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ABSTRACT A genomic DNA library consisting of human
DNA fragments about 18 kilobases long cloned in a bacteriophage
A vector was found to contain a specific repeated DNA segment.
The repeated sequence is present in >95% of the genomic library,
and selected clones contain at least two copies of the sequence.
Our experiments indicate that this highly repetitive sequence
(:400,000 copies per haploid genome) is widely distributed in the
human genome and is represented in the cytoplasmic polysomal
mRNA. This sequence is homologous to the 300-base-pair Alu re-
peat family, the predominant repeat sequence in man.

A sizeable portion of the eukaryotic genome is composed of
similar or repetitive DNA sequences that are characterized by
their ease of reassociation. The repetitive sequences can be
divided into highly repetitive and middle repetitive fractions
by their relative reassociation rates. The sequences that appear
to occur only once in the genome are called unique or single-
copy sequences. These three kinetic classes of DNA can be frac-
tionated on hydroxyapatite after annealing denatured sheared
DNA to various extents.
The human genome consists of 7 X 109 base pairs (bp) of

DNA, 65% of which are single-copy sequences (1). Inverted
repetitive sequences compose about 5% of the total DNA (2,
3), and about 5% of the DNA is the simple sequence (satellite)
type. The remaining 25% of the DNA is in middle repetitive
sequences (300 bp long), which are interspersed with single-
copy sequences about 1800 bp long (3). Except for a few known
repetitive genes, the biological role of repetitive sequences is
unknown. Their interspersion pattern with single-copy se-
quences (4) and proximity to transcribed structural genes have
supported the hypothesis that repetitive sequences play a role
in the regulation of gene expression (5).
A repetitive sequence family has recently been identified in

human DNA (6, 7). This 300-bp sequence is present in
>300,000 copies per haploid genome and contains a sequence
cleaved by restriction endonuclease Alu I. The wide distribution
of this sequence may have profound influence on the plasticity
of the human genome, resulting in relatively high rates of ge-
netic rearrangement. In the work reported here, we have ex-
amined the distribution of repetitive sequences in a human
genomic DNA library and find that >95% of the library, which
contains human DNA segments about 18 kilobases (kb) long,
contains representatives of one family of repetitive sequences.
Further, this family is represented in cDNA prepared by re-
verse transcription- of polysomal poly(A)+ RNA.

MATERIALS AND METHODS
Cell Culture. CCRF-CEM cells were grown in continuous

suspension culture with RPMI-1640 medium supplemented

with 10-20% fetal calf serum. This cell line was derived from
a child with acute lymphocytic leukemia, and the cells have
been characterized as thymus derived (8). The cells used for all
subsequent experiments were harvested while in the logarith-
mic phase of growth. The cells were routinely tested for my-
coplasma contamination and were uniformly negative (9).

Isolation of mRNA. Cells were washed three times with
physiological saline and lysed in buffer (10 mM NaCl/2.5 mM
KCV1.5 mM MgC/10J mM Tris'HCl, pH 7.4) containing
0.5% Nonidet P-40 (Particle Data Laboratories, Elmhurst, IL).
Nuclei were removed and the cytoplasmic RNA was purified
as described (10). To prepare polysomal RNA, washed cells
were suspended in buffer and 10% (voVvol) Nonidet P-40 was
added to a final concentration of 0.5% to lyse the cells. After
removal of nuclei, the suspension was adjusted to 0.25 M su-
crose and centrifuged at 12,000 X g for 10 min. The postmi-
tochondrial supernate was adjusted to 1% Triton X-100 and lay-
ered onto a 5 ml pad of 2 M sucrose. Polysomes were pelleted
by centrifugation at 49,000 rpm for 3 hr in a Beckman 60 Ti
rotor. Poly(A)+ RNA was obtained by two passages of total cy-
toplasmic or polysomal RNA over an oligo(dT)-cellulose column
as described by Aviv and Leder (11). The recovery of poly(A)+
RNA was 0.6-1.2% of the starting material absorbing 260-nm
light.

Synthesis of cDNA. Highly purified RNA-dependent DNA
polymerase from avian myeloblastosis virus was kindly provided
by J. W. Beard (Life Science, St. Petersburg, FL). The specific
activity of the enzyme was over 10,000 units/mg of protein.

Template RNA (5 pug) was incubated in a mixture of 100 pAl
containing 50 mM Tris-HCl, pH 8.3; 3 ,ug of (dT)12.18 (Collab-
orative Research, Waltham, MA); 8 mM Mg acetate; 50 mM
KCI; 20 mM dithiothreitol; 500 ,uM each of dGTP, dATP, and
dTTP; 50 ,uM [a-32P]dCTP (120 Ci/mmol; 1 Ci = 3.7 x 1010
becquerels); actinomycin D at 50 ,ug/ml; and 45 units of RNA-
dependent DNA polymerase. The reaction mixture was incu-
bated at 46°C for 20 min, after which the cDNA was separated
from unreacted substrates by chromatography on Sephadex G-
50 as described (10). The cDNA fractions were pooled, con-
centrated, and treated with 0.1 M NaOH for 45 min at 60°C,
then precipitated with ethanol and dissolved in water. The size
of the cDNA determined by electrophoresis in urea/agarose
gels (12) was about 1000 nucleotides, and the specific activity
was 108 cpm/pAg.

Isolation of Repetitive DNA. Human DNA was extracted
from human placenta. with the phenol/proteinase K method
(13). Then DNA was sonicated to an average 350-nucleotide size
and dissolved in 0.12 M sodium phosphate buffer, pH 6.8. After
heat denaturation for 5 min in boiling water, the DNA was al--
lowed to reassociate at 60°C to Cot 40 M-sec and fractionated

Abbreviations: kb, kilobase(s); bp, base pairs(s); Cot, initial concentra-
tion of DNA (moles of nucleotides per liter) x time (sec); IR, inverted
repeat.
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by hydroxyapatite column chromatography (14).
Preparation of Labeled DNA. DNA was labeled in vitro by

nick translation with Escherichia coli DNA polymerase I ac-
cording to the method of Maniatis et aL (15), using one labeled
nucleotide, [a-32P]dCTP (3000 Ci/mmol, New England Nu-
clear). After deproteinization, the labeled DNA was separated
from unincorporated nucleotides on a Sephadex G-S0 column.
The specific activity of the DNA was 10 cpm/,g.

Screening of Human Genomic DNA Library. The human
DNA library was obtained from Tom Maniatis and its prepa-
ration has been described (16). The library was screened by
using the in situ plaque hybridization method of Benton and
Davis (17). Recombinant phage were plated at =300 phage per
15-cm petri plate on a lawn of E. coli DP50 SupF.

Hybridization was carried out at 68°C in Denhardt's solution
containing 0.5% sodium dodecyl sulfate, 0.1 mM EDTA, and
poly(rA) at 10 ug/ml. After hybridization, filters were washed
twice with chloroform, dried, washed three times with 300 mM
NaCl/30 mM sodium citrate/0.5% sodium dodecyl sulfate at
68°C for 2 hr, and rinsed with 150 mM NaCl/15 mM sodium
citrate or 75mM NaCl/7.5mM sodium citrate at 68°C for 15-30
min. After drying, filters were covered with Saran Wrap and
exposed in x-ray cassettes at room temperature or -80°C for
the appropriate time.

Agarose Gel Electrophoresis and Transfer to Nitrocellulose
Filter Paper. Cloned DNA, purified in accordance with the
National Institutes of Health guidelines, was digested with
EcoRI restriction enzyme according to the procedure supplied
by the vendor (Bethesda Research Laboratories, Rockville,
MD). DNA fragments were electrophoresed through vertical
0.8% agarose gels in 50 mM Tris/50 mM boric acid/10 mM
EDTA, pH 8.3, at room temperature. The DNA was transferred
to nitrocellulose filters by the method of Southern (18).

Filters were prehybridized in Denhardt's solution at 68°C
overnight and then hybridized to 32P-labeled probes in hybrid-
ization solution as used in screening at 68°C for 24 hr. Then
filters were washed three times in 450 mM NaCl/45 mM so-
dium citrate/0.5% sodium dodecyl sulfate for 2 hr and rinsed
in 150 mM NaCl/15 mM sodium citrate for 15-30 min at 68°C.
To extract DNA from agarose gels, the DNA bands were cut
from gels after electrophoresis, put in dialysis tubes, and then
electrophoresed again in 5 mM Tris HCl at pH 7.4/2.5 mM
acetic acid until all ethidium bromide disappeared from the
gels. The DNA was extracted with phenol/sevag and precipi-
tated with ethanol.

RESULTS
cDNA Sequence in the Genomic Library. The human gene

library in bacteriophage A Charon 4A described by Lawn et al.
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Table 1. Screening of the human genomic librarygwith
DNA probes

Number of plaques hybridizing with probe
(% of total plaques)

Nick-translated Nick-translated
Plate phage A DNA CEM cDNA repetitive DNA

1 220 211 (95.9) 200 (90.9)
2 232 219 (94.3) 212 (91.3)
3 273 256 (93.7) 248 (90.8)
4 215 203 (94.4) 198 (92.0)
5 245 235 (95.9) 233 (95.1)
6 241 231r(95.8) 222 (92.1)

Average (100) (95) (92)

The number of positive plaques with each probe was counted on six
different plates. CEM cDNA, 2.2 x 106 cpm er filter; repetitive DNA,
1 x 106 cpm per filter; phage DNA, 1 x 10 cpm per filter.

(16) was obtained from T. Maniatis. The library was constructed
by partial digestion of human fetal liver DNA with Hae III and
Alu I restriction endonucleases, size fractionation, methylation
with EcoRI methylase, EcoRI oligonucleotide linker addition,
and cloning in the A vector Charon 4A. We screened the re-
combinant phages for those containing messenger sequences
by hybridization with radiolabeled cDNA transcripts of cyto-
plasmic poly(A)+ RNA (mRNA) of CCRF-CEM cells. A very
high proportion (-=95%) of the clones were positive (Fig. 1 and
Table 1). Similar results were obtained with cDNA transcripts
of polysomal poly(A)+ RNA. We investigated the possibility that
the signal on most genomic clones was due to a highly repetitive
sequence in a subset of cDNA molecules, rather than the pres-
ence of structural genes. Repetitive DNA (Cot . 40) was la-
beled by nick translation and used to screen the genomic library.
Almost all clones (93%) (Fig. 1 andTable 1) gave apositive signal
with the repetitive DNA probe. Furthermore, all clones giving
a positive signal with the repetitive DNA probe were also pos-
itive with the cDNA probe. cDNA transcripts of total poly(A)+
RNA of human placenta gave less hybridization (40% positive
clones), suggesting a decreased concentration of the hybridizing
species in some tissues. Doubling the amount of placental
[32P]cDNA used in screening the library gave 65% positive
clones.

Evidence that the hybridizing species in the cDNA popu-
lation was due to repetitive sequences came from competition
experiments. Addition of a 1000-fold excess of repetitive DNA
abolished the hybridization with [32P]cDNA (Fig. 2). Several
other polynucleotides were tested as competitors in the geno-
mic screening (Table 2). Of these, repetitive DNA was an ef-
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FIG. 1. Screening of the human genomic DNA library with [32P]DNA probes by the Benton-Davis procedure (17). Filters were prepared in tri-
plicate. (Left) [32P]cDNA from cytoplasmic poly(A)+ RNA (CEM cells), 2.2 x 106 cpm per filter, 81-hr exposure. (Center) 32P-Labeled repetitive DNA,
1 x 106 cpm per filter, 36-hr exposure. (Right) Phage A [32P]DNA, 1 x 106 cpm per filter, 34-hr exposure.
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FIG. 2. Effect of unlabeled repetitive DNA competitor on hybrid-
ization of cDNA to the human genomic DNA library. The library was
screened with [32P]cDNA transcripts of cytoplasmic poly(A)+ RNA of
CCRF-CEM cells in the presence and absence of unlabeled human re-
petitive DNA (Cot <40). Duplicate filters were prepared from two
plates (A and B, C and D). One filter of each pair (A and C) was used
in hybridization with [32P]cDNA at 106 cpm/ml; the other filter (B and
D) was hybridized with [32P]cDNA at 106 cpm/ml and unlabeled re-
petitive DNA at 10 pg/ml.

fective competitor,. with partial competition observed with
poly(rA), human ribosomal RNA, and calf thymus DNA. Note
that poly(rA) was included at 10 ,ug/ml in all nucleic acid. hy-
bridization experiments reported in this paper except those in
Table 2. These experiments suggest the presence in the human
genome of a widely dispersed repetitive sequence that is rep-
resented in cDNA transcripts of polysomal mRNA.

Presence of the Ubiquitous Repeat in Selected Genomic
Clones. Three clones were selected from the genomic library,
two of which (HI and H15) hybridize.with both labeled,cDNA
and repetitive DNA. The size of DNA fragments resulting from
digestion with EcoRI shows that each recombinant contains
about 15 kb of human DNA (Fig. 3). Blot hybridization of the
three EcoRI-digested clones shows that the bands in clones H15
and H1 between 7 and 3 kb contain sequences represented in
repetitive DNA (Fig. 4 A and C). The bands also hybridize with
[32P]cDNA (Fig. 4B), suggesting the presence of a sequence
family similar to that observed in the plaque screening of the
genomic library. To examine this possibility, the DNA bands

Table 2. Effect of competitor nucleic acid on hybridization of
[32P]cDNA to human genomic DNA library

Competitor hybridization
100

Poly(rA), 100 ,.g 80
Human ribosomal RNA, 10 jg 87
Calf thymus DNA, 10 gg 93
Human repetitive
DNA (Cot c 40), 10 iig 1.5

Duplicate filters of the library were prepared. Filters were hybrid-
ized with the probe in the presence or absence of competitor nucleic
acid; 106 cpm per filter of [32P]cDNA was added to each fraction. %
hybridization = 100 x (number of positive clones with competitor/
number of positive clones without competitor).
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FIG. 3. Electrophoretic pat-
tern of fragments of cloned hu-
man genomic DNA produced by
EcoRI digestion. DNA was pre-
pared from three recombinant
phage clones, HI, H3, and H15.
The digested. DNA was electro-
phoresed on 0.8% agarose gels.
After staining with ethidium bro-
mide, the DNA bands were visu-
alized by using ultraviolet illu-
mination. The sizes of the
fragments were determined by
using Charon 4A DNA digested
with EcoRI and phage 4X174
DNA digested with Hae III as
markers.

of clone H15 were excised and the DNA was labeled by nick
translation. Both the 4.0- and 3.2-kb fragments hybridized to
>90% of the genomic library (Fig. 5). The intensities of the
positive clones differed somewhat, due to differences in spe-
cific activities of the hybridized probes. These results indicate
that the ubiquitous repeat sequence present in almost all clones
in the genomic library is present in at least two copies in clones
HI and H15. In contrast, clone H3 does not~appear to contain
repetitive sequences and did not hybridize with labeled cDNA.
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FIG. 4. Hybridization of cDNA and repetitive DNA to clonedDNA
digested with EcoRI. Three recombinant phage DNAs were digested,
electrophoresed in vertical 0.8% agarose gels, transferred to nitrocel-
lulose filters, and hybridized. The electrophoretic pattern of eachDNA
is shown in Fig. 3. Gels A, B, and C show, respectively, the results of
hybridization of 32P-labeled repetitive DNA (106 cpm/ml), [32P]cDNA
(106 cpm/ml), and [32P]cDNA (106 cpm/ml) with unlabeled repetitive
DNA competitor (5 gg/ml). Cloned human DNAs in each gel were:

lanes 1, H15; lanes 2, H1; lanes 3, H3.
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FIG. 5. Hybridization of EcoRI-digested clone H15 DNA with the
human genomic DNA library. The 4.0- and 3.2-kb fragments of clone
H15 (Fig. 3) were extracted from the agarose gel after electrophoresis,
labeled by nick translation, and used in screening the genomic DNA
library. (Left) The 4.0-kb fragment, 3 x 105 cpm, 6-day exposure.
(Right) The 3.2-kb fragment, 6 x 105 cpm, 1-day exposure.

H3 was localized to band p36 of chromosome 1 by in situ hy-
bridization experiments (19).

Sequence Relationship with the Alu Family Clone. The pre-
ceding experiments suggest the presence of a dispersed re-
peated sequence in human DNA that is represented in cyto-
plasmic poly(A)+ RNA. Proof that the hybridizing species is a
specific sequence or single family of sequences could be ob-
tained by cloning an appropriate repeat sequence and exam-
ining its sequence homology with our genomic clones.

Houck et al. (6) have identified a repeated DNA family con-
taining a cleavage site for the restriction endonuclease Alu I.
This 300-bp repeat was cloned and the nucleotide sequence of
some representatives of the family has been determined (7).
Two members of the family, clones BLUR 2 and 8 (for Bam-
linked ubiquitous repeat) kindly provided by P. Deininger and

H1 H3 H15

kb
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Ai'.: 3.2

I

M.

7v.s

FIG. 6. Hybridization pat-
tern of cloned human genomic
DNA. Cloned human DNA was

digested with EcoRI, electropho-
resed, transferred to nitrocellu-
lose filters, and hybridized with
nick-translated BLUR 8 plasmid
DNA.

Plasmid DNA
bands a

Human DNA
bands- -D

(300 nucleotides)

FIG. 7. Hybridization of the Alu repeat in BLUR 2 plasmid DNA
with [32P]cDNA. Plasmid DNA was digested with BamHI, electropho-
resed in a 1.5% agarose gel, transferred to a nitrocellulose filter, and
hybridized with [ 2P]cDNA (106 cpm/ml) transcribed from polysomal
poly(A)+ RNA CCRF-CEM cells. The size of the human insert DNA
was determined by using pBR322 plasmid DNA digested with Hinf I
as marker DNA. The amounts andBamHI treatments of plasmidDNA
were: lanes 1 and 2, 1.5 jig, undigested; lane 3, 7 jig, digested; lanes
4 and 5, 5 gg, digested; lane 6, 3 kg, digested.

C. Schmid, were used in our studies. Screening of the genomic
DNA library with radiolabeled BLUR 2 or 8 resulted in >90%
positive clones. Blot hybridization of 32P-labeled BLUR 8 with
EcoRI-digested genomic clones (Fig. 6) showed that Hi con-
tains at least two Alu repeats and H15 contains at least three.
Similar experiments using BamHI-digested genomic clones
showed six hybridization bands in the H15 digest and two in
the clone Hi digest.
To confirm that the Alu family repeat is represented in poly-

somal mRNA, we digested clone BLUR 2 to release the human
DNA insert and hybridized the plasmid digest with [32P]cDNA.
Fig. 7 shows that the 300-bp human sequence hybridized with
cDNA and, as expected, the extent of hybridization was de-
pendent on the plasmid DNA concentration. Furthermore,
clone BLUR 2 competed with [32P]cDNA in screening the ge-
nomic DNA library (data not shown). These experiments show
that the Alu family repeat is present in almost all clones in the
human genomic DNA library and that the Alu repeat is rep-
resented in cytoplasmic polysomal mRNA.

DISCUSSION
We have demonstrated the presence of a widely dispersed re-
petitive sequence in the human genome that is represented in
cytoplasmic polysomal poly(A)+ RNA. This sequence is present
in approximately 95% of the clones in a genomic DNA library
and is homologous to the Alu repeated sequence family. Clones
were selected that contain two copies (HI) and at least six copies
(H15) of the Alu repeat. One clone (H3) with a 15-kb insert
appears devoid of repetitive DNA.
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The amount of the Alu repeat in the human genome is sur-
prisingly high. Houck et aL (6) identified the family containing
a cleavage site for restriction enzyme Alu I in the 300-bp re-
peated sequence. They estimated that there are more than
300,000 copies per genome, making up at least 3% of the DNA,
and our results support this estimate. If 95% of the clones in
the genomic library contain at least one Alu repeat in their

18 kb of human DNA, then the minimum number of copies
per human genome = (7 x 109 bp/genome + 1.8 x 104 bp/
clone)(0.95) = 370,000 copies per genome, and (300 bp/repeat
. 1.8 x 104 bp/clone)(100%) = 1.7% of the genome. Clearly
these are underestimates because many clones contain several
copies of the Alu repeat. One clone, H15, contains at least six
copies, and the human f-globin-like cluster contains seven cop-
ies of a repeated sequence similar to the Alu family in a 65-kb
region (20).
The distribution and in some cases clustering of Alu repeats

suggest an important biological role for these sequences. Houck
et aL (6) found that approximately one-third of the interspersed
Alu repeats exist as inverted repeats (IRs) and the remaining
two-thirds may exist as IRs with much longer spacer sequences
separating the two halves of the inverted repeat. The human
Alu family is extensively represented in the heterogeneous nu-
clear RNA (hnRNA) of cultured cells (21). Because hnRNA, the
putative precursor of mRNA, contains long double-stranded
regions of hairpin-type structures that are absent from the cy-
toplasmic mRNA, these double-stranded regions were thought
to have some regulatory function in RNA processing (22, 23).
The hairpins presumbly arise by transcription of IR sequences
in DNA.

Evidence is accumulating for the involvement of IR se-
quences in genetic translocation. Structurally defined DNA
segments carrying antibiotic-resistance genes, transposons,
have been shown to be capable of translocation from plasmid
to plasmid or from plasmid to the host chromosome. For ex-
ample, the ampicillin-resistance DNA segment can translocate
from pSC50 plasmid onto pSC101 plasmid, resulting in a re-
combinant plasmid (24). The translocation does not involve the
conventional recA gene function, and the excision is terminus-
site-specific. The transposable segment contains a 130-nucleo-
tide-long IR sequence at both termini. It has been proposed that
the IR helps the donor molecule to orient in configurations pos-
sessing twofold rotational symmetry that can be recognized by
enzymes involved in translocation (24). This role may explain
one evolutionary advantage of IR sequences.

Several other potential functions for the Alu family IR were
discussed by Jelinek et al. (25), including (i) RNA polymerase
III transcription initiation sites [Alu family repeats found in
clones of human ,B-globin and 83-globin-like genes may be spe-
cifically transcribed in vitro by RNA polymerase III into dis-
crete-sized products (26)] and (ii) origins of DNA replication
(several papovavirus genomes contain a 14-nucleotide sequence
having high homology with a sequence found in the Alu family).
This sequence constitutes a portion of a perfect IR located at
or near the origin of replication in these viral DNAs (27-29).

The presence of the Alu repeat in cDNA transcripts of poly-
somal poly(A)+ RNA is surprising, although similar results were
found in mouse systems (30). Leakage of nuclear RNA during
preparation of cytoplasmic RNA is always a formal possibility.
We think our "polysomal" cDNA reflects Alu repeats in the
mRNA because the "polysomal" cDNA gave a stronger signal
with the Alu clone than did the "cytoplasmic" cDNA. It is im-

portant to determine if those messengers containing the Alu
repeat represent a specific subset of the mRNA population. It
is also important to establish whether the Alu repeat is con-
tained in a coding region of the mRNA.
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