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Abstract. A novel complex mutation with the presence of
both deletion and insertion in very close proximity in the
same region was detected in exon & of the LDL receptor
gene from two apparently unrelated Japanese families
with famitial hypercholesterolemia (FH). In this mutant
LDL receptor gene, the nine bases from nucleotide (nt)
H1S to nt 1123 (AGGGTGGCT) were replaced by six
different bases (CACTGA), and consequently the four
amino acids from codon 351 to 354, Glu-Gly-Gly-Tyr,
were replaced by three amino acids, Ala-Leu-Asn, in the
conserved amino acid region of the growth factor repeat B
of the LDL receptor. The nature of the amino acid substi-
wiion and data on the fantilies suggest that this mutation
is very likely to affect the LDL receptor function and
cause FH. The generation of this complex mutation can be
explained by the simultaneous occurrence of deletion and
insertion through the formation of a hairpin-loop structure
mediated by inverted repeat sequences. Thus this muta-
tion supports the hypothesis that inverted repeat se-
quences Influence the stability of a given gene and pro-
mote human gene mutations.

Introduction

Familial hypercholesterolemia (FH), a common disease
it affects about 1 in 500 people in most populations, is
an autosomal dominant disorder caused by mutations in
the gene encoding the low-density lipoprotein (LDL) re-
ceptor (Goldstein and Brown 1989). Individuals with FH
fhave an elevated LDL cholesterol Tevel in the plasma and
an increased risk of atherosclerosis, So far, many different
L.DL. receptor mutations have been identified and charac-
terized. demonstrating a high degree of allelic heterogene-
iy at this tocus (Goldstein and Brown 1989; Hobbs et al.
1990, 199723,
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Fig. 1A, B. A complex muation due to substitution of nine normal
hases to six different bases in exon 8 of the LDL receptor gene.
A Nucleotide sequence analysis of the vegion with the mulation
from the clane containing the normal allele and the mutant allele,
respectively. The nucleotide sequences differing between the aor-
mal allele and the mutanl allele are indicated by asterisksand
boxes. B The nucleotide and amino acid sequences of the normal
and mutant allete in the region containing the nucleotide substilu-
tion, The changad nucleotides are boved
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Fig. 2A, B. Pedigree analysis of the motam LDL receplor genc.
A The pedigrees of family SK and family FT. [B(, heterozygous
familial hypercholesteralemia (FH). K1 @, Achilies 1endon xan-
thomas; [[JD. na primary hypercholesterolemia {right) and oo
Achilles teadon xanthomas (left); [J4D, not examined; TC total
plasma cholesterol levels; VG total plasma triglyceride levels. The
age iy indivated 10 lhe left of each subject. Restriction fragment
lengih polymorphism (RFLP} haplotypes are shown by large Ara-
bic numeralsbelow cach subject. Haplotype 2 (Taglt, Avall-,
Apall5+, Pvull-, Neol+, Pstl-, Apal.13°+} was associated with
the mutant LDL receptor gene in hoth families. B Detection of the
mutant allele in the members of families SK and FT by dot blot
hybridization of the amplified DNA fragments of exon 8 using two
allele specific oligonuclecude (ASO) probes, specific for the nor-
mal sequence and the mutant sequence, respectively, In family SK,
the proband and his hypercholesterolemic brother (1-1, I-3) are
heterozygous for this mutant allele and the normal allete. The nor-
mocholesterolemic son, sister, and two nieces of the proband (11-1,
I-5, II-2, 1I-3} have only the normal allele. In family FT. the
proband (I-1) and his iwo hypercholesterolemic daughters (II-1, [I-
2} are heterozyygous for this mutant allele

It has been reported that the human gene mutations
causing genetic disease occur non-randomly and that the
location and nature of the mutational event are largely de-
pendent upen the surrounding DNA sequences (Cooper
and Krawczak 1990, 1991; Krawczak and Cooper 1991}
Characterization of the mutations in the LDL receptor
gene is advantageous for the study of the generative
mechanisms that underlie naturally occurring deleterious
gene mutations, because mutant LDL receptor genes are
retained in the general population with a high frequency.
Indeed, many large size deletions and insertions that in-
volve Alu sequences at the junctions of rearrangements
have been found in the LDL receptor gene (Hobbs et al.
1990, 1992). In addition, we have detected two frameshift
mutations associated with the presence of the direct re-
peats of the LDL receptor gene (Yamakawa-Kobayashi et
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al, 1993). We describe here a novel complex mutation in
exon 8 of the LDL receptor gene detected in two appar-
ently unrelated Japanese FH families, in which both dele-
tiopal and insertional mutations have occurred in exactly
the same region. Although muny deletional and inser-
tional mutations causing human genetic discase have been
reported, it is very rare that both deletional and insertional
events have occurred in the same region in one gene
{(Cooper and Krawczak 1991; Krawczak and Covper
1991). We discuss a possible mechanism that generated
this mutant LDL receptor genc.

Subjects and methods

In family SK and family FT in which a mutant LDL receptor gene
was analyzed, pnmary hypercholesterolemia (plasma cholesterol
levels above 300mp/dl) cosegregated with a restriction fragment
length polymosphism (RFLP) haplotype of the LDL receptor gere.
Achilles tendor xanthoma (1(-mm thickness in radiography) was
observed in the proband of family SK. These two {awilies are ap-
parently unrelated but live within the same prefecture near Tokyo.

Each exon of the LDL receptor gene was amplified from the
genomic DNA using the polymerase chain reaction (PCR) tech-
nigue {Saiki et al. 1988) with the oligonucieolide primers proposed
by Leitersdorf 2t al. (1990}, Single strand conformation polymor-
phism (SSCP) analysis was carried out essentially according to the
method described by Orita et al. (1989). PCR products containing
exon 8 of the proband of family SK and a normal control subject
were subcloned into the pCR vector using a TA Cloning Kit (In-
vilrogen), and both sirands from several independent clones were
seguenced by the dideoxy chain-termination method (Sanger et &l.
1977). Allele specific oligenucleotide (ASO) hybridization was
performed using two 22-mer prabes, one specific for the normal
sequence (5-AACCTGGAGGGTGGCTACAAGT-37), the other
specific for the mutant sequence(5-GAACCTGGCACTGAA-
CAAGTGC-3"). Membranes with dot-blotted amplified DNA
fragments containing exon § were hybridized to (¥2P)-end-labeled
ASO probes in 6x S5C, 5x Denhkardt's solution, 0.5% SDS, and
200 pg/ml salimon sperm DNA at 55°C for 4h, and then washed in
6 x S8C, 0.1% SDS at 65°C for 15min. The RFLP haplotypes at
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the LDL receptor locus were determined according to the method
of Yamakawa et al. (1991). Concentrations of fasting plasma cho-
lesterol, triglycéride and HDL cholesterol were measured enzy-
maticaily. Achilles tendon thickness was measured radiographi-
cally by the method of Blankenhaotn and Meycrts (1969,

Results and discussion

When the LDL receptor genes from the two probands of
family SK and family FT were analyzed by SSCP analy-
sis. the same electrophoretic mobility shift was detected
in the DNA fragments containing exon 8, but this could
not observed in 23 other probands of heterozygous FH
families {data not shown). To identify the nucleotide
change responsible for the electrophoretic mobility shift,
DNA fragments containing exon 8 of the probard trom
family SK and a normal costrol subject were amplified by
PCR. cloned in the pCR vecior, and sequenced, Tn two of
five independent clones from the preband of family SK, a
complicaled nucleotide substitution was detected. Figure
I shows a part of the results of the nucleotide sequence
analysis in exon 8§ from clones containing the mutant al-
lele and the normal atlele, respectively. In the mutamt LDL
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receptor gene, the nine normal bases from pucleotide {nt)
1115 10 nt 1123 (AGGGTGGCT) are replaced by six dif-
ferent bases (CACTGA), and consequently the four amino
acids from codons 351 to 354, Glu-Gly-Gly-Tyt, are re-
placed by three amino acids, Ala-Leu-Asn.

Exon 8 encodes the second cysteine-rich growth factor
repeat (repeat B) in the EGF precursor homology domain
of the LDL. receptor gene, and the amino acid substitu-
tions of this mutant LDL receptor occur within a con-
served 12 amino acid region in repeat B, which is pro-
posed to contain a potential aspartate and/or aspargine hy-
droxylation site (Esser et al. 1938). In addition, previous
siudies on the mutant LDL receptor have suggested that
the glycines in the EGF precursor homology domain are
important for the folding of the LDL receptor (Esser and
Russell 1988: Hobbs et al. 1990). The mutation in the
LDL receptor gene delected in the proband of family SK
causes the exchange of two glycine residues to other
amino acids in addition to one amino actd deletion. This
mutation was also detected in the proband of family FT.

The ASQ hybridization analysis revealed that only hy-
perchotesterotemnic members were heterozygous for the
rautant allele and vice versa in families SK and FT (Fig.
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23. Furthermore, this mutaticn was not detected in 86 un-
related Japanese normocholesterolemic subjects. These
findings suggest that this complex mutation in the LDL
receptor gene causes FH in families SK and FT. Analysis
of seven RFLPs at the LDL receptor gene locus revealed
that haplotype 2 designated by us (Yamakawa et 21. 1991)
was assuciated with the mutant LDL recepior gene in both
families (Fig. 2A), suggesting that the mutant LDL recep-
tor genes of these two families have a common origin,

There are several inverted repeat scquences around the
region of this complex nucleotide substitution of the mu-
tant LDL veceptor gene (Fig.3). As a generative mecha-
nism for this complex mutation, we propose that these in-
verled repeat sequences formed a hairpin-loop structurc
during replication and that both the deletional and the in-
sertional events happened within this hairpin-loop struc-
ture (Fig.3) In the propused mechamsm, the nucieotide
exchange of the nine normal bases to the six ditferent
bases occurred as the combination of two events, an 8-bp
deletion and 4 5-bp insertion. In our model the deletion of
the eight bases from nt 1116 to nt 123 (GGGTGGCT)
vecurred by the formation of a smail side loop structure,
although the A residue at nt 115 has not been deleted.
Since the inscrted sequence {CACTG) corresponds to the
inverted sequence of that from nt 1132 to nt (136
(CAGTG), these sequences from nt 1132 to nt 1136 could
template the misincorporation of the novel five bases
(CACTG) when the slippage mediated by the other in-
verted sequences occurred within this hairpin-loop struc-
ture (Fig.3}.

The data described in the present study seem to sup-
port the hypothesis that the hairpin-toop struciure forma-
tion mediated by inverted repeat sequences within the
same DNA strand influences the stability of a given gene
and promotes the generation of human gene mutations
(Cooper and Krawczak 1991; Krawczak and Cooper
1991). The molecular characterization of the many muiant
LDL receptor genes will give us information regarding
the generative mechanism that underlies naturally occur-
ring human gene mutation.
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