRISPRi control

dCas9, 160 kDa

Aldolase, 40 kDa

B6 D11 B3 A12
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gRNA control gRNA224 hpi
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Aldolase, 40 kDa

-Gln +Gln

D11

-Gln +Gln

B3

-Gln +Gln

A11
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Figure B.3: Inducible riboswitch lowers the levels of dCas9. Western blot showing dCas9
expression in presence of 1.25mM of glucosamine CRISPRi control clones using an anti-HA
antibody. Aldolase is used as a loading control.
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Appendix C

Single cell RNA sequencing

In order to investigate the transcriptome of GC-rich ncRNA overexpression strains at sin-
gle cell level, single cell RNA-seq of wild type and GC1241000 overexpressor parasites was
performed with the Chromium technology (10X Genomics). Synchronized 18 hpi rings and
30 hpi trophozoites were enriched by plasmion. Single cell data was analyzed using the
scShinyHub. The estimated number of cells and run statistics are summarized in Table C.1
and Fig. C.1.

Table C.1: Single cell RNA-seq stats.

Stats Rings (3D7) Rings (GC12) Trophozoites
(3D7)

Trophozoites
(GC12)

Number of cells 692 2954 7406 3032
Number of reads 73029679 86078475 215783712 365509863
Reads mapped to genome 65.2% 66.4% 87.5% 82.7%
Mean reads per cell 105534 29139 29136 120550
Median genes per cell 123 107 386 463

Overexpression of di�erent var genes was con�rmed at single cell level in the over-
expression but not wild type strain (Fig. C.2). However, only transcripts from a GC-rich
ncRNA member could be detected likely due to the polyA enrichment step undergone using
this technology. We aim to use the obtained data to study clonal variation of di�erent gene
families at the single cell level.
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Anna trophos 548 UMI median

Anna Rings 146.5 UMI median

Selecting cells with only up to 2000 UMO

Ring stages 
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Figure C.1: UMI histogram of single cell RNA-seq samples. Histogram for the frequency
of detected unique molecular identi�ers (UMI) per cell in single cell RNA-seq samples from ring
and trophozoite stages.
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Coexpression of var PF3D7_1200600 and PF3D7_0712000
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Figure C.2: Var coexpression in GC1241000 overexpression strain. Coexpression of two
active var genes assessed by single cell RNA-seq. 2 dimension t-sne plot is shown.
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Appendix D

Identi�cation of the �rst boundary
element in Plasmodium falciparum

The highlights of this appendix are:
- Identi�cation of the �rst heterochromatin boundary element in Plasmodium falciparum.
- Master regulator of sexual commitment ap2-g harbors a boundary element in the 3’

end of the ORF.

The results presented in this appendix are preliminary data summarized in a draft under
the title "Uncovering the �rst heterochromatin boundary element in the locus encoding the
master regulator for sexual commitment in Plasmodium falciparum". My contribution to
this work was performing RT-qPCR experiments and preparing ChIP-seq libraries.
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Preliminary data

ABSTRACT

Heterochromatin is essential in all eukaryotic systems to maintain genome integrity, long-
term gene repression and to help chromosome segregation during mitosis. However, hete-
rochromatin regions must be isolated to avoid its spreading over actively transcribed loci.
Such function is accomplished by chromatin boundaries, DNA elements that block hete-
rochromatin self-propagation by interaction with other partners. In Plasmodium falciparum,
facultative heterochromatin is important to regulate parasite virulence, antigenic variation
and transmission. The underlying molecular mechanisms that con�ne these repressive re-
gions remain unknown. To address this topic, we studied a singular heterochromatin island
of 12 kb found within an euchromatic region controlling the variagated expression of a tran-
scription factor (AP2G) that is a master regulator of sexual commitment in this pathogen.
In this gene, Heterochromatin Protein 1 (PfHP1) coverage is restricted to the exon and 5’
upstream region of ap2-g. Upon replacement of the 3’ region of this gene by gfp, we found
a shift in the heterochromatin boundary resulting in PfHP1 spreading into the intergenic
region downstream. EMSA analysis detected a speci�c protein complex binding to the cen-
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tral part of a 746 bp fragment deleted in the AP2G-GFP line. We are currently identifying
the precise binding sites and interacting protein complexes. In addition, we are exploring
the boundary e�ect of the region by re-inserting it in the ap2-g locus. Our studies will pro-
vide novel insight into the topic of heterochromatin boundaries in P. falciparum and likely
uncover promising therapeutic pathways that would target heterochromatin-linked prasite
virulence and transmission.

INTRODUCTION

The apicomplexan parasite Plasmodium falciparum is the causative agent of the deadliest
and more prevalent form of malaria in humans, infecting more than 200 million people and
causing almost half a million of deaths per year, especially in Africa (1). During its com-
plex life cycle, the parasite undergoes major morphological and transcriptional changes
in the arthropod vector, mosquitoes from the genus Anopheles, and in the human host
(2–4). To cope with developmental changes of transcription, P. falciparum has only a limited
set of transcription factors (TFs), mainly restricted to the 27-member Apicomplexa-speci�c
ApiAP2 family (5). However, multiple epigenetic control layers at the transcriptional and
post-transcriptional level complement the regulation of gene expression during its life cycle
(6–8).

In P. falciparum, some typical eukaryotic features associated to transcription at the chro-
matin level are well conserved, as the depletion of nucleosomes within promoters and a
higher nucleosome occupancy in genic regions (9, 10). Also, the histone variant H2A.Z is
widely spread over intergenic regions, putatively rendering them more relaxed and acces-
sible to the transcription machinery, as it weakens nucleosome stability (11). Additionally,
most of the post-translational modi�cations (PTMs) of the N-terminal histone tails associ-
ated with transcription regulation in other organisms have been also reported in P. falci-
parum (6). The repressive marks H3K36me3 and H4K20me3, and classical activation marks
H3K9ac and H3K4me3 showed a broad distribution across the parasite genome, whereas
the repressive modi�cation H3K9me3 appears to be restricted to subtelomeric regions and
to some speci�c internal clusters of chromosomes 4, 6, 7, 8 and 12 (12, 13). This particular
histone PTM shows a strong bias towards genes involved in virulence, antigenic variation,
stage-speci�c development and host-parasite interaction, most of which belong to clonally
variant gene (CVG) families (12). Among them, the best studied are the var genes, which
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encode the PfEMP1 surface antigens, one of the major virulence factors involved in cytoad-
hesion and pathogenesis (14). H3K9me3 is the landing pad for Heterochromatin Protein 1
(PfHP1) (15), which is essential for heterochromatin formation. This chromatin state, char-
acterized for dense nucleosome packing and refractoriness to transcription, plays a pivotal
role in P. falciparum gene regulation.

Around 400 genes are enriched with PfHP1 in P. falciparum. The vast majority of them
belong to clusters whose boundaries mark synteny breakpoints or species-speci�c indels,
and almost all of them are part of CVG families encoding exported proteins to the infected
RBC surface (16). A notable exception to the aforementioned is a member of the ApiAP2
gene family. In this case, only a single gene out of 27 members is associated with PfHP1. This
TF, named AP2G, has been shown to be a master regulator for sexual commitment (17). The
ap2-g gene remains repressed in most parasites during the intraerythrocytic developmental
cycle (IDC) and is only activated in a small subset of cells to initiate gametocytogenesis (2). A
number of features make the ap2-g gene an appealing model for studying heterochromatin
biology, which is underexplored in this pathogen despite its crucial role in transmission and
virulence gene control. Firstly, it can be genetically manipulated since it is not essential for
asexual development, and secondly, the heterochromatin island of ap2-g is embedded into
euchromatin with well de�ned boundaries, facilitating the search for DNA control elements
that limit the spreading of PfHP1. Such boundary elements have been suggested (12, 16),
given the sharp PfHP1 pro�les observed, but never found.

Here, we engineered a transgenic P. falciparum line unable to produce gametocytes by
replacing the ap2-g AP2 domain at the C-terminus by GFP. We observe that upon such
replacement, the marked PfHP1 boundary at the 3’ end of the ORF is shifted ∼2 kb down-
stream and infer that this depleted region contains a barrier element in order to keep het-
erochromatin con�ned to ap2-g and avoid spreading into adjacent genes. We characterize
and provide the �rst description of this kind of elements found in P. falciparum so far.

RESULTS & DISCUSSION

Replacement of AP2 domain from ap2-g makes P. falciparum unable to di�erenti-
ate and respond to gametocyte induction

Transfection of NF54 A11 clone with pL6-AP2G-GFP and pUF-Cas9 plasmids resulted in the
replacement of the last 3’ 765 bp of the ap2-g ORF by GFP protein (Fig. 1). That includes a
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part of the AP2 domain and mimics the natural mutation of F12 clone, known to be unable
to accomplish gametocytogenesis (17, 27).

A B

HB ORF HB 3’UTR
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hdhfrpL6-gfp-ap2g

5’UTR 3’UTRap2-g

5’UTR 3’UTRgfp

Genomic locus

Modified locus ap2-g

AP2G/GFP H8 NF54 A11

2000 bp - 
1500 bp - 
1000 bp -

1839 bp

1391 bp

1017 bp
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Figure 1. Development and validation of AP2G-GFP line. (A) Depiction of the pL6-gfp-
ap2g plasmid co-transfected with pUF-Cas9 to replace the last 765 bp of ap2-g ORF by gfp gene.
Arrows mark the primers used for further validation. Red square marks the AP2 domain, in-
cluded in the replaced region (yellow). HB: homology box. (B) PCR validation of correct inte-
gration for AP2G-GFP H8 clone and parental line.

Consistently with this, upon induction, two clones of the AP2G-GFP line yielded no
gametocytes, whereas the parental line reached ∼8% conversion rate (Fig. 2A and 2B). GFP
was visible on live imaged cells at very low rate (<0.1%), and we never obtained higher
ratios of expressers even after gametocyte induction (Fig. 2C). Furthermore, transcription
of ap2-g varies in AP2G-GFP clones, it peaks in late ring stages rather than in early rings and
schizonts as occurs in the parental line (Fig. 2D). These data are in accordance with previous
reports, suggesting that AP2-G expression is regulated by an auto feedback loop, and after
initial expression of the protein, its binding to a putative regulatory element upstream of
its own gene is required to trigger gametocytogenesis (2, 17). Partial depletion of DNA-
binding domain AP2 abolishes the capacity of AP2-G to continue the feedback and keeps
its expression at basal levels.

The 3’ end of ap2-g ORF contains a boundary element

To evaluate the impact on the heterochromatin pro�le of replacing the terminal part of ap2-
g, we performed ChIP-seq with anti-HP1 on tightly synchronised 36 hpi parasites from both
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Figure 2. AP2G-GFP line validation. (A) Giemsa staining of induced gametocytes of parental
line NF54 A11 and two clones of AP2G-GFP line. (B) Gametocyte conversion rate of lines in
A. Mean ±SEM is shown. (C) Live imaging of AP2G-GFP H8 clone. Scale bar at 5 µm. (D)
Expression levels of AP2G at di�erent time points measured by RT-qPCR. Transcript levels are
shown relative to ubiquitin-conjugating enzyme (PF3D7_0812600).

parental and two clones of the AP2G-GFP lines. In NF54 A11, PfHP1 spreads over the com-
plete ORF, sharply dropping after the stop codon. Accumulation extends∼3 kb upstream the
start codon, progressively falling after a �rst drop and increases again at ∼1.7-1.9 kb from
the start codon. AP2G-GFP clones exhibit a similar pattern upstream the ap2-g ORF, but
the PfHP1 accumulation extends after the stop codon ∼2 kb beyond the limit shown in the
parental line (Fig. 3). This boundary shift strongly suggests the presence of DNA elements
acting as a barrier for heterochromatin spreading in the 3’ end of ap2-g. In other organisms
such elements have been described to operate by multiple, often synergistic, mechanisms
(28–30). Most of the means by which this is accomplished imply altering the chromatin
environment required for PfHP1 spreading. Complexes containing any histone modifying
enzyme regularly need speci�c DNA sequences to recognize the site where they act, but
such elements have never been described in Plasmodium. The only suspect are the ITSs
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(intersticial telomeric repeat sequences) from P. knowlesi, which locate adjacent to most
heterochromatin clusters, although their role as border elements has never been formally
demonstrated (18). Nucleosome depleted regions (NDR) or with high nucleosome turnover
are also refractory to heterochromatin spreading, as they negate the histone marks required
by PfHP1. High AT-rich content in intergenic regions of P. falciparum, which are prone to
lack nucleosomes (11), are therefore natural obstacles for heterochromatin spreading. In-
terestingly, ATAC-seq data (31) revealed an NDR where PfHP1 accumulation stops in the
AP2G-GFP clones, pointing to a gradual PfHP1 decrease due to this fact. However, the
immediate vicinity downstream the ap2-g ORF does not show nucleosome depletion, and
therefore, the sharp drop of PfHP1 in the parental line cannot be attributed to this mecha-
nism (Fig. 3).
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Figure 3. Heterochromatin boundary shift in ap2-g locus. ChIP-seq with anti-HP1 an-
tibodies expressed as log2 fold enrichment over input. ATAC-seq data from (31) are shown in
dark blue as normalised tags (counts per million reads -CPM-). Region replaced in AP2G-GFP
lines is shaded in green. Boundaries at 3’ end are marked with red and green lines for parental
and AP2G-GFP lines, respectively.

Currently, we are assessing whether the re-insertion of the boundary region within the
ap2-g locus can induce a change in PfHP1 boundary, and if so, whether this barrier works
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in an orientation dependent manner.

A protein complex speci�cally binds to the boundary element

In order to elucidate the players operating in the identi�ed boundary, we performed a
screening of the replaced region searching proteins able to bind there in a sequence-speci�c
manner. To do so, we synthesised biotinylated DNA fragments in vitro and used them as
probes for EMSA. A speci�c band shift was observed in the fragment 2.2 (183 bp), indicat-
ing a protein complex interacting with this region (Fig. 4). We continue narrowing down
the minimum required fragment keeping the shifted band and we plan to identify the com-
plex bound by mass spectrometry. Until then, we can only speculate about the proteins
involved in the boundary function. As PfHP1 needs H3K9me3 modi�cation to propagate,
histone acetyl transferases (HAT) or demethylases (HDM) replacing or removing such mark
e�ectively block the heterochromatin spreading. Some bromodomain-containing proteins,
which bind to acetylated histones, are able to prevent methylation of H3K9 by occupying
such residue and making it inaccessible to further modi�cations. P. falciparum genome con-
tains at least seven HATs (six from GNAT family, including PfGCN5, and one MYST fam-
ily) and four HDMs (two lysine-speci�c histone demethylases -LSD1 and 2-, and two JmjC
domain-containing proteins -JmjC1 and 2-). There are also seven predicted bromodomain-
containing proteins, including again PfGCN5 (PF3D7_0823300). This protein is a homologue
of yeast yGCN5 (32) and known to acetylate H3K9 in P. falciparum (33). In yeast, it is part of
the SAGA (Spt-Ada-Gcn5 acetyltransferase) and SLIK (SAGA-like) complexes, involved in
heterochromatin boundary function, and gcn5 disruption completely abolishes such ability
(34). There are some evidences pointing to a conserved function in P. falciparum and yeast.
A homologue for another component of the SAGA complex was identi�ed, PfADA2, and in
yeast two-hybrid experiments, PfGCN5 and PfADA2 were shown to interact in vitro. Addi-
tionally, complementation assays showed that PfGCN5 can partially restore the phenotype
of yGCN5 deletion (32). We hypothesize that the combination of histone acetyl transferase
activity and the presence of bromodomain in PfGCN5 allows such protein to establish e�ec-
tive boundaries for heterochromatin spreading, likely interacting with other components,
avoiding methylation of H3K9me3.

Aside from this promising candidate, the targets of other HATs and HDMs are described
in less detail. PfJmjC1 (PF3D7_0809900) and LSD1 (PF3D7_1211600) preferentially demethy-
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Figure 4. Search of protein complex binding to the 3’ end ap2-g locus. (A) Depiction of
the pL6-gfp-ap2g plasmid co-transfected with pUF-Cas9 to replace the last 765 bp of ap2-g ORF
by gfp gene. Arrows mark the primers used for further validation. Red square marks the AP2
domain, included in the replaced region (yellow). HB: homology box. (B) PCR validation of
correct integration for AP2G-GFP H8 clone and parental line.

late H3K36 and H3K9 (35, 36), and bromodomain proteins PfBDP1 (PF3D7_1033700) and Pf-
BDP2 (Pf3D7_1212900) are part of a complex recognizing acetylated H3 (37). All them could
be part of a potential complex involved in heterochromatin boundary formation, although
further research will be required to con�rm or rule out their involvement in this process.

In other organisms, as yeast or Drosophila, heterochromatin spreading can be blocked by
physical means via loop formation and isolation of the region in the nuclear periphery (38,
39). Re-positioning of heterochromatin areas in such localisation have been described in P.
falciparum, including ap2-g locus (12), and one 25-bp element found in var genes intron has
been identi�ed to bind an actin containing complex and to be su�cient to direct a plasmid to
the nuclear periphery (40). However, there is no evidence of such element in ap2-g or other
loci and it seems to be more involved in heterochromatin assembly than in the boundary
function, as normally both exons of the var gene, surrounding the intron, maintain high
levels of PfHP1 enrichment.

Lastly, transcription itself has been shown to perform a blocking function in some model
organisms by means of the transcription machinery components or direct competition of
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nascent RNA with HP1 binding to H3K9me3. It is especially relevant the case of tRNA
genes and RNA polymerase III (RNAP III) transcription, which are essential for the bound-
ary function in silent mating type locus and rDNA of budding yeast and pericentromeric
heterochromatin in �ssion yeast. In mice, transcription of short interspaced nuclear ele-
ments (SINEs) is also required to establish the boundary which allows growth hormone to
be expressed in the later stages of development (29, 41). tRNA genes are found close to some
PfHP1-enriched areas of P. falciparum, especially in telomeres (12), although their role in
boundary function is unclear and has been never researched.

To understand the heterochromatin biology of P. falciparum is crucial to comprehend the
mechanisms of host-parasite interaction, as most genes encoding proteins involved in such
processes are regulated via heterochromatin repression. Our knowledge about this topic suf-
fers fundamental gaps, as we have very limited, and mostly speculative, information about
heterochromatin establishment, spreading, maintenance and con�nement in this parasite.
Given the role of boundary elements in parasite virulence and transmission, in-depth insight
into this essential process may reveal new targets for drug intervention strategies against
this deadly pathogen.

MATERIALS & METHODS

Parasites culture and synchronisation

Blood stage NF54 A11 clone P. falciparum parasites were cultured in human O+ red blood
cells in RPMI-1640 medium supplemented with Albumax II (10% v/v), hypoxanthine and
gentamycin in 3% CO2 and 5% O2 at 37°C. Parasites were synchronized with a 6 h time win-
dow by sorbitol lysis during ring stage, followed by plasmagel enrichment in schizont stage
and another sorbitol treatment 6 h after. Synchronized parasites were harvested at % hema-
tocrit and ∼2-4% parasitemia. Parasite development was monitored by Giemsa staining.

Plasmids, transfections and transgenic lines

Plasmids used for replacement of ap2-g 3’ end and insertions of boundary elements derived
from previously described pL6-GFP (19). Homology boxes, obtained through sequential
PCRs were inserted into the pL6 vector digested with A�II and SpeI sites. The guide for
Cas9 was obtained by direct hybridization of the oligos and inserted in in the same plasmid
by Gibson assembly using the BtgZI sites.
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The pL6 derived plasmids and pUF-Cas9 (19) were co-transfected (25 µg each) in the
NF54 A11 clone (replacement of ap2-g 3’ end) or the AP2G-GFP E1 clone (insertions of
boundary elements). For that, ring stage parasites were transfected following the protocol
described elsewhere (20) and maintained under WR99210 and DSM1 drug selection pressure.
Parasite clones were obtained by limiting dilution. Treatment with 1 µM 5-Fluocytosine was
applied as negative selection for parasites carrying the pL6 derived plasmid.

Gametocyte conversion assay and live cell imaging

Gametocytogenesis was performed as previously described (21). For live cell imaging bot-
tom of imaging dishes (Ibidi) were covered with concanavalin A (5mg/mL) and incubated
at 37°C for 30 min. Then, concanavalin A was carefully removed and dishes gently washed
with sterile PBS. 500 µL of parasite cultures (3-5% parasitemia, 3-4% hematocrit), were added
to the dish and let settle down for 10 minutes at 37°C. Unattached cells were washed out
with PBS and �nally covered with culture medium prepared with phenol red free RPMI
1640. Samples were visualized using a Deltavision Elite imaging system (GE Healthcare)
and processed with the Fiji package (http://�ji.sc).

RNA isolation and reverse transcription quantitative PCR (RT-qPCR)

RNA was harvested from synchronized parasite cultures at indicated timepoints after lysis
with 0.075% saponin in PBS followed by one wash in PBS and resuspension in Qiazol. Total
RNA was extracted using the miRNeasy mini kit and performing on-column DNase treat-
ment (Qiagen). Reverse transcription was achieved using SuperScript VILO (Thermo Fisher
Scienti�c) and random hexamer primers. cDNA levels were quanti�ed by quantitative PCR
in the CFX384 real time PCR detection system (BioRad) using Power SYBR Green PCR Mas-
ter Mix (Applied Biosystems) and speci�c primers. Starting quantity mean was normalised
with a housekeeping gene (ubiquitin-conjugating enzyme, PF3D7_0812600). Starting quan-
tity means of three replicates were extrapolated from a standard curve of serial dilutions of
genomic DNA.

Chromatin immunoprecipitation and data analysis

ChIP was performed as previously described (22) with parasites synchronizedat 36 hpi. Son-
icated chromatin (500 ng DNA content) was immunoprecipitated overnight with 0.5 µg of
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anti-HP1 (Genscript) polyclonal rabbit antibodies (22) and incubated after with 25 µL of
Dynabeads Protein G (Invitrogen) for two hours. Subsequent washing, cross-link rever-
sion and DNA extraction were carried out as described before (22). Sequencing libraries
were produced with the immunoprecipitated DNA using the MicroPlex Library Prepara-
tion Kit v2 (Diagenode) with the KAPA HiFi polymerase (Kapa Biosystems) for the PCR
ampli�cation. For each ChIP sample a control DNA corresponding to the ChIP input was
processed in parallel. Multiplexed libraries were subjected to 150 bp paired-end sequencing
on a NextSeq 500 (Illumina). Fastq �les were obtained by demultiplexing the data using
bcl2fastq (Illumina) prior to downstream analysis. A minimum of two biological replicates
were analysed for each clone.

Sequencing reads were mapped to the P. falciparum genome (23) (PlasmoDB, v29) using
Burrows-Wheeler Alignment tool (BWA-MEM) with default settings (24). PCR duplicates
were removed. ChIP-seq data were normalized over input and likelihood ratio calculation
and peak calling was performed using the MACS2 (25) software with default parameters
and a false discovery rate (FDR) cut-o� of 0.05.

Protein nuclear extract, probes and electrophoretic motility shift assay (EMSA)

Nuclei were obtained from asynchronous NF54 A11 parasites treated with saponin 0.15%
and incubated in rotation for 1 hour at 4° C with low salt lysis bu�er 1x (20 mM Tris HCl
pH 7.5, 10 mM KCl, 2 mM DTT, 1.5 mM MgCl2, 1% Triton X-100 and 1x proteinase inhibitor
cocktail -PIC-). After spinning at 17,000 g for 20 min at 4° C, nuclei were extracted with
high salt 1x lysis bu�er (20 mM Tris HCl pH 7.5, 600 mM KCl, 2 mM DTT, 1.5 mM MgCl2,
1% Triton X-100 and 1x PIC) for 30 min in rotation at 4° C and brief sonication. Samples
were spun again and supernatant was taken and diluted four times in low salt lysis bu�er
without detergent. Protein concentration was measured by Bradford assay, performing a
reference curve by increasing concentrations of BSA.

Probes for EMSA were obtained by direct PCR ampli�cation of desired fragments with
biotin labeled oligos (5’ biotin modi�cation in forward primer), from genomic DNA of NF54
A11 parasites. PCR products were separated in a 2% agarose gel, sliced and puri�ed with
Nucleospin PCR and Gel Clean-up Kit (Macherey-Nagel). Concentration was measured in
a NanoDrop device.

To perform the gel shift assay, protein nuclear extracts (1 µg) were incubated with 5-20
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fmols of biotin labeled probe in 1x EMSA bu�er (20 mM Tris HCl pH 7.5, 60 mM KCl, 1
mM EDTA, 1 mM DTT, 2 mM MgCl2, 25 µM ZnCl2, 0.1% Triton X-100, 5% glycerol, 200
µg/mL BSA) with 1 µg Poly(dI-dC) and 200 fmols of ssDNA oligo 5B1motF (26) as unspeci�c
competitors. Binding reaction was performed at room temperature for 20 min. If speci�c
competition was assayed, incubation with an unlabeled probe was conducted for 20 min at
room temperature prior to addition of the labeled probe. After binding, samples were run in
a 4-5% acrylamide gel in 0.5x TBE bu�er, blotted to positively charged nylon membrane and
developed using the Chemiluminescent Nucleic Acid Detection Module (Thermo Fisher) as
recommended by the manufacturer.
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