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Abstract Mutationsinthegene forthelowdensitylipoprotein
(LDL)receptorhavebeenidentified in 15 patientswithhomozy-
gous familial hypercholesterolemia (FH). Five patients are
homozygous at the LDL-receptor locus; their mutant alleles
include Glu387Lys and Pro664Leu in patients of Asian-Indian
descent, Cys292Stop in a Greek Cypriot, Cys281Trp in a
Turkish patient, and GIn540Stopina West Indian. The other 10
patients (9 of apparently British ancestry) are compound
heterozygotes. Mutations have been identified in 18 of 20
possible alleles, including Glu80Lys (2 patients), Pro664Leu (3
patients), Asp69Gly, , Ser265Arg,
Asp280Ala, Asp283Glu, Arg329Pro, Asp461Asn, Leu578Ser, a
single bp deletion in exon 15, a 21 bp duplication of codons
200-206 and two large deletions. The seven mutations under-
lined above have not been described previously. The two
uncharacterized mutant alleles fail to produce detectable
amounts of mRNA. LDL-receptor activity in cultured cells from
13 of the 15 homozygous patients varied from undetectable to
about 30% of normal, but there was no correlation between
LDL-receptor activity and the untreated plasma cholesterol
concentration in these patients. When genomic DNA from 295
patients with a clinical diagnosis of FH was screened for 29
mutations found in these and other FH patients of British
ancestry, most were identified in only one or a few individuals.
Four patients heterozygous for the Asp461Asn allele showed a
wide range of clinical manifestations. f§ These observations
confirm the striking heterogeneity underlying FH in most
populations and demonstrate the variability in phenotype
between patients with the same mutation.—Webb, J. C., X-M.
Sun, S. N. McCarthy, C. Neuwirth, G. R. Thompson, B. L.
Knight, and A. K. Soutar, Characterization of mutations in the
low density lipoprotein (LDL)-receptor gene in patients with
homozygous familial hypercholesterolemia, and frequency of
these mutations in FH patients in the United Kingdom. J. Lipid
Res. 1996.37:368-381.
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Familial hypercholesterolemia (FH)is a relatively com-
mon co-dominantly inherited disorder of plasmalipopro-
tein metabolism that is caused by defects in the gene for
the low density lipoprotein (LDL) receptor (1). The LDL
receptor plays a central role in the pathways involved in
cholesterol transportin plasmaand defectsin its function
affect not only the specificuptake and catabolism of LDL,
the major carrier of cholesterolin the circulation, butalso
itsrate of production in plasma. The raised concentration
inplasmaof LDL-cholesterol that invariablyaccompanies
defective LDL-receptor function, at least in western
societies, causes accumnulation of cholesterol in the pe-
ripheral tissues in the form of xanthoma and leads to
accelerated atherosclerosis. Patients with heterozygous
FH are at increased risk for premature coronary heart
disease (CHD)in early middle age, while homozygous FH
individuals frequently suffer fatal CHD by their third
decade(1).

Considerable variation occurs in the clinical expres-
sion of FH that has been suggested to be the result of
genetic heterogeneity in the LDL-receptor defect, espe-
cially in homozygous FH patients (2). The LDL receptor
is a multifunctional protein whose structure comprises

Abbreviations: FH, familial hypercholesterolemia; LDL, low density
lipoprotein; CHD, coronary heart disease; RT-PCR, reverse
transcription of RNA and amplification of the ¢DNA by the
polymerase chain reaction.
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several well-defined domains that appear to fulfil sepa-
rate roles in the pathway of receptor-mediated uptake
and catabolism of lipoproteins, and there is already clear
evidence that mutations in parts of the gene coding for
different domains can affect different aspects of recep-
tor function to different extents. For example, move-
ment of newly synthesized receptors to the cell surface,
ligand binding, internalization of receptor-ligand com-
plexes or recycling of receptor to the cell surface can
each be affected by amino acid substitutions in different
domains (3). However, a relationship between the na-
ture of the mutation and the severity of the disorder has
not been clearly established for heterozygous individu-
als and our observation that the obligate heterozygous
parents of Chinese homozygous FH patients have only
mild hypercholesterolemia and none of the clinical signs
usually associated with heterozygous FH suggests that
other genetic or environmental factors may also be
important (4).

Many different mutations in the gene can cause FH
(5), but with the exception of those genetically isolated
populations in which a founder gene effect is apparent,
until recently there has been no systematic analysis of
the mutations underlying FH in more typical, heteroge-
neous populations such as that in the UK. In collabora-
tion with Humphries and coworkers, we have assembled
DNA samples from a group of 200 patients with a clinical
diagnosis of FH who have attended lipid clinics in
London; the results of screening this group of patients
for a small number of mutations in the LDL-receptor
gene have been described previously (6-10). We have
also had the opportunity to study a number of homozy-

gous FH patients who have been referred during the
past 25 years to the Hammersmith Hospital Lipid Clinic
for treatment or counselling, nine of whom are of
apparently British ancestry with no apparent consan-
guinity in their pedigree. It seemed likely that the muta-
tions responsible for FH in these individuals would be
those that are most common in the UK population. In
this study, therefore, we have characterized the mutant
LDL receptor alleles in these FH homozygotes and have
then determined their frequency in the group of 200 FH
patients and in an additional group of 95 well-charac-
terized heterozygous FH patients attending the Ham-
mersmith Hospital Lipid Clinic. Knowledge of the mu-
tations underlying the defect in FH is an aid for
unambiguous diagnosis within affected families and
enables advice to be given at an early age. When suffi-
cient patients with the same mutation have been identi-
fied, it will also make it possible to compare the clinical
phenotype of groups of patients with different muta-
tions so as to examine factors that influence the severity
of the disorder.

METHODS

FH patients

Clinical details of the 15 homozygous FH patients, 12
of whom have been described elsewhere (8, 11-16), are
shown in Table 1. In all cases, the diagnosis of homozy-
gous FH was based on a grossly increased plasma cho-
lesterol concentration and the presence of xanthomata
in childhood and cardiovascular involvement by puberty

TABLE 1. Clinical details of patients with homozygous familial hypercholesterolemia

Current Age Serum Cardiovascular Non-pharmacological
Patient Sex or at Death® Cholesterol® Involvement Treatment Reference
yr mmol/ 1
1 F 38 27 Ao. stenosis, 3V CAD Heart/liver transplant 11
2 M 30¢ 20.1 Ao. stenosis, 3V CAD Apheresis, CABG 12
3 M 31 20.7 Ao. stenoisis, 3V CAD Apheresis, AVR, CABG 12
4 M 7 26.8  Normal angiogram Apheresis 8
5 F 45 15.6 Ao. stenosis, 3V CAD AVR, CABG, portocaval shunt 12
6 F 28 17.1 Ao. stenosis, carotid disease None 13
7 F 17 18.7 Ao. stenosis Apheresis -
8 M 192 252 Ao. stenosis, 3V CAD AVR, CABG 12
9 F 14 22.0  Normal angiogram, LVH on ECG None -
10 F 12 28.7 Aortic & carotid atherosclerosis Apheresis 14
11 F 23 26 Ao. stenosis, 3V CAD Apheresis, CABG 12
12 M 31 22.3 Ao. stenosis, 3V CAD Apheresis, CABG 12
13 M 26 24.4 Ao. stenosis, carotid disease Apheresis 15
14 M 35 20.6 Ao. stenosis, 3V CAD None 16
15 F 10¢ 30.6 Ischemic ECG Unknown -

Abbreviations: Ao., aortic; AVR, aortic valve replacement; CABG, coronary artery bypass graft; LVH, left ventricle hypertrophy; 3V CAD,

three vessel coronary artery disease.
“Age at death.
*Highest recorded value.
‘Status unknown.
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in the proband, together with hypercholesterolemia in
both parents. The group of 200 FH patients attending
Lipid Clinics in the London area have been described
previously (7); the additional 95 patients attended the
Lipid Clinic at the Hammersmith Hospital during the
past 2 years and have been given the diagnosis of defi-
nite or possible heterozygous FH according to the crite-
ria laid down by the Simon Broome Register Group (17).
None of the homozygous FH patients were carriers of
the apoB-3500 mutation (18), and carriers of this allele
were excluded from the two large patient groups.

Identification of mutations in the LDL-receptor gene

DNA was isolated from whole frozen blood or from
cultured skin fibroblasts or transformed lymphoblasts
from the homozygous FH patients and stored frozen at
-20°C. Amplification of each exon of the LDL-receptor

gene and direct nucleotide sequencing of the PCR prod-
ucts was carried out as described previously (8). Single
base changes were confirmed, where possible, by diges-
tion of the amplified DNA product with restriction
enzymes and by analyzing the DNA from affected and
unaffected relatives of the proband. In some cases, PCR
products were subcloned into plasmid pGEM-T
(Promega Ltd.) and the nucleotide sequence of the
insert was determined by automated cycle sequencing
of miniprep DNA (PRISM™ Ready Reaction DyeDe-
oxy™ Terminator Cycle Sequencing Kit; Applied Bio-
systems) with primers complementary to sequences in
the plasmid (either T7 or SP6 promoter) and following
the supplier's protocol.

Screening for mutations

DNA from each member of the two large groups of

TABLE 2. Mutations in the LDL-receptor gene in patients with homozygous FH in the UK

Patient Ethnic Origin Genotype Mutation LDL-R activity’
% of normal
1 English ab a A exons 2-6 (5-15%
b Leu578Ser
2 English ab a Glu80Lys 10-15¢
b A 5’-exon 6°
3 English ab a Aspb9Gly 25-30¢
b Asp283Glu
4 English/Irish ab a GluB0 Lyse 25-30¢
b 1bp A in exon®
5 English/Greek ab a Asp280Ala’ (5-15%
b Ser265Arg
6 English ab a Cys227Tyr* 10-15/
b Arg 329Pro?
7 English ab a2ipb A exon 4 <2/
b Asp461Asn®
8 English ab a Pro664Leun 1571
b null, no mRNA
9 English ab a Pro664Leu 20/
b Cys176Arg?
10 Indian Asian ab a Pro664Leu no cells
b null, no mRNA
11 Greek Cypriot aa a Cys292Stop <l
12 Indian Asian aa a Pro664Leue 20-25¢
13 Indian Asian aa a Glu387Lys" 5-10/
14 West Indian aa a GIn540Stop- <l
15 Iraqi aa a Cys281Trp* no cells

«Mutations described previously in these patients (7, 8, 16, 20).

*Previously undescribed mutations.

“Recurrent mutation (also observed in heterozygous patient of UK origin, Sun et al., unpublished).
9Saturable maximum degradation of '®I-labeled LDL by cultured skin fibroblasts® or Epstein-Barr-Virus-transformed

lymphoblasts /
¢Values from Hobbs et al. [5].
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patients was diluted to give approximately 50 ug/ml in
sterile water and plated out in 96-well microtitre plates.
Amplification of appropriate exons was also carried out
in Hybaid microtitre plates in a final volume of 25 ul in
a Hybaid Omnigene programmable thermal block; wells
containing no DNA were always included as a control
for monitoring contamination of the PCR reaction. PCR
products were analyzed by electrophoresis on 1.0-1.5%
(w/v) agarose gels and visualized with ethidium bro-
mide.

Restriction enzyme digestion of PCR products was
carried out in microtitre plates with 8 ul of the PCR
reaction mix in a final volume of 15 pl of buffer recom-
mended by the manufacturer for the particular enzyme
used. Restriction enzyme digestion products were ana-
lyzed by electrophoresis, either on 1.5-2.0% agarose gels
stained with ethidium bromide (for fragments > 100 bp)
or on 8% non-denaturing polyacrylamide gels stained
with either ethidium bromide or with silver (for frag-
ments < 100 bp).

Detection of heteroduplexes or minor deletions in
PCR products was carried out by electrophoresis on
non-denaturing polyacrylamide gels (4-8%, depending
on fragment size) stained with ethidium bromide.

Hybridization with allele specific oligonucleotides to
detect single base changes was carried out essentially as
described previously (8); briefly, 5 pl of PCR product
was diluted with 200 pl with 15 x SSC, and 100 pl of this
was loaded in duplicate onto nylon membranes by
means of a vacuum slot-blotting apparatus. DNA was
fixed to the blots by UV irradiation and the membranes
were prehybridized in hybridization buffer (5 x SSPE, 5
x Denhardt's solution, 0.5% SDS (19)) for 1 h at the
hybridization temperature (see below). Duplicate mem-
branes were hybridized with each one of a pair of
32P-end-labeled oligonucleotide probes (13-17 bp; 1
pC/ml), complementary to either the normal sequence
or the mutant sequence. Hybridization was for 1 h at a
temperature 12°C below the melting temperature of the
oligonucleotides; the membranes were then washed
briefly three times in washing buffer (5 x SSC, 0.1% SDS)
at room temperature and then for 10 min at the strin-
gent temperature, usually 5°C below the melting tem-
perature of the oligonucleotides. In some cases, the
stringent wash was at the melting temperature of the
oligomers with 0.2 x SSC, 0.1% SDS. Bound oligonu-
cleotides were detected by autoradiography for 2-18 h
at -70°C with Omat-XAR5 film and intensifying screens.
Control samples of amplified DNA known to be het-
erozygous for each mutation were always included.

Samples that appeared to be positive for a given
mutation by any of the methods described above were
checked by direct nucleotide sequencing of a fresh PCR
product from the original DNA sample from the patient,

and from affected relatives where possible.

Analysis and nucleotide sequencing of mRNA

Total RNA was isolated from cultured cells that had
been preincubated with lipoprotein-deficient serum as
previously described (20). The LDL-receptor cDNA was
amplified by RT-PCR and the products were digested
with restriction enzymes for polymorphic sites as de-
scribed previously to determine the relative expression
of mRNA derived from the two alleles (8, 10). Single-
stranded amplified overlapping fragments of LDLre-
ceptor cDNA (approx. 1 kb) for automated nucleotide
sequencing were produced by nested RT-PCR of total
cytoplasmic RNA, with one of the second-round primers
biotinylated. The biotinylated product (approx. 1 ug)
was bound to magnetic beads (Dynabeads) and the
non-biotinylated strand eluted from the beads after
denaturation, following the protocol recommended by
the supplier. The single-stranded product attached to
the beads was sequenced using the PRISM™ Sequenase
Terminator Single-Stranded DNA sequencing kit (Ap-
plied Biosystems) with internal primers, as described in
the supplier's protocol.

Measurement of LDL receptor activity in cultured
cells

The maximum rate of saturable degradation of 125}-
labeled LDL by cultured skin fibroblasts or cultured
Epstein-Barr virus-transformed lymphoblasts was deter-
mined as described elsewhere (10, 21).

RESULTS AND DISCUSSION

Identification of the mutations in the homozygous
patients

The mutations that have now been identified in the
LDL-receptor gene of the 15 homozygous FH patients
that have been available to us for study are shown in
Table 2. Seven of these have not been described pre-
viously.

In 6 of the 15 patients (patients 10-15 in Table 2),
there is evidence of consanguinity in the parents and we
have now shown that 5 of these patients are homozygous
at the LDL-receptor gene locus. The sixth patient, of
Asian Indian origin (patient 10 in Table 2), despite
having parents who believe themselves to be first cous-
ins, is heterozygous for the Pro664Leu mutation that
has been observed previously in Indian Asians from the
same geographical location (20). The index patient has
one clinically heterozygous sibling who does not carry
the Pro664Leu mutation and one clinically homozygous
FH sibling who is also heterozygous for Pro664Leu. In
addition, both parents are hypercholesterolemic but
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only the father carries the Pro664Leu mutation, so there
is little doubt that there are two different affected alleles
in the family, an observation that is supported by haplo-
type analysis of this gene locus (Fig. 1). The finding that
the three children and the mother are clearly heterozy-
gous at a number of polymorpbhic sites rules out a large
deletion at the LDL-receptor locus in the maternal allele
but, as yet, no mutation in the second allele has been
identified by sequencing of the coding region, the im-
mediate intron-exon junctions or 600 bp of the pro-
moter region of the gene in this family. However, analy-
sis of mRNA from cells from the homozygous patient
revealed that the mRNA contained almost exclusively
the mRNA species for the Pro664L.eu allele (see below),
so presumably there is a mutation in some region of the
gene that has a profound effect on the production or
stability of the mRNA.

There is no evidence of consanguinity in the parentage
of the 9 patients of apparently either English or part
English ancestry (patients 1-9), and this is supported by
the observation that theyare all compound heterozygotes
atthe LDL-receptor gene locus. In patients 2and 4-7, the
existence of the two different mutations on separate
alleles in the proband was supported by analyzing
genomic DNA from affected relatives (Fig. 2, (8)). Sam-
ples from the parents or other relatives of the remaining
compound heterozygous patients were unobtainable,
but the point mutations detected in these patients have
been observed independently in apparently unrelated
heterozygous FH patients, as described below. Apart
from the Pro664Leu and Glu80Lys mutations that we
have described previously, which each occur in two
apparently unrelated individuals, none of the mutations
was found in more than one clinically homozygous
patientof Englishancestry.

The list of mutations in Table 2 includes eight point
mutations and a microdeletion that had not been de-
scribed when our study commenced. The majority of
these were detected by direct nucleotide sequence analy-
sis of amplified fragments of genomic DNA isolated
either from whole blood or from cultured cells from the
patient (Fig. 3, A-D). The mutations predicted to cause
Arg329Pro in patient 6, Asp461Asn in patient 7, and
Cys176Arg in patient 9 were initially detected by auto-
mated nucleotide sequencing of mRNA amplified by
RT-PCR from cultured lymphoblasts (Fig. 3, G-]), and
confirmed by manual sequencing of amplified genomic
DNA. After detection of a 21 bp deletion in exon 4 of
patient 7 by direct sequencing of the PCR product of
genomic DNA, the fragment was cloned and the nucleo-
tide sequence of two normal and two mutant plasmid
clones was determined. This confirmed the nature of
the deletion and showed that the other allele was normal
in the region of the sequence obscured by the deletion
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Fig. 1. Pedigree of patient 10 showing the haplotypes of the LDL-re-
ceptor gene alleles. The clinically homozygous FH proband is indi-
cated by an arrow. The haplotype of each LDL-receptor gene allele,
assuming that there has been no recombination, was assigned on the
basis of the presence (+) or absence (-) of polymorphic restriction
enzyme sites in the gene and on the presence or absence of the
Pro664Leu mutation. It was assumed that the clinically heterozygous
FH sister of the two probands has inherited from their father the
mutant allele that produces an undetectable amount of mRNA in cells
from both homozygous siblings (null mutation), as indicated by brack-
ets. The two putative mutant alleles are indicated with hatched boxes
and the two normal alleles with plain or shaded boxes. The numbers
shown below each symbol indicate the total plasma cholesterot value
in mmol/1. Hmz, homozygous; htz, heterozygous.

(Fig. 3, E).

Two mutant alleles in this group of 15 patients have
yet to be characterized, but restriction enzyme digestion
of amplified fragments of the LDL-receptor mRNA
isolated from cultured cells from the two patients (pa-
tients 8 and 10) have shown that although mRNA from
the known mutant allele is present, the unknown mutant
allele produces no detectable mRNA (Fig. 4). Thus it is
probable that the unknown genetic defect lies in or near
the LDL-receptor gene itself, rather than in a regulatory
protein that would affect the expression of both alleles.

Some of the other mutations have been described
previously by ourselves in these same patients, for exam-
ple the large deletions in patients 1 and 2 (7) and the
point mutations in patient 4 (8), patient 12 (20) and
patient 14 (16). Skin fibroblasts from some of our pa-
tients are also present in the "Dallas Collection” (5), and
mutations in some of these have probably also been
described by Hobbs and co-workers (5) as FH London-5
(Leub78Ser), FH Greece-2 (Ser265Arg), FH Baltimore-1
(Asp283Glu), FH London-4 (Asp69Gly), and FH Cyprus
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§ htz for >20 Kb A &htz forArg329Pro

Ohtz for Cys227Tyr

Fig. 2. Pedigrees of homozygous FH patients, showing the inheritance of different mutant aileles from each
parent. The homozygous (hmz) probands (filled symbols) are indicated by arrows. The numbers below each
symbol are the total plasma cholesterol concentration in mmol/1. The half-illed symbols indicate individuals
with a clinical diagnosis of heterozygous (htz) FH; the half-shaded symbols in (A) indicate individuals without a
clinical diagnosis of FH, but who have a mutation in their LDL-receptor gene that is present in their homozygous
relative. The mother of the homozygous proband in (A) has children by three marriages, indicated in order by
the numbers within the symbols for the fathers. Where blood samples were not available (B, C), or insufficient
DNA was available for Southern blotting to detect the deletion in (B), the presence of a mutation in some of
the family members has been deduced, as indicated by brackets round the symbols for the mutations. In (B),
the absence of the Glu80Lys mutation from the proband's mother implied that she carried the allele with the
deletion and that the father carried the allele with the Glu80Lys mutation. As more than one sibling carried
each mutation, it is unlikely that either occurred de novo in the parents.

(Cys292Stop). However, a point mutation in the second

allele of our patient carrying the Ser265Arg allele

(Asp280Ala) was not reported by these authors.
Perhaps of most interest is the observation that some

of the mutations are recurrent. We already have evi-
dence that the Pro664Leu mutation is recurrent (6), and
the frequency with which we have found this mutation
in additional patients of diverse ethnic origin provides
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sn
ﬁ cC Thr
\_ Mutant Normal Y,
~ D
E. Patient 7, Exon 4 (non-coding strand) C. Patient 3, Exon 6
GATCGATC
Normal TGG fip
codon 207 codons 200-206 codon 199 s C/G
= =d GA ¥ T Asp283Glu
‘CGG Arg
Mutant Normal
J
),
Mutant
codon 207 codons 200-206 duplication of codons 206-200 codon 199
gt -t e <] B
L CTCGTCAGATTTGTCCTTGCAGTCGTCAGATTTGTCCTTGCAGTCGGG p

further confirmation of at least two mutational events.
The 21 bp insertion in exon 4 is also likely to have
recurred, as Hobbs and coworkers (5) have apparently
identified this mutation in an African American and it

374 Journal of Lipid Research Volume 37, 1996

is unlikely that the two individuals share a common
ancestor. Similarly, we have also observed the
Glu387Lys mutation in a heterozygous patient of Welsh
origin, who is unlikely to share a common ancestor with
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F. Heterozygous FH patient, Exon ) @ Patient 6, Exon 7
10 CGA (Arg329)

Normal
CCA (Pro)

J

N
g H. Patient 6, Exon 5
Mutant 4 bp duplication )
in codons 436-437 TGC (Cys227)
- Y

TAC (Tyr)

4

GGGCTCTGTCTGTCAAGCTGGGTGCTG \GGA AACTGCA ch AT )

\_ /

(L Patient 9, Exon 4 N (0 J. Patient 7, Exon 10 (hon-coding strand) )
TGC (Cys176) GTC (GAC Asp461)
CGC (Arg) GTT (AAC Asn)

'

LA

\AGCCCCTGCTCG ) \_ CCAGTCCACAGCCAGCCC )

Fig. 3. Nucleotide sequence of normal and mutant fragments of the LDL-receptor gene or its mRNA. A-D: Direct manual sequencing of
amplified fragments of genomic DNA. Exons 5 + 6 and exons 9 + 10 were amplified with primers located at the appropriate intron/exon Juncnons
(5"-ttagtcgacCACACTCTGTCCTGTTTTCCA and  5"-atagtcgacGCAAGCCGCCTGCACCGAGAC  for exons 5 + 6 and 5-
22agtcgacCTGACCTCGCTCCCGGGACC (prlmer 537) and 5-aaagtcgacGCCCTCAGCGTCGTGGATACG for exons 9 + 10; lower case letters
indicate non-LDL-receptor-gene sequences containing a restriction enzyme site. Exon 6 was sequenced with a pnmer at the 3’ end of intron 5
(5 TCCTTCCTCTCTCTGGCT); exon 9 was sequenced with primer 537. E and F: Automated plasmid cycle sequencing of cloned fragments of
amplified genomic DNA. The 3’ end of exon 4 was amplified with a primer in exon 4 (5-CCCCAGCTGTGGGCCTGCGACAA) and primer 571,
located at the junction of exon 4 and intron 4 (5 -amgtcgacCGCCCCGCCCCCACCCTGCCC) exons 9 + 10 were amplified together as described
above. The products were cloned into pGem-T and sequenced with a primer in the vector for exon 10 (T7 promoter, 5~ TAATACGACTCAC-
TATAGGG) and primer 571 for exon 4. G-J: Automated sequencing of RT-PCR-amplified fragments of mRNA with Sequenase. Exons 7 (G)
and 10 (J) were contained in a biotinylated PCR product that comprised nucleotides 846 to 1778, amplified with the following primers:
biotinyl-5-CAAGTGTCACAGCGGCGAATG and 5-CCCCCATTGACATCGATGCTT, and sequenced with a primer encompassing nucleotides
1331 to 1301 for exon 7 and 1685 to 1705 for exon 10. The fragment containing exons 4 (I) and 5 (H) comprised nucleotides 349 to 901 and
was amplified with biotinylated 5-CTCTAGCCATGTTGCAGACTT and 5-CACGATGGGAAGTGCATCTCTC and sequenced with a primer
encompassing nucleotides 413-434.

the homozygous patient of Indian Asian origin. Four  Effect of the mutations on LDL-receptor activity
other point mutations, Cysl76Arg, Cys227Tyr,
Asp283Glu, and Arg329Pro, occur in codons in which
other mutations have been described (5, 22).

There is little doubt that the point mutations de-
scribed here for the first time are the underlying cause
of FH in these patients. All of them are predicted to

Webb et al. Frequency of mutations in the LDL-receptor gene in the UK 375
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(a) Diagram of PCR fragment showing restriction enzyme sites

Primer I* Primer J
Avall Avall
Avall + | 234bp |
Avall- | 284bp |

(b) digests of amplified mRNA

Avall Pstl
g =
284> o8 - : u e ~-—428

331

1 2 3 4 5 6 1 2 3 4 5 6

Fig. 4. Analysis of mRNA from compound heterozygous FH patients. Total cytoplasmic RNA was isolated
from cultured lymphoblasts or skin fibroblasts that had been incubated for 12 h in lipoprotein deficient serum
to induce expression of the LDL-receptor gene. (a) A 500 bp fragment of the mRNA was amplified by RT-PCR
with the following primers: 5“CCTCTACTGGGTTGACTCCAA, end-labeled with *P (I*, in exon 12) and
5"GAGGTGTCGGGAACAGGCCGG (], in exon 14), as shown in the diagram. The polymorphic Avall site in
exon 13 and the Pstl site introduced by the Pro664Leu mutation in exon 14 are indicated in bold type. The sizes
of the labeled fragments obtained after digestion with either enzyme are indicated. (b) The labeled PCR products
were digested with either Avall (left panel) or Pstl (right panel) and analyzed by agarose gel electrophoresis
followed by autoradiography. Lane 1, markers; lanes 2 and 3, mRNA from lymphoblasts from normolipemic
controls; lane 4, mRNA from fibroblasts from patient 8; lane 5, mRNA from fibroblasts from patient 10; lane
6, mRNA from lymphoblasts from patient 7. All three patients are heterozygous in genomic DNA for the Avall
RFLP and patients 8 and 10 are heterozygous for the Pro664Leu mutation that creates a PstI site. Patient 7 has
mutations in exon 4 and exon 10 (see Table 2). The arrows on the left indicate the sizes of the predicted fragments

(bp).

result in non-conservative amino acid substitutions, sev-
eral involving cysteine residues, in regions of the LDL-
receptor protein whose structure and function are now
well established to be sensitive to such changes from
studies of the expression of mutant forms of the human
LDL receptor in heterologous cells (4, 8, 23). In addi-
tion, with the exception of the Asp280Ala mutation, all
the new point mutations reported in Table 2 have either
been observed in an affected relative of the patient or
have been found in other unrelated heterozygous FH
patients, as described below.

Residual LDL-receptor activity in cells from all but two

376 Journal of Lipid Research Volume 37, 1996

of the homozygous patients is shown in Table 2. Patients
7,11, 13, and 14 have very low or virtually undetectable
LDL:-receptor activity in their cells, which is consistent
with the nature of the genetic defect and with the
absence of immunodetectable LDL-receptor protein in
cell extracts (data not shown). Another group, including
patients 1,2, 5, 8, and 13 have low but detectable activity,
while a third group have at least 20% of the LDL-recep-
tor activity detected in cells from normolipaemic con-
trols (patients 3, 4, 9, and 12). As shown in Fig. 5 and
described below, there was no correlation between re-
sidual LDL-receptor activity in cultured cells from the
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Fig. 5. Relationship between plasma cholesterol concentration and
LDL-receptor activity in cultured cells from homozygous FH patients.
The maximum rate of saturable degradation of #l-labeled LDL by
cultured skin fibroblasts or EBV-transformed lymphoblasts was ex-
pressed as a percentage of the values obtained with cells of the same
type from normolipemic individuals during the same experiment. The
horizontal lines show the mean value in each group + SEM.

patients and their plasma cholesterol concentration be-
fore treatment commenced. However, some caution is
necessary in interpreting these results because assays of
LDLreceptor activity in cultured cells preincubated
with lipoprotein-deficient serum in vitro may not be a
completely accurate reflection of LDL-receptor function
in vivo. Furthermore, considerable variation in measur-
able LDL:-receptor activity is found in cells from nor-
molipemic controls, both between individuals and even
in cells from the same individual, depending on cell
density.

Effect of mutations on clinical phenotype

The mean age of the seven male and eight female
homozygotes was 24.4 years, ranging from 7 to 45 (Table
1). Their untreated serum cholesterol levels averaged
23.1 mmol/1 with a range of 15.6-30.6 mmol/l.
Atherosclerotic involvement of the aortic root and valve,
together with the coronary and/or carotid arteries, was
documented in all those aged 17 or above. In four
instances this had proved fatal despite surgical interven-
tion and apheresis. LDL apheresis has been shown to
prolong survival (24) but should be commenced well
before puberty if aortic valve stenosis is to be prevented.
Aortic valve replacement in homozygotes is a risky
procedure and led to two post-operative deaths (Cases

3 and 8). However, it is noteworthy that the oldest
patient in our series, case 5, had her aortic valve replaced
16 years ago (24).

The age of onset of aorto-coronary atherosclerosis is
closely correlated with the age and mean serum choles-
terol throughout life of the individual concerned (25).
We do not have sufficient data on the combined effects
of non-pharmacological and pharmacological treatment
on serum cholesterol levels in these patients to be able
to calculate the age x cholesterol score in every instance.
However, the age of onset and frequency of cardiovas-
cular involvement in our patients was similar to that
reported by Hoeg, Feuerstein, and Tucker (25). Al-
though variability in the severity of hyper-
cholesterolemia in homozygotes has been regarded in
the past as being determined by the effects of the
underlying mutation(s) on LDL receptor expression (2,
26), as shown in Fig. 5 there was no correlation between
untreated serum cholesterol levels and residual LDL
receptor activity in cultured cells in our patients.

The majority of the mutations found in the homozy-
gous FH patients are associated with severe hyper-
cholesterolemia in their affected heterozygous relatives.
The one exception is the mutation predicted to cause
substitution of Asp461 with Asn in exon 10 of the gene,
which codes for part of the region with homology to the
epidermal growth factor precursor (27). The homozy-
gous child, patient 7, inherited this allele from her
father, who has also passed it on to one of his two sons
by a subsequent marriage (Fig. 2). The father's total
plasma cholesterol concentration was 6.8 mmol/l and
his LDL-cholesterol concentration was 4.9 mmol/1], and
the son's values for these parameters were even lower
(6.1 and 4.3 mmol/], respectively). Thus, these individu-
als would not normally be given a diagnosis of heterozy-
gous FH, as neither have detectable tendon xanthoma,
corneal arcus, clinical signs of CHD or a family history
of CHD. It might be expected that this mutation, which
has a relatively mild effect in her heterozygous parent
and half-brother, would not result in the typically severe
phenotype seen in patient 7, who showed all the features
of homozygous FH at an early age (Table 1). We consid-
ered the possibility that the second defective allele, with
the 21 bp duplication, interferes with expression of the
Asp461Asn allele, but analysis of the mRNA from cul-
tured lymphoblasts from patient 7 showed that mRNA
from both alleles was present in the cells in approxi-
mately equal proportions (Fig. 4). However, we could
not determine unequivocally whether both mRNA spe-
cies were reduced in concentration compared with cells
from a normolipiaemic individual.

Two other heterozygous carriers of this mutant allele
(Asp461Asn) have been identified in two groups of FH
patients screened for mutations (see below). One of
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TABLE 3. Identification of carriers of mutations detected in the LDL-receptor gene in the UK in two groups of patients with a diagnosis of
heterozygous FH

Number of Patients with

Report of Original Patient Mutation
Mutation® Location with Mutation Detection Method 200 FH" 95 HH®
G+1A Intron 3 (10) Hybridization with ASO 2 0
GluB0Lys Exon 3 (€))] Hybridization with ASO 6 0
Aspb69Gly Exon 3 Hmz FH in this study Hybridization with ASO 3 2
Trpb66Gly Exon 3 (34) Hybridization with ASO 0 2
Cys88Tyr Exon 4 (31) New Rsal site, PAGE 1 0
Cys176Arg Exon 4 Hmz FH in this study Hybridization with ASO 0 1
A Gly197 Exon 4 (35) Heteroduplexes on PAGE 6¢ 2
Dup. codons 200-206 Exon 4 Hmz FH in this study Heteroduplexes on PAGE 14 0
A 2b in codon 206 Exon 4 (9) Heteroduplexes on PAGE 5e 1
Asp206Glu Exon 4 (36) New Ddel site, PAGE 3¢ 0
Cys227Tyr Exon 5 Hmz FH in this study Hybridization with ASO 1 0
Asp280Ala Exon 6 Hmz FH in this study Destroys BsmAl site, agarose gel 14 0
Asp283Glu Exon 6 Hmz FH in this study Hybridization with ASO 14 0
Arg329Pro Exon 7 Hmz FH in this study Hybridization with ASO 2¢ 0
Glu387Lys Exon 9 Hmz FH in this study Hybridization with ASO 14 0
Deletion/insertion Intron 9 Webb & Soutar, unpublished  Heteroduplexes on PAGE 1 0
Dup. 4 bp Exon 10 Htz FH in this study Heteroduplexes on PAGE 2 0
Asp461Asn Exon 10 Hmz FH in this study Hybridization with ASO 1 1
Leub78Ser Exon 12 Hmz FH in this study Hybridization with ASO 14 1
Arg612Cys Exon 12 (32) Hybridization with ASO 24 1
Pro664Leu Exon 14 (20) New Pstl site, agarose gel 6 1

Abbreviations: A deletion; dup, duplication; Hmz, homozygous; ASO, allele specific oligonucleotides; Htz, heterozygous; PAGE, polyacry-

lamide gel electrophoresis.

“Two hundred unrelated FH patients attending one of several Lipid Clinics in the London area (7).
®Ninety five unrelated FH patients attending Hammersmith Hospital Lipid Clinic.

‘Data from ref. 10.

‘Number includes the homozygous patient in whom the mutation was detected (Table 1).

‘Data from ref. 9.

these, with a diagnosis of possible FH, was referred after
a routine health check had identified a raised plasma
cholesterol of 10.0 mmol/1 with an LDL-cholesterol of
8.15 mmol/], but he has no tendon xanthoma and no
detectable CHD at the age of 54 years. This patient's
father died of CHD at the age of 66 years. The second
individual is a 47-year-old female with a pre-treatment
plasma cholesterol of 8.3 mmol/1 that fell to between
5.9 and 7.2 mmol/] on treatment with diet alone, but in
contrast to the other patients with this mutation, she
already had tendon xanthoma and carotid artery disease
at the age of 31 years. She has a strong maternal and
paternal family history of premature CHD, suggesting
that she may have more than one inherited risk factor
for early atherosclerosis. Even though the number of
patients with this mutation is small, it is of interest that
adult carriers of the same mutant allele can exhibit
pre-treatment plasma cholesterol concentrations that
range from 6.8 to 10.0 mmol/l and a wide range of
susceptibility to atherosclerosis that is apparently unre-
lated to the plasma cholesterol concentration, confirm-
ing that other factors must have an important influence.
Presumably, patients with heterozygous FH are also
subject to the same polygenic and environmental factors
that influence CHD risk in the apparently normolipemic
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population. These might include, for example, diet,
smoking, and obesity, and variants of the many genes
involved in lipid and lipoprotein metabolism, the clot-
ting mechanism or cell biology of the arterial wall.
Studies of Chinese (4) and Tunisian (28) FH patients
show that where the mean plasma cholesterol concen-
tration of the general population is low, then heterozy-
gous FH patients are much less severely affected, if at
all, than those in Western societies where the mean
plasma cholesterol concentration is higher. The simplest
explanation for these differences is that they are caused
by differences in diet, but unrelated genetic factors such
as the dominant gene effect observed in a Puerto Rican
family (29) cannot be ruled out.

Screening for the mutations in heterozygous FH
patients

Although we had predicted that the mutations that
occurred in the clinically homozygous patients would be
likely to be relatively common amongst heterozygous
FH patients attending Lipid Clinics in the London area,
this did not turn out to be the case when genomic DNA
from 295 individuals was screened for the mutations
that we had identified (Table 3). The homozygous pa-
tients, with the exception of numbers 4, 7, and 9 in Table
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2, were included in the group of 200 patients shown in
Table 3.

Where the mutation introduced or destroyed a re-
striction enzyme site, amplified DNA from the patients
was digested with the enzyme and the products were
analyzed by either agarose gel electrophoresis or non-
denaturing PAGE. Mutations that formed detectable
heteroduplexes were analyzed by non-denaturing PAGE
of the amplified fragment. Screening for all other point
mutations was carried out by hybridization of the ampli-
fied fragment with allele-specific oligonucleotides. As
indicated in Table 3, in addition to 14 different point
mutations, micro-deletions, -insertions, and -rearrange-
ments found in the 9 homozygous patients of apparently
English ancestry, we also screened for 10 mutations of
this type that we have identified in single individuals in
a separate group of heterozygous FH patients in another
study (10, 30, 31) and for a point mutation (Arg612Cys)
that we identified in a further homozygous patient who
was not in our cohort (32). The new group of 95 patients
were also screened for three of the commoner muta-
tions in exon 4 (9). Out of the total number of 29
mutations tested, the following were not observed in any
individuals in the groups of 200 or 95 FH patients:
Ala585Ser, a single bp insertion in exon 5, a 23 bp
deletion in exon 7; a 4 bp deletion in exon 10, a single
bp deletion in exon 13, a single bp deletion in exon 14
and a mutation in the promoter region. The single bp
deletion in exon 15 identified in one of the homozygous
patients (patient 4) who was not in the group of 200 was
not seen in any additional patients.

During screening for microdeletions by non-denatur-
ing PAGE of an amplified fragment comprising exons 9
and 10, heteroduplexes were detected in three samples.
Nucleotide sequencing of the fragments revealed these
to be the same duplication of 4 bp in codons 436 and
437 in two patients (Fig. 3, F), and a complex inser-
tion/deletion at the 3’ end of intron 9 that disrupts
splicing in the third patient (J. C. Webb and A. K. Soutar,
unpublished observations).

As shown in Table 3, the majority of the new muta-
tions were only found in the index patient and were not
even present at the frequency of approximately 5% that
we have observed previously for a number of other
mutations, namely Glu80Lys, Pro664Leu, and two mi-
crodeletions in exon 4 (6, 8, 9). A summary of all the
mutations identified so far in the group of 200 FH
patients is shown in Table 4. The mutations described
in this paper increase the total number of alleles char-
acterized in this group from 38 to 71, that is from 18%
to 34% of the predicted total number of 208 defective
LDL receptor gene alleles. Thus, potentially 137 muta-
tions remain unidentified, but current studies elsewhere
using large scale SSCP analysis (33) should identify some

TABLE 4. Summary of mutations identified in 200 FH patients
attending Lipid Clinics in the London area

Mutation Number of Patients Reference

Pro664Leu 6 (6)

Deletions detected by 10¢ )]
Southern blotting

Glu80Lys 6 (8)

Minor base changes in exon 4 21 (9

G +1Ainintron 3 2 (10)

Screening for known point 17 this paper
mutations

Cys292Stop 26 this paper

Asp471Asn 1 this paper

Total alleles? (percentage) 71 (34.3%)

“One additional patient with a deletion has been detected since
this publication.

*Includes a Greek Cypriot homozygous (see Table 2) and one
Greek heterozygous FH patient; non-Greek remainder of 200 not
screened.

‘One heterozygous FH patient of Chinese origin; non-Chinese
remainder of 200 not screened.

“The 200 patients include 189 heterozygous and 11 homozygous
FH, of which 8 are compound heterozygous, giving a total of 208
potentially affected alleles.

of these. In the new group of 95 patients, only 12 alleles
out of a total of 98 (12%) have been identified by our
screening procedure, but this group has not been ana-
lyzed for large deletions or rearrangements that com-
prise approximately 5% of the mutant alleles in the
group of 200 (7), nor for two of the rarer mutations in
exon 4 described by Gudnason and coworkers (9) that
together comprise about 1% in the group of 200 FH
patients. Furthermore, the group of 200 contains the
majority of the homozygous patients in whom we ac-
tively sought mutations. B
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