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Abstract 14 

Genome-scale genetic screens allow researchers to rapidly identify the genes and 15 

proteins that impact a particular phenotype of interest. In African trypanosomes, RNA 16 

interference (RNAi) knockdown screens have revealed mechanisms underpinning 17 

drug-resistance, drug transport, prodrug metabolism, quorum sensing, genome 18 

replication and gene expression control. RNAi screening has also been remarkably 19 

effective at highlighting promising potential anti-trypanosomal drug targets. The first 20 

ever RNAi library screen was implemented in African trypanosomes, and genome-21 

scale RNAi screens and other related approaches continue to have a major impact 22 

on trypanosomatid research. Here, I review those impacts, in terms of both discovery 23 

and translation. 24 
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Trypanosomatids and their genes 25 

The parasitic trypanosomatids (see Glossary) include African and South 26 

American trypanosomes and the Leishmania species. These typically insect vector 27 

transmitted parasites cause sleeping sickness (Trypanosoma brucei spp), Chagas 28 

disease (Trypanosoma cruzi) and leishmaniasis in humans, respectively; diseases 29 

that are amongst twenty neglected tropical diseases currently in the WHO portfolio. 30 

The African trypanosomes also cause nagana in cattle. This ‘TriTryp’ group have 31 

typically diploid genomes with a haploid complexity of ~30 Mbp. Each genome 32 

encodes approx. 7,500 non-redundant protein-coding genes, the majority of which 33 

appear in the same order on the respective chromosomes and almost all of which 34 

undergo polycistronic transcription, and trans-splicing rather than cis-splicing [1]. 35 

Many other features of TriTryp biology are also conserved, meaning that one 36 

trypanosomatid can often serve as a model for the other trypanosomatids. 37 

The array of data, resources and analysis tools available through TriTrypDB 38 

[2] i, and also through the TrypTag protein localisation resource [3] ii, have had a 39 

huge impact on research progress, and genome annotation has improved 40 

substantially in recent years. In 2011, for example, 64% of non-redundant African 41 

trypanosome (Trypanosoma brucei) genes were associated with the product 42 

description, ‘hypothetical protein’. That proportion is now down to 38%, with approx. 43 

2,000 new product descriptions and further updated annotations. There remains a 44 

tendency to focus research on a small number of genes and proteins, however. 45 

Indeed, many informative product descriptions (>3,000; 74%) still reflect ‘putative’ 46 

functions based on orthology, rather than functions determined through direct 47 

experimental characterisation. Clearly, approaches that yield functional data for 48 
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poorly characterised trypanosomatid genes and proteins will continue to improve 49 

genome annotation more broadly and can also refocus attention on novel biology. 50 

 51 

Genome-scale RNAi screens in the African trypanosome 52 

Genome-scale genetic screens are ‘phenotype to genotype’ approaches that 53 

essentially ask, which genes do this? rather than, what does this gene do? They can 54 

take a lot of the guesswork out of projects that aim to understand a particular 55 

process, which can be substantial if detailed insights are lacking at the outset. For 56 

genetically tractable microbial pathogens, there has been a fundamental shift 57 

towards these high-throughput or genome-scale functional analyses to bridge the 58 

sequence-function gap. Libraries of cells with genes knocked down, overexpressed 59 

or disrupted can be systematically assembled or generated in massive parallel 60 

format; for downstream assays, the former can also be pooled, and the latter can be 61 

sub-cloned. Below, I focus on RNA interference (RNAi) knockdown libraries 62 

generated and assessed in massive parallel, genome-scale format in African 63 

trypanosomes. A substantial advantage in these screens is that each clone is equally 64 

exposed to any experimental perturbation and is also internally controlled for any 65 

other fluctuations in growth conditions. I further note a number of systematic screens 66 

of between 30 – 1400 clones and briefly describe other massive parallel screening 67 

modalities that have emerged more recently for the trypanosomatids. 68 

Englund and colleagues reported the first genome-scale RNAi library screen 69 

ever conducted, in 2002 in T. brucei [4]. Inducible expression had been established 70 

in 1995 [5], RNAi was first reported in 1998 [6] and easy-to-assemble inducible 71 

double-stranded RNA expression vectors were reported in 2000 [7,8]. Thus, 72 

sequence-specific knockdown rapidly emerged as a powerful tool for functional 73 
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genomics in T. brucei, and at a time when TriTryp genome sequencing was gaining 74 

momentum. In other words, powerful genetic tools able to bridge the sequence-75 

function gap were in place just as thousands of new and uncharacterised gene 76 

sequences were released. Notably, the RNAi machinery is not present in T. cruzi, 77 

nor in many Leishmania species [9], hampering efforts to develop knockdown 78 

approaches in these parasites. 79 

The landmark RNAi library screen noted above employed a plasmid library 80 

with random sheared T. brucei genomic DNA fragments integrated between head-to-81 

head tetracycline-inducible phage promoters [4]. Insect-stage T. brucei were 82 

amenable to high-efficiency transfection, such that the plasmid library could readily 83 

be used to generate a genome-scale T. brucei library. Upon addition of tetracycline, 84 

each cell would then transcribe a specific genomic DNA fragment in both directions, 85 

producing double-stranded RNA and triggering knockdown of the cognate mRNA 86 

transcript, via the action of the native RNAi machinery [10-12]. In this first ever RNAi 87 

screen, hexokinase knockdown was found to promote expression of unglycosylated 88 

GPEET-procyclin, in place of glycosylated EP-procyclins at the cell surface; with the 89 

resulting phenotype detected by screening for reduced lectin-binding [4]. Hexokinase 90 

knockdown was also found to be responsible for tubercidin resistance in a 91 

subsequent screen, as was hexose transporter knockdown [13], suggesting that 92 

tubercidin inhibits glycolysis; cells appear to adapt to glucose-independent 93 

metabolism upon hexokinase or hexose transporter knockdown. 94 

 T. brucei parasites are transmitted by tsetse flies and undergo developmental 95 

transitions during their life cycle. The RNAi screens described above were carried 96 

out in the insect midgut stage or procyclic form cells. Similar genome-scale screens 97 

in bloodstream-form T. brucei were delayed for several years due to low-efficiency 98 
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transfection in this life cycle stage as well as challenges associated with 99 

differentiating the insect stage library. Multiple virulence-associated phenotypes and 100 

other phenotypes of interest are specific to the bloodstream stage, however, so there 101 

was a real incentive to overcome these limitations. This was achieved by using 102 

improved transfection protocols [14], and by inducing a DNA double-strand break to 103 

increase site-specific recombination efficiency [15], which facilitated the assembly of 104 

genome-scale RNAi libraries in bloodstream-form T. brucei [16,17]. Depth of genome 105 

coverage, estimated to be between five to nine-fold in these libraries [4,17-19], is 106 

critical for screening a high proportion of genes and can greatly facilitate hit 107 

identification when multiple RNAi target fragments against a single gene report the 108 

phenotype of interest, providing cross-validation. An RNAi target sequencing (RIT-109 

seq) method was also developed, which provided a quantitative read-out of relative 110 

drug resistance [20] or relative RNAi-induced growth defects [18]. The RIT-seq 111 

approach allowed deconvolution of massive parallel screens by massive parallel 112 

sequencing [21]. The genome-scale T. brucei RNAi screens that have been 113 

conducted over the past 20 years are summarised in Figure 1, with timelines 114 

indicating when they were published. 115 

 116 

Drug transporters in bloodstream-form T. brucei 117 

The most often reported genome-scale T. brucei RNAi library screens have 118 

involved growing a bloodstream-form library in the presence of a typically lethal 119 

concentration of drug. In these screens, knockdown of proteins responsible for drug 120 

uptake yield drug-resistant cells. These screens have played a key role in developing 121 

our understanding of drug uptake and resistance in the trypanosomatids in recent 122 

years, and Figure 2 illustrates the cell-surface transporters now known to be involved 123 
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in drug delivery. As detailed below, all of these transporters registered as hits in 124 

RNAi screens, some were first discovered using RNAi screens and some had been 125 

unknowingly exploited for drug delivery for many years. 126 

The adenosine transporter, AT1, long known to be linked to melarsoprol 127 

uptake [22], was identified using early bloodstream-form RNAi screens for 128 

melarsoprol resistance [17,20], and again later in a screen for tubercidin analogue 129 

resistance [23], providing important proof-of-principle. Using similar screens, a link 130 

was established between the amino acid transporter, AAT6, and uptake of the amino 131 

acid analogue, eflornithine [16,17,20]. Another group had used an independent 132 

approach to establish this same link [24], raising concerns that this key therapy could 133 

be prone to clinical resistance due to AAT6 loss-of-function. Fortunately, this has not 134 

emerged as a major problem; possibly because eflornithine, although initially used 135 

as monotherapy, has typically been used in combination with nifurtimox since 2010 136 

[25,26]. 137 

RIT-seq screens linked a pair of aquaglyceroporins (AQP2/AQP3) to 138 

melarsoprol and pentamidine uptake [20]. AQP2 loss-of-function was subsequently 139 

found to be specifically responsible for melarsoprol-pentamidine cross resistance 140 

[27] and, when mutated, also responsible for widespread melarsoprol resistance in 141 

sleeping sickness patients [28,29]. Fortunately, melarsoprol use has now been 142 

largely phased out. Nevertheless, this discovery provided a surprise solution to an 143 

old mystery. A surprise because aquaglyceroporins generally have narrow channels 144 

and would not typically be expected to transport such relatively high molecular mass 145 

drugs [30] and an old mystery because this cross-resistance phenotype had first 146 

been described sixty years previously [31]. 147 
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Another RIT-seq screen, using suramin, provided molecular insights into the 148 

remarkably prescient ‘magic bullet’ concept put forward by Paul Ehrlich 100 years 149 

previously. Suramin is a colourless analogue of trypan red and trypan blue, which 150 

binds to the parasite-specific invariant surface glycoprotein, ISG75, and is then 151 

carried into the cell through endocytosis [20,32,33]. RIT-seq screens additionally 152 

identified two orthologues of anti-leishmanial drug transporters; AQP3 (Leishmania 153 

AQP1 orthologue) loss-of-function resulted in resistance to the antimonial drug, 154 

sodium stibogluconate, while loss-of-function of a lipid-transporting flippase resulted 155 

in miltefosine resistance, revealing the T. brucei orthologue of the miltefosine 156 

transporter [34]. Yet another plasma membrane transporter identified using a RIT-157 

seq screen was the folate transporter (FT), responsible for the uptake of antifolates 158 

[35]. 159 

Putative intracellular transporters identified using genome-scale RNAi screens 160 

have also been implicated in drug transport or mode-of-action. A mitochondrial 161 

carrier was linked to choline analogue action [36], while a vacuolar major facilitator 162 

superfamily transporter was linked to the action of both suramin [20] and the 163 

aminoglycoside, paromomycin [34]. Another RIT-seq screen linked the vacuolar 164 

ATPase to isometamidium mode-of-action [37]. This drug is thought to kill 165 

trypanosomes through binding the mitochondrial kinetoplast DNA, however, so 166 

although all fourteen V-ATPase subunits were identified in the screen, as well as all 167 

adaptin 3 subunits and endoplasmic reticulum membrane complex subunits, the 168 

impact of these knockdowns on drug resistance is likely indirect. Finally, knockdown 169 

of two Golgi-localised putative zinc transporters protected trypanosomes from the 170 

action of drugs that were subsequently found to be divalent cation chelators [38], 171 

explaining why these drugs displayed poor anti-trypanosomal selectivity. 172 
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 173 

Drug metabolism and activation mechanisms 174 

Many drugs may pass readily through membranes, but some of them then 175 

become substrates for target-cell enzymes, and it is the product(s) that are either 176 

selectively retained or selectively toxic. Figure 2 illustrates four distinct prodrug 177 

activation mechanisms known to operate in bloodstream-form T. brucei. Identification 178 

of the mitochondrial nitroreductase, NTR, known to metabolise nifurtimox and 179 

benznidazole, provided early proof-of-principle for RIT-seq screening in this respect 180 

[16]. Indeed, further DNA-damaging nitro prodrugs were subsequently also found, by 181 

RNAi screening, to be activated by NTR [39]. This class of prodrugs has had a major 182 

impact in treating infections with South American [40] and African trypanosomes [26] 183 

over many decades, while fexinidazole, a drug recently approved for sleeping 184 

sickness [41], is also activated by NTR [42].  185 

T. brucei aldehyde dehydrogenase (ALDH) was identified in a RIT-seq screen 186 

and shown to activate certain boron-containing oxaboroles [43]; notably, activation of 187 

these drugs requires an initial step involving host amine oxidase. Another RIT-seq 188 

screen assisted in identifying a trypanosomal peptidase (CBP) that activates a class 189 

of veterinary oxaboroles [44]. Three distinct genome-scale RNAi screens have 190 

identified metabolism of adenosine analogues by adenosine kinase; first in a screen 191 

to probe a density sensing mechanism [45] (see below), and more recently in 192 

screens for resistance to potentially therapeutic adenosine analogues [23,46]. As 193 

noted above, drug metabolism is thought to promote the intracellular accumulation of 194 

toxic metabolites. Indeed, all the metabolites of the prodrugs above may display 195 

diminished membrane transit once metabolised by trypanosomes. Thus, these are 196 
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further examples of how RNAi screens reveal mechanisms that either could be, or 197 

had been unknowingly, exploited to selectively kill trypanosomes. 198 

 199 

Host and parasite interactions and differentiation 200 

 A host-derived toxin can enter trypanosomes through endocytosis [47], as can 201 

the chemotherapeutic compound, suramin, as described above. In the case of the 202 

host toxin, the T. brucei brucei haptoglobin-haemoglobin receptor (HpHbR), required 203 

for the binding and uptake of heme, also takes up apolipoprotein L-I (apo-LI, Figure 204 

2), a trypanolytic factor present in human high-density lipoprotein particles, that also 205 

contain haptoglobin-related protein. HpHbR and several lysosomal proteins that 206 

contribute to the action of apo-LI were amongst the hits that emerged from a series 207 

of genome-scale RNAi screens for resistance to human serum [48,49]. Subsequent 208 

RNAi screens for resistance to recombinant human and baboon apo-L1 facilitated 209 

further decoding of mechanisms of innate immunity to T. brucei brucei [50]. 210 

 Quorum sensing in African trypanosomes primarily represents a parasite-211 

parasite interaction, but this process appears to employ host protein as substrate to 212 

generate the oligopeptide-based ‘stumpy induction factor’ [51]. Many components of 213 

the downstream intracellular signalling pathway required for quorum sensing were 214 

identified using RIT-seq screens for resistance to cAMP or AMP analogues, which 215 

trigger stumpy differentiation. These screens revealed multiple signal transducers 216 

and gene expression regulators, including protein kinases, phosphatases and the 217 

RNA-binding protein, RBP7 [45]. Fifteen of these genes linked to quorum sensing 218 

were included in an RNAi screen of 86 candidate regulators of differentiation to 219 

infective metacyclic forms. The results revealed novel regulators and also indicated 220 

considerable overlap between these two differentiation mechanisms [52]. Four 221 
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proteins involved in what appears to be a distinct cAMP signalling pathway were 222 

identified in an RNAi screen for resistance to a phosphodiesterase inhibitor [53]. A 223 

kinome-wide collection of approx. 200 bloodstream form RNAi clones was also 224 

pooled and assessed using a RIT-seq screen in a mouse model to identify virulence-225 

associated kinases, which were primarily found to be involved in the parasite stress 226 

response [54]. 227 

 228 

DNA replication and repair, cell cycle progression and mitochondria 229 

Kinetoplast DNA (kDNA), the mitochondrial genome, was the focus of some 230 

of the earliest RNAi screening work in insect stage T. brucei. This work initially 231 

revealed p166, the first reported component of the tripartite attachment complex 232 

involved in kDNA segregation [55]; 1400 clones were assessed for loss of kDNA by 233 

DNA staining followed by fluorescence microscopy in this case. A second protein 234 

linked to loss of kDNA (LOK1) by RNAi screening was also found to play a key role 235 

in maintaining mitochondrial structure and function [56]; approx. 300 clones were 236 

screened in this case. 237 

Other groups have screened collections of RNAi clones for phenotypes of 238 

interest. Multiple cell cycle defects were identified using a systematic RNAi screen of 239 

approx. 200 genes on chromosome I in bloodstream form cells [57]. Two groups 240 

then screened approx. 200 randomly selected insect stage clones each, and 241 

although both screens revealed proliferation defects [58,59], only one [58] yielded a 242 

novel cell cycle regulator, as intended; in this latter case, the kinesin KIN-C was 243 

shown to be required for cytokinesis. Many more cell cycle regulators were identified 244 

in a screen of approx. 100 insect stage RNAi clones targeting mitochondrial proteins 245 

[60] and by screening the kinome-wide collection of approx. 200 bloodstream form 246 
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RNAi clones noted above [61]; this latter screen also revealed several differentiation 247 

regulators. 248 

Although the assays above in this section tended to involve screening of 249 

many individual RNAi clones by microscopy or flow cytometry, a number of genome-250 

scale screens have also been conducted in this area. First, an insect-stage library 251 

was screened for knockdowns that decreased mitochondrial membrane potential, 252 

using flow cytometry to enrich for cells that displayed reduced JC-1 mitotracker 253 

staining; subsequent analysis linked a telomerase-associated protein to this 254 

phenotype, although the mechanistic link remains to be elucidated [62]. Networks of 255 

DNA damage response pathways in bloodstream form cells were then revealed by 256 

assessing differential responses following exposure to a sub-lethal concentration of 257 

the alkylating agent, methyl methanesulphonate, using both a genome-scale RIT-seq 258 

screen and a kinome-wide RIT-seq screen [63]. And more recently, a bloodstream 259 

form RNAi library was stained with propidium iodide, sorted for DNA content by flow 260 

cytometry and subjected to RIT-seq analysis, linking several hundred genes to cell 261 

cycle defects [64]. 262 

 263 

Gene expression control mechanisms 264 

 In the first ever RNAi screen, described above, hexokinase knockdown 265 

promoted expression of unglycosylated GPEET-procyclin, in place of glycosylated 266 

EP-procyclins in insect stage cells [4], albeit by an indirect mechanism. Subsequent 267 

RNAi screens have identified factors that likely have a more direct impact on gene 268 

expression control, including RBP7 [45], noted above in relation to quorum sensing. 269 

A systematic approach has also been applied to a set of 37 proteins containing RNA 270 

recognition motifs, which were assessed for growth defects following RNAi in 271 
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bloodstream form cells [65]. However, the genes directly (or indirectly) regulated by 272 

these RBPs often remain unknown. Several RNAi screens have now been combined 273 

with assays for increased expression of a fluorescent protein or antibiotic selectable 274 

marker, which serve as reporters following loss-of-function of specific negative 275 

regulatory factors. The first genome-scale RNAi screen of this kind involved FACS-276 

sorting of insect stage cells expressing a GFP reporter integrated at the GPEET 277 

locus such that is was under the control of GPEET procyclin untranslated regions 278 

[19]. A negative regulator required for GPEET inactivation in glycerol-free medium 279 

was identified in this screen and association with GPEET mRNA was subsequently 280 

demonstrated for this Nucleolar Regulator of GPEET 1 (NRG1).  281 

 The mechanisms controlling expression of the variant surface glycoprotein 282 

(VSG) genes involved in antigenic variation have also been investigated using RNAi 283 

screening; only one of these telomeric genes is transcribed by RNA polymerase I 284 

and all others are silenced in bloodstream form cells. A loss-of-silencing screen in 285 

cells with an antibiotic selectable marker integrated adjacent to a telomere revealed 286 

a telomere-associated protein and a novel factor, renamed VSG exclusion 1 (VEX1), 287 

which was required for silencing the marker and also for silencing telomeric VSGs 288 

[66]. A bipartite VEX complex was subsequently identified, which sustains allele-289 

specific VSG expression in a dedicated transcription and splicing compartment 290 

[67,68]. A similar screen identified two further factors linked to VSG silencing, 291 

ZC3H39 and ZC3H40. These particular RNA binding proteins were subsequently 292 

found to control a respiratome regulon and to have an indirect impact on VSGs [69]. 293 

Another more recent screen for loss-of-silencing of a telomeric selectable marker 294 

adjacent to a metacyclic VSG promoter yielded TbSAP, a chromatin-associated 295 

negative regulator [70]. The bloodstream VSGs are co-transcribed with several 296 
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expression-site associated genes or ESAGs. A screen for negative regulators of the 297 

stumpy-enriched ESAG9 transcript, using a selectable marker under the control of 298 

the ESAG9 3’-untranslated region, yielded REG9.1 [71]. This RNA binding protein 299 

was subsequently found to be responsible for negative control of multiple families of 300 

stumpy-enriched cell-surface proteins in long-slender bloodstream form cells. 301 

 Thus, reporter genes subject to regulation by T. brucei factors can be used to 302 

identify the factors responsible, including those controlling RNA polymerase I 303 

transcription, mRNA processing, mRNA turnover or translation, and several RBPs 304 

and gene expression regulators have already been identified. Other trypanosomatid 305 

gene expression control mechanisms will likely also become accessible to 306 

interrogation by genome-scale RNAi screening in bespoke reporter strains 307 

expressing either integrated fluorescent or selectable markers that are subject to 308 

control by virtue of chromosomal context or association with native untranslated 309 

sequences, for example. 310 

 311 

Anti-trypanosomal drug target prioritisation 312 

A genome-scale library combined with RIT-seq presented an opportunity to 313 

profile the entire T. brucei genome for impacts on fitness following knockdown. 314 

Although potential targets are knocked down rather than inhibited, such datasets can 315 

be extremely useful for drug target prioritisation (Box 1). Indeed, the first RIT-seq 316 

screen provided data for >90,000 RNAi targets and for 7,435 protein-coding genes; 317 

>99% of all T. brucei genes [18]. Figure 3 shows an evaluation of several cohorts of 318 

genes and protein complexes in relation to this dataset. The plots show the 319 

transporters and enzymes highlighted in Figure 2 and a series of (potential) drug 320 

targets. Nine of ten of the transporters and prodrug activating enzymes, failed to 321 
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register a significant loss-of-fitness (Figure 3A), consistent with the ability to 322 

knockout several of these genes [20,24,27,47,72]. Unfortunately, this suggested that 323 

drugs that exploit these delivery mechanisms may be subject to resistance. Indeed, 324 

T. brucei gambiense AQP2 and Leishmania donovani AQP1 loss of function have 325 

now been linked to clinical melarsoprol [29] or antimony resistance [73], respectively. 326 

Among this cohort, only the haptoglobin-haemoglobin receptor registers a significant 327 

loss-of-fitness, consistent with prior studies showing reduced growth following either 328 

RNAi or gene knockout [47]. Even in this case, however, decreased expression 329 

and/or mutation of the receptor contribute to human serum resistance in T. b. 330 

gambiense parasites [74,75]. 331 

 Other RIT-seq profiles shown in Figure 3 further highlight the utility of these 332 

datasets in making predictions and prioritising cohorts of genes for further study. In 333 

particular, the data have proven remarkably effective in highlighting promising anti-334 

trypanosomal drug targets that have been identified and validated more recently. 335 

First, the cleavage and polyadenylation specificity factor, CPSF3, was identified as 336 

the target of the clinical and veterinary benzoxaboroles [76], advancing well in phase 337 

II/III trials in the case of acoziborole. Consistent with this, four of five CPSF subunits 338 

[77] registered a significant loss-of-fitness by RIT-seq (Figure 3B). Second, a 339 

preclinical candidate has been identified for visceral leishmaniasis that targets a 340 

kinase, CRK12 [78]. Another kinase, CLK1/KKT10, was recently identified as a 341 

promising target in the trypanosomatids [79]. Consistent with these developments, 342 

both were amongst only 16% of kinases to register a significant loss-of-fitness by 343 

RIT-seq (Figure 3C). Indeed, CRK12 was one of two kinases previously identified as 344 

essential for normal proliferation in an RNAi screen of thirty kinases [80]. The precise 345 

functions of these kinases remain to be determined but the CLK1/KKT10 kinase was 346 
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found to be a component of a novel trypanosomatid kinetochore complex identified in 347 

2014 [81]. Prior to 2014, 80% of kinetochore subunits were annotated ‘hypothetical 348 

protein’, but most had previously displayed a significant loss-of-fitness by RIT-seq 349 

(Figure 3D), consistent with their role in mitosis. 350 

 Perhaps unsurprisingly, most proteasome components were associated with a 351 

significant loss-of-fitness by RIT-seq (Figure 3E). The proteasome emerged as a 352 

conserved and promising therapeutic target in the trypanosomatids in 2016, with an 353 

inhibitor shown to be able to clear infection in mouse models of sleeping sickness, 354 

Chagas disease and leishmaniasis [82]. A new preclinical candidate for visceral 355 

leishmaniasis that targets the proteasome has emerged more recently [83]. Indeed, 356 

another RIT-seq screen, this time for resistance to one of the compounds in this 357 

latter series, identified several ubiquitin–proteasome recycling pathway components, 358 

suggesting that knockdown of dispensable recycling pathways frees up capacity for 359 

essential recycling pathways [83]. Finally, the tRNA synthetases have emerged as 360 

priority targets in the trypanosomatids [84,85] and the majority of these also 361 

displayed a significant loss-of-fitness by RIT-seq (Figure 3F). Notably, knockdown of 362 

any one of three nuclear-encoded tRNA synthetases now known to be mitochondria-363 

specific [86] failed to register a significant loss-of-fitness in these assays (Figure 3F). 364 

This may reflect some level of tRNA synthetase redundancy or tolerance of reduced 365 

translation in mitochondria, which are not required for ATP generation in 366 

bloodstream form trypanosomes. In Figure 3G, these cohorts are compared to 367 

others that either typically failed to register a significant loss-of-fitness (mitochondrial 368 

complex II and IV subunits) or mostly registered a loss-of-fitness (cytoplasmic 369 

ribosome subunits). 370 
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RIT-seq screening has also facilitated identification of drug mechanism-of-371 

action even where a protein is not the primary target. As described above, 372 

knockdown of Golgi-localised zinc transport led to the identification of divalent metal 373 

chelation as a mechanism-of-action [38]. In another case, a screen for amphotericin 374 

B resistance identified several hits linked to membranes and lipids, consistent with 375 

membrane-disruption by this drug [34]. Thus, genome-scale RNAi screens have 376 

facilitated drug target prioritisation and drug target identification efforts; several 377 

targets that were highlighted in prior screening datasets have more recently been 378 

pharmacologically validated. This illustrates the value of the early RIT-seq datasets 379 

[18] in assessing and predicting fitness costs associated with knockdown when 380 

either designing experiments or interpreting related datasets. 381 

 382 

Concluding remarks and future perspectives 383 

Genome-scale RNAi screens in African trypanosomes have effectively 384 

bridged the sequence-function gap and have facilitated drug target prioritization for 385 

the trypanosomatids. Indeed, insights have readily been extended beyond T. brucei 386 

to the other parasitic trypanosomatids, in terms of understanding drug uptake [34], 387 

prodrug activation [44], mechanism-of-action [37,38] and target deconvolution [83]. 388 

Not every screen delivers readily exploitable hits, but these screens often provide 389 

starting points for new projects, improve genome annotation and/or provide large 390 

datasets as community resources. Since the screens are typically unbiased, novel 391 

and/or unanticipated hypotheses may emerge. In these cases, previously 392 

uncharacterised hits may require substantial investment for follow-up, but 393 

subsequent work can illuminate important and novel biology. 394 



17 
 

A number of other functional genetic screening platforms have been 395 

established in the trypanosomatids and these are briefly outlined below. Several 396 

genome-scale over-expression or gain-of-function libraries have been screened to 397 

identify drug targets or drug resistance determinants; these include bloodstream 398 

form T. brucei libraries [76,87,88] and Leishmania cosmid libraries [89-96]. In 399 

addition, a novel genome-scale screen in T. brucei involved expression of proteins 400 

fused to an RNA-binding domain in a strain with a reporter incorporating a tether for 401 

the RNA-binding domain in the 3'-untranslated region; this screen implicated approx. 402 

300 proteins in post-transcriptional gene expression control [97]. Finally, recent and 403 

notable systematic assembly and pooling approaches include screening Leishmania 404 

mexicana CRISPR-Cas9 knockout libraries, representing 100 flagellar proteins [98] 405 

or 162 kinases [99], revealing many mutants with defects in motility, differentiation or 406 

in-host survival. 407 

 What lies ahead in terms of RNAi screening in trypanosomatids (see 408 

Outstanding Questions)? Although specific trypanosomatid transporters have been 409 

exploited for drug delivery, few if any of these transporters are essential for parasite 410 

viability. Presumably, essential transporters, which may be revealed by further RNAi 411 

screens, would be less prone to resistance due to loss-of-function and this feature 412 

could be exploited. Identification of new drug targets will also likely be facilitated by 413 

RNAi screens. In this case, characteristic hit-profiles will either serve as ‘fingerprints’ 414 

associated with a particular target or new hits will implicate new targets and 415 

mechanisms. Additional phenotypes will become accessible to genome-scale RNAi 416 

screening, using chemical probes, fluorescent dyes, antibody-staining or fluorescent 417 

reporters and a cell sorting step, for example. Further screens will likely be 418 

conducted in other trypanosomatids and in insect or mammalian hosts. Indeed, wider 419 
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application of RNAi screening will be facilitated by improved protocols for RNAi 420 

library assembly [100] and improved genetic tools for other African trypanosomes 421 

such as T. congolense [101] or for Leishmania braziliensis [9]. The machinery for 422 

RNAi may even be imported into trypanosomatids that naturally lack these factors 423 

[9,102], or alternative knockdown approaches may be developed, using Cas13 424 

nuclease for example [103]; Cas13 is related to RNA-programmable Cas9, but is a 425 

RNA endonuclease. It will also be of interest to compare high-throughput knockdown 426 

and knockout datasets for the trypanosomatids once the latter become available. 427 

Our understanding of trypanosomatid biology has advanced at an impressive 428 

rate in recent years, facilitated in part by genome-scale RNAi screens. We also now 429 

have a far deeper understanding of how selective chemotherapy works; by exploiting 430 

a specific uptake mechanism or prodrug metabolism or by targeting a specific 431 

structure or enzymatic activity. These insights also shed light on how drug resistance 432 

has already emerged or might emerge. It seems safe to say that RNAi screens and 433 

other genome-scale genetic screens will continue to have a substantial impact on 434 

trypanosomatid research, in terms of both discovery and translation. 435 
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Figure legends 722 

 723 

Figure 1. Overview of genome-scale RNAi screens conducted to date in 724 

African trypanosomes. (A) List of screens conducted in order of appearance in the 725 

literature. The coloured symbols indicate the different categories of screen shown in 726 

B-C. (B) Timeline showing screens focussing on drug action and resistance. PDI inh, 727 

phosphodiesterase inhibitor; G25/T3/T4, choline analogues; MTX / RTX, 728 

methotrexate / raltitrexed; RH1, aziridinyl 1,4-benzoquinone; Cpd1-3, 8-hydroxy-729 

naphthyridines; AN3054 / AN3057 / AN11736, benzoxaboroles; tub*, 3′-deoxy-730 

tubercidin; Cpd7, imidazo[1,2-b][1,2,4]triazine; Cpd5, 7-deaza adenosine analogue. 731 

(C) Timeline showing screens focussing on areas beyond drug resistance. ΔΨmito, 732 

mitochondrial membrane potential, ESAG9, expression site associated gene 9; apo-733 

LI, apolipoprotein L-I. Blue, procyclic insect-stage cells; red, bloodstream stage cells. 734 

Numbers in each symbol indicate screens conducted in each category or study. All 735 

studies are cited and discussed in more detail in the main text. 736 

 737 

Figure 2. Targeting toxins to trypanosomes. The graphic shows cell-surface 738 

channels and receptors involved in drug or host-derived toxin transport and delivery, 739 

as well as four distinct prodrug metabolism mechanisms. All ‘Tb927’ GeneID’s are 740 

shown; 10.14170 is Tb927.10.14170, for example. All of these channels, receptors 741 

and enzymes registered as hits in RNAi screens in bloodstream-form T. brucei, 742 

demonstrating that knockdown increased resistance to the respective drug or toxin in 743 

each case. Several hits were first linked to drug resistance by RNAi screens. 744 

AQP2/3, aquaglyceroporin 2/3; AT1, adenosine transporter 1; AAT6, amino acid 745 

transporter 6; FT, folate transporter; ISG75, invariant surface glycoprotein 75; 746 
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HpHbR, haptoglobin-haemoglobin receptor; MT, miltefosine transporter; NTR, 747 

nitroreductase; ALDH, aldehyde dehydrogenase; CBP, carboxypeptidase; AK, 748 

adenosine kinase. 749 

 750 

Figure 3. Whole genome bloodstream form trypanosome RIT-seq fitness 751 

profiling data from Alsford et al., 2011 [18]. The plots highlight fitness costs 752 

following knockdown for (A) the drug and toxin transporters and prodrug-753 

metabolising enzymes highlighted in Figure 2, (B-F) Cohorts of genes/proteins that 754 

include promising or potential drug targets; cleavage and polyadenylation specificity 755 

factor (CPSF), protein kinases, kinetochore subunits, proteasome subunits and tRNA 756 

synthetases. Data-points for the full set of genes are grey and data-points for genes 757 

in each cohort are coloured as indicated. Those genes that scored a significant loss-758 

of-fitness in both bloodstream-form experiments are indicated by closed circles while 759 

HpHbR and key drug targets are labelled. c2 tests indicate that CPSF, proteasome 760 

and kinetochore subunits and tRNA synthetases were significantly enriched amongst 761 

genes that register a significant loss-of-fitness following knockdown. (G) The cohorts 762 

of >9 genes above are compared to mitochondrial complex II and IV subunits and 763 

cytoplasmic ribosome subunits. Mitochondrial tRNA synthetases are not included in 764 

panel G. The shaded area indicates a significant loss-of-fitness following knockdown; 765 

z-score of >3.3. The z-score relates to the number of standard deviations beyond the 766 

mean.   767 
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Box 1. Prioritising anti-trypanosomal drug targets 768 

Recent findings have reinforced the view that promising drug targets in 769 

trypanosomatids do not necessarily display a low degree of similarity to host 770 

proteins. The proteasome, CPSF3 and tRNA synthetases are highly conserved, for 771 

example, and are nevertheless now considered promising potential targets in 772 

multiple parasitic trypanosomatids. It is of course also true that proteins that are 773 

essential for viability, those that cannot be knocked out, or those linked to loss-of-774 

fitness following knockdown, should not all be considered promising potential drug 775 

targets. Quantitative measures of loss-of-fitness following RNAi-mediated 776 

knockdown do provide initial genetic validation and present useful starting-points for 777 

drug-target prioritisation efforts, however. T. brucei RIT-seq data from Alsford et al., 778 

2011 [18] revealed a significant loss-of-fitness in at least one experiment for 57% of 779 

all genes surveyed (4,258/7435 genes), while the panels in Figure 3A-F focus on 780 

those genes that scored a significant loss-of-fitness in both bloodstream-form 781 

experiments (20% of all genes surveyed; 1,515 genes). These analyses suggest that 782 

the top ‘hits’ in these screens present a rich source of further potential anti-783 

trypanosomal drug targets that can be categorised further based on additional 784 

criteria relating to druggability.  785 
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Glossary 786 

 787 

CRISPR-Cas9: clustered regularly interspaced short palindromic repeats/CRISPR-788 

associated protein 9. A bacterial (Streptococcus pyogenes) antiviral defence system 789 

that has been repurposed for editing genes and genomes. Cas9 is a DNA 790 

endonuclease that can be programmed, using a short guide RNA sequence, to 791 

target a specific sequence in cells. 792 

Kinetoplast: the mitochondrial genome of the Kinetoplastida, comprising a 793 

concatenated network of circular DNA copies. Some anti-trypanosomal drugs bind 794 

the kinotoplast. 795 

Orthology: the relationship between genes separated from each other after a 796 

speciation event and therefore derived from a common ancestral gene. Conservation 797 

of sequence typically reflects a conserved function. 798 

Over-expression: Artificially increased gene expression, using a cosmid or a strong 799 

promoter, for example. This is a gain-of-function approach, as opposed to loss-of-800 

function approaches such as gene knockdown or knockout. 801 

Prodrug: a compound that is metabolized into a pharmacologically active form, by a 802 

parasite enzyme, for example. 803 

Quorum sensing: the ability to detect and respond to cell population density and, in 804 

the case of bloodstream form T. brucei, to differentiate to non-dividing stumpy cells. 805 

RNA interference: a process of ‘knockdown’ whereby short interfering RNAs 806 

negatively controls gene expression in a sequence-specific manner. In T. brucei, the 807 

native RNAi machinery can process long double stranded RNA to form siRNA and to 808 

mediate this form of post-transcriptional gene silencing.  809 
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RNAi target sequencing: RIT-seq involves deep sequencing, mapping and 810 

counting of reads derived from RNAi target fragments. These fragments are 811 

integrated into the trypanosome genome and yield the dsRNA responsible for 812 

sequence-specific knockdown. The screening approach can be applied in massive 813 

parallel multiplex format and yields a quantitative readout of relative representation 814 

among a complex library of clones. 815 

Trypanosomatids: a group of kinetoplastid protozoa with a single flagellum. These 816 

include the Trypanosoma and Leishmania species, several of which cause major 817 

diseases. 818 
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