Traces of Post-Transcriptional RNA Modifications in Deep Sequencing Data
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Abstract

Many aspects of the RNA maturation leave traces in RNA segjngmata in the form of deviations from the reference
genomic DNA. This includes in particular genomically namceded nucleotides and chemical modifications. The
latter leave their signatures in forms of mismatches angionous patterns of sequencing reads. Modified mapping
procedures focusing on particular types of deviations edm to unravel post-transcriptional modification, matioat

and degradation processes. Here, we focus on small RNA seiggedata that is produced in large quantities aiming
at the analysis of microRNA expression. Starting from thevery of many well-known modified sites in tRNAs we
provide evidence that modified nucleotides are a pervasieagmenon in these data sets. Regarding non-encoded
nucleotides we concentrate on CCA tails, which, surprigincan be found in a diverse collection of transcripts,
including sub-populations of mature microRNAs. Althoughadl RNA sequencing libraries alone are iffszient to
obtain a complete picture, they can inform on many aspedtseoéomplex processes of RNA maturation.
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Introduction may difer substantially from its genomic DNA tem-
plate. RNA editing and modification can have massive
Mature functional RNAsS frequent'y deviate from effects on both the Secondary structure and the intel‘pre-

their DNA templates. The maturation of a primary RNA tation of mRNAs. Chemical modifications in tRNAs,
transcript usually involves various forms of RNA pro- for instance, are instrumental for the integrity of their
cessing (such as endo- and exonucleolytic trimming, 3D structures. Aol editing, on the other hand, influ-
splicing, or polyadenylation). More than a dozen mech- €nces protein sequences since | is read as G by the trans-
anistically distinct types of RNA editing, i.e., targeted lation machinery.

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 afigéet the ma-
jority of non-coding RNAs (ncRNAs) (Ishitani et al.,
2008). As a consequence, a mature RNA sequence

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 mMRNAs (Millevoi and Vagner,
2010) and the addition of CCA to the 3’-end of tRNAs
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mal and Reddy, 2002). Several mature microRNAs are ber of reads deriving from nearly all ncRNA classes
also 3'-adenylated anor 3'-uridylated (Katoh et al., (Kawaji and Hayashizaki, 2008). These originate from
2009; Lu et al., 2009; Ebhardt et al., 2009; Burroughs cleavage of larger transcripts. For instance, tRNAs are
et al., 2010; Fernandez-Valverde et al., 2010). under certain conditions specifically cleaved into frag-
The emergence of high throughput RNA sequenc- ments of diferent lengths in the anticodon loop or anti-
ing (RNAseq) technologiesfiers, for the first time in codon left arm (Lee and Collins, 2005; Li et al., 2008;
history, the possibility to systematically analyze whole Jochl et al., 2008). MicroRNA-sized products are de-
transcriptomes at a comparably low cost (Wang et al., rived from position specific processing at the 5'- or 3'-
2009). Consequentially, a substantial and rapidly grow- end of mature or precursor tRNAs (Cole et al., 2009;
ing body of transcriptome sequence data has accumu-Lee et al., 2009). Such small RNA fragments, for which
lated covering a large number of species across all king- in individual cases a microRNA-like function has been
doms. These data pose an enormous challenge and opdemonstrated, are also derived from small nucleolar
portunity to computer science and biology alike (Edito- RNAs (Taft et al., 2009), vault RNAs (Persson et al.,
rial Nature Biotech 26). Public data bases are likely to 2009; Stadler et al., 2009), and Y RNAs (Meiri et al.,
encompass unburied treasures. This gold rush, however2010), as well as some long ncRNAs such as MALAT1
may be significantly slowed down since little is known (Stadler, 2010). The generation of these small RNA
about potential sources of error and bias. Even less isfragments is tied closely to the stable double-stranded
understood about the biology of many RNA species. regions in the parental RNA (Langenberger et al., 2010).
Compared to DNA sequencing, cDNA sequences ex- Here, we set out to explore to what extent small RNA
hibit much higher error rates often resulting in frustrat- sequencing libraries are suitable fosystematiénves-
ing alignment results. Depending on sequencing tech- tigation of RNA maturation.
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). Results
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- Table 1: Statistics of the data sets used in this study. Redttis
actly to the reference genome: (1) sequencing errors, (z)identical sequences were merged into tags. All tags matchiriget

. . _ " mitochondrial genome of human and macaque, respectively, were
polymorphlsms, and (3) RNA maturation. Hence, anal removed to avoid contamination of nuclear copies of mitochiahdr

y§i5 of RNAS_eq d.ata in gen_eral requires a.Signiﬁcamly DNA (NUMT). Overlapping tags that survived the filteringssewere
higher sensitivity in comparison to DNA variation anal- joined into blocks.

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

ysis.
In this contribution we are concerned with the ques- Human Macaque
tion to what extent chemical modifications, editing, and _Entire library
non-encoded nucleotides in matured RNAs are visible ~ reads 71,307,445 114,619,534
in deep sequencing data. Previous work already indi- _tags 355,453 14,240,332
cates that such an approach is feasible: Analyzing reads _3-CCA tails
that map with a single mismatch to the genome, more ~ tags 3,925 138,895
than 1000 sites with possible RNA base modifications NUMT cleaned tags 3,017 118,298
were found inArabidopsis thalianaand Oryza sativa non-genomically encoded
predominantly in tRNAs, microRNAs, and rRNAs (lida and NUMT filtered 3'-CCA tails
et al., 2009; Ebhardt et al., 2009). tags 1,431 90,208
A primary source of information on ncRNAs are blocks 246 1,289

short read libraries that are prepared and analyzed with

afocus on microRNAs. Here, total RNA is size-selected

so that RNAs larger than 30 nt, and hence all complete In our analysis we distinguish between individual
“house-keeping” ncRNAs, are removed before sequenc- reads and tags. fagis defined as a DNA sequence that
ing. Surprisingly, these libraries contain a large num- 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- 4
alyzed data sets is given in Table 1.

1,000,000

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 manyf@rent tags, and the fre-
guency distribution of nucleotides deviates from that ex- _—
pected for SNPs. Two recent studies showed that tRNA R R - L T (e I
modifications are detectable in plants (lida et al., 2009; Dloop  Acloop  V-region  T-loop
Ebhardt et al., 2009). Figure 1 shows that this is the
case also in mammals, using the well-known 1-methyl- Figure 2: Normalized read counts of coverage (gray) and tamia

adenosine modification found at position 58 of many (Plack) along a tRNA structure, given as dot-bracket notatiGaps
in the coverage within the T-loop and V-region are caused dpsg

normalized read count
100 10,000
| |
*
»
—
%w

tRNAs (Roovers et al., 2004) as an example. in the sequence alignment used for normalization. Peaks (meuibe
stars) along the variation curve correspond to common tRNA modi
0.25 0.50 fications at the respective position. The modificatiok Sithin the
0.6 4~ 1-Methyladenosines COASA T-loop corresponds to the 1-methyladenosine modificatiosgurein
] NI, most tRNA sequences. Other modifications are N2-methylgua@osi
05 1 ! (1%), 1-methylguanosine (), 2-O-methylguanosine () and di-
2044 | hydrouridine (4k).
o A>T
803+
© 02 + canonical 3'-end
o1 1 L o This modification is the most prominent one that is
[ 090R00000d W A pooog 020000 0% directly visible from the superposition of the error pro-
0 3 4‘8 5‘3 673 6T8 7‘3 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
Figure 1: Frequency of mismatches between RNAseq reads and ge-3'-end of the tRNA. This is caused by the very uneven
nomic reference sequence for reads mapping close to the 8™-end coyerage of tRNAs with small sequencing reads, which

of human (solid line; triangles) and macaque (dashed linejesiy : - .
tRNAs. Note that the distribution of the error rates is hyghbr- is heavily biased towards the ends and the fact that the

related between the two species. The inset shows the freguen error-prone 3'- and 5’-termini of sequencing reads natu-
nucleotides observed at position 58. Apart from the beiagl feor- rally coincide with the ends of the tRNA (see Figure 2).
e oo e ssetemeo i v gy Besides the very sitongfect of L methyladenosine
bars) and macaque (light gray bars) havé highly,similar Stuidistin on the "?‘C_Curacy of the C_DNA’ RNAseq data add'“?”'
patterns. ally exhibits moderately increased error rates for dihy-
drouridines and methylguanosine modifications such as
The 1-methyl-adenosine modification is pivotal for N2-methylguanosines. This is consistent with the find-
the stability and thus the function of tRNAs (Ander- ings that the major substitution sites in plant tRNAs
son et al., 1998). It has been reported that the methy- correspond to known RNA base modifications: N1-
lated adenosine residue 58 serves as a pause signal fomethyladenosine (m1A), N2-methylguanosine (m2G),
plus-strand strong-stop DNA synthesis and termination and N2,N2-methylguanosine (m22G) (lida et al., 2009;
site during reverse transcription (Renda et al., 2001). A Ebhardt et al., 2009).
closer look at the data (inset in Figure 1) shows that Figure 3 summarizes the genomic distribution of mis-
this particular modification of adenine is typically in- matches that can be interpreted as sites of chemical
terpreted by the sequencer as an A-to-T transversion ormodifications. As a consequence of the short RNA se-
an A-to-G transition. Strikingly, the substitution matrix quencing protocol, tRNAs and miRNAs, as measured
for this modification seems to be largely invariant to the by the proportion of their genome sequence, accumu-
library preparation. late most of the sequence variations seen in the data sets

tRNA nucleotide position
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Figure 3: Distribution of potential modifications among humdark
gray) and macaque (light gray) RNA classes. Despite thelfatthe Figure 4: Secondary structure of human precursor miRNA sexgsen
data set generated in the macaque RNAseq experiments is &out 5 miR and miR* are shaded in gray. Letter size is proportiondiédie-
times larger than the human one (Table 1) the total number oftpess  quency of observed nucleotides at highlight positions.§&juencing
modifications in tRNA and miRNA does notfér proportionally. In data for the mir124-3 exhibits an unusually high error rateasition
the case of tRNAs, 862 modifications were found in macaque, com- 77 (encircled nucleotide). The guanine is frequently regdaby all
pared to 657 in human sets; for microRNAs, there are 1400 patent  other three bases indicating RNA modification rather tharogea
modifications in macaque and about 500 in human. variation. The modification is located at the 3'-end of the miRN
precursor sequence. (B) mir-125b-2 shows sequence variatipo-
sition 43 (encircled nucleotide).

used here. For tRNAs, the numbers are comparable be-

tween human and macaque (657 vs. 862), indicating that|ation and exhibits tumor-suppressive potential in hep-
even the comparably small human library is nearly sat- atocellular carcinoma (Furuta et al., 2009). It is also
urated, while for microRNAs there are about 500 posi- involved in neuronal dferentiation (Makeyev et al.,
tions with significant sequence variation in human and 2007) and might be specific for brain libraries. A ho-
1400 in macaque, leading us to expect that the true num-molog of mir-124-3 in macaque has not been reported
ber of putative modifications in human microRNAs will  yet.
be larger than observed here. Such an saturation ef- gqr position 43T of the human mir-125b-2 the ref-
fect cannot be expected for long transcripts, including erence base was inferred only 4 times from the cDNA
CDSs, as a consequence of the small RNA sequencingdata. Moreover, it was 17 times replaced by C, 3 times
prOtOCOI. The much hlgher fierence of observable nu- by an A and 6 times by aG (See Figure 4) No sequence
cleotide variations within these classes Clearly supports yariation has been found for the homologous position
this assumption. Surprisingly, more than two third of i3 macaque mmil-mir-125b-2. Hence, the modification
the detectable loci in human fall into coding sequences, remains to be verified in independent experiments. Mir-
while only 8% are located in tRNAs. In macaque, the 125h has a profound influence on the proliferation of
ratio is even smaller, suggesting that chemical modifica- differentiated cancer cells in depletion experiments (Lee
tions indicated by the observed sequence variations areet a|., 2005). A recent study showed a strong correlation
a common phenomenon in general. of mir-125b-2 expression and survival rates in child-
A detailed analysis of individual modification sites hood leukemia (Gefen et al., 2010).
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  Some nucleotide modifications act as road blocks for
mir-124-3 (Figure 4) 33 dierent tags cover nucleotide the reverse transcriptase (Motorin et al., 2007). Thus
77G but only 11 tags are in accordance with the refer- we expect to observe non-random termination of DNA
ence sequence. The other nucleotides A, C, and T wereproducts from the initial reverse transcription of the
counted 6, 5, and 11 times, respectively. No genomic RNA. Since the sequencing protocols used to generate
polymorphisms were previously described at this posi- the data that we analyzed here are strand-specific, se-
tion. Whether the substitutions are caused by a methy- quencing reads are reported in the reading direction of
lation or another modification remains to be clarified. the original RNA in the sample. An obstacle in the re-
Mir-124-3 is epigenetically silenced by heavy methy- verse transcription step thus results in the enrichment of
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Human chr15:23,878,468-23,878,559 (92 bp)
Table 2: Patterns of read starts and tRNA modifications. Thetfio
columns give the common name of the modification and its RNAMods
abbreviation (Dunin-Horkawicz et al., 2006); #: number open-
mentally verified modifications in human tRNAs; pos: median posi-

tion of the modification within tRNAs; exp: number of genomiciloc
CEA for which a modification is expected and reads are mapped. Fhe la
Gl (RN A DT — column (ratio) gives the number of read starts one nt downstiefa

BT TACTTTCATCTOOCACATASTCTAGOGTTAGGAT TOCTAGTTTTCACOCAGGOREC0000GT TOBACTOOUGETGTGAGAATGACT the modification divided by the number of read starts obsertéuea
R ol modified position. Road block modifications that impair reverae-
scription are expected to exhibit large ratios.
Figure 5: Number of tags covering a given sequence positica in _ _
human tRNA-Glu gene. Known chemical modifications are indi- modification * # exp pos rato
cated below the genomic reference sequence. (See Table Befor t N4-acetylcytidine M 2 38 25 12.80
key to symbols mapping.) The most prominent modification, the N2- 5-methylcytidine 17 298 49 10.70

methylguanosine (L) at position 10, is detectable as a GitasTsver- .
sion in 23% of all tags as well as a sharp increase of reacssart 1-methyladenosine " 12 188 58 7.17
12 164 95 2.66

the following position. The block of tRNA 3-end reads indhugl the N2-methylguanosine L
genomica!ly not encoded CCA is in'dicated. Also note that der 1-methylguanosine K 4 52 19 1.92
coverage is smallest around the anti-codon. 5-methyluridine T 6 78 54 1.60
pseudouridine P 39 529 33 1.28
2-methyladenosine \ 1 18 54 0.59

D
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B

J
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mapped read starts at the positimtiowing the chem- dihydrouridine 29 404 19 0.46
ical modification (Motorin et al., 2007). As shown in 7-methylguanosine 6 87 46 045
Figure 5, this leads to an upward jump of the read and 2-O-methylcytidine 4 53 325 0.08
tag coverage at the position following the modification. ~ 2-O-methyluridine 5 82 33 0.07
In order to determine whether thiffect can be seen 2-O-methylguanosine # 4 46 26 0.02
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 (Juhling 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),

of CCA, splicing of introns that may be present, and
chemical modification of multiple nucleoside residues

. L (Hartmann et al., 2009; Phizicky and Hopper, 2010).
corresponding to reverse transcription products that ter- . " : ;
. o Enzymatic CCA addition by nucleotidyltransferases is
minate before the modified base. Some of these reads

extend beyond the tRNase Z processing site and henCecon3|dered essential for tRNA biosynthesis in all or-

derive from the unprocessed precursor. This suggestsgamsmS that do not encode CCA termini at the ge-

e . ; nomic level. These enzymes are able to add specific
that these modifications might precede the formation of leotid | 'dy in the ab P ¢
the 3-terminus. nucleotides or nucleotide sequences in the absence o

A road block function of several modifications is ob- genetic temp]ates (Xiong and Steitz, 2004). AIthou.gh

. : ; o CCA nucleotidyltranferases (also named CCA-adding

servable in our data in particular for modifications close enzyme) primarily recognize and process tRNAS, see
to the 5'- and 3’-ends of the tRNA. For instance, the y P y g P '

N4-acetylcytidines and N2-methylguanosines modifica- (Vortler and Morl, 2010) for a review, they are known
tions w%ic)rg are located close t)é gt]he 5end of mature to have non-tRNA substrates as well. Many of them are
tRNA,s are detectable by a hiah inciden f reads start- tRNA-like elements such as the mascRNA processed
(RINAS, are detectable by a nigh Incldence ot reads start- ¢, e 3'-terminus of MALAT1, a long non-coding
ing immediately downstream of the site of modification. ; . .
Many of the more centrally located modifications are RNA that is known to be mis-regulated in many human
Y centrally meations cancers (Wilusz et al., 2008) and viral RNA motifs that
not detectable. This bias is largely caused by the imbal-

ance in the read coverage, which is much higher towards act to attract the host's processing machinery, see e.g.
the 5'- and 3-ends of tRNA (Figure 2). (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
tRNA biogenesis involves multiple maturation steps U2 snRNA is processed by the human CCA-adding en-
of the primary RNA polymerase-lll transcripts: removal zyme (Cho et al., 2002). CCA addition has also been
of the 5'-leader, trimming of the 3'-trailer, addition observed for several mitochondrial mMRNAs (Williams
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Nucleotidyltranferases add CCA tails not only to tRNAs



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

TOOGTTTOCTTTTGOCTGATTCCAGGCTGAGGT AGT AGT TTGT ACAGT TTGAGGGTCTATGATACCACOOGGT ACAGGAGATAACTGTACAGGOCACTAOCT

Table 3: Distribution of blocks with non-genomically encddeCA 428
tails in different RNA classes. RNA classification was derived from
the tRNAscan-SE prediction and the downloaded RNA genek.trac
Pseudo ncRNAs lack important features (e.g. parts of theactar H”
istic secondary structure) of their functional siblings. significant H

proportion of CCA tags was expectedly found in tRNA loci farth WDR82 miR miR*
human and macaque. hsa-let-7g
Macaque chr2 84 124 895 84, 125 0&@116 bp)
Human Macaque

tRNA 99 402% 219 17.0% H”

MIRNA 52 21.1% 111 8.6% ‘ ”th"

u2 3 12% 3 02% etteem

rRNA 2  0.8% 0 0.0%

cbs 2 08% 2, oL Figure 6: The 5-end of the let-7g miRNA sh highl

igure 6: The 5-end of the let-7g mi shows a hi ex S
Eiizg\?\/:CRNA 7190 324';-';;? gj'f 72'99://;) RI?IA species with non-genomica?ly encoded 3'-CCA %o}éificgﬁl

human (top) and macaque (bottom). In both species the mature se-
TOTAL 246 1289 quence (MiR) is covered by this RNA species. Note that theragee

with 3'-CCA tailed reads of the macaque homolog is 10-fold kigh
than in human but still shows the same pattern.

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 The analysis of tRNA loci, surprisingly, shows evi-
Methods), we retained 246 blocks in human (and 1289 dence for the production of small RNA species not only
blocks in the much larger macaque library). The mod- from mature tRNAs but also from unprocessed precur-
erate 5-fold increase of CCA blocks in rhesus monkey sors. This is evidenced, on the one hand, by reads with
compared to human despite a 50-fold higher coverage in CCA ends extending the genomically encoded 3’-end
the library suggests that the detected set of CCA-taggedand reads showing the hallmarks of chemical modifica-
RNAs approached saturation in the monkey library. It tions, and on the other hand, by reads spanning across
can only be speculated that for the same reason a majorthe RNase P (5’) and RNase Z (3') cleavage sites (Fig-
ity of 73.9% CCA blocks maps to unknown locations in ure 7). Lee et al. (2009) discovered three types of these
macaque while only 32.1% of human CCA blocks fall short RNA fragments: tRF5 and tRF3 sequences are lo-
into the same category. cated at the 5’- and 3'-ends of the mature tRNAs, re-

As expected, a substantial fraction of blocks (and the spectively. tRF5 sequences have the RNase P cleav-
majority of reads and tags) belongs to tRNAs (Table 3). age site at their 5’-end, while tRF3s have a CCA end at
There is, however, a large number of microRNAs with the correct position following the tRNase Z processing
non-encoded CCA ends. Particularly prominent targets site. Thus they derive from a matured tRNA. In con-
are the members of the let-7 family. Almost all of them trast, tRF1 sequences are entirely located in the 3'-part
have read blocks with CCA tails covering the mature of the precursor that is cleaved &y tRNase Z. A de-
miR or miR" sequences (see example in Figure 6). This tailed study (Haussecker et al., 2010) showed that such
pattern is shared by 40 human miRNAs and is conserved tRF1-like small RNAs are involved in the global regu-
in macaque. Since the mature miR, as in the example of lation of RNAI, suggesting that many of them could be
let-7g, is located on the 5’-arm of the precursor hairpin, functional.
it follows that the CCA nucleotidyltranferase does not  In order to obtain at least a rough relative quantifi-
target the stably base-paired precursor hairpin, as onecation of maturesersusprecursor processing we quan-
might expect. Instead, the substrate is either the maturetified the fraction of reads that derived from mature
miR or a double-stranded processing intermediate. tRNAs and their precursors, respectively (Figure 7).

One of the few CCA-tagged RNA sequences that While the tRFs arising from the mature tRNA domi-

6

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
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Pol lll transcript (pre-tRNA)

(dT),,

5 mature tRNA
—

3
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tRF-!

tRF-3 CCA
tRF-1

Figure 7: Processing of mature
tRNAs and their precursors in hu-
man. (A) different types of read
blocks derive from dferent pro-

cessing stages of tRNAs. Blocks

shown as filled boxes are as-
sumed to derive from mature tRNA
(B) 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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o small RNA fragment, tRF-1001 deriving from tRNA-

;f ;5&;@% - Ser-TGA, behaves very fiierently between human and

g 34 Nulne e macaque. Lee et al. (2009) observed that tRF-1001 is
2 | v . . expressed highly in a wide range of cancer cell lines,
Z s vame T o where its expression is tightly correlated with prolifer-
5 - P Leu_TAA ation. While the precursor-derived products dominate
§ LI N o x . vaac the human library, most of the macaque sequences arise
g 'X o e . from the mature tRNA, suggesting that tRF-1001 might
9 2 Su Val TG be a very recent innovation in human evolution. One
2| K s AT ;er oA might speculate that, like other evolutionarily very re-
s K - x " oagTce X cent ncRNAs such as BC1 and BC200 (Kondrashov

T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

relative expression of tRNAs (human)

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.

Figure 8: Diferences in relative expression of tRFs derived from ma-
ture tRNAs @) and precursorsx) between human an macaque. The
tRNAs with the largest deviations between the two specietadeled.

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-
lle-TAT, tRNA-Leu-CAA, tRNA-Leu-TAG, tRNA-Ser-  cations are detectable as “polymorphic” sites with char-

TGA, tRNA-Thr-AGT, and tRNA-Thr-CGT. Similar  acteristic substitution patterns as well as through char-
data were obtained for human and macaque. Whenacteristic patterns of read starts. In both cases the sig-
comparing relative expression of tRNAs one would ex- na derives from the obstruction of reverse transcription
pect that the read counts, normalized relative to the \yhich constitutes an indispensable first step in RNAseq
overall coverage and multiple mappings, offéient  protocols. In small RNA libraries, the observed sig-
species should show similar expression patterns. Therenga| is necessarily a composite of superimposéeces:
are, however, several significantfférences observed (1) the coverage of a particular position by small RNA
between macaque and human (Figure 8). fragments is strongly biased towards double-stranded
Interestingly, the most abundant human tRF1-type regions (Langenberger et al., 2010); (2) modifications
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nate in most cases, the situation iffelient for tRNA-



can be detected and reliably distinguished from SNPs 114,619,534 reads the macaque data set is roughly twice
or sequencing errors only when the tag coverage is as big as the human one and has a similar read length
high enough to estimate the substitution frequencies; (3) distribution with an average of 28+ 3.37 nucleotides.
closely spaced modifications interfere with each other To allow error-tolerant mapping of cDNA sequences
for the following reason: the modification more close to (>14nt) we used the short read aligrsigemehl with
the RNAs 3'-end may act as a road block for reverse standard parameters and &nvalue cutdf of 500 to
transcriptase, as in the case of tRNA position 58, result- also align short sequences (fffnann et al., 2009). The
ing in sharply decreased read coverage 5’ of this posi- segemehl software is able to detect mismatches, inser-
tion. As a consequence, the more 5’-proximal modifica- tions and deletions alike and reports multiple equally
tion will be represented by a much lower read coverage good scoring hits. Multiple best hits to the genome
and its signal may vanish below the detection limit. were explicitly allowed. When measuring levels of ex-
Our analysis shows that putative modification sites pression, the number of reads, represented by each tag
are by no means restricted to tRNAs. In plants, was divided by the number of hits in the genome with
RNA methylation is well known as a crucial step in equally good scores. This procedure ensures that the re-
microRNA biogenesis (Yu et al., 2005). We find that dundancy of multiple (nearly) identical copies (e.g. of
a large number of human microRNAs also appear to be tRNAS) is properly taken into account.

targets of modification processes. While small RNA li- Genome sequences and annotation tracks were down-
braries exhibit signs of chemical modifications mostly |paded from the UCSC genome browser (Kent et al.,
for tRNAs, this saturates as the depth of the library in- 2002). Coding sequence (CDS) annotation was taken
creases. Eventually, positions in coding sequences andirom the RefSeq gene tracks for both species. An RNA
unannotated genomic regions dominate the data. Thegene track was available for human only. The two pri-
fact that several potential modifications as measured mate species are so closely related, however, that all
by error rates occur so frequently and are, on top, re- macaque homologs of human ncRNAs considered in
producible in diferent species is a strong indication of thjs study are reliably identified by a simptelast
functional importance. Given the data presented here, it search. MirBase (release 12) was used as source of pre-

is not far-fetched to speculate on possible implications miRNAs as well as mature miR and miR* sequences
of such modifications on transcript structure and func- gnd annotation.

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 . S
two microRNAs with potential modification sites. (Hazkam—vao et aI.., 2010) and reads truly depymg

Although these examples require intensive validation frqm the .m|tochondr|al DNA cannot be reliably distin-
our analysis of deep RNA sequencing data indicate thatgu'SheOI in the data at hand, we also excluded all tags

novel RNAseq technologies may be a time- and cost- matching_ to the mitoc_hondrial genome of _the_respec-
effective way to unravel secrets of a poorly understood tive species. Overlapping tags passing the filtering steps

layer of information: post-transcriptional modification. were then joined into blocks. Finally, blocks represent-
ing less than 10 reads were excluded from further anal-

ysis (cf. Table 1).

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)

Materials and methods

Data Sets and MappingWe use a combination of small

RNA libraries, sequenced on an lllumina platform, from Analysis of sequence variation/ariation calling was
Homo sapienghuman) andVacaca mulatta(Rhesus performed withpileup, a component of thBAMTOOLS
macaque) brains, respectively (Somel et al., 2010). The package (Li et al., 2009), using standard parameters. In
human library comprises 71,307,445 sequencing readsa subsequent filtering step a minimum coverage of 12
with an average length of 2Z2+1.03 nucleotides. With  sequencing tags that overlap the variation was required.
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tRNAs. The tRNAscan-SE programvas 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 theRNAdb (Juhling et al.,

2009). To safely map these modifications to the pre-

dicted tRNA genes and to avoid biases due ftedéntly

Burroughs, A. M., Ando, Y., de Hoon, M. J., Tomaru, Y., Nishibu
T., Ukekawa, R., Funakoshi, T., Kurokawa, T., Suzuki, H.,
Hayashizaki, Y., and Daub, C. O. (2010). A comprehensive sur-
vey of 3" animal miRNA modification events and a possible role
for 3’ adenylation in modulating miRNA targetingfectiveness.
Genome Re<0, 1398-1410.

Chen, Y., Sinha, K., Perumal, K., and Reddy, R. (200@jed of 3’
terminal adenylic acid residue on the uridylation of human smal
RNAsin vitro and in frog oocytes. RN/&, 1277-1288.

sized isoacceptor sequences only tRNA genes codingcho, H. D., Tomita, K., Suzuki, T., and Weiner, A. M. (2002). U2

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 thetRNAdD.

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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