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Benchmarking GRAFFER on human 

To search for RREs in human, we constructed a co-expression graph based on a compendium of 

211 expression profiles across 38 distinct human hematopoietic cells, monitoring gene 

expression changes during the hematopoietic differentiation process (1). The interaction density 

of human co-expression graph was similar to the case of T. brucei integrated co-expression 

graph; and weights of edges were defined by Pearson correlation coefficient. 3′-UTRs of human 

genes was defined the immediate 300nt down-stream of stop codon in the longest isoform of 

transcript, as described elsewhere (2). The terms “a gene harbors a motif” or “a gene targeted by 

a motif” were used, if the motif instance can be found in the 3′-UTR sequence of the gene. 

Accordingly, a module targeted by a motif is defined as the set of genes in the co-expression 

graph which are targeted by the motif. 

Application of GRAFFER led to the prediction of 49 significant non-redundant motifs whose 

targeted genes were significantly connected to each other in the co-expression graph of human, 

with Bonferroni corrected p-value less than 0.01 (S11.a Fig and S2 Table). As expected for 

RREs, directionality analysis of GRAFFER motifs demonstrated that 47 motifs (~96%) show a 

strand bias and are significant only in the forward strand (S11.b Fig). 

The predicted motifs target 49 densely connected modules in the co-expression graph. To assess 

the biological relevance of predicted modules, we first examined whether or not these modules 

were enriched for specific gene ontology (GO) biological process terms. This analysis revealed 

that 37 out of 49 predicted modules were enriched for at least one biological process (S4 Fig), 

suggesting that although the modules were predicted solely based on characteristics of the 3′-

UTR sequences and the co-expression graph, they have specific functions in the cell. 



The recent large scale RNAcompete study has identified the binding preference of 205 distinct 

RBPs (3). This study also predicted a high confidence regulatory network for some of human’s 

RBPs based on the integration of information on RREs and available transcriptome dataset (3). 

As illustrated in S5 Fig and detailed in RNAcompete section of supplementary text, comparison 

of predicted motifs with those of RNAcompete showed that 24 GRAFFER motifs are 

significantly similar to 62 RNAcompete experiments (S2 Table; some of the RNAcomplete 

experiments had replicates or identified the binding preference of several orthologous RBPs, 

leading to the matching of some GRAFFER motifs with multiple RNAcompete-derived motifs). 

Consistently, in cases that a GRAFFER motif matched with the binding site of an RBP with 

available predicted target RNAs, the predicted motif was significantly enriched in the 3′-UTR of 

the predicted targets as well. 

To test whether the GRAFFER motifs can be related to miRNAs, we first examined if there is 

enrichment for the predicted targets of human miRNAs in the 49 found modules. This analysis 

showed that 42 modules (~86%) are enriched for the target RNAs of at least one human miRNA. 

Congruent with evidences about the complex interplay between RBPs and miRNAs (4, 5), we 

found that many of modules that were predicted to be regulated by RBPs in the previous step can 

also be regulated with at least one miRNA. Moreover, we found that for 7 motifs, not only the 

cognate module is enriched for the target RNAs of a specific human miRNA, but also the motif 

match to the 5′- extremity of the miRNA (S6 Fig; It should be noted that only human miRNAs 

were considered for matching with GRAFFER motifs). Interestingly, four of GRAFFER motifs 

that matched with human miRNA binding sites, showed significant similarity to the RBP binding 

sites as well which can be suggestive of potential competition for binding between RBPs and 

miRNAs. 



The obtained results from this analysis demonstrated the power of our graph-based approach in 

identification of functional RREs based on co-expression graphs. 

 

Application of GRAFFER to Cell cycle transcriptome 

For the T. brucei cell cycle co-expression graph, we extracted expression profiles from (6) and 

considered genes that showed at least a 1.5 fold change in one cell cycle stage compared with 

early G1 phase. This dataset comprised of four cell states, monitoring gene expression as T. 

brucei cells move through cell cycle (Early G1, Late G1, S phase, and G2/M phase). Performing 

the same steps as our previous attempt, we applied GRAFFER on the constructed co-expression 

graph from this dataset. In this case, our approach identified five significant motifs (S12.a Fig 

and S5 Table). The low number of significant motifs was anticipated because of the low number 

of samples in the dataset. Comparison of the predicted motifs with experimentally established 

motifs revealed that one of our motifs matched a well-studied RRE in trypanosomatids. This 

experimentally validated RRE is involved in cell cycle regulation in trypanosomatid organisms 

(7). Importantly, genes harboring each of these experimental and computational motifs were 

significantly upregulated in the late G1 cell cycle phase (S12.b Fig). 

 

T. brucei 3′-UTR sequences 

The 3′-UTR sequences were downloaded from TriTrypDB v.5, considering lengths reported in 

(8). In cases of alternative poly-adenylation, the median length was selected. In cases that gene 

did not have an identified 3′-UTR length, 400nt (the median 3′-UTR length of T. brucei genes) 

downstream of the translational stop codon was selected. Preliminary analysis of 3′-UTR lengths 



revealed that although the median length is 400nt, some transcripts can have very long 3′-UTRs 

(S13.a Fig). Recent discoveries suggested that alternative poly-adenylation site selection can 

have regulatory impact on the expression level of transcripts in different organisms (9). For 

transcripts with alternative 3′-UTRs, the longer isoforms potentially have more binding sites for 

RNA-binding proteins and/or miRNAs. In general, the outcome of having more regulatory 

regions is that isoforms with shorter 3′-UTRs have elevated expression levels compare with the 

longer isoforms of the same transcript (10). In support to the regulatory role of alternative poly-

adenylation site selection, the 3′-UTR length of at least one transcript in T. brucei is reported to 

be developmentally regulated (11). Moreover, alternative trans-splicing (which can lead to 

variation in 3′-UTR lengths) plays a role in the developmental regulation of some T. brucei 

genes (12). 

Previous studies on T. brucei suggested that poly-adenylation site selection in this organism is 

linked to the selection of the downstream 3′-splice-acceptor site (13). Considering both 

dependency on splice-acceptor-site selection and the error in sequencing that may occur because 

of the low complexity of 3′-UTR regions, the existence of minor variations on detected poly-

adenylation sites was anticipated. To test the possibility that gene expression is regulated by 

alternative poly-adenylation site selection, we first examined the agreement between two 

published studies on poly-adenylation sites of T. brucei transcripts (8, 14). Considering each 

study independently, we defined poly-adenylation regions by considering ±50nt around each 

detected poly-adenylation site. If two adjacent poly-adenylation sites had overlapping regions, 

relevant regions were merged and the new region was defined as the union of both. Thus, two 

poly-adenylation sites in different regions would be at least 100nt far from each other, shown 

schematically in S13.b Fig. By applying this selection criterion, we tolerated false negative 



results to reduce false positives. This analysis revealed that for many genes in T. brucei, there are 

at least two poly-adenylation regions supported by two independent studies (S13.c Fig). Next, we 

examined the agreement of 3′-UTR length variation for transcripts with at least two poly-

adenylation regions in both studies. Considering standard deviation of 3′-UTR length variation 

obtained from each article, we observed a moderate but significant agreement for 3′-UTR length 

variation between the two studies (S13.d Fig). This result demonstrated that 3′-UTR length 

variation is replicable and two independent experiments with different coverage levels produced 

similar results. Intriguingly, we found that although transcripts with very long 3′-UTRs (length > 

1000nt) are usually downregulated under most biological conditions (as expected); these genes 

are significantly upregulated in some specific stress conditions (S14 Fig). Coherent upregulation 

of these genes under some stress conditions could occur by disruptions in 3′-UTR length 

regulation mechanisms under these stress conditions or by up- or downregulation of some 

specific RBPs that mediate 3′-UTR length variation in response to the stress. Considering 3′-

UTR lengths according to (8), statistical analysis of transcripts with long 3′-UTRs (length > 

1000nt) showed that these transcripts have a significantly tendency to have more than one poly-

adenylation region (Mann-Whitney rank sum, 𝒑 − 𝒗𝒗𝒗𝒗𝒗 <  𝟏𝟏−𝟏𝟏𝟏). Unfortunately, most 

poly-adenylation sites in T. brucei were detected in only one cell state (Procyclic form, log-

phase). This restricted us to examining whether different isoforms of some transcripts are 

preferred in different cell states, but these data suggested that there may be other regulatory 

mechanisms in parallel to RREs, which regulate the expression levels of T. brucei genes, 

particularly for genes with long 3′-UTRs. Coherent up- or downregulation of these transcripts 

implies that they have predictable expression patterns, independent of their long 3′-UTR 

sequences. Besides, this coherency in expression patterns resulted in their significant connections 



to each other in the constructed co-expression network (𝒑 − 𝒗𝒗𝒗𝒗𝒗 <  𝟏𝟏−𝟑𝟏). The significant 

connections of these transcripts to each other along with their long 3′-UTRs could compensate 

for the random distribution of some non-functional motifs, leading to a bias in our motif 

prediction approach. To take these issues into account, we restricted the maximum 3′-UTR 

length for each transcript to 1000nt (i.e., the first 1000nt of 3′-UTR regions were considered for 

motif prediction). We found that replacing considered 3′-UTR lengths with the defined lengths 

by Siegel et al. (8) has no effect on the significance state of 88 predicted motifs, with only one 

exception (S15 Fig). It is likely that by considering the whole 3′-UTR lengths instead of the 

truncated version, the approach will predict more motifs that may not be biologically relevant. 

 

RNAcompete 

RNAcompete is a single-cycle competition based approach whereby 240,000 different sequences 

compete to bind to a single RBP (3, 15). The RRE for the RBP is inferred by considering the 

affinity of every possible 7-mer for binding to the protein and calculating cognate E and Z-

scores. 

Recently, RNAcompete delineated the binding preference of 205 different genes from 24 diverse 

eukaryotes (3). This study also revealed that RBPs with similar RNA binding domains (more 

than 70% identity) typically have similar binding preferences. This observation suggested that 

binding site information for one RBP could be reliably transformed to other RBPs with a 

conserved RNA binding domain. However, because of the early-branching of Kinetoplastids in 

evolution from other eukaryotes, the binding preferences of their RBPs are slightly different 

from their homologs in other metazoans (3). Therefore, to validate the human results, we 

examined the similarity of each GRAFFER predicted motif to all RNAcompete motifs, 



excluding Kinetoplastids. In the same way, we compared GRAFFER motifs derived from 

kinetoplastids with the identified RREs of these organisms.  

To determine if a GRAFFER motif represents significant similarity with an RNAcompete motif, 

we set two criteria: 1) sequences containing the computationally predicted motif should be 

preferentially bound by the corresponding RBP; 2) both RNAcompete and GRAFFER motifs 

should show similarity at the sequence level, ensuring they both target a similar set of genes. To 

measure the preference for binding, RNAcompete probes containing the GRAFFER motif were 

identified and their preferences were examined using the Mann-Whitney sum of ranks test 

statistic (Benjamini–Hochberg corrected p-value cut-off threshold of 0.05). To consider the 

similarity with the RNAcompete motifs, we extracted the consensus pattern of each 

RNAcompete motif, represented in the IUPAC-ambiguity codes. We then determined the 

enrichment of a predicted motif in an RNAcompete assay as valid, only if the well conserved 

region, i.e. the discriminative part, of the RNAcompete consensus pattern shared common 

sequences with the predicted motif. The well-conserved region of a consensus pattern is defined 

as the region comprising all one and two-degenerate positions (A,U,C,G, S=[CG], W=[AU], 

Y=[CU], R=[AG], M=[AC], K=[GU]). For example, the conserved region of RNCMPT00138 

(from an RNAcompete assay) with consensus pattern of XXVUGAV is XXVUGA. However, 

the highly degenerate parts of computationally predicted motifs can match with many different 

conserved regions derived from different RNAcompete assays. For example, computational 

motifs that contain the fully degenerate sequence of length five (NNNNN), share common 

sequences with all well conserved regions of length five. To address this issue, we defined a 

degeneracy rate measure as the entropy of the part of a computational motif that matches with a 

well-conserved region divided by the entropy of a fully degenerate sequence with the same 



length. We only accepted matches with a degeneracy rate of below 50%. In cases where more 

than one GRAFFER motif matched to the RNAcompete assay, the motif with the highest 

enrichment was selected. 

 

Comparison with previous studies 

To evaluate the performance of our graph-based approach, we compared the GRAFFER results 

with three other genome-wide studies conducted on T. brucei (16-18). It is important to note that 

RREs are not extensively characterized in T. brucei; which forced us to compare the results of 

each study with a limited set of previously known RREs. Therefore, some of the novel RREs 

predicted by these approaches may be valid, but not discovered yet. Two of these studies applied 

the FIRE program (2) in different contexts to predict RREs. FIRE is an information theory-based 

approach that seeks informative RREs from clusters of co-expressed genes. An independent 

experimental study showed that the predicted motifs for human are of high quality (19). The 

third study applied an alignment-free approach, which benefits from simultaneous consideration 

of four closely related Trypanosomatid species: T. brucei, T. cruzi, T. vivax and T. congolence. 

In the first genome wide analysis of T. brucei genes, the lack of genome-wide experiments 

available at the time caused the authors to predict “function-specific” RREs by clustering genes 

according to their function (16). This analysis led to the identification of 21 RREs in the 3′-UTRs 

of T. brucei genes. Considering the same criteria as applied for the GRAFFER motifs, four out of 

the 21 predicted motifs showed significant similarity with only four different RNAcompete 

motifs (S4 Table). Predictions did not match with other experimentally-derived motifs. 

In the second genome-wide analysis of T. brucei genes, whole genome microarray data was 

available; therefore, the authors employed a sophisticated approach for direct integration of 



transcriptome measurements obtained from three independent studies (17). Importantly, two of 

the transcriptome datasets used in the study are also used for predictions of RREs in our 

approach. Clustering of the co-expression network and application of FIRE algorithm in this case 

had led to the prediction of 14 RREs. Comparison with RNAcompete results revealed that three 

of the 14 predicted motifs showed significant similarity with only three different RNAcompete 

motifs (S4 Table). Predictions did not match with other experimentally-derived motifs. 

In the third genome-wide analysis of T. brucei genes, a novel algorithm (COSMOS) was 

developed on the assumption that orthologous genes in close organisms tend to have a similar set 

of RREs (18). Application of COSMOS on four closely related Trypanosomatid organisms 

revealed 222 linear and 166 structural motifs that are conserved among these four organisms. 

Comparison with RNAcompete results revealed that nine of the 388 predicted motifs had 

significant similarity with nine different RNAcompete motifs (S4 Table). However, considering 

the GRAFFER and COSMOS motifs that matched to the same RNAcompete motif, in all cases 

the GRAFFER motifs showed higher selectivity (higher enrichment) than the COSMOS motifs. 

It should be pointed that COSMOS was also able to identify three further well-studied motifs. 

One of them is a structural motif that could not be predicted in the current implementation of 

GRAFFER algorithm (GRAFFER only searches for linear motifs). The other two are cell cycle-

related motifs. GRAFFER successfully discovered one of these motifs from the transcriptome 

data of cell cycle progression (see above). However, the second motif is related to a set of 

transcripts with subtle variations in their expression, as mentioned in (6). In our motif prediction 

pipeline, we constructed co-expression graphs by focusing on highly variable genes. Therefore, 

we most probably missed this motif because we did not have its cognate targets in the co-

expression graph. 
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S1 Fig. Schematic representation of the defined motif modulation score. 

Red vertices represent transcripts containing at least one instance of the motif in their 3'-UTR, 
blue vertices represent first neighbors of red nodes in the co-expression graph. Black vertices 
represent the other genes in the graph. Intra-interactions (red edges) are defined as interactions 
among red vertices. Inter-interactions (blue edges) are defined as interactions between red 
vertices and blue vertices in the co-expression graph. The modulation score measures the 
connectivity density of targeted genes by a motif. For the illustrative purposes, all edge weights 
are considered equal to one. 

 



 

 

 

 

 

 

 

S2 Fig. Constructed Co-expression graph based on three independent transcriptome 

datasets. 

(a) Global view of the dichotomized co-expression graph for T. brucei genes, based on the integration of 
transcriptome data from three independent studies. The constructed graph is modular, i.e. there are 
highly connected regions in the graph that are separated from the other parts. The constructed co-
expression graph has (b) scale-free and (c) small-world architecture. 

 

 

 

 



 

 

 

 

 

 

S3 Fig. Characteristics of motifs which were predicted from the integrated co-expression 

graph of T. brucei.

(a) Z-scores and the number of targets for significant motifs in the T. brucei integrated co-expression 
graph. (b) Strand bias analysis of GRAFFER motifs. Eighty-four motifs (black nodes) were only significant 
in the forward strand; while, only four motifs (red nodes) were significant in both strands. 
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S4 Fig. Gene ontology biological process (GO-BP) enrichment analysis for predicted 

motifs based on human co-expression graph.

We used g:profiler web server for enrichment analysis (24). In our analysis, we only considered 
categories with between 50 upto 1500 annotated genes. Each module was analyzed independently and 
enriched terms with Benjamini corrected p-value less than 0.01 were selected. To avoid redundant GO-

 

 

actin filament−based process − GO:0030029
actin filament bundle assembly − GO:0051017

actin filament organization − GO:0007015
activation of cysteine−type endopeptidase activity involved in apoptotic process − GO:0006919

adenylate cyclase−activating G−protein coupled receptor signaling pathway − GO:0007189
adenylate cyclase−modulating G−protein coupled receptor signaling pathway − GO:0007188

aging − GO:0007568
apoptotic signaling pathway − GO:0097190

autophagy − GO:0006914
biological adhesion − GO:0022610

biotin metabolic process − GO:0006768
blood coagulation − GO:0007596

blood vessel morphogenesis − GO:0048514
bone remodeling − GO:0046849

carbohydrate biosynthetic process − GO:0016051
carbohydrate derivative metabolic process − GO:1901135

carbohydrate metabolic process − GO:0005975
cell−type specific apoptotic process − GO:0097285

cell activation − GO:0001775
cell adhesion − GO:0007155

cell maturation − GO:0048469
cell migration − GO:0016477

cell morphogenesis − GO:0000902
cell morphogenesis involved in differentiation − GO:0000904

cell morphogenesis involved in neuron differentiation − GO:0048667
cellular carbohydrate metabolic process − GO:0044262

cellular component disassembly − GO:0022411
cellular ketone metabolic process − GO:0042180

cellular membrane organization − GO:0016044
cellular protein localization − GO:0034613

cellular response to biotic stimulus − GO:0071216
cellular response to external stimulus − GO:0071496

cellular response to fibroblast growth factor stimulus − GO:0044344
cellular response to stress − GO:0033554

central nervous system development − GO:0007417
chemical homeostasis − GO:0048878
chemokine production − GO:0032602

chemotaxis − GO:0006935
cholesterol metabolic process − GO:0008203

chordate embryonic development − GO:0043009
circadian rhythm − GO:0007623

cofactor metabolic process − GO:0051186
cytokine−mediated signaling pathway − GO:0019221

cytokine production − GO:0001816
cytoskeleton organization − GO:0007010
developmental maturation − GO:0021700

DNA damage response, signal transduction by p53 class mediator − GO:0030330
enzyme linked receptor protein signaling pathway − GO:0007167

establishment of vesicle localization − GO:0051650
fat cell differentiation − GO:0045444

Fc receptor signaling pathway − GO:0038093
G−protein coupled receptor signaling pathway − GO:0007186

generation of neurons − GO:0048699
gland development − GO:0048732

hemopoiesis − GO:0030097
hexose metabolic process − GO:0019318

histone H4 acetylation − GO:0043967
histone modification − GO:0016570

homeostasis of number of cells − GO:0048872
homeostatic process − GO:0042592

immune effector process − GO:0002252
immune response−activating signal transduction − GO:0002757
immune response−regulating signaling pathway − GO:0002764

immune system development − GO:0002520
innate immune response − GO:0045087

inositol lipid−mediated signaling − GO:0048017
integrin−mediated signaling pathway − GO:0007229

interaction with host − GO:0051701
interphase of mitotic cell cycle − GO:0051329

intracellular protein kinase cascade − GO:0007243
intracellular receptor signaling pathway − GO:0030522

intrinsic apoptotic signaling pathway − GO:0097193
leukocyte cell−cell adhesion − GO:0007159

leukocyte differentiation − GO:0002521
leukocyte migration − GO:0050900

locomotion − GO:0040011
lymphocyte differentiation − GO:0030098

MAPK cascade − GO:0000165
mature B cell differentiation − GO:0002335

membrane organization − GO:0061024
mitotic cell cycle − GO:0000278

modification of morphology or physiology of other organism − GO:0035821
modulation by virus of host morphology or physiology − GO:0019048

monosaccharide metabolic process − GO:0005996
muscle cell differentiation − GO:0042692

negative regulation of biosynthetic process − GO:0009890
negative regulation of cell cycle − GO:0045786

negative regulation of cell proliferation − GO:0008285
negative regulation of cellular biosynthetic process − GO:0031327

negative regulation of cellular component organization − GO:0051129
negative regulation of gene expression − GO:0010629

negative regulation of molecular function − GO:0044092
negative regulation of multicellular organismal process − GO:0051241

negative regulation of nitrogen compound metabolic process − GO:0051172
negative regulation of protein metabolic process − GO:0051248

negative regulation of proteolysis − GO:0045861
negative regulation of response to stimulus − GO:0048585

negative regulation of sequence−specific DNA binding transcription factor activity − GO:0043433
negative regulation of signal transduction − GO:0009968

neural tube development − GO:0021915
neurogenesis − GO:0022008

neuron projection development − GO:0031175
neuron projection guidance − GO:0097485

nucleotide−binding domain, leucine rich repeat containing receptor signaling pathway − GO:0035872
nucleotide metabolic process − GO:0009117

odontogenesis − GO:0042476
odontogenesis of dentin−containing tooth − GO:0042475

organonitrogen compound biosynthetic process − GO:1901566
organophosphate metabolic process − GO:0019637

ossification − GO:0001503
osteoblast differentiation − GO:0001649

peptidyl−amino acid modification − GO:0018193
phagocytosis − GO:0006909

phagosome maturation − GO:0090382
phosphorylation − GO:0016310

positive regulation of apoptotic process − GO:0043065
positive regulation of B cell activation − GO:0050871

positive regulation of biosynthetic process − GO:0009891
positive regulation of catabolic process − GO:0009896

positive regulation of catalytic activity − GO:0043085
positive regulation of cell communication − GO:0010647

positive regulation of cellular biosynthetic process − GO:0031328
positive regulation of gene expression − GO:0010628

positive regulation of lymphocyte proliferation − GO:0050671
positive regulation of macromolecule biosynthetic process − GO:0010557

positive regulation of molecular function − GO:0044093
positive regulation of nucleobase−containing compound metabolic process − GO:0045935

positive regulation of protein metabolic process − GO:0051247
positive regulation of response to external stimulus − GO:0032103

positive regulation of signal transduction − GO:0009967
positive regulation of signaling − GO:0023056
positive regulation of transport − GO:0051050
post−embryonic development − GO:0009791

posttranscriptional regulation of gene expression − GO:0010608
protein−DNA complex subunit organization − GO:0071824

protein autophosphorylation − GO:0046777
protein catabolic process − GO:0030163

protein complex assembly − GO:0006461
protein complex subunit organization − GO:0071822

protein homooligomerization − GO:0051260
protein import into nucleus − GO:0006606

protein modification by small protein conjugation − GO:0032446
protein phosphorylation − GO:0006468

protein transport − GO:0015031
Ras protein signal transduction − GO:0007265

regeneration − GO:0031099
regulation of anatomical structure morphogenesis − GO:0022603

regulation of apoptotic process − GO:0042981
regulation of binding − GO:0051098

regulation of body fluid levels − GO:0050878
regulation of carbohydrate metabolic process − GO:0006109

regulation of catabolic process − GO:0009894
regulation of cell−cell adhesion − GO:0022407

regulation of cell cycle − GO:0051726
regulation of cell death − GO:0010941

regulation of cell differentiation − GO:0045595
regulation of cell proliferation − GO:0042127

regulation of cellular catabolic process − GO:0031329
regulation of cellular component movement − GO:0051270

regulation of cellular component organization − GO:0051128
regulation of cytokine production − GO:0001817

regulation of heart contraction − GO:0008016
regulation of hydrolase activity − GO:0051336

regulation of immune system process − GO:0002682
regulation of interleukin−2 production − GO:0032663

regulation of intrinsic apoptotic signaling pathway − GO:2001242
regulation of lipid metabolic process − GO:0019216

regulation of MAPK cascade − GO:0043408
regulation of multi−organism process − GO:0043900

regulation of multicellular organismal development − GO:2000026
regulation of ossification − GO:0030278

regulation of phosphate metabolic process − GO:0019220
regulation of phosphorus metabolic process − GO:0051174

regulation of programmed cell death − GO:0043067
regulation of protein modification process − GO:0031399

regulation of protein stability − GO:0031647
regulation of response to stress − GO:0080134

regulation of small GTPase mediated signal transduction − GO:0051056
regulation of transcription from RNA polymerase II promoter − GO:0006357

regulation of translation − GO:0006417
regulation of transport − GO:0051049

response to abiotic stimulus − GO:0009628
response to bacterium − GO:0009617

response to cytokine stimulus − GO:0034097
response to drug − GO:0042493

response to endogenous stimulus − GO:0009719
response to growth factor stimulus − GO:0070848

response to inorganic substance − GO:0010035
response to lipid − GO:0033993

response to molecule of bacterial origin − GO:0002237
response to other organism − GO:0051707

response to oxygen−containing compound − GO:1901700
response to wounding − GO:0009611

rhythmic process − GO:0048511
secretion − GO:0046903

small GTPase mediated signal transduction − GO:0007264
sulfur compound metabolic process − GO:0006790

symbiosis, encompassing mutualism through parasitism − GO:0044403
taxis − GO:0042330

toll−like receptor 3 signaling pathway − GO:0034138
toll−like receptor 4 signaling pathway − GO:0034142

transforming growth factor beta receptor signaling pathway − GO:0007179
transmembrane receptor protein tyrosine kinase signaling pathway − GO:0007169

TRIF−dependent toll−like receptor signaling pathway − GO:0035666
tube formation − GO:0035148

ubiquitin−dependent protein catabolic process via the multivesicular body sorting pathway − GO:0043162
vasculature development − GO:0001944

vasoconstriction − GO:0042310
vesicle−mediated transport − GO:0016192

wound healing − GO:0042060

G
BM

_H
S_

00
00

37
G

BM
_H

S_
00

17
22

G
BM

_H
S_

00
17

50
G

BM
_H

S_
00

21
66

G
BM

_H
S_

00
25

38
G

BM
_H

S_
00

25
39

G
BM

_H
S_

00
25

40
G

BM
_H

S_
00

45
00

G
BM

_H
S_

00
45

37
G

BM
_H

S_
00

54
29

G
BM

_H
S_

00
58

79
G

BM
_H

S_
00

71
99

G
BM

_H
S_

00
75

70
G

BM
_H

S_
00

76
30

G
BM

_H
S_

00
85

94
G

BM
_H

S_
00

90
11

G
BM

_H
S_

01
01

40
G

BM
_H

S_
01

14
55

G
BM

_H
S_

01
16

18
G

BM
_H

S_
01

29
90

G
BM

_H
S_

01
37

91
G

BM
_H

S_
01

40
68

G
BM

_H
S_

01
48

16
G

BM
_H

S_
01

55
19

G
BM

_H
S_

01
58

65
G

BM
_H

S_
01

61
53

G
BM

_H
S_

01
62

96
G

BM
_H

S_
01

72
77

G
BM

_H
S_

01
73

65
G

BM
_H

S_
01

79
48

G
BM

_H
S_

01
85

05
G

BM
_H

S_
01

88
97

G
BM

_H
S_

01
92

03
G

BM
_H

S_
02

00
70

G
BM

_H
S_

02
02

46
G

BM
_H

S_
02

19
48

G
BM

_H
S_

02
24

54



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S5 Fig . 

RNAcompete experiment. 

hly similar to each other because of the existence 
of experimental replicates and/or conserved RNA binding domains). The bold blue frame indicates cases 
in which the GRAFFER motif was enriched (two tailed hypergeometric, p-value <0.01) among the RNA 
targets of the RBP as reported in (3); and the bold black frame indicates 
not enriched among the target RNAs.  

 

Tp_0225 (Thalassiosira pseudonana) | RNCMPT00225
An_0265 (Aspergillus nidulans) | RNCMPT00265
NCU02404 (Neurospora crassa) | RNCMPT00238

Vts1p (Saccharomyces cerevisiae) | RNCMPT00082
Vts1p (Saccharomyces cerevisiae) | RNCMPT00111

At_0284 (Arabidopsis thaliana) | RNCMPT00284
Ot_0263 (Ostreococcus tauri) | RNCMPT00263

Pp_0237 (Physcomitrella patens) | RNCMPT00237
Pcbp2 (Danio rerio) | RNCMPT00246

Rbm4.3 (Danio rerio) | RNCMPT00248
Rbm47 (Xenopus tropicalis) | RNCMPT00280
Syncrip (Xenopus tropicalis) | RNCMPT00281

HNRNPAB (Tetraodon nigroviridis) | RNCMPT00245
HNRNPR (Gallus gallus) | RNCMPT00288

B52 (Drosophila melanogaster) | RNCMPT00134
CG11360 (Drosophila melanogaster) | RNCMPT00129
CG14718 (Drosophila melanogaster) | RNCMPT00006
CG2931 (Drosophila melanogaster) | RNCMPT00147
CG2950 (Drosophila melanogaster) | RNCMPT00007

CG33714 (Drosophila melanogaster) | RNCMPT00009
CG7804 (Drosophila melanogaster) | RNCMPT00146

LARK (Drosophila melanogaster) | RNCMPT00035
LARK (Drosophila melanogaster) | RNCMPT00097
LARK (Drosophila melanogaster) | RNCMPT00124
MUB (Drosophila melanogaster) | RNCMPT00137

PABP (Drosophila melanogaster) | RNCMPT00139
RSF1 (Drosophila melanogaster) | RNCMPT00061

SF2 (Drosophila melanogaster) | RNCMPT00066
SRP54 (Drosophila melanogaster) | RNCMPT00272

PCBP1 (Mus musculus) | RNCMPT00239
ENOX1 (Homo sapiens) | RNCMPT00149
ESRP2 (Homo sapiens) | RNCMPT00150

FUS (Homo sapiens) | RNCMPT00018
FXR2 (Homo sapiens) | RNCMPT00020

G3BP2 (Homo sapiens) | RNCMPT00021
HNRNPA1 (Homo sapiens) | RNCMPT00022

HNRNPA1L2 (Homo sapiens) | RNCMPT00023
HNRNPA2B1 (Homo sapiens) | RNCMPT00024

HNRNPK (Homo sapiens) | RNCMPT00026
KHDRBS3 (Homo sapiens) | RNCMPT00034

PCBP1 (Homo sapiens) | RNCMPT00186
PCBP2 (Homo sapiens) | RNCMPT00044
PPRC1 (Homo sapiens) | RNCMPT00045
RBM4 (Homo sapiens) | RNCMPT00052
RBM4 (Homo sapiens) | RNCMPT00113

RBM45 (Homo sapiens) | RNCMPT00241
RBM46 (Homo sapiens) | RNCMPT00054
RBM6 (Homo sapiens) | RNCMPT00170

RBM8A (Homo sapiens) | RNCMPT00056
SAMD4A (Homo sapiens) | RNCMPT00063

SRSF1 (Homo sapiens) | RNCMPT00106
SRSF1 (Homo sapiens) | RNCMPT00107
SRSF1 (Homo sapiens) | RNCMPT00108
SRSF1 (Homo sapiens) | RNCMPT00109
SRSF1 (Homo sapiens) | RNCMPT00110
SRSF1 (Homo sapiens) | RNCMPT00163

SRSF10 (Homo sapiens) | RNCMPT00090
SRSF2 (Homo sapiens) | RNCMPT00072
SRSF7 (Homo sapiens) | RNCMPT00073
SRSF9 (Homo sapiens) | RNCMPT00067
SRSF9 (Homo sapiens) | RNCMPT00074

ZC3H10 (Homo sapiens) | RNCMPT00085
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S6 Fig. Comparison of GRAFFER  

we set two criteria: 1
human miRNA. We used g:profiler web server for this analysis (24); 2) The 5′-extermity of the miRNA 
should match to the reverse complement of the pr

7
represent the binding sites for 10 human miRNAs. 
match with miRNAs, but also they can represent the binding site of RBPs (highlighted with the box).
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S7 Fig. The motif co-occurrence network for 88 predicted motifs based on T. brucei co-

expression graph

Motif co-occurrence profile represented as a network. Different RBPs can regulate the same set 
of transcripts. These combinatorial regulatory networks were captured by determining if the 
targeted genes by two different motifs significantly overlap with each other. The color density 
represents the calculated Z-scores for each interaction.
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S8 Fig. Enrichment analysis of GRAFFER motifs in different cell states.

Predicted motifs are responsive to the developmental transcriptome changes. Motif names are 
shown on the left and biological conditions on the top. The motif enrichment scores are 
represented in pseudo-colors, with only significant scores shown (Mann-Whitney rank sum, 5% 
FDR threshold). Biological conditions in the red box are related to the differentiation process 
from the bloodstream form to the procyclic form. Biological conditions in the purple box are 
related to the different life stages of T. brucei. BS hd = bloodstream high density, representing 
the short stumpy form. BS ld = bloodstream low density, representing the long slender form.

B
S 

ld

B
S 

hd

30
 m

in

1 
ho

ur

12
 h

ou
r

24
 h

ou
r

48
 h

ou
r

72
 h

ou
r

C
ul

tu
re

d 
B

S 
vs

. P
F

Lo
ng

 S
le

nd
er

 v
s. 

PF

Sh
or

t S
tu

m
py

 v
s. 

PF

St
at

io
na

ry
 p

ha
se

 v
s. 

PF

10
0

−1
0

Z-
sc

or
e

U
p 

re
gu

la
tio

n
D

ow
n 

re
gu

la
tio

n

GBM_TB_ 00433
GBM_TB_ 00611
GBM_TB_ 00993
GBM_TB_ 01779
GBM_TB_ 03323
GBM_TB_ 03393
GBM_TB_ 03507
GBM_TB_ 03734
GBM_TB_ 04130
GBM_TB_ 04946
GBM_TB_ 05049
GBM_TB_ 05071
GBM_TB_ 05357
GBM_TB_ 05774
GBM_TB_ 06678
GBM_TB_ 06756
GBM_TB_ 06826
GBM_TB_ 07191
GBM_TB_ 07598
GBM_TB_ 08004
GBM_TB_ 08145
GBM_TB_ 08214
GBM_TB_ 08254
GBM_TB_ 08366
GBM_TB_ 09516
GBM_TB_ 09588
GBM_TB_ 09952
GBM_TB_ 10412
GBM_TB_ 11251
GBM_TB_ 11690
GBM_TB_ 12088
GBM_TB_ 12383
GBM_TB_ 12389
GBM_TB_ 12509
GBM_TB_ 12716
GBM_TB_ 12843
GBM_TB_ 13569
GBM_TB_ 13724
GBM_TB_ 13806
GBM_TB_ 14098
GBM_TB_ 14369
GBM_TB_ 14487
GBM_TB_ 15053
GBM_TB_ 15065
GBM_TB_ 15329
GBM_TB_ 15598
GBM_TB_ 15748
GBM_TB_ 15883
GBM_TB_ 15943
GBM_TB_ 16130
GBM_TB_ 16218
GBM_TB_ 16528
GBM_TB_ 16780
GBM_TB_ 16827
GBM_TB_ 17175
GBM_TB_ 17248
GBM_TB_ 17301
GBM_TB_ 17304
GBM_TB_ 17343
GBM_TB_ 17470
GBM_TB_ 18252
GBM_TB_ 18736
GBM_TB_ 18856
GBM_TB_ 19028
GBM_TB_ 19211
GBM_TB_ 19217



S9 Fig. Enrichment analysis of GRAFFER motifs in response to different chemical stresses.

The figure is pseudo-colored, only significant enrichments are presented (Mann-Whitney rank 
sum, 5% FDR threshold). We have excluded four stress conditions (EtBr treatment, HCL 
treatment, Hygromycin treatment, and Verapamil treatment) from the enrichment analysis 
because the selected highly variable genes were coherently up- or downregulated under these 
conditions. Therefore, the enrichment analysis of motifs that were predicted based on these genes 
would show a bias.
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S10 Fig. Developmentally regulated RRE in T. brucei.

Comparison of an experimentally established RRE (UAUUUUUU) that is involved in developmental 
T. brucei . As shown, both 

developmental responses. a) Transcripts targeted by the experimentally-derived  or 
GBM_TB_17304 were selected and then tested for a 
using Mann-  Expression data were extracted from (20). b) Proteome 

T. brucei were analyzed using  Mann-Whitney 
 Protein expression data were extracted from Gunasekera et al. (21), Butter et al. (22), 

and Urbaniak et al. (23). 
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S11 Fig. Characteristics of predicted motifs based on human’s co-expression graph. 

-scores and the number of targeted genes for each of 49
 in the forward strand. Black 

nodes represent those motifs that are significant only in the forward strand. Red nodes indicate the two 
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S12 Fig. Transcriptome responses of GRAFFER motifs that were predicted based on the 

cell cycle transcriptome data of T. brucei.

(a) Predicted motifs are responsive to the transcriptome changes during cell cycle progression of T. 
brucei. (b) Comparison of an experimentally validated RRE, with a role in the cell cycle regulation, with 
GBM_TB_10. Both motifs are significantly upregulated in late G1 phase (Mann-Whitney rank sum 
statistic, p-value <0.05). The experimentally established RRE was extracted from (7). 
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S13 Fig. Characteristics of T. brucei 3′-UTRs 

(a) 3′-UTR length variation of T. brucei genes according to Siegel et al (8). In cases where a 
gene has alternative poly-adenylation sites, the 3′-UTR length is defined as the median length; 
(b) schematic representation of the defined poly-adenylation sites. Upward arrows represent the 
location of detected poly-adenylation sites for a gene. Each region is defined as 50nt before and 
after the detected poly-adenylation site. If the distance between two poly-adenylation sites was 
less than 100nt, the two corresponding regions were merged together. (c) Number of poly-
adenylation sites and regions determined in two independent studies. As shown, many genes 
have more than one determined poly-adenylation region. (d) Correlation of two studies for 3′-
UTR length variation of genes with more than one poly-adenylation region. The Y-axis and X-
axis indicate the standard division of 3′-UTR lengths according to Siegel et al. (8) and Kolev et 
al. (14), respectively. (e) Distribution of genes based on the number of poly-adenylation regions, 
according to Siegel et al. (8) (f) Distribution of genes based on the number of poly-adenylation 
regions, according to Kolev et al. (14). 

 



 

 

 

 

 

 

S14 Fig. Patterns of up- and downregulation of genes with long 3′-UTRs under different 

experimental conditions. 

For each condition, genes wee sorted according to their expression value. Sorted genes were then 
divided into 30 different bins. The enrichment of genes with long 3′-UTRs in each bin was 
examined using Fisher’s exact test. Yellow color shows over-representation of genes in the 
corresponding bin. Similarly, blue represents under-representation of these genes in the cognate 
bin. The figure is pseudo-colored, only statistically significant bins are colored (Bonferroni 
corrected p-value < 0.05). Highlighted conditions on the left show overall significant up- or 
downregulation using Mann-Whitney rank sum statistics. Blue backgrounds indicate 
downregulation and orange backgrounds represent upregulation of genes with long 3′-UTRs. 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

S15 Fig. Significant state of motifs after consideration of full length 3′-UTRs other than 

the trimmed version.

Except in one case (red node), considering the reported 3′-UTR lengths by Siegel et al. (8) instead of the 
trimmed versions did not have a noticeable effect on the significance state of most GRAFFER motifs. 
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