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We have developed a rapid, nonra-
dioactive screening test enabling the
simultaneous analysis of three low-
density lipoprotein receptor (LDLR)
gene mutations (D154N, D206E, and
V408M), which together account
for familial hypercholesterolemia
(FH) in ~90% of the South African
Afrikaner population. The assay is
designed so that FH patients, nega-
tive for these founder-related muta-
tions (found Iin descendants of Euro-
pean settlers), subsequently can be
screened for unknown mutations in
the mutation-rich exon 4 of the LDLR
gene. Our screening assay consists of
two steps: (1) multiplex allele-spe-
cific PCR amplification of exons 4 and
9, and (2) simultaneous analysis of
single- and double-strand conforma-
tional polymorphisms in exon 4 by
vertical electrophoresis on low cross-
linked polyacrylamide gels. The sim-
plicity, specificity, and versatility of
the multiplex assay makes it an ideal
system for routine screening of FH
mutations in large population sam-
ples.

352 PCR Methods and Applications

The mutational heterogeneity of fa-
milial hypercholesterolemia (FH), a
common autosomal dominant disease
caused by mutations in the low-density
lipoprotein rteceptor (LDLR) gene,"
complicates disease diagnosis at the DNA
level. A molecular diagnosis of FH was
shown to be more accurate than a clini-
cal diagnosis.®> Also, because it may be
of more prognostic value,” much inter-
est is focused on cost-effective methods
of screening for disease-related LDLR
gene mutations.

The single-strand conformation poly-
morphism (SSCP) technique, described
by Orita et al.,”® is used most commonly
worldwide to screen for mutations. It has
also been used to detect the majority of
LDLR gene mutations identified to
date.® This simple and convenient gen-
eral screening method also is being used
for the molecular diagnosis of FH in het-
erogeneous populations.”"® Mutation-
specific screening methods have been
developed for the molecular diagnosis of
FH in more homogeneous populations,
where a small number of mutations ac-
count for the disease in the majority of
cases.®'? The increased prevalence of
FH in Afrikaners (~1/80) is caused by
three founder-related point mutations in
the LDLR gene that most likely origi-
nated in Europe,©%'3!® and are also
present in South Africans of mixed
race.!®

In this study we describe the develop-
ment of an assay for the simultaneous
analysis of the three founder-related Af-
rikaner mutations in a single PCR. With

this convenient multiplex amplification
refractory mutation system (ARMS)-—
PCR, the use of expensive restriction en-
zymes, radioactivity, and time-con-
suming, allele-specific oligonucleotide
hybridization methods®'® can be
avoided. Furthermore, the assay was de-
signed in such a manner that PCR prod-
ucts obtained from samples provided by
hypercholesterolemics without the com-
mon mutations can be screened subse-
quently for unknown mutations in the
mutation-rich exon 4 of the LDLR
gene. Recently, we have demonstrated
that low cross-linked polyacrylamide
gels supplemented with 15% urea are
highly sensitive in detecting such single-
base substitutions as heteroduplexes.®”
We have modified these conditions
slightly for simultaneous analysis of
SSCPs on the same gels. It has been sug-
gested that a combination of heterodu-
plex and SSCP analyses should bring mu-
tation detection closer to 100%.1%%

MATERIALS AND METHODS

Genomic DNA

Genomic DNA was extracted from blood
samples of normal controls and FH pa-
tients heterozygous for previously de-
scribed LDLR gene defects.®-'12%2D The
DNA was PCR-amplified and used to
standardize mutation detection of the
founder-related FH Afrikaner-1 (D206E),
-2 (V408M), and -3 (D154N) mutations®
by ARMS-PCR,*® and also to establish
conditions suitable for simultaneous
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analysis of six known mutations (Table
1) in the 3’ half of exon 4 by SSCP®® and
heteroduplex formation® on a single
polyacrylamide gel.

Multiplex PCR

Three common and three ARMS primers
of the LDLR gene,®® specific for the
three mutant alleles, were used in the
multiplex PCR: COMM 1, 5'-CGAGGC-
CTCCTGCCCGGTGCTCACC-3'; COMM
2, 5'-GCTCACCTGCAGATCATTCTCTG-
GG-3’; COMM 3, 5'-GGGACCCAGGGA-
CAGGTGATAGGAC-3'; ARMS 1, §'-CCCG-
CCCATACCGCAGTTTTCCTCC-3’; ARMS
2, 5'-AGCCTCATCCCCAACCTGAGGAC-
CA-3’; and ARMS 3, §5'-GGGCCTGCGA-
CAACGACCCCGACTGCGAAA-3'. All re-
actions were performed in a volume of
S0 pl containing ~0.5 pg of genomic
DNA; 2 units of Tag DNA polymerase
(Boehringer Mannheim); 1x Taq DNA
polymerase buffer (supplied by Boeh-
ringer Mannheim); 200 um each dATP,
dCTP, dGTP, and dTTP (disodium salt,
Boehringer Mannheim); 25 pmoles of
primer COMM 1; 50 pmoles of primer
ARMS 1; 10 pmoles of primers COMM 2
and ARMS 2; 100 pmoles of primers
ARMS 3 and COMM 3; 2 mMm tetrameth-
ylammonium chloride (Me,NCl); and
15% glycerol. Reaction mixtures were
overlaid with light mineral oil (Sigma,
50 pl) and subjected to DNA denatur-
ation at 94°C for 5 min, and then to two
amplification cycles: (1) 15 cycles at 94°C
for 1 min, 62°C for 1 min, 72°C for 2
min; and (2) 20 cycles at 94°C for 1 min,
55°C for 1 min, 72°C for 2 min. PCR
products were electrophoresed for 3 hr
in 3% Metaphor gels (FMC Bioproducts)
or for 2 hr at 100 V in 10% polyacryla-
mide gels, and stained with ethidium

bromide.

TABLE 1
Analyses of PCR-amplified DNA

Heteroduplex—SSCP Analyses

DNA fragments of 330 bp comprising the
3'-half of exon 4 of the LDLR gene (the
internal control fragment in the multi-
plex PCR) and spanning six different
mutation sites were PCR-amplified ac-
cording to Kotze et al.*®” Ten microliters
of each PCR product was mixed with an
equal volume of gel loading buffer (95%
formamide, 20 mMm EDTA, and 0.05%
bromophenol blue, 0.05% xylene cy-
anol), and denatured at 95°C for 2 min
and immediately placed on ice. The sam-
ples were loaded directly onto 30-cm ver-
tical and 1-mm-thick 10% polyacryla-
mide gels with 1% cross-linking (%C,
ratio of the percent concentration of
N,N'-methylenebisacrylamide to the
concentration of total acrylamide mono-
mer) and run overnight at room temper-
ature at 250 V.97 Gels were supple-
mented with 15% and 7.5% urea
(Stratagene), respectively, and stained in
a solution of 0.6 x TBE containing 1 pg/
ml of ethidium bromide.

RESULTS

Multiplex PCR Assay

A dual-purpose multiplex ARMS-PCR as-
say (see Fig. 1) was developed to identify
FH heterozygotes with the FH-1 (D206E),
-2 (V408M), or -3 (D154N) mutations,
and to subject those without these mu-
tations to a further heteroduplex—SSCP
screen of exon 4 of the LDLR gene. The
photo shows the allelic differentiation
obtained directly after PCR amplifica-
tion and agarose gel electrophoresis of
genomic DNA from individuals het-
erozygous for the FH-1, -2, and -3 muta-
tions, respectively. With a DNA sample
from a control subject, a 330-bp product
was derived from the internal control

Mutations in Exon 4 of the LDLR Gene Analyzed by Heteroduplex—SSCP

Codon change Nucleotide change Reference
Single-base substitutions
D154N Gsp3A 9
D206E Ces1-G 9
E207K GegaA 10
Small rearrangements
Deletion 197 delete 3 bp after 651 11
Insertion 206 insert 18 bp after 681 20
Deletion 168 delete 23 bp after 567 21

primers only (COMM 1 and COMM 3).
When DNA samples of FH-1, -2, and -3
heterozygotes were used in the PCR re-
action, the expected 285-, 100-, and 262-
bp fragments, respectively, were gener-
ated. The presence of the 330-bp exon 4
fragment (internal control) in all tubes
indicated that amplification occurred in
all of the reactions. The remaining inter-
nal control PCR products of hypercho-
lesterolemics without the three known
mutations subsequently can be sub-
jected to heteroduplex and SSCP analysis
in polyacrylamide gels, to screen for
other mutations in exon 4 of the LDLR
gene.

Heteroduplex—-SSCP

DNA samples from six FH patients het-
erozygous for different mutations in
exon 4 of the LDLR gene (Table 1) were
PCR-amplified and examined simulta-
neously by heteroduplex and SSCP anal-
yses on the same polyacrylamide gel
after ethidium bromide staining. Elec-
trophoresis at room temperature in 1% C
polyacrylamide gels supplemented with
15% urea resulted in heteroduplex detec-
tion of PCR products in five samples
from FH patients. They were heterozy-
gous for an 18-bp insertion, a 23-bp de-
letion, a 3-bp deletion, a C— G-base
change at codon 206 (D206E), and a
G — A-base change at codon 207
(E207K), respectively. However, none of
these mutations could be detected by
SSCP analysis (data not shown). Lower-
ing the urea concentration to 7.5% did
not affect the number of mutations de-
tectable by heteroduplex analysis. How-
ever, with the lowering of the urea con-
centration, three of the mutations (one
of which was not detected by heterodu-
plex analysis) could be detected by SSCP.
The combined screening approach thus
enabled detection of all six mutations by
heteroduplex (18-bp insertion, 23-bp de-
letion, 3-bp deletion, D206E, E207K)
and/or SSCP (18-bp insertion, 23-bp de-
letion, D154N) analysis on a single poly-
acrylamide gel (Fig. 2).

PCR-amplified DNA, spanning the
three point mutations analyzed by het-
eroduplex—SSCP, was loaded onto both
sides of the same gel shown in Figure 2,
to test the reproducibility of the bands
obtained in 1% C polyacrylamide gels
supplemented with 7.5% urea. Although
the heteroduplexes resulting from muta-
tions D206E (lanes 4,8) and E207K (lanes
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FIGURE 1 Analysis of the FH Afrikaner-1 (D206E), -2 (V408M), and -3 (D154N) mutations by
multiplex PCR and gel electrophoresis. The relative positions of the three mutations, and the
allele-specific (ARMS) primers and common (COMM) primers are indicated on the partial map of
the LDLR gene. (Left to right) The four lanes in the agarose gel contain amplified DNA from
individuals without the three mutations, heterozygous for the FH1 mutation, heterozygous for
the FH2 mutation, and heterozygous for the FH3 mutation, respectively. The sizes of the ampli-

fication products are shown in base pairs (bp).

2,10) could be observed in all four lanes,
the bands are less clear on the right side
of the gel. This phenomenon probably
can be ascribed to impurities in the gel.
Similar smearing, which interferes with
the analysis, was observed when the
same gel mix was used for several weeks.
The aberrant SSCP pattern generated by
mutation D154N, as characterized by an
additional band between the two normal
alleles, is shown in Figure 2, lanes 3 and
9. Although the same amount of PCR
product was loaded in both lanes, less
double-stranded DNA is observed in lane
3 compared with lane 9. A smaller pro-
portion of the DNA loaded in lane 3
probably renatured after the denatur-
ation step, resulting in visualization of
additional single-strand conformations
in this lane.

DISCUSSION

The multiplex PCR assay described in
this study provides a rapid and reliable
method for routine screening of FH-re-
lated mutations in large population sam-
ples, provided suitable precautions are
taken to circumvent possible mistyp-
ings. Detection of the desired PCR prod-
ucts and specificity of the reaction were
found to be largely dependent on the an-
nealing temperature used. Furthermore,
different primer sets (and also different
batches of the same primer sets) were
amplified with slightly different efficien-
cies. The largest, 330-bp fragment of
exon 4 was amplified preferentially
when annealing temperatures ranged
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between 60°C and 68°C, resulting in fail-
ure to amplify the 285- and/or 262-bp
fragments (or in the presence of very
faint bands). This competition priming
was reduced by lowering the annealing
temperature to 55°C after the first 15 cy-
cles. Separate amplification of the vari-
ous primer sets has shown that the 330-
bp internal control PCR fragment was
not obtained at this temperature,
whereas the smaller exon 4 fragments
specific for the FH-1 (D206E) and FH-3
(D154N) mutations were amplified effec-
tively (data not shown). The addition of
glycerol in the PCR®* was found to fur-
ther enhance the amplification of the
285-bp FH-1 mutation-specific fragment,
whereas the addition of an excess of the
ARMS 3 and COMM 3 primers (and lim-
iting the COMM 1 primer) improved the
yield of the 262-bp fragment in FH het-
erozygotes with the FH-3 mutation.
Standardization of the multiplex assay
was complicated by failure to obtain this
262-bp fragment at an intensity compa-
rable to that of the other bands. For this
reason, the length of the ARMS 3 primer
was increased to 30 nucleotides com-
pared with the 25-nucleotide lengths of
all of the other primers. Use of a 20-nu-
cleotide ARMS 3 primer (5'-CAACGAC-
CCCGACTGCGAAA-3') resulted in com-
plete failure to amplify the expected 252-
bp fragment in the multiplex PCR (data
not shown). Thus, it is clear that primer
length can be varied to increase or de-
crease selectively the yield of specific
PCR products during multiplex reac-
tions. Amplification of the 100-bp frag-

ment specific for the FH-2 mutation
(V408M) in exon 9 occurred indepen-
dently of the above reactions, and the
specificity of the reaction was increased
by the introduction of an additional mis-
match near the 3’ end of primer ARMS 2
to avoid false-positive results.*> We also
included tetramethylammonium chlo-
ride (Me,NCl) in the multiplex PCR re-
action, because it eliminates the prefer-
ential melting point of AT versus GC
base pairs. It also reduces the presence of
nonspecific fragments caused by
mispriming.?>

The multiplex ARMS-PCR can detect
FH patients heterozygous for one or two
of the Afrikaner mutations but cannot
distinguish heterozygotes from true ho-

12345678910
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FIGURE 2 Heteroduplex—SSCP analyses of the
six known mutations in the LDLR gene. PCR
products of 330 bp were electrophoresed on
10% (1% C) polyacrylamide gels supple-
mented with 7.5% urea, and were subse-
quently stained with ethidium bromide.
(Lane 1) PCR-amplified DNA from a muta-
tion-negative control; (lanes 2,10) PCR prod-
ucts from FH patients heterozygous for muta-
tions E207K; (lanes 3,9) D154N; (lanes 4,8)
D206E; (lane 5) an 18-bp insertion at codon
206; (lane 6) A 23-bp deletion at codon 168;
and (lane 7) A 3-bp deletion at codon 197
were analyzed. Homoduplexes (broken ar-
rows) and heteroduplexes (solid arrows) ob-
served in double-stranded DNA are indicated
on the right side of the gel.
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mozygotes with two identical LDLR gene
mutations. Subsequent restriction en-
zyme analysis of PCR products can allow
an accurate molecular diagnosis of these
relatively rare cases.® Because an un-
equivocal clinical diagnosis of FH usu-
ally can be made in homozygotes, we fo-
cused the molecular diagnosis of FH on
heterozygotes whose clinical diagnoses
may be complicated by variability in
phenotypic expression.*=* This screen-
ing approach scaled down the cost of a
molecular diagnosis of FH in Afrikan-
ers®® to one-fifth the amount needed
previously for restriction enzyme and/or
oligonucleotide hybridization analy-
sis.®

Knowledge that exon 4 of the LDLR
gene is particularly mutation-rich and
appears to be prone to various types of
mutational events‘®® was implemented
in our screening strategy. The 330-bp in-
ternal control fragment comprising the
3’ half of exon 4 was specifically coam-
plified in the multiplex PCR to avoid
false-negative results in the ARMS assay
and also to subsequently screen this PCR
product for FH-related mutations other
than the three founder-related Afrikaner
mutations. About 20% of LDLR muta-
tions occur in this region of the gene.®
DNA samples from patients heterozy-
gous for six different mutations in exon
4 were used to establish conditions suit-
able for heteroduplex and SSCP analyses
on a single polyacrylamide gel. Electro-
phoresis of denatured PCR products, un-
der conditions that were previously
shown to be highly sensitive in detecting
single-base substitutions as heterodu-
plexes in undenatured DNA,"'7’ indi-
cated that the urea concentration of 15%
in the low cross-linked polyacrylamide
gels is too high for SSCP analysis of the
exon 4 LDLR gene fragments. The lower-
ing of the urea concentration to 7.5% al-
lowed mutation detection by both SSCP
and heteroduplex analysis, because suf-
ficient reannealing of DNA strands oc-
curred to simultaneously allow the anal-
ysis of heteroduplex formation in the
faster-migrating, double-stranded DNA
on the same polyacrylamide gel.

All of the mutations analyzed could
be detected, thus illustrating that a com-
bination of SSCP and heteroduplex anal-
yses is highly sensitive in detecting small
mutations. Failure to detect the small
3-bp deletion by SSCP indicated that the
relatively large size of the exon 4 frag-
ment being analyzed influences the like-

lihood of detecting mutations in PCR-
amplified DNA negatively, as has been
shown previously by others.?” The 3-bp
deletion at codon 197 could readily be
detected as an SSCP in a smaller PCR
product of 237 bp (data not shown). Het-
eroduplex formation does not appear to
be equally sensitive to the size of the
PCR product analyzed and can be de-
tected in relatively large PCR fragments
by proportionally increasing electro-
phoresis times.®%2%

Although it remains to be investi-
gated as to how valuable combined het-
eroduplex-SSCP analyses are in improv-
ing detection of small mutations, this
method nevertheless allows optimal use
of the mutation-rich exon 4 PCR product
being obtained in the multiplex PCR in
patients without the three founder-re-
lated Afrikaner mutations. It also has the
advantage of being technically straight-
forward and can be carried out without
the use of isotopes because the DNA is
stained with ethidium bromide.®® Fur-
thermore, including the analysis of the
faster-migrating, double-stranded DNA
in the screening approach gives an indi-
cation of the type of mutation involved.
A mutant homoduplex resulting from an
insertion in PCR-amplified DNA usually
migrates more slowly on polyacrylamide
gels than the normal double-stranded
PCR product, whereas a mutant homo-
duplex resulting from a deletion usually
migrates faster. An exception to this gen-
eral pattern was, however, recently ob-
served in the adenomatous polyposis
coli gene, where the mutant homodu-
plex band resulting from an AT base pair
insertion migrated faster than the nor-
mal homoduplexes in the unaffected in-
dividuals.®? Heteroduplex bands were
invariably found to migrate slower than
homoduplex bands.

A further advantage of our multiplex
screening strategy is that other muta-
tion-specific ARMS primers can be in-
cluded in the PCR for mutation detec-
tion in other exons or other genes,
provided that different-sized DNA frag-
ments are generated. For example, inclu-
sion of the ARMS primers described by
Wenham et al.®? for detection of the
apolipoprotein (apo) B35y, mutation,®®
causing familial defective apo B-100
(FDB),®® generates the expected 187-bp
ARMS product in FDB heterozygotes
(data not shown). This allows differen-
tial molecular diagnoses of FH and
FDB,®% which share similar clinical

characteristics. Because primers specific
for mutations not prevalent in the study
population similarly can be excluded
from the PCR, the multiplex screening
strategy described in this study is versa-
tile and should be useful in various pop-
ulation groups.

The recent demonstration that muta-
tional heterogeneity in the LDLR gene
influences the phenotypic expression of
FH™® has emphasized the need for rapid
PCR assays that may assist in the assess-
ment of an individual's risk for the de-
velopment of coronary heart disease
(CHD). Mutation detection by multiplex
ARMS-PCR, followed by heteroduplex—
SSCP analyses in subjects without
founder-related mutations, is an effec-
tive screening method for known and
new LDLR gene mutations. This screen-
ing approach recently has resulted in the
identification of the first molecularly
characterized de novo mutation in exon
4 of the LDLR gene.®® Conditions suit-
able for the detection of the six known
mutations in exon 4 of the LDLR gene by
heteroduplex and SSCP analyses were
determined and can now be applied to
other genes or other regions in the LDLR
gene to screen various populations for
mutations underlying genetic disease.
Our data also provide evidence in favor
of the hypothesis that addition of mildly
denaturing solvents (urea in this case)
can amplify the tendency of mis-
matched bases to produce conforma-
tional changes and thereby increase the
differential migration of normal and
mutant fragments during gel electro-
phoresis,5:29-36)
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