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Summary

We describe a new class of DNA length polymorphism that is due to a variation in the number of tandem
repeats associated with Alu sequences (Alu sequence-related polymorphisms). The polymerase chain reac-

tion was used to selectively amplify a (TTA)n repeat identified in the 3-hydroxy-3-methylglutaryl coenzyme
A (HMG CoA) reductase gene from genomic DNA of 41 human subjects, and the size of the amplified
products was determined by gel electrophoresis. Seven alleles were found that differed in size by integrals of
three nucleotides. The allele frequencies ranged from 1.5% to 52%, and the overall heterozygosity index
was 62%. The polymorphic TTA repeat was located adjacent to a repetitive sequence of the Alu family. A
homology search of human genomic DNA sequences for the trinucleotide TTA (at least five members in
length) revealed tandem repeats in six other genes. Three of the six (TTA)n repeats were located adjacent
to Alu sequences, and two of the three (in the genes for ,B-tubulin and interleukin-la) were found to be
polymorphic in length. Tandemly repetitive sequences found in association with Alu sequences may be fre-
quent sites of length polymorphism that can be used as genetic markers for gene mapping or linkage
analysis.

Introduction

The human genome contains many interspersed repeti-
tive DNA sequences that are polymorphic in length be-
cause of variability in the number of repeat units in
a tandemly repeated sequence. One class of repetitive
sequences that is highly polymorphic is the hypervaria-
ble region or variable number of tandem repeats
(VNTRs). These sequences differ in the number of a
tandemly repeated sequence that ranges in length from
nine to 40 nucleotides (Jeffreys et al. 1985; Nakamura
et al. 1987). The different VNTR alleles can be distin-
guished by Southern blot analysis or the polymerase
chain reaction (PCR) and can be used as genetic mark-
ers in linkage analysis or in gene mapping (Jeffreys et
al. 1985; Donis-Keller et al. 1987; Nakamura et al.
1987) Owing to their very high heterozygosity index
(approaching 90%; Wong et al. 1987), VNTRs can be
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very informative genetic markers (Jeffreys et al. 1985).
Their usefulness, however, is limited by the fact that
they are not randomly distributed in the human genome
but instead are preferentially located in the telomeric
regions of chromosomes (Royle et al. 1987; Nakamura
et al. 1988).

Microsatellites are another class of tandemly repeated
sequences that are more evenly distributed in the hu-
man genome. Each microsatellite consists of a variable
number of the dinucleotide repeat (dC-dA)n, where
n ranges from 10 to 60. There are an estimated
50,000-100,000 copies of these sequences in the hu-
man genome (Miesfeld et al. 1981; Hamada et al. 1984;
Litt and Luty 1989). Oligonucleotides homologous to
unique sequences flanking a microsatellite can be used
to selectively amplify the repeated sequence by PCR.
The alleles (which can differ in length by as few as 2
bp) can be differentiated by fractionating the amplified
DNA product on a high-resolution gel (Litt and Luty
1989). The heterozygosity indices of microsatellites
range between 34% and 74%, and thus they are some-
what less informative than VNTRs (Weber and May
1988).

In the present paper we describe a new class of tan-
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demly repetitive sequences which are located adjacent
to Alu sequences (Schmid and Jelinek 1982) and are
highly polymorphic in length. We have called these
length polymorphisms "Alu sequence-related polymor-
phisms."

Material and Methods

Material

Poly (dA-dC) (poly (dT-dG) and bacteriophage M13
replicative form were obtained from Pharmacia LKB
Biotechnology (Piscataway, NJ). Genomic DNA was
extracted and purified from blood leukocytes by using
a model 340A DNA extractor (Applied Biosystems, Fos-
ter City, CA). The thermal cycler used for PCR was
obtained from Perkin Elmer Cetus (Norwalk, CT). [Y-
32p] ATP (_ 7,000 Ci/mmol) and Biotrans nylon mem-
branes were purchased from ICN Radiochemicals
(Costa Mesa, CA). [a-32P]dATP (=3,000 Ci/mmol)
was obtained from Dupont New England Nuclear (Bos-
ton). GenecleanTM was obtained from BIO 101 (La Jolla,
CA). A model 380A DNA synthesizer was used to syn-
thesize the oligonucleotides used for PCR, and a model
370A DNA sequencer was used for sequencing; both
machines were purchased from Applied Biosystems (Fos-
ter City, CA). Homology searches were performed using
MicrogenieTM (updated 3/89) from Beckman (Palo Alto,
CA). DNA probes were radiolabeled by hexamer prim-
ing using a random-primer DNA-labeling kit from
Boehringer-Mannheim Biochemicals (Indianapolis). A
Charon 4A X bacteriophage (XHRed-1) containing a
14-kb insert from the human 3-hydroxy-3-methylglu-
taryl coenzyme A reductase (HMG-CoA reductase) gene
(Luskey and Stevens 1985) was obtained from Dr. Ken
Luskey, University ofTexas Southwestern Medical Cen-
ter, Dallas.

Identification and Sequencing of (TTA)n Repeat in the
HMG CoA Reductase Gene
Two micrograms of X HRed-1 were digested with

HindIII and EcoRI in the buffers suggested by the sup-
plier. The DNA was size-fractionated on a 0.8% agarose
gel in 1 x TBE (0.05M Tris, 0.05M boric acid, 1 mM
EDTA, at pH 8), transferred to a nylon membrane, and
then hybridized with radiolabeled poly (dA-dC) * poly
(dT-dG). The hybridization and washing conditions
were exactly as described elsewhere (Litt and Luty 1989).
A single 1.5-kb fragment that hybridized strongly to
the probe was isolated by extraction from a low-melting-
temperature gel by using GenecleanTM. The fragment was
subcloned into bacteriophage M13 and sequenced with

an Applied BiosystemsDNA Sequencer using the univer-
sal M-13 primer.

PCR-directed Amplification of (TTA)n Repeat
Two 20-base oligonucleotides, end-labeled GZ-1 and

unlabeled GZ-2, complimentary to sequences flanking
the (TTA)n repeat in the HMG-CoA reductase gene
(fig. 2A), were used to selectively amplify the repeated
sequence from genomic DNA by PCR according to a
method described elsewhere (Saiki et al. 1988), with
the following modifications; (1) the annealing and elon-
gation reactions were performed at 60°C for 2 min and
(2) the denaturation was performed at 95°C for 1 min.
One-tenth of the amplification product was size-frac-
tionated by electrophoresis on an 8% denaturing poly-
acrylamide gel in 2 x TBE for 4 h at 1,200 V and
50 mA. Radiolabeled MspI-digested pBR22 DNA was
used as a size standard. The gel was exposed to Kodak
XAR-5 film for 30 min at -200C.
A homology search of human DNA sequences was

performed to identify TTA (or TAA) repeats of at least
five copies in length; (TTA)n repeats were found in as-
sociation with the following genes: enkephalin (Comb
et al. 1983), factor IX (Yoshitake et al. 1985), fibrino-
gen (Kant et al. 1983), a-globin (Hess et al. 1983) P-tu-
bulin (Lee et al. 1984), and interleukin-la (Furutani
et al. 1986). Oligonucleotides corresponding to se-
quences flanking these repeats were synthesized and used
in PCR-directed amplification of genomic DNA from
six unrelated individuals as described above.

Results

In an effort to find a polymorphic microsatellite in
the HMG-CoA reductase gene, we sequenced a frag-
ment that hybridized on Southern blot with a poly
(dA-dC)-(dG dT) probe. We did not identify a (dA dC)
repeat but did find 10 tandem copies of the triplet TTA
at the end of an Alu sequence located 10 kb 3' of exon
2 (fig. 1). Two 20-base oligonucleotides complemen-
tary to sequences flanking the repeat (GZ-1 and GZ-2
in fig. 2A) were used to amplify, by PCR, the interven-
ing sequences from genomic DNA of eight unrelated
individuals. The amplification products were size-
fractionated on a denaturing polyacrylamide gel, and
the gel was subjected to autoradiography (fig. 3A). In
each lane we observed one or two intense bands and
additional minor bands. All together a total of seven
different-sized major bands were found. The number
ofTTA repeats in the smallest and largest fragment was
determined by direct sequencing of an end-labeled am-
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A HMG-CoA-REDUCTASE
CATGACCATATGAATCTACTCATGCTTTCATGCAAATAATCATGTTCCATCCATGTCTGCTTAATATGGTTCTTTCTTTTAAATATATGTTAATACGTTT

GZ-1 *a ,
ATTGGTAAAATGCAATTTTTTGCCAGCTTTATTGAGGTATACTTGACAAAATTTTAT1i IATTATTATTATTATTATTATTATTATTTGTTTTGGAGA

GZ-2 +282
CAGAGTGTCACTCTGTCACCCAGGCTGGAGTACAGTGGCACCATCTTGGCTCACAGCAACCTCCACCTCCCAGGTTCAAGCGATTCTTCTCTATCAGCCT

CCCGAGTAGCTGGGATTACAGGCCATCCGCCAACCCATGTCTGGGC TATTTTTTGTGTTTTTAGCAGAGATGGGATTTCACTATGTTGGCCAGGCTGGT

CTCAAACTCCTGGCCTCAAGTGGTCTGCCTGCCAAGGCCTCCCAAAGTGCTGGGATTACAGGTATGAGCCACTCGATGCCGGCCTGCATTCTTCAATCAT

ATGCTTTTAGCTAACTTAGTCAG

B P-TUBULIN
AGGCAGGGGGCGGGGGAGTGTTTTGTGTGTATGTGTGTTTTTGAGATGGAGTCTCACTCCGTCACCCAGGCTGGAATGCAGTGGCTCAATCTTGGCTCCC

GZ-3*i -
TGCAGCCTCCTCCTCCCAGGTTCAAGCAATTCTCTTGCCTCAGCCTcCCGAGTAGCCAGGGACTACGATr.GCTCACCAGCACACTGGCTATAATTGTTAT

-~ ~~~~~GZ-4
TA TA^TTATTATTATTATTATTATTATTATTA rTTTGAGACGGAGCTCGCTCTGTTGCCCAGGCTGCAGTGCAGTGGCACAATGTCGGCTCACTGCCA

GCTTCCGCCTCCTGGGTTCACGCCATTCTCCTGCCTAGCCTCCCGAGTAGCTAGGACTACAGGCGCCCGCACCACTCCCGGCTAATTTTTTTTGTAATTT

TAGTAGAGACGGGGTTTCACCGTGTTAGCCAGGTTGGTCTCGATCTCCTGACCTCGTGATCCGCCCACCTCGGCCTCCCAAAGTGCTGGGATTACAGGTG

TGAGCCACCGCACCCGGCTATTTGTTAT TATTTTTGATAGTTACTA
ti

C INTERLEUKIN-1 ax

ACTATCATTATTATTATTATTTTATTTTTTTTTTTT§AGATGGAGTCTGGCTCTGTCACCCAGGCTGGAGTGCAGTGGCACAATCTCGGCTCACTGCAA
f 282

GCTCTGCCTCCTGGGTTCATGCCATTCTCCTGCCTCAGCCTCCCGAGTAAGCTGGGAATACAGGCACCCGCCACTGTTCCCGGCTCCTGGGTTCATGCC

GZ-5 -
ATTCTCCTGCCTAATTTTTTGTATTTTTAGTAGAGACGGAGTTTCACCGTGGTCTCCATCTCCTCGTGATCCACCCACCTTGGCCTCCCAAAGTGCCGG

I- -4 - * GZ-6
GATTACAGGCGTGAGCCACCGCGCCCGGCCT TATTATTATTAT i~TACTACTAC TACCTATATGAATACTACCAGCAATACTMATTTATTAATGAC

TGGATTATGTCTAATCTCATTTTACATAAAAGGAAACTAAGCTCATTGAGATAGGTAAACTGCCCAATGGCATACATCTGTAAGTGGGAGAGCCTCAAA

TCTAATTCAGTTCTA

Figure I Partial sequences of the human HMG-CoA reduc-
tase, I-tubulin, and interleukin-ica genes. The HMG-CoA reductase
(A), S-tubulin (B), and interleukin-l a (C) genes contain 10, 10, and
5 copies of the (TTA), repeats, respectively. The (TTA)n repeated se-
quences are boxed. Alu sequences are underlined and numbered ac-
cording to the consensus sequence. The direct repeats flanking the
Alu sequences are double underlined. The arrows show the location
of the oligonucleotides used to amplify the three blocks of (TTA)n
repeats by PCR, and the asterisk denotes the end-labeled oligonucle-
otide.

plified fragment from individuals homozygous for the
smallest (10 repeats) and largest (16 repeats) bands
(Maxam and Gilbert 1980). The number of repeats in
the other five bands were deduced by reference to the
size standards and to the two sequenced alleles. The
seven different alleles differed in size by integrals of three
nucleotides, and the alleles segregated in two families
in a codominant fashion (fig. 3A, lanes I-L and M-P).
When the end-labeled fragments were sequenced, only
a single sequence was visualized (data not shown), sug-
gesting that the minor "shadow" bands were generated
as artifacts of the PCR reaction. Similar PCR artifacts
have been observed when a (dC~dA)n repeat was ana-
lyzed in an analogous fashion (Litt and Luty 1989).
The distribution of the seven alleles was determined

in 41 unrelated Caucasian Americans (82 alleles), and
the results are shown in figure 4A. The most frequent
allele was the one with the fewest repeats, and this ac-
counted for 52% of all alleles. The heterozygosity in-
dex was 62%; this is close to the calculated frequency
of 66% that would be expected if all seven alleles were
in Hardy-Weinberg equilibrium.

In order to determine whether the (TTA)n size poly-
morphism was present at other genetic loci, we searched
the GenBank Depository (updated 3/89) for human
genomic sequences that contained five or more copies
of the TTA trimer or its complement, TAA. Tandem
repeats of the trimer were identified in or near the genes
for I-tubulin (10 repeats), enkephalin (five repeats), fac-
tor IX (five repeats), a-globin (five repeats), interleukin-
1 a (five repeats), and fibrinogen (five repeats). For each
of these loci, oligonucleotides flanking the tandemly
repeated trimer were used to amplify the sequence, and
the number of repeats for six individuals was deter-
mined by fractionating the PCR-amplified product on
a denaturing gel. For the enkephalin, factor IX, fibrino-
gen, and a-globin genes, no length polymorphisms were
identified (data not shown). The TTA repeats in each
of these four genes are composed of five copies of the
sequence TTA. With the exception of the a-globin gene,
none of these repeats was located next to an Alu se-
quence. The TTA repeats found in the ,B-tubulin and
interleukin-1 a genes were polymorphic in length among
these six individuals. In both of these genes the TTA
repeats were located within or adjacent to one of the
direct repeats flanking an Alu sequence (figs. 2B and
2C). The results ofPCR amplification of the I-tubulin
repeat when oligonucleotides GZ-3 and GZ-4 were used
are shown in figure 3B. On the basis of the published
I-tubulin sequence, a single 89-bp amplification prod-
uct was expected. However, bands that were three or
six nucleotides longer than expected were generated
from some individuals, owing to the presence of addi-
tional copies of the trinucleotide repeat. Codominant
inheritance was demonstrated in one family (fig. 3B,
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Figure 2 Location of (TTA)8 repeat in XHRed-1. XHRed-1 is
a Charon 4A bacteriophage containing a 14-kb insert from the hu-
man HMG-CoA reductase gene. The location of exon 2 and restric-
tion sites for EcoRI (E) and HindIII (H) are shown.
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Figure 3 Electrophoresis of PCR-amplified products containing the (TTA), repeats associated with the human HMG-CoA reductase,
13-tubulin, and interleukin-la genes. Panel A, End-labeled oligonucleotide GZ-1 (5'-TTTATTGAGGTATACTTGAC-3') and oligonucleotide
GZ-2 (5'-CAGAGTGACACTCTGTCTCC-3') were used to amplify the intervening sequences from 1 pg of genomic DNA of 41 Caucasian
American individuals. The amplified products were fractionated on an 8% denaturing polyacrylamide gel by using MspI-digested pBR322
DNA as a size standard. The gel was subjected to autoradiography for 1 h at -200C. The number of (TTA). repeats was determined by
sequencing PCR-amplified DNA from an individual homozygous for the shortest allele (with 10 repeats) and from individuals E and G,
who had 15 and 16 repeats, respectively. The sizes of the other alleles were determined by reference to size standards and to the sizes of
the alleles with the fewest and most (TTA)n repeats. Lanes I-L and M-P show the segregation of these alleles in two families whose pedigrees
are indicated. Similar analyses were done for the (TTA), repeats associated with the 3-tubulin gene (panel B) by using end-labeled GZ-3
(5'-GATCGCTCACCAGCACACTGGCTAT-3') and GZ-4 (5'-CTGGGCAACAGAGCGAGCTCCGTCT-3') and for the interleukin-la gene
(panel C) by using GZ-5 (5'-GGGATTACAGGCGTGAGCCACCGCG-3') and end-labeled GZ-6 (5'-TTAGTATTGCTGGTAGTATTCATAT-3').

lanes G-J). The frequencies of the three different al-
leles were determined in 35 unrelated individuals (70
alleles), and a summary of the results is shown in figure
4B. The heterozygosity index for this polymorphism
was 57%.
The TTA repeat associated with the interleukin-la

gene was also polymorphic in length, but only two al-
leles were identified, and these differed in size by one
repeat (fig. 3C). TheDNA from 20 individuals was ana-
lyzed. The smaller allele, which has five repeats, ac-
counted for 77% of the sample. Of the individuals
tested, 45% were heterozygous, although a frequency
of35% is predicted if the alleles are in Hardy-Weinberg
equilibrium. The difference between the expected and
observed frequencies may be due to the small sample
size.
The polymorphic TTA repeat in the I-tubulin gene

is located at the 3' end of an Alu sequence, whereas
the polymorphic repeat at the interleukin-1 a locus was
found at the 5' end. Both sequences were part of, or
were directly adjacent to, one of the direct repeats flank-
ing an Alu sequence (fig. 2). For each locus, the other
direct repeat flanking the Alu sequence was analyzed
in a similar fashion by PCR, and no length polymor-
phisms were found (data not shown). In the HMG-CoA
reductase gene the TTA repeat is located adjacent to
the 3' poly-A tail of the Alu sequence, but there are
no direct repeats flanking this element.

Conclusions

We describe a new class of DNA length polymor-
phisms that is attributable to a variation in the number
of trimers of a repeated trinucleotide, TTA. The heter-
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Figure 4 Frequency distribution of alleles of the human HMG-
CoA reductase and 1-tubulin genes in a sample of unrelated individ-
uals. Genomic DNA from 41 and 35 Caucasian Americans was used
to selectively amplify the (TTA),, repeats of the HMG-CoA reduc-
tase gene (A) and the I-tubulin gene (B), as described in Methods.
A total of seven and three different alleles were detected in the HMG-
CoA reductase and 0-tubulin genes, respectively.

ozygosity index of these repeated sequences ranges from
37% to 62%, a range which is similar to that seen with
microsatellites (Weber and May 1988) and which thus
makes these repeated sequences potentially useful as
genetic markers for linkage studies. In this study, poly-
morphic TTA repeats were identified in the human
HMG-CoA reductase, IBtubulin, and interleukin-la
genes.
The TTA repeat in the HMG-CoA reductase gene

is located immediately 3' of an Alu sequence, and in
the other two genes the repeats are part of, or are im-
mediately adjacent to, one of the direct repeats flank-
ing an Alu sequence. Direct repeats are found immedi-
ately 3' of the poly-A tail and at a variable distance 5'
of most Alu repeats. The sequences of the direct repeats
are not part of the Alu consensus sequence and are
thought to be generated at the site of Alu integration
into the genome. Alu sequences seem to preferentially
insert into A-rich regions of the genome (Bains 1986),
which may account for the A-T-rich composition of these
polymorphic repeats. At both the 1-tubulin and inter-
leukin-la loci, only one of the two TTA repeats flank-
ing the Alu sequence was found to be polymorphic in
length, suggesting that the size polymorphism was
generated subsequent to the insertion of the Alu se-
quence.

In some cases the tandem repeat probably evolved
by slipped-strand mispairing (Fresco and Alberts 1960;
Streisinger et al. 1966) after an adenosine-to-thymidine
transition in the poly-A tail of the Alu sequence. In vitro
studies of slipped-strand mispairing of (dC~dA)n
repeats have shown that the degree of length polymor-
phism is directly related to the number of repeats and
that deletions are more frequent than insertions (Levin-
son and Gutman 1987). These studies predict that the
most frequent allele would be the one with the fewest

repeats needed to maintain the stability ofthe misaligned
DNA intermediate. At the HMG-CoA reductase and
interleukin-la loci, the allele with the fewest number
of TTA repeats was the most frequent, but at the
13-tubulin locus the allele with an intermediate number
of repeats predominated.

Four of the TTA repeats identified on the homology
search were associated with Alu sequences, and three
of these were found to be polymorphic in length,
whereas no size polymorphism was identified in the
repeats not associated with Alu sequences. This differ-
ence in the degree of the polymorphism cannot be at-
tributed to differences in the number of repeat units,
since the number of TTA repeats found in the factor
IX, enkephalin, and fibrinogen genes (which were not
associated with Alu sequences) was the same as the num-
ber of TTA repeats in the a-globin and interleukin-la
genes (which were associated with an Alu sequence).
Yet, only the TTA repeat found in the interleukin-1 a
gene was polymorphic in length. Too few loci have been
examined to determine whether there is a causal rela-
tionship between the frequency of length polymorphism
and the physical proximity to Alu sequences, but these
studies suggest such an association.

Sequences in close proximity to Alu repeats might
be more susceptible to mispairing events if Alu sequences
were transcriptionally active and/or preferentially in-
volved in recombinational events. Alu sequences (which
constitute 9% of the human genome) have been shown
to be concentrated in the R (reverse) bands by in situ
hybridization studies of human chromosomes (Korn-
berg and Rykowski 1988). These regions are very GC
rich and have been found to be more transcriptionally
active. There is good evidence in vitro, and conflicting
evidence in vivo, that Alu sequences are transcribed by
RNA polymerase III (Duncan et al. 1981; Elder et al.
1981; Fuhrman et al. 1981; Johnson and Jelinek 1986;
Paulson and Schmid 1986). Both the close physical as-
sociation of Alu sequences with transcribed genes and
the possibility that some Alu sequences are transcrip-
tionally active may make sequences adjacent to Alu
repeats more prone to slipped-strand mispairing events.

Recombination seems to occur more frequently in
the R bands, and this may be related to the concentra-
tion of Alu sequences within these regions. Alu se-
quences have been implicated as sites of recombina-
tional events responsible for the duplication and
evolution of new genes in the human genome (Barsh
et al. 1983; Kudo and Fukada 1989). Alu sequences
have also been implicated as hot spots for gene rear-
rangement in both the low-density-lipoprotein (LDL)
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and 3-globin genes (for review, see Lehrman et al. 1987),
as well as in numerous other gene loci (Myerowitz and
Hogikyan 1987; Nicholls et al. 1987; Rouyer et al. 1987;
Markert et al. 1988; Vnencak-Jones et al. 1988; Huang
et al. 1989). Sequences in close proximity to Alu repeats
may be more susceptible to slipped-strand mispairing
events, owing to a higher frequency of recombinational
events associated with Alu sequences.
On the basis of these findings it would be expected

that other tandemly repeated sequences adjacent to Alu
repeats would be polymorphic in length. To test this
hypothesis we examined two sets oftandem repeats ad-
jacent to an Alu sequence: a (TTTA)n repeat located
in the apolipoprotein B gene (Huang et al. 1989) and
a (TTTC). repeat in the third intron of the Apo C-III
gene (Protter et al. 1984). Both repeats were found to
be highly polymorphic in length, with heterozygosity
indices of 66% and 83%, respectively (Zuliani and
Hobbs, in press-a, in press-b). Also, Economou et al.
(1989) have reported a length polymorphism in the
3-globin gene cluster. Therefore, the association found

in the present study between length variation in a
repeated sequence and physical proximity to an Alu re-
peat is a more generalized finding.
Note added in proof.- Since this paper was submit-

ted we have identified an additional Alu sequence-
related polymorphism. There is a (TTTA). repeat lo-
cated at the 3' end of an Alu sequence in intron 6 of
the lipoprotein lipase gene that is polymorphic in length.
There are three different alleles, and the heterozygosity
index is 54%.
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