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Opinion
Morphological and metabolic changes in the life cycle of
Trypanosoma brucei are accomplished by precise regu-
lation of hundreds of genes. In the absence of transcrip-
tional control, RNA-binding proteins (RBPs) shape the
structure of gene regulatory maps in this organism, but
our knowledge about their target RNAs, binding sites,
and mechanisms of action is far from complete. Al-
though recent technological advances have revolution-
ized the RBP-based approaches, the main framework for
the RNA regulatory element (RRE)-based approaches
has not changed over the last two decades in T. brucei.
In this Opinion, after highlighting the current challenges
in RRE inference, we explain some genome-wide solu-
tions that can significantly boost our current under-
standing about gene regulatory networks in T. brucei.

Genomic features of trypanosomatids
As members of a highly divergent group of eukaryotes,
trypanosomatids are unique in that non-related genes are
constitutively cotranscribed into polycistronic units and
are processed into individual mRNAs by a combined trans-
splicing and polyadenylation reaction [1]. Thus, regulation
of gene expression in trypanosomes occurs almost exclu-
sively through post-transcriptional mechanisms. Such
processes controlling mRNA localization, turnover, and
translation are mediated in a large part by the dynamic
interactions of RBPs (see Glossary) with specific subpopu-
lations of mRNAs [2]. The RNA regulon model suggests
that a system analogous to prokaryotic DNA operons exists
at the RNA level, whereby functionally related messages
are regulated by RBPs that bind to short RNA sequences or
structural elements known as RREs [3].

Recent studies in trypanosomes have characterized the
role of several RBPs in various cellular processes, from cell
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cycle progression to differentiation between life stages [4].
Pumilio/fem-3 binding factor 9 (PUF9), for example, is
necessary for the function of the replicative processes in
the early G2 phase of the cell cycle [5]. RBP10 regulates
bloodstream form-specific genes, and its depletion causes
increases in mRNAs associated with the early stages of
differentiation [6]. Overexpression of RBP6 induces trans-
formation from insect-form procyclic cells to infective meta-
cyclic forms [7]. Although an abundance of putative RBPs
have been identified in trypanosomes, based on conserved
RNA-binding domains, less is known about the RREs that
are recognized in the RNA targets.

RBP-mediated regulatory maps in the genome can be
studied using two main methods: RBP- and RRE-based
approaches. In the RBP-based approach the binding site
of a specific RBP is defined using various experimental
methods, such as individual nucleotide resolution UV
cross-linking and immunoprecipitation (iCLIP) and RBP-
immunoprecipitation coupled to high-throughput sequenc-
ing (RIP-seq) [8,9]. Although these valuable methods have
permitted detailed analyses of binding-site information, the
procedures are labor-intensive and limited to the study of
functional elements for one RBP at a time. In this case, the
RBP of choice must be selected based on preliminary knowl-
edge about its requirement or functionality in a biological
process of interest. However, in many cases, this type of
information is not available: of the more than 150 putative
RBPs in trypanosomes [10–12] only a small proportion has
been characterized. Consequently, many RREs are also
uncharacterized. The RRE-based approach circumvents
this issue by trying to identify biologically relevant RREs
outside the context of a pre-specified RBP.

Recurrent challenges in studying RREs
Current RRE-based studies in trypanosomatids are mostly
limited to gene-based approaches, which search for RREs
in the 30-untranslated region (UTR) of a limited number of
genes (usually a single gene) at a time. By contrast,
genome-wide approaches search for common regulatory
sequences in sets of coregulated genes. The most popular
experimental RRE-based approaches in trypanosomatids
are composed of serial deletions or mutational analyses on
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Glossary

Actinomycin D: an antibiotic commonly used to inhibit mRNA synthesis;

intercalates into DNA and blocks transcription by RNA polymerase.

Alignment-based approach: a computational approach that uses whole-

genome multiple alignments to find conserved RREs.

Alignment-free approach: a computational approach that looks for conserved

RREs from unaligned sequences by comparing only the functional regions of

the 30-UTRs of orthologous genes between related organisms.

Adenylate/uridylate-rich element (ARE): a sequence of nucleotides located in

the 30-UTRs of mRNAs that is rich in adenosine and uridine bases; generally

consists of several AUUUA pentamers, overlapping or within a short distance

from each other; regulates the stability of host mRNA.

Bloodstream form: the Trypanosoma brucei developmental stage that

proliferates extracellularly in the bloodstream of the mammalian host.

Conserved Structural Motif Search Tool (COSMOS): a program that identifies

RNA motifs based on the assumption that the regulatory network of RREs is

conserved across different species. This alignment-free method searches for

linear and structural motifs in the 30-UTRs of multiple genomes.

Deletion analyses: a method used to narrow down regulatory elements in

30-UTRs. A series of 30-UTR deletion fragments are fused to a reporter gene;

changes in the expression level of the reporter gene suggest a regulatory

region of interest.

Double-stranded RNA-binding domain proteins (DRBD): in trypanosomes,

RNA-binding proteins containing two RNA recognition motifs.

EP1 procyclin 26-mer element (EP1 procyclin ARE): a U-rich motif found in the

30-UTR of EP1 procyclin that affects its stability and translation in bloodstream

forms.

Expression-based approach: an approach to finding RREs based on the

assumption that the regulatory network of RREs is reflected in the transcrip-

tome; searches in transcriptome data for enriched motifs in sets of

coexpressed genes.

Expression site-associated genes (ESAGs): genes that are cotranscribed with

variant surface glycoprotein (VSG) genes from telomeric expression sites.

Individual nucleotide resolution UV cross-linking and immunoprecipitation

(iCLIP): a method that provides nucleotide resolution of RNA binding sites.

RNA is UV cross-linked to RBPs in vivo, treated with RNases, and made into

partial cDNAs from stalled reverse transcriptase of crosslinked RNA. Sites of

crosslinking are then mapped based on the stall sites.

Metacyclic form: the T. brucei developmental stage that travels from the

salivary gland of the tsetse fly into the mammalian host; cellular division is

arrested in preparation for transmission to the mammalian host.

Parallel analysis of RNA structure (PARS): a genome-wide measurement of

RNA secondary structure based on deep sequencing of RNA fragments

generated with structure specific enzymes.

Procyclic form: the T. brucei developmental stage that proliferates in the tsetse

fly midgut.

RNA-binding protein immunoprecipitation and high-throughput sequencing

(RIP-seq): a method in which the RBP is immunoprecipitated to isolate

associated RNAs. Isolated RNAs are reverse transcribed to cDNA and

sequenced to identify target genes.

RNA-binding proteins (RBPs): proteins that bind to double- or single-stranded

RNA via one or more RNA-binding domains; involved in a wide range of

processes from alternative splicing to RNA degradation.

RNA-binding protein purification and identification (RaPID): a method to

identify ribonucleoprotein components associated to RNA-aptamer tagged

mRNA in vivo by mass spectrometry; also allows detection of different RNA

species captured in the same ribonucleoprotein complex by RT-PCR.

RNA pulse labeling: a method used to measure RNA decay. Cells are incubated

with radioactive RNA precursors. RNA is then isolated and fractionated into

newly synthesized (radioactive) and pre-existing (nonradioactive) fractions,

which are sequenced and quantified. The mRNA half-lives are calculated based

on the ratio of newly synthesized RNA to pre-existing RNA.

RNA regulatory elements (RREs): sequence or structural elements, located

predominantly in the 30-UTR of mRNA, that mediate binding to RBPs.

RNA recognition motif (RRM): an RNA-binding domain comprised of about

90 amino acids that mediates binding to single-stranded RNA.

RNA regulon model: a model in which trans-acting factors coordinate the

regulation of multiple functionally related transcripts.

Self-transcribing active regulatory region sequencing (STARR-seq): genome-

wide fragmentation of genomic DNA with subsequent cloning into reporter

vectors to identify enhancers that act as regulators of gene expression.

Upstream open reading frames (uORF): short open reading frames located

upstream of coding sequences with a role in translational regulation of

transcripts.
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the 30-UTRs of target genes to narrow-down gradually the
regions containing regulatory elements [13–19]. The effect
on the expression of the target gene or a reporter construct
is measured following truncations or random deletions of
30-UTR regions. Although deletion analyses can yield a
stretch of nucleotides in which regulatory elements reside,
they fall short of defining the exact consensus sequence of
RREs. For example, MacGregor and Matthews narrowed-
down gene regulatory signals responsible for the gene
expression of PAD1 (‘protein associated with differentia-
tion’, carboxylate transporter) to distal and proximal re-
pression elements in the 30-UTR, but were not able to
identify the sequence or structure of the regulatory signals
[15]. In some cases, the same approach led to the identifi-
cation of a relatively short regulatory element (between
16 and 34 nt) in the 30-UTRs of Trypanosoma brucei
[14,16,18]. However, a large-scale study on RBPs in a wide
range of organisms has indicated that RBPs usually bind
to even shorter sequence patterns, around 7 nt in length,
and show some level of degeneracy in their consensus
sequences [20]. In addition, crystal structures have con-
firmed that the actual lengths of RNA sequences recog-
nized by individual RNA-binding domains span only a few
nucleotides: 4 nt for a CCCH zinc finger [21], 1 nt for each
pumilio repeat [22], and 2–8 nt for an RNA recognition
motif (RRM) [23]. Evidence suggests that this might also be
the case in trypanosomatids. For example, Archer et al.
identified a 7 nt motif that maintains cell cycle-dependent
expression of a PUF9 target gene [5]. Another 8 nt RRE
within the EP1 procyclin 26-mer element putatively tar-
gets a wide range of T. brucei transcripts [13].

Given that coexpressed genes may contain common
regulatory motifs, gene-based approaches could uncover
regulatory networks beyond the gene of interest. However,
this can be complicated by the presence of higher-order
structures and multiple regulatory regions in the 30-UTR.
The search for single regulatory motifs is further hindered
by the notion that RREs are generally 10 nt or less and that
trypanosomatid 30-UTRs average 400 nt. This gives a
virtually endless number of combinatorial possibilities
for deletion experiments. In the case of a 34 nt regulatory
region identified in the 30-UTR of expression site-associat-
ed gene, ESAG9-EQ, which controls its expression in the
bloodstream form, the regulatory element was not common
to other developmentally coregulated transcripts of the
ESAG9 family [14]. Without high resolution mapping of
the elements present in each regulatory region, or the
possibility of extending a regulatory element found in
one gene to other coregulated genes of the same family
or function, it is difficult for gene-based approaches to
contribute to the understanding of regulatory networks.

Alternative genome-wide approaches
Genome-wide mapping of RREs is essential for a systems-
level understanding of the T. brucei gene regulatory net-
work. The availability of genome sequence for many organ-
isms, together with current advances in high-throughput
technologies, especially deep sequencing, have revolution-
ized the field and led to the development of various accu-
rate, genome-wide experimental strategies for finding
functional elements in the genome [24–26]. Genome se-
quencing has also contributed to the development of vari-
ous powerful computational tools for comprehensive
annotation of RREs [27–30]. Computational approaches,
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when accurate, are extremely beneficial, mainly because
they need minimal experimental requirements for the
validation of predictions. A large-scale study has shown
that the results of these computational approaches are
highly reliable, and the newly predicted motifs can be
recognized by RBPs in the genome [31]. In addition, several
genome-wide studies have led to the successful prediction
of RREs in T. brucei, reflecting the potential power of these
approaches in this organism [32,33]. We discuss here some
of the recently developed genome-wide computational
and experimental methods for predicting RREs, and argue
that they can be used as reliable starting points for under-
standing the mechanisms that underlie gene regulation in
T. brucei.

Comparative genomics

Several computational approaches seek conserved RREs in
sets of orthologous genes by assuming that part of the
regulatory circuits are conserved among closely related
organisms [34]. These approaches can be categorized into
two different classes: alignment-based and alignment-free
approaches. Alignment-based approaches try to find con-
served regions in the 30-UTRs by performing whole-genome
multiple alignments. Studies have shown that these con-
served regions are enriched for the RREs [30,35]. To test
the efficiency of this approach in trypanosomatids, we
extracted whole-genome multiple alignments from Tri-
TrypDB version 5 [36], considering 16 different trypano-
somatid organisms. The results indicated that the 30-UTRs
in these organisms are highly diverged over the course of
evolution (Figure 1). Repeating the same analysis consid-
ering only eight trypanosome organisms did not change the
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overall multiple alignment performance. The reliability of
alignment-based approaches is highly dependent on the
quality of the underlying multiple alignments. This is
because the functional sites are very small (usually less
than 10 nt) compared with the total 30-UTR length (median
length of 400 nt in T. brucei [37]). Therefore, highly di-
verged 30-UTRs can easily lead to erroneous multiple
alignments and, consequently, lack of identification of
functional elements. To alleviate this issue, alignment-
free approaches have been developed [33,38]. These
approaches examine whether orthologous genes in related
organisms tend to have a specific motif, disregarding the
location of the motif’s occurrence (Figure 2). Based on this
concept, a novel approach identified 222 linearly- and 166
structurally conserved RREs. Some of the predicted motifs
(both structural and linear) overlap with previously
known RREs in T. brucei, reflecting the conservation of
many regulatory interactions among trypanosomatids
[33].

Expression-based approaches

The underlying assumption in expression-based approaches
is that regulatory interactions are reflected in the whole-
genome transcriptome data. Based on this assumption,
these approaches seek enriched motifs in sets of coordinate-
ly expressed genes [27,28] (Figure 3). The advantage of
expression-based approaches over the comparative-based
approaches is that the former is organism-specific and does
not need to assume the conservation of gene regulatory
networks in a set of organisms. Relaxation of this constraint
is beneficial because biological studies indicate huge differ-
ences among trypanosomatids in terms of host, lifestyle, and
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developmental stages. Supported by both principle [39] and
experiment [40], gene regulatory network rewiring serves as
a major source of evolutionary innovation [41]. Interesting-
ly, binding preference is conserved among orthologous tran-
scription factors [42] and RBPs [20]. Therefore, the most
3′-UTRsExpression profile
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Figure 3. Schematic representation of the framework employed in most expression-ba
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expression pattern and 30 untranslated regions (30-UTRs) of genes are represented as c
likely source of divergence in gene regulatory networks is
gain or loss of functional binding sites in the genome [43].
Thus, only looking at the conserved regulatory map utilizing
comparative genomics approaches will lose a considerable
number of RREs.
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One variant of expression-based approaches was success-
fully applied to identify RREs involved in the cell cycle
progression of T. brucei [44]. However, there have been
many more successful applications of these approaches in
other organisms. One of the limitations of these approaches,
which have hampered their wider applications to T. brucei,
is their need for comprehensive transcriptome data for the
inference. To address this issue, RREs were identified com-
putationally by integrating three available transcriptome
datasets from T. brucei. This analysis led to the prediction of
14 significant RREs [45]. Comparison of predicted RREs
with current experimental data [20] indicated that three of
the predicted RREs were significantly similar to the experi-
mental motifs. Although limited, this comparison suggested
that the integration procedure was successful to some ex-
tent. The power of expression-based approaches is highly
dependent on the expression data that is used for inference.
Ideally, the expression data should have sufficient resolu-
tion for discriminating various gene regulatory circuits from
each other. Naturally, this amount of data can be obtained
by extensive cell perturbation studies in different life stages
and detailed temporal monitoring of gene fluctuations dur-
ing the developmental processes.

In addition, genome-wide proteomics studies provide
evidence on extensive regulation of genes in steps other
than transcript stability, such as translational rate and
protein decay rate [46–48]. Additionally, a recent ribosome
profiling study highlighted the crucial role of translation
regulation in the T. brucei gene regulatory program [49].
Although part of translational regulation is governed by
upstream open reading frames (uORFs) in the 50-UTR
regions, some reports indicated the role of RBPs and
associated RREs in this process [2]. To infer such regula-
tory maps based on the expression-based approaches, more
high-resolution and genome-wide data from both proteo-
mics and ribosome profiling techniques are needed.

To circumvent the need for a comprehensive transcrip-
tome dataset, an elegant study in humans sought to identify
RREs by monitoring mRNA decay rates at only 15 different
time points [27]. Intriguingly, an independent study con-
firmed that the regulatory effect of many RBPs could be
predicted correctly based on this dataset [20], demonstrat-
ing that the regulatory network was truly reflected in
the transcriptome data. The key feature that made the
above-mentioned study possible was the newly developed
technique, RNA pulse labeling [50]. In contrast to the
traditional approaches based on chemical treatment
(i.e., actinomycin D), which have severe side effects, pulse
labeling is a non-disruptive approach that allows the decay
rate to be measured without triggering stress responses in
the cell [51]. Considering the success of the above-mentioned
approach in identifying experimentally validated motifs, it
is not inconceivable to expect that the application of similar
computational approaches to whole-genome measurements
of RNA decay rates in different life stages of T. brucei would
lead to the identification of stage specific RREs.

STARR-seq

Recently, a genome-wide approach, termed self-transcrib-
ing active regulatory region sequencing (STARR-seq), has
been developed to identify functional regions in the genome
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[26]. In this approach, which was originally developed to
identify functional enhancers in the genome, a library of
genomic sequences is created by random shearing of a
genome into relatively small fragments of several hun-
dreds of nt in length. The fragments are then inserted into
the 30-UTR of a reporter gene. The authors showed that,
because the functions of enhancers are mostly independent
of their location in the genome, the regulatory effect of each
inserted region will be reflected in the expression level of
the cognate reporter gene, which is monitored by sequenc-
ing techniques. This approach has several advantages over
the expression-based approaches. For example, because of
its design, this approach can search the complete genome
for finding RREs whereas expression-based approaches
usually search only in the 30-UTRs. Recent CLIP-seq data
in T. brucei demonstrated that RREs can reside inside the
coding sequence [52]. Besides, unlike the motifs predicted
by expression-based approaches, there is no need to use a
secondary tool to discriminate the functional instances of
the motif from the non-functional fraction. Application of a
similar but adapted approach in different life stages of
T. brucei could help to create context-specific maps of
functional RREs.

Profiling RNA secondary structure

Accumulating evidence highlights the importance of
RNA secondary structure on its function and regulation
[53]. Some RBPs can recognize and bind to specific second-
ary structures in RNA targets [54,55]. Additionally, a
large-scale analysis of human RBPs has revealed that
RBPs usually bind to single-stranded regions in the tran-
scripts [56]. These findings are also supported in T. brucei.
Although some RREs are associated with conserved sec-
ondary structures, the others are mostly functional in the
single-stranded regions. Besides, fluctuation in tempera-
ture can lead to changes in the RNA secondary structure
and, consequently, activation of some RREs in Leishmania
[57]. Advances in sequencing technology have allowed
the development of several genome-wide approaches for
profiling the RNA secondary structures [58,59]. These
approaches benefit from the fact that some RNases are
able to distinguish between single- and double-stranded
RNA. For example, in one of these approaches, termed
parallel analysis of RNA structure (PARS), the transcrip-
tome library is treated separately with two distinct RNases
that show preferential digestion toward either the single-
or double-stranded RNA. After sequencing the treated
samples, the structure for each nucleotide is determined
by comparing its frequency in the single-stranded with the
double-stranded sample. Although these approaches can-
not capture the dynamic structure of RNA under in vivo
conditions, they can enhance our knowledge of the struc-
tural properties of the T. brucei transcriptome.

Validating RRE predictions
Predicted RREs must be followed up with experimental
and computational analyses not only to confirm the func-
tionality but also to help to uncover the RBP related to each
RRE.

To achieve this goal one may need to consider all possi-
ble sources of evidence for prediction of RREs. For example,



Opinion Trends in Parasitology May 2014, Vol. 30, No. 5
application of a novel alignment-free approach, the Con-
served Structural Motif Search Tool (COSMOS), identified
388 potentially conserved RREs [33]. Subsequent use of the
available expression data led to the identification of those
RREs that were more likely to contribute to mRNA abun-
dance and stability. This procedure limited the number
of candidates to 35 high-confidence RREs among the
388 elements. For experimental validation of newly
found motifs, the authors selected a highly conserved
adenylate/uridylate-rich element (ARE), AUUUAUU,
which was predicted to be functional by both conservation
and expression criteria [33]. Downstream bioinformatics
analysis revealed that the predicted motif by COSMOS
was generally associated with transcripts upregulated in
late insect stages and downregulated in mammalian blood-
stream stages, suggesting a regulatory role similar to the
EP1 procyclin ARE [60,61] but in contrast to another ARE
involved in heat-shock response [62]. Further bioinformat-
ics analyses uncovered three possible trans-acting factors
that may be involved in the regulation of this ARE: RBP6
and the double-stranded RNA-binding domain proteins
DRBD12 and DRBD13 [33]. Experiments that followed
these predictions provided support for the functional in-
teraction of these three proposed RBPs with the motif [33].
In particular, expression of each protein was inhibited by
RNA interference (RNAi) and activated by overexpression.
Consistent effects were observed in these two types of
experiments; target transcripts that were downregulated
after protein inhibition were upregulated after protein
activation, and vice versa, suggesting specific effects of
inhibition/activation. These experiments revealed a stabi-
lizing role for DRBD13 and a destabilizing role for RBP6
and DRBD12. Additionally, RBP immunoprecipitation fol-
lowed by sequencing (RIP-Seq) confirmed that one of the
candidate proteins, DRBD13, is associated with trypano-
somatid ARE-containing transcripts in vivo [33]. Alterna-
tively, associated regulatory protein factors can be
identified using RREs as ligands to pull down ribonucleo-
protein complexes. Experimental approaches for isolating
associated proteins involve the exogenous expression of
transcripts consisting of small RNA tags, or aptamers,
fused to the RNA sequence of interest [63,64]. These
RNA aptamers are then recognized and pulled down by
a protein or small molecule that recognizes the aptamer.
For example, the recently developed technique of RNA-
binding protein purification and identification (RaPID)
exploits the specific interaction between the E. coli bacte-
riophage coat protein (MS2-CP) and its cognate RNA. The
MS2-CP is fused to a streptavidin-binding protein tag,
which allows affinity purification using streptavidin-con-
jugated beads and subsequent analysis by mass spectrom-
etry [65]. A similar method successfully identified several
known and novel ARE-binding proteins in mammalian
cells using a streptavidin-binding aptamer fused to mRNA
containing the ARE of mouse tumor necrosis factor a [66].

Concluding remarks
The essential point in understanding the biology of trypa-
nosomatids is uncovering the mechanisms by which the
coordination of RREs and RBPs orchestrate the expression
of target genes. Large-scale identification of RREs and
their cognate protein factors would contribute to the con-
struction of gene regulatory networks. Functional charac-
terization of these networks and their role in cellular
processes is essential for ultimately identifying points at
which these networks can be manipulated pharmacological-
ly to interfere with parasite development and transmission.
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