
Mining structural patterns in non-coding RNAs related 
to virus infections 
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• Recent data indicate that a number of non-coding RNAs (ncRNAs) could regulate 
virus replication. 

• Such functions may depend on ncRNA structural features. 
• The project goal is to identify potential structures and/or consensus motifs in 

ncRNAs that play a role in replication of viruses. 
• Methods: sequence database similarity search, multiple sequence alignment, 

thermodynamics-based RNA structure predictions.
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expression of IFNβ increased in a concentration-dependent man-
ner (Fig. 2B). In line with experiments using UV-inactivated 
supernatants, treatment with IFNβ at a range of concentrations 
did not induce VIN expression, although upregulation of the 
known IFNβ target gene, MX1, was successfully demonstrated 
in this system (Fig. 2C).

To summarize, VIN expression was induced upon infection 
with a number of IAV viruses, and also after infection with VSV, 
suggesting that this lincRNA may have broader functionality 
during virus infection. However, since IBV, viral RNA mimics, 
or IFNβ are not able to induce VIN, this induction is likely to be 
a specific response and not due the presence of viral RNA itself.

In silico characterization of VIN
LncRNAs have only recently been identified and recognized 

for their pivotal roles in biology, and accordingly, the character-
ization of these ncRNAs is a developing field.16,17 Bioinformatic 
analyses of predicted lncRNAs can provide valuable informa-
tion to help functionally characterize predicted lncRNAs.18,19 
The VIN gene is located ~90 kbp downstream of the ACTR3 
protein coding gene on the forward strand of chromosome 2 
and the transcript is annotated as an intergenic 844 base pair 
non-coding RNA [Ensembl ENST00000412690 (Release 68); 
RefSeq LOC440900] (Fig. 3A). UCSC genome browser analysis 
revealed the presence of high methylation levels of lysine 4 of 
histone H3 (H3K4me) and acetylation of lysine 27 of histone H3 

(H3K27ac) upstream of VIN, markers for transcriptional activa-
tion20 (Fig. 3A). Together with the clustering of several transcrip-
tion factor binding sites in this region and the presence of a CpG 
island, this supports the notion that VIN is actively transcribed 
(Fig. 3A). Several other databases, including the recently released 
LNCipedia compendium, also list VIN as non-coding RNA.21 
This database classifies long non-coding transcripts according 
to Coding Potential Calculator (CPC) analysis. This algorithm 
takes multiple features such as peptide length, amino acid com-
position, secondary structure, and protein homology into con-
sideration.22 Like the majority of identified lncRNAs,6,23 VIN is 
encoded by two exons and contains a 3′-polyadenylation signal 
(AAUAAA).

In silico prediction of lncRNA secondary structure is another 
useful method to assign putative functions to non-coding tran-
scripts, based upon the widely held assumption that highly folded 
structures impart functionality through binding interactions with 
proteins/nucleotides.24-26 Characterization of VIN using RNAfold 
minimum free energy estimations predicted a highly folded second-
ary structure with several hairpin loops (Fig. 3B).27 Interestingly, 
unlike GAPDH mRNA, VIN was largely insensitive to endonucle-
ase A (RNase A) digestion (Fig. 3C). Since RNase A preferentially 
cleaves single-stranded RNA, this supported the idea that VIN 
adopts stable secondary structures, and thus, has a functional role 
in cells, perhaps in complex with other cellular components.

Figure 3. In silico characterization of VIN. (A) Genomic context of VIN. Shown is the annotation by UCSC genome browser [http://genome.ucsc.edu, 
Human Feb. 2009 (GRCh37/hg19) Assembly], depicting the position of LOC440900 (VIN, red arrow), an uncharacterized transcript LOC100499194, 
H3K27ac, and H3K4me1 marks, location of a CpG island and transcription factor binding site clusters. (B) RNA secondary structure prediction of VIN 
(RNAfold web server, University of Vienna). Shown is a minimal free energy structure (MFE = -396.90 kcal/mol). Base pairing probabilities have been 
color coded using a scale from 0 (blue) to 1 (red). (C) RNase A stability of VIN. Nuclear RNA extracts of A549 cells were treated with RNase A followed by 
purification of RNA. qRT-PCR was performed for GAPDH mRNA and VIN. Data from three independent experiments (mean +/− SD) are depicted as VIN 
transcripts per GAPDH transcript (1/2^delta CT).

An example of secondary structure 
model for a ncRNA that play a role in 
influenza virus replication [Winterling et 
al., 2014]. 

Colors indicate the estimated 
probabilities of base pairs in the 
structure.



Identification of conserved RNA structures encoded in 
DNA sequences used for barcoding in metagenomic 
projects  
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• Specific sequences (amplicons) are used for identification of species in metagenomic 
projects, e.g. fungal communities.  

• Detection and classification of species is crucially dependent on alignment  of amplicons. 
• Frequently used amplicons: so-called internal transcribed spacers (ITS) in the clusters of 

ribosomal RNA genes. 
• Alignment of these sequences is difficult due to considerable sequence diversity and the 

lack of information on conserved motifs in encoded RNA structures. 
• The project goal is to identify conserved structures in ITS sequences. 
• Methods: sequence database similarity search, multiple sequence alignment, 

thermodynamics-based RNA structure predictions.

The 20S pre-rRNA is packaged in 43S particles, and the
27SA2 pre-rRNA is found in 66S pre-rRNPs (Udem and
Warner 1973; Trapman et al. 1975). The 43S pre-rRNPs
are exported from the nucleolus through the nucleoplasm
to the cytoplasm, where 20S pre-rRNA undergoes endonu-
cleolytic cleavage at site D to remove the remaining ITS1
sequences, producing mature 18S rRNA (Fatica et al.
2003a). In contrast, maturation of 66S preribosomes is more
complex and takes longer. Processing of the 27SA2 pre-rRNA
continues in the nucleolus by two alternative pathways:

1. About 85–90% of 27SA2 pre-rRNA is shortened to the
27SA3 intermediate via endonucleolytic cleavage by the
MRP RNAse at the A3 site in ITS1 (Shuai and Warner
1991; Lindahl et al. 1992; Schmitt and Clayton 1993;
Chu et al. 1994; Lygerou et al. 1996). The remaining
ITS1 spacer sequences are removed from 27SA3 pre-
rRNA by 59–39 exonucleases Rat1 and Rrp17, which halt
at the B1S site to form the 59 end of 27SBS pre-rRNA
(Henry et al. 1994; Oeffinger et al. 2009).

2. The other 10–15% of 27SA2 pre-rRNA is directly cleaved
at the B1L site in 27SA2 pre-rRNA, by an unknown endo-
nuclease, to generate 27SBL pre-rRNA. The 27SBS and
27SBL pre-rRNAs undergo identical processing by endo-
nucleolytic cleavage at the C2 site in ITS2 to generate the
25.5S and 7SS or 7SL pre-rRNAs. The 59 end of 25.5S pre-
rRNA is trimmed by Rat1 to form mature 25S rRNA
(Geerlings et al. 2000). The 39 ends of 7S pre-rRNAs
are processed in several steps to produce mature 5.8SS
and 5.8SL rRNAs differing by 6 nt at their 59 ends (Henry
et al. 1994; Mitchell et al. 1996). This 59 heterogeneity of
5.8S rRNA is conserved among eukaryotes, although its
significance remains unclear. Apparently both forms are
functional, since both are present in polyribosomes.

Cis-acting sequences in pre-rRNA necessary for many of
these pre-rRNA processing steps have been identified by
mutagenesis, using plasmid-based rDNA expression systems
first developed in the Nomura laboratory (reviewed in Cole
and LaRiviere 2008). Mutant rRNA expressed from a plasmid
can be tagged with specific sequences to distinguish its fate
from that of wild-type endogenous rRNA. The chromosomal

rDNA can be deleted or its expression can be turned off,
using a temperature-sensitive RNA polymerase I mutant,
and plasmid-borne mutant rDNA expression can be driven
by a RNA polymerase II promoter.

Although pre-rRNA processing intermediates are useful
landmarks for the progression of subunit assembly, there is
not necessarily an obligatory order for the entire processing
pathway. While sometimes one processing step enables the
next (Vos et al. 2004; Lamanna and Karbstein 2010), in
other cases, blocking an “early” step does not prevent “later”
steps from occurring (Torchet and Hermann-Le Denmat
2000). Thus, the apparent order of processing reactions
can be dictated by the relative rate at which these sites
are identified and used, rather than by simply completion
of a previous step.

Pre-rRNA processing can occur cotranscriptionally

The widely held view for decades was that pre-rRNA
modification and processing do not occur prior to the Rnt1
cleavage step that generates the 35S primary transcript
(Venema and Tollervey 1999). Early experiments carried
out in Jonathan Warner’s laboratory on yeast spheroplasts
(Udem and Warner 1972) observed synthesis of the 35S
primary transcript prior to the commencement of pre-rRNA
methylation and cleavage. The 35S pre-rRNA was readily
detectable by metabolic labeling with labeled nucleosides
and methyl-methionine and could be chased into the mature
rRNAs. Similarly, Rudi Planta’s laboratory (Trapman et al.
1975) detected a preribosome on sucrose gradients, 90S,
which housed the 35S pre-rRNA (called 37S).

This view was challenged by two studies using very
different methodologies. Careful analysis of yeast chromatin
spreads in Ann Beyer’s laboratory (Osheim et al. 2004)
revealed cotranscriptional cleavage in the majority of na-
scent pre-rRNA transcripts. Surveying chromatin spreads of
six different yeast strains in the electron microscope, the
researchers visualized cotranscriptional cleavage in ITS1 in
40–80% of the nascent transcripts (Figure 4). This permitted
the deduction that, indeed, “. . .co-transcriptional cleavage was
the rule rather than the exception. . .” (Osheim et al. 2004,
p. 948). David Tollervey’s laboratory applied quantitative

Figure 3 Organization of the rDNA locus in S. cerevisiae.
The rDNA repeats (150–200) are located on chromosome
12. A single repeated unit is transcribed by RNA polymer-
ase I (RNA pol I) to synthesize the 35S primary pre-rRNA
transcript that will be processed to produce the mature
18S, 5.8S, and 25S rRNAs (arrow pointing right) and by
RNA polymerase III (RNA pol III) to synthesize the 5S rRNA
(arrow pointing left). NTS, nontranscribed spacer; ETS,
external transcribed spacer; ITS, internal transcribed
spacer.

648 J. L. Woolford and S. J. Baserga

Organization of the ribosomal RNA gene locus  
[from Woolford & Baserga, 2013]. ITS1 and ITS2 
are important amplicon sequences in the 
metagenomic barcoding.
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Predicted structure of an ITS2 sequence from a 
fungus species. Length: 264 nucleotides.


