
Arthropod 7SK RNA

Andreas R. Gruber,* Carsten Kilgus,�** Axel Mosig,�� Ivo L. Hofacker,* Wolfgang Hennig,�**
and Peter F. Stadler§k{*#

*Institute for Theoretical Chemistry, University of Vienna, Vienna, Austria; �Department of Combinatorics and Geometry, CAS–MPG
Partner Institute for Computational Biology (PICB), Shanghai Institutes for Biological Sciences, Shanghai, China; �Max Planck
Insitute for Mathematics in the Sciences, Leipzig, Germany; §Bioinformatics Group, Department of Computer Science, University of
Leipzig, Leipzig, Germany; kInterdisciplinary Center for Bioinformatics, University of Leipzig, Leipzig, Germany; {Fraunhofer Institut
für Zelltherapie und Immunologie—IZI Perlickstrasse 1, Leipzig, Germany; #Santa Fe Institute; and **Institut für Genetik, Johannes
Gutenberg-Universität Mainz, Mainz, Germany

The 7SK small nuclear RNA (snRNA) is a key player in the regulation of polymerase (pol) II transcription. The 7SK
RNA was long believed to be specific to vertebrates where it is highly conserved. Homologs in basal deuterostomes
and a few lophotrochozoan species were only recently reported. On longer timescales, 7SK evolves rapidly with only
few conserved sequence and structure motifs. Previous attempts to identify the Drosophila homolog thus have
remained unsuccessful despite considerable efforts. Here we report on the discovery of arthropod 7SK RNAs using
a novel search strategy based on pol III promoters, as well as the subsequent verification of its expression. Our results
demonstrate that a 7SK snRNA featuring 2 highly structured conserved domains was present already in the bilaterian
ancestor.

Introduction

The 7SK small nuclear RNA (snRNA) is one of the
most highly abundant noncoding RNAs (ncRNAs) in ver-
tebrate cells. Due to its abundance, it has been known since
the 1960s. Its function as a transcriptional regulator, how-
ever, has only recently been discovered: 7SK mediates the
inhibition of transcription elongation factor P-TEFb, a crit-
ical regulator of RNA polymerase (pol) II transcription
which stimulates the elongation phase (Nguyen et al.
2001; Yang et al. 2001; Michels et al. 2004; Blazek
et al. 2005; Egloff et al. 2006; Peterlin and Price 2006;
Krueger et al. 2008). In addition, 7SK RNA suppresses
the deaminase activity of APOBEC3C and sequesters this
enzyme in the nucleolus (He et al. 2006).

The pol III transcript with a length of about 330 nt
(Krüger and Benecke 1987; Murphy et al. 1987) is highly
conserved in vertebrates (Gürsoy et al. 2000). In contrast
to the nearly perfect sequence conservation in jawed
vertebrates, the 7SK RNA from the lamprey Lampetra flu-
viatilis differs in more than 30% of its nucleotide positions
from its mammalian counterpart (Gürsoy et al. 2000).
Based on several unsuccessful attempts to clone 7SK ho-
mologs, the molecule has long been believed to be verte-
brate specific. In a recent contribution (Gruber et al.
2008), however, we reported on the computational detec-
tion and experimental verification of 7SK sequences from
several basal deuterostomes as well as a few Lophotrocho-
zoa. Direct experimental evidence is available for the
hagfish Myxine glutinosa, the lancet Branchiostoma lan-
ceolatum, and the snail Helix pomatia. In contrast, neither
experimental cloning procedures nor computational
homology search revealed a plausible 7SK candidate in
Drosophila melanogaster or any other sequenced genome
of an ecdysozoan.

In this contribution, we report on the computational
discovery of the 7SK snRNA homologue in Drosophilidae

and other arthropod genomes, on its bioinformatical char-
acterization, and its subsequent verification in D.
melanogaster.

Materials and Methods
Sequence Data

Genomic sequences were downloaded from EN-
SEMBL (version 48, http://www.ensembl.org), the Joint
Genome Institute (http://www.jgi.doe.gov), and the Broad
Institute (http://www.broad.mit.edu) Web sites. Details on
the assemblies used here are listed in the Electronic Sup-
plement online. In all, 100 nt upstream regions of the an-
notated U6 (CR31379, CR32867, and CR31539) and
U6atac (CR32989) RNAs were retrieved from FlyBase
(http://www.flybase.org). Previously described 7SK se-
quences and their alignment were taken from Gruber
et al. (2008).

Homology Search

From the 100 nt upstream regions of the D. mela-
nogaster U6 and U6atac snRNAs, we generated a multiple
sequence alignment using MAFFT (Katoh et al. 2002).
Guided by previous findings (Hernandez et al. 2007; Mount
et al. 2007), we selected the search pattern such that it con-
tained the conserved promoter region, 2 conserved thymi-
dine residues to guarantee distinguishability from pol II
recognized PSE elements and the TATA-box. Then we
scanned the D. melanogaster genome using fragrep (ver-
sion 2) (Mosig et al. 2007) in position weight matrix mode.
The sequence conservation pattern downstream of the re-
sulting hits was visually inspected in the UC Santa Cruz
(UCSC) genome browser (http://genome.ucsc.edu). Neo-
ptera species were searched iteratively using the Blast front
end at the FlyBase Web site, using previously identified hits
as additional queries. In addition, we searched GenBank
using National Center for Biotechnology Information’s
(NCBI) Web interface (http://www.ncbi.nlm.nih.gov/blast).
Sean Eddy’s rnabob (http://selab.janelia.org/software.html)
was used for pattern-based RNA structure searches.
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Sequence–Structure Alignments

Initial alignments were generated using ClustalW
(Thompson et al. 1994), dialign2 (Morgenstern 1999;
Morgenstern et al. 2006), and MAFFT (Katoh et al. 2002).
Initial structure annotation was produced using RNAalifold
(Hofacker et al. 2002). This information was used as the basis
for a semimanual alignment edited in emacs using the ralee
mode (Griffiths-Jones 2005). The 5# and 3# domains were
realigned using locarna (Will et al. 2007).

Northern Blot

Total RNA was isolated fromD.melanogaster (Canton
S) flies according to Chomczynski and Sacchi (1987). For
northern blots, 15lg of total RNA were separated in 2% aga-
rose–formaldehyde gels and blotted onto Hybond-N mem-
brane (Roche, Palo Alto, CA; catalog number 1417240)
according to Sambrook et al. (2001). A DIG-labeled probe
of 344 nt of the 7SK RNA was obtained by amplification
of the respective fragment on genomic DNA of D. mela-
nogaster (Canton S) with the primers CGATATTCAGG-
TAACTGCATCTG (positions 35–58 in the predicted
transcript) and CGAAAATCCGAAGCTAAGCTACT
(positions 356–379) and the polymerase chain reaction
(PCR) DIG-labeling mix (Roche, catalog number
11636090910). Hybridization was carried out in 5� standard
saline citrate, 0.1%N-lauryl-sarcosine, 1% milk powder, and
0.02% sodium dodecyl sulfate at 65 �C overnight. The mem-
branes were washed with 0.1 M Tris–HCl (pH 7.5), 0.15 M
NaCl, and 0.3% Tween 20. The same buffer with additional
1% milk powder was used for the blocking. For detection,
we used the alkaline phophatase-conjugated anti-DIG-
antibody (Roche, catalog number 11093657910) in a dilu-

tion of 1:7500 in the same buffer at room temperature for 2
h. For detection, 7-ml AP buffer (0.1 M Tris–HCl, 0.1 M
NaCl, 5 mM MgCl2, pH 9.5) was freshly mixed with 14 ll
nitroblue tetrazolium chloride (NBT; 100 mg/ml) and 21 ll
5-bromo-4-chloro-3 p-toluidine salt (BCIP; 50 mg/ml). The
substrate reaction was stopped when a signal appeared (af-
ter 20–30 min) by adding ddH2O to decrease the pH value.

Results
Initial Search

Because direct homology search had failed previously,
we employed a different strategy. The snRNAs, including
the 7SK snRNA, exhibit a characteristic promoter structure
(Hernandez, 2001) that is fairly well conserved in evolu-
tion. The spliceosomal snRNAs had recently been studied
in great detail in Drosophilidae (Hernandez et al. 2007;
Mount et al. 2007), and their promoter sequence motifs
are known in detail for most of the 12 sequenced drosophil-
id fly species. The 7SK snRNA has a canonical pol III type
3 promoter in vertebrates, see Bannister et al. (2007) and the
references therein. We thus derived a search pattern for ca-
nonical type 3 pol III promoters, figure 1, using a region of
100 nt upstream of the U6 and U6atac snRNAs as template.

The pattern was used to search the D. melanogaster ge-
nome. In addition to recovering the U6 and U6atac snRNAs,
we uncovered 4 hits, summarized in table 1. One of them
belongs to a known small nucleolar RNA previously de-
scribed in Huang et al. (2005). Pol III regulated expression
of snoRNAs has not been described in Drosophilidae so far.
The observation is not unexpected, however, because pol III
transcription of snoRNAs has been observed previously in
Saccharomyces cerevisiae (Moqtaderi and Struhl 2004).
The candidate located on the X chromosome shows no

FIG. 1.—Upstream regions of known U6 and U6atac genes and the 4 candidate sequences listed in table 1. The fragrep pattern used to scan the
genome of Drosophila melanogaster is indicated in the middle.

Table 1
Characterization of Conserved Loci with Putative U6-Like snRNA Promoter Motifs

Location RNAz Pol III Note Reference

A 3L:7 632 840-7 632 900(þ) — —
CR34703 C/D snoRNA
Me18S-A1806-RA (Huang et al. 2005)

B 3R:3 300 270-3 300 900(�) 1077 TRF1 (1582) BRF (1580) CR33925 snmRNA:331-RA (Yuan et al. 2003)

C 3R:19 555,800-19 556 250(�) 7371, 7372 BRF (9494) BRF (9495)
CR33682 snmRNA:342
RNAse MRP

(Yuan et al. 2003;
Piccinelli et al. 2005;
Woodhams et al. 2007)

D X:21 308 600-21 308 750(þ) — — — —

NOTE.—Evidence for evolutionarily conserved secondary structure is taken from a recent RNAz-based survey. The numbers refer to the loci listed in the Supplemental

Material of Rose et al. (2007). Evidence from ChIP-on-chip data for binding of TRF1 and BRF refers to the loci listed in the Supplemental Material of Isogai et al. (2006).
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direct evidence for pol III transcription in the study (Isogai
et al. 2006).

Two candidates on chromosome 3R overlap small
nonmessenger RNAs cloned in an experimental survey
of small nonmessenger RNAs (snmRNAs) in D.melanogast-
er (Yuan et al. 2003). While both Woodhams et al. (2007)
and Piccinelli et al. (2005) list candidate C as RNAse
MRP, no further annotation is available for candidate B.
A comparison with a recent computational survey of structure
conserved ncRNAs in flies shows that both loci have been
detected by RNAz (Rose et al. 2007). Furthermore, there
is direct evidence that these regions are transcribed by pol
III. Isogai et al. (2006) showed that unlike in most other eu-
karyotes, TRF1/BRF binding appears responsible for the ini-
tiation of all classes of pol III transcription and they have
mapped TRF1- and BRF-binding sites in the respective sites.

Homology Search

Candidate B, located on chromosome 3R at 3.3M,
figure 2, shows strong evidence for pol III transcription,
strong evidence for an evolutionarily well-conserved sec-
ondary structure, and a characteristic T-rich region indic-
ative of a pol III terminator. With an overall length of about
450 nt, the conserved sequence is only slightly longer than
the previously known 7SK snRNAs (Gruber et al. 2008).
Note, however, that the ends of the transcripts cannot be
predicted accurately. In D. melanogaster, an AT-rich
low-complexity region is located immediately downstream
of the annotated conserved region, which could be (par-
tially) transcribed. The human 7SK, for instance, shows
some variability in the exact position of its 3# end, which
consists of a short U-rich tail of length 5–7. In addition,
a fraction of the human transcripts are adenylated posttran-
scriptionally (Sinha et al. 1998). For the bioinformatic anal-
ysis, we defined the 3# end of the arthropod candidate
sequence before the low-complexity region.

The high level of sequence conservation in Drosophi-
lidae promoted us to search for homologs in additional ar-

thropod genomes. In Neoptera species, these could easily
be retrieved by iterative Blast searches. As Blast failed
to recover a homologue in Ixodes scapularis, we con-
structed a fragrep pattern from already identified arthropod
sequences (see Electronic Supplement online at http://
www.bioinf.uni-leipzig.de/Publications/SUPPLEMENTS/
08-008/).

We recovered candidate sequences from most of the
available arthropod genomes, with the notable exceptions
of the lepidopteran Bombyx mori and the aphid Acyrthosi-
phon pisum and the crustacean Daphnia pulex, see figure 3
and Electronic Supplement online. In these cases, it is plau-
sible to assume that no candidate was found due to the qual-
ity of the current draft assemblies, although we cannot rule
out that the sequence is too derived to be recognizable by
our search methods.

In addition to genomic DNA, we also searched the
NCBI expressed sequence tag (EST) database using all
the genomic hits as Blast queries. This resulted in some ev-
idence for expression of the 7SK candidates beyond the
fragments reported in Yuan et al. (2003).

A Blast search of the NCBI NR and EST collections
revealed additional evidence for transcription of this locus
in several species, namely Culex pipiens (multiple ESTs
from an unpublished EST project), Armigeres subalbatus
(a single EST from the reference Aliota et al. [2007]), Gryl-
lus bimaculatus (a single unpublished cDNA), and Meso-
buthus gibbosus (5 ESTs from an unpublished EST
project). GenBank accession numbers are listed in the Elec-
tronic Supplement online.

A multiple sequence alignment (Electronic Supple-
ment online) shows that the candidate sequences have 2
well-conserved domains located at the 5# and the 3# ter-
mini, whereas the intermediate portion appears to evolve
rapidly and contains large insertions and deletions, see
also figure 3. Overall, this organization conforms the
observations for the known 7SK sequences (Gruber et al.
2008): the highest sequence conservation among the
known 7SK snRNAs is also observed in the 5# and 3# hair-
pin regions.

FIG. 2.—Detailed genomic view of the 7SK candidate B at 3R(3.3M). Adapted from a UCSU Genome Browser view. The upper bar indicates the
predicted 7SK transcript along with the snRNA promoter element. The predicted transcript overlaps the conserved secondary structures reported by
RNAz and evofold as well as the fragment cloned in Yuan et al. (2003).
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Figure 4 demonstrates substantial similarities between
the 7SK snRNAs reported in Gruber et al. (2008) and the
candidate sequences discovered in this contribution. The
domains with similar sequences are located in a similar
structural context, see below.

Structural Characterization

We therefore constructed a structural consensus model
of the arthropod sequences and compared this with the
structural models derived in Gruber et al. (2008). Two dis-
tinct secondary structure elements are highly conserved
throughout vertebrates (Egloff et al. 2006): a 5#-terminal
hairpin structure that binds both HEXIM1 and P-TEFb
and a 3#-terminal hairpin that interacts with P-TEFb only.
A recent study (Krueger et al. 2008) revealed that 7SK
snRNA is stably associated with LARP7, a close relative
of La, which is associated with many nascent pol III tran-
scripts, including 7SK snRNA (Hogg and Collins 2007).
It is unknown, however, how LARP7 binds to 7SK. Inter-
estingly, LARP7 has a well-known homologue in D. mel-
anogaster (Krueger et al. [2008]), namely mxc (multi

sexcomb reduced), a member of the ‘‘polycomb’’ group reg-
ulating gene expression during development (Rajasekhar
and Begemann 2007).

Structural alignments of identified candidate sequen-
ces based on previously published 7SK sequence data
(Gruber et al. 2008) were generated for both the 5# region
and the terminal 3# region. Independent models were gen-
erated for the 5# regions of Drosophilidae, Neoptera, and all
Arthropoda, respectively. Using also the previously pub-
lished sequence data on 7SK (Gruber et al. 2008), we fur-
thermore constructed combined models for Arthropoda þ
Lophotrochozoa and Vertebrata þ Cephalochordata. Their
combination was then used to suggest a consensus model.

Overall, the secondary structure of the 5#-stem region
of arthropods is quite similar to its vertebrate and lophotro-
chozoan counterpart. Although the lower part of the stem-
loop structure is very similar in all know sequences, the
closing hairpin loop varies considerably in size and base
composition. In drosophilid flies, this stem is extended
by a helical element consisting of 5 bp (supported by sev-
eral compensatory mutations), whereas otherwise the termi-
nal loop consists of 8–15 nt. The hairpin loop is closed by

FIG. 4.—Sequence logos (Schneider and Stephens 1990) representing an alignment of the 7SK consensus sequences reported in Gruber et al.
(2008) (upper sequences) and the consensus of the arthropod candidates (lower sequences). The logos were computed using aln2pattern (Mosig et al.
2007) separately for the 2 groups of sequences. Common well-conserved motifs are shaded.

FIG. 3.—Phylogenetic distribution of 7SK candidate sequences. A bullet indicates a match in the genomic sequence, the hexagons for Armigeres,
Culex, Gryllus, and Mesobuthus refer to partial ESTs. For complete genomic sequences, a sketch of the alignment structure highlights the large insertion
domains in Pancrustacea and in Drosophilidae in particular. Aligned blocks are shown in black, gray bars indicate gaps in the alignment, and missing
sequence data adjacent to EST regions appear white. The underlying tree is composed from the genome-wide near intron positions (Krauss et al. 2008),
a phylogeny of mosquitoes (Harbach and Kitching 1998), and 2 recent studies of arthropod phylogeny (Cameron et al. 2004; Kjer 2004), for the
relationships outside the Endopterygota.
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a stem that is highly conserved in both sequence and struc-
ture. This stacked region is only interspersed by a position-
ally conserved bulge loop. The outer part of this stem
comprises the GAUC–GAUC motif enclosed by position-
ally conserved bulge loops. The functional importance of
this motif is discussed in detail in Egloff et al. (2006).
The consensus model shows that there exists only a struc-
tural, not a strong sequence constraint on the other elements
of the 5#-stem region.

Both helices in the 3#-stem region are supported by
many compensatory mutations. The position of the bulge
loop as well as the position of the hairpin loop are highly
conserved. Although both Vertebrata and Lophotrochozoa
show a sequence constraint in the hairpin loop, this does not
seem to be the case in arthropods. For Diptera, the hairpin
loop is reduced to a minimal size of 3 nt. Based on the struc-

ture model for Deuterostomia and Lophotrochozoa sug-
gested in Gruber et al. (2008) and the arthropod model
derived here, we suggest a universal structural model of
the 3#-terminal stem.

The sequence similarities, figure 4, the very similar
structural organization of both the 5# and the 3# conserved
domains, figure 5, and the fact that the Drosophila loci have
the typical organization of a pol III transcript with a type 3
pol III promoter demonstrate beyond reasonable doubt that
the 3R(3.3M) locus B indeed harbors a 7SK homologue.

The conserved elements in figures 4 and 5 can in prin-
ciple be used to construct sequence or sequence–structure
patterns for further homology searches. Attempts to find
a 7SK homologue in the shotgun traces of the D. pulex ge-
nome remained unsuccessful, however, with both fragrep
and rnabob.

FIG. 5.—Comparison of structural motifs of 7SK snRNAs. Conserved nucleotides in stems are shown in red, whereas ocher (green) indicates 2 (3)
different supporting compensatory mutations. Pale colors indicate that a base pair cannot be formed by all the sequences. Lower case letters imply
a deletion in some sequences. The variable size regions close to the hairpin loops, which have no clear consensus folds, are drawn as dashed ellipses.
Correspondences of helices are highlighted by a gray background.
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Expression in D. melanogaster

In order to verify the expression of the 7SK locus, for
which a previous study had already reported a partial tran-
script (Yuan et al. 2003), we performed a standard northern
blot experiment. We used a 344-bp probe located between po-
sition 35 and 379 within the 445-nt long predicted 7SK gene.

The DIG-labeled PCR fragment was hybridized to a blot
of total RNA from flies, separated on an agarose gel. For the
detection of the hybrids, we used alkaline phosphatase-
labeled anti-DIG antibody for the reaction with NBT/BCIP
as substrate which yields a purple reaction product.

Figure 6 shows the electrophoretic separation of the
total RNA and the northern blot, which resulted in a clear
single band. Comparison between the marker in the gel and
the blot shows that detected transcript appears somewhat
larger than the predicted 7SK gene.

Discussion

Homology search for ncRNAs has turned out to be
a surprisingly hard problem in bioinformatics. Standard
methods of homology search often fail due to large varia-

tions in sequence length and oftentimes extremely poor se-
quence conservation, see, for example, (Mosig et al. 2007;
Gruber et al. 2008; Xie et al. 2008) for recent examples.
Indeed, the arthropod 7SK RNAs reported in this contribu-
tion were not discovered by straightforward search but
rather by an indirect strategy that uses the typical promoter
structure of 7SKs (Bannister et al. 2007), experimental ev-
idence for pol III transcripts in D. melanogaster (Isogai
et al. 2006), sequence conservation (Drosophila 12 Genomes
Consortium 2007), and de novo prediction of evolutionarily
conserved RNA secondary structure (Rose et al. 2007).
Once the representative sequences in Drosophilidae were
found, conventional Blast-based searches revealed addi-
tional homologs, which could then be used as starting point
for pattern-based searches that resulted in 7SK sequences
spanning most of the arthropod tree.

A detailed analysis of sequence motifs and the con-
struction of RNA secondary models based on a combination
of thermodynamic folding and sequence covariation dem-
onstrates that our candidate sequences share key features,
namely the 5#-stem and 3#-stem regions, with deuterostome
and lophotrochozoan 7SK RNAs, demonstrating that we
have indeed found the 7SK snRNA.

A search of EST and cDNA data revealed evidence for
transcription of the 7SK locus in several species across the
Arthropoda. We furthermore performed a northern blot to
verify the 7SK in Drosophilidae directly. The resulting tran-
script is somewhat longer than expected. There is, however,
an AT-rich repetitive region immediately downstream of
the 7SK RNA which may be at least partially transcribed.
Human 7SK ends are known to be heterogeneous (Sinha
et al. 1998). Furthermore, an extension of pol III transcripts
beyond a putative 3# end inferred from homology search
was for instance observed in mouse and rat vault RNAs
(compared with most other mammalian vault RNAs)
(Vilalta et al. 1994; Kickhoefer et al. 2003). The smear
observed in the northern blot below the major signal might
indicate the presence of a series of smaller transcripts due to
earlier termination.

Our results demonstrate that a 7SK snRNA featuring 2
highly structured conserved domains was present already in
the bilaterian ancestor. This suggests that also the function
of the 7SK snRNA is evolutionary conserved despite a re-
cent report that the inhibition of P-TEFb by the peptide Pgc
is RNAse insensitive in primordial germ cells (Hanyu-
Nakamura et al. 2008). The hypothesis of functional
conservation is further supported by the observation that
all major protein components of the human 7SK snRNP
(P-TEFb, HEXIM, and LARP7) have homologs in D. mel-
anogaster (P-TEFb, CG3508, and mxc, respectively). More
generally, the presumably ancient origin of 7SK snRNA and
the ubiquitous role of 6S RNA as transcriptional regulator
in bacteria (Barrick et al. 2005) suggest that the recently
uncovered variety of ncRNAs regulating the transcriptional
machinery (Goodrich and Kugel 2006; Barrandon et al.
2008) may also be evolutionary ancient (Lu et al. 2008).

Supplementary Material

An electronic supplement is located online at http://
www.bioinf.uni-leipzig.de/Publications/SUPPLEMENTS/

FIG. 6.—(A) Electrophoretic separation of total RNA fromDrosophila
melanogaster adults in a 2% agarose gel (ethidium bromide stained). (B)
Northern blot hybridized with the 7SK DNA probe of length 344 bp.
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08-008/ which compiled sequence data, primers, alignments
in machine-readable form, and fragrep2 search patterns.
Supplementary materials are available at Molecular Biology
and Evolution online (http://www.mbe.oxfordjournals.
org/).
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