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N 6-methyladenosine in poly(A) tails stabilize 
VSG transcripts

Idálio J. Viegas1, Juan Pereira de Macedo1,8, Lúcia Serra1,8, Mariana De Niz1, 
Adriana Temporão1, Sara Silva Pereira1, Aashiq H. Mirza2, Ed Bergstrom3,4, 
João A. Rodrigues1,5, Francisco Aresta-Branco1,6,7, Samie R. Jaffrey2 & Luisa M. Figueiredo1 ✉

RNA modifications are important regulators of gene expression1. In Trypanosoma 
brucei, transcription is polycistronic and thus most regulation happens 
post-transcriptionally2. N6-methyladenosine (m6A) has been detected in this parasite, 
but its function remains unknown3. Here we found that m6A is enriched in 342 
transcripts using RNA immunoprecipitation, with an enrichment in transcripts 
encoding variant surface glycoproteins (VSGs). Approximately 50% of the m6A is 
located in the poly(A) tail of the actively expressed VSG transcripts. m6A residues are 
removed from the VSG poly(A) tail before deadenylation and mRNA degradation. 
Computational analysis revealed an association between m6A in the poly(A) tail and a 
16-mer motif in the 3′ untranslated region of VSG genes. Using genetic tools, we show 
that the 16-mer motif acts as a cis-acting motif that is required for inclusion of m6A in 
the poly(A) tail. Removal of this motif from the 3′ untranslated region of VSG genes 
results in poly(A) tails lacking m6A, rapid deadenylation and mRNA degradation.  
To our knowledge, this is the first identification of an RNA modification in the poly(A) 
tail of any eukaryote, uncovering a post-transcriptional mechanism of gene regulation.

Trypanosoma brucei is a protozoan unicellular parasite that causes 
lethal diseases in sub-Saharan Africa: sleeping sickness in humans and 
nagana in cattle4. The infection can last several months or years, mostly 
because T. brucei escapes the immune system by periodically changing 
its VSG2. The T. brucei genome contains around 2,000 antigenically 
distinct VSG genes5, but only one VSG gene is actively transcribed at 
a given time. Transcriptionally silent VSG genes are switched on by 
homologous recombination into the bloodstream expression site (BES) 
or by transcriptional activation of a new BES2, resulting in parasites cov-
ered by approximately 10 million identical copies of the VSG protein6.

VSG is essential for the survival of bloodstream form (BSF) para-
sites. VSG is not only one of the most abundant proteins in T. brucei 
but it is also the most abundant mRNA in BSFs (4–11% of total mRNA)7,8. 
VSG mRNA abundance is a consequence of its unusual transcription 
by RNA polymerase I and its prolonged stability9. The half-life of VSG 
mRNA has been estimated to range from 90 to 270 min, contrasting 
with the 12 min, on average, for other transcripts10. The basis for its 
unusually high stability is not known. It is thought to derive from the 3′ 
untranslated region (UTR) of VSG genes, which contains two conserved 
motifs, a 9-mer and a 16-mer motif (usually called 16-mer, but the first 
and last positions are less conserved; the conserved core is a 14-mer), 
found immediately upstream of the poly(A) tail5,11. Mutational studies 
have shown that the 16-mer motif is essential for the high abundance 
and stability of VSG mRNAs12, even though its underlying mechanism 
is unknown.

VSG expression is highly regulated when the BSF parasites undergo 
differentiation to the procyclic forms (PCFs) that proliferate in the insect 

vector13. The BES becomes transcriptionally silenced and VSG mRNA 
becomes unstable14, which results in rapid loss of VSG mRNA and replace-
ment of the VSG coat protein by other surface proteins (reviewed in ref. 15).  
The mechanism by which VSG mRNA becomes unstable during differ-
entiation remains unknown. The surface changes are accompanied by 
additional metabolic and morphological adaptations, which allow PCFs 
to survive in a different environment in the insect host15.

RNA modifications have recently been identified as important means 
of regulating gene expression. The most abundant internal modified 
nucleotide in eukaryotic mRNA is N6-methyladenosine (m6A)16,17, which 
is widespread across the human and mouse transcriptomes and is often 
found near stop codons and the 3′ UTR of the mRNA encoded by multiple 
genes18,19. m6A is synthesized by a methyltransferase complex whose 
catalytic subunit, METTL3, methylates adenosine in a specific consensus 
motif. Demethylases responsible for removing m6A from mRNA have 
also been identified20,21. m6A affects several aspects of RNA biology, for 
instance, contributing to mRNA stability, mRNA translation or affecting 
alternative polyadenylation site selection (reviewed in ref. 1).

Here we show that m6A is an RNA modification enriched in T. brucei 
mRNA. This study revealed that m6A is present in the poly(A) tails of 
mRNA, and approximately half of m6A is located in only one transcript 
(VSG mRNA). We identified a cis-acting element that is required for 
inclusion of m6A at the VSG poly(A) tail and, by genetically manipulating 
this motif, we showed that m6A blocks poly(A) deadenylation, hence 
promoting the stability of VSG mRNA. We provide evidence that the 
poly(A) tails of mRNA can be methylated in eukaryotes, and that they 
have a regulatory role in the control of gene expression.
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m6A is enriched in the VSG poly(A) tail
To investigate whether T. brucei RNA has modified nucleosides that 
could have a role in gene regulation, we used liquid chromatogra-
phy–tandem mass spectrometry to detect possible modifications 
of RNA nucleosides in poly(A)-enriched RNA (mRNA) and total RNA 
(mainly composed of rRNA, tRNA and other non-coding RNAs). 
Thirty-four modified nucleosides were detected: 15 were detected in 
mRNA and 19 were only detected in total RNA (Fig. 1a, Extended Data 
Fig. 1, Extended Data Table 1). Some of these modifications had been 
previously detected in T. brucei RNA including Am, which is found in 
the mRNA cap structure, and m3C, m5C and Gm in tRNA and rRNA22–24. 
Comparison of the intensities of each RNA nucleoside in mRNA versus 
total RNA revealed that m6A is tenfold more abundant in mRNA. Ten 
other modifications are equally distributed in mRNA and total RNA and 
four modifications are 30–60-fold more enriched in total RNA than in 
mRNA (Fig. 1b). Given the importance of m6A for RNA metabolism in 
other eukaryotes, we focused on this specific modification in T. brucei.

We used an m6A nucleoside standard to quantify m6A in poly(A)- 
enriched, poly(A)-depleted and total RNA fractions from two stages of 

the parasite life cycle, that is, the mammalian BSF and the insect PCF. 
The chromatograms of the poly(A)-enriched fraction (mRNA) revealed 
a peak corresponding to 282→150 mass transition and an elution time of 
10 min (Extended Data Fig. 2a), identical to the elution time observed 
in the m6A standard. The m6A peak was barely detectable in the total 
and poly(A)-depleted RNA, indicating that most (if not all) m6A is pre-
sent in mRNA and absent from rRNA and tRNAs. Similar results were 
obtained in RNA fractions from the PCF insect stage (Extended Data 
Fig. 2b). For both stages of the life cycle, the chromatograms of total 
RNA and poly(A)-depleted samples contained a peak with an identical 
mass transition, but an earlier elution time (6.5 min), which probably 
reflects m1A (Extended Data Fig. 2c), a modification that is commonly 
found in rRNAs and tRNAs25,26.

The m6A standard allowed us to quantify the abundance of m6A in 
mRNA fractions of BSFs and PCFs (Extended Data Fig. 2d): m6A represents 
0.06–0.14% of total adenines in mRNA (Fig. 1c, Extended Data Fig. 2e).  
In other words, in 10,000 adenosines, 6–14 are methylated to form m6A. 
This proportion is lower than in mammalian cells (0.1–0.4%16,17).

To identify the transcripts enriched in m6A, we performed m6A RNA 
immunoprecipitation (m6A-RIP) in non-fragmented RNA, followed by 
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Fig. 1 | m6A is present in the poly(A) tail of VSG mRNA and other transcripts. 
a, Overlap chromatogram of nucleoside modifications detected in mRNA 
mammalian BSFs by liquid chromatography–tandem mass spectrometry. Data 
are ratios between peak areas. For definitions of compounds, see Extended 
Data Fig. 1. b, Enrichment of nucleoside modifications in mRNA relative to total 
RNA. Two-way analysis of variance (ANOVA) with Sidak correction for multiple 
test (Am, m6A, m6,6A, m7G and m1A, ****P < 0.0001). n = 5 biological samples.  
c, Levels of m6A quantified using standard curve in Extended Data Fig. 2d.  
The bar represents the mean. n = 3 or 4 biological replicates. Unpaired two-tailed 
t-test: mammalian bloodstream or insect total RNA versus mRNA P < 0.0001; 
mammalian bloodstream mRNA versus insect procyclic mRNA P = 0.4162. NS, 
not significant. d, Scatter plot of m6A enrichment relative to average transcript 
expression, expressed as log2 counts per million reads mapped (CPM). 
Transcripts enriched or depleted in the m6A IP sample relative to the input 
sample are indicated in red or blue, respectively. Moderated t-test adjusted  

with Benjamin–Hochberg false discovery rate. For P values, see Supplementary 
Table 1. Dotted lines, values of 1 and −1 in the y axis (log2 IP:input), which 
were used for statistical analysis. Triangles represent VSG genes. n = 3 
independent IPs. e, Gene set enrichment analysis. The line indicates the 
enrichment score distribution across VSG genes, ranked according to the log2 
fold change (log2FC) between m6A IP and input samples. f, Schematics of 
oligonucleotides used in RNase H digestion of VSG mRNA and expected 
digestion products (g). dT, poly deoxi-thymidines; SL, spliced leader. g, m6A 
immunoblotting of mammalian BSF total RNA digested with RNase H after 
pre-incubation with indicated oligonucleotides (oligo). Methylene blue stains 
rRNA. Tub, β-tubulin. n = 2 independent experiments. h, Mass spectrometry 
analysis of total RNA digested independently with enzymes RNase T1 and 
RNase A. Total RNA was extracted from T. brucei (BSF, n = 3; PCF, n = 2),  
T. congolense (n = 2), T. cruzi (n = 1), L. infantum (n = 2) and human cells 
(HEK293T, n = 1) (Supplementary Fig. 1, Source Data Fig. 1).
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sequencing of both input and immunoprecipitated (IP) transcripts. 
Similar strategies have been described before to study methylation 
at the gene level27,28. Differential expression analysis showed that VSG2 
is the most represented transcript in the IP sample. To calculate the 
enrichment of m6A per transcript, we normalized the number of reads 
in the IP sample by the number of reads in the input sample. Figure 1d 
shows that VSG2 is the transcript with highest average expression (log2 
counts per million reads mapped = 15.1; x axis) and one of the most 
enriched in m6A (log2 fold change = 2.5; y axis). Seven of the top ten 
genes are VSG or VSG-related. Gene set enrichment analysis showed 
that VSG transcripts are indeed enriched in m6A (Fig. 1e). Non-VSG tran-
scripts can also be enriched in m6A, such as those encoding cyclophilin 
A and ubiquitin carrier protein (UCP) (Fig. 1d).

To confirm that VSG is the transcript with the most m6A and to map 
m6A within the VSG transcript, we performed immunoblotting with an 
antibody that specifically recognizes m6A (Extended Data Fig. 3a) and in 
which we site-selectively cleaved the VSG transcript with ribonuclease 
H (RNase H). Total RNA was incubated with DNA oligonucleotides that 
annealed at different sites along the length of the VSG transcript. RNase 
H digestion of the RNA–DNA hybrids result in fragments of predicted 
sizes (Fig. 1f). If the VSG transcript is the band with the intense m6A 
signal, the band detected by immunoblotting would ‘shift’ to one or 
more fragments of smaller size.

In the control condition, in which RNA was pre-incubated without any 
oligonucleotide or with a control oligonucleotide that annealed with 
β-tubulin (another abundant transcript in T. brucei), we observed an 
m6A-positive smear, confirming that m6A is present in multiple mRNA 
molecules. However, we also observed an intense band of around 
1.8 kb, which coincides with the size of actively transcribed VSG (Fig. 1g, 
Extended Data Fig. 3b). This prominent band corresponds to 50% of 
the m6A signal; it is not detected in mRNA from the insect stage of the 
parasite life cycle (in which VSG is not expressed), nor in mouse liver RNA 
(Extended Data Fig. 3c, d). A band of similar mobility was also observed 
when we used an oligonucleotide that hybridized to the spliced leader 
(SL) sequence, a 39-nucleotide (nt) sequence that contains the mRNA 
cap and that is added to every mRNA by a trans-splicing reaction29. This 
indicates that m6A is neither present in the spliced leader sequence, nor 
in the mRNA cap structure. By contrast, when we used oligonucleotides 
VSG-A, VSG-B and VSG-C, which hybridized to three different unique 
sites in the VSG sequence, we observed that the major m6A band shifted, 
and in all three conditions, the 3′-end fragment contained the entire 
m6A signal (Fig. 1g). The VSG-C oligonucleotide is adjacent to the begin-
ning of the poly(A) tail. Thus, the 3′ fragment released upon RNase H 
digestion with VSG-C corresponds to the poly(A) tail of VSG mRNA. This 
fragment, which contains the entire m6A signal from the VSG transcript, 
is heterogeneous in length and shorter than 200 nt (Fig. 1g).

To further confirm that the 3′ fragment released after incubation with 
VSG-C and RNase H corresponded to the VSG poly(A) tail, we performed 
RNase H digestion in RNA pre-incubated with a poly(T) oligonucleo-
tide. Consistent with the results using VSG-C, the major band detected 
by the m6A antibody completely disappears, further supporting the 
idea that in BSFs, most m6A is present in the poly(A) tail of VSG mRNA 
(Fig. 1f, g). Digestion of RNA hybridized with poly(T) also abolished the 
smear detected by the m6A antibody (Fig. 1g), indicating that most m6A 
present in non-VSG transcripts appears to be located in their poly(A) 
tails. Of note, a similar approach to digest poly(A) tails does not affect 
the levels of m6A in mammalian mRNA of mouse18.

Most m6A in mRNA from human cells is preceded by guanosine30,31. 
As m6A in T. brucei appears to be localized in the poly(A) tail, we wanted 
to understand whether m6A is in a similar sequence context in trypano-
some mRNA. To test this, we performed RNA digestion with selective 
nucleases, similar to assays originally performed to establish the m6A 
sequence context in mammals30. In these experiments, we digested 
trypanosome RNA with RNase T1, which cleaves RNA after G, or RNase 
A, which cleaves RNA after pyrimidines (C/U). These enzymes leave 

the subsequent nucleotide with a 5′-hydroxyl. Thus, if m6A follows G 
or C/U, it would be released with a 5′-hydroxyl, after RNase T1 or RNase 
A digestion, respectively. Next, the RNA is digested with nuclease P1, 
which leaves any other m6A with a 5′-phosphate. m6A can then be quan-
tified using isotope-labelled m6A as a standard. m6A that is preceded 
by an A can be extrapolated by subtracting total m6A levels from m6A 
preceded by G and C/U. Using this approach, m6A in mammalian mRNA 
is primarily preceded by G (Fig. 1h), as previously described30. However, 
m6A in T. brucei BSF mRNA was primarily preceded by A (53%), and only 
27% of m6A was preceded by G (Fig. 1h). This is consistent with a strong 
enrichment of m6A in the poly(A) tails. We also tested m6A in related 
species: Trypanosoma congolense, Trypanosoma cruzi and Leishmania 
infantum. Trypanosoma congolense and T. cruzi showed an even higher 
enrichment of m6A after an A (69% and 68%, respectively) (Fig. 1h).  
By contrast, L. infantum showed a unique digestion pattern, in which 53% 
of m6A was located after a C or a U (Fig. 1h). With these results, we pre-
dict that the three more closely related species, T. brucei, T. congolense  
and T. cruzi, have a large fraction of m6A in the poly(A) tail of transcripts, 
whereas L. infantum contains m6A in an internal region of the transcripts 
and in a consensus motif different from mammalian cells.

Our results show that trypanosomatids have a large fraction of m6A 
in a sequence context different from mammalian cells. In T. brucei, 
although transcripts from more than 300 genes have m6A, the VSG gene 
family is the most represented. We have also shown that around 50% of 
m6A in a cell is present in the poly(A) tail of the actively transcribed VSG 
mRNA. On the basis of the m6A frequency in the T. brucei transcriptome 
and the enrichment in VSG genes, we estimate that there are nearly four 
m6A molecules per VSG mRNA.

Timing of m6A removal
The half-life of VSG transcripts is 90–270 min, whereas the median 
mRNA half-life in trypanosomes is 13 min (ref. 10). Given that removal 
of the poly(A) tail often precedes RNA degradation, we hypothesized 
that the presence of m6A in the poly(A) tail could contribute to this 
exceptional stability in VSG mRNA.

We tracked the levels of m6A in VSG mRNA as it undergoes degrada-
tion in three independent conditions. We first inhibited transcription 
in BSF parasites with actinomycin D and, for the next 6 h, we quan-
tified the amount of VSG mRNA that remained by quantitative PCR 
with reverse transcription (RT–qPCR). We also measured the levels 
of m6A in VSG genes (by immunoblotting) and the length of the VSG 
poly(A) tail using northern blotting and the poly(A) tail length assay, 
which involves ligation of adaptors to the 3′ end of poly(A) tails and 
two consecutive PCRs using VSG-specific forward primers (Fig. 2a). 
The amplified fragments contain part of the open reading frame, the 
3′ UTR of VSG transcripts and the downstream poly(A) tail, whose size 
is variable between different transcript molecules.

VSG mRNA has previously been shown to exhibit biphasic decay: in 
the first hour after transcription blocking, the levels of VSG remain high 
and, only in a second phase, do the levels of VSG mRNA decay exponen-
tially14,32. Consistent with these earlier findings, we detected no major 
changes in mRNA abundance during the first hour after treatment with 
actinomycin D (lag phase or first phase); however, afterwards, VSG 
genes exhibited exponential decay (second phase) (Fig. 2b). Northern 
blotting and the poly(A) tail-length assay revealed that during the 1-h lag 
phase, the length of the VSG poly(A) tail was stable, but then it rapidly 
shortened during the second phase (Fig. 2c, Extended Data Fig. 4).  
At 120 min and 240 min, the intensity of the VSG poly(A) tail dropped 
rapidly, indicating that the transcript was also rapidly degraded. This 
indicates that there is a specific time-dependent step that triggers the 
rapid shortening of the VSG poly(A) tail and the subsequent degrada-
tion of the VSG transcript. Immunoblotting revealed that the levels of 
m6A also decreased, but, notably, the loss of m6A preceded the shorten-
ing of the poly(A) tail and subsequent mRNA decay (Fig. 2b, d, Extended 
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Data Fig. 4). In fact, the levels of m6A decrease exponentially during the 
first hour after treatment with actinomycin D, taking around 35 min 
for total mRNA m6A levels to drop by 50%, whereas VSG mRNA only 
reached half of the steady-state levels around 2 h (Fig. 2b). These results 
indicate that m6A is removed from VSG mRNA before the deadenyla-
tion of the poly(A) tail, which is quickly and immediately followed by 
degradation of the transcript.

When BSF parasites undergo cellular differentiation to PCFs, VSG 
genes are downregulated as a consequence of decreased transcription 
and decreased mRNA stabilty14. To test whether m6A is also rapidly 
removed from VSG mRNA before its developmentally programmed 
degradation, we induced differentiation in vitro by adding cis-aconitate 
to the medium and changing the temperature to 27 °C. Parasites 
were collected and total RNA was extracted in different time points.  
RT–qPCR showed that the levels of VSG mRNA stayed stable for around 1 h,  
which was followed by an exponential decay (Fig. 2e). Immunoblotting 
analysis showed that during parasite differentiation, m6A intensity in 
the VSG mRNA dropped faster than the levels of VSG mRNA, reaching 
half of the steady-state levels in 23 min (Fig. 2e, f). Thus, during parasite 

differentiation, we observed again that the removal of m6A precedes 
the loss of VSG mRNA levels.

Overall, these results show that in two independent conditions, m6A 
is removed from the VSG transcript earlier than the VSG transcript 
is deadenylated and degraded, suggesting that m6A may need to be 
removed from the VSG transcript before it can be degraded.

VSG mRNA is methylated in the nucleus
In most organisms, m6A is generated by methylation of adenosine 
residues within a specific consensus sequence by the METTL3 meth-
yltransferase or its orthologues1. Given that in T. brucei m6A is present 
in the poly(A) tail, a different mechanism is probably used. Indeed, 
trypanosomes lack a METTL3 orthologue33, indicating that a differ-
ent pathway would be required to acquire m6A in the poly(A) tail.  
To understand how m6A accumulates in the VSG mRNA, we used parasite 
differentiation as a natural inducible system of VSG gene downregula-
tion. This process is reversible in the first 2 h (ref. 34). Parasite differen-
tiation was induced by adding cis-aconitate for 30 min (as described 
above; Fig. 2e), and then was washed away (Fig. 3a). Immunoblotting 
revealed that m6A intensity of the VSG band was reduced after 30 min of 
treatment with cis-aconitate (Fig. 3b, c), whereas mRNA levels remained 
unchanged (Fig. 3d). When cells were allowed to recover for 1 h in the 
absence of cis-aconitate (flask 4, Fig. 3a), we observed that the intensity 
of the m6A signal returned to normal levels (Fig. 3c), whereas mRNA 
levels continued to remain constant (Fig. 3d). These results indicate 
that the levels of m6A can be recovered without a net increase in VSG 
mRNA levels. The net levels of VSG mRNA result from a balance between 
de novo transcription and degradation. To test whether the recovery 
of m6A levels after the removal of cis-aconitate was due to de novo 
transcription, parasites were cultured in the presence of actinomycin 
D (flask 5, Fig. 3a). We observed that the intensity of m6A in the VSG 
transcripts was not recovered. Instead, the levels of m6A decreased to 
approximately 20% (Fig. 3c). Overall, these results indicate that de novo 
transcription is required to re-establish m6A levels in VSG mRNA.

If m6A is incorporated into VSG mRNA soon after transcription, and if 
it remains in the poly(A) tail until it gets degraded, we should be able to 
detect m6A in the nucleus and in the cytoplasm of the parasites. Immu-
nofluorescence analysis with an antibody to m6A showed a punctate 
pattern in both the nucleus (20%) and the cytoplasm (80%) (Fig. 3e, f, 
Extended Data Fig. 5a). To confirm that this m6A signal originated from 
RNA, we incubated the fixed cells with nuclease P1, which specifically 
cleaves single-stranded nucleic acids without any sequence-specific 
requirement, before the antibody staining. This treatment caused a 
marked reduction in the intensity of the m6A signal, indicating that the 
immunoreactivity of the m6A antibody derives from RNA, and not from 
non-specific interactions with cellular proteins (Fig. 3e, g, Extended 
Data Fig. 5b). As an additional control, we treated the cells with actino-
mycin D for 2 h before immunofluorescence analysis. This treatment is 
expected to result in reduced levels of cellular mRNA. Immunostaining 
with the m6A antibody showed a drop in the intensity of the m6A signal 
by around 40% (Fig. 3e, g, Extended Data Fig. 5b), which is similar to 
the trend observed by immunoblotting (Fig. 2c). Overall, these data 
show that the m6A immunostaining probably reflects m6A in mRNA 
and validates the immunoblotting results.

To understand how m6A is incorporated into VSG mRNA, we per-
formed RNA-FISH analysis of VSG2 (Fig. 3h) and compared it with m6A 
localization (Fig. 3e). Quantification of the FISH signal revealed that 
approximately 19% of the signal is in the nucleus and 81% is in the cyto-
plasm (Fig. 3i, Extended Data Fig. 5c). Given that this transcript distri-
bution is very similar to the subcellular distribution of m6A, the data 
suggest that the concentration of m6A per transcript is relatively similar 
in the two compartments. To confirm this hypothesis, we biochemi-
cally fractionated parasites into nuclear and cytoplasmic fractions and 
quantified m6A in each fraction. Fractionation was confirmed by DAPI 
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rRNA (Supplementary Fig. 1, Source Data Fig. 2).
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staining of the nuclei and western blotting (Extended Data Fig. 5d, e). 
Equal masses of RNA from nuclear and cytoplasmic fractions were 
spotted on a nylon membrane and hybridized with anti-m6A antibody 
(Fig. 3j). Quantification of the m6A signal showed that the intensity of 
m6A was similar in the two fractions (Fig. 3k), revealing that the concen-
tration of m6A per transcript is similar in the two cell compartments.

Together, our data indicate that methylation of the poly(A) tail of 
VSG mRNA takes place in the nucleus, soon after transcription.

A VSG motif is required for methylation
m6A is added to the VSG mRNA poly(A) tail soon after transcription, prob-
ably still in the nucleus. The m6A-RIP analysis showed that m6A is par-
ticularly enriched in VSG transcripts (Fig. 2d). We therefore asked how 
the VSG poly(A) tails are selected for preferential enrichment of m6A.  
It has previously been shown that each VSG gene contains a conserved 
16-mer motif (5′-TGATATATTTTAACAC-3′) in the 3′ UTR adjacent to 
the poly(A) tail that is necessary for the stability of VSG mRNA12. It has 
been recently shown that an RNA-binding complex binds to this motif 
and stabilizes the transcript by a yet unknown mechanism12,35. Here we 

hypothesized that this 16-mer motif may act in cis to promote inclusion 
of m6A of the adjacent poly(A) tail.

VSGs are essential proteins that are transcribed monoallelically from 
a telomeric location called the BES. If we mutagenized the 16-mer motif 
from the monoallelically transcribed VSG2 gene, this would reduce the 
levels of the VSG2 protein, which is lethal for the parasites12. To solve 
this problem, a VSG2-expressing parasite line was genetically modified 
to introduce a reporter VSG gene (VSG117) in the same BES by homolo-
gous recombination. The resulting cell lines were called VSG double 
expressors (DEs), because they simultaneously express the endogenous 
VSG2 and the reporter VSG117 (Fig. 4a). In the DE1 cell line, the VSG117 
gene contained a wild-type 16-mer motif (16-merWT). In the DE2 cell line, 
VSG117 contained a 16-mer motif in which the sequence was scrambled 
(5′-GTTATACAAAACTTTT-3′) (Fig. 4a). As has previously been reported, 
the transcript levels of VSG2 and VSG117 are dependent on each other and 
are dependent on the presence of the 16-mer motif12. RT–qPCR analysis 
showed that the two VSG genes have roughly the same levels in the DE1 
cell line. However, in the DE2 cell line, the VSG117 transcript is about 
sevenfold less abundant than the VSG2 transcript (Fig. 4b), confirming 
that the 16-mer motif is important for the abundance of VSG transcripts.
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and cytoplasm from immunofluorescence analysis. n = 4 experiments with 125 
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(P = 0.8753). Data are median (Supplementary Fig. 1, Source Data Fig. 3).
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To test whether the 16-mer motif is required for inclusion of m6A 
in VSG poly(A) tails, we performed m6A immunoblotting of cellular 
RNA obtained from the two DE cell lines. Given that VSG2 and VSG117 
transcripts have similar sizes (approximately 1.8 kb), we used RNase 
H to selectively cleave VSG2 before resolving the RNA on gel. Cleav-
age of VSG2 was performed by incubating the poly(A) RNA sample 
with an oligonucleotide that hybridizes to the open reading frame of 
VSG2 followed by incubation with RNase H (as described in Fig. 1f, g).  
As expected, the fragment containing VSG2 m6A is smaller and runs 
faster on an agarose gel (Fig. 4c). An ‘m6A index’ was calculated by divid-
ing the relative intensity of m6A in each VSG band (Fig. 4c) by the cor-
responding relative transcript levels measured by RT–qPCR (Fig. 4b). 
A low m6A index indicates that a given transcript has fewer modified 
nucleotides (Fig. 4d).

Whenever the 3′ UTR of VSG transcripts contained a 16-merWT (VSG 
genes with a blue box in Fig. 4a), VSG m6A bands were detectable by 
immunoblot and the m6A index varied between 20 and 140 arbitrary 

units. By contrast, when the 16-mer motif was mutagenized (16-merMUT; 
VSG117 with an orange box in Fig. 4a), the VSG m6A was undetectable 
(Fig. 4c), and the m6A index therefore was too low to calculate. These 
results indicate that the motif is required for inclusion of m6A in the VSG 
transcript. If the 16-mer motif had no role in m6A inclusion, the VSG117 
m6A index would be identical in both cell lines (DE1 and DE2), that is, 
around 20. Given that the RT–qPCR quantifications showed that the 
relative intensity of VSG117 16-merMUT is approximately 0.10 (Fig. 4b), 
the predicted intensity of the VSG117 16-merMUT m6A band would have 
been 20 × 0.10 = 2.0 arbitrary units. To be sure that a band with this level 
of m6A would be detected on an immunoblot, we ran a more diluted 
DE1 RNA sample in lane 3 (Fig. 4c). The intensity of the VSG117 16-merWT 
band is 2.1 arbitrary units (Fig. 4c, d), and it was readily detected in the 
immunoblot. Given that we could not detect any band correspond-
ing to a putative methylated VSG117 16-merMUT in DE2 (even after over 
exposure of the immunoblot, Extended Data Fig. 6a), we conclude 
that the VSG-conserved 16-mer motif is necessary for the inclusion 
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two-sided Mann–Whitney test (****P < 0.0001). f, Scatter plot of m6A RIP 
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input samples and m6A IP samples (Supplementary Fig. 1, Source Data Fig. 4).
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of m6A in the VSG poly(A) tail. A similar immunoblotting analysis was 
performed in an independent pair of DE cell lines (DE3 and DE4) that 
express a different reporter VSG (VSG8) (Extended Data Fig. 6b, c). 
Consistently, m6A was not detectable when the 16-mer motif of VSG8 
was mutagenized, further supporting the conclusion that this motif is 
required for detectable methylation.

To determine whether the 16-mer motif is associated with the pres-
ence of m6A in the VSG transcript, we used the m6A-RIP data to compare 
the enrichment of m6A in VSG transcripts with and without a 16-mer 
motif (Fig. 4e). m6A enrichment is calculated as the ratio between the 
number of normalized reads in IP samples versus input samples. Among 
the 20 VSG transcripts detected after IP (Fig. 1d), we found that the 11 
VSG transcripts with a 16-mer motif (blue bars) are, on average, fivefold 
more enriched in m6A than the nine VSG transcripts lacking a 16-mer 
motif (orange bars) (log2 fold change = 2.1, P < 0.0001, Mann–Whit-
ney test) (Fig. 4e). The 11 transcripts with a 16-mer motif encode fully 
functional VSG proteins or one pseudogene and all genes are located 
in the specialized subtelomeric loci from where VSG can be transcribed 
(BES). By contrast, the nine VSG transcripts that lack the 16-mer motif 
are located in non-BES sites and most of them (seven) are pseudogenes.

To confirm that the enrichment of m6A detected in VSG genes contain-
ing a 16-mer motif was not simply a reflection of higher expression of 
those VSG genes, the transcript levels measured from the m6A-RIP input 
sample were plotted against m6A enrichment for each of the 20 detected 
VSG genes (Fig. 4f). As expected, VSG2 is the active gene and with the larg-
est counts per million reads mapped. We found no correlation between 
m6A enrichment and transcript levels, indicating that the yield of m6A 
enrichment in the IP experiment is not dependent on the abundance of 
the transcript. This data indicate that the observation that the transcripts 
containing the 16-mer motif are more enriched in m6A is independent of 
VSG transcript levels and reflects the functional link between the 3′ UTR 
motif and the presence of m6A in the adjacent poly(A) tail.

m6A is required for VSG mRNA stability
The unusual localization of m6A in the poly(A) tail suggests that the 
underlying biochemistry of m6A formation in trypanosomes is differ-
ent from what has been described in other eukaryotes. Consistently, 
sequence searches using hidden Markov models (http://hmmer.org/) 
did not find a METTL3 methyltransferase, nor Alkbh5 demethylase 
orthologues in kinetoplastida33. Given that at this stage the mechanism 
of m6A formation in the poly(A) tail is unknown and therefore cannot be 
directly blocked, we used the genetic mutants of the 16-mer conserved 
motif to enquire about the function of m6A in VSG mRNA.

To test the role of the 16-mer motif on poly(A) length in mRNA stabil-
ity, we measured VSG mRNA stability in the 16-merWT and 16-merMUT cell 
lines. The half-life of VSG mRNA was measured by blocking transcription 
for 1 h with actinomycin D (the duration of the lag phase during decay 
of VSG mRNA) and the levels of VSG mRNA were followed by RT–qPCR.  
The poly(A) tail-length assay clearly shows that, when the VSG117 
transcript contains the 16-mer motif (16-merWT cell line), the length 
of the VSG117 poly(A) tail is stable for 1 h (Fig. 5a, b). By contrast, VSG117 
transcripts containing a scrambled 16-mer motif exhibited very rapid 
shortening of the poly(A) tail. In this case, there was no detectable 
lag phase—instead, the length of the poly(A) tail was reduced to 25% 
of its original length after just 15 min, and was undetectable after 1 h 
(Fig. 5a, b). Consistent with the fast kinetics of poly(A) deadenylation, 
in the absence of an intact 16-mer motif, the transcript levels of VSG117 
decayed very rapidly with a half-life of approximately 20 min (Fig. 5b). 
These experiments show that when the VSG conserved 16-mer motif is 
mutated and m6A is lost, the VSG transcript is no longer stable and exhibits 
rapid poly(A) deadenylation and a marked reduction of mRNA stability.

CAF1 is the deadenylase responsible for the deadenylation of most 
transcripts in T. brucei36. Here we asked whether CAF1 also deadenylates 
VSG mRNA and whether the presence of m6A affected this process. 

To test this, we downregulated CAF1 by tetracycline-inducible RNA 
interference (Extended Data Fig. 7). We followed the decay of the VSG2 
transcript and its poly(A) tail length after treatment with actinomycin 
D (Fig. 5c, d). In WT conditions (−Tet condition), the shortening of the 
poly(A) tail and the decrease in the transcript levels of VSG started 1 h 
post-treatment with actinomycin D and the poly(A) tail was entirely 
deadenylated in 4 h (Fig. 5c, d). By contrast, when CAF1 was downregu-
lated, in the first 2 h after treatment with actinomycin D, both the length 
of the poly(A) tail and the transcript levels of VSG remained unchanged. 
Only after 4 h, we saw a slightly shorter poly(A) tail and a decrease in 
the transcript levels of VSG.

The fact that the phenotype of CAF1 depletion is only detected after 
1 h post-treatment with actinomycin D demonstrates that CAF1 does 
not have strong activity on the VSG poly(A) tail during the first hour of 
treatment. Given our previous finding that it takes about 1 h to remove 
m6A from VSG mRNA (Fig. 2b), CAF1 may be partially inhibited while 
the VSG poly(A) tail is methylated, but once m6A has been removed 
from the poly(A) tail, CAF1 may then be able to rapidly deadenylate 
the VSG transcript.

To further understand the mechanism by which m6A inhibits dead-
enylation of VSG, we performed RNA-FISH to determine the subcellular 
localization of VSG. Given that CAF1 is localized predominantly in the 
cytoplasm37, we predicted that a VSG transcript with a mutagenized 
16-mer motif (and hence lower levels of m6A) would be unaffected in 
the nucleus, but would be rapidly degraded by CAF1 in the cytoplasm. 
To test this, we genetically modified the CAF1-inducible RNA interfer-
ence cell line to have a reporter VSG (VSG8) where the 16-mer motif was 
either WT or mutagenized (Fig. 5e, f, Extended Data Fig. 6b).

When VSG8 had a WT 16-mer motif, depletion of CAF1 led to a small 
increase in the abundance of the VSG8 transcript and VSG8 remained 
distributed at approximately 20% in the nucleus and 80% in cytoplasm 
relative to the condition when CAF1 was present (Fig. 5e, f). By contrast, 
when the 16-mer motif of VSG8 was mutagenized (that is, when m6A 
levels are undetectable) and CAF1 was present, the levels of VSG8 in the 
cytoplasm showed a sharp decrease, whereas the nuclear signal was less 
affected (Fig. 5e, f). Finally, when the 16-mer motif was mutagenized 
and CAF1 was depleted, we observed a significant recovery of the VSG8 
RNA-FISH signal, especially in the cytoplasm, indicating that CAF1 is 
responsible for deadenylating most mutagenized VSG transcripts and 
that this process takes place in the cytoplasm (Fig. 5e, f).

In the two conditions in which VSG8 had 16-merMUT, the nuclear levels 
of VSG8 were substantially lower (the mean fluorescence intensity 
is around 100) than in the conditions where VSG8 had 16-merWT (the 
mean fluorescence intensity is around 200) (Fig. 5e, f). These results 
suggest that when the levels of m6A are reduced in the poly(A) tail, the 
stability of the VSG mRNA is also partially reduced in the nucleus and 
this appears to be independent of CAF1.

Together, these data are consistent with a model in which m6A inhibits 
the activity of CAF1 in the cytoplasm, reducing poly(A) deadenylation 
and thus contributing to VSG mRNA stability.

Discussion
The classic function of a poly(A) tail is to suppress mRNA degrada-
tion and to promote translation. Poly(A)-binding proteins bind to the 
poly(A) tail and stimulate mRNA translation by interaction with trans-
lation initiation factors38. Removal of the poly(A) tail by deadenylase 
complexes is a prerequisite for mRNAs to enter into 5′ to 3′ or 3′ to 
5′degradation pathways39,40. In this Article, we identified a mechanism 
by which a poly(A) tail contributes to mRNA stability. We found that the 
presence of m6A in the poly(A) tail of VSG transcripts inhibits RNA deg-
radation, most probably by impeding CAF1-mediated deadenylation.

The presence of m6A in the poly(A) tail is so far unique to trypano-
somes. In other eukaryotes, m6A has mainly been detected by m6A map-
ping approaches around the stop codon and the 3′ UTR, where it has a 

http://hmmer.org/
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role in mRNA stability and translation1. A mapping study was recently 
published in T. brucei in which m6A was mapped in internal regions of 
transcripts3. m6A was not reported to be in the poly(A) tail in this previ-
ous study. However, m6A mapping relies on aligning m6A-containing 
RNA fragments to the genomic sequence. As the poly(A) sequence is 
not encoded in the genome, any m6A-containing poly(A) tail would not 
be mappable and therefore not detected in this or any other previous 
m6A mapping study.

It remains unclear how m6A gets into the poly(A) tail. The presence 
of m6A in the poly(A) tail suggests that an unusual RNA methyltrans-
ferase directly or indirectly binds to the 16-mer motif and methylates 
adenosines that are either adjacent to the 16-mer motif or become 
more proximal via a loop-like conformation of the poly(A) tail. This 
would explain why orthologues of the canonical METTL3 enzyme do 
not exist in the trypanosome genome33. A recent study has shown that 
a RNA-stabilizing complex, the MKT1 complex, binds to the 16-mer 
motif35, but this complex does not contain any homologues of m6A 
readers, writers or erasers.

Deadenylation is the first step in the main mRNA decay pathway in 
eukaryotes41. Trypanosoma brucei is not an exception29. In this study, we 

showed that m6A seems to protect the poly(A) tail from deadenylation by 
CAF1. The molecular mechanism behind this stabilizing effect is unknown. 
It is possible that the CAF1 deadenylase is inefficient on a methylated 
poly(A) tail. There is structural and biochemical evidence that poly(A) 
tails adopt a tertiary structure that facilitates recognition by some mam-
malian deadenylases (CAF1 and Pan2)42. When a poly(A) tail contains m6A, 
the tertiary structure may not be properly formed and deadenylase activity 
is inhibited, as has been shown with guanosine residues within an oligo-A 
oligonucleotide42. In this model, a putative demethylase may be required 
to remove the methyl group, which could then allow the VSG poly(A) tail to 
be efficiently deadenylated by CAF1. Alternatively, the stabilizing effect of 
m6A could result from the recruitment of a specific RNA-binding protein, 
that prevents the poly(A) tail from being deadenylated.

Trypanosoma brucei has around 2,000 VSG genes, but only one is 
actively transcribed at a given time2. The Rudenko laboratory has pro-
posed that the maximal amount of VSG mRNA per cell is dependent on 
a post-transcriptional limiting factor that is determined by the pres-
ence of the 16-mer motif12. The inclusion of m6A in poly(A) tails may be 
this factor. When the 16-mer motif is present in both VSG genes, both 
get partially methylated and their abundance is reduced to about half 
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(****P < 0.0001). n = 4 biological replicates, 100 cells per replicate 
(Supplementary Fig. 1, Source Data Fig. 5). RNAi, RNA interference.
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of a single VSG expressor; however, when the 16-mer motif is absent 
from one of the VSG genes, the second VSG is more methylated and 
the transcripts become more abundant.

To our knowledge, our work is the first report of an RNA modification 
in poly(A) tails. We show that m6A is present in the poly(A) tail of T. brucei 
mRNAs, it is enriched in the most abundant transcript (VSG), and that 
m6A acts as a protecting factor stabilizing VSG transcripts from CAF1 
deadenylation activity. It will be important for future studies to identify 
the enzymes and proteins involved in adding, reading or removing m6A.  
Given the importance of VSG regulation for chronic infection and 
parasite transmission, drugs that interfere with m6A incorporation in 
poly(A) tails are expected to block parasite virulence. Understanding 
these regulatory epitranscriptomic processes may open up possibili-
ties for developing therapeutic strategies to treat sleeping sickness.
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Extended Data Fig. 1 | Chemical structures of RNA modifications found in  
T. brucei. a, 15 modifications were detected in poly(A)-enriched RNA (mRNA). 
b, 19 modifications were not detected in poly(A)-depleted RNA. All 

modifications were detected in total RNA. Structures were obtained from the 
database Modomics (http://genesilico.pl/modomics/).

http://genesilico.pl/modomics/


Extended Data Fig. 2 | Detection of m6A in T. brucei by mass-spectrometry. 
a, b, Chromatograms obtained by LC-MS/MS analysis of a N6-methyladenosine 
standard and three RNA samples of T. brucei bloodstream form (BSF, a) or 
insect procyclic stage (PCF, b): total RNA, RNA enriched with poly(T)-beads 
(i.e., poly(A)-enriched RNA) and RNA that did not bind to polyT-beads (i.e., 
poly(A)-depleted RNA). c, Chromatogram obtained by LC-MS/MS analysis of a 

N1-methyladenosine standard with the 282->150 mass transition. The m1A peak 
is detected at 6.5 min. d, Standard curve of m6A. Increasing quantities of 
commercially synthesized m6A were loaded on the HPLC column and the area 
under the chromatogram peak was measured. e, Quantification of the 
m6A/A(%) in the mRNA in a second independent experiment. n = 5 mRNA 
samples. (see also Source Data of Extended Figures).
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Extended Data Fig. 3 | m6A detection in T. brucei by immunoblotting.  
a, Specificity of anti-m6A antibody. Oligonucleotides containing either m6A 
(positive control), unmodified adenosine or m1A (negative controls) were 
manually spotted in the membrane, which was incubated with anti-m6A 
antibody. The antibody specifically recognized the oligos with m6A, while 
exhibiting low cross-reactivity to the oligos with only unmodified adenosine or 
containing m1A. b, m6A signal intensity in the immunoblot, measured by Image 
J, in the whole lane containing the poly(A)-enriched RNA of bloodstream forms. 
c, The intensity of the ~1.8 kb band was divided by the signal intensity of the 
entire lane. n = 5 biological replicates. d, m6A immunoblotting of RNA samples 

from two stages of T. brucei life cycle. Samples (from left to right): total RNA 
(Total), Poly(A)-enriched (A+) RNA and Poly(A)-depleted (A-) RNA from 
mammalian BSF and insect PCF. The last lane contains total mouse liver RNA 
(Mouse). 2 µg of total RNA, 2 µg of poly(A)-depleted RNA and 100 ng of 
poly(A)-enriched RNA was loaded per lane. rRNA was detected by staining RNA 
with methylene blue to confirm equal loading between total and 
poly(A)-depleted fractions. As expected rRNA is undetectable in the 
poly(A)-enriched fraction. (see also Supplementary Fig. 1 and Source Data of 
Extended Figures).



Extended Data Fig. 4 | Poly(A) tail length, m6A and mRNA levels during VSG 
turnover. Levels of m6A (immunoblot), length of VSG poly(A) tail (RNase H – 
northern blot) and levels of VSG mRNA (northern blot) after transcription halt 
by ActD. Signals were normalized to time point 0hr. The pattern observed is 
consistent with Fig. 2b. Two-way ANOVA with sidak correction for multiple test. 

(****P < 0.0001,*P = 0.0190 in mRNA vs m6A in 15 min, ***P = 0.0004 in poly(A) 
vs m6A in 15 min, ***P = 0.0001 in mRNA vs m6A in 120 min, *P = 0.0136 in 
poly(A) vs m6A in 240 min). n = 4 biological samples for mRNA and m6A levels, 
n = 3 biological samples for poly(A) tail length. Data are mean ± s.d. (see also 
Source Data of Extended Figures).
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Extended Data Fig. 5 | Subcellular distribution of m6A in bloodstream form 
parasites. a, Proportion of m6A signal in nucleus and cytoplasm. Data are mean 
± s.e.m. n = 4 independent experiments. b, Quantification of mean 
fluorescence intensity (MFI) levels of m6A in five independent replicates in 
three different conditions: untreated BSF, nuclease P1 (NP1)-treated BSF, and 
actinomycin D (ActD)-treated BSF. Raw MFIs were obtained, the average of the 
untreated BSF equalled to 100%, and all other values normalized to 100%. Data 
are mean ± s.e.m. c, Distribution of VSG2 mRNA in the nucleus and cytoplasm in 
single marker (SM) cell line (single VSG expression) and in the clones that 
express a second reporter VSG (6 clones of DE1 express VSG117 containing a WT 
16-mer motif, 7 clones of DE2 express VSG117 containing a mutagenized 16-mer 
motif). VSG mRNA was quantified by FISH. Nucleus was delimited by Hoechst 

staining. Total signal was set as 100% and the nucleus and cytoplasm 
represented as percentage of total signal. Error bars represent s.d.  
d, Microscopic observation of nuclei purified after fractionation protocol. 
Nuclei were stained with Hoechst. The nuclear purification was compared with 
initial lysates and with the cytoplasmic fraction. Scale bars, 10 µm; n = 1 
independent experiment. e, Western blot of subcellular fractions (total lysate, 
nuclear and cytoplasmic fractions) using antibodies against a nuclear protein 
(histone H2A; custom rabbit polyclonal 1:5000) and a cytoplasmic protein 
(β-tubulin; mouse monoclonal KMX-1 1:1000). For each sample, we loaded a 
protein equivalent to the same amount of cells. n = 3 independent experiments. 
(see also Supplementary Fig. 1 and Source Data of Extended Figures).



Extended Data Fig. 6 | VSG double-expressor (DE) cell lines 
immunoblotting. a, Overexposure of full immunoblot shown in Fig. 4c. Three 
independent 16-merWT clones and three independent 16-merMUT are shown  
(C1–C6). Note that with this exposure, most intense bands are saturated.  
The purpose of this high exposure is to observe the region of blot corresponding 
to the VSG117 transcript. No VSG117 band is observed in the 16-merMUT clones.  
It is also possible to observe a weak VSG2 band in the VSG2 single expressor lane 
and in the 16-merMUT clones, which correspond to incomplete RNase H digestion 
of VSG2 transcript. n = 3 independent clones for each genotype (C1–C6).  
b, Schematics of VSG double-expressor (DE) cell-lines DE3 and DE4. VSG8  

was inserted in the active bloodstream expression site, which naturally 
contains VSG2 at the telomeric end. In DE3, VSG8 contains its endogenous 
3’UTR with the conserved 16-mer motif (sequence in blue). In DE4, the 16-mer 
motif of VSG8 was scrambled (sequence in orange). c, m6A immunoblot of 
mRNA from DE3 and DE4 cell-lines, in which CAF1 was further depleted by RNAi 
by adding Tetracycline (Tet). RNase H digestion of VSG2 mRNA was used to 
resolve VSG2 and VSG8 transcripts. Two independent DE3 clones and two 
independent DE4 clones are shown (C1–C4), each with (+) or without (−) CAF1 
downregulation. (see also Supplementary Fig. 1).
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Extended Data Fig. 7 | CAF1 depletion. CAF1 transcript levels measured by 
RT-qPCR in CAF1 RNAi cell-line used in Fig. 5c–f. CAF1 downregulation was 
induced by adding tetracycline (Tet) to the medium. Unpaired two tailed t-test 
(**** P > 0.0001). Data are mean ± s.d. n = 3 independent clones.



Extended Data Table 1 | Mass-spectrometry features of 34 nucleoside modifications found in T. brucei
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Extended Data Table 2 | List of oligonucleotides



Extended Data Table 3 | Statistical parameters of time course experiments

Curves were fitted to the decay of VSG mRNA (pink), length of poly(A)-tail (dark blue) and m6A levels (light blue). Curves in which the measured variable decayed from T = 0 h were called “One 
phase”. Those in which the measured variable decayed only after an initial constant period were called “Biphasic”.
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