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ABSTRACT Two clusters of Alu sequences in the human
low density lipoprotein (LDL) receptor gene have been ana-
lyzed in detail. One Alu cluster is present within the intron
separating exons 15 and 16 of the gene and contains a
polymorphic Pvu II site. The presence or absence of this site
gives rise to two allelic fragments of 14 and 16.5 kilobases,
respectively, in genomic Southern blots using cloned cDNA
probes. This DNA polymorphic site is caused by a single
adenine to guanine transition within an Alu repetitive element.
The second cluster ofAlu sequences is located in exon 18 of the
LDL receptor gene. Southern blotting of primate DNAs sug-
gests that this cluster became associated with the gene about 30
million years ago. Comparison of bovine 'DNA sequences,
which lack this Alu cluster, with those of the human indicates
that the Alu sequences inserted in exon 18 in two independent
events.

Repetitive elements in the human genome are suspected to
have significance for genetic disease. Located in intergenic
regions and introns, these repetitive elements occur up to
several hundred thousand times within the genome (1). Their
potential importance relates to two phenomena. (i) Repetitive
elements are genetically unstable and can insert at different
places in the genome during evolution, potentially giving rise
to DNA polymorphisms. (ii) Repetitive elements might
undergo homologous recombination, producing deletions or
duplications of DNA segments that inactivate genes.
The most well-characterized repetitive elements in the

human genome are the Alu sequences, which occur in about
300,000 copies per haploid genome (1). Alu sequences consist
of variations of a 300-base-pair consensus sequence. Certain
features of Alu sequences suggest that they are transposable
elements (2), analogous to mobile genetic elements in pro-
karyotic and eukaryotic genomes (3). They are frequently
flanked by direct-repeat sequences resembling those that are
formed upon the insertion of transposable elements. The
hypothesized mobility of Alu sequences is supported by the
finding that they sometimes occur in pseudogenes but not in
parent genes (4), suggesting that they have inserted into
pseudogenes after derivation from the parent genes. More-
over, in a region of the genome near the preprolactin gene,
some individual Sprague-Dawley rats have an Alu-like se-
quence, whereas others do not, implying a recent transposi-
tion event (5).
Most Alu sequences are located in intergenic DNA or in

introns. The human low density lipoprotein (LDL) receptor
gene is exceptional in that Alu sequences are present in an
exon as well as in multiple introns. The LDL receptor gene
spans -45 kilobases (kb) and contains 18 exons that encode
the Mr 95,000 LDL receptor protein (6). Alu sequences are
present in most of the 17 introns and in the last exon of the

gene (exon 18), which encodes the extreme carboxyl termi-
nus of the protein and the 3' untranslated region of the
mRNA. This exon contains three different members of the
Alu sequence family (7). Mutations in the human LDL
receptor gene give rise to the genetic disease familial
hypercholesterolemia (FH) (8). We have shown previously
that one mutation, FH 274, was caused by a 5-kb deletion
brought about by an intrastrand recombination event be-
tween two Alu sequences. The 5' Alu sequence was in the
intron that separates exon 15 and 16 and the 3' Alu sequence
was in exon 18 (9).

Here, we report two further findings associated with Alu
sequences in the LDL receptor gene. First, we trace the
evolutionary appearance of the three Alu sequences in the
exon containing the 3' untranslated region. These sequences
are not present in the LDL receptor mRNA from two lower
species, cattle and rabbits. Comparison of the bovine and
human sequences indicates that the Alu sequences may have
inserted in two independent events, one of which led to the
duplication of a short sequence at the border of the insertion.
Southern blotting data indicate that the Alu sequences may be
present in the 3' untranslated region of chimpanzees and
gorillas, but not in baboons, suggesting that this insertion
occurred during the evolution of the primates. Second, we
show that a DNA polymorphic site in the human gene is
caused by a single base substitution in an Alu sequence in one
of the introns of the LDL receptor gene. These findings
support the view that Alu elements are genetically unstable
structures with implications for human genetics.

METHODS
Materials. Primate DNAs were kindly provided by Kirby

Smith, Department of Medicine, Johns Hopkins University
Medical School, Baltimore.

Restriction Endonuclease Analysis of Genomic DNA. DNA
was obtained from peripheral blood leukocytes of adult
volunteers (10). Restriction endonuclease digests and DNA
electrophoresis and transfer to nitrocellulose were done
according to standard methods (9). Uniformly 32P-labeled
single-stranded probes were synthesized 'according to
Church and Gilbert (11).
DNA Sequence Analysis. The sequence of the 3' untrans-

lated regions of the bovine and rabbit cDNAs were deter-
mined by a combination of the enzymatic (12) and chemical
methods (13). The sequences ofboth strands of a given DNA
were determined. The source of the bovine DNA was a
partial cDNA (pLDLR-1) described previously (14, 15). The
rabbit cDNA was isolated from a liver cDNA library by
cross-hybridization with a bovine cDNA probe. Human
genomic clones used for sequencing the Pvu II polymorphic
site corresponding to the 14-kb allele were isolated from

Abbreviations: kb, kilobases; LDL, low density lipoprotein; FH,
familial hypercholesterolemia.
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DNAs of a normal subject (6) and from a subject with homozy-
gous FH (9). The genomic clone used to determine the sequence
of the 16.5-kb allele was isolated from a normal gene.
Computer Analyses. Computer analyses ofDNA sequences

were done on an IBM personal computer with programs from
Sci Soft (Menlo Park, CA) or Delaney Software (Vancouver,
Canada).

RESULTS
The human LDL receptor gene encompasses more than 45 kb
of DNA on chromosome 19 (6, 16). Eighteen exons encode
the Mr 95,000 receptor protein. A map of the 3" half of the
gene, including the two clusters of Alu repeats that are
analyzed in detail here, is shown in Fig. 1.

In a search for polymorphisms within the human LDL
receptor gene, DNA was isolated from normal individuals
and digested with nine different restriction endonucleases.
After digestion, DNAs were analyzed by Southern blotting
with an LDL receptor cDNA probe that encompassed 17 of
the 18 exons. Among 19 individuals, only Pvu II was found
to yield a common polymorphic pattern (data not shown). A
14-kb fragment was found to be allelic with a 16.5-kb
fragment. We refer to the allele giving rise to the 16.5-kb
fragment as allele A and that giving rise to the 14-kb fragment
as allele B.

Shorter cDNA probes indicated that the polymorphic Pvu
II site was present in the 3' end of the gene. Fig. 2A shows
the blotting results obtained with a probe from exon 15 and
DNA from individuals homozygous for allele A (lane 1),
heterozygous for allelesA andB (lane 2), and homozygous for
allele B (lane 3). To map the polymorphic Pvu II site
precisely, DNA from these three individuals was digested
with Pvu II in combination with eitherBamHI or HindIII and
probed with radiolabeled exon 15 (Fig. 2A). A polymorphic
pattern was seen in the Pvu II/BamHI digests (lanes 4-6) but
not in the Pvu II/BamHI/HindIII digests (lanes 7-9). Com-
parison of the partial restriction endonuclease map shown in
Fig. 1 with these results indicated that the polymorphic Pvu
II site (circled Pvu II label, Fig. 1) must be located in the
intron separating exons 15 and 16.
The Mendelian inheritance ofthe Pvu II polymorphism was

assessed with DNAs isolated from members of a small family
unit (Fig. 2B). The father had an A/A Pvu II genotype and the
mother had aR/B Pvu II genotype. An offspring inherited one
ofeach type ofPvu II allele and was thus A/B in his genotype
(Fig. 2B). Similar Mendelian inheritance patterns have been
found for the Pvu II polymorphism in larger kindreds, some
of which span five generations. These latter studies were
carried out in collaboration with Mark Lepperts and Ray
White at the University of Utah Medical Center, Salt Lake
City.
The intron separating exons 15 and 16 of the gene contains

a cluster of Alu sequences, one member of which was
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FIG. 2. (A) Southern blot analysis demonstrating the Pvu II
restriction fragment length polymorphism. DNA samples (5 ,ug) from
individuals having A/A, A/B, or B/B alleles were digested with Pvu
II alone and in combination withBamHI and HindIII, fractionated by
size on a 0.8% agarose gel, transferred to nitrocellulose, and
hybridized at 420C for 16 hr with 5 x 106 cpm/ml (>108 cpm/,ug) of
a uniformly 32P-labeled, single-stranded probe derived from exon 15.
The filter was exposed to film for 2 days at -700C. (B) Southern blot
analysis of the Mendelian character of the Pvu II restriction fragment
length polymorphism. DNA (5 ,g) from the indicated subject was
digested with Pvu II, electrophoresed, blotted, and hybridized with
a radiolabeled cDNA probe encompassing exons 3 through 18 of the
LDL receptor. The filter was exposed to film for 6 days at -700C.

previously shown to be the site of the recombination/deletion
event in FH 274 (9). The restriction endonuclease mapping
data of Fig. 2A suggested that the polymorphic Pvu II site was
located within the intron Alu cluster. To confirm this obser-
vation, we cloned and sequenced this region of the gene from
three individuals. Two B alleles (14-kb Pvu HI fragment) and
one A allele (16.5-kb Pvu II fragment) were analyzed in this
manner. DNA sequencing revealed that allele B contains a
Pvu II site within the right arm (17) of an Alu element in the
intron cluster and that allele A differed by a single base in the
6-base-pair sequence recognized and cleaved by this enzyme.
The sequences were

Allele B CAGCTG = Pvu II site
Allele A CGGCTG

The polymorphic nucleotide corresponds to position -27
in the consensus Alu sequence (17). Thus, the Pvu II
polymorphic site arises as a consequence of an adenine to
guanine transition within an Alu middle-repetitive DNA
sequence.
The finding of a Pvu II polymorphism in the intron Alu

cluster together with the prior participation of this region in
a recombination/deletion event with the Alu cluster in exon
18 (9) suggested that these repetitive sequences might be
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FIG. 1. Map of the 3' terminal half of the human LDL receptor gene. Exons are indicated by black boxes and numbered according to ref.
6. Cleavage sites for restriction endonucleases discussed in the text (Pvu II, BamHI, HindIII, Sst I) are indicated. The label for the polymorphic
Pvu II site is circled. The twoAlu clusters discussed in the text are shown as hatched boxes. Probes corresponding to exons 15 and 18 are indicated
by the solid black bars below the map.
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FIG. 3. Southern blot analysis of
the 3' end of the LDL receptor gene of
the chimpanzee, gorilla, and baboon
(P. cynocethalus). DNA (5 ,ug) from
the indicated species was digested
with Pvu II, fractionated by size,
transferred to nitrocellulose, and hy-
bridized at 420C for 16 hr with 5 x 106
cpm/ml (>108 cpm/Ag) of a uniformly
32P-labeled, single-stranded probe de-
rived from exon 18 of the human LDL
receptor gene. The washed filter was
exposed to film for 16 hr at -70'C.

evolving rapidly. The occurrence ofAlu sequences in exon 18
could be viewed as support for this suggestion in that their
presence may be due to a recent recombination or transpo-
sition event. To test this hypothesis, we took advantage of the
minor sequence divergence that has occurred over evolu-
tionary time between the human genome and the genome of
other primates (18). DNA was obtained from various pri-
mates, digested with Pvu II, and then hybridized with a
human probe isolated from exon 18. In the human LDL
receptor, the Pvu II fragment recognized by this probe is 3.6
kb in length (Fig. 3). An identically sized DNA fragment is
seen in the chimpanzee and gorilla (Fig. 3). A different band
of 15.4 kb is visualized in the DNA of the baboon. When this
same experiment was repeated with the enzyme Sst I, a

fragment of about 2.5 kb hybridized to the exon 18 probe in
the human, chimpanzee, and gorilla DNAs; however, a
different sized fragment (3.1 kb) was visualized in the baboon
(data not shown).
Because the most 3' Pvu II and Sst I sites of these

fragments in the human LDL receptor gene occur in the Alu
cluster of exon 18 (Fig. 1), these results suggest, but do not
prove, that a similarly located cluster of Alu sequences is
present in the LDL receptor genes of the chimpanzee and
gorilla, but not the baboon. Alternatively, these sites could be
missing in the Alu cluster of the baboon. If the first interpre-
tation is true, then the genetic event giving rise to the exon
18 Alu cluster may have occurred after the divergence of the
chimpanzee, gorilla, and human line from the baboon line.
We next examined the bovine equivalent ofhuman exon 18

(the 3' untranslated region of the mRNA) in a previously
cloned bovine partial cDNA (14). If the Alu sequences
inserted into exon 18 during recent evolution, then the bovine
cDNA should not contain any repetitive sequences. When
used to probe bovine genomic DNA, the 3' untranslated
region of this cDNA yielded a pattern of unique bands
indicating the absence of the bovine equivalent of Alu
sequences (data not shown). The nucleotide sequence of the
bovine 3' untranslated region (Fig. 4A) confirmed this result
directly. A computer search indicated there were no homol-
ogies with Alu sequences present in the National Biomedical
Research Foundation DNA data base. Southern blotting
experiments indicated that the bovine cDNA and gene are
colinear in the 3' untranslated region and that the absence of
repetitive sequences cannot be attributed to a splicing event.
When the nucleotide sequence of the 3' untranslated region

of the rabbit LDL receptor mRNA was determined from a
cloned cDNA (Fig. 4B), it too was found to lack Alu-type
sequences. This region of the rabbit mRNA is considerably
shorter (0.55 kb) than the regions of the human (2.5 kb, ref.
7) and bovine (1.74 kb, Fig. 4A) mRNAs. Computer analysis
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TGAGCTGCTGCCSTTAGTCCTCtCCCTCCCCCGAACCTGC TGCCAGTCACTCAAAGGCAGCAAGACACTTTCTCCCCTGACCC TTGACCTGCTCCCAACCC TTCCTGAGAC TTCCGCGCC AAAAGCGC TGTTGGGGAC TGCCGCCCAGG
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CACTGTCTGCCGGTCTGCCAGAGC TTTGTTTTATATATTTATTTTTCTGGGAGGCAGAACAGGC TTCAGACGGTGCCCAC GGGC GGCAGTTGCGTTGCTTTtTTTSTC TTCC TTTC TTCACACGTGAAGGAGAAAGGCAGAACAGC TGGGG
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GCCACCCAC CCTCTAGC CCAGGCCCCACAC TCAGGACTrGACGTGTTTACTTrCTGCCAGGCAMGCCTrGCGGGATGGCCAGAGTTGGTC TGCCACCC CC TGGTCAGGATCAAAC TAGGGrTTTCCAMGCTrGGGTTTGTCCTCC ACTTAGC
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TGTGCGTGAAGATGAGCAGCTCCCACCTCTAACTGTATCC TTCTGTCCGGGAGTGGGtTrCTGGACCCCAGCCCCGCCCC TTGCACGrTTCCAGTTCAGGGTCGAACACTGCGTAAMGTCGACATTC TATTATTATTTTGCAC TACTTrTC
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CGTTCTGGTTCCC TTCTGGCTGCAAAGAGTCTGGATTGATGACTGGTACCGACCCGGCCCTTCTCCCAGACCCGGCCTCTCTCCCAGCAC GTAGGGAGACCTGTGCGCGGTGGC TTCATCATGACTTCAAAGCCAAAATTACGACTAGAC
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FIG. 4. Nucleotide sequence of the 3' untranslated regions of the bovine (A) and rabbit (B) LDL receptor mRNAs. The mRNA strands
corresponding to the cDNA sequences are shown. Position 1 corresponds to the first nucleotide of the protein termination codon, TGA.
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FIG. 5. Dot-matrix analysis of sequence homology in the 3'
untranslated regions of the human, bovine, and rabbit LDL receptor
mRNAs. A dot indicates ten consecutive identities between the two
given sequences. The positions of the three Alu repeats in the 3'
untranslated region of the human mRNA are indicated by boxes on
the x axes. (A) Comparison of the bovine and human mRNA 3'
untranslated sequences. (B) Comparison of the rabbit and human
mRNA 3' untranslated sequences. The nucleotide positions of the
human mRNA are numbered as in ref. 7. The nucleotide positions for
the bovine and rabbit mRNAs are numbered as in Fig. 4.

indicated that there was no significant homology between the
rabbit sequence and Alu family members.

Considerable homology exists in the non-Alu sequences of
the human and bovine 3' untranslated mRNA regions. When
these sequences are compared by means of a dot-matrix
computer program, extended diagonal lines indicative of
sequence homology are seen (Fig. 5A). There is little se-
quence homology between the 3' untranslated regions of the
human and rabbit receptor mRNAs (Fig. 5B). The base
compositions of these sequences are strikingly different as
well. The rabbit sequence is 62% G+C, while the human and
bovine sequences are 50% and 51%, respectively.
The occurrence of homology in the non-Alu sequences of

the human and bovine 3' untranslated mRNAs allowed us to
examine further the genetic events giving rise to the Alu
cluster in exon 18 (Fig. 6). The first Alu sequence in this
cluster is flanked by imperfect direct repeats of 15 nucleo-
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tides (7). At position 1143 of the bovine sequence a stretch of
15 nucleotides begins; 11 of these 15 nucleotides are identical
with the direct repeats flanking Alu 1 (Fig. 6). The sequences
ofthe left direct repeat and its cognate in the bovine sequence
are as follows, with identities indicated by vertical lines:

Human (3686-3700) AAAACATGCACGGTG
Bovine (1143-1157) GAAACATGCATGGCA.

The human Alu 1 and Alu 2 sequences are separated by a
23-nucleotide spacer (7). Between positions 1169 and 1190 of
the bovine sequence, 13 of the 23 nucleotides match with this
spacer region (Fig. 6). The sequences and their identities ard
as follows:

Human (4026-4048) CATCAGCAGCCCATGGCCTCTGG
Bovine (1169-1190) TAAGATGTGCTC-TGGGCTCGGG.

Finally, immediately distal to the Alu 3 sequence in the
human exon 18 cluster are 15 nucleotides, of which 12 match
with those occurring between positions 1193 and 1206 of the
bovine sequence (Fig. 6). The two sequences are as folltsW:

Human (4513-4527) TTTGACGGGACTTCA
Bovine (1193-1206) TTTCATGGGA-TTCA.

These homologies, in a contiguous stretch of 64 nucleotides
in the cow, suggest that the events which led to the Alu
sequences in the 3' untranslated region of the human mRNA
may have occurred in two discrete steps (see Discussion).

DISCUSSION
The human LDL receptor gene represents an unique region
of the genome for the study of the Alu family of middle-
repetitive DNAs. Ala sequences are present in numerous
introns and in the last exon of this gene. Mutations in the
human LDL receptor gene occur in about 1 in 500 individuals
in most populations, resulting il the clinical syndrome of
heterozygous FH (8). One mutation was characterized at the
molecular level as a 5-kb deletion that removed exons 16 and
17 and part of 18 (9). This deletion was the result of an
intrastrand recombination event between a cluster of Alu
sequences in the intron separating exons 15 and 16 and the
Ala sequences in exon 18. Here, we have analyzed further
these clusters of Alu sequences.

Within the intron Alu cluster there is a polymorphic Pvu II
site (Fig. 2). As determined by Southern blotting, the pres-

re)

Human
mRNA 5 '''' 3

Bovine 5' ...GAAACATGCATGGCA+GGTCTGCCCTG+TAAGATGTGCTCTGGGCTCGGGAATTTCATGGGATTCA.... 3'
mRNA - -- -' ~ =-
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FIG. 6. mRNA structure in the region of the Alu cluster in exon 18. The upper portion of the figures represents the 3' untranslated region
of the human LDL receptor mRNA (exon 18). The direct repeats flanking Alu 1 are shown as arrows. Numbers for nucleotide position refer
to the complete mRNA sequence (7). The lower portion of the figure shows the nucleotide sequence of the corresponding region (nucleotides
1143 to 1206, Fig. 4A) in the bovine LDL receptor mRNA. The number of matches (underlined with black bars) in the homologous regions
discussed in the text are indicated between the human and bovine sequences.
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ence of this site results in a 14-kb Pvu II fragment (allele B),
while its absence results in a 16.5-kb Pvu II fragment (allele
A). Analysis ofDNAs isolated from 19 individuals (38 alleles)
revealed that the frequency of allele A is 0.764 and that of
allele B is 0.236. Substitution of these numbers in the
Hardy-Weinberg equation (19) indicates an equilibrium dis-
tribution of the AA, AB, and BB genotypes. The frequencies
of the A and B alleles indicate that in the general population
the polymorphism may be informative in the diagnosis of FH,
or perhaps in the exclusion of this disease in patients with
other lipid disorders. Similar findings have recently been
reported by Humphries et al. (20).
The nucleotide sequence around the Pvu II site in theA and

B alleles indicated that the polymorphism was caused by an
adenine to guanine transition in the recognition sequence of
this enzyme. This difference is located in the right arm (17)
of the 5' Alu repeat of a cluster of two tandem Alu sequences
in this intron (9). Despite the abundance of Alu repeats in the
genome, few DNA polymorphisms have been found in these
sequences. One Alu polymorphism occurs at a Rsa I restric-
tion endonuclease site in the human A-globin locus (21), and
a second occurs in a Taq I site in the last intron of the factor
VIII gene (22). The scarcity of Alu-associated polymor-
phisms is probably due to a small sample size and the lack of
resolution in the screening technique rather than an inherent
genetic stability of these repeated sequences. Interestingly,
the LDL receptor Pvu II polymorphism occurs at position
-27, which is one of the most variable regions of the Alu
sequence (17).
Alu sequences are usually located in introns or in intergenic

spacer regions. Their occurrence in the last exon of the
human LDL receptor gene represents an anomaly whose
study may yield insight into middle-repetitive DNAs in
general. Analysis of this region of the gene in primates by
Southern blotting (Fig. 3) provides circumstantial evidence
that this cluster is in the chimpanzee and gorilla (family
Hominidae), but not in the baboon (family Cercopithecidae).
It is estimated that the last common ancestor shared by these
two families lived 33 million years ago (23). If this estimate is
correct, then the genetic events that gave rise to the exon Alu
cluster may have occurred within the last 33 million years.

Cattle and rabbits diverged from primates over 33 million
years ago and thus should not contain Alu sequences in their
equivalents of the human exon 18. This prediction was
confirmed directly by sequence analysis of 3' untranslated
regions in bovine (Fig. 4A) and rabbit (Fig. 4B) cDNA clones.
In these DNAs, there were no homologies with the Alu
repeats present in the human mRNA (Fig. 5). However, there
was substantial sequence homology between the human and
bovine mRNAs outside of the Alu repeats (Fig. SA).
The genetic events that gave rise to the exon Alu cluster

were studied by analysis of the human and bovine non-Alu
homologies (Fig. 6). Three informative sequences corre-
sponding to the direct repeats flanking Alu 1, the spacer
sequence separating Alu 1 from Alu 2, and a sequence
immediately 3' to Alu 3 occur in a contiguous sequence of 64
nucleotides in the bovine mRNA. The spacer sequence
homology implies that Alu 1 arrived in exon 18 independently
of Alu 2 and Alu 3. The direct repeat homology suggests that
Alu 1 transposed to this region via a mechanism common to
mobile genetic elements in other genomes (3). Thus, a
15-base-pair sequence present once in an ancestral DNA was
duplicated during the process of integration of the transpos-

ing Alu element (Fig. 6). There is no clue as to how or when
Alu 2 and Alu 3 arrived in exon 18; however, the sequence
homology immediately 3' to Alu 3 puts a boundary on the
region involved in this putative separate genetic event. If, as
these three sequence homologies suggest, the Alu repeats of
exon 18 arrived independently, then it may be possible to find
an intermediate containing less than three Alu sequences in
another primate DNA.
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