
Vol. 10, No. 10

A Transpositionally and Transcriptionally Competent Alu Subfamily
A. GREGORY MATERA, UTHA HELLMANN, AND CARL W. SCHMID*

Department of Chemistry, University of California, Davis, California 95616

Received 11 April 1990/Accepted 5 July 1990

DNA base sequence comparisons indicate that a subfamily of recently transposed human Alu repeats are

distinguished from most Alu repeats by diagnostic sequence differences. Using an oligonucleotide hybridization
probe that incorporates these sequence features, we found that there was an expansion of this Alu subfamily
following the divergence of humans and African apes. This oligonucleotide was used to select human genomic
clones containing representatives of this subfamily. One representative member of this subfamily was evidently
absent from the corresponding chimpanzee locus and was associated with a restriction fragment length
polymorphism in the human genome. This apparently polymorphic member had all the diagnostic sequence
features that initially predicted the existence of a newly expanding Alu subfamily. A transpositionally active
sequence variant should also be transcriptionally active in at least some cell types or tissues. Northern (RNA)
blot hybridization, primer extension, and RNA sequence analysis demonstrated the existence of different-length
polyadenylated and nonpolyadenylated transcripts corresponding to this subfamily. Evidence for 3' processing
and subcellular localization of these transcripts is discussed. Most of the nearly one million human Alu repeats
are pseudogenes with respect to coding for either an RNA product or new family members; a select and
identifiable subset of Alu repeats serve as transcriptionally and transpositionally competent source genes.

The roughly one million members of the human Alu family
of repeats share a recognizable consensus sequence (re-
viewed in reference 25). Structurally, these repeats are
termed retroposons, sequences that transpose via an RNA
intermediate (reviewed in references 24 and 33). Yet neither
in vivo transcription nor transposition has been adequately
demonstrated in the case of Alu repeats.
Alu family members contain an internal polymerase III

promoter which is actively transcribed in vitro (33). How-
ever, studies on retrotransposed 7SL pseudogenes, close
sequence relatives of Alu, show that the internal promoter is
not sufficient for in vivo transcription (32). In the case of
7SL, the authentic gene requires upstream control se-
quences. Similarly, "garden variety" Alu repeats are not
generally transcribed by RNA polymerase III and should be
regarded as pseudogenes (18).

In addition, detailed sequence analyses of Alu repeats
mapping near human, chimpanzee, and orangutan globin
genes show that Alu repeats are neither especially mobile
nor subject to sequence conversion by putative master
sequences (13, 22, 23). Of 400 sequenced Alu repeats in the
data base, 3 (including the tissue plasminogen activator
[TPA] Alu and Mlvi Alu used in this study) are polymorphic
insertions into the human genome (7, 8, 29). Apparently,
stability is the rule and mobility is the exception.

Willard et al. (34) identified a conserved Alu subfamily
having relatively little divergence among its members. There
is substantial agreement concerning the consensus of this
subfamily (4, 5, 12, 19). The interpretation that this is a
subfamily of recently inserted Alu sequences is confirmed by
the fact that two known polymorphic Alus are included in its
membership (Fig. 1). The polymorphic TPA Alu and Mlvi
Alu differ at 14 positions, suggesting that at least two very
closely related source genes encode new members. One
member of the conserved subfamily mapping near the a-fe-
toprotein (AFP) gene is fixed in the human genome but is
absent in gorilla DNA (9). This AFP Alu is a very close
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match to the two polymorphic Alus (Fig. 1), again suggesting
that there may be several closely related source genes for
new Alus. In fact, one recently discovered polymorphic Alu
belongs to the conserved subfamily (29) (see Discussion). An
Alu mapping near the gorilla 3-globin gene but not present in
human DNA is yet one more example of a closely related
new Alu, albeit in a different lineage (30). This gorilla Alu
differs at six positions from the human conserved subfamily
consensus.
The polymorphic TPA and Mlvi Alus have seven sequence

differences compared with the conserved subfamily consen-
sus (Fig. 1). Based on these common features, the existence
of a distinct set of closely related Alu source genes has been
proposed (6, 24). For simplicity, we refer to those Alus
which have these common sequence elements as predicted
variant (PV) Alus. We recognize that not all polymorphic
Alus necessarily belong to the PV subfamily and that all
members of this subfamily are not necessarily polymorphic
(see Discussion). Here we test the existence of the predicted
subfamily and its corollary that the source gene(s) for
recently transposed Alu repeats should also code for the
required RNA intermediate.
However, another view requires critical consideration. On

the basis of hybridization analysis, Hwu et al. (10) report
that there has been a nearly threefold expansion of the Alu
family in the human lineage following its divergence from
apes. This interpretation is inconsistent with the conclusions
of the sequence analyses reported above. For example, the
conserved subfamily includes only about 10% of all se-
quenced Alu repeats, many of which are common to both
humans and apes (34). The detailed sequence analyses of
globin loci mentioned above also do not support the putative
massive expansion of Alu repeats. Thus, we compared the
abundance of Alu repeats, the conserved subfamily, and the
polymorphic variant Alu in human and ape DNAs to rein-
vestigate this issue.

MATERIALS AND METHODS
DNA preparation and Southern blot analysis. Human,

chimpanzee (Pan troglodytes), and bonnet monkey (Macaca
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FIG. 1. Comparison of newly inserted Alus with the major and conserved subfamily consensus sequences (34). The AFP Alu is a

conserved subfamily member that was inserted into the human lineage after divergence from gorillas (9). The Alus associated with the Mlvi
locus and the TPA gene are polymorphic within the human population (7, 8). Oligo-1 and oligo-2 indicate the location and orientation of the
oligonucleotides used in this study. PV 92 was isolated from a human genomic library by using oligonucleotide-1 and is associated with a

restriction fragment length polymorphism (see text). The underlined letters identify differences from the conserved subfamily that are shared
by PV subfamily members. The PV consensus sequence is thus formed by inserting these mutations into the conserved consensus.

radiata) DNAs were prepared as described before (22). Six
individual samples of human lymphocyte DNAs were pre-
pared by standard procedures (21). Gorilla DNA was a

generous gift of J. Rogers. Oligonucleotides were custom
synthesized and high-pressure liquid chromatography puri-
fied by Synthecell, Inc. The oligonucleotides were oligonu-
cleotide-1 (GM-002), 5'-ATCGAGACCATCCCGGCTAA
AA-3', and oligonucleotide-2 (GM-003), 5'-GGTTTCAC
CGTTTTAGCCG-3'. DNA transfer to nitrocellulose filters
was performed by standard procedures (21). Oligonucleo-
tides were 5'-end labeled with T4 polynucleotide kinase
(Pharmacia). Oligonucleotide-1 was hybridized in 1 M Na+
(5x SSPE) (21) with lOx Denhardt solution and 0.1%

sodium dodecyl sulfate (SDS). Washings were also done in
5x SSPE at various temperatures (see below and figure
legends).

Melting profiles were derived by allowing oligonucleo-
tide-i to hybridize initially at 65°C and letting the bath cool
to room temperature overnight. The filters were washed at
25 to 35°C to remove unbound label, and then the tempera-
ture was incrementally increased to 74°C; eluted counts were
measured in a liquid scintillation counter after each temper-
ature interval. PV 92/flank and Blur 2 plasmid insert DNAs
were labeled by the random hexamer priming method
(Boehringer Mannheim Biochemicals) and hybridized in 3 x
SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-

lOx Denhardt solution-0.1% SDS-0.1 mg of salmon sperm
DNA per ml at 60°C. Washings were done as described in the
figure legends. For analysis of Southern blots, two-dimen-
sional quantitation and lane profiles of counts bound to filters
were accomplished with an AMBIS radioanalytic imaging
system.
Genomic library screening. Human and gorilla DASH

genomic libraries (Stratagene) were screened with oligonu-
cleotide-1 at high stringency to isolate genomic clones (21)
and determine the number of Alu complements in each
lineage. Fragments containing PV Alus were mapped with
oligonucleotide-1 and isolated. Single-copy flanking regions
from these fragments were mapped by using radiolabeled
total human DNA, and subfragments were prepared for use
as hybridization probes in the polymorphism study.

Plasmid construction and DNA sequencing. A 610-base-pair
(bp) PvuII-SphI Alu-containing fragment from the human
TPA gene (8) and an 890-bp BstYI insert of an Alu from the
human AFP gene (9) were subcloned into pUC. Lambda
clones containing PV Alus were subcloned into pUC as
follows: a 2.6-kilobase (kb) Hincll and two 0.9-kb HaeIII
fragments from clone PV 92, a 2.0-kb BstYI and a 1.3-kb
HincII-BstYI fragment from PV 83, and 0.5-kb and a 1.8- kb
DraI-BstYI fragment from PV 71. An M13 subclone of a

300-bp HincII-EcoRI fragment of PV 92 was also prepared.
Dideoxynucleotide sequencing was performed with Seque-
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nase 2.0 on both single- and double-stranded DNA, accord-
ing to the manufacturer's protocol (U.S. Biochemical
Corp.).
RNA isolation, northern (RNA) blots, and primer extension

analysis. RNAs were isolated and prepared as described
before (17). Northern blotting was performed as described
before (21) with a 1% agarose gel containing 6% formalde-
hyde and 20 mM NaHPO4. Approximately 5 ,ug of polysomal
RNA, 2 ,ug of polyadenylated [poly(A)+], or 10 jig of
nonpolyadenylated [poly(A)-] RNA was used per lane.
Filters were prehybridized and hybridized in 5 x SSPE-0.1%
SDS-0.2 mg of yeast tRNA per ml at 50°C with oligonucle-
otide-2 as a probe. Washings were done at 55°C. A radiola-
beled subclone containing only the S region of 7SL RNA was
used as an internal control in Fig. 5C. Hybridization was
done in 3x SSC-0.1% SDS-0.1 mg of salmon sperm DNA
per ml-10x Denhardt solution-0.2 mg of yeast tRNA per ml
at 60°C; washings were done in 0.5 x SSC at 60°C. The filters
in Fig. 5A and B were exposed for 6 days with an intensify-
ing screen; the filter in Fig. SC was exposed for 10 h without
a screen. In order to determine the length of the poly(A)-
Alu RNA in Fig. SB, a subclone of the Xenopus laevis 5S
rRNA gene was used as another internal marker.
Avian myeloblastosis virus reverse transcriptase (Pharma-

cia) was used in primer extension analysis of Jurkat, HeLa,
and thyroid carcinoma RNA. Approximately 70 ,ug of
poly(A)-, 50 jig of cytoplasmic, or 5 ,ug of poly(A)+ RNA
was used in each experiment. Labeled primer was annealed
in 250 mM KCl-10 mM Tris (pH 8.3) for 10 min at 47°C.
After addition of dNTPs (1.6 mM), Tris-8.3 (25 mM), reverse
transcriptase (15 U), MgCl2 (10 mM), and dithiothreitol (0.8
mM), the mixture (final KCl concentration, 60 mM; final Tris
concentration, 20 mM) was further incubated at 47°C for 40
min before being loaded on an 8% polyacrylamide sequenc-
ing gel. RNA sequencing was performed similarly except
dNTPs were used at 0.4 mM and ddNTPs were used at 0.15
mM; control lanes without ddNTPs were run in parallel. A
DNA sequencing ladder was used as size markers.

Nucleotide sequence accession number. The sequence of
PV 92 was assigned GenBank accession no. M33776.

RESULTS

Oligonucleotides discriminate between conserved subfamily
and PV Alus. Oligonucleotide-1, depicted in Fig. 1 and 2A,
was selected as a possible diagnostic hybridization probe for
recently inserted Alu repeats. This oligonucleotide is an
exact match to two known polymorphic Alu insertions and
has two mismatches from the conserved subfamily consen-
sus, C at position 88 and A at position 96. For example, the
AFP Alu is identical to the conserved subfamily (-10% of all
Alus) consensus within the region corresponding to oligonu-
cleotide-1 and differs from the oligonucleotide at two posi-
tions (Fig. 2A). A sequence data base search revealed that all
other sequenced Alus (200 examples) differed by at least two
nucleotides from this oligonucleotide and that most showed
considerably more divergence. Most Alu repeats (-80%)
belong to the major subfamily consensus, which differs from
oligonucleotide-1 at five positions. As a specific example, the
Blur 11 Alu clone differed from the major subfamily consen-
sus by only one nucleotide in this region and by six nucleo-
tides from the oligonucleotide (Fig. 2A) (5).
As an experimental test of oligonucleotide discrimination

between Alu subfamilies, we examined the thermal stability
of DNA duplexes formed between oligonucleotide-1 and
representative Alu clones (Fig. 2B). The very stable hybrid
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FIG. 2. (A) Alu subfamily sequence comparison in the region
corresponding to oligonucleotide-1. The putative PV subfamily is
represented by the TPA Alu; the conserved and major subfamilies
are represented by AFP and Blur 11, respectively. Blur 11 differs
from the major subfamily by one nucleotide (lowercase letter) in this
region. (B) Melting profiles of oligonucleotide-1 with human (Hu),
chimpanzee (Ch), and the TPA and AFP Alu control DNAs. Data
points on the TPA curve indicate the temperature intervals. The
profile of Blur 11 was indistinguishable from that of salmon sperm
DNA (not shown). Note the high-temperature-melting component
present in human but not chimpanzee DNA. In this particular set of
melting profiles, the filters were charged with 30 ,ug of each DNA.
The extent of hybridization at 35°C was 101,489 cpm to human
DNA, 130,169 cpm to chimpanzee DNA, 67,816 cpm to AFP, and
486,268 cpm to TPA. Similar melting profiles were observed for
filters with 15 ,ug of each DNA. The extent of hybridization at 35°C
was 68,601 cpm to human DNA, 73,000 cpm to chimpanzee DNA,
32,636 cpm to AFP, and 233,800 cpm to TPA. % SS, Percent single
strand. (C) Southern analysis of plasmid inserts from the TPA, AFP,
and Blur 11 Alus with oligonucleotide-1. The probe bound selec-
tively to the TPA Alu complement. Hybridization was done at 60°C
and 5x SSPE; washings were done at 67°C and 5x SSPE. Sixteen-
fold overexposure of this filter revealed trace hybridization to the
AFP insert (data not shown).

between oligonucleotide-1 and its exact TPA Alu comple-
ment eluted at 67°C; the hybrid formed with the AFP Alu
complement eluted at a significantly lower temperature, 550C
(Fig. 2B). Under our experimental conditions, oligonucleo-
tide-1 did not form a recognizable hybrid with Blur 11 DNA,
which is representative of the major subfamily of Alu re-

peats. Blot hybridization under stringent conditions demon-
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strated the selectivity of oligonucleotide-1, which bound
only to the TPA Alu (Fig. 2C). Thus, the duplex stability of
the oligonucleotide hybrid can distinguish between the major
subfamily, conserved subfamily, and PV Alu repeats. Sev-
eral experiments described below relied upon this discrimi-
nation.
PV Alus expanded in recent human evolution. Oligonucle-

otide-1 hybridized to the same extent with both chimpanzee
and human DNAs (Fig. 2B). Most of these hybrids melted
over the same temperature range (ca. 55°C) as hybrids
formed with the conserved subfamily AFP Alu clone. Ap-
parently, there has been no major expansion of this subfam-
ily in either lineage following the divergence of humans and
chimpanzees. The sequence divergence among the members
of the conserved subfamily is consistent with its amplifica-
tion prior to the divergence of humans and chimpanzees (34).
Although the melting profiles of the hybrids formed be-

tween oligonucleotide-1 and human and chimpanzee DNAs
were very similar, the human sample always included a small
fraction (ca. 5%) which eluted at the same temperature as
those hybrids formed between oligonucleotide-1 and the
TPA Alu control (Fig. 2B). These results, the overall simi-
larity of the human and chimpanzee melts, and the slightly
increased number of perfect complements in human DNA,
were observed in five replications of the melting experiment.
Conceivably, a very recently expanded subgroup of Alus in
the human lineage forms a perfectly paired duplex with
oligonucleotide-1. This inference was confirmed by two
independent and direct tests.
Under nonstringent conditions (43°C), oligonucleotide-1

hybridized to the same extent and with the same pattern to
BstYI digests of human and chimpanzee DNAs (Fig. 3A,
Table 1). However, at a higher stringency (63°C), the hybrid-
ization (over background) to human DNA was about three-
fold greater than to chimpanzee DNA (Fig. 3B, Table 1). At
least 20 discrete bands were seen at this stringency in BstYI
digests of human DNA. Similar results were obtained for
HaeIII digests of human and chimpanzee DNAs (Table 1) as
well as in comparisons with gorilla and bonnet monkey DNA
(data not shown).
These data confirmed the suggested expansion of the PV

subfamily of Alus in the human lineage. We do not regard
these data as being sufficiently precise to estimate a reliable
copy number for this expanded subgroup within human
DNA. However, it is useful to recognize that the observed
expansion would only correspond to a few thousand member
sequences in the human genome. The basis of this estimate
is that 10% of all Alus (-500,000 total or 50,000 member
sequences) adhere to the conserved subfamily consensus
(34). The hybridization of the oligonucleotide to human
DNA under stringent conditions, in which only exact com-
plements pair, was 5% of the level of hybridization under
nonstringent conditions, in which conserved subfamily
members would form stable hybrids (Table 1). Thus, there
are approximately 2,500 members (0.05 times 50,000) of this
recently expanded sequence subgroup in human DNA.
Hwu et al. (10) estimated that there are 900,000 human Alu

repeats, in contrast to 300,000 to 400,000 Alus in chimpan-
zees and gorillas. This copy number difference is inconsis-
tent with our present findings. We therefore tested the
hybridization of the Blur 2 Alu clone to the same blot of
BstYI and HaeIII digests of human and chimpanzee DNAs
shown in Fig. 3 (Table 1). The sequence of Blur 2 closely
matched the consensus of all Alu repeats, and under nonse-
lective hybridization conditions it did not discriminate
among different Alu subfamilies (20). The relative number of

Alu repeats in human and chimpanzee DNAs as assayed by
Blur 2 hybridization under nonselective conditions was
indistinguishable (Table 1).

Library screening of genomic clones provided a second
independent test of whether the PV Alus have expanded in
the human versus the ape lineage. Under stringent hybrid-
ization conditions, we found 2,200 copies of this Alu sub-
group in human DNA and 200 copies per genome in gorilla
DNA. These estimates are consistent with the hybridization
results discussed above. For our interpretation to be correct,
at least some of these Alu repeats must be recent insertions
into human DNA. Specifically, some should be absent from
their orthologous loci in chimpanzee DNA and some should
be polymorphic in the human population.
Some PV Alus have recently inserted in human DNA. Four

human lambda genomic clones that hybridized to oligonu-
cleotide-1 were arbitrarily selected for restriction fragment
length analyses comparing a panel of seven individual human
DNAs and one chimpanzee DNA. Using single-copy se-
quences flanking the PV Alus, we found that two of the four
clones were not polymorphic, since bands of identical
lengths were present in chimpanzee DNA and in each of the
seven human DNA samples.
One of these four Alu clones, PV 92, contained a restric-

tion fragment length polymorphism in the human population
(Fig. 4). The Alu flanking sequence hybridized to a 2.6-kb
HincII restriction fragment in the parental lambda genomic
clone. The same flanking sequence hybridized to a 2.3-kb
HincII fragment in digests of chimpanzee DNA (Fig. 4, lane
8) and to both 2.3- and 2.6-kb HincII fragments in DNAs
from different individuals. One human donor DNA (lane 3)
had both the 2.3-kb and 2.6-kb HincII fragments. Some
individual DNAs had the 2.6-kb band (lanes 2, 4, and 5), and
others had the 2.3-kb band (lanes 1, 6, and 7).

In order to show that the length polymorphism did not
result from a point mutation in a HinclI site, these human
DNAs were used in a BstYI blot. The same individual DNAs
showed differences in hybridization similar to those in the
HinclI gel described above. It should be noted that transpo-
sition of a PV Alu imported a BstYI site (position 232, Fig. 1)
not found in conserved subfamily Alus. In addition to the
predicted 2.3- and 2.6-kb bands, there were multiple copies
of a 10-kb HincIl band in the human DNA samples. The blot
analysis was complicated by the appearance of several
extraneous bands mapping between 3 and 5 kb. Sequence
analysis will ultimately be required to demonstrate unambig-
uously that the 2.6-kb single-copy band contains a PV Alu
insertion. However, based on differences in restriction frag-
ment length, this Alu was apparently absent from an indi-
vidual chimpanzee (selected as an outgroup) as well as from
one or more alleles from several human donors.
The remaining clone of our sample of four, PV 83,

contained an Alu which was fixed in the DNA of each of our
seven human donors (data not shown). However, the single-
copy flank of this Alu hybridized to a 5-kb BstYI band in a
digest of chimpanzee DNA and a 2-kb band in human DNA
(data not shown). More-exact sequence comparisons are
required to determine whether this Alu is absent from
chimpanzees. Interestingly, PV 83 was truncated at position
17 but was bounded by direct repeats, suggesting that this
Alu is an incomplete reverse transcript of the putative RNA
intermediate (see below).
The base sequence of three of the four Alu elements

described above (one of which, PV 92, is shown in Fig. 1)
revealed approximately 97.5% homology to the PV Alu
consensus. In particular, of the seven diagnostic sequence
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FIG. 3. (A) Oligonucleotide-1 was hybridizea to BstYI digests of 20 ,ug of chimpanzee (C) and human (H) DNAs. The blot was washed
at a final temperature of 43°C in 5 x SSPE and exposed for 1.5 h with an intensifying screen. The profiles were plotted as counts per minute
per unit length with an AMBIS radioisotope scanner. Note that oligonucleotide-1 hybridized equally well to chimpanzee and human DNAs.
(B) The filter in panel A was washed at 63°C and exposed for 16 h with an intensifying screen. Under these conditions, human DNA hybridized
three times as many counts as chimpanzee DNA. The radioactivity profile was magnified 24-fold relative to panel A. The 43°C profile resulted
from a 1-h AMBIS scan; the 63°C profile was scanned for 30 h. The data from this experiment are quantitatively compared in Table 1. Note
the appearance of at least 20 resolved bands in the human digest.

differences between the conserved and PV subfamily Alus
(Fig. 1), two clones had all seven and one had six of seven.
These tightly linked changes from the conserved subfamily
consensus identify these three as well as the TPA and Mlvi

Alu repeats as belonging to yet another recognizable sub-
family. The PV subfamily (see Introduction) has a distinct
common consensus sequence, but not all of its members are
polymorphic within the human population.
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TABLE 1. Comparative hybridization of human and chimpanzee DNAs

Hybridizationa (cpm)
eWash temp Strngency Chimpanzee Human Background Chimpanzee Human

(BstYI) (BstYI) (XPstI) (HaeIll) (Haelll)

Oligonucleotide-1 43 5x SSPE 20,840 20,958 1,504 10,807 10,606
63 5x SSPE 357 922 1,103 190 519

Blur 2 60 lx SSC 13,262 10,444 341 10,435 9,039
* Note: All values are corrected using the indicated background values.

PV Alus are transcriptionally active. A transpositionally
active source gene should also be transcriptionally active in
some cell types. Oligonucleotide-2 was designed to test the
transcription of the Alu progenitor (Fig. 1). One of the two
diagnostic bases is positioned at the 3' end of the comple-
mentary sequence of oligonucleotide-2. Thus, in addition to
forming unstable hybrids under stringent conditions, it
should not prime reverse transcription of RNA products
derived from the conserved subfamily.
Under stringent conditions, oligonucleotide-2 hybridized

to a 120-nucleotide (nt) poly(A)- transcript(s) and a 300-nt
poly(A)+ transcript(s) from HeLa cells (Fig. 5B). The
poly(A)- transcript was present in low-molecular-weight
cytoplasmic RNA but absent from polysomal RNA size
fractions (Fig. 5A). Two high-molecular-weight bands (5 and
2 kb) were also detected (Fig. 5A and B). These bands were
typical artifacts, associated with rRNA, observed during
formaldehyde-agarose gel electrophoresis. The 300-nt
poly(A)+ RNA was the size expected for an Alu transcript
but was also coincidentally the same size as 7SL RNA.
Although 7SL RNA is poly(A)-, similar RNAs can contam-
inate poly(A)+ RNA preparations (11).
With nonselective hybridization probes such as Blur 2, it

was previously impossible to distinguish between a 300-nt
7SL RNA transcript and Alu RNA (18). The homologous

and complementary sequence in 7SL RNA to oligonucleo-
tide-2, 5'-uGGgcAAcAuaGcGAgACC-3' (lowercase letters
are mismatches), should not form a stable hybrid under the
stringency of our washing conditions. As an internal control,
the blot from Fig. 5B was stripped and reprobed with a clone
containing only the non-Alu S region from 7SL RNA (Fig.
SC) (31). The hybridization of this probe to its complement in
poly(A)- RNA proved conclusively that the poly(A)+ Alu
band in Fig. 5B was not 7SL RNA and unambiguously
identified its length as 300 nt. Intriguingly, the shorter 120-nt
band in poly(A)- RNA was the major species in HeLa
cytoplasmic RNA (Fig. SA). Perhaps a nuclear processing
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FIG. 4. Southern blot hybridization of HincIl-digested genomic
DNA from seven individual humans (lanes 1 to 7) and one chimpan-
zee (lane 8) with a probe that flanks the Alu family member in clone
PV 92. Individual DNAs in lanes 1, 6, and 7 had a 2.3-kb band which
was the same length as that in PV 92. Others (lanes 2, 4, and 5) had
a 2.6-kb band, and one individual (lane 3) had both. The same
individuals also showed differences in a BstYI digestion. Hence, the
length differences observed here do not result from a simple point
mutation in a HincIl site. Based on restriction fragment length, the
Alu in PV 92 is apparently absent from the chimpanzee DNA as well
as several of the human DNAs.

FIG. 5. Northern analysis of HeLa cell RNA. (A) Cytoplasmic,
polysomal RNA was prepared by sucrose sedimentation. The gra-
dient was divided into three fractions corresponding to the approx-
imate number of ribosomes: seven or more ribosomes (lane 7), three
to six ribosomes (lane 4), and zero to two ribosomes (lane 1). The
oligonucleotide-2 probe hybridized only to the small RNA size
fraction, detecting primarily a 120-nt PV Alu RNA species. (B) Total
HeLa RNA was fractionated on oligo(dT)-cellulose and analyzed on
the same gel with the RNA in panel A. Hybridization with oligonu-
cleotide-2 revealed a 300-nt poly(A)+ (A') RNA and a 120-nt
poly(A)- (A-) species. This surprising length difference probably
resulted from a nuclear processing event (see Discussion). (C) As an
internal control, the filter from panel B was stripped and reprobed
with a 7SL-specific probe. 7SL RNA is ancestrally related to Alu
and is coincidentally 300 nt, but it is poly(A)-. Thus, the band in
panel B was not due to 7SL cross-hybridization. The same filter was
then hybridized a third time with a subclone of the Xenopus 5S
rRNA gene to obtain an internal 120-nt length marker (data not
shown).
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FIG. 6. Primer extension analysis of human thyroid carcinoma
RNA. Poly(A)+ (A') and poly(A)- (A-) RNAs were used as

templates for primer extension reactions with oligonucleotide-2 and
reverse transcriptase. The full-length Alu cDNA product should
have a length of 107 nt. Two primary products of 87 and 295 nt were
observed with poly(A)- RNA. These and other additional bands,
one of which is 107 nt, were seen when poly(A)+ RNA was used.
The sequence of the 87-nt poly(A)- primer extension product was

partially determined by incorporating dideoxynucleotides into the
reaction mixture. The sequence extends from position 64 to position
16, with a very strong stop at position 20, and is an exact match to
the predicted Alu consensus sequence (see text).

event is responsible for the observed length difference (see
Discussion).

Primer extension with oligonucleotide-2 should give a

107-nt product from a PV Alu RNA. We observed 87-nt and
295-nt reverse transcripts in both poly(A)+ and poly(A)-
thyroid carcinoma RNAs, but found additional bands in
poly(A)+ RNA, one of which had the predicted length of 107
nt (Fig. 6). The base sequence of the 87-nt poly(A)- primer
extension product was determined by dideoxynucleotide
sequencing and was found to be an exact match to PV and

conserved subfamily Alus. Sequence extended from position
64 to position 16, with a strong stop at position 20 (Fig. 1).
Thus, a select subgroup of Alu genes are transcriptionally
active. Since oligonucleotide-2 incorporates two mismatches
versus the conserved subfamily consensus, one of which is
located on the 3' terminus, we infer that the RNA sequence
is derived from the PV subfamily. The first 20 nucleotides of
the expected Alu transcript are exceptionally G+C rich and
presumably confront reverse transcriptase with a stable
secondary structure (14). Alternative explanations for the
shortened primer extension products are presented in the
Discussion. Overexposure of both the primer extension and
sequencing gels revealed that a minority of reverse tran-
scripts did proceed through this G+C-rich region, yielding
the full-length 107-nt product.

Additional primer extension experiments with Jurkat
poly(A)+ and HeLa poly(A)+, poly(A)-, and cytoplasmic
RNAs gave similar results. In all cases, we observed a major
87-nt product (data not shown). The HeLa poly(A)- and
cytoplasmic RNAs also revealed minor 107-nt putative full-
length products. Hence, the 120-nt poly(A)- and 300-nt
poly(A)+ HeLa RNAs evidently have the same 5' structure.
As in the case of thyroid carcinoma RNA, the sequence of
the HeLa RNA primer extension products also matched the
conserved and PV subfamily sequences.

DISCUSSION

Transcriptionally active source genes. Several factors com-
plicated our understanding of the transcriptional activity of
Alu repeats. Alu repeats are abundantly transcribed from
non-Alu promoters by virtue of their broad distribution
throughout the genome (25, 33). Furthermore, 7SL RNA,
which cross-hybridizes with homologous Alu sequences, is
coincidentally about the same length as the expected poly-
merase III Alu transcript. Finally, individual Alus contain
internal polymerase III promoters, suggesting that they
might code for both transcriptional products and the trans-
position of additional family members.

Conceivably, recently inserted Alus might be transcrip-
tionally competent in vivo. However, the transcriptional
inactivity of a closely related and completely analogous
family of 7SL RNA pseudogenes demonstrates that the
internal polymerase III promoter is not sufficient for in vivo
transcription (32, 33). The great majority of Alu repeats are
also transcriptionally inactive pseudogenes, presumably in-
cluding the recently dispersed PV Alus (18). Here we present
evidence that a select subgroup of Alu genes are transcrip-
tionally active in human tissues and cells. As discussed
below, known human polymorphic Alus are members of
both the PV subfamily and the closely related conserved
subfamily. Thus, several Alu source genes have been trans-
positionally active in recent human evolution. Future exper-
iments will be required to decide how many different Alu
genes encode these transcripts within individual humans.
Two different size species were detected in poly(A)+ and

poly(A)- RNAs. The 300-nt poly(A)+ transcript observed
here had the expected length and polyadenylation of the
putative retrotransposition intermediate. A minor 107-nt
primer extension product had the expected length for a
transcript initiating at the 5' end of the Alu consensus. The
major 87-nt product could result either from 5' processing of
the transcript or from incomplete reverse transcription. We
favor the latter interpretation. Northern blot hybridization
showed an essentially full-length (300 nt) transcript with no
evidence of the smearing expected for a 20-nt 5'-end hetero-
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geneity. Regardless of the correct explanation for the 87-nt
primer extension product, the 107-nt product is evidence
that at least a minority of transcripts have the correct 5' end
to serve as Alu precursors.
Lambda clone PV 83 contains an Alu which happened to

be truncated at position 17, corresponding almost exactly to
the 87-nt primer extension product. This truncated Alu might
also result from incomplete in vivo reverse transcription or
from 5' processing. One class of U3 RNA pseudogenes have
a 3' truncation that corresponds to the position of self-
priming for in vitro reverse transcription (3). Most Li
repeats have variably shortened 5' ends, plausibly the result
of incomplete reverse transcription or partial degradation of
the RNA precursors (28).
The 120-nt cytoplasmic poly(A)- Alu transcript was un-

expected. The fact that this transcript had the same-length
primer extension product as that of the 300-nt poly(A)+
RNA is evidence that these transcripts have different 3'
ends. Consistent with this interpretation, the shorter tran-
script was poly(A)-. At present, we do not know whether
the 120-nt RNA results from degradation or from specific 3'
processing. However, Adeniyi-Jones and Zasloff (1) demon-
strated 3' processing of a 210-nt nucleus-confined, mouse B1
"Alu" transcript to form a 135-nt cytoplasmic species in
injected Xenopus oocytes. These investigators also showed
that the cytoplasmic species is bound by proteins to form a
small cytoplasmic ribonucleoprotein (15).
According to these observations, the Alu source genes

encode functional transcripts rather than specialized progen-
itors exclusively dedicated to coding for new members of a
family of dispersed repeats. Since 7SL RNA is ancestrally
related to Alu RNA, it is plausible that Alu might play a role
in translation (27). Accordingly, Alu RNA transcribed in
vitro has been shown to bind a signal recognition particle
protein (2). Moreover, 4.5S RNA, which is also ancestrally
related to the Alu sequence, is expressed in rodents but is
absent in primates (26). Plausibly, the human Alu and rodent
4.5S transcripts serve a similar albeit unknown function.
Selection for this function would ultimately select for the
sequence similarity of the resulting Alu retropseudogenes.

Finding evidence for the elusive Alu transcript partially
satisfies two long-standing concerns, the existence of an
RNA intermediate and sequence selection for newly inserted
members. Alu repeats have long been regarded as retro-
posons; thus, we can finally identify a candidate RNA
intermediate required for Alu transposition. More precisely,
the partial sequence of this RNA is an exact match to
recently inserted Alus.

Transpositionally active source genes. Since polymerase III
transcripts generally terminate in T-rich regions, it has been
hypothesized that retroposons are capable of self-priming
their own reverse transcription (32). In this model, the
A-rich 3' end of Alu is encoded by the specialized founder
gene and serves as the initiation site for reverse transcrip-
tion. An equally plausible model is that the A-rich 3' end is
added post-transcriptionally, perhaps by an aberration of the
normal polyadenylation machinery or by an entirely different
pathway. This latter possibility is supported by the analo-
gous example of "polyadenylated" 7S retroposons.

Although the three PV Alus shown in Fig. 1 belong to a
distinct subfamily, they differ from each other by approxi-
mately 10 nucleotides and from the PV consensus by about
5. Unselected human DNA sequences are 0.2 to 0.3%
divergent (16), far less than the divergence of these polymor-
phic Alus. Some of these differences are undoubtedly minor
sequence artifacts and occur near small runs of G or A.

However, the number of differences implies either that
retrotransposition is extremely unfaithful or that several
distinct source genes code for new Alu family members. This
issue is decided by the additional observation that a con-
served subfamily Alu caused an insertional polymorphism in
the human Cl inhibitor locus (29). Since there are multiple
founder sequences, they evidently evolve in concert so that
specific subfamily differences are tightly linked. The genes
encoding rodent 4.5S RNA are arranged in a long tandem
cluster (26). Similarly, tandem organization would allow
efficient sequence conversion of the hypothetical Alu
founders.

Dispersion of Alu repeats. Alu repeats are rather immobile
and have been inserted over long evolutionary times (24). A
difficulty in ascertaining the transpositional activity of Alu
repeats has been detecting recently mobilized members
against the stable, accumulated background of nearly one
million Alu family members. From our sample of four PV
Alu clones, one appears to be a genuine insertion polymor-
phism in the human genome. From library screening, we had
expected a greater proportion of these PV Alus to be absent
from ape DNA, but our present sample size is too small to
resolve this possible discrepancy. We are encouraged, how-
ever, by the relative ease of detecting human-ape Alu
differences. Previous comparisons of the human and chim-
panzee a-globin and the human and orangutan P-globin gene
clusters show that humans and apes have nearly all orthol-
ogous Alu repeats in common (13, 22). Thus, the identifica-
tion of diagnostic sequence features corresponding to re-
cently transposed members provides a feasible method for
identifying restriction fragment length polymorphisms and
determining the frequency of Alu transposition and its ef-
fects on gene structure. Additionally, the same diagnostic
sequence elements can potentially be applied to human DNA
pedigree analysis.
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