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Alu repeats are short interspersed elements (SINEs) of dimeric structure whose transposition sometimes
leads to heritable disorders in humans. Human cells contain a poly(A)™ small cytoplasmic transcript of ~120
nucleotides (nt) homologous to the left Alu monomer. Although its monomeric size indicates that small
cytoplasmic Alu (scAlu) RNA is not an intermediary of human Alu transpositions, a less abundant
poly(A)-containing 4lu transcript of dimeric size and specificity expected of a transposition intermediary is also
detectable in HeLa cells (A. G. Matera, U. Hellmann, M. F. Hintz, and C. W. Schmid, Mol. Cell. Biol.
10:5424-5432, 1990). Although its function is unknown, the accumulation of A/u RNA and its ability to interact
with a conserved protein suggest a role in cell biology (D.-Y. Chang and R. J. Maraia, J. Biol. Chem.
268:6423-28, 1993). The relationship between the ~120- and ~300-nt Alu transcripts had not been determined.
However, a B1 SINE produces scB1 RNA by posttranscriptional processing, suggesting a similar pathway for
scAlu. An Alu SINE which recently transposed into the neurofibromatosis 1 locus was expressed in
microinjected frog oocytes. This neurofibromatosis 1 Alu produced a primary transcript followed by the
appearance of the sc4lu species. 3’ processing of a synthetic ~300-nt Alu RNA by HeLa nuclear extract in vitro
also produced sc4lu RNA. Primer extension of sc4/u RNA indicates synthesis by RNA polymerase III.
HeLa-derived sc4/u ¢cDNAs were cloned so as to preserve their 5'-terminal sequences and were found to
correspond to polymerase III transcripts of the left monomeric components of three previously identified 4/u
SINE subfamilies. Rodent X human somatic cell hybrids express 4/u RNAs whose size, heterogeneous length,
and chromosomal distribution indicate their derivation from SINEs. The coexpression of dimeric and

monomeric Alu RNA in several hybrids suggests a precursor-product relationship.

Mouse Bl and human Alu repeats are species-specific
members of the Alu family of short interspersed elements
(SINEs) and share approximately 80% sequence homology
(16, 45). Alu repeats are transposed sequences present at
approximately 5 X 10° copies per haploid genome in human
DNA. Although a function for Alu SINEs is unknown, their
repetitive nature and propensity for mobility have led to
genetic variability and heritable disorders in humans by both
DNA- and RNA-mediated events (31, 51). Structural evi-
dence indicates that Alu SINEs are retrotransposed through
an intermediary transcript synthesized by RNA polymerase
IIT (Pol III) (41, 53). Recent evidence suggests that Pol
ITI-synthesized Alu RNAs accumulate in vivo (7, 30).

The efforts of several research groups revealed that Bl
and Alu sequences can each be classified into subfamilies of
different evolutionary ages (4, 18, 34, 35, 48, 54). Although
the genes that gave rise to the subfamilies have not been
identified, their sequences have been reconstructed and
represented by subfamily consensuses. Accumulated muta-
tions render older elements more divergent than younger
ones in nucleotide sequence (2, 17, 29, 34). Analyses of
recently transposed Alus revealed that they belong to a
discernibly young subfamily (2, 29) which contains only
~0.2% of the total number of human Alu repeats (30). Young
Alu subfamilies contain transpositionally active elements,
while more divergent Alus may be relatively idle (30, 47).
Thus, Alu sequences continue to expand and evolve within
the human genome. Alu transpositions such as recently
occurred in the neurofibromatosis 1 (NF1) gene (51) appear
to be derived from a select subset of Alus (4, 44), comprised
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of a small number of active progenitors (2, 17, 23, 29, 44, 54),
which exhibit a high propensity for transposition. Once an
Alu source gene is identified, the study of its transcripts and
patterns of expression should aid our understanding of these
elements and their mobility. At present, little is known about
Pol III-derived Alu transcripts expressed in vivo.

Although several observations indicate that B1 and Alu
SINEs are homologs (see below), these SINEs differ in
primary structural organization. A typical young Alu com-
prises a ~280-bp imperfect dimer, while Bl is an ~135-bp
monomer. Although a few monomeric Alus have been iden-
tified in human DNA (19, 34, 36, 37), they comprise highly
divergent sequences, suggesting that they are vestiges of
early Alu evolution derived from an ancient monomeric
Alu-like sequence that was transpositionally active in an
ancestral primate genome. A monomeric, poly(A)-contain-
ing Alu-related transcript of 200 nucleotides (nt) named

'BC200 is detectable in Old World monkey (52) and human
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(50) brain. Tiedge and coworkers (50) suggest that a left 4lu
monomer evolved into the BC200 gene, which now gives rise
to the 200-nt polyadenylated 4Alu RNA. Apparently, Alu
monomeric elements developed into the more proliferative
dimeric Alu SINEs presently found in the great apes and
humans. While dimeric Alus have continued to evolve and
expand along their own pathway, the transpositional activ-
ity, if any, of monomeric Alus appears to be relatively idle in
higher primates (for discussions, see references 8, 17, 19,
and 37).

Thus, rodent Bl repeats exist in their genome as trans-
posed monomers, whereas active human Alus are trans-
posed as dimers. Despite their difference in primary organi-
zation, Bl and Alu repeats share several notable
characteristics. A young B1 contains an internal split pro-
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moter that directs transcription by Pol III and is followed by
a ~40-nt poly(A) tract (35, 55). The ~120-bp left Alu
monomer also contains a promoter homologous to B1, while
the right monomer instead contains a 31-bp stretch not found
in the left monomer (10, 12). The two Alu monomers are
connected by ~20-bp of A-rich spacer, while the right
monomer is followed by a ~40-bp poly(A) tract (2, 29, 51).
As indicated above, the Bl and Alu sequences have evolved
through similar successions of founder or source genes and
share structural features characteristic of SINE retrotrans-
posons. The notion that both use an intermediary transcript
in similar mechanisms of retrotransposition is supported by
the evolutionary conservation of a complex Alu domain
RNA secondary structure by successive B1 and Alu subfam-
ily consensus sequences as well as transcripts of newly
inserted Bl and Alu repeats (despite significant sequence
difference) but not random B1 and Alu elements (17, 20, 21,
46).

A low-abundance Alu RNA of dimeric size (~300 nt) and
sequence specificity expected of a putative transposition
intermediary was identified in human tissue culture cells
(30). However, although the great majority of transposed
human Alus represent dimeric DNA elements, recent inves-
tigations using highly specific oligonucleotide DNA probes
as well as sensitive Northern (RNA) analysis indicate that a
cellular Alu RNA of ~120 nt accumulates in the cytoplasm of
HeLa cells as a monomeric species that lacks poly(A) (7, 30)
(see Fig. 3). This poly(A)~ Alu RNA species is also present
in several transformed cell lines as well as nontransformed
human cells and normal human tissues (8a), suggesting a role
in cell biology. This species is distinguishable from the
previously described BC200 RNA by several criteria [e.g.,
size, sequence, and lack of poly(A)] and will hereafter be
referred to as small cytoplasmic Alu (sc4lu) RNA. Interest-
ingly, Alu monomeric transcripts, like their rodent counter-
parts scB1 transcripts (26), also display the aforementioned
RNA structure (46; this report). On the basis of their
relatedness of primary sequence, secondary structure, abun-
dance, cytoplasmic partitioning, and ability to specifically
and interchangeably interact in vitro with a conserved pro-
tein present in both rodent and human cells, it was suggested
that human sc4/u and mouse scBl1 RNAs may represent
functional homologs even though no function has yet been
ascribed to them (7). Thus, the Alu domain RNA structure
which was conserved by the Alu and Bl sequences that
generate new transpositions is also found in the small
cytoplasmic transcripts that accumulate in vivo. These ob-
servations suggest that Alu and B1 families consist of RNA-
encoding genes that evolved under selective pressure plus a
large number of transposed copies of these genmes. At
present, the exact relationship between scAlu RNA, the
larger dimeric Alu RNA, Alu SINEs, and the source genes of
de novo Alu transpositions is unknown.

It was suggested that scAlu RNA is produced by 3’
posttranscriptional processing of A/u primary transcripts in a
manner previously described for its mouse homolog B1 (30).
In that case, a recently transposed Bl element (35) is
transcribed by Pol III into a poly(A)-containing primary
transcript that subsequently undergoes 3’ processing to
produce a poly(A)~ small stable cytoplasmic RNA (1, 26—
28). By analogy, scAlu RNA may be derived from one or
more Alu SINEs or possibly from an Alu source gene(s). It
would be of interest therefore to further characterize scAlu
RNA by examining its complexity and determine whether
the sequences which encode it are recognizably different in
structure and or distribution from typical Alu SINEs.
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In this study, we characterized sc4/u RNA by primer
extension, cDNA sequence, and chromosomal origin. Anal-
ysis of multiple sc4lu cDNAs revealed sequences specific to
the left monomeric components of three previously identi-
fied dimeric Alu SINE subfamilies, including the youngest
subfamily, PV (predicted variant). These sequences dis-
played a significantly higher degree of preservation of the
predicted Alu domain RNA secondary structure than did
random Alus. We also demonstrated that some rodent X
human somatic cell hybrids express Alu RNA. Furthermore,
cloned human-specific Alu SINEs microinjected into frog
oocyte nuclei produced primary transcripts and monomeric
Alu RNA with kinetics suggestive of posttranscriptional
processing. Finally, in vitro-synthesized dimeric Alu SINE
RNA subjected to HeLa nuclear extract demonstrated 3’
processing and generation of sc4/lu RNA. Cumulatively, the
data show that the sc4lu RNA species can be generated from
typical dimeric Alu SINEs by RNA processing and that
multiple loci dispersed on several different human chromo-
somes encode this RNA.

MATERIALS AND METHODS

Hybrid cell lines were from two sources. O. Pereira-Smith
provided lines A9+2, A9+3, A9+12, A9+15, which have
been characterized previously as human monochromosomal
(33). Cell lines GM 07299, 10478, 10479, 10498, 10567, 11010,
10449, 10498, 10888, 10114, 10115, 10629, 10898, 10791,
06317, 10611, 10516B, and 10926B were obtained from the
Coriell Institute for Medical Research (Camden, N.J.) and
have also been extensively characterized as described in the
1992-1993 Catalog of Cell Lines (32a). These cell lines were
maintained in selective media as recommended. Our verifi-
cation of the human chromosomes in hybrid clones was done
by Giemsa-11 staining, which differentially stains rodent and
human chromosomes (3). At least 15 metaphases were
analyzed for each hybrid clone. The majority of clones
contained the expected single human chromosome(s) at a
frequency within 10% of that published.

Total RNA was prepared as previously described (26). All
cells were grown as monolayers. The attached cells were
washed with phosphate-buffered saline (PBS) three times
before the addition of guanidinium lysate buffer (4 M guani-
dinium thiocyanate, 10 mM Tris-Cl [pH 7.4], 0.5% n-lauroyl
sarcosine, 1% B-mercaptoethanol). The samples were ho-
mogenized with a Polytron to shear genomic DNA and made
0.2 M sodium acetate (NaAc) (pH 4.0). The samples were
extracted with H,O-saturated (acidic) phenol-chloroform
twice and ethanol precipitated overnight. Total nucleic acid
was resuspended in 0.5 ml of 10 mM Tris-Cl (pH 7.5)-10 mM
MgCl,-5 mM VRC (Bethesda Research Laboratories) and
treated with 8 ul of DNase I (RNase free; Boehringer
Mannheim) at 37°C for 15 min. Samples were then made 1%
sodium dodecyl sulfate-0.15 M NaAc (pH 4.0), extracted
twice with acidic phenol-chloroform as described above,
chloroform extracted, and ethanol precipitated. The integ-
rity of the RNA samples was verified by polyacrylamide gel
electrophoresis (PAGE) and ethidium staining, which re-
vealed a characteristic profile of small cellular RNAs with no
evidence of de §radat10n Control experiments using in vitro-
synthesized [*P]JRNA added to whole cell lysates pnor to
RNA purification revealed that full-length Alu transcripts
remain intact and do not generate sc4lu RNA by artifactual
processing (data not shown).

RNA blotting was done from 5.5% polyacrylamide (40:1
acrylamide/bisacrylamide)-8 M urea gels as previously de-
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scribed (26). One hundred micrograms of cellular RNA (as
an ethanol suspension) plus 40 pg of sonicated salmon sperm
carrier DNA (RNase free; ethanol suspension), the latter of
which facilities transfer (13), were copelleted, dried, and
resuspended in formamide loading buffer. This material was
fractionated by PAGE and transferred to GeneScreen Plus
(Dupont) in a Bio-Rad trans-blot cell with plate electrodes at
30 V for 16 h with continuous cooling. The blot was
cross-linked witk a Stratagene UV cross-linker and allowed
to dry thoroughly before prehybridization and hybridization
were done.

For cytoplasmic RNA preparation, HeLa cells were
washed three times with PBS and scraped from the mono-
layer. The cells were washed two additional times with
ice-cold PBS, each time collecting cells by centrifugation.
PBS was drained, and cells were resuspended in low-salt
lysis buffer (10 mM Tris-Cl [pH 7.5], 10 mM MgCl,, 5 mM
VRC, 0.5% Nonidet P-40) and put on ice for 10 min. Cells
were then subjected to 20 strokes with a Dounce homoge-
nizer (pestle B), and nuclei were collected by centrifugation.
The cytoplasmic supernatant was made 0.2 M NaAc (pH 4.0)
and extracted with acidic phenol-chloroform as described
above.

Hybridization to a probe (designated Alu-24) complemen-
tary to bases 65 to 88 of the precise and PV subfamilies was
previously described (7).

scAlu cDNA was prepared by primer extension using the
32p_end-labeled oligonucleotide DNA 5'-AGT AGA GAC
GGG GTT TCA CC-3' as described previously (26). HeLa
cell RNA was fractionated by high-resolution 6% polyacryl-
amide-8 M urea gel electrophoresis. A band encompassing
the ~110- to 125-nt size range was excised, and the RNA
was eluted. After ethanol precipitation, this material was
used for cDNA synthesis. An 118-nt sc4/u RNA was syn-
thesized in vitro from the left monomer of the NF1 Alu (51),
using a T7 RNA polymerase-dependent template con-
structed by the polymerase chain reaction (PCR) (26); 0.01
pg of this RNA was used for positive control primer exten-
sion reactions. Poly(dA) tailing, PCR amplification, and
HindIII-Sall directional cloning into pUC18 were done as
described previously (26) except that the 3’ PCR primer was
5'-GTG CAA TTA AGCTTA GTA GAG ACG GGG TTT C.
Chain termination sequencing was performed.

Microinjection of the germinal vesicles of mature oocytes
with NF1 Alu-containing plasmid DNA (51) and [«->’P]GTP
was done as described previously (26). At various times
thereafter, RNA was purified and separated by PAGE.
Nonradioactive, oocyte-injected RNA was used for oli-
go(dT) chromatography. Poly(A)* and poly(A)~ RNAs were
separated by oligo(dT) spin columns (Pharmacia).

In vitro RNA processing substrate was generated from the
Alu which resides in the fourth intron of the human alpha-
fetoprotein gene (38). RNA was synthesized from a T7 RNA
polymerase-dependent template constructed by PCR to pro-
duce an RNA whose 5’ end is coincident with initiation by
Pol I1I. After dephosphorylation, the RNA was labeled on its
5’ end with [y-**P]ATP and polynucleotide kinase (26). The
product was purified after denaturing PAGE and subjected
to HeLa cell nuclear extract to which RNasin (Promega) was
added to 4 U/pl as described previously (26). At various
times thereafter, equal aliquots were removed and reaction
were stopped; then RNA was purified and analyzed by
denaturing PAGE and autoradiography.
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FIG. 1. (A) Relationship of a transposed Alu and its Pol III-
dependent transcripts. Human Alu SINEs are dimers that are
flanked by direct repeats (DR). The left monomer contains a
promoter consisting of A and B boxes (filled) that directs Pol III to
initiate transcription at or near the first base of the repeat (10, 12). A
potential B box of the right monomer is interrupted by a 31-bp
sequence (open rectangle) (10, 12) not found in the left monomer.
Transcriptional termination may occur at the first (dT)., tract
beyond the 3’ DR to produce a primary (1°) RNA. Posttranscrip-
tional processing may convert the primary transcript to sc4/iu RNA
whose 3’ end is depicted by the downward arrow. (B) Primer
extension of sc4lu RNA. Size-fractionated sc4lu RNA from HeLa
cells plus tRNA carrier was subjected to primer extension analysis
using a 32P-end-labeled primer complementary to the 3’ end of the
left Alu monomer. An autoradiogram of the products following
PAGE is shown. Lanes: 1, Haelll-digested $X174 32P-labeled size
markers; 2, HeLa sc4lu RNA plus tRNA carrier; 3, Alu left-
monomer RNA (0.01 pg) synthesized in vitro plus tRNA; 4, tRNA
alone; 5, Mspl-digested pBR322 size markers.

RESULTS

sc4lu RNA corresponds to an RNA Pol Ill-initiated tran-
script. Although the previously characterized scAlu RNA
was demonstrated to correspond to a transcript of the left
monomer by virtue of its size and reactivity with a left-
monomer-specific probe (7, 30), the sequence and 5' start
site of this RNA had not been determined. To this end, HeLa
cell sc4lu RNA was size fractionated and purified after
denaturing PAGE and then analyzed by primer extension
along with Escherichia coli tRNA carrier. A 3?P-labeled
oligodeoxynucleotide 100% complementary to the 3’ end of
the Alu left monomer was used; human subfamily consensus
sequences are invariant in this region (30, 44). This proce-
dure yiclded a cDNA band that comigrated with the 118-nt
marker, the size expected from an 4/u RNA initiated by Pol
III (Fig. 1B). This product was obtained from either HeLa
scRNA (lane 2) or an Alu left-monomer RNA synthesized in
vitro and used as a positive control (7, 26) (lane 3) but not
carrier tRNA alone (lane 4). This novel finding provides
evidence that sc4lu RNA is a specific product of Pol III
transcription, since its 5’ end mapped to the known initiation
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FIG. 2. Nucleotide sequences of sc4iu cDNAs. Sequences of HeLa-derived sc4/u cDNAs are compared with consensus sequences of the
left monomers of major, precise, and PV subfamilies as compiled by Matera et al. (29). The primer used for cDNA synthesis is underlined.
Nucleotide positions associated with specific subfamilies are indicated by asterisks. The A- and B-box consensus sequences of the Pol 111
promoter as defined for Alu (32) are indicated below the first line; R = GorA; Y=CorT; S = Tor A.

site used by Pol III during in vitro transcription of Alu
elements (10, 12).

The resulting full-length sc4/u cDNA was poly(dA) tailed
by using terminal deoxynucleotide transferase, PCR ampli-
fied, and cloned into pUC vector as previously described for
scB1 RNA (26). This method uses a poly(dT) primer (11)
instead of an Alu sequence for PCR amplification, thereby
decreasing the likelihood of inadvertent amplification of Alu
sequences interspersed in high-molecular-weight nucleic ac-
ids and preserving the 5'-most sequence information. The
presence of a poly(dT) tract immediately 5’ to each of the
scAlu cDNA sequences indicates derivation from Pol III-
initiated Alu RNA (data not shown). The sequences of 15
scAlu cDNAs were determined and are shown in Fig. 2. The
presence of additional bases 5’ to the Alu consensus in some
of the cDNAs (clones 13, 2, c, h, and b) was not surprising
since it was previously demonstrated that transcription
initiation by Pol III may begin at or just before the first base
of a given repeat (1, 10, 12). We must note that microheter-
ogeneity may also exist at the 3’ termini of sc4/u RNAs,
since the method used precluded ascertainment of this
information. Thus, HeLa sc4/u RNA exhibits sequence and
length microheterogeneity. High-resolution PAGE-Northern
analysis in which HeLa RNA was coelectrophoresed and
blotted along with RNA size markers (data not shown)
indicated that the sizes of sc4/u RNAs ranged from 115 to
120 nt, in good agreement with the sequence data of Fig. 2.

Several groups classified Alu repeats into subfamilies of
different evolutionary ages (4, 18, 34, 48, 54). Although their
consensus sequences agree, a universal subfamily nomen-
clature has not yet been established. For the purposes of this
report, we adopted major, precise, and predicted variant
(PV) subfamily designations as have been used in other
recent publications (23, 39). The sc4lu cDNAs represent the
left monomeric components of all three of these Alu subfam-
ilies. Figure 2 shows that sc4lu cDNA sequences b, h, and j
contain both of the left-monomer-specific bases diagnostic of
the youngest subfamily, PV (also known as HS) (2), while
clones 4, 6, 7, 9, and c correspond to precise and clones 2, 3,
13, d, e, 0, and n contain a dinucleotide (not found in the
aforementioned subfamilies; position 65) characteristic of
the older major subfamily. Sequence relatedness among the
scAlu cDNAs was found to be higher than expected. For

example, four of the seven major representatives are identi-
cal except for one base at the extreme 5’ end (clones 13, 2,
0, and n). In contrast, the likelihood of finding this degree of
identity among independent major sequences deposited in
the data base is extremely low. Thus, these four scAlu
c¢DNAs, which contained different-length 5’ poly(dT) tracts
(not shown), may represent multiple transcripts of a single
major subfamily gene (see discussion).

scAlus appear to be enriched in young Alu sequences in so
far as PV scAlu cDNAs comprised ~30% of the population
(see Discussion) even though PV-specific sequences report-
edly account for only 0.2% of human Alu repeats (30).
Precise-specific Alu repeats comprise ~10% of human DNA
but 33% of sc4lu cDNAs (Fig. 2). We conclude that scAlu
RNAs correspond to Pol III transcripts of the left mono-
meric components of three Alu SINE subfamilies and that
young Alu sequences are overrepresented in sc4/u RNA (see
discussion).

Despite the sequence divergence among scAlu RNA se-
quences, these sequences appear to be enriched in the Alu
domain RNA secondary structure (46) as predicted by the
Cold Spring Harbor minimal-free-energy algorithm used by
the Zuker program (57), since ~80% have the potential to
form this motif, compared with ~20% for Alu sequences in
the data base (data not shown).

In summary, scA4lu sequences share characteristics which
distinguish them from random Alu repeats, indicating that
they represent a select subset of Alu-homologous RNA.
scAlu RNAs contain a 5’ end coincident with Pol III initia-
tion, are enriched in a specific secondary structure, and are
efficiently compartmentalized to the cytoplasm (7, 30). Al-
though one can propose several postulates to account for
these data, a simple interpretation is that sc4/u RNAs are
specific products of Pol III transcription and are not derived
from random sequences found interspersed in high-molecu-
lar-weight RNA. sc4Alu RNAs accumulate to approximately
103 to 10* copies per (HeLa) cell, a level comparable to the
low-abundance small nuclear U-rich RNAs (not shown).

Murine X human somatic cell hybrids express human Alu
transcripts. Although A/u and B1 repeats represent species-
specific elements, several observations suggested that their
expression utilizes evolutionarily conserved mechanisms: (i)
scAlu and scB1 RNAs are expressed in a variety of tissue
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FIG. 3. Alu blot analysis of rodent x human hybrid cell RNA. (A) Total RNA from hybrid cells was fractionated by denaturing 5.5%
PAGE, transferred to nylon, and probed with a 3?P-end-labeled oligonucleotide DNA complementary to bases 65 to 83 of Alu (7). Identities
of cell lines are indicated above the lanes, and the human chromosome content for each cell line is indicated below the lanes. RJK and H615
are Chinese hamster and mouse cell lines, respectively; MW refers to Haelll-digested, 3?P-labeled, $X174-denatured size markers indicated
in nucleotides on the left. sc4/u RNA migrates with the 118-nt DNA size marker. Arrowheads in panel 2 indicate larger Alu-homologous
RNAs which correspond to Alu SINE primary transcripts (see text). (B) The blots shown in panel A were rehybridized with a probe
complementary to Ul RNA. The HeLa sample in panel 2 represents cytoplasmic RNA; as expected, it contains very little U1 RNA, a nuclear
species.

culture cells (7, 26, 30), (ii) a mouse Bl transfected into the expected small nuclear RNAs (data not shown). The
various human tissue culture cells was faithfully transcribed RNA blots shown in Fig. 3A were then hybridized to a probe
into RNA whose termini mapped to the known start and stop complementary to Ul RNA (Fig. 3B) as a control for
sites for Pol III (42, 55), (iii) a mouse Bl expressed in variations in sample loading. Although the hybrid cell lines
Xenopus laevis oocytes was transcribed by Pol III, inter- were previously characterized, we verified their human
acted with conserved proteins, and was faithfully processed =~ chromosomal content by Giemsa-11 staining (3) (see Mate-
to yield an scB1 RNA identical to that found in mouse cells rials and Methods).

(1, 26, 27), and (iv) mouse and human cells each contain a To the extent that chromosomes 15 and 17 are relatively
protein that can bind interchangeably with either scB1 or small but encoded more sc4lu RNA than did larger chromo-
scAlu RNAs in vitro (7). somes (e.g., chromosomes 1 and X), there was no apparent

To explore the hypothesis that sc4/lu RNAs are derived  correlation between the amount of human DNA retained by
from various dispersed loci as suggested by the multiple the hybrids and the amount of sc4/u RNA expressed. This
scAlu cDNA sequences (Fig. 2), we took advantage of a finding suggests that some Alu DNA loci are more actively
panel of murine X human somatic cell hybrids that retain transcribed than others and that the total number of ex-
single human chromosomes by subjecting them to sensitive pressed loci is small. Although the exact mechanism of
high-resolution 4/lu RNA blot analysis (7, 26). Although biogenesis is unknown, this analysis demonstrated that
scB1 and sc4/u RNAs share sequence homology, they are multiple dispersed loci encode scAlu RNA in the hybrid
readily distinguishable by size and probe specificity (7). We cells. These loci reside on several human chromosomes and
used an oligonucleotide DNA probe that is complementary include chromosomes 6, 10, 13, 15, 17, 19, and Y. Although
to the Alu left monomer (7). not visualized in Fig. 3, longer exposures of these and other

First, we demonstrated the human-specific nature of scAlu blots as well as phosphor-storage imaging also revealed the
RNA by comparing Chinese hamster ovary, mouse, and  scA4lu RNA in hybrids that retain human chromosomes 4, 7,
HeLa cells. As expected, only the human cells contained the 8, 9, and 12. For the remaining 12 negative chromosomes,
sc4lu RNA species (Fig. 3A, lanes 1 to 3). This distinct =~ we cannot rule out the possibility that low levels were
species is routinely detected in HeLa and other human- undetectable by our assay.
derived cells studied in our laboratory (data not shown). Although internal promoters for Pol III initiation are
Although we discovered that several hybrids expressed contained within Alu SINEs, the (dT), Pol III transcriptional
scAlu RNA, most of these did so at low but detectable levels termination signal is not but may be found in 3’ flanking
compared with HeLa cells, suggesting that they each ex- DNA. As a result, transcripts of individual Alu SINEs
pressed a fraction of the total sc4/u RNAs in HeLa cells. In terminate at variable distances from initiation, often within
contrast, two different chromosome 15-retaining hybrids 500 nt but sometimes more distantly (10, 12, 25, 43). A
reproducibly yielded relatively high levels (lane 15 and data diffuse group of bands of 300 to 500 nt, the expected size
not shown). Also as expected, cytoplasmic RNA prepara- range of primary transcripts from A/u SINEs, can be repro-
tions from HeLa cells (7) (lane 10) and chromosome 15- ducibly detected on HeLa cell Alu RNA blots (7) (Fig. 3,
retaining cells (not shown) also exhibited high levels of scAlu lane 10). This finding suggests that multiple primary Alu
RNA, while their nuclei contained little or none but revealed SINE transcripts of variable length exist in HeLa cells
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FIG. 4. Evidence that typical dimeric 4lu SINEs produce sc4/u RNA. (A) The germinal vesicles of mature Xenopus oocytes were injected
with a plasmid carrying the NF1 Alu (51) along with [a->?P]GTP as described previously (26). RNA from multiple oocytes was prepared at
each time point thereafter. Lanes: 1, 2 h; 2, 4 h; 3, 8 h; 4, 15 h. (B) Nonradioactive RNA was collected from oocytes 15 h postinjection,
fractionated by oligo(dT) chromatography, separated by PAGE, transferred to nylon, and probed as in Fig. 3A. Lanes: 1, total RNA; 2,
poly(A)* RNA; 3, poly(A)~ RNA; 4, HeLa cell RNA. Lanes M, size markers as in Fig. 3A. (C) Alu RNA synthesized in vitro which
corresponds to a Pol III-initiated and terminated transcript was subsequently labeled on its 5’ end and subjected to HeLa cell nuclear extract
in reactions containing 4 Units of RNasin per pl as previously described (26). At various times thereafter, equal amounts were removed, and
RNA was purified and analyzed by PAGE and autoradiography. Lanes: 1, no extract, no incubation; 2, 10 min; 3, 30 min; 4, 60 min; 5, 90
min; 6, 120 min; 7, 115-nt synthetic RNA made from an 4lu left monomer (7) and used as a size marker; M; DNA size markers as in Fig. 3A.

Arrows indicate positions of sc4/u RNA.

possibly as precursors of the various scAlu RNA species.
Hybrid cell RNA samples that produced prominent bands in
this region were analyzed on the same blot for direct size
comparison (Fig. 3A, panel 2). Interestingly, most of the
hybrid cells that expressed the sc4lu RNA species also
contained distinct band(s) in the 300- to 500-nt range (arrow-
heads in Fig. 3A, panel 2). This result indicated that variable-
length Alu SINE primary transcripts are produced by mul-
tiple loci and also suggested a precursor-product relationship
between the larger RNAs and the scAlu species.

In summary, multiple Alu primary transcripts as well as
scAlus appear to have been resolved into individual species
in the hybrid cells. The size, chromosomal distribution, and
heterogeneous nature of the 300- to 500-nt Alu RNAs suggest
that they are transcribed from SINEs.

Typical dimeric Alu SINEs can produce sc4lu RNA. Next,
we examined whether cloned Alu SINEs expressed in mi-
croinjected frog oocytes could produce the sc4lu RNA
species. This approach was useful for studying Pol III-
mediated expression of a Bl SINE and in that case was
shown to involve accurate posttranscriptional processing to
generate scB1 RNA identical to what is found in mouse cells
(1, 26-28). For Fig. 4A, we injected a plasmid carrying the
recently transposed NF1 human Alu (51) along with
[«-*?P]GTP into oocyte nuclei and isolated RNA at 2, 4, 8,
and 15 h thereafter. The sequence of this Alu locus predicts
a primary transcript initiated and terminated by Pol III to be
~350 nt and to include a >40-nt poly(A) tract (51). This
predicted size agrees with the size of the transcript generated
in vitro by using HeLa nuclear extract (not shown). By 2 h
after injection, a discrete band of ~350 nt was produced
(Fig. 4A, lane 1). At later times, two additional bands
appeared at 280 and 118 nt (lanes 2 to 4). The kinetic profiles
and small sizes of these RNAs suggested their derivation
from the primary RNA by posttranscriptional processing.
The pattern of primary transcript, 280 nt, and 118-nt RNAs
was also seen after microinjection of another cloned Alu
SINE of the precise subfamily (15a).

A Pol III-synthesized ~350-nt primary transcript of the
injected Alu should contain a >40-nt poly(A) region, while
the 280- and 118-nt species would correspond to Alu dimeric
and left monomeric RNAs that have lost their poly(A). To
corroborate this interpretation, nonradioactive oocyte-syn-
thesized Alu RNA was fractionated by oligo(dT) chromatog-
raphy and subjected to Alu RNA blot analysis using the
left-monomer-specific probe (Fig. 4B). Unfractionated RNA
is shown in lane 1. As expected, the 350-nt primary tran-
script was retained by oligo(dT) (lane 2), while the 280- and
118-nt Alu species were not but could be recovered in the
flowthrough fraction (lane 3). For comparison, HeLa RNA
was loaded in lane 4. This hybridization demonstrated that
the RNAs produced by injected oocytes were from the Alu
sequence and that a transposed Alu SINE can produce a
left-monomer-size, poly(A)~ Alu RNA that corresponds to
HeLa scAlu. In a control hybridization of this blot using a
right-monomer-specific probe, a discrete band of ~150 nt
(the size of the right Alu monomer) became detectable but
only at 5 to 10% of the level of left-monomer sc4lu RNA
relative to the 350- and 280-nt bands which were detected by
either probe. No discrete bands were detectable in the HeLa
sample with use of the right-monomer probe, however, even
upon prolonged exposure (data not shown). The data indi-
cated that sc4/u RNA derived from the left monomer is
preferentially accumulated in vivo in microinjected frog
oocytes and in HeLa cells.

Finally, to directly demonstrate that a left-monomer Alu
RNA which corresponds to the sc4lu species characterized
here can be generated by 3' processing, we monitored the
fate of a purified in vitro-synthesized Alu primary transcript
after incubation with HeLa cell nuclear extract. This method
was useful for studying 3'-terminus formation of scB1 RNA
(26, 28). The substrate RNA used for this analysis corre-
sponds to a Pol Ill-initiated transcript derived from the
human alpha-fetoprotein locus (38). After synthesis, the
RNA was dephosphorylated and 5’ end labeled by polynu-
cleotide kinase and [y->?PJATP. Figure 4C shows that the
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scAlu RNA was generated from the larger transcript as a
discrete species by 3’ processing. A synthetic Alu left-
monomer RNA of 115 nt was used as a size marker in lane 7.
In separate experiments, this and other primary transcript
Alu RNAs were uniformly labeled and subjected to nuclear
extract; they also yielded the scAlu-size band as the major
discrete accumulated species (26a). The discrete size and
accumulation of the small RNA over time reflect accurate 3’
processing and stability, respectively. A partial character-
ization of this HeLa extract-mediated Alu RNA processing
activity revealed that (i) it is dependent on divalent cations,
(ii) the rate of sc4/u RNA accumulation is substrate depen-
dent, and (iii) processing occurs in the presence of large
amounts of RNase inhibitors (data not shown). Since pro-
cessing requires Mg?* in these reactions and occurs in the
presence of RNasin, it is unlikely that processing is a result
of contamination with RNase A. Although the mechanism,
nature, and specificity of the processing activity are un-
known at present, these results nevertheless demonstrated
that Alu SINE transcripts are capable of sc4/u RNA pro-
duction by 3’ processing and that HeLa and other cells
contain the components necessary to generate a stable
left-monomer scAlu RNA.

DISCUSSION

We conclude that sc4/u RNA-encoding sequences reside
at multiple dispersed loci. Our results indicate that sc4/u
RNAs are synthesized by Pol III from a subset of transcrip-
tionally active Alu SINEs of various subfamily identities.
Their relatively high degree of sequence homology with the
left monomeric components of contemporary dimeric Alus
makes it unlikely that scAlus are derived from free-standing
left monomers (19, 34, 36, 37). Although the data do not
exclude the possibility that transcriptional termination
within the A-rich spacer (14) accounts for some of the
scAlus, the kinetics observed with the microinjected NF1
Alu (Fig. 4A) argue that this is unlikely. Although the
cumulative data indicate that sc4/u RNAs arise by posttran-
scriptional processing of Alu SINE primary transcripts, this
remains to be demonstrated in mammalian cells. Thus,
although the mechanism of biogenesis of scAlu RNA is
presently unknown, it is clear that human tissue culture cells
specifically accumulate this species of cytoplasmic RNA.
Our analyses indicates that those Alu sequences which have
the sequence potential to form the Alu domain secondary
structure are preferentially expressed as small cytoplasmic
RNAs. It is noteworthy that the first four nucleotides of the
A-box promoter participate in base pairing within the first
stem-loop motif of the Alu domain cruciform structure.
Therefore, it is difficult to know at this point whether
selection is at a transcriptional or posttranscriptional level.
Whether posttranscriptional mechanisms such as nucleocy-
toplasmic transport, RNA stability, or the ability to form the
Alu domain secondary structure contribute to the selective
accumulation of the sc4lu subset is also presently unknown.

The overrepresentation of PV-specific sc4lu cDNAs was
confirmed by two approaches: (i) sc4/u cDNA clones were
subjected to restriction analysis with Mspl, an enzyme that
cuts PV-specific but not other Alus at position 89 (40); 33%
of clones yielded the PV-specific restriction pattern. Three
of these were sequenced (Fig. 2) and found to contain the
PV-specific A residue at position 96, confirming their sub-
family identity. Also, HeLa cell sc4lu RNA was calibrated
by Northern blot analysis to PV and precise sequence RNAs
synthesized in vitro from cloned Alus. PV-specific and
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nondiscriminatory probes were hybridized independently.
Subsequent analysis indicated that ~30% of sc4lu RNA in
HelLa cells was PV specific. These analyses suggest that the
relative frequency with which sc4lu cDNAs were obtained
reflects the approximate relative levels of the corresponding
scAlu RNA in vivo. For example, although clones 13, 2, o,
and n share identical Alu sequences, the lengths of their 5'
poly(dT) tracts were significantly different from each other
(data not shown), consistent with the notion that they
represent independently derived cDNAs, not just multipli-
cate representatives of a single-transcript molecule.

A poly(A)~ 280-nt Alu RNA appears as a prominent band
in inje~ted oocytes with kinetics suggesting that it may be a
processing intermediate (Fig. 4A and B). However, this
species accumulates to a lesser degree in HeLa and other
human-derived cells and can also be visualized by using a
PV-specific probe (not shown). It may be of interest to note
that a band of ~280 nt is also detectable in chromosome
19-retaining hybrid cells (Fig. 3A).

Although the Alu insertions that contributed variability to
the human genome were inherited through the germ line, it is
plausible that transposition is not limited to this tissue and
that Alu insertion may also occur in somatic cells (9, 24).
Identification of RNAs that correspond to primary tran-
scripts of Alu sequences (7, 30) (Fig. 3) suggests the possi-
bility that one or more of the sequences from which they
were transcribed hold some potential for transposition (30).
However, posttranscriptional determinants such as se-
quence specificity, relative stability, RNA folding, and oth-
ers may affect retroposition (39, 47). Whether or not Alu
source gene transcripts, once identified, would be suscepti-
ble to conversion to sc4lu RNA awaits identification and
cloning of an active source gene.

Results of others indicate that multiple Alu sequences may
serve as sources of new transpositions (17, 23, 29). Accord-
ing to a current model of retrotransposition, an Alu source
gene may be an inserted element which acquired flanking
sequences that promote transposition (39). Our data show
that multiple Alu loci are transcriptionally active in tissue
culture cells (Fig. 2 and 3) and are consistent with such a
model. Although we wish to emphasize that the functional
relationship, if any, between the Alu RNAs identified here
and Alu source sequences is completely unknown. Yet it is
possible that one or more of the Alu transcripts identified
here is also active in the germ line and fulfills other require-
ments for transposition. In an attempt to map candidate loci
from which the Alu gene(s) mediate contemporary human
transpositions, hybrid cell RNA blots are being probed with
PV- and NF1l-specific oligonucleotides. Once identified,
probes to the associated 3’ unique sequence can be used on
germ line RNA.

The sequences of sc4lu RNAs indicate that many are
derived from elements that have undergone sequence drift
away from their subfamily consensus while maintaining both
transcriptional competence and potential to fold into the Alu
secondary structure. The fact that sc4/u and scB1 RNAs
accumulate to significant levels suggests that they do not
exist as naked molecules within cells but that they become
associated with proteins or other factors. The ability to
identify a protein that binds sc4/u and scB1 RNA illustrates
this potential (7). The existence of a family of multiple sc4lu
RNA species of sequence microheterogeneity demonstrates
the capacity and versatility of dispersed elements to provide
the cell with a variety of RNAs that may have the potential
to interact with cellular factors. The preservation by some of
the scAlu species of a sequence and secondary structure
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motif also found in the translational control domain of signal
recognition particle RNAs from several organisms (22, 49)
further suggests that such dispersed elements may come to
interact with preexisting specific biochemical pathways,
perhaps to interfere with or modify existing functions, or to
take on new activities. This contemporary perspective,
which accounts for dispersed elements not as useless junk
but as a potential source of new sequences from which some
may be recruited into novel functions during evolution, is
shared by several biologists (5, 6, 15, 56). It may be of
interest to note that although most sc4/u RNAs maintain the
Alu cruciform structure, some fold into variable structures at
the other end of the molecule, creating the potential for
linking a translation control domain with a limited number of
other RNA structures as was suggested for scB1 RNA (26).

The unexpectedly high level of chromosome 15-encoded
sc4Alu RNA may be due to a relatively high level of tran-
scription from a single locus, for example as discussed
earlier with regard to the overrepresented major subfamily
scAlu cDNA sequence (Fig. 2). This interpretation is con-
sistent with the fact that a PV-specific oligonucleotide probe
detects much less sc4lu RNA from chromosome 15 cells
than does the nondiscriminatory probe in comparison to the
other samples on the same blot. However, the data are also
consistent with another explanation. Examination of scBl
RNA in the rodent X human cells also reveals chromosome
15-specific overexpression, suggesting the important possi-
bility that chromosome 15 encodes a trans-acting factor
whose expression leads to elevated levels of these sSCRNAs
(7a). Because the ratio of small cytoplasmic to the larger Alu
transcript was highest in the chromosome 15 hybrid, it is
tempting to speculate that this putative factor is involved in
Alu transcript metabolism and that defects in such a factor,
if it is involved in Alu source gene transcript stability and
expressed in the germ line, may lead to an increased fre-
quency of heritable Alu transpositions.
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