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A 200-nucleotide RNA homologous to the left monomer of Alu elements was expressed in monkey and human
brain and in cell lines but not in nonneural monkey tissues. Similar brain-specific transcription of identifier
sequences was observed in rats. Thus, expression of selected repetitive DNA families is a conserved process in
mammalian brain.

Members of the Alu repeat family are dispersed through-
out the genomes of primates at frequencies ranging from 3 x
105 to 9 x 105 copies per genome (12, 13). On the basis of the
presence of apparent RNA polymerase III (Pol III) promoter
elements and 3' A tracts within the 300-base-pair Alu se-
quences, as well as short direct repeats flanking Alu family
members, it was proposed that amplification and dispersal of
Alu sequences occurred by retroposition of an ancestral Alu
RNA intermediate (14, 19, 30). Alu elements are composed
of two modules, the so-called left and right monomers, each
of which appears to have cvolved from an internally deleted
7SL RNA gene (26). Here we report the detection of a
200-nucleotide monkey brain-specific cytoplasmic poly(A)+
RNA which hybridized at low stringency to the rat identifier
(ID) element (22). Sequence analysis showed that the mon-
key brain-specific RNA is highly homologous to the human
Alu left monomer (5, 21).

Small rat brain-specific RNAs BC1 (160 nucleotides) and
BC2 (110 nucleotides) have been described previously and
were shown to be transcribed from repetitive ID sequences
(22, 23). We tested whether ID-homologous transcripts
could be detected in monkey brain. Cytoplasmic poly(A)+
RNAs prepared from brain and liver of cynomolgus mon-
keys and rats were resolved by electrophoresis on a formal-
dehyde-containing 1.5% agarose gel, transferred to nitrocel-
lulose (25), and hybridized to 32P-labeled ID cDNA probe
p2A120 (22). The blot was hybridized in 56% formamide at
37°C as described previously (7) and washed in 2 x SSC (lx
SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.5%
sodium dodecyl sulfate at 42°C (low stringency). The ID
probe hybridized with an abundant 200-nucleotide RNA
present in monkey brain but absent from monkey liver (Fig.
1). This RNA, which we will call monkey BC200 RNA, is
slightly larger than the rat brain-specific ID transcripts BC1
and BC2. Monkey BC200 RNA was not detected after
higher-stringency washes (equivalent to about 85% homol-
ogy; data not shown), indicating that it had only partial
similarity to the rat ID sequence.
Our strategy for determining the sequence of monkey

BC200 RNA was based on its presence in the poly(A)+ RNA
fraction. We first determined which of 11 different combina-
tions of the synthetic deoxyoligonucleotide [5'-32P]dTl2VX
(V, AGC; X, AGCT) would serve as efficient primers for
reverse transcriptase extension reactions with monkey brain
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poly(A)+ RNA as a template (Fig. 2A). Primer extension
reactions were performed as described previously (9). Ex-
tended cDNA products were resolved by electrophoresis on
6% polyacrylamide-7 M urea sequencing gels. Each primer
(1 pmol) was extended to make the long products that run
near the top of the gel and presumably represent cDNA
copies of mRNAs. The primer dT12CC and, to lesser de-
grees, primers dT12CT and dT12AC gave rise to abundant
cDNA products about 135 nucleotides long. These comigr-
ated with the larger of two cDNAs extended with the primer
dT12GG on rat brain RNA. The two rat products (130 to 140
and 100 nucleotides) have been shown to correspond to
copies of the 5' portions of BC1 and BC2 RNAs, respec-
tively (M. A. Brow and J. G. Sutcliffe, manuscript in
preparation). Because only one length of abundant extended
products was observed in the monkey lanes, we concluded
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FIG. 1. Northern blot detection of ID hybridization with monkey
brain poly(A)+ RNA. A Northern blot of cytoplasmic poly(A)+
RNAs (2, 20) (2 ,ug) prepared from brain (B) and liver (L) of rats and
cynomolgus monkeys was hybridized to 32P-labeled ID cDNA probe
p2A120 (22). The positions of BC1 (160 nucleotides) and BC2 (110
nucleotides) RNAs, along with that of monkey BC200 RNA, are
marked.

3324



NOTES 3325

A. B.
RAT| MONKEY BRAIN A
GG GAGT AA AG AC AT CG CA CC CT

-4 - so__ b__ _

Ii

BCI0(135)

5C2(1004

a1 ; ...
I

:>.

s

:...

r,

Em

FIG. 2. Primer extension analysis of moi
RNA. (A) Poly(A)+ RNA from a cynomolgu
RNA preparation (1, 6) was used as a tel
extension reaction with reverse transcriptase a
synthetic deoxyoligonucleotide primers of the
(New England BioLabs, Inc.). Monkey brain c
comigrated with cDNA copies of rat BC1 F
nucleotides, first lane) primed with dT12GG
arrow. (B) Samples from monkey brain or I
poly(A)+ RNA (A+), cytoplasmic poly(A)-
poly(A)- RNA (A-) were templates for prime
with primer dT12CC, referred to as oligo I.

tentatively that these corresponded to p;
BC200 RNA that hybridized at low strinj
probe. The observation that at least thr
extended to 135 nucleotides suggests that
populations of monkey BC200 RNAs, con
observations for rat BC RNAs (Brow
preparation). Only cDNA copies gener,
referred to here as oligo I, were studied

Oligo I was used as a primer with tot;
plasmic poly(A)+, and poly(A)- RNAs f
and liver (Fig. 2B). It was an efficient prin
the 135-nucleotide cDNA for all brain p(
ples but not for brain poly(A)- or any li

A-Box
tGGCNN&GTGG

BRAiN LIVER The sequence of the oligo I-primed cDNA made from the
TABCR A- TAcI A monkey brain poly(A)+ RNA template was determined by

scaling up the primer extension reaction and isolating the
135-nucleotide cDNA (approximately 20,000 cpm) by exci-
sion from a polyacrylamide gel and subjecting it to the partial
chemical degradation sequencing technique (15) (Fig. 3).
This provided an apparently unique sequence for the 5' 138
nucleotides of the 200-nucleotide RNA; the remaining 3'
sequence may correspond to a poly(A) tract. The accuracy
of the primer extension cDNA sequence was confirmed by
using the sequence to design an additional l9mer synthetic
deoxyoligonucleotide, oligo II (Fig. 3), which was used in
colony hybridization experiments (11) at room temperature
to isolate complementary clones from a monkey brain cDNA
library (G. H. Travis, C. G. Naus, J. H. Morrison, F. E.
Bloom, and J. G. Sutcliffe, Neuropharmacology, in press).
The sequence of a full-length cDNA clone (pMB12) was
determined and found to be identical to the primer extension
sequence with an additional long 3' stretch of adenine
residues.
Clone pMB12 hybridized on Northern (RNA) blots (Fig.

4A) at high stringency to a 200-nucleotide monkey brain
RNA present in total and poly(A)+, but not poly(A)-
samples. The monkey BC200 RNA had slightly slower

nkey brain poly(A)+ mobility in the total RNA fraction because of gel overload-
s monkey brain total ing, as shown by the control lanes (Fig. 4B), which also had
mplate for a primer retarded mobility. The RNA was apparently the same as

nd one of 11 different monkey BC200 RNA (Fig. 1) because when the Northern
form [5'-32P]dTl2VX blot of Fig. 1 was reprobed with pMB12, a 200-nucleotide
,DNA products which monkey brain RNA indistinguishable from that previously
tNAs (5' 130 to 140 detected with the ID probe was observed (data not shown).
are indicated by an Monkey BC200 RNA was not detectable in RNA from
liver total RNA (T), monkey liver or spleen (Fig. 4A) nor was it detected in heart,
+ RNA (cA ), and kidney, colon, or skeletal muscle RNA samples (data not
r extension reactions shown). Similar amounts of RNA were loaded in each lane,

as shown by probing of the blot (Fig. 4B) with a cDNA clone
of a ubiquitous RNA. A human brain poly(A)+ RNA which

artial copies of the comigrated with the monkey BC200 RNA hybridized to the
gency to the rat ID pMB12 probe; there was no rat RNA which hybridized at
-ee primers can be high stringency (Fig. 4A). We also detected analogous
t there are different poly(A)+ RNAs in both HeLa and human 143 osteosarcoma
isistent with similar cells with the pMB12 probe (Fig. 4C). In all Northern blot
and Sutcliffe, in experiments, faint hybridization to a 300-nucleotide

ated with dT12CC, poly(A)- RNA present in all tissues, especially liver, was
in further detail. detected. Further analysis, discussed below, showed this to
al, poly(A)+, cyto- be 7SL RNA.
,rom monkey brain A computer search with the BC200 RNA sequence re-
ner for synthesis of vealed that it was 77% identical to the human Alu left
)ly(A)+ RNA sam- monomer (5, 21) (Fig. 3). The close homology of the BC200
iver RNA samples. RNA to the Alu sequence explains hybridization to the 7SL

B-Box
9GTTCGANNCC

OU;go II 01;eg I
3'-CGCTCTGGGGCAAGAGGTG 3'-CC T]12

BC200 ACCGGGCGCGGTGGCTCACGCCTGTAATCCCAGCTCTCAGGGAGGCAGAGGCGAGGATAGCnTTGACCCAGGAGTTCGAGACCTCCTGGGTAATATACGAGACCCCGTTCTCCACAAAAAGG[A]n
ALU LU(CtGGGCGtGTGGCTCACnCCTGTAATCCCAGC*CTttGGGAGGCcGAGGtGGGtGGATcnCcTGAGgtCAGGAGTTC*AGACCGCCCTGGccAAcATgGtGA&ACCCCGTctctctAAAt c[A]n
RAT ID GGgGCtGgGGaTttaGCtcagtggtagAGCgCTtAcctAGGaGcGcaGGGC .CCTGGGTtcggTccCcAG. CTCCgaAAAAAaG [A] n

FIG. 3. Comparison of monkey BC200 RNA (shown in cDNA form) with the human Alu left monomer (LM) (5, 21) and the consensus rat
ID sequence (24). Consensus RNA Pol III A and B boxes (4, 8) are denoted above the sequence. Nucleotides within the A and B boxes, the
Alu left monomer, and the ID sequence homologous to monkey BC200 RNA are denoted by capital letters (A, G, C, and T), and the
nonhomologous sequence is denoted by small letters (a, g, c, and t). Gaps in the ID sequence are indicated by dots. Complementary oligo
I and oligo II are indicated in the 3' to 5' direction. The sequence of two cDNA clones (pMB12 and pMB4) was identical to the original
full-length primer extension sequence (138 nucleotides) plus a 3' stretch of more than 70 adenines. The remaining clones contained 55 to 96
nucleotides of the primer-extended RNA and were identical to it in sequence where they overlapped except that the GG in positions 125 and
126 was AA in seven of the clones. This may be a cloning artifact. The 5' nucleotide could not be directly determined in the primer extension
sequence, and a homopolymeric G run added by cloning was found in the cDNA clones. Thus, the single 5' G is assigned based on the known
5' end of 7SL RNA (28, 29).
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FIG. 4. Northern analysis of tissue distribution of monkey
BC200 RNA. (A) A Northern blot of RNA samples from monkey
brain, liver, and spleen, as well as human and rat brain, was

hybridized to a 32P-labeled 230-base-pair cDNA insert of pMB12.
The blot was washed in 0.1x SSC-0.5% sodium dodecyl sulfate at
68°C (high stringency). Approximately 20 p.g of total RNA (T) and
poly(A)- RNA (A-) plus 2 ,ug of either enriched poly(A)+ RNA
(A') or cytoplasmic poly(A)+ RNA (cA+) were loaded in the
designated lanes. The positions of monkey BC200 RNA and 7SL
RNA (300 nucleotides) are indicated. The slightly slower migration
of BC200 RNA in the total RNA fraction was probably due to
overloading of the gel. The high-molecular-weight species seen in
spleen total and A- RNA fractions, as well as in all other total and
A- RNA fractions with longer exposure, are most likely heteroge-
neous nuclear RNA or residual sheared DNA. (B) The blot in panel
A was reprobed with a cDNA clone of a ubiquitous RNA (plB15)
(16). (C) Northern blot of poly(A)+ RNA (2 ,ug) from monkey brain
(MB) or cytoplasmic poly(A)+ RNA (2 ,ug) prepared as described
previously (17) from HeLa or human 143 osteosarcoma cells
(OS143) (10) was probed with a 32P-labeled cDNA insert of pMB12.

RNA since Alu elements are partially homologous to 7SL
and are thought to have evolved from processed 7SL tran-
scripts (27, 31). Thus, the monkey BC200 RNA represents
the first detection in vivo of a stable Alu transcript. The
existence of an Alu transcript was predicted by the
retroposition model (14, 19, 30), but it is unknown to what
extent BC200 RNA resembles the ancestral Alu RNA inter-
mediate that retroposed throughout the genome. On the
basis of the abundance of the monkey BC200 RNA, the
presence in its sequence ofRNA Pol III A and B boxes (Fig.
3), and the position of the 5' end of the RNA relative to the
Pol III A box, it seems most likely that this RNA is the
product of brain-specific Pol III transcription. Previous work
suggests that Pol III transcripts from the human 03-globin
gene can be polyadenylated (3). However, since Alu se-

quences are known to be transcribed as components of Pol II

heterogeneous nuclear RNA (21), there remains the possi-
bility that posttranscriptional processing of heterogenous
nuclear RNA generates BC200 RNAs.
Are all Alu repeats transcribed in primate brain? Three of

the dT12VX primers we studied gave rise to extension
products of 135 nucleotides, suggesting that the monkey
BC200 RNA population is heterogeneous and thus is tran-
scribed from at least a few genes. However, we found no
evidence of heterogeneity in the dT12CC-primed cDNA
sequence, suggesting that there is only one dT12CC-

containing Alu sequence that is transcribed. A second full-
length cDNA clone and nine partial cDNA clones, at least
several of which must be independent isolates, are identical
where they overlap with the full-length sequence in Fig. 3
except for the minor differences discussed in the legend.
BC200 RNA contains a variant (AATATA) of the consensus
polyadenylation sequence (AATAAA) (18) but does specify
polyadenylation. Therefore, it is possible that polyadenyla-
tion confers particular stability on this RNA, whereas RNAs
transcribed from other Alu elements remain unpolyadenyl-
ated and are degraded. Nonetheless, there are bound to be
Alu pseudogenes such as those that have been shown for the
proposed Alu progenitor 7SL RNA (28). By analogy to 7SL
RNA genes (29), it may be that sequences upstream from a
subset of Alu repeats are required for their transcription.
The brain-specific pattern of Alu transcription we found in

vivo for monkeys (and presumably also occurs in humans)
parallels that found for the ID repeat (23), but the sequences
of the monkey and rat RNA products are very different.
Comparison of the Alu and ID sequences (Fig. 3) showed
that the sequences share about 60% identity only after two
gaps are introduced in the ID sequence, and the A tails
account for much of the identity. Indeed, detection of BC200
RNA in the hybridization experiment (Fig. 1) may have
resulted in part from the fortuitous occurrence of a stretch of
12 nucleotides in the region upstream from the ID sequence
in cDNA clone p2A120 that matches nucleotides 61 to 72 of
BC200 RNA. The primer extension experiment (Fig. 2)
indicated that BC200 was the only abundant small poly(A)+
RNA in the monkey brain RNA sample. Thus, the non-
similarity between the BC200 and ID sequences suggests
that neither rodent nor primate BC RNA performs a con-
served function. However, their pattern of brain-specific
transcription is conserved and therefore may contribute to
the normal operation of mammalian brain.
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