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An Unusual Primate Locus that Attracted Two
Independent Alu Insertions and Facilitates their
Transcription
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190, CH-8057 Zürich, Switzerland; V
Molecular Genome Analysis, Germ
Center, Im Neuenheimer Feld 580, D
Germany.
Abbreviations used: SINE, short i

SRP, signal recognition particle; sno
RNA; fl, full-length; sc, small cytop
sequence element; FLAM, free left A
proximal sequence element.
E-mail address of the correspond

rna.world@uni-muenster.de
BC200 RNA, a neuronal, small non-messenger RNA that originated from a
monomeric Alu element is specific to anthropoid primates. Tarsiers lack an
insert at the orthologous genomic position, whereas strepsirrhines
(Lemuriformes and Lorisiformes) acquired a dimeric Alu element,
independently from anthropoids. In Galago moholi, the CpG dinucleotides
are conspicuously conserved, while in Eulemur coronatus a large proportion
is changed, indicating that the G. moholi Alu is under purifying selection
and might be transcribed. Indeed, Northern blot analysis of total brain
RNA from G. moholi with a specific probe revealed a prominent signal. In
contrast, a corresponding signal was absent from brain RNA from
E. coronatus. Isolation and sequence analysis of additional strepsirrhine
loci confirmed the differential sequence conservation including CpG
patterns of the orthologous dimeric Alu elements in Lorisiformes and
Lemuriformes. Interestingly, all examined Alu elements from Lorisiformes
were transcribed, while all from Lemuriformes were silent when
transiently transfected into HeLa cells. Upstream sequences, especially
those between the transcriptional start site and K22 upstream, were
important for basal transcriptional activity. Thus, the BC200 RNA gene
locus attracted two independent Alu insertions during its evolutionary
history and provided upstream promoter elements required for their
transcription.
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Introduction

The process of retroposition (reverse transcrip-
tion of RNA into cDNA and concomitant genomic
integration)1–3 has contributed as much as 90% of
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DNA sequences in mammalian genomes.4 Rather
than mere genomic “junk”, retronuons5,6 are often
recruited or exapted into novel functions as they are
mobile carriers of potential control sequences
(sometimes after a few minor alterations) and,
thus, can equip existing genes with novel regulat-
ory elements.5–15 Retronuons also provide existing
genes with novel protein-coding domains,14,16,17

and even generate novel genes,5,18,19 including
those encoding non-messenger RNAs.20,21

The most abundant class of retronuons in
vertebrate genomes are the short interspersed
elements (SINEs).22 Most SINEs originated by
retroposition of tRNAs,23 tRNA-related RNAs or
signal recognition particle (SRP) RNA (7SL
RNA).24–27 The SRP RNA-related Alu elements
constitute the major SINE family in primates and
exist in both monomeric and dimeric form.28,29

Only a limited number of active Alu source (master)
d.
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genes have given rise to the O106 Alu copies in
primate genomes by successive waves of retro-
positional activity.26,27,30 In certain lineages and at
certain times, multiple source genes can be active in
parallel, as shown for the BC1 RNA-related retro-
nuons (ID elements) in rodents8,9 and Alu elements
in primates.8,9,31 Apart from selective constraint on
the source RNA, the redundancy of active elements
might contribute to survival of retronuons in
genomes. Despite the huge number of Alu element
copies in primate genomes, only a few Alu
transcripts have been observed in vivo.28,32–34

Clearly, 5 0 flanking sequences are important for
autonomous transcription of SINEs.21,34–39 There-
fore, the genomic environment, which is unique for
each individual SINE, plays a decisive role in
whether a SINE is transcriptionally active or
silent.6,8,40

BC200 RNA, a neuronal, small non-messenger
RNA, originated from a free left Alu monomer
(FLAM)-C-like monomeric Alu element.21,41 The
BC200 RNA gene represents one of the rare
members of this repetitive DNA family that is
transcriptionally and retropositionally active.42–44

Like its possible functional analogue in rodents,
BC1 RNA,20 BC200 RNA is transcribed in neurons45

predominantly by RNA polymerase III21 and
transported to dendrites as a ribonucleoprotein
particle.46–49

The gene encoding BC200 RNA has been mapped
to chromosome 2p16,50 but the human genome
sequence places it to band 2p21 between the
CALM2 (calmodulin 2) and the TACSTD1
(tumour-associated calcium signal transducer 1)
genes.51 The gene is conserved in all anthropoids
including Old World monkeys, New World
monkeys and hominoids.43 V. Yu. K. et al. showed
that the BC200 RNA gene is absent from ortho-
logous loci in representatives of the strepsirrhines
(Lorisiformes and Lemuriformes) and tarsiers,
suggesting that the gene has arisen on the lineage
leading to anthropoids after the separation of
Strepsirrhini and Haplorrhini (tarsiers and anthro-
poids; for phylogenetic affiliations see Schmitz
et al.52).44 Surprisingly, the G. moholi (lorisiform)
and E. coronatus (lemuriform) loci harbor a dimeric
Alu element at the orthologous position. This sets
apart the aforementioned strepsirrhines from
tarsiers, whose orthologous loci are devoid of any
repetitive element.44 Interestingly, the G. moholi Alu
(referred to as G22) features 21 preserved CpG
doublets (usually the first to change in genomic
sequences released from purifying selection),53,54

whereas the E. coronatus Alu (referred to as L13)
features only 11 CpG doublets. The conservation of
CpG doublets is an indication for transcriptional
activity and functionality, as had been shown for the
BC200 RNA gene.41,43 This prompted us to examine
whether G22 is transcribed in the G. moholi brain,
akin to BC200 RNA in anthropoids. In order to
examine the strepsirrhine locus corresponding to
the BC200 RNA gene locus in more detail, we
PCR-amplified and sequenced the locus of five
other Lemuriformes (including Daubentonia
madagascariensis), three other Lorisiformes, one
additional tarsier species as well as the colugo, a
non-primate, but presumably primate-related
mammal (Cynocephalus variegatus, Dermoptera).55
Results

The G. moholi G22 Alu element is transcribed in
the brain

The BC200 RNA gene is conserved and tran-
scribed in the anthropoid brain,43 but is absent from
orthologous loci of G. moholi, E. coronatus and
T. syrichta.44 While the strepsirrhine (G. moholi and
E. coronatus) loci harbour a dimeric Alu element at
exactly the same chromosomal location, the
T. syrichta locus is devoid of any repetitive element.
Unlike the E. coronatus Alu L13, the G. moholi Alu
G22 preserved its internal box A and B promoter
elements and its CpG doublets. Thus, we first
examined whether the G22 Alu would be tran-
scriptionally active in the G. moholi brain, akin to
BC200 RNA in anthropoids.
We performed Northern hybridization of total

RNA isolated from various tissues of G. moholi,
E. coronatus, T. syrichta and human, and probed for
the G22 and L13 Alu elements using several
complementary oligonucleotides (Figure 1). An
oligonucleotide specific for the lorisiform G22 Alu
element (G22_3 0) detected a single band in the
galago brain exhibiting an apparent size of w340 nt
(Figure 1(a)). A “generic” probe complementary to
the Alu 5 0 domain (Alu_5 0) recognized, in addition
to the G22 Alu RNA, a transcript with an apparent
size of 300 nt. This transcript was detected in
E. coronatus and G. moholi tissues, but not in
T. syrichta and human samples (Figure 1(b)). The
lack of any signal in tarsier and human tissues
reduces the possibility of cross-hybridization to 7SL
RNA (see Figure 3) and rather suggests that there is
an additional distinct Alu retronuon expressed in
the G. moholi and E. coronatus tissues examined.
In order to probe for the E. coronatus L13 Alu

element, we used two distinct oligonucleotides
(L13_insert and L13_3 0). Both oligonucleotides
failed to detect a transcript in E. coronatus tissues
that might correspond to the L13 Alu (data not
shown). Unexpectedly, however, the oligonucleo-
tide probe L13_insert detected a band with an
apparent size of 210 nt in human brain and, to a
lesser degree, in G. moholi brain and liver
(Figure 1(c)). This points to yet another distinct
transcript that is not necessarily Alu-related. With
respect to the G. moholi G22 Alu element, our data
indicate that it is prevalently, perhaps exclusively,
transcribed in the brain, while the E. coronatus Alu
L13 is transcriptionally silent. This observation
prompted us to examine whether other lorisiform
and lemuriform species also harbour a dimeric
Alu element at that chromosomal position. Thus,
we PCR-amplified, sequenced and analysed



Figure 1. The G. moholi Alu element G22 is transcribed
in the galago brain. Total RNA isolated from various
tissues of T. syrichta (T.sy), G. moholi (G.mo), E. coronatus
(E.co) and human (H.sa) was transferred to nylon
membrane and probed with various oligonucleotides.
(a) The G22-specific oligonucleotide G22_3 0 recognizes a
single band with an apparent size of 340 nt in G. moholi
brain, but not in liver. (b) The oligonucleotide Alu_5 0

(a “generic” Alu probe) detects a band with an apparent
size of 340 nt in G. moholi brain and a transcript of 300 nt
in G. moholi liver and brain, and in all E. coronatus tissues
examined. (c) The L13-specific oligonucleotide L13_insert
(a sequence unrelated to Alu consensus sequences)
fortuitously recognizes a transcript of 210 nt in G. moholi
liver and brain, and in human brain, but does not detect
any transcript in E. coronatus tissues. (d) The 7SL RNA
oligonucleotide 7SL_3 0 was used as loading control.

202 Neural Dimeric Alu RNA in a Prosimian Branch
orthologous BC200 loci from additional strepsir-
rhine species.
Orthologous loci of the anthropoid BC200 RNA
gene locus in strepsirrhines harbour an AluJo-
like element

We PCR amplified (see Supplementary Figure 1)
and sequenced loci orthologous to the anthropoid
BC200/galago G22 gene locus from three other
Lorisiformes (Loris tardigradus, Nycticebus pygmaeus,
Otolemur garnettii), five Lemuriformes (Cheirogaleus
medius, Lepilemur dorsalis, Lepilemur ruficaudatus,
Propithecus verreauxi, Daubentonia madagascariensis),
one additional tarsier (Tarsius bancanus) and the
non-primate colugo (Cynocephalus variegatus,
Dermoptera). All lorisiform and lemuriform species
examined contain a dimeric Alu element at the
orthologous position. In contrast, the T. bancanus
and the colugo loci are devoid of any insertion. For
further insights into the BC200 RNA gene locus, we
aligned the strepsirrhine loci with the previously
published anthropoid BC200 loci,43 the tarsier loci
as well as the outgroup sequences of colugo and
mouse (Figure 2).

As the sequences of the dimeric Alu elements in
the two strepsirrhine lineages are quite divergent,
we asked whether the lorisiform G22 and lemuri-
form L13 Alu elements descend from a common
Alu element or from independent progenitors. To
this end, we aligned and compared the G22 and L13
Alu elements with the human AluJo consensus
sequence, which is believed to be one of the most
ancient dimeric Alu elements,29 and thus the closest
relative of the strepsirrhine Alu elements examined
here,44 as well as with lorisiform and lemuriform
Alu consensus sequences (GS1, Gal and Lem-S;
Figure 3). Inclusion of these consensus sequences
aided in finding shared diagnostic positions (single
nucleotide substitutions, insertions or deletions,
when compared to the consensus)26,41 between the
lorisiform G22 and lemuriform L13 Alu elements.
This sequence analysis revealed at least six common
diagnostic positions for the G22 and L13 Alu
elements, which are not shared with any of the
consensus sequences, including the AluJo
sequence. We found at least ten additional
diagnostic positions that the G22 and L13 Alu
elements share with the lorisiform and lemuriform
consensus sequences (Gal, GS1 and Lem-S), but not
with the AluJo consensus. Furthermore, G22 and
L13 Alu elements have other hallmarks in common,
such as a 2 bp deletion at position 114, which is also
present in the lorisiform and lemuriform consensus
sequences, and a CCC trinucleotide adjacent to the
A-rich region that links the two monomer domains
(w position 220, Figure 3). This analysis suggests
that the lorisiform G22 and lemuriform L13 Alu
elements descended from a common ancestral
AluJo-like element that integrated prior to strepsir-
rhine divergence.

The G22 and L13 Alu elements are not equally
conserved. Sequence comparison using uncorrected
pairwise distances (p) as implemented in PAUP
revealed that, even after excluding the distant aye-
aye, the five lemuriform Alu sequences are about
threefold more divergent than the four lorisiform
Alu elements (data not shown). Furthermore, while
the G22 Alu elements preserved the internal A and
B-box promoter elements, the L13 Alu elements
display various nucleotide substitutions and del-
etions (Figure 3). MFOLD-analysis56 further illus-
trated the conservation of a prototypical Alu
secondary structure in the G22 Alu elements but
not in the L13 Alu elements (data not shown).
Importantly, the two Alu families exhibit pro-
nounced differences in the preservation of their
respective CpG doublets. The Galagidae G. moholi
and O. garnettii preserved 21 and 20 CpG doublets,
respectively, while the Lorisidae N. pygmaeus and
L. tardigradus preserved 20 and 16 CpG dinucleo-
tides, respectively. In striking contrast, the
Lemuriformes E. coronatus, P. verreauxi, C. medius,
L. ruficaudatus and L. dorsalis preserved only 11, 9,
11, 11 and 10 CpG doublets, respectively. Sur-
prisingly, the D. madagascariensis Alu element



Figure 2.Nucleotide sequence alignment of the central core sequence surrounding the anthropoid BC200 RNA gene locus. Orthologous flanking sequences of the BC200 RNA
gene locus available in strepsirrhines (Lemuriformes and Lorisiformes), tarsiers, New and Old World monkeys as well as hominoids including human43 were aligned (see
Materials andMethods) together with orthologous loci of the non-primate outgroups Cynocephalus variegatus (colugo) and Mus musculus. The integration point (I) of the FLAM in
anthropoids (resulting in the BC200 gene) and the dimeric AluJo-like element in strepsirrhines (giving rise to the G22 and L13 Alu elements) is depicted. Putative regulatory
elements (PSE, TATA-like element and the terminator sequence) are denoted. Sequences identical in all species are indicated in black, positions withR80% andR60% similarity
are shaded in dark grey and light grey, respectively. Note the deletion around the integration site in tarsiers and the preservation of the TATA-like sequence in anthropoids and
Lorisiformes. For abbreviations, see Materials and Methods.
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features 24 CpG dinucleotides (nine of which,
however, are not shared by any of the Alu
consensus sequences). The combined information
strongly indicates that the lorisiform G22 Alu
elements have been under purifying selection and
may, thus, be transcriptionally and functionally
active.
G22 but not L13 Alu elements are transcribed in
HeLa cells

We sought to determine whether transcriptional
activity is restricted to the lorisiform G22 Alu
elements or vice versa, whether all lemuriform Alu
elements examined are inactive. In order to circum-
vent the need for tissue samples from all these
animals, we performed transcriptional analysis by
transient transfections of individual Alu elements
including sufficient flanking sequences (w270 bp
upstream and w150 bp downstream) into HeLa
cells. The T. bancanus construct (lacking the Alu
element) was used as a negative control in
transfections and a plasmid construct containing
the mouse small nucleolar RNA (snoRNA) MBII-52
under control of the CMV promoter57 was used as a
positive control and was always co-transfected with
the strepsirrhine loci.

Transient transfection into HeLa cells demon-
strated clearly that all lorisiform G22 Alu
elements were effectively transcribed. Somewhat
unexpectedly, the G22 Alu elements produced
transcripts of different sizes (Figure 4). As expected,
the G. moholi and L. tardigradus Alu elements
exhibited an apparent size of 340 nt. In contrast,
those of O. garnettii and N. pygmaeus generated
transcripts with apparent sizes of 360 nt and
380 nt, respectively. From the sequence information
and location of RNA polymerase III termination
sites (a stretch of at least four consecutive thymidine
residues, Figure 2), all transcripts should be in a
similar size range. Although we are unable to
explain this discrepancy, one explanation could be
post-transcriptional addition of nucleotides.58,59

In contrast to the lorisiform G22 Alu elements,
none of the lemuriform L13 Alu elements, including
the Daubentonia Alu, was transcriptionally active in
HeLa cells (Figure 5). Neither an oligonucleotide
probe common to Alu elements (Alu_5 0,
Figure 5(a)), nor one complementary to the
E. coronatus insert (L13_insert, Figure 5(b)) or the
right arm of the lemuriform Alu elements (L13_3 0,
data not shown) produced a signal corresponding
to the lemuriform Alu elements. Moreover, a
chimeric construct, in which the G. moholi 5 0

flanking sequence was fused to the E. coronatus
Alu element (including its 3 0 flanking sequence),
was transcriptionally inactive (lane GF/LA,
Figure 5), as were similar chimeric constructs
between the G. moholi 5 0 flank and the P. verreauxi
and the D. madagascariensis L13 Alu elements,
respectively (data not shown). These data, together
with the results shown in Figure 1, show that
transcriptional activity is restricted to the lorisiform
G22 Alu elements.

We detected transcripts with apparent sizes of
300 nt and 110 nt in transfected and mock-trans-
fected HeLa cells (Figure 5(a)) using the Alu_5 0

oligonucleotide (a generic Alu probe comple-
mentary to the left arm). We suggest that these
hybridization signals correspond to full-length (fl)
and small cytoplasmic (sc) Alu transcripts endo-
genous to HeLa cells. Transfection of the G. moholi
Alu element produced, in addition to the 340 nt
long G22 flAlu transcript, also a band of approxi-
mately 110 nt, which co-migrates with the afore-
mentioned scAlu from HeLa cells (Figure 5(a)). The
same pattern was observed in G. moholi brain (data
not shown). This suggests that the G22 Alu element
is, as human transcribed Alu elements, subject to
post-transcriptional processing,28 which is sup-
ported by the detection of possible processing
intermediates (Figures 1, 4–6).

With oligonucleotide L13_insert as probe, two
fortuitous transcripts with apparent sizes of 210 nt
and 130 nt were detected in transfected as well as
mock-transfected HeLa cells (Figure 5(b)). The
210 nt transcript was detected also in total RNA
isolated from G. moholi tissues and in human brain
(see Figure 1). Clarification of the nature of these
RNAs requires further experimentation.

Transcription of the G. moholi G22 Alu element
requires 5 0 flanking sequences

After establishing that the lorisiform G22 Alu
elements are expressed, we carried out experiments
to narrow down the promoter elements necessary
for transcription and used the G. moholi locus as a
model. As 5 0 flanking sequences were shown to
augment transcription of the SRP RNA gene,60 Alu
elements21,34,35,37 and SINE master genes such as
the rodent BC1 RNA gene,36 we initially screened
the lorisiform and anthropoid 5 0 flanking sequences
for the presence of putative promoter elements.
Upstream sequence elements preserved in
Lorisiformes and Anthropoidea show similarity to
known external promoter elements found in RNA
polymerase III and II genes (Figure 2). The most
striking feature is that lorisiforms and anthropoids
harbour a conserved TA-rich region between
positions K20 and K30, akin to TATA motifs.
Second, a conserved sequence block reminiscent of
a proximal sequence element (PSE)61,62 is situated
about 70 bp upstream of the insertion point. Third,
220 bp upstream of the integration point, we found
a distal sequence element (DSE)-like motif, which
harbours an imperfect octamer motif (ATTTAAAT
in hominoids and GTTTAAAT in Lorisiformes,
New and Old World monkeys) and a sequence
motif (GGGG(T/C)GTG(AG/GT)GGTTGGAAA
AT) reminiscent of a Staf-responsive element.63

To test whether the conserved regions present in
the G. moholi 5 0 flanking sequences influence tran-
scription of the G22 Alu element, we designed
several plasmid constructs, in which the 5 0 flanking





Figure 4. Lorisiform G22 Alu elements are transcribed
in HeLa cells. Northern blot hybridization of total RNA
derived from the transient transfection of lorisiform G22
Alu elements in HeLa cells. From left to right: T. bancanus
(negative control), G. moholi G22, O. garnettii G22,
N. pygmaeus G22, L. tardigradus G22. The membrane was
probed with the oligonucleotides G22_3 0 and MBII-
52_P19. Transcripts of the G22 Alu elements and the
co-transfected MBII-52 snoRNA are denoted by arrows.

Figure 5. Lemuriform L13 Alu elements are not
transcribed in HeLa cells. Northern blot hybridization
of total RNA derived from the transient transfection of
lemuriform L13 Alu elements in HeLa cells. From left to
right: E. coronatus L13, C. medius L13, L. ruficaudatus L13,
P. verreauxi L13, D. madagascariensis L13, GF/LA chimeric
construct (the G. moholi flank fused to the E. coronatus L13
Alu element), G. moholi G22 (positive control), T. bancanus
(negative control). (a) Membrane probed with oligo-
nucleotides Alu_5 0 and MBII-52_P19. The Alu_5 0 oligo-
nucleotide recognized a transcript with an apparent size
of 340 nt only in the G. moholi transfection and a 300 nt
transcript in all transfections (see also Figure 1). In
addition, a smaller transcript with an apparent size of
110 nt was detected, whose intensity was stronger in the
G. moholi transfection. The co-transfected MBII-52
snoRNA is denoted by an arrow. (b) The same membrane
re-probed with the oligonucleotide L13_insert (specific
for the E. coronatus insert). Two transcripts with apparent
sizes of about 210 nt and 130 nt were recognized by this
oligonucleotide, but no signal corresponding to the
lemuriform L13 Alu elements could be detected.

206 Neural Dimeric Alu RNA in a Prosimian Branch
sequence was gradually removed (Figure 6(c)). The
DSE-like motif seemed negligible for transcription
in this cell culture system, as a construct in which
the 5 0 flank terminated just upstream of the PSE
(construct K86) was almost equally efficient at
transcription as constructs bearing additional 5 0

flanking sequences (constructs K207, K242, K270
and K383, Figure 6(a)). However, constructs lack-
ing the PSE (K61, K41) showed reduced transcrip-
tion levels and the deletion construct K22, which
has all but the TATA-like sequence removed,
showed a significant reduction in transcriptional
activity when compared to the deletionmutantK86
(Figure 6(b) and (d)). Furthermore, removal of the
TATA-like sequence resulted in a complete loss of
transcriptional activity (construct C1). These data
suggest that 5 0 flanking sequences residing within
the first 86 bp upstream of the putative transcrip-
tion start site, and especially the TATA-like
Figure 3. Nucleotide sequence alignment of the strepsirrhine dimeric Alu elements G22 and L13 with the AluJo
consensus sequence. Included are the human BC200 RNA, FLAM-C and 7SL RNA genes as well as consensus sequences
for strepsirrhine Alu elements, GS1 (the consensus sequence for the Galagidae type I Alu family), Gal (a further
consensus sequence for the Galagidae family) and Lem-S, a consensus sequence for a lemur Alu family. CpG
dinucleotides conserved in the AluJo sequence are shaded in grey. RNA polymerase III promoter elements, A and B-
boxes, are highlighted. Diagnostic nucleotide positions for either the lemuriform L13 or the lorisiform G22 Alu elements
examined are indicated withC. Shared diagnostic positions between the L13 and G22 Alu elements, when compared to
the consensus sequences, are denoted with the respective consensus nucleotide (A, T, G, or C). Polymorphic nucleotide
positions are depicted using the following nomenclature: RZA or G; YZC or T; SZG or C; WZA or T; KZG or T; MZA
or C; NZany. The central region of the 7SL gene (corresponding to the S-domain in 7SL RNA) was omitted from the
alignment (see position 99) and the duplication specific to D. madagascariensis was placed below the sequence (see
position 373). For abbreviations, see Materials and Methods.



Figure 6. The G. moholi G22 Alu element requires 5 0 flanking sequences for full transcriptional activity in HeLa cells.
HeLa cells were transiently transfected with equal amounts of G. moholi G22 50 deletion constructs and transcriptional
activity was assessed by Northern blot analysis of total RNA. (a) Removal of the more remote 5 0 sequence elements (see
(c)) has no effect on G22 transcription. (b) Transcriptional activity of the G22 Alu decreases gradually upon removal of
the 5 0 flanking sequences that are located closer to the transcriptional start site (see also (c)). Membranes in (a) and (b)
were probed with the oligonucleotides G22_3 0 and MBII-52_P19. (c) A sketch showing putative promoter elements that
were gradually omitted from the G. moholi 5 0 flanking sequence in (a) and (b). (d) Relative transcriptional activities of the
G22 5 0 deletion constructs shown in (b) determined from three independent experiments.
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sequence, are important for transcription of the G22
Alu in this cell culture system.

We then addressed the question of whether the
tarsier and the colugo loci (two orthologous loci that
have no Alu insertion) would support transcription
of the G. moholi G22 Alu. To this end, we artificially
inserted the G. moholi G22 Alu including its
terminator sequence into the Alu-deficient
T. bancanus and C. variegatus loci, respectively.
We also wished to determine whether a given
lemuriform flank can substitute for the G. moholi
wild-type flank. For this purpose, we generated
chimeric constructs that had either the E. coronatus
or the P. verreauxi 5 0 flank fused to the G. moholi G22
Alu. These chimeric constructs (depicted in Figure
7(a)) were transfected into HeLa cells and their
respective transcriptional activities compared to the
G. moholi constructs K86, K22 and C1
(Figure 7(b)). The P. verreauxi 5 0 flank significantly
enhanced transcription of the G22 Alu when
compared to the level of the G. moholi C1 construct,
whereas the E. coronatus flank, which lacks the
TATA-like sequence, did not support transcription.
Interestingly, the G. moholi G22 Alu was transcribed
when being inserted into the colugo locus, although
at lower levels than the G. moholi K22 construct. In
contrast, the G22 Alu inserted into the tarsier locus
reached transcription levels just above background.
These data demonstrate that orthologous loci of
non-lorisiform species have fortuitously main-
tained the potential to support transcription of an
artificially inserted Alu retronuon.
Discussion

BC200 RNA is transcribed almost exclusively in
the anthropoid brain43 and arose via integration of a
FLAM-C-like monomeric Alu element, probably
after the tarsier divergence.44 Here, we show that in
the strepsirrhine lineage, prior to the divergence of
Lorisiformes and Lemuriformes, the orthologous
strepsirrhine locus had been subject to an indepen-
dent insertion event of a dimeric Alu element,
giving rise to the lorisiform G22 and lemuriform
L13 Alu elements. Interestingly, while the G22 Alu
elements are transcribed, the L13 Alu elements are
transcriptionally inactive (summarized in Figure 8).
Using a HeLa cell culture system, we demonstrate
that certain upstream promoter elements are
important for transcription of the G. moholi G22
Alu. Furthermore, orthologous loci of related



Figure 7. Orthologous 5 0 flanking sequences from
related species can support transcription of the G. moholi
G22 Alu element in HeLa cells. (a) A sketch showing the
G. moholi 5 0 deletion constructs K86, K22 and C1, and
the design of the chimeric constructs fusing the 5 0

flanking sequences of P. verreauxi (PF/GA), T. bancanus
(TF/GA-22), C. variegatus (CF/GA) and E. coronatus
(LF/GA) to the G. moholi G22 Alu element. Note that
the E. coronatus 5 0 flanking sequence harbours a deletion
of the T/A rich region (angled lines) and that the
G. moholi T/A rich region was included in the TF/GA-
22 construct (open box). (b) HeLa cells were transiently
transfected with equal amounts of G. moholi G22 5 0

deletion constructs and the chimeric constructs depicted
in (a). Transcriptional activity was assessed by Northern
blot analysis of total RNA. The membrane was probed
with the oligonucleotides G22_3 0 and MBII-52_P19.
(c) Relative transcriptional activities of the chimeric
constructs shown in (b) determined from three indepen-
dent experiments.

Figure 8. Phylogenetic reconstruction of the BC200
RNA gene locus. Orthologous flanking sequences of the
BC200 RNA gene locus in primates were analysed.
C. variegatus (colugo) was used as outgroup. The range
of bootstrap or puzzling support values derived by the
MP, NJ and ML method (see Materials and Methods) are
given at the corresponding branches. The integration sites
of FLAM (BC200) at the lineage leading to anthropoids
and the AluJo in strepsirrhines are represented as dots.
Because of the random deletion around the BC200
integration site in tarsiers the integration could alterna-
tively have taken place before the tarsiers diverged.
Branches with actively transcribed BC200 or Alu elements
are indicated by bold lines.
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species have residual potential to support transcrip-
tion of an artificially inserted G22 Alu element.

A primate locus that attracted two independent
Alu insertions

Alu elements preferentially insert into
TT/AAAA or similar motifs surrounded by an
otherwise GC-rich sequence.64–66 It has been
speculated that the purine–pyrimidine boundary
may cause a kink in the DNA, which could attract
proteins required for integration. Indeed, the TT/
AAAA target is nicked by the L1 endonuclease.67,68

The anthropoid and lorisiform loci as well as the
colugo locus maintained remnants of the TT/
AAAA motif at around K20 (Figure 2). This
particular sequence landscape may have been
advantageous for independent retronuon insertions
at this locus.

The present data suggest that the BC200 RNA
gene locus was targeted at least twice by related yet
different retronuons during its evolutionary history,
a dimeric Alu in strepsirrhines and a monomeric
Alu element in anthropoids. Theoretically, an
alternative scenario exists: It is known that existing
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Alu elements can be replaced by gene conversion
with other Alu elements.21,69 Therefore, we cannot
entirely exclude the possibility that a dimeric Alu
element inserted prior to the divergence of
prosimians and Anthropoidea, and that on the
lineage leading to Anthropoidea, the dimeric
element was replaced completely by a monomeric
Alu element, or vice versa. Unlike in the other cited
cases, however, replacement would have been
complete. Furthermore, it would be necessary to
postulate that the original or recombined Alu
element was deleted in the lineage leading to
tarsiers (see below). In conclusion, proposing two
separate insertion events is more parsimonial, a rare
but not unprecedented scenario.70

A second issue concerns the time of integration
of the two Alu elements. Due to a small deletion
around the integration site in tarsiers (Figure 2), we
are unable to exclude the possibility that the
FLAM-C-like BC200 predecessor integrated prior
to the tarsier–anthropoid divergence and was later
lost in tarsiers, after anthropoids had split off
(Figure 8). This scenario would predict complete
deletion of the FLAM-C-like element, including a
few flanking nucleotides in tarsiers, a theoretical
scenario we cannot completely rule out.

As the strepsirrhine G22 and L13 dimeric Alu
elements appeared quite divergent, we wondered
whether these two Alu families descend from a
common ancestor or from independent progenitors.
The integration of a dimeric Alu element in all
strepsirrhine loci examined favours a single inte-
gration event prior to the strepsirrhine divergence.
This is supported by the observation that the G22
and L13 Alu elements have at least six nucleotide
substitutions in common, when compared to the
AluJo and known lemuriform and lorisiform Alu
consensus sequences (Figure 3). Thus, we suggest
that the G22 and L13 Alu elements descend from a
common ancestral AluJo-like element that must
have integrated some time after strepsirrhines
diverged from the common ancestor of primates,
but before the Lemuriformes–Lorisiformes
divergence. This is consistent with strepsirrhine
monophyly documented recently by multi-locus
and mono-locus markers.71

Although we realize that the tree reconstruc-
tion and bootstrap or puzzling support values are
based on a relatively short sequence region
(about 300 bp), its topology is highly congruent
with the most accepted phylogenetic reconstruc-
tions in primates based on presence/absence data
of SINEs.72 For example, our phylogenetic recon-
structions of the BC200/AluJo flanking regions
(Figure 8) support the sister group relationship
of the aye-aye and the rest of the Lemuriformes.
In addition, numerous diagnostic positions in
the Alu coding sequences also support mono-
phyly of Lorisiformes and Lemuriformes, as well
as that of the lorisiform families Galagidae and
Lorisidae.71

Our sequence analyses further suggest that after
the Lemuriformes and Lorisiformes divergence, the
respective loci must have been subject to differential
selective pressures. This is documented by the large
discrepancy of conserved CpG doublets in the Alu
coding regions (16–21 for Lorisiformes compared to
only 9–11 for Lemuriformes), the presence of many
indels and duplications in Lemuriformes, and the
accumulation of mutations in the internal promoter
elements in lemuriform Alu elements (Figure 3).
An exception to this is the L13 Alu sequence of the
aye-aye (D. madagascariensis) with 24 CpG dinucleo-
tides and several lorisiform-like diagnostic AluJo
mutations. This could be interpreted as a relatively
close relationship of the aye-aye to Lorisiformes
and/or earlier transcriptional activity that ceased in
more recent evolutionary times (the aye-aye Alu
element is not expressed in our transfection
system). Another possibility is gene conversion
(see above) with parts of a younger element,
containing more CpG residues. However, only
about ten CpG positions are shared with the
expressed Alu elements of Lorisiformes; many of
the additional CpG positions are at locations
different from any of the known Alu consensus
sequences, including those of prosimians (Figure 2).
In any event, the example of the aye-aye Alu
element illustrates that the mere count or density of
CpG dinucleotides is not sufficient to predict
transcriptional activity.

A novel dimeric Alu element transcribed in the
G. moholi brain

We found that the G. moholi G22 Alu element is
transcribed in the galago brain but not in three non-
neural tissues examined, akin to BC200 RNA in
anthropoids. In contrast, the E. coronatus L13 Alu
element was transcriptionally silent (Figure 1).
Further, all lorisiform G22 Alu elements derived
from loci orthologous to the BC200 gene locus were
effectively transcribed following transient transfec-
tion into HeLa cells, whereas the lemuriform L13
Alu elements were not (Figures 4 and 5). This
raises the question of whether the lorisiform Alu
elements became transcriptionally active after the
strepsirrhine divergence, or whether the ancient
dimeric Alu element was originally transcribed and
became inactivated early in the lemuriform lineage,
prior to the Daubentonia divergence. On the one
hand, a newly integrated retronuon may at first be
non-functional (termed a potonuon, as it has the
potential to become active) and only later, after the
acquisition of advantageous mutations, be recruited
into a function (then termed a xaptonuon, as it was
exapted into a function).6 Recently, the high
exaptative potential of previously silent, e.g. non-
functional, Alu sequences as exons of protein-
coding genes has been documented.17,73,74 Thus,
the ancient dimeric Alu element may have been
silent for a long period of time before being
transcribed. On the other hand, a smaller number
of CpGs would then be conserved. Furthermore, it
was postulated that a severe bottleneck occurred
when the ancestors of Lemuriformes settled into
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Madagascar from the African continent75 about
47–80 million years ago.71 Thus, it is equally
conceivable that the ancient Alu element may
have been inactivated in a common ancestor of all
lemuriforms, while transcription was maintained in
lorisiforms.

It is tempting to speculate that the G22 Alu RNA
may have been co-opted into a function in the
lorisiform central nervous system, analogous to
anthropoid BC200 RNA and rodent BC1 RNA.
BC200 and BC1 RNA have been proposed to play a
role in regulation of dendritic protein synthesis.76–78

Interestingly, targeted deletion of the BC1 RNA
gene in mice results in behavioural changes best
interpreted in terms of reduced exploration and
increased anxiety.79,80 Therefore, the recruitment
of non-messenger RNAs into cellular functions
may cause subtle behavioural changes, which in
turn might be an evolutionary means to drive
speciation events.4,5 The differential transcriptional
activity in the two Strepsirrhini branches is a
serendipitous coincidence, as we can compare
the relatively high level of sequence conser-
vation in Lorisoidea with the rapid changes in
Lemuroidea. Consequently, we can infer exap-
tation of the G22 Alu RNA in Lorisoidea into
an unknown function, similar to BC200 RNA in
Anthropoidea.

Upstream flanking sequences are required for
transcription of the G22 Alu

We showed that 5 0 flanking sequences are
necessary for transcription of the G. moholi Alu
element. Although highly conserved among
Lorisiformes and Anthropoidea, deletion of the
G. moholi DSE did not influence transcription of the
Alu element when transiently transfected into HeLa
cells. In contrast, the proximal flanking sequence
including the TATA motif and the PSE were
necessary for wild-type transcription levels of the
G22 dimeric Alu element (Figure 6). Removal of the
TATA-like sequence resulted in a complete loss of
transcriptional activity. Therefore, the first 86 bp
upstream sequence, and especially the TATA-like
motif, was required for transcriptional activity of
the G. moholi G22 Alu.

We could not observe transcription of the
E. coronatus, P. verreauxi or D. madagascariensis Alu
elements even when the respective Alu elements
were under influence of the G. moholi 5 0 flank
(Figure 5, data not shown). This suggests that the
lemuriform Alu elements are inactive due to
alterations in internal promoter elements and/or
non-functional terminators.81,82 The requirement
for appropriate 5 0 flanking sequences is supported
by the observation that the P. verreauxi 5 0 flanking
sequence was able to support transcription of the
G22 Alu element. Interestingly, even the distantly
related colugo locus could augment transcription of
the G22 Alu, while the tarsier locus was only
moderately active (Figure 7). The latter finding was
somewhat surprising, as we expected the
transcriptional activity of the G22 Alu including
its TATA-like motif in the tarsier background to
reach levels comparable to that of the G. moholi
deletion mutant K22. Nonetheless, the data indi-
cate that orthologous loci have maintained the
potential to support transcription, even in species
featuring empty target sites. Taken together, our
transcriptional analyses suggest that both internal
and external promoter elements are required for
transcription of the G22 Alu element, once
more supporting earlier findings with other
retronuons,35–37,39 and hopefully laying to rest
the persisting misbelief that any Alu element, as
long as it features intact internal promoter
elements, can be transcribed in vivo under normal
conditions.

In conclusion, the BC200 RNA gene locus served
as an integration target for two distinct retronuons
in its evolutionary history, a FLAM-C-like mono-
meric Alu element in anthropoids, resulting in the
neural BC200 RNA transcript, and a dimeric AluJo-
like element in strepsirrhines, giving rise to the
lorisiform G22 and lemuriform L13 Alu elements.
The G. moholi G22 Alu is transcribed in the galago
brain, similar to its anthropoid analogue BC200
RNA. The significantly higher sequence conserva-
tion among the G22 Alu elements in comparison to
the L13 orthologues indicates that the G22 Alu RNA
has been exapted into a function, thus far unknown.
This work shows that a locus can be targeted by
retroposition at least twice in different lineages and
corroborates the impact of local sequences on
transcriptional activity of an inserted retronuon.
Likewise, alterations internal to the retronuon
determine its transcriptional fate in separate
lineages.
Materials and Methods
Isolation of genomic DNA

Genomic DNA specimens and animal tissue samples
from Eulemur coronatus (E.co), Propithecus verreauxi (P.ve),
Cheirogaleus medius (C.me), Lepilemur ruficaudatus (L.ru),
Lepilemur dorsalis (L.do), Daubentonia madagascariensis
(D.ma), Galago moholi (G.mo), Otolemur garnettii (O.ga),
Nycticebus pygmaeus (N.py), Loris tardigradus (L.ta), Tarsius
syrichta (T.sy), Tarsius bancanus (T.ba) and Cynocephalus
variegatus (C.va), were provided by the German Primate
Center (Goettingen, Germany) and the American
Museum of Natural History (New York, USA). Except
for D. madagascariensis, all genomic DNA samples were
obtained in lyophilized form. Genomic DNA of
D. madagascariensis was isolated from liver using standard
methods.83
PCR amplification

PCR primers flanking the BC200 RNA gene locus were
designed on the basis of the previously published
sequence alignment of G. moholi (AF314807), E. coronatus
(AF314808), T. syrichta (AF314809) and the human loci
(AF314806). PCR amplifications of lorisiform loci
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orthologous to the anthropoid BC200 RNA gene locus
were performed using the primers BCGALF3 (5 0 AAGCA
CAGGCTGGAGAAGCTAGATAN 3 0) and BCGALR2
(5 0 CATTCCTTTTAACAGGGAGCAN 3 0). The corre-
sponding lemuriform and tarsier loci were amplified
with the primers BCGALF3 (see above) and BCGALR3
(5 0 TGGTATAATTTTGCTCAAGGCCAN 3 0), applying
each primer at a concentration of 4 mM. The respective
Cynocephalus variegatus locus was amplified using the
oligonucleotides MS141 (5 0 CCTGTTTAAATTCAAAGC
CAAAAGACAC 3 0) and MS142 (5 0 AGATACTGGGTT
GACCTGCCTTCAA 3 0). All PCR reactions were per-
formed in PCR buffer (50 mM Tris–HCl (pH 9.5), 20 mM
(NH4)2SO4, 1 mM DTT, 1.5 mM MgCl2, 0.005% (w/v)
NP-40, with or without 1 M betaine and 5% (v/v) DMSO),
200 mM each dNTP, 1 mMor 4 mM each primer, 200–500 ng
of genomic DNA template and five units of Taq or
Taq/Pfu polymerases mixture (five units of Taq, 1.25 units
of Pfu) in a total volume of 50–100 ml. The following PCR
cycles were performed: I, 96 8C for five minutes; II, 96 8C
for 30 s; III, 50–60 8C for 30 s; IV, 67/72 8C for one
minute/kb PCR product for 30–35 cycles followed by; V,
67/72 8C for five to ten minutes. PCR products were
cloned into the pCRwII-Topow vector using the TOPO TA
Cloning kit (Invitrogen Ltd) and sequenced. Plasmid
DNA was purified using the Plasmid Maxi Kit
(QIAGEN).
† http://www.ncbi.nlm.nih.gov/blast/bl2seq/bl2.
html.
‡ http://bioweb.pasteur.fr/seqanal/interfaces/

dialign2.html.
§ http://www.psc.edu/biomed/genedoc.
Generation of recombinant plasmid constructs

G. moholi 5 0 deletion constructs were generated by PCR
(for oligonucleotides, see Supplementary Table 1). These
constructs possessed gradually reduced 5 0 flanking
sequences, but were identical with the K270 construct
with respect to the Alu element and the 3 0 downstream
sequence. Construct K242 lacks the forward primer
sequence used to amplify the strepsirrhine loci and
construct K207 was designed such that the octamer
motif (GTTTAAAT) is absent. Further reduction of the 5 0

flank generated construct K86, stopping immediately
upstream of the PSE, constructK61, ceasing downstream
of the PSE, and construct K41, in which only the TA-rich
region was included in the sequence. Finally, construct
K22 harboured the right part of the TA-rich motif only,
while construct C1 contained vector-derived 5 0 flanking
sequence. All PCR products were cloned as described
above, and plasmid inserts were verified by sequencing.
Positive clones were designated as pGmo-x (xZ5 0

flanking sequence).
Chimeric constructs between various lemuriform loci

and the G. moholi locus were generated by 5 0 overlapping
PCR.84 The constructs LF/GA (E.co 5 0 flank fused to
the G.mo Alu element), PF/GA (P.ve 5 0 flank fused
to the G.mo Alu element), GF/LA (G.mo 5 0 flank fused to
the E.co Alu element), GF/PA (G.mo Alu element fused
to the P.ve Alu element), GF/DA (G.mo 5 0 flank fused
to the D.ma Alu element) were designed such that the
5 0 flanking sequence of the corresponding locus was
fused to the Alu coding sequence including the 3 0

flanking sequence. In contrast, the construct CF/GA
was generated by inserting the G. moholi Alu element
including its own 3 0 unique sequence ceasing down-
stream of the terminator sequence into the C.va locus,
i.e. the 5 0 and 3 0 flanking sequence of the C.va locus
was maintained. Construct TF/GA-22 was designed
similarly, but with one minor difference. The G. moholi
Alu element including the first 22 nt of 5 0 flanking
sequence was inserted into the T.ba locus. The oligo-
nucleotides used to generate the chimera are listed in
Supplementary Table 2.
DNA sequencing and sequence analyses

DNA sequencing was performed with the BigDyew

Terminator Cycle Sequencing Ready Reaction Kit, version
2.0 (PE Applied Biosystems). Sequencing products were
run on an ABI Prismw 3700 capillary sequenator or an ABI
Prismw 377 DNA sequenator (Perkin Elmer). Sequence
analyses and contig assembly were performed with the
aid of the Lasergene software package (DNAStar Inc.).
Sequence similarities among the loci obtained were then
determined using the BLAST2 sequences program†,85

followed by generation of multiple sequence alignments
using Dialign2‡.86 Subsequent editing and refinements of
the alignments were performed manually with the
sequence editor program Genedoc§.
Transient transfection of HeLa cells

HeLa cells were cultured in DMEM, 10% (v/v) fetal calf
serum (GibcoBRL) at 37 8C in a 5% (v/v) CO2 atmosphere.
Transient DNA transfections of HeLa cells were con-
ducted at 50–70% cell confluence with the lipotransfection
reagent DAC-30e (Eurogentec) according to the manu-
facturer’s recommendations. All transfection experiments
were performed in OptiMEM-1 (GibcoBRL) using 2 mg of
plasmid constructs and 1 mg of control plasmid pCMV-
MBII-52.57 Total RNA was isolated 36–48 hours post-
transfection.
Northern hybridization

Total RNA from HeLa cell cultures and animal tissues
was isolated using the TRIzol reagent (Invitrogen Ltd).
Human brain material was obtained from Dr Mehrain at
the Brain Bank of the Institute for Neuropathology,
Ludwig Maximilian University of Munich (Germany).
G. moholi, E. coronatus and T. syrichta were obtained from
the Duke University Primate Center, Durham, NC.
Total RNA was size-fractionated on a 7 M urea/8%

(w/v) polyacrylamide gel and transferred to positively
charged nylon membranes (BrightStare-Plus, Ambion)
using the semi-dry transfer procedure (Transblot SD, Bio-
Rad). After UV-crosslinking, membranes were hybridized
with 32P-labelled oligonucleotides in 0.5 M sodium
phosphate (pH 6.5 at 58 8C), 7% (w/v) SDS. Membranes
were washed twice in 0.1 M sodium phosphate (pH 6.5 at
58 8C), 1% SDS, and then exposed to MS film (Kodak) at
K80 8C using intensifying screens (Kodak).
For the detection of strepsirrhine Alu transcripts,

several oligonucleotide probes were designed: Alu_5 0 (5 0

CCTCCCAGAGTGCT(AG)GGATTACAGGCGTGAGC
CACC 3 0; positions 44–8, G. moholi G22 sequence), G22_3 0

(5 0 TGTGCCCTGAGCAGAGGGCAGTGGCACCGGAG
CCCAC 3 0; positions 258–221, G. moholi G22 sequence),
L13_3 0 (5 0 ACCGCCCTGGG-TAGGGTGCAGTGGCGC
CATTGTCGC 3 0; positions 289–253, E. coronatus L13
sequence) and L13_insert (5 0 AGGTAGTCTCACT
CTTGCTCAAGAGAGGGGGC 3 0; positions 130–98,

http://www.ncbi.nlm.nih.gov/blast/bl2seq/bl2.html
http://www.ncbi.nlm.nih.gov/blast/bl2seq/bl2.html
http://bioweb.pasteur.fr/seqanal/interfaces/dialign2.html
http://bioweb.pasteur.fr/seqanal/interfaces/dialign2.html
http://www.psc.edu/biomed/genedoc
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E. coronatus L13 sequence). The MBII-52 snoRNA tran-
script was detected with the oligonucleotide MBII-52_P19
(5 0 CCTCAGCGTAATCCTATTGAGCATGAA 3 0). In
addition, an oligonucleotide complementary to 7SL
RNA was used (7SL_3 0: 50 AAGAGACGGGGTCTCGC
TATG 30).

Statistical analysis

For statistical analysis, Northern blots were densitized
using the NIH Image software version 1.62. The inten-
sities of the G22 Alu bands were normalized against those
of the MBII-52 bands to correct for loading differences.
The normalized intensities of the bands from the G. moholi
K270 construct (Figure 6) or the G. moholi K86 construct
(Figure 7) were set arbitrarily at 100% transcription. The
relative transcription levels of all other constructs were
determined as a percentage of that of the respective
reference construct for each individual experiment
performed. Student’s t-test was performed using Sigma-
Plot 8.0.

Phylogenetic analyses

Phylogenetic reconstructions were performed for
orthologous sequences of the BC200 locus in primates
and C. variegatus as the primates’ sister group.55

The inserted FLAM in anthropoids and the AluJo in
strepsirrhines were excluded from the analysis. The
corresponding human sequence is 319 nt in length.
Phylogenetic analyses were performed using maximum
parsimony (MP; PAUP* 4.0b10;87 branch-and-bound
search), a distance based method implemented in
PAUP* (NJ; HKY model of sequence evolution), maxi-
mum likelihood (ML; TREE-PUZZLE 5.0;88 with the HKY
model of sequence evolution)89 approximating a gamma
distribution of rates across sites by introducing four rate
categories. All bootstrap and puzzling supports are based
on 1000 replicates. The resulting tree topology and the
range of bootstrap or puzzling supports are shown in
Figure 8.
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