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Abstract Monogenically inherited hypercholesterolemia is
most commonly caused by mutations at the low density lipo-
protein receptor (LDLR) locus causing familial hypercho-
lesterolemia (FH) or at the apolipoprotein B (APOB) locus
causing the disorder familial defective apoB (FDB). Probands
from 47 kindreds with a strict clinical diagnosis of FH were
selected from the Cardiovascular Genetics Research Lipid
Clinic, Utah, for molecular genetic analysis. Using a combi-
nation of single-strand conformation polymorphism (SSCP)
and direct sequencing, 12 different LDLR gene mutations
were found in 16 of the probands. Three of the probands
were carriers of the APOB R3500Q mutation. In five of the
remaining 28 pedigrees where no mutation had been de-
tected, samples from enough relatives were available to ex-
amine co-segregation with the LDLR region using the micro-
satellite marker D19S221, which is within 1 Mb centromeric
of the LDLR locus, and D19S394, sited within 150 kb telo-
meric of the LDLR locus. In four of the families there was
strong evidence for co-segregation between the LDLR locus
and the phenotype of hypercholesterolemia, but in one
large family with 18 living affected members and clear-cut
bimodal hypercholesterolemia, there were numerous exclu-
sions of co-segregation. Using length polymorphic markers
within and outside the APOB gene, linkage of phenotype in
this family to the APOB region was similarly excluded. In
this large family, the degree of hypercholesterolemia, preva-
lence of tendon xanthomata, and occurrence of early coro-
nary disease were indistinguishable from the other families
studied.  In summary, the data provide unequivocal evi-
dence that a third locus can be etiological for monogenic fa-
milial hypercholesterolemia and should be reinvigorating to
research in this field.

 

—Haddad, L., I. N. M. Day, S. Hunt,
R. R. Williams, S. E. Humphries, and P. N. Hopkins.

 

 Evi-
dence for a third genetic locus causing familial hypercholes-
terolemia: a non-LDLR, non-APOB kindred. 

 

J. Lipid Res.

 

1999. 

 

40:

 

 1113–1122.

 

Supplementary key words

 

familial hypercholesterolemia 

 

•

 

 LDLR
gene 

 

•

 

 APOB gene 

 

•

 

 microsatellites

 

Segregation of severely elevated plasma low density li-
poprotein cholesterol levels, tendon xanthomata, and
premature coronary disease occur in the well-recognized
disorder of familial hypercholesterolemia (FH). FH has

 

provided a paradigm in the study of genetics of athero-
sclerosis, including a detailed understanding of the major
pathway of low density lipoprotein (LDL) clearance from
plasma via the LDL receptor (1). A wide range of differ-
ent defects in this receptor accounts for the majority of (if
not all) FH homozygotes (2) and for many FH heterozy-
gotes also (3). Ligands for the LDL receptor include apoB,
present as a single protein molecule per LDL particle, and
apoE, present in multiple copies in very low density lipo-
protein (VLDL) and in intermediate density lipoprotein
(IDL). ApoB defects in receptor binding remained a plau-
sible cause of familial hypercholesterolemic phenotype
(1), and an example was presented (4) and subsequently
shown to involve a specific mutation, R3500Q in APOB
(5). Extensive studies since have shown this single muta-
tion to be specific to western European populations and
their descendants, to have a population prevalence up to
1/1,000 and to account typically for 2–5% of patients with
the familial hypercholesterolemic phenotype (6). The
apoB mutation was designated familial defective apoB-100
(FDB). Other apparently rarer APOB mutations have
since been identified in hypercholesterolemic patients
(7–9).

The picture of receptor defects and ligand defects ap-

 

Abbreviations: APOB, gene encoding apolipoprotein B; APOE,
gene encoding apolipoprotein E; BMI, body mass index (kg/m
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); BP,
blood pressure (mm Hg); FDB, familial defective hypercholesterolemia;
HDL, high density lipoprotein; HVR, hypervariable repeat; LDL, low
density lipoprotein; LDLR, gene encoding low density lipoprotein re-
ceptor; PCR, polymerase chain reaction; SSCP, single-stranded confor-
mational polymorphism; TG, triglyceride; VLDL, very low density lipo-
protein; VNTR, variable number tandem repeats.
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pears complete, and to our knowledge little attention has
been paid to the possibility of further loci causing hyper-
cholesterolemia. However, there is a case that other loci
could be involved.

1. Direct mutation detection has not identified muta-
tions in all FH patients whether homozygous, heterozy-
gous, proven LDLR deficient, or not (2, 3 and references
therein, 10); International Workshop on Familial Hyper-
cholesterolemia and the LDL-receptor, Amsterdam, Hol-
land 1997). It is assumed but not proven that in each
instance the failure is technical, due, for example, to in-
sensitive methods or not all of the gene having been ex-
amined, e.g., introns.

2. All homozygotes appear to be LDLR deficient. How-
ever, this could be secondary to another genetic defect,
e.g., absence of a transcriptional activator.

3. LDLR mutation homozygotes are rare (10

 

2

 

6

 

) repre-
senting an LDLR mutant allele frequency of 10

 

2

 

3

 

 in the
general population (11). If another locus with an allele
frequency of 10

 

2

 

4

 

 were present in the general population,
the homozygote frequency would be 10

 

2

 

8

 

. Such homozy-
gotes would thus be too rare to be present in existent ho-
mozygote collections.

4. Homozygosity for another locus may not be ex-
pressed in the profound and characteristic way that ho-
mozygous LDLR defects are. This is indeed the case for
apoB R3500Q homozygotes who can remain free of symp-
toms until a late age (12, 13). Atypical cases of hypercho-
lesterolemia have been reported (14).

5. In no study of heterozygous FH from genetically
heterogeneous populations, such as the UK or US, has
more than 70% of probands been shown directly to have
LDLR mutations. Usually in heterozygous FH patients
LDL receptor activity is low, but receptor assays are com-
plex and may not always represent hepatic receptor func-
tion or overall in vivo activity. Some heterozygous FH
probands have been reported with LDL receptor activity
within or near the reference range (10, 15, 16). How-
ever, the lack of concordance between cellular and clini-
cal phenotypes cannot always be invoked as the explana-
tion (17); Sirtori et al. (18) described a case of increased
LDL biosynthesis.

One approach to confirm the involvement of the LDL re-
ceptor locus in causing FH in a kindred is by co-segregation
studies using DNA markers spanning the LDL receptor
locus. Co-segregation studies are rarely undertaken because
kindred collection is difficult and laborious. Additionally,
until recently, only intragenic haplotyping using RFLPs has
been available for the LDL receptor locus, itself labor inten-
sive and often uninformative or laborious (19 and refer-
ences therein). For this reason, comparatively few LDLR
co-segregation studies have been published and these
have often been reports on small families with markers of
low informativeness. Although it seems likely that LDLR
mutations obscure to current mutation scanning will turn
out to be etiological in many FH families, up to 30% of
uncharacterized autosomal dominant heterozygous FH
could be attributable to autosomal dominant mutations
other than in LDLR and other than apo R3500Q. Many

genes would be plausible candidates including those known
from studies of cell function (20).

In order to search for non-LDLR FH we first established
a rapid approach to co-segregation based on highly infor-
mative, microsatellite polymorphisms closely flanking the
LDLR gene (21). The physical locations of these markers
are now known (22). We have examined genetic recombi-
nation closely and have also demonstrated very strong link-
age disequilibrium between microsatellite locus D19S394
and LDLR (23). D19S394 is a tetranucleotide repeat sited
150 kb telomeric to LDLR; it shows 90% heterozygosity,
amplifies well by PCR, and is readily genotyped. Further-
more, it is compatible with buccal wash sampling by mail
for rapid kindred review. As a one-step primary evaluation
of FH kindreds, this is a powerful tool. Here we describe
its use in conjunction with D19S221 (22), an APOB intron
20 dinucleotide length polymorphism (24), APOB 3

 

9

 

VNTR (25), and polymorphic microsatellite D2S220 (26),
to exclude co-segregation of clear-cut bimodal hypercho-
lesterolemic phenotype with either the LDLR gene or the
APOB gene in a large Caucasian kindred. We have desig-
nated the gene causing hypercholesterolemia in this fam-
ily as FH-3.

METHODS

 

Ascertainment of FH families in Utah

 

In 1976 the University of Utah Cardiovascular Genetics Re-
search Clinic was founded and began to identify and examine
persons with early familial coronary heart disease (CHD) and
their close and distant relatives including persons with heterozy-
gous familial hypercholesterolemia (27, 28). From 1985 to the
present, expanded ascertainment of FH families was carried out
as a humanitarian public health project called “Med Ped FH”
(Make Early Diagnoses to Prevent Early Deaths from Familial Hy-
percholesterolemia) in collaboration with the Utah Department
of Health, the U.S. Centers for Disease Control, the World
Health Organization, and Merck Human Health (29, 30).

Possible FH index cases were found by contacting highrisk
persons from computer files. These included those with total
cholesterol above 300 mg/dl from records of state and local
health department screening of 75,000 persons, hospital data
identifying over 5,000 persons discharged with diagnosis of CHD
before age 55, shopping mall cholesterol screening of 7,000 per-
sons, referrals from responses to a letter sent to 720 primary care
physicians in Utah asking them to identify patients with FH, and
“Health Family Tree” questionnaires collected from the parents
of 80,000 high school students in Utah (31). Follow-up mail ques-
tionnaires and reminder letters were sent to 3,598 persons who
were considered at risk for FH with follow-up phone contacts.
These included probable FH index cases and relatives traced to
first, second, and third degree relationships (siblings, parents,
offspring, aunts, uncles, grandparents, nieces and nephews, and
first cousins). Details regarding highest pretreatment fasting cho-
lesterol, as well as triglyceride, HDL cholesterol, and calculated
LDL were obtained from 2,038 persons, including 502 FH het-
erozygotes (32). DNA testing for FH began in Utah in 1986 with
successful genetic linkage of one large seven generation Utah
pedigree to a biallelic RFLP in the LDL receptor gene (33). Clin-
ical criteria for the diagnosis of FH in relatives and new index
cases were derived using mathematical analysis of cholesterol dis-
tributions published for the general US population and persons
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with FH. These criteria were validated by comparing clinical ver-
sus DNA diagnosis of FH for persons whose status could be un-
ambiguously determined from their status with respect to the
RFLP linked to the LDL receptor (29).

When these criteria were applied to serum cholesterol results
obtained from the 2,038 persons traced, 101 index cases and 502
living relatives were identified, meeting criteria for FH. Genea-
logical tracing of ancestors in 4–8 previous generations and com-
puter-assisted matching found common ancestors for about half
of the index cases, merging 101 small pedigrees into 48 unre-
lated multigenerational pedigrees. An LDL receptor mutation
was identified in the laboratory of Dr. Helen Hobbs, Dallas, Texas
for one pedigree (34), leaving an additional 47 pedigrees from
which samples were taken for the present study.

Blood samples were collected in the morning after a 12–16 h
fast, and prepared according to guidelines of the Lipid Research
Clinic’s program manual of Laboratory Operations (35). Lipids
were measured by a microscale procedure developed in the labo-
ratory (36). Briefly, high density lipoprotein (HDL) was mea-
sured in the supernatant after precipitation of apolipoprotein
B-containing particles with dextran sulfate–MgCl

 

2

 

 and centrifu-
gation in an Eppendorf microcentrifuge. Triglyceride-rich lipo-
proteins, primarily VLDL, were separated from LDL and HDL by
use of a Beckman TL 100 ultracentrifuge. The value for VLDL
cholesterol was taken as the measured cholesterol in the top frac-
tion. This value was compared to the total cholesterol minus the
cholesterol in the bottom fraction containing LDL and HDL and
verified to yield identical results. Cholesterol and triglycerides in
total plasma and subfractions were measured with a Roche FARA
II automated analyzer. DNA was obtained from seven families (86
individuals) for analysis of co-segregation of phenotype with the
LDL receptor gene by the phenol/chloroform extraction based
on that of Kunkel et al. (37).

 

PCR conditions

 

Two polymorphic microsatellites, D19S394 and D19S221, were
examined, telomeric and centromeric of the LDLR gene, respec-
tively. D19S394 is a tetranucleotide (GAAG)n repeat approxi-
mately 150 kb from the gene, with a heterozygosity of 0.9. Oligo-
nucleotide sequence and optimal conditions are as described in
Day et al. (23). D19S221 is a dinucleotide (CA)n repeat, with a
heterozygosity of 0.87. PCR primer sequences were: 5

 

9

 

-GCAAGA
CTCTGACTCAACAAAA-3

 

9

 

 and 5

 

9

 

-CATAGAGATCAATGGCATG
AAA-3

 

9

 

. One primer of each pair contained the fluorophor 6-car-
boxyfluorescein (6-FAM) coupled to the 5

 

9

 

-end by phosphora-
midite linkage. For PCR amplification of D19S221, the reaction
was performed in 20 ml total volume, containing 40–100 ng of
genomic DNA, 8 pmol of each PCR primer, 0.3 U Taq poly-
merase (Gibco-BRL Ltd, Paisley UK), 200 mmol/l each dNTP, 50
mmol/l Tris-HCL (pH 8.3), W1 (Gibco BRL Ltd, Paisley, UK),
and overlaid with 20 ml of paraffin oil. Thermal cycling condi-
tions were: 95

 

8

 

C for 5 min, 55

 

8

 

C for 5 min, 72

 

8

 

C for 5 min, 96

 

8

 

C
for 1 min, 55

 

8

 

C for 1 min, and 72

 

8

 

C for 3 min for 30 cycles; and fi-
nally 72

 

8

 

C for 10 min.
To exclude the involvement of the apoB locus as a cause of

FH, three markers were analyzed for haplotype analysis of one
family (1000/1173): D2S220 (CA)n (25), heterozygosity 0.82, a
polymorphic (TTTA)n tandem repeat located in intron 20 of the
apoB gene with a heterozygosity of 0.66 (24), and a variable num-
ber tandem repeat located at the 3

 

9

 

 end of the apoB gene, het-
erozygosity 0.75 (25). The intron 20 tetranucleotide repeat sense
strand PCR primer was FAM labeled as above and one D2S220
PCR primer was HEX-labeled for fluorescent genotyping. Other
components of the PCR reaction mixes for the intron 20 repeat
and D2S220 and the 3

 

9

 

 hypervariable repeat were as for D19S221.
Cycling conditions for D2S220 were: 94

 

8

 

C for 1 min, 55

 

8

 

C for 1

min, 72

 

8

 

C for 1.5 min repeated for 27 cycles then 72

 

8

 

C for 6 min.
Thermal cycling conditions for the intron 20 repeat were 95

 

8

 

C
for 4 min, 95

 

8

 

C for 1 min, 68

 

8

 

C for 3 min repeated 25 cycles. For
the 3

 

9

 

 hypervariable repeat conditions were as follows: 95

 

8

 

C for 5
min, 58

 

8

 

C for 5 min; 92

 

8

 

C for 1 min, 58

 

8

 

C for 5 min repeated for
35 cycles. Thermal cycling was performed in an MJ Tetrad (Ge-
netic Research Instrumentation Ltd (GRI), Felsted, Essex, UK).

Amplified fragments of fluorescently labeled products were
electrophoresed on an ABI Prism 377 automatic sequencer (Fos-
ter City, CA), and separated on standard 12 cm well-to-read 6%
denaturing SequaGel-6™ polyacrylamide gels (National Diagnos-
tics, Atlanta, GA) (21). The 3

 

9

 

 hypervariable repeat was sized by
electrophoresis on a 36 cm 6% polyacrylamide denaturing gel
(acrylamide–bis-acrylamide 19:1 (Severn Biotech Ltd), 1 

 

3

 

 TBE)
for 4 h at a constant power of 65 W. The gel was subsequently sil-
ver stained (38, 39).

 

FDB R3500Q direct test

 

Seven affected family members of Kindred 1000/1173 and
suitable positive controls were tested for the presence of the mu-
tation R3500Q in the apoB gene by introduction of a restriction
site (Sau 96I) during PCR. PCR amplification was carried out on
an MJ Tetrad thermal cycler using conditions as described (40).
Briefly, the reaction mixture contained 40 ng genomic DNA, 0.2
m

 

m

 

 dNTPs, 10 m

 

m

 

 Tris-HCL (pH 8.3), 50 m

 

m

 

 KCl, 0.001% gela-
tin, 0.05% w/v W1, and 8 pmol of each primer. PCR amplified
products (8 ml) were tested for the presence of FDB R3500Q by
digestion with 3 U Sau96I (Boehringer Mannheim), 1 ml manu-
facturer’s recommended 10

 

3

 

 buffer, incubation at 37

 

8

 

C for 3 h.
Restriction digest patterns were analyzed by using the microtiter
array diagonal gel electrophoresis (MADGE) system (41). A
Sau96I restriction site was induced in the PCR of normal alleles
only, not of FDB R3500Q alleles. Sau96I digest is therefore 100%
sensitive, although not specific to R3500Q.

 

APOE testing

 

ApoE genotypes were determined by a genotyping method
routinely performed in the laboratory involving PCR-RFLP, de-
scribed by Wu, Wu, and Hopkins (42).

 

RESULTS

Forty seven probands with a clear cut clinical diagnosis
of FH were analyzed for mutations in the LDLR gene by a
combination of SSCP and direct sequencing (

 

Fig. 1

 

).
Three of these probands were found to have the FDB
R3500Q substitution. As shown in 

 

Table 1

 

, twelve different
mutations were found, two of which are novel, in 16 ap-
parently unrelated patients, a detection rate of 36.2%.

Of the remaining 28 probands in whom no mutation was
seen, five pedigrees were selected on the basis of large kin-
dred size and possible sample availability, for co-segregation
studies using microsatellite markers D19S394 and D19S221.
Eighteen allele lengths were observed for D19S394 (range
211–279 mobility units, equivalent to nucleotides), and
ten for D19S221 (range 192–210 mobility units, equiva-
lent to nucleotides). As data were gathered for co-segrega-
tion studies, four families showed no inconsistency with
co-segregation of phenotype with LDLR gene, i.e., al-
though small numbers of relatives had been examined,
the lod score for each family was above zero (

 

Table 2

 

) for
markers D19S394 and D19S221. However, one medium-
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sized mutigenerational pedigree, formed from the merg-
ing into common ancestry of two smaller kindreds (K1000
and K1173), was excluded from linkage with either LDLR
gene or APOB loci. Detailed results for all persons tested
in these two kindred are presented in 

 

Table 3

 

. Most of the
affected members of this pedigree had multiple lipid de-
terminations. These are also presented in Table 3. This
family was then examined in considerably greater detail.
In this kindred, with 18 haplotyped, affected individuals
and 13 unaffected individuals (with blood available for
genotyping), numerous inconsistencies with co-segrega-
tion with LDLR gene were evident both by genotypes and
haplotypes (

 

Fig. 2

 

).

The clinical characteristics of the “FH-3 kindred” are
compared with those with FH due to LDLR mutations in

 

Table 4

 

. Classic features of clinical FH were observed
among these individuals: 

 

1

 

) early coronary heart disease
in affected male and female relatives; 

 

2

 

) tendon xantho-
mata; 

 

3

 

) very high total and LDL cholesterol levels in ap-
proximately half of the relatives; 

 

4

 

) bimodality with nor-
mal cholesterol levels in the other half of the relatives and
a large separation of about 100–150 mg/dl for LDL cho-
lesterol between normal and affected siblings; and 

 

5

 

) ab-
sence of features of familial combined hyperlipidemia
(normal triglycerides and normal frequency of diabetes, hy-
pertension, and obesity). Most of the family members with
very high cholesterol levels have been resampled several or
many times and, like classic heterozygous familial hyper-
cholesterolemia, in the absence of powerful lipid-lowering
drugs their total and LDL-cholesterol levels have been con-
firmed to remain persistently high. Body mass index (BMI),
diastolic and systolic blood pressure (BP), and triglycerides
were significantly lower in this kindred, compared to those
kindreds in whom FH was due to LDLR mutations.

 

Figure 3

 

 demonstrates the clear-cut bimodality of high-
est measured LDL cholesterol levels seen in this kindred
comparing affected and unaffected individuals. Total and
LDL cholesterol levels in heterozygotes were considerably
more elevated than in their unaffected relatives. Un-
treated LDL cholesterol levels were not available for all af-
fected individuals. Further, there were several instances in
which the most recent total or LDL cholesterol values
were lower than prior levels due to treatment with a strict
lipid-lowering diet. An example of this is individual 1000-
151 (male, aged 41.7 years) with a total cholesterol level of
303 mg/dl. This individual, now on a strict diet, was re-
ported to have had an untreated highest total cholesterol
level of 479 mg/dl and another LDL cholesterol of 292 at
age 34.

Genotypes and haplotypes at the APOB locus, the only
other gene known to cause this phenotype, were defined
using three markers in the family 1000/1172. As for the
LDLR gene, numerous inconsistencies with co-segrega-
tion of phenotype with the APOB gene were identified ei-
ther by genotype or haplotype. These are also considered
for their robustness below. Amplification of the intron 20
polymorphism gave three fragments with sizes of 151 nt,
147 nt, and 143 nt. This marker showed an exclusion be-
tween both branches of the family (1000 and 1173).
D2S220 (size from 155–167 mobility units, equivalent to
base pairs) genotypes gave inconsistencies both within
and between the two family branches. Although the 3

 

9

 

hypervariable repeat (HVR) is highly polymorphic (het-
erozygosity 0.75 (25)), in this family the majority of alleles
were either 33, 35, or 37 repeat units. Nevertheless, by
haplotype analysis it was possible to unambiguously rule
out the involvement of the APOB gene in the causation
of FH (Fig. 2). APOE genotypes were also examined (Fig.
2). Again there are numerous inconsistencies with co-
segregation of affected status with an allele at the APOE
locus.

To assure correct assignment of genotypes and proper

 

TABLE 1. Mutations found in kindreds from Utah with FH

 

Exon/Gene SSCP/Mutation
Molecular event 

(ref) Family ID

 

2 C6W 81T

 

.

 

G (2) 1103
3 S78X 296C

 

.

 

G (26) 1174
4 C139Y 478A

 

.

 

G (2) 1069
4 C163Y 551G

 

.

 

A (27) 1161
4 D200G 662G

 

.

 

A (3) 1066
4 D206E 681C

 

.

 

G (28) 1060
4 SSCP

 

a

 

SSCP 3

 

9

 

 exon 4

 

a

 

1169
8 Fs352 1116del4 (29) 625, 656
9 R395W 1246C

 

.

 

T (3) 613, 1110, 1167
10 P505S 1576C

 

.

 

T (2) 1050
11 G528D 1646G

 

.

 

A (2) 1106
11 

 

1

 

 17 N543H 

 

1

 

 777del
LLV

1690A

 

.

 

C (30); 
2392del9 (3) 1142, 1068

APOB R3500Q 10708G

 

.

 

A (5) 1013, 1168, 27

 

a

 

Sequence change not available.

Fig. 1. Flow chart of molecular genetic analysis in 47 kindreds
with familial hypercholesterolemia.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


 

Haddad et al.

 

Locus heterogeneity in familial hypercholesterolemia 1117

 

sample handling, all members of pedigree 1000/1173
were independently retyped for markers D2S220 and
D19221 by a different, outside laboratory. The allele as-
signments agreed with those shown in Fig. 2 in every in-
stance. Furthermore, several other anonymous markers at
various locations in the genome were, in all instances,
consistent with the pedigree as drawn with no apparent
non-paternity.

DISCUSSION

Using a combination of direct mutation scanning and
SSCP, 19/47 (40.4%) of FH probands were found to have
a mutation either in the LDLR gene or the APOB gene (as
R3500Q). Some studies suggest that SSCP is sensitive to
70–95% of base changes for fragments of 200 bp or less,
although this may depend on optimization and use of

 

TABLE 3. Clinical characteristics of kindred 1000/1173

 

Kindred Rel # Age Sex FH CHD Chol Trig HDL LDL ApoE Comments, prior LDL levels

 

1000 1 39.4 F 1 30 450 2-2 Historical untreated total cholesterol only. Small Achilles tendon xanthomas.
10 measured LDL, all on treatment, most recent 144 on multiple
medications. Also expresses type III phenotype.

1000 2 52 F 0 178 161 43 108 3-2
1000 5 77.9 M 0 49 187 187 41 137 3-3
1000 30 67.3 M 1 50 468 3-4 Historical untreated total cholesterol only. Small Achilles tendon xanthomas.

Most recent LDL 116 on multiple medications.
1000 60 32.6 F 0 146 146 54 62 2-2
1000 61 28.7 F 0 203 63 63 122 3-4
1000 101 34.7 M 0 168 100 31 115 —
1000 102 19.9 F 1 342 78 41 280 2-4 On diet. Prior LDL: 297 age 11.2, 346 age 11.5, 416 age 13.0, 315 age 13.6,

355 age 15, 292 age 16.
1000 103 11.6 M 1 344 181 34 274 2-3 Prior LDL: 252 age 9, 238 age 9
1000 104 7.9 M 0 136 101 43 80 2-3 Prior LDL 84 age 7.6
1000 105 6.6 F 1 345 125 32 280 2-3 Prior LDL 236 age 4.2, 247 age 4.5
1000 108 54.6 M 0 276 178 33 191 3-4
1000 109 54.7 F 0 257 142 31 193 3-3
1000 144 34.3 M 0 201 120 45 124 2-3
1000 145 9.2 M 0 200 126 50 118 2-3
1000 147 7.8 M 0 148 44 51 88 2-3
1000 150 39.3 M 1 357 87 42 280 4-4 On diet. Historical highest total cholesterol 370. Prior LDL 244 on diet

age 32. Multiple treated LDL, most recent 189 on multiple medications.
1000 151 41.7 M 1 303 88 51 244 3-4 On diet. Historical highest total cholesterol 479. Prior LDL: 244 age 34.0,

292 age 34.4
1000 155 55.6 F 0 251 128 81 147 3-4
1000 156 30.4 F 0 170 49 74 93 —
1000 157 18.3 M 1 267 78 42 205 4-4 On diet. Prior LDL: 295 age 10.1, 284 age 10.9, 329 age 11.4, 316 age 11.9,

326 age 12.5, 323 age 12.9
1000 158 8.4 F 0 169 68 63 94 3-4 Repeated total cholesterol 143 age 8, 135 age 9.
1173 1 33.6 F 1 487 203 23 381 2-3 On careful diet. Prior LDL 441 age 33.5
1173 5 63.3 M 1 49 2-4 No untreated values. LDL 162 on full dose statin and careful diet.
1173 6 59 F 0 144 Reflotron total cholesterol only.
1173 7 25.0 F 1 313 112 29 268 3-4 On diet. Prior LDL 325 age 24.4
1173 9 28.1 F 1 408 102 35 331 3-4
1173 17 57.8 M 1 54 275 150 37 143 2-2 On careful diet. Prior LDL 209 on statin age 50.
1173 41 57 F 0 156 54 49 96
1173 43 32.1 F 1 353 128 36 268 2-3 On careful diet. Moderate size Achilles tendon xanthomas. Prior LDL: 333

age 25.7, 244 age 26.0, 262 age 26.5, 240 age 26.9, 211 age 27.4, 220 age 30.3
1173 47 20.7 F 1 294 59 61 222 — On diet. Prior LDL 199 age 13.
1173 48 18.2 F 1 211 78 33 161 — On diet. Prior LDL 209 age 11.
1173 49 29.9 M 1 435 124 36 365 — Prior LDL: 262 age 23, 372 age 25.0. On diet and low dose statin LDL 262

age 29.9.
1173 50 25.0 M 1 316 175 32 244 — On diet. Prior LDL: 202 age 22.5, 158 age 22.8

Lipid levels (mg/dl) are most recent values without lipid-lowering medication. LDL and VLDL levels are measured values after ultracentrifuga-
tion. Historical values reported by patients are so indicated. Prior LDL cholesterol are measured, untreated values unless so stated. Abbreviations:
Chol, total cholesterol; Trig, triglycerides; HDL, HDL cholesterol; LDL, LDL cholesterol.

 

TABLE 2. Results of co-segregation studies using two markers flanking the LDLR, D19S394, and D19S221
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multiple conditions for given PCR fragments. Under non-
optimized or single conditions, fewer than 40% of muta-
tions may be detected (43). In FH, no SSCP study, except
of founder populations, has achieved greater than a 70%
find rate for LDLR mutations. An additional 2.5–5% of
mutations are due to major gene rearrangements (44),
not detectable by SSCP; and intron–exon splice junctions
which may amount for a further 15% (45) have not always
been analyzed. Absence of a mutation in the screened
probands may thus be due to base changes outside the
gene regions examined, base substitutions/variations in
the APOB gene other than R3500Q (such as R3500W and
R3531Q), or to mutations not involving the LDLR gene.

Clear cut co-segregation of specific alleles of markers
D19S394 and D19S221 with hypercholesterolemia was
seen in four of the five pedigrees, consistent with the pres-
ence of as yet undetected mutations involving the LDLR
locus. However, in one family, 1000/1173, with classical
features of familial hypercholesterolemia, D19S394 and
D19S221 genotypes and haplotypes provided unequivocal
information excluding involvement of the LDLR gene re-
gion. This was confirmed using additional anonymous
markers. Considered by genotype, at microsatellites flank-
ing the LDLR gene, there is effectively random distribu-
tion of allele sizes among the 18 characterized affected in-
dividuals in the kindred. For D19S221, 1 Mb centromeric

 

TABLE 4. Clinical characteristics of patients diagnosed with heterozygous FH in pedigrees linked to the 
LDL receptor or for whom an LDL receptor mutation is present (n 

 

5

 

 198) compared to phenotypically 
affected members of kindreds 1000 and 1173 (n 

 

5

 

 16 with available information)

 

Receptor Linked Pedigrees Kindreds 1000 and 1173

Mean 

 

6

 

 SD Range Mean 

 

6

 

 SD Range

 

P

 

 Value

 

Percent male (%) 46.0 50.0 0.8
CAD present (%) 18.7 25 0.5
Early CAD present (%) 17.7 25 0.7
Tendon xanthoma (%) 28.8 18.8 0.3
Hypertension present (%) 10.1 0 0.2
Diabetes present (%) 2.0 0 0.7
Ever smoked (%) 8.6 6.2 0.6
Alcohol use (ever) (%) 5.4 0 0.5
Age (years) 41.3 

 

6

 

 18.6 4.9–78.8 34.9 

 

6

 

 15.8 18.2–67.3 0.2
BMI (kg/m

 

2

 

) 27.7 

 

6

 

 5.1 18.1–42.0 22.7 

 

6

 

 2.1 20.5–28.1

 

,

 

0.0001
Systolic BP (mm Hg) 116 

 

6

 

 15 71–169 100 

 

6

 

 10 84–115 0.0002
Diastolic BP (mm Hg) 69.5 

 

6

 

 10.1 47–100 60.1 

 

6

 

 7.0 43–68 0.0006
Total cholesterol 327 

 

6

 

 64 194–510 310 

 

6 77 210–487 0.4
Triglycerides 171 6 99 52–545 102 6 44 58–203 0.0004
HDL cholesterol 43.1 6 11.8 17–77 39.5 6 10.3 23–61 0.3
LDL cholesterol 240 6 59 107–393 237 6 70 143–381 0.9

Differences between the two groups were tested by t -test for continuous variables and Fisher’s exact test for
categorical variables. Lipid levels include only persons not receiving lipid-lowering medications at the time of
blood draw (11 members of kindreds 1000 and 1173 and 101 members of other pedigrees). All lipid values are
given in mg/dl.

Fig. 3. Bimodality graph of highest measured LDL
cholesterol in affected and unaffected individuals in
1000/1173 kindred. Triangles represent affected family
members; squares are unaffected family members. The
two outer dotted lines for each group indicate the 95%
confidence intervals, and the middle line is the mean
cholesterol level. Note the lack of change with age in
the affected pedigree members.
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to LDLR, allele sizes of 196 (3), 198 (6), 200 (4), 202 (3),
204 (5), 206 (5), 208 (8), and 212 (1) mobility units were
observed. The most frequent allele was 208 with 8 out of
34 alleles, whereas there should be a shared allele size
among all/almost all 18 affected individuals were there
co-segregation of a particular allele size with affected sta-
tus. Similarly for D19S394, located 150 kb telomeric to
LDLR, allele sizes of 215 (3), 223 (1), 227 (5), 235 (3),
247 (8), 251 (1), 259 (11), and 263(2) mobility units were
observed. From study of a common mutation R329X
(exon 7 of the LDLR gene), found in the south of En-
gland (23), we have previously shown that an allele of
D19S394 remains in total linkage disequilibrium with an
LDLR mutation over many generations. In addition, care-
ful measurement of genetic distance between D19S394
and LDLR in the CEPH families has shown that recombi-
nation is negligible, far less than 1% (21). The absence of
a common allele size in more than 11 out of 18 affected
individuals for D19S394 is further convincing evidence
against co-segregation of phenotype with LDLR. In most
individuals, haplotypes can be unequivocally assigned for
both markers together. Consideration of transmissions,
both within each small sub-branch of the family and be-
tween branches, both by genotype and haplotype, leads to
inconsistencies with segregation of hypercholesterolemia
with LDLR in each of the four sub-branches arising from
the sibship containing four affected males and also be-
tween these sub-branches.

Direct testing for the common APOB mutation, R3500Q,
was unequivocally negative in 7 affected members from
family 1000/1173. However, other mutations are known
although apparently much rarer and less penetrant.
APOB is a large gene though, with a 14 kb mRNA, mostly
coding sequence, and 29 exons, and therefore it was sim-
plest to examine for APOB gene region involvement by
linkage study. Using three markers, both genotypes and
deduced haplotypes (Fig. 2) were inconsistent with segre-
gation of hypercholesterolemia with the APOB region. By
haplotype, there is at least one inconsistency in each of
the four sub-branches, with further inconsistencies be-
tween branches.

The APOE locus on chromosome 19 is another plausible
but less likely candidate for being the etiological locus in
kindred 1000/1173. It encodes the other major ligand for
the LDL receptor, but apoE mutations have a strong impact
on IDL clearance as well as LDL clearance and therefore
usually result in concomitant hypertriglyceridemia. How-
ever, it is not the etiological gene in kindred 1000/1173,
again ruled out by the co-segregation study alone.

The clinical phenotype in kindred 1000/1173 is indis-
tinguishable from pedigrees living in the same geographi-
cal region with apparent LDLR linkage. The statistically
significant lower mean BMI, systolic and diastolic blood
pressure, and triglyceride levels in members of kindred
1000/1173 are likely to reflect their lower mean age. How-
ever, within this family, BMI, TG, and BP did not differ be-
tween affected and unaffected individuals (as do cholesterol
values). Further clinical and biochemical studies, e.g.,
LDL receptor assays, will be the subject of a future report.

The conclusion that familial hypercholesterolemia in
family 1000/1173 represents autosomal dominant trans-
mission that is not linked either to the LDLR gene or to
the APOB gene is very robust. The assignment of pheno-
type was unambiguous as plasma LDL levels were unequiv-
ocally bimodal and most of the affected subjects had mul-
tiple, clearly elevated lipid measurements in the absence
of lipid-lowering drugs. The genotyping data was based on
length polymorphisms typed by highly reliable methods,
and with secondary checks including consistency of geno-
type and haplotype inheritance in the family and also re-
confirmations in pertinent meioses by adjacent track or
same track co-runs of relative pairs. In the light of initial
observations suggesting inconsistency with linkage with
LDLR or APOB, we examined closely for possible sample
swaps and miscoding at every point between the kindred
members and laboratory data acquisition, and these were
ruled out. The confirmation of genotype assignment for
markers near both the LDLR and APOB loci by an inde-
pendent laboratory provides strong reassurance of accu-
racy. The structure of the pedigree as shown in Fig. 2 was
further confirmed with multiple additional anonymous
markers. The internal consistencies of stated family rela-
tionships with genotypes and deduced haplotypes are very
powerful confirmation of the several multiallelic genotypes
examined. The multiple exclusions of co-segregation of
phenotype with LDLR or APOB cannot be explained by
any apparent non-paternities. Furthermore, an inconceiv-
able number of double recombinations within very short
genetic intervals, or an inconceivable number of length
slippages of polymorphisms (also remaining consistent
with parental, sib and offspring other allele sizes) during
meioses, would have to be involved to support the hypoth-
esis of co-segregation of phenotype with either LDLR or
APOB. With the markers used at both loci, only one or
two single recombinations would have been expected in
the whole sample of seven families, and only one was ob-
served, between markers D19S221 and D19S394 in trans-
mission from mother 1173-6 to daughter 1173-9. Unlike
the situation with smaller kindreds, less informative mark-
ers, and the other possible reasons for an apparent exclu-
sion of linkage considered above, we have a relatively
large kindred, highly informative markers with assign-
ment verified by an outside laboratory, and high quality
phenotyping confirmed at multiple time points. This
study therefore provides the first unequivocal evidence
for the presence of a third and largely unsuspected locus
exerting a major gene effect on normotriglyceridemic
LDL–hypercholesterolemia, and early coronary disease.

The application of co-segregation analysis using linkage
markers for LDLR and APOB provides a definitive ap-
proach to the identification of potential new loci with a
megaphenic (single gene) effect on plasma LDL-choles-
terol levels and early coronary disease. By contrast, the
study of intermediate phenotypes such as LDLR function
and LDL function and turnover studies would fail to iden-
tify some plausible mechanisms, such as those to which a
change in LDL or receptor function is secondary. Addi-
tionally, future genome scanning and positional cloning

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Haddad et al. Locus heterogeneity in familial hypercholesterolemia 1121

will offer a secure strategy to identify the FH-3 gene,
known or new. Nevertheless, identification of candidate
loci may be guided by information about cellular LDL re-
ceptor function and LDL turnover status in this large fam-
ily, and this information is currently unknown. The dem-
onstration that a third locus must be etiological for the
FH phenotype, and establishment of an effective ap-
proach to exclusion of LDLR and APOB genes, is reinvig-
orating for the investigation of hypercholesterolemic kin-
dreds for other genetic loci with major impact on LDL
cholesterol levels and coronary disease.
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