
Analysis of LDLR, APOB, and PCSK9 variants associated with FH: application of ACMG guidelines Joana Rita Chora

Analysis of publicly available LDLR, APOB, and PCSK9 variants 
associated with familial hypercholesterolemia (FH): application of ACMG 

guidelines and implications for FH diagnosis

Joana Rita Chora, Ana Margarida Medeiros, Ana Catarina Alves, Mafalda Bourbon.

Unidade I&D, Grupo de Investigação Cardiovascular, Departamento de Promoção da Saúde e Doenças Não Transmissíveis, Instituto 
Nacional de Saúde Doutor Ricardo Jorge

Universidade de Lisboa, Faculdade de Ciências, BioISI—Biosystems & Integrative Sciences Institute.



Analysis of LDLR, APOB, and PCSK9 variants associated with FH: application of ACMG guidelines Joana Rita Chora

Familial Hypercholesterolemia (FH)
• Lipid metabolism autosomal dominant

condition
• Patients present elevated low-density

lipoprotein cholesterol (LDL-C) and
total cholesterol (TC) values since
birth à elevated cardiovascular risk

Possible FH a)
Children (<16 years): Total Cholesterol > 260mg/dL 
or LDL cholesterol > 155mg/dL
Adults: Total Cholesterol > 290mg/dL or LDL 
cholesterol > 190mg/dL
b)
Family history of increased cholesterol levels in 
parents, brothers or sons; cholesterol > 290mg/dL in 
grandparents or uncles
And/or (c) 
Family history of myocardial infarction before 50 
years in grandparents, uncles or before 60 years in 
parents, brothers or sons

Definite FH
Patient or first degree relative with tendon xanthomas
Or
Evidence of  a LDLR, APOB, PCSK9mutation

Adapted from Scientific Steering Committee on behalf of the Simon Broome 
Register Group 1991
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Familial Hypercholesterolemia (FH)
• High heterozygote prevalence (1/250);

Homozygous rare (1/300 000).
• Caused by pathogenic variants in

LDLR (>90%), APOB (5-10%) and
PCSK9 (1-3%) genes.

>2,000 variants identified in FH patients

PCSK9

APOB

LDLR

Adapted from Stoekenbroek et al., 2015
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Why does genetic diagnosis matter?
• 1) Familial hypercholesterolemia phenocopies

Phenotype Genotype Disorder Treatment

Children (<16 years)
Total cholesterol >260 mg/dL 

or LDL-C >155 mg/dL
+ family history of 

hypercholsterolemia

Adults
Total cholesterol >290 mg/dL 

or LDL >190 mg/dL
+ family history of 

hypercholsterolemia

LDLR, 
APOB, 
PCSK9

FH
High-intensity statins + cholesterol absorption inhibitors
Severe/homozygous patients: add PCSK9 inhibitors 
and/or LDL apheresis

LDLRAP1 Autosomal recessive 
hypercholesterolemia 

High-intensity statins + PCSK9 inhibitors and/or LDL 
apheresis

APOE Dysbetalipoproteinemia Statins + fibrates

ABCG5, 
ABCG8 Sitosterolemia Low phytosterol diet + cholesterol absorption inhibitors

LIPA Lisosomal acid lipase 
deficiency, Wolman disease

enzyme replacement therapy – Sebelipase Alfa
statins worsen the condition

92%
5%
1%

2%
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Why does genetic diagnosis matter?
• 2) Identification of relatives at risk

I I I :1 II I :2

IV:1 IV:2 IV:3 IV:4IV:5

V:1

IV:6

V:3 V:4

IV:7

V:5 V:6

IV:8

V:7 V:8

III:3 II I :4

II:1 II:2

I:1 I:2

II:3 II:4

II I :5 II I :6

IV:10 IV:11

V:9 V:10V:2

IV:9

Carriers of p.Ala62Asp, PCSK9

Carriers of p.Pro467Ala, PCSK9

Non carriers of p.Pro467Ala

substancial reduction of CVD risk!

Early diagnosis

Early therapeutics
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Variant interpretation
“(…) this recommendation describes a process
for classifying variants into these five categories
based on criteria using typical types of variant
evidence (e.g., population data, computational
data, functional data, segregation data).”

Richards et al., 2015

Pathogenic
Likely pathogenic
Uncertain significance
Likely benign
Benign

CONFIRMS DIAGNOSIS

DOES NOT CONFIRM DIAGNOSIS



Analysis of LDLR, APOB, and PCSK9 variants associated with FH: application of ACMG guidelines Joana Rita Chora

Aims
• Construction of a worldwide FH database to support diagnosis

– LDLR, APOB and PCSK9 published variants

• Adaptation and application of ACMG guidelines to classify all FH variants

Nucleotide & Protein change
Chromosomal & Genomic position
Protein domain
Alteration type – structural & functional
Functional study – type, description and result
In silico analysis – 8 different programs

References – first description & functional studies
Country  & Continent origin
MAF % - 1000 genomes, ExAC, EVS
Normolipidaemic panel
Co-segregation
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Collection of variants
HGMD, Human Gene Mutation Database
LOVD, Leiden Open (source) Variation Database versions 1-3
UMD, Universal Mutation Database.
MAF, minor allele frequency

Adapted from Chora et al., 2017

MAF > 5%
21 LDLR
10 APOB
26 PCSK9

Putative pathogenic
variants

1894 LDLR
97 APOB

113 PCSK9

Correct
nomenclature

Filter duplicates
Normalize 
information

HGMD
1681 LDLR
161 APOB
60 PCSK9

LOVD1
1125 LDLR
100 PCSK9

LOVD2
318 LDLR
134 APOB
83 PCSK9

LOVD3
1707 LDLR
13 APOB
3 PCSK9

UMD
1413 LDLR

Internal 
information

4 LDLR
20 APOB
22 PCSK9

Variants identified
in FH patients
1915 LDLR
107 APOB
139 PCSK9

Public
databases
1692 LDLR
65 APOB

103 PCSK9

Pubmed search
219 LDLR
22 APOB
14 PCSK9

1860
variants

2161
variants

2104
variants

Dates: 2005-2015
Keywords: FH, LDLR, APOB or PCSK9
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Variants by gene and type
LDLR APOB PCSK9 Total 

Missense 864 80 59 1003
Frameshift 346 - - 346
Splicing 170 5 3 178

Nonsense 168 - - 168
Large rearrangements 161 - - 161

In frame delins 83 2 3 88
Regulatory 45 2 9 56

Intronic 30 3 21 54
Synonymous 27 4 18 49

Total of variants 1894 96 113 2104

Missense 
46%

Frameshift
18%

Splicing 
9%

Nonsense 
9%

Large 
rearrangements 

9%

In frame 
delins 4%

Regulatory  2%
Intronic 2%

Synonymous 
1%

LDLR

Missense 
83%

Frameshift 
1%

Splicing 5%
In frame 

delins 2%

Regulatory 2%
Intronic 3%
Synonymous 

4%

APOB

Missense 
52%

Splicing  3%

In frame 
delins 3%

Regulatory 
8% Intronic

19% Synonymous 
16%

PCSK9
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FH in the world
Country LDLR APOB PCSK9 Total

United Kingdom 321 7 4 332
Netherlands 306 5 - 311
Italy 251 2 8 261
Portugal 137 39 39 215
Spain 205 1 5 211
France 147 12 - 159
Norway 129 3 14 146
Czech Republic 129 - - 129
Germany 112 9 1 122
Japan 91 - 28 119
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Variants with functional studies (FS)
Type of FS LDLR APOB PCSK9 Total

Level 1 Homozygous patients’ cell studies 71 - - 71
RNA studies with transcript quantification 19 - - 19
Heterologous cell studies 65 - - 65
Luciferase studies 19 - 1 20
APOB and PCSK9 - complete LDLR cycle studies - 7 18 25
Total level 1 FS 174 7 19 200

Level 2 Heterozygous patients’ cell studies 40 - - 40
RNA studies without transcript quantification 34 - - 34
Other/Proliferation studies 11 11 2 24
Total level 2 FS 85 11 2 98
Total 259 18 21 298

298/2104 
~14% of variants
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ACMG guidelines adaptation for FH
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ACMG classification
ACMG classification LDLR APOB PCSK9 Total
Benign 7 2 3 12
Likely benign 6 3 0 9
Variants of unknown significance (VUS) 795 87 104 986
Likely pathogenic 385 2 5 392
Pathogenic 701 3 1 705
Total 1894 97 113 2104
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APOB

Pathogenicity classification defined by: 

PCSK9

null
level 1 FS pathog
level 2 FS pathog
level 1 FS benign
level 2 FS benign
unknown

LDLR

LDLR APOB PCSK9

Pathogenic
Likely pathogenic
Likely benign
Benign
VUS

ACMG guidelines with FH adaptations à ~53% variants classified

Functional studies + null variants à ~42% variants classified
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Conclusions
• more than 2100 variants have been identified in clinical FH patients
• less than 15% of variants have been studied by in vitro functional assays.

• ACMG guidelines are a valid tool for variant classification
• several gaps in the algorithm have been identified:

– large deletions are classified as VUS
– functional studies do not have the weight they should have on variant classification

• Need to develop a more thorough adaptation of ACMG guidelines for FH covering these gaps
and other specific criteria for FH.

ClinGen FH group
FH Variant Curation Committee
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ClinGen	FH	group
FH	Variant	Curation	Committee

• more than 2100 variants have been identified in clinical FH patients
• less than 15% of variants have been studied by in vitro functional assays.

• ACMG guidelines are a valid tool for variant classification
• several gaps in the algorithm have been identified:

– large deletions are classified as VUS
– functional studies do not have the weight they should have on variant classification

• Need to develop a more thorough adaptation of ACMG guidelines for FH covering these gaps
and other specific criteria for FH.

Conclusions

Correct	variant	
interpretation

A	correct	and	
timely	FH	diagnosis Early	and		

adequate	therapy	
in	FH	patients
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