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1 Summary

Summary

The eukaryotic parasite Trypanosoma brucei has evolved sophisticated strategies to persist
within its mammalian host. Trypanosomes evade the hosts' immune system by antigenic
variation of their surface coat, consisting of variant surface glycoproteins (VSGs). Out of a
repertoire of thousands of VSG genes, only one is expressed at any given time from one of
the 15 telomeric expression sites (ES). The VSG is stochastically exchanged either by a
transcriptional switch of the active ES (in situ switch) or by a recombinational exchange of the
VSG within the active ES. However, for infections to persist, the parasite burden has to be
limited. The slender (sl) bloodstream form secretes the stumpy induction factor (SIF), which
accumulates with rising parasitemia. SIF induces the irreversible developmental transition from
the proliferative sl to the cell cycle-arrested but fly-infective stumpy (st) stage once a
concentration threshold is reached. Thus, antigenic variation and st development ensure

persistent infections and transmissibility.

A previous study in monomorphic cells indicated that the attenuation of the active ES could be
relevant for the development of trypanosomes. The present thesis investigated this hypothesis
using the inducible overexpression of an ectopic VSG in pleomorphic trypanosomes, which
possess full developmental competence. These studies revealed a surprising phenotypic
plasticity: while the endogenous VSG was always down-regulated upon induction, the ES-
activity determined whether the VSG overexpressors arrested in growth or kept proliferating.
Full ES-attenuation induced the differentiation of bona fide st parasites independent of the cell
density and thus represents the sole natural SIF-independent differentiation trigger to date. A
milder decrease of the ES-activity did not induce phenotypic changes, but appeared to prime
the parasites for SIF-induced differentiation. These results demonstrate that antigenic variation
and development are linked and indicated that the ES and the VSG are independently
regulated. Therefore, | investigated in the second part of my thesis how ES-attenuation and
VSG-silencing can be mediated. Integration of reporters with a functional or defective VSG
3'UTR into different genomic loci showed that the maintenance of the active state of the ES
depends on a conserved motif within the VSG 3'UTR. In situ switching was only triggered when
the telomere-proximal motif was partially deleted, suggesting that it serves as a DNA-binding
motif for a telomere-associated protein. The VSG levels seem to be additionally regulated in
trans based on the VSG 3'UTR independent of the genomic context, which was reinforced by
the regulation of a constitutively expressed reporter with VSG 3' UTR upon ectopic VSG

overexpression.
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Zusammenfassung

Der eukaryotische Parasit Trypanosoma brucei hat komplexe Strategien entwickelt, um in
seinem Saugetierwirt zu Uberleben. Die Grundlage der Immunevasion ist die antigene
Variation des Oberflachenmantels, der aus dem variablen Oberflachenglykoprotein (VSG)
besteht. Von mehreren tausend VSG-Genen wird zu jedem Zeitpunkt nur ein einziges aus
einer der 15 telomerischen Expressionsstellen (ES) exprimiert. Das VSG kann entweder durch
einen transkriptionellen Wechsel der aktiven ES (in situ Wechsel) oder durch einen
rekombinatorischen Wechsel des VSG-Gens innerhalb der aktiven ES stochastisch
ausgetauscht werden. Damit jedoch eine langanhaltende Infektion des Wirts moglich wird,
muss gleichzeitig der Parasitenbefall begrenzt werden. Mit ansteigender Parasitamie
akkumuliert der 'stumpy induction factor' (SIF), welcher von der 'slender (sl) Blutstromform
sekretiert wird. Sobald ein Schwellenwert in der SIF-Konzentration erreicht ist, wird die
irreversible Differenzierung der proliferativen sl in die zellzyklusarretierte 'stumpy'(st) Form
eingeleitet, welche infektids flr den Fliegenvektor ist. Somit stellen antigene Variation und st-

Differenzierung das Persistieren der Infektion und die Ubertragung des Parasiten sicher.

Eine frihere Arbeit mit monomorphen Zellen deutete darauf hin, dass die Attenuierung der
aktiven ES eine Rolle fir die Differenzierung der Trypanosomen spielen koénnte. Diese
Hypothese wurde in der vorliegenden Dissertation untersucht, indem in pleomorphen Zellen
mit vollstandiger Entwicklungskompetenz ein ektopisches VSG induzierbar Gberexprimiert
wurde. Diese Studien offenbarten eine erstaunliche phanotypische Plastizitat: wahrend das
endogene VSG nach Induktion runter reguliert wurde, arretierten die VSG-Uberexpressoren in
Abhangigkeit von der ES-Aktivitdt entweder im Wachstum oder teilten sich weiter. Die
vollstandige ES-Attenuierung I0ste die Differenzierung zu echten st Zellen unabhangig von der
Zelldichte aus und ist somit der bisher einzige natlrliche SIF-unabhangige
Differenzierungsausloser. Eine mildere Abnahme der ES-Aktivitdt verursachte keinen
Phanotyp, scheint aber die Zellen auf die SIF-induzierte Differenzierung vorzubereiten. Diese
Ergebnisse zeigen, dass antigene Variation und Differenzierung verbunden sind und deuteten
an, dass die ES und das VSG unabhangig voneinander reguliert werden. Daher habe ich im
zweiten Teil meiner Dissertation untersucht, wie ES-Attenuierung und VSG-Stilllegung
vermittelt werden kénnen. Die Integration eines Reporters mit funktioneller oder defekter VSG
3'UTR an verschiedenen Orten im Genom zeigte, dass die Aufrechterhaltung der ES-Aktivitat
von einem konservierten Motiv in der VSG 3'UTR abhangig ist. Ein in situ Wechsel wurde nur
ausgeldst, wenn Teile des Telomer-proximalen Motiv deletiert wurden, was nahelegt, dass das
Motiv auf DNA-Ebene von einem Telomerbindeprotein erkannt wird. Die VSG-Level scheinen
unabhangig vom genomischen Kontext zusatzlich in trans basierend auf der VSG 3'UTR
reguliert zu werden, was durch die Regulation eines konstitutiv exprimierten Reporters mit
VSG 3'UTR nach VSG-Uberexpression bekréaftigt wurde.
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2.1 Trypanosomes and disease

African trypanosomes are eukaryotic unicellular parasites that infect a wide range of vertebrate
hosts, where they live mostly extracellularly in the blood. The parasites are transmitted via the
bite of the tsetse fly vector (Glossina spp.) and thus the prevalence of the parasite is restricted

to the range of its insect vector, the sub-saharan regions of Africa.

It was first suspected by Livingstone in 1857 that the bite of the tsetse fly causes the animal
disease nagana in cattle (Livingstone, 1857), however, 40 years later David Bruce could show
that in fact trypanosomes are the causative agent (Bruce, 1895). Only a few years later
trypanosomes were also linked to sleeping sickness in humans and it was shown that indeed
the fly transmits the parasite (Dutton, 1902; Kleine, 1909). Nowadays, different trypanosome
species are known as pathogens of nagana, which not only occurs in wild or domesticated
animals but also in livestock. As this disease is fatal for numerous infected animals and can
ultimately lead to their death, it has a dramatic impact on African agriculture and causes
economical losses (Angara et al., 2014; reviewed in Chanie et al., 2013). The species with the
most prevalent epidemiologic effect are Trypanosoma vivax, Trypanosoma congolense and
Trypanosoma brucei. Two subspecies of the latter also influence public health as they are the
pathogens of human African trypanosomiasis (HAT), commonly known as sleeping sickness

(reviewed in Brun et al., 2010).

Humans, like other primates, are immune against most trypanosome species, because they
possess a trypanolytic factor (TLF), consisting of a haptoglobin-related protein and
apolipoprotein L1 (APOL1) (reviewed in Wheeler, 2010). When TLF is endocytosed by
trypanosomes, APOLA1 is incorporated into endosomal/lysosomal membranes. This facilitates
the flux of ions, leading to the destruction of the parasites by osmolytic swelling (Pérez-Morga
et al., 2005). In contrast to T. brucei brucei, the two other subspecies -T. brucei rhodesiense
and T. brucei gambiense - have evolved strategies to survive in the human blood. Resistance
of the first one is based on the serum resistance-associated protein (SRA), which binds to the
TLF once the parasites have endocytosed it. Thereby, TLF is inactivated and the destruction
of the parasite is prevented (Vanhamme et al., 2003; Xong et al., 1998). In contrast, the latter
species uses other distinct mechanisms to escape the TLF mediated destruction. For example,
the hydrophobic B-sheet of the T. brucei gambiense specific glycoprotein (TgsGP) prevents
APOL1 toxicity by stiffening membranes (Uzureau et al., 2013).

In general, the course of the infection with trypanosomes is subdivided in two phases: the first
haemolymphatic and the second meningo-encephalitic stage. Upon infection, the parasites live
in the bloodstream, the lymphatic system and some tissues of its mammalian host. This leads

to non-specific symptoms like fever, headache, pain in the limbs, pruritus and shivering attacks.
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In the second phase, the trypanosomes have crossed the blood-brain barrier and infected the
brain as well as the central nervous system (CNS). This initially provokes sleep and motor
system disturbances as well as neuro- psychiatric disorders but, ultimately, leads to coma and
death (reviewed in Kennedy, 2013). In HAT these main stages occur during infection with both
pathogen species but the time course differs dramatically. While T. brucei rhodesiense infects
the CNS within weeks and leads to death after a couple of month, T. brucei gambiense causes
a chronic infection that can last for years. In 2014 the vast majority of the 3796 newly reported
cases were T. brucei gambiense infections, but the estimated number of unknown cases is
considered to be higher (World Health Organization, 2016).
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2.2 The model organism Trypanosoma brucei

T. brucei is assigned to the order of Kinetoplastida that is defined by the presence of the
condensed circular DNA of the single mitochondrion, a structure termed kinetoplast
(Vickerman and Preston, 1976). Besides other African trypanosome species, members of this
family are the pathogen of the Chagas’ disease, Trypanosoma cruzi, or various species of
Leishmania, which provoke visceral or cutaneous leishmaniasis. However, T. brucei brucej is
the most widely studied kinetoplastid species due to its high degree in similarity to human
infective trypanosomes and because laboratory strains are available, that can be easily
cultivated and manipulated via forward or reverse genetics. Therefore, the parasite T. brucei

brucei has evolved as a model organism for different aspects of cell biology.

2.2.1 The cell architecture

The shape of this eukaryotic flagellate is determined by its cytoskeleton consisting of a sub-
pellicular corset of microtubules that are regularly spaced, connected to each other and to the
plasma membrane they are underlying (Hemphill et al., 1991). The plus ends of the
microtubules are localized at the posterior end of the cell and thus define the polarity of the
parasite (Robinson et al., 1995). At the posterior pole, the single flagellum emerges the cell

body at the flagellar pocket (Figure 1).

flagellar nucleus flagellum Figure 1: The cell architecture of
pocket golgi Trypanosoma brucei. Schematic overview of
the cell architecture with all major organelles
and their location (adapted from Grunfelder et
al., 2003). The microtubule corset underlying
the plasma membrane, the VSG surface coat
and the flagellum are shown. The anterior and
posterior pole are indicated as well as the

kinetoplast lysosome VSG coat Iength of the cell
endosomes mitochondrion
posterior P 20 um anterior
pole ~ 7 pole

The flagellum is attached to the cell body via the flagellum attachment zone (FAZ) as it extends
towards the anterior end of the parasite, where the distal tip is free (Taylor and Godfrey, 1968).
The flagellar pocket is an invagination of the plasma membrane and represents a specialized

membrane region as it is the only place where endo- and exocytosis take place (Overath and
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Engstler, 2004). Most organelles of trypanosomes, like the flagellum and flagellar pocket, are
present as single copy and have a precise location within the cell (Figure 1). The Golgi as well
as the endosomal apparatus are positioned between the flagellar pocket and the centrally
located nucleus. The endoplasmic reticulum (ER) runs along the longitudinal axis of the cell
always adjacent to the flagellum. The single mitochondrion spans the whole cell while the
kinetoplast is localized at the posterior pole as it is connected to the origin of the flagellum, the
basal body. Hence, trypanosomes are perfectly suited to investigate fundamental cell
biological questions because they possess a polarized cell architecture and most of the single
copy organelles are precisely localized.

2.2.2 The cell cycle

Trypanosomes duplicate via binary fission approximately every six hours. Thus, the
reproduction and segregation of all single copy organelles needs to be exactly timed during
proliferation. Single cells within the asynchronous population can be assigned to distinct cell
cycle stages as the division of the mitochondrial DNA, the kinetoplast, precedes the division of
the nucleus (Woodward and Gull, 1990) (Figure 2).

1K1N
(G1-phase) 7 1K1N
(S-phase)
1K1N
(GO-phase) (-
/\ cytokinesis \/
2K2N 2K1N
(post M-phase) (G2-phase)

mitosis
(Lo

Figure 2: The cell cycle of Trypanosoma brucei. On the left a schematic model illustrates the
different cell cycle stages of the parasite. The different phases of the cell cycle (GO, G1, S, G2, post
M) can be distinguished by the configuration of the kinetoplast (K) and the nucleus (N). On the right
a DIC image and DAPI staining (cyan) visualizes the cell cycle in chemically fixed parasites. Scale
bar: 5 um.

The first step in the cell cycle is the duplication of the basal body, which connects the flagellum
with the kinetoplast and links the duplication of these organelles (Sherwin and Gull, 1989). The

novel basal body serves as nucleation site for the newly synthesized flagellum, that exits the
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cell body from the same flagellar pocket as the old one (Lacomble et al., 2010). Meanwhile,
the cell entered the S-phase as its mitochondrial DNA was replicated. The separation of the
basal bodies causes the segregation of the mitochondrial DNA and the flagellar pocket
(Lacomble et al., 2010). This stage with a dividing kinetoplast, termed 1K%1N, can be easily
discriminated from the 1K1N stage due to the elongated shape of the mitochondrial DNA.
During this time, the nuclear DNA is replicated and the cell enters the G2-phase of the cell
cycle once the segregation of the kinetoplast is complete. The parasite now has two
kinetoplasts and one nucleus (2K1N). The nuclear DNA is separated without a breakdown of
the nuclear envelope (closed mitosis) and the cell enters the post M-phase, in which two
kinetoplasts and two nuclei are present (2K2N) (Ogbadoyi et al., 2000). Also, the microtubule

skeleton elongates and the volume of the cell increases (Rotureau et al., 2011).

Cytokinesis initiates at the anterior end of the cell when all organelles are replicated. Physical
forces generated by the motility of the cell support the segregation, while the cleavage furrow
proceeds towards the posterior end of the cell along the longitudinal axis between the two
flagella (Broadhead et al., 2006; Ralston et al., 2006). Hereby, the organelles are equally
distributed and two daughter cells originate, which reenter the cell cycle. Thus, another
advantage of trypanosomes as model system is their comparably simple and accurately timed

cell cycle.
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2.3 The parasite cycle of Trypanosoma brucei

Trypanosomes possess a complex parasite cycle as they alternate between the mammalian
host and the insect vector (Figure 3). During this transition and the journey in the fly the
parasites are exposed to dramatic changes in their environment like temperature, pH or
availability of nutrients. To cope with these problems, the parasites have evolved sophisticated
adaption strategies including alterations in metabolism, surface proteins and morphology. So
far, seven different stages have been described in the fly and two in the mammalian host
(Figure 3). Commonly, the bloodstream form (BSF), which naturally occurs in the mammal, or
the procyclic form (PCF), which colonizes the midgut of the insect, can be cultivated in vitro
and are therefore used for experiments. However, the parasites also adapted to laboratory
conditions due to prolonged syringe passaging. The changes are particular striking in the BSF
because the typically used laboratory strains lost the ability to differentiate and thus are

described as monomorphic (reviewed in McCulloch et al., 2004).

procyclic
proeyelin
ﬁ proliferative
short stumpy
VSG =
G1/GO arrest

mesocylic
proeyelin
G2 arrest

long slender
VSG
proliferative

epimastigote
procyelin
dividing

metacyclic . "
VSG attached epimastigote
G1/GO arrest BARP

proliferative

Figure 3: The parasite cycle of Trypanosoma brucei. The major mammalian bloodstream (blue)
and insect vector (yellow and green) stages of the parasite are schematically illustrated (adapted from
Sharma et al., 2009). Changes in cell morphology, the kinetoplast-nucleus configuration, flagellar
length and positioning occur during developmental progression. These characteristic features of the
different developmental stages are represented. The main surface proteins of the different stages are
color-coded and the status of the stages within the cycle is given (dividing, proliferative, G1 or G2
arrest).

10
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2.3.1 The development within the insect vector

The tsetse fly takes up the parasites with the blood meal when it feeds on a mammal infected
with trypanosomes. Subsequently, the meal, which can contain thousands of trypanosomes,
is transported into the crop and then into the anterior midgut of the fly. During this first part of
the parasites journey within the fly, differentiation from the BSF to the PCF takes place. The
cells not only change their morphology, but also adapt their gene expression and metabolism.
For example, the distance between kinetoplast and posterior pole of the cells is increased due
to the elongation of microtubules at the posterior end and the migration of the kinetoplast in
the vicinity of the nucleus (Matthews et al., 1995). Also, the variant surface glycoprotein (VSG),
which dominates the surface of the BSF, is replaced by procyclins like GPEETs and EPs
(Overath et al., 1983; Roditi et al., 1989). The procyclins are suggested to protect the parasites
from digestive enzymes of the alimentary system of the fly and are essential for the
establishment of the infection (Acosta-Serrano et al., 2001; Ruepp et al., 1997). Beyond that,
the parasites are exposed to a drastic change in the availability of nutrients. The BSF relies
exclusively on glycolysis to produce energy, but glucose is barely accessible in the fly. Thus,
the cells have to elaborate and activate their mitochondrion to produce energy via the
respiratory system using amino acids or peptides as nutrients (reviewed in Van Hellemond et
al., 2005). Next, the PCF parasites start to proliferate and invasion of the midgut is initiated.
The immune system of the fly is activated due to its infection with trypanosomes, which results

in either a reduction of parasite burden or their complete removal.

However, if an infection of the midgut is successfully established, the parasites can cross the
peritrophic matrix, which separates the lumen of the midgut from the epithelium. Thus, the PCF
parasites can colonize the area between the peritrophic matrix and the epithelium, the
epitrophic space. Once they start to migrate towards the next fly compartment, the
proventriculus, differentiation to the mesocyclic stage proceeds. While the cells elongate and
their diameter reduces, the distance between the kinetoplast and the also lengthened nucleus
increases (Rotureau et al., 2011). Further, the cells arrest in the G2-phase and posses now a
replicated nuclear and mitochondrial genome, which has not yet started to segregate (Sharma
et al., 2008). The transition to the next stage, the epimastigote form, is initiated once the
nucleus starts to migrate towards the posterior end of the cell. Thus, the nucleus is localized
more posterior to the kinetoplast, in contrast to trypomastigote stages like BSF or PCF. The
parasites now reenter the cell cycle and due to asymmetric division a long and a short
epimastigote daughter cell emerge after cytokinesis (Sharma et al., 2008). Experimental
evidence for the function of the long epimastigotes is missing. However, it is suggested that
this form is responsible for the transport of the short epimastigotes to the salivary glands
(Rotureau et al., 2011), which in turn appears to be the critical step for the completion of the

parasite cycle within the fly (Oberle et al., 2010). The short form attaches to the epithelium of

11
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the salivary glands and elongates (Van Den Abbeele et al., 1999). These attached
epimastigotes proliferate and ensure the colonization of the salivary glands. They divide either
in a symmetric fashion and produce two epimastigote daughter cells or asymmetrically,
whereby one cell with an epimastigote and one with a trypomastigote kinetoplast/nucleus
configuration emerges (Rotureau et al., 2012). The latter one is suggested to be a pre-
metacyclic cell, that can further differentiate to the metacyclic stage (Rotureau et al., 2012).
During this process, the kinetoplast migrates to the posterior pole of the cell and the parasite
arrests in the G1-phase (Rotureau et al., 2012). Other processes like the exchange of the
surface coat, now representing a metacyclic VSG (mVSG) on the plasma membrane, or the
regression of the mitochondrion ensure the pre-adaption of the parasite for the survival in the
mammalian host. The trypanosomes are now finally prepared for the re-transmission to the
mammalian host after a 20-30 days long journey through the alimentary system of the tsetse

fly (reviewed in Sharma et al., 2009).

2.3.2 The development within the mammalian host

If a fly with a salivary gland infection bites a mammal, the metacyclic parasites get injected into
the skin, where they reenter the cell cycle. During the first days of infection the metacyclic form
resides in the dermis in the region of the insect bite and differentiation to the long slender (sl)
BSF stage is initiated (Akol and Murray, 1982; Dwinger et al., 1988). After a few days, the sl
parasites, which express a non-metacylic VSG, invade the bloodstream of the host via its
lymphatic system. The cells are now directly exposed to the immune system of the host and

their struggle for survival starts.

BSF trypanosomes have developed sophisticated strategies based on their main surface coat
protein, the VSG, to evade the immune system of the host (discussed in detail in chapter 2.4).
The VSGs serve as physical barrier at low antibody titers and once an antibody binds to it the
complex can be internalized via endocytosis resulting in the degradation of the antibody while
the VSG is recycled (Engstler et al., 2007). In the presence of high antibody concentrations,
however, this system is not sufficient anymore to conceal the parasites. Only cells that express
another VSG variant, that is novel for the immune system, survive and establish a new
population. Due to this process termed antigenic variation a population of trypanosomes can
consist of multiple subpopulations expressing immunologically distinct VSG variants (Mugnier
et al., 2015).

However, proliferation of the cells has to be limited to maintain an infection, as constantly high
parasitemia damages the host and accelerates its death (Seed and Wenck, 2003). This is
ensured by the transition to another BSF stage, the short stumpy (st) form. These cells are

irreversible arrested in the G1/G0-phase of the cell cycle and have a limited life span of two to

12
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three days, in contrast to the proliferating sl parasites (MacGregor et al., 2011; Shapiro et al.,
1984). The differentiation is initiated once a threshold in the concentration of the up till now
elusive stumpy induction factor (SIF) is reached (Vassella et al., 1997). SIF is secreted by the
proliferating sl cells and accumulates with increasing parasite number (Reuner et al., 1997;
Vassella et al., 1997). Consequently, st development occurs at high levels of parasitemia,
which limits the parasite burden in the host and guarantees the maintenance of trypanosome
infection, as some parasites remain in the sl stage. The developmental transition ensures also
transmissibility and the completion of the parasite cycle, because only st cells are thought to

be infective for the tsetse fly.

The differentiation from the sl to the st stage is accompanied by changes in morphology and
gene expression (Figure 4). Compared to the sl form, the cells have a shorter stout shape, the
flagellar length is reduced and the now round nucleus is localized more posterior (Tyler et al.,
1997, 2001). A hallmark for the sl to st transition is the elaboration of the mitochondrion. This
organelle is a simple single strand in sl cells but grows and branches during st development
(Vickerman, 1965). The mitochondrion is literally inactive in sl cells but mitochondrial protein
expression, like the lipoamide dehydrogenase (LipDH), is initiated during the expansion of the
organelle (Tyler et al., 1997). These changes most likely occur as a pre-adaption to metabolic
changes when the parasite is ingested by its vector (Brown et al., 1973). Another preparation
for the infection of the fly is the cell cycle arrest of the st cells. Once sl and st parasites enter
the tsetse fly with the blood meal, st cells reenter the cell cycle and thus are able to
synchronously differentiate to the PCF, while the sl parasites die (reviewed in MacGregor et
al., 2012). Also the presence of doomed sl cells might be an advantage during fly infection as
a recent study suggested that free VSG molecules could promote the parasite colonization
(Aksoy et al., 2016).

The parasites have to be capable to sense the entry in the fly to guarantee a synchronous
differentiation. The 'proteins associated with differentiation' (PAD) 1 and 2, which are surface
localized carboxylate-transporters, play an important role in the perception of the
environmental changes (Dean et al., 2009). Early during the sl/st transition when the cells exit
the cell cycle, the expression of PADT mRNA is initiated and the transcripts accumulate
subsequently (MacGregor and Matthews, 2012). This is considered as a characteristic of an
intermediate stage during st development as the transcript is absent in sl cells and has a
maximal expression once the cells have reached a st appearance (reviewed in MacGregor et
al., 2012). However, the PAD1 protein is only expressed after the morphological transformation
has already started and is then distributed all over the plasma membrane of the st cells (Dean
et al., 2009). In contrast, PAD2 is restricted to the flagellar pocket of st parasites (Dean et al.,
2009). Once a drop in temperature occurs, like when the parasites enter the alimentary system

of the fly, PAD2 expression is increased and the protein is relocated to the surface of the
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parasite. Thus, its higher expression in PCF rather reflects the thermo-regulated expression of
the protein than stage specificity. The combination of a st specific carboxylate-transporter
(PAD1) and a thermo-regulated one (PAD2), allows st parasites to perceive citrate/cis-
aconitate in the fly gut in a temperature-dependent manner. The transduction of the citrate/cis-
aconitate signal via the PAD receptors leads then to the development of PCF cells in the

alimentary system of the fly.

long slender (sl) short stumpy (st)

proliferative G1/GO arrest

mitochondrion
PAD1

Figure 4: The differentiation from the long slender to the short stumpy stage. Schematic
representation of a long slender (sl, left) and a short stumpy (st, right) parasite. The proliferating sl
form secretes the stumpy induction factor (SIF). The accumulation of SIF with rising parasitemia
induces the differentiation from the sl to the st stage. The characteristic changes in cell dimension
and flagellar length (indicated by asterisk) upon developmental transition are illustrated. Also, the
reorganization of the mitochondrion (magenta), from a slim and elongated shape in the sl stage to an
elaborated branched form in st parasites, is shown. The expression of the st specific 'protein
associated with differentiation 1' (PAD1) is indicated as well (grey).

Though RNA-synthesis is generally reduced in the st stage (Amiguet-Vercher et al., 2004),
other examples for the differential gene expression during st development are the up-
regulation of ESAGY9 transcripts or the down-regulation of the sl-specific haptoglobin—
haemoglobin receptor (Barnwell et al., 2010; Vanhollebeke et al., 2008). Another characteristic
of the st stage is the silencing of the active VSG expression site (ES), the region of the genome
encoding the actively transcribed VSG (Amiguet-Vercher et al., 2004). Thus, st cells cannot
escape the immune response of the host anymore via antigenic variation and have to maintain
their surface coat without de-novo synthesized VSGs. In part this is compensated by the higher
endocytosis rate of st parasites, ensuring a higher rate of VSG recovery and destruction of
VSG-bound antibodies via internalization (Engstler et al., 2007). This could also explain the

increased resistance to antibody-mediated killing of st parasites compared to the sl cells
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(McLintock et al., 1993). An additional explanation is the down-regulation of the haptoglobin—
haemoglobin receptor as it is responsible for the uptake of TLF and thus TLF-mediated killing
of trypanosomes is prevented in st parasites (Vanhollebeke et al., 2010). Therefore, st
parasites can outlive sl cells at peak parasitemia and the transmissibility of the parasites is
increased. It remains elusive how st parasites can dominate the trypanosome population over
longer periods like in chronic infection if the differentiation is solely density-dependent and the

irreversibly arrested cells have a limited life span (MacGregor et al., 2011).

2.3.3 The molecular mechanisms of stumpy differentiation

First evidence for the existence of a factor inducing st development was obtained by the
observation that trypanosomes stall proliferation when treated with plasma of infected animals
with high parasitemia (Seed and Sechelski, 1989). Next, it was shown that the factor is
secreted by the parasite itself as st development could be induced in vitro in a density-
dependent manner (Reuner et al., 1997). This further implicated that the factor accumulates
over time and thus induces developmental transitions once a critical threshold in the

concentration is reached.

Such a scenario is reminiscent to a quorum sensing mechanism of several prokaryotes. This
mechanism involves (i) a signaling molecule, (ii) a receptor that perceives this signal and (iii)
its transduction via signaling cascades, which ultimately leads to developmental changes.
Vassella and colleagues termed the signaling molecule for st differentiation SIF (stumpy
induction factor) and revealed that it is a soluble compound with low molecular weight (Vassella
et al., 1997). They provided evidence that monomorphic cells, even though they have lost the
capability to differentiate to the st stage, still produce SIF. Therefore, and due to the
differentiation to a "st-like" stage, when treated with an analogue of cyclic adenosine
monophosphate (CAMP), monomorphic trypanosomes are suggested to be "signal-blind"
(Breidbach et al., 2002; Reuner et al., 1997). However, SIF evaded several attempts to identify
its exact biochemical nature and remains elusive to date. Besides, it is unknown if SIF is
perceived by a cell surface receptor or is able to pass the membrane via a selective channel
or through diffusion. It is also unknown if the signaling cascade is initiated from the extracellular

or intracellular milieu.

The intracellular signaling during st development is also still mysterious. Early experiments
suggested a role of cAMP during sl/st transition. A two- to threefold increase in cAMP
concentration was measured at peak parasitemia followed by a concomitant decline when st
forms appeared (Mancini and Patton, 1981). This was further supported by the finding that
treatment of pleomorphic cells with SIF enriched medium caused an increase in cAMP levels
(Vassella et al.,, 1997). A membrane permeable cAMP analogue, 8-pCPT-2"-O-Me-cAMP

15



2 Introduction

(pCPT-cAMP), inhibited growth of trypanosomes due to an arrest in G1/G0-phase and induced
differentiation to the st stage (Vassella et al., 1997). Therefore, it was generally accepted that
cAMP is the second messenger that mediates the SIF signal until evidence arose that not
cAMP per se but rather its hydrolysis products cause the differential transition (Laxman et al.,
2006). When monomorphic trypanosomes were treated with a hydrolysis resistant and
membrane permeable cAMP analogue, no anti-proliferative effect was observed. When the
cAMP hydrolysis products AMP or adenosine were added, a comparable effect to the treatment
with pCPT-cAMP was observed, meaning proliferation was inhibited and the cells arrested in
the G1/G0-phase of the cell cycle (Breidbach et al., 2002; Laxman et al., 2006). Further, the
depletion of cyclic nucleotide specific phosphodiesterases (PDEs) of T. brucei caused a
dramatic increase in intracellular cAMP levels. This disrupted cytokines and caused cell death
but did not promote st development in the BSF form (Oberholzer et al., 2007). Additional
evidence for the role of the cAMP hydrolysis products in st differentiation is provided by a study
of the protein kinase target of rapamycin (TOR) 4. Knock-down of TOR 4 inhibited growth of
monomorphic parasites as they developed to a st-like stage and addition of hydrolysable cAMP
or AMP resulted in a decrease in TOR4 expression, whereas the hydrolysis resistant cAMP
analogue was not sufficient to cause a reduction (Barquilla et al., 2012). Thus, the expression
of a negative regulator of st differentiation is controlled by a hydrolysis product of cAMP and

not the compound itself.

The molecular components involved in the SIF pathway are largely unidentified and the
integration of the known ones in a network or signaling cascade is puzzling. Besides the TOR4
kinase, a zinc finger kinase (ZFK) was shown to play a role during st differentiation. The knock-
out of ZFK in pleomorphic cells affected growth and caused an increase in the rate of sl to st
transition (Vassella et al., 2001). A comparable phenotype was observed when a null mutant
of the mitogen-activated protein kinase (MAPK) 5 in a pleomorphic strain was analyzed. These
cells differentiated earlier to the st stage and infection of mice resulted, consequently, in a
reduced parasitemia (Pfister et al., 2006). Recapitulatory, TOR4, MAPK5 and ZFK can be
considered as negative regulators of st differentiation and as sl retainers (reviewed in Mony
and Matthews, 2015).

A recent study identified a couple of additional factors involved in st development using a
genome wide RNAI library screen in combination with 8-pCPT-cAMP/AMP treatment. If cells
were able to escape 8-pCPT-cAMP/AMP mediated growth retardation once RNAi was
induced, it was assumed that the genes affected by RNAI are involved in the perception or
transduction of the st differentiation signal. Several potential components of the SIF pathway
were thereby identified, further validated by individual knock-down and screening for SIF
resistance (Mony et al., 2013). It was shown that members of a Ser/Thr protein phosphatases

of type 1 (PP1) gene array are essential for st differentiation, as their simultaneous knock-
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down prevented developmental transition. A dual specificity phosphatase (DsPhos) seems to
be involved in the transduction of differential cues as well. Depletion of a potential YAK kinase
resulted in an elevated resistance to SIF pathway signals and thus prolonged presence of sl
cells. Similarly, RNAiI mediated knock-down of members of a NEK kinase array caused a delay
in st differentiation. The contribution of a mitogen-activated protein kinase (MAPK) cascade
was indicated as sl cells did not react anymore to SIF after knock-down of a protein with a
MEKK domain. Further, hypothetical proteins with so far unknown function were found to play
a role during sl/st transition. Some of them possess domains indicating a potential
mitochondrial function, which could imply that also mitochondrial proteins have an essential

role in the initial differentiation process.

Thus, Mony and colleagues could identify a couple of components of the SIF pathway including
phosphatases and kinases, but their exact function, targets or order in the signaling cascade
remains mostly unknown (reviewed in Mony and Matthews, 2015; Mony et al., 2013). At the
moment they propose a simplistic model in which st development is controlled by the balance
of sl retainers and st inducers. They assume that sl retainers preserve the sl state of a cell as
they are constitutively expressed at this stage. Once SIF accumulation reaches a threshold, sl
retainers are repressed while st inducers are activated. The balance is shifted towards st
inducers causing an irreversible commitment of the cell, which ultimately leads to the

morphological transition of the parasite (reviewed in Mony and Matthews, 2015).
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2.4 The variant surface glycoprotein

The survival of trypanosomes within their mammalian host mainly depends on their protein
surface coat, which consists of a monolayer of approximately 107 identical copies of the variant
surface glycoprotein (VSG) (Jackson et al., 1985). The importance of this protein is already
implied by its abundance, as VSG makes up 10% of the total protein amount of the BSF. VSGs
are homodimers composed of two monomers with an approximate molecular weight of 55 kDa.
The N-terminal domain is oriented towards the extracellular space, while the
glycosylphosphatidylinositol (GPI)-anchor of the short C-terminal domain tethers the protein to
the plasma membrane of the parasite (Blum et al., 1993; Ferguson et al., 1988). The densely
packed VSG coat shields the parasite from the extracellular environment as antibodies cannot
penetrate this physical barrier of the cell (Schwede et al., 2011). However, the VSG is highly
immunogenic and provokes a fast reaction of the host’ immune system. At low antibody titers,
the parasite internalizes antibodies that bind to the VSGs by a high rate of endocytosis. One
equivalent of the complete surface coat is exchanged every 12 minutes via endo- and
exocytosis at the posterior end of the cell, the flagellar pocket (Engstler et al., 2004). This
process is supported by the free diffusion of the VSG molecules on the plasma membrane and
a hydrodynamic force that is generated by the anterior directed movement of the cells (Engstler
et al., 2007; Hartel et al., 2015). Within the cell, the VSG is recycled to the cell surface while
the antibodies are degraded in the lysosome (Engstler et al., 2007). However, this system for
immune evasion is only sufficient at low antibody titers as high antibody titers result in a drastic

reduction of parasitemia.

2.4.1 Antigenic variation

All parasites that express a distinct VSG variant will be cleared once the immune system of
the host mounts a VSG variant-specific antibody response and the antigen levels are high.
Some parasites express another VSG gene of the great repertoire of VSGs due to a stochastic
switch in expression. If this variant is immunologically novel for the immune system, the
parasites survive and replicate until also this variant is recognized by the host. Thus, typical
waves of parasitemia arise during the infection with trypanosomes. Such strategies for altering
the surface proteins in order to evade the host immune response are referred to as antigenic
variation and are a common phenomenon in bacterial, fungal as well as protozoan pathogens
(reviewed in Deitsch et al., 2009).

Antigenic variation in trypanosomes is based on the expression of a single VSG gene out of a

great repertoire. More than 2,000 VSG genes and pseudo-genes are encoded in the genome
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of the parasite, which consists of 11 megabase chromosomes and approximately 100
minichromosomes (Cross et al., 2014; Wickstead, 2004). The vast majority of the VSG genes
(=80%) is localized in silent VSG arrays in the subtelomeric region of the megabase
chromosomes while the remaining genes are encoded on minichromosomes (Berriman et al.,
2005). VSG genes are exclusively transcribed from specialized regions of the genome, the
VSG expression sites (ESs), which are located at the telomeric ends of the megabase
chromosomes (Figure 5). Approximately 15 ESs are present in the genome but only one is

transcriptionally active at any given time (Hertz-Fowler et al., 2008).

Each ES represents a transcriptional unit controlled by one promotor that is localized
approximately 50 kbp upstream of the end of the ES and is recognized by RNA polymerase |
(Poll). Other components of the ES are the expression site associated genes (ESAGs) and a
large region of repetitive DNA sequences (70 bp repeats) that are located upstream of the
telomere-proximal VSG. The complete ES is transcribed into a polycistronic pre-mRNA, which
is then further processed via trans-splicing and polyadenylation to the mature mRNAs of the
individual genes (reviewed in Liang et al., 2003). Although the general architecture of the ESs
is similar, they differ in the composition as well as in the number of ESAGs. The coding
sequences of the different ESAGs can also vary between ESs. It is suggested that the
expression of different ESs could provide advantages for the survival of the parasite in diverse

host environments (reviewed in Pays, 2006; reviewed in Pays et al., 2001).
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Figure 5: Schematic model of a consensus ES of Trypanosoma brucei. As the order of the
ESAGs (1-8) varies between the different ESs, the consensus succession is represented (Hertz-
Fowler et al., 2008). All of the ESs described so far consist of a Poll promotor (arrow) and a telomere-
proximal VSG (black box), with the 70 bp repeats (grey box) located upstream. A circle indicates the
telomere and the blues boxes the different ESAGs (71-8).

2.4.2 The mechanisms of antigenic variation

Switching the expression from one VSG to another can occur by two main mechanisms. One
mechanism is a so-called in situ switch, which represents a transcriptional change as the
previously active ES is silenced while another ES is activated. In contrast, the other mechanism

is based on the recombinational exchange of the VSG gene within the active ES.

Such a genomic rearrangement can be achieved by different mechanisms. The telomeric VSG

exchange (Figure 6, left) is caused by a cross-over of the chromosome ends (Pays et al.,
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1985). Consequently, parts of the active and the silent ES, including the VSGs, are exchanged
and both VSG genes are maintained within the genome. Most frequently, a silent but functional
VSG gene is duplicated into the active ES (Figure 6, middle). It replaces the previously active
VSG gene, which results in the deletion of the previously ES-resident VSG gene. During this
process termed gene conversion, either a VSG gene from the silent VSG arrays or from an
inactive ES can serve as donor for gene duplication. Often not only the VSG open reading
frame (ORF) is duplicated but also upstream and downstream regions, which are thought to
serve as recombination sites. The 70 bp repeats upstream of the VSG gene are often used for
recombination and then represent the 5’ border for translocation (Hovel-Miner et al., 2016; Liu
et al., 1983). However, if a silent ES is the donor for gene conversion, duplication can extend
further upstream (Pays et al., 1983). In this case, the copy can expand even to the promotor
region located 50 kbp upstream, resulting in the duplication of a complete ES (Hertz-Fowler et
al., 2008). Downstream, conserved regions in the 3’ end of the VSG ORF or its untranslated
region (UTR) can provide homology for recombination (Bernards et al., 1981). Nevertheless,
gene conversion can extend down to the chromosome ends (de Lange et al., 1983). If the
cross over takes place within the VSG OREF, e.g. in the homologues regions of the 3’ end, a
new mosaic VSG gene is generated consisting of parts of the resident and parts of the
duplicated VSG (Pays et al., 1983). Mosaic VSG genes can also be produced by combining
parts of different pseudogenes using this segmental gene conversion, but it is unclear how
they are assembled and where in the genome (reviewed in Marcello and Barry, 2007; Thon et
al., 1989).

The described recombinational changes are exclusively based on DNA rearrangement as the
VSG within the active ES is replaced and no changes in the transcriptional status of the active
ES occur. However, 15 ESs are present in the genome of T. brucei and only one is transcribed
at any given time while the others remain silent. The expressed VSG can also be switched due
to a change in the activity of the ESs (Figure 6, right). During an in situ switch, the
transcriptional status of the ESs changes when a previously silent ES is activated while the
actively transcribed ES is silenced (Bernards et al., 1984; Michels et al., 1984). It is suggested
that remodeling of the chromatin structure is essential for this process as the active ES is
depleted of nucleosomes while silent ESs are tightly packed in heterochromatin (Figueiredo
and Cross, 2010; Stanne and Rudenko, 2010). Several proteins, especially chromatin
modifiers, are involved in the maintenance of the inactive status of the silent ES. However, it
remains elusive how a transcriptional switch takes place. The molecular players are widely
unknown and even the order of events - first ES-attenuation or first ES-activation - is

controversial (Batram et al., 2014; reviewed in Borst and Ulbert, 2001).
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Figure 6: The main mechanisms of antigenic variation in Trypanosoma brucei. The colored
borders represent one parasite expressing a single VSG from the active telomeric ES (box with the
same color). The transcribed ES is indicated by a red arrow and the ES promotor by a black arrow.
In the upper panel, the "grey" VSG (grey box) is expressed and silent VSGs (colored boxes) are
located in subtelomeric regions (upper middle) or in inactive ESs (upper left and right). The expressed
VSG gene can be switched by different mechanisms. Recombinational mechanisms involve either
the exchange of chromosome ends of inactive and active ESs (telomere exchange, left) or the
duplication of a silent VSG into the active ES (gene conversion, middle). During an in situ switch
(right), a new ES is transcriptionally activated and the active ES is silenced. In all cases, a successful
switch results in the expression of a new VSG variant as indicated by the colored borders in the lower
panel. (adapted from Taylor and Rudenko, 2006)

2.4.3 The advantages of the different mechanisms of antigenic variation.

When comparing transcriptional and recombinational changes, the question arises what the
advantage of the different methods could be. Via gene conversion and telomere exchange, the
parasites could exploit the enormous VSG repertoire and persistent parasitemia might be
ensured. Segmental gene conversion creates mosaic VSGs that are novel to the immune
system of the host and could prevent an exhaustion of the VSG repertoire (Futse et al., 2008).
This would also prevent immunity of a large proportion of the host population to trypanosomes,
a phenomenon termed herd immunity (Futse et al., 2008). These hypotheses are supported
by the observation that a hierarchal order of the recombinational exchange of VSG genes
exists, which is most likely based on the genomic location (Morrison et al., 2005). Telomere-
proximal VSG genes are used for recombinational switches in the early stage of infections,
next, VSG genes from silent subtelomeric VSG arrays are expressed and mosaic VSGs at

later stages (reviewed in Marcello and Barry, 2007; Morrison et al., 2005; Thon et al., 1990).

The benefit of in situ VSG switching is controversial as only variants within the ESs can be
activated, limiting the VSG repertoire to the 15 telomeric ES. One possibility is that silent ESs

are used to assemble mosaic VSGs genes, which are transcribed once the ES is activated.
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However, the most prominent theory is the host range hypothesis, which argues that the benefit
of possessing and activating different ESs is due to the ESAGs and not the ES-resident VSGs
(reviewed in Pays, 2006; reviewed in Pays et al., 2001). For example ESAG6 and 7 form a
heterodimeric receptor for the uptake of transferrin, and their sequence differs between the
ESs. Bitter and colleagues showed that the small ES-associated variations of transferrin
receptors affect the binding affinity for transferrins from different hosts and thus influence the
growth of the parasites (Bitter et al., 1998). Furthermore, when trypanosomes are exposed to
sera from different hosts, they tend to switch the actively transcribed ES to one that allows
better iron uptake due to the expression of a slightly altered transferrin receptor (Bitter et al.,
1998; Gerrits et al., 2002). An adenylate cyclase encoded by ESAGH4 is also involved in the
interaction of the host and the parasite as the early innate immune response of the host is
affected by the expression of this ESAG (Salmon et al., 2012). Another example underlying
the relevance of ESAGs in the interplay of host and trypanosomes is the resistance of
T. brucei rhodesiense to the human TLF as it depends on the expression of a distinct ES
containing the gene encoding for SRA (Xong et al.,, 1998). Taken together, these results
suggest a role of ESAGs at the interface of host - parasite interaction. Thus, the survival in
various hosts could be maximized due to differential ESs expression, which in turn is achieved

via in situ switching.

Although the different switching mechanisms may provide different advantages for the
parasite, no conclusions about their relative importance can be drawn. The contribution of each
mechanism to the survival of the parasite and thus their relevance could be deduced from the
frequency at which the different events occur. However, switching rates already greatly differ
between monomorphic (10#-10° switches per cell per generation) and pleomorphic (102-103
switches per cell per generation) strains (Aitcheson et al., 2005; Turner and Barry, 1989). An
enormous discrepancy in the frequency of the different switching events exists between
various experiments using monomorphic cells. For example in studies of Kim and Cross in situ
switchers were almost absent (less than 2%) and gene conversion was dominant (Kim and
Cross, 2010, 2011). In contrast, Devlin et al reported that around 30% of the observed
switching events was caused by in situ switches and only 10% by gene conversion (Devlin et
al., 2016). In the experiments of Aitcheson and colleagues in situ switching was the most
frequent event with 77% of all switchers (Aitcheson et al., 2005). In pleomorphic cells, only one
study discriminated between the different switching mechanisms and showed that gene
conversion is dominant (Robinson et al., 1999). Consequently, it remains unclear to what
extent each switching strategy contributes to the survival of the parasites, especially
considering that only successful switching events are measured and that switching is often

only discriminated at the level of VSG expression.
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2.5 Maintenance of monoallelic expression of the ES

Monoallelic expression of genes is not a unique feature of trypanosomes. It is a widespread
phenomenon and the molecular mechanisms are puzzling. One of the best-known and first
discovered examples for monoallelic expression is the X-chromosome inactivation in female
mammalian cells. In this case, the dosage of X-linked genes has to be compensated, as two
copies are present in female cells. This is achieved by a random silencing of one of the two X-
chromosomes (reviewed in Schulz and Heard, 2013). In the 1960s, Pernis and colleagues
showed that monoallelic expression occurs as well for autosomal genes, as B-cells express
only one of two immunoglobulin alleles (Pernis et al., 1965). In the 1990s it was demonstrated
that in the mammalian central nervous system each olfactory sensory neuron expresses only
a single olfactory receptor out of a repertoire of more than 1,000 genes, which are
epigenetically silenced (reviewed in Monahan and Lomvardas, 2015). At the same time, it
became clear that the malaria parasite Plasmodium falciparum expresses only one of 60 var
genes which encode the surface molecule ‘P. falciparum Erythrocyte Membrane Protein 1’
(PfEMP1) (Smith et al., 1995; Su et al., 1995). In this case, monoallelic expression is based
on a complex interplay between the var promotor and introns as well as epigenetic
mechanisms (reviewed in Guizetti and Scherf, 2013). However, monoallelic expression of
VSGs was discovered already more than 10 years earlier in trypanosomes (Hoeijmakers et al.,
1980). Up till now evidence has accumulated that among others epigenetic modifications are

involved in allelic exclusion in trypanosomes but a comprehensive model is still missing.

2.5.1 The transcriptional status of the active ES and its nuclear context

The active ES differs from the silent ones in its transcriptional activity. The VSG mRNA of
inactive ESs is 10%-10°-fold less abundant compared to the active one (Figueiredo et al., 2008;
Yang et al., 2009). However, this great discrepancy in the transcriptional levels between active
and inactive ESs is only observed at the telomere-proximal VSGs. Interestingly, 80% of the
mRNAs of the promotor-proximal ESAG6 originate from the active ES, while the other 20%
stem from silent ESs (Ansorge et al., 1999). Integration of resistance cassettes in the promotor-
proximal regions of inactive ESs resulted in drug resistance (Navarro and Cross, 1996).
Although the drug resistance was 100-fold lower compared to the integration into the promotor
of the active ES, this suggested that inactive ESs are not completely silenced. This was further
confirmed by Yang and colleagues, who showed that promotor-proximal genes were
transcribed at approximately 0.3% of the full activity levels, whereas telomere-proximal genes

were transcribed only at 0.01% (Yang et al., 2009). Taken together, these studies
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demonstrated that low-level transcription occurs at silent ESs, suggesting a regulation of ES

transcription at the level of elongation or initiation.

Evidence for the first hypothesis comes from reverse transcription-PCR analyses of different
ES components. These indicated that RNA elongation and processing are not functional at
silent ESs, although transcription is initiated (Vanhamme et al., 2000). Further support was
provided by a study analyzing the ES transcription levels of single cells, which showed that
transcription initiates simultaneously at the different ESs (Kassem et al., 2014). However,
these studies could not exclude differences in the rate of transcription initiation. Nevertheless,
the authors argued that the transcription machinery is recruited to the promotor of silent and

active ESs and thus transcription is initiated, whereas it is controlled later on.

On the other hand, the theory that the activity of the ES is regulated via the initiation of
transcription, is supported by studies of the class | transcription factor A (CITFA). This factor
recognizes Poll promotor sequence, which are present at the beginning of the transcriptional
units of rRNA, procycline or VSG genes, and is essential for their Poll-dependent transcription
(Brandenburg et al., 2007). Nguyen and colleagues could show that the CITFA-2 and CITFA-
7 subunits predominantly occupy the promotor region of the active ES compared to silent ones
(Nguyen et al., 2013). The presence of high CITFA levels at the promotor region of the active
ES correlated with the occupancy of Poll as well as elevated levels of promotor-proximal
unspliced RNA. Depletion of CITFA-7 led to a decrease in the Poll occupancy and RNA
abundance. For these reasons, the authors argued that ES transcription is regulated at the
level of transcription initiation. Furthermore, they suggested that the initiation of ES
transcription by Poll is restricted to the expression site body (ESB) due to the accumulation of
CITFA to the promotor.

The ESB is a extranucleolar compartment that consists of an accumulation of Poll and harbors
the active ES (Navarro and Gull, 2001). It was shown that after replication of the active ES,
both ES copies remain in the single ESB. The sister chromatids are connected via a cohesin
complex and are separated considerably later after replication than other gene loci. Thus, it is
ensured that one active ES is inherited to one daughter cell (Landeira et al., 2009). The
depletion of subunits of the cohesin complex led to a premature separation of the sister
chromatids and to an increase in the frequency of in situ switching events. Therefore, it was
argued that the cohesin complex is essential for the maintenance of the active ES. It has been
also suggested that the exclusion of silent ESs from the ESB is responsible for monoallelic
expression in trypanosomes (Landeira and Navarro, 2007; Navarro and Gull, 2001). It remains
elusive if the ESB indeed excludes other ESs or rather assembles around the active one and

no factor specific for the ESB is known up to date.
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Interestingly, a recent study identified a protein termed VSG exclusion1 (VEX1) that localizes
in a distinct subnuclear spot in the vicinity of the ESB (Glover et al., 2016). This protein is
sequestered at the telomere of the active ES in a transcription-dependent manner. A role of
VEX1 in ES exclusion has been demonstrated as both its knock-down and overexpression
resulted in the derepression of inactive ESs, especially the silent VSGs. It seems likely that
ESB and VEX1 foci have distinct roles for the regulation of ES transcription, but the exact

nature of these foci as well as their contribution to monoallelic expression is not understood.

Nevertheless, the identification of these two foci suggests that the nuclear architecture also
plays an important role for the monoallelic expression of the VSG. This hypothesis is further
supported by the location of the silent ESs in the periphery of the nucleus, where the
heterochromatin is positioned (reviewed in Glover et al., 2013). Interestingly, it was shown that
the nuclear periphery protein-1 (NUP-1) co-localizes with the telomeres in the periphery of the
nucleus (DuBois et al., 2012). NUP-1 is most likely a component of the nuclear envelope, which
is essential for the maintenance of the nuclear pore complex and the positioning of the
telomeres. Strikingly, the rearrangement of the telomeres upon depletion of NUP-1 was
accompanied by a derepression of silent ESs, suggesting that the nuclear position of the
telomeres is an important factor for the silencing of the ESs due to the formation of

heterochromatin (DuBois et al., 2012).

2.5.2 Epigenetic silencing of the ES

Several recent studies support the idea that epigenetic silencing and chromatin structure play
an important role for monoallelic expression in trypanosomes. The differences in the
transcriptional activity between silent and active ESs are accompanied by differences in the
chromatin architecture of the ESs. While the active ES is depleted of nucleosomes, the silent
ESs are tightly packed in heterochromatin (Figueiredo and Cross, 2010; Stanne and Rudenko,
2010).

It has been shown that nucleosomes are indeed essential for the silencing of inactive ESs.
First, the depletion of the core histone H3 led to a 11-fold derepression of the promotor region
of silent ESs, but not of the downstream-localized VSG (Alsford and Horn, 2012). Second,
knock-down of the linker histone H1 resulted in an increase of Poll-mediated transcription with
the most prominent effect at the promotor region of silent ESs, where a sixfold increase was

observed (Pena et al., 2014; Povelones et al., 2012).

Several chromatin remodelers and modifiers have been shown to play a role in determining
and maintaining the transcriptional status of ESs. The SWI2/SNF2-like ATPase TbISWI was

the first chromatin remodeler discovered to have a function in ES regulation (Hughes et al.,
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2007). TbISWI was shown to bind to silent and active ESs, whereas its lowest concentration
was observed at the promotor region. Down-regulation of TbISWI led to a 60-fold derepression
of a promotor-proximal GFP reporter within a silent ES and at least fivefold increase in the
transcript levels of previously silent ES-resident VSGs (Stanne et al.,, 2011). The
nucleoplasmin-like protein (NLP), the regulator of chromosome condensation 1-like protein
(RCCP) and the phenylalanine/ tyrosine rich protein (FYRP) were identified as interaction
partners of TbISWI using tandem affinity purification (Stanne et al., 2015). All three identified
proteins display a similar distribution to TbISWI at Poll-transcribed loci and possess domains
typical for chromatin proteins (Narayanan et al., 2011; Stanne et al., 2015). NLP was previously
shown to particularly affect ES regulation as an at least 45-fold derepression of silent ES
promotor regions occurred upon its depletion, while no changes in silent VSG transcription
were observed (Narayanan et al., 2011). A similar increase in ES promotor-proximal
transcription occurred, when the other two TbISWI interaction partners were knocked down
(Stanne et al., 2015).

In addition, the histone deacetylase DAC3 seems to play a role in the silencing of ES
promotors, even though no direct association of the protein with ESs was demonstrated (Wang
et al., 2010). The SPT16 subunit of the trypanosome facilitates chromatin transcription (FACT)
complex is highly enriched at the promotor regions of silent ESs. Its depletion results in the
derepression of the promotor, but not the telomere regions of silent ESs (Denninger and
Rudenko, 2014; Denninger et al., 2010). Knock-down of histone chaperones, either the
chromatin assembly factor 1b (CAF-1b) or the anti-silencing factor 1A (ASF1A), led to an
increase in the transcript levels of a GFP reporter integrated in the promotor region of an
inactive ES (Alsford and Horn, 2012). In both cases, the increased transcription did not extend

up to the telomere-proximal VSG, similar to the phenotype observed upon depletion of H3.

In summary, the depletion of numerous proteins associated with chromatin remodeling or
modification caused derepression of silent ESs. In all cases, a pronounced effect was only
observed at the promotor-proximal regions, whereas the telomeric VSGs were only mildly
affected or not all. Hence, the chromatin structure has a severe impact on the transcription of
the promotor-proximal region. This indicated that in particular epigenetic modifications are

involved in the silencing of the promotor-proximal regions of inactive ESs.

However, the exclusive expression of the VSG gene from a subtelomeric position led to the
hypothesis that also the telomere structure is involved in the regulation of VSG expression.
The repression of genes adjacent to telomere, termed telomere positioning effect (TPE), was
first described in the fruit fly Drosophila melanogaster and the budding yeast Saccharomyces
cerevisiae (Gottschling et al., 1990; Levis et al., 1985). TPE has now been identified in a wide
range of organisms and it is evident that this process involves the formation of heterochromatin

via hypoacetylation of histones (reviewed in Blasco, 2007). TPE as an epigenetic regulation
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mechanism in trypanosomes was first suggested by Glover and Horn, who generated de novo
assembled telomeres at different positions within the genome (Glover and Horn, 2006).
Thereby, they provided evidence that the telomeres repress Poll-mediated transcription locally,
with the strongest effect being observed within the ES. Direct evidence for a role of the
telomere in ES-silencing comes from the analysis of the telomere-binding protein RAP1
(repressor/activator protein 1). Knock-down of this protein caused the derepression of silent
ESs (Yang et al., 2009). The most prominent effect was observed at the telomere-proximal
regions and the expression of all VSGs from silent ESs was monitored. This VSG co-
expression was accompanied by the formation of multiple Poll foci within the nucleus. A
component of the inositol phosphate pathway, the phosphatidylinositol 5-phosphatase
(TbPIP5-Pase), was recently identified as an interaction partner of RAP1 (Cestari and Stuart,
2015). Similar to RAP1, knock-down of the telomeric TbPIP5-Pase resulted in a pronounced
increase in the transcription of inactive ESs, whereby the silent VSGs were affected the most.
Interestingly, depletion of another component of the pathway, the inner membrane located
phosphatidylinositol 5-kinase (TbPIP5K), caused the same derepression phenotype. Knock-
down of either protein was also accompanied by the formation of numerous Poll foci and a
redistribution of RAP1. Thus, metabolites of the inositol phosphate pathway, which are known
to have an impact on chromatin remodeling in other eukaryotes, seem to play a role in the
regulation of ES transcription in trypanosomes as well (Steger et al., 2003; Yildirim et al., 2013).
Moreover, knock-down of TbPIP5K or TbPIP5Pase implied a repositioning of the telomeres in
the nucleus, which strengthens the suggested impact of the nuclear context for monoallelic

VSG expression.

In summary, the depletion of telomere-binding proteins resulted in a contrasting phenotype to
the phenotype observed upon depletion of chromatin proteins (described above). While in the
latter case derepression was more pronounced in the promotor-proximal regions, RAP1- or
inositol pathway-dependent silencing was stronger at telomere-proximal regions. These results
argue together for a regulation of the ES from both ends, promotor and telomere (reviewed in
Ginzl et al., 2015).

The importance of chromatin for complete ES-silencing irrespective of promotor or telomere
positioning becomes apparent by studies of the disruptor-of-telomeric silencing (DOT) 1B
protein. This methyltransferase is responsible for the trimethylation of histone H3 at the lysine
76 (H3K76) and is not essential for trypanosomes (Janzen et al., 2006). The knock-out of
DOT1B caused a 10-fold derepression of a resistance cassette, which was integrated in the
promotor region of a silent ES. Simultaneously, a 10-fold increase of the VSG transcripts from
the same ES was observed. Thus, the trimethylation of H3K76 is essential for complete ES-
silencing as depletion of DOT1B led to a similar derepression of promotor and telomere regions

of a silent ES (Figueiredo et al., 2008). The same study demonstrated also a role of the
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trimethylation during in situ switching as the completion of the switching process in DOT1B
knock-out cells took up to five times longer than in the parental cell line. It was indicated more
recently that DOT1B is as well essential for the reconstruction of the chromatin during the
developmental differentiation from the BSF to the PCF (Dejung et al., 2016). Thus, DOT1B is
essential for processes involving the reorganization of the chromatin structure such as

monoallelic expression, in situ switching and developmental transition.

All of the so far discussed epigenetic modifiers and regulators are involved in maintaining ES-
silencing. It has been unequivocally demonstrated that the chromatin structure is crucial for
silencing ESs and, consequently, regulation of ES transcription. In addition, an epigenetic
factor, the high mobility group box protein TDP1, was shown to be essential for the efficient
transcription of the active ES (Narayanan and Rudenko, 2013). This architectural protein
seems to be present at the completely active ES, whereby it is fivefold enriched at the promotor
region of the active ES compared to silent ones. TDP1 distribution at Poll transcription units is
inversely related to the occupancy pattern of histone H3, and TDP1 depletion led to an increase
of the histones H3, H2A and H1 at these loci. Simultaneously, a reduction of the VSG transcript
levels by 40-90% was observed upon induction of TDP1 RNAI. The authors suggested that
TDP1 replaces histones at Poll-transcribed loci and thus facilitates transcription by maintaining
the open chromatin structure of the active ES. In contrast, a recent study indicated that
transcription is stalled before the status of the chromatin changes (Aresta-Branco et al., 2015).
Aresta-Branco and colleagues could show that the transcription of the active ES was reduced
prior to the formation of heterochromatin during the differentiation from the BSF to the PCF.
They also demonstrated that the open chromatin state of the active ES was maintained when
its transcription was stalled using a system to inducibly block transcription. Furthermore, they
found evidence that TDP1 is essential for this transcription-independent regulation of the

chromatin.

In conclusion, many epigenetic factors involved in the regulatory network of the ESs have been
identified. Most of them play a role in the silencing of the ESs either in the region of the
promotor or telomere, but in general the structure of the chromatin seems to influence the
transcription. However, even basic questions such as the connection between transcription
and chromatin structure are discussed controversially and the complex interplay between all

the identified factors remains poorly understood.

2.5.3 The regulation of the ES and replication

In recent years, evidence of a connection between ES regulation and progression in the cell
cycle has been accumulating. For example, the ES promotor-proximal derepression upon

knock-down of histone H3 or the chaperones CAF-1b and ASF1A was accompanied by an
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accumulation of cells in the 2K1N cell cycle stage (Alsford and Horn, 2012). When H3 or CAF-
1b were depleted, an increase in transcription of silent ESs was observed predominantly once
the cells completed the S-phase. In contrast, transcription initiated at silent ESs in all cell cycle
stages, when ASF1A was down-regulated. The authors suggested that the chaperons play a
replication-dependent role in the recycling or assembly of chromatin. Likewise, the knock-down
of SPT16 caused an accumulation of cells in the 2K1N stage and the increase in silent ESs
transcription occurred specifically in the G2/M cell cycle phase (Denninger et al., 2010). These
results not only highlighted the crucial role of chromatin in ES-silencing, but indicated that the
maintenance of the chromatin structure is connected with the cell cycle, especially at the level
of DNA replication. Further evidence for this hypothesis is provided by a study of the origin
recognition complex (TbOrc1), which is essential for replication. Depletion of TbhOrc1 resulted
in the derepression of silent ES-resident VSGs and an increase in the switching frequency,
notably in situ switching (Benmerzouga et al., 2014). In combination, these results pointed
towards a function of TbOrc1 in the control of monoallelic VSG expression. A recent study
found indications for a precise association of the timing of ES replication, which occurs early
during DNA replication, and the transcription of the active ES (Devlin et al., 2016).
Nevertheless, a connection between replication and monoallelic expression has not been
directly shown so far. Another recent study sorted cells via FACS in G1-, S- and G2-phase and
combined FAIRE (Formaldehyde-assisted isolation of regulatory elements) with gPCR
quantification to determine changes in the chromatin structure of the ESs during cell cycle
progression (Aresta-Branco et al., 2015). Changes in the nucleosome abundance between the
different cell cycle stages could not be detected. The authors concluded that trypanosomes
possess a cell cycle-independent mechanism to maintain an open chromatin structure.
However, using this technique a 10-100 fold difference between active and inactive ESs could
be measured, whereas an active ES possesses a 10%-10° higher transcriptional activity
compared to a silent one (Figueiredo and Cross, 2010; Figueiredo et al., 2008). It seems likely
that FAIRE is only suitable for detecting drastic changes in the nucleosome architecture and

hence a connection between cell cycle and chromatin formation cannot be excluded.

Consequently, the monoallelic expression of the ESs seems to be controlled at diverse levels:
chromatin structure, epigenetic modifications, replication, transcription initiation as well as
elongation. Though numerous factors involved in these processes have been identified so far,

a comprehensive model of the regulation of the ES is still missing.
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2.6 Aim of the thesis

A major step forward in the understanding of ES regulation was recently provided by a study
of Batram and colleagues (Batram et al., 2014). They mimicked an in situ switch by simulating
the activation of a new ES using the inducible overexpression of a second VSG.
Overexpression resulted in the replacement of the endogenous VSG (VSG 221) by the ectopic
variant (VSG 121) and thus the surface coat was exchanged. However, not only the
endogenous VSG was silenced but also the complete native ES was gradually attenuated
starting at the telomere. They also demonstrated that the ES-attenuation is dependent on
epigenetic modifications, as in a DOT1B knock-out background VSG overexpression did not
trigger this process. Once the active ES was attenuated, the parasites displayed a prolongated
G1-phase of the cell cycle. These dormant cells expressed the st marker PAD1 and showed
an enhanced competence for differentiation to the procyclic stage. The gain in developmental
competence was only transient and the cells reentered the cell cycle after five days of
induction. Thus, it was suggested that ES-attenuation causes the transition of the parasites to

a reversible st-like stage and hence ES-attenuation links antigenic variation to development.

The aim of this study was to investigate the indicated connection between ES-attenuation and
st development. This question could not be properly addressed in the previous experiments
as the used monomorphic cells have lost the capability to differentiate to the st stage.
Therefore, in thesis pleomorphic parasites with full developmental competence were used to
determine the impact of ectopic overexpression of VSG 121 and VSG 118. An ES-promotor
reporter cell line was generated to assess the ES-activity and a stumpy reporter trypanosomes
line was used to monitor developmental transition. In addition, stumpy characteristics such as
the cell cycle arrest in the G1-phase, the elaboration of the mitochondrion and the competence
to complete the parasite cycle were analyzed. As the results showed that ES-attenuation is a
density-independent trigger for st development, the combined effect of the triggers was
investigated. Also, preliminary RNAseq analyses using monomorphic and pleomorphic VSG

overexpressors were conducted to identify potential regulators of the ES.

The VSG overexpression in pleomorphic cells supported previous assumptions that distinct
mechanisms are present in trypanosomes to induce VSG- and ES-silencing. As the VSG with
its wild type UTRs was sufficient to induce ES-attenuation and/or VSG-silencing, it seemed
likely to us that a consensus sequence within the VSG or its UTRs is involved in the processes.
It is improbable that the 'motif' for silencing is concealed within the ORF as the VSGs differ
greatly in their sequence. However, the 3’ UTR of all VSGs share two conserved motifs: the
16mer and the 8mer (Berberof et al., 1995; Engstler, unpublished data). The first one was

shown to be essential for mMRNA stability, whereas the function of the 8mer remains elusive
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(diploma thesis Batram, 2009; Berberof et al., 1995). Therefore, the other aim of my thesis was
to investigate if the 16mer motif could play a role for ES-attenuation and/or VSG-silencing. For
this purpose, a GFP reporter coupled to a VSG 3'UTR containing either a functional or
defective 16mer was targeted to different genomic loci. Another VSG coupled to a functional
or defective 3'UTR was integrated downstream of the endogenous VSG as a 'native-reporter'.
Growth analyses as well as quantifications of the VSG and/or GFP expression were conducted
to determine the impact of the presence of a defective 16mer within the DNA. To investigate
how VSG-silencing can be achieved independently of ES-attenuation, the previous hypothesis
that VSG levels are regulated in trans based on the VSG 3'UTR was further pursued. It was
investigated if the VSG controls its own expression, using the ectopic VSG overexpression

system in a monomorphic reporter cell line constitutively expressing a GFP with VSG 3' UTR.
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3.1 VSG overexpression in pleomorphic cells

In a previous study, the activation of a new expression site (ES) during an in situ switch was
simulated using the inducible overexpression of an ectopic VSG (Batram et al., 2014). This
showed that the endogenous VSG 221 was silenced and the active ES gradually attenuated
upon induction of VSG 121 overexpression. The attenuation of the active ES was
accompanied by a retardation in growth due to a prolongation of the G1-phase of the cell cycle.
These cells displayed an enhanced sensitivity towards triggers for procyclic development and
hence showed characteristics of stumpy (st) parasites. However, the VSG overexpressors
neither exit the cell cycle nor had a limited life span like it is the case for st parasites. The VSG
overexpressors escaped growth retardation as they reentered the cell cycle after five days of
VSG overexpression. Therefore, it was suggested that ES-attenuation-induced growth
retardation could provide a window of enhanced developmental competence. The growth-
retarded cells could represent an intermediate developmental stage, which is not yet
committed to develop to the st stage. These intermediate forms could either reenter the cell
cycle as slender (sl) parasite or differentiate further to the procyclic stage (PCF) in the presence
of appropriate triggers. However, the experiments were conducted with monomorphic cells,
which have lost the capability to differentiate to the st stage. Therefore, it remained unexplored

if ES-attenuation indeed links antigenic variation and developmental competence.

To further address this hypothesis, the VSG overexpression system was employed in this
thesis in the pleomorphic trypanosome strain EATRO 1125 (serodeme AnTat1.1). These
parasites posses full developmental competence and are able to complete the parasite cycle
in contrast to the routinely used monomorphic cells (Delauw et al., 1985; Engstler and Boshart,
2004). Even though pleomorphic parasites are closer to the natural situation they are rarely
used for investigations for several reasons. First, unlike monomorphic cells, pleomorphic blood
stream form (BSF) parasites cannot be cultivated in HMI-9 medium. They have to be either
cultured on agarose plates or in viscous medium supplemented with methylcellulose (Vassella
and Boshart, 1996; Vassella et al., 2001). Second, the cell densities in the experiments with
pleomorphic parasites need to be strictly controlled due to their ability to differentiate to the cell
cycle-arrested short st stage. The pleomorphic trypanosomes react to the parasite secreted
stumpy induction factor (SIF) and thus developmental transition to the cell cycle-arrested st
stage is induced at high densities (density-induced st parasites) (Reuner et al., 1997; Vassella
et al., 1997). For this reason, HMI-9 medium supplemented with 1.1% (w/v) methylcellulose
was used to cultivate the parasites in the experiments throughout this thesis. This allowed a
better control of parasite densities compared to the cultivation on plates and thus maintenance
of the sl stage could be ensured. However, this method is time consuming and results in

reduced cell yield, as the methylcellulose has to be removed from the cultures via dilution and
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filtration to harvest the cells. Besides the reactivity on SIF, pleomorphic cells display an
increased sensitivity to occurring changes in temperature or environment. Therefore,
pleomorphic sl parasites have to be carefully handled at densities below 6x 10° cells/ml
avoiding environmental stress (drop in temperature, frequent medium exchange or pH
variations) (reviewed in McCulloch et al., 2004). Lastly, the available genomes of two
T. brucei brucei strains revealed discrepancies and the pleomorphic strain EATRO 1125
(AnTat1.1) has not been sequenced up till now (Becker et al., 2004; Berriman et al., 2005;
Brems et al., 2005). Thus, genetic manipulations in the pleomorphic strain are difficult and
prone to failure. Nevertheless, in this study we have succeeded in employing the VSG

overexpression constructs in different generated pleomorphic reporter cell lines.

3.1.1 Suitable reporter cell lines

Based on previous studies, | decided to generate two reporter cell lines to analyze the impact
of ectopic VSG overexpression on pleomorphic parasites. First, a st reporter cell line was
generated by transfecting pleomorphic AnTat1.1 13-90 parasites, natively expressing
VSG A1.1 (A1.15%), with the GFP:PAD1urr construct (plasmid p4231, courtesy of Mark
Carrington) (Figure 7 A, B). This plasmid integrates into the tubulin intergenic region and
consists of a GFP open reading frame (ORF) with a nuclear retention signal, which is coupled
to the 3'UTR of the “protein associated with differentiation 1" (PAD1T) (Figure 7 A). A sequence
motif within the UTR mediates the exclusive increase of PAD7T transcription upon
developmental transition from the sl to the st stage (Dean et al., 2009; MacGregor and
Matthews, 2012). Immunostaining of density-induced st parasites with a PAD1 antibody
illustrates that a green fluorescent nucleus reflects the expression of the st specific surface
protein in the generated GFP:PAD1uyrrA1.1E° cell line (Figure 7 B). Thus, the appearance of a
green fluorescent nucleus marks the differentiation to the st stage in this trypanosomes line.
Second, a reporter cell line was generated to monitor the expression of the active ES
(GFPESP) (Figure 7 C, D). For this purpose, a GFP ORF with aldolase UTRs was inserted in
the pLF12 plasmid, which targets conserved regions in the promotor region of the ESs
(Figure 7 C) (Figueiredo et al., 2008). First, the GFP insert was amplified from the pLew82Aop
PDEB1 eGFP plasmid (J. Jung) using the primers JJ44 and HZ16. Ligation of the Hindlll
digested insert and pLF12 plasmid generated the construct pLF12 GFP. Transfection of the
pleomorphic A1.1ES cell line with the Sacl/Kpnl linearized plasmid yielded the GFPESPA1 1ES
cell line, which displayed a strong cytoplasmic GFP signal (Figure 7 D).
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Figure 7: Pleomorphic reporter cell lines for VSG overexpression. (A) Schematic representation
of the GFP:PAD1utr construct, which consists of a GFP ORF with a nuclear localization signal
(NLS:GFP, green box), the PAD1 3'UTR (grey box) and a blasticidin resistance cassette (BLAS, white
box). Integration of the plasmid into the tubulin intergenic region (black boxes) of pleomorphic
AnTat1.1 13-90 parasites generated the GFP:PAD1utrA1.1ES cell line. The 3'UTR of the st marker
protein PAD1 is sufficient to mediate the st-specific expression. Thus, the presence of a green
fluorescent nucleus marks st parasites in the GFP:PAD1utrA1.1ES cell line. (B) Immunofluorescence
analysis of density-induced st parasites of the GFP:PAD1utrA1.1ES cell line using a PAD1 antibody.
The expression of the nuclear GFP:PAD1utr st reporter (green, left) and the PAD1 surface protein
(magenta, middle) is shown. The DAPI stain (grey) is presented in the merged image only (right).
Scale bar: 5 um. (C) Schematic representation of the GFPESP© construct and its integration into a
consensus ES (described in chapter 2.4.1). The plasmid consists of a GFP ORF (green box) with
aldolase UTRs (grey boxes) and a puromycin resistance cassette (PURO, white box). The construct
targets conserved regions in the promotor region of the ESs (black box). Integration of the GFPESrro
construct into the active ES of pleomorphic AnTat1.1 13-90 parasites natively expressing VSG A1.1
generated the GFPESPo A1 .1ES cell line. (D) Sl parasites displayed a homogenous cytoplasmic GFP-
signal (green, left). The DNA was counterstained with DAPI (grey, middle). Scale bar: 5 ym. (E)
Schematic representation of pRS.121 plasmid, which was used for ectopic VSG 121 overexpression.
The ectopic VSG (dark grey box) with its native 3'UTR and an EP7 5'UTR (light grey box) integrates
into the ribosomal spacer. The VSG expression is regulated by a T7-promotor (T7prom) under the
control of a tetracycline operator (Tetop). The expression of the phleomycin resistance cassette (BLE,
white box), localized downstream of the ectopic VSG, is controlled by an additional T7-promotor with
reduced activity (10% T7prom). T7 terminators (T77erm) terminate the transcription of both.
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The pRS.121 plasmid was used for inducible VSG 121 overexpression (Figure 7 E) (Batram
et al., 2014). This construct is based on the pLew82v4 vector, which targets the ribosomal
spacer (24,009; Addgene plasmid). The T7-polymerase transcribes the VSG 721 ORF with the
corresponding wild type 3'UTR and an EP1 5'UTR as well as the phleomycin (BLE) resistance
cassette. The latter one is constitutively expressed, but the T7-promotor upstream of the VSG
OREF is under the control of a tetracycline repressor. Thus, the inducible expression of high
VSG levels upon the addition of tetracycline is ensured as previously shown by Batram et al..
Transfection of both reporter lines with the VSG 121 overexpression construct yielded the
trypanosome lines GFP:PAD1utrA1.155121% and GFPESPAT. 188121,

3.1.2 Ectopic VSG 121 overexpression causes distinct growth phenotypes

The GFP:PAD1ytrA1.155121%t cell line showed a surprising phenotypic plasticity upon
induction of VSG 121 overexpression (Figure 8). In a subset of clones, growth stopped
immediately after induction of VSG 121 overexpression as the cells divided only once within
24 hours (Figure 8 A). Afterwards, the parasites stalled growth for at least four days with an
average population doubling time (pdt) of more than 40 hours. Then, the cells slowly resumed
growth and regained their original pdt within five to nine days post induction. The non-induced
cells grew slightly slower (pdt 7 hours) than the parental cell line (pdt 6 hours). In other clones,
VSG 121 overexpression had only minor effects on the growth of the parasites (Figure 8 B).
The pdt of the cells decreased from six to seven hours upon induction of VSG 121
overexpression. The same phenotypic plasticity became apparent when the
GFPESPoA1 1ES121%t cell line was analyzed (Figure 8 C, D). This demonstrated that the
different growth responses occurred reproducibly upon VSG 121 overexpression and
independently of the used pleomorphic parental cell line. The clones were termed according
to their growth phenotype 'growth-arrested’ if they stopped growth immediately upon induction
(four of 14 clones) or 'proliferating' if they kept proliferating (five of 14 clones). However, in both
cell lines intermediate growth phenotypes were observed: some clones responded to VSG 121
overexpression with a slowed growth, but did not arrest (five of 14 clones, data not shown). |
decided to focus all further analysis on clones displaying the distinct growth responses,
proliferating or growth-arrested, as it could not be excluded that the intermediate clones were

mixed populations.

For proliferating and growth-arrested clones, Western blot analyses were used to examine
whether the clones overexpressed VSG 121 upon the addition of tetracycline (Figure 8 E, F).
This showed that the ectopic VSG 121 was overexpressed within 24 hours independently of
the growth response of the clones. Thus, the different growth phenotypes were not caused by

a deficient overexpression system.
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Figure 8: Ectopic overexpression of VSG 121 causes distinct growth phenotypes in
pleomorphic trypanosomes. (A-D) Representative growth curves of a growth-arrested (left) and a
proliferating (right) clone of the (A, B) GFP:PAD1utrA1.188121%t and the (C, D) GFPESPoA1 1ES121tet
cell line. Tetracycline-induced (triangles) and non-induced (squares) parasites were analyzed. The
parental AnTat1.1 13-90 cell line (circles) served as a control. Means (x SD) of three experiments of
one clone are shown in each graph. Due to the small standard deviation the error bars are not visible.
(E, F) Western blot analysis of (E) a growth-arrested clone and (F) a proliferating clone of the
GFP:PAD1utrA1.1B8121tt (GFP:PAD1utr) and the GFPESPoA1 1ES121tet (GFPESPro) cell line,
respectively. Protein samples of non-induced parasites (0 h) and cells induced with tetracycline for
24 hours were analyzed. Western blots were stained with a VSG 121 antibody (green) and a
paraflagellar rod (PFR) antibody (magenta) as loading control.

3.1.3 Ectopic VSG 121 overexpression causes a stable exchange of the surface coat

Western blot analyses demonstrated that proliferating and growth-arrested clones expressed
the ectopic VSG upon induction. However, Western blots analyze the expression of a protein

on the population level and a subpopulation of cells may not express the ectopic VSG. The
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homogeneity of the VSG expression was therefore analyzed by immunofluorescence on the

single cell level (Figure 9).
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Figure 9: Overexpression of the ectopic VSG 121 causes surface coat exchange.
Immunofluorescence analysis of a proliferating clone of the GFP:PAD1utrA1.185121%! cell line. Non-
induced cells (0 h) and VSG 121 overexpressors induced for 24 hours were stained with antibodies
against the ectopic VSG 121 (magenta) and the endogenous VSG A1.1 (green). MITat1.6 wild type
cells natively expressing VSG 121 and the parental AnTat1.1 13-90 cells natively expressing
VSG A1.1 served as controls for antibody specificity. The DNA was stained with DAPI (grey). Scale
bar: 20 pm.

hours of VSG 121 overexpression

VSG 121 expression was induced in the GFP:PAD1ytrRA1.155121% cell line for 24 hours and
the induced as well as the non-induced cells were simultaneously stained for VSG 121
(magenta) and VSG A1.1 (green). As a control for the specificity of the antibodies, MITat1.6
wild type cells natively expressing VSG 121 and the parental AnTat1.1 13-90 cell line natively
expressing VSG A1.1 were stained as well: both showed the expected staining only for the
expressed VSG (Figure 9, upper panels). The immunofluorescence data confirmed the
Western blot data of Figure 8 B: the ectopic VSG increased and the endogenous VSG
decreased upon induction. The parasites exchanged their surface coat within 24 hours of VSG

overexpression as exemplified by an immunofluorescence of a proliferating clone (Figure 9,
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lower panel). Parasites that reacted not with VSG 121 overexpression to the addition of
tetracycline were never observed within the populations, which ruled out that a small

subpopulation was in some way resistant to the inducible system.

| also analyzed how stable the exchange of the surface coat was. Therefore, a proliferating
clone of the GFP:PAD1utrA1.155121% cell line was induced for seven and 28 days and

analyzed using immunostaining as above (Figure 10).

anti-VSG 121 anti-VSG A1.1 merge DAPI

0

days of VSG 121 overexpression
7

28

Figure 10: The ectopic VSG 121 is expressed over prolonged periods. Immunofluorescence
analysis of a proliferating clone of the GFP:PAD1utrRA1.188121%t cell line. Non-induced cells (0 h) and
VSG 121 overexpressors induced for seven or 28 days were stained with antibodies against the
ectopic VSG 121 (magenta) and the endogenous VSG A1.1 (green). The DNA was stained with DAPI
(grey). After seven days >95% (in 200 cells) of the parasites expressed the ectopic VSG and after 28
days >93% (in > 250 cells). Scale bar: 20 ym.

The immunofluorescence analyses showed that the cells can express the ectopic VSG over
extended periods. Only in a few cases (less than 5% in 200 cells), it was observed that the
ectopic VSG did not dominate anymore the cell surface after seven days of induction.
However, these cells did not outgrow the VSG 121 overexpressors as illustrated by the
comparison of day seven and 28 of induction. Thus, the reverted parasites had no advantage
compared to the VSG overexpressors. In summary, the immunofluorescence analysis
demonstrated that the VSG coat is exchanged within 24 hours of induction and that the ectopic

VSG can be stably expressed over prolongated periods.
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3.2 VSG-silencing can be uncoupled from ES-attenuation

The previous results have demonstrated that ectopic VSG overexpression caused distinct
growth phenotypes, which were not the result of a deficient overexpression system. In both
cases, clones that arrested in growth or kept proliferating, the overexpression of VSG 121
resulted in an exchange of surface coats within 24 hours of overexpression. However, the
cause for the different growth phenotypes remained unclear. To answer this question, VSG
mMRNA and protein levels as well as the transcriptional status of the active ES were determined

in the different clones during the course of VSG 121 overexpression.

3.2.1 The different growth phenotypes do not result from differences in VSG-silencing

Clonal variations in the expression levels upon overexpression of a protein often cause
different growth phenotypes. | quantified the mRNA and protein levels of the ectopic VSG in
order to compare proliferating and growth-arrested VSG 121 overexpressors. In addition, the
expression of VSG A1.1 was measured to determine if the endogenous VSG was silenced
with similar kinetics in both cases. For this purpose, | used one growth-arrested and one
proliferating clone each of the GFP:PAD1y1rA1.185121%! and of the GFPESPeA1 . 1ES121t cell
lines. Total RNA and protein were extracted from non-induced cells (0 h) and from VSG 121
overexpressors induced for up to 48 hours. The VSG mRNA and protein signals were
normalized and are given relative to the wild type VSG levels (100%). VSG 121 levels were
adjusted to MITat1.6 wild type cells natively expressing VSG 121 and VSG A1.1 levels to the
parental AnTat1.1 13-90 cell line expressing VSG A1.1.

The VSG mRNA amount of the cells was measured by quantitative Northern blots using dot-
blotting and labeling of mMRNAs by fluorescent probes (Figure 11). First, | found that the VSG
levels changed comparably in clones displaying the same phenotype, irrespectively of the
parental cell line (GFP:PAD1ytrA1.1ES and the GFPESPA1.1ES). Thus, clones of both cell lines
could be used to compare the VSG mRNA levels in growth-arrested (Figure 11 A) and
proliferating clones (Figure 11 B). This showed that within four hours of VSG 121
overexpression the VSG 727 mRNA increased to 82 + 9% of the wild type levels in growth-
arrested and to 99 £ 11% in proliferating clones. In the same time, the endogenous VSG
MRNA levels decreased to 30 + 8% in the growth-arrested and to 43 £ 3% in the proliferating
clones. The VSG A1.1 level further decreased within eight hours to approximately 25% of the
wild type transcription level in both populations. The VSG A1.1 levels remained at this low level
up to 48 hours. Thus, within eight hours a change in the VSG mRNA levels occurred with
similar kinetics in both proliferating and growth-arrested clones. Consequently, differences in

the initial VSG mRNA expression levels cannot explain the different growth phenotypes.
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However, after eight hours of induction the VSG 71217 levels started to decrease in the growth-

arrested clones, whereas transcript levels remained constant in proliferating ones.
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Figure 11: Independent of the growth phenotype, the endogenous VSG is down-regulated at
the mRNA level upon induction of VSG 121 overexpression. (A, B) The mRNA levels of the
endogenous VSG A1.1 (green) and the ectopic VSG 121 (magenta) were determined during the
course of VSG 121 overexpression. Total RNA samples of (A) a growth-arrested and (B) a
proliferating clone were dot-blotted, stained with fluorescently labeled probes specific to the
respective VSG and quantified with the Licor Odyssey system (upper panel). Probes either against
VSG 121 (magenta) or VSG A1.1 (green) were used and the signal was normalized to tubulin (grey).
Lower panel, quantification of RNA samples of the GFPESPoA1 1ES121tt (triangles) and
GFP:PAD1uTtrA1.1E8121%t (circles) cell line, respectively. The normalized VSG 727 mRNA levels
(magenta) are given relative to the VSG transcript levels of MITat1.6 wild type cells natively
expressing VSG 121. The normalized VSG A71.7 mRNA levels (green) are given relative to the VSG
transcript levels of the parental AnTat1.1 parasites. The dashed grey line indicates wild type transcript
levels (100%).

It has been demonstrated that a reduction of the VSG supply causes a rapid growth arrest in
the 2K2N cell cycle stage (Sheader et al., 2005). As the VSG mRNA levels dropped after eight
hours of induction in growth-arrested clones, | had to analyze if the growth defect is caused by
a shortage of the VSG protein. Therefore, the protein levels of the endogenous VSG A1.1 and
the ectopic VSG 121 were compared in the different clones (Figure 12). For this purpose,
protein samples were dot-blotted on a membrane, which was then stained with antibodies
specific for VSG A1.1 or VSG 121 and, as a loading control, histone H3. First, | tested whether
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clones derived from different parental cell lines showed similar protein expression kinetics, if
they displayed the same growth phenotype upon VSG 121 overexpression. As this was the
case (Figure 12), the VSG protein levels could be compared between growth-arrested and

proliferating clones.
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Figure 12: Independent of the growth phenotype, the endogenous VSG is down-regulated at
the protein level upon induction of VSG 121 overexpression. (A, B) The protein levels of the
endogenous VSG A1.1 (green) and the ectopic VSG 121 (magenta) were determined during the
course of VSG 121 overexpression. Protein samples of (A) a growth-arrested and (B) a proliferating
clone were dot-blotted, stained with antibodies and analyzed with the Licor Odyssey system (upper
panel). Antibodies either against VSG 121 (magenta) or VSG A1.1 (green) were used and histone H3
(grey) antibodies were used for normalization. Lower panel, quantification of protein samples of the
GFPESPoA1 . 1BS121tt (triangles) and the GFP:PAD1utrA1.185121%! (circles) cell line, respectively. The
normalized VSG 121 protein levels (magenta) are given relative to MITat1.6 wild type cells natively
expressing VSG 121. The normalized VSG A1.1 protein levels (green) are given relative to the VSG
protein levels of the parental AnTat1.1 parasites. The dashed grey line indicates wild type expression
levels (100%).

No significant differences between proliferating and growth-arrested clones were observed in
the VSG protein levels upon induction of VSG 121 overexpression. Within eight hours of
induction, the expression of the ectopic VSG 121 reached approximately 90% of the wild type
expression levels irrespectively of the growth phenotype. The VSG 121 levels increased
further within 24 hours of induction in all clones. Within the same time, the endogenous VSG

decreased to approximately 22% of the wild type expression level. In all clones, the VSG 121
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protein levels remained stable at wild type expression levels for up to 48 hours of induction,
excluding that a shortage in VSG protein caused the growth arrest. Therefore, variations in the
protein expression and hence in the exchange of the surface coat cannot explain the different

growth responses upon VSG 121 overexpression.

3.2.2 The transcriptional status of the active ES determines the growth response

Previously, it was shown that ectopic VSG overexpression in monomorphic cells not only
caused the silencing of the endogenous VSG but also an attenuation of the complete active
ES (Batram et al., 2014). It was suggested that the ES-attenuation caused the growth
retardation in monomorphic parasites upon induction of ectopic VSG overexpression. Thus,
we assumed that differences in the transcriptional status of the active ES could explain the
different growth phenotypes of pleomorphic VSG 121 overexpressors. Therefore, the
transcriptional activity of the complete active ES of proliferating and growth-arrested clones
was analyzed upon induction of VSG overexpression. In accordance with the study of Batram
et al., mRNA levels were used a marker for transcriptional activity. This method was chosen
for the following reasons: first, direct measurement of transcription for example by nuclear-run
on would be difficult in pleomorphic trypanosomes, because high cell numbers are needed
(10° nuclei/ml), prolonged harvesting may affect transcription and different nuclei preparation
cause variability in the transcription levels (Kooter and Borst, 1984; Rudenko et al., 1989).
Second, mRNA half-lives are generally short (median half-life of a BSF transcript is 12 min)
and thus changes are visible with fast kinetics (Fadda et al., 2014). For the moment, we
neglected that changes in mRNA processing or decay could be mistaken for changes in
transcription. In the following, the terms ES-activity or transcriptional status will refer to the

determined mRNA levels.

Northern blot analysis was used to analyze RNA samples of two clones of the
GFPESProA1 1ES121%t cell line, which displayed the distinct growth responses upon induction
(Figure 13). This cell line has a GFP ORF integrated into the promotor region of the active ES.
Thus, the amount of GFP transcripts can serve as a reporter for the transcriptional status of
the complete ES. Results from one quantitative Northern blot showed that the GFP mRNA
levels decreased within four hours of VSG 121 overexpression in a growth-arrested clone. The
GFP amount dropped further to less than 50% compared to the level of the non-induced cells
within 24 hours of induction (Figure 13 A). An initial decrease in the GFP levels was also
observed in the proliferating clone, but within 48 hours of VSG 121 overexpression the GFP
levels remained above 50% of the level of non-induced cells (Figure 13 B). This indicated that
the active ES of growth-arrested clones could be less transcribed compared to proliferating

VSG 121 overexpressors.
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Figure 13: Differences in ES-activity between growth-arrested and proliferating clones during
VSG 121 overexpression. (A, B) The transcriptional status of the active ES was determined in (A)
a growth-arrested and (B) a proliferating clone of the GFPESProA1 1ES121tet cell line. Northern blot
analyses were conducted to assess the transcript levels of the GFP reporter in the promotor region
of the active ES. Total RNA samples of parasites overexpressing VSG 121 for up to 48 hours were
analyzed. To detect the GFP mRNA, the blots were hybridized with a 32P-labeled probe and the
signals were quantified with a phosphorimager. The GFP mRNA amounts were normalized to the
signal of fluorescently labeled 18s rRNA quantified with the Licor Odyssey system. The GFP/rRNA
ratio of the non-induced samples was set to one. The parental AnTat1.1 13-90 cell line, not expressing
GFP, served as a control for the specificity of the GFP probe.

Nevertheless, quantifications of Northern blots using radioactive labeling are error prone and
display a high variability. Thus, they need to be conducted in replicates for quantitative
conclusions. The high effort to cultivate and harvest the large amounts of pleomorphic
trypanosomes needed for RNA samples prevented replicates. Consequently, it remained
unclear whether the observed differences between growth-arrested and proliferating VSG 121
overexpressors were significant. Besides this, using Northern blot analyses mRNA levels are
determined on the population level and variations for example within the cell cycle cannot be
excluded. For these reasons, we decided to validated the Northern blot results by a method
that requires tenfold less cells and allows the discrimination of different cell cycle stages:
mRNA FISH. For this purpose, the highly sensitive single molecule mRNA FISH of the
Affymetrix company was used. One drawback of this method is that the number of samples
that can be directly compared with each other is limited, as all samples need to be on the same

slide.

First, the GFP mRNA levels of growth-arrested and proliferating clones of the
GFPESPoA1 1ES121%t cell line were re-quantified upon induction of VSG overexpression
(Figure 14 A, B). The GFP mRNA levels of cells after 24 and 48 hours of induction of VSG 121
overexpression were compared with the GFP levels of non-induced cells of the same cell line
(0 h). Density-induced st parasites were analyzed (st) as a negative control because this stage
possesses an attenuated active ES (Amiguet-Vercher et al.,, 2004). In growth-arrested
VSG 121 overexpressors, the GFP transcripts decreased by 80% after 24 hours of induction
and remained at this low level (Figure 14 A). This compared well to the drop of GFP mRNA by

90% in the st control. In contrast, the GFP mRNA levels did not change significantly in a
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proliferating clone within 24 hours of induction and decreased only to 50% within 48 hours of
induction (Figure 14 B). Thus, the very sensitive measurements using quantitative in situ
hybridization confirmed the results obtained from Northern blot analysis: the mRNA levels of
the ES-reporter dropped early during the course of VSG 121 overexpression in the growth-
arrested clones, whereas changes were less pronounced and occurred later on in the

proliferating clones.

Next, we wanted to confirm these results by quantifying an endogenous component of the
active ES. As the sequence of the AnTat1.1 ES is unknown, we decided to quantify the
transcripts of ESAG6, which encodes one subunit of the heterodimeric trypanosome transferrin
receptor (Schell et al., 1991). The transferrin receptor is essential for trypanosomes and the
encoding gene was present in all functional ESs described to date; it is thus very likely present
in the AnTat1.1 ES, too (Hertz-Fowler et al., 2008; Tiengwe et al., 2016). Using density-
induced st parasites, we showed that ESAG6 transcript levels indeed decreased when the
active ES was silenced (Figure 14 C). ESAG6 was reduced by 70% in the st control, which is
in accordance with studies from monomorphic parasites demonstrating that approximately
20% of the ESAG6 transcripts originate from silent ESs (Ansorge et al., 1999). Thus, we
concluded that ESAG6 is indeed part of the active AnTat1.1 ES and quantified its transcription
levels in the pleomorphic VSG 121 overexpressors (Figure 14 C, D). In growth-arrested
VSG 121 overexpressors, ESAG6 mRNA dropped to 75% within 24 hours and to 40% within
48 hours, which compares well to the ESAG6 transcript levels of density-induced st cells (30%)
(Figure 14 C). In contrast, no significant changes in the ESAG6 mRNA could be detected

during the course of VSG 121 overexpression in proliferating clones (Figure 14 D).

In summary, the transcription of the active ES differed between growth-arrested and
proliferating clones. A fast attenuation of the active ES occurred in growth-arrested clones and
the ES-activity decreased to levels similar to those of st parasites possessing a silenced ES.
In contrast, the activity of the ES was only mildly decreased in proliferating clones. Thus, we
concluded that differences in the transcriptional status of the active ES were responsible for
the different growth phenotypes. Interestingly, the endogenous VSG was silenced with similar
kinetics even though the ES-activity differed between growth-arrested and proliferating clones.

Hence, VSG-silencing could be uncoupled from ES-attenuation.
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Figure 14: The ES is attenuated in growth-arrested VSG 121 overexpressors only. The
transcriptional status of the active ES was determined in (A, C) a growth-arrested and (B, D) a
proliferating clone of the GFPESPoA1.1ES121tt cell line. (A, B) The transcript levels of the GFPreporter
in the promotor region of the active ES were quantified using mRNA FISH (Affymetrix). (C, D) The
same method was used to quantify ESAG6 mRNA levels, as an endogenous component of the active
ES. The signal intensity in single cells was measured with ImagedJ in deconvolved summed slice
projections (100 images, z-step 100 nm) and is shown as arbitrary unit (relative fluorescent unit: RFU).
The signal was determined in 1K1N cells only to exclude variations within the cell cycle. The transcript
levels were quantified in cells overexpressing VSG 121 for 24 or 48 hours. Non-induced sl or density-
induced st cells of the same cell line were analyzed as controls. The magenta bars are means + SD
(n > 100). Statistical analysis was conducted using an unpaired t-test (not significant (n.s.); p-value >
0.05; ** p-value < 0.01; *** p-value < 0.001). Representative microscopy images are shown for non-
induced cells and cells induced for 48 hours: the mRNA signal is shown in magenta and the DNA was
counterstained with DAPI (grey). Scale bar: 5 ym.
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3.3 ES-attenuation triggers differentiation to the short stumpy life

cycle stage

It was demonstrated so far that ectopic VSG 121 overexpression in pleomorphic parasites
resulted in distinct growth phenotypes. The endogenous VSG was silenced in both cases,
which resulted in an exchange of the surface coat. However, the clones differed in the
transcription of the active ES upon VSG 121 overexpression, which was the cause for the
different growth phenotypes. Next, the cell biological consequences of the differently
decreased ES-activities were analyzed. A previous study suggested that ES-attenuation
caused the development of a parasite stage, which is an intermediate of sl and st parasites
(Batram et al.,, 2014). This analysis was, however, solely based on monomorphic
trypanosomes, which are impaired in the differentiation to the st stage. With a pleomorphic
model in hand, | now focused on the characterization of the life-cycle stage of the VSG 121
overexpressors. | screened for classical st characteristics such as G1/GO0 cell cycle arrest, st
specific protein expression, morphological changes and mitochondrial reorganization

(reviewed in Fenn and Matthews, 2007; reviewed in MacGregor et al., 2012).

3.3.1 Growth-arrested VSG 121 overexpressors exit the cell cycle and express a stumpy

reporter

One characteristics of st cells is a cell cycle arrest in the G1/0 cell cycle phase (Shapiro et al.,
1984). | therefore examined, whether cells accumulate in a specific cell cycle stage after
VSG 121 overexpression (Figure 15 A, B). For this purpose, growth-arrested and proliferating
VSG overexpressors of the GFP:PAD1y1rA1.155121% cell line were fixed at 24 and 48 hours
after the induction of VSG overexpression and the DNA stained with DAPI. Microscopic
analyses of the DAPI-stained cells allowed a precise assignment of the parasites to the
different cell cycle phases according to the kinetoplast/nucleus configuration (as shown in
Figure 2). Non-induced sl (0 h) and density-induced st parasites of the same cell line were
analyzed in the same way as controls. In a non-induced population, 52 + 1% of the cells were
in the G1-phase. In growth-arrested VSG 121 overexpressors, the fraction of cells in G1-phase
increased to 72+ 6 and 86 + 2% within 24 and 48 hours of VSG 121 overexpression,
respectively (Figure 15 A). The number of dividing cells (1K41N, 2K1N, 2K2N) decreased
accordingly. Thus, the growth-arrested VSG 121 overexpressors were arrested in the G1-
phase of the cell cycle. This was reminiscent of the st parasites, which are irreversibly arrested
in the G1/0-phase (Shapiro et al., 1984).
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Figure 15: ES-attenuation induces stumpy development. A growth-arrested (left) and a
proliferating (right) clone of the GFP:PAD1utrA1.1E8121%tcell line were analyzed. (A-D) The analyses
were done with parasites overexpressing VSG 121 for 24 and 48 hours. Non-induced sl (0 h) and
density-induced st trypanosomes of the same cell line served as controls. (A, B) DAPI-stained
parasites were microscopically analyzed to determine their kinetoplast (K) and nucleus (N)
configuration and thus their position within the cell cycle. Values are given as average percentages (+
SD) of two experiments of one clone (total n per time point: A > 500; B > 700). (C, D) Parasites were
microscopically analyzed for the presence of a green fluorescent nucleus (GFP:PAD1utr reporter).
Values are given as average percentages (x SD) of two experiments of one clone (total n per time
point: C > 500; D > 700). (E, F) Representative microscopic images of parasites overexpressing
VSG 121 for 48 hours. The nuclear GFP:PAD1utr reporter is shown in green (left) and the DNA was
stained with DAPI (grey, left). The DIC image on the right illustrates the morphology of the VSG 121
overexpressors. (E) Growth-arrested trypanosomes had the characteristic stout appearance of st cells
with a shortened flagellum (white arrowhead). The trypanosomes were arrested in the 1K1N stage
and expressed the GFP:PAD1utr reporter. (F) Proliferating VSG 121 overexpressors had the slim
appearance of sl cells with an extended free part of the flagellum (white arrowhead). Different
proliferating stages were present (yellow arrowhead) and the st reporter was absent. Scale bar: 10 um.
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Comparison of growth-arrested VSG 121 overexpressors induced for 48 hours and density-
induced st parasites showed that indeed a similar amount of cells was in the G1-phase of the
cell cycle (48h: 86 £ 2%, st: 96 + 2%). In contrast, proliferating VSG 121 overexpressors

showed no changes in the distribution of the cell cycle phases upon induction (Figure 15 B).

Next, growth-arrested and proliferating clones were analyzed for the presence of the
GFP:PAD1yrr reporter, which is exclusively expressed in the st stage. For this purpose, the
amount of cells displaying a nuclear GFP:PAD1yrr signal after 24 and 48 hours of VSG 121
overexpression was compared with non-induced sl (0 h) and density-induced st cells of the
same cell line. In growth-arrested clones, 74 +4% and 90+ 9% of the cells were
GFP:PAD1yrr-positive after 24 and 48 hours of VSG 121 overexpression, respectively. This is
similar to the 97 £ 3% of GFP:PAD1urr-positive cells in the density-induced st control and
significantly higher than the 8 + 2% GFP:PAD1urr-positive cells in the slender population
(Figure 15 C, E). No increase in the number of cells displaying a GFP:PAD1yrr signal was
observed during the course of VSG 121 overexpression in the proliferating clone (Figure 15 D,
F).

Moreover, the morphology of the growth-arrested VSG 121 overexpressors changed within
48 hours of induction (Figure 15 E). They now had a stout appearance with a shortened
flagellum (white arrowhead), which are morphological characteristics of st parasites (Bruce et
al., 1912; Robertson, 1912). In contrast, proliferating clones retained their sl appearance upon
VSG 121 overexpression (white arrowhead in Figure 15 F) and dividing cells were visible
(yellow arrowheads in Figure 15 F). These results indicated that growth-arrested VSG 121
overexpressors differentiated to the st stage, whereas proliferating clones remained sl upon
VSG 121 overexpression. This suggested that ES-attenuation induced developmental

transition, while the exclusive down-regulation of the endogenous VSG was not sufficient.

3.3.2 The mitochondrion is activated in growth-arrested VSG 121 overexpressors

Another hallmark of the developmental transition from the sl to the st stage is the reorganization
of the mitochondrion. In sl cells this organelle is a simple single strand and mitochondrial
proteins are rarely expressed as this stage produces energy exclusively via glycolysis
(reviewed in Michels et al., 2006). However, upon uptake by the tsetse fly vector the availability
of glucose dramatically decreases and the parasites now rely on the respiratory system.
Therefore, the mitochondrion elaborates and the expression of mitochondrial proteins is
initiated (reviewed in Michels et al., 2006; reviewed in Rico et al., 2013). Importantly, pre-
adaptation to this severe metabolic change occurs already at late points during sl to st

differentiation.
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One of the mitochondrial proteins, which is strongly up-regulated during st differentiation, is
the lipoamide dehydrogenase (LipDH) (Tyler et al., 1997). Western blot analysis was used to
determine the expression of this protein during the course of VSG 121 overexpression
(Figure 16 A, B). LipDH expression was assessed in growth-arrested and proliferating
VSG 121 overexpressors and compared to the expression levels of non-induced sl (0 h) and
density-induced st parasites of the same cell line (st). This demonstrated a 10-fold increase in
the LipDH expression in growth-arrested VSG 121 overexpressors after 48 hours of induction
compared to the non-induced control (Figure 16 A). This was in accordance with the increase
in LipDH expression in density-induced st parasites. In proliferating clones, however, LipDH
expression did not increase upon VSG 121 overexpression (Figure 16 B). Moreover, |
analyzed the morphology of the mitochondrion of growth-arrested and proliferating clones of
the GFP:PAD1ytrA1.155121% cell line 24 and 48 hours after the addition of tetracycline
(Figure 16 C, D). First, the mitochondrion was stained using mitotracker and, subsequently,
the parasites were fixed. Then, the fraction of VSG 121 overexpressors with a branched
mitochondrion was counted and, as a control, also in non induced sl cells (0Oh). Density-induced
st parasites served as a positive control. The analysis was restricted to 1K1N cells, to exclude
cell cycle specific variations. In growth-arrested VSG 121 overexpressors, 70 £ 9% and
87 £+ 5% of the cells had a branched mitochondrion after 24 and 48 hours of induction,
respectively (Figure 16 C). This compared well to the density-induced st control, in which
90 + 4% of the parasites had an elaborated mitochondrion. In contrast, only 27 £ 2% of the
non-induced cells displayed a branched mitochondrion. No reorganization of the
mitochondrion was observed in proliferating VSG 121 overexpressors (0 h: 28%, 24 h: 24%,
48 h 23%). The elaboration of the mitochondrion into a branched structure in growth-arrested
VSG 121 overexpressors is illustrated in Figure 16 E and the slim elongated mitochondrial

shape of proliferating clones is shown in Figure 16 F.

In conclusion, the growth-arrested parasites became indistinguishable of the density-induced
st control upon induction of VSG 121 overexpression. The parasites displayed early aspects
of st development, such as G1/0 cell cycle arrest and PAD1 expression, but also late events
like morphological changes or mitochondrial pre-activation (mitochondrial elaboration and
LipDH expression). Hence, we termed these parasites ES-induced st cells. The proliferating
clones, however, remained sl during the course of VSG 121 overexpression. This suggested
that neither the down-regulation of the endogenous VSG nor the surface coat exchange
caused the developmental transition. Instead, a decrease of the transcription of the active ES

appeared to be necessary for the differentiation to st stage.
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Figure 16: ES-attenuation induces mitochondrial activation. A growth-arrested (left) and a
proliferating (right) clone of the GFP:PAD1utrRA1.1E5121%t cell line were analyzed. The analyses were
done with parasites overexpressing VSG 121 for up to 48 hours. Non-induced sl (0 h) and density-
induced st trypanosomes of the same cell line served as controls. (A, B) Western blots probed with
an antibody against the mitochondrial lipoamide dehydrogenase (LipDH, green), which is up-
regulated during density-induced st development. Detection of PFR proteins (magenta) served as a
loading control. Using the Western blot analyses, the LipDH level was quantified after 48 hours of
induction in two clones of each phenotype, which showed a 10-fold up-regulation in the growth-
arrested clones. (C-D) Quantification of the fraction of all 1K1N cells with a branched mitochondrion.
The mitochondrion was stained with mitotracker (magenta) and the DNA with DAPI. Values are given
as average percentages (+ SD) of three experiments of one clone (C: total n per time point > 600) or
of one experiment (D: n > 250). (E, F) Representative microscopic images of parasites overexpressing
VSG 121 for 48 hours. The mitotracker is shown in magenta (left), the nuclear GFP:PAD1utr reporter
in green (middle) and the DNA was stained with DAPI (grey, merged image on the right only). Scale
bar: 5 pm.

3.3.3 Proliferating VSG 121 overexpressors can develop to the stumpy stage

The above analyses of st markers demonstrated that growth-arrested VSG 121
overexpressors possessing an attenuated ES differentiated from the proliferative sl to the cell
cycle-arrested st stage. In contrast, proliferating VSG 121 overexpressors, which exchanged
the surface coat and only mildly down-regulated the ES-activity, remained sl. This suggested

that the attenuation of the active ES was necessary to induce st development, whereas the
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down-regulation of the endogenous VSG was not sufficient. However, it was not excluded so
far that the proliferating VSG 121 overexpressors had not lost their developmental potential
and thus could not become st anymore. Therefore, st characteristics were analyzed upon
density-induced st development in a proliferating clone. As the cells were grown to high
densities in the absence of tetracycline, the non-induced trypanosomes were termed according
to the phenotype they displayed upon induction of VSG 121 overexpression potentially
'proliferating'. First, the cell cycle and GFP:PAD1urr expression of density-induced st cells of
a potentially 'proliferating' clone was analyzed (st, Figure 15 B, D). This showed that the
parasites arrested in the G1-phase of the cell cycle and expressed the fluorescent st marker,
suggesting that the potentially 'proliferating' parasites were still developmental competent.
Analyses of the pre-activation of the mitochondrion of these cells validated the developmental
competence of potentially 'proliferating' parasites as LipDH expression was increased, while a
large number of cells (75%) had a branched mitochondrion (Figure 16 B, D). Thus, potentially
'proliferating' VSG 121 overexpressors could still differentiate to the st stage, which
demonstrated that indeed the attenuation of the active ES triggered developmental transition

in the growth-arrested clones.

Also, a direct comparison of the potentially 'proliferating' and the potentially 'growth-arrested'
clones was performed to rule out any differences in their abilities to enter the st stage. The
cultures had the same starting cell density (2.5x 10° cells/ml) and were cultivated in the
absence of tetracycline without dilution to compare the density-induced differentiation to the st
stage (Figure 17). The potentially 'proliferating' clone reached a higher cell density (4.9x 10°
cells/ml) compared to the potentially 'growth-arrested' clone (3.7x 10° cells/ml, Figure 17 A),
but both cell lines stalled growth and started to die within 72 hours of cultivation. After 93 hours
of cultivation without dilution almost no living parasites were observed. This suggested that all
non-induced trypanosomes of potentially 'proliferating' and potentially 'growth-arrested' clones
differentiated to the stumpy stage within 72 hours of cultivation. The fact that all trypanosomes
could differentiate to the st stage with the quorum-sensing trigger was further validated by
monitoring the expression of the GFP:PAD1yrr st reporter at different cell densities (indicated
by the magenta arrows in Figure 17 A). When the cultures had a density of 5x 10° cells/ml and
were cultivated without dilution for 48 hours the majority of parasites (>95%) became st
(Figure 17 B). Thus, all non-induced trypanosomes of a potentially 'proliferating’ and a
potentially 'growth-arrested' clone could develop to the st stage. This excluded that the different
growth phenotypes observed upon addition of tetracycline were caused by a general deficiency

in st development of the proliferating clones.

However, differences in the number of GFP:PAD1yrr-positive cells were observed within 24
hours of cultivation. While 15 + 3% of the non-induced cells of the potentially 'growth-arrested'

clone became st, only 8 + 1% of the potentially 'proliferating' clone expressed the st reporter
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at the same time when the same starting cell density was used. This could indicate that the
non-induced cells of the potentially 'growth-arrested' clone react earlier with st development
than the non-induced parasites of the potentially 'proliferating' VSG 121 overexpressor. This
would be in accordance with the results of the growth analyses as the potentially 'proliferating’
clone reached higher cell densities before growth was stalled. Nevertheless, the data verified
that the different growth phenotypes upon the induction of VSG 121 overexpression were not
caused by a loss of the developmental potential of the proliferating VSG 121 overexpressors.
Consequently, st development in the growth-arrested clones was caused by the attenuation of
the active ES, whereas the down-regulation of the endogenous VSG was not sufficient.
Interestingly, a reduction of the ES-activity to 50% was observed in the proliferating clones
within 48 hours of induction, which suggests that this transcription level is above the critical

threshold to induce st development.
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Figure 17: Proliferating VSG 121 overexpressors are developmentally competent. Density-
induced st development of non-induced parasites of a potentially 'proliferating' (grey squares) and a
potentially 'growth-arrested' (white circles) clone of the GFP:PAD1utrA1.188121%t cell line. (A)
Parasites were cultivated without dilution in the absence of tetracycline and growth was monitored.
The starting cell density was 2.5x 105 cells/ml for both clones. Note the time point when the parasites
had a density of 5x 105 cells/ml was defined as zero hours to make the results comparable to the
density-induced st parasites in the other experiments. Means (+ SD) of triplicate experiments are
shown. The magenta arrows indicate the time points at which the amount of GFP:PAD1utr-positive
cells was determined. (B) The number of parasites expressing the GFP:PAD1utr st reporter was
microscopically analyzed at the indicated time points in A. At zero hours the parasites had a density
of 5x 10° cells/ml. Values are average percentages (+ SD) of triplicate experiments (total n per
situation > 600 cells).
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3.4 ES-induced stumpy trypanosomes are developmentally

competent

The results so far demonstrated that the attenuation of the active ES causes the development
of cells that were indistinguishable from density-induced st parasites, wherefore we termed
these cells ES-induced st trypanosomes. Density-induced st parasites are thought to be the
only BSF stage that can infect the tsetse fly vector and complete the parasite life cycle
(reviewed in Rico et al., 2013). Therefore, we asked if the ES-induced st parasites posses the
same developmental capacity as density-induced ones. To answer this question, ES-induced
st parasites were exposed to triggers for procyclic development and used for tsetse flies

infections.

3.4.1 ES-induced stumpy cells can differentiate in vitro

PCF development of density-induced st parasites can be induced in vitro by treatment with cis-
aconitate and citrate and a drop of temperature to 27°C (CCA-treatment) (Brun, 1981; Engstler
and Boshart, 2004; Overath et al., 1986). The developmental progression is accompanied by
an exchange of the surface coat (Roditi et al., 1989; Ziegelbauer et al., 1990). The VSG coat
is replaced by an invariant EP-procyclin coat within six hours of CCA treatment. Besides this,
morphological changes occur such as an elongation of the posterior end of the cell and a
repositioning of the kinetoplast, which moves in the vicinity of the nucleus (Matthews et al.,
1995). Moreover, G1/0 cell cycle arrest is rescinded and the parasites reenter the cell cycle as

procyclics (Matthews and Gull, 1994).

First, it was investigated if ES-induced st parasites posses the same developmental capacity
as density-induced st cells in vitro. VSG 121 overexpression was induced in a growth-arrested
clone for 48 hours (ES-induced st) and the cells were then exposed to the CCA treatment.
After zero, six and 24 hours of treatment the parasites were stained with an antibody against
the procyclic surface protein EP1. Non-induced sl parasites (0 h) and density-induced st
parasites (st) of the same cell line served as controls. Flow cytometry showed that within six
hours of CCA treatment ES-induced and density-induced st cells exchanged their surface coat
with similar kinetics. After six hours of CCA treatment, 78% of the ES-induced and 80% of the
density-induced st parasites expressed EP1 on their surface (Figure 18 and 19). In contrast,
only 11% of the sl parasites were EP1-positive within the same time of CCA treatment. After
24 hours of treatment, 95% of the ES-induced and density-induced st parasites were EP1-
positive, in contrast to only 57% of the sl cells. Thus, the kinetics in cell surface coat exchange
was similar between ES-induced and density-induced st parasites, while sl cells exchanged

their cell surface slower.
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Figure 18: ES-induced stumpy cells are sensitive to triggers for procyclic differentiation in
vitro. Analyses of the expression of the procyclic surface protein EP1 via flow cytometry. A growth-
arrested clone of the GFP:PAD1utrA1.1E8121t¢t cell line overexpressing VSG 121 for 48 hours was
analyzed. Non-induced sl (0 h) and density-induced st parasites of the same cell line were used as
controls. The trypanosomes were stained with an EP1 antibody after CCA treatment (3 mM cis-
aconitate, 3 mM citrate, 27°C) for zero, six or 24 hours. 20,000 cells were analyzed and the M1 region
of the plots (indicated by the magenta bar) was defined as EP1-positive.

Next, the EP1-stained ES-induced st parasites were analyzed over a time-course of CCA
treatment using fluorescence microscopy (Figure 19). No EP1 was present on the surface
without CCA treatment but after six hours of CCA treatment. At this time no morphological
changes of the parasites were observed: the cells still had the stout appearance of typical st
parasites. Morphological characteristics of the PCF stage became apparent after 24 hours of
CCA treatment: the cells had the typical procyclic shape with an elongated posterior end
(indicated by white arrowhead in Figure 19) and the kinetoplast in the vicinity of the nucleus.
Moreover, 33% of the parasites belonged to the 2K1N or 2K2N cell cycle stage (in >250 cells),
demonstrating that the cells had reentered the cell cycle (indicated by yellow arrowhead in
Figure 19). Thus, ES-induced st parasites not only responded to CCA treatment with the

synchronous expression of EP1 but also changed their morphology and lifted the cell cycle
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arrest. Consequently, ES-induced st parasites possessed the same capacity to develop to the

PCF stage in vitro as density-induced st parasites.
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Figure 19: ES-induced stumpy cells differentiate to the procyclic stage in vitro. Analysis of the
cell shape and the kinetoplast/nucleus configuration during st to procyclic in vitro differentiation. A
growth-arrested clone of the GFP:PAD1utrA1.1E8121t%t cell line overexpressing VSG 121 for 48 hours
was treated with CCA (3 mM cis-aconitate, 3 mM citrate, 27°C). Parasites were stained with an EP1
antibody (magenta) after zero, six or 24 hours of CCA treatment. The DNA was counterstained with
DAPI (grey). The EP1-staining in the representative images shows the procyclic characteristic
elongation of the posterior end of the parasites after 24 hours of treatment (white arrowheads). The
procyclic characteristic rearrangement of the kinetoplast and the nucleus position as well as the
reentry into the cell cycle (yellow arrowheads) is illustrated by the DAPI staining.

3.4.2 ES-induced stumpy cells can complete the parasite cycle in vivo

To date, density-induced st parasites are thought to be the only BSF stage, that can complete
the parasite life cycle within the tsetse fly vector (reviewed in Rico et al., 2013; reviewed in
Sharma et al., 2009). Here, it was investigated if ES-induced parasites were also able to infect

tsetse flies and to complete the complex parasite life cycle. For this purpose, ES-induced st
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parasites were harvested from the culture at densities below 5x 10° cells/ml. The parasites
were resuspended in blood at a density of 2x10° cells/ml and then fed to 50 flies in total. We
included the same amount of density-induced st parasites of the parental GFP:PAD1yrr cell
line in the blood meal of another 50 flies as a control. We examined the presence of
trypanosomes in the alimentary system of the surviving flies after >50 days of infection. ES-
induced parasites were able to infect the salivary glands in 6.4% of flies (n = 47) and density-
induced st in 22.7% (n = 44). Even though the infection rate differed between ES-induced and
density-induced st parasites, these results demonstrated that both populations of st parasites
were able to establish an infection in the tsetse salivary glands. A greater number of infected
flies have to be analyzed to determine whether the observed differences between the
transfection rates reflect different infections efficiency. It was also examined if all characteristic
developmental stages were present in flies infected with ES-induced st cells. For this purpose,
we dissected the flies and fixed the isolated parasites. The different fly stages can be
distinguished by morphological criteria such as the shape of the cell, the length of the flagellum
and kinetoplast/nucleus configuration (described in chapter 2.3.1). An antibody against a
component of the flagellum, the PFR, was used to visualize the positioning and length of the
flagellum and the DNA was stained with DAPI. This demonstrated that all expected

trypanosome stages were present in flies infected with ES-induced st parasites (Figure 20).

Procyclic and mesocyclic parasites stages, which colonize the midgut of the fly, were identified.
In the proventriculus and foregut epimastigote stages, which are defined by the posterior
position of the nucleus, were found (described in chapter 2.3.1). In addition to epimastigote
cells, we also found short epimastigote parasites, which illustrates that these cells divide as
usually in an asymmetric fashion (Van Den Abbeele et al., 1999). The salivary glands of the
flies were colonized by attached epimastigote and metacyclic parasites (described in chapter
2.3.1). Metacyclic trypanosomes possess a trypomastigote kinetoplast/nucleus configuration,
express a VSG coat and are infective for the mammalian host. Consequently, the ES-induced
st parasites were able to complete the life cycle and could now infect a mammalian host
(reviewed in Sharma et al., 2009). These results demonstrated that ES-induced st parasites
not only differentiate in vitro to the procyclic stage but can also complete the trypanosome life
cycle in the tsetse fly up to the mammalian infective stage found in the salivary gland. We
conclude that ES-induced st trypanosomes possess a similar developmental competence as

density-induced parasites.
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Figure 20: ES-induced stumpy cells can complete the parasite life cycle in vivo. ES-induced st
parasites were included in the blood meal of 50 tsetse flies (2x10° cells/ml). After more than 50 days
of infection, flies were dissected and parasites derived from the midgut, proventriculus and foregut
and the salivary glands were fixed. This showed that all expected trypanosome stages were present
in flies infected with ES-induced st parasites. The DIC images (upper panel) illustrate the shape of
the different parasites stages. The flagellum of the trypanosomes was stained with a PFR antibody
(magenta, lower panel) to visualize the characteristic changes in the length and positioning of the
flagellum during developmental progression. DAPI staining of the DNA (grey, lower panel)
demonstrated the typical positioning of kinetoplast and nucleus in the different life cycle stages. Scale
bar: 5 um. The different fly stages and their characteristics are explained in chapter 2.3.1.
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3.5 Stumpy development is not specific for the overexpression of a
distinct VSG variant

The previous results demonstrated that different ES-activity levels caused by the
overexpression of VSG 121 resulted in distinct phenotypes. While a mild down-regulation of
the ES-activity had no consequences for trypanosomes, the attenuation of the ES triggered
the developmental transition to the st stage. These ES-induced st parasites were
indistinguishable from density-induced st parasites and possessed a similar developmental
capacity. However, the analyses so far were based on the overexpression of VSG 121, which
represents only one of more than 2,000 VSG variants (Cross et al., 2014). Therefore, we asked
next if the different growth phenotypes or ES-induced st development were specific for the

overexpression of VSG 121.

3.5.1 The distinct growth phenotypes are not specific for the overexpression of a
distinct VSG variant

Another VSG was overexpressed in pleomorphic trypanosomes to assure that the distinct
growth responses observed upon VSG 121 overexpression are not VSG specific. For this
purpose, the st reporter cell line was transfected with a construct for VSG 118 overexpression,
which yielded the GFP:PAD1ytrA1.155118%t cell line. The VSG 118 plasmid is similar to
pRS.121 but contains the VSG 7178 ORF and 3’'UTR instead of the VSG 7271 ORF and 3'UTR
(bachelor thesis Henning, 2012).

Induction of VSG 118 overexpression also resulted in distinct growth phenotypes
(Figure 21 A, B). In two of five analyzed clones VSG 118 overexpression led to an arrest in
growth (growth-arrested clones, Figure 21 A), while in other two clones growth was not
affected (proliferating clones, Figure 21 B). The growth-arrested clones doubled only four to
six times during eight days of induction and resumed growth after 10 days. In contrast, the
growth rate of the proliferating clones remained unchanged upon VSG 118 overexpression.
Thus, the ectopic overexpression of two VSGs, VSG 121 and VSG 118, caused the distinct
growth phenotypes: proliferating and growth-arrested. Independently of the growth response
of the VSG 118 overexpressors, already the non-induced cells displayed an impaired growth
(pdt 10 h) compared to the parental AnTat1.1 13-90 (pdt 6.8 h) cell line. The reason for this

remains unknown.
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Figure 21: Ectopic overexpression of VSG 118 causes distinct growth phenotypes in
pleomorphic trypanosomes. (A, B) Growth curves of (A) two growth-arrested and (B) two
proliferating clones of the GFP:PAD1utrA1.185118t cell line. Tetracycline-induced (triangles) and
non-induced (squares) parasites were analyzed. The parental AnTat1.1 13-90 cell line (circles) served
as a control. For each clone, means (+ SD) of three experiments are shown. Due to the small standard
deviation the error bars are not visible. (C, D) Western blot analysis of (C) the growth-arrested and
(D) the proliferating clones of the GFP:PAD1utrA1.1E5118tt cell line. Protein samples of non-induced
parasites (0 h) and cells induced with tetracycline for 24 hours were analyzed. The Western blots
were stained with a VSG 118 antibody (green) and a paraflagellar rod (PFR) antibody (magenta) as
a loading control.

Western blot analysis was used to rule out that the different growth phenotypes were caused
by a deficient overexpression system (Figure 21 C, D). All clones indeed overexpressed
VSG 118 upon addition of tetracycline. The homogeneity of ectopic VSG overexpression was
analyzed on the single cell level using immunofluorescence (Figure 22). Non-induced
parasites and cells induced for 24 hours of a proliferating clone of the
GFP:PAD1ytrA1.185118%! cell line were stained simultaneously for VSG 118 (magenta) and
VSG A1.1 (green). MITat1.5 wild type cells natively expressing VSG 118 and the parental
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AnTat1.1 13-90 cell line natively expressing VSG A1.1 were used as a control, demonstrating
the specificity of the antibodies (Figure 22, upper panels). The immunofluorescence analyses
showed that the majority of the proliferating VSG 118 overexpressors (>98%, n = 2, each >
200 cells) expressed the ectopic VSG upon induction, as exemplified by an
immunofluorescence of a proliferating clone in Figure 22. Also, the endogenous VSG A1.1

decreased within 24 hours of induction in all cells.

anti-VSG 118 anti-VSG A1.1 merge DAPI

MiTat 1.5 WT

AnTat 1.1 13-90
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Figure 22: Overexpression of the ectopic VSG 118 causes surface coat exchange.
Immunofluorescence analysis of a proliferating clone of the GFP:PAD1utrA1.185118! cell line. Non-
induced cells (0 h) and VSG 118 overexpressors induced for 24 hours were stained with antibodies
against the ectopic VSG 118 (magenta) and the endogenous VSG A1.1 (green). MITat1.5 wild type
cells natively expressing VSG 118 and the parental AnTat1.1 13-90 cells natively expressing
VSG A1.1 served as controls for antibody specificity. The DNA was stained with DAPI (grey). 32% of
the non-induced cells (n > 350 cells) expressed the ectopic VSG and after 24 hours of induction >98%
(n =2, each > 200 cells). Scale bar: 20 ym.

The analysis of non-induced cells showed that already in the absence of tetracycline some
parasites were strongly VSG 118-positive. The VSG 118-positive cells were observed in non-
induced cells of a potentially 'growth-arrested’ (12% in >250 cells) and a potentially

'proliferating' clone (32% in >350 cells) and thus most likely did not affect the different growth
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responses upon induction. However, the presence of non-induced VSG 118-positive cells
could have affected the growth in the absence of tetracycline and explain the slowed growth.
The cause for the VSG 118-positive non-induced cells remains unknown. For example it could
be that non-induced VSG 118-positive cells express the ectopic VSG at high levels without
induction. Thus, non-induced cells would display different leaky VSG 118 expression levels,
which can be an indication for non-clonal populations. Alternatively, the non-induced VSG 118-
positive cells could have switched the endogenous VSG and expressed now a variant, which
was recognized by the VSG 118 antibody. As | could not exclude that the non-induced
VSG 118-positive cells would influence the experiments, the analyses in this thesis were
mainly conducted using the VSG 121 overexpressors. Nevertheless, the overexpression of
VSG 118 in pleomorphic cells demonstrated that the distinct growth responses obtained during
ectopic VSG overexpression, proliferating and growth-arrested, were not dependent on the

used VSG variant.

3.5.2 VSG overexpression induced stumpy differentiation is not VSG specific

The data above showed that ES-attenuation induced by the overexpression of VSG 121
caused the developmental transition from the sl to st stage. We wanted to assure that the VSG
overexpression induced differentiation is not specific to a certain VSG. Therefore, stumpy

markers were also analyzed in growth-arrested and proliferating VSG 118 overexpressors.

First the GFP:PAD1ytr expression was monitored because the kinetics of the growth arrest
differed slightly between the VSG 118 and the VSG 121 overexpressors (compare Figure 8
and Figure 21). This showed that in growth-arrested VSG 118 overexpressors the expression
of the st reporter started later than upon VSG 121 overexpression. The fraction of GFP-
positives cells increased from 14 + 3% in non-induced cells to 18 +2, 25+ 5, 47 +2 and
77 £ 2% within 24, 48, 72 and 96 hours of induction, respectively (Figure 23 A). Thus, four
days of VSG 118 overexpression were necessary to reach a PAD1-positive level comparable
to the one of density-induced st cells, but only one day of VSG 121 overexpression (compare
Figure 15). The proliferating VSG 118 overexpressors reacted similar to the proliferating
VSG 121 overexpressors and showed no increase in the number of GFP:PAD1yTr expressing

parasites (Figure 23 B).
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Figure 23: VSG 118 overexpression can induce stumpy development. (A-B) The number of
parasites expressing the GFP:PAD1utr st reporter was microscopically analyzed. Two growth-
arrested and two proliferating clones of the GFP:PAD1utrA1.185118! cell line were analyzed over a
time-course of VSG 118 expression. Non-induced sl (0 h) and density-induced st trypanosomes of
the same cell lines served as controls. For each clone, values are presented as average percentages
(= SD) of three experiments (total n per time point > 600 cells). (C, D) Cell cycle analyses of one
growth-arrested and one proliferating clone of the GFP:PAD1utrA1.1E5118tet cell line during the
course of VSG 118 overexpression. Parasites overexpressing VSG 118 for 48 and 96 hours were
chemically fixed, DAPI-stained and microscopically analyzed to determine their kinetoplast (K) and
nucleus (N) configuration. Non-induced sl (0 h) and density-induced st trypanosomes of the same cell
lines served as controls. Values are given as percentages of the total number of cells (n > 300).

Then, | analyzed the cell cycle of growth-arrested and proliferating parasites after 48 and 96
hours of induction (Figure 23 C, D). This was compared to the cell cycle of non-induced sl (0 h)
and density-induced st parasites. In a growth-arrested clone, 89% of the cells were in the G1-
phase of the cell cycle after 48 hours of VSG 118 overexpression, in comparison to 55% of the
non-induced sl cells (Figure 23 C). After 96 hours, the fraction of 1K1N cells was 90%, which

compared well to the 97% 1K1N cells of the density-induced st parasites. The increase of cells
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in the G1-phase of the cell cycle was accompanied by a decrease in the number of dividing
cells. Thus, the growth arrest of VSG 118 overexpressors was caused by an accumulation of
cells in the G1-phase. No changes in the cell cycle were observed in proliferating parasites

upon induction of VSG 118 overexpression (Figure 23 D).

The overexpression of both VSG 121 and VSG 118 caused a cell cycle arrest in the G1-phase
and the expression of the st reporter PAD1. This suggested that also the growth-arrested VSG
118 overexpressors were ES-induced st parasites. However, VSG 121 overexpression
resulted in a nearly uniform st population within 24 hours of induction, whereas 96 hours of
induction were required for a similar level of stumpy cells in the VSG 118 overexpressors. This
indicated that the critical threshold in ES-activity may be reached later upon VSG 118
overexpression, suggesting that not the kinetics of ES-attenuation is critical for st development

but rather the transcriptional status of the ES per se.
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3.6 Escapers of ES-induced stumpy formation

The results so far have shown that the attenuation of the active ES caused the developmental
transition from the sl to the st stage. These ES- induced st cells possessed a similar potential
to complete the parasite life cycle as density-induced st trypanosomes. St parasites are
irreversible arrested in the G1/0-phase of the cell cycle and thus determined to die, unless they
are up-taken by the tsetse fly (MacGregor et al., 2011). However, the growth-arrested VSG
overexpressors reproducibly resumed growth (compare Figure 8). Therefore, it remained
unclear whether the ES-induced st cells are also doomed to die. Several mechanisms could
explain the outgrowth of the growth-arrested VSG overexpressors. First, a small subpopulation
of parasites may not respond with growth retardation to the addition of tetracycline and with
time, outgrow the growth-arrested VSG overexpressors. Second, a subpopulation of the VSG
overexpressors could be resistant to signals for st development and escape ES-induced st
development. Third, some parasites could reactivate the complete A1.1 ES and hence lift ES
transcription to growth permissive levels. Fourth, a mutation of the T7 polymerase or promotor
of the overexpression system could have occurred, causing its defectiveness. Fifth, ES-
attenuation did in some parasites not reach the critical threshold to induce st developmental

but caused a prolongation of the cell cycle and thus an initial growth retardation.

3.6.1 Outgrowing VSG 121 overexpressors are not resistant to stumpy induction

triggers

St parasites are known to have a limited life span of two to three days (MacGregor et al., 2011).
Thus, cell death should become apparent in growth-arrested VSG overexpressors at day four
of induction. In fact dead cells were observed, but all growth-arrested VSG overexpressors
reproducibly resumed growth. The timing of outgrowth differed as growth-arrested VSG 121
overexpressors reentered the cell cycle within four (Figure 8 C) to eight days (Figure 24 A) of
induction, whereas growth-arrested VSG 118 overexpressors resumed growth after 10 days.
Thus, the question arose what the cause of the outgrowth is. The most obvious explanation
would be that the culture contained a small number of parasites that did not respond to VSG
overexpression with ES-attenuation and hence growth retardation. These cells would
correspond to the proliferating clones, which only mildly adjusted the ES-activity and continued
to grow upon VSG overexpression. If we assume that at least one cell of the culture retained
a pdt of six to seven hours upon induction, the outgrowth should be observed latest at day five
of induction. However, | observed an arrested growth up to eight days (VSG 121) or 10 days
(VSG 118) of induction. Therefore, it was excluded that the outgrowth is caused by cells that

did not react with growth retardation upon induction.
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Another possibility was that some parasites could not differentiate to the st stage. Thus, the
cells could escape ES-induced st development. If this is the case, these escapers should also
not respond to the classical triggers for st differentiation. Classical triggers for st development
are the membrane-permeable cAMP analogue pCPT-cAMP and the stumpy induction factor
(SIF). CAMP is known to induce st development similarly to SIF, indicating that cAMP or its
hydrolysis products could serve as second messengers to mediate the SIF signal (Laxman et
al., 2006; Vassella et al., 1997). PCPT-cAMP is frequently used to induce st differentiation as
SIF itself remains elusive to date. SIF is secreted by the parasites themselves and is therefore
present in culture medium after the cells were grown to high cell densities (conditioned
medium). Based on the conditioned medium a SIF-concentrate, which is x-fold enriched in SIF
in comparison to conditioned medium, was generated (kindly provided by |. Subota; described
in chapter 5.2.1 Differentiation to the stumpy stage). Hence, st development could not only be

induced by pCTP-cAMP, but also with the SIF-concentrate, hereafter referred to as SIF.

If the outgrowth of growth-arrested VSG overexpressors would be caused by a deficiency in st
development, outgrown parasites should not react to pCTP-cAMP and SIF. To test this, VSG
121 overexpressors of a growth-arrested clone of the GFP:PAD1yrrA1.155121 cell line, that
resumed growth after eight days of induction (8 d +tet), were exposed to pCPT-cAMP or to SIF
(Figure 24 B). Non-induced cells of the same cell line were treated in the same way using
identical cell densities (-tet). To analyze if the cells react with st development, | quantified the
number of parasites expressing the GFP:PAD1yrrreporter after 20 and 28 hours of treatment.
The number of GFP:PAD1yrr-positive cells was also determined in the absence of the triggers
as a control (untreated). Neither non-induced nor outgrown cells reacted with st development
when pCPT-cAMP and SIF were absent. In the presence of the cAMP analogue 18% of the
non-induced cells and 17% of the outgrown VSG 121 overexpressors expressed the st reporter
within 20 hours. In the same time, SIF caused st development in 21% of the non-induced cells
and in 24% of the outgrown VSG 121 overexpressors. After 28 hours of treatment with pCPT-
cAMP, 65% of the non-induced cells and 67% of the overexpressors were st. When treated
with SIF, 52% of the non-induced cells and 51% of the outgrown VSG 121 overexpressors
became PAD1-positive. Thus, non-induced cells and outgrown VSG 121 overexpressors
reacted similarly to the treatment with triggers for st development. This excluded that the

outgrowing VSG 121 overexpressors had lost the ability to differentiate to the st stage.
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Figure 24: Outgrowing VSG 121 overexpressors can still differentiate to the stumpy stage. (A)
Growth curve of a growth-arrested clone of the GFP:PAD1utrRA1.188121%t cell line that resumed
growth after eight days of induction. Tetracycline-induced (triangles) and non-induced (squares)
parasites were analyzed. The parental AnTat1.1 13-90 cell line (circles) served as a control. Average
values of two experiments of one clonal cell line are shown. (B) The parasites were exposed to
triggers for st differentiation: either 200 uM pCPT-cAMP or 0.25x SIF. The amount of cells expressing
the GFP:PAD1utr st reporter was quantified after 20 and 28 hours of treatment. Non-induced cells (-
tet) of a growth-arrested VSG 121 overexpressor of the GFP:PAD1utrRA1.1E8121tt cell line were
analyzed as well as VSG 121 overexpressors of the same cell line, that had resumed growth after
eight days (8 d +tet) of induction. The amount of cells expressing the st reporter in the absence of the
triggers was determined as a control (untreated). Values are presented as average percentages (+
SD) of triplicate experiments (total n per situation > 600 cells).

3.6.2 Outgrown VSG 121 overexpressors can still express the ectopic VSG

The outgrowth of previously growth-arrested VSG overexpressors could also be explained by
a reactivation of the complete A1.1 ES. Thus, the transcriptional status of the active ES would
increase and the ESAG levels could return to growth supporting levels. This would also include
the reactivation of the expression of the endogenous VSG A1.1. Thus, the outgrowing cells
would have exchanged the surface coat once more, now predominantly expressing the original
VSG A1.1. To investigate this possibility, immunofluorescence was used to determine which
VSG is present on the surface of outgrown VSG 121 overexpressors (Figure 25). Growth-
arrested VSG 121 overexpressors of the GFP:PAD1ytrA1.155121% cell line induced for seven
and 28 days were stained simultaneously with a VSG 121 and a VSG A1.1 antibody. Non-
induced cells of the same cell line (0 h) were analyzed in the same way as a control. This
demonstrated that even after one month of induction the majority of the outgrown VSG 121
overexpressors (>98% in > 250 cells) still expressed the ectopic VSG 121 on the surface.
Thus, a reactivation of the complete A1.1 ES did not occur and could not explain the outgrowth
of the growth-arrested VSG overexpressors. In addition, this experiment excluded that the
outgrowth is the result of a deficient overexpression system, e.g. a mutation of the T7
polymerase or promotor. If this would be the explanation for the resumed growth, the

expression of the ectopic VSG 121 would have stopped. Thus, we conclude that the outgrowth
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is neither the result of the reactivation of the complete A1.1 ES nor of a mutation in the

overexpression system.

anti-VSG 121 anti-VSG A1.1 merge DAPI

days of VSG 121 overexpression

Figure 25: Outgrowing VSG 121 overexpressors can still express the ectopic VSG.
Immunofluorescence analysis of a growth-arrested clone of the GFP:PAD1utrA1.1E5121%! cell line.
Non-induced cells (0 h) and VSG 121 overexpressors induced for seven or 28 days were stained with
antibodies against the ectopic VSG 121 (magenta) and the endogenous VSG A1.1 (green). The DNA
was stained with DAPI (grey). After seven days >95% of the parasites expressed the ectopic VSG (n
=4, each > 200 cells) and after 28 days >98% (in > 250 cells). Scale bar: 20 pym.

3.6.3 A minor fraction of VSG 121 overexpressors escapes ES-induced stumpy

formation

We have so far excluded that the outgrowth is caused by (i) cells that did not respond with
growth retardation upon VSG overexpression, (ii) a deficiency in st development, (iii) a
reactivation of the complete A1.1 ES and (iv) a deficient overexpression system. Therefore, it
was next tested whether all or only a fraction of the VSG overexpressors resumed growth. St
parasites are irreversible arrested in the G1/0-phase and can only reenter the cell cycle during
the developmental progression to the procyclic stage (Matthews and Gull, 1994; Shapiro et al.,
1984). Thus, st trypanosomes have a limited life span in the mammalian host (MacGregor et
al., 2011). As the previous results showed that ES-induced cells are bona fide st parasites,
outgrowth should consequently be caused by a minor fraction of growth-arrested VSG
overexpressors, which escaped ES-induced st development. To test this hypothesis, the

number of growth-arrested VSG 121 overexpressors that resumed growth was estimated
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using serial dilution. For this purpose, | induced VSG 121 overexpression by adding
tetracycline and immediately diluted the cultures to 25, 250, 2,500 or 25,000 cells/ml. Each
culture was distributed on one 96-well plate, with 200 pl in every well. Thus, each well
contained either 5, 50, 500 or 5,000 cells. Non-induced sl cells of the same cell line were
seeded at a concentration of five cell per well as a control. In this case, outgrowth was
observed in 90% of the wells. However, no growth was observed when induced cells were
seeded at the same concentration. This verified the previous suggestion, that ES-induced st
parasites are irreversible arrested in the cell cycle. When 50 or 500 induced cells were used
per well, outgrowth was observed in 1 and 4% of the wells, respectively. At the highest density
(5,000 cells per well) 40% of the wells resumed growth. | assumed that the outgrowth of one
well is caused by only one cell to estimate the number of VSG 121 overexpressors that
resumed growth. Then, the number of outgrown wells per plate was divided by the total amount
of seeded cells per plate. This showed that about one in 10,000 growth-arrested VSG 121
overexpressors resumed growth. We concluded that these cells escaped ES-attenuation
induced st development. Nevertheless, the late outgrowth of the growth-arrested VSG
overexpressors (discussed above) suggested that these cells initially reacted with growth
retardation upon VSG overexpression. Therefore, we assumed that these cells initially did
respond to VSG overexpression with ES-attenuation. However, the ES-activity neither fell
below the critical threshold to induce terminal st formation nor was sufficient to support growth.
Thus, the cells would linger in a prolongated G1-phase of the cell cycle. This state could only
be rescinded when the A1.1 ES transcription was re-activated to growth submissive levels.
However, not a reactivation of the entire ES would necessarily occur in this case. It would be
sufficient if only the ESAG transcript levels would be lifted to growth supporting levels, while
the endogenous VSG could be still silenced. Then, the cells would outgrow as sl parasites still

expressing the ectopic VSG 121 on the surface, just as it was the case in our experiments.

3.6.4 VSG 121 overexpression is re-inducible

We also asked if VSG 121 overexpression is re-inducible in the escapers of ES-induced st
formation. To answer this question, | induced VSG 121 overexpression for 48 hours in a
growth-arrested clone of the GFP:PAD1yrrA1.185121% cell line and then removed the
tetracycline by washing the cells. The parasites were cultivated in the absence of tetracycline
for one week before the drug was re-added. Seven days after the removal of tetracycline and
24 hours after its re-addition the VSG on the cell surface was determined using simultaneous
immunostaining for VSG 121 and VSG A1.1 (Figure 26 A). The surface of the parasites was
dominated by VSG A1.1 after one week without tetracycline. Upon re-adding the drug, the

parasites exchanged their cell surface coat again and now predominantly expressed the
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ectopic VSG 121. This demonstrated that VSG 121 overexpression is re-inducible and

confirmed that the outgrowth was not caused by a deficient overexpression system.

Next, it was analyzed if the re-induction of ectopic VSG 121 overexpression causes a growth
arrest. For this purpose, the parasites were treated as described above and the cultures were
split after tetracycline had been removed. One culture was left untreated (tet removed,
Figure 26 B) and the other was re-induced with tetracycline (tet re-added, Figure 26 C). This
showed that the parasites did not respond any longer with an arrest in growth upon induction
of VSG 121 overexpression, even though they expressed the ectopic VSG on the surface.
Instead, they now reacted similar to the proliferating clones upon VSG 121 overexpression.
However, we had to verify that the altered growth phenotype was indeed a consequence of
the escape of ES-induced st formation and not an adaption caused by the prolonged cultivation
time. Therefore, non-induced parasites were cultivated for the same period as the washed
cultures (-tet, Figure 26 D). At the time VSG 121 overexpression was re-induced in the washed
cultures, | also added tetracycline to the non-induced cells (tet added first time, Figure 26 E)
and analyzed their growth. VSG 121 overexpression still caused an arrest in growth when the
cells were induced for the first time. Thus, the cultivation time was not the cause for the altered
growth phenotype upon the re-induction of VSG 121 overexpression. This suggested that the
cells do not react any longer with ES-attenuation and subsequent st formation to VSG
overexpression once they have escaped ES-induced st development. Thus, in the outgrown,
previously growth-arrested, VSG overexpressors the potential to modulate the ES-activity was
altered and they now behaved like the proliferating clones. This indicated a high adaptive

capacity of the active ES.
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Figure 26: Ectopic VSG 121 overexpression is re-inducible, but the growth arrest is not.
VSG 121 overexpression was induced in a growth-arrested clone of the GFP:PAD1utrA1.1E5121tt
cell line. After 48 hours of VSG 121 overexpression tetracycline was removed by washing the cells.
The cells were cultivated in the absence of tetracycline for one week. The cells were either analyzed
in the absence of tetracycline (tet removed) or when the drug was re-added for 24 hours (tet re-
added). (A) Immunofluorescence analysis of parasites, which were cultivated for one week without
tetracycline (Tetracycline removed) and the same parasites after tetracycline re-addition for 24 hours
(Tetracycline re-added). The cells were stained with antibodies against the ectopic VSG 121
(magenta) and the endogenous VSG A1.1 (green). The DNA was stained with DAPI (grey). Scale
bar: 20 um. (B) Growth curves of parasites that were washed after 48 hours of VSG 121
overexpression and then cultivated without tetracycline (tet removed). (C) After nine days without
tetracycline the drug was re-added (tet re-added). (D) Non-induced parasites of the same cell line (-
tet) were cultivated for the same period as the washed cells. (E) Then tetracycline was added for the
first time (+tet) when the re-addition of the drug was conducted in C. Growth curves of the non-induced
and induced parasites are shown. In all growth curves means (+ SD) of three experiments of one
clone are shown. Due to the small standard deviation the error bars are not visible.
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3.6.5 VSG 121 overexpressors are highly adaptive

The re-induction of VSG 121 overexpression indicated a high adaptive potential of the active
ES. Therefore, it was analyzed in detail, how the response of growth-arrested VSG 121
overexpressors changes during prolonged cultivation. | thawed a growth-arrested clone of the
GFP:PAD1y1rA1.1E5121% cell line and induced VSG 121 overexpression as soon as the non-
induced cells doubled normally. Non-induced cells were further cultivated for one or two
additional weeks before tetracycline was added. Subsequently, the growth of the induced cells
was analyzed and the GFP:PAD1yrr expression quantified after 27 and 51 hours of induction
(Figure 27). This demonstrated that the duration of the growth arrest decreased with prolonged
cultivation time prior to tetracycline induction (Figure 27 A). The VSG 121 overexpressors
doubled only twice until day five when they were induced at the earliest time point (first week).
Cells that were cultured for one additional week prior to induction, doubled three times within
these five days and parasites that were cultured for two additional weeks prior to induction
doubled five times. Consequently, the longer the parasites were cultured prior to induction of
VSG 121 overexpression, the higher was the percentage of cells that escaped ES-induced st
formation. This was confirmed by the quantification of the GFP:PAD1yrr st reporter (Figure
27 B).
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Figure 27: Growth-arrested VSG 121 overexpressors adapt during cultivation. A growth-
arrested clone of the GFP:PAD1utrRA1.1E5121%t cell line was analyzed in the first, second and third
week after thawing. VSG 121 overexpression was induced at a density of 2.5x 104 cells/ml (A) Growth
curves of a growth-arrested VSG 121 overexpressor upon addition of tetracycline (triangles) at
different time points after thawing. Means (x SD) of three experiments of one clone are shown. (B)
Quantification of the amount of parasites expressing the GFP:PAD1utr st reporter upon addition of
tetracycline for 27 and 51 hours. VSG 121 overexpressors were analyzed in the first, second and third
week after thawing. Average values (+ SD) of three experiments of one clone are shown (total n per
time point > 600 cells).

Induction at the earliest time point (first week) caused st development in 62% of the parasites

within 27 hours of VSG 121 overexpression. When tetracycline was added to cells cultured for
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one additional week, 52% of the trypanosomes were GFP:PAD1ytr-positive within 27 hours.
Within the same time of VSG 121 overexpression, only 40% expressed the st reporter after
two additional weeks of cultivation prior to induction. Thus, within two weeks of cultivation the
percentage of parasites responding to VSG 121 overexpression with st development
decreased by 22%. A similar reduction in st formation was observed after 51 hours of induction.
91% of the parasites expressed the st reporter, when they were induced at the earliest time
point of cultivation (first week). After one additional week of cultivation 81% became
GFP:PAD1yrr-positive within 51 hours of VSG 121 overexpression and after two additional
weeks in culture 72%. Thus, with ongoing cultivation fewer parasites differentiated to st sage,
indicating that more parasites escape ES-induced st formation. Thus, also the cultivation time
influenced the reactivity of the ES, which demonstrated the high adaptive potential of the active
ES. Nevertheless, the majority of the parasites still responded with st development to VSG 121

overexpression, though more parasites escaped ES-induced st formation.

Moreover, parasites at densities below 6x 10° cells/ml were used for all experiments, which
should ensure the predominance of the sl stage as st development is induced in vitro at
densities above 1x 108 cells/ml (reviewed in McCulloch et al., 2004). However, VSG 121
overexpression induced ES-attenuation triggered st formation at densities below the critical
SIF (stumpy induction factor) threshold. This suggested that ES-attenuation can act

independently of cell density and hence the stumpy induction factor SIF.
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3.7 SIF and ES-attenuation feed in the same pathway

The previous results have demonstrated that ES-attenuation caused the development of bona
fide st parasites. The only naturally occurring trigger known to cause this differentiation was
up till now the stumpy induction factor (SIF) (Vassella et al., 1997). The so far elusive factor is
secreted by the parasites and accumulates with rising parasitemia (Reuner et al., 1997;
Vassella et al.,, 1997). Once a critical threshold in concentration is reached, the sl
trypanosomes differentiate to the st stage and thus SIF acts in a cell density dependent
manner. In contrast, ES-attenuation triggered the developmental transition at cell densities,
which are a priori not sufficient to induce st development. This suggested that ES-attenuation
can act independently of cell density and SIF. Thus, our results demonstrated for the first time
that another way exists to induce st development besides SIF, namely ES-attenuation. This
raised the question, whether SIF and ES-attenuation act on separate pathways or if the
pathways intersect and thus the triggers can act in a cooperative manner. To answer this,
basically two approaches were pursued. First, the impact of the cell density on the VSG
overexpressors was analyzed. Second, parasites were simultaneously challenged with ES-
attenuation and defined concentrations of known triggers for st development (SIF and its

second messenger cCAMP).

3.7.1 ES-induced cell cycle arrest is independent of the cell density

First, the impact of cell density and hence different SIF concentrations on the VSG
overexpressors was analyzed. For this purpose, | induced VSG 121 overexpression in a
growth-arrested clone at two different starting cell densities: 2.5x 10° cells/ml (high density,
HD) and 2.5x 10* cells/ml (low density; LD) (+tet, Figure 28 A, B). The cultures were then
cultivated without dilution in the constant presence of tetracycline. The cultures were diluted
again when the cells doubled for the first time after five days of induction and escaped ES-
attenuation induced stumpy formation. First, | determined the growth upon addition of
tetracycline to analyze the impact of the different cells densities on the VSG 121
overexpressors. This showed that independently of the starting cell density, the VSG 121
overexpressors only divided once after the addition of tetracycline and then arrested in growth
(Figure 28 A, B). Thus, the immediate cell cycle arrest of the growth-arrested VSG 121
overexpressors was not influenced by the cell density. Due to the fast kinetics and low cell
number the cell cycle the arrest cannot be attributed to SIF. The possible impact of SIF only

became apparent at later time points.

HD cultures had a 10-fold higher parasite density than LD cultures and SIF accumulates

proportional to the cell number. Thus, the critical SIF threshold should be exceeded earlier in
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HD cultures than in LD cultures. Indeed growth was different in HD and LD cultures. While the
HD cultures started to die after four days of induction, the LD cultures started to resume growth
at day five of VSG 121 overexpression (Figure 28 A, B, +tet). This indicated that in the LD
cultures few trypanosomes were present, which could lift the initial growth retardation and
escaped ES-attenuation induced stumpy formation (as described in chapter 3.6). Thus, in LD
cultures the SIF concentration did not reach the critical threshold to induce st development. In
contrast, the death of HD cultures indicated that all parasites, including the escapers,
differentiated to the st stage. These results suggested the following scenario: independent of
the cell density ES-attenuation triggered st development within the first two days in the majority
of cells and only a few parasites could escape. While the ES-induced st parasites were doomed
to die approximately three days after developmental transition, the escapers could outgrow
them. However, also the escapers would differentiate to the st stage once the critical SIF
threshold was reached. Consequently, the death of the st parasites should become apparent
at day five of induction as we observed it in the presented experiments. Thus, within four days
the SIF concentration could have reached in HD cultures the critical threshold to induce st
development also in the escapers. Alternatively, a lack of nutrients or the accumulation of
growth-inhibiting conditions due to the constant high amount of cells over several days in HD

cultures could have prevented the outgrowth of the escapers.

Then, it was analyzed at which time point SIF possibly reached the critical concentration to
induce the developmental transition in all cells (including the escapers). For this purpose, the
accumulated SIF in the HD and the LD cultures was removed by washing the parasites after
one and two days of induction (washed 1 and 2 days +tet, Figure 28 A, B). The VSG 121
overexpressors were further cultivated in the presence of tetracycline without dilution until the
cells started to divide again. This showed that the cells in the HD cultures resumed growth,
just like the LD cultures, once the medium was exchanged. It was excluded that the washing
procedure influenced the cells as | treated non-induced cells (-tet) and the parental AnTat1.1
13-90 (control) cell line in the same way and did not observe any changes in growth (Figure
28 C, D). This indicated that, within the first two days, the amount of secreted SIF was not
sufficient to induce st development in HD and LD cultures. However, ES-attenuation caused
the formation of st parasites in the majority of cells in less than one day. These results
supported our previous conclusion, that ES-attenuation can induce st development

independent of the cell density and SIF.
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Figure 28: The impact of cell density on ES-induced st formation and its escapers. SIF induces
st development in a cell density dependent manner as it is secreted by the parasite itself. To analyze
the possible impact of SIF on a growth-arrested clone of the GFP:PAD1utrA1.1E8121tet cell line,
VSG 121 overexpression was induced at two different starting cell densities (A: HD: 2.5x 10° cells/ml
and B: LD: 2.5x 10%cells/ml). The parasites were cultivated without dilution to allow the accumulation
of SIF and were diluted again, when the parasites reentered the cell cycle and doubled for the first
time. Consequently, in (A) SIF should have reached the critical threshold to induce st development
earlier than in (B), as the cells had a 10-fold higher concentration. The possible impact of SIF in
addition to the VSG 121 overexpression (+tet) was analyzed using cumulative growth curves. SIF
was removed by washing the cultures after one and two days of induction (washed 1 or 2 day) to
determine at which time point the escapers of ES-attenuation could resume growth. The parasites
were further cultivated in the presence of tetracycline. (C, D) To control that the washing procedure
did not have an impact on the cells, (C) the parental 13-90 cell line (control) was washed after one
and two days of cultivation as well as (D) non-induced cells and their growth was recorded. In all
growth curves means (+SD) of three experiments of one clone are presented. Due to the small
standard deviation the error bars are not visible.

The experiments indicated that ES-attenuation induced st development, before the SIF
concentration reached the critical threshold to influence the parasites. Only the escapers of
VSG 121 overexpression induced ES-attenuation were possibly affected by SIF. It remained
unclear if SIF had an additional effect during ES-induced st development as we did not know
the amount of secreted SIF that had already accumulated at the analyzed time points. Thus,
we could not draw any conclusion if SIF and ES-attenuation can act in a cooperative manner
and feed in the same pathway. Besides this, it could not been ascertained if indeed an

accumulation of SIF in HD cultures hindered the outgrowth of the escapers as the molecular
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nature of SIF is unknown. For example, a lack of nutrients or the accumulation of growth-
inhibiting conditions could be an alternative explanation for the death of all cells. Also in this
case, the escapers could resume growth once new medium was provided. For these reasons,
we decided to challenge the VSG 121 overexpressors directly with SIF or its downstream

analogue.

3.7.2 SIF and ES-attenuation are acting in a cooperative manner

To analyze if SIF and ES-attenuation act on separate signaling pathways or feed into the same,
the parasites were simultaneously challenged with ES-attenuation and defined concentrations
of known triggers for st development. It has been demonstrated that membrane permeable
and hydrolysable cAMP derivatives like pCPT-cAMP mimic the intracellular SIF-response of
the cells and can be considered as its downstream analogue (Laxman et al., 2006; Vassella
et al., 1997). Thus, st development can be induced by SIF or due to the addition of pCPT-
cAMP. The latter one is frequently used to induce st differentiation as SIF itself remains elusive

to date.

The impact of these known triggers during ES-induced st development was analyzed using a
growth-arrested clone of the GFP:PAD1ytrA1.155121%! cell line (Figure 29). The amount of st
parasites was determined by quantifying the number of cells expressing the GFP:PAD1yrr st
reporter. A starting cell density of 1x 105 cells/ml was used to ensure that the cells do not reach
densities which are sufficient to induce st development per se within 28 hours of treatment. To
determine the effect of ES-attenuation alone, | added tetracycline to the cells and cultivated
them without any pCPT-cAMP or SIF (+tet untreated, Figure 29). Non-induced cells were also
cultivated in the absence of the developmental triggers to ensure that the assay per se did not
cause st development (-tet untreated, Figure 29). These controls showed that 2% of the non-
induced and 20% of the VSG 121 overexpressors expressed the st marker after 20 hours
(untreated, Figure 29 A). Within 28 hours of treatment, 4% of the non-induced parasites and
50% of the VSG 121 overexpressors were st (untreated, Figure 29 B). Consequently, the non-
induced control was almost devoid of st parasites while the induction of ES-attenuation with
tetracycline caused st development in up to 50% of the cells. Thus, the assay was suitable to
analyze the interplay between the known st differentiation triggers and ES-induced st

development.

For the assay, a concentration of either 100 or 200 uM pCPT-cAMP was chosen based on
preliminary tests. These concentrations provided a good time window for the analysis when
the amount of st parasites was determined after 20 and 28 hours of treatment (-tet,
Figure 29 A, B). Moreover, we wanted to use defined concentrations of the extracellular SIF

signal. As the molecule SIF is unknown, we decided to use a SIF-concentrate to induce st
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development (kindly provided by I. Subota). 1x of this concentrate corresponds to the source
conditioned medium, which had not been concentrated (as described in chapter 5.2.1
Differentiation to the stumpy stage). Initially, | titrated different concentrations of the SIF-
concentrate and analyzed its impact on sl trypanosomes by quantifying the amount of
GFP:PAD1yrr-positive cells. For further analysis, we decided to use a final concentration of
0.25x as this had almost no effect after 20 hours, but was able to induce st differentiation in
approximately half of the population within 28 hours (-tet, Figure 29 A, B). Additionally, |
decided to use 0.37x as this concentration caused the formation of a nearly uniform st
population within 28 hours (-tet, Figure 29 B). Hence, defined concentrations of an intracellular
differentiation signal and the extracellular SIF could be used to induce st development (as

described in chapter 5.2.1 Differentiation to the stumpy stage).

Next, the influence of the triggers on the parasites alone (-tet) and in combination with ES-
attenuation (+tet) were analyzed. Therefore, | either added the different pCPT-cAMP and SIF
concentrations to non-induced parasites (-tet) or simultaneous with tetracycline (+tet) to induce
ES-attenuation (Figure 29 A, B). This showed that 4% of the non-induced cells expressed the
st marker within 20 hours when treated with 100 yM pCPT-cAMP or 16% once the higher
concentration of the cAMP analogue was used (-tet, Figure 29 A). In contrast, 34% of the
VSG 121 overexpressors became st within the same time due to the addition of 100 uM pCPT-
cAMP and 68% in the presence of 200 uM (+tet, Figure 29 A). If the non-induced parasites
were treated with 0.25x and 0.37x SIF, 8% and 22% of the trypanosomes were GFP:PAD1yrr-
positive within 20 hours (-tet, Figure 29 A). In the same time, the addition of 0.25x and 0.37x
SIF caused st development in 46% and 59%, respectively, of the VSG 121 overexpressors
(+tet, Figure 29 A). After 28 hours, 24% of the non-induced cells were stumpy when the lower
cAMP concentration was added and 68% with the higher concentration (-tet, Figure 29 B).
However, pCPT-cAMP treatment of the VSG 121 overexpressors resulted in a nearly uniform
st population within 28 hours (100 uM: 90%; 200 uM: 99%) (+tet, Figure 29 B). When non-
induced parasites were challenged for 28 hours with 0.25x SIF, 43% of the cells expressed
the st reporter and 83% once the higher concentration was used (-tet, Figure 29 B). In contrast,
nearly all VSG 121 overexpressors developed to the st stage upon the addition of SIF (+tet,
Figure 29 B). Thus, the presence of st differentiation triggers caused an increase in the number

of st VSG 121 overexpressors.
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Figure 29: SIF and ES-attenuation act in a cooperative manner. Parasites were simultaneously
challenged with ES-attenuation and other triggers for st differentiation to determine the impact of SIF
during ES-induced st formation. For this purpose, a growth-arrested clone of the
GFP:PAD1uTtrRA1.1B8121%t cell line was used. Either non-induced cells (-tet) or VSG 121
overexpressors were treated simultaneous to the addition of tetracycline (+tet), with two different
concentrations of pCPT-cAMP (100 uM, 200 uM) or SIF (0.25x, 0.37x). The number of parasites
expressing the GFP:PAD1utr st reporter was microscopically analyzed to quantify the impact of the
triggers after (A, C) 20 and (B, D) 28 hours of treatment. The amount of GFP:PAD 1utr-positive cells
was determined in the absence of the triggers as a control (untreated). Values are presented as
percentage of cells (£ SD) of triplicate experiments (total n per situation > 600 cells). After (A, B) the
first quantification, the experiment was repeated after one week (C, D) to validate that the cooperative
effect was still present with ongoing cultivation.

As previous experiments showed that more cells can escape ES-induced st development with
ongoing cultivation (compare Figure 27), the experiment was repeated after one week to
validate the obtained results (Figure 29 C, D). This verified that more cells react with st
development, when simultaneously challenged with ES-attenuation and the classical triggers.
ES-attenuation alone caused the developmental transition only in 12% of the cells within 20
hours (untreated +tet, Figure 29 C). Between 4% and 38% of the cells expressed the st
reporter, when non-induced cells were treated for the same time with SIF or pCPT-cAMP (-tet,
Figure 29 C). The mildest effect (4%) was observed with 100 yM cAMP and the strongest
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effect with 0.37x SIF (38%). In contrast, when the VSG 121 overexpressors were incubated
with the compounds for 20 hours at least 37% of the parasites responded with st formation
(100 uM pCPT-cAMP) and at most 72% (200 uM pCPT-cAMP) (+tet, Figure 29 C). After 28
hours, ES-attenuation alone caused the developmental transition in 46% of the cells (untreated
+tet, Figure 29 D). In non-induced cells, a nearly uniform st formation (81%) was observed
only when 0.37x SIF was used (-tet, Figure 29 D). In contrast, more than 93% of the VSG 121
overexpressors differentiated to the st stage when the additional triggers were added (+tet,
Figure 29 D). Thus, the combination of ES-attenuation and the classical triggers caused the
developmental transition in more cells than each trigger alone within the same time. This

pointed to an additive effect of both triggers.

| could imagine two simplistic scenarios, which could explain how the triggers intertwine. First,
both triggers are acting on separate pathways, which would have st development as the same
output. Thus, when both triggers are combined st development would be caused in one cell
either by SIF or by ES-attenuation and the effect of the triggers should add up. Second, if both
triggers feed into the same pathway, st development could be caused in one cell by SIF and
ES-attenuation. This could accelerate the developmental transition and the combination of
both triggers would lead to the development of more st parasites. A super pulse in st
differentiation should be observed in this case, instead of a summation of the effect of both
triggers alone. That the combination of ES-attenuation and SIF indeed caused such a super
pulse and that the effects did not simply add up is illustrated with two examples. In the first
experiment, the cAMP analogue caused the expression of the st marker in 16% and ES-
attenuation in 20% of the cells (Figure 29 A). We would expect that the combination of ES-
attenuation and 200 uM cAMP would cause st development in approximately 36% of the
trypanosomes if the effect of the triggers is additive. However, when 200 yM pCPT-cAMP and
ES-attenuation were combined, 68% of all trypanosomes differentiated to the st stage within
20 hours of treatment (Figure 29 A). Thus, almost twofold more cells became GFP:PAD1ytr-
positive than we would expect from a simple additive effect. In the second experiment, an even
more pronounced super pulse was observed. ES-attenuation alone produced 12% st cells,
200 yM cAMP 15% and the combination of both 72% (Figure 29 C). Moreover, the same was
true for the combination of ES-attenuation and 0.25x SIF. In the first experiment 46% of the
cells expressed the st reporter when exposed to both triggers for 20 hours. Treatment with SIF
alone caused the developmental transition in 8% and ES-attenuation in 20% of the cells
(Figure 29 A). Likewise, ES-attenuation alone produced 12% st cells in the second experiment,
0.25x SIF 11% and the combination of both 53% (Figure 29 C). Thus, the amount of st cells
exposed to the lower SIF concentration and ES-attenuation can also not be explained by a
simple additive effect of the triggers. Therefore, we conclude that SIF and ES-attenuation can

act in a cooperative manner.
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3.7.3 ES-attenuation does not increase SIF sensitivity

The previous experiment indicated that SIF and ES-attenuation act in a cooperative way. This
could be explained by two scenarios. First, both triggers act along the same signaling pathway
and thus st development is accelerated in the presence of both triggers. Second, ES-
attenuation increases the sensitivity of the parasites to act on the SIF trigger. An increased
SIF sensitivity would mean that parasites respond with st development to low SIF
concentrations, which are not sufficient to induce st development alone. If this is the case, the
increased SIF sensitivity would cause developmental transition and not the attenuation of the
active ES per se. The analyses before suggested that ES-attenuation induces st development
independent of SIF as differentiation was triggered at densities that were 40-fold lower (2.5x
10* cells/ml) than the assumed critical threshold (1x 10° cells/ml). Nevertheless, | wanted to

assure further that ES-attenuation does not increase the sensitivity towards SIF.

For this purpose, the same cell line and assay was used as in the previous experiment, but
the parasites were treated either with 0.25x SIF or different dilutions of the concentrate (Figure
30). | decided to dilute the SIF-concentrate further 1:10 (0.025x SIF) as ES-attenuation induced
developmental transition at 10-fold different cell densities. If ES-induced st development would
be triggered by an increased sensitivity towards SIF, treatment of the VSG 121 overexpressors
with this concentrate should result in an increased number of st parasites compared to the
untreated cells. As ES-induced and density-induced st development occur at cell densities that
differ by more than 10-fold, trypanosomes were also treated with the 1:100 diluted SIF-
concentrate (0.0025x SIF). Non-induced cells (-tet) were used to determine the impact of the
different SIF concentrations alone or the parasites were challenged in parallel with SIF and
ES-attenuation. | also analyzed the number of ES-induced st parasites in the absence of
additional triggers (untreated +tet, Figure 30). The impact of the triggers was assessed by

quantifying the amount of GFP:PAD1yrr-positive parasites.

Within 20 hours of treatment, ES-attenuation caused st development in 33% of the parasites
(untreated +tet) and 0.25x SIF in 32% (Figure 30 A). When both triggers were combined, 72%
revealed a green fluorescent nucleus (+tet, Figure 30 A). Treatment of non-induced parasites
with the lower concentrations did not yield an increase in the number of GFP:PAD1yrr-positive
cells compared to the 10% in the untreated control (-tet, Figure 30 A). Also, the addition of the
SIF dilutions to the VSG 121 overexpressors did not change the amount of st parasites as
comparable to the induced control (33%) 28% of parasites expressed the st reporter (+tet,
Figure 30 A). After 28 hours of VSG 121 overexpression, 58% of the parasites expressed the
GFP:PAD1yrr reporter (+tet control, Figure 30 B). In the same time, 52% of the non-induced
parasites became st when the cells were exposed to 0.25x SIF (-tet, Figure 30 B). The

combination of both triggers produced a nearly uniform st population (+tet, 0.25x SIF: 93%,
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Figure 30 B). However, the lower SIF concentrations neither influenced the non-induced

parasites nor the VSG 121 overexpressors.
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Figure 30: ES-attenuation does not increase SIF sensitivity. Parasites were simultaneously
challenged with ES-attenuation and three different SIF concentrations to determine if an increased
SIF sensitivity causes ES-induced st development. For this purpose, a growth-arrested clone of the
GFP:PAD1utrA1.1E8121tt cell line was used. Non-induced cells (-tet) and VSG 121 overexpressors
of the same cell line were treated, immediately after the addition of tetracycline (+tet), with 0.25x,
0.025x or 0.0025x SIF. The number of parasites expressing the GFP:PAD1utr st reporter was
microscopically analyzed to quantify the impact of the triggers after (A) 20 and (B) 28 hours of
treatment. The amount of cells displaying a green fluorescent nucleus in the absence of the triggers
was determined as a control. Values are presented as percentage of cells (+ SD) of triplicate
experiments (total n per situation > 600 cells).

Taken together, VSG 121 overexpressors did not display an increased sensitivity to the 10-
and 100-fold diluted SIF-concentrate. The factor had only an additional impact during VSG
overexpression induced ES-attenuation, when the highest concentration (0.25x SIF) was used.
Solely under this condition st development was triggered as well in the non-induced cells. This
suggested that SIF only affected the VSG 121 overexpressors when its concentration was
sufficient to induce st development without ES-attenuation. This implies that the attenuation of
the active ES per se caused st development and not an increased SIF sensitivity of the
parasites due to ES-attenuation. However, as the parasites are thought to continuously secret
SIF, the amount of SIF most likely also increased during the assay, which could have an
additional impact. It would be necessary to deplete SIF from the medium to unequivocally
demonstrate that ES-attenuation per se causes st development, which will be only possible
once the molecular nature of SIF is elucidated. Nevertheless, all of the analyses | could
conduct to investigate if ES-attenuation acts independent of SIF suggested that this is the
case. Thus, we conclude that SIF and ES-attenuation feed into the same pathway, acting in a

cooperative manner.

82



3 Results

3.7.4 A decreased ES-activity primes trypanosomes for the SIF signal

The previous results showed that ES-attenuation and SIF acted in a cooperative manner in st
development, suggesting that both pathways intersect. As ES-attenuation occurs also during
density-induced st development, we propose that the transcriptional status of the ES could be
a crucial element in the st differentiation pathway. In this scenario, developmental transition
could only be induced when the ES-activity falls below a critical threshold. If this hypothesis
holds true, a decrease of the ES-activity above the critical threshold for st development should
prime the parasites for the SIF signal. These trypanosomes should differentiate faster to the st
stage than parasite displaying a higher or full ES-activity. To test this hypothesis, cells which
reduced the ES-activity without phenotypic consequences were exposed to classical triggers

for st development.

A reduction of the ES-activity to 50% was not sufficient to trigger st development within 48
hours of VSG 121 overexpression in proliferating clones (chapter 3.2 and 3.3). Therefore,
parasites induced for 48 hours (+tet) and non-induced cells (-tet) of a proliferating clone of the
GFP:PAD1yTtrA1.1E5121% cell line were used for the assay. Induced parasites (+tet) and non-
induced cells were diluted to a concentration of 5x 10* cells/ml and two different concentrations
of pCPT-cAMP (100 or 200 uM) or SIF (0.25x or 0.37x) were added (as described in chapter
5.2.1 Differentiation to the stumpy stage). The amount of st parasites was determined after 20
and 28 hours of treatment by monitoring the number of cells expressing the GFP:PAD1yrr
reporter (Figure 31). Within 20 hours of incubation, the number of st parasites increased only
when the VSG 121 overexpressors were treated with 200 uM pCPT-cAMP (26%, data not
shown). Less than 6% of the population became GFP:PAD1yrr-positive within the same time
when the other conditions were applied (data not shown). If the VSG 121 overexpressors were
treated for 28 hours with the lower pCPT-cAMP or SIF concentration, a 6 to 12-fold increase
in the number of st parasites was observed (Figure 31 A). Only 1% of the non-induced
parasites expressed the reporter with the cAMP treatment, whereas 13% of the induced cells
were st. When the parasites were exposed to 0.25x SIF for 28 hours, 2% of the non-induced
parasites were GFP:PAD1yrr-positive and 12% of the VSG 121 overexpressors. A marked
increase in the number of st parasites was observed when treated with 200 uM pCPT-cAMP
for 28 hours. In this case, more than 89% of the VSG 121 overexpressors developed to the st
stage and only 8% of the non-induced parasites. Thus, 11-fold more st parasites were present,
when the ES-activity was mildly down-regulated prior to the treatment. A comparable result
was obtained by the exposure of the proliferating VSG 121 overexpressors to the higher SIF
concentration. The addition of 0.37x SIF caused the differentiation in almost fourfold more

parasites, when tetracycline was present (-tet: 10% versus +tet: 35%).

These results were surprising as the non-induced cells of the potentially 'proliferating' clone

reacted to the treatment not in a similar manner as the non-induced cells of a potentially
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'‘growth-arrested' clone (discussed below). Therefore, | wanted to validate if the non-induced
cells of the potentially 'proliferating’ clone could develop after all to the st within the assay. For
this purpose, | decided to analyze the amount of st parasites also after 48 hours of treatment.
This was possible as all of the cultures had a density below 5x 10° cells/ml after 28 hours of
treatment and it was previously shown that the accumulation of the parasite secreted SIF alone
would not be sufficient to trigger st development in the following 24 hours (compare Figure 17).
After 48 hours of treatment, more than 80% of the non-induced and tetracycline-induced
parasites differentiated to the st stage when treated with either of the pCPT-cAMP
concentrations (Figure 31 B). In the same time, 35% of the non-induced cells expressed the st
reporter when treated with 0.25x SIF and 96% of the VSG 121 overexpressors. Thus, nearly
threefold more trypanosomes became st when the ES-activity was decreased prior to the
treatment with 0.25x SIF. Also, more VSG 121 overexpressors were GFP:PAD1yrr-positive
than the non-induced parasites when exposed to the higher SIF concentration (-tet 0.37x: 74%,
+tet 0.37x: 100%). Taken together, this showed that the non-induced and induced proliferating
VSG 121 overexpressors could differentiate to the stage in the assay, whereby more of the

induced cells became st in the same time.

Proliferating VSG 121 overexpressors and non-induced parasites should respond in a similar
way to the classical triggers for st development, if a reduced ES-activity does not prime the
trypanosomes for st development. However, this was not the case. The represented results
demonstrated that more trypanosomes differentiate to the st stage, when the parasites had a
reduced ES-activity prior to the treatment. The most striking example was the 11-fold increase
in the amount of st parasites after 28 hours of treatment with 200 uM pCPT-cAMP. Beyond
that, also the exposure to SIF caused an increase in the number of st VSG 121 overexpressors
compared to the non-induced cells. Consequently, these results showed that a reduced ES-

activity primed the parasites for the developmental transition.
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Figure 31: A reduced ES-activity primes trypanosomes for stumpy development. VSG 121
overexpression was induced in a proliferating clone of the GFP:PAD1utrRA1.1E8121%t cell line for 48
hours prior to the treatment of the cells. As it was shown previously in this thesis, the ES-activity of
proliferating VSG 121 overexpressors is reduced within this time without phenotypic consequence.
Non-induced cells of the same cell line (-tet) and the VSG 121 overexpressors (+tet) were treated
with two different concentrations of pPCPT-cAMP (100 uM, 200 uM) or SIF (0.25x, 0.37x). The number
of parasites expressing the GFP:PAD1utr st reporter was microscopically analyzed to quantify the
impact of the triggers after (A) 28 and (B) 48 hours of treatment. The amount of cells displaying a
green fluorescent nucleus in the absence of the triggers was determined as a control (untreated).
Values are presented as percentage of cells (x SD) of triplicate experiments (total n per situation >
600 cells).

However, the comparison of the results of the non-induced parasites of the potentially 'growth-
arrested' and potentially 'proliferating' clones revealed that they responded differently to the
classical triggers for st development. When a potentially 'growth-arrested' clone was used,
more than 60% of the non-induced parasites differentiated to the st stage within 28 hours of
treatment with the higher pCPT-cAMP or SIF concentration (Figure 29 B). When non-induced
trypanosomes of a potentially 'proliferating' clone were used, less than 11% of the cells
expressed the st reporter under similar conditions (Figure 31 A). It was excluded that this was
caused by a general failure in st development in the potentially 'proliferating’ VSG 121
overexpressors for two reasons. First, a uniform density-induced st population could be
obtained in both cell lines (Figure 17, Figure 31 B). Second, all non-induced trypanosomes
responded to pCPT-cAMP and SIF with st development, although the timing at which a uniform
population was obtained differed between the clones. This suggested that even in the absence
of tetracycline potentially 'proliferating' and potentially 'growth-arrested’ clones responded with
different kinetics to the triggers for st development. Though it seems unlikely that variations
within the set-up like the different starting cell densities or another used batch of the SIF-
concentrate caused the discrepancy, this needs to be excluded by analyzing non-induced cells

of both clones in one assay in parallel under identical conditions.
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3.8 Identification of potential regulators of the ES using RNA

sequencing

Overexpression of the ectopic VSG 121 caused the silencing of the endogenous VSG and a
decrease of the transcriptional status of the active ES in monomorphic and pleomorphic
trypanosomes (Batram et al., 2014; Chaper 3.2 of this thesis). Batram et al. have previously
shown that the ectopic VSG 121 needs to be expressed at high levels to induce ES-
attenuation: low-level expression, achieved by deletions within the 3’'UTR, did not cause the
attenuation (PhD thesis Batram, 2013). This raised the question, how the ectopic VSG
expression is sensed and the signal mediated to attenuate the ES. To identify potential ES
regulators, RNA sequencing experiments with monomorphic and pleomorphic VSG 121
overexpressors were conducted to screen for differences in the expression patterns pre- and

post-induction.

For monomorphic cells, mMRNA levels of VSG 121 overexpressors induced for 4, 8, 24 and 48
hours were analyzed and compared to the transcript levels of non-induced cells. Within four
hours of VSG 121 overexpression, the transcript levels of only three genes (Th427.08.510,
Th427.10.6200, Th427.10.13410) were more than twofold up-regulated (Table 1). All three
genes encoded hypothetical proteins with an unknown function and their transcription
increased further at later time points (Table 1). A twofold up-regulation was detected for 92
transcripts after 24 hours of VSG 121 overexpression. However, we decided to focus our
analysis on genes that displayed an up-regulation within the first four hours, as the attenuation
of the active ES initiated within this time. We assumed that knocking-down negative ES
regulators, while simultaneously overexpressing an ectopic VSG, should prevent ES-
attenuation and thus growth retardation in monomorphic cells. Therefore, it was assessed if
the candidates with unknown function are essential for attenuation of the active ES by
knocking-down the individual proteins via RNAI in the monomorphic 22155121t cell line. RNAI
cell lines of Tb427.10.13410 and Th427.10.6200 were generated by Matthias GrieBmann as
part of his bachelor thesis (bachelor thesis GrieBmann, 2014). Neither the knockdown of
Th427.10.13410 nor of Tb427.10.6200 in parallel to VSG 121 overexpression did alter the
VSG 121 overexpression growth phenotype (chapter 7.1 Figure 46). This suggested that these
genes are not essential for VSG 121 overexpression induced ES-attenuation. However, we
cannot exclude that a different timing in the on-set of VSG 121 overexpression and RNAi or
an incomplete down-regulation of the respective candidate via RNAI did obscure a potential

function of either candidate during ES-attenuation.
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Table 1: Up-requlated transcripts upon VSG 121 overexpression in monomorphic cells. The upper part
of the table shows the transcripts that were more than twofold up-regulated within four hours of VSG 121
overexpression in monomorphic cells. The lower part of the table shows three adjacent genes of the
strongest regulated transcript, Tb427.08.510, that were also up-regulated during the course of VSG 121
overexpression (overview of the gene array in chapter 7.1 Figure 47). Transcripts with FPKM (fragments
per kilobase of transcript per million mapped reads) values below one in the non-induced sample were
excluded. Presented are the Gene IDs for the corresponding transcripts (TriTrypDB), the FPKM values
for the respective transcript in the non-induced cells and the fold regulation during the course of
VSG 121 overexpression. Also, a short description of the protein, its conservation and its predicted
domains (transmembrane domain: TMD) are given. RNA samples were isolated by C. Batram and the
alignment of the data was conducted by N. Siegel.

Description/

Gene ID FPKM Fold regulation . Domains
Conservation
Oh 4h 8h 24h 48h
hypothetical protein/ 2x
Tb427.10.13410| 132 |2.04 129 525 5.16 unique for trypanosomes ™MD
hypothetical protein/ 1x
Th427.10.6200 124 |245 099 203 272 conserved in kinetoplastids T™D

hypothetical protein/

Tb427.08.510 412 |228 1.26 6.74 20.53 unique for trypanosomes -

hypothetical protein/
Tbh427.08.490 80.62 |144 112 260 6.62 unique for trypanosomes i
hypothetical protein/
Th427.08.500 18.64 |1.22 092 244 436 unique for trypanosomes )
hypothetical protein/

Th427.08.520 17.07 [1.24 110 265 4.61 unigue for trypanosomes )

Th427.08.510 displayed the strongest up-regulation following VSG 121 overexpression,
namely 20-fold within 48 hours. Its down-regulation during VSG 121 overexpression via RNAI
did not change the initial growth phenotype as the cells stalled growth upon the addition of
tetracycline (C. Batram, chapter 7.1 Figure 48), indicating that the protein was not essential for
the initiation of the attenuation of the ES. However, 96 hours after tetracycline treatment the
cultures started to die instead of growing out. As the reactivation of the VSG 221 ES occurs at
this time point, we suspected that the protein could play a role in this process. The effect of
Tb427.08.510 RNAI alone (in the absence of VSG 121 overexpression) was analyzed to
examine whether the RNAIi phenotype was connected to the VSG 121 overexpression (C.
Batram, chapter 7.1 Figure 48). In this case, no changes in growth were observed upon
induction of RNAI indicating that the protein was not essential for BSF parasites but for VSG
overexpressors. If the protein directly participates in the reactivation of the ES, it should be

present in the nucleus. For this reason, its localization was assessed as a part of the bachelor
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thesis of Alessa Grab. Endogenous tagging of the C-terminus of Th427.08.510 with an eYFP,
however, indicated a mitochondrial positioning of the protein (bachelor thesis Grab, 2015).
Though the localization needs to be further confirmed, it seems unlikely that a mitochondrial
protein is a direct ES regulator. Thus, the up-regulation of the Th427.08.510 mRNA could be

a downstream effect of the ES-attenuation.

Interestingly, detailed analyses of the RNA sequencing data indicated that, besides
Tb427.08.510, three adjacent genes (Th427.08.490, Tb427.08.500, Tb427.08.520) were more
than fourfold up-regulated within 48 hours of VSG 121 overexpression in monomorphic
parasites (Table 1). Sequence analyses of these genes showed that Th427.08.500 and
Tb427.08.520 neither differed in their UTRs nor in the ORF, wherefore it could not be exclude
that the mRNA levels of only one of the candidates' increases. Also no differences in the UTRs
of Th427.08.490 and Th427.08.510 were found and the sequences of the 3' and 5' part of the
ORF were similar (for illustrative purposes an overview of this gene array is presented in
chapter 7.1 Figure 47). We decided to analyze if the depletion of Tb427.08.490 alters the
growth phenotype of the VSG 121 overexpressors in a similar way to the Th427.08.510 RNA..
Sequencing of the Th427.08.490 mRNA revealed that the ORF was 54 nucleotides shorter
than annotated in the database. A 400 bp long fragment from the middle of the ORF, which
did not display similarities to Tb427.08.510, was used for the generation of the RNAI construct.
Th427.08.490 RNAI during VSG 121 overexpression caused the death of the cells after 48
hours of induction in three of five analyzed clones (chapter 7.1 Figure 48). However, the other
two clones displayed the VSG 121 overexpression growth phenotype. The impact of
Tb427.08.490 RNAI in the parental 13-90 cell line was analyzed to control that the growth
phenotype was connected to the VSG 121 overexpression. In this case, no effect on growth
was observed in two clones, whereas in three other clones growth was stalled after 24 hours
of induction for up to 72 hours (chapter 7.1 Figure 48). Thus, the death of the parasites upon
RNAI was specific for the VSG 121 overexpressors. However, the results also indicated that
the protein was in general important for BSF parasites. Nevertheless, we suggest that the gene
array of Tb427.08.490-08.520 is essential for the parasites to escape ES-induced growth
retardation. If the proteins are only essential for the formation of st like cells during VSG 121
overexpression in monomorphic cells or if they are involved in the development of bona fide st

parasites as well remains elusive.

Preliminary RNA sequencing experiments were also done with a growth-arrested clone of the
pleomorphic VSG 121 overexpressor. For this purpose, | used parasites overexpressing
VSG 121 for 24 hours and compared the transcript levels to non-induced cells. Unfortunately,
no genome sequence for the used pleomorphic EATRO 1125 (AnTat1.1) strain is available.
For this reason, the genome of the monomorphic 927 strain was used to align the mRNA

sequences, which makes the results error prone: in particular, any mRNA that is unique to the
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pleomorphic parasites will be missed. Nevertheless, more than 200 proteins were more than
twofold up-regulated (Table 2 shows the 20 transcripts with the strongest up-regulation),
including 21 of the proteins that were also up-regulated in monomorphic parasites (shown in
chapter 7.1 Table 15).

Table 2: Up-regulated transcripts upon VSG 121 overexpression in pleomorphic cells. The transcripts
of >200 proteins were more than twofold up-regulated within 24 hours of VSG 121 overexpression in
pleomorphic trypanosomes. Shown are the 20 transcripts that displayed the strongest up-regulation.
Transcripts with FPKM values below one in the non induced sample were excluded. Presented are the
Gene IDs for the corresponding transcripts (TriTrypDB), the FPKM values for the respective transcript
in the non-induced cells and induced cells. The fold regulation within 24 hours of VSG 121
overexpression, the length of the coding DNA sequence (CDS in nucleotides) and a short description of
the protein are given. Note the asterisk in the description indicates genes which have been removed in
the current version of TriTrypDB (based on other transcriptome analyses) and can be found at
http://r28.tritrypdb.org/tritrypdb.b28/. In grey are candidates highlighted that were also up-regulated in
monomorphic VSG 121 overexpressors.

Gene ID FPKM | FPKM Fold cDS Description
Oh 24 h |regulation| Length
Tb927.9.7460 1.26 19.57 15.50 321 hypothetical protein®
Th927.6.510 150.02 | 1115.55 7.44 345 GPEET2 procyclin
Tbh927.10.10260| 93.15 | 611.17 6.56 426 EP1 procyclin
Th927.6.480 1.44 9.30 6.44 372 EP3-2 procyclin
Tb927.10.10250| 24.19 | 153.63 6.35 390 EP2 procyclin
procyclin associated gene 3
Th927.6.530 1.04 5.73 5.49 609 (PAG3)
Th927.8.2666 169.36 | 926.66 5.47 null tRNA Tryptophan
Th927.6.520 50.18 | 255.91 5.10 390 EP3-2 procyclin
Th927.9.2680 71.14 | 352.03 4.95 96 hypothetical protein®
Tb927.5.440 1.13 5.35 4.73 2328 trans-sialidase, putative
Th927.7.6850 24.31 109.94 4.52 2316 trans-sialidase (TS)
Tb927.9.15310 | 5.28 22.94 4.35 180 hypothetical protein®
Th927.5.4020 48.89 | 198.47 4.06 819 hypothetical protein
expression site-associated gene 9
Th927.11.17850| 9.45 37.99 4.02 885 (ESAGY). fragment
Th927.1.4770 13.83 | 55.40 4.00 153 hypothetical protein*
expression site-associated gene 9
Th05.5K5.270 1.72 6.57 3.83 882 (ESAG9), putative
Tb927.9.13410 | 7.89 30.09 3.81 192 hypothetical protein*
Tb927.9.5940 384.90 | 1465.65 3.81 117 hypothetical protein®
Tbh927.1.2780 1.36 5.06 3.72 225 hypothetical protein
Th927.7.4270 24.15 88.99 3.69 669 hypothetical protein
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The change in expression of the transcripts of the gene array described above was difficult to
determine in the transcriptome analyses of the pleomorphic cells, because the transcript level
in the non-induced sample were partially below the defined threshold. However, if this
threshold is ignored, the up-regulation ranged from 1.4 to 6.6-fold depending on the respective
transcript (shown in chapter 7.1 Table 15). Therefore, it is possible that this gene array plays
a role either during ES-induced st formation or in the escape of ES-attenuation. However,
combining RNA sequencing and VSG 121 overexpression no genes involved in ES-
attenuation could be identified so far. Thus, we hypothesized that high VSG expression levels
may cause the initiation of a signal cascade that (de)activates positive or negative ES
regulators. In this scenario, changes would be observed in the phosphoproteome, or perhaps
in the proteome, but there would be no change in the transcriptome. However, the RNA
sequencing data need to be considered with care, as analyzes of the monomorphic and the
pleomorphic VSG 121 overexpressors were not conducted in replicates. As it will be necessary
to analyzes at least three biological replicates to determine if the observed changes in the
transcript levels during the course of VSG 121 overexpression are significant, the presented

results can be considered only as preliminary at the moment.
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3.9 The 16mer is a signal for the integrity of the ES

The previous results have shown that ectopic VSG overexpression causes a decrease of the
transcriptional status of the active ES (Batram et al., 2014; chapter 3.2 of this thesis). However,
it remained unexplored how the signal for ES-attenuation was triggered and mediated. RNA
sequencing in combination with VSG overexpression did not reveal potential ES regulators so
far (chapter 3.8). Nevertheless, somehow the ES has to be perceived to get attenuated upon
VSG overexpression as well as during a transcriptional switch of the active ES (in situ
switching). Conserved DNA sequence motifs within the VSG ES could serve as signaling hubs
to regulate its activity. Binding or releasing of regulatory proteins could trigger a signaling

cascade that causes the attenuation of the ES.

Though the composition of all known and sequenced ESs differs, such a motif would have to
be present in all ESs (Hertz-Fowler et al., 2008). VSG overexpression induced ES-attenuation
initiated at the telomere and propagated towards the promotor, suggesting that the signal for
silencing was conveyed at the telomere (Batram et al., 2014). Therefore, we focused on the
lowest common denominator of all ESs that is located at their telomeric ends: the VSG itself.
The VSG OREFs differ greatly in their sequence, making it unlikely that a recognition motif is
located within the ORF. However, within the 3'UTR of all ES resident VSGs, two motifs are
100% conserved in their sequence, namely the 8mer and the 16mer (diploma thesis Batram,
2009; Berberof et al., 1995; M. Engstler, unpublished data). Extensive mutational analyses
showed that the 16mer is essential for VSG expression. Deletion of seven nucleotides within
the 16mer (A 46-52) caused a 10-fold reduction in the amount of the VSG protein (diploma
thesis Batram, 2009). Trypanosomes expressing solely a VSG with deleted 16mer were not
able to build a proper VSG coat: RNAI depletion of the endogenous VSG 221 led to a pre-
cytokinesis cell cycle arrest in stable VSG double expressors expressing VSG 221 and VSG
121(4 46-52) (diploma thesis Batram, 2009; Sheader et al., 2005). In contrast, down-regulation
of the endogenous VSG 221 did not cause growth defects when the second VSG was coupled
to a functional 3'UTR (diploma thesis Batram, 2009; Smith et al., 2009). The 16mer motif
appears to be critical for the formation of an RNA stem loop, which stabilizes the mRNA and
thus contributes to the long half life of the VSG mRNA (diploma thesis Batram, 2009, PhD
thesis 2013). The function of the 8mer remained unexplored so far as no changes in VSG
expression were detected upon its inversion. Besides their role in mRNA integrity, these motifs
could also serve as protein binding sites at the ES DNA regulating its activity. Thus, if one of

these motifs is essential for initiating ES-attenuation, its deletion should prevent this process.
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3.9.1 Integration of a GFP with a defective 16mer in its 3’'UTR downstream of the

endogenous VSG causes switching

If the 16mer motif is essential for ES-attenuation, ectopic VSG overexpression should not
trigger this process once the motif is defective in the endogenous VSG 3'UTR. However, the
mutation of the 16mer within the 3'UTR of the endogenous VSG would considerably reduce
the amount of VSG mRNA. Thus, not enough VSG protein would be present to build a
functional coat and the cells would enter a pre-cytokinesis arrest (diploma thesis Batram, 2009;
Sheader et al., 2005). Therefore, we decided to integrate a GFP reporter gene coupled to the
VSG 121 3'UTR downstream of the endogenous VSG 221 (Figure 32 A, B). For this purpose,
a modified pbRn6 construct, which contains targeting sequences for integration into the
regions downstream of VSG 221, was used (Horn and Cross, 1997). The plasmid contained a
blasticidin resistance cassette flanked by tubulin UTRs, that was followed by a GFP ORF
(Janzen et al., 2004). C. Batram replaced the GFP ORF with a GFP ORF flanked by the
VSG 121 5' and 3'UTR. The latter one was either a complete VSG 727 3'UTR with an intact
16mer (pbRn6 GFP 198, Figure 32 A) or contained a 16mer with nucleotides 46-52 of the
3'UTR being deleted (pbRn6 GFP A, Figure 32 B). Consequently, parasites transfected with
these constructs should have enough VSG 221 to support growth and their active ES would
contain a reporter with an intact or defective 16mer. In a next step, we planned to transfect
these reporter cell lines with the VSG 121 overexpression construct to be able to induce ES-
attenuation and, subsequently, monitor changes in the activity of the ES. After transfecting the
BSF 13-90 cell line with the ppRn6 GFP 198 and GFP A constructs, the resulting reporter cell
lines, GFPES®193221ES and GFPES®,221ES were characterized first (Figure 32 A, B).

The parasites with a GFP with a functional VSG 3'UTR (GFPES®45221ES ) had a pdt of 6.3
hours and thus a similar growth rate as the parental BSF 13-90 parasites (pdt 6.1 h, Figure 32
C). In contrast, clones of the cell line with a GFP with a defective 16mer (GFPES®,221ES) grew
slower than the parental cell line as their pdt ranged from 9 to about 20 hours during cultivation
(Figure 32 C). Next, flow cytometric analysis was used to monitor the GFP intensity and thus
to determine the expression of the telomere-proximal GFP in the different cell lines (Figure 32
D). The comparison to the GFP-negative parental cell line showed that clones with an intact
16mer in the 3'UTR (GFPESt93221E5) did not express GFP at detectable levels, while the
majority of parasites with a mutated 16mer (GFPES®,221ES) displayed a strong GFP signal.
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Figure 32: Integration of a GFP with a functional or a defective VSG 3'UTR downstream of the
endogenous VSG. Transfection of BSF 13-90 parasites with ppRn6 GFP 198 or pbRn6 GFP A
generated the cell lines GFPEStel1952218S and GFPES©,2218S respectively. (A, B) Schematic
representation of the modified VSG 221 ES. The telomere-proximal GFP was either coupled (A) to a
functional VSG 7121 3'UTR (complete 16mer, magenta triangle) or (B) to a defective VSG 127 3'UTR
(nucleotide 46-52 deleted, A16mer blue triangle). (C) Growth curves of the GFPEStel193221ES (magenta
squares) and the GFPESt,221ES cell line (blue triangle). The parental BSF 13-90 cell line (circles)
served as a growth control. Means (+ SD) are shown (GFPEStl19g221ES: five clones; GFPESte!,221ES:
six clones). (D) Analyses of the GFP expression via flow cytometry. Representative flow cytometric
profiles of one clone of the GFPEStl195221ES (magenta) and the GFPES®,221ES (blue) cell line are
presented. The parental BSF 13-90 cell line (grey) served as a negative control. 20,000 cells were
counted. (E, F) Western blot analyses of the GFP and the VSG 221 expression in different clones of
both cell lines. The blots were stained (E) with a GFP antibody (magenta) or (F) a VSG 221 antibody
(green). Detection of PFR proteins (magenta) served as a loading control. (G) Quantification of the
mRNA levels of the endogenous VSG 2217 in the GFPESt!19s221ES (magenta) and the GFPES®©|,221ES
(blue) cell line. The VSG 221 transcript levels were normalized to tubulin and are given relative to the
levels of the parental BSF 13-90 cell line (100%). Means (+ SD) of three clones of the GFPESteligg221ES
cell line and of four clones of the GFPESte,221ES cell line are shown. (H) Validation of the integration
of the pbRn6 GFP construct in the VSG 2271 ES using PCR. A forward primer binding to the VSG 221
ORF (outside of the integration site) and a reverse primer binding within the pbRn6 construct were
used. A PCR-product with the size of 2,980 bp would be obtained only if the plasmid was integrated
in this ES. Each lane represents one clone of the indicated cell lines. The PCRs were exemplarily
validated for one clone of each cell line by Southern blot analysis (data not shown).
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The results of the flow cytometric analyses were further confirmed by Western blot analyses
using an antibody against GFP (Figure 32 E): clones with a defective 16mer expressed the
reporter, whereas no signal was detected in the clones containing a GFP with an intact 16mer.
These results were surprising as the GFP mRNA with a defect 16mer should be less stable
compared to the one with an intact 16mer. Consequently, parasites transfected with the GFP
reporter coupled to an intact VSG 3'UTR (GFPESt432215S) should display a considerably
higher GFP level than cells with a defective one (GFPES®,221E8). Western blot analyses using
a VSG 221 antibody showed that both cell lines expressed the endogenous VSG 221 (Figure
32 F), indicating that not a switch of the active ES was responsible for these unexpected
results. Next, the VSG 227 mRNA amounts were measured in the two cell lines by quantitative
Northern blots to accurately compare the VSG levels (Figure 32 G). Transfectants with a GFP
coupled to a functional VSG 3'UTR (GFPES®43221ES) transcribed VSG 221 at only slightly
lower levels as the parental cell line (87 + 8%), while, the VSG transcript levels were decreased
in the clones with a defective 16mer (GFPES®,221ES: 63 + 15%). To sum up, the normally
doubling GFPESt,9221ES parasites were GFP-negative and expressed VSG 221 at wild type
levels. Parasites of the GFPES®,221ES cell line had, in contrast, an impaired growth, a reduced

amount of VSG 221 and were GFP-positive.

One possible reason for these observed differences could be a wrong integration of one of the
plasmids. To investigate this, genomic DNA was prepared from clones of both cell lines and
analyzed by analytical PCR. One primer was chosen to bind within the sequence derived from
the plasmid (CB80) and the other primer was designed to bind to a sequence outside of the
integration site of the construct (VSG 227 ORF, HZ43). Consequently, a PCR product (in this
case 2,800 bp) would be obtained only if the construct was integrated downstream of VSG
221. No PCR product was obtained for two clones with a GFP coupled to a functional VSG
3'UTR (GFPES®,4221ES) indicating that the construct was not integrated in the active VSG
221 ES. In contrast, integration in the VSG 221 ES was successful in three clones of the GFP
reporter cell line with a defective 16mer (GFPES,221ES). Thus, the absence of a detectable
GFP signal in the GFPES®143221ES clones was caused by a failed integration of the construct.
It remains unclear why the construct did not integrate when the 16mer was intact, though the
same construct did integrate when the 16mer was defective. The most likeliest explanation
would be that the functional 16mer causes such high GFP expression levels, that these are
toxic to the cell. Consequently, the cells would not be viable with the ppRn6 GFP 198 construct
integrated in the active ES. Only cells with a more unstable GFP mRNA, which express the
protein at a lower level, could survive. This was the case, when the GFP construct with a
defective 16mer integrated in the VSG 221 ES.

However, it remained unclear why the cells with a defective 16mer in the 3'UTR of the GFP

reporter did not grow normally. 22-32% of the population had an aberrant kinetoplast/nucleus
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configuration with more than two nuclei and two kinetoplasts, indicating a problem in cell
division (each n > 250 cells for three clones; illustrated in Figure 33 A). At the population level
a reduced amount of VSG 2217 transcripts was observed in the GFP reporter cell line with a
mutated 16mer. This could be explained either by a similar reduction of the VSG in all cells or
by some parasites, which did not express VSG 221. Analyzes of the VSG 221 expression at
the single cell level by immunofluorescence showed that depending on the analyzed clone 1-
8% of the population were VSG 221-negative (n > 250 cells for each of the three clones,
examples of VSG-negative cells are marked in Figure 33 A by yellow arrowheads). Detection
of the GFP signal revealed that these VSG 221-negative cells were also GFP-negative (yellow
arrowhead, Figure 33 A). The presence of a small proportion of parasites not expressing the
reporter was also obvious in the previous flow cytometric analyses of the reporter cell line
(Figure 32 D). In six analyzed clones, 8-17% of the population was GFP-negative (each n =
20,000 cells). Together, this suggested that parasites of the GFPES,221ES reporter cell line

are trying to switch the active ES.

During such a transcriptional switch of the ES (termed in situ switching), the active ES gets
attenuated while a new one is activated. Once the VSG 227 ES is silenced, the expression of
all ES located genes would stop. This includes the expression of the GFP reporter and the
VSG 221, but also the expression of the selection marker (BLAS) of the ppbRn6 GFP A
construct. Consequently, parasites trying to switch the active ES would become sensitive
towards the selection and die. Cells could only grow if they do not complete the switch and
keep the VSG 221 ES active at levels supporting resistance against the selection. This
scenario would explain why (i) the GFPES®,221ES clones displayed an impaired growth in the
presence of the selection, (ii) a minor fraction of the cells was GFP-negative and (iii) the VSG
221 levels were slightly reduced. Thus, it was hypothesized that the integration of the GFP
with a defective 16mer downstream of the VSG triggers a switch in the actively transcribed ES,
a so called in situ switch. To investigate this hypothesis, the selection was removed by washing
the cultures and VSG/GFP expression was monitored at the single cell level. The removal of
the selection should allow the cells to switch the active ES completely. Flow cytometric
analyses of VSG 221-stained trypanosomes were conducted to quantify the amount of VSG
221 and GFP-positive cells in the presence and absence of the drug (Figure 33 B). The
parental BSF 13-90 cell line served as a positive control for the VSG staining (GFP-/VSG 221+)
and the N50 cell line expressing VSG M1.13 as a negative control (GFP-/VSG-).
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Figure 33: Integration of a GFP with a defective VSG 3'UTR in the active ES triggers ES
switching. (A) Immunofluorescence analysis of a clone with a telomere-proximal GFP with defective
16mer (GFPES®,221ES cell line) in the presence of the selection (BLAS). Chemically fixed cells were
stained with an antibody against the endogenous VSG 221 (magenta).The DNA was stained with
DAPI (grey) and the GFP signal is shown in green. Yellow arrowheads indicate GFP- and VSG 221-
negative parasites. Scale bar: 10 um. (B) Analyses of the VSG 221 and GFP expression of a clone
with a telomere-proximal GFP with defective 16mer (GFPES®,221ES cell line) using flow cytometry.
The parasites were cultivated in the presence of the selection (+BLAS) or the selection was removed
by washing and the cells were further cultivated without BLAS for eight days before they were
analyzed (8d -BLAS). Parasites of the parental 13-90 cell line were analyzed as a positive control for
VSG 221 expression and cells expressing VSG M1.13 (N50) served as a negative control. The living
trypanosomes were stained with a rabbit anti-VSG 221 and, subsequently, with an Alexa647
conjugated anti-rabbit antibody. The manual set threshold for VSG 221-positive cells is indicated by
the vertical line and the threshold for GFP-positive cells by the horizontal line. 20,000 cells were
analyzed and the percentage of cells being GFP/221-positive or -negative is given for the most
abundant fraction of the population.

VSG staining combined with flow cytometric analyzes showed that the majority of cells (75%
in experiment | and 98% in experiment Il) of the GFPES®,221ES cell line expressed the GFP

and VSG 221 in presence of the drug (left column middle and lower panel, Figure 33 B). No
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reproducible results were obtained when the selection was removed for only 24 or 48 hours
(data not shown). If the parasites with a defective 16mer (GFPES®,221ES) were cultivated for
eight days in the absence of the antibiotic the vast majority (>98%) became VSG 221- and
GFP-negative (right column, middle and lower panel, Figure 33 B). This suggested that the
integration of a GFP with a defective 16mer downstream of the endogenous VSG does indeed
trigger transcriptional ES switching. However, it remained unclear if all cells conducted a switch
or if the switching frequency was increased. In the latter case, the switchers would outgrow
the parasites, which did not switch the expressed VSG. In both cases, the result would be the

same: a VSG 221- and GFP-negative population once the selection was removed.

3.9.2 The position of the defect 16mer determines switching

The previous results suggested that integration of a GFP with a defect 16mer downstream of
the endogenous VSG 221 causes in situ switching. As integration of a construct containing a
GFP with a full length VSG 3’'UTR failed, it remained unclear if switching was induced: (i) by
the deleted 16mer, (ii) by the expression of the GFP protein in high amounts, or (iii) by the
integration of the construct per se. It was also uncertain if the presence of the GFP mRNA with

the defective 16mer per se, or rather its position within the genome would cause the switching.

To answer these questions, the GFP 198 and the GFP A constructs were integrated into two
different genomic loci: (1) downstream of the promotor of the active VSG 221 ES, to maintain
the genomic context of the ES while changing the site of integration (Figure 34); (2) in the
tubulin locus, as it is transcribed by another polymerase (RNA polymerase Il) and transcription
occurs at lower rates compared to the active ES (Figure 35). In order to create these
constructs, the complete insert between the two regions of the pbRn6 construct that target the
genomic integration (tubulin 5'UTR-BLAS ORF-tubulin 3'UTR-VSG 5'UTR- GFP ORF-VSG
3'UTR) was mobilized using the enzymes Hindlll and BamHI. Then, the overhangs of the
restriction sites were removed from the insert. Next, backbones containing only the suitable
integration sites were generated. For this purpose, the insert of the pLF12 construct, which
targets the promotor region of the ESs, was removed by digestion with Xhol and Smal
(Figueiredo et al., 2008). The insert of the pTub vector, which targets the tubulin locus, was
removed by digestion with Xhol and Pael (PhD thesis Gunzel, 2010). The backbones were
blunted and ligated with the BLAS/GFP insert containing either a functional or defective 16mer.
Thus, the complete insert of the ppbRn6 GFP 198 and GFP A construct remained intact, while

the integration site was exchanged.
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Figure 34: Integration of a GFP with a functional or a defective VSG 3'UTR in the promotor
region of the active ES. Transfection of the BSF 13-90 cell line with pLF12 GFP 198 or pLF12 GFP
A generated the cell lines GFPESPr4952218S and GFPESPo,221ES, respectively. (A, B) Schematic
representation of the modified VSG 221 ES. The promotor-proximal GFP was either coupled (A) to a
functional VSG 7121 3'UTR (complete 16mer, magenta triangle) or (B) to a defective VSG 1271 3'UTR
(nucleotide 46-52 deleted, A16mer blue triangle). (C) Growth curves of the GFPESP©4195221ES (magenta
squares) and the GFPESP,221ES cell line (blue triangle). Means (+ SD) of six clones are shown for
each cell line. Due to the small standard deviation the error bars are not visible. The parental BSF 13-
90 cell line (circles) served as a growth control. (D) Analyses of the GFP expression via flow
cytometry. Representative flow cytometric profiles of one clone of the GFPESP0195221ES (magenta)
and the GFPESP,221ES (blue) cell line are presented. The parental BSF 13-90 cell line (grey) served
as a negative control. 10,000 cells were counted. (E, F) Western blot analyses of the GFP and the
VSG 221 expression in three clones of the GFPESPr195221ES and the GFPESPr,221ES cell line. Blots
were stained (E) with a GFP antibody (magenta) or (F) a VSG 221 antibody (green). Detection of PFR
proteins (magenta) served as a loading control. (G) Quantification of the mRNA levels of the
endogenous VSG 2217 in the GFPESP0493221ES (magenta) and the GFPESP,221ES (blue) cell line. The
VSG 221 transcript levels were normalized to tubulin and are given relative to the VSG transcript
levels of the parental BSF 13-90 cell line (100%). Means (+ SD) of three clones are shown.

The integration of the GFP with a functional VSG 3'UTR into the promotor region of the active
ES (GFPESP,93221ES | Figure 34 A) did only slightly change population growth. The clones
displayed a pdt of 7 hours, in comparison to 6.1 hours of the parental BSF 13-90 cell line
(Figure 34 C). Transfection of BSF 13-90 with the pLF12 GFP A construct (GFPESP©,221E,
Figure 34 B) did not affect growth as the cells doubled every 6.2 hours (Figure 34 C). Flow
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cytometric analysis showed that the cells with an intact 16mer (GFPESP©,45221ES) expressed
9.3-fold more GFP than the cells with a mutated 16mer (GFPESP©,221ES; Figure 34 D). The
higher GFP expression in the presence of a functional VSG 727 3'UTR was further confirmed
by Western blots using a GFP antibody (Figure 34 E). Western blot analysis using a VSG 221
antibody also validated that all clones still expressed VSG 221 (Figure 34 F). Next, the amount
of the VSG 2271 mRNA was determined for both cell lines to compare the VSG transcript levels
(Figure 34 G). This demonstrated that they possessed a similar amount of VSG 227 mRNA,
that did not differ from the parental 13-90 cell line (GFPESP©5g221ES: 104 + 22%;
GFPESP,221E5:111 £ 10%). The integration of the GFP reporters with either intact or mutated
VSG 3'UTR into the promotor region of the active ES did not affect growth and did not change

the expression of VSG 221 protein or mRNA and thus did not cause an in situ switch.

Next, it was analyzed if the integration of a GFP with a functional VSG 71271 3'UTR
(GFPU 9322158 Figure 35 A) or a defective one (GFP™“,221ES, Figure 35 B) in the tubulin
locus causes in situ switching. Growth analyses demonstrated that neither construct altered
the doubling times of the parasites (Figure 35 C). Flow cytometric analyses of the GFP signal
showed that the reporter was only weakly expressed in cells with a mutated 16mer
(GFP1t,221ES), The GFP signal could barely be discriminated from the GFP-negative parental
BSF 13-90 cell line. The GFP expression was approximately 4 times higher when the VSG
121 3'UTR contained the complete 16mer (GFP 198) than when it was defective (GFP A)
(Figure 35 D). The higher GFP expression in the presence of a functional VSG 721 3'UTR was
further confirmed by Western blots using a GFP antibody (Figure 35 E). Western blot analysis
using a VSG 221 antibody demonstrated that the clones of both cell lines expressed the ES-
resident VSG (Figure 35 E, F). (Figure 35 G) Quantitative Northern blot analysis showed no
differences in the amount of VSG 2217 transcripts between the two cell lines and the parental
13-90 cell line (GFP™“P195221ES: 116 * 6%; GFP,221ES: 123 + 8%).
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Figure 35: Integration of a GFP with a functional or a defective VSG 3'UTR in the tubulin locus.
Transfection of the BSF 13-90 cell line with pTub GFP 198 or pTub GFP A generated the cell lines
GFPub,95221ES and GFP,221ES, respectively. (A, B) Schematic representation of the modified
tubulin locus. (A) The GFP was either coupled to a functional VSG 7271 3'UTR (complete 16mer,
magenta triangle) or (B) to a defective VSG 127 3'UTR (nucleotide 46-52 deleted, A16mer blue
triangle). (C) Growth curves of the GFP195221ES (magenta squares) and the GFP"0,221ES cell line
(blue triangle). Means (+ SD) of three clones are shown for each cell line. Due to the small standard
deviation the error bars are not visible. The parental BSF 13-90 cell line (circles) served as a growth
control. (D) Analyses of the GFP expression via flow cytometry. Representative flow cytometric
profiles of one clone of the GFPP195221ES (magenta) and the GFP,221ES (blue) cell line are
presented. The parental BSF 13-90 cell line (grey) served as a negative control. 2,000 cells were
counted. (E, F) Western blot analyses of the GFP and the VSG 221 expression levels in three clones
of the GFPb198221ES and the GFPt,221ES cell line. The blots were stained (E) with a GFP antibody
(magenta) or (F) a VSG 221 antibody (green). Detection of PFR proteins (magenta) served as a
loading control. (G) Quantification of the mRNA levels of the endogenous VSG 2271 in the
GFPwub195221ES (magenta) and the GFPt,221ES (blue) cell line. The VSG 221 transcript levels were
normalized to tubulin and are given relative to the VSG transcript levels of the parental BSF 13-90
cell line (100%). Means (+ SD) of three clones are shown.

In summary, these results confirmed that a reporter gene was expressed at higher levels when
the VSG 3'UTR was complete (GFP 198) than when parts of the 16mer were deleted (GFP A)
(diploma thesis Batram, 2009). These differences in expression levels were observed

independent of the genomic location of the constructs and thus supported the results of C.
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Batram that the 16mer is essential for high VSG expression levels. Comparison of the GFP
intensities showed that the GFPESP©,45221ES cell line, which expressed VSG 221 at wild type
levels and had a normal growth, expressed almost 5-fold more GFP than the GFPES®,221ES
cell line. Thus, neither the impaired growth nor the switching of the latter cell line, containing a
telomere-proximal GFP coupled to a defective 16mer, was caused by high GFP expression
levels. Also, no signs of switching were observed in the GFPESP©,221ES and the GFP“,221FS
cell lines: the cells doubled normally and expressed the endogenous VSG 221 at wild type
levels. Consequently, only the integration of a GFP with a defective 16mer downstream of the
endogenous VSG triggered switching. This suggested that the telomere-proximal 16mer was
used to monitor the integrity of the active ES and that the 16mer must be recognized at the
DNA level. If the presence of a defective 16mer within the mRNA would be the signal for VSG
switching, this should also occur when the construct was integrated at different genomic
locations. Therefore, we concluded that the 16mer motif in the DNA served as a signal for the
integrity of the ES. However, the functionality of the ES seemed to be assessed only by

controlling the presence of the telomere-proximal 16mer in the ES.

3.9.3 Integration of a VSG with a defective 16mer downstream of the endogenous VSG

causes switching

We showed that a defective 16mer triggers ES in situ switching using a GFP reporter gene
with either the wild type or mutated VSG 121 3'UTR. In these experiments, switching was
clearly dependent on the genomic location of the transgene; it was only observed when the
defective 16mer was located downstream of the endogens VSG in the active ES. Neither the
integration into the ES promotor region nor into the Polll transcribed tubulin locus led to
detectable higher switching frequencies. This suggested that the 16mer is a DNA motif that

serves as a signal for the functionality of the active ES.

Unfortunately, high levels of the GFP protein seem to be toxic for trypanosomes and | failed to
generate a cell line with the GFP 198 reporter downstream of the endogenous VSG.
Consequently, it could not be excluded that the GFP reporter gene itself, independent of its
3’'UTR, would trigger ES in situ switching when it is integrated at this locus. Therefore, the
experiments were repeated with the VSG 7121 ORF as reporter gene. VSG 121 is a well-
known, ES-resident VSG, and many stable double-expressor cell lines have been generated
using the combination of VSG 227 ES and the VSG 71217 with its wild type UTRs as ectopic

transgene (Mufioz-Jordan et al., 1996).

First, the GFP ORF had to be replaced with the ORF of the VSG 7127 in the respective
plasmids, ppRn6 GFP 198 and GFP A. For this purpose, the GFP ORF including parts of the
VSG UTRs was subcloned into a pJet1.2 vector (pJet1.2 GFP VSG UTR). The VSG 121 ORF
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was amplified from the pRS.121 plasmid via PCR using the primers HZ30 and HZ31. Then,
the GFP ORF was removed of the pJet1.2 plasmid by digestion with Pacl and Pael and
replaced by the blunted VSG 121 PCR product. Next, the VSG 127 ORF with the UTRs was
transferred from the pJet VSG 121 plasmid to the ppbRn6 GFP 198/A plasmids generating the
plasmids pbRn6 VSG 121 198 and pbRn6 VSG 121 A. These constructs were completely
identical to ppbRn6 GFP 198/A except that the GFP ORF was now replaced by the VSG 121
OREF. Thus, transfection of BSF 13-90 cells with the constructs should yield cell lines, which
have integrated the VSG 121 with a complete (121E5t43221ES) or a defective VSG 3'UTR
(121E5%,221ES) downstream of the endogenous VSG 221 (Figure 36 A, B).

The clones of the 121551455221ES cell line grew slightly slower (pdt 8 h) than the parental BSF
13-90 parasites (pdt 6.1 h), whereas growth was severely impaired in the 121E5%©,221ES cell
line (Figure 36 C). The pdt of five out of seven analyzed clones (termed 12155t',1) ranged from
9 to about 400 hours. However, two clones (termed 12155, 2) showed a pdt similar to the
parental cell line (6.6 hours). Western blot analyses using either a VSG 121 or VSG 221
antibody showed that the clones with VSG 127 coupled to its wild type 3'UTR (121ESl,44221ES)
expressed high levels of VSG 121 and only minor amounts of VSG 221 (Figure 36 D). In
contrast, the growth affected clones with a defective 16mer (12155%,1) showed only weak
expression of both, VSG 121 and VSG 221. The two normally growing clones with a defective
16mer (12155, 2) showed an inconsistent VSG 121/221 expression pattern: clone 1 was VSG
121-negative and VSG 221-positive, whereas clone 2 expressed high levels of VSG 121 and
nearly no VSG 221. Quantitative Northern blot analyses confirmed the above observations on
the mRNA level (Figure 36 E). Clones with a functional 16mer (12155%!1932215S) had VSG 121
mRNA at wild type levels (95%), whereas mMRNA of the endogenous VSG 221 was barely
detectable (5%). Only a small amount of VSG 127 and VSG 227 mRNA was present in the
growth affected parasites with a defective 16mer (12155%,1: VSG 221: 8 + 3%; VSG 121: 4 +
3%). The mRNA quantification also supported the results for the 12155, transfectants that
had normal growth: clone 1 expressed VSG 221 mRNA at wild type levels (93%), but had no
VSG 121 mRNA (0.1%), while clone 2 had wild type transcript levels of VSG 121 (94%) and
only 4% of VSG 221 mRNA.
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Figure 36: Integration of VSG 127 with a functional or a defective VSG 3'UTR downstream of
the endogenous VSG. Transfection of the BSF 13-90 cell line with ppbRn6 VSG 121 198 or pbRn6
VSG 121 A generated the cell lines 121EStel19221ES and 121E5t€1,221ES, respectively. (A, B) Schematic
representation of the modified VSG 2271 ES. The telomere-proximal VSG 121 was either coupled (A)
to a functional VSG 1271 3'UTR (complete 16mer, magenta triangle) or (B) to a defective VSG 121
3'UTR (nucleotide 46-52 deleted, A16mer blue triangle). (C) Growth curves of the 121EStel;g3221ES
(magenta squares) and the 121EStel,221ES cell line (blue triangle). The parental BSF 13-90 cell line
(circles) served as a growth control. Means (+ SD) of three clones of the 121EStel193221ES cell line, five
clones of the 121EStel, cell line with impaired growth (1) and two clones of the 121EStel; cell line with
normal growth (2) are shown. Due to the small standard deviation the error bars are not visible. (D)
Western blot analyses of the VSG 121 (upper panel) and the VSG 221 (lower panel) expression.
Three clones of the 121EStelig5 cell line and five clones of the 121ES,221ES cell line were analyzed.
The blots were stained with a VSG 121 antibody (green, upper panel) or VSG 221 antibody (green,
lower panel). Detection of PFR proteins (magenta) served as a loading control. Protein samples of
MITat1.6 wild type cells natively expressing VSG 121 and the parental 13-90 cells natively expressing
VSG 221 served as controls for antibody specificity. (E) Quantification of the mRNA levels of VSG
121 (green) and the endogenous VSG 221 (black). The VSG transcript levels were normalized to
tubulin and are given relative to the VSG transcript levels of the parental BSF 13-90 cell line or MITat
1.6 wild type parasites expressing natively VSG 121 (100%). Means (+ SD) of three clones are
presented for 121EStelig3 and 121EStela1 (clones with impaired growth). The two clones of the 121EStely
cell line with normal growth (2) are shown separately. (F) Validation of the integration of the pbRn6
VSG 121 construct in the VSG 221 ES using PCR. A forward primer binding to the VSG 227 ORF
(outside of the integration site of the pbRn6 construct) and a reverse primer binding within the pbRn6
construct were used. A PCR-product with the size of 3,850 bp (arrow) will be only obtained if the
plasmid is correctly integrated in the VSG 221 ES. Each lane represents one clone of the indicated
cell lines and 13-90 parasites served as a negative control.
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As the growth affected clones expressed very low levels of both VSGs and the non-impaired
clones showed an inconsistent VSG 121/221 expression, the correct integration of the ppRn6
construct in the VSG 221 ES was controlled in all clones (Figure 36 F). For this purpose, an
integration PCR was performed as described above. This validated that the pbRn6 construct
was integrated in all clones expressing VSG 1271 with its wild type 3'UTR (121ES%!193221ES),
The same was true for the clones with defective 16mer that displayed an impaired growth and
neither expressed VSG 221 nor VSG 121 (1218S,1). In the normally growing VSG 221-
positive clone 1 (1215Stl, 2-1), the construct was not integrated in the active ES. Thus, this
clone differed from the others with a defective 16mer because integration of the construct
failed. In the other normally doubling clone, which was VSG 121-positive (12155, 2-2), the
construct was correctly integrated. The latter result was inconsistent with our previous
observations that deletions in the 16mer lead to decreased expression levels. VSG 121 levels
should not reach wild type expression in the 12155%®,221ES clones if the 16mer was indeed

defective.

DNA recombination events are very frequent within the trypanosome ES (reviewed in
McCulloch et al., 2015). Thus, it was assumed that the deleted 16mer could have been
replaced by a functional one through DNA recombination in the clone 2 (12155, 2-2). To target
this question, the 3'UTR of VSG 727 was sequenced. | prepared genomic DNA and amplified
the integration site of ppbRNG, including the VSG 7271 3'UTR, using the primers HZ43 and CB80.
The PCR product was cloned in the pJet1.2 vector and sequenced. This revealed that the VSG
121 ORF was followed by a 3'UTR with a complete 16mer in clone 2 (12155, 2-2). Thus, the
defective 16mer was most likely exchanged by a functional one via recombination. Also the
VSG 121 3'UTR of a clone with impaired growth (12155t!,1) was sequenced as control, which
showed that in these cells the defective 16mer was still present. In summary, the combination
of integration PCR and sequencing showed that the defective 16mer is only present in the
121ES%l,1 clones that are affected in growth and express neither VSG 121 nor VSG 221 at high

levels.

Nevertheless, it remained unclear why the parasites of the 12155%,1 clones had an impaired
growth. It has been demonstrated using RNAi that trypanosomes arrest in the cell cycle and
die, once the VSG supply decreases (Sheader et al., 2005). As the 121551 parasites
expressed neither VSG 121 nor VSG 221, one possible explanation for the growth phenotype
of the cells was that they suffered of a VSG shortage. Therefore, it was investigated if the
parasites express another VSG variant using SDS-page combined with Coomassie Blue
staining of all proteins (Figure 37 A). The 121551 cells had no dominant band at the size of
VSG 121 or VSG 221, but one with higher molecular weight. This indicated that the cells indeed
express another VSG and thus did not suffer of a lack of the major surface protein. To

investigate which VSG was expressed, cDNA was synthesized from RNA of two clones and
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used for a PCR amplifying all VSG transcripts using a primer that binds to a sequence present
in all VSGs (http://tryps.rockefeller.edu/Protocols /VSG_cloning_from_mRNA_If.pdf).
Subsequently, the PCR products were cloned into a pJet1.2 plasmid and sequenced. For one
clone, transcripts of VSG M1.9 and for the other, transcripts of VSG M1.11 were identified.
Thus, a VSG shortage was most likely not the reason for the impaired growth of the 1215551
clones. Another explanation for the growth defect could be that the cells are trying to switch
the active ES like the GFPFSt, parasites described above. The 121551 parasites were
cultivated with drug selection for the VSG 221 ES, but during an in situ switch the VSG 221
ES is silenced. Thereby, the expression of the resistance cassette would stop and the
parasites would get sensitive towards the selection and die. Therefore, it was tested whether
the drug selection for the VSG 227 ES was responsible for the growth phenotype (Figure 37
B). Growth analyses demonstrated that when the selection was removed the 121ESt\1
parasites resumed a normal growth within 24 hours (-BLAS pdt 7.1 h, Figure 37 B). The clones
only displayed decreased doubling times in the presence of the antibiotic (+BLAS pdt 46 h).
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Figure 37: Integration of VSG 7121 with defective VSG 3'UTR downstream of the endogenous
VSG triggers switching. (A) Visualization of the expressed VSGs using a Coomassie Blue stained
SDS-gel. Protein samples of three clones of the 121EStli95221ES cell line and five clones of the
121EStel,221ES cell line were analyzed. A sample of the parental BSF 13-90 cell line is used as a
marker for VSG 221 and a sample of MITat 1.6 wild type for VSG 121. (B) Growth curves of the clones
of the 121EStel;221ES cell line with impaired growth (1) in the presence of the selection (+BLAS, blue
triangle) and in the absence of the drug (-BLAS, white triangle). The parasites were washed to remove
the antibiotic and, subsequently, the growth of the cells in the absence of the selection was recorded.
Means (+ SD) of four clones are presented. The parental BSF 13-90 cell line (circles) served as a
control.

Taken together these results suggested that the 1215541 clones were trying to switch the
active ES. In the presence of the antibiotic, the VSG 2271 ES had to remain partially open as
its complete silencing would render the parasites sensitive towards the antibiotic and thus
cause their death. Nevertheless, the activation of a new ES had already been initiated as the
presence of other VSGs clearly showed. Consequently, the switch could only be completed

once the antibiotic was removed and the cells resumed growth. Moreover, this phenotype was
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specific for the integration of the defective 16mer. When the VSG 1271 ORF with a functional
VSG 3'UTR was integrated downstream of VSG 221, the cells doubled every 8 hours and
mainly expressed VSG 121. Thus, no signs of switching were observed in this cell line, which
excluded that the switching was caused by the integration of the pbRn6 construct per se.
However, it remained unclear why the endogenous VSG 221 was down-regulated to 5% in the
121E5,95221ES cell line and had levels of 63 = 15% in the GFPES©,221ES cell line.
Nevertheless, overall the results of the 12155 cell line were identical to the results obtained
with the GFP reporter cell lines. We conclude that the 16mer has a role in the stabilization of
mRNA, but in addition, it serves as a DNA recognition motif. It is most likely used to assess
the functionality of the active ES, whereby only the telomere-proximal 16mer in the VSG UTR

serves as signal.
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3.10 A trans-regulation of the VSG expression

During overexpression of an ectopic VSG with its wild type 3'UTR in monomorphic or
pleomorphic trypanosomes the total amount of VSG mRNA seemed to be balanced (Batram
et al., 2014; Chapter 3.2.1 of this thesis). Also when a second VSG with wild type 3'UTR was
integrated upstream of the native VSG in the active ES the total mMRNA amount of both VSGs
did not exceed the VSG amount of cells expressing a single VSG (diploma thesis Fey, 2011;
Smith et al., 2009; diploma thesis Uhl, 2009). Moreover, depletion of one of the VSGs using
RNAI caused an increased expression of the other VSG to wild type levels (Smith et al., 2009).
This suggested that a VSG counting mechanism could operate to determine and control the
VSG mRNA amount. Such a mechanism could trigger a feedback loop, which controls the
activity of the ES (PhD thesis Batram, 2013). However, the VSG mRNAs have to be somehow
recognized to get counted. Therefore, a conserved motif would need to be present in all VSGs.
It was likely that such a motif is either the conserved 8mer or 16mer within the 3'UTRs of the

VSGs as the remaining mRNA sequence differ greatly between the VSG variants.

C. Batram investigated this hypothesis by overexpressing a GFP with VSG 7121 3'UTR
(221ESGFP'*!) from the ribosomal spacer and monitoring the GFP as well as the VSG 221
MRNA levels (PhD thesis Batram, 2013). Induction of the GFP overexpression caused a
decrease of the VSG 227 mRNA to 60% within 8 hours. However, the amount of VSG 221
MRNA returned back to its original level within 24 hours and the cells died during the course
of GFP overexpression, perhaps due to the toxicity of the protein (PhD thesis Batram, 2013;
Liu et al., 1999). However, the GFP was most likely translated in the cytosol, whereas the VSG
is suggested to get co-translational imported into the ER. If a VSG counting mechanism would
operate at the ER during translation, the cytosolic GFP could have escaped the trans-
regulation mechanism. This hypothesis was investigated by C. Batram by overexpressing a
GFP with VSG 121 3'UTR that was coupled to an ER import signal from the ribosomal spacer
(221ESLS:GFP®!) (PhD thesis Batram, 2013). Induction of overexpression of an ER-targeted
GFP caused a decrease in the VSG 227 mRNA levels to 20% within two hours. However, the
cells started to die already within four hours of overexpression. Thus, it remained unclear
whether the presence of the VSG 3'UTR at the ER was responsible for the down-regulation of
the endogenous VSG 221, or perhaps the accumulation of the toxic GFP in the ER (PhD thesis
Batram, 2013).
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3.10.1 VSG overexpression causes a reduced expression of a GFP with a VSG 3'UTR

The aim of this project was to continue the work of C. Batram and further investigate the
hypothesis that the VSG mRNA levels are regulated in trans. First, we needed to distinguish
whether the down-regulation of the VSG 221 mRNA upon overexpression of the GFP with
VSG 3'UTR was caused by the toxicity of the GFP or indeed by a sequence motif in the VSG
3’'UTR. For this, a GFP with VSG 5' and 3'UTRs was constitutively expressed at non-toxic
levels from a genomic location outside the ES: the tubulin intergenic region. It was shown
earlier in the present thesis that this cell line grows normally and expresses the endogenous
VSG 221 as well as low levels of GFP protein (Figure 35). Then, a VSG with its wild type UTRs
was overexpressed in this cell line and the GFP as well as the VSG 221 levels were monitored.
If the hypothesis holds true that the VSG is regulated in trans, VSG overexpression should
result in the down-regulation of both: the endogenous VSG 221 and the GFP expressed with
the VSG 3'UTR. VSG 118 was used for ectopic overexpression (GFP" 9322155118, Figure
38 A) as in previous studies with monomorphic cells only a minor deceleration in growth was
observed upon induction, suggesting that no general transcriptional shut-down should occur
(bachelor thesis Henning, 2012). Consequently, any change in GFP expression upon induction
of VSG 118 overexpression should be the result of a trans-regulation mechanism and not of a

transcriptional shut-down.

Growth analyses of the clones of the GFP"t193221E51 18! cell line showed that the non-induced
cells had growth rates similar to the ones of the BSF 13-90 cell line (-tet: pdt 6.7 h; BSF 13-
90: pdt 6.1 h; Figure 38 B). The growth was slightly affected upon induction of VSG 118
overexpression as the cells had a pdt of nine hours (Figure 38 B). Quantification of the VSG
118 and VSG 221 mRNA from Northern blots showed that the endogenous VSG 227 mRNA
was down-regulated within eight hours of induction (Figure 38 C). In the same time, the ectopic
VSG 118 mRNA reached wild type transcript levels. Thus, the VSG transcripts were
exchanged with similar kinetics as previously observed for the mono- and pleomorphic VSG
121 overexpressors (Batram et al., 2014; chapter 3.2.1 of this thesis). Analyses of the GFP
signal by fluorescence microscopy showed that the GFP was equally distributed throughout
the cytoplasm in both non-induced and induced cells (Figure 38 D). The total GFP signal,
however, appeared reduced upon the addition of tetracycline (Figure 38 D). This was
confirmed by quantitative Western blot and flow cytometry analyses: the GFP was down-

regulated at the protein level within 24 hours of VSG 118 overexpression (Figure 38 E, F)
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Figure 38: VSG overexpression causes the down-regulation of a GFP expressed with VSG
3'UTR. Parasites constitutively expressing a GFP with functional VSG 3'UTR from the tubulin locus
were transfected with the construct for ectopic VSG 118 overexpression (GFPUP19g221E5118tet). All
shown analyses were conducted with this cell line. (A) Schematic representation of the VSG
overexpression construct (pRS.118) and the modified tubulin locus. (B) Growth curves of tetracycline-
induced (triangles) and non-induced (squares) parasites. Means (+ SD) of four clones are shown. The
parental BSF 13-90 cell line (circles) served as a growth control. (C) The VSG 118 (magenta) and the
VSG 221 (black) mRNA amount was determined during the course of VSG overexpression. The
normalized VSG 118 levels are given relative to MITat1.5 wild type cells natively expressing VSG 118.
The normalized VSG 221 levels are given relative to the VSG transcript levels of BSF 13-90 cells.
Means (+ SD) of two clones are shown. (D) Fluorescence microscopic images of the parasites in the
absence (0 h +tet) or presence of tetracycline (24 h +tet). The GFP signal is shown in green and the
DAPI-stained DNA in grey. Scale bar: 10 um. (E) Analyses of the GFP expression during the course
of VSG 118 overexpression via flow cytometry. Representative flow cytometric profiles of two clones.
The parental BSF 13-90 cell line (grey) served as a negative control. 20,000 cells were counted. (F)
Western blot analysis of the GFP expression during the course of VSG 118 overexpression using a
GFP antibody (magenta). Detection of PFR (magenta) served as a loading control. (G) Quantification
of the GFP signal from flow cytometry in E and Western blots in F. Values are given relative to the
GFP expression level of the parental cell line. Means (x SD) of two clones are shown.
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Quantification of the flow cytometric analyses showed that the GFP levels decreased to
54 + 8% of the levels in the parental cell line (GFP"“P1932215%) within 24 hours of VSG
overexpression and remained at this level within 48 hours of induction (GFP: 51 + 10%; Figure
38 G). Quantification of the Western blot analysis showed that the GFP expression decreased
to 26% of the parental cell line (GFP"“"195221ES) within 24 hours of VSG overexpression,
whereby the GFP signal was already weaker in the non-induced cells. Unfortunately, the GFP
MRNA levels were too low to be detected on an RNA dot blot using fluorescently labeled

oligonucleotides.

In summary, the overexpression of VSG 118 in trypanosomes constitutively expressing a
cytosolic GFP with VSG 3'UTR (GFP*,4522155118!) supported the hypothesis that the VSG
expression is regulated in frans. The expression of the GFP with VSG UTRs decreased upon
induction of VSG overexpression, but between 25 and 50% of the GFP protein levels were still
observed after 24 hours. This suggested that some mRNAs could escape the regulation

mechanisms, perhaps because the counting mechanism is operating at the ER.

3.10.2 VSG overexpression causes a reduced expression of a GFP with a VSG 3'UTR

that localizes to the endoplasmic reticulum

The previous results supported the hypothesis that a frans-regulation mechanism adjusts the
VSG levels to wild type levels in trypanosomes. However, the data also suggested that some
MRNAs escaped this regulation as the down-regulation of a cytoplasmic GFP expressed with
VSG 3'UTR was only partial. This was in agreement with the previous suggestion of C. Batram
that a VSG trans-regulation mechanism could operate at the ER (PhD thesis Batram, 2013).
Therefore, a reporter cell line with a GFP with VSG 3'UTR coupled to an ER import signal was
generated. For this purpose, the LS:GFP was cut out of the plasmid pLew82v4:LS:GFP 198
with the enzymes EcoRI and Bserl. The GFP ORF was removed from the previously generated
pJet1.2 GFP VSG UTR plasmid by digestion with Pael and Bserl. The overhangs of the EcoRI
cuts of the insert and the Pael cuts of the backbone were blunted prior the ligation of the
fragments. The resulting pJet1.2 LS:GFP VSG UTR plasmid as well as the pTub GFP 198
construct were digested with Pacl and Ppu21l. Ligation of the generated LS:GFP insert with
the pTub backbone yielded the pTub LS:GFP 198 plasmid (Figure 39 A).

Transfection of the BSF 13-90 cell line with the pTub LS:GFP 198 plasmid yielded a reporter
cell line, which constitutively expressed an ER-targeted GFP with VSG 3'UTR
(LS:GFP™"“t,93221ES). Clones of this cell line did not display any changes in growth (Figure 39
B), but flow cytometry analyses revealed differences in the GFP expression levels between
the different clones (Figure 39 C). Clone 1 (LS:GFP-1"t,g5) expressed the GFP at levels

comparable to the GFP signal without ER localization. However, the GFP was barely
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detectable in all other clones (clone 2-5), as illustrated by the comparison of the flow cytometric
profiles of clone 2 and 3 (LS:GFP"P195-2 and -3) to the GFP-negative 13-90 cell line in Figure
39.
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Figure 39: Different protein levels of an ER-targeted GFP with VSG 3'UTR. Transfection of the
BSF 13-90 cell line with the pTub LS:GFP 198 construct generated the LS:GFPt193221ES reporter
cell line. (A) Schematic representation of the modified tubulin locus. (B) Growth curves of three
different clones of the reporter cell line. The parental BSF 13-90 cell line (circles) served as a growth
control. (C) Analyses of the expression levels of the ER-targeted GFP by flow cytometry. Flow
cytometric profiles of three clones of the reporter cell line (blue). The parental BSF 13-90 cell line
(grey) served as a negative control. Parasites constitutively expressing a cytosolic GFP with VSG
3'UTR (GFPt195221ES cell line; magenta) were used as a positive control. 10,000 cells were counted.
(D) Fluorescence microscopic images of clone 1 and clone 2 of the reporter cell line. The GFP signal
of gelatine-embedded living cells is shown in green. Presented are single slices of deconvolved Z-
stacks to visualize the branch-like structure of the ER. Scale bar: 10 ym.

Quantification of the GFP intensity by flow cytometry indicated that clone 1 expressed almost
three times more GFP than clone 2 or 3. One explanation for this difference could be that in
clone 1 the GFP was not targeted to the ER. However, microscopic analyses showed that the
GFP localized to the branched structure that is characteristic for the ER in all clones,

independent of the GFP expression level (Figure 39 D).

Another explanation for the different GFP expression levels could be that clone 1 had a defect
in the trans-regulation mechanism. Thus, the targeting of the GFP to the ER caused in the
majority of clones (four of five analyzed clones) a down-regulation via the trans-regulation
mechanism, whereas clone 1 could not regulate the GFP expression anymore. If this holds
true, clone 1 should also display altered kinetics in the regulation of the VSG transcripts upon

induction of VSG overexpression and no down-regulation of the GFP should be observed in
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this case. To test this hypothesis, the ectopic VSG 118 was overexpressed in clone 1 and as

a control also in clone 2, one of the clones with a weak GFP signal.

Overexpression of VSG 118 in clone 1 (LS:GFP-1'"0145221E51 18t Figure 40 A) caused a delay
in growth. The non-induced parasites (-tet) doubled every seven hours, whereas the doubling
time increased to 13.3 hours upon the addition of tetracycline (Figure 40 B). No changes in the
kinetics of the regulation of the VSG transcript levels were observed upon induction of VSG
118 overexpression (Figure 40 C). Within four hours of VSG overexpression, the endogenous
VSG decreased to 25 + 10% of wild type expression levels and remained at this level for up to
24 hours (18 + 1%). The ectopic VSG was up-regulated to 85% + 0.3% of the wild type levels
within four hours and increased within 24 hours to 102 £ 1%. Using flow cytometry, a decrease
in the GFP levels during the course of VSG 118 overexpression was observed (Figure 40 D).
Within 24 hours, the GFP signal decreased to 58 + 1% of the signal of the parental cell line
(LS:GFP-1tv,45221ES) and remained at this level for at least another 24 hours (56 + 4%) (Figure
40 E).

Western blot analysis confirmed the decrease in GFP expression. The GFP levels reached 22
+ 6% of the levels in the parental cell line (LS:GFP-1"t193221ES) after 24 hours of VSG
overexpression (Figure 40 E). Thus, clone 1 with the strong ER-localized GFP signal regulated
the VSG transcript and the GFP expression upon VSG 118 overexpression (LS:GFP-
11ub,95221E5118!), like the VSG overexpressor with the constitutively expressed cytoplasmic
GFP (GFP45221ES118tt: Figure 38). The previous assumption, that a defect in the VSG
trans-regulation mechanism was responsible for the higher GFP levels in clone 1, is therefore

wrong.
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Figure 40: VSG overexpression causes the down-regulation of a strongly expressed ER-
targeted GFP with VSG 3'UTR. Clone 1, which strongly expressed an ER-targeted GFP with VSG
3'UTR (LS:GFP-1tub495221ES), was transfected with the construct for ectopic VSG 118 overexpression
(LS:GFP-1tub19g221ES118tt). All analyses shown here were done with this cell line. (A) Schematic
representation of the VSG overexpression construct (pRS.118) and a fluorescent image of clone 1
(LS:GFP-1tub493221ES). (B) Growth curves of tetracycline-induced (black diamonds) and non-induced
(white diamonds) parasites. Means (+ SD) of five clones are shown. Due to the small standard
deviation the error bars are not visible. The parental BSF 13-90 cell line (circles) served as a growth
control. (C) The mRNA levels of the ectopic VSG 718 (magenta) and the endogenous VSG 221
(black) were determined during the course of VSG overexpression. The normalized VSG levels are
given relative to the VSG transcript levels of cells natively expressing VSG 118 or VSG 221. Means
(x SD) of two clones are shown. (D) Analyses of the GFP expression during the course of VSG 118
overexpression via flow cytometry. Representative flow cytometric profiles of two clones: non-induced
cells (0 h +tet, green) and cells overexpressing VSG 118 for 8 or 24 hours (8 h +tet, orange; 24 h
+tet, blue). The parental BSF 13-90 cell line (grey) served as a negative control. 20,000 cells were
counted. (E) Quantification of the GFP signal determined by the flow cytometric analyses in D (left
panel). The GFP expression was also quantified via Western blot analysis using antibodies against
GFP and PFR (right panel). The GFP signal was normalized to PFR. For both quantifications the
values are given relative to the GFP expression level of the parental cell line. Means (+ SD) of two
clones are shown.
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VSG 118 overexpression in clone 2, the one with the weak ER-localized GFP signal (LS:GFP-
2Wb,05221E5118'%, Figure 41 A) had no effect on growth (Figure 41 B). In the absence of
tetracycline the cells doubled every seven hours and when the drug was present every 7.5
hours. The VSG 221 transcripts decreased to 28 + 6% within four hours of VSG 118
overexpression, while the ectopic VSG increased to wild type levels (87 + 12%; Figure 41 C).
Thus, the VSG transcripts were regulated in a similar manner compared to the other analyzed
VSG 118 overexpression cell lines (compare Figure 38 C and Figure 40 C). Quantification of
the GFP expression levels using Western blot analysis showed no change in GFP protein level
within 8 hours of VSG 118 overexpression (90 + 12%; Figure 41 D, E). Within 24 hours of
induction, the GFP expression levels varied between the analyzed clones. The GFP levels
decreased to 70% of the parental cell line in clone one (LS:GFP-2“19221E%) and to 33% in
the other clone. Unfortunately, these results could not be confirmed by flow cytometry as the
GFP expressing parasites could not be distinguished from the GFP-negative BSF 13-90 cell
line (illustrated in Figure 41 F).

Together, the data showed that the expression of a GFP with VSG 3'UTR was down-regulated
during VSG 118 overexpression, independent on whether it localized to the cytoplasm or to
the ER. The ER-localized GFP should decrease either faster or to a lower level or both upon
induction of VSG overexpression compared to a cytosolic GFP, if a VSG trans-regulation
mechanism would operate at the ER. This was not observed, indicating that the trans-
regulation mechanism does not operate at the ER as previously suggested. It remained
unclear (i) why clone 1 expressed nearly threefold more of the ER-localized GFP than the other
clones and (ii) why neither the cytoplasmic nor the ER-localized GFP disappeared completely
during VSG overexpression. Do some mRNA molecules escape the trans-regulation

mechanism and if this is the case, how? Or has this mechanism a lower threshold?
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Figure 41: VSG overexpression causes a slight down-regulation of a weakly expressed ER-
targeted GFP with VSG 3'UTR. Clone 2, which weakly expressed an ER-targeted GFP with VSG
3'UTR (LS:GFP-2tub195221ES), was transfected with the construct for ectopic VSG 118 overexpression
(LS:GFP-2tub19g221ES118tt). All analyses shown here were done with this cell line. (A) Schematic
representation of the VSG overexpression construct (pRS.118) and a fluorescent image of clone 2
(LS:GFP-2tub19g221ES), (B) Growth curves of tetracycline-induced (black hexagons) and non-induced
(white hexagons) parasites. Means (+ SD) of five clones are shown. The parental BSF 13-90 cell line
(circles) served as a growth control. (C) The mRNA levels of the ectopic VSG 7118 (magenta) and the
endogenous VSG 221 (black) were determined during the course of VSG overexpression. The
normalized VSG levels are given relative to the VSG transcript levels of cells natively expressing
VSG 118 or VSG 221. Means (+ SD) of two clones are shown. (D) Western blot analysis of the GFP
expression levels of two clones during the course of VSG 118 overexpression. The blot was stained
with a GFP antibody (magenta). Detection of PFR proteins (magenta) served as a loading control. (E)
Quantification of the GFP signal determined by the Western blot analysis in D. GFP values were
normalized to PFR and are given relative to the GFP expression level of the parental cell line. Means
(x SD) of two clones are shown. (F) Representative flow cytometric profile of one clone: non-induced
cells (0 h +tet, green) and cells overexpressing VSG 118 for 24 hours (24 h +tet, blue). The parental
BSF 13-90 cell line (grey) served as a negative control. 10,000 cells were counted.
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3.10.3 GFP expression is less influenced by VSG overexpression if the transcript
contains a PFR UTR

The results so far supported the idea that a trans-regulation mechanism based on the VSG
3'UTR operates to regulate the VSG levels, albeit there is no evidence for a connection to the
ER. However, it was necessary to control that the down-regulation of the expression of the
GFP was indeed dependent on the VSG 3'UTR. For this purpose, we decided to generate a
GFP reporter cell lines with the PFR 3'UTR instead of a VSG 3'UTR. First, the VSG 71271 3'UTR
of the pTub GFP 198 and the pTub LS:GFP 198 plasmid was removed by enzymatic digestion
with Hindlll and Pacl. The Hindlll restriction site was blunted to generate a suitable backbone.
The PFR 3'UTR was amplified from the plasmid p4676 with the primers HZ47 and HZ48 via
PCR and cloned into a pJet1.2 plasmid. Next, the PFR 3'UTR insert was obtained by enzymatic
digestion with the enzymes Pdil and Pacl. Ligation of the digested pTub GFP 198 or pTub
LS:GFP 198 backbones with the PFR 3'UTR insert yielded the pTub GFP:PFRyrr and pTub
LS:GFP:PFRurr plasmids. Transfection of BSF 13-90 parasites with the plasmids generated
reporter cell lines with a cytoplasmic GFP with PFR 3'UTR (GFP"“per221ES; Figure 42 A) or
with an ER-targeted GFP with PFR 3'UTR (LS:GFP"“°per221ES; Figure 42 B).
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Figure 42: Targeting of a GFP with PFR 3'UTR to the ER causes a decrease in its expression.
(A, B) Transfection of the BSF 13-90 cell line with (A) pTub GFP:PFRutr or (B) pTub LS:GFP:PFRutr
generated the cell lines GFPPprr2218S and LS:GFPUbprr221ES, respectively. (C) Growth curves of
cells with a cytosolic GFP (GFP%“prr221ES; white diamonds) and an ER-targeted GFP
(LS:GFPtbper221ES; white hexagons). Means (+ SD) of five clones are shown for each cell line. Due
to the small standard deviation the error bars are not visible. The parental BSF 13-90 cell line (circles)
served as a growth control. (D) Western blot analyses of the GFP expression levels of four clones of
each cell line. The blot was stained with a GFP antibody (magenta) and detection of PFR proteins
(magenta) served as a loading control.
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Growth analyses showed that neither the cytoplasmic GFP (GFP"“’per221ES) nor the ER-
targeted GFP (LS:GFP"“rr221ES) altered the growth of the trypanosomes (Figure 42 C).
Fluorescence microscopy showed a faint GFP signal in both cell lines (data not shown).
However, the ER targeted signal was even weaker than the cytosolic GFP so that its correct
localization to the ER could not be confirmed by fluorescence microscopy. Western blot
analysis confirmed the differences in GFP expression between the two reporter cell lines
(Figure 42 D). A weak GFP expression was observed in the clones expressing a cytoplasmic
GFP with PFR 3'UTR (GFP"pr221ES), whereas no GFP signal could be detected when the
GFP was targeted to the ER (LS:GFP“prr221ES).

Thus, VSG 118 was only overexpressed in a clone of the cytoplasmic GFP reporter cell line
(GFPUP:er221E5118!, Figure 43 A). Induction of VSG overexpression caused a delay in growth
as the cells doubled every 11 hours in the presence of tetracycline, whereas the non-induced
cells displayed a pdt of 6.5 hours (Figure 43 B). Western blot analysis using a VSG 118
antibody confirmed that all clones overexpressed the ectopic VSG within 24 hours of induction
(Figure 43 C). Next, Western blot analysis was used to determine if the expression of the
cytosolic GFP with PFR 3'UTR decreased upon VSG overexpression (Figure 43 D). This
indicated that there could be a reduction in the GFP levels at least in some clones as the GFP
expression ranged from 37% to 82% of the non-induced expression levels within 24 hours of
VSG overexpression (Figure 43 E). However, these data need to be considered with care, as
the detection of the GFP expressed with PFR 3'UTR was already difficult in the non-induced
cells due to the low expression levels. Thus, slight differences in the loading or the blotting of
the samples could have a substantial impact on the quantification of the GFP expression. For
this reason, it will be inevitable to analyze different samples in replicates. Moreover, it will be
necessary to compare the GFP transcript levels of this cell line with the others to get

unambiguous results regarding the GFP regulation upon the addition of tetracycline.

Nevertheless, comparison of the protein levels of the cytosolic GFP expressed with VSG
3'UTR or with PFR 3'UTR during VSG 118 overexpression suggested that the reporter was
regulated dependent on its 3'UTR. The expression of the GFP with VSG 3'UTR was down-
regulated in all four clones to 23 + 11% within 24 hours, whereas the expression levels of the
GFP with PFR 3'UTR remained in average at 67 + 18%. Thus, GFP expression seems to be
regulated in trans dependent on the 3'UTR, albeit further analyses will be necessary to

strengthen this conclusion.
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Figure 43: The expression of a GFP with PFR 3'UTR is only mildly affected by VSG
overexpression. Parasites constitutively expressing a GFP with a PFR 3'UTR from the tubulin locus
(GFPueper221ES cell line) were transfected with the construct for ectopic VSG 118 overexpression
(GFPubper221ES118tt). All analyses shown here were done with this cell line. (A) Schematic
representation of the VSG overexpression construct (pRS.118) and the modified tubulin locus. (B)
Growth curves of tetracycline-induced (black diamonds) and non-induced (white diamonds) parasites.
Means (+ SD) of five clones are shown. The parental BSF 13-90 cell line (circles) served as a growth
control. (C, D) Western blot analyses of the VSG 118 and the GFP expression levels of five clones.
Protein samples of non-induced (0 h) parasites or cells induced for 24 hours were analyzed. The blots
were stained (C) with a VSG 118 antibody (green) or (D) with a GFP antibody (magenta). Detection
of PFR proteins (magenta) served as a loading control. (E) Quantification of the GFP signal
determined by the Western blot analyses in D. GFP values were normalized to PFR and the values
after 24 hours of VSG 118 overexpression are given relative to the values of the non-induced
parasites of the corresponding clone (100%).

o

Taken together the results support the idea that a frans-regulation mechanism operates to
control VSG expression, although no evidence for the mechanism to operate at the ER was
found. Quantifications of the GFP mRNA levels will be essential in the future to provide

substantial proof for the made suggestions.

118



4 Discussion



4 Discussion

4.1 The control of the activity status of the ES

During an in situ switch the active ES is silenced and transcription initiates at a new ES
(Bernards et al., 1984; Michels et al., 1984). The order of the events during an in situ switch is
unknown as well as the underlying molecular mechanisms (reviewed in: Borst and Ulbert,
2001; Gunzl et al., 2015; Pays et al., 2004). In principal, either (i) transcription of the active ES
is stalled before a new one is activated or (ii) transcription of a new ES is initiated before the
active ES is silenced. Batram recently provided support for the (ii) scenario using the inducible
overexpression of an ectopic VSG (Batram et al., 2014). This system simulated the activation
of an incomplete ES as only a VSG was overexpressed and not the other ES-components, the
expression site associated genes (ESAGSs) (Hertz-Fowler et al., 2008). Thus, it was assumed
that the VSG overexpression mimicked an unsuccessful in situ switch. Nevertheless, VSG
overexpression was sufficient to induce the attenuation of the complete active ES, suggesting
that the activation of a second ES would result in the silencing of the old one (Batram et al.,
2014). The VSG overexpression system could provide an exceptional possibility to identify
proteins involved in the initiation of ES-attenuation and/or VSG-silencing during in situ
switching, albeit no potential ES-regulators could be identified so far using transcriptome

analysis of VSG overexpressors (chapter 3.8).

However, the active ES needs to be recognized somehow to get attenuated, suggesting that
a distinctive feature has to be present in all ESs to identify them and mediate their silencing.
The general architecture of the known ESs is similar but they differ in their composition as the
presence as well as number of ESAGs varies (Hertz-Fowler et al., 2008). We suggested that
the distinctive ES-feature could be provided by the VSG itself as the attenuation of the ES is
initiated at the telomeric end, where the VSG is located in all ESs (Batram et al., 2014; Hertz-
Fowler et al., 2008). As the sequence of the VSG genes differ as well, it seems unlikely that a
recognition motif is located within the ORF (Cross et al., 2014). However, two 100% conserved
motifs have been identified within the 3'UTR of all VSGs: the 8mer and the 16mer (Berberof et
al., 1995 M. Engstler, unpublished data). RNA structure predictions and mutational analyses
suggested that the 16mer and the 8mer are essential to form an RNA stem loop, which is
critical to stabilize the VSG mRNA (diploma thesis Batram, 2009, PhD thesis 2013). The
formation of the stem loop seems not to be the reason for the preservation of the 8mer and the
16mer motif as substitutions within the loop region did not alter the VSG expression levels
(diploma thesis Batram, 2009). We propose that the motifs could have a second role as a high
selective pressure has to be present to keep a sequence motif conserved. Given the location
of the VSG within the ES, the second role could be associated with the recognition or the

silencing of the ESs.

120



4 Discussion

To investigate this suggestion, a GFP reporter coupled either to a complete functional VSG
3'UTR (GFPES®45221ES) or to a defective VSG 3'UTR with an incomplete 16mer
(GFPES®,221ES) was integrated downstream of the endogenous VSG. Unfortunately,
integration of the GFP with functional VSG 3'UTR failed, most likely as the GFP expression
reaches toxic levels (PhD thesis Batram, 2013; Liu et al., 1999). Although the integration of the
GFP with defective VSG 3'UTR was successful, the growth of the trypanosomes was impaired
and 22-32% of the cells displayed an abnormal DNA content. This was not the cause of toxic
GFP expression levels as growth was not affected when fivefold more of the protein was
expressed in a cell line with a promotor-proximal GFP (GFPESP©,44221ES). The parasites that
expressed a telomere-proximal GFP reporter with a defective VSG 3'UTR had reduced VSG
221 transcript levels. Immunofluorescence analyses showed that 1-8% of the parasites
switched the expressed VSG even in the presence of the selection. Impaired growth and loss
of VSG 221 expression was even more pronounced when another VSG coupled to a defective
VSG 3'UTR was integrated in the same locus. The growth defect was not caused by the
presence of a second VSG in the ES as expression of two VSGs from the same ES does not
impair the viability of trypanosomes (diploma thesis Fey, 2011; Muhoz-Jordan et al., 1996).
These VSG double expressors with a defective telomere-proximal 16mer expressed neither
the endogenous VSG 227 nor the transgenic VSG 121, but another variant as shown by an
SDS-page stained with Coomassie. The expressed VSG can be either switched by a
recombinational exchange of the VSG gene or by a transcriptional change of the actively
transcribed ES (reviewed in Horn and McCulloch, 2010; reviewed in Taylor and Rudenko,
2006). If the VSG is replaced via gene conversion, the cells should maintain drug resistance
as long as the resistance cassette is not deleted together with VSG 221 (Kim and Cross, 2010).
In contrast, trypanosomes will become sensitive to the drug during an in situ switch as
transcription of the resistance cassette will be terminated when the active ES gets attenuated
(Kim and Cross, 2010). PCR using a primer binding to the VSG 2217 ORF and a primer binding
to the defective VSG 3'UTR demonstrated, however, that the VSG 227 ORF and the resistance
cassette were still present in the parasites with a telomere-proximal GFP or VSG 121. This
suggested that the cells with a defective 16mer downstream of VSG 227 were trying to change

the actively transcribed ES but could not complete the switch in the presence of the selection.

This hypothesis was confirmed in a first experiment by measuring the VSG 221 and the GFP
expression upon removal of the selection for the VSG 2271 ES. Flow cytometric analyses
demonstrated that the parasites silenced the VSG 221 ES in the absence of the drug as the
majority of cells (>98%) became GFP- and VSG 221-negative. Second, the VSG double
expressors with a defective VSG 3'UTR resumed growth in the absence of the drug
demonstrating that the impaired growth was caused by a loss of resistance. Third, sequencing

of the VSG mRNA molecules of this cell line showed that transcripts of VSG M1.9 were present
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in one clone, whereas transcripts of VSG M1.11 were detected in another clone. Interestingly,
both VSG genes are located in other ESs: VSG M1.9is located in ES 2 and VSG M1.11in ES
15 (Hertz-Fowler et al., 2008). Taken together, these results supported the previous
suggestion that the trypanosomes with a defective 16mer downstream of the endogenous VSG
are trying to switch the transcribed ES but can only complete the switch in the absence of the
selection. The in situ switch could be triggered either (i) by the position of the defective 16mer

in the active ES or (ii) by the presence of transcripts containing a defective 16mer.

If transcripts with a defective 16mer would be the cause for the switching, this effect should be
also observed when the construct is expressed from a different genomic location. However,
expression of a GFP with a defective VSG 3'UTR from the promotor region of the active ES
(GFPESP) or the tubulin locus (GFP™?) did not alter growth or VSG 221 expression. Besides
this, in previous studies no signs of switching were observed when the VSG 727 ORF coupled
to a defective or functional VSG 3'UTR was integrated upstream of VSG 2271 (diploma thesis
Batram, 2009). Also, upon integration of the same constructs in a knock-out cell line of the
histone methyltransferase DOT 1B, which trimethylates histone H3, no indications for switching
were observed in preliminary analyses (chapter 7.1 Figure 49). Consequently, the telomere-
proximal position of the defective 16mer was necessary to trigger in situ switching, whereas

the presence of MRNA molecules with a defective 16mer was not sufficient.

So far it was not excluded that the integration of the construct downstream of the endogenous
VSG already triggered the switching. This was investigated by the integration of the VSG 121
ORF with a functional VSG 3'UTR downstream of the endogenous VSG (121E5%!45221ES). No
signs of a switch in ES transcription were observed in this cell line as growth was not impaired
and the transgenic VSG was expressed at wild type levels. This was in accordance with
previous studies, which did not report switching when the same integration site was used to
target a GFP or a resistance cassette downstream of VSG 227 (Horn and Cross, 1997; Janzen
et al., 2004). Taken together, this excluded that the integration of the construct per se triggered
switching and verified that the in situ switching was the results of the telomere-proximal position
of the defective 16mer. Interestingly, integration of the transgenic VSG 7121 with a functional
3'UTR downstream of the endogenous VSG resulted in wild type transcript levels of the
transgene (95%), whereas the endogenous VSG was barely expressed (5%). This differed
from the ratio of VSG expression in previously described VSG double expressor cell lines, in
which the endogenous VSG and the transgene were expressed at comparable levels (diploma
thesis Fey, 2011; Munoz-Jordan et al., 1996; Smith et al., 2009). The high expression levels
of promotor-proximal VSG transgenes exclude that the decreased expression of the
endogenous VSG in the present study was caused by the increased space to the telomere
(Smith et al., 2009). Alternatively, the decreased VSG expression could be caused by the close

proximity of the VSG genes (1,700 nucleotides). Glover and colleagues observed such a cis-
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regulation effect when two reporter genes with the same UTR were integrated in immediate
vicinity, albeit the expression of the telomere-proximal gene was decreased and not the more
distal one as in this study (Glover et al., 2016). Nevertheless, the cause for the different
expression levels of VSG 121 and VSG 221 in the VSG double expressors with functional VSG

3'UTRs remains unknown.

Based on the presented results, we propose that the telomere-proximal 16mer in the 3'UTR of
the VSG serves as a distinctive feature for the active ES. It is used to determine the
functionality of the ES as switching occurs once it is incomplete. The ES-integrity is assessed
by the telomere-proximal 16mer as switching was dependent on its position within the ES. The
16mer motif seems to be specifically used to determine the functionality of the ES as
preliminary analyses indicated that inversion of the conserved telomere-proximal 8mer did not
cause switching (data not shown). But how can the integrity of the ES be assessed by the
16mer motif? The high conservation of the sequence implies that it serves as a recognition
motif for a DNA-binding protein. The 16mer-binding protein could be somehow associated with
the telomere of the active ES as switching occurred only once the telomere-proximal 16mer
was defective. For example, it could be that the protein itself recognizes the TTAGGG repeats
of the telomere and binds to them or that it is part of a telomere-binding protein complex. We
assume that the interaction of the 16mer motif and a telomere associated DNA-binding protein,
which is sequestered at the active ES, is essential to maintain the active state of the ES. The
protein cannot longer bind to the 16mer motif once parts of it are deleted. In this case, the

active ES is considered as non-functional, gets silenced and a new one has to get activated.

The shelterin complex has been identified in mammalian cells as the core telomere protein
complex (reviewed in de Lange, 2005). It consists of six proteins (TRF1, TRF2, TIN2, RAP1,
TPP1, and POT1), which together protect the chromosome ends from DNA damage. In
trypanosomes, three homologues of the complex have been identified: TbRAP1, TbTRF,
TbTIF2 (Jehi et al., 2014a; Li et al., 2005; Yang et al., 2009). The latter two suppress VSG
switching as they are essential to maintain the telomere structure. Depletion of either protein
via RNAI caused an increase in the switching frequency, predominantly via a recombinational
exchange of the VSG gene (Jehi et al., 2014a, 2014b, 2016). This phenotype is, however,
clearly different from the presented results as the telomere-proximal defective 16mer caused
exclusively in situ switching. Derepression of silent ESs was observed when RAP1 was
depleted in trypanosomes, which suggests that this protein is essential for the silencing of
inactive ESs (Yang et al., 2009). This phenotype is also distinct from the effect of the defective
16mer as the expression of previous silent ES-resident VSGs increases during derepression,
while the active ES is still expressed. Integration of a defective 16mer downstream of the
endogenous VSG 221 triggered in situ switching and low level expression of the VSG 2271 ES

was maintained only when selection for this ES was applied. Besides the shelterin complex,
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some other proteins are thought to associate with telomeres in trypanosomes (reviwed in Lira
et al.,, 2007). For example, the KU70-KUB80 heterodimer is involved in the regulation of
telomere length and maintenance, but has no impact on VSG switching or ES-silencing
(Conway et al., 2002; Janzen et al., 2004). None of the so far identified telomere-binding
proteins were directly involved in maintaining the active state of the ES to our knowledge

suggesting that the 16mer-binding protein has not been characterized so far.

Silent ESs are tightly packed in heterochromatin, whereas the active ES is depleted of
nucleosomes (Figueiredo and Cross, 2010; Stanne and Rudenko, 2010). In the recent years,
evidence has accumulated that the formation of heterochromatin at silent ESs is critical to
maintain their inactive state (reviewed in Duraisingh and Horn, 2016). For example, disruption
of heterochromatin formation due to the depletion of histone H3 and H1 caused derepression
of silent ESs (Alsford and Horn, 2012; Pena et al., 2014; Povelones et al., 2012). Similarly,
down-regulation of chromatin remodelers and modifiers like TbISWI, NLP, FACT and others
(described in chapter 2.5.2) resulted in the expression of previously silent ESs (Denninger and
Rudenko, 2014; Denninger et al., 2010; Hughes et al., 2007; Narayanan et al., 2011; Stanne
et al., 2015). Thus, it seems likely that the active state of the ES could be maintained if the
binding of an ES sequestered protein to the 16mer motif would inhibit the formation of
heterochromatin. In all of these studies, the most prominent effect was observed at the
promotor region of the inactive ESs, indicating that regulation occurred predominantly within
this region. In contrast, the position dependent effect of the 16mer deletions suggests that the
proximity to the telomere is essential for the motif to be recognized. Thus, it seems likely that
the potential 16mer-protein complex would prevent the formation of heterochromatin at the
telomere-proximal region of the ES. In fact, TDP1 has been suggested to counteract the
formation of heterochromatin at the active ES as it facilitated transcription by replacing histones
at these loci (Narayanan and Rudenko, 2013). TDP1 maintained, however, the open chromatin
structure in general at Poll transcribed regions and not specifically at the telomeric regions of

the active ES as it would be the case for a potential 16mer-protein complex.

It was first shown in Drosophila and yeast that the formation of heterochromatin at the telomere
is involved in the silencing of telomere-proximal genes (Gottschling et al., 1990; Levis et al.,
1985). This phenomenon of the vigorous regulation of telomere-proximal genes compared to
more distant genes is termed telomere positioning effect (TPE) (reviewed in Blasco, 2007).
Due to the telomere-proximal position of the VSG, it has been suggested that TPE could play
arole for VSG-silencing in trypanosomes. The strongest support for TPE in trypanosomes was
provided by a study of Glover and Horn, where de novo assembled telomeres repressed Poll
transcription (Glover and Horn, 2006). It has been suggested that in yeast TPE is based on
the recruitment of the silent information regulator (Sir) proteins to the telomere via RAP1

(reviewed in Blasco, 2007). Then, Sir2 can deacetylate histone H3 and H4 at the telomere,
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which promotes the formation of heterochromatin. Controversially, the Sir2 homologue of
trypanosomes is involved in telomeric silencing, but not VSG-silencing (Alsford et al., 2007).
In contrast, RAP1 is essential for VSG-silencing as its depletion caused the derepression of
silent ESs (Yang et al., 2009). Likewise, down-regulation of TbPIP5-Pase, a potential
interaction partner of RAP1, resulted in the expression of silent ESs (Cestari and Stuart, 2015).
In both cases, ES-derepression had the most prominent effect at telomere-proximal regions,
suggesting that RAP1 and TbPIP5-Pase maintain the silent state of the ESs directed from the
telomere. Consequently, it seems possible that the 16mer motif and its binding protein could
be an antagonist of TPE mediated VSG-silencing in trypanosomes. Binding of the protein to
the motif could counteract the formation of heterochromatin at the telomeric end of the ES and
thus maintain its active state. The open chromatin structure would change once the interaction
of the 16mer motif and the protein is interrupted and the active ES would get silenced. The
survival of the individual parasite would depend on the degree of silencing as a VSG shortage
causes a rapid pre-cytokinesis arrest (Sheader et al.,, 2005). Only those parasites would
survive that have activated a previously silent ES and express a VSG at sufficient amounts.
This scenario is supported by several studies demonstrating that a reduced VSG supply, for
example due to VSG RNAI, the inducible block of ES transcription or the replacement of the
ES promotor, gives predominantly rise to in situ switchers (Aitcheson et al., 2005; Aresta-
Branco et al., 2015; Navarro et al., 1999).

To provide proof for the above made suggestions, it will be crucial to further validate that the
16mer motif serves as a DNA-binding motif. In a first step, the VSG 127 ORF coupled to the
VSG 3'UTR with 16mer substitutions should be integrated downstream of the endogenous
VSG. The UGA46-48ACU substitution seems to be the best choice as it was previously shown
that this substitution does not influence VSG expression, suggesting that the stem-loop
formation is not affected (diploma thesis Batram, 2009, PhD thesis 2013). If switching would
also occur in this case, it would demonstrate that the sequence of the 16mer motif is critical
for the recognition and not the formation of the stem loop. Nevertheless, it will be inevitable to
identify the interaction partner of the 16mer motif. Once potential 16mer-binding proteins are
identified, it will be essential to determine the switching frequencies and the underlying
switching mechanism upon depletion of the candidates. Moreover, analyses of the interaction
of the candidates with the 16mer motif for example using electrophoretic mobility shift assay
(EMSA) or chromatin immunoprecipitation (ChIP) will be necessary. The role of the ORF
coupled to the VSG 3'UTR also deserves further considerations. If a GFP with a defective
16mer was integrated downstream of VSG 221, the parasites still expressed the endogenous
VSG. In contrast, VSG 221 was completely down-regulated upon integration of the VSG 121
with a defective 16mer at the same loci. This could imply that the presence of a VSG ORF in

front of the 3'UTR with the defective 16mer could have a greater impact. This could be
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analyzed by deleting parts or the complete VSG 7127 ORF in the 121ESt,221ES cell line.
Moreover, it seems reasonable to try to rescue the 'defective 16mer phenotype' by integrating
a second VSG 3'UTR containing a functional 16mer downstream of the defective one. Though
several experiments have to be done to further investigate the role of the 16mer motif and its
potential interaction partner, this thesis provides the first evidence that the 16mer motif has a
dual role at the mRNA and DNA level. Besides being essential to stabilize the VSG mRNA, it

serves as a distinctive feature of the active ES, which is critical to maintain the active state.
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4.2 The control of the VSG expression

It was implied that a VSG homeostasis exists in trypanosomes as several studies showed that
VSG levels are balanced around wild type levels. When a second VSG was integrated in the
active ES, the expression levels of both added up to wild type VSG levels (100%) (diploma
thesis Fey, 2011; Munoz-Jordan et al., 1996). Down-regulation of one of the VSGs via RNAI
caused an increased expression of the other VSG (Smith et al., 2009). The VSG amount was
also maintained at wild type level when the endogenous VSG was down-regulated upon
inducible overexpression of an ectopic VSG with its wild type UTRs (Batram et al., 2014). It
was implied that the VSG controls its own expression as only high ectopic VSG expression
levels were sufficient to trigger the down-regulation of the endogenous VSG (PhD thesis
Batram, 2013). Batram suggested that this VSG homeostasis is achieved via a trans-regulation
mechanism. Trypanosomes would have to detect and measure the VSG levels to ensure that
such a mechanism would work. For this, all of the 2,000 different VSG variants would have to
be recognized as VSGs. As the variants differ greatly in their sequence, it was assumed that
the two conserved motifs in the VSG 3'UTR (the 8mer and the 16mer) could represent a
distinctive feature to identify VSG transcripts (PhD thesis Batram, 2013; Berberof et al., 1995;
Cross et al., 2014). It was proposed that the VSG mRNA levels are controlled by 'counting' the
VSG 3'UTR and thus the VSG homeostasis is regulated in trans (PhD thesis Batram, 2013).

The inducible expression of a GFP reporter with VSG 3'UTR provided support for this
hypothesis as its induction caused a transient down-regulation of the endogenous VSG (PhD
thesis Batram, 2013). However, the results were ambiguous as high GFP levels are thought
to be toxic and the GFP overexpression caused the death of the parasites (PhD thesis Batram,
2013; Liu et al., 1999). For this reason, this thesis further investigated if VSG levels in
trypanosomes are balanced via the proposed trans-regulation mechanism. First, a GFP
reporter coupled to a VSG 3'UTR was constitutively expressed from the tubulin locus at low
non-toxic levels (GFP"?4g5). Then, a second VSG with its wild type 3'UTR was overexpressed
in this cell line. If a frans-regulation mechanism exists in trypanosomes, overexpression of the
ectopic VSG should not only cause the down-regulation of the endogenous VSG 221 but also
of the GFP. The levels of the endogenous VSG decreased upon overexpression of the ectopic
VSG just as previously reported (Batram et al., 2014; bachelor thesis Henning, 2012). A
decrease in the GFP protein levels by 50-75% was also observed within 24 hours of VSG
overexpression, suggesting that the expression was regulated in trans. To control if the down-
regulation of the GFP protein was linked to the VSG 3'UTR, it was replaced by a PFR 3'UTR
(GFP"“’oer) and the ectopic VSG was overexpressed in the generated reporter cell line.
Preliminary quantifications of the GFP signal upon induction of VSG overexpression indicated

that the GFP expression was differently affected within the analyzed clones and thus did not

127



4 Discussion

provide unambiguous results. Nevertheless, the comparison of the GFP protein levels upon
induction of VSG overexpression showed that the GFP expression was influenced to a greater
extent when the gene was coupled to a VSG 3'UTR. Consequently, these results support our
hypothesis that a trans-regulation mechanism of the VSG based on its 3'UTR is present in

trypanosomes.

However, the following points need to be considered when interpreting the data: First,
quantifications of the GFP signal in the cell line with the PFR 3'UTR could be error prone as
GFP protein levels were at the detection limit. Second, the presented preliminary data of five
clones of the cell line with the PFR 3'UTR are based on a single analysis. For these reasons,
it will be crucial to conduct the experiments in replicates and to use additional methods to
quantify the GFP levels. Third, the attenuation of the active ES due to the overexpression of
VSG 121 caused in monomorphic trypanosomes growth retardation and subsequently a
reduction of the RNA-synthesis (Batram et al., 2014). In the present study, the VSG 118
overexpression system was used as only a minor deceleration in growth was observed in
previous studies, suggesting that no shut-down of the RNA synthesis occurs (bachelor thesis
Henning, 2012). Nevertheless, it will need to be ensured that the down-regulation of the GFP
is not the consequence of a global down-regulation of transcript levels, especially as the clones

analyzed in this study did not slow growth identically.

In the study of Batram, the VSG was not completely silenced and the down-regulation was
only transient upon overexpression of a GFP with VSG 3'UTR (PhD thesis Batram, 2013).
Similarly, the cytosolic GFP expressed with the VSG 3'UTR did not completely decrease and
the minimal expression was observed within 24 hours of VSG 118 overexpression in the
present study. This could indicate that either a threshold cannot be undershot via the proposed
trans-regulation mechanism or that the mechanism operates at a certain compartment of the
cell. Batram suggested that the VSG trans-regulation mechanism could operate at the ER as
the nascent VSG polypeptides are thought to be co-translationally translocated into this
organelle (reviewed in Manna et al., 2014). This hypothesis was supported by the
overexpression of a GFP with VSG 3'UTR that was coupled to an ER-import signal (LS:GFP'!).
The endogenous VSG 2217 mRNA decreased to 20% within two hours of induction of GFP
overexpression, but within four hours the cells started to die. Thus, it remained unclear if the
VSG was down-regulated due to (i) a stress-response of the ER (ii) the high and toxic GFP

levels or (iii) a trans-regulation mechanism operating at the ER.

To investigate further if the VSG trans-regulation mechanism operates at the ER, the GFP with
VSG 3'UTR was coupled to an ER import signal and constitutively expressed from the tubulin
locus in the present study (LS:GFP",95). While the majority of clones expressed almost 4-fold
less of the ER localized GFP compared to the cytosolic GFP with the same UTRs, one clone

expressed the GFP to a similar extent. The different GFP protein levels of the transfectants
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could reflect clonal variations as it is known that expression levels can vary when a construct
integrates in different regions within the tubulin gene array
(http://tryps.rockefeller.edu/trypsru2_genetics). Another explanation could be that the LS:GFP
was secreted to the medium with different efficiencies as other studies showed that ER-
imported proteins without retention signal can get exocytosed (Bangs et al., 1996).
Consequently, it remains elusive why different intensities of the LS:GFP were observed
between the clones and why the signal is decreased in the majority of the clones. Therefore,
VSG 118 was overexpressed in one clone displaying a weak LS:GFP signal and in the one
with the strong signal. If the VSG levels are controlled by 'counting' the VSG 3'UTR at the ER,
the ER targeted GFP should decrease compared to the cytosolic GFP either faster or to a
greater extent or both upon induction of VSG overexpression. However, at the protein level no
clear differences were observed during VSG 118 overexpression in all cell lines. The strong
LS:GFP signal was comparably down-regulated to the cytoplasmic GFP (LS:GFP 22%; GFP
26%) and the weak GFP signal remained at approximately 50% of the non-induced levels. This
suggests that the potential VSG trans-regulation mechanism does not operate at the ER.
Unfortunately, the GFP was barely visible at the microscope and could not be detected using
Western blot analyses when the GFP with PFR 3'UTR was targeted to the ER. Thus, we could
not control if the regulation of the ER targeted GFP upon VSG overexpression was also specific
for the VSG 3'UTR.

In summary, the results support the hypothesis that the VSG levels could be balanced using a
trans-regulation mechanism. A similar mechanism was proposed by Glover and colleagues,
who integrated two reporter genes with the same UTR in immediate vicinity and observed a
repression of the telomere-proximal gene (Glover et al., 2016). However, this observation is
clearly distinct from our findings for three reasons: (i) the reporter genes were not coupled to
a VSG 3'UTR but to an aldolase 3'UTR; (ii) the regulation occurred when the reporters were
integrated in close vicinity on the same chromosome, suggesting a cis-regulation; (iii) down-
regulation of the telomere-proximal reporter was complete. In contrast, in the present study
regulation occurred between different genomic loci dependent on the VSG 3'UTR. Therefore,
we propose that VSG levels are detected and measured by 'counting' VSG mRNA molecules
using the VSG 3'UTR. However, that such a mechanism operates at the ER could not be
further validated as independent of the place of translation the GFP expressed with VSG 3'UTR
was down-regulated in a similar manner. Thus, the counting mechanism seems to be based
rather on a cytosolic RNA-binding protein than an ER-membrane bound one as previously

speculated.

How could a cytosolic RNA-binding protein 'count' VSG transcripts and thereby balance the
VSG expression? RNA-binding proteins have various functions in trypanosomes for example

in mMRNA decay, stability or translation initiation and thus can enhance translation (reviewed in
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Clayton, 2013). Consequently, when two VSGs are transcribed, the transcripts bound to the
protein could be translated more often. Thereby, the VSG homeostasis would shift towards the
expression of the protein bound transcripts and the VSG would control its own expression.
However, a limited amount of the RNA-binding protein would have to be present in the cell to
ensure that a basis VSG level and not an excess of VSG is produced. An RNA-binding protein
could for example increase the translation when its binding enhances the stability of the mRNA
molecule directly or prevents the binding of proteins promoting degradation (Archer et al.,
2009; Droll et al., 2013). Alternatively, association of the protein and the transcript could be
essential for translation or promote its initiation as indicated for Alba3 in trypanosomes (Mani
et al., 2011). In all cases, transcripts bound to the limited protein would be translated more
often than the unbound ones and thus the VSG levels would be balanced. Nevertheless, an
additional layer of control would have to be present to ensure that during an in situ switch one

VSG is completely down-regulated once a second ES is activated.

The results so far suggest that indeed an RNA-binding protein increases the stability of the
VSG mRNA molecules. First, ectopic VSG overexpression caused the down-regulation of the
endogenous VSG at the mRNA and protein level. Second, the transcripts of the endogenous
VSG 221 were transiently down-regulated upon overexpression of a GFP with VSG 3'UTR
(PhD thesis Batram, 2013). Further evidence could be provided by measuring the GFP
transcript levels upon induction of VSG 118 overexpression in the cell lines generated as part
of this study. For this purpose, the best method would be the highly sensitive Affymetrix system
as already single mRNA molecules within single cells can be detected. A potential recognition
motif for an RNA-binding protein is the 8mer/16mer RNA stem-loop, as mutations causing a
deletion or destruction of the hairpin caused a 10-fold decrease in VSG expression (diploma
thesis Batram, 2009, PhD thesis 2013; Berberof et al., 1995). In contrast, substitutions within
the 16mer, which retain the loop formation, did not affect the VSG expression levels. This
suggests that not the primary sequence of the 8mer or 16mer is recognized by an RNA-binding
protein, but the mRNA stem-loop (reviewed in Marzluff et al., 2008). We speculate that in
trypanosomes a protein recognizes the RNA-stem loop in the VSG 3'UTR. lIts binding to the
cytosolic VSG transcripts increases their stability and thus balances VSG expression at a basis
level in trans (as discussed above). However, to prove the made suggestions it will be
inevitable to identify the RNA-binding protein. One promising approach could be the MS2-
BioTRAP method, where the mRNA of interest is tagged with a MS2 stem-loop and a tagged
bacteriophage MS2 protein is co-expressed in the cell (Tsai et al., 2011). The tagged MS2
protein will tightly associate with the MS2 stem-loop and thus allow the affinity purification of

the RNA-protein complexes.
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4.3 The dynamic regulation of the ES during in situ switching

The attenuation of the active ES due to the overexpression of an ectopic VSG caused a
prolongation of the G1-phase of the cell cycle and thus growth retardation in monomorphic
trypanosomes (PhD thesis Batram, 2013; Batram et al., 2014). The VSG overexpressors with
an attenuated ES had an enhanced developmental competence towards triggers for PCF
development. However, this state was reversible as the VSG overexpressors resumed growth
when the old ES was reactivated. For this reason, it was considered that the VSG
overexpressors reflect an intermediate stumpy-like stage, which can either develop to the PCF
in the presence of the appropriate triggers or reenter the cell cycle as slender (sl) parasites.
However, the experiments were conducted with monomorphic trypanosomes, which have lost
the capacity to complete the parasite cycle as they cannot differentiate anymore to the stumpy
(st) stage (reviewed in Fenn and Matthews, 2007). Therefore, it remained unexplored how and
to what extent ES-attenuation and st development are linked. For example, another
explanation for the obtained results could be that ES-attenuation is an alternative trigger for st
development, which could not be completed as the used strain was developmentally deficient.
These possibilities were further investigated in this thesis using the VSG overexpression
system in a pleomorphic trypanosome strain that reacts to the stumpy induction factor (SIF)

with st differentiation and can complete the parasite cycle.

Pleomorphic trypanosomes displayed a surprising phenotypic plasticity upon induction of VSG
overexpression as two distinct phenotypes were observed. In some clones, the parasites
doubled only one time before growth was stalled (growth-arrested), while in others VSG
overexpression only minimally affected the doubling time (proliferating). This was clearly
different from the monomorphic cells, where VSG 121 overexpression exclusively caused
growth retardation. Moreover, the phenotypes were not VSG specific as overexpression of
another variant also caused the distinct growth responses: growth-arrested and proliferating.
At first sight, the growth-arrested clones were reminiscent to the monomorphic VSG 121
overexpressors. In both cases, the active ES was attenuated, which caused an accumulation
of cells in the G1-phase of the cell cycle and thus growth retardation. However, the majority of
pleomorphic VSG overexpressors were in contrast to the monomorphic cells irreversibly
arrested as only one in 10,000 growth-arrested parasites could escape the growth retardation.
The different phenotypes of the pleomorphic VSG overexpressors were not caused by a
deficient overexpression system or by different kinetics in the VSG coat exchange. In both
cases, the ectopic VSG was highly expressed within eight hours of induction and the
endogenous VSG was down-regulated. Instead, differences in the attenuation of the active ES
were responsible for the distinct growth phenotypes of pleomorphic VSG 121 overexpressors.
In growth-arrested clones, a fast attenuation of the complete active ES occurred as the ES-

activity decreased to 20% within 24 hours. In contrast, in proliferating clones the ES-activity
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remained above 50% within 48 hours of VSG 121 overexpression. Thus, the irreversible arrest
in the G1-phase of the cell cycle was triggered once the ES-activity fell below a critical
threshold, whereas the down-regulation of the endogenous VSG was not sufficient. We
conclude that one or more ESAGs are essential to support growth and that the parasites arrest

in the cell cycle when an ESAG shortage occurs.

These results also showed that the down-regulation of the endogenous VSG was independent
of the transcriptional status of the ES. In proliferating VSG 121 overexpressors, the ectopic
VSG dominated the surface for many generations, while the endogenous one was silenced
and the ES remained active. Thus, the VSG of the surface coat does not have to originate from
the active ES and the ES-resident VSG can be silenced without complete ES shut-down. This
suggests that distinct mechanisms are responsible for VSG- and ES-silencing and that these
mechanisms can be uncoupled. This questions the role of the expression site body (ESB), an
extranucleolar accumulation of Poll at the active ES. It has been suggested that the ESB is
essential for the monoallelic transcription of the active ES as it excludes the silent ESs
(Landeira and Navarro, 2007; Navarro and Gull, 2001). However, the results in this thesis
showed that a VSG can be transcribed in a sufficient amount outside of the ESB. The situation
in the presented experiments was not a natural one, but we suggest that it corresponds to a
newly activated ES during an in situ switch. This leads to the question whether the ESB would
release the old ES during an in situ switch when the endogenous VSG gene is silenced. The
presented results indicate that this does not have to occur as in the proliferating clones the
endogenous VSG was down-regulated, while the active A1.1 ES remained open. This implies
that the ESB did not release the A1.1 ES and thus suggests that the ESB rather marks the

active ES as physical unit than controlling monoallelic expression of the VSG.

In a genetic screen for defects in monoallelic expression, recently the factor VSG exclusion 1
(VEX1) was identified as a regulator of ES transcription (Glover et al., 2016). This factor
accumulates at the active ES in the vicinity of the ESB and is duplicated during the cell cycle.
Interestingly, in a small proportion of the cells also two VEX-1 foci were detected during the
G1-phase of the cell cycle. A simultaneous expression of both VSGs was observed in some
clones when Glover and colleagues assembled a telomere-mediated chromosome-
fragmentation construct containing another VSG gene within the genome of trypanosomes. In
these cases, an increase in the number of cells displaying two VEX-1 foci was observed, while
only one ESB was present. These findings are in accordance with our conclusion that two ESs
can be active at the same time, whereby one provides the ESAGs and the other the VSG. This
questions the commonly accepted hypothesis that only one ES is active at any given time as

this was based on the detection of a single VSG variant on the surface of the parasites.

The results demonstrate further that during an in situ switch the ES transcript levels would

determine whether the cells keep proliferating or arrest in the cell cycle. However, it remained
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unclear what determines the level to which the ES-activity is down-regulated upon VSG
overexpression. Our data suggest that the reactivity of the ES is heritable as the different
phenotypes upon VSG overexpression were reproducible for more than one week, reflecting
20 parasite generations. Thus, the different phenotypes could mirror an initial phenotypic
plasticity in the capability to down-regulate the ES-activity, which could to our knowledge only
be explained by epigenetic modifications. Chromatin modifying enzymes were shown to play
an important role during switching and monoallelic expression (reviewed in Duraisingh and
Horn, 2016; reviewed in Figueiredo et al., 2009). It was previously shown in monomorphic VSG
overexpressors, that in the absence of the histone methyltransferase DOT1B, which
trimethylates histone H3, VSG overexpression-induced ES-attenuation is prevented (Batram
et al., 2014). In this thesis, no differences in the trimethylation levels between proliferating and
growth-arrested clones could be detected using Western blot analyses (chapter 7.1 Figure 50).
This suggests that the proliferating clones are no natural DOT1B knock-out cells and that the
methyltransferase is still functional. Nevertheless, as the trimethylation of all histone H3s is
detected in the Western blot analyses, it remains possible that differences in the trimethylation
levels of the ESs are responsible for the different ES-activities upon VSG overexpression.
Alternatively, the ES could be differently affected in the clones due to the leaky VSG 121
expression in the non-induced cells. Though the latter case seems unlikely as the clones had

similar leaky VSG 121 expression levels, it can formally not be excluded.

That an initial phenotypic plasticity in the ES-reactivity could cause the different phenotypes
upon VSG overexpression is supported by the high adaptive potential of the ES-activity.
Limiting dilutions demonstrated that one in 10,000 trypanosomes escaped ES-attenuation
induced cell cycle arrest. In contrast to the majority of the growth-arrested VSG 121
overexpressors, these parasites could reenter the cell cycle and thus caused the outgrowth of
the culture. Growth analyzes suggested that these escapers also displayed an initial phase of
growth retardation, which could be the result of a prolongation of the G1-phase of the cell cycle
caused by reduced ESAG levels. We assume that the ES-activity of these cells with a
prolongated G1-phase can either drift towards ES-attenuation and growth arrest or can be
rescinded to growth supporting levels allowing the reentry into the cell cycle. However, the
cells did not respond to VSG 121 overexpression with growth arrest anymore once they have
escaped ES-attenuation as demonstrated by the re-induction experiments. This suggested that
the escapers could not down-regulate the ES-activity any longer to levels causing a
prolongation of the G1-phase and thus the ES-reactivity was changed. Such changes could
be caused by alterations in epigenetic modifications as they can determine the transcriptional
status of DNA sections. Upon removal of tetracycline, the surface of the escapers was
dominated by the endogenous VSG within one week. However, the ectopic VSG dominated

the surface again upon the re-addition of tetracycline for 24 hours, supporting the hypothesis
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that the presence of the second VSG interferes with the expression of the endogenous one
(discussed in chapter 4.2). In accordance with this, the endogenous VSG remained silenced
in the escapers in the constant presence of tetracycline, whereas the ES had to be rescinded
to growth supporting levels. Thus, the ES-activity could be dynamically regulated while the
VSG-silencing was efficiently maintained. This further supports the hypothesis that the two

processes of ES-and VSG-silencing are mechanistically distinct.

In summary, the presented results show that ES-attenuation can be uncoupled from VSG-
silencing and indicate that both process are most likely mechanistically distinct. While VSG-
silencing seems to adopt the principle of 'all or nothing', the regulation of the ES is highly
dynamic. This implies a surprising capability to regulate the transcription of the active ES, when
a new one is turned on during an in situ switch. We propose that the ES-activity can have three
states during an in situ switch (Figure 44): (1) a mildly down-regulated ES-activity supporting
growth; (2) ES-attenuation causing growth arrest; (3) an intermediate state of ES-activity

provoking a prolongation of the G1-phase, which drifts towards either ES-attenuation or

reactivation.
Figure 44: Model of the dynamic regulation
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This highly dynamic way of ES-regulation during an in situ switch would provide a high flexibility
for the parasites. We can only speculate about the biological advantages of this state, but it
could be beneficial in several situations for the parasite. Trypanosomes can be found in a wide

range of hosts as the tsetse fly vector feeds on various species and transmits the parasites
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among them. When metacyclic trypanosomes are transmitted to the host, they express a
metacyclic VSG (mVSG) from a metacyclic ESs (mES) without any ESAGs (Pedram and
Donelson, 1999). Subsequently, the expression is switched to an ES containing ESAGs, when
the metacyclic parasites differentiate to the BSF stage in the mammalian host. ESAGs derived
from different ESs support growth in different host species, suggesting that the activation of a
certain ES is advantageous for the survival within a certain species (Bitter et al., 1998;
reviewed in Pays, 2006; reviewed in Pays et al., 2001; Van Luenen et al.,, 2005).
Trypanosomes are not only heterogeneously distributed in the circulatory system of their host
but also invade different organs, tissue spaces and fat (Capewell et al., 2016; Losos and lkede,
1972; Trindade et al., 2016; Turner et al., 1986). Knowing that different ESAGs are beneficial
for the survival in certain hosts, it is possible that they could also provide advantages for the
survival in different tissues. Thus, the uncoupling of VSG and ES transcription could allow the
parasites to probe for the most advantageous ES once they are transmitted and during every
in situ switch. Besides this, the flexibility of the ES-activity could be a considerable advantage
in late infections, where the amount of cells expressing so called mosaic VSGs increases,
which are assembled from at least two different VSGs or VSG pseudogenes (Marcello and
Barry, 2007). Up till now, it is not proven if mosaic VSG genes are formed within active or silent
ESs and how they are controlled for functionality (Marcello and Barry, 2007). However, the

transient expression of two ESs could allow the parasites to check for VSG functionality.

The aforementioned scenarios have considered the advantages of the dynamic ES regulation
during an in situ switch in general including successful switching events. During an
unsuccessful in situ switch (newly activated ES is non-functional), the dynamic ES regulation
could also allow the parasites to stall ES-attenuation before the transcriptional status falls
below the critical threshold to induce cell cycle arrest. Thus, the old ES would remain active,
the parasites could keep proliferating and their survival would be ensured. Nevertheless, even
if the ES-activity falls below the critical threshold, the ES-induced irreversible cell cycle arrest

is in fact not a dead end for the trypanosomes.
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4.4 The function of the transcriptional status of the active ES during

stumpy development

So far, the dynamics of ES regulation during in situ switching and its advantages for the
parasites were discussed. However, once the ES-activity fell below a certain threshold an
ESAG shortage occurred and the parasites irreversibly arrested in the G1/0-phase of the cell
cycle. At a first glance, this is a dead end for the trypanosomes but the experiments in this
thesis unambiguously demonstrate that terminally growth-arrested VSG overexpressors are

bona fide stumpy (st) parasites.

Upon VSG overexpression-induced ES-attenuation, the flagellum of the pleomorphic cells
shortened and the parasites adapted a stout appearance just like density-induced st cells
(reviewed in MacGregor et al., 2012; reviewed in Rico et al., 2013). They arrested in the G1-
phase and expressed the GFP:PAD1yrr reporter, which is exclusively transcribed upon
developmental transition from the sl to st stage (Dean et al., 2009; MacGregor and Matthews,
2012; Shapiro et al., 1984). Besides this, the mitochondrion was pre-activated like in density-
induced st parasites: the organelle elaborated and the expression of the mitochondrial protein
LipDH increased (Brown et al., 1973; reviewed in Rico et al., 2013; Tyler et al., 1997). Thus,
in every single analyzed aspect of st development, the growth-arrested VSG overexpressors
were indistinguishable from density-induced st parasites. For this reason, the growth-arrested
pleomorphic VSG overexpressors were termed ES-induced st cells. It was further
demonstrated that ES-induced st parasites differentiate to the PCF in vitro with identical
kinetics as density-induced ones (Brun, 1981; Ziegelbauer et al., 1990). Moreover, infection of
tsetse flies with ES-induced st parasites verified that these cells can passage through the
tsetse fly and are able to complete the parasite cycle. Consequently, ES-attenuation does not
cause the differentiation of a st-like stage with enhanced developmental competence as the
results of monomorphic VSG overexpressors indicated (PhD thesis Batram, 2013; Batram et
al., 2014). Instead, this thesis ascertained that ES-attenuation causes the development of bona

fide st cells, which can complete the parasite cycle.

The only trigger known to induce st development in nature was so far the elusive stumpy
induction factor (SIF). This factor is secreted by the trypanosomes and accumulates with rising
parasitemia (Reuner et al., 1997; Vassella et al., 1997). A signaling cascade is initiated once
a threshold in its concentration is reached, which triggers the development of st cells. Thus, st
development is initiated in a cell density dependent manner using a quorum sensing like
mechanism (Reuner et al., 1997). During st differentiation an increase in the intracellular cAMP
level can be detected and developmental transition can be induced in vitro by the addition of

hydrolysable and membrane-permeable cAMP analogues (Vassella et al., 1997). Therefore, it
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was generally accepted that cAMP is the second messenger in the SIF signaling cascade until
evidence arose that its hydrolysis products AMP or adenosine transmit the signal instead
(Laxman et al., 2006). Besides the chemical nature of SIF and its imminent second messenger,
also the pathway per se is still not completely understood (reviewed in Mony and Matthews,
2015). However, the presented results demonstrate now that a SIF-independent way exists to
induce the development of fly transmissible st parasites. ES-attenuation caused the
development of bona fide st parasites within 24 hours of induction independent of the cell

density and hence critical SIF concentration.

As ES-attenuation could induce st development independent of SIF, we asked if and how the
triggers could interact. When the parasites were simultaneously exposed to 0.25x SIF or
200uM pCPT-cAMP and ES-attenuation, a nearly twofold increase in the number of st cells
occurred compared to the sum of the triggers alone. Thus, the effect of SIF and ES-attenuation
was not simply additive, but cooperative. The most likely explanation for the cooperative effect
would be that the pathways intersect at some point in the signal transduction cascade and thus
st development was triggered in one cell by SIF and ES-attenuation. In this case, ES-
attenuation has to trigger st development downstream of the quorum sensing factor as the SIF
signal is extracellular (Reuner et al., 1997; Vassella et al., 1997). If the conclusion that ES-
attenuation acts downstream of SIF along the same signaling pathway is correct, a mild down-
regulation of the ES-activity should prime the cells for the signals of the SIF pathway. This was
tested by the treatment of proliferating VSG 121 overexpressors, which have a reduced ES-
activity that does not affect growth, with triggers for st development. The proliferating VSG 121
overexpressors with a reduced ES-activity responded faster towards the trigger for st
development than the non-induced cells. Thus, a reduction in ES transcription, that was not
sufficient to cause st development alone, primed the trypanosomes for the SIF signal. This
substantially reinforced our conclusion that SIF and ES-attenuation feed into the same

pathway.

Interestingly, it is known that during SIF-induced st development the active ES is silenced
(Amiguet-Vercher et al., 2004). This was assumed to be part of the general transcriptional
down-regulation during st development, which is thought to occur as an adaption to the cell
cycle arrest (Amiguet-Vercher et al., 2004; reviewed in Pays, 2005). However, the presented
results show that both, ES-attenuation and SIF, are triggers for st development and that they
can act in a cooperative manner. While ES-attenuation alone is sufficient to trigger st
development, a decrease of the ES-activity primes trypanosomes for the SIF signal. This
suggests that the transcriptional status of the ES could be part of the SIF pathway and that st
development is in general triggered once an ESAG shortage occurs. This hypothesis is
supported by the identification of TbISWI, a chromatin remodeler with a function in ES

regulation, in a screen for components of the SIF pathway (Hughes et al., 2007; Mony et al.,
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2013). We propose a model, which integrates the transcriptional status of the active ES for st
differentiation (Figure 45). We assume that developmental transition is triggered once ES-
activity falls below the critical threshold, which can be induced during an in situ switch, SIF or

the interaction of both triggers.

Figure 45: Model of the cooperative effect of

sl ESAGs VsG 1 )
| O/ — SIF and ES-attenuatl'or? for stumpy
> development. The transcriptional status of the
; ; active ES decreases either during an in situ
VSG 2 SIF switch or due to the activation of the SIF
\4 \4 pathway. If a new VSG (VSG 2) is expressed,
ES1 attenuation activation of the SIF pathway  the attenuation of the old ES (ES 1) is triggered.

Thus, the ES transcripts decrease and become
; s limiting if the new ES is defective. This causes
\ 4 \ 4 the arrest of the parasites in the G1/0-phase of
the cell cycle and, subsequently, the
differentiation to the st stage. The active ES (ES
1) is also silenced during SIF-induced st

ES 2 defective ES1 attenuation

ES transcripts become limiting

G1/0 arest development. We assume that the resulting

ESAG shortage is part of the SIF signaling

L cascade, which triggers st differentiation.

differentiation Consequently, ES-attenuation during an in situ

@ switch and SIF would act in a cooperative
manner.

PAD1

The comparison of SlF-treated non-induced cells of potentially 'growth-arrested’ and
potentially 'proliferating' VSG 121 overexpressors supported the previous notion that the
different growth phenotypes could be caused by an initial phenotypic plasticity. While the
majority of non-induced cells of a potentially 'growth-arrested' clone responded to SIF with st
development within 28 hours of treatment, less than 10% of the non-induced cells of a
potentially 'proliferating' clone developed to the st stage when treated in a similar way. This
could reflect either a different capability to attenuate the ES or an initial difference in the ES-
activity between the clones as st development is triggered once the ES-activity falls below a
critical threshold. To investigate these hypotheses, the transcriptional status of the ES has to
be compared in non-induced cells and during the course of SIF treatment. However, to provide
proof for the assumed initial phenotypic plasticity, it will be necessary to conduct limiting
dilutions with the parental cell line, then analyze the responsiveness of the resulting clones

towards SIF and determine their ES-activity.

ES-attenuation induces the development of bona fide st parasites, but how relevant would this
mechanism be during an infection with trypanosomes? St development will be induced once

the ESAGs level drop below a certain level. This could happen when ES transcription is
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switched to a new but non-functional ES during an in situ switch. The ES would be non-
functional if one or more ESAGs are missing or if they are defective. ESs are large
transcriptional units, which are subjected to frequent recombination events e.g. the
recombinational change of the VSG via gene conversion or telomere exchange (reviewed in
McCulloch et al., 2015). This suggests that the telomeric ESs are prone to mutation, which
could affect their functionality and would contribute to 'unsuccessful switching' events.
According to the host range hypothesis, it is also possible that an ES is non-functional if the
ESAGs are not suitable for the survival within the respective host (Bitter et al., 1998; Van
Luenen et al., 2005).

In the monomorphic strain Lister 427 only 15 ESs are present, which would limit the capacity
of the parasites to conduct in situ switches (Hertz-Fowler et al., 2008). However, the number
of ESs was determined so far only in this strain and is thought to vary between different
subspecies as well as strains (Hertz-Fowler et al., 2008). Thus, the capacity to conduct in situ
switching could be elevated in the natural situation. In addition, an in situ switch most likely
does not only happen between ESs but also between an ES and a metacyclic ES (mES). This
was indicated by studies demonstrating that depletion of certain proteins or sequences caused
derepression of BSF and metacyclic VSGs (Glover et al., 2016; Hovel-Miner et al., 2016; Pena
etal., 2014; Schulz et al., 2015). MESs are monocistronic transcription units that do not contain
any functional ESAGs but only a metacyclic VSG (Pedram and Donelson, 1999).
Consequently, the switch to a mES would be unsuccessful in any case as an ESAG shortage
could not be functionally completed. Thus, switching to mESs would as well contribute to the
rate of unsuccessful switching events. As it is suggested that at least five mESs are present in
the genome of trypanosomes, unsuccessful in situ switching could occur between

approximately 20 ESs (Cross et al., 2014; Turner et al., 1988).

But how often would such an unsuccessful in situ switch happen? In general, pleomorphic
trypanosomes have a higher switching frequency (102-10- switches per cell per generation)
than the monomorphic cells (104-10° switches per cell per generation) (Aitcheson et al., 2005;
Turner and Barry, 1989). Thus, it seems likely that the overall switching frequency, including
successful and unsuccessful switching, is higher during non-artificial infections. However, to
which extent each switching mechanism (in situ switchers, gene conversion and telomere
exchange) contributes to the switching frequency is controversial as the proportion of in situ
switching ranged from 2% to 77% between different studies (Aitcheson et al., 2005; Devlin et
al., 2016; Kim and Cross, 2010, 2011). As only the rate of the successful switching events can
be detected, the rate of all in situ switching events would always be underestimated. Anyway,
ES-induced st formation would generate a constant background rate of st differentiation, which

is independent of the cell density and SIF, as VSG switching occurs stochastically.
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In fact, such a SIF independent rate for st development has been previously proposed by Savil
and Seed. They showed that a density-dependent model for st development, like it would be
the case for the SIF-induced st formation, can explain several aspects of the experimental data
sets (Savill and Seed, 2004). However, st parasites are also present within the population,
when the SIF concentration is below its critical threshold (MacGregor et al., 2011; Savill and
Seed, 2004; Trindade et al., 2016). As this cannot be explained by a density-dependent model
alone, a stochastic background rate of st development was proposed. This is in accordance
with the presented results as st development was observed in 1-5% of the population although
the parasites were cultivated at low densities. Given that VSG switching occurs stochastically
and ES-attenuation is sufficient to induce st development, we presume that ES-induced st

development during unsuccessful in situ switching represents the proposed background rate.

Such a SIF independent stochastic background rate of st formation could explain how
transmissibility is ensured at low parasitemia. During trypanosome infections of natural hosts,
like goat or cattle, only a few parasites can be detected in the blood (Goodwin, 1970). In these
cases, the parasite secreted SIF should accumulate to effective concentrations only in tissue
spaces. A stochastic background rate of st development would guarantee developmental
transition also outside of tissue spaces at low parasitemia. Interestingly, it was recently shown
that sl parasites can re-invade the skin of their host and built a reservoir in this region while
parasitemia diminishes in the blood (Capewell et al., 2016). St parasites were observed in
variable proportions in this 'skin reservoir', which can be rather explained by a stochastic
background rate of st development than by SIF as a local accumulation of the quorum sensing
factor should cause st development in all parasites within the region. A constant background
rate would guarantee st development also at early time points of mammalian infections and

thus ensure re-transmissibility early on.

We conclude that the activity status of the ES is the interface of antigenic variation and
development, which links two key aspects for the persistence of trypanosomes: immune

evasion and transmissibility.
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5.1 Materials

5.1.1 Antibodies, fluorescent probes and dies

5 Materials and Methods

Table 3: Primary antibodies used for Western blot or protein dot blot analyses. Indicated are the names

of the used antibodies, the host species of the antibodies (organism), the used dilutions and references

for the antibodies (origin).

Antibody Organism Dilution Origin

Roche, Rotkreuz (CH),
anti-GFP Mouse 1:1,000-1:500  cat. No. 11814460001
anti-H3 Rabbit 1:10,000 (Gassen et al., 2012)
anti-H3 Guinea pig 1:5,000 (Dindar et al., 2014)
anti-H3K76me3 Rabbit 1:2,000 (Janzen et al., 2006)
anti-LipDH Rabbit 1:10,000 (Roldan et al., 2011)
anti-PFR (L13D6) Mouse 1:300-1:20 (Kohl et al., 1999)
anti-VSG AnTat1.1 (A1.1) Rat 1: 20,000 (Engstler and Boshart, 2004)
anti-VSG 121 Rabbit 1:1,000 (Batram et al., 2014)
anti-VSG 221 first bleed Rabbit 1:5,000 N. Jones, Wirzburg (DE)

Table 4: Secondary antibodies used for Western blot or protein dot blot analyses. Indicated are the

names of the used antibodies, the fluorophore they are conjugated with (IRDye800CW or 680LT), the
host species of the antibodies (organism), the used dilutions and references for the antibodies (origin).

Antibody Organism Dilution Origin
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Table 5: Primary antibodies used for immunofluorescence analyses. Indicated are the names of the
used antibodies, the host species of the antibodies (organism), the used dilutions and references for the
antibodies (origin).

Antibody Organism Dilution Origin

anti-EP TRBP1/247 Mouse 1: 500 gjgig?gs (Lg:,c\’lr)atories'
anti-PAD1 Rabbit 1:100 (Dean et al., 2009)

anti-PFR (L8C4) Mouse 1:20 (Kohl et al., 1999)

anti-vSG 121* Rabbit 1:500 N. Jones, Wirzburg (DE)
anti-VSG 118 Rabbit 1:500 M. Carrington, Cambridge (GB)
anti-VSG 221 Rabbit 1: 1,000 N. Jones, Wirzburg (DE)
anti-VSG 221 Rabbit 1: 500 (Figueiredo et al., 2008)
anti-VSG AnTat1.1 (A1.1) Rat 1: 4,000 (Engstler and Boshart, 2004)

* The antibody cross-reacted with VSG A1.1 in immunofluorescence analyses. Thus, the antibody was
depleted on fixed AnTat1.1 13-90 parasites. After controlling that the depleted antibody did not
recognize VSG A1.1 anymore, it was used for the shown immunostainings with the indicated dilution.

Table 6: Secondary antibodies used for immunofluorescence analyses. Indicated are the names of the
used antibodies, the fluorophore they are conjugated with, the host species of the antibodies (organism),
the used dilutions and references for the antibodies (origin).

Antibody Organism Dilution Origin
. ] Thermo Fisher Scientific,
anti-mouse IgG Alexa594 Goat 1:500 Waltham (USA), Cat. No. A11005
. ] Thermo Fisher Scientific,
anti-mouse IgG Alexa647 Goat 1:500 Waltham (USA), Cat. No. A21235
. . Thermo Fisher Scientific,
anti-rat IgG Alexa488 Goat 1:500 Waltham (USA), Cat. No. A11006
. . . Thermo Fisher Scientific,
anti-rabbit IgG Alexa594 Goat 1:500 Waltham (USA), Cat. No. A11012
Thermo Fisher Scientific,
anti-rabbit IgG Alexa647 Goat 1:500 Waltham (USA) Cat. No. 111-605-

003
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Table 7: Probes to visualize RNA molecules bound to a nitrocellulose membrane. Indicated are the
names of the used RNA probes and thus what kind of mRNA they recognize. Also, the fluorophore
conjugated with the probe (DY-682 or DY-782) and the sequences of the probes are given. All probes
had a stock concentration of 100 uM and were obtained from MW G-Biotech, Ebersberg (DE).

Name Fluorophore Sequence (5'-3')

18s rRNA DY-682 CAACCAAACAAATCACTCCACCGACCAAAA

Tubulin DY-782 ATCAAAGTACACATTGATGCGCTCCAGCTGCAGGTC
VSG 118 DY-682 TCTTTCTCTCCTGTTGCTTGGTTTTTCTGT

VSG 121 DY-682 GGCTGCGGTTACGTAGGTGTCGATGTCGAGATTAAG
VSG 221 DY-682 CAGCGTAAACAACGCACCCTTCGGTTGGTCGTCTAG
VSG AnTat1.1 (A1.1) DY-682 GTCTTTCTCTTCTTTCCCTTTGCACTTTTC

Table 8: Probes to visualize single mRNA molecules within individual cells (Affymetrix). Indicated are
the names of the used RNA probes and thus what mRNA they recognize. Also, the fluorophore
conjugated with the probe (red = type 1) and the sequences of the probes are given. All probes were
obtained from Affymetrix, Santa Clara (USA).

Name Fluorophore Sequence
ESAG6 red = type 1 antisense to nucleotides 107-1206 Tb427.BES40.3
GFP red = type 1 full antisense ORF

Table 9: Fluorescent dyes used in this work. Indicated are the names of the used fluorescent dyes and
the supplier they were obtained from (origin). Also, the used concentrations and what the dyes stain
(target) are given.

Fluorescent dyes Origin Concentration Target
MitoTracker Red Thermo Fisher Scientific, Waltham 50 nM mitochondrion
CMXRos (USA)

DAPI AppliChem, Darmstadt (DE) 1 pg/ml DNA

5.1.2 Buffers and solutions
DNA analyses

10x DNA loading buffer: 0.1 M EDTA (pH 8.0), 0.05% (w/v) bromphenol blue, 0.05% (w/v)

xylene cyanol, 40% (w/v) sucrose

Elution buffer: 10 mM TRIS-HCI (pH 8.5)

Extraction buffer: 10 mM TRIS (pH 8.0), 10 mM NaCl, 10 mM EDTA (pH 8.0), 0.5% (w/v) SDS
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TAE buffer: 40 mM TRIS, 40 mM concentrated acetic acid, 1 mM EDTA (pH 8.0)
TE buffer: 10 mM TRIS-HCI (pH 8.0), 1 mM EDTA (pH 8.0)

E. coli cultivation

Agar plates: 1.5% agar in LB-Medium, 100 pg/ml ampicillin

LB-Medium (for 1 1): 10 g Bacto-Tryptone, 5 g yeast extract, 10 g NaCl, pH 7.4 (autoclaved)

TSS buffer: LB Medium containing 10% PEG 3350, 5% DMSO, 50 mM MgCl.
Light microscopy analyses
8% (w/v) pFA: 8 g pFA, 100 ml 0.1 M Hepes (pH 7.2)

Gelatin solution 10% (w/v): type-A gelatine (from porcine skin, Sigma-Aldrich (St. Louis, USA))
in TDB, pH 8.0

Phosphate buffered saline (PBS): 10 mM NazHPO4, 1.7 mM KH2PO4, 137 mM NaCl, 2.7 mM
KCl, pH 7.4

Protein analyses
Blotting buffer: 25 mM TRIS, 192 mM glycine, 0.1% (w/v) SDS, 20% (v/v) methanol

Laemmli running buffer (1x): 25 mM TRIS, 192 mM glycine, 0.1% (w/v) SDS

Resolving gel buffer: 1.5 M TRIS-HCI (pH 8.8), 0.4% (w/v) SDS

Resolving gels:

12.5% (5 gels): 10 ml acrylamide/bis-acrylamide 30:0.8, 7.5 ml resolving gel buffer, 12.5 ml
ddH20, 100 pl 10% (w/v) APS, 20 yl TEMED

20% (5 gels): 16 ml acrylamide/bis-acrylamide 30:0.8, 7.5 ml resolving gel buffer, 6.5 ml
ddH20, 100 pl 10% (w/v) APS, 20 ul TEMED

Sample buffer (2x): 120 mM TRIS-HCI (pH 6.8), 20% (v/v) glycerol, 4% (w/v) SDS, 0.004%

(w/v) bromphenol blue, 2% (v/v) B-mercaptoethanol

Stacking gel buffer: 0.5 M TRIS-HCI (pH 6.8), 0.4% (w/v) SDS

Stacking gel (5 gels): 1.95 ml acrylamide/bis-acrylamide 30:0.8, 3.75 ml stacking gel buffer,
9.15 ml H20, 75 pl 10% (w/v) APS, 15 yl TEMED

Coomassie staining solution: 0.25 g/l Coomassie Blue R250, 10% (v/v) isopropanol, 5% (v/v)

acetic acid

Coomassie destaining solution: 10% (v/v) isopropanol, 5% (v/v) acetic acid
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RNA analyses

Denhardts solution (DEN, 50x): 1% (w/v) Ficoll 400, 1% (w/v) polyvinylpyrolidone, 1% (w/v)

bovine serum albumin (BSA)

Glyoxal solution: 75.4% (v/iv) DMSO, 21.5% (v/v) Glyoxal (deionised), 15 mM NaH;PO4
(pH 6.9)

Northern blot hybridization solution: 5x SSC, 5x DEN, 0.1% (w/v) SDS, 0.1% (w/v) tetrasodium
pyrophosphate, 0.01% (w/v) heparin

Northern blot washing solution: 0.1% (w/v) SDS, 0.1x SSC

RNA buffer (50x): 0.5 M NaH2PO4 (pH 6.9)

SSC (20x): 3 M NaCl, 0.3 M trisodium citrate, pH 7.0
Trypanosoma brucei cultivation

2x freezing mix: 80% (v/v) HMI-9, 20% (v/v) glycerol (sterile filtered, stored at -20°C)

HMI-9 medium (1x for 1 | or 1.6x for 0.625 1) after Hirumi (Hirumi and Hirumi, 1989) : 17.6 g

'Iscove’s modified Dulbecco’s medium' (IMDM, pH 7.5), 3 g sodium bicarbonate, 136 mg

hypoxanthine, 28.2 mg bathocuproine sulfonate, 14 pl B-mercaptoethanol, 39 mg thymidine,
100.000 U penicillin, 100 mg streptomycin, 182 mg cysteine and 10% (v/v) heat inactivated
fetal calf serum (FCS; Sigma-Aldrich, St. Louis, USA) (pH 7.5, sterile filtered, stored at -20°C)

HMI-9 medium containing 1.1% methylcellulose:

To prepare the methylcellulose, 11 g Me-cellulose (Cat. No. 94378-500G; Sigma-Aldrich, St.
Louis, USA) in 366 ml water were autoclaved in a 1 | bottle with a magnetic stirrer inside. Then,
the methylcellulose was stirred for at least 24 hours at 4°C until it became transparent. After
thawing a bottle of 1.6x HMI-9 (625 ml), the medium was poured into the prepared
methylcelluloses, stirred for at least 24 hours at room temperature and then stored at 4°C while

constantly stirring.

Trypanosoma dilution buffer (TDB): 20 mM Na:HPO4, 2 mM NaH:PO4 (pH 7.7), 20 mM
glucose, 5 mM KCI, 80 mM NaCl, 1 mM MgSOQs, pH 7.6 (sterile filtered)
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5.1.3 Equipment and devices
Cell culture

Airstream Class Il BSC

Amaxa NucleofectorTM 2b Device
CO2 Incubators

Bottle top filter unit

Neubauer chamber

Centrifuges, rotors and shakers

BioVortex V1

Centrifuge 6-16 K, rotors: 12169, 12170
Centrifuge Mikro 200

Centrifuge Z 216 MK, rotor: 220.87
Centrifuge Z 383 K

Shaker Certomat-S

Shaker KS-15

Shaker celltron

Stirrer

SpectrafugeTM Mini centrifuge

Chemicals
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Esco global, Hoyland (UK)

Lonza, Basel (CH)

Binder, Tuttlingen (DE)

Carl Roth, Karlsruhe (DE)
Marienfeld, Lauda-Kdnigshofen (DE)

Biosan, Riga (LV)

SIGMA Laborzentrifugen, Osterode (DE)
Hettich, Bach (CH)

HERMLE Labortechnik, Wehingen (DE)
HERMLE Labortechnik, Wehingen (DE)
B. Braun Melsungen, Melsungen (DE)
Edmund Buihler, Hechingen (DE)

Infors, Bottmingen (CH)

Phoenix Instrument, Garbsen (DE)

Labnet International, Edison (USA)

The used chemicals were obtained from Carl Roth (Karlsruhe, DE), AppliChem (Darmstadt,
DE) or Sigma-Aldrich (St. Louis, USA) if not other stated in the text.

Consumables

24 and 96-well tissue culture plates; cryo, falcon and Sarstedt, Nimbrecht, (DE)

PCR tubes; pasteur and serological pipettes.

Vented cell culture flasks

Circular (MN 615 @ 50 mm) and pleated filters

(MN 615 V2 @ 185 mm)
Cover slips and Eppendorf tubes
Steriflip and Steritop filter

Object and poly-L-lysine slides

DNA, RNA and protein analyses

Amersham Protran Supported 0.45 NC

Greiner Bio-One, Frickenhausen (DE)

Macherey-Nagel, Diren (DE)

A. Hartenstein, Wirzburg (DE)
Merck, Darmstadt (DE)

Thermo Fisher Scientific, Waltham (USA)

GE Healthcare, Little Chalfont (UK)
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Amersham Hybond-N
Bachofer UV-table, 302
GEL iX Imager

GeneRuler™ DNA Ladder mix
MiniFold dot blotter

Mini Protean® Tetra Cell
Odyssey Infrared Imaging System

PageRuler™ Prestained Protein Ladder
(10-180 kDa)

Primus 25

Storage Phosphor Screen

T-100 Thermal cycler
Tecan Infinite M200 NanoQuant

Transfer blot chamber

Enzymes
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GE Healthcare, Little Chalfont (UK)
Vilber Lourmat, Eberhardzell (DE)

Intas Science Imaging Instruments, Géttingen
(DE)

Thermo Fisher Scientific, Waltham (USA)
GE Heallthcare, Little Chalfont (UK)
Bio-Rad Laboratories, Munich (DE)
LI-COR Bioscience, Lincoln (USA)
Thermo Fisher Scientific, Waltham (USA)

PEQLAB Biotechnologie, Erlangen (DE)
GE Healthcare, Little Chalfont (UK)

Bio-Rad Laboratories, Munich (DE)
Tecan Group, Mannerdorf (CH)
A. Hartenstein, Wirzburg (DE)

All used enzymes (including CIAP, PNK, Klenow fragment, Phusion High-Fidelity DNA

Polymerase, restriction enzymes, T4-ligase) were obtained from Thermo Fisher Scientific

(Waltham, USA) if not other stated in the text.

Microscopes and cameras

DMI6000 wide-field microscope
Eclipse TS100 microscope
FACScalibur Flow Cytometer
iMIC

PCO Sensicam ge

Leica DFC 365 FX

Kits

Amaxa Basic Parasite Nucleofector Kit 1
CloneJET PCR Cloning Kit

Decalabel DNA labeling Kit

High Pure PCR Template Preparation Kit
NucleoBond PC 100

NucleoSpin Gel and PCR clean-up Kit
NucleoSpin Plasmid Kit

QuantiGene ViewRNA ISH Cell Assay Kit

Leica, Wetzlar (DE)

Nikon, Tokio (JP)

BD Biosciences, Franklin Lakes (USA)
FEI-TILL Photonics, Gréafelfing (DE)
PCO, Kelheim (DE)

Leica, Wetzlar (DE)

Lonza, Basel (CH)

Thermo Fisher Scientific, Waltham (USA)
Thermo Fisher Scientific, Waltham (USA)
Roche Diagnostics, Rotkreuz (CH)
Macherey-Nagel, Diren (DE)
Macherey-Nagel, Diren (DE)
Macherey-Nagel, Diren (DE)

Affymetrix, Santa Clara (USA)
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RevertAid First Strand cDNA Synthesis Kit Thermo Fisher Scientific, Waltham (USA)
RNase-Free DNase Set QIAGEN, Venlo (NL)
RNeasy Mini Kit QIAGEN, Venlo (NL)

5.1.4 Oligonucleotids

Table 10: Oligonucleotides used for PCR. Represented are the names of the oligonucleotides and their
sequences. Within the given nucleotide sequences small letters indicate added overhangs, bold letters
added restriction sites and capital letters the annealing sequence. Also, the restriction enzyme (RE)
recognizing the indicated restriction site is given as well as the sequence that can be amplified using
the primer. Abbreviations are explained below.

Name Sequence (5'-3") RE Anneals with
CB80 VSG121 3UTR gcttCCTCCTACCTAGCTACCTAC — Hindill VSG 121 3UTR
Hindlll rev

CB82 427.08.510 neu .

Hi o o aagcttATGAAAACCATAG Hindlll 427.08.510/490
CB83427.08.510neu JctACCGTCATACAAC Hindlll 427.08.510/490
Hindlll rev

g::;-, 121 3UTR fwd ttaattaattggatcTTAATTTTCC Pacl VSG 121 3'UTR
HZ2 oligo5d spliced -/ AGTTTCTGTACTAT Beul spliced leader
leader fwd

'::f oligo42 VSGall ccgggtaccGTGTTAAAATATATC Kpnl VSG 3UTR
HZ16 GFP ISCEI cgccaagctttagggataacagggtaatATGG Hindlll GFP

Hindlll fwd TGAGCAAGGGCGAG I-Scel

HZ30 M16 fwd ¢ cATGGCCGTGCACAGAGC ; VSG 121

HZ31 M16 rev attaa attaaTTAAAAAAGCAAGGCCACA Pacl VSG 121
HZ32121UTRHind o sAAGCTTCCTCCTACCT Hindlll VSG 121 3UTR

rev

HZ35 V8G221 UTR cgccACAAGCATTCTATACGTAAA  Mval269l  VSG 221 5UTR

Mva fwd

HZ43 M1.2 fwd 3 CGACTATACTTGCCTATTAC ; VSG 221
HZ47 PFR 3UTR Pacl - attaattggatcttaaCGCTGCGCTTAA  Pacl PFR 3'UTR
Space fwd

HZ48 PFR 3UTR ggcgaagcttTGATGCTTTATTGCT Hindlll PFR 3'UTR
Hindlll rev

JJ44 Act SUTRHind 4 2agcttGCTTATTTTATGG Hindlll actin 5'UTR

rev

CB, primer was designed by Christopher Batram; fwd, forward primer; HZ, primer was designed by
Henriette Zimmermann; JJ, primer was designed by Jamin Jung; rev, reverse primer; PFR, paraflagellar
rod; RE, restriction enzyme; UTR, untranslated region; VSG, variant surface gylcoprotein

149



5 Materials and Methods

5.1.5 Organisms
Bacterial strains

Escherichia coli (E. coli) Top 10

Genotype: F-mcrA A(mrr-hsdRMS-mcrBC) ®80lacZAM15 AlacX74 recA1 araD139
A(araleu)7697galU galK rpsL(StrR) endA1 nupG

Competent bacteria were generated using the method of Chung et al. as described below
(Chung et al., 1989).

Trypanosomes

Wild type strains

Following monomorphic parasites of the Trypanosoma brucei brucei strain Lister 427 were
used (Cross, 1975):

MITat 1.2 wild type (referred to as M1.2 WT)

Molteno Insitut Trypanozoon Antigen Typ 1.2, blood stream form (BSF), expressing
VSG 221 (also known as MITat1.2).

MITat 1.6 wild type (referred to as M1.6 WT)

Molteno Insitut Trypanozoon Antigen Typ 1.6, blood stream form (BSF), expressing
VSG 121 (also known as MITat1.6).

MITat1.5 wild type (referred to as M1.5 WT)

Molteno Insitut Trypanozoon Antigen Typ 1.5, blood stream form (BSF), expressing
VSG 118 (also known as MITat1.5).

Following pleomomorphic parasites of the Trypanosoma brucei brucei strain EATRO 1125

(serodeme AnTat1.1) were used (Delauw et al., 1985).
AnTat1.1 (referred to as A1.15S)

Antwerp Insitut Trypanozoon Antigen Typ 1.1, blood stream form (BSF), expressing
VSG AnTat1.1 (abbreviated as VSG A1.1).

Transgenic cell lines

MITat 1.2 13-90 (referred to as 13-90 or 221ES)

Trypanosomes of the monomorphic MITat1.2 wild type cell line were transfected with the
pLew13 (Addgene plasmid 24007, G. Cross) and with the pLew90 plasmid (Addgene
plasmid 24008, G. Cross). The first one encodes a T7 RNA-polymerase as well as a Tet-

repressor and the latter one a Tet-repressor under the control of T7-promotor.
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Consequently, MITat 1.2 13-90 parasites constitutively express a T7-RNA polymerase and
a tetracycline repressor (Wirtz et al., 1999). This enables the tetracycline inducible
expression of other transfected plasmids, if they are under the control of a Tet-operator and

a T7-promotor. Selection: 5 pg/ml hygromycin and 2.5 ug/ml neomycin (G-418).
MITat 1.2 SM

This cell line is based on the MITat 1.2 13-90 trypanosomes. The hygromycin resistance
cassette was deleted and thus the cell line is referred to as 'single marker' (SM). Selection:
2.5 pg/ml neomycin (G-418) (Wirtz et al., 1999).

MITat 1.2 PN221 (abbreviated as N50)

This cell line is based on the MITat 1.2 SM. A neomycin resistance cassette was integrated
in the inactive ES 17 (Figueiredo et al., 2008). Trypanosomes, which have switched the
expression to ES 17 were selected, due to the addition of the drug. The parasites express
now VSG M1.13. Selection: 10 ug/ml neomycin (G-418).

MITat1.2 DOT1B” (abbreviated as ADOT1B)

This cell line is based on the MITat 1.2 SM. Both alleles encoding for the histone
methyltransferase DOT1B were replaced with the resistance cassettes for hygromycin and

for phleomycin (Janzen et al., 2006). Selection: 2.5 ug/ml neomycin (G-418).

AnTat1.1 13-90 (referred to as A1.1ES)

Trypanosomes of the pleomorphic AnTat1.1 wild type cell line were transfected with the
pLew13 (Addgene plasmid 24007, G. Cross) and with the pLew90 plasmid (Addgene
plasmid 24008, G. Cross), just like the MITat 1.2 13-90. Thus, transfected plasmids
containing the gene of interest under the control of a Tet-operator and a T7-promotor can
be inducibly expressed upon the addition of tetracycline in this cell line (Engstler and

Boshart, 2004). Selection: 2.5 pg/ml hygromycin and 1.25 yg/ml neomycin (G-418).
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5.1.6 Plasmids

Table 11: Plasmids used during this work. Represented are the labels of the plasmids used for
transfection of T. brucei (vector and name). The references for the plasmid (origin) are given as well as
the locus, where the plasmid integrates into the genome of T. brucei. Also, the expression of the
introduced gene (constitutive or inducible) and the resistance cassette present in the construct are
indicated. Abbreviations are explained below.

Vector Name Origin Locus Expression Resistance
(Wickstead et al., 177bp- . :
p2T7-177 p2T7 2002) Region, MC inducible PURO
p4231 GFP:PAD1utr M. Carrington B-tubulin constitutive = BLAS
pbRn6 ESte (1';3;”) and Cross, VSG 221ES  constitutive  BLAS
pKD4 - (Mufioz-Jordan etal., \/co 521 ES  constitutive  NEO
1996)
pLF12 ESpro (Figueiredo et al., ES constitutive  PURO
2008)
Addgene plasmid . .
pLew82v4 pRS 24009, G. Cross RS inducible BLE
pTub pTub M. Ginzel B-tubulin constitutive = BLAS

BLE, phleomycin resistance; BLAS, blasticidin resistance; ES, bloodstream form expression site; GFP,
green fluorescent protein; MC, minichromosomes; NEO, neomycin (G-418) resistance; PAD1, protein
associated with differentiation 1; pro, promotor-proximal; PURO, puromycin resistance; RS, ribosomal

spacer; tel, telomere-proximal; tub, tubulin; UTR, untranslated region

5.1.7 Software

Adobe lllustrator Creative Suite 6

CellQuest Pro

CLC Main Workbench 6
Huygens Essential
iControl

ImagedJ 64

Image studio Lite

LA Aquisition

Leica Application suite AF
Microsoft office

Mendeley

Prism 5

CLC bio, Venlo (NL)

Adobe Systems Incorporated, San Jose (USA)
BD Biosciences, Franklin Lakes (USA)

Scientific Volume Imaging B. V., Hilversum (NL)

Tecan, Mannedorf (CH)

National Institute of Health (USA)
LI-COR Bioscience, Lincoln (USA)
FEI-TILL Photonics, Gréafelfing (DE)
Leica, Wetzlar (DE)

Microsoft, Redmon (USA)

Mendeley Ltd., London (UK)
GraphPad Software, La Jolla (USA)
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5.2 Methods

5.2.1 Working with Trypanosoma brucei
Cultivation of monomorphic trypanosomes

Monomorphic BSF trypanosomes were cultured in liquid HMI-9 medium, supplemented with
10% (v/v) fetal bovine serum, at 37°C and 5% CO. (Hirumi and Hirumi, 1989). The parasites
were kept at densities below 1x 10° cells/ml to ensure their logarithmic growth. Therefore, the
density of trypanosomes was determined regularly using a Neubauer chamber and the cultures
were diluted to an appropriate number with pre-warmed HMI-9 (37°C). Addition of suitable
antibiotics guaranteed the maintenance of transgenic cell lines. The parasites were harvested

via centrifugation at 1,400x g for 10 minutes at 4°C if not other stated.
Cultivation of pleomorphic trypanosomes

Pleomorphic BSF trypanosomes were cultivated in viscous HMI-9, supplemented with 10%
(v/v) fetal bovine serum and 1.1% (w/v) methylcellulose (Sigma-94378), at 37°C and 5% CO:
(Hirumi and Hirumi, 1989; Vassella et al., 2001). The parasites were strictly kept at densities
below 6x 10° cells/ml to ensure the predominance of the slender (sl) stage. The differentiation
to the density-induced stumpy (st) stage is triggered in vitro at cell densities above 1x 10°
cells/ml (reviewed in McCulloch et al., 2004). Therefore, the number of the parasites was
counted daily using a Neubauer chamber. Then, the cultures were diluted to an appropriate
number with pre-warmed medium (37°C) and suitable antibiotics were added. Drops in the
temperature were avoided during the handling of pleomorphic BSF trypanosomes as this can

affect the sl cells as well.

The methylcellulose had to be removed from the cultures for harvesting the cells. For this
reason, the cultures had to be diluted with pre-warmed TDB (37°C) at least 1:4 and then filtered
under sterile conditions. For filtration, a sterile bottle top filter unit (Carl Roth, DE) and
autoclaved filters were used (MN 615 1/4; Macherey-Nagel, DE). The diluted culture was
stepwise filtered into pre-warmed (37°C) and sterile bottles. The filtered cells were stepwise
centrifuged at 1,400x g for 15 minutes at 37°C. The remaining filtrate was stored at 37°C and
5% CO- during centrifugation. After each centrifugation step, the supernatant was discarded
up to 5 ml, the cells carefully resuspended and new filtrate added to the centrifuged cells. For
the last centrifugation step, the cells were unified in one falcon and washed additionally with
pre-warmed TDB (37°C), if needed. If a certain amount of cells is required, it needs to be

considered that approximately one third of the cells will be lost during harvesting.

153



5 Materials and Methods

Generating and thawing cryo-stabilates of trypanosomes

Trypanosomes can be stored for long periods in cryo-stabilates. One cryo-stabilate contains
ideally 5x 10° cells in HMI-9 supplemented with 10% glycerol. For freezing, the parasites were
harvested as described above and resuspended in an appropriate volume of pre-cooled HMI-
9 (500 pl for one cryo-stabilate). Then, the same volume of the pre-cooled 2x freezing mix
(20% glycerol, 80% HMI-9) was carefully added and the mixture was evenly divided into pre-
cooled cryo tubes (one cryo-stabilate containing 1 ml). The resulting cryo-stabilates were
immediately placed on ice and frozen at -80°C. For long term storage, the cryo-stabilates were
transferred to -150°C.

The cryo-stabilate was quickly thawed in a 37°C warm water bath to cultivate the cells again.
Immediately afterwards, the cells were transferred into 10 ml ice-cold HMI-9 and centrifuged
(1,400x g, 10 min, 4°C). Then, the supernatant was discarded, the cells resuspended in 500 pl
pre-warmed HMI-9 (37°C) and transferred into the appropriate pre-warmed medium (37°C).
After one hour of cultivation, the number of parasites was determined, the culture diluted and

the suitable antibiotics added.

When handling pleomorphic parasites, the following deviations were made. For the generation
of cryo-stabilates, parasites were harvested at 37°C and placed on ice for three minutes before
the freezing mix was added. The cryo-stabilates may contain a lower amount of cells due the
loss of cells while harvesting. Thus, the culture can have a low density after thawing and a
proportion of the cells might differentiate to the st stage due to the treatment. Consequently,
pleomorphic cells need more time until they resume normal growth after thawing compared to

monomorphic parasites.
Generation of transgenic trypanosomes cell lines

The Amaxa Nucleofector Il and the Amaxa Basic Parasite Nucleofector Kit 1 (Lonza, CH) were
used to generate stable transgenic trypanosome cell lines. For transfection, 3x 10’ BSF cells
were harvested at room temperature via centrifugation (essentially as described above). The
trypanosomes were carefully resuspended in 100 yl Basic Parasite Solution 1 and added to
the linearized DNA (10 pg). Next, the parasites were transferred into a cuvette and transfected
via electroporation using the program X-001 of the Amaxa Nucleofector Il. Immediately
afterwards, the parasites were transferred into 30 ml pre-warmed HMI-9 (37°C) containing the
parental selection and serially diluted (1:5, 1:10, 1:50 and 1:100). Each dilution was plated in
a 24-well plate, with each well containing 1 ml. Then, the cells were cultivated again at 37°C
and 5% CO.. After six hours of cultivation, 1 ml medium containing the parental selection (1x)
and the new selection (2x) was added to each well. Isogenic clones were obtained after five to

seven days of incubations.
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The following deviations were made when pleomorphic parasites were transfected. Ideally, a
higher cell number (5x 107 cells) was used for transfection, as fewer cells survive the treatment
with the transfection solution and a proportion of the remaining parasite might respond with st
development. More than three centrifugation steps were avoided and the cells were kept as
warm as possible in order to keep the stress low and hence prevent st differentiation. After
transfection, the parasites were transferred into 5 ml pre-warmed HMI-9 (37°C), which was
subsequently added to 35 ml pre-warmed medium (37°C) supplemented with methylcellulose
(pool) and thoroughly mixed. Only 1:5 and 1:10 serial dilutions were carried out and the pool
was plated as well. The remaining volume of the pool and the dilutions was transferred into
cell culture flasks. After six hours, the appropriate selection was added. Growing trypanosomes
became visible in the flasks or wells after four to eight days. The cultures had to be analyzed
on a Neubauer chamber to identify clones before they reached high cell densities and develop

to the st stage.

Generated cell lines

Table 12: Monomorphic and pleomorphic trypanosomes lines generated during this work. Represented
are the labels of the generated cell lines, the trypanosome line and the plasmid used for transfection.
The selection used for the cultivation of the respective cell line is shown and the selection for the newly
integrated constructed is underlined. Addition of tetracycline (1 ug/ml) induced the expression of the
pRS and the p2T7-177 constructs. Cell lines containing the pRS construct were cultivated upon addition
of tetracycline with 4 ug/ml BLE. Abbreviations are explained below.

Name Parental cell line Plasmid Selection
(ng/ml)
5BLAS, 2.5
. ES _ ES Q DEAY,
GFP:PAD1y1rA1.1 AnTat1.1 13-90 (A1.18S) p4231 HYG. 1.25 NEO
5BLAS, 2.5
GFPPAD1UTRA11ES121tet GFPPAD1UTRA1 .1ES pRS121 HYG, 1.25 NEO,
1BLE
5BLAS, 2.5
GFP:PAD1y1rRA1.1ES118tet GFP:PAD1utrA1.1E8 pRS.118 HYG, 1.25 NEO,
1BLE
1 PURO, 2.5
ESpro ES _ ES _—
GFP A1.1 AnTat1.1 13-90 (A1.15S) pLF12 GFP HYG. 1.25 NEO
1 PURO, 2.5
GFPESPropq {ESq21tet GFPESproA1 1ES pRS.121 HYG, 1.25 NEO,
1BLE
GFPEStel g3221ES MITat 1.2 13-90 (221ES) pbRn6 GFP 198 SBLAS, SHYG,
2.5NEO
Estel Es i Es pbRn6 GFP 5 BLAS, 5 HYG,
GFP=5t¢,221 MITat 1.2 13-90 (2215S) A(45-51) —2.5 NEO
EStel ES i Es pbRn6 VSG 121 5 BLAS, 5 HYG,
121 198221 MITat 1.2 13-90 (2215S) 198 —2.5 NEO
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121 ESteIA221 ES

121 ESte'ianmer221 ES

GFPESPro19221ES

GFPESPro,221ES

GFP!uP193221ES

GFPtb;221ES

GFPtub;g5221E5118tet

LS:GFPtUb198221 ES

LS:GFP-1tu0;95221ES118tet

LS:GFP-2tu0;95221ES118tet

GFP!“Ppe221ES

GFPbprp221E5118tet

LS:GFPtprFR221 ES
ADOT1B.121PX94221ES

ADOT1B.121PEX,221ES

Th427.08.490RNAI221ES

Th427.08.490RNAI221ES1 2 tet

MITat 1.2 13-90 (221FS)

MITat 1.2 13-90 (221FS)

MITat 1.2 13-90 (221FS)

MITat 1.2 13-90 (221ES)

MITat 1.2 13-90 (221ES)

MITat 1.2 13-90 (221FS)

GFPtubgg221ES

MITat 1.2 13-90 (221FS)

LS:GFPtub;95221ES clone 1

LS:GFPtub,95221ES clone 2

MITat 1.2 13-90 (221ES)

GFPtbprr221ES

MITat 1.2 13-90 (221FS)
ADOT1B 22188

ADOT1B 22188

MITat 1.2 13-90 (221ES)

221ES121tet
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pbRn6 VSG 121
A(45-51)

pbRn6 VSG 121
inv(28-35)

pLF12 GFP 198

pLF12 GFP
A(45-51)

pTub GFP 198

pTub GFP
A(45-51)

pRS.118

pTub LS:GFP 198

pRS.118

pRS.118

pTub GFP:PFRutr

pRS.118

pTub
LS:GFP:PFRutr

pKD4 VSG 121 198

pKD4 VSG 121
A(45-51)
p2T7-177
Tb427.08.490

p2T7-177
Th427.08.490

5 BLAS, 5 HYG,
2.5NEO

5 BLAS, 5 HYG,
2.5NEO

5 BLAS, 5 HYG,
2.5NEO

5 BLAS, 5 HYG,
2.5NEO

5 BLAS, 5 HYG,
2.5NEO

5 BLAS, 5 HYG,
2.5NEO

5 BLAS, 5 HYG,
2.5NEO, 1BLE

5 BLAS, 5 HYG,
2.5 NEOQ,

5 BLAS, 5 HYG,
2.5NEO, 1BLE

5 BLAS, 5 HYG,
2.5NEO, 1BLE

5 BLAS, 5 HYG,
2.5NEO

5 BLAS, 5 HYG,
2.5NEO, 1BLE

5 BLAS, 5 HYG,
2.5NEO

30 NEO

30 NEO

5 HYG, 2.5
NEO, 0.1 PURO

5 HYG, 2.5
NEO, 1 BLE,
0.1 PURO

A, nucleotides 45-51 of the VSG 7121 3'UTR were deleted; 118, VSG 118; 121, VSG 121; 198, complete

VSG 121 3'UTR; 221, VSG 221; A1.1, VSG AnTat1.1; BLE, phleomycin; BLAS, blasticidin; ES,

bloodstream form expression site; DEX, double expressor; GFP, green fluorescent protein; HYG,
hygromycin; inv8mer, nucleotide 28-35 of the VSG 1271 3'UTR were inverted; LS, leader sequence for
ER import; NEO, neomycin (G-418); ORF, open reading frame; PAD1, protein associated with
differentiation 1; pro, promotor-proximal; PURO, puromycin; RS, ribosomal spacer; tet, inducible
expression upon addition of tetracycline; tel, telomere-proximal; tub, tubulin; UTR, untranslated region,
VSG, variant surface glycoprotein.
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Serial dilutions of trypanosomes

If phenotypes were not homogenous in assumed isogenic clones of monomorphic parasites,
limiting dilutions were used for subcloning. For this purpose, 0.5 parasites per well were plated
in a 96-well plate, each well containing 200 pl. Up-coming parasites were further cultivated as

described above.

Serial dilutions with pleomorphic cells were used to determine the number of outgrowing VSG
overexpressors. For this aim, the trypanosomes were diluted to a concentration of 25, 250,
2,500 or 25,000 cells/ml and VSG overexpression was induced due to the addition of
tetracycline. Immediately afterwards, each dilution was plated in a 96-well plate. As each well
contained 200 pl, approximately 5, 50, 500 or 5,000 cells were present in one well. Non-
induced cells were seeded at the lowest concentration as control. The medium shift from pink
(alkaline) to orange (acidic) at high parasite densities enabled the identifications of outgrown

wells after 18 days of incubation.
Differentiation to the stumpy stage

For the generation of density-induced st parasites, a culture at a density of 5x 10° cells/ml was
cultivated without dilution. After 48 hours, the accumulated stumpy induction factor (SIF)

caused the developmental transition from the sl to the st stage.

Either pCPT-cAMP or a SIF-concentrate, generated by Ines Subota, was used in order to
analyze the impact of classical triggers for st development on the VSG overexpressors
(Laxman et al., 2006; Vassella et al., 1997). For the generation of the SIF-concentrate, first
conditioned medium was obtained by growing monomorphic trypanosomes to maximum cell
densities (0.7-1x 107 cells/ml). After the removal of the cells from the medium via filtration, the
proteins were depleted from the cell free conditioned medium using methanol precipitation.
Then, the cell and protein free conditioned medium was concentrated via lyophilization. After
resuspension, the solution had an x-fold SIF concentration (one batch of the SIF-concentrate
37x and the other 43x). 1x corresponded to conditioned medium without further concentration

steps.

For the assay, classical triggers for st differentiation were diluted in pre-warmed TDB (pCPT-
cAMP: 400 and 800 uM and the SIF-concentrate: 1x and 1.5x) and kept warm until usage. The
trypanosomes were diluted to a concentration of 0.5 or 1x 10° cells/ml in HMI-9 supplemented
with methylcelluloses (potentially 'proliferating' clones: 5x 10* cells/ml: potentially 'growth-
arrested' clones: 1x 10° cells/ml). Either cells in which VSG overexpression was induced for
the first time due to the addition of tetracycline or cells induced for longer periods were used.
Then, 1.5 ml of the cell suspension were transferred to one well of a 24-well plate and 500 ul
of one of the diluted compounds were added to the well. Thus, the VSG overexpressors were
exposed to a final concentration of either 100 or 200 yM pCPT-cAMP (0.25x or 0.375x SIF).
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Additionally, 500 pl TDB alone was added to one well containing 1.5 ml of the same cell
suspension to analyzed the impact of tetracycline alone (untreated). Non-induced cells were
treated in the same way as a control. All treatments were conducted for non-induced cells and
induced VSG overexpressors in triplicates within one assay. The parasites were incubated at
37°C and 5% CO; on a shaker (180 rpm). To determine the impact of the compounds during
ES-induced st development, the amount of cells expressing the GFP:PAD1uytr st reporter was

determined by microscopic analyses after 20, 28 or 48 hours of treatment.
Differentiation to the procyclic stage

Non-induced sl cell, density-induced st parasites or trypanosomes overexpressing VSG 121
for 48 hours were harvested from the viscous medium as described above. The cells were
resuspended in DTM to a density of 2x 108 cells/ml and 3 mM cis-aconitate as well as 3 mM
citrate were added to trigger the differentiation to the PCF (Brun, 1981; Overath et al., 1986).
After 0, 6 and 24 hours of CCA treatment, the parasites were harvested and fixed for at least
two hours at 4°C with 2% paraformaldehyde and 0.05% glutaraldehyde. The procyclic surface

protein EP1 was stained and detected as described below.

5.2.2 Maintenance, infection and dissection of flies

Tsetse flies (Glossina morsitans morsitans) were kept at a relative humidity of 70% at 27°C.
The flies were infected with cultured parasites during their first blood meal, which was provided
to them after a maximum of 48 hours of post-eclosion. For the infections, the pleomorphic
trypanosomes were harvested as described above and washed two times with pre-warmed
TDB (37°C) in order to remove the antibiotics. Subsequently, the cells were resuspended in
sheep blood containing 60 mM N-acetylglucosamine to a density of 2x 10° cells/ml. In total we
fed 50 flies with ES-induced st parasites overexpressing VSG 121 for 56 hours and the same
amount of flies with density-induced st parasites of the parental GFP:PAD1yrrA1.15° cell line.
The infected flies were fed twice a week with defibrinated sterile sheep blood (ACILA, DE)
through a silicone membrane over a period of at least 50 days. Before dissecting the flies, they
were starved for at least 24 hours. As described by Rotureau et al., 2011, the salivary glands
were isolated in the first place. Subsequently, the whole alimentary tract was dissected in a
drop of PBS and microscopically analyzed for the presence of trypanosomes. If parasites were
detected, the salivary glands as well as the alimentary tract were transferred to a poly-I-lysine
coated slide, where the foregut and proventricle were separated from the midgut. After
releasing the parasites from the tissue in distinct drops of PBS, the slides were air-dried and
immunostaining was performed. Infections of tsetse flies and their dissection were conducted

by Ines Subota.
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5.2.3 Working with E. coli
Generation of chemically competent E. coli

For the generation of chemically competent E. coli Top10, 100 ml LB-medium were inoculated
with 1 ml bacteria suspension of an overnight culture. The bacterial culture was incubated at
37°C on a shaker (150-200 rpm) until the ODeoo was between 0.3 and 0.4. Subsequently, the
bacteria were harvested (900x g, 10 min, 4°C), the supernatant discarded and the pellet
resuspended in 2.5ml TSS. 200 yl of the suspension were transferred into pre-cooled
eppendorf tubes and frozen in liquid nitrogen. The chemically competent bacteria were stored

at -80°C until usage.
Transformation of chemically competent E. coli

Chemically competent E. coli Top10 were thawed on ice for transformation. Then, the pure
plasmid (10 ng for re-transformation) or the ligation mixture of the plasmid (10-20 ul) was
added to the bacteria and incubated on ice for 30 minutes. Next, the bacteria were exposed to
a heat shock (42°C, 30 sec) and 1 ml LB-medium was added. After incubation for one hour on
a shaker (150-200 rpm), the bacteria were harvested and the supernatant was discarded up
to 100 ul, in which the cells were resuspended. Then, the suspension was spread on agar

plates containing ampicillin (100 pg/ml) and incubated over night at 37°C.
Liquid bacteria cultures

LB-medium with ampicillin (100 pg/ml) was inoculated with one colony from an agar plate and
incubated over night on a shaker (150-200 rpm) in order to isolate plasmid DNA from a liquid
culture. Different volumes of liquid cultures and different methods were used, depending on

the needed amount and quality of DNA.

5.2.4 Molecular biological methods

5.2.4.1 DNA analyses
Isolation of plasmid DNA from bacteria

Small amounts of plasmid DNA with low purity were sufficient for analytical digestions and
subsequent sequencing (sequencing was carried out by GATC Biotech AG, DE). In this case,
plasmid DNA was extracted from a bacterial overnight culture (1 ml) by means of alkaline lysis.
If the DNA quality was important, 5 ml LB-medium were inoculated for small-scale preparations
and 50 ml for large-scale preparations. Then, the plasmid DNA was extracted using the
NucleoSpin Plasmid Kit or NucleoBond PC 100 Kit (Macherey-Nagel, DE), essentially following

the manufacturer’s instructions. DNA concentration and purity was determined by measuring
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the absorption of the solution at 260 nm and 280 nm using the Tecan Infinite M200 reader
(Tecan Group, CH). The plasmid DNA was stored at -20°C.

Isolation of genomic DNA from trypanosomes

If small amounts of genomic DNA were sufficient for analyses, 5x 10° trypanosomes were
harvested and the DNA isolated using the High Pure PCR Template Preparation Kit (Roche
Diagnostics, CH), essentially following the manufacturer’s instructions. If, however, higher
amounts were needed as for Southern blot analyses, genomic DNA was isolated via
phenol/chloroform extraction. For this purpose, at least 107 cells were harvested, transferred
into a 2 ml eppendorf tube and the pellet stored at -20°C until the extraction was continued.
Then, 500 ul extraction buffer containing 0.1 mg Proteinase K was added to the cell pellet
without resuspending and incubated over night at 37°C. The next day, 1 ml phenol was
pipetted on the sample and rotation on an overhead shaker for ten minutes ensured the mixture
of the solution. Subsequently, the aqueous phase was separated from the phenolic phase via
centrifugation (21,000x g, 3 min, 4°C) and transferred into a new eppendorf tube. Next, the
procedure was repeated with a 1:1 phenol chloroform mixture and then with pure chloroform.
Afterwards, the genomic DNA was isolated from the aqueous phase via isopropanol
precipitation. The aqueous phase was transferred to a new eppendorf tube, the same volume
of isopropanol was added as well as 3 M sodium acetate (1/10x the total volume).
Subsequently, the mixture was centrifuged (14,000x g, 30 min, 4°C), the supernatant
discarded and the pellet washed with 500 yl 70% ethanol (14,000x g, 10 min, 4°C). Then, the
pellet was air dried and dissolved in 100 ul TE buffer over night at 4°C. The genomic DNA was
stored at 4°C.

Agarose gel electrophoresis and gel extraction of DNA

Agarose gel electrophoresis was conducted to separate PCR products or DNA fragments after
digestion. Fragments larger than 500 bp were resolved using 0.8% agarose (Sigma-Aldrich,
USA) in TAE and smaller fragments with 2% agarose (Sigma-Aldrich, USA) in TAE. The
samples were mixed with a 10x loading dye prior loading and the GeneRuler DNA Ladder Mix
(Thermo Fisher Scientific, USA) was used as standard for the size of DNA. The DNA was
stained in an ethidium bromide bath (3 pg/ml), visualized with UV light (312-350 nm) and
recorded using a gel documentation system. If a DNA fragment should be isolated from the
gel, it was exposed to a low radiant intensity to minimize DNA damage, while cutting out.
Subsequently, the NucleoSpin Gel and PCR clean-up Kit (Macherey-Nagel, DE) was used to
extract the DNA from the gel piece according to the manufacturers' protocol. The amount of
isolated DNA was determined via gel electrophoresis using the GeneRuler DNA Ladder Mix

(Thermo Fisher Scientific, USA) as standard for DNA concentration.
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Polymerase chain reaction

DNA fragments were amplified from genomic or plasmid DNA using the Phusion High-Fidelity
DNA Polymerase (Thermo Fisher Scientific, USA). The general conditions and programs are
shown in table 13. The PCR products were first separated via electrophoresis and then
cleaned up using the NucleoSpin Gel and PCR clean-up Kit (Macherey-Nagel, DE). The
fragments were either directly digested and used for further cloning steps or ligated into the
pJET1.2 cloning vector using the CloneJET PCR Cloning Kit (Thermo Fisher Scientific, USA).

Table 13: Protocol for PCRs using the Phusion High-Fidelity DNA Polymerase (25 ul total volume). A
general assay and program for the conducted PCRs is given.

PCR-assay PCR-program
5ul 5x HF/GC buffer i
, initial . 95 °C 2 min
0.5 pl forward primer (100 yM) denaturation
0.5 ul reverse primer (100 uM) denaturation 95 °C 10 sec
0.5 pl dNTPs (10 pM)
. depending
010% DMSO annealing on primer 30 sec 5.
(depending on the PCR) 35x
, , L 15 sec
0.5 l Phusion High-Fidelity DNA elongation 72 °C per
Polymerase (2 U/ul) 1 kbp
10 ng plasmid DNA or
final o .
1 yg genomic DNA elongation 72 °C 10 min
add to
25pl ddH20

Restriction enzyme digestion and modification of DNA

Restriction enzyme digestion was used to linearize plasmids for transfection, to analyze the
correct integration of an insert into a vector after transformation and to generate suitable
overhangs of DNA fragments for the ligation of insert and backbone. The digestion was
conducted according to the manufacturer’s instructions. If the restriction site overhangs of
insert and backbone were not compatible for subsequent cloning, 5' overhangs were filled up
or 3' overhangs removed. For this purpose, the Klenow fragment (Thermo Fisher Scientific,
USA) was used, essentially following the manufacturer’s protocol. In order to avoid the
religation of the digested backbone, the phosphate groups were removed with the

thermosensitive alkaline phosphatase CIAP (Thermo Fisher Scientific, USA). PCR fragments
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were phosphorylated prior to the ligation into a backbone using the T4 Polynucleotide Kinase
(PNK; Thermo Fisher Scientific, USA). Both enzymes, CIAP and PNK, were used according
to the manufacturer’s instructions. For cloning, the generated and modified DNA fragments
were separated via gel electrophoresis, extracted and the DNA content determined as
described above. Subsequently, the T4-ligase (Thermo Fisher Scientific, USA) was used to
ligate the fragment into the linearized plasmid with complement overhangs and/or blunt ends.
For this purpose, 50 ng of the backbone plasmid were used and the molar ratio of insert to
backbone amounted 3:1. Ligation was preferentially performed over night at 16°C or for two
hours at room temperature. Then, the ligation mixture was directly used for transformation as

described above.
Isopropanol precipitation of DNA

DNA can be isolated from aqueous solutions via isopropanol precipitation. For this purpose,
the same volume of isopropanol is added to the solved DNA as well as 3 M sodium acetate
(1/10x of the total volume). After mixing the components by inverting the tube, the samples
were centrifuged (20,000x g, 20 min, 4°C) and the supernatant discarded. Then, the DNA
pellet was washed two times with 1 ml 70% ethanol (20,000x g, 5 min, 4°C), air-dried and
eluted in an appropriate volume of water or TE-buffer. If the precipitated DNA was used for the
transfection of trypanosomes, the ethanol was discarded after the last washing step under

sterile conditions and the dried pellet eluted in 10 pl of sterile water.
Southern blot analyses

Phenol/chloroform extracted genomic DNA of trypanosomes (10 pyl) was digested with
appropriate enzymes. The samples were separated on a 0.8% agarose gel together with the
GeneRuler DNA Ladder Mix (Thermo Fisher Scientific, USA) as standard for DNA size. The
ethidium bromide stained gel was documented with a gel documentation system and washed
with distilled water. Afterwards, the gel was depurinated in 0.25 M HCI for 15 minutes and the
DNA denaturated with 0.5 M NaOH/ 1.5 M NaCl for 30 minutes. Subsequently, the gel was
incubated for 30 minutes in 1 M Tris-HCI (pH 7.4)/1.5 M NaCl for neutralization. Then, the DNA
was transferred from the agarose gel to a membrane (Amersham Hybond-N; GE Healthcare,
UK) over night in 20x SSC by capillary forces. The DNA was fixated to the membrane via UV-
crosslinking (Stratalinker 1800, Stratagene, USA; autocrosslink function: 1200x100 pJ/cm?)
and subsequent incubation at 80°C for one hour. The DNA fragments were detected with
radioactive labeled probes as described below (chapter 5.2.4.2 Detection of RNA (or DNA) on
membranes). Then, DNA was visualized via autoradiography. For this purpose, the membrane

was placed on an x-ray film, which was developed after at least one week of exposure.
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5.2.4.2 RNA analyses
Isolation of RNA from trypanosomes

Trypanosome total RNA was isolated from 1x108 cells using the RNeasy Mini Kit (QIAGEN,
NL). For this purpose, the cells were harvested as described above and washed once in 2 ml
FCS-free HMI-9 (1,400x g, 10 min, 4°C). The medium was discarded and the cell pellet
thoroughly resuspended in a volume of 20-50 ul. Immediately afterwards, the samples were

frozen in liquid nitrogen and stored at -80°C until the RNA extraction was performed.

For RNA extraction, 600 ul RLT buffer containing 6 ul B-mercaptoethanol were added to one
frozen sample and mixed by pipetting up and down at 37°C. Next, the sample was mixed with
600 ul 70% ethanol, the lysate was loaded on a column of the RNeasy Mini Kit (QIAGEN, NL)
and centrifuged (8,000x g, 30 sec, RT). The flow-through was collected in a 15 ml falcon and
stored at 4°C to precipitate the proteins later on (chapter 5.2.4.3 Isolation of protein extracts
from trypanosomes). Then, the column was washed once with 350 yl RW17 buffer and two
times with 500 pl RPE buffer (8,000x g, 30 sec, RT). The column was dried via centrifugation
(8,000x g, 1 min, RT) and the RNA eluted two times with 30 yl RNAse free H,O (8,000x g,
1 min, RT). RNA concentration and purity was determined by measuring the absorption of the
solution at 260 nm and 280 nm using the Tecan Infinite M200 reader (Tecan Group, CH). The

RNA samples were stored at -80°C.

For RNA sequencing, residual DNA was removed using the RNase-Free DNase Set (QIAGEN,
NL) essentially following the manufacturer’s instructions. RNA samples (1 pg) of non-induced
parasites and cells induced for 24 hours of a growth-arrested clone of the GFPESPeA1 1ES121tet
cell line were analyzed. GATC Biotech AG (Konstanz, DE) carried out the library construction
and the sequencing (50bp read length, single end, at least 30 million reads). The mRNA
sequences were aligned to the genome of the monomorphic T. brucei brucei strain TREU 927

by Frank Forster.
cDNA synthesis

Single stranded cDNA was synthesized using total RNA as template to analyze via PCR if
specific mMRNAs are expressed and to determine their sequence. For this purpose, the cDNA
was generated using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific,

USA) according to the manufacturer’s instructions.
Northern blot analyses

RNA samples were analyzed via Northern blotting and radioactive labeling for the
quantifications of mMRNAs with a low abundance. In this case, 7.2 ul glyoxal mixture were
added to 4 ug total RNA in a volume of 4 pl H20. The samples were incubated at 50°C for 40

minutes in order to denaturate the RNA. Subsequently, the RNA samples were separated via
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gel electrophoresis according to their size. For this purpose, 1.4 g agarose (Ultra Pure
Agarose; Thermo Fisher Scientific, USA) were dissolved in 100 ml H.O and cooled down on a
shaker to 50°C. Then, 2 ml 50x RNA buffer were added to the liquid agarose, thoroughly mixed
and poured into a gel chamber. The loaded samples were separated in 1x RNA buffer for 90
minutes at a potential of 10 V/icm. The RNA was transferred from the agarose gel to a
nitrocellulose membrane (Amersham Hybond-N; GE Healthcare, UK) over night in 20x SSC
by capillary forces. The RNA was fixated to the membrane via UV-crosslinking (Stratalinker
1800, Stratagene, USA; autocrosslink function: 1200x100 pJ/cm?) and subsequent incubation

at 80°C for one hour.
RNA dot blot analyses

RNA samples were analyzed via dot blotting and fluorescent labeling for the quantifications of
highly abundant mRNAs. For this purpose, a nitrocellulose membrane (Amersham Hybond-N,
GE Healthcare, UK) was placed in a dot blot apparatuses (MiniFold dot blotter; Schleicher und
Schuell, DE) and 200 pl 10x SSC were loaded to each well. Then, a vacuum was applied to
suck the buffer through the membrane. The samples containing 3 ug total RNA were prepared
as for Northern blot analyses. Then, each samples was mixed with 40 pyl 10x SSC and one
sample was loaded to one well of the dot blotter. The vacuum was applied again to suck the
samples through the membrane and each well was washed afterwards with 200 ul 10x SSC.
Subsequently, the RNA was fixated to the membrane as described for the Northern blot

analyses.
Detection of RNA (or DNA) on membranes

For the visualization of mMRNAs with a low abundance (or DNA), the probes were labeled with
32P(a)dCTP using the Decalabel DNA labeling Kit (Thermo Fisher Scientific, USA) according
to the manufacturer’s instructions. The probes for radioactive labeling were enzyme digested
DNA fragments of a plasmid, which were extracted from an agarose gel. The membranes were
incubated at 65°C for one hour with the hybridization solution under vertical rotation prior
staining. After the generation of the radioactive labeled probes, they were directly added to the
hybridization solution. Then, the radioactive labeled probe and the membrane were incubated
over night at 65°C under vertical rotation. Afterwards, the membranes were washed two times
with the North blot washing solution and dried between two whatman papers. The dried
membrane was placed on a phosphor imaging plate for at least four days and then documented
with a phosphor imager. The rRNA was stained with an infrared labeled probe as a loading

control.

For the fluorescent labeling of highly abundant mRNAs, the membranes were incubated at
42°C for one hour with the hybridization solution under vertical rotation prior staining. Then,

10 nM of the fluorescently labeled probe was added and incubated with the membrane
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overnight at 42°C. The next day, the blots were washed two times for 20 minutes with the
Northern blot washing solution at room temperature. The stained blots were dried between two
whatman paper, wrapped in aluminum foil and stored at room temperature. The dried blots
were documented with the L/-COR Odyssey scanner and analyzed with the corresponding
software (Image studio Lite; LI-COR Bioscience, USA). For quantification, the signal of the
MRNA of interest was normalized to the signal of the loading control. To compare VSG
transcript levels, the normalized values are given relative to the normalized VSG levels of

parasites natively expressing this variant (100%).
Single cell mMRNA FISH

The QuantiGene ViewRNA ISH Cell Assay Kit (Affymetrix, USA) was recently implemented in
trypanosomes by Susanne Kramer to detect single mRNA molecules within individual cells
(Fritz et al., 2015). Using this method, mRNAs with a low abundance can be accurately
quantified in different cell cycle stages. For the assay, 1x 107 trypanosomes were harvested
per sample as described above and washed two times with TDB. The cells were fixed in 4%
pFA for ten minutes at room temperature on a rotary table. The fixed trypanosomes were
washed two times with PBS (1,400x g, 5min, RT) and resuspended in 100 ul PBS.
Subsequently, the trypanosomes were spread on a poly-l-lysine-coated slide (within
hydrophobic circles) and allowed to settle for 30 minutes. Next, the slides were washed once
with PBS and 50 pl detergent solution QC was added to each sample. After incubation for five
minutes at room temperature, the slides were washed twice for five minutes with PBS. Then,
100 pl of a protease solution (1:1,600 in PBS) was added to each circle and incubated for
15 minutes at 25°C. After washing the slides three times for three minutes with PBS, 100 pl of
the probes (diluted 1:100 in the Probe Set Diluent) were added to each sample and incubated
for three hours at 40°C in a humid chamber. Then, the slides were washed three times for five
minutes with 0.1x SSC/0.1% (w/v) SDS and once for two minutes with the Affymetrix wash
buffer. Afterwards, the signal was amplified using first the PreAmplifier Mix solution, second
the Amplifier Mix solution and finally labeled with the Label Probe Mix solution. For each step,
100 pl of the solutions was added to one sample and incubated for half an hour at 40°C in a
humid chamber. After each incubation step, the slides were washed three times for five
minutes with 0.1x SSC/0.1% (w/v) SDS and once for two minutes with the Affymetrix wash
buffer. Next, 100 ul DAPI (1 ug/ml) was added to each circle and incubated for five minutes at
room temperature. Then, the slides were washed three times for five minutes with PBS and
embedded with Prolong Gold antifade (Thermo Fisher Scientific, USA). After drying over night
at room temperature, the slides were stored at 4°C in the dark until the acquisition of the

images was conducted.

Using the above described protocol, following points need to be taken into consideration for

the experimental set-up. Protease digestion may vary between the slides and the experiments,
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wherefore only samples from the same slide can be compared with each other. Moreover, on
one slide only one probe or probe combination can be applied as the pap pen will vanish during

the assay and thus the probe distributes between the different samples.

5.2.4.3 Protein analyses
Isolation of proteins extracts from trypanosomes

Trypanosomes were harvested as described above to generate protein extracts. The cells
were washed two times with TDB and resuspended in 1x sample buffer to a concentration of
1x or 2x 10° cell equivalents/pl. The protein samples were boiled at 100°C for five minutes and

stored at -80°C until the analyses were conducted.

In order to isolate total proteins after RNA isolation, 5 ml ice cold acetone was added to the
collected flow-through and incubated at -20°C for 30 minutes. Next, the solution was
centrifuged (20,000x g, 10 min, 4°C), the supernatant discarded and the protein pellet air dried
at room temperature. Then, the pellet was resuspended in 1x sample buffer to a concentration
of 2x 10° cell equivalents/ul and boiled at 100°C for five minutes. The protein samples were

stored at -80°C until the analyses were conducted.
Discontinuous SDS polyacrylamide gel electrophoresis

Discontinuous SDS polyacrylamide gel electrophoresis (SDS PAGE) with 1x Lammli buffer as
running buffer was used to separate proteins according to their molecular weight in a one
dimensional gel. Gels containing 12.5% acrylamid/bisacrylamid were used to resolve proteins
with a size between 20-150 kDa (VSG/PFR or LipDH/PFR). Proteins with a size between 5-70
kDa were separated on a 20% SDS gel (Histone/PFR). If the gel was subsequently stained
with Coomassie Blue to visualize all proteins, 1x 106 cells per lane were separated on a 12.5%
SDS gel. If specific proteins were analyzed via Western blotting, the amount of loaded cells
depended on the abundance of the analyzed proteins. For highly abundant proteins like VSGs,
5x 10° cell equivalents were loaded, 2x 10° cell equivalents were used for proteins with a lower
abundance and when the protein was barely detectable 5x 106 cell equivalents. The

M

PageRuler™Prestained Protein Ladder (Thermo Fisher Scientific, USA) was used as standard

for the size of the proteins.
Staining of proteins in SDS gels

Total proteins separated via SDS PAGE were stained with Coomassie Blue. For this purpose,
the gels were incubated with the staining solution for 20 minutes. Next, the gels were incubated
in the destaining solution until no background staining was visible and documented with the
LI-COR Odyssey scanner (LI-COR Bioscience, USA).
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Western blot analyses

For the analyses and the quantification of specific proteins, total proteins were first transferred
from the SDS gel to a nitrocellulose membrane (Amersham Protran 0.45 um NC; GE
Healthcare, UK) using a semi-dry transfer technique. For this purpose, 12 whatman papers at
the size of the SDS gel were soaked with blotting buffer (1x Lammli buffer containing 20%
methanol). The blot was assembled as followed (cathode to anode): 6x soaked whatman
paper, membrane, gel, 6x soaked whatman paper. The transfer was conducted at a current
intensity of 0.8 mA/ (cm? of the gel) for 90 minutes. Subsequently, specific proteins could be

detected via antibody staining as described below.
Protein dot blot analyses

Protein dot blotting was used to immobilize proteins on a membrane without separating them
according to the size. This direct transfer of proteins on a membrane has the advantage that
no changes in the protein concentration due to an inaccurate transfer can occur. For this
purpose, 3 pl of a protein sample containing 6x 10° cell equivalents were boiled for five minutes
at 100°C and afterwards pipetted on a nitrocellulose membrane and air dried at room
temperature. Subsequently, specific proteins could be detected via antibody staining as

described below.
Detection of proteins on nitrocellulose membranes

In order to detect specific proteins via antibody staining, unspecific binding sites of the
membranes were in general blocked with 5% (w/v) milk powder in PBS over night at 4°C or for
one hour at room temperature. Subsequently, the blots were incubated with the primary
antibodies, which were appropriately diluted in 1% (w/v) milk powder/ 0.1% (v/v) Tween-20 in
PBS, for one hour at room temperature. Then, the membranes were washed three times for
ten minutes with 0.2% (v/v) Tween-20 in PBS. Next, the infrared-labeled secondary antibodies
were diluted 1:10,000 in 1% (w/v) milk powder/ 0.1% (v/v) Tween-20 in PBS and the dilution
was added to the membranes. After incubation for one hour at room temperature, the blots
were washed three times for ten minutes with 0.2% (v/v) Tween-20 in PBS. The following
deviations were made for the detection of H3K76me3: membranes were blocked with 3% (w/v)
BSA in PBS and antibodies were diluted 0.1% (v/v) Tween-20 in PBS. The stained membranes
were dried between two whatman paper, wrapped in aluminum foil and stored at room
temperature. The dried blots were documented with the L/-COR Odyssey scanner and
analyzed with the corresponding software (Image studio Lite; LI-COR Bioscience, USA). For
quantification, the signal of the protein of interest was normalized to the signal of the loading
control. To compare VSG levels, the normalized values are given relative to the normalized

VSG levels of parasites natively expressing this variant (100%).
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5.2.5 Light microscopy analyses
Immobilization of trypanosomes

Parasites were immobilized via embedding in gelatine to visualize the ER. For this purpose,
5x 10° cells were harvested, washed with TDB and resuspended in 10 ul TDB. Then, 3 ul of
the cell suspension were gently mixed with 5 ul 10% preheated gelatine (37°C). The mixture
was pipetted on a cover slip (placed in a sample holder) and then a second cover slip was
placed on top. Subsequently, the apparatus was liquid impermeable sealed and water was
added. The sample holder was cooled down to 20°C for at least 15 minutes before the image

acquisition was initiated.
Fixation of trypanosomes

Trypanosomes were fixated using three different methods. For methanol fixation, cells
(obtained from tsetse flies) were spread on a poly-I-lysine-coated slide (within hydrophobic
circles) and air-dried. Subsequently, the slides were submerged for 30 seconds in ice cold
methanol and washed once with PBS. After rehydrating the parasites for ten minutes in PBS,
immunostaining with an antibody against PFR was performed as described below. Cultured
parasites were harvested as described above, washed two times with TDB and carefully
resuspended prior the addition of the fixative. Trypanosomes were either fixated with
paraformaldehyde alone or with 2% (w/v) paraformaldehyde and 0.05% (v/v) glutaraldehyde.
Except for the fixation of PAD1, the cells were washed afterwards two times with PBS and
carefully resuspended in an appropriate volume of PBS. The used fixation conditions are

shown in table 14 for each application.

Table 14: Fixation conditions used in this work. Represented are different fixation conditions, which were
used to visualize certain structures or proteins. The used fixative, temperature and duration of fixation
are given. It is also indicated when and how the parasites were stained. Abbreviations are explained
below.

Structure/Protein Fixative Temperature Duration Staining
mitochondria 2% pFA, 0.05% GA RT 15 min pf in culture

GFP 2% pFA, 0.05% GA  RT 15 min -

EP1 2% pFA, 0.05% GA  4°C atleast2 h af in tube

VSG 2% pFA RT 15-30 min af in tube/ on slide
PFR methanol -20°C 30 sec af on slide

PAD1 3% pFA RT 10 min af on slide

Af, after fixation; GA, glutaraldehyde in % (v/v); h; hours; min, minutes; PAD1, protein associated with
differentiation 1; pf, prior fixation; pFA, paraformaldehyde in % (w/v); PFR, paraflagellar rod; RT, room
temperature; sec, seconds; VSG, variant surface glycoprotein
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Fluorescent staining

In order to stain the mitochondria, 50 nM MitoTracker® Red CMXRos (Thermo Fisher
Scientific, USA) were added directly to the culture and incubated in the dark for 20 minutes at

37 °C. Subsequently, the parasites were harvested and fixated as described above.

To detect the VSGs via flow cytometry, 1x 106 parasites were harvested and stained alive with
an appropriate antibody against VSG 221 (Figueiredo et al., 2008). During the assay, the cells
were always kept cold to avoid the internalization of the antibody bound VSGs. First, the
harvested trypanosomes were incubated with the primary antibody diluted in HMI-9 for one
hour at 4°C on a rotary table. Then, the cells were washed two times with pre-cooled HMI-9.
Subsequently, the parasites were incubated for ten minutes with the secondary antibody
(1:2,000 in HMI-9 diluted). Next, the stained cells were washed two times and analyzed with
the flow cytometer (BD Bioscience FACSCalibur, BD Biosience, USA).

Immunostaining was conducted in suspension to be able to use the stained cells for flow
cytometric analyses as well as microscopic analyses. For this purpose, at least 2x 107 cells
were harvested and fixated as described above. The washed fixated cells were blocked with
1% (w/v) bovine serum albumin (BSA) in PBS for one hour at room temperature on a rotary
table. Then, the cells were washed one time with 0.1% (w/v) BSA in PBS and carefully
resuspended in a residual volume as small as possible. The primary antibodies were
appropriately diluted in 0.1% (w/v) BSA in PBS and added to the cells. After incubation for one
hour at room temperature on a rotary table, the cells were washed two times with 0.1% (w/v)
BSA in PBS and carefully resuspended in a residual volume as small as possible. Then, the
secondary antibodies (anti-rabbit or anti-mouse IgG Alexa647 or Alexa594) were diluted 1:500
in 0.1% (w/v) BSA in PBS and incubated with the cells for one hour at room temperature on a
rotary table. Subsequently, the cells were washed two times with PBS and stored in 1 ml PBS

in the dark at 4°C until the flow cytometric or microscopic analyses was conducted.

Immunostaining was directly conducted on slides for the detection of VSGs. For this purpose,
the fixated cells were resuspended in PBS to a density of 3x 10* cells/ml. Next, 100 ul were
spread on a poly-I-lysine-coated slide within hydrophobic circles. The following steps were
performed in a humid chamber to avoid the drying of the samples. The slides were incubated
for 15 minutes at room temperature to allow the parasites to settle. Then, the slides were
washed once with PBS and incubated with 1% (w/v) BSA in PBS for 30 minutes in order to
prevent unspecific binding of the antibodies. The primary antibodies were appropriately diluted
in 0.1% (w/v) BSA in PBS and added to the samples after the removal of the blocking agent.
After one hour of incubation at room temperature, the slides were washed three times for five
minutes in PBS. Then, the samples were incubated in the dark with the Alexa488 and/or
Alexa594 conjugated secondary antibodies (diluted 1:500 in 0.1% (w/v) BSA in PBS) for one
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hour at room temperature. Next, the slides were washed three times for five minutes with PBS.
After the second wash, the samples were incubated for three minutes with DAPI (1 pg/ml) to
stain the DNA. Finally, the samples were mounted with Vectashield (BIOZOL; DE). For the
PFR staining of methanol fixated cells, the same protocol was used starting with the incubation

of the samples with the primary antibody in a humid after the rehydration step.

The detection of PAD1 was conducted on a slide essentially as described by Dean et al. 2009.
For this, the harvested cells were resuspended in one volume vPBS (PBS containing 45.9 mM
sucrose und 10 mM glucose) and the same volume of 6% (w/v) pFA was added. After ten
minutes fixation at room temperature, at least 5 ml vPBS was added to the trypanosomes to
wash them (1,400x g, 10 min, 4°C). Then, the cells were resuspended in vPBS to a density of
3x10* cells/ul and 100 ul was added to a poly-I-lysine-coated slide. The parasites were allowed
to adhere to the slide for 20 minutes in a humid chamber. After washing the slide once with
PBS, the cells were permeabilized with 0.05% Triton X-100 in PBS for 20 minutes.
Subsequently, the slides were washed two times with PBS for five minutes and incubated with
20% (v/v) FCS in vPBS in order to prevent unspecific binding of the antibody. Then, the primary
antibody diluted in 20% (v/v) FCS in vPBS was added to the cells and incubated for one hour
at room temperature. After washing the slides two times for five minutes with PBS, the samples
were incubated in the dark with the Alexa594 conjugated secondary antibody (diluted 1:500 in
20% (v/v) FCS in vPBS). Lastly, the samples were washed, DAPI- stained and embedded as

described above.
Acquisition of fluorescently stained cells and data analyses

Images were recorded with the automated iMIC wide field fluorescence microscope (FEI-TILL
Photonics, DE). This microscope was equipped with a CCD camera (Sensicam qe, pixel size
6.45 um, PCO, DE) and the filter cubes ET-mCherry-Texas-Red, ET-GFP and DAPI (Chroma
Technology CORP, USA). Either 100x (NA 1.4) or 60x (NA 1.45) objectives (Olympus, DE)
were used for the acquisition of Z-stacks, which was controlled with the ‘Live acquisition’
software (TILL Photonics, DE). For each stack, 100 Z-planes were recorded at a step size of
100 nm. Afterwards, the analyses of the stacks were performed using the ImageJ software
(National Institutes of Health, USA). For illustrative purposes, the method 'Max Intensity' was
used to project the slices to one plane. Prior signal quantification and image processing, stacks
were deconvolved with the Huygens Essential software (Scientific Volume Imaging B. V., NL).
Then, the deconvolved slices were projected to one plane with the method 'Sum Slices' of
Imaged. The fluorescence intensity of single cell was determined using the same software. To
calculate the relative fluorescence intensity (RFU), the background was measured as well and
subtracted from the value of the individual cells. For this purpose, the background signal was
measured for the same area as for the corresponding cell in a non-fluorescent section in its

vicinity. Otherwise, images were recorded with the DMI6000B wide field fluorescence
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microscope (LEICA microsystems, DE), which was equipped with a DFC365FX camera (pixel
size 6.45 ym, LEICA microsystems, DE). At 100x magnification, 100 Z-planes were acquired
at a step size of 67 nm. Fluorescent images are shown as maximum intensity projections of
20-100 planes and differential interference contrast (DIC) images as average projections of
10-20 planes. All images were false colored (green in green, red in magenta and blue in grey)
with ImagedJ, in order to make color information's available as well for people with color vision
deficiencies. To normalize the images of the VSG or EP1 immunofluorescence analyses, the
minimal and maximal intensity values of the images in one figure were set to the same level in
Imaged (except in Figure 10 for the 7 days induction). Likewise, the signal of the green
fluorescent stumpy reporter (GFP:PAD1yrr) was set to same values using /ImageJ in the

images of one figure.

Flow cytometric analyses were conducted with a BD Bioscience FACSCalibur Flow Cytometer.
Either the GFP signal of living cells, antibody-stained VSGs of living parasites or antibody-
stained EP1 of fixated trypanosomes were detected (staining was conducted as described
above). The number of counted parasites is given within the results section in the respective
figure legends. The data were analyzed with the BD CellQuest Pro Software (BD Biosience,
USA).
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Figure 46: Knock-down of Tb427.10.13410 or Tb427.10.6200 does not alter the VSG 121
overexpression growth phenotype in monomorphic cells. (A) Tb427.10.13410 or (B)
Tb427.10.6200 was down-regulated via RNAIi simultaneously to the overexpression of VSG 121 in
monomorphic trypanosomes (squares). Growth curves of tetracycline-induced (black) and non-
induced (white) parasites are shown. Means (+ SD) of three clones are shown. The parental
221ES121tt cell line (circles) served as a growth control (+tet black circle, -tet white circles). The cell
lines were generated as part of the bachelor thesis of Matthias GrieBmann.

Tb427.08.490 Th427.08.500
NNN--NNN--63bp-- 3 852 bp 5 mm mm -| 528 bp == = = NNN--1200bp--NNN
Tb427.08.510 Th427.08.520
NNN--1200bp--NNN 3¢ — 5 jum 528 bp == GTA
comparison ORF: comparison UTR:
49 of 50 nucleotides identical 268 of 272 nucleotides identical
46 of 50 nucleotides identical == 99 of 99 nucleotides identical
|:| 528 of 528 nucleotides identical == 40 of 40 nucleotides identical

Figure 47: The gene array of Tb427.08.490-08.520 in Trypanosoma brucei. The schematic
representation illustrates the similar regions of the gene array. Boxes indicate the ORF and the
dashed lines the intergenic regions (UTRs). Boxes or lines in the same color represent identical
sequences and the number of identical nucleotides is given in the lower part of the model. The
Gene ID is presented above the corresponding box and the numbers within the boxes state the
annotated length of the ORF.
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Figure 48: Knock-down of Th427.08.510 or Th427.08.490 alters the VSG 121 overexpression
growth phenotype in monomorphic cells. Tb427.08.510 was down-regulated via RNAi (A) in BSF
13-90 parasites (Tb427.08.510RNAI221ES) or (B) simultaneously to the overexpression of VSG 121 in
monomorphic trypanosomes (Tb427.08.510RNA221ES121tet). Growth curves of tetracycline-induced
(black squares) and non-induced (white squares) parasites. Means (+ SD) of (A) four clones and (B)
two clones are shown. Christopher Batram generated the cell lines and conducted the growth
analyses. At the time point indicated by the asterisk in B the clones started to die. Tb427.08.490 was
down-regulated via RNAi (C, D) in BSF 13-90 parasites (Tb427.08.490RNA221ES) or (E, F)
simultaneously to the overexpression of VSG 121 in monomorphic trypanosomes (Tb427.08.490RNAi
221E8121tet). Growth curves of tetracycline-induced (black) and non-induced (white) parasites are
shown. (C, E) Clones displaying an altered growth compared to the parental cell line were termed 'l'
(squares) and the means (+ SD) of three clones are shown for each cell line. At the time point
indicated by the asterisk in E two clones had died, only one resumed growth. (D, F) Clones displaying
the same growth phenotype as the parental cell line were termed 'll' (triangles) and the means (+ SD)
of two clones are shown for each cell line. (C, D) The parental BSF 13-90 (grey circle) or (E, F) the
parental 22185121t cell line (circles) served as a growth control (+tet black circle, -tet white circles).
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Figure 49: VSG double expressors in a DOT1B knock-out background. Transfection of
the ADOT1B. 221ES cell line with pKD4 VSG 121 198 or pKD4 VSG 121 A(45-51) generated the cell
lines ADOT1B.121PEX1g52218S and ADOT1B.121PEX,221ES, respectively. (A) Growth curves of the
ADOT1B.121PEX19g221ES (black squares) and the ADOT1B.121PEX,221ES cell line (black triangle).
Means (+ SD) of five clones are shown for each cell line. The parental SM cell line (circles) served as
a growth control. (B) Western blot analyses of the trimethylation levels of histone H3 (H3K76me3) in
seven clones of the ADOT1B.121PEX19g221ES and the ADOT1B.121PEXA221ES cell line. The blots were
stained with a H3K76me3 antibody (green) and detection of PFR proteins (magenta) served as a
loading control. Protein samples of SM cells served as a positive control. (C-F) Western blot analyses
of the VSG 221 and the VSG 121 expression levels in six clones of the ADOT1B.121PEX493221ES and
the ADOT1B.121PEXA221ES cell line. The blots were stained (C, D) with a VSG 221 antibody (magenta)
or (E, F) with a VSG 121 antibody (green). Detection of PFR proteins (magenta) served as a loading
control. Protein samples of MITat1.6 wild type cells natively expressing VSG 121 and the parental
13-90 cells natively expressing VSG 221 served as positive controls.
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Figure 50: Proliferating pleomorphic VSG 121 overexpressors are no natural DOT1B
knock-out cells. Western blot analyses of the trimethylation levels of histone H3 (H3K76me3) in
a proliferating and a growth-arrested clone of the GFP:PAD1utrA1.1E8121tt cell line. The analyses
were done with non-induced (0 h) parasites and cells overexpressing VSG 121 for 24 or 48 hours.
The blots were stained with a H3K76me3 antibody (magenta) and detection of H3 proteins (green)
served as a loading control. A protein sample of ADOT1B cells served as a negative control.
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Table 15: Up-regulated transcripts upon VSG 121 overexpression in monomorphic and pleomorphic

cells. The table shows the transcripts that were more than twofold up-regulated within 24 hours of
VSG 121 overexpression in monomorphic and pleomorphic trypanosomes. Transcripts with FPKM
(fragments per kilobase of transcript per million mapped reads) values below one in the non induced
sample were excluded, except for the three in grey highlighted genes which are part of the
Tb427.08.490-08.520 gene array. Presented are the Gene IDs for the corresponding transcripts
(TriTrypDB), the FPKM values for the respective transcript in the non-induced cells and the fold
regulation within 24 hours of VSG 121 overexpression. Also short descriptions of the proteins are given
and they are ranked according to their up-regulation in the pleomorphic VSG overexpressors.

pleomorphic

monomorphic

FPKM 0 h | 24 h/0 h | FPKM Oh | 24 h/0 h Description
Th427.06.510 150.02 7.44 49.90 3.36 GPEET2 procyclin
Th427.08.500 0.72 6.61 18.64 2.44 hypothetical protein
Tb427.10.10260 93.15 6.56 81.35 2.23 EP1 procyclin
Th427.06.480 1.44 6.44 24.25 4.10 unspecified product
Tb427.10.10250 2419 6.35 56.37 247 EP2 procyclin
Th427.08.510 0.59 5.79 412 6.74 hypothetical protein
Th427.06.520 50.18 5.10 55.62 2.08 EP3-2 procyclin
Th427.05.4020 48.89 4.06 2.32 3.00 hypothetical protein
Th427.08.6170 33.76 3.33 1.74 2.30 transketolase, putative
Th427.08.490 1.45 3.24 80.62 2.60 hypothetical protein
Th427.10.2360 12.91 2.79 65.51 2.19 hypothetical protein
Th427.05.2260 16.48 2.73 32.38 2.63 hypothetical protein
Th427.03.1500 28.02 2.55 89.96 2.18 VSG-related, putative
Th427.10.2350 | 47.16 2.48 8.64 2.28 pyruvate dehydrogenase

complex, putative
Th427.04.3940 | 28.93 242 6.56 217 | calpain-like cysteine peptidase,
putative
Th427.10.6200 22.88 2.39 1.24 2.03 hypothetical protein
Th427.07.3520 91.35 2.29 88.70 2.33 hypothetical protein
Th427.07.6110 14.99 2.21 2.19 2.43 hypothetical protein
Th427.03.4650 21.37 2.19 7.31 2.03 C-8 sterol isomerase, putative
Th427.04.3920 32.62 2.16 5.16 2.14 hypothetical protein
Tb427.10.11220| 6577 2.07 24.60 2.06 procylic form surface
glycoprotein

Th427.05.2160 19.54 2.05 19.02 2.44 hypothetical protein
Th427.07.420 1.12 2.02 9.18 2.02 hypothetical protein
Th427.08.520 0.00 1.39 17.07 2.65 hypothetical protein
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A

Mg
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UM
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AnTat
BLAS
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BSA
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cDNA
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DNA
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VSG 118

VSG 121

complete VSG 121 3' UTR
nucleotides 45-51 of the VSG 127 3' UTR were deleted
microgram

microlitre

micromolar

VSG AnTat1.1

Antwerp Insitut Trypanozoon Antigen Typ
blasticidin

phleomycin

base pairs

bovine serum albumin
bloodstream form

cyclic adenosine monophosphate
complementary DNA

coding DNA sequence

4' 6-diamidino-2-phenylindole
double-distilled water

double expressor

differential interference contrast
dimethyl sulfoxide
desoxyribonucleic acid

PCF specific surface GPl-anchored glycoprotein
endoplasmic reticulum
bloodstream form expression site
expression site associated gene
expression site body

fetal calf serum

fluorescence in situ hybridization
acceleration due to gravity

gram

green fluorescent protein
glycosylphosphatidylinositol

hour

culture medium for bloodstream form trypanosomes
hygromycin

immunoglobulin G

kinetoplast

kilodalton

liter

lipoamide dehydrogenase

leader sequence for ER import
molarity

milligram

minute

Molteno Institute Trypanozoon antigen type
milliliter

millimolar

messenger RNA

metacyclic VSG
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NEO
ng
nm
ORF
PAD
PBS
PCF
pCPT-cAMP
PCR
pdt
pFA
PFR
Pol
pro
PURO
RFU
RNA
RNAI
rpm
RS
RT
SD
SDS
sec
SIF
sl

st
TDB
tel
tet
TLF
TPE
tub
UTR
vPBS
VSG
viv
WT
w/v
YFP

nucleus

neomycin (G-418)
nanogram

nanometer

open reading frame
proteins associated with differentiation
phosphate buffered saline
procyclic form
8-(4-chlorophenylthio)-cAMP
polymerase chain reaction
population doubling time
paraformaldehyde
paraflagellar rod

RNA polymerase
promotor-proximal
puromycin

relative fluorescence unit
ribonucleic acid

RNA interference

rounds per minute
ribosomal spacer

room temperature

standard deviation

sodium dodecyl sulfate
second

stumpy induction factor
slender BSF

stumpy BSF

trypanosome dilution buffer
telomere-proximal
tetracycline

trypanolytic factor

telomere positioning effect
tubulin

untranslated region

PBS containing 45.9 mM sucrose und 10 mM glucose
variant surface glycoprotein
volume per volume

wild type

weight per volume

yellow fluorescent protein
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