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Summary

A hypervariable region occurs immediately 3' of the human apolipoprotein B gene. Several allelic variants
of this tandemly repeated sequence can be resolved by genomic blotting. Higher resolution among size
variants may be obtained by polymerase-chain-reaction amplification of this region followed by electropho-
resis in a denaturing acrylamide gel. Fourteen different alleles containing 25-52 repeats of the basic 15-bp
unit were distinguished in a population study of 318 unrelated individuals. This approach should be ap-

plicable to pedigree and linkage analysis with the apolipoprotein B gene or other tandemly repeated se-

quence elements.

Introduction

The human genome contains a class of tandemly re-
peated sequence elements, usually 10-100 bp in length.
In general, they are scattered throughout the genome
and may be classified into families of related sequence
(Nakamura et al. 1987). In many cases, the number
of tandem repeats is highly variable, so that multiple
alleles are detectable as length polymorphisms by South-
ern blot analysis (Ali and Wallace 1988). The degree
of heterogeneity within various minisatellites differs,
but in extreme cases the frequency of heterozygosity
may approach 100% (Jeffreys et al. 1985, 1988a). Sev-
eral of these minisatellites occur in association with var-
ious genes of clinical interest. The hyperallelism result-
ing from the existence of many different hypervariable
regions (HVRs) at a single locus within the population
has been exploited for linkage studies with the genes
for human globin (Jarman et al. 1986), insulin (Bell
et al. 1982), collagen type II (Stoker et al. 1985), and
apolipoprotein (apo) B (Knott et al. 1986; Huang and
Breslow 1987; Jenner et al. 1988), among others. Five
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different minisatellites occur in the vicinity of the globin
gene cluster (Jarman and Higgs 1988).

Apolipoprotein B-100 is the major protein constitu-
ent of low-density lipoproteins (LDL) and acts as the
ligand for LDL receptor-mediated uptake ofLDL. Lev-
els of LDL and apo B-100 in the plasma correlate with
the incidence ofpremature heart disease. In a pig model
of atherosclerosis, particular apo B alleles detectable
with alloantisera are associated with susceptibility and
elevated plasma cholesterol (Rapacz et al. 1986). In the
human population, at least 14 common apo B alleles
are distinguishable through the use of alloantisera from
multiply transfused patients (Lusis 1988). Similarly, a
number of apo B gene RFLPs have been reported, some
of which are associated with plasma LDL level (Berg
1986). One particular apo B gene point mutation dis-
plays a high degree of correlation with hypercholester-
olemia (Weisgraber et al. 1988; Soria et al. 1989).
The human apo B gene also contains a minisatellite

sequence less than 100 bp 3' of its second canonical
polyadenylation signal (Knott et al. 1986; Huang and
Breslow 1987; Jenner et al. 198 8). Alleles differ in length
by virtue of variable numbers of 15-bp hypervariable
elements (HVEs). Larger alleles of this HVR are re-
ported to be more common in myocardial infarction
patients (Hegele et al. 1986). In the present paper, we
present a rapid method for the analysis of the apo B
HVR, a method that provides a higher degree of reso-

458



Apo B Hypervariable Region

lution among alleles of different sizes than does that
offered by Southern blot analysis and that thereby in-
creases the apparent frequency of heterozygosity.

Material and Methods

Plasmids

Plasmid pBB120 contains a 13.5-kb Sail fragment
from a X clone isolated from a human genomic library
(Blackhart et al. 1986) containing part of the human
apo B gene inserted into a Bluescribem (Stratagene) vec-
tor. Plasmid pl2DlEco contains a 4.8-kb EcoRI frag-
ment of the above insert in the same vector.

Oligonucleotides
All oligonucleotides were synthesized using an Ap-

plied Biosystems 380B synthesizer. One ofthem (PCR3)
was end-labeled with T4 polynucleotide kinase and
[y-32P]ATP to 106 cpm/ng.
The three oligonucleotide primers used had the fol-

lowing sequences:

1. PCR1-5' CACAGCAAAACCTCTAGAACA 3'. The
5' end of this sequence lies 369 bp 3' of the codon
specifying the carboxy-terminal leucine and 121 bp
5' of the first 15-bp HVE.

2. PCR2-5' GTTCCTCAGGATCAAAGTATGTAC 3'.
The 5' end lies 125 bp 3' of the last 15-bp HVE.

3. PCR3-5' GGAGAAATTATGGAGGGAAAT 3'.
This 5' end lies 427 bp 3' of the codon specifying
the carboxy-terminal leucine and 63 bp 5' of the first
15-bp HVE.

Polymerase Chain Reaction (PCR)

PCRs were carried out using an automated thermal
cycler (Perkin-Elmer/Cetus) and Thermus aquaticus
DNA polymerase obtained from Cetus. Reactions con-
tained 500 ng genomic or 5 ng plasmid DNA, 100 ng
PCR1, 200 ng PCR2, and 200 ipM of each dNTP in
the buffer recommended by Saiki et al. (1988). Initial
denaturation was at 970C for 10 min. Subsequently,
25 cycles were used, each consisting of 94°C for 1 min
for denaturation, 1 min annealing at 550C, and 5 min
extension at 720C. To label the amplified product, 1
ng 32P-labeled PCR3 was added to each reaction mix-
ture, and five more cycles of PCR amplification were
performed under the same conditions.

Electrophoresis
Electrophoresis was conducted in a vertical DNA se-

quencing apparatus in 4% acrylamide gels in a buffer

containing 7 M urea at 45-50°C for 3.5-4.0 h. One-
tenth of each PCR reaction was dried down, resus-
pended in formamide dye mix, and heated to 720C for
3 min prior to loading. Gels were dried onto paper and
autoradiographed.

DNA Sequencing

Sequencing was performed with double-stranded
plasmid DNA by the method of Kraft et al. (1988) and
with double-stranded linear-amplified DNA by using
32P-labeled primers and Sequenase.TM

Genomic DNA

DNA was prepared from white blood cells of 318
Austrian subjects (Paulweber et al., in press).

Results

Sequence Comparison of HVR Alleles

The 3' end of the human apo B gene is depicted in
figure 1. TheHVR begins 73 bp 3' of the second AATAA
polyadenylation signal (fig. 1). Different alleles vary in
length over a range of about 400 bp as a result of the
numbers of two related 15-bp HVEs. One of these
HVRs was cloned and sequenced from human genomic
DNA in order to compare it with sequences published
previously (Knott et al. 1986; Huang and Breslow 1987;
Jenner et al. 1988). Rather than being presented in terms
of its actual DNA sequence, this HVR is expressed in
terms of the convention used by Huang and Breslow
(1987) (fig. 2). In this scheme, the first 15-bp sequence
(ATAATTAAATATTTT) is designated x, and the sec-
ond one (ATAATTAAAATATTT) is designated as y;
these two sequences differ only at positions 10-12. These
repeats alternate and are followed by other repeats of
slightly different sequences, designated x' and y', for
example. Such variants contain single-base substitutions
or, in one case y"', a 4-bp deletion. Figure 2 compares,
according to this convention, the six published se-
quences and the new sequence. It is clear that most of
the variation in length of the seven HVR alleles is at-
tributable to the number of x and y HVEs. Further-
more, all seven sequences differ from one another.
Our intention was to develop a high-resolution

method for distinguishing HVR alleles differing in
length. For that reason, we have used a nomenclature
that describes the number ofHVEs. Since the sequence
is composed of tandem repeats of 15-bp variants, we
term these different-length alleles as HVE x, where x
is the number of 15-bp repeats. Thus, in figure 2, al-
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Figure I Schematic diagram illustrating the structure of the 3' end of the human apo B gene (Ludwig et al. 1987). The upper scale
shows a 13.5-kb Sall (S) fragment together with seven EcoRI (E) sites. The lower scale delineates a subcloned fragment including part of
exon 29, the HVR, and its flanking regions. The loci of the two transcriptional stop signals (AATAA) and the three oligonucleotides used
as primers for amplification (PCR1, 2, and 3) are indicated. Also shown are MspI (M) and BamHI (B) sites within this subclone. Exons
are depicted as solid bars, and the HVR is depicted as a hatched region.

PCR 3

ggagaaattatggagggaaatattttgcaaaaatatttaaaagaatgaggtaattgtgttttt
FR

KY y (xy~ (xy'l (x"y'13 x"- X.-y... (X"Y')2 X"X'

2 xy y (xy)6 (xy'l)3 (X"y')3 x" x'ey' ' (X..02 xx'

3 x xy (xy% (xy") (x"y")4 x' x"y"' (X"Y')2 xx'

4 xy xy (xy)5 (xY")2 (x"yN)4 x" x'y." (X"Y)2 xx'

5 xy y (xy)N (XY")2 (x"y')4 x" x"y"' (X"Y')2 x"x'

6 xy y (XY)6 (xy")2 (x"y")4 x" x"y.. (x"Y')2 x x

7 x xy (xy)A3 - (X"y")4 x" x"y"' (x"y')2 x"x'

| * ~~~*
ataaatagttaaaaagacgaggaaaaaattaaaaagacgaggttattgatctcaggaattgt

FR FR

atttgccaagtgagaaggaaaaaatattcacaaaggcttgtacatactttgatcctgaggaac

PCR 2

leles 1-7 are designated HVE 30, HVE 36, HVE 38,
HVE 35, HVE 34, HVE 36, and HVE 46, respectively.
However, although this terminology does not distin-
guish alleles 2 and 6, the data of figure 2 show that
these two alleles differ as a result of sequence micro-
heterogeneity.

Amplification of the HVR Region

To examine the length heterogeneity in the range of
HVE 30 and HVE 46, we developed a high-resolution
method based on localized DNA amplification by the
PCR (Saiki et al. 1988). Two primers, PCR1 and PCR2,
were used to amplify the HVR from genomicDNA (see
fig. 1). After 25 cycles, a third, internal 32P-labeled oli-
gonucleotide, PCR3, was added for five more cycles.
The 32P-labeled product was then electrophoresed on
a denaturing acrylamide gel. High resolution was ob-
tained that could distinguish alleles differing only by
15 bases in length, i.e., by only one HVE. Figure 3 il-

y a ATAATTAAAATA1TT

y' = ATAATTAAAGTATTT

y" = ATAATTAAAATGT1T

y.. = AT AAAGTATTT

Figure 2 Comparison of seven sequences in the polymorphic
AT-rich region at the 3' end of the human apo B gene. This figure
compares six previously published sequences (alleles 2-7) and the
plasmid that we sequenced (allele 1) in a schematic mode devised
by Huang and Breslow (1987). The core 15-base repeat HVEs desig-
nated x (ATAATTAAATATTTT) and y (ATAATTAAAATATTT) differ

only at the bases in boldface. The sequences of several modified HVEs
(x', x", y', y", and y"') are listed at the bottom of the figure. Allele
1 is the sequence in plasmid pl2DlEco described in the present pa-
per, allele 2 is the sequence from Knott et al. (1986), allele 3 is from
Jenner et al. (1988), and alleles 4-7 are those published by Huang
and Breslow (1987). The nucleotide sequences at the 5' and 3' ends
are the nonrepetitive regions between the PCR primers PCR3 (ar-
rows, top) and PCR2 (arrows, bottom). The bracket over the 3' flanking
repeat (FR) represents a deletion reported by jenner et al., and the
asterisk (*) over the C in the most 3' FR is reported by Jenner et
al. (1988) to be a T. With these two exceptions, the sequences out-
side the HVRs reported by the four groups are identical.
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Figure 3 Autoradiograph of an acrylamide gel representing all 14 HVR alleles occurring within the group of subjects examined. The
lanes on the left show the two HVR alleles, of 19 subjects, amplified from total DNA by using oligonucleotides PCR3 and PCR2. Numbers
in the top scale indicate the number of repeats in each allele. The lane marked 30 is the plasmid 12DlEco, which was sequenced and known
to contain 30 HVEs. Lanes a-c are markers created by amplifying a segment of the apo B gene of known sequence (from 183 bases 5'
of exon 29 to base 13087 of the cDNA map) with only one 32P-labeled primer. Lane a, Digestion with EcoRV to yield a fragment of 584
bases; lane b, digestion with PstI to yield a fragment of 633 bases; lane c, partial digestion with Sau3A to yield fragments of 801 and 968
bases, together with the undigested 1,055-base fragment. The number of repeats represented in each allele was computed from the plot
of migration vs. apparent size in fig. 4. The number of hypervariable repeats is equal to the size of the band in bases minus the sum of
5' and 3' nonrepetitive flanking sequences divided by 15, the repeat length; e.g., HVE 52 is 970 - 188, divided by 15 = 52.1.

lustrates some representative data; each lane shows the
HVR amplified from genomic DNA of a different in-
dividual. Fourteen different-size fragments are appar-

ent, and their sizes can be computed by comparison
of migration distance relative to markers in lanes at the
right. These estimates were made by plotting the num-
ber ofbases against the distance migrated (fig. 4). Know-
ing the total length and the length of 5'- and 3'-flanking
sequences both between PCR3 and the first HVE and
between PCR2 and the first HVE, we calculated the
number of HVEs in the repeat. The genotype of each
individual computed in this manner is recorded above
each lane in figure 3.

Overamplification as a Means of Measuring HVR Length

For routine purposes, we used 25 cycles of amplifica-

tion, followed by five more after the addition of 32p-
labeled PCR3. However, in the process of optimizing
the conditions, we discovered that, with a higher de-
gree of amplification, a very diverse population of am-
plifiedDNA fragments was generated. When these were
electrophoresed on a sequencing gel, a ladder was pro-
duced. Examples are shown in figure 5; panel A shows
three overamplified samples. Bands occur at each 1-base
(b) interval, as in a sequencing gel; those at 15- and
30-b intervals are more intense. Higher up on the gel,
the single-base ladder is no longer evident, but 15- and
30-b periodicities persist. A longer run of one of these
same samples is shown in panel B, together with nor-
mally amplified markers representing a variety of al-
leles. The scale on the left of figure SB shows the num-
ber of HVE 15-b repeats read from the sequencing
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Figure 4 Relationship between the size ofHVR alleles in bases
and migration in an acrylamide gel. The migrations of the various
fragments and markers seen in fig. 3 are plotted on a semilogarith-
mic scale vs. distance migrated. The molecular-weight standards are
plotted as squares, and the individual HVR alleles are circles. All
HVR variants are shown, except the smallest, which migrated be-
yond the smallest marker. The line drawn is a best fit to the marker
points.

ladder. Thus, the size of the various alleles may be
deduced by comparison of migration with this sequence
ladder. In this way, the number of repeats present in
each of several alleles was verified. Excellent agreement
was obtained between estimates of the numbers of
repeats made from migration alone and those made on
the basis of comparison with sequence ladders from
overamplified DNA.

Distribution of HVR Alleles within the Population

To determine the frequency distribution of size al-
leles within the population, HVR regions were amplified
from 318 subjects from an Austrian population previ-
ously studied in terms of apo B RFLPs (Paulweber et
al., in press). The size of both alleles of each subject
was measured by the methods described above, and the
results are plotted in figure 6. HVEs containing 25-52
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Figure 5 Sequence ladders obtained by overamplification of
HVRs. A, Lanes a-c contain genomic DNA amplified for 35 cycles
with primers PCR1 and PCR2 followed by 10 cycles using 32p_
labeled PCR3 and unlabeled PCR2. Note the single-base ladder, with
every 15th and 30th base having a higher intensity. Higher on the
gel, the single-base ladder is no longer evident, but the 15-base and
30-base periodicities remain. Also shown is a longer run of one of
these same samples (panel B, lane a). Lanes b-h in panel B contain
various samples with alleles of known size acting as markers. For
example, the HVE 25 allele lies between the 24 and 26 repeat bands
on the ladder.

repeats were observed. Except for HVE 25 and HVE
35, the alleles contained even numbers of repeats. HVE
36 was the most prevalent allele, a result in agreement
with the fact that two of seven sequenced alleles (fig.
2) have this repeat number. The index of heterozygos-
ity in this group of subjects was 78%. Mendelian in-
heritance ofHVR alleles was observed in two families,
in agreement with earlier studies by Huang and Bres-
low (1987) and Jenner et al. (1988).
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Discussion

Tandemly repeated minisatellite sequences are scat-
tered throughout the human genome and also occur
closely associated with specific genes such as the he-
moglobin cluster (Jarman and Higgs 1988). The high
degree of allelic variability makes these informative
genetic markers useful for pedigree and linkage analy-
sis. For such applications, it is important to develop
methods of analysis that can distinguish the maximum
number of alleles. The HVR of the human apolipo-
protein B gene is an example of a minisatellite region
associated with a gene of clinical interest. This region
consists of approximately 25-52 tandem repeats oftwo
related 15-bp sequences and minor variations of them.
The hyperallelism of this region has been exploited as
a marker for family and population studies; seven of
these different alleles have been characterized by se-
quence analysis (Knott et al. 1986; Huang and Breslow
1987; Jenner et al. 1988; also see fig. 2).
The use of PCR amplification-radiolabeled primers

has made it possible to resolve, by means of electropho-
resis on denaturing acrylamide gels, alleles that differ
by only a single 15-bp repeat. In a study of 318 un-
related individuals, 14 different alleles were distinguish-
able. This is obviously a minimal estimate of the heter-
ogeneity in the population, because only half of the
possible number of alleles varying in repeat number
by 25-52 were actually documented. Nevertheless, even
with 14 alleles, the average heterozygosity within this
group amounted to 78%, a number that compares fa-
vorably with that for several other HVRs, which were
surveyed by Nakamura et al. (1987).

40
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NUMBER OF HYPERVARIABLE ELEMENTS

Figure 6 Frequency distribution of various HVR size alleles
in a population. The figure illustrates the distribution of alleles of
different lengths in a population of 318 subjects.

The method for amplifying theHVR employs a stan-
dard PCR protocol, with one important proviso. Al-
though sharp bands are obtained with limited num-
bers of amplification cycles, this clarity is obscured if
excessive amplification is undertaken (fig. 5). With over-
amplification-e.g., 35 cycles-the full-length product
is still observed, but it is accompanied by a sequence
ladder of prematurely terminated products. Although
we have not examined the mechanism in detail, we at-
tribute this effect to annealing, during chain extension,
brought about by the high concentration of product.
Because the HVR is a tandem repeat, this annealing
may be out of register and may lead to chain termina-
tion predominantly at the end of successive 15-bp
repeats. The occurrence of a sequence ladder in which
strong bands at 15- and 30-bp intervals are superim-
posed on a pattern of terminated products representing
single-base intervals is consistent with this view. Jeffreys
et al. (1988b) have also stressed the importance of using
limited numbers of cycles when amplifying minisatel-
lite DNA. It should be emphasized, however, that this
effect of excessive numbers of cycles is not a limitation
of the approach; because radiolabeled primers are used,
only a small number of cycles are necessary to obtain
sufficient product for analysis. In fact, the generation
of sequence ladders by overamplification can be used
to some advantage. Thus, it is possible, by analysis of
the sequence ladder, to obtain an accurate measure of
the number of repeated elements constituting a given
HVR allele (fig. 5).
While the final version of the manuscript of this pa-

per was being prepared, an article by Boerwinkle et al.
(1989) appeared that discussed the hyperallelism of the
apo B HVR. These authors also employed the PCR tech-
nique but used nondenaturing agarose gels to resolve
length differences among the amplified products. They
were able to distinguish 12 alleles in a population of
French origin. One size allele was absent in the popula-
tion studied by us; therefore, the combined number of
different alleles resolved in the two studies is 15.
The frequency distribution of size alleles reported

by Boerwinkle et al. (1989) was remarkably similar to
that shown in figure 6. One difference, in terminology,
between the two studies should be pointed out. Al-
though most of the HVEs are 15 bp in length and differ
at only one or two bases (fig. 2), other sequences exist
in the HVR that are more divergent. Thus, the actual
number of HVEs assigned to a given HVR depends
on the criterion used to define repeat elements. For ex-
ample, an 11-bp sequence at the 3' boundary oftheHVR
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was counted as a repeat by Boerwinkle et al. (1989)
but not by us. Accordingly, they designated the most
frequent allele 3'1337, whereas we have referred to ex-
actly the same allele as HVE 36. Nomenclature ap-
plied to all other size alleles distinguished in the two
studies also differs by one unit. A further difference be-
tween the two studies is the ability to resolve alleles
differing, in our denaturing gel system, by one 15-bp
repeat. The alleles reported by Boerwinkle et al. differed
only by an even number of 15-bp repeats.

Finally, it is probable that this same approach will
be applicable to analysis of other minisatellite sequences
and to simultaneous amplification of sets of minisatel-
lites, as described byJeffreys et al. (198 8b). If this proves
to be the case, increased resolution would become avail-
able for a variety of genetic purposes.
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