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Abstract

Many aspects of the RNA maturation leave traces in RNA sequencing data in the form of deviations from the reference
genomic DNA. This includes in particular genomically non-encoded nucleotides and chemical modifications. The
latter leave their signatures in forms of mismatches and conspicuous patterns of sequencing reads. Modified mapping
procedures focusing on particular types of deviations can help to unravel post-transcriptional modification, maturation
and degradation processes. Here, we focus on small RNA sequencing data that is produced in large quantities aiming
at the analysis of microRNA expression. Starting from the recovery of many well-known modified sites in tRNAs we
provide evidence that modified nucleotides are a pervasive phenomenon in these data sets. Regarding non-encoded
nucleotides we concentrate on CCA tails, which, surprisingly, can be found in a diverse collection of transcripts,
including sub-populations of mature microRNAs. Although small RNA sequencing libraries alone are insufficient to
obtain a complete picture, they can inform on many aspects ofthe complex processes of RNA maturation.
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Introduction

Mature functional RNAs frequently deviate from
their DNA templates. The maturation of a primary RNA
transcript usually involves various forms of RNA pro-
cessing (such as endo- and exonucleolytic trimming,
splicing, or polyadenylation). More than a dozen mech-
anistically distinct types of RNA editing, i.e., targeted
nucleotide insertions, deletions, and exchanges, have
been described in a wide diversity of clades (Knoop,
2010). Chemical modifications, furthermore, introduce
a variety of non-standard nucleotides and affect the ma-
jority of non-coding RNAs (ncRNAs) (Ishitani et al.,
2008). As a consequence, a mature RNA sequence
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may differ substantially from its genomic DNA tem-
plate. RNA editing and modification can have massive
effects on both the secondary structure and the interpre-
tation of mRNAs. Chemical modifications in tRNAs,
for instance, are instrumental for the integrity of their
3D structures. A→I editing, on the other hand, influ-
ences protein sequences since I is read as G by the trans-
lation machinery.

Most eukaryotic and many prokaryotic RNAs un-
dergo processing at their 3’-ends. Following cleav-
age or trimming of the primary transcript, additional
nucleotides that are not encoded in the genome are
added in many cases. The best-known examples are the
polyadenylation of most mRNAs (Millevoi and Vagner,
2010) and the addition of CCA to the 3’-end of tRNAs
(Phizicky and Hopper, 2010). Several ncRNAs, in-
cluding signal recognition particle (SRP) RNA, U2
small nuclear RNA (snRNA) and 7SK RNAs are post-
transcriptionally adenylated; U6 snRNA and ribosomal
5S RNA can be both adenylated and uridylated on their
3’-ends (Chen et al., 2000; Perumal et al., 2000; Peru-
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mal and Reddy, 2002). Several mature microRNAs are
also 3’-adenylated and/or 3’-uridylated (Katoh et al.,
2009; Lu et al., 2009; Ebhardt et al., 2009; Burroughs
et al., 2010; Fernandez-Valverde et al., 2010).

The emergence of high throughput RNA sequenc-
ing (RNAseq) technologies offers, for the first time in
history, the possibility to systematically analyze whole
transcriptomes at a comparably low cost (Wang et al.,
2009). Consequentially, a substantial and rapidly grow-
ing body of transcriptome sequence data has accumu-
lated covering a large number of species across all king-
doms. These data pose an enormous challenge and op-
portunity to computer science and biology alike (Edito-
rial Nature Biotech 26). Public data bases are likely to
encompass unburied treasures. This gold rush, however,
may be significantly slowed down since little is known
about potential sources of error and bias. Even less is
understood about the biology of many RNA species.
Compared to DNA sequencing, cDNA sequences ex-
hibit much higher error rates often resulting in frustrat-
ing alignment results. Depending on sequencing tech-
nology, cDNA preparation protocol, and organism un-
der investigation about 20% of the sequences may not
be alignable to the reference genome (Li et al., 2010).
This may be caused by mismatches, insertions, or dele-
tions, as well as strict mapping policies to purge reads
with multiple hits in the reference genome. Disregard-
ing technical artifacts in the RNA sequence read and
errors or missing data in the reference genome, which
make it impossible to map the read at all, there are at
least three reasons why RNA reads do not match ex-
actly to the reference genome: (1) sequencing errors, (2)
polymorphisms, and (3) RNA maturation. Hence, anal-
ysis of RNAseq data in general requires a significantly
higher sensitivity in comparison to DNA variation anal-
ysis.

In this contribution we are concerned with the ques-
tion to what extent chemical modifications, editing, and
non-encoded nucleotides in matured RNAs are visible
in deep sequencing data. Previous work already indi-
cates that such an approach is feasible: Analyzing reads
that map with a single mismatch to the genome, more
than 1000 sites with possible RNA base modifications
were found inArabidopsis thalianaandOryza sativa,
predominantly in tRNAs, microRNAs, and rRNAs (Iida
et al., 2009; Ebhardt et al., 2009).

A primary source of information on ncRNAs are
short read libraries that are prepared and analyzed with
a focus on microRNAs. Here, total RNA is size-selected
so that RNAs larger than 30 nt, and hence all complete
“house-keeping” ncRNAs, are removed before sequenc-
ing. Surprisingly, these libraries contain a large num-

ber of reads deriving from nearly all ncRNA classes
(Kawaji and Hayashizaki, 2008). These originate from
cleavage of larger transcripts. For instance, tRNAs are
under certain conditions specifically cleaved into frag-
ments of different lengths in the anticodon loop or anti-
codon left arm (Lee and Collins, 2005; Li et al., 2008;
Jöchl et al., 2008). MicroRNA-sized products are de-
rived from position specific processing at the 5’- or 3’-
end of mature or precursor tRNAs (Cole et al., 2009;
Lee et al., 2009). Such small RNA fragments, for which
in individual cases a microRNA-like function has been
demonstrated, are also derived from small nucleolar
RNAs (Taft et al., 2009), vault RNAs (Persson et al.,
2009; Stadler et al., 2009), and Y RNAs (Meiri et al.,
2010), as well as some long ncRNAs such as MALAT1
(Stadler, 2010). The generation of these small RNA
fragments is tied closely to the stable double-stranded
regions in the parental RNA (Langenberger et al., 2010).
Here, we set out to explore to what extent small RNA
sequencing libraries are suitable for asystematicinves-
tigation of RNA maturation.

Results

We have analyzed a combination of two RNA li-
braries obtained fromHomo sapiens(human) and
Macaca mulatta(Rhesus macaque) brains, respectively
(Somel et al., 2010).

Table 1: Statistics of the data sets used in this study. Readswith
identical sequences were merged into tags. All tags matching to the
mitochondrial genome of human and macaque, respectively, were
removed to avoid contamination of nuclear copies of mitochondrial
DNA (NUMT). Overlapping tags that survived the filtering steps were
joined into blocks.

Human Macaque
Entire library
reads 71,307,445 114,619,534
tags 355,453 14,240,332
3’-CCA tails
tags 3,925 138,895
NUMT cleaned tags 3,017 118,298
non-genomically encoded
and NUMT filtered 3’-CCA tails
tags 1,431 90,208
blocks 246 1,289

In our analysis we distinguish between individual
reads and tags. Atag is defined as a DNA sequence that
occurs at least once in a set of sequencer reads. Thus a
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tag typically corresponds to several identical reads. The
advantage of using tags lies in a drastic reduction of data
that have to be handled. A statistical overview of the an-
alyzed data sets is given in Table 1.

Inference of chemical modifications from mismatches

Some chemical modifications of nucleotides are de-
tectable as mismatches between RNAseq data and the
genomic reference. In contrast to PCR artifacts the
mismatches appear in many different tags, and the fre-
quency distribution of nucleotides deviates from that ex-
pected for SNPs. Two recent studies showed that tRNA
modifications are detectable in plants (Iida et al., 2009;
Ebhardt et al., 2009). Figure 1 shows that this is the
case also in mammals, using the well-known 1-methyl-
adenosine modification found at position 58 of many
tRNAs (Roovers et al., 2004) as an example.
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Figure 1: Frequency of mismatches between RNAseq reads and ge-
nomic reference sequence for reads mapping close to the 3’-ends
of human (solid line; triangles) and macaque (dashed line; circles)
tRNAs. Note that the distribution of the error rates is highly cor-
related between the two species. The inset shows the frequency of
nucleotides observed at position 58. Apart from the being read “cor-
rectly” as A, this post-transcriptional modification is typically seen as
an A-to-T transversion by the sequencer. Again, human (dark gray
bars) and macaque (light gray bars) have highly similar substitution
patterns.

The 1-methyl-adenosine modification is pivotal for
the stability and thus the function of tRNAs (Ander-
son et al., 1998). It has been reported that the methy-
lated adenosine residue 58 serves as a pause signal for
plus-strand strong-stop DNA synthesis and termination
site during reverse transcription (Renda et al., 2001). A
closer look at the data (inset in Figure 1) shows that
this particular modification of adenine is typically in-
terpreted by the sequencer as an A-to-T transversion or
an A-to-G transition. Strikingly, the substitution matrix
for this modification seems to be largely invariant to the
library preparation.
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Figure 2: Normalized read counts of coverage (gray) and variation
(black) along a tRNA structure, given as dot-bracket notation. Gaps
in the coverage within the T-loop and V-region are caused by gaps
in the sequence alignment used for normalization. Peaks (numbered
stars) along the variation curve correspond to common tRNA modi-
fications at the respective position. The modification 5⋆ within the
T-loop corresponds to the 1-methyladenosine modification present in
most tRNA sequences. Other modifications are N2-methylguanosine
(1⋆), 1-methylguanosine (2⋆), 2-O-methylguanosine (3⋆) and di-
hydrouridine (4⋆).

This modification is the most prominent one that is
directly visible from the superposition of the error pro-
files of all tRNAs. Several other modifications are de-
tectable as conspicuous accumulations of mismatches in
individual tRNAs. Notably, most of the detectable vari-
ations are located either towards the 5’- or towards the
3’-end of the tRNA. This is caused by the very uneven
coverage of tRNAs with small sequencing reads, which
is heavily biased towards the ends and the fact that the
error-prone 3’- and 5’-termini of sequencing reads natu-
rally coincide with the ends of the tRNA (see Figure 2).
Besides the very strong effect of 1-methyladenosine
on the accuracy of the cDNA, RNAseq data addition-
ally exhibits moderately increased error rates for dihy-
drouridines and methylguanosine modifications such as
N2-methylguanosines. This is consistent with the find-
ings that the major substitution sites in plant tRNAs
correspond to known RNA base modifications: N1-
methyladenosine (m1A), N2-methylguanosine (m2G),
and N2,N2-methylguanosine (m22G) (Iida et al., 2009;
Ebhardt et al., 2009).

Figure 3 summarizes the genomic distribution of mis-
matches that can be interpreted as sites of chemical
modifications. As a consequence of the short RNA se-
quencing protocol, tRNAs and miRNAs, as measured
by the proportion of their genome sequence, accumu-
late most of the sequence variations seen in the data sets
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Figure 3: Distribution of potential modifications among human (dark
gray) and macaque (light gray) RNA classes. Despite the fact that the
data set generated in the macaque RNAseq experiments is about 50-
times larger than the human one (Table 1) the total number of possible
modifications in tRNA and miRNA does not differ proportionally. In
the case of tRNAs, 862 modifications were found in macaque, com-
pared to 657 in human sets; for microRNAs, there are 1400 potential
modifications in macaque and about 500 in human.

used here. For tRNAs, the numbers are comparable be-
tween human and macaque (657 vs. 862), indicating that
even the comparably small human library is nearly sat-
urated, while for microRNAs there are about 500 posi-
tions with significant sequence variation in human and
1400 in macaque, leading us to expect that the true num-
ber of putative modifications in human microRNAs will
be larger than observed here. Such an saturation ef-
fect cannot be expected for long transcripts, including
CDSs, as a consequence of the small RNA sequencing
protocol. The much higher difference of observable nu-
cleotide variations within these classes clearly supports
this assumption. Surprisingly, more than two third of
the detectable loci in human fall into coding sequences,
while only 8% are located in tRNAs. In macaque, the
ratio is even smaller, suggesting that chemical modifica-
tions indicated by the observed sequence variations are
a common phenomenon in general.

A detailed analysis of individual modification sites
with respect to their substitution patterns requires a suf-
ficiently large coverage. We have identified two fre-
quent potential modifications in human mir-124-3 and
mir-125b-2 transcript tags. In the case of the human
mir-124-3 (Figure 4) 33 different tags cover nucleotide
77G but only 11 tags are in accordance with the refer-
ence sequence. The other nucleotides A, C, and T were
counted 6, 5, and 11 times, respectively. No genomic
polymorphisms were previously described at this posi-
tion. Whether the substitutions are caused by a methy-
lation or another modification remains to be clarified.
Mir-124-3 is epigenetically silenced by heavy methy-
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Figure 4: Secondary structure of human precursor miRNA sequences.
miR and miR* are shaded in gray. Letter size is proportional to the fre-
quency of observed nucleotides at highlight positions. (A)Sequencing
data for the mir124-3 exhibits an unusually high error rate atposition
77 (encircled nucleotide). The guanine is frequently replaced by all
other three bases indicating RNA modification rather than genomic
variation. The modification is located at the 3’-end of the miRNA
precursor sequence. (B) mir-125b-2 shows sequence variation at po-
sition 43 (encircled nucleotide).

lation and exhibits tumor-suppressive potential in hep-
atocellular carcinoma (Furuta et al., 2009). It is also
involved in neuronal differentiation (Makeyev et al.,
2007) and might be specific for brain libraries. A ho-
molog of mir-124-3 in macaque has not been reported
yet.

For position 43T of the human mir-125b-2 the ref-
erence base was inferred only 4 times from the cDNA
data. Moreover, it was 17 times replaced by C, 3 times
by an A and 6 times by a G (see Figure 4). No sequence
variation has been found for the homologous position
in macaque mml-mir-125b-2. Hence, the modification
remains to be verified in independent experiments. Mir-
125b has a profound influence on the proliferation of
differentiated cancer cells in depletion experiments (Lee
et al., 2005). A recent study showed a strong correlation
of mir-125b-2 expression and survival rates in child-
hood leukemia (Gefen et al., 2010).

Inference of chemical modifications from read patterns

Some nucleotide modifications act as road blocks for
the reverse transcriptase (Motorin et al., 2007). Thus
we expect to observe non-random termination of DNA
products from the initial reverse transcription of the
RNA. Since the sequencing protocols used to generate
the data that we analyzed here are strand-specific, se-
quencing reads are reported in the reading direction of
the original RNA in the sample. An obstacle in the re-
verse transcription step thus results in the enrichment of
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Human chr15:23,878,468-23,878,559 (92 bp)

GTCAGTAAGGGTGTGGCCCTCAGCTTGGGCCCGGCGGACCCACTTTTGGTCCTTAGGATTGGCGATCTGGTACACCCTCTACTGTTCATTGGC

L P D P ?? P

Glu tRNA

G
T

CCAG
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CCAG
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Figure 5: Number of tags covering a given sequence position ina
human tRNA-Glu gene. Known chemical modifications are indi-
cated below the genomic reference sequence. (See Table 2 for the
key to symbols mapping.) The most prominent modification, the N2-
methylguanosine (L) at position 10, is detectable as a G-to-Ttransver-
sion in 23% of all tags as well as a sharp increase of read starts at
the following position. The block of tRNA 3-end reads including the
genomically not encoded CCA is indicated. Also note that the read
coverage is smallest around the anti-codon.

mapped read starts at the positionfollowing the chem-
ical modification (Motorin et al., 2007). As shown in
Figure 5, this leads to an upward jump of the read and
tag coverage at the position following the modification.

In order to determine whether this effect can be seen
in the analyzed RNAseq data, we compared the start
positions of reads with the positions of known mod-
ifications in human tRNA sequences compiled in the
tRNAdb (Jühling et al., 2009). For example, we observe
a nearly 7-fold enrichment of read starts on tRNA posi-
tion 59 compared to the modified position 58 (Table 2),
corresponding to reverse transcription products that ter-
minate before the modified base. Some of these reads
extend beyond the tRNase Z processing site and hence
derive from the unprocessed precursor. This suggests
that these modifications might precede the formation of
the 3’-terminus.

A road block function of several modifications is ob-
servable in our data in particular for modifications close
to the 5’- and 3’-ends of the tRNA. For instance, the
N4-acetylcytidines and N2-methylguanosines modifica-
tions, which are located close to the 5’-end of mature
tRNAs, are detectable by a high incidence of reads start-
ing immediately downstream of the site of modification.
Many of the more centrally located modifications are
not detectable. This bias is largely caused by the imbal-
ance in the read coverage, which is much higher towards
the 5’- and 3’-ends of tRNA (Figure 2).

Nucleotidyltranferases add CCA tails not only to tRNAs

tRNA biogenesis involves multiple maturation steps
of the primary RNA polymerase-III transcripts: removal
of the 5’-leader, trimming of the 3’-trailer, addition

Table 2: Patterns of read starts and tRNA modifications. The first two
columns give the common name of the modification and its RNAMods
abbreviation (Dunin-Horkawicz et al., 2006); #: number of experi-
mentally verified modifications in human tRNAs; pos: median posi-
tion of the modification within tRNAs; exp: number of genomic loci
for which a modification is expected and reads are mapped. The last
column (ratio) gives the number of read starts one nt downstream of
the modification divided by the number of read starts observed at the
modified position. Road block modifications that impair reversetran-
scription are expected to exhibit large ratios.

modification * # exp pos ratio
N4-acetylcytidine M 2 38 2.5 12.80
5-methylcytidine ? 17 298 49 10.70
1-methyladenosine " 12 188 58 7.17
N2-methylguanosine L 12 164 9.5 2.66
1-methylguanosine K 4 52 19 1.92
5-methyluridine T 6 78 54 1.60
pseudouridine P 39 529 33 1.28
2-methyladenosine \ 1 18 54 0.59
dihydrouridine D 29 404 19 0.46
7-methylguanosine 7 6 87 46 0.45
2-O-methylcytidine B 4 53 32.5 0.08
2-O-methyluridine J 5 82 33 0.07
2-O-methylguanosine # 4 46 26 0.02

of CCA, splicing of introns that may be present, and
chemical modification of multiple nucleoside residues
(Hartmann et al., 2009; Phizicky and Hopper, 2010).
Enzymatic CCA addition by nucleotidyltransferases is
considered essential for tRNA biosynthesis in all or-
ganisms that do not encode CCA termini at the ge-
nomic level. These enzymes are able to add specific
nucleotides or nucleotide sequences in the absence of
genetic templates (Xiong and Steitz, 2004). Although
CCA nucleotidyltranferases (also named CCA-adding
enzyme) primarily recognize and process tRNAs, see
(Vörtler and M̈orl, 2010) for a review, they are known
to have non-tRNA substrates as well. Many of them are
tRNA-like elements such as the mascRNA processed
from the 3’-terminus of MALAT1, a long non-coding
RNA that is known to be mis-regulated in many human
cancers (Wilusz et al., 2008) and viral RNA motifs that
act to attract the host’s processing machinery, see e.g.
(Bogerd et al., 2010). An other prominent example is
the U2 small nuclear RNA (snRNA), which undergoes
a maturation process similar to that of tRNAs. After re-
moval of a 3’-trailer by a 3’ exonuclease, the trimmed
U2 snRNA is processed by the human CCA-adding en-
zyme (Cho et al., 2002). CCA addition has also been
observed for several mitochondrial mRNAs (Williams
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Table 3: Distribution of blocks with non-genomically encoded CCA
tails in different RNA classes. RNA classification was derived from
the tRNAscan-SE prediction and the downloaded RNA gene track.
Pseudo ncRNAs lack important features (e.g. parts of the character-
istic secondary structure) of their functional siblings. Asignificant
proportion of CCA tags was expectedly found in tRNA loci for both
human and macaque.

Human Macaque
3’-CCA blocks

tRNA 99 40.2% 219 17.0%
miRNA 52 21.1% 111 8.6%
U2 3 1.2% 3 0.2%
rRNA 2 0.8% 0 0.0%
CDS 2 0.8% 2 0.1%
pseudo ncRNA 10 4.1% 13 0.9%
unknown 79 32.1% 941 73.9%
TOTAL 246 1289

et al., 2000).
These examples of non-standard 3’-CCA tails are

also visible in the RNAseq data sets for both human
and macaque (Table 3). We therefore asked whether
additional substrates of the CCA nucleotidyltranferase
can be identified. A large fraction of the tags matches
mitochondrial sequences. After removing those (see
Methods), we retained 246 blocks in human (and 1289
blocks in the much larger macaque library). The mod-
erate 5-fold increase of CCA blocks in rhesus monkey
compared to human despite a 50-fold higher coverage in
the library suggests that the detected set of CCA-tagged
RNAs approached saturation in the monkey library. It
can only be speculated that for the same reason a major-
ity of 73.9% CCA blocks maps to unknown locations in
macaque while only 32.1% of human CCA blocks fall
into the same category.

As expected, a substantial fraction of blocks (and the
majority of reads and tags) belongs to tRNAs (Table 3).
There is, however, a large number of microRNAs with
non-encoded CCA ends. Particularly prominent targets
are the members of the let-7 family. Almost all of them
have read blocks with CCA tails covering the mature
miR or miR∗ sequences (see example in Figure 6). This
pattern is shared by 40 human miRNAs and is conserved
in macaque. Since the mature miR, as in the example of
let-7g, is located on the 5’-arm of the precursor hairpin,
it follows that the CCA nucleotidyltranferase does not
target the stably base-paired precursor hairpin, as one
might expect. Instead, the substrate is either the mature
miR or a double-stranded processing intermediate.

One of the few CCA-tagged RNA sequences that

Human chr3:52,277,325-52,277,440:- (116 bp)
GCGACAAGGACCGTTCCGTCACCGGACATGTCAATAGAGGACATGGCCCACCATAGTATCTGGGAGTTTGACATGTTTGATGATGGAGTCGGACCTTAGTCCGTTTTCCTTTGCCT

hsa-let-7g

WDR82
miR miR*

42,8_

Macaque chr2:84,124,895-84,125,010:+ (116 bp)

mml-let-7g

CGTTTCCTTTTGCCTGATTCCAGGCTGAGGTAGTAGTTTGTACAGTTTGAGGGTCTATGATACCACCCGGTACAGGAGATAACTGTACAGGCCACTGCCTTGCCAGGAACAGCGCGC

miR

434_

Figure 6: The 5’-end of the let-7g miRNA shows a highly expressed
RNA species with non-genomically encoded 3’-CCA modificationin
human (top) and macaque (bottom). In both species the mature se-
quence (miR) is covered by this RNA species. Note that the coverage
with 3’-CCA tailed reads of the macaque homolog is 10-fold higher
than in human but still shows the same pattern.

arises from coding regions is a small transcript located
anti-sense (human chr2:121460406-121460426:-) to the
the zinc-finger protein GLI-2 .

Processing of immature and mature tRNAs

The analysis of tRNA loci, surprisingly, shows evi-
dence for the production of small RNA species not only
from mature tRNAs but also from unprocessed precur-
sors. This is evidenced, on the one hand, by reads with
CCA ends extending the genomically encoded 3’-end
and reads showing the hallmarks of chemical modifica-
tions, and on the other hand, by reads spanning across
the RNase P (5’) and RNase Z (3’) cleavage sites (Fig-
ure 7). Lee et al. (2009) discovered three types of these
short RNA fragments: tRF5 and tRF3 sequences are lo-
cated at the 5’- and 3’-ends of the mature tRNAs, re-
spectively. tRF5 sequences have the RNase P cleav-
age site at their 5’-end, while tRF3s have a CCA end at
the correct position following the tRNase Z processing
site. Thus they derive from a matured tRNA. In con-
trast, tRF1 sequences are entirely located in the 3’-part
of the precursor that is cleaved off by tRNase Z. A de-
tailed study (Haussecker et al., 2010) showed that such
tRF1-like small RNAs are involved in the global regu-
lation of RNAi, suggesting that many of them could be
functional.

In order to obtain at least a rough relative quantifi-
cation of matureversusprecursor processing we quan-
tified the fraction of reads that derived from mature
tRNAs and their precursors, respectively (Figure 7).
While the tRFs arising from the mature tRNA domi-
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Figure 7: Processing of mature
tRNAs and their precursors in hu-
man. (A) different types of read
blocks derive from different pro-
cessing stages of tRNAs. Blocks
shown as filled boxes are as-
sumed to derive from mature tRNA
molecules after RNase P and Z pro-
cessing. Blocks illustrated as open
boxes are located completely or
partially outside the mature tRNA
region and hence are derived from
precursors. The origin of internal
reads (grey boxes) cannot be as-
signed to either mature or precur-
sor tRNA molecules. The classes
tRF5, tRF3, and tRF1 of tRNA-
derived small RNA fragments were
defined in (Lee et al., 2009).(B)
fraction of reads mapping to a
tRNA locus that are derived from
mature tRNAs (black) or precursor
sequences (white).
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Figure 8: Differences in relative expression of tRFs derived from ma-
ture tRNAs (•) and precursors (×) between human an macaque. The
tRNAs with the largest deviations between the two species are labeled.

nate in most cases, the situation is different for tRNA-
Ile-TAT, tRNA-Leu-CAA, tRNA-Leu-TAG, tRNA-Ser-
TGA, tRNA-Thr-AGT, and tRNA-Thr-CGT. Similar
data were obtained for human and macaque. When
comparing relative expression of tRNAs one would ex-
pect that the read counts, normalized relative to the
overall coverage and multiple mappings, of different
species should show similar expression patterns. There
are, however, several significant differences observed
between macaque and human (Figure 8).

Interestingly, the most abundant human tRF1-type

small RNA fragment, tRF-1001 deriving from tRNA-
Ser-TGA, behaves very differently between human and
macaque. Lee et al. (2009) observed that tRF-1001 is
expressed highly in a wide range of cancer cell lines,
where its expression is tightly correlated with prolifer-
ation. While the precursor-derived products dominate
the human library, most of the macaque sequences arise
from the mature tRNA, suggesting that tRF-1001 might
be a very recent innovation in human evolution. One
might speculate that, like other evolutionarily very re-
cent ncRNAs such as BC1 and BC200 (Kondrashov
et al., 2005) or HAR1 (Pollard et al., 2006), at least
some of the tRFs detected in brain RNA libraries have
functions in brain development.

Discussion

Small RNA sequencing data contain a wealth of in-
formation on RNA maturation. We have shown here
that potential sites of several types of chemical modifi-
cations are detectable as “polymorphic” sites with char-
acteristic substitution patterns as well as through char-
acteristic patterns of read starts. In both cases the sig-
nal derives from the obstruction of reverse transcription
which constitutes an indispensable first step in RNAseq
protocols. In small RNA libraries, the observed sig-
nal is necessarily a composite of superimposed effects:
(1) the coverage of a particular position by small RNA
fragments is strongly biased towards double-stranded
regions (Langenberger et al., 2010); (2) modifications
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can be detected and reliably distinguished from SNPs
or sequencing errors only when the tag coverage is
high enough to estimate the substitution frequencies; (3)
closely spaced modifications interfere with each other
for the following reason: the modification more close to
the RNA’s 3’-end may act as a road block for reverse
transcriptase, as in the case of tRNA position 58, result-
ing in sharply decreased read coverage 5’ of this posi-
tion. As a consequence, the more 5’-proximal modifica-
tion will be represented by a much lower read coverage
and its signal may vanish below the detection limit.

Our analysis shows that putative modification sites
are by no means restricted to tRNAs. In plants,
RNA methylation is well known as a crucial step in
microRNA biogenesis (Yu et al., 2005). We find that
a large number of human microRNAs also appear to be
targets of modification processes. While small RNA li-
braries exhibit signs of chemical modifications mostly
for tRNAs, this saturates as the depth of the library in-
creases. Eventually, positions in coding sequences and
unannotated genomic regions dominate the data. The
fact that several potential modifications as measured
by error rates occur so frequently and are, on top, re-
producible in different species is a strong indication of
functional importance. Given the data presented here, it
is not far-fetched to speculate on possible implications
of such modifications on transcript structure and func-
tion such as alternative splicing, maturation or degrada-
tion of RNA.

The most surprising result of our analysis is the wide-
spread 3’-terminal post-transcriptional extension of ma-
ture microRNAs by CCA nucleotidyltransferases in ad-
dition to the previously reported adenylation and uridy-
lation of mature microRNAs. Interestingly, the CCA
tails are attached to the 3’-end of the mature RNAs uti-
lizing a very variable end position. By specifically look-
ing for frequently substituted bases we have identified
two microRNAs with potential modification sites.

Although these examples require intensive validation
our analysis of deep RNA sequencing data indicate that
novel RNAseq technologies may be a time- and cost-
effective way to unravel secrets of a poorly understood
layer of information: post-transcriptional modification.

Materials and methods

Data Sets and Mapping.We use a combination of small
RNA libraries, sequenced on an Illumina platform, from
Homo sapiens(human) andMacaca mulatta(Rhesus
macaque) brains, respectively (Somel et al., 2010). The
human library comprises 71,307,445 sequencing reads
with an average length of 22.04±1.03 nucleotides. With

114,619,534 reads the macaque data set is roughly twice
as big as the human one and has a similar read length
distribution with an average of 23.19±3.37 nucleotides.
To allow error-tolerant mapping of cDNA sequences
(>14nt) we used the short read alignersegemehl with
standard parameters and anE-value cutoff of 500 to
also align short sequences (Hoffmann et al., 2009). The
segemehl software is able to detect mismatches, inser-
tions and deletions alike and reports multiple equally
good scoring hits. Multiple best hits to the genome
were explicitly allowed. When measuring levels of ex-
pression, the number of reads, represented by each tag
was divided by the number of hits in the genome with
equally good scores. This procedure ensures that the re-
dundancy of multiple (nearly) identical copies (e.g. of
tRNAs) is properly taken into account.

Genome sequences and annotation tracks were down-
loaded from the UCSC genome browser (Kent et al.,
2002). Coding sequence (CDS) annotation was taken
from the RefSeq gene tracks for both species. An RNA
gene track was available for human only. The two pri-
mate species are so closely related, however, that all
macaque homologs of human ncRNAs considered in
this study are reliably identified by a simpleblast
search. MirBase (release 12) was used as source of pre-
miRNAs as well as mature miR and miR* sequences
and annotation.

CCA ends.To measure the activity of nucleotidyltrans-
ferases, tags ending with 3’-CCA were selected. The
CCA was removed and the truncated tag was mapped
to the reference genome. Tags with a genomically en-
coded CCA end downstream of the mapped tag were
excluded from further analysis. Since short reads deriv-
ing fromnuclear copies ofmitochondrial DNA (NUMT)
(Hazkani-Covo et al., 2010) and reads truly deriving
from the mitochondrial DNA cannot be reliably distin-
guished in the data at hand, we also excluded all tags
matching to the mitochondrial genome of the respec-
tive species. Overlapping tags passing the filtering steps
were then joined into blocks. Finally, blocks represent-
ing less than 10 reads were excluded from further anal-
ysis (cf. Table 1).

Analysis of sequence variation.Variation calling was
performed withpileup, a component of theSAMTOOLS
package (Li et al., 2009), using standard parameters. In
a subsequent filtering step a minimum coverage of 12
sequencing tags that overlap the variation was required.
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tRNAs. The tRNAscan-SE program1 was applied to the
reference genomes analyzed in this contribution. The
predicted intact tRNAs and pseudogenes, respectively,
were treated separately. Positions of tRNA modifica-
tions were extracted from thetRNAdb (Jühling et al.,
2009). To safely map these modifications to the pre-
dicted tRNA genes and to avoid biases due to differently
sized isoacceptor sequences only tRNA genes coding
for the same amino acid and having the same length
as those listed in the database were used. This set of
mapped tRNA modifications was intersected with the
tag variation data obtained from RNAseq read analy-
sis. Raw counts of variant nucleotides were normalized
by the number of tags mapping to the position with the
variation.

To test whether post-transcriptional modifications are
visible in RNAseq data, all blocks overlapping with
tRNA 3’-ends were extracted and aligned at the tRNAse
Z cleavage site. tRNA sequences, as well as the posi-
tions and type of the chemical modifications were re-
trieved from thetRNAdb.

The compiled data set is deposit on the web
server of University Leipzighttp://www.bioinf.
uni-leipzig.de/publications/supplements/

10-036.
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ing of a long nuclear-retained noncoding RNA yields a tRNA-like
cytoplasmic RNA. Cell135, 919–932.

Xiong, Y. and Steitz, T. A. (2004). Mechanism of transfer RNAmat-
uration by CCA-adding enzyme without using an oligonucleotide
template. Nature430, 640–645.

Yu, B., Yang, Z., Li, J., Minakhina, S., Yang, M., Padgett, R.W.,
Steward, R., and Chen, X. (2005). Methylation as a crucial step in
plant microRNA biogenesis. Science307, 932–935.

10


