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Abstract: Familial hypercholesterolemia (FH) is a common inherited disorder that results in
premature atherosclerosis. Diagnosis of FH is suspected on the basis of clinical criteria, but
confirmation requires genetic testing. In the era of statins, early diagnosis and initiation of
treatment can modify disease progression and outcomes. Therefore, cascade screening with a
combination of lipid concentration measurements and DNA testing should be used to identify
relatives of index cases with a clinical diagnosis of FH. Autosomal dominant FH is related to
mutations in the low-density lipoprotein receptor (LDLR), apolipoprotein B-100 (4POB), or
proprotein convertase subtilisin/kexin type 9 (PCSK9) genes. Genetic screening of the LDLR
gene is challenging to achieve at a feasible cost, especially in people who do not have a founder
effect. Nucleotide sequencing of all exons and flanking splicing regions in combination with
multiplex ligation probe amplification to detect large insertions or deletions is considered
the gold-standard approach to screen for LDLR mutations. Alternatively, the cDNA can be
sequenced; however, this procedure is not suitable for use in large populations, because of the
need of RNA extraction. Multiplex analysis can be appropriate for population with founder
effects or a low number of different mutations. Finally, there are many techniques for a mutation
scanning approach, which have some benefits over sequencing, and also with the potential
for detecting known and novel mutations. Familial defective Apo B is amenable to genetic
diagnosis by screening for a few mutations. Recently, gain-of-function mutations in PCSK9
gene have been demonstrated to cause FH phenotype. Strategies for population screening,
cost-effectiveness of genetic screening, ethical aspects, and insurance policies are discussed
and need implementation worldwide.
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Historical perspective

Familial hypercholesterolemia (FH) is the most commonly inherited disorder of
lipid metabolism, characterized by an increase in total- and low-density lipoprotein
cholesterol (LDL-C), and with a high incidence of premature coronary heart disease
(CHD).! The first observations of the disease came from the pathologist Harbitz, who
reported in the 18th century several cases of sudden death and xanthomata, before
it was described by Miiller as a clinical entity in 1938.%° The latter observed that the
coincidence of dyslipidemia, xanthomatosis, and CHD was very common in families
and was inherited as a dominant trait. Only 50 years later, Goldstein and Brown,**®
studying patients and cultured cells, unraveled the cholesterol synthetic pathway and
identified a defect in the internalization of receptor-bound low-density lipoprotein
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(LDL-R), which won them the Nobel Prize in 1985. These
authors related the disease to a defect in this protein. In 1983,
the DNA for this gene was finally cloned’ and the gene
mapped to the short arm of chromossome 19, referred to as
the low-density lipoprotein receptor (LDLR) gene in 1989.%
Mutations in the LDLR gene reduce the number or impair
function of such receptors at the hepatocyte surface, lead-
ing to decreased LDL catabolism, thus resulting in marked
LDL-C elevation and cholesterol deposition in tissues.

In the majority of cases, the genetic basis of FH can be
defined as a monogenic disorder, and the mode of inheritance
can be autosomal dominant (ADH)' or recessive (ARH);*!°
however, not all dominant disorders have a gene—dose effect.
In the ADH, Khachadurian differentiated the heterozygous
from the homozygous form in affected Lebanese families.!

The two best-known genes implicated in such disorders
are the LDLR gene and the apolipoprotein B-100 (4POB)
gene.!! Mutations in these genes give rise to two types of
diseases, known as the classical FH (FH, OMIM# 143890)
and familial defective Apo B-100 (FDB, OMIM #144010),
respectively. The phenotype is almost indistinguishable;
however, FH caused by LDLR gene defects more often
presents clinical signs and features a more severe hypercho-
lesterolemia than when related to FDB. Recently, a newly
discovered protein, neural apoptosis-regulated convertase
1, the product of the gene proprotein convertase subtilisin/
kexin type 9 (PCSKY), has been referred to as autosomal
dominant ‘FH3’ (FH3, OMIM #603776). The so-called gain-
of-function (GOF) mutations in this gene accelerate LDL-R
catabolism featuring the ADH phenotype. '

Hypercholesterolemia is inherited in an autosomal reces-
sive manner as a result of mutations in adenosine-binding
cassette transporter (ABC) proteins G5 and G8, in a disease
called sitosterolemia or phytosterolemia,'*'* when mutations
that disrupt the function of an adaptor protein are present,®® or
due to mutations in 27-hydroxylase (CYP27) gene that cause
cerebrotendinous xanthomatosis.'> Although sitosterolemia
can have significant hypercholesterolemia, it seldom exceeds
the heterozygous FH range. Cerebrotendinous xanthomatosis
is not associated with severe hypercholesterolemia.

Other causes of hypercholesterolemia® are polygenic
which can be sporadic or due to APOFE gene polymorphisms
(e4) alleles.

Usually, the clinical pattern consists of severe hypercho-
lesterolemia due to the accumulation of LDL in the plasma,
cholesterol deposition in tendons and occasionally in skin,
and with a high risk of premature atherosclerosis, manifested
mainly as CHD.!

The frequency of ‘classical’ FH, attributed to LDLR gene
defects, is estimated to be 1:500 for heterozygotes in most
populations (European, North American, and Japanese)
and is therefore thought to be one of the two most common
human diseases caused by mutations in a single gene; how-
ever, homozygotes are very rare (1:1,000,000).° FH is more
prevalent in certain populations: 1:100 Afrikaners, 1:170
Christian Lebanese, and 1:270 French Canadians, where a
founder effect can be found.'” Heterozygous subjects have
half the number of functioning receptors compared to normal
individuals, suggesting a codominant effect.

Familial defective apolipoprotein B-100 was first
described in 1989 with the identification of a mutation at
codon 3500 of the APOB gene resulting in the substitu-
tion of the amino acid arginine by glutamine (R3500Q)."
Mutations around the 3500 codon affect the recognition and
binding of Apo B-100 to LDL receptor, causing increase in
the plasma values of LDL-C. FDB phenotype is similar to
heterozygous FH and occurs in 1:300—1:700 individuals in
central Europe.'®!” The prevalence of FH secondary to GOF
mutations in PCSK9 gene is not established. Autosomal
recessive FH is very rare; sitosterolemia, although very rare,
is relatively common in Sardinia. Table 1 presents the major
characteristics of genetic causes of hypercholesterolemia. For
the purposes of this review, we will focus on ADH.

Diagnosis criteria of FH

Diagnosis of FH is mainly based on lipid levels, clinical
characteristics of the proband, family history of dyslipidemia/
premature CHD, and genetic analysis. There are not absolute
clinical criteria for the diagnosis, and therefore, arbitrary
criterion should be used. Initially, a clinical diagnosis of
heterozygous FH should be considered in individuals with
LDL-C concentrations greater than 190 mg/dL (4.9 mmol/L),
and they should be referred to a specialist center.??!
Secondary causes of hypercholesterolemia should be
excluded before a diagnosis of FH is made. Diagnosis of
FH needs to be confirmed by at least two measurements
of elevated LDL-C concentrations, due to biological and
analytical variability of the assay. In addition, absence of
clinical signs (corneal arcus and tendon xanthomata) in
adults and children does not exclude the diagnosis of FH.
A family history should be obtained from an individual being
investigated for FH to determine the pattern of inheritance.
A pedigree analysis should include at least the third genera-
tion of the proband with relatives’ age of onset of CHD and
lipid concentrations. For deceased relatives, the age and cause
of death should be reported.?!
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There are three different diagnosis criteria developed
for FH. The USA Make Early Diagnosis to Prevent Early
Deaths (USA MEDPED) Program diagnostic criteria has
focused mainly on LDL-C levels in the individual and in
family history of hypercholesterolemia with evidence for
a dominant transmission. If there are children with hyperc-
holesterolemia, the probability of the diagnosis increases.*
In addition to lipid values, clinical examination showing
corneal arcus before age 45 years and tendon xanthomata
increases the diagnostic accuracy.

The Dutch MedPed developed a scoring system that
includes personal and familial LDL-C levels, history of
cardiovascular disease (coronary, carotid, and peripheral
arteries), and the presence of corneal arcus before the age of
45 years, xanthomas, and the detection of functional muta-
tions in LDLR gene.”® The relative weight of each of these
clinical signs, alone or in combination with others, receives
a score that has been constructed for the population of The
Netherlands. The third scoring system for the diagnosis of FH
is the Simon Broome?*! that includes a combination of family
history, clinical examination (arcus and tendon xanthomata),
lipid profile, and presence of mutations in the LDLR gene.
This score was developed in the UK.

These criteria are easy to use in clinical practice, and some
centers prefer a combination of them for the diagnosis of FH.
However, the diagnosis is not always unequivocal. A study
that compared the sensitivity and specificity of different clini-
cal criteria for diagnosing FH showed that the Simon Broome
criteria performed at least as well as the Dutch criteria for
individuals with definite FH, and both Simon Broome and
the Dutch criteria demonstrated better performance than the
USA MEDPED.*

In adults and children, the effectiveness of the following
tests to diagnose heterozygous FH in individuals with a fam-
ily history of early heart disease and/or hypercholesterolemia
has been discussed. The use of corneal arcus for case finding
was studied in a UK population, in which a graded prevalence
of corneal arcus with age is found.”® Some degree of arcus
affected 50% of individuals with FH by age 31-35 years and
50% of healthy individuals by age 4145 years; complete
full ring arcus affected 50% of the FH group by the age of
50 years, with only 5% similarly affected in the healthy group.
In addition, arcus grade was not related to the presence of cor-
onary disease. Even in patients with mutations in the LDLR
gene, many heterozygous individuals do not present evident
xanthomas. The accuracy in the detection of xanthomas
can be improved by using ultrasonography of the Achilles
tendon; Achilles tendon’s thickness is higher in FH than in
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non-FH hypercholesterolemia. Thickened tendons were more
prevalent (63%) in FH when compared to non-FH individu-
als (4%) as well as low or mixed echogenicity of tendons
(90% in FH versus 6% in non-FH hypercholesterolemia).*
In addition, xanthomatosis was detected in 68% of FH with
mutations and in none of the mutation-negative individu-
als. Ultrasonography of the Achilles tendon shows a good
negative predictive value; however, guidelines do not recom-
mend the use of ultrasonography of the Achilles tendon in
the diagnosis of FH.%

Two years ago, a full recommendation had been issued in
the UK, the NICE Clinical Guideline on FH, which accom-
plishes major points in the management of the disease.”"

Genetic screening appears as the only certainty criterion
in the assessment of individuals with FH and enables us to
screen relatives in order to manage dyslipidemia and pre-
vent premature cardiovascular disease. However, in many
suspected FH subjects, no mutation is found.

Diagnosing FH in children

Children of parents with known FH should be investigated,
but clinical signs are less frequent than in affected adults.
In Afrikaners, total and LDL-C concentrations were signifi-
cantly higher in children with a detected mutation compared
to those without a mutation,?® but the sensitivity and specific-
ity are considerably lower at young ages. Clinical signs are
far less frequent in affected children. When ultrasonography
of the Achilles tendon was assessed, thickness was higher
than in controls: one-third presented abnormal tendons before
age 10, and 42% between 10 and 18 years.”’

Assessment of cardiovascular

risk stratification

Familial hypercholesterolemia accounts for 5%—-10%
of CHD in patients less than 55 years of age.?® Without
treatment, 50% of heterozygous males will develop CHD
before the age of 50 and 100% by the age of 70 years, and
about 12% of heterozygous females will have CHD by the
age of 50 years, increasing to 74% by 70 years.” However,
clinical expression of CHD in heterozygous FH patients is
highly heterogeneous in terms of the age of onset and sever-
ity. CHD tends to cluster with higher frequency in certain
families, but marked differences among individuals can
occur,® even among subjects coming from families sharing
the same mutations in the LDLR gene, indicating that other
genetic or environmental factors play an important role in
the development of atherosclerosis in FH.3! Therefore, a
number of risk factors have been established for FH, in order

to stratify risk. The application of standard risk estimates
for cholesterol seriously underestimates CHD risk in FH;
therefore, Framingham risk score should not be used in this
situation.’>** Major risk factors for CHD in FH patients are:
age (men > 30 years or women > 45 years); active smokers;
family history of premature CHD (male first-degree relative
< 55 years or female first-degree relative < 65 years); very
high LDL-C (> 330 mg/dL or 8.5 mmol/L); low HDL-C
(<40 mg/dL or 1.0 mmol/L); high blood pressure (> 140/90
mm Hg); diabetes mellitus, Lp (a) > 60 mg/dL.*

Asymptomatic individuals with FH should be evalu-
ated for subclinical CHD based on the demonstration of
myocardial ischemia through a stress test (exercise electro-
cardiogram test, stress echocardiography, or radio nuclide
test) or demonstration of coronary atherosclerotic plaques
through myocardial perfusion imaging, detection of coro-
nary calcium by electron beam computed tomography, or
multislice (spiral) CT. Subclinical atherosclerosis in other
locations should be assessed by noninvasive ankle-brachial
index, carotid intimal medial thickening by sonography,
and abdominal sonography for the detection of aortic
aneurysms.?’

Cascade testing

When an individual is being investigated for FH, a fam-
ily history should be obtained to determine if a dominant
pattern of inheritance is present. In children of an affected
parent, LDL-C concentrations should usually be measured
by the age of 10 years and repeated after puberty before a
diagnosis of FH can be excluded. However, other authors
propose that blood samples are obtained at 15 months of
age, when attending the vaccination.** Making a diagnosis
as early as possible will ensure preventive and therapeutic
strategies. It is recommended to use systematic methods for
case identification of FH, and there should be a nationwide
family-based follow-up system to enable comprehensive
identification of affected individuals. However, these tools are
not well standardized worldwide. A diagnosis confirmation by
a specialist with expertise in FH should be made with initia-
tion of cascade testing. Cascade testing uses a combination
of lipid concentration measurement and DNA testing, and
should be used to identify relatives of index cases with a
clinical diagnosis of FH. In the absence of a DNA diagnosis,
cascade testing using lipid measurements alone should be
undertaken. Health care professionals should discuss the
implications of cascade testing with individuals. In families
in which a mutation has been identified, the mutation should
be used to identify affected relatives. During the assessment
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and communication of familial risk, individuals should
receive clear and appropriate educational information about
FH and about the process of family testing. A specialist with
expertise in FH should provide information to affected indi-
viduals on their specific level of risk of CHD, the implications
for them and their families, lifestyle advice, and treatment
options. Individuals with FH should be encouraged to contact
their relatives to inform them about their potential risk thus
facilitating cascade testing. Individuals and families with
FH should be offered written advice and information about
patient support groups.?!

In whom should the investigation

be performed?

Any individual with a personal or family history of CHD
or hypercholesterolemia should be investigated for FH.
In addition, as FH is an autosomal dominant disorder, a child
with the disease will have an affected parent. Identification
of an affected child from 1 to 9 years provides an oppor-
tunity to identify affected parents. Therefore, screening in
children accomplishes two aims: diagnosing children and
their parents.

Treatment to lower cholesterol could be initiated imme-
diately in the parent and judged in affected children. Studies
show that early initiation of statin therapy in children with
FH might be beneficial in the prevention of atherosclero-
sis in adolescence.®® The decision to initiate drug therapy
for a child or young person should take into account their
age, the age of onset of cardiovascular disease within the
family, and presence of other cardiovascular risk factors,
including LDL-C concentrations greater than 6.0 mmol/L
(or 230 mg/dL).?° If the decision to initiate statins has
been made in children and young people (aged 10 years
upward), physician should choose drugs licensed for use
in the appropriate age group.?’ Management of lifetime
therapy with statins should consider other aspects such as
contraception in women, pregnancy, lactation, and genetic
counseling, for as many as 50% of the descendants can be
affected by the disease.?!

Genetic screening

Most people with FH, a highly atherogenic condition, are
undiagnosed. Early detection and treatment can reduce
morbidity and mortality; however, specialists worldwide
agree that clinical diagnostic criteria are lacking. Genetic
testing for LDLR and APOB gene defects, and more
recently for PCSK9 gene mutations, is the preferable diag-
nostic method; however, the best phenotype guide when

a genetic diagnosis should be performed is not clearly
established.

Most geographically based surveys of FH patients show
a large number of mutations in a given population, except
when a founder effect is present in the population. At the
molecular level, FH is most common due to mutations in the
LDLR gene (Figure 1),* in which more than 1100 different
allelic variations spanning the entire length of the gene have
been detected worldwide.” For PCSK9, there are more than
50 amino acid variants described (most common mutations
are presented in Figure 2). These changes are classified as
GOF mutations, when associated with high levels of LDL-C,
or loss-of-function mutations, when associated with low
LDL-C levels."? There is a limited number of mutations in
APOB gene (eg, R3500Q), which disrupts the binding site to
the LDL-R and are associated with ADH.'"'® When a founder
effect can be found in a population, or when the proband’s
genotype is known, investigating mutations can be driven by
the previous knowledge of the probable genetic defect. The
disease is much more common in some population groups
where the majority of FH subjects have few LDLR gene
mutations, as a result of a founder effect. These population
groups include French Canadians,*#! Afrikaners,”* Lebanes
e,* Finns,* and Ashkenazi Jews.***’ In some of these groups,
the frequency of the homozygous condition is more than
10-fold higher than in other populations, mainly due to the
high prevalence of heterozygosity of FH coupled with a high
incidence of consanguinity, which increases the proportion
of homozygotes. The already described mutations accom-
plish missense, nonsense, splice-site mutations, frameshift
mutations (insertions and deletions), and in-frame deletions,
neutral and silent mutations. All the allelic variants described
can be assessed consulting the database at http://www.ucl.
ac.uk/ldlr/Current/index.php?select_db=LDLR.

However, if the mutation is unknown then virtually any
part of the gene may originate the disease, strategies for
the identification of unknown mutations on a gene-wide
basis must be employed. Molecular diagnosis of FH can
be time-consuming and expensive because of the size of
the LDLR, which spans 45 Kb on the short arm of chromo-
some 19 and consists of 18 exons and 17 introns.*®

Type of technique: advantages,

disadvantages, and costs

Methods for early detection of FH gene carrier status allow
primary prevention strategies in children with FH at a young
age without the risk of misclassification of FH status. Because
of the lack of mutational hot spots in the LDLR gene, many
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difficulties in the accurate diagnosis of FH in families can
occur using traditional, clinical, and biochemical diagnostic
criteria; therefore, there is a need for simple diagnostic tools,
such as genetic analysis of the entire coding region of the
LDLR gene, that can also be used in populations without
founder mutations.

Three basic approaches to LDLR genetic analysis are
now available: i) the gold-standard approach of full nucle-
otide sequencing of the LDLR gene, ii) the use of a selected
panel of common LDLR mutations, and iii) a gene scanning
approach to analyze the LDLR gene, using denaturing high-
performance liquid chromatography (D-HPLC) or high-
resolution melting (HRM), as options.

Earlier molecular methods used for detection of LDLR
mutations included single-strand conformation polymor-
phism (SSCP) analysis,*-5? denaturing gradient gel electro-
phoresis (DGGE),*** and denaturing HPLC (DHPLC).>¢
Recent approaches include sequencing of the LDLR cDNA
region,”” a SSCP/heteroduplex method followed by capil-
lary electrophoresis,*® and melt-microplate array diagonal
gel electrophoresis,*® which are suitable for the detection of
new mutations.

SSCP and DGGE are expensive and time-consuming to
be practical for population screening. These techniques have
disadvantages, such as use of radioactivity, requirement of
various hybridizations and electrophoresis conditions, and the
need to confirm the exact nature of the alterations by DNA
sequencing. In addition, the sensitivity of these scanning
methods is low (70%—80%), and they require considerable
technical skill. Scanning for mutations had a step forward
with the use of DHPLC.% This approach is automated and has
high sensitivity (>96%) if amplicons are well-designed and
temperatures are optimized.

If common LDLR mutations are known in a population,
a selected panel can be used as first strategy. Tejedor et al®
developed a low-density oligonucleotide microarray to
identify 118 DNA sequence variations (117 for the LDLR
gene and 1 for the A4POB gene). The DNA array uses specific
oligonucleotide probes for FH-causing mutations with the
more frequent LDLR mutations known to affect certain coun-
try and which are regularly updated. They verified specific-
ity and sensitivity by analyzing 1180 previously sequenced
DNA samples, and conducted a blind study screening in
407 Spanish patients with a clinical diagnosis of FH. The
DNA array confirmed the previous genotyping results in
almost all cases and had specificity and sensitivity of 99.7%
and 99.9%, respectively. The microarray detected at least
1 mutation in 51% of the patients for whom clinical diagnosis
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Figure | Schematic representation of the LDLR gene and LDLR protein structures.’
Abbreviations: OLS, O-linked sugar domain; TM, transmembrane.

was classified as certain (according to Dutch FH-MEDPED
criteria) and in 37% of those with a diagnosis of probable or
possible FH, thus giving a definite diagnosis.®! Oliva et al®
used the LIPOchip® platform to screen close relatives of
affected individuals followed by treatment, which included
three diagnostic procedures, sequentially: an updated ver-
sion of the previous DNA array; in case DNA array analy-
sis was negative, multiplex quantitative PCR was used to
identify significant rearrangements, and if the two previous
analyses were negative, the sample was analyzed through
complete sequencing of the LDLR gene. They found that
genetic screening of close relatives followed by treatment
was cost-effective compared with no screening, considering
the increment in costs for screening and treatment, and the
life years gained. Blesa et al® proposed a combination of
Southern blot technique to detect large rearrangements and a
semiquantitative fragment analysis covering the entire LDLR
gene. Small sequence variations in genes were detected by
amplification of fragments containing individual exons and
their splice intron—exon junctions, and sequencing. These
authors compared their results with those observed by
Tejedor et al®*¢!' and found that even in a population with the
same ethnic background, a large variability can occur, with

PCSK9 mutations
D219G
T LbL-C S127R F216L D374Y
- 152 | ‘425 694
NARC-1 protein g SS | Pro Catalytic C terminal
/ L253F A443T C679X
LDL-C
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G106R

Figure 2 Schematic representation of the PCSK9 gene structure with gain-of-
function and loss-of-function mutations.

Copyright © 2006, American Heart Association. Adapted with permission from
Berge KE, Ose L, Leren TP. Missense mutations in the PCSK9 gene are associated
with hypocholesterolemia and possibly increased response to statin therapy.
Arterioscler Thromb Vasc Biol. 2006;26(5):1094—1100.

Abbreviations: NARCI, neural apoptosis-regulated convertase |; SS, signal
sequence; Pro, N-terminal prodomain.
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the full sequencing being cheaper and preferable to microar-
ray, for many mutations could not be detected with the chip.
Comparing the two techniques, the throughput of the plat-
form was estimated by the authors to be 5000 analyses/year,
with costs estimated in €425 (or U$505.00); however, a
laboratory using a midsized DNA sequencer can analyze
1000 sequences, or more than 20,000 fragments/day, which
means that 25 patients could have the full LDLR gene
sequenced, with large rearrangements detected by semi-
quantitative procedures in 300 patients/day, at costs of €250
(or U$297.00).51.6

Laios and Drogari* tested a multiplex assay to detect
common LDLR gene mutations in FH patients from Greece.
Basically, they used the microelectronic array technology
of the NanoChip® Workstation to develop a multiplex
method to analyze three single-nucleotide polymorphisms
(SNP) (the Greece II, Genoa, and Afrikaner-2 mutations)
accounting for 49% of FH cases in Greece. This assay
was compared with three monoplex assays (1 SNP/site)
and resulted in agreement in most of the cases. Of the
580 multiplex genotypings, 576 agreed with the monoplex
results. However, duplicate sites of one sample were not
in agreement with each other, requiring repetition, upon
which, discrepancies were resolved. One problem with
this technique was not obtaining an allele designation due
to suboptimal PCR amplification, improper desalting, and
increased background. This multiplex array can be extended
to accommodate additional mutations. The cost of the system
is primarily related to the cartridge. The authors reported
that their multiplex protocol costs €1.55/genotype (without
including reagent cost); if additional mutations in the same
amplicon (four mutations have been observed in Greeks)
can be detected, the cost per genotype could be reduced to
€0.66/genotype.*

Another option to provide a rapid means of mutation
screening and reduce costs is described by Taylor et al.®
The authors developed an amplification refractory mutation
system (ARMS) specifically designed to detect 11 mutations
in the LDLR gene, one common mutation in the APOB gene
(p.Arg3527GlIn, formally R3500Q) and one mutation in
the PCSK9 gene (p.Asp374Tyr, D374Y). These mutations
were selected on the basis of their frequency in a cohort of
400 UK patients with FH. The authors compared the utility
of this assay in a cohort of patients with definite or possible
diagnosis of FH. The ARMS method is based on having a
set of primer pairs for each mutation to be detected, one of
which has, at its 3 end, the mutation-specific base; under
appropriate conditions, amplification can occur if the DNA

sample carries at least one copy of the mutation. This method
detected mutations in 54 of 400 suspected FH patients. Each
detected mutation had to be further tested by either sequence
or restriction digestion to confirm the result and determine the
zygosity status. The ARMS was complemented by extended
mutation screening of the 18 exons and promoter region of the
LDLR gene by SSCP or DHPLC analysis. No false-positive
or false-negative results were detected from the kit. Design
and optimization of the primers require a substantial amount
of time, and a well-designed ARMS assay needs balanced
primer sequences that are both sensitive and specific on
DNA of different qualities and extraction methods. ARMS
primers matches/mismatches must be chosen to ensure
good discrimination of target DNA sequences, avoiding
ambiguity of detection. In addition, melting temperature of
different amplifying primers must be similar, and the final
concentration of primers in the mix must be optimized for
best results. The ARMS test is efficient and seems cost-
effective, although no formal cost comparisons have been
carried out. The test is simple, reliable, does not require
specialized equipment, and results can be obtained in 2 days.
Large multiplex ARMS containing more primer mixes are
feasible, increase the number of mutations detected, but
agarose gel detection of PCR limits the useful size of the
multiplex. The method is suitable for first approach and can
be used for a wider patient group.

Among the techniques that aim to evaluate the entire LDLR
gene, a rapid and accurate method for the detection of all the
mutations is sequencing the whole cDNA for the LDLR gene.
This method employs a combination of DNA sequence analysis
programs to allow a quantitative estimation of sequence quality,
visual display of integrated sequence information, detection of
the zygosity status, and permits identification of both new and
already described mutations in patients with FH, as reported
by Liguori et al.”” The RNA extracted is used as a template
for RT-PCR, generating a set of overlapping fragments that
cover the whole coding region. All fragments are sequenced
on both strands, and an automated, computer-assisted analysis
follows, in which the complete cDNA sequence is reassembled
and compared with the wild-type sequence to identify known
and new mutations. This method is integrated by a standard
validation procedure, based on direct DNA sequencing the
corresponding genomic DNA exon to identify or confirm the
nature and location of the mutations identified during the pri-
mary scan. Deletions or insertions can be detected with accu-
racy. An advantage of this method is the relatively low cost and
the reduction in time for results compared with other methods,
allowing an overnight diagnosis (2 days including validation
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by independent exon sequencing). Another advantage is the
possibility of high automation in all the steps, eliminating the
need of human intervention. This simplifies diagnostic testing,
is suitable for large-scale population screenings, and allows
molecular diagnosis of genetic disorder at a presymptomatic
early age.

The development of novel molecular methods, such
as DHPLC and its combination with direct sequencing,
has substantially aided in the diagnosis of many genetic
disorders involving large genes. Bodamer et al® have
evaluated patients with a definite diagnosis of FH to assess
the analytical conditions of DHPLC followed by direct
sequencing. PCR was carried out with already described
primers sequences and respective annealing temperatures.
The PCR products were denatured at 95°C, and the tem-
perature at which heteroduplex detection occurred was
deducted from a software, which analyzes the melting
profile of the specific DNA fragment. Subsequently, PCR
fragments from individuals with FH presenting abnormal
DHPLC heteroduplex formation compared with controls
were sequenced. The sensitivity and specificity of DHPLC
appear to be >96% irrespective of sequence variations
with the exception of high-melting domains surrounded by
lower-melting sequences. The optimum amplicon size varies
between 150 and 700 bp, depending on GC content. There-
fore, large deletions beyond the amplicon or rearrangements
in the LDLR gene cannot be detected by this method, and
require other methods, such as Southern blotting. DHPLC
may be cost-effective in the diagnosis of FH compared
with other analytical methods, such as sequencing all exons
without prior screening.

HRM analysis is the next generation of mutation scanning
technology and can be cost-effective, requiring less time
for results when compared to other scanning techniques.
Post-PCR amplicons in the presence of a saturating double-
stranded DNA-binding dye are slowly heated with concomi-
tant fluorescence measurement. In samples heterozygous
for a mismatch mutation, the presence of heteroduplexes
will result in a lower melting temperature of the amplicon,
yielding an altered melting curve compared with normal
samples which have only homoduplexes. Therefore, HRM
analysis seems to be an attractive method of screening for
LDLR mutations. Laurie and George® evaluated samples of
patients with a definite diagnosis of heterozygous FH due
to mutations in LDLR gene. All samples were amplified,
and PCR products visualized on agarose gel to confirm a
single amplicon for each primer were obtained. Following

amplification, PCR products were analyzed in a melting step
(75°C-95°C) with 20 data acquisitions/°C. Melting data
were analyzed using specific software, incorporating
normalization of pre- and post-melt regions, temperature
shift adjustment, and calculation of difference curves. Prim-
ers were selected to have 200-300 bp size, with only one
melting domain, using the primers and conditions that had
been previously optimized for DHPLC. With the exception
of exon 4b, which was problematic to analyze due to the
high GC content, 96% (52/54) of the sequence variants
were detected by HRM. Another problem is the presence
of benign polymorphisms in several exons or in flanking
intronic regions that can be detected by melting analyses,
when compared to normal samples, but the difference curve
cannot be used to discriminate samples from heterozygous
individuals with such mutations or those carrying patho-
genic mutations in the same exon. This technique is not
suitable for scanning amplicons with a high frequency of
polymorphisms, for HRM is not 100% sensitive. However,
mutation scanning has the advantage of being rapid. A plate
of 96 samples can be melted in 10 min, which is 100 times
faster than DHPLC; mutation scanning by HRM avoids the
use of solvents, maintenance of pumps and injectors, and
the challenges with DNASep column.

Finally, the method which could be considered the gold-
standard approach for detecting mutations in LDLR gene is
nucleotide sequencing of all exons and the flanking splicing
regions, combined with multiplex ligation probe amplifi-
cation to detect large insertions or deletions. Sequencing,
although expensive, presents almost 100% sensitivity in
the regions examined. As capillary sequencing platforms
become available in many laboratories, the balance often
favors sequencing.

Analysis of cost-effectiveness
of screening close relatives

followed by treatment

Fifty percent of men and 20% of women with heterozygous
FH who do not receive appropriate treatment will present
an acute coronary episode in the fifth decade. There is an
increased risk of fatal coronary events also in people with
FH below 40 years of age. After the era of statins, mortality
rates in FH have been markedly decreased. Early detec-
tion and initiation of therapy are essential and responsible
for these changes. Many studies have demonstrated that
screening close relatives of affected members diagnosed
with FH is the most cost-effective preventive strategy.
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After diagnosis, the majority of patients initiate therapy and
therefore will be less susceptible to cardiovascular events.
A study evaluated the cost-effectiveness of genetic screening
for first-degree relatives of patients with FH, followed by
treatment when necessary, and compared with the alternative
of no screening. Genetic screening for first-degree relatives
of people diagnosed with FH, and subsequent treatment, was
found to be an efficient alternative when compared with the
alternative of no screening. The strategy of genetic screening
plus treatment in first-degree relatives of people diagnosed
with FH would have a 95% probability of being efficient.
Genetic screening identifies patients at a younger age and
improves treatment and treatment compliance. The results
obtained provide support for the implementation of a plan
for the detection of FH.®

Ethical implications of genetic
screening and consequences

for life and disability insurance

Patients with FH have age- and sex-standardized cardio-
vascular mortality rates four to five times higher than the
general population. The active identification of FH by DNA
testing started an intense debate focused on themes such as
cost-effectiveness, right to privacy, and ethical dilemmas like
access to insurance.

The goal to identify all FH carriers through a large-
scale molecular screening program does not seem to be
limited by a restriction in terms of access to insurance
due to special guidelines for insurance companies on
how to deal with risk assessment and genetic screening
for FH.®” A large-scale screening program for FH offers
the opportunity to serve as a model for screening for
other hereditary diseases. Excess mortality rates were
not detected in other homozygous conditions, such as
haemochromatosis.

In summary, FH is a serious and common disorder
that results in premature atherosclerosis. Diagnosis of
FH is based on clinical criteria, but confirmation requires
genetic testing. With the advent of statins, early diagnosis
and initiation of treatment have modified disease progres-
sion and outcomes. Therefore, identification of affected
individuals and screening of their relatives is an important
issue. Molecular and metabolic differences in disorders
producing the FH phenotype can have different impact
on disease, and the knowledge of such differences can
enable health professionals in the clinical management
of affected patients. Genetic screening of the LDLR gene

is challenging to achieve at a feasible cost, especially
in people who do not have a founder effect. Nucleotide
sequencing of all exons and flanking splicing regions in
combination with multiplex ligation probe amplification to
detect large insertions or deletions is considered the gold-
standard approach to screen for LDLR mutations. Multiplex
analysis can be appropriate for populations with founder
effects or a low number of different mutations. There are
many techniques for a mutation scanning approach, which
have some benefits over sequencing, and also with the
potential for detecting known and novel mutations. Cost-
effectiveness of genetic screening, ethical aspects, and
insurance policies still need to be discussed and demand
implementation worldwide.
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