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Chapter 4 

Abstract 

Studies on the clinical consequences of different low-density lipoprotein (LDL) receptor 

genotypes in adult patients have yielded conflicting results. We hypothesized that 

children with familial hypercholesterolemia (FH) provide a better model to perform 

genotype—phenotype analyses than adults. We tested this hypothesis and assessed the 

effect of LDL receptor genotypes on lipoprotein levels and on parental risk of 

cardiovascular disease (CVD) in a pediatric FH cohort. We identified 75 different LDL 

receptor mutations in 645 children with heterozygous FH; in these children, null alleles 

were clearly associated with more elevated LDL cholesterol levels compared to receptor-

defective mutations. Familial factors explained 50.4% of the variation in LDL cholesterol 

levels of this pediatric cohort compared to only 9.5% in adults. Parental CVD risk was 

not significantly different between carriers of null alleles and receptor-defective mutations 

(RR, 1.22; 95% CI, 0.76-1.95;/» = 0.4). The N543H/2393del9 mutation was associated 

with a less deteriorated lipid profile and the parents had less often CVD relative to 

parents with other mutations (RR, 0.39; 95% CI, 0.20-0.78;/ = 0.008). We could confirm 

that children with FH provide a better model to perform genotype—phenotype analyses. 

In particular, children with null alleles had significantly more elevated LDL cholesterol 

levels than carriers of other alleles but this was not associated with higher risk of CVD 

in the parents. Nonetheless, a specific LDL receptor mutation was associated with less 

deteriorated lipoprotein levels and a milder CVD risk. 
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Introduction 

Familial hypercholesterolemia (FH) is a common disorder caused by mutations in the 

low-density lipoprotein (LDL) receptor gene. FH is characterized by elevated plasma 

LDL cholesterol (LDL-C) levels, tendinous xanthomas, and premature cardiovascular 

disease (CVD) . Despite the monogenic nature of the disorder, heterozygous FH 

shows large variability in phenotypic expression related to both environmental and 
9 

genetic factors . At present, more than 800 sequence variations in the LDL receptor 

gene have been identified and the residual LDL receptor activity varies considerably 

between mutations ' . 

Previous studies in adult heterozygous FH patients have assessed whether the residual 

IJDL receptor function influenced lipoprotein metabolism and, consequendy, cardiovascular 

risk. These studies have yielded conflicting results " . Additional familial factors were 

proposed to have greater influence on the clinical consequences of FH ' . In effect, it is 

not clear whether variance of lipoprotein levels and CVD risk could be attributed to 

variation at the L D L receptor locus or to additional familial factors. For instance, 

adult FH patients referred to lipid clinics often suffered from additional lipid disorders . 

Such additional lipid disorders are not yet expressed in childhood. Therefore, F H 

children might be more suited to analyze the exact effects of LDL receptor genotypes. 

Moreover, selection of FH children is not based on additional CVD risk factors. 

The purposes of this study were: (1) to test the hypothesis that children with FH 

provide a better model to perform genotype—phenotype analysis than adults and (2) 

to assess the assumed relationship between LDL receptor genotypes and lipoproteins 

in a large pediatric cohort and their relation with the occurrence of parental CVD. 

Methods 

Study populations 
Our pediatric FH cohor t consists of 851 children with F H who were referred 

consecutively to our pediatric Lipid Clinic between July 1989 and January 2003. The 

general characteristics of this pediatric cohort have been previously published . At 

present, in our ongoing molecular screening program, a LDL receptor mutation was 
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identified in 655 children. In eight children, we found apolipoprotein B mutations and 

they were excluded from the analyses, as were two children with homozygous FH. We 

performed the lipoprotein analyses in 593 heterozygous FH children after exclusion 

of 52 children on lipid lowering medication. The selection procedure is shown in the 

flow chart of Fig. 1. We analyzed the parental risk of CVD in 436 affected parents of 

index children (the first child of a sibship that visited our lipid clinic). The presence of 

CVD in the parents was documented and defined as: (1) angina pectoris confirmed 

with electrocardiographic exercise testing, (2) >70% stenosis on coronary angiography, 

(3) myocardial infarction assessed by electrocardiography, or a deep and wide Q-wave 

as an electrocardiographic manifestation of an old infarction, or CPK-MB monitoring 

during the acute phase, (4) coronary bypass or percutaneous transluminal coronary 

angiography, or (5) stroke. CVD before the age of 60 years was considered premature 

CVD. The Institutional Review Board approved the study protocol, and informed 

consent was obtained from all children and parents. 

The adult FH cohort from our national genetic testing program for FH has been 

Figure 1 Flow chart of the selection procedure for the pediatric FH cohort 

total F H children 

n=851 

T 
excluding n—196 without L D L recetor mutations 

i 
genetically confirmed F H 

n=655 

T 
excluding n—10 with apolipoprotein B mutations or homozygous F H 

i 
heterozygous FH 

n=645 

T 
excluding n—52 using lipid lowering medication 

A 
F H without medication 

n = 5 9 3 

Ml 



LDL-receptor mutation 

described in detail and we presented genotype—phenotype data elsewhere . In brief, 

we studied 399 untreated adult padents with an identified LDL receptor mutation 

after exclusion of all 66 index patients. Their mean age was 31.1 (±(S.E.M.) 0.90) 

years, mean LDL-C was 5.65 (±0.07) m m o l / L , mean high-density l ipoprotein 

cholesterol (HDL-C) was 1.06 (±0.33) mmol /L , mean triglycerides (TG) was 1.49 

(±0.05) mmol /L , and 16.0 (±4.0) % had CVD. In the present study, this adult FH 

cohort was used to calculate the sharing of familial factors among adult relatives (see 

statistical analysis). 

Type of LDL receptor mutation 
We compared lipid profiles between carriers of different types of mutations. Mutations 

can be divided into six functional classes based on their phenotypic effects on the 

protein. The mutation groups for our primary analyses were based on their functional 

class as reported in the literature: (1) the receptor-negative mutations or null alleles 

group contained all class 1 mutations, class 2A mutations, early stop-codons, and 

nonsense mutations, although the latter had often undetermined residual function, (2) 

the receptor-defective mutations group contained class 2B to six mutations, (3) the 

undetermined receptor activity mutations group contained all remaining mutations 

with undetermined mutational class. Secondary analyses were performed on seven 

mutations, frequently identified among the children. 

Laboratory methods 
Fasting plasma concentrations of total cholesterol (TC), TG, and HDL-C were measured 

using commercially available kids (Boehringer, Mannheim, Germany) . LDL-C 
1 K 

concentrations were calculated by the Friedewald formula . All children had plasma 

T G concentra t ions below 4.5 m m o l / L (398 m g / d L ) . Apol ipoprote in A l and 

apolipoprotein B100 were determined on a Behring nephelometer, BN 100 (Behring, 

Marburg, Germany). Lipoprotein (a) [Lp(a)] concentrations were measured using the 

Apo-Tek ELISA (Organon Teknika, Rockville MD, USA). Mutational analyses were 

performed with the use of polymerase chain reaction and restriction enzyme analysis 

as described previously . 
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Statistical analysis 
All data were analyzed using SPSS software (version 11.5, SPSS). In a linear mixed 

model, we calculated the intra-class correlations (i.e. the variance in LDL-C levels 

introduced by familial factors) in the pediatric and the adult FH cohort. In the pediatric 

FH cohort, we compared continuous data among specific LDL receptor mutations 

with one-way ANOVA. Statistical testing of T G and Lp(a) levels was performed after 

logarithmic transformation. We also performed analyses of the lipoproteins restricted 

to 398 index children without lipid lowering medication. Moreover, a sibpair analysis 

was performed to compare each index child with one sibling using the paired /-test. A 

total of 127 sibships consisted of two children, the remaining 30 sibships contained 

at least three children. In the latter, one affected sibling was randomly selected for the 

sibpair analysis. The effect of the nature of the mutation on lipoproteins was estimated 

in a linear mixed model, including random familial effects and adjusted for age and 

gender. A total of 239 children were unrelated. The remaining 354 children were 

brothers and sisters and 72 of these sibships were also related in 35 pedigrees. Therefore, 

we made separate categorical variables for sibship and pedigree to adjust for family 

ties. In effect, we adjusted for first degree and higher degree relative. 

In an affected-offspring model, we directly compared the parental risk of CVD in 

carriers of null alleles, receptor-defective mutations, and the N543H/2393del9 mutation 

with Cox regression and cumulative event-free survival was analyzed with the Kap lan-

Meier method. The parental date of birth was used in the Cox regression to adjust for 

differences in life expectancy over calendar periods and adjustment for parental gender 

and family was made. Statistical significance was assessed at the 5% level of probability. 

Results 

Additional familial factors 
In a linear mixed model, familial factors (intra-class correlation) explained 50.4% of 

the variance in LDL-C levels among the FH children. In the adult FH cohort, only 

9.5% of the variance in LDL-C levels could be explained by familial factors. Table 1 

shows the model in both the pediatric patients and the adult FH cohort: the LDL-C 

levels showed a much stronger correlation among related children than in adult siblings. 
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Table 1. LDL-C levels explained by determinants and familial factors in a mixed linear model 

Determinant Effect on LDL-C 

FH adults FH children 
mmol/L (± 95% CI) mmol/L ± (95% CI) 

Mean age 0.25 (-0.18 to 0.67) -0.39 (-0.73 to-0.06) 
Male gender -0.16 (-0.46 to 0.14) -0.43 (-0.64 to-0.22) 
Null allele 0.51 (-0.21 to 1.23) 1.13 (0.83 to 1.43) 
Unexplained 5.69 (5.14 to 6.24) 5.91 (5.50 to 6.31) 

Variance explained by familial factors* 9.5% 50.4% 

FH = familial hypercholesterolemia, LDL-C=low-density lipoprotein cholesterol. * intra-class 
correlation 

DDL receptor gene mutations in FH children 
The identified LDL receptor gene mutations are listed in Addendum I ( h t t p : / / 

www.sciencedirect.com/). A total of 75 different mutations were detected in 645 children 

with heterozygous FH from 383 apparently unrelated families. We found 19 null alleles 

in 186 children, 26 receptor-defective mutations in 372 children, and 30 mutations 

Table 2. Characteristics of FH children with receptor-negative mutations, receptor-defective 
mutations, and mutations with undetermined receptor activity 

Parameter Undetermined Null Alleles* Receptor-defective p-valuef 
receptor activity mutations 

(n=80) (n=172) (n=341) 

Age, y (range) 
Gender, m / f 
TC (mmol/L) 
LDL-C (mmol/L) 
IIDL-C (mmol/L) 
TC/HDL-C 
TG (mmol/L) 
Apo A-I (g/L) 
Apo B100 (g/L) 
Lipoprotein (a) (mg/L) 

10.4 (3.0-18.5) 
3 8 / 4 2 

7.82 ±0.17 
6.27 ±0.16 
1.21 ±0 .03 
6.65 ±0 .18 
0.73 ± 0.04 
1.23 ±0 .03 
1.77 ± 0.05 

184 ± 2 6 

10.6(1.4-19.9) 
7 9 / 9 3 

8.04 ± 0.11 
6.40 ±0.11 
1.26 ±0 .02 
6.65 ±0.15 
0.82 ± 0.03 
1.26 ±0 .02 
1.75 ±0 .03 

196 ± 19 

10.6 (1.4-19.3) 
1 7 0 / 171 

6.86 ± 0.08 
5.23 ± 0.07 
1.29 ±0.02 
5.57 ± 0.09 
0.74 ± 0.02 
1.26 ±0.01 
1.47 ± 0.02 

184 ± 12 

1.0 
0.4 

<0.001 
<0.001 

0.7t 
<0.001 
0.03§ 

1.0 
<0.001 

0.6§ 

TC=total cholesterol, LDL=low-density lipoprotein, HDL=high-density lipoprotein, Apo A-
I=apolipoprotein A-I. Apo B100=apolipoprotein B100, values are given as means ± standard 
error of the mean (SEM). We observed similar distributions of smoking, BMI, and stigmata (data 
not shown) in the three mutational groups. *The 5 nonsense mutations that were classified as 
null alleles had simular distributions of baseline characteristics compared with receptor-negative 
mutations (data not shown). fComparison between receptor-negative and receptor-defective 
mutations. ^Statistical analysis adjusted for individual serum triglyceride levels did not change 
the result (data not shown). §Statistical testing after logaritmic transformation. 
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with undetermined residual function in 87 children. Seven LDL receptor mutations 

were discovered in substantial numbers of children: the double mutation N543H/2393del9 

was found in 141 children; two splice site defects at positions 1359-1 and 313 + 1/2 

were detected in 106 and 64 children, respectively, the deletion of 2.5 kb at exons 7 

and 8 is a large rearrangement and was found in 26 children; two missense mutations, 

V408M and E207K, were present in 38 and 31 children, respectively, and the W23X 

nonsense mutation was found in 28 children. 

Lipoproteins 
A total of 52 FH children were on lipid lowering medication and were excluded from 

the lipoprotein analyses. The characteristics and lipid profiles according to the type of 

LDL receptor mutation of the remaining 593 FH children are presented in Table 2. 

The mean age was 10.6 years in the three groups. The 172 children with null alleles 

had significantly m o r e elevated mean L D L - C levels (difference (±S.E.M.) , 

1.16 + 0.13 m m o l / L ; p < 0.001) and h igher mean T G levels (dif ference, 

0.08 ± 0.04 mmol /L; p = 0.03) compared to the 341 children with receptor-defective 

mutations. The carriers of mutations with undetermined receptor activity had intermediate 

LDL-C and T G levels. Mean HDL-C levels were similar in the three groups. 

An analysis restricted to index children showed similar relations between lipoproteins 

and LDL receptor genotype (data not shown). A sibpair analysis showed no statistical 

Table 3. Characteristics of 7 most frequent mutations 

Parameter 

Age, y (range) 
Gender, m / f 
TC (mmol/L) 
LDL-C (mmol/L) 
HDL-C (mmol/L) 
TC/HDL-C 
TG (mmol/L) 
Apo A-I (g/L) 
Apo B100 (g/L) 
Lipoprotein (a) (mg/L) 

N543H/ 2393del9 
defective 
(n=139) 

10.4(1.4-19.3) 
81 / 5 8 

6.04 ± 0.09 
4.41 ± 0.08 
1.33 ±0.02 
4.73 ± 0.10 
0.66 ± 0.03 
1.28 ±0.02 
1.23 ±0 .02 

185 ± 18 

313+1/2 
defective 
(n=53) 

11.0(4.5-17.9) 
21 / 32 

7.55 ±0.19 
5.90 ±0 .18 
1.30 ± 0.04 
6.02 ± 0.20 
0.76 ± 0.05 
1.25 ± 0.03 
1.68 ±0.05 

147 ± 25 

V408M 
defective 

(n=35) 

11.7(2.0-16.6) 
1 8 / 17 

7.46 ± 0.20 
5.94 ±0 .19 
1.17 ±0 .05 
6.70 ± 0.28 
0.79 ± 0.06 
1.20 ±0 .04 
1.71 ±0 .05 
208 ± 42 

E207K 
defective 

(n=27) 

10.0(4.1-18.0) 
13 / 14 

7.73 ± 0.23 
6.17 ± 0.22 
1.24 ±0.05 
6.55 ± 0.37 
0.76 ± 0.07 
1.22 ± 0.02 
1.70 ± 0.07 

165 ± 4 8 

TC=total cholesterol, LDL=low-density lipoprotein, HDL=high-density lipoprotein, Apo A-
I=apolipoprotein A-I, Apo B100=apolipoprotein B100, of the mean, values are given as means 
± standard error of the mean (SEM). ""Comparison between N543H/2393del9 mutation and 
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difference in terms of characteristics or lipoprotein levels between index children and 

affected siblings: the mean difference in LDL-C was 0.02 ± 0.11 mmol /L ; ƒ> = 0.9. In 

Fig. 2, a comparison of the mean LDL-C levels is shown between the mutation types 

and between the seven specific mutations adjusted for age, gender, and family ties. 

The mean LDL-C level in carriers of null alleles was 6.44 ± 0.22 mmol /L, significantly 

more elevated than the 5.31 ± 0.37 m m o l / L in the carriers of receptor-defective 

mutations (p < 0.001). 

Figure 2. Mean LDL -C according to type of LDL receptor mutations adjusted for age and gender. 
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* Significant (p<0.001) difference between carriers of the N543H/2393del9 mutation and carriers 
of other mutations. ** Significant (p<0.001) difference between carriers of null alleles and 
receptor-defective mutations with and without the N543H/2393del9 mutation. 

2,5 kb deletion 
defective 
(n=22) 

10.2(2.5-18.0) 
6/16 

8.14 ± 0.33 
6.54 ± 0.30 
1.17 ±0 .04 
7.10 ± 0.33 
0.98 ±0 .12 
1.23 ±0 .04 
1.84 ±0 .08 
227 ± 40 

1359-1 
Null Allele 

(n=100) 

10.5 (1.4-19.9) 
5 0 / 5 0 

7.82 ±0 .15 
6.21 ± 0.15 
1.26 ±0 .03 
6.47 ±0.19 
0.78 ± 0.04 
1.24 ±0 .02 
1.70 ±0 .05 

160 ± 2 1 

W23X 
Null Allele 

(n=28) 

11.3(3.2-18.0) 
10/18 

8.24 ± 0.25 
6.51 ± 0.26 
1.27 ±0.04 
6.76 ± 0.34 
0.94 ± 0.09 
1.31 ±0 .03 
1.85 ± 0.09 
210 ± 40 

p-value* 

0.4 
0.009 

<0.001 
<0.001 
0.09f 

<0.001 
<0.001± 

0.08f 
<0.001 

0.4± 

other mutations. tStatistical analysis after additional adjustment 
for individual serum triglyceride (data not shown).^Statistical 
testing after logaritmic transformation. 
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Table 3 shows lipid profiles of the seven most frequent mutations. Carriers of the 

N543H/2393de l9 mutation had significantly less increased mean LDL-C levels 

(difference, 1.76 ± 0.12 m m o l / L ; p < 0.001) and mean T G levels (difference, 

0.14 ± 0.04 mmol/L;/) < 0.001) and showed a tendency towards higher HDL-C levels 

(difference, 0.08 ± 0.03 m m o l / L ; p - 0.09) compared to carriers of other mutations. 

In line with our unadjusted results, the carriers of the N543H/2393del9 mutation had 

significantly less increased mean LDL-C levels compared with carriers of other alleles 

(4.49 ± 0.37 m m o l / L versus 6.17 ± 0.22 mmol /L; / ) < 0.001). Moreover, carriers of 

the two null alleles, 1359-1 and W23X, had significantly more elevated mean LDL-C 

levels relative to other mutations (6.27 ± 0.44 m m o l / L versus 5.42 ± 0.24 mmol /L ; 

p < 0.001 and 6.46 ± 0.57 m m o l / L versus 5.55 ± 0.25 m m o l / L ; p = 0.006, 

respectively). We compared the lipoproteins between null alleles and receptor-defective 

mutations after exclusion of the carriers of the N543H/2393del9 mutation (Table 4). 

Nonetheless, the difference in mean LDL-C levels between null alleles and receptor-

defective mutations remained significant (difference, 0.60 ± 0.14 mmol/L; / ) < 0.001). 

In fact, after adjustment for age, gender, and specific family ties, mean LDL-C levels 

were 6.44 ± 0.24 m m o l / L and 5.82 ± 0.40 m m o l / L for null alleles and receptor-

defective mutations, respectively (p < 0.001). 

Table 4. Null alleles versus receptor-defective mutations without the N543H/2393del9 mutation 

Parameter 

Age, y (range) 
Gender, m / f 
TC (mmol/L) 
LDL-C (mmol/L) 
HDL-C (mmol/L) 
TC/HDL-C 
TG (mmol/L) 
Apo A-I (g/L) 
ApoB100(g/L) 
Lipoprotein (a) (mg/L) 

Null alleles 
(n=172) 

10.6 (1.4-19.9) 
7 9 / 9 3 

8.04 ±0.11 
6.40 ±0.11 
1.26 ± 0.02 
6.65 ±0 .15 
0.82 ± 0.03 
1.26 ±0 .01 
1.75 ± 0.03 

196 ± 19 

Receptor-defective mutations 
(n=202) 

10.8 (2.0-18.0) 
8 9 / 113 

7.43 ±0.10 
5.80 ± 0.09 
1.27 ±0.02 
6.14 ±0.12 
0.80 ± 0.03 
1.25 ± 0.01 
1.64 ±0 .03 

182 ± 15 

p-value 

0.7 
0.7 

<0.001 
<0.001 

1.0* 
0.007 
0.6f 
0.5 

0.01 
0.5f 

TC=total cholesterol. LDL=low-density lipoprotein, HDL=high-density lipoprotein, Apo A-
I=apolipoprotein A-I, Apo B100=apolipoprotein B100. TG=triglyceride, values are given as means 
± standard error of the mean (SEM). *Adjustment for individual serum triglyceride levels did not 
change the result (data not shown). tStatistical testing after logarithmic transformation. 
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Parental history of CVD 
We restricted the analyses of the relation between the nature of the mutation and 

parental history of premature CVD to 436 index children with FH. The number of 

events in FH parents was 38 in 5341 person years for null alleles, 44 in 6519 person 

years for receptor-defective mutations (N534H/2393del9 mutation excluded), 24 in 

2651 person years for mutations with undetermined residual function, and 12 in 3852 

person years for the N534H/2393del9 mutation. After exclusion of the carriers of 

the N534H/2393del9 mutation, the CVD risk was 1.22 of parents with null alleles 

relative to receptor-defective mutations (95% CI, 0.76—1.95;/) = 0.4). Strikingly, parents 

with the N543H/2393del9 mutation had significantly less often CVD than the parents 

with other mutations (RR, 0.39; 9 5 % CI, 0.20-0.78;/) = 0.008). In Fig. 3, the Kaplan-

Meier curves show the CVD free survival of parents with null alleles, receptor-defective 

mutations, and the N534H/del2393del9 mutation, respectively. CVD free survival 

was significant better in the N543H/2393del9 mutation compared with null alleles 

and receptor-negative mutations (log rank test,/) = 0.02). 

Figure 3. Kaplan-Meier curves for CVD free survival among parents with different types of 
LDL receptor mutations. CVD free survival was significant better in the N543H/2393del 9 
mutation compared with null alleles and receptor-negative mutations (log rank test: p=0.02). 
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Discussion 

In the present study, we could confirm that FH children provide a better model than 

adults to analyze the relation between the type of LDL receptor mutation and 

lipoproteins: the LDL-C levels among related F H children were strongly correlated 

compared to a relative weak correlation among adult relatives with the disorder. Likely, 

children refrain from unfavorable lifestyles and share their environment to a greater 

extent than related adults . The consequences of LDL receptor genotypes could, 

therefore, be estimated against a more homogeneous background in our pediatric FH 

cohort. A similar analysis has been reported in genetically confirmed FH children, but 
21 

these children were selected on specific founder mutations . 

In line with most reports, we found that carriers of null alleles had significantly more 

elevated LDL-C levels than carriers of receptor-defective mutations" ' ' ' ' . In an 

adult FH cohort, we recently observed no difference of LDL-C levels between carriers 

of null alleles and other alleles after exclusion of families with the N543H/2393del9 

mutation . Exclusion of carriers with this mutation, however, did not change the 

results in our pediatric F H cohort. The analyses of lipoprotein levels were performed 

before the potential onset of additional lipid disorders in the children. Such lipid 

disorders may have influenced our and other analyses in adults. Moreover, the present 

results are in agreement with the only other study in FH children that showed 

significantly lower LDL-C levels in carriers of a receptor-defective mutation compared 
21 

to carriers of two null alleles . 

Contrary to some previous studies, we found no significant differences in CVD risk 

between null and other alleles3' ' " . The present results are, however, in line with 

our findings among FH adults: in a family study, we excluded all probands to avoid 

selection on CVD and found no difference in CVD risk between carriers of null 

alleles and other alleles . The results of the latter studies and two recent mortality 

studies suggest that additional factors are of greater relevance towards the burden of 

FH than heterogeneity at the LDL receptor locus ' ' ' . Instead of further genotype-

phenotype analyses, research in FH patients should better focus on the identification 

of these additional risk factors. 

The type of mutation did not significantly contribute to variation of CVD risk, but 

carriers of a specific mutation had clearly less increased CVD risk. This N 5 4 3 H / 
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2393del9 mutation is a combination of a missense mutation in exon 11 and a deletion 

of nine base pairs in exon 17 linked on the same allele. This allelic combination of 

mutations reduces the LDL-C uptake by 75%, suggesting a defect in transport of 

LDL receptor . Recently, we have found in the larger group of children with clinical 

FH that more severely increased LDL-C levels could identify the FH children from 

families at highest risk for CVD . In particular, F H children with LDL-C levels equal 

to or above 6.23 m m o l / L were 1.7 times more likely to have a parent with F H with 

premature onset of CVD than those with LDL-C levels below 6.23 mmol /L . In this 

latter study, however, the difference in parental CVD risk could be due to the selection 

of children with the N543H/2393del9 mutation. Our present genotype-phenotype 

analysis was performed in a subselection from this earlier report and only 4.3% of the 

children with this specific mutation had a LDL-C level equal to or above 6.23 mmol /L 

compared to 44.5% in children with other LDL receptor mutations. Therefore, our 

earlier finding on the LDL-C levels may be based on the presence of this specific 
17 

mutation . This finding of relative mild FH in carriers of the N543H/2393del9 mutation 

is in agreement with observations in Spanish FH patients carrying the same mutation23. 

Limitations of genotype-phenotype analyses in F H include the relatively large group 

of mutations with unknown functional class and residual receptor function. We divided 

the mutations into a null alleles group, a receptor-defective group, and a remaining 

group with undetermined mutational class. These groups were based on the functional 

class or specific properties of a mutation as reported in the literature. This classification 

has been used in several other studies and has resulted in well-defined groups. However, 

a disadvantage is that we excluded a relatively large group of mutations with 

undetermined receptor function from the analyses. 

In summary, we conclude that FH children provide a better model to analyze the 

effects of LDL receptor genotypes on the lipid profile than adults. The specific N 5 4 3 H / 

2393del9 mutation associates with a milder lipid phenotype and less increased parental 

CVD risk compared to other mutations. However, the variation in lipid profile poorly 

explains the differences in CVD risk in carriers of other mutations. Therefore, future 

research in FH patients should focus on the identification of additional risk factors in 

the pathogenesis of CVD. 
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Addendum I LDL receptor gene mutations in heterozygous FH children 

Location 

Exon 1 

Exon 2 

Intron 2 

Exon 3 

Intron 3 

Exon 4 

Exon 5 

Eixon 6 

1 ;.xi HI 7 

Intron 7 

Exon 8 

Exon 9 

Mutation 

M-21V 

M-21L 

W23X 

A29S 

191-2 

R60C 

313+1/2 

314-1 

C134G 

C146X 

C152W 

C163R 

646delTG 

652delGGT 

D200G 

C201X 

D203V 

D206E 

E207K 

E219X 

C234R 

D245E 

C249X 

K273E 

S285L 

C292Y 

G314V 

C317G 

G322S 

R329X 

C331W 

1061-8 

D333G 

I334V 

E336K 

C356Y 

C371X 

A378D 

R395W 

N407K 

V408M 

A410T 

D412Y 

V415A 

W422C 

I430T 

Effect 

Translation initiation 

signal deleted 

Translation initiation 

signal deleted 

Trp-»Stop at 23 

A!a-»Serat29 

3'-splice acceptor signal 

Arg-»Cys at 60 

5'-splice donor signal 

3'-splice acceptor signal 

Cys-»Glyat l34 

Cys-»Stopat 146 

Cys-»Trpat519 

Cys-»Argat l63 

Stop at 195 

Gly at 197 deleted 

Asp-»Gly at 200 

Cys-»Stop at 201 

Asp-»Valat203 

Asp-»Glu at 206 

Glu-*Lysat207 

Glu-»Stopat219 

Cys-»Argat234 

Asp-»Glu at 245 

Cys-»Stop at 249 

Lys-»Glu at 273 

Ser^Leu at 285 

Cys-»Tyr at 292 

Gly-*Valat314 

Cys-*Glyat317 

Gly-*Ser at 322 

Arg-»Stop at 329 

Cys-»Trp at 331 

3'-splice acceptor signal 

Asp-»Gly at 333 

De-»Valat334 

Glu-»Lys at 336 

Gly-»Tyr at 356 

Cys-»Stopat371 

Ala-* Asp at 378 

Arg-»Trpat395 

Asn-»Lys at 407 

Val-*Metat408 

Ala-»Thrat410 

Asp-»Tyrat412 

Val-»Akat415 

Trp-»Cys at 422 

I l e ^ T h r a t 4 3 0 

Type 

missense 

missense 

nonsense 

missense 

splicing 

missense 

splicing 

splicing 

missense 

nonsense 

missense 

missense 

frameshift 

frameshift 

missense 

nonsense 

missense 

missense 

missense 

nonsense 

missense 

missense 

nonsense 

missense 

missense 

missense 

missense 

missense 

missense 

nonsense 

missense 

splicing 

missense 

missense 

missense 

missense 

nonsense 

missense 

missense 

missense 

missense 

missense 

missense 

missense 

missense 

missense 

Ref. 

4 

5 

1 

6 

4 

4 

7 

4 

1 

3 

4 

4 

4 

1 

1 

2 

4 

1 

1 

Novel 

4 

1 

Novel 

4 

1 

4 

4 

4 

1 

4 

8 

4 

1 

4 

1 

4 

5 

6 

4 

4 

1 

1 

4 

6 

1 

4 

Activity 

1 

< 2 % 

2-5% 

20% 

15-30% 

< 2 % 

<2% 

5-15% 

<2% 

15-30% 

2-5% 

15-30% 

9% 

15-30% 

<2% 

< 2 % 

5-15% 

5-15% 

Class Receptor 

protein 

negative 

1 

1 

3/6 

2B 

1 

1 

2B 

2B 

1 

2B 

2B 

1 

2B 

1 

2B 

2B/5 

1 

2B 

2B/5 

2 B / 5 

1 

3-6 

5 

5 

3-6 

2B/5 

negative 

negative 

defective 

unknown 

unknown 
defective 

unknown 

defective 

negative 

unknown 

unknown 

negative 

defective 

defective 

negative 

unknown 

defective 

defective 

negative 

unknown 

defective 

negative 

unknow7n 

defective 

unknown 

unknown 

unknown 

defective 

negative 

defective 

unknown 

defective 

unknown 

defective 

unknown 

negative 

defective 

unknown 

unknown 

defective 

defective 

unknown 

defective 

defective 

unknown 

n 

4 

4 

28 

2 

10 

1 
64 

3 

1 
11 

2 

15 

1 

3 

1 

1 

2 

1 

31 

2 

1 

1 

1 

1 

15 

2 

3 

2 

1 

6 

1 

2 

4 

1 

1 

1 

7 

3 

2 

1 

38 

4 

3 

3 

1 

; 
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Location 

Intron 9 

Exon 10 

Exon 11 

Exon 12 

Exon 13 

Exon 14 

Exon 15 

Exon 16 

Intron 16 

Exon 17 

Double 

mutation? 

Mutation 

1358+1 

1359-1 

W462R 

1480dell21 

1486delGG 

G525V 

G528D 

W556R 

1759delA 

G571E 

15771. 

L590F 

R612C 

2032dell2 

P664L 

P664T 

C690S 

2204insl3 

2343del5 

2389+1 
2390-2 

2411insG 
V806I 

K290R/ 

C292W 

N543H/ 

Effect 

5'-splice donor signal 

3'-splice acceptor signal 

Trp-»Argat462 

bp Stop at 486 

Stop at 513 

Gly-*Valat525 

Gly-»Asp at 528 

Trp-»Arg at 556 

Stop at 643 

Grjr*Glu at 571 

Ue-*Leu at 577 

Leu-»Pheat590 

Arg-»Cysat612 

Del Gln-Tyr-Leu-Cys at 

657-660 

Pro->Leu at 664 

P r o ^ T h r at 664 

Cys-»Ser at 690 

Stop at 715 

Stop at 765 

5'-splice donor signal 

3'-splice acceptor signal 

Stop at 795 

Val-»Ileat806 

Lys-»Argat290/ 

Cys-»Trp at 292 

Asn-»His at 543/ 

Type 

splicing 

splicing 

missense 

frameshift 

frameshift 

missense 

missense 

missense 

frameshitt 

missense 

missense 

missense 

missense 

frameshift 

missense 

missense 

missense 

frameshift 

frameshift 

splicing 

splicing 

frameshift 

missense 

Rcf. 

4 

3 

9 

Novel 

4 

Novel 

1 

4 

4 

1 

4 

6 

6 

4 

1 

4 

4 

Novel 

4 

4 

7 

4 

1 

4 

4 

Activity 

<2% 

5-15% 

15-30% 

<2% 

15-30% 

25% 

Class 

1 

2B/5 

1 

1 

2A 

1 

5 

2A 

3/6 

2B 

1 

1 

5 

1 

4A 

2B 

Receptor 

protein 

unknown 

negative 

defective 

negative 

negative 

unknown 

negative 

unknown 

negative 

defective 

unknown 

negative 

defective 

unknown 

defective 

unknown 

unknown 

negative 

negative 

unknown 

defective 

negative 

defective 

unknown 

defective 

n 

3 

106 
1 

4 

2 

2 

2 

1 

1 

6 

1 

1 

1 

4 

17 

1 

3 

1 

2 

I 

2 

2 

3 

3 

141 
2393del9bp Del Leu-Val-Phe at 

778-780 

Large rearrangements Deletion of 2.5kb 

Insertion of lOkb 

Insertion of 4,4kb 

Insertion of 4kb 

1 2-5% 3/5 defective 26 

4 unknown 9 

4 unknown 2 

novel unknown 1 
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